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Résumé

Aujourd'hui, la préoccupation croissante pour Igsg environnementale et le contréle de la
qualité des aliments, ainsi que les besoins méxitels que le diagnostic rapide en cas de
situations d'urgence, entraine un besoin croissi@ntnouvelles générations de capteurs
chimiques et biologiques. Ces dispositifs doivertilmune haute sensibilité et fiabilité, ils
doivent permettre une détection spécifique de nuidSc et une détection parallele de
différentes molécules, tout en étant bas coltaptas, rapides et faciles a utiliser. Ainsi, une
tendance générale se porte sur les capteurs bimghamintégrés sur puce, sans marqueur, et
compatibles avec les procédés standard des michodiogies. Les dispositifs diélectriques
photoniques a base de silicium poreux et les nemigtes métalligues a résonances
plasmoniques sont de bons candidats pour répondteexigences ci-dessus. Le silicium
poreux est un matériau biocompatible, avec unenéa@urface spécifique entrainant un gain
de la sensibilité de plusieurs ordres de grandaurgpport aux matériaux massifs ; en outre,
son indice de réfraction et son épaisseur peuvest facilement ajustés, permettant la
réalisation d'une grande variété de dispositifstgiques. Les nanostructures métalliques
offrent un fort confinement et une forte amplificat du champ électromagnétique dans des
régions sub-longueur d'onde, ce qui conduit a desililités élevées ; combinées avec
d’autres mécanismes de détection comme la fluonesgde Raman ou la spectroscopie IR,
elles ont déja démontré un gain important du pakpbur la détection. La réalisation d'un
dispositif hybride combinant ces deux élémentstex intéressant, car il peut offrir les
avantages des deux €éléments ; la structure phot®mqurrait aussi faconner la résonance
plasmonique pour le développement de dispositifasénsibles a largeur de raie de résonance
étroite tout en ayant une profondeur de détectomnug. Dans ce contexte, I'objectif de cette
thése est d'explorer les défis de cette solutionagsidérant la conception, la réalisation, la
caractérisation et le potentiel de dispositifs s photoniques/plasmoniques qui exploitent
le couplage entre la résonance plasmonique de csutfacalisée d'un réseau d'antennes
papillon et les modes photoniques d'un interféroengn silicium poreux.

Les mots clés : nano-antenne papillon, siliciumepgr interféromeétre, dispositifs hybrides
photoniques/plasmoniques, capteurs

Vi



Abstract

Nowadays, the increasing concern for environmeatellysis and food quality control, as
well as medical needs such as fast diagnosis | @@emergency events, leads to a growing
need for new generations of chemical and biologealsors. These devices should have high
sensitivity and reliability, perform specific deten of molecules and enable multiple parallel
sensing, while being cheap, portable, fast and ®agge. Thus, a general trend tends towards
bio-chemical sensors which are on-chip integrakeokl-free, and compatible with standard
micro-technologies. Photonic dielectric devices edason porous silicon and metallic
nanostructures based on plasmon resonances are gouatidates to fulfill the above
requirements. Porous silicon is a biocompatible emi@t with a huge specific surface
providing a sensitivity enhancement by several rdef magnitude compared to bulk
materials; furthermore, its refractive index anitkhess can be easily tuned, enabling for the
realization of a large variety of photonic desighdetallic nanostructures provide high
confinement and strong field enhancement in subelesngth regions, leading to high
sensitivities; combined with fluorescence or oteensing mechanisms such as Raman or IR
spectroscopy, they have already demonstrated s@tesensing potential. The realization of a
hybrid device combining both elements would be lyighteresting, since it could yield the
advantages of both elements, and the photonictsteicould shape the plasmonic resonance
to develop ultrasensitive devices with narrow resme linewidth and increased sensing
depth. In this context, we realized and studiedogeh hybrid photonic / plasmonic device
exploiting the coupling between the surface plasmesonance of a bowtie nano - antenna

(NAs) array and the photonic modes of porous sili@Si) interferometer.

We designed and fabricated a NAs array with resomawavelength ~1.3um on a

homogeneous PSi interferometer. A thin spacingasiyer with controllable density protects
the pores of PSi layer and provides a smooth saffiacthe fabrication of NAs. The coupling

mechanisms of two elements - NA array and interfeter, are studied with 2 models, which
are interferometer approach and resonator apprddehinterferometer approach is focused
on studying the influence of NAs array as a homeges layer on the fringes shift of the
interferometer. For resonator approach, the couphedie theory is applied. With these

models, strong coupling between both elements &eodered: splitting. In the case of

vii



smaller environment variation, the hybrid devicénge-10 fold sensitivity enhancement vs.
2 elements alone. The controllable Si@yer allows us to sense the index variation wwithi

PSi interferometer. This opens a route towards dophrallel sensing. The development of
the theoretical models under different environmemingoing, which is expected to utilize the
strong coupling for the sensing. A further investign of the sensing potential of the hybrid
device would be expected. And the 2 elements dokisty the hybrid structure — the

interferometer and the NA array — could be modifiedrder to enlarge the study to a wider
family of devices with greater properties and perfances.

This work was performed within the framework of theogram “Groups of Five Ecoles
Centrales” between China Scholarship Council (C&%) Lyon Institute of Nanotechnologies
(INL, CNRS UMR 5270). The project has been supmbiy the Nanolyon technology
platform at INL.

Key words: bowtie nano-antenna, porous silicorerietometer, plasmonic/photonic hybrid

device, sensing
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Partl. Résumé détaillé du

contenu du manuscrit






Introduction générale

Aujourd’hui, la préoccupation croissante pour Igsg environnementale et le contréle de la
qualité des aliments, ainsi que les besoins méxitels que le diagnostic rapide en cas de
situations d'urgence, entrainent un besoin croisdannouvelles générations de capteurs
chimiques et biologiques. Ces dispositifs doivertimune haute sensibilité et fiabilité, ils
doivent permettre une détection spécifique de nubddc et une détection parallele de
différentes molécules, tout en étant bas coltaptes, rapides et faciles a utiliser. Ainsi, une
tendance générale se porte sur les capteurs (biojghes intégrés sur puce, sans marqueur,
et compatibles avec les procédés standard des-iriciaologies.

Les dispositifs diélectriques photoniques a basesiieium poreux et les nanostructures
métalliques a résonances plasmoniques sont dedamusdats pour répondre aux exigences
ci-dessus. Le silicium poreux est un matériau biguatible, avec une énorme surface
spécifique entrainant un gain de sensibilité desiplus ordres de grandeur par rapport aux
matériaux massifs ; en outre, son indice de rafmaat son épaisseur peuvent étre facilement
ajustés, permettant la réalisation d'une grandeétéarde dispositifs photoniques. Les
nanostructures métalliques offrent un fort confieetmet une forte amplification du champ
électromagnétique dans des régions sub-longuendel’ace qui conduit & des sensibilités
élevées ; combinées a d’autres mécanismes deidateomme la fluorescence, le Raman ou

la spectroscopie IR, elles ont déja démontré un igaportant du potentiel pour la détection.

La réalisation d'un dispositif hybride couplant cksix éléments est tres intéressante, car il
pourrait combiner les avantages des deux élémaitgsplus la structure photonique pourrait
faconner la résonance plasmonique pour le dévetoppe de dispositifs ultrasensibles a
largeur spectrale de résonance étroite, tout ent ayee profondeur de détection accrue.

Dans ce contexte, l'objectif de cette these estplbeer les défis de cette solution en
considérant la conception, la réalisation, la dérésation et le potentiel de dispositifs
hybrides photoniques/plasmoniques qui exploitent deuplage entre la résonance
plasmonique de surface localisée d'un réseau de-argennes papillon (NA) et les modes

photoniques d'un interférométre en silicium poreux.

Le manuscrit débute par une introduction au moregecépteurs optiques, avec une attention

particuliere sur les propriétés du Si poreux etdispositifs basés sur ce matériau, ainsi que
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sur les nanostructures plasmoniques ; cet état’ate permettra d’acquérir les bases
nécessaires a la compréhension des objectifs ethadlenges de ce travail de these. La partie
suivante est consacrée aux méthodes expérimentatesparticulier les techniques de
fabrication et de caractérisation des disposiRigis le cceur du travail est présenté : I'étude
des mécanismes de couplage entre les 2 élémertsésdau de NAs et l'interférometre, a
travers le développement de 2 modeles et leur aotation avec les résultats expérimentaux.
Enfin, le potentiel de tels dispositifs pour I'ajgaltion & la détection est discuté a travers des
exemples spécifiques tres différents.

Ce travail a été réalisé dans le cadre du progradese« groupes de cing Ecoles Centrales »
entre le China Scholarship Council (CSC) et I'indtdes Nanotechnologies de Lyon (INL,
CNRS UMR 5270). Le projet a été soutenu par laegfitamne technologiqgue Nanolyon a
I'INL.



1.1 Elément photonique : Nano-antenne optique

Chapitre 1 Introduction

D’aprés Peter Hauptmani] « un capteur convertit I'élément physique a masere un
signal électrique qui peut étre traité ou transsoigs forme électronique ». Au-dela de cette
définition générale, le transducteur peut égalenéém@ magnétique, thermique, mécanique,
chimique, ou bien sdr optique. Les capteurs opsguencontrent un intérét croissant car ils
peuvent étre ultra-sensibles, permettre une detedpécifique et non-destructive d’'une
grande diversité de molécules, avec possibilitdedaure a distance, et d’analyse multiple
parallele sur pucg-3]. Parmi les principes a la base des capteurs @sticgportés dans la
littérature, on trouve la fluorescenpdq, le Ramarn5], I'interférométrie[6-8], ou encore la
plasmonique[9-11]. Une des tendances actuelles est de s’orientar des capteurs sans
marqueur, intégrés sur puce, et compatibles aveqdmxédés standard de fabrication, afin
d’augmenter la flexibilité et la simplicité d’usiation de ces dispositifs, tout en diminuant les
colts. Dans ce contexte, les dispositifs diélegtsga base de silicium, ainsi que les structures
plasmoniques, sont deux candidats présentant wma g@tentiel. La conception de dispositifs
hybrides combinant ces deux éléments permettraitide émerger une nouvelle famille de
capteurs intégrés, sans marqueur, trés sensibles das bandes passantes tres étroites et des

profondeurs de détection importantes.

L'objectif de cette thése est d'explorer ces systrhybrides, en choisissant un exemple
spécifiqgue constitué d’'un interférométre en Si pgreouplé a un réseau de nano-antennes
papillons. Cette exploration se fera d’abord dunpdie vue fondamental, puis applicatif, et
les phénomenes qui seront mis en évidence se raitsdlement généraliser a une large
diversité de systemes hybrides. Cette premiéréeparesentée ci-dessous, est consacrée aux
propriétés du Si poreux et des dispositifs de diéredasés sur ce matériau, ainsi que sur les
nanostructures plasmoniques ; cet état de I'arhptra d’acquérir les bases nécessaires a la

compréhension des objectifs et des challenges ttaval de thése.
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1.1 Elément photonique : Dispositif en Si poreux

Le dispositif photonique proposé dans ce travdilesinterféromeétre constitué d’'une couche

simple de Si mésoporeux, comme illustré dans laFigl.
Les raisons de ce choix sont multiples :

» Le Si mésoporeux est un matériau intéressant psuétldes fondamentales, car il est
relativement rapide a fabriquer et son indice decéon de méme que I'épaisseur de
la couche peuvent étre facilement variés pourdésation d’'interférométres avec des
parametres varig4?2].

* Le Si mésoporeux est également un matériau inemeski point de vue applicatif,
grace a sa porosité et sa large surface spécitfigu@ermettent la détection d’'une
grande quantité de molécules dans le volume, &isdaecde surface bien maitrisée, sa
biocompatibilité et sa compatibilité avec les piE® standard des micro-
technologies, et la large diversité de propriétgsaitables pour la détection, telles

gue chimiques, optiques, électroniques, mécaniquesicore thermiqugs3].

(@) (b)

Fig 1.1.1 L'interférométre en Si poreux considéafsl cette étude : (a) Vue en profil au microscope

électronique a balayage (MEB), (b) Vue schématique.
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1.1.1 Propriétés du Si poreux

Le Si poreux est un matériau artificiel découvent pasard dans les années 1950. La grande
diversité de morphologies de ce matériau donne diaine grande variété de propriétés et
d’applications. La technique la plus répandue pear fabrication est une gravure
électrochimique de Si cristallin en présence d'wwdution d’acide fluorhydrique (HF)

généralement diluée dans de I'eau et/ou un alarahte I'éthano[14-16].

Comme présenté dans la Fig. 1.1.2, cette « anamisatepose sur les diffusions ioniques et
des porteurs de charges induites par le courantlamt entre 2 électrodes, I'une immergée
dans la solution, l'autre en face arriére du salbstres trous générés dans le substrat cristallin
ainsi que les ions fluor présents dans I'électlgbnvergent vers l'interface Si/électrolyte

entrainant la dissolution locale des atomes de Si.

Fig 1.1.2 Vue schématique d’'une anodisation

Difféerents parametres peuvent influencer la cingig’anodisation et la morphologie du Si

poreux[17] :

e Le dopage du substrat: c’est un des parametremomiaux pour contrbler la
morphologie. On divise en général le Si poreux eatégories : le Si nanoporeux (taille
des pores <2 nm), obtenu a partir de substratsyple p faiblement dopés ; le Si
macroporeux (taille des pores > 50 nm), obtenurtirke substrats de type n faiblement
dopés, en général sous éclairement ; et le Si mésap (taille des pores 2 — 50 nm),
obtenu a partir de substrats de type p ou n fomémepés. Dans ce travail nous nous

intéresserons au Si mésoporeux obtenu avec detsagalyst.
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 La concentration et la composition de I'électrolyte HF : ce paramétre influence
également la morphologie du Si poreux, et prineipant la porosité (le volume d’air
dans le matériau), qui diminue quand la concewnimale HF augmente.

* La densité de courant appliquée : elle influenadeaigent la porosité qui augmente avec
la densité de courant.

* Latempérature : ce parametre contrdle la diffusies ions qui participent a la gravure.
Une faible température permet d’obtenir des poésgiius importantes, mais également
des interfaces beaucoup plus planes de meilleuastéuce qui est essentiel pour les

applications a la photonique ou la rugosité d'if#es peut entrainer des pertes par
diffraction de la lumiéere.

La surface spécifique du Si poreux est un autrearpatre morphologique important,
notamment pour les applications aux capteurs. dstdiée a la porosité, comme illustré dans
la figure 1.1.3.
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Fig 1.1.3 Variation de la surface spécifique durf@isoporeux en fonction de la poro$it8]

L’indice de réfaction du Si poreux est égalememeadement lié a la porosité. Plusieurs
modeles de milieux effectifs ont été proposés paécrire I'indice de réfraction de ce
matériau[17]. Dans le cas de notre Si mésoporeux, le modémeidex adapté est celui de
Landau-Lifshitz-Looyenga (LLL)19] :

r]2/3 — Z fi ni2/3 (EQ'l'l)

ou n; et f; représentent respectivement l'indice de réfrackbria fraction volumique du

matériaui constituant le Si poreux — dans le cas le plupknd’une couche fraichement
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préparéa = air, Si. La figure 1.1.4 illustre les variatiods l'indice de réfraction dans notre
matériau20].

3.0

28 —m— Calibration for the resistivity=0.019 Qcm §
—e— Cited from Guillermain's Thesis Los

Refractive index: n
Asolod

1.0 T T T T T 1.0
10 20 30 40 50

Current density (mA/cm?)

Fig 1.1.4 Variation de I'indice de réfraction du ®E&soporeux a la longueur d’onde 1500 [20]
1.1.2 Les capteurs optiques a base de Si poreux

Les capteurs optiques basés sur Si poreux utilgemt propriétés principales du matériau :

* La porosité qui permet d'infiltrer des especesi@atdrieur des pores, et qui offre une
surface spécifique trés grande pour le greffagéneéraction des molécules a détecter
sur les parois

* L’indice de réfraction qui varie fortement avecpli@sence de molécules dans les pores,

comme l'indique I'équation EQ-1-1 ci-dessus.

Parmi les dispositifs en Si poreux proposés podétaction, nous pouvons citer :

* Les interférométres Fabry-Perot, qui consistentura couche simple de Si poreux
généralement excitée par un faisceau en incideogeate. L'observation des franges
d’interférence et de leur décalage en présencendécules cibles permet de mettre en
évidence la présence de ces moléciigs?3].

* Les miroirs de Bragg, qui sont des multicouchesodéques constitués d’une alternance
de 2 couches de porosités difféerentes — et domzlidés de réfraction différents. Ces
dispositifs sont en général également excités eidence normale, et ils présentent des
plateaux de forte réflectivité dont la position cipale est directement liée a l'indice des
couches, donc qui permettent de monitorer la poesele molécules cibles dans les
pores[24-26]. Les microcavités constituent une variante desimsirde Bragg, dans

lesquels une couche supplémentaire introduite temsiroir se comporte comme un
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défaut résonnant, dont la résonnance positionneke qlateau de réflectivité du Bragg
est également tres sensible a l'indice de la co[®h8].

Les dispositifs de type guide d’onde sont une atdaraille de dispositifs proposés
comme capteurs. En particulier les guides d’ondassg29-30], qui sont constitués
d’'une couche mince de porosité moyenne sur un subsbreux de forte porosité —
indice de réfraction plus faible — sont intéressardr la couche sensible est de faible
épaisseur et directement accessible a la surfacgidimite les problemes éventuels de
diffusion des espéces a détecter dans les pores.

Les dispositifs a cristaux photoniques présentamtdes modes guidg81-32], soit des
résonnances excitées a incidence nornjfa®33] permettent d’exploiter les mémes
avantages que les guides d’'ondes plans dans desustss beaucoup plus performantes
et plus simples d'utilisation et d’'intégration cpouvant étre directement excitées a

incidence normale.

-10 -
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1.2 Elément plasmonique: Nano-antenne optique

Le dispositif plasmonique proposé dans ce trawilum réseau de nano-antennes optiques
« papillons », qui sont constituées chacune de tieangles d’or placés face a face et séparés

par un gap nanométrique, comme illustré dans ladid.2.1.

=
L

500nm

(@) (b)

Fig 1.2.1 lllustration d’'une nano-antenne papillota) Image MEB, (b) vue schématique

Les nano-antennes optiques sont I'équivalent paar spectre visible des antennes
radiofréquence. Elles permettent en particulier rdanipuler et de localiser le champ
électromagnétique a des dimensions sub-longueurdd’{84-38], pour une large variété

d’applications, notamment dans le domaine des ueptéa conception et la fabrication de
telles nanostructures, ainsi que leurs propriétésques et leur couplage avec d’autres

dispositifs, sont encore le sujet de recherchensgives.
Dans ce contexte, les nano-antennes papillonsfige avantages suivants :

* Un design robuste permettant une bonne reprodlitgilde fabrication, notamment
I'obtention de gaps nanométriques (~ 10 nm) emfsalbux triangles

* Une forte localisation et une forte amplificatiom champ électromagnétique dans le gap
nanométrique

* Une longueur d’onde de résonnance pouvant étréeajssir une large gamme spectrale,

en particulier dans le proche infrarouge aux longsi€’ondes des télécoms.
1.2.1 Introduction aux structures plasmoniques

Un plasmon est une oscillation cohérente des élesti’'un matériau soumis a une excitation
électrigue ou optique. On distingue les plasmonsyaleme (3D), les plasmons de surface

(surface plasmon polaritons, SPP) qui se propagefiinterface entre un métal et un

-11 -
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diélectrique (2D ou 1D) et qui sont évanescentsfais dans le métal et dans le diélectrique,
et les plasmons localisés (localized surface plasmoSP), par exemple dans les

nanoparticules (0DOB9].

Bulk Plasmon/,’
e _-~" / Lightin vacuum (w=ck)

Z - s _.f .
I Medium I elw) < 0 /e Surface Plasmon Polariton

-

Momentum k

Fig 1.2.2: a) lllustration schématique d’un SPPiaterface entre deux régions semi-infinies ayaes tbnctions
diélectriques de signes opposés. b) Courbe dedigm de I'énergied)) versus momentum (k) pour le SPP
propagatif (bleu) et le plasmon de volume (ver€s fréquences plasmons sont notées par des lignes
horizontaleq§40].

Les propriétés des plasmons sont illustrées daingulige 1.2.2 et peuvent étre décrites suivant
le modéle de Drude, qui sera détaillé dans le tieafi La fréquence de résonnance d’'un

plasmon de volume eg$, = /@ , celle d’'un plasmon de surface egp = w, IN2, otime
m,

et e sont respectivement la masse effective et la ehéigmentaire d’un electron, etest la

densité électronique.

Les plasmons de volume et de surface requiérenteddmiques d’excitation par prisme,
réseau ou guide d'onde. Les plasmons localisésreeanche, présentent l'avantage de
pouvoir étre excités directement en espace libreautes avantages les rendent trés

prometteurs du point de vue applicatif, comme ités dans la figure 1.2.3:

* La forte localisation du champ électromagnétique

» La forte amplification du champ dans ces espacebndensions nanométriques

* Une large variété de géométries

e L'accordabilité, qui résulte de la flexibilité degéométries et du couplage entre
différentes nanoparticules

» La sensibilité a I'environnement et en particufiesa fonction diélectrique.

-12 -
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430 nm
@) (b) (©)

Fig 1.2.3 Amplification du champ électrique dedti#intes nanostructures plasmoniques: (a) prisme

triangulaire, (b) nanofil cylindrique, (c) Diméreschanoparticules sphériques d’Ag séparées d’'urtamiie de 2
nm.[41]
Les nanoparticules plasmoniques peuvent étre fades suivant deux voies principales :

* Par voie chimique (bottom-ugf2, 43] généralement obtenue par réduction de sels
meétalliques. Une large variété de formes et de amitipns peut étre obtenue.
 Par voie physique (top-downyl, 44, 45] généralement par une technique de

lithographie suivie d’'un dépot métallique. C’est/bie choisie dans ce travail.

Le couplage entre nanoparticullgd-48], qui dépend de la polarisation et qui est d’autant
plus fort que la distance entre particules estidaipermet d’obtenir de fortes amplifications
de champ dans le gap, comme illustré dans la fijld&8c, et de modifier la longueur d’onde
de résonnance. La nano-antenne papillon qui ediéétwlans ce travail est un autre exemple
de particules couplées, de forme triangulaire. Eltenbine les propriétés de pointes

métalliques a celles de nanoparticules coupléésannance plasmonique.
1.2.2 Les capteurs optiques a base de structures plasmaouies

Les capteurs optiques a base de nanostructureagiiagues exploitent la forte sensibilité des
plasmons a leur environnement immédiat, et en quaigr a la fonction diélectrique de

I'environnement.
On distingue 2 grandes familles de dispositifs anies mécanismes qui sont exploités :

» Les capteurs basés sur une lecture directe destivas de la résonnance plasmon : ce
principe est utilisé en colorimétrié9, 50]ou la présence des especes a détecter induit un
changement de couleur (shift de la résonnance plajsdu a une variation de la distance

inter-particule et/ou l'interaction entre particslleet especes chimiques. Une autre

-13-
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configuration tres répandue est celle de nanopdesc sur substrat (par exemple
fabriquées par lithographie électronique), qui permle détecter de fines couches de
biomolécules en interaction avec la nanostructlaenponique[51, 52] En jouant sur
I'amplification de champ induit pat le couplage renparticules tres proches, une forte
augmentation de la sensibilité peut étre obtg¢hBe54]

» Les capteurs basés sur I'amplification d’un autcamisme optique via la résonnance
plasmon : c’est le cas de capteurs basés sur &ctaét de fluorescence (Plasmon-
Enhanced Fluorescencb5-57]) ou encore sur la spectroscopie Raman (Surface
Enhanced Raman Scattering, SEE8-60]), pour lesquels la détection de molécule

unigue a été démontrée.

Un autre principe de détection est actuellemerttiétibasé sur le couplage entre une structure
plasmonique et une structure photonique. Parmelede dispositifs hybrides déja proposeés,

on peut citer :

e Un interférométre Fabry-Perot couplé a une résamalasmon de surface obtenue dans
une couche dor rugueugl] : ces travaux pionniers dans le domaine ont mis en
évidence le gain de sensibilité du dispositif plasmgue apporté par la présence de
l'interférometre.

* Une microcavité couplée a des nanofils plasmoniqees travaux plus récents ont porté
sur l'interaction entre une microcavité et des fidgad’or fabriqués par lithographie et
positionnés a la surface ou a l'intérieur de laitéayvl'étude a révelé, non seulement un
gain de sensibilitd62], mais également des mécanismes de couplage espesidif
plasmonique et photonique, en particulier la miseéeidence d’'un dédoublement de
mode en régime de couplage fi@38].

* Une cavité Fabry-Perot couplée a une nanopartjédle ou I'expérience de détection a
constitué a varier l'indice de l'interférométre, &eu de l'indice de I'environnement

comme dans les travaux précédents.

-14 -
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1.3 Obijectifs de ce travalil

L'objectif de ce travail est détudier un nouveaypd de dispositif hybride
plasmonique/photonique, constitué d’un interféeromeéle Si poreux et d’'un réseau de nano-

antennes papillon & sa surface (Fig. 1.3.1) :

* Le Si poreux combine les avantages d’'une fabrinatipide, d'une grande versatilité en
termes d’indice de réfraction et d’épaisseur, etlad@orosité permettant I'infiltration
d’especes dans le dispositif ;

* Les nano-antennes papillon ont un design robustparmet la réalisation de gaps petits
avec une bonne reproductibilité pour I'obtentiorfalées amplifications de champ ; elles
permettent également l'obtention de résonnancesuser grande gamme spectrale,
notamment dans le proche infrarouge vers 1300 niheopertes dues au Si poreux sont

fortement réduites.

&5 &

Fig 1.3.1 Vue schématique de la structure hybrimles@érée dans ce travalil

1.3.1 Notre choix de dispositif
Le dispositif visé est composé des éléments sisvant

* Une monocouche de Si poreux d’environ 5pum d’épais®t d'indice~ 1.5 sur son
substrat de Si ;

« Une fine couche d’espacement/protection en silice ;

e Un réseau périodique de nano-antennes papillom evec une période de 800 nm, dont

les paramétres et la réponse optique sont présdaméda figure 1.3.2.

-15 -
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(b) ©

Fig 1.3.2: (a) Vue schématique de la nano-anteraplipn apres optimisation sur substrat semi-infitindice

Intensity enhancement (a.u.)

1.5; (b) Intensité de champ correspondante, cakepigr FDTD (finite-difference time domain) et mettan
évidence la résonnance vers 1300 nm, et (c) digtdb de champ a 1300 nm montrant la forte locdisa
d’énergie dans le gap. La structure est excité@memlence normale par une onde plane polariséeasuti/axe

de la nano-antenne.

Quand la nano-antenne est placée sur linterfén@ren Si poreux, la réponse optique est

fortement modifiée, comme illustré dans la figurg.3 :

* Le spectre de réflectivité présente a la fois #ondance de la nano-antenne a 1300 nm,
et les oscillations Fabry-Perot dus a l'interféertmaequi sont fortement perturbées a la
résonnance ;

* Les distributions de champs mettent en évidencevémtions d’intensité dues aux
interférences dans l'interféromeétre, ainsi queoldef concentration de champ dans le gap

de la nano-antenne.
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Fig 1.3.3: (a) Réflectivité du dispositif hybridecéé par une onde plane polarisée suivant |'axdadeano-

antenne; (b) Distribution du champ électrique cependant

Ces deux observations confirment la nature hyltiddispositif.
1.3.2 Obijectifs de ce travalil

Aprés l'optimisation des techniques expérimentaesr la fabrication et la caractérisation
des dispositifs (chapitre 2), deux études successgront menées :

e L’étude du couplage entre l'interférométre et lamamantennes (chapitre 3) : 'approche
développée est basée sur des modeles phénomén@sgigpermettant une
compréhension fondamentale des mécanismes optigetesur leur comparaison
systématique avec des études expérimentales.

e L’étude du potentiel d’'un tel dispositif hybride ypoles applications capteurs (chapitre

4), via une variété d’expériences permettant digeal dans chaque cas, le gain de
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sensibilité du dispositif hybride par rapport auano-antennes et a l'interférometre

considérés séparément.
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Chapitre 2 Méthodes expérimentales

Afin d’étudier l'interaction entre le réseau de N&A l'interférometre Fabry-Perot, les 3
systémes présentés dans la figure 2.0.1 sont tedwiet leurs réponses optiques comparées.

System| System2 System3
@) (b) (©

Fig 2.0.1 Vue schématique des 3 systemes : (a§tBteuhybride constituée de l'interférométre, dacgr de

silice et du réseau de NA ; (b) Réseau de NA ssulesubstrat d’'indice équivalent a la structurebtigle : (c)

interférométre seul avec le spacer de silice.

Dans ce chapitre, les différentes techniques decktion et de caractérisation de ces 3
systemes sont présentés, en particulier :

» Fabrication
= Formation des couches de Si poreux par anodisation
= Dépbt des couches de Si(par pulvérisation cathodique ou PECVD) ;
= Fabrication des NA par lithographie électroniquéfedff ;
» Caractérisation optique
» Caractérisation des couches de Si poreux par méfewstivité
(détermination de I'indice de réfraction et de 8égseur) ;
» Etude des propriétés optiques des 3 systémes paro-mi
réflectivité/transmission.
= Systeme micro-fluidique utilisé pour les expérienea milieu liquide,
en particulier pour les études de détection.
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2.1 Fabrication

2.1.1 Anodisation de Si poreux

L’anodisation de Si pour la fabrication des couctesSi poreux s’effectue dans la cellule
électrochimique présentée dans la figure 2.1.Vastile principe détaillé dans la partie 1.1.
Le substrat de silicium (100), fortement dopé (s}, placé sur 'anode de cuivre en bas de la
cellule. La cathode est une électrode en spiralglame (inerte chimiquement) et est placée
dans I'électrolyte en haut de la cellule. La cellelst remplie d’acide fluorhydrique a 35%
(HF : eau : éthanol 35% : 35% : 30%). La densitécdurant qui circule entre les deux
électrodes est contr6lée de maniere a contrélpotasité du Si poreux. L’anodisation a été
optimisée a basse température (-40°C) afin d’obtdes couches de qualité bien maitrisée et

des interfaces tres planes.

Current
generator

Electrolyte

Silicon

mAHA substrate

@) (b)
Fig 2.1.1 (a) Vue schématique de la cellule d’asation; (b) Photo de la cellulg9,21]

2.1.2 Dépot des couches de silice

Un spacer de silice de 80nm est inséré entre ®&iux et le réseau de NA pour améliorer
I’'homogénéité et la qualité de fabrication des sanetures d’or sur le Si poreux. La silice a
été choisie pour son indice proche de I'indice siatgéhpour le Si poreux (1.5) ainsi que pour

sa compatibilité chimique avec les procédés dadation.

Dans le cas du Systeme 2 (NA seules) I'épaissela deuche de silice a été optimisée pour

garantir une bonne isolation optique des NA vidsaeli substrat de Si.

Différentes techniques de dép6t de la silice oattéstées dans le cadre de ce travail, par

PECVD et pulvérisation cathodique, dans des cathtivariées, afin didentifier les
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conditions permettant d’obtenir la qualité de silgpuhaitée. En particulier, la porosité de la
silice peut ainsi étre contrblée, ce qui permeffdarication de couches perméables ou
imperméables suivant I'application souhaitée. Cegtsaticularité sera exploitée dans le

chapitre 4.
2.1.3 Fabrication des nano-antennes

La fabrication des NA se base sur des travaux iant8{40] et a été optimisée dans le cadre
de cette thése pour la fabrication de réseauxuhstit de Si poreux. Le design souhaité des
NA est présenté dans la figure 2.1.2. Les NA sspabées périodiguement (période 800 nm)
sur des champs de 50 x 50 um. La base et la hagéeahaque triangle constituant les NA
font respectivement Al =540 nm et A2 =280 nm. dap interstitiel de chaque NA fait
20 nm.

‘Perz'odx — 800 i

N

— 280 ng

K

Gap =20 nm

A
>

|

Al =340 nm

P<

Periody — 800 nm

Fig 2.1.2 Design des NA

La fabrication des NA s’effectue par lithographlec&ronique, dép6t métallique puis lift-off
suivant le procédé présenté dans la figure 2.1a3ithographie s’effectue avec une double-
couche de résine (MMA/PMMA C2) afin de garantir bess profils de résine souhaités pour
le lift-off. Sur chaque substrat différents réseamnt fabriqués en variant Iégérement les
designs de NA ainsi que les doses de lithograpddfi@, de compenser les fluctuations
expérimentales et d’obtenir systématiquement ueaggprésentant les parameétres et les
propriétés souhaitées. Pour assurer une bonneesdieéde la couche d’or sur la silice, une
couche d’accroche de titane est utilisée. Le fiftest effectué en deux temps, tout d’abord
une amorce dans une solution de trichloroéthyldraud (60°C) puis le lift-off dans une

solution d’acétone chaud (60°C).

La figure 2.1.3 illustre un exemple de réseau defdbkiqué sur interférometre de Si poreux.
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2.1 Fabrication

(@) (b)
Fig 2.1.3 Images MEB d’un réseau de NA: (a) réssamplet, (b) details.
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2.2 Caractérisation optique

2.2 Caractérisation optique

2.2.1 Caractérisation de Si poreux par macro-réflectivité

Le principe de la caractérisation des couches deupaen macro-réflectivité est illustré dans
la figure 2.2.1. Il consiste & mesurer puis analyse interférences dans la couche de Si
poreux excitée a incidence normale par une lamgneche. Le chemin optigue est directement
lié & la distance inter-frange de la courbe descéiflité, suivant I'expression :
k/2
nd :% (EQ'Z'].)
Armk _Am
Ou n et d sont respectivement l'indice de réfractet I'épaisseur de la couchgm la

longueur d’onde du maximum d’ordre m et k un entier

Incident light

e
w
w
)
=
=8
I

e
W
(=)
n

0.25 -

0.20 4

0.154

0.10

ncnv,mnm]t

Normalized Reflectivity

Interface2 0.05 ) A
m-+k
00 {4 ——- P AT
300 1000 1200 1400 1600 1800
Wavelength/nm

d| n

Interfacel

Flsubstrare

(@) (b)

Fig 2.2.1 (a) Principe de la caractérisation en mactéflectivité ; (b) exemple de spectre

Différents programmes de fit ont été mis au poimtrpdéduire les valeurs de n et d a partir
des spectres de réflectivité.

Dans le cas d’'une couche de Si poreux l'indicectiff@st fonction des différents matériaux
qui constituent le matériau. Comme présenté dankdpitre 1, le modéle utilisé pour décrire

notre matériau est celui de Landau-Lifshitz-LooyefigLL) (EQ-1-1).

Grace a la détermination des valeurs de n et rdiftes informations sont déduites, en
particulier ’'homogénéité de chaque couche de &uyo(en effectuant une cartographie par

macro-réflectivité), ou encore le vieillissementsdéchantillons qui se traduit par une
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2.2 Caractérisation optique

diminution de l'indice avec le temps du fait deftmmation d’une fine couche de silice a
I'intérieur des pores du matériau. La fraction dee formée PSiO2 peut également étre
déterminée par le modéle LLL et a été implémentéesdnotre programme de fit. En
connaissant la surface spécifique S du matéria® ifi®cm3 dans le cas de notre Si

meésoporeux d’indice 1.5), I'épaisseur de la coudisilice dSiO2 peut étre extrapolée :

dgo, = P

sio, | S (EQ-2-2)

Sio,
2.2.2 Caractérisation des dispositifs par micro-réflectité

La micro-réflectivité/transmission en incidence mate est utilisée pour I'étude en champ
lointain du signal réfléchi ou transmis par lestéyses de dimensions microscopiques. Le
principe du montage optique est présenté danglmefi2.2.2. L'excitation est effectuée par
une lampe blanche halogene, la détection par uctrepeetre NIRQuest512. Le signal émis
par la lampe est d’abord injecté dans une fibretimode (105 um de cceur) connectée a une
lentille (focale 30 mm) pour une excitation en egpdibre. Avec une focalisation via un
objectif x20 d’ouverture numérique 0.4 la taille flesceau incident sur I'échantillon est
30 um, qui correspond a la zone d’homogénéité desaux de NA. Un contréle de la
polarisation est effectué a l'aide d'un polarisd® (1200-1600 nm) pour assurer une
excitation parallele a I'axe des NA (E//) et desresplitters sont insérés sur le trajet du
faisceau pour séparer le signal incident du sigéfiéchi vers le spectrométre, ainsi que le

signal visible qui sert au positionnement de I'éthian.
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2.2 Caractérisation optique

Reflectivity

-NIR Spectrometer Visible Camera

"=

Mirror

7

TungstenHalogen  Lens Polarizor  Beam Splitter  Beam Splitter
light source

Objective
NA0.4/X20

Samplc on XYZ
piczoelectric stage

Objective
NA0.4/X2D

S — Incident Light Lens
—»—— Reflected Light
- ===3----=Transmitted Light
Transmission
-NIR Spectrometer

Fig 2.2.2 Schéma du montage optique utilisé enawiéflectivité/transmission.

L'exploitation des spectres de réflectivité regaida normalisation par des spectres de

référence. Deux types de références sont utiliaas de travail :

* la référence « absolue » mesurée sur un miroir alags le cas de la réflectivité, et a
travers une lame de verre dans le cas de la trassmi; l'inconvénient de cette
normalisation est la variation de plan focal enftreréférence et I'échantillon, qui
introduit des artefacts sur la courbe normalisée.

» laréférence « relative » par rapport au subgsgatpermet d’éviter ces artefacts ; c’est la
solution préférée dans ce travail, sauf indicationtraire dans els résultats qui seront

présentés dans la suite.

Lors des expériences de détection réalisées aws aircette these, la cellule fluidique
présentée dans la figure 2.2.3 a été utilisée [BB¢. est constituée de deux lames de verre
séparée par un joint étanche, a lintérieur dudiéehantillon est positionné. Le maintien
mécanique est assuré par deux cadres en alumirdsemdlés par des vis, et la circulation

des liquides se fait par des tubes flexibles qudrsent la lame de verre supérieure.
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. -
—%l_ Syringe

Tubes

Aluminum frame

I Glass slides
Rubber ring
Si gel

Tested sample

ample on glass slide
Rubber ring

(b) (c)

Fig 2.2.3 Cellule fluidique utilisée pour les exigéices en milieu liquide : (a) vue schématique pfimtos.
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3.1 Approche interférentielle

Chapitre 3 Etude du couplage optique entre interférometre et

nano-antennes

Le but de ce chapitre est une étude fondamentalénteractions entre NA et interférometre,
notamment l'influence de I'interféromeétre sur Ipaése des NA, et l'influence du réseau de
NA sur celle de linterférométre, a la résonance hetrs résonance. Deux approches
complémentaires ont été développées :

= Approche interférométrique : dans ce modele leaéske NA est considéré équivalent
a une couche homogéne de méme épaisseur et ménimriodiélectrique, celle-ci
étant déterminée grace a une généralisation du lmadie Drude (Fig. 3.0.1).
L'influence du réseau de NA sur la réponse optided’interférometre peut ainsi étre
étudiée par le développement d’un modéle basé esuatcords de phase dans la
structure multicouche (phase matching model, PMM).

Bowtie NAs's

Equivalent layy 5
&)

&) (b)
Fig 3.0.1 Principe de la premiére approche : letéyse (a) est considéré comme une structure muttfeodans
laguelle le réseau de NA est équivalent a une aehidmogene de mémes épaisseur et fonction diéleetri

= Approche résonante : dans ce modele le réseau desstiAconsidéré comme un

oscillateur harmonique (Fig. 3.0.2), et le couplaydgre NA et interféerométre est

étudié par la théorie des modes couplés.

Interferometer

Fig 3.0.2 Approche résonante : le réseau de NA@sbmme un oscillateur couplé a l'interféromeétre
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3.1 Approche interférentielle

Dans cette partie le modele pour I'étude des iotenas dans le systeme multicouche est
développé pas a pas. Aprés un rappel sur les lieseaccords de phase dans un systéme
interférométrique monocouche (modeéle PMM), la dtrre est généralisée au cas d'un
systéme bicouche, puis tricouche, et les fonctihékectriques des structures métalliques sont

introduites.
A chaqgue étape le modeéle théorique développé aefitoré aux résultats expérimentaux.
3.1.1 Modele interférométrique

* Systeme monocouche :

Le principe du systeme interférentiel a été pré&seant chapitre 2 dans la caractérisation par
macro-réflectivité (Fig. 2.2.1). D’'une maniere g&teé, la différence de phagepl entre les
faisceaux réfléchis aux deux interfaces d’'une ceuoterférométrique est :

Ag, = 4—ﬂnzd

A (EQ-3-1-1)

avec n et d lindice et I'épaisseur de la couche. L'ifé@ometre considéré ici est la
monocouche de Si poreux (¥ nps) sur son substrat de Si cristalling§ndans un

environnement extérieur d’air (1 $41< ngj). Les conditions d’accord de phase (PMM) qui
indiquent que la réflectivité R du systeme est mmaké (Rmax) pour la frange d’ordre m a la

longueur d’ondémax1 s’expriment de la maniere suivajié]:

4nyqd
2m (EQ-3-1-2)

R=R. A =2m7, m=0x1£2,. "mea™
Les spectres de réflectivité de nos structures sontilés par la méthode des matrices de
transfert (TMM)[67]. Les parameétres des structures sont déterminélepéits des courbes
de réflectivité expérimentales, dans lesquelles flestions volumiques des différents
matériaux constituant le Si poreux (air, Si et axy@atif) sont calculées en considérant que les

indices de ces matériaux suivent une loi de Cademg le domaine spectral considg&].
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3.1 Approche interférentielle

Un exemple est donné dans la figure 3.1.1. La pardaléquation sur la position des maxima
entre résultats expérimentaux et résultats dété&snpar simulation est une validation des

modeéles de fit et de la simulation TMM.

—TMM
—— Experiment 1700, . ® TMM
0.3 16001 * Experiment
c 1500+ .
>02 é 1400 .
2 S 1300 ®
= 014 2 1200- ®
2 & 1100- *
= *
00l 1000 ®
' 900] ®
800 1000 1200 1400 1600 1800 10 12 14 16 18
Wavelength/nm Fringes order

(@) (b)

Fig 3.1.1. Comparaison entre les résultats expémntaex et la simulation TMM utilisant les paramétogduits
des fits pour une couche de Si poreux d'épaiss@f dm, et de fractions volumiques 53% pour I'4it 8%
pour I'oxide natif, respectivement: (a) spectregéftectivité, (b) position des maximas, I'ordresdeange est

déduit des conditions PMM (EQ-3-1-2).

» Systeme bicouche :

Les conditions PMM dans le cas d'un systeme multtbe deviennent beaucoup plus
complexes et sont décrites en détail en annexe gigip A). Dans le cas présent, on
considere que la deuxiéme couche (le spacer dm)siist extrémement fine, d’absorption
faible et d'indice proche de celui de [linterférameg ce qui permet de déduire

I'approximation suivante :

An(Npsdpg; *+ Ngi, dsio, ) _
A

27T avec Asmax> Amax (EQ-3-1-3)

2max

Cette condition indique que pour un ordre m domm@résence de la couche de silice devrait

conduire a un shift vers le rouge des frangesaggwart au systeme monocouche initial.

La structure expérimentale considérée corresponslysieme 3 (Fig. 2.0.1), avec 80 nm de
silice dont l'indice est a nouveau déterminé graceine loi de Cauchy. Les résultats
expérimentaux sont confrontés aux simulations TMMIlestrés dans la Fig. 3.1.2 pour la
méme structure que celle présentée dans la Figl.3lA comparaison avec le systéeme
monocouche initial (Fig. 3.1.2b) met en évidencshit vers le rouge des franges.
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3.1 Approche interférentielle

Afin de valider les approximations effectuées ddémsmodele PMM, les positions des
maximas déduits des spectres expérimentaux eté&snsaint comparées a celles prédites par
I'équation EQ-3-1-3. On voit que I'écart obten2 est négligeable et comparable aux erreurs

dues aux imperfections expérimentales.

MM 1700 o TVMM
—— Experiment P % Experiment 10, -o-TMM
0.3 1600, One layer interferometer i+ Experiment
15001 ®
e 05
20.21 £ 14004 &
s £ 1
g 2% . =00 ﬁ_ﬁm
01 g 200 ® ©
o = 1100] ® N 05
g | 0.
00l 1000 o,
900/ 10
800 1000 1200 1400 1600 1800 0 12 14 16 18 "o 12 14 16 18
Wavelength/nm Fringes order Fringe order- /m

(a) (b) (©)
Fig 3.1.2 Comparaison entre les résultats expérimentaux sinaulation TMM pour le systeme bicouche
('interférométre est le méme que dans la figueB3: (a) spectres de réflectivité, (b) positiors teaximas, (c)

écart entre la position des maximas et la prédictio modéle PMM (EQ-3-1-3).
» Systeme tricouche avec couche homogene métallique :

Ce syteme est un cas limite de notre structureitiglirors résonance des NA. A nouveau le
développement exact du modele est détaillé danesdXe (Appendix A). Dans le cas présent
on peut faire I'approximation d'une couche d’orrémtement fine, dont I'indice va avoir
deux influences, d’'une part la partie réelle Rg)®entraine des variations de chemin optique
(comme dans le cas du spacer de silice), et d’'auatrela partie imaginaire non-nulle due a
I'absorption entraine un déphasage additionneliatexfaces de la couche de méi@kterface

Dans cette approximation, le modéle PMM devient :

4”[ NpsiUpgi+ Nsig d 3@]
A

Re(n
+A¢t0t =2mm7 aveCZ|¢tot = 47TM

3max 3

dAu + A¢inten‘ace (EQ_3_1_4)

On peut montrer (cf. Appendix A) que pour une ceubbmogene métallique onlsp,, <0
Le décalage des franges induit par la présencea a®uche d’or sur le systéme bicouche

Si/SiQ;, est donné par :

r]PSid PSi+ nSiQ d SiQ n PSFj PS-I]- n si'od SiO A¢t t N
= +—=° d'ou A <A EQ-3-1-5
/1 /1 4]7_ 3max 2max ( Q )

2 max 3max
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3.1 Approche interférentielle

Dans ce cas on s’attend a un shift vers le bleufidegyes d’interférence, qui est vérifié
expérimentalement, comme illustré dans la Fig.33.En supposant que I'écart entre le
modéle présenté dans I'équation EQ-3-1-4 et lesuvaldes maximas déduites des spectres
est négligeable (comme démontré précédemment paas| du bicouche), on peut déduire la

valeur deAg,, . On voit dans la Fig. 3.1.3c que cette valeur gasdsi constante (aux

fluctuations expérimentales pres) et d’environ 5@, 7ce qui est tres proche de la prédiction

théorigue démontrée dans I'Appendix A et qui esilégent reportée dans la figure pour

comparaison.
1.00+ —Experiment
— MM 1500 o TMM 1.0 o TMM
0.98 1400 * Experiment % Experiment
0.96] c 1 . = 2 layer system 05 n Adoca
2094 £ 1300 ® . R
2 0.02] ‘%120& ® a ~ 0.0]
S S
*= 1 © 1100 b1
&0 gmoo * 6 = 05
0.88 1 » e
w
0.86 900/ ® EERREB R
800 1000 1200 1400 1600 1800 10 12 14 16 18 10 12 14 16 18

Wavelength/nm Fringes order-m Fringes order - m

(@) b) ( (©

Fig 3.1.3 Comparaison entre les résultats expértaugnet la simulation TMM pour le systéme tricouakiec
couche homogeéne d’or : (a) spectres de réflectivitpposition des maximas, (c) valeur g, , déduite du

modele (EQ-3-1-4).
3.1.2 Interférometre avec couche de nano-antennes
* Modele de Drude généralisé aux NA :

Il a été démontr§68] qu’il existe une analogie entre les déplacemelatstréniques dans le
gap entre les deux triangles d’une NA papillonest transitions inter-bandes d’électrons liés
dans un métal sous rayonnement électromagnétiqnepedt donc décrire les propriétés

optiques d’'une NA en adaptant le modéle de Drude+Berfeld[69] :

e(w)=em+wg_%"_w p=t o g= M w=90 (EQ316)
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3.1 Approche interférentielle

ou &, est la constante diélectrique aux grandes énergiesst I'atténuation,, est la

fréquence plasma équivalentela densité et la masse effective des électrons liésy éa

raideur.

Dans le cas de nos réseaux de NA, les valeuis, de), et )y ont été déterminées par un fit

des spectres expérimentaux obtenus pour le syst&n{BlA seules sur substrat), en
confrontant ces spectres a ceux obtenus par siowl@MM utilisant I'équation EQ-3-1-6
pour décrire la fonction diélectrique du réseauNde Le meilleur accord a été obtenu pour

les valeurs suivanteseg, =3[70], w, =2x10°/s, y=4x10°/s, pour la longueur d’onde
Ao = 1300nm (correspondant &, = 143x10"/s). Les variations de la fonction diélectrique

sont présentées dans la Fig. 3.1.4. Elles sonsingfaires a celles décrites par le modele de

Drude, en particulier a la résonance (1300 nm) loserve de fortes variations des parties
réelles et imaginaires.

40- 7
301 6
204 5
— ~ 3
&%‘ 10+ éz‘ = 4
& 0 E x 3
.10 2
-20- L
0
-30- ) .
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(@) (b)
Fig 3.1.4 Fonction diélectrique du réseau de NA):donstante diélectrique effective, (b) indiceéfeaction
effectif

e Modele PMM pour le systeme tricouche PSi/SMA :

Il est trés similaire a celui déduit dans le casadeouche d’or homogéne :

4n[nPSidPSi + nSiOZdSiOZ + Re(nNA)dNA] + A¢

Aax

interface — 2mm (EQ-3'1-7)

La comparaison avec le systeme bicouche Sy/B&met de prédire le comportement des
franges :
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3.1 Approche interférentielle

1 1 Re(n

4”(”P5idPSi + Nged SiQ) (/1_ _A_j =4¢ , avecdp,, = 47TMdNA + A, oriace(EQ-3-1-
2 3 3

8)

On en déduit :

— Un shift vers le bleu4,; <A,), si 4¢,, <0

— Un shift vers le rougeA, >A,), si 4¢,, >0

Le comportement des franges dépend donc des easatespectives dd@. .. .c.c. €t R€Nna).

Comme démontré dans I'Appendix A, la valeur dg¢, , peut étre déduite de la fonction
diélectrique des NA en utilisant les équations deskel. On obtient les variations présentées

dans la Fig. 3.1.5
1.01
0.5 \

_0.5-\
-1.04

1000 1200 1400 1600
wavelength/nm

Fig 3.1.5 Variations dg|¢tot = AT Re(ny) dy,+ A¢im€rfacedéduites de la fonction diélectrique du réseau de

3

NA présentée dans la Fig. 3.1.4.

Ces variations montrent clairement plusieurs catepaents différents suivant la gamme

spectrale considérée :

— Avant la résonance\ (< 1300 nm):4¢,, <0. Dans cette région, on attend un shift

vers le bleu des franges.

— Ala résonance\(~ 1300 nm),4¢,, varie abruptement dewa +t
— Apres la résonanca ¢ 1300 nm):4¢,,, > 0. Dans cette région, on attend un shift

vers le rouge des franges.
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3.1 Approche interférentielle

» Simulation du spectre de réflectivité du systermmtrche PSi/SIQINA :

Afin de vérifier le comportement déduit de la F3glL.5, des simulations TMM ont été
effectuées en utilisant la fonction diélectriqudal€ig. 3.1.4, et sont illustrées dans la
Fig. 3.1.6.

1000 1200 i 1400 1600

— Hybnd device
3?0.6 — | nterferometer along
504
= 0.2
“G—) .

¥

1000 1200 1400 1600
wavelength/nm

Fig 3.1.6 Résultats des simulations TMM pour léé&sys 1 (PSIi/SiSINA) effectuées en utilisant la fonction

diélectrique présentée a nouveau en haut de ladigt comparées aux systemes 2 (NA seules) SiS(8).

On observe notamment :

— Une augmentation de l'intensité des franges quiaadé bien avec la résonance
des NA

— Une plus grande amplitude des franges pour le syste que pour le systeme 3,
qui peut étre relié a I'indice effectif plus élesd@ la couche de NA

— Un décalage des franges différent suivant la garspeetrale : avant résonance
(région 1), décalage vers le bleu des franges dig¢sye 1 par rapport au systeme
3 ; apres résonance (région 2), décalage versufgerdCes comportements sont en
accord avec les prédictions déduites du modele PMM.

— A la résonance, apparition d’une frange supplénientlue a une dégénérescence
attribuée aux fortes variations de la fonction eliélique. Cette dégénérescence

est confirmée par la détermination des ordres dmsgés déduite du modéle
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3.1 Approche interférentielle

PMM : deux franges successives d’ordre identigud sbtenues a la résonance.

Ce phénoméne a également été observé dans latlitErpour des systemes

hybrides photoniques/plasmoniques et attribués acamplage fort entre le

plasmon et le mode de cavjts].

» Influence de l'interférométre sur le splitting:

Si le phénoméne de splitting résulte bien d’'un tagye fort entre I'interférometre et les NA,

I'amplitude du splitting doit pouvoir étre variée #nction de la force de ce couplage, donc

en variant les paramétres de l'interféerometre.

Ceci est illustré dans la Fig. 3.1.7, qui montéxdlution du splitting en fonction de I'indice

de l'interférométre (pour une épaisseur de PSitaois).

— Hybrid device
0.8 — Interferometer alone
12 12 — NAs alone

— Hybrid device
11 11— Interferometer alone
™N\— NAs alone

o
®

=)

=)
o
o

Reflectivity
o o
) =
Reflectivity
o o
[N =

o

=)
=)
=)

1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelengt/nm
(@) nes=1.4, dog=5um (b) =15, dbs=5um

— Hybrid device
08 — Interferometer alone
13 A2 —NAsalone
12

4 11

Reflectivity
o
~
iy
(62}

1000 1200 1400 1600
Wavelength/nm

(c) Bs™1.6, ths=5um

Fig 3.1.7 Simulations TMM montrant I'évolution duliting en fonction de l'indice de l'interférometr

On voit que suivant la valeur de [lindice, donc vemt le chemin optique dans

l'interférométre, I'ordre des franges dégénéréesevat ces franges sont plus ou moins
rapprochées : 23 nm, 47 nm et 84 nm, respectivenpentr I'indice 1.4, 1.5 et 1.6. Ceci
indique un couplage plus ou moins fort entre lifdeomeétre et les NA. Des résultats

similaires sont obtenus en variant I'épaisseur 'oitetlférometre a indice constant, et ces

résultats sont parfaitement reproduits dans lestsgseexpérimentaux.

Un couplage fort entre NA et interférométre n’egsgible que si les maximas de champs des

modes plasmoniques et photoniques coincident. &&rpliquer I'origine de la différence de

couplage en fonction du chemin optique, on consid@nc les distributions de champs dans

I'interférométre. Dans la Fig. 3.1.8, on observaigumaximum de réflectivitéN(= 1341 nm)

correspond a un minimum de champ a la surfaceirterférométre : dans ce cas défavorable
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qui correspond a celui de la Fig. 3.1.7a, le cayplantre NA et interféerométre doit étre
faible. C’est en effet le cas : dans la Fig. 3.11&a franges sont tres proches, le splitting est
faible. Dans l'autre cas correspondant a un mininaennéflectivité X = 1292 nm) similaire a
celui de la Fig. 3.1.7c, le champ est maximal suldace, donc on est dans les conditions pour
un bon recouvrement des champs de l'interféromgttrdes NA ; un couplage plus fort est

attendu avec un écartement des franges, qui etrmérdans la Fig. 3.1.7c.

0.4 1292nm 1341nm 2.0-
A A —1292nm !
—1341nm
0.31 15
2 S
g 8
g 02 210
= (%]
] c
o4 i)
0.1 £ 05
0.0 : : " 0.0+— T T T T —
1000 1200 1400 1600 - - - 2 |

wavelength/nm z/pm

Fig 3.1.8 Correspondance entre intensité réflé¢gmuche) et distribution de champ @ans l'interférométre

(droite).La ligne en pointillés orange indique lagition de la surface.
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3.2 Approche résonante: modes couplés

3.2 Approche résonante: modes couplés

Dans cette seconde approche illustrée dans I8FdL, le réseau de NA est considéré comme

un oscillateur harmonique en interaction avec urge@lane.

/1,

—C-1
~—C,

-

L
Fig 3.2.1 lllutration de I'approche résonante : atd¢amplitude complexe du mode résonante8C; sont les

amplitudes des ondes planes se propageant dagstinse dans les directions directes et inversest la
distance entre le plan des NA et I'interféromeéliig, est le taux de pertes optiques intrinseéques destNA

est le taux de couplage entre les NA et les modgmpatifs.
* Théorie des modes couplés :

La théorie des modes couplés (CMT) décrit la cineéti des interactions entre NA et

interférométre par I'équation suivante :

% =(jw,-1/1,-1/1,)a+KS, +KC,, (EQ-3-2-1)

Avec w la pulsation de résonance des NAKete coefficient de couplage entre les ondes

planes et le résonateur. Selon la loi de consenvale I'énergie, on a les relations suivantes :
S,=C,-Kwa C,=S,-K7a K= /ieif’ (EQ-3-2-2)
z—C

Apres transformation de Fourier, il est possibleléduire la matrice de transfert entre les

com posante et .
s.| |Ca
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3.2 Approche résonante: modes couplés

- ¢ =C

M =| 1-C 1-C C = K[
=l et T avec —_w__ 1T
1-C 1-C it I, T,

(EQ-3-2-3)

Avec wla pulsation du signal d’entrée.

Cette matrice de transfeNIr peut ensuite étre injectée dans la simulation TNbur

déterminer les caractéristiques spectrales deemgst étudiés. On définit les facteurs de
qualité de couplag®. et de pertes intrinsequés : Q. = a,7. /2, Q, =&, /2, et le facteur
de qualité tota = (QC‘1+ 51)_1. Ces facteurs de qualit@, et Q. ainsi que la pulsation de

résonancew sont les 3 parametres influencant le comporterdardysteme. En particulier,

on peut réécrire I'équation EQ-3-2-3 de la mangkrigante :

1 1
C= — (EQ-3-2-4)
1+ g 1+ j2Q Y%

0 a)O

* Influence des facteurs de qualité sur la réponse\de:

On considére dans un premier temps le réseau desehMies pour étudier l'influence des
facteurs de qualité sur le couplage des NA aveundde propagatif. La longueur d’onde de
résonance étant fixéeidg = 1325 nm, le facteur de qualifg est d’abord varié &J/Q, fixe

(Fig. 3.2.2a), puis le rappo@/Qo est varié & fixe (Fig. 3.2.2b).

0.6+ Q_l

o
i

Reflectivity
o
N

0.0 Q=10
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(@) (b)
Fig. 3.2.2 Réflectivité des NA a la longueur d’oi@25 nm : (a) pour Qc/gx 0.4, et Q variable, (b) pour
Q =5 et Qc/Q variable.
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3.2 Approche résonante: modes couplés

On déduit de la Fig. 3.2.2 que la bande passanta dissonance est entierement déterminée
par 1Q, qui représente les pertes totales des NA. A @, fbamplitude de la résonance
dépend du rappo@J/Qo : si Q:<<Qp, I'onde incidente est entierement réfléchie a la
résonance et aucune absorption ne se produit,uadtqun mauvais couplage avec la NA ; si
Q:. =Qo, le couplage est « critique » et optimal, on a 284da puissance incidente qui est

réfléchie, 25% transmise et 50% absorbée ou diéfusé

Afin de déterminer le régime dans lequel se traegedispositifs expérimentaux, des fits des
spectres de résonance ont été effectués en véemmtleurs des facteurs de qualité dans les
simulations CMT et en les comparant aux spectrgg@raxentaux. Le meilleur accord est
trouvé pourQ = 2.2 etQ/Qp = 0.3. A noter que ces valeurs sont similaires pegINA seules

et le systeme hybride, et que le splitting des demna la résonance observé avec les

simulations CMT reproduit également les résultapsementaux.
* Influence de la fréquence de résonance sur la s&pdn systéme hybride :

La longueur d’onde de résonantga est un parametre crucial qui va influencer la posit
respective des franges et de la résonance, et orforce du couplage entre NA et
interférométre. En variant cette longueur d’onderégonance on s’attend a observer un
comportement du splitting similaire a celui discdéns le paragraphe 3.1.2. C’est en effet le
cas, comme illustré dans la Fig. 3.2.3 : le splittest faible (couplage faible) lorsque la
longueur d’'onde de résonance coincide avec un mawiae réflectivité de l'interféromeétre,

et il est fort (couplage fort) lorsqueya coincide avec un minimum de réflectivité de

I'interférometre.
08 —— Hybrid device 08 —— Hybrid device
7 —NAs alone e —— NAs alone
— Interferometer alone —— Interferometer alone
0.6 4 0.6
>
S 0.44 2 0.4]
8 ' g
T 02 g 02 \
0.0 0.0
1000 1200 1400 1600 1000 1200 400 1600
Wavelength/nm Wavelength/nm
(@) Ana= 1260 nm (b) Ana=1310 Nnm

Fig. 3.2.3 Variations du splitting en fonction defiéquence de résonance pour un interférometrenéon
(Npsi= 1.5 et @sj= 5 um)
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3.2 Approche résonante: modes couplés

Ces résultats sont également en accord avec ldsatésexpérimentaux.
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4.1 Détection de larges variations d’indice

Chapitre 4 Application aux capteurs

Il a été démontré au chapitre 3 que le couplageeeNA et interférométre induit une
structuration de la résonance plasmon par les ésngnterférence, avec une augmentation
de I'amplitude de ces franges par rapport a celedinterférométre. De plus un décalage
spectral des franges ainsi qu’un splitting ont réié en évidence. Le but de ce chapitre est
d’étudier le potentiel de ces caractéristiguesques pour des applications a la détection en
comparant avec les deux systemes pris séparénignéerférométre seul et les NA sur

substrat).

Les expériences de deétection envisagées visent tectéé des variations du milieu

environnant : faibles/fortes variations d’indicétection de vapeur.
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4.1 Détection de larges variations d’indice

4.1 Détection de larges variations d’indice

Plusieurs expériences ont été effectuées pourettladdétection de larges variations d’indice
du milieu environnant : détection de liquide etedéibn d’une couche additionnelle sur la

structure.

Nous présentons ici la détection d’'une couche dmeéPMMA déposée sur la surface de

I'interféromeétre/des NA.

—Hybrid device

— Interferometer alone 4,
0.8
— NAs alone
13
0.7
2
S 06
g 05
& 0.4
0.3
0.2 T y y
1000 1200 1400 1600
Wavelength/nm

Fig. 4.1.1 Réflectivité initiale des 3 systemessdair

Les 3 systemes sont d’abord étudiés a l'air, paicduche de PMMA est déposée. Les
spectres initiaux mesurés avant dépét de PMMA goasentés dans la Fig. 4.1.1. La
résonance plasmon des NA se situe vers 1350 nmwebande passante de 470 nm. Le
splitting se produit pour la frange d'ordre 12 sdaforme d’'une frange élargie (couplage

faible dans ce cas).

Apres dépdt de 240 nm de 950 PMMA C2, les spegirésentés dans la Fig. 4.1.2 sont

obtenus.

On remarque que la présence de PMMA induit un déeatrés important de la résonance
plasmon de 1350 nm a 1600 nm, ce qui démontre tee feensibilité des NA a leur
environnement ; Le shift vers le rouge s’expligee paugmentation d’indice de la couche
par rapport a I'air initial. Un shift est égalemeasiiservé dans le cas de linterférométre, de
1370 nm a 1410 nm pour la frange d’ordre 12. A mawvle shift vers le rouge s’explique par

'augmentation d’indice de la couche, en accordcdganodele développé dans le chapitre 3.
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4.1 Détection de larges variations d’indice

Les décalages vers le rouge sont également obsgawésde cas du systéme hybride, a la fois
pour la résonance plasmon (décalage du pic et &gens autour de la résonance ou les
franges sont amplifiées) et pour les franges héssmrance. A la résonance, les décalages de
franges sont différents, d’'une part a cause dutisgliqui intervient pour un ordre différent
dans les deux cas (ordre 12 a l'air et ordre 1k #&MA) et d’autre part a cause de la

variation abrupte de fonction diélectrique des NA.

0.8 —Air before PMMA deposition 0.74 —Air before PMMA deposition
—0=240nm PMMA on top —e—240nm PMMA on top
0.6
0.6
E >05 1212 11
g 2
2 3
© = 0.44
X 0.4 2
0.3
0.2 T T T T , 0.2 T T ,
1000 1200 1400 1600 1800 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(a) System 2 (b) System 3
—Air before PMMA deposition — Hybrid device
0.8 =O-240nm PMMA on top o ~ 044 —Interferometer alone
-©7 ot — NAs alone
s 02
> o
S 0.6
2 Z o 0
9 8 1
= (8]
(0] c
X 0.4 g -0.2
=
0 04
0.2+ T T | r T ]
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(c) System 1 (d) Différence Rma - Rair

Fig. 4.1.2. Comparaison entre la réflectivité desy8témes avant et apres dép6t de PMMA.

Afin de comparer les sensibilités des différentstéayes, on considére le signal de

différence :
AR =R inpmma ~ Rair

Deux indicateurs sont introduits, la valeur absohaximale du signal de différend@R |nax)
qui est appropriée dans le cas de détection a &amgdionde fixe, et 'amplitude totale du

signal de difféerence d=4R ,, - 4R, ) sur toute la gamme spectrale considérée, qui est
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4.1 Détection de larges variations d’indice

appropriée dans le cas de mesures spectralesti@duit également la sensibilité relative a la

variation d’indice :&, = d/4n. Ces indicateurs sont mis en évidence dans |adFiged.

Les conclusions sont les suivantes : pour les dedicateurs considéré$dR|nax et ) on
obtient un gain en sensibilité de 150% du systeyieithe par rapport a l'interférométre, mais

seulement de 20% par rapport aux NA sur substeafatteurd, correspondant est 0.5.

Des expériences effectuées en milieu liquide viehmenforter ces conclusions. D’autres
expériences visant a détecter une variation d’épaisde la couche de PMMA ont démontré
d’'une part que les sensibilités des systemes av&c(d¢ules ou structures hybrides)
dépendent peu de I'épaisseur contrairement a dellénterféromeétre qui est trés sensible au
chemin optique dans la PMMA, et d’autre part quedptima de sensibilité sont différents s'il
s’agit de détecter la présence d’'une couche ouvariation de son épaisseur : la détection

doit donc étre optimisée pour chaque systéme estitondu paramétre a détecter.
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4.2 Détection de faibles variations d’indice

On vient de voir que le systeme hybride apportedeegain par rapport aux NA seules dans
le cas d’'une détection de larges variations d’iedizeux cas sont proposeés pour I'étude des
faibles variations d’indice : la détection de camtcations de liquides (mélanges eau/éthanol)

et la détection de vapeur d’eau.
4.2.1 Mélanges eau/ethanol

L’indice de réfraction du mélange eau/éthanol esha et varie entre 1.33 (eau pure) et 1.365
en fonction du pourcentage d’éthanol dans la swiutiNous avons d’abord varié ce
pourcentage par simulation entre 0 et 100% afin ndeis affranchir des problémes
d’absorption du liquide. Les résultats pour 10e280% sont présentés dans la Fig. 4.2.1.

Dans la Fig. 4.2.1, on voit clairement que les atéashs de réponse optique sont largement
amplifiées a la résonance (vers 1500 nm) pour $esye hybride, induisant un fort signal

différentiel. Les deux indicateurs considérés,{{Rdtd ) donnent un gain en sensibilité de 2.5
du systeme hybride par rapport aux NA sur substtat,un ordre de grandeur par rapport a

I'interférométre. Le facteus, correspondant est 4.

Les études expérimentales effectuées donnent des ga sensibilité similaires a ceux

obtenus par simulation. Ces résultats démontremt lgusensibilité du systeme hybride

augmente largement par rapport a celle des NA diinderférometre dans le cas des faibles
variations d'indice. Un ordre de grandeur de gairsensibilité peut ainsi étre obtenu dans le
cas d'une variation de 10% de la concentrationhdiébl, ce qui correspond a une vraition
d'indice de I'ordre de 16
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. . . . 2 .04
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Fig. 4.2.1 Réflectivité (gauche) et signal de difféice par rapport a I'eau pure (droite) pour lesgstemes dans
le cas d’'une détection de faibles pourcentageshdi#l dans I'eau ; (a)-(b) : Systeme 1 : structhydbride ; (c)-
(d) : Systeme 2 : NA sur substrat ; (e)-(f) : Sy&e : interférometre.

4.2.2 Humidité

Dans les études précédentes, nous avons variécEirake I'environnement des dispositifs.
L’objectif de cette étude est d’évaluer le potdntie systeme hybride pour la détection de
faibles variations d’indice dans la couche de Sepr constituant I'interférométre. Pour cela
nous exploitons la porosité du spacer de silice @i laisser pénétrer des molécules d’eau en
provenance du milieu environnant saturé en vap®&aud qui viennent ensuite condenser sur

la surface interne du Si poreux et modifier soridgadLe modele de LLL présenté dans les
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4.2 Détection de faibles variations d’indice

chapitres 1 et 2 est utilisé pour déduire la foacet I'épaisseur de la couche d’eau condensée

dans le matériau.

—o— Saturated Vapor

1.6 3. 12 08
1.4
£ 1.2 =
g 5
(8] —
2 1.0 %
7} { x
T o8-
- Z—Saturated vapor
061 —bpry
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(a) System 1 —Experimental results (b) System 1 — TMM simulation
—o— Saturated Vapor
0.30116 15 1514 13
10416 15 14 13 12 11 By Op BN B
16 f\ 15 0.2541 I\

2
= = 020
2 0.81 § 0.15
< & 0.10/
@
06 0.054 ||
—Dry 0.00
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(c) System 3 — Experimental results (d) System 3 - TMM simulation
—Hybrid device ——Hybrid device
0.6 — Interferometer alone  ~ 0.4 Interfgrometer alone
DFE 0.4 n,t6
g 0.2 § 02
> a4
& 00; g 00
8 -0.21 s
S 44l g 0.2
s E=
5 -06] ° 4
-0.8 : : . . : .
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(e) Difference signals — Experimental results (f) Difference signals — TMM simulation

Fig. 4.2.2 Réflectivité expérimentale (gauche)rue (TMM — droite) pour les systemes 1 (systéyhede)

et 3 (interférométre) dans le cas d’'une saturagorvapeur d’eau.

Les NA sur substrat n'ayant montré aucune senbili ce type de détection, le systeme
hybride est uniquement comparé a l'interféromebes mesures résolues en temps sont
effectuées pour visualiser la réponse des disfogtitre le moment d’exposition avec la

vapeur et la saturation dans les pores, puis deiret I'état initial par séchage progressif. Les
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4.2 Détection de faibles variations d’indice

résultats expérimentaux sont en parfait accord &gsimulations et sont présentés dans la
Fig. 4.2.2.

L’augmentation d’indice dans la couche de Si poréue a la condensation de I'eau conduit a
un décalage vers le rouge des franges d’interféreldindice initial de la couche est 1.66,
celui déduit des spectres présentés dans la RA@2cda saturation est neff-vapor ~ 1.73. En
appliguant le modeéle de LLL a ces résultats, omeabune fraction d’eau condensée de 21%,
qui correspond & une épaisseur de 1.6 nm pour unfieécs spécifique de 100°fom®. Ces

résultats sont parfaitement reproduits par les kitimns TMM.

Le décalage vers le rouge des franges est égalevimble pour le systeme hybride. Par
contre la position de la résonance plasmon reststaote, ce qui confirme I'absence de
sensibilité des NA a la condensation d’eau. Letstfatif des franges par rapport a la
résonance induit donc un changement de la forcgptitliing, qui est mis en évidence par la

simulation présentée dans la Fig. 4.2.2b.

Les sensibilités déduites des signaux interférsntneliquent un gain d’'un facteur 2 pour le
dispositif hybride par rapport a I'interférometf@e gain pourrait certainement étre optimisé

par optimisation de la force du splitting a la résace.
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Chapitre 5 Conclusions et perspectives

Dans le cadre de cette these, un dispositif hybpidesmonique/photonique constitué d’un
réseau de NA papillons sur un interférometre deoBeux a été étudié. Aprés optimisation du
design puis des procédés de fabrication et de$salgi caractérisation, une étude d’'abord
fondamentale a été effectuée pour mettre en éviddlscmeécanismes de couplage entre les
NA et I'interférometre. Deux approches complémeaertaibnt été développées et confrontées
aux résultats expérimentaux, un modeéle interféramét puis un modéle résonant. En
particulier, ces modéles ont permis de mettre eideéee un splitting des franges
d’interférence dl au couplage avec les NA a lanésoe. La force de ce splitting dépend de
la position respective des franges et de la résmmagui influence le recouvrement des

champs des deux dispositifs.

Le potentiel du systeme hybride pour la détectioenguite été étudié, dans le cas de
variations de l'indice de l'environnement puis dadice de linterféerométre. Il a été

démontré que le dispositif hybride apporte un f@in en sensibilité (un ordre de grandeur)
par rapport aux NA seules ou a l'interférometrel slams le cas de faibles variations d’indice
obtenues en modifiant la teneur en éthanol d’'unangd eau/éthanol. Les variations de
I'indice de I'interférometre ont été obtenues patusation de vapeur d’eau a I'intérieur des
pores du Si poreux, et ont montré un gain en s#itsiol’'un facteur 2 pour le dispositif

hybride, qui pourrait certainement étre optimisé.

Les perspectives de ce travail sont nombreusedapéésuivante dans I'application a la
détection est d’effectuer des expériences de baoténh, en exploitant la chimie orthogonale
des nanostructures métalliques et du Si poreux gi@ffer des biomolécules soit sur les NA,
soit dans le Si poreux, soit différentes biomolésidur les deux matériaux pour une détection

double.

Les dispositifs étudiés dans ce travail sont undiésole destiné a mettre en évidence les
mécanismes intervenant dans le couplage photompigseionique et dans le gain de
sensibilité pour I'application a la détection. Bas@r ces travaux préliminaires, de nombreux
dispositifs hybrides peuvent étre optimisés poutewnip des sensibilités beaucoup plus
importantes : NA avec d’autres designs, nanorods,un autre métal pour le dispositif
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plasmonique ; microcavité ou cristal photoniquesprdant des résonances spectrales fines

pour le dispositif photonique.
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General introduction

Nowadays, the increasing concern for environmeatellysis and food quality control, as
well as medical needs such as fast diagnosis & ehemergency events, leads to a growing
need for new generations of chemical and biologealsors. These devices should have high
sensitivity and reliability, perform specific deten of molecules and enable multiple parallel
sensing, while being cheap, portable, fast and &asge. Thus, a general trend tends towards
bio - chemical sensors which are on - chip integtatlabel - free, and compatible with

standard micro - technologies.

Photonic dielectric devices based on porous siliaod metallic nanostructures based on
plasmon resonances are good candidates to flléilabove requirements. Porous silicon is a
biocompatible material, with a huge specific suef@eoviding a sensitivity enhancement by
several orders of magnitude compared to bulk nmedteriurthermore, its refractive index and

thickness can be easily tuned, enabling for théizegaon of a large variety of photonic

designs. Metallic nanostructures provide high amrient and strong field enhancement in
sub-wavelength regions, leading to high sensiésgiticombined with fluorescence or other
sensing mechanisms such as Raman or IR spectrgsttupy have already demonstrated

increased sensing potential.

The realization of a hybrid device combining boléngents would be highly interesting, since
it could yield the advantages of both elements, #redphotonic structure could shape the
plasmonic resonance to develop ultrasensitive @ésweith narrow resonance linewidth and

increased sensing depth.

In this context, the purpose of this PhD thesigoisexplore this challenging solution by
considering the design, realization, charactewratiand sensing potential of hybrid
photonic / plasmonic devices that exploit the coupbetween the localized surface plasmon
resonance of a bowtie antenna array and the plwtamdes of a porous silicon

interferometer.

This thesis will start with an introduction to theorld of optical sensors, with particular
emphasis on the properties of porous silicon anetapdevices based on this material, as
well as plasmonic nanostructures; this will provile necessary background to understand

the objectives and challenges of this work (chapjeNext, the experimental tools optimized
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during this PhD work will be presented and discdssech as the technological processes for
the device realization and the optical charactéonasetups (chapter 2). The next chapter will
be dedicated to the investigation of the behavibthe optical elements constituting the
device — NA array and interferometer — as wellhas ¢oupling mechanisms between them.
This fundamental study is essential to gain undadshg on the optical performances of the
hybrid structure (chapter 3). Finally, the poteintiithe device for sensing applications will
be explored by testing the device performance fierdint environments and different sensing
experiments (chapter 4).

This work was performed within the framework of thepgram “Groups of Five Ecoles
Centrales” between China Scholarship Council (C&) Lyon Institute of Nanotechnologies
(INL, CNRS UMR 5270). The project has been suppmbry the Nanolyon technology
platform at INL.
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1.1 Introduction

1.1 Introduction

If the search “sensors” is entered in Google, withi3 seconds, 942000000 results will be

given, which shows that sensors are really a hpt toowadays. Then, what is a sensor?

In my view, a sensor is a tool designed to helpppeto recognize matter or events that are
hard to be directly observed. Similar to the sasrgans of the human body, it is an intelligent
system that provides the desired information. 8yrgpeaking, we cite the definition given in

‘Sensors principles & applications’ by Peter Haugtm[1.1]:

A sensor converts (changes in) the physical dins@naihich is to be measured into
(changes in) an electrical dimension which can b®cessed or transmitted

electronically.

After this conversion, a complete sensor systemldvoequire as well a signal preparation
stage (such as amplification, filtering, analogHgiigconversion or simple correction circuits,

etc) and a processing unit in the electrical dinrmnsas illustrated in Fig 1.1.

z

Response

Sample
handling/preparation

Transducer Probes Analyle
(Signal transduction,
amplification, filtering,...)

Fig 1.1 Schematic view of a sen$bs2]

Generally, it is possible to classify approximat@@00 basic types of sensors which are
available to measure more than 100 physical dins@sssuch as magnetic signals, chemical
volumes, electro-magnetic radiation, mechanicalasgy thermal signals etc. According to the
transduction mode, sensors could be classifiegpisab sensors, electronic sensors, chemical
sensors, pressure sensors, machinery vibrationtanmg sensors, temperature sensors and so
on. A good sensor should yield adequate sensitivitgh degree of accuracy and good
reproducibility, insensitivity to interference amthvironmental influence, high stability and

reliability; long life expectancy and problem-fresplacemenfl.1].
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1.1 Introduction

Among the wide diversity of available sensors, cgdtsensors are of high interest, as they are
highly sensitive and allow for specific and nontdastive detection of a large variety of
molecules, while being immune to electro-magnetiterference, capable of performing
remote sensing and of providing multiplexed detectwithin a single devicgl.3, 1.4]
Various optical sensors have been studied in ttexature for biological and chemical
detection, such as sensors based on fluoresdérigle surface-enhanced Raman scattering
[1.6], chemiluminescence, colorimetil.7], interferometry[1.8 - 1.10] gratings [1.11 -
1.14], waveguides [1.15], surface-plasmon resonandd.16 - 1.18] or nano-particles

plasmonic resonancés.19 - 1.21]

In order to answer the growing needs for rapid,ps#mand cost-effective monitoring or
diagnosis, a new trend tends towards biological elnemical sensors which are on-chip
integrated, label-free, and compatible with staddfabrication micro-processes. Photonic
dielectric devices based on silicon and plasmoawiags based on metallic nhanostructures are
good candidates to fulfill these additional reqoiemts. Hybrid devices combining the
advantages of both worlds have recently emergexd @sssible way to develop miniaturized,

label-free and ultrasensitive devices with narrovewidth and large sensing depth.

In this context, the purpose of this PhD thesigoisexplore this challenging solution by
considering the design, realization, charactewratand sensing potential of a particular
simple hybrid photonic / plasmonic device consptof a bowtie antenna array yielding a

localized surface plasmon resonance at the sudfagg@orous silicon interferometer.

Before starting the study of the properties anceipiil of our hybrid device, the aim of this
first chapter is to give a review of the main pndigs of the two separate building blocks of
this hybrid structure: the porous silicon photodavice and the nano-antenna array, as well
as their applications in the sensing area, andseriiion of the few other hybrid devices that
have already been proposed.
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1.2 Photonic element: Porous silicon device

1.2 Photonic element: Porous silicon device

The photonic device proposed in this work is aeriigrometer consisting of a single layer of
mesoporous silicon; Fig 1.2.0 gives an illustratddisuch a device.

The reasons for this choice are numerous:

* Mesoporous silicon is a very interesting materaal fundamental studies, as it is
cheap, rapid and simple to fabricfte22], and its refractive index and thickness
can be easily tuned, yielding a large span of ifatemeter designs;

* Mesoporous silicon is also a very interesting makdor applications to sensing
[1.23], due to its porosity and large specific surfaceaaenabling the volume
detection of large quantities of molecules, itslwebwn surface chemistry and
biocompatibility, its compatibility with silicon-ls®d micro-technology, and its
large diversity of complementary optical, electmynchemical, mechanical or
thermal properties, offering a huge choice of pgdassidevices for sensing

applications.

These properties are presented in more detaileeifollowing, as well as a few key examples
of optical sensors based on porous silicon inclgidie porous silicon interferometer.

(@ (b)

Fig 1.2.0 lllustration of the porous silicon interbmeter:

(a) Image from scanning-electron microscope, (listc view
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1.2 Photonic element: Porous silicon device

1.2.1 Porous silicon formation

Porous silicon (PSi) is a nano-crystalline artélanaterial accidentally discovered at the end
of the 1950’s. The great variety of properties tuk tmaterial arising from its multitude of
possible morphologies and porosities, such as bpgeific surface, modulation of refractive
index, luminescence, thermal and electrical insuhat have found interest in many
applications like telecommunications, energy orsgan The most standard technique to
fabricate PSi is electro-chemical etching of crijsta silicon [1.24-1.25] This “anodization”
takes place in hydrofluoric acid (HF) - based eldgte, generally diluted with water and / or

an alcohol like ethanol.

Fig 1.2.1 Schematic view of an anodization cell

As shown in Fig 1.2.1, the anodization usually rezgitwo electrodes to enable the migration
of charge carriers. The first one is immersed i@ #hectrolyte and acts as the cathode to
supply electrons to the solution; the second onssiglly obtained via good electrical contact
at the backside of the silicon wafer, which actsaasanode supplying the holes that are
necessary for the etching. Both the ions and tHeshoonverge towards the Si/ electrolyte

interface, where local dissolution of Si occurs.

During the anodization process, there are two i@astoccurring at the same time at the

Si / electrolyte interface:

= Oxidation: under the influence of the electric dieholes and fluoride ions
are injected to the Si/ electrolyte interface thgio the Si substrate and the
electrolyte, respectively, and break the surfaceFbbonds of the material,

= Reduction: thanks to incoming electrons, theidhs freed from the surface

recombine to form hydrogen gas.
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1.2 Photonic element: Porous silicon device

Among the variety of models proposed to explaindleetro - chemical etching reactions, the
mechanism proposed by Lehmann is the most ackngetedAs shown in Fig 1.2.2, the
model assumes that the Si - Si and Si - H bondbradesn under the effect of the holes and
fluoride ions, which produce SifF ions and hydrogen gé%.26].

F H H \ Mol F .
b T, N e . N T
ts; (SR e i i
e NCE S N A
ol T o S 1
it AR T SRS
D E ! I
N A 2 !
si 22y siFp+20
F F &
Nt ! !
sies 7 Ho
N AN P
Si Si Si
7N S 7K

Fig 1.2.2 Principle of electrochemical dissolutiohsilicon proposed by Lehmafih26]

If the applied current density is lower than aicait value corresponding to the threshold of
electro - polishing regime, the material is not pdetely dissolved and dissolution occurs on
preferential sites. The initial sites where distolu starts are the surface defects or
irregularities, because their presence induces reurpation of field lines leading to an

accumulation of charge carriers at those poifit27]. For the same reason, during
anodization electro - chemical etching only takésce at the pores tips where the field
intensity is maximum, while the pore walls are pzsted. This leads to the formation of
pores, that usually grow along the <100> crystallirection[1.28, 1.22],that is the closest

to the field lines: in the common case of <100>s¢xate and electrical field normal to the

substrate surface, the main pore direction shoeloh bhe depth perpendicular to the surface.

Several parameters can influence the anodizatioetiks and the pore morphology of porous
silicon[1.29]:

» Substrate doping;
» Concentration and composition of HF electrolyte;
» Applied current density;

* Temperature.

As most properties of porous silicon are determimgthe porosity and the pore morphology,
the influence of these different anodization paramseis crucial and is discussed in the

following.
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1.2 Photonic element: Porous silicon device

1.2.2 Structural properties of porous silicon

1.2.2.1Pore morphology

During PSi formation, the crystallinity of the Silsstrate is usually preserved; depending on
the pore size and on the size of interconnectivitthe crystallites, PSi can be classified into

three categories:

* Nanoporous silicon, with pores smaller tha® nm, can be fabricated from p-doped
substrates;

e Mesoporous silicon, with pore sizes between 2 nch%hnm, can be fabricated from
highly-doped p or n" substrates;

e Macroporous silicon, with pore sizes larger thamrBD can be fabricated from n -
doped substrates. Note that, due to the low cdrateon of holes in n - doped
substrates, such anodization is usually performetkeulight illumination in order to

create the necessary free carriers.

In this thesis, we will focus on mesoporous siliaastained from highly p - doped <100>
substrates. Hence, the properties discussed ifollegving are mainly focusing on this type

of material.
1.2.2.2Porosity and etching kinetics

The properties of porous silicon are principallyetmined by the porosity, which is defined

as the ratio of air volume to the total volume ib€sn and air:

. V.
orosity = ———2 EQ-1-1
porosity = 5—& (EQ-1-1)

al silicon

For a given silicon substrate, e.g.,-mloped in the case of mesoporous silicon, thegityris
dependent on external anodization parameters:rircpkar, current density, HF concentration
in the electrolyte, and temperature. The same patem strongly influence the etching

kinetics as well, which represents the ratio ofgpsrsilicon thickness over etching time.

« Current density: when the other anodization coadgiare constant, both porosity and

etching velocity should increase with increasingent density (Fig 1.2.3); this can be
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explained by the larger amount of free carriercheay the Si/ electrolyte interface

and taking part to the Si dissolution.
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Fig 1.2.3 The evolution of porosity and etchingekics versus the current density. The p+ typedilis
anodized at room temperature in 25% HF electro[¢t80].

 HF concentration: when the other anodization comdt are constant, the etching
velocity should increase with increasing HF concaidgn, which can be attributed to
the higher amount of ‘Hons in the solution. At the same time, the pdyoshould
decrease with increasing HF concentration; this npheenon can find two
explanations: the decrease of the free carriefs tons ratio, and the decrease of the

percentage of alcohol in the electrolyte which &etala reduction of the wettability of

the Si interface (Fig 1.2.4).
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Fig 1.2.4: The evolution of porosity and etchingetics versus the concentration of HF in the elggte. The

electrochemical etching is carried out on p+ tyflEesn substrate at room temperature with a currdensity of
130 mA/crh[1.31]

Temperature: as illustrated in Fig 1.2.5, when ollger anodization conditions are
constant, the porosity should increase with deangaemperature; this is related to
the variation of electrolyte viscosifit.32]. The lower the temperature is, the more
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viscous the solution will be, which leads to an amement of wettability of the Si
interface. At the same time, the etching velocitydd decrease with decreasing

temperature, as the reaction kinetics is slowedndow
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Fig 1.2.5 Influence of temperature on the poroaitg etching kinetics for mesoporous silicon (ontype

silicon wafer)[1.30]
1.2.3 Specific surface area

The porous nature of porous silicon induces a Vamye specific surface area. The specific
surface area is usually defined as the accessib&ed solid surface per unit volume or mass

of material and expressed in units of hent or nf / g.

Experimentally, there are different methods to measthis value, such as hydrogen
desorption[1.33], determination of crystallite dimension and quignti.34], or the widely
used nitrogen adsorption on the material surfagkoviing the BET principle (Brunauer —
Emmett — Teller)[1.35]. The specific surface area is deduced from theuatof gas
molecules adsorbed on the surface when saturasiorached. In the case of mesoporous
silicon, the specific surface reaches about 500-rifY cn® for higher porosities and can be as

high as 200 v cnt® for lower porosities, as illustrated in Fig 1.2.6.
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Fig 1.2.6 Specific surface vs. Porodity30]
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The very large specific surface of porous silicerone of the key properties of this material
leading to a range of applications from energy ggtien[1.33] to sensing1.23, 1.36]

1.2.4 Optical properties of porous silicon

Porous silicon is a highly interesting materialnfrahe point of view of its very diverse
properties, which arise mainly from its morphologgd fabrication process. Mechanical
propertied1.37], as well as therm#l.38] and electrical conductivitji .39, 1.40] have found

applications in various micro-systems, in particglansors.

Porous silicon luminescence has been first obseoyedanham in 199(1.41]. It is the first
optical property of porous silicon that has awok#erest, for its potential in the area of light
emission and sensinfl.42-1.44] In the following we will focus on the other opilc
properties of the material, which are of crucialportance for application to on-chip

integrated optical sensors.
1.2.4.1Modulation of refractive index

In the case of mesoporous silicon considered im#e-infrared optical range, the pore size
is much smaller than the wavelength and the ma&tesaa be considered homogeneous.
Hence, the dielectric function of the material cedescribed by effective medium models
[1.29]. In the approximation of an isotropic medium where anisotropy of pore morphology
IS not taken into account, the main models usedhercalculation of the effective dielectric
function are those proposed by Bruggenjam5] and Landau-Lifshitz-Looyenga (LLL)
[1.46]. The resulting description of refractive index isitqusimilar for these two models
[1.47], although the LLL model tends to be more accufatdarger porosities. In this work,
we will consider the LLL model to describe the datlic function of our porous silicon

structures:

n23 = z f r.Ii2/3 (EQ-1-2)

Wheren; andf; represent the refractive index and filling fraatiof material, respectively. In
the case of freshly prepared porous silicon whieeeanly constituting materials are air and

silicon, the refractive index can be expressed as:
ni® = P+ni°(1-P) (EQ-1-3)
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with P the porosity of the material, which is equivaleot the air filling fraction. As
demonstrated in the expressions above, the diglectnstant of porous silicon directly
depends on the porosity. A broad range of refracimdex values can be obtained by
modulation of the porosity, as shown in Fig 1.2/@lues as high as 2.8 can be obtained with

low porosities £25%) and as low as 1.2 with high porositie8{%).
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Fig 1.2.7 Refractive index of mesoporous silicarswe the porosity at the wavelength of 2000[hi#8]

As will be presented in section 1.2.4, the modatatf the refractive index is a key to the
realization of a large variety of optical devicegls as Fabry-Perot cavities, Bragg mirrors,

waveguides, or photonic crystal structures.
1.2.4.20ptical losses

Material losses are crucial issues for many optaggllications and have been the focus of
many early works on porous silicon. The main sagiiafeoptical losses in porous silicon are

absorption and scattering losses.

Porous silicon absorption is quite high in the heglergy range. In the case of mesoporous
silicon, it has been shown to be close to thatrgétalline silicon[1.49]. However, in the

near - IR range where the crystalline material bee® transparent, the residual absorption
was shown to be almost negligib[@.50], and the main sources of optical losses are

scattering - induced.

Scattering losses have two origins: the first amdRayleigh scattering at the interfaces of
porous silicon nanocrystallites, and the secondismeduced by roughness at the dissolution
interfaces of the material. It has been shown tivat different kinds of roughness coexist
[1.51]:
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‘Waviness’ at a millimeter scale, is attributeddoping fluctuations of the silicon
wafer that lead to fluctuations of the porous siicmicrostructure and etching
velocity;

‘Roughness’ at a microscopic scale is mainly afitell to the initial surface state
of the substrate, where any inhomogeneity or ruggssl can induce local
variations of current density leading to variatioos etching velocity. Low

temperature anodization helps reducing interfaaggimoess[1.32], because the

higher electrolyte viscosity slows down ion diffosiat the Si/electrolyte interface.

1.2.4.3In-depth inhomogeneity

In-depth control of layer thickness and porositgngcial for good optical qualitjl.52]. Two

competing mechanisms are responsible for undesivetuations of porosity and etching

velocity with anodization time:

Pure chemical etching by the HF solution inducesneanease of porosity with
time, leading to larger pores towards the top eflyer that has been exposed the
longest to the electrolyte. This mechanism can lisba neglected, except in the
case of very long anodization times.

Decreasing ion concentration in the electrolytéhwiitcreasing pore depth, induced
by insufficient electrolyte regeneration, can le@adstrong increase of porosity in
the depth of the porous silicon layer. Introdugoagise times during anodization to
help renew the electrolyte is a way to reduce iptldevariation of the porosity;
another way is to slow down the anodization kirgetising a low-temperature

process.

1.2.5 Optical sensors based on porous silicon

In the previous section, we have introduced thennpaoperties of mesoporous silicon, in

particular the properties of interest for opticahsor applications:

* The huge specific surface of mesoporous silicoerefa great potential for gas and

bio-chemical sensing, because of the very largeraction area available for target

molecules, enabling the sensing of a large quaatityiolecules.
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» The refractive index of the porous material is cline depending on the presence of
molecules within the pores; hence, any adsorptivents should lead to the
modification of the effective refractive index, whishould induce a variation of the

optical properties of the device.
A few examples of optical sensors based on poriiaersare reviewed in the following.
1.2.5.1Porous silicon monolayer: a Fabry-Perot interferoméer

The most common photonic devices based on porbasrsare single layers and multi-layers
consisting of stacks of layers with different poties. The optical properties exploited in such
devices usually rely on interference phenomenangrisom multiple reflections at the layers
interfaces. A single layer of mesoporous siliconstiiutes the simplest of these interference

devices.

Due to the refractive index contrast at the intta between the monolayer and its
surrounding, incident light beams are partiallyieeted and interferences build up like in a

Fabry-Perot interferometer. Hence, the reflectidpectrum of a PSi monolayer exhibits

Fabry-Perot fringes with maxima fulfilling the folving condition at incidence angt

mA :ZLd (EQ-1-4)
cosd

where/ is the wavelength of incident light,andd are the effective refractive index and the
thickness of the monolayer, respectively, amés an integer representing the order of each

fringe.

When used as optical devices, Fabry-Perot interieters based on porous silicon monolayer
usually have a thickness of a few um or less, deoto optimize the number of reflectivity
maxima /minima in the spectral range of interasparticular, they have been largely studied
for their potential as sensors, based on the vamiatf effective refractive index of the porous
silicon layer when the target species are coatiegriternal surface of the pores or chemically
reacting with it. Such devices are either measutirg shift of the interference fringes in

spectroscopic measurements, or monitoring the tiamiaf reflectivity at fixed wavelength.
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The first biosensor based on porous silicon moreslayas reported as early as 1997, for a
variety of biomolecules such as DNA and protejh3]. This early demonstration has
shown detection sensitivities better than 1 pMochodlyte concentration, and is illustrated in
Fig 1.2.8. Through appropriate pore size and sartdemistry tailoring1.54] these devices
could be optimized for the specific detection ofaege variety of biomolecules, and great
progress has been made towards the integratidresétbiosensors into biochids55].
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Fig 1.2.8 Example of DNA sensing extracted ffarB3]. The fringes experience a clear shift after exppso

the analyte containing the complementary DNA straitt concentration of 2.78mol.

Interferometers based on porous silicon monolageelalso been widely studied as chemical
sensors, for the detection of solvent concentratiarliquids[1.56], of dangerous gases such
as HF[1.57], or more usually for the detection of solvent wapdn particular, Gaet al.

demonstrated a detection limit as low as 500 pgbaadynamic range of nearly five orders of

magnitude for the detection of 1.7% ethanol vapaii[1.58].
1.2.5.20ther interference-based devices

The refractive index of mesoporous silicon is disecelated to its porosity, which means that
a variation of porosity in the depth of the mateleads to a variation of refractive index. By
controlling the anodization parameters with timey gorosity — hence, refractive index —
profile can be obtained, enabling for the fabrmatof multilayer devices, such as Bragg

mirror or micro-cavities.
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A Bragg mirror is a multilayer structure which caats of stacks of layers with alternating

porosity and thickness. In such a structure, theptex optical interferences lead to the

creation of a “stop band”, a region of high refieity with a width increasing with the index

contrast between the constituting layers. The Brsigg mirrors based on mesoporous silicon

were realized in the 90’H.59]. With the improvement of the anodization condiipmery

high-quality mirrors can now be fabricated, assiltated in Fig 1.2.9.

Reflectivity (%)
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Vi YoN —— Experiment
-.-. Simulation

900 1000 1100 1200 1300 1400 1500 1600
(b) Wavelength (nm)

Fig 1.2.9 (a) Exemple of Bragg mirror in mesoporsilieon and (b) experimental and simulated reflatt

response; extracted fropd..30].

A large variety of work has been performed to destiate the potential of Bragg mirrors for

optical sensing, ranging from chemical sensing likpor sensingl.60] to the detection of

biomoleculeg1.61]. Integration of such devices in micro-arrays Hae heen reported..62].

Reflectance

>

5] (@)

(b)

Fig 1.2.10 (a) Principle of sensing by monitorifg tshift of microcavity resonance, (b) Exampleesbnance

shift variation depending on the molecule conceitrg for 2 different pore size; Extracted frgin64]

When an extra layer is introduced inside the Braggor, with a different width or a

different porosity from the PSi layers constitutiing multilayer, a microcavity is built. Such

Fabry-Perot microcavities are very popular photodevices based on porous silicon
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multilayers, as they yield very sharp resonancethernigh-reflectivity spectrum of the Bragg
mirror [1.63]. By monitoring the shift of the resonance, highssevity bio- and chemical
sensing1.64, 1.65]has been proposed. In particular, Ouyang et atsitigated the detection
sensitivity of such microcavities depending on psree and predicted a detection limit
equivalent to a layer thickness below 0.01 nm. TWuosk is illustrated in Fig 1.2.10.

1.2.5.3Guided-waves devices

Guided-wave devices are another important familplodtonic devices and present a good
alternative to devices based on multilayers foiséising applications, because the sensing

layer can be a thin layer at the device surfaces flavoring efficient molecule infiltration
[1.66].
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Fig 1.2.11 (a) Planar waveguide in mesoporous ailigb) its application as a biosensor for DNA sagsA
shift in coupling angle of 0.046° is observed aéeposure to 50 uM of complementary DNA. Extrafrizu
[1.68]

Among such devices, planar waveguides are the esnptructures, which usually consist of
a bilayer with a thin guiding layer with medium peity on top of a highly porous substrate.
In these structures, light confinement and guidsgchieved by total internal reflection due
to the index-contrast between the waveguide ansuit©unding. Such structures can be seen
as the dielectric equivalent of the surface plasmesonance (SPR) structures introduced in
the next section; similarly to SPR devices, theeesaveral configurations to excite the modes
of planar waveguides: in transmission, where lighinjected directly through the cleaved
edge of the waveguidgl.67]; or via surface excitation, either through a prigh68] or a
grating [1.69]. Fig 1.2.11 shows an example of planar waveguigkduas a biosensor for
DNA detection by Ronget al In this case the device is excited through anpyrise., light

coupling into the waveguide mode occurs at veryi@dar incidence angles, which can be

-79 -



1.2 Photonic element: Porous silicon device

monitored. In the biosensor application presentede,h DNA hybridization induces a
variation of the waveguide refractive index, whiehds to a variation of coupling angle.

If periodicity is introduced into the planar wavedg e.g. via in-plane patterning and / or
replacing the substrate by a Bragg mirror, a largigety of « photonic crystal » devices can
be designedl1.70]. In particular, surface-waves devices can be zed]iwhich consist of a
periodic multilayer with a defect layer at its @€, in which a propagating mode can be
excited[1.71]. Very high sensitivity of the surface wave to tweface layer optical thickness
was demonstrated, hence leading to applicatiobgotthemical1l.72] and gas sensir[d.73].
Compared to the planar waveguide, such deviced gigligher sensitivity and enable a wider
range of refractive index for the guiding layernbe enabling a larger range of sensing

applications due to a larger choice of porosities.

Introducing lateral patterning into the waveguidisigucture enables to gain control over
properties of the propagating mode, such as itocigl In particular, it has been
demonstrated that a strong reduction of light vigfjpobtained by etching a periodic array of
air slits into the waveguiding layer of a surfacave device, could lead to an increase of the
sensitivity by an order of magnitudé.74]. Similarly, planar photonic crystal structures,
obtained by lateral patterning of a periodic arcdyair slits into a planar waveguide, have
shown high sensitivity for sensing applicatiqais/5], due to the high spectral finesse of the
excited resonances. An example of such devicdustiated in Fig 1.2.12 (b). The current
drawback of such devices is the experimental ratiim, as PSi patterning is quite difficult
[1.48].

High porosity (~ 80%)

1 um

Fig 1.2.12 SEM images of fabricated planar photamicstal in porous silicon; the period of the patte is 900
nm, and the device has a total size of 100 pm xuh@@extracted frorfilL.75]).
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1.3 Plasmonic element: optical nano-antenna

The plasmonic device proposed in this work is aayaof optical bowtie nano-antennas, each
of them consisting of two gold submicron-size tgkas facing tip to tip, as illustrated in

Fig 1.3.0.
500nm

(@) (b)

Fig 1.3.0 lllustration of the bowtie nano-antenna:

(a)lmage from scanning-electron microscope, (bistict view

Optical nano-antennas are the visible spectrumognal of radio frequency (RF) antennas
[1.76-1.78](Fig 1.3.1). However, due to important losseshim tisible-NIR spectrum and the
presence of coherent electron oscillations (i.@smlonic resonancd)l.79], the optical
response could be quite different. A striking featof the optical antenna is its ability to
manipulate and localize the electromagnetic fieddvidl to subwavelength dimensidis30],
making them attractive for a wide range of appiaat including cloakingl1.81], biological
and chemical sensing.82], sub-diffraction lithographyl1.83], optical imaging[1.84], and
energy harvestinfil.85].

Fig 1.3.1 Examples of an RF anterjiiaB6] (left, with characteristic dimensions of severahttmeters) and its

counterpart in the visible spectrym 78] (few hundreds of nanometers)

The area of biological and chemical sensing isafrtbe most important applications driving
the current research in optical nano-antennas.r8kekiet issues are the object of intensive
study: the design and fabrication of nanostructunéth accurate geometries and good
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repeatability in spite of their very small featyrdse understanding of their optical response,
and the investigation of their interaction with pdwic elements for ultrasensitive

applications.

In this respect, bowtie nano-antennas offer thewwhg advantages:

» their design is very robust, hence limiting expemtal fluctuations and enabling
fabrication via top-down techniques with a good toainof the geometry and a
good reproducibility;

» their design also enables the fabrication of vemals gaps between the 2 triangle
tips, hence yielding high field enhancement in v@mnall and controlled space;

» their resonance wavelength can be tuned over a Egctral range.

In the following, we present a basic introductiorthe area of plasmonics and nano-antennas,
as well as a short review on the applications dfaftie nanostructures for sensing, including

their use in hybrid photonic / plasmonic devices.

1.3.1 Introduction to plasmons

Many of the fundamental electronic properties c¢ golid state can be described by the
Drude model where single electrons are moving iart lattice. In this model, the particle
motion is well depicted by a classical dynamicalagpn. Upon electric or optical excitation,
the negatively charged conduction electrons cautyaocollective motion with respect to the
fixed positive-ions in the lattice, creating aneefive charge at the surface that result in a
restoring force attracting the electron gas backigariginal position. These two opposite
forces lead to an oscillation motion of the elestrgas at a frequency, around the
equilibrium position. The coherent electron ostila, called plasmon, is harmonically
bounded to the positive ionic lattice and is préserbulk materials (3D) as well as at the
interface of planar metal-dielectric interfaces (2iDd within metallic nanopatrticles (OD):

1.3.1.1Bulk Plasmon

4mné’
m

e

For volume plasmorwp = , Wheree is the elementary charge is the effective mass

of the electronn is the electron density. The valueagf for most metals lies in the ultraviolet
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region and it decides the appearance of the mékedy-are shiny and glittering in the visible

spectrum.
1.3.1.2Surface Plasmon Polaritons (SPP)

Surface plasmon polaritons is an electromagnetievpropagating at the interface between a
dielectric medium and metal. These surface wavege h@ansverse magnetic (TM)
polarization, and are evanescent in both the digteand the metal, i.e. the field intensity, in
both media, decays exponentially perpendicular he interface (See Fig 1.3.2). The
excitation requires an opposite sign of Redf two media at the interface, which is always

met for the device formed by metals and a dielecmce the former is strongly absorbing.

The frequency of surface plasma polaritang,is @, IN2.

Bulk Plasmon/,’
e _-~" / Light in vacuum (w=ck)

Z - s _.f .
I Medium I elw) < 0 /e Surface Plasmon Polariton

-

Momentum k

Fig 1.3.2: a) Schematics of SPP at an interfaceassg two semi-infinite regions with two dielactfunctions
of different sign, propagating along x directiondaconfined in z direction. b) Energg) versus momentum (k)
dispersion line of the propagating surface plasrpofariton (blue-dashed line). The bulk plasma freqgeyw,

and the surface plasmon energy, are marked as dotted horizontal linds87].

Experimentally, special phase - matching techniquesh as prism coupling (e.qg.
Kretschmann or Otto configuratiori.Bg), waveguide coupling1.89, grating coupling
[1.90] and so on need to be ugdd9l]. As an example, a scheme of Otto configuration is
shown in Fig 1.3.3. Like the excitation of wavegiighsed on PSi, the prism is placed on top
of the metal film and both of them are separatea ltlyin air gap. At specific incident angle,
total internal reflection (TIR) takes place at thesm / air interface and part of them are
evanescently tunneled to the air / metal interfadech will induce a minimal intensity in the
reflected beam through the prism. The plasmonicamediltra - sensitive to changes in the
permittivity of the adjacent dielectric environmemtd any target molecules binding events or
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small change of the local refractive index closéh interface will lead to a deviation of the
wavelength of the Plasmon resonance. Researchigrfighd is far advanced and sensors
based on this concept on the effect of the sund@emon resonance shift are commercially

available.

Fig 1.3.3 Prism coupling to SPPs with Otto confafion [1.88]
1.3.1.3Localized surface plasmons (LSP)

Glass / metal nanoparticle composites have bearsenfor centuries as coloured glasses in
church windows and other artistic works (Fig 1.3.M)etal nanostructures show optical
properties that are remarkably different from theperties of the bulk material. This optical
effect is due to a strong interaction between ligd the conduction electrons. For particles
much smaller than the wavelength, the electronctlstarts oscillating in phase. A dipolar
field outside the particle is formed, which leadsan enhanced absorption and scattering
cross section, and also an enhancement of the ét@etromagnetic field. As opposed to 3D

or 2D systems the LSP can be excited from freeespac

Electric

Metal sphere

Electron
cloud

(@) (b)
Fig 1.3.4 (a) Schematic view of LSPR in nanopatic(b) Lycurgus cup (Extracted frgin99])

In modern times metallic nanoparticles have fourahynnew applications. The research on
plasmonic materials has been the subject of a odth in the past decade. This interest is
founded on the progress and improved proficiencfabrication methods to create metallic
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structures of well-defined sizes & shapes and tbeergial to exploit these materials in

important applications such as biomarkers for mdecimaging, light extraction of light-

emitting diode, drug delivery and photo-thermalasrtreatmenil.92].

LSPR exhibits some distinct properties which hageegated promising prospects in a variety

of fields of science and technology. We summararaes of these properties:

Localization of the electromagnetic fields: Thedgeinduced by surface plasmons decay
exponentially as we move away from the surfacesravtigey are excited. Thus, all the
electromagnetic effects induced by those fieldsradeiced to a small region close to the
surface (typically several nanometers). In addjtigslasmons have shorter length
compared to the wavelength of incoming source thatites them. As a result, it is
possible to concentrate light on regions < theraiffion limit. Thanks to this property, for
example greater resolution can be achieved if ptasnare used for imaging purposes. On
the other hand, this feature is also essentiaspectroscopic applications where a small
amount of molecules located near a surface canffieient for the detection purpose.

Field enhancement: according to Maxwell equatidhs, plasmonic resonances is the
collective oscillation of free electron gas whi&adls to pile up of charges at the surface
of the metals and those charges oscillate, whicludes electromagnetic fields on the
surroundings of the surface. Therefore, the figldsund the surface are enhanced when
they are compared to electromagnetic fields in fspace (e.g. Fig 1.3.5). This field
enhancement is a key property for many photonidiegtpns, such as spectroscopy and

sensing.

430 nm
@) (b) (c)

Fig 1.3.5 E-field enhancement contours externahtmomers with different shapes. (a) and (b) areBHeld

enhancement contours external to a triangular prigostarized along the one symmetry axes and a rdariged

along their long axes, respectively. The arrowsvshehere the maximum of E-filed is. (c) A dimer of A

nanopatrticles separated by 2 nm, for a plane thatlong the inter-particle axis. (Extracted fr¢in96])
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* Tunability: Plasmons exhibit also the tunabilitytbéir resonances via the modification of
both the geometry and/or the coupling between diffesystem$1.93, 1.94, 1.95]e.g. 3
different geometrical nanoparticles shown in Fig3.. This opens up the door to engineer
the optical spectral response in optically actiystams to optimize the properties of
plasmons for the requirements of a particular appbn.

» Sensitive to the environment: like SPPS, LSPR ax&remely sensitive to the
polarizability (e.g. the dielectric property, refteve index) of the surrounding medium.
Thus, a small change on the dielectric functiorihef surrounding medium can produce
large spectral shifts on the far - field radiatminthe system. This feature is another key

property of metal particles for sensing.
1.3.2 Metallic particles synthesis

The various applications require precisely defirmadenna characteristic. Antenna should
meet two important criteria: particle propertiesvdnao be well defined and the sample
structure should allow easy localization and iderdiion of individual particles. Metal

nanoparticles can be produced either by thermabaation of metal onto pre-structured
substrates (top-down process) or by wet-chemiaathegis (bottom-up route). Both methods

have been extensively used in the literature atico@ibriefly presented in the following.
1.3.2.1Nanopatrticles synthesized by chemical methods:

Metallic nanopatrticles, e.g. nanospheres and naso(&ig 1.3.6 § and p)), could be
prepared by chemical synthesis. The production ar@shm is based on the reduction of the
metal salt in solution with the presence of stabilj agents that prevent the atoms
agglomerating1.97]. Between the benefits of chemical route are sicitgli reproducibility,
and the possibility to synthesize a variety of wveelhtrolled shapes ranging from simple
spheres to more “exotic” shapes like nanostarspyréamids[1.98]. Even though extremely
monocrystalline nanoparticules can be produced, d$ie dispersion should not be
underestimated. This point is highlighted in Fig.&.() where gold nanoparticles in aqueous
suspensions are observed with a transmission efeoiicroscope (TEM). The image clearly

evidences deviations from the spherical shape altecet formations.

The surface plasmon resonant spectra are deterrbinéte sizes, shapes, and compositions

which rely on the reaction conditions, like, tengiare, pressure, types of solvents, PH value,
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time, the method of excitation sources through ¢hemical synthesis (e.g. microwave,
ultrasound process or x-ray), and so[dri00] Particularly, for Au and Ag nanoparticles,
their LSPR happens within the ultra-visible (UVnhga. The bigger the particles are, the
smaller the plasmonic resonant wavelength will Bee( Fig 1.3.6d)) [1.99]. Meanwhile, the
gold surface provides the sites to realize thetfanalization of biological targets via Au-S
covalent binding. Both make Au nanoparticles to geefect candidates for colorimetric

biosensing applicatior{¢.101]

Fig 1.3.6 Example of nanopatrticles (extracted fifdn®9])
1.3.2.2Nanopatrticles fabricated by top-down methods

Precise control over nanoscale architecture is sserdial aspect in relating new size-
dependent material properties. Electron-beam lidqolgy is a powerful tool for the
fabrication of metal nanostructures. The ultimatsotution is better than 10 nm, and the
technique is highly flexible over a wide range dterials. The flexibility originates from the
fact that the electron-beam is scanned over thfaiby a programmable pattern generator.
The electron beam of a scanning electron micros¢8g#) is used to expose small areas in
a positive resist on top of the sample. Additiopabcessing steps are required for the
fabrication of metal nanostructures, including aeroital development process, metal
evaporation and resist lift-off. Other approachesda on nanosphere lithography (NSL,
[1.102, 1.103] and nanoimprint lithography (NIL[1.104]) have been implemented with
success (Fig 1.3.7).
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Fig 1.3.7 lllustration of (a) NSL (extracted frddn102]) (b) NIL (extracted fronfil.104])

1.3.3 Optical antenna

In antenna theory, antenna parameters are diregitiyed to the wavelengthf the incident
radiation. However at optical frequencies the esitam of the antenna concept falls down
because incident radiation is no longer perfeaiected from the metal’'s surface and free-
electron gas oscillation (surface plasmons) hdsettaken into account. Radiation penetrates
into the metal and gives rise to oscillations oé tiiee-electron gas. Hence, at optical
frequencies, the solution given by classical araetveory is no longer valid and the antenna
no longer responds to the external wavelength dwt shorter effectivevavelength which
depends on the material properties. Recent theatetnd experimental works have shown
that the resonant length of optical dipole anterieasonsiderably shorter than one-half the
wavelength of the incident light.78, 1.105, 1.106]Control over the plasmon frequencies
has been achieved by playing with particle shapesgecently shown for nanoshdlls107],
nanorings[1.108], and nanorod$1.109] Optical properties of ordered, interacting metal
nanoparticles have recently come to the forefranthe merging field of plasmonid.102,
1.110, 1.111]In particular, coupling particle dipole modes édween observed to induce a
strongly red-shifted dipole-active mode for extérhelds oriented along the inter-particle
axis and a blue shifted mode for perpendicularntaiions[1.112] As the gap between the
two interacting particles is decreased, the cogpstnength will increase and give rise to an
enhanced electric field in the vicinity of the gafhe coupling effect has been studied
between two interacting circlgd.112], ellipses[1.106], triangles[1.113], and rectangles
[1.78] using far-field, polarization defined light. Thigork focuses on a particular type of
dimer: the bowtie antenna (Fig 1.3.0) consistingwad metallic triangles facing tip to tip that

are separated by a small gap. It combines therefeagnetic properties of sharp metal tips
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with those of coupled plasmon resonant nanoparniaies. Bowties were first proposed in the
microwave regimg¢l.114], and various antennas have been studied sinde imid-infrared
wavelengths near 1dm [1.115] and at the optical frequenci¢$.116, 1.117] Far-field
measurements have demonstrated enhanced fieldesgonding to proper resonant
wavelengths and polarization of incident light78, 1.113] Antennae have been fabricated
on NSOM tipg1.118]and laser diodegd.105]

1.3.4 Optical sensors based on metallic nanostructures

1.3.4.1Sensing via direct monitoring of the plasmon resonee

Gold nanoparticles are among the most fascinatibgects for biological sensors in
nanotechnology, because their localized surfacenma resonance can be directly monitored
by colorimetry. Owing to their surface plasmon regace absorption which strongly depends
on their size and inter-particle distance, solugiah nanoparticles generally exhibit a color
change from red to blue when inter-particle distaiscreduced towards the aggregated state,
and inversely, from blue to red when inter-partidistance is enlarged and the particles are
more dispersed. Based on this state-dependente@ajgn / dispersion) SPR absorption
properties, gold nanoparticles can be used as weo@nt tool for the sensing of metal ions
[1.119] enzyme$1.120], or biomolecules like proteif$.121, 1.122]

Plasmonic nanoparticles deposited or fabricatetoprof a substrate have also been widely
studied for sensing applications. Among the largeety of shapes and target molecules that
have been proposed, silver or gold nanodisks fataicby electron-beam lithography have
been used to demonstrate successful sensing aéspaaging from bacteria to proteins such
as avidin, by monitoring the plasmon resonancet ¢Hif123], [1.124]. It was shown that
such nanopatrticles yielded very short decay lengthe field intensity from the nanopatrticle
surface into the analyte, thus enabling the deteadif very thin molecule layers with good
sensitivity[1.125] Following this promising works based on singlaadisks sensing, dimers
of nanoparticles have also been proposed for sgragplications of organic molecules and
proteins, based on coupled gold nanodisks reabgeelectron-beam lithography. Depending
on the inter-particle distance and the efficiendyparticle functionalization, a sensitivity
enhancement by a factor up to 6 has been demathtraith respect to similar single
nanodisks in the particular case of BSA senglngj26] Replacing the second nanodisk in the

dimer by a chemically-synthesized nanoparticle d&pd onto the nanodisk enables to obtain
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much smaller inter-particle gaps yielding very hagnsitivities in highly localized spaces. A
way to achieve reproducible gap sizes is via madécgrafting; in this configuration, the

nanoparticle can also be used as a marker fordteetibn of the biomolecular recognition. A
similar principle has been used for SPR substrateere a 18-fold increase of sensitivity was

demonstrated for DNA sensing already more tharcadkag$l.127].
1.3.4.2Surface plasmon resonance-enhanced sensing

Another large application of nanoparticles or nameanas in sensing is via plasmon-
resonance-enhanced mechanisms such as fluores¢&rd@3] or Raman spectroscopy
[1.129] Enhancement of such mechanisms is mostly regufiiom the increased cross
section provided by the metallic structure and fritve strong field intensities in the vicinity
of the metal due to the plasmon resonance, yieldiilies for single molecule sensing when

the conditions for strong coupling are obtained.

Plasmonic nanoparticles have been increasingly irs@dwide variety of sensors based on
luminescence mechanisms. As an example, Chenrepaited a new fluorescence sensor for
the highly selective detection of €uions based on the aggregation-induced fluorescence
qguenching of highly-fluorescent glutathione-capgettl nanoparticlegl.130]. In the case of
chemiluminescence, it has been shown that gold paatioles functionalized with luminol
yield an enhancement of chemiluminescence intemsitglmost an order of magnitude with
respect to luminol alonfl.131] Nanoantennas have also been investigated forefigence
enhancement, and single-molecule detection has ki#®monstrated thanks to the
enhancement of molecule fluorescence by 3 ordersmagnitude provided by a bowtie

nanoantenngl.132].

The first enhancement of Raman signal in the vigiaf a metallic surface was observed by
Fleischmann in 1974, while studying pyridine onaugh silver electrod¢1.133] This
exciting discovery gave birth to the field of SweaEnhanced Raman Scattering, in which the
initial metallic surfaces have been gradually repth by metallic nanoparticles of various
shapes and arrangememisl134, 1.135]or nano-antennas, in order to optimize the optical
properties and the sensitivity enhancement of tts¢éems. In particular, single gold bowtie
nanoantennas were used to provide a controllabliecgrment for Surface-Enhanced Raman

Scattering of adsorbed molecules, allowing for lemgolecule detectiofi.136].
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The coupling with plasmon resonance nanostructigesso a way to achieve sensitivity
enhancement in integrated photonic devices sudrabsy-Perot cavities or interferometers,

as presented in the following.
1.3.4.3Hybrid structures:

Interferometer coupled with surface plasmon

The first Fabry-Perot surface plasmon resonanceosemas demonstrated by lat al. in

2006[1.137]. This hybrid structure consisted of a Fabry-P@feR) interferometer coupled to
a localized surface plasmon resonance (LSPR) steicAs shown in Fig 1.3.8, the F-P
interferometer was composed of a thick Bag'(BTO) layer on top of a smooth thin silver
mirror; the top mirror was replaced by a thin glager with controlled roughness supporting

LSPR, whose position could be controlled by thandlmorphology.

0.9 Fabry-Perot type film

2 nm roughness

3
& 0.6
SPR 3
[} Au island-like fil
Interferometer § v
£ 0.3
2nm Ag e
e DO o — I
0.0 r - T T
400 500 600 700 800

Wavelength/nm

Fig 1.3.8 Fabry-Perot SPR sensor proposed by lal.¢1.137]

Comparing the optical response of the hybrid stmactwith the spectrum of each layer
constituting the device (Fig 1.3.8), it was showattthe UV-vis spectrum of the Fabry-Perot
SPR hybrid device (black curve) exhibited both keberot interference fringe patterns (like
the BTO layer alone — blue curve) and the stromgeiase of intensity around the plasmon
resonance peak (like the rough Au layer alone —crgste). Upon functionalization of the
gold thin film with thiols and subsequent immokdlion of nanoparticles, it was
demonstrated that the gain in sensitivity of therif@erot SPR sensor was highly interesting
compared to the SPR system made of the same raldhager without interferometer.
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Microcavity coupled to nanowires

More recently, Amelinget al. proposed to enhance the sensitivity of a localipegmon
resonance sensor made of a gold nanorod arrayoualing with a microcavity1.138] The
cavity consisted of a glass layer sandwiched betvwe® mirrors placed at Bragg distance,
the bottom mirror being a smooth gold layer, white top mirror was replaced by the

nanorod array (Fig 1.3.@)).

g 1.2
s =n=13198
g n= 1304
Sosf ey
‘WF Test liquid - —_— 90n
— Au nanorods E 0.4 \Ivl
IC1-200: n=1.4 = /6ﬂﬂnm
Au layer E i
i 0.0 -
Infrasil - 1.2 1.4 1.6

Wavelength [pm]
(b)

Fig 1.3.9 Cavity — enhanced localized plasmon rasee sensor proposed by Ameling et al. (a) illugiraview

of the device; (b) sensing experiment showing goamison between the hybrid device and the array of

nanorods; extracted frorfi.138]

Comparing the optical response of the hybrid dewittk the nanorod array, they showed that
the coupling of the plasmon resonance with the -filggsse microcavity mode leads to a
higher peak intensity and strong decrease of thenance linewidth; this resulted in a strong
increase of sensitivity by a factor of 3.7, whictasndemonstrated in a liquid sensing
experiment comparing watem € 1.3198) and a glucose solutionH 1.3594), as illustrated in
Fig 1.3.9 ).

A more detailed study of the mechanisms of couptietyveen the plasmon resonance and the
microcavity mode was performed by the same groamgua slightly different design where
the nanorods were replaced by nanowires pairs asitigned inside the microcavif$.139],

as illustrated in Fig 1.3.1@). By varying the position of the nanowire pairlwrespect to the
field distribution within the cavity, it was demdreted that strong coupling could be obtained
when the nanowires overlapped with a maximum ofdfimtensity; moreover, a mode
splitting was observed when the condition of straagpling was fulfilled, as shown in
Fig 1.3.10 ).
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Fig 1.3.10 (a) Structure used for the study ofdbepling between plasmonic nanostructure (gold néare
pairs) and a microcavity; (b) Experimental and siatad reflectivity spectra showing mode splittiegt(acted
from[1.139])

Fabry-Perot cavity coupled with single nanoparticle

In 2012, Schmidet al. proposed a hybrid nanoparticle - microcavity senso which the
photonic cavity is constituted by a high-refractimdex film with a few pum thickness, on top
of a lower refractive index substrate; the plasmonanostructure was a single gold
nanoparticle with ~100 nm average diameter placedopnof the cavity, as illustrated in
Fig 1.3.11 4) [1.140]
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Fig 1.3.11 Hybrid nanoparticle-microcavity sense@oposed by Schmidt et al. (a) Schematic view ohjteid
system; (b) Scattering spectra of the hybrid sygfnple curve) and of the nanopatrticle alone (oentve), and
Fourier transformation spectrum of the hybrid syst@lue curve); the insert is the absorption spattiof
BiYIG used as cavity material (extracted friim 40])
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Here again, the optical response of the hybridcatre (purple curve in the scattering spectra
shown in Fig 1.3.11h)) exhibits both the broad peak of the nanopartattme (red curve)
and the pronounced F-P interferometric oscillatidrean the cavity. Unfortunately, the
related analysis discussing the influence of theoparticle on the interferometer was

performed at a wavelength outside the plasmonmn@asce of the nanoparticle.

A sensing experiment was reported, considering dgage of a UV irradiation-induced
variation of refractive index of a chalcogenideem@érometer; unfortunately, the sensitivity
was not evaluated and the comparison with the pegoces of the interferometer without

nanoparticle was very unclear.
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1.4 Design, Objectives and Organization of this work
1.4.1 Our design

The hybrid device proposed in this work is illugtdhin Fig 1.4.0. It consists of the two

following building blocks:

* PSi interferometer: as discussed in section 1.Zop@ous silicon combines the
advantage of an easy fabrication and high versatili terms of refractive index
and thickness; moreover, the porosity of the maltesffers a larger variety of
sensing experiments, as the analyte can be enh#rei environment around the
device, or infiltrated inside the PSi structure.

* Au bowtie NAs: as mentioned in section 1.3, bowtids have a robust design
enabling to obtain small inter-particle gaps witbod reproducibility, with
resulting high field enhancements; furthermoreirtressonance can be tuned over
a large wavelength range; here, we select the rgppgange around 1300 nm, in

order to be in the low-loss region of the PSi dtrce

N
y o e

Fig 1.4.0 Schematic view of the hybrid structuregwsed in this thesis: bowtie NAs coupled to a Fdberot

interferometer made of a PSi monolayer
1.4.1.1Description of the device

The proposed hybrid device is presented in moraildeh Figl.4.1. The interferometer is a
monolayer of PSi on its Si substrate; a spacingrlay SiQ is deposited on top to protect the
PSi layer and allow for NA fabrication. The PSi rotayer is about 5um thick and its
refractive index is ~1.5 similar to the index ofcal The bowtie NAs are fabricated on top of
the silica layer and arranged in a periodic arréy & period of 800 nm. This period is kept
constant throughout this work in order to keepdblective response of the NA array always

-95 -



1.4 Design, Objectives and Organization of thiskvor

the same and overcome the influence of coupling/iden the single NAs. The adherence of

the gold structures on the silica surface will hsewred by a thin (4nm) titanium layer.

Similarly to the other hybrid structures preserabdve, we expect the coupling between the
modes from the interferometer and the NA arrayiétdyinteresting phenomena, resulting in a
sensitivity enhancement for sensing applicationsorter to validate this choice of device, a

preliminary demonstration of the NA/interferomeitgteraction is presented in the following.

. kb

\ PSi interferometer

Fig 1.4.1 Description of the hybrid structure

1.4.1.2Validation of the device choice

NA design

From the previous sections we gained some insigiat classical antenna theory and the
optical properties of metals. To predict in mord@adethe properties of a NA one has to
perform computer simulations that take into accadinet antenna shape and the frequency
dependant permittivity of the antenna material. & design was performed using the
finite-difference time-domain (FDTD) method, fogald bowtie geometry on a semi-infinite
PSi based substrate. The dielectric functions &bd gnd for the titanium adhesion layer were
given by the simulation software (Lumerical); thieléctric function of PSi was extracted
from experimental measurements. The bowtie ante&neacited with a plane wave coming
from the air and polarized in theor x direction. A sketch of the geometry used for the

simulation is shown in Fig 1.4.2.

The bowtie geometry has been optimized to yieldagmonic resonance matching around
1300 nm wavelength. The following optimized parasnethave been foundsl= 510 nm,
A2 =280 nm, height = 30 nm, Gap = 20 nm, where “highpresents the thickness of the
gold layer, andAl, A2 and Gap are indicated in Fig 1.4&).(The corresponding near-field
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intensity enhancement fact(=|E/ Eo|2, monitored 20 nm above the antenna) is presented i
Fig 1.4.2 b) as a function of the wavelength. The plane wavgolarized in the - direction
along the antenna axis, ang Eefers to the incident evanescent field in theeabe of the
antenna. The spectrum clearly showslarge field enhancement (few thousands) around

1300 nm in they polarization. This resonance is broad and itsityudctor is estimated to be
close to unity.
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(b)
Fig 1.4.2: (a) Schematic view of the optimized lmgeometry; (b) Corresponding near-field intensity

enhancement factor versus wavelength for the optidnNAs on Sisubstrate

To understand the field confinement and enhancemehe bowtie NA, the electromagnetic

field distribution was simulated for boyhandx-direction polarization, presented in Fig 1.4.3.

The excitation witty - direction polarization enhances the field in teater of the bowtie gap
while thex - direction polarization exhibits strong enhancetraong the outside tips of the
bowtie. The enhancement is about 1500 when theibasvexcited with & - polarization and
100 in the perpendicular direction. Hence, for tfest of the thesis the - direction

polarization will be considered.
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Fig 1.4.3 Electric field intensity @ with y-polarization: (a) linear scale, (b) logale; E* with x- polarization:

(c) linear scale, (d) log scale.

Hybrid structure

When the semi-infinite substrate used in the sitndla above is replaced by the
interferometer structure, the reflectivity spectrismown in Fig 1.4.4 is obtained. In this
simulation, a plane wave polarized alongzas used as excitation source. As can be observed,
the spectrum exhibits both the Fabry-Perot oswoiet of the interferometer and the
amplification around 1300 nm of the NA resonancem8 additional features, like a strong

variation of the fringe pattern around the resoeamudicate a clear signature of the optical
coupling between the photonic and plasmonic modes.
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Fig 1.4.4 Optical response of the hybrid structure
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Fig 1.4.5 Electric field intensity @ log scale) in the 2 planes cutting through thddte of the NA: (a) xz
plane (y=0) and (b) yz plane (x=0)

To further highlight the optical interaction betwe¢he metallic and dielectric building
blocks, we have carried out optical mappings offile distributions in the hybrid structure.
They are presented in Fig 1.4.5 for the 0 andx = 0 planes, at 1300 nm wavelength. The

figure confirms the hybrid nature of the mode.
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1.4.2 Obijectives of the PhD work
In this thesis, we will follow two successive olijees:

* The investigation of the coupling mechanisms betwbe bowtie NA array and
the PSi interferometer: our approach will be theei@ment of phenomenological
models allowing for the description and the underding of the optical
mechanisms occurring within the device, as wel agstematical validation of the
models by experimental results.

* The study of the potential of the hybrid device $ensing applications: a variety
of sensing experiments will be performed in order eivaluate the gain in
sensitivity yielded by the hybrid device with respeéo the NA array and the
interferometer considered separately.

1.4.3 Organization of the thesis
The next chapters of this thesis are organizedl&sifs:

In Chapter 2, we will present the experimental ifzddfon and characterization techniques
used in this work. The technological realizatioguieed intensive studies for the optimization
of the different techniques: anodization for PSielafabrication, Si@ layer deposition, NA

fabrication by electron-beam lithography and lift-dCharacterization of the devices was
performed using structural (SEM) and optical tegues, such as macro-reflectivity for the
characterization of PSi layers (determination dfagive index and thickness), and micro-
reflectivity / transmission for the study of thetiopl properties of the devices; the opto-

fluidic cell used for sensing experiments will als® presented.

In Chapter 3, we will study the coupling mechanidraveen the 2 elements constituting the
hybrid device, following 3 steps combining simutets and experimental results. First, a
basic study will be performed in order to underdthetter the bowtie NA resonance, as well
as the influence of the geometrical parametershenrésonance. Next, a phase matching
model will be built to study the effect of the NAray on the interferometer; in this approach
the NAs will be viewed as an equivalent layer hguine same dielectric function, which will

be derived from the Drude model. Finally, we willopt a complementary point of view and
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study the interaction between NAs and interferomieyecoupled-mode theory, where the NA

will be equivalent to a harmonic resonator.

In Chapter 4, we will present the a variety of segexperiments with the hybrid device, to
evaluate the potential of the device for sensingliegtions and the gain in sensitivity
compared to the 2 systems constituting the hyhrigcgires: a bowtie NA array and a PSi
interferometer. Different conditions for environni@nsensing will be explored, ranging from

large environment variations to small variations.
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2.1 Introduction

2.1 Introduction

The 3 systems presented in Fig 2.1 will be comparearder to study the interaction between
bowtie NAs and Fabry-Perot interferometer.

System| System?2 Systecm3

@) (b) ()
Fig 2.1 Schematic view of the 3 Systems: (a) Systétgbrid structure of Fabry-Perot (F-P) interferteter

(monolayer of meso-PSi) and gold Bowtie NAs witn8®iQ as a spacer; (b) System 2: NAs alone (Same
Bowtie NAs as System1, but on Si substrate withA(RIQ as a spacer); (c) System 3: F-P interferometer

alone: monolayer of PSi on Si with its 80nm Si@btective mask

The 3 systems are presented below:

e System 1: Hybrid structure of Fabry-Perot (F-Pgifdarometer and Bowtie NAs array. As
shown in Fig 2.14), gold bowtie NAs array are deposited on top d? iterferometer,
which is a monolayer of meso-PSi on Si substrate8@nm-thick SiQ@ spacing layer is
deposited on top of the PSi surface to smoothenpaoigct the PSi surface during NAs
fabrication. Typically, the PSi monolayer is ab&duyim thick @) and its refractive index
(n) is around 1.5 similar to the SiGpacing layer refractive index.

« System 2: Bowtie NAs alone (Fig 2h)): the same NAs arrays as System 1, fabricated on
Si substrate (without PSi interferometer); a 200-rthick SiQ layer is used as a spacer
between NAs and the substrate; the thickness affiheing layer has been increased with
respect to System 1 in order to make sure that\the do not “feel” the underlying Si
substrate and have a similar environment as Systeith a substrate refractive index of
1.5.

« System 3: Fabry-Perot interferometer alone (Fig(8)L It consists of the monolayer of

meso - PSi with its protective SiCayer. This system corresponds to the zones authiel
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NA arrays of System 1 on the same sample, alloviimga direct comparison between

these two systems.

In this chapter, we will present the experimentdrication and characterization for the 3

systems. It mainly includes:

» Fabrication
= Anodization for PSi layer fabrication;
= Techniques for Siplayer deposition (Sputtering or PECVD);
= NA fabrication by electron-beam lithography and-dff;
= Structural characterization via SEM observations;
* Optical set-up
= Macro-Reflectivity for PSi layers characterizati¢determination of
refractive index and thickness);
= Micro-Reflectivity/Transmission for the study ofettoptical properties
of the 3 systems;
= Micro-fluidic system used for experiments in liquihvironment, in

particular for sensing studies.
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2.2 Fabrication
2.2.1 Anodization

The anodization setup and procedure used in thik were developed and optimized for
Photonics applications in Elisa Guillermain’s PHi2gis. They were also used by Cheng Li to
realize photonic crystals based on meso{R3i 2.2].

2.2.1.1 Setup description

As shown in Fig 2.2.1, the electrochemical etchimgarried out in a Teflon cell. A highly
boron doped (ptype), <100> - oriented silicon substrate is pthom a copper plate at the
bottom of the cell, in contact with the electrolytéquid tightness between the anode and the
Teflon cell is ensured by a chemically-inert rubering, leaving a contact area of exactly
1 cnt between the Si substrate and the electrolytehfdmnodization to take place. A spirally
shaped platinum wire acting as the cathode is glatehe electrolyte at the top of the cell.
Platinum is chosen because it is chemically in@he electrolyte consists of a 50%
commercial agueous hydrogen fluoride (HF) solutidiiyted to 35% with ethanol. Prior to
anodization, the whole cell is cooled down to -40AG freezer (Frima Concept CONG160
with electronic regulator BETA CB009) to minimiZeetinterface roughness. The anodization
current (ang is supplied by Keithley 6221 generator ensuringhhprecision of desired
anodization current and timg({) [2.1, 2.2, 2.3]

-
|

wls.

Cathode

Current
generator

Electrolyte

Silicon
substrate

@) (b)
Fig 2.2.1 (a) Schematic view of the anodizatiot ¢B) Photography of the assembled dgll1, 2.2]

Anode
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2.2 Fabrication

2.2.1.2 Procedure
The anodization procedure can be separated intep4:s

1) Preparation prior to etching, the Pt electrode, o-rubber riag well as the Teflon
parts were rinsed with ethanol and the silicon sakes was rinsed successively
with acetone and ethanol; then all parts were cetapyl dried under a steam of
nitrogen; the copper plate should be thoroughlgmée with sandpaper in order to
remove the natural oxide on its surface, which \@optevent ohmic contact
between Si and Cu plate; then the above clean warts assembled together. Leak
proof was checked with ethanol filling, before pogrthe electrolyte into the cell.

2) Cooling in order to perform the low temperature anodaatwith high thermal
stability, the assembled cell is left inside theefrer for at least 2 hours to have it
homogeneously cool down to -40°C;

3) Electrochemical etchingafter temperature stabilization, the cell is cected to
the current generator to start the anodization. d@dization parameters (current
value and time) are set according to previous caiiins. In the case of a 5 um-
thick meso - PSi monolayer with 75% porosity — esponding to a refractive
index n = 1.5 — current density and time shouldséeas 30 mA / cm? and 260 s,
respectivelyf2.1].

4) Post-etching after anodization, the cell is removed from theeter, emptied of
the electrolyte and is carefully rinsed with etharikfter disassembling the cell,
the PSi sample is left to soak in ethanol for saMverinutes to ensure that no HF is
left inside the pores. At last, the sample is driedh nitrogen flow and

characterized by Macro-Reflectivity, as presentesgiaction 2.3.1.
2.2.2 Fabrication of bowtie NA arrays

In the following, the fabrication procedure for Biev NAs is presented in detail. This
fabrication process has been adapted from a proeeiitially optimized at NanoLyon
Platform in the framework of the PhD thesis of TiagpZhang for the fabrication of isolated
NAs positioned with high accuracy on top of photodevices[2.4]. We have adapted this

procedure in order to optimize the fabrication & Brrays on PSi and Si substrates.
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2.2.2.1 Desired designs

As shown in Fig 2.2.2, we aimed at fabricating sgquarays of bowtie NAs (50 um x 50 pm)
with an inter-particle distance of 800 nm in batandy direction. The desired design of each
NA consists of two isosceles triangles with 540 Ipase length (labeled as Al) and 280 nm

height (A2). The two triangles are placed tip fodt 20 nm distance (Gap).

‘Perz’r)dx = 800 am

A 4—>| J_
Al=540nm

NN
ANIVAN

Fig 2.2.2 Desired NA designs

800 nm

Perindy

Due to the porous structure of PSi layer, it isassary to deposit a spacing layer, both to
protect the pores from the penetration of any neteor chemicals during the technological
process, and to smoothen the surface for a moreogeneous and reproducible NA
fabrication. This spacing layer should be thick @gioto play its role, but it should disturb as
little as possible the optical properties of thestegns. A layer too thick or with a high
refractive index would hinder the interaction betweNAs and interferometer; hence, a silica

layer with 80 nm optimal thickness has been setkecte

In order to enable a good comparison between te&emg, for System 2 a 200 nm - thick
SiO, layer is chosen as a spacer between NAs and thebStrate, to make sure that in this

case the NAs have a similar dielectric environnfegftactive index 1.5) as System 1.

Since System 3 corresponds to the areas outsideNfhearrays of System 1, they are
fabricated on the same samples. Hence, in thewiwipwe will focus on System 1 and 2 to

introduce the flowchart of general process for BewtAs fabrication.

2.2.2.2 General process flowchart

The general flowchart for NA fabrication is showm Fig 2.2.3. The initial substrates for

System 1 and 2 are different, as the first onegepgred by anodization and the second one is:
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2.2 Fabrication

a commercial silicon wafer (Fig 2.2.8)); In a second step ((Fig 2.218)), the silica layers
with 80 nm and 200 nm thickness, respectively, @eposited either by PECVD (plasma
enhanced chemical vapor deposition) or sputtergaiprtiques; The following steps are the
same for both systems. First, a MMA/PMMA doublednyf resist is deposited on the
substrates by spin-coating ((Fig 2.2c® next, electron-beam (e-beam) lithography
(exposure and development) is performed to patteenresist with the desired NA designs
((Fig 2.2.3 ¢l)); metal is deposited on the resist and on thealed SiQ surface at the bottom
of the patterns ((Fig 2.2.8)); finally, a lift-off enables to dissolve the s leaving only the
metal islands deposited on the $&Drface.
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[l
Suhestrites

{1
S
Irepersition

VM A
PUNIACY

P AL
WALA

i) /
Double-Liyer resing. [T EERes ey
=Apin coading
W |

spin couting

L-beam Jyparicd
AR Y

[ely
Litlwrrrsapshy
l-spusure
dclhevelopment

b= purstare I Mo eleypment

dm i At

L
Muetal Depuosition

i)
[ia-T

Swsternl Svsreiml
Fig 2.2.3 General process flowchart of Bowtie NArifeation for System 1 and System(&):
substrates: monolayer of PSi on Si substrate (8y4deand Si Substrate (System 2); (b) ,SiO
deposition; (c) Spin-coating of resist double lay®MA/PMMA); (d) electron-beam lithography:

Exposure and development; (e) Metal depositiohjt)off

In the following, the successive fabrication staps described in detail.
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2.2.3 Description of the fabrication steps

1. Substrates preparation

In both cases, the Si substrates are highly booped 500 um-thick Si substrates. For
Systeml, a monolayer of PSi has been etched irdoSihsubstrate via anodization, as
discussed in section 2.2.1.

2. Silica layer deposition

80 nm and 200 nm-thick SOayers, respectively, are deposited on the suiestra&our
different deposition techniques have been testéthablyon platform to obtain the best 3i0
layer quality: 2 PECVD systems, an Oxford PlasmaBil> and an electron cyclotron
resonance (ECR) assisted PEC\R12], as well as 2 sputtering systems, an Alliance
Concept equipment (AC450) and a Materials Rese@aip. (MRC) RF magnetron sputter

system.

PECVD is a process to deposit thin films from a giase to a solid state on a substrate. Here,
we use the chemical reaction between the gag &ild NO in Ar plasma to form the S{O
layer, as illustrated in Fig 2.2.4)( The 2 systems tested have very different charatics,
leading to very different layer qualities. For OsdoPlasma 80+ deposition system, the
deposition rate is around 40 nm/min, and the sarfacghness is around 3 nm; the resulting
SiO, has a low density, contains hydrogen and its céfraindex is 1.47 (@ 532 nm). For the
ECR PECVD, the deposition rate is 2-3 nm/min; gmaperature is about 50°C, the refractive
index is 1.46 (@ 532 nm) and the resulting layenish denser.

N2O - SiH/Ar
|
—RF Power

, T ° J  —Siatom
Wafer oe ®———0,a0m

/ Substrate

Anade

/|

Products

PECVD Sputtering
() (b)
Fig 2.2.4 Schematic view of Si@yer deposition techniques: (a) PECVD; (b) Sprte
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2.2 Fabrication

Sputtering is a physical deposition technique. e in Fig 2.2.41f), an Ar plasma is also
used in this case, in order to acceleraté idns towards a target of Si acting as a cathode.
Under bombardment by the high-energy ions, Si atamesremoved from the target and
combine with oxygen atoms present in the plasmdotm a SiQ film on the substrate
surface. In the case of both the MRC and the AGtaQtering systems, the deposition rate is
about 5 nm / min; the temperature is 250°C andhotifre index is 1.45 (@ 532 nm).

3. Double layer resist preparation

Before lithography, a thin, uniform and smooth lagé e-beam sensitive resist needs to be

deposited on the substrate surface by spin coakimg procedure is the following:
1) A small drop of resist is deposited onto theteeof the substrate;

2) Then the substrate is spun with an adjustalgfle fijpeed, in order to spread the resist on the
substrate by centrifugal force. The remaining thilim of resist on the substrate surface is
highly homogeneous with a thickness directly relate the rotation velocity of the spin

coater.

3). Next, in order to enhance the adhesion of tresis the substrate and evaporate the
remaining solvent from the resist layer, a softibgks necessary, which is done on a hot

plate.

The final film thickness depends on the naturehef tesist (viscosity, drying rate, surface
tension, etc.) and the parameters chosen for tinecepting (rotational speed, acceleration...)
[2.5].

One of the main issues in the NA fabrication precissto obtain a strong undercut of the
resist patterns profile, in order to prevent meti@position on the resist side walls
(Fig 2.2.5 &)), which would hinder the access of solvents fesist dissolution during the
lift - off process and/or lead to undesired pnegeof metal around the patterns on the
substrate after lift-off2.13, 2.14]
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Lift-oft solution

Metals

Bilayer
Resists

D

Single layer
Resist

(a) (b)

Fig 2.2.5 Schematic view of resist dissolution dgtiift-off for single (a) and double (b) resisy&xs

In order to overcome this problem, we choose tdoper lithography with a double layer of
resist (Fig 2.2.5K)), where the lower layer should have a higher isigitg to the electron
beam and / or development solution in order todylatger patterns after development. This
undercut profile of resists prevents sidewall d#pos of metallic films. To meet this
requirement, in our case the lower and upper layeohsist of 495K MMA
(methylmethacrylate) and 950K PMMA — C2 (poly-mdthgthacrylate), respectively. The
thicknesses are 170 nm for the low-weight MMA resied 75 nm for the high-weight
PMMA-C2 resist, and are obtained with rotation wgies of 3000 and 2000 tr/min,
respectively. After coating of each layer, softibgkis necessary. For MMA, the temperature
is 150°C and 180°C for PMMA,; the baking time is 9@sboth layers.

Before e-beam writing, a thin film of aluminum calso be deposited on top of the resist to
enable charge dissipation under the electron bemmanimize distortion during lithography
[2.6]. Al deposition is particularly useful when perfong lithography on insulating
substrates, which is the case of our PSi +,Sy3tems. The metal film has to be removed by

chemical etching before the development.

4. Electron beam lithography

Electron beam lithography is a widely used techaiquintegrated circuits manufacture and
nanotechnology architectur§®.6]. By two successive steps, exposure and develop(asnt
shown in Fig 2.2.3{)), we can create any critical structures in thgistewith nanometer
precision, that can subsequently either be traresfeto the substrate material, often by
etching or be used as a mask to produce nanostesabn top of the substrate, usually by lift-
off.
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* EXposure:

The exposure corresponds to the use of an eleb#am to scan the surface covered with an
electron-sensitive resist in previously user-defirereas, in order to “write” the desired
patterns into the resist; the patterns and layatgsdefined using a CAD software integrated
in the lithography system; the exposed regionscaemically modified under the electron

beam.

In this study, the lithography is carried out wiim Inspect F-50 FEI scanning electron
microscope (SEM) equipped with the Raith lithognagbftware Elphy Plus; the acceleration
voltage is 30 kV, the beam curreinis about 10 pA and is measured using a Faraday cup
integrated into the sample stage. The currentdhtains of the FEG-tip are compensated by a
variation of exposure time in order to keep the mainexposure dose constant. Here, we

define the nominal dose as the total current dgpgit unit area:

_ | x Areadwelltime
(Areastepsize®

Dose

Where “Area dwell time” is the exposure time peit @anea, and “Area step size” is the lateral
dimension of the unit area. The nominal exposuseds set to 100 pAs/@rThe actual dose
used for exposure can then be varied at will dulithggraphy by applying a variation factor

to the nominal dose.

The lithography system is also equipped with aarfetometric stage, allowing for stitching,

i.e., automatic alignment of the different writédi® constituting the patterns. Here, we define
the writefield as the area that can be scanned hey beam at fixed stage position,

corresponding to a given magnification. As our Nhags are usually a few tens of um in
size, we choose to perform the exposure with a ffiagtion of 2300 corresponding to a

writefield size of 5@m.

* Development:

The development corresponds to the selective clamemoval of resist to reveal the
patterns; either the exposed (positive resist:RMMA) or the non-exposed regions of the

resist (negative resist) are removed.
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In the case of MMA and PMMA resist, the exposedaegs removed by a mixture of Methyl
isobutyl ketone (MIBK) and isopropanol (IPA), 1drf45 s. After, the whole sample is rinsed
in IPA, dried with nitrogen gas stream, and at kedted at 100°C on a hotplate for 60 s.

5. Metal deposition by electron beam evaporation

After e-beam lithography, 4nm titanium (Ti) and 80gold (Au) are successively deposited
on the patterned resist by electron beam heat eatipo. The Ti film is used as an adhesive

layer between gold and substrate.

C ]

i

Vapor ﬂow——;-\‘ |

Y
(N
[ !
h Electron beam
Crucible __,\_m B (Magnetic focusing)
_{

Substrates

| Electron Beam

P 1 = Gun

Cooling

water H I Vacuum System
High voltage

power supply

Fig 2.2.6 Electron Beam Heating Evaporation

The metal is deposited onto the substrates in d@dldyelectron beam heating evaporator.
This technique is based on the heat produced by dngrgy electron beam bombardment on
the material to be deposited (here, Ti/Au). Assitated in Fig 2.2.6, the electron beam is
generated by an electron gun, and focused onttatget material, which is contained within

a water-cooled, grounded crucible. The evaporataténal deposits onto the substrate lying
upside down above the material target. The ammitadd shape of electron beam scanning
on the material target can be optimized for eacteriad, and automatically controlled by an

electro-magnetic systef@.7].

The deposition is performed under vacuur2>‘<10_7 torr), with a deposition rate of 0.5A/s

for both metals, achieved via accurate controhefémission current.
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6. Lift - off

After metal deposition, the final step in the NAbifieation is a lift - off, i.e., a chemical
dissolution of the resist layer and of the metgdafgted on its surface, to leave only the metal
islands deposited on the substrate surface atdtterb of the resist patterns. Our optimized

lift-off process mainly includes 4 steps that distrated in Fig 2.2.7:

%—'. — &7

(a) Sample {b) Sample 1mmc1su,d m () Sample
hot irichloroethylene (60 °C}) after process of
for 2-10 mins (7)) 7 trichloroethylene solution

(f) Final strucrure (e) Sampla (d) Sample
sprayed with acctone immerscd
and rinsed with isopropanol in hot acctone (60 °C)
at room temperature for L0 s (1,=10s)

Fig 2.2.7 Schematic view of the different stepsunlift - off process

* First dissolution in hot trichloroethylenethe sample is immersed in 20 ml
trichloroethylene solution heated at 60°C in a leeakvith some agitation to
facilitate the interaction between the solution #mel resists (Fig 2.2.D)) [2.15].
After a few minutes, the gold layer exhibits somapes visible with naked eyes
(Fig 2.2.7 €));

* Second-step dissolution in hot acetomiee sample is immersed in 20 ml hot
acetone solution (60°C) about 10 seconds (Fig 2(@)J, which enhances
dissolution of the resist under the metal films.

» Acetone sprayin order to eliminate the left-over of resist ametal cover on the
surface, the sample is sprayed with acetone at teomperature. As a result, only
the metal deposited directly on the $iGubstrate remains on the surface
(Fig 2.2.7 €)).

* Rinsing finally, the whole sample is rinsed with IPA.
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It is worth mentioning that the time of sample imsien in therichloroethylene solutiont)
is the most important factor for the whole processwever, this time is strongly dependent

on the age of the solution. The newer the soluspthe shorter the timeé;) will be.
2.2.4 Structural characterization by SEM

Scanning electron microscopy (SEM) is employedughmut this PhD work for the structural
characterization of both PSi layer and bowtie NAse equipment used is a Tescan MIRA 3-
LMH SEM. Because of the insulating substrates, wdgom the observations at relatively
low acceleration voltage (5kV). Two different sedary electron (SE) detectors are available
on the equipment. The “standard” SE Everhart-Theyrletector is used with typically 5 mm
working distance to observe the surface and profileSi layer; Fig 2.2.8 shows an example
of such a characterization. In Fig 2.2.8 (a), thefile view of a PSi layer is observed, and a
layer thickness of about 5.66 pm is measured, Whgde?.2.8 b) shows the SEM view of the

PSi surface.

e - — Dy By
(a) (b)
Fig 2.2.8 SEM view PSi layer (a) Profile (b) Sudac

A second SE detector placed in the column allows high-resolution observation with
smaller working distance (3.5 mm in our case) analsied for measuring NAs dimensions and
checking their homogeneity. This is illustrated kig 2.2.9, where Fig 2.2.9 (a) shows a
global view of an array of NAs that enables to éére macro-scale homogeneity and
fabrication success; and Fig 2.2.9 (b) shows adrighagnification image of two NAs from
which the dimensions could be measured. In ordesheck the micro-scale uniformity for
each NAs array, 3 to 4 pairs of NAs like the onlesven in Fig 2.2.9 (b) are systematically

observed to determine their average dimensions.
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(@) (b)
Fig 2.2.9 SEM view NAs (a) whole array (b) detdisimgle NAs

During the whole fabrication optimization, sevecatical issues required thorough study, in
particular some steps of NA realization such asasiayer preparation, e-beam lithography,

and lift-off. They are discussed in more detailshia following.

2.2.5 Some fabrication issues: Discussion

2.2.5.1 Effect of Silica layer quality

As mentioned above, there are 4 equipments availéddl SiQ layer deposition at our
technological platform: 2 sputtering systems (MR@ &C450), and 2 PECVD (Oxford and
ECR PECVD). The selection of equipment is very imgat, since the density and
interconnectivity of grains of the silica layerdscisive for the non-accessibility of PSi pores
during the fabrication process, as well as forsbhdace morphology of bowtie NAs, which
will influence the plasmonic property of such stures.

In Fig 2.2.10, we present 80 nm-thick silica laydeposited on PSi substrates using each
technique: sputtering with MRG)Y and AC450 If), ECR PECVD ¢) and Oxford PECVD
(d). In each case, the left and right pictures shber gilica surface before and after NA
fabrication process, respectively. Comparing thiéase roughness and / or aspect of grains in
the different cases, the best choice is the ECRVREGvhich yields very smooth silica
surface both before and after NA fabrication, adl we very smooth NA surface; the two
sputtering techniques are also acceptable. EvémeifMRC seems to yield smoother silica
surface than the AC450, after fabrication the aspécsilica and NA surfaces look very

similar and in both cases the grains are visiblé ba the silica and on the metal; The Oxford
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PECVD is the worst choice for our application, s very high surface roughness leads to

bad NA morphology after fabrication.

500nm

500nm

(b) AC450 sputtering

500nm 500am

(c) ECR PECVD

500nm

(d) Oxford PECVD
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500nm 500nm

(e) Low-density silica layer

Fig 2.2.10 SEM images of the Si€urface obtained with our different deposition ipguent. (a) and (b) are
sputtered layers using MRC and AC450 equipmenpeatively, in similar conditions (250°C, 3@ orr); (c)
and (d) are layers deposited with ECR PEVCD anh@PECVD, respectively. Fig (e) shows an examijitie w
less dense Sidayer. In all cases, Left and Right pictures shibe state of the surface before and after NA

fabrication, respectively

In order to highlight the importance of grain déysiuring NA fabrication, Fig 2.2.1@&)

shows an example of sample with lower silica dgnéitis very clear from these images that
the chemical steps during NA fabrication lead ®z& reduction of silica grains if the layer is
not dense enough, resulting not only in bad NA rholpgies, but also in a permeability of
the silica layer enabling the penetration of vapoand solutions within the pores of the
underlying PSi substrate. It has to be expectetith®sputtered layers shown in Fig 2.2.10

(a) and p) are also slightly permeable, as will be discudatst in chapter 4.

In the samples discussed later in this PhD théiséssilica layers were either deposited by
ECR PECVD or by the AC450 sputtering system.

2.2.5.2 Proximity effect in electron-beam lithography

Electron beam lithography enables to provide anficat patterns with high resolution.
However, an important phenomenon, strongly influegdts final resolution and pattern
accuracy, is the beam / resist / substrate inferacUnder a given acceleration voltaglee
electrons will penetrate the resist, and most @nthsuffer many small angle, inelastic
scattering events, (callddrward scattering, whose effect is to broaden the beam diameter
(see Fig 2.2.11). When they come into the substttagecollisions with atoms of the latter will
lead to large angle, elastic scattering, whichaifed backscatteringln this case, the electrons
may return back through the resist at a significhstance from the incident beam, leading to
additional resist exposure. These so-called prayieffects will lead to exposed patterns that

are usually larger than the designed of#8]. However, this deviation from the desired
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dimensions strongly depends on the proximity oeo#xposed patterns, due to the extension

of electron-substrate interaction volume (Fig 212.1

Incident spot

_ &
[Resist | |
Resulting exposed region

A U o

Fig 2.2.11 Schematic view of Proximity effect

In this study, we aimed at fabricating a squarayaonf bowtie NAs (50 um x 50 um) with
800 nm inter-particle distance in botrandy direction. In the desired design, the 2 triangles
constituting the NA should have a base length A48 nm and a height A2 of 280 nm, and
are placed tip to tip with a 20 nm gap. Due to pheximity effects, the dimensions of the
fabricated NAs and the gap size will usually bdeddnt from the desired design; therefore,

some optimization is necessary, as presented ifollogving.

A. optimal dose selection

There are 2 ways to compensate the proximity effedien optimizing a pattern: tune the

pattern dimensions, or tune the exposure dose.

Al =462 nm Al =506 nm Al =516 nm

A2 =266 nm A2 =277 nm A2 =293 nm

Gap =54 nm Gap =17 nm Gap =0nm
(a) Dose 0.8 (b) Dose 1.0 (c) Dose 1.2

Fig 2.2.12 Examples of bowtie NAs realized withdbsired design and different dose factors (a, drecfor
dose factors 0.8, 1.0 and 1.2, respectively)

Fig 2.2.12 shows examples of fabricated NAs whendimensions of the desired pattern are
kept and only the dose is varied: in this cage (p) and €) are the NAs obtained using dose
factors of 0.8, 1.0 and 1.2, respectively. Compmatirese 3 examples, we can deduce that a
good matching between the desired and fabricategtmmiions cannot be obtained for all 3

- 136 -



2.2 Fabrication

dimensions Al, A2 and Gap at the same time. Wighnibminal dose (dose factor 1.0) the gap
and A2 are close to the desired values, but A@édssmall; with higher dose (dose factor 1.2),
the gap disappears. This result indicates thatimibtx effects are different in thg andy
directions, most probably due to the high anisotrofthe design.

Hence, in order to correctly compensate for protireiffects, the dimensions of the design
have to be varied as well. Fig 2.2.13 presenty#ngations of design dimensions selected for
the fabrication of the NAs. Keeping A2 constant280 nm, 3 different values of Al are
designed, 580 nm, 600 nm, and 620 nm, as well difedent Gap sizes, 20 nm, 30 nm, and
40 nm. In total, the designed pattern consists di/ arrays with slightly different NA
dimensions, as shown in Fig 2.2.13.

Fig 2.2.13 Pattern of designed NA arrays with vari¢A dimensions (the unit for NAs sizes is nm)

With the above varied designed patterns, bowtie R&&ng exactly the desired dimensions
can be obtained by optimizing the exposure doseweder, since electron scattering is
depending on the substrate, the optimal dose fattongly depends on the nature of the
substrate (SigPSi/Si vs. Si@Si) as well as the thickness of the layers. Fangxe, for

5 um PSi layer thickness, the optimal dose facdr.2, whereas for 7 um thickness, it is 1.0.

B. Homogeneity within a NA array

Depending on their position within the NA arraygetproximity effects for the NAs are
different, as shown in Fig 2.2.14. While the proiyreffects are quite homogeneous in the

centre, they tend to be reduced towards the edfésecarrays, due to a reduction of the
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amount of neighbours for each NA. This leads tolendimensions and larger gaps for NAs

at the edges with respect to NAs at the centreeftrays.

A 3
) ; Gap=51 4 ~

(a)
Fig 2.2.14 Homogeneity within a square (a): NAsags with sizes 50um x 50um; the orange disk shuavsize
of the excitation beam used in the optical setbpNAs in the center of a square; (c) NAs at thmeoof a

square

Fig 2.2.14 shows that the difference of NA dimensigan be as large as ~30 — 40 nm from
centre to corner. There are 2 ways to deal with phienomenon: either the NA dimensions or
doses should be varied on each array from cented¢e in order to compensate for the
proximity effects; or the size of the excitationabe in the optical experiments should be
adapted to match the zone of high homogeneity atcdntre of each array. As will be
presented later in this chapter, we have choserséisend option. Because the transition
region with varying NA dimensions extends over savgm around the edges of each array,
we have chosen a beam size of 30 um in order toinmsi@ the influence of NA
inhomogeneity on the optical propertigs11]. This beam size is highlighted by an orange
circle in Fig 2.2.14.

It is worth mentioning that the NA dimensions dissed above are the average values over 6
to 8 individual NAs. The measurement accuracy oMSBeasurement is around 5 nm, and
the NA dimensions within the homogeneous zone thearay show a fluctuation < 10 nm

from the average value
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2.2.5.3 Lift-off

As presented in the previous section, lift-off he fast step in NA fabrication, during which
the metal layers (Ti + Au) on top of the resist lited off via dissolution of the resist with
hot trichloroethylene. The metal patterns depodiliegictly on the substrate are kept and form
the desired NAs.

There are 2 main issues affecting the quality ef tbsulting NA patterns after lift-off, as

discussed in the following.

A. Age of trichloroethylene solution

The dissolution time of e-beam resist with tricbhkethylene is crucial to the quality of
resulting NA. However, the dissolution time is degent on the age of the solution. The
newer the solution is, the shorter the time. Thallehge is to find the optimum dissolution
time for each solution age, since an incompletsatiigion would lead to some metal residues

on the surface, as shown in Fig 2.2.15.

YN

4 SiO, surface

l
v

[}

v

1um

7

Fig 2.2.15 SEM view of NAs showing an example darrIft-off due to incomplete resist dissolution

B. Undesired deposition of metal on resist walls

NA patterns usually exhibit systematic ultra-thiarled metal layers along particular edge
directions, as well as parasitic ultra-thin metaydrs in the NA gap, as shown in
Fig 2.2.16 (b). This is probably due to the deposibf metal on resist walls and/or on the
surface underneath the top resist layer during Ines@poration, as schematically illustrated
in Fig 2.2.16 &). Indeed, the evaporated metal atoms have isatrvpjectories and it is
probable that some of them reach the resist walthe substrate surface underneath the top

resist layer, leading to the formation of an uhiatbut continuous metal layer connecting the
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bottom patterns to the layer on top of the resi$iis ultrathin layer is permeable to the
solvents, hence not preventing the resist disswiuflThe lift-off of the metal top layer most
probably breaks the ultrathin metal layer, whoseai@ing end curls along the edge of the
NA pattern. As the lift-off process is usually $tag at one end of the sample and propagates
in one direction throughout the sample, the cudégde is the same on each NA, resulting in a
systematic feature throughout each whole sampleraticating the particular direction of the
lift-off (Fig 2.2.16 @ - 0)).

The deposition of ultrathin metal layer on the dtdise around the gap of each NA
demonstrates that the 2 triangles constitutingNKeare interconnected in the underlying
MMA resist pattern, while the top PMMA resist formasbridge between the 2 triangles,
resulting in the small NA gap (Fig 2.2.1d)).

(©

End Curls

Metal around ga '

SOOnm

(d)
Fig 2.2.16 (a-c) Suggested explanation for undésimetal deposition; (d) SEM view of NAs showingréseilts
of undesired metal deposition
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2.3 Optical Characterization

In this section, the optical set-ups used for sancharacterization will be introduced, and the
methods for data analysis will be discussed. Tlageemainly two different types of optical
characterization used in this work: macro-reflatgivfor determination of macroscopic
properties such as thickness and refractive indéxthe PSi layers; and micro-
reflectivity / transmission for measurements oficgdt properties of the devices at a micro-

scale, such as the response of NA arrays.
2.3.1 Optical Macro-Reflectivity

After anodization, the freshly fabricated PSi lagbould be quickly characterized in order to
determine its thickness and refractive index, siteefresh layer oxidizes when exposed at
ambient atmosphere. Here we use macro-reflectfMcero-R) in the 900 — 1700 nm infrared

range to characterize the PSi layer properties.
2.3.1.1 Principle of the Macro-R measurement

The principle of the macro-R measurement is shawRig 2.3.1 ). When a plane wave is
normally incident on the substrate surface, a périt is reflected at the upper interface
(Interface2), while the other part is transmitté¢then the transmitted beam reaches the lower
(Interfacel) interface of the thin film, a parttbe beam is transmitted and the other part is
reflected back towards the upper interface (grezambon Fig 2.3.1). At interface 2, the beam
component directly reflected (orange beam) intedewith the ones that have travelled
through the thin film (green beam) to build up th8ectivity response of the film. The phase
difference between the interfering beams is diyetlated to the optical path in the thin film
according to the following equations:

Constructive interferenciAg =2mn  — %d =2mrmr (EQ-2-1-1)

Destructive interferenctAg = 2m+zDhn — %d =(2mz)r (EQ-2-1-2)
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where Ap is the phase differencenis an integern and d are the refractive index and

thickness of the film, respectively, ahds the wavelength.

Incident light

o
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Interface?

0.00 ,;L’.” — _K'f”k, ,
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Wavelength/nm

Interfacel
fl

substrale

(a) (b)
Fig 2.3.1 Schematic illustration of PSi interfererayer with thickness d and refractive index 1); Reflectivity

of PSi monolayer on its Si substrate normalisedefigctivity signal from Silver mirror

In the case of a spectral measurement, the refigctesponse exhibits intensity oscillations
with maxima and minima corresponding to the cormsive and destructive interferences,
respectively, as shown in Fig 2.34).(It can be shown that the positions of maximhein™”
order A\, and of the 1+K)™ order Am:« are related to the optical patiu by the following
equation:

nd=—X12 <o) (EQ-2-2)

/‘}ik _/1;11
More details are discussedAppendix A

It should be noted that the experimental configaratliscussed in Fig 2.3.Db)( where the
PSi layer is on top of its Si substrate, is nat#yr speaking a monolayer configuration as the
substrate is backside polished, hence leading ¢k-tedlections. Due to the high doping and
large thickness of the substrate, the influenceuwh back-reflections is almost negligible.
However, the strong decrease of absorption in ttseilSstrate above 1100 nm should result in
an increase of back-reflected signal, and expléwessudden shift of the fringes towards
higher reflectivity that can be observed on thectpen at this specific wavelength.
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2.3.1.2 Set-up

The set-up used for macro-R measurements is showkigi2.3.2. A tungsten white light
source (Avalight-Hal-Tungsten halogen light soursegonnected to the source branch of a
Y-junction fiber; light reaches the sample surfat@ormal incidence with spot size ~ 1 mm,;
The response of the sample is reflected back meofiber towards a 512-elements InGaAs
array (NIRQuest512) spectrometer suitable for tb@ 91700 nm wavelength range. The
reflectivity spectra are recorded via the Spectit@Software by Ocean Optics.

Avalight-Hal-Tungsten

halogen light source Fiber holder

Y -junction Fiber

Sample
Optical spot

NIR Quest312

Sample stage
Computer Spectrometer " ‘

3 Incident beam
Reflected beam

Fig 2.3.2 Schematic view of Macro-Reflectivity ©atisetup

The reflectivity spectrum of the sample is normadizby the high reflectivity of a silver
mirror, and dark signal is also subtracted fromrttemasured signal, according to EQ-2-3:

— RSignaI—PSi - RDark
RMirror - RDark (EQ'Z-B)

R

2.3.1.3 Analysis

The optical thickness of the layerd) can be directly deduced from the reflectivity cjpem
since it is related to the positions of maxima andima of reflectivity by (EQ-2-2)

(nd :% with k<0). In order to separately determine the 2 pararset andd, 2
mek ~ m

methods can be used:
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» Destructive method: the thickness valliés measured from SEM profile
observation; the refractive index value is thenuded from the optical
pathnd.

* Non-destructive method: we use a home-built Mattalne to fit the
measured reflected spectrum and deduce the pamsmnete order to
separately determine and d, this fit takes into account not only the
position of maxima but also their amplitude — rethto the index contrast
between the film and its surrounding — as wellresvariation of refractive

index with the wavelength More details are discdseé\ppendix B

As presented in chapter 1, we use the LLL effecthadium approximation by to relate the
porosity to the refractive index of our mesopordagers, which in the case of freshly

prepared porous silicon is:

nezfﬁfresh = néilg (1_ Pair—fresh) + Pa (EQ'2'4)

ir - fresh
Fig 2.3.3 shows an example of macro-R experimespakctrum of a fresh PSi monolayer
(black curve) as well as the Matlab fit (red curesd corresponding analysis yielding the
value of refractive index (blue curve). For thigtmaular sample, the results of the fit are a
thickness about 5.64 pum and a porosity of 75% esponding to a refractive index of 1.52 at
1.5 pm wavelength.

0.3 11.55
2
2 3
9 11542
3 02 N P
o =
§ 11.53 §
'c_é 0.11 ‘S:__,
S 11.52
Z

0.0 T T T T
800 1000 1200 1400 1600 1800
Wavelength/nm

Fig 2.3.3 Reflectivity and refractive index of amoePSi layer (Black curve: experimental spectraj oeirve:

fit; blue curve: refractive index deduced from fit)
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In order to verify the accuracy of such a fit, theekness of the PSi layer was also measured
with SEM, and was found to be about 5.66 um, whécin perfect agreement with the fit
result (taking into account the accuracy of SEM soeaments). Selecting two fringe maxima
quite far apart (larg&) on the experimental spectrum and injecting theelength of these
maxima as well as the SEM thickness into EQ-2+2fi@active index value about 1.57 could

be deduced, corresponding to a porosity of 73%.

Both methods show a slight discrepancy betweerd#tkiced index values (3% variation),
which is mostly due to inaccuracies introduced bg txperimental setups, the manual
reading of the reflectivity maxima and by the asptiomn that the refractive index is constant
over the whole measured wavelength range in theualanethod, whereas the fit takes into
account the wavelength variation of refractive wdand neglects any experimental

imperfection or inaccuracy.
2.3.1.4 Discussion

Homogeneity of PSi layers

As discussed in the literatuf@.7, 2.9], fluctuations in etching velocity and anodization
conditions throughout a whole PSi sample lead uotfiations of optical constants and layer
thickness within the porous silicon layers. Thisalk/ results in a deterioration of the optical
quality of the samples. In our case, the main factofluencing homogeneity at millimeter
scale are gradients of Si substrate doping withénsgamples and inaccuracy in the control of

the platinum electrode position (electrode not @&ty centered and/or slightly tilted).

In the present work, it is crucial that PSi laygiedd high homogeneity to make sure that their
optical behavior remains the same from one postiioanother on each sample, in order to
enable a direct comparison of the response of tfiereht NA arrays fabricated on the

sample, as well as a comparison between the hghmidtures with NAs and the surrounding
substrate (interferometer without NAs). IndeedNA arrays with different parameters are
fabricated on two positions of a PSi sample yigldilifferent optical response, it can be very
hard to discriminate the contributions of these fiactors in order to compare the optical

response of the hybrid structures.
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X

Orientation mark

Fig 2.3.4 Schematic view of the five points on$ySiematically measured to check the homogentityyellow
point at the center represents the position oflitjlet spot). The left, right, top and bottom poiate half-way

between the center and the edge of PSi region.

In order to verify the good homogeneity of the Rers, the reflectivity was systematically
measured at different positions on each samplé@srsin Fig 2.3.4. The orientation of each
sample is marked with a cross in its right-bottomnner. 5 measurements points are chosen,
the first one at the center of the PSi disk andother points half-way between the center and

the edge in each direction: ‘left’, ‘right’, ‘to@nd ‘bottom’.

Fig 2.3.5 illustrates 2 examples of PSi layers, firsde one with bad homogeneity, and the
second one with good homogeneity. For both samfiiesspectra at each position have been
fitted in order to determine the layer thicknesd agfractive index listed in the tables. In the
case of the layer with bad homogeneity (Fig 2.8)% the reflectivity spectra at the different
positions do not overlap; the fits indicate difieces of optical thicknesdnd up to 0.2 um. In
the case of the layer with good homogeneity (F&y22{)), all 5 spectra are overlapping and

the variation of optical thickness is only abo@um.
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——Center
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(a) Bad homogeneity
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(b) Good homogeneity

Fig 2.3.5 (a) Reflectivity of a PSi layer with badmogeneity, and corresponding fit results for3h@ositions

shown in the spectrum (the value of refractive xndés given atl = 1.5 um). The sample was anodized with
30 mA/cm?2 current density during 260 s; (b) Reifligtof a PSi layer with good homogeneity, and
corresponding fit results for all 5 positions shoinrthe spectrum. The sample was anodized with R/¢m?

current density during 200 s.

The PSi samples selected in this thesis and dieduss the following chapters are only

samples yielding high homogeneity such as the elasipwn in Fig 2.3.5 (b).

Aging of PSi layers

It is well-known that a fresh PSi layer gets slighixidized after being exposed in ambient
atmosphere for some tinj.10]. The formation of the native oxide film on the powalls

modifies the average refractive index of the P$efaresulting in a modification of the
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optical response. This is illustrated in Fig. 2.88ich shows the comparison between the
macro-reflectivity spectra of a freshly-anodized RSer (blue curve), and of the same layer
10 months later, stored at ambient atmosphere dweek). The inter-fringe distance for the

aged sample is clearly larger than for the fregihgpared one, indicating a decrease of optical

path and of refractive index.

In order to quantify the effect of sample aging pgroportion of oxide has been evaluated by
taking into account the presence of silica in thé Imodel used in the fit algorism of the
reflectivity spectra, as well as the volume expansf silica with respect to the consumed

silicon:

NiZon = NS'° (L= Par-on = Poion) + Par-oy +N5g P, (EQ-2-4-1)
Py o = 044P, (EQ-2-4-2)
Pur-o = Pair—fresn ~ 056P5;,, (EQ-2-4-3)
Na o = Nt esn + (NG0, = 04403 — 056) Py (EQ-2-4-4)

wherenes.resh aNd Netr.ox are the effective refractive index of PSi layerfiesh and oxidized
state, respectively)si andnsio; are the refractive index of Si and Sj@espectivelyPair-fresh,
Pair-oxi, and Psjo2 are respectively the porosity in fresh and oxidiztate, as well as the

proportion of SiQ in the PSi layer.

In the case of the sample presented in Fig 2.Be|ayer thickness is about 7.98um, and the
initial effective refractive indeXesesh IS 1.55, corresponding to a porosity of 74%; 10
months later the refractive indexs.oxi has decreased to 1.43, corresponding to a porokity
66%, and a percentage of 3i€f 15%. In order to evaluate the thickness of exXitin dsioy,

we consider the specific surfacg corresponding to the initial porosity and make the

approximation of a planar surfaf22]:

dgo =P,

sio, | S (EQ-2-4-5)

Sio,

The approximate thickness of oxide film is 1.5 rion,a specific surface around 106/om’.
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——Fresh
—— 10 months later
0.3+
m neff-fresh 1.55
é‘ 0.2+ Pair—fresh 4%
% Neft-oxi 1.43
= Psioz 15%
o 0.14 Poair-oxi 66%
dgio/AM 1.5
0.0

800 1000 1200 1400 1600 1800
Wavelength/nm
Fig 2.3.6 Reflectivity of a freshly-anodized PSela(Blue curve) and 10 months later (Red curverafging at

ambient atmosphere; the analysis of optical chadeations is summarized in the table.

The discussion above highlights how sample agimgbeacrucial for the optical properties of
the devices, and how we can quantify this phenomehy macro-R measurements.
Therefore, the PSi samples discussed later in BB thesis have been systematically
characterized by macro-R directly after anodizatiororder to determine the initial thickness

and porosity prior to any oxidation.
2.3.2 Micro-Reflectivity/Transmission set-up

The micro-reflectivity/transmission (micro-R/T) sgb is dedicated to optical far-field
spectral characterization of reflected and transahilight for structures with micrometer
dimensions, such as the NA arrays. The set-up Isasbaen implemented to enable sensing

experiments.

As discussed in the previous section, a thin layePSi on Si substrate behaves as an
interferometer when illuminated with white light abrmal incidence. In the case of our
hybrid system, NA arrays are added on top of theri@rometer. If the localized surface
plasmon resonances in NAs interact with the undeglynterferometer, the optical response
of interferometer should be influenced by the pneseof the NAs and in turn, the plasmonic
response of the NAs should be influenced by theegee of the interferometer. The micro-

R/T set-up will enable to study how the two systemtsract with each other.
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2.3.2.1 Set-up description

The micro-R/T set-up is based on an inverted meops configuration and is presented in
Fig 2.3.7. The set-up uses the same white lightceoand spectrometer than the macro-R

setup, and can be divided into different branches:

- Incident beam: Light emitted by the source is fing¢cted into a multimode fiber
with N.A.0.22 and 105 pum-core diameter. The fitkerconnected to a lens with
f = 30 mm, which is collimating the light beam. Alarizor with 1200 — 1600 nm
effective wavelength is used to control light p@ation. Unless specified
otherwise, all the results discussed in the preBabt work have been obtained for
a polarization of the incident beam parallel to timavtie NA axis ‘B — see inset
in Fig. 2.24. Then the beam is focused onto thepgasurface at normal incidence
via a Mitutoyo objective (NIR 20x NAO.4), into a athspot with ~33 um waist —
see inset on Fig 2.3.7.

- Detected beams: The signal collection is almostrsgirical for both reflected and
transmitted light beams. The reflected beam goek blarough the microscope
objective onto a beam splitter that separates éflected light from the incident
one, and is then focused into a multimode fibehv#00 pm diameter through a
lens identical to the one mentioned above, befoetngb collected by the
NIRQuest512 spectrometer. The transmitted beam tipesgh a second identical
x20 objective, then through identical lens and imdde fiber towards the
spectrometer.

- Visualization: For visualization the visible pafttbe white light spectrum is used.
The visualization branch is inserted on the reflddbeam via a beam splitter that
sends part of the signal into a visible camera @kisdNeo sCMOS camera) with
ultra sensitive imaging ability and low read no{d&). The camera enables to
monitor the accurate micro-positioning of the desgic

- Sample positioning: Accurate device micro-positignis achieved via an XYZ
piezoelectric table. The sample holder is openets aenter to allow for detection

of the transmitted signal.
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Reflectivity

-NIR Spectrometer Visible Camera
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Fig 2.3.7 Micro-R/T setup for NA characterization
2.3.2.2 Fluidic cell

The sensing experiments performed during this Plikwequire the use of an opto-fluidic
cell enabling to monitor small variations of envineent. This fluidic cell is presented in
Fig 2.3.8 and has been designed and fabricated duelimounaim Harourj2.16] with the
help of Cécile JAMOIS, Mohsen EROUEL and Robert RER

In this case, the sample is fixed onto a microglsldde using a polymer, such as PMMA
resist or PDMS. The glass slide is inserted in@ge made in an aluminium alloy slide as
shown in Fig 2.3.8 (c), and constitutes the botwhthe fluidic cell. Aluminium has been

chosen to ensure rigidity and stability while kewpthe whole cell light enough for the piezo
stage of the micro-R set-up. A similar aluminiuranfre holding another glass slide constitutes
the top of the cell. 2 holes are pierced throughttp glass slide to insert the capillary tubes
necessary for the circulation of fluids, which diseed by Silicon gel. The 2 cell parts are

assembled using 4 screws and with a rubber ringgaat a water-proof spacer between them.
The space between the glass slides inside the rulog forms a semi-closed chamber
communicating with the outside via the 2 capillampes (See Fig 2.3.8 (a)). In order to
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perform the sensing experiments in liquid environt&vater/ethanol mixtures are injected
into the fluidic cell, since the variation of refteve index of such mixtures is knoyja.11]. A
syringe is used to inject the liquid into the chamthrough the tubes. Then the cell is placed

on the sample stage of the micro-R/T set-up foioibtecal characterization.

S =2
Aoy —~
7 R r .
/rf N Syringe

/
/ Tubes

/

Aluminum frame

Glass slides
I Rubber ring
Si gel
Tested sample

Sample on glass slide
Rubber ring

(b) (©)
Fig 2.3.8 (a) Schematic view of the fluidic cell) Photograph of the assembled cell; (c) photogsaphparts of

the cell

2.3.2.3 Reference measurements for reflectivity and transmsion

1. Reference signals

Since each element in the micro-R/ T set-up hasown wavelength-dependent optical
response, which is embedded in the resultant dptiegav’ signal detected by the
spectrometer, a proper reference measurement é¢gakto separate the contribution of the

studied structures.

In the case of reflectivity, the reference sigrabperformed with a silver mirror. However,
there is a discrepancy between the height of theokafixed on the glass slide and the height
of the mirror, which prevents from a perfect nonzeation. An alternative to the silver mirror
would be normalization with respect to the Si stdistdirectly on the samples — i.e., the non-
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2.3 Optical Characterization

porous regions at the edges of the samples, camdsyg to Si substrate + 80n SiO, layer.
This alternative presents the advantage of exab#tysame height for both the reference
surface and the excited structures, which yieldeter reference from the point of view of
the setup contribution. As shown in Fig 2.3&), (although the substrate reference yields
lower signal intensity with respect to the mirrtire ratio between both signals only shows a
very slight monotonic increase over the transpareange of the substrate materials, which
should not alter further analysis of the measura@mesults. The feature observed at 1.4um in
all 3 spectra is attributed to attenuation in thers (SeeA\ppendix Q.

In the case of transmission measurements, the samfiked on the glass slide using optical
gel in order to avoid any interferometric effectedio an air slit between the sample and the
glass. In this case, the reference signal is medsthrough the glass slide in order to
approximately keep the same focal plane as forddngces while taking into account the
contribution of the glass. Similar to reflectivityeasurements, a reference with respect to the
sample substrate is a possible alternative, sinegdtio between both signals only shows a
slight monotonic decrease far> 1100 nm due to absorption in the highly-dopditsi

substrate, as shown in Fig 2.30. (

18000+ — Mirror 1.0 30000- —Glass .10
— L —— Substrate
< —— Substrate c ] )
S 15000 g 5 250001 =4
D S © 24
< 120001 5 T 20000 i}
2 z 2 o}
& 9000 {055 £ 15000- {059
= o %) QD
o > g @
o 60001 £ £ 10000 -
E s N A GO 5 g 8
@ 30001 S 50004 s
o [@]
(%]
© 0 . . . —l0.0 R 0 . . . —10.0
800 1000 1200 1400 1600 800 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(a by

Fig 2.3.9 Reflected (a) and transmitted (b) refeeesignals: “standard” references from silver mirrand
glass slide, respectively (black curves), “subsitaeferences from the 80nm SiSi substrate (red curves) and

ratio between the substrate and standard referefigie® curves).

2. Comparison between normalizations

Fig 2.3.10 presents the comparison between th@ePnative normalizations on 2 different

samples, the first one with a NA array (system r&] the other one with an interferometer
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(system 3). In both cases, the spectra are sho#imvidoen the sample is in air environment
(Fig 2.3.10 & - d)), and when it is in the opto-fluidic cell in watenvironment (Fig 2.3.10(

- f)). The black spectra are normalized by the “stedideeference signals (silver mirror and

glass slide for reflection and transmission, respely); the red spectra are normalized by the

substrate.
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1.0' 16'
2 0.8
s 2 1.2
E 0.6 §
© = 0.8
=04 \/\/\/\/\/\/\/\/ g
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Fig 2.3.10 Comparison between normalization wiindard reference (black curves) and substrate esfee

(red curves): (a) Reflected spectra of System3rin(8) Reflected spectra of System2 in Air; (cafismitted

spectra of System3 in Air; (d) Transmitted speofr8ystem2 in Air; (e) Reflected spectra of Sysieri@ater;
(f) Reflected spectra of System2 in Water
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The comparison between the spectra shown in Fig@l8ads to 2 main observations:

= The reference by the substrate yields normalizgdass that can be larger than 1.
However, it also yields much larger signal amplgué&nhancement of the signal
amplitude by a factor of 2 or higher can be obs#reemparing with the
“standard” normalizations. This is even more obsiom the case of water
environment (Fig 2.3.1G) and {)).

= The feature around 1.4um, attributed to absorptidhe optical fibers, is strongly
reduced in the case of substrate normalization witspect to standard
normalization. This is particularly clear for Sysi2 This demonstrates that
normalization by the substrate is better to elingntne contributions from the

optical setup, allowing for a better analysis @& thsults.

Hence, substrate normalization will be preferredtha results presented in the following

chapters, especially in chapter 4 for the discusalmut the sensing potential of our device.
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2.4 Conclusion

In this chapter, we presented the experimentaidation procedures and techniques for the 3
systems that will be realized and compared inwligk. We also presented the optical set-ups
of macro-R and micro-R/T used for characterizing #Si layers and the micro-devices,
respectively. The fluidic cell used for the sensiperiments has also been described.
Combining all these experimental techniques wililda the successful study and analysis of
the interaction between PSi interferometer and NABich will be discussed in the next

chapter.
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3.1 Introduction

3.1 Introduction

As we mentioned in the previous chapters, this wairks at investigating bio-chemical
detection potential and sensitivity of the propo$gtirid device consisting of bowtie NAs
and PSi layer interferometer. Before doing so,sitciucial to completely understand the
different interactions between the 2 structures:

What is the influence of the interferometer onrégponse of the NA array?

How is the behavior of the interferometer influethd®y the presence of the NA array

and its tunable plasmonic resonance?
Hence, in this chapter, we will study the couplmgchanisms from the 3 following aspects:
= 1. Study of bowtie NA resonance

This first part is dedicated to the basic invedtaaof coupling mechanisms between the 2
triangle-shaped gold particles constituting a bewilA, in order to gain a better
understanding of the NA resonance behavior. Thiglysis performed on System 2 — NA
array directly deposited on Si substrate with 200 &0, spacing layer. By adjusting the
triangle dimensions and the inter-particles distéatice tunability of resonance can be studied.

= 2. Interferometer approach

Bowtie NAs's
Equivalent layer

(b)
Fig 3.1.1 Representation of the model proposetiénrterferometer approach: the NA array of therig/b

device (a) is modelled by an equivalent layer plage top of the interferometer (b)

According to the principle of thin film interfereaca phase matching model for multi-layer
interferences is proposed. In this model, the beWA array is supposed to be equivalent to
an extra layer which is placed on top of the isrieter — i.e., the monolayer of PSi with its

80 nm SiQ spacing layer — as shown in Fig 3.1.1. The effectiielectric function of the
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3.1 Introduction

equivalent layer is determined using the Drude rhadé the effect of such an equivalent

layer on the behavior of the hybrid structure iglg#d and compared to experimental results.

= 3. Resonator approach

Interferometer

Fig 3.1.2 Representation of the resonator approdbk:hybrid device is viewed as a harmonic osaH#NA

array) coupled to the interferometer

The plasmon resonance of the bowtie NA array carvieewed as a harmonic oscillator
(Fig 3.1.2). The coupling between NAs and intenfieeter is investigated with coupled mode
theory, which describes the global temporal-speathearacteristics of the optical power
transfer and storage within the hybrid device. Tdpproach will allow for complementary
analysis of the interferometer-NA interaction ataeance.
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3.2 Study of bowtie NA resonance

As discussed in Chapter 1, the resonance peak raythl and line shape of a nanopatrticle are
not only dependent on its size, shape, composéimhorientation, but also related to its local
dielectric environment. Hence, before the invesiogaof coupling between bowtie NAs and
interferometer, it is important to investigate twipling mechanisms leading to resonance of
bowtie NAs.

The structure considered in this section is a Nrdyadeposited on Si substrate with 200nm
SiO, spacing layer (Fig 3.2.1), and will be nominated@ystem 2”. The role of Sy3spacing

layer is to keep NAs in the same environment (tiva index is 1.5) as our designed hybrid
device. The 200 nm thickness has been chosen &r twdexclude the layer interferometric

effect within the wavelength range of interest.

-/A Polarization: y
(E
Y

Al

Fig 3.2.1 The structure considered in this sectitBystem 2"is consisting of a NA array on Si subggrwith

200nm Si@spacing layer.

By adjusting the dimensions of triangles constitgteach NA and the inter-particle distance,
the tunability of NA resonance is studied via feld micro-reflectivity measurements using
the optical set-up presented in chapter 2. Both BRimulation and experimental results are

discussed below. For the experimental resultsetheg two points worth noting:

= First, the reference signal is from the & substrate, unless mentioned otherwise;
= Second, in order to eliminate the noise and haweose accurate reading of the
wavelength position of maxima, some smootheninthefspectra could be performed
when analyzing the data with Matlab.
For the following experimental results, we keep shene condition as above, unless there is

special illustration.

- 163 -



3.2 Study of bowtie NA resonance

3.2.1 Influence of inter-particle distance

The first study concerns the influence of the hgarticle distance — called “Gap” in the

following — on the resonance wavelength of the li@MAs. The shape and dimension of the
triangles are kept constant with A1 = 510 nm and=A280 nm, while the value of the Gap is
varied between 20 nm, 40 nm and 60 nm. The refiégspectra are shown in Fig 3.2.2, both

for FDTD simulations and experimental results.

Gap=20nm 1.4 —Gap=20nm
Gap=40nm Gap=40nm
0.64 Gap=60nm 1.2 Gap=60nm
2 | 2 1.0
S 044 =
8 3 0.8
g 02 2
0.6
0.0
r r ) 04 r r )
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(@) (b)
Fig 3.2.2 Reflectivity spectra of NAs with varygap value (a) FDTD Simulation; (b) Experimentaluks. The
bowtie NAs have dimensions A1 = 510 nm and A2 =ri280

In Fig 3.2.2, it is obvious that the plasmon resmeaexperiences a blue shift as the gap size
increases. This is illustrated in Fig 3.2.3, whishows the position of the resonance

depending on the inter-particle distance.

1320+

FDTD simulation 1370- Experimental results
o 1310 * c *
1360+
£ 1300 =
% 1290 g 1350+
?% 1280 g 1340+
2 _
% 1270 = 1330
$ 1260 * 2 13204 *
1250 T v y y v 1310 v v y y v
20 30 40 50 60 20 30 40 50 60
Gap/nm Gap/nm

(@) (b)
Fig 3.2.3 Resonance wavelength vs. Gap for thetigpsisown in Fig 3.2.2. (a) FDTD simulation; (b)

experimental results

The red shift of the resonance with decreasingsiapis a well-known phenomenon that can
be directly related to the coupling strength betwdee two particles constituting the nano-
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antenna. For coupled dimers, there are three regioheparticle separation, illustrated in
Fig 3.2.4, that reveal different behavi¢8sl]. For large distances, they behave independently
like single particles. As the particle gap is regtlicche dipolar response redshifts. Initially, the
far-field response weakens because the effectpelaliof the coupled dimer is reduced. For
even smaller separations, the modes continue ghifgdthere is a strong buildup of charges
at the gap, near-fields in the gap are enhancatlffanfar-field scattering begins to increase

again[3.1].

It should be pointed out that the slight discregaot resonance wavelengths between the
experimental results and the FDTD simulations canekplained by the imperfection and
fluctuations of the NA shapes after fabricati@®6], as discussed in Chapter 2, whereas the

simulation considers perfect structures.

P4

Fig 3.2.4 Geometric illustration of the 3 coupliregimes with decreasing gap size

3.2.2 Influence of triangle tip angle

The next parameter to investigate is the anglehefttiangle tip, corresponding to A1/A2
ratio. Here A2 is kept constant at 280 nm, as a&lthe Gap at 20 nm, and the value of Al is
varied. The reflectivity spectra are shown in Fig.8 both for FDTD simulation and

experiments.

In Fig 3.2.5 the resonance wavelength shows a sredllshift with increasing Al, i.e.,
increasing triangle tip angle. For clarity, the aeasnce wavelengths are plotted again in
Fig 3.2.6 &) and D), respectively, for the FDTD and the experimeme&sdults. Very good
agreement is found between simulations and expatsni@ the variation of the resonance

wavelength with increasing Al.
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(a) (b)
Fig 3.2.5 Reflectivity spectra of NAs with varyifag value while keeping A2 = 280 nm and Gap =20 nm.
(a) FDTD Simulation for 490 nm (red), 510 nm (hlaad 550 nm(green); (b) Experimental results fb0 Him
(red), 530 nm (blue) and 550 nm(green)

13254 FDTD simulation * Experimental data
1370- *
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Fig 3.2.6 Resonance wavelength vs. Alfor the spsbibwn in Fig 3.2.5: (a) FDTD simulation; (b)

experimental results

The result shown in Fig 3.2.6 is in good agreemeétit Wei Ding’s work[3.2]. According to
their investigation, there are 2 different mecharsgor plasmon resonances in bowtie NAs

depending on the bow angle:

* For small angle, under plane wave illumination watrallel polarization there is
one standing surface plasmon polariton (SPP) alleeg@ntenna axis, as shown in
Fig 3.2.7 (a). In this case, the plasmon resonamaetermined by the antenna

length,L and the effective index of the SRR (X):

L/2
Ao =2 [ (Xdx+9,

-L/2
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When the angle increases, the SPP “sees” more haathhg to a decrease mf;, which leads

A1I } o

Lo

1 standing wave 2 separate standing waves

(a) Small angle kg angle
Fig 3.2.7 Schematic illustration of the 2 casesN@ér resonance depending on the triangle bow angle

* For bow angles larger than 80°, the above equasionvalid. In this case, there
exist 2 standing SPP waves along the 2 sloping sifleach triangle, as illustrated
in Fig 3.2.7 (b). As the resonance wavelength rying with the length — in this
case, the length of sloping side Ls — an incredg€landuces a larger Ls, which

leads to a red shift of the plasmon resonance.

As the bow angle in our design is around 80° to, 908 are in the case of the 2 separate
standing waves, which yields a red shift of the@nasce with increasing angle — or increasing
Al. However, the observed shift is not very semsitio A1 variations. According to FDTD
simulations, the shift is less than 20 nm (1.5%)&0 nm Al variation (11%); in the case of
the experimental results, the variation is sligtdigger — 22 nm red shift (1.5%) for 40 nm Al

variation (7.5%).
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3.3 Hybrid device: Interferometer approach

3.3.1 Single layer interferometer

3.3.1.1 Phase matching condition

As discussed in Chapter 2, when a white light beamormally incident on a thin film, like
the monolayer of PSings; dps) on Si substrateng) and air environmening; = 1) shown in
Fig 2.3.1 (a), the reflected light from both PSi/and PSi/Si interfaces interfere with each
other. Depending on the phase conditions consueiatr destructive interferences occur,

leading to Fabry-Perot (F-P) interference fringethee reflected spectrum.
The phase differena&, between the reflected light beams at the 2 intedas:

Ap :472

L= ngd (EQ-3-3-1)

wheren, andd are the effective refractive index and thicknefsthe thin film, respectively. If

N, = npg;, With 1 <npg; < ng;, we have:

R=Rnax, AP, =2mmr,m=0,21 + 2, --- (EQ-3-3-2)
with A = 3Mesd (EQ-3-3-3)
2m

where R is the reflectivity of the devicBnax is its maximal valueimaxi IS the wavelength
value wherR = Rpax andm s the fringe order. The equations above are @¢&lgase matching

condition for thin film interferencgs.3].

From this condition it is obvious that the optigath — the product of refractive index and
thickness of the thin film — is one of the most ortpnt parameters influencing the fringe
distribution with wavelength, because it sets tla@elength values for the maxima or minima
of reflectivity (peak or dip) as well as the sparii. between the positions of two adjacent
fringes, as was shown in EQ-3-3-3. Besides, theacgfe index contrast at each interface
thin film/environment and thin film/substrate detenes the values dRnax as well asRmin

(minimum of reflectivity).
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3.3.1.2 Application to experimental structures

The phase matching condition for single layer fetemeter presented above can be verified
with the reflectivity spectrum of a PSi monolayer $i substrate shown in Fig 3.3.1 (labeled
as “PSi/Si”). Such a spectrum can be simulated,usigg the transfer matrix method (TMM),

which is an effective method to analyze the propiagaof electromagnetic waves through a

layered medium on basis of their boundary cond#[84].

Ai/PS1 Interface
PSi/Si Interface | PSI {d,n

Fig 3.3.1 Schematic view of monolayer of PSi osu8strate (PSi/Si)

As an illustration, a 4.85 um-thick PSi layer arzedi on Si substrate was fabricated by
anodization and characterized by macro-reflectivitye variation of the PSi refractive index
with wavelength was determined from the fit of te#lectivity spectrum yielding a porosity
of air (Pairox) - 53% and percentage of SiQPsio2) - 19% attributed to natural oxidation,
considering that in the transparency domain ott&,refractive index of the material can be
deduced from a Cauchy Ig®.5]. The variations of the refractive index with waajth are
shown in Fig 3.3.2d) and Fig 3.3.2k)) for PSi and Si, respectively. The experimental

macro-R spectrum is plotted in Fig 3.3a3 (blue curve).

1.72 3.65-
3.60-
1.70
2 _0_73.55-
c c
1.68 3.50
3.45-
1.66 T T T T . T T T T .
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
Wavelength/nm Wavelength/nm

@) (b)
Fig 3.3.2 Refractive index of (a) PSi, (b) Si

The parameters deduced from the experimental ddtg =(4.85 pum, npsj shown in

Fig 3.3.2 &)) were then used in TMM simulation. Such a simatatconsiders that the
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materials below and above the PSi layer — the Bstsate and air, respectively — have

thicknesses set to 0. The simulated reflectivigesum is plotted in Fig 3.2.2)(red curve).

—TMM
—— Experiment 1700, ® ® TMM
0.31 16001 % Experiment
c 1500+ .
20.24 £ 14004 .
% é” 1300+ .
2 2 1200 ®
[N >
o4 @ 1100+ .
= *
0.04 1000+ .
' 9001 *
800 1000 1200 1400 1600 1800 10 12 14 16 18
Wavelength/nm Fringes order

@) (b)
Fig 3.3.3 (a) Reflectivity of PSi/Si (red curve TaviM simulation, blue curve for experimental res)lt
(b) Wavelength vs. Fringe order for the spectruiovmginin (a): red dots are for TMM simulation and blstars

for experimental results

Comparing the 2 spectra shown in Fig 3.2)3 (here seems to be a good matching between
experimental and simulated results. In order tafwéhnis, each fringe ordem was calculated

following the equationmzanidPSi deduced from EQ-3-3-3, both for experimental rssul
Imax

and TMM simulation. The wavelength positions ohfie maximaAimay depending on the
orderm are plotted in Fig 3.3.3). The perfect agreement between experimental iposit
(blue solid stars) and simulated ones (red solides) demonstrates the validity of both the
fit of experimental reflectivity spectrum and ofetiMM simulation for the case of single

layer PSi interferometer.
3.3.2 Two - layer interferometer

When one or several extra thin films are placedopnof the single layer interferometer, the
phase matching condition becomes difficult for gheal description. The exact expression of
the phase matching model for this case is describ&gpendix A Here, we will concentrate

on the particular case where the extra film is milnghner than the main interferometer layer,

and build a simpler approximation of the phase matgccondition.
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3.3.2.1 Phase matching model

Compared to air, an extra thin layer of anotheremait will modify the phase difference

between the reflected beams from the 2 externatfates (i.e., PSi/Si interface and extra
layer/air interface, as shown in Fig 3.3.4). Acéogdto the analysis presented in the previous
section and boundary condition at the interface afo extra thin layer on top of PSi/ Si the

phase matching condition could be modified as:

A¢2 = A¢ prop + A¢interface = 2m7T (EQ_3_3_4)
4n
A¢Prop = 7(nPSidPSi + nede) (EQ-3-3-5)

wheregp, is the total phase shift introduced by the exayef, 4pp0p represents the total
phase difference due to the propagation of the wlaneeigh all layers, which is the sum of the
phase differences gained from the optical patrachdayer. Herene andd. are the refractive
index and thickness of the extra layer, respectivehd Aginteriace iS the phase shift upon
reflection at each interface, which depends onvtliae of refractive index of the 2 adjacent
media. When the index of extra layayris close ton,, the effect of the “Extra layer / PSi

interface” can be negligible and

A¢int erface — 0 (EQ'3'3'6)

An extra layer

Air/Extra intcrface / n., de
——3

PSi/Si interface PSi |d;n

Fig 3.3.4 Model used for the phase matching appnaxion in the 2-layers interferometer where thealdyer

placed on top of the interferometer has a thickmkesand a refractive index ne.

Considering that the above condition fAp applies, and comparing the phase

int erface —

matching condition to the case of the one — lagtarferometer PSi/Si described in (EQ-3-3-
2) and (EQ-3-3-3), the wavelengths correspondinthéomaxima of reflected signal for the
2 — layers system should be:
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A

4
=—(Npgdpg + 0 d EQ-3-3-7
max2 2m( PSi™ PSi e e) ( Q )
If we consider the case where the extra layer sts&if a low-absorption material such as

silica, we have:

A 2max > /]J.max (EQ'3'3'8)

It means, for a given orden, the introduction of the extra material will letmla red shift of

the fringes compared to the case of the initiagleidayer interferometer.
3.3.2.2 Application to experimental structures

The experimental 2-layer system that is considesethe PSIi/Si interferometer with the
80 nm-thick SiQ layer on top. This 2-layer-device is labeled agO28°Si/Si” and illustrated
again in Fig 3.3.54).

In order to describe the refractive index of silias& use again a Cauchy law, considering that
the material is in its transparency domgrb]. The variations of silica refractive indexio>
depending on the wavelength are plotted in Figh3(8. Comparing to Fig 3.3.23], we can
see that the value ofio, over the whole wavelength range is close to thakg hence, a red
shift of the interference fringes can be expectdtth wespect to the PSi/Si system without
silica, according to (EQ-3-3-8).

1.455+
1.450+
N
Q
o
Air/Si0, Interface 1.445+
S510./PSi Interface
PSi/Si Interface

440 : . - ; -
800 1000 1200 1400 1600 1800
Wavelength/nm

@) (b)
Fig 3.3.5 (a) Schematic view of the ZF5i/Si system constituted of a 80nm-thick, &ger on PSi

interferometer; (b) refractive index of silica wgavelength (deduced from Cauchy equation)

For the particular SigPSi/Si system, the phase matching model becomes:
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4n(nPSidPSi * Nyio, dSiOz )

=2mir
A amax (EQ-3-3-9)
2(Nesdps; + Nsio, dsio, )
PSi™PSi Si Si
m= SRR (EQ-3-3-10)
AZmax
—TMM ® TMM
1700- -
— Experiment Py * Experiment
0.3 P 1600+ One layer interferometer
15001 o
202 £ 1400] o
2 £, 13001 i
2 2 &
o) T 12004
< 0.1 ° ®
4 = 1100+ & -
= 10001 .
0.0 &
900 &
800 1000 1200 1400 1600 1800 10 12 14 16 18
Wavelength/nm Fringes order

(@) (b)
Fig 3.3.6 (a) Reflectivity spectra of SIBSi/Si for TMM simulation (red curve) and expena results (blue
curve); (b) Wavelength vs. Fringes order deducedfthe reflectivity spectra (red dots are for TMishglation

and blue stars for experimental results)

Experimentally, the same sample presented in $se@&i8.1.2 is used, and is immediately
characterized in macro-reflectivity after silicyda deposition. The experimental spectrum is
plotted as the blue curve in Fig 3.3#&.(TMM simulations are also performed, using the
same parameters discussed previously in sectioh.3.3and the variations shown in
Fig 3.3.5 D), leading to the red spectrum shown in Fig 3.8)6 As before, in order to check
for the good matching between the experimental thedsimulated maxima, the wavelength
values corresponding to & for each order are plotted in Fig 3.31%. (The positions of the
initial one-layer interferometer are also plottedorder to demonstrate the observation of the

red shift.

In order to validate the phase matching model psedofor the 2-layer structure, it is
important to verify if the wavelength positions dedd in Fig 3.3.6 are in good agreement
with (EQ-3-3-9). The discrepancy between the respliesented above and the model is

labeled a$,.

4n(nPSidPSi + nSiOzdSiOz )

: (EQ-3-3-11)

0, =2mmr—

2max
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The value ob, for each fringes ordenis plotted in Fig 3.3.7, both for the experimertase
and the TMM simulation. As can be seen, the absaotatue ofé, for experimental result is
smaller than 0.0& while it is slightly larger for TMM simulation tstill smaller than 0.1

As the calculation ob, also takes into account any discrepancies in #ieeg of thickness
and refractive index of the layers, as well as diog errors and inaccuracies for the reading
of the Aomax Values on the reflectivity spectra, we can coneltitatd, is negligible, which

validates the phase matching model for the 2-laystem.

1.0, e TMM
—+— Experiment
0.5
SO0 e
-
0.5
1.0

10 12 14 16 18
Fringe order- m

Fig 3.3.7 Discrepancy between the values deduaed feflectivity results and the phase matching rhaie
for the system SiPSI/Si

3.3.3 Interferometer with homogeneous gold layer

3.3.3.1 Phase matching model

The next step in our development of phase matchindel is to consider the case of a 3 -
layer structure consisting of the 2 -layer $R®i/Si device discussed in the previous
section, with an additional homogeneous gold layetop. The homogeneous gold layer is
interesting for the desired study of the hybridisture consisting of the interferometer with
NA array, as it constitutes a limit case for the ld#ay outside plasmon resonance. Again

the detailed description of the phase-matching rnimidehis case is presentedAppendix A.
Here, we propose a simpler approach enabling dégaination of the fringe behavior.

The 3 - layer structure is labeled as “Au/g8R5i/Si”. As shown in Fig 3.3.8a), the gold
layer is 30 nm thick, which is equivalent to theckimess of the fabricated NAs. The real part
and imaginary part of the gold refractive index afeown in Fig 3.3.8 d} and (),

respectively, where the dots are values from liteeg3.7] and the red lines are linear fits
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used in the following. The interferometer consist® PSi layer with 5.66 pm thickness and
with the refractive index shown in Fig 3.38,(which is deduced from experimental micro -
R spectrum. As before, the silica layer is 80 riimck and it has the refractive index

presented previously in Fig 3.3.5.

1.41+
1.40
2
AirfAu lnterface - S 1.39
Au/Si0, Interface
3i0,/PSi Interface
PS#/Si Interface

1.38 . T T T ,
800 1000 1200 1400 1600 1800
Wavelength/nm

(@ (b)
094 = n, ;i 13] & k:&u . .
0.8 ——Linear Fitofn ,, 12{ —LinearFitofk ,,
0.7 11
0.6 10
:2 0.5 xg 9
0.4] 81
0.3] &
0.2 S' B!
800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
Wavelength/nm Wavelength/nm
(© (d)

Fig 3.3.8 (a) Schematic view of the 3 - layer sysf/SiQ/PSi/Si; (b) Refractive index of PSi; (¢) Real pag(
nAu) and (d) imaginary part Im( nAu) of Au refragtiindex from Palik model

In the case of the gold layer, the real part fg)(is still responsible for variations of the
optical path, whereas the non-negligible imaginpart of refractive index will induce
additional absorption, which introduces an extragehshift at the interface, .89, e 2 - O
The value ofAg,, varies with that of the real part and imaginarytpaf the refractive index,
with —7<Ag,, <0 (SeeAppendix A. In order to develop the 3 - layer model, we dull

the same principle as presented in section 3.38,Hhe model becomes:

4n(nPSidPSi * Nyio, dSiOz )

Aamax

+ AP, = 2T (EQ-3-3-12)
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A¢tot = 4ﬂwdAu + A¢int erface (EQ'3'3'13)
3
whereAsmaxis the wavelength corresponding to the maximumeféctivity R = Rnax for each
orderm. Comparing to the model for the 2 - layer syste@®,® Si/Si that was given in (EQ-
3-3-9):

AnN,edoo + Ny Ao
( PSi™ PSi Sio, S|OZ) — 2mﬂ
A 2max
For each fringe ordemn, we have:
nPSidPSi + nSiOZdSiOZ - nPSidPSi + nSiOZdSiOZ " A¢t0t (EQ-3-3-14)
AZmax /13max 4”

As discussed in details fppendix A we haveAg,, < Qwhich leads to:

/13max </1

2max

Hence, the fringes should experience a blue sipiftnuaddition of the homogeneous gold

layer on top of the interferometer.
3.3.3.2 Application to experimental structures

Experimentally, the presence of the gold layer malee optical characterization more
difficult due to the ‘Mirror effect’ of gold. As aesult, the interferometric properties of the
underlying two - layer device are less visible e teflectivity spectrum. As the micro - R
spectra showed more pronounced fringes than theom&t ones, in this particular case we
chose to perform the analysis using the experinh@mtzo - R spectrum shown in Fig 3.3.9.
However, we have to keep in mind that this miglatliéo some discrepancies in the position
of the fringes due to the smaller spot and theelagan of incidence angles induced by the
objective. Both experimental (blue curve in Fig.8.8&)) and TMM simulation spectra (red
curve) show interferometric oscillations on thehrgflectivity signal induced by the ‘Mirror
effect’. In spite of the smaller fringe amplitudbserved in the experimental spectrum, the

wavelength positions of the reflectivity maximallsshow a good agreement between
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experiment and simulation, as depicted in Fig 3(B)9 The positions of the initial 2 - layer

interferometer are also plotted, in order to dernrates the observation of the blue shift.

1.00,  —Experiment

— TMM 1500- . e TMM .
0.984 ' *Experiment
0.96- c 1400+ " = 2 layer system
2 0.94- £ 1300 ®
2 0.92] 21200 ®
[<5]
% 0.904 @ 1100 ‘ u
@ @© .
0.88-] = 1000 ® i
0.86 900+
800 1000 1200 1400 1600 1800 10 12 14 16 18
Wavelength/nm Fringes order-m
(a) (b)
Fig 3.3.9 (a) Reflectivity of Au/SiO2/PSi/Si; (bawglength vs. Fringes order deduced from the rafliég
spectra

If we consider that there is a good agreement @iwbe phase matching model and the

values deduced from the reflectivity spectra, as demonstrated in the case of the 2 - layer

system, we can determine the total phase shithairtterfaceAg,, by inserting the values

deduced from the reflectivity spectra into the eggron given in (EQ-3-3-12):

An(Npgdpg; + Ngi, dsio, )

A, = 2mi— (EQ-3-3-15)

A 3max

The values ofAg,, are presented in Fig 3.3.10 for both TMM simulateind experimental

results.
1.0 e TMM
¥ Experiment
0.5 ® Adica
E
500
<
<
-0.51 %
v e $ T E ¥y
-1.0

10 12 14 16 18
Fringes order - m
Fig 3.3.10 Phase shift induced by the metal absmmptalculated from the values deduced from réiftdy
results and the phase matching model for the syAiet®iQ/PSi/Si For comparison, the values of the phase
shift extracted from the exact model presentefigpendix Ahave been reported, considering the wavelengths

corresponding to the fringe orders.
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In spite of the small discrepancies between TMM exerimental results, Fig 3.3.10 shows

that in both cases the value &%, is almost constant and about -Gi7éver the whole

wavelength range of interest. This result is inyvgood agreement with the calculation

deduced from Fresnel equations in the Appendix, sit®wn in Fig 3.3.10 for comparison.

3.3.4 Equivalent layer of Bowtie NAs array

From a geometric point of view, the bowtie NA aran be viewed as a layer consisting of
air containing gold structures, as depicted inFR®)11. Such a layer can be equivalent to an
extra thin film placed on top of SYPSi/Si, building a new 3 - layer device, whicHabeled

as “NAs/SiQ/PSIi/Si” (System 1). In order to study the influenzf such a layer using the
phase matching model, it is crucial to determine é#ffective optical properties of this

equivalent layer.

Bowtie NAs's
Cquivalent layer

Fig 3.3.11 Schematic view of the hybrid device egponding to System 1. This structure can be vieased3 -

layer system where the NA array is supposed &gévalent to a homogeneous layer with same prigzert

Similarly, the structure consisting of NA array 8i0,/Si substrate (System 2), which has
been discussed at the beginning of this chapteratso be seen as system constituted of a
single layer of Si@with an equivalent layer corresponding to the NAaw placed on top.
Such a system, labeled as “NAs/gi€)’, is of high interest for a simpler study ofeth
behavior of the NA array. It is illustrated in Bg3.12.

Bowtic NAs's
LCquivalent layer

Fig 3.3.12 Schematic view of the NAs/#BDsystem, corresponding to System 2
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The first step in the study presented in the follmnis the determination of the refractive
index variations of the NAs equivalent layer, coesing the case of System 2 shown in
Fig 3.3.12.

3.3.4.1 Dielectric function of Bowtie NA array

The Drude model

The optical properties of metals can be described bomplex dielectric constagteta that

depends on the frequency of the light.
€ metal = I:ze(‘gmetell)-+_i Im(‘gmetal) (EQ_3_3_16)

n®=¢,.; n=Ren)+ilm(n) (EQ-3-3-17)

wheren is the effective refractive index of the metal.cArding to the simple Drude model
[3.8, 3.9] the interaction of metals with electromagnetiation is largely dominated by the
free conduction electrons moving within the bulknodterial. The Drude-Sommerfeld model
[3.9] gives quite accurate results for dielectric comstaof gold in the infrared regime, as

expressed in (EQ-3-3-18):

flw)=1-——"2— (EQ-3-3-18)

ne
where a),f =
mego

is the volume plasma frequeneg ande are the effective mass and charge
of the free electrons, respectively,is the frequency of the applied electric fiedd,is the
permittivity of vacuumJZ™ = vg / | is related to the damping term, is the Fermi velocity, and

| is the mean free path of electrons between sgaitevents. In the case of gold, the value of

wp is 1.38*13%s, and"is 1.075*16%s[3.11, 3.12].

In the visible range, the optical properties of atetmainly depend on the interband transition
of bound electrons from lower bands into the cofiducband. This contribution can be
described ap3.9]

-2

= P - = -2-3-
g(w)_g°°+a)§—a)2—iya)'u 1 (EQ-3-3-19)
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where €, is the high-energy dielectric constants the damping constant describing radiative

damping in the case of bound electroﬁg; is introduced as a plasma frequency in analogy to

the Drude model but Withc'bp = |ne’ , with n the density andn the effective mass of

me,

bound electrons, respectively, = ,I% with a the spring constarji.9].

Fig 3.3.13 shows the contribution to the dielectoastant of gold that derives from its bound
electrons when one interband transition is takém account, according to literaty@9]. For

its real part, a dispersion-like behavior is obedrvfor its imaginary part, a clear resonant
behavior is observed, which is very similar to thesulting from the interaction of metal
nanostructures with light. As we will discuss i thext paragraph, this observation allows us
to model the NAs array by a homogeneous metaljierlasing equation 3-3-19 with specific

values fore,,, @, ,y and w,

400 &00 800 1000

1 Re(£) wavelength [nm]

-2

Fig 3.3.13: Dielectric function of gold attributed bound electrons. The parameters used are

w, = 45x10"/s, y=835x10"/s, and ¢y =25/ A, withA=450 nm. The solid blue line is the real part; the

dashed red curve is the imaginary part of the dile function due to bound electrons. Extracteshif3.9]

Dielectric function of NA array

As discussed in Chapter 1, when considering metdigies under the excitation of external
electromagnetic field, the electron gas confinedhiree sub-wavelength dimensions shifts
from its original site. The overall displacementtioé electrons with respect to the positively
charged lattice leads to a restoring force, whichturn gives rise to specific plasmon

resonances that are depending on the geometryeopdrticle and local environment. For
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particles of suitable shape, extreme charge acatmnk can locally occur, which are

accompanied by strongly enhanced optical field.

In the case of bowtie NAs, Sundaramurthy A. e{3&ll0] have built a physical model based
on current distribution in the NAs to investigatee tvariation of the resonant wavelength
depending on the gap under special polarization erplain the basis for the field
enhancement. According to their analysis, when ¢fa@ is small, there is a strong
displacement current flowing in the air gap betwé#®n 2 triangles. This model leads to the
interpretation that the electron displacements betwthe 2 nano-triangles realize, to some
extent, “electron transitions” between the partcl@herefore, to simulate the optical
properties of bowtie NAs it is possible to adap thodel for metal dielectric constant with
interband transition of bound electrons that wagigiin (EQ-3-3-19).

40- 7
304 6
20- 5
& 10] 4 ~
g o X £
10] 2 2
201 !
0
-304 ) .
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(@) (b)
Fig 3.3.14 (a) Effective dielectric constant of NAeal part (red line — left y-axis) and imaginapgart (purple
line — right y-axis); (b) refractive index of NA=al part (red line — left y-axis) and imaginarympgourple line

— right y-axis).

In order to determine the parameters, w, andy entering the model for NA dielectric
function, a fit of these 3 parameters was perforimgdonfronting experimental spectra with
results obtained from TMM simulations using theleli&ric function deduced from the model.

The best fit was found for the following parametees, =3 [3.8], w, =2x10"/s ,

y=4x10"/s and a resonant wavelengifi= 1300nm (corresponding tay, = 143x10"°/s).

The variations ot andn for the resulting NA dielectric function are shownFig 3.3.14.
They show very similar behavior to the dielectindtion for metal presented in Fig 3.3.13,
with giant variations around the resonant waveleragt 1300 nm both for the real part (red

curves) and the imaginary part (purple curveshefdielectric constant and refractive index.
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Hence, according to the phase matching model asgyssented in the previous sections, we
can expect very interesting behavior of the fripgsitions upon addition of an equivalent
layer with such optical property on top of the nfideometer, depending on the wavelength

and the corresponding value of refractive index.

Effect of silica thickness in NAs/SigSi system

The study of the interaction between the NA armag the SiQ/PSi/Si interferometer will be
performed using a comparison with the “unperturbsgétem (system 2) consisting of an
array of NAs with similar refractive index enviroemt but without interferometer. Hence, it
Is important to demonstrate that the S&yer of the NAs/SIQ'Si structure is only providing
the desired refractive index environment withowtldging any undesired interference effect

that would influence the optical properties of M array.

0.8 0.8+ == NAs on 200nm-thick SiO, substrate
0.7 0.7. = NAs on semi-infinite SiO, substrate
> 0.6 R 061
S o5 S 051
S 04 B
% ] ‘g 0.4
x 0.3 & 0.34
0.2 0.2
0.14 0.14
0.0 . . - 0.0 . . -
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(a) (b)
Fig 3.3.15 (a) Reflectivity spectrum of NAs/g8Dwith varying thickness of silica layer; (b) Cpanison
between the reflectivity of NAs/SISI with 200 nm SiQ(black curve) and of NAs on semi-infinite SiO
substrate (red curve)

Using the parameters deduced above for the NA atgnv layer, which were shown in
Fig 3.3.14, the reflectivity spectrum of NAs/SISi was computed for a large range of layer
thicknesses. As illustrated in Fig 3.3.Hj, (the NA resonance line shape is strongly varying
with the SiQ thickness, showing the influence of the Si@yer. As expected, the desired
Lorentz shape with central symmetry is observeddfam thickness, however, the refractive
index environment in this case is different frone ihterferometer system. With increasing
SiO; thickness, the resonance shape becomes highlynastyioal, until a symmetrical shape
is observed again for a thickness of 200 nm. Fagelathicknesses, the resonance shape is
again asymmetrical. Hence, a $ithickness around 200 nm seems to be the bestechmic

minimize the influence of the finite SjQayer on the properties of the NA array. This is
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demonstrated in Fig 3.3.186)( where the spectrum for 200 nm $Sithickness (black curve)
shows good agreement with the unperturbed resonaintiee same bowtie NAs on semi-

infinite SiO, substrate (red curve).
3.3.4.2 Multi-layer interference model for NAs/SiO,/PSi/Si

We now have all the elements to investigate thaitlydlevice NAs/SIQPSIi/Si (System 1),
which is presented in the following. The properttegtermined for this system will be the
object of a double comparison: on one hand withSi@/PSi/Si 2 - layer system (System 3)
and on the other hand with the NAs/g/i€) (System 2).

Phase matching condition

The exact description of phase matching conditmmttie NAs/SiO2/PSi/Si is presented in
Appendix A. Here, we will follow the same simplifieapproach as in the case of the

homogeneous gold layer discussed previously.

Since the dielectric functions and thicknesses Haeen determined for each layer of the
NAs/SIO,/PSI/Si system, it is possible to write the phasgcmng model for this system as

was discussed in section 3.3.3.

4n|_nPSidPSi + nSiOZdSiOZ + Re(nNA)dNA]

A 3max

+ AP, ortace = 2MT  (EQ-3-3-20)

In order to investigate the behavior of the fringee compare again to the model for the 2-
layer system Si@dPSi/Si that was given in (EQ-3-3-10):

4n(nPSid psi * Nsio, dsiq, )

=2mir
/1 2max
This leads to the following relation:
1 1
4ﬂ(nPSidPSi + nSiozdSioz {/1_ _/]_j =Apy, (EQ-3-3-21)
2 3

_ R
with, A¢tot =4 egnNA) dNA + A¢interface

3
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From (EQ-3-3-21) we can deduce the following bebavi

* There is a blue shift whén <X, i.e. Ag,,<O.

* There is a red shift whég> A, i.e. whenAg,, >0.

Hence, the behavior of the fringes is strongly delpey on the respective values ®P,, o .ce

and Rénna). The strong variation of dielectric function of Néquivalent layer over the

wavelength range of interest induces a strong tilanaf the value ofA@, , ..r.c.- AS described

in Appendix A the total value ofAg,, can be determined from the NA dielectric function

using Fresnel equations. The corresponding vanatawe shown in Fig 3.3.16.
1.01
0.5 \

_o.s-\
-1.04

1000 1200 1400 1600
wavelength/nm

Fig 3.3.16 Variations on(bwt = 4,-[Re£]nNA) dya +A¢imerfacededuced from the dielectric function of the NA
3

equivalent layer presented in Fig 3.3.14.

The variations shown in Fig 3.3.16 induce differbahaviors depending on the wavelength

range:

» Below resonance (fok < 1300 nm):Ag,., < 0. In this region, a blue shift of the

fringes is expected.

* Atresonance (fok =~ 1300 nm),A¢,,, abruptly varies fromrto +g,
* Above resonance (fak > 1300 nm):Ag,,,> 0. In this region, a red shift of the

fringes is expected.
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Simulation of the reflectivity spectrum of the hyidrstructure

The behavior predicted above has been comparedvitd Simulations of the reflectivity
spectrum of the NAsS/SKIPSI/Si structure, considering the variations déafve refractive
index shown in Fig 3.3.14b) for the NAs equivalent layer. The thickness aftlayer is
30 nm. The underlying SKIPSI/Si system has the same parameters as theismessed in
section 3.3.3, with the refractive index shown ig §3.8 {) and a thickness of 5.66 pm for
the PSi layer, and the same parameters as in ¢veops investigations for Sgand Si.

The reflectivity spectrum of the hybrid structuseshown in Fig 3.3.17. For comparison, the
reflectivity spectra of the SUPSI/Si 2-layer device (black curve) and of the FRAS,/Si
system (blue curve) have been simulated as wellca@iesee that the NAs/SIB'SIi/Si hybrid
device (red curve) exhibits both the interferoneetoscillation of SIQ/PSi/Si and the

plasmonic resonance behavior of NAs/Z&.

1000 1200 : 1400 1600
— Hybrid device :

3?0.6 —_— | nterferometer along

=

£ 04

Q

D 0.2

¥ 0.0

1000 1200 1400 1600
wavelength/nm

Fig 3.3.17 (a) Refractive index of the NA equivalager and (b) Reflectivity of NAs/SIBSI/Si (red curve),
SiO,/PSIi/Si (black) and NAs/SiSi (blue)

Looking in more details at the spectra of Fig 3r3\le can make the following observations:

= At resonance — within the half-width wavelengthgamf NAs resonance — the fringes
of the hybrid structure are lifted up to higherued, which is attributed to the field
enhancement effect of NAs.
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Outside resonance: the fringe contrast is higham th the case of the 2 - layer device
alone. This can be related to the value of effectefractive index of NAs comparing
to Nyir andnps;

Over the whole spectral range, the fringes araeshiith respect to the interferometer
spectrum, due to the existence of the NA equivdbgrdr. In region 1 of the spectrum
(below resonance), a clear blue shift can be olesemwhereas far above the resonance
in region 2 of the spectrum, the fringes are reaftesh This is in agreement with the
above predictions deduced from Fig 3.3.16. Howesxenind the resonance, the fringe
pattern seems to indicate the appearance of aa gktge. In order to investigate this
additional feature, a further analysis of the fangrders has been performed and is

presented in the following.

Analysis: Observation of a “fringe splitting” at reonance

The fringe orders on the reflectivity spectra foe interferometer have been calculated using

(EQ-3-3-10). Then, in order to determine the frimgders anA@. for the hybrid structure,
(EQ-3-3-20) has been used, considering that thelalesphase shift should be smaller than
The orders could be easily identified and are regowith red color in Fig 3.3.1h). The
results are summarized in Table 3.1, which givesraparison of the fringe positions for the

hybrid structure and the interferometer alone giach ordem.

Aomax/ NM m A3max/ NM AQiot I T AL/ nm
1014.45 16 1011.16 -0.064 -3.29
1081.72 15 1073.53 -0.184 -8.19 %'
1156.83 14 1145.43 -0.267 -11.4 E‘;
1244.53 13 1231.57 -0.263 -12.96

1296.24 0.065 -51.53
1347.77 12

1371.86 0.460 24.09 | v
1467.79 11 1499.61 0.493 31.82 é}

O]

1613.54 10 1646.58 0.438 33.04|

Table 3.1 Comparison between the fringe positionshfe interferometer and the hybrid device, deduttem

the PMM model. The orange line indicates the positf the NA resonance..
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From Table 3.1, we can draw the following concluasio

*  Two spectral regions can be identified :
- In Region 1 of the spectrum € Ana), wWhere Im (na) > Re @na) With Im (Nna)
strongly increasing and Renx) almost constant (Reya) ~ 0), the induced

value of Ag,, is increasingly negativer{<Ag,, < 0) and the fringes experience

a blue shift, similarly to the case of homogenooisl dayer.

- After resonance in region 2 of the spectrum, wheré¢nya) decreases almost to
0 and Rerfna) is much larger than, andnsjop, the total phase shift is positive.
This induces a red shift of fringes due to theeéase of total optical path.

* At resonance, we can observe an interesting phemamehere are 2 fringes with
the same ordem= 12. It means that the plasmonic resonance ofNAearray
induces a degeneration of the fringe order. Thia ba related to the huge
simultaneous variations of Rexx) and Im (na): while Re fina) suddenly increases
to a maximum, on the opposite, Imf) suddenly decreases from maximum to
minimum. Similar splitting phenomena have been pleskin the literaturg3.12]. In
particular, Amelinget al demonstrated a large spectral splitting of FaleyeP
microcavity mode induced by plasmon resonance imowae pairs, when
positioning the nanowire pairs at the maxima ofcele field within the cavity
[3.12]; this phenomenon was attributed to strong cougietyveen the cavity mode
and the plasmon resonance. In analogy to this waek,can conclude that the
splitting observed in our interference spectrumaisggood indication of strong
coupling between the interferometer and the NAyarfacomplete demonstration of
the strong coupling could be performed via obs@mabf the characteristic anti-
crossings between the interferometer modes antN#eesonance, and will be the

subject of further studies.

Influence of the interferometer on the splitting

The splitting of fringes at resonance, which hasnbleighlighted in the previous section, may
be dependent on the relative positions of the &sngith respect to the NA resonance, i.e., on
the parameters of PSi layer. In order to verifys thssumption, TMM simulations have been

performed with varying PSi parameters, while kegpihe parameters of the other layers
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constant and identical to the ones used for Fidl3.3Two different comparisons have been

performed:

Reflectivity

o
0

PSi index variation with constant layer thicknedssi=5 umandnpsi= 1.4, 1.5,

1.6 and 1.7;

PSi layer thickness variation with constant refrectndex:npsi= 1.5 anddpsi = 5,

6 and 7 um.

— Hybrid device
11 11— Interferometer alone
T I\— NAs alone

0.6
0.4
0.2
0.0

1000 1200 1400 1600

Wavelength/nm
(@) Nes=1.4, tbs=5um
— Hybrid device
08 — Interferometer alone

Reflectivity

Reflectivity

— NAs alone
12

0.6
0.4
0.2
0.0
1000 1200 1400 1600
Wavelength/nm
(€) Nes=1.6, tbs=5um
— Hybrid device
0.8

— Interferometer alone
4

1600

1400
Wavelength/nm

1000 1200

(e) bsF1.5, ths=6UM

Reflectivity

Reflectivity

Reflectivity

0.8

— Hybrid device
— Interferometer alone
12 12 — NAs alone

1000 1200 1400 1600
Wavelength/nm
(sF1.5, bs=5um
— Hybrid device
0.8+ — Interferometer alone
13 _NAsalone
0.64 14 13
15 12
0.4 17 16
0.2
0.0
1000 1200 1400 1600
Wavelength/nm
(dBgF1.7, dbs=5M
— Hybrid device
0.8+ — Interferometer alone
17 1616— NAs alone
0.6
18
0.4
0.2
00"
1000 1200 1400 1600
Wavelength/nm

(BgFl.5, bs=7um

Fig 3.3.18 Reflectivity of System 1 with variedraefive index for PSi layer (a:pg=1.4; b: g = 1.5;
C: npsi= 1.6; and d: pgi= 1.7, tbs;= 5 pm) and Reflectivity of hybrid device with iegrthickness for PSi layer

(b: dpsi=5 um; e: @s;= 6 pum and f: ds;= 7 um; nps; = 1.5); the one of interferometer alone (black\aiywith

same PSi layer with hybrid device and one of NAsalblue curve) are accompanied in each figure.
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The reflectivity spectra for all the cases mentabove are shown in Fig 3.3.18, where the
spectra in Fig 3.3.1&], (b), (c) and ¢) show the variation with varying refractive indexd
the spectra in Fig 3.3.1&)( (e) and ) show the variation with varying thickness. The
reflectivity spectra of the SKIPSI/Si interferometer and of the NAS/SISI System are
drawn in black and blue, respectively, while thd oeirves show the spectra of the hybrid

device.
Comparison between the spectra shown in Fig 318dds to the following observations:

* In each case, there is always a fringe of interfert@r -\’ ;max— Which is split into
2 fringes —\’3max and A" 3max — due to the strong coupling between NAs and the
interferometer at NA resonance. The relative pos#iofA’ 3max andA”smax are on
either side ol\’;max and of the resonance wavelength. Here, we asdugt®’ $n,ax
corresponds to the smaller wavelength. The corretipg wavelength values and

splitting amplitudeA)s are summarized in Table 3.2.

» The orderm of the split fringe depends on the optical paththimi the
interferometer, since the split fringe is always tine closest to the NA resonance
wavelength.

- The wavelength amplitude of the splitting seem®dodependent on the optical

path within the interferometer.

(Mpsi dps) A 2ma{NM Agma/NM Akg/nm
(1.4, 5) 1294.63 1;222; 22.57
(1.5, 5) 1267.18 1;33;; 46.82
(1.6, 5) 1244.53 1;322232 83.64
(1.7, 5) 1320.42 1;33;3 57.98
(1.5, 6) 1301.08 1132]?8]:;1 27.41
(1.5,7) 1325.25 1;22?2 51.53

Table 3.2 Wavelength values of split fringes fateease shown in Fig 3.3.18.

In order to perform the analysis in detail, in foowing we consider the phase differences

between the SigPSi/Si interferometer and the hybrid structuregading as a reference the
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phase ofA’;max ON the interferometer reflectivity spectrum; thigans that the relative phase
of X’ omax IS set to zero. The 2 minima just before and aftgka, With respective wavelength

X 2min-m) @ndX’ 2minm-1y have relative phasest-and #t Then, the relative phase of the NA
resonance wavelengiya with respect td\' ,max has been extracted for each case shown in
Fig 3.3.18, and reported on the cosine functioomshim Fig 3.3.19 &). The refractive index
and thickness of the corresponding PSi layer dreléa on the figure asids; dps)).

1ol (1.5, 67 (1.4, 5)
0.51 (1.7, 5)
» 201 \as57 (1.5, 5)
3
-0.5
-1.0' (1.6, 5) ’A Zmax
2 }\zmin_(m) 0 )\Zmin-(m-l) 2
Aq))\NA—7\2max / n
(@)
0.4- 1292nm 1341nm 20-
A A
0.3 ~ 15
z 3
S 8
g 02 210
@ 2
x 2z
0.1 £ 0.5
0.0 T T . 0.0+— T T T T —
1000 1200 1400 1600 -3 -2 -1 0 1 2 !
wavelength/nm Z/um

(b) (©)
Fig 3.3.19 (a) lllustration of the relative positis ofiya t0 1 omax0N @ cosine function for the different cases
shown in Fig 3.3.18; (b) Reflectivity spectrumtdd tnterferometer withgz;= 1.52 and ds;= 5.66um; (c)
Intensity profile E along z (i.e.in the structure depth) for the Zati#nt wavelengths 1292 nm and 1341 nm,

respectively, corresponding to a minimum and a manra of reflectivity in the spectrum shown in (b).

Fig 3.3.19 &) enables to highlight the following observations:

» If the fringe position of the interferometer is bBuihatina is close to\' omayx as it
the case for the PSi layers with parameters (3.6r 61.4, 5), the relative phase of
Ana IS close to 0 and around the peak of the cosimetifion; In this case, the
wavelength amplitude of the splitting is small,héghlighted in Table 3.2, and the
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2 split fringes tend to “merge” into one broad @rén as can be observed in
Fig 3.3.18 &) and @);

» If the fringe position of the interferometer is Buthatina is close to a minimum
A 2min, @S IS the case for the PSi layer with paraméfe6s 5), the relative phase of
Ana is close to #it and around the dip of the cosine function; In ttese, the
wavelength amplitude of the splitting is large, raghlighted in Table 3.2 and
Fig 3.3.18 €));

* In the other cases corresponding to PSi layers patameters (1.5, 5), (1.5, 7) or
(1.7, 5), the relative phase bfa is on the slope of the cosine function, and the

wavelength amplitude of the splitting in-betweea thformer cases.

The above analysis, indicates that the largesttisglistrength is observed when the fringe
position of the interferometer is such thak is close to a minimuri’ ,nin; On the opposite,
the smallest splitting strength is observed whenis close to a maximuri ;max In order to
understand this point, the electric field intengE) in the interferometer deptlz-lirection)
has been calculated for 2 different wavelength€§2#n and 1341 nm, corresponding to a
minimum and a maximum of reflectivity, respectivelyhe corresponding reflectivity
spectrum and electric field intensity profiles at®wn in Fig 3.2.190) and €), respectively.
The position of the interferometer surface is higjited by a dashed orange line on the field
profiles. It can be observed that the electriadfiekensity is maximum at the surface when the
reflectivity is minimum (at 1292 nm), whereas thectric field intensity is minimum at the
surface when the reflectivity is maximum (at 1341)n Considering the hybrid structure
where the NA is located at the interferometer sugfathis means that the NA lies at a
maximum of field intensity when the reflectivity tiie interferometer is minimum. As the
splitting strength is directly related to the caoglstrength between the interferometer and
the NA, we can conclude that the splitting is th®rggest when the overlap between the
photonic mode and the plasmonic mode is the stginge., at a minimum of reflectivity of
the interferometer. This result is in perfect agreat with the study by Amelingt al.
presented earlier.
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3.3.4.3 Experimental demonstration

Reflectivity vs. transmission studies

The optical studies performed in this work were @ltwoth in reflection and transmission for
the 3 systems, as was presented in chapter 2. Howal the discussions so far have been

based only on reflectivity spectra. The reasorhia thoice is presented in the following.

Fig 3.3.20 shows the reflectivity and transmissgpectra for the 3 systems, “NAs alone”
(system 2), “Interferometer alone” (system 3) ardlyldrid device” (system 1). For both
systems 1 and 2, the NAs have the following averggeameters: Al =510 nm,
A2 =280 nm, and Gap =20 nm; For systems 1 antie3jnterferometer has the following

parameters for the PSi layer: refractive index 12 = 1.5 um) and thickness 5.66 um.

—o= Transmission

—o= Transmission

1.4+ L
— Reflectivity 114 | — Reflectivity
1.2
1.0y
o 1.0
g €009
o) [S]
o 0.84 g
7] »n 0.8
0.6
0.7
0.4 0.6
1000 1200 1400 1600 1000 1260 1440 1600
Wavelength/nm avelength/nm
(a) NAs alone (b) Interferometer alone

18- —o— Transmission

— Reflectivity
1.6 ”
1.4
©
£ 12
3
& 10 ,
0.8
%1 "\ L/ s
0.4 -~
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Wavelength/nm

(c) Hybrid device

Fig 3.3.20 Comparison between reflectivity and srassion spectra for the 3 systems

Fig 3.3.20 &) shows the spectra for the case of the NAs al®he. transmission spectrum

(blue curve with open circles) exhibits a dip atamance due to the NAs absorption and
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scattering events; the resonant wavelength is @d3®0 nm, which is a bit different from
the peak position in the reflectivity spectrum blcurve). This discrepancy is attributed to
the unsymmetrical environment for the upper and elowsides of NAs, air and
interferometer + Si substrate, respectively. Henee, prefer to systematically use the

reflectivity spectrum to define the resonant wangté.

Fig 3.3.20 ) shows the spectra for the case of the interfeteradone. For this system, we
can see that the position of maxima in the refiggtispectrum (black curve) perfectly
corresponds to the position of minima in the traission spectrum (black curve with open
circles). This agreement is the result of the phaagching condition of the interference. It
can also be observed on the figure that the trasssam fringes have a smaller amplitude than
the reflectivity, which can be explained by theosty absorption in the highly - doped Si
substrate. As both spectra provide the same infitamabout fringes position, we prefer to

systematically use the reflectivity spectrum tolgsathe optical response of this system.

Fig 3.3.20 ¢) shows the spectra for the case of the hybrictgtra. Both of them exhibit the
oscillations from the interferometer superimposedite resonance peak or dip of the NAs,
with a smaller fringe contrast for the transmissgpectrum (red curve with open circles),
similarly to the case of the interferometer alortdowever, unlike the case of the
interferometer alone, the fringe positions on tékectivity spectrum (red curve) are slightly
different from the positions on the transmissiorcpum; the origin of this behaviour is the
same as in the case of the NAs alone discussecealtio® discrepancy in NA resonance
wavelength between the reflectivity and transmissionfigurations must modify the phase
matching condition between both configurationsgieg to slightly different fringe positions.
For the same reason, the fringe splitting also afgpdifferent: a broad peak in the reflectivity
spectrum (merging of 2 split fringes), and two wedkparated fringes in the transmission
spectrum. However, the order of the split fringethe same in both spectra, and no additional

information can be extracted from the transmissjoectrum.

Hence, according to the analysis above, the digmuspresented in the following is

systematically based on the reflectivity spectra.
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Experimental observation of the splitting

Optical measurements were performed on severake®with varying parameters for the
interferometer and the NA array. In each case,ftinge splitting was observed, with an
amplitude AA3 in agreement with the analysis presented in sec8@®.4.2. In order to
highlight this behavior, two different comparisdrmesve been selected and are presented in the
following: devices with identical NAs and interfeneter with different optical path, and
devices with identical NAs and interferometer waifferent parameters but identical optical

path.
1. Different optical path

Fig 3.3.21 shows the comparison between 2 hybndcds with identical resonandg at
1.325 um. The first device has an interferometeth wparametersnpsi=1.52 and
dpsi=5.66 um. The second device has an interferomettr parametersipsi= 1.31 and
dpsi= 5.9um. The reflectivity spectrum of each devigeshown in Fig 3.3.21aj and §),
respectively, as well as the ones of the correspgngystems of NAs alone and

interferometer alone.

18— Hybrid device 18, Hybrid device
®1 — Interferometer alone = | = Interferometer alone
1.6{ — NAs alone 1.6 — NAs alone
1.44 \_ > 14
z - =
= 1.2 =i g 1.21
i3] 2
Q 1.0 “5 1.0
© 14
o 0.81 0.8
0.61 0.6
0.4 T T d 0.4 T T "
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(8) nes=1.52, dbs=5.66pum (sp1.31, Bbs=5.9um

Fig 3.3.21 Comparison between the reflectivity si@eged curves) of 2 hybrid devices with identibBs and
different optical path of PSi layer, and reflectyvgpectra of the other corresponding systemsrfietemeter
alone (black) and NAs alone (blue). The pink limdidates the position of the NA resonance.

As can be observed in Fig 3.3.24),(for the first hybrid devicewa is located around a
minimum of the interferometer reflectivity spectruifhe strong coupling induces a fringe
splitting around)’ ;max= 1325 nm, leading to 2 fringes with positi@hsmax= 1255 nm and

A 3max= 1323 nm and a wide amplitud®\; = 68 nm. This is in perfect agreement with
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TMM simulations, as was presented in Fig 3.3.88 ffor the second hybrid devickya is
located around the maximum of the interferometdiectvity spectrum. In that case, the
fringe splitting is leading to 2 fringes with pasit A’ 3max= 1293nm and.” 3max= 1338nm and
a much smaller amplitud&\;= 45nm. This is in perfect agreement with TMM siatidns,

as was presented in Fig 3.3. 53 &4nd €).
2. Same optical path

Fig 3.3.22 shows the comparison between 2 hybndcds with identical resonandg at
1.38 um. The first device has an interferometer hwparametersnpsi=1.52 and
dpsi=5.66 um. The second device has an interferomettr parametersipsi= 1.78 and
dpsi= 4.85um. The optical paths of the interferometaes the same in both devices. The
reflectivity spectrum of each device is shown ig Bi3.22 &) and b), respectively, as well as

the ones of the corresponding systems of NAs amideinterferometer alone.

— Hybrid device 18, — Hybrid device

187 __Interferometer alone ¥ — Interferometer alone

1.6{ — NAs alone 1.64 — NAs alone Py

1.41 >, 1.4-
z £
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0.61 0.6
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Wavelength/nm Wavelength/nm
(8) ’s=1.52, bs=5.7um (bp4F1.78, bs=4.9um

Fig 3.3.22 Comparison between the reflectivity si@e@ed curves) of 2hybrid devices with identibbis and
same optical path but different (n, d) parametersttie PSi layer, and reflectivity spectra of thbar
corresponding systems: interferometer alone (blacid NAs alone (blue). The pink line indicatesgbsition

of the NA resonance.

As can be observed in Fig 3.3.22, in both casesfrihge position of the interferometer
spectrum is the same, and the resondpgeis around a maximum of the interferometer
spectrum. In both cases, the splitting appeansaridrm of a broad peak corresponding a very
small splitting amplitude. This result demonstratieat the behavior of the split fringes is
directly related to the fringe position — i.e., tbptical path in the interferometer — as was

assumed in the analysis presented in section 3.3.4.
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Experimental determination of the dielectric funcih of NAsS

The presence of interference fringes on the reWiégispectrum of the hybrid system enables
to perform an experimental approximation of thd paat of the NA refractive index, using
the phase matching model developed in this chaptee. refractive index can be directly

deduced from (EQ-3-3-20), leading to the followaxgpression:

2m-Ag. 4n - doe . .
RanA) — ( m ¢|nterface)/] 3max / 71 (nPS|dPS| + nSIOZdSIOz)

™ (EQ-3-3-22)

As can be clearly seen in (EQ-3-3-21), the keyassuthe determination of the value of
Aointerface @S all other parameters entering this equatierkaown. Both Refys) andAdintertace
could be determined by fitting the experimentaleivity spectra of the NA array and the
hybrid structure; in the present case which aines @rtoof of principle, the values Afpinterface

will be extrapolated from a TMM simulation of theperimental structure.
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Fig 3.3.23 Experimental Determination of refractindex of NAs
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The experimental system that is considered in tbkoviing has a NA resonance
Ana =1325nm, and a PSi layer with parameteks;i=1.31 and dpsi=5.9 um. The
experimental reflectivity spectra are presentedrig 3.3.23 €); the corresponding TMM
simulations, presented in Fig 3.3.2B),(show very good agreement, both for the NA

resonance and the fringe positions, as report@clie 3.3.

The values ofA@inerace have been deduced from the analysis of fringetipasi on the
simulated spectrum, by following the method presémt section 3.3.4.2 (see Table 3.1), and
are reported in Table 3.3. Comparing to Table ®d can see that the variations/Qfinerface
are very similar in both cases. Hence, the valdeSo@errace €Xtracted from the simulations
have been inserted into (EQ-3-3-22) together whih data deduced from the experimental
spectra, in order to determine the experimental paat of NAs refractive index. The
corresponding values are plotted as blue star&gi3.8.23 ¢), and are reported in Table 3.3.
Comparing to the index variations from the mode&dus the simulations, it can be observed

that the experimental values exhibit the same terylas the values deduced from the Drude

model.

Aomar-sime / NM m Asmar-sim. / NM AQintertace In XSma)—exp / nm Re(n\lA)
1042.38 15 1037.45 -0.166 1042.38 1.04

1116.06 14 1106.25 -0.305 1111.15 1.29

1200.75 13 1184.50 -0.380 1194.25 2.36

1284.95 -0.380 1293.02 2.84

129947 12 1336.52 -0.030 1338.12 7.27

1416.71 11 1442.27 0.070 1451.85 5.94

1558.29 10 1588.31 0.080 1593.05 5.82

Table 3.3 Fringe order analysis from the simulasé@ictures presented in Fig 3.3.23, and extrapolanf the

corresponding values afpietace Used to determine the experimental values of\Re(n
3.3.4.4 Conclusions

In this section, we used a phase matching modaiviestigate the interference fringes of a
Fabry-Perot interferometer (PSi/Si) when an exdxeet is introduced on top of it. The fringes
position is strongly dependent on the dielectrinstant of the materials, due to the value of

phase shift at the interfacA®inerraceand to the variation of total optical path.

If the extra layer is made of a non-absorbing niatdike a thin SiQ layer, A¢ =Q0at

int erface
the same time the increase of optical path — indilbgansio> > 1 — leads to a red shift of each
fringe. On the opposite, if the layer is made ohldBorbing material with small Rg(and
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high Im(n) such as gold, the total phase shift is stronglyative-n <Ag,, < 0; this leads to a
blue shift of each fringe.

Considering an extra layer with huge refractiveedariations such as a layer equivalent to a
NA array, it was demonstrated that the fringe berazan still be explained by this simple
phase matching model; furthermore, a fringe sptttinduced by the strong interaction
between NAs and interferometer at resonance wasnpaitevidence, with a wavelength
amplitude directly related to the phase differermstween interferometer and NA at

resonance.

Finally, we were able to extrapolate the variatioiphase shift at the interfad@pintertace
induced by the NA array; using these values angki@se matching model, we could deduce
experimental values for the dielectric constanthef NA array from experimental reflectivity
measurements, which show a similar tendency asvdhi@tions deduced from the Drude

model.
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3.4 Hybrid device: Resonator approach

In the previous section, the bowtie NAs array wasved as an equivalent homogeneous
layer added on top of the interferometer. Its @fv@ index was modeled using a Lorentz
function. In the interferometer view, the resonamgtallic structures introduce a huge phase
variation over the studied wavelength range. Theraction between NAs and interferometer
can also be described using the formalism of cauptede theory (CMT)[3.13]; this

complementary approach, which models the NA arsag harmonic oscillator, can provide a
faithful description of the global temporal and cjpal characteristics of the optical power

transfers and storages within the photonic sygeid].
3.4.1 Principle of coupled mode theory

As already presented in chapter 1, under the stitiom of electromagnetic field the electron
gas in metallic particles shifts with respect te fhositively charged lattice, and the latter
exerts a restoring force to the electrons, whiclvesothem back to the original positions.
When the frequency of the excitation source matdes natural frequency of surface
electrons oscillating against the restoring fotoealized surface plasmon occurs. This kind

of electrons oscillation can simply be modeled asrmnonic oscillator, as shown in Fig 3.4.1.

11,

—C-1
-,

A

Fig 3.4.1 Schematic representation of NA on Fabeyeinterferometer

In the present approach the bowtie NA is viewe@ asonomode resonator interacting with
an incident plane wave. The complex amplitude ef gsonant mode & (jaf® is the stored
energy). § and G; are amplitudes of propagating and counter-profpegatlane waves at

different positions in the system (see Fig 3.4The distance between NA and interferometer
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1

is noted ad.. 7 is the intrinsic optical loss rate of the NA (indIng radiation and metallic
0

1
absorption) ani— is the coupling rate of the NA with the propaggtinodes.

C

The coupled mode theory (CMT) describes the kiset€ the NA interaction with the
interferometer by the following equation:

%‘ =(jay -1, -1l1))a+KS, +KC,, (EQ-3-4-1)

wherewy is the resonant pulsation of the NA, alds the coupling coefficient between the
plane waves and the resonator. According to thedawnergy conservation, we have the

following relations between these components:

$,=C,-Ka (EQ-3-4-2)
C,=S,-Ka (EQ-3-4-3)

K = \/Tie”’ (EQ-3-4-4)

According to the equations above, after Fouriem$farmation it is possible to derive the

: S+1 C—l
transfer matrixV, betwee S and :

- Ca
- & ¢
M=l e 1€ (EQ-3-4-5)
1-Cc  1-C
2
- K 0ais
JCU_J%“L?O“L?C

wherew is the resonant pulsation of input signal.

Finally, the matrixM, can be inserted in our Transfer Matrix Method lides to determine the
spectral characteristics of the 3 Systems. We défia quality factorQ. andQo for coupling

and intrinsic loss, respectively:
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Q.= . 12, Qy=a,,/2

Then the total quality factor i€ = (QC'l + 51)_1

The quality factorQ. andQ, and the resonance wavelengihare the 3 crucial parameters
influencing the behavior of the system. To be nepecific, EQ-3-4-6 can be rewritten:

1 1
C= — (EQ-3-4-7)
1+ SC 1+ j2Q W=

0 a)O

In the following, the influence of these parameisrdiscussed in more details and compared
to the experimental results. From EQ-3-4-7, we oder that the spectral width of the
resonance will be proportional to 1/Q and thatahwlitude of the reflectivity spectrum will

be directly related to the ratiaQo.

3.4.2 Study of the influence ofQ and Q/Qq

3.4.2.1Influence of Q and Q/Q on the reflectivity of NAs

Before investigating the properties of the hybravide, it is necessary to study the plasmonic
resonant behaviour of NAs alone, in order to explbie effect of key kinetics paramet€s
andQ. on the coupling mechanisms of NAs with the propiageoptical mode. In the present

case, the NA array is represented by a resonatbrtixe key energy transfer matrix.M

Considering a fixed resonant wavelength= 1325 nm the NA reflectivity has been

computed with varying values @ andQ..

Fig 3.4.2 summarizes the influence of the qual#gtdérs on the reflectivity spectrum of the
NAs. This study can be divided into 3 differentesis

1. Influence of Q at fixe/Qo: this study is presented in Fig 3.4d) { Reflectivity
spectra andd) — Transmission spectra for the particular cas@@®o= 0.4, andQ

varying from 1 to 10.

2. Influence ofQ. / Qo at fixedQ: this study is presented in Fig 3.48) £ Reflectivity
spectra andd) -Transmission spectra for the particular case€Qef 5, andQ./ Qo

varying from 0.1 to 1.

- 201 -



3.4 Hybrid device: Resonator approach

3. Particular case d). >>Qy: this case is presented in Fig 3.4R € Reflectivity

spectrum.
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Fig 3.4.2 Influence of the quality factors on tieflectivity spectrum of NAQ£1325nm)

The different variations shown in Fig 3.4.2 leadhe following observations:

- The normalized bandwidth of the resonance is fddtermined by 1), which

represents the total losses of the NA.
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- At fixed Q, the amplitude of the reflectivity peak,&& depends only on the
ratio Q/Qo:
0 For Q;. << Qo (over-coupling), the incident beam is fully retied at
resonance and no absorption occurs, indicatinglacbapling with the NA
0 For Q.= Qo (critical coupling), a maximum coupling with theAll is
obtained: 25% of the incident power is reflectedpther 25% is transmitted
and 50% is absorbed or scattered.
- For Q.>>Qy (under-coupling), the incident beam is fully tramed at
resonance (R tends to 0 and T tends to 1) and sar@ation occurs, indicating again a

bad coupling with the NA.
3.4.2.2 Determination of experimental Q values

The study presented above shows that the reflgcpectrum of the NAs is strongly varying
with the values of Q and{@®o. Hence, the experimental Q values could be detetnirom a

fit of the experimental spectra.

We selected the experimental 3 systems alreadyisiisd in Fig 3.3.23. The resonance is
around 1300 nm for the bowtie NAs with the folloginparameters: triangle bases:
Al =510 nm; distance between 2 triangles: Gap arifand triangle height: A2 =280 nm.
The interferometer has the following parametersttier PSi layernpsi= 1.31,dpsi= 5.9 pum.
The devices have been optically characterized icra¥iR and the reflectivity spectrum has
been normalized with the silver mirror in order have a direct comparison with the

simulations.

The experimental spectra for the 3 systems areepted in Fig 3.4.3, where the blue curve is
for NAs alone — ‘System 2’, the red one is for thrid device — ‘System 1’ and the black

one is for the interferometer alone — ‘System 3.
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0.9- —— Hybrid device
Interferometer alone
0.8 —— NAs alone

0.7
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0.1 T y ;
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Fig 3.4.3 Experimental spectra of the 3 systemsnatized with mirror

In order to determine the experimen@lvalues, CMT simulations with varyin@Q factors
have been performed for all 3 devices and the sitadlspectra have been compared to the
experimental ones to find the best match. The tiaguspectra are plot in Fig 3.4.4 for each

system.

In the case of System 3 (Fig 3.44)( the CMT calculation has been made for>@ Q
(Q ~ 0), in order to prevent any excitation of thAs; this way, the only contribution to the
reflectivity spectrum comes from the interferomet€he spectrum calculated with CMT

reproduces well the experimental fringe positions.

For System 2 (Fig 3.4.d)), the best agreement between simulation and erpetal spectra
is found wherQ = 2.2 andQ/Qp = 0.42.

For System 1 (Fig 3.4.£)), the best agreement is found whgr= 2.2 andQJ/Qy=0.3. In
particular, we can observe the same fringe spiitton the CMT spectrum as in the
experimental spectrum. This is demonstrated agairable 3.4, which gives a comparison of
the wavelength positions of the split fringes irthhoases; in spite of the inaccuracy on the
position of the little - pronounced split fringesery good agreement is found, with a

discrepancy between the wavelength positions snialéa 1%.
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0.8 0.6- —o— Experimental curve
0.7 Experimental results —— CMT simulation
' —o— CMT simulaiton 0.5
0.4-
2
203
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Q
% 0.2
24
0.1
T T T 1 O.O- T T 1
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm

(a) Interferometer alone with @> Qg and Q ~ 0; (b) NAs alone with.QQ, = 0.42,Q = 2.2;

Reflectivity

0.0+ T T )
1000 1200 1400 1600
Wavelength/nm

(c) Hybrid device: @/ @;=0.3,Q=2.2
Fig 3.4.4 CMT simulation fit with experimental dms: (a) interferometer alone with. @> Qy and Q ~ 0; (b)
NAs alone with @Q, = 0.42, Q = 2.2; (c) Hybrid device withf®, = 0.3, Q = 2.2. The solid lines are for

experimental spectra and the lines with circles fareCMT simulation.

}h, 3ma>1nm 7»" 3ma>1nm
Experimental
1293 1338
results
CMT 1287 1346

Table 3.4 Comparison between the wavelength pasitid split fringe for the hybrid device presenired
Fig 3.4.4.

The optimumQ values determined for systems 1 and 2 are verseclmdeed, in the CMT
simulation of the NA, th& values should be independent on the NA environment on the
presence or absence of interferometer. However, tduexperimental imperfections the
experimentalQ factors of the NAs might slightly vary from one Nekray to the next; as
illustrated by the simulations shown in Fig 3.4sbich a slight variation o factor will

mostly result in a slight modification of the sglinges.
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0.8. —Q=4,Q/Q.=0.25
07 —Q=2.2,Q/Q,=0.3

1000 1200 1400 1600
Wavelength/nm

Fig 3.4.5 CMT simulations of the hybrid structurighwslightly different Q factors

As the CMT theory mainly applies in the case ofhhygresonant systems, it is important to
verify the validity of the Q values determined ugithis theory in the case of the low-
resonance NAs. For this, we consider again thererpatal spectrum for NAs alone shown
in Fig 3.4.3 and 3.4.4J, and evaluate the Q factor using the followinigtien: Q = Ana/ A4,
where Aya is the resonance wavelength afdl is the full width at half maximum. The
resulting experimental Q factor is about 2.8, whishn good agreement with the values

determined by CMT, demonstrating that the CMT apphais still valid here.

3.4.3 Study of the influence ofw,

3.4.3.1Influence of NA resonance wavelength on the hybridevice behaviour

We have seen above that Qesalues used in the CMT model have a crucial imfageon the
shape and intensity of NA resonance, and the valti€s andQ. matching our experimental
devices have been determined from a fit of the exyntal spectra, both in the case of the
hybrid device and NAs alone. The spectra obtainigld @MT simulations reproduce well the
behavior of the hybrid device, in particular thandee splitting at resonance. The resonance
wavelengthAna is also a crucial parameter, as it will influertbe relative position of the
resonance with respect to the fringes. Hence, tutiia resonance wavelength should lead to
similar observations as the ones presented inose8tB.3 when tuning the optical path of the
interferometer. This study is presented in theofeihg.

The values of)y andQ. used in the CMT model are the same as the onesmetd in the
previous section for the hybrid device, i.e., Q.2 @nd @ Qy= 0.3. To simplify the study, we
choose the parameters of PSi layemas= 1.5 andd.;= 5 um. The value okya is varied
between 1260, 1290, 1310, and 1330 nm respectiVhky.reflectivity of the hybrid device is
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shown in Fig 3.4.6 for each wavelength resonantgev#s usual, the corresponding spectra

of NAs alone and interferometer alone are showwels

—— Hybrid device —— Hybrid device
0.84 ——NAs alone 0.8 —— NAs alone
— Interferometer alone \-— Interferometer alone

Reflectivity
o o o
N AN o

{

Reflectivity
o o o
h _» O
%

0.01 0.0
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(&) Ana= 1260 nm (bda = 1290 nm

—— Hybrid device
—— NAs alone
——— Interferometer alone

—— Hybrid device
—— NAs alone
—— Interferometer alone

o
[ee]
1

0.6 0.6 L/
>
204 S 04
0.0- 0.0-
1000 1200 /14'00 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(¢) Ana=1310nm (@ = 1330 nm

Fig 3.4.6 Reflectivity of hybrid device for varyiresonance wavelength: (d), = 1260 nm; (b)ya = 1290 nm;
(¢) Ana= 1310 nm and (djiya = 1330 nm

As expected, the splitting behavior of the hybrelVide varies depending on the resonance.
This can be studied by considering the phase difiee between the NA resonance and the

interferometer fringe maximum. We can obtain thaeaonclusion as the analysis in Section

3.3.4.2.
3.4.3.2 Experimental demonstration

As discussed in section 3.3.4, for a given sulestitad tunability of resonant wavelength for
bowtie NAs can be obtained by adjusting the sizesb distance of triangles. As the largest
variation of resonant wavelength was shown to dementhe Gap parameter, in the following
we select 2 NA arrays with different gap sizes,n20 and 15 nm, and identical triangle
parameters Al =510 nm and A2 =280 nm. The unihgrlynterferometer has parameters
dpsi= 5.9 um andhps; = 1.31 for the PSi layer, and 80 nm Sgpacing layer. The reflectivity
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spectra of the 2 hybrid devices with different NApg are shown in Fig 3.4.7 (red curves),
where @) and p) are for 20 nm and 15 nm gaps, respectively. Treesponding reflectivity

spectrum of interferometer alone (black curves)dAdalone (blue curves) are also plotted.

— Hybrid device —— Hybrid device
1.8- — Interferometer alone 1.8+ Interferometer alpne
— NAs alone —— NASs al 11: 1442nm
1.61 12:A=1293,4 ~12: 1=1338 1.6 S 80N, 13684 :
> 1.44 1.4
= 2
5 1.2 = 1.24 v;
9 i3]
© 1.01 @ ]
2 S L0 /
0.8 X o.8
0.6 12 »=1300 0.6 11:1409nm
0.4 , , g 0.4 : , g
1000 1200 1400 1600 1000 1200 400 1600
Wavelerigth/nm Wavelength/nm
() (b)

Fig 3.4.7 Reflectivity of experimental hybrid deweith identical NA triangles (A1 = 510 nm, A2 =®8m) and
different gaps: (a) Gap = 20 nm; (b) Gap = 15 nned=curves: Hybrid device, black curves: interfertene
alone, blue curves: NAs alone.

Comparing the 2 cases shown in Fig 3.4.7, it candodéied that NAs with different gap sizes
but otherwise identical parameters (Al, A2 and ristemeter structure) have different
resonant wavelengths: as expected, the resonancglength is smaller for the larger gap,
with Ac = 1325 nm and 1370 nm for 20 nm and 15 nm gapsperdively. Therefore, the
reflectivity spectrum of the hybrid device is diéat as well. In case), A¢ is close to the
fringe maximum\’,max = 1300 nm, leading to 2 close split fringeshainax= 1293 nm and
A 3max= 1338 nm, almost merging into one broad peak;ased), A is close to the fringe
minimum A’ omin = 1346 nm, leading to 2 further-separated fringes’ 3max= 1368 nm and
N smax= 1442 nm. This result validates that the fringdittapg can also be controlled by

tuning the resonance wavelength of the NA array.
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3.5 Conclusion

In this chapter, we presented a study of the cogptiechanisms occurring within the hybrid

structure consisting of an array of bowtie NAs op of a PSi interferometer.

First, a study of the NAs alone was presented, rademto gain understanding about the
influence of the different geometrical parametefrshe bowtie NA, as well as the coupling
mechanisms between the 2 triangle-shaped goldclesitileading to the resonance. We
demonstrated that the resonance could be tunedjbgtimg the triangle dimensions and the

inter-particles distance.

In a second part, the influence of the NA arraytlom interferometer was investigated. The
proposed approach was to consider the NA arrayeteduivalent to a homogeneous layer
with same dielectric function placed on top of theerferometer. A simple phase matching
model based on thin film interference was develdpgdr-by-layer, in order to describe the
multi-layer interferences in the device and to gmalthe fringe variations induced by the
introduction of the equivalent layer. The plasmomsonance behavior of the NAs was
modeled using the Drude model to describe the ®@ffedielectric constant, which exhibited

giant variations around the resonant wavelengtbath real part and imaginary part. The
highlight of this study is the evidence of a fringglitting induced by the NA resonance,
which was demonstrated both with TMM simulationsl @&xperimental results. For a given
NA resonance, we could demonstrate that the wagtieamplitude of the fringe splitting can

be controlled by modifying the optical path of tinéerferometer. Finally, we were also able
to perform an experimental mapping of the NAs digle constant by exploiting the fringe

positions on the reflectivity measurements. Theeexpentally extracted values show a

behavior similar to the predictions from the Drudedel.

In the last part of this chapter, we used a compteary approach, which views the bowtie
NA array as a harmonic oscillator. The couplingwsstn NAs and interferometer was
investigated with coupled mode theory. The behaweibiNAs could be described with a
specific transfer matri; including 3 key parameters: the quality factors doupling and

loss, respectively, as well as the resonant wagébenUsing this approach, we could

demonstrate again the fringe splitting induced Byrsonance, and we could also show that,
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for a given interferometer structure, this fring#iting can be controlled by modifying the

resonant wavelength of NAs.
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4.1 Introduction

4.1 Introduction

In chapter 3, we presented that the hybrid devicestituted of a bowtie NA array and a F-P
interferometer exhibits a specific spectrum showoth the NA plasmonic resonance and the
oscillations of interferometer fringes: the fringesroduce a structuration on the broad NA
resonant peak, leading to several peaks superimdpegh the NA resonance; at the same
time, coupling between the 2 device elements inslaceenhancement of the fringe amplitude
as well as a shift of the fringe positions and iage splitting at NA resonance. Hence, it
would be interesting to investigate the potentfahese particular optical features for sensing
applications, in particular in terms of sensitiviignprovement with respect to the
interferometer alone and NAs alone.

The evaluation of environmental sensitivity is edsg for sensing applications. In this
chapter, we present sensing experiments with varidavice environments providing

conditions for detection of large and small refraeindex variations, respectively.
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4.2 Large refractive index variation An

The first studies of the sensing potential of oybrid device aim at investigating large
variations of the refractive index of the envirommel'wo different cases are discussed in the

following:

- Deposition of a PMMA layer on top of the device;

- Immersion of the device into water.
4.2.1 Validation of the sensor with PMMA layer
4.2.1.1 Sensitivity to the presence of PMMA layer
The purpose of this first study is the detectionaoPMMA layer deposited on top of the
device. Hence, this experiment compares the respointhe device with PMMA layer to the
device without PMMA, i.e. in air environment. Indar to determine whether the hybrid

device yields a gain in sensitivity with respectthe interferometer and NAs alone, the 3
devices are investigated and compared.

Description of the 3 systems:

The interferometer consists of a PSi layer with54u8n thickness, which has been slightly
oxidizied (o2~ 1.8 nm). The refractive index is 1.66, correspogdo a porosity of 53%

after oxidation. A thin (80 nm) SiJayer was deposited on the PSi surface.

The NA array has the following average dimensioAd4:=510 nm, A2 =280 nm and
Gap = 20 nm, both for the hybrid device and for slgstem with NAs alone. As before, the

later was fabricated on top of a Si substrate @@ nm SiQ spacing layer.

Optical response of the 3 systems in air:

The 3 systems were first studied in air environm&he corresponding reflectivity spectra are
presented in Fig 4.2.1. We can see on these spe#atathe NA resonance is positioned
around 1350 nm and its linewidth is about 470 nm.ti&e spectrum for the hybrid structure,

the splitting is observed for fringe order 12 ire ttorm of a broader peak since the NA
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resonance wavelength is close to the position @irterferometer fringe, as discussed in the
previous chapter.
—Hybrid device

— Interferometer alone ,,
1—NAs alone
13

o
o]

Reflectivity
o o o o o
w JI> (63} (o] ~

0.2 : : .
1000 1200 1400 1600
Wavelength/nm

Fig 4.2.1 Reflectivity of the 3 systems in Air

Sensing experiment: Deposition of a PMMA layer aopt of the systems

The sensing experiment consists in depositingraltyier of 950 PMMA C2 on top of our 3
systems, and in observing the induced variatiothenreflectivity spectra. The PMMA was
deposited by spin coating and has a thickness @h24. The refractive index of such PMMA

resist is shown in Fig 4.2.2.

_ 2898x10° 1579x10™
1.4910- Nowa = 1488+ ——5——+——3

1.4905+

n PMMAC2

1.4900+

1.4895+

1.4890+

1000 1200 1400 1600
Wavelength/nm

Fig 4.2.2 Refractive index of PMMA (The unittaf Cauchy equation is prffyom Micro Chem resists data
sheet]

The reflectivity spectra of the 3 systems with antthout PMMA layer are shown in

Fig 4.2.3, and lead to the following observations:
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1. In the case of NAs alone (Fig 4.28)( the resonance is shifted from around 1350 nm in
air environment (blue curve) to 1600 nm in presentdPMMA (blue curve with open
circles). This significant shift demonstrates ttta plasmonic resonance of NAs is sensitive
to its environment. The red shift can be explaibgdthe refractive index variation, since

Npvma>1.

2. In the case of the interferometer alone (Fig#®)), the PMMA layer induces a red shift
of the fringes. Considering the fringe order 12um 1400 nm, the fringe shifts from
1370 nm in air environment (black curve) to 1410 mnpresence of PMMA (black curve
with red dots). According to the model developedha previous chapter, the PMMA layer

constitutes an extra film withepmuma > 1 on top of the Si@PSi/Si system, which explains the

red shift.
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Reflectiviy

0

0.4

o

—Air before PMMA deposition
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(a) System 2
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Fig 4.2.3 Optical reflectivity spectra of the 3 ®yms with and without PMMA layer (the curves withsdare for

the devices with PMMA layer, the plain lines aretfee devices without PMMA): (a) System 2 — NAs@algb)
System 3 — interferometer alone, (c) System 1-thytavice, and (d) Difference between the refldgtispectra
with and without PMMA for each system (red cutwgbrid device, blue: NAs alone, black: interferoemet

alone); here, the spectra are normalized by theesimirror.

-218 -



4.2 Large refractive index variatiadmn

3. In the case of the hybrid device (Fig 4.23,(the PMMA layer induces a modification of
the NA environment leading to a red shift of NAarance, as in the case of NAs alone. This
resonance shift explains why the amplification e@inde amplitude observed in air
environment is not observed at short wavelengthkarcase with PMMA. On the other hand,
the extra layer of PMMA increases the total optigath which should lead to a red shift of
each fringe in view of the interferometer approaCbmparing the curves with and without
PMMA layer in Fig 4.2.3¢), the red shift is clearly visible for the largenfe orders before
NA resonance (for m > 14); at resonance, the stuamigition of NA optical constants and the
strong interaction between NA and interferometeluoce more complex variations, resulting
in the observation of a very slight blue shift ¢h)nfor m = 13, and of the fringe splitting
which is initially observed for fringe order 12 ara 1400 nm in air environment, and is
shifted to fringe order 11 around 1600 nm in presasf the PMMA layer.

Discussion: Comparison between the sensitivitieshaf 3 systems

Several methods have been proposed to evaluatecamgare the sensing potential of
devices. One way is to consider the ratio betwbenwavelength shift of the peak or fringe

j— A/1|"I’l

and the refractive index variation: S An
n

However, the definition above is meaningless indase of the hybrid structure, because of
the very different behaviors that could be obseruedFig 4.2.3 (c), depending on the
wavelength range. As a result, for most fring@s, is similar or smaller than in the case of

the interferometer alone, or even impossible tingefvhen considering the splitting.

Another way to discuss the sensitivity is to coasithe difference signal, i.e. the difference

between the reflectivity spectra with and withdwe PMMA layer:

AR =R inpmma ~ Rai

As this second approach is suitable for our systewascalculated the difference signals for
each system. The corresponding difference spexgratewn in Fig 4.2.3j. It is interesting

to note that the difference signal for the hybtidisture shows both the oscillations and the
modulation of the interferometer and the NAs défere signals, respectively. In the case of
fringe order 13 where the fringe positions for tgbrid structure almost coincide, the
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4.2 Large refractive index variatiadmn

oscillation almost disappears in the differencenagigwhich becomes very similar to that of

the NAs. In order to compare the sensitivity of 3hgystems, we consider 2 indicators:

- The maximum absolute value of difference sigati|n.x — which would be a good
indicator in the case of sensing measurementsed fivavelength;

- The total amplitude of the difference signds i.e. the difference between the
maximum and minimum values dR (41Rywax and4Rnmin, respectively) over the whole
spectral range — which would be a good indicatortie case of spectral

measurements:

5 = ARmax - ARmin

In order to quantify the sensitivity depending @fractive index variation, we introduce as

well the entityd,:

&= 90l4n

The amplitude are highlighted in Fig 4.2.3), and ared; ~ 0.77 for the hybrid device,
52 ~ 0.64 for the NAs alone, ardd ~ 0.3 for the interferometer alone. Using thisi¢atbr, the
difference signal clearly shows a larger amplitide the hybrid device than for the
interferometer, corresponding to a sensitivity emeanent larger than 150%. The gain in
sensitivity with respect to the NAs alone is smal{20%). Considering the maximum
absolute values of difference sighdidR|max = 0.42 for the hybrid devic¢dR |maxe = 0.35 for
the NAs alone, anfdR|nas = 0.16 for the interferometer alone — the resgltgensitivity
enhancement is very similar. As a conclusion, toimparison shows that in the case of large
variations of refractive index such as the deposiof a PMMA layer, the gain in sensitivity
provided by the hybrid device is relatively smalittwrespect to a simpler device like the

array of NAs on Si substrate. The correspondingiseity factord, is 0.5.
4.2.1.2 Sensitivity to the thickness of PMMA layer

The purpose of this study is the evaluation ofarwices sensitivity depending on the PMMA
thickness. In this case, the experiment consistsomparing the responses of the devices
when the PMMA thickness is varied.
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4.2 Large refractive index variatiadmn

Sensing experiment: Variation of the PMMA layer ftiiness

PMMA layers with different thicknesses could be agfed on the devices, via a variation of
the rotation speed during spin coating: 190 nm, r@20and 240 nm. The corresponding

reflectivity spectra for each system are shown ig 42.4, and lead to the following

observations:
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=
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(a) System 2 (b) System 3
101 __240nm
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0.84 =0-190nm
2
=
3 0.6
©
o4
044 F
0.2 — : .
1000 1200 1400 1600
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(c) System 1
Fig 4.2.4 Reflectivity spectra of 3 systems wiffedgnt thickness of PMMA: (a) System2- NAs al@eSystem
3 — Interferometer alone, (c) System1 — Hybrid ckvihe dotted curves are for 190 nm PMMA, the esiwvith
triangles are for 220 nm PMMA, and the plain lirsee for 240 nm PMMA

1. In the case of NAs alone (Fig 4.2&)( the increase of PMMA thickness induces a red
shift of NA resonance, frofygy ~ 1530 nm to20~ 1550 nm andz40 ~ 1600 nm for 190 nm,
220 nm and 240 nm thickness, respectively. As &R refractive index is the same in all
3 layers, this red shift indicates that the NA reswe is sensitive to the PMMA layer
thickness, and “feels” more PMMA (and less air)tlas thickness increases. Moreover, we
can conclude that the NA sensing depth is largan tB40 nm. At the same time, the
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4.2 Large refractive index variatiadmn

maximum value of reflectivity at resonance is dasneg as the PMMA thickness increases.
This shows that the enhancement of field intendé@gends on the surrounding medium and

its thickness.

2. In the case of the interferometer (Fig 4.2}, (there is a red shift of each fringe as the
PMMA thickness increases, which is explained byitloeease of total optical path according
to our phase matching model discussed in Chaptéf/t&n increasing the PMMA thickness
by 20 nm from 220 to 240 nm, the resulting shifalmut 6 nm at 1100 nm wavelength, and

similar at 1400 nm wavelength.

3. In the case of the hybrid device (Fig 4.2c)),(there is first a red shift with increasing
thickness at short wavelengths outside resonaneel00 nm) nm, which is about 4 nm at
1100 nm wavelength. With increasing wavelengthpanticular forkA > 1200 nm, the fringe
positions are similar for the 3 thicknesses. Thisans that the expected red shift of the
fringes is compensated by an opposite blue shdstmrobably due to a variation of dielectric
function of the NA induced by the large shift ofoaance depending on PMMA thickness.
As observed in the case of the NAs alone, the sittewf reflected signal is decreasing with

increasing PMMA thickness.

Discussion: Comparison between the sensitivitieshaf 3 systems

We calculated the difference between the refletgtispectra with and without PMMA layer
for each PMMA thickness. The spectra are shownig4R2.5 @), (b) and €), respectively,
for the NAs alone, the interferometer and the hyistructure. We extracted the differeréce
between ARmax and ARmin for each spectrum, as well as the value ®Rlax The

corresponding values are reported in Table 4.1.

According to Table 4.1, the sensitivities of théhg device and the NA array do not depend
much on the PMMA thickness; this might be due te tact that the NA resonance shift
induced by the presence of PMMA is of the samerooflenagnitude as the half-width of the
resonance, which means that the amplitude of ttereince signal does not vary much with
these small PMMA thickness variations. On the ofippalthough the interferometer has a
lower sensitivity to the presence of PMMA, its démgy strongly varies (50%) with the
PMMA thickness; in the case of the interferometiee, sensitivity comes from the phase shift
at its interface induced by the optical path défese through the PMMA layer, which varies
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4.2 Large refractive index variatiadmn

depending on PMMA thickness. Comparing the spdairalifferent PMMA thicknesses for
each system, we can observe that the largest ioasabetween the spectra are not found for
the wavelengths corresponding tR}nax this means that the sensitivity to theesenceof
PMMA is not optimum at the same wavelength as #esisivity to avariation of PMMA
thickness. Hence, in the case of a sensing expetimie fixed wavelength, the working
wavelength has to be carefully chosen dependinthersensing event. Considering PMMA
thickness variations, the best sensitivity for iyerid structure is 0.185 at 1390 nm, while it
is 0.160 at 1435 nm for the NA array and 0.065 Bt51nm for the interferometer. In this
respect, the hybrid structure is still the devibewing the best sensitivity, although the gain

compared to the NA array is quite small.
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Fig 4.2.5 Difference between reflectivity spectithand without PMMA for different PMMA thicknesses
(@) System 2; (b) System 3; (c) System 1
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System2 System3 Systeml
ARkar | 8 | IARay | 8 | |ARpay | &
dpmma = 190nm 0.32| 0.61 0.1 0.2 0.4 0.74
dpmma = 220nm 0.32| 062 0.13 022 0.3 0J75
dpmma = 240nm 0.35| 0.64 0.15 0.8 0.42 0.7
Difference
240nm - 190nm 0.03 | 0.03] 0.05 0.1 0.02] 0.03
Maximum sighal 0.160 0.065 0.185
thickness (1435nm) (1145nm) (1390nm)

Table 4.1 Comparisons between the amplitudes f&rdifce signals for each system with varying theskrof
PMMA layer

4.2.2 Sensing of liquids: Water vs. Air

In the previous section, sensing of a PMMA layegpasited on our hybrid device surface was
demonstrated and compared to the other 2 systemsidering the sensitivity deduced from
the difference signals. In this particular exampidarge refractive index variation (air vs.
PMMA) or PMMA thickness variation, the sensitivignhhancement provided by the hybrid
structure is relatively small with respect to thystem with NAs alone. In this section, we
apply the device to liquid sensing, and present gheicular example of air vs. water

environment iyater = 1.333).

Description of the 3 systems:

The NA array has the following average dimensioAd4:=510 nm, A2 =280 nm and
Gap =20 nm. The interferometer consists of a #iighxidized PSi layer with thickness

5.66 um and refractive index 1.4, corresponding pmrosity of 61% after oxidation (2.5 nm
SiOy).

Sensing experiment:

After characterization of the 3 systems in air desthe empty fluidic cell, deionized water
was injected inside the fluidic cell by a syringibe, and the systems characterized again in
water environment.

The spectra of 3 systems in both air and watersaevn in Fig 4.2.64) (b) and ¢€),
respectively, with dotted curves for water envir@mih and plain lines for air. For

wavelengths larger than 1350 nm, the absorptionvatier is strongly increasing and the
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4.2 Large refractive index variatiadmn

spectra are meaningless. This will reduce the seitgiof devices having their resonance
wavelength above 1350 nm. Below 1350 nm, the spestiow a similar behavior as in the
case of PMMA.

The difference between reflectivity spectra in wated air are plotted in Fig 4.2.8)(for all

3 systems. From these spectra, the vaduektotal difference amplitude betwe&Rax and
ARmin have been extracted (over the wavelength rangavdEB50 nm), and reach 0.70 for the
hybrid device, 0.64 for the NAs alone, and 0.4tfa interferometer alone. As in the case of
the PMMA layer, for the large refractive index \amn considered here, the gain of

sensitivity of the hybrid device is small compartml NAs alone. The corresponding

sensitivity factord, is 2.1.
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Fig 4.2.6 Reflectivity spectra of 3 systems inagid water: (a) NAs alone; (b) Interferometer aloe); Hybrid
device; (d) Difference signals
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4.3 Small refractive index variation An

As sensitivity to small variation in the environmas highly interesting, in this second part
we explore the potential of our hybrid device fbe tdetection such small environment

variations. Two different cases are discussederfahowing:

- Variation of the percentage of ethanol in a watedeol mixture

- Sensing of humidity (water vapor in air)
4.3.1 Sensing of water/ethanol mixture

The refractive index of water /ethanol mixture own [4.2] and varies between 1.333 and
1.365 depending on the percentage of ethanol imikture, as shown in Fig 4.3.1. Hence, by
varying the water/ethanol ratio we can investigtite sensitivity of our device to small
refractive index variations. In the following, wellfirst present this study performed with
FDTD simulations, where we can neglect the liguidaption and use a wider wavelength
range. We will then discuss the experimental rasult

1.365- -
1.360-
1.355-

£1.350-
X
=51.345-
1.340-
1.335-
1.330

0 20 40 60 80 100
Percentage of Ethanol by weight/%

Fig 4.3.1 Refractive index of the mixture of watthtanol vs. the percentage of ethanol by wdigi2. The

values between 80 and 100% ethanol are an extréipala

4.3.1.1 FDTD simulation

The far-field reflectivity spectra of our 3 systemsre calculated with FDTD simulation, first
in air environment, and next in media with varyingfractive index corresponding to
water/ethanol mixture. In the simulations, the if@@meter has a refractive index of 1.4 and
its thickness is 5.66 um; the NAs have the follaywiimensions: A1 =510 nm, A2 = 280 nm

and Gap = 20 nm. The reflectivity spectra of trey8tems in air environment are presented in

- 226 -



4.3 Small refractive index variatioin

Fig 4.3.2, and show an initial NA resonance wawgtleraround 1300 nm. For the simulations
in liquid environment, the initial state is a mediuwith a refractive index of 1.333,
corresponding to pure water — without absorptione Tefractive index is varied to 1.338,
1.344 and 1.349, to simulate different ethanobragspectively 10%, 20% and 30%.

—— Hybrid device
—— NAs alone
—— Interferometer

Reflectivity
o
w

1400 1600 1800

Wavelength/nm
Fig 4.3.2 Reflectivity of the 3 systems in Air (FID3imulation)

1200

Water Water
0.7 10% 0.24- 10%
0.6 20% 20%
> 0.5 80%  >0.221 30%
2 0.4 2
2 0.4 2 0.20]
2 0.3 =
& 0.2 X 0.184
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05 2o
> 0.5 0
2 0.4
[&]
9 0.3
& 0.2
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Fig 4.3.3 Reflectivity of the 3 systems with vagyémvironment refractive index: (a) NAs alone,
(b) Interferometer alone, (c) hybrid device; in bdigure, the green curve is for n=1.333 (pure watthe black
curve is for n=1.338, the red one for n=1.344 ahd blue one for n=1.349 (FDTD simulation).

The variation of reflectivity spectra with refractiindex are shown in Fig 4.3.8)( (b) and

(c), respectively, for the NAs alone, the interferéenelone and the hybrid device. Since the
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absorption of water is not considered during tmeusation, the whole NA resonance can be
observed in Fig 4.3.3. The resonance peak is ar@688 nm, corresponding to a red shift of
200 nm compared to air environment. This is similarthe variation observed when

depositing a PMMA layer.
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Fig 4.3.4 Difference signaldR=Rwre - Ruater fOr the 3 systems: (a) NAs alone, (b) Interferanatone, (c)
hybrid device; in each figure, the colors are thene as the ones in Fig 4.3.3

In order to evaluate the sensitivity of the devitesuch small environment variations, the
difference spectra were calculated with respegui@ water, and are shown in Fig 4.3 (
(b) and €), respectively, for each system. Comparing they&tesns, it is clear that the
variations of optical response of the hybrid dewace strongly amplified at NA resonance,

leading to a large difference signal.

In order to quantify the gain in sensitivity of thgbrid device, the amplitude of difference
signal ¢ = ARmax- ARmin) was determined in each case, as well as the nuaxiabsolute
values of difference signffiR|nax These values are summarized in Table 4.2. Baticators

yield a large enhancement of sensitivity for thérity device with respect to the NA array, by
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a factor 2.5 or more for both and [AR|n.x Compared to the interferometer alone, the
sensitivity of the hybrid device is about 8 to 1fdd@s larger. The corresponding sensitivity

factorod, is around 4.

System 2 System 3 System 1

|AR [max 8 |ARImax | & | AR [max 5
n=1.338 0.0042 0.0074 0.001 0.002 0.011 0.02p
n=1.344 0.0091 0.0165 0.0028 0.0056 0.023 0.045
n=1.349 0.014 0.0250 0.004 0.008 0.034 0.066

Table 4.2 Amplitude of difference sig@adnd maximum absolute values of difference sigfd}.|., for each

system with varying environment
4.3.1.2 Experimental demonstration

Different water/ethanol mixtures with increasin@patol volume ratio were prepared. In the
following, the results obtained for large perceewm@f ethanol in water/ethanol mixtures
(> 80% ethanol), are presented and compared taabes of pure ethanol (100%) and pure

water (0%). Table 4.3 summarizes the mixture comtipos and the corresponding refractive

indices.
Percentage in volume Refractive index
0% 1.333
80% 1.3647
90% 1.3645
100% 1.3643

Table 4.3 mixture compositions (percentage of ethemvolume) and corresponding refractive indices

extrapolated from figure 4.2.1.

The devices investigated here are the same asrtbe discussed in section 4.2.2. The
reflectivity spectra of the 3 systems with varyiegvironment are shown in Fig 4.3.5.
Similarly to the results discussed in section 4.2t spectra are flattened for large
wavelengths (> 1350 nm) due to liquid absorptiornée, the spectrum analysis will be

performed only for wavelengths below 1350 nm.
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Fig 4.3.5 Reflectivity of the 3 systems immersadiffarent water/ethanol mixtures: (a) NAs alort®), (
Interferometer alone, (c) hybrid device; in eagjufie, the green curve is for pure water, the bleskve is for
Pethanoi= 80%, the red one for &ane=90% and the blue one forRan= 100%.

For each mixture, the difference spectra with respe pure ethanol and pure water were
calculated and are shown in Fig 4.3.6. Similarlyite FDTD simulations, we can observe an
enhancement of the difference signal for the hyBtrdcture close to the NA resonance —

before the cut-off induced by liquid absorption.

The 2 sensitivity indicatord and fARax With respect to pure water and pure ethanol have
been extracted in each case and are reportédule 4.4 &) and p), respectively. In spite of
the strong absorption of the liquid at NA resonange can still observe the sensitivity
enhancement provided by the hybrid structure. éhdhse of the mixture with 90% ethanol,
the difference signals with respect to pure watemsa sensitivity for the hybrid device more
than 3 times larger compared to the NAs alone, aidtimes larger compared to the
interferometer. With respect to pure ethanol, #grwsgivity for the hybrid device is more than

8 times larger compared to the NAs alone, and nfome 5 times larger compared to the
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interferometer. The corresponding sensitivity fadtr the hybrid structure i8, > 3 with

respect to watet\n ~ 3.107) andd, > 200 with respect to ethandir{ ~ 2.10%).
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Fig 4.2.6 Difference signals of the 80% (black) &6 (red) ethanol mixtures, with respect to pueder
(4R = Riixture — Ruater) @nd pure ethanoURe = Riixture — Rethano) fOr the 3 systems: NAs alone: (8, (b) 4R,
Interferometer alone: ()R, (d)4R.; Hybrid device: (eyR,, (f) 4R..

The influence of the liquid environment induces sostight deterioration of the quality of
measurements, which is visible in the asymmetryhef difference signals; this means that

accurate quantitative analysis has to be made watltion; however, the results clearly
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demonstrate that the enhancement of sensitivityiged by the hybrid device with respect to
the other 2 systems becomes much larger when thactiee index variations in the
environment are smaller. For a very small refractivdex variation such as the one induced

by a change of 10% ethanol concentratidm ¢ 10%), a 5-10-fold enhancement can be

evaluated.
System 2 System 3 System 1
IARWIma) 6 IARWIma) 6 |ARW|ma>' 6
¢ ”:1'§6§g% )| 002 0.037 0.079 0.068 0.073 0.122
ethana —
¢ ”=1'§6§g% )| o022 0.030 0.079 0.079 0.059 0.10¢
ethana —

(a)Comparison with pure water

System 2 System 3 System 1
ma> ma> ma>
IR 5 |AR| 3 |AR| 8
o ”=1-§6gg%) 0.009 0.01 0.018 0.018 0.046 0.064
ethanc =
" n=1.3ee 4 | 0005 0.005 0.008 0.008 0.028 0.041
ethanc =

(b) Comparison with pure ethanol
Table 4.4 Amplitude of difference sig@adnd maximum absolute values of difference sigtial L, for each

mixture, with respect to pure water (a) and puteael (b).
4.3.2 Detection of humidity (water vapor)

The purpose of this section is to investigate asotpromising potential of the hybrid
structure for sensing application: monitoring ofvariation of refractive index of the PSi
interferometer. In chapter 2, it was pointed oat the density of the Sy3&pacing layer could
be modified by choosing the appropriate depositemthnique; here we consider ifayers
deposited by sputtering, with densities enablirggglnetration of molecules through the SiO
layer into the PSi pores. If such a device is putin environment containing, e.g., water
molecules, the water molecules can penetrate irthidePSi pores and condensate on the
walls, leading to a variation of refractive indektbe material. This is the principle of the
experiment presented in the following.

4.3.2.1 The experimental principle

The experiments for humidity sensing are perform&dg the fluidic cell. First, we assemble
the fluidic cell containing a perfectly dry samphext deionized water is injected into the cell

with a syringe, and quickly pumped out of the @&th a second syringe to prevent any liquid
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from penetrating directly into the PSi layer. Them hermetically close the whole circuit by
connecting the 2 syringes at the end of the capiliabes. Because of the remaining water
inside the wet cell and tubes, the air in the beltomes saturated with water vapor; some
water molecules migrate through the porous,3@er and condensate onto the PSi walls.

Water condensation inside the PSi layer modifiesabmposition of the PSi and induces a
variation of its effective refractive index, whidkeads to a variation of the reflectivity

spectrum. Once saturation is reached, we can detlectaction of condensed water from
LLL model:

2/3 — A2/3 2/3 2/3 2/3

neff—vapor =Ny I:)Si + Neir I:)air—vapor + r]SiOZ I:)Sioz + Nyater fw (EQ'4'1)
2/3 — n2/3 2/3

neff—vapor = Nt Zoxi + (nwater _1) fw (EQ'4'2)

Wheref,, is the fraction of water, ant.vaporand Nesr.oxi are the effective refractive indices of
the PSi layer containing water and dry, respectivifter determinind,, we can evaluate the

corresponding thickness of condensed water bydit@afing approximation:
d,, =f,/S (EQ-4-3)
Here,Sis the specific surface of PSi, adg, is the effective thickness of water.

4.3.2.2 Experimental result and TMM simulation

The interferometer used for the vapor sensing éxy@grt consists of a PSi layer with 4.85 um
thickness, which has been slightly oxidiziedi¢gd~ 1.8 nm). The refractive index is 1.66,
corresponding to a porosity of 53% after oxidatibhe NA array has the following average
dimensions: A1 =510 nm, A2 =280 nm and Gap =m0 Mhe SiQ@spacing layer was
deposited with the AC450 sputtering system.
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Fig 4.3.7 Reflectivity spectra of System 3: (a) &)dor experimental results and TMM simulatiospectively;
Reflectivity spectra of System 1: (b) and (d) fqvezimental results and TMM simulation respectivélye
curves with dots are for the structures after vagaturation (60 min) and the ones without dotsfaredry

sample. The experimental spectrum of the NA a®péited in (b) as an indication.

During the whole experimental procedure of watendsmsation inside the PSi layer, the
reflectivity spectra of both systems were monitoaed recorded until the adsorption reached
saturation. After saturation, dry air was injectetb the wet cell through the syringes to dry
the cell and the sample. During the drying procadsue shift of the fringes was observed on
the reflectivity spectra of both devices, untibiterlapped with the initial spectrum after the

PSi layer was completely dry. This means that tloegss is reversible.

The spectra of the structures in both initial (cagll saturated states are presented in Fig 4.3.7
(a) and (b) for the interferometer alone and the iydevice, respectively. The spectrum for
the corresponding NA array alone is shown in Fy7(b) for comparison. No variation of
resonance was observed for this system, indic#tiaigthe measured variations for the other 2

systems are only due to condensation within thepB&s, and not at the NA surface.

These reflectivity spectra lead to the followingsetvations:
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1. In the case of the interferometer alone (Fig74@), there is a red shift of the fringes from
the dry state (black curve) to the water-saturatate (black curve with open circles), due to
the increase of the effective refractive index 8f Ryer, which is attributed the adsorption of
water molecules. According to equation (EQ-4-2¢, dffective refractive index of the water-
saturated PSi layer can be estimatetefQapor~ 1.73. The corresponding fraction of wéltgr

is about 21% and its effective thickness is abo@itnin, considering a specific surface around
100 nf/cm®. In order to check these values, we used thesameters to perform TMM
simulations. The simulated reflectivity spectratu interferometer in dry state (black curve)
and in water-saturated state (black curve withles}care shown in Fig 4.3.€)( Comparing

it with the experimental results shown in Fig 4.8y, the fringe positions in both dry and

saturated state fit well with each other.

2. In the case of the hybrid device (Fig 4.3)j,(the adsorption also induces a red shift of
each fringe that is highlighted by the fringe lab@rderm) on the spectra. The adsorption of

water on the PSi walls does not bring any shiféfresonance. However, due to the shift of

the fringes, the configuration of the reflectivépectrum is modified, as was discussed in
chapter 3. This can be clearly seen in Fig 4.8)7fér the water-saturated structure, we see a
broad peak at resonance (m = i@)ile for the dry structure, we have a strongerttm

(m = 12), even if the first peak is not very pronoed on the experimental spectrum. This

could be verified with TMM simulations, as shownFig 4.3.7 ().

4.3.2.3 Sensitivity analysis

As before, we could expect the sensitivity to befamor of the hybrid device, due to the
contribution of the field enhancement of NA resat&rn order to verify this assumption, we
consider again the reflectivity difference betwées dry and water-saturated states, which is
shown in Fig 4.3.84) and ), respectively, for experimental results and TMivhdations.
The following sensitivity indicators can be deduéexin these spectra:

« Interferometer alone:
= experimental resultsi= 0.6,0,= 7.5
= TMM simulation: d =0.53,0,=6.6

» Hybrid device:
=  experimental resultsi=1.11,5, = 13.9

- 235 -



4.3 Small refractive index variatioin

= TMM simulation: =0.84,0,=10.5

In the case of humidity sensing, the gain in sentsitfor the hybrid device is about 2 in the
experiments and 1.6 in the simulations, with resp@c¢he interferometer alone. It has to be
pointed out that this sensitivity enhancement pobbaepends on the configuration of the

splitting at resonance, and could be optimized.

—Hybrid device —— Hybrid device
— Interferometer alone

0.6 — Interferometer alone  —~ 0.4
> s
oo 04 T
s 0.2 g 0.2
? o
. o 00
8 -0.2- g
3 § 02
5 0.4 Qo Y4
2 fa
QO -0.64 0.4
-0.8 T T 1 T T J
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength/nm Wavelength/nm
(a) Experimental results (b) TMM simulation

Fig 4.3.8 Difference signals of the structures letwthe dry and water-saturated states (red cunyerid

device; black one: interferometer alone): (a) BExipental results; (b) TMM simulation
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4.4 Conclusion

In this chapter, we explored the sensing potenfialur hybrid device in different conditions.
When the variation of environment is large, suchthes deposition of a PMMA layer, or
immersion in water, the hybrid device does not dpnimuch gain in sensitivity compared to
NAs alone. However, when the variation of refragtimdex is small, such as variations of
ethanol percentage in a water / ethanol mixture,sénsitivity enhancement reaches a factor
5-10 compared to interferometer and NAs alone. Ahaacement factor of ~2 is obtained
with respect to the interferometer alone when sgnsmall variations of refractive index of
the PSi layer, as in the case of water condensaigde the PSi. These experimental results

were confirmed by simulations.
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Chapter 5 Conclusions and Perspectives

5.1 Conclusions

In this thesis, we realized and studied a novetidyihotonic/plasmonic device exploiting the
coupling between the surface plasmon resonance lmfwdie nano-antenna array and the
photonic modes of a porous silicon interferomefine research work included design,

fabrication, characterization and investigationh& device potential for sensing applications.

The hybrid structure consists of a gold bowtie NAag on top of an interferometer, which is

constituted by a monolayer of mesoporous silicoft®agilicon substrate, with a silica spacing

layer at its surface; throughout the whole stugiessented in this thesis, the optical behavior
of the hybrid structure was systematically compdceethat of its two constituting elements,

the NA array on one hand, and the interferometeherother hand.

After optimization of the technological processesthe realization of the different devices, a
study of the NAs alone was presented, in orderaio gnderstanding about the influence of
the different geometrical parameters of the bow#e as well as the coupling mechanisms
between the 2 triangle-shaped gold particles lgpdinthe resonance. We discussed the
resonance tuning obtained by adjusting the triargjleensions and the inter-particles

distance.

In a second step, the coupling mechanisms occuwitign the hybrid structure were studied,
following 2 different phenomenological approachi point of view of the interferometer
and of the resonator.

» The proposed interferometer approach was to contigeNA array to be equivalent
to a homogeneous layer with same dielectric functmaced on top of the
interferometer. A phase matching model based on filim interference was
developed layer-by-layer, in order to describe thelti-layer interferences in the
device and to analyze the fringe variations indutsdthe introduction of the
equivalent layer.

* In the resonator model, we used a complementaryoapp, which views the bowtie
NA array as a harmonic oscillator. The couplingAmsEn NAs and interferometer was
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investigated with coupled mode theory and govelme8 key parameters: the quality
factors for coupling and loss, respectively, arelrdsonant wavelength.
This fundamental study highlighted several highlieresting phenomena:

* The optical response of the hybrid structure extiboth the enhancement of NA
resonance and the fringe pattern of the interfetemenith some additional
features;

* A splitting of the interferometer fringes occursN& resonance, indicating strong
coupling between the NAs and the interferometer;

» Tuning of the splitting strength can be achievethee by modifying the optical
path of the interferometer at given NA resonanceby modifying the resonant
wavelength of NAs for a given interferometer stunet

As an application of this study, we also showed ihis possible to perform an experimental
mapping of the NAs dielectric constant by explatitne fringe positions on the reflectivity

measurements.

Finally, we explored the sensing potential of oybrid device in different conditions, both
with experiments and simulations. When the vamata@d environment is large, such as
deposition of a PMMA layer, or immersion in wattre hybrid device does not bring much
gain in sensitivity compared to NAs alone. Howewdnen the variation of refractive index is
small, such as variations of ethanol percentaga water / ethanol mixture, the sensitivity
enhancement reaches a factor 5-10 compared to MAs.aAn enhancement factor of ~2 is
obtained with respect to the interferometer alomemwsensing small variations of refractive

index of the PSi layer, as in the case of watedeasation inside the PSi.
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5.2 Perspectives

The perspectives of this PhD work are numerous.fifsteone would be a direct continuity of
the study presented in this thesis: a further ifigason of the potential of our proposed
hybrid device for sensing applications. In a secsteg, the 2 elements constituting the hybrid
structure — the interferometer and the NA arrayould be modified in order to enlarge the

study to a wider family of devices with greatermedies and performances.

Further_investigation of the potential of our promed hybrid device for sensing
applications:

The works presented in this thesis have been mainlycerned with the detection of
environment variations. Application to biosensirags mot been studied yet, and would be of
great interest. Such an application would rely mmimlecule immobilization at the surface of
the gold NAs via thiol binding, as illustrated imgHP-1 (a). Different standard biomolecule
interactions could be investigated with varying ewnile sizes, densities and configurations,
in order to provide an overview on the device paniances and compare with other studies:
DNA hybridization, protein interaction such as mdavidin, or detection of virus via their
interaction with sugar. Depending on molecule simd density, the response of the device
will be different, as illustrated in the prelimiyasimulations shown in Fig P-1 (b) in the

particular case of the grafting of a dense moletayer with varying thickness.

——d,;, = 0.002
——d,,=0.005
dyo = 0.01
04 —dy,=0.02
—d, =0.05

0.5

0.3- /"

0.2

Transmission

0.1

00— T T T T T T T T
10 11 12 13 14 15 16 17 18 19 240

Wavelength/um

(a) (b)
Fig P-1 (a) Schematic view of the hybrid deviceduse biomolecules sensing and (b) simulation shgwie

optical response in the case of the sensing ohaalenolecule layer with different thicknessgs(the

thicknesses are given in um).
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The whole investigation of sensing with our hybddvice has been focussing on one
particular design of the NAs and the interferomefesr was shown in chapter 3, the optical
response of the device can be tuned by varyinganameters of the porous silicon and NAs.
Hence, an optimization of these parameters shoalgdrformed in order to obtain more
interesting optical responses for sensing appboatiin particular considering that the largest
sensitivity of the device is around the NA resomamhere the fringe patterns is strongly
modified by the splitting. Furthermore, a largertiogl path in the porous silicon
interferometer would enable to have thinner and emmumerous fringes, with probable
sensitivity enhancement; similarly, a thinner NAaeance positioned at smaller wavelengths

(~1200-1300 nm) would be of high interest, especialiyapplications in liquid environment.

Another great potential for sensing arises from ¢betrolled porosity of the SiOspacing

layer. In this thesis we have presented the pdsgitn detect condensation of vapor onto the
porous silicon walls; with specific functionalizei it could also be envisaged to use the,SiO
layer as a filter designed to let only the targetcses penetrate. As illustrated in Fig P-2,
double sensing could also be investigated, where &i#d PSi layer would be functionalized
with different targets. Indeed, the functionalipatichemistries for gold and silicon are
orthogonal, which means that both materials cafubetionalized independently. With a very
thorough understanding of the mechanisms for frisg&ution in both elements, in order to

separate the different signals, simultaneous sgmsitwo targets could be possible.

i@ 1% molecular
interaction
p O

2" molecular
interaction

Fig P-2 Artistic view of double sensing

Finally, a further study of the fringe splittings avell as the optimization of the structure in
views of better controlling this phenomenon, migipen up new routes towards sensing

applications exploiting different sensing mechargsm
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Investigation of a larger variety of designs

The idea of our hybrid device can be enlarged alapi®d to a large variety of new devices,
in views of improving the performances. As illusé@ in Fig P-3, there are two ways to
achieve this. A modification of the plasmonic nanasture, e.g., by replacing the bowtie
NAs by nanorods, or different dimmers, or usingféetent metal, would enable to tune the
NA resonance wavelength, lineshape and sensitiSityilarly, replacing the interferometer
by another photonic device, such as a microcavitg photonic crystal yielding a photonic
mode of much higher finesse, would enable strongliag between the plasmonic resonance
and the photonic mode, leading to a probable emment in sensitivity compared to the
system with interferometer. Coupling of plasmonianostructures with a Fabry-Perot
microcavity has already been proposed, as was missban chapter 1P-1, P-2, P-3]
coupling between a photonic crystal and a bowtie IN& also been recently investigated at
INL for different applications, and was highly prming [P-4]. The realization of photonic
crystals in mesoporous silicon has also been ssitdgsachieved and very promising optical
performances were demonstrafeds]. This means that all the basic blocks are availédile

the investigation of new hybrid structures wittaeger variety of designs.

(a)

Different NA design

Different Photonic device

Fig P-3 Two different ways to investigate new desigf hybrid structures: (a): exploration of otlfgasmonic

nanostructures, (b): exploration of other photod&vices
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Appendix A:  Multi-layer Thin film interference

A-1 Single layer-PSi/Si

As shown in Fig A-1-1, when a plane wave is norgnaicident on the substrate surface, a
part of it is reflected at the upper interface éhfeice 2), while the other part is transmitted.
When the transmitted beam reaches the lower iterfimterface 1) of the thin film, a part of
the beam is transmitted and the other part isafteback towards the upper interface (green
beam on Fig A-1-1). At interface 2, the beam congpdrdirectly reflected (orange beam)
interferes with the ones that have travelled thhotige thin film (green beam) to build up the

reflectivity response of the film.

Incident light

Interface2

d

Fl

- Interfacel
Medium3: n;

Fig A-1-1Schematidllustration of interference of thin layer with thickness d aeftactive index n

According to the Fresnel theory of reflectighP-1, AP-2, AP-3] the percentage of reflected
electric field — the total reflection coefficien; — of this single-layer thin film could be

expressed as:

= |r23|exp[i (A¢1+ ¢23)] —|I‘ 21 eXF(i ¢ 2])
" 1—|I’23||I‘2]J exr{i (A¢1+¢21+¢ 29]

= |rRl| eXp(i ch) (EQ-A-1-1)

: : n-n .
Where|rR1| and®; are the amplitude and the argumentaf respectively;; = N is the
n+n

i ]

Fresnel reflection coefficient when the light igiohent from medium towards mediun and

reflected at the interface between both media lila tase, the interface will be noted as
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“Medium i/ Medium j interface” in the following). Here, the polarizati of the incident

beam is not specified, since the coefficients witndp polarization are the same at normal
. , ar , .
incidence. ¢;; is the argument ofj; Ag, =7n2d is the phase difference due to the

propagating path within the thin film between tb#eacted light beams at the 2 interfaces.

The total reflectivity of this single layer intertemeter will be:

— LA 2 _ |r23|2 +|I’2]JZ - 2|r 2” 2J,COSQ¢ it ¢ 23 ¢ 21)
R = (k™ fr) =|le| = > (EQ-A-1-2)
| R]J 1+ (|r23||r21J) - 2|r 2” 21 COS@¢ it ¢ 23t ¢ 21)

The extraction for the phase matching equationfiElt from the above equation. However,
according to the dielectric property of the medjecific simplification and approximation is

possible.

For example, if low absorbing media are considetbdir refractive index jnand Fresnel
reflection coefficientr; at the interfaces will be real. As an example, B monolayer
having the refractive inderps; shown in Fig 3.2.8K) and a thicknesslpsi=5.66 um is

considered to illustrate the following investigatim the whole Appendix A.

In order to have a clear separation of Fresnetéctlin coefficient at the interfaces and total
reflection coefficient of each device, in the foliog we define new notations for them. For
example, the Fresnel reflection coefficient at B&/Si interface in Fig A-1-1, will be noted

asrpsi.s; and the total reflection coefficient of the maagdr interferometer will be noted as

I Air/PSi/Si-

Thus, considering; = 1,n, = nps;, N3 = Ng;, With 1 <nps; < ngj, we have:

F2s = Tpsi-si= |I’ PSH sleXp(i D psi g with |rPSi— Si| <1&pos =7

er = r.PSi— Air = |r PSK Air| eXp(i ¢ PSt Air) Wlth O < |rPSi— Air| < 1 &' ¢PSi— Air = O
Hence, the total reflection coefficient; and reflectivity R could be simplified as:

= |rPSi—Si| eXp[i (A¢1 + ”):I _|r PSH Aill
" 1_|rPSi—Si||r PSH Airl exr{i (A¢1 + ”):I

(EQ-A-1-3)
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R =(5" 1) =1+

(|rPSi— Si|2 - 1) (1_ |r PSH Ai||2)

(EQ-A-1-4)
1+ (|rPSi— Si”r PSH Ail|)2 + 2|r PSi 4*’ Psi A|r0050¢1 )
1.6 erll
061 L1.2 |rPSi—Sl

Coefficient

/\ /ﬂ\ //“ //“ //“ [ -0:8 — Mol
4 V\ / / \\/ 04 —— cOgA0)
0.2 | / 00
L.0.4
vV e
800 1000 1200 1400 1600 1800
wavelength/nm

V\V/\V
L MUY

(a)
— )]
0.7- IFedl 15 cos(®,)
cos(A
0.6, IF o sl [P pgi prl CORAD, ) 1.0 (49,)
05
051 200
0.4 -0.5
1.0
0.31
' ' ' 13000 1200 1400 1600
1000 1\/\Zlg\(;elength/%frlr(l)o 1600 wavelength/nm
(b) (c)

Fig A-1-2 (a) amplitude of, ., 1

bsi oy @nd ry, vs./ (left axis) and coslp,) vs.4 (right axis);

(0) |r| @Nd|Fps, o] +|F ps; a4 COSOP, ) VS.4; (€) cOSEPs) and cosfig+) vs.4

The amplitudes c'rsi-si, fesi-ar and'mdepending on wavelength are plotted in Fig A-12 (a

with the left axis. The cosine function of the mml:%nzd with the variation of

wavelength is plotted in the same figure as wethwhe right purple axis. From it, we can see
that the amplitud¢rR1| is modulated by the amplitude Gfs;.sj andrps;-air; as shown in Fig A-

1-2 (b), it could be fitted with the simple follomg function:

|rR1| = |rPSi- sl + |I’ PSi AilCOS@¢1 ) (EQ-A-1-5)

In order to extract an analytical expression fguanent ofrg; (®1) and confirm the phase
matching model in the thesi®; is compared to the value afp;. The cosine values of these 2

- 249 -



6.1 Appendix A

arguments are shown in Fig A-1-2 (c), leading ®ftillowing observation:
cos(Ag, + 1T)= cos@, (EQ-A-1-6)
Hence,
Ap =(2m-1)7+®, m=0+ 1t 2;-- (EQ-A-1-7)
The phase matching model for single layer thin filam be extracted as:
R = R jf A¢, =277, m= 0,1,2,..' or cos@®, )=-1
= MNesdeg

with “max = o0 (EQ-A-1-8)

In the following, the phase matching model for thaltilayer systems will be determined
based on the above analysis.
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A-2 Two-layer interferometer - SiO,/PSi/Si

An extra layer is put on top of the previous moayel interferometer, in order to form a 2-
layer system. As an example, we consider a 80 ok 810, layer on top of the previous PSi
layer. Here, we have 4 media, which are: mediurseii-infinite Air environment, medium

2: SiO, with refractive index §o, and thickness by, medium 3: PSi with refractive index

Npsi and thicknesdpsiand medium 4: semi-infinite Si substrate, as $lextdn Fig A-2-1.

Semi-infinite Air environment

SiO, layer-ngo,, dsio,

PSi layer —npg;, dps; 3 eexl

Si substrate

Fig A-2-1 Schematic view of an extra thin gi@yer on top of the PSi/Si system

When a plane wave is normally incident on the systi¢ could be assumed, for simplicity,
that the incident beam experiences multiple rafdesttransmissions at each of the 2 new
interfaces: Air/SiQ interface and Sig@PSi interface. The PSi/Si layers could be viewed a

medium associated to a specific refractive indet e Fresnel coefficient at the SIBSi

interface, noted el . Thus, the total reflection coefficient of thidder systenrg, could

be simply written as:

- rz?l eXp(A¢1eXL )- 'sio, - Air
1= rZZ)dTSiOZ—Air exp(Ag™)

(EQ-A-2-1)

4 , : - .
where A¢f”:7ﬂn5i02d5ioz, r'sio2-air 1S the Fresnel reflection coefficient at the SAx

interface.
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semi-Infinite SiO,
environment

PSi layer 2

Semi-Infinite Si substrate -

Fig A-2-2 Schematic view of single layer PSi/Siesysin semi-infinite SiQenvironment

To calculate rzes,n, a new single layer interferometer is built ardsirated in Fig A-2-2. It is

composed of the thin PSi layer (medium 2) sandwvdclbetween semi-infinite SiO

. . s e . . ext .
environment (medium 1) and semi-infinite Si sulist{aedium 3). Henct!2s s rsiozpsisi

By following the equation A-1-1, we have:

" _ Mosi- si€XPLAD, ) =T osi sig _
SiG,/ PSI Si 1- rPSi_ sr pst Sio eXp(A¢l )

‘rSiOZ/ PSI s‘ exp(i ¢ Sigf P$i ; (EQ-A-2-2)

whereA¢1=47ﬂnPSidPSi. Here, |rgo, ps o 8N Psq ps 5 are the amplitude and argument of

I'sioz/psiisi respectively.

In Fig A-2-3 (a), the amplitudes fs;_ g, , los5@Nd 5, ps; 5 Are plotted. From it, we can see
that [fos_s] >> ‘rps.r S@‘ and the amplitude ofy,, . s is modulated by the value ¢ifg, o,

‘rPSFSiQ‘ and cosA¢, ). FigA-2-3p) presents the comparison between the arguments

Psioipsi s AN AP, + 77, expressed as cosine functions. We can see thaabguments are in

phase. Hence, we can write:
P59 =[F st 4+ psi sdcos@s, +77) (EQ-A-2-3)
Poors =0 —(2m=-1) 77 (EQ-A-2-4)
The approximation expressed in equation A-2-3 iglated by the good agreement between
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both terms shown in Fig A-2-3(c).

Combining (EQ-A-2-3), (EQ-A-2-4) and (EQ-A-2-1)gtiiollowing equation is obtained:

_ ‘rSiOz/ Psi s\ exp[i (A¢2 + 77):' T sio- air

Il .
* 1_‘rSiOZIPSi S‘r Sig- Airexq:l (A¢2 * ﬂ):l

= |reo|EXP(i®,) (EQ-A-2-5)

ar
A¢2:A¢1+A¢l - /1 (nPS|dPS|+ nSl@dSQ)

20 |rSi02/PSi/Sl

PSi-SiOJ

(1.0 rPSi-S’
0.2 05— coqA¢.)

-0.0

--0.5

0 V VUU V V V _-1:0

Wi i S e U

Coefficient

1000 1200 1400 1600
wavelength/nm
(a)
1.5- COS(¢I’Si02/PSi/S) 0.47- Ir l
' o COS ( Ag +1T) 046 Sio2/PSi/s!
’ 46+
R R R 045 I os oI ps, 5104 CORAG, +T0)
0.44-
0.434
0.42+
0.41+
1000 1200 1400 1600 1000 1200 1400 1600
wavelength/nm wavelength/nm
(b) (€)
Fig A-2-3 (a) amplitude of,, ¢, os5iq @Ndrg 5 sVS-4 (IEft axis) and coslp) vs.4 (right axis); (b)

comparison between the phases dgs@nd cos{p;+x) vs.1; (c) comparison between tl'f%ozlpg S‘ and
|rPSi— Si| + |r PSH Si@| COS@¢1 +7T) VS.A
The argument ofr; is labeled a®, and|rR2| is the amplitude. By fitting their values, we

obtain:
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Tosi-si T | sig- ai
Feel = [Pt s|+| o 2‘ = A"‘r sigl Psi J;POS(A%) (EQ-A-2-6)

®, =A@, +m-2mr (EQ-A-2-7)

Both approximations are validated by the good agesd between the different terms, as
illustrated in Fig A-2-4 (a) and (b). Hence, theapd matching model for this 2-layer system

can be expressed as:

cog(®,)=-1or Ag, =2mr (EQ-A-2-8)
Ied 15- cos(®,)
Ir i- *r i i ¥ .
0.61 PSi S] SOZ/PS/S‘ 1.0/ c S(A¢2+T[)
(rs‘ 2-Air|+ rPSi-S’)CO$A¢2)/2
0.5-
0.51
" 0.0-
0.41 ©.0.5-
-1.0-
03] 15
1000 1200 1400 1600 1000 1200 1400 1600
wavelength/nm wavelength/nm
(@) (b)
i |rPSi— Si| +‘r5i9— Air‘ .
Fig A-2-4(a) |rR2| and |rPSi— si| + 2 ‘r SiQ/ PSi JiCOS(A% ) vs.Z; (b) cos@,) and cosflp+) vs.A
cos(®,)
1.0- cos(®,)
0.51
» 0.04
o
(&)
-0.54
-1.0-

800 1000 1200 1400 1600 1800
wavelength/nm

Fig A-2-5 Comparison between the arguments of ithgeslayer and 2-layer systenths @;) and cos@,)

Finally, comparing the arguments ,,4®, for the single-layer and 2-layer systems, a rdftl sh
is observed upon addition of the silica layer op td the interferometer, as illustrated in

Fig A-2-5.
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A-3 Three-layer interferometer — Absorbing layer/SO,/PSi/Si

As illustrated in Fig A-3-1, an extra thin absowpilayer is added on top of the previous 2-

layer system, constituting a 3-layer system. Heeshave 5 media, which are:

+ Medium 1: semi-infinite Air environment,

*

Medium 2: absorbing layer with a refractive index and a thicknessda (like: Au

layer or the equivalent layer of NAS);

*

Medium 3: SiQ with a refractive indexsios, and a thicknesdsioo;

*

Medium 4: PSi with a refractive indexs; and a thicknesdps;

*

Medium 5: semi-infinite Si substrate.

Fr3

Semi-infinite Air environmeIt

1 p

2

PSI Iayer - npSi, dPSi

Fig A-3-1 Schematic view of an extra thin absorlanger put on top of 2-layer SYPSi/Si system

It is worth mentioning that we consider an absagbmaterial with a complex refractive

index:na = ReQa) +i Im(na).

From the previous section, we can write:

— rzesxz eXpQA¢1E)Q)_rA—Air — ;
= =|r..|exp(iP EQ-A-3-1
1 rzesxer—Air exp(A¢1E)Q ) | R3| P 3) (EQ )

Where A¢f"’:4ﬂ:‘\d“ , 2% is the total reflection coefficient of 2 - layerystem:

SiO,/PSI/Si in the environment of the absorbing matgnated as asioz/psiis) andraair IS

the Fresnel reflection coefficient at the Absorbmgdium/Air interface (noted agair).
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semi-Infinite SiO,
environment

Semi-infinite absorbing
medium

PSi layer 2

Semi-Infinite Si substrate -

Si0, layer-nggy, dsio, £

PSi |ayer - npSi, dPSi

Si substrate

ex2 ext
(@) I3 T3

Fig A-3-2 Schematic view of the formalism for thiulation of (a) rzzxz =Tassio,/psi s: @nd
exl _
(b) I3 = rSiQIPSV Si

Similarly to the calculation ofy," in last sectiony,? could be expressed as:

2 = I'sio,/ psi Siexp(A¢12 )-r Sig- A _
23 = T
1- I'sio,/psi sil sig- £Xp(Ag,)

‘rAISiOZ/ Psi si exp(i¢ A Sig PS8 3 (EQ-A-3-2)

Where‘rA,Siq, psi S\ and @,s,/ps s @re the amplitude and argumentrgf , respectively. We

also have:

‘rSiOZI PSi s‘ :|r PSi sli+‘r PSi S'A?COS@¢1 ) (EQ-A-3-3)
_ A4

Ag, = a1 Nesips; (EQ-A-3-4)

Psioyps s= D@, + 11— 2miT (EQ-A-3-5)

e _ 41T

Ag” = 7 Ngi02si00 (EQ-A-3-6)
_4ar

Ap, = T(nPSid psit Nged SiQ) (EQ-A-3-7)

Now we consider that the absorbing material is gaith a layer thicknesda, = 30 nm, and

the refractive indexa, plotted in Fig 3.2.8 in chapter 3. The variatiaigf ausiozrsig and
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cos(pausiozipsis) With the wavelength are plotted in Fig A-3&).(

1.61
1.2+
0.81
0.4+

0.0 —COS(Pausioapsissi)

-0.4 — | awsiozsmsisil
-0.81 —Cos(Ad,+1)

Values

-1.2 T ; ; . )
800 1000 1200 1400 1600 1800
wavelength/nm

€
1.00- 0.2-
|rSi02-Au| 0.04
IrAu-Air| -0.2 — :
. = SiO2-Au
= 0.99+— 3 -04{ —
@ Au-Air
£ -0.6
\
_0'8-
0.98 . ; - 1.0 | . .
1000 1200 1400 1600 1000 1200 1400 1600
wavelength/nm wavelength/nm
(b) (©

Fig A-3-3 (a) cosfausiozrsiidy COSUp,+7) and |fausiozesidi Vs.4; (b) Variations of |gioz-al, |[Fau-ail; (C) @sioo-
Aul 70, @pu-ir] TVS.A

From Fig A-3-3 @), we can see that both amplitude and argumemfof Mawsiq/psi s @€

highly modulated and it is difficult to obtain theinalytical expressions as was the case in the
previous sections. Comparing to cbg) (i.e. cosfg,+ 1)), [Fawsiozpsisl already shows a
clear blue shift. However, comparing cds and cospawsioz/psiis) » We can see that their

peaks and dips are in phase.

Combining equations A-3-5, A-3-6 and A-3-1, we have

_ ‘rAu/SiQI PSi s‘ieXp[i (A¢1exz +0 Sig P8 ;J _|r Au ;Lirexl:(i P A A}r
" 1_‘rAu/SiQI PSi s“r Ad AileXF{i (A¢16)Q +P u Sig P8 0 a A);|

The amplitude and cosine function of the argumentbiothrg, andrgs as a function of
wavelength are plot in Fig A-3-4. By comparing thargumentsb, (blue line with dots) and

@3 (pink line), we can put into evidence an extragehshift:
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CD3 = CDZ + A¢'[0t
-0.92
[1.0
e -0.94 05 —~,
= 00 &
2 -0.96 5
o -0.5 8
-0.98 L.1.0
1000 1200 1400 1600
Wavelength/nm 0.6
0.981
L0.5
—% 0.96 —
4 N
= 0.4
0.94
0.3
0.92

Fig A-3-4 The black curve with main left axis is [fig4, the pink curve with main right axis is for cés] and

the pure blue curve and the blue curve with cirelith the insert axis are fordg and cos,), respectively.

In order to evaluate the value 8%, the system shown in Fig A-3-5 is considered, wher

the absorbing layer is considered to be sandwitivden a semi-infinite air substrate and a

semi-infinite silica environment. The phase shifedo the introduction of the extra absorbing

layer Ady in the 3-layer system should be equal to the asyinof the total reflection

coefficientrsjoz/aair Of the thin film interferometer shown in Fig A-3-5.

Semi-infinite Air Substrate
3

Fig A-3-5 Schematic view of the absorbing layerdseiched between semi-infinite Si€nvironment and Air

substrate

The value 0A%qis crucial to deduce the fringes shift direction floe 3 - layer system with

respect to the 2 - layer system. For a gold layer @ NA equivalent layer put on top of the

previous 2 - layer system, the total phase sAPy are calculated according to the equation
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A-3-8 and are plotted in Fig A-3-6 (a) and (b) pestively.

ex2

_ Paair exp{Ag;™ )- rA—Zi(C; | - |r | exp(id,, ) (EQ-A-3-8)

1Ty pilacsio exp(Ag,

We can see that in the case of the gold layeryahee of APy is close to 7 over the whole

wavelength range. This means that a blue shifkpeeted upon addition of the gold layer on

top of the SIQPSI/Si system. In the case of the NA equivaleryteﬂaA%t is first
increasingly negative with a variation between @ ar before NA resonance, and shows an
abrupt change fromrmto + at resonance, before decreasing again for largeelengths.
This means that upon addition of the NA layer op t the SiQ/PSi/Si system, before
resonance we should observe a blue shift of thegds, with increasing amplitude for

wavelengths closer to the resonance; after resenaacshould observe a red shift.

-1.0 — @ Ir. | r1o
0.5 1.04 I'SiO2NAAIr * SIOZNAAIr
¢I’Si02AuAir 0.8 0.8
o 0.5 o
E 0.0 L0.63 e L0.63
) IrSiOZAuAirI é E 0.0 é
< o4z 8% 042
c IS
0 -0.51 < o <
0.2 -0.54 0.2
-1.04 0.0 1.0 0.0
1000 1200 1400 1600 1000 1200 1400 1600
wavelength/nm wavelength/nm

(@) (b)
Fig A-3-6 Dot vs.z (black curve) and amplitude vs(pink curve) for (a) Au/SigPSi/Si; (b) NA/SIGPSI/Si.

The amplitude of reflection coefficient in (b) givhe position of the NA resonance.
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Appendix B:  Fit of macro-reflectivity spectrum for PSi layer

characterization

The characterization of the PSi layer is achiewgditing the macro-reflectivity spectrum of
the PSi monolayer using a home-developed matlabe.cakhis method enables to
simultaneously obtain the thickness, effectiveaetive index and porosity of the PSi layer,
without requiring destructive characterization liB&EM measurement. The code is based on
the transfer matrix method, combined with effectmedium approximations (EMA), which
describe the effective dielectric constant of P&jel as a function of the host medium
(Silicon) and the embedded media (air and any nateoating the pores) as well as the
porosity [AP-4]. Two different models have been implemented taules the PSi dielectric
function: Landau Lifshitz Looyenga (LLL) and Bruggan model§AP-5, AP-6] expressed

as follows:

£ —€
Bruggeman:) | p ——"—=0; (EQ-B-1)
i €| + deff

LLL: & {Z(sﬁ —s;}pi +£§] b =1 (EQ-B-2)

£=n? (EQ-B-3)

Here,pi andei are the volume fraction and the complex dieledtriwction of thei™ material,
respectively. Empirically, the LLL model has bedmownn to be more suitable for high

porosities, while for lower porosities both modetgverge in a similar wayAP-7].

The refractive index dispersion of the highly-do@gidis expressed according to a Cauchy

law:

0.1104, 0041
P

ng = 3.4227+ (EQ-B-4)

In order to determine the parameters of the P&r]ape fit of the experimental reflectivity

spectrum is performed using a Levenberg Marqualtlimear fitting method[AP-8].
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Appendix C: Attenuation in the optical fibers at 14 um

The attenuation characteristics of the optical rBbesed in our micro-reflectivity setup is
presented in Fig D. It shows a clear attenuaticak@@ound 1.4 um (highlighted by a green
square). This attenuation is visible on the optispkctra as soon as there is a slight

discrepancy in the light path between the referangeal and the sample signal.

AFS Series Attenuation Curve (Low-OH)

Transmission/m 90%

1000

-

o

o
L

Attenuation (dB/km)

o
-

0 4(I)0 860 12I00 16I00 20I00 2400
Wavelength (nm)

Fig D Attenuation curve of optical fibefaP-9]
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