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ACRONYMS

• Ag: Silver.

• Al: Aluminum.

• APE: Annealed Proton Exchange.

• BCB: Benzocyclobutene.

• BIC: Bound State in The Continuum.

• BTO: Barium Titanate.

• CFL: Courant-Friedrich-Lewy.

• Cr: Chromium.

• DRIE: Deep Reactive Ion Etching.

• E-Field: Electric Field.

• EB: Electron Beam.

• EEG: Electroencephalography.

• EO: Electro-Optical.

• ER: Extinction Ratio.

• f op : Optical Field Factor.

• FDTD: Finite Difference Time Domain.

• FEM: Finite Element Method.

• FIB: Focused Ion Beam.

• FT: Fourier Transform.

• FWHM: Full Width Half Maximum. vii viii

Acronyms

• Ga: Gallium.

• GM: Guided Modes.

• GR: Guided Resonance.

• IBE: Ion Beam Etching.

• ICP: Inductively Coupled Plasma.

• IL: Insertion Losses.

• LiNbO 3 (LN): Lithium Niobate.

• LiTaO 3 : Lithium Tantalate.

• LR: Localized Resonance.

• MZI: Mach-Zehnder Interferometer.

• NA: Numerical Aperture.

• NIR: Near-Infrared range.

• NL: Non-Linear.

• OSA: Optical Spectrum Analyzer.

• PBC: Periodic Boundary Condition.

• PBG: Photonic Band Gap.

• PE: Proton Exchange.

• PEC: Perfect Electric Conductor.

• PhC: Photonic Crystal.

• PML: Perfectly Matched Layer.

• Q-factor: Quality Factor.

• RIE: Reactive Ion Etching.

• RIU: Refractive Index Unit.

• SEM: Scanning Electron Microscope.

ELECTRO-OPTICS DEVICES IN LITHIUM NIOBATE

Photonics, or the science of light, became one of the main fields of research after the invention of the laser in 1960. In addition, with the development of fiber optics and the amplifier, this field formed the basis of the telecommunications revolution in the 20 th century and provided the infrastructure for the Internet. Optical components used in photonics-based communication instruments enabled faster data transfer compared to existing technologies and led to an increased demand for photonic technologies. Nowadays, photonics encompasses a wide range of applications, including: laser manufacturing, sensors, modulators and others.

The electro-optical (EO) effect is one of the relevant effects that photonic technologies can deal with in order to manipulate light by an electric field. The latter lead to the modification of the refractive index in a medium characterized by its EO properties. The EO devices provides certain performance advantages, especially speed, that cannot be fulfilled by other technologies such as acousto-optic devices, MEMs or others.

For EO technologies, lithium niobate (LiNbO 3 ) is always the first choice (with its fraternal twin, lithium tantalate LiTaO 3 ) due to its high EO properties [START_REF] Wong | Properties of lithium niobate[END_REF][START_REF] Stenger | Thin film lithium tantalate (tflt) pyroelectric detectors[END_REF][START_REF] James | Lithium Niobate Photonics[END_REF]. Lithium niobate is considered as the silicon of photonics due to its dominant position in the EO technologies [START_REF] Manzo | Lithium niobate: The silicon of photonics! In Nano-optics for enhancing light-matter interactions on a molecular scale[END_REF]. The dominance of LiNbO 3 in EO technologies is related to its higher Curie temperature compared to other EO materials, which makes it robust for the temperature variation and in harsh environment. More details about lithium niobate will be provided later in section 1.1. Compared with semiconductor technologies, LiNbO 3 devices such as EO modulators offer an im-proved extinction ratio and reduced optical loss. Furthermore, EO polymers were proposed as an EO competitive material to LiNbO 3 since they exhibit higher EO properties. However, their high optical losses and thermal stability considerations remain their main obstacle towards its development in EO technology.

Despite the large electro-optic properties of LiNbO 3 , it was not comparable to the silicon technologies due to its mechanical stability that makes it very difficult to be structured and the large dimension required in the bulk LiNbO 3 based devices derived by the low confinement of the optical modes [START_REF] James | Lithium Niobate Photonics[END_REF]. After the emergence of the thin film lithium niobate [START_REF] Poberaj | Ion-sliced lithium niobate thin films for active photonic devices[END_REF][START_REF] Poberaj | Lithium niobate on insulator (lnoi) for micro-photonic devices[END_REF], a new era in the photonic technology has begun leading to EO devices with reduced footprint and power consumption. Furthermore, the emergence of photonic crystal based devices have increased the integration of the photonic devices to meet with the requirements of the integrated technologies and becomes competitive with the electronic devices.

The objective of the thesis is to develop optical devices based on the EO effect with high performance such as an electric field sensor (in chap. 3) with a high sensitivity of detection and an EO modulator with a low half wave voltage and high efficiency (in chap. [START_REF] Manzo | Lithium niobate: The silicon of photonics! In Nano-optics for enhancing light-matter interactions on a molecular scale[END_REF]). The aim is to highly confine the optical mode in the LiNbO 3 in order to benefit from its high EO properties. This chapter presents first the physical properties and specifications of the EO material LiNbO 3 involved in the study of the EO devices. Second, a section will be dedicated to define the EO effect and applied it to LiNbO 3 . Third, some applications of the photonic devices based on the EO effect in LiNbO 3 are presented and discussed. Finally, the physical properties of photonic crystals are presented with some EO applications on LiNbO 3 and we emphasis on the thin film lithium niobate based technologies that brought a lot of improvement to the integrated photonic technologies.

1.1/ LITHIUM NIOBATE

Lithium niobate (LiNbO 3 ) is an artificial dielectric material composed of niobium, lithium and oxygen atoms as shown in Fig. 1.1. The fabrication process of the ma-terial is made with the Czochralski method which has been known and mastered since the mid-1960s [START_REF] Albert A Ballman | Growth of piezoelectric and ferroelectric materials by the czochraiski technique[END_REF]. This method ensures the fabrication of a monocrystalline structure belonging to the 3m trigonal class (3 rotational symmetries and 3 mirror symmetries). LiNbO 3 is known as a uniaxial crystal. The uniaxial nature of this material makes it birefringent: the electromagnetic wave propagates in an anisotropic way. This means that the optical index seen by the light will depends on the direction of propagation and the state of polarization. The X and Y axes of the crystal correspond to the ordinary index n o (E ⊥ Z) while the Z axis (or the C crystal axis) corresponds to the extraordinary index n e (E Z). Generally, the modification of the refractive index of an anisotrope material can be described by an index ellipsoid represented by :

x 2 n 2 x + y 2 n 2 y + z 2 n 2 z = 1, (1.1) 
with n x , n y and n z are the refractive index along the x-, y-and z-directions, respectively. For a uniaxial crystal, the refractive index is given by:

[n] =              n o n o n e              . (1.2)
These indices depend on the temperature and the wavelength of the propagating light, and their values can be described through an analytical model, namely the Sellmeier's equations as follow:

n 2 o (λ) = 4.9048 + 0.1177 λ 2 -0.0475 -0.0272λ 2 (1.3)
n2 e (λ) = 4.5820 + 0.0992 λ 2 -0.0444 -0.0219λ 2 (1.4)

At a telecom wavelength of 1550 nm, n o = 2.212 and n e = 2.138.

In addition, this material is transparent over a wide range of wavelengths, from UV to near infrared (350 nm to 5000 nm). This property makes it an attractive material for various applications, such as in optical communications [START_REF] Ed L Wooten | A review of lithium niobate modulators for fiberoptic communications systems[END_REF][START_REF] Caballero-Calero | Low voltage, ence frequency generation using direct-bonded quasi-phase-matched linbo 3 ridge waveguides[END_REF], astrophysics [10,11] and spectrometry [12].

Lithium niobate is noncentrosymmetrical1 and ferroelectric 2 material, which is at the origin of many properties (such as electro-optical, pyroelectric or piezoelectric) that make it attractive in many fields. Pyroelectric properties can be used for example in the fabrication of temperature sensors [13]. The photo-refractive effect is appreciated for the storage of information by holography [14]. The acoustooptical properties are exploited in the realization of modulators or filters controlled by surface acoustic waves [15,16]. This material also possesses nonlinear properties (NL) which are highly appreciated for second harmonic generation, for the creation of lasers with frequency difference in the infra-red medium [17] and other applications [START_REF] John | Periodically poled lithium niobate optical parametric amplifiers pumped by high-power passively q-switched microchip lasers[END_REF]. Three different types of LN wafer exist, x-cut, y-cut and z-cut. The axes of the wafers differs over the wafers cut and depends on vendors. For example, for OST Photonics society 3 , the wafer axes are represented in Fig. 1.2. For this reason, a special care must be taken in choosing the suitable LN wafer cut, depending on the required properties of the LN wafer for the dedicated application.

1.2/ NONLINEAR EFFECTS

Nonlinear optics involves the phenomena resulting from the modification of the optical properties of a material in the presence of high light intensity. Typically, such intensity can only be delivered by lasers. Thus, it is only after Maiman obtained the first laser radiation in a ruby crystal in 1960 [START_REF] Theodore H Maiman | Stimulated optical radiation in ruby[END_REF] that the first nonlinear optical effects were demonstrated. The first nonlinear effect was observed, in 1961 by Franken, by generating a second harmonic signal [START_REF] Eg Pa Franken | Generation of optical harmonics[END_REF]. He obtained a radiation at 347.2 nm from a laser radiation at 694.3 nm, obtained by Maiman's technique using a quartz crystal.

Generally, the propagation of an optical wave through a medium is described by the refractive index profile n(r). The value of the latter varies with phenomena other than over space, such as frequency (dispersion), applied fields (electro-optic or magneto-optic effects), temperature (thermo-optic effect) and also through its imaginary part representing the absorption (losses). The study of the refractive index evolution in linear optic relies on the following equation:

D = εE (1.5)
where D is the electric displacement field. The refractive index n can interfere in Eq. 1.5 through the relation defining the speed of light c:

c = 1 √ ε r ε 0 µ r µ 0 = c 0 n (1.6)
In the case of a nonmagnetic material, µ r = 1 and so n = √ ε r . However, if we consider a classical nonlinear optics, the material can be seen as being composed of dipoles. This means that when a wave propagates in the material, its electric field induces a dipole momentum that tends to displace the electric charges, namely the electrons, because the high mass of the atomic nuclei makes their movement negligible. At very low optical intensity, the induced dipole momentum varies linearly with the electric field. And the Eq. 1.5 takes its general form by:

D = ε 0 E + P (1.7)
where P is the polarization, and it can be represented by: P = ε 0 (χ (1) E + χ (2) EE + χ (2) EEE + ...) (1.8) where χ (i) the ith-order susceptibility. The polarization P does not vary linearly with the electric field, because when the latter is intense, the displacement of charges takes on the character of an anharmonic (nonlinear) oscillator, which causes the appearance of nonlinearities. Nonlinear effects can be classified with respect to the order of dependence on the electric field [START_REF] Yeh | Introduction to photorefractive nonlinear optics[END_REF][START_REF] Franc | Optique non-lin éaire: cours et probl èmes r ésolus[END_REF][START_REF] Boyd | The nonlinear optical susceptibility[END_REF]. In the following, only the Pockels effect, which is a nonlinear effect of order 2, will be studied because of its importance for the realization of electro-optical devices.

1.2.1/ POCKELS EFFECT

The Pockels effect is a nonlinear process of order 2 discovered in 1893 by Friedrich Pockels [START_REF] Agullo-Lopez | Electrooptics: phenomena, materials and applications[END_REF]. It is an electro-optical effect that consists of a change in the refractive index of the material in presence of an electric field. Therefore, like all second-order effects, it can only occur in non-centrosymmetric materials 4 . Let's consider the electrical induction vector D, defined by :

             D x D y D z              = ε 0              ε xx ε xy ε xz ε yx ε yy ε yz ε zx ε zy ε zz                           E x E y E z             
(1.9)

In the case of a symmetric permittivity (where ε xy = ε yx , ε xz = ε zx , ε yz = ε zy ), the matrix can be reduced to a diagonal matrix, following the Voight form with new axes called eigenaxes (X; Y; Z) as follows:

             D X D Y D Z              = ε 0              ε XX 0 0 0 ε YY 0 0 0 ε ZZ                           E X E Y E Z              (1.10)
If the values ε XX ; ε YY ; ε ZZ are all equal then the medium is isotropic. In this case, the refractive index seen by optical plane wave is the same regardless of its direction of propagation. And if only two values are equal then the medium is called uniaxial anisotropic 5 material. Finally, if all the values are different then the medium is called biaxial anisotropic.

However, the application of an electric field ensures the distortion and/or rotation 4 Centrosymmetric materials have an inversion center of symmetry. 5 An anisotropic (as opposed to isotropic) material is a material whose properties depend on its orientation as well as the direction of propagation of the applied wave.

of the refractive index ellipsoid and lead to its new equation defined as follow:

x 2 n 2 x + y 2 n 2 y + z 2 n 2 z + i, j ∆ 1 n 2 i, j X i X j = 1 (1.11)
where ∆(1/n 2 ) represents the EO perturbation in the index ellipsoid and it is defined by:

∆ 1 n 2 i = j r i j E j (1.12)
where r i j is the tensor describing the Pockels effect and E j is the applied electric field. This can be also written in a matrix form by : 

                                ∆(1/n 2 ) 1 ∆(1/n 2 ) 2 ∆(1/n 2 ) 3 ∆(1/n 2 ) 4 ∆(1/n 2 ) 5 ∆(1/n 2 ) 6                                 =                                
                                             E x E y E z              . (1.13)
Depending on the group of symmetry to which the crystal belongs, some components of the electro-optical tensor may be zero or equal to each other (the greater the symmetry, the more components of the tensor will be zero) [START_REF] Yeh | Introduction to photorefractive nonlinear optics[END_REF][START_REF] Boyd | The nonlinear optical susceptibility[END_REF].

In the case where this modification is small compared to unity, which is generally the case, and by considering the shape of the electro-optical tensor as well as the direction of the electric field, the index variation can be written as :

∆n = - 1 2 n 3 r EO E (1.14)
where r EO is the suitable electro-optical coefficient according to the direction of the applied electric field E, the crystalline symmetry of the considered material and the direction of the vector D of the concerned wave [START_REF] Yeh | Introduction to photorefractive nonlinear optics[END_REF]. Based on the modification of the refractive index of the crystal, are realization the optical devices studied in the next chapters. Moreover, the Pockels effect is still widely used today. It is the basis of electro-optical modulators, for example, thanks to which a light signal can be faithfully modulated with an electrical signal, see for example [START_REF] Boyd | The nonlinear optical susceptibility[END_REF][START_REF] Yeh | Optical waves in layered media[END_REF][START_REF] Donaldson | Candidate materials and technologies for integrated optics: fast and efficient electro-optic modulation[END_REF][START_REF] Janner | Micro-structured integrated electro-optic LiNbO 3 modulators[END_REF].

1.2.2/ POCKELS EFFECT IN LITHIUM NIOBATE

Given that lithium niobate is a noncentrosymmetric material 6 with a rhombohedral crystal arrangement and symmetry belonging to the 3m group, its electro-optical tensor r i j becomes:

                               
0 r 12 r 13 0 r 22 r 13 0 0 r 33 0 r 51 0 r 51 0 0 r 12 0 0

                               
(1.15)

with r 12 = -r 22 = -6.8 pm/V, r 13 = 9.6 pm/V, r 33 = 30.9 pm/V and r 51 = 28 pm/V at the wavelength λ = 633 nm.

In general, the application of an electric field E= (E x , E y , E z ) on LiNbO 3 , gives the following index ellipsoid:

(1.16) The electro-optic effect changes with respect to propagation direction and the applied field direction. In the following, we will study the influence of the directions configuration on the electro-optic effect. The aim of this study is to guide us in the conception of electro-optic devices presented in chap. 3 (electric field sensor) and chap. 4 (electro-optic modulator).

1.2.2.1/ PROPAGATION ALONG THE X-DIRECTION

In this section, we consider an optical wave propagating in the x-direction (x=0 in Eq. 1.16). Firstly, if the applied electric field is polarized along the x-direction, the Eq. 1.16 becomes:

1 n 2 o y 2 + 1 n 2 e z 2 = 1.
(1.17) 6 For materials exhibiting a centre of inversion symmetry χ (2) =0, which reveals the utility of lithium niobate.

It is clear that the electric field is not involved in the equation in this configuration, which means no electro-optic effect in this configuration.

Secondly, if the applied electric field in polarized along the y-direction, the Eq. 1.16 becomes:

1 n 2 o + r 22 E y y 2 + 1 n 2 e
z 2 + 2r 51 E y yz = 1.

(1. [START_REF] John | Periodically poled lithium niobate optical parametric amplifiers pumped by high-power passively q-switched microchip lasers[END_REF] In this configuration, it is clear that the electro-optic effect occurs. Similarly, we see a cross-term (2r 51 E y yz) means that the index ellipsoid undergoes a rotation of an angle α yz arround the X-axis defined as:

tan(2α yz ) = 2r 51 E y 1 n 2 o -1 n 2 e + r 22 E y . (1.19)
Even with the application of a high electric field, the angle of rotation remains so weak (α = 0.1 o for E = 10 6 V/m). Given that the refractive index variation is weak, it can be represented by:

∆n(E) = 1 2 n 3 o r 22 E y . (1.20) 
Thirdly, if the applied electric field is polarized along the z-direction, the Eq. 1.16 becomes:

1 n 2 o + r 13 E z y 2 + 1 n 2 e + r 33 E z z 2 = 1.
(1. [START_REF] Yeh | Introduction to photorefractive nonlinear optics[END_REF] In this case, it is clear that the index ellipsoid keeps its principal axis and the refractive index modification induced by the Pockels effect can be given by:

∆n(E) = - 1 2 n 3 e E z       r 33 - n o n e 3 r 13       . (1.22) 1.2.

2.2/ PROPAGATION ALONG THE Y-DIRECTION

In this section, we consider an optical wave propagating in the y-direction (y=0 in Eq. 1.16). Firstly, if the applied electric field is polarized along the x-direction, the Eq. 1.16 becomes:

1 n 2 o x 2 + 1 n 2 e z 2 + 2r 51 E x xz = 1.
(1. [START_REF] Boyd | The nonlinear optical susceptibility[END_REF] In this configuration, the Pockel's effect exist in the cross-term. This means that the index ellipsoid change its principal axes after a rotation of an angle α xz leading to the new index ellipsoid represented as follow:

1 n 2 o + r 51 E x tan(α xz ) x 2 + 1 n 2 e -r 51 E x tan(α xz ) z 2 = 1. (1.24)
And the angle of rotation given as:

tan(2α xz ) = 2r 51 E x 1 n 2 o -1 n 2 e .
(1.25)

And we conclude with the refractive index variation equation represented as follow:

∆n(E) = - 1 2 r 2 51 E 2 x (n 3 e + n 3 o ) n 2 e n 2 o n 2 o -n 2 e (1.26)
Secondly, if the applied electric field is polarized along the y-direction, the Eq. 1.16 becomes :

1 n 2 o -r 22 E y x 2 + 1 n 2 e z 2 = 1.
(1.27)

In this case, it is clear that the electro-optic effect only occurs in the x-direction. However, the refractive index modification can be written as:

∆n(E) = - 1 2 r 22 n 3 o E y .
(1.28)

Thirdly, for the case of an applied electric field along the z-direction, the Eq. 1.16 becomes:

1 n 2 o + r 13 E z x 2 + 1 n 2 e + r 33 E z z 2 = 1. (1.29) 
Similarly, the refractive index modification induced by the Pockels effect can be given by:

∆n(E) = - 1 2 n 3 e E z       r 33 - n o n e 3 r 13       .
(1.30)

1.2.2.3/ PROPAGATION ALONG THE Z-DIRECTION

In this section, we consider an optical wave propagating in the z-direction (z=0 in Eq. 1.16). Firstly, if the applied electric field is polarized along the x-direction, the Eq. 1.16 becomes:

1 n 2 o x 2 + 1 n 2 o y 2 -2r 22 E x xy = 1. (1.31)
It is clear (due to the cross-term) that the index ellipsoid leave its principal axes and undergo a rotation of an angle α xy = π/4. This angle is defined as:

tan(2α xy ) = 2r 22 E x 1 n 2 o -1 n 2 o → ∞ (1.32)
This means that the electro-optic effect is not involved in this configuration since the applied electric field will not affect Eqs. 1.31 and 1.32.

Secondly, if the applied electric field is polarized along the y-direction, Eq. 1.16 becomes:

1 n 2 o -r 22 E y x 2 + 1 n 2 o + r 22 E y y 2 = 1. (1.33)
And the electro-optic effect is represented as follow:

∆n(E) = -r 22 n 3 o E y . (1.34)
Thirdly, if the applied electric field in along the z-direction, Eq. 1.16 becomes:

1 n 2 o + r 13 E z x 2 + 1 n 2 o -r 13 E z y 2 = 1. (1.35) 
In this case, the index ellipsoid behaves as a circle independently of the applied electric field.

To conclude, in order to exploit the electro-optical coefficient r 33 of lithium niobate, the applied electric field must be polarized along the optical axis (z-axis: extraordinary index) and the optical wave propagates along the x-or y-direction. The variation of the extraordinary index (Eq. 1.14) as function of the applied field and the electro-optical coefficient r 33 can be approximated by:

∆n = - 1 2 n 3 e r 33 E z (1.36)
This equation represents the electro-optical effect in the bulk LiNbO 3 . However, when the field is applied in nanostructures such as photonic crystals, the effective field applied to molecules and atoms is much more intense than that of a bulk material due to the phenomenon of slow light propagation that leads to an enhancement of the EO effect [START_REF] Roussey | Electro-optic effect exaltation on lithium niobate photonic crystals due to slow photons[END_REF][START_REF] Thomas | Slow light in photonic crystal waveguides[END_REF]. The expression of a correction factor taking into account the enhancement of the local field is a necessity to take into account the confinement in sub-wavelength dimensions of the electromagnetic field. The enhancement of the electro-optic effect induced by the confined field is represented by a local field factor f op (x, y, z) as follow:

∆n(x, y, z) = - 1 2 n 3 e r 33 f 2 op (x, y, z)E z (1.37)
with:

f op (x, y, z) = |E(x, y, z)| structured |E| bulk (1.38)
where |E| bulk is the amplitude of the homogeneous E-field in the bulk structure (not structured) and |E| structured is the local amplitude of the E-field in the studied structure.

In the next chapters, we are seeking optical modes with high f op in order to enhance the EO effect in the structure and lead to higher performances. We emphasize that the optical mode required must be confined inside the LiNbO 3 substrate.

1.3/ APPLICATIONS OF EO EFFECT IN LN

This section is dedicated to the introduction of some photonic devices based on the EO effect in LiNbO 3 . To begin, we will take the beam deflectors and switches that introduce the beginning of the photonic technologies. We continue by presenting different types of waveguides fabricated on EO materials. At the end, we show the different kinds of the EO modulators.

1.3.1/ BEAM DEFLECTORS AND SWITCHES

EO devices are introduced by the optical beam deflector (or scanner) used in different applications such as telecommunications switching [START_REF] El-Bawab | Optical switching in communications networks[END_REF], magneto-optical recording [START_REF] Jr | Electro-optic beam deflectors for magneto-optic recording heads[END_REF] and others. Such devices are based on the deflection of light propagating in a prism, formed by two regions with different refractive index, by an angle θ 2 following the Snell's Law:

θ 2 = sin -1 n 1 n 2 sinθ 1 (1.39)
where n 1 ,θ 1 and n 2 ,θ 2 are the refractive index and the incident angle for the first and the second medium respectively. Fig. 1.3 shows the schematic of a basic EO beam deflector [START_REF] Lee | Light beam deflection with electrooptic prisms[END_REF]. The prism can be fabricated by selective beam inversion, which means the two regions exhibit opposite EO coefficient [START_REF] Chen | Guided-wave electro-optic beam deflector using domain reversal in litao/sub 3[END_REF]. The application of an electric voltage between the electrodes leads to the increase of the refractive index of one as the other decreases, leading to the twice of index contrast (2∆n). An induced refractive index modification between the oppositely oriented regions is represented by:

∆n = n 3 i r i3 V d (1.40)
where r i3 is the EO coefficient of LN (if the applied electric field is polarized perpendicular to the optical axis of LNg (i = 1) and if parallel (i = 3)), V is the applied voltage and d is the beam deflector thickness. This refractive index modification leads to the following deflection angle :

θ out = n 3 i r i3 V L dW (1.41)
where L and W are the length and width of the beam deflector, respectively. In order to avoid the high reflection losses in the structure of Fig. 1.3, the shallow interface between the two regions can be replaced by a series of uniform equilateral triangular prisms as depicted on Fig. 1.3(a) [START_REF] Ronald | Encyclopedia of Optical Engineering: Las-Pho[END_REF]. Replacing the series of uniform triangles with a series of triangles whose dimensions increase in a geometric sequence, leading to an overall trapezoidal shape for the beam (see Fig. 1.3(b)), can improve deflection sensitivity. [START_REF] Chiu | Shape-optimized electrooptic beam scanners: analysis, design, and simulation[END_REF]. Chiu et al. estimated the deflection angle to be [START_REF] Chiu | Shape-optimized electrooptic beam scanners: analysis, design, and simulation[END_REF]:

∆θ int = ∆n n 0 L W 1 -W 0 ln W 1 W 0 (1.42)
Another geometry was also proposed, with a new design called horn-based beam deflector shown in Fig. 1.3(b). The latter presents the optimal design providing the better deflection sensitivity. The optical beam deflector can take the role of a modulator in some applications such as laser printing where the beam is turned "on" and "off" as function of the applied voltage as shown in There has also been interest in optical switches based on the beam deflectors [START_REF] Zuo | 1× 2 and 1× 4 electrooptic switches[END_REF]. The latter ensure the switch between the collimators as shown in Fig. 1.6(a) with respect to the deflection angle that is controlled by the applied voltage. Since such devices require a free space alignment of the multiple collimators, M. Krishnamurthi et al. proposed the integration of collimating lenses, in the beam deflector structure, fabricated by reverse proton exchange along with domain-inverted lenses to control the beam divergence (Fig. 1.6(b)) [START_REF] Krishnamurthi | Design and simulation of planar electro-optic switches in ferroelectrics[END_REF]. It was demonstrated by a group in Penn State university that a 1 × N switches can be generalized to N × N switches, without any experimental demonstration yet [START_REF] Krishnamurthi | Design and simulation of planar electro-optic switches in ferroelectrics[END_REF]. The next section considers an optical component that is required for the conception of a variety of optical devices such as optical modulators, the optical waveguide. We will focus on the EO waveguides that relies on the Pockels effect to confine light and form channel in the LN ensuring the guiding of light.

1.3.2/ OPTICAL WAVEGUIDE

After the use of bulk crystal for an optical beam deflector, it is possible to shrink down the dimension of the EO crystal and conceive optical waveguides. For an optical waveguide, the light is confined in an order of magnitude less than ten times the wavelength [START_REF] James | Lithium Niobate Photonics[END_REF]. In order to fabricate an optical waveguide, it is only required to acquire a region with a high refractive index representing the core of the waveguide, surrounded by a region with a lower refractive index representing the cladding of the waveguide. Light will be concentrated and guided in the higher refractive index region. The guiding of light inside the core of the waveguide is explained by total internal reflection.

Generally, one can talk about either step index or graded index waveguide. For the step index waveguide, the interface between the core and cladding is an abrupt change of index, leading to the total internal reflection effect. Otherwise, for a graded index waveguide the interface between the core and the cladding is continuous and smooth, producing a refracted wave instead of reflected wave.

The simplest form for a waveguide is the slab waveguide presented in 1.7(a). It consists of three layers of materials with different dielectric constants, extend- ing infinitely in the directions parallel to their interfaces. It is often introduced to presents the waveguide concepts. In fact, in the slab waveguides, the light is confined along only one direction instead of multiple direction confinement (the case of a channel waveguide) that is recommended in most applications. The channel waveguide is based on a guiding structure with a finite width such as an embedded channel 1.7(b) or a ridge on top of the cladding structure 1.7(c). To the best of our knowledge, there is still no possible procedure to fabricate a step index waveguide in LiNbO 3 . Most of LiNbO 3 waveguides are based on the diffusion of dopants such as protons or titanium ions that raise the refractive index [START_REF] Herve C Lefevre | The fiber-optic gyroscope[END_REF]. Titanium diffused waveguides are characterized by their high stability with respect to temperature. However, Proton Exchanged waveguides, are characterized by their resistance to the photo-refractive effect. The main limitation of a proton exchange waveguide is that it can only guide Z-polarized waves since the proton exchange process increases the n e index and reduces the n o index.

The diffusion technique provides a solution for the fabrication of waveguides, but it involves some impurities that can produce some degradation to the optical properties of the waveguide through the scattering or absorption and lead to propagation losses. Otherwise, another method to confine the light is the ridge waveguide presented in Fig. 1.7(c). Despite the low-loss and the narrower confined mode, the fabrication of these waveguides remains difficult as it must leads to a high quality LiNbO 3 ridge. The unavoidable surface roughness can increase the optical losses of the structure.

More sophisticated EO devices can be considered instead of simple waveguide for the implementation of power splitting functions, such as the Y-splitter that is required in Mach-Zehnder modulators. The Y-splitter consists of a single-mode input waveguide, a tapered or multimode section and two single-mode output waveguides oriented at opposite angles in order to separate the output waves. Some other photonic devices such as optical intensity modulator or phase modulator will be discussed in detail in chapter 4.

1.3.3/ MODULATORS

When it comes to EO modulators, different types can occur depending on the selected property of light to be modulated, such as the intensity (or amplitude) of light for an intensity modulator or the phase modulation for a phase modulator. In the following, we will present briefly (since they are presented in details in chap. 4) the EO intensity modulator.

One of the most common and used EO device for the design of an EO modulator is the Mach Zehnder Interferometer (MZI) structure which is composed of a waveguide that splits via a Y-splitter into two parallel waveguides (or arms) that will recombine at the end of the structure allowing the interference between the two waves coming from the two arms (Fig. 1.8(a)). In order to modify the optical path of one of the two arms, electrodes are placed on either side of a waveguide. When a voltage is applied, this will induce the EO effect, the modification of the refractive index along the waveguide and thus modify the optical path. In the case of the intensity modulator, the intensity of the optical signal at the output of the modulator will change according to the applied signal (or electric field in the case of an EO modulator). When the arms of the MZ modulator recombine and the MZI is perfectly balanced 7 , the optical path length difference induced by the applied electric field creates the following phase difference:

∆Φ = 2π λ (∆n 1 -∆n 2 ) L (1.43)
where L is the length of the interaction zone between the waveguide and the associated electrodes, ∆n 1 and ∆n 2 are the optical index variations induced in each arm of the MZ modulator by the applied electric field (∆n 2 is null for instance).

When no electric field is applied, the index difference is zero: the waves coming from the two arms are in phase: the output intensity will be maximum which means the output is completely ON. The output intensity becomes minimal when the phase shift between the two arms becomes π-radian: in this case, the output is considered completely OFF. The voltage required to ensures the change from minimum to maximum intensity is called half-wave voltage and is noted V π (Fig.

1.8(b)).

Push-Pull modulators are intensity modulators with the particularity to impose electrodes on the two arms of the MZI structure in order to improve the index modification and so, improve the modulation efficiency of the modulator. By applying an equal and opposite electric field in the two arms, we result with an increase in the refractive index in one arm and an equal decrease in the other arm which means a factor of two reduction in V π .

In the chapter 4 of this manuscript, more details about the EO modulators will be provided since we propose an EO modulator based on PhC in LiNbO 3 with an improved efficiency and a reduced V π .

1.4/ THIN FILM LITHIUM NIOBATE

The conventional LN devices made from bulk substrate remain insufficient to meet with the integrated photonic requirements like small footprint, low power consumption, etc. Despite the low insertion losses, a typical LiNbO 3 modulator is stucked by its large dimensions of the order of centimeters that is crucial to compensate the low confinement which means low EO or NL interactions [START_REF] Ed L Wooten | A review of lithium niobate modulators for fiberoptic communications systems[END_REF].

In order to overcome these shortcomings in classical LN devices, an improvement in optical confinement is required. Let us consider the examples shown in Fig. 1.9. The enhancement of the optical confinement increases the light matter interaction, which results, with an increase of the EO effect. The high confinement of the optical mode allows the electrodes to be brought closely without introducing metallic optical absorption [START_REF] Rabiei | Heterogeneous lithium niobate photonics on silicon substrates[END_REF], which leads to a lower voltage required to attain the same electric field and thus a higher EO modulation efficiency. The increase in the efficiency leads to the footprint and power consumption reduction. A big step for these requirements has been taken with the advent of Thin Film Lithium Niobate (TFLN) which allowed and facilitated the development of integrated photonic components.

The production of TFLN has been widely studied using many techniques such as chemical vapor deposition [START_REF] Sakashita | Preparation and characterization of LiNbO 3 thin films produced by chemical-vapor deposition[END_REF], RF sputtering [START_REF] Lansiaux | Linbo 3 thick films grown on sapphire by using a multistep sputtering process[END_REF], molecular beam epitaxy [START_REF] Gitmans | Growth of tantalum oxide and lithium tantalate thin films by molecular beam epitaxy[END_REF], sol-gel [START_REF] Yoon | Growth of highly textured LiNbO 3 thin film on si with mgo buffer layer through the sol-gel process[END_REF], and pulsed laser deposition [START_REF] Nakata | Fabrication of linbo 3 thin films by pulsed laser deposition and investigation of nonlinear properties[END_REF]. However, the most efficient technique was the crystal ion slicing (CIS) known as "smart-cut" and it was used for silicon on insulator (SOI) wafers [START_REF] George | Frontiers of silicon-on-insulator[END_REF]. The technique was detailed in [START_REF] Qiu | Study of photonic crystals on thin film lithium niobate for sensing applications-design, fabrication and characterization[END_REF]. We result with a TFLN on a buffer layer such as benzocyclobutene (BCB) [START_REF] Poberaj | Ion-sliced lithium niobate thin films for active photonic devices[END_REF] or SiO 2 [START_REF] Poberaj | Lithium niobate on insulator (lnoi) for micro-photonic devices[END_REF]. The latter is more preferred since, as an insulator, it enables annealing at much higher temperatures which leads to the minimization of ion-implantation induced material damage and helps to recover EO and nonlinear optical properties of the LN film.

Later on, TFLN was one of the keys for the large development of optical devices with reduced footprint and high efficiency such as waveguides, modulators, converters and others [START_REF] Fathpour | Emerging heterogeneous integrated photonic platforms on silicon[END_REF][START_REF] Rao | Compact lithium niobate electrooptic modulators[END_REF][START_REF] Chang | Thin film wavelength converters for photonic integrated circuits[END_REF].

1.5/ NANOPHOTONICS IN LN

In order to overcome the limitations of the optical devices (large scale, optical losses, etc) in photonic technologies that achieved nothing more than the devices that are common in electronics (based on Si), it was the emergence of nanophotonics as a great candidate for the production of optical devices with an improved performance and reduced footprint. In nanophotonics, PhC structures achieved a high progress in the optical devices development and took place in different applications such as waveguiding, sensing and others. In this section, we begin by presenting the PhC properties with the light behavior in these materials derived from the Maxwell equations. We move after to discuss some structures based on PhCs with some potential applications. At the end, we present the last works on this field of research.

1.5.1/ PHOTONIC CRYSTALS

A photonic crystal (PhC) is a structure whose dielectric permittivity varies periodically at the wavelength scale in one or more directions in space as shown in fig. 1.10. The dielectric permittivity of the material behaves for photons as the periodic potential that the electrons in a crystal undergo. The name of PhC derived from this property. Thus, by analogy with the behaviour of electrons in a crystal, it is possible to describe the propagation of photons in a potential created this time by the periodicity of the optical index. If the variation of the optical index is sufficient, and if the period of the structure is typically of the same order of magnitude as the wavelength, then there may exist directions in which photons of a certain energy cannot propagate: we call them photonic band gap [START_REF] Jr | Electro-optic beam deflectors for magneto-optic recording heads[END_REF]. The permitted states, or modes, will be the opposite, where the propagation of photons will be possible. One of the particular properties of PhC is thus to be able to control the propagation of light in an increased way.

In the framework of research on the inhibition of spontaneous emission in semiconductors, E. Yablonovitch showed in the late 1980s that it was possible to open a photon band gap by periodically alternating different dielectric materials [START_REF] Yablonovitch | Inhibited spontaneous emission in solid-state physics and electronics[END_REF], while S. John was interested in the localization of Anderson [START_REF] John | Strong localization of photons in certain disordered dielectric superlattices[END_REF], which led to the emergence of the concept of PhC. Initially demonstrated in the domain of microwaves, the realization of 2D PhCs in the near infrared in the mid-1990s [START_REF] Thomas F Krauss | Twodimensional photonic-bandgap structures operating at near-infrared wavelengths[END_REF] led to the emergence of a very fertile field of research. In addition, even if the band gap principle was known at one dimension with Bragg mirrors, the realization of 2D and 3D PhCs has led to an improvement of the light control, and the field of study of PhCs has extended ramifications beyond classical optics, such as for example in cavity quantum electrodynamics (CQED) [START_REF] Yoshie | Vacuum rabi splitting with a single quantum dot in a photonic crystal nanocavity[END_REF] or in cavity optomechanics [START_REF] Eichenfield | Optomechanical crystals[END_REF].

The very strong light confinement prevailing in PhCs offers opportunities for optical information processing, beyond the simple routing of optical signals. Indeed, many of non-linear optical effects depend on the intensity of the propagating signal, and these effects are then exalted in a PhC.

The research on PhCs has mainly focused on near infrared (1.3-1.6 µm) due to applications in the telecommunications field, and has covered a variety of materials including silicon, germanium, lithium niobate (LiNbO 3 ) and others. Silicon, for example, is an essential material in the CMOS and Microsystems (MEMS) industry. It is transparent in the telecom window and has a very high refractive index (n S i = 3.48) but with weak electro-optical (EO) properties. On the other hand, LiNbO 3 has a diversity of interesting optical properties and in particular electrooptical properties. Its properties will be defined and detailed in the following. This thesis focused only on LiNbO 3 because of the mastery of LiNbO 3 technology in MIMENTO cleanroom and as we are developing devices for EO applications such as electric field sensor and electro-optical modulator.

1.5.2/ MAXWELL EQUATIONS AND PHC

The eigenmodes of an optical structure are obtained by solving Maxwell's equations, fundamental relations of electrodynamics. The Maxwell equations reveal the electromagnetic properties of a PhC. In a linear, non-magnetic, dielectric medium, without charges or current, we can write the Maxwell's equations in the following form:

∇ • H(r, t) = 0 (1.44) ∇ • (ε(r)E(r, t)) = 0 (1.45) ∇ × H(r, t) = ε(r)ε 0 ∂E(r, t) ∂t (1.46) ∇ × E(r, t) = -µ 0 ∂H(r, t) ∂t (1.47)
where E(r, t) and H(r, t) are the electric and magnetic field respectively, ε(r) is the relative permittivity of the material, ε 0 is the permittivity of free space and µ 0 is the permeability of free space. If we consider harmonic solutions of the Maxwell equations, the field can be written as follow:

H(r, t) = H(r)e -iωt (1.48) E(r, t) = H(r)e -iωt (1.49)
Using 1.48 and 1.49 in the Eqs. 1.46 and 1.47, we lead to :

∇ × H(r) = -iωε(r)ε 0 E(r) (1.50) ∇ × E(r) = iωµ 0 H(r) (1.51) 
Using c = 1 √ ε 0 µ 0 and by combining Eqs. 1.51 and 1.50, we get the propagation equation in H(r):

∇ × 1 ε(r) ∇ × H(r) = ω c 2 H(r) (1.52)
If we introduce the operator Θ = ∇ × 1 ε(r) ∇× , Eq. 1.52 can be written as :

ΘH(r) = ω c 2 H(r) (1.53)
We recognize the form of an eigenvalue equation allowing to obtain the eigenmodes H(r) of the dielectric structure as well as the eigenvalues ω 2 /c 2 . The eigenmodes E(r) are given by the relation:

E(r) = -1 iωε(r)ε 0 ∇ × H(r) (1.54)
In the case of an isotropic homogeneous medium (ε(r) = ε), the propagation equation is simply solved by a monochromatic progressive plane wave :

E(r, t) = E 0 e ik•r e iωt .
(1.55)

We deduce the dispersion relationship of the medium by:

|k|= nω c (1.56)
In the case of a periodic medium, the dielectric constant is written as ε(r) = ε(r+R), where (R) is the direct lattice vector of the PhC presented as follow:

R = la 1 + ma 2 + na 3 (1.57)
where l, m and n are integers and a 1 , a 2 and a 3 are basis vectors termed primitive lattice vectors. This allows us to apply Bloch's theorem, in an analogous way to the case encountered in solid state physics:

H k (r) = F k (r)e ik•r (1.58) or E k (r) = U k (r)e ik•r (1.59)
with

F k (r + R) = F k (r) (1.60) 
and

U k (r + R) = U k (r) (1.61)
where k is the Bloch vector and F k (r) and U k (r) are periodic functions over the PhC. Similarly, the periodic dielectric permittivity can be extended by using the Fourier series in the reciprocal space as follows:

ε(r) = G i ε(G)e iG•r (1.62)
and

F(r) = G i F(G)e iG•r (1.63) So, H(r) = G F(G)e i(K+G)•r (1.64)
where G is the reciprocal lattice vector and is presented by:

G = v 1 g 1 + v 2 g 2 + v 3 g 3 (1.65)
with v 1 , v 2 and v 3 are integers and g 1 , g 2 and g 3 are vectors of reciprocal lattice. Knowing that ∇ • H = 0 8 , this means that:

H(G) • (G + K) = 0 (1.66)
and then H can be expressed as the superposition of two components that lie in a plane orthogonal to the wave vector (K+G):

H(G) = H 1 (G)e 1 + H 2 (G)e 2 (1.67)
where e 1 , e 2 and (G + K) form an orthogonal frame. Consequently, the Eq. 1.52 becomes:

G M(G, G ) •        H 1 (G ) H 2 (G )        = ω 2 c 2        H 1 (G) H 2 (G)        (1.68) 
where

M(G, G ) = |K + G||K + G |        ε -1 11 (G, G ) -ε -1 12 (G, G ) -ε -1 21 (G, G ) ε -1 22 (G, G )        (1.69) and ε -1 i, j (G, G ) = e i (G) • ε(G -G ) -1 • e j (G ). (1.70) 
A numerical calculation is then required in order to solve this eigenproblem. Let's consider the case of a 2D in-plane wave propagation: G and K lie in the xOy plane (K z =0). One unit vector is set to e 1 = e z and the other unit vector lies in the xOy-plane. Since e 1 and e 2 are orthogonal, this leads to

ε -1 12 (G, G ) = ε -1 21 (G, G ) = 0.
In the case of an isotropic medium (or diagonal permittivity tensor), the Eq. 1.68 can be decomposed into two equations group: TM (where H z, H 2 = 0):

G |K + G||K + G |ε(G -G )H 1 (G ) = ω 2 c 2 H 1 (G) (1.71)
8 for simplicity, we deal with H and not E since ∇ • E = 0 and TE (where E z, H 1 = 0):

G |K + G||K + G |ε(G -G )H 2 (G ) = ω 2 c 2 H 2 (G) (1.72)
Moreover, one of the interesting properties for the calculation of the eigenvalue Eq. 1.52 lies in the scaling law inherent in Maxwell's equations. In fact, assuming r = ra and ∇' = ∇a, where a is the mesh parameter of the periodic lattice, we obtain :

a∇ ×       1 ε( r a ) ∇ × H( r a )       = ω c 2 H r a (1.73)
As ε(r /a) = ε(r), the starting equation is found by dividing by a 2 and by posing H (r ) = H(r/a) and ω' = ω/a:

∇ × 1 ε(r ) ∇ × H (r ) = ω c 2 H (r ) (1.74)
This scaling law allows us to normalize all the quantities of the photonic crystal by the lattice parameter a :

ω = ω a 2πc = a λ and k = k a 2π (1.75) 
This simple law of scale is of great importance because it allows the fabrication of PhC with similar properties but with different wavelength ranges according to the period of the crystal. In other words, with the same standardized parameters, it is possible to fabricate PhCs with the same eigenmodes operating in the visible, near infrared, THz or still in microwaves only by changing the period of the crystal (in assuming of course that the material is non-dispersive (ε is constant)).

1.5.3/ PHOTONIC BAND GAP

PhCs are also named band gap structures as they are characterized by their photonic band gap. To illustrate the phenomenon of the appearance of photonic band gaps and its properties, we take the example of the classical Bragg mirror. The latter consists of a structure whose dielectric constant is periodic in a single dimension (Fig. 1.11(a)). A Bragg mirror is formed by alternating dielectric layers of different permittivity ε 1 and ε 2 .

To describe the propagation of light in a Bragg mirror, let's consider a plane wave propagating with a k-vector at normal incidence. The Bragg mirror consists of alternating layers of thickness a 1 and a 2 and permittivity ε 1 and ε 2 (ε 1 > ε 2 ). The period is a = a 1 +a 2 in the direction of stacking. At each new cell of the direct lattice, the wave is partially reflected. The phase shift between two successively reflected waves is 2ka. As long as the phase shift 2ka is different from 2π, successively reflected waves do not interfere constructively.

At the edge of the Brillouin zone 9 , k is close to π/a and the waves reflected by the successive interfaces are in phase. The incident wave with a wavevector k gives rise to a reflected wave with a wavevector -k. The periodicity of the dielectric medium couples these two waves of the same energy ω 0 generating two eigenstates of distinct energies ω 1 and ω 2 . This lifting of degeneration opens a frequency band gap in the dispersion diagram of the Bragg mirror at normal incidence. If the optical thicknesses of the dielectric layers are equal (n 1 a 1 = n 2 a 2 ), the bandgap width ∆ω presented in Fig. 1.11(b) can be calculated at normal incidence by [START_REF] Te Sale | Room temperature visible (683-713 nm) all-algaas vertical-cavity surface-emitting lasers (vcsels)[END_REF]:

∆ω = 4 π ω 0 sin -1 n 1 -n 2 n 1 + n 2 (1.76)
where n 1 and n 2 are the refractive indices of the two dielectric materials. The width of the band gap is smaller if the index contrast decreases. At the edge of the first Brillouin zone the optical modes of the structure are stationary: the electromagnetic energy of the energy mode ω 1 is concentrated in the high index layer while that of the energy mode ω 2 is concentrated in the low index layer. For this reason, the corresponding transmission bands are called air band and dielectric band respectively. When the wave propagates at an oblique incidence φ the situation becomes a little more complex. The apparent optical thickness of the layers changes: as a first approximation, the wave now sees a period of a/cos(φ) instead of a. The band gap offsets to another energy ω 0 (φ) = ω 0 and to another wave vector k = π/a. In this case, some forbidden modes can propagate again as their frequency do not belong to the photonic band gap again.

In the following we present some applications based on defect modes in the PBG induced by a defect in the PhC structure such as a linear defect for the case of a PhC based waveguide. The interest of PBG occurs also in other applications such as optical modulators by tuning the PBG under the EO Pockels effect.

1.5.4/ PHC WAVEGUIDES

A PhC waveguide can be simply formed by introducing a linear defect in the PhC such as removing a row of holes in a PhC as shown in Fig. 1.12(a) [START_REF] Jhon D Joannopoulos | Photonic crystals princeton university press[END_REF]. This type of waveguide is generally called W1 waveguide. The linear defect induced in the PhC can support linearly localized mode (guided mode) when its frequency lies into the photonic bandgap [START_REF] Robert D Meade | Novel applications of photonic band gap materials: Low-loss bends and high q cavities[END_REF]. Such modes can act as waveguides, without relying on the total internal reflection that is regarded as the basic principle of guiding in the conventional optical waveguides. In other words, the linear defect can lead to defect modes within the bandgap.

However, the bandgap surrounding the defect mode forbids the light of escaping into the PhC and lead to the confinement of light that can be guided along the channel induced by the linear defect.

Furthermore, it was demonstrated that based on the same concept of PhC waveguides, it is possible to guide light in a curved channel with right angles as shown in Fig. 1.12 [START_REF] Mekis | High transmission through sharp bends in photonic crystal waveguides[END_REF][START_REF] Lin | Experimental demonstration of guiding and bending of electromagnetic waves in a photonic crystal[END_REF]. Another suggestion was to makes defect and guide light in air in order to minimize the guiding losses induced by the material absorption [START_REF] Lin | Experimental demonstration of guiding and bending of electromagnetic waves in a photonic crystal[END_REF].

1.5.5/ PHC RESONANCES One of the main features used in the study of the light behavior in any nanostructure, for instance photonic crystals, are the resonances. The creation of resonances can derive from several physical phenomena such as the creation of a local defect in the PhC structure resulting in a creation of cavity modes in the PBG. However, the PBG defect modes in EO applications require a high electric field applied in order to be completely shifted, in addition to the optical losses induced by the in-plane illumination which motivate researchers to find other solutions. In this section, we present two types of resonances that can be potential solutions: the guided resonance (GR) exhibiting a Fano-like shape that has been used in several EO applications [START_REF] Qiu | Fano resonance-based highly sensitive, compact temperature sensor on thin film lithium niobate[END_REF][START_REF] Huang | Fano resonance on nanostructured lithium niobate for highly efficient and tunable second harmonic generation[END_REF] and the bound state in the continuum (BIC) resonances that ensures very high Q-factors that can be tuned with respect to the break of the structure symmetry [START_REF] Noda | Polarization mode control of twodimensional photonic crystal laser by unit cell structure design[END_REF][START_REF] Hsu | Bound states in the continuum[END_REF][START_REF] Gansch | Measurement of bound states in the continuum by a detector embedded in a photonic crystal[END_REF].

1.5.5.1/ FANO RESONANCES IN PHC
In 1961, Ugo Fano discovered a new type of resonance by studying the phenomenon of self-ionization of helium atoms, the Fano resonances, and he also proposed a theoretical description for these resonances [START_REF] Fano | Effects of configuration interaction on intensities and phase shifts[END_REF]. These resonances are manifested by the unusual presence of sharp peaks in the absorption spectrum of a noble gas, observed by Beutler in 1935 [START_REF] Beutler | Über absorptionsserien von argon, krypton und xenon zu termen zwischen den beiden ionisierungsgrenzen 2 p 3 2/0 und 2 p 1 2/0[END_REF], that attracted his attention. One of the main characteristics of the Fano resonance is to have a distinct asymmetrical line profile that appears by an asymmetrical transition from a minimum to a maximum transmission. This asymmetry comes from the coupling between a discrete state and a continuum.

The guided resonance (GR) is the result of coupling between a guided mode10 confined by total internal reflection in the slab (discrete Bloch mode) and a radiated mode in the continuum (continuum mode). The GR in PhC is known as Fano resonance since it follows the same concept and exhibits the same asymmetric behavior [START_REF] Fan | Analysis of guided resonances in photonic crystal slabs[END_REF]. Contrarily to the resonances in PBG induced by defects modes, the GR can lead to a nearly perfect reflection or transmission in the optical response producing the asymmetric behavior [START_REF] Mekis | High transmission through sharp bends in photonic crystal waveguides[END_REF][START_REF] Lin | Experimental demonstration of guiding and bending of electromagnetic waves in a photonic crystal[END_REF][START_REF] Miroshnichenko | Fano resonances in nanoscale structures[END_REF]. Such resonances are hardly recommended owing by the particularity that they are sensitive to structure parameters and environment variations.

Since high Q-factor resonances are highly recommended for EO devices, Fano resonance becomes a good candidate for such applications owning to its tunable Q-factor that varies with respect to the optical mode confinement. More recently, Fano resonances have been identified in photonic crystals [START_REF] St Éphane Collin | Nearly perfect fano transmission resonances through nanoslits drilled in a metallic membrane[END_REF], plasmonic nanoparticles [START_REF] Hao | Symmetry breaking in plasmonic nanocavities: subradiant lspr sensing and a tunable fano resonance[END_REF][START_REF] Nikolay A Mirin | Fano resonances in plasmonic nanoparticle aggregates[END_REF] and electromagnetic meta-materials [START_REF] Va Fedotov | Sharp trapped-mode resonances in planar metamaterials with a broken structural symmetry[END_REF]. This type of resonance can be observed in many fields of physics, such as quantum physics [START_REF] Ueda | Resonant tunneling and fano resonance in quantum dots with electron-phonon interaction[END_REF], plasmonics [START_REF] Miroshnichenko | Fano resonances in nanoscale structures[END_REF], but also in photonics [START_REF] Mv Rybin | Fano resonance between mie and bragg scattering in photonic crystals[END_REF][START_REF] Zhou | Progress in 2d photonic crystal fano resonance photonics[END_REF]. In order to increase the light-matter interaction time, leading to a boost in the radiative Q-factor, it was proposed to rely on the bound state in the continuum (BIC) that was firstly predicted in quantum mechanics by Von Neumann and Winger in 1926 [START_REF] Callan | Trapped modes in two-dimensional waveguides[END_REF].It took 80 years for BIC's existence to be demonstrated by analogy in the field of nanophotonics research [START_REF] Ch Retzler | Trapped modes: an experimental investigation[END_REF][START_REF] Pj Cobelli | Experimental observation of trapped modes in a water wave channel[END_REF].

In general, in an open system, in order to determine whether an optical mode will be perfectly confined or not, a simple rule is to check whether or not its frequency belongs to the continuous spectral domain covered by the propagation modes. If so, such modes can be described as a resonance that leaks and radiates into infinity. Otherwise, a mode frequency outside the continuous spectral range means that this mode exhibits no pathway to radiate away and it belongs to the bound state. However, the BIC is considered as an exception since it remains perfectly confined without any radiation despite the fact that it lies in the continuum spectral range [START_REF] Hsu | Bound states in the continuum[END_REF]. This can be more clarified in the Fig. 1.13. The continuum modes are denoted in blue. However, out of the continuum occur the bound states (presented in green) that are highly localized modes. They are discrete modes that exhibit no channels to be radiated. In electronics, such modes can be seen as the bound electrons of an atom. In Nanophotonics, these modes are the confined modes that cannot be excited (dark modes; below the light line). The coupling between the discrete mode and (bound state) the continuum leads to the resonances (or leaky modes), shown in orange, that can radiates and leak out. The BICs are shown in red. They are perfectly localized with no leaking in the continuum. Since the BIC are considered with no leakage, this means an infinite light-matter interaction time and then a Q-factor that tends to infinity.

In order to find BICs in PhC structures, a break in the symmetry of these structures is required, either by the illumination under oblique incidence, (case of symmetry-protected modes (SPM)) or by tuning the parameters of the structure, (case of Friedrich-Wintgen BICs). BICs can be seen also as the destructive interference between two allowed modes. These two kinds of BICs will be discussed in detail in chap. 2.

The high Q-factor of BICs make them of a great interest in the field of research.

Structures with BIC can be used in a variety of applications such as lasers [START_REF] Imada | Coherent two-dimensional lasing action in surface-emitting laser with triangular-lattice photonic crystal structure[END_REF][START_REF] Noda | Polarization mode control of twodimensional photonic crystal laser by unit cell structure design[END_REF][START_REF] Miyai | Lasers producing tailored beams[END_REF][START_REF] Matsubara | Gan photonic-crystal surface-emitting laser at blue-violet wavelengths[END_REF], sensors [START_REF] Yanik | Seeing protein monolayers with naked eye through plasmonic fano resonances[END_REF][START_REF] Zhen | Enabling enhanced emission and low-threshold lasing of organic molecules using special fano resonances of macroscopic photonic crystals[END_REF] and filters [START_REF] Foley | Symmetry-protected mode coupling near normal incidence for narrow-band transmission filtering in a dielectric grating[END_REF].

1.5.6/ STATE OF THE ART OF LN EO PHOTONIC CRYSTALS

After a general presentation of the principle of the PhC and the working principle of these structures, we are interested in this section to present the work that have been reported in the literature on EO PhC devices in LiNbO 3 and which constituted the starting point of our study.

The first EO effects on PhCs etched by FIB on classical LiNbO 3 waveguides were observed in 2006 by M. Roussey [START_REF] Roussey | Electro-optic effect exaltation on lithium niobate photonic crystals due to slow photons[END_REF]. A square lattice PhC was etched on an APE waveguide (Fig. 1.14) surrounded by electrodes. Fig. 1.14(b) shows the evolution of the transmission spectrum through the PhC when an electric voltage is applied on the electrodes. Initially, a PBG appears on the transmission spectrum between 1250 nm and 1700 nm. The left edge of the band gap is blue-shifted when a voltage is applied. The measured shift of the PBG edge is evaluated to be 2.5 nm/V, which is 312 times higher than the predicted Pockels effect in a standard waveguide. The enhancement in the EO effect is explained by the decrease of the group velocity of the light in the nano-structured material (PhC) compared to the velocity of the wave propagating in an unstructured waveguide (bulk LiNbO 3 ). In order to consider this enhancement, a local field factor is added to the Pockels equation [START_REF] Roussey | Electro-optic effect exaltation on lithium niobate photonic crystals due to slow photons[END_REF][START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF]. During our work, we consider the same Pockels equation in order to calculate the EO effect induced by our proposed structures.

However, it is practically difficult to structure a LN substrate at the nanometer scale. This leads to conical patterns, which modifies the position and the extinction ratio of the forbidden band. One of the solutions was proposed by Sulser et al. in [START_REF] Sulser | Photonic crystal structures in ion-sliced lithium niobate thin films[END_REF]. They proposed a triangular lattice PhC of air holes etched by FIB as shown in Fig. 1.15(a). In order to improve the shape of the etched holes in LiNbO 3 and avoid the re-deposition effect that leads to the conically shaped holes, they proposed a structure with a TFLN on a buffer layer of soft BCB. The high refractive index contrast of 0.65 between the two layers enables a strong vertical light confinement. The structure exhibits a PBG around 1470 nm as shown in Fig. 1.15(b). The high vertical confinement makes of this structure a good candidate for a tunable PBG. However, in this paper, the sensitivity was not estimated. In order to enhance the EO effect and improve the sensitivity of the structure, Lu et al. proposed to exploit the vertical confinement in TFLNs by combining it with lateral confinement through a rib-type waveguide fabricated on the TFLN as shown in Fig. 1.16. A PhC cavity was fabricated by removing an air hole from the middle of the 1D-PhC etched on the rib-waveguide as shown in Fig. 1.16(b) [START_REF] Lu | 6-micron interaction length electro-optic modulation based on lithium niobate photonic crystal cavity[END_REF]. Fig. 1.16(a) illustrates the evolution of the optical mode in the waveguide as a function of its thickness: while it is possible to realize confined modes, a 100 nm thickness variation greatly modifies the propagation properties. The structure (Fig. 1.16(b)) is EO-tuned by electrodes arranged on the sides of the ridge, with a spectral shift of only 1.2 nm for a voltage of 30V. However, the same spectral shift is predicted for a voltage of only 0.6 V thanks to a better design of the electrodes.

As previously discussed, structuring the LN can induce some geometrical imperfections such as conical holes or tilted sidewalls that are derived from the dry etching fabrication process. In order to overcome these problems, Li et al. demonstrated a promising PhC nanobeam cavities in LiNbO 3 with high performance [START_REF] Li | Design of nano-groove photonic crystal cavities in lithium niobate[END_REF]. The proposed structure consists of periodical nano-grooves with a linearly increased width as shown in Fig 1 .17. It presents high Q-factor resonances in the order of 10 6 in TE and TM modes. The tilted nano-grooves etched by dry etching process on a TFLN of 400 nm thickness present an angle θ of 35 o with respect to the vertical direction. Such structure can be used an EO modulator with a switching voltage of 1.4 V.

Figure 1.17: The proposed structure of nano-grooves with a cross section in the XZ plane for the highlighted zone. [START_REF] Li | Design of nano-groove photonic crystal cavities in lithium niobate[END_REF] On the other side, the EO PhC structure based on LiNbO 3 are highly recommended in several field of research such as for sensing applications [13,[START_REF] Qiu | Fano resonance-based highly sensitive, compact temperature sensor on thin film lithium niobate[END_REF][START_REF] Qiu | Ultracompact on-chip slot bragg grating structure for small electric field detection[END_REF]. For example, W. Qiu et al. demonstrated a temperature sensor based on the Fano resonance instead of the tunable PBG [START_REF] Qiu | Fano resonance-based highly sensitive, compact temperature sensor on thin film lithium niobate[END_REF]. The structure consists of a rectangular lattice of air holes as presented in Fig. 1.18(a). The PhC structure milled by FIB was fabricated on a TFLN. Contrarily to the previous work presented in this section, the structure here was illuminated at normal incidence. The temperature One of the relevant field of research nowadays is the Q-factor. This field of research becomes in an increase interest for the development of optical components with higher efficiency and reduced footprint. Most of the related works in the literature are based on structures in silica or silicon [START_REF] Yoon | Critical field enhancement of asymptotic optical bound states in the continuum[END_REF][START_REF] Kodigala | Lasing action from photonic bound states in continuum[END_REF][START_REF] Zarina F Sadrieva | Transition from optical bound states in the continuum to leaky resonances: role of substrate and roughness[END_REF]. Nowadays, the challenge is to find a structure exhibiting BIC modes with high Q-factors in LiNbO 3 in order to enhance the EO effect and increase the development of the integrated photonics.

1.6/ THESIS PURPOSE

In this thesis, we propose two EO nanodevices in LiNbO 3 . The two devices rely on the Pockels effect that can be revealed by a modification of the refractive index in presence of an electric field. The proposed structures have been studied using the finite difference time domain (FDTD) method in order to compute their optical response (by transmission or reflection). Furthermore, an analysis of the FDTD result reveals the excitation of symmetry protected modes by the FDTD itself.

Chapter 2 presents the FDTD method that we use in all the following chapters in order to calculate the optical response of the proposed structures. In parallel, we present the bound state in the continuum that exhibits two different types: the symmetry-protected mode (SPM) that is excited at oblique incidence and the Friedrich Wingten mode that can exist by tuning the structure geometrical parameters. The novel property of the FDTD in exciting SPM at normal incidence has been presented and demonstrated in a 2D structure and a 3D structure.

Chapter 3 presents a theoretical study of a versatile EO sensor that can be used as electric field sensor or temperature sensor. First, this chapter begins by an introduction on the traditional sensors and the mechanism of detection in various applications dealing with different physical parameters and we precise the requirements for an EO PhC sensor. Second, we define the proposed structure and we study the effect of the variation of its geometrical parameters on the optical response in order to optimize a configuration. Third, we calculate by FDTD the distribution of the electric field in order to verify whether the excited modes are dielectric modes or not since the dielectric mode is one of the requirements for an EO sensor. Forth, we study the optical response of the structure with respect to the angle of incidence in order to prove the SPM character of the excited modes. The chapter is ended by a study of the optical confinement and the sensitivity of the structure followed by a brief study of the proposed structure performance as a temperature sensor.

Chapter 4 presents the study of an EO modulator based on PhC. First, we begin this chapter with an introduction to traditional optical modulators and we define the common metrics that are followed in order to compare their performances. Second, a short state of art of EO modulators in LiNbO 3 is presented to follow the last works in this field of research. Then after defining the proposed EO modulator, we present the theoretical studies that we performed. The optical response and the electric field distribution are calculated by FDTD and the electrostatic field distribution is calculated by COMSOL software based on the Finite Element Method. In order to calculate the sensitivity of the proposed structure, the results from COMSOL and FDTD are combined in a new FDTD calculation that involves both the local distribution of the electrostatic field and the electromagnetic field. However, a flowchart for the fabrication of the structure is described and the optical bench of characterization is presented. We begin the experimental part by an introduction of each fabrication process required for the fabrication of our structure.Then we describe the structure obtained after each manufacturing process and compare it with the ideal structure in order to follow the evolution of the optical response of the structure. After every fabrication step, the structure is characterized and solutions are proposed to overcome the fabrication imperfections. At the end of chapter 4, we present the structure obtained after the improvements made as well as its experimental transmission spectrum measured using the optical bench we have built for this purpose. A theoretical-experimental comparison will of course be carried out.

The thesis ends by a general conclusion of the main results obtained from the different chapters and some perspectives in order to improve the results that we obtain during this thesis.

EXCITATION OF A SPM BY FDTD

In this chapter, we begin by briefly presenting the basic principles of the numerical Finite-Difference-Time-Domain (FDTD) method that we used during this thesis to calculate the optical responses of our structures.

Secondly, we define the Bound state In the Continuum (BIC) modes. This type of modes rely on the decoupling of light from the radiative continuum due to a high degree of symmetry in the structure or to a destructive interference. BICs are characterized by their high Q-factor resonances leading to the enhancement of the electric field. The quality-factor of these resonances is directly linked to the degree of the symmetry breaking.

Finally, we point out a specific feature of the FDTD method through the study of nano-structures supporting geometrical symmetry-protected modes that cannot be excited at certain conditions of illumination. The spatial discretization performed in the FDTD algorithm leads to a break in this symmetry and allows the excitation of such modes. This finding shows that the FDTD must be handled with great care and, more importantly, that very huge quality-factor resonances can be achieved at the cost of nanometer-scale mastered fabrication processes.

2.1/ FINITE DIFFERENCE TIME DOMAIN (FDTD)

With the evolution of computing capabilities, we are now able to quantify the optical response of a PhC from numerical simulations. One of the most compact and versatile approaches we have adopted is the Finite Difference Time Do-main method (FDTD) [START_REF] Taflove | Computational electrodynamics: the finite-difference time-domain method[END_REF]. This method is based on the numerical resolution of Maxwell's equations in the time and space domains. We thus discretize these equations through a mesh representing the computational space. The values of electric and magnetic fields are calculated at any point of the structure and at each moment, which allows the temporal evolution of the electromagnetic field to be observed.

The Yee cell, since 1966, is the historical scheme for the simulation of the propagation of electromagnetic waves [START_REF] Yee | Numerical solution of initial boundary value problems involving maxwell's equations in isotropic media[END_REF]. Its simplicity, its robustness, its capacity to solve large-scale problems and to model the propagation of electromagnetic waves are undoubtedly its greatest assets, in addition to its ease of implementation. In this chapter, we will describe the finite difference time domain (FDTD) method by defining the general principle of the method, followed by its stability criteria, and finally we define the boundary conditions in order to eliminate reflections on the edges of the calculation window and impose a free radiation of the electromagnetic field (homogeneous medium) towards the infinity.

2.1.1/ PRINCIPLES OF THE FDTD METHOD

In order to get the temporal evolution of the electromagnetic field at any point in the computation space, the calculation is divided into a set of elementary cells called Yee cells. The electric and magnetic fields components are calculated at any point of the structure and at every moment once an excitation has been imposed. Maxwell equations in the time domain are given by:

∇ • B = 0 (2.1) ∇ • D = ρ (2.2) ∇ × H = ∂D ∂t + J (2.3) ∇ × E = - ∂B ∂t (2.4)
where E represents the electric field vector, D the electric displacement field vector, H the magnetic induction vector, B the magnetic field vector, J the electric current density and ρ the free charge density.

However, in a linear, homogeneous, lossless, and isotropic medium the displace-ment field vector is related to the electric field vector by the following equation:

D(r) = ε(r)E(r) (2.5)
where ε(r) is the electric permittivity of the material defined as ε(r) = ε r ε 0 , with ε r is the relative permittivity of the considered material and ε 0 is the vacuum dielectric permittivity whose value is 8.854 × 10 -12 F/m. Couple of calculation assumptions have been taken since the materials involved in this work are considered as nonmagnetic (µ r (r) ≈ 1), without free charges or current (ρ = 0 and J = 0), which leads to this final form of the Maxwell equations:

∇ × H = ∂(ε(r)E(r)) ∂t (2.6) ∇ × E = - ∂(µ 0 H) ∂t (2.7)
By projecting these two equations into the Cartesian coordinate system (X, Y, Z), we obtain the following equations:

∂H x (x, y, z) ∂t = 1 µ 0 ∂E y (x, y, z) ∂z - ∂E z (x, y, z) ∂y (2.8) ∂H y (x, y, z) ∂t = 1 µ 0 ∂E z (x, y, z) ∂x - ∂E x (x, y, z) ∂z (2.9) ∂H z (x, y, z) ∂t = 1 µ 0 ∂E x (x, y, z) ∂y - ∂E y (x, y, z) ∂x (2.10) ∂E x (x, y, z) ∂t = 1 ε(x, y, z) ∂H z (x, y, z) ∂y - ∂H y (x, y, z) ∂z (2.11) ∂E y (x, y, z) ∂t = 1 ε(x, y, z) ∂H x (x, y, z) ∂z - ∂H z (x, y, z) ∂x (2.12) ∂E z (x, y, z) ∂t = 1 ε(x, y, z) ∂H y (x, y, z) ∂x - ∂H x (x, y, z) ∂y (2.13)
In order to compute these equations, it is necessary to discretize them. For this reason, we apply the centred finite difference approximation to evaluate each spatial and temporal derivative of the six components of the electromagnetic fields.

2.1.2/ CENTRED FINITE DIFFERENCE APPROXIMATION

The method is based on Taylor's theorem. If we consider a function f (x), continuous and differentiable as shown in Fig. 2.1, the derivative ∂ f (x) ∂x at the point x 0 of f (x) is expressed, in the second order, in the following form:

∂ f (x) ∂x = f (x 0 + δ 2 ) -f (x 0 -δ 2 ) δ + Θ(δ 2 ) (2.14)
with Θ(δ 2 ), the error made by neglecting terms beyond order 2. When δ tends to 0, (δ 2 ) tends to 0 also and the value of the derivative therefore becomes exact. This approximation, called the central derivative, allows us a better precision than the other types of approximations. In order to numerically calculate the partial derivatives that occur in the Maxwell equations, we apply this centered finite difference approximation.

In addition, the time is discretized by replacing the continuous variable t by a sequence of value t n of the form t n = n∆t. ∆t represents the temporal step.

Similarly, the space is discretized following the spatial steps (∆x,∆y,∆z), with respect to the spatial coordinates (x, y, z) and its corresponding discrete coordinates (i, j, k). Then a time and space depending function f (x, y, z, t) becomes f (i∆x, j∆y, k∆z, n∆t). In view of simplifying the expressions, the function in discrete coordinates will be written as follow:

f (i∆x, j∆y, k∆z, n∆t) = f n i, j,k (2.15) 2.1.3/ YEE ALGORITHM
The basic of the Yee algorithm is that the electric and magnetic fields are evaluated in space and time using the coupled Maxwell's curl equation rather than evaluating the electric field alone (or magnetic field) based on the Helmholtz's wave equation. The evaluation of electric and magnetic field components is based on both E and H information. One of the Yee algorithm key is that the components of E and H are spatially shifted from each other. The components of the electric field are then evaluated at times t = n∆t and the components of H at times t = (n + 1/2)∆t, where n is an integer representing the calculation step. For example, the electric fields E at a time t = n∆t is equal to the fields E at a time t = (n -1)∆t plus an additional term calculated as a function of the spatial variation of the magnetic field H at time t = (n -1/2)∆t. An easy way to visualize this is to see how the field components are arranged in a unit cell as shown in Fig. 2.2. This elementary cell is called Yee Cell. Following the Yee cell, the calculation of H x at time t = (n∆t) for instance is based on the four electric field components (blue arrows) surrounding H x (in the yOz plane) in addition to the value of H x at t = (n-1)∆t. Following the Yee algorithm and the central difference approximation, the equations from 2.8 to 2.13 become:

H x | n+ 1 2 i, j+ 1 2 ,k+ 1 2 = H x | n-1 2 i, j+ 1 2 ,k+ 1 2 + ∆t µ 0         E y | n i, j+ 1 2 ,k+1 -E y | n i, j+ 1 2 ,k ∆z - E z | n i, j+1,k+ 1 2 -E y | n i, j,k+ 1 2 ∆y         (2.16) H y | n+ 1 2 i+ 1 2 , j,k+ 1 2 = H y | n-1 2 i+ 1 2 , j,k+ 1 2 + ∆t µ 0         E z | n i+1, j,k+ 1 2 -E z | n i, j,k+ 1 2 ∆x - E x | n i+ 1 2 , j,k+1 -E x | n i+ 1 2 , j,k ∆z        
(2.17)

H z | n+ 1 2 i+ 1 2 , j+ 1 2 ,k = H z | n-1 2 i+ 1 2 , j+ 1 2 ,k + ∆t µ 0         E x | n i+ 1 2 , j+1,k -E x | n i+1, j+ 1 2 ,k
∆y -

E y | n i+1, j+ 1 2 ,k -E y | n i, j+ 1 2 ,k ∆x        
(2.18)

E x | n+1 i+ 1 2 , j,k = E x | n i+ 1 2 , j,k + ∆t ε i, j,k             H z | n+ 1 2 i+ 1 2 , j+ 1 2 ,k -H z | n+ 1 2 i+ 1 2 , j-1 2 ,k ∆y - H y | n+ 1 2 i+ 1 2 , j,k+ 1 2 -H y | n+ 1 2 i+ 1 2 , j,k-1 2 ∆z             (2.19) E y | n+1 i, j+ 1 2 ,k = E y | n i, j+ 1 2 ,k + ∆t ε i, j,k             H x | n+ 1 2 i, j+ 1 2 ,k+ 1 2 -H x | n+ 1 2 i, j+ 1 2 ,k-1 2 ∆z - H z | n+ 1 2 i+ 1 2 , j+ 1 2 ,k -H z | n+ 1 2 i-1 2 , j+ 1 2 ,k ∆x             (2.20) E z | n+1 i, j,k+ 1 2 = E z | n i, j,k+ 1 2 + ∆t ε i, j,k             H y | n+ 1 2 i+ 1 2 , j,k+ 1 2 -H y | n+ 1 2 i-1 2 , j,k+ 1 2 ∆x - H x | n+ 1 2 i, j+ 1 2 ,k+ 1 2 -H x | n+ 1 2 i, j-1 2 ,k+ 1 2 ∆y             (2.21) 
Thus, FDTD equations are solved in a leapfrog manner since the electric field vector components in a volume of space are solved at a given instant in time, then the magnetic field vector components in the same spatial volume are solved at the next instant in time, and the process is repeated over and over again until the desired transient or steady-state electromagnetic field behavior is fully evolved.

2.1.4/ SPATIAL AND TEMPORAL CRITERIA

As any numerical simulation algorithm, the FDTD algorithm can reveal nonphysical numerical solutions. These can lead to a divergence of the calculation and therefore to false results. The stability problems of numerical algorithms have been studied by Courant, Friedrich and Levy (CFL), as well as by Von Neumann, from a rigorous mathematical approach. Taflove [START_REF] Taflove | Numerical solution of steady-state electromagnetic scattering problems using the time-dependent maxwell's equations[END_REF] subsequently applied such an approach to the FDTD method. Thus, in order to avoid numerical instabilities, the algorithm must satisfy some conditions that lead to the stability. In other words, the convergence of the FDTD simulations rely on these temporal and spatial criteria. [START_REF] Courant | On the partial difference equations of mathematical physics[END_REF].

∆t ≤ 1 C 1 (∆X) 2 + 1 (∆Y) 2 + 1 (∆Z) 2 (2.23)

2.1.5/ BOUNDARY CONDITIONS

The FDTD method has limitations, especially for the simulation of structures that radiate towards infinity. In addition, due to the memory capacity of the simulation computer, as well as the computation times, it is impossible to simulate a structure in an indefinitely large space. One solution to simulate such structures is therefore to impose boundary conditions in order to avoid its parasitic reflections inside the structure.

2.1.5.1/ PERIODIC BOUNDARY CONDITIONS (BLOCH CONDITION)

According to Bloch theory, waves inside of a periodic structure are like plane waves, but they are modulated by an envelope function, which follows the same symmetry and periodicity of the structure (in our case as the periodicity of the refractive index). Taking advantage of this theorem, we define the periodic boundary conditions [START_REF] Harms | Implementation of the periodic boundary condition in the finite-difference time-domain algorithm for fss structures[END_REF]. For a periodic structure we only need to consider a primitive cell whose dimensions are p x and p y along the x and y-axis respectively. The field components on one side of the calculation window will be determined according to the field components calculated on the opposite side.

For a normal incidence (θ = 0 o ), the periodic Bloch conditions could be written as follows:

E(x = p x , y, t) = E(x = 0, y, t) (2.24) E(x, y = p y , t) = E(x, y = 0, t) (2.25) H(x = p x , y, t) = H(x = 0, y, t) (2.26) H(x, y = p y , t) = H(x, y = 0, t) (2.27)
These equations present the simple form of PBC that can be directly applied in the FDTD code.

For an oblique incidence (θ = 0 as in Fig. 2.3), the FDTD calculations take into account the oblique behavior of the incident field which intervenes in the electric and magnetic fields by the angles θ and φ as shown in Fig. 2.3 and represented by the following expressions:

E = E 0 e i(ωt+k x x+k y y+k z z) (2.28) H = H 0 e i(ωt+k x x+k y y+k z z) (2.29) with k x = ω υ sin(θ)cos(φ), k y = ω υ sin(θ)sin(φ), k z = ω υ cos(θ)
and υ is the speed of light in the medium. Since the electric and magnetic fields in Eqs. 2.28 and 2.29 depend on ω (due to the dependence of k x ,k y and k z on ω), the FDTD 1 cannot solve the Maxwell equations using the new field expressions (2.28 and 2.29). For this reason, it was proposed to replace the field components by new components (P and Q) in order to eliminate the dependence on k x , k y and k z in the fields components. The new field expressions are presented as follow:

P = Ee -i(k x x+k y y)
(2.30)

Q = He -i(k x x+k y y) (2.31)
Based on these new expression for the fields components, the periodic Bloch conditions could be written as follows:

P(x = p x , y, t) = P(x = 0, y, t) (2.32) P(x, y = p y , t) = P(x, y = 0, t) (2.33) Q(x = p x , y, t) = Q(x = 0, y, t) (2.34) Q(x, y = p y , t) = Q(x, y = 0, t) (2.35)
After the variable change applied on Eqs. (2.28) and (2.29), we deduce these new equations that exhibit the same simple form as obtained at normal incidence (Eqs.

(2.24)-(2.27)). These new equations can be directly applied on the FDTD code. However, at oblique incidence 4 Yee cells are required instead of only one as at normal incidence. Thus, the calculated field components at oblique incidence are 4 times greater than at normal incidence [START_REF] Belkhir | Extension de la mod élisation par FDTD en nanooptique[END_REF]. It is clear that the FDTD calculations at oblique incidence require more time compared to the calculations at normal incidence.

2.1.5.2/ PERFECTLY MATCHED LAYER (PML)

In the previous section, we studied the periodic conditions that can be applied on the directions where a structure is considered as infinitely periodic in order to reduce the calculations to one period, which reduce the calculation time. In this section, we will cover the case where the structure is considered as finite. For this reason, and in order to suppress the reflection of waves that can occurs by the borders of the calculation window, it was required to find some solutions; the most efficient solution was to impose an absorbent layer. The slow evolution of the performances of absorbent layers underwent a strong acceleration with the advent of the PML of B érenger [START_REF] Berenger | A perfectly matched layer for the absorption of electromagnetic waves[END_REF][START_REF] Berenger | Three-dimensional perfectly matched layer for the absorption of electromagnetic waves[END_REF] in 1994. The PMLs almost put an end to the research on the previous types of boundary conditions because they are theoretically perfect in their absorption of outgoing waves. They can be seen as a generalization of Holland's adapted layer [START_REF] Holland | Threde: A free-field emp coupling and scattering code[END_REF], with equal impedance between each layer regardless of the angle of incidence, frequency and type of polarization. The computing space is surrounded by perfectly matched layers that will attenuate the waves passing through them thanks to electric and magnetic conductivities. Despite their complexity of implementation, they are used in our FDTD codes 2 owing by their efficiency and high performance. In order to appropriately model the PML zone, each field component must be subdivided into two subcomponents on which specific conductivities are applied. For example for the component E z we have:

E z = E zx + E zy (2.36)
E zx is associated to a conductivity σ ezx which will allow absorption along the Xaxis. E zy is associated to a conductivity σ ezy which will allow absorption along the Y-axis. By circular permutation of the indices, we deduce the same associations for the ten other components leading to a system composed of twelve equations. Berenger's original PML [START_REF] Bernabeu Verdu | An extension of the pml technique to the fdtd analysis of multilayer planar circuits and antennas[END_REF][START_REF] Berenger | Perfectly matched layer for the fdtd solution of wave-structure interaction problems[END_REF] must respect an impedance matching in order to neglect the reflection coefficients between the two mediums that can be presented by the following relation:

σ e ε = σ m µ (2.37)
with σ e and σ m are the electric and magnetic conductivity respectively. In fact, the condition (2.37) is not sufficient since it requires a semi-infinite medium in order to avoid reflections on the borders. The waves must be completely absorbed before being reflected to the computing space, which requires a larger thickness of higher conductivity. Actually, the latter is, obviously, limited which means some reflections are unavoidable. For this reason, a new condition was proposed in order to reduce the effect of these reflected waves, and it consists of applying a minimum thickness of PML that corresponds to the time required for the wave to be absorbed. Let us consider d is the thickness of the PML layer, a reflection coefficient is produced with an amplitude, at a distance r from the interface PMLcalculation space, represented by: with c is the speed of light in the vacuum and θ the angle of incidence. The choice of an increasing conductivity from zero (at r = 0) to σ M (at r = d), has been taken in order to avoid reflections that can derive from the discontinuity between the electric and magnetic conductivity induced by the Yee discretization. Several profiles have been suggested for the adjustment of σ, and the most efficient model was the polynomial [START_REF] Berenger | Perfectly matched layer for the fdtd solution of wave-structure interaction problems[END_REF]:

R(θ) = R(0)e cos θ (2.38) With: R(0) = e (-2)/(ε 0 c) d 0 σ(r)•dr (2.
σ(r) = σ M r d n (2.40)
with n = 1 in the case of a linear conductivity and n = 2 for a parabolic conductivity.

Based on the Eqs. 2.38 and 2.40, the reflection coefficient becomes:

R(θ) = e -(2/(n+1))(σ M d/ε 0 c) (2.41)
Berenger PMLs can offer a reflection coefficient of less than -80 dB. Later in the FDTD simulations, the PML boundary conditions will be applied on the direction where the structure is considered as a finite structure and the periodic boundary conditions will take place in the direction where the structure is considered as infinitely periodic.

2.2/ BOUND STATE IN THE CONTINUUM

Generally, the coupling of any resonant system with a radiative state leads to the inevitable loss of energy. The bound state in the continuum (BIC) becomes the exception. The BICs are localized and nonradiative states supported by all dielectric nanostructures. It was firstly introduced in 1929 by Von Neumann and Wigner in the context of the Schrodinger equation [START_REF] John Von Neumann | Über merkw ürdige diskrete eigenwerte[END_REF]. This kind of particular states with no energy decay occurs within the radiation continuum spectrum. Since the Schrodinger equation exhibits analogies in different domain in physics (such as the waves equation in optics), BICs became a ubiquitous phenomena existing in all domains of wave physics like optics, acoustics and water waves [START_REF] Hsu | Bound states in the continuum[END_REF]. They are sometimes named as "dark states", "trapped mode" or "embedded eigenvalues" [START_REF] Cale | Dark state lasers[END_REF][START_REF] Hodaei | Dark-state lasers: mode management using exceptional points[END_REF]. Much later, in 1985, H.Friedrich and D.Wintgen demonstrated a new kind of BICs based on the continuously tuning of parameters of a system leading to a destructive interference of a pair of resonances [START_REF] Friedrich | Interfering resonances and bound states in the continuum[END_REF]. The name of this BIC (Friedrich-Wingten BIC) was referred to the researchers that work on it.

2.2.1/ BICS IN NANOPHOTONICS

In nanophotonics, BICs or the nonradiated states have received very little interest since they are defined as exotic states that do not emit energy in the far field region. Recently, because of improvement in nanotechnology, this kind of modes have found a great expansion in the design of structures with very high quality factor resonances. It has been found that the non-radiating electromagnetic state reveals that such localized modes can be coupled to an external radiated mode and being transformed into a leaky mode [START_REF] Zarina F Sadrieva | Transition from optical bound states in the continuum to leaky resonances: role of substrate and roughness[END_REF]. The latter, called also quasinonradiating state, is originated due to the radiation compensation and destructive interference between more than two degenerated modes and becomes useful for enhancing the light matter interaction. The leaky modes can be referred to a transverse Fabry-Perot resonance composed of a few propagative Bloch waves bouncing back and forth in the vertical direction of a slab PhC [START_REF] Ovcharenko | Bound states in the continuum in symmetric and asymmetric photonic crystal slabs[END_REF].

BICs are characterized by an infinite Q-factor (while it is nonradiated) that becomes finite but remains high even after its propagation (leaky mode). On periodic structures, when the Bloch wave vectors approach that of the BIC, the Q-factor of the existing resonant modes tends to infinity [START_REF] Hsu | Observation of trapped light within the radiation continuum[END_REF]. High Q resonances induce a strong local fields essential for multiple applications such as lasing [START_REF] Kodigala | Lasing action from photonic bound states in continuum[END_REF] and sensing [START_REF] Romano | Optical biosensors based on photonic crystals supporting bound states in the continuum[END_REF][START_REF] Yesilkoy | Ultrasensitive hyperspectral imaging and biodetection enabled by dielectric metasurfaces[END_REF].

In fact, the smallest the breaking of the symmetry is, the largest the Q-factor of the mode resonance will be. Thus, two obvious solutions exist to break the symmetry and excite such modes : an intrinsic one by modifying the geometry of the structure itself [START_REF] Zhang | Symmetry and selection rules for localized surface plasmon resonances in nanostructures[END_REF][START_REF] Ndao | Slanted annular aperture arrays as enhanced-transmission metamaterials: Excitation of the plasmonic transverse electromagnetic guided mode[END_REF][START_REF] Alaridhee | Transmission properties of slanted annular aperture arrays. giant energy deviation over sub-wavelength distance[END_REF][START_REF] Foley | Normal incidence narrowband transmission filtering capabilities using symmetry-protected modes of a subwavelength, dielectric grating[END_REF][START_REF] Campione | Broken symmetry dielectric resonators for high quality factor fano metasurfaces[END_REF][START_REF] Zarina F Sadrieva | Transition from optical bound states in the continuum to leaky resonances: role of substrate and roughness[END_REF] or an extrinsic one induced by modifying the illumination conditions (oblique incidence for instance) [START_REF] Fadi | Enhanced transmission through subwavelength metallic coaxial apertures by excitation of the tem mode[END_REF][START_REF] Ndao | Resonant optical transmission through sub-wavelength annular apertures caused by a plasmonic transverse electromagnetic (tem) mode[END_REF][START_REF] Yoon | Critical field enhancement of asymptotic optical bound states in the continuum[END_REF]. Two-dimensional (2D) [START_REF] Foley | Normal incidence narrowband transmission filtering capabilities using symmetry-protected modes of a subwavelength, dielectric grating[END_REF] or three-dimensional (3D) [START_REF] He | The emergence of dirac points in photonic crystals with mirror symmetry[END_REF][START_REF] Lu | Symmetry-protected topological photonic crystal in three dimensions[END_REF][START_REF] Campione | Broken symmetry dielectric resonators for high quality factor fano metasurfaces[END_REF][START_REF] Yuan | Propagating bloch modes above the lightline on a periodic array of cylinders[END_REF][START_REF] Kodigala | Lasing action from photonic bound states in continuum[END_REF] structures were proposed in this context to present Symmetry Protected Modes (SPMs) at normal incidence. A SPM is converted into a leaky mode with a finite Q-factor when the structure symmetry is broken. Otherwise, the accidental BIC occurs by continuously tuning the structure parameters with a symmetric structure. SPMs have recently been used to demonstrate high-quality factor resonances near normal incidence (more than 10 9 ) that may be exploited for various applications [START_REF] Lee | Observation and differentiation of unique high-q optical resonances near zero wave vector in macroscopic photonic crystal slabs[END_REF][START_REF] Kodigala | Lasing action from photonic bound states in continuum[END_REF].

A good example to show the both kinds of BIC exploited before is the work of Chia Wei Hsu and colleagues at the Massachusetts Institute of Technology, USA with respect to the angle of incidence [START_REF] Hsu | Observation of trapped light within the radiation continuum[END_REF]. [START_REF] Hsu | Observation of trapped light within the radiation continuum[END_REF]. They deal with a photonic-crystal slab with 2D periodic holes etched in a silica substrate, immersed in an optical liquid that is an index-matching to silica as shown in Fig. 2.4(a). They chose to tune the angle of incidence (or wave vector) and arise to a symmetry-protected mode at normal incidence and an accidental BIC at an oblique incidence as shown in Fig. 2.4(b-c). It was predicted by numerical analysis of the slab's band structure that the Q-factor of some mode will diverge for certain critical wave-vector values. They experimentally demonstrated a radiative Q-factor of 10 6 . They concluded that an optically symmetric environment is required for the observation of accidental BICs. A few years later, in 2017, Mikhail Rybin and colleagues at the ITMO University of Russia, exploited Friedrich-Wintgen-style parameter tuning to lead to modes with high Qfactor [START_REF] Mikhail V Rybin | High-q supercavity modes in subwavelength dielectric resonators[END_REF]. Thus, they proposed tuning the aspect ratio of an individual dielectric nanometer scale resonator. They resulted by enabling a destructive interference and strong coupling of pairs of eigenmodes with different polarizations associated to Mie resonances and Fabry-Perot resonances, leading to a BIC mode as cited in [START_REF] Mikhail V Rybin | High-q supercavity modes in subwavelength dielectric resonators[END_REF] and shown in fig. 2.5.

As mentionned above, for the symmetry-protected BIC, a high degree of symmetry is required, which is impossible in real life. The fabrication imperfections cannot be totally controlled, which leads to a new kind of BIC named as quasi-BIC. The latter, as for the other BICs, allows the excitation of high Q-factor modes. When a symmetry-protected BIC is considered nonradiative at normal incidence, the quasi-BIC is radiative in the same conditions due the fabrication imperfection. 

2.2.2/ ANALYTIC MODEL OF FRIEDRICH-WINTGEN BIC

The Friedrich-Wintgen BICs are referred to destructive interferences between two or more radiating components that cancel each other after tuning the structure parameters. This results when a pair of resonant modes are destructively coupled or when the number of resonant modes exceed the number of independent decay channels [START_REF] Suh | Temporal coupled-mode theory and the presence of non-orthogonal modes in lossless multimode cavities[END_REF]. In this situation, the resonances can interfere leading to their suppression and forming a BIC.

In order to study the conditions leading to the excitation of such BICs, we consider a system composed of a pair of resonances in the same cavity of a structure and coupled to the same radiation channel. Thereby, the system can be modeled by the following Hamiltonian [START_REF] Hsu | Bound states in the continuum[END_REF][START_REF] Suh | Temporal coupled-mode theory and the presence of non-orthogonal modes in lossless multimode cavities[END_REF][START_REF] Kuznetsov | On uniqueness and trapped modes in the waterwave problem for a surface-piercing axisymmetric body[END_REF]:

H =        ω 1 K K ω 2        -i        γ 1 √ γ 1 γ 2 √ γ 1 γ 2 γ 2        (2.42)
where ω 1,2 are the angular frequencies of resonances, γ 1,2 their radiation losses, K the coupling strength between the resonances, and √ γ 1 γ 2 belongs to the coupling by the losses of the two resonances. The non-trivial solutions are obtained by solving the equation:

det(H -ωI) = 0 (2.43)
where I is the identity matrix. We result with:

(ω 1 -ω -iγ 1 )(ω 2 -ω -iγ 2 ) -(K -i √ γ 1 γ 2 ) 2 = 0 (2.44)
We assume ω is real, and by separating the real part and the imaginary part, we obtain the following system:

         (ω 1 -ω)(ω 2 -ω) -K 2 = 0 γ 1 (ω 2 -ω) + γ 2 (ω 1 -ω) -2K √ γ 1 γ 2 = 0 . (2.45)
Consequently, we result with the possible values of ω leading to a lossless mode:

ω ± = ω 1 + ω 2 2 ± K 2 + ω 1 -ω 2 2 2 (2.46)
In addition, the following condition is crucial to obtain the mode :

K(γ 1 -γ 2 ) = √ γ 1 γ 2 (ω 1 -ω 2 ) (2.47)
Eq. 2.47 denotes that one of the eigenvalues becomes purely real and turns into a BIC when the second eigenvalue becomes more lossy. This equation was derived by Friedrich and Wintgen [START_REF] Friedrich | Interfering resonances and bound states in the continuum[END_REF]. There are some special cases. For example, if the two resonances are not initially coupled (K = 0), they couple due to their losses with the possibility to obtain a Friedrich-Wintgen BIC when ω 1 = ω 2 = ω 0 , that is when the resonances are degenerated. In this case, due to the coupled losses we obtain two resonances on ω 0 , with one of them form a BIC.

Another special case is produced when the two resonances have the same losses (γ 1 = γ 2 ). In this case, it is also possible to obtain a BIC, if the resonances are initially degenerated (ω 1 = ω 2 = ω 0 ). It results with two resonances with different ω, ω ± = ω 0 ± |K|, and one of them form a BIC.

Generally, in a linear hermitien system, the behavior is governed by a Hamiltonian operator that is hermitien by itself. Which means that such systems exhibits real eigenvalues and the system is lossless (in quantum physics, such system is considered closed and the energy is conserved inside the system). Otherwise, for a linear non-Hermitien system, the eigenvalues are generally complex and the system exhibits some losses. In our case, the eigenvalues are the angular frequencies ω. In addition, for the calculation of such BICs, we considered that two radiated modes exhibiting some losses (presented by a complex ω) can couple and cancel each other leading to a Friedrich-Wintgen BIC that is confined inside the structure's defect and not radiated meaning a lossless mode (presented by a real ω).

Overall, the Friedrich-Wintgen BICs can be obtained for any value of the wave vector, contrarily to the symmetry protected modes that are constrained to the high point of symmetry. The concluded conditions were applied on a symmetric structure, but they can also be applied on an asymmetric structure with resonances symmetrically emitted. The most relevant condition to obtain a BIC remains when the number of resonant modes exceed the number of independent decay ports [START_REF] Suh | Temporal coupled-mode theory and the presence of non-orthogonal modes in lossless multimode cavities[END_REF].

2.3/ EXCITATION OF SPM BY FDTD 2.3.1/ INTRODUCTION

As previously explained, the FDTD is one of the most used methods to model the interaction between light and matter at the nanometer-scale [START_REF] Taflove | Computational electrodynamics: the finite-difference time-domain method[END_REF][START_REF] Sukharev | Computational nano-optics: Parallel simulations and beyond[END_REF]. Its use requires a minimum of knowledge in the field of electromagnetism. Several mistakes or misinterpretations have been made mainly when commercial codes are used. Worse than that, it happens that the developers themselves do the same. For example, let us cite the following study [START_REF] Fadi | Enhanced transmission through subwavelength metallic coaxial apertures by excitation of the tem mode[END_REF] in which they misinterpreted some results as it will be shown in the following. In the following, we will present recent results demonstrating an interesting read of the FDTD. The latter involves the direct definition of the structure under study in the real space without the need of the object profile Fourier Transform. Due to symmetry considerations, some eigen-modes of a given structure can not be excited in specific conditions of illumination. These modes can be qualified by Symmetry Protected Modes or Bound states In the Continuum (BIC) [START_REF] John Von Neumann | Über merkw ürdige diskrete eigenwerte[END_REF]. As mentioned before, they could emerge as a consequence of destructive interference between two or more modes whose properties depend on the angle of incidence [START_REF] Shaimaa I Azzam | Formation of bound states in the continuum in hybrid plasmonic-photonic systems[END_REF]. Let us cite the Transverse ElectroMagnetic (T EM) guided mode inside metallic annular apertures that requires an oblique incidence to be excited [START_REF] Fadi | Enhanced transmission through subwavelength metallic coaxial apertures by excitation of the tem mode[END_REF]. In the latter, the amplitude of the T EM mode as shown in Fig. 2.6, seems to grow with the angle of incidence (see the peaks indicated by vertical black arrows). This result is a blatant artifact because all those transmission peaks must reach 100% [START_REF] Alaridhee | Transmission properties of slanted annular aperture arrays. giant energy deviation over sub-wavelength distance[END_REF] but need more CPU-time to complete the FDTD simulations. In [START_REF] Alaridhee | Transmission properties of slanted annular aperture arrays. giant energy deviation over sub-wavelength distance[END_REF], Authors demonstrated that for non-absorbent structures, the central symmetry of the patterns imposes a resonance with a reflection coefficient that reaches zero and therefore a transmission coefficient equal to unity. For a symmetry-protected mode, the smallest the breaking of the symmetry is, the largest the Q-factor of the mode resonance will be. And in fact, the spatial discretization exercised in the FDTD combined with the Yee scheme [START_REF] Yee | Numerical solution of initial boundary value problems involving maxwell's equations in isotropic media[END_REF], for which two different components of the electromagnetic field are located at two different spatial positions, leads to naturally break the geometrical symmetry of the structure. These modes (S PM) are numerically revealed even in conditions where they are symmetry-protected. Nevertheless, finite element method (FEM), which is also based on a spatial discretization of the object, does not seem to prevent the existence of this type of symmetry-protected resonances [START_REF] Cui | Normal incidence filters using symmetry-protected modes in dielectric subwavelength gratings[END_REF] probably as a result of the mesh refinement generally used in FEM.

The most adapted structures to have symmetry protected modes are structures with high degree of symmetry along 1D (slits or grooves) [START_REF] Foley | Normal incidence narrowband transmission filtering capabilities using symmetry-protected modes of a subwavelength, dielectric grating[END_REF] or along 2D [START_REF] Kodigala | Lasing action from photonic bound states in continuum[END_REF] with mirror symmetry or center of symmetry.

2.3.2/ SPM IN A 2D-STRUCTURE

In order to demonstrate the excitation of a SPM mode by the FDTD, we propose a 2D-PhC structure that consists of Lithium Niobate (LN) slabs with height h s = 350 nm and width ω s = 630 nm combined with a LN membrane of thickness h lay = 490 nm as shown in Fig. 2.7. The structure parameters are arbitrary chosen since the excitation of a SPM mode can occur for any wavelength position. Firstly, we illuminate the LN layer at normal incidence (θ = 0 o ). The structure is uniformly discretized with a mesh cell size ∆ x = ∆ z = 35 nm. In this calculation window, the structure is considered infinitely periodic along the x-axis with a period p = 1050 nm and finite along the z-axis. For this reason, we apply the periodic boundary conditions in the x-plan and the perfectly matched layer to the z-plan. More than 5 millions iterations are considered for a single calculation in order to reach the convergence (optical response without oscillations). The PhC slab supports guided resonances whose frequencies lie within the continuum of radiation modes in free space. Generally, this kind of modes are found with quite small Q-factors because they are coupled to the free-space modes.

After the calculation of the optical response of the structure by FDTD, we found a resonance with a high Q-factor up to 10, 532 at λ = 1395.72 nm as shown in Fig. 2.8(a). The latter could be excited due to the natural behavior of the FDTD method that creates a break in the geometrical symmetry of the structure owing to the calculation of the electromagnetic field components at different spatial positions. The natural behavior of the FDTD mentioned before is related to the fact that the fabrication imperfections has always a major effect on the optical response of the structure and cannot be avoided. Therefore, this resonance is most probably referred to a SPM mode.

In order to gain deep insight into the origin of this mode, we repeated the same calculation with different mesh cell sizes (∆ x = 17.5; 14; 10; 5 nm) and we always consider the same calculation time (t=0.25 ns). Basically, decreasing the mesh cell size leads to properly describe the structure, and then, to reduce the break of the symmetry induced by the FDTD, which has been clearly shown in Fig. 2.8. The latter shows that by decreasing the mesh cell size, the extinction ratio of the resonance has been reduced in parallel with the increasing of the Q-factor. The reduced dips are referred to the lack in the calculation time required to properly model the light-matter interaction. The increase in the required calculation time and the Q-factor reveal a mode highly confined which is most probably a SPM. In other words, the smaller the break of the symmetry is (meaning a smaller ∆ x ), the larger the Q-factor of the resonances will be.

Furthermore, as shown in Figure 2.8(f-g), the electric field distribution has been calculated for different mesh cell sizes and the same light matter interaction time. It is clear that for a small mesh cell size (like for ∆ x = 5 nm) the maximum of the electric field is not yet confined between the LN slabs. However, by increasing the mesh cell size (like for ∆ x = 21 nm) the maximum electric field is more relevant between the slabs (depicted by the dominance of the yellow color between the slabs). In other words, when the mesh cell size is lower (means the break is lower) and the mode we get is more confined and require more calculation time to reach the permanent state (the convergence) since the light-matter interaction time is higher (more confined mode exhibits higher light-matter interaction time).

One more time, it has been demonstrated that by decreasing the mesh size, which means decreasing the break of the structure symmetry, the mode becomes more confined and exhibits more light-matter interaction time revealed by higher Qfactor resonances. In order to verify the SPM origin of the mode derived by FDTD, we calculate the transmission spectra of the 2D-structure illuminated by a plane wave at different incident angles. The transmission spectra calculated with a mesh cell size ∆ x = 35 nm is shown in Fig. 2.9 (a). The SPM mode appears clearly for a normal incidence at λ = 1419 nm. Otherwise, a large mode that exists at all the incident angles (at λ = 1510 nm for normal incidence) reveals a non-SPM origin as it remains large for the different incident angles and it is most probably referred to a leaky mode. In order to verify the SPM origin of the highly confined mode, we calculate the transmission spectra at different incident angles and for different mesh cell sizes such as ∆ x = 17.5 nm shown in Fig. 2.9 (b) and ∆ x = 5 nm shown in Fig. 2.9 (c). It has been shown that for the different mesh sizes, the confined SPM mode remains and its performance is enhanced as it requires more time to be excited with a reduced step size. This validates the accuracy of the FDTD method in nanophotonics applications.

2.3.3/ SPM IN A 3D-STRUCTURE

To demonstrate the excitation of a SPM mode in a 3D-structure, two completely different cases are considered: the case of a localized resonance (LR) and the case of a collective resonance (CR). The first one can exist with only one pattern while the second one, comparable to a Fano-type resonance, requires a periodic structure with large number of patterns.

2.3.3.1/ CASE OF LOCALIZED RESONANCE

To illustrate the case of a LR, we consider the coaxial aperture presented in Fig. 2.10(a). The fundamental guided mode inside the coaxial waveguide made in perfect electric conductor (PEC) is the T EM (Transverse ElectroMagnetic) mode which has no cutoff-frequency.

When the spatial description of the structure retains its symmetry of revolution, this mode becomes a S PM for a plane wave impinging the structure at normal incidence (along the waveguide axis). This can be numerically fulfilled if we describe the structure in cylindrical coordinates. Contrarily, if the latter is described within a cuboid mesh grid in Cartesian coordinates, the symmetry of the structure is therefore numerically broken and the T EM mode could be excited. Figs.

2.10(b,c) depict the two transmission spectra (normalized transmitted Poynting flux) calculated by 3D-Cartesian FDTD and by Body-Of-Revolution FDTD homemade codes respectively ( [START_REF] Fadi I Baida | Subwavelength metallic coaxial waveguides in the optical range: Role of the plasmonic modes[END_REF][START_REF] Parent | Theoretical study of transient phenomena in near-field optics[END_REF] and refs. therein). The geometrical parameters of the aperture are given in the figure caption and the spatial grid was fixed to ∆ = 35nm in both simulations. As expected, the signature of the S PM excitation only appears in the case of 3D-Cartesian mesh (Fig. 2.10(b)). Its spectral position (here λ S PM 1555 nm) depends on the length of the waveguide (i.e. the metal film thickness) through a phase-matching condition [START_REF] Fadi I Baida | Subwavelength metallic coaxial waveguides in the optical range: Role of the plasmonic modes[END_REF]. Note that these two simulations were done over an identical total time of light-matter interaction, i.e. in cylindrical coordinates). To demonstrate the cylindrical symmetry of this S PM mode, the electric intensity distribution is calculated in monochromatic regime at λ = 1555.5 nm in the case of a cuboid-mesh of ∆ = 35 nm. Fig. 2.10(d) shows this distribution at 70 nm from the output side of the coaxial aperture in addition to the magnetic field one. The radial character of the electric field (see green arrows) and the ortho-radial one of the magnetic field are the signature of the S PM-mode (T EM-mode) excitation.

2.3.3.2/ CASE OF A COLLECTIVE RESONANCE

On the other hand, if we consider a bi-periodic (p x = p y = 700 nm) structure such as the one presented in Fig. 2.11(a) with the same coaxial aperture pattern, we can note that the transmission spectrum depicted on Fig. 2.11(b) exhibits several very thin resonance peaks (see vertical black arrows). These peaks are due to the excitation of the vertical cavity harmonics of the same S PM mode (the T EM mode) and can only be obtained at the cost of a very large number of time-steps (significant light-matter interaction time). The peak amplitude is enhanced compared to the one of the single aperture of Fig. 2.10 due to the sub-wavelength periodic character of the structure (all transmitted energy is propagating along the normal incidence direction). Fundamentally, the considered structure has a central symmetry so that when a resonance is excited, the transmission peak amplitude must reach 100% [START_REF] Alaridhee | Transmission properties of slanted annular aperture arrays. giant energy deviation over sub-wavelength distance[END_REF] as long as it is located beyond the Rayleigh anomaly (here over all the considered spectral range). This is clearly in contradiction with the obtained spectra of Fig. 2.11(b). The reason is still linked to the same origin which is the spatial discretization responsible for the break of symmetry. To be convinced, we present on Fig. 2.11(c) the transmission spectrum of the same structure calculated by FDTD for different mesh cell sizes. As previously mentioned, the same light-matter interaction time is considered in all simulations (here 13 ps). The inset presented on the right of this figure shows the distribution of the electric field amplitude at the S PM wavelength recorded 10 nm from the output side of the coaxial aperture in the case of a mesh cell size of ∆ = 5 nm. The circular symmetry of the electric field is clearly visible confirming the excitation of the T EM mode inside the aperture. The left distribution corresponds to the TE 11 [START_REF] Fadi I Baida | Subwavelength metallic coaxial waveguides in the optical range: Role of the plasmonic modes[END_REF] mode showing a mirror symmetry that is consistent with the linear polarization of the incident plane wave. All the transmission properties for the different FDTD cell sizes are summarized in Table 1.1. On one hand, Table 1.1 shows that when the cell size varies, both the position and the amplitude (transmission coefficient) of the peaks are significantly modified.

The quality factor was estimated from two different methods: (a) the "Harminv" value is evaluated using a Harmonic Inversion Algorithm [START_REF] Vladimir | Harmonic inversion of time signals and its applications[END_REF] widely associated with FDTD simulations to extract information on highly resonant modes [141] and, (b) by simply evaluating the Fourier Transform (FT) of the temporal recorded signal by the FDTD. The latter always underestimates the real value of the quality factor as demonstrated in Table 1. More importantly, one can note that the Qfactor increases drastically when the cell size decreases. Fundamentally, it tends to infinity when ∆ → 0 for any S PM mode.

On the other hand, the FDTD convergence criteria are fulfilled for all the cell sizes considered in our simulations. In fact, it is well known (see ref. [START_REF] Taflove | Computational electrodynamics: the finite-difference time-domain method[END_REF]) that the spatial convergence criterion of the FDTD (∆ < λ/16) is numerically determined by allowing a phase velocity error of the wave during its propagation smaller than 0.1% [START_REF] Taflove | Computational electrodynamics: the finite-difference time-domain method[END_REF]. The accuracy of FDTD results mostly depends on the good depiction of the structure geometry. Thus, in Nano-Optics, a mesh size as small as λ/100 is often used (λ/83 in ref. [START_REF] Roussey | Experimental and theoretical observations of the slow-light effect on a tunable photonic crystal[END_REF] and λ/775 in ref. [START_REF] Barakat | Second harmonic generation enhancement by use of annular aperture arrays embedded into silver and filled by lithium niobate[END_REF]) to simulate light-matter interaction involving structures with fine details. Thus, for our S PM, we can see that, the finer the mesh, the more the peak shifts towards the blue spectral region and its amplitude decreases. However, for this mode, the spectral position is fundamentally governed by a phase matching condition involving the metal thickness (see Eq. 1 in ref. [START_REF] Alaridhee | Transmission properties of slanted annular aperture arrays. giant energy deviation over sub-wavelength distance[END_REF]). The latter becomes more and more precise as the mesh is refined. The blue shift is then the signature of a metal thickness decreasing when the mesh is enhanced. The mesh refining also affects the spectral position of the TE11 mode that depends on the aperture radius value [START_REF] Fadi I Baida | Origin of the super-enhanced light transmission through a 2-d metallic annular aperture array: a study of photonic bands[END_REF] (Fig. 2.11(b)). Fig. 2.12(a) shows the evolution of the spectral position of the S PM mode (λ res in black solid line) and its quality factor Q (in dashed red line) with respect to the cell size in addition to the spectral position of the TE 11 (blue dotted line). One can note that the spectral position of the two modes exhibits a quite linear behavior with identical slope meaning a similar origin, namely the spatial discretization of the structure.

As previously mentioned, the amplitude of the S PM transmission peak resonance is directly related to the symmetry breaking induced by the mesh. The larger the latter (coarse mesh), the more the peak becomes visible (larger amplitude and smaller quality factor). Its amplitude decreases from TC = 0.45 for ∆ = 35 nm to TC = 3 × 10 -4 for ∆ = 5 nm (see Table 1). Note that the latter value of the transmission is obtained by FDTD simulation that corresponds to a time-matter interaction of 13 ps and can increase if we consider larger time. For the sake of calculation time, we have verified, for 2D structures, that the trend of increasing Q with smaller step size continues even if ∆ = 2.5 nm. On the other hand, the peak amplitude corresponding to the allowed guided mode (here the TE 11 mode at λ = 770 nm) increases reaching almost 100% thanks to the improvement of the central symmetry of the structure.

To go further in the demonstration of the S P character of the resonance, we propose to intrinsically break the symmetry of the structure by illuminating it under oblique incidence. The transmission diagram of Fig. 2.12(b) is calculated through a SFM-FDTD algorithm [START_REF] Belkhir | Three-dimensional finite-difference time-domain algorithm for oblique incidence with adaptation of perfectly matched layers and nonuniform meshing: Application to the study of a radar dome[END_REF] within the rough meshing (∆ = 35 nm). It clearly shows that the spectral position of the S PM is quite independent from the angle of incidence while its quality factor tends to infinity at normal incidence. Consequently, the resonance obtained at normal incidence has a physical meaning even if it should not exist for a perfectly symmetrical structure. These numerical simulations made by FDTD obviously demonstrate its ability to take into account the presence of fabrication imperfections. In fact, currently, the manufacturing processes used in nano-fabrication exhibit an accuracy of around a = 5 nm3 which is insufficient to ensure absolute symmetry of the fabricated structure. These residual imperfections (roughness, wall conicity,...) can be exploited to generate very thin resonances. For the FDTD, the spatial discretization value (∆) could give in consideration the real fabrication imperfections (if ∆ = a) and lead to a flagrant disagreement with analytical theory even if it fulfills the spatio-temporal convergence criteria of the FDTD. In such cases, FDTD reveals its superiority and its ability to integrate, by default, the uncertainties on the geometry of the structures under study.

2.4/ SUMMARY

The FDTD method is a powerful tool for the modeling in Nano-Optics. It is one of the most used methods to model the interaction between light and matter at nanoscale. Nonetheless, simulation results should be carefully interpreted.

Adapting the mesh size to the manufacturing defects dimension could serve to reveal hidden responses provoked by the excitation of dark modes such BIC or SPMs. A BIC is highly desirable for enhancing the light-matter interaction, relying on the strongly localized electromagnetic field at nanoscale. Different kind of BICs can occur for different conditions such as Friedrich-Wintgen BIC by tuning a geometrical parameter or the SPM mode that occurs at normal incidence.

In this chapter, it has been demonstrated that by using a rough mesh size in the FDTD simulations, we break the geometrical symmetry of a structure (2D and 3D structures) which leads to the excitation of a BIC. The smaller the mesh size is, the higher the confinement of the mode will be. For a 2D-structure, we proved the existence of a SPM mode for different mesh cell size and we showed the influence of decreasing the mesh cell size on the confined mode. For the 3D-structures, two different cases have been considered: the localized resonance with only one pattern and the collective resonance with an infinitely periodic structure. In both cases, we consider different type of spatial discretization such as the Cartesian coordinates and the cylindrical coordinates to reveal the break of the symmetry in some structure such as a coaxial aperture.

The numerical break of the symmetry in the FDTD method reveals the natural behavior of this method as a perfectly symmetric structure at nanoscale cannot occur and it is always surrounded by some fabrication imperfection.

PHOTONIC CRYSTAL ELECTRIC FIELD SENSOR

3.1/ INTRODUCTION

In multiple electronic industries, technological development is fulfilling its purpose, providing many services to mankind that make life easier, such as, internet, cell phones and other technologies that are becoming indispensable. From here it derives the importance of monitoring the signals that exist in these different technologies in order to control any side effect can occur. This means the world faces a large number of challenges in different disciplines such as health, data processing, energy, information flow and environment. The growing demand for high sensitivity of detection in medical, military and other applications, increases the level of interest regarding the emergence of new and suitable solutions for the detection of weak signals.

Several limitations in traditional sensors motivate the researchers to conceive sensors that offer fast responsivity, high sensitivity, and wireless features (noninvasive sensor) [START_REF] Markowski | Photonic crystal sensors[END_REF]. Integrated optics has clear advantages in comparison with traditional microelectronics. It presents a good sensitivity with a high dynamic range, measurements without direct contact and low fabrication costs1 [START_REF] Biallo | Photonic crystal sensors[END_REF][START_REF] Markowski | Photonic crystal sensors[END_REF]. Nowadays, photonic technologies, such as Photonic Crystals (PhCs), become an interesting innovation in sensing applications. They start being considered for the design of electric field sensors (E-field sensors) [START_REF] Calero | An ultra wideband-high spatial resolution-compact electric field sensor based on lab-on-fiber technology[END_REF], magnetic field sensors [START_REF] Arif | Photonic crystal and plasmonic nanohole based label-free biodetection[END_REF][START_REF] Saker | Magnetic field sensor based on a magneticfluid-infiltrated photonic crystal l4 nanocavity and broadband w1 waveguide[END_REF], temperature sensors [START_REF] Wang | Square-lattice alcohol-filled photonic crystal fiber temperature sensor based on a sagnac interferometer[END_REF][START_REF] Venugopal Arumuru | Vortex shedding optical flowmeter based on photonic crystal fiber[END_REF][START_REF] Qiu | Fano resonance-based highly sensitive, compact temperature sensor on thin film lithium niobate[END_REF], gas-sensors [START_REF] Stichel | Photonic crystal cavity based gas sensor[END_REF][START_REF] Liu | Optofluidic vapor sensing with free-space coupled 2d photonic crystal slabs[END_REF] and other biological sensors [START_REF] Obeid | Development of a nanobioanalytical platform for" on-chip" qualification and quantification of platelet-derived microparticles[END_REF][START_REF] Zhou | Symmetric guidedmode resonance sensors in aqueous media with ultrahigh figure of merit[END_REF]. Several physical phenomena can be exploited for the detection of these quantities. Let us quote for example the piezoelectric effect [START_REF] Zhang | Mechanically induced light emission and infrared-laser-induced upconversion in the er-doped caznos multifunctional piezoelectric semiconductor for optical pressure and temperature sensing[END_REF], the photorefractive effect [START_REF] Kostritskii | Parameters of nonlinear scattering evaluated by open-aperture z-scan technique in photorefractive linbo 3 crystals[END_REF], the conductive and inductive effects [START_REF] Eh Putley | Indium antimonide submillimeter photoconductive detectors[END_REF][START_REF] Em Logothetis | n-p junction ir detectors made by proton bombardment of epitaxial pbte[END_REF], the pyroelectric effect [START_REF] Wang | Ultrafast response p-si/n-zno heterojunction ultraviolet detector based on pyro-phototronic effect[END_REF]... In optics, and to avoid the use of very powerful light sources, it is often convenient to rely on a linear effect. The Pockels effect perfectly fulfills this condition because it allows, through an electro-optical (EO) material, to induce a change in the optical properties of the material that is linearly linked to the E-field to be measured.

In recent years, the detection of electric field has become an increasingly important issue in many fields as mentioned before. When compared with traditional sensors based on metallic structures, E-field sensors based on metal-free dielectric nanostructures offer several advantages because of their excellent electrical insulation [START_REF] Wang | Thermal variation of electric field sensor bias caused by anisotropy of LiNbO 3[END_REF][START_REF] Zeng | Electric field step in air gap streamer discharges[END_REF]. They are much more compact, which results in a higher stability and less distortion to the E-field distribution [START_REF] Ogawa | A guided-wave optical electric field sensor with improved temperature stability[END_REF]. Furthermore, the optical sensor dimensions can shrink down retaining the same promising efficiency and sensitivity of detection as the engineering of photonic crystal is well developed in the last decades.

In this chapter, a theoretical study reveals the opportunity to develop an E-field sensor based on a SPM2 tunable resonance with a high Q-factor (up to 1.2 × 10 5 ) together with a robust extinction factor of 60%. We reach a new horizon with the proposed structure due to an E-field intensity enhancement that locally3 reaches 60000. This allows a detection sensitivity of 4 pm.m/V, 160000 times greater than the sensitivity obtained through a MZI design [START_REF] Wang | Nanophotonic lithium niobate electro-optic modulators[END_REF] and 1600 times greater than what was predicted with a membrane PhC Fano resonance previously developed in our group [START_REF] Qiu | Guided resonances on lithium niobate for extremely small electric field detection investigated by accurate sensitivity analysis[END_REF].

3.2/ PHOTONIC CRYSTAL SENSORS

A PhC is a structure with a periodic variation of the refractive index. This variation behaves like a periodic potential barrier for photons. Therefore, as in the case of an electron moving in the periodic potential created by atoms, a band structure appears, with spectral bands where propagation is allowed and others where it is prohibited. In other words, we have a structure that reflects light for a certain range of frequency, and transmits it for others. The range of frequency where light propagation is forbidden is called photonic band gap (PBG). These PBG structures are attractive optical materials for controlling and manipulating the flow of light: they can be used to conceive a variety of optical components.

Thanks to the inherent compactness, high sensitivity, reduced footprint and other relevant properties of PhC technologies, they have been chosen for detection applications. Due to the PhC properties, the detection applications can reach a new horizon with a miniaturized, non invasive sensor with a high sensitivity and low propagation losses.

In a general form, a sensor is a transducer that reports any modification in the surrounding environment and transforms it into a useful information that consists of a modification in the optical response of the sensor structure. The latter is classified depending on the measured physical quantity, such as electric field (Efield) sensors for the detection of the E-field.

3.2.1/ SENSOR PERFORMANCE METRICS

In order to describe the performance of a sensor, it is quite hard to deal with a single attribute. For this reason, various metrics have been defined:

• The accuracy of the sensor is the maximum difference between a measurement and a reference standard. It is classified as an error. When a sensor manufacturer lists a value beside the term accuracy in a datasheet, it is assumed to be an estimate of the magnitude of the error one can expect under certain conditions. The smaller the accuracy value listed in a datasheet, the more accurate the sensor.

• Precision refers to the degree of reproducibility of a measurement. In other words, if exactly the same value were measured a number of times, an ideal sensor would output exactly the same value every time. But real sensors output a range of values distributed in some manner relative to the actual correct value.

• Resolution is the smallest change in the measured variable that can be detected by the sensor. It is related to the optical spectrum analyzer used for the case of optical sensors. It is also known as the detection limit.

• Range of the sensor is the maximum and minimum values of an applied parameter that can be measured. For example, an E-field sensor may have a range of -E min to +E max V/m. The dynamic range is the total range of the sensor from minimum to maximum. That is, for the same E-field sensor, R dyn = |E max -E min |.

• Linearity of a sensor characterizes its ability to deliver an output quantity whose value is linearly proportional to that of the measurand. The linear behavior is always related to phenomena controlling the sensor.

• Stability: A stable sensor delivers the same results in the same conditions for a long time. This could be affected by many factors like temperature.

Here, one should find solutions to avoid any perturbations of the sensor performance.

• Sensitivity of the sensor is defined as the slope of the output characteristic curve (∆Y/∆X) or, more generally, the minimum input of physical parameter that will create a detectable output change. In some sensors, the sensitivity is defined as the input parameter change required to produce a standardized output change. In others, it is defined as an output voltage change for a given change in input parameter.

• Selectivity refers to characteristics that determine whether a sensor can respond selectively to a group of inputs or even specifically to a single input.

In other words, it is the ability of the sensor as how well it discriminates the response from the adjacent inputs.

3.2.2/ PHOTONIC CRYSTAL SENSORS MECHANISM

In order to create a PhC sensor, a change in its properties is required to ensure a modification in the properties of the light travelling through PhC as shown in fig.

3.1 and leading to the modification in the optical response of the structure. A large majority of PhC sensors are based on the modification of the refractive index of the PhC dielectric material. Thus, these sensors require a responsive material and a physical effect related to the physical quantity to be detected. For example, in order to create an E-field sensor, an EO effect with a material exhibiting high EO properties is required. A large variety of configurations have been studied in order to develop different types of sensors such as Mach-Zehnder Interferometer sensors [START_REF] Densmore | Silicon photonic wire biosensor array for multiplexed real-time and label-free molecular detection[END_REF], surface plasmon resonance sensors [START_REF] Niu | Sensitivity enhanced d-type large-core fiber spr sensor based on gold nanoparticle/au film co-modification[END_REF], or microring resonator sensors [START_REF] De Vos | Silicon-on-insulator microring resonator for sensitive and labelfree biosensing[END_REF]. However, PhC sensors remain the highly recommended sensors with a reduced footprint structure leading to an embedded sensors, an increase in the propagation losses of the structure and a higher sensitivity.

The classification of sensors depends on the type of the stimuli to be detected such as E-field, magnetic field, temperature, gas and others. In the following, we will present different kind of sensors that are based on the refractive index modification for the detection of a change in the environment such as detection of E-field (case of E-field sensor), refractive index variation (case of refractive index sensor), etc.

3.2.2.1/ E-FIELD PHC SENSOR

For an E-field sensor, different structures have been proposed in the literature to detect the presence of an E-field and its variation. However, when the question is to detect weak E-field, a higher sensitivity of detection is required. This requirement can be achieved by enhancing the non-linearities derived by a high confinement of the E-field in the material. In order to achieve a strong electromagnetic field confinement required to enhance the sensitivity of detection, it was proposed to break the periodicity in the PhC by introducing some defects [START_REF] Notomi | Strong light confinement with periodicity[END_REF].

The induced defects lead to the appearance of new allowed states in the PBG, like when doping impurities in a semiconductor. Light can be confined in several dimensions depending on the defect and the dimensionality of the PhC. For example, if we introduce a one-dimensional defect in a two-dimensional photonic crystal, the light is confined in two dimensions, and then a two-dimensional cavity is created. If a linear defect is introduced into a two-dimensional photonic crys-tal, the light is confined in one dimension and it is free to propagate in the other dimension, which constitutes a waveguide. Using these basic concepts, it is then possible to design devices for integrated optics with cavities and waveguides. Different kind of defects in the PhC have been proposed [START_REF] Abdollahi Shiramin | Highsensitive double-hole defect refractive index sensor based on 2-d photonic crystal[END_REF][START_REF] Di Falco | Chemical sensing in slotted photonic crystal heterostructure cavities[END_REF][START_REF] Ca Ër | Liquid sensor based on high-q slot photonic crystal cavity in silicon-on-insulator configuration[END_REF], such as removing the central row of air holes in [START_REF] Li | Nems diaphragm sensors integrated with triplenano-ring resonator[END_REF], or shifting the odd holes a distance s towards the x-axis every two columns as shown in Fig. 3.2 [START_REF] Calero | An ultra wideband-high spatial resolution-compact electric field sensor based on lab-on-fiber technology[END_REF]. The latter leads to the band folding phenomenon [START_REF] Nicolaou | Enhanced detection limit by dark mode perturbation in 2d photonic crystal slab refractive index sensors[END_REF]. Introducing some defects in the PhC drives to the enhancement of the light-matter interaction, since light will be confined in the material. The enhanced interaction induces a long photon lifetime and a strong light confinement in the structure, which results with an enhancement of the material effects (such as the EO effect for EO applications) and then the sensitivity of detection. on a GaAs based heterostructure [START_REF] Chakravarty | Ion detection with photonic crystal microcavities[END_REF]. The defect was introduced by removing four air holes (L4) from the center of a 2D-PhC based on air holes as shown in Fig. 3.6. The structure was coated with an ion-selective polymer. The fabricated structure is sensitive to small changes of Perchlorate anion (ClO - 4 ) and Calcium cation (Ca 2+ ) concentrations.

In 2010, Hsiao et al. proposed a highly sensitive PhC structure for monitoring the protein concentration with a minimum detectable limit of 0.2 fg [START_REF] Hsiao | Computational study of photonic crystals nano-ring resonator for biochemical sensing[END_REF]. The defect in this structure consist of removing multiple air holes in order to form a ring PhC defect as shown in Fig. 3.7. The structure was fabricated on a Si wafer. This structure shows a promising application for the detection of a single DNA molecule. Furthermore, if two rings were cascaded together, this allows the detection of two kinds of target DNA molecules as in [START_REF] Hsiao | Nanophotonic biosensors using hexagonal nanoring resonators: computational study[END_REF]. To summarize, a high Q-factor resonance with a selective receptor on the defect region can lead to the detection of any biological molecule with a performance that can be improved by designing defects with higher Q-factor resonance and localizing the target molecule on the defect region.

3.2.2.4/ GAS SENSOR

Always dealing with the same type of structure based on the PhC defects, contrarily to the case of a biochemical sensor, the biochemical sample is replaced by the housing gas analyte monitored in this case. The sensing mechanism of such sensors is based on the change of the resonance wavelength of the PhC, induced by the refractive index variation, in response to any change in the concentration of the gas or the ambient pressure [START_REF] Stichel | Photonic crystal cavity based gas sensor[END_REF][START_REF] Zhang | Refractive index sensing with an air-slot photonic crystal nanocavity[END_REF]. Recently, Kassa-Baghdouche proposed a PhC gas sensor that enables the detection of He, N 2 , CO 2 , C 2 H 2 , and C 3 H 8 gases [START_REF] Kassa-Baghdouche | High-sensitivity spectroscopic gas sensor using optimized h1 photonic crystal microcavities[END_REF]. Its structure consists of removing a central air hole to create the defect and enables the microcavity mode as shown in Fig. 3.9. In addition, the radius of the air holes surrounding the defect was reduced in order to localise the mode in the defect region. He demonstrated by simulations a sensitivity of 3303 nm/RIU with a Q-factor up to 10 4 and detection limit as low as 10 -4 RIU -1 .

All the sensors cited before were based on creating a defect mode in order to highly confine the optical, which leads to an improvement in the sensitivity of detection. Later, in this chapter, we discuss a new principle that allows the excitation of resonances with very high Q-factors derived from the bound state in the Continuum of the quantum physics.

3.2.3/ EO SENSOR REQUIREMENTS

The conventional principle of an EO sensor is as follows: an external E-field induces the modification of the refraction index of the material. This modification leads to a redistribution of the electromagnetic field inside the material and, consequently, modifies its optical properties that are detected by reflection or by transmission. The key-point is then to design a configuration where this distribution is important enough to allow the detection of very weak signals. This can be achieved by highly confining the electromagnetic density of states [START_REF] Lourtioz | Introduction to part ii. the many 'facets' of photonic crystals[END_REF]. Thus, to conceive an EO sensor, some requirements are considered as crucial criteria.

One of the most important requirements for an EO sensor is the dielectric mode , where the E-field is confined inside a dielectric medium that presents high EO properties (in our case lithium niobate) in order to ensure the enhancement of the EO effect. In order to study the influence of the electric field confinement on the EO effect, we define Eqs. 3.1 and 3.2 that represent the local index modification before and after the E-field confinement inside the EO medium, respectively, [START_REF] Qiu | Guided resonances on lithium niobate for extremely small electric field detection investigated by accurate sensitivity analysis[END_REF]:

∆n(x, y, z) = - 1 2 n 3 e r 33 E s (3.1) ∆n(x, y, z) = - 1 2 n 3 e f 2 op (x, y, z)r 33 E s (3.2)
where f op (x, y, z) is the optical field factor. For the first time to the best of our knowledge, it was computed locally at each point of the calculation window, and defined by

f op (x, y, z) = | E(x, y, z)| structure | E| bulk , (3.3) 
where | E| bulk is the amplitude of the homogeneous E-field in the bulk structure (without PhC) and | E(x, y, z)| structure is the local amplitude of the E-field in the studied structure. An enhancement of the E-field outside the EO dielectric is not suitable for EO applications as it will not induce any enhancement in the EO effect.

The signature of the highly confined optical mode is the quality factor (Q-factor) that reveals the ability of the structure cavities to trap light. At resonance, the photon undergoes multiple reflections inside the cavity and stays trapped for a time, which can be considered as the lifetime of the photon inside the structure. Higher Q-factor means a long lifetime of photons inside the cavity, which induces to the enhancement of the EO properties. The latter leads to a higher sensitivity of detection. In our case, Q-factor is defined as follow:

Q-factor = λ 0 FWHM , (3.4) 
where λ 0 is the resonance wavelength and FWHM is the full width at half maximum of the resonance. Based on these two requirements, a versatile EO PhC sensor will be discussed in the following sections. The proposed sensor presents a confinement of the optical mode in the EO material (LiNbO 3 ) leading to an enhancement of the EO properties of the structure. The high Q-factor of the excited resonances can be considered as the signature of the highly confined mode. In the following, the section 3.3 presents the detailed study of the proposed E-field sensor. In addition, benefiting from the study of the E-field sensor, we present briefly the behavior of the proposed structure as a Temperature sensor in section 3.4.

3.3/ PROPOSED E-FIELD SENSOR

3.3.1/ STRUCTURE DESCRIPTION

Following refs. [START_REF] Calero | An ultra wideband-high spatial resolution-compact electric field sensor based on lab-on-fiber technology[END_REF][START_REF] Qiu | Guided resonances on lithium niobate for extremely small electric field detection investigated by accurate sensitivity analysis[END_REF], we chose a configuration of a PhC engraved on a TFLN operating near the Γ direction (along the Z-direction, out-off-plane illumination around normal incidence) (see Fig. 3.10). The choice of an out-of-plane illumination was taken in order to overcome the optical losses that occur by an in-plane illumination such as the injection losses and the propagation losses.

However, for an efficient detection, the PhC period must be smaller than the operation wavelength providing only one direction (only the diffracted zero-order is propagative) for the reflected and transmitted energy. This condition is fulfilled, at normal incidence illumination when p < λ, with p being the period of the structure and λ is the operating wavelength. To excite Fano SPM resonances, we propose a PhC, which supports spectrally discrete Bloch modes, to be combined with a membrane which allows the existence of broadband guided modes. If we illuminate the membrane at normal incidence, guided modes cannot be excited due to the perfect axial symmetry (counter propagating modes). Fortunately, an oblique incidence can lift this ban 5and lead to the excitation of some dark guided modes. The signature of this excitation can be a sharp resonance in the transmission spectrum of the structure. Moreover, working with a small angle of incidence yields to a small break in the symmetry of our structure. The smaller the angle of incidence, the greater the Q-factor of the resonance. Here, we would state that the transmission coefficient is ratio of the transmitted power over the incident power.

However, the proposed PhC structure exhibits a cylindrical symmetry at the PhC pattern as shown on Fig. 3.10 by the dashed red lines together with a square symmetry (C4 axis) of the Bravais lattice presented by green dashed lines. These structure symmetries keep prohibited the excitation of the guided modes at normal incidence. Furthermore, the proposed structure relies on a square lattice of conical rods with a period p x = p y = p = 1050 nm. As shown on Fig. 3.10, the cylindrical symmetry of the PhC patterns together with the square symmetry (C4 axis) of the Bravais lattice keeps prohibited the excitation of the guided modes at normal incidence. In order to reduce the footprint of the structure 6 , instead of 2D structure, we deal with a 3D structure with a unit cell that consists of a truncated conical rod with a base's radius r = 0.3 × p, a PhC height h cp = 350 nm and a conicity angle α = 15 o engraved within a LN layer of h m + h cp = 700 nm thickness as presented in the schematic of the structure in Fig. 3.10. It was demonstrated that the conicity angle value does not present a key point in our application. Therefore, even with α = 0 o , one can achieve similar results but with a shifted resonance. Whereas, the angle of conicity in our case takes into account the real fabricated structure shape that we get by FIB or RIE (an angle between 7 o and 15 o ). In section 3.3.2.2, a brief study of the structure parameter tuning is presented and demonstrate that for an angle of conicity between 0 and 25, the resonance still exist with a different wavelength.

Note that the fabrication of the structure has been started previously by G. Ulliac et al. [START_REF] Ulliac | Ultra-smooth LiNbO 3 micro and nano structures for photonic applications[END_REF]. The conical rods (PhC) are usually fabricated by Focused Ion Beam (FIB) milling, which is highly time consuming. G. Ulliac et al. proposed an easy to implement batch technique consisting of writing these patterns by e-beam lithography followed by Reactive Ionic Etching. Fig. 3.11 shows SEM images of the fabricated structures.

Figure 3.11: SEM images of the fabricated cones by proton exchange followed by RIE etching. These structure was fabricated on X-cut LiNbO 3 substrates. The cones dimensions are controlled with respect to the RIE process parameters [START_REF] Ulliac | Ultra-smooth LiNbO 3 micro and nano structures for photonic applications[END_REF].

Knowing that he higher EO coefficient of LN is r 33 that involves the E-field com- 6 Which means, decrease the number of period required to reach the desirable resonance.

ponent parallel to its optical axis 7 and to benefit from this coefficient when illuminating the material at normal incidence, we should use a X-or Y-cut wafers of LN (the optical axis is then parallel to the electric incident field). The structure is illuminated by a linearly polarized plane wave at oblique incidence (see angle θ in Fig. 3.10).

3.3.2/ NUMERICAL STUDY AND OPTIMIZATION

3.3.2.1/ DESCRIPTION OF THE CALCULATION WINDOW

The optical response is calculated using a home-made code based on the finitedifference time-domain (FDTD) method with an oblique incidence (θ = 0.5 • ) [START_REF] Taflove | Computational electrodynamics: the finite-difference time-domain method[END_REF] in order to excite the SPM modes, since the oblique incidence will break the symmetry of the structure and enables the excitation of SPM. The angle of incidence θ is set to 0.5 o and a uniform 3D meshing with a mesh size of ∆x = ∆y = 35 nm is applied to describe the structure. The large mesh size can be explained by the fact that the 3D-FDTD calculations are time consuming and in order reach the convergence criteria, the suitable solution was to increase the mesh size. In the calculation window as shown in Fig. 3.12, the structure is considered as infinitely periodic in the xOy-plan (Bloch boundary periodic conditions in both x and y directions), and Perfect Matched Layer (PML) conditions are used as absorbing boundary conditions to numerically truncate the substrate and superstrate media. More than 10 millions iterations are considered for a single calculation in order to reach the stopping criteria (steady states).

3.3.2.2/ PARAMETRIC STUDY

In order to study the influence of the structure parameters variation on the optical response of the structure, 3D-FDTD simulations were performed. In this section, we keep the same properties of the calculation window described in (3.3.2.1).

The schematic of the structure shown in obtained with structure parameters as follows: h cp = 350 nm, h m = 350 nm, α = 15 o , r/p = 0.3 and varying value of the structure period. Thus, we began with a period p = 1050 nm and we chose to monitor the resonance at λ = 1405 nm. We see that by increasing p, the resonance shifts linearly to the NIR spectral region with a ratio of approximately ∆λ/∆p = 0.94. However, the resonance Q-factor and extinction ratio remains invariant (or with very weak variations) with respect to the variation of p.

In Fig. 3.13(c), we present the zero order transmission that results from varying the nano-rods radius presented by the ratio r/p. The other parameters were defined as follow: h cp = 350 nm, h m = 350nm, α = 15 o , p = 1050 nm. Fig. 3.13(c) shows that the increase of r/p leads to the shift of the resonances to the NIR spectral region. Furthermore, the variation of r/p affects the resonance Q-factor, clearly seen by the increase of the resonance FWHM with the increase of r/p, which means a decrease in the Q-factor of the resonance. In fact, the shift of the resonance presents a non-linear behavior with respect to r/p variation; we see a shift ∆λ = 2.5 nm for a variation r/p = 0.2 to 0.25 and a shift ∆λ = 10 nm for a variation r/p from 0.3 to 0.35. This non-linear variation of the optical response with respect to the radius variation can be referred to the non-linear variation of r.

Similarly, the study of the membrane thickness h m and the nano-rods height h cp reveals a similar behavior to the study of r/p as shown in Fig. 3.13(c-e). We see that a thicker LN membrane (or higher nano-rods) leads to the red shift of the resonances. Furthermore, the increase of h m (or h cp ) increases the Q-factor of resonances (seen by the decrease of the FWHM of the resonances). However, the nano-rods conicity was investigated in Fig. 3.13(f), where it shows a linear blue shift of the resonances with the increase of the nano-rods conicity, without affecting the resonance Q-factor and extinction ratio. The ratio of the resonance shift with respect to the angle of conicity is estimated to ∆λ/∆α = 0.19 nm/( o ). In fact, the increase of the angle of conicity leads to the decrease in the volume of the nano-rods. This means that the optical response of the structure shifts to the NIR spectral range with the increase of the volume of the nano-rods.

This study will allow us to optimize our structure with respect to any requirements such as a particular spectral zone, Q-factor or extinction ratio. In the next section, the structure was optimized in order to get high Q-factor resonances. After the fabrication of the structure, one can relies on this study to monitor the resonance with respect to the unavoidable fabrication imperfections. where T max is the maximum transmission coefficient of the resonance dip and T min is the minimum transmission value at resonance. Note that a high Q-factor generally corresponds to high electromagnetic density of state, which is consisting with the origin of SPMs.

Otherwise, for λ res 2 , the relatively low Q-factor indicates a resonance with a slightly confined mode, which can not match an SPM. In the following, this mode will no longer be analysed since it is considered to be unsuitable for the EO detection application.

The transmission spectrum for the coupled structure, presented in Fig. 3.14, is difficult to be quantitatively understood, but the origin of the SPM resonances is most likely linked to the interference of the PhC Bloch modes with the dark modes (guided modes) of the membrane or vice versa. This will be discussed in more detail in the next section. 

3.3.3/ SPM SIGNATURE

While some modes (bright modes) can be excited at normal incidence, others (dark modes) remain inaccessible due to structure symmetry. For out of normal incidence, the broken symmetry induced by this propagation direction triggers the selection rules and enables the excitation of SPMs (as shown in chap. 2). Moreover, the breaking of the symmetry can induce the degeneracy of some modes and remove it to some others. It makes dark modes become bright or vice versa (case of the Bound state In the Continuum (BIC) modes) [START_REF] Yoon | Critical field enhancement of asymptotic optical bound states in the continuum[END_REF].

To confirm the nature of our three SPMs, we present in Fig. 3.16 the angledependence transmission diagram in TM-polarization, calculated using the FDTD algorithm [START_REF] Belkhir | Three-dimensional finite-difference time-domain algorithm for oblique incidence with adaptation of perfectly matched layers and nonuniform meshing: Application to the study of a radar dome[END_REF] for an incident TM-polarized plane wave. This diagram exhibits many sharp resonance features between λ = 1000 nm and λ = 1600 nm. One can clearly see the extinction of some resonances at some critical angles and the appearance of others (see orange arrows on Fig. 3.16). In a general way, the resonances marked by orange arrows show vanishingly narrow transmission dips as θ approaches 0 • , except λ res 2 . The latter shows an invariant transmission behavior versus θ revealing a non SPM origin. Therefore, for the three other resonances, a small variation of θ can achieve resonances with a huge Q-factor. By increasing the angle of incidence, the resonances become too wide and the Qfactor gradually decreases [START_REF] Yoon | Critical field enhancement of asymptotic optical bound states in the continuum[END_REF]. The resonance suppression at θ = 0 • can be seen as destructive interference of emitted diffracted fields from two opposite sides of the symmetric structure. In order to avoid confusion with spectral anomalies that occur as response to diffraction gratings [START_REF] Rayleigh | On the dynamical theory of gratings[END_REF], we calculate the Rayleigh anomalies spectral position following to Eq.1 in [START_REF] Ndao | Plasmonless polarization-selective metasurfaces in the visible range[END_REF].

Furthermore, in Fig. 3.17 we present the TE-and TM-diagram in order to demonstrate the existence of the SPM modes in both polarizations. In Fig. 3.17 The white dashed lines correspond to the Rayleigh anomalies calculated using the Eq.1 in [START_REF] Ndao | Plasmonless polarization-selective metasurfaces in the visible range[END_REF]. The four resonances of table 1 are indicated in red arrows three of them on the zoom-in made over the highlighted rectangular zone on the right) but other SPMs appear for smaller values of the wavelength (see ochre arrows) we present the different configurations of the TE and TM incident wave. The full agreement for the TE and TM modes with a very small angle of incidence (θ = 0.5 o ) presented in Fig. 3.17(b) allows us to consider both polarizations in our study. On the other hand, the comparison between TM-and TE-diagrams presented in Figs 3.17(c) and (d), respectively, shows that at normal incidence and with very small angles, the two exhibit the same behaviors. Otherwise, with the increase of the angle of incidence, the two polarizations present different behaviors. The choice of the TM polarization in the following work has been derived from the difficulty in understanding the behavior of the TE-diagram with high angles of incidence that is hardly presented in the diagram such as the mode at λ = 1557 nm. The non appearance of the latter mode at high angle of incidence can reveal the non-SPM behavior of the mode, which means at TE-polarization, the SPM modes are reduced. However, TE-polarization modes are more sensitive to parameters variation that can reveal FW-BIC [START_REF] Sa Gladyshev | High-q states and strong mode coupling in high-index dielectric resonators[END_REF]. Let us mention that, due to the fabrication imperfections (residual roughness for instance), SPMs could be excited even at normal incidence. In that case, the Q-factor, that is related to the degree of the symmetry breaking, only depends on the accuracy (resolution) of the nano-fabrication process [START_REF] Hoblos | Revealing photonic symmetryprotected modes by the finite-difference-time-domain method[END_REF].

In order to show more details about the SPM properties of the four resonances indicated in Fig. 3.14, we extract from the diagram of Fig. 3.16 their Q-factor and spectral position variations with respect to the angle of incidence as shown in Fig. 3.18. On the first hand, Fig. 3.18(a) denotes that the Q-factor of the resonances for λ res 1 , λ res 3 and λ res 4 . They exhibit a quite similar decreasing behavior when θ increases meaning a similar origin, namely SPM. Contrarily, for λ res 2 , a different behavior is obtained with a Q-factor that slightly grows but remains almost invariant as the angle of incidence (see the black line) increases. On the q (deg) log(Q) second hand, Fig. 3.18(b) shows different behaviors for the spectral position with respect to the angle of incidence even for SPMs. More precisely, the spectral position for resonances at λ res 1 and λ res 3 increases with the angle of incidence θ while they do not have the same origin. As a conclusion, the evolution of the spectral position of the resonances does not give a discriminating information on the origin of the resonance.

3.3.4/ E-FIELD DISTRIBUTION

In order to choose the most efficient resonance for our application (E-field sensing), we examine the influence of the electric field confinement on the EO effect described by the Eq. 3.2. Thus, it is essential to consider the SPM mode with the highest f op . Nonetheless, as the electro-optical effect is a property of the dielectric media, we are seeking resonances which correspond to a "dielectric mode" for which the confinement of the E-field occurs inside the electro-optical material (LN in our case). When the confinement of the E-field is outside the structure (in the air), it is called "air mode".

To fulfill these two conditions, we calculate the E-field distributions inside and around the structure for the three SPMs (at λ res 1 , λ res 3 and λ res 4 ). Fig. 3.19 shows these distributions in xOy and xOz planes associated to each resonant wavelength pointed by a blue square in Fig. 3.14. The first column of Fig. 3.19 shows the planes (in blue color) where the electric intensity is calculated. The second column of fig. 3.19 corresponds to the resonance at λ res 1 = 1403 nm. From Fig. 3. 19(a), that corresponds to the E-field intensity in a plane cutting the conical patterns at their mid-height, one can see the occurrence of three E-field vortices per period. The rotating character of the electric field (see the white arrows) denotes a symmetry which is inconsistent with a linearly polarized plane wave near normal incidence. This behavior appears even more clearly in Fig. 3.19(b) corresponding to a cross-section in the middle of the membrane. Here, eight electric intensity spots per period occur. These symmetries presented by the rotating character of the E-field, different from the axial one of the linearly polarized incident wave, are the footprint of the SPM mode excitation. Fig. 3.19(c) demonstrates the dielectric-mode nature of the SPM at λ = 1403 nm where the confinement mainly occurs inside the structure. In addition, the nor-malized E-field intensity reaches a maximum of |E| 2 = 5 × 10 4 , which corresponds to an optical local field factor f op (x, y, z) = 224 making this mode highly desirable for EO applications.

For the case of λ res 3 = 1427 nm, we obtain a maximum of the normalized E-field intensity |E| 2 that exceeds 6 × 10 4 as shown in Figs. 3.19(d,e,f), which means an optical local field factor f op (x, y, z) > 245. Furthermore, the electromagnetic mode is mainly located in the membrane with a small part in the PhC, so it also corresponds to a dielectric mode. In the LN membrane (see Fig. 3.19(e), the E-field also shows vortices and high spots corresponding to a high degree of symmetry. Once again, this symmetry is incompatible with the axial symmetry of the incident wave nor with the C4 symmetry of the PhC.

Contrarily, for λ res 4 = 1556 nm (see Figs. 3.19(g,h,i)), the maximum of the normalized E-field intensity becomes |E| 2 = 2 × 10 4 (see Fig. 3.19(i)) equivalent to an optical local field factor f op (x, y, z) = 141. Unfortunately, the E-field confinement occurs outside the structure with a low part inside LN, which corresponds to the excitation of an almost air mode. The latter could be suitable to some specific applications like probing surface molecular modifications [START_REF] Blin | Optical analysis of p-type surface conductivity in diamond with slotted photonic crystals[END_REF] but is not consistent with electro-optical-based applications.

One of the advantages presented by the mode at λ res 1 is the E-field distribution that occurs only in the membrane meaning a mode highly confined in the membrane solely. This means that the existing mode is independent from the shape of the PhC, and any modification is the PhC dimensions can shift the resonance but stay intact to the E-field distribution, which means a robust mode against fabrication imperfection. However, we will consider the two modes at λ res 1 and λ res 3 to study the influence of the E-field distribution on the sensitivity of the device.

3.3.5/ ELECTRIC FIELD SENSITIVITY

As in ref. [START_REF] Calero | An ultra wideband-high spatial resolution-compact electric field sensor based on lab-on-fiber technology[END_REF], the high slope value at half-width of the resonance could lead to high EO modulation strength, which means a high sensitivity. Therefore, the latter is expressed as the minimum E-field required to spectrally notice the shift of the resonance. Generally, the sensitivity is defined as:

Sensitivity = |∆λ 0 | |E s | , (3.6) 
where ∆λ 0 represent the spectral shift of the resonance dip for an applied electrostatic field E s . To estimate this sensitivity, we perform numerical simulations in three steps:

1. The structure is first assumed to be free from any external E-field meaning that LN has a homogeneous refractive optical index and we calculate the transmission spectrum.

2. From the latter we perform a second FDTD numerical simulation in CW regime at λ = λ res to estimate, cell by cell, the optical field factor given by Eq. 3.3.

3. In the last step, after injecting these f op (x, y, z) values into Eq. 3.2, we carry out a new FDTD-simulation taking into account the modification of the refractive optical index of each FDTD cell and determine the transmission spectrum in the presence of an external E-field E s whose value is fixed.

As a result, an E-field of around 3 V/m is required to tune over a spectral range of width 11.9 pm corresponding to the FWHM of the resonance at λ res 1 and E s = 3.2 V/m for λ res 3 over 14.0 pm as shown in Fig. 3.20. Experimentally, this shift is sufficient to be detected through the measurement of the transmission spectrum using a common low-price Optical Spectrum Analyzer (OSA) (such as MS9710B from Anritsu, which has a read resolution of 5 pm9 ). Thus, if an Optical Spectrum Analyzer (OSA) with a high resolution of 0.1 pm is employed (such as the BOSA 100 from Aragon Photonics which has an optical resolution of 0.08 pm/10 MHz10 ), we estimate the minimum detectable electric field to be 25 mV/m. Let us note that this sensitivity is more than 160000 times greater than the one obtained in ref. [START_REF] Wang | Nanophotonic lithium niobate electro-optic modulators[END_REF] (see Fig. 3(a) of that paper) where a shift of 7 pm/V is announced for electrodes separated by a gap of 3.5 µm (electric field of almost 286 kV/m).

3.4/ TEMPERATURE SENSOR

The high local optical field factor induced by the proposed structure, opens the door to some new applications such as temperature sensing. To quantify the performance of our temperature sensor, we will compare our structure with the structure proposed by Qiu et al. [START_REF] Qiu | Fano resonance-based highly sensitive, compact temperature sensor on thin film lithium niobate[END_REF]. They proposed a temperature sensor based on Fano resonance and fabricated on a thin film LN with a Suzuki phase lattice PhC. To estimate the temperature variation (∆T ), they used the Eq. 3.2, with a ∆T introduced in the E-field as follows:

E = - 1 ε 0 ε r p • ∆T (3.7)
with E is the E-field generated by the pyro-electric effect, ε 0 is the permittivity of the vacuum, ε r = 28.7 is the relative permittivity of LN, and p = 6 × 10 -5 Cm -2 K -1 is the pyro-electric coefficient. They demonstrated a temperature sensitivity of 0.77 nm/ o C. However, in our proposed structure, we concluded an E-field sensitivity of 4 pm.m/V, and following the Eq. 3.7, we show a ∆T 1227 times greater than Qiu's ∆T . The estimated temperature sensitivity of our sensor is 947 nm/ o C. To our knowledge, the achieved sensitivity is the highest for temperature sensing in the existing literature. The table 3.2 summarizes the main features for the both structures. This leads to a clear comparison. The aim of our theoretical study in this chapter was to develop an optical sensor based on a photonic crystal structure used for sensing electric fields. First the optical response of the designed PhC was studied to determine whether they were useful for sensing. The second step was to find the dielectric mode, the suitable mode for EO applications leading to the higher sensitivity of detection.

Overall, we have designed and numerically studied by home-made FDTD codes the excitation of ultra-high Q-factor resonances up to 1.2 × 10 6 associated with the excitation of SPMs which are excited assuming an illumination with a small angle of incidence θ = 0.5 

PHC BASED EO MODULATOR 4.1/ INTRODUCTION

In telecommunication, the information is carried out by the signal. This task passes through a transmission system between a transmitter and a receiver. In order to accomplish the transmission of the information, it is necessary to transform the signal to the communication channel in an adapted and defined form of a sinusoidal wave called a carrier. This carrier will carry the information in the form of a set of changes in amplitude, phase or frequency of the original wave. This encoding process is therefore called modulation, and the reverse operation to extract the signal (information) from the carrier is called demodulation.

Firstly, the modulation of electrical signals was the most common since the majority of transmission systems were electronic systems. One of the most telling examples is radio signals. Three types of signals are then used depending on the nature of the modulation: amplitude, phase or frequency.

Then, it was the emergence of the optical modulation. As it is well known, the light can be considered as an electromagnetic wave which is a solution of Maxwell equations. And in the case of a linear, homogeneous and isotropic (LHI) medium with a complex refractive index n, the electric field of the optical wave E will be given by the expression:

(4.1) E(r, t) = E 0 e -i(ωt+φ) e (ikr) = E 0 e -i(ωt+φ) e (i2πnr/λ)
where E 0 is the amplitude of the electric field, k the wave vector expressed by the term 2πn/λ, φ the phase at the frame origin (for t=0) and ω the pulsation of the optical wave. We notice that in Eq. 4.1, the refractive index or the absorption coefficient1 can induce a modulation of the information contained in the electrical component of the optical wave. In this respect, one can derive that optical modulation relies on materials that exhibit some physical effect such as electro-optical effect, thermo-optical effect and others.

One of the main obstacle of the conventional optical modulators is its large footprints that induces larger optical losses and restricts its integration in chips for more complex structures. In order to overcome these problems, one of the solutions that we deal with in this chapter can be the PhC based modulators. However, seeking an EO material with high EO properties, we deal with LiNbO 3 , the best candidate for such applications.

In this chapter, we present an EO modulator based on PhC with a high sensitivity (or resolution) and a minimized half wave voltage derived from the large confinement of the optical mode in LiNbO 3 . The photonic crystal (PhC) based modulator relies on the EO Pockels effect and shows a large spectral shift revealing its high EO effect. Compared with the available EO modulators in the market [200], the proposed structure presents a lower half wave voltage (0.32 V < 3 V [200]) and a modulation efficiency of 76%. Furthermore, a new fabrication method was developed in order to achieve the fabrication of the embedded electrodes structure.

The detailed simulations and fabrications methods were presented after a brief introduction on the optical modulators and its properties.

4.2/ TRADITIONAL OPTICAL MODULATORS

Optical modulation is an essential analog function for optical fiber data transmission. As discussed previously, it converts electrical signals into optical signals by varying at least one of the parameters of light, namely: intensity, phase or, sometimes, optical polarization. It is used in optical fiber transmission systems, which require high bandwidth and, for analog links, high linearity. This section provides a brief state of the art of optical modulators and shows the potential contribution of optical components on communication systems.

4.2.1/ GENERAL DESCRIPTION OF THE OPTICAL MODULATION

An optical fiber transmission chain consists of a transmission unit and a reception unit placed at the ends of an optical fiber. Depending on the modulation specifications (in particular the bit rate, frequency, power required, etc.), there are two different ways to modulate the signal: direct modulation by the modulation of the injection current of a laser diode and external modulation by an optical modulator.

In the case of direct modulation, the injection current of the laser diode is modulated directly. Although this technique is simple to implement and inexpensive, it is not suitable for telecommunications applications. In fact, the direct modulation of the intensity also modulates the frequency of the optical signal due to the carrier density-dependent refractive index of the semiconductor materials. This effect can lead to the degradation of the transmission performance and broaden the spectral width of the optical signal. It's known as the frequency chirp [START_REF] Petermann | Laser diode modulation and noise[END_REF].

In the case of external modulation, one of the parameters of the light wave is modified by an external modulator without affecting the laser operation. This leads to a greater bandwidth and a controlled frequency chirp. Furthermore, it becomes easier to optimize emission and the modulation as they are separated.

Depending on the physical effect we deal with to modulate a particular physical property of the light wave, these external modulators can be classified. In our case, it is classified as an electro-optical modulator. For the latter, the induced effect within the modulator is the phase modulation of the optical signal by means of an electric voltage. The simplest structure is therefore that of an electro-optical modulator with phase modulation. However, a phase modulation can be converted to an amplitude or intensity modulation with an optical circuit configuration such as a Mach-Zehnder interferometer. 

∆φ = 2π λ ∆nL, (4.2) 
with λ the wavelength and L is the length of the phase modulator. The geometry of the electrodes and the voltage control depend on the orientation of the crystal and the structure of the device.

The most common phase modulators use an electro-optical effect. An electric field applied to an electro-optical material, such as Lithium Niobate LiNbO 3 , induces a change in its refractive index ∆n. The latter is proportional to the applied electric field E s as ∆n = a EO E s , with a EO is the EO relation. This EO relation depends on the state of the polarization of the optical signal. In order to benefit from the higher EO coefficient of LiNbO 3 (r 33 ), the polarization of the optical signal must be perpendicular to the Optical axis (Z-axis) of the LiNbO 3 crystal. In this case, the EO relation becomes :

a EO = - 1 2 n 3 e r 33 , (4.3) 
with n e is the extraordinary refractive index of LiNbO 3 . And the relation of the phase modulation becomes:

∆φ = - π λ n 3 e r 33 V d L (4.4)
where V is the applied electric voltage and d is the distance between the electrodes. Otherwise, if the optical signal is polarized along the X-axis or Y-axis, the EO relation becomes:

a EO ≈ - 1 2 n 3 o r 13 , (4.5) 
with n o is the ordinary refractive index of LiNbO 3 . For the phase modulator, the half wave voltage, also called V π , representing one of the common property of a modulator, is the voltage required for inducing a phase change of π for the light going through the modulator.

4.2.3/ ELECTRO-OPTIC INTENSITY MODULATOR

One of the most used design for an amplitude or intensity modulator is the Mach-Zehnder (MZ) modulator. A MZ modulator is used to modulate the amplitude of an optical wave through an interference phenomenon. In order to ensure the phase modulation in one of the two arms, an electric voltage is applied across the electrodes that are sandwiching this arm which modifies the phase of the optical wave of the latter. After, the two arms recombine in a second Y-junction that lead to the interference of these two waves, optically out of phase, and generate a modulated amplitude of the output optical wave. Let's consider the two arms of MZ arms are φ 1 and φ 2 , respectively, the output field is given by:

E 0 = 1 2 E i e jφ 1 + e jφ 2 , (4.6) 
where E i is the input signal. Eq. 4.6 can be rewritten as:

E 0 = E i cos ∆φ 2 e ( jφ c /2) , (4.7) 
where φ c = φ 1 + φ 2 is the average phase delay and ∆φ = φ 1 -φ 2 is the differential phase delay of the arms. The relation between the input and the output power becomes:

P 0 = cos 2 ∆φ 2 P i (4.8)
where P i = |E i | 2 and P 0 = |E 0 | 2 are the input and output powers, respectively. The phase modulation can be similarly described as in eq. 4.4 with an additional value φ 0 referred to the initial phase without an applied electric voltage. For intensity modulators, the half wave voltage is the voltage required to turn the modulator output from minimum to maximum transmission (or vice-versa). It is considered as an important parameter to specify the efficiency of the EO intensity modulator. Based on eqs. 4.4, we can find V π as :

V π = λd 2a EO L . (4.9) 
And to conclude, we use V π to simplify the power transfer function by:

P 0 P i = cos 2 φ 0 + πV 2V π = 1 2 1 + cos 2φ 0 + πV V π . (4.10) 

4.2.4/ MICRO RESONATOR MODULATOR

Another way to turn phase modulation into intensity modulation is to use a resonant structure. The most commonly studied resonators are ring resonators, due to their compactness and their required low control voltage.

A ring resonator consists of an input waveguide called a bus, coupled to a ring cavity (figure 4.3). A part of the incident light that propagates through the input waveguide couples in the resonant cavity. After traveling one turn in the cavity, if the light is in phase with that of the incident waveguide, constructive interference occurs and the ring charges with energy. Otherwise, where the interference is destructive, the light energy in the ring shrink to its minimum and the transmitted signal reaches its maximum. The phase matching condition reveals the positions of the resonance peaks that result in a dip in the waveguide transmission signal. As in the case of a MZ modulator, the phase variation in the resonator is induced by a change in the refractive index of the material constituting the waveguide. In 2004, Lipson's group demonstrated that structure transmission can be modulated up to 94% in less than 500 ps, using pulses of light with energies as low as 25 pJ. The silicon-on-insulator (SOI) ring has a diameter of 10 µm [START_REF] Vilson R Almeida | All-optical control of light on a silicon chip[END_REF].

Currently, micro resonator structure looks more studied due its reduced footprint compared to MZM structures. However, due to the nature of the ring structure, the optical bandwidth of the ring modulator is generally smaller than 1 nm, which requires cascading rings or more complicated structures for a multi-wavelength system. In addition, the MR is also very sensitive to the temperature of the environment [START_REF] Holzwarth | Accurate resonant frequency spacing of microring filters without postfabrication trimming[END_REF].

4.2.5/ PERFORMANCE METRICS

It is always required to define basic metrics on which to compare the modulators performance. For this, a couple of the modulator characteristics were defined, such as: propagation losses or insertion losses, the extinction rate or modulation efficiency, the modulation speed, and the modulator response time. Sometimes, modulators are compared by the energy expended in order to produce each bit of data and it is define as power consumption.

4.2.5.1/ INSERTION LOSSES

The insertion losses are defined as the optical power lost when the modulator is added to a photonic circuit. It is related to all of the losses that occur between the input and the output of the modulator, including optical coupling losses, reflection and absorption. A gain expression is commonly used to express them: comparison of the output power level of the modulator with respect to the input power. If the output power has been reduced, then the signal-to-noise ratio will decrease and the transmission channel will experience degradation in information quality. This is why reducing optical loss is a major issue in design. The parameter denoted IL (referred to Insertion Loss) is therefore defined by the Eq.4.11 where P out and P in are respectively the optical powers at the output and input of the modulator [START_REF] Graham T Reed | Recent breakthroughs in carrier depletion based silicon optical modulators[END_REF] and presented in Fig. 4.4.

IL = -10 log 10 P out P in . (4.11)

In the case of a MZ interferometer, if P in is the input optical power then P out is the output optical power where the two modes in the MZ arms are in phase, which means the applied modulating voltage is zero. 

4.2.5.2/ MODULATION EFFICIENCY

The modulation efficiency is the obtained optical intensity ratio (known as extinction ratio (ER)) between its low signal level (OFF) and its high signal level (ON). This value is expressed in the same way as an optical gain, according to Eq. 4.12.

ER dB = 10 log 10 T ON T OFF . (4.12)

For intensity modulators, the modulation efficiency can be written as follow:

ER = I max -I min I max (4.13)
In a phase modulator, for example, the maximum efficiency is given by a phase shift of the output/input wave of π. This is the phase variation necessary for the wave to pass completely from its high level to its low level on the optical signal. This variation therefore takes place over a length of the active zone of the modulator L corresponding to this phase shift, ie L π . The modulation efficiency will be expressed through the product V π × L π . The greater efficiency of a modulator occurs when this product decreases. The expression of this characteristic length involves the wavelength of the optical signal λ 0 and the variation in refractive index ∆n e of the guided optical mode generated by this phase shift of π, can be expressed as follow:

L π = λ 0 2∆n e . (4.14) 4.2 

.5.3/ MODULATION SPEED/BANDWIDTH

The second characteristic element of a modulator is the optical bandwidth. It is considered as one of the most important figures of merit for an optical modulator.

The frequency where the modulation is reduced to 50% of its maximum value defines the modulation bandwidth, in other words, it means the frequency at which the efficiency has fallen by 3 dB.

Similarly, the ability of a modulator to carry data at a certain bit rate denotes the speed of a modulator. For high data rates applications, a high modulation speed is always required. In this context, one can also discuss about the modulator response time. The frequency response of a modulator with respect to the ap- plied voltage correspond to a RC-type low-pass filter with a cut-off frequency, f c (Eq. 4.15), that depends on R representing the load resistance of the component (traditionally 50 Ω) that can be considered optically as the optical losses of the structure and C the capacitance appearing during the movement of the load carriers that can be explained also as the stored charges in the metal plates (or electrodes) induced by the applied voltage.

f c = 1 2πRC (4.15) 
The cut-off frequency is inversely proportional to the modulator response time. Which means, an increase in f c means an improvement (decrease) in the modulator response time. For this reason, and in order to improve the modulator performance presented by a reduced modulator response time, one must increase the capacitance by increasing the metal plates area (A) for example based on the following equation:

C = ε 0 ε r A d (4.16)
where ε 0 and ε r are the permittivity of the vacuum and dielectric constant, respectively, A is the area of the capacitance, and d distance between the metal plates (or electrodes). Another way to increase the capacitance is to choose a dielectric material between the metal plates with higher permittivity ε [START_REF] Hara | Response time consideration for microchannel spatial light modulator[END_REF]. In [START_REF] Shim | Enhancement of frequency modulation response time for polymer-dispersed liquid crystal[END_REF], they proposed to dope a polymer-dispersed liquid crystal based phase modulator by BaTiO 3 (BTO) nanoparticles in order to improve the modulation response time. This decrease in the modulation response time can be explained by the increase in the capacitance induced by the increase in the dielectric constants that is strongly dependent on the doped BTO concentration.

4.3/ STATE OF ART OF ELECTRO-OPTICAL LN MODULATOR

EO modulators have been widely studied since they provide an improved modulator response time over other types of modulators [START_REF] Voges | Integrated-optic devices on linbo 3 for optical communication[END_REF]. They are essential in most of optical-based devices to convert electric signals to optical information.

The efficiency of such modulators is directly linked to the used electric energy needed to this conversion. Different materials were used in order to conceive efficient optical modulators, such as silicon [START_REF] Liu | A high-speed silicon optical modulator based on a metal-oxide-semiconductor capacitor[END_REF], Si 1-x Ge x [START_REF] Chaisakul | Integrated germanium optical interconnects on silicon substrates[END_REF], LiNbO 3 [START_REF] Tianhao Ren | An integrated low-voltage broadband lithium niobate phase modulator[END_REF][START_REF] Wang | Thin-film lithium niobate electro-optic modulator on a d-shaped fiber[END_REF] and others [START_REF] Christopher T Phare | Graphene electro-optic modulator with 30 ghz bandwidth[END_REF].

Silicon based opto-electronic integrated circuits rely on, the pivotal components, optical modulators. The latter are based on plasma dispersion effect in the most of cases, through which carrier concentration perturbation results in refractive index change [START_REF] Soref | Electrooptical effects in silicon[END_REF][START_REF] Graham | Silicon photonics: an introduction[END_REF][START_REF] Soref | Silicon photonics technology: past, present, and future[END_REF]. The carrier concentration in silicon can be varied by a number of ways, including carrier injection and capacitive coupling though the metal oxide-semiconductor (MOS) field effect [START_REF] Gv Treyz | Silicon mach-zehnder waveguide interferometers based on the plasma dispersion effect[END_REF]217,[START_REF] Liao | High speed silicon machzehnder modulator[END_REF]. The silicon Mach-Zehnder Interferometer (MZI) structure (as shown in figure 4.6) has been widely used for broadband optical intensity modulators [START_REF] Gv Treyz | Silicon mach-zehnder waveguide interferometers based on the plasma dispersion effect[END_REF]217,[START_REF] Liao | High speed silicon machzehnder modulator[END_REF]. Conventional silicon MZI modulators are based on rib waveguides, with a rib waveguide length, L, needed to achieve the required phase shift defined by ∆φ = ∆β × L, with ∆β is the propagation constant perturbation. In order to achieve the phase shift in a MZI structure, a L of one-half to several millimeters is usually needed [START_REF] Gv Treyz | Silicon mach-zehnder waveguide interferometers based on the plasma dispersion effect[END_REF]217,[START_REF] Liao | High speed silicon machzehnder modulator[END_REF]. Such modulators offer a large bandwidth in the cost of the insertion loss and device footprint. The structure miniaturization could provide the low power dissipation, low latencies and high bandwidths that are required in any modulator [START_REF] Kibar | Power minimization and technology comparisons for digital free-space optoelectronic interconnections[END_REF][START_REF] David | Optical interconnects to silicon[END_REF][START_REF] James D Meindl | Interconnect opportunities for gigascale integration[END_REF][START_REF] Mohammed | Optical i/o technology for digital vlsi[END_REF]. In the last couple of years, the progress remains improving in order to conceive electro-optic modulators with lower half wave voltage and larger bandwidth [START_REF] Tianhao Ren | An integrated low-voltage broadband lithium niobate phase modulator[END_REF][START_REF] Wang | Thin-film lithium niobate electro-optic modulator on a d-shaped fiber[END_REF][START_REF] Li | Lithium niobate photonic-crystal electro-optic modulator[END_REF]. In the reference [START_REF] Tianhao Ren | An integrated low-voltage broadband lithium niobate phase modulator[END_REF], a V π of 3.5-4.5 V at 5-40 GHz was achieved in a LiNbO 3 platform to conceive an EO phase modulator. Later on, Wang et al. achieved a V π .L of 2.5 V.cm in a bandwidth larger than 80 GHz. They proposed an all-fiber EO modulator by bonding a LNOI on a single mode fiber (SMF). Despite the large couple losses between the LNOI and SMF due to the high difference in the mode field sizes between them, they proposed to overcome these losses by reducing the mode size of fiber and expanding the mode size of LNOI to achieve the high performance described before. On the other side, in order to avoid the losses derived from the fabrication imperfection and specially the LN etching, N. Boyton et al. proposed an heterogeneous circuit of an EO modulator based on silicon and thin films of LN samples [START_REF] Boynton | A heterogeneously integrated silicon photonic/lithium niobate travelling wave electro-optic modulator[END_REF]. The fabrication relies on CMOS facilities and bonding of the thin film LN samples. They concluded with a V π of 6.7 V.cm and a 3 dB bandwidth of 30.6 GHz.

Instead of using MZI or resonant structures, PhC structures were proposed since 2007 to enhance the EO effect by locally confining the electromagnetic field when a Slow Bloch mode is excited [START_REF] Roussey | Experimental and theoretical characterization of a lithium niobate photonic crystal[END_REF] within the PhC. This becomes relevant when the group velocity of this Bloch mode is very small. In this case, the time interaction between light and matter grows significantly leading to exacerbate all the intrinsic non-linear coefficients of the considered material, among others, the second order susceptibility term χ (2) involved in the EO effect. Such enhancement was experimentally [START_REF] Roussey | Experimental and theoretical observations of the slow-light effect on a tunable photonic crystal[END_REF][START_REF] S Éverine Diziain | Optical far-field and near-field observations of the strong angular dispersion in a lithium niobate photonic crystal superprism designed for double (passive and active) demultiplexer applications[END_REF][START_REF] Lu | 6-micron interaction length electro-optic modulation based on lithium niobate photonic crystal cavity[END_REF] verified and theoretically explained. Thereby, a new generation of EO modulators [START_REF] Roussey | Electro-optic effect exaltation on lithium niobate photonic crystals due to slow photons[END_REF], pyroelectric detectors [START_REF] Bernal | Pyroelectric control of the superprism effect in a lithium nio-bate photonic crystal in slow light configuration[END_REF] or Second Harmonic Generation (SHG) devices [START_REF] Ryan M Roth | Resonant-plasmon field enhancement from asymmetrically illuminated conical metallic-probe tips[END_REF][START_REF] Barakat | Second harmonic generation enhancement by use of annular aperture arrays embedded into silver and filled by lithium niobate[END_REF] were proposed, fabricated and characterized demonstrating base on this enhancement. Recently, Wang et al. proposed to couple the EO and Kerr nonlinearities in a high-Q LiNbO 3 microresonator in order to generate and modulate a frequency comb as shown in Fig. 4.8 [START_REF] Wang | Monolithic lithium niobate photonic circuits for kerr frequency comb generation and modulation[END_REF]. The frequency comb was generated by the microresonator and selected by an electrically programmable add-drop filter to be the modulated. They demonstrated a 1.5 V peak-to-peak modulation voltage. Other configurations based on the exploitation of plasmonic resonance were proposed. In 2014, Valente et al. [START_REF] Valente | A magneto-electro-optical effect in a plasmonic nanowire material[END_REF] proposed a very interesting configuration based on a membrane of plasmonic nanowire grating that is sensitive to both electric and magnetic external fields. A magneto-electro-optical effect was experimentally measured affecting the transmission coefficient of a wave traveling through the structure (at normal incidence) when small electric and magnetic external fields are applied (fractionof-volt and fraction-of-tesla respectively). This effect is mainly driven by the exerted Lorentz force that modifies the geometry of the elastic nanowire grating due to the opposite sign of the electrical current circulating inside two consecutive nanowires. This leads to move each nanowire in opposite direction along the grating out-of-plane direction and to greatly modify its geometry which can lead to a decrease in the cut-off frequency as explained before and then higher modulation response time. Here we proposed a simple metal-dielectric configuration based on the excitation of a Fano-like resonance insuring the electromagnetic field confinement needed to enhance the host medium EO coefficient. The geometry of the structure is inspired by the reference [16] where a miniaturized acousto-optical modulator based on subwavelength structures exhibiting simultaneously photonic and phononic resonances were proposed and studied demonstrating a strong optical modulation at near-infrared wavelengths. In [16], the optical modulation is induced by the flexural vibration at radio frequency of the metallic slits that are deposited on a piezoelectric substrate (LN for instance) shown in figure 4.9 to ensure the propagation of the acoustic wave generated by the metallic slits that act as interdigital combs. The mechanical vibration of the slits greatly modifies the geometry of the structure leading to an extraordinary non-linear modulation of the transmitted light when applying a voltage of 1V amplitude.

4.4/ PROPOSED EO MODULATOR

In order to exploit the EO effect of the same EO material (LN), the electric field confinement must occur inside the latter. Based on this, and motivated by the acousto-optic modulator structure proposed by Laude et al. in [16], we propose to embed the metallic slits (or electrodes) within the LN membrane (shown in Fig. 4.10) in order to benefits from the highly confined mode between the electrodes. The aim of our study is to fabricate an EO modulator with competitive performance such as reduced footprint and minimized half wave voltage v π .

At optical resonance, and in the presence of an external electric field, the EO effect can be expressed through the local index modification by [START_REF] Qiu | Guided resonances on lithium niobate for extremely small electric field detection investigated by accurate sensitivity analysis[END_REF] :

∆n(x, z) = - 1 2 n 3 e r 33 f 2 op (x, z)E es (x, z), (4.17) 
Where n e is the extraordinary index of LN, r 33 is the major intrinsic EO coefficient of LN corresponding to an external applied electric field directed along the opticalaxis of the LN crystal. f op (x, z) is the local field factor that reveals the enhancement of the EO intrinsic coefficient. E es (x, z) is the electrostatic field component parallel to the optical axis of LN crystal resulting from the application of an external electric voltage on the electrodes.

According to the proposed configuration of Fig. 4.10, the electrodes will mainly generate an electric field along the periodicity direction of the grating even if components along the perpendicular direction (Oz) are not zero everywhere (see section 4.5.2).

However, in the general case of a 3D-structure, if the considered substrate is an X-cut wafer of LiNbO 3 , then the optical wave propagates in the x-direction. For an E-field along the x-direction, the equation of index ellipsoids (that presents the EO effect) becomes:

1 n 2 o y 2 + 1 n 2 e z 2 = 1. (4.18) 
We note that the E-field is not involved in the Eq. 4.18, which means the absence of the EO effect in this configuration. Furthermore, if the E-field is polarized along the z-direction of the wafer (x-direction in Fig. 4.10), the general (in the 3 directions) equation of the EO effect can be expressed as :

∆n = - 1 2 n 3 e       r 33 - n o n e 3 r 13       E z (4.19)
and in the case of a 2D-structure (xOz-plane), we conclude the Eq. 4.17, since r 13 is the EO coefficient along the y-direction. On the other side, if the chosen LiNbO 3 wafer is Y-cut, then the optical wave must be propagating in the y-direction. And the equation of the EO effect with an E-field polarized along the y-direction can be expressed as:

∆n = - 1 2 r 22 n 3 o E y (4.20) 
with r 22 = 3 pm/V. Similarly, with an E-field applied along the z-direction we conclude the Eq. 4.19 that gives in the yOz-plane the Eq. 4.17. By comparing the two configurations discussed above, one can clearly conclude that the best configuration that leads to the highest EO effect is with an E-field applied along the z-direction (x-direction in To determine the index modification using Eq. 4.17, we first need to evaluate the optical field factor f op (x, z) defined as the optical local field enhancement factor at resonance of the amplitude of the optical electric field component parallel to the Z-axis (the E x component) in comparison to the same quantity in the bulk material (without the metallic strips). This will be determined by finite difference time domain (FDTD) simulations performed with a homemade code that integrates a very efficient dispersion model to accurately take into account the dielectric properties of the metal [START_REF] Hamidi | Implementation of the critical points model in a sfm-fdtd code working in oblique incidence[END_REF].

In order to optimize the resonance and control the wavelength position of the resonance to be adapted with the optical characterization system, a detailed study of the optical response of the structure with respect to variation of the different structure parameters has been made using also the FDTD code and will be presented in detail later. Second, the spatial distribution of E es (x, z) will be computed using COMSOL multiphysics software through finite element method (FEM) based simulations. Finally, the computed f op and E es will be added to the equation 4.17 to estimate the resonance shift and then the half wave voltage of the proposed structure.

4.5/ NUMERICAL RESULTS

As mentioned above, two different kind of simulations are needed: (1) FDTD simulations to compute the optical response by calculating both the optical electric field distribution and the transmission spectra of light passing through the structure at normal incidence, (2) FEM simulations to determine the electrostatic field generated by the interdigital combs.

4.5.1/ FDTD SIMULATIONS OF THE PASSIVE STRUCTURE

The origin of the optical resonance appearing on the transmission spectrum through the structure was discussed in detail in [16]. It consists of a Fano-like resonance sometimes named π-resonance or phase-resonance resulting from the coupling between two periodic cavities having a slight different widths. Such resonance is fully confined and cannot be excitable in the case of a perfectly symmetric structure (which can be presented in our case by an equal distance between the slits). It is also known as dark mode since they cannot couple to the continuum of unbounded states and they are located outside the light cone [START_REF] Fan | Analysis of guided resonances in photonic crystal slabs[END_REF]. The introduction of an asymmetry in the structure leads to a band folding phenomena (presented and discussed in the supplementary material of ref.

[16]). Which means, the guided modes outside the light cone are folded to the Γ-point and becomes bright modes or guided resonance since they are able to couple to the continuum and radiates [START_REF] Nicolaou | Enhanced detection limit by dark mode perturbation in 2d photonic crystal slab refractive index sensors[END_REF]. The Q-factor of the resonances is controlled by the asymmetry implied to the symmetric structure. A smaller asymmetry means resonances with higher Q-factor [START_REF] Qiu | Guided resonances on lithium niobate for extremely small electric field detection investigated by accurate sensitivity analysis[END_REF][START_REF] Deng | Modeling and experimental investigations of fano resonances in free-standing linbo 3 photonic crystal slabs[END_REF][START_REF] Nicolaou | Enhanced detection limit by dark mode perturbation in 2d photonic crystal slab refractive index sensors[END_REF][START_REF] Soljačić | Photonic-crystal slow-light enhancement of nonlinear phase sensitivity[END_REF]. Dealing with the same principle, we propose a structure with a similar asymmetry presented by an unequal distance between the embedded electrodes in order to excite resonances with high Q-factor leading to higher sensitivity and higher modulation performance.

4.5.1.1/ PARAMETRIC STUDY OF THE PROPOSED STRUCTURE

In order to adapt the geometry, extensive FDTD simulations were performed to obtain resonance in the NIR spectral range (in the vicinity of 1550 nm) with the highest Q-factor and the largest extinction ratio (ER) corresponding to a maximum modulation amplitude. All the geometrical parameters were varied taking into account the fabrication constraints (aspect ratio AR = h m /(w m , w 1 , w 2 ) smaller than 2 and slit width larger than 80 nm). Different metals were also considered (Ag, Al, Pt, Au) for the electrodes. All the numerical results in the fig. 4.11 was calculated using a 2D-FDTD code.

The structure is illuminated by a plane wave at normal incidence. We consider a uniform mesh with cell size of 2 nm to describe the structure. The structure is considered as infinitely periodic in the x-direction (we applied the Bloch boundary conditions), and in the z-direction we applied the PML conditions. About 3 millions of iterations have been considered for every single calculation in order to reach the convergence of the optical response.

In Fig. 4.11 a), we present the schematic of the structure in the xOz-plane with the structure parameter nomenclatures denoted in black. The z-direction of the structure (shown in Fig. 4.11(a) is referred to the x-direction in reality with a X-cut LiNbO 3 wafer. And then, the x-direction belong to the z-direction in reality (the direction of the extraordinary index of LiNbO 3 ). The slit structure behaves as a metallic grid polarizer with axis perpendicular to the slit direction as shown in Fig. 4.12. For TE polarization, where the E-field is polarized parallel to the slits, the structure present zero transmission. However, for TM polarization, where the E-field is perpendicular to the slits, the structure present a non-zero optical response. Consequently, only the Ox incident polarization (TM) can be transmitted.

The ER and the Q-factor are calculated from the TM-spectrum in Fig. 4.12(b) following the definitions extracted from chap. 3:

ER = T max -T min T max (4.21) 
and

Q = λ res ∆λ . (4.22) 
Their values are dependent on the parameter values as for the resonance wavelength. Based on the study of the parameters variation, we choose the silver electrodes and the following parameters: p = 650 nm, W 1 = 150 nm, W m = 120 nm and H m = 170 nm. Fig 4 .12 shows the transmission spectrum of the structure exhibiting a resonance at λ = 1527 nm with a Q-factor of 340 and a ER of 75 %.

Similarly, we proposed another structure based on aluminum electrodes. Despite the lower effect of aluminum, but since in the cleanroom they master the deposition of aluminum on LiNbO 3 by EB evaporation, at first, we fabricate aluminum electrodes. Furthermore, knowing that the polishing step is mechanical, it was recommended to depose an adhesion thin layer (Chromium layer) before the deposition of metal. The effect of the chromium (Cr) layer on structure is clearly seen in Fig. 4.13. The Cr layer reduces the optical response of the structure by clearly reducing the ER and the Q-factor of the resonance. The structure is based on the following parameters: a period p = 690 nm, an aluminum thickness h m = 165 nm, a chromium thickness h cr = 5 nm to adhere the aluminum on LN, electrodes width w m = 120 nm and an angle of conicity unavoidable of α = 8 o . The transmission spectrum of aluminum based proposed structure is shown in Fig. 4.13.

Instead of considering an infinitely periodic structure in the x-direction, a couple of FDTD simulations were performed with a periodically finite structure in the x-direction in order to study influence of the number of periods on the optical response of the structure. For the FDTD simulations, we consider the same configurations described before with PML boundary conditions in all the direction of the calculation window as shown in Fig. 4.14(a). In Fig. 4.14(b), the influence of the number of periods (np) on the optical response of the structure is presented.

We see that with a number of periods up to 20 periods, the transmission spectrum of the structure presents no resonance. The resonance begins to appear after 30 periods and becomes sharper with the increase of the number of periods. This study reveals the minimum number of periods (up to 60 periods) required to get a resonance in the transmission spectrum.

After the optimization of the structure parameters, the next step will be the calculation of the electric field distribution and the estimation of the local field factor f op in the LiNbO 3 where the confinement of the E-field can enhance the EO coefficient based on the EO effect. In order to estimate the optical field factor f op , we calculate the electric field distribution at the resonance position using a 2D-FDTD code. We consider the same boundary conditions as in the previous section and the same number of iterations. As shown in fig 4 .15, the electric field intensity reaches its maximum of 140, 000 at the corners of the electrodes and in the LN layer between the two electrodes.

Based on the optical field factor relation given in the previous chapter, we reach a maximum of f 2 op (x, z) = 600. The normalization has been calculated based on the same FDTD code and the same configuration of the calculation window without the periodic metallic grids (electrodes). This factor will be used later in the Eq. 4.17 in order to estimate the EO effect of the structure.

In the following, and after the estimation of local values of f op , the next step will be the calculation of the local values of the electrostatic field E es (x,z) in order to complete the missing values for the estimation of the EO effect of the proposed structure.

4.5.2/ FEM SIMULATIONS

The same structure parameters used in the previous section was also involved to solve the Poisson equation when a voltage of 1 V is applied between two consecutive electrodes. Poisson's equation is a partial differential equation that relates the scalar potential to the charge density. Many electrostatic simulation tools uses Poisson's equation to solve electrostatic fields, such as COMSOL multiphysics software. To solve the partial differential equations, COMSOL Multiphysics uses the proven finite element method (FEM). The software runs the finite element analysis together with adaptive meshing and error control using a variety of numerical solvers. More details are provided in the COMSOL Multiphysics User's Guide and in the COMSOL Multiphysics Modeling Guide [236]. Every simulation goes through four steps to the process: 1) build the geometry, 2) define the models (materials and boundary conditions), 3) mesh the model properly and 4) do the post-processing on the results.

As previously described section 4.4, in order to benefit from the highest EO coefficient of LN (r 33 ), the applied electric field must be polarized along the x-directions which corresponds to a z-direction for a X-cut or Y-cut wafer. For this reason, despite the high E es along the y-direction, the choice of the X-components of E es remains more valuable since it will affect the highest EO coefficient of LN following the Eq. 4.17 and as described in the previously. Furthermore, we are only interested in the electrostatic field confined inside the LN layer and not in the air, since the EO effect only occurs in the EO material (LN in our case). Any distribution of the electrostatic field outside the LN will not be involved in the Eq. 4.17. For this reason, the estimation of the electrostatic field takes into account only the local distribution of the electrostatic field in the LN. In order to calculate the electrostatic field distribution, we used COMSOL software by integrating periodic boundary conditions (PBC) in the x-direction and Dirichlet boundary conditions (DBC) [START_REF] Gustav | Über einen neuen Ausdruck zur Bestimmung der Dichtigkeit einer unendlich d ünnen Kugelschale, wenn der Werth des Potentials derselben in jedem Punkte ihrer Oberfl äche gegeben ist[END_REF] for the up and down limits of the discretization window as shown in Fig. 4.16(a). In addition, a very fine mesh, based on Delaunay triangulation (Fig. 4.16(b)) [START_REF] Chew | Constrained delaunay triangulations[END_REF], was applied in order to minimize the numerical errors when interpolating the E es values over the regular square grid used in the FDTD simulations. The spatial electrostatic field distribution is plotted in Fig 4 .17. It varies between -1.61 × 10 7 V/m and 2.12 × 10 7 V/m, values that are slightly larger than 1[V]/W 1 = 1/(150 × 10 -9 ) = 6.67 × 10 6 V/m and -1[V]/W 2 = -1/(260 × 10 -9 ) = -3.85 × 10 6 V/m respectively. This difference comes from the presence of electrode corners (90 o ) that induces an enhancement of the electric field due to a well-known 'antenna effect' that was widely studied both theoretically [START_REF] Vm Shalaev | Advances in nano-optics and nano-photonics[END_REF][START_REF] Fadi | Superfocusing and light confinement by surface plasmon excitation through radially polarized beam[END_REF][START_REF] Denk | Near-field optics: Microscopy with nanometer-size fields[END_REF][START_REF] Demming | Calculation of the field enhancement on laser-illuminated scanning probe tips by the boundary element method[END_REF] and experimentally [START_REF] Fekhra | Near-field optics: Direct observation of the field enhancement below an apertureless probe using a photosensitive polymer[END_REF][START_REF] Bachelot | Apertureless near-field optical microscopy: A study of the local tip field enhancement using photosensitive azobenzenecontaining films[END_REF]. 

4.5.3/ EO MODULATION

To estimate the EO effect of the structure, we perform numerical simulations using a 2D-FDTD code and follow the three steps described in the previous chapter. We applied the modification of the refractive index in the equation 4.17 on the initial value of the refractive index, by adding the spatial distribution of f 2 op (x, z) and electrostatic field E es (x) calculated previously by FDTD code and COMSOL respectively. Fig. 4.18 (a) represent the transmission spectrum of the structure before applying an electric voltage between the electrodes. The highlighted red zone denotes the modulation spectral zone corresponding to the left part of the resonance where the transmission passes from its low state to the high state. The choice of the left side of the resonance is referred to the higher slope and higher ER.

In order to study the optical response of the structure with respect to the applied voltage, double simulations were performed for each electric voltage value (V). We derive the distribution of E es in the LN for each value V using COMSOL simulations as previously described, and we apply these values in FDTD simulations with the local values of the f op using Eq. 4.17 to estimate the modification of the refractive index induced by the EO effect of LN and presented by a spectral shift of the resonance. In Fig. 4.18(b), we present the variation of the transmission spectra with respect the applied voltage. We applied a variation of V between 0 V and 0.5 V with a step of 0.05 V. The shift of the resonance position with respect to the applied voltage is presented in Fig. 4.18(c). It is clearly shown that the behavior of the structure with respect to a variation of the electric field between 0 and 0.5 V is linear.

In Fig. 4.18(d), we present the variation of the transmission with respect to the applied voltage. In order to modulation a signal, a applied voltage must drives the transmission from its low state to the high state or vice versa. In order to improve the modulation of the structure, we consider the highlighted red zone where the transmission variation as function of the applied voltage is linear. We conclude with a minimized half wave voltage V π = 0.3 V and an ER = 60% instead of V π = 0.5 V and an ER = 75% if we consider the complete modulation zone presented in Fig. 4.18(d).

Our theoretical studies reveal the opportunity to develop an EO modulator with a minimized half wave voltage V π = 0.3 V and an ER = 60% based on EO effect in LiNbO 3 . We reach a new horizon with our structure, since for the best of our knowledge, the deduced V π r is the lowest in the literature and in the market. In the next section, we present the fabrication tools that we use and we describe the fabrication process with the challenges that we have faced.

4.6/ STRUCTURE FABRICATION

This section is devoted to the fabrication of the structure proposed in the first part of this chapter. In order to adapt a fabrication flowchart for the proposed structure, several meetings were hold with the cleanroom engineers to propose a methodology for the fabrication and discuss all details with respect to our requirements. The fabrication of the PhC-based modulator structure seems to be a challenge for different reasons:

• it requires a nano-scale slit etching step in LiNbO 3 known for its high chemical stability,

• the deposition step must fill completely by Ag or Al the etched slit,

• the polishing step remains a challenge because the fabricated samples are minimal and we have to remove completely the metal remaining on top of the sample.

Various approaches were used for sub micrometer structuring in LiNbO 3 , such as dry etching using ion beam etching (IBE), reactive ion etching (RIE) and inductively coupled plasma (ICP)-RIE [START_REF] Ren | Etching characteristics of linbo 3 in reactive ion etching and inductively coupled plasma[END_REF][START_REF] Yang | Asymmetry ridge structure fabrication and reactive ion etching of LiNbO 3[END_REF], wet etching after proton exchange [START_REF] Cheng | Wet-etched ridge waveguides in y-cut lithium niobate[END_REF], electrical poling [START_REF] Grilli | Surface nanoscale periodic structures in congruent lithium niobate by domain reversal patterning and differential etching[END_REF] or ion irradiation [START_REF] Kawabe | Microfabrication in LiNbO 3 by ion-bombardment-enhanced etching[END_REF][START_REF] Schrempel | Ion beam enhanced etching of LiNbO 3[END_REF] and focused ion beam (FIB) milling [START_REF] Lacour | Nanostructuring lithium niobate substrates by focused ion beam milling[END_REF].

According to the manufacturing constraints, and after a lot of discussions, we end up with the fabrication flowchart presented in Fig. 4.19. The process starts with the preparation of the samples as shown in Fig. 4.19 [START_REF] Wong | Properties of lithium niobate[END_REF]. We developed our structure using a LN wafer of 700 nm thickness and X-cut commercially available by the manufacturer NANOLN 2 . The wafer was cut on small samples (11mm × 13 mm) 

4.6.1/ FABRICATION TOOLS

Before describing the fabrication flowchart followed during our fabrication, we dedicate this section to introduce the nano-fabrication facilities used to achieve our fabrication. The basic components needed for nano-fabrication are, first, an extremely clean environment called cleanroom in which there are few particles; that's where we perform the fabrication work. But the cleanroom alone is not sufficient. Must of the nano-fabrication techniques are sensitive to any impurities and contaminants which also decrease yields. This leads to another requirement in the nano-fabrication process, the vacuum system. The latter is a chamber that provides an environment which is nearly free of all air molecules.

Second, for the fabrication of embedded electrodes in a LiNbO 3 layer, we need a specialized equipment for three basic functions: (1) etching the nano-slots in LiNbO 3 by focused ion beam, (2) deposition of a thin film of metal by electron beam evaporation and (3) we end up by removing the exceed of metal from the top of the sample by a polishing step. The three fabrication tools for these three steps are described in detail in the next three subsections. As the name suggest, it uses beam of ions focused at a particular point on the workpiece (or sample) from which material is to be removed. This ion beam forces out the material from the workpiece. This process is also known as Ion beam milling. The question can be: why ions? Because they are just composed of atoms having gained or lost an electron which are much heavier than normal electrons. From here derives the advantage over electron beam machining. However, this process is a non-contact process, which means the workpiece is completly stress free and perform better on nano or micro scale.

The interaction between ions and a solid material changes the crystalline properties of the latter and possibly etches it [START_REF] Yao | Focused ion beam systems: basics and applications[END_REF]. Different techniques involving ion beams thus make it possible, depending on the beam parameters (nature of the ions used, energy, width at half height), to etch or to deposit material [START_REF] Chen | Photonic guiding structures in lithium niobate crystals produced by energetic ion beams[END_REF].

One of these techniques is Focused Ion Beam (FIB) (FIB machine shown in Fig. 4.20). The beam diameter can vary from a few nanometers to several micrometers, which coincides with the pattern diameters desired for the production of PhCs. The projected ions are focused on the material to be machined using an electrostatic lens. In the case of lithium niobate, the ions mainly used for etching are Ga + gallium ions, with an energy of 30 keV.

On the other side, the focused ion beam is coupled with a scanning electron microscope (SEM) which is used for imaging the process going on. Thus, imaging gives better control over milling and machining process. Most systems exhibit dual beams, an electronic and an ion beam, at the same time allowing the material to be observed and etched. In addition, some stations are commonly equipped with modules for injecting gases at the sample level to increase the etching speed for example.

What happen when an ion accelerated with high velocity hits the work surface? It transfers its kinetic energy to the surface atoms of that workpiece and if this energy is higher than the binding energy of this particular atom on the surface of the workpiece, then kinetic energy counteracts the binding energy and that atom is forced out or emitted out from workpiece. Sometimes, the atoms removed cannot be evacuated by the vacuum system and get deposited on the adjacent surface where the milling is going on, the re-deposition of material settles on the sides and adheres to the surface which require another etching process. In this case, the process time required and effort increases. In order to overcome both re-deposition and low material removal rate, problem of FIB machining, reactive gas can be introduced at site of milling as previously discussed.

In our case, we will use the FIB to etch slits in the LN layer to produce electrodes for an EO modulator. Miscellaneous approaches have been studied in order to achieve this engraving, but in the nanometer-scale it becomes difficult in LiNbO 3 due to its high chemical stability. In addition to the thin slot required in our structure, the small size of our samples with less than 11 × 13 mm 2 make them hardly compatible with the photoresist coating step (difficult vacuum maintenance, photoresist thickness not homogeneous ...), which imposes the need to find an alternative solution to conventional lithography techniques. The use of FIB demonstrates the potential to etch small-dimension structures since it requires no photoresist deposition. We use vacuum system to deposit thin layers of materials such as metals and insulators onto our substrate. The thickness of these deposited layers are very thin on the order of 5 to 250 nm. The three most common thin film deposition techniques are thermal evaporation, electron beam evaporation and sputtering.

In this section, we will focus on the process of electron beam evaporation also called E-beam evaporation (EB evaporation). This technique is similar to thermal evaporation but the material is heated up differently. In thermal evaporation, electrical current is used to heat a boat so that the source material in the boat melts and evaporates. However, in beam evaporation, a stream of electrons or an electron beam is aimed at high purity source material that we want to evaporate. This beam of electrons heats the material to its melting point and then evaporates the source material. The electron beam is well confined and one of the advantages of EB evaporation is that we can rotate different source materials into the path of that electron beam so that we can deposit multiple materials sequentially without opening the vacuum system, which is also called breaking vacuum or venting.

The main components of EB evaporator are, first, the electron source or electron gun that produces the beam of electrons, and second, the crucible is where the source material that we want to evaporate is contained and it is like the boat for a thermal evaporation. In our fabrication, we put silver or aluminum in the crucible since we are planning to fabricate electrodes.

The crucible is generally contained within the electron gun that is a filament: source of electrons. Several magnets are used for focusing that electron beam and directing it toward the crucible. The electron beam is generated by heating filament to the point that it glows bright about 2500 o C. At this temperature, electrons are so energetic that some of them leave the surface of the filament. The electrons are then accelerated towards the source material using a high-voltage electrode and a set of magnets steer and focus the beam onto the source material to be evaporated. The power level can be controlled by adjusting the filament current. This is very important since some materials require low power to melt and can burn at higher power while others require higher power just to melt. The source material is contained in a small crucible may be made of tungsten copper, copper or even a ceramic for very high temperature deposition.

Since the E-beam is well confined in space, only a small area of the source material is heated. This means that there is reason for multiple small source materials in the vacuum chamber. Systems that hold four materials are very common and they are called four pocket hearth: there are four crucibles that fit into the hearth and each crucible can hold a different source material, which means you can have up to four layers of different materials deposited without breaking vacuum. The hearth is a rotated holder of copper which is water-cooled. The water-cooling presents the crucible material from melting and mixing with the source material or the hearth itself. In our case, E-beam evaporation technique is used in order to deposit a layer of metal to fill the slots and form the electrodes of the modulator.

4.6.1.3/ POLISHING TECHNIQUE

In order to remove the metal deposited on the top of our samples, a polishing step is required. For this end, we use the machine LOGITECH PM6 shown in Fig. 4.22. However, the structure polishing is normally made by the automated machine when the polishing relies on a wafer substrate. Otherwise, for small samples as in our case, a manual polishing technique is required and the samples will be handled manually. Hence, we begin by adapting the settings of the machine (rotation plate speed = 30 rpm). On the top of the plate, we add a slurry solution, the Colloidal Silica. The slurry solution contains some grains that help in releasing the deposited materials on the top of the sample since the water is not efficient enough. Then we put the metallized face of the sample in contact with the plate. While the latter rotates, we hold the sample as shown in Fig. 4.22(b) and we polish so as to follow a figure-of-eight trajectory. Every 60 seconds, we characterize the sample in order to verify whether the metal has been removed or not by using an optical microscope. This step takes up to 15 min until we reach the final result. First and foremost, the X-cut LiNbO 3 wafer has been coated by a protective photoresist layer in order to be diced into small samples of 11 mm × 13 mm. In order to maintain an accurate fabrication, the sample is characterized before every fabrication step and cleaned using an acetone or pirhana solution depending of the existing residual materials.

Second, and always in the preliminary steps, since the etching process of dielectric materials requires a preliminary deposition of a metal layer on the surface to attract ions to the substrate surface, we depose a 25 nm thickness layer of Cr. The deposition of a metal layer offers the advantage of getting very slightly rough nanostructures: this was the initial method proposed for the fabrication of the first PhC on a LN layer [START_REF] Lacour | Nanostructuring lithium niobate substrates by focused ion beam milling[END_REF].

On the other side, an intense effort has been made in order to adapt an accurate polishing process. For this reason, and before moving to the nanometer scale structures, we preferred to begin by testing the different polishing configurations on a structure with larger slots (in the order of In order of micrometer scale).

To this end, test samples were fabricated with micrometer-scale width (4.5 µm) and the same depth as the proposed structure (170 nm). The fabrication of the micrometer-scale slots relies on the same fabrication flowchart presented in Fig. 4.19. Various polishing configurations with different slurry solutions were tested (see Appendix A) until we reach a final efficient configuration, which relies on the use of colloidal silica as an slurry solution for a polishing time that do not exceed 15 min and present promising results. The polishing configuration was validated on the nanometric scale samples as well.

4.7.2/ LN ETCHING

After the preparation of samples, the second step is the LN etching using the FIB milling process in order to produce slots with a depth hm and a width wm dedicated for the fabrication of the embedded electrodes fabrication. To begin the LN etching, a Cr layer of 25 nm is deposited and grounded with a conductive paste before introduction into the FIB vacuum chamber (= 2.10 -6 torr). The metalcoated substrates are milled using a focused ion beam column. The advantage of FIB milling is its ability to selectively remove (and deposit) material without the use of the additional process step of developing a photoresist layer. The fabricated structure consists of 70 periods (with a period of 690 nm) of double slots with 120 nm width, 150 nm depth and 50 µm length. The number of periods was estimated with respect to the characterized laser beam of the optical bench described in the section 4.8. During the FIB process, Ga + ions are emitted with a current of 2 µA and accelerated by a voltage of 30 kV. The ions are focused with electrostatic lenses on the sample with a probe current of 66 pA. The pseudo-Gaussian-shaped spot size is estimated to be 70 nm on the target. The focused ion beam is scanned on the sample by a computer controlled deflection field to produce the desired pattern shown in Fig 4 .24. The fabricated structure of 50 × 60 µm 2 is surrounded by rectangle marks denoted by a red circle and a square mark denoted by a blue circle. The aim of the red and blue marks is to help in the polishing and FIB steps, respectively. The rectangles allow us to monitor the progress during the polishing process and the square denoted by green circle, allow us to avoid the driftage of the FIB machine during the fabrication. A top view of the structure after etching process is presented in Fig. 4.24(a). Similarly, a SEM cross-section image of the slots is shown in Fig. 4.24(b). In order to present the etching depth, the sample is tilted 52 o with respect to the FIB axis.

The achieved etching depth is approximately 200 nm and the slots width is 120 nm. The angle of conicity is estimated to 8 o . This conical shape of the etched slots can be referred to material re-deposition on the sidewalls while milling or to the shape of the ion beam.

4.7.3/ METAL DEPOSITION

Following the flowchart described in Fig. 4.19, the third step is the deposition of a thin film of metal. Given that there was no validated recipe for the deposition of silver in the MIMENTO cleanroom, we chose to replace it by aluminium (Al), that exhibits a validated recipe for the Al deposition on LiNbO 3 and it presents the best optical response after silver as shown in fig 4 .11(e).

Before the Al deposition, and in order to improve the adhesion between the deposited metal and LiNbO 3 , a thin layer of Chromium (Cr) was deposited (5 nm) before the deposition of 300 nm of Al. EB-evaporation machine was used for Al and Cr deposition. The concept of this machine is using e-beam to evaporate the material pellets in the crucial so that the vaporized material can be diffused and deposited on the sample. In order to measure the thickness of the deposited materials, the sample was characterized by SEM as shown in Fig. 4.25. Once the structure has been polished, one can move to the optical characterization in order to study the optical response of the fabricated structure. In the following section, we present the optical bench employed during this thesis in order to optically characterize the fabricated structure. Moreover, the fabrication imperfections were took into account in order to study the their influence on optical In order to measure the optical response of the fabricated samples, an optical bench based on an inverted optical microscope was mounted as shown in Fig.

The latter is placed on a vibration isolation table and includes:

• A supercontinuum laser source (LEUKOS-SM-OEM) with a spectral range 320 -2400 nm and a pump source at 1064 nm placed on the top of the stage, pointing down towards the stage. The pulse width of the laser source is approximately 1 ns with a repetition rate of 20 kHz and mean power of 60 mW.

• A high-pass filter that allows the flow of all signal above a cross-over wave- length of 1100,

• A polarizer that allows light waves with a specific polarization to pass through while blocks light waves of the other polarizations.

• A microscope objective (×10, NA = 0.3).

• A planar mirror that reflects 90% of the light wave to the optical detector. It is also known as hot mirror.

• an optical power detector used to collect the light which has been transmitted through the fabricated structure.

• Collimators dedicated for changing the radiation of light from a point source into a parallel beam and vice versa.

• piezo-electric system used in order to spatially scan the sample in the two directions with a nanometric precision.

• VIS-NIR camera to image the structure and light beam at the same time.

As presented in Fig. 4.28, the emitted light cross first, a collimator, that adapt a parallel beam to illuminate the structure with a beam waist of 750 µm. Before reaching the structure, the light beam is filtered and polarized along the extraordinary axis of the structure by crossing a high-pass filter and polarizer, respectively. The high-pass filter block the high light frequencies (low wavelength) that can damage the structure. The transmitted light through the structure is collected with 

4.8.2/ EXPERIMENTAL RESULTS

After different fabrications dedicated for testing and validating the fabrication steps, we resulted with the fabricated structure represented in Fig. 4.29. Since we were stucked by the time and due to the missing recipe for the deposition of silver on LiNbO 3 by EB evaporation, and despite the lower performance of aluminum, we fabricated aluminum electrodes with w m = 120 nm and h m = 170 nm (a thin layer of 5 nm of Cr was deposited before the deposition of aluminum). The slots are not perfectly rectangular and exhibit a conical shape. The distance between the electrodes is estimated to w 1 = 100 nm on the top of the sample. The structure period is measured as p = 690 nm. It is clear that the fabricated structure did not exhibits the same geometrical shape of the proposed structure (theoretically), which is normal since the fabrication imperfections are unavoidable. Hence, we have modeled the fabricated structure by FDTD simulations in order to study the influence of the fabrication imperfections on the optical response of the structure. The modeled structure with respect to the fabricated structure is represented in Fig. 4.30(a). In Fig. 4.30(b), we see the effect of fabrication imperfections on the optical response calculated by FDTD simulations. The blue line denotes the transmission spectrum of the structure proposed without implying the fabrication imperfections (perfect structure) and in red the transmission spectrum of the modeled structure with respect to the fabrication imperfections. The modification in the structure shape led to a shift in the transmission spectrum toward the NIR spectral zone with an increase of the ER and a decrease in the Q-factor clearly concluded by the increase of the FWHM of the resonance (in red).

On the other side, in order to measure the transmitted spectrum of the fabricated structure, we use the optical bench described in section 4. Furthermore, and in order to overcome these fabrication imperfections, we proposed an extra fabrication step that consists of heating the sample (annealing process). The structure was annealed at 250 o C in order to release the air grains from the slots and improve the homogeneity of the deposited metal in the slots. In Fig. 4.32, we see on the left a top view image of the structure after the annealing process and on the right a cross section view of the structure with the air grains denoted by orange circles outside the slots. In fact, after the annealing process, the air grains in the slots were reduced and almost removed as shown in Fig. 4.32. This means that this new fabrication process is crucial in our fabrication flowchart in order to achieve a homogenized deposited of metal in the slots. In order to study the effect of the improvement in the homogeneity of the metal in the slots on the optical response of the structure, the annealed sample was optically characterized. We use the optical bench previously described in section 4. It is true that the concluded results do not present a full agreement between the experimental transmission spectrum in Fig. 4.32(a) and the transmission spectrum calculated by FDTD in Fig. 4.32(b).However, several reasons can explain the differences between these two curves, such as:

• It was clear that the annealing process was crucial for getting a resonance in the transmission spectrum. But on the other side, the air grains in the electrodes do not occur similarly in the different periods which is hard to estimate and model in a FDTD code. Furthermore, the annealing process did not remove completely the air grains from the slots as shown in Fig. 4.29.

• Fabrication imperfections cannot be 100% modeled: fabrication defects were modeled for a period and then repeated over a complete structure formed by 70 periods, while in practice we can never obtain the same defects in two different periods.

Overall, the fabrication process is still under development and needs more improvement until we reach the final structure leading to our goal. The optical characterization of the structure allows us to validate the theoretical behavior of its optical response taking into account manufacturing imperfections. It requires more development in the fabrication process in order to reduce the fabrication imperfections and therefore lead to a better agreement with the theoretical results. The challenging fabrication process remains the main obstacle toward the estimation of the experimental EO modulation since we were trying to optimize the optical response of our structure before the estimation of the EO modulation response.

4.9/ SUMMARY

This chapter focuses on the study of an EO modulator based on PhC contrarily to the most common modulators based on MZI. A theoretical study was presented in detail in order to show the high EO effect of such device. In order to estimate the optical field factor, 2D-FDTD simulations were launched and showed a confinement of the E-field in between the slots with a maximum f op = 600. The electrostatic field was estimated using COMSOL Multiphysics. It shows a maximum of the x-component of E es = 2 × 10 7 V/m. The maximum of the electrostatic field occurs in the LN substrate in between the two slots leading to a large enhancement of the EO effect. Taking into account the spatial distribution of f op (x, z) and E es (x, z), the EO effect leads to a spectral shift of the resonance of 10.41 nm for 1 V applied and a half wave voltage of V π = 0.30 V. Compared with the existing modulators, based on InP [START_REF] Ogiso | Over 67 ghz bandwidth and 1.5 v vπ inpbased optical iq modulator with nipn heterostructure[END_REF][START_REF] Lange | Low power inp-based monolithic dfb-laser iq modulator with sige differential driver for 32-gbd qpsk modulation[END_REF], SOI [START_REF] Lin | Singlecarrier 72 gbaud 32qam and 84 gbaud 16qam transmission using a sip iq modulator with joint digital-optical pre-compensation[END_REF], GaAs [START_REF] Philipp | Monolithic gaas electro-optic iq modulator demonstrated at 150 gbit/s with 64qam[END_REF], SOH [START_REF] Wolf | Coherent modulation up to 100 gbd 16qam using silicon-organic hybrid (soh) devices[END_REF], plasmonic [START_REF] Heni | Plasmonic iq modulators with attojoule per bit electrical energy consumption[END_REF], and others [START_REF]ngéni eur et mi crotechni ques Universit é Bourgogne Franche-Comt é 32[END_REF], the proposed device presents the lowest half-wave voltage.

The fabrication process was developed in order to demonstrate the experimental behavior of the structure. Such fabrication of a nanometer-scale electrode embedded in a LiNbO 3 has not been studied before, which has represented a challenge in finding the best process for this fabrication during the thesis. The fabrication is still under development towards the final structure, and some improvements in the fabrication process were already employed. The estimation of the EO modulation response of the structure remain a task to be accomplished after the optimization of the optical response of the structure.

GENERAL CONCLUSION AND PERSPECTIVES 5.1/ CONCLUSION

In our work, we have studied two different devices: electric field sensor and electro-optic modulator, based on the electro optic effect in LiNbO 3 . The proposed structures rely on PhCs that ensure a highly confined optical mode in the LiNbO 3 leading to a large enhancement of the electro-optic effect. This electro-optic effect leads to a modification in the refractive index of LiNbO 3 that is represented spectrally by a shift of the optical mode resonance. We use FDTD method for the calculation of the optical response of the proposed structures.

One of the solutions to achieve a high sensitivity of detection is to deal with an optical mode resonance exhibiting a high Q-factor. For this reason, we have studied in Chapter 2 the resonances based on Bound state In the Continuum (BIC). The latter exhibit very high Q-factors that can reach the infinity for perfectly symmetric structures. Two kind of BIC resonances can exist: Symmetry Protected BIC (SP-BIC) and Friedrich-Wintgen BIC (FW-BIC). The first (SP-BIC), is achievable by breaking the structure symmetry with an oblique incidence. At normal incidence, SP-modes are not excitable since the structure is perfectly symmetric and the resonance Q-factor is infinite. With a small angle of incidence, we insure a small break of symmetry that enables the excitation of the Q-factor resonances. In this case, the optical mode is considered as quasi-BIC since the optical mode exhibits some leakage in the continuum. For the second BIC (FW-BIC), no oblique incidence is required. Such modes are excitable at normal incidence based on tuning the geometrical parameters of the structure. At an eigenvalue of the structure parameters, one can achieve a very high resonance Q-factor that can reach the infinity. FW-BIC modes are referred to the interference of two modes leading to the suppression of the occurring mode from the transmission spectrum (meaning an infinite Q-factor).

In chap. 2, a novel research has been dedicated to demonstrate the excitation of SP-BIC (or SPM) at normal incidence. We studied a 2D-structure and 3Dstructure in order to validate our statement that FDTD method reveals the excitation of SPM modes at normal incidence. The numerical break of the symmetry by FDTD method reveals the natural behavior of this method since it is impossible to reach a structure fabrication perfectly symmetric. The mesh size in the FDTD method is one of the keys to numerically break the symmetry of the structure. The smaller is the mesh size, the smaller the break of symmetry will be.

In chap. 3, we propose an electric field sensor based on SPM. Seeking a high factor resonance, SPM was the best candidate for our application. We reach resonances with a Q-factor that exceed 10 6 at an oblique incidence of 0.5 o . The proposed structure consists of a square lattice of nano-rods made of LiNbO 3 engraved on a thin layer of LiNbO 3 . Since the electric field sensor is based on the electro-optic effect that is relevant in LiNbO 3 , we deal with the SPM resonance presenting a optical mode highly confined in LiNbO 3 . We demonstrated an electric field detection sensitivity of 4 pm.m/V and an local optical field factor ( f op ) of 245. This means that a weak electric field of about 25 mv/m can be detected. The proposed structure is a versatile sensor, since it can be considered as a temperature sensor, too. The temperature detection sensitivity estimated is about 947 nm/ o C.

The chap. 4 is dedicated for the study of an electro-optic modulator. The modulator structure consists of embedded electrodes of silver or aluminum in a thin layer of LiNbO 3 . As a PhC based modulator, the aim of our study was to achieve a low half wave voltage (V π ) (the required voltage to drive signal from the high state to the low state) with a reduced footprint. Instead of considering a uniform electrostatic field (E es between the electrodes, E es was estimated, for the first time up to our knowledge, locally at each calculation point. We reach with our proposed electro-optic modulator a small V π of about 0.3 V.

The fabrication process was developed in order to validate the structure behavior demonstrated theoretically. Such fabrication of nanometer-scale electrodes embedded in a LiNbO 3 layer has not been studied before, which has represented a challenge in finding the best process for our fabrication during the thesis. The preliminary fabrications was based on etching the LiNbO 3 by a FIB process, metal deposition by EB-evaporation and we finish by a handmade polishing process. We concluded that an extra fabrication step is crucial, and consists of heating the structure by an annealing process in order ensures a homogeneous layer of metal in the engraved slots. The characterized structure show a resonance that is not in full agreement with the simulations for some fabrication imperfections, but it allows us to validate the presence of the optical mode studied theoretically. The fabrication is still under development towards the final structure, and some improvements are still required until we reach the final results.

5.2/ PERSPECTIVES

Based on the work that was performed in this thesis, the following directions for future work can be proposed as follows:

• In order to demonstrate the SPM features experimentally, one can fabricate the 2D structure proposed in chap. 2. Admitting that the etching process in LN is always a big challenge, one can fabricate ridges made of photoresist such as PMMA, ARN 7520 or AR-P 6200 on a LiNbO 3 layer as shown in Fig. 5.1 (in blue), and obtain a structure with the minimum of fabrication imperfections leading to the SPM resonances, since the photoresist patterning is mastered by the MIMENTO cleanroom engineers.

• In order to experimentally validate the behavior of the electric field sensor structure proposed in chap. 3, it is recommended to fabricate the structure following the fabrication process defined in [START_REF] Ulliac | Ultra-smooth LiNbO 3 micro and nano structures for photonic applications[END_REF].

• For the sensing applications, it is possible to deal with the 2D structure proposed for the demonstration of the SPM features in chap. 2. If the existing mode is a dielectric mode, it can be used for electric field detection applications. Otherwise, if the mode is an air mode, it can be used for some other applications such as chemical sensor for the detection of concentration. Furthermore, for the case of electric field sensor, we could consider electrodes surrounding the proposed structure, in order to calculate the local electric field instead of a uniform electric field imposed on the structure and estimate the possible electric field sensitivity.

• For the electro optic modulator, we need to continue the challenge of fabricating the proposed structure. Since it was demonstrated that heating the structure is crucial to get a resonance in the optical response of the structure, it is possible to consider an evaporation at high temperature to replace the extra annealing process.

• In order to improve the sidewalls of the slots, one of the solutions can be to deposit a thicker layer of metal before the FIB process.

• Finally, since our theoretical study was based on embedded silver electrodes, we should validate a recipe for the deposition of silver on LiNbO 3 by EB evaporation leading to a possible deposition of a silver layer and then the fabrication of silver electrodes.

A FABRICATION TESTS

In this appendix, we present the work that has been made in order to validate a polishing procedure required in the fabrication of the EO modulator in Chap. 4. The aim of this fabrication process (polishing process) is to remove the exceed of the deposited metal without infecting the deposited metal in the etched slots. Before fabricating the nanometer scale structures, we proposed to begin with structure exhibiting slots with micrometer scale width and the same depth as the nanometer scale structures. Once we validated the polishing process with the micrometer scale structures, we tested the same process on the nanometer scale structure until we reach the final structure with no metal remaining on the top of the structure and without disturbing the deposited metal in the slots. We begin by presenting the work that has been made on the micrometer scale structure and different configurations tested for the polishing step. Then, we validate this polishing process on the nanometer scale structure.

A.1/ MICRO-STRUCTURE

During this section, we present the work made in order to validate the proposed fabrication process (presented in Chap. 4) by fabricating test structures in the micrometer scale to test different polishing configurations. However, our first fabrication was not exactly the proposed structure. We begin with structures exhibiting slots width in the micrometer scale. The micrometer structure is considered easier to fabricate since the slots are larger, and cheaper as its fabrication does not require a FIB process. The fabrication of this structure is presented by the flowchart in Fig.

A.1 that begins by patterning the photoresist layer before etch-ing the slots by a Reactive Ion Etching (RIE) process. For the metal deposition, an EB-evaporation process consist of depositing a thin layer of Cr first as an adhesive layer before depositing the Al layer. This fabrication ends by a polishing process. During the lithography process, a 5 inch chrome/glass mask was used with a 3 inch diameter X-cut lithium niobate wafer. The AZnLof photoresist (from the company Microchemicals) was first deposited on the top of the LN wafer and annealed. A dedicated machine does this automatically. The deposited photoresist is a negative resist of 1.37 µm thickness that will allow the deposition of the metal (aluminum) by lift-off. This photosensitive layer is often used as a temporary mask when etching the underlying LN layer, so that the pattern may be transferred to the underlying layer. In order to pattern the photoresist layer on the top of the sample, we used a mask with interdigital combs 4.5 µm wide spaced 4.5 µm apart.

Once the pattern has been transferred to another layer, the resist is stripped. For the RIE process (plasma etching), we begin by a 6 min etching step and we estimate the depth of the etched material in order to calculate the remaining time to reach our purpose. We etched 113 nm in the LN layer after 6 min. To complete the etching process (42 nm remaining), we launched the RIE machine a second time for the remaining time calculated (2 min 15 sec) with respect to the ratio estimated in the first try. After the end of the etching process, the photoresist is removed employing acetone or piranha. The depth of the etched slot vary between 160 nm and 180 nm between the borders and the middle of the wafer, respectively. The metal deposition was performed by the EB-evaporation process previously described in chap. 4. We begin by the deposition of an adhesive layer of 30 nm of Cr to fix the metal on the LN and then 300 nm layer of Aluminum.

For the polishing step, four different configurations were considered to test the polishing process on the structure. In Fig.

A.2, we present the four different samples that we conclude after every polishing configuration.

First, it was proposed to release the metal on the top of the wafer by using a rigid plate. This plate induces a lot of stripes as shown in Fig. A.2 (a). Subsequently, we solved this issue by employing a softer plate in the polishing machine. For the second test, the polishing step was performed by the automate machine and maintained by the vacuum. Unfortunately, We concluded that during the polishing process, a part of the plate becomes dry and the structure seems to be hammered on the plate and presents a poor performance as shown in A.2/ NANO-STRUCTURE After validating the polishing process in the case of a micro-structure, we moved to the more delicate case, the nano-structure. Since the engraved slots presented a large difference in depth between the borders and the middle of the wafer in micro-structure, it was necessary to find another solution to engrave the slots. For this reason, we chose the FIB process to etch the slots in the LN layer. The fabrication flowchart has been previously defined in 4.19.

In 3(d), some air grains exist in the metal layer inside the slots. It is clear that deeper the slot is, the greater the air grains in the slots will be. One of the solutions demonstrated previously in chap. 4 was heating the structure in order to release the air grains from the slots.

For the polishing process, we applied the same polishing configuration validated in the previous section. It consist of cleaning the structure before and after the polishing process by acetone or pirhana (sometimes, it is recommended to put the structure in ultrasound machine in order to insures a clean surface), and during the polishing process that is made mechanically as previously discussed, we apply a slurry solution of colloidal silica. It is clear that the applied polishing configuration suits very well the nanostructure as shown in Figs. A.3(e,g). We see that the metal occurs in the slots solely and the polishing mechanism did not induce any deformation on the structure surface. The depth of the slots after polishing step is 230 nm and 350 nm for the left and right nanostructure, respectively. To conclude, this test allows us to say that the polishing step is also validated on the nanostructure. 

B OPTICAL BEAM CHARACTERIZATION

This section is dedicated for presenting the preliminary steps that have been conducted in order to prepare the optical characterization bench and characterize the focused optical beam dedicated for collecting the optical response of the studied structure. We will not present the optical bench again since it was previously presented in section 4.8.

In order to prepare the optical system, one of the most delicate tasks is the calibration of the collimator. In our main system, two collimator are required, for the input and the output of the optical beam in the system. These collimators 1 On the other side, an optical fiber is employed and handled on a piezo-electric system that ensures the displacement of the optical fiber position. This optical fiber is connected to an optical power detector in order to estimate the optical power at each position. The optical power detector is coupled to a screen that shows the optical power values.

With the scanning of the piezoelectric system in x, y and z directions, the power is picked up by transmission for each point of coordinates (x, y, z) with objectives (x4) or (x10). The collected values are then processed on Matlab to evaluate the beam dimensions. moderate rejection ratio electro-optic modulator at 2.2 µm obtained by proton exchange in lithium niobate. In Silicon Photonics and Photonic Integrated Circuits II, volume 7719, page 77191D. International Society for Optics and Photonics, 2010.

[10] Samuel Heidmann, Nad ège Courjal, and Guillermo Martin. Double polarization active y junctions in the l band, based on ti: Linbo 3 lithium niobate waveguides: polarization and contrast performances. Optics Letters, 37(16):3318-3320, 2012.

[ In this thesis, we have studied two different devices: an electric field sensor and an electro-optical modulator made of LiNbO 3 , based on the electro-optical effect of this material. The proposed structures are based on photonic crystals in which a very confined optical mode with a high quality factor (Q) can be excited in LiNbO 3 .This leads to a strong enhancement of the electro-optical effect which results in a modification of the refractive index of LiNbO 3 . This index variation induces a spectral shift in the resonance of the optical mode. We used the FDTD method for the calculation of the optical response of the proposed structures. Through its character of spatial discretization (Yee schema), this numerical method allowed us to reveal the excitation of the symmetry protected modes (SPM) through a symmetry break related to the numerical scheme used. By exciting this type of SPM modes, we reach resonances with a very high Q factor up to 10 6 . By combining the high Q-factors with the dielectric mode required for an electro-optical device, we have obtained a high local field factor of about 245. We have demonstrated, with the versatile structure we propose, an electric field detection sensitivity of 4 pm.m/V and a temperature detection sensitivity of about 947 nm/ o C. In addition, we have proposed another geometry of an electro-optical modulator based on an enhanced transmission meta-material deposited on LiNbO3. Numerical simulations show that our electrooptical modulator has a value of the half-wave voltage V π of only 0.3 V, which is more than 3 times lower than the state of the art. The fabrication of the proposed structure has been started and preliminary results are presented. The optical characterization of the structure allows us to validate the theoretical behavior of its optical response taking into account manufacturing imperfections. The optical bench used for the characterization of the fabricated structures was set up during this thesis.
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R ésum é :

Dans notre travail, nous avons étudi é deux dispositifs diff érents : un capteur de champ électrique et un modulateur électro-optique en LiNbO 3 , bas és sur l'effet électro-optique de ce mat ériau. Les structures propos ées reposent sur des cristaux photoniques au sein desquels un mode optique tr ès confin é à fort facteur de qualit é (Q) peut être excit é dans le LiNbO 3 . Ceci entraîne une forte am élioration de l'effet électro-optique qui se traduit par une modification de l'indice de r éfraction du LiNbO 3 . Cette variation d'indice induit un d écalage spectral de la r ésonance du mode optique. Nous avons utilis é la m éthode FDTD pour le calcul de la r éponse optique des structures propos ées. A travers son caract ère de discr étisation spatiale, cette m éthode num érique nous a permis de r év éler l'excitation des modes prot ég és par sym étrie (SPM) à travers une rupture de sym étrie li ée au sch éma num érique utilis é. En excitant ce type de modes SPM, nous atteignons des r ésonances avec un facteur Q tr ès élev é atteignant 10 6 . En combinant les facteurs Q élev és avec le mode di électrique requis pour un dispositif électro-optique, nous avons obtenu un facteur de champ local important allant jusqu' à 245. Nous avons d émontr é, avec la structure polyvalente que nous proposons, une sensibilit é de d étection du champ électrique de 4 pm.m/V et une sensibilit é de d étection de la temp érature d'environ 947 nm/ o C. Par ailleurs, nous avons propos é une autre g éom étrie d'un modulateur électro-optique bas é sur un m éta-mat ériau à transmission exalt ée d épos ée sur LiNbO 3 . Les simulations num ériques montrent que notre modulateur électro-optique pr ésente une valeur de la tension demi-onde V π de seulement 0.3 V, ce qui est 3 fois plus faible que ce qui est dans la lit érature. La fabrication de la structure propos ée a ét é entam ée et les r ésultats pr éliminaires sont pr ésent és. La caract érisation optique de la structure nous permet de valider le comportement th éorique de la sa r éponse optique en tenant compte des imperfections de fabrication. Le banc optique utilis é pour la caract érisation des structures fabriqu ées a ét é mis en place au cours de cette th èse.

Figure 1 . 1 :

 11 Figure 1.1: Crystallographic configuration of lithium niobate

Figure 1 . 2 :

 12 Figure 1.2: Schematic of three types of LN wafers.

Figure 1 . 3 :

 13 Figure 1.3: EO prism-based beam deflector.

Figure 1 . 4 :

 14 Figure 1.4: Schematic of (a) multiprism-based scanner, (b) trapezoidal scanner and (c) horn-shaped scanner.

Fig. 1 .

 1 5(a). If we consider a diamond-shaped geometry, the sensitivity will be improved by a factor 2 [3]. The diamond-shaped scanner consists of splitting the beam into two parts that are deflected in opposite directions with respect to the applied voltage as shown in Fig 1.5(b).

Figure 1 . 5 :

 15 Figure 1.5: Deflector-based modulators

Figure 1 . 6 :

 16 Figure 1.6: (a) 1 × N beam deflector based switch. (b) Schematic of a 1 × N switch with integrated lenses.[START_REF] Krishnamurthi | Design and simulation of planar electro-optic switches in ferroelectrics[END_REF] 

Figure 1 . 7 :

 17 Figure 1.7: (a) slab waveguide, (b) diffused waveguide and (c) ridge waveguide.

Figure 1 . 8 :

 18 Figure 1.8: (a) Schematic of a standard MZ modulator. (b) Optical response of a MZ intensity modulator in linear regime.

Figure 1 . 9 :

 19 Figure 1.9: (a) Optical mode of a titanium-diffused LN waveguide at 1550 nm with (b) the optical mode of a TFLN waveguide. (c) A magnified image of the optical mode in (b).The aim of the comparison is to show the improvement in the optical confinement.[START_REF] Rao | Heterogeneous thin-film lithium niobate integrated photonics for electrooptics and nonlinear optics[END_REF] 

Figure 1 .

 1 Figure 1.10: Schematic of a PhC with a periodic variation of the dielectric permittivity in: (a) one direction for a 1D PhC, (b) two direction for a 2D-PhC, and (c) three directions for a 3D-PhC.

Figure 1 .

 1 Figure 1.11: (a) Schematic representation of a Bragg mirror. (b) Dispersion relation of a Bragg mirror at normal incidence: a photonic band gap appears at the Brillouin zone boundaries.

Figure 1 .

 1 Figure 1.12: PhC waveguide with a linear defect guiding light (a) in a straight channel and (b) in a curved channel with right (straight) angles.
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 552 BOUND STATE IN THE CONTINUUM AND PHC

Figure 1 .

 1 Figure 1.13: Schematic presenting the different types of modes in an open system.[64]

Figure 1 .

 1 Figure 1.14: (a) SEM image of the PhC proposed by Roussey et al. and etched on a LiNbO 3 substrate with (b) its corresponding transmission spectra with respect of the applied voltage on the electrodes [28].

Figure 1 . 89 ]Figure 1 .

 1891 Figure 1.15: (a) SEM of the fabricated structure with an improved shape of the air holes. (b) The experimental and calculated transmission spectrum of the proposed structure. [89]

Figure 1 .

 1 Figure 1.18: (a) A top view of the PhC structure with (b) its corresponding reflectivity spectrum for different temperature values. [61]

Figure 1 .

 1 Figure 1.19: (a) SEM image of the LiNbO 3 PhC nanobeam. (b) Measured transmission spectrum showing a large Q-factor of the fundamental cavity mode TE0. [93]

Figure 1 .

 1 Figure 1.20: (a) Schematic of the structure proposed by Yi et al. in [95]. (b) The evolution of the holes radius along the proposed 1D-PhC leading to the cavity mode. (c) The transmission spectrum of the proposed structure with (d) a zoom in the resonance zone (the highlighted zone) [95].

Figure 2 . 1 :

 21 Figure 2.1: central derivative method

Figure 2 . 2 :

 22 Figure 2.2: Position of the electric and magnetic field vector components in the cubic Yee cell.

Figure 2 . 3 :

 23 Figure 2.3: The orientation of the wave vector.
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Figure 2 .

 2 Figure 2.4: (a) Schematic of the proposed structure. (b) Evolution of the radiative Q-factor with respect to the angle of incidence [117].

Figure 2 . 5 :

 25 Figure 2.5: Creating a BIC mode by continuously tuning the nanoparticule's aspect ratio to match with the Friedrich-Wintgen condictions [132].

Figure 2 . 6 :

 26 Figure 2.6: (a) The geometrical parameters used to define the wave-vector direction in both cylindrical and Cartesian coordinate systems. (b) The schema of the studied structure. (c) Transmission spectra of the structure for four different values of the angle of incidence in the case of a TM linearly polarized incident plane wave [126].

Figure 2 . 7 :

 27 Figure 2.7: A Schematic of the proposed 2D-structure to demonstrate the excitation of a SPM mode by FDTD.

Figure 2 . 8 :

 28 Figure2.8: (a-e) Transmission spectra for different mesh cell size at normal incidence obtained from FDTD simulations. The electric field distribution with a large mesh cell size of (f) 35 nm and with a small mesh cell size of (g) 5 nm.

Figure 2 .

 2 Figure 2.9: a) Transmission spectra of the structure under different incident angles calculated by a 2D-FDTD code with a mesh cell size ∆ x = 35 nm. A zoom on the SPM mode for b) ∆ x = 17.5 nm and c) ∆ x = 5 nm.

Figure 2 .

 2 Figure 2.10: (a) Schema of the single coaxial aperture engraved into a self-suspended perfectly electric conductor layer. The inner and outer radii are fixed to R i = 70 nm and R o = 175 nm respectively and the metal thickness is h = 525 nm. (b-c) Transmission spectra in linear scale (blue dashed-dotted lines) and logscale (red solid lines) for the 3D-Cartesian mesh in (b) and for the 3D-cylindrical mesh in (c). (d) Electric and magnetic field intensity distributions 70 nm up from the output side of the aperture calculated at λ res = 1555.5 nm. The green arrows present the transverse field component (in the xy plane).

Figure 2 .

 2 Figure 2.11: (a) Schema of the coaxial aperture grating engraved into a self-suspended perfectly electric conductor layer of 525 nm thickness. The period was fixed to p = 700 nm and the inner and outer radii are fixed to R i = 70 nm and R o = 175 nm respectively. (b) Transmission spectra in linear (blue solid line) and Logarithmic (dashed red line) scales calculated for ∆ = 35 nm. Black arrows indicate the Fabry-Perot harmonics of the TEM mode. (c) Transmission spectra in logscale for cell size varying from ∆ = 17.5 nm to ∆ = 5 nm. The spectra are vertically shifted by a value of 10 in order to enhance their visibility. The two color maps show the spatial distribution of the electric field amplitude 10 nm above the output side of the aperture of the T E 11 mode (left) and of the T EM/S PM mode (right) respectively.

Figure 2 .

 2 Figure 2.12: (a): Evolution of the spectral position of the symmetry-protected T EM mode (black solid line) and the allowed guided TE 11 mode (blue dotted line) with respect to the FDTD cell size. The red dashed line corresponds to the S PM mode quality factor Q plotted in Logarithmic scale. (b): Dispersion diagram of the annular aperture array for ∆ = 35 nm.

Figure 3 . 1 :

 31 Figure 3.1: Schematic presentation of a PhC sensor principle

Figure 3 . 2 :

 32 Figure 3.2: Schematic of the PhC structure with the proposed defect. b) SEM image of the fabricated structure by FIB milling [148, 166, 176].

Figure 3 . 3 :

 33 Figure 3.3: (a) Schematic of the 3D view of the proposed structure. (b) A top view of the structure showing the distribution of the Si and BTO nanorods [177].

Figure 3 . 4 :

 34 Figure 3.4: Schematic of the proposed structure in [178]. The red dashed circle denotes the reduced radius air hole.

Figure 3 . 5 :

 35 Figure 3.5: Schematic of the proposed structure in [184]. The red circle denotes the defect zone in the slot waveguide.

Figure 3 . 6 :

 36 Figure 3.6: Schematic of the proposed structure in [185]. The red circle denote the defect zone in the slot waveguide.

Figure 3 . 7 :

 37 Figure 3.7: Schematic of the proposed structure in [186]. The red circle denote the defect zone in the slot waveguide.

Figure 3 . 8 :

 38 Figure 3.8: (a) Schematic of the proposed structure in [153], with (b) the corresponding transmission spectrum for vacuum, nitrogen, and SF 6 , and (c) the relationship between the resonance wavelength shift with respect to the change of the SF 6 pressure.

Figure 3 . 9 :

 39 Figure 3.9: Schematic of the proposed structure in [189].

Figure 3 .

 3 Figure 3.10: Schematic of the proposed structure

  Fig 3.13(a), presents the different parameters that have been studied. Fig.3.13(b) presents the zero order transmission

Figure 3 .

 3 Figure 3.12: The description of the calculation window modelling the Bloch boundary and PML conditions

Figure 3 .

 3 Figure 3.13: (a) Schematic of the proposed structure in the xOz-plane. The zero order normalized transmission spectra of the studied structure with variable: (b) period p, (c) nano-rods radius (r/p), (d) LN membrane thickness h m , (e) height of nano-rods h cp and (f) the conicity of the nano-rods α.

3. 3

 3 Figure 3.14: The transmission spectrum of the complete structure

Figure 3 .

 3 Figure 3.15: The transmission spectrum of (a) the PhC alone and (b) the LN membrane

Figure 3 .

 3 Figure 3.16: Transmittance to the power of five (T 5 instead of T to enhance the visibility of the different resonances) as a function of wavelength λ and angle of incidence θ in TMpolarization.The white dashed lines correspond to the Rayleigh anomalies calculated using the Eq.1 in[START_REF] Ndao | Plasmonless polarization-selective metasurfaces in the visible range[END_REF]. The four resonances of table 1 are indicated in red arrows three of them on the zoom-in made over the highlighted rectangular zone on the right) but other SPMs appear for smaller values of the wavelength (see ochre arrows)

Figure 3 .

 3 Figure 3.17: (a) Schematic of the proposed structure with a TE-and TM-polarized incident waves. (b) Transmission spectrum of the proposed structure with a TE-polarized incident wave in blue and TM-polarized incident wave in red. At normal incidence, the two polarizations stick very well, which can be explained by the structure symmetry. Transmittance as function of wavelength λ and angles of incidence θ in (c) TM-polarization and (d) TE-polarization.

Figure 3 .

 3 Figure 3.18: (a): Evolution of the quality factor for different resonances in algorithmic scale with respect to the angle of incidence. (b): Evolution of spectral position of resonances with respect to the angle of incidence.

Figure 3 . 19 :

 319 Figure 3.19: Spatial distributions of the normalized E-field intensity for two XY-cuts and a XZ-cut at (a,b,c) λ res 1 = 1403 nm, (d,e,f) λ res 3 = 1427 nm and (g,h,i) λ res 4 = 1556 nm. Red lines in (a, d, g) show the PhC edges and white lines in (c, f, i) show the structure edges. White arrows indicate the tangential E-field vector.

Figure 3 . 20 :

 320 Figure 3.20: Transmission spectra for the resonance λ res 1 and λ res 3 for the free structure (black lines) and when external E-fields are applied (green lines) with E s = 3 V/m and E s = 3.2 V/m respectively.

Fig. 3 .

 3 21 shows the different spectra for different external E-field values (0, 10 V/m, 50 V/m, 100 V/m) for the two resonances λ res 1 in (a) and λ res 3 in (b). For both cases, we plot in Figs 3.21(c) and (d) the shift of the resonance as a function of the external E-field. As expected, the two behaviors are linear with quite similar slope values corresponding to the sensitivity of the configuration which is equal to S = 4 pm.m/V.

Figure 3 . 21 :

 321 Figure 3.21: The transmission spectra for the SPM at (a)λ res1 and (b)λ res3 as function of the external E-field E s . The variation of the spectral shift of (c)λ res1 and (d)λ res3 versus the applied electric field. It shows a linear behavior.

  = 0.5 o ) Normal (θ = 0 o ) Sensitivity 947 nm/ o C 0.77 nm/ o C 3.5/ SUMMARY

Figure 4 . 1 :

 41 Figure 4.1: Schematic of a phase modulator

Fig. 4 .

 4 2 shows the architecture of a Mach-Zehnder type Intensity modulator. At first, a Y-junction will separate the incident optical wave into two waves of equal amplitude and phase in each arm of the interferometer structure.

Figure 4 . 2 :

 42 Figure 4.2: The schematic of a Mach-Zehnder modulator

Figure 4 . 3 :

 43 Figure 4.3: Schematic of a micro resonator modulator.

Figure 4 . 4 :

 44 Figure 4.4: Representation of the insertion loss of a modulator.

Figure 4 . 5 :

 45 Figure 4.5: Representation of the optical bandwidth of a modulator.

Figure 4 . 6 :

 46 Figure 4.6: Schematic of a MZ based modulator [218].

Figure 4 . 7 :

 47 Figure 4.7: Schematic view of the proposed device layout in [165].

Figure 4 . 8 :

 48 Figure 4.8: Schematic view of proposed platform for the modulation of a frequency comb in [228].

Figure 4 . 9 :

 49 Figure 4.9: Schematic view of the acousto-optic structure proposed by [16].

Fig 4 .

 4 10) in a X-cut or Y-cut LiNbO 3 wafer, in order to take advantage from the largest EO coefficient of LiNbO 3 . Similarly, we have to deposit the metallic strips perpendicularly to the optical axis (Z) of LN as shown in Fig.4.10.

Figure 4 .

 4 Figure 4.10: Schematic of the proposed structure showing its geometrical parameters.

Figure 4 .

 4 Figure 4.11: a) Schematic of the structure in the xOz-plane with a couple of periods. The zero order normalized transmission spectra of the studied structure with a variable : (b) period (p), c) height of electrodes (h m ), d) width of metallic grids (electrodes) (W m) and e) distance between the electrodes (W 1 ). f) Transmission spectra for different electrode metals. The optical index of LN is fixed to n e = 2.2472 and the metal is silver with dielectric properties adapted from reference[START_REF] Palik | Handbook of optical constants of solids[END_REF] through a Drude critical points model[START_REF] Hamidi | Implementation of the critical points model in a sfm-fdtd code working in oblique incidence[END_REF].

  Furthermore, we investigate the parameter of periodicity p in Fig.4.11(b). It clearly shows that by increasing p, the extinction ratio (ER) increases and the Q-factor of the resonances decreases. We also see a large red-shift of approximately 28 nm of the resonance with a 20 nm increase in the period value. Similarly, in Figs 4.11 (c-e), with the increase of the variable parameter (H m , W m , W 1 ), we see a red-shift of the resonances with a decrease in the Q-factor of the resonances. Otherwise, in Figs 4.11 (c-e), the ER decreases with the increase of the variable parameters showing a different behavior compared to the period variation. In Fig. 4.11 f), we study the optical response with respect to different electrode metals. By comparing the ER and the Q-factor of the resonances, we see that the silver electrodes deliver the best performance compared with gold, aluminium and platinum.

Figure 4 .

 4 Figure 4.12: (a) Schematic of the proposed structure with a TM-(left) and TE-polarized (right) incident waves, with (b) its transmission spectrum in blue for TE polarization and in red for the TM-polarized incident wave. The transmission spectrum was calculated with the following parameters: p = 650 nm, W 1 = 150 nm, W m = 120 nm and H m = 170 nm.

Figure 4 .

 4 Figure 4.13: Transmission spectrum of the aluminum based proposed structure with p = 690 nm, h m = 165 nm, h cr = 5 nm, w m = 120 nm and α = 8 o .

Figure 4 .

 4 Figure 4.14: (a) Schematic of the calculation window for a finite periodic structure. (b) Transmission spectra of the structure with respect to the number of periods (n) considered.
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 512 ELECTRIC FIELD DISTRIBUTIONSimilarly to the previous chapter, in order to enhance the EO effect, we are seeking a mode exhibiting a confinement of the electric field inside the structure (dielectric mode as named in the previous chapter). More details about the EO effect have been provided in the previous chapters.

Figure 4 .

 4 Figure 4.15: Electric field intensity distribution at λ = 1527 nm. The white lines correspond to the structure edges. The zoom-in made over the highlighted rectangular zone on the right shows the electric field intensity to the power 0.6 to enhance the color contrast and presents clearly the electric field distribution in this zone.

Figure 4 .

 4 Figure 4.16: (a) Schematic of the built structure with the applied boundary conditions. (b) Image of the applied meshing on the built structure.

Fig 4 .

 4 Fig 4.17 shows the distribution of X-and Y-components of the electrostatic field. For the X-component in fig 4.17 a), it shows a maximum value between the two electrodes and in the electrode corners immersed in LN. For the Y-component of the electrostatic field distribution in fig 4.17 b), it shows a local confinement of the electrostatic field in the vicinity of the four corners of the electrodes. In the next section, we will calculate the modification of the refractive index of LN induced by the EO effect inside the LN layer in order to estimate the EO performance of the proposed structure.

Figure 4 .

 4 Figure 4.17: Electrostatic field distribution when a potential difference of 1V is applied between two consecutive electrodes for : a) the x-component and b) the y-component.

Figure 4 .

 4 Figure 4.18: (a) Transmission spectra of the structure at λ res =1527 nm before applying an electric voltage between the electrodes. The highlighted zone in red denotes the modulation zone. (b) The variation of the transmission spectra as function of the applied electric voltage (a step of 0.05 v). (c) The shift of the resonance as function of the applied voltage. (d) The optical response of the structure with respect to the applied voltage.

  big enough for the fabrications process using a circular saw made of diamond. During the cut of the wafer, and in order to avoid the re-deposition of the released material, we pour water constantly. The general flowchart of the proposed fabrication process is represented in fig 4.19, which consists of three steps: slot etching by FIB, Fig.4.19(2), followed by a metal deposition, Fig.4.[START_REF] Theodore H Maiman | Stimulated optical radiation in ruby[END_REF](3), and ended with a polishing step in order to release the metals from the top of the structure, Fig.4.19[START_REF] Manzo | Lithium niobate: The silicon of photonics! In Nano-optics for enhancing light-matter interactions on a molecular scale[END_REF].

Figure 4 . 19 :

 419 Figure 4.19: Fabrication flowchart of the PhC based modulator.

4. 6 . 1 . 1 /

 611 FOCUSED ION BEAM MILLING PROCESS

Figure 4 . 20 :

 420 Figure 4.20: The machine Dual Beam Helios Nanolab 600i used for FIB etching.

Figure 4 .

 4 Figure 4.21: a) The machine of the electron beam physical vapor deposition MEB600 from Plassys and b) its schematic diagram[START_REF] Kien | The influence of the push-pull effect and a π-conjugated system in conversion efficiency of bis-chalcone compounds in a dye sensitized solar cell[END_REF] 

Figure 4 .

 4 Figure 4.22: (a) The polishing machine LOGITECH PM6 (H3). (b) The polishing mechanism.

Figure 4 . 23 :

 423 Figure 4.23: Schematic of the preliminary fabrication steps before moving to FIB.

Figure 4 .

 4 Figure 4.24: SEM pictures for the samples after FIB milling step:a)top view and b) cross section view.

Figure 4 .

 4 Figure 4.25: SEM pictures for the samples after metal deposition step: (a)top view and (b) cross section view. The orange circles denote the air grains obtained in the slots after the metal deposit.

Figure 4 . 26 :

 426 Figure 4.26: The follow-up of the polishing step.

Figure 4 .

 4 Figure 4.27: a) Schematic presenting the different parts of the optical bench.

Figure 4 . 28 :

 428 Figure 4.28: Setup of the optical bench mounted to characterize the optical response of the proposed structures.

Figure 4 .

 4 Figure 4.29: SEM image of the fabricated structure.

Figure 4 .

 4 Figure 4.30: (a) SEM image of the etched slots with a highlighted zone presenting the way these slots were modeled in FDTD codes. (b) Transmission spectra of the structure without the fabrication imperfections in blue and with the fabrication imperfections in red.

8 . 1 .

 81 Searching for the best position for the incident light beam on the structure giving a transmission spectrum with the highest Q-factor and ER possible, we scanned the light from different position on the structure in the two directions as shown in Fig.4.31(a). After comparing the different results concluded after scanning, We resulted with a transmission spectrum presenting no resonance as shown in Fig.4.31(b). With the multiple fabrication imperfections such as the air grains, the slot conical sidewalls and others that we get after our fabrication, such results is predictable. The next step consists of trying to reduce these fabrication imperfections.

Figure 4 .

 4 Figure 4.31: (a) Top image of the characterized structure with 2 arrows denoting the direction of the sweep of the structure during the characterization process. (b) Transmission spectrum of the structure before the annealing process without resonances.

Figure 4 . 32 :

 432 Figure 4.32: SEM images of the sample after annealing process.
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 81 and we collect the light from different position on the structure until we reach the transmission spectrum presented in Fig.4.32(a). We clearly see a resonance at the vicinity of 1600 nm. The benefit of the annealing process has been revealed by a resonance in transmission spectrum. A first step toward the improvement of the fabrication process is almost achieved. However, in order to compare the obtained transmission spectrum by optical characterization with FDTD-simulations, we consider a periodically finite structure in the x-direction with 70 periods. The calculated transmission spectrum by FDTD is shown in Fig.4.32(b) and present a resonance at the vicinity of λ = 1550 nm.

Figure 4 .

 4 Figure 4.33: a) The experimental transmission spectrum of the structure after heating presenting a resonance at the vicinity of 1600 nm. b) The theoretical transmission spectrum for a finite periodic structure with 70 periods.

Figure 5 . 1 :

 51 Figure 5.1: Schematic of the proposed 2D-structure to be fabricated.

Figure A. 1 :

 1 Figure A.1: Schematic of the fabrication flowchart of the micrometer scale structure.

  Fig. A.2(b). Therefore, we proposed to move to a mechanical polishing process with the structure handled manually by the engineer as shown in Fig.4.22(b). The first slurry solution that we used was Klebosol 30N50S solution that contains silica (SiO 2 ) and ammonia (NH 3 ). Similarly, the slurry solution used induced the release of the deposited metal (aluminum for instance) from the slots as shown in Fig.A.2(c) (metal:black). This polishing process was validated after the use of colloidal silica slurry solution. It is very important to clean the structure before and after the polishing step in order to remove any possible impurities or contaminants and lead to the great result presented in Fig.A.2(d).

  Figs. A.3(a,b). We fabricate two nanostructures delimited by two lines on each side as shown in Fig. A.3(a). The fabricated nanostructures exhibit two different slot depth. The left nanostructure is fabricated with slot depth of about 240 nm and the right nanostructure with slot depth of about 380 nm. The difference in the slots depth is to study the influence of the etched slot depth on the shape of the slot and its influence on the deposited metal. The micrometer scale lines are dedicated to follow the polishing step. They exhibit two different depth: 650 nm (left line) and 200 nm (right line), since the fabricated nanostructures are with different slot depth.

Figure A. 2 :

 2 Figure A.2: Images of the structure after the four different polishing configurations tested.

Figure A. 3 :

 3 Figure A.3: Images of the nanostructure after every fabrication step: (a-b) FIB, (c-d) metal deposition and (e-g) polishing process.

  are served with screws as shown in Fig. B.1 in order to adjust the tilted optical beam in the three directions.

Figure B. 1 :

 1 Figure B.1: Image of the collimator used in our optical bench.

Figure B. 2 :

 2 Figure B.2: Schematic of the optical bench dedicated for the characterization of the optical beam.

  Fig. B.3 presents the profiles of the focused optical beam by the objectives (x4) and (x10). The full widths at l/e 2 of the spatial profiles are 40 µm and 87 µm for the objectives (x10) and (x4), respectively.
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Table 2 .

 2 1: Evolution of the S PM properties : spectral position (λ T EM ), Transmission coefficient (TC T EM ) and quality factor (Q T EM ) calculated by Harmonic Inversion algorithm (Harminv) and by calculating the Fourier Transform (FT) as a function of the FDTD cell size. The last column gives the spectral position of the TE 11 allowed guided mode.

	FDTD cell size	λ T EM (nm)	TC T EM	Q T EM		λ T E (nm)
	∆ (nm)	Harminv	FT	FT	Harminv	FT	FT
	35	1546.97 1546.97	0.455	53683	4222	987.5
	17.5	1402.90 1402.92	0.2428	77648	4677	843.5
	8.75	1336.21 1336.21	0.0138	199104	4996	790
	7	1323.02 1322.97 1.037×10 -3	266887	5091	783.2
	5	1308.13 1308.09	3.07×10 -4	467995	5307	771.3

Table 3 .

 3 1: The properties of the four resonances of the transmission spectrum presented in Fig. 3.14.

	Spectral position (nm) Q-Factor Extinction Ratio (%)
	λ res 1 = 1403.56 λ res 2 = 1405.35 λ res 3 = 1427.71 λ res 4 = 1556.59	118339 860 101631 9612	57 99 50.61 55

Table 3 .

 3 2: A table presenting the main features for the different temperature sensors

	Structure Design

  It results from a local confinement of the electromagnetic field reaching a local optical field factor up to 245. This kind of hybrid Fano-symmetry protected modes opens the way to a new generation of versatile sensors assuming good quality manufacturing processes able to guarantee a high degree of symmetry of the fabricated structure. External E-fields as small as 25 mV/m can then be detected with such device, making it possible to be used for medical investigations such as Electrocardiogram.

• 

. Furthermore, by exploiting such sharp resonances, we can develop an E-field sensor with a sensitivity of 4 pm.m/V and a temperature sensor with a sensitivity of 947 nm/ o C.

  11] Romain Grille, Guillermo Martin, Alain Delboulb É, Pierre Kern, Olga Caballero-Calero, Angel Garc ÍA, Jose Olivares, and Mercedes Carrascosa. Single mode LiNbO 3 waveguides at 4.7 µm by proton exchange: Addressing the atmospheric m-band. Ferroelectrics, 390(1):48-54, 2009. Guillermo Martin, Samuel Heidmann, Fabrice Thomas, Mikhael de Mengin, Laurent Jocou, Gwenn Ulliac, Nad ège Courjal, Alain Morand, Pierre Benech, and Etienne P le Coarer. Lithium niobate active beam combiners: results of on-chip fringe locking, fringe scanning and high contrast integrated optics interferometry and spectrometry. In Optical and Infrared Interferometry IV, volume 9146, page 91462I. International Society for Optics and Photonics, 2014. Huihui Lu, Benattou Sadani, Gwenn Ulliac, Clement Guyot, Nad ège Courjal, Manuel Collet, Fadi Issam Baida, and Maria-Pilar Bernal. Integrated temperature sensor based on an enhanced pyroelectric photonic crystal. Optics Express, 21(14):16311-16318, 2013. Yan Shen, Wenbin Yu, Guoqing Zhang, and Zhizhong Guo. Comparison of two-color holography among different doped LiNbO 3 crystals at low intensities. Optik, 125(15):3891-3893, 2014. Nad ège Courjal, Sarah Benchabane, Jean Dahdah, Gwenn Ulliac, Yannick Gruson, and Vincent Laude. Acousto-optically tunable lithium niobate photonic crystal. Applied Physics Letters, 96(13):131103, 2010. Vincent Laude, Abderrahmane Belkhir, Abdullah F Alabiad, Mahmoud Addouche, Sarah Benchabane, Abdelkrim Khelif, and Fadi I Baida. Extraordinary nonlinear transmission modulation in a doubly resonant acousto-optical structure. Optica, 4(10):1245-1250, 2017. Dispositifs à Cristaux Photoniques Electro-Optiques pour la Modulation et la D étection des Faibles Champs Electriques Keywords: Photonic Crystal, Electric field sensor, Electro-optic modulator, Lithium Niobate, Symmetry protected mode

	Abstract:

[12] [13] [14] [15] [16]

[17] Osamu Tadanaga, Tsutomu Yanagawa, Yoshiki Nishida, Hiroshi Miyazawa, Katsuaki Magari, Masaki Asobe, and Hiroyuki Suzuki. Efficient 3 -µm differ-Title:

It means that LN do not exhibit an inversion centre as one of its symmetry elements.

It means materials that sustain a dielectric polarisation under the application of an electric field.

https://www.ost-photonics.com/

This means the absence of an external electric field

In a one-dimensional system, (where the primitive lattice vector R = a, with periodicity a and the primitive reciprocal lattice vector G = 2π/a) the first Brillouin zone is the region k = π/a : π/a;all other wavevectors are equivalent to some point in this zone under translation by a multiple of G.

A guided mode is know as a dark mode that can not be excited. The coupling with a continuum mode allows the excitation of the guided mode resonance.

The air holes on the right side of the defect acts as a perfect mirror.

1.6. THESIS PURPOSE

FDTD study the evolution of field components in the temporal domain

FEI Helios Nanolab 600i Electron column: Resolution < 1 nm, 50 V-30 kV, 1 pA-22 nA Ion column: Resolution < 5 nm, 500 V-30 kV, 1 pA-65 nA

The low fabrication cost statement is referred to the cited papers

Symmetry Protected Mode

The electric field enhancement is estimated locally at each single cell P(x,y,z) of the calculation window.

r EO = 600 pm/V.

banned mode: mode cannot be excited, dark mode.

It will be referred to a figure in chapter I

This means that we optimize our structure in the way to get the higher Q-factor possible.

http://www.smart-inc.com.tw/uploads/root/MS9710B E1700.pdf

https://www.gophotonics.com/products/optical-spectrum-analyzers/aragon-photonics/58-667-bosa-100

The absorption coefficient is related to the imaginary part of the refractive index, (n), by the relation : α = (n)(4π/λ)[START_REF] Susa | Determination of refractive index and absorption coefficient of iron-oxide-bearing slags[END_REF] 

http://www.nanoln.com

The model of the available OSA is ANRITSU MS9710B

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup˙id=2940
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