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The last five years have been the witnesses of many breakthroughs regarding organic solid-state lasers (OSSLs). However, the demonstration of a continuous-wave (CW) lasing emission remains a challenge that is essential to overcome in order to reach pratical applications. A part of this limitation arises from a well-defined triplet state that is specific to organic molecules, to which atoms on the fluorescence energy level are promoted via intersytem crossing (ISC) S 1 → T 1 . Although triplet states do not participate in light emission for most compounds, an irretrievable accumulation of T 1 atoms whose lifetimes are much longer than the fluorescence have always caused the premature death of the laser by depletion of the gain medium ground state, intermolecular interactions or absorption of photons by triplet excitons.

Current efforts towards the achievement of CW lasing mostly focus on tailoring the photophysical properties of molecules to reduce the influence of triplet state atoms. Recently, a lasing operation during a quasi-CW 30 ms excitation was reported using BSBCz and then its derivatives in a low-threshold optical resonator, which was ascribed to the low triplet creation yield of the molecules and the removal of parasite absorptions, emphasizing the importance of properties characterizations in organic gain media. Although this achievement has been well explained in the framework of triplet dynamics, few studies have investigated the role of the resonator.

The purpose of this thesis is then twofold: first, the presentation of an experimental protocol to characterize triplet state lifetimes and other triplet-related interactions such as ISC, singlet-triplet annihilation (STA) and triplet-triplet annihilation (TTA) in organic thin films thanks to photoluminescence transients. Because this method is simple, requires neither expensive apparatus nor a spectral resolution, we believe it has the potential to become a useful tool for material properties screening. In a second time, the requirements for OSSLs to achieve CW lasing are investigated with the help of numerical simulations of rate equations and analytical reasonings. By explicitly taking into account the role of the resonator, this work provides a broader view regarding the influences of optical and photophysical losses regarding the lasing pulse duration.

Introduction

Notably driven by an important growth of Organic-Light Emitting Diode (OLED) displays in the imaging market for the last ten years, the interest regarding organic light emitting devices from the public, the industry or the academic world has never been stronger. As of today, organic compounds are also used to make solar cells [START_REF] Duan | Progress in Stability of Organic Solar Cells[END_REF] that now exhibit a power conversion efficiency up to 17% [2], transistors usable for instance to detect and to track heat sources [START_REF] Wang | Organic bipolar transistors[END_REF]4] or even lasers [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF][START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF]. The use of organic materials to replace inorganic ones has many advantages: one of them being the thousands of compounds capable of light emission in the visible region of the electromagnetic spectrum enable the obtention of every color. This is why the red, green, blue pixels of an OLED panel are said to emit their own light, as opposed to LCD displays that use liquid crystals to modulate the white emission of LEDs, hence the impossibility to achieve true black in those screen as well as thinner basels. They are also much cheaper since they do not need the extraction and fabrication processes of inorganic semiconductors, making these materials more environmentally friendly. Indeed, a simple ink jet printing on a substrate is enough to obtain a proper light emitting medium thanks to, for most molecules, their processability in solution. The possibility to use organic molecules in thin amorphous films allows a great mechanical flexibility that OLEDs, monitors, as well as smartphones are more and more taking advantage of. Foldable displays such as Samsung newest Galaxy Fold or LG forthcoming foldable televisions are worth being mentioned as examples. Organic Solid-State Lasers (OSSLs) on the other hand still face many challenges to overcome in order to target pratical applications. Although it always depends on the context, lasers in general have to fulfill a basic set of conditions to be useful in many relevant applications. The most important one is the ability for the laser gain medium to be excitated by electrical excitation (as opposed optical excitation) in order to be integrated wherever it is needed: barcode scanners, printers, computer mouses, facial recognition sensors and so on. Furthermore, for applications involving any kind of data transmission, it has to endure a high enough repetition rate without any sign of degradation or instability. Lasers providing the Internet throughout optical fibers are an obvious yet relevant application in this context.

As of today however, OSSLs have failed to reach pratical applications, except for a few niche ones such as explosive detection [START_REF] Yang | Sensitive Explosive Vapor Detection with Polyfluorene Lasers[END_REF], or to expose counterfeit bank notes [START_REF] Karl | Flexible and ultra-lightweight polymer membrane lasers[END_REF]. These difficulties arise from the inherent presence of a triplet state T 1 , whose energy is lower than that of the excited singlet state S 1 , from which fluorescence and therefore stimulated emission occur. As depicted on Figure 2, the T 1 state is populated in time by InterSystem Crossing (ISC) S 1 → T 1 [START_REF] Köhler | Triplet states in organic semiconductors[END_REF][START_REF] Forrest | Organic electronics: foundations to applications[END_REF] at a rate k ISC (s -1 ), which is caused by a relativistic effect known as spin-orbit coupling. Since the de-excitation of molecules in the triplet state to the ground state S 0 (from which photons are absorbed) is quantum-mechanically forbidden, they exhibit a very long lifetime compared to the fluorescence and do not participate in the light emission for most compounds. Therefore, the ground state is quickly depleted, leading to a population inversion that can no longer be maintained, and ending the lasing emission. Besides, an important fraction of triplet states enable additional mechanisms such as Singlet-Triplet Annihilation (STA) or Triplet Absorption (TA) that also influence the fluorescence by quenching either the S 1 population or directly the photon density inside the resonator, respectively. This is why OSSLs have for a long time been limited to lasing pulse that lasted only tens to hundreds of nanoseconds. Overcoming these limitations and thus achieving Continuous-Wave (CW) lasing is often designated as first step towards electrical excitation and the abovementioned applications that goes with it. Current efforts the overcome the influence of triplet molecules therefore logically consists in tailoring the photophysical properties of molecules to reduce the production of triplets and/or to limit their interaction with other molecules or photons [START_REF] Oyama | Design Strategy for Robust Organic Semiconductor Laser Dyes[END_REF][START_REF] Oyama | Advantages of naphthalene as a building block for organic solid state laser dyes: smaller energy gaps and enhanced stability[END_REF][START_REF] Chathuranganie | Recycling of Triplets into Singlets for High-Performance Organic Lasers[END_REF]. This is how, in 2017, Sandanayaka et al. reported a 30 ms lasing in a Distributed FeedBack (DFB) resonator using a blended CBP:BSBCz thin film as a gain medium [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]. This three orders of magnitude breakthrough in duration was ascribed to a reduced triplet formation quantum yield generation and to the absence of TA, thanks to a weak overlap between the lasing and triplet absorption spectrum [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF]. It was also shown that a proper management of heat removal inside the film played a role in this achievement but, nevertheless, these results showed that photophysical properties are of the utmost importance. After that, similar results were obtained using derivatives of BSBCz, namely BSFCz [START_REF] Van | Lasing Operation under Long-Pulse Excitation in Solution-Processed Organic Gain Medium: Toward CW Lasing in Organic Semiconductors[END_REF] and BSBCz-EH [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF]. Later, the same groupe reported the longest lasing pulse ever for an optically pumped OSSL: up to one second [START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF], which represents another two orders of magnitude improvement. The only difference with previous reports is that this achievement was not ascribed to some properties of the emissive molecule, as the same BSBCz was used in a similar thin film, but to the enhanced quality of the resonator that led to a significant reduction of its lasing threshold.

The purpose of this thesis is then twofold: first, the development of an experimental protocol presented in Chapter 2 to characterize triplet state lifetimes and other triplet-related mechanisms such as ISC, STA, and Triplet-Triplet Annihilation (TTA) in organic thin films, since we have seen that it was crucial to properly estimate such constants when aiming at longer lasing pulses. These parameters play key roles in controlling the lasing pulse duration and at the same time, the reports on proper measurements for those is very scarce. Moreover, it could help to better understand the reasons behind the ms lasing pulses obtained with BSBCz and derivatives. In Chapter 3, the requirements for OSSLs to achieve CW lasing are investigated with the help of numerical simulations of rate equations and analytical reasonings, to unravel whether or not the resonator plays a role in the lasing emission and if so, to what extent compared to molecular properties of gain media. In chapter 4, we take advantage of our setup and our numerical algorithms to explain why lasing pulses lasted less than one microsecond in a Vertical-Cavity Surface-Emitting Laser (VCSEL) configuration, whereas CW lasing was achieved in a DFB with a much lower lasing threshold.

Since this work is halfway between laser and organic electronics, Chapter 1 provides an introduction to the notions required to understand the thesis. A first succint review of the fundamentals of lasers is presented in which their working, dynamics and the different regimes of light emissions are discussed. The second part is devoted to the field of organic electronics: the difference between organic and inorganic compounds, the requirements to absorb and emit light, and different mechanisms related to intra-and inter-molecular interactions in organic gain media are presented.

Chapter 1

Fundamentals of organic lasers 1.1 The concepts behind lasers

The purpose of this section is not to parse in details the physics of lasers1 , but to provide for the reader an overview of how they work, how they are made and to what extent this technology intervenes everywhere in our lives. Moreover, a good understanding of their dynamics will be helpful to understand the context of this work and some chapters. In this introduction, the uniqueness of laser emission will be discussed, followed by the fundamental components of any lasing device. Then, the main processes ruling interactions between light radiation and matter will be presented, alongside the conditions required to obtain a laser beam.

Laser peculiarities

A LASER, for Light Amplification by Stimulated Emission of Radiation, is a device that creates and amplifies coherent light radiation. They are used to emit light at wavelengths that are mostly located in three distincts regions of the electromagnetic spectrum: the ultraviolet, the visible, and the infrared. The light emitted by a laser exhibits many properties that differenciates it from other sources such as lamps or Light Emitting Diodes (LED). An important one is their coherence, namely spatial and temporal. First, spatial coherence allows the light to be collimated over long distance, hence the beam terminology. Thanks to this property, beams can also be focused on very tight spots, generating high power densities that can be useful in numerous applications. On the other hand, lasers usually have a very narrow emission, as shown in Figure 1.5, due to their temporal coherence. This property can be used, for instance, to create ultrashort pulses that can reach a few femtoseconds.

Fundamentals components

A laser eventually boils down to a set of three elements: a gain medium to amplify light radiation, an external energy source to feed the gain medium and a resonator to turn this amplifier into an oscillator, as illustrated in Figure 1.1.

Figure 1.1: Fabry-Pérot cavity with a gain medium between two mirrors R 1 and R 2 and their reflectivities at the lasing wavelength. Pump photons are in blue, stimulated ones are in red.

The gain medium refers to a medium that have a certain density of atoms that will interact with incoming light radiations. It is so central to lasing systems that most of them are named after their gain medium composition e.g. Ti:Sapphire [START_REF] Moulton | Spectroscopic and laser characteristics of Ti:Al_2o_3[END_REF], Nd:YAG [START_REF] Geusic | Laser oscillations in Nd-doped Yttrium Aluminium, Yttrium Gallium and Gadolinium garnets[END_REF] ... Gain media exist in liquid, solid and gaz. Liquid organic dyes gain media were widely popular decades ago but required a circular flow of the fluids (and the heavy machinery for the maintenance that goes with it) to keep the solution safe from permanent photodegradation. Furthermore, liquid dyes were often linked to potential health issues. Gazeous lasers have been introduced very shortly after the very first laser and have been extensively studied until the beginning of the century, from Hélium-Néon and CO 2 systems, to chemical ones using hydrogen fluoride for instance [START_REF] V V Apollonov | Feasibility of increasing the output energy of a nonchain HF (DF) laser[END_REF]. As research progressed and could offer more and more stability in solid-state gain media, they gradually replaced liquid and gazeous ones in research or in the industry, as they do not need any management system and are much less dangerous than certain gaz whilst being much more compact.

The external source of energy allows the creation of photons by a process called spontaneous emission (see Section 1.1.3). Pumping sources can be sorted into three categories: optical, electrical and chemical. In the first case, the external energy is brought by photons coming from a flash lamp, a LED, or often a secondary laser. Incoming photons are then absorbed by the gain medium, resulting in the promotion of an electron to a higher excited energy state, which can undergo (non)radiative de-excitation afterwards. Light emission can also be achieved by a chain of chemical reaction that lead to very powerful but very consuming emissions [START_REF] Polanyi | Proposal for an Infrared Maser Dependent on Vibrational Excitation[END_REF][START_REF] Jerome | HCl Chemical Laser[END_REF][START_REF] Spencer | Continuous-wave chemical laser[END_REF]. However, devices aiming to be used at large scale are pumped by the mean of electrical stimulations, where the excited energy levels are populated by electron-hole pairs (see Section 1.1.5). Because, in this configuration, you do not need anything to excite the gain medium but a current source, it has always been the method of choice when compactness and cost are required, for telecommunications or the reading of CDs. In this thesis, we will be mostly interested by optical and electrical pumping.

Last but not least, the cavity is of the utmost importance, since it constrains a portion of the light emitted by the gain medium between physical boundaries so that photons can circle back inside to be amplified again. These boundaries, in most cases, will be high-reflectivity mirrors but can also be naturally created by a difference of refrative indexes of the gain medium and its surronding environment e.g. ambiant air. The simpliest one is referred as a Fabry-Pérot (FP) cavity, which consists of two mirrors around the gain medium (see Figure 1.1). The entry mirror R 1 lets the pump pass through and is 100% reflective at the lasing wavelength, whereas R 2 , the output coupler, lets a portion of the amplified light out, forming the laser beam.

Light-matter interaction 1.1.3.1 Einstein coefficients

Although the first laser was reported in 1960 [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF], the principles of the interactions between light and matter that could enable lasing were described by Albert Einstein more than forty years before [START_REF] Einstein | On the quantum mechanics of radiation[END_REF]. Three processes, required to understand how lasers work, are illustrated in Figure 1.2: stimulated emission which was mentioned earlier, the absorption of a photon, and spontaneous emission. To explain those, we will consider a system containing only two levels of energy E 1 (referred to as the lower level or ground state) and E 2 (the upper level or excited state). For the purpose of the demonstration, the light source will have a frequency ν l that perfectly matches the energy of this two-level model so that hν l = E 2 -E 1 . When this light passes through the gain medium, some of its photons will be absorbed by atoms located on the ground state, since their energy matches the one of the system. Atoms that have absorbed photons will be transferred to the excited state, here E 2 , at the femtosecond scale. Then, a decay to the lower level can be induced by an other incoming photon, resulting in the emission of a second photon which has the same properties as the incident one i.e. same phase, direction, frequency: the initial photon has been duplicated. At last, it is also probable for this atom lying on the excited state to decay spontaneously and emit a photon at the same frequency ν l , but its phase and direction will be purely random 2 .

Moreover, there are also ways for excited atoms to de-excitate spontaneously without emitting photons. This so-called non-radiative de-excitation is due to vibration and/or rotation of the molecules composing the gain medium. It is important to highlight that all of these interactions can happen at the same time and therefore are in competition. When, for instance, an atom reached the E 2 state, it will be preferable in the framework of lasers that its de-excitation generates a second photon to feed the beam than none. All of the mentioned pathways to the ground state E 1 are ruled by rates in s -1 which directly depend on material properties.

Population inversion

Prior to this competition between de-excitation processes, a problem subsists: since the photon absorption and the duplication of one via stimulated emission are reciprocal, their probability are exactly equal. Meaning that in order to promote stimulated emission over absorption, the number of atoms lying on the upper state has to be superior to the number of atoms onto the lower state. This requirement is commonly referred to as population inversion, it is expressed in Equation 1.1.

∆N = N 2 -N 1 > 0 (1.1)
The distribution of atoms in a two level sytem at the Local Thermodynamics Equilibrium (LTE) is written as Equation 1.2, where k b is the Boltzmann's constant and T the temperature inside the gain medium. In this configuration, it is straightforward to see that the ratio N 2 /N 1 will never be superior or equal to unity, therefore no lasing will ever be observed.

N 2 = N 1 × exp -(E 2 -E 1 ) k b T (1.2)
To overcome this limitation, there is one fundamental requirement: the energy of the lasing transition must be smaller than the one of the absorption transition. A useful example, pictured on Figure 1.3.a, is the four-level configuration on which Figure 1.3: Left: Illustration of a four-level electronic system with non-radiative de-excitation (curved), spontaneous emission (dashed), absorption and stimulated emission (bold). ν l,p are the laser and pump transition frequency, respectively. efficient lasers are based on. In this setup, E 1 the ground state is pumped by photons whose energies match the E 1 → E 2 transition. They can then decay nonradiatively very quickly to E 3 , at the picosecond scale. Since E 4 is not populated in the first place, the population is said to be inverted on this transition, allowing an efficient stimulated emission. Finally, atoms circle back to the ground state and absorb more photons to feed the population inversion.

The energy difference between pump and lasing photons explains why the fluorescence of the gain medium will always be shifted to the red compared to the absorption, as smaller energies result in higher wavelengths. This phenomenon is known as Stokes shift, which is illustrated on Figure 1.4 in the case of the coumarin 521T. This molecule absorbs very well around 450 nm and will emit photons at 510 nm. The Stokes-Shift is a very important characteristics of gain media, since the overlap between the two spectra will rule the strengh of many processes that will be described later.

This simple representation of a four-level system makes it seem like each one is not related to another, but the reality is more complex than that. Figure 1.3.b shows a more realistic representation of the molecular configuration of such systems. In fact, E 1 and E 4 both are vibrational sub-levels of the electronic ground state (often denoted by S 0 ) whereas E 2 and E 3 belong to the excited electronic state referred to as S 1 3 . More precisely, E 3 and E 1 are the lowest vibrational levels of S 1 and S 0 , respectively. Besides, this representation allows one to understand the different time scales in play, as a process from two vibrational levels of the same electronic state is much faster than a transition involving two different ones.

Lasers dynamics 1.1.4.1 Fluorescence and laser emission

Lasing emission is based on the stimulated emission of photons with an energy hν l , where ν l is the frequency of the lasing transition. But, as illustrated in Figure 1.2, this interaction requires at the beginning photons whose energies are the same. Then, the only solution for an atom lying on the upper level of the lasing transition (E 3 on Figure 1.3) when there are not enough lasing photons available is to deexcitate via spontaeous emission. This emission is commonly referred to as fluorescence. The resulting photons will be emitted in a purely random direction, as discussed in Section 1.1.3. The frequency of fluorescence is not fixed, as it occurs between the lowest vibrational state of the upper level and some sub-levels of the ground state (Figure 1.3.b). This explains why the fluorescence spectrum of a gain medium is so broad, as illustrated in Figure 1.5. The multiplicity of sub-levels implies that spontaneous emission can occur within a wide range of frequencies i.e. a wide range of wavelengths.

The same logic applies for the ground state absorption of a photon, as atoms will be promoted from the lowest sub-level E 1 to an arbitrary sub-level of the excited state, as pictured on Figure 1.6.

To undergo stimulated emission inside the gain medium, one would have to make use of the photons emitted at the lasing frequency via spontaneous emis- sion. This is precisely the role of the cavity. In Figure 1.1 for instance, the cavity is made of two mirrors that reflect photons whose directions are roughly along the pump axis, so that they circle back inside the gain medium to be duplicated. Since duplicated (or stimulated) photons will have the same frequency, phase and direction than the original one, it is straightforward to understand why spontaneous emission is said to be the seed of lasing, as stimulated emission cannot exist without fluorescence.

Requirements to achieve lasing

For a system to achieve lasing, the losses of the cavity have to be overcomed by the gain generated from the active medium. In other words, the number of stimulated photons must outnumber lost ones. The configuration in which the gain is exactly balanced by the effects of losses after one round trip inside the cavity is known as the lasing threshold. To illustrate this, we will once again take the example of the plano-plano resonator sketched on Figure 1.1. Two sources of loss will be considered here: the ones coming from the cavity, which are modeled after the reflectivities R 1,2 of the mirrors, and the losses due to the gain medium, that will be gathered under the term α (cm -1 ). Potential material losses are ground reabsorption or scattering. Those are usually not controlled by experimenters as they depend on intrinsic molecular properties. The gain of the active medium G can be expressed by the ratio of the output optical power (the laser beam) and the pump power. However, it is often more useful to work with its linear gain g (cm -1 ), the relation between G and g being Because for each round trip, some photons are lost via the mirrors while some are lost via the active medium, the latter has to stimulate enough photons to at least equalize the losses and hence keep the population inversion alive: The intensity inside the cavity must then remain the same after one round trip. Equation 1.4 models this intensity starting for instance just before the output coupler (R 2 ). P is the starting power at a given point inside the resonator, P rt is the power after one round trip. The terms R 1 and R 2 reflect the losses of the mirrors whereas e 2g th l and e -2αl reflect the two passes of the intensity through the active medium, with photons emission for the former, and absorption for the latter. P rt = P R 1 R 2 e 2g th l e -2αl → R 1 R 2 e 2g th l e -2αl = 1

(1.4)

When in steady-state configuration, P = P rt . This allows the simple derivation from Equation 1.4 of the linear gain required for the laser to be stable:

g th = α - 1 2l ln(R 1 R 2 ) (1.5)
The term R 1 R 2 is always inferior to unity so that both terms contribute to increase the threshold. It is interesting to mention the case where the cavity is made of perfect mirrors (R 1 = R 2 = 1). In this configuration, the discussion about the compensation of the overall losses by the gain becomes much easier on the mind, since Equation 1.5 can be written as a simple balance between g and α:

g -α = 0 (1.6)

Three regimes can be listed from Equation 1.5: If g < g th , the laser cannot oscillate since more photons are lost than created by stimulated emission. When g = g th , the production of stimulated photons is just enough to balance the losses, the lasing threshold is reached. If g > g th , the intensity inside the cavity increases at each round trip. It would seem like the intensity could grow indefinitely but this is not the case. In fact, the more stimulated photons inside the cavity, the less gain will be available, as the population inversion per second is limited. This phenomenon is called the gain saturation.

Jablonski-Perrin diagram of a four-level configuration

Until now, the discussion was mostly focused on the optical intensity coming out of the output coupler. However, it is useful to study the origins of this intensity (i.e. the photon density) inside the resonator: the dynamics of the energy state populations. To study the flow of atom between different states, a system composed of a lower level of energy S 0 and a higher one S 1 will be used. S 0 and S 1 correspond to the lasing transition and are perfectly analogous to E 3 and E 4 in Figure 1.3. Figure 1.7 displays a typical Jablonski diagram containing every processes taken into account from and to each atomic level. This representation is usually used to provide a graphical view of the equations modeling a given system. However, since the four-level configuration will be used as a reference in Chapter 3, the equations governing the population of the different electronic states and their temporal evolution will be presented afterwards.

Different resonators

Although the concepts of laser were discussed in this introduction using a planoplano (Fabry-Pérot) cavity as illustration because of its simplicity and also because it is enough to cover the fundamentals, this particular configuration is rarely used nowadays, whether it is in research laboratory or in more practical cases. Therefore, other types of resonator that are massively used will be presented in this subsection.

One point that was intentionally left aside is the fact that the classical FP cavity is said to be unstable. It can be easily understood with geometrical optics, as the only photon that are sure to stay between the two parallel mirrors are the one emitted perfectly normal to the face of the mirror, otherwise they will deviate from the cavity axis at each reflection and eventually propagate outside the cavity. This makes plano-plano cavity very sensitive to the least variation (and thus the most difficult to align), which also has for a consequence the support of a limited number of spatial modes. To stabilize this resonator and obtain diffraction-limited beams alongside well-defined lasing modes, a solution is to use spherical mirrors as sketched on Figure 1.9 to focus the photon between the mirrors after each reflection.

The Vertical-Cavity Surface-Emitting Laser (VCSEL) is one of the most used resonator [START_REF] Iga | Surface-emitting laser-its birth and generation of new optoelectronics field[END_REF]. The beam is obtained by excitation of a material sandwiched between two mirrors often composed an alternation of λ/2 and λ/4 layers. Its emission is normal to the top surface, making it a prime candidate for massive production, since it can easily be tested at many stages of its fabrication process. This, coupled with the addition of electrode in between for electrical stimulation allows VCSELs to be used in every applications where compactness is required: bar-codes reading, computer mouses, laser printers.

An extension of the VCSEL referred to as VECSEL (where the E stands of External) is also interesting to present. It consists of VCSEL in an external configuration, meaning that there is empty space between the gain medium and the output coupler. Even though these resonators do not have as much pratical usages as their compact counterpart above-mentioned because of bulkiness and a higher lasing threshold, they are used to achieve very high power densities [START_REF] Moench | High-power VCSEL systems and applications. page 93480W[END_REF][START_REF] Laurain | Modeling and experimental realization of modelocked VECSEL producing high power sub-100 fs pulses[END_REF]. Moreover, the free space inside the cavity can be used to put elements inside to have insights on the beam properties or to tune the emission wavelength with dispersive elements [START_REF] Mao | Widely tunable external-cavity surface-emitting laser using various methods[END_REF]. A tuning of the wavelength can also be obtained by adjusting the length of the cavity [START_REF] Rahim | Continuously tunable singlemode VECSEL at 3.3 [micro sign]m wavelength for spectroscopy[END_REF].

Last but not least, the Distributed FeedBack (DFB) laser can be distinguished from other cavities by its unique feedback mechanism, which is said to be distributed. As pictured on Figure 1.8, the gain medium is deposited on a substrate (silica is often used) and contains a periodical structure or diffraction grating. The feedback, distributed along the whole grating, arises from the spatial modulation of the refractive index, which acts as highly selective mirror. One key advantage of DFB is that their emission wavelength is easily tunable, since it is ruled by the following relation [START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF]:

mλ b = 2n eff Λ (1.7)
where m is a positive integer designating the diffraction order, λ b is the lasing wavelength of the device, n eff is the effective refraction index of the medium, and Λ is the period of the grating. DFBs exhibit much lower lasing threshold than the one of previously mentioned cavities thanks to their feedback mechanism, which allow them to be massively used, notably for data communication, since gratings are easily integrable in fibers for instance [START_REF] Liu | Fiber laser sensing system and its applications[END_REF].

Applications

A extensive review of laser applications would not be relevant here, as they really are used everywhere around us nowadays. Besides, numerous interesting reviews or books have already been written focusing on certain fields, such as surgery [START_REF] Khalkhal | The Evaluation of Laser Application in Surgery: A Review Article[END_REF] or communication in space [START_REF] Koepf | Space Laser Communications: A Review of Major Programs in the United States[END_REF][START_REF] Guilhot | Laser Technology in Photonic Applications for Space[END_REF] Instead, I would like to highlight two applications that I found quite interesting during my PhD. Figure 1.9: Left) a classical, unstable Fabry-Pérot resonator in which only loworder transverse modes are supported. Right) Specially designed stable cavity with curved mirrors to support high-order transverse modes. Figure taken from Reference [START_REF] Kim | Massively parallel ultrafast random bit generation with a chip-scale laser[END_REF].

The first one is linked to Random Number Generators (RNG), which is a very important field of research, especially when it comes to datas that require a certain level of encryption that computers cannot offer 4 . On this matter, Kim et al. recently reported a record of 250 terabits (250×10 12 bits) using a chip-scale laser [START_REF] Kim | Massively parallel ultrafast random bit generation with a chip-scale laser[END_REF]. While the production of random, non-reproducible sequence of numbers is possible thanks to the fundamentally randomness of spontaneous emission, which adds stochastic noise on the intensity recording, the parallelization of this protocol is achieved thanks to the design of a stable cavity replacing the classical Fabry-Pérot resonator. As pictured on Figure 1.9, their design allows the support of much more transverse modes, leading to proportionally more random sequences, since they show that the different modes inside the resonator are not at all correlated. I would like at last to cite the work of Qiao et al. [START_REF] Qiao | Brain Cell Laser Powered by Deep-Learning-Enhanced Laser Modes[END_REF] who, with brain cells sandwiched inside a FP cavity and artificial intelligence were able to discriminate different types of cells, which as one can imagine has tons a potential applications in biology and medicine. To do so, they took advantage of the so called lens effect induced by cells inside the resonator, which leads to spatial modes (see Figure 1.10.a) that differ from one cell to another because of their structural difference. Then, they use the frequency distribution of spatial modes (Figure 1.10.b) as an input for a neural network to know whether this is a neuron or an astrocyte (among other possibilities).

Summary

The fundamental principles regarding the dynamics of lasers have been described in this section. First, the role of each primary component required to obtain a laser beam have been discussed, from the gain medium via which spontaneous photons are emitted to the cavity, which transforms the whole device into an oscillator by constraining a certain portion of the spontanenous photons between two physical boundaries. These components are illustrated on Figure 1.1 and are discussed more in details in the corresponding section.

Then, the main processes ruling the interaction between light radiation and the amplifying medium have been addressed. Notably, it has been shown that for one system to achieve lasing, the number of stimulated photons must outnumber the number of absorbed ones, meaning that there must be a population inversion between two energy levels. Since this cannot be satisfied in a system at LTE , a solution referred to as a four-level system has been discussed. As illustrated on Figure 1.3, it requires an electronic configuration that allows the excitation of ground states atoms via a more energetic transition than the lasing transition (In the illustrated case: hν p > hν l where p refers to the pump and l the lasing transition). This system works very efficiently because the fluorescence spectrum of the lasing transition does not overlap totally with the absorption spectrum, resulting in a very low reabsorption. This difference of energy, called the Stokes-shift, is pictured on Figure 1.4.

In addition, we have seen the following general rule to achieve lasing: the gain has to overcome the losses. More precisely, the density of photons generated by stimulated emission from the amplifying medium (quantified by the linear gain g) has to be more important than the photons lost either through the mirrors or by mechanisms inside the gain medium such as reabsorption. This criteria is modeled as Equation 1.5. If the linear gain of the medium is not enough to overcome the mentioned losses, then lasing cannot occur as stimulated emission will never provide enough photons.

Finally, several different types of optical resonators with very different working principles were presented, all of them are sketched on Figure 1.8. The DFB, with its very unique feedback mechanism that allows much lower thresholds than any other cavities presented in this work. The VCSEL, which consists of two plane mirrors compressed in a sandwich configuration on the gain medium to minimize the cavity losses and decrease its lasing threshold. Its configuration allowing an excitation of the gain medium via current flowing through electrodes, it is the resonator of choice for mass production and large applications such as barcodes reading or Apple's Face ID™. Also, an extension of the VCSEL referred to as VECSEL because of the empty space left between the gain medium and the output coupler has been presented. This structure is found to be very useful to study the properties of the light emitted thanks to the possiblity to put, for instance, dispersive inside the cavity.

Introduction to organic electronics

The second part of the introduction is devoted to the field of organic electronics, since it is the most important one regarding this thesis. First, the nature of organic compounds and their difference with inorganic ones regarding charge conduction and electronic configurations are described. Then, important properties of different excited states of energy are presented, followed by an extensive discussion on the so-called T 1 state and the related intermolecular interactions.

Organic molecules

It is generally assumed that organic compounds are referred to as organic because they are mostly composed of carbon with hydrogen, alongside heteroatoms such as nitrogen [START_REF] Köhler | Triplet states in organic semiconductors[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF]. Some reports only referred to carbon atoms that are covalently bond [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF] while some choose to define organic chemistry as the opposite of its inorganic counterpart, excluding all compounds without C-H bonds [START_REF] Forrest | Organic electronics: foundations to applications[END_REF]. In fact, there is no clear consensus in the definition of an organic molecule, as exceptions can always be found to prove one wrong.

The only thing that really matters is that organic molecules are all articulated around a backbone of carbon bonds, and as it will be discussed, their properties are mostly driven by the electronic configuration of carbon. Since four electrons are available per carbon atoms to bound to other atoms, the number of reported organic compounds reaches several millions [START_REF] Inokuchi | The discovery of organic semiconductors. Its light and shadow[END_REF]. Examples of simple organic compounds are presented on Figure 1.11. 

Molecular orbitals and conjugated systems

The optical properties of one molecule is mostly driven by the electronic configuration of carbon atoms, it is therefore useful to understand how this very abundant compound behaves in the framework of organic molecules. For an unbonded carbon on the ground state, its electrons are arranged in the 1s 2 2s 2 2p 2 configuration, meaning that the 1s-and 2s-orbitals are filled whereas two out of three 2p-orbitals are only occupied by one electron, as sketched on Figure 1.12 (top left). Then, the 2s-and 2p-orbitals will participate in the formation of more complex orbitals when bonds are formed with other atoms, which will result in the hybridization of the molecular orbitals. Although numerous hybrid orbitals can be formed, this introduction will focus on three hybridizations using as an example the three molecules mentioned from Figure 1.11, as their description is sufficient to understand the main relevant mechanisms for this thesis. In the case of ethane (C 2 H 6 ), both carbons form four single bonds either with hydrogen or between each other. For this molecule, carbons exhibit a sp 3hybridization, and the resulting bonds are referred to as σ-bonds, because of the axial overlap between the orbitals of each atoms. The binding energy of single bonds is very strong and σ-electrons are said to be localized. Therefore, compounds that only exhibit σ-bonds are found to be good insulators thanks to their ground state configuration at room temperature. A good example of a well-known molecule that matches this description is the polyéthylène (C 2 H 4 ) n .

For ethylene (Figure 1.11 (center)), carbons exhibit a sp 2 -hybridization: the sp 2 orbitals are arranged in a trigonal planar geometry whereas the unhybridized 2p z orbital is perpendicular to the molecule plane. What makes this configuration more interesting is the lateral overlaps between the 2p z orbitals, which are referred to as π-bonds. Since the overlap between the wavefunctions is only partial, the bond is much weaker than its σ counterpart. Ethyne (Figure 1.11 (right)) is somehow similar to ethylene, except for the triple bonds between carbons resulting in one strong σ bond and two π-bond from the 2p-orbitals, whose sp-hybridized configuration is shown on Figure 1.12.

When a molecule exhibits an alternation of single and double bonds on the same plan, it is referred to as a conjugated material, as illustrated on Figure 1.13. More precisely, because of the partial overlap of 2p z -orbitals along the whole carbon backbone of the molecule, it is called a π-conjugated system. Of course, for long carbon chains (known as polymers), it happened that some part of the molecule does not lie on the same plan as others, the whole compound is then only partially conjugated and this part will account for its optical properties.

Electronic transitions and excited states

The absorption of a photon by a π-conjugated compound will result in the promotion of the molecule to a higher-lying energetic state, also referred to as an excited state. The state from which the molecule absorbs this photon is one of lower energy, usually the lowest, which is referred to as the ground state.

The main transitions allowed in organic media are pictured on Figure 1.14 with the electronic configuration of the formaldehyde molecule as an example. The nature of the transition differs depending on the energy of the absorbed photon. For instance, a delocalized π-electron can be promoted to a so called antibonding orbital π * if the energy of the photon matches the energy difference: this is a π-π * transition. Also, a molecule composed of heteroatoms (oxygen in this case) may also present what is called n orbitals. The n-electrons are weakly bonded to the molecule structure but can still trigger its promotion to an antibonding π * orbital. This transition is denoted n-π * and is, with its π-π * counterpart, the most relevant transition regarding an optical excitation, considering the weakness of π-bonds. Considering a typical energy gap of around 2.5 eV between the π-and the π * -orbitals in organic compounds, they are found to behave as semiconductors materials and can be treated as their inorganic counterparts.

On the other hand, σ-electrons can also be promoted to a π * -and σ * -orbital via σ-π * and σ-σ * transitions, respectively. However, the covalent bonds resulting from the complete overlap of sp 2 -hybridized molecules are so strong that the energy required to trigger such transitions is usually located in the deep ultraviolet [START_REF] Valeur | Molecular fluorescence: principles and applications[END_REF], which is above most organic molecule dissociation energies [START_REF] Forget | Organic solid-state lasers[END_REF]. Therefore, they fall out of the scope of this thesis and will be not be taken into account in further photophysical analysis.

On Figure 1.14 are denoted the two main energy levels for the physics of organic electronics: the Highest Occupied Molecular Orbital (HOMO) and the Lowest 

Unoccupied Molecular Orbital (LUMO)

. The molecule is said to be in an excited state when an electron from the HOMO is promoted to the LUMO. In vertue of the spin selection rule, electrons going through electronic transitions have their spin angular moment unchanged, the total spin number S (the sum of all spins in the system) then accounts for 0 and the multiplicity of spin M = 2S + 1 equals 1. Hence, the ground state and the related excited states are referred to as singlet states (S 0 for the ground, then S 1 , S 2 , and so on for the higher-lying excited states). An absorption of a photon by a molecule in the ground state that results in its promotion to the LUMO will be called a singlet-singlet (S 0 → S 1 ) transition.

However, as it will be described in Section 1.2.4.1, the spin of the excited electron is in some conditions allowed to reverse, resulting in a total spin number of 1 (|+ 1 2 + |+ 1 2 ) and a multiplicity M of 3. These are the triplet states, whose energies are very close to each other at room temperature, and inferior to the S 1 state according to first Hund rule (also known as the multiplicity rule) [START_REF] Gary | Inorganic chemistry[END_REF].

Triplet states can also be understood in terms of wavefunctions definition. Considering that nuclei are much heavier than electrons, their dynamics is said to be proportionally slower: This is the Born-Oppenheimer approximation [START_REF] Born | Zur Quantentheorie der Molekeln[END_REF]. In this framework, the total wavefunctions of the molecule ψ can be decomposed into two independent parts: the spatial wavefunction ψ s , and the electronic spin wavefunction ψ e . ψ = ψ e ψ s (1.8)

In addition, Pauli's exclusion principle states that the whole molecular wavefunction has to be antisymmetric when two electrons are exchanged. Only two possibilities allow the system to fulfill this requirement: Either the spatial wavefunction is symmetric and its spin counterpart is antisymmetric, or the opposite.

If we take the first case and a two electrons system whose nuclear coordinates are r 1 and r 2 , ψ can be expressed in the form of ψ(r 1 , r 2 ; S, m s ) as:

ψ(r 1 , r 2 ; 0, 0) = ψ sym s × (α 1 β 2 -α 2 β 1 ) (1.9)
where α = |↑ (m s = + 1 2 ) and β = |↓ (m s = -1 2 ) for the electron 1 and 2, respectively. This is the wavefunction of the singlet state mentioned earlier. When, on the other hand, the spatial wavefunction is antisymmetric, it results three expressions for ψ arising from the three possible projections m s of the electronic spin (1, 0, -1):

       ψ(r 1 , r 2 ; 1, 1) = ψ antisym s × α 1 α 2 ψ(r 1 , r 2 ; 1, 0) = ψ antisym s × (α 1 β 2 + α 2 β 1 ) ψ(r 1 , r 2 ; 1, -1) = ψ antisym s × β 1 β 2 (1.10)
These are the wavefunctions of the three states that are all denoted by T 1 because of how close they are energetically. Molecules in a triplet spin state and their influence on the physics of organic media will be discussed in details all along this thesis, as their well-defined spin state is one of the key difference with the physics of inorganic materials.

Nature of charges in organic semiconductors

It has been stated in the previous subsection that for most organic compounds, their HOMO and the LUMO are located within the π-and π * -orbitals, respectively. Since the energy of σ-bonds are much more important, the overall influence of σelectrons can be neglected when working with electronic transition from a photon absorption, leaving π-π * the only relevant transition to be taken into account.

The absorption of a photon from a π-molecule results in the generation of an electron-hole5 pair (referred to as an exciton) whose binding energy is expressed as:

E = e 2 4π 0 r d (1.11)
with e the elementary charge, 0 the dielectric constant of vacuum, r the molecule dielectric constant, and d the average distant between the electron and the hole.

A small dielectric constant in organic compounds and the localization of the electron-hole pair on one molecule leads to a very strong binding energy (0.1 -1 eV), making them very stable at room temperature. Therefore, excitons in organic crystals, polymers and semiconductors can be described in the picture Frenkel excitons, as opposed to Wianner-Mott ones, whose binding energy are much lower than k b T (≈ 10 meV) since their radius is usually larger than the crystal lattice [START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF]. This strong binding energy allows us to describe the whole photophysics within the exciton picture. For instance, a molecule promoted to an excited singlet state will be referred to as a S 1 (or singlet excited) exciton. 

Jablonski-Perrin diagram of organic systems

First excited singlet state: lifetime and luminescence quantum yield

Once an exciton is formed in the first excited singlet state S 1 , two routes exist towards a relaxation to the ground state S 0 : by the emission of a photon or because of vibrations and/or rotations of the molecule. As discussed in Section 1.1.4, the emission of a photon can be stimulated by another photon or spontanenous. However, molecular properties will only be discussed in the absence of lasing here. When an S 1 exciton undergoes spontanenous de-excitation, it emits one photon in a pure random direction, phase and polarization: this is fluorescence. The rate at which it occurs is denoted by k r (s -1 ) and is closely related to the singlet-singlet absorption cross section via the following formula [START_REF] Strickler | Relationship between Absorption Intensity and Fluorescence Lifetime of Molecules[END_REF][START_REF]The relations between the fluorescence and absorption properties of organic molecules[END_REF]:

k r = 8πcn 3 e n a σem f (λ)dλ σem f (λ)λ 3 dλ σ abs σ abs (λ) λ dλ (1.12)
where n e and n a are the average refractive index in the emission and absorption spectral regions, respectively. f is the λ-dependent fluorescence emission spectrum, whereras σ abs and σ em are the absorption and emission cross sections of the S 0 → S 1 transition. Because the spontanenous de-excitation of an excited exciton can end on any vibrational sub-level of the ground state, the fluorescence sprectrum of one compound is not narrow, as discussed in Section 1.1.4 and Figure 1.6. Besides, giving the important density of rotational and vibrational level of π-conjugated systems, some molecules fluorescence spectra can span over 100 nm.

On the other hand, the non-radiative de-excitation of an exciton is referred to as internal conversion, the rate at which it occurs is denoted by k nr . Since it is related to the possibilities for molecules to vibrate and rotate, k nr can be greatly influenced by environmental parameters such as the temperature of the gain medium [START_REF] Zhao | Thermal effects in thin-film organic solid-state lasers[END_REF], or the solvent in which it is diluted [START_REF] Smith | Solvent dependence of the nonradiative decay rate of methyl salicylate[END_REF][START_REF] Hoche | The origin of the solvent dependence of fluorescence quantum yields in dipolar merocyanine dyes[END_REF]. Typical k nr values reported in the literature scale between 10 8 and 10 9 s -1 [START_REF] Hoche | The origin of the solvent dependence of fluorescence quantum yields in dipolar merocyanine dyes[END_REF][START_REF] Casey | Effect of solvent polarity on nonradiative processes in xanthene dyes: Rhodamine B in normal alcohols[END_REF][START_REF] Berezin | Fluorescence Lifetime Measurements and Biological Imaging[END_REF]. Taking both pathways into account, the equation ruling the singlet density can be written as:

dS 1 dt = -(k r + k nr )S 1 (t) (1.13)
and be solved to reach the following exponential dynamics:

S 1 (t) = e -(kr+knr)t = e -t/τ f (1.14)
where Another useful characteristics of light emitting compounds is their PhotoLuminescence Quantum Yield (PLQY), which describes more efficiently the capabilities of one molecule to emit light. It is defined as [START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF][START_REF] Valeur | Molecular fluorescence: principles and applications[END_REF]:

τ f = (k r + k nr ) -1
φ F = k r k r + k nr = τ f τ rad (1.15)
and can go from 0 to 1. It consists of an intuitive ratio between the radiative decay from S 1 to S 0 and all other de-excitation processes. If k r is equal to k nr , the molecule will have a PLQY of 50%. In the case of highly fluorescent compounds for instance, which have by definition a weak Spin-Orbit Coupling (SOC) or a short fluorescence lifetime, it generally scales much lower than k nr and therefore, do not influence much their PLQYs. On the other hand, k r and k nr can decrease by three orders of magnitude in the case of organo-metallic complexes such as far-Ir(F 2 ppy) 3 in which they have been measured around 10 5 s -1 in different solvents [START_REF] Shuai | Organic light-emitting diodes: theoretical understanding of highly efficient materials and development of computational methodology[END_REF]. It should also be highlighted that φ F does not take into account stimulated emission in the possible decay channels, as it is always measured in absence of lasing for a better comparison with other materials. The higher φ F , the better, since it means that a greater proportion of excitons on the S 1 state will be useful to the luminescence. Among other parameters that can influence PLQYs, there is the concentration of active molecule in the gain medium. Indeed, when the density of chromophores inside the active volume becomes important, a so-called concentration quenching occurs, meaning that numerous intermolecular processes leading to non-radiative decay arise thanks to this high density and as a result, the luminescence of the material can be dramatically impacted.

For instance, it can lead to what is called π-stacking 6 , where the 2p z orbitals of several molecules stack each other, which decreases the overall gain medium luminescence [START_REF] Würthner | Perylene bisimide dyes as versatile building blocks for functional supramolecular architectures[END_REF]. These types of quenching obviously depends on the conformation of the molecule, as one fully planar will tend to stack more easily. Moreover, a high concentration can lead to more collision between active molecules [START_REF] Szabelski | Collisional quenching of erythrosine b as a potential reference dye for impulse response function evaluation[END_REF], which can facilitate non-radiative de-excitations. It is especially relevant in liquid configurations where molecules have much more degrees of freedom than in solid thin films.

First excited triplet state 1.2.4.1 The generation of triplet excitons

The generation of triplets originates from two distinct methods: An optical excitation of the gain medium or by the use of an electrical current. In the first case, the building of the triplet population arises from, at first, the absorption of a photon by the ground state S 0 whose energy matches the S 0 → S 1 transition. In the case of electrical injection though, triplets accumulate thanks to the creation of eletron-hole pairs. Both approaches are sketched on Figure 1.16. 

Optical injection

As stated, the building of the triplet population by optical injection requires in the first place a certain density of singlet excitons. The first and most important interaction giving rise to triplets is referred to as InterSystem Crossing (ISC) [START_REF] Köhler | Triplet states in organic semiconductors[END_REF][START_REF] Penfold | Spin-Vibronic Mechanism for Intersystem Crossing[END_REF][START_REF] Michael | Phosphorescence and the Role of the Triplet State in the Electronic Excitation of Complex Molecules[END_REF], it can be represented as on Figure 1.17 (left) and by the following simple process:

S 1 k ISC --→ T 1 (1.16)
where S 1 denotes the first excited singlet state (which is populated by ground state photon absorption) and T 1 the first excited triplet state, whose energy level is lower so that ISC is in direct competition with the de-excitation roads from S 1 to S 0 . The reason for this non-zero probability of a transition between two electronic states with different spins comes from a relativistic effect known as Spin-Orbit Coupling (SOC). In a semi-classical view, SOC can be described as the interaction between the magnetic field generated from the motion of an electron around its nucleus and the one generated from its spin. Thus, k ISC can be expressed as:

k ISC = 2π h | ψ T 1 | H SOC |ψ S 1 | 2 [FCWD] (1.17)
where ψ S 1 and ψ T 1 denotes the singlet and triplet state wavefunctions, respectively. H SOC is the SOC hamiltonian between both states, and FCWD accounts for the Franck-Condon Weighted Density, meaning that there must be an overlap between the wavefunctions of the states involved for ISC to be efficient. More, this interaction can also be seen in terms of pure, well defined electronic states, which in the case of a pronounced SOC is no longer accurate. Instead, the triplet state is mixed with singlet ones is written as [START_REF] Köhler | Triplet states in organic semiconductors[END_REF]:

| T1 = |T 1 + n S n |H SOC |T 1 E(T 1 ) -E(S n ) |S n (1.18)
where T1 denotes the excited triplet state perturbed by SOC while S n is the unperturbed nth singlet state. The same development could be applied to the ground state S 0 , but the effect of SOC on it would be negligible since the energy difference between these two states is quite large. A direct consequence of this perturbation is that the scalar product T1 |S 1 no longer vanishes, opening the way to previously forbidden transitions.

Since H SOC is directly proportional to Z 4 the atomic charge, the most efficient way to increase ISC is via the implementation of heavy atoms inside the gain medium [START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Köhler | Triplet states in organic semiconductors[END_REF]. In fact, organometallic complexes (Platinum, Iridium, and so on) are widely used in phosphorescent light emitting diodes, as it allows one to easily reach an emission efficiency close to unity from the triplet state [START_REF] Baldo | Highly efficient phosphorescent emission from organic electroluminescent devices[END_REF][START_REF] Adachi | Forrest. Nearly 100% internal phosphorescence efficiency in an organic lightemitting device[END_REF][START_REF] Zhang | Deep red PhOLED from dimeric salophen Platinum(II) complexes[END_REF][START_REF] Xiang | High-efficiency red electrophosphorescence based on neutral bis(pyrrole)-diimine platinum(ii) complex[END_REF]. Typical intersystem crossing rates scale around 10 7 s -1 [START_REF] Cogan | Intersystem crossing at singlet conical intersections[END_REF][START_REF] Pavia | A small-scale approach to organic laboratory techniques[END_REF][START_REF] Ford | Enhanced triplet exciton generation in polyfluorene blends[END_REF] but can be orders of magnitude higher when heavy atoms are incorporated, as in the case of Ir(piq) 3 , for which Hedley et al. reported that ISC occurs within less than 100 fs after the initial excitation [START_REF] Hedley | Ultrafast Intersystem Crossing in a Red Phosphorescent Iridium Complex[END_REF].

Moreover, it has been shown by Jian et al. that ISC could be increased thanks to the presence of molecular aggregates in the gain medium [START_REF] Yang | Aggregation-induced intersystem crossing: a novel strategy for efficient molecular phosphorescence[END_REF], paving the way for a more efficient phosphorescence. An other way to populate the triplet state, firstly described in 1965 to explain the photophysics of anthracene [START_REF] Singh | Laser Generation of Excitons and Fluorescence in Anthracene Crystals[END_REF], is called Singlet Fission (SF), whereby the energy of an excited singlet state is split into two, producing two T 1 excitons. SF is illustrated on Figure 1.17 (right) and even though it involves more complex routes [START_REF] Barzda | SingletSinglet Annihilation Kinetics in Aggregates and Trimers of LHCII[END_REF][START_REF] Fron | SingletSinglet Annihilation Leading to a Charge-Transfer Intermediate in Chromophore-End-Capped Pentaphenylenes[END_REF], it is usually summarized as [START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF]:

S 0 + S 1 → T 1 + T 1 (1.19)
SF has been observed after that in tetracene [START_REF] Merrifield | Fission of singlet excitons into pairs of triplet excitons in tetracene crystals[END_REF][START_REF] Swenberg | Bimolecular radiationless transitions in crystalline tetracene[END_REF] and in other molecular complexes with similar structures [START_REF] Smith | Recent Advances in Singlet Fission[END_REF]. Because there are a lot of restrictions on the molecule conformations, recent approaches towards pratical applications use computational methods to explore whether or not different structures would exhibit singlet fission [START_REF] Messelberger | Carbene derived diradicaloids building blocks for singlet fission[END_REF][START_REF] Casanova | Theoretical Modeling of Singlet Fission[END_REF]. Although there is still no clear roadmap, it is commonly admitted that an efficient SF is only possible if the energy of the S 1 is at least twice the energy of the T 1 state, drastically limiting the number of potential SF friendly materials.

Electrical injection

Contrarily to the generation of triplets via ground state absorption followed by ISC or SF, they can also be formed after an electrical excitation of the gain medium. A current injection through electrodes will result in the placing or the removing of electrons in the entire active volume. Then, electrons and holes can diffuse until they are attracted to each other to recombine on an active site and emit a photon. Following spin statistics mathematics, 25% of the recombinations will produce a singlet state, while the remaining 75% will be triplets (see Equation 1.10).

Considering the high proportion of triplets, electrical stimulation represents an easier solution when aiming at the emission of light from the triplet state, as it does not require additional direct or indirect methods to harvest singlets. Besides, ISC still occurs from S 1 to T 1 , which improves the overall efficiency. Fluorescent materials on the other hand rely on additional processes to harvest the triplets back to the S 1 level to obtain luminescence.

Lifetime

In theory, the very same description could be applied to the T 1 state as what has been done for the S 1 state, since the former is also prone to radiative and nonradiative processes to relax towards the ground state. However, because of the quantum mechanically forbidden nature of the T 1 → S 0 transition, the emission cross section of most compounds (especially fluorescent ones) scale so low compared to those of S-S transitions that it is not counted as a relevant pathway [START_REF] Chua | Modeling of threshold and dynamics behavior of organic nanostructured lasers[END_REF][START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF][START_REF] Sahar | Impact of excitonic and photonic loss mechanisms on the threshold and slope efficiency of organic semiconductor lasers[END_REF][START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF]. Thus, the triplet lifetime of organic molecules τ t will only account for the non-radiative de-excitation in this work.

These negligible emission cross sections are the reason why excited triplet states are often referred to as dark states. Of course, light cannot be emitted from these states but more importantly, excitons located on this energy level are trapped for very long times because of the low probability for one to de-excitate even nonradiatively back to the ground state, causing an impactful depletion of the ground state. Hence, the lifetime of this dark state T 1 is typically three to five orders of magnitude higher than the fluorescence lifetime, as presented in 

Triplet absorption

An exciton lying on the T 1 state also has the possibility to absorb a photon and be promoted to a higher-lying state referred to as T n7 . This process, known as Triplet Absorption (TA) or triplet-triplet absorption, is also represented on Figure 1.15. Since T 1 → T n transitions are allowed thanks to the spin of the two states involved, triplet absorption cross sections are found to be of the same order of magnitude as singlet-singlet transitions (≈ 10 -16 cm 2 ) in most organic compounds [START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF].

We will see that this is of paramount interest when it comes to achieving lasing under long-pulsed excitation, as the non-linear nature of lasing regimes makes them very sensitive to photon losses inside the cavity.

Thermally actived delayed fluorescence

Although ISC and TA are common to the vast majority of π-conjugated materials, some of them exhibit properties that allows other phenomena to occur, this is the case of the so-called Thermally Activated Delayed Fluorescence (TADF) materials. What distinguishes these compounds from others is their small energy gap between the first excited singlet and triplet states. Whereas typical energy gaps ∆E ST scale around 0.7 eV [START_REF] Köhler | Triplet states in organic semiconductors[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF], the gap of TADF materials is usually lower than 200 meV [START_REF] Tsuchiya | Exact Solution of Kinetic Analysis for Thermally Activated Delayed Fluorescence Materials[END_REF]. With an energy difference much closer to k b T , Reverse InterSystem Crossing (RISC), which is the perfect opposite of ISC, becomes allowed.

T 1 k RISC ---→ S 1 (1.20)
Here, k RISC denotes the fixed rate (s -1 ) at which triplets are upconverted back to the fluorescence level. In the last decade, these materials have been the center of a significant attention within the organic device community as it represents a very promising route for 100% fluorescence efficiency [START_REF] Uoyama | Highly efficient organic light-emitting diodes from delayed fluorescence[END_REF]. As shown on Figure 1.18, the most popular approach for the design of TADF materials consists of getting a really poor overlap between donor and acceptor molecules of the chromophores by setting them apart and on different plans, hence the common use of twisted molecules [START_REF] Nakanotani | Thermallyactivated Delayed Fluorescence for Light-emitting Devices[END_REF]. This poor overlap between the LUMO and HOMO band has for consequence the decrease of the energy difference between S 1 and T 1 states, which eases RISC process since k RISC can be expressed in terms of gap law:

k RISC ∝ exp - ∆E ST k b T (1.21)
with k b the Boltzmann's constant and T the temperature of the gain medium.

The delayed nature of the fluorescence of TADF materials comes from the need of a populated triplet state for RISC to be efficient. In the case of a very brief excitation (ns), the fluorescence of a normal molecule will vanish within a few nanoseconds, depending on its fluorescence lifetime. But, because triplets generated by ISC from this brief excitation have a very long lifetime, they can be upconverted back to S 1 for a long time after the excitation through RISC, leading to a longer (but much weaker) light emission. The delayed fluorescence induced by RISC is illustrated on Figure 1.19, where k RISC can be evaluated from the temporal integral of the delayed light emission. 

Energy transfers

Several processes that rely on absorption or different types of transitions from one state to another have already been presented. However, the photophysics of π-conjugated systems is more complex, as the multiplicity of spin states allows interactions between excitons to occur that are all ruled by two types of energy transfers: Förster and Dexter tranfers. The purpose of this subsection is then to present both in order to understand the origin of interactions that will be investigated further in this work.

Förster type

An excited donor molecule (D*) can interact at long range with an energy accepting molecule (A) via a Fluorescent Resonant Energy Transfer (FRET) or simply a Förster transfer [START_REF] Valeur | Molecular fluorescence: principles and applications[END_REF]. This non-radiative dipole-dipole interaction has been theorized in 1948 by Förster [START_REF] Th | Zwischenmolekulare Energiewanderung und Fluoreszenz[END_REF]. As illustrated in Figure 1.20, the excited donor is quenched by transferring its energy to an accepting site, promoting the latter to a higher-lying electronic state. The probability for a molecule to be transferred from an initial state i to a final state f by a FRET mechanism is based on Fermi's golden rule [START_REF] Fermi | Nuclear physics[END_REF], where in Equation 1.23 i|H |f is the interaction matrix element of the perturbation H between two eigenstates of the system.

Γ i→f = 2π | f |H |i | 2 δ(E f -E i ) (1.23) 
The Dirac function8 implies that the energies of the states involved have to match in order for the probability Γ not to vanish. Therefore, there must be an overlap between the emission spectrum of the donor and the absorption spectrum of the acceptor for a Förster transfer to be efficient, as sketched on Figure 1.21. An evaluation of the matrix element coupled with the integration of both spectra allows the total FRET rate to be expressed as Equation 1.24 [START_REF] Valeur | Molecular fluorescence: principles and applications[END_REF], where τ D is the fluorescence lifetime of the donor in the absence of acceptor and r the distance between the two molecules.

k FRET = 1 τ D R 0 r 6 (1.24)
R 0 the Förster radius is defined as the distance for which a spontaneous deexcitation of the donor and an energy transfer to the acceptor are equally probable, it is expressed as [START_REF] Robert | Chapter 1 Förster resonance energy transferFRET what is it, why do it, and how it's done[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF]:

R 6 0 = 2.07×10 4 128π 5 N A κ 2 φ D n 4 f D (λ) A (λ)λ 4 dλ (1.25)
where κ is the orientation factor of the molecules, φ D the fluorescence quantum yield of the donor, N A the Avogradro constant, and n the average refraction index of the gain medium where the spectra overlap. f D (λ) is the normalized fluorescence spectrum of the donor and (λ) the molar absorption coefficient of the acceptor. The efficiency ρ of this transfer defined in Equation 1.26 is mostly driven by the ratio r/R 0 , reaching 50% when r = R 0 and quickly decreasing when the distance between the molecules becomes important. As a matter of fact, the r 6 dependency prevents such transfers from happening beyond 10nm in organic compounds, and every measured or calculated R 0 in different molecules scale between 1 and 10 nm [START_REF] Valeur | Molecular fluorescence: principles and applications[END_REF]. This theoretical dependency over r has been confirmed for the first time in 1967 by Wilchek et al. using Tryptophyl [START_REF] Edelhoch | Fluorescence Studies with Tryptophyl Peptides *[END_REF].

ρ = 1 + r R 0 6 -1 (1.26)
Förster transfers are especially important in so-called host-guest systems where two light-sensitive molecules at mixed together in a solution or in a solid film. Figure 1.21 shows the general idea:

1. The first molecule (the donor) is excited at a given wavelength accordingly to its absorption spectrum (here, in blue).

2. Considering the Stokes shift between its emission and absorption spectra, it will then emit photons at longer wavelengths.

3. Thanks to the overlap (in grey) between the emission spectrum of the donor and the absorption spectrum of the second molecule (the acceptor). Photons emitted in the green will be absorbed immediately by accepting molecules. 

Dexter type

Dexter transfer, on the other hand, is a short range interaction whereby an excited donor D* and an acceptor A simultaneously exchange charge carriers (an electron from the former, a hole from the latter) [START_REF] Dexter | A Theory of Sensitized Luminescence in Solids[END_REF]. This process is sketched on Figure 1.22 and its rate is expressed in Equation 1.27. Because it decreases exponentially with r the distance between the two molecules [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF], it can only happen if there is a spatial overlap of the exciton wavefunctions. The typical distance for a Dexter exchange is therefore no more than 1 nm in most cases,

k DEXT ∝ exp -2r L (1.27)
where L is related to the average distance between molecules inside the gain medium [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF]. Altough its finality is the same as a Förster transfer, the fact it does not have to be dipole-allowed means that transitions between singlet and triplet states are probable.

Bi-exciton mechanisms in organic semiconductors

In this section, some of the most important bi-exciton interactions (which are based after either Förster or Dexter exchange) occuring in organic media under electrical or optical stimulation will be presented.

Singlet-triplet annihilation

Singlet-Triplet Annihilation (STA) is described as a dipole-dipole interaction between an excited singlet state S 1 and a triplet state T 1 . As expressed in Equation 1.28, the singlet exciton is transferred to the ground state (without the emission of a photon) at a rate k STA (cm 3 .s -1 ) whereas the triplet exciton is promoted to a higher excited triplet state of energy T n [START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF].

S 1 + T 1 → S 0 + T n (1.28)
Then, the T n exciton quickly de-excitates in a non-radiative way back to the first excited triplet state, as this is the most efficient pathway [START_REF] Köhler | Triplet states in organic semiconductors[END_REF].

T n → T 1 + heat (1.29)
STA can therefore be modeled as:

dS 1 dt = -k STA S 1 T 1 (1.30)
Both transitions S 1 → S 0 and T 1 → T n being allowed by the spin selection rule, STA can be described within the framework of long range Förster interactions. As such, it is proportional to the overlap between the fluorescence emission and triplet absorption spectra of the molecule, without the need for the wavefunctions to overlap.

Triplet-triplet annihilation

Triplet-Triplet Annihilation (TTA) occurs between two excitons located on the triplet state of energy T 1 of a molecule, it was described for the first time as a delayed fluorescence in highly concentrated anthracene solutions [START_REF] Parker | Delayed Fluorescence from Solutions of Anthracene and Phenanthrene[END_REF]. Because it involves more complex roads, TTA cannot be described by a simple graphic representation such as STA, but can be simplified and written as Equation 1.31 [START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF].

T 1 + T 1 → T n + S 0 ζ -→ S 1 + S 0 1-ζ --→ T 1 + S 0 (1.31)
When two triplet excitons interact, one of them is promoted to a higher-excited T n state whereas the other is transferred instantly to the ground state S 0 . It is attributed to the promoted exciton a probability ζ (0 ≤ ζ ≤ 1) to get transferred by a cascade of non-radiative de-excitations to the fluorescence level S 1 , and a probability 1 -ζ to circle back to T 1 . Therefore, TTA is seen as a loss for the triplet population and shall be modeled as Equation 1.32 [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF].

dT 1 dt = -2k TTA T 2 1 + (1 -ζ)k TTA T 2 1 = -(1 + ζ)k TTA T 2 1 (1.32)
The first term represents the initial annihilation of two triplets at a rate k TTA (cm 3 .s -1 ) and the second stands for the proportion 1-ζ of higher-lying excitons that circle back to the T 1 state.

This interaction involves a forbidden T 1 → S 0 transition. Hence, it can only be explained by a Dexter mechanism, meaning that both wavefunctions have to overlap for TTA to be efficient, as discussed in Section 1.2.5.2. Its strength will mostly be driven by the density of active molecule inside the gain medium, so that the probability for molecules to be at very close range no longer vanishes. This is why it is thought to have an influence on the population dynamics only in highly concentrated solid films or solutions [START_REF] Köhler | Triplet states in organic semiconductors[END_REF]. The excitation power density has also to be taken into account: the density of triplet excitons created by intersystem crossing or other pathways has to be high enough so that when two molecules or more collide, TTA can occur.

The proportion ζ of singlets generated by TTA is often set to 0.25 [START_REF] Sahar | Impact of excitonic and photonic loss mechanisms on the threshold and slope efficiency of organic semiconductor lasers[END_REF][START_REF] Zee | Origin of the Efficiency Roll-Off in Single-Layer Organic Light-Emitting Diodes Based on Thermally Activated Delayed Fluorescence[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF][START_REF] Chua | Modeling of threshold and dynamics behavior of organic nanostructured lasers[END_REF][START_REF] Denis | Triplettriplet annihilation in highly efficient fluorescent organic light-emitting diodes: current state and future outlook[END_REF] by analogy to the spin statistics of an exciton created by the spin of an electron-hole pair. However, as stated before, Equation 1.31 is a simplification of the real consequences of the collision of two triplets and therefore fails at precisely describing the whole process. Indeed, the collision of two triplet state wavefunctions results in charges distributed accordingly to the following spin statistics [START_REF] Bossanyi | Spin Statistics for TripletTriplet Annihilation Upconversion: Exchange Coupling, Intermolecular Orientation, and Reverse Intersystem Crossing[END_REF][START_REF] Köhler | Triplet states in organic semiconductors[END_REF]:

1 9 S + 1 3 T + 5 9 Q (1.33)
where S is the singlet state, T the triplet state, and Q a quintet state. If this last spin state has not been mentioned earlier, it is because Density Functional Theory (DFT) calculations indicate that a so called quintet level of energy is not compatible with most organic compounds due to its high endergonicity [START_REF] Dick | Accessibility of the lowest quintet state of organic molecules through triplet-triplet annihilation; an indo ci study[END_REF][START_REF] Denis | Triplettriplet annihilation in highly efficient fluorescent organic light-emitting diodes: current state and future outlook[END_REF]. Therefore, it is usually assumed in the framework of organic light emitting devices that charges annihilated via TTA do result in the spin statistics of Equation 1.33, and that the portion on the quintet state relaxes instantly considering its nonstability with time [START_REF] Monguzzi | Low power, non-coherent sensitized photon up-conversion: modelling and perspectives[END_REF]. Hence, the overall spin statistics after having taken this assumption into account ends with 75% of triplets and 25% of singlets.

The most complete and recent description of triplet-triplet annihilation and its spin statisctics has been provided by Clark et al. [START_REF] Bossanyi | Spin Statistics for TripletTriplet Annihilation Upconversion: Exchange Coupling, Intermolecular Orientation, and Reverse Intersystem Crossing[END_REF]. In their work, they included various factors that are thought to influence the value of ζ such as the orientation between active molecules, the energy of the first excited triplet state, and reach values for ζ going from 0.2 to 0.66, affecting the overall excitons populations dynamics.

Regarless of the value of ζ, it is straightforward to picture why TTA is of the utmost importance in many systems, since it contributes to the quenching of the triplet population and at the same time to the filling of the fluorescence level. It is especially impactful where triplets are abundant, such as for electrical stimulations.

Singlet-singlet annihilation

Singlet-Singlet Annihilation (SSA) describes an interaction between two singlet excitons [START_REF] Baldo | Excitonic singlet-triplet ratio in a semiconducting organic thin film[END_REF][START_REF] Nakanotani | Singlet-singlet and singlet-heat annihilations in fluorescence-based organic light-emitting diodes under steady-state high current density[END_REF] which can be summarized by the following reaction:

S 1 + S 1 → S 0 + S n ζ -→ S 1 + S 0 1-ζ --→ T 1 + S 0 (1.34)
Here, a S 1 exciton transfer its energy to the second and then relaxes to the ground state. The later gets promoted to a higher-lying S n state, and then can circle back to the fluorescence or relax onto the triplet state T 1 . The probability that it circles back is denoted ζ, hence the (1 -ζ) probability to generate a triplet state. The value of ζ is assumed in many studies to be ruled by spin-stastistics rules in electrical excitation configuration ( 14 S 1 + 3 4 T 1 ) [START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF]. SSA is modeled in the singlet equation similarily to TTA for the triplet equation:

dS 1 dt = -(2 -ζ)k SSA S 2 1 (1.35)
Relevant principles of intermolecular interactions have been covered in this section. This introduction to the world of organic electronics ends with the brief presentation of a couple of applications that take advantage of the photophysics above-mentioned, and that I personally found quite interesting to discuss during my studies.

Some applications of organic electronics

Recently, continuous-wave phosphorescent tags for imaging applications have been developed. More, they are found to be easily programmable thanks to a monitoring of the oxygen local concentration [START_REF] Gmelch | Programmable transparent organic luminescent tags[END_REF][START_REF] Gmelch | High-Speed and Continuous-Wave Programmable Luminescent Tags Based on Exclusive Room Temperature Phosphorescence (RTP)[END_REF]. First, the oxygen is quench locally using masks and a strong UV source. Reineke et al. showed that with a second low power UV source it was possible to excitate continuously triplet excitons to obtain phosphorescence, since they are not quench by oxygen any longer. The only requirements was for the material to have, of course, a high phosphorescence quantum yield φ T and a short triplet state lifetime. To cancel the emission and/or change the image, one just has to turn off the UV excitation so that oxygen can diffuse homogeneously inside the gain medium.

Because the photoactivation of proteins in biological tissues requires visible light radiation that cannot propagate easily in such media, triplet-triplet annihilation is used with metal complexes [START_REF] Amemori | Near-Infrared-to-Visible Photon Upconversion Sensitized by a Metal Complex with Spin-Forbidden yet Strong S 0 T 1 Absorption[END_REF] or more biocompatible moisture like hydrogels [START_REF] Sasaki | Near-Infrared Optogenetic Genome Engineering Based on Photon-Upconversion Hydrogels[END_REF] to upconvert NIR radiation (which penetrates through skin more easily) to a blue emission, capable of proteine activation. Moreover, the recent progresses regarding the use of hydrogels has numerous potential applications in optogenetics and the non-destructive analysis of deep tissues. Regarding biomedical applications, Huang et al. reported the use of organic scintillators as X-ray detectors coming from irradied samples [START_REF] Wang | Organic phosphors with bright triplet excitons for efficient X-ray-excited luminescence[END_REF]. They showed that using organic compounds allow the reduction of X-ray doses by a factor of 167 compared to standard detection techniques.

Obviously, the application of organic electronics that comes instantly in mind is Organic Light Emitting Diodes (OLEDs), as it has literally revolutionized the imaging industry, from the first Samsung AMOLED display in 2009 and the first 55" OLED TV in 2012, to the foldable TVs and mobile screens aiming at a mass commercialization within the next few years. Even though this technology seems rather recent in our lives, its roots can be traced back into the 1950's with the works of Bernarose et al. [110,[START_REF] Bernanose | Sur un nouveau mode d'émission lumineuse chez certains composés organiques[END_REF][START_REF] Bernanose | Sur le mécanisme de lélectroluminescence organique[END_REF], who were the first to report luminescence from an organic compound under electrical stimulations. As pictured on Figure 1.23, what is now called the first generation of OLED relied on simple fluorescent emitters that were excited by the means of electrodes. However, we have seen in this introduction that a huge portion of excitons formed by electron-hole pair recombinations ended up on dark triplet states. This explains why, whether it is red, green, or blue, this generation has never exhibited an interesting efficiency and/or brightness. To overcome the triplet problem, researchers decided to embrace these long lived excitons by the use of novel, highly phosphorescent materials, coupled with metal complexes inside the gain medium to enchance ISC via spin-orbit coupling, as described in Section 1.2.4.1. But, since the light emission from triplets is usually largely red-shifted from the fluorescence, no material that could provide an efficient blue emission has ever been found, contrarily to red and green emitters. Therefore, the second generation always had to work with inefficient, blue emitters from the previous generation to cover all the spectrum. In 2012 however, Adachi et al. reported the first efficient OLED covering the whole visible spectrum without using phosphorescence [START_REF] Uoyama | Highly efficient organic light-emitting diodes from delayed fluorescence[END_REF]. Instead, they used a TADF material to harvest the 75% excitons on the triplet state to the fluorescence, as discussed in Section 3.4.3.3. These progresses constitutes the more recent generation of OLED to date.

Summary

Thanks to partial overlaps of unhybridized π-orbitals along single and double carbon bonds chains, π-conjugated materials allow the excitation of delocalized electrons through π-π * transitions and their diffusion along the carbon backbone of the molecule. But, because of OSCs lower dielectric constant and the localization on one active site of the electron-hole pair formed by the absorption of a photon, the resulting quasi-particule referred to as an exciton has a binding energy much higher than k b T at room temperature, making it quite stable and allowing us to treat the photophysics of excited states in OSCs within the exciton framework.

Contrarily to their inorganic counterparts, OSCs exhibit a well defined triplet state T 1 whose energy is lower than the one of the S 1 state. Besides, the energy difference ∆E ST between both states scales around 0.7 eV in most compounds, meaning that the T 1 state has to be taken into account in the physics of OSCs. In addition to the classical fluorescence, a direct consequence for excitons located on the S 1 state is that they can be transferred to the triplet state via intersystem crossing. Moreover, the forbidden nature of the T 1 → S 0 results in a very long triplet state lifetime, meaning that S 1 excitons that could be useful for luminescence are trapped, hence the dark state terminology.

From the T 1 state, many processes that excitons can undergo whilst trapped have been described. First, it can undergo triplet absorption by absorbing a photon if its energy is appropriate, which will be interesting to study when coupled with a cavity and lasing photons propagating back and fourth inside the gain medium. Then, T 1 excitons can also interact with other molecules located on other active molecules under certain conditions. If the ground state absorption spectrum overlaps with the triplet absorption one, STA can occur at long range and quench the S 1 density. On the other hand, TTA can occur between two T 1 excitons at close range if there is an overlap between both molecular wavefunctions. Because this mechanism fills the S 1 population and also artificially reduces the triplet state lifetime, it has been described as a promising route to harvest more excitons for light emitting devices. At last, a novel class of materials, exhibiting TADF, has been depicted, as their conformation results in a very small energy gap between the S 1 and T 1 state. The consequence is the possibility for this materials to upconvert very efficiency triplets back to the fluorescence thanks to reverse intersystem crossing.

Organic semiconductors lasers

Because the capabilities of organic molecules to conduct charge carriers had been discovered back in 1950 by Akamatu et al. [START_REF] Akamatu | On the Electrical Conductivity of Violanthrone, Iso-Violanthrone, and Pyranthrone[END_REF], it was only a question of time before the first luminescence coming from an organic compound is reported. It happened 16 years later (six years after the invention by Maiman of the first Ruby laser [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF]) when Helfrich et al. electrically pumped anthracene crystals and observed luminescence, which was explained by the recombination of electron-hole pairs [START_REF] Helfrich | Recombination Radiation in Anthracene Crystals[END_REF], as described in Section 1.2.4.1. Surprisingly, the first organic laser was reported just one year after that, optically pumped by a Q-switched ruby laser of a liquid solution of phthalocyanine [START_REF] Schäfer | ORGANIC DYE SO-LUTION LASER[END_REF].

However, as discussed in Section 1.2.1.2, organic compounds have the peculiarity to exhibit a well defined, dark triplet state whose lifetime is much longer than the fluorescence (see Section 1.2.2). Thus, the fast accumulation of triplets with time makes the population inversion no longer possible and as a result, causes the premature death of the lasing pulse. Exciton annihilation losses coupled with important elevations of temperature had prevented in the first place organic lasers to operate in a continuous-wave regime [START_REF] Whinnery | Laser measurement of optical absorption in liquids[END_REF][START_REF] Ippen | Rapid photobleaching of organic laser dyes in continuously operated devices[END_REF][START_REF] Snavely | Flashlamp-excited organic dye lasers[END_REF], regardless of the gain medium configuration.

Liquid dyes lasers

A solution to overcome the triplet and temperature problem has been proposed in 1970 with a liquid solution of Rhodamine 6G as the gain medium [START_REF] Peterson | cw OPERATION OF AN ORGANIC DYE SOLUTION LASER[END_REF]. The breakthrough here did not rely on molecular properties but rather on a novel setup idea. The problem being that molecules in the pumping volume were trapped in dark states or bleached by thermal effects, Peterson et al. introduced a flowing configuration of the solution to continuously renew the pool of relaxed molecules available to undergo ground state absorption S 0 → S 1 . Such a setup is schematically illustrated on Figure 1.24. Since molecules trapped on the T 1 state are moved out of the pumping volume for a long time (long enough for them to deexcitate back to the ground state non-radiatively) and replaced by S 0 molecules, triplets are no longer part of the problem. In addition, the constant replacement of molecules allows for the heat generated by vibrations of the active molecules to be dissipated very efficiently, resulting in no more processes to quench the population inversion and thus, an endless lasing emission. This setup was largely used after that to obtain CW emission from other organic compounds [START_REF] Yarborough | cw dye laser emission spanning the visible spectrum[END_REF] such as coumarin derivatives [START_REF] Reynolds | New coumarin dyes with rigidized structure for flashlamp-pumped dye lasers[END_REF], exploring emission wavelengths that could not be obtained from inorganic semiconductors.

It has been stated in Section 1.2.2 that the fluorescence spectrum of organic compounds could be much broader than most of their inorganic conterparts, mostly because of an important density of sub-levels due to vibrations/rotations possibilities of long carbon atoms chains. As such, organic lasers were prime candidate for modelocking, as the width of the pulse that can be obtained is inversely proportional to the number of lasing modes [START_REF] Siegman | Lasers. Univ. Science books[END_REF]. One requirement is a lasing pulse duration longer than the build-up time of the mode-locking, which has been solved by the flowing circulation of the molecules in the case of liquid dyes. This regime has allowed in the 70's the achievement of the very first picosecond lasing pulses [START_REF] Dienes | A Mode-Locked cw Dye Laser[END_REF][START_REF] Ippen | Passive mode locking of the cw dye laser[END_REF][START_REF] O'neill | Picosecond pulses from a passively mode-locked cw dye laser[END_REF], followed by the first sub-picosecond emission two years later with the help of a liquid saturable absorber [START_REF] Shank | Subpicosecond kilowatt pulses from a modelocked cw dye laser[END_REF].

Moreover, researchers quickly took advantage of organic molecules broad emission spectra to obtain very tunable lasing emission, thanks to the addition inside the cavity of dispersive elements that shift the wavelength of the lasing peak [START_REF] Shank | TUNABLE DISTRIBUTED-FEEDBACK DYE LASER[END_REF][START_REF] Denton | TUNABLE ORGANIC DYE LASER AS AN EXCITATION SOURCE FOR ATOMIC-FLAME FLUO-RESCENCE SPECTROSCOPY[END_REF][START_REF] Soffer | CONTINUOUSLY TUNABLE, NARROW-BAND ORGANIC DYE LASERS[END_REF]. This is useful for applications where a small range of wavelengths is required, as well as when a very specific wavelength is needed. For instance, tunable dye lasers have allowed the study of the fine structure of sodium via a highresolution spectroscopy setup [START_REF] Hänsch | High-Resolution Saturation Spectroscopy of the Sodium D Lines with a Pulsed Tunable Dye Laser[END_REF]. More practical, it has also allowed researchers to reach a 577 nm emission to treat port wine stains without any nonselective destruction of tissue [START_REF] Morelli | Tunable dye laser (577 nm) treatment of port wine stains[END_REF], which was occuring with the initial setup used to treat this desease, namely the ruby laser invented by Maiman [START_REF] Solomon | Histopathology of the laser treatment of port-wine lesions: biopsy studies of treated areas observed up to three years after laser impacts[END_REF]. The clever setup of Telle and Tang even allowed the shifting of the lasing wavelength at the nanosecond scale [START_REF] Telle | Very rapid tuning of cw dye laser[END_REF], which is fast enough to be used in transient recovery studies. Figure 1.24: Schematic representation of a circular flowing configuration of the gain medium. This setup allows a constant pool of active molecule on the ground state, ready to absorb pump photons and to undergo fluorescence and stimulated emission. The portion of molecules being promoted to the T 1 state via intersystem crossing is moved away for a long enough time so that they can de-excitate to the ground state. A tuning plate (often a grating acting as cavity mirror) is used to shift the wavelength of the lasing peak in tunable sources.

Thin film based organic lasers

The beginning of this section makes it seem like organic lasers were only studied in liquid configurations for thirty years but they were not. As a matter of fact, the first Organic Solid State Laser (OSSL) was reported as early as 1967 by Soffer and McFarland [START_REF] Soffer | CONTINUOUSLY TUNABLE, NARROW-BAND ORGANIC DYE LASERS[END_REF] using rhodamine 6G (whose lasing capabilities had already been established in liquid state) incorporated in a solid Poly(methyl methacrylate) (PMMA) "plastic" film. Their work was quickly followed by Peterson and Snavely [START_REF] Peterson | STIMULATED EMISSION FROM FLASHLAMP-EXCITED ORGANIC DYES IN POLYMETHYL[END_REF] who included an interesting, pioneering discussion about the role of triplets in solid gain media compared to liquid ones. In fact, Rh6G has for a long time been the molecule of choice to study the properties of OSSLs [START_REF] Costela | Solid-state dye lasers based on copolymers of 2hydroxyethyl methacrylate and methyl methacrylate doped with rhodamine 6G[END_REF][START_REF] Costela | Solid-state dye lasers based on modified rhodamine 6G dyes copolymerized with methacrylic monomers[END_REF][START_REF] Somasundaram | Gain studies of Rhodamine 6G dye doped polymer laser[END_REF] thanks to its very high gain and high PLQY. In addition to Rh6G and its derivatives, numerous papers also reported lasing from coumarin derivatives [START_REF] Schimitschek | Laser performance and stability of fluorinated coumarin dyes[END_REF][START_REF] Costela | Solid-state dye lasers based on modified rhodamine 6G dyes copolymerized with methacrylic monomers[END_REF][START_REF] Mckiernan | Luminescence and laser action of coumarin dyes doped in silicate and aluminosilicate glasses prepared by the sol-gel technique[END_REF].

The advantages of solid-state gain media over liquid ones are obvious: compact, not toxic or carcinogenic like dyes in solution, and easier to maintain on an experiment table. However, OSSLs have one major flaw: a very poor photostability, especially under intense excitation [START_REF] Dubois | Photostability of dye molecules trapped in solid matrices[END_REF][START_REF] Popov | Influence of pump repetition rate on dye photostability in a solidstate dye laser with a polymeric gain medium[END_REF]. Whether it is attributed to photodegradation of higher-lying excited states [START_REF] Popov | Influence of pump repetition rate on dye photostability in a solidstate dye laser with a polymeric gain medium[END_REF] or to the fast accumulation of triplet excitons [START_REF] Stevens | Exciton dissociation mechanisms in the polymeric semiconductors poly(9,9dioctylfluorene) and poly(9,9-dioctylfluorene-co-benzothiadiazole)[END_REF][START_REF] Lehnhardt | Impact of triplet absorption and triplet-singlet annihilation on the dynamics of optically pumped organic solid-state lasers[END_REF], lasing pulses achieved by OSSLs did not last longer than hundreds of nanoseconds. It was for instance showed by Popov [START_REF] Popov | Influence of pump repetition rate on dye photostability in a solidstate dye laser with a polymeric gain medium[END_REF] using a PMMA:Rh6G blended film that an increase of the pump repetition rate resulted in a dramatic decreasing of the lasing efficiency, which was attributed to the weak heat dissipation of the gain material. This is why OSSLs were not considered attractive during twenty years and therefore, were not studied a lot until novel solutions were provided in the 90's.

The development of conjugated polymers with photoluminescence quantum yields comparable to those of liquid dyes and their easier availability led to the very first organic laser based on solid semiconductors in 1996 [START_REF] Tessler | Lasing from conjugated-polymer microcavities[END_REF]. In this report, Tessler et al. used poly(phenylene-vinylene) (PPV) in a high-Q microcavity to obtain a spectrally narrow emission via optical excitation. More, they showed that the emission of PPV mainly arose from intrachain species and therefore that these compounds were suitable for electrical stimulations, paving the way towards the long awaited organic laser diode. Their pioneer work inspired many teams afterwards to obtain lowest lasing thresholds, higher photostabilities and higher luminescence efficiencies by combining PPV with other molecules. Diaz-Garcia et al. used poly(2-butyl, 5-(2'-ethyl-hexyl)-1,4-phenylene vinylene) (BuEH-PPV) in planar waveguides and microcavities to conclude that the lasing threshold of both was very similar. BBEHP- [START_REF] Rose | Sensitivity gains in chemosensing by lasing action in organic polymers[END_REF][START_REF] Herrnsdorf | Micro-LED pumped polymer laser: A discussion of future pump sources for organic lasers: Micro-LED pumped polymer laser[END_REF] and MEH-PPV [START_REF] Hoerhold | MEH-PPV and thianthrene-containing PPV-derivatives as efficient polymeric materials for solid-state lasers[END_REF][START_REF] Hide | Laser emission from solutions and films containing semiconducting polymer and titanium dioxide nanocrystals[END_REF][START_REF] Kranzelbinder | Optically written solid-state lasers with broadly tunable mode emission based on improved poly (2,5-dialkoxy-phenylenevinylene)[END_REF][START_REF] Lehnhardt | Room temperature lifetime of triplet excitons in fluorescent host/guest systems[END_REF] have also been extensively studied and eventually led to the lowest lasing threshold ever reported (See Table 3.1 in Chapter 3 for details).

Limiting the population of the triplet state

Even with a rebirth of interest for OSSLs thanks to the mentioned developments and the progresses towards Organic Solid-state Laser Diodes (OSLDs) (= OSSLs pumped via current injection), the lasing pulse durations were still limited to hundreds of nanoseconds due to triplet building-up and heat generation. The first concept to actively address these difficulties was to emulate the flowing configuration of dye solutions by using a gain medium with a rotating wheel [START_REF] Rodriguez | A simple rotating system to avoid early degradation of solid-state dye lasers[END_REF], so that excitation pulses would not hit twice in a row the same active volume (considering the low repetition rate of 10 Hz). Although the heat having more time to dissipate and triplets to relax back to the ground state provided improvements in terms of photostability, the lasing outputs were very noisy and the whole mechanical device not so convenient.

Triplet quenchers

A more reliable solution was found to be the addition of other compounds inside the host matrix to ensure the de-activation or the trapping of triplets. Oxygen for instance has been used as a triplet quencher in thin films [START_REF] Inoue | Introduction of oxygen into organic thin films with the aim of suppressing singlettriplet annihilation[END_REF] and in liquid solutions [START_REF] Zhao | Singlet-Triplet Exciton Annihilation Nearly Suppressed in Organic Semiconductor Laser Materials Using Oxygen as a Triplet Quencher[END_REF][START_REF] Atula | Improvement of the quasi-continuouswave lasing properties in organic semiconductor lasers using oxygen as triplet quencher[END_REF] to enhance the photostability of the gain medium by direct interactions between active molecules in a triplet state and oxygen atoms (whose ground states are also triplet states). However, the easy conversion of oxygen from their unique triplet ground state to reactive singlet state is found to be detrimental for the gain material, because of photo-oxydation [START_REF] Schindler | Controlled Fluorescence Bursts from Conjugated Polymers Induced by Triplet Quenching[END_REF].

Rather than to quench triplet excitons, Zhang and Forrest proposed [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] the concept of triplet manager using 9,10-di(naphtha-2-yl)anthracene (ADN) as the manager incorporated in a ALq 3 :DCM solid film. The difference with a triplet quencher is not only semantic, as the mechanism completely differ from the simple quenching of active molecules in a triplet state (see Figure 1.25). Instead, T 1 excitons generated via ISC after ground state absorption S 0 → S 1 from the host or the guest are being removed from the guest emissive molecules to the lowest triplet state in energy (ADN in this case) by a cascade of Dexter interactions. In the meantime, S 1 excitons that manage to reach the guest S 1 state via a cascade of Förster transfer are not quenched by triplets since they are removed. As expected, there are a few requirements for this system to be efficient: the triplet manager must have the lowest triplet-and the highest singlet-energy. Its triplet absorption T 1 → T n must also be shifted from the one of the guest molecules in order for the trapped T 1 excitons not to contribute to optical losses. Also, the triplet manager has to have a triplet lifetime that is much shorter than the one of the emissive molecule, otherwise the problem is just shifted, but not solved. Thanks to this novel concept, Zhang and Forrest were able to show with a numerical model [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] that the lasing threshold of the device was reduced by an order of magnitude and that lasing pulses emitted from DCM2 could reach 100 µs, three orders of magnitude longer than usual triplet limited emissions. The same team later implemented this exact composition of molecules in an OLED configuration and reported a complete deletion of singlet-triplet annihilation during excitation, leading to more than 100% improvement of their device external quantum efficiency [START_REF] Zhang | Enhanced efficiency in high-brightness fluorescent organic light emitting diodes through triplet management[END_REF]. The same observations have been reported by Matsuchima et al. when comparing bis[(N -carbazole)styryl]biphenyl (BSBCz) (see Figure 1.26) thin films with and without ADN [START_REF] Matsushima | Degradation Mechanism and Stability Improvement Strategy for an Organic Laser Gain Material[END_REF], notably a PL lifetime (in terms of stability) extended by two orders of magnitude when pumping at very low pump fluence (< 1 W.cm -2 ).

On the other hand, anthracene derivatives are known to have very long triplet lifetimes of ≈ 20 ms [START_REF] Melhuish | Lifetime of the triplet state of anthracene in lucite[END_REF], so that the triplet accumulation is just relocated from the emissive-to the manager-sites. Although the emission is not quenched, the ground state eventually is also depleted in a non-negligible way. The most efficient triplet manager/quencher as of today is found to be CycloOctaTetraene (COT), whose triplet lifetime has been estimated around 100 µs [START_REF] Gorman | Pulse radiolysis study of the cycloheptatriene triplet state: lifetime, relaxation and nonvertical excitation[END_REF] which is not so different from usual triplet lifetime of fluorescent compounds (Section 1.2). This has been successfully used with solutions of rhodamine [START_REF] Zietek | Cyclooctatetraene As A Triplet Quencher In Dye Lasers[END_REF] for which an increase in the lasing efficiency with the COT concentration was reported, as well as fluorecein dyes [START_REF] Strome | Triplet quenching and continuous laser action in three fluorescein dyes[END_REF].

To overcome COT limitations (only liquid at room temperature), Mai et al. reported just two years ago a modified version of COT: the mCP:COT [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF]. With its implementation in BSBCz-EH9 thin film, they showed a net improvement of the photoluminescence during 400 µs for only 5 wt.% of mCP:COT inside the BSBCz-EH matrix, which has been attributed to the suppression of STA.

Intrinsic molecular properties

As it has been described, overcoming the inherent flaws of organic compounds with other compounds provided many interesting and useful results. Another approach however relies on the design of molecules that intrinsically exhibit good photophysical properties. The perfect example to illustrate this philosophy is the work of Rabe et al. [START_REF] Rabe | Quasi-continuous-wave operation of an organic thin-film distributed feedback laser[END_REF] who reported the first Quasi-Continuous Wave (qCW) lasing in an OSSL using an engineered version of poly(9,9-dioctylfluorene) (PFO) containing 6,6-(2,2-octyloxy-1,1-binaphthalene) bi-naphthyl (BN-PFO) spacer groups. They managed to achieve stable lasing outputs up to a repetion rate f r of 1 MHz (τ r = 1/f r = 1 µs), much higher than the previous state-of-the-art (5 kHz) [START_REF] Heliotis | Emission Characteristics and Performance Comparison of Polyfluorene Lasers with One-and Two-Dimensional Distributed Feedback[END_REF], and also high enough to be considered qCW in many applications. This breakthrough has been ascribed to the optimization of the grating of the DFB resonator, but mostly to the large angle between naphtalene units of BN-PFO, preventing the accumulation of triplets with time thanks to a reduced overlap between the emission and the triplet absorption. More recently, Sandanayaka et al. [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] reported a lasing operation up to 8 MHz using 4,4'-bis(N-carbazolyl)-1,1'-biphenyl (CBP) blended with 6 wt.% of BSBCz in a DFB resonator. Thanks to the limited overlap between the triplet absorption spectrum and the lasing frequency [START_REF] Nakanotani | Spectrally narrow emission from organic films under continuous-wave excitation[END_REF], the high PLQY and low fluorescence lifetime of BSBCz [START_REF] Nakanotani | Spectrally narrow emission from organic films under continuous-wave excitation[END_REF], no triplet quencher was necessary. Moreover, this combination allowed lasing thresholds as low as 275 W.cm -2 (the lowest reported for qCW OSSLs), making BSBCz the most promising candidate for CW excitation and potentially for the long awaited OSLD.

Preventing environmental influences

The protection of solid gain media from outside defects also met some progresses in the meantime, notably thanks to the use of encapsulation. This process consists of sealing the device from environmental influences (oxygen, water, moisture). In the case of OLEDs, the encapsulation was ensured by epoxy and cover glass deposed by Chemical Vapor Deposition (CVD) [START_REF] Van Assche | P-111: A Thin Film Encapsulation Stack for PLED and OLED Displays[END_REF] or Physical Vapor Deposition (PVD) [START_REF] Affinito | A new method for fabricating transparent barrier layers[END_REF] on the bottom emitter of OLEDs. Although glass does not affect the properties of the emitter or the emitted light, these methods were found to be not robust enough and as such, were improved by Atomic Layer Deposition (ALD) of aluminium oxide [START_REF] Ghosh | Thinfilm encapsulation of organic light-emitting devices[END_REF], which led to more than 1000 hours at 85řC without any signs of degradation.

In the case of organic lasers however, the encapsulation of the gain medium requires much more attention, especially in the case of DFB which were (and still are) commonly used to achieve low-threshold lasing emissions. As discussed in Section 1.1.5, DFBs feedback mechanism consists of a spatial modulation of the refractive index (the grating) acting as very fine mirrors. Therefore, special cares must be taken when choosing encapsulating materials with these resonators, as their refractive index can modify the device properties when filling the grating of the device. The first encapsulated DFB was reported by Richardson et al. [START_REF] Richardson | Improved operational lifetime of semiconducting polymer lasers by encapsulation[END_REF] in 2007. They used a commercialy available adhesive that they degassed and drop casted directly on their MEH-PPV gain medium. Thanks to the uniform coverage of the MEH-PPV, its optical transparency and its compatibility with the index contrast of the grating, they showed that the lifetime of their device was extended by a factor of 2500 compared to the unencapsulated one.

State-of-the-art

Each breakthrough mentioned previously is in a certain way at the origin of the state-of-the-art that will be presented in this subsection, which will be followed by the most recent leads on how to improve what have been done. Following their work on BSBCz, Sandanayaka et al. managed to reach an outstanding repetition rate of 80 MHz as well as a qCW emision durings 30 ms [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] using once again a CBP film blended with of BSBCz. The difference between their previous setup [START_REF] Rabe | Quasi-continuous-wave operation of an organic thin-film distributed feedback laser[END_REF] lies in the thermal management of their devices. Indeed, as pictured on Figure 1.27, the BSBCz (or CBP:BSBCz) active medium is sandwiched between a silica substrate and an thin layer of encapsulating material. Here, CYTOP, a chemically robust, optically transparent fluoropolymer, is used to prevent oxygen and other sources of environmental quenching to penetrate into the amorphous films. On top of that, a thick layer of Sapphire is applied to ensure that heat is dissipated with high efficiency thanks to its very high thermal conductivity of 25 W.m -1 .K -1 . Regarding the heat dissipation, they mentioned that their encapsulating material CYTOP should be replaced in further studies by one with a higher thermal conductivity, since the broadening of the lasing peak after 500 pulses of 30 ms (Figure S12.B of their paper: from 3.4 to 10 nm) is ascribed to thermal degradation of the gain medium under such high intensities (I p = 2 kW.cm -2 ). Moreover, they found out in the case of a neat BSBCz film that no lasing pulses longer than 100 µs could be achieved, a limitation ascribed to concentration quenching as discussed in Section 1.2. It should also be noticed that in the case of their CBP:BSBCz (20 wt.%) film, Sandanayaka et al. needed to increase the pump power density from 0.2 to 2 kW.cm -2 to achieve lasing pulses of 800 µs and 30 ms, respectively. This finding suggests that although more intensity means more quenching because of more triplets, an increase of the excitation duration could allow one optimized device such as DFBs to shift from a pulsed emission regime to a (q)CW one. The fact that their mix-order encapsulated DFB exhibits a lasing threshold as low as ≈ 10 W.cm -2 but that they needed to increase the pump power to a few kW.cm -2 to achieve qCW lasing is consistent with the theoretical paper of Zhang and Forrest on ADN as a triplet manager [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] mentioned earlier, in which they discussed the existence of two distinct thresholds: one to achieve population inversion, and a second one to achieve a CW excitation. Their system also shows that in a lossless resonator (i.e. with a very high quality factor Q), the two thresholds would become one.

Molecular engineering

One conclusion that could need clarification is the working of their OSSL after 500 excitations of 30 ms. Indeed, the only figures related to this particular point are Figure S12A and S12B: an emission spectrum averaged over the 500 excitation pulses, and the temporal evolution of the lasing intensity. For the former, a broadening of the spectrum is cleary visible with a FWHM going from 3 to 10 nm after 10 and 500 pulses, respectively. Regarding the temporal evolution of the lasing intensity, reports indicate a decrease of ≈ 80% for 500 pulses compared to 10 pulses, however it is not indicated if these spectra are average over time or recorded after the last excitation. Because in the case of 100 µs at 100 W.cm -2 a decrease of ≈ 4% is observable for encapsulated mix-order DFB (Figure 4D), it could be useful to know how, pulse by pulse, the lasing intensity evolves in the case of much longer and powerful excitations (30 ms at 2 kW.cm -2 ).

In a more recent report, similar results were obtained by Mai et al. with a solution-processed BSBCz derivative (bis(N-carbazolylstyryl)-9,9-dihexylfluorene (BSFCz)) blended in a wide band-gap host (tris(4-carbazoyl-9-yl-phenyl)amine (TCTA)). BSBFCz is not to be confused with BSBCz-EH: the latter had for only purpose to make BSBCz solution processable without altering the properties of the pristine BSBCz molecule. The former however is only inspired by the chemical structure of BSBCz but was engineered to enhance its properties, as well as making it processable in solutions.

BSFCz blended with TCTA was implemented in the same DFB as Sandanayaka et al. [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] (same grating, encapsulation, and thermal management) to achieve qCW lasing during a 10 ms excitation at 420 W.cm -2 , which is similar in duration to the state-of-the-art but with a slightly lower threshold (I th p was 500 W.cm -2 for 10 ms excitation with BSBCz). Moreover, the lifetime of the DFB emission with a 6 wt.% BSFCz gain medium was measured at about 13 minutes under excitations of 10 ms at 2 kW.cm -2 (Figure 8), which is about four times more intense than its "qCW threshold" of 420 W.cm -2 . It would have been interesting to see how this lifetime evolved in the case of a more important excitation duty cycle, since it has been set to 10 % in the paper, which gives about 90 ms for the heat to dissipate between each 10 ms excitation.

To prove that these results also depend on the reduced overlap between the lasing/ASE peak and the triplet absorption (similarily to BSBCz), they compared the lasing intensity of BSBFCz with bis(N-carbazolyl)styryl-ter(9,9-dihexylfluorene) (BSTFCz) [START_REF] Shukla | Low Amplified Spontaneous Emission and Lasing Thresholds from Hybrids of Fluorenes and Vinylphenylcarbazole[END_REF], which has a very similar chemical structure and exhibits the same ASE threshold in the mix-order DFB resonator. The only meaningful difference with BSFCz is a more pronounced overlap between lasing peak and the triplet absorption band. Although neither a temporal profile of the lasing intensity nor a streak camera recording is provided for the BSTFCz DFB, its emission spectrum after a 1 ms excitation at 2 kW.cm -2 (Figure S22 of the paper) indicates that lasing is no longer the main process ocurring. Indeed, contrarily to BSFCz whose lasing emission is still well defined and narrow, the one of BSTFCz became much broader, and much closer to ASE mixed with fluorescence.

We can cite the work of Karunathilaka et al. [START_REF] Buddhika | An Organic Laser Dye having a Small Singlet-Triplet Energy Gap Makes the Selection of a Host Material Easier[END_REF] who also used a mix-order DFB resonator with a film of BSBCz blended with 2,6-dicyano-1,1-diphenyl-λ 5 σ 4phosphinine (DCNP), an organic green dye. Indeed, and surprisingly, BSBCz is here not used as the emissive material but is demoted to the role of triplet manager, whereas stimulated emission arises from DCNP molecules. This hostguest system is made possible thanks to the relatively small ∆E ST of DCNP (≈ 0.44 eV). Triplets generated following photoexcitation are then relegated to the BSBCz site via Dexter transfer. Thanks to the low overlap between DCNP emission peak and BSBCz triplet absorption, triplets are no longer part of the problem regarding the population inversion. They reported a 10 ms true CW emission10 , ascribed to the very efficient management of triplets, in addition to a good thermal management. Contrarily to previous reports on BSBCz or BSFCz, they show that the lasing threshold of 75 W.cm -2 does not depend on the duration of the excitation (which is expected since a lasing threshold is in the first place fixed by the resonator), every temporal profiles corresponding to long ms excitation is indicated to be recorded for a pump fluence of 3.5 kW.cm -2 . Nevertheless, their results open the way to more CW excitation friendly material, considering the now wider choice of host material.

Resonator engineering

Even though the design of new molecules and the customization of existing ones to overcome the current limitations had gained a lot of attraction for the last decade, only a few papers explored the influence of the resonator in the lasing pulse duration and worked on novel structures that could exhibit lower lasing thresholds. On this matter, the work of Senevirathe et al. [START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF] is the most important. In their recent paper, they designed four different DFB resonators illustrated on Figure 1.28 to study their influences on the lasing threshold in short-and longpulse excitation. The same CBP film doped with 6 wt.% of BSBCz was chosen as gain medium for each. First, they managed to obtain for the circular mixorder DFB a lasing threshold of only 0.015 µJ.cm -2 (≈ 6 times lower than the previous reports in more conventional mix-order DFBs [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]), which is attributed to the multiple directions from which the light feedback mechanism takes place, as illustrated with the blue arrows on Figure 1.28. Then, they show that under long-pulse 1 second excitation at 1 kW.cm -2 (and at a repetition rate of 0.01 Hz), the circular mix-order DFB still exhibits a FWHM of 0.4 nm, showing the solidity of the lasing regime. This breakthrough is directly ascribed to the reduced peak power required to achieve such long lasing emission.

Furthermore, they show via streak camera recordings that after non-stop "true" CW excitation (100 pulses of 1 s with a duty cycle of 1), the laser still works, even though its intensity has been irretrievably quenched by either chemical or thermal degradation of BSBCz or CBP molecules. However, they report an excitation power of 43 W.cm -2 , which seem inconsistent with the kW.cm -2 peak power required to achieve one second laser in the first place. As of today, these results constitute the longest lasing operation ever reported for organic solid-state lasers, and were made possible thanks to years of progresses regarding molecular design improvements and thermal management. Moreover, this paper really emphasizes that not only the gain medium should be taken into account, but also the resonator in which it is implemented.

Towards true continuous-wave lasing

The results presented with BSBCz and its derivatives are important in many ways. However, all reports pointed out that improvements will be necessary in further studies to achieve a truly continuous-wave lasing emission in organic solid-state lasers and/or their electrical stimulation. In this section, some of the leads that have been explored to go further than the state-of-the-art are discussed.

Although BSBCz already exhibited desirable properties (PLQY close to unity in blended films, high radiative rate > 10 8 s -1 , and a strikingly low ASE threshold of 0.22 µJ.cm -2 ), weak points in its chemical structure have been identified and could be responsible, alongside thermal degradation, for the death of the lasing after 30 ms. Indeed, it has been indicated in some reports that stilbene units might undergo cis-trans isomerization due to the twisted structure of the triplet states at C=C bonds [START_REF] Hammond | Photosensitized <b> Cis-Trans Isomerization of the Stilbenes <[END_REF][START_REF] Cao | Photoswitchable field-effect transistors based on two-dimensional stilbene oligomer crystals[END_REF]. To study the potential influence of such mechanism, Oyama et al. introduced two compounds based on bisphenylbenzofuran (BPBF), namely BPBFCz1 and BPBFCz2 [START_REF] Oyama | Design Strategy for Robust Organic Semiconductor Laser Dyes[END_REF], whose chemical structures are really close to the one of BSBCz besides the incorporation of furan rings. While these new molecules exhibit similar properties, and even a greater radiative decay rate than the original BSBCz, reports showed great improvements for both BPBFCz regarding their photostability with time. When BSBCz films photoluminescence had decreased by 80% after 2000 seconds of continuous excitation, the PL of BPBFCz1 and BPBFCz2 films had decreased by only 50 and 40% after 4000 and 5000 seconds, respectively. Furthermore, the ASE duration is also found to last much longer, up to 3 times with BPBFCz1 than for BSBCz. These results indicate clearly that there is again room for many improvements regarding molecular engineering, and that the cis-trans isomerization should be taken into account, even for semiconductors already exhibiting oustanding properties. In addition, the higher decomposition temperature of BPBFCz compounds might decrease the formation of impurities during thermal evaporation and potentially have additional positive income on their photostability.

Another method to overcome cis-trans isomerization of BSBCz has been found to be the addition of naphtalene units onto its carbon chains so that triplet states will not be located on the stilbene groups anymore [START_REF] Oyama | Advantages of naphthalene as a building block for organic solid state laser dyes: smaller energy gaps and enhanced stability[END_REF]. They show that this method does not sacrifice the properties of the pristine material except for slight red-shift of the emission towards the green. On the other hand, the prevention of isomerization allows the presented compounds to incredibly extend the PL and the ASE duration. Besides, this red-shifted emission makes them the most efficient green emitters, with properties that are much better than commonly used coumarin derivatives to emit at these wavelengths.

Rather than focusing on the synthesis of novel molecules, Ou et al. [START_REF] Ou | Computational screen-out strategy for electrically pumped organic laser materials[END_REF] published an interesting paper about theoretical calculations on numerous recently used molecules to identify the best candidates for OSLDs (based on their reported ASE threshold under optical excitation). To do so, they used DFT and Time-Dependent DFT (TDDFT) to compute the materials electronic structure and a self-developed package referred to as MOMAP, a molecular properties prediction package to evaluate photophysical properties. Based on the gathering of several criteria (a low k ISC to limit the influence of triplet excitons, a high stimulated emission cross section, a high-lying singlet excited state, a short triplet excited state lifetime, a limited overlap between emission and triplet absorption, a high electron/hole mobility), they show that only three molecules arise as prime candidates to realize the first OSLD: BSBCz that has been already mentioned, CzPVSBF which also contains carbazole units and exhibited a very low ASE threshold of only 220 W.cm -2 , and BP3T which had been designated as a good candidate of OSLD as early as 2005 [START_REF] Ichikawa | Photopumped laser oscillation and charge-injected luminescence from organic semiconductor single crystals of a thiophene/phenylene co-oligomer[END_REF]. Of course, they mentioned that during their study in 2020, other interesting molecules had been synthetized and should be worth screening too. They also discuss the possibility to use this theoretical method to build photophysical properties database that could one day be used as inputs for more advanced machine learning models, which could provide new insights.

Chapter 2

Measurement of triplet state lifetime and triplet-related constants in organic thin films 2.1 Introduction

In the previous chapter, the influence of triplet states on the exciton densities and on the photon density was addressed. Considering their importance in the photophysics of organic media, it is crucial to measure the constants controlling the generation of these dark states and subsequent quenching mechanisms in order to have a clearer view of one compound regarding its lasing possibilities, as discussed in Section 1.3. Furthermore, the measurements of constants such as τ t , k ISC , k STA , and k TTA is also motivated by the modeling of the CW lasing requirements presented in Chapter 3, for which such parameters are used as inputs in population rate equations. However, their evaluation usually requires complex and/or expensive setups because of the difficulty to isolate one phenomenon from the influence of others.

In this chapter, we introduce a protocol that allows one to obtain a complete set of data for a molecule in solid-or liquid-state. With the help of photoluminescence transients at different concentrations and a simple pump-probe like experiment, we are able to extract the triplet lifetime of the gain medium as well as ISC, STA, TTA rates. Although each step of this characterization is directly inspired by previous works, our approach to combine several methods into one allows us to determine each of the above-mentioned constants by numerical fit with only one adjustable parameter at a time as graphically summarized on Figure 2.17, which has not been reported elsewhere before. Key advantages of this work are its low cost, its simplicity and the fact that a spectral resolution is not required at any step.

This study begins with an introduction to different methods used nowadays to characterize the constants related to the triplet state T 1 . Then, the protocol is 53 presented in detail with the example of plastic films blended with coumarin 521T as an example. The setup and gain medium preparation will also be addressed. This will be followed by a discussion regarding some key points of the method. At last, results obtained with other compounds will be presented.

State-of-the-art regarding triplet state characterization 2.1.1.1 Triplet excited state lifetime

Measuring the triplet lifetime of phosphorescent compounds is straightforward, as one just has too excitate the gain medium with a short pulse and record the afterglow with a detector and an oscilloscope [START_REF] Mcclure | Triplet-Singlet Transitions in Organic Molecules. Lifetime Measurements of the Triplet State[END_REF][START_REF] Wilson | Triplet states in a series of Pt-containing ethynylenes[END_REF]. The same method is used to measure the lifetime of the S 1 state in fluorescent molecules, except that the shorter timescale requires a ps pump pulse or a time correlated photon counting setup to evaluate τ f . The evaluation of τ t in compounds that do not emit light from the triplet state however demands more reflection, as it is only possible via indirect pathways.

The most common method to evaluate the lifetime of excited states (S n or T n with n ≥ 0) is known as a Transient Absorption Spectroscopy (TAS) [START_REF] Guo | Near-IR Femtosecond Transient Absorption Spectroscopy of Ultrafast Polaron and Triplet Exciton Formation in Polythiophene Films with Different Regioregularities[END_REF][START_REF] Berera | Ultrafast transient absorption spectroscopy: principles and application to photosynthetic systems[END_REF][START_REF] Maciejewski | Transient absorption experimental set-up with femtosecond time resolution. Femto-and picosecond study of DCM molecule in cyclohexane and methanol solution[END_REF][START_REF] Katrin | Individual control of singlet lifetime and triplet yield in halogen-substituted coumarin derivatives[END_REF], where the gain medium is excited by a high-energy brief pump pulse (≈ fs-ns, depending on the processes investigated) followed by a less intense second excitation: the probe. While the pump intense peak power and short temporal width allows at the same time the limitation of the material photobleaching and the creation of triplet excitons via ISC, the probe comes after a delay ∆ t and induces triplet absorption T 1 → T n , which is then observable on the absorption spectrum. A typical output is presented on Figure 2.1 (right), where the difference in absorption after a fixed delay between pump and probe was recorded from 350 to 800 nm, leading to a transient absorption spectrum of the gain medium (ground state depletion is negative, triplet absorption is positive). On the other hand, one can focus the measurement at a certain wavelength and shift ∆ t in order to study how the differential absorbance evolves with time, leading to the lifetime of the triplet state (inset of Figure 2.1.D).

However, the variations of absorbance ∆A/A (where A is the gain medium absorbance before the pump) using this method are often at the mOD (10 -3 OD) level if not less for fluorescent compounds1 . Therefore, this method is also known to require expensive apparatus, whether it is the pump that has to be very stable in time and in intensity, or the detector that has to be highly resolved.

A portion of the method presented in this chapter is inspired by the work of Kogan et al. [START_REF] Ya | Measurement of lifetimes of triplet states of organic molecules by fluorescence recovery kinetics[END_REF], which was itself inspired by the protocol introduced by Sanden et al. a few years before [START_REF] Sandén | Monitoring Kinetics of Highly Environment Sensitive States of Fluorescent Molecules by Modulated Excitation and Time-Averaged Fluorescence Intensity Recording[END_REF], in which they analyze the triplet temporal dynamics via fluorescence recovery kinetics. First, a pump pulse is used to generate longlived triplets through intersystem crossing. Then, using a second pulse after a adjustable delay, the fluorescence intensity is recorded again and compared to the one at the end of the first pulse. The triplet lifetime can then be traced back easily since the fluorescence intensity is directly proportional to the ground state, whose density is related to the depletion of the triplet state. By elongating the delay between pump and probe, they obtain an image of the ground state density recovery and fit this dynamics with a monoexponential whose lifetime is in fact τ t the T 1 state lifetime.

To our knowledge, their work has not been used yet for organic semiconductor characterization, but because oxygen easily interacts with triplet excitons, it has been widely used in the microscopy field, notably to image spatially and temporally the oxygen concentration of biological tissues [START_REF] Bag | Fluorescence-based transient state monitoring for biomolecular spectroscopy and imaging[END_REF]186], which have been applied for the detection of cancer cells thanks to their altered oxygen consumption [START_REF] Spielmann | Transient state microscopy probes patterns of altered oxygen consumption in cancer cells[END_REF], or to understand the metabolism of muscle cells during contraction [START_REF] Geissbuehler | Triplet Imaging of Oxygen Consumption during the Contraction of a Single Smooth Muscle Cell (A7r5)[END_REF].

A similar time-resolved technique to study triplets is the Pulse Train Fluorescence (PTF) technique [START_REF] Boni | Pulse train fluorescence technique for measuring triplet state dynamics[END_REF]. The principle is to use the pulse train of a mode-locked Nd:YAG (70 ps, separated by 13.2 ns at 532 nm) that acts as sequential pumpprobe pulses allowing a monitoring of the triplets dynamics at the ns scale. By fitting the difference in fluorescence pulse after pulse with a three-level system (S 0 , S 1 , and T 1 ), they obtain k ISC the generation rate constant of triplets. Since they do not take into account a triplet lifetime i.e. assume that triplets do not relax back to the ground state during the pulse train, they cannot estimate the triplet lifetime of their gain media. This approach seems surprising, especially when working with liquid solutions in which the non-radiative channel of excited states are intuitively enhanced. Moreover, by implementing k ISC only via the fluorescence lifetime (τ -1

f = τ -1 + τ -1
ISC ) in the equations, the setup only allows the measurement of ISC rates that are close of higher than τ -1 , hence the use of organo-metallic complexes such as ZnTMPP.

A different approach known as Fluorescence Correlation Spectroscopy (FCS) allows the study of several transient states, notably triplet states, via the analysis of the fluctuations of the fluorescence with time [START_REF] Jerker Widengren | Fluorescence correlation spectroscopy of triplet states in solution: a theoretical and experimental study[END_REF]. Assuming that ISC occurs at much slower time scales than the fluorescence, the excitons promoted to the T 1 state at a time t will cause variations in the fluorescence intensity. The triplet state lifetime is then estimated by fitting the correlation function G(τ ) of the output transients by an analytical formula, and this is the biggest limitation of FCS. Indeed, in addition to require a very high resolution setup and a great electronic (and/or pumping) noise cancellation, the system has to be modeled as a set of linear rate equations such as this one to be solved

d dt   S 1 T 1 S 0   =   -k f -k ISC 0 R p k ISC -k t 0 k f k t -R p     S 1 T 1 S 0   (2.1)
(where R p is the pumping rate (s -1 )) so that the following eigenvalues can be derived2 

           λ 1 = 0 λ 2 ≈ -k f λ 3 = - k f + k ISC + R p + k t 2 + κ 2 (2.2) where κ = (k 2 f + k 2 ISC + k 2 t + R 2 p + 2k f k ISC + 2k f R p -2k f k t -2k ISC R p -2k ISC k t - 2R p k t ) 1/2 .
The values can then be used to compute the complete fluorescence autocorrelation function of the transients.

Although for illustration purposes we ignore the spatial component of the fluorescence detected, it shows that in order for the method to be useful, no intermolecular processes can occur since cross or quadratic terms (S 1 T 1 for STA, T 2 1 for TTA) would make the system unsolvable. Thus, FCS has been proven useful only in the case of liquid gain media [START_REF] Widengren | Fast interactions between Rh6G and dGTP in water studied by fluorescence correlation spectroscopy[END_REF][START_REF] Widengren | Characterization of Photoinduced Isomerization and Back-Isomerization of the Cyanine Dye Cy5 by Fluorescence Correlation Spectroscopy[END_REF], where no STA or TTA is thought to happen because of the increased non-radiative de-excitation pathway for triplet excitons to the ground state, and a longer diffusion length of the active molecules.

Intersystem crossing and triplet formation quantum yields

King et al. measured k ISC in liquid-and solid-state using a femtosecond transient setup to probe the recovery of the ground state after an initial, brief pump exci-tation [START_REF] King | Femtosecond ground state recovery: Measuring the intersystem crossing yield of polyspirobifluorene[END_REF]. To be more precise, they deduce the triplet formation quantum yield φ T of the gain medium from these transients and calculate k ISC from the relation:

k ISC = φ T k f (2.3)
where k f is the inverse of the fluorescence lifetime. They assume that the influence of ISC is isolated from bi-molecular interactions or degradation of the sample (especially in solid state) by pumping at the lowest possible intensity whilst keeping a sufficient Signal to Noise Ratio (SNR). This direct proportionality between k ISC and the triplet formation quantum yield φ T if often used to quantify ISC [START_REF] Bergmann | Direct observation of intersystem crossing in a thermally activated delayed fluorescence copper complex in the solid state[END_REF][START_REF] Penzkofer | Intersystem-crossing and excited-state absorption in eosin Y solutions determined by picosecond double pulse transient absorption measurements[END_REF][START_REF] Lessing | Quantitative triplet photophysics by picosecond photometry[END_REF].

To explain the breakthroughs achieved with BSBCz in solid thin films in terms of CW lasing and electrical pumping [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], Sandanayaka et al. measured the excitation power dependence of its transient absorption in a solution of dichloromethane. φ T was then evaluated at 0.04 by comparison with a solution of benzophenone in benzene as a reference (Reference [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF]). This value, combined with a fluorescence lifetime of 1.28 ns in thin film, yields an ISC rate constant of 3.1×10 7 s -1 (Equation 2.3) which is, as discussed in Section 1.2.4.1, usual for organic compounds.

k ISC can also be predicted theoretically. Shuai et al. reported constants of several well-known molecules thanks to Time-Dependent Density Functional Theory (TDDFT) and a self-developed molecular analysis package [START_REF] Ou | Computational screen-out strategy for electrically pumped organic laser materials[END_REF]. Interestingly, their results designate BSBCz as a promising candidate for electrical pumping thanks to among other criteria a very low k ISC of 6×10 4 s -1 , which is consistent with the negligible ISC mentioned in the previous paragraph, although much lower than the above-mentioned experimentally measured value.

Triplet-triplet-annihilation

Triplet-triplet annihilation has been described in Section 1.2.6.2 as a Dexter "collision" mechanism between two triplet excitons that generates in a reduced proportion singlet excitons. As with every phenomenon that entirely depends on triplet states, TTA is quite easy to quantify in phosphorecent media, as it can be directly monitored on the luminescence emitted from the T 1 state. However, fluorescent compounds exhibit a dark triplet state, there are therefore only two ways to observe the influence of TTA and/or estimate k TTA : by monitoring the Delayed Fluorescence (DF) induced by TTA (often referred to as TTA-UC for Up-Conversion) or via indirect methods. Both are discussed in the next two paragraphs.

Detection of TTA induced fluorescence

As soon as 1967, Johnson et al. [START_REF] Johnson | Effects of Magnetic Fields on the Mutual Annihilation of Triplet Excitons in Molecular Crystals[END_REF] used the influence of an external magnetic field on the triplet state energies to study the DF of anthracene crystals. By showing that the integrated intensity varied with the strength of the magnetic field applied, they eventually reached the conclusion that the mechanism in play had to emerge from triplet states, hence TTA. Their conclusion was consistent with a theoretical study on this topic that had been done not so long after [START_REF] Merrifield | Theory of Magnetic Field Effects on the Mutual Annihilation of Triplet Excitons[END_REF].

k TTA was also estimated via temporal traces of the fluorescence after an initial excitation by Baldo et al. [START_REF] Baldo | Transient analysis of organic electrophosphorescence. II. Transient analysis of triplet-triplet annihilation[END_REF] with PtOEP and Ir(ppy) 3 in different host materials and Bachilo et al. [START_REF] Bachilo | Determination of Triplet Quantum Yields from Triplet-Triplet Annihilation Fluorescence[END_REF] using TPP, Zn-TPP and C 70 . Of course, for TTA to be detectable without the need for any expensive of complicated apparatus but a fluorescence transient, the compound must exhibit a high triplet formation quantum yield φ T in order for the Delayed Fluorescence (DF) to be strong enough. This is why the compounds investigated in both studies contain heavy atoms, leading to a more important spin-orbit coupling and thus more triplets via ISC. To illustrate this requirement, the setup of Bachilo et al. [START_REF] Bachilo | Determination of Triplet Quantum Yields from Triplet-Triplet Annihilation Fluorescence[END_REF] was employed to detect the DF of C 70 , but without any success because of its lower triplet formation quantum yield.

Their papers also contain interesting discussions about the different dynamics regarding P-type (TTA) and E-type (TADF) DF and how to discriminate one over the other. Indeed, the dynamics leading the delayed fluorescence from TTA and from TADF are different since both mechanisms are very different, therefore the modeling differs.

The work of Shukla et al. [START_REF] Shukla | Controlling triplettriplet upconversion and singlet-triplet annihilation in organic light-emitting diodes for injection lasing[END_REF] is similar to the previous papers, except that they estimate k TTA by fitting the transient luminescence of a solid-state gain medium under electrical excitation. Doing so in their case yields TTA rates of 6×10 -11 and 2×10 -10 cm 3 .s -1 for the blended and the neat film, respectively. These very high values, along with similarily high values of k STA (1.4×10 -9 and 7.3×10 -9 cm 3 .s -1 ) could be explained by the more important proportion of triplet generated via current injection compared to optical excitation. That would also be supported by the increase in both STA and TTA rates from doped to neat configurations, ascribed to a more important triplet density. It could also be linked to k STA and k TTA both being adjustable parameters to fit only tens of ns luminescence transients, since they show for instance by theoretical prediction that many combinations of those rate would yield the same current density threshold.

Probing TTA from indirect pathways

Whether the DF is induced by TADF or TTA, there is a need of a apparatus that provides a high-sensitivity to fluorescence over several decades and/or one that counts photons. Therefore, most papers interested in TTA work through the recording of indirect routes to study it, especially in fluorescent compounds. Actually, the probing of other triplet-related transitions (triplet absorption T 1 → T n , non-radiative relaxation) combined with numerical fit to predict k TTA is the commonly used method. Since the triplet equation differs in the presence of TTA by the addition of a quadratic term (Equation 2.4), the T 1 density is no longer ruled by a unique lifetime since the solution is no longer monoexponential.

Lehnhardt et al. [START_REF] Lehnhardt | Room temperature lifetime of triplet excitons in fluorescent host/guest systems[END_REF] used a pump-probe experiment with F8BT:MEH-PPV and Alq 3 :DCM films where the delay between pump and probe is longer than the fluorescence lifetime to exclude STA from the dynamics. A spatial separation of the pump and the probe allows the monitoring of the triplet population by probing the triplet absorption with a similar setup as the one presented on Figure 2.2. Then, using the following triplet equation:

dn T dt = n 0 - n T τ T - 1 2 k TTA × n 2 T (2.4)
where n T is the triplet population density (m -3 ), τ T the triplet state lifetime (s), and k TTA the TTA rate (m 3 .s -1 ). n 0 is the triplet generation rate (s -1 ), and is set to zero for long enough delays between pump and probe. In their experiment, a long pump pulse creates triplet excitons via intersystem crossing, followed by a brief probe that creates a fluorescence burst. Then, photons emitted from this burst propagate through the pumped area and eventually reach the detector. By varying the delay between pump and probe, we can access the strength of the T 1 → T n absorption with time to fit the triplet population depletion dynamic. In their report, they reached values of 6.2×10 -13 cm 3 .s -1 and 400 µs for k TTA and τ T in the F8BT:MEH-PPV film, respectively, emphasizing the importance of TTA in fluorescent compounds under high intensity excitation. Also, triplet lifetimes of investigated films are found to be much longer when it comes to host-guest systems than for monomolecular gain medium (0.17 ms for Alq 3 , 1.55 ms for Alq 3 :DCM), which was logically ascribed to a reduced TTA rate.

Hale et al. [START_REF] Hale | Observation of triplet exciton dynamics in conjugated polymer films using two-photon photoelectron spectroscopy[END_REF] studied the triplet dynamics in MEH-PPV (material evoked in Section 1.3) thin films using a two-photon spectroscopy apparatus and obtained by fitting the photoelectron spectrum a TTA constant of 10 -14 cm 3 .s -1 , alongside a typical interaction distance interaction between triplets of 0.5 nm, which is consistent with the Dexter nature of TTA (Section 1.2.6.2).

At last, one can measure TTA absolute quantum yields (without any reference such as PtOEP or DPA) using integrating spheres and TCSPC in liquid- [START_REF] Yanai | Absolute Method to Certify Quantum Yields of Photon Upconversion via TripletTriplet Annihilation[END_REF] or solid-state [START_REF] Ogawa | Aggregation-free sensitizer dispersion in rigid ionic crystals for efficient solid-state photon upconversion and demonstration of defect effects[END_REF] configurations.

Singlet-triplet annihilation

k STA is among if not the trickiest constant to experimentally evaluate in organic gain media. Because its influence is proportional to both singlet and triplet popuation densities, it is then very demanding to isolate STA from other mechanisms. Indeed, it can only occur during the excitation (electrical or optical) so that intersystem crossing, S 1 → S n transitions, and fluorescence have to be taken into account, but at the same time triplet-related processes such as TTA or triplet absorption might blur its influence as well. Hence, very few experimental papers reporting proper values of k STA can be found, as opposed to TTA for instance which just has to be recorded after the excitation. Lehnhardt et al. [START_REF] Lehnhardt | Impact of triplet absorption and triplet-singlet annihilation on the dynamics of optically pumped organic solid-state lasers[END_REF] studied the influence of TA and STA on the pulse duration of an OSSL based on a F8BT:MEH-PPV host-guest system. To separate the respective influence of TA from STA and vice-versa, they used two different pump-probe experiments. The first one, used to evaluate the triplet absorption cross section is depicted in Figure 2.2 taken from their paper, is done by spatially separating the pump and the probe. The probe pulse generates light which propagates through a waveguide structure towards the cleaved edge and has to pass the region where triplets have been generated by the pump pulse. Since the exciton typical diffusion length (5-8 nm) is much shorter than the distance between the pump and the probe (0.1 mm), only photons (as opposed to excitons), will propagate and therefore only TA will occur. The sensitivity of the TA detection is ensured by the long interaction path length (0.5 mm). Then, the STA measurement is done by removing the spatial separation of both pulses and by replacing the SiO 2 layer by a silicon substrate whose absorption is much higher, preventing guided modes presence during the measurement.

Although TA is ruled out, probing during the excitation does not allow a complete removal of TTA and as such, the fitting of the transients (and therefore the estimation of k STA ) has to be done with k TTA as an additional adjustable parameters (if we assumed that k ISC taken from other references is correct). Doing so has given values of 4×10 -7 and 1.5×10 -12 cm 3 .s -1 for k STA and k TTA , respectively. This limitation regarding the fitting procedure might explain the surpringly high STA rate constant reported here.

Another method to evaluate STA rate constants in organic solutions and solid films relies on the analysis of PhotoLuminescence (PL) transients, and parts of the experiment presented in this thesis are largely inspired after related works [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF][START_REF] Zhao | Singlet-Triplet Exciton Annihilation Nearly Suppressed in Organic Semiconductor Laser Materials Using Oxygen as a Triplet Quencher[END_REF]. The principle is to excitate the gain medium and monitor its fluorescence with time. Doing so, Zhang and Forrest, and Adachi et al. have notably shown that the abrupt decrease of the PL that was observed could be interpreted in terms of singlet quenching, and more precisely in terms of interactions between singlet and triplet excitons. Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] compared PL transients of a gain medium containing, or not, a triplet quencher inside the host matrix, in addition to the emissive molecules. They managed to obtain drastic improvements thanks to this additional compound, which was attributed to a quicker de-excitation of the triplets from the manager molecules and therefore less STA. The complete absence of STA, justified by a fluorescence transients that is proportional to the pump profile, has also been reported by Adachi et al. [START_REF] Zhao | Singlet-Triplet Exciton Annihilation Nearly Suppressed in Organic Semiconductor Laser Materials Using Oxygen as a Triplet Quencher[END_REF] by comparing N 2 and O 2 bubbling of CBP:EHCz solutions. They reported a complete removal of singlet quenching with the second option, thanks to dioxygen molecules actively quenching emissive molecules in an excited triplet state. However, as stated before, it is not trivial to obtain precise rate constants for such interactions, and this method is not exception. If it is true that the comparison between two configurations is sufficient to conclude on the removal of singlet-triplet annihilation, the number of adjustable parameters required to fit the PL transients is too important to obtain more precise informations on the related rates.

Aims of this work

Several methods used to measure the photophysical constants of organic gain media have been presented. Whether they rely on direct or indirect measurements, most of the protocols require in the first place an expensive apparatus (fs resolution detector, streak camera, TCSPC, and so on). For some constants and especially when it comes to bi-exciton processes, estimations are done by numerical fitting procedures that cannot always be reliable, either because the mechanism of interest is blurred by others or because the system of equations just contains too many adjutable parameters.

The main idea of this work is to gather some of the ideas presented above in a single setup that would enable a simultaneous measurement of τ t , k ISC , k STA , and k TTA without the use of a brief, intense excitation, and without a sub-ns/ns detector or a spectral resolution.

Methods

Experimental setup

The excitation source is a simple commercial laser diode (5W at 450 nm) controlled by a 4A current monitor (Thorlabs, LDC240C). The output power of the laser diode is controlled by a λ/2 waveplate and a Polarization Beam Splitter (PBS) (Thorlabs, CCM1-PBS251/M). A secondary λ/2 waveplate is placed after the PBS to control the polarization of the diode beam to be horizontal to match with the Acousto-Optic Modulator (AOM) requirements.

The beam is then directed to the AOM (Gooch & Housego, I-M110-2C10B6-3-GH26) controlled by a RF driver (Gooch & Housego, A35110-S-1/50-p4k7u). Two function generators (Agilent, 33500B) allow an easy customization of the delay between two pulses as well as their duration. The optimization of the diffraction The portion of the pump that is not diffracted is removed using a standard beam blocker, whereas the pulsed signal is injected into a 400 µm optical fiber to obtain a top-hat profile. At the end of the fiber, the beam is collimated and then focused on the sample using a microscope objective (M-APO 20x, Mitutoyo) whose working distance (20 mm) is much longer than its focal length (10 mm). Following the excitation of the sample, an image of its luminescence is done by collimating and focusing it in a fiber, linked to a PhotoMultiplier Tube (PMT) (Thorlabds, PMTSS). The luminescence is vizualised on a 100 MHz, 2.5 GB.s -1 Tektronix oscilloscope. To remove the pump from the data, a low-pass filter was placed before the detection.

Other diodes (Jtech, 1W at 405 nm) were used to work with BSBCz films because it does not absorb at 450 nm. A few changes on the initial setup must be done for it to work: the PBS must be replaced (Thorlabs, PBS12-405-HP) alongside the waveplates according to the diode emission.

Contrarily to other pump-probe experiments where the gain medium is excited by a brief and intense pulse (see Section 2.1.1) followed by a white, much less intense pulse to probe its absorption after a certain delay and build a triplet absorption spectrum, this experiment only needs the temporal recording of two pulses to work.

At first, a µs initial excitation (the pump) is absorbed by the gain medium, and its PhotoLuminescence (PL) is recorded by a PMT and an oscilloscope. It can be seen ending at t = t 1 on Figure 2.4 and will always end at t = 0 in every subsequent figures. Then, the gain medium PL is recorded again when a second excitation (the probe) passes through after a delay

∆ t = t 2 -t 1 .
Because the first excitation will generate long-lived triplets via intersystem crossing, one can monitor their decay afterwards by adjusting the delay ∆ t , as shown on Figure 2.4 (left). To be more precise, the idea is to check how the difference PL(t 2 ) -PL(t 1 ) evolves with time to study the refilling of the ground state, since triplets will eventually decay in a non-radiative way to the S 0 state. The depletion of the T 1 state after t = t 1 will be observable via the peak fluorescence of the probe at t = t 2 , which is attributed to a higher and higher density of molecules available to undergo absorption S 0 → S 1 when ∆ t increases.

Although the pump duration must be long enough to see a quenching of the PL by triplets so that the refilling of the ground state can be processed with enough resolution, the duration of the probe matters less. Indeed, we are at the end only interested in its peak fluorescence at t = t 2 . A perspective of this setup would then be to build a custom signal using a Field Programmable Gate Array (FPGA) that would include a long initial excitation followed by brief excitations at various delays to keep the sample safe from potential degradation, and also to save time as it would open the way to a full automation of the experiment.

Preparation of the thin films

The dyes used in this study were bought from Exciton in powder form and were diluted in a solution of anisole containing 15% of poly(methyl methacrylate) (PMMA). The desired concentration of active molecule in the PMMA host matrix were obtained by the following formula:

C d = m d m d + m h (2.5)
where C d and m d are the final dye doping ratio and mass, respectively. m h = 0.15×m s is the PMMA host mass, and m s the mass of the PMMA A15 solution.

A proper dilution of the dye was ensured by the use of a magnetic stirrer, with a radio frequency bath in the case of higher concentration. The glass microscope plates on which the solutions were to be deposited were washed with ethanol before use. The dye:PMMA solutions were then drop casted on the plates and spin-coated at 850 RPM to obtain 17 µm homogeneous films and to ensure the removal of the remaining air bubbles and anisol. Films were then put in the oven for at least 15 minutes at 50řC to solidify the PMMA matrix and remove the residual solvent.

Characterization of thin films

In this subsection, the measurements regarding the absorption and emission spectra of the thin films investigated will be presented, with the evaluation of their fluorescence lifetime. 

Absorption

The absorbance of the films were measured using a commercial spectrophotometer (Cary 500, Agilent) with a pristine microscope glass plate as the reference. Outputs are shown on Figure 2.6 for different concentrations of DCM in PMMA host matrix. The absorbance OD is then used to estimate the total absorption A of the film as:

A = 1 -10 -OD (2.6)
to obtain the absorption cross section (m 2 ) at the pump (the 405/450 nm diodes) wavelengths via the following formula:

σ abs = α N = -ln(1 -A) d × N (2.7)
where d is the thickness of the gain medium (m). N the total density of active units (m -3 ) is obtained by:

N = p × ρ h × N M (2.8)
with p the weight concentration of active molecule inside the host matrix, ρ h the molecular density of the host matrix (kg.m -3 ), N is Avogadro's constant and M is the molar mass of the active molecule (kg.mol -1 ).

Emission

To obtain the thin films emission spectra, the gain medium was excited by a 325 nm UV LED and recorded using a fiber spectrometer (USB2000+, 1 nm resolution, OceanOptics) normal to the excitation direction to avoid side-effects. The normalized fluorescence is shown on Figure 2.6 for different concentrations of DCM in PMMA host matrix, where a red-shift of the emission is seen when the concentration increases because of a global polarization effect of the DCM molecules and self-absorption.

Fluorescence lifetime

The fluorescence lifetime measurements were performed using a brief 800 ps excitation from the third harmonic of a Nd:YAG laser (Q-switched PowerChip NanoLaser PNP-series, 400 ps, 355 nm, Teem Photonics). The luminescence was recorded after the photoexcitation using an optic fiber linked to a 15 GHz oscilloscope (Tektronix).

The output for a blended (1 wt.%) PMMA:DCM film is shown on Figure 2.6 alongside the instrument response function. Although this setup is limited in sensivity (two decades versus 5/6 for TCSPC), it is considered enough for this work. 

Photoluminescence transients analysis on C521T films

In this section, the proposed protocol towards the measurement of τ t , k ISC , k STA , and k TTA is presented and discussed in detail using datas obtained from coumarin 521T (C521T) 17 µm blended films.

Triplet lifetime and intersystem crossing

The first constant accessible from the photoluminescence transients is the triplet lifetime, which is estimated after the difference in fluorescence intensity between the start of the probe (t 2 ) and the end of the pump (t 1 ) similarily to the report of Kogan et al. [START_REF] Ya | Measurement of lifetimes of triplet states of organic molecules by fluorescence recovery kinetics[END_REF] presented in the introduction.

On Figure 2.8 (left) are presented the luminescence transients for various delay between the pump (ending at t = 0) and the probe coming afterwards. The quenching of the fluorescence during the excitation time is not as pronounced as on Figure 2.4 because of the lower chromophore concentration and lower associated triplet population. On the right picture, a direct image of the ground state recovery (or indirectly, the depletion of the triplet state) is observable. The fitting of this dynamics by a monoexponential expression gives us a triplet lifetime for this molecule in this configuration of 120 µs .

The noise of the measurement comes from the very low variation of luminescence within the pump pulse points, which is linked to the low concentration. It is also related to the gain medium being shifted between two points to avoid degradation, as mentioned in Section 2.2.5. Nevertheless, changing point between each measurement can lead to slightly different fluorescence intensity if we consider that films are not ideally homogeneous. A good way to estimate the incertainty of these measurements would be to repete the complete pump-probe experiment several times on the same film to quantify the precision of the setup. It has however not been done for this work.

To be sure that the triplet lifetime we measure is "absolute" and does not depend on other processes or on the concentration, we checked that the transients of a 0.1 wt.% blended film exhibited the same dynamics. Figure 2.9 shows that this is the case, and that therefore only ISC occur in the gain medium. Consequently, a similar triplet lifetime is obtained with this lower concentrated film. This check leads us to the second part of the protocol: intersystem crossing.

Since it is assumed here that k ISC does not change much with the concentration of active molecules, as it has been discussed in some papers, one can argue that only the creation of long-lived triplets via ISC quenches the fluorescence in the 0.1 and 1% films, yielding a roughly linear decrease with time on Figure 2.9 that does not depend on the concentration. With that in mind, the next step is to fit the transients by numerical integration of the population rate equations:

dS 1 dt = σ abs I p S 0 -(k f + k ISC + k STA T 1 )S 1 + ζk TTA T 2 1
(2.9)

dT 1 dt = k ISC S 1 -k t T 1 -(1 + ζ)k TTA T 2 1 (2.10)
where k STA and k TTA are set to zero, leaving k ISC as the only triplet-related adjustable parameter. Results shown on Figure 2.10 are obtained for k ISC = 1.7×10 

STA and TTA rates at different concentrations

In this work, singlet-triplet-and triplet-triplet-annihilation are isolated from each other by fitting the PL transients at different times. Indeed, we found out during this study that the PL dynamics of higher concentrated films (an important decrease followed by a saturation as on Figure 2.9) could not be entirely explained neither by ISC nor by the simple addition of STA. Instead, the initial decrease (before t = 20 µs in this case), can be fitted with only ISC and STA, whereas the late stages require a mechanism that depletes the triplet population. We found out that triplet-triplet annihilation is the ideal candidate to explain the saturation of the triplet population, as it has a negligible influence on the initial decrease of the PL and it occurs only when the concentration of active molecules reaches a sufficient level. A detailed study regarding this conclusion is provided in Section 2.2.5.6 of the discussion. This reasoning allows us to focus on the fitting of higher concentrated PL within the first ≈ 10 µs with k STA as the sole adjustable parameter, since k ISC has been established previously and is assumed not to be concentration dependent. Figure 2.11 shows the recorded transients and their best numerical fit for two concentrations of C521T in the PMMA 17 µm films (22% for the left, and 40% for the right picture) at different excitation power densities. The more important PL quenching at higher doping ratio is attributed to the higher density of triplets, easing the occurrence of bi-exciton processes such as STA. As a matter of fact, k STA rates were found to scale at 6 and 29×10 -11 cm 3 .s -1 for concentrations of 22 and 40 wt.%, respectively, suggesting STA as a concentration dependent mechanism rather than an intrinsic parameter of organic molecules.

The best fit is found by minimization of the error between the numerical integration of Equations 2.9 and 2.10, and the experimental data for different values of k STA according to a standard deviation formula:

σ 2 = N i=1 (x i -y i ) 2 N (2.11)
where x i and y i are the ith data and numerical point, respectively. N is the total number of point. σ is afterwards multiplied by 100 to express the error as a percentage, since PL transients are normalized to unity. The complete computations to find the best STA rates are shown on Figure 2.12 (left) for all concentrations of C521T going from 5 to 40 wt.%. Simulations show that only one k STA minimizes the fitting error, alongside a clear increasing trend with the concentration of active molecules. k STA being estimated for highly concentrated films thanks to τ t and k ISC obtained at low concentration, the last missing constant is the one of TTA, which can be obtained by fitting the PL transients at longer time scales, as we showed that ISC and STA alone were not enough to explain the saturation of the PL after the initial decrease. This can be done, once again, very simply since k TTA is the last and only adjustable parameter. Results for concentrations of 22 and 40 wt.% are presented on Figure 2.13. The numerical PL is to be directly compared with Figure 2.11 where TTA was not taken into account. It shows that TTA can explain the dynamics, and also that it has no influence on the PL at times where only ISC and STA intervene. Rates maximizing the agreement with the experiment scale at 0.57 and 1.6×10 -14 cm 3 .s -1 for concentrations of 22 and 40 wt.%, respectively.

Once again, we observe the same behavior for k TTA as with k STA when the doping density of active molecule increases inside the gain medium, as shown on Figure 2.12 and in Table 2.1.

A key advantage of this technique is also the ability to double-check the TTA rate using a second method. Indeed, k TTA can also be obtained from ground state recovery measurements using the pump-probe experiment. At first, it was used to evaluate τ t by fitting the ground state recovery with a monoexponential. Because it was shown that no other mechanisms but intersystem crossing quenched the PL, the evolution of the triplet density with time after the pump excitation could then be modeled as: whose solution is purely exponential since the source term k ISC S 1 is null because of the vanishing of the fluorescence after a few ns. However, when the T 1 density becomes more important because of higher concentrations, TTA has a non-zero probability to occur after the excitation, since no singlets are required in this interaction. As such, the evolution of the population of triplets after the pump is now modeled as:

dT 1 dt = -k t T 1 (2.
dT 1 dt = -k t T 1 -(1 + ζ)k TTA T 2 1 (2.13)
which is known as a Riccati equation and whose decay is no longer ruled by one, unique lifetime. Instead, its analytical solution is expressed as [START_REF] Holzer | Absorption and emission spectroscopic characterization of Ir(ppy)3[END_REF]:

T 1 (t) T 0 = k t (k t + (1 + ζ)k TTA T 0 )exp(k t t) -(1 + ζ)k TTA T 0 (2.14)
where T 0 is the triplet density at the end of the first excitation, at t = 0. The pump-probe PL transients for a PMMA film blended with 40 wt.% of C521T are shown on Figure 2.14, where a much more important quenching of the luminescence can be observed compared to Figure 2.8. This is due, as it has been discussed previously, to a more important singlet-triplet annihilation thanks to more important exciton densities.

The ground state recoveries of various blended films (1, 9, and 40%) are displayed on Figure 2.15. We show that a unique lifetime of 120 µs is sufficient to explain the dynamics for the 1 and 9 wt.% films, whereas the recovery of the higher-concentrated film requires more than one lifetime to be fitted, as shown on Figure 2.15 (right). We found out by minimization of the difference between analytical formula and experiments that a k TTA T 0 = 5.7×10 4 s -1 was the best op- tion, indicating a strong TTA in play at this concentration. One has to be careful when fitting the ground state recovery with a Ricatti solution, as the adjustable parameter is not k TTA alone but k TTA T 0 (s -1 ). The complete set of data obtained in this presentation for coumarin 521T are summarized in Table 2.1. At last, the triplet population at the end of the pump pulse T 0 can be numerically estimated from the fits on the PL transients, leading to a self-consistency check on the TTA rate obtained by fitting longer PL transients. By extracting this value from our simulations, we are able to estimate k TTA from the previously recorded value. As one can see, we could not estimate it when the concentration is less than 22%, which could indicate that the values acquired from long PL transients fitting for lower concentrated films are actually in the noise of this experiment, meaning that no more precise values can be obtained. transients recovery Time (µs) 

doping k ISC k STA k TTA τ eff t k TTA T 0 k TTA wt.% 10 7 s -1 10 -11 cm 3 .s -1 10 -15 cm 3 .s -1 µs 10 3 s -1 10 -15 cm 3 .s -
10 -1 10 0 T 1 /T 0 = 1 - X/X ∞ 1% 9% 40%

Summary

The method we present in this thesis to evaluate photophysical constants relies on the combination in a single setup of several approaches based on fluorescence kinetics: the monitoring of the ground state recovery via luminescence kinetics, as reported by Kogan et al. [START_REF] Ya | Measurement of lifetimes of triplet states of organic molecules by fluorescence recovery kinetics[END_REF] in liquid gain media, and the analysis of longer photoluminescence transients to evaluate bi-molecular processes popularized by Adachi et al. to argue the complete removal of STA thanks to oxygen [START_REF] Inoue | Introduction of oxygen into organic thin films with the aim of suppressing singlettriplet annihilation[END_REF] or mCP-COT [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF] for instance.

What our work provides is a step-by-step protocol that allows one to evaluate τ t , k ISC , k STA , k TTA one after the other at different concentations, regardless of the pump power density, and without the need of expensive instrument or a spectral resolution. It is graphically presented on Figure 2.17.

First, the triplet lifetime is evaluated by the ground state recovery of a low concentrated gain medium from the pump-probe experiment by varying the delay between the pump and the probe. The refilling of the ground state can then be fitted with a monoexponential expression, since TTA is negligible.

Then, k ISC is obtained by fitting longer transients from the same gain medium. Since the triplet lifetime is now known, the equation only has one adjustable parameter left, as long as STA and TTA do not intervene at such concentrations.

Following the obtention of τ t and k ISC , k STA can be obtained by fitting the initial decrease of the PL in higher-concentrated films. Doing so showed that STA was not to be taken as an intrisic parameter of the molecule but rather as a concentration dependent parameter.

At last, k TTA is obtained with the fitting of the PL transients for longer time scales, as ISC and STA cannot explain the dynamics on their own. Figure 2.12 shows the k STA and k TTA that minimize the error with the experiment. This method The whole set of constant acquired from this protocol for various concentrations of C521T in PMMA films are gathered in Table 2.1. In addition, STA and TTA rates obtained from PL transients and/or ground state recovery are displayed on Figure 2.16. k TTA rates are found to differ only by less than 50% using both methods, which is considered enough regarding the need of the community. Indeed, methods presented in Section 2.1.1 provided results that could vary up to several orders of magnitude.

Discussions on the method

Before showing some results on several dyes of interest, limits and requirements regarding the protocol presented in this chapter will be discussed. This part also includes relevant discussions and interrogations that have emerged during the early study.

Requirements

This setup is used to record µs (or at least hundreds of ns) photoluminescence dynamics, there are no special requirements regarding the temporal resolution, as less than a GHz oscilloscope will do fine. Except for the safety of the sample, we have seen that there is also no need for MW.cm -2 nor GW.cm -2 pump power Figure 2.17: Graphical summary of the experimental protocol presented in this thesis to obtain a complete set of data regarding the triplet state of the gain medium.

densities to observe useful dynamics and work with those. However, the pump power density has to be important enough so that triplet population can reach a sufficient level. In other words, the pumping rate R ex has to be greater than k t , which yields the following condition:

I p = hν p σ abs τ t (2.15) 
Taking typical values (λ l = 500 nm, σ abs = 10 -20 m 2 , k t = 10 4 s -1 ) leads to a power density of ≈ 400 W.cm -2 . The excitation of gain media at this power densities during tens of microseconds is then ideal for laser diodes, which explained why this technique was not used until recently. At last, we will see in Section 2.3 that this setup is perfectly capable of working with liquid solutions in cuvettes.

The only requirement of this experiment is that the gain medium exhibits a quenched PL under long optical excitation. To do so as mentioned previously, the pumping rate has to top the rate at which triplets de-excitate back to the ground state. If no decrease of the PL is observed either thanks to a high PLQY, a very low doping ratio or the suppression of STA with triplet quencher, the setup has no use.

In fact, we later tried to estimate the triplet lifetime in liquid solutions using the same molecules in order to check in which proportion τ t would be affected by the state of the gain medium. Unfortunately, we found out that the PL of all compounds investigated previously in liquids was perfectly proportional to the pump at concentrations of 10 -4 mol.L -1 . The only quenching observed was in the case of a highly concentrated (10 -3 mol.L -1 ) solution of DCM, whose related results are presented in Section 2.3.

Transient absorption spectroscopy measurements

To ensure the reliability of the results obtained from this method, we used a widely used setup to evaluate triplet excited state lifetimes as well as triplet absorption spectra of organic compounds: the Transients Absorption Spectroscopy (TAS) experiment, which has been introduced in Section 2.1.1 3 .

Same PMMA:C521T thin films were employed as test beds for this method, we used samples with similar concentrations of coumarin 521T going from 1 to 40 wt.%. The excitation source on this TAS setup was an Optical Parametric Oscillator (OPO), fixed at 450 nm to match our experiments under diode pumping, pumped at 355 nm by the THG of a Nd:YAG laser. The energy on the samples was 1 mJ with an area of ≈ 4 mm 2 . The duration of the excitation was 7 ns, yielding a pump fluence of ≈ 10 GW.cm -2 . The transients after the excitation were analyzed by a photolysis spectrometer (Edinburg Instruments, LP920) and were processed using homemade Python scripts. First, a complete triplet absorption spectrum of the 22 wt.% film, displayed on Figure 2.18 (right), was recorded by tuning the monochromator wavelength detection. The spectrum was obtained via absorption transients analysis at a time t after the excitation at different wavelengths, as sketched on the left picture. Points were taken every 20 nm from 400 to 800 nm, and the dashed curve to guide the eyes is a CubicSpline interpolation of the data points coded using the Scipy Python library. As it can be seen, the absorption spectrum shows a well defined peak at 520 nm that indicate the highest probability of triplet absorption. Moreover, the significant overlap between the fluorescence and the triplet absorption spectra provides a simple explanation to the absence of long pulse lasing observed with this molecule as gain medium. In a second step, we fixed the detection window of the monochromator at 520 nm to record the absorption transients at different concentrations of C521T, whose raw traces are provided on Figure A23. Figure 2.19 focus on two concentrations: 9 and 32%, and shows that the dynamics below and above 22% is as different as presented in Section 2.2. One can see that indeed the absorption transients of the lowest concentrated film can be perfectly fitted with a monoexponential expression, whereas it is clear that two lifetimes rule the dynamics at higher doping ratio. In fact, it can be seen in the Appendix that for concentrations above 22%, the triplet energy level is depopulated much quicker, suggesting the appearance of an additional process quenching its population density.

Interestingly, the lifetime required to fit the transients at low concentration is different by a factor of 2 compared to the one obtained via this work's experiment. This discrepancy could be explained by the tremendous pump power employed for TAS measurement, which scales 10 7 higher than our kW.cm -2 diode pumping experiment. Although it is not intuitive to picture why the decay of triplet excitons to the ground state should depend on the excitation intensity, the significantly different source term k ISC S 1 brought by this brief excitation results in a much more important triplet population, which could lead a facilitation of the nonradiative de-excitation pathyway and short τ t . Nevertheless, this difference meets the precision requirements for the community, as the important notion is in the first place to estimate at which order of magnitude constants scale and at which concentration second order phenomena occur.

Avoid pump-induced degradation of the sample during measurements

As mentioned in the setup description, the pump power densities of the 450 and 405 nm diodes on the samples can reach up to 200 W.cm -2 and 3 kW.cm -2 , respectively. In both cases, the long duration of the excitation forces one to be careful regarding potential thermal degradation of the sample between measurements. Indeed, the ground state recovery experiment cannot be reliable if the PL transient is not perfectly repeatable pulse after pulse, since the end of the pump (t = 0 on Figure 2.20) is used as a reference to study the depletion of the T 1 state.

Besides blocking the illumination of the sample when adjusting ∆ t on the wavefunctions generators, we also took the precaution to mechanically shift the thin films between each measurement, to ensure that the PL had not been damaged by previous excitation. The influence of this precaution is pictured on Figure 2.20 on which the first excitation (ending at t = t 1 on Figure 2.4) is plotted for different delays between pump and probe. We show on Figure 2.20 (left) that the excitation of the same point leads to a degradation of the PL (even at a frequency of 10 Hz), which can be seen by its flattening for increasing ∆ t . Since less S 0 molecules are available due to thermal destruction, less triplets are created and hence the PL appears less quenched. an initial excitation for different delays between pump and probe. On the left, the same area of the film is pumped during the whole experiment, whereas it is changed between each delay on the right, yielding a more reproductible PL transient.

Temperature or triplets?

To separate the influence of triplets over temperature is a tricky task in many ways, considering that the typical lifetime for triplet excitons (hundreds of microseconds) is close enough to the typical characteristic time associated with thermal diffusion (ms), meaning that the influence of one sometimes overlaps with the other.

On that matter, Hamja et al. [START_REF] Hamja | Highly photo-stable, kHzrepetition-rate, diode pumped circulation-free liquid dye laser with thermal lens management[END_REF] showed that the lasing repetition rate of an optically pumped cuvette of propanol-2 containing 10 -4 M of DCM could be increased from 1 to 14 kHz by putting an aspheric lens between the two mirrors of the cavity, leading to the compensation of the thermal lens.

As discussed in Section 1.3, Sandanayaka et al. managed to achieve lasing with BSBCz up to 8 MHz which was ascribed to the reduced influence of triplet excitons [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] but eventually reached 80 MHz thanks to a more efficient thermal management.

The argument presented here to rule out the fact that the PL dynamics is due to thermal effects relies on two neat BSBCz films that have been processed and encapsulated in exactly the same conditions (see Section 2.5 for details). However, the film denoted by "2020 (degrad)" on the absorption spectra from Figure 2.21 exhibited a much less important luminescence than the others, which has been ascribed to a default in the encapsulation of the film, causing the presence of oxygen in the gain medium. This default is somehow very fortunate in the context of this experiment, as oxygen has been proven to be a very efficient triplet quencher because of its unique ground triplet state [START_REF] Zhao | Singlet-Triplet Exciton Annihilation Nearly Suppressed in Organic Semiconductor Laser Materials Using Oxygen as a Triplet Quencher[END_REF][START_REF] Atula | Improvement of the quasi-continuouswave lasing properties in organic semiconductor lasers using oxygen as triplet quencher[END_REF].

We ran the pump-probe experiment to evaluate the triplet lifetime of both films. The raw PL transients are presented on Figure 2.22 and show dramatically different outputs. First, the relative luminescence of the degraded film (left) is much less quenched than its pristine counterpart (right), which is consistent with oxygen quenching triplets produced via ISC. More importantly, the effective triplet lifetime scales at 5 µs for the pristine film whereas it decreases to 500 ns for the other.

Since both films have roughly the same absorption at 405 nm and have been excited the same way, such a difference can only be explained by triplets related processes. This conclusion is in agreement with the work of Hubner et al. [START_REF] Hübner | Direct observation of the triplet lifetime quenching of single dye molecules by molecular oxygen[END_REF] who reported a triplet lifetime two order of magnitudes lower in the presence of oxygen in their gain medium, without any impactful variation of neither its k ISC nor its fluorescence lifetime.

Pump power density dependency of the triplet lifetime

To check whether or not the triplet lifetime obtained using our setup was dependent of the pump power density, we applied the same method (ground state recovery with low concentrated films then fitting with a monoexponential expression) for different intensity with a 5 wt.% PMMA:C521T film. The results regarding the 1 and 9 wt.% were presented previously to illustrate the protocol and showed that the fluorescence kinetics were similar in both cases i.e. both were ruled by a unique lifetime, ruling out TTA at such concentrations (Figure 2.15) and at such power densities. Figure 2.23 shows that, regardless of the pump power density (varying up to an order of magnitude), we obtained the same dynamics with a unique lifetime of 120 µs. These measurements indicate that the triplet lifetime is not influenced by the excitation intensity, at least in the range of densities investigated.

It is not intuitive in the first place that the decay of the triplet population could depend on the intensity if we consider the triplet equation after the excitation (Equation 2.12), whose analytical solution is

T 1 (t) = T 0 × e -ktt
(2.16)

T 0 the triplet density at the end of the excitation does depend on the exciton density, but the typical time at which it decays is τ t in any case. However, it is possible for τ t itself to be influenced by the exciton density. Similarily to a bucket filled with water with a hole at its base whose flow increases with the level of the water, the triplet lifetime could be decreased by the presence of more triplets inside the gain medium.

On the temporal discrimination of STA from TTA

It has been discussed with the obtention of k STA and k TTA in coumarin 521T blended films that the influence of STA and TTA could be isolated from each other in time on the PL transients, which allows this method to have only one adjustable parameter at each step of the protocol. Because there are several interesting points that justify this approach, it is necessary to review in detail how photoluminescence transients can be analyzed. A study of ours that aimed at explaining the oustanding ms lasing emissions obtained by Adachi et al. [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] with BSBCz will be presented to that purpose. Two BSBCz solid films were fabricated: a neat one and a secondary containing 17 wt.% of BSBCz in a CBP host matrix. As shown on Figure 2.24, power densities used in vertical cavities are typically above the kW.cm -2 , the first thoughts were then to evaluate the impact of potential laser-induced thermal effects inside the gain medium that could explain the rapidly decreasing photoluminescence, as it has already been established that temperature can affect several photophysical properties of organic molecules [START_REF] Zhao | Thermal effects in thin-film organic solid-state lasers[END_REF][START_REF] Wang | Thermal transport in organic semiconductors[END_REF] Here, we modeled a Temperature dependent Internal Conversion (TIC) using thermals experiments presented in the Appendix. Internal conversion being ruled by vibrational relaxation of molecules, its rate denoted by k nr is expected to vary with the temperature and hence, because the temperature T changes with time in a pulsed mode, to evolve with time in the case of long µs excitations. Taking into account the PLQY versus time measurements and heat conduction simulations4 

k nr (t) = k nr 0 -k r αΓt 1 + αΓt (2.17)
where α and Γ are adjusted to fit the PLQY measurements, k nr 0 is the non-radiative decay rate at room temperature. Details of this derivation are provided in the Appendix. This expression was then implemented in a population rate equation system similar to Equation 2.9 and 2.10 by replacing k f by k r + k nr (t). Results on Figure 2.25 (orange curve) where k ISC , k STA , and k TTA are set to zero show that although the photoluminescence slightly drops, a TIC rate cannot explain the PL transients on its own. Besides, this 10 % drop of the PL is obtained for a pump power density significantly higher than the one used with our setup. It should be noted that these measurements have not been done for the 17 µm films presented in this work. However, thanks to the negligible influence of TIC expected at lower excitation power densities, we consider that this approximation is taken into account in the error regarding the evaluation of the different rates (k ISC , k STA , ..). This conclusion that thermal effects cannot fit the dynamics is related to the observations in Section 2.2.5.4 where we show that a reduction of the triplet lifetime up to one order of magnitude could be ascribed to the presence of oxygen inside the gain medium, proving that triplets are responsible for the observed quenching of the PL. Now that thermal quenching has been ruled out, we explored the effects of triplet excitons by enabling intersystem crossing and singlet-triplet annihilation, as the latter is often pointed out as the main limitating process to achieve longer lasing pulses [START_REF] Zhao | Singlet-Triplet Exciton Annihilation Nearly Suppressed in Organic Semiconductor Laser Materials Using Oxygen as a Triplet Quencher[END_REF][START_REF] Atula | Improvement of the quasi-continuouswave lasing properties in organic semiconductor lasers using oxygen as triplet quencher[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF]. We show on Figure 2.25 that ISC and STA can only account for the initial decrease of the luminescence, as no combination of k ISC and k STA allow a full agreement of the transients. An approach to explain the whole dynamics is to take into account an additional process that will lower the saturation level of the triplet population. Whether it is a lower triplet lifetime or the sign of triplet-triplet annhiliation will be discussed afterwards.

Based on these findings, the following discussion will be split in two parts: a first focusing on the early stages of the PL where it abruptly decreases, and the µs scale where the triplet density saturates.

sub-microsecond scale

To properly investigate the influence of ISC and STA on the photoluminescence of BSBCz thin films, we simulated Equation 2.9 and 2.10 for a wide range of k ISC and k STA , in order to highlight the couples of values that could fit the experiments. Two configurations were chosen: a CBP thin film containing 17 wt.% of BSBCz pumped at 23 kW.cm -2 , and a neat BSBCz film pumped at 9.1 kW.cm -2 . The difference between the experiments and simulations are reported on Figure 2.26, where the colormap indicates the inverse of σ the standard deviation, which was computed from Equation 2.11.

Here, the higher, the better. Computations show that two regimes can explain the first 500 ns of the PL transients, regardless of the BSBCz concentration: a first in which they are fitted with only ISC (vertical lines corresponding to high values of k ISC and negligible k STA ), and a second for which both ISC and STA are required (oblique lines for lower k ISC and higher k STA ). From the cases where k STA is superior to 10 -12 cm 3 .s -1 , a clear relation between both rates can be extracted in the form of: 

k STA k -α ISC = β (2.18)
where α is the coefficient of the mentioned lines. It is logical to see ISC and STA being inversely proportional to explain the same dynamic, as the former generates triplets that will quench the PL while the latter indirectly reduce the T 1 population density.

A PLQY of 0.76 in neat film [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] yields an upper limit for k ISC that is above 10 8 s -1 , whereas the reported triplet formation quantum yield of 0.04 leads to k ISC = 3×10 7 s -1 . Projecting these values on Figure 2.26 leads to the conclusion that STA has to be taken into account, and that we have access experimentally to the coefficient β (since we do not have more informations on k ISC or k STA ).

Interestingly, it turns out that in the case of Figure 2.26, α is really close to one (α = 0.98), meaning that the product k ISC × k STA can be considered constant for each concentration along those lines, regardless of the values chosen individually for k ISC or k STA 5 . Unfortunately, the very high fluorescence efficiency of BSBCz does not meet the requirements for our method to be applied, as discussed in Section 2.2.5.1, preventing us from the obtention of k ISC of τ t at low concentration of BSBCz. Nonetheless, these results show that if one knows either k ISC or k STA in a given configuration, the reciprocal constant can be estimated rather quickly from numerical fits. For the sake of this discussion, the triplet lifetime will be chosen at 175 µs after the report of Sandanayaka et al. [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] measured in solution (discussed in Figure 2.27: Experimental (solid lines) and simulated (dashed lines) photoluminescence transients normalized to the pump profile for 20 wt.% BSBCz in CBP (left) and neat BSBCz film (right). The fits only account for the first 500 ns for an additional process is needed to explain the full dynamics. Section 2.1.1), as no report can be found for such measurements in solid blended films.

Fitting procedures yield values for β of 0.16×10 -3 and 4.8×10 -3 cm 3 .s -2 for the blended and neat films, respectively, meaning that under the assumption that k ISC does not vary much with the doping ratio (6×10 6 s -1 for instance), k STA will increase from 2.8 to 68×10 -11 cm 3 .s -1 .

A trend that is consistent with the results presented in Section 2.2 for coumarin 521T thin films of different concentrations. Photoluminescence transients simulations performed with these STA rates for both films are presented on Figure 2.27, for which k TTA has been set to zero. One can see that simulations only account for the first ≈ 500 ns, as discussed earlier with Figure 2.25. Once again, the rates evaluated from PL transients do not depend on the pump power density.

microsecond scale

To explain the dynamics of the photoluminescence at longer time scales, notably the saturation of the triplet population, triplet-triplet annihilation was implemented into the equations. We evaluate k TTA with the same method described in Section 2.2, by minimizing the error between experiments and simulations at long time scales.

Results presented on Figure 2.28 show that only one TTA rate maximize the agreement with the experiment, and that it scales at 1.2 and 6.7×10 -13 cm 3 .s -1 for the blended and neat BSBCz film, respectively. Interestingly, these findings also suggest that TTA is proportional to the concentration of active molecules, contrarily to STA for which the rates increases by more than one order of magnitude from 17 to 100 wt.%. Simulations done with these updated rates can be found on Figure 2.29 for both films and at different pump power densities. It has also been Because Oyama et al. [START_REF] Oyama | Design Strategy for Robust Organic Semiconductor Laser Dyes[END_REF] recently reported triplet lifetimes of BSBCz and some of its derivatives that would in fact range between tens of nanoseconds to a few hundreds (which differs by several orders of magnitude from the values of 175 µs reported in Reference [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF]), we also investigated if the PL transients presented on Figure 2.24 could be entirely explained by an intrisincally low triplet lifetime rather than a usual one being quenched by additional processes. However, our simulations showed that to account for the whole PL dynamics, τ t would have to scale at around 450 ns for the neat BSBCz film whereas it would have to reach a few µs for the blended 17 wt.% CBP:BSBCz, strongly suggesting that the reported sub-microsecond lifetimes actually stand for effective ones reduced by triplet-triplet annihilation.

The temporal separation of STA and TTA has been discussed, but one could wonder if a simple fit of the complete dynamics with k STA and k TTA as adjustable parameters would give the same result as long as k ISC is fixed. It would have the advantage of being simpler and more straightforward than the above-mentioned approach. Interestingly, doing so would give the same values as long as k ISC and τ t are determined, and this is the important point. We have seen in the case of the CBP:BSBCz thin films investigated in this section that fitting the initial decrease gave a large range of possibilities for the couple (k ISC ,k STA ) on Figure 2.26. However, if k ISC and τ t are estimated prior to the fitting of high concentrated films (which our method allows with low concentration fluorescence kinetics), the STA rates obtained would be fixed by k ISC (one point on Figure 2.26 instead of a line), and k TTA would be fixed by k ISC ×k STA .

Results for other compounds

In the previous section, special cares were taken to present in the most detailed way the protocol regarding the evaluation of triplet-related constants using coumarin 521T blended PMMA films as an example. Here, the results obtained with other organic compounds with the same setup and subsequent methods are presented. The molecules investigated, sketched on Figure 2.30, were chosen based on their availability and their absorption spectrum which had to match with either the 405 or the 450 nm diode (unfortunately excluding virtually all rhodamine derivatives that could have been interesting to study). Also, the molecule had to solution processable to be diluted in PMMA, so that the results could be compared with those of C521T films.

The following molecules were studied in the same configuration than for coumarin 521T: Ethyl 1,1,7,7-tetramethyl-11-oxo-2,3,5,6,7,11-hexahydro-1H-pyrano[2,3-f]pyrido[3,2,1ij]quinoline-10-carboxylate (coumarin 314T), 4-Dicyanomethylene-2-methyl-6-p dimethylaminostyryl-4H-pyran (DCM), 2-butyl-6-(butylamino)benzo[de] isoquinoline-1,3-dione (fluorol 555), and bis[(N -carbazole)styryl]biphenyl (BSBCz-EH). We did not seek the best lasing molecules, but rather various examples from different families.

C314T has been extensively studied in the 90's as a laser dye, owing to its high fluorescence quantum yield [START_REF] Duarte | Higher efficiency excimer laser pumped blue-green dye laser[END_REF][START_REF] Reynolds | New coumarin dyes with rigidized structure for flashlamp-pumped dye lasers[END_REF]. F555 was also used in lasers [START_REF] Lambropoulos | Fluorol 7GA: An efficient yellow-green dye for flashlamp-pumped lasers[END_REF] and was mode-locked in liquid state to achieve 5 ps pulses [START_REF] Lill | Passive mode-locking of a flashlamppumped fluorol 7GA dye laser in the green spectral region[END_REF]. Moreover, it has also been used in PMMA films as solar luminescent concentrators [START_REF] Michael | Use of the thermal lens technique to measure the luminescent quantum yields of dyes in PMMA for luminescent solar concentrators[END_REF][START_REF] Carrascosa | Monte Carlo simulation of the performance of PMMA luminescent solar collectors[END_REF] thanks to a large Stokes shift and high fluorescence quantum yield [START_REF] Hayashibara | CONCENTRATORS USING FLU-ORESCENT SUBSTANCES[END_REF]. Besides BSBCz-EH Figure 2.30: Compounds investigated in this work which was used as a solution-processable alternative to BSBCz [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF], DCM is the most known compound investigated in this work. It has been widely used three decades ago as a highly efficient tunable laser in the red (in liquid-and solid-state) thanks to a very low triplet formation quantum yield [START_REF] Hu | All-solid-state tunable DCM dye laser pumped by a diode-pumped Nd:YAG laser[END_REF][START_REF] Hammond | Continuous-wave dye lasers in the DCM region[END_REF][START_REF] Marason | Laser dye DCM: CW, synchronously pumped, cavity pumped and single-frequency performance[END_REF]. Being mixed with Alq 3 in host-guest systems allowed the reaching of novel lasing regimes in solid-state later [START_REF] Rabe | Quasi-continuous-wave operation of an organic thin-film distributed feedback laser[END_REF].

This section starts with the presentation of the different triplet state lifetimes for the above-mentioned compounds in addition to a discussion regarding the comparison between lifetimes in solid-and liquid-state using two samples of DCM. It is followed by the evaluation of intersystem crossing rate (k ISC ), and of bi-molecular interaction rates (k STA , and k TTA ) at different doping ratios when it was possible. Then, the discussion focuses on 200 nm CBP:BSBcz films at different concentrations of BSBCz that were kindly processed by Adachi's lab. By analyzing these films that are very similar to the ones used to achieve 30 ms lasing [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] with our method, we aim to confirm the good properties of the molecules regarding its CW-capabilities.

Triplet state lifetimes 2.3.1.1 Solid PMMA films

The measurement of triplet state lifetimes for each molecule has been done with the same protocol as presented in Section 2.2.4.1 i.e., fitting by a monoexponential expression the ground state recovery kinetics obtained via our pump-probe setup. As stated, it has been done at low concentration to avoid the influence of other processes mentioned earlier.

Results are displayed in As one can see, there is a clear difference between BSBCz-EH and other compounds. In the case of DCM, coumarin 521T and 314T, and fluorol 555 (or 7GA), triplet lifetimes are found to be above 100 µs with an average of ≈ 150 µs, whereas the one of the PMMA:BSBCz-EH film was measured at 25 µs, almost one order of magnitude lower. This difference is emphasized with Figure 2.31 whereby photoluminescence transients obtained with the pump-probe setup are plotted for DCM (left) and BSBCz-EH (right) blended (1 wt.%) films. Ground state recoveries exhibit the same dynamics for both molecules but with much different times scales, for the BSBCz-EH fully recovers before 100 µs after the initial excitation whereas it takes DCM more than 400 µs.

We can conclude from this important difference that even though triplet lifetimes of other compounds are found to be quite similar, values are related to neither the gain medium configuration nor the host plastic matrix.

Although this is not really related to triplet lifetime measurements, the BSBCz-EH is also the molecule exhibiting the lowest fluorescence lifetime measured in this work, which can be explained by its high radiative rate constant [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF][START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF]. This, combined with a lower triplet lifetimes than other compounds in thin films, provides first insights on the CW emission reported using BSBCz by Sandanayaka et al. [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]. Because, even though BSBCz-EH is only an alternative, modified version of BSBCz to be solution-processable, it has been shown by Mai et al. [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF] that the Ethyl-Hexyl (EH) units added to do so had not changed the properties of the pristine molecule.

Comparison with liquid dye solution

Comparing lifetimes or any photophysical properties in liquid-and solid-state is no easy task, because of the difference in absorption and in concentration, mainly. Indeed, a standard molar concentration for molecule characterizations is 10 -4 M, but even a 0.1 wt.% blended film is equivalent to ≈ 10 -1 M. There are therefore only a few studies that were interested on this comparison, and no consensus regarding the alternation of photophysical constants between solid-and liquidstate has been reached yet.

As mentioned previously, an increase of the ISC rate has been reported in different configurations when going from liquid to solid [START_REF] Frolov | Picosecond photophysics of luminescent conducting polymers from excitons to polaron pairs[END_REF][START_REF] King | Femtosecond ground state recovery: Measuring the intersystem crossing yield of polyspirobifluorene[END_REF]. We can also cite the work of Dzebo et al. [START_REF] Dzebo | Intramolecular TripletTriplet Annihilation Upconversion in 9,10-Diphenylanthracene Oligomers and Dendrimers[END_REF] on this matter, in which they show a significant increase of the TTA-generated delayed fluorescence in solid PMMA matrix compared to a liquid. On triplet state lifetimes, even fewer studies can be found. A common assumption is that it is much shorter in liquid configurations thanks to a much more important diffusion length of molecules, leading to more collision between triplets, oxygen and thus, reducing their lifetime. Furthermore, this reduced lifetime would also be linked to a negligible STA which, coupled with an ISC reportedly much lower, could explain the flat photoluminescence response observed in most dye solutions, even at high pump intensity.

For potentially all of the discussed reasons, we could not observe any decreasing of the photoluminescence (which is a requirement for this method, Section 2.2.5.1 for details) for usual concentration of 10 -4 M with DCM, but had to reach 10 -3 M to observe interesting dynamics. The photoluminescence transients obtained with our pump-probe setup on Figure 2.32 (left) show that even though the solution is considered highly concentrated and that the ethanol is almost saturated, the decrease of the PL with time is still very low compared to Figure 2.31 (left). This difficulty to quench the PL is in agreement with the argument mentioned earlier, if less triplets are created or interact with singlet excitons, there is no reason for the PL to be quenched.

However, the luminescence shown on Figure 2.32 (left) has been quenched enough, although very close to our setup resolution, for a monitoring of the ground state recovery with time. Doing so led us to a triplet lifetime as low as 6 µs, as displayed on Figure 2.32 (right). If we take as a reference the values of 31 µs for DCM triplet state lifetimes [START_REF] Meyer | Photoinduced intramolecular charge transfer and trans-cis isomerization of the DCM styrene dye: picosecond and nanosecond laser spectroscopy, high-performance liquid chromatography, and nuclear magnetic resonance studies[END_REF] (measured in a deaerated solution of DMSO), it is expected to measure shorter ones considering the much higher concentration used here, as well as the finite concentration of O 2 in films. Moreover, the fact that the fluorescence recovery is much faster than in PMMA thin films (6 vs. 160 µs) tends to agree with the "triplet collision" hypothesis.

Intersystem crossing

Now that triplet lifetimes have been evaluated at low concentration for each compound, longer photoluminescence transients can be used on the same films since k ISC is assumed to be the only adjustable parameter left to explain a decreasing of the PL. Rates obtained are gathered in Table 2.3, and the corresponding PL transients are displayed on Figure 2.33 for DCM, C314T, F555, and BSBCz-EH (left to right, top to bottom) blended films.

For all compounds, k ISC scales in the range of what it usually reported with organic molecules, as discussed in Section 1.2.4.1. The fitting of PL transients reveals quite stronger ISC for DCM, F555, and C314T with rates scaling above 10 8 s -1 . Interestingly it also indicates a k ISC of 3×10 7 s -1 for BSBCz-EH, which exhibits similar properties as BSBCz. Although this value is in perfect agreement with the rate of 3.1×10 7 s -1 reported for BSBCz (from triplet formation quantum yield and fluorescence lifetime measurements as stated in Section 2.1.1), this "typical" value tends to balance the conclusions regarding the CW lasing achieved with this molecule, which were justified with a very low generation of triplet excitons [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], among other arguments.

Bi-molecular interaction rates

Following the measurement of triplet state lifetimes and intersystem crossing rates, higher concentrated films were employed to study whether or not additional biannihilation processes were susceptible to influence the PL dynamics. Results (effective lifetimes, annihilation rates) are summarized in Table 2.3 for each compounds and for every concentrations.

Unfortunately, it was not possible to reach weight concentrations as important as with coumarin 521T, mostly because PMMA or anisole were more easily saturated. This is for instance the case of DCM for which it was impossible for us to reach concentration higher than 6/7 wt.%, even with the addition of more anisole to ease the dilution (which would have been ejected when spin-coated on the glass plate) or with the use of long radio frequency baths. In the case of BSBCz-EH however, this limitation to 5 wt.% is due to the limited availability of the material.

Long photoluminescence transients of blended PMMA films with DCM, coumarin 314T, fluorol 555, and BSBCz-EH are displayed on Figure 2.33 for different doping ratios with the associated fitting (dashed lines). Values used to fit the PL are gathered in Table 2.3 for each compound and for each concentration. Similarily to what was observed with coumarin 521T in Section 2.2.4.2, ISC and STA are sufficient to explain the abrupt initial decrease of the photoluminescence in every cases investigated. The same goes for TTA with the saturation of the triplet population, regardless of the time it takes to reach this steady-state regime. Sadly, the abovementioned limits on the doping ratios prevent us from studying the evolution of k STA and k TTA at very high concentration in this configuration.

If we focus on the transients of the 5 wt.% blended films to compare all molecules, they indicate for most a quenching of PL at around 20 wt.% after 100 µs with a slightly stronger one for DCM. This more dramatic effect with DCM is surprising considering the very weak triplet formation quantum yield of 3×10 -3 reported in the literature [START_REF] Meyer | Photoinduced intramolecular charge transfer and trans-cis isomerization of the DCM styrene dye: picosecond and nanosecond laser spectroscopy, high-performance liquid chromatography, and nuclear magnetic resonance studies[END_REF]. DCM being widely known for undergoing isomerization rather efficiently could explain this different behavior in our measurements.

On the other hand, experiments also show once again an important discrepancy between BSBCz-EH and others on the dynamics leading to this constant value. While it takes more than 100 µs to reach a steady-state photoluminescence with DCM, F555 and C314T, it only takes less than 10 µs for BSBCz-EH. Taking into account the fluorescence and triplet lifetimes with the ISC constant previously estimated, this faster dynamics can only be explained by the equations with a more important STA and TTA. Hence, values up to two orders of magnitude higher than other compounds are reported in Table 2.3.

Interestingly, these transients obtained with BSBCz-EH as a gain medium are not consistent with what have been published by Mai et al. [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF] with the same molecule in neat film. They reported that the photoluminescence is indeed also quenched by approximately 25%, but that the dynamics is remarkably similar to any of the compounds we investigated in this study i.e., a steady-state value reached within more than 100 µs. This difference could be related to a too short excitation duration in our case that would prevent us from observing similar dynamics at longer time scale, but it has been checked that our results were consistent with a 100 µs excitation. Since we had the BSBCz-EH powder for quite some time before using it in PMMA, it could also be explained by the presence of oxygen inside the recipient, altering the pristine material by easing the triplet quenching. It would explain the shorter lifetime measured at 25 µs in Section 2.3.1 but as we will see in the next subsection, we obtained a similar fast dynamics in the case of encapsulated CBP:BSBCz blended films.

Assuming that the pump power density linked to a peak power of 2.35 mW is much less important than ours6 is also not consistent with what we observed, since no quenching of the PL was observed at all for pump intensity inferior to 800 W.cm -2 .

Because, as it has been discussed previously, STA has been designated numerous times as the mechanism limitating the most the duration of lasing pulses, these strong values obtained in the case of BSBCz:EH blended films do not in the first place seem consistent with the ms lasing achieved with BSBCz [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]. Therefore, it will be interesting to use these rates in Chapter 3 using simulations to study to which extent STA is compatible with CW lasing, and if TTA can help compensating this drastic excited singlets quenching.

In complement to long PL transients and the obtention of k STA and k TTA by fitting of the dynamics, we show on Figure 2.34 the pump-probe setup outputs for the same films. As stated, doing so has several purposes: first, it allows us to estimate the triplet lifetime using low concentrated films, which is then used as an input on Figure 2.33 to find k ISC at the same low concentration. Then, using higher concentrated films provides a robust imaging of the influence of TTA in the gain medium, as the ground state recovery will no longer be fittable by a monoexponential expression with a unique lifetime, but with a more complex solution obtained via a Ricatti equation (Equation 2.14), characterized by two different lifetimes.

Figure 2.34: Fluorescence recovery kinetics measurements of blended PMMA films at different concentrations. τ t is the triplet lifetime used to fit the data at low concentration with a monoexponential expression. k TTA T 0 is the adjustable parameter in the triplet analytical solution in Equation 2.14.

On Figure 2.34, the fluorescence kinetic is fitted only with a unique triplet lifetime when no k TTA T 0 is mentioned, meaning that TTA is not likely to occur. Results show that, similarily to what was obtained with coumarin 521T in Section 2.2.4, an increasing chromophore concentration in the gain medium is linked to an increase of TTA. Moreover, while coumarin 314T exhibits the same behavior as coumarin 521T with a meaningful TTA starting at a concentration of 22 wt.%, we see that it happens for concentrations as low as 5 wt.% in DCM, fluorol 555 or BSBCz-EH.

The presence of TTA at "low" concentrations does not seem consistent with its Dexter description, as it has been described in Section 1.2.6.2. However, it can be explained by a non-null probability to find dimers or closely-packed molecules in amorphous thin films. 

CBP:BSBCz 200 nm encapsulated films

After applying our method to 17 µm films, we wanted to use it on a compound that has been mentioned numerous times in this thesis in previous sections: the BSBCz. Because as it has been evoked, this molecule cannot be processed in solution to create similar PMMA films, several 200 nm CBP:BSBCz films have been fabricated by a thermal co-evaporation process at the OPERA research center 7 . In order to fully take advantage of the setup presented in this work, films were processed with different concentrations of BSBCz (1, 5, 20, 40, and 100 wt.%) into the CBP host matrix. Doing so allows us not only to estimate constants that are useful for the community, but also to compare with other materials investigated. Besides, these gain media are much more analogous to the ones employed in the recent breakthroughs [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF][START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF], minus the grating imposed by the DFB resonator. The ideal is therefore to be able to clearly discriminate the properties of BSBCz from others, and also to see in which proportion those constants are similar to the ones of BSBCz-EH. First, we looked at the fluorescence recovery kinetics at low concentration to estimate the triplet lifetime, and a value of 20 µs was reached. This rate is found to be consistent with the one found for BSBCz-EH, for which τ t had been estimated at 25 µs. However, it should be noted that contrarily to other previous compounds, the measurements have been carried at a concentration of 5 wt.% because the quenching of the PL was not meaningful enough at lower concentration for the rather low resolution of our setup. It can be seen on Figure 2.36 with the blue curve that corresponds to a 1 wt.% concentration, and for which the decreasing of the PL is much less important than for other compounds (Figure 2.33). Measuring the triplet lifetime at a concentration of 5 wt.% is legitimited by the monoexponential decay of the T 1 state at this doping ratio, as showed on Such as BSBCz-EH in the previous section, we reached values for k STA and k TTA , in the range of 10 -9 and 10 -12 cm 3 .s -1 , respectively, in highly concentrated films that are much higher than other compounds whose rates have been evaluated at 10 -11 and 10 -14 cm 3 .s -1 for STA and TTA, respectively. This is due to the much faster dynamics in play here, as the triplet population density saturates in less than three microseconds for concentrations higher than 5 wt.%. To simulate this fast recovery, a shorter triplet lifetime is not enough and TTA is required, hence the strong values around 3×10 -12 cm 3 .s -1 . Although several options exist to simulate a fast depletion of the T 1 state, TTA is once again found to be the best probable scenario, owing to the non-exponential decay dynamics displayed on Figure 2

.35 (right).

Regarding k ISC , the value of 3×10 7 s -1 is close enough to the value obtained for PMMA:BSBCz-EH films, and is found to be consistent with the triplet formation quantum yield of 0.04 and the fluorescence lifetime of 1.28 ns reported in [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]. The effective triplet lifetimes presented in Table 2.4 were defined for each concentration as the closest fit of the Ricatti expression (Equation 2.14) with k TTA T 0 set to zero. Although it is a rather crude rough way to fit experimental data, it shows that for concentrations above 20 wt.%, τ eff t reaches values of less than 10 µs. This, combined with high TTA (despite a high STA), provides useful insights regarding the results obtained by Adachi et 

Conclusions

In this chapter, a method to evaluate triplet-related photophysical constants has been presented. This experimental protocol combines the previous work of Kogan et al. [START_REF] Ya | Measurement of lifetimes of triplet states of organic molecules by fluorescence recovery kinetics[END_REF] and the photoluminescence transients analysis used notably by Adachi et al. [START_REF] Van | Solid cyclooctatetraene-based triplet quencher demonstrating excellent suppression of singlettriplet annihilation in optical and electrical excitation[END_REF][START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF][START_REF] Inoue | Introduction of oxygen into organic thin films with the aim of suppressing singlettriplet annihilation[END_REF] to study the suppression of singlet-triplet annihilation with the incorporation of triplet quenchers in the gain medium. Using a simple pumpprobe setup illustrated on Figure 2.3 with µs, kW.cm -2 optical excitations and the fit of both ground state recovery via fluorescence kinetics and photoluminescence transients allows us to obtain τ t and k ISC in low concentrated blended films. k STA and k TTA are then estimated at higher concentrations of active molecules. The expensive and/or complicated setup that is usually required to properly obtain such constants (if possible) were discussed in the first place, as well as the limitations imposed by numerical fitting procedure using too many adjustable parameters. Instead, this work provides an approach that only has one adjustable parameter at each step of the protocol as summarized on Figure 2.17. Besides, no spectral resolution, PLQY measurements, ns resolution is required, making it cheaper and simpler than most methods presented in Section 2.1.1.

First, the triplet lifetime is estimated from the monoexponential fitting of the ground state recovery dynamics at the lowest possible doping ratio. k ISC is estimated afterwards by fitting long PL transients at similarily low concentration, to rule out the influence of concentration quenching and intermolecular interactions. Now that the complete photophysics occuring as such concentration is known, k STA and k TTA can be estimated by fitting PL transients of higher-concentrated blended films. Although it is not mandatory because k ISC has been fixed previously, but we showed that STA and TTA could be split temporally and that both accounted for different parts of the PL kinetics.

To begin with, the method was presented in detail in the case of blended PMMA films containing different concentrations of coumarin 521T, and was then applied to flurorol 555, coumarin 314T, DCM, and BSBCz-EH in the same configurations. Several interesting key points are worth mentioning: first, triplet lifetime were evaluated at around 150 µs for all compounds but BSBCz-EH. Then, we also showed that k STA and k TTA were much more pronounced in BSBCz-EH too, as stronger rates are necessary to explain the fast saturation of the triplet population density and the ground state recovery. Being able to discriminate one molecule from others with this simple setup provides great insights regarding the lasing capabilities of gain media. Also, the use with C521T of high concentrated films allows us to study the concentration dependence of bi-molecular interactions such as STA and TTA. It should be mentioned that this method does not provide precise values of the rates, but does a great job a providing order of magnitude with errors that are estimated to be less than twofold, which is enough for the need of the community. Indeed, it has been mentioned in the state-of-the-art that actual methods, even though they can be much more expensive and/or complicated, cannot provide values up to a certain degree of precision.

Then, we performed this protocol on 200 nm CBP:BSBCz films at different concentrations, on which similar conclusions as with BSBCz-EH were reached i.e., a triplet lifetime of ≈ 20 µs while STA and TTA are very strong with rates reaching values above 10 -10 and 10 -12 cm 3 .s -1 , respectively.

There are several ways to improve this setup in the future: first, the resolution of the measurements may be significantly improved by the use of an FPGA for instance to automate the recording. Indeed, since only the pump is required to last long enough to build an important population of triplet, implementing a custom analog signal that alternates between long and brief pulses (since we are only interested at the peak fluorescence of the probe) could improve the resolution. Besides, it would also prevent potential permanent bleaching of the gain medium during experiments and obviously save time, as it would become a turnkey system that performs all necessary recording and processing much faster. We could also give more attention to the evolution of the transients with δ t in cases where there is an existing T 1 population before the probe. If aiming for database-like applications, one of the key point would be to explore new emission wavelengths to be able to screen properties of various new light emitting dyes.

Chapter 3

Continuous-wave lasing conditions of organic lasers 3.1 Motivations

The early motivations to understand what are the optical and photophysical requirements to achieve a (quasi)-continuous wave lasing operation using an optical exitation of an organic thin film came from the breakthroughs reported by Sandanayaka et al. [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] with BSBCz in a mix-order DFB resonator. As discussed in Section 1.3, their report on a lasing operation during a 30 ms excitation was the first of its kind and an important step towards the current state-of-the-art. It was ascribed to BSBCz properties (short fluorescence lifetime, very low triplet absorption, high radiative rate and PLQY, and so on.) and an efficient thermal management which allowed the lasing to operate at a repetition rate up to 80 [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] instead of 8 MHz [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF].

The idea of our team was then to use the same molecule exhibiting so many CW-friendly properties and incorporate a similar thin film (in concentration and in thickness) into an optically pumped VCSEL-like cavity (the film is mechanically sandwiched between two high-quality mirrors, leaving no empty space inside). Indeed this type of resonator presented in Section 1.1.5 is known to exhibit a near perfect beam quality (with a M factor close to unity), which would allow deeper studies regarding the properties of the beam emitted from the gain material, and pave the way for more pratical applications where shapable beams are required.

However, as shown on Figure 3.1, lasing pulses that lasted no longer than one microsecond were obtained with a pump power density of several kW.cm -2 , which is similar to the intensity with which a qCW emission was achieved in DFB. Considering that we used the same molecule at the same concentration in a CBP host matrix, and that we pumped this similar film at approximately the same pump power density, a question emerges: why does the resulting lasing pulses in VCSEL are no different from any classical materials that are not considered CW-friendly? 101 This very question is at the starting point of this chapter and these numerical studies, in which we included both optical and photophysical losses in our thinking to provide a broader view of the requirements to achieve lasing under (q)CW excitation. This chapter will be presented as follows: First, the theoretical framework (exciton population equations, resonator modeling, ..) will be presented, followed by an extensive discussion regarding the approximations that have been done and the limits of our work. Since our analysis also relies on many analytical expressions, a detailed version of the reasoning is provided using the classical four-system configuration, in which triplets are not taken into account. This illustration has also the purpose to be used as a reference for further comparisons with more complex systems.

Then, the generation of triplet excitons after photoexcitation via intersystem crossing is studied, focusing on their influence on the lasing pulse duration. After that, singlet-triplet annihilation and triplet absorption are enabled in the equations and their effects on the populations temporal evolution is addressed, alongside a discussion on whether STA or TA has the most detrimental impact. At last, the influence of beneficial mechanisms such as triplet-triplet annihilation, reverse intersystem crossing, and a low triplet lifetime regarding the above-mentioned loss interactions is also presented.

Previous investigations

The first report that comes in mind when discussing the modeling of organic lasers is the work of Gärtner et al. [START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF], who studied numerically the thresholds of OSLDs and introduced the system of rate equations employed in this work and numerous other papers since. Notably, they explored the influence of biexciton annihilations such as STA and TTA on the lasing capabilities of electrically pumped devices. Their work shows among other things that a threshold of 1 kA.cm -2 would be possible with standard values of k STA and k TTA (which was not obvious since STA was pointed out as an important limitation towards OSLD), provided that other losses such as triplet absorption and thermal effects were efficiently dealt with. Furthermore, they designated the ratio k STA /k TTA (i.e. the singlets quenched by STA over the ones created via TTA) as being an important indicator for electrical stimulation of organic lasers.

Among the methods to harvest triplet excitons back the fluorescence, RISC is a mechanism of choice, and its influence on the lasing pulse duration has been studied in the past. We can cite the work of Abe et al. [START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF] who used numerical simulations to study how the ratio k ISC /k RISC affects the exciton statistics and hence, the lasing emission. Their work notably indicates that in order to achieve CW lasing in the presence of optical losses such as triplet absorption, k RISC should be of the same order of magnitude as k ISC , which is not so surprising since both mechanism are exactly reciprocal.

The work of Chua et al. [START_REF] Chua | Modeling of threshold and dynamics behavior of organic nanostructured lasers[END_REF] also has to be discussed, since it is found to be the closest to this theoretical study, being among the first to actively take into account the cavity characteristics in addition to the photophysical properties of the gain medium to explain lasing behaviors in OSSLs. Although they mainly focused on lasing thresholds of nanostructured organic lasers, their work provides great insights regarding the influence of the cavity quality factor Q and confinement factor Γ. To do so, they used system of coupled rate equations as introduced by Gärtner et al. [START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF] but extended to take into account different vibrational sub-levels of each electronic level of interest.

Interestingly, they predict that in a configuration where k t is equal to k ISC and the photobleaching of the molecules is neglected, a resonator with a quality factor of 5×10 4 would exhibit a lasing threshold as low as 0.7 W.cm -2 . This case seems however utopian, since it means that triplets would no longer be problematic in a system without the help of triplet quencher/manager, considering typical values of 10 7 and 10 3 s -1 for k ISC and k t , respectively. They also show that no lasing would be possible if k ISC /k t approaches 10 3 , which is the ususal order of magnitude reported in the literature for fluorescent compounds (see Section 1.2.4.1). [START_REF] Giebink | Temporal response of optically pumped organic semiconductor lasers and its implication for reaching threshold under electrical excitation[END_REF] studied in 2008 which triplet-related process was the most detrimental regarding the lasing pulse duration, thanks to a simplified system of equations and experimental lasing/PL transients of two DFB resonators with Alq 3 :DCM and CBP:BCzVBi (a blue/green dye) as gain media. While they were able to show that the limitation could be ascribed to triplet and not thermal effects thanks to lasing intensity recovery measurements (mentioned in Section 2.1.1), they fitted the temporal dynamics with triplet formation quantum yields δ T , defined by

Giebink and Forrest

dT 1 dt = δ T R p S 0 -k t T 1 (3.1)
which differs from a fixed triplet creation rate as k ISC , R p being the pumping rate (s -1 ). Their work contains a quite interesting discussion on the ratio between the time it takes for the triplet population to be relevant (important enough for STA to be meaningful) and the rise time of the singlet population. In other terms, they emphasize that the S 1 population has to reach the density related to the lasing threshold before T 1 excitons are able to quench it. For instance, when taking a low triplet formation quantum yield of 0.03 (meaning that only 3% of the photoexcited molecules will be promoted on the T 1 state), the S 1 density is more important than the T 1 one during the first 50 ns, which gives it the time to be clamped to its threshold value (1.5×10 17 cm -3 in their example). After this short time, STA becomes efficient and reduces the singlet excitons density below the threshold, thus terminating stimulated emission. Furthermore, they applied their system to an electrical stimulation of the gain medium (i.e. δ T = 0.75 as discussed in 1.2.4.1). They found out that in this particular case, the T 1 population outnumbered the S 1 one so early that it prevents it from reaching its threshold value. More simulations allowed them to reach the fatal conclusion that STA is not compatible at all with electrical pumping, as it would require a tremendous current combined with a low rising time of the S 1 population, which was unreachable with current materials at that time. Although the equations used here were simplified (not taking into account triplet absorption and triplet-triplet annihilation), the conclusions on the mandatory removal of STA or a better management of triplets were consistent with the recent breakthroughs using BSBCz, 10 years later, whose high performances were attributed to a low triplet formation quantum yield. They also emphasized the importance of a well designed cavity (with losses lower than 150 cm -1 , or an equivalent Q higher than ≈ 10 3 , in their case) to reduce the lasing threshold, by reducing the rise time of the S 1 population, which would lead to longer lasing pulses.

Among the system presented in this section, the one used by Chua et al. [80, ] takes into account neither STA nor TTA, while the one used by Giebink and Forrest [START_REF] Giebink | Temporal response of optically pumped organic semiconductor lasers and its implication for reaching threshold under electrical excitation[END_REF] is useful for host-guest systems (hence the absence of TTA here too). Overall, both systems are suited for particular applications and are found to be rather complicated. Therefore, there is a need of simpler models that are suited for organic semiconductors such as BSBCz, which is used as the only active molecule in solid films, and where both STA and TTA are thought to occur.

Theoretical framework

A continuous-wave lasing emission is the result of a certain equilibrium between the populations of energy levels. Thus, it is important to study their dynamics with time to understand how the different processes in play balance these populations. This part is therefore devoted to the presentation of the theoretical framework within which the CW lasing conditions of organic lasers have been studied.

The system of equations chosen to model the population densities and the intensity inside a resonator will be presented, alongside the different approximations that have been made and the limits of this solution. After a discussion about the quality factor of optical resonators, the algorithm used to discriminate the different regimes of emission will be detailed.

System of equations

Energy states populations

The populations of the ground state S 0 , the singlet excited state S 1 and the first excited triplet state T 1 are modeled by Equations 3.2 to 3.4. In addition, most of the pathways involved in this system are illustrated in Figure 1.15. This system is based after the work of Keller et al. [START_REF] Keller | Effect of quenching of molecular triplet states in organic dye lasers[END_REF] and Peterson et al. [START_REF] Peterson | Organic Dye Laser Threshold[END_REF]. Their approach has been used in numerous studies over the past decades to better understand organic lasers [START_REF] Lehnhardt | Impact of triplet absorption and triplet-singlet annihilation on the dynamics of optically pumped organic solid-state lasers[END_REF][START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF][START_REF] Sahar | Impact of excitonic and photonic loss mechanisms on the threshold and slope efficiency of organic semiconductor lasers[END_REF].

In this sytem, exciton populations are expressed in m -3 so that every terms are expressed in m -3 .s -1 . Molecules in the ground state are excited at a rate R ex = σ abs I p /hν ex , where σ abs is the absorption cross section of the gain medium at the excitation wavelength (m 2 ) and I p the pump power density (W.m -2 ). The inverse of the fluorescence lifetime k f = k r +k nr takes into account two de-excitation paths back to the ground state: spontaneous emission of a photon and the nonradiative way. Note that excited singlet excitons can also be transferred in a triplet state via intersystem crossing at a rate k ISC (s -1 ) or feed the photon density by being stimulated at a rate R l = σ em I/hν l , where σ em is the emission cross section of the chromophores at the lasing wavelength (m 2 ) and I the intensity inside the resonator (W.m -2 ) which will be addressed in the next section.

dS 1 dt = R ex S 0 -(k f + k ISC + R l + k STA T 1 )S 1 + ζk TTA T 2 1 (3.2) dS 0 dt = -R ex S 0 + (k f + R l + k STA T 1 )S 1 + k t T 1 + k TTA T 2 1 (3.3) dT 1 dt = k ISC S 1 -k t T 1 -(1 + ζ)k TTA T 2 1 (3.4)
Regarding the triplet population, it is built from the term k ISC S 1 so that the more excited singlets are created from the absorption of a photon, the more excitons will be trapped in the dark T 1 state. Their non-radiative de-excitation to the ground state is ruled by the triplet state lifetime k -1 t . As discussed in Section 1.2.6, molecules located on either singlet or triplet excited states can also interact with each other via different annihilation processes such as STA and TTA. The rates k STA and k TTA of these interactions are expressed in m 3 .s -1 to take into account the density of the populations. ζ is the proportion of singlet created through TTA, its value has been discussed in Section 1.2.6.2.

Photon density

The lasing intensity inside the cavity is modeled after Equation 3.5, whereby two terms account for the gain and two others for the losses. As in every laser, spontanenous emission (I sp ) is the feeding term of stimulated (I) emission. The former is defined here as the stimulated emission induced by one photon in the lasing mode [START_REF] Siegman | Lasers. Univ. Science books[END_REF] and is equal to c/V l , where c is the speed of light and V l the volume of the lasing mode. Hence, both terms are proportional to the singlet population density, the emission cross section σ em , and the confinement factor of the lasing mode in the cavity Γ, which is defined as the overlap between the active medium's volume and the lasing mode [START_REF] Forget | Organic solid-state lasers[END_REF]. It can reach unity in cases where no empty spaces is left between the gain medium and the cavity boundaries, or where the feedback mechanism is parallel to it. It can also be way below one, notably in external cavity where it can be approximated by the ratio d/L, with d the thickness the gain medium and L the distance between mirrors.

dI dt = c n Γ{σ em S 1 [I + I sp ] -σ TA T 1 I} - 2πc Qλ l I (3.5)
The last two terms stand for very different sources of losses. The first: σ TA T 1 I, accounts for the so-called triplet absorption (see Section 1.2.4.3 for details), whereby photons of the lasing mode are absorbed by an excited triplet state to induce a T 1 → T n transition. The probability of this absorption is proportional to the cross section of the transition σ TA (m 2 ), which is related to the overlap between the lasing peak and the triplet absorption band.

The last term represents the losses due to the resonator itself, mostly driven by its quality factor Q, proportional to the average time during which a lasing photon is trapped inside the cavity boundaries. It can be defined through the following relation:

Q = 2πντ cav = 2π λα cav (3.6)
Here, ν is the lasing frequency, τ cav is the photon lifetime in the cavity, and α cav is the associated losses, inversely proportional to τ cav . A more complete discussion about the cavity in this model and the role of its quality factor is addressed in Section 3.3.3.

Limits and approximations

The simplicity of this model comes with a set of approximations that needs to be discussed in order to understand the limits of the equations. First, we chose not to take into account the vibrational and rotational sublevels of the different electronic states. This is due to the high efficiency of the non-radiative de-excitations between these sub-levels (ex: S 1,m ) and the nearest ground vibrational level (ex: S 1,0 , or simply S 1 ), which typically happen at the femtosecond scale [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF], much faster than the typical nanosecond fluorescence lifetimes of most dyes. Rovibrational levels can be helpful to target key phenomena or study dynamics at a very short time, but they will not have much influence on the populations in continuous excitations. Furthermore, it will reduce the number of adjustable parameters and ease analytical demonstrations.

Regarding the triplet population, one can see that its only feeding term when the excitation starts is k ISC S 1 , implying that the only pathway through which they are created is via a fixed intersystem crossing rate when the fluorescence level is populated enough. Although other processes such as Singlet Fission has been described in Section 1.2.4.1, its presence in our configurations seems unlikely considering a S 0 → S 1 transition of 2.5 eV in most organic compounds and an average ∆E ST = E(S 1 )-E(T 1 ) of 0.7 eV [START_REF] Köhler | Triplet states in organic semiconductors[END_REF][START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF]. Furthermore, SSA (see Section 1.2.6.3 for details) will also not be implemented in the population equations, as it has been shown that it accounts for a negligible portion of the quenching of the S 1 state at usual excitation intensity (≈ kW.cm -2 ) [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF]. Therefore, only ISC will account for the filling of the triplet state.

In this work, the density of active molecules in the film is conserved during the excitation so that at all time, the equality S 0 + S 1 + T 1 = N (where N is the molecular density of the film) stands true. This assumption is supported by the absence of decreasing of the fluorescence intensity observed pulse after pulse in our experiments.

It is worth noticing that this work does not focus on co-doping configurations i.e. when two active compounds are mixed in the gain medium to enable, for instance, Förster transfers to seek longer emission wavelengths or to quench the triplet population with a so-called triplet manager [START_REF] Schols | Triplet Excitation Scavenging in Films of Conjugated Polymers[END_REF][START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF]. Many teams have worked on the subject and it will be an interesting perspective to apply the methodology of this thesis to such problematics but in this simulations, the gain medium is assumed to be disperced in a neat matrix if nothing says otherwise. This choice is motivated by our desire to better understand CW lasing with BSBCz, which has been directly excited at 405 nm without passing via CBP molecules (playing the role of an inert host matrix).

In order to keep the focus of this thesis on triplet-related mechanisms and their influence on the lasing pulse duration, we also chose not to include in the equations the temperature dependence of the photophysical parameters. Indeed, since many processes depend on the vibration and/or rotation of active molecules, temperature does play a role, especially at high excitation intensity [START_REF] Wang | Thermal transport in organic semiconductors[END_REF][START_REF] Zhao | Thermal effects in thin-film organic solid-state lasers[END_REF]. High-intensity pumping results in a localized heating of the film that can reach several tens of degrees, and sometimes approach the glass transition temperature T g , which scales at about 120řC. In addition to non-radiative relaxations, an abrupt increase of the temperature inside the gain medium can accelerate the photobleaching from the T 1 state. As mentioned by Chua et al. [START_REF] Chua | Modeling of threshold and dynamics behavior of organic nanostructured lasers[END_REF], the quenching of the chromophore density can be due to several processes, including a high pump intensity resulting in the breaking of the long polymer carbon chains. For the case of low loss cavities however, it has been shown that quasi-continous wave excitations (several tens of milliseconds) would result in an temperature elevation of less than 10 degrees [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] when the diffusion of the heat is properly dealt with.

At last, one might have noticed that the photon density is ruled by a unique equation, meaning that only one mode is allowed to exist inside the resonator while the spontaneous emission definition used is related to λ 3 multimodal cavities (i.e., β = 10 -4 and the Purcell factor F p = 1). Although the implementation of multimodal equations would be quite interesting to do especially for the screening of mode-locking requirements in OSSLs, the monomode approximation is assumed as this study had for first purpose to explain the different reports on BSBCz [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF][START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF], which were at the time simulated using this very set of equations.

Resonator

As stated, one of the motivations for this work is to understand the difference between the results of Sandanayaka et al. [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF][START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] and our results (Figure 3.1), both gain media being composed of a CBP film doped with BSBCz. Even though they have very different feedback mechanisms (see Section 1.1.5), it can eventually be boiled down to two gain media amplifying light between two different types of mirrors. Hence, as a first approach, both can be modeled via a confinement factor and a cavity lifetime using the same set of equations.

Since the volume of DFBs and VCSELs are larger than λ 3 , the so-called Purcell effect1 is not to take into account, their spontaeous emission enhancement factor β will then scale to 10 -4 . Their confinement factors are also very similar and are found to be between 0.1 and 0.7 [START_REF] Koschorreck | Dynamics of a high-Q vertical-cavity organic laser[END_REF][START_REF] Bencheikh | Influence of the organic film thickness on the second order distributed feedback resonator properties of an organic semiconductor laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF].

On the other hand, these structures really have different lasing thresholds. Whereas in VCSELs, it scales around 10 kW.cm -2 [START_REF] Hu | High performance planar microcavity organic semiconductor lasers based on thermally evaporated top distributed Bragg reflector[END_REF] or more, DFBs thresholds can top that by several orders of magnitude to reach values as low as 5 W.cm -2 , thanks to their feedback mechanism. Table 3.1 gathers devices whose lasing thresholds were 100 W.cm -2 , all were obtained using several types of DFBs. Hence, this important difference is the central point in this device comparison. Since a resonator quality factor is inversely proportional to its lasing threshold, it is expected for DFBs and VCSELs to have very different Q. 

Methods

Numerical algorithms

A detailed presentation of the numerical methods used in this work is provided in this section. The algorithm developed to discriminate lasing from fluorescence will be presented as well, followed by the techniques to evaluate the duration of a lasing pulse. At last, a typical output figure from these simulations will be displayed as an example and explained, to ease and quicken the interpretation of the following results.

The core of our algorithms relies on the ratio between the intensity inside the cavity, which is proportional to the photon density, and the saturation intensity of the gain medium lasing transition. The saturation intensity I sat is defined as the intra-cavity intensity for which stimulated emission is equal to spontanenous emission. As such, it can be written as:

I sat = 1 σ em τ f (3.7)
where τ t is the fluorescence lifetime and σ em the stimulated emission cross section. More physically, configurations where the intracavity intensity I is comparable or above I sat can be interpreted as lasing occuring. Therefore, it allows a complete monitoring of the lasing intensity with time and thus ease the computation of the pulse duration. Because it is surpringly not trivial to discriminate lasing from fluorescence from rates equations, and that this ratio of intensity is rather easy to implement in a program, this approach has been chosen for this work. This paragraph aims at providing every relevant details regarding how the simulations were processed so that everyone can understand the advantages of this method but also its limits. To ease the reading, this documentation is written in the form of a list, where each step will develop one box of Figure 3.2.

The first step for each simulation conducted in this work is the integration of the rate equations for the first 30 nanoseconds. This temporality has been chosen because it matches the end of the relaxation oscillations plus a safety margin. At t = 30 ns, the program records the value of the ratio I/I sat and check whether or not it is inferior to 10 -2 . If it is the case, it is considered that the population inversion imposed by the resonator is too high for lasing to occur, as it can be seen on the blue curve of Figure 3.3. Of course, it could mean that lasing did in fact happen before and lasted only a few nanoseconds, but since this work targets continuouswave lasing and how long pulsed emissions end, we have no particular interests in working with such short emissions. If, at 30 ns, I/I sat is above 10 -2 (like orange and green curves on Figure 3.3), it is considered that lasing is happening and the integration can go on for longer times. Although a more proper way to discriminate lasing from fluorescence would rely on the direct detection of relaxation oscillations for it is the clearest sign of lasing, it would also consume a lot more CPU ressources considering the millions of points done for this work.

When lasing is "detected", the program will continue to integrate the equation until eventually I/I sat reaches a steady-state value. For the solver to know when to stop, the integration of the system is done 5 microseconds at a time. At the end of each step, the difference in intensity between its last and first point is computed, and it is considered that I/I sat is constant when this difference is lower than 10 -5 . If it is not, meaning that the intensity is still in a transient dynamics, the solver The last step depends on the value the intensity reaches when it is stabilized. If it is superior to 10 -2 ×I sat , lasing is considered continuous like for the green curve on Figure 3.4. Otherwise, it is considered a pulsed emission and the duration of this pulse has be evaluated, which would be the case for the orange curve on the same figure. Although this choice is arbitrary, there is always a fundamental difference between these two cases: when I/I sat reaches a very low value, 10 -7 here, it is always after a brutal decrease of the intensity, indicating the moment where the lasing pulse ended. On this matter, once the program has stated that the intensity corresponds to a lasing pulse that has died, it computes the derivative of the whole temporal signal to find the maximum and interprets it as the end of the lasing pulse. Note that the relaxation oscillations can't be taken into account in this step, as it could result in false datas.

In order to save time and CPU ressources, the programs stops when one of these finalities illustrated on Figure 3.2 is reached. It is especially useful in the case of true continuous-wave lasing, for which the intensity reaches a constant value very soon by definition. This tutorial ends with an example in the form of Figure 3.5, which represents a typical output of the code we just discussed and contains many informations. Hence, it appears necessary to take a moment and present it in details once and for all. This figure displays the lasing regimes that were reached after a integration time of two milliseconds for different quality factors and pump power densities. In fact, the output of no less than 10000 (100x100) simulations are gathered to draw Three areas of interest standing for the three finalities sketched on Figure 3.2: the black zone corresponds to configurations of Q and I p where lasing does not occur, whereas the red zone corresponds to a continuous-wave emission. Finally, the rainbow stands for lasing pulses, whose durations are readable on the colormap at the right of the main plot. So, if we choose a vertical slice of this map for a quality factor of 10 4 and we increase the pump intensity, lasing will be possible for I p ≈ 700 W.cm -2 , whereas one would have to reach 21 kW.cm -2 to get a CW lasing emission.

When possible, analytical expressions may be scattered on top of the simulations as the white dots to vouch for the goodness of our algorithms. Since, as it has been said, a few arbitrary choices must be done, it is always a good call to check if an analytical solution match the numerical integration of the equations.

Theoretical analysis: the example of the four-level system

It has been mentioned that this work also relies on analytical expressions to provide a greater view of the influence of optical and photophysical parameters on the lasing pulse duration. In order for the reader to fully understand how such-andsuch expression is obtained, it is necessary to describe in detail the method that has been used. To do so, we will present it with a simplified version of Equations 3.2-3.5 in which there are no triplets. This configuration, modeled with Equation 3.8 to 3.10, is commonly mentioned as a four-level system, as everything happens between two electronics states (and their rovibrational sub-levels) just as represented on Figure 1.3. Besides the advantage of being much simpler, results obtained from this system will serve as a reference for further comparisons with more complex systems.

In this thesis, triplets are only created by intersystem crossing from S 1 to T 1 , so one just has to zero k ISC to cancel their generation and hence, every subsequent bi-exciton interactions. With triplets being out of the equations, we reach a sytem that has only two finalities: no lasing at all, or an endless lasing emission, as in the case of inorganic crystals. The initial system of equations can therefore be reduced to: In other words, when the gain medium is excited, the density of S 1 excitons needed to inverse the populations of the lasing transition will be fixed mostly by the confinement factor of the cavity and its quality factor. By reducing the losses of the cavity, Q increases, making S cav 1 lower.

dS 1 dt = R ex S 0 -(k f + R l )S 1 (3.8) dS 0 dt = -R ex S 0 + (k f + R l )S 1 (3.
S cav 1 = 2πn Γλ l σ em Q (3.11)
Although S cav 1 is an important variable, the comparison with S th 1 is even more relevant. This quantity, obtained by zeroing Equation 3.8, accounts for the maximum population inversion one gain medium can provide in order to exhibit a lasing emission.

S th 1 = N 1 + k f R ex + R l R ex (3.12)
If S cav 1 is found to be superior to S th 1 (due to poor mirrors for instance), lasing will not be possible. Considering pumping rates from 10 4 to 10 7 s -1 (100 W.cm -2 to 100 kW.cm -2 for σ abs = 10 -20 m 2 ), it is clear that the threshold will be mostly driven by the gain medium photophysical properties, here its fluorescence lifetime through the ratio k f /R ex . The relation between S cav 1 and S th 1 is illustrated on Figure 3.6, where simulations with time of the fluorescence populations and the intra-cavity intensity are presented for various quality factors. When the quality factor is too low, the intracavity intensity never reaches the saturation intensity. Hence, only fluorescence through spontaneous emission will occur as described in the previous section.

Because it is always more interesting to work with quantities that are easily measurable, these derivations are centered around two reachable parameters: the quality factor Q and the pump power density required to achieve CW I th p , written in Equation 3.13. It can be obtained by equalizing S cav 1 and S th 1 and reshaping the expression until the intra-cavity intensity is expressed in the form I = η(I p -I th p ), where η is the quantum efficiency (the slope), I p the pump power density (W.m -2 ). The complete derivation of this result is presented in Appendix 4.2.

I th p = k f σ abs 1 N S cav 1 -1 (3.13)
In a configuration without any triplets, it depends only on the fluorescence lifetime, on the absorption cross section of the gain medium, and on the ratio between the population inversion imposed by the resonator and the molecular density of the film. Again, it is visible in this expression that a high quality factor will decrease the lasing threshold of the device, as S cav 1 is proportional to 1/Q.

Since the density of S 1 excitons cannot be superior to the density of active molecules in the gain medium (I th p would become negative), it is possible to extract the quality factor required to achieve lasing (i.e. satisfy the equality S cav 1 = S th 1 ). We quickly obtain the following expression:

Q ≥ Q th = 2πn λ l Γσ em N (3.14)
Although it stands very low given the absence of triplets, it is interesting to see that there is a minimal quality factor to have to achieve lasing in this lossless configuration. If we choose typical values for each parameters (σ em = 10 -20 m 2 , Γ = 0.5, N = 10 26 m -3 , λ l = 500 nm, n = 1.8), we obtain Q ≈ 50, but this value can be at least one order of magnitude higher for lower doping ratios.

The next step of this analysis is to use the algorithms presented in Section 3.3.4.1 for a large range of quality factors and pump power densities. The results for this configuration are presented on Figure 3.7. As stated, a system without any triplets comes with two finalities: no lasing (black color) and CW lasing (ref color).

It makes then perfectly sense not to see any pulsed emission regime on this figure . Although the algorithms we developed to discriminate lasing contains a few arbitrary choices, one can see that the exact solution for the threshold in Equation 3.13 is in a perfect agreement with our approximations. Besides the trivial observation that when the quality factor decreases, the pump power needed to achieve lasing increases, the main point of Figure 3.7 is to be used as a reference. Indeed, an important point of this work will be to study how these trends evolve in more complex photophysical configurations. 

Results

This section will be presented in a step-by-step approach, starting from simple configurations to more complex systems where different mechanisms will be turned on to study their influences on the population dynamics.

Enabling the generation of triplet excitons

To understand how triplets affect the lasing capabiblities of one device, we will first only consider their generation via intersystem crossing (see Section 1.2.4.1), as their role here will be strictly limited to drain the excited singlet state through the term k ISC S 1 (i.e. k STA = k TTA = σ TA = 0) and to decay non-radiatively back the ground state.

Since ISC does not have a direct influence on the photon density, the expression of S cav 1 will remain the same as Equation 3.11, meaning that the population inversion required to achieve lasing is imposed by the cavity in any case. On the other side, the upper limit of singlet excitons required by the gain medium to inverse the populations will be different, considering this new loss pathway. Rather than looking for an equilibrium between two levels, the system has to reach a steady-state value for the S 0 , S 1 , and T 1 populations which satisfies the relation S cav 1 = S th 1 . This updated threshold is expressed by Equation 3.15.

S th 1 = N 1 + k f R ex + R l R ex + k ISC k t + k ISC R ex (3.15)

RESULTS

Unlike the simpler case of Equation 3.12, two terms driven by k ISC come to increase the quality factor required to achieve lasing (by lowering S th 1 ). Considering usual values of R ex ranging between 10 4 and 10 7 s -1 (10 2 to 10 5 W.cm -2 with σ abs set to 10 -16 cm 2 ), and the mentioned typical decay rates for k ISC and k t (10 7 and 10 3 s -1 ), both terms k ISC /R ex and k ISC /k t will have an important role.

As presented, we are able from the expressions of S cav 1 and S th 1 to derive the pump intensity lasing threshold, expressed in this configuration as Equation 3.16. Since k ISC is much smaller than k f (≈ 10 9 s -1 ) in most compounds, the only term that will contribute to the increase of the lasing threshold of one device is k ISC /k t . This ratio keeps appearing everywhere and there is a good reason for that: it represents the ratio between the growth of the triplet population and its decay. For a system to be efficient, it has either to lower k ISC or to increase k t . The faucet analogy is very useful here to have a proper view of the problem. If one has a bucket with a hole at its base and a continuous stream of water, he has only two adjustable parameters to vary the level at which the water will stabilize: the flow of the faucet (k ISC ) or the hole diameter (k t ).

I th p = k f 1 + k ISC k f σ abs N S cav 1 -(1 + k ISC k t ) (3.16)
Interestingly, and even though other loss sources (TA, STA) are not taken into account yet, the minimal quality factor required to obtain CW lasing already appears to be quite high, three to four orders of magnitude higher than the one derived for the four-level system where k ISC was set to zero.

Q th = 2πn λ l Γσ em N 1 + k ISC k t (3.17)
It is considered that the system has reached a steady state, meaning that the populations of the different electronic levels balance each other. Thus, we can go further and derive the total triplet population that the laser must not reach to achieve CW lasing. It is expressed in Equation 3.18 in the form of a ratio between the S 1 and T 1 exciton densities (provided that k ISC /k t is much larger than unity).

S 1 T 1 ≥ 2πn N Γσ em λ l Q (3.18)
This expression tells us that if the triplet population becomes too important (due to a high k ISC or a low triplet lifetime), lasing will stop. To illustrate this relation, we plotted on Figure 3.8 the temporal evolution of the S 1 and T 1 populations (normalized to N the total density of active molecule), with the normalized intracavity intensity for different ISC rate constants. We see on the top figure that the singlet population, at early times, exhibits oscillation relaxations followed by a steady state. The reason for this clamping value to be independant of k ISC lies in the quantity S cav 1 from Equation 3.11, which does not depend on the ISC rate but only on the quality factor of the device (which is the same for every simulations of Figure 3.8). What is interesting is to understand why the clamping stops at one point and what value reaches the S 1 population afterwards but mostly, what are the consequences on the lasing emission.

The monitoring of the triplet population brings some answers. First, its growth with time is explained by this equation:

dT 1 dt = k ISC S 1 -k t T 1 (3.19)
and by the fact that the source term inside is basically constant as long as the clamping is maintained. It is shown here that if k ISC is important enough, the ratio T 1 /N quickly reaches unity, the ground state is then completely depleted and no clamping of the population inversion can hold anymore. Moreover, the clamping disappears quicker when k ISC is higher because the triplet population increases much faster, an interpretation that was already discussed in Equation 3.18 with the ratio between the singlet and triplet populations. In the case where k ISC = 10 6 s -1 , the T 1 density never reaches a critical value that would invalidate Equation 3.18 and therefore, the lasing is continuous over time.

Since lasing is only possible if the population inversion is clamped, this analysis on the exciton density with time explains how the lasing pulse ends at the same time as the brutal decrease of the singlet density. At the end, this is the main difference with a perfect four-level system and this is why they are binary systems: either on or off, no pulse. Because, once you have a high enough quality factor, the population inversion clamping will not be compromised if there is no additional losses such as triplets.

After studying the temporal influences of intersystem crossing on the different excited populations, we worked on a broader image regarding the different emission regimes that could be achieved in the presence of ISC for different quality factors and pump power densities. The results are presented on Figure 3.9 for four different values of k ISC and a fixed value of 175 µs for the triplet lifetime. As explained in Section 3.3.4.1, each point of these 2D figures represents a numerical integration of the main system of equations at fixed quality factor Q and pump power density I p . Doing so for a wide range of values allow us to study how different devices would react to optical and photophysical changes. See section of interest for details about the algorithms used to provide the results.

It has been mentioned in Section 1.3 that Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] reported the existence of two thresholds: the classical lasing threshold leading to pulsed emissions and, with an increase of the excitation density, a threshold leading to a CW regime. Both thresholds can be seen for instance on Figure 3.9.c (k ISC = 10 8 s -1 ) where a resonator with a quality factor of ≈ 3×10 4 exhibits two clear thresholds symbolized by the black-rainbow frontier (I PS in their paper) and the rainbow-red frontier at higher pump fluence (I CW in their paper). They also emphasize the fact when losses due to triplets become negligible (with the addition of a triplet manager in their case that limits the saturation of the active triplet molecules), both thresholds would merge, which was also obtained by our simulations in the case of a simple monomolecular gain medium. Indeed, keeping the same resonator (its Q-factor) and lowering k ISC as on Figure 3.9.a or 3.9.b results in the deletion of the pulsed regime, making it easier to reach a CW emission.

Moreover, these simulations allows us to provide additional points of interest by actively taking into account the quality factor. First, computations show that an increase of the quality factor allows a merging of the lasing and CW pump threshold, as reported by Zhang and Forrest in the case of triplet-related losses. If we take again the case above mentioned on Figure 3.9.c, a decrease of the lasing threshold from 100 to ≈ 50 W.cm -2 would allow one to reach a CW emission without the need of a more important pump fluence of elongate more and more lasing pulses. This conclusion can be understood in terms of laser dynamics, since a lower threshold means that less singlet excitons are required to inverse the population of the lasing transition, leading to less triplet created. Eventually when the Q-factor becomes very high, triplets and their influences become negligible.

Another interesting point that has not, to our knowledge, been emphasized previously is the existence of a minimal quality factor for a resonator to have in order to achieve a CW emission, represented by a vertical asymptotes on Figure 3.9. This critical Q-factor corresponds to cases where I th p from Equation 3.16 tends towards infinity and indicates that no CW lasing could ever be achieved in a given photophysical configuration if the device lasing threshold stands too high. It can also be highlighted that it depends dramatically on k ISC , which was expected based on Equation 3.17 where Q th is mostly ruled by the ratio k ISC /k t .

Moreover, Equation 3.17 emphasizes that the concentration of active molecules is also to take into account, as N is inversely proportional to Q th . For instance, the difference reaches a factor of 100 for Q th at concentrations of 1 and 100 wt.%, indicating that CW lasing is only possible at high concentrations.

Although this configuration where only ISC intervenes seems utopian (even though the results achieved with BSBCz were ascribed to a complete removal of other triplet-related losses such as STA [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF]), these results provides primary insights on the discrimination one can make between such-and-such resonators regarding lasing pulse durations. In this case for instance, if one choose an ISC rate between 10 7 and 10 8 s -1 (between Figure 3.9.b and 3.9.c), Q th goes from 4×10 3 to 4×10 4 for lasing thresholds of 1 and 0.2 kW.cm -2 , which is below what have been reported for organic VCSELs [START_REF] Hu | High performance planar microcavity organic semiconductor lasers based on thermally evaporated top distributed Bragg reflector[END_REF].

Other losses mechanisms

The generation of triplets via intersystem crossing and its influence, coupled with those of optical parameters, has been studied in the previous section and is now better understood, the goal is to go further and implement other triplets related losses that are thought to have an important influence on organic lasers. This section will focus on two sources of interest: singlet-triplet annihilation and triplet absorption. Both have been defined in Section 1.2.4.3 and 1.2.6.1 and have been extensively studied in the past for their role in the quenching of lasing emission.

Singlet-triplet annihilation

It has been stated in the introduction that when an excited triplet exciton is created, via intersystem crossing or via other routes, it has the possibility to interact with singlet excitons at long distance [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF] in the form of:

S 1 + T 1 → T 1 + S 0 (3.20)
Because this annihilation will directly contribute to the loss of one singlet exciton, many teams have worked on proper ways to overcome its influence as it is thought to be a major limitation towards a true continuous-wave lasing in organic lasers [START_REF] Lehnhardt | Impact of triplet absorption and triplet-singlet annihilation on the dynamics of optically pumped organic solid-state lasers[END_REF][START_REF] Atula | Improvement of the quasi-continuouswave lasing properties in organic semiconductor lasers using oxygen as triplet quencher[END_REF][START_REF] Buddhika | Suppression of external quantum efficiency rolloff in organic light emitting diodes by scavenging triplet excitons[END_REF].

In this work, STA does not appear in the equation governing the triplet state as it is assumed that triplets promoted to a higher excited state T n will decay back very fast to the T 1 state in a non radiative way. Before dealing with lasing regimes, we focused on the exciton population densities to understand how STA interacts with each level of energy. The equation ruling the population densities can be written as Equation 3.2 to 3.4 with k TTA set to zero. Figure 3.10 has been obtained by a direct integration of the population equations without any resonator (i.e. σ em I = 0) and shows a more complex interaction than originally thought. On one hand, STA does contribute to the quenching of the fluoresence because of the term k STA S 1 T 1 in the singlet equation. Since it offers an other de-excitation road to the S 1 state, we see that it also contributes to decrease the effective fluorescence lifetime τ f of the molecule. On the other hand, STA surprisingly contributes to lower the triplet population even though, as said, our model assumes that it does not directly affect the triplet population. It could be explained by a reduced triplet lifetime if k STA was implemented in the triplet equation but it is not. Besides, we do not observe on Figure 3.10 any reduction as we see for the S 1 evolution. This influence on the 3.4. RESULTS
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triplet population is in fact indirect, as it is just the reflection of the quenching of the fluorescence: if less singlet excitons are available to undergo intersystem crossing, less will be transferred to the triplet state. Even though k STA has been set here to a value that is typically one or two orders of magnitude lower than what has been reported in most organic compounds, it is interesting to see that it is enough to account for the annihilation of about 30% of both singlets and triplets.

Because STA influences both singlet and triplet populations equally, its influence on the lasing intensity is not obvious yet, and a deeper analysis is required to understand it. Since it has no direct influence on the photon density, the equation governing the intracavity intensity will remain unchanged compared to the four-level configuration (Equation 3.10). Although the term k STA S 1 T 1 introduces non-linearities in the rate equations, there are still matter to discuss and useful expressions to derive. Hence, zeroing Equation 3.2 gives us the following second order polynomial expression:

- k STA k ISC k t S 2 1 -(R ex + k ISC k t R ex + k f + k ISC + σ em I)S 1 + R ex N = 0 (3.21)
which leads us to this expression for S th 1 the population inversion one resonator has to lower to obtain lasing:

S th 1 = -b - √ b 2 -4ac 2a (3.22) 
with:

               a = - k STA k ISC k t b = -(R ex + k ISC k t R ex + k f + k ISC + σ em I) c = R ex N (3.23) 
Even though the non-linearities prevent the obtention of an expression that could be quantitavely compared to Equation 3.15, it is still interesting to see that k STA is only present in one term and is coupled in a non-intuitive way with the ratio k ISC /k t . If one equalizes S th 1 to S cav 1 (whose expression is the same as with only ISC), the quality factor required to achieve lasing versus k ISC and k STA can be expressed as:

Q = 2πn eff Γλ l σ em S th 1 (3.24)
with S th 1 the solution 3.25. For visualization purposes3 , we computed Equation 3.24 for a wide range of ISC and STA constants. Results are presented on Figure 3.11. Several points of interest: First, it is necessary in our configuration to have at least a quality factor of 10 3 , regardless of how low k ISC and k STA scale. Then, it is clear that STA will increase the Q required to achieve lasing, it is especially visible with the breaking of the vertical asymptotes, meaning that STA has influence only beyond a certain value that depends on k ISC . If k ISC = 10 7 s -1 , k STA would have to scale above 10 -12 cm 3 .s -1 to account in the photophysics of the gain medium. When k ISC is stronger, the number of triplets generated increases proportionaly and hence, a higher k STA is needed to have some influence on the overall exciton statistics. This representation of a simple analytical expression illustrates perfectly how molecules with not so good intrinsic properties could not be used, as the quality factor of the cavity reaches irealistic values very quickly. As in previous configurations, the pump intensity threshold is a useful quantity to look at to understand one interaction. Fortunately, its derivation in the presence of STA allows the simplification of the non-linearities (with only a few more calculus steps that are detailed in Appendix 4.2) and thus, can be written as:

I th p = k f 1 + k ISC k f + k STA k ISC k t k f S cav 1 σ abs N S cav 1 -(1 + k ISC k t ) (3.25) 
Compared to Equation 3.16 obtained with only ISC taken into account, one
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term is added to the numerator containing k STA and the ratio k ISC /k t that was discussed earlier. Since STA represents a loss of singlets, it is expected that this additional term will increase the CW lasing threshold. If we focus on the efficiency η, as expressed in Equation 3.26, our derivation indicates that it has no influence on it.

η = σ abs σ em × N S cav 1 -(1 + k ISC k t ) (3.26) 
Equation 3.25 is plotted on Figure 3.12 for various k ISC and k STA at fixed quality factor, illustrating with the grey area the range of ISC constant for which the denominator of I th p would be negative, as stated previously in Equation 3.17. Moreover, the important blue zone where I th p is at the lowest and seems independant of k ISC and k STA is due to the fluorescence lifetime on its denominator, which is in most cases far superior to the ratio k ISC /k t . The results linked to high k ISC near the limit area in grey are not physical, as they are caused by computional limits More relevant, the lasing pulse durations to expect at fixed conditions of pump intensity and quality factor are sketched on Figure 3.13. Contrarily to Figure 3.11 and 3.12 that are based on analytical expressions, these results (especially the lasing pulse duration) can only be obtained by numerical integration of the main equations since our analysis can only unravel stationnary states.

Once again, the white dots shows that our algorithms are in total agreement with the analytical expression of I th p . We also see that STA does not have any influence below 10 -12 cm 3 .s -1 as shown on Figure 3.11. Under this value, the simulations behave as if only intersystem crossing was implemented, hence the min- imum k ISC required to achieve CW lasing which can be evaluated by two means: the ratio S 1 /T 1 from Equation 3.18 and the positivity condition on I th p . Furthermore, the oblique lines suggest that the lasing pulse duration is not dependent of k ISC or k STA but of the product of the two rates. For instance, for the line defining the threshold between pulsed and continuous emission (highlighted by white dots), the quantity k ISC k STA is equal to 8×10 -5 cm 3 .s -2 whether k ISC is set to 10 2 or 10 6 s -1 . By extension, one could say that when ISC is coupled with STA, the duration of the lasing pulse is only determined by the quantity k ISC k STA /k t . This very finding has already been mentioned in Chapter 2 to explain the abrupt decrease of the photoluminescence with time, for which the quantity β = k ISC × k STA was described as an intrinsic parameter of the film.

We then used the same method of analysis as in Section 3.4.1 and computed the rate equations for different quality factors and pump power densities. Doing so for several values of k STA helps understanding how different molecules would react when implemented in a given resonator. Results are presented on Figure 3.14. Based on the previous figures and on their interpretations, it is expected to see that when k STA is set to 10 -11 cm 3 .s -1 , the system is very close to the one of Figure 3.9 where only intersystem crossing was presented. It is especially visible with the so-called vertical asymptote that seems to disappear with higher STA constants.

Interestingly, our results indicate that when k STA is set to its typical reported value of 10 -10 cm 3 .s -1 , the obtention of a long lasing pulse or a CW lasing is still very possible, provided that the resonator has a high enough quality factor. Moreover, they are found to be consistent with what has been reported by Zhang and Forrest regarding the decreasing of the CW threshold [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF]. Now that our system is more complex and closer to the one they studied (ISC and STA), we can have a more precise look at numbers. In the first case when the concentration of ADN is null, they report pulsed and CW thresholds of 0.93 and 32 kW.cm -2 , respectively. With the informations provided, a loss coefficient α cav for their cavity can be estimated4 at around 90 cm -1 (obtained with η the fraction of the pump absorbed by the film set to one, as no value seems to be provided), which leads to a quality factor of 1.1×10 4 following this formula:

Q = 2πν l τ cav = 2π λ l α cav (3.27) 
where ν l = c/λ l is the lasing frequency, τ cav the photon cavity lifetime. If this values are projected on Figure 3.14.b (the closest to the STA constant of 2.2×10 -10 cm 3 .s -1 they chose for the fits), we obtain as well a lasing threshold below 1 kW.cm -2 and a CW threshold above 20 kW.cm -2 (32 in their case). Moreover, they report a decreasing of the CW threshold from 32 to 2.2 kW.cm -2 by increasing the concentration of triplet manager. Although our configuration is not exactly the same, it is straightfoward to see that in our case too, if STA is removed, which corresponds to Figure 3.9.b, a CW emission for this Q-factor will be achievable starting from pump fluences at around 1 kW.cm -2 . Of course, thresholds also depend on other molecular properties (fluorescence lifetime, k ISC , and so on) so they differ a little from other reports.

Triplet absorption

This section comes right after the singlet-triplet annihilation for two main reasons: First, Triplet Absorption (TA) too represents a quenching of some kind in the framework of organic lasers. Then, many papers have discussed whether STA or TA is responsible for the most dramatic quenching of the lasing intensity to know which one to specifically target when engineering new molecules. So far, no clear answers have been found and it is still unclear how one influences the other and in what proportion. This section has therefore the purposes of not only to understand how T 1 → T n absorption quenches the photon density and to which extend, but also in a second part to compare its influence with the one of STA and thus, give some elements to answer this ongoing debate. For the comparison with the last section to be relevant, only intersystem crossing and triplet absorption will be taken into account in this part.

As presented in Section 1.2.4.3 and 1.2.6.1, TA and STA are different sources of losses. Whereas STA is an annihilation between two excited molecules and therefore only acts on the exciton populations, TA designates the direct absorption of a photon of the lasing mode by an excited triplet state. Although this generated higher excited T n state is assumed to de-excitate very quickly back to the T 1 state (such as the T n produced via singlet-triplet annihilation), at the end, one lasing photon is lost until its energy reaches the ground state so it can be absorbed again. Because of this assumption, the population equations will be the same as in the Section 3.4.1 where only ISC was turned on. As a reminder, the system is written as:

dS 1 dt = R ex S 0 -(k f + k ISC + R l )S 1 (3.28) dS 0 dt = -R ex S 0 + (k f + R l )S 1 + k t T 1 (3.29) dT 1 dt = k ISC S 1 -k t T 1 (3.30)
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where k STA and k TTA are set to zero. On the other hand, the equation for the intracavity intensity will be completed with an additional loss on the stimulated emission and written as Equation 3.31, where σ TA is the triplet absorption cross section, proportional to the overlap between the triplet absorption spectrum and the lasing peak. A first intuition is then that it is easier to avoid than STA, as one "just" has to shift the lasing wavelength away from the TA spectrum by manufacturing the cavity if possible i.e., if TA is not too broad or intense. The whole process is proportional to the triplet population and the intracavity intensity (the photon density of the lasing mode).

dI dt = c n Γ{σ e S 1 [I + I sp ] -σ TA T 1 I} - 2πc Qλ l I (3.31) 
Since the populations are ruled by the same equations, the analytical expression of S th 1 will be the same as in Equation 3.15, the same applies to the expression of I th p from Equation 3.16. However, the term S cav 1 inside will evolve to take into account triplet absorption and shall be expressed as:

S cav 1,ta = 2πn ΓQλ l σ em -σ TA k ISC k t (3.32) 
By setting σ TA to zero, we find back the expression from previous configurations.

Being proportional to the in/out ratio of the triplet state, this additional term creates a clear link that was not obvious before between the optical parameters of the resonator and the photophysics of the gain medium. Furthermore, it raises new criteria on the molecule properties that can be addressed as:

σ TA ≤ k t σ em k ISC (3.33) 
If typical values of 10 4 and 10 7 s -1 are taken for k t and k ISC , we reach the conclusion that σ TA needs to be at least three order of magnitudes lower than the stimulated emission cross section for CW lasing to be possible, which is not trivial at all. When the values of Table 4.2 are chosen, its upper limit is then 2.6×10 -19 cm 2 . One can also look at this relation from a triplet lifetime perspective. It is then noticeable that if σ TA and σ em are set to 10 -17 and 10 -16 cm 2 , respectively, it would have to scale at one microsecond to prevent lasing from dying. Knowing that reported τ t of numerous organic molecules are up to a few hundred microseconds (above the millisecond for phosphorescent compounds), it really puts a first perspective into the influence TA can have when it is not associated with other "beneficial" process that will be discussed in the next part.

Of course, the ratio of the singlet and triplet population the system has to maintain in order to preserve the population inversion will also be impacted by the same factor, as written in Equation 3.34. As expected, this limit will be more and more difficult to respect if σ TA is important or if triplets are stored for a long time i.e. if k ISC is much larger than k t .

S 1 T 1 ≥ 2πn N Γλ l Q σ em -σ TA k ISC k t (3.34)
Actually, it is interesting to derive the criterion for the ratio k ISC /k t , as it allows one to have good insights about a given molecule and what could be done with it. To do so, we started from the positivity condition of I th p whose expression matches the case without triplet absorption in Equation 3.16. The mathematics details can be found in Appendix 4.2 but after a few steps one reaches the following expression:

k ISC k t ≤ 1 - S cav 1 N σ TA σ em + S cav 1 N ≈ σ TA σ em + S cav 1 N -1 (3.35) 
with S cav 1 the population inversion imposed by the resonator without triplet absorption, not to be confused with S cav 1,ta which takes this process into account. This result is obtained under the assumption that the population inversion is much smaller than the total density of active molecules, which is supported by every simulations done for this work. Two terms appears in Equation 3.35: one that accounts for the optical losses and whose interpretation was discussed in Section 3.4.1, and a second one in the form of a ratio between the triplet absorption and the emission cross section, as already seen in other expressions, that account for the gain medium properties.

We saw in Equation 3.33 that σ TA had to be three orders of magnitudes lower than σ em to obtain a CW emission. This statement has to be balanced with the absence of other interactions that would allow more TA by, for instance, creating singlets from other paths than ground state absorption. In fact, Triplet Absorption Spectroscopy (TAS) measurements have provided values of σ TA around 10 -17 cm 2 [START_REF] Lambert | Intensity-Dependent Enzyme Photosensitization Using 532 nm Nanosecond Laser Pulses[END_REF][START_REF] Buettner | Radiationless Transitions in Cyanine Dyes[END_REF], which would make the ratio σ TA /σ em accounts much more in the lasing pulse duration than S cav 1 /N in Equation 3.35. As it can be seen on Figure 3.15, TA has an influence starting from cross sections as low as 10 -19 cm 2 . The only solution for a CW emission to be possible when σ TA becomes important (meaning it starts to compete with the emission cross section σ em ) is for triplets to be trapped for shorter times, hence k ISC tending towards k t . As explained, white dots correspond to I th p the pump power density required to achieve a CW lasing, which in this configuration is expressed as Equation 3.16 with S cav 1 being replaced by S cav 1,ta to take into account triplet absorption. At last, we computed the lasing regimes for different quality factors and pump power densities around the critical value for the triplet absorption cross section established in Equation 3.33. On the left side of Figure 3.16, σ TA is set to 2×10 -19 cm 2 and it is clear that CW is possible. However, results show that this system ex- hibits the same behavior as the "only ISC" configuration (see Figure 3.9) regarding the vertical asymptote for low quality factors. On the contrary, the trend is quite different when it comes to high-Q cavities for which the direct transition between no lasing and a CW emission is broken. Instead, an increase of the pump power density results in longer lasing pulses before reaching the CW regime.

The situation is very different when σ TA is superior to k t σ em /k ISC . In this context, one can obtain quite long lasing pulses at high quality factor and pump intensity but it will not possible to reach a CW emission since Equation 3.33 is not respected.

After looking at the steady-state values of the intensity it is interesting to look at the temporal evolution of the population and of the photon density. We show on Figure 3.17 the evolution of I/I sat , S 1 and T 1 densities as well as the ratio between both with time. It can be seen that, unlike previous configurations, the excited singlet density is not clamped anymore during the lasing pulse. This surprising behavior is obviously due to triplet absorption, but more precisely to the fact that it adds losses over time that breaks this clamping, meaning that S cav 1 is no longer a constant when TA is taken into account.

Summary

In this section, three photophysical processes have been studied: intersystem crossing, singlet-triplet annihilation and triplet absorption. It has been shown thanks to the derivation of analytical expressions and the numerical integration of rate equations that those processes all participate in the quenching of the photon den- Intersystem crossing is the source of a fast accumulation of triplet state excitons with time via a S 1 → T 1 transition. This is why the constant k ISC is a interesting characteristics of organic molecules and as a matter of fact, it has been under the spotlight of many works for the past decades, whether it is to lower it in the framework of organic lasers, or to increase it for phosphorescence applications. We saw that, by enabling the generation of triplets with very long lifetime, the T 1 population grows until the clamping of the population inversion can no longer be maintained, as stated in Equation 3.18 and illustrated on Figure 3.8. The only solution for a device to achieve longer pulses is then for the gain medium to have a smaller ratio k ISC /k t . If it becomes small enough, the triplet population may never reach a critic level and the resulting lasing emission will not stop with time. Also, Figure 3.9 showed that a typical value of 10 7 s -1 for k ISC is not incompatible with the achievement of CW lasing. On the other hand, it also showed that this mechanism imposed a minimal quality factor to have to achieve CW lasing which is, contrarily to the common thought, perfectly independant of the pump power density. In the configuration of the simulations for instance, no CW lasing could have been achieved by a resonator with a quality factor lower than 3×10 4 if k ISC was set to 10 7 s -1 .

The growth of the triplet population with time enables bi-molecular interactions to occur, singlet-triplet annihilation takes advantage of this and comes in addition of ISC to quench the excited singlet population and thus, the population inversion. Although it is more a complex mechanism because its quenching of the S 1 state also has consequences on the T 1 population (see Figure 3.10), the influence of STA eventually boils down to an increase of the pump intensity required to achieve a As matter of fact, results showed that CW lasing was a possibility even if k STA is set to 10 -10 cm 3 .s -1 , provided that the resonator has a high enough quality factor.

Contrarily to ISC and STA which influence the exciton populations, triplet absorption directly quenches the lasing intensity inside the cavity thanks to the absorption by an excited triplet state of a photon from the lasing mode. Although it has been assumed that this T 1 state that get promoted to a high energy T n state circles back quickly to the T 1 level (and then accounts for nothing in the population densities distribution), we showed that the loss of photons has dramatic effects on the lasing pulse duration and on the possibility for one system to achieve a CW emission. As we have seen, the most impactful effect of TA is the intervention of molecular properties in the population inversion that one device is able to exhibit, notably through the ratio k ISC /k t in Equation 3.32. More physically, TA induces time-dependent losses, breaking the clamping of the population inversion and creating a laser whose threshold is increasing over time until losses become too important. Moreover, this new link between optics and photophysics raises new criteria on one device to achieve CW lasing: it was shown by Equation 3.33 and 3.35 that σ TA should scale several (≈ 3) orders of magnitude lower than σ em the emission cross section to allow such emission regimes. These criteria were sketched on Figure 3.16 where we showed that when σ TA did not fulfill the requirements of Equation 3.33, no CW emission were allowed regardless of the quality factor of the resonator.

Even though the absence of other processes that could compensate the influence of STA or TA has to be considered, it is still clear from this results that triplet absorption is much more detrimental than STA when it comes to obtain longer pulses, whether is it by the addition of new requirements or the direct quenching of the photon density of the lasing mode. Finally, we show on Figure 3.18 that a configuration in which both mechanisms are taken into account, the requirements for k STA and σ TA are as difficult to reach as it is expected. In this configuration, the former would have to be lower than 10 -11 cm 3 .s -1 whereas the latter would have to be under 10 -19 cm 2 .

CW lasing: A new hope

This part is devoted to interactions that can be seen as beneficial in the framework of organic light emitting devices. Whether it is because it quenches the triplet population or represents a new source of photon density inside the resonator, the point is to understand if it possible to overcome the influences of the processes studied earlier.

First, triplet-triplet annihilation, which has been described in Section 1.2.6.2, is studied as it has a great potential regarding the quenching the triplet state. Since it is the most direct route from T 1 to the ground state S 0 , it is then interesting to study the consequences of lower and higher values of τ t . Moreover, the comparison between its effects on the population statistics and the one of a low triplet lifetime will be very helpful to figure out what makes a molecule efficient. At last, Thermally Activated Delayed Fuorescence (TADF) is studied, as it is a recent and promising pathway towards longer lasing pulses from fluorescence materials.

The purpose of this part is to find out if the losses due to photophysical mechanisms can be overcomed. Thus, intersystem crossing, singlet-triplet annihilation and triplet absorption will be taken into account if nothing says otherwise.

Triplet-triplet annihilation

As presented in Section 1.2.6.2, this process causes the quenching of the triplet population thanks to the following chain of reactions:

T 1 + T 1 → T n + S 0 ζ -→ S 1 + S 0 1-ζ --→ T 1 + S 0 (3.36)
Fortunately, the annihilation of two triplet excitons also results in some proportion in the filling of the singlet population, which is why it has been studied for a long time as a promising lead to overcome the influence of triplets on the intrinsic pulsed emission regime of organic lasers [START_REF] Denis | Triplettriplet annihilation in highly efficient fluorescent organic light-emitting diodes: current state and future outlook[END_REF][START_REF] Wu | Highly efficient deep-blue fluorescent OLEDs based on anthracene derivatives with a triplettriplet annihilation mechanism[END_REF]. To be sure that this approximated value of 0.25 discussed in the introduction would not affect too hardly the results, we simulated the intensity of the lasing mode for different values of ζ and, as it can be seen on Figure 3.19, it does not have a lot of influence on the pulse duration. This is explained by the fact that in the framework of lasers, the population inversion is clamped and the lasing is mostly kept alive thanks to the ground state absorption. The overall contribution to the term ζk TTA T 2 1 in Equation 3.2 on the singlet exciton density becomes then very limited. Debating this value would in fact be much more relevant in configurations without any resonator, for luminescence applications for instance. In such cases, the values of ζ is important and is actually still debated [START_REF] Musser | Triplet-Pair States in Organic Semiconductors[END_REF], as 0.1 or 0.5 provides very different outputs since the S 1 population is not clamped.

Here, the influence of TTA will especially be important on the triplet state, as it contributes to the quenching of its population. With TTA taken into account, the triplet equation is written as:

dT 1 dt = k ISC S 1 -k t T 1 -(1 + ζ)k TTA T 2 1 (3.37)
with the term proportional to k TTA T 2 1 changing the whole dynamics by the addition of a new loss pathways for the triplet excitons, as it has already been observed in Chapter 2 with the ground state recovery kinetic. If, in previous sections, the evolution of triplets with time was purely exponential (considering that k ISC S 1 is constant), this new term yields a simplified Ricatti equation. As an illustration, we computed the triplet population density with time for different values of k TTA on Figure 3.20. We see that its building at early times is only imposed by k t the "intrinsic" de-excitation rate of T 1 molecules. Later, the dynamics is affected by triplet-triplet annihilation by reducing the time needed for the population to reach a steady-state value. The late arrival of TTA is due to its need of a certain density of triplet excitons to be efficient. Unfortunately, the quadratic form of Equation 3.37 prevents us from any steady-state analysis 5 . Since, to our knowledge, it is not possible to obtain analytical expressions that could be compared to previous configurations, this part will only contain numerical simulations.

To begin with, we computed on Figure 3.21 the ratio I/I sat with time for different TTA constants. Doing so with or without triplet absorption allows a better understanding of how the population densities react in different configurations when TTA is taken into account. On one side, results show that in absence of triplet absorption, TTA increases the lasing pulse duration when going from 0 to 10 -15 cm 3 .s -1 , and allows the achievement of a continuous emission for higher rates. Since the initial lasing regime (in blue) is fixed by k ISC , k STA , k t and so on, it is expected to see its duration elongated when TTA is enabled, as it decreases more and more triplet state lifetime. On the contrary, Figure 3.21 (right) shows an evolution of the lasing pulse with k TTA that is not at all intuitive, where an increase of k TTA does not lengthen the pulse duration up to a certain point. Instead, only two scenarii are possible: a pulsed emission whose duration is mostly fixed by σ TA (≈ 3 µs) and CW lasing when k TTA reaches 10 -13 cm 3 .s -1 . Moreover, in cases where k TTA is set to zero (blue curves), the lasing pulse in reduced from 14 to 3 µs (without and with TA, respectively). It also decreases from CW lasing to the same 3 µs for the green curve, where TTA is fixed at 10 -14 cm 3 .s -1 . The different behaviors with and without triplet absorption can be explained in terms of triplet population buildup time: Without TA, the lasing intensity depends only on the clamping of the population and therefore on the ratio S 1 /T 1 , as we have seen in Section 3.4.2.1. Thus, in this configuration of ISC and STA, the triplet population can be important enough for TTA to be efficient and reduce the triplet states lifetime. This way, the pulse lasts longer and longer until, eventually, this effective τ t becomes low enough to overcome the generation of T 1 from intersystem crossing and singlettriplet annihilation.

When triplet absorption is taken into account however, the photon density is reduced directly inside the lasing mode from a T 1 → T n absorption and, as it has been shown, TA adds drastic criteria towards long lasing pulses. As a result, the duration of the pulse is mostly fixed by σ TA and its influence is difficult to compensate. The only solution in this configuration is to have a very low triplet lifetime, induced by a very strong k TTA like for the red curve on Figure 3.21 (right). If k t is high enough to overcome the effects of TA, whose influence is far greater than STA, then there is no process to compete with and the population inversion can be maintained undefinitely. Hence, the brutal transition from a lasing pulse with a fixed duration to a continuous-wave emission. This interpretation is generalized on Figure 3.22, for which achievable lasing regimes were computed for a large range of k TTA and σ TA in the same condition than Figure 3.21. One can see that, contrarily to Figure 3.15 and 3.13, the duration of the resulting lasing pulse is much shorter, because of last explanations. It can especially be seen when the triplet absorption cross section reaches values above 10 -17 cm 2 . Here, the pulses are limited to only one or two microseconds and a slight increase of k TTA makes the emission continuous. Moreover, these results make it clear that the maximum value σ TA can have to enable CW lasing established in Equation 3.35 is no longer accurate. Indeed, when compensated by high TTA constants, triplet absorption cross sections can be orders of magnitude higher than the previous limit of ≈ 10 -19 cm 2 .

Because this behavior is expected to be different in the case of cavities with higher quality factors, considering the much lower population inversion they need to enable laser and thus, the low triplet population associated, we integrated the equations with all processes enabled at different pump power densities and quality factors, and plotted the resulting lasing regimes on Figure 3.23. In addition, the computation has been done for several values of σ TA and k TTA in order to have the clearest view possible on the implication of triplet-triplet annihilation and triplet absorption. [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF][START_REF] Forget | Organic solid-state lasers[END_REF]. Starting from 10 -19 to 10 -17 cm 2 , TA cancels more and more the possibility of a CW emission especially for quality factors above 10 4 . In such cavities, it exists a CW pump threshold that is not dependent on the quality factor anymore, because the triplet-related losses becomes more important than the ones induced by the resonator. On the opposite, in the case of low Q cavities where the population inversion stands higher, the proportional creation of triplets allows TTA to be dominant over TA.

Finally, these results show that if k TTA and σ TA are important and low enough, respectively, the system reaches a quasi four-level configuration where only two finalities coexist: no lasing and and a continuous-wave emission.

Triplet state lifetime

We have seen that in the framework of organic lasers, the influence of TTA eventually boils down to a reduction of the triplet state lifetime, because the singlet population is clamped during the lasing pulse. It is then interesting to ask ourselves if it exists a significant difference between a typical τ t reduced by TTA and an intrinsically low lifetime regarding the CW capabilities of an OSSL.

An intuitive thought when comparing both configurations might be in favor of the high k t , as TTA requires an important population of triplet excitons that can trigger subsequent processes, as discussed in the previous section. On the other hand, with a similar k ISC , a short triplet lifetime could prevent in the first place the triplet density to reach an important level and thus prevent TA, STA to occur.

If we look at configurations where only ISC and STA are taken into account (σ TA = 0), computation outputs plotted on Figure B1 show at first glance expected results. Indeed, a decrease of τ t from 500 µs to 500 ns is found to ease CW lasing in every configuration. Besides, it was also expected from the expression of I th p obtained in Section 3.4.2.1.

Moreover, it is interesting for comparison purposes to go back to Figure 3.22 on which the lasing pulse duration is plotted versus σ TA and k TTA at a pump intensity of 10 kW.cm -2 and a quality factor of 5×10 3 . Computations showed that CW lasing was obtained without TA for k TTA ≈ 10 -15 cm 3 .s -1 , as the vertical lines indicating that the influence of triplet absorption is negligible below 10 -19 cm 2 . Now back to this section and more precisely on Figure B1.a, showing that the same conditions (I th p , Q, k ISC , and k STA ) can be reached without TTA when τ t is set to 500 ns. What this comparison says is that it exists an equivalence between a TTA constant of 10 -15 cm 3 .s -1 and a triplet lifetime of 500 ns in this configuration. These findings are very surprising, because it leads to the conclusion that a strikingly low τ t is required to offer the same possibilities as a k TTA considered quite small, which pretty much invalidates the initial thoughts.

It should however be emphasized that these simulations were performed in neat configuration, so that the total density of active molecule N in the film is here close to 10 27 m -3 . Therefore, this comparison is done in the most extreme case, considering that TTA is proportional to the square of the triplet exciton density. A decrease in the concentration would indeed result in a longer τ t to compensate the same k TTA , which nuances the conclusion.

Adding triplet absorption to intersystem crossing and singlet-triplet annihilation results in the same analytical formulas as in Section 3.4.2.2. We can use the expression of S cav 1,ta (the population inversion that a resonator has to lower to achieve CW lasing in the presence of TA) from Equation 3.32 to extract criteria on k t . As a reminder, the condition for S cav 1,ta not to tend towards infinity can be expressed (in terms of triplet lifetime) as:

k t ≥ σ TA σ em k ISC (3.38)
Setting σ TA and σ em at 10 -17 and 10 -16 cm 2 , respectively, and k ISC at 10 7 s -1 , the T 1 state has to have a lifetime of less than one microsecond to allow CW lasing. It is straightforward to see that decreasing ISC or TA will allow the same results with a proportionally longer triplet lifetime. Lasing regimes that can be achieved as a function of Q and the pump power density are displayed on Figure 3.24 for two different triplet lifetime of 0. Whereas TTA, thanks to its T 2 1 proportionality, could balance the influence of TA for high-Q cavities (Figure 3.23) when Equation 3.38 was not fulfilled, a triplet lifetime cannot.

Thermally activated delayed fluorescence

As it has been discussed in details in Section 1.2.4.4, TADF materials have been in the recent years the center of a significant attention from the organic device community as it represents a very promising route for 100% of internal efficiency. Thanks to an energy gap between the first excited singlet and triplet states smaller than for most compounds, excitons promoted on the T 1 state can be upconverted back to the fluorescence level via Reverse InterSystem Crossing (RISC). This part is inspired by two recent papers from Adachi et al. [START_REF] Tsuchiya | Exact Solution of Kinetic Analysis for Thermally Activated Delayed Fluorescence Materials[END_REF][START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF]. The former deals with exact analytical solutions of a system that takes only into account ISC and RISC. The later on the other hand is closely related to this work as they studied the population dynamics of organic TADF materials from a numerical rate equations approach. Moreover, they reach the conclusion that in order to achieve a CW emission, k RISC must scale at the same order of magnitude than k ISC , which is not that intuitive as a result considering that the density of triplets quickly becomes much more important than the singlet excitons density (see Figure 3.10).

In this work, RISC is implemented in the same way as several references, where triplets are harvested at a constant rate k RISC (s -1 ) from T 1 states to the fluoresence [START_REF] Zee | Origin of the Efficiency Roll-Off in Single-Layer Organic Light-Emitting Diodes Based on Thermally Activated Delayed Fluorescence[END_REF][START_REF] Puttock | Thermally activated delayed fluorescence poly(dendrimer)s detrapping excitons for reverse intersystem crossing[END_REF][START_REF] Park | Pyrimidinebased twisted donoracceptor delayed fluorescence molecules: a new universal platform for highly efficient blue electroluminescence[END_REF]. The resulting rate equation system is then written as:

dS 1 dt = R p S 0 -(k f + k ISC + σ em I + k STA T 1 )S 1 + k RISC T 1 (3.39) dS 0 dt = -R p S 0 + (k f + σ em I + k STA T 1 )S 1 + k t T 1 (3.40) dT 1 dt = k ISC S 1 -(k t + k RISC )T 1 (3.41)
We chose not to take into account triplet-triplet annihilation for two reasons: Since the purpose of this part is to evaluate to which extend RISC helps to reach longer pulses, a strong mechanism such as TTA would hide the impact of TADF. Furthermore, the absence of TTA in the equations allows us to derive much easier analytical expressions that will be compared to those of previous configurations.

Before dealing with the CW conditions, the temporal evolutions of the intracavity intensity and the triplet population have been plotted on Figure 3.25. As expected from the equations, an increased RISC results in longer lasing pulses because of its influence on the T 1 state. Providing an additional way out, it takes more time for the triplet population to reach a critical level (see discussion on the population ratio requirement with Equation 3.34), increasing the duration during which the population inversion is maintained.

Regarding the intensity inside the cavity, its equation is equivalent to Equation 3.31, as RISC does not directly affects the photons of the lasing mode. However, since the triplet equation has been modified with the addition of the term k RISC T 1 , the expression of S cav 1,ta will evolve and will be written as: where β is equal to k ISC /(k t + k RISC ), which means that in the first place, RISC will be impactful only if it scales at the same order of magnitude as k t . Of course, the requirements on the triplet absorption cross section from Equation 3.33 are also impacted in the case of TADF molecules. Updated criteria can be extracted from Equation 3.42:

σ em σ TA ≥ k ISC k t + k RISC (3.43)
confirming that RISC will ease the obtention of a CW lasing in the presence of TA.

In fact, if k RISC becomes close to k ISC , triplet absorption would not be a problem any longer and CW lasing would be trivial, as mentioned in Reference [START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF].

As in previous sections, we derived from Equation 3.39 and 3.41 the pump intensity required to achieve a CW emission, which can be after a few steps detailed in Appendix 4.2 written as:

I th p = k f 1 + k ISC k f + k STA k f βS cav 1,ta - k RISC k f β σ abs N S cav 1,ta -(1 + β) (3.44)
It is clear from this expression of I th p that RISC will participate in its reduction. Because k RISC appears multiple times and is not that trivial to interpret, I th p has been plotted as a function of the RISC constant on First, we see that I th p converges towards the same value of roughly 10 3 W.cm -2 when k RISC increases, regardless of its value. It is because when k RISC becomes close to k ISC or higher, the system eventually reaches a state where no triplets are trapped long enough for alternative processes such as STA or TA to occur. Then, the only losses that are still impactful are those linked to the resonator through its quality factor, this is the reason why I th p does not tend towards zero. For the same reason, when less triplets are generated thanks to a low k ISC , the system also needs a lower k RISC to compensate. Figure 3.26 also shows two behaviors depending on the value of k ISC : Cases for which I th p is defined at every value of k RISC , and others where it tends towards infinity below a certain point. The two scenarii can be discriminated thanks to Equation 3.44 and its denominator. Indeed, for ISC constants higher than 10 7 s -1 (red and violet curve), it will be impossible to achieve a CW lasing if RISC is not important enough, hence the exponentially increasing value of I th p . On this matter, it is noticeable that RISC does not have any influence on I th p below 10 3 W.cm -2 , which roughly corresponds to k t /10. When k RISC becomes very low, the pump intensity threshold is directly driven by the triplet state lifetime. This is why an ISC constant set to 10 5 s -1 (blue curve) does not have any significant impact on I th p , as it is already really close to k t which is, for this simulations, set to approximately 6×10 3 s -1 .

The influence of RISC is even clearer when looking in Appendix 4.2 where lasing pulse durations are plotted for various values of k RISC in different configurations. Figure B2 shows how TADF materials would behave with the only singlet loss channel being ISC, while Figure B3 adds STA in the equations. It is showed on both that RISC is perfectly equivalent to a decrease of the rates of other interactions, as suggested by Equation 3.44.

Conclusions

In this chapter, a theoretical study of the requirements for one organic solid-state laser to achieve a continuous-wave emission has been presented. Our approach has been to use a system of coupled rate equations to compute the temporal evolution of S 0 , S 1 , and T 1 population densities as well as the photon density inside the cavity, such as in other reports in this matter [START_REF] Chua | Modeling of threshold and dynamics behavior of organic nanostructured lasers[END_REF][START_REF] Gärtner | The influence of annihilation processes on the threshold current density of organic laser diodes[END_REF][START_REF] Bencheikh | Origin of external quantum efficiency roll-off in 4,4'-bis[( N -carbazole)styryl]biphenyl (BSBCz)-based inverted organic light emitting diode under high pulsed electrical excitation[END_REF][START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF]. However, the core of its work differs from previous study by explicitly taking into account the influence of the resonator in the lasing pulse duration, notably via its quality factor.

At first, previous works that have investigated what are the limitations to overcome towards CW lasing and hence towards pratical applications were presented. As it as been discussed, all focused on molecular properties and/or thermal management to improve the current state-of-the-art, with STA often designated as the process to absolutely prevent from occuring during excitation. From that, the first 30 ms lasing in an OSSL has been obtained without the help of triplet quencher [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], and was ascribed to the absence of triplet absorption thanks to a weak overlap between the lasing peak and the triplet band. Heat dissipation was also important in this achievement, allowing Sandanayaka et al. to obtain stable lasing from a 8 [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF] to 80 MHz [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] repetition rate. But at the end, the current state-of-the-art of 30 ms was topped by Senevirathne et al. [START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF] who achieved one second lasing with a FWHM of 0.4 nm during the whole optical excitation, a three orders of magnitude improvement ascribed to the much lower lasing threshold of their original mix-order circular DFB.

Afterwards, the theoretical framework of this thesis was introduced, with a presentation of the modeling of the different photophysical mechanisms ruling the excitons statistics and of the device resonator. Since the initial purpose of these simulations was to compare the lasing pulses obtained with BSBCz inside two resonators, namely DFB and VCSEL, we chose to describe both mostly by their quality factors to take into account their significantly different lasing thresholds. Special cares were taken regarding the different approximations and limitations of our approach in Section 3.3.2, as there are some. The core of this work is to discriminate different lasing regimes i.e. if for some optical and photophysical configuration, the device would achieve a pulsed or a continuous lasing emission (or no lasing at all). To do so, we developed an algorithm that sorts different temporal simulations by comparing the ratio I/I sat where I is the lasing intensity inside the resonator (related to the photon density) and I sat is the saturation intensity of the lasing transition. As an illustration and a reference for comparison with more complex system, we detailed our analytical analysis to derive CW lasing intensity threshold I th p with the well-established four-level system, in which triplets do not intervene.

The results of our simulations were presented in a step-by-step approach, by at first including the generation of triplets via intersystem crossing but not subsequent interactions (k STA = k TTA = σ TA = 0). Temporal simulations on Figure 3.8 coupled with Equation 3.18 provided insights on the reasons to the premature death of the lasing in organic devices, which is ascribed to an increasing triplet population that leads to a breaking of the criteria regarding the ratio S 1 /T 1 required to keep the population inversion alive. Moreover, we show that in such a system, it exists a minimal quality factor a resonator has to have in order to achieve CW lasing, which is once again not intuitive. Denoted by Q th , it is obtained by making I th p from Equation 3.16 tend towards infinity and can be visualized on the 2D map of Figure 3.9. Interestingly, and even though this particular configuration without any additional process is somehow utopian, the lasing thresholds (i.e. the Q-factor) required to reach CW lasing easily scale above the lowest reported in VCSEL configuration, which gives hints to explain the mentioned difference observed between DFB and VCSEL.

In a second phase, we studied mechanisms that are thought to be detrimental for the lasing emission: singlet-triplet annihilation and triplet absorption. Those two fundamentally differ as the former is a dipole-dipole intermolecular interaction and the latter is the absorption of a photon by a triplet exciton and as such, their influence is also dramatically different. Our simulations showed that the influence of STA eventually boils down to an increase of the pump power required to achieve a CW lasing, notably via a term proportional to k ISC × k STA in Equation 3.25 (term that was evoked in the transients PL analysis in Chapter 2). But, as it has been discussed on Figure 3.14, typical values of 10 -10 cm 3 .s -1 for k STA do not prevent a device to achieve CW lasing, provided that its lasing threshold scales very low, such as DFB-type resonators. Also, results provide a generalization of the work of Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] regarding the existence of two pump intensity thresholds (pulsed and CW), and especially their conclusion on the reunification of both thresholds if the triplet-related losses are managed. Indeed, this work has shown that a road towards a four-level-like configuration is definitely possible via a reduction of the lasing threshold, since the population inversion required is lower, leading to less triplets generated.

On the other hand, triplet absorption will directly influence the population inversion imposed by the resonator as discussed with Equation 3.32, yielding a σ TA that has to be three orders of magnitude lower than σ em the stimulated emission cross section (by taking typical values of k ISC and k t , see details in Section 3.4.2.2). We showed with simulations that this drastic condition is not easily fulfilled, as CW is no longer possible for cross sections above 3×10 -19 cm 2 regardless of the pump power density and the lasing threshold. Even if this pessimistic conclusion has to be balanced by the absence of other processes that could hinder or compensate its influence on the photon density, this model does a great job at comparing the influences of STA and TA, and allows us to reach the conclusion that TA is far more important to avoid than STA regarding CW lasing possibilities.

Then, phenomena that can be seen as beneficial for the lasing pulse (i.e. for the excited singlet population) were studied, namely triplet-triplet annihilation, reverse intersystem crossing, in order to see whether the significant quenching induced by TA could be balanced. Moreover, the influence of a short triplet lifetime was also explored.

Results showed that the most rewarding choice to improve the CW lasing capabilities of a device is via TTA, as it can overcome limitations imposed by k ISC and σ TA even in the case of strong rates/cross sections. It is especially important for high-Q cavities, for which the low production of triplets makes it very efficient versus triplet absorption. Since it has been discussed that the role TTA is mostly about depleting the triplet state through the term k TTA T 2 1 , we compared its influence with the one of a shorter triplet lifetime. Even though we showed that a short triplet lifetime has eventually the same overall influence on the lasing pulse duration than TTA, we also show that it would require a very low lifetime of under one microsecond to compensate a TTA rate of only 10 -15 cm 3 .s -1 , designating the latter as far more interesting to work with when aiming at longer lasing pulses. Besides, it has also been derived that in the presence of TA, CW lasing conditions are strictly related to a condition linking kisc, σ TA , and σ em for every resonator. As such, the triplet is drastically limited to below one microsecond with standard values for the system to achieve CW lasing, regardless of the lasing threshold of the laser (this is an important difference with TTA, whose influence differed from one resonator to another).

At last, we reviewed the influence of RISC, which has recently gained a lot of interest and has allowed the third generation of OLED to be efficient over the whole visible region. In the framework of lasing however, we saw that it constributes to decrease the influence of other mechanisms such as ISC and STA. As long as TA is involved, we showed that k RISC ease the reaching of CW lasing as soon as it scales around k t or higher, nuancing the conclusions of Abe et al. [START_REF] Abe | Numerical Study of Triplet Dynamics in Organic Semiconductors Aimed for the Active Utilization of Triplets by TADF under Continuous-Wave Lasing[END_REF] on the fact that k RISC had to scale at k ISC for CW lasing to be possible.

More generally, this study has shown that in addition to molecular properties of the gain medium, it is just as important to focus on the resonator. Indeed, reducing its lasing threshold can ease in various ways the obtention of longer lasing pulses: in cases where TA is not taken into account, we have seen that a lower lasing threshold reduced the amount of singlet required to inverse the population of the fluorescence, leading to less triplets, until eventually the lasing and CW thresholds make one. An observation that was already mentioned by Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF] but with the losses induced by triplet excitons and not the cavity. When TA is enabled however, we have seen that a high-Q resonator allows TTA to balance triplet absorption above theoretical limits.

Even tough this work has explored many aspects to understand how CW las-ing could be achieved in different photophysical and optical configurations, there are a few additional key points that are worth studying in order to obtain further insights. As mentioned when discussing the limits of the system, it would be interesting to take into account the heat generated by the long and intense excitation, by implementing related quenchings whether they would be permanent or transient. It is now known that a proper thermal management is mandatory when aiming at longer pulses and higher repetition rate. Furthermore, the role of the concentration of active molecules inside the host matrix has not been fully explored. Indeed, we showed that it accounts in the capabilities of one device, notably in the presence of triplet absorption and bi-molecular interactions, but that it was also a variable to look at in systems where only ISC occured. In such cases, derivations have shown for instance that a significant decrease of N could lead to inversely proportional higher quality factors required to achieve CW lasing (regardless of the pump power density). Also, it would be useful to study how our conclusions still stand when going beyond the approximation that only one lasing mode propagates in the cavity. As discussed, it can be seen as the rather crude one considering the size of the cavities investigated. Moreover, including additional lasing modes would be the starting point towards another great topic to explore: the mode-locking of an OSSL. Because, as of today, no studies (numerical or fitting procedure of experimental results) have included the possibilities of several modes to interact with each other, to our knowledge. Besides, mode-to-mode simulations could provide insights on the duration of the lasing pulse required to allow a mode-locking regime to build itself, but those simulations are complicated to perform and are very ressource demanding (as the computation time drastically increases with the number of modes).

Chapter 4

On the discrepancy regarding BSBCz lasing pulse duration in different resonators

Introduction

The method presented in Chapter 2 allowed us for blended CBP:BSBCz 200 nm films to estimate triplet-related photophysical constants such as triplet lifetimes, ISC, STA, and TTA rates. Since the films were similar to the ones used by Sandanayaka et al. to demonstrate a 30 ms lasing [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], our conclusions regarding their smaller triplet lifetimes and higher TTA rates as opposed to other dyes (C521T, DCM, ..) provided additional leads to explain such achievements (which are usually ascribed to a negligible triplet absorption and to a low triplet formation quantum yield [START_REF] Van | Lasing Operation under Long-Pulse Excitation in Solution-Processed Organic Gain Medium: Toward CW Lasing in Organic Semiconductors[END_REF][START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]).

Afterwards, we presented a theoretical study on the requirements to achieve continuous-wave lasing for an OSSL, with an assumed focus on how those conditions evolve for different resonators, which are distinguished mostly through a quality factor. Taking advantage of a widely used system of rate equations governing the different state populations and the photon density inside the cavity, our homemade algorithm allows a fine discrimination of the lasing regimes (no lasing, pulsed, and CW) that one device can achieve for a given excitation intensity.

The purpose of this last short chapter is therefore to combine the usefulness of both previous chapters by implementing in the numerical model the values estimated using the pump-probe setup (τ t , k ISC , k STA , k TTA ) for CBP:BSBCz thin films, and use the algorithms to explain why the achievement of ms lasing pulses are still only limited to DFB resonators. As a reminder, lasing transients displayed on Figure 3.1 showed that BSBCz used in VCSEL configuration at similar concentration and excited at similar fluences yielded pulses that lasted no longer than one microsecond, which is no better than any classical dye investigated before.

Parameters used for these simulations are gathered in Table 4.1. Since there 149 are constants that cannot be evaluated with our current setup, we chose the other relevant ones directly from the report of Sandanayaka et al. [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF]. In this paper, σ TA is estimated to scale 10 -17 cm 2 , but since it is in the noise of their setup, we can consider that this value stands for an upper limit rather than a precise measurement. 

Results

Similarily to what has been done in Chapter 3, we computed the main system of rate equations for a wide range of quality factors and pump power densities with all relevant mechanisms taken into account (ISC, STA, TTA, and TA). Results obtained using the above-mentioned rates, lifetimes and cross sections are displayed on Figure 4.1. Several observations that have been discussed in detail in the previous chapter are worth reminding: the influence of a triplet absorption cross section of 10 -17 cm 2 is balanced by the strong TTA of 10 -12 cm 3 .s -1 estimated from long photoluminescence transients with our setup. More details about the balance TA/TTA are available in Section 3.4.3.1. The fact that beyond a certain quality factor, the CW pump threshold I th p does not vary anymore is also consistent with previous discussion regarding the smaller and smaller generation of triplet excitons. Moreover, the pulse duration is here drastically limited to less than one microsecond for quality factors of 10 4 and below because of triplet absorption and its influence on I th p . Even in configurations where optical losses are minimized, the duration allowed for the lasing pulse is ≈ 10 µs, with an abrupt transition to CW lasing when increasing the exitation density, as discussed in Section 3.4.2.2.

To compare the results obtained in a VCSEL and in a DFB configuration, we need to evaluate the quality factor of both resonators. To do so, we used the equivalence between the lasing threshold and the quality factor of the cavity with the following relation:

Q = 2πn eff hc λ l λ p σ em α abs ΓI th p τ f (4.1)
Here, λ l and λ p are the absorption and emission wavelength, respectively ; n eff is the effective propagation index ; α abs = σ abs N the absorption coefficient of the film ; I th p is the lasing threshold and τ f is the fluorescence lifetime. Sandanayaka et al. reported a lasing threshold of ≈ 20 W.cm -2 , which corresponds to a quality factor of ≈ 3×10 5 . Our VCSEL cavity on the other hand exhibited a threshold of ≈ 2 kW.cm -2 , which is linked to a quality factor of 3×10 3 . If we project those values on Figure 4.1, we obtain a clear discrepancy in the lasing regimes achieved for the two configurations investigated. Whereas a CW emission is allowed for the DFB, the VCSEL, excited at similar power density is constrained to lasing pulses that last less than one microsecond, which is consistent with the lasing transients displayed on Figure 3.1.

However, there are some disagreements with what has been reported. First, simulations show that in the DFB case, pulsed and CW thresholds are not similar, meaning that the device should exhibit pulsed emissions (becoming longer when increasing the excitation intensity) before reaching a steady-state lasing emission.

In apparent contradiction with these theoretical predictions, the reports of Sandanayaka et al. [START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF] and others [START_REF] Van | Lasing Operation under Long-Pulse Excitation in Solution-Processed Organic Gain Medium: Toward CW Lasing in Organic Semiconductors[END_REF][START_REF] Buddhika | An Organic Laser Dye having a Small Singlet-Triplet Energy Gap Makes the Selection of a Host Material Easier[END_REF] more recently have only shown lasing that is perfectly proportional to the pump profile (when a temporal trace was provided), we can therefore assume that there was an abrupt transition between no lasing and CW lasing as in a four-level system. Moreover, a closer look on the lasing transients related to the output of Figure 4.1, presented on Figure 4.2 (right), reveals an initial decrease of the lasing intensity before reaching a steadystate value, even for quality factors above 10 5 . A similar scenario was reported experimentally by Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF], with a pulse lasting up to 100 µs after an initial overshoot during the first four microseconds. Also, one might notice the presence of relaxation oscillation, even for quality factor this high, which were not reported with BSBCz. The VCSEL simulations on the other hand show a good agreement with the experiments presented on Figure 3.1, with a slight difference of the slope of the lasing intensity, more pronounced in simulations. However, Figure 4.1 indicates that CW lasing is also perfectly possible for a cavity with a "low" quality factor such as VCSELs, provided a high enough pump power density. This is due to the strong TTA in play here as discussed in Section 3.4.3.1. This result has to be balanced with the fact that such excitation intensities (superior to 10 kW.cm -2 ) during such long times would probably result in the permanent damaging of solidstate gain media. Besides, this model do not take into account thermal quenching, whereas VCSELs are much more inclined to thermal effects than DFBs, owing to their geometry. For instance, thermal lenses (a gaussian distribution of the heat that affects lasing modes) have been proven to cause the termination of the lasing pulse in liquid state [START_REF] Hamja | Highly photo-stable, kHzrepetition-rate, diode pumped circulation-free liquid dye laser with thermal lens management[END_REF].

These discrepancies between simulations and experiments for the DFB could be explained by several different reasons. Starting with the model, some approximations could lead to results not in phase with reality: the modeling of the resonator using proper DFB equations could change the output, even though it would result in relaxation oscillation anyway [START_REF] Li | Simulation of DFB semiconductor lasers incorporating thermal effects[END_REF]. The monomode characteristic of our simulations could also lead to different outputs, especially considering that σ TA (which is proportional to the intensity of the lasing mode) is not precisely known. On that matter, it may also be related to the value of σ TA chosen for the simulations, which as it has been said corresponds to an upper limit, based on the sensitivity of the measurement. If, instead, we chose the minimal TA cross section of 3×10 -19 cm 2 required to achieve CW lasing, which is obtained from the following relation:

σ TA < σ em k t k ISC (4.2)
where the parameters are taken from Table 4.1. We show on Figure 4.3 (left) that such a lower TA cross section (that no measurement can estimate) is more consistent with a transition between no lasing and CW lasing, although pulsed emissions are still predicted. Even if, in this configuration, the lasing intensity still decreases a little bit before reaching a steady-state value, relaxation oscillations are still present. The reports themselves could also be debated. Although most papers that reported on CW lasing in OSSLs showed a threshold behavior and a related abrupt reduction of the Full Width at Half Maximum (FWHM), the absence of relaxation oscillation from temporal traces could indicate that another regime than lasing is occuring.

Using the values obtained via the setup presented in Chapter 2 and our lasing algorithm, this work provides solid arguments to the different lasing pulses achieved in different resonators with BSBCz as the active molecule. Hence, we reach the conclusion that the CW lasing reported by Sandanayaka et al. can be explained with the low-threshold resonator, and with a unusually low triplet absorption cross section, emphasizing that both optical and molecular properties shall be taken into account in further studies towards true CW lasing.

Conclusion

It is established that the main limitation towards the achievement of continuouswave lasing under optical pumping is the inherent building of long-lived triplet excitons with time via intersystem crossing. The depletion of the ground state S 0 and triplet-related mechanisms such as singlet-triplet annihilation and triplet absorption had then always hindered OSSLs to emit lasing pulses that lasted much than a few hundreds of nanoseconds. However, very recently, a few papers have shown the possibility to overcome those traditional limitations using a class of molecules containing carbazole units (BSBCz [START_REF] Atula | Quasi-Continuous-Wave Organic Thin-Film Distributed Feedback Laser[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], BSFCz [START_REF] Van | Lasing Operation under Long-Pulse Excitation in Solution-Processed Organic Gain Medium: Toward CW Lasing in Organic Semiconductors[END_REF]) and to demonstrate ms qCW lasing. This breakthrough and all subsequent ones using similar compounds and configurations have been ascribed to a weak triplet absorption cross section at the lasing frequency, and to a low triplet formation quantum yield.

In addition to their long lifetime, it is crucial to quantify the different pathways through which triplet excitons can quench the lasing intensity inside a cavity, namely intersystem crossing, singlet-triplet-, triplet-triplet-annihilation, and triplet absorption. However, methods that are used to measure such constants (k t , k ISC , k STA , k TTA , and σ TA ) often require expensive apparatus, complicated setups, or rely on too many adjustable parameters in the case of fitting procedures, leading to discrepancies that can reach several orders of magnitude.

In this manuscript, an experimental method is presented in Chapter 2 that aims at tackling these limitations by taking advantage of a simple, inexpensive setup to almost fully characterize triplet-related constants. To do so, two optical pulses (≈ 100 W.cm -2 , tens of µs) with an adjustable delay between them excite gain media whose photoluminescence is recorded with a PMT and an oscilloscope. By looking at the recovery of the S 0 population density when increasing the delay between the pump and the probe (and hence the depletion of the triplet state), we can estimate the triplet lifetime τ t . To ensure that no other phenomena influence the non-radiative de-excitation of T 1 excitons, measurements are performed at a concentration which is low enough so that the recovery kinetic is purely monoexponential. Afterwards, k ISC can be estimated at similarily low doping ratios using longer PL transients to fit its almost linear decrease with time, caused by the term k ISC S 1 . Using the transients PL of higher concentrated gain media allows the fitting of the dynamics with STA and TTA, which are required to explain the initial abrupt decrease and the further saturation of the triplet population. This method presents the advantages of being easy to build and to adapt to a wide range of absorption wavelength, being limited by the availibity of UV laser diode with high enough power to provide the ≈ kW.cm -2 of irradiance required to saturate the triplet population. On the other hand, it requires neither a ns resolution (an oscilloscope of 100 MHz was enough for this study, as the dynamics investigated are microseconds long) nor a spectral characterization. This setup has been employed to study 17 µm blended films of PMMA containing coumarin 521T and 314T, fluorol 555, DCM, and BSBCz-EH, as well as 200 nm films of CBP:BSBCz. Each films were processed at different concentrations to fully take advantage of the step-by-step protocol introduced. Measurements have shown triplet lifetimes around 150 µs for all compounds but BSBCz and its solution-processable derivative, for which τ t was estimated to scale at around 20 µs. Also, we found out that much stronger STA and TTA were required to explain the faster saturation of the triplet population for BSBCz(-EH) films. Thus, this simple experiment allows clear discriminations between different molecules, and subsequent results tend to ascribe the results achieved with BSBCz to a smaller triplet lifetime and higher TTA rates, which helps depleting the triplet states.

In a second time, we theoretically studied the requirements for OSSLs to achieve CW lasing, using a commonly used system of rate equations governing the S 0 , S 1 , and T 1 population densities and the lasing intensity inside the resonator. Moreover, a homemade algorithm allowed us to easily discriminate for each configuration the lasing regime (no lasing, pulsed, CW) that is achievable. In this work, we focus on the photophysical requirements (lifetimes, rates, cross sections) as much as the optical ones, especially via the quality factor Q of the cavity, which is inversely proportional to the lasing threshold. Doing it this way has been motivated by the work of Senevirathne et al. [START_REF] Chathuranganie | Markedly Improved Performance of Optically Pumped Organic Lasers with Two-Dimensional Distributed-Feedback Gratings[END_REF] who outpaced the previous state-of-the-art when reporting a one second qCW lasing using the same BSBCz in a CBP host matrix. However, this two orders of magnitude improvement towards CW lasing was entirely ascribed to the exotic circular mix-order configuration of their DFB, which helped reducing the lasing threshold threefold. However, no pulse lasting longer than one microsecond was obtained by our team with BSBCz in a VCSEL configuration, excited at similar ≈ kW.cm -2 pump fluences, suggesting that the duration of the lasing emission is not only related to the molecule but also to the cavity.

Following a discussion on the different approximations used in this work and the limits of the system, simulations and analytical derivation were presented in a step-by-step approach starting with a four-level system, where triplets are not taken into account, for explanation purposes and also to be used as a reference. Then, we studied the influence of a generation of triplet excitons via ISC on the lasing capabilities of OSSLs, and showed that in this particular condition (k STA = k TTA = σ TA = 0), it exists a minimal quality factor (Q th ) for a device to exhibit in order to achieve CW lasing, regardless of the excitation power density. Although this system is somewhat utopian, it provides first insights into the different results observed with BSBCz in VCSEL and in DFB, with Q th scaling above 10 4 when k ISC is set to a typical value of 10 7 s -1 . Since this Q th corresponds (with the values taken for absorption/emission cross sections, concentration, ..) to a lasing threshold of 1 kW.cm -2 , it immediately rules out VCSELs and similar resonators from reaching CW lasing, since power densities higher than ≈ 100 kW.cm -2 will quickly result in the permanent degradation of the gain medium. DFBs on the other hand exhibiting a much lower threshold (thus a higher Q) are less impacted by an increasing ISC, as long as it does not reach values above 10 9 s -1 . Moreover, simulations confirm the existence of two distinct thresholds (pulsed, and CW), as reported by Zhang and Forrest [START_REF] Zhang | Existence of continuous-wave threshold for organic semiconductor lasers[END_REF]. We were also able to generalize the fact that both thresholds merge into one when triplet-induced losses are neglected, as the same behavior can also be observed when optical losses become negligible (in high-Q cavities).

Further, additional processes related to triplet excitons were enabled to study how each of them influences the lasing pulse duration. We showed that the influence of STA mostly consisted in increasing the CW pump threshold by a cross term k ISC k STA /k t , and that contrarily to what is usually assumed in the literature [START_REF] Gärtner | Organic laser diodes: modelling and simulation[END_REF][START_REF] Inoue | Introduction of oxygen into organic thin films with the aim of suppressing singlettriplet annihilation[END_REF][START_REF] Atula | Toward continuous-wave operation of organic semiconductor lasers[END_REF], STA is compatible with CW emission provided that the resonator has a very low threshold (as it is the case for DFBs). Triplet absorption on the other hand is here designated as a much more dramatic mechanism towards longer lasing pulses. It can be understood because it directly quenches the photon density instead of singlet excitons, but also because of the theoretical limits imposed by the expression of I th p that was derived. Indeed, we show that in configurations where only ISC and STA are taken into account, σ TA is restricted to values below 3×10 -19 cm 2 if usual values for k t , k ISC , and σ em are chosen. What makes this criterion so dramatic is that it prevails regardless of the resonator quality factor, whereas the influence of STA was limited to low-Q cavities.

We then showed that the best candidate to compensate the influence of STA and TA is definitely triplet-triplet annihilation, owing to a twofold influence: the population of the S 1 state and the depletion the triplet state through a strong term proportional to T 2 1 . Our model showed that on this matter, TTA rates of 10 -13 cm 3 .s -1 allowed the reaching of CW lasing for TA cross section as high as 10 -17 cm 2 for excitation of 1 kW.m -2 . Regarding an instrincally short value for τ t that could also be a solution to deal with triplet excitons without requiring TTA, our calculations suggested that a triplet lifetime as low as 500 ns would be required to compensate the influence of a k TTA set only at 10 -15 cm 3 .s -1 (and a triplet lifetime of 175 µs). Since triplet lifetimes reported in the literature as well as the ones estimated in this work are much longer than one microsecond, increasing the concentration to take advantage of TTA seems like a more rewarding choice to elongate lasing pulses.

At last, we used in Chapter 4 the rates measured with the setup of Chapter 2 on CBP:BSBCz films presented in this thesis and lasing algorithms from Chapter 3 to study whether or not the differences observed with BSBCz in DFB (qCW) and in VCSEL (1 µs) could be better understood. We reached the conclusion that indeed, the fact that both resonators had such different lasing thresholds was enough to explain the CW lasing reached with the DFB, and the much shorter lasing pulses in VCSEL configuration.

Whether it is from an experimental or theoretical view, this work constitutes a step forward to a better understanding of the requirements to achieve CW lasing in organic solid-state lasers. Except for the triplet absorption cross section, our method allows by a simple pump-probe setup the full characterization of triplet states in organic gain media, which could be useful to the lasing community for molecular properties screening. Besides, this setup is only at its early ages, and the perspectives and possibilities discussed in Section 2.4 would allow one to go further by increasing the resolution of the apparatus, exploring other emission wavelengths, or study a potential photobleaching of the gain medium more precisely. On the other hand, our theoretical work has clearly emphasized that the quality factor has to be taken care of as much as the photophysical properties of the active molecules. We showed for instance that a slight increase of the quality factor could be sufficient in certain configurations to go from tens of microseconds lasing pulses to continuous-wave lasing. The perspectives of taking our experiments to the next step and modeling more finely the excitons dynamics inside a resonator are quite promising, as we are by the day closer and closer to true CW emission in OSSLs, paving the way for mode-locking and electrical pumping.

Appendices Measurement of photophysical constants Analytical solution of the population density in the absence of intermolecular interactions or resonator

In a configuration without resonator (σ em I= 0) where only intersystem crossing is enabled (k STA = k TTA = σ TA = 0), the system of rate equation used in this work can be expressed as:

             dS 1 dt = R ex S 0 -k f S 1 -k ISC S 1 dT 1 dt = k ISC S 1 -k t T 1 dS 0 dt = -R ex S 0 + k f S 1 + k t T 1 (4.3) 
Since there are no cross terms (e.g. k TTA T 2 1 , σ TA I, ... ), it can be written in a matrix form:

d dt   S 1 T 1 S 0   =   -k f -k ISC 0 R ex k ISC -k t 0 k f k t -R ex     S 1 T 1 S 0   (4.4)

Math reminder

Previous equation can be compated as:

d -→ S dt = d dt   S 1 (t) T 1 (t) S 0 (t)   = M -→ S (4.5)
M is diagonalized so that it contains the eigenvalues and eigenvectors of the system. Eigenvalues are the diagonal elements of the matrix D while eigenvectors are the columns of the change-of-basis matrix P , which is defined as P -1 M P = D or P DP -1 = M . The idea is that this differential equation has simple solution 159 consisting in a sum of exponentials in the eigenbasis. If we define new variables x(t), y(t), and z(t), the system becomes

-→ X =   x(t) y(t) z(t)   = P -1 -→ S (4.6) It is then straightforward to check that d -→ X dt = P -1 M P -→ X = D -→ X (4.7)
If λ 1 , λ 2 , and λ 3 are the three eigenvalues of D, the solution is

  x(t) y(t) z(t)   =   x(0)e λ 1 t y(0)e λ 2 t z(0)e λ 3 t   (4.8)
To reach our initial population S 0 (t), S 1 (t), and T 1 (t), one just need to multiply the P since -→ S = P -→ X . We don't need to compute P -1 : we don't care about knowing exactly how x(t) and other variables are defined from -→ X = P -1 -→ S , we just need P and D. To calculate those, a handy tool is Python's literal computation library, which has been used here to diagonalize the squared matrix M . If we define κ

= (k 2 f +k 2 ISC +k 2 t +R 2 ex +2k f k ISC +2k f R ex -2k f k t -2k ISC R ex -2k ISC k t -2R ex k t ) 1/2
, calculations yields M = P DP -1 with:

P =       R ex k f + k ISC 2R ex k f + k ISC -R ex -k t -κ 2R ex k f + k ISC -R ex -k t + κ k ISC R ex k t (k f + k ISC ) 2k ISC k f -k ISC + R ex -k t + κ 2k ISC k f -k ISC + R ex -k t -κ 1 1 1       (4.9) and D =      0 0 0 0 - k f + k ISC + R ex + k t 2 - κ 2 0 0 0 - k f + k ISC + R ex + k t 2 + κ 2      (4.10)
It is useful to first simplify as much as possible these expressions given the usual orders of magnitude : k f ∼ 10 9 , k ISC ∼ 10 7 , k t ∼ 10 I energetic p scales usually between ∼ 100 W.cm -2 for low-threshold DFB lasers and up to ∼ 100 kW.cm -2 in VECSOLs, which for a pump wavelength of 400 nm corresponds to pumping rates, with σ abs ∼ 10 -20 m 2 , ranging between 2×10 4 s -1 (for 100 W/cm 2 ) to 2×10 7 s -1 (for 100 kW.cm -2 ). So, R ex can span a wide range of values, either very low and comparable to k t , or quite high and comparable to k ISC . With R ex = 2×10 4 s -1 , we get κ = 1.01×10 9 s -1 ≈ k f and with R ex = 2×10 7 s -1 , we get κ = 1.03×10 9 s -1 ≈ k f So it is possible to approximate κ by k f in all situations, and greatly simplify the above equations

P ≈       R ex k f 2R ex k f + k ISC -R ex -k t -κ R ex k f k ISC R ex k t k f k ISC k f 2k ISC k f -k ISC + R ex -k t -κ 1 1 1       (4.11) and D ≈     0 0 0 0 -k f 0 0 0 - k f + k ISC + R ex + k t 2 + κ 2     (4.12) 
To further simplify κ, it's important not to neglect too fast seemingly little terms, because the 3rd eigenvalue is in fact very dependent on every term ! Let's go to the maths: if we just rearrange κ to factorize k f and use

√ 1 + ≈ 1 + 2 , we get : κ ≈ k f + R ex + k ISC -k t + k 2 ISC 2k f + k 2 t 2k f + R 2 ex 2k f - k ISC R ex k f - k ISC k t k f - k t R ex k f (4.13)
Let's see what is the order of magnitude of each of these terms :

• k f ∼ 10 9 ,k ISC ∼ 10 7 ,R ex ∼ 2×10 4 → 2×10 7 ,k t ∼ 10 4 • k 2 ISC 2k f ∼ 5×10 4 • k 2 t 2k f ∼ 5×10 -2 • R 2 ex 2k f ∼ 2×10 -1 to 2×10 5 • - k ISC R ex k f ∼ -2×10 2 → -2×10 5 • - k ISC k t k f ∼ -10 2 • - k t R ex k f ∼ -2×10 -1 → -2×10 2 
Let's write what is the third engenvalue λ 3 (actually the second one because λ 1 = 0) :

λ 3 = - k f + k ISC + R ex + k t 2 + κ 2 ≈ - k f + k ISC + R ex + k t 2 + k f + R ex + k ISC -k t + k 2 ISC 2k f + k 2 t 2k f + R 2 ex 2k f - k ISC R ex k f - k ISC k t k f - k t R ex k f 2 ≈ -k t + k 2 ISC 4k f - k ISC k t 2k f + k 2 t 4k f - k ISC R ex 2k f - R ex k t 2k f + R 2 ex 4k f (4.14)
Let's put numbers on all these terms, with typical values already given for photophysical constants. For extremely low pumping rates (R ex = 2×10 4 s -1 corresponding to 100 W.cm -2 ) up to high rates (R ex = 2×10 7 s -1 corresponding to 100 kW.cm -2 ):

λ 3 (I p = 100 W/cm 2 ) = -10 4 + 2.5×10 4 -50 + 2.5×10 -2 -10 2 -10 -1 + 10 -1 = 1.485×10 4 (s -1 )
λ 3 (I p = 100 kW/cm 2 ) = -10 4 + 2.5×10 4 -50 + 2.5×10 -2 -10 5 -10 2 + 10 5 = 1.485×10 4 (s -1 ) (4.15)

In this particular example and completely by chance, both values for λ 3 for two extreme pump powers are equal to roughly 15000, which yields a build-up time of λ -1 3 ≈ 67µs for a CW regime. However, if we go to the exact calculation we reach λ 3 = -1.02×10 4 for R ex = 2×10 4 and λ 3 = -2.04×10 5 for R ex = 2×10 7 . The eigenvalues are now negative and they correspond to time constants λ -1 3 ≈ 10µs and 5µs, respectively. This shows that we must be very cautious in our attempts to simplify the expression of κ to find analytical expressions.

Then, the diagonal matrix becomes: Since the PL experiment has been performed using microseconds pumps, the heat diffusion in the gain media can be neglected. The heat equation can then be simplified and solved as:

D =   λ 1 0 0 0 λ 2 0 0 0 λ 3   ≈     0 0 0 0 -k f 0 0 0 - k f +k ISC +Rex+kt 2 + k f +k ISC +Rex-kt+ k 2 ISC 2k f - k ISC Rex k f + R 2 ex 2k f 2     (4.16) and D ≈     0 0 0 0 -k f 0 0 0 -k t + k 2 ISC 4k f - k ISC R ex 2k f + R 2 ex 4k f     (4.17)

Experimental setup

Transient Absorption Spectroscopy

ρC p ∂T ∂t = Q → T (t) = Γt + T 0 (4.20)
where the term -k∇ 2 T is cancelled, ρ is the density of the material, C p its heat coefficient and Q corresponds to the amount of energy brought into the system. From this, a linear variation of the temperature with time can be implemented in equation 4. [START_REF] Geusic | Laser oscillations in Nd-doped Yttrium Aluminium, Yttrium Gallium and Gadolinium garnets[END_REF] Let's start from the system of rates equations for the excitons population densities: 

We can now express I:

σ em I = R ex N [S ss 1 ] -k STA β[S ss 1 ] -k f -k ISC -R ex -R ex β + k RISC β (4.33)
and replace R ex with σ abs I p gives:

σ em σ abs I = I p N [S ss 1 ] -(1 + β) - 1 σ abs (k f + k ISC + k STA β[S ss 1 ] -k RISC β) (4.34)
At last, the intensity can be expressed in the form of I = η(I p -I th p ):

σ em σ abs I = N [S ss 1 ] -(1 + β)        I p - k f + k ISC + k STA β[S ss 1 ] -k RISC β σ abs N [S ss 1 ] -(1 + β)        (4.35)
ending this derivation with the most complete solvable expression one can have from this system of equation with the expression of the pump power density required to achieve a continuous-wave lasing: 

I th p = k f + k ISC + k STA β[S

Triplet state lifetime
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 2 Figure 2: Illustration of the three level eletronic configuration of organic molecules.
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 12 Figure 1.2: Illustration of a) photon absorption, b) photon duplication by stimulated emission, c) spontaeous emission of a photon. E 1,2 are two arbitrary atomic energy levels.
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 14 Figure 1.4: Illustration of the Stokes-Shift of molecules: the example of coumarin 521T. This molecule absorbs around 450 nm and emit at 510 nm.
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 15 Figure 1.5: Emission spectrum of a commercial 450 nm diode used in Chapter 2 recorded before (blue) and after (orange) its lasing threshold. The lasing spectrum appears much narrower than the fluorescence emission.
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 16 Figure 1.6: Illustration of the broadness of absorption spectra
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 17 Figure 1.7: Jablonski-Perrin diagram of a typical two-level system.
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 18 Figure 1.8: (left) Vertical-Cavity Surface-Emitting Laser (VCSEL) and (right) Distributed FeedBack (DFB) resonator.
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 1 Figure 1.10: (a) Schematic of single-cell laser, where different types of brain cells were sandwiched within a FP microcavity. Laser modes emit from the FP cavity upon excitation. (b) Schematic of hyperspectral imaging setup. Hyperspectral images of laser modes were obtained using an imaging spectrometer, in which a CCD was used to record the laser modes with different wavelengths after the laser emission beam was diffracted by a grating Figure taken from Reference [36].
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 111 Figure 1.11: Chemical formula of ethane (left), ethylene (center), and ethyne (right).
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 112 Figure 1.12: Electron configuration of carbon: ground state (top left), sp 3 -(top right), sp 2 -(down left) and sp-hybridization (down right). For the ground state, the 1s-and the 2s-orbitals are occupied by two electrons and two 2p-orbitals are occupied by one electron. Hybrid orbitals are formed by superposition of s-and p-orbitals. Figure taken from Reference [38].
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 113 Figure 1.13: Topological representation of the butadi-1,3-ene, for which the alternation of single and double bounds allows the delocalization of the π-electrons to be along the whole carbon backbone of the molecule thanks to the overlap between 2p-orbitals.
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 114 Figure 1.14: Energy levels of molecular orbitals in formaldehyde and possible electronics transitions. Figure taken from Reference [40].
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 1 Figure 1.15: Jablonski-Perrin diagram of organic molecules.
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 116 Figure 1.16: Illustration of two methods to pump gain media: Optical injection (left) where the S 1 state is filled by ground state absorption and triplet are only generated via intersystem crossing, and electrical current injection (right) where excitons are created from the removal of electrons from their orbital
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 117 Figure 1.17: Illustration of two methods to generate triplet excitons: Intersystem crossing (left) where singlets are transferred to the triplet state at a fixed rate k ISC , and singlet fission (right), where the energy of one singlet is split in half to produce two triplets because ∆E SS ≥ 2×∆E ST .
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 118 Figure 1.18: Chemical structures, optimized geometries, and theoretically calculated frontier molecular orbitals for Cz-TRZ derivatives. Figure taken from Reference [90].
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 119 Figure 1.19: Illustration of the delayed fluoresence induced by reverse intersystem crossing. Figure taken from Reference [88].

Figure 1 . 20 :

 120 Figure 1.20: Förster energy transfer between two singlet state excitons. The first molecule is quenched from the fluorescence level (S 1 ) to the ground state (S 0 ) by transferring its energy to a ground state molecule, hence promoting it to the S 1 state.

4 .

 4 The final result is an emission from a molecule in the red, coming from the excitation of an other molecule in the blue.
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 121 Figure 1.21: Illustration of Förster transfer in host-guest systems. Higher emission wavelengths are reachable with the same excitation source thanks to the overlap (colored in grey) between the donor emission spectrum and the acceptor absorption spectrum. Dashed lines: emission spectra ; Solid lines: absorption spectra.
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 122 Figure 1.22: Dexter energy transfer between two singlet state excitons, where two molecules simultaneously exchange a charge carrier, transferring their energy to the other.

  The technology was improved to a closer version of what is done today by Pope et al. a few years later[START_REF] Kallmann | Bulk Conductivity in Organic Crystals[END_REF][START_REF] Kallmann | Positive Hole Injection into Organic Crystals[END_REF][START_REF] Mark | Space-Charge-Limited Currents in Organic Crystals[END_REF], especially regarding the charges injection.
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 123 Figure 1.23: Illustration of the different generations of OLED and what mechanisms are used to emit light. Figure taken from Edinburgh Instruments website.

Figure 1 . 25 :

 125 Figure 1.25: Graphical representation of the different pathways for excitons (S: singlets, T: triplets) inside the gain medium during the excitation. Figure taken from Reference [157].
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 126 Figure 1.26: Chemical structure of bis[(N -carbazole)styryl]biphenyl (BSBCz).

Figure 1 . 27 :

 127 Figure 1.27: Fabrication method of the organic DFB laser with BSBCz as a gain medium, which is sandwiched between a glass substrate and a 2 µm layer of CY-TOP to encapsulate it. A thick layer of Sapphire is deposited on top of the CYTOP to ensure an efficient heat conductivity. Figure taken from Reference [14].
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 1 Figure 1.28: 2D DFB resonator structures were designed to improve laser performance. (a) Second-order 2D square lattice, (b) second-order 2D cross double, (c) circular second order, and (d) circular mixed-order grating structures. Arrows represent the feedback directions of each structure. All these 2D DFBs provide a surface-emitting laser. Figure taken from Reference [6].
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 21 Figure 2.1: (left) Stimulated emission and triplet absorption cross section spectra of BSBCz. Emission spectra of DFB laser were measured from the BSBCz neat film above the threshold. (right) Triplet absorption spectra were measured in a solution containing BSBCz under Ar. Figure taken from Reference [5].
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 22 Figure 2.2: Setup for TA measurement introduced by Lehnhardt et al. [145].
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 23 Figure 2.3: Experimental setup used in this work
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 224 Photoluminescence
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 25 Figure 2.5: Graphical representation of the protocol to create 17 µm organic thin films on a glass substrate using a spin coating technique. Figure taken from Reference [205].
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 26 Figure 2.6: Absorption (left) and emission (right) spectra of PMMA:DCM 17 µm thin films for different concentrations (wt.%) of DCM.

Figure 2 . 7 :

 27 Figure 2.7: Fluorescence of a PMMA:DCM (1 wt.%) after photoexcitation (400 ps, 355 nm). The pump power has been set to a minimum to avoid ASE in the film.
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 28 Figure 2.8: Left) Photoluminescence transients of a PMMA:C521T (1 wt.%) 17 µm thin film recorded with the setup evoked in Section 2.2.1. Right) Associated difference of photoluminescence between the end of the pump (ending at t = 0 → t 1 on Figure 2.4) and the beginning of the probe (t>0 → t 2 on Figure 2.4).
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 29 Photoluminescence (a.u.)
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 214 Photoluminescence (normalized)

Figure 2 . 15 :

 215 Figure 2.15: Left) Difference in photoluminescence between the end the pump and the beginning of the probe for 17 µm of PMMA with different concentrations of coumarin 521T. Right) Same data reversed, normalized and plotted in log scale to emphasize the different dynamics in high-concentrated films.

Figure 2 .

 2 Figure 2.16: STA and TTA rate obtained in this work for PMMA 17 µm films blended with coumarin 521T at different concentrations. Errors are estimated after the depth of the well on Figure 2.12 for each film.
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 2 Figure 2.18: Left) Graphical representation of how transients absorption traces are processed to build a triplet absorption spectrum. Right) Ground state absorption, fluorescence and triplet absorption spectra of a 17 µm blended PMMA film with 22 wt.% coumarin 521T. The triplet spectrum has been obtained using the TAS experiment at PSSM laboratory. Points are actual outputs, and the dashed line is a cubic interpolation using Python library Scipy.
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 219 Figure 2.19: Triplet absorption transient of a 17 µm solid PMMA films blended with 9 wt.% (left) and 32 wt.% (right) obtained using the TAS setup at 520 nm.
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 20220 Photoluminescence ∆t
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 221 Figure 2.21: Absorption spectra of the pristine and degraded 200 nm BSBCz neat films.

PhotoluminescenceFigure 2 . 22 :

 222 Photoluminescence

Figure 2 . 23 :

 223 Figure 2.23: Left) Difference in photoluminescence between the end of the pump and the beginning of the probe for 17 µm PMMA:C521T (1 wt.%) at different exictation power density. Right) Long photoluminescence transients for each excitation power density investigated.
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 224 Figure 2.24: Photoluminescence transients divided by the pump profile of a 200 nm BSBCz neat film excited at different pump power densities.
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 225 Figure 2.25: Photoluminescence transient (solid line) normalized to the pump profile of a 200 nm BSBCz neat film excited at 9.1 kW.cm -2 . Data are fitted (dashed lines) using different models. TIC: Temperature-dependent Internal Conversion
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 226 Figure 2.26: Inverse of the standard deviation for the first 500 ns of experimental PL transients (Figure 2.24) and simulations versus k ISC and k STA for two different BSBCz concentrations (17% at 23 kW.cm -2 and 100% at 9.1 kW.cm -2 )

Figure 2 .

 2 Figure 2.28: Error (%) between experimental and simulation photoluminescence transients of 17 and 100 wt.% of BSBCz in CBP thin films exitated at 23 (blue) and 9.1 (orange) kW.cm -2 , respectively.

Figure 2 .

 2 Figure 2.29: Experimental (solid lines) and simulated (dashed lines) photoluminescence transients normalized to the pump profile for 666 nm 20 wt.% BSBCz wt. in CBP (left) and a 200 nm neat BSBCz film (right).

  each film, their maximum fluorescence wavelength, and their fluorescence lifetime in PMMA. Since emission spectra are red-shifted when the concentration of chromophore increases, λ em has been designated here as the emission peak of the lowest concentrated film for each compound. Fluorescence lifetimes have been measured with the same apparatus as evoked in Section 2.2.3. Complete absorption/emission spectra and fluorescence measurement outputs are provided in Appendix 4.2.
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 231 Figure 2.31: Normalized photoluminescence of the pump (ending at t = 0) and the probe versus delays between them for 1 wt.% PMMA:DCM (left) and PMMA:BSBCz-EH (right) thin films.
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 232 Figure 2.32: Output of the pump-probe experiment for a 10 -3 M DCM solution in ethanol with left) Normalized photoluminescence of the pump (ending at t = 0) and the probe versus delays and right) ground state recovery fitted with a monoexponential expression and a lifetime of 6 µs.
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 233 Figure 2.33: Photoluminescence transients of blended PMMA films at different concentrations of (top left) DCM, (top right) coumarin 314T, (bottom left) fluorol 555, and (bottom right) BSBCz-EH. The dashed lines are the assiocated fits whose values are provided in Table 2.3. Pump power densities used to excite the films: 139 (DCM), 165 (C314T), 139 (F555), and 2600 (BSBCz-EH) W.cm -2 .

Figure 2 . 35 :

 235 Figure 2.35: Fluorescence recovery kinetics measurements of 200 nm blended CBP:BSBCz films at different concentrations. Fits are obtained using a monoexponential expression at 5 wt.%, and Equation 2.14 at higher concentration with k TTA T 0 as adjustable parameters.
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 2 35 (right).
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 2 Figure 2.36: Experimental (left) and numerical (right) photoluminescence transients of 200 nm CBP:BSBCz films at different concentrations. I p = 2.6 kW.cm -2 .
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 32 Figure 3.2: Algorithm used in this work to discriminate emission regimes and compute the lasing pulse duration

Figure 3 . 3 :

 33 Figure 3.3: Time resolved simulations of the normalized intracavity intensity for different quality factors. The blue case shows only fluoresence whereas the others clearly show lasing. I/I sat allows us to efficiently discriminate the two possibilities.

Figure 3 . 4 :

 34 Figure 3.4: Time resolved simulations of the normalized intracavity intensity for different quality factors. The blue case shows only fluoresence whereas the orange curve is a lasing pulse that stops with the vertical fall of I/I sat . The green curve corresponds to CW lasing. I/I sat allows us to efficiently discriminate the two possibilities.
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 35 Figure 3.5: Lasing regime achieved as a function of the pump power density and the quality factor of the resonator. Black) no lasing, rainbow) pulsed emission (whose duration is indicated on the colormap), red) CW lasing. White dots correspond to analytical solution of the pump fluence required to enable CW lasing. k ISC = 6×10 6 s -1 , k STA = 10 -10 cm 3 .s -1 .

  Γσ e S 1 (I + I sp ) -2πc Qλ l I (3.10) Zeroing Equation 3.10 gives us S cav 1 the clamping of the fluorescence imposed by the resonator 2 .
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 36 Figure 3.6: Time-resolved simulations of singlets (left) and photons density inside the cavity (right) for different quality factors. k f = 10 9 s -1 , σ abs = 10 -16 cm 2 , I p = 20 kW.cm -2 , N = 10 27 m -3 . S th 1 is computed after Equation 3.12.
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 37 Figure 3.7: Lasing regime achieved as a function of the pump power density and the quality factor of the resonator without any triplets (k ISC = 0). White dots correspond to Equation 3.13.
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 38 Figure 3.8: Time-resolved simulations of the S 1 and T 1 population densities (top left and right, respectively), and the intracavity intensity (bottom) for different k ISC . Q = 5×10 3 , I p = 5 kW.cm -2 .
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 39 Figure 3.9: Lasing regime achieved as a function of the pump power density and the quality factor of the resonator with k ISC = a) 10 6 b) 10 7 c) 10 8 d) 10 9 s -1 . White dots correspond to Equation 3.16.
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 310 Figure 3.10: Time resolved simulations of the singlet and triplet populations with and without STA. Populations are normalized to the total density of active molecule N in the gain medium. k STA = 5×10 -12 cm 3 .s -1 , k ISC = 10 7 s -1 .
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 311 Figure 3.11: Quality factor required to achieve a continuous-wave lasing as a function of ISC and STA constants based on Equation 3.22. I p = 10 kW.cm -2 .

Figure 3 . 12 :

 312 Figure 3.12: Pump intensity required to achieve continuous-wave lasing at fixed quality factor versus k ISC and k STA based on Equation 3.25. Dashed area corresponds to a negative denominator. Q = 5×10 3 .
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 313 Figure 3.13: Lasing regimes achieved as a function of ISC and STA rates with I p = 10 kW.cm -2 and Q = 5×10 3 . White dots correspond to Equation 3.25.

Figure 3 . 14 :

 314 Figure 3.14: Lasing regime achieved as a function of the pump power density and the quality factor of the resonator with k STA = a) 10 -11 b) 10 -10 c) 10 -9 d) 10 -8 cm 3 .s -1 . k ISC = 6×10 6 s -1 . White dots correspond to Equation 3.25.

Figure 3 . 15 :

 315 Figure 3.15: Lasing regimes achieved as a function of k ISC and σ TA with I p = 10 kW.cm -2 and Q = 5×10 3 , k -1 t = 175 µs. White dots correspond to Equation 3.16 with S cav 1 replaced by S cav 1,ta .

Figure 3 . 16 :

 316 Figure 3.16: Lasing regime achieved as a function of the pump power density and the quality factor of the resonator with σ TA = (left) 2×10 -19 and (right) 3×10 -19 cm 2 . White dots correspond to Equation 3.16 where S cav 1 is replaced by S cav 1,ta .

Figure 3 .

 3 Figure 3.17: Time-resolved simulations of the normalized lasing intensity, S 1 , and T 1 exciton populations with ISC and TA. k ISC = 10 7 s -1 , k -1 t = 175 µs, σ TA = 10 -17 cm 2 .

Figure 3 . 18 :

 318 Figure 3.18: Lasing regimes achieved as a function of k STA and σ TA with I p = 10 kW.cm -2 and Q = 5×10 3 . Black means no lasing whereas red is CW lasing.

Figure 3 . 19 :

 319 Figure 3.19: Time resolved simulations of the intracavity intensity for different values of ζ the proportion of singlet created via TTA. Changing ζ value in Equations 3.2 to 3.4 has no meaningful influence on the lasing pulse duration.
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 320 Figure 3.20: Time resolved simulations of the triplet population for different values of k TTA .

Figure 3 . 21 :

 321 Figure 3.21: Time resolved simulations of the lasing intensity without (left) and with (right) triplet absorption for different values of k TTA . k ISC = 10 7 s -1 , k STA = 10 -10 cm 3 .s -1 , σ TA = 10 -17 cm 2 , Q = 5×10 3 , I p = 10 kW.cm -2 .

Figure 3 . 22 :

 322 Figure 3.22: Lasing regimes achieved as a function of k TTA and σ TA with I p = 10 kW.cm -2 , Q = 5×10 3 , k ISC = 10 7 s -1 , k STA = 10 -10 cm 3 .s -1 .

Figure 3 . 23 : 1 t = 175 µs

 3231175 Figure 3.23: Lasing regimes achieved as a function of the pump power density and the quality factor for different values of k TTA (cm 3 .s -1 ) and σ TA (cm 2 ). k ISC = 10 7 s -1 , k STA = 10 -10 cm 3 .s -1 . k -1 t = 175 µs

  5 and 1.5 µs. Those have been chosen to around the critical value imposed by Equation 3.38 with the values mentioned for σ TA , σ em , and k ISC . Simulations confirms the analytical expression by showing a clear threshold-like phenomenon where a triplet lifetime just slightly below a critical value, the possibility of CW lasing vanishes, regardless of how low the lasing threshold of the resonator scales.
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 324 Figure 3.24: Lasing regimes achieved as a function of the resonator quality factor and the pump power density for a triplet lifetime τ t of (left) 0.5 and (right) 1.5 µs.

Figure 3 . 25 :

 325 Figure 3.25: Time resolved simulations of the intracavity intensity (left) and the triplet population (right) for different values of k RISC . k ISC = 10 8 s -1 , k STA = 10 -10 cm 3 .s -1 , Q = 10 4 , I p = 5 kW.cm -2 .
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 326 To picture how it interacts with different level of triplet populations, we computed Equation 3.44 for multiple values of k ISC .

Figure 3 . 26 :

 326 Figure 3.26: Pump intensity required to obtain a continuous-wave lasing emission as a function of k RISC for different values of k ISC . k STA = 10 -10 cm 3 .s -1 , Q = 10 4 .

Figure 4 . 1 :

 41 Figure 4.1: Lasing regime as a function of the quality factor of the resonator and the pump power density for a 200 nm CBP:BSBCz (80:20 wt.%) film. Parameters used for the computations are provided in Table 4.1.

Figure 4 . 2 :

 42 Figure 4.2: Lasing transients corresponding to the VCSEL (left) and DFB (right) points of Figure 4.1. Parameters used are displayed in Table 4.1.

Figure 4 . 3 :

 43 Figure 4.3: (left) Lasing regime as a function of the quality factor of the resonator and the pump power density for a 200 nm CBP:BSBCz (80:20 wt.%) film. Parameters used for the computations are provided in Table 4.1. σ TA has been set to 4×10 -19 cm 2 according to Equation 4.2. (right) Lasing transients corresponding to the DFB point of the left picture.

  4 s -1 and R ex = σ abs I photonic p = σ abs I energetic p hν p .
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 A1 Figure A1: Beam areas on the sample captured with an imagery system and a beam analyzer for the 450 (left) and 405 (right) nm diodes. Pump diameters on the sample have been measured at 320 µm (left), and 30 µm (right).

Figure A2 :

 A2 Figure A2: Pump intensity versus time recorded without sample by a PMT and an oscilloscope for the 450 (left) and 405 (right) nm diodes

Figure A3 :

 A3 Figure A3: Absorption (left) and emission (right) of 17µm PMMA films with different concentrations of coumarin 521T

Figure A5 :

 A5 Figure A5: Photoluminescence transients of 17µm PMMA films with different concentrations (1, 5, 9, 22, 32, 40 wt.%) of coumarin C521T exitated at different pump power densities by a 450 nm diode.

Figure A6 :

 A6 Figure A6: Photoluminescence transients from pump-probe experiment of 17µm PMMA films with different concentrations (1, 5, 9 wt.%) of coumarin C521T exitated at 236 W.cm -2 with a 450 nm diode.

Figure A7 :

 A7 Figure A7: Photoluminescence transients from pump-probe experiment of 17µm PMMA films with different concentrations (22, 32, 40 wt.%) of coumarin C521T exitated at 236 W.cm -2 with a 450 nm diode.

Figure A8 :

 A8 Figure A8: Absorption (left) and emission (right) of 17µm PMMA films with different concentrations of coumarin 314T

Figure A10 :

 A10 Figure A10: Photoluminescence transients of 17µm PMMA films with different concentrations (1, 5, 22 wt.%) of coumarin 314T exitated at different pump power densities by a 450 nm diode.

Figure A11 :

 A11 Figure A11: Photoluminescence transients from pump-probe experiment of 17µm PMMA films with different concentrations (1, 5, 22 wt.%) of coumarin 314T exitated at 165 W.cm -2 with a 450 nm diode.

Figure A14 :

 A14 Figure A14: Photoluminescence transients from pump-probe experiment of 17µm PMMA films with different concentrations (1, 5, 22 wt.%) of fluorol 555 exitated at 139 W.cm -2 with a 450 nm diode.

Figure A17 :

 A17 Figure A17: Photoluminescence transients of 17µm PMMA films with different concentrations (1, 5, 22 wt.%) of fluorol 555 exitated at different pump power densities by a 450 nm diode.

Figure A18 :Figure A19 :

 A18A19 Figure A18: Photoluminescence transients from pump-probe experiment of 17µm PMMA films with different concentrations (1, 5, 22 wt.%) of fluorol 555 exitated at 139 W.cm -2 with a 450 nm diode.

Figure A23 :

 A23 Figure A23: Transient absorption measurements of PMMA:C521T thin films at 520 nm for different concentrations of C521T.

d[S 1

 1 ] dt = R ex [S 0 ] -(k f + k ISC + R l + k STA [T 1 ])[S 1 ] + k RISC [T 1 ] (4.22) d[S 0 ] dt = -R ex [S 0 ] + (k f + R l + k STA [T 1 ])[S 1 ] + k t [T 1 ] (4.23) d[T 1 ] dt = k ISC [S 1 ] -(k t + k RISC )[T 1 ](4.24)Zeroing Equation4.22 gives:R ex [S ss 0 ] -(k f + k ISC + σ em I + k STA [T ss 1 ])[S ss 1 ] + k RISC [T ss 1 ] = 0 (4.25)Zeroing Equation4.24 gives the steady state solution of the triple state: implement it in Equation4.25 and replace S 0 with N -[S ss 1 ] -[T ss 1 ] to obtain the following second order polynomial expression.-k STA β[S ss 1 ] 2 -(R ex + k f + k ISC + σ em I + [R ex -k RISC ] β)[S ss 1 ] + R ex N = 0 (4.27)Let's simplify these expressions for a moment:k STA β b = -(R ex + k f + k ISC + σ em I + [R ex -k RISC ] β) c = R ex N (4.28) Since a and b are negative, the only positive root of this polynome is: now is isolate the lasing intensity I which is contained in b. With the next steps, we get around the problem of having b and b 2 in the same expression: 2a[S ss 1 ] + b = -√ b 2 -4ac (4.30) 4a 2 [S ss 1 ] 2 + b 2 + 4a[S ss 1 ]b = b 2 -4ac (4.31)
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 B121 Figure B1: Lasing achieve for different triplet state lifetimes versus the cavity quality factor and the pump power density. τ t = a) 0.5, b) 5, c) 50, and d) 500 µs.
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2: Some triplet state lifetimes reported in the literature for different compounds.
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 21 Figure 2.13: Experimental (solid) and numerical (dashed) photoluminescence transients of 22% (left) and 40 wt.% (right) of C521T in PMMA thin films for different pump power densities. k ISC , k STA , and k TTA for each concentration are available in
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1: triplet-related photophysical constants evaluated in 17 µm PMMA films blended with different concentrations of coumarin 521T using two different methods.

Table 2

 2 

	DCM	450	575	2.1	160
	C521T	450	500	3.7	120
	C314T	450	475	3.5	170
	F555	450	510	4.0	190
	BSBCz-EH	405	480	0.9	25

.2, alongside the wavelength used to excitate material λ p (nm) λ em (nm) τ f (ns) τ t (µs)

Table 2 .

 2 2: Somes properties of the 17 µm blended PMMA films investigated in this study. Fluorescence lifetime τ f are obtained by monoexponential fitting of the luminescence (Appendix). Triplet lifetimes τ t are obtained by monoexponential fitting of the ground state recovery at low concentration 2.34. Emission wavelengths are taken from the peak of the emission spectrum at low concentration for each compound.

  -1 10 -11 cm 3 .s -1 10 -15 cm 3 .s -1 µs 10 3 s -1 10 -15 cm 3 .s -1

			transients			recovery	
	doping	k ISC	k STA	k TTA	τ t k TTA T 0	k TTA
	wt.% 10 7 s C521T					
	1	1.7	. . .	. . .	120	. . .	. . .
	5	1.7	3	5	120	. . .	. . .
	9	1.7	5	6	110	. . .	. . .
	22	1.7	6	5	90	7.5	3
	32	1.7	12	16	70	34	26
	40	1.7	29	42	50	57	69
	C314T						
	1	10	. . .	. . .	170	. . .	. . .
	5	10	8	3	170	. . .	. . .
	22	10	10	2	140	8	1
	F555						
	1	20	. . .	. . .	190	. . .	. . .
	5	20	3	3	190	5	2
	22	20	3	2.7	190	70	8
	DCM						
	1	17	. . .	. . .	160	. . .	. . .
	5	17	2.2	. . .	160	5	<1
	BSBCz-EH						
	0.1	7	. . .	. . .	25	. . .	. . .
	1	7	60	600	25	. . .	. . .
	5	7	60	600	25	. . .	. . .

Table 2.3: triplet-related photophysical constants evaluated in 17 µm PMMA films blended with different concentrations of coumarin 521T using two different methods.

Table 2 .

 2 al. at OPERA that will be discussed in Chapter TTA wt.% 10 7 s -1 10 -10 cm 3 .s -1 10 -12 cm 3 .s -1 µs 10 6 s -1 10 -12 cm 3 .s -1 4: Triplet-related photophysical constants evaluated for 200 nm CBP films blended with different concentrations of BSBCz using two different methods. τ eff

	4.						
			transients			recovery	
	doping k 1 k ISC k STA k TTA τ eff t k TTA T 0 3 . . . . . . 20 . . . . . .
	5	3	2	2	20	. . .	. . .
	20	3	7	3	7	0.4	2
	40	3	9	4	7	0.4	2
	100	3	7	3.5	3	1.5	1.5

t the effective triplet lifetime is estimated by fitting as best as possible the Ricatti dynamics without TTA.

Table 3 .
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1: Lowest lasing thresholds reported in organic solid state lasers, where each was obtained using various types of Distributed FeedBack (DFB) resonator.

Table 4 .

 4 

1: Photophysical parameters used for numerical simulations with a blended CBP:BSBCz (80:20 wt.%) as gain medium.

CW lasing conditions of organic lasers Parameters used in this work

  to obtain :k nr (T (t)) = k nr (t) = k nr 0 -k r αΓt 1 + αΓt (4.21)

	Parameters Value	Unit	Description
	τ f	1.28	ns	fluorescence lifetime
	τ t	175	µs	triplet state lifetime
	k ISC	10 7	s -1	intersystem crossing
	k STA	10 -10	cm 3 .s -1	singlet-triplet annihilation
	k TTA	10 -14	cm 3 .s -1	triplet-triplet annihilation
	Γ	0.5	. . .	confinement factor
	λ p	405	nm	pump wavelength
	λ l	480	nm	lasing wavelength
	m	689	g.mol -1	molar mass
	σ em	2×10 -16	cm 2	emission cross section (λ l )
	σ abs	8×10 -17	cm 2	absorption cross section (λ p )

Table 4 .

 4 2: Parameters used for the theoretical study

Expression of the CW pump intensity threshold with ISC, STA, TA, and RISC

  

  ss 1 ] -k RISC β Since this expression represents a threshold, [S ss 1 ] can be replaced S cav 1 whose expression is obtained by zeroing the equation ruling the photon density:

					σ abs	N [S ss 1 ]	-(1 +	k t k ISC	)	(4.36)
	dI dt	=	c n	Γ{σ e [S ss 1 ] [I + I sp ] -σ TA [T ss 1 ]I} -	2πc Qλ l	I	(4.37)
	to obtain if triplet absorption is taken into account the following expression:
				S cav 1	=	2πn ΓQλ l σ em -σ TA	k t k ISC	(4.38)
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A reference on this matter is the book of A.E.Siegman[START_REF] Siegman | Lasers. Univ. Science books[END_REF], still highly relevant 35 years after its publishing.5

Although it is not related to this thesis, it is interesting to mention that what we call spontaneous emission is actually an approximation. As it is stimulated by the void quantum fluctuations.

The reason for this S notation will be discussed in details in Section 1.2.1.2

One very good example is the public company Cloudfare, which helps fasten the internet requests and is responsible for the security of around 20 wt.% of Internet's websites. To ensure non-reproducible security keys, they use a whole wall of 80's like lava lamps and transform with a simple camera and two different computers the creation and destruction of bubbles in 1 and 0.

The hole denotes the absence of electron in the HOMO, which will pair with the promoted electron on the LUMO.

The term π-stacking itself and the intuitive image that comes with it is somewhat misleading and are still a matter of debate, as stacking of aromatic units seems incompatible with the electrostatic repulsions of each compound[START_REF] Martinez | Rethinking the term pi-stacking[END_REF][START_REF] Johnson | Aromatic interactions: frontiers in knowledge and application[END_REF]. Other stacking do occur under high concentration, but are not that simple and must lead to an attraction between two or more molecules.

Higher-lying triplet excited states are denoted with a n because of the difficulty to probe their structure with enough precision.

A more accurate expression would take into account the density of state of the electronic levels, as many combinations of sub-levels satify this energy difference.

A solution processable version of BSBCz obtained without changing the pristine molecule but the addition of alkyl chains on both sides of the backbone to make it processable where BSBCz cannot be[START_REF] Mamada | Low Amplified Spontaneous Emission Threshold from Organic Dyes Based on Bis-stilbene[END_REF].

The difference between long pulse (qCW) and true CW excitation is not clear in this paper, as it consists in both cases in a 10 ms excitation.

For gain media with heavy-atoms, the SoC is stronger and therefore is the ISC. The triplet absorption is then easier to detect.

The complete derivation of the eigenvalues of the system is provided in Section 4.2.

This experiment has been conducted at the Laboratoire de Photophysique et Photochimie Supramoléculaires et Macromoléculaires (LPPSM) with the help of Gilles Clavier and Arnaud Brosseau.

Experiment and simulations regarding the temperature dependency of the PLQY have been done by Fatima Bencheikh from the center for Organic Photonics and Electronics Research (OPERA) at Kyushu University.

We will see in the Chapter 3 that this product arises naturally when derivating the requirements to achieve a continuous-wave lasing emission in the presence of triplets, making α a priori independent of the molecule.

In their paper, Mai et al. do not seem to provide the pump area on the sample in the case of a 355 nm excitation of the films, so that the pump power density cannot be precisely estimated.

We are especially grateful to C.Adachi and T. Xun for the time taken to process the films and to characterize them.

When the cavity becomes very short, a more important fraction of the photons emitted spontaneously feed the lasing mode, making it easier to reach the lasing threshold.

It is considered that the intensity emerging from spontaneous emission quickly becomes negligible compared to the intensity coming from stimulated photons

Meaning that, although it can have useful outcomes, no researcher would ever think this way to engineer a lasing device as it has no pratical applications.

α cav = Γσ em ηI PS /(e p dk f ), where η is the fraction of the pump absorbed, I PS the lasing threshold, e p the pump photon energy, d the thickness of the gain medium.

It was possible in Chapter 2 to work with analytical expression thanks to the absence of excited singlets after the pump excitation, cancelling the source term k ISC S 1 .

Fluorol 555

Thermally activated delayed fluorescence (TADF)

Lasing regimes achievable in the presence of ISC 
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