This chapter will present context of this work and the principle elements of theory concerning photonic crystal, near-field scanning optical microscope and optical nano-antenna.
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General introduction

Photonic crystals (PC) are periodic dielectric structures on the scale of the wavelength of photons (a few hundred nanometers). Like the electrons or phonons in a crystalline material, the dispersion relation of photons in a photonic crystal has a special form, which is represented as a band diagram 1 . Their most famous properties are the presence of an energy band in which the propagation of photons is forbidden: the photonic band-gap (PBG). An effective band gap in three dimensions requires a three-dimensional crystal. However, such crystals are technologically difficult to fabricate. In contrast, twodimensional crystals, made in the membranes of high index dielectric are objects whose manufacture is now well controlled by many research groups. In addition, they have the advantage of being well adapted to the development of components devoted to planar photonic integrated circuits. The propagation of photons is controlled horizontally by the 2D-PC and vertically by total internal reflection in the membrane. During the past decade, 2D-photonic crystal (PC) slabs have proven to be a real "play-ground" for implementing solid-states concepts to nanophotonics: photonic band gap, defect modes, Bloch modes and more recently randomness. This has enabled the realization of a wide variety of nanophotonic components. Typically, a 2D-PC consists of a lattice of air holes in a semiconductor membrane. By inserting defects, a hole vacancy for instance, it is possible to create various basic components, such as a microcavity. Photonic crystals enable the production of very small components of the order of the half wavelength. Their advantage is also to be able to integrate in one unique PC and in a one-step technology, a compact optical circuit. In such circuit, the guides or the filters are passive components in which light is injected and distributed along the optical functionalities of the device. Other components can have active properties. To make the PC active, light emitters are introduced into the crystal. The optical response of the system will then depend on the coupling between the emitters and 2D-PC modes. By inserting these emitters in a cavity, it is possible for instance to make micro-light sources such as micro-lasers with low threshold. In the field of quantum electrodynamics, we note that the realization of smallsized cavities, with a low modal volume (V) but a high quality factor (Q) provides a Q/V ratio authorizing a change in the spontaneous emission rate 2 . The strong coupling regime has been observed at very low temperatures in cavities between the photonic crystal cavity mode and a quantum dot placed in the cavity 3,4 . These achievements offer very interesting perspectives for quantum information processing, as the realization of single photon sources 5 . Apart from defects, a different way to exploit the band diagram is to use allowed energy bands, i.e modes whose propagation are allowed in the crystal (named Bloch modes) but controlled, in terms of wave vector and group velocity by the dispersion relation. In particular, slow Bloch modes for which the group velocity vanishes opened the way to new types of components such as micro-lasers without cavity. Among them, surface addressable PC exploiting slow Bloch modes (SBMs) emitting in the vertical direction, i.e. located at the Γ-point of the Brillouin zone have attracted much attention 5 , 6 , 7 , 8 . Near this point, low curvature flat bands give rise to delocalized and stationary optical modes. They are currently recognized to yield very versatile photonic structures whose operation are not restricted to the in plane wave-guiding regime. Slow Bloch modes operating at the Γ-point have already shown to be suitable for directly achieving laser vertical emission with peculiar polarizations, as azimuthal or radial polarisations 9,10,11,12 . Many applications based on the novel properties of slow light can be addressed from non-linear optics, optical switching, quantum optics to optical storage 13,14 ... It demonstrates that the full use of the dispersion relation of photonic crystals offers several ways to control the light in time and space on the scale of the wavelength.

Lastly, it has also been proposed to introduce randomness into 2D-PC to realize light Anderson's localization 15, 16 ,17 . The theory of Anderson localization was developed in 1958 [START_REF] Anderson | Absence of diffusion in certain random lattices[END_REF] and predicts the complete localization of waves in random media by multiple scattering. Successful realization of Anderson's localization in active 2D PC could be useful to better understand localization mechanisms of wave in other random media.

Moreover, extremely high quality factor of Anderson' localized mode could be used to fabricate optical devices such as micro lasers or single photon sources in future.

Manufacture of high dimensional PCs still remains quite complex. At INL, the choice was to develop 2DPC based on III-V materials, especially InP. The advantage of these materials is that they may be transparent in the range of telecommunications wavelengths (1.3µm-1.6µm). Micro and nano-patterning these materials benefits from the expertise of the laboratory in terms of epitaxy and clean-room technology. The fabrication of active structures implies the epitaxial growth of the InP membrane and InAsP compounds, in the form of quantum wells or quantum dots.

In general, with the miniaturization of photonic components, it is necessary to develop characterization tools to observe the electromagnetic field in such small-scale structures. Direct access and local distribution of the electromagnetic field in terms of intensity, phase and polarization are required to validate the designs. The objective is also to improve understanding of the physical phenomena that occur at these scales, such as the phenomena of coupling between the emitter and a photonic structure. In the case of slow Bloch modes, one of the important features is the global lateral expansion of the modes and the field distribution inside the PC. Theoretically, the expansion, i.e. the mode surface (S) is proportional to the band curvature (which is intrinsic to the 2D-PC design) and to the lifetime of the mode in the structure [START_REF] Gerard | Strong Purcell effect for InAs quantum boxes in three-dimensional solid-state microcavities[END_REF]20 . In the case of an active structure, like a microlaser, the mode expansion can also be governed by other mechanisms involving carrierinduced refractive-index change 5 . In brief, the real expansion of these slow modes in 2D PC structures is one of the elements to understand the complicated mechanisms of optical losses. In turn, the lifetime of photon in PC structures is directly linked to optical losses and is the essential parameter to improve the light-matter interaction 3,4,5 . In addition, a local inspection can help to explain the unexpected behavior of some components. In the particular case of photonic crystals, the structuration of space implies a structuration of the optical modes at scale well below the wavelength. Observation of modes is impossible by conventional optical techniques because they are limited laterally by the diffraction. While far-field optical techniques allow to obtain the global information on the overall structure, by transmission, reflection, or photoluminescence, they fail to reveal details of the optical modes present in a cavity smaller than the wavelength. Conversely, near-field scanning optical microscopy (NSOM) is able to overcome this limit. It opened a clear path for the characterization of micro and nano-device optics. Direct visualization of the field pattern in photonic crystal based structures was made possible by the development of a NSOM setup dedicated to these structures.

Our principle objective is to study Slow-Bloch mode based on active structures. In order to fulfill this goal, a NSOM set-up adapted to characterize slow light mode was developed. More specifically, we want to obtain the field distribution of the slow mode into the structure, investigate its expansion and polarization properties. Indeed, NSOM enables a direct access to evanescent fields confined at PC surface and thus yields local information about the field distribution of nanostructured materials. Among various configurations, we focus to develop the NSOM setup in transmission due to its advantages. In comparison with NSOM configuration working in reflection mode, this configuration allows us to gain a better control of the illumination spot including its size, its shape, its position as well as effective pumping power on the surface of sample.

Moreover, although dielectric fiber probes were demonstrated adapted to characterize the near-field optical properties of cavity modes (under light-line) in 2D-PC 21,22 , it might be a challenge to work with strong vertical laser emission of slow light operating above lightline. The alternative metal-coating tip with circular aperture can be qualified for this issue.

However, these aperture-probes suffer from the low transmission coefficient (10 -4 -10 -5 for 100nm-aperture size 3 ) that reduces optical coupling of near-field mode to free-space.

Since larger aperture increases the transmission but reduces the spatial resolution, tradeoff between the coupling light and resolution of image needs to be considered.

In order to overcome these root issues associated with the conventional near-field probes, Femto-ST, INL, GEMaC and Lovalite SAS collaborate in the frame of ANR "Nano ANtennas for the Optical Electromagnetic nanoCollection (NANOEC)" project. This project is aimed to elaborate the novel efficient nanoantennas (NAs) as innovative tools for probing the nanoscale electromagnetic field surrounding the nanostructures (photonic crystals, plasmonic devices, etc…). Although many types of optical nanoantennas have been developed, such as monopole 23,24 , dipole 25 , bowtie [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF] or Yugi-Uda antennas [START_REF] Kosako | Directional control of light by a nano-optical Yagi-Uda antenna[END_REF] , [START_REF] Curto | Unidirectional emission of a quantum dot coupled to a nanoantenna[END_REF] … they share the same operating principle that established for the radiofrequency regime [START_REF] Novotny | Principle of nano-optics[END_REF] . Generally, the optical nano-antennas can act as nano-transmitters or nano-receivers to transform reciprocally the electromagnetic field between nano-objects in surface and free-space radiation [START_REF] Novotny | Antennas for light[END_REF] . These NAs-based techniques have been expected to reveal optical information still inaccessible with conventional measurements responding to the present and future needs of the growing nano-optics community. The novel optical properties of NAs, such as electromagnetic field redirection or polarization sensitivity, especially the field enhancement and confinement have illustrated the essential contributions of such structures to the strong improvement of the spatial resolution and coupling enhancement in optical imaging. These attributes have also opened up the new brilliant perspectives of NAs application in single molecule detection [START_REF] Cubukcu | Split ring resonator sensors for infrared detection of single molecular monolayers[END_REF] , non-linear optics [START_REF] Hanke | Efficient Nonlinear Light Emission of Single Gold Optical Antennas Driven by Few-Cycle Near-Infrared Pulses[END_REF] , [START_REF] Danckwerts | Optical frequency mixing at coupled gold nanoparticles[END_REF] or recently quantum optics [START_REF] Greffet | Impedance of a nanoantenna and a single quantum emitter[END_REF] .

Among the large varieties of designing NAs to obtain the optimal properties for nano-imaging purposes as above-stated, the free-standing bowtie aperture antenna (BNA) mounted on near-field probe have been surged as a promising candidate [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF][START_REF] Farahani | Single quantum dot coupled to a scanning optical antenna : A tunable superemitter[END_REF][START_REF] Grober | Optical antenna: Towards a unity efficiency nearfield optical probe[END_REF][START_REF] Wang | Nanolithography using high transmission nanoscale bowtie apertures[END_REF] . Indeed, the optical abilities of specially-designed BNAs such as the high optical throughput, polarization sensitivity, field enhancement and confinement inside the gap zone are expected to increase the signal-to-noise ratio, thus enhance coupling efficiency of nearfield to BNA tip as well as improve the spatial resolution in optical patterns. Moreover BNA-probe is also expected to have no perturbation to the real electromagnetic field distributed on surface which is a strict requirement in slow light characterization.

In this dissertation, the content is arranged into five chapters. Chapter 1 briefly reviews the principle theories concerning photonic crystals, near-field scanning optical microscope and nano-antenna concepts. In chapter 2 we present the details of our NSOM setup working in transmission mode and the optical alignment system which have been built in our laboratory. In addition, nano-fabrication processes such as Epitaxy, Electron Beam Lithography (EBL), Reactive Ion Etching (RIE) and chemical etching which were employed to fabricate from PC structures to near-field probes are described. We also include in this chapter the FDTD simulation principle using for theoretical study of photonic crystals and the description of micro-photoluminescence set-up used for our farfield characterization. Chapter 3 is dedicated to present the simulation, fabrication and farfield characterization results of photonic crystals. Chapter 4 is dedicated to indicate and discuss about experimental results based on NSOM measurement. In the first section of chapter 4, we present the surface mode characterization with conventional probes (apertureless dielectric and Al-coating circular aperture probe) to demonstrate the impacts of probe nature to near-field optical pattern. The second section of chapter 4 is dedicated to the surface mode characterization with BNA-tip. We show that BNA-tip can provide the spatial resolution of λ/13 in mapping the near-field patterns with coupling enhancement of two orders of magnitude. The third section of chapter 4 is to present and discuss about the surface mode expansion over photonic crystal structure. In chapter 5 we briefly introduce the disordered photonic crystal concepts and present two separated disorder methods (fluctuation of hole position and modification of hole size) as well as their simulation results. The experimental results performed by our NSOM set-up to track Anderson's localization in these two cases of disordered photonic crystal are also presented and discussed.

Photonic crystal 1.Introduction

Quantum mechanics theory demonstrates that the solid crystals, where the atoms or molecules are repeated in space, present a periodic potential for electrons propagating through it and make electrons behave very differently from those in homogeneous conducting media 1,2 . For instance, electron waves might be forbidden to propagate in certain directions at various ranges of energy. This analogy could also be applied to the light wave, an electromagnetic wave, in photonic crystal media where atoms and molecules are replaced by differing dielectric components while periodic potential is substituted by periodic dielectric function. The photonic crystal concepts have been surged and discussed a long time, and defined as a function of their periodic structures of dielectrics arranged either in one, two or three dimensions of space 2,3 . Photons propagating in these media experience periodic perturbations and strong dispersion. These effects could provide photonic band gaps or low band curvatures in diagram exactly as electron behaviors in solid crystal media. Photonic crystals are also a wonderful platform used to transfer solid state concepts to photonics. Recently they also have been proposed to realize Anderson localization (AL) experiments with photon, thanks the concepts of disordered photonic crystals. The Anderson localization was named after his prediction in 1958 that disorder in periodic/homogeneous systems may lead to localized states of waves 4 , and a strong localization regime can be achieved. In 1987 it was predicted that the AL regime may be easier to reach in randomized photonic crystals with wide band gap, where the localization phenomenon is assisted by random scattering of Bloch waves. Lately it has been demonstrated experimentally in quasi one-dimensional photonic crystal waveguides 5,6 .

Generally photonic crystals (PC) are sorted by their periodic arrangements of dielectric materials. By this definition, we have 1D-PC, 2D-PC or 3D-PC depending on the periodicity of dielectrics in one, two or three dimensions respectively as shown in Among these structures, 2D photonic crystal slabs (Figure 1-b) have important advantages. They can be patterned using state-of-the-art semiconductor micro-fabrication techniques, such as the electron beam lithography process. This guarantees a strong index modulation with a high structural resolution. Furthermore, it is very simple to introduce functional defects and components (simply by designing the soft mask for lithography).

The feature size is easily measured with a scanning electron microscope. In fact, our research works mainly deal with this 2D active photonic crystal slab bond on transparent glass substrate. We here will briefly introduce theory of electromagnetism that governs the field in photonic crystal and investigate their essential optical properties as well their perspectives in optoelectronics.

Electromagnetism in dielectric media

Generally all the macroscopic electromagnetic fields are governed by a set of four Maxwell equations 8 . We assume that the dielectric media considered contains no free charges and electric currents, in MKS unit, the Maxwell's equations are expressed as: where µ 0 donates to magnetic permeability in vacuum, µ 0 =4π x 10 -7 Henry/m.

The displacement field D are linked to a power series of electric field E components through permittivity ε (ε 0 = 8.854 x 10 -12 Farad/m) and χ (n) n-th order components of electric susceptibility of medium 9 . In order to simplify this relation, we assume that (1) our field strengths are small enough to be considered as a linear system, so that χ (n) can be neglected;

(2) we choose to work in the frequency range so that value of dielectric constants is independent on frequency (no material dispersion); (3) only transparent materials where ε (r) is real and positive are considered; (4) our materials are macroscopic and isotropic. With these assumptions we can express D and E as following:

Substitute all above relations into Maxwell's equations, finally we obtain:

(4) (5) (3) 
(2)

(1)

These linear equations depict the complicated relations among electromagnetic fields E and H in time (t) and space (r) dependence. Consider our field as harmonic modes and separate into two terms of time and space as follows:

where ω is the eigen-angular frequency and E(r) and H(r) are now eigen-functions of wave functions. Insert into Eq. ( 3) we obtains:
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Eq. ( 7) points out that no point sources or sinks of electric and magnetic fields in the medium and the field configurations are transverse. Rearrange Eq. ( 8) and replace c=(ε 0 µ 0 ) -1/2 , one obtains the master equation in H(r):
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The master equation ( 9) contains the solutions of magnetic field modes in space of a given photonic structure ε(r) corresponding to frequencies ω. The fields must satisfy the transversality conditions stated in Eq. (7). The allowable electromagnetic modes as solutions of master equation are used to construct the photonic band diagram as indicated in Figure 2.

In order to recover E(r) from H(r), from Eq. ( 8) we have:

(10) ) ( ) ( ) ( 0 r H r i r E × ∇ = ε ωε (6)

Optical properties of photonic crystal

The band diagram of photonic crystals could provide most of the information needed to predict their optical properties. The band structures depend on the specific geometry and composition of the photonic crystal such as the lattice size, the diameter of the lattice elements, and the contrast in refractive index 2 . The band diagram describes the dispersion between normalized frequency and in-plane wave-vector k // in the first Brillouin zones of the reciprocal space. Due to symmetry properties, the rest of Brillouin zones could be built by symmetric translation of this irreducible zone to cover whole area of structure 2 . The Brillouin zone is a two-dimensional region of wavevectors, where the bands ω n (k // ) are actually surfaces. In practice the band extreme almost occurs along the boundaries of the irreducible zone. So, it is conventional to plot the bands only along these zone boundaries as depicted in Figure 1.2-right.

For a given photonic crystal with a periodic dielectric function ε(r), resolving the master Eq.9 enables to obtain the band structure functions ω n (k), n being the band number, and the allowable modes 10,11 . The various novel properties of strongly modulated photonic crystals can be deduced from two important features indicated in band diagram: (1) the appearance of multi-dimensional photonic band gaps and (2) the strong modification of dispersion. Exploiting these properties lead to many device applications from microlaser to biosensor.

We begin to present the band diagram of 1D photonic crystal or multilayer film structure. Though the simplest system, 1D PC suffices to show the fundamental optical properties which are useful to explain the other phenomenon occurring in highdimensional system of interest. The area below PBGs is named dielectric band (or valence band) since it contains the modes which conserve their energy in dielectric materials (higher dielectric constant).

Similarly the band concerning the higher frequency is named the air band (or conduction band) since it contains the modes which conserve their energy in air (lower dielectric constant) 11,12 . This is analogous to the valence band and conduction band in semiconductor band structure. Another way to exploit the optical property of 1DPC through the band diagram is to consider the modes near band edge (at k // = π/a in Figure 1.2-right). At these band edges the photons are undergoing multiple reflections and therefore only propagate slowly through the photonic structure with a mean velocity, v g . Near the band edges, the group velocity, envelope of light propagates within the material, defined as v g =∂ω/∂k approaches zero and slow light (stationary wave) is generated.

The following section will focus on the optical properties of higher dimensional PCs based on photonic band-gap and band edge.

a. Localized modes or defect modes of 2D PC slab

As definition, 2D PC is periodic in two directions and homogeneous in the third.

The band-gaps, the range of frequencies in which contains no guided modes, may appear in the plane of periodicity. As a result, incident light entering into this gap will be reflected. Unlike 1D PC, 2D PC can prevent light from propagating in any direction within the plane. Moreover, 2D PC provides the 3D confinements of light thanks to specific design. It is possible to create allowed bands within the photonic bandgaps by introducing point defects or line defects in the lattice of photonic crystals. Light thus will be strongly confined within the defects for frequencies regardless of k-vector in the bandgap of the surrounding photonic crystals since the DOS is altered significantly (Figure 1.4).

Therefore these modes are named localized modes or defect modes. PBG studies are motivated by their novel potential applications in optoelectronics devices. First, the enhanced efficiency of light-matter interaction in high Q-nanocavity of PC is used to improve the performance of various optical devices, such as lasers, optical switches, modulators, memories and single photon emitters 14,15 . Second, a strong light confinement with low losses makes PC suitable for high density of photonic integration [START_REF] Topolancik | Experimental observation of strong photon localization in disordered photonic crystal waveguides[END_REF] .

Third, PC containing high Q-nanocavities can modify the dwell time and transit time which enables slow light and adiabatic tuning of light provides unprecedented functionalities in photonics [START_REF] Topolancik | Random high-Q cavities in disordered photonic crystal waveguides[END_REF] , [START_REF] Anderson | Absence of diffusion in certain random lattices[END_REF] .

b. Slow light modes (SBM)

In order to investigate this kind of modes, let us consider the photonic band diagram of honeycomb [START_REF] Gerard | Strong Purcell effect for InAs quantum boxes in three-dimensional solid-state microcavities[END_REF] 

Upper insets indicate the electromagnetic field (H z component) corresponding to three slow modes M-H-D.

In theory the frequency dispersion could be described as the second order of kvector function using parabolic approximation:

k dk d v k k k k v k G G 2 2 0 2 0 0 0 , (1) ) ( 2 ) ( ∂ ∂ =       = - + - + = ω α ω α ω ω
For extreme dispersion, e.g at Γ-point of this diagram where v g =0 at k=k 0 , the guided modes become the stationary modes that propagate in the plane of PC. Thus the Eq.1 can be reduced into:
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The typical value of α is in the order of 10 -5 (m².s -1 ). This parameter strongly impacts on the optical properties of given PC. Indeed, as shown in Eq.3 and Eq.4, the density of state and Purcell factor are inversely proportional to the value of α. The Purcell factor is defined as the ratio of DOS of the membrane and the DOS of the vacuum: it measures the enhancement of spontaneous emission rates of emitters placed in this medium. The flatter the extreme, the smaller the band curvature and therefore the stronger optical confinement is provided by the 2D PC, resulting in an increased Purcell factor. The honeycomb structure is known to present a flat band curvature. Moreover, as shown in Eq.5, the surface mode S M which is defined by the area over which mode can extend and keep coherency during its lifetime τ M is linearly proportional to the α-value. The lifetime is linked to the coupling time τ c between the SBM and radiating modes and τ loss , which is related to other losses of unavoidable imperfection of structure fabrication. In the case of an active structure, like a micro-laser, the mode expansion can also be governed by other mechanisms involving carrier-induced refractive-index change 20 . Thus estimation of surface mode could reveal information above the mode confinement with slow light 15,[START_REF] Topolancik | Experimental observation of strong photon localization in disordered photonic crystal waveguides[END_REF] .

The research works on slow light are motivated by the fact that it is expected to enhance the various light-matter interactions. These enhancements might relate to (1) the interaction time, which will become longer as the group velocity v g becomes smaller and

(2) the spatial length of an optical pulse will be compressed in proportion to v g leading to enhancement of the field intensity per unit input power 13,21 . Generally, light-matter interaction is very weak, which is a fundamental obstacle for photonics applications, particularly as regards photonic information processing. Thus, slow light has the potential to solve this efficiency problem. Furthermore, slow light can be used to realize an alloptical buffer memory, a very important component for construction of various all-optical processing devices such as photonic routers 22 . Slow light is another candidate for alloptical memories, in which information packets with bit streams are delayed to hold the information. If we can reduce the speed of light, the same amount of delay can be achieved with much smaller devices that could be integrated in a single chip. Another advantage of slow light, as stated above is related to its compactness 23 . The size of photonic circuits and components can be significantly reduced if slow light media are employed, which is advantageous for photonic integration. However, slow light structures also leave researchers several major limitations that need further studies, such as dispersion and loss. The dispersion limit the available bandwidth, that is, the information content can be slowed down or stored, whereas loss limits the storage time and interaction efficiency. Although many challenges remain, especially in optical storage, the slow-light enhancement of linear and nonlinear functions appears to be maturing rapidly and should bear fruit in the short term. 

Introduction

Basically, the electromagnetic field present at the surface of an object can be described in two terms: propagating light and evanescent light. The former concerns the components that can propagate away from surface at a minimum distance comparable to the light wavelength, in a zone labeled far-field. The latter are confined to the surface within a distance that can be well under the wavelength, in a zone labeled near-field 24 .

Propagating light can be detected in the far-field by using conventional far-field microscopes; it gives precious information about the spectral properties of the object, about its radiation pattern or the distribution of light at the object surface as far as low spatial frequencies are concerned. In fact, as illustrated in Figure 1.6, due to diffraction, the simple propagation phenomenon acts as a low-filter for the spatial frequency of the considered object. This is a wave-phenomenon which is not restricted to optical wave. When an optical system is used to image the object, the cut-off frequency of the filter can be formulated by the Abbe-Rayleigh's criterion 25 To illustrate this phenomenon, the evolution of the field intensity as a function of the distance has been computed in Figure 1.7 for a typical nanophotonic device: a photonic cystal based micro-laser. The microlaser consists of a linear microcavity created in a 2Dtriangular photonic crystal. In this cavity, the fundamental mode presents a lasing effect and has been extensively studied. Basically, this mode is confined into the cavity and the field at the cavity surface is merely evanescent. Theoretically, the intensity can be 

NSOM principle

NSOM operating principle relies on a fundamental idea proposed in 1928 by

Synge, an Irish scientist. In order to extend the optical resolution into the nanometer regime, he proposed to use a very small light source emerging from a 100 nm diameter pinhole in a thin, opaque metal film with a strong excitation light [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF] . He proposed to uses this tiny spot of light to illuminate subwavelength-separated particles and made the hypothesis that a nanoscale resolution could be reached if the spot is placed in the nearfield of the sample (no more than the aperture diameter, or 100nm).

The first experiment was successfully conducted by Ash et al. in 1972 in the microwave regime where they demonstrated a resolution of λ/60 with a scanning nearfield microwave microscope [START_REF] Kosako | Directional control of light by a nano-optical Yagi-Uda antenna[END_REF] . In 1984, two research groups achieved independently measurement by near-field scanning optical microscopy in visible light regime [START_REF] Curto | Unidirectional emission of a quantum dot coupled to a nanoantenna[END_REF][START_REF] Novotny | Principle of nano-optics[END_REF] . NSOM concepts development continued and finally different image acquisition/light detection techniques were developed such as illumination mode 30,31, 32 ,33 , collection mode [START_REF] Greffet | Impedance of a nanoantenna and a single quantum emitter[END_REF] and scattering mode for apertureless NSOM [START_REF] Farahani | Single quantum dot coupled to a scanning optical antenna : A tunable superemitter[END_REF][START_REF] Grober | Optical antenna: Towards a unity efficiency nearfield optical probe[END_REF][START_REF] Wang | Nanolithography using high transmission nanoscale bowtie apertures[END_REF] as shown in Figure 1.8.

In typical NSOM systems, optical signal is recorded point by point by the very sharp probe that scatters evanescent light which can turn into propagating light detectable by a sensitive photo detector. The NSOM images are constructed by a computer during the scan. Meanwhile, in order to maintain sub-diffraction spatial resolution, the distance between the tapered NSOM tip and surface must be kept as low as few tenth of wavelength and regulate using force microscopy, as shear-force or atomic force microscopy 38 . Shear force is particularly used in NSOM because it is a short range damping force exerted on a laterally vibrating tapered NSOM tip 39 . The vibration amplitude of the tip is damped due to the shear force interaction between tip and the sample surface. This damping depends of the distance from the tip to surface, which is regulated by a closed feedback loop to remain constant around 10nm. Various techniques such as optical detection schemes 40,41 and the piezoelectric tuning fork schemes [START_REF] Karrai | Piezoelectric tip-sample distance control for near field optical microscopes[END_REF][START_REF] Ruiter | Dynamic behavior of tuning fork shear-force feedback[END_REF] have been proposed for shear-force detection. However, mechanical detection, based on tuning fork quartz, is often preferred over optical detection scheme, since it presents several advantages: it does not need additional optical system, it is easy to implement, cheap and sensitive.

There are six common NSOM configurations (in Figure 1 opened at the apex of a metallized probe is used to illuminate or collect light in the nearfield of the sample. Conversely, apertureless-NSOM uses generally a non-transparent tip, as an AFM cantilever or STM tip which scatters the near-field signal in the far-field.

However, scattered light directing to the photodetector includes scattering from probe apex, surface roughness and surface features. In order to suppress the contribution of probe apex, surface roughness scattering the lock-in technique could be utilized. Note that the use of a transparent probe, as a dielectric tapered optical fiber tip can be considered as an apertureless probe: no aperture is defined and the tip scatters the near-field signal in the far-field with the practical interest that the signal is partly guided by the fiber to the detector.

A NSOM configuration can be modified to be adapted to a specific experiment purpose. In our case, we use a NSOM configuration designed to work in transmission and collection mode with transparent samples. This NSOM set-up is able operate either with apertureless tapered fiber probe or nano-aperture probe milled at the apex of metallized polymer probe. The NSOM in transmission/collection mode is advantageous in experiments that need to control precisely the position and the size of pumping excitation spot with respect to the structures on sample. Furthermore, this apertureless NSOM has demonstrated to be efficient to characterize Bloch modes emitting under the light cone, and for which the field at the sample surface is essentially evanescent [START_REF] Gac | Tuning of an active photonic crystal cavity by an hybrid silica/silicon near-field probe[END_REF] . Inversely, NSOM with circular aperture or bowtie nano-aperture is designed to investigate the slow Bloch modes above line cone (e.g. Γ-point) which have a strong vertical emission. The details of this NSOM set-up are described in chapter 2.

Apertureless NSOM

In apertureless NSOM, the probe acts as a scatterer of evanescent field and converts it into propagating field. This kind of NSOM probe can be very sharp (as small as AFM tip), and provides a better spatial resolution than aperture one, reportedly up to 10nm 46 . Apertureless probes can be made either of dielectric or metallic material depending on their applications. For surface plasmon resonance-supported nanostructures, a metallic probe is preferred since its strong coupling with surface plasmon enhances the scattered light [START_REF] Kneipp | Single molecule detection using surface-enhanced Raman scattering (SERS)[END_REF] . However, dielectric probe are more efficient in certain cases as it presents some advantages 48 :

(1) Low fluorescence quenching,

(2) Low nonlinear coefficient for second-harmonic imaging,

(3) Higher wear resistance, (4) Strong field enhancement by phonon polariton resonance in polar dielectrics, (5) No corrosive decomposition, (6) Simple and reproducible fabrication.

The spatial resolution of apertureless NSOM is determined by the tip radius, which scatters the near-field of high spatial frequency at the tip apex [START_REF] Kim | Recent progress of nano-technology with NSOM[END_REF] . However, the optical signal collected by apertureless NSOM sharp tip includes both the signal scattered from the background surface and that of the tip apex. The elimination of the background signal dominating over the signal from the sample-probe system becomes more challenging with a sharper tip. Normally lock-in amplifier could efficiently eliminate the background signal although the stray signals still exist after lock-in technique.

In case of strong vertical radiation from surfaces, for instance slow band-edge modes above light line at high symmetric points in photonic crystal, the light that couples into the optical fiber comes partly from the evanescent field but also from the propagating light through the flank of the bare tapered probe. If the light coming from the radiated light is dominant and unavoidable, the collected optical signal to photodetector will contain a large part of radiated field with respect to the evanescent field. This significantly reduces the spatial resolution in NSOM optical image. The dielectric probe is more adapted when the field at the sample surface is purely evanescent.

Aperture NSOM

Aperture NSOM can transmit information about the near-field signal through the evanescent coupling between the light presents in the near-field of the sample and the evanescent tail of the guided mode of the tapered fiber. Generally, the higher spatial resolution is obtained with the smallest aperture thanks to the stronger localized evanescent field at the nano-aperture. However, according to diffraction theory [START_REF] Bethe | Theory of diffraction by small holes[END_REF][START_REF] Bouwkamp | Diffraction theory[END_REF] , light passes through small hole punched on perfectly conducting sheet with transmission efficiency proportional to the forth power of hole diameter a, or (a/λ) 4 . Thus, the improvement of spatial resolution by reducing the aperture size has to be trade-off with low optical intensity in NSOM images.

In our NSOM setup, the aperture probe is specially designed not only to efficiently filter out low spatial frequency of radiation field (circular nano-aperture), but also to enhance the coupling efficiency of the evanescent field (bow-tie nano-aperture antenna or BNA probe). Theoretically, bowtie nano-aperture probes can act as novel nano-collectors and nano-polarizers to near-field mode due to their properties of field enhancement and polarization sensitivity [START_REF] Guo | Optical resonances of bowtie slot antennas and their geometry and material dependence[END_REF][START_REF] Ibrahim | Bowtieshaped nanoaperture: a modal study[END_REF][START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] . The enhanced and confined field in the gap zone of BNAprobe as indicated in Figure 1.9 plays a key factor to improving the spatial resolution of resulting NSOM image. Moreover, in comparison to the other shapes of aperture, such as square or rectangular one, bowtie nano-aperture provides the much higher transmission [START_REF] Ghaemi | Surface plasmons enhance optical transmission through subwavelength holes[END_REF][START_REF] Jin | Plasmonic effects in near-filed optical transmission enhancement through a single bowtie-shaped aperture[END_REF] as shown in Figure 1.10. This novel property is very important to overcome the low throughput associated with conventional apertures. The absence of optical antennas in technological applications is primarily associated with diffraction limit in nanoscale and their small dimension. Antennas have characteristic dimensions of the order of a wavelength of light, demanding fabrication accuracies better than 10 nm. The advent of nanoscience and nanotechnology provides access to this length scale with the use of novel top-down nanofabrication tools (e.g.

focused ion beam milling and electron-beam lithography) and bottom-up self-assembly schemes. The fabrication of optical antenna structures is an emerging opportunity for novel optoelectronic devices.

While radio antennas were developed as solutions to a communication problem, the invention of optical antennas was motivated by microscopy. In analogy to its radiowave and microwave counterparts, we define the optical antenna as a device designed to efficiently convert free-propagating optical radiation to localized energy, and vice versa.

In the context of microscopy, an optical antenna effectively replaces a conventional focusing lens or objective, concentrating external laser radiation to dimensions smaller than the diffraction limit.

The introduction of the antenna concept into the optical frequency regime will provide access to new technological applications. Optical antennas will likely be employed to enhance absorption cross sections and quantum yields in photovoltaic, to release energy efficiently from nanoscale light-emitting devices, to boost the efficiency of photochemical or photophysical detectors, and to increase spatial resolution in optical microscopy.

Fundamentals of antennas

Optical antennas are strongly analogous to their RF and microwave counterparts, but there are crucial differences in their physical properties and scaling behavior. Most of these differences arise because metals are not perfect conductors at optical frequencies, but are instead strongly correlated plasmas described as a free electron gas. Optical antennas are also not typically driven with galvanic transmission lines -localized oscillators are instead brought close to the feed point of the antennas, and electronic oscillations are driven capacitively [START_REF] Pohl | Near-field optics seen as an antenna problem[END_REF] . Moreover, optical antennas can take various unusual forms (tips, nanoparticles, etc.) and their properties may be strongly shape and material dependent owing to surface plasmon resonances. 

.) interacts with free optical radiation via an optical antenna 58

The general problem statement of optical antenna theory is illustrated in Figure 1.11. A receiver or transmitter interacts with free optical radiation via an optical antenna.

The receiver or transmitter is ideally an elemental quantum absorber or emitter, such as an atom, ion, molecule, quantum dot, or defect center in a solid. The antenna enhances the interaction between the emitter or absorber and the radiation field. It therefore provides the prospect of controlling the light-matter interaction on the level of a single quantum system. The presence of the antenna might modify the properties of the receiver/transmitter, such as its transition rates and, in the case of a strong interaction, even the energy-level structure. Likewise, the antenna properties depend on those of the receiver-transmitter, and it becomes evident that the two must be regarded as a coupled system.

The antennas performance is normally characterized by the following parameters [START_REF] Stutzman | Antenna theory and design[END_REF] : radiation pattern, directivity, gain, polarization and impedance. Below is briefly described the above parameters in theory. For more details, referred to the Hongcang Guo's PhD dissertation 60

a. Angular pattern (P)

Radiation pattern of antenna describes the angular dependence of radiation field as antenna acts as transmitter. Consider a model of an ideal dipole in which the current amplitude I of an ideal dipole is uniform along the element length ∆z as shown in Figure 1.12-a. Figure 1.12-b/c present the normalized field radiation pattern from such dipole in xy-plane. In general, the total field power generated by antenna could be separated into two quantities: a near-field power and radiated power upon the observation distance r (distance from antenna to the detector). The general field expressions and inferred quantities could be estimated by solving the Maxwell equations. The radiation pattern of an ideal dipole. (c) E-plane radiation pattern polar plot of E θ Radiated power: in case of the large distance (r>>λ), the power could transmit to the far distance, since it is named radiated power. More specifically, the electric and magnetic field components of radiation are described by the Eq.( 6):

where β=ω√(µε)=2π/λ. Using the Poynting vector definition, the power flux density S surrounding ideal dipole at sphere radius of r is:

This vector has a real magnitude and radical direction which obtains maximum value at θ=±90 0 and is proportional to r -2 . Thus the total power radiated from this ideal dipole is:

Since this quantity is real, it might travel way from the source to far-field and indicates the dissipated power. Correspondingly, the electric and magnetic components of Eq.( 6) are also named the radiated field.

Near-field power (r<<λ): the corresponding near fields now become:

where η=√(µ/ε) is the intrinsic impedance. In Eq. ( 9), magnetic H' is a function of r -2 and equivalent to the induction field of slowly oscillating current. Electric field E' is a function of r -3 and equivalent to the field of an electrostatic or quasi-static dipole with opposite charges of +q and -q separated in distance of ∆z.

(9) (8) (7) 
(6)

The Poynting vector is calculated as:

Unlike the radiated power density, this near-field quantity has an imaginary magnitude which is corresponding to the standing wave located very near the dipole and decay as a function of r 5 . Similar to the radiated power, this near-field power density gets maximum value at the θ=±90 0 . The interface to distinguish between near-and far-field distance is determined at r 0 =λ/2π in which their power densities are equal. In the region inside sphere of radius r 0 the reactive field dominates over the radiative fields. Inversely, outside this sphere the radiative field dominates.

b. Directivity (D)

Directivity D is a measure of an antenna's ability to concentrate radiated power into a certain direction. It corresponds to the angular power density relative to a hypothetical isotropic radiator. Normally it is defined as:

( ) ( )

av P P D φ θ φ θ , , = (11) 
where P(θ, ϕ) is the angular radiated power per unit solid angle, and P av is an equivalent power that would be obtained with an isotropic source. By directing the radiated power in a specific direction, the radiation intensity of antenna in that direction can be increased with the factor of D in comparison with the power in case of isotropic radiator.

c. Gain (G)

The gain G of an antenna measures the efficiency of transforming a potential power at the input terminals to the radiated power in the selective direction. It follows a definition similar to that of the directivity, but instead of normalizing with the average radiated power, the gain is defined relative to the total power P total (including the radiated power P f and power dissipated into heat and other channels P loss ): (10) where ε r being the antenna radiation efficiency that indicates the losses of the input power of antenna. Both D and G are usually measured in decibels.

r D G ε = , loss f f r P P P + = ε (12)

d. Impedance

The impedance of antenna presents the power dissipations. As definition, it is composed of real and imaginary parts: Z=R+iX while the real part R, input resistance, indicates the radiation losses R r and ohmic losses R Ohmic , the imaginary part X, input reactance, presents the power stored in near-field. At the resonance, the reactance X can be neglected. Based on the energy conservation law, it could be inferred: 

R=R r +R Ohmic

Optical properties of bowtie nano-aperture antenna (BNA).

The most interesting properties of optical antenna are their ability of field confinement and enhancement. In contrast to simple wire types of antennas, BNA has the advantage of robustness, greater control of the radiation pattern [START_REF] Stutzman | Antenna theory and design[END_REF] . Bowtie slot antennas are promising designs to obtain a particularly strong field enhancement due to their sharp edge design [START_REF] Schuck | Improving the mismatch between light and nanoscale objects with gold bowtie nanoantennas[END_REF] . Recently, it was demonstrated that the coupling of BNA to the tapered optical fiber with specific design can cancel the background effect while keeping the high nanoantenna addressing efficiency [START_REF] Ibrahim | Bowtieshaped nanoaperture: a modal study[END_REF][START_REF] Grosjean | Diabolo nanoantenna for enhancing and confining the magnetic optical field[END_REF] . It has been proved that the BNA shows the strong confinement of field as compared to the other aperture-shaped antennas [START_REF] Jin | Plasmonic effects in near-filed optical transmission enhancement through a single bowtie-shaped aperture[END_REF] . (13) The following parts are dedicated to the description of the BNA and their optical properties. These summarize the essential results found in Hongcang's PhD dissertation [START_REF] Guo | Fabrication and Optical Characterization of Metamaterials and Nano-Antennas[END_REF] and by Dr. Thierry Grosjean at FEMTO. [START_REF] Ibrahim | Bowtieshaped nanoaperture: a modal study[END_REF][START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] a. BNA description Resonant spectrum of a single BNA is known as the complex function of substrate material and geometries [START_REF] Stutzman | Antenna theory and design[END_REF] (aperture perimeter, flare angle, film thickness and gap size...).

The general model of BNA opened at the apex of NSOM probe and its geometries are illustrated in Figure 1.13. Its geometries are defined by l (length), w (width), θ (flare angle), g (gap size) and h (metal thickness). Impacts of metal material on the optical properties of BNA must also be taken into account.

In our case, BNA was designed to support the resonant wavelength around 1.55µm [START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] . For that purpose, BNA was opened at the apex of a metallized polymer tip which was coated by 100nm thickness of aluminum. Aluminum material was used owning to the high conductivity at the infra-red region leading to high antenna effect and the smallest skin depth in visible region to prevent optical losses through the tapered region of fiber. The refractive index of 1.52 and opening angle 15° of such tip is considered. The 500 nm-radius of rounded curvature of tip assures the propagation of all guided modes reaching to the tip end where BNA is located. Geometries of BNA [START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] are defined by a 310 nm-lateral size with 45 nm-square gap width and 45°-flare angles in Figure 1 

b. Resonance depends on geometries

As above-mentioned, the geometries of BNA are defined by a set of parameters, such as perimeter p, gap size g, flare angle θ... Generally, physical properties of single optical antenna are strongly impacted by all their geometries since they relate to the oscillation nature of conduction electrons. Below are summarized some essential results [START_REF] Guo | Fabrication and Optical Characterization of Metamaterials and Nano-Antennas[END_REF] about the geometric parameters that strongly impact on spectrum of bowtie antenna.

b1. Resonance v.s Perimeter

In ref [60], the optical resonance of BNA as a function of perimeter (p) is investigated numerically using the similar model as sketched in Figure 1.13 but BNA is designed on gold film instead of aluminum film. Value of p is determined as relation:

p=2[l+√2w-(√2-1)g] ( 14 
)
The impact of p on resonant spectrum of BNA is investigated by varying the outline dimensions l or w (l=w). The other geometries, like gap (g=40nm), flare angle (θ=45°) and film thickness (h=30nm) are fixed. The detail could be found in ref [60].

b2. Resonance v.s gap size

The gap size is one of the most important parameters as it is attributed to the confinement and enhancement effects of BNA and in turn, these effects lead to determine the spatial resolution of near-field detection and the optical power throughput [START_REF] Wang | High transmission nanoscale bowtie-shaped aperture probe for near-field optical imaging[END_REF] . In principle, the polarized charges accumulated around the gap zone are driven by Coulomb force between two opposite charges distributed at the edge of gap zone and restoring force along the oscillation path length [START_REF] Guo | Fabrication and Optical Characterization of Metamaterials and Nano-Antennas[END_REF] . Increasing the gap size leads to reduction of Coulomb force but improvement of restoring one, thus results in the blue-shift of the resonance wavelength of the antenna. Note that this effect could also be explained based on the relation between perimeter and resonant spectrum as stated in section b.1. As depicted in Eq. ( 14), the increase of gap size (g) while keeping the other geometric parameters of BNA unchanged results in the alternation of perimeter (smaller), and also exhibits the blue-shift of resonant wavelength. By changing the gap size from 30nm to 60nm in steps of 10nm, the spectrum exhibits the blue-shift of wavelength. This result is consistent with the previous predictions. [60]. The increase of gap size results in the blue-shift of resonant wavelength attributed to improvement of the restoring forces.

Figure 1.16: Simulated transmission spectra of antenna as a function of gap size on gold film reported in ref

The other geometries, such as thickness, flare angle, material... which also have important influences on the resonances of antenna were investigated more details in references [52,53,60].

c. Field confinement and enhancement of BNA

Field enhancement and confinement are the natural phenomenon in antenna.

Bowtie antennas have abilities to concentrate electromagnetic energy into a tight space of gap zone thereby generating a zone of high energy density. Theoretically, the enhanced and confined field of BNA is attributed to the oscillating electric dipole as charges accumulate [START_REF] Ibrahim | Bowtieshaped nanoaperture: a modal study[END_REF][START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF][START_REF] Guo | Fabrication and Optical Characterization of Metamaterials and Nano-Antennas[END_REF][START_REF] Grober | Optical antenna: Towards a unity efficiency nearfield optical probe[END_REF][START_REF] Alù | Hertzian plasmonic nanodimer as an efficient optical nanoantenna[END_REF] . In specifically designed BNA, for instance, single BNA opened on Al-coating probe as present in Figure 1.13, it is demonstrated in simulation that vertical guided mode inside the structure rather than a localized plasmon resonance, is responsible for the light confinement ability [START_REF] Ibrahim | Bowtieshaped nanoaperture: a modal study[END_REF] . In fact, Fabry-Perot phase-matching condition governs the transmission of light through aperture, analogously to the case of the enhanced optical transmission obtained through annular aperture arrays 68 . While the confined field is responsible for the spatial resolution of NSOM optical images, the enhanced field results in the coupling enhancement of near-to-free space radiation. As indicated in Eq. (9-10), the optical fields and power density of radio antenna in near-field are proportional to the length ∆z and a larger inverse power of distance r from the radiation zone respectively. 

(c). The electric field intensity excited along y-axis (E y ) shows no intensity

enhancement at BNA gap [START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] .

In order to obtain the radiation patterns of BNA-tip versus each polarization component of excitation beam (E x and E y ), a detector is placed at 10nm away BNA-tip surface. This distance is corresponding to the working distance of NSOM-based BNA in shear-force mode. 

d. Polarization

High asymmetric shape of BNA results in the charge accumulation in the gap zone with presence of external field and responsible for the high polarization sensitivity of BNA. M.Mivelle et al. studied the normalized coupling power (P/P 0 ) of dipoles (Figure 1.20) measured in the fiber at distance of 4.6µm away from antenna [START_REF] Mivelle | Bowtie nano-aperture as interface between near-fields and a single-mode fiber[END_REF] . With this approach, BNA is excited by single pulsed dipoles placed 10nm outside the fiber (collection mode) and polarized in three directions Ox, Oy and Oz respectively. With electric field excitation, the enhancement factor through BNA in case of Ox-polarization reaches 76 times in comparison with power obtained in vacuum. We define the polarization ratio as ratio of coupling powers through BNA between Ox and Oy excitation direction at resonant wavelength. As calculated from Figure 1.20-a, this ratio reaches 170 times. Note that the curve of Oy-polarization in Figure 1.20-a is multiplied by factor of 10 3 for comparison.

The enhanced power is neglected for Oz-polarization. In case of using a non-local Further investigations of polarization ration versus BNA gap size provide the facts that both polarization sensitivity and resolution of BNA are strongly improved up to the value of 3x10 4 times by the gap size of 5nm with dipole excitation. Therefore, BNA-probe might be used as an electric nanopolarizer to probing the near-field sources with high spatial resolution.

Conclusion
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Chapter 2: Experimental set-up description

This chapter is devoted to describe the main experimental setups that are employed to perform our experiments from NSOM, near-field probe, farfield measurements to micro-fabrication facilities.

The FDTD simulation principle is also included.

NSOM set-up

Conventional optical far-field techniques, such as micro-photoluminescence give valuable information on the radiating part of the optical field but do not provide the spatial resolution, required to compare for instance computed map to the measured light distribution. Moreover, in the far field, confined or guided light can be detected only indirectly through out-of-plane losses. Near-field optical microscopy, on the other hand, allows one to probe the evanescent tail of guided modes with spatial resolution below the diffraction limit (λ/2). In order to characterize optical properties of photonic nanostructures operating at 1.55µm, near-field scanning optical microscopy (NSOM) has proved to be an invaluable tool.

In the context of these work, which deals essentially with the characterization of 2D active photonic crystal based devices, a NSOM set up in collection mode has been developed. Among its specifications, it had to work in transmission, enable the direct access to sample surface and permit a perfect control of the excitation spot size and position with respect to the structure. Our NSOM configuration is built to meet he abovementioned criteria in the scope of the NanoEC program.

Description

A NSOM in transmission was selected since it enables to resolve some drawbacks of a former set-up 1,2 which was working in reflection mode (see Figure 2.1-b). As a matter of fact, in the reflection configuration, the sample is illuminated in oblique incidence.

First, this produces elliptic excitation spot and second, it can be partially shadowed by the tip during the scan. Furthermore, the exact location of the spot on the structure was difficult to estimate. In transmission configuration, all these problems are solved as the excitation is focused on the sample in normal incidence, producing a symmetric and circular spot. The control of the size and the location of the excitation spot is easily performed thanks to the spot visualization through the inverted microscope. However, NSOM in transmission mode is restricted to transparent samples (e.g. sample based on silica substrate) due to backside illumination condition. 4), field diagram ( 5), reflector cube (6), switching beam path between base port/front port/vis observation (7), base port (8), light outputs: front port ( 9), eye piece (10), objectives 10x-40x-63x (11), CCD camera for sample observation at side port (not showed here) and sample holder with translational stage (12). For future development, in addition to visible and infra-red camera, the outputs could be connected to spectrum analyzer or monochromator to analyze in real time the emission light from sample. 

Excitation source

The pumping is performed with a 50 mW laser diode with a centre wavelength of 780 nm (Figure 2). To avoid overheating the structure, which can prevent lasing effect and lead to destruction of the structure, the diode is pulsed (10% of duty cycle). To ameliorate the signal to noise ratio, the laser diode is also modulated at low frequency (2kHz) to allow a lock-in detection of the signal. The signal of the laser diode is coupled into a monomode fiber (9µm core diameter) through Thorlab's coupler (objective 20X). The laser beam is then collimated and is directed into the optical system of the microscope after passing a dichroic mirror. The white light emitted by an halogen bulb (HAL100) is sent as well into the microscope. The incident power on the structure has to remain high enough to excite properly the structure. In particular, for microlaser study, it has to exceed the pumping lasing threshold. In our case, the pumping power has to be at least of the order of the milliwatt.

Consequently, the optimization of the pumping power along the optical path of the excitation is crucial.

At the backside surface of the sample, the pumping power I pumping can be estimated by the following relation: where: -I pumping is the laser power estimated at the interface of sample.

-I laser is the power measured at the output of the laser diode, mW θ fiber coupling is the coupling efficiency of laser to the optical fiber (in fact it is the ratio between output and input power of fiber)

θ microsope coupling is the coupling coefficient of laser inside the microscope (it is the ratio between the output and input laser power of the microscope).

θ fiber coupling can be optimized through optical alignment system and has been estimated to be 0.47. θ microscope coupling reflects the intrinsic optical losses of optical system in microscope, and is estimated to be 0.53. Thus for a 5.2mW of initial pumping power, We found that the Bragg reflector significantly influences θ microscope coupling .

I
Selecting carefully the reflector can improve a lot the pumping power on sample. What we expect from this reflector is to have high reflectivity in the visible range and a good transmission in infra-red range. The optical properties of the commercial Bragg reflector was characterized as shown in Figure 2.4-a: the reflectivity is 25% at our working wavelength (λ~780nm), about 15-30% around 1.55µm and reached nearly 100% at 1600 nm. This is actually more suited for excitation wavelength around 810 nm. To meet our criteria, we design a homemade Bragg reflector. It consists of a stack of 9 thin layers of titanium dioxide (n≈2.5, 115nm thickness) alternate with silica (n≈1.5, 148nm thickness).

It is deposited on a glass substrate by microwave PECVD (Plasma-enhanced chemical vapor deposition). 

Figure 2.4: Reflection properties of Bragg reflectors measuring at incident angle of 45°. a): Reflectivity of a commercial Bragg mirror is weak at 780nm (25%) and high in infrared region (nearly 100% at wavelength 1600-1850nm). b) A homemade 9-layer Bragg reflector provides a high reflectivity in visible (75%) and weak in infra-red region (11%).

The pumping spot on the sample is observed thanks to the CCD camera system assembled at side output. Its position can be set with the translational stage of the a) microscope. The CCD camera allows a good control of its alignment with respect to the structure. The sample itself is placed on a holder attached to this translational stage.

The size of excitation spot can be estimated with the CCD camera imaging abilities. Figure 2.5 shows an excitation spot on a defect-free honeycomb lattice photonic crystal. The rectangular PC (40x40µm²) is illuminated both by halogen bulb (HAL100).

The diameter of excitation spot can be directly estimated from image (Figure 2 b.

NSOM scanning system

The heart of system, NSOM head (Figure 2.6, NT-MDT) was placed above the sample on a homemade disk which has its own manual translation stage to position the NSOM tip with respect to nanophotonic structure. 

Shear-force regulation

The distance between the optical near-field probe and the structure surface is kept constant, typically around 5-10 nm by shear-force regulation based on a quartz tuning fork sensor 1,2 . The fiber tip-quartz system vibrates parallel to the surface at the quartz resonance frequency, about 32-36 kHz, with quality factor Q=500-1000. Further piezoeffect is applied: in the presence of mechanical quartz oscillations, the electrical outputs of quartz have voltage response which is used as information signal about amplitude of fiber oscillation. The raster movement of the quartz-fiber tip over surface is controlled by the piezoelectric scanner equipped in NSOM head. Electronics systems simultaneously evaluate the probe position, incorporating data obtained from the feedback system, and control the scanning of the tip and the separation of the tip and sample surface. The information generated as a result of sensing the interaction between the probe and sample is collected and recorded by the computer point-by-point during the raster movement. This enables the measurement of the sample topography. In addition to the optical information (cartography), NSOM can generate topographical image or force data from the sample in the same manner as the atomic force microscope (AFM). These two separate data sets can then be compared to determine the correlation between the physical structures and the optical contrast.

Figure 2.6: NT-MDT NSOM head placed on stand of optical microscope

The calibration of piezo-electronics system can be found in Annex A

Collection of the optical signal

The optical signal in near-field is collected with an optical probe. These probes can be a tapered bare optical fiber, or a tapered metal-coated optical fiber or another optical probe as described in section 2.1.2. The interaction between the near-field signal and the probe (that has been brought very close to the surface) converts the evanescent fields into propagating fields which are guided into a monomode optical fiber towards the detection system.

c.

Optical detection system

The optical signal transmitted by the monomode fiber was directed into a diffraction grating monochromator (Jobin Yvon micro-HR, Figure 2.7) with micro-slits that allows to analyze spectra with spectral resolution up to 0.6nm. A longpass filter with cutoff frequency at 1100 nm is used at the entrance of the monochromator to filter out the excitation laser and ambience light. The monochromator is equipped with an InGaAs thermoelectrically cooled detector. A lock-in detection allows to improve the signal to noise ratio. The modulation frequency is limited by the detector response time. This has an impact on the scanning frequency of the tip and a trade-off has to be done between the detector sensitivity and the scanning speed. 2kHz is a good compromise 2 as it allows a scanning rate of 0.2Hz with a detector sensitivity of 36%. For calibration procedure of monochromator, see Annex B.

Near-field probes

In near-field optical microscope the spatial resolution of the distributed evanescent field depends at first order on the probe diameter. Therefore the probe has to be small enough, comparable to the size of objects at least, for resolving the nanometric-scale structure of sample. Several properties of such probes are looked forward, for instance for aperture tip, a high brightness, a well-defined circular aperture and a high optical damage threshold 3,4 . To meet these specifications, the fabrication of the probe is a very important.

In our experiments, three types of probe have been used: homemade dielectric probe (or silica probe), commercial metallized probe (Al-coating) and bowtie aperture nano-antenna probe (BNA-probe) which has been developed in the framework of the NanoEC program.

a. Silica probes

Generally these kinds of probe are made of optical silica fibers. Some methods have been developed to obtain the good taped probe. One of the most popular approaches is chemical etching (Tuner's method) using hydrofluoric acid HF 5 , 6 . Our selected fabrication process is quite simple to implement, economic and reproducible. The optical glass fiber selected is F-SMF-28 which supports well telecommunication wavelength at 1550nm. SMF-28 is a single mode fiber with diameter of core/cladding/coating of 9/125/250µm respectively. First, the outer protective polymer layer of a single mode fiber is stripped out, cleaved and dipped into HF (40%) solution at 30 0 C during 45 minutes in a Teflon vessel. An organic overlayer (iso-octane) was put on the surface of the solution to protect the fiber mounts from the corrosive HF vapor. Up to eight probes could be fabricated in each batch of fabrication. The mechanism of tapered silica probe formation is due to decreasing meniscus height between hydrofluoric acid and organic over-layer as the fiber diameter is reduced by the etchant 6 . Variation of organic solvent influences the resulting tip geometry. Although Tuner's method provides higher optical throughput due to larger conical angles (typically 30°), small diameter (around 200nm) it leaves several critical problems due to the sensitivity of the tip shape to environmental impacts such as vibrations, temperature drift during etching process, resulting considerable roughness.

This roughness and asymmetry of tapered tip are generally responsible for pinholes in the subsequent aluminum coating and ill-defined optical apertures respectively 7 .

In order to improve the probe quality, we attempt to use tube etching method which was proposed elsewhere 8 . According to these reports, instead of stripping out the protective polymer layer of silica fiber before etching as Tuner's method, it is cleaved and flattened. Finally the prepared silica fiber end is dipped into the appropriate solution.

Consequently, the whole etching process performed inside a hollow cylinder formed by the fiber's protective polymer coating that withstands degradation by HF.

The solution is mentioned as a mixture of NH 4 F, HF and H 2 O with strict ratio in volume, here is 5:1:1. For instance, to obtain 35ml of solution, an amount of 25ml NH 4 F, 5ml HF 40% (Fluka) and 5ml distillated water is needed and could be used to etch a batch of eight cleaved optical fibers. An organic overlayer iso-octane is used to protect the fiber mounts from the corrosive HF vapor and has no influence on the tip formation process itself. The etching temperature of 30±0.1°C was controlled by a thermostat. The etching process takes place for 15 hours under given conditions. After etching, since chemical salt (NH 4 ) 2 SiF 6 is attached to the tip end, it should be rinsed by NaOH solution and then by distillated water for 5 minutes.

With respect to Tuner's method, tips fabricated by tube etching have much larger conical angle (44.30 vs. 28.80) and shorter tip length (120µm vs. 205µm) as shown in 

b. Metal-coated probe

The fabrication of commercial Al-coating circular probe is conducted by Lovalite SAS. The principle of manufacturing process is reported elsewhere 9 , 10 , 11 , 12 . Below describes in brief of practical fabrication process of polymer probe and Al-coating polymer probe for infra-red working condition based on single mode optical fiber.

b.1 Polymer probe fabrication process:

The optical glass fiber selected is also a SMF-28 model. The fiber was first cleaved well and deposited a small drop of photosensitive polymer as indicated in Figure 2.9-a.

The laser He-Ne at 532nm was illuminated the drop of polymer and ignite photopolymerization process through the core of fiber (Figure 2.9-b). The chemical reactions occur during 1second with optical power between 0.2µW to 1µW. Finally, the fiber was rinsed in solvent of methanol or isopropanol to remove the soluble polymer of unexposed area and left the resulting probe (Figure 2.9-c). In order to make the polymer probe more solid, the fiber might be put in the thermo device at 90°C during 12h. 

b.2 Al-coating circular polymer probe

The spatial resolution of NSOM optical images is largely governed by the lighttransmitting aperture defined at the probe apex by the metallic coating 13 . As the diameter of an uncoated fiber in the tapered region is reduced beyond the mode-field cutoff of the fiber waveguide, light escapes from the sides of the probe, compromising the characteristics of a well-defined aperture. Thus, a critical parameter in most NSOM probe fabrication procedures is the application of an opaque metal coating to reduce light loss through the tapered region of the fiber, and to confine its emission to the desired aperture.

For the visible region of the electromagnetic spectrum, aluminum has the smallest skin depth and thus, in theory, should allow for the minimum effective coating thickness on the probe sides. Moreover, in the infra-red working region Aluminum material has the high conductivity leading to high antenna effect.

In practice, the performance of deposited aluminum coatings is compromised by the tendency of the metal to form grains, and thicker coatings (would be predicted from the theoretical skin depth) are required to prevent light leakage. To compensate for the leakage resulting from granularity, a coating thickness of 100 nanometers with evaporation velocity less than 5nm/s and 10nm/s is usually applied around the taper region of the probe. In case of polymer probe, to improve the gluing of metal on polymer layer and the rigidity of tapered probe under strong illumination, the 5nm-layer of titanium is first deposited. The Al-coating process is conducted in the vacuum chamber of evaporation device (EVA 450) and fiber is rotated to obtain homogeneous thickness. The resulting metal-coating probe (see Figure 2.10-b) fabricated by this procedure obtained transmission coefficient 14 approximate of 10 -4 -10 -5

c. BNA probe

The fabrication of bow-tie nano-aperture (BNA) was the heart of the NanoEc program. Their conception and their development had been performed by Dr. Thierry

Grosjean 15 in FEMTO-ST at Besançon, in collaboration with Dusan Nedeljkovic of Lovalite. The BNA can be fabricated at the extremity of a metallized polymer probe as above-described. The operation was performed by FIB (Focused ion beam) method [START_REF] Topolancik | Experimental observation of strong photon localization in disordered photonic crystal waveguides[END_REF] . By selecting the optimal working parameters (current beam equal 9pA and dwelltime equal 100s), the BNA was opened on the polymer metal coating probe as indicated in Figure 

Characterization of BNA optical properties.

The far-field measurements of BNA optical properties were performed by Dr.

Thierry Grosjean and co-workers at the FEMTO group. The BNA was excited at the resonant wavelength λ=1.55µm in either emission or collection mode to investigate the electric field enhancement and polarization sensitivity properties. sensitivity (between two orthogonal components) estimated 1:32 with respect to 1:37 in theoretical prediction in case of plane wave excitation.

The BNA in emission mode

The BNA in collection mode

Far-field micro-photoluminescence characterization set-up

Far-field characterization yields spectral information of photoluminescence radiating from sample. This far-field set-up enables quick and global analyses of the optical responses of the fabricated structure. It is normally used as a preliminary study prior to NSOM measurements.

To perform these analyses we use a far-field set-up with spectrometer (Figure The radiation light was then directed to spectrometer through fiber for spectral analysis.

FDTD simulation

The simulation of propagation of light wave in arbitrary geometries can be performed with finite-difference time-domain (FDTD) algorithm. Since the FDTD method is a direct resolution of the Maxwell's curl equations, it therefore includes many effects than other approximation methods. 

Principle

All of macroscopic electromagnetism, including the propagation of light in a photonic crystal is governed by macroscopic Maxwell equations [START_REF] Gerard | Strong Purcell effect for InAs quantum boxes in three-dimensional solid-state microcavities[END_REF] . In the mixed dielectric medium composing a region of homogeneous dielectric material, with no free charges or currents, the set of Maxwell's curl equations can be written in cgs units as following:
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where E and H are the macroscopic electric and magnetic fields respectively, ε and µ are relative permittivity and permeability, c is speed of light in vacuum.

Such equations describe a situation in which the temporal change (t) in the E-field is dependent on the spatial variation (r) of the H-field and vice versa. The FDTD method solves the Maxwell's equations by first discretizing the equations via central differences in time (∆t) and space (∆x, ∆y and ∆z) and then numerically solving these equations by software. The most common method to solve these equations is based on Yee's mesh 20 .

In order to implement the FDTD algorithm, both physical and numerical parameters are required.

Physical parameters: consist of:

• Material parameters include relative permittivity ε(r,ω) and relative permeability µ(r,ω) as a function of space and frequency. These material properties can be specified by the following formulas:
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The four terms of equations describe several effects. The first term (ε 0 E) presents the linear index of system while second term takes into account the change of index as function of frequency. The remaining terms describe the non-linear effects of system.

• The electromagnetic field excitation is a dipole emitted around the specific given wavelength at certain spectral profile. The dipole can be oriented in all directions of space giving the polarization of interest. It composes of both spatial and

temporal excitation in form ) ( ) ( ) , ( 0 r g r f P t r L = φ
where P is the power of excitation source, f(r 0 ) is the spatial excitation at the launch plane and g(t) is temporal excitation. The input field is defined in several functions such as a Gaussian function, rectangular step function or multimode function.

Numerical parameters

The solution algorithm requires additional input in form of numerical simulation parameters as following:

• A finite computational domain: defines domain limits to be used during the simulation • The boundary conditions. Several models can be employed; two of the most effective are perfectly matched layer 21 (PML) and periodic boundary conditions 22 (PBC). For the former, both electric and magnetic conductivities are introduced in such a way that the wave impedance remains constant, absorbing the energy without inducing reflections. Meanwhile the latter is employed such that the simulation is equivalent to an infinite structure composed of the basics computational domain repeated endless in all dimensions

• The spatial grid size (∆x, ∆y and ∆z), temporal grid (∆t) and the length of time for simulation. The spatial grid size must be small enough to resolve the smallest feature of the field to ensure an accuracy simulation. This can be described with respect to the wavelength in materials or geometry of photonic device. Typically, the grid spacing must be able to resolve the wavelength in time, usually less than λ/10 (in the materials).

The temporal step size ∆t must be satisfied the Courant condition to ensure a stable simulation:
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where c is the velocity if light. The software will automatically enforce this condition.

Implementation

The simulation FDTD allows observing the evolution of electromagnetic (EM) field in time at every point of structure and issuing the cartographies (mode pattern) in certain conditions. The spatial and temporal evolution of EM field also reveals the spectral response of structure. To simulation, a dipole with impulse emission in temp is placed on surface, at the center of structure. The temporal development of different components of EM field is measured at different points of structure and by Fourier transform, frequency EM response is obtained. To obtain the spatial distribution of EM mode intensity, FDTD simulation has to be rerun with narrow spectral source where only mode is excited. At this step, quality factor of mode is calculated from the field evolution as function of time. In fact, the quality factor can be extracted from exponential decay of mode in time.

Fabrication protocols

The two dimensional photonic crystal (2D PC) structures under investigation are composed of an array of air holes fabricated on semiconductor InP slab bonded onto a glass substrate. In order to provide the optical gain material, four InAsP quantum well are embedded in the centre of the InP slab. They act as a source of photoluminescence with an emission spectrum from 1.3µm to 1.65µm. The fabrication processes consist of three main steps: epitaxial growth and layer transfer, lithography and etching.

Epitaxial growth and layer transfer

The basic heterostructure consists of the active membrane, including the quantum wells, grown over an InGaAs etch stop layer, on top of the InP wafer. This stack was grown by molecular beam expitaxy (MBE) at INL. The thickness of active InP slab was chosen to obtain a monomode waveguide at the wavelength of interest 23 (thickness of λ/2n≈ 250 nm at λ=1500 nm). The quantum wells InAsP inserted between InP layers by expitaxy.

After the expitaxial growth, a 10nm thick SiO 2 layer is deposited by Plasma Enhanced Chemical Vapour Deposition (PECVD) assisted by Electron Cyclotron Resonance (ECR), this thin layer enables the wafer bonding of the active layers on top of a fused silica host wafer. This step was performed at CEA-LETI. The InP wafer and the etch-stop layer were subsequently removed by wet chemical etching at INL. Finally, a hard mask SiO 2 (90nm thick) is deposited on the top of the active InP slab, to act as a hard mask during etching process.

Electron beam lithography (EBL)

This process enables to pattern nanostructures in an electron sensitive resist 24 .

Polymethylmetacrylate (PMMA) was selected as a positive resist, which will therefore become soluble after the electron exposure. The thin film of PMMA is deposited on sample surface by spin coating method and baked in the thermostat at 180° for 90s. With an EBL process, the size and shape of PC holes depend on several key process parameters:

The electron beam size, which is typically about 10nm, and intensity, around 40pA. The beam focus and astigmatism correction are crucial to obtain a good fidelity in terms of size and shape of PC holes.

The electron dose (in µC/cm²): the size and shape of holes is strongly depends on the dose which is varied in a limited range. If the dose is too weak, it has a fluctuation or no impact on chemical bond of electron resist and thus, patterns are not printed in the PMMA layer. Otherwise, if the dose is too high, more backscattering electrons in the resist make the holes connect each others, and their shape irregular.

Thickness of hard mask SiO 2 layer where the backscattering phenomenon occurs and the energy of electron beam contribute strongly to the modification of the shape of air holes.

After exposing by electron beam, PMMA resist becomes soluble. The soluble area will be removed by developing in solution NANO MIBK/IPA 1:1. The resulting sample containing structures on PMMA layer is finally post-baked at 100°C for 1mn and ready for the etching step.

Reactive ion etching (RIE)

This step is to transfer the structures on PMMA layer into InP membrane. The RIE technique 25 is designed to give better control of selectivity and anisotropy independently and conducted in the vacuum plasma chamber. The sample is placed in the plasma chamber. The different gas with different conditions is used to create plasma corresponding to purpose of each etching step as listed in table. The details of etching process are shown in Figure 2.17. Table below lists the used gases and working conditions of machine. The SiO 2 layer is first patterned, using the PMMA patterns as a mask, then the InP layer is etched using SiO2 patterns as a hard mask. This two-step process is necessary since the etching selectivity between PMMA and InP is too low.

The advantages of RIE method is its high anisotropy, thanks to sidewall polymerization; selective but less so than plasma etching due higher DC bias and longer mean free path. However some unintentional deposition of the polymerization gas can result in defects if conditions are not optimized. 

Conclusion

We have introduced the main experimental facilities that involved in our research works as well as the FDTD-based numerical simulation principle. First the nanophotonic structures were simulated using FDTD method to obtain the optimal working parameters, then of SBMs are also presented.

Introduction

As was explained in chapter 1, a honeycomb PC structures, consisting of air holes centered at the vertices of periodically arranged hexagons 1,2 were chosen because of their ability to support slow Bloch modes (SBMs) at the Γ-point of the band Brillouin zone. As shown in Figure 3.1, this type of PC structure does not have a photonic band gap neither in TM nor TE mode. However, near high symmetry points of the first Brillouin zone, they can support modes with both a very low group velocity and a very flat band curvature 3 . In the case of our structure, this occurs at the Γ-point where the k-vector is purely perpendicular to the membrane. This feature is expected to correspond to an enhancement of the local density of optical states (LDOS), which is in theory 4 inversely proportional to the band curvature α (section 1.1). This gives rise to delocalized stationary SBMs. At the Γ-point these modes are above light line and should couple easily with the continuum of radiating free space modes. These properties have lead to a new generation of vertical emitting microlaser 2 in which optical gain is provided by III-V materials. In addition to the vertical emission ability, SBMs have shown to possess the peculiar polarization properties.

Furthermore, compared to the triangular or square lattice structures, the air filling factor of a graphite PC is smaller. As a result, in an active structure, a majority of emitters such as quantum dots, would be far from the interfaces created by the PC holes, which would tend to reduce the effect of non-radiative surface recombination 5 . Various application perspectives could be exploited from these optical properties, for instance to design low threshold laser 6 , integrated optoelectronic devices or optical tweezers for nanoparticles 7,8,9 .

In chapter 1, we showed that one of the important properties of 2D-PC slow Bloch modes is their expansion in the PC. In theory, the mode expansion is determined by the band curvature α (which is intrinsic to the 2D PC design) and the lifetime of the considered mode τ in the structure 4,10 . The lifetime depends on the lateral losses, the out of plane escape of the photons and the modal mismatch which can occur between the SBM and the continuum of the radiated modes. In the case of an active PC, like a microlaser this phenomenon can also be influenced by other mechanisms such as carrier-induced refractive-index change 1 . While 3D FDTD numerical simulation with dipole excitation placed at the center of structure predicts that mode expansion is limited by the 2D PC boundary, the experimental results show that the lateral confinement of the mode is of the order of the excitation spot size. 

Structure design

In our case, active 2D-PCs were designed to support band-edge modes at the Γpoint of the first Brillouin zone 1,2 . The structure consisted of a 240nm-thick monomode slad InP (n=3.17 provide the periodical dielectric structure with a high contrast of refractive index. The two basic parameters of the honeycomb PC are the lattice parameter a (center-to-center distance of two nearest hexagons) and the hole radius (r). The surface air filling factor was calculated from the following formula:
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In order to optimize the lattice parameters and study the impact of structure size with respect to mode expansion, several structures with different sizes and different filling factor (depending on the hole radius) have been designed.

Figure 3.2: Model of defect-free honeycomb 2D PC. a) (Top view). An array of cylinder air holes (white circles, ε=1) centered at the vertex of periodically arranged hexagons on

InP slab (grey area, ε=10 at λ=1.

55µm). b) (Top view) SEM image of a typical 2D-PC fabricated by E-beam lithography (EBM) and reactive ion etching (RIE) method. Real lattice parameters measured A=730nm, 2r=245nm, then corresponding ff air =0.2 (dose equal 1.6). c) (Side view). Sample includes 240 nm thick InP slab bonded on top of a SiO 2 transparent substrate with four layers of InAsP quantum wells (separated by InP barrier) are embedded at the center of the InP slab. d) The first Brillouin zone with high-symmetry

points (Γ-K-M) in the reciprocal space with respect to the real space unit cell.

Γ-point modes in the honeycomb lattice

Finite-difference time domain (FDTD) method provides in theory the optical properties of the designed PC. Simulation results yield the electromagnetic field distribution in the structures and are used to find the optimal parameters as well as the optical response of the designed structures. In our case, the FDTD simulation is employed both in 2D (treating the vertical dimension of the PC as infinite) and in 3D (three finite dimensions of PC). Below are presented the simulation results in 2D-and 3D-FDTD.

Monopolar, hexapolar and dipolar modes: 2D calculations

For the sake of computation time, 2D-FDTD was first used to investigate the spectral response of honeycomb crystals. The main consequence is that the resonant wavelengths of the modes can be shifted compared to the real case or the 3D case.

However, the 2D intensity pattern found for a mode remains quite similar to the 3D mode intensity pattern that can be found in the middle of the membrane. Conversely, it cannot reveal the real pattern at the surface of the 2D-PC, or its evolution with the z-component. 

a. Monopolar mode

It is the fundamental and non-degenerated mode at high symmetric Γ-point of reciprocal space of the honeycomb PC. This slow mode may be predicted to present a high quality factor since laying at the low band curvature and zero in-plane k-vector point.

Moreover, due to its symmetry properties, this mode does not couple easily to freespace 3,7 . Basically for this mode, the overlapping integral between the electric components of the field and a plane wave is strictly zero for k // =0. Consequently, in theory, this mode should not couple in the vertical direction. The 2D-simulation results are shown in Figure 3.5: a honeycomb unit cell (white circles) is presented at the center for reference. We see in Figure 3.5-a that the intensity pattern of the total electric field E² (E² x + E² y ) of mode M is presented inside each unit cell with a doughnut-like shape (the field forms a ring and has no intensity at its center). The radii of outer and inner ring of doughnut are measured to be about 260nm and 90nm respectively. Figure 3.5-b and c present the partially polarized electric field intensity of mode M along y-axis (E 2 y ) and x-axis (E 2 x ) on PC surface. In both cases, the doughnuts are split into two separated lobes placed symmetrically either side of considered axes.

These results demonstrate the presence of azimuthal polarization of electric field in unit cell of honeycomb PC. 

b) Mapping of electric field intensity polarized in y-axis (E y 2 ). c) Mapping of electric field intensity polarized in x-axis (E x 2 ).

As indicated in Figure 3.6 the intensity patterns of mode H show the modulation of bright spots surrounding the air holes of PC structure. The size of these bright spots is comparable to that of air holes (2r=245nm) and no intensity is found at the center of unit cells. 

Monopolar mode: 3D computation

Among the various surface addressable band-edge modes located at the Γ-point of diagram (Figure 3.1), we focused particularly on the monopolar mode (mode M), corresponding to the lower energy flat band. This is a non-degenerated mode where the electromagnetic field is well positioned within unit cell, zero in-plane k-vector and strong vertical emission.

In addition to the 2D-FDTD for quick review of the optical response of designed honeycomb structures of PC, 3D-FDTD with perfectly matched layers boundary conditions is used for rigorous prediction of Q-factor, mode intensity and polarization patterns. This simulation work was run by Dr. Adel Rahmani (University of Technology, Sydney). The numerical simulation is performed on a finite 2D PC (20x20 µm 2 ) with a lattice parameter (A) of 730nm and 245nm hole-diameter (20% of air filling factor). The 

honeycomb 2D PC structure (20x20µm²) with lattice parameter of 730nm and radius of 245nm (20% air filling factor). Two arrows present the cross section for mode profile of (g). (b) Normalized field intensity (E x ² + E y ²) at the surface of the PC at 1602 nm. Mode M is excited by a dipole placed near the center of PC structure. The intensity pattern presents the Gaussian-shape expansion limited at the boundary of PC structure. (c) Zoom in the central part of mode pattern in unit cells with air holes in black clearly reveals the mode intensity in doughnut-like shape. (d) Azimuthal polarization map of electric field in unit cell. (e) Normalized field intensity polarized along x (E² x ) and (f) y direction (E² y ). (g)

The near-field mode profile along the cross section of (a) with Gaussian-fitted envelope. g)

E x E y e) f)
The evolution of the intensity profile of the monopolar mode at various distances from PC surface to far-field (further wavelength) was also simulated. The total intensity (E² x +E² y ) was recorded above surface with distance z which was varied from 0nm (on surface) to 1µm. As indicated in Figure 3.9, the details of doughnut shape in each unit cell are lost in maps at higher z as the mode radiates further from the surface. From distance z=400nm the field intensity at the center of structure vanished. For further distance, maps present a global doughnut shape covering whole structure. Note that in this 3D computation, the computational window prevents to have a larger view of the behaviors of the mode. The doughnut-like shape can then be inferred from the fact that as radiating from near-to far-field the destructive and constructive interferences take place creating the fading of field in the center of the beam. 

Fabrication

A finite active honeycomb 2D-PC structure (size of 40x40µm²) is etched to InP slab on SiO 2 substrate. In order to optimize the lattice parameters and study the impact of The details of micro-fabrication process is referred to section 2.5

Far-field characterization of slow Bloch modes

Prior to NSOM measurement, the global optical response of the fabricated honeycomb structures are measured at room temperature by micro-photoluminescence.

The experimental set-up and conditions can be found in section 2.2.

a. Spectroscopic results

We have fabricated six honeycomb PC structures, named G1 to G6, with different air hole radii. As a result, the filling factor is tuned, and the optical resonances of each structure are shifted. This allows us to determine optimal fabricating parameters and shift the optical resonance toward our desired working region and identify the most adequate structures for near-field purpose.

All experimental conditions are kept the same from G1 to G6. The beam patterns recorded with a rotating polarizer are also shown in sequence of images in Figure 3.13 (image b to f). Through the polarizer, the doughnut is transformed into two lobes symmetrically located on either side of the polarizer axis. These results indicate explicitly that the emitted beam is a TEM 01* mode with an azimuthal polarization 13,13,14 . This mode can also be expressed as the coherent superposition of two Hermite-Gauss (HG) beams which have two lobes and no radial symmetry 15 (HG 10 with xpolarization and HG 01 with y-polarization). The polarizer effect is to select one of the HG
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modes parallel to its orientation. This demonstrates the direct and simple generation of pure azimuthal doughnut laser beam with a 2D-PC honeycomb lattice.

-Hexapolar mode

Structure G1 is the only structure that presents a lasing effect for the first excited mode (named hexapolar) of the honeycomb crystal. The lasing wavelength occurs at 1585nm. IR imaging of this mode through the microscope objective shows a very irregular pattern, similar to a speckle pattern, and no clear shape as the monopolar mode. Our hypothesis is that conversely to the monopolar, no constructive interference occurs to shape the emitted beam: for hexapolar mode the emitted light collected by the microscope objective probably comes both from losses and the radiated part of the mode. Indeed, as shown in Figure 3.14, the polarization properties of the light inside a unit cell are very different between monopolar and hexapolar. 

Conclusion

Optical properties of honeycomb 2D-PCs have been theoretically and experimentally investigated. With these kinds of photonic structures, slow Bloch modes at Γ-point can show a very strong lasing effect. For the monopolar mode, far-field characterization confirms the predicted resonant wavelengths. The IR image of the mode shows that it differs completely from the theoretical pattern computed at the surface of the structure. The image obtained by the microscope objective shows a mode with a global doughnut shape that is characteristic of azimuthal polarized laser beams. The global polarization of the beam was found to reflect the polarization of the field in a unit cell of the PC. For the hexapolar mode, the same agreement was found on the spectral position of the mode wavelength. However, conversely to the monopolar mode, the hexapolar mode does not show any peculiar feature in far-field, nor in the shape of the emitted beam, nor in its polarization. Here again, far-field images do not suffice to identify clearly the mode with respect to the simulations. In the next chapter, optical near-field microscopy in applied to reveal the real pattern of these modes at the structure surface. 

NSOM with conventional tips

Firstly, two kinds of classical near-field tips were considered: homemade dielectric tip fabricated from silica optical fiber and circular aperture tip made of optical fiber-based Al-coated polymer probe.

Dielectric tip

A simple bare silica tip was used in collection mode to probe the mode at the surface of the 2D-PC. The dielectric tip was selected in the first place since it was successfully applied to characterize localized mode in 2D-PC active based microcavity.

Moreover, due to its low refractive index with respect to the semiconductor slab, it proves to induce only small perturbation in the electromagnetic environment of the mode. the near-field image of the mode reveals also a global doughnut shape that has been put in evidence in far-field in the previous section. Unlike the simulation, this image obtained with the bare silica tip shows that the intensity is minimum at the center of the excitation spot where it should be maximum. However, compared to the far-field image (Figure 3.13-a, section 3.5), the near-field image shows additional features: the intensity map exhibits a periodic modulation which fits well the Bloch mode period of the M mode (~730 nm). These sub-wavelength features confirm that the collection of light takes place in the near-field where the evanescent field is more significant. The presence of the global doughnut shape in the near-field image can be explained by the fact that the bare silica tip, besides converting evanescent light at the surface in propagating light, is also able to couple a large amount of radiating light through its flanks. At the Γ-point, mode M emits strongly in the vertical direction to form the doughnut pattern recorded in far-field. Indeed, the propagating light is dominant in the ring of the global doughnut. At the center of the doughnut in Figure 4.2-b where no radiating light is observed due to destructive interference, the optical intensity only comes from the evanescent light. In Figure 4.2-b, a dark area crosses the doughnut. We assume that this is probably due to a slight polarization effect caused by the grating element present in the optical chain of our monochromator. Similar patterns of mode M were obtained on other structures (G2, G4).

a. Spectroscopic results

c. Near-field investigation of mode H and D

NSOM measurements with dielectric tip were also performed to investigate the other Γ-point modes of the honeycomb structure. The results presented here concern the first (hexapolar) and the second (dipolar) excited mode at the Γ-point of the band diagram.

Contrast

-Hexapolar mode

As for the monopolar mode, for symmetry reason, this mode should not couple in the vertical direction. As escape of the photons are forbidden in the (strictly) vertical direction (k // =0), the quality factor of this mode can be sufficiently high to sustain stimulated emission. In the case of structure G1, it was possible to obtain a lasing effect for the hexapolar mode at 1584.4 nm. The spectral analyze in near-field is indicated in Figure 4.3 with a resonant peak at λ=1584.4 nm. Note that for structure G1, the far-field characterization reveals another longer wavelength (i.e monopolar mode) at λ=1636.5nm (see section 3.5, Figure 3.10-a) with a weaker emission (however, this mode was not detected in the near-field set-up). The resonant wavelength at 1584.4nm of G1 in nearfield was then attributed to the first excited mode, namely the hexapolar mode (mode H). For this mode, the pattern is homogenous and sub-wavelength features barely visible. As for the monopolar, this image is very different from what was predicted by the simulation. Thus, the identification of such mode as the dipolar mode cannot be as positive as for the two first modes. The optical signal is also very weak and the mode expansion is confined inside the excitation spot.

d. Evolution of mode M from near-to far-field

The evolution of monopolar mode from near to far-field was predicted by the theoretical simulation of section 3.3. The doughnut-like shape was formed as a result of constructive and destructive interference of slow light as propagating into the far-field. 

The experiments in

G3 (λ=1611nm) and b) G4 (λ=1595.11nm). These results demonstrate the evolution of radiation monopolar mode from near-to far-field as simulation prediction in c).

In this section, near-field experiments were performed with bare-dielectric fiber tip. The main draw back of this kind of is that it can couple a large amount of radiating field through its bare flanks. For modes emitting in the vertical direction, this tips are not adapted. That is why in the next section, we employ a metal coated polymer tip with an aperture milled at the tip apex in order to minimize the contribution of the vertical radiation into the optical near-field image.

Metal coated tip-based NSOM

With this kind of NSOM tip, the spatial resolution of cartographies is determined by the aperture (see section 2.1.2). However, the aperture cannot be reduced unlimitedly since the optical transmission through the apex will decay exponentially due to cut-off frequency phenomenon. Thus, the resolution of cartographic image and the collected optical intensity is always a trade-off. In this experiment, we use metal coated tips with aperture size of about 100 nm. The fabrication procedure is described in section 2.1.2. The results presented here essentially focused on mode M. a.

Spectroscopic results

In order to confirm that the Al-coated tip is non-invasive and does not perturb the slow mode, we compared the spectra on G3 in the near-field and in far-field. Figure 4.8

shows that they perfectly match. This result was not granted as metal-coated tips have a higher impact on the electromagnetic environment due to the dielectric function of metals.

However, as we are dealing with delocalized mode, which present a rather extended area, the impact of the tip may be seen as a small perturbation. This is not the case for localized mode as cavity mode where the mode volume can be in the range order of the tip volume 5 . However, new features are also visible in the centre, exactly where the radiating field vanishes: in each unit cell of the PC, small doughnuts are now visible. In the Figure 4.9c/d with tip N°2, the global doughnut has almost disappeared to the benefit of a triangular array of small doughnuts which is a clear signature of the monopolar mode as predicted by simulation. Indeed, by quantitative measurement, the new contrast of optical intensity between the ring of the large doughnut and its centre is reduced approximately to thirteen fold for tip N°1 and fivefold for tip N°2. The difference between two intensity mappings of Figure 4.9-b/d are probably due to different aperture sizes of the metal coated tips. We assumed that the aperture of tip N°1 is larger than tip N°2 because the amount of signal collected is higher: it also explained why the spatial resolution of optical image with tip N°2 is better (~265 nm or λ/6). It also confirms that unlike the bare silica tip, the metal coating tip succeeds to reveal the fine structure of the SBM. From near-field images, mode expansion inside the PC can also be inferred. Cross section recorded along the symmetry axe of the honeycomb lattice as shown in Figure 4.11-b yields an estimation of the size of the mode at the surface of the PC: considering the decay of the mode at 1/e 2 , the width of the mode is (12.8 ± 1)µm which is of the same order of magnitude as the excitation spot. Taking this as the diameter of the beam waist, a divergence of 2° is expected for this beam. The correlation between the excitation spot size and the mode surface tends to confirm the modification of refractiveindex induced by the pump. The SBM mode confinement is attributed to the optical well created by the step-index existing between the pumped area and the unpumped area 1 .

Experiments with variable pumping area to study the relationship between the pump size and the mode size are described in the section 4.3

Other measurements could also be conducted to investigate the mode distribution of the hexapolar and dipolar modes. However, for the hexapolar mode, we don't expect to have more information than what the dielectric is able to yield. For the dipolar mode, the optical signal emitted in spontaneous emission may be not sufficient to obtain a clear image.

Conclusion

We successfully investigated the near-field distribution of slow Bloch monopolar mode at Γ-point on perfect honeycomb structure by NSOM in collection mode. The array of doughnut patterns repeated by unit cell is obtained. This result enables the unambiguous identification of the monopolar mode with the 3D-FDTD simulations. In addition, the simple and direct generation of pure azimuthally doughnut laser beam with a 2D-PC honeycomb lattice is demonstrated. This opens up the way to other perspectives for the development of such micro-lasers, as the total field symmetry of azimuthally polarized mode makes it suitable for applications as optical trapping 2 or high numerical aperture focusing. The importance of the tip selection for studying III-V photonic crystal structures is also demonstrated. With vertical emitting structures bare silica tip is not adequate for near-field mode inspection. Conversely, metal coating tip is able to reveal the near-field patterns of the optical modes. However, the collected intensity is much weaker due to the nano-size of aperture. The ideal tip should be designed to optimize the coupling between the mode and the tip. Functionalized tips with nano-antenna could meet this requirement 3 .

Besides, as nano-antenna response is polarization dependent, it should yield local information on the polarization of the mode at the surface.

Surface mode with BNA-tip

In this part we present the NSOM results obtained with BNA-tip acting as nanocollector and polarizer to investigate the full optical properties of slow Bloch mode on defect-free honeycomb planar photonic crystal. The full optical images of electromagnetic field distribution of slow modes in both polarization components are revealed in the first time. These results allow to validate the BNA-probe concepts using in optical near-field characterization of nanophotonic structures.

Introduction

The near-field experiments are performed with the NSOM set-up that has been described in section 4.1. The BNA-tip working in collection mode is used to map the slow Bloch mode intensity patterns at the PC surface. In NSOM shear-force mode, the constant distance of about 5-10nm between BNA and 2D PC surface is regulated by piezoelectrics with feedback loop. In our measurements, the orientation of BNA tip is fixed with respect to the scanning direction. To record the different polarization components (E 2

x , E 2 y ), the sample must be rotated while other experimental conditions are kept unchanged. By convention, the x-axis and the y-axis will be defined with respect to the honeycomb lattice unit cell. Figure 4.12 presents the definition of coordinate x-y axes attached to the hexagon configuration of PC.. In Figure 4.12-a, the BNA axis is parallel to the x-axis and this is used to map the intensity of E x component. In Figure 4.12-b, the sample is rotated of 90° so that BNA axis is now parallel to the y-axis of the sample and this is used to map the intensity of E y -component.

Scanning of the BNA-tip in the near-field allows to measure the topography and cartography simultaneously. They provide information of PC structure, optical resonances, distribution of mode on surface, the polarization status of electric field and the expansion of mode over structure. We will mainly focus on the monopolar mode of structure G3.

Spectroscopic results

The interaction of near-field tip to Bloch mode of PC has been investigated recently since it may lead to several new effects, such as optical loss inducing, mode quenching, non-linear effect, quality factor modification, spectral tuning for micro-laser 4,5 or photon funneling... However, the contribution of these effects to the near-field modes is still unknown and under investigation. These leave problems to record the real optical response of PC, to truly probe the Bloch mode pattern or accurate interpretation of NSOM optical images. Especially, if the NSOM experimental results are aimed at study of the mode distribution on PC structure, as in our case, the optical impact of NSOM tip must be taken into account. Figure 4.13 shows spectra of the slow Bloch laser mode (M) recorded by photoluminescence set-up in far-field (red curve) and by NSOM set-up with BNA-tip (*) in near-field (blue curve). In both configurations the experimental conditions, such as the PC structure, excitation laser diode (power and pulsed condition) are kept unchanged for comparison. The BNA-tip of NSOM operates in shear-force mode (located 10nm from surface) to ensure the immersion of tip in near-field zone. As a result, we find in the * The lasing peaks are obtained in both cases of E x -and E y -polarization as in Figure 4.13 with BNA-probe working in collection mode. The resonant wavelengths are identical for both E x and E y -components. spectra that, the lasing wavelength was not altered without and with the present of BNAtip, corresponding to the case of far-field and near-field measurement as indicated in Again, this is a very good indication that the tip does not perturb the near-field slow Bloch mode. Conversely to cavity mode, large stationary modes as well as slow band-edge modes are more robust to small perturbation as a BNA-tip. 

Polarization investigation

As above-mentioned, the intensity mode patterns depend on the orientation of BNA-axis versus the structure. The partial polarization of field (E² x or E² y ) has been recorded by BNA-tip according to NSOM configurations shown in Figure 3. The following sections will address these results in details.

a. E²x intensity pattern

In order to map the E² x -component of slow Bloch mode M on PC structure, the on surface. The dashed line P1 in this figure presents the mode profile in order to reveal the periodicity of spots and the expansion shape as shown in Figure 4.15. The mode seems to be confined in a "cavity" created by excitation spot in which the highest intensity falls at its center. The fitting curve (in pink line) with Gaussian function is in a good agreement with the simulation prediction as shown in Figure 3.8-g of section 3.3.2. The mode expansion will be discussed more detailed in section 4.3. In order to identify the mode distribution with respect to the photonic crystal structure, the overlap of topographic and optical image is performed. 

b. Polarization ratio in E 2 x -pattern

The mode profiles along the horizontal and vertical sections of unit cell of E² x are plotted in Figure 4.16-d along with the theoretical profiles. The red curve in vertical direction shows two strong peaks where E x -component is dominant. On contrary, E xcomponent is almost zero in the horizontal direction (blue curve). In the horizontal direction, only the Ey-component is present. The experimental blue profile simply shows that no Ey-component was coupled into the fiber through the BNA tip. Actually, the polarization ratio is difficult to evaluate as the remnant intensity polarization is of the
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order of the background noise. A minimum value is estimated to be 1:150 (of the order of the signal to noise ratio). By comparison, the signal to noise ratio obtained with a circular aperture tip is in the order of 10. It evidences the fact that the BNA tips indeed play the role of a nano-polarizer. FWHM (full width at half maximum) value estimated from Figure 4.16-d can provide information about the lobe size. This is also much greater than the theoretical value of 1:37 presented in section 2.2. However, this last value was calculated in the case of a plane wave illumination and should be corrected in the case of dipole excitation for instance.

This result demonstrates the fact that BNA can couple efficiently the field parallel to its optical axis. It also proves that NSOM cartography in Figure 4.16-a) contains only the E 2 x -component. This property is due to the polarization sensitivity provided by the feedgap of BNA. In theory, BNA resonates only with the electric field polarizing along its optical axis while filters out the orthogonal components 3,6 . We also see that the experimental width of the lobes (260 nm) is very close to the theoretical value (250 nm). It means that the field modulation is greater or of the range of the tip resolution. It may indicate that the tip resolution is underestimated and that we could obtain the real tip resolution with smaller field modulation.

c. E²y intensity pattern

The E² y -component of slow Bloch mode M on honeycomb PC structure is recorded with PC structure rotation of 90 0 (configuration of Figure 4.12-b) in comparison with the case of E 2

x -component as shown in section 4.2.3. As a result, the BNA optical axis is parallel to the x-axis of structure. The experimental conditions (the same location and scanning area on a given structure, objective, pumping power, pulsed condition of laser, excitation spot size and BNA-tip in collection mode) are kept unchanged with respect to the case of E² x mapping in order to compare the obtained results between the intensity of E x -and E y -components. Figure 4.17 presents the NSOM topographic and cartographic images of E² ycomponent intensity of lasing mode at λ=1611 nm. Figure 4.17-a shows the shear-force image with 15x15µm² scanning area in which the air holes (black circles) in honeycomb structures are clearly visible. This image proves the ability of BNA-tip to reveal the correct topography with high spatial resolution and also justify the near-field working mode of NSOM set-up. The inset at left corner of this image indicates the direction of BNA axis with respect to a unit cell of PC structure which is rotated 90 0 . A small defect at the blue arrow on topography is used to verify the rotation of sample. 

Similar to the case of E 2

x -component mapping, we observe the modulation of slow Bloch mode (bright spots) with periodicity of 730nm in optical image of Figure 4.17-b. This period is the same order of the fabricated lattice parameter of PC and thus confirms the ability of BNA-tip to couple the evanescent field on PC surface. In order to reveal the periodicity and the expansion shape of mode on surface, the profile along the dashed line P2 is shown in Figure 4.18. At the center of profile, the mode intensity gets highest and decays as a Gaussian function to the edge of excitation spot. The Gaussian envelop (pink curve) demonstrates the simulation prediction. However, unlike the simulation, the PC structure size is not responsible for mode confinement but the excitation spot is 1 . Further discussions of mode expansion can be found in section 4. x , we find that E 2 y -component distributes only inside each honeycomb unit cell. The pure doughnut-like shape of total field intensity (E 2

x +E 2 y ) in unit cells is now decomposed into two lobes separated by BNA-axis in vertical direction.

These results obtained by BNA-tip perfectly agree with the simulation prediction of E² y field pattern as shown in in horizontal direction with four periodic peaks present the field intensity where E 2 ycomponent is dominant. On contrary, the red one in vertical direction E 2

x -component is dominant (as shown previously in Figure 4. 16-d). The red profile only show background noise which confirms that no E x component was coupled into the BNA tip. We see that the experimental lobe size is quite identical to simulation result (dashed blue line). The results obtained for E 2 y -component is very similar to those showed previously for the E 2 xcomponent. The same polarization ratio was reached.

In summary, experimental measurements of E 2

x and E 2 y -component demonstrate explicitly the fact that BNA is able to provide a specific sensitivity to the vectorial electromagnetic field along its optical axis. In this sense, BNA-tip acts as an efficient
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nanopolarizer for probing the optical field in the neighborhood of the structures used in nano-photonics with unprecedented spatial resolution and field enhancement.

Electric field coupling enhancement

Field enhancement and confinement are the natural phenomenon in antenna theory.

They occur because an antenna concentrates electromagnetic energy into a tight space of feedgap thereby generating a zone of high energy density. As simulation, the enhancement of electric field is attributed to the oscillating electric dipole as charges accumulates inside the feedgap of BNA 3,7 . These optical properties are responsible for increasing the spatial resolution of optical images and near-field coupling efficiency. The experimental coupling efficiency is a direct factor that reflects the field-enhanced ability of BNA and is able to estimate as following method.

Estimation of coupling enhancement (Φ)

We supposed that the intensity indicated in NSOM cartography (I carto ) is governed by a function of several parameters:

Where I LD : optical intensity measured at the output of laser diode. This value is typical kept constant (around 3.8mW) by applied the same electrical intensity (57mA) in pulse generator.

F tip : coupling coefficient of tip (ability to couple the evanescent field) being calculated by ratio of in-coupling and out-coupling intensity of tip F slit : the transmission function of slit versus slit opening on monochromator.

This will be determined experimentally at 70µm and 40µm of slit opening.

F M : multiple factor of monochromator (equal 1 or 10).

If we did experiment at the same conditions in both cases (experimental configuration, objective, conditions of laser diode and resonant wavelength), the coupling efficiency (Φ) of BNA-tip may be calculated as the ratio of coupling coefficient between BNA-tip (BNA) and metal coating tip (Metal). From equation (1) we deduce Φ value by comparing both sides of equation in cases of BNA and Metal.

I carto ~ I LD × F tip × F slit × F M (1)
(2) The error of 5% is attributed to F slit experimental measurement.

Even if the calculated value of the coupling efficiency is not absolute, it is possible to give a relation between a NA-tip versus a metal-coating tip: we found a relative value of two orders of magnitude. The simulation provides a value of 350, which is of the same order as experimental result.

Electric field confinement-Spatial resolution

The field confinement inside the gap zone is responsible for the spatial resolution of NSOM optical images. However, it also alters the resonant spectrum of nano-antenna (increase of gap size leads to blue-shift) as the restoring force between the polarized charges varies with the gap size 4 . The gap size is limited by the spatial resolution of fabrication devices. Recently, a 30nm-gap size bowtie nanoantenna was fabricated and used to pattern nanostructures on polymer resist with FWHM of 30nm 8 .

The BNA-tip used in our experiment have gap sizes of 45nm in order to resonate at the wavelength of 1.55µm. In order to estimate the spatial resolution of these NSOM The spatial resolution achieved on cartographies is in good agreement with theoretical ability of BNA-tip to resolve the objects placed in distance. As we said previously, since the closest distance between two objects in unit cell is limited to 120nm ~ λ/13 as simulation, the real spatial resolution of BNA-tip might be higher than the value of λ/13. 

Conclusion

We have characterized the optical properties of slow Bloch modes on defect-free honeycomb PC using NSOM based on BNA-probe. This tip acts as nano-collector and nano-polarizer thanks to their abilities for field confinement and enhancement at gap zone.

The NSOM optical images were successful to reveal the details of electric field components (intensity and polarization) distributed in each unit cell of PC with the least spatial resolution of λ/13. The enhancement of electric field by BNA-tip was also recorded in comparison with the metal-coating probe, and is of two orders of magnitude. The excellent agreement between the simulation and experimental results has strongly demonstrated the validity of using BNA-probe for further investigations on nanophotonic structures.

Surface mode expansion

Introduction

As presented in section 4.2, there is a discrepancy between simulation and experiment results about the slow light mode expansion on PC. The simulation predicts that in perfect PC slow light mode could expand to the PC boundaries. However, in our case we are dealing with active structures, where the pump light matter interaction can play a major role on the light confinement. Several effects can be involved: index changes (induce by to carrier-injection or thermal effect) or gain guiding (confinement by the gain). Our experimental results demonstrated that the confinement of slow light always takes place around the excitation spot. Some experiments have been conducted to determine the mechanism responsible for the light confinement.

Measurement of excitation spot size (S E )

The excitation spot size is an important parameter as it determines the excited area of structures as well as the optical density of pumping light. In order to change the excitation spot size (S E ) one could use the objectives with different magnifications. In fact our experiments were mainly performed using two objectives (x63/NA0.75 and x40/NA0.6) that have very good transmission in infra-red region.

The transparent sample was pumped by a modulated laser diode (λ=780nm) and a corrected objective was used to focus pumping light on structure, from its backside. The reflected light was collected by the same objective and directed to visible CCD camera for in-line observation of the sample. In this way, the excitation spot size can be measured with the optical images provided by this camera. The error of 0.2µm in L 63X is caused by the mismatch in fitting between the real profiles and Gaussian functions. 

Surface mode (L M ) v.s Pumping power (P LD )

First, we investigated the impact of pumping power on the confinement of light. In order to minimize the unwanted contributions of other factors to our NSOM optical patterns, the experimental conditions were kept unchanged between two measurements (using objective X40, x-direction-oriented BNA-tip and the same mapping location). The pumping power of laser (at λ=780nm) was controlled precisely by impulse generator and monitored by indicator. There are two levels of laser power were used: P LD =44µA (close to the lasing threshold) and 100µA (maximum supplied current of device). These results tend to show that the mode is more confined with a higher pumping power. However, the explanation is still unclear. If the confinement was due to an index induced change, the pumped area should see its global index decreasing because, as the band curvature is negative for this mode at the Γ-point, the index variation should also be negative 9 . In our case, we observe a red-shift of the lasing wavelength with the increasing power (see Figure 4.24), which means that thermal effects are dominant and that the index of the pumped zone increases. A confinement by the gain would explain a larger mode area with a higher pumping power. We observe an opposite behavior. 

Surface mode (S M ) v.s Excitation spot size (S E )

In this experiment, we investigated the impact of the excitation spot size (by changing the objectives) on the surface mode expansion. The mode patterns were mapped using BNA-probe the as shown in Figure 4.25. From these images, the total expansion of the mode can be easily estimated. The mode expands in the structure with a hexagonal symmetry and we can easily define the mode boundaries. Despite the different excitation conditions, we found a similar mode width of 15µm for both cases. For the small excitation spot (x63), the mode radius is 4µm greater that the excitation spot (radius of 3.2µm). For the big excitation spot (x40), the mode radius is only 2.4 µm greater that the excitation spot. However, the lasing wavelengths are a little different which probably means that the power received by the structure is not strictly the same and compensate the spreading of the pump by the objective. Note that in each case there is no obvious evidence for surface mode dependent along Γ-M and Γ-K. 

Conclusion

We experimentally demonstrated the strong impact of the laser pumping intensity on the confinement of slow light mode. Though mechanisms that govern this phenomenon could be complicated and unclear, we have discussed and proposed our explanations. We also investigated the dependence of surface mode on spot size of pumping laser (S E ) and along Γ-M and Γ-K direction of band-diagram. Further investigations are in progress to clarify the surface mode dependence with the excitation spot. 

Anderson localization (AL) and disordered PC

Wave localization in random media has been theoretically predicted by P. W.

Anderson in 1958. 1 In this report he stated the possibility of localization of wave function of a quantum particle in a random potential around the region where the particle was initially placed. The theory of this localization might be applicable to all sorts of quantum mechanical as well as classical wave phenomena such as electronic wave, acoustic waves, matter waves, and light waves. 2,3,4,5 Most experimental attempts to achieve this Anderson localization (AL) of light were performed in fully random media 6,7 (e.g. aggregates of fine grains), but experienced the difficulty of achieving high scattering cross-section along with a low absorption loss.

The problem of random media is that no control can be exerted over the frequency or the spatial extension of the localized mode. A promising proposal to control over these parameters is to use photonic crystals. Peter Lodahl 8 has recently proposed to control the multiple scattering of light by inducing small amount of disorder in periodic photonic crystal. In a perfect 2DPC, stationary modes are the Slow Bloch modes present at the high symmetry point of the band-diagram. The idea is to use a structure presenting a photonic band gap and to consider the effect of disorder on a band-edge Slow Bloch mode.

Breaking the structure symmetry produces multiple scattering of light which can interfere and lead to Anderson-localized modes. These modes are supposed to appear at random positions into the crystal in a frequency range close to the initial wavelength of the bandedge SBM. However, the physics of transition from order to disorder is so far not quite clear, especially in 2D systems where localization depends on the sample size and the optical losses. Some concepts generally used in random media as the localization length can be used in the case of randomized photonic crystal. In random media, the localization length L loc is defined as the exponential decay length of the confined modes after averaging over many realizations of disorder. To observe localization in a 2D system, the structure dimension has to exceed L loc . Secondly, the optical loss length should also be larger than the localization length. This implies that the increase of the in-plane scattering, which tends to reduce L loc , has to be small enough to keep the in-plane losses reasonably small. However, other concepts are more difficult to transpose from random media to randomized PC. For instance, the scattering length l s and the k-vector do not cover the hole of the crystal (fluctuation of the hole position, section 5.2). The second type of structures has been studied in the framework of collaboration with the National University of Seoul and the international associate laboratory with Korea. The structures have been fabricated by Jeongkug Lee and HeonSu Jeon. In these 2D-PCs, the positions of air holes were fixed but their sizes were randomized with a certain amount of disorder (modification of hole size, section 5.3).

Fluctuation of the hole position

2D-DPC design

The disordered structures are based on an ordered triangular PC (OPC) with given lattice parameters (radius of air hole: r=185nm, lattice constant: a=530nm). The DPCs are made by randomly displacing every air holes of the ordered structure with the same displacement distance δ (nm) but with a different displacement angle θ m (θ m value could vary from 0 to 360°) as indicated in Figure 5.2. The resulting DPCs have the same filling factor but its photonic band-gap is shifted with respect to the OPC. δ value is set between 0 and a/2-r (δ=0 means no displacement or ordered PC). δ is the most important parameter and is used to specify such DPC. It will be used to identify the transition from Bloch mode in OPC to Anderson localized mode in DPC. For strong disorder (when δ is close to a/2-r)

the photonic band-gap may disappear and optical losses increase. As a result lasing effect may be prohibited since only spontaneous emission is present. 

Fabrication

The 2D-PCs were fabricated on InP slab including four layers of quantum well and bonded onto glass substrate as the structures shown in section 5.2.1. The refractive index periodicity of PC was created by drilling a triangular array of air holes (n air =1) into InP slab (n InP =3.17 at λ=1.55nm) using nanofabrication processes (EBL and RIE). The PC structure size was extended to 36µm×42µm (80×80 rows). Several ordered and disordered structures are made with different doses (electron beam intensity in EBL process) in order to obtain the closest structures to the designed parameters. 

Simulation

The 2D-FDTD simulation was performed for both ordered and disordered triangular PCs in order to understand the disorder effect on the distribution of the electromagnetic field and identify the transition from Bloch mode to Anderson localization mode. The real lattice parameters (r=185 nm and a=530 nm) extracted from SEM images were used to construct the photonic mode patterns without gain. 

Experimental results

a. Spectroscopic analysis.

Far-field measurements in Figure 5.5 were conducted by Dr. Romain Peretti with the photoluminescence set-up and pulse condition of laser diode described in section 2.3.

3D view δ=20 nm

e) δ=20nm f) As a result, we observe the homogeneous resonant wavelengths of band-edge modes at λ=1585.5 nm with a slight fluctuation (∆λ=1.5nm). This fluctuation could be understood as the unavoidable local imperfection of nanofabrication process. The lasing effect and low lasing threshold of slow Bloch mode was confirmed in Figure 5.5-a by changing the pumping power at the same position b and plotting versus the intensity of resonant peaks.

Similarly, Figure 5.5-b presents the optical properties of DPC-10. The lasing threshold is observed for the sharp lasing peak by plotting the pumping power versus resonant peaks at the position A in SEM inset image (at lower right corner). Compared to structures with δ = 0 nm shift value in Figure 5.5-a, this threshold value is three folds higher reflecting the more optical losses (thus lower Q). The lasing spectra graph (inset at upper left corner) recorded at several excitation positions (A-B-C-D-E-F) on DPC-10 indicates the blue-shift and the spectral distribution of resonant peaks is now extended over bandwidth of ∆λ ~ 4 nm. The wider distribution of lasing peaks proves that photonic band-edge mode was perturbed by the introduced structural randomness.

b. Blue-shift explanation

Blue-shift phenomenon of valence band-edge mode in DPC could be explained as depicted in Figure 5.6. In DPC, the band-gaps are modified from one to another position.

Let consider the band-edges mode at valence band (below band-gap position) which represents as small circle either in green, blue or red. If we have a band-edge photon with frequency ω A at position A (green arrow), it will be "absorbed" or rather transmitted at position B because the band-edge of B is higher. But this photon will be reflected if encountering the band-gap zone of position C which presents a lower band-edge and so on... However, if we excite a band-edge photon at the highest band-gap of position B (frequency ω B, blue arrow), this photon will be always backscattered since it encounters the band-gaps everywhere. Similarly, if we create a band-edge photon at the lowest bandgap at position C, it will be transmitted then lost in other regions because it does not face any band-gap to get scattered. Generally, we see that the photons at the higher frequencies will have more possibility to survive in DPC. On contrary, the lowest ones will be absorbed completely. This phenomenon causes the blue-shift of band-edge mode in DPC. Analogously, we could predict that conduction band-edge modes of disordered PCs might provide the red-shift since the lower frequency photons are likely to encounter the band-gap and get backscattered. Indeed, this hypothesis will be demonstrated in next section 5.3.3 with another type of disordered PC.

c. NSOM measurements

This near-field method is used to map the electromagnetic field distribution in DPC. The detail of NSOM set-up and operating conditions are described in section 2.1.

We use a pumping laser at λ=780nm with an excitation spot size around 9.5µm. The nearfield light is collected by a dielectric tip placed 5-10nm above the structures surface by shear-force regulation. As the K-point mode of the valence band is a slow Bloch mode under the light line, the light at the surface of the PC is mostly evanescent and the bare dielectric tip is adapted. However, some "localized" intensity or brighter spots are visible in the optical image.

They happen to occur at the position of the defect as shown in red arrow. They also may be caused by unavoidable structural fluctuations. 

c.2 Disordered PC (δ =10nm)

The mode distribution of DPC-10 was investigated by the same NSOM setup. More specifically, the alteration of Q/V ratio in DPC can be explained using the fluctuation of band-gap in DPC as following: 

Conclusion

In this section, we showed by NSOM characterization that a random displacement value of 10 nm of the holes of a OPC makes extended Slow Bloch Mode into Anderson localized mode. Those results are consistent with theoretical predictions of FDTD simulations. Our results also show for the first time AL modes spatially resolved within a disordered photonic band-gap structure. 

Modification of the hole size.

Recently, µNOEL group of Heonsu Jeon in Seoul National University proposed the photonic crystals counterparts of the well-known mixed semiconductors 11 : these new crystals are called Mixed Photonic Crystals (MPC) or Disordered Photonic Crystal (DPC).

As semiconductor alloys consist in two or more randomly mixed semiconductors, the mixed phonic crystal is obtained by mixing together two or more photonic crystals with different parameters. As in solid state physics, this approach also allows to perform photonic band-gap engineering 12,13 . In that case, it is important to be able to determine the spectral position of the band-gap. This position can be easily inferred by using band-edge laser: the lasing frequencies give immediately the band-gap edge position. That is why, as for the previous disordered crystals, the basic structure used to fabricate MPC is photonic crystal band-edge laser. The disordered PCs are prepared by structurally differentiating photonic atoms (holes) and arranging them into a two-dimensional 2D-PC 14 .

2D MPC design

Unlike the position fluctuation method discussed in section 5.2 where air holes were dislocated by a constant displacement δ, these MPCs were generated by a modification of the air hole size compared to the normal PCs (shrunk or extended) with a given composition ratio between the number of small (S) and large (L) holes (Figure 5.12). MPC with the composition x is noted S 1-x L x (0 ≤ x ≤1) in which x=0 or x=1 means that MPC is homogeneous and contains small or large holes respectively. We also define the radius difference between the largest and the smallest holes as ∆r= r L -r S . The number of type of photonic atoms in MPC must also be considered (a type of photonic atoms refers to holes that have the same radius). Thus, the MPC can be specified by its composition ratio x, the number of atom types and the radius difference ∆r.

In this experiment, MPCs were designed to present the same composition ratio x (x=0.5) but different number of atoms (4 or 40 atoms) and different value of ∆r. The disorder of PC structures was introduced by mixing randomly the different photonic atoms as illustrated in Figure 5.12.

Simulations are in progress to compute the optical properties of such MPCs. 

Fabrication

As introduced in section 5.2, these MPCs were fabricated by SEM and RIE on an active membrane of InP embedded QWs at the center. Four types of crystals had been fabricated:

o Ordered PC (OPC) with triangular lattice (a=470nm, r = 0.3a), PC size of 40x40µm.

o Weakly disordered PC (WDPC): presents the same lattice period as OPC, a small variation of the air hole sizes (∆r= r 4 -r 1 = 0.03a) and is mixed of four types of holes r 1 <r 2 <r 3 <r 4 (atoms), or forty types of holes.

o Strongly disordered PC (SDPC): presents the same lattice period as OPC, a large variation of the air hole sizes (∆r = r 4 -r 1 = 0.09a) and is mixed of four or forty photonic atoms.

o Very strongly disordered PC (VSDPC): presents the same lattice period as OPC, a very large variation in air hole sizes (∆r= r 4 -r 1 = 0.15a) and is mixed of four or forty photonic atoms. Note that a lasing effect is obtained even in the case of very strongly disordered structures. Furthermore, the resonant peaks depend more on the disorder degree (weak, strong, very strong) than on the disorder configuration (linked to the random) as shown in due to defects in PC structures (corresponding blue arrows in Figure 5.17-a). Moreover, the wavelength of the MPC laser is 1628nm very close to the OPC one's and shifted compared to far-field measurements. This discrepancy in the resonant wavelengths is still unclear and has to be confirmed by other measurements.

c. Very Strongly-DPC (VS-DPC)

As shown in the spectral analysis, the far-field measurements performed on the forty-atom VS-DPC (configuration 1, dose 5) reveals lasing emissions at several resonant wavelengths with large blue-shift (~16 nm) with respect to OPC. The near-field spectral measurement showed in Figure 5.18 reveals actually that the resonant wavelengths also strongly depend on positions. This can be explained by the band-gap fluctuation model. Near-field spectra recorded at the position 1 and 3 reveals two lasing modes at λ 1 =1567nm and λ 3 =1586nm respectively which were identical to the lasing peaks obtained by far-field measurement. However, at position 2, near-field measurement reveals the new peak which was not detected with far-field set-up. This may be due to the fact that the local excitation in near-field enables to provide higher optical density (because of small pumping area) to excite these modes which have high lasing threshold. Moreover, this mode is under the light line, theoretically does not have much vertical emission, thus difficult to detect in far-field using low numerical aperture objective. should be the remaining band-gap. They are strongly localized in some tiny areas of the crystal and can only be detected when the tip is above the mode.

Conclusion

We have reported the first time ever the direct observation of phase transition from slow light mode to localized mode due to the disorder of structure with a sub-wavelength resolution. The random lasing wavelengths of these localized modes vary on different locations of structure. Our experimental results concerning the systematic shift of MPC spectra as composition ratio change and configuration-independent were also coherent with studies by µNOEL group. 14 

Conclusion

In this thesis, we have characterized the near-field and far-field optical properties of honeycomb 2D PC from theoretical simulation to experimental measurements. The far-field measurements by photoluminescence set-up were employed on PC structures for spectra analyses. We observed strong lasing from different PC structures in which resonant spectra suffered blue-shifts with increasing of air filling factors. The monopolar mode was dominant in most structures with resonant wavelengths around 1.55µm. We also observed the doughnut-shape on IR camera due to the constructive and destructive interferences as mode M radiated from near-to far-field. Further characterizations of the polarization of the emitted beam demonstrated the azimuthal polarization state of this light. NSOM measurements were performed for near-field investigation of field distribution and polarization of slow Bloch modes. No perturbation of near-field probe to local field was recorded during experiments indicated by the identical resonant wavelength between far-field and near-field measurements. First, conventional probes, including dielectric tapered fiber and circular aperture Al-coating probes were employed. For dielectric we recorded the limited spatial resolution (λ/4.5) in optical pattern that is lower than the required value to reveal the doughnut in each unit cell of honeycomb structure as simulation. This was explained as the unexpected coupling of propagating light to the flank of dielectric probe, so optical pattern contained a lot of low spatial frequency components and reduced the spatial resolution. The circular aperture probe, however, can filter out effectively the propagating light; therefore successfully reveal the doughnut in unit cell as simulation prediction.

Using BNA-probe the NSOM measurements gave insight about slow Bloch modes thanks to high spatial resolution (λ/13) and coupling enhancement. These results included the azimuthal polarization in unit cell, intensity patterns of E x and E y -components, mode confinements. The further investigations indicated that the real mode expansion is in the range of excitation spot size and may be governed by mechanisms involving carrierinduced refractive-index change.

Finally, we performed for the first time the direct observation of random lasing from AL modes in DPC hetero-structures. The localized lasing modes induced by a certain degree of structural randomness were observed using NSOM with sub-wavelength resolution. This work provides the first guide for designing random photonic band gap structures that exhibit AL, such as 2D-DPC. This approach is applicable to the fabrication of advanced devices such as micro-laser and single photon sources. Due to high photon confinement efficiency and structural robustness toward omnipresent fabrication imperfections, DPCs might be ideal to realize novel photonic devices and provide an innovative tool for fundamental studies.

The further studies based on NSOM set-up with various NSOM probes could be:

1) Investigating the dependence of structure size on the surface expansion of slow light mode using BNA-probe.

2) Measuring the transmission spectra of BNA-prove to identify their resonant peaks.

3) In some later experiments, we observe the perturbation of near-field modes with presence of near-field probes as well as the shift of resonant spectra. However, we are not able confirm and understand entirely this phenomenon except the observation in IR camera. Thus, the perturbation of near-field probes, including conventional probes and antenna probes to the near-field modes in PC should be studied further. The table below lists all of calibration parameters using for present piezo-electric system: 

Annex B

Calibration of monochromator

For calibration of monochromator we used two reference laser diodes (1.3µm and 1.55µm) and spectrum analyzer. To get rid of any ambient influence, a longpass filter at 1100nm cut off frequency was used. The process is described following: e. Final we obtained the mean value of -5.484nm (the old is -2.876) for calibration process.

In addition, we found that position of optical fiber as being injected into monochromator also impacts on spectra: the further the tip end to reflecting mirror, the more the red-shift occurs and the maximum value obtained about 0.33nm. On contrary, rotation of fiber around the fiber input does not impact on its spectra.

Annex C

Gaussian function

A Gaussian function (named after Carl Friedrich Gauss) is a function of the form:

( ) where: I off , I 0 being the offset value and the height of the curve's peak value.

      - - + =
x, x 0 being the independent variables and position of the centre of the peak respectively;

L being the width of the bell, or the size of Gaussian curve in our case. This value is defined at I 0 /e², e is the Euler constant (~ 2.71828). 
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 11 Figure 1.1: The models of photonic crystals in which dielectric structures are periodic in a) 1D, b) 2D or c) 3D. The different colors in blocks represent the differences in dielectric materials 7 .

  ) E and H stand for the macroscopic electric field and magnetic field; D and B are used for displacement and magnetic induction. The relation between B and H is formulated as:

Figure 1 . 2 -

 12 left illustrates a typical 1D PC with given dielectric function ε(r)=ε(r+a), where a is the periodicity. The photonic diagram of Figure 1.2-right shows a band gap which contains no allowable mode. Band gaps are formed owing to the opposite splitting of two accidental degenerate modes propagating in PC structure with presence of the oscillating potential provided by ε(x)=ε(x+a): the field e(x)=cos(πx/a) is more concentrated in higher dielectric material than the field o(x)=sin(πx/a), so it that e remains in the low frequencies region.

Figure 1 . 2 :

 12 Figure 1.2: Illustration of electromagnetic field distribution in periodic dielectrics of 1D-PC (multilayer thin film structure). The higher dielectric material ε 2 is favorable for the low-frequency modes e(x) and vice versus, thus generating the band gaps between two degeneracy modes.

  photonic band gap. Since no allowable mode exists, density of states (DOS) in this gap is zero. Thus, a photonic crystal with PBG is able to operate effectively as a perfect reflector of light with very low losses1, 12 . This triangular PC configuration (air holes in Si slab), PBG appears solely in TE-polarization mode (in plane electric fields) between normalized frequency of 0.208÷0.275.

Figure 1 .

 1 Figure 1.3: a) Sketch of triangular 2D-PC structured by an array of air holes (r=0.3a, a=440nm being the center-to-center periodicity, and typical ε air =1) in high dielectric material (Si slab, ε=12). Band diagram of this PC presents a large band gaps for TE mode. The normalized frequencies are plotted around the boundary of the first Brillouin zones where Γ, M, K are high symmetric points 2 . b) SEM image of a seven-hole missing linear cavity (CL-7). c) Optical image of electric field intensity distributes inside the CL-7 structure by FDTD simulation.

Figure. 3 -

 3 b shows the SEM image of a seven-hole missing linear cavity (CL-7) in the InP slab. Figure.3-cindicates the corresponding electric field intensity of a fundamental defect mode distributed in the cavity by FDTD simulation13 . This confinement of light within cavity is anear-field measurement technique providing a high-Q lasing modes.
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 14 Figure 1.4: Diagram of the density of states (DOS) of radiation field. a) in free space. b) in photonic crystal media. The DOS in this media is strongly modified indeed, especially for defect modes in photonic band-gap which indicates the sharp peak 1 .

  2D-PC as shown in Figure 1.5. The lower inset is a SEM image of honeycomb structure where A is lattice parameter. There is no band-gap occurring in the region of the first modes. At the Γ-point, there are three slow modes, labeled monopolar M, hexapolar H and dipolar D occurring at normalized frequencies of 0.45, 0.47 and 0.50 respectively with a low band curvature (α) and null of group velocity v g . The upper insets show three intensity mode patterns corresponding to these modes obtained by 2D-FDTD simulation.
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 15 Figure 1.5: Band diagram of honeycomb 2D PC with lattice parameter A of 775 nm and air filling factor of 20%. The lower inset shows the SEM image of given PC. M, H, D stand for three slow modes: monopolar, hexapolar and dipolar respectively at Γ-point.

  which stipulates that the optical resolution of a far-field microscope cannot exceed ∆x=0.6λ/NA where λ is the light wavelength and NA the numerical aperture. The information about the high-spatial frequencies (i.e the finest modulations of the electromagnetic field) are contains in the non-propagating field and remains in the close vicinity of the object.
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 16 Figure 1.6: The illustrations of diffracted field through subwavelength apertures. Incident plane wave passed though subwavelength slits generated evanescent field bounded to the surface of thin film and exponentially decayed as a function of distance z from surface.

  computed at the surface (z=0 nm) of the cavity and at different altitudes (z>0) from the surface. Away from surface, the intensity decreases exponentially; simultaneously the mode modulation in xy-planes parallel to the surface becomes larger. Around z=λ/2, almost all the near-field details present at the surface are lost since only the far-field optical signal is collected. In order to overcome these limitations and access into the nanoscale world, specific devices that allow unveiling the information in near-field have been developed. Near-field Scanning Optical Microscopy (NSOM) has been developed for this demand. Since its development, NSOM related technologies have been utilized in many research areas and has become an important part in nano-optics research.
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 17 Figure 1.7: Evolution of optical intensity and patterns of cavity mode on photonic crystal at λ=1530nm as a function of distance z from surface to the NSOM probe. Further moving away from the surface leads to significant reduction of the spatial resolution and exponential decay of the near-field intensity.

  photon channeling mode (PSTM) (Figure1.8-f), incident light is totally internally reflected from the substrate surface. In this way, the evanescent optical signal present in the near-field region of the sample is collected through the tip aperture.
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 18 Figure 1.8: Six common NSOM configurations 44 : a) collection; b) illumination; c) illumination/collection ; d) oblique collection ; e) oblique illumination ; f) dark-field

Figure 1 . 9 :

 19 Figure 1.9: The near field confinement and enhancement in gap zone of bowtie aperture antennas. (a) SEM image of a BNA on NSOM probe. (b) Electric field confinement in aperture at resonance wavelength in simulation 53, .

Figure 1 .

 1 Figure 1.10: (a) SEM pictures of the individual bowtie slot antenna and comparable square and rectangular aperture antennas in a 160 nm thick gold film. (b) NSOM image of the antenna array in (a), which was 45° clockwise rotated with respect to the SEM image. The incident light was polarized along y-axis as shown by the arrow.

Figure 1 . 11 :

 111 Figure 1.11: Problem statement of optical antenna theory. A receiver or transmitter (atom, ion, molecule...) interacts with free optical radiation via an optical antenna58 

Figure 1 .

 1 Figure 1.12: (a) An ideal dipole with uniform current I in length ∆z (∆z<<λ and R ~ r). (b)

  R r being the radiation resistance of an antenna referred to the input terminals as: Rr=2P f /I 2 , I being the current. R ohmic is determined as: the surface resistance.

Figure 1 .

 1 Figure 1.13: (a) Bow-tie aperture nanoantenna (BNA) model in the aluminum thin film. Its geometries are defined by l (length), w (width), θ (flare angle), g (gap size) and h (metal thickness). The incident vector kz is directed upwards whose electric filed E is linearly polarized along the x-axis. The axis of BNA is selected parallel to x-axis. (b) Diagram of an example BNA located on the apex of polymer tip.

Figure 1 .

 1 14 presents the calculated transmission curves of BNAs with respect to p-values varied from 0.93µm to 2.38µm in step of 0.48µm. Note that the transmission curves are obtained for an array of BNAs in which period varies from 350nm to 650nm in steps of 100nm. Figure 1.14-a indicates that resonant wavelengths of BNAs shift to the longer wavelength as increase of perimeters. The linear dependence between aperture perimeter and resonant wavelength is clearly confirmed in Figure 1.14-b.
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 114 Figure 1.14: Simulated transmission of BNA spectrum in gold film 61 .

Figure 1 .

 1 Figure 1.15: a) Electric field polarized along the antenna gap results in the accumulation of charges in the gap edge at resonance. (b) Current density distribution shows the current flows around the perimeter of aperture. The detail could be found in ref[60].

Figure 1 .

 1 Figure 1.16 shows the transmission spectra of BNAs with various gap sizes. The outline dimension of the antenna are fixed at l=w= 300nm along with the period of antenna array, gold film thickness and flare angle are 450nm, 30nm and 90° respectively.

Figure 1 .

 1 Figure 1.17 presents the enhancement factors of the electric field intensity in the gap zone normalized to the incident power calculated for a BNA on gold film as a function of gap size (Figure 1.17-a) or distance from the antenna surface (Figure 1.17-b). The small increase of either gap size (g) or distance (r) away from resonant zone might result in a large drop of field intensity.

Figure 1 .

 1 Figure 1.17: Near-field enhancement factor of electric field E 2NA /E 2 Incident by FDTD in ref[60] versus: a) gap size varying from 30nm to 60nm. b) distance from antenna surface.

Figure 1 . 18 :Figure 1 .

 1181 Figure 1.18: Field confinement of antenna (spot line-width) is measured at resonance as a function of distance from the antenna surface 60 .

Figure 1 .

 1 19-b/c shows the detail of enhanced and confined field patterns in the transverse (x-y) plane. With the electric field polarized in x-direction (Figure 1.19b), the enhancement factor of field intensity (normalized to the incident one) in the gap zone could reach 120 times. On contrary, if BNA is excited by the electric field polarized in y-direction (Figure 1.19-c), very low enhancement factor is observed in the gap zone.

  excitation by plane wave to excite BNA in collection mode, the polarization ratio results in the theoretical value of 37. The sensitivity of BNA to the polarization of electric field is also confirmed as shown in Figure1.20-b. Under magnetic field excitation, with the same condition as Figure1.20-a, however, maximum enhanced power only reaches value of unity and is negligible in comparison with the electric field excitation.

Figure 1 . 20 :

 120 Figure 1.20: Collection spectra of BNA at the rounded apex of Al-coating probe versus normalized coupling power (P/P 0 ) reported by M. Mivelle et al. 54 indicates resonant wavelength of 1.55µm. a) using electric dipole excitation. b) using magnetic dipole excitation 54 .
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 2 Figure 2.1-a: NSOM set-up relied on Axio Observer inverted microscope (D1). Main components consists of HAL lamp (1), laser alignment system (2), filter slider (3), aperture stop (4), field diagram(5), reflector cube(6), switching beam path between base

Figure 2 .

 2 Figure 2.1-b: Illustration of two configurations: (left) New NSOM set-up in transmission mode and (right) previous NSOM set-up in reflection mode.

Figure 2

 2 Figure 2.1-c: Principle of NSOM set-up consists of four sub-systems: 1. excitation (modulator, pulse generator, laser diode, light source and single mode fiber), 2. excitation control (microscopy stand including optical components, sample and CCD camera), 3. NSOM (NSOM head and tip) and 4. detection system (monochromator, lockin amplifier and other electronics devices).

Figure 2 . 2 :

 22 Figure 2.2: Details of excitation system. a) Sketch contains main components. b) Laser diode is modulated with 2kHz and pulsed with duration of 20ns and duty cycle of 10%.

Figure 2 . 3 :

 23 Figure 2.3: Deployment principle of excitation control system. This system includes microscopy stand with all optical components (filter slider, aperture stop, field diagram, Bragg reflector, mirror and objective), translational stage, sample and output devices (CCD camera, binocular...)

  Figure 2.4-b indicates the reflectivity. It shows that the reflectivityreaches nearly 75% in the visible region and 11% in the infra-red. This mirror improves 3fold the reflectivity with respect to the commercial reflector. Moreover, conversely to the commercial mirror, the homemade mirror is free from polarizing effects, which is of utmost importance for our experiments. That is the reason why we decided to use it throughout our experiment instead of the commercial one.

  .5-a/b): typical value of 9µm for objective 63x/0.75 and 13.7µm for objective 40x/0.6 are measured. It can be more precisely measured by analyzing the Gaussian curve fitting for linear optical intensity profile. As indicated in Figure 2.5-c, the profile cross-sections of several excitation spots (Gaussian beam) are plotted as a function of the laser diode current, from 32mA to 69mA (saturation). The spot size of 13.5±0.3µm (objective 40x/0.6) is calculated from width of the Gaussian curves corresponding to I max /e². These curves P60 and P69 were not taken into account due to their saturation (flat at top).
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 25 Figure 2.5: Excitation spot on defect-free honeycomb 2D photonic crystal (40x40µm²) recorded by a visible CCD camera. (a): image captured with corrected objective x63/0.75. Excitation spot diameter is measured around 9µm. (b): image captured with objective 40x/0.6, excitation spot diameter is around 13.7µm. (c): excitation profile vs. pumping power (P) of laser diode follows Gaussian shape and is used to estimate the spot size (13.5±0.3 µm, objective 40x/0.6). In this graph, curves P60 and P69 are flat at top due to the saturation and not taken into account of calculation.
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 27 Figure 2.7: Detection system consists of monochromator (filter, optical components and photodetector), lock-in amplifier, electronics devices (computers, oscilloscope), infra-red CCD camera and spectral analyzer can be implemented for future development.

  set up allows also the detection of the far-field signal emitted by the sample. The infra-red light emitted by the structure can be collected from the back side of the sample by the objective that has been used for the excitation. The IR light is then sent back to another microscope output ports equipped with an IR-camera. It is then possible to obtain the image of the radiating light at the surface of the sample.
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 28 Figure 2.8. However, it is disadvantageous since the long duration of fabrication (15hours vs. 45 minutes).
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 28 Figure 2.8: Images of near-field tapped probe (by conventional optical microscope) fabricated by chemical etching approaches with two different methods. (a) Tuner's method provides probe with 28° conical angle, 205µm length and 200nm diameter (probe apex). (b) Tube etching method provides probe with 44° conical angle, 130µm length and around 200nm diameter (probe apex).
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 29 Figure 2.9: Diagram illustrated the manufacturing process of near-field polymer probe by Lovalite. (a) Depositing a drop of liquid photopolymer at the cleaved end of optical fiber. (b) Exposing to laser 532 nm for polymerization process. (c) Resulting probe after rinsing in methanol or an isopropanol solvent.

Figure 2 .

 2 Figure 2.10: SEM images of polymer probe. (a) polymer probe emerges from the core of cleaved monomode optical fiber. (b) Probe metallized by 5nm thickness of Ti and 100nm of Aluminum.

  photopolymer →

2. 11 .

 11 Real dimensions of BNA are in agreement with the designed dimensions: 220nm length, 220nm width, 45nm gap width and 100nm metal thickness.
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 211 Figure 2.11: Top view SEM image of a bowtie nano-aperture antenna (BNA) on the extremity of metal-coating polymer probe fabricated by FIB.
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 212 Figure 2.12: Sketch of experimental set-up to observe the transmitted light through BNA in emission mode. A rotating polarizer was employed to select the polarization direction of incident light.

Figure 2 .

 2 Figure 2.13: a-b) Transmitted light through BNA-probe observing by IR camera with incident light linearly polarized either in parallel (a) and perpendicular (b) direction (see insets). c-d) two corresponding optical images by FDTD-simulation.
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 214 Figure 2.14: Sketch of experimental set-up to mapping the polarization diagram of BNA in collection mode. A rotating polarizer was employed to select the polarization direction of incident light.

Figure 2 .

 2 Figure 2.15 shows the experimental polarization diagram of the BNA (solid blue line) with respect to fluorescence diagram of a single molecules 17,18 (dashed red line). The agreement between the two curves confirms that the electric dipole moment polarized along the gap edge (horizontal axis in diagram) governs the coupling resonance in the gap of BNA-probe. The polarization ratio (seen as polarization sensitivity) between the two orthogonal components was estimated to be about 1:31 in comparison with the theoretical ratio of 1:37 for plane wave excitation. For a dipole excitation, the theoretical polarization ratio could reach 1:170 17 .
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 215 Figure 2.15: Polarization diagram of BNA-tip in collection mode illuminated at resonance wavelength 1.55µm. The dashed red line presents the fluorescence diagram of an ideal nanopolarizer of a single molecule (dipole absorption moment). The blue solid line indicates the experimental optical intensity measured at free end facet of fiber. The collected optical intensity is normalized to the incident light. Experimental polarization

2. 16 )

 16 . The sample was optically pumped by a pulsed laser diode (805nm, duration of 10ns and duty cycle of 10%) through an IR-corrected Mitutoyo long-working distance objective (x20) at normal incidence. The photoluminescence emitted from the sample was collected by the same objective and directed towards an infra-red spectrometer through optical fiber after passing a 1100nm-long pass filter. A dichroic mirror placed in the optical path enabled to partially reflect the emitted light to an infra-red camera for in-line observation.

Figure 2 . 16 :

 216 Figure 2.16: Photoluminescence set-up for far-field characterization. Laser diode (red line) at 780nm was pulsed with duration of 10ns and duty cycle equal 10%. An objective was used to excite the quantum well of sample and collect the reflected light (blue line).

Chapter 3 :

 3 fabricated by EBL and RIE methods. The far-field characterization was first employed to verify the expected optical properties before conducting near-field investigation by NSOM in transmission mode. Several kinds of near-field probes were fabricated for different NSOM purposes such as dielectric, metal-coating or bowtie nano-aperture probes. Theoretical and far-field SBM optical properties This chapter deals with the far-field optical properties of lowest energy slow Bloch modes of honeycomb 2D photonic crystals. Prior to characterization, FDTD simulations were performed to predict the theoretical behaviors of the modes in terms of spectral characteristic and mode distribution inside the PC. Far-field characterizations that reveal the global spectral properties as well as the polarization characteristic

Figure 3 . 1 .

 31 Figure 3.1. Band diagram of a defect-free honeycomb planar photonic crystal calculated using 3D plane wave expansion method by Adel Rahmani. Lattice a= 730nm and air filling factor 20% on 240nm-thick InP slab (n=3.17 at λ=1.55µm). The lowest energy band-edge mode (mode M) could be seen at Γ-point among several higher modes. The upper right image presents high-symmetry points of unit cell in reciprocal space and SEM image of a fabricated honeycomb PC (bottom right).

  at λ=1.55µm) bonded on SiO 2 transparent substrate. At the center of the InP slab, four quantum wells of InAsP separated by InP barriers (see Figure 3.2-c) were embedded to provide internal photoluminescence from 1.3µm to 1.65µm. An array of honeycomb-like cylindrical air holes (ε=1) was drilled on InP slab (Figure 3.2-a/b) to

  InAsP/InP, 110nm) ← InP slab (240 nm) Air hole ↓

Figure 3 . 3 :

 33 Figure 3.3: 2D-FDTD simulation layout performed for honeycomb PC. The white circles in hexagonal lattice indicate the air holes of PC in InP slab (n=3.17). The arrow shows the orientation of impulsed dipole in TE while the yellow crosses present the position of placing detectors. The structure parameters: lattice size A of 775nm, air hole radius of 130nm. Thus, calculated filling factor and effective index are of 20% and 2.7 respectively.

Figure 3 . 4 :

 34 Figure 3.4: Resonant spectral of honeycomb PC (A=730nm and 2r=245nm) computed in 2D-FDTD by a TE dipole excitation.

2 Figure 3 . 5 :

 235 Figure 3.5: Intensity patterns of mode M at λ=1607 nm. The white circles at the center are present the position of air holes of photonic crystal. a) Total electric field E² (E² x + E² y ) intensity pattern indicates the doughnut-like shape formed inside the unit cell and no intensity at the center. b) Electric field intensity polarized in y-axis (E y 2 ) that is decomposed into two lobes laid symmetrically either side of y-axis. c) Electric field intensity polarized in x-axis (E x 2 ) with two separated lobes laid symmetrically either side of x-axis. These results demonstrate the azimuthal polarization of mode M in unit cells.

2 Figure 3 . 6 :

 236 Figure 3.6: Intensity patterns of mode H at λ=1716.4 nm with the unit cell of PC structure at the center. a) Total electric field E² (E² x + E² y ) intensity pattern presents the array of bright spots distributed surrounding these air holes of PC and no intensity is found at the center of unit cell. b) Mapping of electric field intensity polarized in y-axis (E y 2 ). c)

Figure 3 . 2 Figure 3 . 7

 3237 Figure 3.7 Intensity patterns of mode D at λ=1647.5 nm that inserts the unit cell of PC structure at the center for reference. a) Total electric field E² (E² x + E² y ) intensity pattern presents the modulation of spots distributed in the air holes and at the center of unit cell of PC. b) Mapping of electric field intensity polarized in y-axis (E y 2 ). c) Mapping of electric field intensity polarized in x-axis (E x 2 ).

Figure 3 . 8 :

 38 Figure 3.8: Intensity patterns of mode M on InP slab surface by 3D-FDTD. (a) Finite

Figure 3 . 9 :

 39 Figure 3.9: Evolution of the intensity profile of the monopolar mode at various distances from PC surface (0 nm) to far-field (1000 nm).

  5µm structure size with respect to mode expansion, several structure sizes with different filling factor value (by choosing different electron doses during EBL process step) have been fabricated.

Figure 3 .Figure 3 .

 33 Figure 3.10: a) Far-field spectra of six honeycomb structures (G1 to G6) excited by pulsed 780nm laser diode. From G1 to G6, the doses are increased thus filling factors are increased proportionally. As a result, resonant wavelengths supported by PC are altered inversely. The insets show the images of corresponding radiation modes on the PC surface with scaling bar of 10µm, recorded by an IR camera. b) Graph indicates spectral tuning of monopolar mode with respect to air filling factor.
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 3113112312313 Figure 3.11: Photoluminescence of quantum wells and radiation spectra emitted from G3 InAsP/InP quantum well emits light in range of 1.3µm to 1.65µm. The 2D-PC shows a resonant monopolar mode at 1611nm with high quality factor and other modes at lower Q: hexapolar mode (mode H) at λ= 1567.6 nm and dipolar mode (mode D) at λ=1415nm.
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 3314315 Figure 3.14: Comparison between a) Monopolar polarization inside a unit cell, b) Hexapolar polarization of inside a unit cell.

λ=1582. 7

 7 nm In this chapter we present the experimental results of near-field characterization of honeycomb PC modes. Near-field scanning optical microscopy (NSOM) in transmission mode was employed to record the slow light mode (mode M and H) associated with the Γ-point of the first Brillouin zone using bare dielectric tip, metal-coated tip and nano-antenna-based tip.

Figure 4 .

 4 Figure 4.1 shows the photoluminescence spectra of the structure G3 recorded in the far-and near-field at room temperature. The strong and sharp peaks obtained at 1611nmcorresponding to resonant laser emission from PC are identical for both far-field (red curve) and near-field (blue curve) measurements. This result confirms that the dielectric tip is indeed non-invasive. FWHM value of the lasing peak (full-with at half-maximum) is essentially limited by the spectral resolution of our spectrophotometer (about 0.6nm).
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 4142 Figure 4.1: Far-field (red curve) and near-field (blue curve) spectra of honeycomb lattice normalized to the maximum intensity. Mode M at λ SBM =1611 nm matching well in two types of measurement proves that dielectric tip does not disturb the electromagnetic field of PC.

Figure 4 . 2 -

 42 Figure 4.2-a and 4.2-b present respectively a topographic shear-force image of the structure and the optical image at the wavelength of mode M (1611 nm). Unexpectedly,

Figure 4 .

 4 2-dpresents the intensity profile crossing the doughnut (line P1 in Figure4.2-a). By comparing the optical intensity between the ring (maximum value) and the center of doughnut (minimum value), the intensity contrast is calculated about thirty folds. This shows the limits of the bare dielectric tip and confirms that the use aperture tip for strongly radiating structure is necessary.

Figure 4 .

 4 Figure 4.2: a) Topography in shear-force mode b) Near-field distribution of intensity of mode-M recorded with a bare silica tip at 1611 nm, the scaling bar is 5 µm. c) CCD image in the visible range of the excitation spot (780 nm) on the PC structure (size of 40x40µm 2 ), the width of the gaussian beam is about 9.5 µm. d) Mode profile recorded along the line P1 (corresponding to Γ-K direction in the reciprocal space) provides the contrast of mode intensity (thirty times).

Figure 4 . 3 :

 43 Figure 4.3: Near-field spectra of structure G1 shows resonant peak corresponding to the hexapolar mode on G1

Figure 4 .

 4 Figure 4.4-a/b show the topographic image and the optical image of the mode measured at λ=1584.4 nm. Firstly, it shows that the image resolution was much better than for the monopolar mode. A resolution of approximately 326 nm (λ/4.5) was achieved which what is usually expected with our bare silica tip functioning in PSTM mode. Here conversely to M mode, the field was strongly purely evanescent with a rather weak radiated component in the vertical direction. The electromagnetic field extended in a large area out of the excitation spot (white circle with diameter of 8.4µm) with an inhomogeneous distribution.Figure 4.5 shows the comparison between the 2D-FDTD

Figure 4 .

 4 5 shows the comparison between the 2D-FDTD simulation and the measured NSOM image. In spite of the experimental image resolution, the identification of the mode is quite clear and unambiguous.

Figure 4 .

 4 Figure 4.4: a) Shear-force topography of the G1 crystal surface, b) NSOM collected by dielectric tip image of the hexapolar mode . The excitation spot is the dashed line circle, diameter of 8.4µm.

Fig 4 . 5 :

 45 Fig 4.5: (left) 2D-FDTD intensity pattern for the Hexapolar mode and (right) NSOM image of the mode

Figure 4 .

 4 Figure 4.6: a) Near-field spectra of structure G3 shows resonant peak that may correspond to the dipolar mode. b) Corresponding NSOM image at 1427 nm. The position and size of the excitation spot is presented by the white circle.

Figure 4 .

 4 7-a/b are to verify the simulation results. The intensity patterns were recorded by scanning the dielectric tip at 2µm above the surface. This distance (>λ) was far enough to be considered as far field and to prevent near-field coupling into the silica tip. These scanning far-field patterns were performed on two different honeycomb structures that support monopolar mode. They give the same results and reveal the doughnut-like shapes (minimum intensity at the center) of slow light in the far-field. Note that the sub-wavelength features that were present in the near-field have disappeared from these images.

Figure 4 . 7 :

 47 Figure 4.7: The intensity patterns of monopolar mode recorded at distance of 2µm from surface (far-field) by NSOM dielectric tip with various similar honeycomb structures: a)

Figure 4 . 8 :

 48 Figure 4.8: The lasing spectra measured in far-field (pink curve) and near-field (blue curve) by metal coating NSOM tip. Two identical resonant peaks confirm the non-invasive metal-coating tip to the near-field distribution on surface of PC

Figure 4 . 9 .

 49 Figure 4.9. In the Figure 4.9-a/b where tip N°1 was used, the global doughnut still appears.

Figure 4 .

 4 Figure 4.9: a) Topography in shear-force mode with metallized tip N°1. b) Near-field distribution of intensity of mode-M recorded with tip N°1 at 1611 nm, the scaling bar is 5 µm. c) Topography with tip N°2. d) Near-field distribution of intensity of mode M recorded with tip N°2 at 1611 nm. The scaling bar is 5 µm.

Figure 4 .

 4 Figure 4.10 shows the zoom-in at the center area of Figure 4.9-d. The array of small doughnuts is indeed present in each unit cell of the honeycomb lattice. The dimensions of these doughnuts are 310 nm for the outer radius and 70 nm for the inner radius which is comparable with the theoretical prediction in Figure 3.8 of section 3.3.

Figure 4 . 10 :

 410 Figure 4.10: Detail of the M-mode at the center area of Figure 4.9-d. a) Topographic image b) Optical near-field image at 1611 nm (2.5µm x 2.5µm), circles indicate holes positions of the 2D-PC.

Figure
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 11 a presents the mode expansion recorded under the same excitation conditions as

Figure 4 . 9 .

 49 Figure 4.9. Though the tip is still collecting an amount of radiating light which accounts for the slight non-uniformity of the mode, it clearly shows that the mode reaches a maximum at the centre and decreases monotically, in agreement with the predicted, theoretical mode profile (Figure 3.8-g of section 3.3.2).

Figure 4 .

 4 Figure 4.11: a) Near-field intensity distribution of mode-M collected with tip N°2 at 1611 nm and (inset) simulation of mode pattern. b) Mode section recorded along the white arrow direction of a).

Figure 4 . 12 :

 412 Figure 4.12: Definition of x and y-axis attached to unit cell of PC determines the in-plane components of electric fields E x and E y . The optical axis of BNA orients horizontally with respect to this page and was kept unchanged during experiment as convention. The configuration a) was used to map the E² x intensity component (the optical axis of BNA is parallel to the x-axis). b) For E²y component, the sample must be rotated so that the BNA axis is parallel to the y-axis.

Figure 4 .

 4 Figure 4.13-a. This indication is re-proved by far-field radiation image taken by IR camera in Figure 4.13-b. No change occurs as brings the BNA-tip to the doughnut vice versus.

Figure 4 .

 4 Figure 4.13: a) Near-and far-field spectra of lasing mode. The inset presents the excitation spot. b) The far-field radiation surface pattern of mode M in doughnut shape (taken by IR camera) is unchanged in presence of BNA-tip.

  BNA and structure orientation have to fulfill the configuration of Figure4.12-a (BNA axis is parallel to the x-axis of structure). The 40x40µm² honeycomb structure is illuminated through an objective x40/0.6NA by a 780nm-pulsed pumping laser. The excitation light a) on sample with diameter of 10.5µm. The details of NSOM set-up and operating conditions were described in section 2.1.

Figure 4 .

 4 Figure 4.14 presents the NSOM topographic and optical images of the E² xcomponent intensity of the monopolar lasing mode at λ=1611 nm.Figure 4.14-a shows the

Figure 4 .

 4 14-a shows the shear-force image with scanning area of 15x15µm² in which the air holes in honeycomb structures are clearly visible (black circles). This demonstrates the ability of BNA-tip to yield correct topography despite its dimension and confirms the near-field working mode of NSOM. The inset at left corner of this image indicates the direction of BNA axis with respect to a unit cell of PC structure. The 10.5µm-pumping laser spot is shown as a dashed blue circle. A small defect imprinting on PC structure (blue arrow) is used as a marker to identify the rotation of sample. The other white spots are "dust" particles and do not impact on the distribution of mode in the optical image.

Figure 4 .

 4 Figure 4.14: NSOM images of honeycomb 2D PC. a) A shear-force topography with honeycomb structures confirms the near-field mapping of NSOM. A PC defect at blue arrow (indicated also in cartographic image) plays as a marker for sample orientation when rotating. The dashed blue circle presents the excitation spot position with diameter of 10.5µm. b) E² x -component of fundamental mode M obtained with BNA-tip at λ=1611nm with marker. The dashed line P1 presents the cross section of mode profile.

Figure 4 .

 4 Figure 4.15: E x intensity profile of mode M along cross section P1 in Figure 4.14-b. The maximum intensity is in the center of profile. The Gaussian envelop fitted to the mode profile confirms the Gaussian expansion of mode as simulation prediction.

Figure 4 .

 4 16-a presents a zoom into a unit cell of an experimental intensity pattern; the PC structure, deduced from the topography is in black. As a result, we found that the field distributes inside each unit cell and is decomposed into two lobes separated by the BNA-axis direction (horizontal) Figure4.16-b. shows the 3D-FDTD simulation obtained for E² x The results obtained by BNA-tip agree very nicely with the simulation prediction of E² x field pattern.

Figure 4 . 16 :

 416 Figure 4.16: Zoom of near-field intensity pattern and its profile. (a) Experimental intensity pattern obtained by BNA-tip. Black circles are present the air holes of PC structure which are obtained by matching with topographies. (b) Image shows numerical simulation result of E²x-component pattern at several unit cells. The white circles present the air holes of PC structure. c) Sketch defines the cross section directions. Vertical direction (V, red) is parallel to y-axis while Horizontal one (H, blue) is orthogonal and parallel to x-axis. (d) Intensity profiles along V-(blue), H-direction (red) of figure a) with respect to simulation profile of figure b).

Figure 4 . 17 :

 417 Figure 4.17: NSOM images of honeycomb 2D PC. a) shear-force topography with honeycomb structures confirms the near-field mapping of NSOM. A PC defect at the blue arrow (indicated also in cartographic image) now rotates 90 0 with respect to the case of E x -component. The dashed blue circle presents the excitation spot position with diameter of 10.5µm. b) E² y -component cartography of the fundamental mode M obtained with BNAtip at λ=1611nm. The dashed line P2 presents the cross section of mode profile.

Figure 4 . 18 :

 418 Figure 4.18: E² y -profile of mode M along cross section P2 of Figure 4.17-b. The maximum intensity is in the center of profile. The Gaussian envelop fitted to the profile confirms the Gaussian expansion of mode as simulation prediction.

Figure 4 .

 4 Figure 4.19-a presents the zoom into unit cells of an experimental intensity pattern with presence of PC structure in black circles. This pattern allows to identify the mode distribution with respect to honeycomb structure done by the overlap of topographic and optical image. As for E 2x , we find that E 2 y -component distributes only inside each honeycomb unit cell. The pure doughnut-like shape of total field intensity (E 2x +E 2 y ) in unit cells is now decomposed into two lobes separated by BNA-axis in vertical direction.

Figure 4 Figure 4 . 19 :

 4419 Figure 4.19: Zoom of near-field intensity pattern and profile. (a) Experimental intensity pattern obtained by BNA-tip. Black circles present the air holes of PC structure which are obtained by matching with topographies. (b) Image shows numerical simulation result at several unit cells for E² y -component. The white circles present the air holes of PC structure. c) Sketch defines the cross section directions. Vertical direction (V, red) is parallel to y-axis while Horizontal one (H, blue) is orthogonal and parallel to x-axis. (d) Intensity profiles along V-(blue), H-direction (red) of figure a) with respect to simulation profile of figure b).

  cartographies, Fast Fourier Transform (FFT) of E²x and E²y optical images are performed to estimate he spatial cut off frequency of the optical image. The Figure 4.21-b/d shows the FFT images of E² x and E² y cartographies with two corresponding center cross section profiles (Figure 4.21-e/f). The FFT spatial frequency profiles of mode in reciprocal space at the lowest peaks present the detectable limitation between two spots on optical images.In order to enhance the low intensity peaks, the background light at center of FFT image was removed. The inversed values of the lowest peaks provide the spatial resolutions of cartographies in real space. As a result, the feature of 135 nm (~ λ/12) and 120 nm (~ λ/13) are obtained for E² x for E² y images respectively. It is clear that in case of BNA-tip, the spatial resolution of optical image is a convolution between the aperture dimension of BNA (45nm) and optical distance of these separated nano-objects. As indicated in Figure4.20, the spatial resolution values are corresponding to the closest distances between two lobes in the unit cell of E² x and E² y -components which are found approximately 135nm and 120nm respectively. The different distances explain the different values of spatial resolution for E² x and E² y -optical images obtained with the same BNA-tip. This also demonstrates the ability of BNA-tip to reveal all the smallest optical spots in cartographies.

Figure 4 . 20 :

 420 Figure 4.20: Zoom of cartographies to show the modes E² x and E² y in unit cell. The spatial resolution corresponds to the distance between two closest lopes.

Figure 4 .

 4 Figure 4.21: a/c) E² x and E² y cartographies of mode M at λ=1611 nm, mapping with BNAbased NSOM. b/d) Fast Fourier Transform (FFT) of E² x and E² y cartographies, with the cross sections through the center. The strong background light at the center of FFT images is removed to emerge the low intensity peaks. e/f) The spatial frequency profile of E² x and E² y mode in b) and d) in reciprocal space shows the detection limit at 7.4 (nm -1 )for E² x and 8.3 (nm -1 ) for E² y . The inversed values provide the spatial resolutions, which are 135 nm (~ λ/12) for E² x and 120 nm (~ λ/13) for E² y in real space.

Figure 4 .

 4 22 presents the intensity profiles of the excitation spot on sample with the two objectives: 40x (Figure 4.22-a) and 63x (Figure 4.22-b). Pumping profile curves can be well-fitted with a Gaussian function (indicated in pink solid lines). By convention, the spot size corresponds to the width of the Gaussian curve (taken at I max /e 2 ) (see Annex C). As a result, we obtained the values of L 40X =9.8µm (spot width with objective 40x) and L 63X =6.4µm±0.2 (with objective 63x).

Figure 4 . 22 .

 422 Figure 4.22. Excitation spot size (S E ) on estimated from optical images captured by CCD camera. Spot size is estimated at the width of Gaussian-fitted envelope (amplitude of 1/e²). a) Spot size with 40X objective of 9.8µm. b) Spot size with 63X objective of 6.4µm. The insets in two figures show optical images taken by visible camera.

Figure 4 .

 4 Figure 4.23-a/b show the NSOM optical images mapped with BNA-probe for E x 2component. The surface expansion in several directions was measured as the diameter of circle limited by the visible bright spots in optical images. With pumping power of 44µA, the mean value of expansion is 17.68 ±1.46 (µm). This value for P LD =100 µA is 12.9±1.46 (µm). The error of 1.46µm is equivalent to the error of taking the bright spots at the boundary or twice of lattice A (0.73µm) of honeycomb.

Figure 4 .

 4 Figure 4.23: a-b) E² y NSOM optical patterns obtained with BNA-tip. The expansion length of mode was determined by measuring the longest distance between visible bright spots (along the cross section profile a1, a2 (Figure a) and b1, b2, b3 (Figure b)) and taking the mean value.c) Overlapping of profile cross section along a1 and b3 on optical images and excitation profile (red curve). The arrows show the expansion length (µm).

Figure 4 . 24 .

 424 Figure 4.24. Lasing peaks red-shift with increasing pumping power.

Figure 4 .

 4 Figure 4.25: a/b) NSOM E² y mapping-of slow modes on 2D-PC using BNA-probe. The pumping spot sizes were changed by using 2 objectives: X63 (S E = 6.4µm) and X40 (S E = 9.8µm). The pumping power was unchanged between two measurements.

Chapter 5 :

 5 Disordered Photonic CrystalIn this chapter we investigate the optical properties of novel disordered photonic crystal. Two separated concepts of disordering the PC are introduced, fabricated and characterized by photoluminescence and NSOM.

Figure 5 . 2 :

 52 Figure 5.2: a) Schematic diagram of the 2D triangular disordered PC (DPC) by randomly displacing the air holes of the normal PC (OPC) to any direction with the constant distance δ (nm). The angle θ m to the horizontal axis measures the direction of displacement. The dashed circle (center O m ) represents the ordered positions of air hole in OPC while the solid one (center O' m ) indicates the disordered positions. b) The DPC structure (white circles) drilled in InP slab where the dashed circles indicates the ordered structure.
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 553 Figure 5.3: a-b-c) SEM images of triangular PC structures in cases of δ=0 (ordered), δ=10 nm (DPC-10) and δ=40 nm (DPC-40) respectively. d-e-f) Fast Fourier Transforms (FFT) of corresponding SEM images in a-b-c) reveal clearly the periodicity of OPC structure (δ=0), less periodicity with δ=10nm and no periodicity if δ increase to 40nm.
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 5454 Figure 5.4: 2D-FDTD computes the mode patterns of triangular PC with lattice parameters extracted from SEM images of fabricated PC for three cases of OPC (δ=0nm) δ=10nm (DPC-10) and δ=20nm (DPC-20). a/b) The optical images of K-mode OPC reveal the modulation at unit cells and Gaussian-like shape of mode envelop (highest intensity at the center). c/d) The optical response of DPC-10 reveals the slight distortion in field distribution the but the Gaussian-shape of envelope still remain. e/f) The transition from slow Bloch mode to Anderson localization mode could be explicitly observed in optical pattern of DPC-20.

Figure 5 . 5

 55 Figure 5.5 Lasing properties obtained by far-field measurements. Emission peak intensity is plotted as a function of pumping power (pulsed laser diode at λ=805 nm) for DPCs with (a) δ=0 nm and (b) δ=10 nm. Clear lasing threshold behaviors are observed. The inset spectra show the lasing peaks at different excitation spots on the RPCs and spectrally analyzed by a spectrophotometer equipped with a cooled InGaAs photodiode array. The excitation spots which correspond to each spectrum are indicated by yellow circles in the inset of the SEM images, where the yellow squares indicate the boundaries of OPCs. The plots of peak intensities in a and b are obtained at the excitation spots b and A in SEM inset images, respectively

Figure 5 . 6 :

 56 Figure 5.6: Sketch illustrates photon behavior in the altered valance band-edges at several locations of DPC that causes the blue-shift.

c. 1

 1 Figure 5.7 presents the NSOM topographic and cartographic images of an OPC. The red circle indicates the pumping area of about 9.5µm. The shear-force topography (12.5x12.5µm²) of Figure 5.7-a shows the periodic triangular structure but also a small topographic defect. The intensity pattern recorded at λ=1562nm in Figure 5.7-b presents periodic bright spots revealing the slow-bloch mode collected by the near-field tip. We also observed that the distribution of the band-edge mode is quasi-homogeneous except at certain position. The expansion of the band-edge mode over in the PC structure can be

Figure 5 . 7 -

 57 d shows a cross section profile of the mode fitted by a Gaussian envelope. This profile is in agreement with the simulation prediction of the OPC mode distribution profile showed in section 5.2.3.

Figure 5 . 7 :

 57 Figure 5.7: NSOM results of an OPC. a) Topography (12.5x12.5µm²) shows the periodic triangular structure of OPC and a small defect (red arrow). The red circle with diameter of 9.5µm indicates excitation spot position. b) Intensity pattern of mode with Gaussian envelope is mapped at λ=1583nm. The localized spots are attributed to the defect on structure (red arrow). c) High-pass filter with cut-off wavelength at λ SMB /2 is applied on optical pattern of b) to reveal more clearly the periodicity and distribution properties. d)

Figure 5 . 8 -Figure 5 . 8 :Figure 5 . 9 :

 585859 Figure 5.8-a shows the shear-force topography of a disordered triangular structures in scanning area of 7x7µm². In Figure 5.8-b, the corresponding optical image of the lasing mode at λ=1555nm reveals localized spots at certain locations of the DPC instead of the periodic mode distribution obtained with OPC. The overlap between NSOM topography (Figure 5.8-a) and intensity cartography (Figure 5.8-b) confirms that the localized modes are generated by the disorder in the structure rather than the defects. However, with randomness of 10 nm, the modulation properties of band-edge modes of OPC still remains in DPC-10 as shown in Figure 5.8-c using high-pass filter (~ λ mode /2). This result indicates a preserved band-gap of PC and illustrates the interplay of order-and-disorder. Considering the mode profile across the localized spots in DPC-10 in Figure 5.8-d (back solid line), we find that the tails of these localized modes decay exponentially with localization length around 3.7µm-4.5µm. In comparison with the profile intensity of OPC (red solid line) which follows the Gaussian distribution, the exponential decay of mode can presume the presence of Anderson localization (AL) due to the disorder in structure. Note that in Figure 5.8-d the vertical axis in logarithmic scale.

Figure 5 .

 5 Figure 5.10: a) Weak perturbation of PC structure leads to the increase of Q factor and decrease of modal volume V.

Figure 5 .

 5 Figure 5.10-a illustrates the alternation of band-gap from region to region in DPC.With weakly disordered PC, band-gap slightly fluctuates from its original position. Thus, the band-edge photons might be strongly backscattered since they have possibility to encounter the band-gap in the adjacent regions and then Anderson localization occurs with blue-shift. As a result, it provides the increase of Q factor and decrease of modal volume.
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 5511 Figure 5.10: b) Strong perturbation of PC structure (δ > 20nm in theory), on contrary leads to the decrease of Q-factor and increase of modal volume V.

Figure 5 .

 5 Figure 5.12: a) Schematic diagram of the 2D triangular mixed PC (MPC) by random modification of the air holes radius corresponding ordered PC. r 0 , r S , r L being the original (order), small and large radius of air holes respectively. b) The MPC structure (white circles) drilled in InP slab where the dashed circles indicates the ordered structure.
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 5131 Figure 5.13: SEM images of four types of DPCs on InP membrane.

Figure 5 .Figure 5 .

 55 Figure 5.14: a) Far-field measurements of four kinds of DPCs with the same experimental conditions on the same configurations (40 atoms, configuration 3, dose 3). b) The blueshift and red-shift of wavelength versus ∆r/a ratio (disorder degrees).
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 5515 Figure 5.15. This Figure shows spectra concerning another very-strongly-DPCs containing 40 types of atoms but fabricated using a different dose (dose 5) compared to the VSDPC

Figure 5 .

 5 Figure 5.16: a) far-field spectral measurement of OPC (blue curve) provides two bandedge modes at K-point (1628.6nm) and M-point (1515.2nm). However in near-field measurement only mode at K-point is visible. b) near-field intensity pattern of OPC at λ=1627nm by NSOM indicates the Gaussian distribution of mode reflecting the excitation spot. c) 3D view of optical pattern in b). d) Intensity profile along cross section P in b) demonstrates the Gaussian distribution of mode.

Figure 5 . 17 :

 517 Figure 5.17: NSOM images of a weakly DPC at λ=1628nm show the spread of intensity over structure in comparison with the OPC. The arrows indicate defects on surface. a) NSOM topography.b) NSOM cartography with two localized modes at the positions of defects. c) 3D view of mode distribution of b). d) Mode profile along cross section P in b)demonstrates the beak of Gaussian distribution intensity in WDPC.

Figure 5 .

 5 Figure 5.17-a/b/c yield the intensity distribution of the lasing band-edge mode which is slightly different with respect to the OPC (Figure5.16-b/c). Light intensity is still spread over the structure but partially localized in some areas. For instance, the global envelop of the mode is not gaussian but is still extended across the structure as shown in mode profile of Figure5.17-d. However, the localized spots (the white arrows in Figure5.17-b) may be

Figure 5 .

 5 Figure 5.18 shows local spectra obtained with the dielectric NSOM tip at three different positions on VS-DPC (see inset) using the same illumination. Note that the far-field spectra was measured by illuminating the whole structure with an optical fiber which enables to excite all allowed modes (four lasing peaks in this case).

Figure 5 . 18 :

 518 Figure 5.18: Far-and near-field spectrum of VS-DPC with 40 atoms. Far-field spectrum (blue curve) reveals four lasing peaks. Near-field measurements at several positions in this structure (inset) provide the corresponding resonant wavelengths.

Figure 5 .

 5 Figure 5.19 shows the NSOM images recorded at the 3 positions. The dashed arrows pointed from optical images to topographies indicate the corresponding positions of localized modes in structure. The comparison between cartographies and topographies also proves that no defect contributes to these localized modes and which confirms the role of disorder in the process of localization.

Figure 5 . 19 :

 519 Figure 5.19: NSOM optical images at the resonant wavelength corresponding to positions 1 (a)-2(b)-3(c) in Figure 5.18. The localized modes are clearly visible at some locations in cartographies and verified not due to the defects by matching with the topographies (below).

  Calculated photonic band-diagram presented the three first slow Bloch modes at high symmetric Γ-point labeled as monopolar mode (mode M, lowest energy), hexapolar mode (mode H) and dipolar mode (mode D). The numerical simulations of optical intensity patterns were performed in finite honeycomb 2D PC both in 2D and 3D-FDTD. Mode M always presented high quality factors at very low band curvature, leading to low threshold vertical emission laser. As simulation, mode M indicated the electric field distribution in doughnut shape with azimuthal polarization in each unit cell. The mode expansion was only limited by the structure size of PC and obtained the Gaussian shape reflecting the excitation profile of TE dipole. The partial field components E 2 x and E 2 y of mode M in PC structures indicated the decomposing of doughnuts into two lobes laid on either side of the polarization axis. Honeycomb 2DPC was designed to support the telecommunication wavelength (resonated at λ=1.55µm), with lattice parameters A=730nm and an air hole diameter of 245nm. Several structures were fabricated in InP slab-bonded glass substrate with four layers of quatum well InAsP at the center of waveguide, using EBL and RIE microfabrication processes.

4 )

 4 The 3D-FDTD simulations of Anderson's localization on DPC are in progress. These numerical results are very important to understand the mechanism behind the localized electromagnetic fields in DPC and generation of Anderson's localization 5) The perspective of using disordered photonic crystals to realize micro-lasers should be investigated further. 6) Investigation of coupling of EM field to the bow-tie antenna placing closely on PC surface to realize the photon funneling effect are in progress. Annex A Calibration of piezo-electric system of NSOM Before using the NSOM head or after long time operation, one has to calibrate its piezo-electronics system. Two reference samples are used: sample TGX01 for x-y axis and TGZ02 for z axis. The calibration process is as follow: a. Scanning sample with present system for topography. b. Then, using proper software to measure the dimensions of reference structures along x-y-z. Taking mean value. c. Calculation of multiple factor A= (mean value of x)/(reference value of x). The same for B(y) and C(z). d. Correcting the value Xr, Yr and Zr in the file of SMENA.par (in folder SMENA NSOM): (Old Xr)/A=(new Xr). The same for Yr and Zr.

  a. Making spectrum of given 1.3µm laser diode (peak at 1298.5nm) by spectrum analyzer. Setting device at the highest resolution (around 0.02nm) so that we can obtain the best spectral graph. b. Then making spectrum of the above laser by monochromator with optimum slit opening (12µm in this case) to obtain the best spectral resolution and sufficient intensity. c. Comparing the shift of two peaks between the reference spectral graph (step a) and the measured one (step b). d. Repeating the above steps (a to c) with 1.55mm reference laser diode (peak at 1535.8nm) and the same conditions.

Figure

  Figure below illustrates the Gaussian curves as a function of variable x. Since the intensity profile of excitation spot and the slow Bloch modes on surface of sample follows the Gaussian distribution, this function could used to calculate the excitation spot size, mode expansion... which are defined as a value of L

  

  

1.3. Optical nano-antenna 1.3.1. Introduction

  

	The conventional antenna plays a key role in today's technologies to transmit or
	receive the electromagnetic wave in radio and micro frequencies from distance. However,
	their optical analog is basically nonexistent in human life. Recent researches in nano-
	optics and plasmonics has generated considerable interest in the optical antenna concept,
	and several studies are currently focused on how to translate established radiowave and
	microwave antenna theories into the optical frequency regime.

  .13. 

	Bow-tie aperture Bow-tie aperture	
	nanoantenna nanoantenna	
	(BNA) (BNA)	Cladding, Cladding,
		D=125µm D=125µm
	Polymer, n=1.52 Polymer, n=1.52	
		Optical monomode Optical monomode
		fiber fiber
	A l co ati ng , 10 0n m A l co ati ng , 10 0n m	Core, D=9.3µm Core, D=9.3µm

Table :

 : 

	I) Structure on PMMA layer	II) Etching through SiO 2 layer by CHF 3
	III) Removing PMMA by O 2	IV) Etching through InP layer by
				CH 4 +H 2 . A side product of pure
				carbon occurs on top of sample.
			working conditions for RIE process	
	V) Removing C layer by O 2	VI) Removing SiO 2 layer by CHF 3 .
	Step	Gas	Flow (sccm)	Pressure (mTorr)	P RF (W)	Time (s)
	Etching SiO 2	CHF 3	16	15	100	600
	Removing PMMA	O 2	20	100	100	120
		CH 4	15			
	Etching InP			30	200	300
		H 2	30			
	Removing C	O 2	20	100	100	120
	Removing SiO 2	CHF 3	16	15	100	600

Figure 2.17. Diagram of etching steps to transfer designed structures into InP slab.

Table :

 : Air filling factor vs. resonant wavelength of structures from G1 to G6 in details.The filling factor was calculated by lattice parameters extracted from SEM images.

			G1	G2	G3	G4	G5	G6
	Wavelength (nm)	1635.5(M) 1582.7(H)	1622.5	1611	1596.0	1584.8	1567.6
	Filling factor (%)	10.4	17.7	20	22.5	23.7	25
	b. Photoluminescence of structure(G3)		
			Photoluminescence of QW Photoluminescence of QW		
			Radiation light from PC Radiation light from PC	1547 nm 1547 nm	1611 nm 1611 nm
		1.0 1.0					
	Normalized intensity (a.u) Normalized intensity (a.u)	0.5 0.5		1415 nm 1415 nm	1567.6 nm 1567.6 nm	
		0.0 0.0					
		1300 1300	1400 1400	1500 1500		1600 1600
						wavelength (nm) wavelength (nm)

  The optical intensity in NSOM cartographies I Carto was measured at the same position on photonic crystal in two cases. Since applied voltage of laser diode was kept constant, the ratio of I LD in equation 2 is equal unity. The table below provides the values of involved

	Φ	coupling	=	Metal tip BNA tip F F	=	Metal Carto BNA Carto I I	×	BNA LD Metal LD I I	×	BNA Slit Metal Slit F F	×	BNA M Metal M F F
	parameters.										
				I carto (V)		I LD					F Slit	F M
	BNA-tip		2.4		57mA/3.6mW	0.155 (at 40µm)	1
	Metal tip		1.2		57mA/3.6mW		1.0 (at 70µm)	10
	Replaced into (2):		Φ coupling = (2.4/1.2) x (1.0/0.155) x (10/1) = 130 ± 5%

(1998) 7 Stockle et al., » High-quality near-field optical probes by tube etching » Appl. Phys. Lett., Vol. 75, No. 2, (1999). 8

T.Pangaribuan et al., « Reproducible fabrication technique of nanometric tip diameter fiber

probe for photon scanning tunneling microscope «, Jpn. J. Appl. Phys. 31 (1992). 9 Renaud Bachelot, Carole Ecoffet, Denis Deloeil, Pascal Royer, and Daniel-Joseph Lougnot, "Integration of Micrometer-Sized Polymer Elements at the End of Optical Fibers by Free-Radical Photopolymerization," Appl. Opt. 40, 5860-5871 (2001) 10 Renaud Bachelot, Abdesslame Fares, Radouane Fikri, Dominique Barchiesi, Gilles Lerondel, and Pascal Royer, "Coupling semiconductor lasers into single-mode optical fibers by use of tips grown by photopolymerization," Opt. Lett. 29, 1971-1973 (2004) 11 M. Hocine, R. Bachelot, C. Ecoffet, N. Fressengeas, P. Royer and G. Kugel, "End of the fiber polymer tip: manufacturing and modeling", Synthetic Metals, Volume 127, Issues 1-3, 26 March 2002, Pages 313-318. 12 P. D. Bear, "Microlenses for coupling single-mode fibers to single-mode thin-film waveguides," Appl. Opt. 19, 2906-2909 (1980). 13 Bert Hecht et al, "Scanning near-field optical microscopy with aperture probes: Fundamentals and applications", The Journal of Chemical Physics, Vol. 112, No. 18, pp. 7761-7774 (2000) 14 M. Notomi, "Manipulating light with strongly modulated photonic crystals," Rep. Prog. Phys. 73 (2010) 096501 (57pp) 15 Grosjean, T.; Ibrahim, I. A.; Suarez, M. A.; Burr, G. W.; Mivelle, M.; Charraut, D. Optics Express 2010, 18, 5809-5824. 16 Koch, J.; Grun, K.; Ruff, M.; Wernhardt, R.; Wieck, A.D.,"Creation of nanoelectronic devices by focused ion beam implantation", (1999) 17 M. Mivelle, I. A. Ibrahim, F. Baida, G. W. Burr, D. Nedeljkovic, D. Charraut, J-Y. Rauch, R. Salut, and T. Grosjean, "Bowtie nano-aperture as interface between near-fields and a single-mode fiber," Opt. Express 18, 15964-15974 (2010) 18 L. Novotny, M. Beversluis, K. Youngworth, and T. Brown, "Longitudinal field modes probed by single molecules," Phys. Rev. Lett. 86 (23), 5251 (2001) 19 James Clerk Maxwell, "A Dynamical Theory of the Electromagnetic Field", Philosophical Transactions of the Royal Society of London 155, 459-512 (1865)

same physical processes. The scattering length is usually the average length between two scattering events, which can be easily related to the density of scattering elements and the scattering cross section into the random media. In 2D-PC, the scattering length is not so easy to define. It corresponds to the length-scale at which the mode is scattered by structural imperfection of the lattice, namely the disorder. Concerning the k-vector which is usually 2π/λ, it can be replaced by the wave-vector of the coherent slow Bloch mode.

This has allowed John 9 to reinterpret the classical Ioffe-Regel criterion that states the strong localization is possible in three dimensional random media if the condition k l s <1 is met for periodic dielectric media with k, the wave vector of the SBM and l s , the scattering length of the mode. The use of Slow Bloch modes which are present at the edge of Brillouin zone is particularly interesting because the wave vector of a band-edge mode tends toward 0 and allows these criterions to be fulfilled as indicated in the band-diagram of Figure 5.1.

Figure 5.1. Photonic band diagram of an ordered triangular photonic crystal (structured by the array of air holes in active InP membrane, a=460nm and r=0.3a). Band-diagram presents the TE band-gap and band-edge modes at M-and K-points (black circles).

In this work, the objective was to conceive new designs of disordered structure based on active triangular photonic crystal and to show the experimental evidence of light localization by disorder. To reach this goal, we have applied near-field scanning microscopy to active randomized photonic crystals. We studied two types of structures: in