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General introduction

During this PhD work, we were interested in the elaboration and characterization of organic semiconducting thin films of different π-conjugated semiconducting materials for optoelectronic applications such as organic field-effect transistors (OFETs) and organic lightemitting diodes (OLEDs). We conducted four projects based on DAL1, BTBT derivatives, C10-PBT and iI(T2)2, respectively, whose molecular structures are presented below.

The first project is centered on a new method to produce single-crystalline thin films of a Pyrene More generally, this PhD work want to show the importance of the morphology optimization of semiconducting active layers in the field of the optoelectronics to achieve high charge transport and/or photophysical properties, and consequently, to take full advantage of the intrinsic potential of organic semiconductors.

Résumé en français

Les récentes avancées sur les matériaux organiques semi-conducteurs (petites molécules ou polymères) ont permis de faire émerger cette classe de matériaux comme une alternative aux matériaux semiconducteurs inorganiques tel que le silicium. Ces matériaux organiques, présentant des propriétés de conduction électrique, ont été découvert vers la fin des années 70 par les chercheurs A. J Heeger, A. G. MacDiarmid and H. Shirakawa. Cette découverte leur a valu de recevoir le prix Nobel de Chimie 2000. Ces matériaux dit « conjugués » sont à la base de ce qu'on appelle « l'électronique organique » qui connait une essor considérable depuis une vingtaine d'années. Ces matériaux -conjugués peuvent être utilisés en tant que couche active dans différents types de composants optoélectroniques tels les cellules photovoltaïques (PV), les transistors à effet de champs (OFETs) ou les diodes électroluminescentes (OLEDs), dont les performances viennent aujourd'hui concurrencer leurs équivalents en silicium.

Dans ce travail de thèse, nous nous sommes intéressés à l'élaboration et la caractérisations de film minces semi-conducteurs préparés à partir de différents matériaux conjugués (DAL1, BTBT, C8-BTBT-C8, C10-PBT, iI(T2)2) pour des applications en OFETs et OLEDs. Sachant que les performances de ces dispositifs électroniques dépendent grandement de l'arrangement moléculaire, de la structure et de la morphologie des couches semiconductrices utilisées, nous avons cherché à optimiser les méthodes de fabrication de ces couches actives en développant ou comparant différentes méthodes de dépôt à notre disposition.

Ainsi, dans un premier chapitre, nous proposons un nouvelle méthode de mise en forme de films minces ne nécessitant ni solvent, ni ultravide appelée « melt-processing ». Cette méthode, adaptée de la mise en forme des films de cristaux liquides, permet de préparer des couches semiconductrices du composé DAL1 de quelques centaines de nanomètre d'épais et présentant de larges domaines monocristallins (voir Figures Ia et Ib). Ces couches, obtenues depuis l'état liquide isotrope du matériau, présentent une cristallinité supérieure aux films spincoatés polycrystallins et par conséquent, permettent d'avoir des propriétés de transport de charges améliorées avec des mobilités de l'ordre de 5 x 10 -2 cm 2 V -1 s -1 en configuration transistor à effet de champs (voir Figure Ic). De plus, la présence de ces larges domaines monocristallins améliore notablement les propriétés photophysiques du matériaux à l'état solide avec des rendements de photoluminescence (PLQY) multipliés par deux par rapport aux films spin-coatés. Cette étude, nous a permis de démontrer que la technique de dépôt de matériaux semiconducteurs moléculaires par melt-process constitue une alternative intéressante aux techniques par voie solution ou par évaporation sous ultravide pour la réalisation de dispositifs en optoélectronique. Cette approche peut être étendue à de nombreux autres semiconducteurs moléculaires et plusieurs études en ce sens sont actuellement en cours dans notre groupe. Dans un deuxième chapitre, nous avons étudié les propriétés de transport de charges dans des cristaux de coeur [1]benzothieno [3,2-b][1]benzothiophene BTBT (voir Figure IIa).

Pour ce faire, nous avons préparé des monocristaux du matériau par vapor transport deposition et l'organisation moléculaire dans ces cristaux, ainsi que leur morphologie ont été étudiées en détails. Ces monocristaux de coeur BTBT ont été ensuite transférés sur des structures transistor (bottom/gate-bottom/contact) et une mobilité de trous de l'ordre de 0.032 cm 2 V -1 s -1 été mesurée (voir Figures IIb et IIc). En parallèle, les propriétés de transport de charges ont été également mesurées sur un dérivé de BTBT substitué par deux chaines aliphatiques (voir Figure IId). Pour ce faire, des transistors à effet de champs ont été fabriqués à partir de films minces de C8-BTBT-C8 préparés par melt-processing et une mobilité de charges de l'ordre de 1.1 cm 2 V -1 s -1 a été enregistrée (voir Figures IIe et IIf). Cette étude correspond à la première caractérisation des propriétés de transport de charges en configuration transistor d'un simple coeur de BTBT et confirme le rôle important de la substitution par des chaines aliphatiques pour atteindre de bonnes mobilités des porteurs de charge. En conclusion, ce travail de thèse permet de confirmer l'importance de l'optimisation de la structure et morphologie des couches actives semiconductrices dans le domaine de l'optoélectronique pour obtenir notamment de bonnes propriétés de transport de charges ou photophysiques. Il souligne également, que cette optimisation peut se faire en jouant sur plusieurs paramètres, tels que les méthodes de dépôt (voie solution, évaporation,….), les posttraitements appliqués (modification de surface, température de recuit,…) et la nature du matériau étudié (synthèse organique,…). Cependant, il apparait évident que tous ces paramètres doivent être pris en compte de façon concomitante pour espérer obtenir la meilleur configuration et les meilleurs performances possibles, nécessitant ainsi une approche pluridisciplinaire.

Chapter 1 Introduction and background 1.1 Organic semiconductors

A semiconductor has an electrical conductivity between that of a conductor, such as metallic copper, and an insulator, such as glass. In general, organic solids are electrical insulators, but become semiconductors when charges are either injected from appropriate electrodes, upon doping or by photoexcitation.

The discovery of 'organic semiconductors (OSCs)' could date back to 1948 when D. D. Eley examined the electrical conductivity of two phthalocyanines which were found to be semiconductors 1 . Particularly in 1977, the high conductivity of conducting polymer polyacetylene was reported by Heeger, MacDiarmid, Shirakawa et al. 2,3 , and they were awarded the Nobel Prize in Chemistry in 2000 for their revolutionary discovery that plastic can, after certain modifications, be made electrically conductive [START_REF] Heeger | The Nobel Prize in Chemistry[END_REF] . Their findings yielded remarkable interest of OSCs in both basic scientific research and industrial application in organic optoelectronics such as organic photovoltaic (OPV), organic field-effect transistor (OFET), and organic light emitting diode (OLED).

Compared with their widely known inorganic counterparts (mainly silicon, germanium, and metal oxide semiconductors), OSCs offer some intrinsic advantages. Firstly, they are solutionprocessible on lightweight, very-low-cost and large-area substrates such as glass, plastic or metal foils which can be used under low processing temperature [START_REF] Forrest | The Path to Ubiquitous and Low-Cost Organic Electronic Appliances on Plastic[END_REF] . Secondly, the mechanical flexibility of organic materials opens the door to flexible, foldable and stretchable organic electronics including flexible OLED displays [START_REF] Sirringhaus | 25th Anniversary Article: Organic Field-Effect Transistors: The Path beyond Amorphous Silicon[END_REF] , flexible batteries, electronic circuits fabricated in clothing and biomedical devices [START_REF] Siegel | Foldable Printed Circuit Boards on Paper Substrates[END_REF] . Thirdly, organic compounds are almost endless in number and range from small molecules to macromolecules, which increases the range of screening and design possibilities for OSCs 8 . However, there is a big challenge. These devices performances depend significantly on the fabrication methods of the semiconducting films and the control of the film morphology. Therefore, during my PhD, we were interested in the elaboration and characterization of several semiconducting materials. The appropriate elaborating method for each material was investigated in order to figure out the structure/property relationships and maximize the performances of the corresponding semiconducting film in optoelectronic devices (OFETs or OLEDs). Next, we will introduce some organic semiconducting materials in the literatures (small molecules and polymers) and their applications in organic optoelectronics such as OPVs, OFETs and OLEDs.

Π-conjugated small molecules and polymers toward high charge mobility

Like all organic materials, OSCs are carbon-rich compounds whose structures are normally tailored to optimize a special function such as charge transport or luminescent properties.

According to whether the molecular weight is well-defined, OSCs can be usually divided into π-conjugated small molecules (low-generation dendrimers [START_REF] Anthopoulos | Highly Efficient Single-Layer Dendrimer Light-Emitting Diodes with Balanced Charge Transport[END_REF] and other oligomers included) and π-conjugated polymers consisting of an indeterminate number of molecular repeat units. Molecular structure of OSC dramatically influences the charge carrier mobility which is one of the important parameters for OPV, OFET and OLED devices. In solid-state physics, charge mobility of a semiconductor characterizes how quickly a carrier (electron or hole) can move through the semiconductor when pulled by an electric field (E). When E is applied across a piece of material, the charges respond by moving with an average velocity called the drift velocity, υd. Charge mobility, μ, is defined as the ratio of the mean drift velocity to the applied electric field (See equation below) [START_REF] Fichou | Molecular and Polymer Semiconductors, Conductors, and Superconductors: Overview[END_REF] . Its unit is cm 2 V -1 s -1 .

μ=υd/E

Mobility is a very important parameter for semiconductor materials. Almost always, higher mobility leads to better device performance, with other things equal. In OFETs, for clean switching behavior, the "on" current (the source-drain current in the on-state at a particular gate voltage) should be as large as possible. It mainly depends on the charge mobility [START_REF] Fichou | Molecular and Polymer Semiconductors, Conductors, and Superconductors: Overview[END_REF][START_REF] Zaumseil | Electron and Ambipolar Transport in Organic Field-Effect Transistors[END_REF] . In OLEDs, good charge mobility is critical for achieving high efficiency and high brightness. In OPVs, balanced charge transport can reduce current losses of recombination [START_REF] Blakesley | Towards Reliable Charge-Mobility Benchmark Measurements for Organic Semiconductors[END_REF] .

For small molecular OSCs, an ideal conjugated backbone is the basic requirement for high mobility. Linear fused acene rings are promising building block systems for conjugated backbone, and the extension of π-conjugation is an effective approach to enhance their intermolecular couplings for high charge carrier mobility. However, the modification on the conjugated backbone with suitable substituents at the appropriate places will be necessary to control the solubility and stability problem accompanied with further π-conjugation extension of larger acenes or heteroatoms incorporation [START_REF] Dong | 25th Anniversary Article: Key Points for High-Mobility Organic Field-Effect Transistors[END_REF] . In addition to the basic principles (ideal conjugated backbone, suitable substituents) to achieve high mobility for small molecular OSCs, conjugated polymers designing has other principles such as high molecular regioregularity, high molecular weight, narrow molecular weight distribution, appropriate rotational freedom along the conjugated chain, the construction of donor-acceptor (D-A) system and π-conjugation extension to two-dimensional sheets.

Small molecular semiconductors

Although the molecular structure of the small molecular semiconductors plays an important role, it is the packing of individual moiety inside the solid-state that mainly determines the overlap of neighbor orbitals and defines pathways for charge transport [START_REF] Fratini | Charge Transport in High-Mobility Conjugated Polymers and Molecular Semiconductors[END_REF] . Currently, there are four frequently observed packing motifs adopted by organic molecules (See Figure 1.2): the slipped-stack (molecular orientation in adjacent columns is the same), slipped π-stack (molecular orientation in adjacent columns is rotated), the brick-wall packing and herringbone packing. The dominant transfer integrals (J) in the x-y plane between adjacent molecules in such prototypical molecular structures are also displayed in Figure 1.2 and constitute an important parameter for charge transport properties. The first two packing motifs offer only one large J and display strongly anisotropic transport, whereas the herringbone packing with three large transfer integrals provides isotropic transport on condition that the three values of J are equal or very similar. Charge carrier mobilities are commonly found to be the highest among OSCs with herringbone packing motifs, such as Cn-BTBT-Cn (n=0,2,8,10,12) [START_REF] Ebata | Highly Soluble [1]Benzothieno[3,2-b]Benzothiophene (BTBT) Derivatives for High-Performance, Solution-Processed Organic Field-Effect Transistors[END_REF][START_REF] Alkan | Intrinsic Charge-Mobility in Benzothieno[END_REF] and pentacene [START_REF] Jurchescu | Interface-Controlled, High-Mobility Organic Transistors[END_REF] . For example, C12-BTBT-C12 achieved unprecedented mobility of 170 cm 2 V -1 s -1 measured by field-induced time-resolved microwave conductivity (FI-TRMC) technique [START_REF] Tsutsui | Charge Carrier Mobility: Unraveling Unprecedented Charge Carrier Mobility through Structure Property Relationship of Four Isomers of Didodecyl[END_REF] . Indeed, to optimize the transport of hole carriers, one should aim for structures with intermolecular transfer integrals that are isotropic in the different directions and for which the product of signs of the different transfer integrals is positive [START_REF] Fratini | A Map of High-Mobility Molecular Semiconductors[END_REF] .

Polymer semiconductors

Different from small molecules, design of conjugated polymers is harder due to their inherently disordered nature and lack of clear structure/property relationship. Their synthesis and purification are more difficult. In spite of this, in the past few years, hole mobility of high performance conjugated alternating D-A polymer such as PDTT-C8C10 (See Figure 1.3a) could achieve a benchmark value of 10.5 cm 2 V -1 s - 1 19 . The intrachain hole mobility along isolated chain of ladder-type poly(p-phenylenes) (See Figure 1.3b) on dilute solution measured by time resolved microwave conductivity (TRMC) achieved 600 cm 2 V -1 s -1 20 . There are two typical molecular packing modes adopted by polymer backbones in solid-state (See Figure 1.5): face-on and edge-on packing of conjugated backbone plane relative to the substrate, which could be tuned by the methods of thin-film deposition, substrate treatment and post thermal treatment of the film [START_REF] Botiz | Influence of Molecular Conformations and Microstructure on the Optoelectronic Properties of Conjugated Polymers[END_REF] . For example, after mechanical rubbing, polymer chains of P3HT align parallel to the rubbing direction and subsequently, crystalline domains undergo orientation changes from edge-on to face-on orientation [START_REF] Hartmann | 2D Versus 3D Crystalline Order in Thin Films of Regioregular Poly(3-Hexylthiophene) Oriented by Mechanical Rubbing and Epitaxy[END_REF] . The highest field-effect mobility was measured along the rubbing direction in the oriented face-on films, i.e., along the long axis of polymer chain. However, for a given organic semiconducting material, large variations of charge transport properties from device to device usually exist since the device performance is not only affected by molecular packing and orientation, but also by morphological defects, amount of grain boundaries, crystal size, misalignment of crystalline grains and crystal defects, etc… which could be modified by the film deposition methods. The different processing methods that are applied for semiconducting thin film fabrication will be introduced and discussed in detail in § 1.2.

Applications for organic optoelectronics

As OFETs and OLEDs were mainly studied during the PhD work, they will be more discussed hereafter, while OPV will be just introduced briefly.

Organic photovoltaic (OPV)

Solar energy, as one of the cleanest and most abundant novel energies, has been attracting considerable interest of the scientists committed to convert it to the electrical energy so as to solve the global energy crisis and environmental problem due to the consumption of traditional nonrenewable energy such as coal, oil and natural gas. One approach is to employ the organic solar cells based on the organic semiconducting small molecules or polymers to achieve photoelectron conversion. Low-temperature processing of organic small molecules by vacuum thermal evaporation or polymers by low-cost and large-scale solution-processed methods endows the OPV with critical advantages over its inorganic counterparts, since the hightemperature processing of the latter limits the range of substrates on which they can be deposited.

Considering the bulk-heterojunction organic solar cells as an example, the photoconversion mechanism can be divided into five steps: light absorption, exciton diffusion, charge separation, charge transport and charge extraction, which can be seen in Figure 1.6. Excitons (electron-hole pairs) bounded by the Coulomb attractive forces are generated from the HOMO into the LUMO after the photoactive layer absorbs the photons of the solar energy. They must diffuse toward an adjacent D-A interface to dissociate into free charges. If an exciton is not separated within its lifetime, it will easily recombine. To maximize charge separation, a large heterointerface is required. Under the effect of the chemical potential difference between the two organic semiconductors, electron transfer from the donor to the acceptor, or hole transfer from the acceptor to the donor, at the heterointerface, can both result in charge separation. Subsequently, the free electrons and holes are transported through their respective domains (holes hop through p-type material and electrons hop through n-type material) to induce a photocurrent. where Pin is the input light power [START_REF] Fan | Conjugated Side-Chains Engineering of Polymer Donor Enabling Improved Efficiency for Polymer Solar Cells[END_REF] .

The development of the device structures of organic solar cells experienced an improvement from single layer, bilayer, bulk heterojunction (BHJ) and ordered heterojunction [START_REF] Ma | Chapter 2 -Nanostructure of Organic Solar Cells[END_REF] , with the motivation being to enlarge donor/acceptor interface (see Figure 1.7) and to increase charge separation and transport efficiency. 

Organic field-effect transistor (OFET)

A FET is an electronic device that amplifies and switches electrical signals by modulating the semiconductor channel conductance through the gate voltage. OFETs with π-conjugated small molecules or polymers as the active layers, have attracted particular attention for the promising applications in low-cost radiofrequency identification (RFID) tags, flexible, active-matrix electronic-paper displays and liquid crystal or OLED displays (See Figure 1.8). However, OFETs require a transistor performance with charge mobility exceeding 1 cm 2 V -1 s -1 for practical applications [START_REF] Sirringhaus | Device Physics of Solution-Processed Organic Field-Effect Transistors[END_REF] . There is clear evidence that the mobility of the best OSCs now exceeds that of thin films of traditional amorphous silicon. For example, Rubrene achieved a high record mobility of 43 cm 2 V -1 s -1 for its single-crystal transistor [START_REF] Yamagishi | High-Mobility Double-Gate Organic Single-Crystal Transistors with Organic Crystal Gate Insulators[END_REF] . Generally, p-type materials adopt bottom-gate OFET structures, while n-type or ambipolar materials employ top-gate structures which could, to some extent, overcome the sensitivity of these materials to ambient oxygen and water, thus improving the device stability. When a voltage (VDS) is applied between the source and drain, and the source-gate voltage (VGS) is zero, the source-drain current (IDS) is very low and the device is "off"; when VGS is negative or positive, holes or electrons will accumulate at the semiconductor/dielectric interface, then the device is "on". However, not all accumulated charges are mobile and contribute to the IDS. respectively to the ionization potential and electronic affinity of the organic semiconducting materials. In OLEDs, the work function match of the anode (or the cathode) to the HOMO of the hole injection material (or the LUMO of the electron injection material) is also very important for an effective charge injection 30 , which will be discussed in chapter 4.

Small molecular OFETs

Typical small molecular semiconductors of high field-effect mobility include pentacene [START_REF] Jurchescu | Interface-Controlled, High-Mobility Organic Transistors[END_REF] (15-40 cm 2 V -1 s -1 , herringbone packing), rubrene [START_REF] Yamagishi | High-Mobility Double-Gate Organic Single-Crystal Transistors with Organic Crystal Gate Insulators[END_REF] (43 cm 2 V -1 s -1 , slipped π-stack ), TIPS-pentacene [START_REF] Park | High Mobility Solution Processed 6,13-Bis(Triisopropyl-Silylethynyl) Pentacene Organic Thin Film Transistors[END_REF] (1.8 cm 2 V -1 s -1 , brick-wall packing), C8-BTBT-C8 32 (16.4 cm 2 V -1 s -1 , herringbone packing),

DNTT [START_REF] Xie | Temperature-Independent Transport in High-Mobility Dinaphtho-Thieno-Thiophene (DNTT) Single Crystal Transistors[END_REF] (10 cm 2 V -1 s -1 , herringbone packing) and C10-DNTT-C10 [START_REF] Nakayama | Patternable Solution-Crystallized Organic Transistors with High Charge Carrier Mobility[END_REF] (3.4 cm 2 V -1 s -1 , herringbone packing), as shown in Figure 1.1 and Figure 1.2 in § 1.1.1. More recent developments of p-type OFETs (See Figure 1.10a and b) involve liquid crystalline derivatives [START_REF] Iino | Liquid Crystals for Organic Thin-Film Transistors[END_REF][START_REF] Iino | Liquid Crystalline Organic Semiconductors for Organic Transistor Applications[END_REF] (Ph-BTBT-C10, 13.9 cm 2 V -1 s -1 , herringbone packing ), thienoacenes with V or N shaped core [START_REF] Okamoto | V-Shaped Organic Semiconductors with Solution Processability, High Mobility, and High Thermal Durability[END_REF][START_REF] Mitsui | High-Performance Solution-Processable N-Shaped Organic Semiconducting Materials with Stabilized Crystal Phase[END_REF][START_REF] Yamamura | Layer-Controlled Organic Single Crystals for High-Speed Circuit Operation[END_REF] (C10-DNT-VW, 6.5 cm 2 V -1 s -1 ; C6-DNT-VW, 9.5 cm 2 V -1 s -1 ; C10-DNBDT-NW, 16 cm 2 V -1 s -1 ; C8-DNBDT-NW, 13 cm 2 V -1 s -1 ). However, the development of n-type materials, needed for complementary circuits, lags behind due to challenges such as instability in air and large barriers to electron injection. N-type OFETs molecules should have deeper LUMO, and they can be realized for example by functionalizing oligothiophene cores with electron-withdrawing perfluorinated groups (e.g. DFH-4T in Figure 1.10c), or via functionalizing perylene-based and naphthalene OFETs materials with electronwithdrawing imide substituents ( NDI and PDI) [START_REF] Jones | High-Mobility Air-Stable n-Type Semiconductors with Processing Versatility: Dicyanoperylene-3,4:9,10-Bis(Dicarboximides)**[END_REF] . To date, the best performing n-type materials include molecules exhibiting a brick-wall packing (PDIF-CN2 in Figure 1.10d, 10.8 cm 2 V -1 s -1 ;

4Cl-TAP in Figure 1.10f, 27.8 cm 2 V -1 s -1 ) [START_REF] Minder | Band-Like Electron Transport in Organic Transistors and Implication of the Molecular Structure for Performance Optimization[END_REF][START_REF] Chu | Halogenated Tetraazapentacenes with Electron Mobility as High as 27.8 Cm2 V-1 S-1 in Solution-Processed n-Channel Organic Thin-Film Transistors[END_REF] , slipped π-stack (Cl2-NDI in Figure 1.10e, 8.6 cm 2 V -1 s -1 ) [START_REF] He | Air-Stable n-Channel Organic Single Crystal Field-Effect Transistors Based on Microribbons of Core-Chlorinated Naphthalene Diimide[END_REF] .

However, there are several problems needed to be solved concerning this research field.

(1) Modern electronics require the integration of many devices with various function (such as organic light emitting transistor (OLET) [START_REF] Hou | Optically Switchable Organic Light-Emitting Transistors[END_REF] combining the function of OFET and OLED in a single device). If fewer materials are used to realize multifunctionality, then the fabrication cost will be evidently decreased [START_REF] Jiang | The Emergence of Organic Single-Crystal Electronics[END_REF] . To date, only a few molecules were reported with bifunctionality, such as the integration of high mobility and photoemission in organic single crystals. Thus, in chapter 2 and 4, both the charge transport properties and the photophysical properties of the organic semiconducting materials will be investigated.

(2) Side-chain substitution are usually used to introduce the solubility of the semiconducting material. However, care must be taken when introducing solubilizing side chains that these substituents do not significantly disrupt the formation of an ordered solid-state structure which are critical for charge carrier transport in electronic devices. Therefore, in chapter 3, the effect of side chain on the charge mobility of BTBT derivatives will be investigated.

(3) The development of n-type materials, needed for complementary circuits, lags behind due to challenges such as instability in air and large barriers to electron injection. In chapter 5, the dependence of the n-type behavior of the semiconducting material on substrate surface treatment will be introduced.

Polymer OFETs

In terms of polymer OFETs, developments have occurred from simple polythiophene conjugated polymers to D-A copolymers with alternating electron-donating and electronwithdrawing units along the backbone. There is now a wide range of these D-A polymers, combining acceptor moieties such as DIiketopyrrolopyrrole (DPP), naphthalene Diimides (NDI), Perylenetetracarboxylic diimides (PDI), Benzothiadiazole (BTZ), Pyridalthiadiazole (PT) and isoindigo (iI), with donor moieties like Thiophene (T), Thieno [3,4-b] 3 cm 2 V -1 s -1 measured in OFET device. The PCDTPT incorporates the donor blocking CDT and the acceptor blocking PT, resulting in higher electron affinity in the backbone and narrower optical gap. In 2016, Yunqi Liu and coworkers reported the high-performance, air-stable FETs based on heteroatom-substituted NDI-BTZ copolymers PNBS [START_REF] Zhao | High-Performance, Air-Stable Field-Effect Transistors Based on Heteroatom-Substituted Naphthalenediimide-Benzothiadiazole Copolymers Exhibiting Ultrahigh Electron Mobility up to 8.5 Cm V(-1) s(-1)[END_REF] (See Figure 1.11) exhibiting ultrahigh electron mobility up to 8. 5 cm 2 V -1 s -1 . Selenophene (Se) heterocycles were introduced into the polymer main chains, leading to strong Se-Se and π-π interactions between neighboring chains. Regarding the ambipolar polymer presenting both p-type and n-type operations, D-A polymer PTDPPSe-SiC5 48 (See Figure 1.11) using DPP-Se copolymer with hybrid siloxanesolubilizing groups achieved unprecedentedly high hole and electron mobilities of 8.84 and 4.34 cm 2 V -1 s -1 respectively. These results provide new insight into the design of printed and flexible polymer. However, compared to p-type material, both n-type and ambipolar materials are lagging behind. This is due to the few types of acceptor units that strongly accept electrons.

Therefore, designing and synthesizing new acceptor units is an important task in this field. 

Organic light emitting diode (OLED)

OLED is a device with a film of organic semiconductor corresponding to an electroluminescent layer which emits light in response to an electric current. Since OLEDs share the advantages of organic semiconducting materials such as flexibility and foldability over large-area, low-cost fabrication and high-performance optoelectronic properties, their potential is high for novel optoelectronic devices, for example, lighting applications and flat-panel displays free of backlight. As a result, OLED displays are generally thinner and more efficient than conventional liquid crystal displays (LCDs), while the latter need a white backlight.

Additionally, OLED displays provide improved image quality (better contrast, higher brightness, wider viewing angle, wider color range and much faster refresh rates) and better durability in a broader temperature range. Small and medium size OLED panels have been successfully applied to portable devices, such as mobile phones, digital cameras, mp3 players, and so on. Large size OLED TVs are now also available from Samsung and LG [START_REF] He | Organic Semiconductor Electroluminescent Materials[END_REF] .

The phenomenon of electroluminescence (EL) can be traced back to Pope's early work [START_REF] Pope | Electroluminescence in Organic Crystals [16[END_REF] in 1960s, when he used 10-20 μm thick single crystals of Anthracene (molecular structure: See The first practical OLED with luminance above 1000 cd m -2 , a driving voltage about 10 V and an external quantum efficiency (EQE) of 1% was developed by Ching W. 

OLED devices structures and work mechanism

At first, there was only one organic emitting layer (EML: the layer where the electrical energy is directly converted into light in response to an electric current) between the cathode (negatively charged to inject electrons into the organic layers) and the anode (positively charged to inject holes into the organic layers), which was the simplest OLED structure (See Figure After an external bias is applied to the device, holes and electrons are injected from the anode and the cathode respectively into the adjacent organic semiconducting layer. Recombination of holes and electrons in the EML results in the creation of excitons that radiatively decay to the ground state (S0) and emit light.

Development of the organic electroluminescent materials

In OLEDs, the emitters play a vital role in the devices [START_REF] Pimputkar | Prospects for LED Lighting[END_REF] . According to the electroluminescent mechanism of the EML, organic electroluminescent materials have been developed in three generations [START_REF] Bui | Thermally Activated Delayed Fluorescence Emitters for Deep Blue Organic Light Emitting Diodes: A Review of Recent Advances[END_REF] . The first generation corresponded to fluorescent materials with a maximum IQE of 25% due to the creation of only 25% singlet excitons (S1) accompanied with 75% nonradiative triplet excitons (T1) (See Figure 1.14a). Emission from S1 to S0 and from T1 to S0 are called fluorescences and phosphorescence, respectively. were thus limited due to the high cost, high toxicity and instability of Ir and Pt. Figure 1.17

presents the molecular structures of some typical phosphorescent materials [START_REF] Cebrián | Recent Advances in Phosphorescent Platinum Complexes for Organic Light-Emitting Diodes[END_REF][START_REF] Kim | Green Phosphorescent Homoleptic Iridium (III) Complexes for Highly Efficient Organic Light-Emitting Diodes[END_REF][START_REF] Jang | Orange Phosphorescent Ir(III) Complexes Consisting of Substituted 2-Phenylbenzothiazole for Solution-Processed Organic Light-Emitting Diodes[END_REF] . Figure 1.17 Chemical structures of typical phosphorescent materials [START_REF] Cebrián | Recent Advances in Phosphorescent Platinum Complexes for Organic Light-Emitting Diodes[END_REF][START_REF] Kim | Green Phosphorescent Homoleptic Iridium (III) Complexes for Highly Efficient Organic Light-Emitting Diodes[END_REF][START_REF] Jang | Orange Phosphorescent Ir(III) Complexes Consisting of Substituted 2-Phenylbenzothiazole for Solution-Processed Organic Light-Emitting Diodes[END_REF] .

In comparison, pure organic room-temperature phosphorescence (RTP) emitters don't have those drawbacks of traditional phosphorescent materials, and they are attracting rising interest in optoelectronic devices. Recently, Benzhong Tang's group 61 synthesized a series of metalfree carbazole-based emitters without heavy atoms and carbonyl groups. They realized tunable molecular emission from fluorescence to phosphorescence by gradually tuning the substituent from fluoro to hydrogen and then to hydroxyl group. After removing the excitation light source, commercial TCz-F (See Figure 1.18) led to a lifetime of 727 ms benefiting from an existing isomer in the commercial carbazole, while the lab-synthesized TCz-F only led to a lifetime of 48.6 ms. The small energy gap between S1 and T1 and the low reorganization energy helped to enhance intersystem crossing (ISC) from S1 to T1 and contributed to a more competitive radiative decay from T1 to S0.

Another kind of emitters that can theoretically realize an IQE of 100% are thermally active delayed fluorescence (TADF) emitters [START_REF] Uoyama | Highly Efficient Organic Light-Emitting Diodes from Delayed Fluorescence[END_REF][START_REF] Data | Recent Advancements in and the Future of Organic Emitters: TADF-and RTP-Active Multifunctional Organic Materials[END_REF] , the third-generation of organic electroluminescent materials. In 2009, Adachi's group [START_REF] Endo | Thermally Activated Delayed Fluorescence from Sn4+-Porphyrin Complexes and Their Application to Organic Light Emitting Diodes -A Novel Mechanism for Electroluminescence[END_REF][START_REF] Goushi | Organic Light-Emitting Diodes Employing Efficient Reverse Intersystem Crossing for Triplet-to-Singlet State Conversion[END_REF] from Kyushu University proposed potential mechanisms to achieve capability of harvesting both singlet and triplet excitons by the use of TADF without the utilization of heavy metal chelate. TADF emitters, such as 4CzIPN (see Figure 1.18), have a very small energy gap between S1 and T1, which allows the reverse intersystem crossing (RISC) from T1 to S1 (see Figure 1.14b). However, like charge mobility, the photoluminescence (PL) and electroluminescence (EL)

properties of the emitting materials in OLED devices depend greatly on the film morphology formed during different deposition methods such as spin coating and vacuum thermal evaporation. In the next § 1.2, a systematic introduction of the different elaboration methods of the semiconducting thin film will be presented. Moreover, their advantages and disadvantages will also be discussed.

Elaboration of semiconducting thin films

Generally, for a given organic semiconducting material, large variations of performance from device to device usually exist. This is because the performance of semiconducting thin film is affected a lot by molecular alignments, morphological defects, amount of grain boundaries, crystal size, misalignment of crystalline grains and crystal defects, etc.… which could be modified by carefully choosing deposition methods. As a result, if the deposition method is successful, the theoretical intrinsic charge carrier mobility of OSCs can be measured.

Solution-processing methods

Solution-processing methods are widely applied to deposit organic thin films mainly due to their low cost and the possibility of obtaining films of large areas. In particular, if either decomposition or degradation happens during the vacuum thermal evaporation, the solutionprocessing methods will worth to be tried. 

Drop coating

Drop coating is the simplest method to fabricate semiconducting thin films. Usually the solution is dropped on the substrate and the solvent evaporates quickly, forming a thin film on the substrate surface, as displayed in Figure 1.19. This method is very simple and doesn't waste material. However, it is just applicative for small-area deposition and small-scale device fabrication. In addition, relatively longer evaporation time generally leads to bigger crystals with radial alignment instead of directional character which is crucial for charge transport in OFETs [START_REF] Rogowski | Solution Processing of Semiconducting Organic Molecules for Tailored Charge Transport Properties[END_REF] . A number of modifications have been developed to improve the quality of drop coated films, such as vibration with unidirectional sound waves during evaporation 67 as well as using sealed chambers [START_REF] Kim | High-Mobility Organic Transistors Based on Single-Crystalline Microribbons of Triisopropylsilylethynyl Pentacene via Solution-Phase Self-Assembly[END_REF] , and inert gas purging [START_REF] Chen | Controlled Solution Deposition and Systematic Study of Charge-Transport Anisotropy in Single Crystal and Single-Crystal Textured TIPS Pentacene Thin Films[END_REF] to control the solvent evaporation. It should also be noted that drop coating may be a good method to prepare single crystals as active layers in OFETs. Li et al. [START_REF] Li | Azeotropic Binary Solvent Mixtures for Preparation of Organic Single Crystals[END_REF] obtained the single crystals of TIPS-Pentacene (Molecular structure: See 

Dip coating

Dip coating is another simple method to fabricate semiconducting thin films. During this process, as sketched in Figure 1.20, a substrate is withdrawn vertically at a constant speed from the solution of the OSCs after it has been immersed inside the solution for a while. Excess liquid drains from the surface and the solvent evaporates, forming a thin-layer film on the substrate surface. Films with varied thickness and aligned crystalline domains can be achieved by modifying withdrawn speed, solvent evaporating rate, solution concentration, solution viscosity and reservoir temperature [START_REF] Gu | The Meniscus-Guided Deposition of Semiconducting Polymers[END_REF][START_REF] Diao | Morphology Control Strategies for Solution-Processed Organic Semiconductor Thin Films[END_REF] . Rogowski et al. [START_REF] Rogowski | Solution Processing of Semiconducting Organic Molecules for Tailored Charge Transport Properties[END_REF] precisely controlled the crystalline size of the organic semiconductor via the speed of dip coating of an azeotropic binary solvent mixture.

They manufactured high-performance OFETs with charge mobility up to 1cm 2 V -1 s -1 for TIPS-Pentacene. Nam et al. [START_REF] Nam | Direct Printing of Soluble Acene Crystal Stripes by a Programmed Dip-Coating Process for Organic Field-Effect Transistor Applications[END_REF] used a programmed dip-coating technique with low-boiling-point solvent to induce the self-assembly of TIPS-Pentacene film, which induced highly crystalline grains, favourable morphology and molecular ordering for efficient charge transport in OFETs.

Indeed, the dip coating method can fabricate very thin and large area films with good uniformity.

However, a few drawbacks are waste of material, time consuming and double side coverage. 

Blade coating

From a fluid mechanical perspective, blade coating is a horizontal dip coating [START_REF] Gu | The Meniscus-Guided Deposition of Semiconducting Polymers[END_REF] . A variety of techniques (doctor blading, bar coating and knife-over-edge methods, and so on) in which a solid edge is passed over a bead of solution can be classified as "blade coating" methods.

Typically, a sharp blade (a knife's edge or a needle, for example) is passed over a solution droplet and then the solvent evaporation occurs, leaving a layer of film [START_REF] Diao | Morphology Control Strategies for Solution-Processed Organic Semiconductor Thin Films[END_REF] . This method induces low material waste and can fabricate large-area film with good uniformity and low cost. In addition, as a facile way to simply spread and deposit a film over a substrate, it has been employed in roll-to-roll processes [START_REF] Chen | Continuous Blade Coating for Multi-Layer Large-Area Organic Light-Emitting Diode and Solar Cell[END_REF][START_REF] Tseng | Multilayer Polymer Light-Emitting Diodes by Blade Coating Method[END_REF] . Chun-Yu Chen and coworkers successfully applied the continuous roll-to-roll blade-only method to a wide range of multi-layer structures for OLED involving HTL, EML and ETL. This method is applicable both for polymers and small molecules. The authors applied top-hot wind and bottom heating plate (Figure 1.21) to assure immediate evaporation of the solvent and achieve uniform film. However, compared to spin coating, solvent evaporation during blade coating is relatively slow and the solutes tend to aggregate or crystallize at high concentration [START_REF] Krebs | Fabrication and Processing of Polymer Solar Cells: A Review of Printing and Coating Techniques[END_REF][START_REF] Xiong | From Spin Coating to Doctor Blading: A Systematic Study on the Photovoltaic Performance of an Isoindigo-Based Polymer[END_REF] . R. Mens et al. focused on the influence of the casting methods on the resulting phase morphology of polymer blend films. They found that there was a higher degree of crystallized PC60BM in doctor-bladed films as compared to spincoated films using the same solutions [START_REF] Mens | NMR Study of the Nanomorphology in Thin Films of Polymer Blends Used in Organic PV Devices: MDMO-PPV/PCBM[END_REF] . On the other hand, the thickness of the blade coated film is mainly determined by the gap between the blade coater and the substrate, with film thickness control limited at micrometric level. 

Spin coating

Conventional on-centre spin coating is the most commonly adopted solution-processing method.

Schematic representations of its different stages are shown in Figure 1.22 [START_REF] Hellstrom | Basic Models of Spin Coating[END_REF] . Spin coating involves depositing the solution onto a substrate, followed by acceleration of the substrate to a set rotational speed [START_REF] Krebs | Fabrication and Processing of Polymer Solar Cells: A Review of Printing and Coating Techniques[END_REF] . The solvent then evaporates soon after deposition, leaving a thin and homogenous film on the substrate. For both the polymers and some small molecules, it can provide very uniform thin films (~100nm), as required in most devices such as OFETs and

OLEDs. The film thickness and morphology depend on the solution concentration, solvent type 81 , rotational speed, substrate surface treatment, substrate temperature, and post thermal treatment 82 of the film. Advantages such as good control of thickness and efficient deposition of large-area semiconducting thin films over large-scale optoelectronics devices are conceivable. However, there are also some shortcomings. Primarily, fast rotation of the substrate results in the ejection of most of the applied solution and thereby a waste of material.

Secondly, molecules have less time to align due to quick dry of the film. They compared the C8-BTBT-C8:PS blend film morphology fabricated by conventional oncentre and new off-centre spin coating; the former film showed randomly oriented crystals, while the latter showed highly aligned C8-BTBT-C8 crystals due to the unidirectional centrifugal force over the whole substrate in the off-centre spin coating process. The third shortcoming is solvents used for one polymer layer often damage the layers below, thereby limiting the complexity and performance of the device structure that can be achieved [START_REF] Wu | Integrated Three-Color Organic Light-Emitting Devices[END_REF] . An even more serious concern is that full-surface deposition hampers the locally patterning of the optoelectronic device such as red, green, and blue polymer OLEDs [START_REF] Gu | Design of Flat-Panel Displays Based on Organic Light-Emitting Devices[END_REF] . 

Inkjet printing

The working principle of inkjet printing is to eject inks from fine nozzles to a specified position on a treated substrate under the control of a computer. Generally, the ink droplets are ejected in a continuous or drop-on-demand manner (Figure 1.24) [START_REF] Lan | Inkjet Printing for Electroluminescent Devices: Emissive Materials, Film Formation, and Display Prototypes[END_REF] . In the continuous mode, the droplets are electrostatically charged by the nozzles. These charged droplets are divided into two parts according to the amount of charge carried under an external electric field. Some droplets involved in the patterning arrive at the specified position of the substrate, whereas the other ones go into the recycling system. Generally, the inks are required to be of low viscosity (4-30 cP) with high surface tension (typically > 35mN/m) in order to easily generate a stream of droplets [START_REF] Krebs | Fabrication and Processing of Polymer Solar Cells: A Review of Printing and Coating Techniques[END_REF] . Inkjet printing is considered to be a promising candidate to fabricate low-cost, flexible, large optoelectronic devices, such as OFETs, OLEDs and OPVs 88 , owing to its low wastage of inks [START_REF] Yin | Inkjet Printing for Flexible Electronics: Materials, Processes and Equipments[END_REF] , quite high resolution, tight control of deposited volume, additive character (that enables material usage minimization and process flow simplicity) and non-contact nature 90

. Moreover, due to the digital and maskless character, the number, layout, and arrangement of the fabricated devices are easily customized by modifying the digital file input to the printer.

However, ink jet printers typically use small nozzle size to enable high resolution and controlled deposition, with the potential drawback of nozzle clogging. Inkjet printing suffers from the coffee ring effect, and it is not suitable for dielectric ink and low throughput [START_REF] Mandal | Printed Organic Thin-Film Transistor-Based Integrated Circuits[END_REF] . The characteristics of ink, such as viscosity, surface tension, suspended particle size, and concentration affect its printability, film reliability and device performance thereafter [START_REF] Lan | Inkjet Printing for Electroluminescent Devices: Emissive Materials, Film Formation, and Display Prototypes[END_REF] . 

Roll-to-roll techniques

The most efficient way to fabricate the thin film of a conductive material is using only additive steps through defined printing or coating processes. In this case, the functional material is only deposited where it is necessary and material waste can be fully avoided or minimized to a very low fraction relative to fabrication volume. The highest output is expected through fast roll-to roll (R2R) processes [START_REF] Hösel | High-Volume Processed, ITO-Free Superstrates and Substrates for Roll-to-Roll Development of Organic Electronics[END_REF] . R2R techniques, offering the advantages of large-scale [START_REF] Huang | Printing Conductive Nanomaterials for Flexible and Stretchable Electronics: A Review of Materials, Processes, and Applications[END_REF] and low-cost process and high output with high-quality films, have been developed to fabricate OPVs 94 , OFETs [START_REF] Voigt | Polymer Field-Effect Transistors Fabricated by the Sequential Gravure Printing of Polythiophene, Two Insulator Layers, and a Metal Ink Gate[END_REF] and OLEDs [START_REF] Søndergaard | Roll-to-Roll Fabrication of Large Area Functional Organic Materials[END_REF] . Obtaining organic semiconducting thin films on flexible substrates has been the goal of organic optoelectronic researchers to be able to transfer the laboratory small-scale devices to industrial large-scale production. In contrast to the abovementioned methods including drop coating, dip coating, blade coating, spin coating and inkjet printing, all being operated on a single device, R2R techniques involve a substrate in the form of a very long sheet that is wound on a roll (See Figure 1.25). The substrate is referred to as the web and is required to be flexible. During printing or coating, the web is unwound from the roll and passed through the printer or coater followed by a rewind to another roll. Along with the printing or coating, there may be heating, drying, UV-curing, and so on. This is appealing in industry where one strives to process in such an integrated manner as the manually operational damages are significantly avoided. Figure 1.25 reveals the schematic representations of R2R processing of a three-layer polymer solar cell in an integrated process. There are some R2R compatible methods, such as knife-over-edge, slot die, gravure, meniscus (See Figure 1.26), curtain, multiple slot and multiple slide coating (See Figure 1.27). The last three techniques were expected to coat three layers simultaneously on top of each other and fabricate low-cost multilayers polymer solar cells in a single coating step [START_REF] Krebs | Fabrication and Processing of Polymer Solar Cells: A Review of Printing and Coating Techniques[END_REF] . However, each layer in the organic electronic device has its own requirements for the deposition techniques (for example, viscosity of the ink) [START_REF] Galagan | Technology Development for Roll-to-Roll Production of Organic Photovoltaics[END_REF] . In addition, if processing of large-area organic semiconducting films is achieved via large-scale production, the currently-used toxic and chlorinated solvents must be replaced with something less harmful to the environment.

Furthermore, processing procedures at very high speeds and new materials which are stable in the ambient condition need to be developed [START_REF] Søndergaard | Roll-to-Roll Fabrication of Large Area Functional Organic Materials[END_REF] . 

Solution-free methods

While scientific research and industrial application of OSCs benefit a lot from the solutionprocessing methods abovementioned, there are some other organic semiconducting compounds, especially some small molecular candidates (pentacene, rubrene...) which are not soluble in common solvents or can't achieve good device performance through solution processing.

Hence, solution-free methods such as vacuum thermal evaporation, physical vapor transport deposition and melt-processing are also quite popular in organic optoelectronics fabrication.

Vacuum thermal evaporation

The vacuum thermal evaporation method has been widely applied for the fabrication of organic optoelectronics based on small molecules, while polymers devices are generally solution processed. This method involves the heating of the organic compounds in the sublimation boat at the bottom of the vacuum chamber, with the substrate located at the top of the chamber.

Usually, shadow masks are needed to limit the place of evaporated organic layers or the electrode layer and to design the device structures (See Figure 1.28).

Figure1.28 Schematic representation of a vacuum thermal evaporation chamber [START_REF] Sykes | Circumventing the Tradeoff between Optical Absorption and Exciton Diffusion in Organic Photovoltaics By[END_REF] .

Deposition parameters such as evaporating temperature, evaporating rate, substrate temperature, substrate surface treatment and film thickness have a critical effect on the thin film morphology and device performance. Hakan Usta and coworkers 99 firstly synthesized a new n-type BTBT based semiconductor D(PhFCO)-BTBT, and the electron mobility of corresponding OFET device fabricated by vacuum thermal evaporation increased from 0.45 to 0.57 cm²V -1 s -1 when the substrate temperature increased from 70°C to 100°C during the deposition. There are several advantages concerning this method. Firstly, it usually results in high-quality thin film due to the absence of solvent (for example, high hole mobility about 17.2 cm²V -1 s -1 based on evaporated film of mono-substituted C13-BTBT in FET configuration was obtained 100 ). Secondly, multilayer evaporation could be achieved for optimized device structure and performance, basically without physical inter-layer interaction and contamination 5 , whereas in terms of the solution processing, the solvent used in the preparation of one component may dissolve or affect the previously deposited components 101 . Regarding the vacuum thermal evaporation method, one can grow an unlimited number of layers, each optimized for a special function such as the HIL, HTL, HBL and ETL in an OLED device. Nevertheless, masked evaporation leads to material waste and prevents efficient upscaling. It is also difficult to maintain a uniform evaporation rate as the organic materials are intrinsically thermally insulating [START_REF] Forrest | The Path to Ubiquitous and Low-Cost Organic Electronic Appliances on Plastic[END_REF] . In addition, to avoid decomposition and degradation of small molecular semiconductors during the sublimation process, high vacuum typically lower than 10 -4 Pa should be adopted. Therefore, it may be demanding for high-cost equipment such as efficient evaporator.

Physical vapor transport deposition

To avoid the drawbacks of the vacuum thermal evaporation, an alternative technique for deposition of organic small molecules called physical vapor transport deposition (VTD) has been developed. Unlike the vacuum thermal evaporation, this method is realized in a hot walled reactor vessel filled with high-temperature inert carrier gas such as nitrogen or argon which induces the evaporation of the source material (See Figure 1.29). The organic vapor is carried downstream to the cooled substrate and forms film with different morphology and crystal structures dependent on the pressure and temperature inside the reactor [START_REF] Forrest | The Path to Ubiquitous and Low-Cost Organic Electronic Appliances on Plastic[END_REF] . For example, crystallite size of the pentacene grown by VTD deposition varies from a few tens of nanometers when the molecular partial pressure is lower or the gas flow rate is higher, to several micrometers when the molecules arrive at the surface slowly and can form an ordered crystal structure 102 . This technique is able to control the crystalline morphology and use the material efficiently because molecules adsorption only occurs at the cold substrates. In addition, it can achieve uniform and equivalent evaporation independent of the thermal conductivity of the source material [START_REF] Forrest | The Path to Ubiquitous and Low-Cost Organic Electronic Appliances on Plastic[END_REF] . Recently, method named micro-spacing in-air sublimation 103 , actually updated VTD deposition which I prefer to call, has been further developed by researchers to prepare cocrystals. This technique can be conducted totally in air, thus avoiding costly vacuum system and timeconsuming procedure in common VTD. The apparatus merely consist of a hot-stage and two silicon wafers as the bottom and top substrates (See Figure 1.30), with the former locating the organic powder and the latter absorbing physically the formed molecular crystals.

Coincidentally, our laboratory also succeeded to fabricate BTBT single crystals 104 in air through VTD, which will be discussed in detail in chapter 3 of this thesis. 

Melt processing

Thermal treatment is widely used to improve the film morphology and corresponding device performances of organic semiconducting materials. However, heating of unconstrained spincoated or evaporated film easily results in dewetting of the thin film, especially on hydrophobic n-octadecyltrichlorosilane (OTS)-treated surface. Jonathan and coworkers 105 overcame the problem of dewetting of the material from the OTS-treated surface by confining and meltprocessing the material between the substrate and the OTS-treated glass cover (See Figure 1.31).

They obtained large domain and favorable morphology for the liquid crystal semiconductor DH-PTTP (5,5'-bis(4-hexylphenyl)-2,2'-bithiophene) in the channel of an OFET with hole mobility up to 2.6x10 -2 cm 2 V -1 s -1 (five times higher than those of the evaporated devices). DH-PTTP powder was either put under the glass cover or along the edge of the glass cover under the N2 atmosphere. The powder was heated above the melting point (233 °C) and filled the gap of the two substrates. A slow cooling down to the room temperature then occurred. Another research group 106 also fabricated highly ordered liquid crystal semiconductor film of C10-BTBT-C10 by a method they called template-assisted self-assembly (See Figure 1.32), and the OFET based on this highly ordered small molecule micropatterns achieved a hole mobility of ~1.7 cm 2 V -1 s -1 . When the PDMS template was carefully detached, the semiconducting lines were formed in a negative copy of the mold with a thickness of 800nm. According to the above descriptions about melt-processing method, its advantages such as materials saving, solvent free and vacuum free are quite visible. Recently, our laboratory and colleagues 107 also proposed an improved melt-processing method for the fabrication of DAL1 single-crystalline thin films. This part of work will be introduced in detail in chapter 2 of this thesis. Concerning the drawbacks of melt-processing method, it seems that the devices fabricated by this method are generally limited to p-type materials. Indeed, this method is usually manipulated in ambient condition where the devices made with n-type materials are unstable. The n-type devices suffer large barrier of electron injection since electrons can be easily trapped by the oxygen and water (contains H + and OH -) around.

Solution-processing methods such as spin coating and roll-to-roll techniques are generally applied for device fabrication of polymer semiconducting thin films, while solution-free methods like vacuum thermal evaporation, physical vapor transport deposition and meltprocessing are the most common methods for depositing the small-molecule semiconducting thin films. In some cases, small molecules can also be processed with solution-processing methods if solubilizing long alkyl chains can have been incorporated [START_REF] Iino | Liquid Crystals for Organic Thin-Film Transistors[END_REF] . Depending on elaboration processes, semiconducting films can be roughly categorized into 3 groups: smallmolecule solution-processed films, small-molecule solution-free processed films and polymer solution-processed films. The relative advantages and disadvantages of each type of film at present are summarized in Table 1.1 below 108,109 . 

Characterization of semiconducting thin films 1.3.1 Characterization of charge transport properties

As discussed before, charge transport property is one of the most important properties of the semiconducting thin film and determines the final performance of the corresponding optoelectronic devices including OFETs, OLEDs, OPVs.

The exact nature of charge transport in OSCs is still controversial due to its complexity.

However, in terms of charge transport models, there is a clear distinction between disordered amorphous films such as polymer films and highly ordered organic single crystals. One way to highlight the problem is to compare two key parameters of charge transport at the microscopic scale: the electronic coupling or transfer integral (J, in meV) and the reorganization energy (λ, in meVban, consists of inner reorganization (λin) and outer reorganization (λout), λout<<λin) 110 . J refers to the wave function overlap of the orbitals of neighboring molecules, while λin corresponds to the sum of geometry relaxation energies of the molecule upon going from the neutral-state geometry to the charged-state geometry. As shown in Figure 1.33, if J << λ (weak coupling regime), the charge wave function is localized on individual molecule and transport proceeds through incoherent hopping; by contrast, if J >> λ (strong coupling regime), charge wave function is delocalized over several molecules and transport takes place via diffusion. Charge transport in amorphous semiconducting films is usually explained by thermally activated hopping of charges via a distribution of localized states, and the transport of charge carriers improves with increasing temperature because strongly localized charges require energy to perform a hopping. This energy is given by the lattice vibrations which will be enhanced at higher temperature. In contrast, charge transport in ordered single crystals is generally described by band-like transport whose feature is the charge mobility increase with decreasing temperature since lattice vibrations will mostly break down the formation of bands.

Models for charge transport in polycrystalline thin films of small molecules and microcrystalline polymers which lie in between these two extreme cases, have been proposed as well 111 . However, in all cases , J is a crucial parameter to determine the probability of charge transport from one molecule to the adjacent molecule and depends strongly on the particular molecule and the relative position of the interacting units [START_REF] Zaumseil | Electron and Ambipolar Transport in Organic Field-Effect Transistors[END_REF] . For example, as we discussed in § 1.1.1, the slipped-stack and slipped π-stack packing motifs offer only one large J in the x-y plane, while the herringbone packing has three large J and enables the charge carrier mobility of the corresponding semiconductors to be the highest.

While the molecular packing ordering of semiconducting films affects the charge transport property, the methods how the films are processed have a dramatic effect on the performance of optoelectronic devices incorporating them. In some cases, morphological defects, amount of grain boundaries, crystal size, misalignment of crystalline grains and crystal defect, etc… can completely obscure the materials' intrinsic charge transport properties. Fortunately, these parameters could be modified by carefully choosing the film elaboration methods, thus the theoretical intrinsic charge carrier mobility of OSCs can be measured.

There are different methods to evaluate the charge carrier mobility of OSCs, such as OFET method, TOF technology, space-charge limited current (SCLC) method and field-induced time-resolved microwave conductivity (FI-TRMC), which will thus give valuable information and direction for upstream molecular structure design and subsequent device fabrication. Next, OFET method and TOF technique will be introduced in detail since they were mostly used during this PhD work.

Organic field-effect transistor (OFET)

The working mechanism of an OFET has been described in § 1.1. From the left curves (log IDS~VGS) in Figure 1.34b and c, values of Ion and Ioff can be extracted.

Ion is IDS in "on" state at a particular VGS and Ioff is the IDS in "off" state. The right curve (IDS~VGS)

in Figure 1.34b and right curve (IDS 1/2 ~VGS) in Figure 1.34c are used for extracting the threshold voltage (Vth) and the charge mobility. More precisely, the charge mobility value in the linearregime, μlin, could be extracted from the slope of the curve of IDS~VGS (right curve of Figure 1.34b) according to equation 1. The slope value equals to "(W/L) μlin CiVDS", thus μlin could be extracted from equation 2. The charge mobility value in the saturation-regime, μsat, could be extracted from the slope of the curve of IDS 1/2 ~VGS (right curve of Figure 1.34c) according to equation 3. The slope value equals to "[(W/2L) μsat Ci] 1/2 ", thus μsat could be extracted from equation 4 [START_REF] Zaumseil | Electron and Ambipolar Transport in Organic Field-Effect Transistors[END_REF]112 .

IDS,lin = (W/L) μlin Ci(VGS-Vth)VDS ( 1)

μlin= (L/WCiVDS)(∂IDS,lin/∂VGS) (2) IDS,sat = (W/2L) μsat Ci(VGS-Vth) 2 (3) μsat= (2L/WCi)(∂IDS,sat 1/2 /∂VGS) 2 (4)
Where IDS,lin is the source-drain current in the linear regime, IDS,sat is the source-drain current in the saturation regime, W is the channel width, L is the channel length, μlin is linear mobility, μsat is saturation mobility, Ci is the capacitance per unit area of the dielectric layer, and Vth is the threshold voltage. Details about these equations deduction can be found in the reference [START_REF] Zaumseil | Electron and Ambipolar Transport in Organic Field-Effect Transistors[END_REF] .

Time of flight (TOF)

The The organic film or crystal is sandwiched between two conducting electrodes connected to a resistor and an external electric field. The electrode on which the laser is incident should be semitransparent or transparent to allow the laser pulse to photogenerate electron-hole pairs in the vicinity. When the electric field is positive (negative), electrons (holes) will discharge at this electrode, whereas holes (electrons) will travel across the sample and reach the rear electrode. This charge transport leads to a constant photocurrent which can be recorded by the external circuit. The current decreases to zero at the time τ0 when the charge sheet arrives at the rear electrode. The transit time τ0 is related to the mobility μ through the equation below:

μ= d/(τ0E) =d 2 /(τ0V)
Where d is the distance between the electrodes, E the electric field and V the external voltage across the sample. In theory, the TOF signal should present a step shape (See Figure 1.35c) corresponding to the charge sheet arriving to the rear electrode and the current falling off.

However, the charges may experience diffusion and trapping during the trip from the first electrode to the second one. For this reason, TOF measurements for OSCs require highly pure and flawless samples. TOF technology is generally suitable for organic semiconducting materials with low mobilities.

In my PhD work, I mainly used OFET method to investigate the threshold voltages, on/off current ratios and charge mobilities of several organic materials. Combined with the structure characterizations with polarized optical microscope (POM), grazing incidence X-ray scattering (GIXS) and atomic force microscope (AFM), the effects of different parameters such as fabrication methods, crystals structures, film morphologies, substrate surface treatment and even the device geometry on the charge mobilities of the semiconducting films could be investigated. Therefore, the potential application of certain semiconducting material in OFET or OLED devices can be evaluated.

Characterization of self-organized materials

We have discussed that charge carrier mobility of the semiconducting thin films depends significantly on the molecular packing, crystal structure and film morphology. Π-conjugated small molecules and polymers can present the self-organization capability, through intermolecular force such as van der Waals force (π-π conjugation included) and hydrogen bond, to assemble molecules into a specific solid-state arrangement and achieve desired highly ordered crystalline or liquid crystalline structures with subsequent good film morphology. This unique self-organized feature generally endows the OSCs with high charge carrier mobility owing to π-orbital overlap between neighboring molecules 116 .

The characterizations of molecular packing, crystal structure and film morphology rely greatly on different techniques such as polarized optical microscope (POM), X-ray diffraction (XRD), grazing incidence X-ray scattering (GIXS), scanning electron microscope (SEM), transmission electron microscope (TEM) and atomic force microscope (AFM). As POM, GIXS and AFM were frequently performed during this PhD work, they will be introduced in detail below.

Polarized optical microscope (POM)

POM is a technique that employs polarized light to study the microstructures of materials. POM works by converting depolarized light to linear polarized light 117 , which is achieved by the 1 st linear polarizer located between the light source and the specimen, as shown in Figure 1. 36a.

Then, the linear polarized light passes through the sample and will become circular polarized light (See Figure 1.36b) if there is crystalline composition in the sample (such as crystals, fibers and liquid crystals) which typically show birefringence. In contrast, if the sample is isotropic (such as ordinary gases, liquids and amorphous solid), the linear polarized light will conserve its original characteristics. The circular polarized light can pass through the 2 nd linear polarizer (located between the sample and human eyes) whose direction is perpendicular to the 1 st linear polarizer, while the linear polarized light can't pass through the 2 nd linear polarizer. Therefore, only the light penetrating into crystalline material can be detected by the observers. 

Grazing incidence X-ray scattering (GIXS)

GIXS is demonstrated to be a powerful tool to characterize thin film microstructures, subtly A graphical representation of X-ray diffracting from crystal planes is shown in Figure 1.38.

Diffracted beams interfere constructively when the following Bragg's law is satisfied:

2dsinθ= nλ
Where n is an integer, λ the wavelength of incident wave, d the spacing between the planes of the atomic lattice, and θ the angle between the incident ray and the scattering planes. The angle between the incident beam and the diffracted beam is 2θ. There is no clear delineation between wide-angle X-ray scattering (WAXS) and small-angle Xray scattering (SAXS); generally speaking, WAXS corresponds to X-ray incident angles α from about 1° to 45°. When the X-ray is incident at a high angle (see Figure 1.39a), potentially most of the X-ray is absorbed by the substrate rather than the sample, leading to signal loss. In contrast, reducing the incident angle (see Figure 1.39b) will allow more X-rays to be absorbed by the sample instead of the substrate and to be spread over a large sample area, thus increasing signal yield. Another point that should be taken into account is that by setting the incident angle below the critical angle of the substrate, scattering of X-rays from the substrate is eliminated and most of the beam intensity is focused into a surface-near region of the sample 120 , which allows for independent analysis of the diffraction signal of a crystalline organic film 123 . As a result, because of the inverse nature of reciprocal-space, the large q value corresponds to small d. Single crystals with well-oriented structures relative to the substrate appear as dots. Likewise, data from samples with texture somewhere in-between these extremes will appear as partial rings. Macrostrains readily result in a shifted dot or a stretched ring in the 2D XRD data. Sharp peaks indicate large crystalline domains. Usually, the region close to the origin of the detectors is covered by beam stops to prevent damage from the direct X-ray radiation, leaving a small hole in the data which is not shown here. In tapping mode imaging, the tip is driven by an oscillator near its resonance frequency, and strikes the surface at each oscillation. When the tip strikes the sample surface, part of the energy in the oscillating system is transferred to the sample, resulting in a reduced vibrational amplitude. The control system maps the sample surface by regulating the piezo positioner to adjust the tip-sample separation and keep a constant amplitude 132 . In the tapping mode, when the tip contacts the surface, it has sufficient oscillation amplitude to overcome the tip-sample adhesion force 133 . The tapping force exerted by the tip on the surface is very small ranging approximately from 0.2 to 5 nN, which is much smaller than the one in contact mode, hence minimizing the sample deformation and tip radius change. On the other hand, the lateral shear force is also essentially eliminated, since the tip is no longer dragged along the surface. The tip taps the surface many times before it moves to the next place, which assures the high resolution of the image. However, despite the small vertical compressive force and absence of the laterally shear force, too high amplitude or too low set point may lead to damages to the sample or the tip as well.

In my PhD work however, I mostly used AFM in its topographic mode in order to investigate the surface structure of the organic film in relation with the employed preparation methods.

Aim of work

In this work, during my PhD, we were interested in the elaboration and characterization of selforganized organic semiconducting thin film based on different semiconducting materials (See Table 1.2) for organic optoelectronic applications such as OFETs and OLEDs. As outlined previously in this chapter, the device performances based on the semiconducting thin films depend greatly on the molecular packing motifs, crystal structures and morphological defects which could be tuned and optimized by carefully choosing deposition methods (solutionprocessing methods or solution-free methods). Moreover, the appropriate coating technique is quite different from molecule to molecule because each molecule has its specific characteristics.

Thus, in this PhD project, we have studied how to optimize the fabrication methods of semiconducting thin films based on different π-conjugated molecules in order to maximize their device performances of the corresponding optoelectronic devices (OFETs or OLEDs). In the next chapter (chapter 2), we will first investigate the charge transport properties of crystalline organic semiconducting layers of the DAL1 semiconductor (See Figure 1. 45) prepared with a solvent-free, vacuum-free, simple and versatile method, so-called "meltprocessing". This method is an alternative method to i) the classical solution-processing techniques (such as spin coating) requiring large amounts of organic solvent or ii) the vacuum thermal evaporation technique requiring complex and expensive facilities. Adapted from the template-assisted self-assembly process 106 (See Figure 1.32 in §1.2.2.3), which has been developed to prepare a homogeneous and high optical-quality organic liquid crystalline thin films, this melt-processing method was not employed so far to fabricate high quality singlecrystalline thin films. In this work we will utilize melt-processed DAL1 thin films to fabricate Thirdly, in the chapter 4, we will study the photo-and electro-luminescence properties, of spin coated thin film of a new liquid crystalline fluorescent material C10-PBT (See Figure 1.47).

Contrary to typical fluorophores that often present an aggregation-caused quenching problem in solid state 134,135 limiting their practical application in optoelectronics, this C10-PBT material presents highly efficient luminescent properties in its crystalline phase. These interesting properties turn C10-PBT into a promising candidate for the fabrication of light emitting devices such as OLED or OLET. In this work, we will briefly study the thermal properties of C10-PBT and its thin film morphology. Then we will deeply investigate its PL properties in solution and solid state, and its EL properties in OLED devices based on different type of emitting layer (neat and host/guest system). Chapter 2 A solvent-free and vacuum-free meltprocessing method to fabricate organic semiconducting layers with large crystal size for organic electronic applications

As introduced in the chapter 1 ( § 1.2.1 and 1.2.2.1), two kinds of methods based on solution processing and vacuum thermal evaporation are generally used for the fabrication of the organic layers of OFETs. Solution-processing techniques such as spin-coating, dip-coating and ink-jet printing are very promising for the industrial production of large area organic electronic devices but require large amount of organic solvents [START_REF] Minemawari | Inkjet Printing of Single-Crystal Films[END_REF][START_REF] Yuan | Ultra-High Mobility Transparent Organic Thin Film Transistors Grown by an off-Centre Spin-Coating Method[END_REF] . In parallel, vacuum thermal evaporation has been extensively used for the realization of high performance organic electronic devices but is not necessarily well-adapted for large-scale production due to its cost and the waste of organic compounds during the evaporation process. To sort out these issues, several methods to fabricate organic thin films under solvent-free and vacuum-free conditions have been proposed

including the friction-transfer method 141 , organic vapor jet printing 142 , and more recently cold and hot isostatic pressure techniques 143 . Another interesting approach based on a templateassisted self-assembly process (also introduced in Figure 1.32 in chapter 1) has been developed

to prepare organic liquid crystalline thin films in OFET devices 106 . In this method, powder of materials presenting liquid crystalline properties is melted above its isotropic phase temperature, fills by capillarity the active area of the organic electronic devices, and the sample is finally cooled down at room temperature, leading to the formation of a homogeneous and high opticalquality organic liquid crystalline layer with homeotropic alignment and good charge carrier mobilities. Surprisingly, this method has not been employed so far to fabricate high mobility OFETs based on crystalline organic semiconductors able to form organic single crystals via conventional techniques such as physical vapor transport deposition or solution-processing.

This melt-processing route has only been used to form highly crystalline organic layers in lightemitting organic microcavities showing polariton lasing under optical pumping 144 .

In this chapter, we thus propose and investigate a melt-processing method to prepare highly crystalline organic semiconducting layers with millimetric single crystal monodomains and enhanced charge transport and photophysical properties. As shown in Figure 2.1, the organic compound used in this study is a solution-processable oligo(p-phenylene vinylene) derivative substituted at both ends with pyrene moieties DAL1 (collaboration with Dr. D'Aléo Anthony and Prof. Frédéric Fages at CINAM, Marseille). The melt-processed thin film is described in detail as well as the morphology and structure of such films. The charge transport properties of DAL1 are investigated with OFET configurations based on spin-coated films and meltprocessed films. In addition, the photophysical properties of these films are also discussed. 

Thermal properties of DAL1

The thermal behavior of the material was investigated by DSC at different rates on heating and cooling and the thermogram at 2°C min -1 is displayed in 

Powder X-ray scattering

Small angle X-ray scattering (SAXS) measurements were carried out on DAL1, in powder state and as a function of temperature. As shown in 

Preparation of DAL1 thin films by solution deposition and melt-processing method

Herein, three kinds of DAL1 films (as-spin-coated film, annealed spin-coated film and meltprocessed film) will be prepared for further structures and morphology characterization. The preparation process for each film will be described in detail below.

Solution deposition

Before the spin coating, the SiO2 substrates were sonicated in ethanol, acetone and chloroform successively, followed by a cleaning in the UV-Ozone cleaner for 30 min. Then, the organic thin films were deposited by spin-coating at 2000rpm from a 5 mg/ml tetrahydrofuran (THF) solution in ambient condition with a spin coater (See Figure 2.7) for GIXS and AFM measurements. Annealing of the spin-coated films was carried out on a hot plate for 1h at 100°C

which is between the crystal-to-crystal transition temperature and the melting point of DAL1 compound. 

Melt-processing method

Processing of the crystalline thin layer was carried out in several steps. As shown in Figure 2.8, firstly, a glass substrate treated with a self-assembled monolayer (SAM) of noctadecyltrichlorosilane (OTS) was placed on top of a silicon wafer substrate. The cover glass was previously treated with an OTS SAM as the procedures described in the literature 145 . After the OTS treatment, the hydrophilic surface will be grafted alkylsilane monolayers shown in Figure 2.9 and become hydrophobic. As a result, the surface energy and adherence with the final organic film of the cover glass will be reduced. Secondly, a very small amount of organic crystalline powder was placed at one edge of the empty space separating the two substrates and the sample was heated above the melting temperature of the compound in a Linkam THMS 350 heating plate under a nitrogen flow. Then, the organic semiconductor in the isotropic liquid phase filled the empty space by capillary action [146][147][148] to form a thin liquid film between the two substrates. Third step consists in a rapid cooling down to room temperature, in order to obtain a fine polycrystalline texture. Then, the film was heated again carefully around melting temperature (T = 151.6 °C) and POM was used to monitor the process (See Figure 2.10). When almost the entire polycrystalline film had been molten, except few isolated crystals surrounded by the isotropic liquid, the sample was cooled down again upon very slow rate (< 0.1 °C min -1 ) to room temperature. The small residual crystals acted then as crystallization germs and grew to millimetric single monodomains (see Figure 2.10). In the last step, the weakly adhering OTS-treated cover glass was removed. This method therefore proved to be very efficient to process thin films with large single-crystalline domains on top of silicon or fused silica substrates. if there is no orientation for the polycrystalline film, the GIXS only shows Debye rings). The three films only differ significantly in the size of the crystallites. For the spin-coated films, the crystallites are mesoscopic and give substantially broadened reflections spots (Figure 2.11a and b). The spot width allows in turn the determination of the average crystallize size from the Scherrer equation below (with shape factor K = 0.9) 149 .

D=Kλ/βcosθ

Where D is the mean size of the ordered crystalline domains; K is a dimensionless shape factor; λ is the X-ray wavelength; β is the line broadening at half the maximum intensity (FWHM); θ is the Bragg angle. Thus, sharp peaks (smaller β) indicate large crystalline domains (large D).

The average crystallize sizes were found to be 10-15 nm and 15-20 nm, for as prepared and annealed films, respectively. For the melt-processed films, crystallites are larger than 200 nm, due to the absence of measurable spot broadening. The speckled pattern shape, with discontinuous spots/rings and saturated dots (See Figure 2.11c), even suggests very large micrometer-sized crystals, which is indeed in accordance with the optical microscopy observations in Figure 2.10. As a matter of fact, the population of crystallites in conditions of reflection drastically decreases when the size increases and some domain orientations become then missing while some others get over-represented, resulting in a characteristic speckled pattern. This is consistent with POM observations made during the melt-processing procedure.

Atomic force microscope (AFM)

The morphology of spin-coated (as-prepared and annealed) and melt-processed thin films of DAL1 was also studied using tapping mode AFM. The AFM topography images are shown in Figure 2.12.

The as-prepared spin-coated thin film (Figure 2.12a) shows a granular texture that may be accompanied by a large number of small-sized crystallites along with a large density of grain boundaries. The spin-coated film annealed at 100°C shows a higher crystallinity (Figure 2.12b), which is consistent with GIXS observations. Indeed, it consists of larger grains where a terrace-andstep morphology is clearly noticed. The average value (or multiples) of 2.4 nm being determined from the step height is further consistent with the d-spacings obtained from GIXS in case of a lamellar structure with an orientation of lamellae parallel to the substrate. The melt-processed thin film (Figure 2.12c) shows very flat, smooth and large domains (above micrometric scale), and molecular steps of around 2.4 nm. Overall, these results demonstrate that the improved meltprocessing method yields thin films with very large single-crystalline monodomains and a similar orientation of molecular packing (lamellae oriented parallel to the substrate). 

Charge transport properties of DAL1 thin films

The OFET based on abovementioned three kinds of DAL1 films will be fabricated. For the spin-coated films, the corresponding solution will be spin-coated on interdigitated source/drain electrodes on the SiO2 substrates. The device structure will be bottom gate/bottom contact (Figure 2.13a). For the melt-processed film, gold electrodes will be evaporated on the top of the film, resulting in bottom gate/top contact (Figure 2.13b) device structure. 

Fabrication of bottom gate/bottom contact transistors based on spin-coated films

The spin-coated OFET devices were fabricated onto silicon wafer substrates with a thermallygrown 300 nm thick SiO2 layer. Interdigitated source/drain electrodes were deposited on top of the substrates and were achieved by the sequential thermal evaporation of a 5 nm thick adhesion layer of Cr and a 50 nm thick Au layer. The channel width and length of these BG/BC devices were 76000 and 25 μm, respectively. The organic thin films were then deposited by spin-coating from a 5 mg/ml tetrahydrofuran (THF) solution in inert atmosphere. Annealing of the spincoated devices was carried out at 100°C on a hot plate in inert atmosphere.

Fabrication of bottom gate/top contact transistors based on melt-processed film

The fabrication of the melt-processed devices is more unique and special. To fabricate the meltprocessed devices, after removing the top glass substrate mentioned in § 2.4, an array of source/drain gold electrodes was deposited (See Figure 2.14a) by thermal evaporation through a shadow mask. Note that the location of the shadow mask was carefully chosen under POM in order to find the best active areas with the largest single crystalline monodomains. In case of the melt-processed devices, a BG/TC configuration was used for the devices to minimize the effects of the cracks (See Figure 2.14b) on the electrical properties of the film. Channel width and length were in this case equal to 150 and 50 μm, respectively. And from the red curve in 

Charge transport properties in field-effect transistor configuration

The charge transport properties of the spin-coated and melt-processed organic layers were investigated using a field-effect transistor configuration. Cyclic voltammetry measurements (in collaboration with our colleague at CINAM in Marseille, See Figure 2.15) indicated that HOMO and LUMO energy levels of the oligomer are around 5.21 and 2.64eV, respectively.

Due to its work function matching well with the HOMO energy level of the oligomer, gold was chosen for the source/drain electrodes in order to investigate the hole transport properties of the organic thin films. spin-coated films before and after a thermal annealing at 100 °C. The square roots of the source/drain current versus gate voltage are also displayed in Figure 2.17. The results indicate that the spin-coated films operate as p-type semiconductor layers 150,151 . The output characteristics exhibit clear saturation and linear regimes for negative applied voltages (See Figure 2.16b and c), which means a higher Ion/Ioff ratio and lower power consumption 152 . However, it can be seen from their behavior at low Vd that contact resistance effects (the curvature at small Vd and "S" shape of the output curve of the OFETs indicate significant contact resistance 153 ), which seem to be negligible in the as-prepared spin-coated device, are slightly increased after the thermal treatment. This effect upon annealing is accompanied by a decrease of the source/drain current.

A plausible explanation is that thermal annealing modified not only the crystallite size but also the interface between the metal injecting bottom contact and the active organic layer, causing some changes in the contact resistance of the devices. Hole field-effect mobilities were calculated from the transfer characteristics in the saturation regime, using the standard method [START_REF] Zaumseil | Electron and Ambipolar Transport in Organic Field-Effect Transistors[END_REF] described in chapter 1 ( §1.3.1.1). As shown in Table 2.3, the average hole field-effect mobility of the spin-coated films was found to slightly increase upon annealing at 100 °C from 2.4 x 10 -3 to 3.5 x 10 -3 cm 2 V -1 s -1 . The thermal treatment is also found to modify the threshold voltage (Vth) from 15 V to -5 V, suggesting an effect of the annealing on the surface states at the interfaces of the organic semiconductor layer.

In other words, although the annealed devices show lower IDS than the as-prepared devices, we found that the hole mobility of the annealed OFET is higher. This can be understood by looking at the significant changes in Vth and in the slopes of the square root of the source/drain current versus gate voltage (See Figure 2.17). To gain further insights into the role of annealing on the charge transport of the spin-coated films, we plotted in V g (V) It is worth pointing out that, compared to the bottom gate/bottom contact devices (See Figure 2.13a), when using bottom gate/top contact devices (See Figure 2.13b), charge injection extends further away from the channel area between the contact electrodes and gate dielectrics (See short red arrow in Figure 2.13b), thereby reducing the contact resistance and boosting the injection 155 . In other words, the use of a bottom gate/top contact configuration in the meltprocessed devices is certainly helpful to minimize contact resistance effects.

It is important to emphasize here that the device architecture for the spin-coated and meltprocessed OFETs is different. The conventional interdigitated bottom source/drain electrodes were not used for the melt-processed devices in order to minimize the effects of the cracks on the electrical properties of the film and thus their potential impact on the determination of the field-effect charge carrier mobilities. We should also mention that the position of the shadow mask used for the evaporation of the top source/drain electrodes was carefully selected using an optical microscope. This aspect was indeed essential to fabricate melt-processed devices with the cracks in the direction parallel to the transistor channel (See Figure 2.14). Although these values (See table 2.3) cannot be directly compared with those obtained in the spin-coated devices due to their different architectures, the threshold voltage and the on/off current ratio deduced from the transfer characteristics of the melt-processed devices were typically around -12 V and over 10 4 , respectively.

Looking at Figures 2. 16 and 2.20, it can also be seen that the flowing source-drain current in the device prepared by the melt-processing method is reduced to around 10 -6 A with respect to about 10 -4 A when using spin-coated films and interdigitated electrodes. Taking into account the channel length and width of the device structures and using the standard method to determine the charge carrier mobility in the saturation regime, the hole mobility of the meltprocessed device is found to be 5 x 10 -2 cm 2 V -1 s -1 , which is more than one order of magnitude higher than the values measured in spin-coated polycrystalline thin films. Although the use of different device architectures certainly affects, to some extent, the determination of the charge carrier mobility, these results are fully consistent with the increase of the crystal size evidenced by the XRD diffraction results and film morphology shown in Figures 2.11 and 2.12, respectively. Although the field-effect mobility of the melted film of DAL1 is not increased by several orders of magnitude, the improved melt-processing method described in the present work is found to be suitable for the fabrication of organic electronic devices based on highly crystalline organic materials without using any solvent or vacuum.

Photophysical properties of DAL1 thin films

There are many semiconducting polycyclic aromatic hydrocarbons that can be used in OLEDs as emitters including naphthalene, anthracene, fluorene, and pyrene 156 . Pyrene derivatives are generally highly fluorescent. DAL1 is an oligo(p-phenylene vinylene) derivative substituted at both ends with pyrene moieties. Thus, we would like to investigate the photophysical properties of the three kinds of films (as-prepared spin-coated film, annealed spin-coated film and meltprocessed film) and study the impact of melt-processing technique. Figure 2.21a shows the steady-state PL spectra of the as-prepared, annealed and melted oligomer films. The spectrum of the pristine film displays only one main peak with no vibronic progression, which has a maximum emission wavelength at 569 nm. Annealing of the film at 100 °C for one hour leads to a 5 nm blue-shift of the maximum emission wavelength and a substantial broadening of the spectrum. The full-width-at-half-maximum (FWHM) increases indeed from 51 to 94 nm (i.e. 1540 to 2862 cm -1 ) upon the thermal treatment. It can also be seen that two shoulders appear at about 535 and 595 nm in the spectrum of the annealed sample. In clear contrast with the pristine film, the PL spectrum of the melted oligomer sample shows a well-resolved vibronic structure with a maximum emission wavelength at 561 nm.

Photoluminescence quantum yield (PLQY) values of 12, 22 and 30 % were obtained in the asprepared, annealed and melted oligomer film, respectively, indicating a significant improvement of the light-emitting properties with the extent of crystallinity in this material.

The PL decays measured in the films are shown in Figure 2.21b. While the PL dynamics in asprepared and annealed film can be fitted by the sum of two exponential decay functions, the transient curve measured in the melted film follows a single exponential decay with a PL lifetime of 2 ns. It is worth noting that we did not observe any significant emission wavelength dependence of the PL dynamics in the three different films, indicating the presence of only one light-emitting specie in the films. This suggests that changes in molecular configuration are not responsible for the observed variations of PLQY upon thermal treatment. Instead, the GIXS data provided evidence that the crystalline structure of the as-prepared, annealed and melted films was identical and that the morphology of these films only varied by the size of the crystallites. This implies that the observed changes in PLQY cannot be explained by a modification of the molecular arrangement/packing in the film upon thermal treatment.

Exciton diffusion is an important process in OSCs and plays a critical role on the properties of OLEDs and organic solar cells [157][158][159][160][161] . Singlet excitons in these materials can migrate by a Förster-type dipole-dipole coupling and their diffusion length in the films is typically around 5-10 nm [162][163][164][165][166][167][168] . Interestingly, a few studies have investigated the influence of the crystallinity on the exciton diffusion length in organic thin films 169,170 . In particular, photophysical measurements in 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) polycrystalline thin films showed that singlet exciton diffusion length was strongly improved by an increase in the extent of crystalline order 167 . This effect was accompanied by a substantial reduction of the PL quenching at the grain boundaries as the crystallite size in the film was increased. As mentioned above, the GIXS measurements carried out in the present study showed that the crystallite size in the as-prepared and annealed spin-coated oligomer films is around 10-15 and 15-20 nm, respectively. While the exciton diffusion length is several orders of magnitude smaller than the dimensions of the single crystal monodomains in the melt-processed film, its value is in the same order of magnitude as the crystallite sizes in the spin-coated thin films. This implies that a significant number of singlet excitons in the spin-coated films is able to migrate to the grain boundaries where they are more likely to decay non-radiatively. Based on these considerations, we attribute the lower PLQY values and the presence of two time constants in the PL decays of the spin-coated films to a quenching of the singlet excitons at the grain boundaries. Noticeably, the fact that the PL quenching of the spin-coated films is slightly reduced after annealing is consistent with the little increase of the crystallite size upon the thermal treatment. These results provide clear evidence that the melt-processing of highly crystalline organic semiconductor thin films leading to millimetric single crystal monodomains enables to suppress PL quenching at grain boundaries and can thus significantly improve significantly their PL properties.

Conclusion

In summary, we propose an improved melt-processing method for the fabrication of crystalline organic semiconducting layers with millimetric single crystal monodomains. For this purpose, we used an oligo(p-phenylene vinylene) derivative substituted at both ends with a pyrene moiety which is solution-processable and shows a melting temperature around 150 °C. The organic film prepared by melting presents a much higher crystallinity than the spin-coated polycrystalline films, resulting in a significantly higher hole field-effect mobility value. The charge carrier mobility is found to increase indeed from 2.4 x 10 -3 cm 2 V -1 s -1 in the as-prepared spin-coated film to 5 x 10 -2 cm 2 V -1 s -1 in the melted sample. This improvement of the charge transport properties upon melting is accompanied by a substantial enhancement of the PLQY. Such a simultaneous optimization of the charge carrier mobility and photophysical properties has been proven to be quite elusive so far in organic semiconductors and can be explained here by the substantial improvement of the crystallinity and the reduction of the number of grain boundaries in the melt-processed sample. Overall, this study demonstrates that the solvent-free vacuum-free melt-processing method can be utilized to fabricate high performance organic electronic and light-emitting devices. This approach is suitable for a large variety of organic semiconductors and, as a consequence, should be of strong interest for future research in the field of organic electronics.

Experimental section

Materials

The oligo(p-phenylene vinylene) derivative used in this chapter was synthesized by Dr. D'Aléo and Prof. Frederic Fages at CINAM (Marseille) and the details of the synthesis was reported in the reference 171 .

DSC

The thermal phase transitions of the oligomer were analyzed by DSC using TA instruments Q2000 under a nitrogen flow on heating and cooling cycles at different rates (20°C/min, 10°C/min, 5°C/min,

POM

POM was carried out using a Leica microscope equipped with a Linkan THMS 350 hot plate connected to a Linkam 93 temperature controller.

XRD, SAXS and GIXS

Regarding the characterization of the structural properties of powder state, the SAXS patterns were obtained with an experimental set-up composed with a linear monochromatic Cu-Kα1 beam (λ = 1.5405 Å) obtained using a sealed-tube generator (900 W) equipped with a bent quartz monochromator. The setup is based on the Guinier transmission geometry and the crude powder was filled in Lindemann capillaries of 1 mm diameter. Diffraction patterns were recorded with a curved Inel CPS 120 counter gas-filled detector linked to a data acquisition computer, and the sample temperature controlled to within ±0.05 °C from the ambient up to 200°C (in collaboration with Dr. Benoit Heinrich, IPCMS, Strasbourg).

The characterization of the structural properties of the spin-coated and melt-processed thin films was performed by 2D GIXS experiments at PLS-II 9A U-SAXS beamline of Pohang Accelerator Laboratory in Korea. The thin films were studied on silicon substrates and the X-rays coming from the vacuum undulator (IVU) were monochromated using Si(111) double crystals and focused on a detector consisting in a 2D CCD detector (Rayonix SX165). The distance between sample and detector was around 225 mm and the beam energy was about 11.06 keV (1.121 Å).

AFM

Atomic force microscope (AFM) experiments were performed in tapping mode, using an apparatus Bruker 3100 and silicon tips, with a resonance around 400kHz, allowing to specifically probe soft matter.

Characterization of OFET devices

For the OFET characterization, a semiconductor analyzer (Agilent Technologies, B1500A) and a probe station were used to measure the electrical characteristics of the devices in nitrogen atmosphere. that single-crystal OFETs (SC-OFETs) of BTBT core were reported by Takimiya et al. in May 2020 179 ) The absence of FET mobility values on the BTBT model until recently is mainly explained by the fact that homogeneous thin films of such a small heteroaromatic system cannot be obtained by vacuum vapor deposition as reported by Takimiya 180 .

In this chapter, we will thus outline the investigation of the charge transport properties of a simple BTBT core (See Figure 3 

Thermal properties of BTBT

The thermal behavior of BTBT was studied by DSC and the thermograms obtained are given in Figure 3.2. They present on heating and cooling only one transition at 219°C and 193°C, respectively, with similar transition enthalpies. On further heating, no additional peaks were observed, indicating that this reversible transition can be attributed to the melting point of the derivative. 

Preparation of BTBT single crystals by physical vapor transport deposition

As introduced in the beginning of this chapter, FET mobility of BTBT core has never been reported due to the fact that homogeneous thin films of such a small heteroaromatic system cannot be obtained by vacuum thermal evaporation. However, we were able to prepared BTBT single crystal as the active layer of the OFET via physical vapor transport deposition (VTD) method (also introduced in § 1.2. 

Structure of BTBT single crystals prepared by physical vapor transport deposition

The crystal structure and film morphology of the BTBT single crystals is investigated by single-crystal XRD, POM, SEM and AFM, respectively.

Single-crystal X-ray diffraction

The single crystals of BTBT obtained by VTD method were studied by single-crystal XRD in collaboration with Ms Lise-Marie Chamoreau (X-ray platform, IPCM). The molecular structure of the unit cell is presented in Figure 3.5a and the crystallographic data are provided in table 3.1. BTBT cores exhibit a layered-herringbone packing as shown in Figure 3.5b. This packing is similar to the one reported previously for BTBT single crystals obtained from solutions by slow liquid/liquid diffusion 183 .

This indicates that the molecular packing of BTBT in the crystalline state is not, in that case, sensitive to the crystal growth conditions. This result is also consistent with the simple polymorphism observed by DSC and the absence of crystal-crystal transitions between room temperature and the melting point.

This suggests strong van der Waals bonding between crystallized BTBT molecules and the existence of a single crystalline structure. To go further into the description of the molecular packing of BTBT single crystals, XRD analysis of oriented crystals was performed. Large and thin crystals were illuminated with the incident X-ray beam either perpendicular or parallel (Figure 3.6a or b) to the larger facets of the crystals. This procedure gives precious information on the orientation of the unit cell within the crystal and the crystallographic axes can be correlated with the anisotropic shape of the crystals (Figure 3.6c). Therefore, the longest axis (a =11.80 Å) of the unit cell was found to be perpendicular to the larger facets of the crystal, corresponding to the smallest dimension of the platelet, while b and c axis are in the plane. It can be inferred that BTBT molecules are oriented perpendicular to the larger facets of the crystal and that the layers formed by the herringbone packing of BTBT are in the plane (illustrated in Figure 3.5d). This molecular organization is typical for organic crystals obtained by VTD. During the growth process, the larger crystal dimension corresponds to the direction of the strongest molecular interactions which corresponds, in the present case, to the strong overlap between the π-conjugated systems of adjacent BTBT molecules. It is important to notice that this molecular packing with the layered-herringbone packing in the plane of the crystals is perfectly suitable for the fabrication of single crystal FETs because in such devices the molecular packing will coincide with the direction of the highest mobility of field-induced carriers. 

Polarized optical microscope (POM) and Scanning electron microscope (SEM)

The quality of BTBT single crystals prepared by VTD method was investigated by POM. Based on this optical inspection, the largest birefringent crystals with uniform colors under the crossed polarized light were selected, transferred and deposited with micro-scale gold wire on interdigitated gold electrodes of prefabricated BG/BC FETs, as displayed in Figure 3. 

Atomic force microscope (AFM)

The morphology of the single crystal deposited on the gold electrodes of the transistor was investigated by AFM. The 3D image given in Figure 3.8a shows the different components of the device: the crystal, the substrate and the gold electrode. In the 2D topography image of the crystal ( 

Charge transport properties of single crystal BTBT

Below, four different OFET devices based on BTBT single crystals will be prepared: bottom gate/bottom contact (BG/BC) and ion gel top gate/bottom contact (TG/BC) configurations both on SiO2 and OTS substrate surface. Their preparation processes will be introduced in detail. The charge transport properties of BTBT single crystals and the air stability of the devices were investigated with the BG/BC devices, while the TG/BC devices were prepared to evaluate the possibility of the BTBT OFETs to operate at low gate voltage, which is meaningful for the energy saving. 

Fabrication of BTBT single crystal OFETs

Charge carrier mobility of BTBT single crystal transistors

Bottom Gate/Bottom contact transistor configuration

Considering the energy of the HOMO of BTBT (5.5eV) [START_REF] Dong | 25th Anniversary Article: Key Points for High-Mobility Organic Field-Effect Transistors[END_REF] , gold contacts are well-suited for hole injection and charge transport investigation. Figure 3.11a and b show typical transfer and output characteristics of BTBT single crystal BG/BC devices with gold electrodes and SiO2 gate dielectric. From these curves, it can be seen that the devices show a rise of conductance under hole injection (i.e. negative gate bias) consistent with a p-channel conduction. An average hole mobility about 2.9x10 -3 cm 2 V -1 s -1 was extracted from the saturation regime of a ten of transistors (Figure 3.12a). Charge mobilities and other device parameters such as the average threshold voltage (Vth) or average on/off current ratio (Ion/Ioff) are given in Table 3.2. We also investigated the devices performances of BTBT single-crystal transistors with OTS treated surfaces. The use of an OTS self-assembled monolayer (SAM) on the surface of SiO2 gate dielectric generally enhances the overall performances in offering a lower surface energy 186 , reducing the water adsorption 187 and decreasing the charge trap density at the interface between the crystal and the dielectric 188 . Figure 3.11c and d show typical transfer and output characteristics of an OTS-modified BG/BC OFET. This surface treatment increased both the mobility and Ion/Ioff by one order of magnitude leading to average values about 1.2x10 -2 cm 2 V -1 s -1 and 2.7x10 4 , respectively. All the device parameters of OTS-modified SCOFETs are summarized in Table 3.2. Note that all the mobilities were also extracted from saturation regimes of a set of ten transistors (Figure 3.12b) and that a maximum value as high as 3.2x10 -2 cm 2 V -1 s -1 was measured. Such FET values between 10 -2 and 10 -1 cm 2 V -1 s -1 are in good agreement with BTBT calculated mobilities predicted from X-ray crystal structure and ranging from 10 - 3 to 10 -1 cm 2 V -1 s -1 178 . They also confirm the good interfacial contact of single-crystals to the dielectric interface as suggested, for instance, by the POM and SEM observation (see Figure 3.7).

The air stability of the devices was also investigated. To this end, SCOFETs with OTS treated surfaces were removed from the glove box and electrical measurements were performed in ambient conditions.

The devices measured in air present a significant degradation of their performances as illustrated in Figure 3.13b. The source-drain current flowing in the crystal is drastically reduced and the mobility is typically decreased by two or three orders of magnitude. The collapse of the mobility can be explained by the diffusion of water present in ambient air in the crystal lattice that is known to form trapping sites for injected charges 189 . This assumption is also supported by the observation of the reversibility of the process since similar device performances can be restored by measuring again the transistors in glove box atmosphere after ambient air condition exposure (Figure 3.13c). 

Ion gel top gate/bottom contact transistor configuration

SCOFETs with ion gels top gate (TG) configuration were mainly investigated to reduce voltage operation. Indeed, using electrolyte gating, the gate capacitance per unit area is no longer given by the ratio of the dielectric constant over the dielectric thickness but by the ratio of the dielectric constant divided by the ionic double layer thickness. Made of ions, the latter is typically 1 nm thick, leading to exceptionally high gate capacitance (µF/cm 2 ) [189][190][191] . For that purpose, the BTBT single-crystals of BG/BC transistors previously fabricated with SiO2 or OTS-modified gate dielectric were covered by an ion gel electrolyte (See Figure 3.10). Figure 3.14 shows typical transfer and output characteristics of the TG/BC transistors. In spite of the larger gate capacitance, only a p-type conduction signal was measured. As observed in the output characteristics at five different gate voltage (VGS) (Figure 3.14b and d), the devices show the gate modulation of the source-drain current (IDS) in both the linear and saturation regimes. Thanks to the increase of the gate capacitance, the modulation of the drain source current over three order of magnitude (10 -10 ~10 -7 A) was achieved under 3 V of gate bias (Figure 3.14a and c), while 30 V was required using the conventional SiO2 dielectric gating (Figure 3. 11a andc). Note that we have been unable to accurately determine a filed effect mobility in this ion gel top gate configuration since this will have required an accurate determination of the capacitance value and thus the introduction of a fourth electrode to uncouple the current and potential control.

Charge transport properties of C8-BTBT-C8 melt-processed thin films

The charge transport properties of the C8-BTBT-C8 melt-processed thin films were investigated with OFET configurations and compared with that of BTBT SCOFETs, in order to study the influences of the side-chain substitutions.

Fabrication of C8-BTBT-C8 melt-processed thin film and transistors

The fabrication of C8-BTBT-C8 transistors by melt-processing was adapted from the one described for DAL1 derivative in § 2.4 of chapter 2. A very small amount of organic crystalline powder was placed at one edge of the empty space separating the two substrates and the sample was heated above the melting temperature (124°C 192 See Figure 3.15) of the compound under a nitrogen flow. Then, the organic semiconductor in the isotropic liquid phase filled the empty space by capillary action to form a thin liquid film between the two substrates. Second step consists in a rapid cooling down to room temperature, in order to obtain a fine polycrystalline texture. Third, the film was heated again carefully around melting temperature and POM was used to monitor the process in order to obtain almost the entire polycrystalline film being molten, except few isolated crystals surrounded by the isotropic liquid. The small residual crystals acted then as crystallization germs, and the sample was cooled down again slowly to liquid crystal state. After an annealing at 102 °C for 10mins, the germs crystallized to large domains. Then the film was cooled down to room temperature upon 0.5°C min -1 . In the last step, the weakly adhering OTStreated cover glass was removed. Concerning the fabrication of C8-BTBT-C8 OFETs, the gold top contacts were evaporated on the top of the film through a shadow mask. Compared to DAL1 OFET, the differences were that channel width and length here were 1mm and 30 μm respectively since another kind of shadow mask was used. Figure 3.16 shows the POM images of the shadow mask which was located carefully on the best active areas of the C8-BTBT-C8 melt-processed film. Like DAL1 OFET based on melt-processed film, a BGTC configuration was adopted to minimize the effects of the cracks on the electrical properties of the film. 

Charge carrier mobility of C8-BTBT-C8 melt-processed thin film

The BG/TC OFET devices based on C8-BTBT-C8 melt-processed thin film with gold electrodes and SiO2 as gate dielectric were characterized in glove box under N2 environment. Considering the energy of the HOMO of C8-BTBT-C8 (5.4eV) 193 , gold contacts are also well-suited for hole injection and charge transport investigation. Figure 3.17 As expected, C8-BTBT-C8 OFETs present a p-channel conduction, and a hole mobility about 0.6 cm 2 V - 1 s -1 was extracted from the saturation regime. The effect of the thermal treatment of the film on the hole mobility was investigated by annealing the same transistor at 110 °C for 20 mins, around the phase transition temperature from the crystalline phase to the liquid crystal phase 192 . After annealing, the hole mobility value is enhanced to 1.1 cm 2 V -1 s -1 and the transfer and output curves of the annealed device are shown in Figure 3.17c and d. The increase of the hole mobility could be attributed to an increasing of the crystallite size and an improvement of the film morphology as already observed in chapter 2 for DAL1 derivative. Unfortunately, due to the limited time of my PhD works, no further investigations of the structure of C8-BTBT-C8 melt-processed thin films were performed and could be presented here.

It is important to mention that, naturally, the hole mobilities of 0.032 cm 2 V -1 s -1 for BTBT single crystals and 1.1 cm 2 V -1 s -1 for C8-BTBT-C8 melt-processed films cannot be directly compared. Indeed, the device architectures are very different (BG/BC vs BG/TC, interdigitated vs simple source-drain electrodes…), and the film morphology is also very different (single crystals vs single-crystalline polydomain thin films). However, the trend of the mobility values observed for BTBT and C8-BTBT-C8 is in good agreement with the results reported in the literatures and highlight the essential role of the BTBT substitution in charge transport properties. Long side-chains enable C8-BTBT-C8 with well-ordered herringbone packing of BTBT cores and strong/balanced intermolecular charge-transfer 178 . In addition, the mobility values about 0.6-1.1 cm 2 V -1 s -1 obtained with C8-BTBT-C8 melt-processed thin films are comparable with the values reported by Takimiya's group 194 (0.30~0.74 cm 2 V -1 s -1 with BG/TC OFETs based on 50nm-thick C8-BTBT-C8 thin film prepared by vacuum thermal evaporation on SiO2 substrate).

These results confirm once again that the solvent-free vacuum-free melt-processing method is an efficient method to fabricate high performance organic electronic devices.

Conclusion

In summary, in this chapter, we investigated for the first time the charge transport properties in fieldeffect transistor configuration of a simple [1]Benzothieno [3,2-b][1]-benzothiophene (BTBT) aromatic core. To this end, we prepared thin single crystals of unsubstituted BTBTs by physical vapor transport deposition technique. The structure and morphology analysis of these platelet-like crystals demonstrated that the BTBT aromatic cores are oriented perpendicular to the larger facets of the crystal and that they are organized in a layered herringbone packing in the plane. The charge transport properties of BTBT single-crystals were investigated by BG/BC OFET on both SiO2 and OTS-treated gate dielectric, and a maximum hole mobility value of 0.032 cm 2 V -1 s -1 was measured, in good agreement with calculated mobilities predicted from the BTBT crystal structure and reported in the literature. In addition, TG OFETs based on BTBT single crystals were also fabricated via using high-capacitance ion gel dielectrics, enabling transistor operation at low gate voltages. On the other hand, the charge transport properties of C8-BTBT-C8 melt-processed thin films were also investigated by transistor, and a high mobility about 1.1 cm 2 V -1 s -1 was obtained, highlighting the beneficial effect of the alkyl functionalization of the BTBT core on the charge transport properties. To date, this study presents experimentally the first investigation of the FET mobility of the unsubstituted BTBT aromatic core, which agrees well with the theoretical values.

Experimental section

Materials

All materials and solvents were purchased from Sigma Aldrich and were used without further purification. BTBT was synthesized by Dr. Xiaolu Su at IPCM in a one-step reaction from the commercially available 2-chlorobenzaldehyde according to the procedure described in the literature 195 . Yield: 35%. Mp=117-119 °C. 1 H NMR (CDCl3,200 MHz): δH = 7. 95-7.87 ppm (4H, m, Harom), 7.51-7.37 ppm (4H, m, Harom). C8-BTBT-C8 was provided by Dr. Teng Teng at IPCM.

DSC

DSC was performed using TA instruments Q2000 under N2 flow in aluminum hermetic pans. The DSC traces of BTBT compound on heating and cooling were recorded with a rate of 2.5 °C/min, 5 °C/min, 10 °C/min and 20 °C/min respectively.

XRD

A single crystal of BTBT was selected, mounted onto a cryoloop, and transferred under a cold nitrogen gas stream. Intensity data were collected with a BRUKER Kappa-APEXII diffractometer with microfocused Cu-Kα radiation at 200 °K. APEX 3 suite and SAINT program (BRUKER) were used to carry out data collection, unit-cell parameters refinement, integration and data reduction. SADABS (BRUKER) was used for scaling and multi-scan absorption corrections. Despite large diffraction peaks in some direction due to the shape of crystal, in the Olex2 suite 196 , the structure were solved with program and refined by full-matrix least-squares methods using SHELXL-14 198 . CCDC 1956856 contain the crystallographic data for this chapter. The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

POM, SEM and AFM

POM was carried out using a Leica microscope equipped with a Linkan THMS 350 hot plate connected to a Linkam 93 temperature controller. The BG/BC SCOFET devices were observed with Hitachi SEM (SU8000). AFM experiments were carried out to examine the surface morphologies of BTBT single crystals. These measurements were performed in the tapping mode, with Bruker 3100 stand alone. Tips were in silicon, associated with a resonance around 300 kHz.

Characterization of OFET devices

For BTBT devices, current-voltage measurements of the BG/BC OFETs were collected in the glove box (N2 environment) using two Keithley 2400 source units and a MS Tech probe station (MST 8000).

Transfer characteristics of BG devices were acquired at VDS = -20 V while VGS was stepped from 5 V to -40 V in 0.5 V increments. Output characteristics of BG devices were taken at VGS = 0 V to -40V in 10 V increments and VDS was stepped from 0 V to -40 V in 0.5 V increments. Transfer characteristics of the electrolyte gated devices were acquired at VDS = -1 V while VGS was stepped from 0 V to -3 V in 1mV increments. This low gate bias range is chosen to avoid any electrochemical reaction within the electrolyte, while the slow sweep rate is required to let ion move within the viscous gel matrix. Hole field-effect mobilities were calculated from the transfer characteristics in the saturation regime, using the standard method described in chapter 1 ( §1. 3.1.1). On/Off current ratio (Ion/Ioff) was determined from the transfer curves (IDS at VGS=0V (Ioff) and VGS=-40V (Ion) for BG devices; and IDS at VGS=0V (Ioff) and VGS=-3V (Ion) for TG devices).

Concerning the C8-BTBT-C8 devices, OFETs characterization was carried out in the glovebox and with the same equipment with that for BTBT OFETs. Transfer characteristics of BG/TC devices were acquired at VDS = -60 V while VGS was stepped from 5 V to -80 V in 0.5 V increments. Output characteristics of BG devices were taken at VGS = 0 V to -80V in 20 V increments and VDS was stepped from 0 V to -60 V in 0.5 V increments.

Combining supramolecular self-assembly and intrinsic light-emitting abilities, luminescent liquid crystals have gained a great deal of attention and considerable interest from both scientific and industrial organizations 199,200 . However, the molecular design of highly efficient luminescent materials in ordered phases is still a big challenge. Indeed, when luminescent molecules aggregate into crystalline or liquid crystalline phases, the ordered stacking and strong intermolecular interactions of π-π bonds often induce an aggregation-caused quenching problem 134,135 , which severely limits the practical applications of these materials for optoelectronic devices such as light emitting diodes. Fortunately, some materials presenting an aggregation-induced emission (AIE) can be designed to obtain ordered materials with unique solid-state luminescence properties 201,202 . Briefly, scientists introduced active fluorophores/chromophores as mesogenic cores and decorated them with peripheral flexible long chains to synthesize highly luminescent discotic or calamitic LC molecules [203][204][205][206] , whose light emissions could be dramatically enhanced or maintained by molecular aggregation and self-organization in their crystalline or liquid crystalline phases.

Thanks to this outstanding solid-state luminescence advantage, such materials have showed potential applications as one-dimensional semiconducting materials 207 and organic light emitting diodes (OLEDs) 208 . Nevertheless, according to the literature studies, to date, all the known highly luminescent mesogenic molecules were based on very limited fluorophores including cyanostilbene 203 , tolane 209 , tetraphenylethene 210 and metallomesogen 206 , which greatly impedes the wide applications of these materials. In this context, the development of novel ordered materials presenting highly efficient luminescent properties in their crystalline and liquid crystalline condensed phases is still highly 

Photophysical properties of C10-PBT in solution

The absorption and emission properties in solution were studied with low concentration solutions (ca.

10 -5 M) and the measurements were performed at room temperature. In this condition, these molecules can be considered as adequately isolated, i.e. the aggregation and the intermolecular interactions can be ignored.

The absorption and emission spectra of C10-PBT in chloroform are shown in We also investigated the absorption and emission properties of C10-PBT in solution with different polarity solvents (Figure 4.5 and table 4.1). All solutions were also prepared with low concentrations (10 -5 M) in order to limit the potential aggregation effects. As the polarity of the solvent increases, the absorption spectra of C10-PBT show slight changes, with a maximum moving from 409 to 411 nm for the intramolecular charge transfer band (330-500 nm range) for instance. This result indicates a weak dipole moment of the molecule in the ground state. However, we can observe a significant solvatochromic shift of the fluorescence spectrum maxima from 523 nm in cyclohexane to 566 nm in acetonitrile. This red shift of emission spectra with the solvent polarity is classical for D-A systems and indicates the high polarity of the excited state (strong dipole moment) in comparison with its ground state 213,214 . 

Electronic properties of C10-PBT

The electronic properties of C10-PBT were investigated by photoelectron spectroscopy (Figure 4.6a).

This measurement was performed with fresh spin-coated thin film samples and a HOMO level of - 

Photophysical properties of C10-PBT in solid-state film

In what follows, photophysical properties of the C10-PBT neat film and the CBP/C10-PBT blend films are investigated. The influence of guest concentration on the PL properties of CBP/C10-PBT blend films is also investigated.

Neat film properties

The absorption and emission properties of C10-PBT in solid-state were investigated based on spincoated neat films with a thickness around one hundred nanometer. The absorption spectrum of as-spun C10-PBT film presents maximum absorption wavelengths at 266nm, 326nm and 389nm (See green curve in Figure 4.7a) which are slightly blue-shifted relative to the solution spectra (See Table 4.1). For the emission properties, the PL spectrum of the as-spun film exhibits also a blue shifted emission with a maxima at 542 nm, while the solution displays an emission with a maximum peak at 557 nm (chloroform, Figure 4.5b). The results of absorption and PL properties are summarized in Table 4.2. We also investigated the absorption and emission properties of C10-PBT neat films after annealing at 80°C. Typical absorption and emission spectra of a C10-PBT thin film after annealing are shown in Figure 4.7a (blue curves). Upon annealing at 80°C, the absorption spectra show slight changes. In terms of the emission spectra, upon annealing, the initial emission at 542 nm is blue shifted toward 511 nm.

In addition, a significant increase of PLQY from 69% to 80% is observed (See Table 4.2). The change of emission spectrum after annealing at 80 °C, and the increase of PLQY suggest an important modification of the molecular packing after annealing which is consistent with the Cr1-Cr2 phase transition observed by DSC on heating around 61°C ( § 4.1). (In PhD thesis of Dr. Teng Teng, XRD results proved that after an annealing at 80 °C and cooling to room temperature, the Cr2 phase will stay.

In contrast, a heating until the Smectic A phase (94 °C ~ 136 °C) and cooling to room temperature will lead to the re-obtaining of Cr1 phase.) Note that this molecular reorganization in C10-PBT neat film after annealing is also corroborated by the different PL lifetimes (16.4 ns vs 20 ns) observed before and after annealing (See Figure 4.7b and Table 4. In conclusion, it is worth to mention that the high PLQYs measured in neat films indicate that this material is not so sensitive to concentration quenching and it is potentially promising for light emitting device fabrication.

CBP/C10-PBT host-guest system properties

In addition to single emitting material, researchers often use a matrix (host) to disperse the emitting dopant (guest), which could reduce the degree of exciton quenching usually observed in neat film of either host or guest 217 . Using this approach, one can take advantage of the large PLQY of the dispersed dopant molecules and achieve high quantum yields in composite materials 218 . This could result in efficient Förster resonant energy transfer (FRET) from host to guest molecules 219 . During the energy transfer, the exciton created in the host molecules either after absorption of a higher energy photon in the case of PL, or after recombination of an electron and a hole in the case of EL, delivers the excitedstate energy to guest molecules and improve PL efficiency and stability 220 .

In the case of our emitter C10-PBT, we chose the 4,4′-Bis(N-carbazolyl)-1,1'-biphenyl (CBP) as host which is one of the most widely-used host materials for green, yellow and red emitters. Indeed, this host presents (i) a suitable HOMO/LUMO energy levels in confining the energy levels of the C10-PBT guest As shown in Table 4. 

Electroluminescence properties of C10-PBT

Herein, the OLEDs based on both the C10-PBT neat film and the CBP/C10-PBT blend films are fabricated. Their EL properties are compared and discussed. The influence of guest concentration on the EL properties of CBP/C10-PBT blend films is also investigated.

Structure of the OLED devices

As shown in ITO presents a good conductivity and is stable and highly transparent in the visible range 228 , thus it is widely applied as the anode material for OLEDs fabrication. However, work function of ITO (-4.8 eV) is still much higher than the HOMO of C10-PBT (-6.1 eV) or CBP (-6.2 eV). Therefore, PEDOT:PSS was spin-coated as the HIL before the deposition of the EML to assist the injection of holes from the anode deeper into the EML. As a result, the insertion of this PEDOT:PSS layer leads to several improvements such as the increase of luminescence efficiency, the reduction of the turn on voltage and enhancement of the device lifetime 229 . The choice of PPT and TPBi as HBL and ETL respectively, was done due to their high electron affinities [230][231][232] and appropriate energetic levels matching with CBP. In such combination, the thin HBL can improve OLED performance by confining holes to the emitting layer, while the ETL supports the electron transport from the cathode. Based on such an OLED structure, the EL properties of C10-PBT neat film or CBP/C10-PBT host-guest system as the emitting layer will be discussed hereafter. 4.4). This low EQE value, in comparison to its high PLQY (69%), could be explained by the polycrystalline nature of the spin-coated C10-PBT neat films as observed by POM in Figure 4.8a. This polycrystalline nature is normally associated with the spin-coating of crystalline materials 107 . Such polycrystalline thin-films present small crystallite sizes and a large amount of grain boundaries that are detrimental for the charge injection/transport in the emitting layer and can quench a significant number of electrically created singlet excitons which can decay non-radiatively 107,167,168 .

Neat film as the emitting layer

For devices prepared with annealed spin-coated films, the EQE decreases to 0.08%, which is not in agreement with the higher value of the PLQY already observed after annealing (PLQY of C10-PBT neat film increases from 69% to 80% after annealing). A possible explanation of this lower EQE could be the change of C10-PBT layer morphology during the annealing process. Indeed, as previously observed by POM (Figure 4.8b), the reorganization of the structure of the film at 80°C leads to a discontinuity of the film, which is damaging for the device performance. In addition, although larger crystallites can be also observed after annealing, the vertical reorientation of the molecules relative to the substrate can also occur during the annealing. This phenomenon is well known for materials presenting liquid crystalline properties 105 . It is also consistent with the nanostructured films and the preferential vertical orientation of the C10-PBT molecules evidenced by AFM in thin films prepared by melt-processing (See § 4. On the other hand, as shown in Figure 4.13c and table 4.4, the maximum EL emission wavelength of the as-spun neat film is around 550nm which corresponds to a green emission. After annealing at 80 °C, the maximum EL emission wavelength is significantly blue shifted toward 520nm that is consistent with the change of maximum PL emission wavelength from 542nm to 511nm previously observed. This phenomenon is attributed to the modification of the molecular packing and Cr1-Cr2 phase transition observed by DSC (See § 4.1). Note that this molecular reorganization in C10-PBT neat film after annealing is also corroborated by the different turn on voltage (The typical voltage required to turn the OLED on and to conduct current) of the device (7.4V vs 6.6V) observed before and after annealing (see 

Host-guest emitting layer

According to Table 4.4, the OLED devices based on C10-PBT neat film present a modest EQE (0.18%), which drove us to study host-guest system to try to improve the EL efficiency. § 4.5.2 has introduced the host-guest system and the high PLQY values (above 78%) exhibited by all the CBP/C10-PBT blend films. Therefore, the dependence of the EL properties of the CBP/C10-PBT blend films on the C10-PBT concentration were investigated. As shown in Figure 4.14d, the maximum EL emission wavelengths (λEL max ) of the blend films originate almost exclusively from C10-PBT and no residual EL of the CBP host can be detected. This implies that a fast and efficient energy transfer from host to guest is the dominant process in the EL of CBP/C10-PBT blend films, which is in good agreement with the previous observation (See Figure 4.10c) reported for the PL of CBP/C10-PBT blend films. confirming the easier injection of charges into the EML. In addition, the maximum luminances are also much higher for host/guest-based devices than for C10-PBT neat film OLEDs (see also in table 4.5).

These results confirm the reduction of the concentration quenching effect in host/guest-based devices.

However, it is interesting to note that although maximum luminances (and EQEs) globally increase when the guest concentrations decrease, they remain of the same ranges indicating the limited effect of the concentration quenching for C10-PBT as also observed in PL. In conclusion of this paragraph, OLED devices based on spin-coated CBP/C10-PBT blend can present high performances (EQE up to 3%). However, further improvements of the EL and device efficiency could be still achieved by the optimization of the device structures such as the modification of the thickness of the HIL, EML, HBL and ETL, or the investigation of other HIL, HBL and ETL layers.

Conclusion

In summary, we studied a new fluorescent material C10-PBT presenting a donor-acceptor-donor (D-A-D) structure with O-alkylphenyl groups as donor units and benzothiadiazole unit as acceptor core. Its thermal behavior, thin film morphology and electronic properties were investigated. Its photoluminescence (PL) properties were examined in details in neat film (before and after annealing at 80ºϹ) and CBP/C10-PBT host/guest systems. In neat film, C10-PBT presents a green emission which is blue shifted from 542nm to 511nm and an increase of PLQY from 69% to 80% after annealing, suggesting a significant modification of the molecular packing after annealing. Blend films show high PLQY values from 78% to 91% for concentration ranging from 70 wt% to 2 wt%, attesting that C10-PBT is not very sensitive to concentration quenching and could be a promising dye for potential light emitting devices. The OLED with CBP/6 wt% C10-PBT host/guest system as EML showed the highest EQE (around 3%) which is relatively good considering the theoretical maximum EQE that could be expected with this type of fluorophore. EQE value of about 3% is much higher than the ones obtained with neat films of C10-PBT, which can be explained by several concomitant favorable effects such as a better film morphology, limited concentration quenching phenomenon, a better charge injection/transport and an efficient energy transfer. This study confirms the great potential of C10-PBT derivative as a promising dye for the fabrication of efficient light emitting devices and more generally for optoelectronic applications. 

DSC

The thermal phase transitions of C10-PBT were analyzed by DSC using TA instruments Q2000 under a nitrogen flow on heating and cooling cycles at different rates (20°C/min, 10°C/min, 5°C/min, and 2°C/min).

POM

POM was carried out using a Leica microscope equipped with a Linkan THMS 350 hot plate connected to a Linkam 93 temperature controller.

AFM

AFM experiments were performed in tapping mode, using an apparatus Bruker 3100 and silicon tips, with a resonance around 400kHz, allowing to specifically probe soft matter.

Photophysical properties in solution and in solid-state film

For the characterization of photophysical properties in solution, C10-PBT was dissolved in solvents of different polarities at a concentration about 10 -5 M and the solutions were placed in quartz cuvettes. All solvents used here were of spectroscopic grade. C10-PBT neat film and CBP neat film were prepared by spin coating at a rotating rate of 3000rpm for 60s from chloroform onto precleaned fused silica substrates at ambient atmosphere. In order to investigate the effect of C10-PBT concentration on the photophysical properties of the blend films, CBP/C10-PBT blend films with 2wt%, 6wt%, 10wt%, 20wt%, 50wt% and 70wt% of C10-PBT were prepared by spin coating (3000rpm, 60s) from chloroform solution. The concentration of each solution is 1wt%. All solutions were filtered with a 0.45 µm (pore diameter) Acrodisc 13CR PTFE syringe filter (Pall Corp., East Hills, NY) before spin coating.

Absorption spectra of the solution and film were accumulated applying a Varian Cary 5000 spectrometer and UV-2550 spectrometer (Shimadzu) respectively. Steady-state PL spectra were recorded using a Fluoromax-4 spectrophotometer (Horiba Scientific). Absolute PLQYs were obtained using a Quantaurus-QY measurement system (C11347-11, Hamamatsu Photonics). The transient photoluminescence decays were measured on a Quantaurus-Tau C11367-03.

Fabrication and characterization of OLED devices

ITO-coated glass substrates were cleaned sequentially in ultrasonic bathes of detergent, deionized water, acetone, and 2-propanol, followed by the heating and boiling in 2-propanol before dried by compressed N2. Then all the substrates were put in the UV ozone cleaner for 20 mins to remove remaining organic contaminants and enhance hole injection ability of ITO 220 .

Before the deposition of the PEDOT:PSS film, the substrates were preheated at 120°C for a while to facilitate the form of the film with good morphology. PEDOT:PSS thin films (with thickness of about 35nm) were then deposited onto the ITO-coated glass substrates by spin-coating (3000rpm, 60s) followed by a heating of the film at 150°C for 20min to remove residual water. EML consisting of neat C10-PBT or CBP/C10-PBT blend with different C10-PBT concentration (2wt%, 6wt%, 10wt%, 20wt%, and 50wt%) were spin-coated (3000rpm, 60s) from their chloroform solution onto the PEDOT:PSS layer. Next, substrates were covered with shadow masks (See As mentioned in §1.1.2.2, the development of semiconducting materials based on donoracceptor (D-A) macro-or molecular architectures, alternating electron-donating and electronwithdrawing units, have attracted wide attention these last two decades 136 . These materials, absorbing in the near-IR range and typically having a bandgap smaller than 1.6 eV, are particularly attractive in organic photovoltaics (OPV), photodetectors (PDs), and ambipolar field-effect transistors (FETs) 137,138 . Generally, thiophene, bithiophene, thieno [3,2-b]thiophene, benzodithiophene (BDT) or dithienopyrrole are commonly used as strong electron-donating units 136 . The choice of strong electron-withdrawing units is generally more limited and chemical moieties such as naphthalene diimide (NDI), perylene diimide (PDI) [START_REF] Jones | High-Mobility Air-Stable n-Type Semiconductors with Processing Versatility: Dicyanoperylene-3,4:9,10-Bis(Dicarboximides)**[END_REF] , 2,1,3benzothiadiazole 238 , quinoxaline 239 , thieno [3,4-c]pyrrole-4,6-dione (TPD) 240 , or isoindigo (iI) are mainly used.

Among all the existing strong electron-withdrawing units, iI is now very popular in D-A semiconductors and it is mainly utilized for both OPV and OFET applications 139 . This unit contains two five-membered lactam rings joined by an exocyclic double bond at the 3 and 3' positions; each lactam is fused to a benzene ring, forming a fully conjugated structure 241 (See and the authors demonstrated ambipolar transistor properties with a maximum hole and electron mobility of 0.12 cm 2 V -1 s -1 and 0.13 cm 2 V -1 s -1 respectively.

Although il(T2)2 has been extensively studied in solar cells due to its strong absorption in the visible spectrum 244 , to the best of our knowledge, no investigation of the charge transport properties of this iI-based molecular materials has been reported so far. In this chapter, we thus propose to study the morphology of spin-coated thin films of iI(T2)2 (See Figure 5.1) and its annealing temperature dependence by DSC, POM, GIXS and AFM. Then, the charge transport properties of iI(T2)2 thin films will be investigated in FET configuration and the device air stability and surface treatment effect will be also discussed. This work represents the first investigation of charge carrier mobility of iI(T2)2 in transistor configuration. 

Thermal properties of iI(T2)2

In solid-state, iI(T2)2 derivatives consist of a blue-black dark powder which is composed of long single crystal needles with a length about hundreds of microns (Figure 5. 

Polarized optical microscope (POM)

The effect of the annealing on the film morphology was investigated first by POM. As shown in Figure 5. 

Grazing incidence X-ray scattering (GIXS)

To further investigate the structure and morphology of il(T2)2 thin films, GIXS measurements were carried out at room temperature on film 0, 1 and 2 (Figure 5.4). The GIXS patterns of the three films present similar reflections with the same spot positions, pointing out that all the films present the same crystallite phase and same oriented structure. However, the three films differ significantly in the size of the crystallites. For the as-prepared film (film 0), the average crystallite size is about few nanometers (~40-50 Å from Scherrer equation 149 , see also §2.5.1) and give substantially broadened reflections spots. After annealing, the reflections spots of GIXS patterns are narrower and narrower, suggesting an important increase of the crystallite size, as for the film 2 (annealed at 140°C) in which the crystallites are larger than 20 nm. Note 

Electronic properties of iI(T2)2 thin films

The electronic properties of iI(T2)2 were investigated by photoelectron spectroscopy (Figure 5.6a). This measurement was performed with fresh spin-coated thin film samples (as prepared) on a silicon wafer. A HOMO level of -5. The charge transport properties of iI(T2)2 material were investigated first by Time of Flight (TOF) technique. In TOF configuration, a thick film of 9µm is sandwiched between transparent ITO electrodes in order to apply a continuous electric field. Then, a short laser pulse is used to photogenerate charges on one side of the sandwich cell that will move under the applied bias and create a transient photocurrent. From the lifetime of this photocurrent, electron or hole mobilities can be extracted with a simple equation given in experimental part. Moreover, the average electron mobility (1.5x10 -1 cm 2 V -1 s -1 ) was comparable to the average hole mobility (3.1x10 -1 cm 2 V -1 s -1 ), suggesting an ambipolar charge transport of iI(T2)2 as already reported with other iI derivatives such as iI 245 , iI-C6 246 , P(il-T1) 247 and P(iI-T2) 1 248

(See Figure 5.8). Note that, the charge carrier mobilities extracted from TOF method are generally higher than that extracted from FET devices since the latter has to consider several parameters that can affect the mobility value (device geometry, contact resistance, …). 

Organic field-effect transistor (OFET)

The charge carrier mobility of iI(T2)2 thin films prepared by spin coating was investigated. The effect of annealing on charge transport properties was carried out with BG/BC transistors with SiO2 surfaces. In addition, air stability of iI(T2)2 FETs on SiO2 substrate and ambipolar properties of OTS-treated devices were also investigated.

Charge transport properties of iI(T2)2 thin films in transistor configuration and annealing effect

The transistor fabrication is described in the experimental part. Considering the energy HOMO level of the material (-5.4eV, see §5.3), gold contacts are well-suited for hole injection and charge transport investigation. reported by Pei and coworkers 248 . In this work, the authors showed that direct spin-coated films of P(iI-T1) polymer (See Figure 5.8) did not exhibit detectable field-effect, whereas it was measured after annealing at 150 °C for 20 min to show a hole mobility of 0.015cm 2 V -1 s -1 . In addition, another work based on P(iI-T2) 1 polymer (See Figure 5.8) demonstrated that spincoated films also displayed an increase of hole mobility from about 0.15 cm 2 V -1 s -1 to 0.42 cm 2 V - 1 s -1 after annealing at 150 °C for 20 min.

The other device parameters such as the threshold voltage (Vth) or the on/off current ratios (Ion/Ioff) are given in Table 5.2. In this table, we can observe that Ion/Ioff increases by one order of magnitude after annealing at 160°C and the Vth slightly increases after the successive annealing treatments of the films. The increasing of the Vth can be explained by the probable alteration of the interface between the material and the bottom electrodes that can occur during the modification of the film morphology with the temperature. Note that these transistors based on SiO2 surfaces were also tested for n-type operation and no electron conduction was detected (no n-type characteristics). the iI(T2)2 chloroform solution dewets easily during the spin coating on a hydrophobic OTStreated substrate. As a result, the interdigitated electrodes of transistors were partially covered by the iI(T2)2 thin film as displayed in Figure 5.12. Figure 5.13 shows typical transfer and output curves of such no-optimized FET devices measured with film 4 (See Table 5.1). On OTS surfaces, the transistors present typical p-type and n-type transfer characteristics (indicating the ambipolar conduction of the devices Figure 5.13 a and b, left). Mobilities values about 1.7x10 -4 cm 2 V -1 s -1 and 1.5x10 -5 cm 2 V -1 s -1 were calculated for hole and electron, respectively. The detection of the n-type conduction could be explained by the OTS surface treatment that can remove the hydroxyl groups at the SiO2 dielectric interface which usually trap electrons and substantially affect the n-type behavior of OSCs 249,250 . It could also be explained by the relatively low LUMO energy level of iI(T2)2 derivative (-3.65eV, see §5.3, and -3.9eV 140 ) that can allow the electron injection from the gold electrodes to the LUMO of the material. However, it should be pointed out that the unbalanced hole and electron mobilities and the not saturated output curves of the n-type characteristics in Figure 5.13b (right) evidence the significant mismatching of the gold work function (-5.1eV) with the LUMO level of iI(T2)2 (-3.65eV/-3.9eV). Note that this preliminary results could be probably optimized, as for example by achieving continuous film on OTS surface in using other solvents such as 1,2,4trichlorobenzene (TCB) exhibiting high boiling point 251, 252 and higher contact angle 253 . 

Conclusion

In summary, charge transport properties of spin-coated thin film of isoindigo-based oligothiophenes iI(T2)2 were investigated in thin film transistors configurations. The thermal properties and the effect of the annealing conditions on the film morphology was studied by Differential scanning calorimetry (DSC), Polarized optical microscope (POM), Grazing incidence X-ray scattering (GIXS) and Atomic force microscope (AFM), and demonstrated the beneficial impact of the annealing process to reduce the density of grain boundaries and improve the film structure. The film morphology/charge transport properties relationship was discussed in details and a maximum hole mobility value of 0.011 cm²V -1 s -1 was measured on the SiO2 substrate. Moreover, a good stability of the OTFTs in air environment or after air exposure was evidenced. In addition, devices prepared with OTS-treated substrates demonstrated that an electron conduction could be also achieved, leading to ambipolar charge transport properties. This work represents the first investigation of charge carrier mobility of iI(T2)2 in transistor configuration.

Experimental section

Materials

All materials and solvents were purchased from Sigma Aldrich and were used without further purification. iI (T2)2 was synthesized by Dr. D'Aléo Anthony at Seoul (Korea).

TGA and DSC

Thermogravimetric analysis (TGA)) and DSC were performed using TA instruments Q2000 under N2 flow in aluminum hermetic pans. Balance purge flow and sample purge flow of N2 were 40 ml/min and 60 ml/min respectively during the TGA analysis. The DSC traces of iI (T2)2 compound on heating and cooling were recorded with a rate of 20 °C/min, 10 °C/min and 5 °C/min.

POM

POM was carried out using a Leica microscope equipped with a Linkan THMS 350 hot plate connected to a Linkam 93 temperature controller.

GIXS

The characterization of the structural properties of the spin-coated films was performed by 2D GIXS experiments at PLS-II 9A U-SAXS beamline of Pohang Accelerator Laboratory in Korea.

The thin films were studied on silicon substrates and the X-rays coming from the vacuum undulator (IVU) were monochromated using Si(111) double crystals and focused on a detector consisting in a 2D CCD detector (Rayonix SX165). The distance between sample and detector was around 225 mm and the beam energy was about 11.06 keV (1.121 Å).

AFM

AFM experiments were carried out to examine the surface morphologies of iI(T2)2 spin-coated films before and after annealing. These measurements were performed in the tapping mode, with Bruker 3100 stand alone. Tips were in silicon, associated with a resonance around 300

Photoelectron spectroscopy

The HOMO level was found by measuring its work function using photoelectron spectroscopy (Riken Keiki, AC-3). P-type transfer characteristics were acquired at VDS = -50 V while VGS was stepped from 5 V or 10 V to -60 V in 0.5 V increments. N-type transfer characteristics were acquired at VDS = 20

TOF

V while VGS was stepped from -10 V to 60 V in 0.5 V increments. P-type output characteristics were taken at VGS = 0 V to -60V in 20V or 15 V increments and VDS was stepped from 0 V to -60 V in 0.5 V increments. N-type output characteristics were taken at VGS = 0 V to 60V in 15

V increments and VDS was stepped from 0 V to 60 V in 0.5 V increments. Hole field-effect mobilities were calculated from the transfer characteristics in the saturation regime, using the standard method described in chapter 1 ( §1. 3.1.1). On/Off current ratio (Ion/Ioff) was determined from the IDS at VGS=0V (Ioff) and VGS=-60V (Ion).

investigation of the structure of C8-BTBT-C8 melt-processed thin films have still to be performed in order to figure out the complete structure/property relationship of such devices. To conclude, this work definitively confirms the importance of the morphology optimization of semiconducting active layers in the field of the optoelectronics to achieve high charge transport and/or photophysical properties. More generally, we have shown that a fundamental understanding of physico-chemical aspects, notably materials processing, and the inducement of increased order and control of the solid-state structure, is critical to realize the full intrinsic potential that organic semiconductors possess. This latter point requires, in any case, an intimately integrated approach involving synthesis, phase behavior, processing, and device design.

Emmanuelle

  Lacaze at INSP and Dr. Fabrice Mathevet at IPCM, for their impressive teaching and patient help during last four years. Dr. Emmanuelle Lacaze always stresses that I should think before I do. For example, when I performed AFM at the very beginning, I tended to mechanically memorize what to do now and what to do next. I really didn't have the habit to think why I did like this. But She reminded me that I should figure out the purpose of each step.
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  derivative DAL1 synthesized by our colleagues Dr. D'Aléo Anthony and Prof. Frédéric Fages at Center Interdisciplinaire de Nanoscience de Marseille (CINAM), for the optimization of change transport and photophysical properties. The second project focuses on the fabrication of organic field-effect transistors based on single crystals of BTBT derivatives prepared in our laboratory at Institut Parisien de Chimie Moléculaire (IPCM) by the Dr. Xiaolu Su. The third project deals with the study of photo-and electro-luminescence of a new liquid crystalline fluorescent material C10-PBT emitter also synthesized in our laboratory by the Dr. Teng Teng. The OLED devices incorporating C10-PBT emitter were fabricated in collaboration with Prof. Chihaya Adachi's group at Center for Organic Photonics and Electronics Research (OPERA) at Kyushu University in Japan. Finally, the last project is about the study of charge transport properties of thin films based on a narrow-bandgap isoindigo derivative iI(T2)2 synthesized by our colleague Dr. D'Aléo Anthony at EWHA Womans university in Seoul.

Figure

  Figure I a) Structure moléculaire du composé DAL1. b) Images POM montrant la croissance d'un large domaine monocristallin à partir d'un germe dispersé dans la phase liquide isotrope de DAL1. c) Courbes de transfert et output d'un transistor obtenu à partir d'un film de DAL1 melt-processé.

Figure

  Figure II a) Structure moléculaire du composé BTBT. b) Image POM montrant le depot d'un monocristal obtenu par vapor transport deposition sur une structure transistor (electrodes d'or intedigitées). c) Courbes de transfert et output d'un transistor obtenu à partir d'un monocristal de BTBT. d) Structure moléculaire du composé C8-BTBT-C8. e) Image POM montrant le positionnement d'un shadow mask sur un film mince de C8-BTBT-C8 melt-processé avant le dépôt des électrodes d'or. f) Courbes de transfert et output d'un transistor obtenu avec un film meltprocessé de C8-BTBT-C8.

Figure

  Figure III a) Structure moléculaire du composé C10-PBT. b) Image POMs montrant (gauche) la texture optique « conique-focale » de la phase smectique A et (droite/haut/bas) la texture optique observer pour les phases cristallines à 70°C et à 75°C. c) PLQYs à l'état solide en fonction de la concentration en C10-PBT dans une matrice de CBP et (image insérée) photo des films observés sous irradiation UV.

Figure

  Figure IV a) Structure des OLEDs préparées avec une EML spin-coatée de 6% de C10-PBT dans du CBP. b) EQEs des OLEDs fabriquées avec une EML spin-coatées suivant la concentration en C10-PBT dans du CBP. c) EQEs des OLEDs fabriquées avec une EML spin-coatées en fonction de la concentration en C10-PBT dans du CBP et illustration (image) d'une diode en fonctionnement.

Figure

  Figure V a) Structure moléculaire du composé iI(T2)2. b) mobilité de trous mesurée en fonction de la température de recuit du film de iI(T2)2 (insertion : courbe de transfert de l'OFET recuit à 160°C). c) courbe de output du transistor obtenu avec un film de iI(T2)2 recuit à 160°C. d) et e) courbes de transfert pour les trous (gauche) et les électrons (droite) d'un transistor préparé avec un film de iI(T2)2 sur un substrat traité OTS et recuit à 160°C.

Figure 1 .

 1 1 gives some examples of the chemical structures of typical π-conjugated small molecules and polymers: Anthracene, Pentacene, TIPS-Pentacene, Rubrene, Phthalocyanine, 1]benzothiophene (C8-BTBT-C8), Dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT) and C10-DNTT-C10 as small molecules; Polyacetylene (PA), Polypyrrole (PPy), Poly(3alkylthiophene) (P3HT), Poly(p-phenylene vinylene) (PPV) and Oligothiophene as polymers.

Figure 1 . 1

 11 Figure 1.1 Chemical structures of typical π-conjugated small molecules and polymers.

Figure 1 . 2

 12 Figure 1.2 Four frequently observed packing motifs adopted by organic small molecules and prototypical molecules 13 .

Figure 1 . 3

 13 Figure 1.3 Molecular structure of a) PDTT-C8C10, b) poly(p-phenylenes) and c) MeLPPP.

Figure 1 . 4

 14 Figure 1.4 Sketch of 3 time domains governing charge transport. These are identified as ultrafast motion inside a conjugated segment and along a single polymer chain, respectively, while the slow motion phase involves interchain jumps 13 .

Figure 1 . 5

 15 Figure 1.5 Schematic representations of (a) face-on and (b) edge-on orientations with red color symbolizing the conjugated backbone and blue arms symbolizing the polymer side chains 22 .

Figure 1 . 6

 16 Figure 1.6 Overview of the photoconversion mechanism in bulk-heterojunction organic solar cells 24 .

Figure1. 7

 7 Figure1.7 Schematic representations of device structures of organic solar cells: a) single-layer, b) bilayer, c) bulk heterojunction, and d) ordered-heterojunction 24 .

Figure 1 . 8

 18 Figure 1.8 Applications of OFETs.

Figure 1 . 9

 19 Figure 1.9 Four basic OFET device configurations: a) BGBC, b) BGTC, c) TGBC and d) TGTC.

Figure 1 .

 1 Figure 1.10 Chemical structures of recent high-mobility small-molecule p-type materials: a) Ph-BTBT-C10, b) thienoacenes; and n-type materials: c) Functionalizing oligothiophene, d) PDIF-CN2, e) Cl2-NDI and f) 4Cl-TAP.

Figure 1 .

 1 Figure 1.11 Chemical structures of current high-performance p-type, n-type and ambipolar polymers.

Figure 1 .

 1 Figure 1.12a) as electroluminescent material. The luminescence was first observed above 400 V. The current through the crystal was more than 1 μA; this represents a current density near the small electrode of about 100 μA/cm 2 . In 1982, Vincett 51 obtained the lighting at applied voltage of only about 30 V (Typical current density ~ voltage curve is shown in Figure 1.12b) from vacuum-deposited 600 nm thick Anthracene film, which significantly reduced the driving voltage and improved the efficiency.

Figure 1 .

 1 Figure 1.12 a) Chemical structures of Anthracene, Alq3, PPV and TAPC. b) Typical log J vs. log V plot obtained at lower voltages after long-time application of a higher voltage V0 (arrowed) (nominal film thickness about 600nm) 51 . c) Schematic representation and d) Brightness-current-voltage characteristics of the first practical OLED structure 52 .

1 .

 1 13a). However, in this simplest OLED configuration, the luminescent efficiency was very low due to bad charge injection and the unbalance transport of holes and electrons. In order to improve the EL efficiency, scientists keep optimizing the structure. Now more layers are inserted, such as hole injection layer (HIL: this layer receives holes from the anode and injects them deeper into the device), hole transport layer (HTL: this layer supports the transport of holes across it so they can reach the emissive layer), electron injection layer (EIL: this layer receives electrons from the cathode and injects them deeper into the device) and electron transport layer (ETL: this layer supports the transport of electrons across it so they can reach the emissive layer), as shown in Figure1.13b. Sometimes, HTL or ETL can simultaneously be used as electron or hole blocking layer (EBL or HBL: this layer is used to improve OLED technology by confining electrons or holes to the emissive layer) respectively, or additional EBL or HBL are incorporated.

Figure 1 .

 1 Figure 1.13 Schematic representation of the OLED device structures. a) The simplest OLED structure with only EML between the cathode and the anode; b) The optimized OLED structure with EIL, ETL, EML HTL and HIL between the cathode and the anode.

Figure 1 .Figure 1 .

 11 Figure 1.14 Diagram for the processes of a) fluorescence and phosphorescence, and b) thermally active delayed fluorescence (TADF ) 55 .

Figure 1 .

 1 Figure 1.16 presents some typical fluorescent materials with light emission from UV to red. In 1998, the Thompson and Forrest groups 56 boosted OLED IQE from 25% to 100% by using phosphorescent materials, constituting the second-generation organic electroluminescent materials. Heavy metal atoms were widely used in phosphorescent materials with the purpose being to mix the triplet and singlet excitons, thus making the direct radiative decay possible from T1 to S0 (See Figure1.14a). Initially, the only phosphorescent emitters found to be practically useful were iridium (Ir) and platinum (Pt) complexes. Phosphorescent materials

Figure 1 .

 1 Figure 1.16 Molecular structures of typical fluorescent materials and fluorescence of their solution under UV 60 .

Figure 1 .

 1 Figure 1.18 Chemical structure of TCz-F and 4CzIPN.
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 11 Figure 1.1) with dimension up to millimetres by utilizing the drop coating from azeotropic binary solvent. The TIPS-PEN single crystals exhibit enhanced charge mobility by a factor of four compared to that of the polycrystalline-films.

Figure 1 .

 1 Figure 1.19 Schematic representation of the stages of drop coating.

Figure 1 .

 1 Figure 1.20 Schematic representation of the different stages of dip coating 74 .

Figure 1 .

 1 Figure 1.21 The procedure of the blade-only method 75 .

Figure 1 .

 1 Figure 1. 22 Schematic representations of the different stages of conventional on-centre spin coating 80 .

Figure 1 .

 1 Figure 1.23 Schematic representation of the off-centre spin coating 83 .

Figure 1 .

 1 Figure 1.24 Schematic representations of inkjet printing 86 . (a) Continuous mode; (b) Drop-on-demand mode.

Figure 1 .

 1 Figure 1.25 Schematic representation of R2R processing of a three-layer polymer solar cell in an integrated process 96 .

Figure 1 .

 1 Figure 1.26 Schematic representations of several R2R compatible methods 77 .

Figure 1 .

 1 Figure 1.27 An illustration of curtain (top left), multiple slot (top right) and slide coating (bottom) for the simultaneous coating of three layer 77 .

Figure 1 .

 1 Figure 1.29 Schematic representation of the cross-section of a physical vapor transport deposition reactor 5 .

Figure 1 .

 1 Figure 1.30 Schematic representation of micro-spacing in air sublimation 103 .

Figure 1 .

 1 Figure 1.31 Fabrication of an OFET by using a melting process 105 .

Figure 1 .

 1 Figure 1.32 A schematic illustration of the micropattern and OFET fabrication process 106 .

Figure 1 .

 1 Figure 1.33 Schematic representation of the charge transport mechanism of hopping, transient localization and Boltzman band model. The orange areas depict the charge delocalization. T is the temperature 110 .
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 22 When source/drain voltage (VDS) is applied, negative or positive source-gate voltage (VGS) will induce accumulation of holes or electrons at the semiconductor/dielectric interface of the OFET. As a result, there will be a current flow (IDS) in the channel from the source to the drain. By recording these voltage and current data, two electrical characteristics can be obtained. One is the output curve showing the relationship of IDS versus VDS for different constant VGS; another is the transfer curve which presents the relationship of IDS versus VGS at constant VDS. When a small VDS is applied (VDS<<VGS), a linear gradient of charge density (from the carrier injecting source to the carrier extracting drain) forms and IDS along the channel is directly proportional to VDS, indicating that the device operates in the linear regime. When VDS = VGS-Vth, the channel is pinched off, and IDS cannot increase significantly anymore with further increase of the VDS and saturates. Typical transfer and output curves of a n-type OFET are shown below in Figure 1.34.

Figure 1 .

 1 Figure 1.34 Typical transfer and output curves of a n-type OFET. a) output curves indicating the linear and saturated regimes; b) transfer curves in the linear regime, indicating the onset voltage (Von) when the IDS starts increases abruptly; c) transfer curves in the saturated regime, indicating the Vth , where the linear fit to the square root of the IDS intersects with x-axis 11 .

  first application of TOF in the measurement of charge carrier mobility of OSCs could date back to 1960, when Kepler 113 and Leblanc 114 investigated the drift mobilities of both holes and electrons of very high purity anthracene with a pulsed photoconductivity technique. TOF is a quite suitable setup for obtaining the charge transport properties of organic semiconducting materials with low mobilities. The principle is depicted in Figure 1.35 115 .

Figure 1 .

 1 Figure 1.35 a) Principle representation of a Time-of-Flight technique; b)Resulting time dependent current; c) Ideal curve of photocurrent as a function of time 115 .

Figure 1 .

 1 Figure 1.36 The (a) schematic representation and (b) principle of a polarized optical microscope 117 .

Figure 1 .

 1 Figure 1.37 a) Typical schlieren texture of nematic phase; b) Typical cholesteric texture of chiral nematic phase; and c) Typical focal conic texture of smectic A phase.
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 1 Figure 1.38 Graphical representation of X-ray diffracting from crystal planes 122 .

Figure 1 .

 1 Figure 1.39 Illustration of XRD performed at a a) high and b) low incident angle 122 .

Figure 1 .

 1 Figure 1.40 Geometry of the GIXS setup. The incident beam K0 forms an angle α with the sample surface. The scattered beam k is registered by an image plate detector at a distance L. The in-plane component of the momentum transfer vector q is qxy and the vertical component qz 124 .

Figure 1 .

 1 Figure 1.41 GIXS images illustrations of data from samples with different textures.

Figure 1 .

 1 Figure 1.42 Photographs of the basic components of a sample scanning AFM: a) scanner base, b) cantilever holder, c) optical head, and d) piezo positioner 128 .

Figure 1 .

 1 Figure 1.43 Schematic diagram of the optical head of the AFM 129 .

Figure 1 .

 1 Figure 1.44 The repulsive and attractive force regimes as the AFM tip approaches the sample (left) and movement route of the tip (right) in contact mode, tapping mode and non-contact mode 131 .

  OFETs and demonstrate how this processing method can enhance charge carrier mobilities in comparison to other processing methods. This part of work has been published in Journal of materials chemistry C in 2019 107 .
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 1 Figure 1.45 Molecular structure of DAL1 (collaboration with Dr. D'Aléo Anthony and Prof. Frédéric Fages at CINAM, Marseille).
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 1 Figure 1.46 Molecular structures of unsubstitued BTBT core and C8-BTBT-C8 (collaboration with Dr. Xiaolu Su and Dr. Teng Teng at IPCM).

Figure 1 .

 1 Figure 1.47 Molecular structure of C10-PBT (collaboration with Dr. Teng Teng at IPCM).

Figure 1 .

 1 Figure 1.48 Molecular structures of il and iI(T2)2 derivative (collaboration with Dr. D'Aléo Anthony at EWHA, Seoul (Korea)).

Figure 2 . 1

 21 Figure 2.1 Molecular structure of DAL1 (collaboration with Dr. D'Aléo Anthony and Prof. Frédéric Fages at CINAM, Marseille).

Figure 2 . 2 .

 22 The DSC trace upon heating shows a small endothermic peak at around 84.6°C (ΔH ≈ 2.4 J g -1 ), which is attributed to a crystalto-crystal phase transition related to a slight reorganization of the lattice, and a sharp endothermic peak at around 151.6°C (ΔH ≈ 47 J g -1 ), which corresponds to the melting to isotropic liquid phase transition. On cooling, these thermal transitions are reversible with the crystallization observed at 119.7°C and the crystal-to-crystal transition occurring at 85.8°C. The transition temperatures, phase sequence, and transition enthalpies of DAL1 are listed in Table2.1.
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 2222 Figure 2.2 DSC traces of DAL1 derivative recorded at 2°C/min.

Figure 2 .

 2 Figure 2.3 a) Crystalline structure of DAL 1; b) Representation of the lattice structure of DAL 1 single crystal prepared by slow solvent evaporation.

Figure 2 . 4 ,

 24 the crystalline structure in the powder state (black curve) is completely different from the arrangement of the single crystals (purple curve) obtained by slow solvent evaporation. As shown by the black curve, the pristine powder presents two reflections at the small angle region characteristic of a lamellar (See yellow arrows in Figure2.4) organization of periodicity 22.8 Å (According to the relationship between q and d, d=2π/q introduced in §1.3.2.2, d=2π/0.27=22.8 Å), which is maintained after thermal treatments (blue curve in Figure2.5). The powder crystallized from the molten state presents a similar lamellar structure indicating a similar molecular organization (red curve in Figure2.5).The crystal-to-crystal phase transition observed by DSC at 85°C (See Figure2.2) corresponds to slight change of the molecular packing as revealed by small shifts of some wide-angle reflections in the powder XRD pattern of DAL1 at 100°C. Note that this transition is also completely reversible on cooling, consistently with DSC measurements(Figure 2. 6).

Figure 2 . 4

 24 Figure 2.4 SAXS pattern of DAL1 pristine powder (black curve) and simulated SAXS pattern calculated from single crystal structure resolved from single-crystals prepared by slow solvent evaporation (purple curve).

Figure 2 . 5

 25 Figure 2.5 SAXS patterns of DAL1 derivative at room temperature (RT) in the pristine powder state (black), at RT after annealing at 100°C (blue) and at RT after melting in the isotropic liquid phase and cooling (red)

Figure 2 . 7

 27 Figure 2.7 One photo of the spin coater.

Figure 2 . 8

 28 Figure 2.8 Steps of the processing of the crystalline thin layer prepared by the melt-processing.

Figure 2 . 9

 29 Figure 2.9 Schematic representations of substrate surface a) before and b) after OTS treatment.

Figure 2 .

 2 Figure 2.10 POM images showing the growth of a large single crystal monodomain from a single crystal germ during the melt-processing.

Figure 2 .

 2 Figure 2.11 Grazing incidence X-ray scattering patterns of DAL1 in a) as-prepared and b) annealed at 100 °C spin-coated films, and c) melt-processed thin film. Two red spots are (0,0,l) reflections. Other black spots on the meridian are (h,k,l) miller index reflections.

Figure 2 .

 2 Figure 2.12 Topography AFM images of DAL1 thin films prepared a) by spin-coating (as-prepared), b) by spincoating after annealing at 100°C for 1h, and c) by melt-processing method. The white insets in b) and c) show the terrace step profiles on the surface of thin films along the white lines.

Figure 2 .

 2 Figure 2.13 Device architecture for the a) spin-coated and b) melt-processed OFETs.

Figure 2 .

 2 Figure 2.14b, a thickness of 100 to 150nm can be determined for the single crystal film.

Figure 2 .

 2 Figure 2.14 a) Picture of a transistor prepared with a melt-processed thin film of DAL1. b) AFM image of the transistor channel area localized in the red square shown in a), and height profiles along the red, black and blue lines showing the typical melt-processed thin film thickness and the crack depth.

Figure 2 .

 2 Figure 2.15 Cyclovoltamogram of a 1M solution of DAL1 in THF using TBAPF6 as the supporting electrolyte and a vitreous carbon working electrodes at a rate of 50 mV.s -1 (from CINAM, Marseille).

Figure 2 .

 2 Figure 2.16 shows typical transfer and output characteristics measured in the devices based on

Figure 2 .

 2 Figure 2.16 a) Transfer characteristics of OFETs based on as-prepared and annealed spin-coated films. b) and c)shows the output characteristics of the devices before and after annealing, respectively. Annealing was performed at 100 °C.

Figure 2 .

 2 Figure 2.17 Square root of the s/d current versus the gate voltage in as-prepared, annealed, and melted OFETs.

Figure 2 .

 2 Figure 2.18 Summary of the OFET properties measured in the as-prepared device. These data show the excellent repeatability of the device performance.

Figure 2 .

 2 19 the hole mobility determined in the saturation regime versus gate voltage. As the Vg bias increases, hole mobilities of the three kinds of films in OFET configurations keep relatively constant. These results are useful to exclude any potential issues in field-effect mobility overestimation due to contact resistance problems148,154 .

Figure 2 .

 2 Figure 2.19 Gate voltage dependence of the hole mobility in representative as-prepared, annealed and melted OFETs.

Figure 2 .

 2 Figure 2.20 displays the transfer and output characteristics of a representative device based on a melt-processed organic layer. Similar to the spin-coated polycrystalline thin films, the meltprocessed devices exhibit a unipolar p-type conduction with clear linear and saturation regimes in their output characteristics. Noticeably, no significant contact resistance effects (no curvature of the curve at low Vd) can be seen from the behaviour of the output characteristics at low Vd

Figure 2 .

 2 Figure 2.20 a) Transfer and b) output characteristics of an OFET based on a melt-processed film.

Figure 2 .

 2 Figure 2.21 a) Steady-state photoluminescence spectra of the pristine, annealed and melted films. Excitation wavelength was 400 nm. b) Photoluminescence decays measured at room temperature in pristine, annealed and melted films.

  .1, collaboration with Dr. Xiaolu Su at IPCM) in OFET configuration. To overcome the inability to obtain homogeneous thin films by vacuum thermal evaporation, BTBT single crystals are fabricated by physical vapor transport deposition (VTD) 181 and the molecular packing and morphologies of BTBT single-crystals are analyzed by XRD, POM, SEM and AFM. Then, BTBT single-crystal transistors are fabricated, and the charge transport properties are investigated. In addition, SC-OFETs with ion gels gate configuration will be also investigated for low voltage operation. On the other hand, the charge transport properties of alkyl-substituted C8-BTBT-C8 (See Figure 3.1, collaboration with Dr. Teng Teng at IPCM) are also briefly investigated by transistors based on meltprocessed films to compare to the BTBT single-crystal results.

Figure 3 . 1

 31 Figure 3.1 Chemical structures of unsubstituted BTBT core and C8-BTBT-C8 (collaboration with. Drs Xiaolu Su and Teng Teng at IPCM).

Figure 3 . 2

 32 Figure 3.2 DSC curves of BTBT compound on heating and cooling at a rate of 20 °C/min.

  2.2). The preparation of BTBT single crystals was adapted from the classical physical VTD method reported by Laudise 181 . As shown in Figure3.3, several milligrams of freshly synthesized BTBT compound were placed on a clean glass substrate on the hot-stage of a POM (Linkan THMS 350) and topped with another glass substrate (about 2mm higher than the bottom glass substrate). The system was heated to 165 °C at the rate of 30 °C/min in nitrogen (N2) flow condition, and kept at this temperature for 8 mins. This led to the rapid sublimation of the compound to form large, thin, single crystal platelets growing perpendicularly to the top (cold) glass substrate, as shown in Figure3.4. With a size ranging from dozens to hundreds of micrometers, these platelet-like crystals are very flexible and can be easily bended (see insert of Figure3.4), indicating a sub-micron thickness typically as thin as 150-300 nm 182 . The system was then cooled to room temperature at the rate of 30 °C /min. Next, the top glass was turned upside down, and the selected BTBT single crystals were carefully isolated with a microscale gold wire for structural studies or transferred onto the interdigitated electrodes of transistors with the help of the POM.

Figure 3 . 3

 33 Figure 3.3 Schematic representation of the fabrication of BTBT single crystals by vapor transport deposition.

Figure 3 . 4

 34 Figure 3.4 POM image of BTBT single crystals grown perpendicularly to the top glass substrate (red dashed circles) by vapor transport deposition method. (Insert: magnification of a flexible BTBT single crystal rolled up on itself)

Figure 3 .

 3 Figure 3.5 a) Perspective view of the BTBT crystal structure prepared by VTD method. b) Representation of the herringbone packing structure of BTBT along a axis. c) Schematic representation of the typical platelet-like singlecrystals of BTBT obtained by VTD method and d) schematic representation of the lattice and molecular orientation of BTBT cores within the platelet-like crystal. b and c axis are in the plane of the crystal.

Figure 3 . 6

 36 Figure 3.6 XRD measurements on oriented single crystal of BTBT. Optical image and schematic representation of a plateletlike single crystal mounted on a cryoloop with the X-ray beam a) perpendicular to the larger facets of the crystal and b) parallel to the larger facets of the crystal. c) Optical image and schematic representation of the crystal with its crystallographic axes. The longest axis a corresponds to the smallest dimension of the crystal and is perpendicular to the principal face. b and c axis are in the plane of the thin platelets.

  7a and b. The high flexibility of the BTBT single crystals induced a high quality of the electrostatic bonding to the electrodes and channels of the transistor as confirmed by the POM image in Figure 3.7b. The device structure and the adhesion of the crystal were also checked by SEM and no bends or folds were observed (Figure 3.7c).

Figure 3 . 7

 37 Figure 3.7 POM images of the single crystal on prefabricated BG/BC transistor a) under the natural light and b) under crossed polarized light. c) SEM image of the device structure.

Figure 3 .

 3 8b), a 50nm thickness of the gold electrode and a 300nm thickness of the single crystal can be determined respectively from the first step and the second step of the height profile (shown by yellow arrow and white curve) of the crystal edge given in the inset of Figure 3.8b. Single crystals with a thickness of several hundreds of nanometer are usually very flexible and can be easily bended, which is consistent with the high flexibility observed by POM (Figure 3.4). At higher magnification (Figure 3.8c), the top of the crystal presents a layered structure with the presence of terraces. The height of these terraces is about 1.1 nm, or multiples of 1.1 nm, and corresponds to the length of standing molecules. Note that this observation is consistent with the molecular orientation determined by XRD with the layeredherringbone packing of BTBT in the plane of the crystals (a = 11.8 Å).

Figure 3 . 8

 38 Figure 3.8 AFM images of BTBT single-crystal deposited on prefabricated BC/BG transistor: a) 3D topography image. b) 2D topography image (Inset: height profile of the crystal edge along the yellow arrow. c) 2D topography image at higher magnification of the top of the single crystal (Inset: terrace step profile along the yellow arrow).

  photolithography process-flow through an MJB-4 (Karl Suss) mask-aligner in vacuum contact (in collaboration with Dr. Sebastien Sanaur, CMP, Gardanne), and completed by lift-off technique in acetone overnight. Previously, a sequential thermal evaporation of a 5 nm-thick adhesion layer of Chromium and a 100 nm-thick gold layer in a vacuum chamber at 10 -7 Torr was achieved. The channel length (L) was 2.5, 5, 12.5, 25 or 50µm, while the channel width (W) depended on the size of each single crystal. The substrates were sonicated in ethanol, acetone and chloroform successively. Then they were cleaned for 30 min in a UV-Ozone cleaner. For the preparation of the OTS-treated surface, the substrates were further treated as the procedures described in the literature 145 . Next, the largest birefringent crystals with uniform colors under the crossed polarized light were selected, transferred and deposited with micro-scale gold wire (See Figure3.9) on the interdigitated gold electrodes.

Figure 3 . 9

 39 Figure 3.9 POM images showing the transfer and deposition of a large birefringent crystal on interdigitated gold electrodes with micro-scale gold wire (black).

Figure 3 .

 3 Figure 3.10 a) Schematic representation of the bottom gate/ bottom contact OFET structure. b) Schematic representation of the bottom contact/top gate OFET structure. c) Picture of ion gel drops on the top of BTBT single-crystal deposited on gold bottom contacts.

Figure 3 .Figure 3 .

 33 Figure 3.11 Transfer a) and output b) characteristics of BG/BC BTBT single crystal OFET with SiO2 surface; Transfer c) and output d) characteristics of BG/BC BTBT single crystal OFET with OTS treated surface. (Insert: the channel width was determined from POM images, and we took care that the values chosen minimize the calculated mobility values.)

Figure 3 .

 3 Figure 3.13 Typical transfer characteristics of BTBT single crystal OFET (OTS surface) under a) the Glove box N2 atmosphere, b) the ambient air condition and c) the Glove box N2 atmosphere after air exposure.

Figure 3 .

 3 Figure 3.14 Transfer a) and output b) characteristics of BTBT TG single crystal OFET with SiO2 surface. Transfer c) and output d) characteristics of BTBT TG single crystal OFET with OTS treated surface.

Figure 3 .

 3 Figure 3.15 DSC for C8-BTBT-C8 powder 192 .

Figure 3 .

 3 Figure 3.16 POM images of a shadow mask located on the C8-BTBT-C8 single crystal surface a) under natural light and b) polarized light.

  a and b show the typical transfer and output curves of the meltprocessed devices.

Figure 3 .

 3 Figure 3.17 Transfer and output curves of as-prepared (a and b) and annealed (c and d, at 110°C for 20 mins) C8-BTBT-C8 OFETs.

  photoluminescence (PL) and electroluminescence (EL) properties have been performed yet. Therefore, in what follows, the thermal properties of C10-PBT are briefly described by POM and DSC; the film morphology of the C10-PBT melt-processed film is analyzed by AFM. Moreover, its PL properties in solid-state film and EL properties in OLED devices are investigated in details.

Figure 4 . 1

 41 Figure 4.1 Molecular structure of C10-PBT (collaboration with Dr. Teng Teng at IPCM).

Figure 4 .

 4 Figure 4.3 a) AFM topography image of C10-PBT melt-processed film; b) Terrace step profile along the blue line in image a); c) Representation of the chemical structure of C10-PBT with a molecular length of about 3.7nm.

Figure 4 . 4 .

 44 photoluminescence quantum yield (PLQY) around 89%.

Figure 4 .

 4 Figure 4.4 UV/Vis absorption and emission spectra of C10-PBT in CHCl3 solution.

Figure 4 .

 4 Figure 4.5 a) Absorption spectra of C10-PBT measured at room temperature in different solvents; b) Fluorescence spectra of C10-PBT at room temperature measured in different solvents (Cyclo: cyclohexane, CCl4: tetrachloromethane, Tol: toluene, Bu2O: dibutylether, CHCl3: chloroform, EtOAc: ethyl acetate, DCM: dichloromethane, ACN: acetonitrile)

6 .

 6 1eV was extracted (Reference of HOMO and LUMO level is the vacuum level (0 eV)). The optical energy gap Eg opt , expressed in electronvolts, can be evaluated with the onset of the absorption spectrum in chloroform (See Figure4.6b) according to the equation below:Eg opt =1240/λonset ≈ ELUMO-EHOMO with λonset the wavelength value of the absorption spectrum onset in nm. Based on this equation and for an absorption onset of 473nm, Eg opt is calculated around 2.62 eV. In neglecting the exciton binding energy 216 , Eg opt can be also considered as the LUMO-HOMO energy gap. As a result, the LUMO level of C10-PBT was estimated at about -3.5eV.

Figure 4 .

 4 Figure 4.6 a) Photoelectron spectroscopy of a spin-coated C10-PBT thin film; b) Absorption spectrum of C10-PBT in chloroform and calculation of its optical band gap.

Figure 4 .

 4 Figure 4.7 a) Absorption and emission spectra (ex. 400nm). The Insert in a) is picture of an as-spun C10-PBT film on glass substrate under UV lamp. b) PL lifetimes (recorded at 540nm) of spin-coated C10-PBT neat films (before and after annealing at 80°C for 15 mins.

  2) and by the significant change of the film appearance after annealing (See Figure 4.8).

Figure 4 . 8

 48 Figure 4.8 POM images of spin-coated neat films under crossed polarized light a) before annealing and b) after annealing at 80℃ for 15 mins.

(Figure 4 .

 4 9a) and avoiding a possible non-radiative deactivation by excimer formation 221 , (ii) a perfect overlap between the emission spectrum of CBP host and the absorption spectrum of C10-PBT guest, leading to a possible efficient FRET (Figure 4.9b).

Figure 4 .

 4 Figure 4.9 a) Schematic representations of energy levels of CBP host 222 and C10-PBT guest (see § 4.4). b) Representation of the good overlap of the CBP emission spectrum and C10-PBT absorption spectrum favorable to an efficient Forster resonant energy transfer (insert: picture of CBP spin-coated film on quartz substrate under UV lamp)

Figure 4 .

 4 Figure 4.10 a) Absorption spectrum of CBP spin-coated film; b) Absorption spectra, c) PL spectra (excitation at 295nm) and d) Fluorescence lifetime of spin-coated CBP/C10-PBT blend films and C10-PBT neat films.

  3 and Figure 4.11, the PLQYs of the CBP/C10-PBT blend films are very high with values around 90% for doping concentrations of 2, 6 and 10 wt%. Interestingly, for higher guest concentrations(20, 50 and 70 wt%), the PLQYs remain also quite high with values ranging from 86-78%, attesting that C10-PBT is not very sensitive to concentration quenching and that Dexter energy transfer between aggregated C10-PBT is not very effective. These results are consistent with the high PLQY (69%) already observed in neat film. They also confirm that C10-PBT emitter is a promising dye for potential EL devices such as OLEDs and OLETs223,224 .

Figure 4 .

 4 Figure 4.11 PLQYs of spin-coated CBP/C10-PBT blends and C10-PBT neat films. (insert: picture of spin-coated films on quartz substrates under UV lamp).

Figure 4 .

 4 12a, the OLEDs device structure of devices based on the solution deposition of the emitting layer was ITO/PEDOT:PSS/emitting layer (EML)/PPT/TPBi/LiF/Al 225-227 . Molecular structures of PEDOT:PSS, PPT and TPBi are displayed in Figure 4.12b. During the OLEDs fabrication, the PEDOT:PSS and emitting layers were spin-coated and the other layers were vacuum thermal evaporated. In this structure, ITO was used as anode, PEDOT:PSS as hole injection layer (HIL), PPT as the hole blocking layer (HBL), TPBi as electrons transport layer (ETL), and LiF/Al was finally utilized as the Cathode.

Figure 4 .

 4 Figure 4.12 a) Schematic representations of the OLED device structure. b) Molecular structures of hole injection, hole blocking and electrons transport layers used in the OLED devices.

Figure 4 .

 4 Figure 4.13a presents the schematic representation of the structure, energy level diagram and thickness of each layer of the OLED devices based on spin-coated C10-PBT neat films. The external quantum efficiency (EQE: the number of photons emitted per number of injected carriers) of the fabricatedOLEDs based on as-spun films is about 0.18% when the current density is 1mA/cm 2 (SeeFigure 4.13b and Table 4.4). This low EQE value, in comparison to its high PLQY (69%), could be explained by the

Figure 4 .

 4 Figure 4.13 a) Schematic representation, energy level diagram and thickness of each layer of the OLED device based on C10-PBT neat film; b) External quantum efficiency versus current density, c) EL intensity spectra, d) Current density versus voltage, and e) Device luminance versus current density in OLEDs based on C10-PBT neat film before and after annealing.

Figure 4 .

 4 Figure 4.13d) and by the change of the current density needed to reach the maximum EL luminance of the device (40 vs 100 mA/cm 2 ) (See Figure 4.13e).

Figure 4 .

 4 14a presents the schematic representation of the structure, energy level diagram and thickness of each layer of the OLED devices based on CBP/C10-PBT blend films. As expected (See Figure 4.14 b and c), the devices based on spin-coated CBP/C10-PBT host/guest systems present high EQE values above 2.7% for doping concentrations ranging from 2, 6, 10, and 20 wt%. The most efficient device is the OLED based on CBP/6 wt% C10-PBT blend film with an average EQE value of about 3% which is relatively good because it approaches the theoretical maximum EQE calculated from the equation 237 below: ηext = ηint ηout = γ ηST φPL ηoutWhere ηext and ηint is the external and internal quantum efficiency, ηout is the light outcoupling efficiency (typically 0.2 because of the light losses in OLED), γ is the charge balance factor (ideally 1 if we consider that all the recombinations occur in the emitting layer), ηST is the fraction of radiative excitons (0.25 for conventional fluorescence), and φPL is the PLQY. Considering the PLQY value of 87% for a CBP/6 wt% C10-PBT blend film, the theoretical maximum EQE can be estimated as ηext =1*0.25*0.87*0.2 = 4.3%. High EQE value of about 3% is much higher than the one obtained with neat films of C10-PBT. This result can be explained by several concomitant effects such as i) a better film morphology of the emitting layer due to the amorphous character of CBP films (homogeneous films), ii) the dispersion of the dyes within the host layer limiting the concentration quenching phenomenon, iii) a better charge injection and transport in the CBP layer and iv) an efficient energy transfer from the electrically excited CBP host molecules to the dispersed guest emitters.

Figure 4 .

 4 Figure 4.14 a) Schematic representation of the structure, energy level diagram and thickness of each layer of the OLED device based on CBP/C10-PBT blend films; b) Average external quantum efficiency of 4 devices when current density is 0.1mA/cm 2 versus C10-PBT concentration;(insert: picture of an OLED device); c) External quantum efficiency versus current density, d) EL intensity spectra, e) Current density versus voltage, and (f) Device luminance versus current density in OLEDs based on C10-PBT neat film and CBP/C10-PBT blend films as the emitting layer.

Figure 4 .

 4 Figure 4.14 e and f present the current density ~ voltage characteristics and luminance ~ current density plots of the fabricated devices. It can be clearly observed that the devices incorporating a host/guest emitting layer present lower turn-on voltage values than those incorporating C10-PBT neat films,

Figure 4 .

 4 15 a and b) for further evaporation of HBL, ETL under a pressure of 3*10 -4 Pa in the evaporating chamber. Then, all the substrates were transformed from the evaporator chamber to the glove box for a quick replacement of the shadow masks. The substrates were transformed back to the evaporator chamber for the deposition of the cathode (LiF: 0.8 nm; Al: 100 nm). The active area of each device was designed to be 4 mm 2 .

Figure 4 .

 4 Figure 4.15c shows the location of 4 OLED devices, namely a, b, c and d, on each substrate.

Figure 4 .

 4 Figure 4.15 a) Photo of six substrates covered by six shadow masks. b) Zoom photo of a substrate with shadow mask on the top. c) Schematic representation of the ITO-coated glass substrate and green square is where the OLED device located.

Figure 5 . 1 )

 51 Figure 5.1). il was utilized for the first time as building block to prepare conjugated p-type materials for solar cells in 2010 by J. Reynolds et al. In this work, the authors reported a donoracceptor-donor small molecule, named iI(T2)2, (See Figure5.1), consisting of one iI as the acceptor unit and two bithiophene as the donor units 140 . The bulk heterojunction solar cells based on iI(T2)2/PC60BM(1:1) blend films showed a power conversion efficiency of 1.76% 140 .In 2012, Pei and coworkers reported a series of alternating copolymer based on iI/thiophene repeat unit (P(iI-T2) 2, 3 and 4, See Figure5.1) 242 , and high hole mobility of 3.62 cm 2 V -1 s -1 was achieved with P(iI-T2) 3 OFET.Considering the intrinsic drawbacks of polymers such as end-group contaminants and batchto-batch variations, new small molecules based on iI unit were also developed recently for OFET application. Such molecular architectures possess indeed several inherent advantages including more well-defined chemical structures, simpler purification methods, easier modification and functionalization, and more reproducible synthesis 140 . For example, Diphenyl thienoisoindigo (Dph-TiI, See Figure5.1) was synthesized by Matsumoto and coworkers 243 ,

Figure 5 . 1

 51 Figure 5.1 Molecular structure of il, iI(T2)2, P(iI-T2)2,3,4 and Dph-Til.

  2a) when observed by POM. The thermal behavior of the compound was studied by TGA and DSC. The TGA curve(Figure 5.2b) shows that the compound doesn't decompose until 320-330 °C, suggesting a good thermal stability under N2. The polymorphism of iI(T2)2 was investigated by DSC at different temperature rates and a typical thermogram recorded at 5° C/min on heating and cooling is given in Figure5.2c. The DSC trace upon heating shows a sharp endothermic peak at around 183°C (ΔH ≈ 38 J g -1 ), which corresponds to the melting point of the singlecrystalline iI(T2)2 needles to isotropic liquid phase. On cooling, the compound crystalizes at 164°C with a significant hysteresis (about 20°C) characteristic of the crystallization of large molecular derivatives.

Figure 5 . 5 . 2

 552 Figure 5.2 a) iI(T2)2 powder observed with optical microscope under polarized light. b) TGA curve and c) DSC curves at a rate of 5 °C/min of iI(T2)2 compound.

  3, the appearance of thin films in reflection mode under the crossed polarized light slightly changes with the increase of annealing temperature and time. The films become brighter and brighter, indicating a progressive modification within the organic layer. As a result, the film 3, annealed for 20 min at 100 °C, 140 °C and 160 °C, presents the brightest optical texture as illustrated in Figure5.3d.

Figure 5 . 3

 53 Figure 5.3 POM images of the spin-coated film on SiO2 surface. a) film 0: as-prepared, b) film 1: annealed at 100 °C for 20 min, c) film 2: annealed at 100 °C and 140 °C for 20 min each, and d) film 3: annealed at 100 °C, 140 °C and 160 °C for 20 min each. (Note that the same light intensity was applied during all the observations)

Figure 5 . 5

 55 Figure 5.5 AFM topography (top) and phase (bottom) images of the spin-coated film on SiO2 surface. a) film 0 (asprepared), b) film 1 (annealed at 100 °C), c) film 2 (annealed at 100 °C and 140 °C) and d) film 3 (annealed at 100 °C, 140 °C and 160 °C). The yellow insets in d) show the terrace step profiles on the surface of thin film 3 along the yellow arrow.

  4 eV was extracted (Reference of HOMO and LUMO level is the vacuum level (0 eV)). The optical energy gap Eg opt , expressed in electronvolts, was evaluated with the onset of the absorption spectrum in chloroform (See Figure 5.6b) according to the equation given in §4.4 of chapter 4. Based on this equation and for an absorption onset of 706nm, Eg opt is calculated around 1.75 eV and the LUMO level can be estimated at about -3.65eV. Note that these values are in good agreement with HOMO/LUMO levels already reported for this material and evaluated by cyclic voltammetry 140 .

Figure 5 .

 5 Figure 5.6 a) Photoelectron spectroscopy of iI(T2)2 spin-coated thin film (as prepared); b) Absorption spectrum of iI(T2)2 in chloroform and calculation of its optical band gap.

Figure 5 . 7

 57 Figure 5.7 Transient photocurrent curves recorded at room temperature on iI(T2)2 thick film (9µm): a) hole mobility; b) electron mobility.

Figure 5 . 8

 58 Figure 5.8 Molecular structures of iI 245 , iI-C6 246 , P(iI-T1) 247 and P(iI-T2) 1 248 .

Figure 5 .

 5 9 shows typical transfer curves and output curves of FET devices measured on films before and after gradient-temperature annealing. The devices show p-type conduction and the average hole mobilities were extracted from saturation regimes of five to ten transistors for each sample. As observed in Figure5.10, the average hole mobility gradually increases when the annealing temperature of the film increases. This result is consistent with the previous POM, GIXS and AFM observations, showing a significant enhancement of the film morphology and the growth of crystalline domains during the annealing process. These bigger domains offer a lower density of grain boundaries and allow an easier charge flow within the transistor channel. As a result, a maximum hole mobility of 1.1x10 -2 cm 2 V -1 s -1 was observed for a FET device based on film 3 (maximum annealing temperature at 160 °C) on SiO2 surface in the glove box. The enhancement of the charge transport properties by annealing thin films of iI-based polymer derivatives was already

Figure 5 . 9

 59 Figure 5.9 Transfer (left) and output (right) characteristics of iI(T2)2 OFETs on SiO2 surface based on a) film 0 (as-prepared), b) film 1 (annealed at 100 °C), c) film 2 (annealed at 100 °C and 140 °C, and d) film 3 (annealed at 100 °C, 140 °C and 160 °C.

Figure 5 .

 5 Figure 5.12 Picture of spin-coated iI(T2)2 thin film on a transistor (interdigitated electrodes) with an OTS-treated surface.

Figure 5 .

 5 Figure 5.13 a) P-type and b) n-type transfer (left) and output (right) characteristics of iI(T2)2 OFETs (OTS surface) based on film 4 (annealed at 100 °C, 140 °C and 160 °C for 20 min each).

5 . 6 . 8

 568 photonic microsystems. The interdigitated source and drain electrodes were 30nm Au with 10 nm high work function adhesion layer (ITO). The channel length was 2.5µm, 5µm, 10µm or 20µm, and the channel width was 10 mm. The substrates were sonicated in ethanol, acetone and chloroform successively. Then they were cleaned for 30 min in a UV-Ozone cleaner before the spin coating of iI(T2)2 solution. The thin films on SiO2 substrate surface were spin-coated at a spin rate of 3000rpm for 40 s from a 0.5 wt.% chloroform solution in the glove box. BG/BC transistors with OTS surface were fabricated on heavily-doped Si wafer (i.e low bulk resistivity 0.01 Ω.cm) thermally oxidized by a 280nm-thick SiO2 layer, purchased from MicroChemicals GmbH. SiO2 was used here as gate dielectric (with gate capacitance Ci = 12 nF/cm 2 ) and the Si wafer as gate electrode in back contact. The interdigitated source and drain

Figure 5 .

 5 Figure 5.14 Schematic representation and the picture of a BG/BC transistor.

In chapter 4 ,

 4 we studied a new fluorescent liquid crystalline material C10-PBT. In neat film, C10-PBT presents a high PLQY about 80% after annealing, suggesting limited aggregationinduced quenching phenomena. CBP/C10-PBT blend films also show high PLQY values from 78% to 91% for concentration ranging from 70 wt% to 2 wt%, confirming that C10-PBT is not very sensitive to concentration quenching and could be a promising dye for potential light emitting devices. The OLED with CBP/6 wt% C10-PBT host/guest system as EML showed a high EQE (around 3%) which is relatively good considering the theoretical maximum EQE that could be expected with this type of fluorophore. C10-PBT However, these devices, prepared by a solution deposition of the hole injection layer and emitting layer (HIL and EML), could be still optimized by using, for example, the vacuum thermal evaporation technique for the fabrication of the whole devices. A preliminary trial of an all-evaporated OLED was recently performed based on the simple OLED device structure given below; the EQE of this device based on evaporated CBP/10 wt% C10-PBT host-guest system achieved the same EQE value (2.7%) as the one based on spin-coated CBP/10 wt% C10-PBT blend film (See Figure4.14a and b). This promising result could be obviously improved by the incorporation of hole injection layer, hole blocking layer or electron blocking layer (HIL, HBL or EBL), the optimization of the layer thicknesses, and the investigation of other layer combinations. In addition, this promising dye could be also utilized for the fabrication of other type of light emitting devices such as organic light emitting transistors (OLET, See Figurebelow). This study is currently in progress in collaboration with the group of Prof. Ebinazar Namdas at the University of Queensland (Australia). All-evaporated OLED Organic light emitting transistor In chapter 5, the film morphology/charge transport property relationship of isoindigo-based oligothiophenes iI(T2)2 was discussed in details and a maximum hole mobility of 0.011 cm²V - 1 s -1 was measured on the SiO2 substrate, demonstrating the beneficial impact of the annealing process to reduce the density of grain boundaries, improve the film structure and thus increase the charge carrier mobility. Moreover, a good stability of the OTFTs in air environment or after air exposure was evidenced. In addition, devices prepared with OTS-treated substrates demonstrated that an electron conduction could be also achieved, leading to ambipolar charge transport properties which is essential for fabrication of organic complementary circuits. iI(T2)2

  

  

  

Table 1 .

 1 1 Advantages and disadvantages of semiconducting films depending on elaboration processes.

	Type of film	Advantages	Disadvantages
		Ease of stacking an ideal multilayer	
	Small-molecule solution-free processed films	structure (vacuum thermal evaporation), High thermal stability, High material purity,	High cost of fabrication processes, Difficulty in fabricating large-area devices
		Highly-ordered molecular orientation	
	Small-molecule		Low thermal stability,
	solution-	Low cost of fabrication processes,	Not well-ordered molecular orientation,
	processed	Ease of fabricating large-area devices	Difficulty in stacking an ideal multilayer
	films		structure
	Polymer solution-processed films	Low cost of fabrication processes, Ease of fabricating large-area devices, High thermal stability, Good horizontal molecular orientation	Low material purity, Low solubility, Difficulty in stacking an ideal multilayer structure

Table 1 .

 1 2 Main semiconducting materials used in this PhD work and our collaborators.

	Materials	Collaborators	Institution
	DAL1	Dr. D'Aléo Anthony and Prof. Frédéric Fages	CINAM, Marseille (France)
	BTBT	Dr. Xiaolu Su	IPCM, Paris (France)
	C8-BTBT-C8	Dr. Teng Teng	IPCM, Paris (France)
	C10-PBT	Dr. Teng Teng	IPCM, Paris (France)
	iI(T2)2	Dr. D'Aléo Anthony	EWHA, Seoul (Korea)

Table 2 .

 2 2 Crystal structure data for single crystal of DAL1 prepared by slow solvent evaporation.

	ligo(p-phenylene	Cr→Cr'	84.6 c	2.4	Cr'→Iso	151.6 c	47
	vinylene) DAL1	Iso→Cr'	119.7 d	54.7	Cr'→Cr	85.8 d	2.6

Table 2 .

 2 3 Summary of the OFET properties.

	Film	Hole mobility (cm 2 V -1 s -1 )	Ion/off	Vth (V)
	As-prepared	(2.4 ± 0.4) x 10 -3	(3 ± 1.2) x 10 4 15± 1
	Annealed	(3.5 ± 0.4) x 10 -3	(7.5± 2)x 10 4	-5± 2
	Melt-processed (5 ± 1) x 10 -2	(3± 2) x 10 4	-12± 5

Table 3 .

 3 1 Crystal data and structure refinement for BTBT.

	BTBT

Table 3 .

 3 2 Summary of the electrical characteristics of BG/BC BTBT SCOFETs. From saturation regime. b Average values based on a ten of SCOFET devices.

	Surface	μh (cm 2 V -1 s -1 ) a,b	Vth (V) b	ION/IOFF (VDS=-20V) b
	SiO2	(2.9±1.5)X10 -3	-(3.1±2.5)	(4.1±2.5) X10 3
	OTS	(1.2±0.8) X10 -2	-(5.7±1.8)	(2.7±2.6) X10 4
	a			

Table 4 .

 4 1 Photophysical properties of C10-PBT in different solvents.

	Solvent

λabs max (nm) λPL max (nm) Фf τf (ns)

  

	Cyclo	409	523	1	8.64
	CCl4	411.5	530		
	Tol	413.5	537	0.83	8.57
	Bu2O	412.5	531	0.88	9.5
	CHCl3	415	557	0.89	11.48
	EtOAc	413.5	544		
	DCM	414.5	564	0.77	11.36
	ACN	411.5	566		
	The compound presents high PLQY in most of solvents with a maximum of 100% in very apolar solvent
	such as cyclohexane. The maximum absorption wavelength, λabs max , maximum emission wavelength,
	λPL max , photoluminescence quantum yield, Фf, and fluorescence lifetime, τf, in different solvents are
	given in				

Table 4 .

 4 1. Although PLQYs are high in most of solvents, we can observe their slight decrease in very polar solvent (77% in DCM for instance). This phenomenon is generally explained by (i) the stabilization of the intramolecular charge transfer (ICT) state leading to a smaller energy gap between the excited and ground states and the deactivation of the excited state mainly via non-radiative pathways, and/or (ii) the formation of a charge separated state which is non-emissive since the delocalized πconjugated system is destroyed (the charges are localized) 215 .

Table 4 .

 4 2 PL properties of the spin-coated C10-PBT neat film before and after annealing

Film λabs max (nm) λPL max (nm) Фf τf (ns)

  

	Before annealing	266,326,389	542	0.69	16.4
	After annealing	264,325,385	511	0.80	20

Table 4 .

 4 3 Photophysical data measured with spin-coated CBP/C10-PBT blend and C10-PBT neat film.When excited at 295 nm (close to the absorption peak of CBP), the PL emissions of the blend films (See Figure4.10c and Table4.3) present almost exclusively the emission spectra of the C10-PBT guest, and only a residual emission of CBP host around 405nm is detected for the lowest concentration of 2 wt%. These results indicate that fast and efficient energy transfer from host to guest is the dominant process 218 in the PL of CBP/C10-PBT composites, confirming the right choice of CBP as host.

	C10-PBT concentration	λabs max (nm)	λPL max (nm)	Фf	τf (ns)
	CBP neat film	297,330,344	405	0.61	/
	2 wt%	297,330,342	537	0.91	10.8
	6 wt%	296,330,343	543	0.87	11.1
	10 wt%	297,329,343	544	0.88	11
	20 wt%	296,329,343	548	0.86	11.4
	50 wt%	297,325,344	545	0.8	12.3
	70 wt%	296,325,394	540	0.78	12.3
	Neat film	266,326,389	542	0.69	16.4
	Annealed neat film	264,325,385	511	0.8	20

Table 4 .

 4 4 EL properties of the spin-coated C10-PBT neat film before and after annealing.

	Film	λEL max (nm)	EQE (%)	Turn-on voltage (V)	Lmax (cd/m 2 )
	Before annealing	550	0.18	7.4	62
	After annealing	520	0.08	6.6	67

Table 4 .

 4 5 Maximum EL emission wavelength, turn on voltage and maximum luminance in OLEDs.

	C10-PBT concentration	λEL max (nm)	Von(V)	Lmax(cd/m 2 )
	2 wt%	550	5.5	4521
	6 wt%	551	5.3	3799
	10 wt%	559	5.4	3707
	20 wt%	555	5.2	3698
	50 wt%	560	5.9	1479
	Neat film	550	7.4	62
	Annealed neat film	520	6.6	67

4.8 Experimental section 4.8.1 Materials

  

ITO on the glass substrates was used as anodes. Materials used in the OLED devices fabrication are summarized in Table

4

.6 below. C10-PBT was prepared by Dr. Teng Teng at IPCM. PEDOT:PSS was purchased from Heraeus Clevios. CBP, PPT and TPBi were supplied by TCI chemicals. LiF and Al were used as purchased.

Table 4 .

 4 6 Materials used in the OLED devices fabrication.

	ITO	Indium tin oxide
	PEDOT:PSS	Poly(3,4-ethylenedioxy-thisphene):poly(styrene)
	CBP	4,4′-bis(N-carbazolyl)-1,10-biphenyl
	PPT	2,8-bis (diphenylphosphoryl)dibenzo-[b,d]thiophene
	TPBi	2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
	LiF	Lithium fluoride
	Al	Aluminum

Table 5 .

 5 

	Sample code	Substrate	Maximum annealing temperature	Annealing history
	film 0	SiO2	RT	as-prepared
	film 1		100	at 100°C for 20min
	film 2		140	at 100 °C and 140 °C for 20 min each
	film 3		160	at 100 °C, 140 °C and 160 °C for 20min each
	film 4	OTS	160	at 100 °C, 140 °C and 160 °C for 20min each

1 Summary of substrate use and annealing history of spin-coated films for all POM, GIXS and AFM characterization, and OFETs fabrication hereinafter.

Photophysical properties

The PL properties of DAL1 were investigated in as-prepared, annealed (at 100 °C for 1 hour) and melted films. The steady-state PL spectra were measured using a spectrofluorometer (Fluoromax-4, Horiba Jobin Yvon) with an excitation wavelength of 400 nm. PLQY values were determined using an absolute PLQY spectrometer (C11347 Quantaurus-QY, Hamamatsu, Japan). The transient PL characteristics of the films were recorded at room temperature using a Quantaurus-Tau fluorescence lifetime measurement system (C11367-03, Hamamatsu Photonics Co., Japan).

Chapter 3 Investigation of charge transport properties of [1]Benzothieno[3,2-b][1]benzothiophene derivatives in field-effect transistor configuration

As introduced in the Chapter 1 ( § 1.1.1), thienoacenes such as [1]Benzothieno [3,2-b][1]-benzothiophene (BTBT) derivatives have emerged as promising materials for the fabrication of efficient OFETs 172 . These derivatives are composed of fused thiophenes and benzene rings, leading to a rigid and planar πconjugated system. Such chemical structure induces a large intermolecular orbital overlap in solid-state explaining their high charge-carrier mobility.

In pioneer works reported by Takimiya et al., hole mobilities of end-capped BTBTs (either by two phenyl rings (DPh-BTBT) 173 or two alkyl chains (Cn-BTBT-Cn) [START_REF] Ebata | Highly Soluble [1]Benzothieno[3,2-b]Benzothiophene (BTBT) Derivatives for High-Performance, Solution-Processed Organic Field-Effect Transistors[END_REF] ) OFETs showed promising values about 1-2 cm²V -1 s -1 based on vacuum deposited and spin-coated thin films. Later on, the charge transport properties of alkyl-substituted BTBT derivatives were intensively studied in different FET configurations and highlighted the beneficial effect of the alkyl functionalization of the BTBT core on the charge transport properties. Hole mobilities as high as 31 cm²V -1 s -1 were demonstrated based on single-crystalline thin films of C8-BTBT-C8 derivative [START_REF] Minemawari | Inkjet Printing of Single-Crystal Films[END_REF] . Moreover, alkyl-substitution of BTBT cores incorporating functional groups such as hydroxyl group (-OH) 174 or organosilica (-Si(OEt)3) 175 were also investigated, which leads to efficient air stable transistors (hole mobilities of 0.17 cm²V -1 s -1 ) or very robust cross-linked BTBT-based active for OFET fabrication. In the same way, asymmetrically alkyl-substituted BTBTs (Cn-BTBTs) and its derivatives were also widely investigated in FET configuration. For example, high mobilities about 14.7 cm²V -1 s -1 based on liquid crystalline Ph-BTBT-C10 spin-coated film [START_REF] Iino | Liquid Crystals for Organic Thin-Film Transistors[END_REF] , or about 17.2 cm²V -1 s -1 based on evaporated films of mono-substituted C13-BTBT were obtained 176 .

To better understand the crucial role of alkyl substitution on BTBT derivative charge transport properties, Minemawari et al. investigated most recently the systematic chain-length dependence of the molecular packing for a series of symmetrically and asymmetrically alkyl-substituted BTBTs 177 . Based on crystal structure analysis and calculations of intermolecular interaction energies for Cn-BTBT-Cn derivatives, the authors demonstrated that substitutions with long alkyl chains stabilize the layered-herringbone packing of BTBT cores, and are consistent with the high charge carrier mobilities reported so far. In addition to these results, Yavuz et al. proposed to theoretically explore these structures and to rationalize the impact of alkyl substitution on bulk structure and charge-transport properties [START_REF] Alkan | Intrinsic Charge-Mobility in Benzothieno[END_REF] . Based on solid-state morphology predicted by molecular dynamics simulations from reported X-ray crystal structures, the authors modeled charge transport by both band and hopping type transport models for each Cn-BTBT-Cn derivative. They compared these calculated mobilities with the corresponding experimental ones reported in literatures [START_REF] Ebata | Highly Soluble [1]Benzothieno[3,2-b]Benzothiophene (BTBT) Derivatives for High-Performance, Solution-Processed Organic Field-Effect Transistors[END_REF]172,178 . In this latter work, the charge transport properties of the unsubstituted BTBT derivative (i.e. for n=0) was also calculated, and mobility values ranging from 10 -3 to 10 -1 cm 2 V - 1 s -1 were determined depending on the transport models used. However, to the best of our knowledge, no comparison between experimental and theoretical field-effect mobility had been reported for BTBT core before this part of work was began and published in 'Organic electronics' in December 2019. (Note

Chapter 4 Investigation of photo-and electro-luminescence properties of the fluorescent materials C10-PBT

Thermal properties of C10-PBT

The DSC traces (Figure 4.2a) of C10-PBT on heating and cooling recorded at a rate of 5 °C/min present several transitions. On heating, we can observe two endothermic peaks: at 94 °C (ΔH = 104.7 J/g) and 135 °C (ΔH = 9.6 J/g) corresponding to the transition from the crystalline phase to a liquid crystal phase and from the liquid crystal phase to the isotropic phase of the material, respectively. On cooling, from the isotropic state, the first transition at 140 °C associated to a small enthalpy (ΔH = 11.3 J/g) is consistent with the appearance of the liquid crystal phase, as proved by the typical fan-shape focal conic texture observed by POM and characteristic of lamellar (smectic) mesophase ( 

Film morphology analysis

The morphology of C10-PBT thin film prepared by melt-processing between OTS treated substrates was studied by tapping-mode AFM. A typical topography image observed on the top of the film after removing the top substrate is given in Figure 4.3a and shows a clear nanostructured film with terraces.

The heights of the terraces extracted from topographic profiles are 3.7-3.8 nm (See 

Atomic force microscope (AFM)

The morphologies of spin-coated thin films of il(T2)2 before and after annealing were also analyzed by tapping mode AFM. As displayed from the topography and phase images in Figure 5.5, the as-prepared spin-coated film 0 (Figure 5.5a) exhibits small crystallites with a high density of grain boundaries. These small crystallites grow to larger domains with the increase of annealing temperature and time as shown in Figures 5.5b, c, d. For film 2 (annealed at 140°C), the size of crystallites can be estimated about tens of nanometers, in good agreement with the previous GIXS observations. The film 3, annealed with the highest temperature value, even presents very large domains about hundreds of nanometers, confirming the beneficial effect of the temperature on the film morphology. The analysis of the height profile of film 3 showed a well-structured surface with the presence of steps with a height about 1.8 nm (see yellow inset in Figure 5.5d). That suggests a possible orientation of molecules on the edge with the long πconjugated backbone parallel to the surface. Unfortunately, a further description of the molecular arrangement within the film would require the complete structure resolution of the crystalline phase of iI(T2)2 that was not performed yet. 

Air stability of the iI(T2)2 thin film transistors

The air stability of devices based on film 3 on SiO2 presenting the highest mobility was investigated more deeply (See Table 5.2). To this end, transistors were removed from the glove box and electrical measurements were performed in ambient condition. As illustrated in Figure 5.11b, the devices still work in air but the performances are slightly affected and the hole carrier mobility decreases around one order of magnitude (4.7x10 -4 cm 2 V -1 s -1 ) under lower source-gate bias. However, to some extent, the devices (4.5x10 -3 cm 2 V -1 s -1 ) recover its original performances after the source-gate bias goes higher. Finally, the reversibility (5.8x10 -3 cm 2 V -1 s -

1

) of the previous device performances is observed (Figure 5.11c) by measuring again the transistors in the glove box atmosphere after ambient air condition exposure. The relatively good stability of the devices after ambient air exposure can be explained 248 by the low-lying HOMO level of iI(T2)2 around -5.4eV evaluated by photoelectron spectroscopy (See Figure 5.6a). Note that similar behaviors were observed for OTFT devices based on P(iI-T2) 1

(molecular structure is shown in Figure 5.8) showing also good ambient stability due to a deep HOMO level of -5.7eV 248 . 

Charge transport properties of iI(T2)2 thin film on OTS-treated surfaces

The charge transport properties of iI(T2)2 thin films based on OTS-treated surface devices were also investigated. The preparation of the BG/BC OTS-treated transistors is described in experimental part. One of the main problems for the fabrication of such devices was the deposition of the spin-coated iI(T2)2 thin film on the top of the OTS-treated surface. Indeed,

Conclusions and Perspectives

This PhD work aimed at the elaboration and characterization of organic semiconducting thin films based on different π-conjugated semiconducting materials (DAL1, BTBT, C8-BTBT-C8, C10-PBT and iI(T2)2) for organic optoelectronics applications. The general goal was to optimize their fabrication methods in order to maximize their device performances of the corresponding organic optoelectronic devices (OFETs or OLEDs).

In chapter 2, we proposed an improved melt-processing method for the fabrication of crystalline organic semiconducting layers (DAL1) with millimetric single crystal monodomains.

The organic films prepared by melt-processing present a much higher crystallinity than the spin-coated polycrystalline films, resulting in a hole field-effect mobility value (5 x 10 -2 cm 2 V - 1 s -1 ) one order of magnitude higher than spin coated thin films (2.4 x 10 -3 cm 2 V -1 s -1 ). This improvement of the charge transport properties upon melt processing is accompanied by a substantial increase of the photophysical properties. The study demonstrates that the solventfree vacuum-free melt-processing method can be utilized to fabricate high performance organic electronic and light-emitting devices. This approach is suitable for a large variety of organic semiconductors and several studies are currently in progress in our group to extend its utilization for other optoelectronics. As a consequence, this processing method should be of strong interest for future research in the field of organic electronics.

DAL1

In chapter 3, we prepared thin single crystals of unsubstituted BTBT by physical vapor transport deposition technique, and investigated for the first time its charge transport properties (maximum hole mobility value of 0.032 cm 2 V -1 s -1 ) in FET configuration. This study presents the first investigation of the FET mobility of the unsubstituted BTBT aromatic core and confirms the important role of the BTBT substitution to achieve high charge carrier mobility.

On the other hand, the charge transport properties of C8-BTBT-C8 melt-processed thin films were also investigated by transistor, and a high mobility about 1.1 cm 2 V -1 s -1 was obtained, confirming once again that the solvent-free vacuum-free melt-processing method is an efficient method to fabricate high performance organic electronic devices. However, further