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Chapter I). Introduction to integrated photonics, overview

▪ I.1 Introduction (english):

As a concept described at the end of sixties, Integrated Photonics rely on the use of

photons instead of electrons so as to design integrated optical circuits whose

functions and performances proved to be increasingly enhanced along the recent

years. In such a remarkable technological context, numerous telecommunication

devices together with metrological systems and specific sensors, have been

developed and arranged upon a great variety of materials and substrates, such as

silicon, glass, lithium niobate, polymers and specific semiconductors. As the concept

was particularly appealing to the early investigators, current research has been aimed

at reducing the size of the devices while increasing their performance. More recently,

as near field optics, nano-photonic structures and applications were devised, the

development of new devices has increased dramatically whereas specifications were

more and more stringent. Furthermore, environmental issues regarding a sustainable

development hindered the use of hazardous materials and their related processes.

Among the most interesting recent structures, photonics crystals proved to allow the

control of optical dispersion curves, making possible to handle in many ways the flow

of light. Then, nano-plasmonic and nano-wire structures proved to enable a sub-

wavelength propagation mechanism: as a result, research in information technology

crucially depends on a continuously demanding miniaturization policy.



▪ I.1-bis Introduction (français): ‘ Vers l’intégration des systèmes …’

L’optique intégrée est un concept qui s’est développé à partir de la fin des

années soixante. Le terme ‘optique intégrée’ a été introduit pour la première fois

dans une publication par Miller en 1969. L’idée originelle est d’utiliser les photons

au lieu des électrons pour concevoir des ‘circuits optiques intégrés’. Pour ce type

de circuits intégrés, il est nécessaire de réaliser sur un matériau de base un guide

d’onde dans lequel la lumière se propage et d’intégrer sur ce matériau des

structures réalisant des fonctions identiques aux composants optiques massifs :

lentilles, interféromètres, modulateurs électro-optiques et acousto-optiques,

sources, détecteurs, filtres, capteurs, etc. En traversant ces différentes micro- et

nano-structures qui agissent sur l’onde guidée, le guide d’onde apparaît comme

l’élément de base dans tous ces dispositifs. Une étude approfondie de la

propagation guidée des ondes dans les différentes structures guidantes

(composants passifs) sera donc présentée.

L’intégration est l’une des voies permettant de réaliser des systèmes optiques à

hauts débits, à faibles tensions de commandes, sous une forme très compacte

pour des applications dans les domaines des télécommunications et des capteurs

(MOEMS), c’est-à-dire respectivement relatifs à la transmission d’une information,

puis à la mesure. Ces composants actifs utilisent les propriétés de la lumière : la

vitesse de propagation, la direction de propagation, la longueur d’onde, l’état de

polarisation, la phase, la cohérence. Ces systèmes ou composants actifs sont

généralement basés sur une modulation (pour des applications télécom) ou

mesure (pour des applications capteurs) de variables physiques (ou attributs

attachés à l’onde optique), à savoir l’amplitude de l’onde optique (intensité), sa

direction de propagation (vecteur d ’onde), sa polarisation, sa phase et sa

cohérence temporelle (retard optique, et interférence).



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 nano-

sphères) 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.



▪ I.2 Waveguides structures - examples of opto-geometries:

▪ Circular geometries (fibers, tubular structures)

▪ Various multi-forms and complex geometries (curved structures, V-cones, …)

▪ With in each case : possibilities of multilayers structures (n layers) with Totale Internal

Reflection (TIR), and indices gradient laws (Eikonal or Iconale equation) with notions of

caustic points.

▪ Plane and rectangular waveguides
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▪ I-3- Various materials and thin layers processes in integrated photonics:

▪ Glass

▪ Silicone

▪ III-V semiconductors (GaAs, AlAs, AlP, GaP, InP, AlN, GaN, InN, + ternary and

quaternary compounds)

▪ II-VI semiconductors (MgS, MgSe, ZnSe, ZnS, CdSe)

▪ Lithium niobate(LiNbO3)

▪ Polymers

▪ Metals (Al, Au, …) + adhesion layers (Ti, Cr)

▪ Clean room processes (drop-, spin-coating, classical UV-lithography, lift-off,

development processes, step baking, chemical etch, …)

▪ Plasmas deposition and processes (reactive ion etching, functionalization,…)

▪ Sputtering, evaporation (electrodes)

▪ Chemical vapor deposition (CVD, PECVD)

▪ Molecular beam epitaxy

and so on…

Different technical and thin layers        processes adapt to each material





▪ Some examples:
▪ i) Clean room processes

Polymer rib waveguides



▪ ii) Waveguide realization with diffusion processes (LiNbO3)

Ti diffusion on LiNbO3 at high temperature (>1000°C) ; backing [200-400°C] after

proton exchange (‘PE’=substitution of Li+ by H+ from acid solution at the LiNbO3

surface, implantation of HxLi1-xNbO3 that present a higher ne index) ; mixed previous

methods.
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▪ iii) III-V semiconductors growth by MOCVD reactor : GaAs/AlAs or GaN cavities and

waveguides, lasers applications

Trimethyl Gallium

GaN on Sa or SiC substrate

Nucleation or anomorphous

layer necessary due to the

high lattice mismatch

between the substrate and

GaN (dislocations)

TMG molecules are broken

by the speed of gas

molecules (H2) ; CH3 and CH4

can be evacuated by the

pump.

GaN / AlGaN or / InGaN structures

GaAs/AlAs         structures



▪ iv) GaAs/AlAs multilayers waveguides growth by MBE (or heteroepitaxy)

De telles hétérostructures peuvent être élaborées par des techniques de croissance épitaxiale.

Celles-ci peuvent être classées en diverses familles : l’épitaxie en phase liquide (EPL, LPE ‘Liquid

Phase Epitaxy’), l’épitaxie en phase vapeur (EPV, VPE ‘Vapor Phase Epitaxy’), et l’épitaxie par jets

moléculaires (EJM, MBE ‘Molecular Beam Epitaxy’). Cette dernière méthode d’épitaxie est

particulièrement intéressante concernant différents paramètres: état de surface (rugosité

inférieure à 1 nm), contrôle de la vitesse de croissance dans une large gamme (0.1 à 5 mm/h),

obtention de grandes variations de dopage et de composition, température du substrat

relativement faible permettant d’éviter des phénomènes de diffusion couche-substrat (de l’ordre

de 500°C pour GaAs), et enfin grande pureté des dépôts due à la technique d’ultravide (pression

proche de 10-11 Torr). Le principe consiste en l’interaction dans une enceinte sous ultravide de flux

moléculaires (ou atomiques) et leur condensation sur un substrat monocristallin. Les flux utilisés

sont typiquement de 1016 molécules/cm2/s pour le groupe V, de 1015 molécules/cm2/s pour les

éléments du groupe III, et de l’ordre de 1010 molécules/cm2/s pour les éléments dopants.

Un spectromètre d’électrons Auger permet

l’analyse chimique des surfaces. Dans la

chambre de croissance sous ultravide refroidie

par circulation d’azote liquide, les cellules

contiennent dans des creusets munis de

caches, les éléments à épitaxier (Al, Ga, As, etc)

et les dopants à incorporer si besoin (Si, Be).

Plusieurs moyens d’analyse au cours de

l’épitaxie existent. Un spectromètre de masse

contrôle la qualité du vide. Enfin, la qualité

cristalline des couches déposées est analysée

par diffraction d’électrons de haute énergie

(RHEED).



▪ v) Piezoelectric layer deposited by CVD, PECVD for transductors applications

De nos jours, il existe de nombreuses techniques pour déposer des couches minces très utilisées

pour fabriquer des micro-composants. Parmi celles-ci, nous pouvons citer l’évaporation, la

pulvérisation (‘sputtering’), le dépôt chimique en phase vapeur classique (‘Chemical Vapor

Deposition’ ou ‘CVD’) ou assisté plasma (‘PECVD’) .

La pulvérisation permet l’obtention de couches minces sur le substrat par éjection des atomes par

un faisceau d’ions de haute énergie en présence ou non d’un gaz réactif. L’évaporation permet

d’obtenir des dépôts par sublimation du matériau en le chauffant ou en le bombardant (‘electron

beam evaporation’). Dans les deux cas, ces dépôts sont obtenus par PVD (‘Physical Vapor

Deposition’) par utilisation d’un faisceau électronique. Ces deux techniques sont fortement

employées en optique, mais la CVD et la PECVD connaissent un développement important. Elles

jouent maintenant un rôle primordial dans l’élaboration de couches minces pour la micro-

électronique sur substrat Si, Ge, et GaAs, etc.

Pour le dépôt chimique en phase vapeur

classique (c’est-à-dire thermique), les réactifs

introduits dans le réacteur fonctionnant à pression

réduite (quelques Torrs) sont pyrolysés

thermiquement (500°C<T<1000°C) et le mélange

chimique est transporté par convection et diffusion

à la surface du substrat. Le dépôt chimique en

phase vapeur assisté plasma (PECVD) se produit

dans un réacteur chauffé à température réduite

inférieure à la précédente technique et maintenu à

basse pression constante. Une décharge électrique

permet d’ioniser le mélange et de créer un plasma.

L’excitation de la décharge peut être continue, ou

comprise entre quelques kHz et plusieurs GHz

(conditionne le déplacement des ions et des

électrons).



L’originalité de la PECVD par rapport à la CVD est donc la création d’un plasma, c’est-à-dire d’une

multitude d’espèces. Les proportions, les énergies, et les mouvements des différentes espèces

présentes (particules chargées), définiront le plasma. D’une manière générale, une bonne

reproductibilité en épaisseur et en composition de la couche nécessite une maîtrise de certains

paramètres expérimentaux (fréquence, pression et débit des flux gazeux, concentrations en espèces

réactives,...). Ces deux dernières méthodes conduisent à l’obtention de matériaux déposés en

couches minces de grande pureté et ayant de bonnes propriétés d’adhérence. Ces couches minces

(<10 mm) résistent à de fortes déformations sans que celles-ci ne s’écaillent, même si le matériau de

revêtement présente une grande fragilité sous forme massique. Dans certains cas, la CVD et la

PECVD offre la possibilité de déposer les mêmes couches minces qu’en utilisant la PVD, mais avec

une orientation des axes cristallographiques différentes (➔ exemple couches piézoélectriques ZnO,

AlN ➔ applications transducteurs acoustiques).



▪ Notation for next chapters :

: Analytical demonstration and calculus to be done...



Chapter II). Theory of electromagnetic waveguides,

photonic’s propagation, quantification of the optical

modes

▪ II.1 : Notion of guided modes / radiation modes; geometrical approach of

the propagation of guided modes (zig-zag); ray optics and phase shift; first

quantification along one direction; Goos-Hänschen shift; effective guide

thicknesses

▪ II.1.1 Geometrical approach (‘zig-zag’), scalar theory of waveguide -

conditions for propagation

▪ Hypothesis

- Symmetrical plane waveguide with permittivity discontinuities

- Symmetrical potential barrier ‘e2/e1/e2’

- Infinity lateral dimension (along x-axis)

- Propagation along z-axis

- Propagation TIR n1>n2

 ▪ Goal : Calculate and define such a modal quantification (eigenvectors) and

determinate the equations of eigenvalues into this type of opto-geometric structures

confined along one dimension (x-direction). Use only classical and basic notions of

geometrical optics and wave-optics like phase shift.

Remarque: On démontra ensuite dans ce chapitre que la résolution de ce même problème de confinement 1D par le

formalisme de Maxwell (c’est-à-dire avec les notions de champs é-m-) nous fixe strictement le même résultat en

terme d’équation aux valeurs propres et donc de première quantification des niveaux d’énergies.



Conditions for propagation of the optical wave

Succession of TIR Condition of the accord 

of phase between the 

various front of wave

▪ Confinement of the light into

the heterostructure (or potential)

along the y-direction (possibility

of photon-propagation into such

a channel along z-direction)

➔ quantification of the energy of

the light (photon)

At fixed thicknesses (2a), and fixed l1 (wave-front), qi solutions / accord of

phase = constructive interferences = propagation

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Decomposition of the problem along twice axes (➔ separation of variables)
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▪ Stationary phenomenon along y-axis, no

propagation but confinement of the light,

discretization and quantification of energy
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▪ According to the condition of resonance :

m = quantification of the possible ray optics,

➔ notion of confined and selective modes

▪ m decrease qm increase

▪ First optical mode m=0 q0 /2→
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▪ 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.
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Remarque et sens physique : même si coefficients appelés en ‘réflexion’, ce déphasage dépend du milieu (n2) de

l’autre côté du milieu n1! Ainsi, l’onde a bien pénétré dans l’autre milieu et s’est donc réfléchit au-delà de l’interface

n1/n2 ➔ notion géométrique de profondeur de pénétration (ou d’onde évanescente en vision modale).
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▪ Interpretation

▪ In the limit where cut is verified ➔ no phase at reflection.
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If optical propagation mode existence is valid in such structures, then the

condition of previous resonance must be verified.

PROBLEM

q= msinn1neff 

qm ? Quantification and notions 

of optical modes
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▪ II.1.2 First quantification along one direction, eingenvalues equations of

the optical modes

▪ Determination of the optical modes proper to such planes structures
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▪ Resolution for TEm optical modes:
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New expression of the resonance condition for TEm optical modes :
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Change of variables ➔ u and v new eigenvalues of the modes :
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▪ Interpretation

▪ Graphically, u and v➔ neff➔ b➔ qm.

▪ We see that m=0 ➔ q /2 ; then neff n1 and u 0 (that is the first intersection point

near lower u is the monomode or single mode TE0).

→ → →
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v=u tg u

v=-u cotg u
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TEm Modes

First quantification of the optical

modes into symmetrical planar

waveguides or infinity potential

mountains



▪ Into symmetrical waveguide, there is always existence of an optical mode ; that is no

frequency-cut for m=0.

▪ More the normalized frequency V increase [that is l0 wavelength decrease, (n1-n2)

increase, or d-thickness of waveguide increase] more the waveguide present many

optical modes (multi-modal aspect).

▪ Graphically, V /2 define the cut-wavelength lc of the monomode waveguide (m<1) as

nnd2 2
2

2
1c −l



Question : Quel est l’ordre de grandeur de l’épaisseur d’un guide plan monomode en verre (n1=1.5, n2=1.48) pour des

applications télécom (l0=1550 nm) ?

Question : Soit un guide d’onde plan symétrique en verre d’indices n1=1.46 et n2=1.45, d’épaisseur d=4 µm. Combien

de modes TEm se propagent dans ce guide à une longueur d’onde l0=500 nm ?

▪ II.1.3 Determination of the repartition of the optical field in transversal y-

direction (section of the waveguide)

▪ Calculus of the variation of amplitude E(y) of the optical field
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 ▪ 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 Df(y)

+d2
cosn 01

0
y =

q

l
=l

Condition of 

resonance cos qm=0

Amplitude 






 
=

d

y
cosE2)y(E  0

Period 2d

E(y) max at y=0

y (d)

z( )( )E2yE 0

Waveguide (d=2a)

- single-mode (or monomode) waveguide : m=0 and r →

Intensity into planar monomode waveguide z*E.E
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- Bi-mode waveguide : m=1 and r= ly=d

Amplitude 






 
=

d

y2
sinE2)y(E  0

Period d

Opposition of phase at +/- d/2

Intensity into planar bi-mode waveguide z*E.E

▪ II.1.4 Goos-Hänschen shift ; notion of effective waveguide thicknesses

 ▪ Determination of the yg and zg parameters that characterize the Goos-Hänschen shift

Method for the demonstration :

Write the incident field xi around A-point

by the sum of twice waves with lower

angular gap (qm-Dqm) and (qm+Dqm) (+

approx. tilted optical ray / surface-

normal). Develop the reflected field xr (at

A’-point) as xi.e
j

r
(qm). Use a Taylor

development on (qm-/+Dqm) to expressed

xr at A’-point.
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 ▪ Determination of the yg and zg 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 :
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The parameter yg represent the geometrical prenetration of the optical ray into the

cladding (n2) of such waveguide, this correspond to the notion of evanescent wave in

wave-optics.
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y2dW )TM et TE(g)TM et TE(eff +=d Weff

n1

n2

n2 yg

▪ Notion of effective thickness of waveguide Weff

Question : Calculer l’angle particulier qp tel que le glissement de Goos-Hänschen soit égal pour le deux polarisation TE

et TM, c’est-à-dire zgTE=zgTM.

▪ 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 e2/e1/e2

Fresnel : Maxwell :

▪ Hypothesis : Is there a wave that propagates along

z-direction with an effective propagation constant bz?

▪ 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 modes
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 ▪ Resolution and determination of the optical modes

[II-8 & 9] always with [II.9]
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Notion of evanescent wave in n2 area : y<-a and y>a

➔ Telecom and sensors applications…
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Then, according to Maxwell approach, such an optical mode bz exist !
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 ▪ Resolution and determination of the effective indices or eigenvalues of the system

e
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By using the continuities of (anti-) symmetrical Ex and Hz components respectively

at y=+/-a with [II.12 & 10], we can obtain by Maxwell approach previous [II.5] as TEm

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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 ▪ Conclusion, analytical expressions of the TE optical modes
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▪ II.2.2 dispersion phenomena and pulse’s spread

▪ Materials dispersion ➔ Cauchy e() and n() equivalent to transfert functions of the

system ➔ causality (Hilbert type relations, Kramers-Krönig relations, Bode relations, …)
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▪ Modal dispersion phenomena in integrated photonics

TEm (neffTE or bTE) and TMm 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’s spread

[II-13]

▪ Interpretation of the previous TEm quantification (modal dispersion curves, see [II.5])

Intersections ‘curves-circle V’ = discretization and quantification, according to the

expressions of u and v [II.4] :
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As an example in TE0 case, graphically :

▪ We see that  0 when [circle V 0, with u 0 and v 0] :

▪ Moreover,  when [circle V , with u /2 and v ] :

→ → → ⎯⎯⎯⎯ →⎯
u than faster

   0n k 2000TE
→⎯⎯ →⎯b

→

+→ +→ → +→

   n k 100TE
+→⎯⎯ →⎯b

+→

- No cut-frequency (c or nc) into such

symmetrical wave-guide for single mode TE0

(and TM0)

- There is an inflexion point corresponding to

lower pulse’s spread

▪ Pulse’s spread due to the modal dispersion
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▪ 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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[II-14 & 15]
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▪ 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
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▪ Constant index➔ rectilinear trajectory
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▪ 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

greek).
[II-18]

n gradwith, the gradient orthogonal to the interface ‘n|n+Dn’ along the increase indices,

ds the curvilinear abscissa (trajectory), and the known original ray optic.u


▪ Implementation of such calculus
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▪ 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 LiNbO3 waveguides).
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ds: optical ray, trajectory
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▪ 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
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▪ 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.
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▪ Caustics or turning points notions : dy 0→



▪ According to the initial conditions y0 at the beginning of the waveguide z0=0 :

▪ Determination of the global z(y) trajectory according to initial conditions :
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Final expression with CI (that is f0 and y0)

Period of such trajectory function of b
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▪ Paraxial hypothesis (or lower tilt optical ray / z-axis), far from cut-off
[II-31]
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Period of such trajectory independent of b

▪ Transit time t , geometrical and optical paths (Lg and Lo)

▪ Transit time t is defined as the integral optical path along the previous trajectory

(L=waveguide length, length along z-direction of trajectory between unitary period

of caustic, then such a quotient (L/ ) represents the number of ‘unitary length

caustic’ along z-axis projection ; then is defined as the elementary time

transit of one curvilinear element of trajectory between two successives caustics) :
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[II-21 & 20], with [II.24 & 22]     
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▪ Transit time t for the trajectory along L distance on z-axis

( ) 0nkau  and  nk
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 1t▪ Weakly propagation conditions :

t is independent of b, each optical modes have the same transit time



▪ Geometrical and optical paths (Lg and Lo), ray-half-period zg

According to [II.21 & 20], Lg, Lo and zg can be

explained
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▪ Note : The zg expression is close to Lg, n(y) have to be substituted by neff.
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▪ II.3.3 Symmetrical planar waveguide based on heterostructured-core with

another graded index law.

▪ Such method can be can be used for another non-linear profiles related to :
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▪ II.4 : Dissymmetrical multilayer slab waveguide-structures : formalism for 3,

4 and n-planar-layers

▪ II.4.1 Comprehensive analytical approach for dissymmetrical 3-layers slab

waveguides, optical modes and electromagnetic energy distribution through

the multilayer

▪ Hypothesis

- Dissymmetrical 3-layers planar waveguide with permittivity

discontinuities (dissymmetrical potential barrier ‘e3/e1/e4’)

- Infinity lateral dimension (along x2-axis)

- Propagation along x3-axis

- Propagation TIR n1>n3 and n4
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[II-37]



 ▪ 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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▪ Study of the TEm propagation modes

[II-7]

▪ Invariance hypothesis along x2-direction and resolution of [II.37] allow to defined in

each area (i=1,3,4) :
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▪ Continuities at respectively x1=0 and -2h impose :



▪ Moreover Maxwell equation [II.7] fixes :
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▪ Determination of the eigenvalues equation of such 3-layers slab waveguides

According to the x1=0 and -2h continuities of previous Hx3 component, it can be

shaped the global eigenvalues equation for the TEm modes (m integer):

with, q, r, p defined previously in [II.38].
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▪ 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 (neff=n4 or p=0) :
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▪ An identical development on the TM-polarization allows

to shaped the general eigenvalues equation for the TMm optical modes (m

integer):
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[II-45]

[II-43 & 44]

Good agreement between the numerical

simulation of the eigenvalues equations

and the analytical expression of the cut-

thicknesses.

3-layers slab waveguides with polymer

core (n1=1.56 at l0=670 nm) and

claddings n3=1 (air) and n4 =1.45.



 ▪ Determination of the electromagnetic energy distribution through the 3-multilayer

slab waveguide, confinement factor g
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▪ Goal : 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 x3-direction as a flux through the (x1,x2)-section of the x3

Poynting-vector component

Such energy expressions are deduce from the modal expressions [II.41 & 42] plus the

eigenvalues equations [II.43 & 44].

▪ TE case :
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▪ II.4.2 Comprehensive analytical approach for dissymmetrical 4-layers slab

waveguides, optical modes and electromagnetic energy distribution through

the multilayer

▪ lecture and study of the reference (2009, to be published):



▪ II.4.3 Comprehensive analytical approach for global n-layers slab

waveguides, generalization of optical modes into multilayer heterostructures,

matrix method, multilayer stack theory

▪ Introduction :

The global heterostructure 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 TEm and TMm in such general

multilayer case. By carried out a change of variable U et V on [II.10]

we can fixed U=Ex2 and V=0Hx3= for the TE case, and U=Hx2 and V=e0Ex3=

for the TM case (equivalent notations for both polarizations). Then we don’t

have to write the (0) or (e0) 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 U0 and V0 at x1=0, and on the matrix-crossing

formalism from a layer to another one.
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Propagation equation of U (that is ETE) into a layer of n-index
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 ▪ Matrix method for TEm optical modes :

[II-51]
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By considering the initials conditions on [II.51], U0=U(x1=0) and V0=V(x1=0), we deduce :

[II-52]

▪ 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 :
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[II-54]

▪ Relation overall the global multilayer, extension and definition of such Mi matrix
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According to [II.50] the expression of the normal wave vector i in to the ith-layer of ni

index and li thickness can be expressed as :
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Two cases must be considered on the nature of crossing matrix Mi (according to the

[II.55] definition :
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neff<ni, i is real and the optical field 

is oscillating into the ith-layer

neff>ni, i is imaginary and the optical field is 

exponentially decreasing  into the ith-layer

▪ Expression of the optical field in the lower and upper cladding (noted L-clad, U-clad)
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By considering the continuity conditions at x1=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 :

nU-clad

Upper cladding

nL-clad
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Multilayer 

core

each 

ni, li

n
U

-c
la

d

n
L

-c
la

d

By successive crossing [II.54 & 57],

knowing the initial amplitude, we

can develop the final amplitude :
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▪ Eigenvalues equation for the TEm optical modes in such multilayer

[II-59]

with mij the components of the product-matrix M

By using the condition to obtain no field at the

infinite and replacing (U0,V0) (Un,Vn) in [II.58], a

TEm eigenvalues equation can be considered :



▪ Eigenvalues equation for the TMm optical modes in such multilayer

[II-60]

By using an equivalent reasoning, a TMm eigenvalues equation can be expressed as,
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Note : Such expression can be obtained by change of variable for the normalized wave vectors z= and

into [II.56] expressions of Mi.
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▪ Eigenvectors : amplitudes of TEm-TMm optical modes in such multilayer
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▪ II.5 : Lateral optical confinement, 2D-waveguide-structures, TEmn and TMmn

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 neff of the optical modes TE-

TMm slab waveguides called n et nb for

respective thicknesses hg and (hg-d), with d

the etching deep.

➔ Determination of the quantification along

the second direction (neffTEnm and neffTMnm)

by considering the rib waveguide as a

symmetrical slab waveguide nb|n|nb with

TE➔TM polarizations !
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Example : AlGaAS / SRperiod-20nm GaAs/AlAs / Air structure at l0=1300 nm

▪ II.5.2 Marcatili’s method, shadow areas and buried waveguides

Method based on a separation of the two directions (x1 and x2) 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.



Cross-sections of six channel guide structures
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m = 0
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m = 1

m = 3

and TEmn modes

and TMmn modes

Monomode cut-off dimensions (TE00/TM00): 0.8 µm < Wc < 1.8 µm

0.5 µm < hc < 1.5 µm

TE12

TM12
TE00
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▪ 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
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▪ II.5.4 Advanced numerical methods, Semi-Vectorial Difference Finite

method, spectral method (Galerkin, and so on)
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- Synoptic of SVFD-TC method

SVFD

TC

Index profil
(curved guide)

Index profil
(rect. Equiv. guide)

Effectives propagation constantes
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▪ lecture and study of the references :









▪ II.6 : Coupled mode theory representation, notions of super-modes

 ▪ Coupled mode equations and resolution

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.

x3
x2

x1By considering such a coupled waveguides

structure defined with two n1 and n2 guides

‘buried’ into a ns-substrate, each index

profile can be resumed as :
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Global index profile
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Considering two optical modes (unperturbed) with effective propagation constants

bi=(2/l0).ni-eff, solutions of the propagation equation into proper guides :
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Another approach is to consider the field as a total optical mode y which is solution

of an equation of propagation into the global index structures [II.87] :
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Ai are not constants in [II.90], because Eo
i are not defined as the eigenvectors of the

global index structures [II.87] and y could not be developed as an linear combination

of Eo
i (that is with Ai constants).

The idea is to project the total (perturbed) mode y on the vectors basis Eo
i that is the

proper eigenvectors (unperturbed) of each single guide.

For i=1 and 2
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with

By estimating each overlap integral, considering the domain of such functions (Di and

EO
i), we obtain the differential equation that manages the amplitude modes evolution

EO
1 along x3-axis propagation (12 is the coupling factor).

Conversely,
( )

( ) ( )
exAj

xd

xAd
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3121

3

32 bD
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[II.94]

In conclusion, system [II.93 &94] resumes the energy coupling evolution between two

waveguide or into previous defined super-structure [II.87]

▪ Note : In various case, Di 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’ Db=b2-b1-2/)...

Perturbation 

method analogy
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▪ Resolution of such system [II.93 & 94] can be obtain by considering for example

(12=21=) plus the energy conservation along x3-axis

with initials conditions A1(x3=0) fixed and A2(x3=0)=0.
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Efficiency :



 ▪ Approach by super-modes y, effective propagation constants and amplitude of optical

super-modes

Y can be considered as the eigenvector of the global structure defined previously in

[II.87]:
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Such expression is equal to [II.90] ; by differencing (two time /x3) such expressions,

using [II.93 & 94], we obtain :
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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]
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with, 0 vacuum permittivity, ij relative permittivity tensor, Eo
i components of the optical mode, and

components of the variation of total polarization (linear and non-linear parts)P
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➔ Propagation equation into anisotropic and perturbed material
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Perturbation of the optical wave by electro- and elasto-optic effects

- Variation of impermeability tensor Bjk, defined as the inverse of tensor permittivity (ij).(Bjk)=

dik with .

-Deformation of the indices ellipsoïd, rotation of the neutral lines of the material, …

- Application of an electric field Ee
m along particular directions l via the electrooptic tensors

terms rijk.

- Application of a strain via the elastooptic tensors terms pijkl (xi axis=

crystallographic reference). Use of transducers (or electrodes) to generate acoustic waves

(surface or volume, ui displacements) by piezoelectric effect Sld=euldEe
u.
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▪ Potential of the telecom components (➔ a perturbed mode will present a new eigenvalue neff 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).
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[III-4]

Tc= time during phase and amplitude

are constants.



Source Wavelength
Spectral

width

Coherence

length

White light 0.6µm 400 nm 1µm 

Superluminescence

diode 1.3µm 40 nm

Laser

Monochromatic
1.06µm 0.01 nm



40µm 

10cm 

- Two-waves interferometer, spectral transfer function P(s) :

D/2

Fixed mirror

Moving mirror

Semi-transparency

Optical

source

( )
( )

( ) D2cos1
2

P
P

m s+
s

=s
[III-5]

P(s) 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:
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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>>LC) 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; D0 is a high static delay and Dv(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 D0

static delay. Then, at the exit of this one, spectral density power can be expressed as :
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[III-5] [III-6]

The intensity is deduced by integration on all the spectral components with

conditions D, D0, D+D0 >>LC:
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The Dv(t) is now directly accessible by a classical photodiode.





• Principles and physical interpretation of the coherence (de)-modulation :
[as an example, modulated delay Dv(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 D0, D1, D2, … DN). 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 Dv(T) (or P(t)) relative to one polarization

(multiplexing on the polarization is then possible)…

P(t)

M-Z

interferometer

D

0

Delay P(t)

Wave train

(P0/2)

Optical

source

D0+P(t)

D0+P(t)
D

0

D

0

(P0/4).[1+0.5.cos(2P(t)/0]



• Example : a tri-axis Si accelerometer

▪ lectures and studies of both references :





▪ III.2 : Microphotonic components

▪ III.2.1 Integrated optics in telecommunications applications : some

examples

I0

I0/2

I0/2

▪ Y-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 (LiNbO3 case)

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 LiNbO3, ne increases and

such corresponding polarization is

guided and nO 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.

(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’.



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=bTE-bTM (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 effective-

geometric wave vector 2/L. Acoustooptic effect can be used, La 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).
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Quasi-Phase Matching (QPM) condition

Tunable functions



▪ lectures and 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 : some

examples

▪ Gas sensors

waveguide

Io I(z)<I0

Perturbation Principle : evanescent wave = probe for the detection

applications ➔ radiation field / I(z)<I0.

▪ 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 (H2 detection ➔ 20

ppm) :



- Examples of NH3 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]

[Various families]
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- Kinetic measurements of the (de)-absorption of the NH3 gas
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▪ lectures and 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)

L


+= 0

air)guidé e(modeff msinnn

[III-12]

with, m integer and diffraction order,

L periodicity of the grating.

nair

TiO2

SiO2

L

Note : This schematic detection

can be used for the measurement

of index change of liquid (n=10-6)

For the detection, variation on the

neff 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
TE00 (0=980 nm)

Propagation single-mode TE00/TM00

High optical confinement

Guide 

ruban

Y-junction

Adiabatic

transition

Separation on

two S-bend arms

SOG/SU8 

polymers

100 µm
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▪ 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..
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V/
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3

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
➔ 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
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▪ Conceptions on polymers 2.5D micro-structures (ring, disk) by Ar and O2 plasma

treatments:

- Principle : spectral resonance:

( )nn
2

d 2
gaine

2
eff

2/1
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








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- Notion of evanescent wave (probe) and optical tunnel effect: e
)d/x(−

[III-15]

[III-16]











−


= −



απRαπR

eff,
2

2

0 eτe
τ

1

nR2

λ
δλ

 

,
nR2

FSR
 gpe,eff

2
0




=

( )−  opticalfor  nm]15010[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 

LSSL
2

( ) ]SG[
n,p,T=➔ Surface 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 /

H2O, Acido-Basic interactions]

T-(totale)

 = −+ 2/1 AB
.2

 onscontributi

2d Newton law or PFD (F=L)

➔ Young equation at the three interfaces

( )+= cos
LSLS

Van Oss Model (or Acido-Basic)

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(-)

Water 72.8 21.8 25.5 25.5

Glycerol 63.3 34.0 3.92 57.4

Diiodomethane 50.8 50.8 0.0 0.0

(Unity : mJ.m-2)

S/O2

water
=117 (hydrophobic surface)

30s<tO2<60s 30s<tAr<180s

maximum



WSU8/PS233 WSU8/SOG

( ) ( ) ( ) ++= −+−+−− )(nd

2S

)(nd

1S

2/1 )(nd

1S

)(nd

2S

2/1 )LW(d

2S

)LW(d

1S

2/1 

2S/1S 2W

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/m2, nd-(+)=0 mJ/m2, nd-(-)=6.9 mJ/m2

plate

[III-18]



TE00 whispering gallery modes into a disk (0=670 nm)



▪ lecture and study of the reference :
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- 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.
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Tension 

measurement

Movable barrier

Clip (dipper)

wafer

▪ Realisation of the lipid biomolecular film (DPPC)

(surface tension) at interface : 35 mN/m 

compression Chip go up
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Excitation of whispering gallery modes and coupling to waveguides

Upper detection (4-ports)

TM1m200ème

Port injection 1st

2d4th

3d

▪ Conception of polymers/glass 3D micro-structures resonators (sphere) :

( ) I csteport j/port i laser
èmeème

ji
→



( ) 97.1port 4/port 3
èmeème 

( ) 5.1port 1/port2
eréme 

➔ cas TE



Modal photonic life time =Q/0=21.9 ps (6 rounds)

Quality factor Q=0/d > 4.104

( ) (radius) µm105.n2R eff
2
0 

Fineness /d reaching 37

( ) ps7.3.ct
2
0tt =

FSR==0.97 nm (FSR/0=T/t1t) 

Spectral resonances

FSR

Q   105 



▪ lecture and study 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 (Qd, µL/h) and silicon oil =
continuous phase (Qp, 100-300 µL/h) ➔

30µm<Rspheres<200µm.

- Model in two steps , flow-rates Qp,d fixe sizes of droplets :
drop-formation = block+pinch, V=Q., Q=v.S

Q

Q
VVV

p

d
pinchblockdroplet +=

geometrie

Flow-rate

 another parameters phases, 

Qd

Qp

Qd

NOA=200mPa.s, NOA=4.3mN/m



▪ Two dynamical flow regimes into the T-flow-focusing

- Dripping regime pinch<tjet-formation (fast-
pinch).

- Jetting regime tjet-formation<pinch, Rayleigh-
Plateau instability ➔ minimization of energy
lead to formation of droplet-geometry.

▪ Microphotonic and organic 3D spherical resonances

- Raman excitation set-up (=785nm) for isolated 3D MR resonances (Stokes-line, 830 nm)

50 µm

wire

Excitation-

localization

End-spot ➔ equatorial ray

➔FSR ()= 0.86 nm & 0.88
nm (Dsphère= 150 µm).

FSR FSR



▪ Whole organic MR/waveguides, coupling and excitation of Whispering Gallery Modes

▪ Clean room processus, SU8 waveguides, SiO2 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 (Dsphère=155 µm).



▪ lecture and study of the reference :



(sub- gap)

▪ Integrated chip 2D or 2.5D approach

MRs upper view➔ 2.5DMRs à ➔ 2D

➔ Process of micro-nanotechnologies



▪ Symmetrical SOI /UV210 polymer / SOI 



▪ Raman analysis

▪ XPS analysis



▪ FSR measurements / reproducibility



▪ lecture and study of the reference :



▪ Optical Characterizations of MRs



▪ Réponses spectrales et ISL ()

Cavité disque: R = 25 µm Cavité stade

→Mise en évidence de modes de galerie résonants ‘WGM’

Δλ

Δλ

Structures
Disques Stades

Paramètre R 25µm 50µm 25µm 50µm

ISL théoriques (nm) 2.92 1.46 1.78 0.89
ISL expérimentaux 

(nm)
2.70 1.45 1.95 /

Facteurs de qualité Q 700 950 700



0.5 1.0 1.5 2.0 2.5

0.2

0.4

0.6

0.8

1.0

F
F

T

FSR (nm)

Quality factor Q >3000 at IR

Fourier



▪ lecture and study of the reference :



▪ Plateform :
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▪ Vers les applications senseurs (n➔décalage  en longueur d’onde)



S 280 pm/(mg/ml)

Limit 0,04 mg/ml

C➔n= 10-5

▪ Resonant probes of light to detect glucose ppm



▪ lecture and study of the reference :



▪ Resonant probes of light to detect and follow the phase-transition in
temperature : biology application, lipids (MSM)

a)

Polar head

Apolar queue

Tm T (°C)

Gel 

phase

Liquid 

Phase



Serial spectral
&

statistic

➔ Phase-transition (gel=>liquid) of MSM-lipids at Tm [31-32]°C

Photonics injection
Spectral quantification 

Sensors Actuators : physical A, 2017, 263, 707-717



➔ DSC experiments on milk sphingomyelin

Thermogram (endothermic heat flow up) and determination of the Tm

Tm extracted from the thermograms recorded at different scanning rate

Sensors Actuators : physical A, 2017, 263, 707-717

➔ Future : Towards control and measurements at distance and 
embedded computer systems … 



▪ lecture and study of the reference :



▪ Resonant probes of light to detect and follow the phase-transition in
temperature in cosmetic, food… : fatty acid



Phase transition : fatty acid 12-hydroxystearic acid (12-HAS)

(associated with alkanolamine counterions,

selection of the 5-amino-1-pentanol (C5) in the alkanolamine group)

C5 /12-HSA compound shows a 

large supramolecular polymorphism

Morphologica

l transition !

µm  nm

T(°C)



Broadband 

Source

λ=795 nm

Polarizer

Temperature 

system control

Acquisition system

and statistical treatmentTop view

Computer imaging

Optical injection 

evaluation

SMF

SMF

OSA

Computer

MBP
Power meter 

CCD 

Camera

Nanopositioner stage

Temperature 

Reversible phenomenon

740 760 780 800 820 840 860

 Resonance transmission

Wavelength (nm)

Experimental setup for the full optical characterization of the microcavities

the complete fatty acid phase-transition monitoring protocol



Phase transition : fatty acid (12-HAS)

Rheology 

Integrated 

Photonics 

Behavior changes are much sharper in 
terms of optical properties !

Small volume of analysis



▪ lecture and study of the reference :



Towards the notion of resonant photonic microbalance?

Following the mechanism of drying : single water droplet – air/water interface effect

V= 50, 100, 300 µL

h

▪ Resonant probes of light to detect and follow the loss/lack of mass



FS
R

T=21°C

Various T

FS
R

h
Various T°C

T=21°C

FSR   (ISL)

FWHM
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Towards sedimentation velocity measurement

▪ Resonant probes of light to detect nanoparticles cloud migration
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Chapter IV). Nanophotonic and nano-components

▪ IV.1 : Electron-photon analogies, development of the basics on photonic

crystals (PC); wave equation and eigenvalues; one-dimensional model (PC-

1D or Bragg mirror); Bloch’s theorem and Fourier expansion of dielectric

functions; plane waves method decomposition; spatial periodicities and

photonics band gap; two- and three-dimensional crystals cases (PC-2D and -

3D); bands engineering and control of the photonic dispersion curves;

localized defect modes

▪ IV.1.1 Electron-photon analogies, curtain call and quantum mechanical

considerations

▪ Wave notion and wavelength associated to such quantum particle : photon

=== /hchE

Particle  ➔ wavelength

( ) === /hpkc.mp





Wave world

(and quantum ➔ h)


= S)(mt

(kinetic quantity, pressure radiation ➔ Crookes experience)

( )m.cE 2=

Particle world

Spot of light : photon

(m=0)

(Kinetic moment, angular = circular 

polarization ➔ torsion experience)

[IV-1]



( ) ( )   e. r.ktjexp.rAt,rE polar0


+−=

▪ Complex wavelength function associated to photon = photonic mode

  =



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X
XX.Op
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ij00
2
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Hor  EX
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

propagation into the space-time

+ Maxwell eq. (fields and causes)

▪ 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.

k


mt
 p



[IV-2]

▪ The quantum-probability to observe a photon in an area at a t -time (during Dt) is

proportional to the intensity of the optical (or photonic) -mode (associated to such

space-time area :

▪ Energy-time relation (Heisenberg) :

Quantum mechanics restrict the possibility of different dynamics variables existence

into the same Dt measurements :

( )( ) dt.dV. t,rEIntensitydt.dV.proba


=

2
t.E DD

[IV-3]

[IV-4]

c
t.p DD

[IV-5]



Dx  position

Relativistic quantum expression 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 :

(invariance of Jauge)

[IV-7]

+====



−D





EA-  and BAArot  with ...

t

A

v

1
A

2

2

2
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Such Jauge’s invariance is important and valid for many attribute of the ‘photon-wave’

(for example the state of polarization : , a=1,2)]function timespace[ee
)()( −+ aa 

slj


+=

A
- Note : There is no rest-referential for the photon (because relativistic or c -aspect).

With [IV.5], the potential-vector for the photon theoretically is not perfectly an

amplitude of probability. But, if the same quantification process [IV.6] (than quantum

electronics) is applied, we can shape:

[IV-6]

Orbital kinetic moment = localization aspect : linear combination of

spherical wavelength function ‘l’-order Ylm

Intrinsic moment (/fixed mark) (photon, s=1)

Symmetric even spinor of 2s-rank (that is

2s+1 components)

)k(A


: Potential vector or 2-rank-spinor vectorial amplitude function for the photon

- Note : Due to the c-relativistic aspect, photon particle presents strong symmetry

along its z-propagation-axis (helical-aspect) ➔ the projection of the moment takes two

values : +/- 1 that corresponding to the two eigenvalues of the spin-projection-operator

(+ for the right circular polarization and – for the left circular aspect).



- Note : Another theory based on a 2-rank tensor (or matrix) can represents the mixing

state of polarization of the photon particle, called polarization density matrix r. Each

state of polarization can be decomposed along two basic perpendicular polarizations :

e
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with -1 Si 1 Stockes-parameters; S1 is the parameter

relative to the rectilinear polarization along the (+/-) p/4

from -axis; S2 represent the degree of circular

polarization; S3 characterizes the linear polarization

along the  and  directions.

 

1S
3

1i
i =

=

characterizes a total polarized state.

characterizes a non-polarized particle state.0S 3 to 1i ==

[IV-8]



▪ Another electron/photon particles analogies :

- Diffraction, capacity to interferences phenomena (coherence), physical laws at

interfaces (reflection, transmission T and tunnel effect, evanescent penetration )…

[IV-9]

- Tunnel effect -

- Quantum mechanics

- Optical and photonics



- Same type of quantification-process, eigen -values and -vectors problem,

confinement and energy level, same extrema-integral-formulation on space-time (QED,

Feynman)

photon

d, thickness layer

electron

d, thickness potential well

Potential 

energy Ep

Permittivity 

(index)








−

E

E
1

total

p

➔ See Scanning Tunneling (near

field) Optical Microscopy (STOM,

SNOM, attenuated total reflection

method) ; Singe (1928) + Pohl and

Betzig (1984).



▪ Extended comparison between quantum mechanics in a periodic potential and

electromagnetism in a periodic dielectric structure (J.D. Joannopoulos, ‘Photonics

Crystals : molding the flow of light’, Princeton, 1995)







▪ IV.1.2 Development of the basics on photonic crystals (PC); one-

dimensional model (Bragg mirror vision and PC-1D); Bloch’s theorem and

Fourier expansion of dielectric functions; wave equation and eigenvalues;

plane waves method decomposition; spatial periodicities and photonics

band gap; two- and three-dimensional crystals cases (PC-2D and -3D);

bands engineering and control of the photonic dispersion curves, notion of

defect and localized modes.

▪ Physical effect of a spatial periodicity, notion of photonic crystals, topologic

structures examples



▪ Photonics crystal notion (PC) 1D or Bragg mirror : optical approach

Substrate

n1

n2

n2

n2

n1

n1

➔ case n2 > n1

d1 thickness=
1n4

λ

d2 thickness=
2n4

λ

(called “/4-layers” )

Incident ray (considered perpendicular to the element surface)

Air

- Reflect ray number_1: p-phase at the interface

- Reflect ray number_2: no- reflected phase at

the interface



_1

_2 Fresnel’s calculus of successive phase at each

reflection



- Each successive reflected ray is in phase at

the infinite ➔ mirror-object for previous  (or

fixed spectral width) !

- The maximum reflectance R is obtained into

such width spectral with high number of ‘n1/n2

bi-layers’ (R>99.5% can be obtained).

- Spectral width characteristic increase with

the contrast index or (n2/n1) ratio.

- Existence of second order Bragg-peak :

p=Bragg/(2p+1)

- If the incidence changes, the position of the

spectral characteristic is shifts too.

▪ Main properties of such PC-1D, Photonic Band Gap PBG-1D or Bragg mirror

Filters and WDM



▪ In conclusion, the photon-particles (into the spectral band gap) are not allow to

propagate into such multilayer material or stack (but there is no absorption process, it

is forbidden for such photon to exist into such new stack or periodical object) ➔

notion of spectral forbidden band and Photonic Band Gap crystals (PBG crystals).

▪ Physical properties and dispersion curves of such PBG crystals :

- For respectively the bulk materials or the ‘classical’ integrated optics circuits the

dispersion curves or the light cone that limiting the dispersion curves of optical

guided modes are linear relations ➔ propagation constant k=n/c or (k)=ck/n

(inverse or reciprocal space), with n index of the bulk material or index of the core or

cladding layer (see chapter II).

- If a the material is composed by a dielectric multilayer stack (or heterostructure) that

present a permittivity-periodicity (x)=(x+a) along the x-direction of photon

propagation, it can be shown by a Fourier expansion and a band calculation by plane-

wave expansion method that the photon dispersion curves (in the inverse space) are

fall back.

- Moreover, if the ratio of permittivity (2/1)>2, then such fall-back dispersion curves

can open forbidden areas at the end of first Brillouin zone.

Such engineering ultimate band control concepts for the photon-particles can be 

developed for the realization of new devices in nanophotonics and nano-components.



▪ Photonics Band Gap crystals notion (PBG-1D) : physical approach

Calculus of the PBG or forbidden zone for a PC-1D
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▪ Photonics Band Gap crystals notion (PBG-2D and 3D) : generalization
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Reciprocal lattice space of the 2D square photonic

crystal with the lattice constant a.
Dispersion relation for a 2D photonic crystal with infinitesimally

small spatial variation of the dielectric constant. The abscissa

represents the wave vector in the first Brillouin zone. The ordinate

is normalized frequency where a stands for the lattice constant.

First Brillouin zone of the simple cubic lattice. Photonic band structure of a simple cubic lattice (=1) with a

dielectric sphere at each lattice point (=13). The ratio of the

lattice constant to the radius of the sphere is (1/0.3).



K. Sakoda, ‘Optical properties of photonic 

crystals’, Ed. Springer-Verlag, (2005).

Top view of a super-cell of 2D hexagonal array of

circular rods (a and ra) ; rd is the radius of a defect rod.

Distribution of the electric field radiated at (a/2pc)=0.468 or

(/2p)=11GHz. Localized eigenmode, created by such a defect,

called A1-mode (totally symmetric mode that exists at rd=0).

Photonic band structure and state density of the previous

hexagonal lattice of circular rods with central rd defect for

TE-polarization (ra/a=0.2, a=13 and b=1).

( )
c

V
D
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0vg →

Strong energy 

localization

Presence of

large gap

▪ Notion of punctual default or defect (analogy with

presence of discrete electronic defect into the

forbidden energy gap)



Eigen-frequency of the localized defect modes as function

of the defect rod radius rd.

Distribution of the correspondent electric field of the

called A1, E1, E2 and B2 defect-modes.

Many defect can be designed such as optical

cavities, waveguides-lines, and so on.

PC-waveguides called W1 type A and B, type Bratio

can be defined.



▪ IV.2 Photonic structures based on photonic crystals (PC-waveguides,

resonators, couplers, filters, mirrors, lasers); 2.5D-PC-components

examples; technical characterisations of structures; mapping of CP-research

in France.

▪ IV.2.1 Periodic optical crystal structures in the nature, historic and first

development of such structures at hyper-frequencies, toward the optical

wavelength

As an example, opal colors.

Wing’s butterfly...



GHz15
c
=


=

▪ Eli Yablonovitch (1980, first development of 3D-hyperfrequency-electromagnetic

structures)

Spectral transmission of the first e.m. structures realized by E. Yablonovitch

(hyperfrequency =2cm).

Control directivity of antenna





▪ Nanotechnologies development for optical wavelength devices, toward the PBG-

structures

Development of new technical process for nano-lithographies (e-beam, and so on),

proper nano-etching process of nano- or sub-wavelength elements (/3 or /4

dimensions) for the realization of PBG-components.

Hexagonal (or trigonal) 2D PBG-structures on

GaAlAs (0.4µm of lattice parameter)



Hexagonal 2D PBG-structures on Ga0.9Al0.1As/GaAs Dispersion relation function to the direction of

photonic propagation =(k)



▪ IV.2.2 Photonic structures based on photonic crystals (PC-waveguides,

resonators, couplers, filters, mirrors, lasers); 2.5D-PC-components

examples; technical characterisations of structures.

SOI-components (for example at

Institut d’Electronique Fondamental,

Paris)

Micro-cavity with punctual ad-defect

(that allow the existence of light) in a

Si/SiO2 rib waveguide. Permittivity

contrast (ratio) Si=12.1 and air=1 at

1.55µm.

Notion of Q (quality) factor that

characterizes the optical resonance

of the cavity.

Determination of the evolution

equation of the energy U(t) into the

cavity and the associated spectral

band.



dt

dU

U
Q 0

−
=
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Equation of the spectral resonance peak :



▪ IV.2.3 Mapping of CP-research in France : example of the LEOM INL

realizations on nanophotonic at Lyon.

▪ 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

(INL) at Ecole Centrale de Lyon (ECL-Ecully).

➔ Three references of this LEOM team and some actors involved in such photonic crystals

activities:

• P. Viktorovitch, ‘Photonics Crystals : from micro-photonics to nano-photonics’, Chapters 1st in

Nanophotonics, Ed. ISTE, (2006).

• P. Viktorovitch, E. Drouard, M. Garrigues, J.L. Leclerq, X. Letartre, P. Rojo-Romeo, C. Seassal,

‘Photonic crystals: basic concepts and devices’, Special issue ‘Recent advances in crystal optics’

of the Compte-Rendus de l’Académie des Sciences, vol. 8, p. 253, (2007).

• X. Letartre, J. Mouette, C. Seassal, P. Rojo-Romeo, J.L. Leclercq, P. Viktorovitch, ‘Switching

devices with spatial and spectral resolution combining photonic crystal and MOEMS structures’,

Journal of Lightwave Technology, vol. 21, p. 1691, (2003).



▪ Micro-cavities / coupling between PBG waveguide and cavities / 2.5D PBG structures

devices (Institut des Nanotechnologies de Lyon / INL-LEOM at ECL-Lyon)



▪ Possibilities of PBG-devices-coupling between waveguides and cavities





▪ Coupling the 2.5D and 3D photonic technologies for new PC-devices : tunable laser

components and photo-detectors applications



▪ INL / LEOM realizations : highlight of difficulty process for such 2.5D devices









Successful realization (INL-LEOM)



Tunable photodetectors applications (INL-LEOM)



(INL-LEOM)



Tunable disk-laser



(INL-LEOM)



▪ In conclusion :

PBG-devices allow to develop the engineering dispersion of photon particle

(ultimate control of the dispersion curves)

➔ Ultra-strong integration (sub- nanophotonic devices)

➔ Control of the localization of the light in spatial and spectral domains (trapping the

light in PBG regime)

➔ Control of the density of states D() of the optical modes (for example control the

spontaneous emission proportional to .D() in laser applications).

➔ Control of respectively the group celerity and the t-time of life of an optical mode on

a proper area of the PC (resonance phenomena Q t, slowing down of photons),

increase of such t-time so as to maximize the interaction between the light and matter

(nano-probe and sensors applications).

➔ And so on … concerning sub- physic and new concepts and functions.





▪ IV.3 : Biomimetic and auto-assembled molecular nano-materials for

photonics; nano-tubes and ridges; nano-connexions and networks; bio-

nanophotonic.

▪ IV.3.1 Silica and nanophotonics : nano-tubular-structures

▪ Inspiration from physical and chemical bio-mineralization of sea-organism

Transfer of technology and functionnality of such living
organism

Harvard. 2006

Lucent Tech. 2003➔ Harvard

1 cm



▪ Lanreotide : medicine & peptidic gel

▪ IPSEN-drug that block the hormone-growth (Acromegaly disease). Peptidic gel (carbon

chain) shape an hydrophylic ‘U’-form (but aromatic and aliphatic elements are

hydrophobic):

Aromatic

Aliphatic

Hydrophilic

▪ ‘U’-cycle is closed by disulfure covalence connection(+ electrostatic O, H)



▪ Lanreotide self-assembled processus

Aliphatic/Aromatic

interactions

Monomer

Hexagonal NTs network

ahex=36nm

Filaments-association
(b layer-network, respectively filament 

+ lateral growths ➔ both faces different 
➔ curve creation and tubular structure)

Aromatic

Aliphatic

Hydrophilic

Amphiphilic

interactions

H links

Entropy

Dintern=24nm

Association on dimer

NT-formation



▪ Characterization of NTs (FTIR, XPS, X-ray, SAXS, AFM, SEM & transmission, … )

Hybrid bi-layers NT SiO2

Extern diameter : 29 nm

Silica layers : 1.4 nm

Peptidic layer : 2 nm

1 µm25 nm

50 nm

Nanotubes

Two NTs

Fiber of NTs (AFM)

200nm



▪ Obtention of optical coupling and propagation at the reservoir-disk ➔ insertion of NTs

into the organic matrix

Fiber (diameter) 4 µm

➔ Propagation on the cm and optical losses

measurements ➔ 1 à 3 dB/cm.

Insertion of NTs-fiber into disk SU8 area

▪ IV.3.2 Silica and nanophotonics : nano-ridges structures

▪ We report a practical concept based on reproducible fluidic mechanisms coupled with

silica nano-particles for the development of nano-optical-connections directly on organic

integrated photonic chips. Silica nano-ridges waveguides have been shaped with various

widths ranging between 50 nm and 300 nm and about a hundred µm in length

respectively.



▪ Chemical and fluidic technologies

t=10s

fluid air
Solution of nanoparticles of silica

Taper-end :

1µm

DIC Normaski
imaging

The effective nano-photonic coupling has been demonstrated and a sub-wavelength

propagation regime obtained between two organic rib waveguides. The specific silica

nano-ridge-waveguides structures show off optical losses propagation ranging

around [37-68] dB/mm at visible and infra-red (IR) wavelengths. Such flexible devices

offer a versatile and reproducible fabrication control by changing respectively nano-

particles and surfactant concentrations. Thus, they present great potential regarding

future applications for shaping nano-connections and high-density network

integrations between original optical segmented circuits such as plots, lines, tapers or

any pre-formed photonics structures.



270 nm

▪ SEM & optical injection : taper➔ sub-l ridge waveguides

injection
Sub-l ridge

Coupling / way

➔ Validation of sub-l photonic propagation on 100 µm in distance



▪ Waveguide/waveguide photonic coupling by a sub-l nanoridges structures

t=4s

t=7s t=12s

70 nm

airair

fluid

fluid



Injection

➔ Optical coupling and propagation on 100 µm with 30 dB/mm optical losses value

CCD+monitor

Optical detection by waveguide section

Upper-view propagation

into the silica nano-ridge

Optical field section

▪ l=670 nm

l=670 nm



IEEE pub :







▪ IV.4 : Near field optical; introduction to the main concepts; presentation of

specific probes, and near optical field microscopy (STOM, SNOM).

▪ IV.4.1 Brief historic of microscopy, resolution notion and Raleigh’s criteria

▪ 1690 (Van Leuvenhook) : birth of microscopy ; simple aspect (object carrier +

sample + lens).

▪ 19th century : composed microcopy (objective + ocular).

Limit of resolution : Raleigh and Abbe criteria

(x,y) average lateral plane of the object

[z] longitudinal direction

Light by transmission

Light by reflection

2 q

diffraction



[IV-23]

- Lateral resolution (x,y) ➔ limited by Raleigh, Abbe criteria (Dx resolution limit 

distinction into the sample or the space-object, n index of the embedded-object-

medium)

Possibilities to increase such a lateral resolution (Dx decreasing) : -1<sin q<1 is

fixed and sin(q) 1 is the maximum ! Imaging can be done into high index (n=2).

Then for visible wavelength Dx>0.25µm.

- Theoretically, the longitudinal resolution seems to have no limit ! As an example,

with a heterodyne interferometer detection Dz<0.1nm.

q

l
D

sin.n

6.0
x

→

▪ 1923 (De Broglie) : electron-wave aspect , with tension U.

▪ 1934 (Rusto) : electronic microscopy, deviation of the electrons with fields (no

divergent lens with magnetic field, aberration correction not possible). Microscopy in

Gauss condition sin(q) q. High U-tension (100kV).

▪ 1980 : First imaging of atoms.

[IV-24]
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Idea : Information is losses between the sample (or

object) and the objective ➔ notion of local

information and probe in near field microscopy so as

to obtain a resolution below the Rayleigh’s limit



▪ 1981 (Binnig and Roher) : new family of microscopy with local probe, working-

tension 5V with atomic resolution (Nobel price in 1986).

➔Various type of probe :

- STM (or STEM) : Scanning Tunneling (Electronic); microscope based on the

measurement of a I-current (probe and sample conductors!) ; piezoelectric

displacements, when z=d(sample-probe) is nanometric (tunnel effect) :

, with d metal-characteristic.

and, DI highlights Dz-relief.

- AFM : Atomic Force Microscopy; microscope based on a atomic force

measurement (molecular resolution).

[IV-25]
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▪ IV.4.2 Optical near field microscopy

▪ 1928 (Singe) : Theoretical 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 Dz=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

Ilimit 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, zfixed) detected ; Intensity I is constant (enslavement) and z(x,y) (/Iconstant) is

deduced.



▪ IV.4.3 Return on diffraction theory - applications to SNOM

▪ Principle :
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▪ Application to SNOM modelization (detection in far field) - calculus:

and by definition (TF, TF-1): 
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, with t(r) transmission (transparence) function of the object,

= incident wave (z=0 case) through the object

TF to obtain the spatial

spectral aspect of the incident

wave after (z=0) the object
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Diffraction at z 0

▪ Physical meaning : Such previous expression, in the case of normal incident wave

excitation (qi=0 and z=0) leads to the object = E0.t(r) !

[IV-27]

➔ Difficulties to estimate such integral



▪ Origine…

À l'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 XXème 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.

▪ ANNEXE 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.

http://fr.wikipedia.org/w/index.php?title=Basil_Hirschowitz&action=edit&redlink=1




▪ II.6.1 Introduction, generalities

▪ Materials (core/cladding) :

- Polymers (Polystyren, PMMA, Plastic Coated Silica or

PCS,…)

- Borosilicates SiO2/B2O3:SiO2

- Germanosilicates GeO2:SiO2/SiO2

+ with, fluorated glass doped GdF3, BaF2, ZnF4, AlF3, …

- Exotic fibers… (➔ lecture and study of the conference from

IRCOM)

2b 2a

▪ Attenuation and losses into fibers

- Optical power exponential decreasing

- On account of the material absorption (atomic structures ➔

lower than 0.1dB/cm at [0.8-1.6] µm, due to the impureties, or

to the process of fabrication ➔ OH- hydroxid at 0.93, 1.25 and

1.39 µm).






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

P

P
log 10

entrance

exit

▪ Optical fiber = cylindrical dielectric

waveguide TIR propagation (nc>ng), step

index-profiles or gradient laws fibers,

‘2a/2b’-fibers (as 5/125 µm, 50/125 µm,

100/140 µm, …).



- On account of the propagation-curved losses :

structural variation of the fiber geometry,

deformations, curves, …

Wavelength (µm)

a, b, c, d telecoms windows

a – first window  (at  0.8 mm)

b – second window (at 1.3 mm)

c - third (at 1.55 mm)

d - fourth (at 2.5 mm)

d
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- On account of the diffusion of light (when default have molecular sizes ➔ Rayleigh

diffusion ( 1/4), with Ei incident field,  the average polarizability; such an diffused

intensity is proportional to the square of dipole mi :




- Radiation modes into the cladding if j>jlimit; if high j0 (higher optical modes) ➔

leaky modes.

- No curved effect (losses) when R>>Rc ( )

Losses  

(dB/km)

Radius 

curved  

(µm)

core
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nnNA 2
g

2
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- Connectors losses (axial and angular displacement)

Losses are proportional to the angle and

inverse-proportional to the NA (Numerical

Aperture)

Possible excitation of optical modes in the

cladding area (high axial displacement)



▪ Dispersion of the signal (inter-modal and intra-modal) :

- Inter-modal dispersion (Dmod, unity : MHz.km, only for multimode propagation!),

propagation celerity is proper to the optical mode (temporal pulse’s spread)

- Intra-modal dispersion (chromatic effect) (Dchrom, unity : ps/nm.km), celerity of an

impulsion is function to the wavelength (due to the material dispersion and the

modal dispersion too).
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▪ II.6.2 Ray-geometrical approach and classification, numerical aperture (NA)

▪ Introduction, rays-classification, meridian, oblique

q angle represent the incidence of the meridian-rays on

the core/cladding interface; qz 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 approach
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(qi defines a fiber-entrance-cone)
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▪ Trajectory of the oblique-rays :

TIR propagation, but changes of planes at each reflection, helicoid by straight

segments (such polygons defined are not necessary close)➔ notion of caustic (rc)

Q’

P’

R’

rc

z

P’

Q’

core nc

R’

Due to such trajectory, an another angle is judicious ➔ qj (that represents the oblique

characteristic of such family-rays)

0 rc

qj
ng

nc

ng

P’

qz

nc

qj

q

qq=q jcos.sincos z

q angle / dioptre

qz /
n


n




TIR conditions or guiding conditions : q > qc= arcsin(ng/nc) + an another one : qq zcz0

[II-72]

According to the previous diagram considered with q into the fiber, if q<qc refracted rays

exist as a new family modes. In conclusion, into such step-fiber structure :

• Guided rays 0<qz<qzc

• Refracted rays 0<q<qc

• Leaky rays qzc <qz<(/2)  and qc<q <(/2)

(sometimes, leaky rays designs the both last conditions)

[II-73]

▪ Electromagnetic nature of such oblique rays (EH-, HE-, LP- modes):

Such rays present a z-component or longitudinal (E or H) due to the oblique

characteristic ➔ EH or HE optical modes (as an example Ez<Hz 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 qz). LP-modes are defined by a quasi- linear

polarization (see last slide).

▪ The number of modes into a step-index fiber is defined by :
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▪ Optical intensities of six LP-modes : LP01, LP11, LP21, LP02, LP31, and LP12



▪ 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 Er Hr and Ej Hj function of Ez and Hz.
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▪ 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 :
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According to [II.76] , we obtain :t
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[II.84]

▪ Determination of the eigenvalues equation

By using the continuities of the tangential components (that is Ez, Hz, Ej and Hj) at r=a,

and the weakly guiding conditions (n<<nc) we can shape the quantification of such

optical modes.
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with, (+) ➔ EHm modes and (-) ➔ HEm 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 V2. This leads to m-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]


