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▪ Biomimetic and auto-assembled molecular nano-materials for photonics; nano-wires and tubes; nano-connexions and networks; bio-nanophotonic.

Integrated photonics is based on confined electromagnetism propagation

Optical waveguides

Les avantages majeurs de telles configurations utilisant la micro-optique (ou optique intégrée), résident aussi d'une part dans la très haute sensibilité de mesure de celles-ci, et d'autre part dans une isolation électromagnétique totale (CEM) par rapport à leur environnement, très recherchée à l'heure actuelle dans de nombreux domaines (par exemple dans le cas des milieux sensibles gazeux potentiellement explosifs, sécurité intrinsèque, etc).

Plus récemment, le développement de l'optique en champ proche puis de la nano-photonique intégrée (plasmonique, nano-élements, cristaux photoniques), objets de différents concepts innovants (contrôle des courbes de dispersion du photon depuis les travaux pionniers de E. Yablonovitch et J.D. Joannopoulos en cristaux photoniques, propagation photonique dans les nanostructures à grand facteur de forme avec les travaux récents sur nanofils, nanotubes et nanosphères) se sont accentués dans le but de concevoir des composants intégrés photoniques à dimensions extrêmement réduites, compatibles avec celles de la nano-électronique, présentant de nouvelles fonctionnalités. Diverses solutions de couplage vers une photonique sub-micronique se développent d'ailleurs actuellement sur structures mésoscopiques. ▪ We see that m=0   /2 ; then n eff n 1 and u 0 (that is the first intersection point near lower u is the monomode or single mode TE 0 ). -a +a

Conditions for propagation of the optical wave

 r

Remarque et sens physique : même si coefficients appelés en 'réflexion', ce déphasage dépend du milieu (n 2 ) de l'autre côté du milieu n 1 ! Ainsi, l'onde a bien pénétré dans l'autre milieu et s'est donc réfléchit au-delà de l'interface n 1 /n 2  notion géométrique de profondeur de pénétration (ou d'onde évanescente en vision modale).

 12 (y) z             r y 12 d Y 2 2 y  i i E         y t cos E t cos E M E 12 0 0                                  2 y cos E 2 ) y ( E
                                     m TM gTE
 z                                 0 D . D div t D j H H rot 0 B . B div t B E E rot                Physical meaning…                              j rot t B B . t j grad 1 t E E . 0 2 2 0 2 0 2 2 0 2        
Vectorial-equations of propagation, Helmholtz equations, Alembert-type equation… ▪ Hypothesis : no optical losses ( real), no conductors, resolution for the TE case, that is
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Change of amplitude along y-direction ( of a plane wave) , propagation of the wave along z-direction ( z ) Phase celerity :

 ▪ Determination of the magnetic field components relative to TE optical polarization
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 ▪ Resolution and determination of the optical modes 
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By using the continuities of (anti-) symmetrical E x and H z components respectively at y=+/-a with [II.12 & 10], we can obtain by Maxwell approach previous [II.5] as TE m modes quantification

Remarques :

-Un raisonnement permettrait d 'obtenir les équations aux modes propres optiques TM. 

-Le modèle géométrique des rayons et la théorie de Maxwell ondulatoire permettent de décrire le guidage optique tout en expliquant différemment la propagation guidée dans une structure (ici guide plan symétrique). Dans la suite, nous utiliserons la théorie de Maxwell pour l'étude du guidage optique dans l'ensemble des autres structures guidantes, à savoir : guide plan dissymétrique, guide multicouches (3, 4, 'n'), guide rectangulaire, guide à gradient d'indice, et guide circulaire (fibre optique)
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Propagation condition of guided modes

▪ By developing the wave vector around  0 -pulsation, the phase-shift due to the propagation can be expressed as :
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▪ By writing the expression of the field at a L-distance, we found : 
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Initial conditions with [II.24] and previous variable change
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 ▪ Goal : Calculate and define such a modal quantification (eigenvectors) and determinate the equations of eigenvalues into this three-slab structures
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▪ Propagation condition for guided optical modes
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▪ Invariance hypothesis along x 2 -direction and resolution of [II.37] allow to defined in each area (i=1,3,4) :
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    pr n q n n r n p n q n m q h 2 tg 4 1 2 4 2 3 2 2 4 2 3 2 1                                          m q r n n arctg q p n n arctg q h 2 3 1 2 4 1 2 [II-44]
▪ An identical development on the TM-polarization allows to shaped the general eigenvalues equation for the TM m optical modes (m integer):

      0 , e x H , 0 H x 3 t j 1 2 x     [II-45] [II-43 & 44]
Good agreement between the numerical simulation of the eigenvalues equations and the analytical expression of the cutthicknesses. core (n 1 =1.56 at  0 =670 nm) andcladdings n 3 =1 (air) andn 4 =1.45.  ▪ Determination of the electromagnetic energy distribution through the 3-multilayer slab waveguide, confinement factor ▪ TE case :

3-layers slab waveguides with polymer

                   case) (TM 4 et 3, 1, = j H n 2 case) (TE E 2 H E 2 1 2 x 2 0 j 2 x 2 0 * 3 x [II-46] r 2 C 2 x d e C 2 P 2 0 1 x 1 r 2 2 0 0 ) TE ( 3             ▪ Goal :
[II-47]   p 2 Q 2 x d e Q 2 P 2 0 1 h 2 x 1 p 2 h 2 2 0 ) TE ( 4               -Into upper cladding : -Into lower cladding :             ) q h 2 ( tg q r 1 ) q h 2 cos( C ) q h 2 sin( K ) q h 2 cos( C Q with,            q h 2 tg 1 q h 2 tg 1 q h 4 cos and 2 q h 4 cos 1 q h 2 cos 2 2 2                    q p r q p 2 C 2 P 2 2 2 2 2 0 ) TE ( 4

By using the TE eigenvalues equation [II.43] plus adapted trigonometric relations infra, we can defined : [II-48]

-Into the core : 

x d 2 P 1 0 h 2 0 ) TE ( 1 x 1 q sin K x 1 q cos C 2                                      q h 2 tg 1 q h 2 tg 1 q h 4 cos and q h 2 tg 1 q h 2 tg 2 q h 4 sin 2 2 2                               r q r p q r h 2 q r q 2 C 2 P 2 2 2 2 2 2 2 2 0 ) TE ( 1 [II-49] r 1 p 1 h 2 W thickness effective with W q r q 2 C 2 P P TE TE 2 2 2 2 0 4 , 3 , 1 i ) TE ( i ) TE (                          [II-50] -Global power P i :  i Evanescent physical sense TE case TM case Integration along x 1 3 TE TE P F r  3 1 TM TM P F r    0,         1 2 2 2 2 2 2 2 2 TE TE TE TE TE TE P F q r q h p q p r q r                                          1 2 3 4 4 1 2 3 4 2 2 1 4 2 4 4 4 1 2 2 1 3 2 3 4 4 1 2 2 TM TM TM TM TM TM TM TM TM TM TM P F n q n r n q h n n p n q n r n n r n q n r                          2 0 h,     4 4 2 2 2 2 TE TE TE TE P F p q r p q                    4 4 4 4 3 2 3 4 2 4 1 2 4 1 4 4 2 TM TM TM TM TM TM P F p n n n q n r n p n q                      , 2h with,   TE j TM F C C n         2 0 2 2 0 4 4 , Fj TM (j=3, 1, 4), and C integration constante TE case TM case       2 2 2 2 2 h p q p r q r W TE TE eff TE                         2 2 1 4 2 4 4 4 1 2 2 1 3 2 3 4 4 1 2 h n n p n q n p n n r n q n r W TM TM TM TM TM TM eff TM                                                      q n r n r q r n n q n p n p q p n n h 2 W r 1 p 1 h 2 W 2 4 3 2 1 4 2 2 3 1 2 2 4 4 2 1 4 2 2 4 1 2 TM eff

  

 

1 x E . j H 2 x 0 3 x        1 x U j     1 x U j  
n 3 index n 1 index n n-1 index x 1 =0             x U x ' ' U : is hat t , x U x U n k x U x 1 2 1 1 2 1 2 2 0 2 1 2 1 2            [II-50] Propagation equation of U (that is E TE ) into a layer of n-index                     e B e A x V e B e A x U x 1 j x 1 j 1 x 1 j x 1 j 1
with solutions  ▪ Matrix method for TEm optical modes :

[II-51]                   V U 2 1 B and V U 2 1 A 0 0 0 0
By considering the initials conditions on [II.51], U 0 =U(x 1 =0) and V 0 =V(x 1 =0), we deduce : 

                                           
) x ( V ) x ( U M V U x 1 j x 1 j x 1 j x 1 j x 1 j x 1 j x 1 j x 1 j 1 1 0 0 [II-53]       V U 1 1 crossing-matrix layer - i the to matrix associated M with V U M V U th i i i i 1 i 1 i                [II-53 too] [II-54]
▪ Relation overall the global multilayer, extension and definition of such M i matrix

M ... M M with V U M V U n 1 n n 0 0                
According to [II.50] the expression of the normal wave vector  i in to the i th -layer of n i index and l i thickness can be expressed as :

    k n n n k 2 0 2 eff 2 i 2 2 i 2 0 2 i       [II-55]
Two cases must be considered on the nature of crossing matrix M i (according to the [II.55] definition : Marcatili's shadow areas 

                         l cos l sin j l sin j l cos M i i i i i i i i i i i           n k j ith w l cosh l sinh j l sinh j l cosh M 2 i 2 0 2 i i i i i i i i i i i i i                         [II-56] n eff <n i ,  i is
            h x e jrB x V e B x U and 0 x e jpA x V e A x U 1 h x 1 r clad U 1 h x 1 r clad U 1 1 x 1 p clad L 1 x 1 p clad L 1                     

Lower cladding

           B jr V B U and A jp V A U clad . U n clad . U n clad . L 0 clad . L 0 [II-57] M ... M M toujours avec V U M B jr B M A jp A V U n 1 n n clad . U clad . U clad . L clad . L 0 0                                [II-58]
                V U M V U i i 1 1 i 1 i [II-
x 1 x 2 x 3 2 1 x 2 2 x 2 1 2 0 mn TM / mn effTE 0 mn TM / mn TE n k n k        [II-64] with, 1 2 ) 2 x ( 2 x W A 2 1 W ) 1 m (               2 1 2 ) 2 x ( n n           TE mn modes 1 ) 2 x (   TM mn modes 1 3 3 ) 1 x ( 2 2 ) 1 x ( 1 x h A A 1 h ) 1 n (                   1 i ) 1 x (   TE mn modes 2 1 i i ) 1 x ( n n           TM mn modes 2 i 2 1 0 i n n 1 k A   
 u=1 à N 2               c R u exp n u n             sur g u C dans f u L
 u 0 exact solution, we 'approximate' u 0 by :

        i n 1 i i n 1 i i . u ũ 

Residues

 try to minimize these ones (average sense), or scalar product meaning. 

  f u L R   [residue weight method] 0 d w . R i      for Galerkin, weighting functions w i = i 0 d . f . L i n 1 k k k                                      

Such rays present a z-component or longitudinal (E or H) due to the oblique characteristic  EH or HE optical modes (as an example E z <H z is called EH modes). It can be noted that such EH-HE modes become LP-optical modes in weakly guiding conditions (lower n (core/cladding) , and weak  z ). LP-modes are defined by a quasi-linear polarization (see last slide).

▪ The number of modes into a step-index fiber is defined by : 

  frequency normalized V with n n a 2 V 2 1 N 2 g 2 c 2 0 2 2 2     
 E  E  E r            E E E E z r                                                                                                   2 2 i 2 0 2 0 i 2 2 i z i z 2 i z i z 2 i r z 0 z 2 i z 0 z 2 i r ) r ( n k with r E H r j H E r r H j H r H E r j E H r r E j E ) g et c i (   ▪

Resolution of the propagation equation, expressions of the optical modes and eigenvalues equation

▪ We search the global field solution by a separated variable method on cylindrical coordinates :

  e ) ( ) r ( z t j 2 1 t         0 ) r ( n k z r 1 r r 1 r t 2 i 2 0 2 t 2 2 t 2 2 t 2 t 2                    [II-76]                    2 2 i 2 0 2 i 2 i 2 ' ' 2 2 1 ' 1 1 ' ' 1 ) r ( n k with 0 ) ( ) ( r 1 ) r ( ) r ( r 1 ) r ( ) r ( [II-77] ) ( ) ( r ) r ( r 1 ) r ( ) r ( r 2 ' ' 2 2 2 i ' 1 ' ' 1 1 2                  
Resolution assumes that each member are equal to a constant, for example  2 for the second member. 

2 2 i 1 2 2 1                [II-79]                                        ( 
                     2 2 c 2 0 c 1 n k a u with r J a a r u J a r     n k a v with r K ' a a r v K ' a r 2 g 2 0 2 g 1                 

Core r<a 1 st kind  order Bessel

Cladding r>a 1 st kind  order Mac Donald

[II-81] [II-82]     k NA k n n 2 0 2 2 0 2 g 2 c 2 g 2 c       J  K  I 
According to [II.76] ,

we obtain : 

 t                                       e e r a u J b H e e r a u J a E area) (core a r z t j j z z t j j z                                       e e r a v K ' b H e e r a v K ' a E area) (cladding a r z t j j z z t j j z [II-83]                        
                                                                                                                                                                               
                                                                                                                                                      

[II.83 & 75] [II.84]

▪ Determination of the eigenvalues equation By using the continuities of the tangential components (that is E z , H z , E  and H  ) at r=a, and the weakly guiding conditions (n<<n c ) we can shape the quantification of such optical modes. This formalism that described the coupling between two optical modes is important, and has to be resolved in many cases of optical components and systems : couplers, routers, polarization converters, accordable filters (by electro-or acousto-optic), parametric conversion (non-linear optics), and so on.



                       v 1 u 1 v K v v ' K u J u u ' J 2 2 [II.85]         0 v K v v K u J u u J 1 1           n n k a V v
x 3 x 2 x 1 By considering such a coupled waveguides structure defined with two n 1 and n 2 guides 'buried' into a n s -substrate, each index profile can be resumed as :

      x , x 1 n x , x n 2 1 i s 2 1 i   
with, weakly guiding conditions  i <<1 :

      x , x 2 1 n x , x n 2 1 i 2 s 2 1 2 i    x 2 n(x 2 ) n s n s +n s  2 n s +n s  1         x , x 2 x , x 2 1 n x , x n 2 1 2 2 1 1 2 s 2 1 2 i      [II.87] Global index profile                        x t j exp x , x E t , x , x , x E x t j exp x , x E t , x , x , x E 3 2 2 1 o 2 3 2 1 o 2 3 1 2 1 o 1 3 2 1 o 1 [II.88]
Considering two optical modes (unperturbed) with effective propagation constants  i =(2/ 0 ).n i-eff , solutions of the propagation equation into proper guides :

    0 E x , x 2 1 n k E o i 2 1 i 2 s 2 0 o i 2                  0 x t j exp x , x E x , x 2 1 n k x , x E 3 i 2 1 o i 2 1 i 2 s 2 0 2 i 2 1 o i 2 t                 2 2 3 2 2 t x [II.89]
Another approach is to consider the field as a total optical mode  which is solution of an equation of propagation into the global index structures [II.87] : 

      0 x , x 2 x , x 2 1 n k 2 1 2 2 1 1 2 s 2 0 2                              2 1 i 3 i 2 1 3 i o i 2 1 i 3 2 1 0 i 3 i x t j exp x , x E x A t ,
                                                                                2 1 i 2 1 i 3 i 2 1 o i 2 3 3 i 2 3 i 2 1 o i 3 3 i i 3 2 2 1 3 o 2 2 1 3 1 2 1 3 o 1 1 2 2 s 2 0 3 i 3 i 2 1 o i 2 1 i i 2 s 2 0 2 i 2 t 0 x j exp x , x E x d x A d x j exp x , x E x d x A d j 2 x j exp x , x E x A x j exp x , x E x A n k 2 x A . x j exp x , x E 2 1 n k . [II.91]     x d x A d x d x A d 3 3 i i 2 3 3 i 2   SVE approximation (Slow Varying Envelop)                             0 dx dx x , x E x , x E e x d x A d dx dx x , x E x d x A d j dx dx x , x E x , x E x , x e x A dx dx x , x E x , x x A n k 2 1 2 1 * 0 1 2 1 0 2 S x 3 2 1 j 3 3 2 2 2 1 2 1 0 1 2 S 3 3 1 1 2 1 2 1 * 0 1 2 1 0 2 2 1 S x 3 2 1 j 3 2 2 1 2 1 0 1 2 2 1 S 3 1 2 s 2 0 1 2                                           [II.92] x d x ...d and E 2 1 * o 1                     1 2 x 3 j 3 2 12 3 3 1 with e x A j x d x A d         dx dx x , x E dx dx x , x E x , x x , x E n k 2 1 2 1 0 1 2 S 2 1 2 1 * 0 1 2 1 2 1 0 2 S 1

 

    0 x A x A x d d 3 2 2 3 1 2 3                                                           0 A x b sin b j e x A 0 A x b sin b 2 j x b cos e x A 1 3 x 3 2 j 3 2 1 3 3 x 3 2 j 3 1 , 2 b , with 2 2                 
    e x , x x 3 o , e t j 2 1 o , e       [II.97]             0 e A A j x , x E e A A j x , x E x 3 j 1 2 o , e 2 2 1 o 2 x 3 j 2 1 o , e 1 2 1 o 1                 

Such expression is

                 2 b with b 2 2 2 2 1 o , e 2 1 2 j e A A 2 x 3 j 1 2 o , e                                 [II.98]

System det. must vanish

Chapter III). Microphotonic components ▪ III.1 : Principles and perturbation of the optical wave, example of the coherence (de)-modulation technique ▪ III.1.1 Global principles for optical telecommunications and sensors applications ▪ From passives structures waveguides, many components are developed on various substrates for Micro-Optical-Electronic and Mechanical Systems (MOEMS) devoted to optical telecommunications or sensors and measurements applications. Such actives components have many functionalities for the optical signal treatment. Each component is based on various devices that imply modulation or modification of physical attributes (or characteristic) of the optical wave :

-the amplitude (or intensity) -the phase -the frequency -the polarization -the direction of propagation -the temporal coherence (to be developed) ▪ Artificial perturbations of the materials, physical effects Functions realized by the active components are based on the crystallographic symmetry of the material [32 classes + tensor physical effects, permittivity and susceptibility (non linear), electrooptic (Pockels), elastooptic, rigidity, and so on]

3) to 1 j (i, P t E t E total i 2 2 0 o i 2 2 ij 0 0 o i 2                              [III-1]
with,  0 vacuum permittivity,  ij relative permittivity tensor, E o i components of the optical mode, and components of the variation of total polarization (linear and non-linear parts)

P NL i P L i P total i       Propagation equation into anisotropic and perturbed material   ... E E E E E 0 P o l o k o j 3 ijkl o k o j 2 ijk NL i              E E r S p P kd o d e m jkm mn jkmn ij 0 L i        [III-2]
Perturbation of the optical wave by electro-and elasto-optic effects -Variation of impermeability tensor B jk , defined as the inverse of tensor permittivity ( ij ).(B jk )= d ik with .

-Deformation of the indices ellipsoïd, rotation of the neutral lines of the material, … -Application of an electric field E e m along particular directions l via the electrooptic tensors terms r ijk .

-Application of a strain via the elastooptic tensors terms p ijkl (x i axis= crystallographic reference). Use of transducers (or electrodes) to generate acoustic waves (surface or volume, u i displacements) by piezoelectric effect S ld =e uld E e u .

3)

to 1 d l, k, (j, E r S p B e l jkl ld jkld jk            kl jk ij il B [III-3]             x l u d x d u l 2 1 S ld
▪ Potential of the telecom components ( a perturbed mode will present a new eigenvalue n eff or b) -Coupling between many physical fields or modes (see formalism developed in chapter II): optical fields in parametric conversion, non-linear optics, optical fields and electric fields (for opto-hyper-frequency components using electrooptic effect), optical fields and acoustic waves (for acousto-optic components), and so on.

-Modulations (amplitude or intensity, phase, frequency, and temporal coherence of the optical guided wave), modulators, filters components, Wavelength Division Multiplexing components for DWDM, PHASAR, and so on.

-Control of the state of polarization (integrated polarizers, polarization converters, tunable filters, WDM, amplifiers…) -Control of the direction of propagation b (Y-, X-junctions, couplers, routers, splitters and networks) ▪ III.1.2 An example of modulation technique: the temporal coherence modulation [the other modulations (intensity, phase, …) are considered as known] ▪ III.1.2.1 Global notions -Optical coherence is relative to the capacity of a wave to obtain interference phenomena. Optical source = emission and superposition of uncertain and successive set of waves totally decorrelated between them (that is a train can create interferences just with itself). 

       
            s  s  s   s   s 2 0 2 0 4 exp P 2 P L 1 with c 2 0      s  [III-6] [III-5 & 6]            s              s D 2 cos L D 4 exp 1 2 P I 0 2 c 2 2 0 m   t D D D with v 0   [III-7] 0 1 2 3 0 0.2 0.4 0.6 0.8 1 (D/L C ) Exponential term Exp. term.
Evolution of the exp. Term function of (D/L C ). Such a term can be neglected when D>>L C :

  2 P L D I 0 c m   [III-8]
The information (crypts on the delay between the set or train of waves) is not accessible at the exit of modulator (that introduces a delay D>>L C ) by a photodiode; indeed, this one just can detect a continuous intensity and no modulation according to [III.8].

Such a coherence modulator component can be defined by a integrated imbalanced Mach-Zehnder (MZ) interferometer constituted by Y-junctions two S-bend arms waveguides; D 0 is a high static delay and D v (t) is the modulated delay (for example from an electrooptic or acoustooptic v signal for telecommunication applications, or modulate delay created by various physico-chemical detections concerning sensors applications.

• Coherence demodulation : such demodulation (that allows to obtain the previous modulated information) is accessible by an another interferometer that presents a D 0 static delay. Then, at the exit of this one, spectral density power can be expressed as :

                  D 2 cos 1 D 2 cos 1 4 P D 2 cos 1 2 P P 0 0 m d s  s  s  s  s  s [III-9] [III-5] [III-6]
The intensity is deduced by integration on all the spectral components with conditions D, D 0 , D+D 0 >>L C :

                s              s t D 2 cos L t D 4 exp 2 1 1 4 P I v 0 2 c v 2 2 0 d 1                        t D 2 cos 2 1 1 4 P L t D I v 0 0 c v d [III-10]
The D v (t) is now directly accessible by a classical photodiode.



• Principles and physical interpretation of the coherence (de)-modulation :

[as an example, modulated delay D v (t)=perturbation P(t) measuring in sensors applications]

• Notes : Such principle can be used on parallels and series architectures local networks for multiplexing applications (static delays D 0 , D 1 , D 2 , … D N ). Dispersion on propagation limits this technique. Moreover, such coherence modulation can be developed into only one rib waveguide (and not a MZ structure) that presents a birefringence between the two polarizations (in this case, TE and TM polarizations don't see the same delay); For example, by an electrooptic effect, a proper electrode can only created a variable delay D v (T) (or P(t)) relative to one polarization (multiplexing on the polarization is then possible)… P(t) M-Z interferometer Example 1 : a polarizer  metal layer is deposited on the top of the waveguide (TM polarization is totally suppressed).

Note or example 2 of an another polarizer : by using the exchange-proton technique on LiNbO 3 , n e increases and such corresponding polarization is guided and n O decreases and the other polarization can became a radiation field respectively).

(see chapter II, periodical exchange of energy)

Example 4 : a intensity MZ modulator (symmetric)  the wave is splited at the Y-junction. On one of the arm waveguide, an electrode change the effective index of the 'perturbed' optical mode ( delay, see phase modulation at this level). Then, the two waves is recombined by an another Y-juntion and create interferences or intensity modulation that can be detected on a photodiode.

Note or example 5 : An un-balanced MZ structure will operate in coherence modulation schema. Example 6 : a polarization converter operate with three planar electrodes. A electric field is applied horizontally and allow the energy transfer (coupling process) from a polarization to the another in the same waveguide. A second electrode creates a vertically electric field that optimizes the phase matching condition b=b TE -b TM (see chapter II) and allow to obtain a 100% efficiency in polarization conversion.

Example 7 : a polarization converter and a tunable filter (WDM applications)  TE-TM conversion can be obtain by inter-or digital electrodes of L-periodicity by using the integrated version of the Sölc bulk filters (based on electrooptic effect). In such a case, the quasi-phase matching condition defined infra is obtain by the effectivegeometric wave vector 2/L. Acoustooptic effect can be used, L a will represent the real wavelength of acoustic wave. The tunable filter function is obtain by changing one of the b (TE orTM) attribute in the quasi-phase-matching condition [III.11] for example by an another planar electrode (electrooptic) or a shift of acoustic frequency  a on the digital transducers (acoustooptic effect). ▪ Introduction : the principles (detection and architecture) are equivalent to the telecom applications but the idea is to use the optical wave as a probe for the measurement or detection of an information conversely to a print of information for transmissions and telecommunications. The physical or chemical attributes to measure are various, gas detections, liquid, chemical-or bio-species (DNA), biomedical detection, gage pressure measurements, acceleration, humidity, magnetic field (using magneto-optic effect), thermal flux, and so on… -Example with a reference arm in order to compare the intensity (H 2 detection  20 ppm) :

        v 2 2 or K 2 a a a 0 TM 0 TE 0 TM 0 TE   L    b   b  L    b   b [III-11]
- ▪ lectures and studies of the references : ▪ III.2.3 Integrated optics with micro-resonators (2D, 2.5D and 3D), whispering gallery modes ▪ Theoretical aspects in QED (discrete modes coupling electromagnetic modes and atomic)  Rabi oscillation and intricated states ; Application aspects on physical cavities and Laser (spontaneous recombination / stimulate), in optical telecommunications ((de)-multiplexing in wavelength or filters), in sensors (optical probe strongly localized and interactive measurements with shift of the resonance), and so on..

    factor Purcell / T V / F 3    
 Merit factor of an optical mode : ▪ Micro-resonators = seductive objects to control the electromagnetic fields, meaning localization or strong confinement into a restricted V space-volume allowing a quantification on optical modes (called whispering gallery modes'), and increase of their life time  into such cavities

 i  1 ,  2 , …  i …  n x 1 x 2 x 3 R W a W r Upper view  1 ,  2 , ...  i-1  i+1 , ...  n h r h a d
x 1

x 2

x 3

Cut [III-14]

▪ Conceptions on polymers 2.5D micro-structures (ring, disk) by Ar and O 2 plasma treatments:

-Principle : spectral resonance:

  n n 2 d 2 gaine 2 eff 2 / 1           
-Notion of evanescent wave (probe) and optical tunnel effect: e 

) d / x (  [III-15] [III-16]              απR απR eff, 2 2 0 e τ e τ 1 n R 2 λ δλ , n R 2 FSR gpe , eff 2 0         optical for nm ] 150 10 [ d 0 e-beam technology for 2D                             ) ( nd L ) ( nd S 2 / 1 ) ( nd S ) ( nd L 2 / 1 ) LW ( d S ) LW ( d L 2 / 1 L S SL 2   ] S G [ n , p , T      Surface
 SL SOG ou PS233 vapor contact point (S-L-V)  R H               2 tg R H  SV  S   LV  L  [III-17]
Reference liquid 

 T-(total)  d-(LW)  nd(+)  nd(-)
W SU8/PS233  W SU8/SOG                         ) ( nd 2 
           b          b   b  b b     r r ) 2 ( 2 / 1 n r ) 2 ( 2 / 1 n r 2 / 1 n 2 / 1 n n H H n ) ( J ) ( J          b           b  b b     r ) 2 ( 2 / 1 n r r ) 2 ( 2 / 1 n 2 / 1 n 2 / 1 n H H ) ( J ) ( J  r  air
  b   b Eigenvectors = modes           f . f . f 3 2 1 0 )f p ( d df 2 d f d 1 2 2 2 1 2 1 2 2    b       0 f q d f d 0 f θ sin q p dθ df sinθ dθ d sinθ 1 3 2 2 3 2 2 2 2 2 2                     t j m n 2 / 1 n t j m n 2 / 1 n t j m n 2 / 1 n 2 t j m n 2 / 1 n
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       / hc h E Particle   wavelength        / h p k c . m p      Wave world (and quantum  h)      S) ( m t
      e . r . k t j exp . r A t , r E polar 0            ▪ Complex wavelength function associated to photon = photonic mode            t X X X . Op 2 2 ij 0 0 2    H or E X    
                      E A -

y▪▪

  (2a), and fixed  1 (wave-front),  i solutions / accord of phase = constructive interferences = propagation  Potential According to the condition of resonance : m = quantification of the possible ray optics,  notion of confined and selective modes ▪ m decrease   m increase ▪ First optical mode m=0   0 Expression of optical phase shift due to reflection (TIR) ; such expressions can be defined as the imaginary part of Fresnel coefficients written in complex form.

▪▪▪

  When  i=m /2 (case monomode m=0)  Maximum mode's number m that propagate : TIR impose  m > c that is cos  m <cos  c Graphically, u and v  n eff     m .

  est l'ordre de grandeur de l'épaisseur d'un guide plan monomode en verre (n 1 =1.5, n 2 =1.48) pour des applications télécom (  =1550 nm) ? Question : Soit un guide d'onde plan symétrique en verre d'indices n 1 =1.46 et n 2 =1.45, d'épaisseur d=4 µm. Combien de modes TE m se propagent dans ce guide à une longueur d'onde  0 =500 nm ? ▪ II.1.3 Determination of the repartition of the optical field in transversal ydirection (section of the waveguide) ▪ Calculus of the variation of amplitude E(y) of the optical field

▪▪

  Calculus of the phase-shift at M point and global amplitude E(M) y  ▪ Global amplitude of optical field in cases of single-mode and bi-modes waveguides Expression of (y) II.1.4 Goos-Hänschen shift ; notion of effective waveguide thicknesses  ▪ Determination of the y g and z g parameters that characterize the Goos-Hänschen shift Method for the demonstration : Write the incident field  i around A-point by the sum of twice waves with lower angular gap ( m - m ) and ( m + m ) (+ approx. tilted optical ray / surfacenormal). Develop the reflected field  r (at A'-point) as  i .Determination of the y g and z g parameters functions of global opto-geometrics parameters of such waveguides By using previous results of Fresnel  r(TE and TM) expressions of phases, we obtain :

▪▪

  Notion of effective thickness of waveguide W eff Question : Calculer l'angle particulier  p tel que le glissement de Goos-Hänschen soit égal pour le deux polarisation TE et TM, c'est-à-dire z gTE =z gTM . ▪ II.2 : Fundamentals on the electromagnetic theory of dielectric waveguide (Maxwell's approach) ; dispersion relations and calculus of photonic's modes (eigenvalues and eigenvectors) into planar waveguide ; channel optical waveguides and geometries; dispersion phenomena and pulse's spread ▪ II.2.1 Some dates of electromagnetism history, Maxwell's approach for the planar waveguide, determination of the eigenvalues and eigenvectors, analytical expressions of the optical modes ▪ Electromagnetism history, to optics at electromagnetism to quantum electrodynamics OPTIQUE: 1637 : Dioptrique de Descartes / 1665 : Grimaldi observe la diffraction / 1666 : Roemer découvre que la lumière a une vitesse finie / 1672 : Newton décompose la lumière blanche / 1679 : Principe de Fermat / 1690 : Théorie ondulatoire de la lumière par Huygens / 1704 : Traité d'optique de Newton (théorie corpusculaire) / 1800 : Malus trouve la polarisation par réflexion / 1803 : Young effectue les premières expériences de diffraction / 1814 : Fresnel développe la théorie ondulatoire de la lumière (diffraction et interférences) / 1819 : Arago et Fresnel prouve la nature transverse de la lumière / 1829 : Fizeau mesure la vitesse de la lumière / 1846 : Faraday montre l'effet d'un champ magnétique sur la lumière. ELECTRICITE ET MAGNETISME, ELECTROMAGNETISME, ELECTRODYNAMIQUE QUANTIQUE : 1731 : Gray : différence entre conducteurs et isolants / 1746 : Van Musshen Brock invente la bouteille de Leyde / 1750 : Francklin : deux types de charges / 1785 : Loi de Coulomb / 1800 : Volta invente la pile et Nicholson électrolyse l'eau / 1820 : Oersted crée un champ magnétique par un courant, Arago magnétise du fer et de l'acier, Loi de Biot et Savart, Ampère étudie la force entre deux courants / 1826 : Loi d'Ohm / 1831 : Etude du magnétisme terrestre par Gauss et Weber , Faraday découvre l'induction / 1834 : Loi de Lenz pour l'induction , Loi de Faraday pour l'électrolyse / 1835 : Henry et Faraday découvrent la self-induction / 1838 : Faraday découvre le condensateur / 1841 : Gauss effectue des mesures électriques et magnétiques dans les mêmes unités / 1842 : Henry étudie les circuits oscillants / 1865 : Mawxell propose les lois de 'l'électromagnétisme' / 1887-1893 : Hertz découvre les ondes radioélectriques qui confirment expérimentalement les équations de Maxwell / 1887 : Expérience de Michelson / 1905 : Einstein crée la relativité restreinte qui unifie la mécanique et l'électromagnétisme / 1949 : Feynman (diagrammes), Schwinger … unifient la mécanique quantique et l'électromagnétisme, c'est l'électrodynamique quantique => seconde quantification, choix et changements des jauges (invariance des champs et potentiels), description Lagrangienne, Hamiltonienne. ▪ Maxwell's approach for the planar waveguide, determination of the eigenvalues and eigenvectors, analytical expressions of the optical modes : infinite potential mountain  2 Hypothesis : Is there a wave that propagates along z-direction with an effective propagation constant  z ? ▪ Idea : If such a wave exists, then this one must verify the Maxwell equations. ▪ Goal : Find such an expression of optical wave and determinate the quantification of the optical

[

  to Maxwell approach, such an optical mode  z exist !

▪

  Materials dispersion  Cauchy () and n() equivalent to transfert functions of the system  causality (Hilbert type relations, Kramers-Krönig relations, Bode relations, …)

▪

  Modal dispersion phenomena in integrated photonics TE m (n effTE or  TE ) and TM m quantifications are different (modal aspect due to the confinement and to the E and D continuities at interfaces, that is due to the propagation by TIR !)  existence of pulse'

  cut-frequency ( c or  c ) into such symmetrical wave-guide for single mode TE 0

▪▪

  This can be shaped in the global form ▪ The Green function (or percussional response, or propagator) of such waveguide can be expressed as : ▪ II.3 : Symmetrical planar waveguide with heterostructured-core or graded indices laws (parabolic, hyperbolic, and another power), analytical global methods to determinate all the overall physical parameters as the geometrical and optical paths, the trajectory, the caustics, the transit delay… ▪ II.3.1 Introduction, 'eikonale' or 'iconale' equation and procedure Propagation in graded indices profiles is fashion by the locale relation called 'eikonale' or 'iconale' according to the origin (ikona in russian or eikona in byzantine greekto the interface 'n|n+n' along the increase indices, ds the curvilinear abscissa (trajectory), and the known original ray optic.

▪

  Hypothesis : For an elementary ds, the index is constant ; n(y) function slowly changes (flat parabola). ▪ Goal : Determinate the analytical expression of such optical ray trajectory. ▪ Method : Infer from [II.21] (dz/dy) plus the parabolic index profil case [II.20] the normalized expression (with u and V definitions [II.4]) of the z(y) trajectory. Then, with the initial conditions, bring forth the y(z) trajectory.

▪▪

  According to the initial conditions y 0 at the beginning of the waveguide z 0 =0 : Determination of the global z(y) trajectory according to initial conditions :

▪▪(

  Transit time  , geometrical and optical paths (L g and L o )  Transit time  is defined as the integral optical path along the previous trajectory

▪▪▪

  Transit time  for the trajectory along L distance on zWeakly propagation conditions : is independent of  each optical modes have the same transit time ▪ Geometrical and optical paths (L g and L o ), ray-half-Note : The z g expression is close to L g , n(y) have to be substituted by n eff .

42 ]▪

 42 Determination of the eigenvalues equation of such 3-layers slab waveguides  According to the x 1 =0 and -2h continuities of previous H x3 component, it can be shaped the global eigenvalues equation for the TE m modes (m integer): with, q, r, p defined previously in [II.38].

▪

  Determination of the minimum of the core thickness, notion of cut-thickness  Such a cut is characterizes by the leaky modes or the 'radiation' of the modes into the cladding layer that present the upper index (n eff =n 4 or p=0) : or

  Study the repartition or the fraction of the optical power in each layer, function of analytical and physical parameters of such family slab structures Energy that propagates along x 3 -direction as a flux through the (x 1 ,x 2 )-section of the x 3 Poynting-vector component Such energy expressions are deduce from the modal expressions [II.41 & 42] plus the eigenvalues equations [II.43 & 44].

  encompasses n-various layers (n>4) that includes for example the two cladding and the core shaped as (n-2)-stratum-layers (core thickness =h). The goal is to shaped the eigenvalues equations of TE m and TM m in such general multilayer case. By carried out a change of variable U et V on [II.10] we can fixed U=E x2 and V= 0 H x3 = for the TE case, and U=H x2 and V= 0 E x3 = for the TM case (equivalent notations for both polarizations). Then we don't have to write the ( 0 ) or ( 0 ) terms at each iteration and crossing to successive layer (implementation of such n-layers model). Then, U and V are the couple of variable of the n-layer problem. The method is based on the determination of the optical field U and V by the initial field condition U 0 and V 0 at x 1 =0, and on the matrix-crossing formalism from a layer to another one.

▪

  Relation between the optical field at one interface By inserting [II.52] into [II.51], we can shaped the crossing-matrix related to an interface or from a layer to another one :

  real and the optical field is oscillating into the i th -layer n eff >n i ,  i is imaginary and the optical field is exponentially decreasing into the i th -layer ▪ Expression of the optical field in the lower and upper cladding (noted L-clad, U-clad)

  Upper cladding with A L-clad and B U-clad the evanescent amplitude of the optical field into the cladding and continuity conditions at x 1 =0 and h we obtain relations between optical fields adjacent to the upper and lower claddings (that the first layer 0, and the final layer n : [II.54 & 57], knowing the initial amplitude, we can develop the final amplitude :

▪▪

  Eigenvalues equation for the TE m optical modes in such multilayer [II-59] with m ij the components of the product-matrix M By using the condition to obtain no field at the infinite and replacing (U 0 ,V 0 ) (U n ,V n ) in [II.58], a TE m eigenvalues equation can be considered : ▪ Eigenvalues equation for the TM m optical modes in such multilayer [II-60] By using an equivalent reasoning, a TM m eigenvalues equation can be expressed as, expression can be obtained by change of variable for the normalized wave vectors z= and into [II.56] expressions of M i . Eigenvectors : amplitudes of TE m -TM m optical modes in such multilayer

  at interface i=0) must be fixed, successive reasoning applied, with the possibility to normalize the global curve of the amplitude or intensity comparatively to the maximum. ▪ II.5 : Lateral optical confinement, 2D-waveguide-structures, TE mn and TM mn quantifications of the optical modes ▪ II.5.1 Effective index method for rib waveguide-structures, determination of the width W of such waveguide, eigenvalues equations Idea : Reduce such 2D-problem to a effective two 1D problem along each direction. Calculus of n eff of the optical modes TE-TM m slab waveguides called n  et n  for respective thicknesses h g and (h g -d), with d the etching deep.  Determination of the quantification along the second direction (neff TEnm and neff TMnm ) by considering the rib waveguide as a symmetrical slab waveguide n  |n  |n  with TETM polarizations / SR period-20nm GaAs/AlAs / Air structure at  0 =1300 nm ▪ II.5.2 Marcatili's method, shadow areas and buried waveguidesMethod based on a separation of the two directions (x 1 and x 2 ) and an equivalent separation of variables. This one is useful for a range of channel guides or many cases. The method works well as long as the fields are well confined in the region of high index. Near cut-off the method is not applicable, because the fields penetrate into the shadow regions

▪

  In conclusion, global opto-geometries of many rectangular waveguides can be design by such classical theories and methods into various components (telecoms, sensors, and another devices) ▪ II.5.3 Curved waveguides cases, curved radius R, conformal transformation

▪▪▪

  époque des Grecs anciens, le phénomène du transport de la lumière dans des cylindres de verre était déjà connu. Il était, semble-t-il, mis à profit par les artisans du verre pour créer des pièces décoratives. Plus tard, les techniques de fabrication utilisées par les artisans vénitines de la Renaissance pour fabriquer les « millefiori » ressembleraient beaucoup aux techniques actuelles de fabrication de la fibre optique. La première démonstration scientifique du principe de la RT fut faite par le physicien Irlandais John Tyndal devant la Société Royale britannique en 1854. À l´époque, l'idée de courber la trajectoire de la lumière, de quelque façon que ce soit, était révolutionnaire puisque les scientifiques considéraient que la lumière voyageait uniquement en ligne droite. Sa démonstration consistait à guider la lumière dans un jet d'eau déversé d'un trou à la base d'un réservoir. En injectant de la lumière dans ce jet, celle-ci suivait bien la courbure du jet d'eau, démontrant ainsi qu'elle pouvait être déviée de sa trajectoire rectiligne. Il put de cette manière démontrer le principe qui est à la base de la fibre optique. Par la suite, de nombreuses inventions utilisant le principe de la réflexion totale interne virent le jour ; comme les fontaines lumineuses ou des dispositifs permettant de transporter la lumière dans des cavités du corps humain. On doit la première tentative de communication optique à Alexander Graham Bell, connu pour l'invention du téléphone. En effet, il mit au point, au cours des années 1880, le photophone. Cet appareil permettait de transmettre la lumière sur une distance de 200 mètres. La voix, amplifiée par un microphone, faisait vibrer un miroir qui réfléchissait la lumière du soleil. Quelque 200 mètres plus loin, un second miroir captait cette lumière pour activer un cristal de sélénium et reproduire le son voulu. Le récepteur de cet appareil était presque identique à celui du premier téléphone. Bien qu'opérationnelle en terrain découvert, cette méthode s'avéra peu utilisée. La pluie, la neige et les obstacles qui empêchaient la transmission du signal condamnèrent cette invention, bien qu'il considérait lui-même que le photophone était sa plus grande invention, puisqu'elle permettait une communication sans fil. Fibre optique pour réseaux métropolitains… La possibilité de transporter de la lumière le long de fines fibres de verres fut exploitée au cours de la première moitié du XX ème siècle En 1927, Baird et Hansell tentèrent de mettre au point un dispositif d'images de télévision à l'aide de fibres. Hansell put faire breveter son invention, mais elle ne fut jamais vraiment utilisée. Quelques années plus tard, en 1930, Heinrich Lamm réussit à transmettre l'image d'un filament de lampe électrique grâce à un assemblage rudimentaire de fibres de quartz. Cependant, il était encore difficile à cette époque de concevoir que ces fibres de verre puissent trouver une application. ▪ II.6 : Circular waveguides, fiber optics, ray optics approach, resolution and quantification of the electromagnetic step-fiber modes TE, TM, HE, EH modes, weakly guiding fiber and LP-modes La première application fructueuse de la fibre optique eut lieu au début des années 1950, lorsque le fibroscope flexible fut inventé par van Heel et Hopkins. Cet appareil permettait la transmission d'une image le long de fibres en verre. Il fut particulièrement utilisé en endoscopie, pour observer l'intérieur du corps humain, et pour inspecter des soudures dans des réacteurs d'avion. Malheureusement, la transmission ne pouvait pas être faite sur une grande distance étant donnée la piètre qualité des fibres utilisées. En 1957, le fibroscope (endoscope flexible médical) est inventé par Basil Hirschowitz aux Etats-Unis. Les télécommunications par fibre optique restèrent impossibles jusqu'à l'invention du laser en 1960. Le laser offrit en effet l'occasion de transmettre un signal avec assez de puissance sur une grande distance. Dans sa publication de 1964, Charles Kao, des Standard Telecommunications Laboratories, décrivit un système de communication à longue distance et à faible perte en mettant à profit l'utilisation conjointe du laser et de la fibre optique. Peu après, soit en 1966, il démontra expérimentalement, avec la collaboration de Georges Hockman, qu'il était possible de transporter de l'information sur une grande distance sous forme de lumière grâce à la fibre optique. Cette expérience est souvent considérée comme la première transmission de données par fibre optique. Cependant, les pertes dans une fibre optique étaient telles que le signal disparaissait au bout de quelques centimètres, non par perte de lumière, mais parce que les différents chemins de réflexion du signal contre les parois finissaient par en faire perdre la phase. Cela la rendait peu avantageuse par rapport au fil de cuivre traditionnel. Les pertes de phase entraînées par l'usage d'une fibre de verre homogène constituaient le principal obstacle à l'utilisation courante de la fibre optique. En 1970, trois scientifiques de la compagnie Corning Glass Works de New-York, Robert Maurer, Peter Schultz et Donald Keck, produisirent la première fibre optique avec des pertes de phase suffisamment faibles pour être utilisée dans les réseaux de télécommunications (20 décibels par kilomètre ; aujourd'hui la fibre conventionnelle affiche des pertes de moins de 0,25 décibel par kilomètre pour la longueur d'onde 1550 nm. utilisée dans les télécommunications). Leur fibre optique était en mesure de transporter 65 000 fois plus d'informations qu'un simple câble de cuivre, ce qui correspondait au rapport des longueurs d'onde utilisées. Le premier système de communication téléphonique optique fut installé au centre-ville de Chicagoen 1977. En France, la DGT a installé la première liaison optique à Paris entre les centraux téléphoniques des Tuileries et Philippe-Auguste. On estime qu'aujourd'hui plus de 85 % des communications à longue distance sont transportées le long de plus de 25 millions de kilomètres de câbles à fibres optiques partout dans le monde. La fibre optique s'est, dans une première phase (1984 à 2000), limitée à l'interconnexion des centraux téléphoniques, eux seuls nécessitant de forts débits. Cependant, avec la baisse des coûts entraînée par sa fabrication en masse et les besoins croissants des particuliers en très haut débit, on envisage depuis 2005 son arrivée même chez les particuliers : FTTH ((en)Fiber To The Home), FTTB ((en)Fiber To The Building), FTTC ((en)Fiber To The Curb), etc. µm, due to the impureties, or to the process of fabrication  OH -hydroxid at 0.93, 1.25 and 1.39 µm). , c, d telecoms windows a -first window (at 0.8 m) b -second window (at 1.3 m) c -third (at 1.55 m) d -fourth (at 2.5 m) of the diffusion of light (when default have molecular sizes  Rayleigh diffusion ( 1/ 4 ), with E i incident field,  the average polarizability; such an diffused intensity is proportional to the square of dipole  i :  -Radiation modes into the cladding if > limit ; if high  0 (higher optical modes) modal dispersion (chromatic effect) (D chrom , unity : ps/nm.km), celerity of an impulsion is function to the wavelength (due to the material dispersion and the modal dispersion too). Introduction, rays-classification, meridian, oblique  angle represent the incidence of the meridian-rays on the core/cladding interface;  z angle between rays and the z-axe revolution (direction of propagation). ▪ Trajectory of the meridian-rays and NA : They stay in the same plane after successive-TIR)  TE and TM modes in electromagnetic previous diagram considered with  into the fiber, if < c refracted rays exist as a new family modes. In conclusion, into such step-fiber structure : • Guided rays 0< z < zc • Refracted rays 0<< c • Leaky rays  zc < z <(/2) and  c < <(Electromagnetic nature of such oblique rays (EH-, HE-, LP-modes):

▪

  Optical intensities of six LP-modes : LP 01 , LP 11 , LP 21 , LP 02 , LP 31 , and LP 12 ▪ II.6.3 Electromagnetic approach, quantification of the optical modes ▪ Introduction, expressions and relations between the transverses and longitudinales components fields By considering the propagation stem from the z-axis on a cylindrical symmetry and coordinates, we can bring out from Maxwell equations [II.7] and highlight the expressions of E r H r and E  H  function of E z and H z .

   EH  modes and (-)  HE  modes In [II.86], for a V fixed value (determinated by the opto-geometric parameters of the fiber waveguide), the u and v values will stem from the intersections of curves [II.86] with such circle V 2 . This leads to -solutions for each  fixed value. The, effective propagation constants could be assess from these results. The optical modes can be stand for by injecting the u-and v-roots into [II.84]. =0 represent the TE and TM modes and  1 the HE and EH optical modes]  ▪ II.7 : Coupled mode theory representation, notions of super-modes  ▪ Coupled mode equations and resolution

  system [II.93 &94] resumes the energy coupling evolution between two waveguide or into previous defined super-structure [II.87]▪ Note : In various case,  i is the global perturbation that perturb the optical field propagation. Here, this is an another index profile of a neighboring waveguide, but it can be an electric field, an acoustic wave, an another optical field, ('notion of quasi phase matching' = 2 - 1

  Approach by super-modes , effective propagation constants and amplitude of optical super-modes  can be considered as the eigenvector of the global structure defined previously in [II.87]:

  represents the spectral power density of the emitter, with s1/ wave number. Modulated transfer function (contrast =1) of such interferometer ▪ III.1.2.2 Coherence modulation/demodulation • Coherence modulation : by considering a normalized Gaussian spectral distribution concerning the emitter, calculus of the modulated intensity at the exit of modulators can be expressed by the integration on all the spectral components:

  junction element : symmetric 50 / 50 (or asymmetric (100-x) / x ) Such a role is to separate the optical beam. It can be noted that X-junctions are used too. ▪ Fabry-Perot, Mach-Zehnder, and Michelson interferometers integrated versions ▪ Schematic diagram components in telecommunications applications (LiNbO 3 case)

(

  see previously) Example 3 : a phase modulator  an electrode changes the effective propagation constant b and print the information (modulation) on the physical attribute 'phase'.

Quasi

  studies of the references : Example 8 : PHASAR for WDM applications  principle developed in course Symmetric components composed of two-star-couplers (n m) waveguides, two free-propagation areas, and a tunable array of waveguides. As an example : wavelength de-multiplexing applications  ▪ III.2.2 Integrated optics in measurements and sensors applications : wave = probe for the detection applications  radiation field / I (z) <I 0 .

  Examples of NH 3 detection by a polaronic effect or resonance on a polymeric conductor SU8 core /PMMA upper cladding-I /PANI upper cladding-II SU8 core /composite upper cladding [PMMA/PANI] studies of the references : ▪ Liquid and bio-species detection by a coupling between the grating and the waveguide (coupling between the optical field on the third direction with the guided modes) schematic detection can be used for the measurement of index change of liquid (n=10 -6 ) For the detection, variation on the n eff value implies various -angles [III-12] that can be detected by a array of photodiodes ▪ Pressure measurements and sensors based on MZ structures Upper view TE 00 ( 0 =980 nm) Propagation single-mode TE 00 /TM 00 High optical

  energy modification and measurements (J.m -2 ) : mesureaments Dispersive contribution  d-(LW) (forces London Van der Waals) No-dispersive contribution (or polar)  nd (Keesom interactions, Debye forces, H-atoms attraction / H 2 O, Acido-Basic interactions]  T-(totale) 

  The determination of the set of  S materials allow to define the adhesion work at the interface guide (SU8 core) and cladding (nano-gap) PS233 or SOG  S /Ar with, SU8 :  d-(LW)= 48.5 mJ/m 2 ,  nd-(+) =0 mJ/m 2 ,  nd-(-) =6.9 mJ/m 2 plate TE 00 whispering gallery modes into a disk ( 0 =670 nm) ▪ lecture and study of the reference :

  b

  TM)nmr -III.2.3.1 Glass 3D-MR on organic chip -resonant coupling : add-drop filter in glass/SU8 with DPPC biomolecular lipid gap (Langmiur-Blodgett film) Eigenvalues Eqs.

▪▪▪

  Realisation of the lipid biomolecular film (DPPC) surface tension) at interface : 35 mN/m Conception of polymers/glass 3D micro-structures resonators (sphere) : Modal photonic life time =Q/ 0 =21.9 ps (6 rounds) Quality factor Q= 0 /d > 4study of the reference : -III.2.3.2 Design of organic 3D microresonators with microfluidics coupled to thin-film processes for photonic applications ▪ Micro-fluidic technology and organic 3D MR conception ▪ Micro-channels realisation by thin layer processes (clean room) (SU8, PDMS, plasma cleaner…). ▪ Generation of monodisperses droplets train ('T'-junctions flow focusing) -'T'-Structure +restriction area : NOA pinching. -NOA = dispersed phase (Q d , µL/h) and silicon oil two steps , flow-rates Q p,d fixe sizes of droplets :  drop-formation =  block + pinch , V=Q., Q=v.S NOA =200mPa.s,  NOA =4.3mN/m ▪ Two dynamical flow regimes into the T-flow-focusing -Dripping regime  pinch <t jet-formation (fastpinch). -Jetting regime t jet-formation < pinch , Rayleigh-Plateau instability  minimization of energy lead to formation of dropletgeometry. Microphotonic and organic 3D spherical resonances -Raman excitation set-up (=785nm) for isolated 3D MR resonances (Stokes-line, 830 nm)  equatorial ray FSR ()= 0.86 nm & 0.88 nm (D sphère = 150 µm).

FSRFSR▪

  Whole organic MR/waveguides, coupling and excitation of Whispering Gallery Modes ▪ Clean room processus, SU8 waveguides, SiO 2 gap, and integration of NOA MRs on the chip, MR excitation Normaski DIC imaging + micro-injection + Read the distributed documents on fiber-sensors and applications… ▪ Spectral characterization in integrated configuration FSR ()= 1.5 nm, total agreements with diametres (D sphère =155 µm).

▪▪▪

  Photonics injection Spectral quantification

▪▪▪

  The quantum (photon) propagates along the -direction (propagation constant or wavelength vector), with kinetic quantity , and E -energy. Such a particle possess an intrinsic angular moment quantified on two values (S -spin) that are link up to the polarization ; its mass is considering as null. The quantum-probability to observe a photon in an area at a t -time (during t) is proportional to the intensity of the optical (or photonic) -mode (associated to such space-time area : of a limit : the notion of ray or trajectory or 'classical coordinates' have no sense at sub-dimensions (nano-photonics) ! Quantification process of the photon in Quantum Electro Dynamics (QED)Total kinetic (or angular) moment can be developed for a non-relativistic particle as :

▪▪▪▪

  photon

▪▪

  z=d(sample-probe) is nanometric (tunnel effect) :, with  metal-characteristic. and, I highlights z-relief.-AFM : Atomic Force Microscopy; microscope based on a atomic force measurement description of the device of such optical near field microscopy (so as to overcome the Rayleigh's criteria, idea to take the local information by a nanometric-hole ( diffraction theory and notion of near optical field!), typically z=10nm. ▪ 1984 (Pohl and Betzig) : various configurations ; as an example SNOM configuration (light in near optical field with a probe and imaging and detection in far field, notion of nano-source) and STOM configuration (T=tunneling, that is light in far field over the I limit and detection in near optical field with a probe). No contact with the samples (optic) and possibility of spectroscopy measurements with the detected light.-Various functionalities on the SNOM measurements : z can be fixed and intensity I(x,y, z fixed ) detected ; Intensity I is constant (enslavement) and z(x,y) (/I constant ) is deduced. Physical meaning : x lower => u higher ; u (or q)</c (homogeneous waves, h.w.), q>/c that is high frequencies [evanescent waves e.w., w=j and exp(jwz)=exp(-z), q higher => spatial frequencies w higher =>  lower) attenuation of high frequencies = low-pass filter] Physical meaning : Such previous expression, in the case of normal incident wave excitation (q i =0 and z=0) leads to the object = E 0 .t(r) ! [IV-27]  Difficulties to estimate such integral

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

[II-8 & 9] always with [II.9]

  

[II-14] [II-15] [II-14 & 15] [II-16]
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u  ▪ Implementation of such calculus

  

	(	n			n	u ). 	(	M	1	)		n	(	M	0	u ). 	(	M	0	)		grad	n	(	M	0	ds ).

n grad n grad ▪ Possibility to obtain the optical propagation into various graded waveguides structures with no TIR on the claddings with surface defects  lower optical losses, notion of optical caustic (for example, see first chapter and Ti-diffusion at high temperature for LiNbO 3 waveguides). dy ds: optical ray, trajectory ) M ( u 0  M 0 point n index n+n index ) M ( u . n 0  n grad n grad ) M ( u 1  ▪ II.3.2 Symmetrical planar waveguide based on heterostructured-core with a parabolic graded index law, analytical global methods to determinate all the overall physical parameters as the geometrical and optical paths, the trajectory, the transit delay. ▪ Study of the optical rays trajectory, method of calculus, notion of caustics

  

[II.90] A i are not constants in [II.90], because E o i are not defined as the eigenvectors of the global index structures [II.87] and  could not be developed as an linear combination of E o i (that is with A i constants). The idea is to project the total (perturbed) mode  on the vectors basis E o i that is the proper eigenvectors (unperturbed) of each single guide. For i=1 and 2 [II.90]

  

	A	x	E	x	,	x	,	x

▪ This part of slides is devoted to the presentation of PBG-devices and realization that have been shaped at LEOM UMR CNRS 5270 / Institut des Nanotechnologies de Lyon