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“No amount of experimentation can ever prove me

right, a single experiment can prove me wrong.”

“Une infinité d’expériences ne pourra jamais donner
une preuve définitive de ma théorie, tandis qu’une

expérience unique pourrait la réfuter.”

“Végtelen szamu kisérlet sem bizonyithatja, hogy
igazam van, de egyetlen kisérlet is bizonyithatja, hogy
tévedtem.”

Albert Einstein
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INTRODUCTION (Francais)

Les lasers, filtres, photo-détecteurs, multiplegewamplificateurs, modulateurs, ou
encore commutateurs optiques sont tous des élénmatgés au sein des circuits optiques
utilisés dans le domaine des télécommunicationsolateur est le seul élément qui n'a pas
encore pu étre intégré. Ce composant autorise $sapa de la lumiere dans une seule
direction, en bloquant la propagation dans le setaur. Cette fonction permet ainsi d'éviter
tout risque d'endommagement ou d'instabilité desréad( aux reflexions parasites. Elle est
basée sur la non-réciprocité de la rotation Faraggymatériaux magnéto-optiques (MO).

Les isolateurs disponibles existent seulement $muderme de composants discrets
d’espace libre. lls présentent des effets MO ingragt avec une isolation élevée et de faibles
pertes d'insertion. Cependant, un traitement thegrenélevé (~ 700 °C) est nécessaire pour la
cristallisation des matériaux magnétiques les dmiasit. Cette température n'est pas
compatible avec les technologies classiques d'ogtiintegrée, c'est a dire avec les
semiconducteurs 1lI-V, la silice, le silicium oueavdes matériaux polymeres. Pour surmonter
ce probleme de compatibilité, le laboratoire LT2Gravaillé sur le développement d'un
matériau composite. Ce matériau est obtenu en dopam solution sol-gel avec des
nanoparticules magnétiques issues d'un ferrofldaléerrite de cobalt (CoE®,). Ainsi, des
couches minces de matériaux magnétigues compatiies la technologie sur verre sont
développées par l'intermédiaire d'un procédé hassperature.

Une concentration volumique de CeBgde 1 % dans des couches composites permet
d'obtenir une rotation Faraday de 200 °cén 1550 nm. Cependant, le facteur de mérite,
défini comme rapport entre la valeur de la rotatlearaday et l'absorption optique, est
d'environ 7 °. Cette valeur est encore trop fapimar considérer ce matériau comme un bon
candidat pour les applications intégrées.

Différents auteurs™ ont montré que l'effet magnéto-optique peut étrgneenté en
utilisant une structure de cristaux photoniques @&rniers sont essentiellement obtenus par
structuration de I'oxyde de grenat au moyen dehtagdithogravure. D’autre part, Nishijima

et al® ont montré que des cristaux photoniques 3D peuéert élaborés & partir de silice
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fabriquée a l'aide de la technique sol-gel. Catfe@he semble étre entierement compatible

avec le matériau composite développé au laboratoire

Ainsi, I'objectif principal de cette étude estdalisation et I'étude magnéto-optique de
cristaux magnéto-photoniques 3D basés sur unetsteu@auto-assemblée d'opales. Cette
structure agit comme un moule pour la solution gadl-dopée avec des nanoparticules
magnetiques.

Cette these se compose de quatre chapitres.

Le premier présente les informations généraleggs@ires a la compréhension des
enjeux principaux de cette étude. Les isolateutgjogs et les difficultés de leur intégration
sont traités. Ensuite, un bref état de l'art de$érmx magnéto-optiques est proposé et
I'intérét de l'approche «composite» développéeledT2C est montré. Aprés une courte
introduction sur les cristaux photoniques (CP)iligation d'un matériau magnéto-optique
associé a un cristal photonique 3D est présentéaceordant une attention particuliere a
I'amélioration de la rotation Faraday. Enfin, lestivations et les objectifs de cette étude sont

donnés.

Dans le second chapitre, est présentée la steudtuCP qui est capable de controler la
propagation de la lumiére. Le contréle de la prapag peut étre étudié au travers de la
relation de dispersion. Cette derniére montre dgp@gation de la lumiere dans un matériau en
fonction de la longueur d'onde, et une analogie d@ediagramme de bandes électroniques
dans le cas de la propagation des électrons edtéeoA une dimension, ce type de structure
a été simulé en utilisant la silice dopée avecadielrite de cobalt réalisée classiquement au
LT2C, la bande interdite photonique (BIP) a étéenbse a 1550 nm. Ce calcul met en
évidence une amélioration de I'effet magnéto-opgtiqans la BIP correspondante par rapport
a une monocouche magnétique simple. Pour deuxssdiérangement de la structure, le
renforcement des effets MO ne se produit pas au anéndroit par rapport aux BIP
respectives.

Le troisieme chapitre est consacré aux propriggésmatériaux utilisés et au processus
d'élaboration des cristaux photoniques magnétigeiesnon magnétiques. Des opales
artificielles a base de sphéres de polystyrend, wilisées comme moule pour la réalisation

de cristaux magnéto-photoniques 3D (CPM). L'étapwaste est la réalisation d'opales
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inverses 3D magnétiques et non magnétiques grdcgilidation d'une solution de TEOS.
Cette solution est compatible avec le ferrofluididisé (ferrite de cobalt), dont les effets
magnéto-optiques sont connus. L'opale direct paet inprégné par la solution de TEOS
dopée ou non dopée, et ensuite les billes de polyst peuvent étre éliminées. Cette
élimination est réalisée avec un acide afin deaitley a basse température. Une présentation
des différentes techniques de caractérisation, aianmicroscopie électronique a balayage,

I'ellipsométrie et la polarimétrie spectrale estgmsée en fin de chapitre.

Le dernier chapitre présente les résultats opsigienagnéto-optiques obtenus lors de
ce travail. Tout d'abord, les propriétés des cosicteesilice dopées sont exposées en vue de
déterminer la concentration volumique optimale mkesoparticules de ferrite de cobalt dans la
matrice sol-gel et d'analyser la qualité du dopagdgerme de comportement magnétique et
magnéto-optique. Ensuite, les résultats concereanpropriétés optiques et structurelles des
opales élaborés sont rassemblés. Leurs analysewmtonne bonne idée de la qualité de
'arrangement que nous avons pu atteindre. Erd@gptincipaux résultats de cette étude, par
l'intermédiaire des propriétés optiques et magoétazues sont donnés pour l'opale dopé. La
capacité de ces structures de se comporter commEm®I est présentée. Puis les résultats

sont résumes, et quelques perspectives sont dsessée
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INTRO DUCTION

Lasers, optical filters, photo detectors, multigless amplifiers, modulators, switches
are integrated elements of high performance telewonication systems. Isolator is the only
element, which has not been integrated yet. Thignet®-optical device assures that the
transmitted light passes in one direction, butatks the backward propagation into the laser
and avoids damage risk or instabilities. This fiorctis based on a non-reciprocal Faraday
rotation effect of magneto-optical (MO) materials.

The available isolators exist only through bulknfist They exhibit large MO effects
leading to high isolation ratio and low insertiomsses. Nevertheless, a high temperature
(=700 °C) annealing process is required for theystallization. This temperature is not
compatible with classical integrated technologies, with 1lI-V semiconductors, silica,
silicon or with polymer materials. To overcome tlaempatibility problem, the LT2C
laboratory has worked on the development on a ceitgpmaterial. This last is obtained by
doping a metallic precursor solution with magnet@moparticles issued from a cobalt-ferrite
based ferrofluid. From this, glass compatible tlagers of diluted magnetic material are
developed via a low temperature sol-gel process.

For 1% volume fraction of Cok®, the Faraday rotation of such a composite layer
reach 200 °-cfhat 1550 nm. However, the merit factor, which is dguality ratio between the
Faraday rotation and the absorption, is about THis value is still too low to consider this
material as a good candidate for integrated aptpdicsa.

Based on the literature® the magneto-optical effect can be increased ushajonic
crystal structure. These last are essentially nbthby patterning garnet oxide by means of
photolithography. Moreover, Nishijimat al’ reported that 3D photonic crystal can be
elaborated on a use of silica sol-gel method. Togom up approach seemed to be fully
compatible with the composite material developedheylaboratory.

Thus, the main purpose of this study is the re@tinaof 3D magneto-photonic crystal
based on self-assembled opal structure. This sheicicts as a removable template for

magnetic nanoparticles doped sol gel solution.
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This thesis consists of four main parts.

The first one deals with the general informatioguieed to understand the main issues
of this study. Optical isolator and its integratdifficulties are discussed. Next, we produce
a brief review of magneto-optical materials and st®w the interest of the “composite”
approach developed by the LT2C. After a short ohidion on photonic crystals (PC), the
use of magneto-optical material associated withDapBotonic crystal (Magneto-Photonic
Crystals: MPC) is presented, by paying a spectehtibn to the enhancement of the Faraday
rotation. Finally, motivations and goals of thiady are given.

In the second part, we will present PC structurdjclv is able to control the
propagation of the light. This propagation contmaln be derived from the dispersion
eqguations relation, like electronic band diagrarthe case of the electron propagation, shows
the light propagation of a material as a functiébnthe wavelength. In one dimension such a
structure was simulated using the cobalt-ferritpetb silica material of LT2C laboratory,
where the PBG was positioned at 1550 nm. This ion evidences an enhancement of the
magneto-optical effect in a corresponding PBG caeghdo a simple magnetic monolayer.
For two kinds of arrangements the MO effect enharere does not occur at the same place
with regard to the corresponding PBG.

Thirdly, we will show the properties of the usedtenals and the elaboration process
of the magnetic and non-magnetic photonic crystatsficial opal, based on polystyrene
spheres, can be used as a template of the reatizafi 3D MPCs. The next step is the
realization of the 3D magnetic and non-magneti@isg opals. For these last, we used TEOS
solution, which utilization is already well-known the literaturé This solution is compatible
with our cobalt-ferrite ferrofluid, whose magnetptical effects are well-examined.
Accordingly, the direct opal template can be impetgd by doped or non-doped TEOS
solution, and then the template can be eliminatiéds important to note, that we chose an
acid elimination, because we wanted to work at temperature.) This will be followed by a
presentation of the functions of the applied charaation equipment, as Scanning Electron
Microscopy, Ellipsometry, Free Space Ellipsometnyg &pectral Polarimeter.

Finally, the last chapter is related to the opti@al magneto-optical results obtained
during this work. A first section is dedicated e tproperties of silica doped layers in order to
determinate the volume fraction of nanoparticleshie matrix and to analyze the quality of
the doping in terms of magnetic and magneto-optiediavior. In the second section are

gathered the results concerning the optical anettstral properties of the elaborated opals.
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Their analyze gives a good idea of the qualityhef arrangement we were able to reach. The
last section gives the main results of this studpugh the optical and magneto-optical
properties of the doped opal. The ability of thesectures to behave as MPC is presented.

Then the results are summarized and some perspgetie given.
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. CHAPITRE: Matériaux magnéto-
Opth UES (resumé francais)

L'objectif de ce travail est de développer un nmatemagnéto-optique composite
organisé en cristal photonique 3D utilisable, paeneple, dans un isolateur optique. La
structuration périodique a pour but d'augmenterplegpriétés magnéto-optiques comme la
rotation Faraday et ainsi le facteur de mérite datémiau. Le composant isolateur, utilisé
notamment dans le domaine des téléecommunicatidresnouge (1550 nm), a pour fonction
de laisser passer le signal lumineux dans un dafesle bloquer dans le sens contraire, ce qui
permet de protéger les équipements qui sont treskdes aux réflexions comme les sources
laser. Il utilise pour cela le caractére non rémjoie des interactions magnéto-optiques.

L’isolateur est trés présent dans les réseauXldedammunications, mais sous forme
de composant discret d'espace libre. Il y a dondasoin fort de réaliser des isolateurs
intégrés et par conséquent, il est nécessaire rdigtede sur I'élaboration de matériaux
magnétiques sous la forme de couches minces. Omédriaux magnétiques classiques
nécessitant une température de cristallisationitn@®rtante (~ 700°C), ils ne se prétent pas
forcément a leur élaboration en film mince avec teshnologies classiques d’optique
intégrée. lls peuvent par contre se retrouver fisrme de nanoparticules diluées dans une
matrice compatible.

La rotation Faraday est un phénoméne magnétotmpfiptation de la polarisation de
la lumiére en fonction d'un champ magnétique) olzdde dans les matériaux diélectriques en
présence d'un champ magnétique. La polarisatida lleniére peut étre décomposée en deux
polarisations circulaires tournant en sens comtrdies deux polarisations vont se propager a
des vitesses difféerentes dans le matériau. Cesa@uposantes vont étre ainsi déphasées. Par
conséquent, un rayon lumineux va avoir sa polaoisamodifiée par passage dans un
matériau diélectrique soumis a un champs magnéticeee performances d'un isolateur sont
évaluées en fonction de la rotation Faraday du maat@ui doit étre la plus élevée possible et

du coefficient d'absorption de ce méme matériaulugudevra étre le plus faible possible. Le
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Lo . Rotation Faraday
facteur de mérite, donné par—— :
Coefficient drabsorption

, permet de chiffrer le compromis entre les

deux paramétres cités préecédemment.

Cette rotation Faraday peut étre obtenue enartilides matériaux magnétiques. Les
ferrofluides sont de bons candidats pour l'obtentie ce type d'effet magnétique. Ces
composés magneétiques peuvent étre élaborés starsnka de nanoparticules supportées dans
une matrice obtenue par la méthode sol-gel. Ceposé@s sont des particules mono-domaines
gui ont une anisotropie uniaxiale. Le procédé sblegt une technique de dépbt de couches
minces par voie liquide et ne nécessite pas un@dmture de process tres élevée. Des
isolateurs a base d'oxydes de grenat sont réatisés les températures élevées lors de leur

fabrication empéchent toute utilisation de polymeéikéce ou semiconducteurs IllI-V.

Les matériaux magnétiques peuvent aussi étreéaskans des cristaux photoniques.
Les cristaux photoniques sont des arrangement®digues a 1, 2 ou 3 dimensions de
plusieurs matériaux de constantes diélectriquefrdiites. Cette structuration peut se
retrouver sous la forme de multi-couches, de bareentrecroisés ou encore de billes

structurées® 26 37 39 49 Ajnsi,

la réflexion de Bragg va mettre en évidenen effet
d'amplification optique. Ces matériaux artificieleont présenter une bande interdite
photonique (BIP) : pour une gamme de longueur @&atella lumiére la transmission optique
sera nulle. Yablonovitch’ a été le premier a proposé une telle structureiseme certaine
gamme de longueur d'onde, la propagation de lagiunpeut étre améliorée, alors que dans la
BIP, la transmission optique est fortement diminu€e matériau est une structure 3D
cubique face centrée (cfc). La différence d'indideséfraction est importante. Cette structure
théorique est proposée par empilement de billepaligstyréne ou de motifs hexagonales

noyés dans un verre.
Lopezet al ont fabriqué des réseaux 3D, appelés aussi oji@et, en empilant des

billes de polystyrene dans une matrice de silieetdille de ces billes a une influence sur la
position de la longueur d'onde centrale de la bameéedite photonique:
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2 Eq1l
Ae = ZdiCOSQ\/§ [fsphngph + (1 - fsph)nlzag]

D'apres la loi de Braggc correspond a la position centrale de la banaedite, fynest
le facteur de remplissage des billes de polystyfdaas une structure cfc parfaite, le facteur
d'entassement atomique est égale a 0,Zghenn,g sont respectivement l'indice de réfraction
des billes et lindice de réfraction de la matrick.est I'espace mesuré interplanaire
correspondant a la distance entre les plans dinstald est donné par la relation ¢
0,816.dpn oU dpn correspond au diametre des billes. Enfingst I'angle d'incidence du
faisceau laser. Lopest al. ont mis en évidence la position de la longueomde centrale de la
BIP en fonction du plan d'arrangement cristallidaistructure*.

Nishijima et al ont fabriqué et caractérisé des opales directgadrses a trois
dimensions en utilisant la technique sol-gel. Lesemsions des billes sont comprises entre
220 et 600 nm. Les opales directes sont fabrigagestir de billes de polystyréne calibrées et
soumises a une centrifugation. Cette technique @eum arrangement périodique des billes
sous une structure cfc (cubique face centrée). @mdes inverses ont été réalisés par
l'imprégnation d'une solution de tétraéthyle orilcate (TEOS). Apres séchage, les billes de
polystyrene sont éliminées de la structure paratetate d'éthyle. L'épaisseur de la couche
mince obtenue est d'environ 100pum avec une trasemisptique de 80 %. L'écart relatif de
la position centrale de la BIP, entre la mesuta galeur théorique, est de 1 % pour les opales
directs et inférieure a 7 % pour les opales inverdg est liée a la méthode d'élaboration.
Ainsi avec une méme taille de spheres, pour letespaverses et directs, la valeur Ajeest
décalée. De plus, Nishijima et al. ont mis en évigele lien entre la valeur dg et la taille
des billes’.

Des études ont été réalisées afin d'obtenir uragion Faraday la plus élevée possible.
Levy et al ont simulé des structures periodiqgues (1D CMP)aoléches minces d'indices
différents : matériaux isotrope a 1,926 et maguneétig 2,21. Avec différents arrangements, il
a obtenu une rotation Faraday de -45 °

Des cristaux photoniques a base de grengE@1,) dopé erbium ont été simulés par

Grishinet al La bande interdite photonique est centrée su 3. La rotation Faraday et le
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facteur de mérite simulés peuvent atteindre reseoent -45 ° et -277 ° avec 1286
d'épaisseur de greffat

Inoueet al ont réalisé des cristaux photoniques 1D avecalieenance de T@s et
SiO,, et une microcavité au centre de cette périodi€itgite microcavité est constituée d'un
matériau aux propriétés magnéto-optiques connuks g¥bstitué Bismuth). L'épaisseur de la
couche mince Bi:YIG est de 230 nm. La longueur d@kocentrale de la BIP est voisine de 650
nm, et la rotation Faraday est de -0,80 °. llsau#si montré, par simulation, une amélioration

de la rotation de Kerr en utilisant du cobalt conmmeériau magnétique”.

Dans la littérature, la plupart des compositesmatigues 3D a été reéalisé en utilisant
des opales de silice (SID" *°**” Les matériaux magnétiques utilisés sont la maghkéie
Terbium-gallium-grenat (TGG) ou encore le YIG sithét Bismuth ™ > Le taux de
remplissage de billes de silice est de 75%. Les@iPété observées aux mémes longueurs
d'ondes que l'opale direct de $i@ 590 nm, pour des diamétres de billes de 300Lam.

rotation Faraday a été observée dans tous lesacadek BIP.

Une solution de glycérol saturée de dysprosiumatdta été testée par Koesmdtal
afin de mettre en évidence l'influence de cet gearent sur la BIP, sachant que les billes de
glycérol ne sont pas magnétiques. Mais tous cesieibbtiennent des longueurs d'onde bien

inférieures a I'objectif fixé pour le fonctionneme®s matériaux dans l'infra-rouge (1550 nm)
47

Le développement de nouveaux matériaux magnéetiggssinévitable afin de
développer des composants optiques qui permedgrdadsage ou non d'une onde lumineuse.
Ce dispositif doit étre compatible avec les techg@s classiques, c'est a dire pouvoir étre
intégré et fabriqué a de faibles températures.

Le laboratoire LT2C élabore des couches mincespootant une matrice de silice
dopée de nanoparticules ferromagnétiques (fergteCdbalt)® ?”. La matrice de silice est
élaborée a partir de la technique sol-gel, teclmine nécessitant pas de températures de
process trop élevées (90 °C au maximum). Les fiimrsces obtenus permettent d'obtenir a
820 nm, 220 °.cih de rotation Faraday pour 1% en volume de nanapées. Des mesures a

1550 nm ont aussi mis en évidence une rotationdagrde 200°.ci et un facteur de mérite
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de 7 °. Cette derniére longueur d'onde correspondoaaine visé des télécommunications.
Cependant, le facteur de mérite est encore faible.

Basé sur la littérature, les effets magnéto-opqoeuvent étre augmentés en utilisant
une structure dénommeée « cristal photonique »eaudiune simple couche mince. L'objectif
de ce travail est le développement d'un matéritgfica a partir d'un arrangement périodique
tridimensionnel et des compétences acquises $abdi@tion de nanoparticules de ferrite de

cobalt dans une matrice sol-gel de silice.
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. CHAPTER: Magneto-Optical Materials

This chapter gives the general information requicetix the main issues of this study.
Firstly, the technologic and scientific contexttbis study is explained using the example of
the optical isolator. Few scientific elements arneeg on the Faraday rotation which is the
basic property of the isolator in order to preghetproblem of the integration of this function
inside Photonic Lightwave Circuits. Secondly, arsheview of the magneto-optical materials
used for the integration of optical isolators wilkroduce the interest of the “composite”
approach developed by the LT2C for several yearsagusiagnetic nanoparticles. The
following section will be concerned by a presemtatof the potentialities of the Magneto-
photonic crystals with a short review of the 3D f@mic crystals and a special attention to the
enhancement of the non-reciprocal effects in 1D 3dstructures. Finally, the goals of the

study will be given.

[.1. Technologic and scientific context

The rapid progress of data transmission capadiasded to the development of optical
communication techniques via glass fiber in ther m&faared. The light sources that are used
are usually 111-V laser diodes, which are very seves to the reflected light. This reflection
can cause amplitude modulation and frequency sWiftish in high power source laser can
cause damage. Furthermore, in long distance fddecammunications, optical amplifiers are
required in order to increase the signal power twicattenuated by the fiber absorption. A
schematic view of such an optical amplifier is givanFigure -1, through the example of an
Erbium Doped Fiber Amplifier (EDFA).
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Pump Laser
A =980 nm Isolator

=

Coupler EDFA Amplified signal
Weak signal ~ A= 1550 nm
A= 1550 nm
[solator [solator

Figure I-1: Schematic view of the use of an ErbiDoped Fiber Amplifier (EDFA).
Three optical isolators are required in this arramgent

Due to their large sensitivity to the backtravedliiight, the laser pump source and the
EDFA are protected by several optical isolatorchSsolators play the role of optical diodes
by allowing the propagation of the light in the malirection but blocking it in the other one.
This is a non-reciprocal behavior which is basedtlm® use of magneto-optical material
submitted to a longitudinal magnetic field. Thisna@ciprocity is well known through the
Faraday rotation.

The following section details its physical origindahow it can be used to obtain an

isolation behaviof.

I.1.1. Faraday rotation

The Faraday rotation (FR) is the main magneto-aptiffect. Observed by Michael
Faraday in 1845, it was the first evidence of #latron between the magnetism and the light.
The FR is the polarization rotation observed omghtIbeam in a magneto-optical medium
submitted to a longitudinal magnetic field. (Magdodield direction is parallel to the light
beam)’.

Indeed, the application of a magnetic field on demal with a direction parallel to the

light beam (Q) produces an off-diagonal elemeqtin the permittivity tensog:

Exx Téxy O Eql.l
E=|—€xy Exx 0
0 0 Exx
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~ ! = n . . 10
whereg, = £'; + ic"; elements have real and imaginary parts, wjmoeor xy =

For diagonal elements,, = n* — k? ands",, = 2nk, where n is the refractive index of the
material and k is the extinction coefficient. Ohysty, the magnitude of the off-diagonal
elements depends on the kind of material.

For such a permittivity tensor, eigenpropagatiordesoare circular (left and right) due
to the circular symmetry created by the magnedgldifiFurthermore, the left and right rotating
circular polarizations propagate with different pagation constants given in terms of
refractive index through:

V= 1/ Exx + gxy Eq 1.2
VR =\ &xx — Exy Eq 1.3

wherev, is the left andy; is the right circular vibrationv, — vy is the optical birefringence
between left and right circular polarization.

Let's consider an electromagnetic waves travelthmgugh such a material. Before the
material, it is linearly polarized. At the input tife material, it is divided into right and left
circular polarizations with identical magnitude grtthse. At the output, due to their different
refractive index, these two eigenmodes are phafieghand do not possess the same
magnitude. Thus, their recombination is made thinoag elliptical polarized vibration

(Figurel-2a). The polarization modification is written in tesrof Faraday rotatiofi: and the

Faraday ellipticityeg, which are expressed as:

7h h £ Th Eql.4
9F = <7> Re (VL — VR)~ (7) Re ( :j:x> ~ (E) Re (Exy)
mh
€F =71m (vi — Vr) Fal>

where h is the thickness of the material and the wavelength.
If the electromagnetic wave travels through theamaltand back, the polarization is not
coming back into its initial state, but supportsible Faraday rotationsqg (Figure I-2b). It
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is due to the fact that the sign of the off-diagalament depends whether the magnetic field
is parallel to the light beam or anti-parallel. ¥ phenomenon is the simplest demonstration of

the non-reciprocity.

\\

Mirror

Magneto-optical
material

Figure I-2: Schematic view of the Faraday effegtaad of the non-reciprocity of the
rotation (b)

Such a non-reciprocal rotator is the basic elenoérthe optical isolator. A schematic

view of an integrated type isolation is givenFfigure | -3.

Y2 wave plate } .2~
ennt” \

45°-MO rotator (.~

Backwargi

450

4
Forward

Figure I-3: Schematic view of an integrated optisallator based on a non-reciprocal
Faraday Rotator

In order to obtain an isolation function, the MQator is combined with a half wave
plate whose axis is oriented at 22.5 ° of the plamel a polarizer. In the forward direction,
after travelling through the polarizer, the MO totaand the half wave plate, the polarisation
direction of the wave remains the same, so it capggate. But in the backward direction, the
direction of the polarization is perpendicular tee tdirection of the polarizer. Thus, it is

blocked and the propagation is stopped.
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This schematic example shows that to constructpéicad isolator, it is required to have
a magneto-optical Faraday rotator with an anglésof. But there is another factor which can
also affect the efficiency of the device: the apton (). Generally, it is mainly due to the
magnetic material. For this reason, a merit fattas been defined also. This is a quality
factor of the material and expresses the competlietween the rotation and the absorption

of the materiat™. It is given by:

() i

“(zm)

a is the absorption coefficient which can be deteated from the Beer-Lambert’'s

M) =

law:

[ =I,e™ %" Eql.7

where is | is the transmitted electromagnetic (E#dye, b is the incident EM wave and h is
the path length or the thickness of the material.

These two parameters, the Faraday rotation andntéet factor are suitable to

determine the ability of a material to be usedenides, such as optical isolators.

[.1.2. Isolator realizations

In current optical networks, optical isolators ondxist through bulk forms with
magneto-optical rotators, which are mainly maddéeafimagnetic garnet oxide like Yttrium
Iron Garnet (YIG), or Bismuth/Cerium-substituted tritm Iron Garnet (Bi/Ce:YIG),
depending on the working wavelength. This kind cftenial possesses a Faraday rotation,
which can reach 3000 °-¢hassociated with a merit factor about 2500 °. Thius,isolators
on the market have very interesting properties veith isolation ratio about 40 dB and
insertion loss about 0.4 d&

But, telecommunication systems need to develop optical integrated elements, which are
faster, more compact, cheaper and easy to re&8izean integrated version of the optical

isolator is highly desirable. Such a device shoatdeast, possess an extinction ratio about 20

29



RENATA KEKESI WERSITY OF JEAN MONNET

dB, with insertion loss lower than 1 dB. Howeverspite of their interesting magneto-optical
properties, the garnet oxide class of material cabe grown on the common substrates used
for optoelectronics or photonic integrated circditsindeed, the crystallization of this garnet
requires an annealing temperature as high as 786 BE magneto activé. This temperature

is evidently not compatible with integrated opti¢athnologies. Furthermore, in order to
respect the lattice distance, these materials tae grown on gadolinium gallium garnet
substrate (GGG) which is not commonly used in iratg optics technologies based on IlI-V
semiconductor, silica, silicon and polymer.

To overcome this problem, researchers have worketo different approaches. The
first deals with the hybrid integration of YIG odapar lightwave circuits by insertion in
grooves™ or by direct bonding on classical substrate: @ilit® or glass’ for example. The
second is the development of novel magneto-optcaterials compatible with classical
technologies. This second approach has led toddwelopment of different interesting

materials in view of an integration on optical chip

[.2. Magneto-optical materials for integration

Different kinds of materials have been developesl ldst decade in order to obtain the
well desired integrated optical isolators. To comeptheir properties, thenerit factor of
several magneto-optical materials used in intedrdevices or candidate for such devices are
gathered inTable I-1. To our knowledge, the larger value has been pbthby Zayet®t al

8 in a diluted magnetic semiconductor CdMnTe at avelength of 730 nm on GaAs

| 192° and Lesuffeuet al ?* have used materials with low figure of

substrate. Shimizet a
merit, but they were then associated to an actore evaveguide and the whole structure
works as a non-reciprocal loss/gain propagator emiconductor substrate. Among the
materials offering an operation about 1550 nm teteounication wavelength, the larger
values have been obtained with Fe-doped InGaAsP {bén semiconductor substrate also,
and with Ce-substituted-YIG on Gadolinium Galliurar@et substrate (2500 °). The difficulty

to use YIG-derived films in integrated devices hlisady been pointed out.
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Material M (°) A (nm) Substrate Authors
CdMnTe 4000 730 GaAs Zayets et al. °
InAlAs:MnAs 0,26 1550 InP Shimizu et al.”
GaAs:MnAs 0,08 1550 GaAs Shimizu et al.”
CosoFesg 1,38 1300 GaAs Lesuffleur et al.”
y-Fe,0;3 as NP 0,3-0,8 633 Glass Royer et al.”
YIG a4 1550 GGG Huang et al.”
Bi:YbIG 130 1550 GGG Huang et al.”
Ce:YIG 2500 1550 GGG Shintaku et al.”*
Fe:InGaAsP 540 1550 InP Zaman et al.”
Fe-doped SrTiOs 4,7 1550 LaAlO, Kim et al.”
Fe;0, NP PMMA 2,1 980 Polymer Lopez-Santiago et al.”’

Table I-1: Merit factor of different magneto-opticaaterials. The operating wavelength
Is given in each case

Finally, this table shows that lots of efforts hdngen made to develop novel magneto-
optical materials compatible with semiconductohterogies. Nevertheless, no approach has
allowed the full integration of a magneto-opticalterial with glass waveguides which cannot
stand temperature higher than 500 °C. The labordafd2C has initiated several years ago a

“composite “approach that is compatible with glesshnology.

[.3. The “composite” approach

This approach consists of fabricating magneto-aptitaterial via sol-gel method. Fully
crystallized magnetic nanoparticles are dispersed sol-gel liquid preparation in order to
obtain, after the gelation, a magneto-optical aii@sed materidl*’. The obtained matrix
possesses low refractive index (about 1.5) whichmake easier the interconnection with an
optical fiber Figure 1-4). As illustrated onFigure I-4a) the size of the magnetic
nanoparticles is about 10 nm, which is low enoumlavtoid any large scattering by a laser
beam. The SEM picture reported Brgure |-4b) illustrates the good random distribution of
the particles in the matrix without any aggregatést is due to the good compatibility of the
magnetic fluid used for the doping with the sol igetial solution.
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SiO, matrix ®> nanoparticles
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Composite
film -

] h~um

Glass _|
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Figure I-4: Schematic view of a composite film matimagnetic nanoparticles embedded
in a silica matrix. This film can easily be coatauglass substrate (a); SEM picture of
such a composite film which proves the randomitistion of nanopatrticles inside the

matrix without any aggregates (b)

Cobalt-ferrite nanoparticles were mairy'?® used to develop this magneto-optical
composite materiakigure I-5 andFigure 1-6 show the transmittance curve and the Faraday
rotation of such cobalt-ferrite nanoparticles drspm as a function of the wavelength. The
transmittance of this composite material sharptyeases at 700 nm until 2050 nm, after the

transmittance remains stable.

100 9 1 (au,)
90 1
80 1
70 |
60 1
50 -
40 -
30 1
20 1

10 A

0 Wavelength (nm)

600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Figure I-5: Transmittance spectrum of cobalt-fegrdispersion, where the optical path is
1 mm (volume fraction=0.15 %)
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The specific Faraday rotation, plotted for 1% vodudnaction (VF), shows general
behavior which is similar to those reported by Dimaet al *° on various types of cobalt-
ferrite ferrofluids. One can observe two resonapeaks: one narrow at 750 nrfg(~
220°-cmt) and a broader about 1550 n: (~ 200 °-crit). Thus, the following studies
presented in this work concerning the magneto-ap#ctivity of films or silica opals doped
by cobalt-ferrite nanoparticles will focus on thegeectral areas. One attractive point is that
the magnitude of the Faraday eff¢200 °-cn at 1550 nm, VF=24) is close to that of YIG
23 Of course, substituted YIG would give a largefeef (500°-crit at 1550 nmY>. But it
seems interesting to note that even if we use cesitgponaterial with a small amount of
magnetic nanoparticles, the same order of effean ttihat of a classical magneto-optical

material can be obtained

100 1 FR (°/cm)

Wavelength (nm)

1420

-100 -
-150 A

-200 -

=1

-300 - 750 nm 1550 nm

Figure I-6: Faraday rotation curve of Cobalt-fereitdispersion as a function of the
wavelength, where the optical path is 1 mm (voltnaaion=1 %)

To compare the magneto-optical quality of such &ene with those presented in the
previous paragraph, the relevant parameter is tlet factor. At a given wavelength, the
specific Faraday rotatiof and the absorption (¢ = —In(T)) are both proportional to the
nanoparticles volume fractiofl. Based on the data &igure I-5 andFigure 1-6, we have
plotted onFigure 1-7 the merit factor of the composite material as acfion of the
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wavelength. It presents wide peaks near 900 nnil&BA nm, which correspond respectively
to a merit factor of about 2 ° and 7 °. The langglue obtained in the 1550 nm area combines
its location in the transparency band of the matdFigure 1-5) with one of the resonance
peaks of the Faraday effe&tiqure|-6).

Fime
Wavelength (nm)
l4l50

0 A T T A

450

Figure I-7: Merit factor of Cobalt-ferrite dispersn as a function of the wavelength

The best value obtained about 1450 nm stands irarde of the telecommunications
wavelength. One should note that this value caohrd® ° if the size of the nanoparticles is
reduced from 9 to 6 nnt. Compared to those presentedTiable I-1, such a composite
material has a middle value of merit factor. Tharsge can summarize its properties as follows:

« Good Faraday rotation: 200 °-¢rfor 1 % of nanoparticles
» Best operating wavelength in telecommunication wimd~ 1500 nm
* Middle value of merit factor : ~10 °

* Full compatibility with glass waveguides (certai@algo with silicon or polymer)

Based on these interesting properties and in dadgo further on the integration of
this material, the laboratory LT2C has decideddapa the composite approach with the glass
ion-exchanged integrated technology, which is dnth® prominent technologies in the field

of integrated optics. This is the subject of onagoworks with IMEP-LAHC in Grenoble.
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The goal is to realize integrated magneto-opticadlenconverter. ORigure [-8a) is reported
a schematic of such a structure. A composite fidmcoated on an ion exchanged glass
waveguide. Due to the low thermal treatment (~ 200 required by the composite, no

damage is made on the guide during the process.

Magneto-optical AN )
. —_ o= ,° K “‘> Magne}lc
A nanoparticles
Glass substrate —> T T
L)
lon exchanged Si0,-Zx0,
waveguide matrix

(a)

MO film
Glass

(b) (¢)

Figure [-8: Schematic of a hybrid magneto-opticavweguide. A composite film is coated

on an ion-exchanged waveguide (a). Field distritmutiin such a structure obtained using

a semi-vectorial mode solver (Optiwave) (b) Outmlit intensity of the hybrid structure
measured at 1550 nm (c)

The refractive indexes of the composite film anel glnide have very close to each other
leading to a light propagation at the interfaceneein these two elementsi@ure 1-8b)). The
output light intensity reported daigure 1-8c) shows that such a hybrid structure can be used
as a waveguide. It demonstrates the ability ofchraposite film to be integrated in Photonics
Lightwave Circuits 3. Furthermore, a magneto-optical mode conversiors baen

demonstrated in such a structiire

The properties gathered in this paragraph evidghe¢ the composite approach
developed by the LT2C is promising in terms of gnégion and polarization conversion. The
remaining drawback is the quite low merit factortbé material. In order to increase this

value, it appears interesting to use a magnetoepimicrystal obtained through a periodic
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patterning of the core material. The Laboratory CTi#as chosen, through this study, to apply
the composite approach to the realization of 3D maamphotonic crystals. Thus, the next

section is concerned by a state of the art of tezsetures.

I.4. Magneto-Photonic Crystals (MPC) structures

As it will be detailed later in the text, magnetioeponic crystals have demonstrated, for
about a decade, their ability to enhance the magpgtical effects in the area of their
photonic band gap. Moreover, some groups havesaisan that it seems possible to improve
the magneto-optical merit factor. This is for exdene work of Khartseet al.**, who show
an increase of such a factor from 25 to 33 °, ona dimensional magneto-photonic crystal
based on YIG multilayer. Even if, to our knowledd@fegere is no demonstration of such an
increase on 3 dimensional structure, the use @f pe8iodic arrangement looks promising.

To understand the behavior of photonic crystals dred role played by a periodic
arrangement on the magneto-optical properties,phiagraph is concerned by a state of the
art of these structures.

Among all the demonstration one can find in theréiture, some of these crystals have
another major advantage for us: they can be eltédubiay the sol-gel method. Thus we will
mainly focus on them in this review.

The Photonic crystals can be classified like owe, and three dimensional crystals, due
to the € dielectric constant which spatially varies peraadiy in one, two or three specific
directions, respectively.

One dimensional photonic crystal, which is shownFagure 1-9, is the multilayer
structure, where the layers of high and low refvacindex materials are alternated.
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e

- : Glass substrate
Glass substrate

Figure 1-9: One dimensional photonic crystal sturet from the work of Inoue et #la)
“microcavity” structure (TaOs/SiO,)s/Bi:YIG/(SiQ/Ta0Os)s and b) “periodic structure
(Bi:YIG/SIQ)s/Bi:YIG (Bismuth-substituted yttrium iron garnet)
The structure of air and magnetic rods or colurmaiked 2D photonic crystalg-(gure
[-10), where the axes of the intersections of the twesent materials gives the two

dimensional arrangement in a perpendicular plane.

Figure 1-10: Two dimensional photonic crystal mdneSugimoto et &f
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Figure 1-11: Three dimensional photonic crystalaionite” %
For three dimensional structuri€igure 1-11) the dielectric constant varies periodically

in three different spatial directions.

1.4.1. Photonic Crystals (PC)

The property of the PC, such as the wavelengthralpnmnakes this material very
important in the telecommunicationBable -2 presents the most important results of three
dimensional photonic crystals.

The first thought of such a three dimensional stmecwas made in 1987. Yablonovitch
tried to find the solution for the lasing threshabd the semiconductor lasers, where
spontaneous emission causes important loss. Withmizing loss his problem can be solved.
This idea leads to the PBG material, which candeeluo control the light, and in the chosen
path the propagation can be enhanced, but in tkanted range, it can be decreased. The
result was a theoretical assumption for a creatfoBD face center cubic (fcc) structure with
the length scale ~ 1000 times larger than the atdtesdeterminated that, with the large
refractive index difference, the PBG can appeawbeh the density states. He noted that the
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realization, such a 3D arrangement, needs furtbeeldpment, and proposed the assay of the
PBG made by polystyrene spheres or hexagonal-ciosekid glasy’.

A few month later, Sajeev John published an artieleere he was constructing a new
hypothesis of the three dimensional photonic sap@é with the moderate disorder to
develop strong photon localization in non-dissipatinaterials with real dielectric constant all
over the structuré®. It was the first time that three dimensional stuge with an appropriate
refractive index constant was given as a solutiritfe light wave localization problem.

Successful realization of three dimensional digual of monodisperse silica spheres
was made by sedimentation method by Lopeal *. Optical transmission was made in
normal incidence using 535 down to 220 nm diamsiee of the spheres. With growing
diameter size the PBG was tuned to the higher wagth region. Using the well-chosen
diameter size of the spheres, the whole visible ifichred spectrum could be covered
(Figurel-12).

5 Eql.8
ﬂc = ZdiCOSQ\/g [fsphngph + (1 - fsph)nlz)g]

-
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()]
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(=]

IS ® % 200mm

Figure I-12: Example of 3D a) direct opal, b) ingeropal and photonic band gap (PBG)
peaks made by 220, 320, 400, 520, 600 nm diametokpolystyrene spheres from the
work of Nishijima et al.
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In the Bragg law th&. means the position of the band gap,i6 the filling factor of the
polystyrene spheressg is the refractive index of the spheres ang ia the background
refractive index. Fitting the measured interplasace value (flinto the Bragg law (Eqg. 1.8)
(distance between the crystalline planes), it veaerthinated ad; = 0.816 - dg,,, Where gy,
is the diameter of the spheres. The refracted ind&x calculated in the same way too, and
found equal to §=1.349, which is extremely close to the theoretiailie Ry+=1.348. The
incidence varying from 0 ° to 50 ° the transmit@spectrum was observed as a function of
the wavelength using the direct opal with 440 namdbter spheres. Two PBG was found in
the wavelength spectrum, which belongs to the 2&0 HlL1 crystalline planes. At normal
incidence the PBG of 220 plane was placed at 52%mdnin the case of 111 plane the PBG
was found at 957.5 nm. While the incidence incredse to the Bragg law, the position of the
PBG tunes to the shorter wavelength.

Ye et al “° reported self-assembly polystyrene direct opaviyig on glass substrate by
vertical deposition (VD) method using different {@enature. They obtained high quality 3D
fcc structure and showed that the use of a bitdrigemperature than the room temperature
can increase the quality of the fcc direct opaldtire, because the spheres have more kinetic
energy to found the possible lattice sites. Thep aloted that too high temperature, because
of the too fast evaporation, leads to the fastex, ffaster structuration and drying tension. In
this way, the arrangement possesses more cradiestsief vacancies. They state that with
increasing disorder the width of PBG is increasom

Concerning the structure of opals, Lopzal ** also characterized polystyrene direct
opal structure. The opal was created with the e&@rtieposition method at 45 °C. The 3D fcc
structure was studied with monochromatic laser béarf). The result of the fcc structure
gives hexagonal diffraction patterns. This workya® high quality organization of the 3D PC
realization by vertical deposition.

Nishijimaet al ’ fabricated and characterized three dimensionattiand invers opals
using sol-gel process. This work is interestingusy because the sol-gel process used in this
work is close to the one used by the LT2C to realie composite matrix. The polystyrene
direct opals were created by a centrifugation mtAdhe inverse opals were made by the
impregnation of tetraethyl-orthosilicate sol. Aftdre drying process, the polystyrene balls
were eliminated from the structure by ethyl-acetdiee thickness was about 100 um. The
relative mismatch between the measured and thediead value of the PBG position for
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direct opal is 1 % and for inverse opal it is 4-7Phis last mismatch percentage is due to the

shrinkage of the drying sol.

Author 3D Structure and materials Optical results
Yablonovitch®’
First 3D fcc structure Theoretical prevision of wavelight control
1987
John* 1987 3D photonic superlattice Hypotheses for wavelight control

®= 440 nm PBG=957.5 nm
39 3D direct opal of monodisperse
Lopez Wavelight control in the order of the Bragg
silica spheres

law
yel0 Self-assembly polystyrene opal Vertical deposition method
e
growing on glass substrate ®=310 nm PBG=675 nm
a1 Vertical deposition method; Structure study
Lopez 3D polystyrene direct opal
through visible light diffraction
e 7 3D polystyrene direct opal > Direct opal realization : Centrifugation ;
Nishijima
3D TEOS inverse opal Inverse opal realization: Sol-gel method

Table I-2: 3D PC materials and results

1.4.2. Magneto-Photonic Crystals (MPC)

When one of the constitutive elements of photonystals has magnetic behavior, the
whole structure is called Magneto-photonic crys(gl®C). It can demonstrate unique optical
and magneto-optical propertigs

a) 1D MPCs

1D PCs are known as multilayer film. Several waréme to light with the idea of
photonic crystal structure which contains magnetaterials for optical applications.

This multilayer structure supports strongly locatizmode of light within a PBG
originating from the Fabry-Perot structure, made diglectric material of low and high
refractive index. This type of system has been we#imined in the last decadEgable I-3).
Employing periodically alternating materials withrdge refractive index difference one can

reach large width PBG a strong localization ofltgkt in the magnetic defect lay&’
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For example, Faraday rotation enhancement of omertBional magnetic “periodic”
structure was calculated by Leey al. >. The structure was created by alternating isotropi
material (n=1.926) and magnetic materialy@2.21). The PBG was positioned at 1550 nm
and the film thickness was less than 40 um. Thdy two different structure, one with three-
phase shifts like (LMYML)®(LM)°(ML)2, and one with four-phase shifts
(LM)XML)°(LM)$(ML)(LM)?, where a, b and c are integers of the repetitiofLi) layer
couple. If they use for a=14 and b=29, the Faradégtion value was found at -45° for the
three-defectKigure 1-13) structure. Same polarization rotation result wakulated in the

case of four-defect structure composed by a=126 a2 c=28 repetitions.

L: Lower refractive index dielectric material
M: Magnetic material (higher refractive index material

y
LA Y O O
L L
Y/
X

Figure I-13: Three defect one dimensional multitasteucture

Inoueet al realized two different types of 1D magneto-phatamystal: the “periodic”
and the “microcavity” (MC) structure. In this cagep0s was used as high refractive index
material, and Si@as low refractive index material. Bi: YIG was cematd in the middle, like a
magneto optical defedtigure I1-14a. For MC structure where the thickness of the B&Y$
230 nm, they have resonant transmission in the lmioicthe PBG at ~650 nm with a Faraday
rotation of ~ -0.80 % They reported the modification of the Faradation due to the
change of the electronic structure, comparing t&Y & single layer film. They observes the
PBG position of the “periodic” structure between07B)50 nm, where Faraday rotation
enhancement was found at the edge of the photamid gap.

The calculation for multilayer system with the clblmaagnetic layer was made by Inoue
et al °. The “microcavity” system was alternated like (8BIN)*/Co/(SiN/SiQ)*, where the
thickness of the Si§) SiN and the Co layer was 111, 88.5 and 50 nnpexsely. In the
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reflectance curve a PBG was present about 780 nchadarge Kerr rotation enhancement

appears in this band gap.
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Figure I-14: Examples of transmittance and Faradatation curves as a function of the
wavelength of a) “periodic” and of b) “microcavityStructure a) figure is made by
alternating (SiQ/Bi:YIG)s made by Inoue et & b figure shows BIG monolayer and

(BIG/YIG)BIG4YIG/BIG), multilayer made by Kahl et 4.

Kahl et al. ® also realized a “microcavity” structure by altding
(BIG/YIG)*BIG*(YIG/BIG)* on GGG substrate. The centered layer thicknes7@ nm.
They compared the multilayer systems with equivalBiG monolayer. The multilayer
structure shows BPG at 748 nm, where the reachead&pa rotation value is -6.3 °-jim
‘compared to -2.6 °-piffor the monolayer (see d¥igure 1-14b). With such an arrangement
the merit factor is enhancement from 7 ° to 11.6 °.

Another interesting idea has been proposed by fBrish al. *), who calculated
Transmittance and Faraday rotation of Er-dopedA®&0:,/GdkGas015™ (BIG) garnet . The
photonic band gap was centered at 1532 nm. Interisiminescence is necessary to get
optical gain media. BIG layers were designed with thickness of 3.7 um at 1532 nm.
Without pumping, the Faraday rotation was -11.XVith pumping this value increased until -

45° with 128.6 pm thick BFe;012 garnet composite.
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Author 1D Multilayer Structure and materials Results
3 Alternating isotropic and magnetic materials
Levy FR=-45 ° in both cases
with 3 and 4 phase shifts
5 « Microcavity » structure (Ta,05/Si0,)|Bi:YIG| PBG= 650 nm
Inoue
(Si0,/Ta,05) FR=-0,80 °
| 5 “Microcavity” structure (SiOz/SiN)4 |Co| Kerr rotation enhancement in the
noue
(SiN/siO,)* PBG
Kahl® (BIG/YIG)*BIG*/YIG/BIG)* PBG=748 nm, FR=-6.3 “epm™
. 42 With intensive luminescence
Grishin Er doped BIG garnet inside 1D MPC
pumping FR=-45°
Table I-3: One dimensional magneto photonic crystalilts
b) 2D MPCs

The activity on 2D magneto-photonic crystals isadle less intensive than on 1D
multilayer system. We can notice two kind of workéhe first is based on the one
dimensional patterning of magneto-optical YIG waveg which result in 2D MPC. The
studies of the group of Levy are very interestiigand are useful to realize sensors. The
second is the study of full 2D photonic crystalsthwa real 2D periodic variation of the
permittivity. This is, for example, the work of ianlleghemet al ** who demonstrated the
existence of unidirectional band gaps in magneti28d magneto-photonic crystals. The
authors have designed a special geometrical symmaethe elementary motifs which allows

such a behavior.

c) 3D MPCs

Obviously, there is not a lot of demonstration @ Biagneto-photonic behavior. It
seems that it is not so easy to obtain a 3D arraege with the YIG which is the most
common magneto-optical material. Thus, in thedit@re most of the 3D magnetic composite
were made using silica opal&able |-4 lists the important optical results and materfahoee
dimensional magneto photonic crystals.

SiO, opals-maghemite, -TGG and -Bi:YIG, three differghtee dimensional immersed
opals were made by the group of InGifé8 The volume fraction of the void was about 25 %.
The PBGs were observed in the same position aBBl&e of the direct Sipopal, at ~590 nm
using 300 nm diameter size of the gi@tificial opal. They found that the absorption is
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decreasing with the increasing magnetic volumetifsacbecause of the light absorption. The
intensity of the PBG of the opal-magnetite compbsaas decreased compared to the pure
opal sample. And they evidence a considerable @antihe Faraday rotation spectrum inside
the (111) photonic band gap.

Pavlov et al *°

also worked with silica spheres-maghemite compssitHere the
diameters of the spheres were 290 nm, the poransluaction were 20 % and 70 % of the
maghemite and the silica spheres, respectively.thic&ness of the composant was about 5
pm. The PBG in transmission was found at ~689 ranadray rotation change was observed
in the same place with the value about -0.1 °.

Koerdt et al. * has made silica opals with a diameter size of 860 275 nm and
impregnated it with saturated glycerol solution aysprosium-nitrate. They found the
photonic stop gaps at 630 and 573 nm, respectiveRaraday rotation change was achieved
inside the PBG. The Faraday rotation outside th& Ré@lows the behavior of the liquid
solution multiplied by its volume fraction.

Very recently, magnetic inverse opal was fabricdigdCaicedoet al. *®. Polystyrene
self-assembly spheres were applied on a glassratdsin a use of vertical deposition. Then
Al,O; layers were grown by atomic layer deposition oe ttolystyrene spheres. The
polystyrene spheres were eliminated from thgDAlstructure with toluene. Finally, the holes
were filled with Ni nanopatrticles. Three types n¥erse opal were made with 15, 8 nm and
random diameter size of Nickel nanopatrticles. Thetgnic band gap appeared in the case of
the direct opal at ~537 nm, which was red shiftiéel adhe magnetic nanoparticles infiltration.
The magnetic circular dichroism (MCD) showed twormpment shoulders at the edge of the
PBG waverange. To our knowledge, and even if thexckfs weak, it is the first experimental
demonstration of a magneto-optical enhancemenhatetdge of the band gap in a 3D

magneto-photonic crystal.
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Author 3D Structures and materials Optical results

SiO, opal-maghemite
Inoue2’45 SiO, opal-FGG FR enhancement in the PBG
SiO, opal-Bi:YIG

46 PBG=689 nm
Paviov Silica spheres maghemite
FR=-0.1°
K dt47 Silica opals impregnated saturated glycerol of PBG=630 and 573 nm
oer
dysprosium-nitrate FR inside the photonic band gap

. 48 AL,0; Inverse opals infiltrated with Ni
Caicedo MCD band edge enhancement
nanoparticles

Table I-4: Three dimensional magneto photonic @ystsults

I.5. Motivations, goals and research plan

As detailed in the first section, an integratedsiar of the optical isolator is highly
desirable. But, the YIG or substituted YIG, whiak ¢he conventional materials used for such
a device cannot be embedded by classical integtatbeology.

Among the different novel magneto-optical materialsich can be integrated the
composite developed by the LT2C is promising beeatiscombines a high value of the
Faraday rotation at 1550 nm, with a full compaittpilith, at least, the glass integrated
technology. A hybrid magneto-optical converter #mas been demonstrated with an ion-
exchanged glass waveguide. But, to improve theitguall the material, it seems relevant to

increase its magneto-optical merit factor.

Several authors have demonstrated the ability of M@igneto-photonic crystals to
enhance the Faraday rotation in the area of thedigap, and in some particular cases the
merit factor also. Furthermore, the realization 3 photonic crystals using a sol-gel
approach is easily possible using polystyrene tizpals through a low annealing process.

The composite matrix developed by the LT2C beingebdaon a sol-gel process with a
starting solution doped by magnetic nanopartictes, group has planned to realize 3D
magneto-photonic crystals with polystyrene opalgeise by a doped sol-gel solution. The

desirable final structure is given &mgure |-15.
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3D arrangement (fcc) of air
sphere with diameter ~ 400 - 800 nm

Silica matrix doped with

magnetic nanoparticles Glass substrate
D ~ 10 nm

Figure 1-15: Schematic of a 3D MPC based on a fcaragement of air spheres in a silica
matrix doped by magnetic nanoparticles. Average siznanoparticles and air spheres
are given.

The crystal should consist of fcc arrangement osgheres in a silica matrix doped by
cobalt ferrite nanoparticles. The diameter of thieese should be about 400-900 nm in order
to work in the visible, near-infrared spectral ranghe size of nanoparticles is about 10 nm,
which is smaller than the spheres diameter.

Finally, the goals of this work can be resumed as:

* Check the ability of our composite matrix (n ~ 1t6) work as a photonic
crystals, and as a magneto-photonic crystals. Wilhbe presented in the final
sections of the™ chapter.

* Identify and develop the tools to elaborate andradtarize direct and inverse
opals and to move our doped sol gel preparatioantinversion of opals. (B
chapter)

» Elaborate direct and inverse opals and study tiical properties and physical
structure (4 chapter)

» Evidence the magneto-photonic behavior of thesectstres (4th chapter) and

check their capacity to enhance the Faraday rotatnal/or the merit factor.
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. CHAPITRE: Arrangement Periodique

(resumé francais)

Un des élément clé de ce travail est l'arrangerpéribdique d'un matériau, et son
influence sur les propriétés optiques et magnétmpops de cette structure. Il est nécessaire
de montrer comment une structure dite photonique joeier un réle sur I'effet Faraday d'un
point de vue théorique. Ainsi, des calculs soneattiés sur une structure 1D utilisant la
meéthode de matrice de transfert afin de montmaftu&nce d'une organisation stricte dans un

matériau sur la rotation Faraday.

La périodicité a l'échelle manométrique influedaepropagation de la lumiere qui
obéit a des regles spécifiques dans les cristaatoplyues. Il est donc nécessaire d'utiliser un
formalisme particulier pour comprendre et interprdes propriétés des ondes se propageant.

Le comportement des photons dans les cristauxopltptes peut-étre expliqué par le
comportement des électrons dans les semi-condscieanrsqu'une structure est périodique et
gue cette périodicité correspond a la longueur d#odu faisceau lumineux incident, la
propagation de la lumiére pour une gamme de lomgdemdes est annulée et une bande
interdite photonique (BIP) est créée. Une simi&uehtre la bande électronique interdite
séparant la bande de valence de la bande de cawotec la bande interdite photonique est
envisagée. Fondamentalement, les diagrammes de bi@fidissent les propriétés électriques
et optiques des matériaux. Ces BIP, ou les phatenseuvent se propager, peuvent apparaitre
dans un systéme composé d'une alternance de codehmeatériaux a indices de réfraction
elevé et faible. A l'intérieur de ce gap photoniglaedissolution de l'onde transmise est le
résultat d'interférences destructrices des ondigséles par les éléments de la structure
périodique. Car dans une direction, si les ondiééctées sont en phase avec I'onde incidente,
elles se recombinent et arrétent la propagati@ardrainsi la BIP.

Une BIP apparait aussi avec un organisation enpa@bexemple avec un empilement

structuré de billes, les indices de réfraction et#fiférents entre les billes et les interstices.
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Les équations de Maxwell permettent de compretad@opagation des ondes dans
les couches et sont a la base de l'explication énatique de ce phénomene. Ainsi, pour
séparer la partie spatiale et temporelle des émsatie Maxwell, I'analyse de Fourier a été

utilisée. La résolution des équations des matnarset d’'obtenir la relation de dispersion

w—K, ce qui explique la propagation de la lumiere dasscristaux photoniques. Mais, en
raison de la périodicité particuliere des cristgirotoniques, un formalisme particulier est

nécessaire. Ainsi, la transformation de Fouridegtfonctions de Bloch permettent d'obtenir

les solutions de I'équation de Helmholtz. Pourvarria la relation de dispersian — K, la
structure du cristal photonique 3D est expliquéefalmn mathématique en utilisant la
physique du solide. Ainsi pour le matériau étudassgdant une structure cubique face
centrée, le réseau réciproque (octaedre tronquig)gbele réaliser ces calculs.

Les calculs permettent de mettre en évidence guehangement du parametre de
maille de la structure modifie la position de |&BI

Une telle relation est calculée dans un systémesibiple et ensuite appliquée au
matériau magnétique étudié pour montrer commentstieture photonique intervient sur
l'effet Faraday. Dans un premier temps, cette @timd montre que l'utilisation d'une

structure périodique (alternance de couches désdie réfraction difféerents), interrompt le

spectrew — K, pour une certaine gamme de fréequences. Une BIEBré&Se autour de cette

discontinuité et a la limite de celle-ci, la courthe le relation de dispersion s'aplatit. Cela
indigue un ralentissement de la vitesse de promagde I'énergie électromagnétique. Dans
un second temps, une structure identique estédilimais la couche haut indice de réfraction

est maintenant magnétique. Pour étudier I'effeadiay la relation de dispersion— K, a été
calculée, en utilisant un tenseur diélectrique. ¢asuls ont montré qu'une grande différence
du vecteur d'onde est observée a proximité de R RBinsi, la rotation Faraday est plus

importante aux bords de la BIP pour un réseau géues de Bragg.

Dans I'étude précédente, le matériau était traeepat son tenseur de permittivité
constant. Afin de prévoir le comportement du factbe mérite, la simulation a utilisé l'indice
de réfraction et le tenseur de permittivité d'ur@noctouche de ferrite de cobalt. Ces calculs
prennent en compte l'absorption de la matiere dislgersion du tenseur de permittivité. Des
simulations ont été réalisées pour deux structdiiérentes dénommeée "microcavité" et
"périodique”. La premiéere est une alternance deles d'indice de réfraction faible et élevé,

avec au centre de cette structure une couche dérimaimagnétique. La seconde est une

50



RENATA KEKESI JEAN MONNET UNIVERSITY

structure identique sans la couche magnétiqued@es structures ne présentent pas le méme

A

comportement spectral. A 1550 nm, dans le cas dgrl&ture "microcavité” la simulation

montre que la rotation Faraday augmente dans lérecaie la BIP, alors, que cette
augmentation se produit aux bords de la BIP, dansak de la structure "périodique”. Le
résultat le plus important est que nous pouvonseggmt augmenter le facteur de mérite

deux fois en utilisant de structure périodique.
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. CHAPTER: Periodic Arrangement

This chapter presents the influence of a periodrangement on the optical and
magneto-optical properties of a material or a stm&c The first part deals with a theoretical
analysis of the propagation of light in periodist®m, through the resolution of the master
equation. It is shown how such equation can beesblising Bloch modes in order to obtain
anw — K dispersion relation. Such a relation is calculate@ simple 1D system and then
applied to our magnetic material to show how a phiat structure can play a role of the
Faraday effect.

In the second part of this chapter, calculatiores made on 1D structure using 4x4
matrix transfer method. These calculations take axcount the absorption of the material
and the dispersion of the permittivity tensor elam&he results are related to the Faraday

rotation and merit factor behavior.

[I.1. General properties of Photonic Crystals

The propagation of light obeys to specific rulesphotonic crystals because of their
periodicity at the wavelength scale. It is thus essary to use a specific formalism to
understand and interpret the properties of the ggapng waves. But, firstly, it seems

relevant to focus on the interest of such photonystals.

1.1.1. What is the interest of Photonic Crystals?

Information technology has been built with the ig§ptio control the flow of electrons in
semiconductor. In photonic telecommunication systedACs promise to give us similar
control of photon through their periodic opticalnoatructure. Their properties and their
capacity of the wavelength control is explainethis part.

When the periodicity of the structure is commenklgravith the wavelength of the
light, there are certain wavelength ranges (PB®@Bich prohibit the propagation of the light.

The photon behavior in PC is analog to the eleatrmain semiconductor.
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3) b)
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Figure II-1: Simplified energy band diagram of &nsiconductors and of b) photonic
crystal

Basically, band diagram defines electric and opticapertiesFigure I1-1 shows two
different kind of energy band diagram, one repri&sen semiconductor material and the
second the photonic crystal. Figure I1-1a), in the case of the semiconductor, there are
different energy levels of the electrons. The catidn and the valence band are shown on a
simplified band diagram, which are non-forbidderrgy levels for electrons. Between the

valence and conduction energy band there is tHadiden state, called energy gap, where

electrons cannot be preseftigure I1-1b) shows an example graph of — K dispersion

relation simulation of a three dimensional photonigstal. Y axis represents asa4™

(% = az:: where n is the refractive index of the mateals the lattice parameter and c is the

velocity of the light in vacuum), and X axis is tKewavevector. It can be drawn a parallel
between the two graphs, becauseangular frequency is proportional with the energy
(E = hw). In Figure 11-1b) the energy gap appears as in semiconductor, asdcdlled a
photonic band gap. Thus, the photonic crystal betdike a semiconductor material, with an
energy gap. Such PBG, where the photons cannotgabg, can appear in a multilayers
system alternated by high and low refractive indesterial.

Inside the photonic band gap, the attenuation efttAnsmitted wave is a result of
destructive interferences among the waves scattgrdétie periodic structure in the forward

direction. Such phenomenon is schematically giveRigurel1-2 andFigurell-4.
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Wave propagation in the PBG

a) Reflected wave in phase Dielectric_slab

b) Total wave

Figure II-2: Explication of the wave propagationpmase in the PBG in one dimensional
photonic crystal

Wave propagation out of the PBG

a) Reflected wave not in phase })ielectric slab

<3
/ ‘// / — <

b) Total wave

Figure II-3: Explication of the wave propagationtaf phase in the PBG in one
dimensional photonic crystal

When the incident wave impinges the one dimensighaitonic crystal, the wave is
partially reflected by each crystal layers. A higgflectivity is obtained when the partial
reflected waves are all in phase. This wave cagabthrough the materiaF{gure 11-2). On

the oppositeFigure 11-3 shows the case of propagation through the mudtilajabs, where
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the reflected waves are not in phase. Although,litiie brooks reflexions from each slab,

they cannot cancel each other. In this way the kigh propagate through the material.

Wavepropagation in the case of two dimensional crystal

| Z ]

Kne sphere of the photonic crystal
Wavelight Photonic crystal structure

Figure II-4: Explication of the wave propagatiorr fehotonic crystal

Figure 11-4 shows the propagation in two dimensional phot@nystal. Every unit of
this structure reflects back the propagation wavell direction of the incident wave. If in
one direction, the reflected waves are in phassy thcombine and stop the propagation to
create BPG®,

11.1.2. Propagation of light in Photonics Crystals: from Maxwell
equation to “Master equation”

This part presents the electromagnetic Master equaiwo coupled time varying
vector fields, the electric and the magnetic fietdle used to interpret the electromagnetic
phenomenas. The Maxwell's microscopic equations dontinuous media without free

charges or currents are givenBy*>
VD(7,t) =0 Eqll.1
Eq 1.2

N Jd _
VXE(T,t) = —aB(r‘,t)

VB(#,t) = 0 Eqll.3
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I B .
B GOEPIGHE Eqll4

WhereD is the electric displacement field, is the magnetic induction fiel& is the

macroscopic electric field arfdlis the macroscopic magnetic field.
For PC who contains no magnetic materials in tiectire, the magnetic induction
field and the dielectric displacement constanteayeal to that in free space:

B(F,t) = uoH (7, ) Eq 1.5
D(#,t) = gy&,(F)E(F, t) Eqll.6
whereg, is the free space dielectric constant ap@) is the relative dielectric constant for
photonic crystal. The dielectric constant is raagtropic and perfectly periodic with the
spatial coordinaté and does not depend on frequency.
To separate the spatial and time dependence ptré dflaxwell’s equations we have to

expand the fields into harmonic modes. So, Fowmalysis has been invited to create the

appropriate combination of the harmonic modes:
H@F t) = HF)e ot Eq 1.7
EG t) = E(F)e it Eq .8

The results for these curl relation using (Eq land (Eq 11-8) equations into (Eq 1I-2) and
(Eq 11.4) are:

VXE() —iwugHFE) =0 Eq 1.9
Vx H(F) + iweye, E(F) = 0 Eq l1.10

After dividing the (Eq 1I-10) relation by,, then curl it and finally use the (Eq 11-9) equati

to eIiminateE(F), the result is the “Master equation” or Helmhatpiation:
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V x (Siv X 17(?)) = (%)2 H) Eq 1111

T

With the similar procedur& () can also be determinated from Eq.11.9 and 10, iaresults

the following equation:

VXV xEF) = (%)2 e(P) B(F) Fqll.12

wherec = =299.79 - 10° m - s~1 is the vacuum speed of light.

The resolution of the “Master equation” gives the- K dispersion relation, which fully

explains the light propagation in the photonic takBut, due to the special periodicity of the
crystal, such resolution needs to use a speciahdlism. Thus, in the next part Fourier
transformation method and Bloch functions are tedan order to obtain the solutions of the

Helmholtz equation.

11.1.3. Reciprocal lattice and Brillouin zone

To determinate thew — K dispersion relation, the structure of the thrematisional
photonic crystal has to be explained in a matherakvay.

In the solid state physics the primitive translati@ctor or primitive vector signifies the
presents of the periodicity. This means that any pwints in space like r and r’ are the same
for all values of the integers ofymm, and m. In a periodic medium, in one, two and three
dimension the space is generated by three prinnanglation vectors on the lattice like &
and a. Each primary translation vector belongs to thredional axes X, y ,z. In this way r’ is

expressed as:

—

r' =74+ ma, + mya, + mya; EqIl.13

whereR = m,d, + m,d, + msd; is the lattice translation vector.
For three dimensional periodic structure as fac#erecubic (diamond) lattice, the primitive

cell is an off-axis cubic. These cubic axes arepghmitive vectors which determinate the
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lattice unit cell. With the repetition of the crgktranslation operations the unit cell fills the
whole crystal space.

Fourier transformation of the lattice points formsother set of points called reciprocal
lattice. This is the sum of the components in Faruspace, where the spatial properties of the
crystal structure can be determinated. Due to thet periodicity of the physical properties,

like permittivity £(7), are invariant to the translation byso:
£(F+R) = &) Eq 1114

To expand this periodic property in three dimensitsFourier series have to written as:

e(r) = Z egexp(—jG - 7) Eq 11.15
G

whereG = n, g, + n,g, + ns§s is the reciprocal lattice vector determinated hyggand g
primitive vectors andn, and i integers.

The fundamental vectors for reciprocal space are:

B a, X as Eqll.16
g1 = 2m—
al * az X a3
as X a
g, = 2 3 1 Eq ll.17
al - az X a3
a Xa
gs =2 1 2 Eq .18
a1 - az X a3

Because gis orthogonal toaand g but inversely proportional toa
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g1:a; =0 Eqll.19
and

g1 a3 =0 Eq 11.20
but

g1-a4 =21 Eqll.21

In a similar way, g is orthogonal to mand a but inversely proportional to,aand g is
orthogonal to aand a but inversely proportional taan this way,G - R = 2.
For three dimensional face-centered-cubic (fcc)tghio crystal structure the form of

the reciprocal lattice is a truncated octahedron:

Figure II-5: Brillouin zone of the fcc structure

Figure I1-5 shows the Brillouin zone of the fcc (diamond) stane, where the points with
high symmetry are signed with the standard crysftablid physics notations.

The First Brillouin zone is defined as a primitigell of the reciprocal lattice. For fcc
structure the First Brillouin zone is centered ameprocal point which is bounded to planes

that cut in half the reciprocal lattice vectors.
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The behavior of the wave in the strictly periodiedium can be defined by the solutions of

the Bloch function in a First Brillouin zone.
11.1.4. Bloch mode

The shape of the wave modes for 3D periodic meddoes not change under a
translation by theR lattice vector, because the physical propertigh®fcrystal are invariant.
The Floquet-Bloch theorem states that the eigemifumdor such a system may be written as
the product of a plane wave envelope function amer@odic function. The Bloch form of
these modes is:

pr (Fexp(—jK - 7) Eq11.22
pe@® =pz(F+R), TER Eq11.23

Where p,(7) is a periodic function for three dimensio, is the Bloch wavevector and
exp(—jl? - 7) is the form of the harmonic function.

The Bloch functions generalize the familiar planave on homogeneous media on a
base of infinitesimal and discrete translation swtrgn With the boundary conditions
(V- {e.EF t)} = 0), (Eq 1.1, Eq 11.3) of primitive cell, the solaih can be expected as
infinite with discretely spaced eigenvalues.

In this way for all modes the consideration of treue of K is sufficient in the Brillouin

Zone.

Based on this formalism, and especially the Bloadde) two kind of method can be
used to obtain the dispersion relation from thenktdlz equation:

. The first is based on expanding the periodic fiamcn(7) of the medium and the
periodic functionpg (7) of the Bloch modes in Fourier series and convertielmoltz
equation into a set of algebraic equations. Thishote will be resumed in paragraph
11.1.5 for 3D crystals
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. The second approach is applicable to layered aneith planar boundaries. It is based
on the matrix propagation method of layered médif will be used in paragraph 11.1.6

for 1D crystal.

11.1.5. Dispersion relation for 3D crystals

w—K dispersion relation shows the propagation progeiti the material. The range
without corresponding vectors define a photonic band gap.

To build thew — K dispersion relation for the modes the Bloch waceweK are

obtained by solving the Helmholtz equation like:

S
N

Eq 11.24

Vx [NV xH|=—H

oN

c

where ¢ is the velocity of the light in free space and thgermeability isn(r) = %

fo -2 whereg, is the vacuum permittivitys () is the complex absolute permittivity

() &)

ande,.(7) is the relative permittivity.
w—Kis a periodic function with multiple values &if on a g periodic functiong(= %”),

generally plotted on a Brillouin zorig
In three dimension Fourier method is used to sdive Helmholtz equation for the

determination of they — K dispersion.
Because the impermeability(r) is periodic with the period of a, the Fourier esrcan be

written as:
n() = Z neexp(—jG - ¥) Eq .25
G

where the reciprocal lattice vector is given like:

[N

G =n,.91 +n,9, + N9, Eq 11.26

where g, @ and g primitive vectors andnmn, and i integers.
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Expanding they (') periodic function of Bloch wave into a 3D Foursaries gives:
() = ZCGexp(—jé-F) Eq .27
G

The generalization of the Bloch wave from the Hebftthequation to get the magnetic field

vector H(7) is like:
=N . _,A.A ~ _.ﬂ pe .AA Eq”.28
H(r) = pg(1) exp( JjK r) é = nGexp[ Jj(K + G) r]e
G

whereé is a unit vector in the direction of the polarinat
The solution of the eigenvalue problem of “Mastgquation” for three dimensional periodic

medium is:

Yo' FeerCor = (:—;CG, where Foor = [(K+G) x é] x [(K + G") x é]ne_r Eqll.29

where kg IS a Hermetian matrix andzCis the Fourier coefficienG’ = mg which m (m=0,

+1, £2, ...) contributes to the optical wave-harmauoiicpatial frequency. In the last equation

— 2
n(r) is real:ng_g, = ngr_.. This result explains that for eaéh Bloch wavevector théC%
0

eigenvalues give multiple values.
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N
0.8- a). D). C)
| | . <
0.7 ) d
5 q PBG 4. <
 0.6- S :
0.5- | i ?
| .
0.4 Ly I
00 05 10 05 1.0

k R T

Figure II-6: a) Calculated dispersion relation affinite polystyrene direct opal in the
direction of/'L (normal incident on the 111 planes parallel te gurface) b) and c)
simulation curves show the reflectance and trartamie spectrum of a direct opal with

25 layers. (The calculations were made by Lopet. &1)

Figure 11-6 shows an example of the calculated three dimeabion- K dispersion

relation. Figure 11-6a) represents the lattice parameter divided by frequdair™) values

anw

which is a typen representation as a functionIdf direction of wavevectorg(z Py where

n is the refractive indexJ.L direction is the 111 planes of the fcc opal, vehigre propagation
of the light is perpendicular to this 111 planebeTdispersion relation curve split up at a
certaino angular frequency. If a lattice parameter changesodifies the position of the
PBG. Thus, the position of the photonic band gap,the propagation, can be controlled by
changing the periodicity.

In the same place, where the bang gapigure I1-6b) the reflectance an#igure

[1-6¢) the transmittance presents a maximum and a minjmespectively.
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11.1.6. 1D dispersion relation

In this part, the calculation of the — K dispersion relation of a 1D photonic crystal is
presented. It was calculated in the case of “periostructure, which alternates a high
refractive index layer (+=1.5; ;=258 nm) with the low refractive index layer €1; d =387
nm), sed-igure |1-7. The high index is close to that of the compositderial and the low is
that of air. The idea is to make a calculation ostracture which is close to the MPCs

experimentally made in this project. The centrahd®y wavelengthig) of the photonic

crystal is fixed to 1550 nm. It is linked to thecltness layer byh; = %.

H: Layer with higher refractive index
y L: Layer with lower refractive index
L L
4

L

Propagation distance (dp)

Figure II-7: Wave-transfer matrix representation

The matrix propagation method was used to detetmisach w — K dispersion
relation. Figure 11-7 represents a wave-transfer matrix for periodibsldf at the initial z
position (z=m¢, where ¢ is the propagation distance and m is the unit) dak m-th
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amplitude{U,(f)} is known, the amplitude at the other position bardeterminated by using

the corresponding wave-transfer matrix.

) ) Eq 11.30
U U q
’(”j)l =M0l ’(”_)l,m=1,2...
Um+1 Um
with
1r Eq 1131
_ |t ot
Mo = r* 1
t* t

where t and r are the complex amplitude of thestttance(T = |t?|) and reflectance
(R =[r?])2 %,

Based on Bloch theory, in a periodic medium thémsgroducing wave can be written as:

) ) Eq 11.32
U ) q

'(”_ng =eJ? [ z)l,m =1,2..
Um+1 Um

where® Bloch phase can be determinated as a multiplicaifok Bloch wavevector and,d
propagation distance:

@ =Kd, Eq .33
Using the M wave transfer matrix, the eigenvalue problem @whbtten as:

utt Eq11.34

ui”

ui”
ui”

= J®

M

where e~/®denotes the eigenvalue aml;ﬁi) are the eigenvectors for infinite number of
segments?

The eigenvalues are determined by equating therdietant ofM, — e~/ - I to zero. It gives
53.
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1 Eq 11.35
Kd,) =R (—)
COS( p) e n
Furthermore, the transmittance can be writte?:as
1)  (ny+ny)? (ny —ny)? Eq .36
Rej—t{=———— +@)——— —
{t} Angn, cos(ou + ¢L) P cos(¢y — @1)

Thus, for anw angular frequency, the K wavevector is the sofutibthe equation:

(ny +n.)? (ny —ny)? Eq .37
cos(de) = Wcos((pH + @) — THnLCOS((pH — @)

Wheregp, = nH%dH andg, = nL%dL are the phases of the two layer segments.

2.5E+1S 4 o(k) dy=258nm ny=15
dy=387nm n; =1
Ac=1550nm
2E+15 -
1.5E+15 -
PBG
e R
op=1.21-1015
5E+14 -
K
0 T T T 1
0.00E+00 2.00E+06 4.00E+06 6.00E+06 8.00E+06
Figure [I-8: Dispersion relation graph as a funatiof the wavevector (K) for "periodic”
structure

Figure I1-8 shows a graphical solution of this calculationamms ofw(K) curves. This

simulation proves that using periodic structuredt w — K spectrum discontinues where

the Eq. 1I-37 has no solution. A photonic band gapreated about this discontinuity and at
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the boundary of this PBG the dispersion relatiorvedlattens. This indicates a slowing down

of the electromagnetic energy propagation velocity.

[1.2. Dispersion relation of 1D Magneto-Photonic Crystals

Based on the calculation detailled in the previparagraph, the goal is now to study how a

periodic arrangement can play a role on the Faratfagt.

M : Magnetic layer

D : Dielectric layer with low refractive index
| avi ¥ 4'

Figure 11-9: Schema of the Bragg slab which wasduee the calculation where the
magnetic (M) and dielectric (D) layers are alterimaf

The structure is identical to the former one, Ih& high refractive index layer is now
magnetic. To study the Faraday effect th@) dispersion relation has been calculated,
depending on the left and right circular vibratiavhich are the eigenpolarization in such
material.

To determinate the left and right circular refraetindex inside the magnetic layer, its
dielectric tensor has to be invited from Eq.l-1¢d arsing the diagonal and the appropriate off-

diagonal elements of this dielectric tensor thedef right circular index can be written as:

Ny, =[x T Exy Eq 11.38

Eq 11.39

Then, — ny difference is the circular birefringence in thegmatic layer.
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On Figure 11-10 the o(K) relation for the left and right vibration with., = 1.5 and
€xy = 2.6 - 107* are plotted. These values correspond to a congposaterial at a 1550 nm
wavelength.

&xy being small compared tg,,, the two curves are quite superimposed. The iofet
this figure zooms out the angular frequency asmatian of the wavevector for the left and
right circular vibration next to the PBG. The sgfati black and the dashed line present the
curve of the right and left circular vibrations,spectively. Close to the BPG tHAK)

wavevector difference between thg &d K increases, because the two curves flattening.

On Figure 11-11 the AK (K — K;) circular wavevector difference is shown as a
function ofy (wavelength in vacuumt = zwﬂ) for the above mentioned periodic structure (

Figurell-9). It is obvious that the highest wavevector ddgfeze can be observed just close to
the band gap. One should remind that, for the whtiecture, the Faraday rotation emerges
from the phase-shift of the left and right polatiaa of the output. This phase shift is due to
the different propagation constant of the left aigthit polarizations and the Faraday rotation

is proportional to the circular wavevector diffecerK through:

h
0, = TRQ(KR _ KL) Eq 11.40

Thus, the biggest Faraday rotation can be predati¢ite edge of the photonic band gap
for periodic Bragg grating.
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Figure [I-10: Angular frequency{(K)) as a function of the K wavevector where tlie le

(dashed line) and right (straight line) circularration were zoomed out at next the PBG

for a “periodic” structure alternating magnetic arair layers; PBG position is at 1550
nm

10000 1

AK = KL-KR
*
8000 1
*
6000 - PBG *
>
*
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»
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Figure II-11: Circular wavevector differencaK) as a function of the wavelength (in
vacuum) for “periodic” structure alternating magnetand air layers; PBG was
calculated at 1550 nm

[1.3. One Dimensional Calculations

In the previous sections, we have explained howregicity can effect the propagation
of an electromagnetic wave. Furthermore, the stfdihe w — K relation in a 1D system
based on the LT2C composite allows predicting draeoement of the FR of the edge of the

PBG. But, in this study, the material was suppogedhe transparent and the permittivity
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tensor constant. Using complete one dimensionaukslon, the aim is to go further in this
study and obtain a good prediction of the behavidhe merit factor.

The 4x4 Transfer Matrix formalism is firstly sumnmed. Using this method
transmittance, reflectance, Faraday ellipticityrdéay rotation and merit factor can be
determinated for 1D magneto-photonic crystal (MPEpr the simulation measured
parameters were used, like refractive indexegroff-diagonal element from the Faraday
rotation of the Cobalt-ferrite monolayer (1% volufrection).

Due to the special, strict periodic photonic criystaucture, changing the thickness of
the layers the position of the photonic band gdg&}Pcan be controlled.

The simulation was made for two different 1D MP€ustures, called as “microcavity”
and “periodic”. These two structures do not presiset same spectral behavior, and are

compared in terms of merit factor at 1550 nm.

11.3.1. 4x4 Transfer matrix calculations

For theoretical investigation “periodic” and “micavity” arrangements of one
dimensional multilayers structure was calculatedi¥4 matrix method.

Let’'s consider a multilayer photonic crystal whishalternating by N number of layers
(Figurell-12).

Magnetic field

Semi-infinite medium Semi-infinite medium
(0) > (N+1)
Layer Layer Layer
n-1 n n+1
- —

— -

Figure 1I-12: Wave-transfer matrix representatiofitibe magnetic material
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Magnetization direction is perpendicular to thenplainterfaces. The permittivity tensor

of each layer (n) can be expressetf:as

g™ gy, ™ 0
EW = |_jg, ™ g m Eq 1141
0 0 €™

Eigen modes which can propagate in such mediunsiarelar. Assuming that no light

come from the last semi-infinite medium, the reatibetween the right (+) and left (-)

circular polarizationyr(fl) (i as incident)Ur(? (r as reflected) andr(fl) (t as transmitted) in the

semi-infinite media (0 and N+1)°%s
+ =M O Eq 11.42

The M matrix represents the structure and is obthlyy the product:

N
M=[pO]". HD(")P(”)[D(”)]_l . pvHD) Eq 11.43

n=1

with D: the dynamical matrix representing the couity of the field at the interface between
the layers, and P: the propagation matrix of the feigen modes within the layer. These

matrixes can be expressed-as

1 1 0 0
m n) 0 0

DM — ’76 ’76 . . Eq .44

0o 0 ™ ™

With 7" = J Exx ™ £ iy, ™

72



RENATA KEKESI JEAN MONNET UNIVERSITY

For non-magnetic Iayerai") = 775—,")

And
exp(iB™) 0 0 0
: n(n)
pm) — 0 exp(—ify") 0 0 Eq 11.45
0 0 exp(iB™) 0 /
0 0 0 exp(—if™)

. 2
with: ﬁi") = %nf_rn)hn.
d, is the thickness of thé'dayer.

The Faraday rotation is expressed as:

0 :_._<M11_M33> Eq ll.46
F M;; + M33)

The transmission amplitudes of theright andt~ left circular waves are given as:

pro L Eq 11.47
Mll
oo Eq .48
M33
The T transmittance is:
T = ||tL + ¢R|| Eq .49

In this way the simulation for one dimensional gt crystal is possible to compare

the different type of multilayer grating with thienple magnetic monolayéf+’.

11.3.2. Magneto-optical 1D calculation

Multilayer system is a 1D periodic structure of froc crystal which supports strongly
localized mode of light within a photonic band g&BG) originating from the Fabry-Perot
resonance, made by dielectric material of low aigth nefractive index. Several authors have

studied such an arrangement, especially Iresug *°
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Two particular systems have been underlined bywbek of Inoue. The first is a
“microcavity” system, when a magneto-optical laygrsandwiched by two Bragg mirrors
made by alternating high and low refractive indeyer (ny and n, respectively). The second
is the “periodic” system made by alternating magrugitical layer as high index material
(nv) with low index layer material.

Inoue have noted that in such systems like “mioribga and “periodic” an
enhancement of the Faraday rotation is observéteimiddle of the band gap and the edge of

the band gap, respectively.

For the simulation the used data are from the ntagmatical material formed by silica
matrix doped with 1 % of cobalt ferrite nanopaggl The off-diagonal element of this
material has been calculated from the Faradayiootand ellipticity ofFigure 11-13 using

the inverse relations, which derives from the Eq0, 71 equations:

, A Eq 11.50
Exy = - (N6 — keg) d

by oA Eq .51
Exy = - (nOp + keg)

The refractive index of the magnetic layer is gilgrtheFigurell-14.
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Figure 1I-13: Faraday rotation and Faraday Ellipity curve of cobalt-ferrite ferrofluid
(1 %)
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Figure 11-14: Refractive index (black line) and tegtinction coefficient (gray line) of the
magnetic layer as a function of the wavelength (idieme fraction of the magnetic layer
is1%.)
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11.3.3. “Microcavity” structure

Figure 11-15 shows the “microcavity” structure arrangement, rghan the center a
magnetic layer has been placed as a defect laywr.simulation was made for 21 layers,
alternating high () and low (n) refractive index layers in the Bragg mirrors. Tthiekness
of the layers is determinated by the desired posif the band gap centes:

B Ac Eq .52
H/L 4nH/L
A Eq Il.
hM _ c q .53
2ny

The used refractive index values for the thickredesulation werer,, = 1.504,n;, =1
andny = 1.5.

H: Layer with high refractive index
M: Magnetic layer

y L: Layer with low refractive index
4 z
X

Figure 11-15: 1D magneto photonic crystal “microdéy' structure; A magnetic defect is
introduced in a Bragg mirror.
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11.3.4. “Periodic” structure

The “periodic” system with 25 layers was creategrahting by magnetic and non-
magnetic layersHigure I 1-16).

M : Magnetic layer

L :Layer with lower refractive index

N

Figure 1I-16: 1D magneto photonic crystal "periotistructure alternating by magnetic
and air layers

In this special case, we have to remind that thgna@-optical increase is at the edge
of the photonic band gap. Thus to compare “periodied “microcavity” we have adjust the
position of the PBG peak.

Ac Eq .54
4nM/L

hM/L =

The used refractive index values for the thickneakulation were:n, = 1,504,

nL = 1
11.3.5. Comparison between the “periodic”, “microcavity” and

monolayer structure

Using 4x4 matrix formalism, transmittance, Faradatation and merit factor graphs have
been determined. As expectedrigure I1-17 andFigure I1-18, the area where the Faraday
rotation is increased is located in the center @nithie edge of the band gap for “cavity” and
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“periodic” structure, respectively. This resultilsa good agreement with previous works of

Inoue?.
0,01 9FR (°) 1
Centre of the Band Gap

A ‘ : ”. 0,9

62 820 96 1020 1120 420
-0,01 - + 0,8
+ 0,7
-0,03 - H 1 0,6
FBG + 05
-0,05 - + 0,4
+ 0,3
-0,07 - + 0,2
+ 0,1

0.09 Faraday rotation increase 0

-0, - 4

Figure [I-17: Calculated transmittance (gray linearaday rotation (black line) of
“microcavity” for positioning the PBG at 900 nm

FR (%) Border of the Band Gap T (a.u.)] 1

0,07 A
0,05 -
0,03 -

0,01 -

20,01 620 V 720

-0,03 -

araday rotation increase

-0,05 -

Figure 11-18: Calculated transmittance (gray linEaraday rotation (black line) of
“periodic” for positioning the border of the PBG &00 nm
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These results do not show a huge effect in terntsacdday rotation. This is only because
the chosen central wavelength was placed in o@éave a full view of the photonic band
gap and, the Faraday rotation at 900 nm is quite leet's now consider an area where the
Faraday rotation is more interesting, such as 16860

Figure 11-19 andFigure I1-20 show the Faraday rotation of the “microcavity” ahd
“periodic” structure compared to an equivalent neignmonolayer. In the first case, the
thickness of the monolayer is the same as the niaghefect layer. In the second one, the
thickness is the sum of all magnetic layer thickess

The two multilayer crystals have high value of aarotation. The Faraday rotation of
“microcavity” (Figure l1-19 black line) and “periodic’Kigure 1-20 black line) structure are
about -0.31 ° and -0.17 °, respectively. However thagnetic monolayer={gure I1-19,
Figure 11-20 gray line) has -0.01 ° and -0.05 ° Faraday rotat@lues at 1550 nm,
respectively.

We can see clearly that in the two cases, the Bgradation is enhanced at the chosen
wavelength compared to the magnetic monolayer. imalife this analysis, we have to

compare also the merit factor. This is done inRlgure11-21

0,05 9 FR (0)

Wavelength (nm)

T T \I T T T L)
1§10 1520/ 1530 1540 1550 1560 1570 1580 1590 1600

Monolayer (-0,01°)

-0,25 A

-0,3 -

-0,35 -

Figure 11-19: Calculated Faraday rotation of “micaavity” (black line) and monolayer
(gray line) structure for positioning the PBG atSlbnm (Cobalt-ferrite thickness=516
nm)
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0,01 -|FR )

Wavelength (nm)

ISL)O 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
-0,02 -

-0,05 -

Monolayer
(-0,05°)

-0,08 -

-0,11 A

-0,14 -

Periodic

-0,17 A

-0,2 -

Figure 1I-20: Calculated Faraday rotation of “peréic” (black line) and monolayer
(gray line) structure for positioning the PBG atSlbnm (Cobalt-ferrite thickness= 2808
nm)

Centering the photonic band gap at the maximunh®fRaraday rotation is not enough
to obtain a better merit factor compared to a stmmlonolayer. Indeed, with a Faraday
rotation ranging from three times (“periodic” sttwie), up to thirty times (“microcavity”
structure) higher than the monolayer, the meritdiadoes not show the same enhancement.
Thus, optimization of the structures has to beiedrout. Numerous simulations have been
done, by changing the number of layer and the abp&ak of the BPG. Without optimization
tools, we found that the better merit factor valoethe two structures was reached at 1450
nm. In this case, an important increase is obsefeedthe periodic structure. This 1D
calculation and the results of Induie Koerdf’ and Caied8 et al assure the MO effect

increase for 3D magneto-photonic crystal.

80



RENATA KEKESI JEAN MONNET UNIVERSITY

Wavelength (nm)

Monolayer ——"

-8 - MicroCavity «— -8,33°

9

-10

-12

-14

Periodic =——>|&—-15°

-16 -

Figure 1I-21: Calculated merit factor of “periodic(gray line), “microcavity” (black
line) and monolayer (red line) structure for positing the PBG at 1450 nm

[1.4. Conclusion

In the first part of this chapter, we tried to gs@me clues for a better understanding of

the propagation of light in periodic systems. UsBigch mode theory we have shown the

existence of energy bands where the propagatifortisdden. A fine analysis of the — K
dispersion relation is achieved in a 1D periodracure. If one of the materials is magnetic
the left and right circular polarizations split apd this generatesK wavevector difference.
This difference is enhanced at the edges of the,RBdicing an increase of the Faraday
rotation.

To go further and study the behavior the meritdaat this area, 4x4 transfer matrix
calculations have been led using our magnetic caeitgoonaterial. These calculations take
into account the absorption and the spectral behafithe permittivity tensor.

In the case of “microcavity” structure the simutatishows that the Faraday rotation increases
in the center of the band gap, whereas, it ocdutiseaedge of the photonic band gap, in the
case of “periodic” structure.

The most important result is that we can also @meethe merit factor under certain

conditions.
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I1l. CHAPITRE: Elaboration et
caractérization de cristaux magneto-
phOtOnique 3D (resumé francais)

Les cristaux magnéto-photoniques 3D peuvent éttmse d'opales artificiels. Ces
opales ont la possibilité de contréler la lumiécemme les opales naturels, grace a un
arrangement strictement périodiques de billesweteadifférence élevée d'indice de réfraction
entre ces billes et une matrice. Dans la gammeléitagion visée, (visible, infra-rouge), la
modulation spatiale des billes de quelques nan@métrquelques centaines de micrometres

est nécessaire.

L'élaboration de films a base de billes est réelipar différentes techniques, la
structure obtenue est nommeée « opale direct ». éthade, la plus simple d'arrangement, est
la sédimentatiofi®®*. Les billes sont placées dans une solution & thasmlvant. La gravité
permet aux billes de s'organiser lors de I'évapmratiu solvant. Par cette technique, le
contrble de I'épaisseur est difficile et I'élabmmaty grande échelle est impossible.

Pour diminuer les inconvénients de la sédimematifferentes méthodes ont été
développées. La premiere est le dépodt vertical s@nprocessus, le substrat est positionné
verticalement dans une solution comprenant un sbletles billes a déposer. Les propriétés
hydrophiles du substrat permettent aux billes desthau substrat. Apres I'évaporation de
I'eau ou autre solvant, l'opale direct présentestneture cfc sur la surface du substrat. Afin
d'optimiser cette technique, Lopetzal.a placé le substrat avec un angle de 20 °

La seconde est une technique de centrifugatioms ette méthode, la suspension
contenant le solvant et les billes est placée dengécipient d'une centrifugeuse. La force
centrifuge permet aux sphéres de s'installer ad thnrécipient ou est situé le substrat. Des
opales directs avec une structure cfc ont été abtpar Nishijimaet al®.

La troisieme, dite techniqgue de Langmuir-Blodgetinsiste en un trempage d'un
substrat qui est tiré régulieremefit a vitesse constante, hors de la solution contelean
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solvant et les billes. Le mouvement du substratém le liquide par tension superficielle.

Le quatrieme technique est la déposition vertical le substrat est positionner
verticalement dans un bécher qui contient de smiutie billes self-assemblée. Le solvant
commence a s'évaporer au niveau du ménisque. lles bdhérent a la surface du substrat
hydrophile, en raison de la force d'adhérence.liéss s'accrochent les unes aux autres par
une force de répulsion. En général, plusieurs cesicle spheres se déposent sur le substrat.
L'arrangement est ordonné selon des modeéles olksenvéristallographie. L'auto-assemblage
des billes implique une structure cfc en raisoradforce de répulsion entre les spheres, les
billes se placent alors dans la position de la passe énergie. L'arrangement est réalisé pour
donner une structure sous la forme d'un tétraedre.

Inspiré des travaux de Nishijima, des billes déygigrene ont été retenues pour
réaliser I'arrangement de l'opale direct. L'indileeréfraction de ces billes est de 1,59 a 589
nm. Quatre diamétres de billes ont été testé ndf) 453 nm, 799 nm et 903 im

Lorsque la structure opale direct est réaliséegstl nécessaire d'obtenir un opale
inverse qui peut étre défini comme une arrangendensphéeres d'air jointes les unes aux
autres avec de petits canaux dans une structuré@ilierement ordonnée. A partir de l'opale
direct obtenu, l'espace vide interstitiel est reimgvec un liquide. Dans la littérature, les
sphéres sont en général en PMMfAou en polystyréné °°° Le liquide remplissant les
interstices sont divers, nous pouvons citer en @kee SiQ, TiO, ou CeQ . Ces liquides
sont obtenus sur la base des expériences acquanasslaltechnique sol-gel. Les billes sont
ensuite éliminées par calcination (températureseet@0 & 500 °G*’® ou gravure chimique
avec des solvants aromatiques et chlorés, comibenizene, le chloroforme, le tétrachlorure
de carbone, le cyclohexane, le diméthylformamide;Hlorure de méthylene, la pyridine, le
tétrahydrofurane, le toluéne, le xyléne et l'acé@thyle® "*"% Ces différents travaux
montrent que le procédé sol-gel peut étre utilesgsd'élaboration des opales inverses 3D.

La technique sol-gel est un processus ou un lgwdlloidal devient une chaine
polymeére solide par un enchainement de réactidhgdrolyse et la polycondensation. Cette
méthode a l'avantage d'étre peu colteuse et deopdite réalisée a basse température. Le
matériau précurseur utilisé est le TEOS. Cet aldexyétallique est un bon précurseur en
raison de la compatibilité aisée avec I'eau. Ler$élaboration de la phase liquide, le matrice
peut-étre dopée avec des nanoparticules magnétamumesie la maghémité ou encore les

ferrites de cobaft 1% #2884 es nanoparticules de ferrite de cobalt sontitelds tailles (10
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nm), isotropes sans champs magnétique. Ces particules peuvent acquérir une anisotropie
optique sous l'influence d'un champ magnétique. Cette anisotropie est circulaire en
configuration Faraday longitudinale (direction du champ magnétique paralléle a faisceau
lumineux) et linéaire dans la configuration de Voigt (magnétique perpendiculaire au champ de

faisceau lumineux) *.

a) b) d) e) f
Sphéres de Polystyréne I'h ,
(400-900 nm) o | Sphéresd ZOOM
7 [eoystyrene 90°C |
—- —- —-

Dispersionde _, . Cri

\ Déposition Vertical . ristaux
Polystyréne Imprégnation Sol-gel Ethyl-Acétate Photonique

Précurseur de Silice (TEOS) 3D

+
Nanoparticules Magnétique (~ 10 nm)

Figure 1. : Process d’élaboration de cristaux phatpue

Le processus d'élaboration des échantillons étudiés se décompose suivant cing étapes
(Figure 1) :
* préparation du substrat (nettoyage rigoureux de verre en borosilicate),
* dépdt verticale avec un angle a 20 ° pour I'obtention de l'opale direct,
* imprégnation avec une préparation TEOS de I'opale direct. Le TEOS est dopée
ou non avec des nanoparticules de ferrite de cobalt,
* processus de séchage (90 °C, 1 heure),
* ¢limination des billes de polystyréne de la matrice par de l'acétate d'éthyle pour

obtenir 'opale inversé.

Les films d'opale direct ou d'opale inverse sont caractérisés par différentes techniques
d'analyses afin de les étudier. Le microscope électronique a balayage a été utilisé afin
d'observer 1'état de surface de ces opales. Cet appareil permet d'obtenir des images précises
des films jusqu'a une résolution de 1 nm sous pression contrélée. Cette technique est basée sur
la focalisation d'un faisceau d'électrons de haute énergie sur la surface de 1'échantillon.
L'énergie dissipée des électrons se trouve sous forme de différents signaux liés aux
interactions électrons-échantillon. Les €lectrons secondaires et rétrodiffusés sont utilisés pour
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réaliser I'image de la surface de I'échantillors Bectrons secondaires permettent de donner
des informations sur la morphologie et la topogmapies échantillons. Le contraste de
limage donnée par les électrons rétrodiffuségrimé de la composition des échantillons
multiphasique§’®®

La valeur diélectriqgue des films est un paramétneortant dans le domaine de
cristaux photoniques. La seconde technique utiksédellispométrie qui est basée sur I'étude
de la modification de I'état polarisation de la i@ra par réflexion de la lumiere sur la surface
plane d'un échantillon. Par la mesure de différgatsametres en fonction de la longueur
d'onde, on peut déterminer la dispersion de I'mdie réfraction et I'épaisseur de la couche.
Ceci est réalisé en ajustant les parametres dulett#orétique aux données expérimentales
a travers un processus d’optimalisation (algoritiimé.evenberg-Marquardt?).

La détermination des propriétés optiques du neaié&ol-gel dépose sur couche mince
opales directs ou inverses a été réalisée a l'dide ellipsométre spectroscopique a
modulation de phase. Un banc optique (polarimgtextsal) permettant de caractériser les
propriétés optique et magnéto-optique a été dépélogu laboratoire Higure 2. Il se
compose d'une source halogéne au tungsténe (quippemettre de couvrir le gamme de
longueur d’onde 400-1700 nm) d'un polariseur, @arie-échantillon avec des translations en
X et Y possibles et d'un microscope. Ce derniérepmote un analyseur pour la mesure de la
polarisation et un séparateur de faisceau pouctette I'analyse spectrale par un spectromeétre
CCD. La source de lumiére couvre la gamme 360-2000Deux spectrometres permettent
de réaliser cette gamme de mesures. Pour les mesaie champs, un aimant Néodyme Fer
Bore est utilisé et permet d'obtenir un champ miague longitudinal pouvant atteindre 350
mT.
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Réseau i Analyseur £ Polariseur

C Source de
; X6 X6 Lumiére
% Halogéne

Objectif

WU uemimresanl® """ Echantillon
Microscope modifié

m 1
CCD1 :200-1100 nm
CCD2 : 900-1700 nm ¢
Figure 2. : Spectral Photo-polarimétre

La mesure de la transmittance est réalisée dans toute la gamme spectrale en utilisant la
configuration décrite ci-dessus. Ces mesures permettent de déterminer la position des bandes
interdites photoniques. En utilisant la loi de Bragg on peut estimer I'espacement interplanaire
et l'indice effectif de la structure.

Ce dispositif de caractérisation permet aussi de déterminer la mesure de la rotation
Faraday. En effet, le comportement spectral en terme de rotation Faraday des nanoparticules
magnétiques devrait étre modifié par la présence de la bande interdite photonique. Pour la
mesure de la rotation Faraday, le formalisme de Jones (calcul matriciel) a été utilisé. Dans
cette méthode, les éléments polarimétrique spectral sont désignés comme une matrice. La
multiplication matricielle de chaque ¢lément résulte de la détermination de l'intensité¢ de la
lumiére transmise. Le facteur de mérite peut également étre calculé a partir de cette mesure en

par prise en compte de la rotation Faraday et du coefficient d'absorption.
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lll. CHAPTER: Elaboration and
characterization of 3D Magneto-Photonic
Crystals

This chapter deals with the thematic of the elafimmeand the characterization of 3D
photonic and magneto photonic crystals. We firgilye some information about the opal
based photonic crystals. This “bottom up” approatlbws the realization of direct opal,
which is a stacking of polystyrene or silica submic spheres. This direct opal serves as a
template which can be filled with a sol gel solatia order to realize, after the removal of the
spheres, an inverse opal.

A review of the self-assembly method is proposed tre properties of the used
polystyrene spheres is given. We describe the pobemployed for the synthesis of the sol-
gel solution, which can be doped with magnetic panticles issued from a ferrofluid. Then
the complete synoptic procedure of the elaboratfanagneto photonic crystals is presented.

This chapter ends with the presentation of theatttarization equipments: scanning

electron microscope, ellipsometry and spectral pipaiarimeter.
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l11.1. Opal based 3D Photonic Crystals

In this part natural and artificial opal will bepresented. Moreover, the realization
methods of the three dimensional artificial opall lae explained. This part will reveal the
advantage and disadvantage of each opal elabor&iwally, it will define the face-centered

cubic structure, which can be realized by self+adde materials.

.1.1. Natural opal

Natural opals grow inside earth at relatively loemperature and pressure. The
chemical composition is hydrous silicate di-oxidgiGy+n H,O). The word of “opal”
probably came from a Sanskrit word of “upala” oLain word of “opalus” which means

precious stone.

Figure IlI-1: Natural opal

This hydrated amorphous silica produces iridesoérblors within the opal, presented
on Figure I11-1. The explanation of this “play of color” or “opaleence” is the wave light
scattering from the ordered arrays of the microgcepheres of silica with size comparable

with the wavelength of the light wave. The “opalsre” depending of the arrangement of
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the packing and the size of the spheres as the pagses through the strictly ordered opal-
network.

Artificial opals are promising possibility of contling the light, like the natural opals,
due to the strictly periodic arrangement and sigfity high refractive index difference for

new photonics technologies.

.1.2. Artificial opal

Artificial opal was created by copying the natugeich a strict periodic structure in the
nanometer scale can be realized in the laboratpmjiffierent chemical process. The created

opals also possesses the “opalescence” effectpamsra of the succeeded fcc structure.

[11.1.2.1. Direct opal

Fabrication of photonic crystal implies the struation of matter in the scale of
hundreds of nanometer. To carry out this strudtmaivo ways can be used: the “top down”
and the “bottom up” approach. The “top-down” appiods often used in traditional micro
fabrication methods where externally-controlled Isoare used to cut, mill, and shape
materials into the desired shape .Micro pattert@apniques, such as photolithography and
inkjet printing belong to this category. “BottomZ‘uppproaches, in contrast, used the
chemical properties of single molecules to causglsimolecule components to self-organize
or self-assemble into some useful conformation.

Self-assembly method is cheap and well-developextegss for the fabrication of
artificial opal Eigure I11-2). The first suggestion of this method was made Hly

Yablonovitch at 1987°. One of the early realization was made at 183y Tarharet al.
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Figure IlI-2: Direct artificial opal

[11.1.2.2. Self-assembly methods

There are four different interesting procedureseadassembly technique, depending of
the final application. Lopeet al > insist that all of these techniques the vertiegabition
provides the highest optical quality.

111.1.2.2.1. Sedimentation method

The most simple method of the self-assembly issidimentation, when due to the
gravity the colloid particles settle down duringettevaporation of the solvent. The
sedimentation cannot give the control of the thedshand produce a large scale of variation
of defects.

One drop of aqueous colloid suspension with thetedhrtoncentration was dripped
down on a surface of the substrate. As the timsipgdy, the water evaporates and results

self-assembly structurd-i(gure 111-3). This organization is not free off cracks and disos
60,61
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Solvent Evaporation
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Polystryrene spheres

Gravity creates fcc
crystal lattice

Figure IlI-3 Sedimentation method

[11.1.2.2.2.  Vertical deposition method

Vertical deposition was developed to take over ¢batrol of the drawbacks of the
sedimentation.

During the vertical deposition the direct opal gsountil the liquid evaporate and its
meniscus is moving forward. The starting point isew the liquid meniscus is under the
diameter of the sphere. The hydrofil substratech#a the particle to surface of the substrate,
and due to the repulsive force between the splieregsare organized to each other creating
face-centered-cubic structure. After the evapomnatad the water from the polystyrene
dispersion the structure organization is stabiliagdhe cohesive force. Generally, more than
one layer of spheres grows on the substrate.

The good crystallization rates depends of the dgribie size of the spheres, the solvent
liquid, the temperature of the evaporation, thegpshend cleaning process of the substrate.

Lopezet al found that the highest optical quality yieldsvbeen the concentration ratio
0.05-0.4 % vol. During the deposition, temperatomest be controlled in order to have a
steady evaporation rate.. The best optical praggertias found with the drying temperature of
45 °C for the spheres with the diameter size lotian 705 nm and 50 °C for higher
diameters.

In this process the substrate has positioned wedlitien the colloid solution holder
beaker. After the evaporation of the water or ottwdloid carrier liquid, it leaves fcc direct

opal on the surface of the substrate.
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Figure IlI-4: Vertical deposition

In order to create a well-organized fcc structtiie tnethod can be even more effective,
if the substrate position angle is not 90 ° (hamia). Lopezet al >* founded the best tilt
angle for the elaboration of fcc structure at 20Gith the respect of the verticdtigure 111-4).
They also established the optimal fix temperatur@espondingly to the diameter size of the

spheres of the constructed direct opal.

111.1.2.2.3.  Centrifugation method

In this method the colloid suspension is dropped tabe of the centrifuge. Due to the
centrifugation force, the colloid spheres shoulttlssedown to the bottomHigure 111-5).
Nishijimaet al * created direct opals on a use of this processy iterpreted that the direct
opals have nice fcc structure. In spite of the wwefjanized closed packed structure, this
method has technical difficulties as deposing finectiopal into the substrate.

Figure IlI-5: Centrifugation method
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11.1.2.2.4. Langmuir-Blodgett method

This elaboration technique is a motor driven s@abstideposition from the aqueous
surface of polystyrene particles or amphiphile role$?. The principal of monolayers
building is that due to the compression of the giylsene spheres on the surface of the given
subphase, usually water, the polystyrene sphee®xruding to the substrate surface and
spreading 2D photonic crystal. The advantage is$ tihe realization of the layer can be
completely controllable, but the disadvantage & thcan produce only one layer. Thus, this

elaboration is only used for the realization of @itonic crystals.Kigurelll-6).

Figure IlI-6: Langmuir-Blodgett method

1.1.2.3. Fcc arrangement
The advantage of the self-assembly spheres like RMRblymethyl-methacrylate) ,
SiO, or polystyrene that due to the repulsive forcevieeh the spheres, they find the lowest
energy position, and result fcc structuregure I 11-7).

Figure IlI-7: Perfect fcc organization

In such a structure, some parameters are usefthifstudy. The first one is the filling
fraction also known as Atomic Packing Factor (APH)e value of APF had been well-
proven since 1611. Johannes Kepler was the firshsst who stated that the greatest average

of density of the arrangement of equally sized sghés the cubic close packing structure
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with the value o#=0.74. This problem after Kepler had well-studied @nedicted a possible
solution using by a fast computer by Laszlo FejethTin 1953, and completely had proven

and accepted as a theorem by Thomas C. Hales 81°26D

The Kepler Conjecture: “No packing of congruent balls in Euklidean thrgease has density

greater than that of the face-centered cubic pagkirhis density iz - (\/ﬁ)_1 ~ 0.74.

This filling fraction allows us to determine thefesftive refractive indexngss of the

structure. It is given by:

Eq Ill.1
Ngfr = \/fSph : ngph + (1 - fsph) ‘ng

wheref;,, is the sphere filling fractiom,, is the refractive index of the spheres ands

the refractive index of the voids between the spéfer
For such a fcc structure we also have to knownberplanar distance (Figurelll-8),

which define the periodicity of the crystal. Inghiase, it is given by

. Eqlll.2
di = §dsph ~ (0.816 - dsph

Where dpnis the diameter of the spheres.

[nterplanar distance d,

Figure I11-8: Schematic image for the interplangrasing

This strict periodic arrangement causes photoniedbgap due to the constructive

reflections. The position of the PBG can be cakadalue to the Bragg la{#igurel11-9):
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QQC?.

Figure I11-9: Bragg diffraction

5 Eqlll.3
Ao =2+ §dsph ‘Ngrr - sin(a)

whereA, is the center of the PBG, andhe angle of the beam in the medium.

0
/
Alr N=1

Opal o N=Neff

Figure I11-10: Interface air/opal

For light coming from air with an angle of incider (Figure I11-10), the Bragg law can be

Ac=2-d; /ngﬁ —sin2 6 Eqlll.4

written as:
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[11.1.2.4. Inverse opals

Realization of inverse opal is a key element of thesis.

It can be defined as a collection of air spherestmeach other with small channels in a
strict periodically ordered 3D structure, showed~ogure 11-11.

Basically, this fabrication starts with creatingeteolloidal sphere direct opal as a
template, then fill the interstitial void space hwthe wanted material, and finally remove the
mask .The last step can be elaborated by calcmagtching or with acid utilization.

Waterhouseet al ©°

presented an inverse opal fabrication made byribggation on a
use of PMMA spheres in aqueous suspension with4a80Am diameter size. They infiltrated
the void space with Sior TiO, or CeQ by sol-gel technique. The template was eliminated
with 550 °C calcination. The inverse opals possiessvell-ordered fcc array structure.

Cao®’, Abramova®® and Jin®"°

et al. reported their work using polystyrene template
growing with vertical deposition and sol-gel pracesd the creation of inverse opals. This
mask was made by vertical deposition method at&5Before the infiltration of titania sol
(titanium tetra-isopropoxide, anhydrous ethanoétitanol amine, deionized water with the
mass ratio of 1:6.47:0.22:0.1) the polystyrene oysd heated to 80 °C during 30 minutes to
ignore the collapse of the 3D lattice. They usedica impregnation during 1 minute. After
the gelation of the sol-gel titania sol, the impratpon process was repeated two times. Then
by calcination the polystyrene balls were elimiddr®m the sample in 500 °C.

Abramova used 450 nm diameters of spheres andedre¢aé direct opal at 50 °C. It was
impregnated with saturated water-alcohol (1:1) tofuof zinc nitrate, and then it was
annealed at 300 °C until 12 hours. Jin used 330hdiameter of polystyrene balls for the
template with the drying temperature at 45 °C. Tdiex opal was dipped into the Cerium
doped barium titanate or cerium doped titania pieausolution. After it was vacuumed until
15 minutes and dried at room temperature. The ignagon was repeated for 3 or 4 times
then the sample was annealed at 750 °C. All ot#ses resulted high quality of inverse opal
three dimensional arrangements. These studies ardnthe structure and the chemical
composition of the structure, but optical measumr@mes not made.
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Figure IlI-11: Inverse opal

Nishijimaet al ’ fabricated and characterized three dimensionattind invers opals
using sol-gel process, and optically analyzed #mpes. The polystyrene direct opals were
created by a centrifugation method. The inversdsopere made by the impregnation of
tetraethyl-orthosilicate sol. After the drying pess, the polystyrene balls were eliminated
from the structure using ethyl-acetate. The thiskn& each film was about 100 um.

Polystyrene was used for the elaboration of dimgul by the group of Caicedo in
vertical deposition metho®. The inverse opal was created by dip-coating th® ALO;

suspension. After this step the polystyrene badiseveliminated by Toluene.

Deposition Sphere
Author Sphere type pos >pnher
Technique elimination
Waterhouse’® PMMA SIO; or T;glf;él Ceo, by Calcination
Cac®’ Polystyrene Titania Calcination
Abramova®® Polystyrene ZNO Calcination
Cerium doped barium
Jin®970 Polystyrene titanate or Cerium Calcination
doped titania
Nishijima’ Polystyrene TEOS inverse opal Ethyl-acetate
: 48 Dip-coating method into
Caicedo Polystyrene Al,O- colloid suspension Toluene

Table IlI-1: Works of the elaboration of inverseatsp
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These worksTable I11-1) are interesting for us, because they prove thlagel process
can be used of the elaboration of the 3D inversdsop

Creating the inverse opal in the way of the “bottopi method, employing polystyrene
opal, because of the easy elimination and sol-getgss due to the wide range of material

utilization, open the opportunity of easy and l@mperature realization of a new 3D MPC.

[11.2. Elaboration of 3D opal based Photonic and Magnetotitonic
Crystal

This part deals with the chosen elaboration metloddise three dimensional artificial
opals. Firstly, it will explain the used materialadirect opal and its properties. Secondly, it
will present the sol-gel low temperature methodtifi@r elaboration of the impregnated direct

opal. Finally, the elimination of the direct opairiplate is presented.
1.2.1. Properties of polystyrene sphere
The chosen direct opal material is the polystyrenaqueous dispersion. The chosen

process is the vertical deposition. This part exgl#éhe properties of the used material and the
difficulties of the used technology of the realiaatof the direct opal.

[11.2.1.1. Material of the direct opal

On the base of the work of Nishijinfapolystyrene (Poly(1-phenylethane-1.2 diyl) was
chosen for the creation of the direct opal.

|

[ ]

(T Tk
H H

Figure 1lI-12: Schema of polystyrene
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Polystyrene ((gHs)n) consists carbon and hydrogen elements, wheretiNisepetition
of the monomerKigure I11-12). For the direct opal template, this aromatic logdrbon was
ordered from Thermo Scientific with the mean diagneif the spheres 400, 453, 799 and 903
nm, respectively. The microsphere density is 1.081. The refractive index at 589 nm is
1.59. The approximate concentration is ~1 % solid.

[11.2.1.2. Solubility of the polystyrene spheres

The elimination of the direct opal is essential foe realization of the inverse opal.
Polystyrene template is removable with aromatic ahbtbrinated solvents, like Benzene,
Chloroform, Carbon Tetrachloride, Cyclohexane, DOimg#ormamide, Methylene Chloride,
Pyridine, Tetrahydrofuran, Toluene, Xylene and E#yetate’’*"2
Polystyrene can be eliminated from the compositedena with calcination in high
temperature up to 400-500 ‘&€

For the realization of inverse opal, we used Ethgtate acid, in order to keep a low

temperature process.

1.2.2. Sol gel process

A Sol is a liquid colloidal suspension with solid]l micron size solid particles in
dispersed phase.

Gel means a substance which contains solid cadrevier the continuous liquid phase.
The continuous skeleton gives elasticity to the déle gel contains also solid and fluid
phases in colloidal dimension.

But the definition of Sol-Gel is a process where tiolloid liquid suspension becomes
solid polymer chain by the reaction of 1) hydrosyand 2) condensation.
The most thoroughly studied precursor material fmil-gel procedure is tetraethyl-
orthosilicate (TEOS=Si(O&ls),). This is a metal alkoxide (organometallic compdyn
which contains metal atoms. Si(QRIR=CGHs) is a good precursor for sol-gel process due to

the easy compatibility with water.
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1) Hydrolysis:
Si(OR), + H,0 - HO — Si(OR); + R — OH Eq 115
In a case of complete hydrolysis Si loses all ®hikyl groups and becomes Si(QH)
Si(OR), + 4H,0 — Si(OH), + 4ROH Eq I11.6
2) Polycondensation:
From the first reaction equation, the partially folgzed HO-Si(ORj bonds with each
other create siloxane bond [Si-O-Si] in the condénsa reaction:
Water condensation or oxolation:
Alcohol condensation or alcoxolation:
(OR)3 — Si — OR + HO — Si — (OR)3 — [(OR3Si — O — Si(OR); + ROH] Eq I8
Due to the step of condensation, water and ROHalamolecules leave the system.

[(OR3SI-O-Si(OR}] silicon-containing molecules join together by aymerization step and

build polymer macromoleculé&®°
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[11.2.2.1. Preparation of TEOS solution

¢

O

0 — Si— 0\

O

)

Figure I1I-13: Schema of Tetraethyl-orthosilicate

Tetraethyl-orthosilicate (Si(O€ls)4) (Figure 111-13) was used as alkoxide for the sol-
gel processTable I11-2 andTable I11-3). The alkoxysilane was diluted in alcohol befdre t

step of the hydrolysis.

Name of the reagents Purity

TEOS
98 %
(tetraethyl-orthosilicate (Si(OC;Hs)4)

Ethanol (C;HsOH) 98 %

HCI (acid) 0.01N

Table IlI-2: Sol-gel reagents

The respected molar ratio is:

rE0S _ o5 Eq 1.9
Ngton

where TEOS means tetraethyl orthosilicate and Et{@@Hs ethanol.

The alcohol was added to the alkoxide, becausewtiter is not miscible with the
alkoxysilane. In this way the EtOH alcohol is useda homogenizing agent.
This solution was agitated during 5 minutes on gmeéic agitator with vigorous stirring. The
hydrolysis was made by 0.01 N HCI.
The ratio between the water and alkoxysilane is:
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20 _ 5 Eq 111.10
NrEos

And the ratio between the alkoxysilane and hydregdanride (HCI), which catalyze the

reaction, is given as:

TEOS _ 01 Eqlll.11

where the HCI was calculated for 0,1 N for 1ml.

These latest ratio ensure that the catalyst giise®us and spinnable solutiéh
He HCI was added carefully, drop by drop to theD&i{Hs),-ethanol mix to avoid the fast
gelification during the agitation. Then the solatwas left for a night on the magnetic stirrer
with moderate speed. This step is necessary todatle@ nascent bubbles which were

presented because of the difficult assimilatiothefHCI in the solution.

Name of the reagents Quality (ml)
TEOS
6.17
(tetraethyl-orthosilicate (Si(OC,Hs)4)
Ethanol (C,Hs0H) 3.417
HCI (acid) 1

Table 111-3: Used quantities of the elaborationtbé TEOS “preparation” process

The molar ratio of the components was used by akwafr Choi ® as 1:2:2:0.01
(Si(OCGHs)4:.ethanol:water:HCI (0.01)).

[11.2.2.2. Cobalt-ferrite nanoparticles (CoFeQ,)
Magnetic liquids (or ferrofluids) are colloidal g&nsions of nanometric magnetic

particles €10 nm) in a liquid. Isotropic in zero magnetic @ig] these hybrid media acquire an

optical anisotropy under the influence of a magnéeld. This anisotropy is circular in
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Faraday's longitudinal configuration (magnetic diairection parallel to light beam) and
linear in Voigt configuration (magnetic field ditéan perpendicular to light bearhf?

The cobalt-ferrite based ferrofluid was synthetibgdthe coprecipitation of Chyf and
Fe (II) hydroxides®. This step was followed by a thermal treatmeritGi °C until 2 hours
and it was washed with distilled water three timés. facilitate the incorporation of the
magnetic particle nitric acid was added to the tsmhu As a last step the nanoparticles were
dispersed into deionized water.
The result of the synthesis is shown inTiable 111-4.

Cobalt-ferrite (S 403-A)

Volume fraction 7%
Mean diameter of the particles 9nm
PH 4.2

Tablel11-4: Properties of the used cobalt-ferrite ferrofluid

[11.2.2.3. Sol-Gel Doping

This method is very interesting for the waveguidehhology due to its relatively low
temperature utilization. This procedure is compatibith the classical integrated technology
like glass®. This technique is already utile either in thelamgpion of integrated optic or the
realization of inverse opals.

To introduce magnetic particles in the sol-gel 8olhy we have to pay a good attention
on the stability of the particles in order to ava@idgregation or sedimentation. This could
introduce scattering of light and do not allow agampregnation of the direct opal.

Thus, the magnetic solution is added dropwise ® TEOS solution, which was
frequently stirred with a non-magnetic stirrer aitlasonic bath was also applied.

Finally, the doped solution is passed through guorfilter and is immediately used for

the infiltration of direct opal.
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1.2.3. Realization of Photonic and Magneto Photonic Crysta

We will present here the elaboration process ugethé entire collection of sample studied
during this thesis. There are five main steps:

* The preparation of the substrate

* The vertical deposition

* The impregnation with doped or undoped TEOS prejoara

* The drying process

* The elimination of the polystyrene spheres fromrtiagrix

[11.2.3.1. Preparation of the substrate

For the realization of the direct and inverse ofdsosilicate (Neyco B27Ccrown
glass which was manufactured by the up-draw praeednd it was polished by both sides. It
has high transmission in the visible wavelengthgeanand simple microscope glass slides
were used. The dimension is: 25x75x1 mm.

The surface cleaning is a very important step ef tbalization of the direct opal. Both
hydrophilic substrates have to be perfectly cleathaut contamination to attract the
polystyrene spheres to its surface. The substratedipped for 10 minutes into the acetone,
ethanol and distilled water using the ultrasonithb@he substrate was dried with nitrogen
gas. As the last step the substrate was cleanadettianol using Joseph pap&t&

[11.2.3.2. Vertical deposition (VD)

The vertical depositionHjgure 111-14b) was chosen as the elaboration of the direct
opal. The realization of this method is easy andapheven for industrial fabrication.
Moreover it produces the nicest results among ldigoeation method of self-assembly.

The volume fraction of the direct opal was madeveen 0.05-0.3 % wiHigure 111-14a).
The inclination of the cleaned substrate was s@0at with the respect of the vertical on a
base of work of Lopezt al ®*. The temperature was stabilized until the evajmrat

correspondingly with the diameter size of the chgsalystyrene spheresdble111-5).

dsph <700 nm >700 nm
Drying temperature 45 °C 50 °C
Table IlI-5: Drying temperature as a function opalystyrene sphere diameter
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The evaporation time depends of the quantity aead/tthume fraction of the polystyrene
dispersion. The thickness of the direct opal carcdrgrolled by the volume fraction of the

polystyrene dispersion.

111.2.3.3. Doping

The cobalt-ferrite nanoparticles are introducedhie Teos preparation liquid solution.
Because of the acidic PH of the ferrofluid (PH=4.%) avoid the aggregation and
precipitation of the ferroparticles the magnetigdiwas diluted with the same solvent as the
original solvent of the ferrofluid; with water. UnPH 5.6 the ferrofluid is homogeneous. This
diluted magnetic solution was invited into the Teo$-gel solution. The compound is then

agitated and ultrasonicated.

[11.2.3.4. Impregnation

The direct opal is introduced into the Teos prejamasolution by dip-coating method
(Figurelll-14c). The opal was hanged on a sample holder whichma@sng down into the
solution with the stable speed. The impregnatioretwas 10 minutes. After the opal template
was drawn out with the slowest speed of the matdhe sample holder to avoid the creation
of the monolayer above the impregnated opal. The of@s dried in 90°C during 1 hour
(Figurelll-14d) ".

[11.2.3.5. Elimination of the polystyrene spheres from the sita opal

The polystyrene spheres were removed from the igmatted sample using ethyl acetate
(Et-Ac) ”. This was achieved by dipping the sample into @kbe containing Et-Ac for one
hour Figurelll-14 g, f).
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Figure 111-14: Realization procedure of the mageativerse opal
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[11.3. Characterization

This part will list the used equipment for the &werization of the 3D magnetic and
non-magnetic opals. For the visualization of theastructure we used Scanning Electron
Microscopy. The thickness of the monolayers wasswesl with an ellipsometer. Finally, the
Faraday rotation was determined with Free SpacpsBlineter for the measurement as a
function of magnetic field, and with a Spectral &woheter for the measurement as a function

of wavelength.

11.3.1. Scanning Electron Microscope (SEM)

For the image analyzing FEI Nova NanoSEM 200 eqeipmnwas used=igure 111-15).

Figure 111-15: FEI Nova NanoSEM 200

High energy electrons are used, as a focused heasean the specimen surface point
by point in vacuum. In this electronic microscopw vacuum function is available, where the

characterization of non-conducting or contaminatimggerials is possible.
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The set-up of the equipment is showrFigure 111-16, where electrons in the electron
gun are emitted from the cathode and acceleratetidoynode. The acceleration voltage in
high and low vacuum is 15 kV and 3 kV, respectivél\agnetic field was produced by the
scan coils. The electron beam was focused by tfexibie lens, which gives a very fine spot
(1-5 nm). The resolution of this SEM in high andvlowacuum is 1 nm and 1.8 nm,
respectively.

Accelerated electrons carry significant amountskwofetic energy. This energy is
dissipated as a variety of signals produced bytreleesample interactions.

Secondary electrons and backscattered electronssaa for imaging samples. Secondary
electrons are gave information about morphology dogography of the samples.
Backscattered electrons are most valuable for sigpwhe contrasts in composition in

multiphase sample¥®

Cathode

Electron gun
|_ _I Anodc}

Electron beam

. Magnetic lens

Aperture

Magnification ('ummI.
. Scan coils

Scan generator
. Objective lens
BSE Detector
| SE Detector

- Amplifier
Sample

Figure I11-16: SEM set-up

111.3.2. Ellipsometry

Dielectric function of materials is an importantrg@aeter in the field of photonic
crystal. In order to obtain details on elaboratedanal, we have used ellipsometry technique,
which is a powerful analysis tool of optical projpes. It is based on the study of the

modification of light polarization state upon a noormal reflection Eigure I11-17). This
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modification is linked to the difference betweeramd s reflection coefficients (respectively

parallel and perpendicular to the plane of inciéggnc

'—fif:\ )f;i\
AR E, EPr
V' N EJ EPi R ‘
o
ESi k , ESr
Medium 1
Medium 2 d
Medium 3

Substrate

Figure I11-17 : reflection of a polarized light cathin layer

These coefficients denoted As andR; for a single layer, with d thickness, on a sultetra

are given by:

oy trye Eq I1I.12

- k ..k .,-2i
1475 5 -e2F

k

wherek = p or s, and:

= st cos )
j L J
s _ nprcos®P; —n; - cos P, Eqll.13
Ty n; - cos ®; +n; - cos Y;
2-m-d
B = 1 "Ny - cos(Py)

rk is the reflection coefficient of the ij interfac&; the angle of incidencef the

phasechanging and the refractive index of medium i.

Thep ratio of the reflection coefficient, andR; can be expressed as:
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By
Ry

Eq IIl.14

p=—=tany e

Wherey andA are the two angles measured by an ellipsometer.

Thus, by the measure of these two parameters @sctidn of the wavelength, one can
determine the dispersion of the refractive indea #re other the thickness of the layer. This
is performed by adjusting parameters of the themletnodel to the experimental data via an
optimization process (Levenberg-Marquardt algoriffirf).

The determination of the optical properties of samples has been carried out by a
phase-modulated spectroscopic ellipsometer (JohionYUVISEL) in the photon energy
range from 0.70 to 4 eV with a step of 0.02 eV,vat onFigure 111-18. The incidence

angle of the light source was 60.00°

Figure 111-18 : Jobin-Yvon UVISEL ellipsometer

111.3.3. Optical and magneto-optical characterization

The most important part of this research is thesueaof the magneto-optical effects.
The 3D magnetic opals were analyzed by Spectraripotter. In the next part the function of

these optical benches will be explained.
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[11.3.3.1. Description of the optical bench

The optical and the magneto-optical propertiesheffrepared samples were measured
with a spectral polarimeteF{gure I11-19). It consists of a tungsten-halogen light souece,
polarizer, a sample holder attached to a &X¥tageFigure 111-19, a modified microscope
which allows the inspection of the focus area. Tast contains an analyzer, for polarization

measurement. Finally beam splitter carries ousgiextral analysis via a CCD spectrometer.

iratine ". Analvze 5
Grating F Analyzer Polarizer

Halogen
light source

Modified microscope

CCDI1 :200-1100 nm
CCD2 :900-1700 nm

\_./\/f'

Figure I1I-19 : Spectral Photo-polarimeter

The 10W Tungsten-halogen light source (HL-2000) gnadtwo spectrometers (MAYA
and Nirquest512) were purchased from Ocean Opiligs.light source covers the 360-2000
nm spectral range. Maya spectrometer is used irvigiele-NIR (200-1100 nm) spectrum,
whereas the Nirquest512, based on an InGaAs aetagtdr, can be used in the 900-1700 nm
wavelength range.

The two polarizers are high quality Glan-Thomsaisms with an extinction ratio better
than 10°.

The sample holder is attached to a XY translati@ges in order to scan the whole

surface of the sample. A rotation stage is usexbtrol the angle of incidence.
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For magneto-optical measurements, a NeodymiumBanon (NdFeB) N45 magnet is
placed in the vicinity of the sample. According ttee distance between the spot and the
magnet, a longitudinal magnetic field up to 350 aah be applied to the sample.

111.3.3.2. Transmittance measurement

Stop band of photonic crystals can be revealedgusansmission spectroscopy. The
measurement of the transmittance is realized invthele spectral range using the setup
described above. This can be achieved as a funefitime angle of incidence. The reference
signal is issued from the measurement of the satiestintegration time of the spectrometers
and number of measurements are adjusted to optilmzeignal to noise ratio.

The measurement of the transmittance can give sampertant information. Indeed, the
position of the photonic band gap can be estimas#ly modified Bragg’s law, which takes

into account of the refraction of the light at theface of the sampl&igure I 11-20):

Eq lll.1
Ac=2-4d; /néff—sinzé? alll15

Substrate

Figure 111-20: Schema of the incident light beamtba sample surface

Thus, by plottingl? as a function ofin? 8, a straight line should be obtained :

A2=—4-d}-sin*0 +4-d} -nf; Eq 1116
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The slope £4 - d?) gives the inter-planar spacidg with a theoretical value ﬁ—, dgpp, and

the interception of y-axis4(- d? -nfpff) allows the determination of the effective refraet

index @ugfr) of the structure.

[11.3.3.3. Faraday rotation

The measurement of the spectral Faraday rotatitdreisnost important characterization
in this thesis. Indeed, the spectral behavior,eirms of Faraday rotation, of the magnetic
nanoparticles should be modified by the 3D strctfrthe MPC. Using the described setup
we can measure the transmission spectrum and thddsarotation in the same area. We will
describe next, the polarization aspect of the aptiiench, starting by the presentation of

Jones formalism.

111.3.3.3.1. Jonesformalism

Within the Jones formalisrA”% polarized light can be represented as a 2 complex
elements vector. If the light travels along in zedtion, these elements describe the x y

complex amplitude of the electric field.

b — U,e®x EqI1l.17

Intensity of light is given by the hermitian scapaoduct:
I=U"-U Eq .18

Linear optical elements can be represented asy22domplex elements matrix (M).

When the light passes through an optical elembatetergent light polarization is given by:

_  —

Upae =M - U, Eq 111.19
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For more optical elements, the final transfer masiobtained by multiplying each M

transfer matrixes of optical component startinghmeylast one:
Upr =My + .My - My - Uy, Eq 111.20
The Jones matrix for a polarizer aligned along®

o EqIll.21
PX_[O 0

The rotation matrix, used to change the coordiegstem is given by:

R(a) = [cosa —sin a] Eq 111.22
sina cosa

Usual polarization states are the linear and thptiebl ones. The Jones vector for a linear

state of polarization making an anglangle with Q axes is:

J= [gfl)rsl g] Eq 11.23

The Jones vector of the elliptical polarizationtfwd as ellipticity) making an anglé angle

with O, axes is:
i — .[cos € Eq l1l.24
U=R() [i sine]

111.3.3.3.2. Determination of the Faraday rotation

We have used Jones’s representation to evaluatming light intensity in the

spectrometer.

116



RENATA KEKESI JEAN MONNET UNIVERSITY

vN

¥ o

A
Polarization state 7

Unpolarized

: Spectrometer
light source P

Polarizer =~ Sample Analyser

Figure IlI-21: Polarization considerations for tt&pectral Polarimeter

Figurelll-21 shows the evolution of the polarization state. Jores vector of the light

after the analyzer can be expressed as:

= 11 01f[cos(A—a) =sin(A—a)][cose Eq 111.25
U= [O 0] [sin(A —a) cos(A—a) ] [i sine]
i = [cos(—A + a) - cos(e) +i-sin(e) - sin(—A4 + a)] Eq Ill.26
0

whereo ande are respectively the Faraday rotation and Farafigticity angle, and A the
azimuth of the analyzer.

The intensityl (1) received by the spectrometer is:
IN)=0-U Eq l11.27

1 1
1) = Io(A) - |5 - cos(2e) - cos(~24 + 2a) +3) Eq 111.28

As shown inFigure 111-22, the best azimuth for the analyzer is 45 ° becaugeres the
better sensibility. Moreover, values of Faradation and ellipticity are small, so we can

easily write:

cos(2e) =1 Eq 111.29
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Figure I1I-22: sensibility of the intensity as anfetion the azimuth of the polarizer

So, the intensity can be expressed as:

I(2) = Iy(2) E + % cos [(g — Za)]l Eq 1l.30

Finally:

1) =1,(») B + % sin(Za)] = 10(,1)%[1 +2a] Eq 11131

Faraday rotation is a nonreciprocal effect, thlisweé change the direction of the
magnetic field, by a half turn of the magnet, tigh<f the Faraday rotation changes. Let’s
note: I(A)*, I(1)~ andI(2)°, the measured intensity with a positive, a negagind without

magnetic field, respectively. Then the Faradaytimtacan be determined by:

It -1 Eq I11.32
41O

So, the measurement of the spectral Faraday rotabasists in the data gathering of
three CCD spectra: out of magnetic field and urtdertwo directions of the magnetic field
spectrums. The interest of this method is that we measure the transmittance and the

Faraday rotation exactly at the same place.
l11.4. Conclusion

In this chapter the potential techniques and malerivere explained. From this

explication, the chosen materials and technolofpeghis project were presented. For the
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realization of the direct opal, the chosen elahonat the vertical deposition on a use of self-
assembly polystyrene in aqueous medium.

To fill the voids between the polystyrene impregoatechnique was chosen, where the
impregnated material magnetic and non-magnetigsbkilica (TEOS “preparation”). The
chemical reaction of the sol-gel process was ptedefor the application of the Faraday
rotator.

The polystyrene can be eliminated from the strgctuith different acids like Ethyl-
Acetate, Benzene or Toluene, or with calcinatiomcpdure about 400-500 °C. High
temperature process is not welcome in the reabzaif integrated elements. In this work, to
eliminate the polystyrene balls Ethyl-Acetate wagsen.

Finally, the functions of the equipments of the relcterization were explained, as
Spectral Polarimeter, Ellipsometry and SEM (Scagrithectron Microscopy). The previous
equipment gives information of the transmittancd &araday rotation of the measured 3D
MPCs. Ellipsometry provides the dielectric funcgaof the materials. The Scanning Electron
Microscopy can visualize the nanostructure.

The demonstrated techniques and used materials emepéoyed for the realization of
3D Magneto Photonic Crystals (MPC) or 3D Photorigstals (PC).
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V. CHAPITRE: Comportement magneto-
photoniques des opales elabor@ssums francais)

Des prototypes a base de cristaux magnéto-photesiglaborés a basse température et
contenant des nanoparticules de ferrite de colmitatent permettre l'augmentation de la
rotation Faraday dans le domaine des télécommtiorisa Ce chapitre présente I'étude des
propriétés magnétiques de monocouches de silicéedayec du ferrite de cobalt, puis I'étude
des opales directs et inverses, non dopés et defincaractérisations sur les cristaux

photoniques 3D dopés.

Dans un premier temps, des films minces de fedeteobalt (CoF©,) sont étudiés
en fonction du champ magnétique appliqué et derigdeur d'onde. Le ferrite de cobalt est
inclus dans une matrice de silice. L'objectif estrdontrer l'influence de la concentration
volumique du CoF®, par rapport au TEOS sur les propriétés magnétiquass aussi de
comparer le comportement magnétique de ces filnes & ferrofluide d'origine a base de
CoFeO,. Les couches minces magnétiques ont été élaberéekes bases du travail de
Choueikankt al.®,

Les parties réelle et imaginaire de l'indice deation et I'épaisseur des monocouches
ont été mesurées par ellipsométrie. L'épaisseur filles minces est fonction de la
concentration en matériau magnétique. Ainsi pow concentration volumique importante,
I'épaisseur du film est plus grande : pour des eoinations de 2:2 et de 2:5 (volume de
CoFeQ, sur volume de TEOS sol-gel), les épaisseurs saepentivement de 337 nm et 247
nm. De plus, les parties réelle et imaginaire iddite de réfraction sont plus élevées pour les
concentrations importantes de CgBg A partir de 700 nm, la partie imaginaire est quas

constante et est identique pour les différentes@amations étudiées.
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Figure 3.: Les courbes normalisé de rotation de Faraday de la monocouche de silice dopée

par CoFe;0qet le ferrofluide CoFe;Oy4 en fonction de la longueur d'onde

La caractérisation de la rotation Faraday met en évidence que cette rotation dépasse
6700 °-cm™" pour la concentration 2:2, alors qu'elle est de 1870 °-cm™ pour 2:5 (4 820 nm). 11
faut souligner que la plus forte concentration de 2:2 n'avait jamais été atteinte auparavant. Les
graphiques donnant les rotations Faraday en fonction du champ magnétiques appliqués
présentent pour toutes les concentrations étudiées des cycles d'hystérésis dus aux
nanoparticules de CoFe,O4 comme I'a montré Choueikani et al® Cet hystérésis devrait
disparaitre ou diminuer dans le cas ou les nanoparticules magnétiques s'agrégeraient entre
elles, le film serait alors inhomogene. Dans le cas de I'échantillon trés concentré , la présence
du cycle d'hystérésis met en évidence 'homogénéité des couches minces €élaborées.

La comparaison de la rotation Faraday du ferrofluide avec les couches minces de
TEOS dopées CoFe,0O4 permet de confirmer que les nanoparticules de CoFe,O4 restent

disperser de manic¢re homogene (Figure 3).

Avant d'introduire le TEOS dopé dans une structure périodique, il est nécessaire
d'étudier les propriétés optiques et I'organisation des opales directes et inverse non dopés.

L'arrangement des billes de polystyréne constitue 1'opale direct. Quatre dimensions de billes
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de polystyrene ont été étudiées de 400 a 900 rorgdniisation de cet opale est dite cfc, cette
structure est a l'origine de l'apparition d'unedeaimterdite photonique (BIP). Le polystyrene

est un matériau idéal pour la réalisation de l'eptiect par un processus d'auto-assemtftage

48.67-70 | 'indice de réfraction du polystyréne, mesur&@ 6m est de 1.59.

Le point suivant de ce travail est I'étude defllience de la taille des billes de
polystyrene sur les propriétés. La mesure de lasingssion optigue en fonction de la
longueur pour ces différents échantillons monttenbu deux pics d'absorptions'tet 2™
harmonique de la loi de Bragg). Pour les échanslliélaborés, la longueur d'onde des centres
des bandes interdites photoniques est proportitnael diamétre des billes de polystyréne.
Ces longueurs d'onde peuvent étre calculées avdoi lde Bragg (Eq .1). Les deux
harmoniques obtenus par calcul sont légerement fpibses que les pics obtenus par les
mesures. La loi de Bragg ne s'appliguant que sugr steuctures périodiques avec un
arrangement précis, il est nécessaire de caramat@&es structures afin de mettre en évidence

leur qualité structurelle.

Ac = 2d; ’nﬁff — sin®@ Eq 2

La mesure de la transmission optique sous différangles d'incidence permet de
déterminer la qualité optique des échantillonsvakeur réelle de la distance interplanaire et
l'indice de réfraction effectif de I'échantillon ypent étre déterminés en utilisant la loi de
Bragg modifié a l'aide de la loi de Snell (Eq 2ui gprend en compte l'angle de réfraction
mesuré a partir de la normale. Par exemple, positbdies de polystyrene utilisés ayant un
diametre de 453 nm, la distance interplanaire ealuée a 370 nm et la taille des billes
mesurées est de 454 nm. Cette étude met en évitlenoaservation du diametre des billes
de polystyrene lors de I'élaboration. De plusdite de réfraction effectif de I'échantillon est
calculé a partir de la mesure et est égale a 14354 nm. Les billes de polystyréne ont un
indice de réfraction de 1.59 a 589 nm.

La microscopie électronique a balayage a permisnutre en évidence un
arrangement cfc des billes de polystyreRgyre 4 et une homogénéité pouvant atteindre
400pm2.

123



RENATA KEKESI WHERSITY OF JEAN MONNET

Figure 4. : Les images de la microscopie électrariq balayage des opales directes

Apres sur la réalisation de l'opale direct, I'étape suivante est 1'élaboration d'un opale
inverse par imprégnation sol-gel avec une solution TEOS non magnétique. Les positions des
BIP pour les opales directs sont différentes des positions des opales inverses. Par exemple,
pour des billes de polystyréne de 453 nm, les positions des BIP sont a 1030 nm pour l'opale
direct et 760 nm pour l'inverse (Figure 5). Ce phénomene est di a l'indice de réfraction
effectif qui a chang¢, la proportion air/polystyréne n'étant plus la méme. Les échantillons
d'opale inverse possedent toujours une BIP, la structure tridimensionnelle cfc est conservée
lors du passage de l'opale direct en opale inverse. Cette remarque est valable pour les quatre

diameétres de billes utilisés.
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Figure 5.: Spectre de transmission de I'opales ateet inverse (les tailles des billes

de polystyréne été 453 nm)

La transmission optique des échantillons montre des pics d'absorption correspondant
aux BIP, calculées grace a la loi de Bragg. Dans ce cas aussi, les deux harmoniques obtenus
par calcul sont plus faibles que les BIP obtenues par les mesures. La position des BIP est
proportionnelle a la taille des billes, méme apres imprégnation. De la méme fagon que pour
les opales directs, l'indice de réfraction effectif et la distance interplanaire ont été déterminés.
Le diamétre des empreintes des billes est de 708 nm, pour des billes de 800 nm par exemple.
Ceci est certainement di  la contraction de la matrice de silice pendant le séchage °. L'indice
de réfraction effectif du matériau composite est égale a 1,08, l'indice de la silice est alors

calculé et est égal a 1,28. En comparaison l'indice de la silice est de 1,44.
Enfin, des échantillons sont élaborés a partir des billes de polystyréne et d'une solution

de TEOS dopée avec du CoFe,04, le dopage ayant lieu avant I'imprégnation de 1'opale direct.

La position du centre de la BIP est, dans ce cas, décalée en longueur d'onde (Figure 6).
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Figure 6.: Mesure de transmittance de la monocoul€bEeO, (monocouche 2:2), d'opale

non-magnétiques et magnétiques inverses en fortide longueur d'onde (453 nm de taille
dsph)

Le dopage contribue a une augmentation de l'indice de réfraction effectif de 1'échantillon. La
présence de BIP met en évidence que l'organisation du matériau reste de type cfc. Le
comportement spectral de 1'opale dopé apparait comme un produit de la courbe correspondant
a l'opale inverse non dopé et au spectre de la couche mince de TEOS dopée avec le ferrite de
cobalt. L'influence de la structuration et du dopage est clairement visible.

Ces échantillons réalisés suivent aussi le comportement correspondant a I'équation de
Bragg. Pour ces ¢échantillons, la distance interplanaire et la distance entre les centres des
sphéres ont été déduites. Un retrait de 100 nm a été observé entre les mesures sur les opales

inverses dopés et les opales directs. Ce résultat est identique aux opales inverses non dopés.
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Figure 7.: Les images de microscopie électronigialayage de I'opale magnetique

L'indice de réfraction effectif déduit des mesures ellispométriques est de 1,13 pour le
matériau structuré. L'indice réel de la matrice de silice dopée au sein de 1'opale inverse peut
étre calculée en supposant une structuration cfc et est égal a 1,43 pour une mesure réalisée
autour de 1500 nm. Cette valeur d'indice est inférieure a celle déduite pour une couche de
silice dopée (1,6 a 1100 nm). Cette différence a été aussi observée pour les échantillons non
dopés et peut €tre attribuée a une porosité de la matrice de silice.

Les images de microscopie électronique a balayage montrent une organisation de type
cfc (Figure 7). Le matériau réalisé est homogeéne en surface (sur environ 80 pum?) et en
profondeur. Les images prouvent que la structure cfc a été maintenu pendant toute la
procédure de 1'élaboration.

La polarimetrie spectrale a permis de déterminer le comportement magnéto-
photonique des opales inverses dopés dans une gamme de longueur d'onde de 400 a 1600 nm.
Le spectre de la rotation Faraday de l'opale inverse dopé (courbe rouge) est trés différent de la
courbe de la rotation Faraday d'une monocouche dopée (courbe grise) dans la BIP centrée a
780 nm pour des billes de 453 nm de diametre (Figure 8). En dehors de cette bande, les deux
spectres de rotation peuvent étre superposés, mais a l'intérieur de la BIP, un effet de résonance
est observé. Sur le bord inférieur de la BIP, la rotation Faraday atteint une valeur minimale a
750 nm. Sur le bord supérieur, elle atteint une valeur maximale & 810 nm. Ainsi, la rotation
Faraday est améliorée sur les deux bords de la BIP avec des valeurs maximales qui ont un
signe opposé et une symétrique spectrale par rapport au centre de la BIP. Une telle
amélioration sur les bords de la BIP pour un opale 3D dopé¢ est similaire a ce qui a été obtenu

par les calculs sur une structure 1D périodique. Ceci est le reflet d'un comportement magnéto-

127



RENATA KEKESI WERSITY OF JEAN MONNET

photonique dii a une organisation périodique 3D. Ainsi, les opales inverses de silice dopée par
des nanoparticules magnétiques ont la potentialit¢ d'améliorer la rotation Faraday par rapport

a une monocouche classique de la matrice identique dopée.

Rotation Faraday T (a.u)y 80
(a.u.)
T du CMP
60
RF de la Reference L 40

|

'Wavelength (nm

| T T T T 20
6M 700 750\~ _r'd)() 850 900 950 1000

780 nm 0
Figure 8.: Les spectres de Transmittance et de rotation de Faraday d'une opale dopé inversée
basé sur un template 453 nm, et le spectre de rotation de Faraday d'une monocouche de

cobalt-ferrite comme une référence

Cette étude a été étendue a des billes de polystyréne de différents diametres. Le
comportement de la rotation Faraday des opales inverse dopés pour ces différents diametres
de billes sont semblables a ce qui a été présenté précédemment. Ainsi, par rapport a la couche
mince de référence, la rotation Faraday suit un comportement différent dans le domaine de la
BIP. 11 est intéressant de noter qu'avec les billes de polystyréne de 900 nm de diamétre,
I'amélioration de la rotation Faraday se manifeste a une longueur d'onde autour de 1500 nm,
correspondant au domaine des télécommunications. Dans le cas des billes de 799 nm de
diamétre, la courbe de la rotation Faraday est donnée pour la seconde harmonique. En effet, la
premicre harmonique se produit autour de 1200 nm, zone ou l'activité magnéto-optique des
nanoparticules de ferrite de cobalt est faible et donc aucun effet significatif n'a ét¢ mesuré.

Le comportement magnéto-optique est modifi¢ pour le premier et second harmonique
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sur les courbes de rotation Faraday. Ceci peupl&geer par I'étude analytique de la relation

de dispersionw — K d'une structure périodique. Au bord des bandesdites, les courbes de
vecteur d'onde sont aplatis et la vitesse de grdeg®nde diminue. Dans une telle situation,
la différence du vecteur d'onde entre les polacdsat droite et gauche est augmentée,

entrainant I'amélioration de I'effet Faraday.

Un facteur de mérite, rapport entre la rotatioraBay et le coefficient d'absorption, a
été déterminé. Cette valeur est relative, caestrpas possible d'obtenir une valeur absolue de
la transmission. Dans le domaine extérieur a la BEcourbes du facteur de mérite de l'opale
inverse dopé et de la monocouche dopée se supetpbsms la BIP, le facteur de mérite du
cristal magnéto-photonique a un comportement totate différent. Ceci montre que le
facteur de mérite peut étre modifié et augmentélesiroords de la BIP par rapport aux

monocouches.

Ainsi l'objectif principal de cette étude qui étdiaugmenter le facteur de mérite est
partiellement atteint. Cette réalisation est phletiear la démonstration est basée sur une
comparaison du comportement spectrale avec unegooabe classique. Une démonstration
complete est requise pour obtenir une valeur abstlufacteur de mérite du CMP réalisé au

laboratoire.
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V. CHAPTER: Optical properties of
elaborated opals: Magneto-Photonic
behavior

The previous chapter has detailed the protocol vlsaseful to realize silica inverse
opals doped with cobalt ferrite nanoparticles, tnreexperimental tools which are required to
study the physical, optical and magneto-opticalpprbes of the samples. More than a
hundred of opals and about fifty doped layers Hasen elaborated and studied during this
work. The present chapter is dedicated to the tesbtained through their study. It is divided
into three main parts. The first deals with a sfestudy of the silica doped monolayers in
terms of refractive index, Faraday rotation anceesdly the volume fraction of nanoparticles
inside the matrix. In the second part, the mairpprtes of direct and inverse non-magnetic
opals are given in order to fix the ideas aboutkinel of sample we are able to realize, and
the kind of properties we are able to reach. Theitaconcerned by the main results obtained
during this work about the magnetic inverse oplateugh the presentation of their magneto-
photonic behavior.

IV.1. Optical properties of doped silica monolayers

For a better understanding of the material whichhe active core of the magneto-
photonic crystals, this chapter starts with an ysialof silica monolayers doped by cobalt
ferrite nanoparticles. Following the chemical pomtb presented in section (111.2), four
samples were made with constant quantity of feurdfbut ascendant quantity of silica sol-gel
solution. The incident liquid volume ratios wer®,22:3, 2:4, and 2:5, respectively. The first
element of the ratio denotes the Cgbgferrofluid quantity and the second signifies the
TEOS sol-gel volume quantity. Thus, from 2:2 to,2#% amount of nanoparticles in the
liquid initial preparation is decreasing. Using thip-coating apparatus, layers were coated on

glass substrate and submitted to a thermal anigealin
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V.1.1. Refractive index

The n refractive index, k extinction coefficientatine thickness of the monolayers were
measured by Ellipsometer. The thicknesses of tyerdafrom 2:2 to 2:5 liquid volume ratios
are 337, 273, 249 and 247 nm, respectivElgure 1V-1 shows that the refractive index is
changing with the concentration of the magneticopanticles in the samples. Based on the
article of Xi€? and Vincent et al Xie®® and Vincent et al, we can assess that undoped
TEOS monolayers have a refractive index of abod#.1The doping of the sol-gel solution
with CoFeO, nanoparticles has clearly increased this valueFagdre 1 V-1 illustrates that
with increasing the concentration of magnetic nantigles, the refractive index of the
monolayers increases to reach a value as high8aat 00 nm for the 2:2 monolayer. As a
consequence, k extinction coefficient is also iasneg when the volume fraction (VF) of

particles is increasing.
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Figure IV-1: n-k graph as a function of the wavejgmof cobalt-ferrite monolayers
consisting different concentration of magnetic raarticles. 2:2, 2:3,2:4, 2:5 where the
first value means the cobalt-ferrite and the secaalde is the TEOS sol-gel incident

liquid VF

132



RENATA KEKESI JEAN MONNET UNIVERSITY

IV.1.2. Faraday rotation hysteresis loop

The Faraday rotation of the cobalt-ferrite dopednatayers was analyzed as a
function of the magnetic field. The measurementeewsade using a free space ellipsometer
based on a photoelastic modulation which propejuieacy is 50 kHz. With such an optical
configuration, the polarization rotation of an hent linearly polarized light is proportional to
the second harmonic component (100 kHz) of thecaptsignal collected by a detector
associated to a lock in amplifie?’. The sample under test is submitted to a longitidi
magnetic field with a strength varying from — 8006 to 8000 Oe (-0.8 T to 0.8 T), and the
measured rotation is the Faraday rotation. Thisdl kihapparatus, which is quite usual in the
laboratory for several years, is very sensitive Q801 °) but cannot offer a spectral
measurement because it employs a laser sourceikbd wavelength (here 820 nm).

Figure IV-2 represents the specific Faraday rotation (*)cof the four monolayers
measured at 820 nm. The behavior is classical wilmear slope at low fields, and a
saturation at high field, the whole containing aysthresis effect. The saturated rotations
obtained at high field are 6703, 3120, 2767 and1&m' when the volume ratio varies from
2:2to 2:5.

FR (°/cm)
2:2 CoFe,0,-TEOS monolayer

2:3 CoFe,0,-TEOS monolayer

—

1

t 2:4 CoFe,0,-TEOS monolayer
2:5 CoFe,0,-TEOS monolayer H (Oe)
T 1

2000 4000 6000 8000

-8000 -6000 -4000 -2000

Figure IV-2: Faraday rotation curves of 4 differantagnetic volume fraction monolayers
(the measure was made at 820 nm)
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Samples Thickness (nm) FR (c:n) VF (%)

Ferrofluid 25 0.15
Monolayer 2:2 337 6703 42
Monolayer 2:3 273 3120 20
Monolayer 2:4 249 2767 17
Monolayer 2:5 247 1870 12

Table IV-1: Thickness, Faraday rotation and Volunaetion of the ferrofluid and the
elaborated magnetic monolayers

Based on the previous work of the laboratdryve are able to calculate the volume
fraction of the magnetic nanoparticles in the magets. Indeed, the saturated specific
Faraday rotation of a composite material is prapoal to the volume fraction of
nanoparticles in the matrix. Furthermore, at 820 arferrofluid containing 0.15 % of cobalt-
ferrite nanoparticles produces a saturated Faradi@yion of 25 °-cil. Thus, the volume
fraction of nanoparticles in the silica matrix dfet four layers has been calculated and
reported inTable I V-1. Such a volume fraction is varying from 12 to 42Phis kind of value
has never been reached before. It was no more2tPén

With such amounts of nanoparticles, one can wondh@ther some aggregates may be
present in the matrix and affect the propagatiofightt by inducing scattering. To study this
assumptionFigure V-3 was made by normalizing the curves from the previgraph. It
shows that the four curves are fully superimposetieven if the volume fraction reach 40 %,
the hysteresis loops maintains its form. This ie #Hignature of an assembly of single
nanoparticles with a random distribution inside thatrix without any aggregates, what

confirms the good optical quality of the films.
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Figure IV-3: Normalized Faraday rotation curvestbé four different volume fraction
monolayers as a function of the magnetic field @Gnead at 820 nm)

Such a large amount of nanopatrticles in the mgtrid0 %) is a key element of the
results obtained in this study. Indeed, in a ddpedrse opal, 74 % of the volume is occupied
by air. Thus, only 26 % of the volume can contrébtd a magneto-optical effect. If the silica
matrix has an amount of particles about 1 % anénprevious works of the laboratory, the
whole Faraday effect may have been too weak tcetected by our apparatus. Thus, the large
amount of nanoparticles in the matrix contributesmphasize the magneto-optical effect and
serves as a balancing of this “lack of active malter Without such an amount of
nanoparticles, it would certainly not have beenspies to evidence the results presented in

the last part of this chapter.

IV.1.3. Faraday rotation spectrum

It looks important to compare the Faraday rotatdrthe ferrofluid and the simple
monolayer to check if the dispersion of the nanbglas in the matrix has altered their
properties compared to that obtained in the flliltus, the measure of the FR of the ferrofluid
and the doped layer was made with the spectralriBater to analyze and compare their
behavior. The ferrofluid in an agqueous medium dost@obalt-ferrite nanoparticles with a
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volume fraction of 1 %. The used CeBg: TEOS monolayer has 2:2 volume fraction ratio

and 337 nm thicknessigure V-4 presents the two FR curves as a function of the
wavelength. Because of the different magnetic vasifnaction of the two samples, the graph

of the monolayer was normalized to that of thedfiuid.

Figure V-4 shows that the two FR curves have exactly the saragneto-optical
spectral behavior. In a magnetic material, thisavedr is related to the electronic transitions
of the magnetic ions and their crystallographicigpmss. Obtaining an identical behavior
confirms that the structural properties of the rmmarticles is not affected by a dispersion in

the silica matrix.
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Figure IV-4: Normalized Faraday rotation curvestbé CoFgO, doped silica monolayer
and the CoFgO, ferrofluid as a function of the wavelength

IV.2. Optical and structural properties of undoped opals

Before the elaboration of the MPC an analysis ef structure of the direct and non-
magnetic inverse opals has to be done. In this gaet direct opals and the non-magnetic
inverse opals structure is characterized by Spe&odarimeter and SEM equipements.
FigurelV-4 has indicated that the magnetic hanoparticlesgssssvo Faraday rotation peaks,
one at ~750 nm and the other at 1400-1600 nm. Uiftkelr studies should be concentrated
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about these waveranges. This means that the positithe PBGs has to take place in these
areas. Using the Bragg law (Eqg. 1.8) applied foerse opals, which consist of air (74 %) and
silica (26 %) as a fcc periodic organization, tH@GPwas positionned in these two areas.
Thus, the diameter size of the innitial PS was ehas 400, 450, 800 and 900 nm.

IvV.2.1. Direct opals

First of all the structural analysis of the creatigkct opals was made, because they
provide the basic template of the inverse opalaitangement. The realization of the perfect
face-centered-cubic organization of the templat@ kgy element of this project. As detailed
in the previous chapter the direct opals are redlizy a sedimentation self-assembly method

as illustrated offrigure | V-5.

Polystyrene Spheres
(400-900 nm) 200 |Polystyrene

Spheres

Polystyrene
Dispersion

Vertical Deposition

Figure IV-5: Direct opal elaboration schema

IV.2.1.1. PBG position

Based on the diameter sizes mentioned above, auwinasy a perfect fcc arrangement
the center position of the photonic band gap cacabeulated with the Bragg low (Eq 1.8).
According to the provider of the spheres, the tiva index of the polystyrene is 1.59 at 589
nm. Table I V-2 presents these values for the first and the sebanchonic PBGs. Such a
calculation show that depending on the diametertaadharmonic, the band gap position can
vary from 476 to 2152 nm. However the wavelengtigeaof the spectral polarimeter is [400-
1600 nm]. It is thus clear that the measuremenlisnet allow to evidence all of this band
gap.
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ds.n of the used polystyrene spheres (nm) 40019 45319 79919 903+12
1. harmonic calculated PBG of the direct
953 1079 1904 2152
opals (nm)
2. harmonic of the calculated PBG of the
476 539 952 1076

direct opals (nm)

Table IV-2: Calculated position of the PBG for toer different sizes of polystyrene
spheres. (Eq 1.8). Assuming that the arrangemessgsses the fcc structure, the Bragg
law is used with a polystyrene refractive indexgf=1.59

3D MPC templates were realized by vertical depmsitvith a substrate inclination of
20 ° with the respect of vertical, using 0.2 % wodu fraction of polystyrene in agueous
dispersion [Figure 1V-5). The samples were dried as it was explainedaihe 111-5. Figure
I V-6 illustrates the transmittance curves of the fatfecent sizes of direct opals. For a nicer
visibility, the four graphs were shifted on Y axashe increasing order of the diameter size
of the spheres. In the case of the two biggest eliars of the spheres the first harmonic
cannot be observed on these curves. Otherwis®Bepeaks are not far from the prediction,
but both are a bit higher.

Figure 1V-7 shows the PBG center positions of the direct opal& function of the
diameter size of the polystyrene spheres in the odshe second harmonic band gap. The
measured values should obey to the Bragg equaliqgnl.8), which gives that the central
wavelength is proportional to the diameter of thbeses. The perfect correlation between the
experimental points and the linear fit shows thregt measurements are in good agreement

with this law.
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T (a.u.)
903 nm

1120 nm (2. h)

l

799 nm

988 nm (2. h)

453 nm

1050 nm (1. h)

559 nm (2. h) 400 nm
983 nm (1. h)
505 nm (2. h)
Wavelength (nm)
400 600 800 1000 1200 1400 1600

Figure IV-6: Transmittance curves of the direct bigamplates as a function of the
wavelength. The polystyrene diameter is given hadand gap is identified
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Figure IV-7: Measured positions of the PBGs offthé polystyrene templates as a
function of the diameter size of the spheres

Because the resulted positions of the PBG peaks @i higher than the predicted

values, a specific analysis of the structure amalyas to be made.
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IV.2.1.2. Study of the structure

During the direct opal elaboration, disorganizaticand cracks can appear in the
template structure. To verify optically the qualdfythe direct opal templates, transmittance n
measurements were made varying the incident arigleedight beam. In this way, the real
value of the dinterplanar spacing angscomplex effective index of the prepared sample can
be determinated using the Snell law modified E4, NWvhich takes into account the angle of
refraction measured from the normal.

The resulted equation is given as it was explainede 3% chapter:

EqIV.1
Ac = 2d; /nlz,;ff — sin®@ g

If we consider O ° incident angle when the beameagiendicular to the sample, the
transmittance spectrums were registered from 04£2t6 with 6 ° different steps. The used
diameter size of the PS was 453 nm, with the pglgse volume fraction of 0.2 %, and the
vertical deposition was executed at 45 °C.

Figure 1V-8 shows the direct opal transmittance curves with iticreasing incident
angle of the light beam. Each graph was normaliped better visualization of the tuning
PBG position. The forbidden band was found at 1680then with the growing angle the
PBG position was blue shifted as it is expectethfemjuation Eq |.8.
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T (a.u.)
1050nm 9

60

12°

18°

30°
36°

42°

Wavelength (nm)
900 1100 1300 1500

Figure IV-8: Transmittance of the direct opal atuaction of the incident angle. The
diameter of the polystyrene sphere is 453 nm afodts is made on the first harmonic
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Figure IV-9: Center position of the first harmo®&G on square plotted as a function of
the sin® angle rotation

To get the real value ofzp and d of the elaborated direct opals the measured cefter
the bang gap has been plotted through its squéure @a a function of the sthincident angle
(FigurelV-9). From the slope of the fitted line theigkerplanar distance can be determinated
like:

slope = —(2d,)? EqIV.2
The average center to center distance betweerphiezes can be calculated like:

d; EqIV.3
D =
0,8165

The effective refractive index can be defined knayw like:

y — axis intercept = (2d;)*ng; EqIV.4
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From the linear fit oFigure V-9, the interplanar distance is calculated at a vafus
= 370 nm. Thus, the average center to center pasisi D = 454 nm, which is exactly the
diameter size of the used polystyrene sphergs<d53 nm +9 nm). The Effective refractive
index is then determined to bgsx1.41. From the effective medium theory, such decsie
index is expressed as:

EqIV.5
Ngrp = \/fsph ' ngph + (1 _fsph) ‘NG

The value of 1.41 for the effective index leads tealue of 1.53 for the refractive index
of the polystyrene. One should remind that the $anapth 453 nm sphere diameter size
produces a first harmonic PBG about 1050 nm. Gateh.59 for 589 nm by the provider, it
seems relevant that for higher wavelength the cgf@index of the polystyrene decrease.

This first study and the good correlation obtaimedthe two previous figure evidence

the fcc arrangement of our templates.
IV.2.1.3. SEM images

The visualization of the direct opal was made bwarfiing Electron Microscope. The
FigureIV-10 andFigure 1V-11 show the 3D fcc arrangement of one polystyrend, opade
by vertical deposition procedure. The Diameter Sfehe polystyrenes is 453 nm. The
polystyrene liquid concentration was 0.1 %. The mifagation is x10000 and x50000 for
Figure 1V-10 and Figure 1V-11, respectively. The electron microscope pictures gee
information about the disorganizations and cradkthe structure. These images prove that
the vertical deposition with the inclination of 2@an produce well-organized fcc structure in

the area of 25 umz.
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Figure 1V-10:SEM image of 453 nm direct pal sructure withriiegnification of x10000
(incident liquid PS volume fraction=0.1% )
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Figure 1V-11: SEM image of 453 direct opal struguwrith the magnification of x50000
(incident liquid PS volume fraction=0.1% )

IV.2.2. Inverse opals

After the realization of the Fcc direct opal tentptawith four different sphere diameter
sizes, the second step of the creation of 3D MPE€ tiva elaboration of three dimensional
non-magnetic inverse opal. This is very importamtverify the Fcc arrangement and the
optical effect of the opal. The next part gives thsults of the non-magnetic inverse opal

characterization made by Spectral Polarimeter araehi$ng Electron Microscope.
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IV.2.2.1. PBG position

Non-magnetic inverse opal was made by impregnabbrdirect opal, as it was
explained in the ® chapter and recalled on figurEigure 1V-12).The direct opal structure
has to sustain the impregnation without breakageennvthe TEOS solution is entering
between the polystyrene balls. Then this impreghdteee dimensional opal is gelified
through hydrolysis and drying process at 90 °Calyn the polystyrene template has to be

eliminated by ethyl-acetate leading to the fornratd a silica inverse opal.

1 hour

90°C I

—- —-
Photonic
Sol-gel Impregnation Ethyl-Acetate Crystal 3D

Silica Precursor (TEOS)

Figure IV-12: Inverse opal elaboration using direal

On Figure 1V-13 the transmittance curves are presented for tleetdand inverse opal
made with 453 nm diameter size of polystyrene sghas a function of the wavelength. The
positions of the photonic band gaps are at 10307&0chm, respectivelyigure 1V-13 gives
an optical prove that the three dimensional fcecstire has not fractured during the inversion
process, because the sample always possesses@ia BHi2 transmittance spectrum.

Between the direct and inverse opals the PBG posithas about 270 nm difference.
This phenomenon is due to two changes. As it isaéned in the work of Waterhouse et%].
the PBG shift is mainly caused by the filling fac(BF) change, because in the direct opal 26
% of the volume is occupied by air whereas it i944n the inverse opal. Thus, the effective
index value which governs the Bragg law of the eenwavelength is modified by the
inversion. The minor second cause is the differefractive index of silica and polystyrene,
1.4 instead of 1.53.
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T (a.u.) 453 nm
Inverse opal
760 nm 1030 nm Direct opal
270 nm
Wavelength (nm)
400 600 800 1000 1200 1400 1600

Figure IV-13: Transmittance spectrum of the diractl inverse (the used polystyrene
spheres template was 453 nm)

Figure IV-14 represents the measured transmittance spectrtine ébur different kind
of inverse opals. For each value of initial sphaieeneter, one or two photonic band gaps can
be observed. For the two smallest diameter siressécond harmonic photonic band gap
cannot be measured, because it is out of the waythlaange of the spectral polarimeter:
below 400 nm. These curves evidence the abilityotastruct 3D arrangements whatever the

size of the spheres.
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T (a.u.) 1531 nm (1. h)

|

834nm (2. h)

|

1250 nm (1. h)

|

663 nm (2. h)

453 nm
767 nm (1.h) e
400 nm
686 nm (1. h)
Wavelength (nm)
400 650 900 1150 1400

Figure IV-14: The measured transmittance spectriithe four different size of inverse
opals

Figure 1V-15 presents the first harmoni¢g PBG peak position as the function of the
used diameter size of the direct opal templatergSpondingly with the Bragg law (Eq 1.8),
the center position of the forbidden bands tuneth&higher wavelength with the growing
diameter size of the used PS template through poptionnal relation. The correlation
reported onFigure 1V-15 between the experimental points and a linearHaws that the

measured values are in good agreement with thegBaag
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Figure IV-15: 1. harmonic PBG center positions asiaction of the usedsgh of the direct
opal templates

IV.2.2.2. Study of the structure

As in the case of the direct opals, the structdréhe non-magnetic inverse opal was
analyzed. To do so, transmittance measurementsmade varying the incident angle of the
light beam from 0° incident angle to 40 ° with Step differencesk-igure 1V-16 presents
such spectra of a non-magnetic inverse opal mad®®ynm PS templat&igure 1V-16 was
adjusted by slipping the curves to form continuaase of the band gap peaks, showed on
Figure 1V-16 as a black line. The blueshift obeys to the Briayg, where with growing
angles the position of the PBG is tuned to thetgheovavelengths.

To definite the real value of the effective index and the interplanar distance,dhe
square value of center wavelength of the band gapoken plotted as a function of the &in?
incident angle Kigure 1V-17). The 0.97 correlation coefficient obtained onstluurve
between the experimental points and the lineandittonfirms the good fcc arrangement of

our inverse opals.
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Figure 1V-16: Transmittance spectrum with differemtident beam angles (0 °-40 °). The
inverse opal is made by 800 nm diameter size déPPlate
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Figure IV-17: Square value of the center positibnhe first harmonic PBG plotted as a
function of the si?of the incident angle. The inverse opal was maitie ¥89 nm e
template
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As it was explained above dnd i van de deduced from the linear fitting of the
experimental points. In this way, the measured magnetic inverse opal has interplanar
distance (g value of 578 nm. The average center to cent¢antie between the spheres (D)
is 708 nm. This value is 100 nm smaller than thedusphere diameter size of the template
opal, which is 800 nm. Such a phenomenon was edain the work of Nishijima at af.
They proposed that this difference is probably tuthe shrinkage of the silica matrix during
the drying process.

The n is resulted as 1.08. Using the effective indeatreh, Eq Ill.1 the refractive
index of the silica has been determinated as IIB8. predicted value of a silica matrix is
about 1.44%% so we have obtained here a lower value. That peague to the porosity of

the silica matrix inside the opal.

IV.2.2.3. SEM images

Figure 1V-18 andFigure 1V-19 show the electron microscope images of a 3D imvers
opal. For the realization of this sample 903 ng, demplate opal was used. For the
elaboration of the direct opal Polystyrene dismersf 0.2 % PS volume fraction was used.
These pictures evidenced that an area of aboufu#@the arrangement maintains a well-

organized periodic fcc structure.

Figure IV-18: SEM image of non-magnetic inversel opade by 903 nm direct opal with
Xx7000 magnification
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Figure IV-19: SEM image of silica inverse opal méaye903 direct opal with x24 000
magnification

I\VV.3. Magneto-optical inverse opals

In this part, the optical, physical and structymaiperties of doped inverse opals will be
presented as in the prevois cases for direct addped. But it will be completed by the main
results concerning the magneto-optical study aseletements.

For the elaboration of the doped inverse opalsfdbe different sizes of the templates
were used in order to obtained PBGs at the two veange where the cobalt-ferrite has large
Faraday rotation (~ 750 nm and ~ 1500 nm).

The important step of the realization of the maignietzerse opals is to dope the sol-gel
solution with the magnetic nanopatrticles (CgPg before the impregnation of the direct

opal. The full protocol is detailed in the previatapter.
IvV.3.1. PBG position

On Figure 1V-20 are reported the transmittance curve of a dirget,oan undoped
inverse opal and a doped inverse opal, in the chaepolystyrene template of 453 nm. This
figure shows the photonic band gap tuning from #bB%for the undoped to 777 nm for the
doped inverse opal. This 23 nm shift can be atteitbuo the refractive index difference
between a pure silica matrix and the doped one2dddin the first section of this chapter, we
have shown that the doping contributes to an irsered this index.

151



RENATA KEKESI WERSITY OF JEAN MONNET

Figure 1V-20 also presents the PBG of the polystyrene direel,ophich takes place at
higher wavelength than the two inverse ones wisthatices of 232 and 259 nm. Furthermore,
the PBG of the doped sample is remaining, so tiuetsire should have fcc organization.

T (a.u.)

TEOS inverse opal doped
+—— with cobalt-ferrite
nanoparticles

TEOS inverse opal

PS Direct opa] ——

Wavelength (nm)
600 700 800 900 1000 1100 1200

Figure IV-20: BPG position difference between tireat, the doped and the non-doped
inverse opals (g of the used template was 453 nm)

Figure 1V-21 shows the transmittance measurements made on-magmnetic inverse
opal, a magnetic inverse opal and a classical nimgmenolayer (2:2). The spectral behavior
of the doped opal appears as a product of the tierocurves. Indeed, cobalt ferrite
nanoparticles have a major range of absorption u@d@ nm which results as a linear slope
on the curve of the monolayer between 400 and 900The transmittance of the undoped
opals remains at a quite constant value exceptékimrea of the band-gap. The doped opal
combines these two effects through a linear enechigiween 400 and 800nm and a band gap
about 780 nm. ThiBigurelV-21 proves the possibility to achieve 3D doped inversals.
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Figure 1V-21: Transmittance measurement of the GOgenonolayer (2:2 incident liquid
VF), non-magnetic and magnetic inverse opal asatfan of the wavelength (453 nm
dspn Size of used template)
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Figure IV-22: /¢ plotted as a function of the sphere diameter gizbe used template, in
the case of doped inverse opals
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Figure 1V-22 shows the center position of the PBGs of the dapedrse opals as a
function of the size of the direct opal templéate.increases with growingsgh size, which

means that the realized samples follows the beha¥ithe Bragg equation (Eq 1.8).

IvV.3.2. Study of the structure

As in the case of direct and non-magnetic inverss) the interplanar distanceahd
effective index g¢ can be calculated from the transmittance spectrasared at different
incident angles. The result is reportedFagure 1V-23 through a square plot of the central
wavelength. The sample was made by a 903 nm dopat template The resulted d
interplanar distance and average center to cergamnde between the spheres are 653 nm and
800 nm, respectively. Between thgnbf the used template and the resulted centerrtece
average distance there is 100 nm shrinkage. kasth the same result as in the case of non-
magnetic inverse opals.

The nx effective refractive index deduced from thegure IV-23 is 1.13. Using Eq
lll.1, the real value of the doped silica matribsiole the inverse opal can be calculated
assuming fcc structure. It is equal to 1.43 witmeasurement made about 1500 nm. This
value is lower than the one deduced from the rafraéndex curve of the monolayer in the
case of the 2:5 ratio: ~1.6 measured at 1100 nre. Sgme kind of difference has been

observed for the undoped samples and may be daédha the porosity of the matrix.
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Figure IV-23:42c graph of a doped inverse opal made by 903 nm tmpk a function of
the sin® of the incident angle

1I\vV.3.3. SEM images

The Scanning Electron Microscope images reportedigare 1V-24 andFigure | V-25

are related to doped inverse opals made with 78988 nm diameter sphere size templates.
The magnifications were x30000 for both SEM imagEsgure 1V-24 evidences the
organization inside the three dimensional structlure to the presence of one crack. It can be
seen that the structure contains 8 layers, anldisrvtay we can evaluate the thickness of the
crystal. Here, based on the value of the diamdtéheinitial spheres (799 nm) and taking
into account the shrinkage the thickness is aba6t jim. Of course, this is a local
determination of such a thickness whose homogernsitgertainly not very large. From
Figure 1V-25, the fcc structure without disorganization caneroa 81 um2 area. This image

proves that the fcc structure was maintained duhegwvhole elaboration procedure.
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Figure IV-24: SE ia of 799 n cobalt-ferrite 0% inverse opal (x30000
magnifications)

Figure IV-25: SEM im f 93 doped inversd O@0000 magnifications)
I\vV.3.4. Faraday rotation enhancement

Spectral Faraday rotation measurements were mattethwe spectral polarimeter in
order to check the ability of the doped inversel®pa behave as magneto-photonic crystals.
The wavelength range is 400-1600 nm. In order &arty evidence the effect of the 3D
arrangement on the magneto-optical effects, thewRes of 3D opals are always plotted on
the same graph than that of a classical monol&@€ricourse, the vertical scale has to be
adapted to arbitrary units. The reference monoléngesr FR peaks about 750 nm and 1400-
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1600 nm Figure 1V-4). Furthermore, the transmittance curve of the opahklso plotted on

the same graph to identify the spectral positiothefphotonic band gap.

a) Magneto-photonic behaviour

Figure 1V-26 is related to a doped inverse opal made using3andd template. The
comparison of the Faraday rotation spectrum of dpal (red curve) with that of the
monolayer (gray curve) evidences a behavior thabmapletely different in the area of the
band-gap which is centered at 780 nm. Outside baisd, the two FR spectra can be
superimposed, but inside the PBG a resonant eifegbserved. On the lower edge of the
BPG, the Faraday rotation is negatively enhance@ach a minimum value at 750 nm. On
the upper edge, it is positively enhanced to remchaximum value at 810 nm. Thus, the
Faraday rotation is enhanced on the two edges efptiotonic band gap with maximum

values which have opposite sign and a symmetrjgattsal position about the center of the
gap.

FR (a.u.) R of tl T (a.u)p 80

T of the MPC

60

FR of the Reference L 40

Wavelength (nm
avelfig (nm) 20

950 1000

7(')0 7.':"0\\4 -/8/00 850 9(')0

780 nm 40

Figure IV-26: Transmittance and Faraday rotatiorespra of a doped inverse opal based
on a 453 nm template, and Faraday rotation spectofila cobalt-ferrite monolayer as a
reference
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Such an enhancement at the edges of the PBG of @opBd opal is quite similar to
what has been obtained by the calculations on peklddic structure in the second chapter. It
is the signature of a magneto-photonic behaviortduke 3D periodic arrangement. Thus our

silica inverse opals doped by magnetic nanopastibleve the potentiality to enhance the

Faraday rotation compared to a classical monolafyire same matrix.

To fulfill this study, the magneto-optical enhan@rnhas been studied varying the size

of the air spheres.

b) Influence of the size of the air spheres

On Figure IV-27, Figure 1V-28 andFigure 1V-29 are reported the same curves than
above but with air spheres size of 400, 903 andri#@9respectively. In the case of this last
size, the curve is given for the second harmonidbgap. Indeed, the first occurs about 1200

nm, in an area with a very low magneto-opticalaigtiof the cobalt ferrite nanopatrticles. So,

no significant effect has been measured.

FR (a.u.)

T of the MPC

FR of the MPC

FR of the Reference

T (a.u)T

Figure IV-27: Transmittance and Faraday rotatiorespra of a doped inverse opal based
on a 400 nm template, and Faraday rotation spectofiia cobalt-ferrite monolayer as a
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Figure IV-28: Transmittance and Faraday rotatioresfra of a doped inverse opal based
on a 903 nm template, and Faraday rotation spectofiia cobalt-ferrite monolayer as a

reference
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Figure IV-29: Transmittance and Faraday rotatioresfra of a doped inverse opal based
on a 799 nm template, and Faraday rotation spectofila cobalt-ferrite monolayer as a
reference. The curves are related to the seconthbait band gap
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These three curves show the same kind of behawidh& Faraday rotation of the doped
inverse opals. Compared to the reference, it iaywdifferent in the area of the PBG. Of
course the curves also depend on that of the referevhich is not constant in the full
wavelength range.

It is interesting to note that, with the 900 nm spheres, the enhancement is evidenced at a

wavelength value about 1500 nm, which is the tetenanications area.

c) Harmonic influence

Figure 1V-30 shows the full range Faraday rotation spectra ahaerse opal based on
a 900 nm direct template. The comparison with #ference underlines that the magneto-
optical behavior is modified in the area of thetfiand second harmonic band gap: 1535 and
835 nm.

60

FR (a.u.) T (a.u.)
FR of the MPC

T of the MPC

FR of the Reference

SV%/ 950 1150 1350 IFSO \
835 nm 1535 nm Ly

Figure 1V-30: Full Transmittance and Faraday rotati spectra of a doped inverse opal
based on a 903 nm template, and Faraday rotati@tispm of a cobalt-ferrite monolayer
as a reference. First and second harmonic PBGsshoavn.

At this stage, we can assume that the magneticrsavepals realized with our
composite matrix behave as magneto-photonic csystdde same kind of behavior has been

evidenced by Caicedet al*® with Al,Os inverse opals impregnated by Ni nanoparticles. But
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the enhancement demonstrated by these authorssighHan that reported drigure 1V-26.

That is certainly due to the fact that Ni nanoude have a weaker magneto-optical activity.

To explain this behavior, we can make a link witle analytical study, led in the

second chapter, of the — K dispersion relation of one dimensional periodiacure. At the
edge of the band gap, the wavevector curves dterflag and the group velocity of the wave
decreases. In such a situation, the wavevectoerdiite between the left and right

polarizations is increased, resulting through a@meoement of the Faraday effect.
I\V.3.5. Merit factor

The absorption of a magnetic Faraday rotator isegative factor, which plays an
important role on the quality of the device. Theriiniactor, which is the ratio between the
Faraday rotation and the absorption coefficienstuglied herel-igure 1 V-31 presents such a
merit factor of the reference 2:2 monolayer (re@)iand the magneto-photonic crystal (black
line) which was created with a 453 nm direct opatplate.

M (a.u.)
PBG

M of the MPC
M of the Reference

P ' Wavelength (nm)
690 N WY 800 850 900

Figure IV-31: Merit factor of the MPC made by 458 direct opal and the merit factor of
the 2:2 monolayer as a function of the wavelength
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These curves are plotted with arbitrary units Far vertical axis because it has not been
possible to obtain an absolute value of the trattande of the MPC. Thus, the two graphs
were normalized for a better comparison and thg geatangle orFigure IV-31 signs the
area of the photonic band gap.

Out of the influence of the BPG, the curves areesuposed whereas, in the area of the
band gap, the merit factor of the magneto-photonystal has a totally different behavior. It
proves that the merit factor can be modified amdased at the edges of the PBG compared
to the monolayer. This is the achievement of theanrgaal of this study.e. the increase of the
merit factor.

However, this achievement is partial due to thé¢ tiaat the demonstration is based on a
comparison of the spectral behavior with a classraanolayer. A full demonstration required

to obtain an absolute value of the merit factoowf MPC.
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CONCLUSION (rrancals)

De nombreuses fonctions intégrées, telles que heglificateurs, les sources lasers, les
multiplexeurs, sont disponibles pour les systemeséiécommunications a haute vitesse.
Cependant, les isolateurs qui protégent les sodasess ou les amplificateurs, ne sont pas
disponibles sous la forme intégrée. Cette fonctsh basée sur la non réciprocité de la
rotation Faraday et est réalisée en utilisant unéna magnéto-optique. Les matériaux
conventionnels utilisés pour cette fonction dansolafiguration d'espace libre, ne peuvent pas
étre intégrés en raison de la température élevéessaires a leur cristallisation. Afin d'y
remédier, le laboratoire LT2C a développé un matedomposite basé sur l'utilisation d'une
solution sol-gel de silice dopée avec des nanapees magnétiques de ferrite de cobalt. Ce
matériau est totalement compatible avec les teolgies intégrées sur verre et présente des
propriétés magnéto-optiques intéressantes dans eldews des télécommunications.
Néanmoins, le facteur de mérite de ce matériauétiatamelioré.

Par ailleurs, comme exprimé dans la littératuedfidacité des matériaux magnéto-

optiques peuvent étre améliorée grace a leur smatadn sous forme de cristaux photoniques.

Ainsi, les motivations et les objectifs de cetiéesde sont focalisés sur la réalisation et
I'étude des cristaux photoniques en utilisant fagipe composite développé par le
laboratoire. Un grand nombre de procédés sonttdétans la littérature pour la réalisation de
cristaux photoniques. Parmi eux, nous avons cHa@asto-assemblage de micro-billes en
polystyréne, en raison de sa capacité a étre reameti un solution sol-gel. Pour réaliser cette
étude, certaines mesures ont été verifiées.

Tout d'abord, nous avons montré que lutilisatlon matériau composite peut
augmenter le facteur de mérite par rapport a uneogmuche magnétique sans arrangement
périodique. Ce matériau est constitué d'une masategel dopée avec des nanoparticules
magneétiques, celle-ci constitue un cristal photoaidD et possede un indice de réfraction

relativement faible.

163



RENATA KEKESI WERSITY OF JEAN MONNET

Ensuite, I'élaboration d'un modéle 3D a base Heshie polystyrene dans un structure
cfc auto-assemblée a été obtenue en utilisant ldadé de dépdt vertical. Les bandes
interdites photoniques induites par ces structpes/ent étre réglées en utilisant difféerentes
tailles de billes de polystyrene comme défini @atdi de Bragg. Les observations au MEB
ont montré des zones homogénes de quelques centiénmicron carré. L'opale direct est
ensuite imprégné dans une solution de TEOS dopgenetlopée, les billes de polystyrene ont
éte éliminées par de l'acétate d'éthyle.

Pour obtenir une rotation Faraday suffisante, tancentration volumique de
nanoparticules magnétiques a did étre augmentées dlmns réussi, grace a la qualité des
nanoparticules magnétiques développées par SomvieuNJu laboratoire PECSA, a atteindre
40% pour cette concentration volumique. Ce tautai'que de quelques pour cent au début
de ce travail.

Les mesures spectrales de la transmission opéiguenction de I'angle d'incidence,
effectuées sur les opales direct et inverse, onfirceeé I'arrangement cfc de la structure
composite avec une bonne correspondance avec lesryvahéoriques. Ces mesures ont
permis de déterminer la distance interplanaire &eau de la structure 3D pour les opales
directs et inverses. Une contraction de la strectarété observée pendant le processus

d'inversion.

Les mesures de polarimétrie spectrale ont pertoidehir le résultat principal de cette
thése. La rotation Faraday des cristaux magnéttopltues réalisés augmente sur les bords
de la BIP. Ces augmentations sont présentes dsrnmdeiéres et/ou secondes harmoniques

des BIP, pour les différentes tailles de billetisées.

Dans ce travail, nous avons mis en évidence ladi@Ep des cristaux magnéto-
photoniques a base de nanoparticules magnétiqumesdiier le comportement spectral de la
rotation Faraday sur les bords de la BIP. Néanmainsis devons accroitre la qualité et
I'homogénéité des cristaux magnéto-photoniquesCaigi pourrait étre réalisé de différentes
fagcons. Dans un premier temps, nous pourrions dgaimi'élaboration de I'opale direct. En
effet, la tension superficielle a linterface a@re et la solution de polystyréne est un
parametre tres sensible, un nettoyage soigneuxmjost doit étre teste.

La température de séchage est un parametre clé siiesse de tirage au niveau du

ménisque et influence, donc, considérablementdiusgtion de I'opale direct et doit étre

164



RENATA KEKESI JEAN MONNET UNIVERSITY

optimisée.  Inspirée des travaux de Haoml>*

, une autre procédure de fabrication peut
egalement étre utilisée : I'étape d'imprégnatioféktboration des opales directs peuvent étre
fusionnées. Dans ces conditions, le dépot verpeait étre réalisé en utilisant un meélange
d'une solution sol-gel a base de billes de polgsigret de silice. Cette derniére procédure
peut étre tres intéressante, car elle peut propgseistructure homogene avant I'élimination
des billes de polystyrene.

Par ailleurs, les mesures spectrales de la rot&@vaday doivent étre réalisées avec
un banc optique plus sensible afin d'obtenir daghms moins bruitées. Cette amélioration
pourrait étre possible par utilisation d'une motiolaphoto-élastique associée a une détection
synchrone de I'amplificateur.

Ensuite, si les travaux mentionnés précédemment sealisés avec succes, les
cristaux magnéto-photoniques 3D pourraient étrdigyegs comme couche de couverture sur
des guides d'ondes réalisés par échange d'iordusugrre. En effet, les perspectives a long
terme du laboratoire étant l'intégration de la famrcd'isolateur, il semble pertinent de tester

la capacité de I'opale a étre intégré dans lestdabies sur verre.
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CONCLUSION

Numbers of integrated functions, such as amplifitaser sources, multiplexers, are
available for high speed telecommunication systeNetherless, isolation, which protects
laser sources or amplifiers, is missing. This fimrcis based on the non reciprocal Faraday
rotation and is achieved using magneto-optical nmete€onventionnal materials used for this
function in free space configuration, can not btegnated due to the high temperature
required for their cristallization.

To overcome this, LT2C laboratory has developedmaposite material based on the
use of cobalt ferrite magnetic nanoparticles toedagsilica sol-gel solution. This material is
fully compatible with glass integrated technologéesl presents interesting magneto-optical
properties in the telecom area. Neverthelessmést factor has to be improved.

Moreover, as expressed in the literature, effigyemicmagneto-optical materials can be
enhanced through their structuration as photorystals.

Thus, motivations and goals of this thesis wereceomed by the realization and the
study of photonic crystals using the composite apghn developed by the laboratory. A lot of
processes are described in the literature forg¢hzation of photonic crystals. Among them,
we have chosen self-assembled polystyrene micrersplarrangement method, for its ability
to be filled with a sol-gel solution.To carry ohid study, some steps have been checked.

Firstly, we have shown, that the use of a dilutgmesic material with a relatively low
refractive index in a 1D photonic crystal, can ease the merit factor compared to a single
magnetic monolayer.

Then, the elaboration of the polystyrene 3D tenaplat a self-assembled fcc
arrangement has been achieved using the vertipaisd®mn method. The photonic band gap
induced by these structures can be tuned usingreift sizes of polystyrene spheres as it is
defined by the Bragg law. SEM observations showaudgeneous area up to few hundreds
of micron square.

The direct opal was then impregnated in doped amddoped TEOS silica solution and

polystyrene spheres were eliminated by ethyl-aeetat
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To obtain a sufficient Faraday rotation, the volufreetion of magnetic nanoparticles
had to be increased. We managed, thanks to thé&yqoélthe nanoparticles developed by
Sophie Neveu from PECSA laboratory; to reach 40%ereas this rate was only a few
percent at the beginning of this work.

The spectral optical transmission measurement®peed on direct and inverse opals,
as a function of the angle of incidence confirmeih their good agreements with theoretical
values, the fcc arrangement of the structure. Usigge measurements, we deduced the
interplanar distance of the crystal lattice foredirand inverse opal and observed shrinkage of
the structure during the inversion process.

The main result of this thesis was deduced fronatsglepolarimeter measurements. The
Faraday rotation of the realized magneto-photorystals showed an increase at the edges of
the PBG. These increases were presented eithiee IRBG of first or second harmonic for all

different initial sphere sizes.

LT2C
Photonic Crystals: COBALT-FERRITE MONOLAYER:

Merit factor = 7°

Wavelenght control = (at 1550 nm, VF=1%)

Photonic Band Gap

\ /
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Schematic structure of this work

We have evidenced in this work the ability of thagmeto photonic crystal based on the

used of magnetic nanoparticles to change the sppdxethavior of the Faraday rotation with an
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enhancement at the edges of the PBG. Nevertheétegm further in this way, we have to
increase the quality and the homogeneity of ther#igneto-photonic crystal.

This could be achieved by different ways. Firsthe could optimize the direct opal
elaboration. Indeed, surface tension at the interfar-glass and polystyrene dispersion is a
very sensitive parameter, and a carefully clearohdhe substrate should be tested. The
drying temperature, through its influence on théhdiawing speed of the meniscus, plays
also an important role in the direct opal orgamtratand should be optimized. Other
procedure can be used also, like based on a woratibnet al *, where the impregnation
step and the direct opal elaboration were mergéds The vertical deposition can be done
using a mix of polystyrene-silica sol-gel solutidrhis last procedure can be very interesting,
because it can propose a homogeneous structureshibi® elimination of the polystyrene
spheres.

Moreover, spectral Faraday rotation measuremewtsiégioe done with a more sensitive
optical bench to obtain less noisy curves. Thiddde done using photo elastic modulation
associated with lock-in amplifier detection.

If the previously mentioned works were successfullgne, the magnetic three
dimensional photonic crystals could be applied a®wer layer of an ion-exchanged glass
waveguide. Indeed, long term perspectives of duwriaory being the integration of isolation

function, it looks relevant to test the abilitytbe opal to be integrated in glass technologies.
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