This manuscript reports on scanning probe microscopy study of α, γ-bisdiphenylene-β-phenylallyl (BDPA), 3,3',5,5'-tetra-tert-butylazobenzene (TBA) and Prussian blue analogue (PBA) Co III [Fe II (CN)6] (noted CsCoFe) molecules for applications in nanotechnology and molecular electronics.

We observed thanks to Scanning Tunneling Microscopy (STM) in ultra-high vacuum (UHV) at low temperature (4K), BDPA self-assemblies on Au(111) organized in chains. These chains behave like a one-dimensional harmonic oscillator at a temperature ≈ 15 K due to the phonon-molecule coupling.

We observed that the vibrations of the chain were attenuated or stopped depending on the polarization applied during STM imaging. The charge states of the molecules on the substrate were
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studied by Kelvin Probe Force Microscopy in UHV.

The TBA molecule is a derivative of azobenzene molecule with four spacer groups for the decoupling of the molecule from the gold substrate. This molecule switches between two isomeric stable states (trans-TBA and cis-TBA). We study by STM and non-contact Atomic Force Microscopy in UHV with submolecular resolution the effect of the electric field and UV irradiation on TBA monolayers deposited on Au(111) substrate on the switching of the TBA molecule between these two isomeric states. We demonstrate that the electric field induces bright spots with a height of 0.25 ± 0.02 nm, these spots are associated to the cis-TBA isomer. The effect of UV irradiation induces another effect, that we suppose associated with a deterioration of the TBA molecule.

PBA molecules constitute a large family of materials with an open framework structure. PBA molecules form a nanocrystal whose size can be controlled according to the chemical process applied. We have electrically characterized by Conducting-AFM in air, single PBA CsCoFe nanocrystals with typical size of 15, 30 and 50 nm. We observe that when the size of the nanocrystal increases, the recorded current measured by Conducting-AFM also increases. To explain this effect, we consider the tip-molecule contact as a metal-"semi-conductor" metal and use the Double Schottky barrier model. This model shows that the height of one of the contact barrier decreases from 0.34 eV to 0.23 eV when the height of the nanocrystal increases. This work illustrates the effects of coupling a molecule to a substrate, and opens the way to molecular devices.

General introduction

This research work is rooted in the field of nanotechnology, and more specifically in molecular nanoelectronics. The term nanoelectronics refers to the use of nanotechnology for the design of electronic devices components at the nanoscale. Nanoelectronics covers various types of electronic components and materials, whose common characteristics is that they are so small that physical effects modify the properties of the materials at the nanoscale. Spintronics, optoelectronics, flexible and wearable electronics are some of the applications that are driving active research in the field.

Molecular electronics is part of nanoelectronics and deals with electronic processes that occur in molecular structures. Molecular electronics aims at the fundamental understanding of charge transport through molecules and is motivated by the vision of molecular circuits that allow the creation of tiny, low-cost and energy-efficient devices components.

Chapter 1 describes in general the domain and applications of nanotechnology.

In Chapter 2, we will discuss the scanning probe microscopy techniques used in this thesis and we will describe the different experimental set-ups used to obtain our results.

Chapter 3 presents a study of the transport properties at the scale of a nanocrystal of Prussian blue analogue. The nanocrystals studied are deposited on a highly oriented pyrolytic graphite and the electrical transport is measured using a conductive tip of an atomic force microscope as the top electrode at ambient air. Results are analyzed in the framework of electronic models for charge transport through molecular junctions.

Chapter 4 presents a low-temperature UHV study of the chain assembly of a stable molecular radical on Au(111), exhibiting nanoscale harmonic oscillator properties. A detailed study of the charge of the molecule is carried out to determine the role of the charge of the molecule in its vibrational characteristics.

Chapter 5 presents a study on electro and photo-switchable molecules on Au (111). The organization of the molecule on the metal substrate is studied first. The different stimuli will then be carried out to observe by STM and non-contact AFM the impact on the configuration of the molecule.

Chapter 1: Introduction to nanotechnology and nanoelectronics

The prefix « nano » for nanotechnology refers to the Greek prefix meaning "dwarf", or something very small. In science, "nano" designates one thousand millionth of a meter (10 -9 m). Nanoscience aims to study structures, systems and molecules at the scale of the nanometer. Nanotechnology utilizes all the knowledge of nanoscience and nanoscale properties [START_REF] Kulkarni | Nanotechnology: Principles and Practices[END_REF] in practical applications such as innovative materials, electronic devices, anticancer research, drug delivery, etc [START_REF] Loos | [END_REF][START_REF] Mei | Pharmaceutical Nanotechnology for Oral Delivery of Anticancer Drugs[END_REF][START_REF] Jabir | Nanotechnology-Based Approaches in Anticancer Research[END_REF][START_REF] Lu | The Role of Nanotechnology in the Development of Battery Materials for Electric Vehicles[END_REF] . To realize how much nano is small, a single human hair is 60,000 nm thickness and the DNA double helix has a radius of 1 nm [START_REF] Gnach | Upconverting Nanoparticles: Assessing the Toxicity[END_REF] .

Nanotechnology is one of the most promising technologies of the 21 st century and provides the ability to convert the nanoscience theories to an applicative manner by observing, measuring, manipulating, assembling, controlling the matter at the size of the nanometer scale.

Genesis of nanotechnology

Richard Feynman introduced the concept of nanotechnology in 1959. During the annual meeting of the American Physical Society, he presented a lecture entitled "There's plenty of room at the bottom". R. Feynman described a vision of using machines in order to construct smaller machines down to the nanometer scale [START_REF] Feynman | There's Plenty of Room at the Bottom[END_REF] . After fifteen years in 1974, a Japanese scientist named Norio Taniguchi was the first to use the term "nanotechnology". Since R. Feynman, two approaches have been developed to fabricate nanostructures. The first method is called "top-down" and the second "bottom-up". They differ by their degrees of quality, speed, mass-fabrication and cost.

The top-down approach aims to fabricate nanosized structures starting from bulk materials. Top-down approaches are inherently simpler and depend either on removal or on division of bulk material or on miniaturization of bulk fabrication processes to produce desired structures with appropriate properties. This can be achieved by using advanced techniques such as lithography. One problem with the top-down approach is the imperfection of surface structure. For example, nanowires made by lithography are not smooth and may contain impurities and structural defects [START_REF] Pierret | Generic Nano-Imprint Process for Fabrication of Nanowire Arrays[END_REF] . Lithography opened the way to mass production of nanoscale devices and permitted the digital revolution we know nowadays.

The bottom-up approach refers to build-up of nanostructures by physical or chemical methods from the bottom: atom by atom or molecule by molecule. This alternative approach has the potential of creating less waste and hence can be more economical. Self-assembly is a bottom up approach in which atoms or molecules organize themselves into ordered nanostructures.

Nanotechnology in our days

Since the declaration of R. Feynman, a huge advance was made when the physicists Gerd Binnig and Heinrich Rohrer invented a new type of microscope at IBM, the Scanning Tunneling Microscope [START_REF] Binnig | Tunneling through a Controllable Vacuum Gap[END_REF][START_REF] Binnig | Surface Studies by Scanning Tunneling Microscopy[END_REF] , followed by the invention of the atomic force microscopy. Scanning probe microscopes are the instruments of choice for nanoscience and nanotechnology research today [START_REF] Binnig | Atomic Force Microscope[END_REF] .

A large number of domains have interest in nanotechnology. In chemistry, the nanometer range is associated to the dimensions of colloids, polymer molecules, very large molecules or aggregates of molecules, but recently also structures such as semiconductor nanorods [START_REF] Kislyuk | Nanorods and Nanotubes for Solar Cells[END_REF] or particles [START_REF] O'farrell | Silicon Nanoparticles: Applications in Cell Biology and Medicine[END_REF] , conductor quantum dots [START_REF] Holzinger | Nanomaterials for Biosensing Applications: A Review[END_REF][START_REF] Sothmann | Thermoelectric Energy Harvesting with Quantum Dots[END_REF] , molecular switches [START_REF] Berthoumieu | Molecular Scale Conductance Photoswitching in Engineered Bacteriorhodopsin[END_REF][START_REF] Bleger | Visible-Light-Activated Molecular Switches[END_REF][START_REF] Smaali | High On-Off Conductance Switching Ratio in Optically-Driven Self-Assembled Conjugated Molecular Systems[END_REF] , molecular magnets [START_REF] Aravena | Spin Dynamics in Single-Molecule Magnets and Molecular Qubits[END_REF][START_REF] Coronado | Molecular Magnetism: From Chemical Design to Spin Control in Molecules, Materials and Devices[END_REF][START_REF] Goodwin | Molecular Magnetic Hysteresis at 60 Kelvin in Dysprosocenium[END_REF] . In physics and electrical engineering, nanoscience is associated with quantum behaviors [START_REF] Sothmann | Thermoelectric Energy Harvesting with Quantum Dots[END_REF][START_REF] Aravena | Spin Dynamics in Single-Molecule Magnets and Molecular Qubits[END_REF][START_REF] Clemente-Juan | Magnetic Polyoxometalates: From Molecular Magnetism to Molecular Spintronics and Quantum Computing[END_REF] , and particularly behaviors of electrons [START_REF] Van Der Molen | Charge Transport through Molecular Switches[END_REF][START_REF] Fert | PROPERTIES OF FERROMAGNETIC TRANSITION METALS[END_REF] and photons in nanoscale structures [START_REF] Ghayesh | A Review on the Mechanics of Functionally Graded Nanoscale and Microscale Structures[END_REF][START_REF] Deluca | Dynamic DNA Nanotechnology: Toward Functional Nanoscale Devices[END_REF][START_REF] Wang | Nanoscale Metal-Organic Frameworks for Drug Delivery: A Conventional Platform with New Promise[END_REF] . Biology and medicine also show a deep interest in nanoscience as for drug delivery or e.g. for creating new structures based on DNA [START_REF] Patel | Nanopreparations to Overcome Multidrug Resistance in Cancer[END_REF][START_REF] Wang | The Beauty and Utility of DNA Origami[END_REF] .

One of the most important fabrication technology of our time is microlithography. The technique provides microprocessors and memories, which is the basis for the information technology that has transformed society in the half-century. Microelectronics followed the Moore's law for almost 50 years and provided a popular expression "smaller is cheaper and faster" [START_REF] Lundstrom | Applied Physics. Moore's Law Forever?[END_REF] . The technical evolution in the semiconductor industry has brought the devices components of commercial semiconductor devices to size down to 10 nm or below.

However, the Si-technology miniaturization runs into several physical and technological limitations in the long term. Molecules could offer the ultimate miniaturization of logic circuits by using single molecules, which could act for example as electronic switches [START_REF] Aviram | Evidence of Switching and Rectification by a Single Molecule Effected with a Scanning Tunneling Microscope[END_REF][START_REF] Aguilà | Switchable Fe/Co Prussian Blue Networks and Molecular Analogues[END_REF][START_REF] Alemani | Adsorption and Switching Properties of Azobenzene Derivatives on Different Noble Metal Surfaces: Au(111), Cu(111), and Au(100)[END_REF] and storage elements [START_REF] Roth | Molecular Approach toward Information Storage Based on the Redox Properties of Porphyrins in Self-Assembled Monolayers[END_REF][START_REF] Yi | Structure and Properties of Prussian Blue Analogues in Energy Storage and Conversion Applications[END_REF] . In fact, molecules are the smallest building block providing a large amount of diversity to address various functions by structural design, and are able to organize themselves on surfaces into regular and dense two-dimensional patterns. Recently, molecular systems based on organic compounds with specific dielectric or electronic conduction properties have been enabled to build applicative devices such as liquid display [START_REF] Chen | Liquid Crystal Display and Organic Light-Emitting Diode Display: Present Status and Future Perspectives[END_REF] , organic transistor [START_REF] Friedlein | Device Physics of Organic Electrochemical Transistors[END_REF] , organic light-emitting diodes [START_REF] Lu | A Review on Encapsulation Technology from Organic Light Emitting Diodes to Organic and Perovskite Solar Cells[END_REF][START_REF] Tiwari | Recent Progress in Organic Light-Emitting Diodes[END_REF] .

Nanotechnology applications

Nanomaterials

Nanomaterials are already used in numerous products and industrial applications. As example we can quote organic light-emitting diode (OLED) use for flat panel displays and lighting panel or an important use of nanoparticles and nanotubes in composite materials. The enhancement of properties can be focused on the mechanical properties but can be extended to optical, electrical and magnetic properties. As example, we can quote carbon fibers and carbon nanotubes used in polymers in order to control and enhance electrical conductivity [START_REF] Sun | Developing Polymer Composite Materials: Carbon Nanotubes or Graphene?[END_REF] , or the use of nanoparticles as fillers in a matrix, such as carbon black used to mechanically reinforce car tyres. Nanocoatings and nanostructured surfaces can also be included in the wide family of nanomaterials. Coatings with controlled thickness at the nanoscale have been in routine production for some time. As an example, we can quote molecular beam epitaxy [START_REF] Ginley | Topological Insulator Film Growth by Molecular Beam Epitaxy: A Review[END_REF] and metal oxide chemical vapor [START_REF] Cheng | Chemical Vapor Deposition Method for Graphene Fiber Materials[END_REF] .

Nanobiotechnology

Nanobiotechnology is the application of nanotechnology in the biological field. This field is hybrid and regroups chemist, physicist and biologist skills in collaboration. Biotechnology deals with metabolic and other physiological processes of biological subjects. The integration of nanomaterials with biology has led to the development of diagnostic devices [START_REF] Chovan | Microfabricated Devices in Biotechnology and Biochemical Processing[END_REF] , contrast agents [START_REF] Bellizzi | Microwave Cancer Imaging Exploiting Magnetic Nanoparticles as Contrast Agent[END_REF] , drug-delivery devices [START_REF] Farokhzad | Impact of Nanotechnology on Drug Delivery[END_REF] … Nanoelectronics applied to the medical sector also induces deep changes, for instance by exploiting the traditional semiconductor industry, miniaturization and integration for implantation for brain, stimulation, pacemakers and limb stimulation.

Nanosensors

Nanosensensors can be defined as sensing devices smaller than 100 nm, used to collect information at the nanoscale and transfer it into data for analysis. Nanosensors take advantage of physical and chemical properties of matter at the nanoscale. Nanosensors have been developed for the detection of chemical gases and biochemical agents as well as physical variables [START_REF] Zang | Graphene and Carbon Nanotube (CNT) in MEMS/NEMS Applications[END_REF][START_REF] Guo | Strategies for Enhancing the Sensitivity of Plasmonic Nanosensors[END_REF][START_REF] Li | Nanosensors for Food Safety[END_REF] .

Nanoelectronics

Nanoelectronics refers to the use of nanotechnology in electronic devices components.

Nanoelectronics deals with various types of devices and materials. Quantum mechanical properties play in general a significant role in nanoelectronics. Nanoelectronics notably includes the field of spintronics, which the exploits the electron spin in solid-state electronic devices, and the field of optoelectronics which deals with the sourcing, control, and detection of light. Part from nanoelectronics, molecular electronics designs devices from molecular structures and aims to understand the fundamental properties of charge transport through molecules. The molecular nanoelectronics is introduced in more details in Section 1.2. It is the main context of this thesis.

Molecular nanoelectronics and electronic functions 1.2.1 Molecular junctions

The concept of molecular electronics comes from Mann and Kuhn on organic monolayers in 1971 [START_REF] Mann | Tunnelling through Fatty Acid Monolayers and Its Relevance to Photographic Sensitization[END_REF] .

Aviram and Ratner introduce the concept of using organic molecule as molecular diode [START_REF] Aviram | Molecular Rectifiers[END_REF] . More generally, molecular electronics tries to provide answers to miniaturization issues in technological devices, without reducing the efficiency and performance of existing technology. The creation of molecular devices is however a research field in itself, because the fabrication of molecular structures is highly sensitive to defects, hard to control and to replicate in mass production.

To form a molecular junction (MJ), molecules have to be connected between two electrodes.

Molecular junctions are the main component in molecular nanoelectronics [START_REF] Chau | Integrated Nanoelectronics for the Future[END_REF] . A difference needs to be made between MJ formed by one or few molecules (single molecule junctions) or several hundred or more molecules [START_REF] Vuillaume | Molecular Electronics: Electron, Spin and Thermal Transport through Molecules[END_REF] . A junction can be formed or probed by the break-junction method 53 , Figure 1. 1 : Overview of several types of molecular junctions (MJs) along a scale of the approximate number of molecules in the MJ: from "large area MJ" on the left of few molecules and single molecule junction on the right [START_REF] Vuillaume | Molecular Electronics: Electron, Spin and Thermal Transport through Molecules[END_REF] .

electromigration [START_REF] Kim | Electromigrated Nanogaps: A Review on the Fabrications and Applications[END_REF] , conductive probe atomic force microscope (C-AFM) [START_REF] Avila | Electrical Measurement Techniques in Atomic Force Microscopy[END_REF] , scanning tunneling microscopy (STM) [START_REF] Binnig | Surface Studies by Scanning Tunneling Microscopy[END_REF] etc. The stability of molecules with time is important in a molecular junction. Molecules need to transport electronic current over high number of cycles without damage. Otherwise, the integration into molecular devices is not possible. Molecules can be grafted to a substrate by a chemical link to form a self-assembled monolayer [START_REF]Front Matter[END_REF] (SAM) or deposited by electrochemical methods or by evaporation [START_REF] Aswal | Self Assembled Monolayers on Silicon for Molecular Electronics[END_REF][START_REF] Bain | Molecular-Level Control over Surface Order in Self-Assembled Monolayer Films of Thiols on Gold[END_REF] .

Molecular wires

In electronics, a wire is the most basic object who allows the conduction of electric charges [START_REF] Agraït | Quantum Properties of Atomic-Sized Conductors[END_REF] . At the molecular scale, the electronic transport is expected to take part through the frontier orbitals of molecules. In general, when a π-system increases in size, the energy difference between frontier orbitals decreases in energy and the energy difference to the Fermi level of the electrode decreases accordingly. Large delocalized π-systems are thus promising candidates 60 as molecular wires. The simplest example is a chain of polyene, consisting of an alternating sequence of single and double bonds, leading to a π-system delocalized over the whole molecule length [START_REF] Kuhn | Synthesis of Polyenes[END_REF] . Many other examples consisting of aromatic building blocks like polybenzene, polythiophene etc have been extensively studied [START_REF] Yousef | Electric and Magnetic Properties of Cobalt, Copper and Nickel Organometallic Complexes for Molecular Wires[END_REF] .

Rectification

A rectifier device allows the current to pass more easily in one direction than in the other. The concept of molecular electronics has already suggested the rectification as an electronic function obtainable from a molecular structure [START_REF] Aviram | Molecular Rectifiers[END_REF] . The first devices displaying rectification based on molecular structures consisted in Langmuir-Blodgett films sandwiched between two electrodes [START_REF] Metzger | Unimolecular Electrical Rectification in Hexadecylquinolinium Tricyanoquinodimethanide[END_REF] . The coupling of the molecules to the electrodes (e.g. in the case of chemisorbed molecules) may lead to the formation of Schottky barrier at the interface. An asymmetric current-voltage characteristics can be measured in the molecular junctions in the case of (i) different anchor groups; (ii) different electrode materials; or (iii) different dipole moments created at the molecule-electrode interfaces.

Molecular switches

Molecular switches are molecules displaying at least two different conductance states, which can be switched by an external (e.g. electrical or optical) stimulus. The two states of the molecules can be associated to ON and OFF states. An important factor for a molecular switch is the conductance ratio(s) at a given bias between the two or more states. There are classes of molecules which are stable in two different states [START_REF] Aviram | Evidence of Switching and Rectification by a Single Molecule Effected with a Scanning Tunneling Microscope[END_REF][START_REF] Seo | Molecular Conductance Switch-On of Single Ruthenium Complex Molecules[END_REF][START_REF] Ahonen | Photoswitching Electron Transport Properties of an Azobenzene Containing Thiol-SAM[END_REF][START_REF] Aragonès | Large Conductance Switching in a Single-Molecule Device through Room Temperature Spin-Dependent Transport[END_REF] . Such bistable switches are characterized by a double potential well [START_REF] Mcnellis | Azobenzene versus 3,3′,5,5′-Tetra-Tert-Butyl-Azobenzene (TBA) at Au(111): Characterizing the Role of Spacer Groups[END_REF] . If the potential barrier is sufficiently high, the switching process may exhibit a hysteresis [START_REF] Wu | Conductance Hysteresis and Switching in a Single-Molecule Junction[END_REF] . Molecular switches are in general classified by the nature of the external stimulus required to trigger the switch (azobenzene molecules can be e.g. switched optically [START_REF] Alemani | Adsorption and Switching Properties of Azobenzene Derivatives on Different Noble Metal Surfaces: Au(111), Cu(111), and Au(100)[END_REF][START_REF] Ahonen | Photoswitching Electron Transport Properties of an Azobenzene Containing Thiol-SAM[END_REF] ) and/or by the property or function that is switched. Molecular switches offer for example the possibility to transcribe the external stimuli into electrical signals, with switching times of the order of 100 ps [START_REF] Van Der Molen | Charge Transport through Molecular Switches[END_REF] . Multiple mechanisms for the change of conductance of a molecular switches exist, such as the modification of the molecule charge state by charge trapping [START_REF] Seo | Molecular Conductance Switch-On of Single Ruthenium Complex Molecules[END_REF] or oxidoreduction [START_REF] Liao | Cyclic Conductance Switching in Networks of Redox-Active Molecular Junctions[END_REF] , or a change of the molecule conformation by isomerization [START_REF] Van Der Molen | Charge Transport through Molecular Switches[END_REF] , which can drastically change molecular orbitals. The compound which has been the subject of the greatest number of studies remains the diarylethene (DAEs) [START_REF] Jia | Covalently Bonded Single-Molecule Junctions with Stable and Reversible Photoswitched Conductivity[END_REF][START_REF] Tian | Recent Progresses on Diarylethene Based Photochromic Switches[END_REF] and the azobenzene (AZs) [START_REF] Smaali | High On-Off Conductance Switching Ratio in Optically-Driven Self-Assembled Conjugated Molecular Systems[END_REF][START_REF] Bandara | Photoisomerization in Different Classes of Azobenzene[END_REF] derivatives.

The molecule-metal interface

A wide variety of molecules can be used for the fabrication of molecular electronic devices and for the study of fundamental issues related to e.g. growth and/or assemblies, structural and physical properties. The contact of the molecule with respect to electrodes (or the substrate) is of particular importance for electronic properties. Physisorption is characterized by weak van der Waals interactions between molecules and the surface. Chemisorption is defined by the formation of covalent bonds with the substrate [START_REF] Caillol | Investigation of Chemisorbed Oxygen, Surface Segregation and Effect of Post-Treatments on La0.8Sr0.2MnO3 Powder and Screen-Printed Layers for Solid Oxide Fuel Cell Cathodes[END_REF][START_REF] Fabre | Functionalization of Oxide-Free Silicon Surfaces with Redox-Active Assemblies[END_REF] and/or by the charge transfer between the molecule and the substrate [START_REF] Bradley | Charge Transfer from Ammonia Physisorbed on Nanotubes[END_REF] .

An important issue in molecular electronics and metal-organic interface is the energetic position of molecular frontier orbitals of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) with respect to the metal (electrode or substrate) work function.

The metal work function is defined as the energy difference between the metal Fermi level (EF) and the vacuum level (VL), as presented in Figure 1. 2 a). The interaction between the molecule and metal can induce an interface dipole (see Figure 1. 2) [START_REF] Ishii | Energy Level Alignment and Interfacial Electronic Structures at Organic/Metal and Organic/Organic Interfaces[END_REF] , which causes a shift of the vacuum level [START_REF] Crispin | Characterization of the Interface Dipole at Organic/ Metal Interfaces[END_REF][START_REF] Kahn | Electronic Structure and Electrical Properties of Interfaces between Metals and π-Conjugated Molecular Films[END_REF] at the molecule-metal interface. When a charge transfer occurs from the molecule to the metal surface, it leads to the formation of a cation or anion (see Figure 1 This effect appears with both physisorbed and also chemisorbed molecules interface [START_REF] Ishii | Energy Level Alignment and Interfacial Electronic Structures at Organic/Metal and Organic/Organic Interfaces[END_REF][START_REF] Kahn | Electronic Structure and Electrical Properties of Interfaces between Metals and π-Conjugated Molecular Films[END_REF] . Finally, the permanent dipole of a molecule (Figure 1. 2 e)), if any, creates an electrostatic potential which can shift molecular levels [START_REF] Kera | Impact of an Interface Dipole Layer on Molecular Level Alignment at an Organic-Conductor Interface Studied by Ultraviolet Photoemission Spectroscopy[END_REF][START_REF] Knupfer | Origin of the Interface Dipole at Interfaces between Undoped Organic Semiconductors and Metals[END_REF] .

Historical introduction of Scanning Probe Microscopy

The advance in surface science tools is crucial for nanotechnology. Scanning probe microscopes (SPM) consist in a various set of microscopes which provide topographical images of surfaces, but also permit a nanoscale electrical characterization. Multiple variations of SPMs have been developed on the basis of STM and AFM [START_REF] Avila | Electrical Measurement Techniques in Atomic Force Microscopy[END_REF][START_REF] Dreyer | Ultra-High-Vacuum Magnetic Force Microscopy of the Domain Structure of Ultra-Thin Co Films[END_REF][START_REF] Glatzel | Amplitude or Frequency Modulation-Detection in Kelvin Probe Force Microscopy[END_REF] .

The STM was the first instrument that enabled imaging of flat conductive surfaces with atomic resolution in ultra-high vacuum. STM helped to solve the open issue of the structure of the Si( 111)-(7x7) surface reconstruction [START_REF] Binnig | 7x7 Reconstruction on Si(111) Resolved in Real Space[END_REF] , by enabling its real space imaging confirming the dimer-adatomstacking fault model for 7x7 reconstruction developed by Takayanagi et al. [START_REF] Takayanagi | Structural Analysis of Si(111)-7×7 by UHV-transmission Electron Diffraction and Microscopy[END_REF] bypass this problem, AFM was developed. The AFM is based on a tip attached to a flexible cantilever that bends under the influence of the force acting on the tip. The first AFM used an STM tip coupled to the metallic backside of the cantilever to measure its deflection [START_REF] Binnig | Atomic Force Microscope[END_REF] . Since then, other techniques have been used to detect the cantilever deflection like the reflection of a laser on the backside of the cantilever [START_REF] Main | Atomic Force Microscopy-A Tool for Structural and Translational DNA Research[END_REF] . In 1995, one decade after the AFM invention, the atomic resolution has been obtained using non-contact AFM [START_REF] Giessibl | Atomic Resolution of the Silicon (111)-(7×7) Surface by Atomic Force Microscopy[END_REF] . In 2009, the operation of an AFM based on stiff quartz probes functionalized with a carbon monoxide molecule has enabled a sub-molecular resolution in molecule imaging, surpassing the resolution obtained by STM [START_REF] Gross | The Chemical Structure of a Molecule Resolved by Atomic Force Microscopy[END_REF] .

Conclusion

Molecular nanoelectronics uses the diversity offered by chemistry to exploit molecular properties for application in electronics. The molecular nanoelectronics try to complement semiconductor devices by providing new function or mimic existing function at the simpler process level and with a manufacturing cost lower by the help of self-organization capabilities. However, research for fundamental understanding of the physics at the nanoscale need to be performed to implement electronic device at the molecular-scale. The metal-molecule interface is a critical subject because the properties of a molecule in solution can be totally lost in contact with an electrode because of the physical molecule-electrode interaction. Understanding this interaction therefore becomes an important issue for nanoelectronics and the scanning probe microscopy appear as an indispensable tool. In this thesis the problematics of molecules-metal interaction and electronic properties are investigated through the study of three molecular systems.
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Chapter 2 : Experimental section

In this chapter, the scanning probe microscopies used in this thesis are explained. Firstly, all the theoretical concepts of scanning probe microscopy are described. Noise sources are presented.

Secondly, the setups used to perform ultra-high vacuum (UHV) and ambient air measurements in the framework of this thesis are presented. The preparation of tips and substrates for the analysis in UHV scanning-probe microscopy are shown. Finally, spectroscopy method is described.

Scanning Probe Microscopy

In the 1920s, the theory of quantum mechanics appeared, which changed the way we saw physics. It gave birth to concepts such as the wave-particle duality, the quantum superposition and tunnel effect, for example. All these principles are counterintuitive compared to classical physics. Concerning the tunnel effect, this is like saying in classical physics that a stone would be able to cross a concrete wall from one side to the other, while it is supposed to be stopped by it. In quantum mechanics, when a particle meets a wall (a very high-energy barrier), the probability of its presence on the other side of this energy barrier is superior to zero. This probability is exponentially decreasing with the width of the barrier in the direction of propagation of the particle. The first implementations of this phenomenon date back to 1957 with the tunneling diode discovered by Leo Esaki, Nobel Prize in Physics in 1973 [START_REF] Esaki | New Phenomenon in Narrow Germanium p -n Junctions[END_REF] .

In 1981, IBM developed the scanning tunneling microscope with Gerd Binnig and Heinrich Rohrer (Nobel Prize in Physics in 1986), which is one of the keystones of nanoscience today [START_REF] Binnig | Surface Studies by Scanning Tunneling Microscopy[END_REF][START_REF] Binnig | Atomic Force Microscope[END_REF][START_REF] Binnig | Scanning Tunneling Microscopy-from Birth to Adolescence[END_REF][START_REF] Spadafora | Etude par microscopie à force atomique en mode non contact et microscopie à sonde de Kelvin, de matériaux modèles pour le photovoltaïque organique[END_REF][START_REF] Vergel | Dirac Antidot Superlattices for Electrons in III-V Semiconductors[END_REF][START_REF] Nonot | Propriétés Électroniques et de Transport Des Super-Réseaux de Boites Quantiques Épitaxiallement Connectées[END_REF] .

Scanning tunneling microscopy

We will see here in more details the tunneling effect. Quantum mechanics predicts an exponential where ħ is the reduced Planck constant, m is the mass of an electron, V(x) is the potential along the x axis, and E is the energy of the electron. V(x) = 0 for x<0 (region 1) and x>d (region 3), and V(x) = φ0 for 0 < x < d (region 3). Ψ1, Ψ2, Ψ3 verify Schrödinger's equation in their respective region.

X < 0 0 < x < d X > d - ℏ 2 2𝑚 𝜕²𝛹 1 𝜕𝑥 2 = 𝐸𝛹 1 - ℏ 2 2𝑚 𝜕²𝛹 2 𝜕𝑥 2 + 𝛷 0 = 𝐸𝛹 2 - ℏ 2 2𝑚 𝜕²𝛹 3 𝜕𝑥 2 = 𝐸𝛹 3 (2. 2)
The general solutions for the different areas are . This transmitted wave is again partially reflected (B2). The transmitted part of A2 finally reaches the other side of the tunnel barrier (A3). Adapted from [START_REF] Nonot | Propriétés Électroniques et de Transport Des Super-Réseaux de Boites Quantiques Épitaxiallement Connectées[END_REF] .

𝜑1(𝑥) = 𝐴 1 𝑒 𝑖𝑘𝑥 + 𝐵 1 𝑒 -𝑖𝑘𝑥 𝜑2(𝑥) = 𝐴 2 𝑒 𝛼𝑥 + 𝐵 2 𝑒 -𝛼𝑥 𝜑3(𝑥) = 𝐴 3 𝑒 𝑖𝑘𝑥 (2. 1)
In this expression 𝑘 = √ 2𝑚 ℏ² 𝐸 is the incident wave vector, 𝛼 = √ 2𝑚 ℏ 2 (𝛷 0 -𝐸) is the transmitted wave vector and An and Bn are the incident and reflected parts of each wave in region n, i the imaginary unit. The transmission coefficient is

𝑇(𝐸) = | 𝐴 3 𝐴 1 | 2 (2. 2)
All wave functions and their derivatives have to be continuous everywhere and so we are able to calculate A3 and we have for this system

𝑇(𝐸) = | 𝐴 3 𝐴 1 | 2 = 1 1 + 𝛷 0 2 4𝐸(𝛷 0 -𝐸) 𝑠𝑖𝑛ℎ²(𝛼𝑑) (2. 3)
So, the transmission coefficient T(E) is not equal to zero, that means, the electron is able to cross the barrier due to their wave nature. By applying a bias V on the sample or the tip, the situation is reported in Figure 2. 2 where EF,sample and EF,tip are the Fermi level energies of the sample and tip respectively, d is the barrier's thickness.

As the applied polarization eV is usually small compared to the height of the tunneling barrier Φ, the energy barrier can be simplified in a square barrier with averaged height: where φtip, φsample are the work functions of the tip and sample respectively.

By taking Eq. ( 2. 3) with φ replaced φ0 and considering a larger barrier of a few angstroms (αd >> 1),

we can obtain the approximation of T(E):

𝑇(𝐸)~1 6𝐸(𝜙 -𝐸) 𝜙² 𝑒 -2𝛼𝑑
(2. 5)

and by replacing all terms and using Eq. ( 2. 4) we write T(E) as:

𝑇(𝐸)~1 6𝐸(𝛷 -𝐸 + 𝑒𝑉 2 ) 𝛷² 𝑒 -2𝑑√ 2𝑚 ℏ 2 (𝛷-𝐸+ 𝑒𝑉 2 ) (2. 6)
At a given bias V applied on the sample, we need to integrate the transmission coefficient T(E,eV) of the electron across the barrier to all energy states between EF,sample and EF,tip . We can write the integral between 0 and eV to determine the current through the tunnel junction as:

𝐼 = ∫ 𝑇(𝐸, 𝑒𝑉)𝜌 𝑡𝑖𝑝 (𝐸 -𝑒𝑉)𝜌 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐸)𝑑𝐸 𝑒𝑉 0 (2. 7)
with ρtip and ρsample the local densities of electronic states of the tip and the sample respectively. By using Eq. (2. 6) in Eq. (2. 7) we have:

𝐼 = ∫ 16𝐸(𝛷 -𝐸 + 𝑒𝑉 2 ) 𝛷² exp (-2𝑑 √ 2𝑚 ℏ 2 (𝛷 -𝐸 + 𝑒𝑉 2 ))𝜌 𝑡𝑖𝑝 (𝐸 -𝑒𝑉)𝜌 𝑠𝑎𝑚𝑝𝑙𝑒 (𝐸)𝑑𝐸 𝑒𝑉 0 (2. 8)
This exponential dependence of the current I with the tip-sample distance d is fundamental for STM.

For a variation of 1 Å, we have a variation of a decade in current. This change is enough to detect vertical variations at the atomic scale.

The sample topography represented in the z direction can be obtained by keeping a constant height across the entire sample and measuring the variation of the tunneling current. However, this method can cause the destruction of the tip if the roughness of the sample is higher than the tip-sample distance. The solution to this problem is to use a tunneling current value as setpoint; the piezoelectric transducers are controlled by a feedback loop to reach the distance for which the tunneling current is maintained to the setpoint current I. A schematic view of STM is presented in Figure 2. 3. To approach the tip at several nanometers and obtain atomic resolution without crashing it on the surface, we need several conditions like a very sharp metallic tip and a feedback loop with faster response as compared to the scan speed.

Atomic Force Microscopy

After the success of the STM, Gerd Binnig and Calvin Quate proposed a new scanning probe microscope using a flexible tip-cantilever assembly to scan the surface [START_REF] Binnig | Atomic Force Microscope[END_REF] . The apex of the tip is nanometric and the tip interacts with the sample through inter-atomic, frictional, magnetic or electrostatic forces. The big advantage of the AFM over STM is the possibility to analyze conductive but also insulating surfaces. In the past decade, the AFM has emerged as a powerful tool to obtain nanostructure details and biomechanical properties of biological samples, including biomolecules and cells. The two main AFM modes are the contact mode using the cantilever in static mode, or the dynamic mode obtained by oscillating the cantilever at a specific frequency. Typically, changes in oscillation amplitude (amplitude modulation AFM) are employed in intermittent contact mode (also known as tapping mode). Changes in the resonance frequency (frequency modulation AFM) are commonly used in non-contact AFM. The tip, supported by a piezoelectric tube, is represented as atomically sharp with an ideal conic shape. A voltage bias is applied between the tip and the sample and the resulting current is collected from the tip and amplified. After the current is compared to the current set point value thanks to a feedback controller circuit, a voltage is applied to the piezo tube to change the tip-sample distance and maintain a constant current. Adapted from [START_REF] Nonot | Propriétés Électroniques et de Transport Des Super-Réseaux de Boites Quantiques Épitaxiallement Connectées[END_REF] .

Force contribution

In AFM, different types of forces between the tip and the sample contribute to the total signal measured by the tip in the experiment. The potential energy Vts between the AFM tip and the surface causes a z contribution to the sample tip force given by:

𝐹 𝑡𝑠 = - 𝜕𝑉 𝑡𝑠 𝜕𝑧 (2. 9)
The z-dependence of this force induces an effective spring constant shift of the cantilever:

𝑘 𝑡𝑠 = - 𝜕𝐹 𝑡𝑠 𝜕𝑧 (2. 10)
The frequency shift associated with the spring constant shift is used to regulate the z-position. Contrary to the tunneling current, which has a very short range, the force range between the tip and the sample can be both long-range or short range. There are short-ranged chemical forces (up to few nm) while at the long-range there are van der Waals, electrostatic and magnetic forces, which often exceed the short-range chemical interactions responsible for the atomic resolution. All interaction forces are presented in Figure 2. 5. Van der Waals forces are caused by an electrical interaction due to the dipoles of atoms or molecules.

For two atoms separated by a distance z, the corresponding potential energy varies as 1/z 6 . The van der Waals force Fvdw for a spherical tip with radius R and an infinite plane is given by:

𝐹 𝑣𝑑𝑤 = - 𝐴 𝐻 𝑅 6𝑧² (2. 11)
where AH is the Hamaker constant [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF] which depends on the type of material of the tip and sample. AH is of the order of 1 eV for most solids [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF] . When the tip and the sample are conductive and a potential difference is applied between the tip and the surface, an electrostatic force is generated. Using a model of plane capacitor [START_REF] Hudlet | Evaluation of the Capacitive Force between an Atomic Force Microscopy Tip and a Metallic Surface[END_REF] , the electrostatic force Fel can be expressed as:

𝐹 𝑒𝑙 = 1/2 𝜕𝐶(𝑧) 𝜕𝑧 (𝑉 𝑏𝑖𝑎𝑠 -𝑉 𝐶𝑃𝐷 )² (2. 12)
where C(z) is a z dependent capacitance, Vbias is the voltage applied between the sample and the tip and VCPD is the contact potential difference. Note, for Vbias = 0 V an electrostatic force is present due to the difference in work function between tip and sample materials. By applying the appropriate bias corresponding to VCPD, we can suppress the capacitive electrostatic force [START_REF] Barth | Recent Trends in Surface Characterization and Chemistry with High-Resolution Scanning Force Methods[END_REF][START_REF] Hynninen | Polarized Tips or Surfaces: Consequences in Kelvin Probe Force Microscopy[END_REF] (see Figure 2. 6).

The last force that we will discuss is the case of chemical forces. Chemical forces correspond to a shortrange interaction, which origin comes from the overlap of the electron wave function and repulsion of ion cores of the tips and sample atoms. The most common way to describe chemical forces is by using Lennard-Jones potential VLj 100 given by:

𝑉 𝐿𝐽 = -𝐸 𝑏𝑜𝑛𝑑 [2 ( 𝛼 𝑧 ) 6 -( 𝛼 𝑧 ) 12 ] (2. 13)
where Ebond is a bonding energy and α is the distance at which the potential energy V between particles is zero. The Lennard-Jones potential is shown on the E 
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Topography imaging modes 2.2.1 Tapping Mode AFM

A sharp cantilever positioned in close proximity to the surface is excited at its resonant frequency f0.

For this system the equation of motion can be described by a forced harmonic oscillator with damping 101 :

𝑚 𝑧(𝑡) ̈+ 𝛾 0 𝑧(𝑡) ̇+ 𝑘 𝑧(𝑡) = 𝐹 𝑡𝑠 + 𝐹 0 cos (𝜔𝑡)

(2. 14)
where k and m are the spring constant and the effective masse of the cantilever, F0 and ω the amplitude and angular frequency of the driving force. Fts describes the tip-surface interaction force, in absence of tip-sample interaction Fts = 0, the angular resonance frequency of the driving force is equal

to 𝜔 0 = 2𝜋𝑓 0 = √ 𝑘 𝑚 . Finally, 𝛾 0 = 𝑚 𝜔 0
𝑄 the damping factor, in which Q is the oscillator quality factor.

The force sensibility of an AFM depends on the quality factor of the vibrating cantilever. The quality factor (Q-factor) is a parameter that describes the damping of the oscillator. A higher Q-factor indicates a low rate of energy loss relative to the stored energy of the oscillator 101 . The Q-factor can be measured directly from the resonance frequency curves using:

𝑄 = 𝑓 0 𝐹𝑊𝐻𝑀 (2. 15)
with FWHM the Full Width at Half Maximum.

The solution of the harmonic oscillator 102 can be described as follows 𝑧 = 𝐵 exp(-𝛼𝑡) cos(𝑤𝑡 + 𝛽) + 𝐴 cos (𝑤𝑡 -𝛷)

(2. 16)
Eq. (2. 16) presents a transient term and a stable solution where A, B, α and β are real numbers. At t=0, the two solutions are prominent. However, after a time of 2Q/ω0, the transient term is reduced by exp(-αt) at this point the motion is dominated by the stable solution. The stable solution is the sinusoidal function with phase shift with respect to the excitation force. The amplitude can be written as follows, as a function of the excitation frequency:

𝐴(𝜔) = 𝐹 0 /𝑚 [(𝜔 0 2 -𝜔 2 ) 2 + ( 𝜔𝜔 0 𝑄 ) 2 ] 1 2
(2. 17)

and the phase shift is described by:

𝑡𝑎𝑛𝛷 = 𝜔𝜔 0 /𝑄 𝜔 0 2 -𝜔² (2. 18)
The Eq. (2. 19) shows that the oscillation amplitude depends on the driving force F0, the damping and the position of the excitation frequency with respect to the natural frequency (the frequency at which a system tends to oscillate in the absence of any driving force).

When approaching the tip to the sample e.g. when the harmonic oscillator is under influence, the interaction forces cause a shift of the resonance curve of the cantilever. For small displacements with respect to the equilibrium position of the cantilever z0, the force acting on the tip can be expressed as:

𝐹 = 𝐹 0 + ( 𝑑𝐹 𝑑𝑧 ) 𝑧0 (𝑧 -𝑧 0 ) (2. 19)
The effective spring constant of the harmonic oscillator is given by:

𝑘 𝑒 = - 𝑑𝐹 𝑑𝑧 = (𝑘 - 𝑑𝐹 𝑡𝑠 𝑑𝑧 ) 𝑧 0 (2. 20)
Now considering the motion of the harmonic oscillator described by Eq. (2. 19) with the effective spring constant given by Eq. ( 2. 20), we can write the new effective resonance frequency 𝜔 𝑒 as follows

𝜔 𝑒 = ( 𝑘 -( 𝑑𝐹 𝑡𝑠 𝑑𝑧 ) 𝑚 ) 1 2
(2. 21)

The Eq. (2 .21) shows the resonance frequency of a weakly perturbed harmonic oscillator depends on the gradient of the force interaction. Assuming small force gradient in compared to the spring constant 103 ( kts << k where kts is defined by Eq. (2. 10)), the Eq. ( 2. 21) can be written as

𝜔 𝑒 = ( 𝑘 -𝑘 𝑡𝑠 𝑚 ) 1 2 ≈ 𝜔 0 (1 - 1 2 𝑘 𝑡𝑠 𝑘 ) (2. 22) 𝛥𝑓 = - 𝑓 0 2𝑘 𝑑𝐹 𝑡𝑠 𝑑𝑧 (2. 23)
A change in the tip-sample distance leads to a change in the force gradient, which results in a complete shift of the resonance curve according to Eq. ( 2. 17). If we consider that the tip is excited at its natural frequency f0, approaching the tip toward the surface modifies the resonance frequency, which implies a modification of the oscillation amplitude (Figure 2. 8).

A study of the different limitations of using the harmonic model for dynamic AFM has been done by Holscher et al 104 .

In most situations, Eq. (2. 23) allows to obtain easily an interpretation of the data. The above approximation is no longer valid for large oscillations compared to tip sample distance. In classical firstorder perturbation theory 105 , the solution is given by :

𝛥𝑓 = - 𝑓 0 2 𝑘𝐴 0 2 ∫ 𝐹 𝑡𝑠 (𝑑 + 𝐴 0 + 𝐴 0 1/𝑓 0 0 cos (2𝜋𝑓 0 𝑡))𝐴 0 cos (2𝜋𝑓 0 𝑡)𝑑𝑡 (2. 24)
with A0 the oscillation amplitude . This equation is much more complicated and obtaining the force value from the frequency shift in the experiment is not a trivial task. Different expressions for this force have been proposed 106-108 .

Non-contact frequency modulation Atomic Force Microscopy

In general, the topography of the sample is imaged by scanning with a tip along a sample while keeping the interaction setpoint constant thanks to a feedback loop. A variety of AFM modes can be used depending on the objectives. In contact mode, the tip is in direct and permanent contact with the surface, the repulsive interaction between the tip and the sample is measured. In non-contact mode, the cantilever oscillates at its resonant frequency thanks to a piezoelectric element.

Figure 2. 8 : Resonance curve (solid line). The influence of attractive and repulsive force (dashed lines).

In non-contact mode (nc-AFM) the interaction force between the tip and the surface is considerably reduced in comparison with the contact-mode. The change of oscillation due to this interaction can be monitored using two different detection modes: amplitude modulation (AM-AFM) and frequency modulation technique 103 (FM-AFM). In FM-AFM, the tip is driven with a constant amplitude and the frequency shift Δf = f -f0, is measured. Thanks to a feedback loop, Δf is maintained constant by adjusting the tip-sample distance. When operating nc-AFM in vacuum, the quality factor Q increases by several order of magnitude (≈10 5 ) 109 . Due to this, FM-AFM is more efficient in vacuum 110 .

FM-AFM allows the separation of the elastic interaction from the dissipative interaction 103 . The minimum force gradient detectable in FM-AFM F'min depends on the cantilever parameters (spring constant k and quality factor Q) and the detection bandwidth B, and can be written as 103 :

𝐹 𝑚𝑖𝑛 ′ = ( 𝜕𝐹 𝜕𝑧 ) 𝑚𝑖𝑛 = √ 4𝑘(𝑘 𝐵 𝑇)𝐵 2𝜋𝑓 0 𝑄𝐴 0 2 (2. 25)
where A0² is the mean-square amplitude of the driven cantilever vibration, kB the Boltzmann constant and T the temperature, F the force interaction and z the distance between the tip and the sample. As 

Combined STM and non-contact-AFM

Using a conductive tip allows to combine STM and NC-AFM measurements at the same time. However, the tunnel current when the tip oscillates with an amplitude Aosc, oscillates also with time. The recorded average tunnel current can be written as 100

〈𝐼 𝑡 (𝑧, 𝐴 𝑜𝑠𝑐 )〉 ≈ 𝐼 𝑡 (𝑧, 0) √4𝜋𝜅𝐴 𝑜𝑠𝑐 (2. 26)
where 𝜅 = √2𝑚𝛷/ħ , with 𝛷 = (𝛷 𝑡𝑖𝑝 + 𝛷 𝑠𝑎𝑚𝑝𝑙𝑒 )/2 . The oscillation of the tip causes a decrease in the tunnel current, and it is therefore necessary to move closer to the surface to have a tunnel current value identical to that of a non-oscillating tip.

Topography feedback modes for STM and non-contact AFM

In the chapters 

Type of STM/AFM probes 2.3.1 Metallic tips

In the chapter 3, when measuring under ambient conditions, n-doped silicon (n-Si) cantilever probes metallized by a platinum iridium alloy (PtIr) (SCM-PIT-V2, Bruker) are used. However, as the metal layer covering the tip is very fragile, the life of such probes is short. 

Model

Noise sources in AFM

AFM measurements are sensible to several types of noise sources that can limit the sensitivity or even prevent the measurement of certain physical properties. There are relevant noise contributions that need to be considered [113][114][115] .

-Thermal noise -Detection noise -Frequency drifts caused by temperature changes

Thermal noise

The thermal noise 𝛿𝑓 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 of a sensor with a measurement bandwidth B is given by 103 : 

𝛿𝑓 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑓 0 = √ 𝑘 𝐵 𝑇𝐵 𝜋𝑘𝐴 𝑜𝑠𝑐 2 𝑓 0 𝑄 (2. 27) a) b) c)

Detection Noise

The contribution of detection noise depends on the type of sensor used and the properties of the oscillation detection system. An important factor is the detection noise density ηq that denotes the precision at which frequency changes can be measured 113,116,117 . The frequency and force gradient noise can be written as:

𝛥𝑘 𝑑𝑒𝑡 = √ 8 3 𝑘𝜂 𝑞 𝐵 3/2 𝐴 𝑜𝑠𝑐 𝑓 0 (2. 28)
Values for the detection noise density were taken from Giessibl et al. 113 For the Kolibri that is 1.89 𝑓𝑚/√𝐻𝑧 and 31 𝑓𝑚/√𝐻𝑧 for Qplus at 4 K.

Frequency drifts caused by temperature changes

Temperature variation causes the drift of the natural frequency f0. When performing an accurate AFM experiment, it is important to keep the frequency at its natural frequency. The oscillation frequency of a sensor changes slightly with the temperature. The material determines the amplitude of the drift, for example silicon cantilevers have a relative frequency variation linear with temperature with a value -35 ppm/K at room temperature 114 . Quartz sensors have a quadratic frequency shift with temperature.

The natural frequency varies with the temperature as follows:

𝛿𝑓 𝑠𝑒𝑛𝑠𝑜𝑟 𝑓 0 = -𝜒(𝑇 -𝑇 𝑝 )² (2. 29)
Tp is the turnover temperature which depends on the crystal cut. Usually, for Kolibri sensor Tp is around ≈ 313 𝐾. The temperature stability χ of the quartz got a very small value of χ = 35 x 10 -9 K -2 . The noise related to this type of drift is:

𝛿𝑘 𝑡𝑠𝑑𝑟𝑖𝑓𝑡 = -2𝑘𝜒(𝑇 -𝑇 𝑝 )² (2. 30)
A more detailed analysis was made for tuning fork and different geometries of Qplus sensors 118 .

Thermal noise and other noises for QPlus and Kolibri are summarized in Table 2. 2. Reasonable Q values are 50 000 at room temperature and rise up to 100 000 at 4 K for Kolibri sensor (SPECS), Q = 3000 for QPlus sensor 112 at room temperature and reaching up to 200 000 at 4 K.

Our setups 2.5.1 Air ambient Atomic Force Microscope

The measurements under ambient conditions performed in Chapter 3 of this thesis were obtained with a Dimension Bruker Icon (Bruker, US-MA) (Figure 2. 12) equipped with a Nanoscope V controller and a PF-TUNA module with a wide calibration range from 20 pA/V to 100 nA/V. In this thesis, the 1nA/V range has been used to detect low currents. The Nanoscope V9.1 software is used to drive the microscope. Imaging with the Bruker ICON AFM does not require a complex set-up. The electrical contact between the sample and the plate on which the voltage is applied is established by a metal tab. The topography of the surface is measured using the deflection of the cantilever by detecting a laser beam reflected off the back of the cantilever onto a photodiode. Before and after each experiment, the vertical deflection setpoint relative to the support force (in nN) is calculated from the sensitivity of the optical system (in nm/V). The relationship between deflection and force is: 2. 27), Eq. ( 2. 28) and Eq. (2. 30).

𝑉 𝑑𝑠 -𝑉 𝑑0 = 𝐹 𝑠 × 𝑘 (2.
Where Vds is the vertical deflection setpoint, Vd0 the vertical deflection, k the spring constant of the cantilever given by the manufacturer or by measurement of the thermal noise with the Thermal Tune function of the Bruker ICON 119 .

UHV Joule Thomson Scanning Probe Microscope (JT-SPM)

The There is also a possibility of using a magnetic field up to 3 T.

The system is composed of three chambers. The load lock chamber where samples are inserted, the preparation chamber where the samples and tips are prepared, and the analysis chamber where the JT-SPM is situated (see Figure 2. 13). Ultra High Vacuum (~10 -10 mbar) in preparation and analysis chambers is obtained via the association of a scroll pump with a turbomolecular pump after a bake out of the chamber at T = 100-150°C and titanium sublimation pumping (TSP). To preserve the system of mechanical vibration induced by the turbomolecular and scroll pumps, the vacuum during the measurement is preserved via ionic pumps and TSPs. Tip and multiple samples can be transferred from ambient air to vacuum via the load lock chamber who is sealed with a Viton gasket with a base pressure of 10 -8 mbar. Thanks to a manipulator, we can transfer samples and tips to the preparation chamber situated between load-lock and analysis chambers. It is equipped with an ion sputter gun for bombarding with high energy argon ions, a heating stage used for annealings, a Kentax 3-cell TCE-BSC evaporator and a Low-Energy Electron diffractometer (LEED).

In the analysis chamber, we have the JT microscope, with JT stage below liquid helium bath cryostat which is itself surrounded by another vessel of liquid nitrogen. Four parking positions for storage and cooling are available for samples and probes before introducing them into the microscope. The liquid nitrogen cryostat (21 liters) has to be filled about every 80 hours and the liquid helium one (9.5 liters) every 110 hours or more often. When the microscope is already thermalized to 4 K and no sample or tip is removed or inserted, the liquid helium consumption is about 0.10 liter /hour. 2.6 Tip and sample preparation for UHV experiments 2.6.1 Sputter of the Kolibri Sensor (KS)

In the previous part we have introduced the KS. However, before being able to carry out measurements with it it is necessary to clean the KS tip thanks to sputtering during 15-30 min with 3 keV argon ions, under a maximum pressure of 1x10 -5 mbar. An example of cleaning is shown in Figure 2. 14. During the scanning, the tip can be sharpened with bias pulses and gentle tip indentation into the surface. In case of a tip crash on the surface, the tips can be recovered using Focused Ion Beam (FIB) technique.

Deposition of molecules under UHV

To deposit the molecules under UHV on our substrate, we use the Kentax evaporator which is placed in the preparation chamber. The evaporator is composed of three crucibles in quartz with a shutter mounted on the top. This shutter makes it possible to deposit but also to co-deposit molecules from two or three different crucibles. The molecules in the crucibles are in the form of powder, which is heated using a tungsten wire until the sublimation. A thermocouple measures the temperature and permits to regulate the temperature of the power supply. The evaporator is mounted on a linear translation stage (170 mm) behind a gate valve, allowing loading molecules without venting out the preparation chamber. Before evaporating molecules, the crucible is degassed slowly up to remove water and solvent used in the synthesis process. A water cooling system prevents heating all crucibles when one is in use. Molecule deposition were made with the host substrate at ambient temperature. 

Au(111) substrate

Au(111) (bought from MaTeck, Jülich, Germany) crystallizes in a faces centered cubic (fcc) structure with a lattice parameter of a = 2.950 Å. However, Au(111) surfaces show off an anisotropic " herringbones structure". This pattern is formed by a stress-induced surface contraction along the 

KPFM spectroscopy: frequency shift versus bias

From the electrostatic force described in the equation ( 2. 12), we can write the Δf(Vbias) as:

𝛥𝑓(𝑉 𝑏𝑖𝑎𝑠 ) = - 𝑓 0 4𝑘 𝜕 2 𝐶(𝑧) 𝜕𝑧 2 (𝑉 𝑏𝑖𝑎𝑠 -𝑉 𝐶𝑃𝐷 )² (2. 32)
A tip-sample system is modeled by an ideal plate capacitor 𝐶(𝑧) = 𝜀𝐴/𝑧, where A is the surface area of the plate capacitor, ε the dielectric constant of the dielectric material between the plates and z the distance between the tip and the substrate. The equation (2. 32) is:

𝛥𝑓 = - 𝑓 0 2𝑘 𝜀 0 𝐴 𝑧 3 (𝑉 𝑏𝑖𝑎𝑠 -𝑉 𝐶𝑃𝐷 )² (2. 33)
To have a simpler equation, we can write it as: The coefficient A represents all the interactions independent on the tip bias like van der Waals forces and image charge contributions. B is the capacitance signal (Hz/V²).

𝛥𝑓 = 𝐴 + 𝐵(𝑉 𝑏𝑖𝑎𝑠 -𝑉 𝐶𝑃𝐷 )² (2. 34) a) b)
The contact potential difference value depends on the work functions of the tip and the sample, it is defined as:

𝑉 𝐶𝑃𝐷 = 𝛷 𝑠𝑎𝑚𝑝𝑙𝑒 -𝛷 𝑡𝑖𝑝 𝑒 (2. 35)
The Δf(Vbias) spectroscopy experiment consists in recording the frequency shift in function of the applied bias on the sample. From this measurement, we extract a parabolic curve of the frequency shift in function of the bias applied, from which we can extract various information like the capacitance, the surface potential 123 and van der Waals interaction. The different contributions of the signal can also be studied 124 The black line is the raw value of measurements and the red line is the fitted parabolic curve using the Eq. (2. 34).

[Hz]

Δf spectroscopy done in this thesis are in constant height mode with z-feedback loop opened. Before launching the spectroscopy, nc-AFM images are acquired. The Δf signal of the AFM image permits to have an estimation of the tip-sample distance before the spectroscopy. Before launching the spectroscopy measurement, some adjustments have to be made by lifting up the tip of 100-150 pm from the nc-AFM scanning condition, to reduce the current on the molecule and to avoid perturbing the Δf signal 129 . Increasing the oscillation amplitude of the tip increases the signal to noise ratio of Δf.

A bias sweep is made in a bias range selected for the experiment.

Conclusion

In this chapter, the principles of scanning probe microscopy techniques have been explained, including STM and AFM. All experimental setups used in this thesis have been detailed. The ambient air AFM, the UHV JT-SPM and the oscillator used for combined STM and nc-AFM experiments were described.

The characteristics of the Au(111) substrate and the method of deposition of molecules for our UHV experiment have been presented. Noise sources, topography imaging modes and the KPFM grids spectroscopy experiments have been explained.

Chapter 3: Charge transport through CsCoFe Prussian blue analogue (PBA) nanocrystals

PBA nanocrystals (here with sizes in the 15-50 nm range) are nano-objects at the frontier between molecules and bulk materials, and have molecular properties that can be used for different applications 130 such as gas storage [131][132][133] , environmental purification 134,135 , cathode materials for batteries [136][137][138] and also for their magnetic properties for information storage 139 . Keggin The structure of PBAs is shown in Figure 3. 1. The general formula is given by AxP

j [R k (CN)6]1-y.wH2O,
where A is an alkali cation; P and R are transition metals with an octahedral bonding environment of carbon and nitrogen, respectively; y is the number of hexacyanometallate vacancy sites; and w is the amount of water molecules 136,145,146 . The oxidation state is represented by j and k for the P and R transition metals, respectively. The transition metals are organized in a fcc arrangement bridged by the cyanide ligands forming a cubic structure 147 . The charge neutrality of the system is due to a relationship between the transition metals oxidation states, vacancy content and alkali cations. A large number of metallic atoms can be substituted into PBA structure on the A, P and R sites 130,136,143,148 . As for the site P, the most frequently used elements are 3d transition metal. Up to six 3d electrons can accommodate the R site. The transition metal elements of the P and R sites can take several oxidation states 130,136,149 .

Cyanide bridge

The cyanide (C-N) ligands have an essential role in PBA crystals. Cyanide is a ligand with a negative charge that acts as σ donor and π acceptor 145 . Transition metal elements form octahedral complexes with cyanide ligands 150 . The octahedral coordination affects the energy levels of the transition metal d electron orbitals as shown in Figure 3. 2. If we distribute six negative charges uniformly over the surface of a sphere, the d orbital remains degenerate. However if the six negative charges are at the vertices of an octahedron like cyanide ligands, the d orbital is not degenerate anymore, dxy, dxz, and dyz orbitals see their energy levels reduced, while dx²-y² and dz² orbitals increase in energy (see Figure 3. 2). The crystal field splitting energy Δ0, depends on the nature of the ligand: it is large (Δ0 ≈ 33200 cm -1 ) in the case of cyanide which is at the end of spectrochemical series. 

Electron transmission and Laudauer expression for the current through a Metal-Molecule-Metal (MMM) junction

When a molecule is contacted by two metallic electrodes and a potential difference is applied, charge transport will take place via a tunnel transfer [START_REF] Vuillaume | Molecular Electronics: Electron, Spin and Thermal Transport through Molecules[END_REF]160 . Molecular orbitals are used to calculate the electronic configuration, spatial distribution and energy of the electrons in the molecule. A molecule contacted between two metallic electrodes will see its energy level translate and broaden 160 . The HOMO (highest occupied molecular orbital), and the LUMO (lowest unoccupied molecular orbital) define the HOMO-LUMO gap [161][162][163] .

Landauer was the first to develop an approach to express mathematically the tunnel current through a molecular junction 161,164 : in which ΓL and ΓR describe the coupling with the left/right electrodes, Γ = ΓL + ΓR, and ε0 is the energy position of the involved molecular orbital (see Figure 3. 6). Considering a symmetrical junction, the integration of the Equation (3. 1) gives the following expression for the current: 

𝐼 = 𝑒 𝜋ℏ ∫ 𝑇(𝐸) [𝑓(𝐸, 𝐸 𝐹,𝐿 ) -𝑓(𝐸, 𝐸 𝑓,𝑅 )]𝑑𝐸 𝑓(𝐸, 𝜀) = (1 + 𝑒𝑥𝑝 [ (𝐸 -𝜀) 𝑘𝑇 ]) -1 ( 
𝐼 = 𝑒 𝜋ℏ Г 𝐿 Г 𝑅 Г [𝑎𝑟𝑐𝑡𝑎𝑛 ( 2𝜀 0 + 𝑒𝑉 Г 𝐿 -Г 𝑅 Г + 𝑒𝑉 2(Г) ) -𝑎𝑟𝑐𝑡𝑎𝑛 ( 2𝜀 0 + 𝑒𝑉 Г 𝐿 -Г 𝑅 Г -𝑒𝑉 2(Г) )] (3. 3 

Double Schottky barrier model

Schottky barriers (SBs) are often formed at semiconductor/metal contacts and affect the electronic transport through the semiconductor. SB heights can be extracted from I-V measurements in a single diode model [167][168][169] , when the metal-semiconductor-metal junction presents a Schottky character on one side, and an ohmic character on the other side. Here, we apply a simple model to describe the conduction in a two-terminal device in which two rectifying contacts are present. The model allows extracting both SB heights simultaneously 170,171 . We consider a p-type nanocrystal (NC) in accordance with Bonnet et al. 172 As illustrated in Figure 3. 8 the SB height is defined as

𝛷 𝐵 = 𝛷 𝑚 -𝜒 𝑆 (3. 4)
where φB is the SB heights for hole injection and φm is the metal work fonction, χs is the semiconductor electron affinity.

This type of junction can be modeled using two back-to-back Schottky diodes (Figure 3. 9 a)). Based on thermionic emission, the current can be analytically obtained as 171 : EF

𝐼 𝑇 = 2𝐼 𝑆1 𝐼 𝑆2 𝑠𝑖𝑛ℎ ( 𝑞𝑉 2𝑘𝑇 ) 𝐼 𝑆1 𝑒 -𝑞𝑉 2𝑘𝑇𝑛 1 + 𝐼 𝑆2 𝑒 𝑞𝑉 2𝑘𝑇𝑛 2 𝐼 𝑆1,𝑆2 = 𝑆 1,2 𝐴 * 𝑇²𝑒𝑥𝑝 (- 𝛷 𝐵01,𝐵02 𝑘𝑇 ) (3. 5)
where IS1, IS2 are the reverse saturation current at the two contacts, A * is the Richardson constant, T is the temperature, k is the Boltzmann constant, S1,2 are the areas of the junctions and n1,2 ideality factor.

Here, we assumed that the voltage drops at the junction are V/2 on each side. 

Sample preparation protocol

We received the HOPG substrate with PBAs from Pr Talal Mallah from the Institute of Molecular Chemistry and Materials of Orsay. The CsCoFe PBAs synthesized by his group was described in ref 144,151 and the main steps can be summarized as follows: an aqueous solution (100 mL) containing CoCl2.6H2O topography is first acquired with the AFM tapping mode; (ii) an isolated PBA nanocrystal is selected;

(iii) a focus (zoom-in) on the chosen nanocrystal is progressively achieved with a final scan size of about 10 x 10 nm; (iv) the driving amplitude of the AFM cantilever is set to zero in order to stop the cantilever oscillation; (v) the AFM tip is gently brought into contact with the nanocrystal by gradually increasing the pressing force as measured from the cantilever static deflection. A typical force for the I-V acquisition is fixed around 15 nN. Around 200 I(V) curves are then successively recorded by applying a voltage ramp between -1V and +1V. The voltage ramp is applied in the forward and backward direction.

After the measurement a new acquisition of the topography was made to verify that the molecule was not damaged.

Variable force electrical characterization

Before realizing the I(V) spectroscopy on PBA nanocrystals, it is important to characterize the substrate as a reference. A 10 x 10 nm² grid was recorded with a 50 nm step between each point and at each point a voltage sweep from -1 V to +1 V was made in the forward and backward direction with a 1 nA/V sensitivity for the amplifier PF-TUNA. In our case the tip is grounded and the voltage is applied on the HOPG substrate. The 2D histograms of Log(|I|) of the I-Vs measured for a force of F = 18 nN are presented in Figure 3. 12. Most of the measurements saturate at |I|~10 -8 A, nevertheless some branches appear at low bias (|V|<0.4V). This large dispersion depends on the quality of the contact between the tip on substrate and measurement location. Bonnet et al. 172 have performed HOPG substrate measurements for their experiment, at ± 400 mV current above 10 nA on HOPG is recorded.

The current obtain in our measurement on HOPG is similar with a value of 15 nA at ± 400 mV. 

(A, C) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(B) 2D histograms of log(|I|[A]) for PBA NCs of 15 nm height, recorded with a force F= 17 nN. (D, F) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV, (E) 2D histogram of log(|I|[A]) for a PBA NC of 15 nm height, with F= 27 nN. (G, I) Histograms and Gaussian curve fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(H) 2D histograms of log(|I|[A]) for a PBA NC of 15 nm height at F= 38 nN. (J, L) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[

increasing m) n) o) a) b) c) d) e) f) g) i) h) j) k) l) F = 17 nN F = 27 nN F = 38 nN F = 41 nN F = 51 nN
The conductance properties of a 15 nm PBA nanocrystal as a function of the applied force is investigated to see how electronic transport occurs in CsCoFe PBA system. The method to acquire the I(V) curves has been described in part 3.4.1 except that the process is repeated with increased forces.

The result of the experiment is presented in Figure 3. 13. At F = 17 nN (smallest applied force), Figure 3. 13 (B)), the samples show log(|I|[A]) distributions on -10.73 for -400 mV and -10.76 for + 400 mV.

When the force is increased to F = 51 nN the log(I[A]) (see Figure 3. 13 n)) dispersion is centered on -9.68 for -400 mV and -9.88 for +400 mV. We therefore used the experimental data shown in negative factor β = -0.1 nm -1 in an exponential model 𝐼 ∝ exp (-𝛽𝑑), in which d is the NC thickness.

The single molecular energy model also does not fit the system perfectly, as seen e.g. from discrepancies observed at low bias (V<0.5V) or larger bias in Figure 3. 16 b), d), f). Parameters ε0, ΓL, ΓR (Table 3. 1) are extracted from the SEL model fit do not explain the negative value of the β.

Size Log(I[A])@-400 mV Log(I[A]

)@+400 mV ΓL (eV) ΓR (eV) ε0 

1). (g), h), i)) ) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A]

)@+400 mV. i)

The Table 3. For PBA, first-principles relativistic many-electron calculations 175 have revealed that the LUMO is located at about 1.6-1.9 eV from the Fermi energy, corresponding to the eg orbital for Co III , while the HOMO is very close to the Fermi energy at about 0.2-0.3 eV (Figure 3. 21) and it is ascribed to the t2g orbital of the Fe II . With this information, the molecular orbital responsible of the electron transport in the HOPG/PBA/Tip is the Fe II -t2g d band (HOMO), the LUMO being far away. Figure 3. 21 shows comparisons with calculated energy levels of the PBA nanocrystal in gas phase 175 and the energy level obtained from the double Schottky model. The barrier heights (ΦB01 and ΦB02) at the two interfaces corresponds to the position of the PBA HOMO relative to the Fermi energy of the HOPG and PtIr tip respectively. For the shake of comparison, we compare with the average barrier height values (ΦB01 + ΦB02)/2. Note that the energy level found with the Double Schottky model for the PBA is close to the value found theoretically for the gas phase. In addition, the gas phase does not consider any charge transfer and interaction between the nanocrystal and the electrode that likely occur in a solid-state and can result in a shift of energy level with respect of the Fermi energy of the electrodes.

Conclusion

In conclusion, electron transport measurements have been achieved through nanoscale devices consisting of one Prussian blue analogue CsCoFe nanocrystals of size 15/30/50 nm connected between a HOPG electrode and a metal-coated tip of a conducting-AFM. Results show a non-decay of the current with increased NC size. This behavior is not understood in the framework of a single molecular energy level model, and attributed to the large size of the NCs. Another approach considering the tip-PBA-substrate system as a metal-semiconductor-metal double Schottky barrier junction was taken.

The electronic transport is understood as coherent tunneling through the molecular highest occupied molecular orbital (localized filled Fe II -t2g HOMO orbitals), in agreement with gas-phase calculations of CsCoFe electronic structure, together with Schottky barriers at the tip/NC and NC/substrate interfaces.

We would thus obtain the remarkable result that: (i) as a function of the NC size, only the tip-NC junction is impacted; (ii) as a function of applied force, both junctions (tip-NC and NC-substrate) are impacted. Chapter 4: BDPA individual molecules and selfassemblies on Au(111) studied by STM, nc-AFM and KPFM Applications of nanotechnology are vast and include the possibility to address many challenges of physical, chemical, environmental and biological analysis 176 . In this chapter, we report on molecular systems forming one-dimensional self-assemblies (molecular chains). Such one-dimensional chains have shown a behavior of mechanical oscillators at low temperature 177 . They thus consist of an ultimate design of mechanical or electromechanical resonators such as at the macroscopic or microscopic scales, flexural plates, quartz crystals, microbalances and surface acoustic wave devices 178 used for applications in SPM [START_REF] Binnig | Tunneling through a Controllable Vacuum Gap[END_REF] or the accurate detection of tiny masses and forces [179][180][181][182][183] . Mechanical resonators at the nanometer scale have hence enabled new insights in fundamental quantum physics [184][185][186] . The molecular chains investigated in this work consist in α,γ-bisdiphenylene-βphenylallyl (BDPA) molecules 177,187 . Usually used to build light emitting diodes 188,189 , such free πradicals have only one electron in the highest molecular orbital. Neutral radicals are generally unstable molecules and the number of stable radicals is small 190 because of the necessity to stabilize the unpaired electron state against reaction with surrounding environment. In this chapter of this thesis, we studied BDPA chains with different lengths on Au (111) using STM, nc-AFM and KPFM performed under ultrahigh vacuum conditions at 4 K and 32 K temperatures using a Joule-Thomson STM/AFM (SPECS, Berlin) with a base pressure of 10 -10 mbar (see part 2.5.2 for more details). One-dimensional chain oscillations are observed at 32 K as in [ 177,187,191 ], however with a behavior which depends on the STM tip bias, which rules out an explanation based on the chain oscillation via substrate phonons 177 solely. The charge state of the molecular chain is analyzed by KPFM, and shown to be neutral with respect to the Au (111) surface at negative tip bias, but undergoes a charging effect for voltages close to the theoretical single unoccupied molecular energy (SUMO) level 187 .

α,γ-bisdiphenylene-β-phenylallyl (BDPA) molecule radical state of the art

The BDPA molecule is a well-known stable spin ½ complex. Its electrons are delocalized. BDPA have been used as a reference molecule in electron paramagnetic resonance (EPR) experiments 192 . This carbon-centered molecule has attracted great attention in the field of organic electronic materials 193 .

It has been first synthesized by Koelsch in 1932 194,195 . The carbon-centered radical presents narrow SOMO-LUMO or HOMO-SOMO energy gaps. Radicals absorb and emit long-wavelength light even when they are not part of π-conjugated systems. Each of the two fluorenyl units is almost planar, but tilted by a dihedral angle θ with respect to the other. In the crystalline bulk phase 196 , the dihedral angle was found to be θ = 60° (and θ = 64° in the gas phase). In BDPA, the phenyl unit is twisted by a torsion angle φ = 51°. The BDPA molecule is a nonpolar radical 197 .

The BDPA molecule was studied when deposited on an Au(111) surface by Müllegger et al. 177,187,191 .

The observation of the formation of assemblies of BDPA molecules in the form of one-dimensional chains, indicating a unidirectional attraction of neighboring radicals. BDPA do not have functional chemical groups and the non-polarity of the molecule implies that the interaction between the radicals is of stereochemical nature 177,192 . The formation of one-dimensional chains indicates a preference for aligning fluorenyl units of neighboring radicals with their π-planes parallel to each other ( 4.2 Self-assembly properties of BDPA on Au(111)

Sample preparation

BDPA molecules purchased from Sigma-Aldrich were thermally evaporated from a quartz crucible at about 370 K inside the UHV preparation chamber of the JT-SPM system after a thorough degassing at 373 K. During the deposition of the molecules, the sample was kept at room temperature. The Au( 111)

surface was prepared by repeated cycles of 0.8 keV Ar + sputtering and annealing at 700 K.

BDPA radical chain

The 

Vibration mechanism of BDPA chains as from literature

When the temperature is risen up to 32 K, the chain looks broadened perpendicularly to the axis of the chain (see The additional node is located between the free end and the fixed beginning and is located at the 2/3 of the total chain length denote the one-dimensional harmonic resonator (Figure 4. 9 a)).

The envelope of vibratory motion allows us to extract the wavelengths associated with the length of the chain. The length L and wavelength λ are given in Figure 4. 9 a)-b). An energy of E/kB = 20 K is To try to understand why such an effect happened, the density of states of the BDPA needs to be analyzed (see Figure 4. 5). The presence of the HOMO at -1 V means that the STM image at -1 V is done via a part of the current through the HOMO orbital. At this bias the Fermi level of the electrode is aligned with the HOMO: the conductivity increases, and the tip-substrate distance consequently increases. This shows that an increased STM tip interaction with the molecule (which would disrupt the mechanical vibration) does not hold to explain experimental data. The charge state of the molecule in addition to the coupling with phonons may have a role for the vibration of the molecule on Au(111).

Following this observation, a more detailed study of the charge state of the molecule will be carried in the part 4.3 using KPFM spectroscopy grid. In order to acquire distribution of surface potential, van der Waals and capacitive force contributions, a spectroscopy grid is performed along the chain. The grid was set over an AFM image of the BDPA chain. In every point of the grid, several spectroscopy measurements Δf(V) were acquired. To verify the reproducibility of the experiment and to increase the signal to noise ratio of Δf measurements, multiple spectroscopies are done on a single point. All the average curves were analyzed thanks to a homemade software created especially to this application. It allows processing simply and quickly the large number of curves that is generated by this kind of experiment. The software development was done in Python and the graphical interface was created with the PyQt module.

Due to the potentially long acquisition time (up to 10h), small lateral and horizontal drifts at low temperature occurred. In order to estimate this drift, nc-AFM or STM images need to be performed before and after grid spectroscopy.

The tip-sample system is considered as a parallel plate capacitor that leads to a frequency shift signal proportional to the second derivative of the tip-sample capacitance. f(V) exhibits a parabolic behavior with the sample bias as described in part 2.7 with the Eq. 2. 32. The model can be simply described by a canonic parabolic form ∆𝑓 = 𝐴 + 𝐵 * (𝑉 𝑏𝑖𝑎𝑠 -𝑉 𝑠 )² . This equation is used to fit the experimental data and gives us access to van der Waals force, capacitance, and surface potential. The Figure 4. 11

shows experimental data of single point Δf(V) spectroscopy on Au(111) fitted with the canonic parabolic equation.

• surface potential Vs: this value corresponds to the bias at the maximum of the Δf(V)

spectroscopy. It contains information about the tip and sample work function difference. A local electrostatic contribution is also contained in Vs as defined in Eq. 2. 32. Since V is applied to the sample, a positive (negative) surface charge will be compensated by a negative (positive) surface potential contribution.

• "capacitance" B: this pre-factor represents the concavity of the parabola and is expressed in Hz/V². It is proportional to the tip-substrate capacitance second derivative d²C/dz², and will be (improperly) called capacitance coefficient in the following.

• parameter A (independent of the tip bias): it corresponds to a map of f(Vs). It contains van der Waals force contributions (attractive force gradients corresponding to negative frequency shifts or dark features in images) but includes as well short-range repulsive force contributions (repulsive force gradients corresponding to positive frequency shifts or bright features in images), and electrostatic image effects at Vbias = VS, if any. This parameter is also sensitive to any long-term drift of the probe eigenfrequency f0 during the image acquisition (for example, a temperature drift or a tip-surface distance drift). [Hz]

Grid spectroscopy

Vs occur at certain points of the f(V) spectroscopy grid 129 .The Figure 4. 13 shows a zoom on the interesting part of the grid spectroscopy experiment presented in Figure 4. 12.

The surface potential map (Figure 4. RMS on two different points on the BDPA molecule. A modification of the shape of the parabola is noticed for the positive bias ≈ +0.6 V. This change in the frequency shift signal happened repetitively on different points of the grid during a spectroscopy on the molecule and accounts for the augmentation of the fit RMS value. A possible explanation for the non-parabolic behavior of the Δf(V) curve is an electron transfer from the tip to the molecule 129,198,199 . Such charging appears on the Δf(V) spectroscopy by a shift of the parabolic function 129,200,201 , which should, in principle, be also associated to a modification of the tunneling rate, and hence corresponds to a feature in the I(V) spectroscopy. Here, the increase of the frequency shift signal does, however, not match with an increase in the tunneling current. This is consistent with the hypothesis of the SUMO charging, since the SUMO is not clearly seen in experimental dI/dV spectroscopic data 187,191 .

Fitting range on BDPA KPFM grid spectroscopy

We have shown in Section 4.3.3 the presence of non-parabolic f(V) spectroscopies in the grid spectroscopy of BDPA molecules. If the non-parabolicity has been evidenced via changes in the RMS fit map, the deliberate fit of non-parabolic curves with a parabolic model (as done in Figure 4. 12 and 

RMS

Chapter 5: Self-Assembly and switching properties of azobenzene derivatives deposited on Au(111) substrate

Engineering self-assembly and functional characteristics of adsorbed molecules is essential to pave the way to nanotechnology applications. Azobenzene derivatives consist of a ring with two phenyl rings connected by double bonded nitrogen atoms. Azobenzene have been widely studied, since they are polar molecules [202][203][204] , may be easily functionalized with "spacer leg" groups [205][206][207] , and exhibit specific optical properties 205,[208][209][210][211][212] . As an example, azobenzene molecules can switch reversibly by photoisomerization between two isomers: trans and cis, leading to optically active device elements 213,214 . The high yield and stability of the switching reaction enables technological applications for light-driven actuators 215 , and information storage 216,217 . Other studies also report the electrical activation of the trans-cis isomerization of azobenzenes with scanning tunneling microscopy [218][219][220][221] .

In this chapter, the intramolecular and self-assembly behavior of 3,3',5,5'-tetra-tert-butyl-azobenzene (TBA) on Au(111) is studied with STM and non-contact AFM. The introduction of tert-butyl "legs" reduces the coupling of the azobenzene core with the substrate 205,219,222 . The isomerization of the molecules was studied under the application of both an electrical field and of ultraviolet irradiation.

The effect of the two different stimuli is compared. Scanning probe microscopy experiments (STM and nc-AFM) have been performed under ultrahigh vacuum conditions at 4 K and 77 K temperatures using a Joule-Thomson STM/AFM (SPECS, Berlin) with a base pressure of 10 -10 mbar (see part 2.5.2 for more details). AFM characterizations were realized using length-extensional resonators equipped with tungsten (W) tips (Kolibri sensors, SPECS, Berlin) of oscillation frequency f0 ≈ 1 MHz and quality factor Q ≈ 10 5 (see part 2.3.2).

The chapter is organized as follows. First, we present the TBA molecule and its properties. In a second part, the organization of TBA molecules is studied from STM experiments. The third part is devoted to the response of the molecule to the application of an electric field. Finally, we describe the effect of UV irradiation on the TBA molecule.

the surface, azobenzene derivatives (especially using "spacer legs") have been developed, in order to improve the performance of the molecular switching on surfaces.

TBA molecule

The 3,3',5,5''-tetra-tert-butyl-azobenzene (TBA) is an azobenzene molecule with four lateral tert-butyl groups acting as "spacer legs" (Figure 5. Figure 5. 3 : 3,3',5,5'-tetra-tert-butyl-azobenzene (TBA) : chemical structure (left) and sphere model (right). The molecule is composed of an azobenzene part with 4 "spacer legs" (the Tert-butyl-groups).

It was reported that the absorption spectroscopy of the TBA in solution exhibits photochemical and thermal isomerization behaviors typical for azobenzene derivatives 219 . Photo-isomerization from trans to cis and from cis to trans was reported in cyclohexane using appropriate excitation wavelengths 219

(λtrans->cis = 325 mn, λcis->trans = 410 nm). An absorbance spectrum in hexane is performed and shown in the Figure 5. 4. The absorbance peak at 325 nm is consistent with the literature 219,221 and defines the wavelength used for isomerization in the part 5.4.

All molecules after the synthesis are in the trans-isomer form, which is the energetically favored state (Figure 5. 2). After deposition, the sample is protected from external light as best as possible during its transfer to the JT analysis chamber where it is in complete darkness.

Sample preparation

TBA molecules were deposited on Au(111) substrate (from MaTeck, Jülich, Germany) by evaporation from a quartz crucible at about 370 K inside the UHV preparation chamber of the JT-SPM system.

During the deposition of the molecules, the sample was kept at room temperature. An STM image measured at 4K of TBA molecules on Au( 111) is shown on Figure 5. 5. Before molecule deposition Au(111) was cleaned with the procedure described in part 2.6.3. 

TBA adsorption and organization on Au(111)

The TBA molecule appears on the STM image as four lobes with a height of 2.5 ± 0.1 Å with a parallelogram shape (Figure 5. 5). These measurements are in agreement with the STM measurements already made in the literature 219,221,242 .

The ). This reveals that molecules have a weak interaction with the substrate.

Individual molecules can also be found on step edges (see Figure 5.6).

A unit cell is proposed in Figure 5. 7 b) for this trans-TBA island lattice. It has side lengths of 1.06 ± 0.04 nm and 1.42 ± 0.05 nm, and an opening angle of 107 ± 1°. These values are in full accordance with those measured on a similar molecule (TBA with a methoxy group), as measured by AFM on calcite with reported values of 1.04 ± 0.04 nm, 1.56 ± 0.03 nm and 106.9 ± 0.5° respectively 243 . In larger islands TBA molecules can adopt different type of configuration denoted as phases 242,244 . The The absence of phase 3 is due to a low frequency of occurrence as reported by Levy et al. 242 . Each phases displays a different organization, which has an impact on the photoswitching behavior 242 . The first theoretical study on the switching of azobenzene by an electric field was proposed by Füchsel et al. 245 . The principle of the electro-isomerization is based on the following mechanism: in presence of an electric field, the energetic pathway can be deformed and so the energy needed to overcome the barrier is lowered. However, the presence and orientation of an intrinsic dipole moment is needed.

The Figure 5. 9 from 245 shows calculations of the energy shifts for the two isomers of TBA. The assumption was made that the molecule in trans state lays flat on the surface with the N-N axis and phenyl rings parallel to it, so in this case the electric field is homogeneous perpendicular to the molecule. Two models are shown: the model A (Figure 5. 9 left) considers a permanent molecular dipole and induced dipole perpendicular to the surface. In the model B (Figure 5. 9 right) the permanent dipole is aligned with the surface when the induced dipole is perpendicular to the surface. One difference between the two models is the asymmetry of the model A to switch the molecule for positive and negative bias. When the electric field is antiparallel to the permanent dipole, the molecule is more able to be destabilized (dashed lines on model A in Figure 5. 9). This means that the orientation of the intrinsic molecular dipole with respect to the electric field leads to variation of the field needed for the isomerization by changing sign of the electric field. For the solid line, model A denotes a lower energy to the trans-> cis state, while the cis->trans require more energy than the model B.

The threshold voltage is also determined by the tip height regime, Grill et al. 219 The difference between experimental and theoretical values for the threshold voltage is probably due to the fact that molecular calculus are made in the gas phase in the theory approach.

Electro-isomerization of TBA on Au(111)

TBA molecules can switch under an electric field exposition, a process known as electroisomerization.

Scanning probe microscopes are adapted tools to investigate this isomerization process at the and composed of approximately 180 molecules, using a bias of -1 V, -2 V, -2 V and -1 V (see Figure 5.

10).

Two zoomed STM images on few molecules (represented by red and green squares in The apparition of this bright spot is associated to an increase of the apparent height of 0.23 ± 0.02 nm (profile in Figure 5. 10 p)), which is characteristic of the formation of a cis-TBA isomer on the gold surface 219,221,247 . This trans to cis isomerization was caused by the application of a higher electric field during STM imaging at -2V 219,245 . The same switching behavior was also observed during imaging at +2 V at 77 K (see Figure 5. 12), showing that the isomerization under higher electric field occurs at both polarities. In STM images, all cis-isomers have the same appearance. As in Figure 5. The photoisomerization of azobenzene in solution was extensively studied 228,233,249 . However, when the molecule is in interaction with a metallic substrate several mechanisms need to be considered during the light irradiation of adsorbed molecules 239 : (i) direct intramolecular excitation, (ii) surface excitation, (iii) thermal excitation. Direct intramolecular excitation occurs when a photon is absorbed by the molecule via a direct optical transition between the HOMO and the LUMO (see Figure 5. 13 a)).

In surface excitation, the photon absorption occurs in the surface. A charge transfer occurs via the photo-excited charge carriers from the substrate to the molecule and an excited state is reached. The For the photo-isomerization dynamic process, it is well known that the excitation mechanism occurs on excited states, through an intersection with the ground state potential energy surface 205,228,230,231 .

Various pathways are theoretically proposed for the photoisomerization In order to compare the effect of UV irradiation with the electric field, surfaces with freshly deposited TBA islands on Au(111) were illuminated in UHV according to the absorbance spectra (see Figure 5. 4) with UV at 304 nm during 15 hours (with a power density estimated at 0.5 mW/cm 2 ). After UV illumination, TBA islands present a different morphology compared to STM images after deposition The main difference between experiments and the literature 211,240,242 , using light irradiation to switch the TBA molecule is the wavelength used here is 304 nm ( compare to 375 nm and power density of around 90 mW/cm² during up to 77 h 221,241,242 in the literature). According to the absorption spectrum of the TBA molecule, (see Figure 5. 4) the wavelength at 375 nm is off resonance of the absorbance peak, when in our case the wavelength of 304 nm is near to the center of the absorbance peak. So the energy use for the photoswitching process is higher of 0.8 eV and is in resonance with the absorbance peak of the molecule in our experiment.

To find an explanation of the area apparition after the UV irradiation, we need to look in detail the isomerization of the TBA, the electronic structure of the TBA/Au(111) is necessary. The Figure 5. 17 a)

summarizes the binding energies of all electronic states 251 , using the Fermi level of Au(111) as reference. HOMO and LUMO are separated by a band gap of 3.65 eV for the trans-TBA. A direct electroexcitation is incompatible with the photon energy dependence cross section (Figure 5. 17 b)) since no resonance in the cross section is observed in the region of 3.85 eV. So Wolf et al. 222 proposed the scenario where the mechanism is substrate-mediated. The excitation mechanism is shown in Figure 5. with a wavelength of 302 nm (≈ 4.0 eV) the chemical bond can be broken and the molecule is split apart leading to the appearance of our lobes not matched by four in our images.

Conclusion

Our challenge was to understand how the TBA molecules adsorbed on a Au(111) substrate switch from the trans to the cis state reversibly when subjected to an electric field and/or UV irradiation. After the adsorption on the substrate, all the molecules are in trans state with a characteristic 4-lobes planar signature in the STM images. Molecules are either isolated at the elbow of the herringbone reconstruction of the Au(111), or adsorbed in large ordered islands. By scanning with the STM at a voltage of ±2 V, the isomerization of the TBA was induced in a reversible way. The configuration of the cis-TBA was observed on Au(111) by the apparition of bright spots on the substrate. The mechanism of the electro-isomerization was discussed. In our case, the electro-isomerization process is only induced by the electric field. The tunnel current is only a few pA and according to the literature cannot participate in the switching mechanism. 246,248 . A theoretical model by Füchsel et al. 245 , which explains the isomerization of TBA molecules by electric fields, has been discussed to understand the main mechanism in the electroisomerization of the molecule adsorbed on Au(111).

The isomerization of the molecule with a UV irradiation leads to the observation of striped region, with a thickness lower than the TBA molecule on trans state is observed. The nc-AFM analysis confirms the lower topography of the area and excludes some electronic phenomena on the STM image. The analysis of the photo-mechanism was discussed. The creation of a hot hole on the d band follows by a hole transfer into the HOMO of the molecule could explain the switch to the cis state. During or after the switching process, the molecule interacts with gold and affects the N=N double bond. In addition, with the UV radiation at 302 nm, this N=N bond can be broken leading to the deterioration of the molecule.

General conclusion and outlook

Near-field microscopy has become an essential tool for observing and characterizing molecules. This thesis work brought together the technique of the near-field microscopy and the molecular system with diverse function in the field of molecular nanoelectronics. We work on a molecular nanocrystal, switching state molecule and chain oscillating molecule. The influence of the substrate on molecules shown how it can be challenging to deposit molecules on metallic substrate and can be a key factor in exploiting the various properties of molecules for applications in molecular electronics.

Chapter 1 resituated the context of the thesis. A quick story of nanotechnology with his different applications were exposed. A focus on molecular nanoelectronics was then made and a non-exhaustive list of molecular electronic functions was presented.

Chapter 2 presented the concept of the scanning probe microscopy with the theory. Different topographic mode uses in this thesis are described. The two different types of probe to make measurement are presented with their different physical properties. The different type of noise source that we may encounter during an experience is described and explained.

In Following this, electrical measurements were performed on different isolated nanocrystals of 15 nm, 30 nm and 50 nm. These measurements revealed a counterintuitive behavior where the recorded current values were higher for 50 nm than for 15 nm nanocrystals. A classical way of treating the current curves is to fit them with the single energy orbital model. Despite a reasonable fit of the curves, the parameters do not explain the current increase. Due to the size of the nanocrystals, the system should be considered as "macroscopic" rather than as a pure molecular junction. In this context, the double Schottky barrier model allowed us to relate the observed increase in current to a lowering of the energy barrier for the tip-nanocrystal junction for 30 nm and 50 nm PBAs. 

  . 2 b)). The direction of the charge transfer depends of the metal-molecule system. The formation of a chemical bond (see Figure 1. 2 c)) leads to a complete change of the metal-molecule electronic structure 80,81 . The pillow effect is due to the compression of the metal wave function at the metal-molecule interface as a consequence of the Pauli repulsion (see Figure 1. 2 d)), leading to a reduction of the local surface potential (or work function).

Figure 1

 1 Figure 1. 2 : a) Energy diagram of a metal-molecule interface with a dipole. b)-e) Origins of the interface dipole: charge transfer from molecule (cation formation) or metal (anion formation), covalent bond formation, pillow effect and permanent dipole. Extracted from 77 .

  decay solution for the wave function of the electron Ψ across the barrier (Figure 2. 1). Let us now consider the diffusion of an electron coming from the left towards a potential barrier characterized by its width d and its potential value φ0. Consider the time-independent Schrödinger equation in one dimension

Figure 2 . 1 :

 21 Figure 2. 1 : Schematic view of a 1D tunnel barrier along the propagation axis x. An incident electronic plane wave of amplitude A1 and energy E moves toward the barrier. A part of this initial wave is transmitted at the first interface (A2) while the other part is reflected (B1). This transmitted wave is again partially reflected (B2). The transmitted part of A2 finally reaches the other side of the tunnel barrier (A3). Adapted from 95 .

Figure 2 . 2 :

 22 Figure 2. 2 : Schematic energy diagram of the tunnel junction in a STM. Adapted from 94 .

Frequency

  and amplitude modulation (FM and AM) AFM modes are illustrated inFigure 2. 4. 

Figure 2 . 3 :

 23 Figure 2. 3 : Sketch of the tunneling junction and the feedback controlling circuit in scanning tunneling microscopy.The tip, supported by a piezoelectric tube, is represented as atomically sharp with an ideal conic shape. A voltage bias is applied between the tip and the sample and the resulting current is collected from the tip and amplified. After the current is compared to the current set point value thanks to a feedback controller circuit, a voltage is applied to the piezo tube to change the tip-sample distance and maintain a constant current. Adapted from95 . 

Figure 2 . 4 :

 24 Figure 2. 4 : Driving force and tip-surface interaction force upon a vibrating cantilever (a) with a normal mode spring constant k, and with a vibrational amplitude, Avib. Schematic representation of amplitude (b) and frequency modulation (c) AFM modes. Adapted from 93 .

Figure 2 . 5 :

 25 Figure 2. 5 : (a) Schematic representation of the tip-sample interaction forces (b) Representation of the forces that act at each z-scale. Adapted from 93 .

Figure 2 .

 2 7 together with the long-range van der Waals attractive and Pauli repulsion forces.

Figure 2 . 7 :

 27 Figure 2. 7 : Force curve of an AFM tip as a function of surface distance. Extracted from 93 .

Figure 2 . 6 :

 26 Figure 2. 6 : Contact Potential Difference voltage VCPD between two different materials for the tip and sample with work functions Φs and Φt and Fermi energies of EFs and EFt respectively. EV is the vacuum level corresponding to the energy of a free electron that is outside of the material. (a) Tip and sample, separated by a distance d and not electrically connected. (b) Establishment of an electrical connection and formation of VCPD. (c) Compensation of the electrostatic force Fel by applying Vbias = VCPD.

  shown in the equation above up (Eq. (2. 25)), we can use high-Q factor cantilevers to increase the sensitivity. As seen in Figure2. 9, different feedback loops are present. The Phase locked loop (PLL) uses amplitude and phase of detected signal to obtain the frequency f and the frequency shift Δf. An amplitude feedback circuit keeps the amplitude constant by adjusting the excitation signal.

Figure 2 . 9 :

 29 Figure 2. 9 : Schematic representation of a nc-AFM measurement with frequency modulation

Figure 2 . 10 :

 210 Figure 2. 10 : Imaging modes a) STM with constant current regulation with z feedback closed b) AFM constant height mode with z feedback open.

2

 2 Length extensional resonator (LER) sensorSilicon cantilevers used for nc-AFM measurements have spring constants of k ≈ 10 N/m and thus have the disadvantage of requiring large amplitudes(1-5 nm) to avoid the contact jump problem 111 . Due to this large amplitude, the capability in detecting short-range forces is limited because the cantilever only uses a small fraction of the oscillation cycle in the lower point. Also, combined STM/nc-AFM is not trivial due to the limited conductivity of the silicon cantilevers. To overcome this issue, a stiff probe has to be used and an example is the Kolibri sensor (KS) from SPECS. This piezoelectric quartz sensor is based on a length extensional resonator (LER) and has a separate wiring for the tunneling current signal. The oscillating quartz rod with the tungsten tip attached to its end has a spring constant k = 1080 kN/m and a resonant frequency of 1 MHz 109 . To avoid damage component during sputtering, a metallic shield covers the quartz resonator and electrodes. The oscillation of the rod is caused by the piezoelectric effect: the sinusoidal Uexc (see Figure2. 11 a)) is applied on one side electrode and will create periodic contraction and extension of the quartz material and therefore oscillation of the tip.The conductive tip is isolated from the quartz resonator, which results in a separated readout of the tunneling current It from the oscillation current Iosc. The Figure2. 11 presents a schematics of the Kolibri sensor with its different elements 109 . Due to the high stiffness of the probe, we can approach the tip really close to the surface (2-0.02 nm), which allows the possibility of recording short distance interactions. In the next part the noise comparison between the Kolibri and the Qplus is made. The Qplus sensor is a quark fork couple with an AFM tip 112 .Typical parameter for a Qplus senor k= 1800 N/m and a resonance frequency about 23.41 kHz.

Figure 2 .

 2 Figure 2. 11 : a) Schematic drawing of the KolibriSensor b) SEM image of Kolibri tip c) Handle plate of the KolibriSensor. Extracted from 109 .

  SPECS Joule-Thomson SPM (JT-SPM) is a low temperature setup operated under ultra-high vacuum (UHV). It has been used for the measurements in chapters 4 and 5. The JT-SPM allows scanning tunneling microscopy, non-contact atomic force microscopy and Kelvin Probe Force Microscopy (KPFM). With all this different types of probe microscopy the JT-SPM performs topographic, morphologic, electronic characterizations of samples at different temperatures, depending on the cryogenics used (77 K with liquid Nitrogen, 4.3 K with liquid Helium or 1.3 K with superfluid Helium formed with the Joule-Thomson stage).

Figure 2 .

 2 Figure 2. 12: Photo of the Bruker ICON microscope.

Figure 2 .

 2 Figure 2. 13 : (left) Photo of the load lock side of the JT system (middle) photo of the preparation chamber of the JT system (right) Photo of the analysis chamber of the JT system.

Figure 2 . 14 :

 214 Figure 2. 14 : Scanning electron microscopy of the same tip, before and after sputtering with an AR + ion beam from Kolibri sensor (SPECS) booklet.
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 11 0] direction 120-122 (Figure 2. 15 a)). In half of the reconstruction unit cell, the surface atoms occupy hexagonal close packed (hcp) sites, while in the other adjacent half they occupy fcc sites. Stripes are formed by the surface atoms occupying bridge sites between the fcc and the hcp regions (Figure 2. 15 b). To evaporate molecules or perform STM/nc-AFM on the Au(111) substrate, it needs to be cleaned. To clean the Au(111) surface, various cycles of 0.8 keV Ar + sputtering (10 min) and annealing at 700 K are performed.

Figure 2 .

 2 Figure 2. 15 : a) A model of the reconstructed Au(111) surface from 122 . b) STM image of herringbones structure on Au(111) substrate.

  Figure 2. 16.

Figure 2 .

 2 Figure 2. 16 : Frequency shift versus bias spectroscopy made on a Au(111) substrate (Aosc = 100 pm). The black line is the raw value of measurements and the red line is the fitted parabolic curve using the Eq.(2. 34).

Figure 3 . 1 :

 31 Figure 3. 1 : Schematic view of the Prussian blue analogue (PBA) crystal structure. The crystal structure is presented with no vacancies and all interstitial sites occupied. Adapted from 147 .

Figure 3 . 2 :

 32 Figure 3. 2: Degeneracy lifting of transition metal energy levels surrounded by an octahedral arrangement of negative charges. (a) Uniformly distributed charges on a spherical surface around the metal ion leave the energy level of d orbitals degenerate; charges located at each vertex of the octahedron induce a d orbital splitting. (b) Representation of the geometry of the d orbitals of the metallic ion. Adapted from 150 .
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 33343 Figure 3. 3 : View of the unit cell of the fcc structure of the PBA CsCoFe nanocrystals, in which Fe(II) is represented in green and Co(III) in purple. Adapted from 172 .
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 313 Figure 3. 6 : a) Simplified energy diagram of a molecular junction at V=0V; b) Coherent, resonant, electron transport at a positive bias V > 0V; c) Coherent, off-resonant, electron transport at a positive bias V > 0V. Adapted from 52 .
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  Named single energy level (SEL) model, the equation(3. 3) give an S-like shape I(V) curve at low bias (seeFigure 3. 7). The parameter ε0 controls the position of the resonant transport step and curvature of the S-like shape at low voltage. The coupling ГL,R controls the current amplitude. If ГL ≠ ГR , an asymmetry appears in the I(V) curves, it can be the case experimentally when the molecule has a larger interaction with one electrode than another 165 or is highly coupled to an electrode by an anchoring group 166 .

Figure 3 .

 3 Figure 3. 7 : a) simulated I(V) curves for different values of the energy level ε0 and for ГL = ГR = 5 meV. b) Simulated I(V) curves for different values of the coupling energy ГL = ГR and for ε0 = 1 eV.

Figure 3 . 8

 38 Figure 3. 8 Energy diagram of the HOPG//NC//C-AFM tip junction with two SBs for a n-type semiconductor a) without applied bias b) after applied bias, +V is applied on the C-AFM tip. c) Energy diagram of the HOPG//NC//C-AFM tip junction with two SBs without applied bias for a p-type semiconductor. d) Energy diagram of the same junction with a bias -V applied on the HOPG substrate. Adapted from 171 .

  Figure 3. 9 shows examples of simulated I-V curves with or without saturation within the voltage range, or with asymmetrical behavior due to different SB heights.

Figure 3 .

 3 Figure 3. 9 : a) Equivalent circuit modeled by Eq. (3. 5). b) Simulated I-V characteristics for contact using B01 = B02 = 0.3 V, the same junction area S1 = S2, and a perfect ideality factor (n=1). c) Simulated characteristics, introducing an ideality factor n=1.3. c) Simulated I-V characteristic using asymmetric barrier heights B01 =0.25 V, B02 = 0.3 V, S1 = S2, and an ideality factor n=1.3.
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 0 2 x 10 -3 mol, c= 2 x 10 -3 M) and CsCl (0.4 x 10 -3 mol, c = 4 x 10 -3 M) is added rapidly in an equal volume of an aqueous solution of K3[Fe(CN)6] (0.2 x 10 -3 mol, c = 2 x 10 -3 M) under vigorous stirring. The solution is then stirred for one hour. A HOPG substrate is then cleaved using a Scotch tape and immediately immersed in the colloidal solution. The vial temperature is maintained at room temperature. The substrate is removed from the solution after 20 seconds of immersion, and rinsed thoroughly with water and then methanol. It is finally dried under vacuum for several hours. The samples are stable over time in ambient air and at room temperature. They are nevertheless kept under nitrogen environment for storage purposes, in order to avoid surface contamination.3.3.2 Organization of the PBA on HOPG substrateThe tapping mode AFM measurements are obtained with a Dimension Icon microscope (Bruker) with a Nanoscope V controller. Platinum-iridium coated tip SCM-PIT-V2 from Bruker (apex radius = <25 nm, k = 2.8 N/m, Resonance Frequency = 75 kHz) have been chosen to perform tapping imaging.Typical images of the CsCoFe nanocrystals for the different sizes and freshly deposited on HOPG substrates from a colloidal solution are presented in Figure3. 10. Tapping mode AFM images confirmed the presence of mainly a monolayer on the HOPG substrates. Due to the deposition method in solution, not perfectly controlled, the substrate with the 30 nm nanocrystals presents a lower surface coverage around 8.7 x 10 -5 , to be compared with the other samples with surface coverage close to 1. For samples with a high coverage with nanocrystals size of nominal values of 15 and 50 nm, histograms of heights show a Gaussian distribution centered at 15.8 ± 4.9 nm and 42.4 ± 18.1 nm respectively.For the 30 nm sample with a lower surface coverage, the grain recognition analysis is more appropriate for this sample. The histograms of grain heights show a Gaussian distribution centered at 26.9 ± 7.2 nm. These surface analyzes are in good agreement with TM-AFM and TEM characterizations presented previously on CsCoFe 172 . The Figure3. 11 a)-c) shows images of isolated CsCoFe nanocrystals of nominal 15, 30 and 50 nm heights, together with corresponding height profiles. We find the nominal characteristic dimensions for each nanocrystal with, however, a convolution effect due to the radius of curvature of the AFM tip (estimated by the supplier around 25 nm).Due to the low interaction force between the nanocrystal and the substrate, obtaining the topography of our sample by contact-mode AFM is not possible despite very low pressing forces because PBA nanocrystals are swept from the scan area (seeFigure 3. 11 d) ) during contact mode scanning.

Figure 3 .

 3 Figure 3. 10 : Topographic TM-AFM images for the three sizes of CsCoFe nanocrystals deposited on HOPG substrates and corresponding histograms of heights and grain height recognition of CsCoFe layer. Average heights and the standard deviations were obtained from the fit of the histogram of heights with a Gaussian distribution (red line).

3. 4 Figure 3 . 11 :

 4311 Figure 3. 11 : Example of different isolated PBA nanocrystals on the substrate of 15 nm a), 30 nm b), 50 nm c) with their profile along the red line. d) Tapping-mode AFM image after performing a smaller contact-mode AFM scan using a force of 5 nN on 50 nm PBAs. The area scanned in contact-mode is empty from nanocrystals.

Figure 3 . 12 :

 312 Figure 3. 12 : Typical I-V 2D histograms of bare HOPG substrate used for the deposition of CsCoFe

Figure 3 .

 3 Figure 3. 13 (A, C) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(B) 2D histograms of log(|I|[A]) for PBA NCs of 15 nm height, recorded with a force F= 17 nN. (D, F) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV, (E) 2D histogram of log(|I|[A]) for a PBA NC of 15 nm height, with F= 27 nN. (G, I) Histograms and Gaussian curve fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(H) 2D histograms of log(|I|[A]) for a PBA NC of 15 nm height at F= 38 nN. (J, L) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(K) 2D histogram of log(I[A]) for PBA a NC of 15 nm height at F= 41 nN. (M, O) Histogram and Gaussian curve fitting de log(I[A])@-400 mV and log(I[A])@+400 mV,(N) 2D histogram of log(|I|[A]) for a PBA NC of 15 nm height at F= 51 nN.

  Figure 3. 13 (A, C) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(B) 2D histograms of log(|I|[A]) for PBA NCs of 15 nm height, recorded with a force F= 17 nN. (D, F) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV, (E) 2D histogram of log(|I|[A]) for a PBA NC of 15 nm height, with F= 27 nN. (G, I) Histograms and Gaussian curve fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(H) 2D histograms of log(|I|[A]) for a PBA NC of 15 nm height at F= 38 nN. (J, L) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV,(K) 2D histogram of log(I[A]) for PBA a NC of 15 nm height at F= 41 nN. (M, O) Histogram and Gaussian curve fitting de log(I[A])@-400 mV and log(I[A])@+400 mV,(N) 2D histogram of log(|I|[A]) for a PBA NC of 15 nm height at F= 51 nN.
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Figure 3 .

 3 Figure 3. 14 shows the plot of Log(Abs(I[A])) together with the of Log(Surface (nm²)) as a function of the force applied by the AFM tip on the PBA CsCoFe nanocrystal. The surface accounts for the contact area between the tip and NC with a Hertz model 173 by using PBA Young modulus E = 24 GPa 174 , PBA Poisson coefficient P = 0, tip Young modulus Etip = 200 GPa, tip Poisson coefficient Ptip = 0.3 and tip radius of curvature r = 25 nm . Figure 3. 14 emphasizes the fact that, while the contact surface increases by a factor of 2 between the tip and the nanocrystal, the current increases by a factor of 7.2.

Figure 3 .

 3 13. to fit on each average I(V) curve to extract from the double Schottky barrier model (Eq. 3. 5) the evolution of the Schottky barrier height as a function of the force applied to the 15 nm PBA molecule. The Figure 3. 15 present the barrier height evolution value obtained in this way. The results reveal a Schottky barrier height variation of 0.05 eV between 17 nN and 51 nN. The variations in current can be explained by the change of the Schottky barrier heights at the tip/NC and NC/HOPG contact depending on the applied force.

Figure 3 . 14 :

 314 Figure 3. 14 : Calculated surface with Hertz model in Log(S (nm²)) in function of the applied force and force-current curve of the experiment on PBA CsCoFe 15 nm.
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 5 Electrical characterization as a function of PBA size 3.5.1 Single Energy Level model (SEL) In this part the C-AFM measurements are perf ormed as a function of the nanocrystal size. The SEL and Double Schottky barrier model will be used to fit the current curves. The Figure 3. 16 (a), c) and e) shows the different 2D histograms of Log(│I[A]│) as a function of the applied voltage for PBAs of size 15, 30 and 50 nm, respectively, with a force F ≈ 15 nN. This value for the applied force is a compromise to maintain a good electrical contact with the PBA nanocrystal, without inducing an important deformation of the NC. The average current-voltage characteristics are obtained from the 2D histograms and are shown in Figure 3. 16 b), d), f), respectively. The Figure 3. 16(b), d), f)) also presents fits to average current-voltage curves made using the SEL molecular model of Eq. (3. 3). For 15 nm PBAs the current distribution (Figure 3. 16 g)) is centered around Log(│I[A]│) = -10.73 (σ = 0.18) @ -400 mV and Log(│I[A]│) = -10.76 (σ = 0.25) @ +400 mV. For 30 nm PBAs the current distribution is centered around Log(│I[A]│) = -9.72 (σ = 0.12) @ -400 mV and Log(│I[A]│) = -9.72 (σ = 0.06) @ +400 mV (Figure 3. 16 h)). For 50 nm PBAs the current distribution is centered around Log(│I[A]│) = -9.31 (σ = 0.26) @-400 mV and Log(│I[A]│) = -9.51 (σ = 0.25) @ +400mV (Figure 3. 16 i)). A summary showing the Log(|I[A]|) as a function of size is shown in Figure 3. 17. The results are somewhat counter-intuitive because current levels increase with the NC thickness, thus leading to a

Figure 3 .

 3 Figure 3. 15 : Barrier Height in function of applied force. ΦB01 and ΦB01 decrease of few meV when the applied force increase.. The y-scale error bars were obtained by fitting all current-voltage curves independently and running a statistic on all returned barrier height values.

Figure 3 .

 3 Figure 3. 16 (a), c), e)) 2D histograms of Log(|I[A]|) for 15/30/30 nm PBAs using a force F=15 nN.(b), d), f)) Average current-voltage curves (black lines) and fits (red lines) using a single molecular energy level model (see 3.2.1). (g), h), i)) ) Histograms and Gaussian fittings of log(I[A])@-400 mV and log(I[A])@+400 mV.

  2 summarizes the barrier height values obtained by fitting the experimental values to the Double Schottky barrier model. Within the fit experimental error bars, the barrier φB01 (correspondingto Schottky barrier at the NC/substrate interface as defined in the Eq.(3. 5) and because the bias is applied on the substrate in our experiment) does not depend on the PBA NC size, while φB02 (corresponding to Schottky barrier at the tip/NC interface as defined in the Eq.(3. 5) and because the tip is grounded in our experiment) decreases when the PBA NC size increases. This change in Schottky

Figure 3 .Figure 3 . 18 :

 3318 Figure 3. 19 : a-c) I-V characteristics of PBA NCs of 15, 30 and 50 nm respectively, using a force F= 15 nN. The black line corresponds to average of the current-voltage curves and the red line is the fit using the double Schottky barrier model of Eq(3. 5). We also report on graph the value of ideality factor and barrier height provided by the fit.
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 53 Energies of the molecular orbitals of the molecular junctionIn the previous section, the Double Schottky barrier model was used and we obtained barrier height values for the tip-molecule and molecule-substrate junctions. The obtained barrier heights allowed us to find an explanation for the non-dependence of the current on the nanocrystal size. It remains to be seen if this model can be used to determine the molecular orbital energy.The fact that the current increases as a function of the size of the PBA for a given voltage indicates that the voltage drop across the nanocrystal is likely weak. Classic elastic tunneling current depend exponentially of the distance between electrodes and due to the large size of the PBAs this type of transport is unlikely. The charge transport is therefore attributed to coherent resonant transport via the molecular orbital of the NC (seeFigure 3. 20).
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 320 Figure 3. 20 : Energy diagram of Double barrier Schottky model when the tip is negatively biased with respect to the substrate.

Figure 3 . 21 :

 321 Figure 3. 21 : Energy diagrams for CsCoFe PBAs from transport experiments and ab initio calculations in function of the size. Calculated value come from 175 .

Figure 4 . 2 b

 42 )). BDPA molecules are separated in the one-dimensional chain by a distance of 0.73 nm along the chain as observed by STM 187 in Figure4. 2 b). A model of the arrangement of BDPA chains 187 is presented in Figure4. 2 a). The radical is oriented in a side position with their phenyl groups pointing

Figure 4 .

 4 Figure 4. 1 : a) Structure of the BDPA molecule b) Side-view of the BDPA,  and  denote dihedral and torsion angles. Adapted from 187 .

Figure 4 . 3 :

 43 Figure 4. 3 : One-dimensional resonators based on molecular chains of BDPA on Au(111). a) Chemical structure of BDPA. b)-d) STM topographic images (+1 V, 50pA) of BDPA chains obtained at a substrate temperature of 5K (left) and 25 K (right), scale bar = 0.73 nm, individual BDPA monomers are labeled by numbers 1-12. An illustration of first and second vibrational eigenmode of one dimensional harmonic resonator length L and wavelength λ. Extracted from 177 .

Figure 4 .Figure 4

 44 Figure 4. 2 : a) Model structure of a one-dimensional BDPA chain on Au(111). b) 0.2 monolayers of BDPA on Au(111) at 4 K. Extracted from 187 .

Figure 4 .

 4 Figure 4. 5 : a) Tunneling conductance (dI/dV) spectrum of BDPA/Au(111) after subtraction of the Au background signal. Extracted from 21 . b) Energy of molecular orbital obtained by point spectroscopy at constant z and constant I of BDPA radicals in chains absorbed onAu(111).Extracted from177,187 . 

Figure 4 .

 4 6 presents an STM image at 4K with different lengths of BDPA chains on the surface. The STM image taken at a sample voltage +1 V has the same appearance as Mülleger et al. 177 and shows a totally frozen chain oscillation. The apparent height of BDPA at ± 1 V varies between 0.10 -0.14 nm, which is significantly smaller than the nominal width of a BDPA radical (see Figure 4. 1), thus an upright standing orientation is unlikely. The STM image validates the value of r = 0.73 nm between the BDPA monomers in the chain. nc-AFM measurements at 4K have been performed on one of the one-dimensional BDPA chains. A high resolution is obtained without intentional tip functionalization (apart from tip preparation/shaping into the Au substrate). The constant height Δf image of BDPA chain and BDPA trimer is shown in Figure 4. 7 b). The white contrast is due to the repulsive force interaction with the tip, while black contrast corresponds to the attractive van der Waals force contribution. The two fluorenyl units at the edge of the molecules are observed thanks to the white contrast. The phenyl group of the molecule can be

Figure 4 . 6 :

 46 Figure 4. 6 : STM topographic image of BDPA on Au(111) at 4 K (1 V/10 pA) and showing different structural clusters.

Figure 4 .

 4 Figure 4. 7 : a) STM image of BDPA molecules at 4 K (1 V/10 pA) b) Δf image of BDPA molecules (Aosc = 100 pm, Vbias = 0 V). in nc-AFM. The red rectangle is the area zoomed made in c). c)-d) Trimer and chain structure of BDPA respectively. The high-resolution permits to overlay BDPA molecule in red and in orange color, and to determine the molecule orientations (see text).

Figure 4 .

 4 8 a) b)). The broadening indicates transverse mechanical vibrations of individual monomers in the chain relative to the Au(111) substrate. For some chains, the magnitude of the transverse broadening is maximum at their free end. When the chain is pinned at the two extremities, the maximal transverse broadening is located at the middle of the chains. This observation at 4 K and 32 K is in agreement with literature 177 . The blurring of the chain indicates that the chain vibrations occur on a time scale much faster than the scan speed of the STM tip (1 sec per scanned line) and the bandwidth of the STM feedback loop (few kHz). The first and second vibrational eigenmodes of one-dimensional BDPA chain on the Figure 4. 8 b) with L = λ/4 (Figure 4. 8 b) left chain) and L = 3λ/4 are shown. Most of the time the resonator is in the first vibration mode and sometimes the resonator adopts the second vibration mode, which also corresponds to the observations of Müllegger et al. 177,187,191 . STM topographic images at 32 K (Figure 4. 9 a), b)) show in more detail the transversal mechanical vibration induces by the thermal bath of the substrate via phonon-molecule coupling. The node and anti-node pattern suggest that each individual monomer of the chain oscillates in a concerted manner with intramolecular coupling. One or more additional nodes are observed and shown in Figure 4. 9.

Figure 4 .

 4 Figure 4. 8 : a) STM topographic image of BDPA on Au(111) at 32 K (1 V/10 pA). The observed broadening results from the transverse mechanical vibrations of BDPA molecules. b) Zoom on a BDPA chain at 32 K where different modes of vibrations are observed (1 V/10 pA).

Figure 4 . 1

 41 Figure 4. 9 : a)-b) STM topographic image ( 1V / 10 pA) of BDPA chain at 32 K. Illustration of first and second vibrational eigenmode of a one-dimensional harmonic resonator of length L and wavelength λ.

Figure 4 .

 4 Figure 4. 10 : a) and c), STM image (+1 V/10 pA) of BDPA at 32 K. Transversal mechanical vibration due to the coupling with the phonon can be seen thanks to the broadened aspect. b) and d), STM image (-1 V/10 pA) of same BDPA chain of a) and d) respectivly. The broadened aspect which denotes of the vibration of the chain is not present anymore.

Figure 4 .

 4 Figure 4. 12 shows the maps of the surface potential, Root Mean Square (RMS), capacitance and van der Waals signals obtained from a BDPA chain on Au(111). In a first step, a nc-AFM image was acquired. A grid of 3 nm x 4.1 nm (25 x 32 points) (see Figure 4. 12 b)) is superimposed on the constant height AFM image and centered on the BDPA chain. Bias sweeps are made from -0.8 V to +1.8 V on the molecule and on the Au(111) substrate to check if the tunneling current is not too high, since a high current can damage the molecule or the tip during the spectroscopy bias sweep. The oscillation amplitude of the tip is fixed at 100 pm (200 pm peak to peak). The acquisition time for a typical grid was ≈ 7 h, with here a lateral drift of ≈ 200 pm during the KPFM scan acquisition. In the middle of all maps, a sudden change appears (white arrow in Figure 4. 12 d)). This change is certainly due to a modification of the tip state during a bias sweep, which likely alters the tip-sample distance. For this reason, only the bottom of the images (represented by red rectangle in Figure 4. 12 d)-f)) will be exploited in the following. The Root Mean Square (RMS) shown in Figure 4. 12 c) corresponds to the error on the fit of the curve. It provides a quantification of non-parabolic effects (in any) which may

Figure 4 . 11 :

 411 Figure 4. 11 : Example of a Δf(V) spectroscopy curve recorded above the Au(111) substrate. Experimental points (blue crosses) show a parabolic dependence (fitted curve in red) from which the parameters Vs, A and B can be extracted (see text).

Figure 4 .

 4 Figure 4. 13 b). The capacitance map represented by the Figure 4. 13 d) is flat on the Au(111) substrate.A variation (increase) of the capacitance signal is detected over the BDPA molecule, which is consistent with the dielectric presence of the molecule on the surface. The value of the capacitance is also seen to differ provided the tip is positioned at the edge or the center of the molecule, which corresponds to the positions of the fluorenyl and phenyl groups, respectively. In the Δf(Vs) map (Figure4. 13 c)), the

Figure 4 . 12 :

 412 Figure 4. 12 : Grid spectroscopy measurement on a BDPA chain using a bias range [-0.8 V; +1.8 V] a) STM image at Vbias = 0 V before the grid Δf(V) spectroscopy. b) grid placement before the grid experiment. Signal maps extracted from the Δf(V) spectroscopy of c) fit error (root mean square or RMS) d) Surface potential, e) van der Waals signal, f) capacitance signal. The grid spectroscopy was done with Aosc = 100 pm. The red rectangle represents the area used before (but including) the tip state change, which is marked by a white arrow.

Figure 4 . 13 :

 413 Figure 4. 13 : Zoom of the spectroscopy grid measurement on BDPA molecules using bias range [-0.8 V ; +1.8 V]. Signal maps extracted from Δf(V) spectroscopy of a) surface potential b) error on surface potential c) van der Waals d) capacitance e) fit error (RMS) f) Superposition of the STM image and the surface potential map extracted from the grid spectroscopy.

Figure 4 .

 4 Figure 4. 14 : a),b) Δf(V) spectroscopy on BDPA with corresponding c),d) I(V) curves. The tunneling current at 0.6 V does not match with the parabola increase frequency shift. The change in the shape of parabola is indicated with red circle in a) and b). e) Δf(V) spectroscopy on Au(111).

Figure 4 .

 4 Figure 4. 13) also introduces by principle artefacts in f(Vs), B and Vs images, since all three coefficients are used to account, at best, the non-parabolicity of the f(V) curve. In particular, the Vs images ofFigures4.12 and 4.13 have to be interpreted with care. In view of obtaining images free of artefacts,

Figure 4 .

 4 Figures 4.12 and 4.13 have to be interpreted with care. In view of obtaining images free of artefacts, one simple method is to perform the fit on a reduced bias range either smaller or larger as compared to the transition bias at ≈+0.6V. The fitting range is thus reduced to [-0.8 V; 0 V] range. The corresponding maps for Vs, f(Vs) and B coefficients are presented in the Figure4. 15, together with maps of the fit RMS and of the corresponding fit RMS value for Vs.

Figure 4 . 15 :

 415 Figure 4. 15 : Zoom of the spectroscopy grid measurement on BDPA molecules using bias range [-0.8 V , 0 V]. Signal maps extracted from Δf(V) spectroscopy of a) surface potential b) incertitude on surface potential c) van der Waals d) fit error (RMS) e) capacitance.

Figure 4 . 16 :

 416 Figure 4. 16 : Zoom of the spectroscopy grid measurement on BDPA molecules using bias range [0 V, 1.8 V]. Signal maps extracted from Δf(V) spectroscopy using the B value of the [-0.8 V, 0 V] range of a) surface potential b) incertitude on surface potential c) van der Waals d) fit error (RMS).

  3). TBA was synthesized by D. Guérin from the NCM group at the Institut d'Electronique de Microélectronique et de Nanotechnologie (IEMN) following the procedure described by Alemani et al 219 . The main purposes for this molecule is (i) the increase of the separation between surface and the azobenzene π-system of 0.69 Å 205 ; (ii) a lower electronic coupling between molecule and surface; (iii) an increased surface mobility.

Figure 5 . 2 :

 52 Figure 5. 2 : Schematic diagram of trans -> cis photoisomerizatition of TBA azobenzene molecule. The ground state is noted S0 , first excited state S1 and the second excited state S2. After an irradiation with λ=365 nm an S0 -> S1 excitation occur The circle indicate the pathway on potential energy after the photo excitation to switch to the trans -> cis state. Adapted from 234 .

Figure 5 . 4 :

 54 Figure 5. 4 : Absorbance spectra of trans TBA after synthesis in hexane at 25°C. The spectra have the absorbance peak at 325 nm.

Figure 5 .

 5 7 shows isolated TBA molecules on Au(111) terraces. The TBA molecules are always positioned at the elbows of the Au(111) herringbone reconstruction. The elbows act as nucleation sites. The isolated molecule can nearly move under the influence of the tip in normal tunneling conditions (-1V / 5pA

Figure 5 . 5 : 4 K

 554 Figure 5. 5 : 4 K STM image of TBA molecules on Au(111). An ordered island of molecules with some disordered part of molecules are visible. The trans-TBA molecules have a STM signature of 4 lobes. STM parameters: -1 V / 5 pA .

Figure 5 .

 5 Figure 5. 6 illustrated STM image of different phases of TBA molecules on Au(111). The different phases vary in their molecule-molecule ordering and orientation with respect to the Au(111) herringbone. All individual molecules have identical appearances before they are exposed to light regardless of the phase, indicating that they are all in the same (trans) configuration. As presented by Levy et al. 242 , up to three different trans-TBA molecules self-assembly phases can be seen after deposition of TBA on Au(111). However only two of them are observed during our experiments presented in Figure 5. 6).

Figure 5 .Figure 5 . 6 :

 556 Figure 5. 7 : a) STM image of TBA after deposition on Au(111), 30 nm x 30 nm, I = 10 pA, V = -1.5 V at 4 K. Circles correspond to single TBA molecules localized at the elbows of the Au(111) herringbone reconstruction. The characteristic Au(111) (22 x √3) "herringbone" b) Focus on an island composed of organized trans-TBA molecules, 8.7 x 8.7 nm², I = 10 pA, V = + 1.5 V.

Figure 5 . 8 :

 58 Figure 5. 8 : Side view of adsorbed cis-TBA at Au(111). The parameter zi is the vertical height of the two diazo-bridge N atoms and wi the out of horizontal phenyl plane bend angle. Adapted from 205 .

  made an experimental investigation of the dependence of the voltage necessary for the isomerization on the tip height for both polarities and isomerization process. For the trans->cis isomerization the threshold voltage varies with the distance as 0.1 V/Å (V>0) and 0.7 V/Å (V<0), while for the cis->trans as 0.3 V/Å (V>0) and 0.2 V/Å (V<0). These values are smaller than those calculated by Füchsel et al 245 in gas phase of 1.5 V/Å.

Figure 5 . 9 :Figure 5 . 10 :

 59510 Figure 5. 9 : Calculated energy barrier (solid lines) and shifts of the energy barrier (dashed lines) for the cis and trans isomers. The A model represents the permanent molecular dipole represented by a thick arrow and the induced dipole moment by a thinner arrow. Each dipole is aligned with the electric field. In the model B, the intrinsic dipole moment is perpendicular to the electric field. Adapted from 245 .

Figure 5 .

 5 10 a)) are shown in the Figure 5. 10 e) to Figure 5. 10 l), in order to illustrate the electroisomerization process The two zoomed images acquired at -1 V after deposition (Figure 5. 10 e) and i)) are similar with those of the Figure 5. 7 with the presence of the 4 lobes corresponding to the molecule in the trans configuration and organized in a network. During imaging at -2 V (Figure 5. 10 b) and c)), we observe the occurrence of bright features for both sets of zooms. But at the end of the voltage sequence, the zoom shown by the green square leaves the molecule on his initial state (Figure 5. 10 h)), while the zoom shown by the red square ends with a bright spot instead of the molecule. In the first case, the molecule returns to the trans conformation, while in the second case the molecule stays in the cis conformation.

Figure 5 .

 5 Figure 5. 11 : a) Fraction of cis-TBA molecules on Au(111) on a total of 180 molecules plotted vs numbers of STM scans made at -2 V. Red lines are fits to dates using Monomolecular growth model. b) c) Successive STM image at -2 V/ 5 pA, red and green circle highlight area where the TBA molecules switch from cis state back to trans state.

Figure 5 .Figure 5 . 12 :

 5512 Figure 5. 13 presents the excitation transfer process. Martin Wolf et a.l 250 proposed that photoisomerization of TBA on Au(111) is induced by surface charge transfer process. Upon irradiation,

  230,233 : (i) an inversion around the N=N bond; (ii) rotation around the N=N bond combined with some degree of inversion of one NNC angle. The rotation around the N-N bond is associated to a S0 -> S2 excitation related to the HOMO-1 -> LUMO excitation, when the inversion of the NNC angle was associated with S0 -> S1 excitation that corresponds to the HOMO-> LUMO excitation (seeFigure 5. 14).

Figure 5 . 14 :

 514 Figure 5. 14 : Schematics of photo-isomerization: inversion and rotation paths are shown. Relevant conformation coordinates are the w angle for the rotation mechanism (rotational axis is the N=N bond), and the angle of the α for the inversion (rotational axis perpendicular to the drawing plane). Adapted from 246 .

Figure 5 . 13 : 2

 5132 Figure 5. 13 : Energy diagram for surface molecule chemistry. The energy level lies between the HOMO and LUMO of the molecule. a) Direct intramolecular excitation b) Surface excitation leads to photoexcited charge carrier transfer from the surface to the absorbate molecule.

(Figure 5 .

 5 15 a) black arrow pointing). We observe after UV irradiation, areas in the islands with a lower apparent height (0.10 ± 0.01 nm) than the lobes (Figure5. 15 b)). This lower thickness is confirmed by nc-AFM imaging (Figure 5. 15 d)), showing that it is not a purely electronic effect. A zoom on an island with this low thickness area (Figure 5. 15 c)) shows a pattern with parallel linear structures with a spacing of 0.46 ± 0.05 nm. Lobes assigned to tert-butyl legs are not associated by 4, as observed after TBA evaporation, which indicates a dissociation or an alteration of the TBA molecule under UV exposure as show the Figure 5. 16 circles. Also despite warming the substrate at 325 K during 12 h, and an irradiation with white light during more than 12 hours, the process did not prove reversible. The apparition of linear pattern area on TBA island after UV irradiation has been observed reproducibly. However result is different from the structure observed by Dri and Levy 218,242 and from change observe in the part 5.3 where bright spots appear and were associated to the cis-TBA isomers.

Figure 5 .

 5 Figure 5. 15 : (a) 70 x 30 nm STM image, I = 5 pA V = -1,1 V after UV exposition on TBA islands. Black arrows indicate low thickness area of the island not observed without the UV exposition; (b) z-profile corresponding to the grey line in (c); (c) 17 x 17 nm zoom corresponding to the red square in STM image presented in (a); (d) Corresponding nc-AFM acquired on the island presented in (c).

Figure 5 .

 5 photoswitch mechanism from the trans to the cis state. The charge transfer process proposed by Wolf et al222,250 has been studied. The dependence of the effective cross section for the light-induced trans->cis isomerization of the TBA adsorbate on Au(111) on the photon energy used was determined by the authors222,250 (see Figure5. 17 b)). A stepwise change is present at 2.2 eV, it follows a plateau region over the large photon energy 2.2 and 4.4 eV. Above 4.4 eV an exponential increase and bellow 2.2 eV a pronounced decrease are observed. To determine the excitation mechanism in the trans-> cis

  Figure 5. 18 : Excitation mechanism for photoisomerization of TBA molecule on Au(111). The photoexcitation at phonon energies above 2.2 eV leads to electron-hole pair formation (step 1). The holes in the Au d-band relax to the top of the d-band (step 2) and transfer to the HOMO of the TBA (step 3). Adapted from 222 .

chapter 3 ,

 3 we have presented a study of a molecular junction composed of nanocrystal of Prussian Blue analogue CsCoFe with an ambient air AFM. The CsCoFe nanocrystal shows versatile physical and chemical properties that can be tuned by external stimulus such as temperature, light, and electrical and magnetic fields. Different sizes of 15, 30 and 50 nm nanocrystals CsCoFe are studied in the junction. After the deposition on a HOPG substrate, the density and height of nanocrystal were verified with an AFM in ambient air condition. Isolated nanocrystals can be found and by using the tip of the AFM as top electrode electrical measurement was performed. To help us to understand the mechanism of charge transport in such systems, the single orbital energy and Double Schottky barrier model has been used. Electrical measurements in function of the force applied on a CsCoFe nanocrystal of 15 nm permit to estimate the effect of the contact area of the tip-molecule interface on the current.

  For 15 nm PBAs the tip-nanocrystal barrier height is 0.31-0.35 eV while for 30 nm and 50 nm PBAs this barrier value drops to about 0.24 eV. The barrier value of the 15 nm, 30 nm and 50 nm PBAs were compared with theoretical values of the molecular orbital literature for a 19 nm CsCoFe nanocrystal. The correspondence between the theoretical values and the barrier heights found with the Schottky model allowed us to favor the hypothesis of transport via the molecular orbital t2g of the Fe II in this type of system.Chapter 4 was about BDPA molecule deposit on Au(111). Near-field microscopy measurement was performed with a JT-SPM under UHV at 4 K and 32 K. The first part was about the auto assembling properties of the BDPA molecule. Once the molecule is deposited on Au(111) it will organize itself into different clusters of 1, 2 or 3 BDPA molecules or chains form. The first STM image shows the molecule in bean shape and allowed us to assume a first orientation of the molecule when it is assembled in a chain. To obtain additional information the nc-AFM has been done. A high resolution was obtained and the phenyl unit due to is lower height inside the molecule was recognized. The second part of the chapter was about the vibrational properties of BDPA chain on Au(111) when the temperature is above 25 K. Indeed, above this temperature the BDPA chain behaves like a one-dimensional harmonic oscillator. The literature reports that phonon-molecule coupling is responsible for the oscillations of BDPA chains. We performed STM analysis of BDPA chain at 32 K where the outline of the vibration is clearly visible for +1V polarization. Similarly to a harmonic oscillator, different types of vibration modes are observed. We report a first and a second eigenmode of the BDPA chain with L = λ/4 and L = 3λ/4 respectively. When we switch to -1V polarization, the outline of the vibration disappears. This indicates that the vibration of the BDPA chain is highly reduced or stopped. A KPFM grid spectroscopy was performed to study the charge state of the molecule as a function of the polarization of the substrate.The spectroscopy shows in negative bias (negative polarization applied on the substrate) no net charge on the molecule, however for positive bias (positive polarization applied on the substrate) the molecule show a substrate-molecule negative charge of ≈ -0.6 V and assume that the SUMO molecular orbital is filled.To conclude on chapter 5, we analyze by STM and nc-AFM in UHV at low temperature, a derivative azobenzene TBA on Au(111) as a switch molecule with a trans and cis state. The molecule in trans state after the deposition was recognized as 4 lobes shape in STM images. Different types of organization were observed denoted as phase. A first phase is the close-packed with 1 molecule per unit cell and an orientation tilted of 88 ± 4° with the herringbone, the second phase has 2 molecules per unit cell with one molecule an orientation tilted of 52 ± 5° and another at 107 ± 5°. Two stimuli were employed to change the trans state of the molecule to the cis state. The first stimulus used is an electric field produced by the tip during the STM experiment. By scanning at a bias of ±2 V, we observed the apparition of bright spots associated to the TBA molecule in cis state. The evolution of the fraction of
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1 : Characteristics of the SCM-PIT-V2 probes used according to the manufacturer's data

31)

  

	Temperature	Sensor	δkthermal (N/m)	Δkdet (μN/m)	Δkdrift (mN/m)
					ΔT = 0.1 K at 300 K
					ΔT = 10 mK at 4 K
	300 K	Qplus	0.032	25.7	0.012
		Kolibri	0.033	33.2	7.5
	4 K	Qplus	0.0004	25.7	0.0012
		Kolibri	0.0027	33.2	0.756

Table 2 .

 2 2 : The summary of noise contributions for both QPlus and Kolibri sensors at 300 K and 4 K. The quality factor Q values taken for the calculations are 50000 and 3000 at 300 K and 100000 and 200000 at 4 K for the Kolibri and Qplus sensors respectively. The resonant frequency is 1 MHz for Kolibri

and 23.41 kHz for Qplus sensor, spring constant is 1080 kN/m and, 1800 N/m for Kolibri and Qplus sensors. All noise sources were calculated for B = 100 Hz and Aosc = 100 with Eq. (

  and Miles proposed a structure for Prussian blue in the 1930s based on X-ray diffraction data 140 . This structure

consists of a face-centered cubic (fcc) arrangement of transition metal elements (originally: Fe) bridged by cyanide ligands, while additional transition metal elements are placed on interstitial sites to preserve the charge neutrality of the structure. A wide variety of Prussian Blue Analogues (PBAs) has been synthesized using different transition metals such as Cr, Mn, Co

141,142 

. In this chapter, we present an electrical investigation of isolated nanocrystals of PBAs composed of Cs{Co III [Fe II (CN)6]} noted CsCoFe thereafter. CsCoFe PBAs can adopt a ferrimagnetic state 143,144 , making CsCoFe nanocrystals interesting candidates as molecular magnets. The results presented in this chapter consist of a preliminary study of the electrical properties of PBA nanocrystals by AFM at room temperature (including the sample preparation steps), in view of further studies at low temperature and under magnetic field. The CsCoFe nanocrystal samples were provided by Pr. Talal Mallah from the Institute of Molecular Chemistry and Materials (ICMMO -Orsay).

3.1 Structure and properties of Prussian blue analogue 3.1.1 Structure of Prussian Blue analogues (PBAs)
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1 : Analysis of I-V curves fitted with the Single Energy Level models

Table 3 .

 3 2 : Fitted Schottky barrier heights on PBA NCs as a function the PBA NC size.

			h +
	HOPG	PBA	Pointe AFM

Double Schottky model

In the previous section, we used the single electron level (SEL) molecular model to analyze experimental data from nanocrystals of 15, 30, 50 nm. However, the SEL model does not allow finding an explanation for the evolution of the current with respect to the NC size. The NC size of 15, 30 and 50 nm is on the other hand at the frontier between molecules and the bulk materials. The I(V) characteristics can therefore be interpreted differently in the framework of a metal-semiconductormetal contact, in which each of the metal-semiconductor contacts can be treated as a Schottky barrier.

The Figure 3. 19 shows the average I-V of PBA 15, 30 and 50 nm fitted with the double Schottky barrier model of Eq. (3. 5). For the surface area S1 we take the surface area of the nanocrystal i.e. 15 x 15 nm², molecule in cis state with the number of scan shown an exponential shape to finally saturate rapidly (after 4 images) at 25% of the total number of molecule present in the image. A fresh deposit of molecules has been prepared to use UV illumination as stimulus. The result found was different as the electrical field stimulus. Instead of the apparition of a bright spot, STM images reveal regions with height lower than the molecule in trans state. Region was analyse with nc-AFM which confirmed the region physically got a lower topography than trans TBA molecule. The presence of 2 lobes instead of 4 on STM and nc-AFM image suggests that the TBA molecule has been split. An analysis of the switch mechanism with the various energy contributions was made and we conclude that the switching of the molecule is substrate mediated with hot hole transferred inside the HOMO, and during or after this process the molecule is split.

Outlook

The electrical measurement on the CsCoFe was made. The new goal would be now to exploit the spin properties of the molecule. To accomplish this, ultra-high vacuum and low temperature are necessary.

Illuminate in the 600 nm range at low temperature will change the low spin state of the molecule to high spin state resulting in an expecting change of resistivity and so two distinct states. The relaxation from high spin state to low spin state with the increase of the temperature in function of the size of the nanocrystals can also be studied. To finish spin polarized scanning tunneling microscopy experiment is also a possibility to exploit a possible effect of tunnel magnetoresistance in magnetic tip-PBA-substrate system.

The measurement of the BDPA chain reveals that the harmonic oscillator properties are not only due to molecule-phonon coupling and are still not well understood. Further experiments to see the oscillation in function of polarization in nc-AFM can be considered, but a special care must be taken to not disturb the system with the tip.

Concerning experiments with AZBT molecule, this study shows at which point understanding the substrate-molecule interaction is a key point for potential applications in molecular nanoelectronics.

More experiments to confirm the alteration of the molecule due to UV irradiation should be done. 
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