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The development of single molecule-based techniques in the last decades has enabled directly selecting, tracking, and measuring an individual molecule. Single molecule spectroscopy can directly observe the properties of individual molecules usually hidden in ensemble averages. In this thesis, the structural dynamics of a single quantum emitter, served by hypericin, is characterized. Hypericin, isolated from St. John's wort, does not only have large potential in modern medicine but also exhibits fascinating structural dynamics, such as dissociation, conformation and tautomerism. By using confocal scanning microscopy combined with radially/azimuthally polarized laser modes, three-dimensional reorientation of the transition dipole moment of a single molecule, due to the charge redistribution during tautomerism, is observed. The transient reorientation is detected in a fluorescence time trace as a sudden fluctuation. To quantify the temporal properties of the tautomerism, photon autocorrelation function is used to extract the intensity fluctuations. The results show the distinct influence of the local environment, such as PVA matrix and deuteration effect. The local photonic environment of a molecule is modified by the microcavity/nanocavity. The theoretical principles and experimental results are presented for a coupled molecule. A significant change of the radiative emission rate and of the fluorescence spectra is discussed. It allows us to measure the absolute quantum yield by using a tunable microcavity. The results show the possibility of controlling tautomerization by changing the photonic environment.

Subsequently, molecular dissociation is discussed by single molecule surface-enhanced Raman spectra profiting from near field enhancement of nanocavity. Furthermore, the theoretical model reveals the importance of the radius of the nanoparticles and the gap distance between them in order to achieve maximum emission enhancement. A fast experimental optimization strategy towards optimal fluorescence enhancement is outlined.

Ré sumé

Le dé veloppement de techniques basé es sur une seule molé cule au cours des derniè res dé cennies a permis de sé lectionner, de suivre et de mesurer directement une molé cule individuelle. La spectroscopie à une seule molé cule permet d'observer directement les proprié té s de molé cules individuelles gé né ralement caché es dans les moyennes d'ensemble. Dans cette thè se, la dynamique structurelle d'un seul émetteur quantique, servi par l'hypéricine, est caractérisée. L'hypericine, isolée du millepertuis, n'a pas seulement un grand potentiel en mé decine moderne, mais pré sente é galement une dynamique structurelle fascinante, comme la dissociation, la conformation et la tautomé rie.

En utilisant la microscopie à balayage confocale combiné e à des modes laser polarisé s radialement / azimutalement, on observe une ré orientation tridimensionnelle du moment dipolaire de transition d'une seule molé cule, en raison de la redistribution de charge pendant la tautomé rie. La ré orientation transitoire est dé tecté e dans une trace temporelle de fluorescence comme une fluctuation soudaine.

Pour quantifier les proprié té s temporelles de la tautomé rie, la fonction d'autocorré lation des photons est utilisé e pour extraire les fluctuations d'intensité . Les ré sultats montrent l'influence distincte de l'environnement local, comme la matrice PVA et l'effet de deuté ration.

L'environnement photonique local d'une molé cule est modifié par la microcavité / nanocavité . Les principes thé oriques et les ré sultats expé rimentaux sont pré senté s pour une molé cule couplé e. Un changement significatif du taux d'é mission radiatif et des spectres de fluorescence est discuté . Il nous permet de mesurer le rendement quantique absolu en utilisant une microcavité accordable. Les ré sultats montrent la possibilité de contrôler la tautomé risation en modifiant l'environnement photonique.

Par la suite, la dissociation molé culaire est discuté e par des spectres Raman amé lioré s en surface à molé cule unique bé né ficiant de l'amé lioration en champ proche de la nanocavité . De plus, le modè le thé orique ré vè le l'importance du rayon des nanoparticules et de la distance entre elles afin d'obtenir une amé lioration maximale des é missions. Une straté gie d'optimisation expé rimentale rapide vers une amé lioration optimale de la fluorescence est dé crite. Table 4- 

Mots

List of Figures

List of Tables

Chapter 1 Introduction

Since the first time Stokes 1,[START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] uses the word fluorescence to describe the emission of light following absorption of light, numerous efforts have been made to build up the experimental methods and theoretical understandings of fluorescence. Historically, fluorescence and phosphorescence are not distinguished until Lewis and Kasha [START_REF] Lewis | Phosphorescence and the Triplet State[END_REF] prove the phosphorescent state is the triplet state. A more reasonable term, photoluminescence, describes a clear picture on the interaction of light and matter ends with new emitted light.

With the advances in the laser light sources and photon detectors, fluorescence spectroscopy 4,[START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF] has become a very successful investigative tool with high sensitivity. Advanced time-correlated single photon counting (TCSPC) techniques [START_REF] O'connor | Time-Correlated Single Photon Counting[END_REF][START_REF] Becker | Advanced Time-Correlated Single Photon Counting Techniques[END_REF][START_REF]Advanced Time-Correlated Single Photon Counting Applications[END_REF] provide temporal information of fluorescence with amazing sensitivity and accuracy. Prominent applications like fluorescence lifetime imaging spectroscopy [START_REF] Niehörster | Multi-Target Spectrally Resolved Fluorescence Lifetime Imaging Microscopy[END_REF][START_REF] Bastiaens | Fluorescence Lifetime Imaging Microscopy: Spatial Resolution of Biochemical Processes in the Cell[END_REF][START_REF] Gadella | Fluorescence Lifetime Imaging Microscopy (FLIM): Spatial Resolution of Microstructures on the Nanosecond Time Scale[END_REF] (FLIM), fluorescence correlation spectroscopy [START_REF] Magde | Thermodynamic Fluctuations in a Reacting System-Measurement by Fluorescence Correlation Spectroscopy[END_REF][START_REF] Rigler | Fluorescence Correlation Spectroscopy: Theory and Applications[END_REF][START_REF] Krichevsky | Fluorescence Correlation Spectroscopy: The Technique and Its Applications[END_REF] (FCS), fluorescence lifetime correlation spectroscopy [START_REF] Böhmer | Time-Resolved Fluorescence Correlation Spectroscopy[END_REF][START_REF] Ghosh | Quantifying Microsecond Transition Times Using Fluorescence Lifetime Correlation Spectroscopy[END_REF][START_REF] Ghosh | Fluorescence Lifetime Correlation Spectroscopy: Basics and Applications[END_REF] in biophysics and coincidence correlation measurements in quantum optics [START_REF] Basché | Photon Antibunching in the Fluorescence of a Single Dye Molecule Trapped in a Solid[END_REF][START_REF] Schedlbauer | Ultrafast Single-Molecule Fluorescence Measured by Femtosecond Double-Pulse Excitation Photon Antibunching[END_REF][START_REF] Press | Photon Antibunching from a Single Quantum-Dot-Microcavity System in the Strong Coupling Regime[END_REF] heavily rely on TCSPC. On demand of analytical, material and biological sciences, fluorescence-based [START_REF] Orrit | Single Pentacene Molecules Detected by Fluorescence Excitation in a P-Terphenyl Crystal[END_REF] single molecule experiments are booming after the first detection of a single molecule in an optical absorption based [START_REF] Moerner | Optical Detection and Spectroscopy of Single Molecules in a Solid[END_REF] experiment. The impressive progress of electronics and laser techniques [START_REF]Advanced Photon Counting: Applications, Methods, Instrumentation[END_REF][START_REF] Eid | Data Acquisition Card for Fluctuation Correlation Spectroscopy Allowing Full Access to the Detected Photon Sequence[END_REF][START_REF] Felekyan | Full Correlation from Picoseconds to Seconds by Time-Resolved and Time-Correlated Single Photon Detection[END_REF][START_REF] Magatti | Ns Software Correlator for Photon and Fluorescence Correlation Spectroscopy[END_REF][START_REF] Enderlein | Using Fluorescence Lifetime for Discriminating Detector Afterpulsing in Fluorescence-Correlation Spectroscopy[END_REF][START_REF] Gaertner | Fast and Compact Multichannel Photon Coincidence Unit for Quantum Information Processing[END_REF] over the last decades have removed some challenges in single molecule fluorescence spectroscopy. Increased processing speed and detection efficiency, as well as the repetition rate and power of pulsed light sources, improve detection sensitive and reduce acquisition time. Unlike the bulk measurements, single molecule fluorescence spectroscopy offers the most important advantage, i.e., observing the properties of individual molecules usually hidden in ensemble averages. [START_REF] Chizhik | Probing the Radiative Transition of Single Molecules with a Tunable Microresonator[END_REF][START_REF] Piatkowski | Nature of Large Temporal Fluctuations of Hydrogen Transfer Rates in Single Molecules[END_REF][START_REF] Ashraf | Temperature Dependence of Metal-Enhanced Fluorescence of Photosystem I from Thermosynechococcus Elongatus[END_REF] These new techniques open up the possibility of directly selecting, tracking, and measuring an individual molecule. Super-resolution microscopy, such as stochastic optical
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Today, new nanofabrication technology enables us to fabricate and manipulate individual structures on nanometre scale. [START_REF]Nanofabrication: Techniques and Principles[END_REF][START_REF] Tseng | Nanofabrication: Fundamentals and Applications[END_REF][START_REF] Mohammad | Fundamentals of Electron Beam Exposure and Development[END_REF] Instead of just observing, more interest is now focused on the possibility of controlling the interaction of light and matter in microscopic scale, even to achieve controlled interaction between a single photons and single emitters. Single molecule fluorescence spectroscopy is, of course, still one of the most common and most intuitional investigative tool.

Well established quantum electrodynamics [START_REF] Meystre | Elements of Quantum Optics[END_REF][START_REF] Scully | Quantum Optics[END_REF][START_REF] Walther | Cavity Quantum Electrodynamics[END_REF] (QED) have described how light and matter interact and predicts plenty of phenomenon. A main challenge to manifest the quantum theory in the 'real world,' the interaction of a single photon and a single electronic excitation, is very weak. An efficient approach is to confine light and electronic excitation in a high-finesse cavity. Purcell 45 described an emitting system coupled to a resonant cavity, where the spontaneous emission probability is thereby increased, and the relaxation time reduced by a factor, i.e., Purcell factor, F=3Q 3 /4 2 V. As the interaction between the emitter and the cavity field increase, a so-called strong coupling regime can be achieved, where energy is coherently exchanged between the emitter and the cavity mode field. Strong coupling results in bosonic quasiparticles called exciton-polariton (or polariton for short), which is a superposition of photons and excitons.

Carefully designed cavities, such as micropillar cavities, [START_REF] Reithmaier | Strong Coupling in a Single Quantum Dot-Semiconductor Microcavity System[END_REF] Whispering-Gallery mode cavities, [START_REF] Sun | Direct Observation of Whispering Gallery Mode Polaritons and Their Dispersion in a ZnO Tapered Microcavity[END_REF] and photonic crystal cavities [START_REF] Yoshie | Vacuum Rabi Splitting with a Single Quantum Dot in a Photonic Crystal Nanocavity[END_REF] have been widely used to investigate the strong interaction of light with atoms [START_REF] Thompson | Observation of Normal-Mode Splitting for an Atom in an Optical Cavity[END_REF] and quantum dots. [START_REF] Reithmaier | Strong Coupling in a Single Quantum Dot-Semiconductor Microcavity System[END_REF][START_REF] Yoshie | Vacuum Rabi Splitting with a Single Quantum Dot in a Photonic Crystal Nanocavity[END_REF] However, the low binding energy typical of Wannier-Mott excitons in semiconductors make them only suitable at low temperature [START_REF] Deng | Exciton-Polariton Bose-Einstein Condensation[END_REF][START_REF] Byrnes | Exciton-Polariton Condensates[END_REF] (below ~20 K). In addition, complicated fabrication processes for those cavities have limited their wide applications.

The Fabry-Pé rot (F-P) type microcavity formed by two distributed Bragg reflectors (DBR) or even simple metallic mirrors with subwavelength spacing is a great alternative. By changing the reflection of the mirrors, the quality factor (Q-factor, the ratio of a resonance frequency to the linewidth of the cavity mode) can vary over the range of 10 ~ 100000. Additionally, the resonance is tuneable by changing the mirrors' separation. The most attractive property of an open F-P microcavity is that they can easily incorporate organic materials (amorphous and crystalline dye molecules), typical of Frenkel exciton systems, with large binding energy. This has made it possible to experimentally observe strong coupling at room temperature. Strong light-matter interactions have been demonstrated in F-P type microcavity with many different emitting systems at room temperature and in ambient conditions. [START_REF] Dovzhenko | Light-Matter Interaction in the Strong Coupling Regime: Configurations, Conditions, Applications[END_REF][START_REF] Hertzog | Strong Light-Matter Interactions: A New Direction within Chemistry[END_REF] The possibility of modifying the emission properties of molecules, [START_REF] Coles | Polariton-Mediated Energy Transfer between Organic Dyes in a Strongly Coupled Optical Microcavity[END_REF][START_REF] Coles | Vibrationally Assisted Polariton-Relaxation Processes in Strongly Coupled Organic-Semiconductor Microcavities[END_REF][START_REF] Coles | Imaging the Polariton Relaxation Bottleneck in Strongly Coupled Organic Semiconductor Microcavities[END_REF] influence light-driven reactions, [START_REF] Schwartz | Reversible Switching of Ultrastrong Light-Molecule Coupling[END_REF] change molecular vibrational transition, [START_REF] Coles | Vibrationally Assisted Polariton-Relaxation Processes in Strongly Coupled Organic-Semiconductor Microcavities[END_REF][START_REF] Shalabney | Coherent Coupling of Molecular Resonators with a Microcavity Mode[END_REF][START_REF] Thomas | Ground-State Chemical Reactivity under Vibrational Coupling to the Vacuum Electromagnetic Field[END_REF] enhance intermolecular energy transfer, [START_REF] Coles | Polariton-Mediated Energy Transfer between Organic Dyes in a Strongly Coupled Optical Microcavity[END_REF][START_REF] Zhong | Energy Transfer between Spatially Separated Entangled Molecules[END_REF] realize room temperature polariton lasing 61 and Bose-Einstein 1.1 condensation 62,[START_REF] Plumhof | Room-Temperature Bose-Einstein Condensation of Cavity Exciton-Polaritons in a Polymer[END_REF] have been explored extensively. Single molecules can also be observed in a F-P microcavity. [START_REF] Chizhik | Tuning the Fluorescence Emission Spectra of a Single Molecule with a Variable Optical Subwavelength Metal Microcavity[END_REF][START_REF] Steiner | Microcavity-Controlled Single-Molecule Fluorescence[END_REF][START_REF] Wang | Coherent Coupling of a Single Molecule to a Scanning Fabry-Perot Microcavity[END_REF] The results show a notable enhancement of spontaneous emission rate [START_REF] Steiner | Microcavity-Controlled Single-Molecule Fluorescence[END_REF] and significant changes of the emission spectrum [START_REF] Chizhik | Tuning the Fluorescence Emission Spectra of a Single Molecule with a Variable Optical Subwavelength Metal Microcavity[END_REF] of an individual molecule by the Purcell effect. Taking advantage of the tunability, the wavelength dependence of the Förster resonance energy transfer (FRET) rate of single donor-acceptor pairs inside the cavity was investigated. [START_REF] Konrad | Controlling the Dynamics of Förster Resonance Energy Transfer inside a Tunable Sub-Wavelength Fabry-Pé rot-Resonator[END_REF] In a different work, [START_REF] Wang | Turning a Molecule into a Coherent Two-Level Quantum System[END_REF] the coherent coupling of a single molecule to a tunable DBR-based F-P cavity with a quality factor up to 2.310 5 is achieved at low temperature (T < 4K).

While room temperature strong coupling of a single emitter is not achieved in an F-P cavity yet, plasmonic nanocavity [START_REF] Chikkaraddy | Single-Molecule Strong Coupling at Room Temperature in Plasmonic Nanocavities[END_REF] realize a Rabi splitting of 90 meV for single methylene-blue molecules at room temperature and ambient conditions. The advantages arise due to the extreme localization and fast decay rate of the particle plasmon in the nanocavity. The surface plasmon resonance [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF] (SPR) is a resonant coherent oscillation of the conduction band electrons at the interface between a metal and a dielectric stimulated by an electromagnetic light field. SPR in metallic nanoparticles is confined inside the nanoparticle. Large varieties of materials and shapes of nanoparticles contribute to the optimization possibilities of the SPR, leading to diverse applications. The evanescent property [START_REF] Hayashi | Plasmonics: Visit the Past to Know the Future[END_REF] of the SPR along a normal nanoparticle interface ensures the localization of an electric field and give rise to significant near-field enhancement. Surface-enhanced Raman scattering [START_REF] Le Ru | Principles of Surface-Enhanced Raman Spectroscopy: And Related Plasmonic Effects[END_REF] (SERS) is one of the most spectacular applications that benefit from the large field enhancement of plasmonic and have been recorded on a single molecule [START_REF] Kneipp | Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)[END_REF][START_REF] Nie | Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman Scattering[END_REF] regime. The fast damping rate [START_REF] Törmä | Strong Coupling between Surface Plasmon Polaritons and Emitters: A Review[END_REF] of SPR, mainly due to the large imaginary permittivity of metal, gives a broad linewidth of the resonance, which, however, suppresses parts of the non-radiative processes, like phonon-induced relaxation at ambient conditions.

Adapting the same description for a normal resonant cavity, a small quality factor (broad resonance linewidth) and a small mode volume (near-field enhancement) could eventually give a reasonable

Purcell factor to emitters. The fluorescence enhancement of single molecule [START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF][START_REF] Kühn | Enhancement of Single-Molecule Fluorescence Using a Gold Nanoparticle as an Optical Nanoantenna[END_REF] near plasmonic nanoparticles have also been investigated experimentally and theoretically.

The experiments presented in this thesis make use of resonance tunability and fabrication facility of F-P type microcavities and plasmonic nanocavities to explore efficient light-matter interaction towards the single molecule regime. The hypericin molecule was characterized using single fluorescence spectroscopy. Without ensemble averaging, the tautomerization of a single hypericin molecule fixed in a Poly (vinyl alcohol) (PVA) matrix is observed. The TCSPC technique can reveal unusual molecular dynamics with high temporal precision. Variations of the spontaneous emission rate of a single hypericin molecule is measured in a tunable F-P microcavity. The impact of cavity mode on the tautomerization rate is also investigated.

Introduction

In order to profit from the large near-field enhancement of plasmonic nanocavities for efficient interaction, a major challenge is to align a single emitter to the vicinity of 'hot spot.' We use a fast thermal annealing approach for metallic films, [START_REF] Khaywah | Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF][START_REF] Jia | Large Scale Fabrication of Gold Nano-Structured Substrates Via High Temperature Annealing and Their Direct Use for the LSPR Detection of Atrazine[END_REF] which has already been proven to be efficient and successful. [START_REF] Ashraf | Temperature Dependence of Metal-Enhanced Fluorescence of Photosystem I from Thermosynechococcus Elongatus[END_REF] This method creates plenty [START_REF] Ashraf | Temperature Dependence of Metal-Enhanced Fluorescence of Photosystem I from Thermosynechococcus Elongatus[END_REF][START_REF] Khaywah | Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF] of 'hot spots,' so sparse distributed emitters could easily locate in a preferred position. A multiplexing optimization protocol based on plasmonic nanocavity towards single molecule enhanced fluorescence is developed.

The thesis is organized as follows. First, there is an outline of the general theoretical background of the interaction of light and matter in Chapter 2. The concept and general properties of single quantum emitter are introduced, followed by the basic descriptions of optical resonators. Shared properties and significant difference between a F-P microcavity and a plasmonic nanocavity are addressed. At the end of the chapter, quantum theory and a semi-classical description of the interaction of a two-level system with a monochromatic electromagnetic field is reviewed. Special focus is put on the coupled mode theory of emission enhancement by nanocavities.

Chapter 3 describes the related experimental techniques. A home-built confocal scanning microscopy is introduced, as well as the preparation procedures of the molecule samples used in this work. In addition, the realization of a tuneable F-P microcavity and plasmonic nanocavity is welldocumented.

The properties of single quantum emitters are characterized in Chapter 4. We stress the usefulness of confocal scanning microscopy, combined with higher order laser modes to characterize single molecules. Observed single hypericin molecule dynamics are carefully analysed. The results from time-dependent density functional theory (TD-DFT) calculations are used for cross confirmation that tautomerization is observed. Furthermore, the temporal dynamics of the triplet state blinking and the tautomerization of hypericin are described by photon autocorrelation model.

The interaction of the cavity and quantum emitters is demonstrated in Chapter 5. The spontaneous emission rate of hypericin molecules is altered in a tunable F-P microcavity, and a quantitative model is presented, which enable the spontaneous emission rate and emission spectra at certain cavity thickness to be predicted. The absolute quantum yield of the emitter can be calculated by tuning the cavity. Besides, a single molecule SERS experiment is presented for nanocavity. Finally, the experimental realization of strong coupling with J-aggregated dye molecules is presented. Coupling strength and emission properties at different cavity thicknesses are investigated.

A fast optimization strategy based on plasmonic nanocavity towards the enhanced fluorescence of a single photosystem II is introduced in the following Chapter 6. Optimal enhancement can be 

Chapter 2 Theoretical foundations

This chapter is focused on the theoretical description of light-matter interaction. More detailed descriptions and discussions can be found in [START_REF] Valeur | Molecular Fluorescence: Principles and Applications[END_REF][START_REF] Meystre | Elements of Quantum Optics[END_REF][START_REF] Scully | Quantum Optics[END_REF] ]. In the first section, the excitation and emission of a quantum emitter similar to a hydrogen atom is introduced in a quantum mechanical picture. Next the electronic excitation and emission of organic fluorescent molecules is addressed.

A general characterization of a Fabry-Pé rot (F-P) microcavity and a plasmonic nanocavity is given in the second section. In the next section, the quantum theory of light-matter interaction is outlined. We will consider the spontaneous emission properties of a single emitter in the cavity from the weak coupling to the strong coupling regime. A classical description is also introduced for an intuitive discussion of the impact of damping. In addition, an analytic description, allowing fast optimization of the emission enhancement, is presented for a plasmonic nanocavity.

Single quantum emitter

A quantum emitter is an emitting system dominated by the laws of quantum mechanics. To precisely describe a fluorescent molecule or a semiconductor quantum dot is extremely complex and not always necessary. For simplicity, we start our discussion with the interaction of a twolevel atom and a single mode of the electromagnetic field, which allows us to characterize essential features of a single quantum emitter.

Within the dipole approximation [START_REF] Scully | Quantum Optics[END_REF] , the interaction Hamiltonian of the radiation field E with a single-electron atom is:

𝐻 = 𝐻 𝐹 + 𝐻 𝑎 -𝑒𝒓 ⋅ 𝑬, (2.1) 
where Ha and HF are the energies of the atom and the radiation field without interaction. -𝑒𝒓 ⋅ 𝑬 ℏ𝜔 0 𝜎 𝑧 and the field ℏ𝜔𝑎 † 𝑎, is described by: 𝐻 = 𝐻 0 + 𝐻 1 = (ℏ𝜔𝑎 † 𝑎 + 1 2 ℏ𝜔 0 𝜎 𝑧 ) + ℏ𝑔(𝜎 + 𝑎 + 𝑎 † 𝜎 -).

(2.2)

Here, 𝜔 0 = 𝜔 𝑎 -𝜔 𝑏 is the atomic transition frequency and 𝜎 𝑧 = 𝜎 + 𝜎 --𝜎 -𝜎 + . The bosonic creation operator 𝑎 † emits a photon and annihilation operator 𝑎 absorbs a photon, whereas the fermionic creation operator 𝜎 + excites the atom to the excited state |𝑎⟩ and the annihilation 𝜎 - operator relaxes the atom back to the ground state |𝑏⟩. The interaction terms can be understood by considering that 𝜎 + 𝑎 corresponds to the absorption of a photon and the excitation of the atom from |𝑏⟩ to |𝑎⟩, and 𝑎 † 𝜎 -corresponds to the emission of a photon and the de-excitation of the atom. Noting the interaction terms including fast rotating terms proportional to 𝑒𝑥𝑝[±𝑖(𝜔 + 𝜔 0 )𝑡] are ignored under the rotating-wave approximation (RWA). The interaction rate is:

𝑔 = - ℘ ̂⋅ 𝜖kℰ 𝑘 ℏ , (2.3) 
where 𝜖k is a unit polarization vector, and ℘ ̂ is electronic transition dipole moment defined in equation (2.5) and

ℰ 𝑘 = ( 2ℏ𝜔 𝑘 𝜀 0 𝑉 ) 1/2 (2.4)
is the quantity of quantized electric field with the mode volume 𝑉. An induced dipole moment during the transition between two states, so called transition dipole moment (TDM) of the atom, is:

℘ ̂𝑖𝑗 = 𝑒⟨𝑖|𝒓|𝑗⟩, (2.5) 
with ℘ ̂= ℘ ̂𝑖𝑗 = ℘ ̂𝑗𝑖 .

The Hamiltonian in the interaction picture is given by: Υ = ℏ𝑔(𝜎 + 𝑎𝑒 𝑖Δ𝑡 + 𝑎 † 𝜎 -𝑒 -𝑖Δ𝑡 ), (2.6) where Δ = 𝜔 0 -𝜔. Then we obtain the time dependent Schrödinger equation 

𝑐ȧ ,𝑛 = -𝑖𝑔√𝑛 + 1𝑒 𝑖Δ𝑡 𝑐 𝑏,𝑛+1 , (2.9) 
𝑐ḃ ,𝑛+1 = -𝑖𝑔√𝑛 + 1𝑒 -𝑖Δ𝑡 𝑐 𝑎,𝑛 .

(2.10)

A general solution for equations (2.9) and (2.10) is given by (2.12) where Ω 𝑛 2 = Δ 2 + 4𝑔 2 (𝑛 + 1). The normalization condition is satisfied for different initial value of 𝑐 𝑎,𝑛 (0) and 𝑐 𝑏,𝑛 (0).

𝑐 𝑎,𝑛 (𝑡) = {𝑐 𝑎,𝑛 (0) [cos ( Ω 𝑛 𝑡 2 ) - 𝑖Δ Ω 𝑛 sin ( Ω 𝑛 𝑡 2 )] - 2𝑖𝑔√𝑛 + 1 Ω 𝑛 𝑐 𝑏,𝑛+1 (0) sin ( Ω 𝑛 𝑡 2 )} 𝑒 𝑖Δ𝑡/2 , (2.11) 𝑐 𝑏,𝑛+1 (𝑡) = {𝑐 𝑏,𝑛+1 (0) [cos ( Ω 𝑛 𝑡 2 ) + 𝑖Δ Ω 𝑛 sin ( Ω 𝑛 𝑡 2 )] - 2𝑖𝑔√𝑛 + 1 Ω 𝑛 𝑐 𝑎,𝑛 (0) sin ( Ω 𝑛 𝑡 2 )} 𝑒 𝑖Δ𝑡/2 ,
The population inversion, i.e. the difference between the population in the excited and in the ground state, is:

Theoretical foundations 𝑊(𝑡) = ∑ [|𝑐 𝑎,𝑛-1 (𝑡)| 2 -|𝑐 𝑏,𝑛 (𝑡)| 2 ]
𝑛 .

(2.13)

In a weak field limit, assuming the photon number 𝑛 = 1. If the field is on resonance with the atom and the atom is initially in the ground state |𝑏, 2⟩, i.e. 𝑐 𝑎,0 (0) = 0, 𝑐 𝑏,1 (0) = 1 and Δ = 0, then Equation (2.16) as plotted in Figure 2-1 b) shows that the inversion oscillates back and forth between -1 and 1 with the Rabi frequency Ω 𝑛 . This phenomenon is called Rabi oscillation which is reproduced here for a two-level system resonant with a single mode field. It is interesting to note that the Rabi oscillation takes place even for a vacuum field (𝑛 = 0). This is due to the spontaneous emission of the two-level system in excited state, which is not explained in classical and semiclassical theory. However, the continuous oscillation between ground and excited state is not experimentally consistent, since only one mode of the field is considered. A detailed analysis of spontaneous emission under Weisskopf-Wigner approximation is given in section 2.1.1.

|𝑐 𝑎,0 (𝑡)| 2 = sin 2 ( Ω 𝑛 𝑡 2 ), (2.14) |𝑐 𝑏,1 (𝑡)| 2 = cos 2 ( Ω 𝑛 𝑡 2 ), ( 

Spontaneous emission

In semiclassical theory, spontaneous emission is added phenomenologically 5 . As explained above, in order to correctly address spontaneous emission, a continuum of modes in all directions, describing the free space, needs to be taken into account. The Hamiltonian in the interaction picture is now given by:

Υ = ℏ ∑ 𝑔 𝒌 𝑒 -𝑖𝒌⋅𝒓 𝟎 (𝜎 + 𝑎𝑒 𝑖Δ𝑡 + 𝑎 † 𝜎 -𝑒 -𝑖Δ𝑡 ) 𝒌 .
(2.17)

Here, the wave vector 𝒌 also indicates the mode index. The summation over 𝒌 indicates the multiple summation in all directions. The spatial dependence is included with 𝒓 𝟎 describing the location of the electron in the two-level atom. Same as the discussion presented above, assuming that field is on resonance with the atom and the atom is initially in the excited state |𝑎, 0⟩, then state vector is:

|𝜑⟩ = 𝑐 𝑎 (𝑡)|𝑎, 0⟩ + ∑ 𝑐 𝑏,𝒌 (𝑡)|𝑏, 1 𝒌 ⟩ 𝒌 . (2.18) 
Still we are interested in the population of states. Substitute equation (2.17) and (2.18) into (2.7), then projecting it to ⟨𝑎, 𝑛| and ⟨𝑏, 𝑛 + 1| to obtain:

𝑐ȧ(𝑡) = -𝑖 ∑ 𝑔 𝒌 𝑒 -𝑖𝒌⋅𝒓 𝟎 𝑒 𝑖Δ𝑡 𝑐 𝑏,𝒌 (𝑡) 𝒌 , (2.19) 
𝑐̇𝑏 ,𝒌 (𝑡) = -𝑖𝑔 𝒌 𝑒 -𝑖𝒌⋅𝒓 𝟎 𝑒 -𝑖Δ𝑡 𝑐 𝑎 (𝑡).

(2.20)

After integrating of equation (2.20) and substituting into (2.19), we have:

𝑐ȧ(𝑡) = -∑|𝑔 𝒌 𝑒 -𝑖𝒌⋅𝒓 𝟎 | 2 ∫ 𝑑𝑡 ′ 𝑒 𝑖Δ(𝑡-𝑡 ′ ) 𝑐 𝑎 (𝑡 ′ ) 𝑡 0 𝒌 . (2.21)
The first assumption in the Weisskopf-Wigner approximation is the summation over 𝒌 can be replaced by an integral over full space,

∑ 2 𝑉 (2𝜋) 3 ∫ 𝑑𝜙 2𝜋 0 ∫ sin 𝜃 𝑑𝜃 𝜋 0 ∫ 𝑘 2 𝑑𝑘 ∞ 0 𝒌 . (2.22)

Theoretical foundations

Here, 𝜃 is the angle between the TDM ℘ ̂ and the electric field polarization vector 𝜖k. After performing integrations over 𝜙 and 𝜃 and using 𝑘 = 𝜈 𝑘 /𝑐, equation (2.21) is now: .23) Another important idea of the Weisskopf-Wigner approximation is that the emission spectrum is centred at the atomic transition frequency 𝜔 0 , and the integration over 𝜔 𝑘 deviating far from 𝜔 0 is negligible. We can replace 𝜔 𝑘 by 𝜔, and the lower limit 0 to -∞. Utilizing the equation

𝑐ȧ(𝑡) = - 4℘ ̂𝑎𝑏 2 (2𝜋) 2 6ℏ𝜖 0 𝑐 3 ∫ 𝜈 𝑘 3 𝑑𝜈 𝑘 ∞ 0 ∫ 𝑑𝑡 ′ 𝑒 𝑖Δ(𝑡-𝑡 ′ ) 𝑐 𝑎 (𝑡 ′ ) 𝑡 0 . ( 2 
∫ 𝑒 𝑖Δ(𝑡-𝑡 ′ ) 𝑑𝜈 𝑘 ∞ -∞ = 2𝜋𝛿(𝑡 -𝑡 ′ ), (2.24) 
we obtain the time derivative of the probability amplitude 𝑐 𝑎 (𝑡),

𝑐ȧ(𝑡) = - 𝛤 2 𝑐 𝑎 (𝑡), (2.25) 
where the decay constant is,

𝛤 = 1 4𝜋𝜖 0 4𝜔 3 ℘ ̂𝑎𝑏 2 3ℏ𝑐 3 .
(2.26)

A solution of equation (2.25) reveals the population in excited state as:

𝜌 𝑎𝑎 ≡ |𝑐 𝑎 (𝑡)| 2 = 𝑒𝑥𝑝(-𝛤𝑡).
( 2.27) This tells that an excited atom decays exponentially with the lifetime 𝜏 = 1/𝛤. (2.28) Rewrite equation (2.26) to 

𝛤 = 2𝜋〈𝑔

Excitation of the emitter

In the following we derive the single photon excitation probability of an atomic system consisting of a lower state |𝑏⟩ and a set of excited states |𝑎 𝑗 ⟩ as shown in Figure 2 𝐻. 𝑐. refers to the Hermitian conjugated Hamiltonian, and 𝐸 (+) (𝒓, 𝑡) and 𝐸 (-) (𝒓, 𝑡) are two conjugated operators, which compose the electric field operator

𝐸(𝒓, 𝑡) = 𝐸 (+) (𝒓, 𝑡) + 𝐸 (-) (𝒓, 𝑡) = ∑ 𝜖kℰ 𝒌 𝑎 𝒌 𝑒 -𝑖𝜔 𝒌 𝑡+𝑖𝒌⋅𝒓 𝒌 + ∑ 𝜖kℰ 𝒌 𝑎 𝒌 † 𝑒 𝑖𝜔 𝒌 𝑡-𝑖𝒌⋅𝒓 𝒌 .
(2.32)

The probability of finding the atom in the excited state |𝑎 𝑗 ⟩ is obtained by calculating the expectation value of the projection operator |𝑎 𝑗 ⟩⟨𝑎 𝑗 |. Assuming ℘ ̂𝑎𝑗 𝑏 is independent of 𝑗, we get the probability of exciting the atom to any excited states |𝑎 𝑗 ⟩ (detailed derivation can be found in [START_REF] Scully | Quantum Optics[END_REF])

Theoretical foundations 𝑃(𝑡) = 𝜅℘ ̂2 ∫ 𝑑𝑡 1 𝑡 0
⟨𝑖|𝐸 (-) (𝒓, 𝑡 1 ) + 𝐸 (+) (𝒓, 𝑡 1 )|𝑖⟩, (2.33) where 𝜅 is constant. Normally, we are interested in the excitation rate 𝛾 𝑒𝑥𝑐 for a stationary field which can be written as:

𝛾 𝑒𝑥𝑐 ∝ |℘ ̂⋅ 𝑬| 2 .
(2.34)

It is again the same as the equation of Fermi's golden rule.

Excitation patterns in the focal fields of radially/azimuthally polarized laser beams

In contrast to a linear polarized Gaussian laser beam, which is the lowest order Hermite-Gaussian (HG) mode 80 , a combination of higher order HG modes can describe radially/azimuthally polarized laser beam where the polarization of the beam varies spatially. The HG modes 𝑬 𝑚𝑛 𝐻 can be described as 80 :

𝑬 𝑚𝑛 𝐻 (𝑥, 𝑦, 𝑧) = 𝑤 0 𝑚+𝑛 𝜕 𝑛 𝜕𝑥 𝑛 𝜕 𝑚 𝜕𝑦 𝑚 𝑬(𝑥, 𝑦, 𝑧), (2.35) where 𝑬(𝑥, 𝑦, 𝑧) is fundamental Gaussian mode and 𝑤 0 is the beam waist of Gaussian mode, 𝑛 and 𝑚 denote the order of the Hermite polynomials and account for the nodes of the beam, respectively. 

Antibunching

The statistical properties of light in the quantum regime, which are often investigated via the photon correlation function, behave different than in the classical regime. The most often used correlation function is the second-order correlation function, which is defined as the joint probability of photon detection, which can be understood as the probability to detect a photon at time t+𝜏 after one was detected at the time point t. The normalized second correlation function can be written as:

𝑔 2 (𝜏) = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉 〈𝐼(𝑡)〉 2 .
( (2.37)

Thus, we have 𝑔 2 (𝜏) ≤ 𝑔 2 (0) for a classical field. Photon antibunching is a purely quantummechanical effect.

Single quantum emitter

Exact antibunching behaviour of a single two-level atom under resonance excitation was discussed by Carmichael and Walls [START_REF] Carmichael | Proposal for the Measurement of the Resonant Stark Effect by Photon Correlation Techniques[END_REF] . Kitson et al. 86 provided an analysis of 𝑔 2 (𝜏) for different number of emitters under excitation using a semiclassical approach, which gives a result for 𝑁 molecules with fluorescence decay rate 𝛾:

𝑔 2 (𝜏) = 1 - 1 𝑁 𝑒 -|𝛾𝜏| .
(2.38) ). Two detectors are required to overcome the long dead-time, i.e. the period of the detector to go back to the initial state after the detection of one photon.

Organic fluorescent molecule

We have introduced a theoretical framework describing some essential features of a single fluorescent atom. The main conclusions drawn above are also valid for a fluorescent molecule, since it can be reduced to an effective two-level system in many situations. Although, a complete quantum description of a fluorescent molecule is extremely complicated, transcendent progresses have been achieved with the efforts of several generations of scientists.

In this section, we will state general features and important principles of the excitation and emission process of fluorescent molecules consisting of several atoms so called polyatomic Upon electromagnetic excitation, the molecule can undergo an electronic transition from the electronic ground state S0 to the first electronic excited state S1 and higher excited state Sn described by the wave function Ψ 𝑛 (𝒓). The transition probability, hence, the absorption spectra, is determined with equation (2.34). With a broadband stationary excitation field, the TDM defined in equation (2.5) determines full absorption spectrum. For molecules that absorb and emit in the visible range, the main electronic transition Ψ 0 (𝒓) → Ψ 𝑛 (𝒓) is the electron at HOMO (Highest Occupied Molecular Orbital) been lifted to LUMO (Lowest Unoccupied Molecular Orbital).

For most of the cases, molecular ground state Ψ 0 (𝒓) is a singlet state, where all electrons are paired with an overall spin quantum number 𝑆 = 0. Ignoring spin-orbit coupling, the molecule wavefunction can be separated into a spatial part 𝜓 0 (𝒓) and spin part 𝜒 0 (𝒔), Ψ 0 (𝒓) = 𝜓 0 (𝒓)𝜒 0 (𝒔).

(2.39)

We consider the hydrogen molecule for simplicity. The ground state corresponds to bounding orbital 𝜓 0 (𝒓), which is symmetric. There is only one allowed value of the spin component 𝑚 𝑆 = 0 while 𝑆 = 0, then

𝜒 0 (𝒔) = 1 √2 (↑ (𝑠 1 ) ↓ (𝑠 2 )-↓ (𝑠 1 ) ↑ (𝑠 2 )
).

(2.40)

The antisymmetric property, i.e., the interchange of 𝑠 1 and 𝑠 2 leads to a -𝜒 0 (𝒔) and is a requirement of Pauli's exclusion principle ensures that the probability to find two electrons with same quantum numbers is zero.

For the excited state, the overall spin can be 0 or 1. 𝑆 = 0 is again a singlet state with symmetric 𝜓 1 (𝒓) and antisymmetric 𝜒 1 (𝒔). While for 𝑆 = 1, the spin multiplicity 2𝑆 + 1 = 3 corresponds to three spin wavefunctions with allowed values of the spin component 𝑚 𝑆 = -1, 0, and 1,

𝜒 1 (𝒔) = { ↑ (𝑠 1 ) ↑ (𝑠 2 ) 1 √2 (↑ (𝑠 1 ) ↓ (𝑠 2 )+↓ (𝑠 1 ) ↑ (𝑠 2 )) ↓ (𝑠 1 ) ↓ (𝑠 2 )
.

(2.41)

The energy of the state is mainly determined by the spatial wavefunction, hence the energies of three possible electronic states with different spins are equal. This is called a triplet state. Noticing the spin components are symmetric now, it is required that spatial components are antisymmetric. Now consider the electronic transition probability for a singlet-singlet and singlet-triplet using equation (2.5), it is proportional to ℘ ̂01 = 𝑒⟨𝜓 1 (𝒓)|𝒓|𝜓 0 (𝒓)⟩〈𝜒 1 (𝒔)𝜒 0 (𝒔)〉.

( A transition that involves simultaneous changes of the electronic states and the vibrational states is a vibronic transition. The nuclear vibration can be described by molecular wavefunction of the form of equation (2.44) where R stands for the nuclear coordinates and r for the electron coordinate, Ψ 𝑛 (𝑹, 𝒓) = 𝜓 𝜈,𝑛 (𝑹)𝜓 𝑒,𝑛 (𝒓)𝜒 𝑛 (𝒔).

(2.44)

The vibronic transition probability is then proportional to ℘ ̂𝑖𝑗 = 𝑒〈𝜓 𝜈,𝑖 (𝑹)𝜓 𝜈,𝑖 (𝑹)〉⟨𝜓 𝑒,𝑗 (𝒓)|𝒓|𝜓 𝑒,𝑖 (𝒓)⟩〈𝜒 𝑗 (𝒔)𝜒 𝑖 (𝒔)〉.

(2.45)

The first term 〈𝜓 𝜈,𝑖 (𝑹)𝜓 𝜈,𝑖 (𝑹)〉 is called Franck-Condon factor and depends on the nuclear coordinates R. The Franck-Condon principle explains that a vibronic transition is more likely to happen, if the two vibrational wavefunctions have a larger overlap. A direct consequence of Franck-Condon principle is Kasha's Rule [START_REF] Kasha | Characterization of Electronic Transitions in Complex Molecules[END_REF] , which states that 'the emitting level of a given multiplicity is the lowest excited level of that multiplicity'.

Thus, a molecule at ground state can be excited to higher energy level by absorbing a photon.

After a fast relaxation process to the lowest vibrational state in the first electronic excited state, the molecule can emit a photon with longer wavelength or go through non-radiative internal conversion to return back to ground state. ISC can also happen from 𝑆 1 to 𝑇 1 followed by phosphorescence emission. All possible relaxation paths are sketched in Figure 2-7.

Optical Resonator

Optical resonator, also called optical cavity, is the term for devices that can confine light. Plenty of cavity configurations with different realization schemes for the confinement have been proposed, such as micropillar cavities, whispering-gallery mode cavities, and photonic crystal cavities. In this section, we give an overview on two types of cavities: the Fabry-Pé rot (F-P) microcavity and the plasmonic nanocavity. Here, micro-and nanometre dimensions characterize the cavity.

Fabry-Pé rot microcavity

A Fabry-Pé rot microcavity, consisting of two parallel mirrors, is one of the simplest optical resonator configurations. To function effectively in the visible wavelength range, especially when the medium loss inside the cavity cannot be neglected, the distance 𝐿 of the mirrors should be less than a few wavelengths of light. Reflection allows constructive and destructive interference. For a cavity filled with a medium of refractive index 𝑛, as shown in Figure 2-8, the resonance condition requires the wavevector component 𝑘 ⊥ = 𝑘 cos 𝜃 perpendicular to the mirror surface to fulfil:

𝑘 ⊥ × 2𝐿 = 2𝑚𝜋. (2.46)
Here, 𝑚 is a positive integer, 𝜃 is the incident angle. The resonance frequency is:

𝜔 𝑐 = 𝑚𝜋𝑐/𝐿 √𝑛 2 -sin 2 𝜃 .
(2.47) In the following we assume a two-layer structure, and the mirror thickness is not included. A numerical method, for example the Transfer Matrix Method 91 (TMM), can be used for the calculation of multilayer structures to obtain the resonance spectrum.

Theoretical foundations

The quality-factor (or Q-factor) is defined as the ratio of the stored energy inside the cavity to the energy lost per oscillation cycle of the electromagnetic field:

𝑄 = 2𝜋 𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑊) 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 (Δ𝑊) = 2𝜋 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒 (𝜏 𝑐 ) 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑒𝑟𝑖𝑜𝑑 ( 2𝜋 𝜔 𝑐 )
.

(2.48)

The lineshape of the resonance mode is given by a Lorentzian: 𝐿 𝑙 (𝜔) determines the density of optical states inside the cavity. The cavity finesse is another important parameter for characterizing a F-P cavity and is defined as the ratio of the frequency separation between successive resonance modes Δ𝜔 𝑐 to the linewidth 𝛿𝜔 𝑐 :

𝐿 𝑙 (𝜔) = 𝛾/2𝜋 (𝜔 -𝜔 𝑐 ) 2 + 𝛾 2 /
𝐹 = Δ𝜔 𝑐 𝛿𝜔 𝑐 (2.51)
Q-factor and finesse are almost equal for a F-P cavity with small distance 𝐿, while they are quite different for a large 𝐿 or for cavity where the main loss does not come from the finite reflectivity R of the mirrors.

Plasmonic nanocavity

Gustav Mie [START_REF] Mie | Beiträ ge zur Optik trüber Medien, speziell kolloidaler Metallösungen[END_REF] discussed the absorption and scattering of a plane electromagnetic wave by a spherical particle in 1908. His results, now called Mie theory, allow to calculate the exact scattering cross section 𝑄 𝑠𝑐𝑎 and absorption cross section 𝑄 𝑎𝑏𝑠 of a spherical particle. A summation quantity named extinction 𝑄 𝑒𝑥𝑡 = 𝑄 𝑠𝑐𝑎 + 𝑄 𝑎𝑏𝑠 is more often used.

A prominent application of Mie theory is calculating the scattering of spherical noble metal particles with a radius close to or smaller than the wavelength of the incident light, where distinct peaks appear in the extinction spectrum. It is now understood that the peaks arise from the Theoretical foundations used to describe the metal nanosphere polarized along 𝑧 axis.

In the electrostatic approximation the spherical particle is assumed to be small enough compared to the wavelength, such that the electric field can be treated uniform over the diameter of the sphere (Figure 2-9 a)) and the response of the particle to the electromagnetic wave can be approximated using electrostatic equations. Considering a single metal nanosphere with a radius of 𝑎 and a homogeneous, isotropic, frequency dependent complex dielectric constant 𝜀 𝑀 being placed in a dielectric medium with a real dielectric constant 𝜀 𝐷 . Figure 2 where 𝐶 is constant and 𝑃 𝑙 (cos 𝜃) is the Legendre polynomial of degree l = 0, 1, 2,…. Noting that we have omitted the asymmetric solutions related to associated Legendre polynomials since an incident field will break the symmetry immediately.

At 𝑟 = 𝑎, the continuity of the tangential electric field 𝐸 𝜃 = -𝜕Φ 𝑙 /𝑟𝜕𝜃 is satisfied, while the continuity of the normal component of the electrical displacement 𝐷 𝑟 = -𝜀𝜕Φ 𝑙 /𝜕𝑟 requires that dielectric functions of the metal 𝜀 𝑀 (𝜔) and the dielectric medium 𝜀 𝐷 (𝜔) must meet:

𝑙𝜀 𝑀 (𝜔) + (𝑙 + 1)𝜀 𝐷 (𝜔) = 0, (2.53) 
i.e., only certain optical frequency 𝜔 𝑙 can satisfy the continuity conditions, and these solutions are referred to the resonance frequency of the 𝑙th mode.

As shown later in equation (2.59), the higher order (𝑙 > 1) modes have zero dipole moment and can normally not be excited by an external electromagnetic field. If a nanosphere is placed in a uniform external electric field, only the dipole mode (𝑙 = 1) need to be considered, and the resonance condition given by (2.53) is:

𝜀 𝑀 (𝜔 1 ) + 2𝜀 𝐷 (𝜔 1 ) = 0.

( 2.54) This is the Fröhlich condition, and the associated mode is usually referred to the localized surface plasmon of a nanosphere.

Optical Resonator
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The resonance frequency can be determined using Drude model for the metal dielectric function:

𝜀 𝑀 = 1 - 𝜔 𝑝 2 𝜔 2 + 𝑖𝛾𝜔 , (2.55)
where 𝜔 𝑝 is the plasmon frequency and 𝛾 is the damping of the metal. Since the damping 𝛾 is small compared to the optical frequency and the dielectric constant 𝜀 𝐷 of the medium only varies slowly with the angular frequency of the incident field, the resonance frequency of the eigenmodes is obtained by substituting (2.54) in (2.55):

𝜔 𝑙 = 𝜔 𝑝 √ 𝑙 𝑙 + (𝑙 + 1)𝜀 𝐷 .
(2.56)

The electric field of the 𝑙th mode can be calculated using 𝑬 = -𝛻Φ and equation ( 2 (2.58)

The dipole moment can then be evaluated by:

𝑝 𝑙 = 𝑞𝑟 ̂= ∫ 𝑎 cos 𝜃 𝜎 𝑙 (𝜃)𝑑𝑠 = 2𝜋𝑎 3 ∫ 𝜎 𝑙 (𝜃) cos 𝜃 sin 𝜃 𝑑𝜃 𝜋 0 .
(2.59)

Only 𝑙 = 1 produces a non-zero dipole moment 𝑝 1 = 2𝜋𝑎 3 𝜀 0 𝐸 𝑚𝑎𝑥,1 . The electric field distribution of the first four order modes is plotted for a sphere 𝑎 = 50 nm in Figure 2-10. It clearly shows that the field is confined around the surface of the nanosphere. To get an efficient resonance at visible range, the sphere radius should be around several nanometres to hundreds of nanometres and thus the term nanocavity. The characterization for a microcavity described in 2.2.1 can be directly adapted to the nanocavity once the extinction spectrum is obtained.

Theoretical foundations

Mie theory gives exact solution only for a spherical particle. For a non-spherical structure, numerical calculations of Maxwell's equations work efficiently. However, in comparison to an analytic model, numerical calculations fail to give a direct physical meaning of the results. Besides, it is time consuming if one wants to have a broad view of a certain nanostructure.

In the following, we introduce an analytic model developed by Khurgin and Sun [START_REF] Sun | Practical Enhancement of Photoluminescence by Metal Nanoparticles[END_REF][START_REF] Khurgin | Enhancement of Optical Properties of Nanoscaled Objects by Metal Nanoparticles[END_REF][START_REF] Sun | Comparative Study of Field Enhancement between Isolated and Coupled Metal Nanoparticles: An Analytical Approach[END_REF] . The model is based on the effective volume method pioneered by Maier 97 , and allows one to optimize the structures for the largest possible field enhancements. The concept of effective volume with single nanosphere is introduced and will be used for more complex systems in 2.3.4. Begin with the 𝑙th mode energy [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF] , which is the summation of the energy inside and outside of the sphere: .

𝑈 𝑙 =
(2.60)

The effective volume of the 𝑙th mode is defined as 𝑈 𝑙 = 1/4𝜀 ].

( 2.61) This suggests the field localization increases for higher order modes, which is consistent with Figure 2-10. Upon introducing 𝑉 𝑒𝑓𝑓,𝑙 , the effective density of states in the mode is:

𝜌 𝑙 (𝜔, 𝑑) = 𝐿 𝑙 (𝜔) (1 + 𝑑/𝑎) -2𝑙-4
𝑉 𝑒𝑓𝑓,𝑙 .

(2.62)

The first term 𝐿 𝑙 (𝜔) =

𝛾 𝑙 /2𝜋 (𝜔-𝜔 𝑙 ) 2 +𝛾 𝑙 2 /4
, which describes the mode distribution over frequency, is the normalized Lorentzian linewidth factor depending on decay rate 𝛾 𝑙 of the mode, and the second term describes the spatial distribution of the mode. For 𝑙 > 1, the decay rate is pure damping that depends on the materials (i.e., non-radiative decay), hence we assume they are same for all the modes i.e., 𝛾 𝑙 = 𝛾. But for 𝑙 = 1, the decay rate is a summation of damping and radiative decay of a dipole 98 𝛾 1 = 𝛾 + 𝛾 𝑟𝑎𝑑 , in which

𝛾 𝑟𝑎𝑑 = 2𝜔 𝑑𝑝 1 + 𝜀 𝐷 ( 2𝜋𝑎 𝜆 𝑑𝑝 ) 3 .
(2.63)

Interaction of cavity mode and emitter

We have discussed the interaction of a two-level atom with a single mode of the electromagnetic field in section 2.1. The focus was on the general properties of the emitter. Since a single electromagnetic field mode is a perfect approximation of a cavity resonance mode, the same methodology can be used for the discussion of cavity mode and emitter. It is shown that the cavity and emitter will evolve to a hybrid system as interaction strength increases.

Weak coupling

We first analyse the decay rate of the emitter weakly interacting with cavity mode. Recall that the spontaneous emission rate of an emitter in free space is given by equation (2.29), therefore it is proportional to the density of states 𝐷(𝜔). It is intuitive to replace 𝐷(𝜔) by equation (2.50), which gives the decay rate in cavity:

Theoretical foundations

𝛤 𝑐 = 2𝜋〈𝑔 2 (𝜔)〉𝐷 𝑐 (𝜔).

(2.64)

For a resonance situation (Δ = ω -ω c = 0), it gives:

𝛤 𝑐 = 𝛤𝑄 ( 2𝜋𝑐 3 𝑉𝜔 3 ).
(2.65)

In a rigorous derivation [START_REF] Scully | Quantum Optics[END_REF] where the cavity damping is treated as the interactions with oscillator reservoir, the decay rate in cavity is same as (2.65) except for a trivial factor of 3. Introducing the Purcell factor 𝐹,

𝐹 = 𝛤 𝑐 𝛤 = 3𝑄 ( 2𝜋𝑐 3 𝑉𝜔 3 ) = 3𝑄 3 4 2 𝑉 .
(2.66)

Thus, the spontaneous emission rate can be enhanced or inhibited by the Purcell factor 𝐹.

Strong coupling

Next let us find the eigenstates of the system using a vector basis [START_REF] Meystre | Elements of Quantum Optics[END_REF] where the excited state ), field energy ℏΔ (omitting the zero-point energy) and interaction energy ℏ𝑔√𝑛 + 1, respectively. In order to calculate the energy eigenstates, the Hamiltonian in equation ( 2.2) can be written as 𝐻 = ∑ 𝐻 𝑛

|𝑎, 𝑛⟩ = ( 1 

𝑛

, where 𝐻 𝑛 is the Hamiltonian of the 𝑛 photon state:

𝐻 𝑛 = ℏω (𝑛 + 1 2 ) ( 1 0 0 1 ) + ℏ 2 ( -Δ 2𝑔√𝑛 + 1 2𝑔√𝑛 + 1 Δ ).
(2.67)

After diagonalization one obtains eigenvalues as follow:

𝐸 1𝑛 = ℏω (𝑛 + 1 2 ) - 1 2 ℏ√Δ 2 + 4𝑔 2 (𝑛 + 1) 𝐸 2𝑛 = ℏω (𝑛 + 1 2 ) + 1 2 ℏ√Δ 2 + 4𝑔 2 (𝑛 + 1)
.

(2.68)

The corresponding eigenstates (so called dressed states) are: 

= 2𝑔√𝑛+1 √ (√Δ 2 +4𝑔 2 (𝑛+1)-Δ) 2 +4𝑔 2 (𝑛+1)
and cos 𝜃 𝑛 = √1 -sin 2 𝜃 𝑛 .

When the cavity mode and emitter are on resonance, i.e. Δ = 0, we have

|1𝑛⟩ = √2 2 [-|𝑎, 𝑛⟩ + |𝑏, 𝑛 + 1⟩] |2𝑛⟩ = √2 2 [|𝑎, 𝑛⟩ + |𝑏, 𝑛 + 1⟩] 𝐸 1𝑛 = ℏω (𝑛 + 1 2 ) -ℏ𝑔√𝑛 + 1 𝐸 2𝑛 = ℏω (𝑛 + 1 2 ) + ℏ𝑔√𝑛 + 1 . (2.70)
Equations (2.70) tell us that the eigenstates of the system are a superposition of ground state and excited state, i.e., a hybrid of emitter exciton and cavity photon. The difference between eigen energies indicate a splitting in the spectrum, which is due to coherent exchange of energy between two systems. This phenomenon is known as strong coupling.

Interestingly, the energy splitting is conserved even if 𝑛 = 0. This is called vacuum Rabi splitting and it is only predicted in quantum theory since a semiclassical model cannot describe the electromagnetic vacuum fluctuations. We note that the splitting degenerates if the coupling strength 𝑔 is zero. The eigenstates also degenerate to |𝑏, 𝑛 + 1⟩ where the emitter is at the ground state with one extra photon.

Classical model accounts for damping in microcavity

In the strong coupling discussion above, we have neglected the damping of the cavity and the emitter. A rigorous quantum model including the cavity damping can be found in [START_REF] Scully | Quantum Optics[END_REF]. Although the quantum description is obligatory for a microscopic system, a classical model is often sufficient for a quantitative description of experimental results. Especially for the macroscopic observations that are far beyond the quantum regime, a classical description is more suitable and intuitive.
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Hence, a classical description of the strong coupling between a F-P microcavity and emitters, where a classical emitter is treated as a Lorentzian oscillator with the damping rate 𝛾, is introduced.

The permittivity 𝜀(𝜔) is obtained as:

𝜀(𝜔) = 1 + 𝐴 𝜔 0 2 -𝜔 2 -𝑖𝛾𝜔 , (2.71) 
where 𝐴 = 𝑁𝑒 2 𝑉𝜀 0 𝑚 characters oscillation strength. 𝑁/V is the density of the emitters, 𝑚 is the mass of an electron and 𝜔 0 is the resonance frequency. According to equation (2.46) and (2.71), the cavity dispersion is now:

𝜅 2 = 𝜔 2 (1 + 𝐴 𝜔 0 2 -𝜔 2 -𝑖𝛾𝜔 ).
(2.72)

The moment has been scaled to 𝜅 = 𝑐 (𝑘 ∥ + 𝜋 𝐿

). Assuming 𝜔 ≈ 𝜔 0 , then 𝜅 + 𝜔 ≈ 2𝜔 0 and 𝜔 0 + 𝜔 ≈ 2𝜔 0 . The dispersion becomes:

(𝜅 -𝜔)(𝜔 0 -𝜔 -𝑖𝛾/2) = 𝐴 4 .
(2.73)

The solutions are:

𝜔 ± = 𝜅 2 + 𝜔 𝑜 2 -𝑖 𝛾 4 ± 1 2 √ 𝐴 + (𝜅 -𝜔 0 + 𝑖 𝛾 2 ) 2 .
( 2.74) This gives two normal modes with a splitting

𝛺 = √ 𝐴 + (𝜅 -𝜔 0 + 𝑖 𝛾 2 ) 2
. At resonance, the splitting is

𝛺 = √ 𝐴 - 𝛾 2 4 , (2.75) 
i.e., the damping decreases the normal mode splitting. If the damping can be ignored (𝛾 = 0), the mode splitting (𝛺 = √𝐴 ∝ √ 𝑁 V ) is proportional to the density of the emitters, which is also deduced from semiclassical and fully quantum descriptions [START_REF] Meystre | Elements of Quantum Optics[END_REF] . Equation ( 2 For a F-P cavity with a linewidth defined by equation (2.49), damping of the cavity can be incorporated by replacing 𝜅 with 𝜅 -𝑖 𝛾 𝑐

2

. Then the normal mode splitting at resonance is:

𝜔 ± = 𝜔 0 -𝑖 𝛾 𝑐 4 -𝑖 𝛾 4 ± 1 2 √ 𝐴 -( 𝛾 2 - 𝛾 𝑐 2 ) 2 .
( 2.76) This equation gives complicate criterions for strong coupling. The core idea is the splitting should not be overwhelmed by the damping. A strict criterion is:

𝐴 > 𝛾 2 2 + 𝛾 𝑐 2 2 , (2.77) 
i.e., a large oscillation strength is helpful to achieve strong coupling. Thus, J-aggregate dye molecules, which possess large collective oscillation strength and narrow absorption, are most often implemented for strong coupling.

Coupled mode theory of emission enhancement by nanocavity

In this section, we introduce an analytic coupled mode theory [START_REF] Khurgin | Enhancement of Optical Properties of Nanoscaled Objects by Metal Nanoparticles[END_REF][START_REF] Sun | Comparative Study of Field Enhancement between Isolated and Coupled Metal Nanoparticles: An Analytical Approach[END_REF][START_REF] Sun | Theory of Optical Emission Enhancement by Coupled Metal Nanoparticles: An Analytical Approach[END_REF] to optimize the plasmonic nanostructures in order to have the largest possible emission enhancements, which is determined together by the excitation enhancement and quantum yield enhancement [START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF] , that is 𝐹 = 𝐹 𝑒𝑥𝑐 𝐹 𝑒𝑚 .

For a fluorescent emitter placed near a nanostructure with local field 𝑬, excitation rate 𝛾 𝑒𝑥𝑐 is
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given by equation (2.34). Assuming the TDM of the emitter ℘ ̂ is not altered by the environment, the excitation enhancement can be written as: .78) where 𝛾 𝑒𝑥𝑐 0 and 𝑬 𝟎 are the excitation rate and electric field without nanostructure, respectively.

𝐹 𝑒𝑥𝑐 = 𝛾 𝑒𝑥𝑐 /𝛾 𝑒𝑥𝑐 0 ∝ |℘ ̂⋅ 𝑬| 2 /|℘ ̂⋅ 𝑬 𝟎 | 2 , ( 2 
Quantum yield enhancement is given by 2.79) in which 𝜂 𝑎𝑙𝑙 is the emission efficiency of the emitter with the presence of nanostructure and 𝜂 𝑟𝑎𝑑 is the initial quantum yield. into the dipole mode and then interacts with higher order modes of another sphere, then the emitter is excited.

𝐹 𝑒𝑚 = 𝜂 𝑎𝑙𝑙 /𝜂 𝑟𝑎𝑑 , ( 
Emission of the emitter is also coupled to the dipole modes, then radiating or coupled with higher order modes subsequently. Adapted from [START_REF] Sun | Theory of Optical Emission Enhancement by Coupled Metal Nanoparticles: An Analytical Approach[END_REF].

An important advantage of plasmonic nanostructures is the near field enhancement provided by LSPR. For a single nanosphere as discussed in 2.2.2, higher order modes possess higher localization hence higher field enhancement, they cannot be excited externally or radiate to farfield, and therefore normally are not contributing to the emitter.
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Considering a configuration of two gold nanospheres with the radius of 𝑎 1 and 𝑎 2 , which are indexed by 1 and 2 as shown in Figure 23456789101112). An emitter is place in between them with the polarization of the transition dipole moment oriented along the connecting axis between the centres of the two spheres. The distances between the emitter and the sphere centres are 𝑟 1 and 𝑟 2 , respectively. The excitation enhancement can be expressed as

𝐹 𝑒𝑥𝑐 = |℘ ̂⋅ 𝑬| 2 /|℘ ̂⋅ 𝑬 𝟎 | 2 = |𝐸/𝐸 0 | 2 = 𝐹 𝑓𝑖𝑒𝑙𝑑 2 .
Starting with the discussion of the field enhancement. The two-sphere configuration, where the dipole mode of one sphere is coupled with the higher order modes of another, could provide extra field enhancement 100 (sketched in Figure 2-12 b)). A linear polarized Gaussian laser beam along the connecting line of the sphere centres is focused on the particles, and the beam radius at the waist is: 2.80) in which 𝜆 𝑒𝑥 is the laser wavelength, 𝜃 𝑎 is far-field half-angle of the numerical aperture of the focused beam.

𝑤 0 = 𝜆 𝑒𝑥 𝜋𝜃 𝑎 , ( 
In the absence of nanospheres, the power |𝑠 + | 2 carried by the incident wave that possess a electric field 𝐸 𝑓𝑜𝑐 in the focus is 101 :

|𝑠 + | 2 = √ 𝜀 𝐷 𝑍 0 𝜋 ( 𝑤 0 2 ) 2 𝐸 𝑓𝑜𝑐 2 .
(2.81)

And 𝑍 0 is the impedance of free space. Using the notation in [START_REF] Sun | Theory of Optical Emission Enhancement by Coupled Metal Nanoparticles: An Analytical Approach[END_REF], we can write the rate equations of the amplitude

𝐴 𝑙 = √𝑈 𝑙 = √ 1 4
𝜀 0 𝜀 𝐷 𝑉 𝑒𝑓𝑓,𝑙 𝐸 𝑚𝑎𝑥,𝑙 for excitation process as:

𝑑𝐴 1 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 1 )𝐴 1 (𝑚) -𝑖 ∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) 𝐴 𝑙 (𝑛) ∞ 𝑙=1 - 1 2 𝛾 1 (𝑚) 𝐴 1 (𝑚) + 𝜅 𝑖𝑛 (𝑚) 𝑠 + 𝑑𝐴 𝑙 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 𝑙 )𝐴 𝑙 (𝑚) -𝑖𝜔 1𝑙 𝜅 1𝑙 (𝑛𝑚) 𝐴 1 (𝑛) - 1 2 𝛾 𝑙 (𝑚) 𝐴 𝑙 (𝑚) , 𝑙 ≥ 2 , (2.82)
where 𝜔 is the frequency of the excitation laser. 𝑚, 𝑛 = 1 or 2 are sphere indexes. 𝜔 𝑙 and 𝛾 𝑙 are the resonance frequency and decay rate of 𝑙th order plasmonic mode given by equation (2.56) and (2.63). 𝜔 1𝑙 = √𝜔 1 𝜔 𝑙 is the reduced frequency. In addition, the coupling coefficient 𝜅 𝑖𝑛 (𝑚) , which determines the laser energy coupled into nanospheres, is treated as a reciprocal process of
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the radiative decay of the dipole mode. Following the discussion given by Haus in [ 101 ] to obtain

𝜅 𝑖𝑛 (𝑚) = 𝜃 𝑎 2 √ 3𝛾 𝑟𝑎𝑑 2
. Moreover, 𝜅 1𝑙 (𝑚𝑛) is the coupling coefficient between the dipole mode in one sphere and all the other modes in another sphere, and is obtained as an integral of the electric potential 𝜙 1 (𝑚) times the surface charge density 𝜎 𝑙 (𝑛) evaluated over the surface of sphere 𝑚,

𝑈 1𝑙 (𝑚𝑛) = ∯ 𝜙 1 (𝑚) 𝜎 𝑙 (𝑛) 𝑑𝑠 (𝑛) = -𝜅 1𝑙 (𝑚𝑛) 𝐴 1 (𝑚) 𝐴 𝑙 (𝑛) , (2.83) 
which can be solved analytically,

𝜅 1𝑙 (𝑚𝑛) = ( 𝑎 𝑚 𝑟 0 ) 3 2 ( 𝑎 𝑛 𝑟 0 ) 𝑙+ 1 2 (1 + ( 𝑎 𝑛 𝑟 0 ) 2 2(𝑙 + 1) 2𝑙 + 3
).

(2.84)

The first term on the right side of equation (2.82) is the detuning term. The second term is the coupling between the dipole mode and higher order modes. Decay term are also included for energy loss. Since only the dipole mode is coupled to the external field, the coupling between plasmonic mode and external laser is only presence for dipole mode. At steady state, i.e.,

𝑑𝐴 𝑙 𝑑𝑡 = 0, equation (2.82) gives the connection between 𝐸 𝑚𝑎𝑥,𝑙 (𝑛)

and 𝐸 𝑚𝑎𝑥,1 (𝑚) , 𝑚) , 𝑚, 𝑛 = 1,2.

𝐸 𝑚𝑎𝑥,𝑙 (𝑛) = 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) (𝜔 -𝜔 𝑙 ) + 𝑖 𝛾 2 𝑙 + 1 2 ( 𝑎 1 𝑎 2 ) 3 2 𝐸 𝑚𝑎𝑥,1 ( 
(2.85)

After substituting (2.85) into (2.82), we can relate 𝐸 𝑚𝑎𝑥,1

(𝑛)

and 𝐸 𝑓𝑜𝑐 ,

𝑴 ( 𝐸 𝑚𝑎𝑥,1 (1) 
𝐸 𝑚𝑎𝑥,1

2) ) = 𝜔 √2 ( 𝐸 𝑓𝑜𝑐 𝐸 𝑓𝑜𝑐 ), ( 
where the elements in the 2 × 2 matrix 𝑴 are:
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𝑚 11 = 𝑖(𝜔 -𝜔 1 ) + ∑ 𝜔 1𝑙 2 [𝜅 1𝑙 12 ] 2 𝑖(𝜔 -𝜔 𝑙 ) + 𝛾 2 ∞ 𝑙=2 + 1 2 𝛾 1 (1) 𝑚 12 = 𝑖𝜔 1 𝜅 11 ( 𝑎 2 𝑎 1 ) 3/2 = 𝑖𝜔 1 ( 𝑎 2 𝑟 0 ) 3 𝑚 21 = 𝑖𝜔 1 𝜅 11 ( 𝑎 1 𝑎 2 ) 3/2 = 𝑖𝜔 1 ( 𝑎 1 𝑟 0 ) 3 𝑚 22 = 𝑖(𝜔 -𝜔 1 ) + ∑ 𝜔 1𝑙 2 [𝜅 1𝑙 ( 
2 𝑖(𝜔 -𝜔 𝑙 ) + 𝛾 2 ∞ 𝑙=2 + 1 2 𝛾 1 (2) 
.

(2.87)

The electric field at the location of the emitter is:

𝐸(𝑟 1 ) = 𝐸 𝑚𝑎𝑥,1 (1) 
( 𝑎 1 𝑟 1 ) 3 + 𝐸 𝑚𝑎𝑥,1 (1) 
∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) (𝜔 -𝜔 𝑙 ) + 𝑖 𝛾 2 𝑙 + 1 2 ( 𝑎 1 𝑎 2 ) 3 2 ( 𝑎 2 𝑟 2 ) 𝑙+1 ∞ 𝑙=2 + 𝐸 𝑚𝑎𝑥,1 (2) 
( 𝑎 2 𝑟 2 ) 3 + 𝐸 𝑚𝑎𝑥,1 (2) 
∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) (𝜔 -𝜔 𝑙 ) + 𝑖 𝛾 2 𝑙 + 1 2 ( 𝑎 2 𝑎 1 ) 3 2 ( 𝑎 1 𝑟 1 ) 𝑙+1 ∞ 𝑙=2 . (2.88)
By substituting (2.88) into (2.86), the field enhancement factor, which is the ratio of solved field to the field in the absence of nanospheres, is given by:

𝐹 𝑓𝑖𝑒𝑙𝑑 = | 𝐸(𝑟 1 ) 𝐸 𝑓𝑜𝑐 |.
(2.89) The radius of two gold spheres is also optimized in order to obtain the optimized field enhancement at the centre of the gap. The radii of both spheres vary from 1 𝑛𝑚to 60 𝑛𝑚 while In the following, we discuss the quantum yield enhancement by introducing the emitter into the rate equations. In the same manner as foregoing, the rate equations are written as:

Theoretical foundations 𝑑𝐴 1 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 1 )𝐴 1 (𝑚) -𝑖 ∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) 𝐴 𝑙 (𝑛) ∞ 𝑙=1 - 1 2 𝛾 1 (𝑚) 𝐴 1 (𝑚) - 1 2 √ 𝛾 𝑟𝑎𝑑 (𝑚) 𝛾 𝑟𝑎𝑑 (𝑛) 𝐴 1 (𝑛) -𝑖𝜔 1𝐵 𝜅 1 (𝑚) 𝐵 𝑑𝐴 𝑙 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 𝑙 )𝐴 𝑙 (𝑚) -𝑖𝜔 1𝑙 𝜅 1𝑙 (𝑛𝑚) 𝐴 1 (𝑛) - 1 2 𝛾 𝑙 (𝑚) 𝐴 𝑙 (𝑚) -𝑖𝜔 1𝐵 𝜅 𝑙 (𝑚) 𝐵, 𝑙 ≥ 2 𝑑𝐵 𝑑𝑡 = √𝛾 𝑚 𝑃 2 - 1 2 𝛾 𝑚 𝐵 -𝑖 ∑ 𝜔 𝑙𝐵 (𝜅 𝑙 (1) 𝐴 𝑙 (1) 
∞ 𝑙=1 + 𝜅 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] 𝐴 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] ) , (2.90) where 𝜔 1𝐵 = √𝜔𝜔 𝑙 and 𝜔 1𝑙 = √𝜔 1 𝜔 𝑙 are reduced frequency. Comparing to equation (2.82), first difference is the presence of the rate equation for the emitter. It contains excitation term with pumping power 𝑃 (obtained by a reciprocal process 101 ) that excites the emitter with a decay rate

𝛾 𝑚 = 𝜏 𝑟𝑎𝑑 -1 + 𝜏 𝑛𝑟𝑎𝑑 -1
. The external excitation term for spheres vanishes. The super-radiance term (𝑛) that accounts for the coherent character of emission by dipoles, as well as the coupling term between the emitter and plasmonic modes are included with a coupling constant

1 2 √ 𝛾 𝑟𝑎𝑑 (𝑚) 𝛾 𝑟𝑎𝑑 (𝑛) 𝐴 1
𝜅 𝑙 (𝑚) , 𝜅 𝑙 (𝑚) = ( 𝑎 0 𝑟 𝑚 ) 3 2 ( 𝑎 𝑚 𝑟 𝑚 ) 𝑙+ 1 2 (1 + ( 𝑎 𝑚 𝑟 𝑚 ) 2 2(𝑙 + 1) 2𝑙 + 3
).

(2.91)

The formula is similar to equation (2.84), but 𝑟 𝑚 is the gap between the emitter and the sphere with 𝑚 = 1,2. And 𝑎 0 = ℘ q , in which ℘ ̂ is the TDM of the emitter with the charges 𝑞 = 𝑛𝑒, is a characteristic radius of the emitter. For a general fluorescent molecule, the TDM is about 0~10 𝐷𝑒𝑏𝑦𝑒, i.e., 𝑎 0 ≈ (0~0.2)/𝑛 𝑛𝑚.

Equation (2.90) is written in a matrix form at the steady state,

𝑴 2𝑁×2𝑁 [ 𝑨 (𝟏) 𝑨 (𝟐) ] = [ 𝑖𝜔 𝑙𝐵 𝜿 (𝟏)
𝑖𝜔 𝑙𝐵 𝜿 (𝟐) ] 𝐵, (2.92) in which 𝑨 (𝒎) and 𝜿 (𝒎) are 𝑁 × 1 vectors consisting of 𝐴 𝑙 (𝑚) and 𝜅 𝑙 (𝑚) that 𝑙 = 1,2, … , 𝑁 .

Inverting 𝑴 2𝑁×2𝑁 to obtain 𝑨 (𝒎) = 𝑖𝜔 𝑙𝐵 𝐵𝑴 2𝑁×2𝑁 -1 𝜿 (𝒎) = 𝑖𝜔 𝑙𝐵 𝐵𝑻 (𝒎) , where 𝑻 (𝒎) is also a 𝑁 × 1 vector. Thus, the radiating power of the system is obtained by solving (2.92),
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𝑃 𝑎𝑙𝑙 = 𝑃 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 + 𝑃 𝑆𝑃 = 𝐵 2 𝜏 𝑟𝑎𝑑 + | √ 𝛾 𝑟𝑎𝑑 (1) 𝐴 1 (1) + √ 𝛾 𝑟𝑎𝑑 (2) 𝐴 1 (2) | 2 = 𝐵 2 𝜏 𝑟𝑎𝑑 + | √ 𝛾 𝑟𝑎𝑑 (1) 𝑇 1 (1) + √ 𝛾 𝑟𝑎𝑑 (2) 𝑇 1 (2) | 2 𝜔 𝑙𝐵 2 𝐵 2 .
(2.93)

The excitation power is obtained from (2.90) at steady state,

𝑃 = |𝛾 𝑚 -2 ∑ 𝜔 𝑙𝐵 2 (𝜅 𝑙 (1) 𝑇 1 (1) ∞ 𝑙=1 + 𝜅 𝑙 (2) 𝑇 1 (2) )| 2 𝐵 2 𝛾 𝑚 .
(2.94)

Now analysing the enhancement of quantum yield 𝐹 𝑒𝑚 = 𝜂 𝑎𝑙𝑙 /𝜂 𝑟𝑎𝑑 . Here, 𝜂 𝑎𝑙𝑙 = 𝑃 𝑎𝑙𝑙 /𝑃 is the emission efficiency of the coupled system. The quantum yield of the emitter is 𝜂 𝑟𝑎𝑑 = 1/(𝜏 𝑟𝑎𝑑 𝛾 𝑚 ) . Thus,

𝐹 𝑒𝑚 = 𝜂 𝑎𝑙𝑙 𝜂 𝑟𝑎𝑑 = 1 + | √ 𝛾 𝑟𝑎𝑑 (1) 𝜏 𝑟𝑎𝑑 𝑇 1 (1) + √ 𝛾 𝑟𝑎𝑑 (2) 𝜏 𝑟𝑎𝑑 𝑇 1 (2) | 2 𝜔 𝑙𝐵 2 |1 -2 ∑ 𝜔 𝑙𝐵 2 (𝜅 𝑙 (1) 𝑇 1 (1) ∞ 𝑙=1
+ 𝜅 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] 𝑇 1 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] )/𝛾 𝑚 | 2 .

( 2.95) This equation can be used for any emitter placed in between two nanospheres. For very large gaps, the coupling rate 𝜿 (𝒎) and 𝜅 𝑙 (𝑚) can be ignored. Noticing 𝑻 (𝒎) = 𝑴 2𝑁×2𝑁 -1

𝜿 (𝒎) , we have 𝐹 𝑒𝑚 = 1, i.e., the emission efficiency is not changed. When the gap distance decreases, both 𝜿 (𝒎) and 𝜅 𝑙 (𝑚) increase, but the denominator increases faster than numerator since only 𝜿 (𝒎) is contained in the numerator. Hence, the emission efficiency 𝜂 𝑎𝑙𝑙 will decrease eventually. Also note that a larger 𝛾 𝑚 could slow down the value rise of the denominator. when the gap is small, and the difference diminish for a large gap. Compared to a single sphere, the emission efficiency is less altered for a large gap (𝑑 ≥ 30 𝑛𝑚). A dramatic decrease is observed for small gap (𝑑 < 30 𝑛𝑚).

Theoretical foundations

The emission enhancement 𝐹 = 𝐹 𝑒𝑥𝑐 𝐹 𝑒𝑚 and partial zoom are plotted in c) and d).

Emission enhancement of the emitter 𝐹 = 𝐹 𝑒𝑥𝑐 𝐹 𝑒𝑚 can be calculated by evaluating equation 𝜂 𝑎𝑙𝑙 = 𝜂 𝑟𝑎𝑑 ), while a rapid descent presence at narrow gap (𝜂 𝑎𝑙𝑙 < 𝜂 𝑟𝑎𝑑 ). This can be explained by an abrupt increase of the coupling of the dipole mode to the non-radiative higher order modes, as well as the coupling of emitter to all the plasmonic modes. When the rate of energy coupling into non-radiative modes exceeds the dipole mode radiative rate, energy is damped in higher order modes and the radiative efficiency of nanospheres starts to decrease, thus quenches emission. We have assumed the emitters have the same radiative decay rate 1/𝜏 𝑟𝑎𝑑 and different quantum yield, thus the emitter with higher quantum yield has smaller decay rate 𝛾 𝑚 , so quenching starts at larger gap distance as shown in Figure 2-16 b).

The emission enhancement 𝐹 = 𝐹 𝑒𝑥𝑐 𝐹 𝑒𝑚 is plotted as a function of the gap distance d in Figure 2-16 c). The enhancement reaches a maximum around 𝑑 2 ~8 𝑛𝑚 for single sphere which is same as in [START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF], while it is not decreasing for emitter in between two spheres until 𝑑~7 𝑛𝑚. The quenching appears at even narrower gaps for an emitter with smaller quantum yield (when 𝜂 𝑟𝑎𝑑 varies from 100% to 20%, the gap distance that has maxima enhancements varies from 7 𝑛𝑚 to 4 𝑛𝑚), and it eventually disappears [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF][START_REF] Le Ru | Principles of Surface-Enhanced Raman Spectroscopy: And Related Plasmonic Effects[END_REF][START_REF] Maier | Plasmonic Field Enhancement and SERS in the Effective Mode Volume Picture[END_REF] when 𝜂 𝑟𝑎𝑑 ~0 (𝛾 𝑚 ~∞) which corresponds to SERS with an enhancement factor 𝐹~|𝐸| 4 . The sample is fixed with magnets on a scanning piezo-stage (P-527.3CL, Physik Instrumente). Two white light sources can be used for reflection and transmission measurement, which will be described in detail in 0.

The fluorescence signal from the excitation spot is collected by the same objective lens and sent either to the spectrometer (SP-2500i, Princeton Instruments) or to two avalanche photodiodes (APDs, SPCM-AQR-14, PerkinElmer) via a 50/50 beam splitter. APDs are connected to a time-correlated single photon counting module (TCSPC, HydraHarp 400, PicoQuant). For each detected photon, a TTL (Transistor-Transistor-Logic) pulse is output from APD and recorded at HydraHarp 400 using Time-Tagged Time-Resolved (TTTR) acquisition mode [START_REF] Becker | Advanced Time-Correlated Single Photon Counting Techniques[END_REF] with a minimum timing resolution of 1 ps and a coarser timing (called time tag) performed. For a standard TCSPC, only one APD is used to have better signal to noise ratio. For fluorescence lifetime measurements, the timing resolution is set to 64 ps in order to have a larger time span. For antibunching measurements, the timing resolution is always 1 ps and two extra short-pass filters are inserted in front of the APDs to avoid the after-pulsing effect [START_REF]Advanced Time-Correlated Single Photon Counting Applications[END_REF] . Collected TCSPC related data are processed using SymPhoTime 64 (PicoQuant). Spectra and scanning intensity images are processed using self-written MATLAB scripts. For single molecule measurements, 5 μL of the 10 -10 M hypericin/ethanol solution is added directly on a cleaned glass coverslip or 20 μL of the 10 -9 M hypericin/PVA solution is spin coated (6k rpm, 30 s) on the coverslip. Same amount of the 10 -9 M hypericin/PVA solution is spin coated on the flat mirror for the measurement in microcavity. The polymer film is about 80 nm according to AFM measurement.

For the strong coupling experiment, TDBC (FEW Chemicals) is dissolved in triply distilled water and undergoes self-organization to form J-aggregates dye molecule then dispersed in 2 wt. % PVA matrix with a final concentration of 2.5×10-3 M. 100 μL of TDBC/PVA aqueous solution is injected into the cavity. The formation of J-aggregates in the aqueous solution leads to a decrease of the fluorescence emission from monomers. Furthermore, the J-aggregates are preserved in the aqueous solution and the PVA prevents water from drying out.

Experimental setups and sample preparation

Tunable microcavity

The tunable microcavity used in this work consists of a flat mirror and a curved mirror that are assembled together in a cage system to form the cavity (Figure 3 Reflection and transmission spectra of the cavity are measured with the white light source 1) or 2)

shown in Figure 3-1, respectively. A reference spectrum is measured by using a broadband dielectric mirror (BB1-E02, Reflectance > 99%, Thorlabs) for reflection spectra or a glass coverslip for transmission spectra. In order to obtain angle resolved reflection spectra, a tube lens is placed in front of the spectrometer to form a 4f system 108 as shown in Figure 3 In the normal evaporation process (shown in Figure 3-4 a)), the detector and the sample substrate are at the same height (ℎ 0 ), which is much larger than the size of sample substrate (ℎ 0 ≫ 𝑑). According to Knudsen's cosine law 110 , an almost uniform film is deposited on the substrate:

Plasmonic nanocavity

Experimental setups and sample preparation

𝑡(𝑥) = 𝑡 0 ((1 + 𝑥 ℎ 0 ) 2 ) 2 , (3.1)
where 𝑡 0 is the thickness indicated by the crystal sensor, as well as the thickness at the centre of substrate. However, lowering the sample height to a smaller value (ℎ), a film with non-uniform thickness will be obtained, as show in Figure 34). In addition, since the position of sensor is unchanged, there will be a difference between the thickness reading from sensor 𝑡 0 and the real thickness at the centre of sample 𝑡 𝑐 , which is deduced as:

𝑡 𝑐 𝑡 0 = ℎ 0 2 ℎ 2 . (3.2)
Thus, the real thickness of the evaporated film is

𝑡(𝑥) = ℎ 0 2 ℎ 2 𝑡 0 ((1 + 𝑥 ℎ ) 2 )
2 .

(3.3)
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In this work, the sample is prepared by evaporating 𝑡 0 = 1 𝑛𝑚 of gold (Plassys MEB400, 10 -6 Torr, 0.05 nm/s) with ℎ 0 = 250 𝑚𝑚, ℎ = 70 𝑚𝑚 and 𝑑 = 40 𝑚𝑚 . The sample have a film thickness varying from 2 nm to 13 nm as shown in Figure 34). Noting the thickness variation can be treated as a linear approximation when 𝑥 < 15 𝑚𝑚. Starting from the centre of the substrate, the film thickness can be evaluated. In order to obtain gold nanoparticles we follow a fast thermal annealing strategy [START_REF] Khaywah | Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF][START_REF] Jia | Large Scale Fabrication of Gold Nano-Structured Substrates Via High Temperature Annealing and Their Direct Use for the LSPR Detection of Atrazine[END_REF] to heat the sample at 270°C for 30 s. The sample is then characterized with a scanning electron microscope (FEG 8030, Hitachi). Detailed results will be discussed later in Chapter 6.

Chapter 4 Single quantum emitter characterization

Hypericin is one of the most efficient photosensitizers used in photodynamic tumor therapy (PDT) and many biochemical and medical research studies have focused on Hypericin during the last decades 111 . Hypericin is a natural active ingredient in Hypericum perforatum (St. John's Wort) 105 ,and a popular a multifunctional agent in drugs and medical applications, since it exhibits antidepressive, antineoplastic, antitumor and antiviral activitiy 111 . These are due to phototoxic reaction of hypericin, which can be exploited in photodynamic therapy applied for cancer treatment [111][112][113][114] . In photodynamic therapy, a photosensitizer is introduced into the tumour cells and excited with a suitable light source.

The high triplet yield of photosensitizer creates singlet oxygen, which then destroys the tumor cell.

Hypericin is a very promising candidate for such a therapy since it is the strongest natural photosensitizer. Besides, the red fluorescence emission of hypericin can be used to visualize tumor cells 115 . There are plenty of spectroscopic studies about the ensemble properties of hypericin 106,107,116- 118 , and covering the influence of different solvents and pH on the fluorescence spectrum and the excited state lifetimes, 107,119 excitation wavelength dependence of the Raman and SERS spectrum 117,118 , excited state proton transfer 120,121 , phototoxicity 113 and phosphorescence emission 122,123 . However, single molecule (SM) studies of hypericin were still missing. SM spectroscopy can provide a better understanding of its photophysical properties, since certain aspects, such as influence of the local environment or subpopulations, are hidden by ensemble averaging. [START_REF] Dickson | Three-Dimensional Imaging of Single Molecules Solvated in Pores of Poly(Acrylamide) Gels[END_REF][START_REF] Lu | Single-Molecule Spectral Fluctuations at Room Temperature[END_REF][124][125][126][127] Furthermore, SM experiments allow to investigate dynamics caused by changes of the local environment or of the structure or orientation of the single molecule. [START_REF] Piatkowski | Nature of Large Temporal Fluctuations of Hydrogen Transfer Rates in Single Molecules[END_REF][128][129][130][131] We show that hypericin can be optically detected down to a single molecule at ambient conditions.

Its photostability is large enough for single molecule experiments. We will show that the emission Parts of this chapter and some figures have been published in the journal articles: 

Hypericin

In this work, we present SM experiments with hypericin and show that it is possible to study its optical properties, e.g. fluorescence blinking, fluorescence lifetimes and fluorescence photon statistics, despite its high triplet yield of 0.5-0.7. 105,116 Hypericin is an anthraquinone derivative with its molecular structure depicted in Figure 4-1 a).

Starting with the characterization of the optical properties of hypericin on the ensemble level, which is done by acquiring the absorption (blue line) and the fluorescence (black line) spectrum as shown in Figure 4-1 b). The absorption spectrum (blue line) can be roughly divided into three different domains, i.e. the absorption to the S1 state between 490 nm and 600 nm (with the electronic transition S0S1 at 591 nm and its vibronic manifold), the S2 absorption between 400 nm and 490 nm (electronic transition S0S2 at 480 nm) and the triplet-triplet absorption at 510 nm 107,122 . The Changes in the blinking dynamics are often accompanied by changes in the fluorescence lifetime.

Single quantum emitter characterization

Thus, TCSPC measurement for hypericin on glass and embedded in a PVA matrix are performed. Additionally, a shorter fluorescence lifetime reduces the chance of a transition to the triplet state; and blinking and bleaching are reduced, which can be clearly observed in Figure 4-3.

Consequently, the results show that the PVA host matrix has a stabilizing effect and makes hypericin more suitable for fluorescence spectroscopy at the single molecule level.

Tautomerization transition of hypericin

Numerous theoretical studies have focused on the structural heterogeneity of hypericin concerning tautomerization, de-/protonation, and conformational (torsional), as well as possible association As explained in Section 2.1.3, the four tautomers of hypericin have a different orientation of the TDM and a transition between these tautomers can be observed by a change of the image pattern [START_REF] Piatkowski | Nature of Large Temporal Fluctuations of Hydrogen Transfer Rates in Single Molecules[END_REF]139 . In order to further verify that the observed flipping of the TDM is caused by a tautomerization transition, scan images of the same spatial region are acquired until photo-bleaching to capture changes of TDM orientation. An exemplary image series of the same spatial area is shown in Figure 456789. 
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Coloured arrows correspond to the scaled projection length and the orientation of the transition dipoles in the X-Y plane

Temporal dynamics of hypericin tautomerization transition

As shown in the previous section 4. dynamics from microseconds to seconds can be described by the autocorrelation function:

𝑔 2 (𝜏) ≅ 𝐴𝑒 -( 𝜏 𝜏 1 ) 𝛽 1 + 𝐵𝑒 -( 𝜏 𝜏 2 ) 𝛽 2 , ( 4.1) 
where 𝐴 and 𝐵 are constants give the ratio of fast and slow fluctuations. 
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tunnelling. A 'Freezing effect' induced by a rigid polymer matrix on proton transfer is already reported [START_REF] Piatkowski | Nature of Large Temporal Fluctuations of Hydrogen Transfer Rates in Single Molecules[END_REF] . And the tautomerization rate difference between hypericin in PVA and deuterated hypericin can be attributed to the modification of the tunnelling energy barrier and the mass difference of hydrogen and deuterium.

In conclusion, we have shown that hypericin is, despite its high triplet yield, excellently suited for fluorescence spectroscopy on the single molecule level. In particular, in-situ observation of single molecule tautomerization dynamic is presented, proving the coexistence of the four most stable tautomers of hypericin. TD-DFT calculations allow to determine relative orientation of the TDMs of the tautomeric species. This enables to determine the three-dimensional spatial orientation of the molecule and to identify the tautomeric state observed in a specific image. Additionally, fluctuation of the tautomerization rates depending on their local environment are analysed by FCS. We can determine that hypericin stays in the same tautomer for several to tens of seconds. A 'Freezing effect' induced by the polymer matrix and the isotope effect are also observed.

Coupling of cavity and quantum emitters

fitted to the transmission spectra give a full width at half maximum (FWHM) of approximately 27 nm corresponding to a Q-factor of around 20. The resonance can also be tuned by lateral scanning the cavity in the xy plane (Figure 5-1 a)) as can be seen by a simple calculation: the radius of curvature of the top lens is 25.8 mm and xy plane scanning piezo-stage can travel 100 m100 m, the movement of 100 m starting from the centre of Newton's rings in xy plane corresponds to a displacement of the mirror spacing of about 200 nm in z direction. In contrast to a direct moving of the lens in z direction by a piezo actuator, the lateral scan provides a more accurate and more precise z control. In addition, this could avoid molecular photo-bleaching due to the long-time measurement at same spot. However, lateral scanning of the cavity has the drawback that always a different spot is in the focus, needing a homogenous sample. Excellent agreement between experimental data and the TMM simulation results proves the reliability of the tunable microcavity. 

Microcavity -Tailoring hypericin fluorescence emission properties

As already shown in Section 2.3.1, the spontaneous emission rate of molecules in a cavity is altered by the Purcell factor. Several studies have investigated the emission properties of emitters inside a microcavity [160][161][162] . Experiments with single quantum dots 163,164 , molecules [START_REF] Chizhik | Probing the Radiative Transition of Single Molecules with a Tunable Microresonator[END_REF][START_REF] Steiner | Microcavity-Controlled Single-Molecule Fluorescence[END_REF] , and nitrogen-vacancy centres 165,166 in nanodiamond are also reported. To study the emission properties of hypericin in a tunable microcavity, a theoretical framework for the calculation of radiative decay rate and detected fluorescence spectra is presented first.

Following the approach presented by Björk 167 assigning the variations of the spontaneous emission rate to the zero-point fluctuations associated with an electrical field entering the microcavity, which can be derived classically. When we discussed spontaneous emission in Section 2.1.1, the quantity of quantized electric field 𝓔 𝒌 (equation (2.4)) is the same in all directions. However, the cavity breaks the isotropic property. Rewriting the quantized electric field as 𝓔 𝒌 𝑐 (𝜃, 𝜙, 𝑧), it can be evaluated

Coupling of cavity and quantum emitters numerically using the TMM method. The orientation of molecular TDM should also be taken into account. For ensemble measurement, the TDMs of molecules are randomly distributed in the cavity and can be represented by

℘ ̂= 𝐶 × [1, 1, 1]/√3, (5.1) 
here 𝐶 is constant. The frequency-dependent Purcell factor can be calculated:

𝑃(𝜔, 𝑧) = 𝛤 𝑠𝑝 (𝜔) 𝛤 𝑠𝑝0 (𝜔) = ∫ 𝑑𝜙 2𝜋 0 ∫ sin 𝜃 𝑑𝜃 𝜋 0 𝜔 2 |℘ ̂⋅ 𝓔 𝒌 𝑐 (𝜃, 𝜙, 𝑧)| 2 ∫ 𝑑𝜙 2𝜋 0 ∫ sin 𝜃 𝑑𝜃 𝜋 0 𝜔 2 |℘ ̂⋅ 𝓔 𝒌 | 2 . (5.2)
where 𝑧 is the position of the molecule inside the cavity. Accounting for the influence of the line shape of the fluorescence spectrum 𝑆(𝜔), the average Purcell factor is obtained:

𝑃 ̅ (𝑧) = 𝛤 ̅ 𝑠𝑝 𝛤 ̅ 𝑠𝑝0 = ∫ 𝑑𝜙 2𝜋 0 ∫ sin 𝜃 𝑑𝜃 𝜋 0 ∫ 𝜔 2 𝑑𝜔 ∞ 0 |℘ ̂⋅ 𝓔 𝒌 𝑐 (𝜃, 𝜙, 𝑧)| 2 𝑆(𝜔) ∫ 𝑑𝜙 2𝜋 0 ∫ sin 𝜃 𝑑𝜃 𝜋 0 ∫ 𝜔 2 𝑑𝜔 ∞ 0
|℘ ̂⋅ 𝓔 𝒌 | 2 𝑆(𝜔) .

(5.

3)

The excited state lifetime inside the cavity is given by

1 𝜏 𝑐 = 𝛾 𝑐 + 𝛾 𝑛 = 𝑃 ̅ 𝛾 0 + 𝛾 𝑛 = 1 𝜏 0 (1 -𝜂 + 𝑃 ̅ 𝜂). (5.4) 
Here 𝛾 𝑐 and 𝛾 𝑛 are the radiative and nonradiative rate in the cavity, respectively. 𝛾 𝑐 equals to the free space radiative rate 𝛾 0 times the average Purcell factor. 𝜏 0 and is the free space excited state lifetime, and 𝜂 is the quantum yield of the molecule.

Finally, the detected fluorescence spectra 𝑆 𝑟𝑒𝑎𝑙 (𝜔) depend on the position of the excited molecules and the limited numerical aperture of the objective lens. The excitation field distribution can be calculated as in [ 168 ]. For our experimental conditions (see Section 3.2), molecules are embedded in a thin PVA layer that is spatially separated from the silver layer. Setting 𝑧 = 90 𝑛𝑚 (silica layer + half of PVA film) yields an reasonable estimation of the average distance of the molecules to the mirror 169 . The impact of the limited numerical aperture can be treated as a reciprocal process for the discussion of the spontaneous emission rate, i.e. the electrical field exiting the microcavity.

Consequently, 𝑆 𝑟𝑒𝑎𝑙 (𝜔) can be calculated by 𝑆 𝑟𝑒𝑎𝑙 (𝜔) = 𝑃 𝑁𝐴 (𝜔) × 𝑆(𝜔) (5.5) where 𝑃 𝑁𝐴 (𝜔) is calculated by equation ( 5.2) limiting the integration within the angle of the numerical aperture. The film in the cavity is prepared by spin coating a layer of 10 -5 M hypericin/PVA solution on the flat mirror (for details see Section 3.2). The cavity thickness is tuned from 180 nm to 500 nm as determined from the cavity transmission spectra. Noting only the free space excited state lifetime 𝜏 0 and the quantum yield 𝜂 are fitted according to equation (5.4), which are 𝜏 0 = 4.8 𝑛𝑠 and 𝜂 = 13 % . The free space excited state lifetime is in excellent agreement with experimental value, 132 while the quantum yield is slightly smaller than reported (203%). 170 The smaller quantum yield can be most likely caused by the contribution of the molecules at different 𝑧 position, which is neglected in the simulation.

Three cavity transmission spectra with maximum at 606 nm, 625 nm and 649 nm are presented in c), respectively. Compared to free space emission, the fluorescence spectra are altered dramatically, which demonstrates that the microcavity allows to control molecular vibronic transition probabilities.

There is a good agreement between measured and calculated spectra proving that the semiclassical model is suitable for the description of the cavity-induced changes. An extinction spectrum of the SERS substrate is presented in Figure 5-5 c) with a surface plasmon resonance at 482 nm. with values reported in literature for hypericin 117,106,107,171 . In addition, DFT calculations were performed and respective simulated spectra for the neutral and deprotonated form of hypericin are shown in black and red in Figure 5-5 d), respectively. The first deprotonation of hypericin occurs at the bay hydroxyl groups (as shown in Figure 5-5 e)), which have a low pKa of 1.8 106,107,105 . Comparing the calculated spectra with the experimental ensemble spectrum suggests that both the neutral and deprotonated species of hypericin are present in the ensemble experiment. The pronounced peaks in the SERS spectrum at 1297 cm -1 and at 1471 cm -1 are assigned to the deprotonated form of hypericin.

Coupling of cavity and quantum emitters

On the other hand, the shoulder at ~1333 cm -1 and the peak at 1380 cm -1 in the ensemble SERS spectrum originate from the neutral species. SM SERS spectra of hypericin were acquired by using the same SERS substrates, but the concentration of the hypericin solution was reduced to 0.1 nM. Confocal scanning images recorded from pure substrates and from substrates doped with 1.0 nM and 0.1 nM hypericin solution are presented in Figure 5-6 a)-c), respectively. The SM SERS spectra were acquired from the intense hot spots with a 530nm laser, which is in resonance with the S0S1 electronic transition of hypericin, enabling resonance Raman scattering. For comparison the ensemble resonance Raman spectrum is displayed by the grey area in Figure 56)/e). Two exemplary SM SERS spectra are shown in Figure 56). In general, the same SERS peaks as in the ensemble spectrum can be observed for SMs, but the full width at half maximum of the peaks is significantly reduced since there is no ensemble averaging. The SERS spectrum shown in Figure 5-6 d) in red exhibits strong peaks at 1589 cm -1 , 1471 cm -1 and 1299 cm -1 . These peaks have been assigned to the deprotonated form of hypericin 106 .

However, the peak positions shown in Figure 5-6 d) in black are shifted to 1610 cm -1 , 1451 cm -1 and 1316 cm -1 , which can be attributed to the deprotonation of hypericin [START_REF] Bastiaens | Fluorescence Lifetime Imaging Microscopy: Spatial Resolution of Biochemical Processes in the Cell[END_REF] . Therefore, SM SERS experiments allow to directly observe different hypericin subpopulations. The spectral peak positions of these SERS experiments are summarized in Table 5-1 for the deprotonated and the neutral SM together with the corresponding simulations. The SERS spectra presented in Figure 5-6 e) are obtained from the same SM at different times and strong intensity variations can be observed between the spectra shown in red and black. The strongest intensity differences occur between 1400-1600 cm -1 and the peaks in this spectral region have an in plane character, which makes them very sensitive to the orientation of the SM on the nanoparticle surface 106,117 . The near field of the silver nanoparticle is oriented perpendicular to its surface and Raman modes with a Raman tensor component parallel to the field are enhanced 172 . This makes it possible to determine the orientation of the SM relative to the surface. The changes in the SERS intensities indicate that the same SM is first oriented almost parallel (black line in Figure 5-6 e)) and reorients perpendicularly or almost perpendicularly to the nanoparticle surface (red line in Figure 5-6 e)). Such a perpendicular orientation of hypericin on the silver surface is also proposed in ensemble SERS studies 117,118 . Altogether, SM SERS experiments show that both neutral and deprotonated form

Coupling of cavity and quantum emitters

of hypericin are adsorbed on the silver surface, and indicate that hypericin can reorient on the silver surface.

Strong coupling of J-aggregated TDBC molecule and microcavity

A J-aggregate can be treated as a chain of many dye molecules linked together that acts like a giant quantum oscillator [START_REF] Törmä | Strong Coupling between Surface Plasmon Polaritons and Emitters: A Review[END_REF]173,174 . A large oscillator strength of the molecule is helpful to achieve strong coupling. Strong coupling of molecules to a cavity mode has attracted lots of attention since it can influence light-driven chemical reactions [START_REF] Schwartz | Reversible Switching of Ultrastrong Light-Molecule Coupling[END_REF] , enhance intermolecular energy transfer [START_REF] Coles | Polariton-Mediated Energy Transfer between Organic Dyes in a Strongly Coupled Optical Microcavity[END_REF][START_REF] Zhong | Energy Transfer between Spatially Separated Entangled Molecules[END_REF] , realize roomtemperature polariton lasing 61,175 and Bose-Einstein condensation 62,[START_REF] Plumhof | Room-Temperature Bose-Einstein Condensation of Cavity Exciton-Polaritons in a Polymer[END_REF] . Recent results have been well documented in several reviews [START_REF] Dovzhenko | Light-Matter Interaction in the Strong Coupling Regime: Configurations, Conditions, Applications[END_REF][START_REF] Hertzog | Strong Light-Matter Interactions: A New Direction within Chemistry[END_REF][START_REF] Törmä | Strong Coupling between Surface Plasmon Polaritons and Emitters: A Review[END_REF]176,177 . This section focuses on the demonstration of strong coupling of J-aggregated dye molecules and a tunable microcavity at room temperature.

TDBC (5,6-dichloro-2-[[5,6- We also recorded angle resolved fluorescence spectra. The reason for the missing of the UP in fluorescence spectra is already discussed in literature 173,179,180 . In a strongly coupled organic molecule/microcavity system, a blue-detuned laser excites the molecule to an excited vibronic state of the S1 state, which is followed by a fast relaxation (shorter than 1 ps) to the lowest vibronic state. Excited excitons are accumulating due to bottleneck effect [START_REF] Coles | Imaging the Polariton Relaxation Bottleneck in Strongly Coupled Organic Semiconductor Microcavities[END_REF]174,181 , so called exciton reservoir. They can be scattered to the LP and the UP in a timescale of 100 ps, which is much longer than the polariton lifetime (~50 fs). Therefore, they cannot lead to stable polariton population. The molecule in the UP can either emit (~100 fs) or are scattered back to exciton reservoir (~50 fs). These processes deplete the UP and thus no emission can be observed. The lifetime of the LP is shorter than the scattering process from exciton reservoir, and therefore emission from the LP is 'frozen'. In addition, excitons can relax directly to the ground state and emit photons (~300 ps), which forms the leakage mode.

Conclusions

The interaction of the optical modes in a tunable microcavity and enclosed molecules has been Upon resonance excitation, metallic nanoparticles create highly localized electric fields leading to dramatic enhancement [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]126,[182][183][184] of the molecular fluorescence. As discussed in Chapter 2, the enhancement is determined together by the excitation enhancement and emission enhancement via the increase of emission rate and the quantum yield [START_REF] Anger | Enhancement and Quenching of Single-Molecule Fluorescence[END_REF] . Although lots of research was focused on achieving the largest fluorescence enhancement 182,183,[185][186][187][188] , complicated fabrication processes and limited quantity of 'hot spots' makes these approaches not suitable for general applications. A simple and low cost way of fabricating large area of nanoparticles, which makes use of a fast annealing process [START_REF] Khaywah | Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF] have proven efficient to create substrates with a high density of 'hot spots' and have been successfully applied for the detection of single fluorescent photosystem complexes 189 and single molecule SERS 132 .

Following the strategy presented in section 3.4, we introduce a fast optimization strategy based on plasmonic nanocavities towards maximum enhancement of single photosystem II fluorescence.

Optimal enhancement is obtained from a plasmonic sample with continuously increasing particle radii, which is prepared in a one-step evaporation.

Photosystem II

Photosystem II (PS II) is a pigment-protein complexes for photosynthesis, in which pigments (mainly chlorophyll a (Chl a) and carotenoid molecules) are bound by a protein scaffold 190,191 . It widely exists in the thylakoid membranes of cyanobacteria, algae and higher plants. PS II functions as light harvesting unit that oxidize water and reduce plastoquinone [192][193][194] . The crystal structure of PS II reveals a dimension per unit of around 10 nm including two main proteins subunit CP43 and 195,196 , in which antenna molecules Chl a are bound. Chl a absorbs light and the excitation energy is transferred to the reaction centre (core pigment named P680 according to the absorption maximum), leading to charge separation (Figure 6 Fluorescence spectrum with the main emission peak at 683 nm and the weak side band around 740 nm is dominated by the emission of Chl a 190 when excited with ex=488 nm laser radiation at room temperature, even though the carotenoids are mainly excited. When the temperature decreases to 160 K and the excitation laser tunes to 665 nm, the emission peaks stay the same. Noting that the fluorescence spectrum is partially blocked by the long-pass filter.

CP47
The emission efficiency of PS II is extremely low at room temperature. However, at low temperature or when excess excitation energy is present, more excitation energy is released through red Chl a as fluorescence 197,198 (Figure 6-1 b)), which can be used to analyse the energy transfer in 6.2 Non-uniform gold nanoparticles 109 multichromophore systems. Plasmonic nanoparticles have been successfully used to enhance the emission of photosystem I [START_REF] Ashraf | Temperature Dependence of Metal-Enhanced Fluorescence of Photosystem I from Thermosynechococcus Elongatus[END_REF]126,198 , and enhancement factor up to 441-fold was reported for single photosystem I. due to the transition from a large irregular island film to a more regular film with smaller nanoparticles.

Non-uniform gold nanoparticles

The extinction spectrum is related to the size and the shape of nanoparticles 199 , decreasing the nanoparticle size leads to a blue shift of the LSPR. Size reduction also reduces scattering, hence narrowing extinction spectrum. Although the influence of the shape can be complex, a narrower size distribution will normally result in a sharper extinction spectrum [START_REF] Khaywah | Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF] .

The examples of non-uniform samples depicted in Figure 6 The small variation of the fluorescence enhancement factor is due to the homogeneous particle distribution for a film thickness of 𝑡 ≤ 6 𝑛𝑚. However, the island film (𝑡 ≥ 7 𝑛𝑚) result in large variation. The maximum enhancement factor 𝐹 𝑚𝑎𝑥 = 21.8 is achieved for 𝑡 = 7 𝑛𝑚 because the broad extinction spectrum of the island film is nearly on resonance with the excitation laser, which provides large excitation enhancement and the small surface convergence that leads to larger gaps between nanoparticles which is suitable for PS II that has a dimension around 10 nm to be located between two nanoparticles, i.e. in the nanocavities. For normal incident of a linear polarized laser radiation, the mode coupling between the nanoparticles can give rise to larger field enhancement for the emitter placed in between than single nanoparticle (see Section 2.3.4).

In order to confirm that the observed fluorescence mainly arises from single PS II, we decrease the temperature and measured spectra at a film thickness 𝑡 = 7 𝑛𝑚 for different temperatures as presented in Figure 67. The FWHM of the peaks is significantly reduced when temperature decreases to 86 K (Figure 67)). The emission peak is red-shifted to ~695 nm for temperature T=44 K and clear blinking and spectral diffusion 124,197,202 indicate that the emission originates from a single PS II.

When the temperature decreases to 5 K, sharp zero-phonon lines appear as shown in Figure 67) and d). The complex behavior [203][204][205] is attributed to two distinct pools of chlorophylls, F685 and F695
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(red Chls), where the numbers refer to the emission peak wavelength. At 5 K, the excitation energy transfer from red Chls to reaction centre is frozen out. Consequently, zero-phonon lines appear at both wavelengths. Excitation energy transfer of F695 is still frozen for T≤77 K, while F685 is quenched due to energy transfer followed with electron transfer. At higher temperature, the emission maximum moves to shorter wavelengths due to increased thermal population of higher exciton states. In summary, we fabricated large-scale tunable nanoparticle substrates for plasmon enhanced fluorescence spectroscopy in a simple one-step evaporation process followed by thermal annealing.

The size of the nanoparticles, as well as the extinction spectra is tuned due to the difference of the evaporated film thickness. The maximum emission enhancement factor 𝐹 𝑚𝑎𝑥 = 21.8 is achieved at film a thickness 𝑡 = 7 𝑛𝑚 because of the excitation enhancement and mode coupling effect. In the Plasmonic nanocavity multiplexing towards enhanced fluorescence of single photosystem II fluorescence spectra of single PS II zero-phonon lines are observed at the optimal film thickness at low temperature. A similar multiplexing strategy can be quickly applied with different materials and for other molecules to achieve the optimal enhancement of fluorescence spectra or SERS.

Chapter 7 Summary and Outlook

This thesis covers the characterization of a single hypericin molecule and the interaction of cavity mode with molecules. Hypericin is a natural drug in Hypericum perforatum (St. John's wort) that is very promising in modern medicine. It serves as a single quantum emitter that exhibits fascinating structural dynamics, such as dissociation, conformation and tautomerism, and enables the observation of single molecule dynamics and the impacts of a photonic environment.

In this work, the usefulness of confocal scanning microscopy, combined with higher order laser modes in characterizing the transient dynamics of single molecules, was demonstrated. The threedimensional spatial orientation of a single molecule was determined, and the tautomeric state observed in a specific scanning image can be identified unambiguously. Extra efforts have been devoted to analysing the temporal properties of the dynamics by using photon autocorrelation, which reveals the distinct influence of the local environment and deuteration effect on molecules. Having established the photon autocorrelation model, a natural extension of this work is to study the impact of the broader context of the microscopic environment on the molecular probe. In addition, as hypericin is a promising drug in antidepressive, antitumor and antiviral treatment due to its phototoxic reaction, a deeper understanding of the mechanism can be obtained while exploring the photoinduced dynamics.

The coupling between microcavity/nanocavity and a quantum emitter was presented. The radiative rate is modulated by tuning the cavity resonance; hence, the local density of states is changed.

Numerical simulations, which associate zero-point fluctuations with the electrical field entering the microcavity, allow to fully reproduce the local density of states and, therefore, predict the modification of the spontaneous emission. The same method is readily expanded to measure the radiative and nonradiative decay rates, as well as the intrinsic quantum yield.

Indeed, there are experimental investigations by placing the emitter close to a dielectric interface, 206 a movable silver mirror, 207 a metallic nanocavity 208,209 and a tunable microcavity. 210,211 In the latter case, the cavity length in the half-lambda range is required to achieve a tight confinement and thus the large modulation of the radiative rate. It is indeed effective when single emitter [START_REF] Chizhik | Probing the Radiative Transition of Single Molecules with a Tunable Microresonator[END_REF] is observed.

However, the z-direction position dependent of the confinement and the directional emission pattern at this cavity length is undesired since they complicate the origin of the detected signal for an ensemble measurement and reduce the intensity of the collected signal for limited numerical aperture.

Summary and Outlook

To overcome these restrictions, numerical simulations must include the field distribution inside the cavity, and special care should be given to the excitation field distribution in the focal spot. 168,169 Strong coupling was achieved between a microcavity and J-aggregates in this work. A major task will be to explore the limitation in the coupling strength of a low Q-factor microcavity and single quantum emitter. An effective method is to extend the measurement to low temperature, [START_REF] Wang | Turning a Molecule into a Coherent Two-Level Quantum System[END_REF] which decreases the dephasing of the emitter. Although distinct Rabi splitting might be hard to be observed, there are different aspects to be discussed. It has been pointed out in Section 4.4 that the tautomerization dynamics of hypericin are altered by the local environment. It should be possible to discuss the impact of the photonic environment with the use of the microcavity.

Large near field enhancement and high density of 'hot spots' of the annealing samples have enabled the creation of plasmonic nanocavities, which allow measuring single molecule SERS. Furthermore, a fast optimization strategy towards optimal fluorescence enhancement was validated with PS II.

Coupled mode theory presented in Section 2.3.4 reveals the importance of the radius of the nanoparticles and the gap distance between them in order to achieve maximum emission enhancement.

However, the thermal annealing sample is not a good representation of two coupled nanoparticles since both the radius of the nanoparticles and the gap distance change while tuning, and there is nonnegligible coupling from other nanoparticles in the vicinity. Some methods are promising to validate the theory, namely DNA origami, 208,212-214 nanoimprint lithography, 188 and tip-enhanced microscopy with cylindrical vector beams, 215,216 to name a few. The latter is equipped with an apex tip, which is precisely driven by a shear-force tuning fork approaching the bottom substrate. A radially polarized laser beam is intensively polarized longitudinal (out-of-plane) in the focus. Therefore, a perfect representation of the description in Section 2.3.4 is achieved with intensive coupling between the tip and the bottom nanoparticle. The local field enhancement can be characterized by acquiring the fluorescence spectra and SERS simultaneously.

An apparent constraint of the coupled mode theory is that the nonlocal effect 102,217-219 and quantum effects, 186,[220][221][222] such as electron tunnelling and screening, are not involved. However, these become significant when the gap is smaller than 5 nm. The nonlocal effect can be appropriately included 217 in a classical model, while quantum plasmonics 186 correction can be adopted if necessary. For a realistic implementation, e.g., an apex tip approaching the nanoparticle, extensive numerical simulations are necessary to reveal the features of the emission enhancement. It is still an open task to answer the limit of plasmonic-induced emission enhancement.

A.1 Calculation of rotation matrix R

TD-DFT yield the orientation of the transition dipole moment in the molecular coordinate system xyz, while images are acquired in the image coordinate system XYZ. The rotation matrix R between the two coordinate systems is defined as:

[ 𝑋 𝑌 𝑍 ] = 𝑅 [ 𝑥 𝑦 𝑧
].

(A-1)

From DFT calculations, we have obtained the three-dimensional orientation of the transition dipole moments of the four tautomers d1, d2, d3, d4 defined in the A single molecule intensity time trace I(t) in Time-Tagged Time-Resolved confocal experiment can be understood as a delay distribution C(𝜏), where t is total time and 𝜏 is time delay between two photons. The normalized correlation function can be written as:

𝑔 2 (𝜏) = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉 〈𝐼(𝑡)〉 2 .
(B-1) g 2 (𝜏) is related to the conditional probability density G(t+𝜏 | t) (it can be noted as G(𝜏) for short) by

𝑔 2 (𝜏) = 𝐺(𝜏) 〈𝐼(𝑡)〉 . (B-2)
G(𝜏) is the probability to observe a photon at time t+𝜏 after one was detected at the time point t.

This photon can be the first, second, etc. after the initial photon is detected as indicated in Figure After some derivations 148 , the correlation function can be written as:

𝑔 = 1 𝑠 (𝑤 1 𝑎 1 + 𝑤 2 𝑎 2 )𝑠 + 𝑎 1 𝑎 2 (𝜀 1 + 𝜀 2 ) 𝑠 + 𝑎 1 𝜀 1 + 𝑎 2 𝜀 2 , (B-5)
with wi= 𝜀i/(𝜀1+𝜀2).

Considering at very short time range, e.g. nanosecond range, 𝜀1 ~ 0 and 𝜀2 ~ 0, then 𝑔 ≅ Another case is at longer timescale, e.g. millisecond, which is triplet lifetime range. We have 𝜀1 ~ 0

and 𝜀2 ~ 1, then 𝑔 ≅ 1 𝑠 𝑤 1 𝑎 1 𝑠+𝑎 1 𝑎 2 𝑠+𝑎 2
, and 𝐺(𝜏) ≅ 𝑤 1 𝑎 1 𝑒 -𝑎 2 𝜏 + 𝑎 1 (1 -𝑒 -𝑎 2 𝜏 ). This is the well-known There might be several delay distributions in the same timescales, for example, triplet lifetime could vary over time [START_REF] Veerman | Time-Varying Triplet State Lifetimes of Single Molecules[END_REF] . A linear superposition of several exponential decays including different delay and their coupling terms can be easily written into a single stretched exponential function 150,151 since

𝑒 -𝑡 𝛽 = ∫ 𝑑𝑢 𝜌(𝑢)𝑒 -𝑡/𝑢 ∞ 0 . (B-6)
The mean lifetime gives

〈𝜏〉 ≡ ∫ 𝑑𝜏 𝑒 -( 𝜏 𝜏 𝐾 ) 𝛽 ∞ 0 = 𝜏 𝐾 𝛽 Γ( 1 𝛽 ), (B-7)
where 𝛤 is the gamma function. For exponential decay, 𝜏 = 𝜏K is recovered.

Overall, if there are different molecule dynamics in three different timescale, a correlation function can be fitted by

𝐺(𝜏) ≅ 1 + 𝐴𝑒 -( 𝜏 𝜏 1 ) 𝛽 1 + 𝐵𝑒 -( 𝜏 𝜏 2 ) 𝛽 2
.

(B-8)

The shortest timescale dynamics have been considered as constant since the electronic dead-time of a typical Time Correlated Single Photon Counting (TCSPC) device is in the range of tens nanoseconds.

We can rewrite (B-8) to be consistent with the literatures: 

C.2 Fondements thé oriques C.2.1 Un é metteur quantique

Un é metteur quantique est un systè me é metteur dominé par les lois de la mé canique quantique.

Dans l'approximation dipolaire, l'hamiltonien du champ de rayonnement E avec un atome à un é lectron dans l'image d'interaction est donné par:

Υ = ℏ𝑔(𝜎 + 𝑎𝑒 𝑖Δ𝑡 + 𝑎 † 𝜎 -𝑒 -𝑖Δ𝑡 ), (1) 
avec Δ = 𝜔 0 -𝜔. En ré solvant l'é quation de Schrödinger dé pendant du temps, on obtient l'inversion de population, id est la diffé rence entre la population à l'é tat excité et à l'é tat fondamental: 

C.2.1.1 Émission spontané e

Dans la thé orie semi-classique, l'é mission spontané e s'ajoute phé nomé nologiquement. Afin d'aborder correctement l'é mission spontané e, un continuum de modes dans toutes les directions, dé crivant l'espace libre, doit ê tre pris en compte. Sous l'approximation de Weisskopf-Wigner, on obtient la dé rivé e temporelle de l'amplitude de probabilité 𝑐 𝑎 (𝑡),

𝑐̇𝑎(𝑡) = - 𝛤 2 𝑐 𝑎 (𝑡), (3) 
où la constante de dé sinté gration est, (-) (𝒓, 𝑡 1 ) + 𝐸 (+) (𝒓, 𝑡 1 )|𝑖⟩, (7) où𝜅 est constant. Normalement, on s'inté resse au taux d'excitation 𝛾 𝑒𝑥𝑐 pour un champ stationnaire qui peut s'é crire: 

𝛤 = 1 4𝜋𝜖 0 4𝜔 3 ℘ ̂𝑎𝑏
𝛾 𝑒𝑥𝑐 ∝ |℘ ̂⋅ 𝑬| 2 .

C.2.1.4 Antibunching

Les proprié té s statistiques de la lumiè re dans le ré gime quantique, qui sont souvent é tudié es via la fonction de corré lation des photons, se comportent diffé remment que dans le ré gime classique. La fonction de corré lation la plus souvent utilisé e est la fonction de corré lation du second ordre, qui est dé finie comme la probabilité conjointe de photo-dé tection, qui peut ê tre comprise comme la probabilité de dé tecter un photon au temps t+𝜏 aprè s en avoir dé tecté un au moment t . 

𝑘 ⊥ × 2𝐿 = 2𝑚𝜋. (10) 
Ici, 𝑚 est un entier positif, 𝜃 est l'angle d'incidence.

Le facteur de qualité (ou facteur Q) est dé fini comme le rapport de l'é nergie stocké e à l'inté rieur de la cavité à l'é nergie perdue par cycle d'oscillation du champ é lectromagné tique. La forme de ligne du mode de ré sonance est donné e par un Lorentzien:

𝐿 𝑙 (𝜔) = 𝛾/2𝜋 (𝜔 -𝜔 𝑐 ) 2 + 𝛾 2 /4 , (11) 
Où𝛾 est le taux d'amortissement qui dé finit la largeur de raie 𝛿𝜔 𝑐 = 𝛾 et le temps de stockage d'é nergie est 𝜏 𝑐 = 1/𝛾.

La finesse de la cavité est un autre paramè tre important pour caracté riser une cavité F-P et est dé finie comme le rapport de la sé paration de fré quence entre les modes de ré sonance successifsΔ𝜔 𝑐 à la largeur de raie 𝛿𝜔 𝑐 .

C.2.2.2 Nanocavité plasmonique

En approximation quasi-statique, les modes propres des particules sphé riques de mé tal noble de rayon proche ou infé rieur à la longueur d'onde de la lumiè re incidente satisfont l'é quation de Laplace ∇ 2 𝛷 = 0 pour le potentiel scalaire 𝛷 en l'absence de charges externes. En raison de la proprié té de localisation, la ré sonance est appelé e ré sonance plasmonique de surface localisé e (LSPR). Si une nanosphè re est placé e dans un champ é lectrique externe uniforme, seul le mode dipolaire (𝑙 = 1) doit ê tre considé ré , et la condition de ré sonance donné e par la condition aux limites:

𝜀 𝑀 (𝜔 1 ) + 2𝜀 𝐷 (𝜔 1 ) = 0.

(

) 12 
Il s'agit de la condition de Fröhlich et le mode associé fait gé né ralement ré fé rence au plasmon de surface localisé d'une nanosphè re. La fré quence de ré sonance peut ê tre dé terminé e à l'aide du modè le Drude pour la fonction dié lectrique mé tallique. 𝛤 𝑐 = 2𝜋〈𝑔 2 (𝜔)〉𝐷 𝑐 (𝜔).

(

) 14 
Pour une situation de ré sonance (Δ = ω -ω c = 0), cela donne :

𝛤 𝑐 = 𝛤𝑄 ( 2𝜋𝑐 3 𝑉𝜔 3 ). (15) 
Pré sentation du facteur Purcell 𝐹,

𝐹 = 𝛤 𝑐 𝛤 = 3𝑄 ( 2𝜋𝑐 3 𝑉𝜔 3 ) = 3𝑄 3 4 2 𝑉 . (16) 
Ainsi, le taux d'é mission spontané e peut ê tre amé lioré ou inhibé par le facteur de Purcell 𝐹. 

C.2.3.2 Couplage solide

C.2.3.3 Le modè le classique tient compte de l'amortissement dans la microcavité

Bien que la description quantique soit obligatoire pour un systè me microscopique, un modè le classique est souvent suffisant pour une description quantitative des ré sultats expé rimentaux. Par consé quent, une description classique du couplage fort entre une microcavité F-P et des é metteurs, où un é metteur classique est traité comme un oscillateur lorentzien avec le taux d'amortissement 𝛾, est introduite. La permittivité 𝜀(𝜔) est obtenue comme: 

𝜀(𝜔) = 1 + 𝐴 𝜔 0 2 -𝜔 2 -𝑖𝛾𝜔 , (19) où𝐴 
A la ré sonance, la division de deux modes normaux est (

𝛺 = √ 𝐴 - 𝛾 2 4 , (22) 
) 25 
Et 𝑍 0 est l'impé dance de l'espace libre. 𝑤 0 est le rayon du faisceau à la taille. On peut é crire les é quations de taux d'amplitude 𝐴 𝑙 = √𝑈 𝑙 = √ 

𝐸 𝑚𝑎𝑥,1

2) ) = 𝜔 √2 ( 𝐸 𝑓𝑜𝑐 𝐸 𝑓𝑜𝑐 ). ( 
Le champ é lectrique à l'emplacement de l'é metteur est:

𝐸(𝑟 1 ) = 𝐸 𝑚𝑎𝑥,1 (1) 
( 𝑎 1 𝑟 1 ) 3 + 𝐸 𝑚𝑎𝑥,1 (1) 
∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) (𝜔 -𝜔 𝑙 ) + 𝑖 𝛾 2 𝑙 + 1 2 ( 𝑎 1 𝑎 2 ) 3 2 ( 𝑎 2 𝑟 2 ) 𝑙+1 ∞ 𝑙=2 + 𝐸 𝑚𝑎𝑥,1 (2) ( 𝑎 2 𝑟 2 ) 3 + 𝐸 𝑚𝑎𝑥,1 (2) 
∑ 𝜔 1𝑙 𝜅 1𝑙 

Dans ce qui suit, nous discutons de l'amé lioration du rendement quantique en introduisant l'é metteur dans les é quations de dé bit. De la mê me maniè re que pré cé demment, les é quations de taux s'é crit:

𝑑𝐴 1 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 1 )𝐴 1 (𝑚) -𝑖 ∑ 𝜔 1𝑙 𝜅 1𝑙 (𝑚𝑛) 𝐴 𝑙 (𝑛) ∞ 𝑙=1 - 1 2 𝛾 1 (𝑚) 𝐴 1 (𝑚) - 1 2 √ 𝛾 𝑟𝑎𝑑 (𝑚) 𝛾 𝑟𝑎𝑑 (𝑛) 𝐴 1 (𝑛) -𝑖𝜔 1𝐵 𝜅 1 (𝑚) 𝐵 𝑑𝐴 𝑙 (𝑚) 𝑑𝑡 = 𝑖(𝜔 -𝜔 𝑙 )𝐴 𝑙 (𝑚) -𝑖𝜔 1𝑙 𝜅 1𝑙 (𝑛𝑚) 𝐴 1 (𝑛) - 1 2 𝛾 𝑙 (𝑚) 𝐴 𝑙 (𝑚) -𝑖𝜔 1𝐵 𝜅 𝑙 (𝑚) 𝐵, 𝑙 ≥ 2 𝑑𝐵 𝑑𝑡 = √𝛾 𝑚 𝑃 2 - 1 2 𝛾 𝑚 𝐵 -𝑖 ∑ 𝜔 𝑙𝐵 (𝜅 𝑙 (1) 𝐴 𝑙 (1) 
∞ 𝑙=1 + 𝜅 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] 𝐴 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] ) ,

où𝜔 1𝐵 = √𝜔𝜔 𝑙 et 𝜔 1𝑙 = √𝜔 1 𝜔 𝑙 sont une fré quence ré duite. L'é quation de vitesse pour l'é metteur contient un terme d'excitation avec une puissance de pompage 𝑃 (obtenue par un processus ré ciproque) qui excite l'é metteur avec un taux de dé croissance 𝛾 𝑚 = 𝜏 𝑟𝑎𝑑 -1 + 𝜏 + 𝜅 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] 𝑇 1 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] )/𝛾 𝑚 | 2 .

(31)

Cette é quation peut ê tre utilisé e pour tout é metteur placé entre deux nanosphè res. Lorsque la distance de l'é cart diminue, 𝜿 (𝒎) et 𝜅 𝑙 [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] augmentent, mais le dé nominateur augmente plus rapidement que le numé rateur puisque seul 𝜿 (𝒎) est contenu dans le numé rateur. Par consé quent, l'efficacité des é missions 𝜂 𝑎𝑙𝑙 diminuera é ventuellement. ℘ ̂⋅ 𝓔 𝒌 . (33) où 𝑧 est la position de la molécule à l'intérieur de la cavité.

C.3 Installations expé rimentales et pré paration d'é chantillons

Le spectre de fluorescence détecté𝑆 𝑟𝑒𝑎𝑙 (𝜔) est influencé par la position des molécules excitées et l'ouverture numérique limitée de l'objectif. Par conséquent, 𝑆 𝑟𝑒𝑎𝑙 (𝜔) peut être calculé par 𝑆 𝑟𝑒𝑎𝑙 (𝜔) = 𝑃 𝑁𝐴 (𝜔) × 𝑆(𝜔) (34) où 𝑃 𝑁𝐴 (𝜔) limite l'intégration dans l'angle de l'ouverture numérique. Ecole Doctorale "Sciences pour l'Ingénieur"
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  Photonenautokorrelationsfunktion verwendet, um die Intensitä tsschwankungen zu extrahieren. Die Ergebnisse zeigen den deutlichen Einfluss der lokalen Umgebung wie PVA-Matrix und Deuterierungseffekt. Die lokale photonische Umgebung eines Moleküls wird durch die Mikrokavitä t / Nanokavitä t modifiziert. Die theoretischen Prinzipien und experimentellen Ergebnisse werden für ein gekoppeltes Molekül vorgestellt. Eine signifikante Änderung der Strahlungsemissionsrate und der Fluoreszenzspektren wird diskutiert. Es ermöglicht uns, die absolute Quantenausbeute unter Verwendung einer einstellbaren Mikrokavitä t zu messen. Die Ergebnisse zeigen die Möglichkeit, die Tautomerisierung durch Verä nderung der photonischen Umgebung zu steuern. Anschließend wird die molekulare Dissoziation durch oberflä chenverstä rkte Einzelmolekül-Raman-Spektren diskutiert, die von der Nahfeldverstä rkung der Nanokavitä t profitieren. Darüber hinaus zeigt das theoretische Modell die Bedeutung des Radius der Nanopartikel und des Spaltabstands zwischen ihnen, um eine maximale Emissionsverbesserung zu erreichen. Eine schnelle experimentelle Optimierungsstrategie zur optimalen Fluoreszenzverstä rkung wird skizziert.
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 1 Calculated azimuthal and polar angle ............................................................................ 85

  is the interaction energy and r describes the position of the electron, and 𝑬 is the external electric field. Considering a single mode field of angular frequency 𝜔 = 2𝜋𝜈 and a two-level atom represented by ground state |𝑏⟩ and excited state |𝑎⟩ with energy eigenvalues of 𝐸 𝑏 = ℏ𝜔 𝑏 and 𝐸 𝑎 = ℏ𝜔 𝑎 (sketched in Figure 2-1 a)). After omitting the zero-point energy, the interaction of the Theoretical foundations atom with the field, including the unperturbed Hamiltonian of the atom 1 2

2 . 15 )

 215 𝑊(𝑡) = |𝑐 𝑎,0 (𝑡)| 2 -|𝑐 𝑏,1 (𝑡)| 2 = -cos(Ω 𝑛 𝑡) = -cos(2𝑔(1 + 1)𝑡).

Figure 2 -

 2 Figure 2-1 a) Energy diagram of a two-level atom. The photon energy of incident field is ℏ𝜔. b) The inversion shows the atom oscillates between ground state and excited state.

  -2 considering the interaction with linearly polarized light following the notation of [ 43 ]. Assuming the atom starts at state |𝑏⟩ and the field state is |𝑖⟩ , and applying the RAW, the interaction picture Hamiltonian is: 𝛶 = -∑ ℘ ̂𝑎𝑗 𝑏 𝜎 𝑎 𝑗 𝑏 𝐸 (+) (𝒓, 𝑡)𝑒 -𝑖𝜔 𝑎 𝑗 𝑡 𝑗 + 𝐻. 𝑐..
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 22 Figure 2-2 Energy diagram of an atom with a set of excited states. Adapted from [ 43 ]

Figure 2 -

 2 Figure 2-3 a) Electric intensity profile of zero order Hermite-Gaussian (HG) mode. b) Illustration of the

Figure 2 -

 2 Figure 2-3 shows the intensity distribution |𝑬| 2 of the first three HG modes and illustrates the formation of radially/azimuthally polarized laser beam. Both radially and azimuthally polarized laser beams have intensity profiles in the collimated beam that look like a doughnut 81,82 , and are therefore called radially polarized doughnut mode (RPDM) and azimuthally polarized doughnut mode (APDM). Focal fields formed with excitation laser beams with APDM and RPDM polarization 83 are used to monitor the orientation of the molecular TDM. The image coordinate system XYZ is illustrated in Figure 2-4 a). In the focus, electric field of APDM is only transversally polarized in the X-Y plane (in-plane,), while the field of RPDM contains both transversal (in-plane) and longitudinal (out-of-plane) polarizations 82-84 . The intensity profiles of APDM and RPDM in the focus are shown in Figure 2-4 b)-d).

Figure 2 -

 2 Figure 2-4 a) The image coordinate system XYZ. The focus is defined at 𝑧 = 0. b) In-plane intensity profile of the APDM in the X-Z plane. Out-of-plane c) and in-plane d) intensity profile of the RPDM in the X-Z plane. The numerical aperture of the objective lens is set to 1.46, and simulation range is 2 m1 m with excitation wavelength at 532 nm.

Figure 2 -

 2 Figure 2-5 b) are simulated excitation patterns of a single TDM, which has different spatial orientations that are defined by the azimuthal  and polar  angle in the image coordinate system XYZ shown in Figure 2-5 a). All patterns acquired with the APDM have a double lobed shape,

Figure 2 -

 2 Figure 2-5 a) The image coordinate system XYZ. b) Simulated fluorescence excitation patterns for different TDM orientations. The polar angle  and azimuthal angle  are defined in the image coordinate system XYZ (0° ≤  ≤ 360°, 0°≤  ≤ 180°) shown in a).

. 36 )

 36 If 𝑔 2 (𝜏) > 𝑔 2 (0) is observed for a light source, it means fewer photon pairs are detected close together than further apart. It is hence called photon antibunching. For a stationary classical light source, the photon distribution obeys the Schwarz inequality, |〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉| 2 ≤ 〈𝐼 2 (𝑡)〉〈𝐼 2 (𝑡 + 𝜏)〉.

Figure 2 -

 2 Figure 2-6 a) Second-order correlation function for N emitters under continuous-wave (CW) and b) pulsed excitation. c) Sketch of Hanbury Brown and Twiss interferometer. Equation (2.38) is plotted in Figure 2-6 a) and b) for different 𝑁. 𝑔 2 (0) is zero if only one emitter is excited, and increase to 0.5 if two emitters are excited. Hence, it can be determined if single photon emitter is observed via photon antibunching. The second-order correlation function measurement can be implemented using a Hanbury Brown and Twiss interferometer 87 (Figure 2-6 c). Two detectors are required to overcome the long dead-time, i.e. the period of the detector to

Figure 2 - 7

 27 Figure 2-7 The Jablonski diagram of a fluorescent molecule. The inset in top-right is a simplified Morse potential energy diagram of a two atomic molecule including the nuclear coordinate. Adapted from [ 5 ].

Figure 2 - 8

 28 Figure 2-8 Schematic diagram of the F-P cavity. The opitcal path difference between each adjacent beam is 𝛿 = 2𝐿√𝑛 2 -sin 2 𝜃.

  resonance of incident light and electromagnetic eigenmodes of the sphere, i.e., the collective oscillations of free electrons excited by the electric field component of the light. Combined with boundary conditions Mie theory can reveal the confinement of the resonance normal modes around the particle. Due to the localization property, the resonance is termed as localized surface plasmon resonance (LSPR).

Figure 2 -

 2 Figure 2-9 a) Schematic diagram of metal nanosphere interacting with light. b) The spherical coordinate system

Figure 2 -

 2 Figure 2-10 Optical intensity |𝐸| 2 and surface charge density 𝜎 of different order modes for a nanosphere 𝑎 = 50 𝑛𝑚. Black dash line outlined boundary of the sphere.

  .74) is plotted in Figure 2-11 with 𝛾 = 0. The two branches are usually called lower polariton (LP) and upper polariton (UP), respectively.

2. 3 55 Figure 2 -

 3552 Figure 2-11 Dispersion curves of cavity mode (yellow) and emitter (or exciton, red) under weak coupling, and polaritons (blue) under strong coupling. a) 𝜔 -𝑘 dispersion, which is often used in a measurement with normal incident. Cavity mode is tuned by changing cavity thickness; b) 𝜔 -𝑘 // dispersion, which is common for the fixed cavity in angle resolved measurements.

Figure 2 -

 2 Figure 2-12 Illustration of a) an emitter placed in a line with two gold nanospheres which are illuminated by a Gaussian laser beam. Polarization of electric field is along the connecting line of the two spheres as well as the orientation of TDM of the emitter. b) coupling of dipole mode and higher order modes. The electric field is coupled
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 2 Figure 2-13 Excitation frequency dependence of the field enhancement (dashed line) at the centre of the gap for different gap sizes 𝑑. For single sphere, the enhancement (solid line) is calculated at a distance of 𝑑/2 to the sphere surface (red dot in the inset) along the excitation polarization. The enhancement of two spheres is larger than for a

Figure 2 -

 2 Figure 2-14 Dependence of field enhancement at the centre as a function of the gap on sphere radius. a) Two field enhancement maxima are observed for small gap 𝑑 = 5 𝑛𝑚, indicating a asymmetric configuation with one small sphere and a big sphere, while only one maximum peak is observed for larger gap 𝑑 = 15 𝑛𝑚 as shown in b) correspond to a symmetry configuration with two equal spheres. Adapted from [ 99 ].
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 3 Interaction of cavity mode and emitter 61 the gap 𝑑 is limited between 2 𝑛𝑚 to 20 𝑛𝑚. 2D plots of the enhancement factor 𝑑 = 5 𝑛𝑚 and 15 𝑛𝑚 are shown in Figure 2-14 a) and b), respectively. For a small gap (𝑑 = 5 𝑛𝑚), two spheres are intensely coupled, and two symmetric peaks of field enhancement appear for 𝑎 1 = 5 𝑛𝑚 and𝑎 2 =35 𝑛𝑚, and vice versa. In this case, as indicated by equation(2.63), the smaller sphere has a smaller dipole moment and hence smaller radiative rate. The small sphere acts like a cavity that conserves energy while the bigger sphere acts as an antenna. This is called nanolens 103 in literature.When the gap is large (𝑑 = 15 𝑛𝑚) the coupling strength is smaller as well as the maximal enhancement, and only one enhancement maximum is observed for 𝑎 1 = 𝑎 2 = 45 𝑛𝑚. A pair of optimized sphere radii together with optimized field enhancement factors are obtained for each gap distance. For a series of gap distances, optimized results are plotted in Figure2-15 a). In order to balance the coupling efficiency and the radiative rate, the optimized radius of both spheres increase and tend to be equal when the gap increases. Figure2-15 b) shows the result when the observation point is fixed at 2 𝑛𝑚 away from sphere 2. In this case, sphere 2 always has a smaller optimized radius to supress radiation and gain near field enhancement.

Figure 2 -

 2 Figure 2-15 Optimized field enhancement and optimized radius for different gaps when the observation point is at the middle of the gap, a), and 2 𝑛𝑚 away from sphere 2, b), as indicated by a red dot in the inset. The maximum enhancement decreases when the gap increases. When observation point is at the mid gap, optimized radii of two spheres are different for small gap, and trend to be equal for large gap. When observation point is placed close to sphere 2, optimized radius is always smaller than sphere 1. Adapted from [ 99 ].

Figure 2 -

 2 Figure 2-16 Dependence of a) excitation enhancement, b) quantum yield enhancement and c) emission enhancement on gap distance. Sphere radii are 𝑎 = 𝑎 1 = 𝑎 2 = 40 𝑛𝑚. Emitters are set to have a radiative lifetime 𝜏 𝑟𝑎𝑑 = 6 𝑛𝑠, 𝑞 = 10𝑒 is and TDM ℘ ̂= 5 𝐷𝑒𝑏𝑦𝑒, i.e., 𝑎 0 ≈ 0.01 𝑛𝑚. Quantum yield 𝜂 𝑟𝑎𝑑 , varies from 20% to 100%. The excitation enhancement of two spheres (dash line) is remarkably larger than for a single sphere (solid line)

( 2 .

 2 89) and equation(2.95) numerically. Considering two identical spheres 𝑎 1 = 𝑎 2 =40 𝑛𝑚 with an emitter placed in the middle of the gap. The dependence of excitation enhancement on the gap distance 𝑑 is shown inFigure 2-16 a). Enhancement by a single gold sphere, which is calculated at a distance 𝑑/2 to the sphere surface, is overlaid. Dividing the enhancement of two spheres by the enhancement of a single sphere, there is a difference of up to 14 times due to higher order mode coupling, which is far beyond a simple addition of two single spheres. The dependence of quantum yield enhancement on gap distance 𝑑, including the same simulation for a single sphere, is shown in Figure2-16 b). Emitters are assumed to have a radiative lifetime 𝜏 𝑟𝑎𝑑 = 6 𝑛𝑠 with quantum yield 𝜂 𝑟𝑎𝑑 varies from 20% to 100%, charge and 𝑞 = 10𝑒 and TDM ℘ ̂= 5 𝐷𝑒𝑏𝑦𝑒, i.e.,2.3 Interaction of cavity mode and emitter65𝑎 0 ≈ 0.01 𝑛𝑚. Noticing quantum yield enhancement 𝐹 𝑒𝑚 instead of emission efficiency 𝜂 𝑎𝑙𝑙 is considered, hence it is possible to exceed one. The enhancement is equal to 1 for a large gap (i.e.,

  All of the optical measurements in this work are performed with a home build confocal scanning microscope. A schematic of the setup is represented in Figure3-1 that includes three main parts.

Figure 3 - 1

 31 Figure 3-1 Schematic drawing of the experimental setup. Inset is the diagram of the mode converter, which can be introduced in the optical path if a doughnut mode is needed. Dashed lines mark three parts of the setup: excitation part, acquisition part, and processing part. CCD: charge coupled device camera. APD: avalanche photodiode. Optical components modified from ComponentLibrary created by Alexander Franzen. A As indicated by the cyan dashed line, the excitation part contains three different lasers, 1) 𝜆 = 488 𝑛𝑚, pulsed, D-C-485, PicoQuant; 2) 𝜆 = 530 𝑛𝑚, pulsed/CW, LDH-P-FA-530L, PicoQuant; 3) 𝜆 = 633 𝑛𝑚, CW) that are coupled into same optical path. Both pulsed diode lasers 1) and 2) with a pulse width (FWHM) < 100 𝑝𝑠 are operated using a multichannel laser driver (PDL 828, Sepia II,

  mm  22 mm, thickness 150 m, Carl Roth) are cleaned in chromosulfuric acid solution for 4 hours, then rinsed with triply distilled water and finally dried in a nitrogen flow. These are used for single molecule experiments, or thermal/electron beam deposition of required materials. Hypericin (Burg-Apotheke, Königstein) is dissolved in ethanol (Uvasol, Merck) and diluted to a certain concentration for further usage. Poly (vinyl alcohol) (PVA, Sigma-Aldrich) is dissolved in triply distilled water, and 2 μL of hypericin solution is added to a 2 wt. % PVA solution to obtain the required concentration. For deuteration experiments, hypericin is dissolved in methanol-d4 (99 % atom D, Sigma-Aldrich) for H/D exchange. In addition, the solvent for PVA is changed to deuterium oxide (99 % atom D, Sigma-Aldrich). Due to the low pKa (1.8) at the bay hydroxyl groups 105-107 , H/D exchange is easy to happen in the solution. All solutions are stocked in the fridge to minimize molecule bleaching. Ensemble fluorescence spectra and fluorescence lifetime traces of hypericin were measured from samples consisting of clean coverslips covered by spin-coating 20 μL of a 10 -5 M solution of hypericin with or without PVA. The same solution with PVA is spin coated (6k rpm, 30 s) on the flat mirror for the measurement in the microcavity. The ensemble absorption, which is recorded with an UV-Vis-NIR spectrophotometer (PerkinElmer Lambda 19), is measured with the same solution without PVA.

  -2 a)). A photograph of the white light transmission patterns (Newton's rings) is shown in Figure 3-2 b). The curved mirror can be approached towards the flat mirror by a piezo actuator (Polaris® Kinematic Mirror Mounts KC1-T-PZ, Thorlabs). The flat mirror is prepared on a cleaned coverslip by first evaporating (Edwards EB3, 10 -6 mbar, 0.1 nm/s) 1 nm chromium as adhesion layer and on top a 30 nm thick silver layer. The curved mirror is a plano-convex lens (f = 50 mm, radius of curvature 25.8 mm, Thorlabs) with 1 nm chromium and 50 nm silver evaporated on the curved surface. In addition, 50 nm silica is evaporated on top of the silver layers of both mirrors, serving as spacer to avoid quenching of the molecule on top of the silver film and to protect the two mirrors from mechanical damage. The fluorescence signal is collected from the flat mirror side, allowing for a thicker silver layer on curved mirror. The molecule sample is introduced on top of the flat mirror.

Figure 3 -

 3 Figure 3-2 a) Scheme of the tunable microcavity. Courtesy of Frank Wackenhut. b) Photos of white light transmission patterns (Newton's rings) in the microcavity.

Figure 3 - 3

 33 Figure 3-3 Schematic drawing of the 4f system for k-space dispersion measurement. Part of the cavity is imaged on the focus of the tube lens. After filtering stray light with a pinhole, the Fourier plane is imaged on the spectrometer via the second lens. The inset in the top left corner shows the sketch of the wave vector at incident angle 𝜃.

  -3. The cavity is imaged on the focus of the tube lens. A pinhole is used to remove stray light, and the k-space dispersion is obtained by imaging the Fourier plane of the cavity image on the CCD of the spectrometer. The maximum collection angle for the wave vector is limited by the numerical aperture (NA) of the lens in front of the spectrometer instead of the objective lens. The lens (f=35 mm, d= 25.4 mm, Achromatic Doublets, Thorlabs) used in this work has a NA=0.35, which gives the maximum collection angle 𝜃 𝑚𝑎𝑥 ~20 𝑜 .

Figure 3 - 4

 34 Figure 3-4 Schematic drawing to explain the evaporation process with a) sample in the normal height (~250 nm), b) sample in a lower height. A photo of non-uniform samples is shown on top. c) Evaporated film thickness at different position with ℎ 0 = 250 𝑚𝑚, ℎ = 70 𝑚𝑚 and 𝑡 0 = 1 𝑛𝑚 Non-uniform gold nanoparticles are used for fluorescence enhancement experiments in Chapter 6.

  properties of hypericin are very sensitive to the local environment. Sudden fluorescence intensity fluctuation can be explained by the reorientation of TDMs that is directly observed using confocal microscopy combined with APDM and RPDM. TD-DFT calculations prove that the reorientation of TDMs is associated with tautomerization transition between four most stable tautomers of hypericin, which is a fast chemical reaction involving a relocation of a proton. If a hypericin molecule go through different tautomers during observation, we are able to assign the orientation of TDM to a specific tautomer and to determine the chemical structural in situ. In addition, fluorescence correlation Single quantum emitter characterization spectroscopy (FCS) is used to analyze temporal dynamics of hypericin tautomerization. Photon statistics in the fluorescence of single molecules reveal a transition rate of 1/8.4 s -1 in PVA matrix.

4. 2

 2 Influence of the local environment on the emission properties 77 fluorescence spectrum is recorded with a pulsed excitation laser ex=530 nm (Figure 4-1 b) green line). The ensemble fluorescence spectrum (black line) has mirror symmetry to the absorption spectrum with a Stokes shift of ~12 nm to 603 nm. The red line in Figure 4-1 b) displays an exemplary fluorescence spectrum of a single hypericin molecule showing the same emission bands like the ensemble spectrum, but with different intensity ratios. The concentration of hypericin in the SM experiment was adjusted such that the average spatial distance between single hypericin molecules was much larger than the diffraction limited focal spot of the confocal microscope to ensure that only one molecule was within the focal volume at a time.

Figure 4 -

 4 Figure 4-1 (a) Chemical structure of hypericin. (b) Ensemble absorption (blue line) and fluorescence (black line) spectra of hypericin in ethanol as well as an emission spectrum of a single hypericin molecule (red line) on a glass coverslip. The excitation wavelength is 530 nm for both emission spectra and is indicated by the green line.

Figure 4 - 2 4 . 2

 4242 Figure 4-2 Fluorescence properties of single hypericin molecules. (a, b) Fluorescence images of single hypericin molecules on a glass coverslip and embedded in 2 wt % PVA. The inset is a close-up scan and shows the characteristic bleaching and blinking behaviour of single molecules. Scanning range is 10 m × 10 m/2 m × 2 m (100 pixels × 100 pixels, 5 ms per pixel). (c, d) shows two exemplary intensity time traces of single hypericin molecule on glass (c) and embedded in PVA (d), the corresponding histograms can be seen on the right side. (e, f) shows the secondorder intensity correlation function calculated from the respective intensity time traces shown in (c, d). (Modified from [ 132 ] Figure 2) The fluorescence images show isolated Gaussian shaped spots with a diffraction limited diameter, more details can be observed in the close up views on the right side of Figure 4-2 a)/b). Intensity fluctuations in the image patterns occur when the molecule is in a dark state for a certain amount of time, e.g. the triplet state or in another non-emissive states. 133-135 In order to investigate the blinking dynamics of hypericin, intensity time traces of SMs have been recorded. Two examples with a binning time of 10ms, which were recorded until no emission signal could be recorded after a total time of at least 20 s, are shown in the Figure 4-2 c)/d). The two exemplary intensity time traces show the characteristic on/off behaviour of a SM since it can be either in a bright or in a dark state, which is already observed in the images in Figure 4-2 a)/b). Furthermore, there are distinct differences between the two environments suggested by the two exemplary time traces, which becomes more obvious in the histograms shown on the right side of the corresponding time trace. The SM on glass is more often in the dark state, causing strong intensity fluctuations, while the SM in the PVA matrix is mainly
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 43 Figure 4-3 Statistics of single hypericin molecule fluorescence blinking behaviour. (a, b) show the histogram of the survival times of single hypericin molecules on a glass substrate (n=98) (a) and in a PVA matrix (n=54) (b). The blue line shows an exponential fit to the histograms and gives a bleaching time of 23.8 s on the glass substrate and 46.6 s in the PVA matrix. (c,d) On-ratio 𝑘 𝑜𝑛 histogram of single hypericin molecules on a glass substrate (c) and in a PVA matrix (d). On the glass substrate the hypericin molecules show strong blinking, while it is suppressed in the PVA matrix. The influence of the local environment provided by the matrices glass or PVA on the survival time and blinking dynamics are analysed statistically. The survival times of single hypericin molecules, i.e., the time before a molecule photo bleaches due to the repeated excitation, is presented in Figure 4-3 a)/b).
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 4 Figure 4-3 a) illustrates the survival time for 98 hypericin molecules directly deposited on a glass substrate, while the results shown in Figure 4-3 b) are based on 54 hypericin molecules in a PVA matrix. In both cases survival times reaching from a few seconds up to 100s can be observed. Fitting with an exponential function (blue line in Figure 4-3 a)/b)), we determine an average survival time of 23.8s on the glass substrate (Figure 4-3 a)) and 46.6s in the PVA matrix (Figure 4-3 b)). In consequence, due to this increase of the average survival time the portion of long living molecules is larger in PVA. The same intensity time traces were used to investigate the blinking dynamics by determining the on-ratio 𝑘 𝑜𝑛 , i.e. the ratio between the time when the molecule is in the bright state 𝑡 𝑜𝑛 to the survival time 𝑡 𝑠𝑢𝑟𝑣 . By setting a threshold of counts for each intensity time trace (binning time of 10ms), the molecule is considered to be in the bright state when the fluorescence intensity is

Figure 4 - 4

 44 Figure 4-4 Fluorescence lifetime of hypericin. (a, b) show ensemble fluorescence decay of hypericin on a glass substrate (a) and in a PVA matrix (b). The experimental decay curves are shown in red together with the instrument response function (blue line). The excited state lifetimes determined from the exponential fit (black line) are 5.75 ns and 4.86 ns, respectively. (c, d) display decay traces and fitting results of three single hypericin molecule on glass (c) and in a PVA matrix (d). Lifetime histograms are presented in (e, f). The green line indicates the ensemble lifetime and the respective standard deviations are (6.34±2.98) ns (n=48) for the glass substrate and (4.23±0.89) ns (n=61) in the PVA matrix.
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 443 Figure 4-4 a)/b) show fluorescence decay curves (red dots) of an ensemble of hypericin on a glass substrate a) and embedded in a PVA matrix b). Fluorescence lifetimes were obtained by fitting the decay curves with a double exponential function (black line), which is convoluted with the instrument response function (IRF, blue line). The amplitude averaged fluorescence lifetime on the glass substrate is 5.75ns and 4.86ns in the PVA matrix. These values are consistent with fluorescence lifetimes reported for ensemble hypericin in different solutions 44 . Three fluorescence decay curves of SMs and their exponential fitting functions (black lines) are displayed in Figure 4-4 c)/d). On the SM level, the fluorescence lifetimes are ranging from 1.65 ns to 14.65 ns on the glass substrate and from 1.91 ns to 6.95 ns in the PVA matrix. Corresponding histograms for molecules on the glass substrate

(

  dimerization) equilibria 105 , while experimental difficulties prevent to clarify species related properties and equilibrium dynamics unambiguously in an ensemble. As shown above, it is possible to observe hypericin on the single molecule level, which opens up the possibility to discuss the heterogeneous dynamics of a single hypericin molecule.

Figure 4 -

 4 Figure 4-5 a), d) propeller (P) and b), c) butterfly (B) conformers of hypericin. The dihedral deformation of molecular

Figure 4 - 6

 46 Figure 4-6 Tautomerization transition network. Two classes of tautomer that are accessible via intraand intermolecular proton transfer, which are sketched in blue and green. According to [ 105 ], there are ten tautomers of hypericin, which are not affected by conformational isomerization. In the following the nomenclature from the literature [ 137 ] is used to describe the position of carbonyl groups, for instance Q7, 14 in Figure 4-1 a) denotes the tautomer with the carbonyl groups in positions 7 and 14. All of the interconversions shown in Figure 4-6 are further classified into intraand intermolecule tautomerization according to how the proton is transferred either internally or externally with respect to the molecular structure. Starting from the most stable tautomer Q7,14, five tautomers are directly accessible by intramolecular proton transfer either in a one-step (Q1,7, Q7,13) or a two-step tautomerization (Q1,6, Q1,8, Q8,13) or by intermolecular proton transfer in a one-step (Q3,7) or two-step (Q3,4, Q3,6, Q3,8) tautomerization. The four most stable tautomeric species,

Figure 4 -

 4 Figure 4-7 a) Chemical structure of hypericin tautomer Q7,14 and three other most stable tautomeric species. Coloured arrows indicate the orientation of S0S1 electronic transition dipole moments (TDM). The molecular coordinate system xyz is fixed on the molecule. b) Three-dimensional molecular structure and TDMs when molecular coordinate system xyz is overlapped with image coordinate system XYZ.

Figure 4 -

 4 Figure 4-7 a) shows the molecular structures of the four most stable tautomers. TDMs calculated by TD-DFT are shown by the coloured arrows (blue, yellow, green, cyan). The significant change of the carboxyl group position is accompanied with an electronic redistribution; hence, the S0S1 electronic transition dipole moment (TDM) has a different orientation for the four tautomers. The exact three-dimensional orientation and relative strength of the TDMs is shown in Figure 4-7 b)together with the molecular structure. The molecular orientation is chosen in a way that the molecular coordinate system xyz is overlapping with the experimental image coordinate system XYZ (see Figure2-5 b)). The colour of the TDM vectors corresponds to the tautomers in Figure4-7 a). All TDMs lie almost in X-Y plane and the out-of-plane angles are less than 2 o . For this orientation, the largest angle difference between TDMs from Q1,7 and Q7,13 is 24 o in the X-Y plane. It is worth to mention a transition between the conformations does not cause any change of the TDM orientation according to TD-DFT calculations. This can be explained by the small out-of-plane angles of the TDMs. Therefore, conformational transitions do not change the in-plane symmetry, as well as the TDMs. Besides, the energy barrier for a conformational transition is several times larger compared to a tautomer transition 105,137 and hence we can exclude conformational transitions in our experiment.

Figure 4 -

 4 Figure 4-8 (a) Excitation images of a hypericin molecule acquired with the APDM and the simulation result. Scanning range is 2 µm × 2 µm (100 pixels × 100 pixels, 5 ms per pixel). Panel (b) and (c) show two intensity time traces of two different single hypericin molecules recorded with a binning time of 10 ms in coincidence mode. Inset figures are the second-order intensity correlation functions calculated from the respective time traces. Panel (d) shows an intensity time trace of a single hypericin molecule with a binning time of 10 ms in lifetime mode. Inset figure shows the normalized exponential decay of different emission states (red, green, blue). Single exponential fitting reveals that lifetimes range from 3.95 ns to 4.29 ns.
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 443 Figure 4-8 a) shows a scan image of a single hypericin molecule embedded in a PVA matrix acquired with APDM and simulation result, respectively The double lobe pattern orientation and therefore the TDM in-plane orientation of the molecule rotate by 80 o during the scan. A sudden flip of the excitation pattern orientation in company with intensity fluctuation suggests, that the tautomerization transition process can also be observed from the fluorescence intensity emitted by the molecule. Figure 4-8 b) and c) show intensity time traces of two different hypericin molecules. The total number of collected photons from each hypericin molecule are about 1.5 × 10 5 and 3.4 × 10 5 , respectively. Both molecules show clear antibunching, which proves that the emission originates from a single molecule. Same multi-step behaviour is observed in the intensity time trace acquired during lifetime measurements, as shown in Figure 4-8 d).Remarkably, there is no significant lifetime difference between the coloured areas (4.29 ns for red, 3.95 ns for green, 4.05 ns for blue), even though the fluorescence intensity is different. This indicates that a grey state 140 , i.e. an emission state with a different radiative rate, or association/dissociation 119 of hypericin are not the causes of the intensity fluctuations. We assume that the quantum yield of the same molecule and the collection efficiency of the system are the same for two reasons: first, there is

Figure 4 - 9

 49 Figure 4-9 Eight exemplary images recorded at the same sample section showing the same three molecules excited in the focus of an APDM (left) and a RPDM (right). The scanning range is 4 µm × 4 µm (100 pixels × 100 pixels, 5 ms per pixel). Images are arranged in pairs (a1-a2, b1-b2, …) according to the transition dipole of the molecule. The TDM of molecule (1) has the same orientation in all four panels record with the same polarization. The difference of the patterns for molecule (1) between panels (a1-d1) and (a2-d2) is simply due to the perpendicular orientation of the in-plane electric field components of the focal fields for APDM and RPDM. The TDM of molecules (2) and (3) show an orientation change in consecutive scans. Inset images in red squares (1.2 µm × 1.2 µm) are simulation results. Coloured arrows correspond to the TDMs of the tautomers in Figure 4-5 c).

Figure 4 -

 4 Figure 4-10 Series of successive images recorded at same spatial position. Eight exemplary images are picked from 25 scans. Scan range is 2 µm × 2 µm (50 pixels × 50 pixels, 5 ms acquisition time per pixel), (a1-d1) are excited with APDM and (a2-d2) are excited with RPDM. Inset images in red squares (1.2 µm × 1.2 µm) are simulation results. Coloured arrows (blue, yellow, green, cyan) correspond to the tautomers in Figure 4-5 c). Another example is shown in Figure 4-10. The actual polar  and azimuthal  angles for all four dipole orientations in the image coordinate system are shown in Figure 4-11 b) and the corresponding angles are given in Table 4-1. Noting that the methyl groups of the molecule 3 shown in Figure 4-9 are pointing in negative z-direction (the polar angle is larger than 90 o ), while they are pointing in positive z-direction for the molecule in Figure 4-10 (the polar angle is smaller than 90 o). This shows that the full 3D orientation of a single molecule can be determine. Additionally, these results prove that the same hypericin molecule cycles between all four stable tautomers and that imaging with higher order laser modes is suitable to directly image this three-dimensional structural change. These results give the first experimental prove for the coexistence of different tautomers of hypericin.

Figure 4 -

 4 Figure 4-11 Respective orientations of the electronic transition dipole with respect to the molecular structure in the image coordinate system XYZ. a) represents results solved from the measurement of molecule 3 in Figure 4-9; b) represents results solved from the measurement in Figure 4-10. Top row shows the orientation of the transition dipoles in the image coordinate system at the same observation point of Figure 4-5 e). Bottom row illustrates the in-plane projection.

  3, the tautomerization of hypericin can be observed as a flipping of the TDM. Limited to the time resolution of the confocal scanning method, doughnut mode scanning can only reveal the temporal dynamics of the TDMs reorientation as a sudden flipping. However, the fluorescence intensity fluctuation is also evident during tautomerization transition, hence additional information can be extracted from the intensity time trace. Firstly, the connection between intensity fluctuations of time trace and tautomerization of hypericin should be discussed. Fluorescence Correlation Spectroscopy (FCS) gives a quantitative picture to discuss the origin of the intensity fluctuations using the autocorrelation function. It has been used to study kinetic processes with different timescales, such as molecular diffusion 144,145 , singlet-triplet interactions 146 , and conformational transition 147 . Depending on time resolution of the time trace, a quantitatively investigation of molecular dynamics ranging from nanoseconds to seconds are accessible. In contrast to a standard FCS, which reflects the statistical analysis of equilibrium fluctuations, we focus on the fluctuation of a fixed single molecule (no rotation) following the discussion in [ 148,149 ]. Time traces I(t) acquired in Time-Tagged Time-Resolved experiment (see Section 3.1) can be treated as a series of photon events with a delay distribution C(𝜏), where t is total time and 𝜏 is time delay between two photons. The timing resolution t = 64 ps is set by the TTTR mode and minimum time delay  𝜏 ~ 100 ns is limited by the dead-time of the detection device. Hence, the fluctuation

  𝜏 1 and 𝜏 2 represent fast and slow fluctuation dynamics, which are corresponding to triplet state quenching and tautomerization, respectively. The stretch parameters 𝛽 1 and 𝛽 2 can describe a linear superposition of several exponential decays 150,151 , giving a value of one if there is only a single exponential decay. Mean lifetimes for fast (〈𝜏 1 〉) and slow (〈𝜏 2 〉) fluctuation are calculated from stretched exponential decay. Detailed discussion can be found in Appendix B.
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 4894 Figure 4-12 Four typical intensity time traces of single hypericin molecules (a, c, e, g) and corresponding autocorrelation function (b, d, f, h). The dynamic parameters are obtained by calculating the autocorrelation function and fitting it with equation (4.1). Four typical intensity time traces of single hypericin molecules in PVA and corresponding autocorrelation function (detector afterpulsing effect is removed 27 ) with fitting results are given in Figure 4-12. Time traces are binned in 10 ms for displaying. The molecule in a)/b) is stable over the whole collection time, i.e., there are no apparent long timescale dynamics, which is clearly shown in b) and the autocorrelation function is constant with 〈𝜏 2 〉 = inf. The small portion of short-timescale dynamic with 〈𝜏 1 〉 = 0.01 ms reveals very fast dynamics. Although it is not well resolved, the fitting results can capture the fast dynamics. The large fluctuation of autocorrelation function at small lag time is due to large standard deviation of the time traces with small binning time 152 . The second molecule in c)/d) shows fast blinking during the whole acquisition time due to fluorescence quenching by the triplet states and there is no long timescale intensity fluctuation. The autocorrelation function in d) gives a single exponential decay (𝛽 1 = 1) with 〈𝜏 1 〉 = 5.9 ms. 〈𝜏 2 〉 = inf confirms that there is no long timescale dynamics. The molecule in e) exhibits large intensity fluctuation in long timescale, which is clearly revealed in f) with 〈𝜏 2 〉 = 14.7 s. The molecule in g) is
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 495444 Figure 4-13 Histograms of the dynamic parameters for single hypericin on glass (𝜎 = 78), in PVA (𝜎 = 189) and deuterated in PVA (𝜎 = 89). a) Amplitude ratio of fast dynamic A/(A+B). b) Amplitude ratio of slow dynamic B/(A+B). c) and d) Stretch parameters of 𝛽1 and 𝛽2. e) and f) Histogram of mean lifetime 〈𝜏 1 〉 and 〈𝜏 2 〉. g) and h) Histogram of mean lifetime 〈𝜏 1 〉 and 〈𝜏 2 〉 by limiting 𝛽2<0.95Figure 4-13 shows the histograms of the dynamic parameters for single hypericin molecules on glass (𝜎 = 78, blue), in PVA (𝜎 = 189, orange) and deuterated in PVA (𝜎 = 89, magenta). Panel a) and b) show the distribution of the amplitude ratio of fast dynamic A/(A+B) and slow dynamic B/(A+B). Clearly, for both cases, on glass and in PVA, molecular dynamics are dominated by fast
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 5 Figure 5-1 a) Schematic drawing of a microcavity. b) White light transmission patterns (Newton's rings) in the microcavity. c) Measured transmission spectra (black lines) of a representative microcavity (at 𝜆/2 range) fitted with Lorentzians (coloured lines).

Figure 5 -

 5 Figure 5-2 a) shows the dispersion of reflection spectra obtained by laterally scanning at the direction indicated by the arrow in the inserted optical image. The cavity thickness (gap between silver layers) is obtained by fitting the spectra with a Fresnel model assuming that the cavity is filled with silica, where the cavity thickness is the only fit parameter. Angle resolved dispersion in Figure 5-2 b) is measured at the position indicated by the red circle in the insert optical image. Dispersions

Figure 5 -

 5 Figure 5-2 a) Dispersion of reflection spectra. The insert is an optical image of Newton's rings. The white arrow indicates the lateral scan direction and the red circle indicated the position for angle resolved dispersion measurement shown in b). Dashed lines represent TMM simulation results.

Figure 5 -

 5 Figure 5-3 a) Fluorescence decays measured in the cavity for different cavity thickness. The experimental data are fitted with a single exponential decay. b) Lifetime as a function of the cavity thickness. The solid black line represents a fit of the theoretical model to the experimental data.

Figure 5 -

 5 3 a) shows three representative fluorescence decays measured in the cavity, where the excited state lifetime is obtained by fitting with a single exponential decay. A significant influence of the cavity thickness on the excited state lifetime can be observed. Figure 5-3 b) shows the results of measured lifetime as a function of the cavity thickness. The solid black line represents a fit of the theoretical model to the experimental data.
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 5 Figure 5-4 a), in which hypericin fluorescence spectrum is also shown. Corresponding emission spectra and simulated spectra computed on the basis of equation (5.5) are shown in Figure 5-4 b) and

Figure 5 -

 5 Figure 5-4 a) Transmission spectra with transmission maximum at 606 nm (blue), 625 nm (red) and 649 nm (orange). Free space fluorescence spectrum is shown in grey area. Emission spectra b) and simulated emission spectra c) with colours corresponding to the transmission in a)

Figure 5 -

 5 Figure 5-5 a) Scanning electron micrograph of the SERS substrate consisting of silver nanoparticles on a glass substrate.
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 56 Figure 5-6 Confocal scanning images recorded from a) pure substrates and from substrates doped with b) 1.0 nM and c) 0.1 nM hypericin solution d) SM SERS spectra excited at λex = 530 nm. The black and red line show SM SERS spectra of the neutral and deprotonated form of hypericin, respectively. The blue dashed lines mark prominent peaks of deprotonated hypericin. The grey area displays the ensemble resonance Raman spectrum. e) SERS spectrum of the same neutral hypericin SM acquired at different times.
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 5457 Figure5-7 with its molecular structure depicted in the insert. The spectrum is measured by spincoating a TDBC/PVA film on top of a glass coverslip. Two different domains in the absorption spectrum can be observed, i.e. the absorption of the monomers between 450 nm and 550 nm and the sharp absorption of the J-aggregates with the maximum at 586 nm. The fluorescence spectrum is collected with excitation at 530 nm. The emission maximum is slightly red-shifted to the absorption maximum with a small Stokes shift of ~4 nm to 590 nm. Note the emission peak around 536 nm (according to the fluorescence spectrum excited at 488 nm, not shown here) that arises from the monomers vanishes if measured in solution. Therefore, aqueous solution of TDBC is filled in the microcavity (for details see Section 3.2).

Figure 5 -

 5 Figure 5-8 a)-b) present transmission and reflection spectra recorded at the same spatial position for different cavity thickness. Clear anticrossing around molecular exciton (yellow dash line) indicates that the cavity mode (red dash lines) and the molecules are coherently coupled. The dispersions are fitted with the two-level model introduced in Section 2.3.3, where the molecular exciton and the cavity mode are plotted with yellow and red lines in Figure 5-8, respectively. The hybrid polaritons are plotted in blue (UP) and green (LP). The Rabi splitting extracted from transmission and reflection spectra in both cases is 150 meV.

Figure 5 -

 5 Figure 5-8 a) Transmission and b) reflection spectra recorded at the same position for different cavity thickness. c) Angle dependent dispersion of reflection. The spectra are recorded for cavity thickness 𝑑 = 410 𝑛𝑚 as indicated by the magenta line in b). Simulation results presented by dash lines. Molecular exciton, cavity mode, UP and LP are plotted with yellow, red, blue and green lines, respectively. The angle dependent dispersion of the reflection in Figure 5-8 c) is recorded at for cavity thickness at 𝑑 = 410 𝑛𝑚 as indicated by the magenta line in Figure 5-8 b). The angle dependent dispersion
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 59 Figure 5-9 Panels a)-d) reflection spectra recorded at different cavity thickness. Simulation results presented by dash lines with the same colours as in Figure 5-8. Numbered magenta lines indicate the cavity thickness for angle resolved fluorescence measurement in Figure 5-10.
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 554 Figure 5-9 shows reflection spectra when the cavity thickness is varied from 365 nm to 1600 nm. Eight anticrossings are observed for different orders of the cavity mode. Fitting results with ℏ𝛺 =150 meV are plotted with coloured dash lines similar as in Figure 5-8. Interestingly, the Rabi splitting is almost the same when the cavity thickness increases, because the mode splitting is

Figure 5 -

 5 Figure 5-10 a)-d) Angle resolved fluorescence recorded at different cavity thickness indicated by numbered magenta lines 1-4 in Figure 5-9. Coloured lines are simulation results with parameters adapted from Figure 5-9 a)

Figure 5 -

 5 Figure 5-9 a). When the cavity mode and the molecular exciton are on resonance (Δ~0, Figure 5-10 a), magenta line 1 in Figure 5-9 a)), the fluorescence spectra are broadened and only the LP is observed. If the detuning is larger (Δ > 0, Figure 5-10 b), magenta line 2 in Figure 5-9 a)), except for

  explored from the weak coupling to the strong coupling regime. In the weak coupling regime, the variation of the spontaneous emission rate of hypericin has been predicted. The absolute quantum yield of the molecule can be measured by varying the cavity thickness. The frequency dependent Purcell factor and angle dependent detection function are combined to evaluate the emission spectra.In addition, single molecule surface enhanced Raman spectroscopy (SM SERS) of hypericin is achieved profiting from the large near-field enhancement of the plasmonic nanostructures. Both the neutral and deprotonated form of hypericin can be distinguished by specific bands, and spectral variations of the same molecule over time indicate that hypericin can reorient on the silver surface. Finally, strong coupling of J-aggregates to a microcavity is demonstrated. Both transmission and reflection spectra show the same anticrossing and the Rabi splitting are proportional to the molecule concentration. Angle resolved measurement indicate that fluorescence emission is only observed from the LP. The absence of UP is explained by the fast relaxation rate of the polariton .
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 61 photosystem II
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 62 Figure 6-2 Absorption a) and emission b) spectra of PS II in solution. Excitation wavelengths of ex=488 nm and 665 nm are indicated with cyan and red lines in a), and the emission spectra are plot in b) with the respective colours.

Figure 6 -

 6 Figure 6-3 a) SEM images of 5 nm gold film before and after thermal annealing. b) Corresponding extinction spectra before and after annealing.

Figure 6 -

 6 Figure 6-3 a) shows the SEM images of a 5 nm gold film evaporated on a glass coverslip before and after thermal annealing. A clear difference can be seen in the extinction spectra (Figure 6-3 b))
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 66 Figure 6-5 a) Extinction spectra of the non-uniform sample measured at different thickness. b) Corresponding averaged PS II fluorescence spectra. The insert shows the normalized spectra.A 665 nm excitation laser wavelength is used for the emission enhancement measurements and the fluorescence is collected after a 680 nm long-pass filter. For each film thickness, 22 different positions in 100 m100 m range are randomly selected, where 100 fluorescence spectra (one second per spectrum) are acquired for each position. Dramatic intensity differences can be observed from the averaged spectra for different thickness presented in Figure6-5 b). Normalized spectra have the same line shape for the emission peak at 683 nm as shown in the insert ofFigure 6-5 b), while the ratio of the side band around 740 nm varies slightly for difference thickness. The most significant difference appears for thickness 𝑡 = 11 𝑛𝑚, which leads to the strongest scattering.
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 67 Figure 6-7 Sequence of fluorescence emission spectra recorded continuously at a) T = 86 K, b) T = 44 K and c) T = 5 K. The acquisition time of the single spectrum is 1 s. d) Averaged spectra recorded at different temperature.

  molecular coordinate system xyz. From the experimental patterns in different confocal images, we are able to determine the three-dimensional orientation of the transition dipole moments D1, D2, D3, D4 in the image coordinate system XYZ for a particular single molecule. At first, the tautomerization state of the single molecule is unknown in the individual images, but the relative orientations of transition dipole moments D1, D2, D3, D4 can be obtained from the image series. We assume the three dimensional orientation of D1 is already obtained from image fitting. However, without a priori information about the relationship between d1, d2, d3, d4 and D1, D2, D3, D4, we obtain four different rotation matrix R1, R2, R3, R4, by solving the following equation: 𝑫 𝟏 = 𝑹𝒅 𝑖 , 𝑖 = 1, … , 4.(A-2) This yields four different sets of dipole orientations in XYZ, which are R1(d1, d2, d3, d4), R2(d1, d2, d3, d4), R3(d1, d2, d3, d4), R4(d1, d2, d3, d4). Comparing with D1, D2, D3, D4, we can determine the correct rotation matrix R and identify the tautomerization state in the individual experimental Fluorescence intensity fluctuations of single molecule contains important information, such as molecular diffusion, singlet-triplet interactions, tautomerization and conformational transition. Fluorescence Correlation Spectroscopy (FCS) gives a quantitative picture to discuss the origin of the intensity fluctuations and the information with different timescale can be extracted from the correlation function. Here, the statistics property of the photons emitted by a single molecule are discussed by looking at the correlation function. The detailed analysis can be found in reference [ 148 ].
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 1 Hence, G(𝜏) can be expressed as the convolution products of the probability density C(𝜏): 𝐺(𝜏) = 𝐶(𝜏) + ∫ 𝐶(𝜏 -𝛼)𝐶(

Figure

  Figure Append B-1 Diagram of photon events with a delay distribution C(𝜏). The conditional probability density G(t+𝜏 | t) can be calculated as the convolution products of the probability density C(𝜏).

Figure Append B- 2

 2 Figure Append B-2 Autocorrelation function of a Poisson light source with 𝐶(𝜏) = 𝑎𝑒 -𝑎𝜏 and a Sub-Poisson light source with 𝐶(𝜏) = 𝐴(𝑒 -𝐴𝜏 -𝑒 -𝑏𝜏 ).

Figure Append B- 3

 3 Figure Append B-3 Diagram of photon events with two delay distributions C1(𝜏) at nanosecond scale and C2(𝜏) at millisecond scale.

  𝜏) ≅ 𝑤 1 𝑎 1 + 𝑤 2 𝑎 2 . For simplicity, we have assumed C1(𝜏) as single exponential i.e. a Poisson light source. If Sub-Poisson distribution is used, antibunching will show up.

B. 1 5 Figure

 15 Figure Append B-4 a) Sketch of different delay distributions. b) Jablonski diagram showing the intersystem crossing from the singlet to the triplet state and the relaxation to ground state. c) Two example correlation functions with double and triple delay distributions.

𝑔 2 (

 2 𝜏) = 𝐺(𝜏) -1 ≅ 𝐴𝑒 Introduction Depuis la premiè re fois que Stokes utilise le mot fluorescence pour dé crire l'é mission de lumiè re suite à l'absorption de la lumiè re, de nombreux efforts ont é té faits pour dé velopper les mé thodes expé rimentales et les compré hensions thé oriques de la fluorescence. Historiquement, la fluorescence et la phosphorescence ne sont pas distingué es jusqu'à ce que Lewis et Kasha prouvent que l'é tat phosphorescent est l'é tat triplet. Avec les progrè s des sources de lumiè re laser et des dé tecteurs de photons, la spectroscopie de fluorescence est devenue un outil d'enquê te trè s ré ussi avec une sensibilité é levé e. À la demande des sciences analytiques, maté rielles et biologiques, les expé riences de molé cule unique basé es sur la fluorescence sont en plein essor aprè s la premiè re dé tection d'une seule molé cule dans une expé rience basé e sur l'absorption optique. L'é lectrodynamique quantique (QED) bien é tablie a dé crit comment la lumiè re et la matiè re interagissent et prédit de nombreux phénomènes. L'un des principaux défis pour manifester la théorie quantique dans le «monde réel», l'interaction d'un photon unique et d'une seule excitation é lectronique, est trè s faible. Une approche efficace consiste à confiner la lumiè re et l'excitation é lectronique dans une cavité de haute finesse. Lorsque l'interaction entre l'é metteur et le champ de cavité augmente, un ré gime de couplage dit fort peut ê tre obtenu, dans lequel l'é nergie est é changé e de maniè re cohé rente entre l'é metteur et le champ de mode de cavité . La microcavité de type Fabry-Pé rot (F-P) formé e de deux ré flecteurs de Bragg distribué s (DBR) ou mê me de simples miroirs mé talliques à espacement sous-longueur d'onde est une excellente alternative. De fortes interactions lumiè re-matiè re ont é té dé montré es dans une microcavité de type F-P avec de nombreux systè mes é metteurs diffé rents à tempé rature ambiante et dans des conditions ambiantes. Bien qu'un fort couplage à tempé rature ambiante d'un seul é metteur ne soit pas encore ré alisé dans une cavité F-P, la nanocavité plasmonique ré alise une division de Rabi de 90 meV pour des molé cules simples de bleu de mé thylè ne à tempé rature ambiante et dans les conditions ambiantes. Les avantages sont dus à la localisation extrê me et à la vitesse de dé composition rapide du plasmon de particules dans la nanocavité . La proprié té é vanescente du SPR le long d'une interface nanoparticulaire normale assure la localisation d'un champ é lectrique et donne lieu à une amé lioration significative du champ proche. La diffusion Raman amélioré e en surface (SERS) est l'une des applications les plus spectaculaires qui profitent de l'amé lioration de grand champ de plasmonique et C-2 Ré sumé de la Thè se en Franç ais ont é té enregistré es sur un ré gime de molé cule unique. L'amé lioration de la fluorescence d'une seule molé cule à proximité de nanoparticules plasmoniques a é galement é té é tudié e expé rimentalement et thé oriquement. Les expé riences pré senté es dans cette thè se utilisent l'accordabilité de la ré sonance et l'installation de fabrication de microcavité s de type F-P et de nanocavité s plasmoniques pour explorer une interaction lumiè re-matiè re efficace vers le ré gime de molé cule unique. Les variations du taux d'é mission spontané e d'une seule molé cule d'hypé ricine sont mesuré es dans une microcavité F-P accordable. L'impact du mode cavité sur le taux de tautomé risation est é galement é tudié . Afin de profiter de la grande amé lioration du champ proche des nanocavité s plasmoniques pour une interaction efficace, un dé fi majeur consiste à aligner un seul é metteur au voisinage du 'hot spot'. Nous utilisons une approche de recuit thermique rapide sur film d'or, ce qui cré e beaucoup des 'hot spot', de sorte que les é metteurs distribué s clairsemé s pourraient facilement se localiser dans une position pré fé ré e. Un protocole d'optimisation du multiplexage basé sur la nanocavité plasmonique vers une fluorescence amé lioré e à une seule molé cule est dé veloppé . La thè se est organisé e comme suit. Tout d'abord, il y a un aperç u du contexte thé orique gé né ral de l'interaction de la lumiè re et de la matiè re au chapitre 2. Le chapitre 3 dé crit les techniques expé rimentales associé es. Les proprié té s des é metteurs quantiques uniques sont caracté risé es au chapitre 4. L'interaction de la cavité et des é metteurs quantiques est dé montré e au chapitre 5. Une straté gie d'optimisation rapide basé e sur la nanocavité plasmonique vers la fluorescence amé lioré e d'un seul photosystè me II est pré senté e dans le chapitre 6 suivant Le dernier chapitre 7 donne un ré sumé de la thè se et un aperç u des expé riences futures possibles.

C. 2

 2 Fondements de champ faible, en supposant que le nombre de photons 𝑛 = 1. Si le champ est en ré sonance avec l'atome et que l'atome est initialement dans l'é tat fondamental |𝑏, 2⟩, soit 𝑐 𝑎,0 (0) = 0, 𝑐 𝑏,1 (0) = 1 et Δ = 0, alors l'inversion oscille d'avant en arriè re entre -1 et 1 avec la fré quence de Rabi Ω 𝑛 . Ce phé nomè ne est appelé oscillation de Rabi qui est reproduit ici pour un systè me à deux niveaux ré sonnant avec un champ monomode.

  l'é quation (3) ré vè le la population à l'é tat excité comme:𝜌 𝑎𝑎 ≡ |𝑐 𝑎 (𝑡)| 2 = 𝑒𝑥𝑝(-𝛤𝑡).

( 5 )

 5 Cela indique qu'un atome excité se dé sintè gre de faç on exponentielle avec la duré e de vie 𝜏 = 1/𝛤.

  Dans ce qui suit, nous dé rivons la probabilité d'excitation d'un photon unique d'un systè me atomique constitué d'un é tat infé rieur |𝑏⟩ et d'un ensemble d'é tats excité s |𝑎 𝑗 ⟩ en considé rant l'interaction avec la lumiè re polarisé e liné airement. La probabilité de trouver l'atome dans l'é tat excité |𝑎 𝑗 ⟩ est obtenue en calculant la valeur d'espé rance de l'opé rateur de projection |𝑎 𝑗 ⟩⟨𝑎 𝑗 |. En C-4 Ré sumé de la Thè se en Franç ais supposant que ℘ ̂𝑎𝑗 𝑏 est indé pendant de 𝑗, nous obtenons la probabilité d'exciter l'atome à n'importe quel é tat excite |𝑎 𝑗 ⟩ 𝑃(𝑡) = 𝜅℘ ̂2 ∫ 𝑑𝑡 1 𝑡 0 ⟨𝑖|𝐸

  la mê me chose que l'é quation de la rè gle d'or de Fermi.C.2.1.3 Diagrammes d'excitation dans les champs focaux de faisceaux laser polarisé s radialement/azimutalementContrairement à un faisceau laser gaussien polarisé liné aire, qui est le mode Hermite-Gaussien (HG) d'ordre le plus bas, une combinaison de modes HG d'ordre supé rieur peut dé crire un faisceau laser polarisé radialement/azimutalement où la polarisation du faisceau varie dans l'espace. Les champs focaux formé s avec des faisceaux laser d'excitation avec polarisation APDM et RPDM sont utilisé s pour surveiller l'orientation du TDM molé culaire. Dans le foyer, le champ é lectrique de l'APDM n'est polarisé que transversalement dans le plan X-Y (dans le plan), tandis que le champ de RPDM contient à la fois des polarisations transversales (dans le plan) et longitudinales (hors plan).Tous les motifs acquis avec l'APDM ont une forme à double lobé , où l'orientation du motif indique directement l'orientation du TDM dans le plan X-Y. L'excitation avec le RPDM conduit à des motifs allant du double lobe asymé trique en forme de point aux formes symé triques.

2

 2 Carmichael et Walls ont discuté du comportement anti-poinç onnage exact d'un seul atome à deux niveaux sous excitation par ré sonance. Kitson et coll. fourni une analyse de 𝑔 2 (𝜏) pour un nombre diffé rent C.Fondements thé oriques C-5 d'é metteurs sous excitation en utilisant une approche semi-classique, ce qui donne un ré sultat pour 𝑁 molé cules avec un taux de dé croissance de fluorescence 𝛾: Dans cette section, nous exposerons les caracté ristiques gé né rales et les principes importants du processus d'excitation et d'é mission de molé cules fluorescentes constitué es de plusieurs atomes dits molé cules polyatomiques. Les fonctions d'ondes é lectroniques des molé cules polyatomiques sont appelé es orbitales molé culaires et sont construites à partir des orbitales atomiques respectives et peuvent s'é tendre sur toute la molé cule. En ignorant le couplage spin-orbite, la fonction d'onde de la molé cule peut ê tre sé paré e en partie spatiale 𝜓 0 (𝒓) et en partie spin 𝜒 0 (𝒔). Compte tenu de la fonction d'onde symé trique de l'é tat singulet et de la fonction d'onde antisymé trique de l'é tat triplet, on peut conclure que la transition é lectronique entre l'é tat singulet et l'é tat triplet est interdite. Si le couplage spin-orbite est invoqué , le croisement intersystè me (ISC), se ré fé rant à la transition non radiative entre deux é tats é lectroniques de multiplicité diffé rente, est possible comme un é vé nement rare. A titre d'exemple, un colorant fluorescent typique possè de une duré e de vie de fluorescence de plusieurs nanosecondes et une duré e de vie de phosphorescence de plusieurs millisecondes.

( 20 )

 20 Le moment a é té mis à l'é chelle à 𝜅 = 𝑐 (𝑘 ∥ + 𝜋 𝐿 ). En supposant 𝜔 ≈ 𝜔 0 , alors 𝜅 + 𝜔 ≈ 2𝜔 0 et 𝜔 0 + 𝜔 ≈ 2𝜔 0 . La dispersion devient:

  Figure R C-1 Illustration a) d'un é metteur placé en ligne avec deux nanosphè res d'or qui sont é clairé es par un faisceau laser gaussien. La polarisation du champ é lectrique se fait le long de la ligne de connexion des deux sphè res ainsi que de l'orientation du TDM de l'émetteur. b) couplage du mode dipolaire et des modes d'ordre supé rieur. Le champ é lectrique est couplé dans le mode dipolaire puis interagit avec des modes d'ordre supé rieur d'une autre sphè re, puis l'é metteur est excité . L'é mission de l'é metteur est é galement couplé e aux modes dipolaires, puis rayonnante ou couplé e à des modes d'ordre supé rieur ulté rieurement. La configuration à deux sphè res, où le mode dipolaire d'une sphè re est couplé aux modes d'ordre supé rieur d'une autre, pourrait fournir une amé lioration de champ supplé mentaire (esquissé sur la Figure R C-1 b)). En l'absence de nanosphè res, la puissance |𝑠 + | 2 porté e par l'onde incidente possé dant un champ é lectrique 𝐸 𝑓𝑜𝑐 dans le foyer est:
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 31 Microscope à balayage confocal combiné avec des modes laser d'ordre supé rieur Toutes les mesures optiques de ce travail sont effectué es sur un microscope confocal à balayage maison. Un sché ma de l'installation est repré senté sur la Figure R C-2 qui comprend trois parties principales.

Figure R C- 2 C. 4

 24 Figure R C-2 Dessin sché matique du montage expé rimental. L'encart est le diagramme du convertisseur de mode, qui peut ê tre introduit dans le chemin optique si le mode anneau est né cessaire. Les lignes pointillé es identifient trois parties de la configuration: la partie d'excitation, la partie d'acquisition et la partie de traitement. Composants optiques modifié s

Figure

  Figure R C-3 (a) Structure chimique de l'hypé ricine. (b) Spectres d'absorption d'ensemble (ligne bleue) et de fluorescence (ligne noire) d'hypé ricine dans l'é thanol ainsi qu'un spectre d'é mission d'une seule molé cule d'hypé ricine (ligne rouge) sur une lamelle en verre. La longueur d'onde d'excitation est de 530 nm pour les deux spectres d'é mission et est indiqué e par la ligne verte.

Figure R C- 4 4

 44 Figure R C-4 Statistiques du comportement de clignotement d'une seule molé cule d'hypé ricine. (a, b) montrent l'histogramme des temps de survie de molé cules d'hypé ricine uniques sur un substrat de verre (n=98) (a) et dans une matrice PVA (n=54) (b). La ligne bleue montre un ajustement exponentiel aux histogrammes et donne un temps de

Figure R C- 4 C. 4 . 3

 443 Figure R C-4 a) illustre le temps de survie de 98 molé cules d'hypé ricine sur un substrat en verre, tandis que les ré sultats pré senté s sur la Figure R C-4 a) sont basé s sur 54 molé cules d'hypé ricine dans une matrice PVA. Dans les deux cas, des temps de survie allant de quelques secondes à 100 secondes. Avec une fonction exponentielle, nous dé terminons un temps de survie moyen de 23.8 s sur le substrat en verre et de 46.6 s dans la matrice PVA. Les mê mes traces de temps d'intensité ont é té utilisé es pour é tudier la dynamique de clignotement en dé terminant le rapport sur 𝑘 𝑜𝑛 , c'est-à -dire le rapport entre le moment où la molé cule est dans le 𝑡 𝑜𝑛 brillant et le temps de survie 𝑡 𝑠𝑢𝑟𝑣 . La dynamique de clignotement change lorsque l'hypé ricine est inté gré e dans la matrice PVA. Il est clair que la quantité de molé cules d'hypé ricine uniques qui ne montrent pratiquement aucun clignotement augmente avec une quantité significative de molé cules ayant un 𝑘 𝑜𝑛 proche de 100%. La duré e de vie de fluorescence moyenne en amplitude sur le substrat en verre est de 5.75 ns et 4.86 ns dans la matrice PVA. Les duré es de vie de fluorescence plus courtes dans la matrice PVA conduisent à un taux de dé croissance radiatif plus é levé . De plus, une duré e de vie de fluorescence plus courte ré duit le risque de transition vers l'é tat triplet; et le clignotement et le blanchiment sont ré duits. Par consé quent, les ré sultats montrent que la matrice hôte PVA a un effet stabilisant et rend l'hypé ricine plus adapté e à la spectroscopie de fluorescence au niveau d'une seule molé cule.

Figure R C- 5

 5 Figure R C-5 Huit images exemplaires enregistré es à la mê me position spatiale. La plage de balayage est de 4 µm × 4 µm (100 pixels × 100 pixels, 5 ms par pixel). (a1-d1) sont excité s avec APDM et (a2-d2) sont excité s avec RPDM. Les images sont disposé es par paires (a1-a2, b1-b2,…) selon le dipôle de transition de la molécule. La molécule montre un changement d'orientation lors de balayages consé cutifs. Les images en mé daillon en carré s rouges (1.2 µm × 1.2 µm) sont des ré sultats de simulation. Le changement significatif de la position du groupe carboxyle pour diffé rents tautomè res s'accompagne d'une redistribution é lectronique; par consé quent, le moment dipolaire de transition (TDM) é lectronique S0S1 a une orientation diffé rente pour les quatre tautomè res. Les quatre tautomè res de l'hypé ricine ont une orientation diffé rente du TDM et une transition entre ces tautomè res peut ê tre observé e par un changement d'orientation du motif d'image. Afin de vé rifier que le basculement observé du TDM est provoqué par une transition de tautomé risation, des images de balayage de la mê me ré gion spatiale sont acquises jusqu'au photoblanchiment pour capturer la multiformité de l'orientation TDM. Un exemple de sé rie d'images de la mê me zone spatiale est repré senté sur la Figure R C-5.
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 44 Dynamique temporelle de la transition de tautomé risation de l'hypé ricine Limité à la ré solution temporelle de la mé thode de balayage confocal, le balayage en mode anneau ne peut ré vé ler la dynamique temporelle de la ré orientation des TDM que sous la forme d'un retournement soudain. Cependant, la fluctuation de l'intensité de fluorescence est é galement é vidente pendant la transition de tautomé risation, par consé quent des informations supplé mentaires peuvent ê tre extraites de la trace de temps d'intensité . La spectroscopie de corré lation de fluorescence (FCS) donne une image quantitative pour discuter de l'origine des fluctuations d'intensité en utilisant la fonction d'autocorré lation. En fonction de la C-20 Ré sumé de la Thè se en Franç ais ré solution temporelle de la trace temporelle, une é tude quantitative de la dynamique molé culaire allant de la nanoseconde à la seconde plage est accessible. Contrairement à un FCS standard, qui reflè te l'analyse statistique des fluctuations d'é quilibre, nous nous concentrons sur la fluctuation d'une seule molé cule fixe (pas de rotation). La dynamique de fluctuation des microsecondes aux secondes peut ê tre dé crite par la fonction d'autocorré lation: B sont des constantes donnent le rapport des fluctuations rapides et lentes. 𝜏 1 et 𝜏 2 repré sentent des dynamiques de fluctuations rapides et lentes, qui correspondent respectivement à l'extinction de l'é tat des triplets et à la tautomé risation. Les paramè tres d'é tirement 𝛽 1 et 𝛽 2 peuvent dé crire une superposition liné aire de plusieurs dé sinté grations exponentielles, donnant une valeur de un s'il n'y a qu'une seule dé croissance exponentielle. Les duré es de vie moyennes pour les fluctuations rapides (〈𝜏 1 〉) et lentes (〈𝜏 2 〉) sont calculé es à partir de la dé croissance exponentielle é tiré e.

Figure R C- 6 5

 65 Figure R C-6 Histogrammes des paramè tres dynamiques de l'hypé ricine unique sur verre (𝜎 = 78), en PVA (𝜎 = 189) et deuté ré en PVA (𝜎 = 89). a) Rapport d'amplitude de la dynamique rapide A/(A + B). b) Rapport d'amplitude de la dynamique lente B/(A + B). c) et d) Étirer les paramè tres de 𝛽1 et 𝛽2. e) et f) Histogramme de duré e de vie moyenne 〈𝜏 1 〉 et 〈𝜏 2 〉. g) et h) Histogramme de duré e de vie moyenne 〈〈𝜏 1 〉 et 〈𝜏 2 〉 en limitant 𝛽2<0.95. La Figure R C-6 montre les histogrammes des paramè tres dynamiques pour les molé cules d'hypé ricine uniques sur verre (𝜎 = 78, bleu), en PVA (𝜎 = 189, orange) et deuté ré en PVA (𝜎 = 89, magenta). De toute é vidence, tant sur le verre que dans le PVA, la dynamique molé culaire est dominé e par des fluctuations rapides, car le rapport d'amplitude de la dynamique rapide A/(A+B) est proche de 1. Cependant, la dynamique rapide de l'hypé ricine deuté ré e est supprimé e, entraî nant une augmentation de l'amplitude rapports de la dynamique lente B/(A+B) proches de 1. Bien que le

L 5

 5 'expérience est réalisée par revêtement par centrifugation d'une couche de solution d'hypéricine / PVA 10 -5 M sur le miroir plat. L'épaisseur de la cavité est réglée de 180 nm à 500 nm déterminée à partir des spectres de transmission de la cavité. La Figure R C-7 a) montre trois désintégrations de fluorescence représentatives mesurées dans la cavité, où la durée de vie de l'état excité est obtenue par ajustement d'une seule décroissance exponentielle. Une influence significative de l'épaisseur de la cavité sur la durée de vie de l'état excité peut être observée. La Figure R C-7 b) montre les résultats de la durée de vie mesurée en fonction de l'épaisseur de la cavité. La ligne noire pleine représente un C.Couplage d'é metteurs à cavité et quantique C-23 ajustement du modèle théorique aux données expérimentales. Notant que la durée de vie de l'état excité en espace libre 𝜏 0 et le rendement quantique 𝜂 sont ajustés, qui sont 𝜏 0 = 4.8 𝑛𝑠 et 𝜂 = 13 %.La durée de vie de l'état excité en espace libre est en excellent accord avec la valeur expérimentale, tandis que le rendement quantique est légèrement inférieur à celui rapporté (203%). Le rendement quantique plus petit peut être très probablement causé par la contribution des molécules à différentes positions 𝑧, ce qui est négligé dans la simulation.

Figure R C- 7

 7 Figure R C-7 a) Décroissance de fluorescence mesurée dans la cavité. Les données expérimentales sont équipées d'une décroissance exponentielle unique. b) Durée de vie en fonction de l'épaisseur de la cavité. La ligne noire pleine représente un ajustement du modèle théorique aux données expérimentales.
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 86 Figure R C-8 Images de balayage confocales enregistré es à partir a) de substrats purs et de substrats dopé s avec b) 1.0 nM et c) solution d'hypé ricine 0.1 nM d) Spectres SM SERS excité s à λex = 530 nm. Les lignes noire et rouge montrent les spectres SM SERS de la forme neutre et dé protoné e de l'hypé ricine, respectivement. Les lignes pointillé es bleues marquent des pics proé minents d'hypé ricine dé protoné e. La zone grise affiche le spectre Raman de ré sonance d'ensemble. e) Spectre SERS de la mê me SM hypericine neutre acquise à des moments diffé rents. Les spectres SERS pré senté s en e) sont obtenus à partir du mê me SM à des instants diffé rents et de fortes variations d'intensité peuvent ê tre observé es entre les spectres repré senté s en rouge et en noir. Cela permet de dé terminer l'orientation du SM par rapport à la surface. Les changements des intensité s du SERS indiquent que le mê me SM est d'abord orienté presque parallè lement (ligne noire en e)) et se ré oriente perpendiculairement ou presque perpendiculairement à la surface des nanoparticules (ligne rouge en e)). Une telle orientation perpendiculaire de l'hypé ricine sur la surface de l'argent est é galement proposé e dans les é tudes d'ensemble SERS.
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	Nomenclature	
	TCSPC	time-correlated single photon counting
	FLIM	fluorescence lifetime imaging spectroscopy
	FCS	fluorescence correlation spectroscopy
	FLCS	fluorescence lifetime correlation spectroscopy
	DBR	distributed Bragg reflectors
	TD-DFT	Time-dependent density functional theory
	PVA	Poly (vinyl alcohol)
	SERS	Surface enhanced Raman scattering
	RWA	rotating-wave approximation
	TDM	Transition dipole moment
	HOMO	Highest Occupied Molecular Orbital
	LUMO	Lowest Unoccupied Molecular Orbital
	ISC	Intersystem crossing
	TMM	Transfer Matrix Method
	LSPR	localized surface plasmon resonance
	SPR	surface plasmon resonance
	CW	continuous-wave
	RPDM	radially polarized doughnut mode
	APDM	azimuthally polarized doughnut mode
	IRF	instrument response function
	LP	lower polariton
	UP	upper polariton
	SM	single molecule
	FWHM	full width at half maxima

  |𝜑⟩ is a linear combination of the states |𝑎, 𝑛⟩ and |𝑏, 𝑛⟩ of the two-level system and the field. And |𝑎, 𝑛⟩ (|𝑏, 𝑛⟩) means that the atom is in the excited (ground) state, while 𝑛 photons exist for the field. We can write the state:

	2.1 Single quantum emitter			
	𝑖ℏ	𝜕|𝜑⟩ 𝜕𝑡	= Υ|𝜑⟩,		(2.7)
	in which |𝜑⟩ = ∑[𝑐 𝑎,𝑛 (𝑡)|𝑎, 𝑛⟩ + 𝑐 𝑏,𝑛 (𝑡)|𝑏, 𝑛⟩]	.	(2.8)
	𝑛			
	The interaction Hamiltonian (2.6) will only cause transition between |𝑎, 𝑛⟩ and |𝑏, 𝑛 + 1⟩.

Therefore the other terms can be omitted in the sum and we may only consider the time dependent probability amplitudes 𝑐 𝑎,𝑛 (𝑡) and 𝑐 𝑏,𝑛+1 (𝑡). Substituting equation (2.6) and (2.8) into (2.7), then projecting it to ⟨𝑎, 𝑛| and ⟨𝑏, 𝑛 + 1| we obtain the time-derivatives of the probability amplitudes:

  [START_REF] Stokes | On the Change of Refrangibility of Light.-No. II[END_REF] (𝜔)〉𝐷(𝜔),

		(2.29)
	and	
	𝐷(𝜔) ≡	𝑉𝜔 2 𝜋 2 𝑐 3 .

(2.30) 

𝑔(𝜔) is defined in equation

(2.3) 

and the angle brackets in equation

(2.29) 

represent an angular average. It should be stressed that 𝐷(𝜔), called the mode density, is the same as the one obtained in the quantization of the field. And equation

(2.29) 

is same as the Fermi's golden rule

[START_REF] Meystre | Elements of Quantum Optics[END_REF] 

derived 2.1 Single quantum emitter from perturbation theory, which describes the transition rate from one energy eigenstate of a quantum system to another energy eigenstates.

  Their energy eigen values can be obtained from solving the time-independent Schrödinger equation. Following Hund's rule of maximum multiplicity for the electron spin and Pauli's exclusion principle, the electrons occupy the energy states starting from the lowest energy state to reach the molecular ground state Ψ 0 (𝒓). Here, 𝒓 is the collection coordinate of spatial orbitals and spin orbitals of all electrons, i.e., 𝒓 ≡ (𝒓 𝟏 , 𝒔 𝟏 , 𝒓 𝟐 , 𝒔 𝟐 , … , 𝒓 𝑵 , 𝒔 𝑵 , … ).

	Theoretical foundations
	molecules. The first step towards understanding a realistic molecule is to include larger nuclei
	consisting of several protons and neutrons, multiple electrons and their interactions. The Born-
	Oppenheimer approximation is assuming that the movement of nuclei can be neglected in the
	context of discussing the movement of electrons, since the electron mass is about 2000 times
	lighter than that of a proton mass, hence the electrons can respond to an externally applied electric
	field much faster than nuclei. The electronic wave functions of polyatomic molecules are called
	molecular orbitals and are constructed from the respective atomic orbitals and can spread over the
	entire molecule.

  .52),

	𝐸 𝑙 (𝑟, 𝜃) =	𝐸 𝑜𝑢𝑡,𝑙 (𝑟, 𝜃) 𝐸 𝑖𝑛,𝑙 (𝑟, 𝜃)		(2.57)
	= {	𝐸 𝑚𝑎𝑥,𝑙 ( 𝑎 𝑟 𝐸 𝑚𝑎𝑥,𝑙 ( ) 𝑙-1 𝑎 𝑟 ) [-𝑙+2 𝑙 + 1 𝑙 [𝑃 𝑙 (cos 𝜃)𝑟̂+ 𝑃 𝑙 (cos 𝜃)𝑟̂+ sin 𝜃 sin 𝜃 1 [𝑃 𝑙+1 (cos 𝜃) -cos 𝜃 𝑃 𝑙 (cos 𝜃)]𝜃 ̂, [𝑃 𝑙+1 (cos 𝜃) -cos 𝜃 𝑃 𝑙 (cos 𝜃)]𝜃 ̂, 1	𝑟 < 𝑎 𝑟 ≥ 𝑎	.
	𝐸 𝑚𝑎𝑥,𝑙 = 𝐶(𝑙 + 1)/𝑎 is the maximum field just outside of the metal sphere. 𝑟̂ and 𝜃 ̂ are radial
	and polar unit vector respectively. The surface charge density 𝜎 𝑙 (𝜃) can be calculated at 𝑟 = 𝑎,
	𝜎 𝑙 (𝜃) = 𝜀 0 (𝜀 𝑀 -1)𝐸 𝑖𝑛,𝑙 𝑟 ̂(𝑎, 𝜃) -𝜀 0 (𝜀 𝐷 -1)𝐸 𝑜𝑢𝑡,𝑙 𝑟 ̂(𝑎, 𝜃) =	2𝑙 + 1 𝑙 + 1	𝜀 0 𝐸 𝑚𝑎𝑥,𝑙 𝑃 𝑙 (cos 𝜃).

.3 Interaction of cavity mode and emitter
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	𝑉 𝑒𝑓𝑓,𝑙 =	8𝜋𝑎 3 (𝑙 + 1)(2𝑙 + 1)	[1 +	1 (𝑙 + 1)𝜀 𝐷
				0 𝜀 𝐷 𝐸 𝑚𝑎𝑥,𝑙 2	𝑉 𝑒𝑓𝑓,𝑙 , substituting in
	equation (2.60) to get			

2.3 Interaction of cavity mode and emitter 53

  |1𝑛⟩ = -𝑠𝑖𝑛 𝜃 𝑛 |𝑎, 𝑛⟩ + 𝑐𝑜𝑠 𝜃 𝑛 |𝑏, 𝑛 + 1⟩ |2𝑛⟩ = 𝑐𝑜𝑠 𝜃 𝑛 |𝑎, 𝑛⟩ + 𝑠𝑖𝑛 𝜃 𝑛 |𝑏, 𝑛 + 1⟩ ,

(2.69) 

in which, sin 𝜃 𝑛

  Two types of plasmonic nanocavities are used in this work. For single molecule SERS experiments,

	the substrate is prepared by evaporating (Edwards EB3, 10 -6 mbar, 0.1 nm/s) a 4 nm thick silver layer
	on cleaned coverslips, resulting in nanoparticles after 12 hours of room-temperature annealing 109 . An
	example of this silver nanoparticle sample used for SERS is shown in Chapter 5. On this silver island
	film, a 5 μL droplet of 10 -10 M hypericin ethanol solution is directly added to acquire single molecule

SERS spectra. The same amount of 10 -6 M hypericin ethanol solution is used to acquire ensemble SERS spectra for comparison.

Table 4
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	-1 Calculated azimuthal and polar angle				
		Molecule 3 in Figure 4-9	Molecule in Figure 4-10
	Tautomer Q7,14	Q1,7	Q3,7	Q7,13	Q7,14	Q1,7	Q3,7	Q7,13
		46.8 o	89.0 o	60.2 o	0.8 o	72.9 o 125.0 o 88.3 o	41.2 o
		167.1 o 166.0 o 167.6 o 160.0 o	11.1 o	11.0 o	10.2 o	22.6 o

Table 5 -

 5 1 SERS peak positions in cm -1 and relative intensity (in brackets)

	Ensemble	Exp. Hyp¯	Sim. Hyp¯	Exp. Hyp	Sim. Hyp	assignment 117
	309 (0.04)		319 (0.28)		321 (0.09)	
	358 (0.04)		342 (0.35)		349 (0.20)	
	450 (0.35)	448 (0.19)	438 (0.39)	455 (0.19)	459 (1.00)	Skeletal deformation
	476 (0.17)		465 (0.37)		490 (0.13)	Skeletal deformation
		529 (0.18)	518 (0.11)	518 (0.10)	510 (0.13)	Skeletal deformation
				593 (0.08)	600 (0.08)	Skeletal deformation
	630 (0.13)	636 (0.32)	639 (0.12)	637 (0.15)	636 (0.05)	
	665 (0.09)		667 (0.08)	746 (0.09)		
	699 (0.07)		682 (0.08)		700 (0.04)	
	763 (0.11)					
	816 (0.07)	830 (0.47)	808 (0.04)	790 (0.14)	814 (0.02)	
	862 (0.07)	868 (0.56)	848 (0.08)	839 (0.14)	850 (0.09)	
	933 (0.12)	938 (0.13)	918 (0.17)	939 (0.13)	936 (0.17)	
	1018 (0.03)	1017 (0.10)	1017 (0.02)	1016 (0.12)	1025 (0.02)	
	1134 (0.09)	1129 (0.67)	1122 (0.17)	1125 (0.44)	1119 (0.16)	C-H bending
	1189 (0.13)	1168 (0.56)	1177 (0.16)		1190 (0.12)	C-O stretching
	1251 (0.44)	1232 (0.70)	1223 (0.24)	1230 (0.63)	1225 (0.24)	Ring in plane
	1297 (1.00)	1299 (1.00)	1298 (1.00)		1298 (0.46)	Ring in plane

2.2 Ré sonateur optique C.2.2.1 Microcavité Fabry -Pé rot

  La diffusion iné lastique de photons optiques avec des é tats vibrationnels d'une molé cule est appelé e diffusion Raman, du nom du scientifique indien C.V. Raman. Dans ce processus, le photon perd ou gagne de l'é nergie vibratoire, appelé e respectivement diffusion Stokes Raman ou anti-Stokes Raman. Une transition qui implique des changements simultané s des é tats é lectroniques et des é tats vibrationnels est une transition vibronique. Le principe de Franck-Condon explique qu'une transition vibronique est plus susceptible de se produire, si les deux fonctions d'onde vibrationnelle ont un plus grand chevauchement. Une consé quence directe du principe de Franck-Condon est la rè gle de Kasha, qui stipule que 'the emitting level of a given multiplicity is the lowest excited level of that multiplicity'. Une microcavité Fabry -Pé rot, constitué e de deux miroirs parallè les, est l'une des configurations de ré sonateur optique les plus simples. La ré flexion permet une interfé rence constructive et C-6 Ré sumé de la Thè se en Franç ais destructrice. Pour une cavité remplie d'un milieu d'indice de ré fraction 𝑛, la condition de ré sonance né cessite que la composante du vecteur d'onde 𝑘 ⊥ = 𝑘 cos 𝜃 perpendiculaire à la surface du miroir remplisse:

C.

2.3 Interaction du mode cavité et de l'é metteur C.2.3.1 Couplage faible

  Dans ce qui suit, nous pré sentons un modè le analytique dé veloppé par Khurgin et Sun. Le modè le est basé sur la mé thode du volume efficace mise au point par Maier et permet d'optimiser les structures pour les plus grandes amé liorations possibles sur le terrain. Le volume effectif du 𝑙è me mode est , qui dé crit la distribution des modes sur la fré quence, est le facteur de largeur de raie de Lorentzian normalisé en fonction du taux de dé croissance 𝛾 𝑙 de le mode, et le second terme dé crit la distribution spatiale du mode. Nous analysons d'abord le taux de dé sinté gration de l'é metteur faiblement interagi avec le mode cavité . Le taux d'é mission spontané e d'un é metteur en espace libre est proportionnel à la densité d'é tats 𝐷(𝜔), il est intuitif de remplacer 𝐷(𝜔) par la densité d'é tats dans la cavité , ce qui donne le taux de dé croissance:

	C.2 Fondements thé oriques			C-7
	dé fini comme 𝑈 𝑙 = 1/4𝜀 0 𝜀 𝐷 𝐸 𝑚𝑎𝑥,𝑙 2	𝑉 𝑒𝑓𝑓,𝑙 . Lors de l'introduction de 𝑉 𝑒𝑓𝑓,𝑙 , la densité effective d'é tats
	dans le mode est:			
	𝜌 𝑙 (𝜔, 𝑑) = 𝐿 𝑙 (𝜔)	𝑉 𝑒𝑓𝑓,𝑙 (1 + 𝑑/𝑎) -2𝑙-4	.	(13)
	Le premier terme 𝐿 𝑙 (𝜔) =	𝛾 𝑙 /2𝜋 (𝜔-𝜔 𝑙 ) 2 +𝛾 𝑙 2 /4	

C.

  et cos 𝜃 𝑛 = √1 -sin 2 𝜃 𝑛 .Lorsque le mode de cavité et l'é metteur sont en ré sonance, c'est-à -dire Δ = 0, les é tats propres du systè me sont une superposition de l'é tat fondamental et de l'é tat excité , c'est-à -dire un hybride d'exciton d'é metteur et de photon de cavité . La diffé rence entre les é nergies propres indique une division dans le spectre, qui est due à un é change cohé rent d'é nergie entre deux systè mes. Ce phé nomè ne est appelé couplage fort.

	C-8	Ré sumé de la Thè se en Franç ais
		𝐻 𝑛 = ℏω (𝑛 +	1 2 ) ( 1 0 0 1 ) +	ℏ 2	( 2𝑔√𝑛 + 1 -Δ	Δ 2𝑔√𝑛 + 1 ).	(17)
	Aprè s diagonalisation on obtient les é tats propres correspondants (dits é tats habillé s):
			|1𝑛⟩ = -𝑠𝑖𝑛 𝜃 𝑛 |𝑎, 𝑛⟩ + 𝑐𝑜𝑠 𝜃 𝑛 |𝑏, 𝑛 + 1⟩ |2𝑛⟩ = 𝑐𝑜𝑠 𝜃 𝑛 |𝑎, 𝑛⟩ + 𝑠𝑖𝑛 𝜃 𝑛 |𝑏, 𝑛 + 1⟩	,	(18)
	dans lequel, sin 𝜃 𝑛 =	2𝑔√𝑛+1 √ (√Δ 2 +4𝑔 2 (𝑛+1)-Δ)	2	+4𝑔 2 (𝑛+1)
	Trouvons ensuite les é tats propres du systè me en utilisant une base vectorielle où é tat excité |𝑎, 𝑛⟩ =
	( 1 0 ) et é tat fondamental |𝑏, 𝑛 + 1⟩ = ( 0 1	). Afin de calculer les é tats propres d'é nergie, l'hamiltonien
	peut ê tre é crit comme 𝐻 = ∑ 𝐻 𝑛 𝑛	, où 𝐻 𝑛 est l'hamiltonien de n é tat photonique:

  𝑁/V est la densité de l'é metteur, 𝑚 est la masse d'un é lectron et 𝜔 0 est la fré quence de ré sonance. La dispersion de la cavité est maintenant:

	=	𝑁𝑒 2 𝑉𝜀 0 𝑚	force d'oscillation des caractè res. 𝜅 2 = 𝜔 2 (1 + 𝜔 0 2 -𝜔 2 -𝑖𝛾𝜔 𝐴	).

  Le facteur d'amé lioration du champ, qui est le rapport entre le champ ré solu et le champ en l'absence de nanosphè res, est donné par:

	C.2 Fondements thé oriques									C-11
	𝐹 𝑓𝑖𝑒𝑙𝑑 = |	𝐸(𝑟 1 ) 𝐸 𝑓𝑜𝑐	|.					
										(27)
	∞ 𝑙=2	(𝑚𝑛) (𝜔 -𝜔 𝑙 ) + 𝑖	𝛾 2	𝑙 + 1 2	(	𝑎 2 𝑎 1	) 3 2 ( 𝑎 1 𝑟 1	𝑙+1 )	.

  La puissance rayonnante du systè me 𝑃 𝑎𝑙𝑙 = 𝑃 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 + 𝑃 𝑆𝑃 et la puissance d'excitation 𝑃 peuvent ê tre ré solues. Puis analyser l'amé lioration du rendement quantique 𝐹 𝑒𝑚 = 𝜂 𝑎𝑙𝑙 /𝜂 𝑟𝑎𝑑 . Ici, 𝜂 𝑎𝑙𝑙 = 𝑃

	C-12		Ré sumé de la Thè se en Franç ais
												2
			𝐹 𝑒𝑚 =	𝜂 𝑎𝑙𝑙 𝜂 𝑟𝑎𝑑	=	1 + | √ 𝛾 𝑟𝑎𝑑 (1) 𝜏 𝑟𝑎𝑑 𝑇 1 (1) + √ 𝛾 𝑟𝑎𝑑 (2) 𝜏 𝑟𝑎𝑑 𝑇 1 (2) | |1 -2 ∑ 𝜔 𝑙𝐵 2 (𝜅 𝑙 (1) 𝑇 1 (1) ∞ 𝑙=1	2 𝜔 𝑙𝐵
												𝑛𝑟𝑎𝑑 -1 . Le terme de super-
	radiance	1 2	√ 𝛾 𝑟𝑎𝑑 (𝑚) 𝛾 𝑟𝑎𝑑 (𝑛) 𝐴 1 (𝑛) qui rend compte du caractè re cohé rent de l'é mission par dipôles, ainsi que
	du terme de couplage entre les modes é metteur et plasmonique sont inclus avec une constante de
	couplage 𝜅 𝑙 (𝑚) ,								
			𝜅 𝑙 (𝑚) = (	𝑎 0 𝑟 𝑚	) 3 2 (	𝑎 𝑚 𝑟 𝑚	)	𝑙+	1 2 (1 + (	𝑎 𝑚 𝑟 𝑚	) 2 2(𝑙 + 1) 2𝑙 + 3	).	(30)
	𝑟 𝑚 est l'é cart entre l'é metteur et la sphè re avec 𝑚 = 1,2. Et 𝑎 0 =	℘ ê , dans lequel ℘ ̂ est le TDM de
	l'é metteur, est un rayon caracté ristique de l'é metteur. Pour une molé cule fluorescente gé né rale, le
	TDM est d'environ 0~10 𝐷𝑒𝑏𝑦𝑒, c'est-à -dire 𝑎 0 ≈ 0~0.02 𝑛𝑚.
			Donc,							
	,										

𝑎𝑙𝑙 /𝑃 est le rendement d'é mission du systè me couplé . Le rendement quantique de l'é metteur est 𝜂 𝑟𝑎𝑑 = 1/(𝜏 𝑟𝑎𝑑 𝛾 𝑚 ).

Table R 1

 R Angle azimutal et polaire calculé Caracté risation de l'é metteur quantique unique C-19 d'acquisition d'image, conduisant à une forme de motif en forme d'anneau en a1 et c1. Pour la molé cule 3 (carré blanc marqué ), quatre paires de modè les d'excitation diffé rents peuvent ê tre distingué es repré sentant quatre orientations TDM diffé rentes. Ceux-ci sont cohé rents avec les quatre tautomè res les plus stables de l'hypé ricine. L'orientation du motif à double lobe de la molé cule 3 dans l'image a1 a d'abord é té é quipé e de fonctions gaussiennes 2D en utilisant un script Matlab auto-é crit, qui donne un angle azimutal  ≈ 60 o . Des simulations numé riques sont effectué es pour calculer une sé rie de motifs d'image avec un angle azimutal fixe  et un angle polaire varié  sous excitation RPDM. La comparaison entre les motifs d'image simulé s et l'image expé rimentale de la Figure R C-5 a2 permet de dé terminer l'angle polaire à  ≈ 165 o . Une fois que l'orientation tridimensionnelle d'un TDM est connue dans le systè me de coordonné es d'image XYZ, la matrice de rotation R du systè me de coordonné es d'image au systè me de coordonné es molé culaires xyz peut ê tre ré solue.

		Molecule 3 in Figure R C-5
	Tautomer Q7,14	Q1,7	Q3,7	Q7,13
		46.8 o	89.0 o	60.2 o	0.8 o
		167.1 o 166.0 o 167.6 o 160.0 o
	Les motifs de fluorescence de trois molé cules uniques peuvent ê tre observé s sur la Figure R C-5 et

les images sont disposé es par paires (a1-a2, b1-b2,…) selon l'orientation dipolaire de transition de la molé cule 3. L'orientation du motif de la molé cule 1 (flè che blanche ) est stable pendant toutes les mesures, donc cette molé cule est toujours dans le mê me é tat tautomé rique et sert de ré fé rence. L'orientation de la molé cule 2 (cercle orange marqué ) change plus rapidement que le temps C.4 La matrice de rotation R multiplié e par les orientations TDM dans le systè me de coordonné es molé culaires obtenu à partir du TD-DFT donne l'orientation spatiale des trois autres tautomè res dans le systè me de coordonné es d'image. Les angles correspondants sont ré sumé s dans le Table R 1. Les images incrusté es dans les carré s rouges sont des motifs d'image respectifs calculé s avec les orientations TDM du Table R 1. Veuillez noter que seul le premier motif d'image dans a1 est ajusté pour dé terminer l'orientation d'un TDM . Les orientations de motif des trois autres tautomè res sont purement obtenues à partir des orientations TDM relatives obtenues à partir des calculs TD-DFT. Il convient de mentionner que le motif de la molé cule 3 sur la Figure R C-5 c2) est un chevauchement des tautomè res Q7,14 et Q1,7. L'excellent accord entre les donné es expé rimentales et les orientations TDM obtenues par les calculs TD-DFT confirme que le retournement observé des motifs d'image est causé par des transitions de tautomé risation; et nous pouvons identifier quel tautomè re est observé dans les images individuelles.

(0.77) 1364 (0.82) 1324 (0.69) 1316 (0.76) 1327 (0.97) Ring in plane
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Single quantum emitter characterization

Fluorescence patterns of three single molecules can be observed in Figure 4 

Chapter 5 Coupling of cavity and quantum emitters

An optical cavity changes the optical mode density (see Section 2.3) with respect to free space.

When the interaction between a cavity mode and a molecule is weak (unperturbed Hamiltonian 𝐻 0 ≫ interaction Hamiltonian 𝐻 1 , see Section 2.3.2), the modification of the molecular spontaneous emission rate, emission spectrum, as well as the excitation rate can be discussed in a perturbative manner. In this scenario, the cavity and the molecules can be characterized separately, and then the perturbation is applied.

The following chapter will characterize the optical modes in a microcavity and demonstrate how it can change the photophysical properties of hypericin, which is weakly coupled to the microcavity. In addition, profiting from the large local field enhancement of plasmonic nanocavity, deprotonation of hypericin at ambient condition is confirmed via single molecule surface enhanced Raman spectroscopy (SERS).

When the interaction between the mode in the cavity and a molecule is strong enough, the cavity and the molecules are coherently coupled and have to be treated as hybrid system. Strongly coupled J-aggregate dye molecules in an optical microcavity are explored in the final section.

Partial results of the presented work have been submitted to: Liu, Q.; Wang, L.; Hauler, O.; Roldao, J. C.; Adam, P.-M.; Brecht, M.; Gierschner, J.; Wackenhut, F.; Meixner, A. J. Theoretical and experimental evidence of two-step tautomerization in hypericin.

Characterization of microcavity

The schematic drawing in Figure 5-1 a) illustrates the structure of the microcavity used in this work.

A detailed description can be found in Section 3. 

Fluorescence enhancement of photosystem II

The extinction spectra of the non-uniform sample are presented in Figure 6-5 a). The surface plasmon resonance is red-shifted from 560 nm for 𝑡 = 3 𝑛𝑚 to 580 nm for 𝑡 = 11 𝑛𝑚 according to Lorentzian fitting. The second peak around 750 nm is due to more elongated particle shapes for large thickness.

Monomer PS II from Thermosynechococcus elongates (T. elongates) 1 are purified following the procedure described in [ 200 ]. PS II is diluted to 10 -9 M and 3 L of the diluted solution is sandwiched between the gold nanoparticles and a bare coverslip (two bare coverslips for reference measurement).

The sample is transferred into the cryostat (T = 160 K) using a fast sample exchange construction 201 .