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In the first part, we investigate surface plasmons propagating in individual thick pentatwinned crystalline silver nanowires using dual-plane leakage radiation microscopy. The effective index and the losses of the mode are determined by measuring the wave vector content of the light emitted in the substrate. Surface plasmon mode is determined by numerical simulations and an analogy is drawn with molecular orbitals compound with similar symmetry. Leaky and bound modes selected by polarization inhomogeneity are demonstrated. We further investigate the effect of wire geometry (length, diameter) on the effective index and propagation losses.

On the basis of the results obtained during the first part, we further investigate the effect of an electron flow on surface plasmon properties. We investigate to what extend surface plasmons and current-carrying electrons interfere in such a shared circuitry. By synchronously recording surface plasmons and electrical output characteristics of single crystalline silver and gold nanowires, we determine the limiting factors hindering the copropagation of electrical current and surface plasmons in these nanoscale circuits. Analysis of wave vector distributions in Fourier images indicates that the effect of current flow on surface plasmons propagation is reflected by the morphological change during the electromigration process. We further investigate the possible crosstalk between co-propagating electrons and surface plasmons by applying alternating current bias. 

Introductory words about Plasmonics

In this information expansion era, faster information transport and larger information capacity ask for a higher miniaturization and large scale integration of functional devices. Thanks to the development of dedicated fabrication tools, nanoscale electronic devices with critical dimensions are approaching 10 nm length scale. Although great progresses have been made on the dimension of on-chip elements, current electric devices are approaching their fundamental speed and bandwidth limit that cannot keep up with the ever-increasing consumer demand [START_REF] Gramotnev | Plasmonics beyond the diffraction limit[END_REF][START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF]. Using light as the information carrier instead of electrons is believed to be the most promising solution to this problem. Photonic components can be much faster than their electronic counterpart. Photonic crystals have been extensively studied for their ability to control and manipulate photons [START_REF] Peyrade | Fabrication of gan photonic crystals for 400 nm wavelength[END_REF][START_REF] Joannopoulos | Photonic crystals: putting a new twist on light[END_REF].

Electro-optically tunable photonic crystals show potential applications in modulation and switching in photonic information technology [START_REF] Bernal | Pyroelectric control of the superprism effect in a lithium niobate photonic crystal in slow light configuration[END_REF][START_REF] Roussey | Electro-optic effect exaltation on lithium niobate photonic crystals due to slow photons[END_REF][START_REF] Amet | The superprism effect in lithium niobate photonic crystals for ultra-fast, ultra-compact electro-optical switching[END_REF][START_REF] Roussey | Experimental and theoretical observations of the slow-light effect on a tunable photonic crystal[END_REF][START_REF] Belotti | All-optical switching in 2d silicon photonic crystals with low loss waveguides and optical cavities[END_REF]. Optical fibres for instance are routinely used to transmit information with modulation speed well above 40 GHz. Optical components however, are notoriously difficult to scale down due to the diffraction barrier restricting dimensions to half of the effective wavelength [START_REF] Saleh | Fundamentals of photonics[END_REF][START_REF] Maier | Plasmonics-a route to nanoscale optical devices[END_REF][START_REF] Krenn | Non-diffraction-limited light transport by gold nanowires[END_REF][START_REF] Atwater | The promise of plasmonics[END_REF]. Although information can be transferred at the speed of light, the dimension of integrated photonic components remains orders of magnitude larger than electronic devices. Figure 1.1 shows a graph of operating speed of devices versus their critical dimensions for different technologies extracted from Ref. [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF]. The trade off between speed brought by photonic components and the size of typical electronic systems can be mitigated by a paradigm technology called plasmonics. Image extracted from Ref. [START_REF] Zia | Plasmonics: the next chip-scale technology[END_REF].

Plasmonics is a technology aiming at engineering material surfaces to control surface plasmons. Surface plasmons are collective electron oscillations that exist at the interface between a dielectric medium and a conductor [START_REF] Raether | Surface plasmons[END_REF]. When surface plasmons are coupled to photons, they can create electromagnetic waves which propagate along the interface known as surface plasmon-polaritons (SPPs) [START_REF] Dragoman | Plasmonics: Applications to nanoscale terahertz and optical devices[END_REF]. The electromagnetic field of SPPs is schematically depicted in Fig. 1.2. The field is highly confined to the near vicinity of the dielectric and metal interface and decays exponentially in the directions perpendicular to the interface [START_REF] Schider | Surface plasmon micro-and nano-optics[END_REF]. Following the pioneering work of R.H. Ritchie in 1957 [START_REF] Ritchie | Plasma losses by fast electrons in thin films[END_REF], the unique properties of surface plasmon polaritons were extensively studied [START_REF] Raether | Surface plasmons[END_REF][START_REF] Mills | Polaritons: the electromagnetic modes of media[END_REF][START_REF] Maier | Plasmonics-towards subwavelength optical devices[END_REF][START_REF] Barnes | Surface plasmon-polariton length scales: a route to sub-wavelength optics[END_REF][START_REF] Maier | Plasmonics: fundamentals and applications[END_REF].

Especially, as the development and improvement of nanotechnology, the emergence of "plasmonics" shows tantalizing prospects in optical interconnects [START_REF] Ozbay | Plasmonics: Merging photonics and electronics at nanoscale dimensions[END_REF][START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Ebbesen | Surface-plasmon circuitry[END_REF][START_REF] Conway | Plasmonic interconnects versus conventional interconnects: a comparison of latency, crosstalk and energy costs[END_REF][START_REF] Pyayt | Integration of photonic and silver nanowire plasmonic waveguides[END_REF], data storage [START_REF] Mansuripur | Plasmonic nano-structures for optical data storage[END_REF][START_REF] Chiu | Application of surface polariton coupling between nano recording marks to optical data storage[END_REF], field-enhanced spectroscopy [START_REF] Kneipp | Surface-enhanced raman scattering[END_REF][START_REF] Kinkhabwala | Large single-molecule fluorescence enhancements produced by a bowtie nanoantenna[END_REF][START_REF] Portales | Resonant raman scattering by quadrupolar vibrations of ni-ag coreshell nanoparticles[END_REF][START_REF] Margueritat | Influence of the number of nanoparticles on the enhancement properties of surface-enhanced raman scattering active area: sensitivity versus repeatability[END_REF][START_REF] Margueritat | Surface enhanced raman scat-tering of silver sensitized cobalt nanoparticles in metal-dielectric nanocomposites[END_REF][START_REF] Des Francs | Fluorescence relaxation in the near-field of a mesoscopic metallic particle: distance dependence and role of plasmon modes[END_REF], microscopy [START_REF] Keilmann | Surface-polariton propagation for scanning near-field optical microscopyapplication[END_REF][START_REF] Stockman | Nanofocusing of optical energy in tapered plasmonic waveguides[END_REF], sensors [START_REF] Homola | Surface plasmon resonance sensors: review[END_REF][START_REF] Barbillon | Biological and chemical gold nanosensors based on localized surface plasmon resonance[END_REF][START_REF] Barbillon | Sensitive detection of biological species through localized surface-plasmon resonance on gold nanodisks[END_REF], and solar cells [START_REF] Kelzenberg | Photovoltaic measurements in single-nanowire silicon solar cells[END_REF][START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF].

As a subfield of nanophotonics, plasmonics was first put forward in 1999 [START_REF] Brongersma | Plasmonics: Electromagnetic energy transfer and switching in nanoparticle chain-arrays below the diffraction limit[END_REF] as an effective mean to route and manipulate light at nanometer length scale exploiting the unique optical properties of metal nano-structures [START_REF] Schuller | Plasmonics for extreme light concentration and manipulation[END_REF][START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF]. This combination of SPPs and metal nano-structures enables SPP-based optical components to sustain and guide light signals beyond the limitation imposed by the diffraction barrier. By taking the advantages of the polaritonic nature of the plasmon (electrons → confinement and photons → speed), SPP-based devices can be drastically miniaturized compared to standard photonic devices.

They can sustain a high operating speed surpassing modern electronics thus offering a paradigm shift for the next generation of on-chip technology.

A functional platform would take the form of a complete miniature plasmonic circuitry with both optical and electrical signals being carried without interference [START_REF] Ebbesen | Surface-plasmon circuitry[END_REF]. To realize such a circuit, several SPP-based optical components are required: waveguides [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF][START_REF] Bozhevolnyi | Plasmonic Nano-Guides and Circuits[END_REF], switches [START_REF] Hassan | Thermo-optic plasmo-photonic mode interference switches based on dielectric loaded waveguides[END_REF], couplers [START_REF] Salgueiro | Nonlinear couplers with tapered plasmonic waveguides[END_REF] and so on. Surface plasmon waveguides concentrating and guiding light in structures smaller than the diffraction limit are the nanoscale analogue to conventional dielectric fibre and have played a central role among the different plasmonic passive and active elements that were developed so far [START_REF] Maier | Plasmonics-a route to nanoscale optical devices[END_REF].

SPP propagation in metal waveguide

Various nano-structures have been exploited to confine and propagate SPPs such as thin metal films [START_REF] Economou | Surface plasmons in thin films[END_REF][START_REF] Burke | Surface-polariton-like waves guided by thin, lossy metal films[END_REF][START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of asymmetric structures[END_REF], micrometer-wide stripes [START_REF] Krenn | Surface plasmon polaritons in metal stripes and wires[END_REF][START_REF] Weeber | Near-field observation of surface plasmon polariton propagation on thin metal stripes[END_REF][START_REF] Lamprecht | Surface plasmon propagation in microscale metal stripes[END_REF], nanowires [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF][START_REF] Leosson | Long-range surface plasmon polariton nanowire waveguides for device applications[END_REF][START_REF] Kottmann | Dramatic localized electromagnetic enhancement in plasmon resonant nanowires[END_REF], chains or arrays of nanoparticles [START_REF] Maier | Plasmonics-a route to nanoscale optical devices[END_REF][START_REF] Quinten | Electromagnetic energy transport via linear chains of silver nanoparticles[END_REF][START_REF] Maier | Plasmonics: Localization and guiding of electromagnetic energy in metal / dielectric structures[END_REF][START_REF] Maier | Experimental demonstration of fiber-accessible metal nanoparticle plasmon waveguides for planar energy guiding and sensing[END_REF], nanoholes [START_REF] Sönnichsen | Launching surface plasmons into nanoholes in metal films[END_REF][START_REF] Gao | Direct evidence for surface plasmonmediated enhanced light transmission through metallic nanohole arrays[END_REF], nanogaps [START_REF] Fujii | Fabrication and characterization of a nanogap edge emitter with a silicon-oninsulator wafer[END_REF][START_REF] Tanaka | Simulations of nanometric optical circuits based on surface plasmon polariton gap waveguide[END_REF][START_REF] Pile | Two-dimensionally localized modes of a nanoscale gap plasmon waveguide[END_REF], nanogrooves and wedges [START_REF] Bozhevolnyi | Channel plasmonpolariton guiding by subwavelength metal grooves[END_REF][START_REF] Pile | Channel plasmon-polariton in a triangular groove on a metal surface[END_REF], hybrid waveguides [START_REF] Pyayt | Integration of photonic and silver nanowire plasmonic waveguides[END_REF][START_REF] Zhang | Hybrid waveguide-plasmon resonances in gold pillar arrays on top of a dielectric waveguide[END_REF] and so on. The propaga-tion of surface plasmons was first studied in thin metal films. With the development of scanning near-field optical microscopy, it was soon realized that the propagation of SPPs in thin films was affected by structural defects present at the film surface [START_REF] Pincemin | Scattering of a surface plasmon polariton by a surface defect[END_REF][START_REF] Pincemin | Propagation and localization of a surface plasmon polariton on a finite grating[END_REF][START_REF] Sánchez-Gil | Surface defect scattering of surface plasmon polaritons: Mirrors and light emitters[END_REF]. Artificially creating these defects at the surface opened the door to what was called "plasmon optics": manipulating a surface plasmon beam very much like standard optical elements are shaping a laser beam.

Spreading of the surface plasmon in the film naturally occurs in both in-plane directions with an extent that depends on the type of excitation, but also on the quality of the film [START_REF] Berini | Characterization of longrange surface-plasmon-polariton waveguides[END_REF]. In order to confine the SPP mode in one direction, the film width was reduced laterally to form stripe metal waveguides. Propagation of the SPP is restricted to the stripe since it does not exist outside the metal. Mode formation in stripes is understood as total internal reflection of the SPP [START_REF] Zia | Dielectric waveguide model for guided surface polaritons[END_REF] and edge interaction [START_REF] Berini | Plasmon-polariton waves guided by thin lossy metal films of finite width: Bound modes of asymmetric structures[END_REF]. Stripe waveguides are however suffering from a strong limitation detrimental for realizing dense plasmonic network. As the width of the stripe is reduced to increase lateral confinement, the SPP mode runs into a cutoff and becomes leaky for width <2 to 3 µm [START_REF] Zia | Near-field characterization of guided polariton propagation and cutoff in surface plasmon waveguides[END_REF].

Benefiting from near-field coupling and well defined dipolar surface plasmon resonances [START_REF] Ozbay | Plasmonics: Merging photonics and electronics at nanoscale dimensions[END_REF], Stefan Maier and his co-workers used chains of nanoparticles to increase SPP confinement and overcome the cutoff limit of stripe waveguide [START_REF] Zia | Near-field characterization of guided polariton propagation and cutoff in surface plasmon waveguides[END_REF]. An example of an array of such discrete structures is illustrated in Fig. 1.3(a). However, ohmic and scattering losses are dominant in nanoparticles and the propagation was restricted to a few hundred nanometers [START_REF] Maier | Experimental demonstration of fiber-accessible metal nanoparticle plasmon waveguides for planar energy guiding and sensing[END_REF]. Other plasmon waveguides such as nanoholes (Fig. 1.3(b)), nanogrooves (Fig. 1.3(c)) and nanogaps (Fig. 1.3(d)) can also provide strong localization mechanisms while limiting extrinsic losses such as scattering. Like any other plasmonic waveguides, these approaches are plagued by the trade-off existing between the waveguide size and propagation loss. Because metals at optical or near-infrared wavelengths have a field skin depth comparable to the thickness of the structure, confined modes are associated with large intrinsic losses. The propagation distance is therefore reduced compared to modes spreading more outside the metal. An hybrid waveguide consisting of a silicon waveguide and a silver nanowire [START_REF] Hochberg | Integrated plasmon and dielectric waveguides[END_REF] in Fig. 1.3(e) was proposed as a solution for this trade-off. These waveguides are usually designed for longer wavelength.

Compared to the available plasmon waveguides, metal nanowires are capable of supporting SPPs propagating along one direction while localizing SPPs in the other two.

Unlike metal films and metal stripes, there is no cutoff for the fundamental mode in metal nanowires. Furthermore, the single-crystal nature of chemically synthesized metal nanowires mitigates propagation losses. A good trade-off can thus be obtained between (c), nanogap (d), and an hybrid waveguide consisting of a silicon waveguide and a Ag nanowire (e). Images extracted from [START_REF] Maier | Experimental demonstration of fiber-accessible metal nanoparticle plasmon waveguides for planar energy guiding and sensing[END_REF], [START_REF] Gao | Direct evidence for surface plasmonmediated enhanced light transmission through metallic nanohole arrays[END_REF], [START_REF] Bozhevolnyi | Channel plasmonpolariton guiding by subwavelength metal grooves[END_REF], [START_REF] Fujii | Fabrication and characterization of a nanogap edge emitter with a silicon-oninsulator wafer[END_REF] and [START_REF] Hochberg | Integrated plasmon and dielectric waveguides[END_REF], respectively.
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waveguide size and plasmon decay length for optimized nanowires.

Properties of SPP propagating in metal nanowires

Dispersion relation in nanowires

The electromagnetic field of a surface plasmon is the solution of Maxwell's equations in each medium taking into account boundary conditions [START_REF] Raether | Surface plasmons[END_REF][START_REF] Dragoman | Plasmonics: Applications to nanoscale terahertz and optical devices[END_REF][START_REF] Zayats | Nano-optics of surface plasmon polaritons[END_REF]. The derivation of the SPP dispersion relation in metal film is obtained by considering a system consisting of a dielectric medium with a real and positive dielectric constant ǫ d and a metal with complex dielectric constant ǫ m = ǫ ′ m + iǫ ′′ m . By solving Maxwell's equations and the associated boundary conditions, the dispersion relation of SPP in thin film can be obtained.

However, when SPPs propagate in one-dimensional nanowire waveguides, the geometry of the systems imposes a different dispersion.

The derivation of plasmon dispersion in nanowires was first deduced by considering one-dimensional negative dielectric (ND) pin model with cylindrical cross-section [START_REF] Takahara | Guiding of a one-dimensional optical beam with nanometer diameter[END_REF] shown in Fig. 1.4(a). Since a metal is a negative dielectric in the near-infrared range, the model treats the metal as an optical waveguide. Cylindrical coordinates were chosen in this model. The optical wave was assumed to propagate in the z direction with a phase constant β and an angular frequency ω. The lowest order (0th) TM mode was considered. By solving Maxwell's equations, the electric and magnetic field in the two different dielectric medium ǫ 1 and ǫ 2 can be obtained. From the boundary conditions for E z and H φ at r = a, where r is the radius direction of the cylindrical coordinates, α is the radius of the core, the characteristic equation of the 0th-order TM mode reads as follow:

γ 2 I 1 (γ 1 a)K 0 (γ 2 a) γ 1 I 0 (γ 1 a)K 1 (γ 2 a) = - ǫ 2 ǫ 1 , (1.1) 
where I j and K j (j = 1, 2) are the jth-order modified Bessel functions. γ j is defined as

γ j = (β 2 -ǫ j µ 0 ω 2 ) 1/2 , (1.2)
where µ 0 is the permeability of free space and ǫ j is the dielectric constant. In the case of a metal, ǫ 1 can be regarded as the dielectric constant of metal ǫ m and ǫ 2 can be regarded as the dielectric constant of surrounding medium ǫ d .

Following the pioneering work of Takahara, the SPP dispersion in cylindrical nanowires were extensively studied form theoretical considerations [START_REF] Schröter | Surface plasmon polaritons on metal cylinders with dielectric core[END_REF][START_REF] Gervasoni | Dispersion relations for plasmon excitations in nanostructures of different shapes and symmetries[END_REF] and from experimental data [START_REF] Lim | Imaging and dispersion relations of surface plasmon modes in silver nanorods by near-field spectroscopy[END_REF][START_REF] Imura | Near-field optical imaging of plasmon modes in gold nanorods[END_REF][START_REF] Puscasu | Plasmon dispersion relation of Au and Ag nanowires[END_REF]. Near-field spectroscopy [START_REF] Lim | Imaging and dispersion relations of surface plasmon modes in silver nanorods by near-field spectroscopy[END_REF] and far-field extinction spectroscopy [START_REF] Puscasu | Plasmon dispersion relation of Au and Ag nanowires[END_REF] were used to obtain the dispersion relation of SPPs in metal nanowires. Figure 1.4(b) displays such a dispersion for an array of nanowires measured by extinction spectroscopy [START_REF] Puscasu | Plasmon dispersion relation of Au and Ag nanowires[END_REF].

It shows clearly the dispersion differences for light in vacuum, glass and SPP supported by a flat interface and as a mode of a Ag nanowire. At a given frequency, the nanowire SPP has the largest wavevector confirming thus the high degree of optical confinement achieved in these systems.

The SPP dispersion relation is strongly dependent on the size and shape of the nanowires. As the diameter increases, the plasmon resonance frequencies also increases [START_REF] Lim | Imaging and dispersion relations of surface plasmon modes in silver nanorods by near-field spectroscopy[END_REF].

Nanowires with different cross-sectional shapes have different plasmon resonances. For nanowires with non-regular cross-sections, the electron oscillation can be located along the principle axes or at edges and corners, leading to an additional shape-dependent depolarization and splitting of the surface plasmon resonance into several modes [START_REF] Lal | Nano-optics from sensing to waveguiding[END_REF].

Figure 1.5 displays the field amplitude distribution for different cross-sectional nanowire shapes. For the non-cylindrical shapes, the field amplitude distributes mainly at corners.

These shape-dependent SPP modes are effecting the dispersion relation [START_REF] Verhagen | Nanowire plasmon excitation by adiabatic mode transformation[END_REF][START_REF] Song | Imaging symmetry-selected corner plasmon modes in pentatwinned crystalline ag nanowires[END_REF] and will be discussed in more details in the next chapter. 

Exciting SPP in metal nanowires

Coupling strategies

As mentioned above in Fig. 1.4(b), the wavevector of SPPs is larger than that of the light at the same energy. This momentum mismatch means that SPPs cannot be excited directly by light. In order to excite SPPs in nanowires, an extra momentum has to be added to the photons. Therefore, a variety of strategies were developed to launch SPPs in nanowires with different coupling efficiencies.

Electron excitation

Electrons penetrating a material can transfer momentum and energy to the solid [START_REF] Raether | Surface plasmons[END_REF].

This momentum can compensate the momentum difference and excite SPPs. Very recently, electrically excited surface plasmons in gold nanowires was reported by Bharadwaj et al. [START_REF] Bharadwaj | Electrical excitation of surface plasmons[END_REF]. The schematic of this electrical excitation is shown in Fig. 1.6(a). By employing inelastic electron tunneling between a gold tip and a gold nanowire, localized gap plasmons are excited in the junction and then subsequently couple to propagating plasmons in the gold nanowire. In addition, surface plasmon can be locally excited with an incident swift electrons beam. The radiative signal can be directly detected. The swift electrons excitation provides a unique tool to excite surface plasmon and a synchronous detection with high resolution [START_REF] Vesseur | Direct observation of plasmonic modes in au nanowires using high-resolution cathodoluminescence spectroscopy[END_REF].
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Evanescent coupling

Compared to electrons, photons are more widely used for coupling SPPs in nanowires.

Excitation with photons is easier to implement than electron excitation and can be more efficient. Photons can also provide precise excitation conditions, i.e. monochromatic excitation wavelength for investigating the spectral dependence of SPP properties. Several strategies were implemented to couple photons to SPPs in nanowires. Total internal reflection (TIR) approach, a common technique to launch SPPs in thin films was first used to excite SPPs in nanowires [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF][START_REF] Allione | Surface plasmon mediated interference phenomena in low-Q silver nanowirecavities[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Félidj | Far-field Raman imaging of short-wavelength particle plasmons on gold nanorods[END_REF]. When light is incident on the metal through glass, SPPs can be excited on the metal/glass interface by evanescent coupling. A conventional Kretschmann-Raether configuration is shown in Fig. 1.6(b). Even though the coupling efficiency could be very high under optimal conditions, the excitation area is typically much greater than the typical surface plasmon propagation. The resulting data are thus the interference between the SPP mode and the incoming radiation.

Local scattering

The symmetry breaking introduced by a defect such as wire termination, kinks or an adjacent nanoparticle were used in recent years for coupling light to nanowire plasmons [START_REF] Knight | Nanoparticle-mediated coupling of light into a nanowire[END_REF]. Excitation at the end of nanowires much similar to the end-fire coupling [START_REF] Stegeman | Excitation of surface polaritons by end-fire coupling[END_REF] is probably the simplest approach to excite SPPs in nanowires (Fig. 1.7(a)). Incident light focused on one end of the nanowire is scattered in all directions providing additional wave vectors to match that of the SPP mode. This technique is the preferred strategy for its simplicity. It only requires focusing a laser beam using a high numerical aperture objective [START_REF] Weeber | Plasmon polaritons of metallic nanowires for controlling submicron propagation of light[END_REF][START_REF] Graff | Silver nanowires[END_REF][START_REF] Sanders | Observation of plasmon propagation, redirection, and fan-out in silver nanowires[END_REF][START_REF] Staleva | Coupling to light, and transport and dissipation of energy in silver nanowires[END_REF][START_REF] Li | Directional light emission from propagating surface plasmons of silver nanowires[END_REF][START_REF] Li | Experimental demonstration of plasmon propagation, coupling, and splitting in silver nanowire at 1550-nm wavelength. Selected Topics in Quantum Electronics[END_REF]. The incident light polarization and the position of focus spot on the nanowire are crucial for optimum coupling. A polarization parallel to the long axis of nanowire can efficiently excite SPPs [START_REF] Allione | Surface plasmon mediated interference phenomena in low-Q silver nanowirecavities[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. However, polarization inhomogeneities in strongly focus spot are adding an extra level of complexity and the coupling become position dependent with respect to the focal fields. This will be discussed in greater depth in the following chapter. Direct illumination on a nanowire kink can also excite SPPs [START_REF] Knight | Nanoparticle-mediated coupling of light into a nanowire[END_REF][START_REF] Sanders | Observation of plasmon propagation, redirection, and fan-out in silver nanowires[END_REF] as illustrated in Fig. 1.7(b). The working principle is the same as the termination coupling.

Fluorescence coupling

Semiconductor nanoparticles and single photon emitters such as quantum dots and fluorescent molecules provide an alternative route to transfer energy to a nanowire SPP.

These nanoparticles are usually artificially attached on the surface of nanowires [91, 100, 

Coupling by optical antennas

Metal nanostructures serving as optical antennas have been predicted recently to efficiently couple photons to SPPs. Structures like bow-tie antennas are promoting a strong coupling of light to SPPs in nanowires [START_REF] Fang | Plasmonic coupling of bow tie antennas with ag nanowire[END_REF][START_REF] Fang | Surface plasmon polariton enhancement in silver nanowire-nanoantenna structure[END_REF] (Fig. 1.7(d)). This method is based on a significantly confined electric field inside the nanoantenna which can efficiently couple light to SPPs in adjacent nanowires. The efficiency strongly depends on laser excitation (resonant excitation), the arm length of the bow-tie antenna and also the length of nanowire.

Waveguide excitation

In the aim of realizing integrated optical devices functionalities, a variety of in-plane plasmon coupling were recently developed. Basically, in most of these approaches SPPs or photons are coupled from one waveguide to another. Figure 1.8 shows several structures adapted for waveguide-to-waveguide transfer. SPPs can funnel from one structure to the other by joining nanowires end to end [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF][START_REF] Chikkaraddy | Plasmon assisted light propagation and raman scattering hot-spot in end-to-end coupled silver nanowire pairs[END_REF]. A butt-coupling technique is shown in Fig. 1.8(a). In this approach dielectric fibre (silica fibres and silica nanowires), Ag nanowire (ZnO nanowire) and ZnO nanowire (Ag nanowire) are contacted end to end. The dielectric fiber couples photons to SPPs which after propagation along the Ag nanowire can excite the other type of nanowire, e.g. ZnO waveguides [START_REF] Voss | High-order waveguide modes in zno nanowires[END_REF]. In Ref. [START_REF] Chen | Highly efficient interfacing of guided plasmons and photons in nanowires[END_REF],

body-of revolution finite-difference time-domain (FDTD) calculations were performed to trace the propagation of optical signal along different waveguides: nanowire and dielectric fibre. The conversion efficiency η was determined by computing the ratio between the transmitted power in the guided mode right after the nanowire-fibre interface and the incident power at the position right before it. By appropriately choosing the radius and material of the nanowire and the fibre, a high coupling efficiency above 95% can be waveguide-nanowire coupling. Image extracted from [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF], [START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF], [START_REF] Yan | Direct photonic-plasmonic coupling and routing in single nanowires[END_REF], [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF], [START_REF] Dong | Coupling of light from an optical fiber taper into silver nanowires[END_REF] and [START_REF] Pyayt | Integration of photonic and silver nanowire plasmonic waveguides[END_REF],

respectively.

obtained. This structure is akin to the series resistance in conventional electric circuits.

This in-plane coupling scheme provides a significant progress towards the integration of photonic and plasmonic elements on the same chip. However, due to the losses that occur while SPP propagating in the first waveguide and passing through the junction, the coupling efficiency for the second waveguide is relatively low.

Instead of contacting waveguides end to end, which requires a precise alignment procedure, SPPs can be launched into metal nanowires by simply contacting a nanowire to a main waveguide at an arbitrary position and orientation. If several nanowires contact the waveguide at different positions, SPPs propagating in the main waveguide can be distributed into several branches simultaneously. Recent investigations illustrated in Fig. 1.8 demonstrated that metal nanowires [START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF], metal oxide nanoribbons [START_REF] Yan | Direct photonic-plasmonic coupling and routing in single nanowires[END_REF] and nanowires [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF], tapered optical fibres [START_REF] Dong | Coupling of light from an optical fiber taper into silver nanowires[END_REF] and polymer waveguides [START_REF] Pyayt | Integration of photonic and silver nanowire plasmonic waveguides[END_REF] can be employed to couple SPPs into several nanowires simultaneously. The coupling efficiency strongly depends on the position of the branches and their angular orientation with respect to the main waveguide [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF]. In these configurations, one excitation input can lead to several outputs. By controlling the polarization, phase and frequency of the input field, a signal can be guided to a specific output. These waveguide to waveguide coupling configurations show the enormous potential for the development of nanocouplers, nanorouters, nanosplitters and interferometric logic functionalities [START_REF] Wei | Quantum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire networks[END_REF].

Detecting propagating SPP in nanowires

Imaging techniques

The properties of SPPs are intimately related to their field distribution on the metal surface. Therefore, knowledge of this field arrangement is vital for understanding how surface plasmons are waveguided along metal nanowires. Since SPPs are generally strongly confined at the metal surface, their detection mainly relies on near-field techniques and other indirect measurement typically based on field enhancement mechanisms. Scanning nearfield optical microscopy (SNOM) [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Fang | Plasmonic coupling of bow tie antennas with ag nanowire[END_REF][START_REF] Hecht | Local excitation, scattering, and interference of surface plasmons[END_REF][START_REF] Jones | Mid-IR plasmonics: Near-field imaging of coherent plasmon modes of silver nanowires[END_REF][START_REF] Dorfmüller | Plasmonic nanowire antennas: Experiment, simulation, and theory[END_REF], photon scanning tunnelling microscopy (PSTM) [START_REF] Dawson | Imaging of surface plasmon propagation and edge interaction using a photon scanning tunneling microscope[END_REF], photoemission electron microscopy (PEEM) [START_REF] Douillard | Short range plasmon resonators probed by photoemission electron microscopy[END_REF] which is based on a multi-photon ionization of the electrons and the recently emerged scanning transmission electron microscopy (STEM) combined with electron energy-loss spectroscopy (EELS) [START_REF] Rossouw | Multipolar plasmonic resonances in silver nanowire antennas imaged with a subnanometer electron probe[END_REF][START_REF] Alber | Visualization of multipolar longitudinal and transversal surface plasmon modes in nanowire dimers[END_REF][START_REF] Guiton | Correlated optical measurements and plasmon mapping of silver nanorods[END_REF] have been successfully used to detect and map the field distribution of SPPs. Near-field microscopy is a proximal probe technique capable of retrieving locally the SPP field directly over the metal surface [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Zayats | Nano-optics of surface plasmon polaritons[END_REF][START_REF] Hecht | Scanning near-field optical microscopy with aperture probes: Fundamentals and applications[END_REF]. Figure 1.9(a) displays a PSTM image of the surface plasmon field developing along a metal nanowire. The white curve on the left bottom shows the cross-cut along the dotted line [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. The resolution of near field image is beyond the diffraction limit of light [START_REF] Sorger | Experimental demonstration of low-loss optical waveguiding at deep sub-wavelength scales[END_REF]. However, it is limited by the quality of the proximal probe used in a given experiment.

Surface enhanced florescence and surface enhanced Raman scattering (SERS) [START_REF] Merlen | Surface-enhanced raman and fluorescence spectroscopy of dye molecules deposited on nanostructured gold surfaces[END_REF][START_REF] Dornhaus | Surface plasmon contribution to sers[END_REF][START_REF] Hong | Kinked gold nanowires and their SPR/SERS properties[END_REF] can provide an indirect mapping of SPPs. Plasmon propagation along nanowires can be visualized by covering the structure by a layer of fluorescence molecules [START_REF] Schider | Surface plasmon micro-and nano-optics[END_REF][START_REF] Wild | Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires[END_REF][START_REF] Shegai | Coloring fluorescence emission with silver nanowires[END_REF][START_REF] Ditlbacher | Twodimensional optics with surface plasmon polaritons[END_REF][START_REF] Solis | Bleach-imaged plasmon propagation (BlIPP) in single gold nanowires[END_REF] (Fig. 1.9(b)) or by decorating the nanowire surface with quantum dots [START_REF] Wei | Propagating surface plasmon induced photon emission from quantum dots[END_REF][START_REF] Wei | Quantum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire networks[END_REF][START_REF] Hutchison | Subdiffraction limited, remote excitation of surface enhanced raman scattering[END_REF][START_REF] Fang | Remote-excitation surfaceenhanced raman scattering using propagating ag nanowire plasmons[END_REF]. Fluorescence imaging is very fast and sensitive, especially it is useful for imaging the plasmon local field distribution on larger scale [START_REF] Wei | Nanowire-based plasmonic waveguides and devices for integrated nanophotonic circuits[END_REF]. However the resolution remains limited by the diffraction and the photostability of the fluorescence reporters.

Photochemical imaging has also been exploited for the mapping of optical near-field of nanostructures. This imaging relies on the local photoisomerization combining with a measure of a surface deformation by atomic force microscopy (AFM) [START_REF] Enoch | Plasmonics: from basics to advanced topics (hardback)(series: springer series in optical sciences[END_REF]. Optical nearfield of silver nanorods were imaged using this technique in Ref. [START_REF] Juan | Plasmonic electromagnetic hot spots temporally addressed by photoinduced molecular displacement[END_REF]. Silver nanorods were embedding in photoresponsive azo-polymer which is known for the cis-trans isomerization and wormlike transport of the polymer under illumination [START_REF] Juan | Plasmonic electromagnetic hot spots temporally addressed by photoinduced molecular displacement[END_REF]. After exposure, optically induced topography was characterized in situ by atomic force microscopy. of the electric field on several rods. In addition, photochemical imaging was also used to image the nonresonant field on a metal/dielectric interface on gold nanorods [START_REF] Deeb | Off-resonant optical excitation of gold nanorods: Nanoscale imprint of polarization surface charge distribution[END_REF]. Photochemical imaging is very sensitive to both field gradient and polarization and thus, can provide complete vectorial description of the near-field which can't be achieved by other imaging techniques. However, the wavelength sensitivity of the chemical formulation is restricting investigation to a short-wavelength range in the visible.

Another indirect indication of a plasmon propagating in a nanowire was established by an electrical detection [START_REF] Neutens | Electrical detection of confined gap plasmons in metal-insulator-metal waveguides[END_REF][START_REF] Falk | Near-field electrical detection of optical plasmons and single-plasmon sources[END_REF]. Electrical detection of SPPs in nanowires in Ref. [START_REF] Falk | Near-field electrical detection of optical plasmons and single-plasmon sources[END_REF] is based on the SPPs coupling to a Ge nanowire field-effect transistor (Fig. 1.9(d)). When SPPs propagate to the silver-Ge junction, they are converted to electron-hole pairs and detected as a photocurrent. On the other hand, when electrical current and SPPs syn- lines on the two sides of the wire. Image extracted from [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF], [START_REF] Wild | Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires[END_REF], [START_REF] Juan | Plasmonic electromagnetic hot spots temporally addressed by photoinduced molecular displacement[END_REF], [START_REF] Falk | Near-field electrical detection of optical plasmons and single-plasmon sources[END_REF], [START_REF] Song | Imaging symmetry-selected corner plasmon modes in pentatwinned crystalline ag nanowires[END_REF], respectively.

chronously transported in the nanowire waveguide, they could also be detected using electrical detection. The synchronous transport of electrons and surface plasmons will be discussed deeply in chapter 3. Electrical detection can be integrated directly into plasmonic circuits which may provide a way to realize a complete plasmo-electronic nanocircuit [START_REF] Gramotnev | Plasmonics beyond the diffraction limit[END_REF]. However, a direct visualisation of plasmon propagation in the nanowire using far-field technique is required most of the time.

In principle, because the SPPs field is confined to the surface it cannot be mapped directly using conventional far-field technique. One possibility using far-field technique is to detect the scattering light produced by SPPs out-coupled at the discontinuity of the nanowire, e.g. its distal end. Information about SPPs are then derived from this scattering event and used to analyse the distribution and the propagation properties of SPPs.

When SPPs are excited in an asymmetric environment such as glass/metal/air multilayer, plasmon may couple out and transform their energy to photons in the dielectric medium with higher refractive index, e.g. glass. This intrinsic loss is called leakage radiation (LR). Detecting this leakage radiation enables a direct quantitative imaging and analysis of SPP propagation [START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF]. Leakage radiation microscopy (LRM) is a microscopy based on the collection of this radiation damping. Since the characteristic radiated inclination angle θ SP of LR with respect to the normal of the interface is larger than the critical angle of the substrate/air interface (usually glass/air) [START_REF] Hecht | Local excitation, scattering, and interference of surface plasmons[END_REF][START_REF] Bouhelier | Plasmon optics of structured silver films[END_REF], the detection requires an oil-immersion lens for index-matching purpose. Figure 1.9(e) displays a leakage radiation image of a nanowire excited at one end by a focused laser beam emitting at λ= 800 nm.

The propagation of the SPP mode along the wire is readily seen taking as two luminous lines located at either side of the nanowire [START_REF] Song | Imaging symmetry-selected corner plasmon modes in pentatwinned crystalline ag nanowires[END_REF]. Since LRM is based on the collection of leakage radiation, the bound SPP modes are not accessible. However, as a far-field direct detection of SPP spatial intensity, LRM is relatively simple to implement and is versatile compared with other detection techniques [START_REF] Frisbie | Characterization of polarization states of surface plasmon polariton modes by fourier-plane leakage microscopy[END_REF].

Propagation loss

Relying on various detections discussed above, the propagation properties were deeply studied. The propagation length L SP P is defined as the distance at which the SPP intensity has decayed by a factor of 1/e [START_REF] Zayats | Nano-optics of surface plasmon polaritons[END_REF]. For metals in the visible and the near-infrared range, the dielectric constant is a complex number leading to a complex SPP wave vector:

k SP P = k ′ SP P +ik ′′ SP P .
The propagation length is therefore written as

L SP P = 1/2k ′′ SP P .
When a SPP propagates along a nanowire, it may lose energy through two channels:

intrinsic channel (nonradiative losses) and extrinsic channel (radiative losses). The nonradiative losses are due to the absorption of the energy in the metal which depends on the dielectric function at the oscillation frequency of SPPs [START_REF] Yan | Direct photonic-plasmonic coupling and routing in single nanowires[END_REF]. The radiative losses are attributed to the leakage radiation into the substrate and back-coupling of SPPs into photons such as the scattering due to the roughness, defects on the nanowires (end-face scattering).

The determination of propagation length is usually based on the detection of radiative losses losses either using near-field imaging combined with far-field emission spectroscopy [START_REF] Allione | Surface plasmon mediated interference phenomena in low-Q silver nanowirecavities[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Rewitz | Ultrafast plasmon propagation in nanowires characterized by farfield spectral interferometry[END_REF][START_REF] Fedutik | Excitonplasmon-photon conversion in plasmonic nanostructures[END_REF][START_REF] Dorfmüller | Fabry-pérot resonances in one-dimensional plasmonic nanostructures[END_REF] or indirect mapping such as the fluorescence imaging [START_REF] Wild | Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires[END_REF]. (l is the nanowire length), the SPP propagation length L SP P (∼10.1±0.4µm) can be obtained [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. This determination of propagation length is based on the Fabry-Pérot resonance. Since in the case of thin nanowires, the bound SPP mode is the dominant mode. SPPs propagate to the distal end of the wire and then are reflected back displaying well-defined Fabry-Pérot resonance in spectroscopic measurement. However, in the case of thick nanowires, the leaky mode is the dominant mode. Light emission at the end is efficiently scattered out and the reflection coefficient vanishes. Light emission becomes unidirectional and Fabry-Pérot resonances are washed out [START_REF] Miljković | Simulating light scattering from supported plasmonic nanowires[END_REF]. The unidirectional light emission was recently investigated by Timur Shegai and his co-workers [START_REF] Shegai | Unidirectional broadband light emission from supported plasmonicnanowires[END_REF]. The effect of geometrical properties of thick nanowires on the SPPs propagation is poorly understood and will be discussed in depth in the next chapter.

The propagation length measured from indirect imaging of fluorescence is based on the the ability of propagating SPPs to excite the fluorescence of dye molecule located at close proximity of the nanowire surface [START_REF] Wild | Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires[END_REF]. red line is exponential fit (linear fit on logarithmic scale). Images extracted from [START_REF] Wild | Propagation lengths and group velocities of plasmons in chemically synthesized gold and silver nanowires[END_REF].

I f luor ∼ (I SP P ) 2 = I 0 e -2x/L SP P , (1.3) 
the propagation length is readily determined. For silver nanowires with diameter 70 nm, propagation lengths ranging from 11 to 17.5 µm were measured.

The effect of nanowire geometry and external factors such as excitation wavelength and substrate on propagation losses has been intensively studied. In a recent study, the effect of excitation wavelength and nanowire diameter on the bending loss was determined [START_REF] Wang | Light propagation in curved silver nanowire plasmonic waveguides[END_REF]. The measured bending loss for varying bend radii is displayed in Fig. 1.11.

The disappearance of emission light at the end of the bent wire in the dark-field optical images in Fig. 1.11(b) indicates that bending loss scales with the radius. The plotted bending loss in Fig. 1.11(c) exhibits an exponential attenuation trend with increasing bending radius and achieves 11 dB when the radius decreases to 5 µm [START_REF] Wang | Light propagation in curved silver nanowire plasmonic waveguides[END_REF]. The quantitative and qualitative investigations of bending loss in metal nanowire are important for the practical application of SPP-based devices in photonic and plasmonic circuits.

SPPs propagation at telecommunication wavelength and related propagation loss were demonstrated in multiple instances [START_REF] Li | Experimental demonstration of plasmon propagation, coupling, and splitting in silver nanowire at 1550-nm wavelength. Selected Topics in Quantum Electronics[END_REF][START_REF] Jones | Mid-IR plasmonics: Near-field imaging of coherent plasmon modes of silver nanowires[END_REF][START_REF] Ambati | Observation of stimulated emission of surface plasmon polaritons[END_REF][START_REF] Grandidier | Gain-assisted propagation in a plasmonic waveguide at telecom wavelength[END_REF][START_REF] Manjavacas | Robust plasmon waveguides in strongly interacting nanowire arrays[END_REF] indicating that the frequencydependent nonradiative loss is smaller at longer wavelength.

Since leakage radiation is also a main part of the radiation loss, the effect of substrate on the propagation loss has become an area of interest. The effect of different substrates such as ITO/glass, quartz and MgF 2 were investigated [START_REF] Li | Experimental demonstration of plasmon propagation, coupling, and splitting in silver nanowire at 1550-nm wavelength. Selected Topics in Quantum Electronics[END_REF][START_REF] Kusar | Measurement and reduction of damping in plasmonic nanowires[END_REF]. Higher refractive index provides a higher damping of the SPP. Furthermore, the separation distance g between nanowire and substrate was also studied [START_REF] Li | Effect of a proximal substrate on plasmon propagation in silver nanowires[END_REF][START_REF] Xiao | Plasmon modes of silver nanowire on a silica substrate[END_REF]. It was argued that when the separation Inset: geometry of the bent wire. The length of the straight section is x 0 , and the bending radius is R. Images extracted from [START_REF] Wang | Light propagation in curved silver nanowire plasmonic waveguides[END_REF].

distance is below a certain value, i.e. g =50 nm, the absorption loss decreases with increasing distance. When the distance is above that value, the absorption loss suddenly increases due to the coupling to the dissipative travelling wave in the substrate. When the distance continues to increase to above 200 nm, the role of substrate can be neglected [START_REF] Xiao | Plasmon modes of silver nanowire on a silica substrate[END_REF].

The results indicate that for an efficient detection, g should be larger than 200 nm or smaller than 10 nm. These investigations could help to choose the proper configuration for designing optimal waveguides in optical circuits.

Propagation loss compensation

To have a longer propagation length, propagation losses need to be reduced. For the purpose of reducing roughness-induced scattering loss, chemically synthesized single crystalline nanowires with smooth surface are usually preferred. They can significantly reduce the radiative loss compared to metal nanowires fabricated by electron-beam lithography which introduces grain boundaries and structural defects [START_REF] Pyayt | Integration of photonic and silver nanowire plasmonic waveguides[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF][START_REF] Kusar | Measurement and reduction of damping in plasmonic nanowires[END_REF]. Among all the metal nanowires, silver is the most preferred material since it has the lowest loss [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Conway | Plasmonic interconnects versus conventional interconnects: a comparison of latency, crosstalk and energy costs[END_REF][START_REF] Li | Correlation between incident and emission polarization in nanowire surface plasmon waveguides[END_REF].

In order to reduce the detrimental effect of surface plasmon damping in a plasmonic circuitry, proposals for compensating losses by incorporating optical gain into plasmonic systems have been reported. Grandidier et al. demonstrated an increase of propagation length by doping a dielectric-loaded surface plasmon polariton waveguides (DLSPPW)

with quantum dots nanocrystals undergoing stimulated emission of plasmons [START_REF] Grandidier | Gain-assisted propagation in a plasmonic waveguide at telecom wavelength[END_REF]. Other assisted propagation exploiting optically pumped polymer doped with erbium ions [START_REF] Ambati | Observation of stimulated emission of surface plasmon polaritons[END_REF] or dye [START_REF] Noginov | Compensation of loss in propagating surface plasmon polariton by gain in adjacent dielectric medium[END_REF] have successfully obtained an increased propagation length. From the practical point of view, these concepts face material limitations such as fatigue, optical stability, and operation temperature. Some strategies have emerged to minimize the requirement for compensation of losses. Handapangoda and his co-workers proposed using composite nanowire waveguides consisting of a metal nanowire and an optically-pumped dielectric cladding [START_REF] Handapangoda | Optimal design of composite nanowires for extended reach of surface plasmon-polaritons[END_REF]. This method appears to be simpler, but reducing propagation losses by proper selection of the geometrical parameters of the nanowires themselves remains the most straightforward way.

CHAPTER 1. INTRODUCTION

Functionalities of nanowires

As a fundamental building block for developing a subwavelength optical circuitry, metallic nanowires have been thoroughly investigated as a basis for active plasmonic devices.

Nanowire-based waveguide with different termination shapes can serve as a polarization rotator [START_REF] Li | Correlation between incident and emission polarization in nanowire surface plasmon waveguides[END_REF]. The polarization of light emitted by end-face SPP scattering was affected by the geometry of termination. By changing the end shape of the nanowire through precise chemistry, polarization could either be maintained or rotated [START_REF] Li | Correlation between incident and emission polarization in nanowire surface plasmon waveguides[END_REF]. Furthermore, the angular distribution of the scattered SPP indicated that nanowire waveguides could serve as a broadband antenna [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF][START_REF] Li | Directional light emission from propagating surface plasmons of silver nanowires[END_REF][START_REF] Shegai | Unidirectional broadband light emission from supported plasmonicnanowires[END_REF]. Diameter, excitation wavelength, and material dependent unidirectional light emission were found in Ref. [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF][START_REF] Shegai | Unidirectional broadband light emission from supported plasmonicnanowires[END_REF]. A bimetallic wire with a sharp Au/Ag heterojunction displays unidirectionality with respect to plasmon propagation across the heterojunction.

Network of nanowires is typically offering a complex control of SPP routing. Crossed nanowire structures composed of a main nanowire and one or several branches were employed for different functionalities. The branched nanowire can serve as a second output of plasmon which functions as a router and multiplexer [START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF] or serves as an input to launch another plasmon which may function as a modulator [START_REF] Li | Coherent modulation of propagating plasmons in silver-nanowire-based structures[END_REF] (Fig. If the two input channels have the same polarization, different emission intensities at the network output were obtained due to the phase difference between the two paths. By changing the relative phase or the polarization angle of the two input signals, the signal emission at the output can be modulated [START_REF] Li | Coherent modulation of propagating plasmons in silver-nanowire-based structures[END_REF]. More complicated configuration using a two inputs/two outputs nanowire network was reported very recently. In Fig. 1.12(b), the network is composed of two inputs I 1 , I 2 and two outputs O 1 , O 2 . Images from i to v describe the SPP-coupled fluorescence of quantum dots placed at the two outputs.

By changing the polarization and phase of the two input beams, the two output intensities can change in an alternate manner [START_REF] Wei | Quantum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire networks[END_REF]. This strongly depends on the near-field intensity of the branched wire and main wire junction. The physical mechanism underlying these functionalities is the interference of plasmons launched at different positions of this network. The interference of the two plasmons affects the near-field distribution and consequently the output intensity. This kind of multi-input and multi-output nanowire network can be used to realize interferometric logic function. Images extracted from [START_REF] Wei | Quantum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire networks[END_REF].

Research motivations

As briefly discussed in the few pages above, the unique properties of SPPs is attracting a considerable interest to a wide spectrum of scientists. Plasmonic circuits may offer the subwavelength optical circuits strongly depends on resolving several pressing issues: the efficient coupling to nanoscale waveguides, the effective detection and the implementation of functional components within the limitations imposed by inevitable SPP propagation losses [START_REF] Gramotnev | Plasmonics beyond the diffraction limit[END_REF]. Another consideration that should be noted is that plasmonic waveguides are directly mounted on chips. This requires a simple, effective and scalable architecture.

According to the vast majorities of research work and properties highlighted above, SPP waveguides based on metal nanowires are no doubt the most simplest structures. SPPs propagation in nanowires can be excited by simply focusing a laser beam on one end facet and redirected to other directions or coupled to other components. Since geometrical considerations are strongly affecting the coupling efficiency and propagation properties, better performance can be obtained by optimally selecting geometrical parameters. This is based on the complete understanding of the characteristics of SPPs in nanowires with different geometries which remains unexplored so far. The last but not the least is that metal waveguides will carry not only plasmons but also electrons. When SPPs and electrons are transported in a waveguide simultaneously, the interplay between them is a crucial issue that needs an in-depth investigation. However, to our knowledge, few investigations have addressed this critical and non-negligible issue.

This manuscript is divided into two major parts: in the first part, we investigate the SPPs propagation properties in individual penta-twinned crystalline silver nanowires by using dual-plane leakage radiation microscopy. The corner modes supported by pentagonal silver nanowire will be studied. Polarization inhomogeneity selecting leaky mode and bound modes will be demonstrated. The effective index and the losses of the mode propagating in this structure will be determined. The effect of wire geometry (length, diameter) and substrate on the effective index and propagation loss will be investigated.

Numerical simulations will be introduced to confirm the results.

In the second part, measurements will be carried out on electrically contacted nanowires and the simultaneous transport of SPPs and electrons in nanowires will be recorded. We will investigate to what extend these two information channels interfere in a crystalline silver nanowire and estimate the limiting operating conditions. Some conclusive remarks and perspectives will be given at the end of this thesis.

Chapter 2

Details of SPP propagation in crystalline silver nanowires

Research motivations

As already discussed in the introductory chapter, metallic nanowires offer potential for high miniaturization and integration of on-chip optical interconnects. This simple one dimensional structure with two sharp ends provides an easy and effective way to couple light into nanowire in the form of surface plasmons. The properties of SPPs propagation vary with geometrical parameters defining a given nanowire. Therefore, an in-depth study of the details of SPPs propagation in these systems is essential to exploit SPP-based optical components.

To fully understand SPP propagation, imaging techniques are necessary to probe directly or indirectly the plasmonic electromagnetic field distribution. As introduced in last chapter and because of the strong confinement of the SPP mode, the observation of plasmon propagation requires either near-field imaging [START_REF] Lim | Imaging and dispersion relations of surface plasmon modes in silver nanorods by near-field spectroscopy[END_REF][START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF], photoemission electron microscopy (PEEM) [START_REF] Douillard | Short range plasmon resonators probed by photoemission electron microscopy[END_REF], or indirect mapping of polymer fluorescence [START_REF] Shegai | Coloring fluorescence emission with silver nanowires[END_REF][START_REF] Solis | Bleach-imaged plasmon propagation (BlIPP) in single gold nanowires[END_REF]. By analyzing the associated spectra and images, SPP propagation properties such as propagation losses can be deduced.

Although these technically challenging techniques are useful for imaging SPP field distribution, they are well-suited for strongly bound modes in thin nanowires with diameter D < 100 nm or highly damped SPPs characterized by short propagation lengths. When longer propagation lengths are required as in optical interconnects, we propose an alternative approach, namely dual-plane leakage radiation microscopy, to directly measure the effective indices of the relevant modes propagating in thicker silver nanowires. Leakage radiation imaging can not only image direct space information but also its wave vector content [START_REF] Hecht | Local excitation, scattering, and interference of surface plasmons[END_REF][START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF][START_REF] Bouhelier | Plasmon optics of structured silver films[END_REF]. A direct measurement of the propagation constant, inaccessible with other techniques, is critically important to fully understand the details of SPPs propagation in these one-dimensional metal waveguides.

In this chapter, we aim to investigate the fundamental propagation properties of SPPs in Ag nanowires exploiting convenient and effective excitation and detection strategies.

Chemically synthesized crystalline Ag nanowires are usually preferred since they present lower Joule losses compared to lithographed amorphous structures obtained by metal evaporation [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. Although these chemically synthesized metal nanowires naturally crystallize with five-fold symmetry [START_REF] Graff | Silver nanowires[END_REF], their supported plasmon modes are always discussed assuming a circular cross section [START_REF] Takahara | Guiding of a one-dimensional optical beam with nanometer diameter[END_REF][START_REF] Ashley | Dispersion relations for non-radiative surface plasmons on cylinders[END_REF][START_REF] Kottmann | Plasmon resonant coupling in metallic nanowires[END_REF]. We will show in the following that the wire morphology is affecting the SPP parameters, and a precise knowledge of the nanowire is required to fully understand plasmon propagation.

Experimental

Nanowire synthesis

The nanowires used in this study were provided by our collaborators Jadab Sharma and Erik Dujardin at CEMES, Toulouse.

Silver nanowires were synthesized by a modified protocol based on the polyol process [159]. In general, the polyol method produces nanowires with diameters below 100 nm. The fundamental SPP mode of thin nanowire is tightly bound to its surface and is thus too restrictive for our leakage radiation microscopy. Therefore, some adjustments of the synthesis protocol were implemented to increase the nanowire diameter [START_REF] Sharma | Electron transfer behavior of monolayer protected nanoclusters and nanowires of silver and gold[END_REF].

The modified synthesized protocol is as follows: A solution of 1 mM H 2 P tCl 6 in 5 mL of ethylene glycol was refluxed for 1 h at 150 nanowires were separated from other particle by-products by a careful centrifugation after adding an excess amount of acetone. This purification step was repeated three times, and nanowires were finally dispersed in 30 mL of ethanol and stored in a refrigerator for future use.

In all of our optical experiments, crystalline Ag nanowires were deposited by a dropcasting method on glass substrates bearing a grid landmark pattern. The nanowires were then imaged and located by a conventional optical transmission microscope. Scanning electron microscopy (SEM) was subsequently used to precisely measure the geometrical dimensions of the nanowires. SEM was carried out on a JEOL 6500 at an acceleration voltage of 20 kV. The SEM imaging was performed after plasmon characterization in order to limit the deposition of carbon contamination on the crystalline nanowires (the effect of carbon contamination on plasmonic nanostructure is discussed in the Annex). emphasizing the pentagonal profile of the synthesized crystalline nanowires. For the sake of simplicity, we define the diagonal dimension of the pentagon as the diameter D of the nanowire.

Leakage radiation microscopy

Leakage radiation microscopy is relying on a radiation-loss mechanism of the SPP mode occurring when a thick nanowire is deposited on a glass surface. The presence of the the image and Fourier planes of the microscope. Collection of these leakages with a high numerical aperture oil-immersion objective [START_REF] Drezet | Leakage radiation microscopy of surface plasmon polaritons[END_REF][START_REF] Bouhelier | Plasmon transmissivity and reflectivity of narrow grooves in a silver film[END_REF] and subsequent recording of the image and Fourier conjugated planes of the microscope provide information about the SPP intensity [START_REF] Bouhelier | Surface plasmon characteristics of tunable photoluminescence in single gold nanorods[END_REF] and wave vector distributions, respectively [START_REF] Massenot | Polymer-metal waveguides characterization by fourier plane leakage radiation microscopy[END_REF][START_REF] Berthelot | Excitation of a one-dimensional evanescent wave by conical edge diffraction of surface plasmon[END_REF].

Concerning the wave vector distribution in the Fourier plane, the relay lens L3 in Fig. 2.2 acts as a Fourier transformer [165,[START_REF] Knopp | Virtual fourier transform as an analytical tool in fourier optics[END_REF]. As we illustrated in Fig. 2.3, the rays emanating from the front focal plane of a converging lens are collected by the lens and brought to convergence at its back focal plane, the so-called Fourier plane. The electric field distribution across the object is Fourier transformed by the lens into a far field Fraunhofer diffraction pattern [165]. All the diffracted waves maintain their phase relationships travelling essential equal optical path lengths to the transform plane. Therefore if a screen or a CCD camera is placed at the Fourier plane, the angular distribution of the electric field in far field could be seen or imaged. This provide a unique experimental tool to access the distribution of wave-vector contained in a leakage radiation image.

Imaging with an aplanatic, infinity-corrected objective, the angular distribution is projected into an intensity distribution distributed around the optical axis in the back focal plane of the objective [START_REF] Dai | Measuring large numerical apertures by imaging the angular distribution of radiation of fluorescing molecules[END_REF]. A linear relationship exists between the sine of the angle of emission θ emanating from object and the distance ρ in the Fourier plane from the optical axis:

ρ = f n sin θ, (2.1) 
where f is the focal length of the objective and n is the refractive index of the immersion medium. nsinθ or equivalently the effective numerical aperture or in-plane wave vector k // are proportional to the distance ρ. Therefore, the angular distribution is converted into an intensity distribution over the Fourier plane [START_REF] Dai | Measuring large numerical apertures by imaging the angular distribution of radiation of fluorescing molecules[END_REF] which results in a direct measurement of the wave vector distribution. Thus, by imaging the leakage radiation at the Fourier plane, the wave vector distribution of the surface plasmon could be obtained.

The calibration of the Fourier plane was obtained by combining the known value of the numerical aperture of the objective and the critical angle at the glass/air interface. The Fourier plane shown in Fig. Because defining the pixel of the circle center precisely is difficult, we use the ratio between the outer and inner diameter to calculate N max ef f , then

N max ef f = P D -P A P C -P B . (2.2)
The relay lenses are adjusted to obtain N max ef f =1.49 corresponding to the known numerical aperture of the objective.

Results and discussions

Imaging SPP intensity and wave vector distributions

Wide-field optical imaging and a piezoelectric translation stage were used to position a nanowire extremity within the diffraction-limited focus of the inverted microscope. By optically exciting the Ag nanowire at one extremity with the focal spot, a bright emission spot is usually observed at the distal end indicating that light transport along the nanowire is taking place [START_REF] Dickson | Unidirectional plasmon propagation in metallic nanowires[END_REF].

For thin nanowires, the effective index of the SPP mode is higher than the index of the substrate and light emission is only observed through a scattering process mediated by the end facets. indicating a strong confinement along the y-direction expected due to the nature of this one-dimensional mode. Waves propagating in directions with angles beyond the critical angle of total internal reflection (forbidden-light region) are reflected and can't be observed in far field optics [START_REF] Novotny | Allowed and forbidden light in near-field optics. i. a single dipolar light source[END_REF]. Two wave vector components out of the three have to be imaginary. Diffraction of SPP mode propagation along x increases the incident spread of momentum along the k y /k o axis [START_REF] Berthelot | Excitation of a one-dimensional evanescent wave by conical edge diffraction of surface plasmon[END_REF]. The position of the bright line relative to the numerical aperture of the objective (1.49) and critical angle at N crit = 1.0 is recognized as the effective index of the SPP mode N ef f while the full-width at half-maximum (FWHM) of the line encodes the SPP losses and propagation length. No symmetric line at -k x /k 0 = -1.05 indicative of a reflected mode at the end face was observed. The simulations in Ref. [START_REF] Miljković | Simulating light scattering from supported plasmonic nanowires[END_REF] suggests that when surface plasmons propagate in thicker nanowires, efficient scattering of the plasmon mode at the distal end is typical for nanowires with diameter greater than ∼300 nm. This implies that the reflectivity is negligible. Figure 2.6 also shows a cross section of the Fourier plane along the +k x /k 0 (red dots) is the free-space wave-vector. The distribution around the bright line is accurately described by a Lorentzian curve [START_REF] Des Francs | Integrated plasmonic waveguides: a mode solver based on density of states formulation[END_REF] (blue solid line). It centres on the wave vector of the mode N ef f = k SP P and with a FWHM which is proportional to the propagation loss. The excited SPP mode in Fig. 2.6 exhibits a constant but unexpectedly low index at N ef f =1.05, with a FWHM of 0.04 giving a propagation length of 3.2 µm according to the relation [START_REF] Grandidier | Gain-assisted propagation in a plasmonic waveguide at telecom wavelength[END_REF]:

L SP P = 1/(k o × F W HM ) (2.3)
This propagation length is similar to the value deduced from the image plane in Fig. 2.5.

The nanowire described in Fig. 2.5 and Fig. 2.6 were both excited at wavelength 800 nm for a linear polarization oriented along the nanowire. 

Selecting SPP modes by polarization inhomogeneity

In our measurements, an efficient coupling of surface plasmon was achieved by precisely focusing the laser beam on the end of a nanowire with a polarization usually aligned along the nanowire (Fig. 2.7(c)). However, we also found that depending on the precise alignement of the nanowire in the focus, the nature of the excited SPP mode, bound or leaky, could be precisely selected. of leaky mode while for the bound mode, there is expectedly no information detectable in the Fourier image (Fig. 2.9(b)).

We hypothesize that the excitation of the two modes are selected by the polarization inhomogeneity playing inside a tightly focused beam. To test this assumption, we laterally scanned the nanowire through the focus laser beam for two orthogonal polarizations. of the nanowire. Then we scanned the end of the wire with small area of 1.5 µm×1.5 µm consisting of 16×16 pixels shown in Fig. 2.10(c). The fast scanning direction is along y axis.

The CCD cameras were then synchronized to the scanner with a hand-shaking protocol so that an image plane and an Fourier plane were simultaneously acquired for each pixel of nal is interferometrically mixed with a reference signal [START_REF] Burresi | Observation of polarization singularities at the nanoscale[END_REF]. Thus, the detected complex signal consisting of both the local field amplitude and the phase which is a projection of the vectorial near field on the polarization state of the reference beam. The contribution of x and y near-field components of the orthogonal polarizations coupled in the probe fiber to the detected signal can be found by selecting the polarization of the reference beam in the signal transport direction. Their results suggest that the in-plane optical field component along the nanowire provides the dominant contribution to the propagating plasmon mode which agrees well with our observations. However comparing to the technique used in Ref. [START_REF] Verhagen | Nanowire plasmon excitation by adiabatic mode transformation[END_REF], our approach is much easier to perform and more selective for the different plasmon modes.

Wave vector analysis Effective index

The wave vector distributions of the measured nanowires were analyzed from the recorded Fourier plane images (Fig. 2.6). By using a Lorentzian fitting of the Fourier plane along the +k x /k 0 for all the wires excited at 800 nm (total of 40), we obtained the distribution of effective indices shown in Fig. 2.13 in the detection range from 1.0 to 1.49. We can see that for this excitation, the effective indices mainly distribute between 1.04 and 1.08.

The measured effective index is very close to the value of the critical angle 1.0. However, the effective index of Ag nanowires with diameter range from 50 nm to 300 nm on silica substrate reported in Ref. [START_REF] Xiao | Plasmon modes of silver nanowire on a silica substrate[END_REF] is above 1.4 which is much higher than our measured value.

Therefore, we numerically investigated these unexpected low values of the effective index. Since the high-resolution SEM image in Fig. 2.1 exhibits a pentagonal cross section of the nanowires, numerical simulations were carried out by considering a pentagonal shape to follow the experimental conditions. The different modes existing in a pentagonal Ag nanowire were computed using COMSOL Multiphysics (RF module) and were crosschecked with a home-made mode solver based on Green's dyad computation [START_REF] Des Francs | Integrated plasmonic waveguides: a mode solver based on density of states formulation[END_REF][START_REF] Colas | Mode solvers for very thin long-range plasmonic waveguides[END_REF].

The later can easily treat leaky modes in the presence of a substrate.

We first considered infinitely long (2D) metallic nanowires with a pentagonal cross section of various diameters embedded in a homogeneous background of optical index n =1.25 that roughly mimics the glass (n=1.5)/air (n=1) interface. COMSOL Multiphysics software is based on finite element method so that both the nanowire and its surroundings need to be discretized. We used a circular computational window (between 1.5 and 10 µm) large enough to ensure convergence within a reasonable computing time and imposed perfect electric conductor conditions at its boundary. The whole geometry (nanowire and surroundings) was discretized using between 20000 and 60000 triangular meshes.

For the home-made mode solver based on 2D Green's dyad computation, it only necessitates discretization of the metallic wire so that the infinitely extended surrounding is naturally taken into account. We used rectangular meshes and cross-checked the obtained effective indices with the values obtained using COMSOL software. The two mode solvers give access to a complex effective index of the guided mode,

N ef f = N ′ ef f + iN ′′ ef f
. Pentagonal nanowires support five modes resulting from a coupling of corner modes which were simulated by using an excitation wavelength λ =800 nm and a silver optical index n Ag = 0.0362+i5.4. The intensity profile of an isolated silver corner with angle 108 • is displayed in Fig. 2.14(a). The effective index of this corner mode is 1.303. The field is maximum at the crest of the corner. The guided modes of a pentagonal nanowire can be described as a linear combination of five corners modes. The intensity distribution of the calculated guided modes for a nanowire with diameter 1.25 µm are shown in Fig. 2 The fundamental mode diverges for thin nanowires. The higher-order modes exhibit a cutoff behaviour when their effective indices approach the refractive index of the surrounding medium (1.25).

are displayed in Fig. 2. [START_REF] Schider | Surface plasmon micro-and nano-optics[END_REF]. We can see that the radial fundamental mode has no cut-off. This is similar to the fundamental T M 0 mode of a circular metallic nanowire featuring a divergent effective index for low diameters. The four other guided modes separates in two groups of degenerated modes e fundamental mode is 1.39 while for the other two degenerated modes it is at 1.26. In order to account quantitatively for this observation, we introduce the glass substrate in our model. To closely follow the experimental geometry and limit numerical difficulties, the pentagon corners were rounded with a radius of curvature of 5 nm. Although timeconsuming, Green's dyad method easily takes into account leaky modes existing in this configuration. On the contrary, investigating leaky modes using COMSOL software is a difficult task since a perfectly matched layer (PML) was included to avoid field reflections at the computational window boundaries. Therefore, we used the Green's dyad method to evaluate the effective indices of leaky modes for typical nanowire diameter and then determined the optimal PML parameters (thickness and position) required in COMSOL software to ensure convergence. The sample symmetry is then reduced from D 5h to C 2v , and the modes are no longer degenerated as shown in Fig. 2.17.

The fundamental mode remains a bound mode (N ef f > 1.5), with the field confined in the high index medium (substrate). The two other modes at N ef f = 1.03 and N ef f = 1.15 become leaky into the substrate (N ef f < 1.5) and could therefore be detected using our leakage radiation microscope setup. However, in all of the nanowires that were excited at 800 nm, we have only detected the low effective index mode and were not able to measure the mode expected at N ef f =1.15. We attribute this to a low excitation cross section since this mode appears to be extremely weak in the numerical simulations.

The calculated effective index N ef f of plasmon mode was compared with our experimental data. For the sake of comparison, N ef f of six nanowires with similar lengths (4.8 µm< L < 5.5 µm) were plotted as a function of diameter in Fig. 2.18(a). Within the considered diameter range 100 nm < D <250 nm, the dispersion is almost flat at N ef f around 1.05. The FWHM of the mode, which is proportional to the calculated imaginary part N ′′ ef f encoded in the error bar is almost constant. The calculated data (open circles) confirm that the effective index is not significantly affected by the diameter of the nanowire in the considered range. A small discrepancy between the experimental and calculated data remains and can be attributed to the dielectric constant used, the presence of the PVP polymer on the surface of the nanowire, and experimental errors in calibrating Fourier planes.

The effect of nanowire length on the effective index was also investigated. For the sake of comparison, a restricted range of wire diameter comprised between 147 nm and 159 nm is selected. In Fig. 2.18(b), N ef f value and FWHM are plotted for different nanowire lengths. The effective index is almost constant within the considered length range. In contrast, the mode FWHM represented by the error bars is reduced when the length of the wire is increased. Compare to the effective index in Fig. 2.18(a), the effective indices in both figures are almost around the same value 1.05. Therefore, we can conclude that the effect of wire length on the effective index can be ignored. The measured effective index is in good agreement with the calculated mode. conditions, these modes have a significant longer propagation length because their field spread more in the medium and are thus less plagued by Joules losses. Exciting SPP mode under this condition might be suitable for short-scale optical interconnects at the expense of tight confinement. When the substrate is introduced in the calculation, the propagation length of fundamental mode is only slightly modified as shown in Fig. 2.20(b). Take a 200 nm diameter nanowire as an example, it increases from L spp =34 µm in a homogeneous background of optical index n =1.25 to L spp =48 µm for a glass/air interface. However, in addition to the degeneracy lift, the presence of the substrate strongly modifies the propagation of higher-order modes. For a 200 nm nanowire L spp is reduced from 209 µm to L spp =11.6 µm (N ef f =1.15) or L spp =5.3 µm (N ef f =1.03). The presence of the substrate introduces a new decay channel through radiation leakage, impacting thus the propagation length. In the experiment, a nanowire with diameter 209 nm, length 5 µm has a propagation length L spp = 1.6 µm (N ef f =1.06). It is significantly shorter than the calculated value. Since the SPP propagation is length dependent, the difference between the finite nanowire length in the experiment and the infinitely long structure assumed in the numerical simulation may explain the experimentally shorter L spp . Additionally, the reasons evoked for explaining the discrepancy of effective indices will also contribute to shorten the propagation length.

Propagation length

Different wavelength excitations

To investigate the effect of excitation wavelength on the effective indices and propagation lengths, nanowires were also excited at 532 nm. The effective indices are compared with that of SPP mode at 800 nm excitation. The histograms of effective indices at the two excitation wavelength are shown in Fig. 2.21. The effective index for an excitation at λ=532 nm mainly distributes between 1.11 and 1.13, values higher than the effective indices measured at λ=800 nm. This can be explained by the bending of the SPP dispersion relation toward higher wave vectors for increasing excitation frequencies [START_REF] Puscasu | Plasmon dispersion relation of Au and Ag nanowires[END_REF]. An increased excitation wavelength leads to a smaller SPP wave vector and thus a lower effective index.

The effect of nanowire diameter and length on the effective index is described in constant. Propagation length inferred from the FWHM is shown in Fig. 2.23. It indicates that the propagation length is not significantly affected by the wire diameter however, it shows an increase of L spp as the wire length is increasing. This confirms the conclusions deduced from nanowires excited at 800 nm.

The effect of nanowire geometry on the effective index and propagation length for excitations at 532 nm and 800 nm are consistent. However, comparing the propagation length at both wavelengths suggests that an infrared excitation should be favoured for transmitting signals in this system. A 3.4 µm long nanowire excited at 800 nm features a L SP P =1.16 µm. This value drops down to 0.52 µm at 532 nm excitation.

In view of the different propagation properties for excitation at 800 nm and 532 nm, we investigated the SPP propagation properties for a large range of excitation wavelength range from 760 nm to 940 nm. The different excitation wavelengths were obtained by tuning 3900S CW Tunable Ti:Sapphire Laser. The effective index dispersion is shown in Fig. 2.24(a). It confirms that the N ef f decreases for infrared excitation. This effective index dispersion as a function of wavelength was also observed in Ref [START_REF] Al | Diffraction of surface plasmon modes on abruptly terminated metallic nanowires[END_REF]. The corresponding propagation lengths are displayed in Fig. 2.24(b). It shows a slight increase with wavelength. However the increase of excitation wavelength is usually followed by a decrease of a field confinement detrimental for ultimate integration [START_REF] Jones | Mid-IR plasmonics: Near-field imaging of coherent plasmon modes of silver nanowires[END_REF]. 

Conclusion

Plasmonic waveguides,a key components in nano-scale optical devices, are currently of intensive interests. The thorough understanding of SPP propagation properties relies on our ability to image their electromagnetic field distribution. In this chapter, we have developed an imaging technique capable of visualizing directly the propagation of surface plasmons in thicker nanowires by detecting their leakage radiation. SPP propagation in chemically synthesized pentagonal crystalline silver nanowires were excited at different wavelengths. By measuring the lateral and angular intensity distributions of the leakage, we have determined the effective indices of plasmon modes at around 1.05 for the nanowires with diameters comprised between 120 nm and 380 nm. Numerical simulations were performed to explain the unexpected low values of the effective index. By analogy with molecular orbitals of similar symmetry, the plasmon modes were determined and are in good agreement with the observed values provided that the effect of the substrate is taken into account. We found that polarization inhomogeneity can be a useful mean to preferentially coupled light either in leaky modes or in bound modes. Optical field components oriented along the wire are coupled to the leaky mode while out-of-plane field components provide the dominant contribution to excite bound modes.

We further investigated the effect of nanowire geometry (diameter, length) and excitation wavelength on the effective index and propagation loss. We found that the effec-tive index are almost constant in our considered range of parameters while propagation length is affected by the nanowire length. Note that our measurements were restricted to nanowires with diameters above 120 nm.

From this chapter, we have a thorough understanding of the surface plasmon propagation properties in chemically synthesized pentagonal crystalline silver nanowires. It is helpful to exploit the SPP-based optical devices. However, in a plasmonic metal circuit, electrons and surface plasmon may be transported synchronously in the same physical link raising questions about the sustainability of the platform. How does the two information channel propagate on the same physical link? Is there any interference between these two information channels? Is there any limitation for co-propagating electrons and surface plasmon in a nanowire waveguide? On the basis of this chapter, we will investigate the properties of this co-propagation and try to provide answers to these questions in the following chapter.

Chapter 3

Co-propagation of electrons and plasmons in crystalline nanowires

Research motivations

Driven by the smaller, faster and more efficient on-chip devices, plasmonic circuitry possessing the huge capacity of photonics and the miniaturization of electronics. This unique potentiality has attracted tremendous interests [START_REF] Gramotnev | Plasmonics beyond the diffraction limit[END_REF][START_REF] Atwater | The promise of plasmonics[END_REF][START_REF] Dragoman | Plasmonics: Applications to nanoscale terahertz and optical devices[END_REF][START_REF] Barnes | Surface plasmon subwavelength optics[END_REF]. It is a unique platform capable for simultaneously sustaining an optical signal encoded in the form of surface plasmon and an electrical current. Figure 3.1 shows a schematic of a metallic nanowire where current-carrying electrons and surface plasmon are simultaneously guided in the same structure.

As discussed in the introduction chapter, signals transported in such a plasmonic circuity would need to be modulated [START_REF] Li | Coherent modulation of propagating plasmons in silver-nanowire-based structures[END_REF] or rerouted to different optical channels [START_REF] Li | Experimental demonstration of plasmon propagation, coupling, and splitting in silver nanowire at 1550-nm wavelength. Selected Topics in Quantum Electronics[END_REF][START_REF] Fang | Branched silver nanowires as controllable plasmon routers[END_REF][START_REF] Manjavacas | Robust plasmon waveguides in strongly interacting nanowire arrays[END_REF]. This requires several optical components for signal-processing functionalities [START_REF] Wei | Quantum dot-based local field imaging reveals plasmon-based interferometric logic in silver nanowire networks[END_REF].

External commands such as thermo- [START_REF] Gosciniak | Thermo-optic control of dielectric-loaded plasmonic waveguide components[END_REF], electro- [START_REF] Dicken | Electrooptic modulation in thin film barium titanate plasmonic interferometers[END_REF] and magneto- [START_REF] Dötsch | Applications of magneto-optical waveguides in integrated optics: review[END_REF] optical effects are considered for active and dynamic purpose. In thermo-optical devices, nanowires are not only used as waveguides but also as heating elements [START_REF] Leosson | Long-range surface plasmon polariton nanowire waveguides for device applications[END_REF]. Current passing through the metal can efficiently heat the waveguide. Surface plasmon modulation relies on the temperature-induced change in the refractive index of the material in the region where the SPP mode is developing [START_REF] Leosson | Long-range surface plasmon polariton nanowire waveguides for device applications[END_REF][START_REF] Gosciniak | Thermo-optic control of dielectric-loaded plasmonic waveguide components[END_REF].

Despite advances on control of surface plasmon field, these effects are inherently weak and SPP propagation is limited by the inevitable absorption loss. Integration of the platform with an electronic layer has remained elusive and confined to a thermo-optical con-68CHAPTER trol. Possible hindering of these enhanced plasmonic performances under direct-current (DC) biasing operation is therefore of central interest to assess the capability of a plasmonic circuitry to simultaneously sustain surface plasmon propagation and electrical current.

CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRES

In this chapter, we investigate the effect of electron flow on surface plasmon properties when these two information channels are transported synchronously in single crystalline metal nanowires. By recording surface plasmon characteristics as a function of the electrical environment, limiting factors affecting co-propagation in metal nanowires are experimentally determined. Tentative measurement on modulations on electron flow provides a way to investigate interference between current-carrying electrons and surface plasmons.

Experimental

Sample preparation

Nanowire synthesis

Pentagonal-twinned silver and gold nanowires were synthesized following two different protocols. Different from the synthesis of nanowires we used in chapter 2, silver nanowires used here were synthesized using wet chemical method without seed. It follows the protocol in Ref. [START_REF] Kan | Silver nanostructures with well-controlled shapes: synthesis, characterization and growth mechanisms[END_REF]. The nanowire diameter becomes thicker with the increase of reaction time. By controlling the reaction time, silver nanowires with section width comprised between 300 nm and 600 nm were produced. The silver nanowires were synthesized by our collaborator Douguo ZHANG at University of Science and Technology of China, Hefei, China. Au nanowires were synthesized using nitrate ion assisted conventional synthesis [START_REF] Kim | Chemical synthesis of gold nanowires in acidic solutions[END_REF]. It is based on the a three-step seeding approach. Due to the different protocol, gold nanowires with section width between 70 nm and 120 nm were produced. The gold nanowires used in our measurement were synthesized by our collaborators Aniket Thete and Erik Dujardin at CEMES, Toulouse.

Contacted electrodes fabrication

Nanowires contacted with Au electrodes were fabricated using two-step electron beam lithography. The first part of the procedure closely follows the protocol outlined in chapter 2. A solution containing nanowires was drop-casted on the glass substrate pre-patterned with grid landmarks. ∼ 50 • from the left side. Since the Ag nanowire is much thicker compared to the thickness of the electrodes, the part of Au electrodes evaporated on the right side of the nanowire are not contacted with the wire and fell off during the lift-off. However, the thickness of gold nanowire is similar to that of the electrodes, hence the evaporated Au electrodes are contacting the Au nanowire on both sides. The small marks introduced in Fig. 3.2(c) are readily seen.

Measurement setup

In our measurement, co-propagating electrons and surface plasmons were recorded synchronously. Figure 3.4 schematically described the principle of our measurement. Nanowires contacted with Au electrodes were optically excited at λ=810 nm. The surface plasmon characteristics were detected using the same leakage radiation microscopy introduced in chapter 2. The microscopic electrodes were electrically operated with a set of probe stations mounted with tungsten tips (radius ∼100µm). DC bias was slowly applied on the nanowires at a rate 30 mV/s by a regulated low voltage power supply (Keithley 4200-SCS Semiconductor analyzer) while surface plasmons were propagating in the nanowire. Current flow was recorded directly by the semi-conductor analyzer. The two charge-coupled device (CCD) cameras placed at the conjugated image and Fourier planes were set to acquire images every 1 s and were synchronized with the start of the bias.

Results and discussions

Electrical characteristics Electrical characteristics of Ag nanowires

Two representative electrical output characteristics of contacted Ag nanowires are displayed in Fig. 3.5 during an initial bias sweep. Current flowing in the nanowire is typically low across a large range of bias until 0.8 V in Fig. 3.5(a) and 0.9 V in Fig. 3.5(b) and occurs by increasing steps. The number of steps was depending on specific nanowires, but we never observed more than 3 current bursts on a given characteristics. The occurrence of the steps is better illustrated by the arrows in the semi-logarithmic plots shown in the insets. Interestingly, the evolution of the current between the steps is exponentially depending on the bias voltage (linear relationship in the semi-logarithmic plots). This is rather unexpected for a Au/Ag ohmic contact. For all the nanowires investigated, the position of the first current step was approximately occurring at a well-defined threshold. The narrow ranges reported in Fig. 3.6 suggest a common origin to the non-monotonous response, probably originating from the initially poor electrical connection between the nanowire and the leads.

A transmission electron micrograph (TEM) shows a ∼3.5 nm thick surfactant layer on the surface of a Ag nanowire in Fig. 3.7(a). The chemistry employed to synthesize the nanowires uses an excess of Polyvinylpyrrolidone (PVP) surfactant that is bound to the surface of the nanowire. This organic layer acts as a dielectric barrier preventing current to flow between the electrodes and the nanowire, explaining the tunnel-like electron transport between current bursts. These events in Fig. 3.5 occur at threshold voltages and current densities that are large enough to physically destroy the surfactant layer. For current above 5 to 10 mA, the typical resistance is below 100 Ω indicating a metallic electrical contact. This is demonstrated in Fig. 3.7(b) where the current/voltage characteristic was measured again during a subsequent bias sweep following the initial run for the same nanowire discussed in Fig. 3.5(a). A monotonous rise of the current with increasing voltage is observed. For low voltage, the current/voltage characteristic follows a linear trend (dashed line) with a slope of 25 Ω corresponding to the total resistance of the contacts.

After 0.3 V, the trend becomes nonlinear with an increasing resistance of the nanowire with voltage. This variation of resistance can be attributed to the temperature rise caused by the current flow and the onset of morphological changes induced by an electromigration process. The positive temperature coefficient of the resistance α R results in an increase resistance with current flow [START_REF] Durkan | Analysis of failure mechanisms in electrically stressed gold nanowires[END_REF][START_REF] Huang | Electrical failure analysis of Au nanowires[END_REF]. Additionally, the variation of cross-section by electromigration and the increase of local temperature caused by morphological change can also lead to an increased resistance [START_REF] Stahlmecke | Resistance behaviour and morphological changes during electromigration in gold wires[END_REF][START_REF] Hoffmann | Conductance of gold nanojunctions thinned by electromigration[END_REF].

Electrical characteristics of Au nanowires

For Au nanowires, the current/voltage characteristic was often the type displayed in Fig. 3.8(a) during the initial bias sweep. This can be explained from the TEM image The curve shows a monotonous evolution of the current departing from an ohmic behaviour after 0.3 V due to a temperature-dependent resistance.

of Au nanowire in Fig. 3.8(b) showing an uncompleted covering of the surfactant on the surface of Au nanowires. The red dashed lines mark the area without surfactant covering. The uncompleted covering is leading a ohmic electrical connection between the Au nanowire and the electrodes. For low voltage the electrical characteristics is similar to Ag nanowire; the current follows a linear trend (dashed line) with a slope of 24 Ω corresponding to the total resistance of the contacts. The resistance is similar to that of Ag nanowire in Fig. 3.7(b). The trend becomes nonlinear with an increasing resistance of the nanowire with voltage after 0.25 V which is slightly lower than Ag nanowire (∼0.3 V) in Fig. 3.7(b).

Surface plasmon propagation in contacted nanowires

We now turn our attention to the properties of surface plasmons propagating in these contacted nanowires. Measurements with leakage radiation microscopy provide a direct visualisation of plasmon propagation in the nanowire while parameters like effective index of the guided surface plasmon mode and overall losses were estimated from Fourier plane analysis.

A representative leakage radiation image of an electrically contacted Ag nanowire in our measurement is displayed in Fig. 3.9(a). Ag nanowire with section width 500 nm was where k x /k 0 is the reciprocal axis with k 0 = 2π/λ is the free-space wave vector. The imaginary part of the complex effective index accounts for the width of the line and the measured value at half-maximum (FWHM = 0.09) is somewhat slightly smaller to unconnected nanowires measured in the previous chapter (FWHM = 0.04). We hypothesized that a significant field overlap exists between the modes sustained at the electrode-coated sections and the uncovered sections of the nanowire thus promoting energy transfer between the modes [START_REF] Seidel | Surface plasmon transmission across narrow grooves in thin silver films[END_REF][START_REF] Seidel | Coupling between surface plasmon modes on metal films[END_REF]. This is conceptually equivalent to a hybrid coupling strategies developed in Ref. [START_REF] Guo | Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic components and circuits[END_REF].

Co-propagation of electrons and surface plasmons

Surface plasmon propagation along the nanowires was simultaneously recorded in this dual-plane imaging mode while synchronously sweeping the DC bias with 30 mV steps. The leakage radiation images of the wire corresponding to the three current/voltage output in Fig. 3.11(b) are shown in Fig. 3.12(a). At the beginning of the bias sweep (Fig. 3.12(a)), both the surface plasmons and its scattering at the end of the wire are readily seen. When the current evolves nonlinearly with the voltage (Fig. 3.12(b)), the plasmon scattered off the end gradually disappears and the intensity of surface plasmon leakage becomes lower. This is accompanied by a shorter spatial extension of the intensity distribution along the nanowire. After electrical failure (Fig. 3.12(c)), the leaky surface plasmon has almost vanished. A very weak residual signature can be seen at the close vicinity of the laser spot.

The corresponding Fourier images are displayed in Fig. 3.13. As previously introduced, the surface plasmon mode is recognized as the bright bar in the Fourier plane. Here, we only show an area of interest surrounding the plasmon signature. As bias increases, the intensity of surface plasmon mode gradually decreases. A very weak surface plasmon mode is observed in Fig. 3.13(c) after the electrical failure confirming the residual leakage signal observed in Fig. 3.12(c). The existence of the residual plasmon mode can be well explained from the SEM image of nanowire after electrical failure in Fig. 3.14(a). The failure position (red arrow) is very close to the plasmon launching end of the nanowire. Although damaged from an electrical standpoint, the gap produced during the failure is bridged by leftover material resulting in a weak, but finite surface plasmon transmission between the two sides. The cross-section profiles corresponding to situation (a) and (b) in Fig. 3.13 are displayed in Fig. 3.14(b). A Lorentzian fit of the two curves yields a N ef f 1.05 for the nanowire at small bias (i) shown in Fig. 3.11(b) and N ef f 1.03 just before failure.

To quantitatively analyze this reduction of the surface plasmon effective index with bias, we report in Fig. 3.15(a) the value of the real and imaginary part of the effective index for each biasing step. The characteristics of the mode remain almost constant within experimental measurement errors at an average N ef f =1.058+ i0.09 until 0.87 V.

In this voltage range, propagation of the plasmon mode is not affected by the flow of charges and the temperature rise of the nanowire. Above 0.87 V (shaded area), the real and imaginary part of the complex effective index are changed from the average value at lower voltages and become dependent of the biasing condition. Extrinsic propagation losses encoded in the rise of FWHM are concomitant to a measurable reduction of N ef f . The increasing propagation loss can be demonstrated by the decreasing intensity of the scattering light at the distal end of the nanowire above 0.87 V shown in Fig. 3.15(b).

The change of the effective index and propagation loss is closely related to the electrical output characteristics of the nanowire reported in Fig. 3.15(c). The plasmon propagation is affected by the applied bias at the point where electromigration of the nanowire becomes predominant in the current/voltage characteristic (shaded area).

Electromigration is the transport of material caused by the gradual movement of the ions in a conductor due to the momentum transfer between conducting electrons and diffusing metal atoms [START_REF] Mr Kaspers | Electromigration and potentiometry measurements of single-crystalline Ag nanowires under UHV conditions[END_REF][START_REF] Kn Tu | Recent advances on electromigration in very-large-scale-integration of interconnects[END_REF][START_REF] Li | Current imaging and electromigration-induced splitting of gan nanowires as revealed by conductive atomic force microscopy[END_REF]. The driving force for electromigration is divided into two components: wind force and direct force depicted in Fig. 3.16. The wind force is caused by the momentum transfer from the electrons to the charge carrier. The direct force is due to the bulk electric field acting on the atoms that are not completely shielded by the electrons. The mass flow caused by the direct force is in the opposite direction to that caused by wind force.

The largest variation of N ef f and FWHM in Fig. 3.15(a) occurs when the current suddenly drops indicating electrical breakdown of the nanowire. Under such electrical stress, the morphology of the nanowire is significantly affected by the electromigrated mass transport [START_REF] Xu | Facile synthesis and electrical properties of silver wires through chemical reduction by polyaniline[END_REF] thus compromising plasmon propagation.

To confirm this drastic morphological change, we have imaged the nanowires before applying a bias and after electrical breakdown. Freshly contacted nanowires were imaged by bright-field optical microscopy in order to avoid electron-beam carbon contamination by a scanning electron microscope (SEM). After electromigration however, a thin layer of Au ( < 20 nm) was sputtered on the sample for detailed SEM investigation. A representative example of a 18 µm-long 500 nm-wide Ag nanowire is shown in Fig. 3.17.

The SEM image obtained after electromigrating the nanowire (Fig. 3.17(b)) confirms its the structural deformation. For all of the Ag nanowires we investigated, electrical failure occurs at the positive electrode (point 1). This position of electrical failure in crystalline nanowires is different from the previous reports on polycrystalline gold nanowires in which electrical failure occurred at the ground electrodes [START_REF] Stahlmecke | Resistance behaviour and morphological changes during electromigration in gold wires[END_REF][START_REF] Stahlmecke | In situ observation of electromigration in gold nanowires[END_REF].

For single crystalline Ag nanowire, the enhanced surface diffusion plays the dominating role for electromigration process rather than the grain boundary diffusion as indicated in Ref. [START_REF] Mr Kaspers | Electromigration and potentiometry measurements of single-crystalline Ag nanowires under UHV conditions[END_REF][START_REF] Stahlmecke | Electromigration in self-organized single-crystalline silver nanowires[END_REF]. This results in the direct force overcompensating the wind force and is thus the predominating force during the electromigration process, explaining why the electrical failure occurred near the positive electrode. This behavior has also been reported for other type of crystalline Ag nanowires [START_REF] Mr Kaspers | Electromigration and potentiometry measurements of single-crystalline Ag nanowires under UHV conditions[END_REF][START_REF] Stahlmecke | Electromigration in self-organized single-crystalline silver nanowires[END_REF] and suggests that the breakage originates from a motion of charged atoms initiated by the electric field present across the nanowire. Figure 3.17(b) also shows a weaker but visible mass transport along the electron flow: a thinner nanowire section near the ground electrode (point 2) is visible in the SEM image. This section is immediately followed by a wider area (point 3) indicating that Ag atoms were displaced from point 2 to point 3. This can be attributed to the high temperature gradient close to the electrode leading to the surface diffusion of melted Ag to nearby low temperature parts [START_REF] Xu | Facile synthesis and electrical properties of silver wires through chemical reduction by polyaniline[END_REF]. The original nanowire section is measured at point 4, on the right of the positive electrode. At this location, current flow did not affect the nanowire.

Note that the section of the wire at point 3 is wider than the original nanowire size at electrode. An obvious morphological change can be seen at point 2 in Fig. 3.18(a) towards the ground electrode. For the Au nanowire in Fig. 3.18(b), its section becomes thinner on both sides of the failure gap and there is no obvious morphological change at other place. This could due to the high local temperature at the failure position which melts the gold wire in very short time and resulting in the breakdown [START_REF] Huang | Electrical failure analysis of Au nanowires[END_REF].

In order to see if the direction of the electron flow would influence the propagation of the surface plasmon, the polarity was reversed, i.e. electrons and plasmon propagating in the same direction. The surface plasmon characteristic is shown in Fig. 3.19. The effective index remains almost constant until 0.6 V and then drops dramatically. FWHM also has a slight increase during the electromigration. We did not observe significant differences from the trend displayed in Fig. 3.15 indicating that the same limitations occur regardless of the direction of the electron flow. 

Numerical simulations

From Fig. 3.17(b), it is clear the evolution of the surface plasmon effective index and propagation loss with applied bias described in Fig. 3.15(a) can be attributed to the altered section of the nanowire and loss of crystallinity caused by the electromigration process. To test this hypothesis, we numerically investigated the effect of a varying nanowire section on the effective index and propagation loss of the surface plasmon using the finite element analysis simulation software COMSOL Multiphysics. The model is the same as the one introduced in last chapter.

We considered a single pentagonal crystalline silver on a glass substrate with an excitation wavelength λ = 800 nm and a silver optical index n Ag = 0.0362+i5.4. Since the effective index of the plasmon mode is very close to 1.0, the mode can easily radiate into air. To account for this, we add perfectly-matched layers on the air side of the 88CHAPTER 3. CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRES calculation window. The evolution of the effective index with reducing nanowire width is reported in Fig. 3.20. The cross-sectional intensity distribution of the mode displayed in the inset for a section of 300 nm shows an intensity mainly distributed in the air side.

The N ef f and FWHM are weakly depending on nanowire section until approximatively 450 nm. For width < 400 nm, N ef f monotonously decreases towards the cut-off value of the mode (1.0), a condition confirmed by the associated larger losses in this section range. A small discrepancy between the experimental and calculated N ef f (∼0.02) can be attributed to same reason discussed in chapter 2. Nonetheless, according to SEM images of electromigrated nanowires, the thinnest unbroken section is around 250 nm to 300 nm.

The calculated dispersion curve shows that the N ef f of the mode is reduced from 1.034 to ∼ 1.020, a change of 0.014 in this section range. Although the relationship between the width of the nanowire and the applied bias is not trivial (non linear electrical characteristic and local variations along the length), the measured difference of N ef f before and after breakdown in Fig. 3.15(a), ∼0.01, is comparable to our numerical simulations.

Concerning the imaginary part FWHM, the numerical trend also qualitatively reproduces the experimental measurement of Fig. 3.15(a). Amorphization of the nanowire during the electromigration process [START_REF] Xu | Facile synthesis and electrical properties of silver wires through chemical reduction by polyaniline[END_REF] and variation of the section along the length of the nanowires were omitted in the calculation. However, both effects introduce additional plasmon damping compared to pristine nanowires and accounts for the under approximation of the plasmon losses in Fig. 3.20. A comparison of SPP propagation of amorphous and cristalline Ag nanowires can be found in Ref. [START_REF] Ditlbacher | Silver nanowires as surface plasmon resonators[END_REF]. The scattered light spectrum corresponding to the polycrystalline Ag nanowire displayed no regular signal modulation indicating the presence of surface-induced losses for an amorphous geometry.

Limits of operation

From the above investigations, change in the morphology of the nanowire appears to be the main limitation for co-propagating plasmonic and electronic information in metal nanowires. Figure 3.21 shows the maximum current densities before electrical failure as a function of nanowire width. The data points are the measured current densities reached just before failure of Au and Ag nanowires. The dependence of failure current density on the nanowire width has been investigated for Au [START_REF] Durkan | Analysis of failure mechanisms in electrically stressed gold nanowires[END_REF][START_REF] Huang | Electrical failure analysis of Au nanowires[END_REF] and Cu nanowires [START_REF] Huang | Surface and size effects on the electrical properties of Cu nanowires[END_REF].

Calculations on width-dependent failure current density of Cu nanowire in Ref. [START_REF] Huang | Surface and size effects on the electrical properties of Cu nanowires[END_REF] suggests that the width dependence is a result of the contact area between the nanowire and substrate since most of the heat transfer occurs at the nanowire substrate interface. The experimental data in these studies shows a higher failure current density for smaller wire width. Like Cu nanowires, the failure current densities in crystalline Au and Ag structures depends on the section as a results of a better heat dissipation in the glass substrate as shown in Fig. 3.21. The shaded area in the graph provides an upper limit on the the electrical condition under which electrons and surface plasmons can be simultaneously supported by the plasmonic platform. Thin nanowires can sustain a higher current density and, from an electrical point of view, should be favored in the circuitry.

Since the plasmonic properties of thinner nanowires are generally enhanced from thicker nanowires [START_REF] Miljković | Simulating light scattering from supported plasmonic nanowires[END_REF], no trade off between electrical and plasmonic performances is anticipated in this regard. 

Conclusions

In plasmonic circuitry, a key element is the shared metal network between electrical and optical information enabling an efficient heterointegration of an electronic control layer and a plasmonic data link. In this chapter, by synchronously recording surface plasmon and electrical output characteristics of single crystalline metal nanowires, we have investigated the effect of electron flow on plasmon propagation in electrically contacted single crystalline metal nanowires. We find that surface plasmon characteristics are degraded by the morphological stress of the nanowire caused at the onset of electromigration. Even if we change the bias polarity, there is no evidence of the interference between the copropagating electrons and surface plasmon before electromigration from Fourier plane analysis. We investigate the maximum current densities before electrical failure for silver and gold nanwoires and thus determined the operating limit for simultaneously propagating electrons and surface plasmon in the same one-dimensional metallic support. Furthermore, we have compared the I-V characteristics of Ag and Au nanowires, we find that the residual surfactant employed for nanowires synthesis can affect the electrical characteristics and can be removed by an initial "burning-off" bias sweep. The different morphological change of silver and gold nanowire caused by the electromigration are compared and the different predominant forces in the electromigration for silver and gold nanowire were indicated.

Research prospect

Bias Modulation on nanowires

The above discussions indicate that there is no obvious interference between the synchronous electrons transport and surface plasmon propagation observed until onset of electromigration. However, it is possible that very subtle interferences were not detected by simply characterizing the Fourier plane of nanowire under DC bias. Therefore, we further investigated the possible crosstalk between co-propagating electrons and surface plasmons by modulating the electrical characteristics at different points of the electrical characteristics. Due to the technical difficulty such as the relative larger size of APD detection window compared with the area of the nanowire distal end and the detection sensitivity of lockin amplifier, we do not have conclusive results to indicate an interference between copropagating electrons and surface plasmon. However, from Fig. 3.24, it is believed that the crosstalk between the co-propagation electrons and surface plasmon may be enhanced right before the electrical breakdown of nanowire during the electromigration. The mass flow during the electromigration and the stress resulting from the morphological change could be the reason for that. Then, another question arises: is it reversible? Can we modulate the effective index of surface plasmon mode by reversing the bias polarity?

According to our measurement on effective index in Fig. 3.15 and the calculations, the effective index drops during the electromigration and this drop is closely related to the morphological change. If we can stop the bias right before the electrical breakdown and switch the polarity, the morphological damage could be repaired and the effective index would go back to its normal value. Note that although we have already switched the bias polarity during our experiment and no significant difference was observed from the trend of effective index, in our measurement, bias was switched at the beginning and until the electrical breakdown occurs. We did not stop the bias and switch it before the electromigration. However, this morphology repairing by switching the bias has been investigated by Stahlmecke and his co-workers in Ref. [START_REF] Stahlmecke | Electromigration in self-organized single-crystalline silver nanowires[END_REF]. They performed electromigration experiment on single crystalline silver nanowires using four points contact geometry. Void formation during the electromigration of nanowires with increasing current was observed using scanning electron microscope. the bottom, we can see that even within a short time, the closure is complete [START_REF] Stahlmecke | Electromigration in self-organized single-crystalline silver nanowires[END_REF]. The shadows around the voids are due to the contamination introduced by SEM examinations.

Considering this, the crosstalk between the co-propagating electrons and surface plasmons could be reduced by simply reversing the bias polarity.

Finally, the investigations on the crosstalk between co-propagating electrons and sur- face plasmons in our measurements were focused on the leaky mode. Although it is difficult to detect possible crosstalk for leaky mode, bound modes are expected to be more sensitive to surface rearrangement because their field is more confined to the metal surface. Cross-talk between current-carrying electrons and surface plasmons might therefore be more pronounced for this mode.

Conclusions and perspectives

A plasmonic circuitry, capable of simultaneously transmitting electrons and surface plasmons shows potential for merging electronics and photonics at the nanoscale. The ability to guide surface plasmons and electrons on the same physical link provides for a seamless integration of an optical data processing level within an electronic control architecture.

As fundamental building blocks of a plasmonic circuitry, quasi-one dimensional structures like silver and gold metal nanowires are especially desirable due to their potential for realizing dense plasmonic and electronic routing networks. Metal nanowires therefore provide a platform for the development of passive and active optical components. The functionalities of these optical components and devices strongly rely on the properties of surface plasmons propagating along the nanowires.

We developed an imaging technique using dual-plane leakage radiation microscopy to directly measure the propagation properties of surface plasmons in Ag nanowires. By analyzing the wave vector distribution in Fourier plane images, we experimentally determined the effective indices and propagation losses for nanowires with diameters in the range from 120 nm to 500 nm. Symmetry considerations derived from an analogy with the well-established molecular orbitals of cyclopentadienyl in numerical simulations allowed us to identify the modes existing in the crystalline Ag nanowires with a pentagonal cross section. The role of the substrate on the effective index values of the coupled corner plasmon modes was emphasized in the numerical simulations, and we have obtained a good agreement with the experimental values. We have also experimentally shown that distal tip scattering is introducing an additional decay channel contributing to the attenuation of the plasmon propagation. This observation suggests that a better control of the terminal facets of crystalline nanowires is desired in order to tune the tip scattering, which is a future challenge for colloidal chemists. Our investigations indicate that the precise morphological and structural features of crystalline colloidal metallic nanowires directly contribute to the design of the active plasmon modes. This opens a way to tune the optical properties Relying on this unique approach, we have demonstrated that the leaky mode and bound modes can be selectively excited by the polarization inhomogeneities inside a focused laser spot. It therefore provides an easy way to tailor the plasmon mode needed for a given application.

The results obtained from our investigations on surface plasmon propagation properties in thick Ag nanowires provide the basic information for the exploitation of a plasmonic circuitry. With the improvement of the technology, another critical issue needs to be addressed concerning the properties of co-propagating electrons and surface plasmons. The interference between electrons and surface plasmons is rarely discussed. Therefore, on the basis of our experimental development, we investigated the effect of an electron flow on plasmon propagation in electrically contacted single crystalline silver nanowires. Surface plasmon characteristics and electrical output characteristics under direct current bias were synchronously recorded. We found that during electromigration, the effective index decreases and is accompanied by an increase of propagation loss. Numerical simulations showed that degraded surface plasmons characteristics are attributed to the morphological stress caused by the electromigration. We have thus determined the operating limit for simultaneously propagating electrons and surface plasmons in the same metal nanowire waveguide.

Although there was no clear-cut evidence indicating a crosstalk between co-propagating electrons and surface plasmons, we tried to modulate the current bias on contacted nanowires to detect an onset of interference. Our measurement was based on the functionality of lock-in amplifier to extract a signal at a referenced frequency from noisy background. At the current stage, we do not have enough results to determine the presence of the crosstalk. However our measurement shows some promising results. Our analysis focused on the interaction between the leaky plasmon mode and the current flow.

Since we can selectively excited leaky mode and bound modes, larger coupling effect may be expected when bound modes are excited.

All the nanowires we measured were randomly deposited on the substrate. However, in a plasmonic circuitry, specifically oriented waveguide will be required. To achieve this directional distribution, we made initial steps at developing a technique to grow nanorods directly on a pre-patterned substrate by a surface-assisted growth mechanism. This work was performed in collaboration with E. Dujardin, in Toulouse. We have successfully achieved several in-situ growth of Au nanorods inside PMMA trenches shown in Fig. 3.26 (red circles). However, the yield of aligned nanorods is relatively low and some by-products also grew inside and around these PMMA trenches. Nanorods can be isolated by a simple lifting-off of the PMMA.

Convective assisted capillary force assembly (CA-CFA) technique is an alternative approach to align nanostructures at desired positions. The CA-CFA technique is based on the capability to overcome the Brownian motion in a colloidal suspension to deterministically position micro-or nanoparticles on a surface [START_REF] Rivera | Assisted convective-capillary force assembly of gold colloids in a microfluidic cell: Plasmonic properties of deterministic nanostructures[END_REF][START_REF] Rivera | Spectroscopic studies of plasmonic interactions in colloidal dimers fabricated by convectivecapillary force assembly[END_REF][START_REF] Lecarme | Colloidal optical waveguides with integrated local light sources built by capillary force assembly[END_REF] and could be used in large-scale batch fabrication of plasmonic waveguides. The alignment of nanoparticles in well-defined patterns is obtained by a control of the evaporation of a colloidal drop in a confined medium. As a result, dimers with a wide range of interspacing distances or chains of nanoparticles or various shape may assembled on large patterns as illustrated in Fig. 3.27. In addition, CA-CFA can be used to align CdSe nanorods by applying an external electric field during the solvent evaporation after a drop-cast deposition across lithographically pre-patterned metal electrodes [START_REF] Rossitto | Influence of optical excitation on the electric field assisted assembly of cdse nanorods[END_REF]. Both techniques provide a possible and self-assembled route to precisely deposit nanowires at desired positions. Images extracted from Ref. [START_REF] Lecarme | Plasmonic coupling in nondipolar gold colloidal dimers[END_REF]. (b) Fluorescence micrographs of long colloidal chains with (i) variable widths, (ii) bottleneck functions, and (iii) three-arm fork function. Images extracted from Ref. [START_REF] Lecarme | Colloidal optical waveguides with integrated local light sources built by capillary force assembly[END_REF]. (c) Large pattern assembled by Au colloids. Images extracted from Ref. [START_REF] Rivera | Assisted convective-capillary force assembly of gold colloids in a microfluidic cell: Plasmonic properties of deterministic nanostructures[END_REF].

(d) Micrograph of the assembly obtained after the DC electric field (E = 1.75 × 10 7 V/m) driven alignment of the nanorods drop-casted from a p-xylene dispersion on the 2 µm gap.

Images extracted from Ref. [START_REF] Rossitto | Influence of optical excitation on the electric field assisted assembly of cdse nanorods[END_REF].

Annex Characterization of carbon contamination Carbon contamination

Scanning electron microscopy (SEM) is a very common technique that is used to characterize the specimen structure. It images a sample by scanning it with a beam of electrons in a raster scan pattern. The electrons interact with the atoms from the specimen producing signals that contain information about the specimen's surface topography, composition, and other properties such as electrical conductivity. However, an inevitable problem is the carbon contamination introduced during the imaging process. The presence of carbon residues in the vacuum chamber from the pump oil, inadvertent touching of the specimen and the specimen holder [START_REF] Isabell | Plasma cleaning and its applications for electron microscopy[END_REF] interact with the electron beam generating hydrocarbon compounds at the surface of the specimen being imaged. Although this carbon uptake can be carefully controlled for fabricating nanotips for field emission [START_REF] Schiffmann | Investigation of fabrication parameters for the electron-beaminduced deposition of contamination tips used in atomic force microscopy[END_REF][START_REF] Antognozzi | Fabrication of nano-tips by carbon contamination in a scanning electron microscope for use in scanning probe microscopy and field emission[END_REF][START_REF] Sd Johnson | Fabrication of carbon nanotips in a scanning electron microscope for use as electron field emission sources[END_REF] or as a negative resist mask [START_REF] Djenizian | Electron beam induced carbon deposition used as a negative resist for selective porous silicon formation[END_REF], it will gradually reduce the imaging contrast and will causing artefacts in spectroscopy [START_REF] Griffiths | Quantification of carbon contamination under electron beam irradiation in a scanning transmission electron microscope and its suppression by plasma cleaning[END_REF]. This especially important in the field of plasmonics where the optical response of nanostructures are extremely sensitive to surface adsorbate [START_REF] Portales | Resonant raman scattering by quadrupolar vibrations of ni-ag coreshell nanoparticles[END_REF][START_REF] Barbillon | Biological and chemical gold nanosensors based on localized surface plasmon resonance[END_REF].

In this annex, we have investigated the effect of carbon contamination introduced during SEM imaging on the resonance peak of gold nanoparticles.

Sample fabrication

Gold nanoparticle arrays were fabricated using standard electron electron beam lithography. The design of the structure is shown in Fig. 28(a). There are 9 nanoparticles in each row. The row at the bottom without any number marked are dummy nanoparticles used to extract geometrical parameters. The first particles on the left of each row in the red 

Spectrum measurement

The principle of measurement is schematically shown in Fig. 29. A white light from a tungsten lamp is passing through a dark field condenser (0.8< N.A. <0.95) and is focused on metal nanoparticle array. The scattered light from the particles is then collected with an objective (40×, N.A.=0.65) and then sent to an imaging spectrograph by two relay lens with same focal length 100 mm. First, the spectrum of each nanoparticle without electron-beam irradiation was taken one by one. This can be achieved by reducing the size of the slit on the spectrograph (confocal-like detection). In our measurement, the two-dimensional CCD chip used allows us to take the spectra from a complete row of nanoparticles at a time. Once the individual spectra of the nanoparticles constituting the array were taken, the surface of each particle Then the spectra of all nanoparticles contaminated by the electron beam were taken and compared to the original spectra of the pristine nanoparticles. The spectrum of the unexposed nanoparticle (without exposure) was measured again in order to confirm that the reference spectra before and after contamination was the same. Au nanoparticles before and after electron-beam exposure, respectively. The exposure dose is 13.275 nA.s. The first line on the left of both images is the spectrum of reference particle. Due to the resonance shift of the particle before and after exposure, the spectra were taken using a different center wavelength: 720 nm and 700 nm for the measurement before and after, respectively. The spectrum of the irradiated area (no nanoparticle) They were taken at center wavelength 720 nm (a) and 700 nm (b), respectively.

Results and discussion

is readily seen on the right side in Fig. 30(b). Interestingly, the light scattered off the exposure area presents a resonance-like shape with a maximum at 714 nm as inferred by the Gaussian fit in Fig. 31(a). The spectra strongly resembles to the plasmonic response of a unexposed metal nanoparticle. This implies that the spectrum measured from an irradiated nanoparticle is a linear combination of the particle' response and that of the residues.

We found that peak wavelength of the irradiated area depends of the exposure dose. adsorbates [START_REF] Kelly | The optical properties of metal nanoparticles: The influence of size, shape, and dielectric environment[END_REF][START_REF] Mcfarland | Single silver nanoparticles as real-time optical sensors with zeptomole sensitivity[END_REF]. For doses up to 10 nA.s, λ D linearly increases with doses indicating a systematic blue-shift of the resonance to reach a plateau at a detuning λ D =13 nm.

In order to explain this unexpected behaviour, Au particles were observed using SEM before and after electron-beam irradiation. We show in Fig. 33 SEM images of four Au particles before (a) and after electron beam exposure (b) with dose 13.275 nA.s and 17.7

nA.s, respectively. To our surprise, small depressions are appearing at the surrounding of the nanoparticles. The size of depression gets deeper with increasing dose. This concave surface is not understood at the moment but could be attributed to the deformation of the interface resulting from the electron beam. A close up view of one nanoparticle with a depression around is shown in Fig. 33(c). The surface of the particle is also slightly indented. In Fig. 33(d), the depression site is readily observed ∼ 2.5µm at the right of the nanoparticle. At that location, the substrate was irradiated by the electron beam with the same exposure dose as the particle.

In order to know the exposure dose that formed the contamination dots and depres- It is obtained by using the average resonance wavelength of pristine particles subtracted from the average resonance wavelength of the same nanoparticles after irradiation. The black line is a linear fit. From the above considerations, we can then conclude that when the exposure dose is small, carbon contamination tips formed on the top surface of the Au particle introduce a small but measurable red-shift of the plasmon resonance. Since the resonance of metal nanostructures is affected by the dielectric environment [START_REF] Barbillon | Biological and chemical gold nanosensors based on localized surface plasmon resonance[END_REF][START_REF] Kelly | The optical properties of metal nanoparticles: The influence of size, shape, and dielectric environment[END_REF], this redshift is a modified electrical environment attributed to the hydrocarbon adsorbate. However, as the exposure dose increases, the electron beam is no longer depositing carbon residues and contribute to the desorption of the contamination. At approximatively 3 nA.s, the position of the resonance shows that the nanoparticle before and after electron-beam exposure is the same. This exposure dose defines the optimal imaging condition for observing plasmonic nanoparticles without altering their spectroscopic properties. For larger exposure, the geometry of the interface is changed to a concave surface. The blue-shift of the resonance is therefore understood as either a linear combination of the scattering response of the indentation convoluted with that of the nanoparticle, or a modified interface from a planar surface to a concave geometry. Numerical simulation and proper normalization of the scattered light from the irradiated surface should help at distinguishing the two effects.

Conclusion

The effect of electron-beam exposure on the response of plasmonic nanoparticles upon imaging with SEM was investigated in this annex. The spectra obtained for Au particles before and after irradiation indicated the presence of carbon contamination on the surface of the particle for smaller exposure dose (< 3 nA.s). When the exposure dose increases, AFM and SEM imaging demonstrate that the surface of substrate around Au particles is deformed by the electron beam forming a depression. Under these exposure conditions, the surface plasmon resonance of the nanoparticle systematically blue-shifts. An optimum dose is therefore determined to safely image plasmonic nanostructure with SEM.
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 11 Fig 1.1: Comparison of operating speeds and critical dimensions of different chip-scale device technologies.
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 12 Fig 1.2: Electric field and magnetic field distribution associated with SPPs propagating along the metal and dielectric interface. The electromagnetic field decays exponentially perpendicular to the interface. Image extracted from Ref. [2].
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 13 Fig 1.3: Different type of plasmon waveguides: arrays of Au nanoparticles (a), nanoholes (b) ,nanogroove
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 14 Fig 1.4: (a) Schematic of one dimensional negative dielectric pin model. Image extracted from [76]. (b) SPP dispersion relations for different Ag interfaces. The solid line is light line in vacuum. Dashed line is light line in glass. Solid curve is SPP on silver/glass interface. Dotted line is the limiting frequency ω SP . Symbols are for SPP in Ag nanowires. The wave vector k = j(π/w y ), where j is an integer and j values are defined in the legend. w y is the length of wire. The inset shows the SEM image with the sample geometry. Image extracted from [81].
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 15 Fig 1.5: Field amplitude distribution for nanowires with different cross-sections at their respective main resonance. (a) circular shape, (b) hexagonal shape, (c) pentagonal shape, (d) and (e) square shape and (f) triangular shape. The diameter of the circular shape is 20 nm. The arrow indicates the propagation direction of the illumination field. Image extracted from [84].
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 17 Fig 1.7: Different coupling strategies: (a) Nanowire termination coupling, (b) nanowire kink coupling, (c) single photon source coupling, (d) bow-tie nanoantenna-nanowire coupling. Image extracted from [88], [90], [91] [92], respectively.
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 18 Fig 1.8: Different coupling strategies: (a) butt coupling, (b) branched nanowire coupling, (c) nanoribbon coupling, (d) metal oxide nanowires coupling, (e) optical fibre taper side coupling, (f) polymer
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 1 .9(c) displays the photoinduced topography after 20 min exposure. The white circles at the extremities indicate the formation of protrusion due to the longitudinal components
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 19 Fig 1.9: Images of SPPs propagating along nanowires using different detection techniques: (a) PSTM image. The white curve on the left bottom shows the cross-cut along the dotted line. (b) Two-photon fluorescence image. (c) AFM characterization of photoinduced topography after 20 min exposure of a silver nanorod coated with photoresponsive polymer DR1MA/MMA. The photochemical imaging of longitudinal components of the electric field on several rods is outlined by the white circles. (d) Schematic diagram of electrical detection with a nanowire field-effect transistor. (e) Leakage radiation microscopy image. The SPP mode is regarded as two bright
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 1 Figure 1.10(a) shows the scattered light spectra that was taken at the distal end of a 18.6 µm long Ag nanowire with 120 nm of diameter. The scattering off the wire is clearly observed in the near-field image shown in Fig. 1.9(a). The modulation depth ∆I/I min in the spectra is given by the intensity related parameters: propagation loss A and end face reflectivity R. By measuring the modulation depth ∆I/I min of several nanowires, the propagation loss A and reflectivity R can be deduced. According to the relation A = e -l/L SP P
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 1 photon fluorescence, the decay length is half of the propagation length. According to the relation:

Fig 1 .

 1 Fig 1.10: (a) Scattered light spectra taken from the end facet scattering light of a 18.6 µm long nanowire with diameter 120 nm. The arrows define ∆I and ∆ I min . Images extracted from [88]. (b) Two-photon fluorescence intensity distribution of a Ag nanowire. Points are experimental data;
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 111 Fig 1.11: Measured bending loss for varying bending radii. (a) Images 1-5 are selected bright-field optical images demonstrating the bending process of the Ag nanowire with diameter of 750 nm, length of 45 µm, and bending radii of ∞, 32, 16, 9, and 5 µm, respectively. The inset is the SEM image of the curved section with scale bar of 350 nm. (b) The emitted light at the bent end of Ag nanowire which was excited at 785 nm are indicated by the red arrows. The scale bar is 5 µm in both (a) and (b). (c) Pure bending loss as a function of bending radius. The red curved line is the exponential fit to the bending loss in the Ag nanowire at certain bending radius.
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 1 12(a) and (b)). The realization of different outputs in Fig. 1.8(b) relies on the control of polarization of the input beam. In Fig. 1.12(a), the branched nanowire serves as an additional input.

Fig 1 .

 1 Fig 1.12: (a) A branched nanowire structure serves as a plasmon modulator. The branch nanowire serves as another input for launching the second plasmon. The arrows show the excitation polarization. Images extracted from [156]. (b)Modulation and routing of light in a two inputs/two outputs nanowire network. Images i -v are the quantum dot emission images of one interference cycle.

  potential to carry photonic signals encoded on the form of surface plasmons, but also electronic signals in the same metal waveguide. In this context, metallic nanowires are promising candidates for their large potential of integration. The basic and fundamental properties of SPPs propagation (dispersion relation, propagation losses, coupling and emission) are relatively well understood. Specific structures have been designed for the realization of different functional components. Although much efforts were made experimentally and theoretically, the technology still faces several practical challenges, notably concerning its interfacing with an electronic control layer. The realization of SPP-based

  • C and constant stirring in a 100 mL threenecked round bottom flask. Once the Pt seed particles were formed, two solutions of 5 mL of AgN O 3 (76.5 mM) and 5 mL of polyvinylpyrrolidone (PVP, M W = 55000, 0.2 g) in ethylene glycol were added slowly and simultaneously to the reaction flask using two separate dropping funnels. Temperature and stirring rate were adjusted to 165 • C and 600 rpm, respectively, prior to the addition of silver salt and polymer. Reaction was continued for 1 h after the addition and followed by cooling to room temperature. The reaction was performed under argon flow throughout the reaction to avoid oxide formation. The Ag
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 21 Fig 2.1: Nanowires characterized by bright-field optical and scanning electron microscopies (SEM). (a) Bright-field image of a selected 33 µm long nanowire with a width of 400 nm (arrow). (b) SEM image of the same nanowire. (c) High-resolution SEM image of the nanowire termination. The pentagonal cross section is readily visible.
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 2 Figure 2.1(a) displays an image of a selected nanowire (arrow) placed next to an alignment mark. Fig. 2.1(b) is a SEM image of the same nanowire observed in Fig. 2.1(a). The length of this nanowire is 33 µm. A close up view of its right extremity is displayed in Fig. 2.1(c)

Fig 2 . 2 :

 22 Fig 2.2: Setup of leakage radiation microscopy of surface plasmon mode propagating in the nanowire. A laser beam is focused at one end of the nanowire by a high numerical aperture objective. Scattering at the extremity insures the excitation of a SPP mode in the nanowire. The radiation losses of SPP coupled in the substrate are collected by the same objective and are recorded in secondary image and Fourier planes. Relay lengths L1, L2, L3 and L4 with focal length 100 mm, 100 mm, 150 mm and 125 mm, respectively adjusted at the exit port of the microscope provide a set of imaging planes conjugated either with the field plane (object) or with the aperture plane (Fourier) of the microscope.

Fig 2 . 3 :

 23 Fig 2.3: The light diffracted by an aperture at the front (or object) focal point of a lens converges to form the far-field diffraction pattern at the back focal point of the lens. Images extracted from Ref [165].

2

 2 

  .4 was produced by focusing the laser beam on bare glass substrate. The white line crosses the center at the optical axis (point O) and intersects with the two edges of the bright annulus at four points: A, B, C, D in Fig. 2.4(a). The annulus is the result of total internal reflection at the glass/air interface. The inner circle of the annulus corresponds to the critical angle N crit =1.0, so we define the value B and C along the diameter as N B = -1.0 and N C = 1.0, respectively and the center N O =0.

Fig 2 . 4 :

 24 Fig 2.4: (a) Calibrating a Fourier plane. The line crosses the outer and inner edges of the annulus and the center at A, B, O, C and D. The value at C and B corresponds to the critical angle N crit =1.0. (b) The profile of the line in (a). The two vertical green lines indicate the pixel position of A and D defining the objective's numerical aperture.

  Figure 2.5(a) shows the intensity distribution of a thin nanowire with diameter 90 nm. The image represents the intensity distribution measured by a CCD placed in the image plane of the microscope. The focal spot, exciting one end of the wire, appears as a saturated region in the image. Only a bright emission at the end of the wire is indeed observed.For thicker wires however, the visualization of the SPP propagation becomes visible because the wave vector of the mode is contained inside the light cone of the substrate.

  Figure 2.5(b) displays this situation for a L=10 µm long wire with a diameter of D=320 nm. Leakage radiations of the surface plasmon mode propagating along the wire are visible in the form of two luminous lines located on either side of the structure. These lines are reminiscent of the intensity distribution at the edges of the pentagonal nanowire. The observation of these two parallel lines strongly relies on the precise adjustment of the objective correction collar. Interference fringes observed along the length of the nanowire are attributed to the imaging artifact due to the rotationally symmetric nature of the lenses. Similar fringes can be seen at the outer ring of the laser spot. The reference frame along the nanowire is defined as the x-axis. The profile of the cross-cut of the nanowire in Fig. 2.5(c) quantitatively shows the intensity distribution along the wire. The red dashed curve is the exponential fit yielding a propagation of L SP P =3.0 µm. Comparing with the other imaging techniques introduced in chapter 1, our imaging technique can provide a direct view of intensity distribution and direct SPP decay length measurement for thicker nanowires. The SPP propagation length deduced from the exponential fitting of the image plane strongly depends on the fitting parameters and the level of noise and artefact contained in the image. Therefore, for all the nanowires measured in our experiments, the propagation lengths were deduced from Fourier plane analysis which yields

Fig 2 . 5 :

 25 Fig 2.5: Intensity distribution of SPP mode supported by a thin and a thick nanowire. The excitation spot appears as a saturated area. (a) For a thin nanowire, only a bright light emission spot is observed at the end of the wire. (b) For a thick nanowire, the SPP mode along the wire and its scattering at the extremity are readily seen. The reference frame is taken along the nanowire (x-axis). (c) The intensity profile along the nanowire. The red curve is an exponential fit giving a propagation length L SP P =3.0 µm.

Fig 2 . 6 :

 26 Fig 2.6: Wave vector distribution obtained by Fourier imaging. The SPP mode is recognized as a bright line at a constant k x /k o value, here 1.05 (box). N max ef f = 1.49 and N c = 1.0 are given by the numerical aperture of the objective and the critical angle, respectively. A cross section along the k x /k o axis is also displayed (red dots). The blue solid line is a Lorentzian fit to the data used to extract effective index of the SPP mode and its decay length.

  Figure 2.7(a) and (b) display thewave-vector distribution in the Fourier images of the same nanowire at the same excitation position with a polarization parallel and perpendicular to the nanowire, respectively. We can see that when the excitation polarization is perpendicular to the nanowire, there is no signature of a plasmon mode in the Fourier plane. We recorded Fourier images as a a function of polarization orientation from 0 • to 180 • every 20 • . The polarization along the nanowire is defined as 0 • . The background corrected SPP intensity for each polarization is plotted in Fig.2.7(c). The intensity is taken as the total count of the area of interest inside of the red box in Fig.2.7(a). Since there is no SPP mode appearing on the Fourier plane at the excitation polarization perpendicular to the nanowire, it is taken as the background. The intensity curve shows a sinusoidal evolution with minimum intensity at 90 • and maximum at 0 • .

Figure 2 .

 2 8 shows leakage radiation images of the same nanowire excited with a linear polarization along the main axis at two slightly different locations within the focus. In Fig. 2.8(a), the light is predominantly coupled to a leaky SPP mode whereas in Fig. 2.8(b), only a signal scattered at the extremity is recorded suggesting the excitation of bound mode with an effective index N ef f >N.A. The corresponding Fourier image in Fig. 2.9(a) displays a bright bar indicating the excitation

Fig 2 . 7 :

 27 Fig 2.7: Wave vector intensity distribution obtained by Fourier imaging of a nanowire for an linear polarization parallel (a) and perpendicular (b) to the long axis of the wire. (c) Background corrected intensity of SPP on Fourier plane for different excitation polarizations from 0 • to 180 • . It shows a sinusoidal shape with intensity minimum at 90 • and maximum at 0 • . 0 • is defined as the polarization along the long axis of the nanowire. The red box shows the area of interest used to determine the intensity.

Fig 2 . 8 :

 28 Fig 2.8: Leakage radiation images of a Ag nanowire excited with polarization along the nanowire. Depending on the precise position of the coupling extremity inside the focal spot, leaky mode (a) or bound mode (b) can be selectively excited. The intensity of the two modes was extracted from the red boxes.

Fig 2 . 9 :

 29 Fig 2.9: Fourier images of the leaky mode (a) and bound mode (b). When the bound mode is excited, there is no information of surface plasmon mode detectable in the Fourier plane image.

First, the position

  of nanowire was manually adjusted with respect to the laser focus spot to have an efficient excitation of the leaky mode with a polarization oriented along the nanowire. This position was then taken as the center of the scanning area. The 3D confocal image in Fig. 2.10(a) shows the Rayleigh scattering issued from the nanowire with a scanning size of 25 µm along the long axis of the nanowire. This image represents the laser signal backscattered at the interface and detected by an avalanche photodiode (APD) placed at a conjugated image plane (confocal). In the absence of a nanowire, the count rate measured by the APD is equivalent to the integrated intensity recorded in the Fourier plane of Fig. 2.4.

Figure 2 .

 2 10(b) shows a 5µm×5µm zoom in at the termination

Fig 2 . 10 :

 210 Fig 2.10: Confocal image of a Ag nanowire with different scanning size: (a) 3D image with a scan range of 25 µm×4.17 µm, (b) 5 µm×5 µm and (c) 1.5 µm×1.5 µm. The fast scanning direction is along y axis. λ=810 nm.

Fig. 2 .

 2 Fig. 2.10(c). A series of 16×16 images similar to Fig. 2.8 and Fig. 2.9 were thus obtained and analyzed. By extracting the SPP intensity along the nanowire or at its extremity as illustrated by the red boxes in Fig. 2.8, excitation maps for the leaky mode and bound modes can be reconstructed. The excitation maps of the two modes for a polarization perpendicular to the nanowire are shown in Fig. 2.11. The leaky mode is preferentially excited following a four lobe pattern while the bound mode is essentially excited by two areas in the focal spot. There is very little spatial overlap between the two reconstructed maps suggesting that modes can be efficiently selected by the position of the extremity inside the focal region. Interestingly, the excitation maps are resembling of the intensity distribution of individual field components inside a tightly focused laser beam in the focus plane (z=0). The calculated intensity distributions of an y-polarized focused beam (polarization perpendicular to the wire) and its individual field components |E x | 2 , |E y | 2 , |E z | 2 are displayed in Fig. 2.12. The field maps were calculated by scanning a dipole oriented along the x, y, or z axis at a wavelength of 800 nm and objective with N.A.=1.49. The size of the calculated window is the same as the the scan size in Fig. 2.10(c). The |E y | 2 field

Fig 2 . 11 :

 211 Fig 2.11: Reconstructed excitation maps for (a) leaky mode and (b) bound mode for polarization perpendicular to the wire. The intensity was extracted the red boxes shown in Fig. 2.8.

Fig 2 . 12 :

 212 Fig 2.12: Polarization components inside a tightly focused y-polarized beam. The intensity distributions of individual field component |E x | 2 , |E y | 2 , |E z | 2 in the focal plane were computed by exciting an (x, y, z) oriented dipole at a glass/air interface at λ =800 nm.

Fig 2 . 13 :

 213 Fig 2.13: Distribution of measured effective index for 40 nanowires excited at 800 nm in the N ef f range from 1.0 to 1.49.

′′ 2

 2 .14(b). The fundamental mode shown at the bottom of Fig. 2.14(b) with effective index (1.316) has the same intensity distribution of its five corners. The other four modes with different intensity distribution are separated into two groups of degenerated modes with effective index 1.306 and 1.277, respectively. The five modes display a D 5h symmetry. Interestingly, the guided modes displayed in Fig. 2.14(b) are strictly analogous to the molecular orbitals of another D 5h system, the cyclopentadienyl molecule. When the five corners combine to form a pentagonal section, this interaction creates mode symmetries in analogy with the molecular orbitals. The molecular orbitals of the π-bonds of cyclopentadienyl, deduced from simple Huckel theory, are shown in Fig. 2.15. Following the conventional representation of molecular orbitals, the weight and relative signs of the atomic orbital in the representation are depicted by the circle area and color (white = positive, black = negative), respectively; α is the energy of an isolated atomic orbital and β refers to the coupling strength between orbitals of two adjacent carbon atoms. a are the corresponding Mulliken's symbols, where a represents the symmetric solution with respect to a rotation around the principal rotational axis (one dimensional representation), e represents degenerate mode (two dimensional representations), prime (') and double prime (") represent the symmetric and antisymmetric mode with respect to a mirror plane horizontal to the principal rotational axis. By analogy with the intensity distribution in Fig. 2.14(b) and the molecular orbital configuration, the symmetry groups were assigned to the plasmon modes. The dispersion curves of the five bound modes as a function of the nanowire diameter

Fig 2 .

 2 Fig 2.14: (a) Calculated intensity profile of an isolated silver corner. (b) Five modes formed by a linear combination of the five corner modes: fundamental mode and two groups of degenerated modes. The five modes display an D 5h symmetry. The wire diameter is 1.25 µm embedded in a medium of optical index n =1.25.

Fig 2 . 15 :

 215 Fig 2.15: Schematic of the orbital configuration of a molecule displaying a D 5h symmetry. The weight and relative signs of the atomic orbital are depicted by the circle area and color (white = positive, black = negative); α is the energy of an isolated atomic π orbital and β (<0) refers to the coupling strength between orbitals of two adjacent carbons. e ′′ 2 , e ′′ 1 and a ′′ 2 are the corresponding Mulliken's symbols.

Fig 2 . 16 :

 216 Fig 2.16: Dispersion of the effective index of the identified modes as a function of nanowire diameter.

′′ 2 and e ′′ 1

 1 characterized by low effective indices close to the surrounding medium(1.25). These modes run into cut-off at a diameter of about 850 nm and 150 nm, respectively. Due to their large cut-off diameter, the two degenerated highest modes e ′′ 2 are not of interest for the diameter experimentally investigated and will not be considered further.The experimental values of the effective index of the SPP mode (N ef f ∼ 1.05) are significantly lower than the effective indices calculated for a homogeneous medium. For a nanowire with diameter 250 nm in homogeneous background, the effective index of

Fig 2 . 17 :

 217 Fig 2.17: Effect of the substrate on the intensity distribution and effective indices of the SPP guided modes supported by a pentagonal silver nanowire. The group symmetry is reduced from D 5h to C 2v so the two degenerated modes at N ef f =1.26 are evolving into two distinct modes at N ef f =1.03 and 1.15. The intensity level for the N ef f =1.15 mode is significantly weaker than the more pronounced N ef f =1.03 mode, suggesting that this mode is inactive. The nanowire diameter is 200 nm.

Fig 2 .

 2 Fig 2.18: (a) Comparison of N ef f between the experimental and calculated data for wires with diameters in the range of 100 nm< D < 250 nm . The experimental data points are shown with filled circles and calculated data are with open circles. (b) Effective index as function of length. The data points are for nanowires with a restricted range of diameters 147 nm < D <159 nm. The error bars represents the FWHM of the line measured in the Fourier plane or equivalently N ′′ ef f .

Figure 2 .

 2 Figure 2.18(b) indicates that the length of the nanowire is affecting the SPP decay length. Since the SPP is efficiently scattered at the nanowire distal tip as shown in Fig. 2.5, the effect of the nanowire length on the FWHM of the mode measured in the Fourier plane should be considered. The propagation length of the SPP mode can be directly inferred from the measure of the FWHM using the relation in equation 2.3. The inferred propagation length from Fig. 2.18(a) and Fig. 2.18(b) are shown in Fig. 2.19(a) and Fig. 2.19(b), respectively. The propagation length in Fig. 2.19(a) is almost constant with the increase diameter in our considered range while in Fig. 2.18(b), it shows apparent increase with wire length. Distal face scattering is therefore playing a determinant role by introducing an additional decay mechanism, predominant for short nanowires. The calculated dispersion of the propagation length L spp of the identified modes for nanowires in homogeneous background is shown in Fig. 2.20(a). Close to their cut-off

Fig 2 . 19 :

 219 Fig 2.19: Propagation length as a function of diameter (a) and length (b) inferred from Fig. 2.18(a) and Fig. 2.18(b), respectively. The error bars are contained within the size of the dots.

Fig 2 . 20 :

 220 Fig 2.20: Calculated propagation length as a function of wire diameter. (a) Nanowire in a homogeneous background. The fundamental mode exhibits a high damping for small diameters due to its diverging effective index. (b) Nanowire on a substrate. The introduce of substrate strongly modifies the propagation length of the two degenerated modes.

Fig. 2 .

 2 Fig. 2.22. Likewise, for the sake of comparison, effective indices of nanowires with similar lengths (3.1 µm < L <3.8 µm) were plotted as a function of diameter in Fig. 2.22(a). The effect of nanowire length was plotted in Fig. 2.22(b) by selecting nanowires with similar diameter (155 nm < D <194 nm). In both graphs, the effective indices are almost

Fig 2 . 21 :

 221 Fig 2.21: Histogram of effective index for a 532 nm excitation (red), and a 800 nm excitation (blue).

Fig 2 .

 2 Fig 2.22: (a) Dispersion curve of the detected mode with nanowire excited at 532 nm. The effective index and FWHM were extracted from Fourier images for nanowires with similar length 3.1µm < L <3.8µm. The FWHM is encoded in the error bars. (b) Effective index as function of length for nanowires with a restricted range of diameter 155 nm < D <194 nm.

Fig 2 . 23 :

 223 Fig 2.23: Inferred propagation length of the SPP mode from Fig. 2.22 as a function of (a) diameter and (b) length. λ=532 nm.

Fig 2 .

 2 Fig 2.24: (a) Effective index as a function of excitation wavelength. The excitation wavelength is from 760 nm to 940 nm. (b) Inferred propagation length from the FWHM in (a) for different wavelength.

Fig 3 . 1 :

 31 Fig 3.1: Schematic view of electrons and surface plasmons transported in the same nanowire waveguide.

  Figure 3.2(a) displays SEM images of grid landmark. The four

Fig 3 . 2 :

 32 Fig 3.2: (a) SEM image of the grid landmark structure. (b) Enlarged image of the structure inside the black dashed box. (c) Close-view of the smallest repositioning structures. A single mark consists of a cross, a letter and a number.

Fig 3 . 3 :

 33 Fig 3.3: Optical images of (a) silver nanowire and (b) gold nanowire contacted with Au electrodes on a glass substrate patterned with alignment marks. Silver nanowire is 400 nm in diameter and 19 µm in length. The gold nanowire is 110 nm in diameter and 6.2 µm in length.

Fig 3 . 4 :

 34 Fig 3.4: Schematic view of the synchronous recording of surface plasmon and current/voltage characteristics. The nanowire is electrically biased by a regulated voltage power supply (Keithley 4200-SCS) and the current is recorded directly with Keithley 4200-SCS. The imaging of surface plasmon is the same as in chapter 2.

Fig 3 . 5 :

 35 Fig 3.5: (a) and (b) Electrical characteristic of two contacted Ag nanowires during an initial bias sweep. The current flowing through the nanowires occurs by steps and is very low until 0.8 V. Insets: curves displayed in semi-logarithmic scale. The black arrows indicate the current bursts.

Figure 3 .

 3 Figure 3.6 shows an histogram of this first burst of current following the exponential rise of the current for 16 nanowires. For the majority of the nanowires, the burst of electron flow was measured at ∼ 1 × 10 -5 mA. The figure also shows the histogram of the last step in the current-to-voltage characteristics. Its position is also distributed in a relatively well-defined current value at ∼0.5 mA.

74CHAPTER 3 .

 3 Fig 3.6: Histograms representing the values of the initial and final current steps measured in the currentto-voltage characteristics.

Fig 3 . 7 :

 37 Fig 3.7: (a) TEM image of the PVP surfactant layer (∼3.5 nm) encapsulating a Ag nanowire. (b) Electrical characteristic of the same Ag nanowire in Fig. 3.5(a) during a subsequent bias sweep.

Fig 3 . 9 :

 39 Fig 3.9: Leakage radiation image of a surface plasmon propagating in an electrically contacted Ag nanowire (a) and Au nanowire (b). The excitation laser spot polarized along the nanowire is adjusted with the lower extremity. Surface plasmon propagating along the Ag nanowire is readily seen while SPPs in Au nanowire are typically more difficult to investigate.

Fig 3 . 10 :

 310 Fig 3.10: Wave vector distribution obtained by Fourier-plane imaging. The surface plasmon mode in the contacted nanowire is recognized as a bright line at a N ef f = +k x /k 0 = 1.05 (arrows). k x /k 0 =1.49 and k x /k 0 =1.0 are given by the numerical aperture of the objective and the critical angle at the glass/air interface, respectively.

Figure 3 .

 3 Figure 3.11(a) displays an optical transmission image of a contacted Ag nanowire with diameter 410 nm and length 26.7 µm. The current/voltage output characteristics is reported in Fig. 3.11(b). For each voltage/current values, a direct space image and its corresponding Fourier content were recorded. We choose three voltage/current values indicated by the black arrows that are corresponding to the beginning of the bias sweep (i), during the nonlinear trend (ii) and after the electrical breakdown (iii), respectively to show the co-propagation characteristics.

Fig 3 .

 3 Fig 3.11: (a) Bright field image of the contacted Ag nanowire. (width 500 nm, length 26.7 µm). (b) Current-voltage output characteristics of the Ag nanowire. Three current/voltage output indicating by the arrows are at the beginning of the bias sweep (i), during the nonlinear evolution (ii) and after the electrical failure(iii), respectively.

Fig 3 .

 3 Fig 3.12: (a) Leakage radiation images a Ag nanowire corresponding to the three current/voltage output in Fig. 3.11(b). The scattering light at the end of the wire and surface plasmon propagating along the wire are indicated with the red boxes and arrows, respectively.

Fig 3 . 13 :

 313 Fig 3.13: An area of interest in Fourier images corresponding to the three leakage radiation images in Fig. 3.12. As bias increases, the intensity of surface plasmon mode gradually decreases from (a) to (c).

82CHAPTER 3 .

 3 Fig 3.14: (a) SEM image of the nanowire after electrical breakdown. The red arrow indicates the failure position. The inset shows a closeup view of the electrical failure. (b) Cross-section profiles of the Fourier plane measurement before and during breakdown in Fig. 3.13.

Fig 3 .

 3 Fig 3.15: (a) Effective index and FWHM of the surface plasmon in a Ag nanowire (width 500 nm). Both parameters are obtained by Lorentzian fit of the cross-section along the reciprocal +k x /k 0 axis in Fourier-plane measurements. The error bars are given by the fit process. (b) Intensity of scattering light at the end of the same wire. (c) Simultaneous current-voltage output characteristics of the Ag nanowire. The sudden current drop at 1.1 V indicates electrical breakdown of the nanowire.

Fig 3 . 16 :

 316 Fig 3.16: Schematic diagram of the driving force for electromigration. The wind force and direct force are in the opposite direction.

point 4 .

 4 Electrical failure of Au nanowires was also systematically observed near the positive electrode in our measurements. The SEM images of two Au nanowires after electromigration are displayed in Fig.3.18. The electrical failure occurs at point 1 close to the positive

Fig 3 .

 3 Fig 3.17: (a) Bright-field optical image and (b) scanning electron micrograph (SEM) of a 18 µm-long 500 nm-wide contacted Ag nanowire before and after electrical breakdown, respectively. The surface plasmon excited at the positive leads is propagating opposite to that of electron motion. The electromigration causes electrical failure at the positive electrode. The two gaps between the nanowire and the upper section of the electrodes are caused by the angled evaporation of the metal. Points 1 indicates the location of electrical breakdown, points 2 and 3 the morphological changes of the section due to mass transport, and point 4 the pristine nanowire.

Fig 3 . 18 :

 318 Fig 3.18: Scanning electron micrograph (SEM) of a 6.7 µm-long 70 nm-wide and 6.5 µm-long 90 nmwide contacted Au nanowires after electrical breakdown. (a) Surface plasmon excited at the ground lead is propagating to the same direction as the electron motion. (b) Surface plasmon excited at the positive lead is propagating opposite to direction of the electron motion. The electromigration causes electrical failure near the positive electrode which is the same as Ag nanowire. Points 1 indicates the location of electrical breakdown. An obvious mass transport can be seen at point 2 in (a).

Fig 3 . 19 :

 319 Fig 3.19: Effective index and FWHM of the surface plasmon in a Ag nanowire (width 450 nm) for a current flowing along the same direction. The error bars are given by the fit process. Electrical failure occurred after 0.6 V.

Fig 3 . 20 :

 320 Fig 3.20: Calculated dispersion of the real and imaginary parts of the surface plasmon effective index as a function of width of the nanowire. The inset shows a cross-sectional intensity distribution of the plasmon mode for a pentagonal Ag nanowire with a section of 300 nm.

Fig 3 . 21 :

 321 Fig 3.21: Current density leading to electrical failure of crystalline Au (•) and Ag (•) nanowires as a function of nanowire width. The shaded area indicates the safe electrical operating condition to simultaneously propagate electrons and surface plasmons in the waveguide.

90CHAPTER 3 .

 3 CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRES

Fig 3 . 23 :

 323 Fig 3.23: Lock-in output referenced at 80 MHz as a function of a count rate and noise ratio. The noise ratio is the ratio between the count rate of noise (only tungsten lamp) and the total count rate (count rate from laser + tungsten lamp). The chopping frequency is 100 Hz. The red arrow indicates the detection limit of the signal represented with a high noise ratio ∼ 99.96%.

Figure. 3 .

 3 25 shows the results of a trapezoidal Ag nanowire. The current direction is indicated by the plus and minus signs. Nanowire in (a) is shown without any current applied. Nanowire in (b)-(e) was biased with increasing current 18 mA, 20 mA, 22 mA, 22 mA, respectively, and with shorter time 150 min, 120 min, 90 min and 30 min, respectively. These experimental parameters are in the consideration of overall experiment time. The enlarged images at the bottom clearly show the void formation during the different periods. The voids were formed at the positive side between the voltage and the current leads. When the current direction was reversed, the voids closed and new voids were formed at the positive side. Comparing (b) with (d) at
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 3 CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRES

Fig 3 . 25 :

 325 Fig 3.25: Void formation during the electromigration of a single crystalline Ag nanowire. Nanowire was applied with increasing current within decreasing time. Current direction is switched indicting by the plus and minus sign. Bottom: enlargement of the right contact area. Image extracted from Ref. [189].
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 3 CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRESof these nanostructures beyond the capabilities of lithographically fabricated devices.

Fig 3 . 26 :

 326 Fig 3.26: Gold nanorods synthesized directly inside the PMMA trenches. The well aligned nanorods are marked using red circles. Relatively large number of by-products were also synthesized inside and around the PMMA trenches.

102CHAPTER 3 .

 3 Fig 3.27: (a)-(c) Various structures assembled using CA-CFA technique: (a) SEM images of individual dimers with an interdistance d =230, 70, 60, 54, 40, 30, 20, 11, 7, and 0 nm (from top to bottom).

Fig 28 :

 28 Fig 28: (a) Design of the nanoparticles array. The first nanoparticle on the left of each row is used as a reference structure. (b) SEM image of four Au particles in the array. Inset: close up image of a Au nanoparticle.

Fig 29 :

 29 Fig 29: Setup of dark-field microscopy. Light scattered from the particles is collected with an objective (N.A.=0.65) and are focused by two relay lens (focal length 100 mm) and sent to the spectrograph.

108CHAPTER 3 .

 3 CO-PROPAGATION OF ELECTRONS AND SPP IN CRYSTALLINE NANOWIRESwas purposely exposed to the electron beam with different doses. In order to compare the peak wavelength of the resonance for a nanoparticle before and after exposure contamination, an area at the right end of each row was irradiated with the same dose used to irradiate the nanoparticles. The exposure dose for each row is illustrated in the following table.

Figure. 30 (

 30 Figure. 30(a) and (b) display the background-corrected hyperspectral image of 9 adjacent

Fig 30 :

 30 Fig 30: Measured spectra of Au particles in one row before electron exposure (a) and after exposure (b).

Figure 31 (

 31 Figure 31(b) suggests that the peak wavelength of the exposed surface increases with increasing dose.The difference of the resonance wavelength for each Au particle before and after irradiation was analyzed by performing a Gaussian fitting procedure of the spectra. The resonance wavelength of the pristine particles < λ o > was obtained by taking the average spectra of the 9 nanoparticles forming the same row, including the reference system. The resonance wavelength of the particle after contamination < λ c > was obtained by taking

Fig 32 :

 32 Fig 32: Difference resonance wavelength λ D between nanoparticles before and after electron exposure.

Fig 33 :

 33 Fig 33: SEM images of four Au pristine nanoparticles (a) and after electron exposure (b). (c) The close up image of one Au particle after the irradiation showing a hollow at the surrounding of the particle. (d) SEM image of a Au particle and the hollow formed on its right side under the same exposure dose.

Fig 34 :

 34 Fig 34: (a) 3D AFM image shows the formation of carbon contamination tips and depressions with different exposure dose. The numbers represent the exposure dose. (b) SEM image of contamination dots deposited on ITO with exposure dose 1.38 nA.s and 1.5 nA.s.

114CHAPTER 3 .Fig 35 :

 335 Fig 35: Height of carbon tips and depressions formed using different exposure dose on the surface of ITO.

Table 1 :

 1 Exposure dose: Doses were increased either at constant current and increasing exposure time, or by changing the current of the electron beam.

	Row Current (nA) Time (s) Dose (nA.s)
	1	0.885	5	4.425
	2	0.885	10	8.85
	3	0.885	15	13.275
	4	0.885	20	17.7
	5	0.229	5	1.145
	6	0.229	10	2.29
	7	0.229	15	3.435
	8	0.229	20	4.58
	9	0.089	5	0.445
	10	0.089	10	0.89
	11	0.089	15	1.335
	12	0.089	20	1.78

excited with a linear polarization oriented along the nanowire. The electrodes are readily visible in this image. The excitation spot overlapping the lower extremity of the nanowire defines the origin of the reference Cartesian frame (x, y). The surface plasmon developing along the nanowire is readily observed in this configuration. At the distal end, the surface plasmon is scattered off the waveguide. Similar image was recorded for Au nanowires in Fig. 3.9(b). However, the intensity distribution of surface plasmon is hardly seen in the image plane of the Au nanowire. The attenuation of surface plasmon propagation in Au nanowires combined with a reduced coupling efficiency resulting from a smaller diameter implied working with shorter nanowires and electrode separation compared to Ag nanowires. Images obtained for Au nanowires were therefore more difficult to analyze.

From Fig. 3.9(a) there is no evidence that the leaky plasmon propagating along the uncoated section of the wire is significantly altered by the presence of the two 2 µm-wide electrodes. At the electrode positions, the field distribution of the mode is modified by the additional 70 nm-thick gold layer on top of the Ag nanowire and no longer leaks in the substrate. However, leakages resume on the uncoated sections of the nanowire indicating that the mode is retained along the pristine nanowire. This is confirmed by Fourier analysis of the wave vector distribution displayed in Fig. 3.10. The surface plasmon mode is recognized as the unique bright line at an effective index N ef f = +k x /k 0 =1.056 (arrows),

Measurement setup

The measurement is based on the functionality of a lock-in amplifier which extracts signal from noisy environment. Figure 3.22 schematically illustrates the principle of the measurement. A nanowire was excited at 810 nm wavelength. Surface plasmons propagating along the contacted nanowire was recorded with in the dual-plane measurement introduced in chapter 2. Light scattered at the end of the wire was collected with an avalanche photodiode (APD) in confocal manner. While surface plasmons were propagating along the nanowire, an sinusoidal AC bias generated by a function generator was slowly applied on the contacted electrodes.

Two lock-in amplifiers were used in our setup. The first lock-in amplifier extracts the photon counts received by the APD and was referenced to the repetition rate of the pulsed laser used in this measurement (80 MHz). The digital output of the APD (TTL logic) was hence converted to an analog signal by the lock-in amplifier. After calibration, the temporal variation of the lock-in voltage output is directly proportional to the count rate measured by the APD. The output of the first lock-in, measuring the magnitude of the light scattered by the end of the nanowire, is then fed to a second lock-in amplifier referenced to the AC bias voltage. The current flow was recorded with a home-made current-to-voltage converter (I-V converter) in a two-point configuration. The gain of the I-V converter is 0.1 V/mA and the cut-off frequency is 300 KHz.

We chopped the laser at a modulation frequency of 100 Hz to calibrate the output of the first lock-in amplifier with photon rate. Figure 3.23 shows the output of lock-in amplifier as a function of different laser power expressed as count rate measured from the APD. In this calibration step, an attenuated laser beam was directly sent to the APD. The sensitivity of the lock-in detection was evaluated by introducing noise in the measurement. The noise was provided by an unmodulated light source (tungsten lamp).

A noise ratio of 100% indicates that the signal measure by the APD is solely coming from the tungsten lamp. The linear fitting (dashed line) shows a linear relation between the output of the APD and the lock-in amplifier signal. A very small modulated laser signal (noise ratio ∼ 99.96%) could be detected by the lock-in amplifier.

Results and discussions

We simultaneously recorded the electrical outputs, the APD signal issued from plasmon scattering events and the lock-in amplifier outputs for silver nanowires biased with an AC voltage. Figure 3.24 displays the results for two Ag nanowires biased with sinusoidal AC voltage (U = U m sin(2πft+ϕ 0 )), where U m =200 mV, f=120 Hz, ϕ 0 =0. The sensitivity range of lock-in amplifier is 10 V/50 µV. The electrical failure occurs at bias close to 2.5 V (black dashed line). An apparent drop of APD signal is observed when failure takes place. This apparent drop of APD signal has already been observed in image plane analysis displayed in Fig. 3.15(b). However, this intensity drop is not correlated to the modulated bias as indicated by the constant lock-in output.

A peak indicated with the red arrow appears in APD output right before the electrical breakdown of nanowire. Here too, there is no correlation with the referenced lock-in suggesting that morphological changes of the nanowire is likely to be responsible for a sudden increase of scattering.

In Fig. 3.24(b), the Ag nanowire electrically broke at 0.6 V. Interestingly, the output signal of the lock-in amplifier slightly drops down after the electrical breakdown. The slight drop down of lock-in signal indicates that there is a signal detected at 120 Hz.

Although the APD output does not change after the electrical breakdown which may due to the alignment of APD detector, the lock-in output is very promising. Combining the results in Fig. 3.24(a), we can deduce that a crosstalk between the co-propagating electrons and surface plasmons may exist before the electrical breakdown of nanowires. • Limits of plasmonic circuitry: Synchronous recording of electron transport and plasmon propagation in crystalline metal nanowires, Mingxia Song, Aniket Thete, Johann. Berthelot, Qiang Fu, Douguo Zhang, Gérard Colas-des-Francs, Erik Dujardin, and Alexandre Bouhelier. submitted.
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