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R£SUM £ 

Mes travaux de th¯se sont consacr®s au d®veloppement de m®thodes de contr¹le des ondes 

®lectromagn®tiques dans les domaines des fr®quences visibles, du proche infra-rouge ou des 

micro-ondes, par le biais dôh®t®rostructures photoniques et/ou plasmoniques ou via la 

manipulation des propri®t®s de lôonde elle-m°me. 

Comme indiqu® en Introduction, la plus grande partie de ce manuscrit est consacr®e ¨ 

l'®tude de quelques h®t®rostructures qui combinent propri®t®s photoniques et plasmoniques et 

¨ leur utilisation dans la conception de polariseurs et de filtres (neutres ou amplificateurs) 

sensibles ¨ la polarisation. Ces structures exploitent les r®ponses dôempilements 

unidimensionnels multicouches (cristaux photoniques unidimensionnels) et les interf®rences 

qui y prennent place entre les ondes r®fl®chies et r®fract®es ¨ chaque interface, ainsi que les 

excitations plasmoniques induites dans des r®seaux bidimensionnels ou des distributions 

tridimensionnelles de nanoparticules m®talliques. Une telle combinaison offre en particulier la 

possibilit® d'un contr¹le spectralement s®lectif et d®pendant de la polarisation des ondes des 

propri®t®s de r®flexion et de transmission de ces structures. 

Dans le chapitre I du manuscrit, les principes g®n®raux et les m®thodes de calcul 

utilis®s pour la mod®lisation des propri®t®s des structures photoniques/plasmoniques ®tudi®es 

sont d®crits. La premi¯re partie du chapitre est consacr®e aux g®n®ralit®s sur les cristaux 

photoniques. Dans une d®finition large, un cristal photonique est un mat®riau ou une structure 

multi-mat®riaux avec une permittivit® changeant p®riodiquement dans une, deux ou trois 

directions spatiales. On parle alors de cristal photonique unidimensionnel (1D), 

bidimensionnel (2D) ou tridimensionnel (3D). Dans les chapitres II ¨ IV du manuscrit, ce sont 

des exemples de cristaux photoniques 1D qui sont consid®r®s. Lorsquôune onde 

®lectromagn®tique p®n¯tre une telle structure en incidence normale ou oblique par rapport aux 

interfaces, chaque interface r®fl®chit une partie du champ. Si l'®paisseur optique de chaque 

couche est choisie de mani¯re appropri®e, les champs r®fl®chis peuvent se combiner en phase, 

entra´nant des interf®rences constructives et une forte r®flectivit®, dans un processus 

®galement appel® r®flexion de Bragg. De ce fait, le spectre de transmission de telles structures 

pr®sente de larges gammes de longueur d'onde (ou de fr®quence) pour lesquelles la 

transmissivit® est quasi nulle. Ces r®gions sont connues sous le nom de bandes interdites 

photoniques, en r®f®rence aux bandes interdites ®lectroniques dans les cristaux, de m°me que 
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le terme ç cristal photonique è a ®t® invent® pour d®crire ces structures en r®f®rence aux 

solides cristallins. Par ailleurs, la pr®sence d'un d®faut dans la structure, côest- -̈dire dôune 

couche qui, du fait de son ®paisseur ou de la nature du milieu qui la constitue, rompt la 

p®riodicit® spatiale de la structure, conduit ¨ l'apparition d'une bande de transmission tr¯s 

®troite ¨ l'int®rieur de la bande interdite, que lôon appelle un mode de d®faut. Dans les 

chapitres II ¨ IV, le formalisme des matrices de transfert est utilis® pour la d®termination de la 

r®ponse optique de telles structures. Les principes g®n®raux de cette m®thode et son 

application ¨ divers types de couches sont d®crits au chapitre I. 

Afin dôobtenir la d®pendance ¨ la polarisation de la r®ponse des structures d®crites dans les 

chapitres II ¨ IV, des distributions al®atoires tridimensionnelles ou des couches ordonn®es 

bidimensionnelles de nanoparticules m®talliques ont ®t® ins®r®es dans les cristaux 

photoniques. Elles donnent lieu ¨ des r®sonances plasmoniques de surface. Lorsqu'une onde 

®lectro-magn®tique interagit avec une nanoparticule m®tallique, son champ ®lectrique d®place 

le nuage d'®lectrons libres de conduction du m®tal par rapport au r®seau atomique. Le 

d®s®quilibre qui en r®sulte dans la r®partition des charges ¨ la surface de la particule (avec un 

exc¯s de charges n®gatives d'un c¹t® et une d®pl®tion en charges n®gatives de l'autre c¹t®) 

cr®e un champ local de restauration ¨ l'int®rieur de la particule qui est proportionnel au 

d®placement du nuage d'®lectrons par rapport au r®seau atomique. Lorsque le champ 

®lectrique de l'onde ®lectromagn®tique oscille, il en va de m°me pour les mouvements des 

charges et pour le champ de restauration qui en r®sulte. L'oscillation conjointe des charges des 

particules et du champ ®lectromagn®tique constitue ce que l'on appelle un plasmon de surface 

localis®. Ce ph®nom¯ne est un ph®nom¯ne r®sonant, et la r®sonance de ces oscillations est 

appel®e r®sonance plasmonique de surface localis®e. L'excitation d'un plasmon de surface 

localis® conduit ¨ une forte augmentation des champs ®lectriques pr¯s de la surface des 

particules m®talliques et ¨ une forte augmentation de l'absorption de lôonde par ces particules. 

Le pic d'absorption correspondant est observ® ¨ la longueur d'onde de la r®sonance 

plasmonique, qui d®pend de plusieurs param¯tres. Les principaux param¯tres influen­ant la 

longueur d'onde de r®sonance plasmonique de surface localis®e sont : la dispersion spectrale 

de la permittivit® di®lectrique du m®tal et du milieu dans lequel les particules m®talliques sont 

plac®es, ainsi que la forme de la particule. ê titre d'exemple, dans le cas de particules 

anisotropes de forme ellipsoµdale (qui sont pr®cis®ment le type de particules envisag®es dans 

ce manuscrit), la position de la r®sonance spectrale diff¯re de la valeur obtenue pour une 

particule isotrope de forme sph®rique et d®pend du rapport entre les longueurs des axes 
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principaux de la particule. Par rapport ¨ la longueur d'onde de r®sonance plasmonique des 

particules sph®riques, la longueur d'onde de r®sonance plasmonique des particules 

ellipsoµdales pr®sente un d®calage vers le rouge pour une polarisation de lôonde 

®lectromagn®tique excitatrice parall¯le au grand axe de l'ellipsoµde et un d®calage vers le bleu 

pour une polarisation parall¯le ¨ son petit axe, dôo½ une d®pendance de la r®ponse 

plasmonique vis- -̈vis de la polarisation de lôonde. La description des propri®t®s optiques de 

m®tacouches incluant des nanoparticules m®talliques a ®t® faite dans le cadre dôune 

approximation de milieu effectif et du formalisme des dip¹les coupl®s. Dans le chapitre I, 

plusieurs approches usuelles de l'approximation de milieu effectif (mod¯les de Maxwell 

Garnett et de Bruggeman) sont bri¯vement d®crites et compar®es, pour une utilisation dans le 

cadre de lô®tude d®crite au chapitre II. Les principes g®n®raux de la m®thode des dip¹les 

coupl®s ont ®galement ®t® d®crits, qui seront appliqu®s aux ®tudes qui font lôobjet des 

chapitres III et IV. 

Le chapitre II  du manuscrit est consacr® ¨ l'®tude du principe de l'utilisation d'un film 

composite (constitu® dôune matrice di®lectrique dans laquelle sont distribu®es al®atoirement 

des nanoparticules m®talliques de forme asph®rique) comme polariseur amplificateur. Dans la 

gamme spectrale de la r®sonance plasmonique des inclusions m®talliques, un tel film 

composite m®tal-di®lectrique d'®paisseur inf®rieure ¨ la longueur d'onde peut pr®senter une 

s®lectivit® de polarisation ®lev®e aussi bien en r®flexion quôen transmission, tout en 

maintenant une absorption mod®r®e. D¯s lors, les r®sonances plasmoniques de telles couches 

nanocomposites peuvent °tre exploit®es pour supprimer les modes de r®sonance (modes de 

d®faut) des cristaux photoniques dans lesquels elles sont ins®r®es, ce qui rend les spectres de 

r®flexion ou de transmission de telles structures fortement sensibles ¨ la polarisation. De 

m°me, on peut s'attendre ¨ pouvoir obtenir une amplification des bords de la bande interdite 

photonique, si les structures sont actives, qui soit elle aussi s®lective en polarisation. 

Sp®cifiquement, la section II.2 de ce chapitre pr®sente la g®om®trie et les param¯tres 

structurels de la structure ®tudi®e. Elle consiste en une microcavit® constitu®e de deux 

r®flecteurs de Bragg sym®triques de structures (AB)
N
 et (BA)

N
 entourant une couche de 

d®faut nanocomposite, le tout ®tant entour® dôair. Chaque cristal photonique (r®flecteur de 

Bragg) consiste en un nombre N de r®p®titions du motif de base (AB) form® de deux couches 

juxtapos®es de mat®riaux A et B (respectivement l'ars®niure de gallium-indium GaInAs et 

lôars®niure de gallium GaAs) dô®paisseurs respectives dA et dB. Ces milieux semi-conducteurs 

sont non-magn®tiques et optiquement isotropes. La dispersion chromatique des permittivit®s 
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di®lectriques relatives de tous les milieux est prise en compte dans les calculs. Dans ce 

chapitre, la lumi¯re est suppos®e se propager sous incidence normale par rapport aux 

interfaces s®parant les couches de la structure. La couche nanocomposite qui forme une 

couche d®faut plac®e entre les deux r®flecteurs de Bragg est, elle, constitu®e d'une matrice de 

mat®riau semi-conducteur h®bergeant des nanoparticules m®talliques uniform®ment r®parties 

dans la matrice, de forme anisotrope sph®roµdale et d'orientations identiques. 

La section II.3 du chapitre d®taille les r®sultats des calculs des propri®t®s spectrales de la 

structure dans le proche infrarouge. Dans la sous-section II.3.1, les spectres de transmission et 

de r®flexion de la seule couche composite, ainsi que leur d®pendance vis- -̈vis des param¯tres 

structuraux de cette couche, sont pr®sent®s. La sous-section II.3.2 est consacr®e ¨ la r®ponse 

spectrale de l'ensemble de la structure et offre une discussion d®taill®e de sa d®pendance vis-

-̈vis des param¯tres structurels de la couche d®faut. 

La section II.4 met en ®vidence les conclusions de ce chapitre, r®sum®es ci-apr¯s. 

En raison de la forme sph®roµdale des inclusions m®talliques et de leur orientation 

uniforme, la couche nanocomposite pr®sente une anisotropie optique prononc®e. La 

d®pendance de ses caract®ristiques spectrales vis- -̈vis du facteur de forme (le rapport des 

longueurs des grand et petit axes de chaque nanoparticule) des inclusions m®talliques et de la 

fraction volumique quôelles occupent dans le composite a ®t® ®tablie et quantifi®e. La 

d®pendance de ces r®ponses spectrales vis- -̈vis de l'®paisseur de la couche nanocomposite a 

®galement ®t® discut®e. 

En termes polarim®triques, lô®tude a permis de pr®dire les conditions dôobtention dôune 

amplification dôun bord de la bande interdite photonique de la structure (ici, situ® ¨ la 

longueur dôonde t®l®com 1550 nm) qui soit sensible ¨ lô®tat de polarisation de lôonde 

incidente, en raison de lôanisotropie dôabsorption (via lôexcitation plasmonique) due ¨ la 

forme des particules m®talliques. D¯s lors, la structure permet de s®parer, ¨ la fr®quence de 

r®sonance plasmonique, deux ®tats de polarisation mutuellement orthogonaux, lôun ®tant 

absorb®, lôautre ®tant au contraire amplifi®. Ce type de structure peut trouver des applications 

par exemple pour le contr¹le de lô®tat de polarisation de lô®mission de diodes laser ¨ cavit® 

verticale ®mettant par la surface (VCSELs). 

Dans le chapitre III du manuscrit, lôamplification dôun mode de d®faut contr¹l®e par la 

polarisation de lôonde incidente est obtenue via lôinsertion, dans un cristal photonique 

unidimensionnel, dôun ou plusieurs r®seau(x) p®riodiques bidimensionnels de particules m®talliques. 
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Un des objectifs de lô®tude est de d®terminer lôemplacement optimal du ou des r®seau(x) de particules 

au sein de la structure. 

ê nouveau, les caract®ristiques spectrales et polarim®triques de l'h®t®rostructure sont calcul®es ¨ 

l'aide du formalisme des matrices de transfert. Ici, un r®seau bidimensionnel de nanoparticules 

m®talliques est trait® comme une interface, et le calcul des ®l®ments de la matrice de transfert associ®e 

est r®alis® dans le cadre du formalisme des dip¹les coupl®s. L'influence de la g®om®trie et de 

l'emplacement du ou des r®seau(x) de nanoparticules sur l'efficacit® de l'amplification du mode de 

d®faut et sur son contr¹le par lô®tat de polarisation de lôonde fait lôobjet dôune discussion d®taill®e. 

Apr¯s une introduction des objectifs recherch®s, la section III.2 pr®sente la g®om®trie de la 

structure photonique et d®finit ses param¯tres constitutifs. Comme au chapitre pr®c®dent, elle 

est constitu®e de deux r®flecteurs de Bragg distribu®s (DBRs) entourant une microcavit® 

composite. Chaque r®flecteur consiste en une juxtaposition p®riodique de N bicouches (AB) 

ou (BA), la bicouche formant la cellule unitaire du DBR. Ici encore, A et B sont des 

mat®riaux isotropes semi-conducteurs et non magn®tiques. La microcavit® diff¯re de celle 

envisag®e au chapitre II. Not®e (CDC), elle est constitu®e d'une r®gion active (amplificatrice) 

D prise en sandwich entre deux couches di®lectriques non-magn®tiques identiques C. La 

r®gion active assure l'amplification des ondes ®lectromagn®tiques se propageant ¨ travers la 

structure. Le milieu ext®rieur est lôair. Dans cette ®tude, une onde ®lectromagn®tique p®n¯tre dans 

la structure sous incidence normale. 

Les couches de mat®riaux A et B (dô®paisseurs respectives dA et dB adapt®es ¨ la v®rification de la 

condition de Bragg qui gouverne la position spectrale des bandes interdites photoniques) qui forment 

les r®flecteurs sont respectivement constitu®es de GaAs et dôars®niure dôaluminium (AlAs). 

Classiquement, en l'absence de la microcavit® (CDC), le spectre de transmission du cristal 

photonique form® par la juxtaposition de ces deux r®flecteurs sym®triques pr®sente une bande 

interdite photonique avec un pic ®troit de transmissivit®, ou mode de d®faut, centr® 

exactement sur la longueur d'onde de Bragg, car la couche centrale de cette structure 

(AB)
N
 (BA)

N
, de largeur 2 dB, casse la p®riodicit® de la structure et constitue donc une couche 

d®faut. De m°me, la pr®sence d'une couche d®faut constitu®e cette fois-ci de la microcavit® 

(CDC) introduit typiquement un ou plusieurs modes de d®faut au sein de la bande interdite 

photonique. Cette microcavit® est ici constitu®e de deux couches de gaine identiques en GaAs 

entourant une r®gion active. Cette derni¯re consiste en un VCSEL ¨ puits quantiques 

multiples ¨ base de GaAs dans lequel quatre puits quantiques de structure 

Ga0.591 In0.409 N0.028 As0.89 Sb0.08 sont s®par®s par des couches barri¯res de structure GaN0.047 As. 
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Lô®paisseur et la constitution des ®l®ments C et D qui forment la microcavit® ont ®t® 

pr®cis®ment d®termin®es pour quôelle introduise un unique mode de d®faut au sein de la bande 

interdite photonique du cristal photonique (AB)
N
 (BA)

N
, et que ce mode de d®faut soit 

spectralement positionn® ¨ la m°me longueur dôonde que celui de ce cristal photonique 

d®pourvu de microcavit®. Dans nos calculs, la r®gion active D est trait®e, dans le cadre du 

formalisme des matrices de transfert, comme une couche ®quivalente de permittivit® relative 

effective eD. 

ê la diff®rence de lôh®t®rostructure d®crite au chapitre II, celle ®tudi®e ici en vue de 

lôobtention dôun polariseur plasmonique repose sur l'insertion d'une ou plusieurs 

monocouches de nanoparticules m®talliques, c'est- -̈dire dôun ou de plusieurs r®seau(x) 

bidimensionnels de particules, au lieu d'un nanocomposite tridimensionnel massif plac® dans 

la couche d®faut. Dans ces r®seaux, les nanoparticules sont agenc®es p®riodiquement, avec 

une cellule unitaire carr®e. Comme au chapitre pr®c®dent, toutes les particules m®talliques 

sont suppos®es avoir la m°me forme sph®roµdale et les m°mes dimensions, et °tre align®es de 

la m°me mani¯re. 

Dans la section III.3 du chapitre, lôimpact du positionnement d'un unique r®seau 

bidimensionnel de nanoparticules sur la r®ponse spectrale de la structure est discut®. Les 

calculs des caract®ristiques spectrales du seul r®seau de particules sont pr®sent®s et discut®s 

dans la section III.4, et ceux relatifs aux caract®ristiques spectrales de l'ensemble de la 

structure sont pr®sent®s dans la section III.5. La section III.6 r®sume et conclut ce chapitre.  

Lôinsertion dôun ou plusieurs r®seau(x) bidimensionnels de nanoparticules m®talliques 

dans un cristal photonique pr®sentant un mode de d®faut permet le contr¹le, via lô®tat de 

polarisation de lôonde ®lectromagn®tique, de lôamplification de ce mode. Lôint®r°t du choix de 

r®seaux bidimensionnels, par rapport ¨ celui dôun composite ®pais, est notamment que cela 

permet de limiter la dissipation thermique dans la structure. 

En pratique, ce contr¹le peut °tre r®alis® par un choix adapt® de la forme des 

nanoparticules (sph®roµdales, afin dôobtenir une anisotropie prononc®e), de leurs dimensions 

(facteur de forme), et de la distance qui s®pare deux particules voisines (la p®riode spatiale du 

r®seau). Dans lô®tude pr®sent®e ici, ces param¯tres ont ®t® ajust®s de mani¯re ¨ ce que la 

r®sonance plasmonique exploit®e coµncide avec la longueur dôonde du mode de d®faut du 

cristal photonique, les ®paisseurs dA et dB ®tant choisies pour que ce dernier soit centr® sur la 

longueur dôonde de 1550 nm. 
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Les calculs pr®sent®s dans ce chapitre mettent en lumi¯re lôimportance de la position du ou 

des r®seau(x) de nanoparticules dans la structure multicouches pour lôobtention de la 

suppression du mode de d®faut. Lôefficacit® de cette derni¯re est accrue lorsque le ou les 

r®seau(x) sont positionn®s ¨ des emplacements de localisation maximale du champ optique 

dans la r®gion active de la structure. Si la polarisation de lôonde incidente excite une 

r®sonance plasmonique situ®e loin du mode de d®faut (dans la bande interdite photonique, 

voire en dehors), ce dernier est au contraire amplifi®. 

L'approche d®crite dans ce chapitre, en combinaison avec d'autres solutions r®cemment 

propos®es (bas®es par exemple sur l'utilisation de cristaux liquides ou de mat®riaux 

fonctionnels dont les propri®t®s peuvent °tre contr¹l®es magn®tiquement ou ®lectriquement), 

peut consid®rablement ®largir les possibilit®s de contr¹le de la polarisation de la lumi¯re 

®mise par des lasers ¨ semiconducteurs. 

Dans le chapitre IV, le principe g®n®ral du contr¹le, via la polarisation de la 

lumi¯re, de la transmission de cette lumi¯re par une structure alliant propri®t®s photoniques et 

plasmoniques, est encore ®largi. Ce qui est vis® ici est le principe de r®alisation dôun filtre 

dichroµque polarisant bas® sur l'emploi d'un seul r®seau bidimensionnel de nanoparticules 

sph®roµdales m®talliques ins®r® dans une couche d®faut dôun cristal photonique complexe.  Le 

principe de fonctionnement d'un tel filtre est le suivant. La structure du syst¯me photonique 

multicouche form® de deux r®flecteurs, ainsi que la forme anisotrope des nanoparticules, sont 

choisies de sorte que deux modes de d®faut (centr®s sur les deux longueurs dôonde de 

fonctionnement du filtre dichroµque vis®) situ®s dans deux bandes interdites distinctes 

coµncident avec deux r®sonances plasmoniques excit®es lorsque lôonde incidente est polaris®e 

selon lôun ou lôautre des axes principaux des particules sph®roµdales. Si par ailleurs l'intervalle 

spectral entre ces deux modes (et donc entre les deux r®sonances plasmoniques) est 

suffisamment grand, on peut obtenir s®par®ment la suppression presque totale de lôun ou de 

lôautre de ces modes de d®faut, et donc r®aliser un filtre dichroµque contr¹l® par lô®tat de 

polarisation de lôonde incidente. 

La section IV.2 du chapitre pr®sente le type de r®flecteurs choisi ˈ des cristaux 

photoniques ap®riodiques mais n®anmoins construits selon une r¯gle d®terministe pr®cise. 

Lôavantage de tels r®flecteurs est quôils permettent d'ajuster le nombre, l'emplacement et la 

largeur des bandes interdites et des modes de d®faut, ainsi que de faire coµncider deux de ces 

modes de d®fauts avec deux modes de r®sonance plasmonique induits dans le r®seau de 
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particules m®talliques pour deux ®tats de polarisation mutuellement orthogonaux. 

Dans la section IV.3, la g®om®trie et les param¯tres structurels de lôh®t®rostructure ®tudi®e sont 

pr®sent®s. Il sôagit d'une cavit® photonique r®sonnante compos®e de deux r®flecteurs ap®riodiques 

di®lectriques multicouches sym®triques lôun de lôautre et s®par®s par une couche di®lectrique d®faut D. 

Un r®seau bidimensionnel de nanoparticules m®talliques sph®roµdales est situ® au centre de la couche 

D, et donc au centre de la structure tout enti¯re. Contrairement aux chapitres pr®c®dents, les couches 

des r®flecteurs sont ici faites de mat®riaux di®lectriques non magn®tiques, isotropes et uniformes, 

lôoxyde de zirconium ZrO2 et lôoxyde de silicium SiO2. La couche d®faut est en SiO2. 

Ici encore, le r®seau de nanoparticules est un r®seau p®riodique carr®, et toutes les particules sont 

identiques, dôune forme sph®roµdale  qui leur conf¯re une forte anisotropie. Les dimensions typiques 

des nanoparticules et la p®riode du r®seau sont beaucoup plus petites que la longueur d'onde typique de 

l'onde optique dans la couche D.  

La section IV.4 pr®sente et discute les spectres de transmission et de r®flexion de lôh®t®rostructure, 

tandis que la section IV.5 conclut le chapitre en r®sumant les caract®ristiques et les avantages de cette 

structure. 

Comme pour la structure ®tudi®e au chapitre III, le choix d'un r®seau bidimensionnel de 

nanoparticules, plut¹t que dôune dispersion tridimensionnelle de ces m°mes nanoparticules se 

pr°te ¨ un processus de fabrication moins complexe et permet aussi une dissipation d'®nergie 

beaucoup moins importante. L'utilisation d'un cristal photonique ap®riodique d®terministe 

permet d'adapter la position spectrale des bandes interdites et des modes de d®faut de cette 

structure de telle mani¯re que deux de ces modes de d®faut (ici, aux longueurs d'onde de 375 

nm et 609 nm), situ®s dans des bandes interdites s®par®es, peuvent °tre ajust®s et fournir les 

deux fen°tres ®troites de transmissivit® requises pour un filtre dichroµque. La suppression non 

simultan®e de ces fen°tres, en fonction de lô®tat de polarisation de lôonde incidente, est 

obtenue gr©ce ¨ l'inclusion, au centre de la structure photonique, d'une couche composite 

int®grant un r®seau de particules m®talliques anisotropes dans lequel deux r®sonances 

plasmoniques spectralement distinctes peuvent °tre excit®es pour deux ®tats de polarisation 

lin®aires mutuellement orthogonaux de lôonde incidente. Pour des valeurs bien choisies des 

param¯tres structuraux du cristal photonique ainsi que du r®seau de nanoparticules 

m®talliques, chacune des deux r®sonances plasmoniques de ce dernier peut °tre amen®e ¨ 

englober un des deux modes de d®faut du premier, ce qui assure une extinction totale de l'un 

ou l'autre de ces modes selon l'®tat de polarisation du faisceau lumineux incident. 



 
R;SUM; 

 

GLUKHOV Igor [15] 

 

Parmi les diff®rents param¯tres r®gissant la position pr®cise des fen°tres de transmissivit® 

de ce filtre dichroµque, la forte influence de l'®paisseur de la couche composite d®faut dans 

laquelle est ins®r® le r®seau de nanoparticules m®talliques a ®t® ®tablie. D'autres param¯tres 

structuraux constituent cependant autant de degr®s de libert® pour la conception d'un tel filtre, 

notamment la g®om®trie du cristal photonique, la nature de ses constituants, la p®riode du 

r®seau de particules m®talliques, le facteur de forme des particules elles-m°mes, ou encore la 

nature du m®tal dont elles sont constitu®es. 

D'autres moyens de contr¹le des caract®ristiques spectrales et de polarisation de ce filtre 

pourraient °tre envisag®s, comme l'utilisation de plusieurs r®seaux de nanoparticules 

m®talliques, ou la combinaison de r®seau(x) de nanoparticules avec d'autres types de milieux 

anisotropes (cristaux liquides ¨ colorants dichroµques, verres dichroµques, etc.). De plus, les 

principes d®crits dans cette ®tude restent valables dans d'autres r®gions spectrales, ¨ condition 

que les fr®quences de r®sonance plasmon puissent coµncider avec les modes de d®faut dans 

une structure photonique multicouche, par exemple pour les syst¯mes de communications 

optiques dans le domaine du proche infrarouge. D'autres applications potentielles de tels 

filtres dichroµques sensibles ¨ la polarisation incluent par exemple le d®veloppement de 

d®tecteurs ¨ photon unique sensibles ¨ la polarisation, ou d'absorbeurs plasmoniques et de 

nano-capteurs. 

Le chapitre V de mon manuscrit, enfin, traite dôune m®thode de contr¹le dôune onde 

®lectromagn®tique, non pas par le biais dôune h®t®rostructure photonique et/ou plasmonique 

comme dans les chapitres pr®c®dents, mais via la manipulation des propri®t®s de lôonde elle-

m°me. 

Plus pr®cis®ment, il sôagit ici de contr¹ler la r®flexion non-sp®culaire dôun faisceau 

gaussien sur une surface di®lectrique. Les effets non sp®culaires se produisant lors de la 

r®flexion de paquets d'ondes lumineuses sur diverses structures optiques ont ®t® intensivement 

®tudi®s au cours des deux derni¯res d®cennies. Ces effets incluent des d®calages aussi bien 

lat®raux que transversaux des faisceaux r®fl®chis par rapport ¨ la position pr®dite par l'optique 

g®om®trique ˈ de tels effets ont ®t® initialement d®crits dans le contexte de la r®flexion totale 

interne sur une interface unique et sont dans ce cas respectivement appel®s effet Goos-

Hªnchen et effet Imbert-Fedorov, mais ces deux appellations ont depuis ®t® souvent ®tendues 

¨ des situations de r®flexion partielle, y compris sur des structures plus complexes que de 

simples surfaces. ê ces d®calages lat®raux sôajoutent en g®n®ral des d®calages angulaires, l¨ 
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aussi par rapport aux pr®dictions de lôoptique g®om®trique, observ®s dans le plan d'incidence 

ou perpendiculairement ¨ ce dernier. 

Dans ce chapitre, je pr®sente une ®tude analytique du d®calage spatial ¨ la surface dôun 

milieu di®lectrique, coupl®e ¨ une ®tude num®rique (par le biais du solveur Comsol 

Multiphysics) de la propagation apr¯s r®flexion, dôun faisceau gaussien peu divergent dont la 

phase est modul®e spatialement dans un plan transverse ¨ la direction de propagation 

incidente. Plus pr®cis®ment, il sôagit de comprendre comment lôajustement de cette 

modulation de phase peut permettre de contr¹ler, dôexalter ou de r®duire les d®calages spatial 

et angulaire que ce faisceau subit lors de sa r®flexion ¨ la surface dôune couche di®lectrique 

isotrope. La distorsion du faisceau est ®galement prise en compte.  Lô®tude est men®e dans le 

domaine spectral des micro-ondes, pour lequel les d®calages prennent des valeurs notables qui 

facilitent leur mesure et leurs applications potentielles. 

Apr¯s une pr®sentation du contexte et des objectifs de cette ®tude en section V.1, je d®cris 

dans la section V.2 la g®om®trie du probl¯me et jôintroduis un mod¯le analytique qui permet 

de d®terminer le d®calage spatial du faisceau ¨ la surface de la couche di®lectrique en quartz 

fondu. 

Je consid¯re dans mes calculs un faisceau gaussien bidimensionnel monochromatique (de 

longueur dôonde dans le vide de 2.912 mm) qui parvient sur cette surface en incidence 

oblique. Le choix d'un mod¯le de faisceau bidimensionnel ˈ dans lequel le profil transversal 

du champ ®lectrique de lôonde ne d®pend pas de la coordonn®e rep®rant la direction 

perpendiculaire au plan d'incidence ˈ se justifie par le fait que cette ®tude est concentr®e sur 

les effets non sp®culaires que lôon peut observer dans ce plan. Le param¯tre r®el qui gouverne 

et quantifie le degr® de modulation de phase du faisceau gaussien est ici not® x. Cette 

modulation spatiale de la phase peut °tre vue comme un analogue du chirp dôun faisceau dans 

le domaine fr®quentiel. 

Dans la section V.3 du chapitre, je montre comment la d®termination analytique de la 

r®partition spatiale du champ ®lectrique de l'onde ¨ la surface du film di®lectrique peut °tre 

utilis®e pour le calcul du d®calage lat®ral du faisceau gaussien, aussi bien en fonction de 

l'angle d'incidence que du param¯tre de modulation de phase x du faisceau gaussien. 

La section V.4 sôint®resse ¨ la probl®matique pratique de lôobtention de la modulation de 

phase souhait®e pour le faisceau gaussien incident. Deux m®thodes purement optiques (côest-

-̈dire ne faisant pas appel ¨ un modulateur ®lectro-optique, par exemple), et plus pr®cis®ment 
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r®fractives, sont propos®es. La premi¯re consiste ¨ focaliser sur le film di®lectrique un 

faisceau gaussien classique (c'est- -̈dire ne pr®sentant pas de modulation spatiale de phase) ¨ 

lôaide dôune lentille asph®rique dont la forme est adapt®e pour produire la modulation de 

phase requise. En lôoccurrence, pour une modulation spatiale de d®pendance parabolique, la 

lentille doit elle-m°me avoir un profil de surface parabolique. La deuxi¯me m®thode propos®e 

consiste ¨ faire se r®fracter un faisceau gaussien ¨ travers une une lamelle di®lectrique ¨ faces 

planes et parall¯le dont l'indice de r®fraction pr®sente un gradient parabolique dans la 

direction perpendiculaire ¨ la direction de propagation du faisceau. Jôai d®termin®, en fonction 

du param¯tre de modulation de phase x souhait®, les param¯tres g®om®triques qui d®finissent 

enti¯rement, selon la m®thode choisie, le profil spatial de la surface de la lentille parabolique 

ou le profil du gradient dôindice de r®fraction de la lamelle. 

Dans la section V.5, je montre les r®sultats des simulations num®riques (effectu®es ¨ lôaide 

de Comsol Multiphysics) de la propagation du faisceau gaussien avant et apr¯s r®flexion sur 

le film di®lectrique, et je discute de l'influence de la modulation spatiale de la phase de ce 

faisceau sur les d®calages lat®ral et angulaire subis par le faisceau r®fl®chi que ces simulations 

permettent de quantifier. La distorsion du faisceau qui accompagne ces d®calages est 

®galement pr®sent®e et comment®e. 

La section V.6 du chapitre, enfin, rassemble les conclusions de cette ®tude. Elle a tout 

particuli¯rement permis de montrer, par une approche th®orique ®tay®e par un mod¯le de 

simulation num®rique, qu'une modulation spatiale de la phase dôun faisceau gaussien est un 

moyen int®ressant de contr¹ler l'amplitude et la direction du d®calage lat®ral et angulaire de 

type Goos-Hªnchen (côest- -̈dire dans le plan dôincidence) que subit ce faisceau lorsquôil se 

r®fl®chit sur une simple surface di®lectrique. Les calculs men®s ont montr® que lôon peut 

envisager un d®calage spatial lat®ral du faisceau r®fl®chi de l'ordre d'une longueur d'onde du 

faisceau gaussien si ce dernier nôest pas modul® en phase, et que ce d®calage peut °tre 

multipli® dôun facteur pouvant atteindre 2,5 si on introduit une modulation spatiale de la 

phase dans le faisceau incident. Pour le faisceau peu divergent retenu pour nos calculs, et pour 

une longueur dôonde de 2,912 mm dans le domaine des micro-ondes, cela se traduit par 

exemple par un accroissement du d®calage spatial de 2,9 mm ¨ 7,3 mm, valeurs importantes 

de nature ¨ grandement faciliter leur mesure dans le cadre d'applications pratiques. 

Comme indiqu® pr®c®demment, ce d®calage spatial s'accompagne d'un d®calage angulaire 

(toujours par rapport ¨ la direction de r®flexion sp®culaire, et toujours dans le plan 

d'incidence). Les calculs pr®sent®s dans le manuscrit montrent que le d®calage angulaire peut 
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°tre multipli® par plus de quatre par la modulation de phase du faisceau gaussien et peut 

atteindre jusqu'¨ 9Á, ce qui, l¨ encore, facilite la mesure d'un tel d®calage.  

Les simulations num®riques r®alis®es ont permis de d®terminer la plage optimale de 

valeurs du param¯tre x r®gissant la modulation de la phase, côest- -̈dire les valeurs de ce 

param¯tre qui permettent dôobtenir un d®calage lat®ral sensiblement plus important que celui 

quôon peut atteindre avec un faisceau gaussien non modul®, tout en satisfaisant deux 

conditions importantes : que le taux de r®flexion en intensit® soit ®lev® (côest- -̈dire que la 

r®flexion non-sp®culaire se produise dans des conditions qui facilitent la d®tection du 

d®calage), et, qui plus est, que la distorsion du faisceau r®fl®chi qui accompagne ces effets 

non-sp®culaires ne constitue pas un obstacle ¨ sa d®tection. 

Lôexaltation et le contr¹le de ces d®calages de faisceaux peuvent °tre utilis®s, comme 

lôillustrent de nombreux travaux publi®s ces derni¯res d®cennies, pour par exemple optimiser 

l'efficacit® et la sensibilit® de capteurs, ou encore pour concevoir des routeurs ou des 

d®/multiplexeurs pour les communications. La modulation de la phase du faisceau propos®e 

dans ce manuscrit apporte un degr® de libert® suppl®mentaire pour cette exaltation et ce 

contr¹le. Il est par ailleurs ¨ noter que le principe et les mod¯les pr®sent®s restent valables 

pour d'autres domaines spectraux, par exemple dans le visible ou dans le proche infrarouge. 

Enfin, dans la derni¯re section du manuscrit, Conclusions et perspectives, je 

reprends les principaux r®sultats obtenus et discute des perspectives de mon travail. 
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INTRODUCTION  

Optics is a general field of physics covering a wide range of topics related to the study of 

light. Photonics is the part of the discipline of optics concerned with the generation, detection, 

and control of light in the form of waves, as well as photons associated to these waves in the 

frame of the wave-particle dual nature of light. Its formation as a separate scientific and 

technical field, and then as a separate branch of high-tech industry, began in full in the 1960s 

and was intimately related to the development of laser technology. Depending on the source, 

the term ñphotonicsò itself seems to have been first coined, among others, by the Soviet 

physicist A. N. Terenin in the preface to his book "Photonics of Dye Molecules and Related 

Organic Compounds" [Leningrad: Nauka, 1967. 616 p. (in Russian)] in 1967, or by the 

French scientist Pierre Aigrain in the same year. In the decades that followed, the term 

became widespread due to the rapid development of laser technology and fiber optic 

communications in the 1980s. 

Photonics is in constant development: new directions, technologies and materials are 

constantly emerging, promising areas of application are opening up, and the methods and 

technologies created in this area are founding the widest practical domains of application. Due 

to their compactness, relative cheapness, and reliability, photonic devices are widely used in 

modern life. So, for example, the use of light-emitting diodes (LEDs) in lighting technology 

reduces energy consumption and heat generation compared to traditional lighting sources. 

Photonics is widely used in the production of modern electronics. Without it, the production 

of modern processor chips is impossible, and in the last decade there has been an active 

development of optical components for future computer technology. Various inter-chip 

optical interconnectors, optical controllers and filters are being created. 

Among photonic structures and devices, those exploiting plasmonic effects are currently 

attracting a lot of interest, in particular because of the localization of the electromagnetic field 

in such structures, and hence the possibility of miniaturizing photonic devices even further. 

Plasmonics is one of the modern areas of photonics that studies the conditions of 

electromagnetic field localization near the interface between an insulator and a conductor at a 

sub-wavelength scale. 

The largest part of this manuscript is devoted to the study of a few selected 

heterostructures which combine photonic and plasmonic principles and their use in the design 



 
INTRODUCTION 

[26]   GLUKHOV Igor 

of polarizers and polarization sensitive filters. These structures combine the properties of 

multilayered filters that exploit the interference between the waves reflected and refracted at a 

large number of interfaces (one-dimensional photonic crystals) with plasmonic excitations in 

two-dimensional arrays or three-dimensional distributions of metallic nanoparticles. Such a 

combination provides the possibility of a polarization sensitive control of the reflection and 

transmission properties of these structures at selected wavelengths. 

In Chapter I, general principles and calculation methods for the modelization of the 

properties of the photonic/plasmonic structures under study are described. These formalisms 

will be put into use in Chapters II, III, and IV. 

Chapter II is devoted to the study of an amplifying photonic crystal in which a 

nanocomposite polarizing layer based on a three-dimensional random distribution of 

nonspherical metallic inclusions is embedded. The system can be considered as an active 

microcavity hosting the nanocomposite layer surrounded by two symmetrical distributed 

Bragg reflectors. The dependence of the spectral characteristics of the structure on the aspect 

ratio, volume fraction of the metallic inclusion and thickness of the nanocomposite layer is 

carefully analysed. It is shown that two mutually orthogonal linear states of polarization of 

light related to the main axes of the nanoparticles play a particular role: resonant amplification 

at the edge of the photonic bandgap can be observed for one of these polarization states, 

whereas for the other polarization state, the transmittivity of the structure is almost totally 

suppressed. As a result, the structure acts as an amplifier whose output is controlled by the 

polarization of the incoming light. 

As a development of these studies, Chapter III is devoted to a system where polarization-

selective amplification of a defect mode in a photonic crystal is involved, but this time with 

an intracavity including two-dimensional arrays of metallic nanoparticles, which allows a 

closest control of the position of the nanoparticles with respect to the electromagnetic field 

distribution in the structure, hence of the efficiency of the plasmonic excitation. The precise 

influence of the positioning of the two-dimensional array on the transmission spectrum of the 

structure is discussed. In particular, it is shown that the polarization-sensitive suppression of 

the defect mode is most efficient when the nanoparticles are embedded at locations of 

maximal field localization.  

In Chapter IV, the goal is to obtain a polarization-sensitive dichroic filter exploiting two 

different defect modes in two separate bandgaps of a photonic crystal that can be 
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independently suppressed for two mutually orthogonal polarization states of the incident 

beams through plasmonic excitation in a two-dimensional array of metallic nanoparticles. The 

precise adjustment of photonic and plasmonic modes in this case requires an additional degree 

of freedom that is provided by the use of a non-periodic photonic crystal. Specifically, we 

propose to use a so-called deterministic aperiodic photonic crystal which allows an 

independent adjustment of the spectral positions of the bandgaps. As a result, the operating 

principle and governing parameters of a narrow-bandpass, polarization-sensitive dichroic 

filter operating in the near-UV and visible domains are described. 

The last chapter of the manuscript, Chapter V, differs in its scope from the previous ones. 

In that Chapter, what is controlled are the lateral and angular shifts experienced by a Gaussian 

beam when it is reflected at a dielectric surface. Such shifts constitute generalization of the 

well-known Goos-Hªnchen effect. The control in this study is provided by the structure of the 

beam itself. Specifically, a spatial modulation of the phase of the incident Gaussian beam is 

produced, and it is shown by way of both analytical calculations and numerical simulations 

that such a modulation can lead to a significant and adjustable exaltation of the lateral beam 

shift. We show how this phase modulation can be produced and determine the optimal 

modulation parameter, that is, the best compromise between large values of the lateral shift 

and limited deformation of the beam shape that inherently occurs upon reflection. The study 

is carried out in the microwave range, where the lateral shift of the reflected beam reaches 

several millimeters, which facilitates its experimental detection. Such an enhancement and 

control of the reflected beam shift can be used to optimize the efficiency and sensitivity of 

photonic devices such as sensors, routers or de/multiplexers. 
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I.1. Photonic crystals 

Although the term "photonic crystal" (PC) appeared relatively recently, PCs themselves 

are widely to be found in nature. Examples of such natural photonic crystals include the 

beautiful multicolored wings of some species of butterflies (Fig. I.1), the colored scales of 

some tropical fish, or the feathers of a peacock. 

In a broad, general definition, a photonic crystal is a material or a multi-material structure 

with a periodically changing permittivity in one, two or three spatial directions. Accordingly, 

one speaks of one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) PCs. 

The term "photonic crystal" was first introduced in the work of E. Yablonovich in 1987 [1], in 

which he described the idea of artificially creating such a structure. 

 

Fig. I.1. An example of a photonic crystal found in nature. Photographs of butterfly wings 

(left panels), optical microscope images (central panels) and scanning electron microscope 

images (right panels) of these wings. [2] 

 

Photonic crystals have made a great appearance in research in optical physics for the last 

two to three decades [3,4]. Such periodic structures are widely used as dielectric mirrors (also 

known as a Bragg reflectors), which play an important role in many modern photonic 

systems. One-dimensional photonic crystals make it possible, among many applications, to 

create narrow-band light filters or amplifiers with controllable transmission and reflection 

bands, to obtain low-signal laser generation (so-called low-threshold and non-threshold 

lasers), to design media with a negative refractive index that make it possible to focus light to 
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a point smaller than the wavelength (ñsuperlensesò), or to exploit the orderly nature of the 

phenomenon of photon confinement in a photonic crystal in order to build optical storage 

devices and logical devices. Variations of 2D and 3D PCs can be used, for instance, as 

waveguides with a complex geometry. 

I.1.1 One-dimensional photonic crystals 

Periodic dielectric stacks are the simplest forms of PCs, not least in terms of fabrication 

requirements, and have been used in photonics technology well before the introduction of the 

term itself. The simplest of those one-dimensional PCs is an alternating stack of two different 

dielectric materials (as presented in Fig. I.2). 

 

Fig. I.2. Scheme of the 1D photonic crystal. 

 

When light impinges on such a stack in normal or oblique incidence with respect to the 

interfaces (those are parallel to the xy plane in Fig. I.2), each interface reflects some of the 

field. If the optical thickness of each layer is chosen appropriately, the reflected fields can 

combine in phase, resulting in constructive interference and strong reflectance, also known as 

Bragg reflection. Due to this, the transmittivity spectrum of such structures presents broad 

wavelength (or frequency) regions for which the transmittivity is almost zero. These regions 

are known as stop bands or more often photonic bandgaps, in reference to the electronic 

bandgaps in crystals after which the term photonic crystal has been coined in the first place. 

They are centered around a vacuum wavelength l0 for which the so-called Bragg condition 

(or quarter-wave condition) is fulfilled in all layers (nd = l0/4, where n is the refractive index 
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of a layer, and d is its thickness) [5]. An example of two such photonic bandgaps, one in the 

visible domain and the other in the near infrared region, is represented in Fig. I.3.  

Bragg reflection occurs regardless of the refractive index (or permittivity) contrast between 

constituents A and B of a 1D photonic crystal such as that represented in Fig. I.2, although a 

larger number of periods (AB) are required to achieve a high reflectance in the bandgaps if the 

contrast is small. Since the absorption in dielectric optical materials used in PCs is very low, 

mirrors made from dielectric stacks are extremely efficient, and can be designed to reflect 

almost 100% of the incident light within a small range of frequencies. Also, dielectric mirrors 

can be constructed to operate for a predefined angle of incidence. 

 

Fig. I.3. Spectrum of the 1D photonic crystal with a photonic bandgaps. 

 

Due to the presence of the wavelength-selective reflection properties of the photonic 

crystals they are used in a wide range of applications, such as high-efficiency mirrors, Fabry-

Perot cavities [6], optical filters [7], vertical-cavity surface-emitting lasers (VCSEL) and 

distributed feedback lasers [8]. An example of the PC reflectors used in a VCSEL is presented 

in Fig. I.4.  
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Fig. I.4. Example of a vertical-cavity surface-emitting laser (VCSEL). The top and bottom 

reflectors (mirrors) delimiting the active cavity of the laser are 1D photonic crystals. [8] 

 

I.1.2 Two-dimensional and three-dimensional photonic crystals 

Two-dimensional PCs can be considered as a generalization of the one-dimensional case. 

Instead of a set of uniform dielectric layers, 2D photonic crystal exhibit periodicity in two 

directions. In each of those directions, the bandgap appears if the condition of one-

dimensional Bragg reflection is satisfied. 

One of the most common cases in practice consists of dielectric rods periodically located in 

a host material, or of periodically spaced holes in a layer. An example of such arrays is 

presented in Fig. I.5. 

 

Fig. I.5. 2D photonic crystals: an array of periodically located rods (left), or periodically located 

holes in a host material (right). [9] 

 

Figure I.6 shows a practical realization of such an array, with several top-view scanning 

electron microscope (SEM) images of periodically obtained holes in a TiO2 matrix for 

increasing average hole diameters from 41 nm to 106 nm. 
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Fig. I.6. An example of a 2D photonic crystal. SEM images of arrays of holes in TiO2 with 

different diameters. Scale bars indicate a length of 100 nm. [10] 

 

Geometries of 2D photonic crystals are not limited to simple rods and holes. A variety of 

two-dimensional PC geometries can be practically constructed. For instance, Fig. I.7 

represents cases where 2D photonic crystals are obtained by assembling multiple rings, and 

Fig. I.8 shows the case of a honeycomb lattice. 

Fig. I.7. Various examples of high symmetry 2D photonic crystals obtained by 

assembling multiple rings. [11] 
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Fi

g. I.8. Example of 2D photonic crystals with a honeycomb lattice fabricated by a direct 

laser writing method. [11] 

 

Three-dimensional PCs add a third dimension to the periodicity. Due to their complex 

geometry, they are the most challenging PC structures to fabricate. As an example, a 3D 

ñwoodpileò PC is shown in Fig. I.9.  

 

Fig. I.9. SEM images of 3D photonic crystals with a woodpile structure. [12] 

 

I.1.3 Photonic crystals with defects 

Any inhomogeneity of a photonic crystal breaking its periodicity can be considered as a 

defect of its structure and can radically change its properties and applications. For instance, 

artificially creating defects in a PC, one can form a microresonator or a waveguide with a 

complex geometry. An example of defects (missing holes) in a 2D photonic crystal acting as a 

waveguide is presented in Fig. I.10. 
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Fig. I.10. Example of a waveguide obtained with lines of missing holes in a 2D photonic 

crystal. 

 

In the case of a one-dimensional photonic crystal, a defect can consist of one or more 

layers that break its periodicity. A typical schematic of a photonic crystal with a defect layer 

is presented in Fig. I.11 (in this case, the defect consists of a B layer with a thickness different 

from that of the other B layers). 

 

Fig. I.11. Schematic of the 1D photonic crystal with defect layer. 

 

The presence of a defect in the structure leads to the appearance of a very narrow 

transmission band inside the bandgap. Such narrow transmission bands are called defect 

modes. An example of a defect mode in a photonic bandgap is presented in Fig. I.12. Its 

spectral position and its width strongly depend on the location, thickness, and refractive index 

of the defect layer in the PC. 
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Fig. I.12. Transmittivity spectrum of a 1D photonic crystal with a defect layer. The defect 

mode is positioned at 1550 nm. 

 

There are many possible ways to modify the spectrum of a photonic crystal. This can be 

achieved, for example, through the implantation of an additional layer in a periodic structure 

(implantation defect). The material of such a defect layer can coincide with or differ from the 

material of the layers that constitute the periodic structure. Its optical length may also differ 

from the optical length of the layers that constitute the structure. This type of defects can 

include not only single layers, but also multiple-layer combinations. Other common defects 

include: 

¶ Defects obtained by inversion (mirror reflection) of a part of the structure. 

¶ Defects obtained by transposition of two different layers in the structure. 

¶ Defects obtained by replacement of one of the layers with another layer of different 

thickness or refractive index. 

Regardless of the type of defect, their main goal is to bring a modification of the spectrum 

of the photonic structure (changing the position or width of the bandgap, or changing the 

position of the defect mode). In the following chapters, 1D structures with defect layers will 

be considered. In Chapter IV, a detailed analysis of the effect of an implanted complex defect 

layer thickness on the spectrum of a 1D PC will be carried out. 
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I.2. Plasmonic nanostructures 

I.2.1 Surface plasmons 

Surface plasmons (SPs) are coherent oscillations of free electrons at the boundary between 

a conductor and a dielectric medium. One way to excite such oscillations is through an 

interaction between the free electrons and an electromagnetic wave. The resulting SPs have a 

number of important properties. 

In particular, a surface plasmon can exist only in frequency domains where the 

permittivities of two neighboring materials have opposite signs, which explains why they 

require a conductor-insulator interface.  

The characteristics of a surface plasmon mainly depend on the wavelength of the 

electromagnetic wave that excites them and on the complex refractive indices of the media on 

either side of the interface. In most cases, the surface plasmon is established at the interface 

between a dielectric medium and a metal. The metal must have conduction band electrons 

capable of resonating with the incoming light at a suitable wavelength. In the visible and 

infrared domains, many metals satisfy such a condition. The most commonly used metals in 

practice are silver and gold due to their well-suited catalytic, chemical, structural, optical and 

electronic properties. 

The most important property of surface plasmons is their strong localization near the 

interface, as the field amplitudes fall off exponentially with the distance from that interface. 

Surface plasmons are often divided into two categories: propagating surface plasmons and 

localized surface plasmons (LSPs). A propagating surface plasmon can be represented as a 

bound electromagnetic wave propagating at a conductor-insulator interface and is often called 

surface plasmon polariton (SPP) (Fig. I.13). Historically, such surface electromagnetic waves 

at conductor/dielectric interfaces were studied as early as the beginning of the twentieth 

century (Zenneck, 1907; Sommerfeld, 1909) in relation to the problems of wireless telegraphy 

and therefore they are sometimes called Zenneck waves.  
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Fig. I.13. Schematic illustration of a propagating surface plasmon polariton. [13] 

 

For a given wavelength, the wave vector of a propagating surface plasmon polariton is 

greater than the wave vector of a photon in free space, and therefore the excitation of a 

propagating surface plasmon by travelling electromagnetic waves is impossible. In practice, it 

can for example be obtained with a prism, or a grating, or an artificial defect (groove, ridge, 

etc.) on the metal surface. 

  

Fig. I.14. Illustration of various optical schemes for the excitation of SPPs. (A) Prism 

coupling schemes in the Kretschmann configuration on the left and in the Otto 

configuration on the right. (B) Grating coupling scheme. (C) Highly focused beam 

coupling scheme. (D) Near-field coupling scheme. (E) End-fire coupling scheme. (F) 

Step-gap leakage coupling scheme. [14] 

 

SPPs have been used in numerous applications, including sensing, imaging, subwavelength 

aperture transmission, or nanoscale optical trapping. 
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I.2.2 Localized surface plasmon resonance 

Although the term localized surface plasmon was introduced only in the 20
th
 century, this 

unique effect of metallic nanostructures had already been used long before that. Thus, gold 

nanosized inclusions in glass have for a long time been widely used to give it bright colors. 

Church stained-glass windows can serve as examples of such an effect. Another famous 

example is the Lycurgus cup, which dates back to the Byzantine Empire and can be seen in 

the British Museum in London. The most remarkable aspect of the Cup is the dependence of 

its color on the direction of the light: it appears red when lit from behind and green when lit 

from the front. This can be explained by the presence of gold inclusions in the material of the 

Cup and the wavelength-dependent excitation of localized surface plasmons in the inclusions. 

 

Fig. I.15. The Lycurgus cup, a Roman artefact held in the British Museum under 

transmitted light (left) and reflected light (right) [15] 

 

In comparison with propagating surface plasmons, which were described in the previous 

section, in localized surface plasmons, the electron cloud also oscillates collectively but the 

spatial extension of the SP is limited by the dimensions of the nanoparticle at the surface of 

which it is excited, hence the name of localized surface plasmon (Fig. I.16). The appearance 

of a LSP in a NP is possible when the latter has free electrons able to participate in a 

collective oscillation (which is why LSPs are typically excited in metallic nanoparticles, as 
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illustrated by the historical examples mentioned above). A LSP can be qualitatively described 

by a simple oscillator model. When an electromagnetic wave is incident on a metallic 

nanoparticle, its electric field shifts the free conduction electron gas of the metal with respect 

to the atom lattice (see Fig. I.16). The resulting disequilibrium in the charge distribution at the 

surface of the particle (with an excess of negative charges on one side and a depletion of 

negative charges on the opposite side) creates a restoring local field inside the particle which 

is proportional to the displacement of the electron gas relative to the ion background in the 

particle. As the electric field of the electromagnetic wave oscillates, so do the movements of 

the charges and the resulting restoring field. The joint oscillation of the charges in the 

particles and the electromagnetic field constitutes what is called a localized surface plasmon. 

This phenomenon is a resonant one, and the resonance of these oscillations is called a 

localized surface plasmon resonance (LSPR). 

 

Fig. I.16. Illustration of a localized surface plasmon resonance in a nanoparticle. 

 

The excitation of a LSP leads to a great enhancement of the electric fields near the surface 

of the particle and to a sharp increase of the absorption of the particle. The peak of the 

absorption is observed at the plasmon resonance wavelength, which depends on a number of 

parameters. The major parameters influencing the LSPR wavelength are: 

¶ the dielectric function of the metal, 

¶ the dielectric function of the surrounding medium, 

¶ and the shape of the particle.  

Figure I.17 represents the dependence of the spectral position of the LSPR wavelength on 

the shape and material of various nanoparticles. 
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Fig. I.17. Dependence of the spectral position of the LSPR on the shape and nature of 

several types of nanoparticles [16]. 

 

In the case of ellipsoidal particles (which will be considered in following chapters), the 

position of the spectral resonance differs from the value obtained for a sphere and depends on 

the ratio between the lengths of the main axes of the particle. Compared to the plasmon 

resonance wavelength of spherical particles, the plasmon resonance wavelength of ellipsoidal 

particles exhibits a red shift for a polarization parallel to the longest ellipsoid axis and a blue 

shift for a polarization parallel to the short ellipsoid axis. An example of the influence of the 

LSPR on the transmission spectra for different shapes of ellipsoidal NPs is presented in 

Fig. I.18. This issue will be discussed in more detail in the following chapters. 

 

Fig. I.18. Transmission spectra of arrays of nanoparticles with different ellipsoidal shapes 

[16]. 
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I.3. Combination of photonic crystals and plasmonic nanostructures 

The use of localized surface plasmon resonance in arrays of nanoparticles or in 

nanocomposite layers embedded in photonic crystal structures is a very promising direction of 

research. By carefully choosing the constitutive parameters of the NPs in the array or in the 

nanocomposite layer, it is possible to control the optical properties of the resulting structure. 

The versatile optical properties of such structures can find multiple applications, for instance 

for the design of sensors. An example of such possibilities can be found in Ref. [17], in which 

a coupled photonic-plasmonic system consisting of a combination of photonic microcavities 

and metallic nanostructures is investigated. The authors show that it is possible to observe an 

exceptionally strong coupling between the resonant modes of the microcavities and the 

collective electron oscillations (plasmons) in the metal, and that this coupling exhibits  a 

considerably higher sensitivity than with conventional localized plasmon sensors. In 

Ref. [18], an analytical and numerical study was carried out for the coupling mechanisms 

between a 1D photonic crystal and a 2D array of plasmonic nanodiscs embedded in a defect 

layer of the photonic crystal. The authors introduced a general formalism to explain and 

predict the emergence of the anomalies in the transmission spectra of the structure. The 

underlying understanding of coupling mechanisms in such hybrid systems paves the way for 

optimal design of sensors, light absorbers, modulators and other types of photonic devices 

with controllable optical properties. In Ref. [19], the dielectric properties of a nanocomposite 

consisting of silver NPs and a liquid crystal was investigated theoretically at different 

temperatures. The nanocomposite was inserted as a defect layer in a semi-finite one-

dimensional PC made of alternating TiO2 and SiO2 layers. It was shown that the volume 

fraction of silver NPs and the orientations of the liquid crystal molecules significantly affect 

the dielectric properties of the nanocomposite. In Ref. [20] the transmission properties of one-

dimensional quasi-periodic dielectric photonic crystals containing a plasmonic 

nanocomposite (Ag nanoparticles randomly immersed in a dielectric SiO2 matrix) are 

theoretically investigated in the IR region. The quasi-periodicity of the photonic crystal was 

chosen to follow the Fibonacci sequence rule. The numerical results demonstrate the 

appearance of many photonic bandgaps due to the multiple periodicities of the structure. The 

influence of the refractive indices of the dielectric materials and the size and volume fraction 

of the nanoparticles on the transmission characteristics of the structure was investigated. The 

proposed structure could be used in many applications such as multichannel filters and optical 

switches. 
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Another promising direction of the use of such combinations is a spectral and polarization-

sensitive control of the resonance modes of PC-based structures. As an example, Ref. [21] 

studies the transmission and reflection spectra of a structure consisting of a nanocomposite 

layer sandwiched between two 1D dielectric Bragg mirrors. The nanocomposite consists of 

metallic nanoscale inclusions of spheroidal shape, ordered with the same orientation and 

dispersed in a transparent matrix. It is shown that when one of the plasmon frequencies of the 

metallic spheroids coincides with a defect mode frequency in one of the photonic bandgaps, 

complete suppression of that mode in the transmission spectrum is possible for a well-chosen 

polarization of light. A similar structure was also considered in Ref. [22]. It is shown that the 

defect mode splits into two peaks with a reduced transmittivity with a strong dependence on 

the structural parameters and volumetric fraction of the nanospheroids.  

Finally, the combination of photonics and plasmonics can be useful in order to achieve a 

good control of the state of polarization of the radiation generated by vertical-cavity surface-

emitting lasers (VCSELs), as such a control remains a topical research subject today. As an 

example, in Ref. [23] authors demonstrate the polarization control of a single transverse mode 

VCSEL using an array of gold nanorods located on the top surface of the VCSEL. 

I.4. Methods 

I.4.1 Transfer matrix method 

I.4.1.A General principle 

Let us consider a multilayered structure which consists of N parallel plane layers made of 

homogeneous, nonmagnetic, isotropic materials with thickness jd  and refractive indices jn  

( 1,..., )j N= , separated by N + 1 flat interfaces (Fig. I.19.). This structure is surrounded by 

semi-infinite media with refractive indices 0n  and 1Nn + . The normal to the interface planes 

will be the z-axis, so the interface planes are parallel to the (xy)-plane. The dimensions of the 

layers along the x- and y-axes are much larger than their thicknesses along the z-axis, and are 

thus taken to be infinite.  

An incident plane electromagnetic wave impinges on the left-hand side of the structure. 

The time dependence of the electromagnetic fields is taken as i te w- , where 02 /cw p l=  is the 

angular frequency of the incoming plane wave of wavelength in a vacuum l0 and c is the 

velocity of light in vacuum. 
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The plane of incidence is the (xz)-plane, so that the wavevector of light in the structure is 

( ,0, )x zk k=k . Due to boundary conditions that relate the field amplitudes of the incident, 

reflected and transmitted wave at the interfaces, xk  remains constant. 

The refractive indices of the materials, which can in general be complex quantities, will be 

written as j j jn n ik= +  ( 0,..., 1j N= +). With this choice of time dependence, negative 

values of the imaginary part of the complex refractive index ( )0jk<  correspond to an 

amplifying medium, and positive values ( )0jk>  to an absorbing medium.  

In the following, we consider the usual s- and p-polarized components of the 

electromagnetic fields, where the s-component corresponds to an electric field oriented 

perpendicular to the plane of incidence ( )0x zE E= = , and the p-component to an electric 

field parallel to that plane ( )0yE = . 

In this section, the formulas are presented in the most general way, and are valid for either 

polarization state. Formulas specific to either s- or p-polarizations will be introduced in the 

next subsection. 

 

Fig. I.19. Schematic of the multilayered structure. 

 

The complete transfer matrix ĔG  (or T-matrix) describing wave propagation through the 

layered medium is defined here as the matrix that relates the complex amplitudes fE  and bE  

of electric fields of forward-propagating (subscript f) and backward-propagating (subscript b) 

waves immediately before and immediately after the first and the last interfaces of the 

multilayered structure [24]: 
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 (I.1) 

where 1z  and 1Nz + are the positions of the first and last interfaces along the z-axis 

(superscripts "-" and "+" refer to the sides before and after any interface, respectively). 

Equation (I.1) holds for both s- and p-polarizations. As there is no incident field from the 

right-hand side of the structure, Eq. (I.1) reads  

 

( ) ( )

( )

Ĕ=
0

i t

r

E E
G

E

å õ å õ
æ ö æ öæ ö

ç ÷ç ÷
, (I.2) 

where ( )iE , ( )rE  and ( )tE  are the complex electric field amplitudes of the incident, reflected 

and transmitted waves, respectively. For each of s- and p-polarization states this leads to two 

equations and two unknowns ( )rE  and ( )tE , which can easily be solved for.  

The intensity reflection and transmission coefficients R and T of the structure follow from 

the ratios ( ) ( )/r iE E  and ( ) ( )/t iE E  respectively, and are defined as [24]: 
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q q

q q
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In general, the media constituting the structure exhibit some losses, so that an absorption 

coefficient A of the overall structure is defined in accordance with the principle of energy 

conservation as: 

 1A R T= - -. (I.5) 

In Eq. (I.4), 0q is the angle of incidence of the incoming plane wave at the first interface, 

and 1Nq+  is the refraction angle after the last interface of the structure. 

It is worth noting that expressions of the form of Eq. (I.1) can be used to calculate the field 

distribution within the structure. In this case, in the left part, the column elements are replaced 

by the amplitudes of the local fields at the corresponding position in the structure. 
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In the T-matrix formalism used here, the matrix ĔG  can be found by multiplying individual 

transfer matrices for wave propagation through an interface (Ĕ
jI ) and wave propagation 

through a layer (ĔjF ): 

 1

1

Ĕ Ĕ Ĕ Ĕ=
N

j j j

j

G I F I +
=

å õ
æ öæ ö
ç ÷
Ô . (I.6) 

In subsections I.3.1.B and I.3.1.C we deal with propagation matrices and interface matrices 

in the simple case of homogeneous layers. In subsection I.3.1.D we discuss the propagation 

matrix of a composite layer, and in subsection I.3.1.E, we comment on the case of a 2D array 

of sub-wavelength-sized inclusions that will be considered as a specific case of interface. 

I.4.1.B Simple case of homogeneous layers 

Let us consider homogeneous layer j with thickness 1j j jd z z+= -  and complex refractive 

index jn  (Fig. I.20). The amplitudes of the forward and backward propagating waves at the 

two interfaces delimiting this layer are related in the following way: 

 

,
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j z j

j z j
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where  

 ( )
2 2

, 0j z j xk n k k= -  (I.8) 

is the z-component of the wavevector in layer j, 0 /k cw=  is the wavevector in vacuum, and 

kx is the x-component of the wavevector common to all layers. In matrix notation, the system 

of equations (I.7) takes the following form [24]: 
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where 

 
exp( ) 0
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i
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d
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 (I.10) 

is the individual transfer matrix (propagation or phase matrix) for the j-th layer, and 
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 ( ),Rej j z jk dd= . (I.11) 

 

Fig. I.20. Schematic of the propagation through layer j. 

 

I.4.1.C Simple case of interfaces between homogeneous layers 

If we now consider the j-th interface between layer j and layer j+ 1 (Fig. I.21), the 

amplitudes of the forward and backward propagating waves on either side of the interface are 

related in the following way [24]: 
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where  

 
, 1

1, 1, , 1 1, , 11,

11Ĕ=
j j

j

j j j j j j j j j jj j

r
I

r t t r rt

-

- - - - --

-å õ
æ ö

-ç ÷
 (I.13) 

is the individual transfer matrix for wave propagation through the interface. Here ,ra b and 

,ta b are the complex Fresnel reflection and transmission coefficients in amplitude for the 

interface separating two media with refractive indices na and nb, when the wave is incident 

from the side of the medium with refractive index na. 

The elements of the transfer matrix ĔjI  for the flat interface between two 

homogeneous, nonmagnetic, isotropic materials can be obtained with the use of Fresnel 

coefficients [5]. At the interface j, the Fresnel coefficients are functions of the generally 
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complex refractive indices 1jn -  and jn  and of the incidence and refraction angles 1jq-  and jq  

(see Fig. I.21). 

 

Fig. I.21. Schematic of the reflection and transmission of waves at the interface between 

two layers. Here 1jq- , jq  are the incidence and refraction angles at interface j for a 

forward propagating wave. 

 

As is well known, Fresnel coefficients are different for s- and p-polarization states (except 

at normal incidence), and the angles of incidence and refraction are correlated with each other 

by Snell's law: 

 1 1sin sinj j j jn nq q- -= . (I.14) 

In the case of s-polarization, the Fresnel coefficients are given by [5]: 
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and in the case of p-polarization: 
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Substituting (I.15) - (I.18) into (I.13), after transformations we obtain for s-polarization: 
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and for p-polarization: 
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For normal incidence (0 1 1... ... 0j j Nq q q q- += = = = = =), there is no difference between 

the s- and p-polarizations and the Fresnel coefficients can be written as: 
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In this case, the interface transfer matrix takes the following form: 
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I.4.1.D Composite layers 

The transfer matrix for a composite layer can be considered as a matrix for an 

homogeneous layer, because I will use in this case an effective medium approximation (which 

will be introduced below) for the description of the composite material properties in the case 

when the inclusions are much smaller than the wavelength. This case will be discussed in 

more detail in Chapter II.  

I.4.1.E Interfaces made of monolayers of particles 

A 2D array of particles can be considered as an array of interacting dipoles, and the 

corresponding transfer matrix will be a special type of interface matrix that will be introduced 

in the following Chapters. 

I.4.2. Effective medium approximations 

Effective-medium theory has been a tool for the evaluation of the optical properties of 

composite media for a long time. The main objective is the calculation of properties of the 
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composite from the known properties of its constituents. Effective medium methods refer to 

models that describe the macroscopic properties of composite materials, i.e., at scales much 

larger than the typical wavelength of the waves that interact with these materials. These 

methods are based on an averaging of the multiple values of the characteristic parameters of 

the constituents that make up the composite material. At the constituent level, the parameters 

of the inhomogeneous materials vary and an exact calculation of these parameters is nearly 

impossible. However, theories have been developed that can yield acceptable approximations 

which lead to useful parameters, including the effective permittivity of a composite material 

as a whole. In this sense, effective medium approximations are descriptions of a composite 

medium based on the properties and the relative fractions of its components.  

Effective permittivity is averaged dielectric characteristic of an inhomogeneous medium. It 

is derived in a quasi-static approximation where the electric field inside the medium may be 

considered as homogeneous. 

Many materials fall into the broad category of composite materials whose description 

requires an effective medium approximation. One example that we will deal with in this 

manuscript, is a metalïdielectric composite consisting of a collection of metallic inclusions 

embedded into a dielectric matrix and arranged in some ordered or random fashion. 

There are two widely used models, the Maxwell Garnett model and the Bruggeman model. 

I.4.2.A. Maxwell Garnett model 

Let us consider a composite medium consisting of a dielectric matrix in which identical, 

aligned ellipsoidal inclusions are embedded. The dielectric matrix is made of a material with 

relative permittivity em and the inclusions are made of a material with relative permittivity ei. 

The medium is assumed to be exposed to an external electric field Ee  (Fig I.22). The 

resulting field in an inclusion can be found as 

 i e d= +E E E , (I.24) 

where Ed  is the depolarizing field of the ellipsoidal inclusion. 
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Fig. I.22. (a) Ellipsoidal inclusions in a homogeneous background (matrix) medium. The 

relative permittivity of the inclusions is ei and the relative permittivity of the medium is 

em. (b) Geometry of an ellipsoid. Here Ee and Ed are an externally applied electric field 

and the depolarizing electric field in the inclusion, and Ei is the total field in the inclusion. 

The Cartesian system of axes is chosen so that these axes coincide with the principal 

symmetry axes of the ellipsoidal inclusion, whose half-lengths are denoted ax, ay, and az. 

 

Let us consider the case when the axes of each ellipsoidal inclusion coincide with the axes 

of a Cartesian coordinate system (Fig. I.22(b)). The effective macroscopic permittivity tensor 

Ĕ
effe  of this composite medium can be defined, in a linear approximation, as the following 

relation between the (volume)-averaged electric field E and displacement vector D: 
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. (I.25) 

where 0e is the electric permittivity of a vacuum.  

Here the average electric field and displacement vector can be written by weighing the 

fields in the inclusions and in the matrix with the corresponding volume fractions [25-28]: 

 ( )0 01i i m ehee h e e= + -D E E , (I.26) 

 ( )1E E Ei eh h= + - , (I.27) 
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where we assume the fields Ee and Ei to be homogeneous, and h is the volume fraction of the 

inclusions in the composite medium. Then, substituting Eqs. (I.26), (I.27) to Eq. (I.25) we can 

write for the effective permittivity tensor elements:  
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where jf  is the j-component of the diagonal tensor ( { }, ,j x y z= ) 
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describing the ratio between the internal field and the external field: ĔE Ei ef= . The 

components of the internal field Ei can be written as [27] 
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, (I.30) 

where gj is the j-component of the depolarization tensor Ĕg . Because of the anisotropy of an 

ellipsoidal inclusion, it is to be expected that the dipole moment induced by the external field 

in that inclusion is dependent on the direction of the field. In general, the dipole moment has a 

different direction to the electric field. It is only along the three principal axes directions that 

the field and the dipole moment it creates are aligned. If the half-lengths of the principal 

symmetry axes of an ellipsoidal inclusion are denoted ax, ay, and az, the depolarization tensor 

is the following diagonal matrix: 
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. (I.31) 

For a general ellipsoid with three different values of the half-lengths ax, ay, and az, the 

depolarization tensor elements have to be calculated from the integral [27]. 
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The three depolarization tensor elements obey the following relation: 

 1x y zg g g+ + =. (I.33) 
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In practice, there are often cases when the ellipsoidal inclusions have two of their three 

semi-axes equal in length. In this case, the inclusion has the shape of a spheroid, the size of 

which is characterized by only two geometric parameters. If we assume that the x-axis is the 

axis of rotational symmetry of such a spheroid, then we can write x y za a a¸ = . 

Figure I.23 shows various cases of spheroids with different ratios of their polar (ax) and 

equatorial (ay = az) semi-axes. In the case when x y za a a= = , the inclusion will have a 

spherical shape.  

 

Fig. I.23. Prolate spheroids, spheres and oblate spheroids. 

 

For prolate spheroids ( )x y za a a> = , the depolarization tensor elements are [27] 
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1

1
2

y z xg g g= = - , (I.35) 

where e is the eccentricity of the spheroid defined as 2 21 /y xe a a= - . 

For oblate spheroids ( )x y za a a< = , the depolarization tensor elements are [27] 
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e
g e e

e
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= - , (I.36) 
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 ( )
1

1
2

y z xg g g= = - , (I.37) 

where the eccentricity is now 2 2/ 1y xe a a= -. 

Both equations (I.34) and (I.36) can also be written in terms of the aspect ratio x = a/b of 

the spheroid, where the polar semi-axis is a = ax and the equatorial semi-axis is b = ay = az 

[29]: 
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. (I.38) 

The dependence of the depolarization tensor elements on the aspect ratio is shown in the 

Fig. I.24. In the case of a spherical inclusion (a = b), aspect ratio x is equal to 1, and the 

inclusion has three identical depolarization tensor elements gx = gy = gz = 1/3 0.33º . 

 

Fig. I.24. Depolarization tensor elements as a function of the aspect ratio. 

 

After simplification, Eq. (I.28) then becomes 
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which is the Maxwell Garnett formula for ellipsoidal inclusions for the j-component of the 

external field ( { }, ,j x y z= ) [30,31]. 

I.4.2.B Bruggeman model 

The Bruggeman mixing rule [32] presents another philosophy of homogenization. In this 

case host and guest are not distinguished in the mixture, and both inclusions and the 

environment are treated symmetrically. In the frame of this approximation both the inclusions 

and the surrounding medium are treated as ellipsoidal particles made of different materials 

with relative permittivities 1e and 2e. In this case Eq. (I.26) and (I.27) can be written as 

 ( )1 0 1 2 0 21hee h e e= + -D E E , (I.40) 

 ( )1 21E E Eh h= + - , (I.41) 

where 1E and 2E  are the local fields in the constituents of the mixture. It is considered that 

these constituents are immersed in an effective external field Ee . Due to this the relation 

between local and external fields can be written as (see Eq. (I.30)) 
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where the elements of tensors 1
Ĕf  and 2

Ĕf  are given by 
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with { }, ,j x y z= . As a result, the following formula can be obtained for ellipsoidal 

scatterers [31]: 
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The distinction between the Maxwell Garnett and the Bruggeman rules is related to the 

symmetry property of Eq. (I.45), as compared to Eq. (I.39). The symmetry of 

https://www.sciencedirect.com/topics/engineering/homogenisation
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Eq. (I.45) means that the constituents of the mixture cannot be formally divided between 

matrix and inclusions and in this equation they both are weighted with their corresponding 

volume fraction (h for one component and (1 ī h) for the other component). 

I.4.2.C Domains of validity 

The Maxwell Garnett and Bruggeman models imply the following conditions: 

¶ the mixture is linear, that is, none of its constitutive parameters depends on the 

intensity of the electromagnetic field; 

¶ the mixture is non-parametric, that is, its parameters do not change in time according 

to some law as a result of external forces ï electrical, mechanical, etc.; 

¶ inclusions are separated by distances greater than their characteristic size; 

¶ the characteristic size of inclusions is small compared to the wavelength in the 

effective medium; 

There are two restrictions on the size of the inclusions (particles): from below and from 

above. The limitation from below is associated with the manifestation of quantum effects, 

when a particle containing about a thousand atoms can no longer be described similarly to a 

continuous medium, as is usually done in problems of classical optics. Also, the characteristic 

size of the particles must exceed the coherence length of an electron wave inside the particles, 

that is, more than approximately 1 nm [27]. 

The upper bound is due to the fact that, in the classical approach, an inclusion is considered 

as a point electric dipole. This limit for a particle can be written as 1effk d , where keff is the 

amplitude of the wave vector in the effective medium and d is the characteristic size of the 

particle [27]. 

From such considerations, it is also possible to determine the limiting values of the volume 

fraction of particles per unit volume of the composite. The lower limit is determined by the 

requirement of homogeneity of the effective medium, while the upper limit is limited by the 

percolation threshold. The predictions of the Maxwell Garnett effective medium model are 

reliable for a moderate fraction of inclusions 0.3h<  [33], while for the Bruggeman theory 

the lower limit of the volume fraction is approximately equal to 0.33 [28]. 

The Maxwell Garnett and Bruggeman effective medium approximations demonstrate good 

results when compared to experimental measurements and numerical calculations. In Fig. I.25 

taken from Ref. [33] one can see for example the simulated results of the Maxwell Garnett 
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effective medium approximation (triangles) and of numerical calculations carried out with the 

COMSOL Multiphysics solver based on finite element methods (solid and dashed lines for 

ordered and disordered inclusions, respectively). The results were obtained for the silver 

ellipsoidal inclusions in the SiO2 medium with a volume fraction value 0.1. 

 

Fig. I.25. Spectral dependence of the transmittivity T, the reflectivity R, and the 

absorptivity A of composite films made of silver spheroidal inclusions in a SiO2 matrix 

for unidirectional inclusions (solid lines) and orientationally disordered inclusions 

(dashed lines) for the parallel (a) and perpendicular (b) (with respect to the axis of 

rotation of the spheroidal inclusions) light polarizations. Triangles indicate the results of 

computer simulations of the composite with unidirectional inclusions. [33] 

 

Similarly, Fig. I.26. represents the results of numerical calculations of chromatic dispersion 

of the effective refractive index of a Nb2O5:SiO2 mixture (from the near-UV to near-IR) 

obtained with the Bruggeman model, and compared to experimental results, for volume ratios 

80:20, 65:35, 50:50 35:65 and 20:80. 
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Fig. I.26. Comparison between the effective refractive index of a Nb2O5:SiO2 mixture 

calculated using the Bruggeman model (solid lines) and experimentally determined 

(dotted lines) for different concentrations of the constituents of the mixture. [34] 

 

In Chapter II , the Maxwell Garnett model as an effective medium approximation is used, 

as the Bruggeman model shows good results only for relatively large volume fractions of 

inclusions h, while in the systems that we study h does not exceed 0.02. 

I.4.3 Coupled dipole method 

The effective medium approximations described above deal with bulk composites. For 

low-dimensional systems these approximations do not work well, as they involve 

macroscopic parameters including the effective dielectric permittivity. Instead, for the 

description of 2D arrays of inclusions, we use the coupled dipole method whose main 

principles are exposed below. This method is simple to implement and allows us to speed up 

calculations without losing accuracy compared to numerical methods (comparisons of 

calculations showed that the difference in the frequencies and amplitudes of the plasmon 

resonance obtained with the two methods is less than 1%). 

Let us consider a flat single-layer 2D array of ellipsoidal nonmagnetic inclusions in a 

homogeneous nonmagnetic medium. The inclusions are arranged periodically with a square 

unit cell whose translational invariance is directed along the x and y axes of the Cartesian 

coordinate system (Fig. I.27). All inclusions are assumed to have the same ellipsoidal shape 

and the same dimensions. In addition, all inclusions are similarly aligned, with their semi-axes 

coinciding with the axes of a Cartesian coordinate system. 
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Fig. I.27. A periodic 2D array of inclusions with a square lattice. Here p is the period of 

the array, i.e. the interparticle distance.  

 

The applied electric field eE  distorts the charge distribution in the inclusions, generating 

electric dipoles at the nodes of the periodic lattice. Because of the anisotropy of the ellipsoids 

and the specific geometry of the 2D array it is to be expected that the dipole moment induced 

in an inclusion depends on the direction of the electric field that excites it. Let us choose a 

random dipole as the point of reference for the numbering of the dipoles, which will be 

referred to with integer numbers l and n related to their position (row and column) in the 

array. The reference dipole has the (0, 0) index, and the total electric field at the location of 

that dipole can then be written as  
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( , )

, 0,0

e e d l n

l n ¸

¡= +äE E E , (I.46) 

where ( , )d l nE  is the depolarizing field generated at that location by any other dipole with 

index (l, n). The depolarizing field can be obtained as [5] 
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where ,r l n  is the vector connecting the reference dipole to the dipole labelled by the integers 

(l, n), and ,p l n
¡ is the dipole moment of the latter. As previously, em is the relative permittivity 
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of the medium surrounding the inclusion. In the linear approximation, the dipole moment of 

the ellipsoidal inclusion is related to the field Ee
¡ as 

 0
Ĕ

m eae e¡ ¡=p E , (I.48) 

where Ĕa is the polarizability tensor of the inclusion with diagonal elements [35] 
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For a square lattice of infinite dimensions, using Eqs. (I.46)-(I.48), the components of the 

field Ee
¡ are given by [36,37] 
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where the geometric factors jS  depend on the direction of the electric field vector of the 

incident wave relatively to the plane of the 2D array and are calculated as the following sums: 
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At the same time, we can express the dipole moment in terms of the applied electric field 

Ee  and an effective polarizability that accounts for the influence of the entire array of 

inclusions. In this case, and again in the linear approximation, we can write 

 0
Ĕ

eff m ea e e¡=p E , (I.53) 

where Ĕeffa  is the diagonal effective polarizability tensor of the inclusions. 

From Eqs. (I.48)-(I.53) the elements of the effective electric polarizability tensor can be 

calculated as 
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Fig. I.28. Plane wave incident onto a 2D array of inclusions parallel to the (xy) plane. The 

wave vectors of the incident, reflected and transmitted waves are denoted ki, kr, and kt, 

respectively, and q is the incidence angle. 

 

The 2D array of inclusions embedded in the matrix can be described as a monolayer. An 

electromagnetic wave incident on such a monolayer at an angle q experiences reflection and 

transmission. The reflection and transmission coefficients for the case of a s-polarized 

incident wave (i.e., along the y-axis) can be expressed as [37] 
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In the case of a p-polarized wave (i.e., parallel to the (xz) plane), these coefficients can be 

written as 
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At normal incidence (ɗ = 0), due to the anisotropy of the 2D array we will consider two 

cases of linear polarization of the incoming wave, along the x and along the y axis. In this 

case, from Eqs. (I.55) - (I.58) we will have 
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These Fresnel-like coefficients can then be used in the transfer matrix describing a 2D 

array of particles, as mentioned in subsection I.3. 
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II.1. Introduction  

During the last decades photonic crystals (PCs) have been intensively investigated because 

of their promising applications in modern photonics [1,2]. The use of PC structures with 

amplifying fibers opens the possibility of creating a compact semiconductor laser with a 

vertical cavity resonator working in optical and near-infrared regimes, or vertical cavity 

surface-emitting lasers [3,4]. At the same time one of the main obstacles to obtain a stable 

generation in such a resonator can be simultaneous amplification of waves with different 

polarizations, which leads to the rise of extremely undesirable polarization and amplitude 

instabilities [5,6] which break a stable operation of the laser. The solution of this problem can 

be using a thin-film subwavelength polarizer, integrated directly into the structure of the 

resonator PC. 

This Chapter is devoted to studying the possibility of the use of a composite film with the 

inclusion of metallic aspherical shape nanoparticles as an integrated polarizer for amplifying 

PC system. As was shown in [7,8], in the region of the plasmon resonance of inclusions, such 

metal-dielectric composite film of subwavelength thickness may exhibit a high polarization 

selectivity in both reflection and transmission with moderate absorption. Resonance 

properties of the nanocomposite layers with metal inclusions can be used to suppress the 

resonance modes of the PC structures, which makes the spectra of such structure polarization-

sensitive [9-12]. Thus, it would expect to obtain selective polarization amplification in the 

similar PC with amplification. 

The Chapter is organized as follows. In Section II.2, the geometry and the structural 

parameters of the model are presented. Section II.3 presents the results of the calculations of 

the spectral properties of the structure. In subsection II.3.1 the results for the transmittivity 

and reflectivity of the composite layer and their dependency on its structural parameters are 

shown. In subsection II.3.2 the transmittivity spectrum of the entire structure (described in 

Section II.3) is presented and its dependence upon the structural parameters of the defect layer 

is discussed. Section II.4 highlights the conclusions of this Chapter. 

II.2. Geometry and materials of the structure 

Let us consider a symmetric PC microcavity system consisting of two distributed Bragg 

reflectors (DBRs) of structure (AB)
 N

 and (BA)
 N

 and a nanocomposite defect layer placed 

between them, surrounded by air (Fig. II.1). Alternate layers A and B, repeated N times 
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( *ÍN ) in each PC, have respective thicknesses dA and dB and are made of optically 

isotropic, nonmagnetic materials with relative dielectric permittivities , , ,A B A B A Bie e e¡ ¡¡= + . The 

time dependence of the complex electric and magnetic fields of light (angular frequency w) is 

taken as ( )exp i tw- , which means that positive (respectively, negative) values of ,A Be¡¡ 

correspond to the attenuation (respectively, amplification) of an electromagnetic wave upon 

propagation in the corresponding media. Chromatic dispersion of the relative dielectric 

permittivities of all media is taken into account.  

In this Chapter, light is supposed to propagate under normal incidence along the z-axis of a 

(xyz) Cartesian system of coordinates, so that the interfaces between the layers of the structure 

are parallel to the (xy) plane and (xz) is the plane of incidence. A schematic of the structure is 

represented in Fig. II.1. 

 

Fig. II.1 . Schematic of the system: two distributed Bragg reflectors of structure (AB)
N
 and 

(BA)
N
 surround a nanocomposite layer. 

 

The nanocomposite layer (thickness dNC) consists of a semiconducting material, or matrix, 

hosting uniformly distributed metallic NPs of spheroidal shape and identical orientations. An 

effective medium approximation was used, in order to describe the optical properties of the 

nanocomposite. The essence of such an approximation is the assumption that a heterogeneous 

mixture of different materials can still retain a macroscopic optical homogeneity that can be 

characterized by a certain effective (averaged) relative permittivity (see Chapter I). Composite 

materials of various topologies have been the subject of a number of effective medium 

models, including the most commonly used ones, the Bruggeman, Maxwell Garnett, or 

LandauïLifshitz models [13,14]. In this Chapter was considered a nanocomposite layer made 

of an isotropic medium with metal inclusions of sub-wavelength dimensions in the case where 

the volume fraction h of inclusions (defined as the ratio between the volume occupied by the 
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inclusions and the total volume of the composite layer) does not exceed 0.15%. The effective 

optical characteristics of such a composite, including in the range of the plasmon resonance 

frequencies of the metal NPs, are most adequately described by the Maxwell Garnett model 

(see discussion in Chapter I). Fig. II.2 represents a composite layer with uniformly oriented 

spheroidal metallic inclusions and the geometry of these inclusions. 

 

Fig. II.2. Schematic of a spheroidal metallic inclusion whose axis of symmetry is aligned 

parallel to the x-axis. The semi-dimensions of the spheroid are equivalent in the y and z 

directions. 

 

Due to the spheroidal shape of the metal inclusions and their uniform orientation, the 

overall nanocomposite exhibits optical anisotropy. Here we consider spheroids whose axis of 

symmetry (polar axis, which is also the long axis for a prolate spheroid) is aligned parallel to 

the x-axis with a being their semi-dimension along this axis. The semi-dimension of the 

spheroid in the equivalent y and z directions, or equatorial radius, is denoted b. In this case the 

nanocomposite medium presents a uniaxial symmetry, and its effective relative permittivity is 

represented in the (xyz) system of coordinates by a diagonal (3Ĭ3) matrix with elements 

xe e=  and y ze e e^= =  (the subscripts  and  ̂refer to two specific orientations of the 

electric field vector of the electromagnetic wave: parallel and perpendicular to the polar axis 

of the metallic NPs, respectively). In the frame of the Maxwell Garnett model these 

components can be calculated using the following expression (which can be obtained from 

Eq. I.39 in Chapter I): 
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where me  and pe  are the relative scalar permittivities of the materials forming the 

semiconducting matrix and the metallic inclusions, and ,g^  are geometric factors that 

account for the effect of the shape of the NPs on the dipole momentum induced in the NPs by 

the electromagnetic wave. These factors can be deduced from the ratio x = a/b of the 

equatorial semi-axis b to the polar semi-axis a of the spheroidal inclusions as follows (see 

Eq. I.38): 
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x x
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. (II.2) 

Note that x > 1 corresponds to prolate spheroid, whereas x < 1 corresponds to an oblate 

one. Different values of geometrical factors g^ and g  for non-spherical spheroids result in 

different behaviors of the relative permittivity tensor elements ê  and e  of the 

nanocomposite layer, which, in turn, will affect the polarization states of electromagnetic 

waves reflected from or transmitted through the composite layer. 

The material forming the matrix of the nanocomposite is chosen to be the same as that of 

the layers A in the DBRs, so that m Ae e= . To describe the spectral properties of the metallic 

NPs, the modified Drude model [15] was used, with: 

 

2

2
( ) =

p

p
i

w
e w e

w wg
¤-

+
,  (II.3) 

where pw  is the plasmon frequency in the metal,  eÐ is the lattice contribution, and g is a 

relaxation parameter (scattering rate).  

Given that in the effective medium approximation the optical properties of the 

nanocomposite layer are defined by effective permittivity, to calculate the transmittivity and 

reflectivity of the layer and those of the entire structure, one can use the transfer matrix 

formalism [16,17]. 
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II.3. Results and discussion 

II.3.1 Dependence of the permittivity spectra of the nanocomposite layer on its 

structural parameters 

In this section, the influence of the shape of the NPs and their concentration in the 

composite layer is studied.  

The metallic spheroidal inclusions are made of silver (Ag) with the following parameters: 

plasmon frequency wp = 1.36Ĭ10
16

 rad s
ï1

, eÐ = 5, g = 3.04Ĭ10
13

 rad s
-1

 [18]. The aspect ratio 

x varies from 0 to 4, and the volume fraction h of the inclusions varies between 0.5Ĭ10
ï3

 and 

1.5Ĭ10
ï3

 (i.e., 0.05% and 0.15%). 

Let us first discuss the spectral properties of the nanocomposite layer. The calculated 

dependences of the real ,ê¡  and imaginary ,ê¡¡ parts of the nanocomposite effective 

permittivity tensor components on the wavelength in parts of the near-IR regime are shown in 

Figs. II.3(a) and II.3(b), respectively, in the case of the nanocomposite matrix (made of 

GaInAs) without amplification. The chromatic dispersion of GaInAs has been taken into 

account [19]. Here h = 0.15% and x = 3.38, the latter corresponding to a surface plasmon 

resonance wavelength around l0 = 1550 nm for the case when the polarization of the 

incoming light wave is parallel to the polar axis of the NPs. Note that in the remainder of this 

section we will particularly concentrate on wavelengths around 1550 nm because many fiber-

optics-based optical devices used for optical telecommunications are designed for this specific 

region (telecom window). 

Resonances are expected to appear in the spectral variations of ,ê¡¡ with a strong 

dependence upon the orientation of the long axis of the NPs with respect to the electric field 

vector of the electromagnetic wave [8,9]. Figure II.3 shows the spectral dispersion of the real 

and imaginary parts of the nanocomposite relative dielectric permittivities. It should be noted 

that positive values of imaginary parts ,ê¡¡ correspond to a damping of electromagnetic 

waves. One can see that the relative permittivity e
//
 exhibits a resonant behavior at 

l
//
= 1550 nm, which eventually leads to a significant dependence of the optical properties of 

the nanocomposite on the polarization of propagating waves. Due to the strong dispersion of 

the relative dielectric permittivity of the matrix of the nanocomposite layer, it is not possible 

to observe a resonance for ê  for the chosen set of parameters, in particular aspect ratio 
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x = 3.38. The resonance peak for ê  lies in the visible part of the spectrum, but its amplitude 

is small compared to the large values of absorption in the matrix. 

 

Fig. II.3. Spectral dispersion of the nanocomposite effective permittivity tensor 

components: (a) real parts 
,ê¡ ; (b) imaginary parts 

,ê¡¡ in the case of a non-amplifying 

nanocomposite matrix. The red and blue lines correspond to ê  and e  components, 

respectively. The aspect ratio of the NPs is x = 3.38. 

 

The control of the amplitude of the plasmon resonance peak can be achieved by adjusting 

the volume fraction h of the NPs in the composite. Fig II.4 shows the spectral dispersion of 

the imaginary part of the nanocomposite effective permittivity, in the case of a non-

amplifying nanocomposite matrix, as a function of h. Right and left panels correspond to the 

cases where light is linearly polarized along the x and y axis, respectively.  

On the right panel we can see that an increase of the volume fraction of the inclusions 

increases the amplitude of the plasmon resonance of e , which in turn leads to increasing 

absorption and reflection factors of the composite layer. Thus, h  can be used as a parameter 

for adjustment of the amplitude of the plasmon resonance peak. The position of that 

resonance can be also slightly affected by the value of the volume fraction of the NPs in the 
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composite layer, but due to the fact that small values of h were considered, the excursion of 

that position around 1550 nm is negligibly small. As was mentioned above, no plasmon 

resonance for ê  appears in this spectral domain for this particular value of the aspect ratio, as 

can be seen on the left panel.  

 

Fig. II.4. Spectral dispersion of the imaginary part of the nanocomposite effective 

permittivity in the case of a non-amplifying nanocomposite matrix as a function of the 

volume fraction h of NPs in the composite. Left and right panels correspond to ê  and 

e , respectively. The aspect ratio of the NPs is x = 3.38. 

 

Another possible way to control the plasmon resonance is to adjust aspect ratio x of the 

NPs. Fig II.5. represents the spectral dispersion of the imaginary part of the nanocomposite 

effective permittivities ê  and e  in the case of a non-amplifying nanocomposite matrix as a 

function of x. 

For spherical NPs (x = 1), the wavelength of the plasmon resonances will be the same for 

any polarization state of the incoming light. For non-spherical particles (x Í 1), both 

resonances can appear in the spectral range from 1 Õm to 2 Õm. The plasmon resonance for 
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e  shifts towards higher wavelengths and becomes broader with an increase of the aspect 

ratio of the NPs. At the same time, the resonance for ê  drifts in the opposite direction. These 

behaviors are mostly a consequence of the dependence of ê  and e  on g  ̂ and g  in 

Eq. (II.2). 

 

Fig. II.5. Spectral dispersion of the imaginary part of the nanocomposite effective 

permittivity in the case of a non-amplifying nanocomposite matrix as a function of the 

aspect ratio x of the NPs. Left and right panels correspond to ê  and e , respectively. 

The dashed lines correspond to l0 = 1550 nm. The volume fraction of the NPs is 

h = 0.1%. 

 

The dashed lines in Fig. II.5 indicate the values of aspect ratio x leading to maxima of the 

plasmon resonance peaks at 1550 nm. The black circle on the right-hand panel corresponds to 

a resonance of e¡¡ for a prolate spheroidal shape of the NPs (x = 3.38), whereas the red circle 

on the left-hand panel shows a resonance of ê¡¡ for an oblate, almost disk-like, shape 

(x å 0.18). 
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II.3.2 Transmission spectra of the amplifying photonic crystal with a 

nanocomposite defect layer 

In this section, the influence of the aspect ratio and volume fraction of the NPs on the 

spectral properties of the entire photonic structure is studied. 

For the numerical calculations, let us assume layer A to be GaInAs and layer B to be GaAs. 

The imaginary parts of the relative dielectric permittivities of these materials are 

0.007A Be e¡¡ ¡¡= =-  [20]. In the narrow spectral domain under study in this Section, the spectral 

variations of these parameters can be neglected. 

The thicknesses of the layers of the PC are dA = 108.5 nm and dB = 111.6 nm, and the 

nominal thickness of the defect nanocomposite layer is dNC = 2dA (this specific choice will be 

discussed later). The number of periods of the PC on each side of the defect layer is N = 100. 

Thus, the thickness of the whole structure is approximately 44.24 Õm. With these structural 

parameters a photonic bandgap appears in the region between 1550 nm and 1590 nm. 

Fig. II.6. represents the transmittivity spectra around the photonic bandgap for amplifying and 

non-amplifying PC layers and a defect layer without NPs. 

The blue line in panel (a) represents the transmittivity of the structure without 

amplification. In this case we have a well-pronounced defect mode at 1568 nm and the edges 

of the bandgap at 1550 nm and 1587 nm. The red line in panel (a) is truncated to T = 100 and 

correspond to the case of the structure with amplifying reflectors. The exact values are shown 

in panel (b) in semi-logarithmic scale. As we can see, the amplitude of the defect mode is 

noticeably reduced, since the presence of amplification modifies the interference condition for 

forward and backward waves in the structure, but the peaks at the edges of the bandgap are 

significantly amplified. It is important to note that in such a distributed-feedback active 

cavity, light generation would take place at the frequency of an amplified photonic bandgap 

edge [21]. In what follows, we will concentrate on the study of the transmittivity spectrum of 

the photonic structure in the vicinity of its low-wavelength bandgap edge. 
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Fig. II.6. Transmittivity spectra around the photonic bandgap when the defect layer does 

not include NPs. Results are obtained for amplifying (red line) and non-amplifying (blue 

line) PC layers (panel (a)). Note the different vertical scale for the red and blue curves. 

The transmittivity values with amplification are limited to T = 100 in panel (a). Panel (b) 

represents the transmittivity spectrum in semi-logarithmic scale with amplification in the 

PC layers. 

 

When no NPs are present in the defect layer T exhibit an identical abrupt increase at 

0l = 1550 nm for any polarization state, i.e., both components of the incoming optical 

electric field are equally amplified (along the x- and y-axes), and the structure does not affect 

the polarization state of light.  

When metallic spheroids are present in the defect layer, an anisotropic element is included 

in the system, and the situation changes drastically for the T  component. Figure II.7 

represents the transmittivity spectra T  and T̂  of the structure in the vicinity of the low-

wavelength photonic bandgap edge in the cases when the defect layer includes NPs. The 

volume fraction of the NPs is h = 0.1%, and the aspect ratio is x = 3.38, which ensures a 
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plasmon resonance for e¡¡ around 1550 nm. Hereafter we will focus on a small fraction of the 

wavelength region considered above, in the vicinity of 1550 nm. 

The damping of the field component parallel to polar axis of NPs (i.e. along the x-axis) is 

strong in the vicinity of l0= 1550 nm due to resonance of e¡¡ (see Fig. II  3) and cancels the 

amplification of the PC layers and thus prevents the amplification of this component of the 

electromagnetic wave and slightly shifts the mod. On the other hand, ê¡¡ is much smaller 

around l0, as shown in Fig. II.3(b), so that T̂  almost does not change and amplification takes 

place (red line in Fig. II.7). As was mentioned before, e¡¡which is responsible for damping of 

the wave component, depends on the volume fraction of the inclusions and its shape. Increase 

of the volume fraction of the inclusions increases the amplitude of the peak of the imaginary 

part of the effective permittivity at the position of the plasmon resonance, which results in 

decreased transmission of the structure. 

 

Fig. II.7. Transmittivity spectra T  (blue curve) and T̂  (red curve) of the structure in the 

vicinity of the low-wavelength photonic bandgap edge when the defect layer incorporates 

NPs. The results are taking into account amplification in the PC layers. The aspect ratio 

of the NPs is x = 3.38, and the volume fraction is h = 0.1%. 
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Fig. II.8 shows transmittivity spectra T  (incident light polarized along the x axis) and T̂  

(incident light polarized along the y axis) of the structure in the vicinity of the low-

wavelength edge of the photonic bandgap as a function of the volume fraction h of the NPs 

for a fixed aspect ratio x = 3.38. 

 

Fig. II.8. Transmittivity spectra T  (left panel) and T̂  (right panel) of the structure in the 

vicinity of the low-wavelength photonic bandgap edge as a function of the volume 

fraction h of the NPs. Results are obtained accounting for the amplification in the PC 

layers. The aspect ratio of the inclusions is x = 3.38. 

 

Another factor that can be used for the control of the suppression of the amplification of 

the bandgap edge is the shape of the NPs. For an effective suppression, the plasmon 

resonance must overlap the bandgap edge around l0 = 1550 nm. It means that the aspect ratio 

of the inclusions must be in the vicinity of x = 3.38 (see Fig. II.5). In other cases, there will be 

no suppression. Fig. II.9 shows the transmittivities T  and T̂  of the structure in the vicinity 

of that low-wavelength photonic bandgap edge as a function of the aspect ratio x of the NPs. 

We can see a gap in the aspect ratio, in the vicinity of x = 3.38, for which the transmittivity 
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for the x-polarized incoming light is suppressed with a slight shift of the amplified bandgap 

edge due to the spectral dispersion of e¡¡ (see right panel in Fig. II.5). 

As a criterium for the measurement of the width of the gap in the transmittivity spectrum 

of the structure, we define its boundaries to correspond to 10% of the transmission peak 

maximum. It must also be mentioned here that the volume fraction of the inclusions is an 

important parameter for the width of the gap as well. In the considered case the value of the 

volume fraction of the inclusions is equal to 0.1%. For the chosen parameters the width of the 

gap will be around 0.45, with its center approximately at x = 3.38. This gap width gives a 

tolerance range for the variation of the shape of the NPs in order to keep observing an 

efficient suppression of the mode. 

At the same time, due to the absence of plasmon resonance for the y-polarized incoming 

light, the T̂  transmittivity spectrum remains the same for all aspect ratios in the considered 

wavelength region (Fig. II.9, right panel). 

 

Fig. II.9. Transmittivity spectra T  (left panel) and T̂  (right panel) around the low-

wavelength photonic bandgap edge as a function of the aspect ratio of the NPs for two 

different polarization states of the incoming wave. Results are obtained accounting for the 

amplification in the PC layers. The volume fraction of the NPs is h = 0.1%. 
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Figure II.10 shows the dependence of the aspect ratio gap width for T  on the value of the 

volume fraction h of the metallic inclusions in the defect layer. As we can see, the increase of 

h leads to a broadening of the gap in the aspect ratio (0.23, 0.45 and 0.54 for h = 0.05%, 0.1% 

and 0.15%, respectively). It can be explained by the broadening of the plasmon resonance 

peak when h increases (see Fig. II.4). 

 

Fig. II.10. Transmittivity spectrum for the case when incoming light is polarized along 

the polar axis of the NPs around the low-wavelength photonic bandgap edge as a function 

of the aspect ratio of the NPs for different cases of the volume fraction of the inclusions 

in the nanocomposite (0.05%, 0.1% and 0.15% as (a), (b) and (c) respectively).  

 

Figure II.11 represents the transmittivities T  and T̂  at 1550 nm as functions of the 

volume fraction h and the aspect ratio x of the inclusions in the nanocomposite layer. Left and 

right panels correspond to the cases when light is polarized along the x- and y-axes, 

respectively. For clarity, some iso-transmittivity lines are shown. 
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Fig. II.11. Transmittivity value as function of the volume fraction and the aspect ratio of 

the NPs at the 1550 nm (edge of the photonic bandgap) for two different polarizations in 

semi-logarithmic scale. Left and right panels correspond to the cases when incoming light 

is polarized along the polar axis of the NPs and perpendicular to it respectively. 

 

For light polarized along the x axis we can see that suppression is efficient (log|T| < 1) for 

an aspect ratio in the vicinity of 3.4 (blue zone on Fig. II.11, left panel). In that region we can 

also see that an increase of the volume fraction of the inclusions leads to an increase of the 

width and amplitude of the plasmon resonance peak (see Fig. II.4), which in turn results in a 

broadening of the aspect ratio range (see Fig. II.10) for which efficient suppression of the 

amplified mode can be achieved (the blue zone becomes wider). For light polarized along the 

y axis (Fig. II.11, right panel) the edge of the bandgap remains almost unchanged due to the 

fact that for the range of aspect ratios considered here the corresponding peak of the plasmon 

resonance is located in the visible part of the spectrum, as was discussed above.  

 



 
CHAPTER II. OPTICAL AMPLIFICATIOb Lb ! tIh¢hbL/ /w¸{¢![Χ 

[86]   GLUKHOV Igor 

 

Fig. II.12. Transmittivity spectrum (in semi-logarithmic scale) around the low-

wavelength photonic bandgap edge as a function of the reduced thickness dNC/dA of the 

nanocomposite layer for light polarized along the x (top panel) and y (bottom panel) axes. 

The aspect ratio of the NPs is x = 3.38, and the volume fraction is h = 0.1%. The dashed 

vertical lines correspond to the working wavelength 1550 nm, and the circles correspond 

to the modes at 1550 nm. 

 

A third parameter that can be used for the adjustment of the system response is the 

thickness of the nanocomposite defect layer. By changing that thickness, we can modify not 

only the position of the defect mode (as will be discussed, for instance, in the frame of 

Chapter IV) but also the amplitude and position of the peaks at the photonic bandgap edges. 

Transmittivity spectrum of the photonic crystal around its low-wavelength photonic bandgap 

edge (in the vicinity of 1550 nm) as a function of the reduced thickness dNC/dA of the 

nanocomposite layer is shown in Fig. II.12. The top and bottom panels represent the cases 

when light is polarized along the x and y axes, respectively. 

In the picture, we can see the repetitive, periodic pattern of the peaks. Due to the fact that 

the concentration of NPs in the composite layer is small, and thus the real parts of the 
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permittivities of that layer and of layer A are almost identical, the peaks are positioned exactly 

at 1550 nm (black circles in Fig. II.12) for NC A 2d d lº , *lÍ , as expected from the Bragg 

condition. The more the thickness of the composite layer increases, the more the 

transmittivity peak T// decreases due to absorption in the nanocomposite. This mostly affects 

the case of x-polarized light (Fig. II.12, top panel) due to the presence of the plasmon 

resonance peak at 1550 nm. As a result, a good compromise between an efficient suppression 

of transmittivity T// and high enough values of transmittivity TṶ needs to be found. For that 

reason, the choice was made to take in this entire chapter l = 1, i.e. NC A 2d d = , as 

mentioned above. 

II.4. ʉonclusions 

Á The photonic structure studied in this chapter is a symmetric photonic crystal microcavity 

consisting of two distributed Bragg reflectors and a nanocomposite layer placed between 

them. The nanocomposite layer consists of a semiconducting material, or matrix, hosting 

uniformly distributed metallic NPs of spheroidal shape and identical orientations. 

Á The dependence of the spectral characteristics of the nanocomposite layer on the aspect 

ratio and volume fraction of the metallic inclusion was shown. 

Á The dependence of the spectral characteristics of the structure on the aspect ratio, volume 

fraction of the metallic inclusion and thickness of the nanocomposite layer was shown. 

Á It was established that mode discrimination of the structure can be achieved separately for 

different polarization direction of the light wave due to the anisotropy of the absorption 

of the nanocomposite layer. 

Á Thus, it was shown, that an addition of the nanocomposite layer with ellipsoidal 

inclusions allows separation of the polarization states of the electromagnetic waves in PC 

with amplification. 

Á Results obtained in this Chapter can be used in compact semiconductor lasers with a 

vertical cavity resonator working in optical and near-infrared regimes, or vertical cavity 

surface-emitting lasers. 
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CHAPTER III  

 

POLARIZATION -SELECTIVE DEFECT MODE 

AMPLIFICATION IN A PHOTONIC CRYSTAL WITH 

INTRACAVITY 2D ARRAYS OF METALLIC 

NANOPARTICLES  
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III.1. Introduction  

A metallic nanoparticle interacting with an electromagnetic wave can support a localized surface 

plasmon resonance that gives rise to a characteristic peak in its extinction spectrum [1]. When metallic 

NPs are arranged in 2D or 3D arrays, they can efficiently modify the amplitude and the phase of an 

electromagnetic wave whose frequency is close to the plasmon resonance of the NPs [2-5]. It has been 

shown that the optical properties of such NP arrays depend on such factors as the nature of the metal, 

the size, shape and surface/volume ratio of the NPs, as well as the periodicity of the array. The 

versatile plasmonic properties of metallic NP arrays have found many applications in the design of, 

among others, photonic crystals (PCs) [6-10], biological or medical sensors [11,12], antireflective 

coatings [13,14], or absorbers [15,16]. 

The polarimetric characteristics of light interaction with NP arrays have also been the topic of 

recent investigations [17-19]. For instance, the use of composite media with non-spherical metal 

inclusions has been shown to allow a polarization-sensitive control of the resonance modes of PC-

based structures [20,21]. 

Such results can be useful in order to achieve a good control of the state of polarization of the 

radiation generated by vertical-cavity surface-emitting lasers (VCSELs), as such a control remains a 

topical research subject. Indeed, because of the inherent symmetry of the resonant cavities of 

VCSELs, the light waves they emit do not have a well-defined state of polarization [22]. This results 

in the emission of radiation with uncontrolled polarization states and in intensity instabilities. Various 

solutions have been put forward in order to eliminate such polarization-unstable behavior, notably 

inserting PCs, dielectric gratings, and plasmonic elements such as metallic films with nanoholes and 

metallic nanorod arrays in the aperture area of the VCSEL [23-28]. 

As is well known, PCs have been the subject of intensive theoretical and experimental 

investigations in the past decades because the control of electromagnetic waves they provide can find 

many applications in modern photonics and optoelectronics [29,30]. Artificial PCs are one-, two-, or 

three-dimensional (1D, 2D, or 3D) structures that exhibit a periodic modulation of their permittivity 

and/or permeability (e.g., through the alternate juxtaposition of materials with different refractive 

indices). The interaction between counterpropagating waves in such structures ensures the existence of 

their most prominent feature, photonic bandgaps in their transmittivity spectra, i.e., spectral domains 

for which the transmittivity is vanishingly small and the incident radiation is almost totally reflected. It 

is also well known that introducing elements into the PC that destroy their periodicity leads to the 

appearance of narrow peaks of high transmittivity (so-called defect modes) at frequencies located 
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inside the photonic bandgap. In the previous Chapter, I demonstrated the possibility of polarization-

selective amplification in a 1D PC via the use of an embedded composite film as a defect layer, 

consisting of an amplifying medium with prolate metallic inclusions. In that case, polarization 

selectivity was achieved due to the different absorption of the electromagnetic wave depending on the 

relative orientation of the anisotropy axes of the inclusions and the polarization direction of the wave. 

In this Chapter, I intend to show that a control of the polarization of an amplified defect mode 

transmitted through an active multilayered PC can be obtained by introducing one or several ordered 

2D arrays of metallic (silver) NPs at well-chosen locations in the structure. The spectral and 

polarimetric characteristics of the heterostructure are calculated using the transfer matrix formalism, in 

which an embedded 2D NP array is associated with a matrix whose polarization-dependent elements 

are obtained within the frame of the coupled-dipole approximation approach. The influence of the 

geometry and location of the NP array(s) on the efficiency of polarization-selective defect mode 

amplification are discussed. 

The Chapter is organized as follows. Section III.2 presents the geometry of the photonic structure 

and defines its material parameters. In Section III.3, the positioning of a 2D array of NPs in the 

structure is discussed. The numerical simulations of the spectral characteristics of the sole NP array are 

discussed in Section III.4. The numerical simulations of the spectral characteristics of the whole 

structure are then presented in Section III.5, and Section III.6 summarizes the conclusions of this 

Chapter. 

I II.2. Geometry of the structure 

Let us first consider the photonic structure without NP arrays. It is composed of two distributed 

Bragg reflectors (DBRs) surrounding a composite microcavity (Fig. III.1). The DBRs are made of N 

unit cells (AB) and (BA), respectively, where A and B are layers of non-magnetic dielectric isotropic 

materials. The microcavity, denoted (CDC), consists of an active (amplifying) region D sandwiched 

between two identical non-magnetic dielectric layers C. The active region ensures the amplification of 

electromagnetic waves propagating through the structure, which is surrounded by vacuum. 

In the following, an incident plane wave in the near-infrared regime impinges under normal 

incidence on the left-hand side of the structure, at abscissa z = 0 of a Cartesian coordinate system 

whose z-axis is perpendicular to the interfaces of the system. As in the previous chapter, the time 

dependence of the electromagnetic fields is taken as t-exp ( i )ʖ , where w = 2pc /l0 is the angular 

frequency of the incoming plane wave of wavelength in vacuum l0. The dimensions of the layers 

along the x- and y-axes are much larger than their thicknesses along the z-axis, and are thus taken to be 
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infinite in the calculations. 

 

Fig. III.1. Schematic of the structure: two DBRs (AB)
N
 and (BA)

N
 are separated by a 

composite microcavity consisting of an amplifying layer D surrounded by two identical 

cladding layers C. 

 

Layers A and B (with thicknesses dA and dB, respectively) are made of isotropic, non-magnetic 

semiconductor materials GaAs and AlAs. Their thicknesses dA and dB satisfy the Bragg condition of 

resonant reflection at vacuum wavelength lBr = 1550 nm: 

 

 [ ] [ ]Re Re 387.5 nm.
4

Br
A A B Bd d

l
e e= = =  (III.1) 

 

Each DBR consists of N = 20 GaAs/AlAs bilayers. As is well-known, in the absence of the (CDC) 

microcavity, the transmission spectrum of the PC formed by the juxtaposition of those DBRs exhibits 

a photonic bandgap with a peak of transmittivity, or defect mode, centered on wavelength 

lBr = 1550 nm because the central layer of a (AB)
N
(BA)

N
 PC (a defect layer with thickness 2dB), breaks 

the periodicity of the structure. Similarly, the presence of a defect layer consisting of the (CDC) 

microcavity typically introduces one or several defect modes inside the photonic bandgap. Here, the 

cavity consists of two identical GaAs cladding layers surrounding an active region with an overall 

thickness dD. The active region is a GaAs-based multiple quantum well VCSEL in which four 

Ga0.591In0.409N0.028As0.89Sb0.08 quantum wells are separated by GaN0.047As barrier layers, similar to that 

described in Ref. [31]. In our calculations, it will be considered as an equivalent layer with effective 

permittivity e
D
. Specifically, the constitution of the microcavity and its thickness are chosen such that 

it introduces a single defect mode centered on wavelength l0 = 1550 nm. The values of the material 

parameters and layer thicknesses used for our calculations are gathered in Table III.1. 
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In comparison with what was described in Chapter II, here the principle of a plasmonic polarizer is 

based on the use of one or several monolayers of metallic NPs, i.e., 2D array(s) of NPs instead of a 3D 

bulk nanocomposite. 

Medium 

Permittivity at  

l0 = 1550 nm 

Layer thickness 

(nm) 

Layer A (GaAs) 11.255 0.027A ieº +  [34] 115.5Ad =  

Layer B (AlAs) 8.36Beº  [29] 134Bd =  

Layer C (GaAs) 11.255 0.027C ieº +  [34] 404Cd =  

Active 

layer D 

quantum well 

12.869 0.214D ieº -  

13.610 [33] 

104Dd =  

8 [33] 

barrier 12.557 [33] 24 [33] 

Table III.1. Material permittivities and layer thicknesses used for the numerical 

calculations. If, as is the case here, the thicknesses of the layers composing the active 

region are much smaller than the radiation wavelength, the region D can be described 

with good accuracy by an average dielectric permittivity D D Die e e¡ ¡¡= +  obtained within 

an effective medium approximation [32]. The amplification of an electromagnetic wave 

in this active equivalent layer, despite the optical absorption taking place in some of the 

layers of the structure, is described by 0De¡¡< .  

 

In such 2D arrays, the NPs are arranged periodically with a square unit cell whose translational 

invariance is directed along the x and y axes of the Cartesian coordinate system (see Fig. III.1). As in 

the previous chapter (see Fig. II.2), all metallic NPs are assumed to have the same spheroidal shape 

and the same dimensions. In addition, all NPs are similarly aligned, with their polar axis parallel to the 

x-axis. Their dimensions are characterized by their aspect ratio a bx= , where a and b are the half-

lengths of their polar and equatorial axes, respectively. The typical dimensions of the NPs and the 

period p (interparticle distance) of the square lattice are supposed to be much smaller than the 

wavelength of the optical wave in the layers where the NP arrays are embedded, i.e., 

{ } 02 ,2 , / Re [ ], { , }ma b p m C Dl e<< = . Such a structure exhibits pronounced anisotropic optical 

properties, and its reflection and transmission spectra, in particular, are expected to depend 

significantly on the direction of polarization of the incident radiation [18,20]. 
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III.3. Transfer ma trix calculations 

Let us consider and compare two different cases for the positioning of the 2D arrays (Fig. III.2). 

The first one has the NP array at the center of the active layer D, i.e., the geometric center of the 

structure. In the second case, two identical NP arrays are embedded in the microcavity, one in each 

layer ʉ, at a distance D from the center of the structure. The choice of the position(s) of the 

monolayer(s) will be discussed below (see Section III.4). 

 

Fig. III.2. Schematic of the photonic structure with embedded 2D metallic NP arrays 

placed (a) at the center of the active region, and (b) on both sides of the active region at 

the distance D from its center. The period of the NP array is denoted p. 

 

As in the previous Chapter, the transfer matrix formalism is used for the determination of the 

optical response of the structure. 

In the first case, depicted in Fig. III.2(a), a total of (4N + 4) layer-layer interfaces and one 2D array 

of NPs must thus be taken into account, as well as (4N + 4) layers (note that the central D layer is 

divided in two identical sub-layers by the NP array). 

In the second case (Fig. III.2(b)), the number of layer-layer interfaces again amounts to (4N + 4), 

the number of 2D NP arrays to two, and the number of layers to (4N + 5). 

In both cases, the first and the last interfaces separate a layer A from the vacuum. Hereinafter, the 

interfaces (including the 2D array(s) of NPs) internal to the heterostructure are numbered by the 

integer index j (with 2 Ò j Ò 4N + 3 in the first case, and 2 Ò j Ò 4N + 4 in the second case) and the 

layers they separate are numbered (j  1) and j, following the positive direction of the z-axis.  



 
CHAPTER III. POLARIZATION-{9[9/¢L±9 59C9/¢ ah59 !at[LCL/!¢LhbΧ 

[98]   GLUKHOV Igor 

Denoting L the total thickness of the system and applying Eqs. (I.6), (I.10) and (I.13) to the entire 

PC, the following relation between the amplitudes of the incident ( ) ( ) (0 )i fE E -= , reflected 

( ) (0 )r
bE E -=  and transmitted ( ) ( )t

fE E L+=  optical fields is obtained: 

 

( ) ( )
,/ / ,/ /

,/ /( )
,/ /

Ĕ=
0

i t

r

E E
G

E

^ ^
^

^

å õ å õ
æ ö æ ö
æ ö ç ÷ç ÷

, (III.2) 

where ,/ / ,
Ĕ Ĕ

x yG G^ =  is the overall transfer matrix of the structure. As in Chapter II, the subscripts // and 

 ̂refer to the linear polarization directions respectively parallel and perpendicular to the main (polar) 

axis of the NPs, i.e., to the x-axis.  The overall transfer matrix is obtained with 

 
2 2 4 4

F NP F
,/ / ,/ / 1

1 2 3

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ=
N N

j j j j

j j N

G I F I F I
+ +

^ ^ +

= = +

å õ å õ
æ ö æ öæ ö æ ö
ç ÷ ç ÷
Ô Ô  (III.3) 

for the structure shown in Fig. III.2(a) and  

 
2 1 2 3 4 5

F NP F NP F
,// ,/ / 1 2 4 ,/ / 1

1 2 2 2 5

Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ Ĕ=
N N N

j j j j N j j

j j N j N

G I F I F I F I F I
+ + +

^ ^ + + ^ +

= = + = +

å õ å õ å õ
æ ö æ ö æ öæ ö æ ö æ ö
ç ÷ ç ÷ ç ÷
Ô Ô Ô  (III.4) 

for the structure depicted in Fig. II.3(b), where NP
,/ /
ĔI^  is the matrix for a 2D NP array seen as an 

interface separating two layers. Note that Eq. (III.4) is indeed written for the case of two identical 2D 

arrays. Propagation matrices 2 2
Ĕ

NF +  and 2 3
Ĕ

NF +  in Eq. (III.3) are obtained for a geometric thickness 

equal to dD/2. Similarly, propagation matrices 2 1
Ĕ

NF + , 2 2
Ĕ

NF + , 2 4
Ĕ

NF +  and 2 5
Ĕ

NF +  in Eq. (III.4) 

correspond to layers whose geometric thicknesses are equal to (dD/2 + dC ï D), (D ï dD/2), (D ï dD/2) 

and (dD/2 + dC ï D), respectively. As was mentioned above, the active layer D is approximated as a 

homogeneous layer whose effective permittivity takes into account its fine structure [31].  

The matrix for a 2D NP array can be considered as a matrix for an interface surrounded by two 

layers and is written as [33] 

 

NP
,//NP

,// NP NP NP
,// ,/ / ,/ /

11Ĕ =
1 2

r
I

t r r

^

^

^ ^ ^

å õ-
æ ö
æ ö+ç ÷

, (III.5) 

where 
NP
,//r^  and NP

,//t^  are the complex reflection and refraction coefficients of a 2D NP array for the 

two mutually orthogonal Ṷ and // linear polarizations. Within the frame of the coupled-dipole 

approximation and for normal incidence, these coefficients can be obtained from Eqs. (I.59, I.60) with 
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use of Eqs. (I.51, I.52, I.54) as: 
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where 0 02 /k p l=  is the wavevector in free space, and 
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is the complex polarizability of an individual spheroidal NP. Here pe  and me  are the relative 

permittivity of the metallic NPs and relative permittivity of the isotropic layer into which the array is 

embedded, respectively. In Eq. (III.7), 
24 3V abp=  is the volume of the NP, and ,/ /g^  is a 

geometric factor accounting for the influence of the shape of the NP on its induced dipolar moment 

(see Chapter II, Eq. (II.2)). 

The reflectivities ,/ /R̂  and transmittivities ,/ /T^  of the entire photonic structure for the 

longitudinal and transverse light polarizations are deduced from transfer matrix elements as 
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With the same transfer matrix formalism, it is also possible to obtain the field distribution inside the 

structure. For any given position z1, applying Eqs. [I.2] to the part of the structure located between 

z = z1 and z = L, and denoting ( )
1( )i

fE E z-¡ =  and 
( )

1( )r
bE E z-¡ =  the amplitudes of the incident 

and reflected optical fields at z1, respectively, we have, similarly to Eq. (III.2):  
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where ,/ /
ĔG¡̂  is the transfer matrix of the fraction of the structure under consideration, obtained in a 

similar fashion to Eqs. (III.3) or (III.4). 

The modulus of the total optical field at position z1 in this case can be deduced from 

 ( ) ( )( ) ( )
,// ,/ / ,/ /,/ / ,/ / 11 12

Ĕ Ĕ= .
r i

E E G G T^ ^ ^^ ^
è ø¡ ¡ ¡ ¡+ +
ê ú

 (III.10) 

Figure III.3 represents the longitudinal distribution of the normalized field modulus in the photonic 
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structure without NP array. 

As we can see, the field intensity exhibits three particularly interesting antinodes within the (CDC) 

microcavity: one local maximum at the center of the active layer D (hence at the center of the photonic 

structure as a whole) and two larger maxima symmetrically located at the distance 225 nmD=  from 

that center. The intensity maxima are different due to the difference in permittivity in layers C and D. 

As will be justified below, those are the locations that will be chosen for the NP arrays embedded in 

the structure (see Fig. III.2). 

 

Fig. III.3. Longitudinal distribution of the normalized optical field modulus in the 

photonic structure shown in Fig. III.1 (i.e., without NP array). The colors of the vertical 

bars correspond to those of the layers in the schematic of the structure. The right panel 

zooms in on the area immediately surrounding the composite microcavity. Here D is the 

distance from the center of layer D to two symmetrical absolute field maxima in the 

layers C. 

 

III.4. Transmission of a 2D array of nanoparticles 

Let us first discuss the transmission properties of a 2D metallic NP array as described above. In 

order to assess its sole contribution, calculations in this sub-section are carried out with two semi-

infinite GaAs layers surrounding the array made of silver (Ag) particles. 
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The NPs have the shape of prolate (i.e., elongated) spheroids (thus with a b> , i.e., 1x> ) with a 

half-length of their polar axis a = 10 nm. The distance between the centers of the particles (period p of 

the array) varies from 60 nm to 120 nm. Their relative permittivity is taken to follow the modified 

Drude model (see Chapter II, Eq. (II.3)) where the plasma frequency in 

silver is wp = 1.35Ĭ10
16

 radÅs
-1

, the contribution of its crystal lattice to the relative permittivity 

is e¤ = 5, and the relaxation rate describing the effective electron scattering rate is g = 5.5Ĭ10
13

 s
-1

 [34]. 

The calculations are carried out taking into account the frequency dispersion of the dielectric 

permittivity of GaAs [35]. 

Figure III.4 shows the transmittivity 
NP 2
//| |t of the 2D NP array surrounded by identical media for 

the longitudinal polarization state (where the optical electric field is directed along the polar axis of the 

metallic spheroids, i.e., along the x-axis) of the incoming light for three different values of the aspect 

ratio of the nanoparticles. 

 

Fig. III.4. Transmission spectra of an Ag NP array embedded in a GaAs matrix for the 

longitudinal polarization state of the incoming light and for different values of the aspect 

ratio of the NPs. Red, green and blue curves correspond to ɝ equal to 3.0, 3.5 and 4.0, 

respectively. The period of the NP array is p = 120 nm. The length of the polar axis of the 

NPs is 2a = 20 nm. 

 

One can see that the transmittivity exhibits a resonant behavior, and it can be shown that the 

position of the transmittivity minimum is associated with the localized plasmon resonance in Ag 

particles. The excitation of that resonance induces indeed a dip in the transmittivity spectrum. With an 

increase of the aspect ratio of the NPs, the plasmon resonance (and the dip in the transmittivity) moves 
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towards higher wavelengths. This behavior coincides with the one that was observed in Chapter II for 

a 3D nanocomposite. 

Increasing the value of the aspect ratio ɝ reduces the amplitude of the dips. This can be related to 

the fact that for a given value of the half-length a of the polar axis, the volume of the prolate spheroidal 

NPs decreases when ɝ increases. As a result, according to Eq. (III.7), the polarizability of the NPs 

decreases, thus reducing the scattering of light by the array, which in turn reduces the overall 

efficiency of surface plasmon excitation. 

It should also be noted that due to the anisotropy of the shape of the particles (x Í 1), the plasmon 

resonances for longitudinal and transverse polarization states do not occur at the same wavelength. As 

in Chapter II, the plasmon resonance for the transverse polarization state is positioned at lower 

wavelengths than for the longitudinal polarization state (in this case, it occurs in the visible domain, 

below 700 nm). Reducing the value of aspect ratio ɝ would bring the surface plasmon resonances for 

transverse and longitudinal incoming states of polarization closer to each other (hence a red shift for 

the former and a blue shift for the latter), as the spheroids thus tend towards an isotropic spherical 

shape, for which transverse and longitudinal resonances are expected to merge.  

Let us now discuss the influence of the period p of the array on its transmittivity spectrum. 

Figure III.5 shows the transmittivity spectra of the monolayer for the longitudinal polarization state of 

incoming light and for three different values of that period (p = 60 nm, 90 nm, and 120 nm). The value 

of the aspect ratio is equal to 3.5 in all three cases. 

Here again, we can see similarities in the behaviors of the NP monolayer and of the 3D 

nanocomposite with randomly distributed NPs that was discussed in Chapter II. An increase of the 

value of p reduces the overall volume of the NPs in the monolayer, which leads to a decrease of the 

amplitude of the transmission dips. On the other hand, for small NP concentrations, which is the case 

here, modifying the value of the array period almost does not affect the spectral position of its 

transmittivity dip. This, again, is similar to the behavior of the spectral properties of the 3D 

nanocomposite in Chapter II. 

So, as was already discussed in Chapter II for the case of the nanocomposite layer with randomly 

distributed NPs, the main parameters that allow us to control the position and the amplitude of the 

plasmon resonance for the 2D NP array are the aspect ratio x of the NPs and the period p of the array 

(which determines the concentration of the NPs in the array). 
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Fig. III.5. Transmission spectra of an Ag NP array embedded in a GaAs matrix for the 

longitudinal polarization state of the incoming light and for different values of the period 

p of the NP array. Green, red and blue curves correspond to p equal to 60 nm, 90 nm, and 

120 nm, respectively. The aspect ratio of the NPs is x = 3.5. The length of the polar axis 

of the NPs is 2a = 20 nm. 

 

However, it should be noted that the spectral characteristics of the NP array are bound to vary with 

the location of the array within the structure ð in the active layer D or in the GaAs cladding layers C 

of the microresonator ð due to their different dielectric permittivities (as mentioned above, the spectra 

shown in Figs. III.5 and III.6 have been obtained for a semi-infinite GaAs layer on either side of the 

array). In the following, we will consider values of the aspect ratio x that ensure that the collective 

longitudinal surface plasmon resonance of the 2D silver NPs array(s) coincides with l0 = 1550 nm for 

both situations described in Section III.3. Specifically, using Eqs. (III.6)-(III.7) it was determined that 

this condition is achieved for ɝ = 3.6 when NPs are embedded in a cladding layer C, and for ɝ = 3.2 

when they are located in the active region D. 

Also, the precise positioning of the 2D array matters (unlike in the case of the bulk 

nanocomposite), because the monolayer is considered as an interface between layers, since the size of 

the NPs is much smaller than the wavelength and the thicknesses of the layers. Placed at a minimum 

of the field amplitude, the monolayer will almost not affect the transmission spectrum of the structure. 

On the other hand, the impact of the NP array will be strongest when its position coincides with a peak 

value of the field amplitude (this will be discussed in more details in section III.5, see also Fig. III.10). 

As was shown in Fig. III.3, there are three such peaks in the microcavity: one central peak at the center 
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of the layer D and two lateral peaks in the layers C at distance 225 nm°D=°  from the center of the 

structure. Embedding a single NP array at the location of the central peak corresponds to the case 

shown in Fig. III.2(a), whereas embedding two identical NP arrays at the locations of the two lateral 

peaks corresponds to the case shown in Fig. III.2(b). 

Here I want to say a few words about why the idea of embedding NPs in the passive region of the 

microcavity (i.e., in either of the layers C) is considered instead of inserting them in the active layer D. 

In the case with a NP array at the center of the system (Fig. III.2(a)), the layer D experiences heating 

from the absorption in the NPs in addition to that due to pumping process necessary for the 

amplification, which can lead to undesirable temperature effects on the stability of the structure. 

Locating the NPs in the passive region of the microcavity mitigates this issue by spreading the heating 

in the resonator. Furthermore, distributing the NPs over several arrays facilitates this spreading even 

more. In this study, the choice was made to consider the case of two identical NP arrays symmetrically 

located in layers C on either side of the active layer D (Fig. III.2(b)). 

III.5. Transmission spectra of the photonic structure and suppression of the 

defect mode 

Let us first consider the active structure without embedded 2D NP array, as presented on Fig. III.1. 

As shown in Fig. III.6, in this case the transmittivity spectrum exhibits a photonic bandgap extending 

from 1465 nm to 1645 nm. Due to the presence of the active composite microcavity (constituting a 

defect layer), a defect mode (large transmittivity peak) appears in the bandgap, centered at 1550 nm 

for the chosen structural parameters. As we can see on the right inset panel, due to the amplification in 

the central layer, the amplitude of that defect mode greatly exceeds 1. This structure does not include 

any anisotropic element, so that the efficiency of the amplification of the defect mode does not depend 

on the state of polarization of the incoming electromagnetic wave. 

The next step consists in introducing a NP array. It will introduce anisotropy and thus polarization 

dependence of the optical response of the structure. As was shown in Figs. III.4 and III.5, the spectral 

characteristics of the 2D array of NPs significantly depend on both the shape of the NPs (through the 

aspect ratio x) and their surface density (through the period p).  
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Fig. III.6. Transmission spectrum of the photonic structure without NP array. The 

spectrum is identical for any state of polarization of the incident light wave. The right 

inset zooms in on the spectrum around the defect mode (note the different vertical scale in 

the inset and in the main figure. The curve in the inset is truncated to T = 200). 

 

 

Fig. III.7.  Transmission spectra TṶ and T
//
 (top and bottom panels, respectively) of the 

amplifying PC with one embedded silver 2D NP array at the center of the defect layer. 

The inset (truncated to T = 200) zooms in on the amplified defect mode. The interparticle 

distance p is equal to 90 nm, and the aspect ratio of the NPs is x = 3.6. 
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On the basis of simulation results such as those presented in these figures, the structural parameters 

of the 2D NP array were determined that ensure the coincidence of the surface plasmon resonance in 

the NP array and the defect mode centered at wavelength l0 = 1550 nm. In addition, as was mentioned 

in the previous Section, the precise positioning of the monolayer(s) really matters. 

Let us first consider the case with only one NP array positioned at the center of the structure (see 

Fig. III.2(a)). The calculated transmission spectra TṶ and T// are shown in Fig. III.7. The bottom panel 

of Fig. III.7 shows that the excitation of a longitudinal surface plasmon resonance in silver NPs (along 

their polar axis) results in a drastic decay of T//, i.e. an almost complete suppression of the defect mode, 

for x-polarized light. In the top panel, due to the fact that in this case, the wavelength of the incoming 

light wave is much too distant from the plasmon resonance, the spectrum of TṶ appears virtually 

identical to that of the PC structure without 2D array of silver NPs (see Fig. III.6). 

The structural properties of the NP arrays play an important part in the suppression of the defect 

mode. In particular, the effect of the period p is addressed in Figs. III.8 and III.9. 

 

Fig. III.8.  Transmission spectra T
//
 of the amplifying PC with a single embedded silver 

2D NP array at the center of the defect layer. Red, green and blue curves in the inset 

correspond to a period p equal to 60 nm, 90 nm, and 120 nm, respectively. The aspect 

ratio of the NPs is x = 3.6. The dashed vertical line in the inset denotes wavelength 

l0 = 1550 nm. 
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Figure III.8 represents transmission spectrum T// (i.e. for a longitudinal polarization of the incoming 

light) of the structure with a single NP array located at its center, for three different values of the period 

p considered in Fig. III.5. 

The main figure (purple curve) shows a spectrum, away from the spectral domain immediately 

surrounding l0 = 1550 nm, that does not depend much on the value of p. The effect of the NP array is 

by design mostly visible near l0, in the vicinity of the defect mode, and the impact of period p in this 

spectral domain can be seen in the inset. The efficiency of the defect mode suppression decreases 

when the period increases, which is consistent with the fact that the amount of metal also decreases, 

and, in turn, the transmittivity of the array increases (see Fig. III.5). Also, a red shift of the strongly 

depleted defect mode appears when the interparticle distance p decreases, so that the longitudinal 

transmittivity T// at wavelength l0 = 1550 nm actually becomes close to zero. This shift can 

qualitatively be attributed to the shift introduced by the presence of the NP array to the phases of the 

forward and backward electromagnetic waves in the multilayered PC, which affects the constructive 

interference condition responsible for the defect mode in the transmission spectrum. 

 

Fig. III.9.  Transmission spectra T
//
 (l0) of the amplifying PC with two identical 

embedded 2D silver NP arrays at the distances ÑD = Ñ225 from the center of the structure 

(in the layers C). Red, green and blue curves in the inset correspond to a period p of the 

array equal to 60 nm, 90 nm, and 120 nm, respectively. The aspect ratio of the NPs is 

x = 3.2. The dashed vertical line in the inset denotes wavelength l0 = 1550 nm. 
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Figure III.9 addresses the same issue, but for the structure with two identical NP arrays positioned 

at distances 225 nm°D=°  from the center (see Fig. III.2(b)). Contrary to what was observed in 

Fig. III.8, the complex interplay between the additional phase shifts introduced by the arrays leads this 

time to a blue shift of the defect mode when period p decreases. In addition, the amplitude of what 

remains of the defect mode peak, when it is nearly suppressed by two identical NP arrays 

symmetrically placed in layers C, is about three times smaller than when a single NP array is 

introduced at the center of the PC. This can be related to the larger number of scattering centers 

(surface plasmons excited in the NPs), which results in a stronger absorption of light, in the former 

case. However, even in the latter case, the intensity of the transmitted wave at l0 is almost negligible, 

and in both cases, the reduction rate of the intensity is of the order of 100 with respect to the structure 

without NP array. 

As was discussed above, two NP arrays embedded into passive layers C allow us to distribute the 

heating without losing the efficiency of the suppression/amplification processes of the defect mode 

(see Fig. III.9). 

Of course, other schemes with NP arrays positioned in various locations in layers C and (or) D are 

also possible. This versatility significantly expands the possibilities for the polarization-dependent 

control of the transmission spectra of the structure. In addition, it is possible to consider several NP 

arrays with different periods, aspect ratios or orientations of their axes in order to obtain a photonic 

structure in which the selection of different modes with different polarizations can be achieved. The 

two cases considered in this Chapter are nevertheless sufficient to establish the validity of the principle 

of a polarization-selective amplifier exploiting the combination of a photonic crystal-based cavity and 

plasmonic excitations in metallic inclusions. 

The previous simulations and discussions assumed a perfect positioning of the NP array(s) with 

respect to the optical field maxima in layers C and D shown in Fig. III.3. It can be expected that the 

efficiency of the defect mode suppression will be reduced if the position of the NP array(s) departs 

from that optimal situation. We can ask ourselves what tolerance range can be allowed for that 

position for which the suppression of the defect mode remains acceptable for any arbitrary efficiency 

criterium. Figure III.10 gives some insight into this question: it shows the evolution of the T// 

transmittivity spectrum in the vicinity of the defect mode when the position za of a single NP array 

varies along the width of the C and D layers forming the microcavity.  
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Fig. III.10. Transmittivity spectrum T
//
 (l0) (in semi-logarithmic scale) of the amplifying 

PC in the vicinity of the defect mode as a function of the position of the monolayer 

relative to the center of the structure. The period of the NP array is taken as p = 90 nm. 

The aspect ratio of the NPs is x = 3.6 in the layer C and x = 3.2 in the layer D. The top 

panel represents the longitudinal distribution of the optical field modulus (blue curve) at 

defect mode wavelength 1550 nm. Colors on the top panel correspond to the layer colors 

in Fig. III.3 (orange for layer C and yellow for layer D). 

 

The bright zone on the picture shows the evolution of the position of the defect mode. Black lines 

are iso-transmission curves that delimit ñtransmission islandsò where the defect mode is not 

suppressed. As a criterion for the efficiency of the defect mode suppression, we chose T// Ò 0.001. The 

blue curve on the top panel of Fig. III.10 represents the optical field distribution at wavelength 

l0 = 1550 nm. As we can see, the positions of the ñtransmission islandsò on the main panel of the 

figure coincide with regions of minimal optical field localization. 

Indeed, the closer the location of the NP array is to the position of a local minimum of the optical 

field, the less efficient the excitation of the plasmon resonance will be. This results in a large 

amplification of the defect mode visible as red spots at the center of the ñtransmission islandsò. 
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Moving towards the maxima of the optical field localization increases the efficiency of the NP 

monolayer as a defect mode suppressor. Moreover, we can see that the closer the location of the NP 

array is to the position of a local maximum of the field, the more pronounced is the red shift of the 

defect mode (the same shift that could be observed in Fig. III.8 for a single NP array at the center of 

the layer D). As a result of this shift and suppression, we observe wide ranges of positions for the NP 

array (shown by white dotted arrows) in which the criterion of the defect mode suppression at 

1550 nm can be satisfied. This constitutes also a criterion for the tolerance on the positioning of the NP 

array inside the microcavity. A similar discussion can be led for the case of two or more NP arrays 

embedded in the structure, as for instance in the geometry of Fig. III.2(b). 

III.6. Conclusions 

Á In this Chapter, the demonstration was made that polarization-controlled amplification of 

a defect mode can be achieved in an amplifying photonic crystal in which periodic 2D 

arrays of metallic nanoparticles are embedded. 

Á It was shown, that the presence of one or several 2D nanoparticle arrays embedded in the 

multilayered heterostructure provides a polarization-dependent way to suppress the defect 

mode. This can be achieved if the dimensions and mutual distance of the spheroidal 

nanoparticles are chosen so that a surface plasmon resonance will be excited in them by 

an incoming light beam of 1550 nm vacuum wavelength coinciding with the defect mode. 

Á It was also shown, that the suppression of the defect mode in the former case depends on 

the position of the NP array. Suppression is the most efficient when the array is 

embedded at locations of maximal optical field localization in the amplifying region of 

the structure. 

Á The approach described in this Chapter, in combination with other recently proposed 

solutions (based for instance on the use of liquid crystals [34,36-37] or of materials 

whose properties can be magnetically or electrically controlled [38-42]), can significantly 

expand the possibilities of controlling the polarization of light emitted by semiconductor 

lasers. 
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CHAPTER IV  

 

DETERMINISTIC APERIODIC PHOTONIC CRYSTAL 

WITH A 2D ARRAY OF METALLIC 

NANOPARTICLES AS A POLARIZATION -SENSITIVE 

DICHROIC FILTER  
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IV.1. Introduction  

Dichroic filters possess the ability to selectively transmit or reject two separate spectral bands of an 

incident light beam. The rejected band is usually reflected, but the concept can be extended to cases 

where it is absorbed. A few common applications of dichroic filters include heat control in lighting 

appliances, liquid-crystal-based projectors [1], fluorescence microscopy or photovoltaic [2]. They can 

also be used as high-pass filters in laser frequency multipliers, e.g., by separating the spectral 

components of higher harmonic generators [3].  

Dichroic filtering can be obtained in various ways, including the use of multilayered structures 

such as unidimensional photonic crystals (PCs). Indeed, the transmission spectrum of such structures 

made of periodically (but also quasi-periodically) alternating layers is known to exhibit photonic 

bandgaps, i.e., frequency ranges in which the propagation of electromagnetic waves is prohibited 

[4,5]. Moreover, breaking the periodicity of a PC by introducing one or several defect layers (made of 

a different material from those constituting the periodically alternating layers, or simply having a 

different thickness) leads to the appearance of narrow peaks of high transmittivity (so-called defect 

modes) at frequencies located inside the photonic bandgaps. These well-established properties have 

been put to use in the last decades for the design of many types of PC-based reflectors and filters [6], 

and the inclusion in them of, among others, reflective coatings [7,8], all-dielectric metasurfaces [9-12] 

or metallic composites [13-15] has been shown to allow further control of their spectral characteristics 

or to introduce an additional control of those characteristics by the state of polarization of light. 

In this Chapter, I propose the design of a polarization-controlled dichroic filter based on the use of a 

single 2D array of metallic spheroidal NPs embedded in a defect layer surrounded by two reflectors. 

Using a 2D array simplifies the fabrication of such a filter and reduces energy dissipation at 

frequencies away from the plasmon resonances of the NPs. The working principle of such a filter is as 

follows. The prolate spheroidal shape of the NPs ensures that they can sustain two plasmon resonances 

excited at different frequencies for two mutually orthogonal polarizations of light respectively parallel 

and perpendicular to their long axis. As a result, the absorption of light at a frequency where a 

photonic defect mode coincides with a plasmon resonance frequency in the NP array substantially 

depends on its polarization. The structure of the multilayered photonic system and the anisotropic 

shape of the NPs are chosen so that two defect modes located in two separate bandgaps coincide with 

two plasmon resonances and that the spectral interval between them is large enough to separately 

achieve the nearly complete suppression of either defect modes for one of two mutually orthogonal 

states of polarization. 
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A crucial requirement of this scheme is the ability to adjust the number, location and width of the 

bandgaps and defect modes of the PC in order to allow the necessary coincidence between surface 

plasmonic modes in the NP array and photonic defect modes in separate bandgaps. Various methods 

have been devised to that effect, including the design of PCs with complex defect layers [16,17], or the 

external control of transmission spectra with magnetic or electric fields [18,19,20]. Another route 

consists in playing with the geometry of the PC. In comparison to regular, periodic, 1D PCs, 

multilayered structures with a complex periodicity (e.g., multi-periodic [21-24] or quasi-periodic PCs 

[25-29], or even disordered multilayered structures [30]) can exhibit more bandgaps in a given 

frequency region of interest, as well as several defect modes in those bandgaps, which greatly expands 

the possibilities for their use. In this Chapter, I propose the use of a deterministic aperiodic PC whose 

complex architecture follows a set of mathematical rules [31,32] that enable the adjustment of the 

location of photonic bandgaps and defect modes around frequencies of plasmon resonances of NPs. 

The Chapter is organized as follows. Section IV.2 presents the chosen type of aperiodic photonic 

structure and demonstrates its advantages. In Section IV.3, the geometry and structural parameters of 

the investigated model are presented. Section IV.4 presents the results of the calculations for the 

transmittivity and reflectivity spectrum of the structure.  Section IV.5 concludes the Chapter. 

IV.2. Aperiodic photonic reflectors 

First, let us discuss configuration of the distributed reflectors that will be used in the composite 

photonic structure. The main idea in this Chapter is to achieve polarization-sensitive control, and as a 

result, alternate suppression of two different defect modes in neighboring bandgaps. To achieve this, 

the coincidence of plasmonic and photonic resonance modes can be used, in a similar way as what 

was described in the two previous Chapters. Due to the spheroidal shape of the nanoparticles in the 2D 

NP array, two plasmon resonances appear at different wavelengths for incoming linear polarization 

states of light respectively parallel and perpendicular to the main axis of the NPs (see the schematic of 

the structure in Fig. IV.6 below). Here both plasmon resonances will be used to control two separate 

defect modes, located in two adjacent bandgaps, in such a way that one defect mode can be suppressed 

whereas the other one is left intact). Unlike the case described in Chapter III, where only one defect 

mode and one plasmon resonance were made to coincide, it is much harder to achieve the coincidence 

of two different plasmon resonances with two different defect modes in neighboring bandgaps. The 

position and the amplitude of the plasmonic resonances can be adjusted by changing the shape of the 

NPs in the array, the period of the array, or even the material surrounding the array, but the main 

problem here is the fact that the positions of these resonances cannot be changed separately. So, in this 



 
/I!t¢9w L±Φ 59¢9waLbL{¢L/ !t9wLh5L/ tIh¢hbL/ /w¸{¢![ ²L¢IΧ 

GLUKHOV Igor [119] 

case, an additional control over the positions of the bandgaps and defect modes of the photonic 

structure will be needed. 

Let us first consider a single periodic photonic reflector (AB)
N
 without defect layer and without NP 

array. Calculations hereafter are carried out for A and B layers made of ZrO2 ( An  = 2.02) and SiO2 

( Bn  = 1.45), respectively [33], and for N = 20. For the case of the normal incidence angle of the 

incoming light the positions of the bandgaps of such DBR are determined by the thicknesses dA and dB 

of layers A and B, which are chosen to obey the usual Bragg condition [34] 

 , ,
4 4

Br Br
A A B Bn d n d

l l
= =  (IV.1) 

where lBr is the Bragg vacuum wavelength of the incoming light and thus corresponds to the center of 

the first bandgap of the photonic crystal. 

Figure IV.1. shows the evolution of the positions of the photonic bandgaps of the periodic DBR for 

three different values of lBr = 700, 750 and 800 nm. 

The pink and green rectangular panels indicate two neighboring bandgaps of the DBR. We can see 

that the change of lBr is shifting simultaneously the positions of both bandgaps. Indeed, with a periodic 

structure as a reflector, these positions cannot be modified separately. 

To achieve more control on positions of the bandgaps, the choice is made to use an aperiodic 

reflector instead of a periodic one. The chosen aperiodic structure is obtained through the overlap of 

two periodic DBRs ( )NAB  and ( )NAB
¡
 made of alternate layers of materials A and B (Figs. IV.2(a) 

and IV.2(b)). The layer thicknesses (Ad  and Bd ) of the first DBR and those (Ad¡ and Bd¡) of the 

second DBR are chosen to satisfy the Bragg condition Eq. (VI.1.) for two different vacuum 

wavelengths Brl  and Brl¡, so that , ,(4 )A B Br A Bd nl=  and , ,(4 )A B Br A Bd nl¡ ¡= . Specifically, the 

combination of the periodic DBRs is chosen such that the spatial variation of the refractive index in 

the resulting aperiodic structure can be written as 

 [ ]( ) max ( ), ( ) , 0apern z n n F z F z z L¡= +D ¢ ¢, (IV.2) 

where L is the total length of DBRs as well as that of the resulting reflector, and with 

 
2

A Bn n
n

+
= , 

2

A Bn n
n

-
D = , (IV.3) 

and 
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and a similar expression for ( )F z¡  (replacing Brl  with Brl¡). 

 

Fig. IV.1. Transmissivity spectrum of the periodic DBR. Top, central and bottom panels 

represent the cases with Bragg vacuum wavelengths equal to 700, 750 and 800 nm 

respectively. Red and green rectangles represent two neighboring bandgaps. 

 

The combination process described by Eqs. (IV.2)ï(IV.4) is a logical (Boolean) OR operation 

between the high index regions of the two periodic DBRs. Because of this precise mathematical 

definition, the reflector can be called deterministic (as opposed to random). A schematic of the result 

of such a combination is shown in Fig. IV.2(c). 

Such a construction rule of the reflector gives us more parameters to play with. In particular, Bragg 

vacuum wavelengths Brl  and Brl¡ will be used to adjust the spectral position of the photonic 

bandgaps of the reflector with great versatility. 
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Fig. IV.2. (a) DBR (AB)
N
 with thicknesses Ad  and Bd  for layers A and B; (b) DBR 

( )NAB
¡
 with thicknesses Ad¡ and Bd¡ for layers A and B; (c) deterministic aperiodic 

reflector obtained by the overlap of these periodic DBRs as described in Eqs. (IV.2)ï

(IV.4). 

 

As an illustration, the transmittivity spectrum of the aperiodic reflector obtained with mathematical 

rule Eqs. (IV.2)-(IV.4) is shown in Fig. IV.3 for a fixed Bragg vacuum wavelength lBr = 560 nm for 

the first DBR and several choices of Bragg vacuum wavelength Brl¡ for the second DBR. 

Specifically, Brl¡ is taken as 340 nm in panel (a), 360 nm in panel (b), and 380 nm in panel (c), 

respectively. 

Red and green regions denote two neighboring bandgaps. As we can see, changing the Bragg 

vacuum wavelength of one of the DBRs constituting the aperiodic reflector modifies the position of 

one of the bandgaps only (in red), whereas the second bandgap (in green) remains at the same spectral 

position. So Brl  and Brl¡ can be used to gain independent control over the spectral positions of the 

bandgaps. In this case, the position of the lower-wavelength bandgap (in red) was controlled by the 

adjustment of the lower value of Bragg wavelengths Brl  and Brl¡. If one wishes to adjust the position 

of the higher-wavelength bandgap (in green), the higher value of Brl  and Brl¡ should be modified. 

The next logical step consists in considering a resonant structure with two such aperiodic reflectors 

facing each other, which will be called the left-hand side and the right-hand side reflectors. 
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Fig. IV.3. Transmittivity spectrum of the aperiodic reflector. The first Bragg vacuum 

wavelengths lBr is fixed and equal to 560 nm. Panels (a), (b), and (c) correspond to values 

of the second Bragg vacuum wavelength Brl¡ equal to 340 nm, 360 nm and 380 nm, 

respectively. 

 

The left-hand side reflector obeys the rules given by Eqs. (IV.2 ï IV.4), so that nleft (z) = naper (z), 

and the right-hand side one is its mirror image, so that the spatial dependence of its refractive index 

can be written as () ( )2right leftn z n L z= -  for 2L z L¢ ¢ , where L is the length of both reflectors. 

Figure IV.4 shows the transmittivity spectrum of this structure in three cases, where Bragg vacuum 

wavelength Brl is fixed at 360 nm, and second Bragg vacuum wavelength Brl¡ is equal to 480 nm, 

520 nm and 560 nm  in panels (a), (b), and (c), respectively. As mentioned above, the position of the 

first bandgap (in red) remains the same for all three panels, whereas the second bandgap (in green) 

undergoes a red shift. Additionally, narrow transmittivity peaks similar to defect modes can appear in 

the bandgaps. 

A further step towards the final structure consists in introducing a spacer between the reflectors, 
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made of a homogeneous SiO2 layer (as in layers B), so that the structure is now a Fabry-Perot-like 

cavity. 

  

Fig. IV.4. Transmittivity spectrum of a structure consisting of two aperiodic reflectors 

mirroring each other. In each reflector, the first Bragg vacuum wavelengths lBr is fixed 

and equal to 360 nm. Panels (a), (b), and (c) correspond to values of the second Bragg 

vacuum wavelength Brl¡ equal to 480 nm, 520 nm, and 560 nm, respectively. 

 

Figure IV.5 represents the transmittivity spectrum of the resulting structure in the vicinity of the 

higher-wavelength bandgap, for 360Brl =  nm and 560Brl¡= nm, and for a thickness dD of the spacer 

(henceforth called layer D) varying between 0 and dA. 

This region of the spectrum corresponds to the green region of Fig. IV.4(c). Because of the 

presence of the central layer, a narrow defect mode appears in the bandgap, whose position varies with 

dD. Figure IV.5 shows the superposition of the transmittivity spectrum for values of dD varying 

between 0 (thick curve) and dB with a step of 0.1dB. An increase of dD induces a shift of the spectral 

position of the defect mode towards longer wavelengths (see red arrow in the figure). A similar 

behavior can be observed for defect modes in all bandgaps of the structure. As a result, the thickness 
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of the central spacer can be used as a control parameter that allows the adjustment of the defect modes 

inside the photonic bandgaps, while keeping the same spectral positions of these bandgaps. 

 

Fig. IV.5. Evolution of the higher-wavelength photonic bandgap of a Fabry-Perot-like 

cavity consisting of a central A layer surrounded by two mirroring aperiodic reflectors, 

for different thickness dD of the central layer (from 0 to dA with a step of 0.1dA). The thick 

curve corresponds to dD = 0. The red arrow shows the direction of the shift of the defect 

mode with an increase of dD. 

 

It should be noted that there are other ways to combine two (or more) DBRs in order to design a 

deterministic aperiodic reflector and thus to define a Fabry-Perot-like cavity similar to the one 

described above. Other mathematical rules for the design of an aperiodic reflector could also be 

considered [35,36], provided of course the transmittivity spectrum of the resulting structure exhibits 

the desired spectral features, in particular, defect modes. 

The final step will now consist in introducing a layer of metallic nanoparticles in the central layer in 

order to obtain a polarization-sensitive filter. 

IV.3. Geometry of the composite photonic structure 

The final structure under the study is a resonant photonic cavity consisting of two multilayered 

dielectric aperiodic reflectors separated by a dielectric layer D made of SiO2 with thickness Dd , as 

shown in Fig. IV.6. A 2D array of spheroidal metallic NPs is located at the center of layer D. The 

reflector to the right of the layer D is the mirror image of the reflector to the left of that layer, so that 

the position of the NP array coincides with the center of the structure as a whole. As previously, the 

boundaries of all the layers are perpendicular to the z-axis of a Cartesian system of coordinates, so that 
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z = 0 is the position of the first interface and the whole structure is located in the region 0z² . 

 

 

Fig. IV.6. Schematic of the composite photonic structure. Two symmetrical deterministic 

aperiodic multilayered reflectors consisting of alternate A (in orange) and B (in green) 

layers are separated by a layer D (thickness Dd ). A 2D array of spheroidal metallic 

nanoparticles, characterized by the dimensions 12a  and 22a  of the particles and the 

interparticle distance p, is located at the center of the structure.  

 

As it was in the structure discussed in Fig. IV.5, the Bragg vacuum wavelengths for the DBRs 

(AB)
N
 and ( )NAB

¡
 constituting the aperiodic reflectors are chosen as 360Brl =  nm and 

560Brl¡= nm. Thus, the thicknesses of the layers in these DBRs are Ad  å 44.55 nm, Bd  å 62 nm 

and 69.3Ad¡º  nm, 96.55Bd¡º  nm, respectively, so that the thickness of the unit cell is smaller in 

(AB)
N
 than in ( )NAB

¡
. The number of periods N¡ in DBR ( )NAB

¡
 was chosen so that the length L 

= 2131 nm of that reflector is the same as that of DBR (AB)
N
 for N = 20.  

It should be noted that for the chosen value N = 20, the resulting multilayered reflector does not 

exhibit translational symmetry, i.e., the total length of this reflector is smaller than its periodic cell (it 

can be shown that a periodic cell of this photonic structure is obtained for N = 28). However, as one 

can see from the results discussed below, even with N = 20, this deterministic aperiodic PC (and its 

counterpart on the right-hand side of layer D) is enough to ensure the existence of photonic bandgaps 

in the spectral regions encompassing the plasmon resonances in the metallic NPs. The number of 

layers of the dielectric reflectors surrounding the cavity was chosen on the basis of a standard criterion: 

it should be sufficient to allow sufficiently pronounced photonic bandgaps, i.e., bandgaps approaching 

ideal features (vertical boundaries and zero transmittivity). In a structure with fewer layers the features 
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of the photonic bandgaps are degraded ï in particular, full reflectivity is not achieved. Moreover, 

reducing the number of layers in the reflectors leads to a decrease in the amplitude of the defect modes 

due to a reduction of the quality factor of the cavity. 

The NPs located at the center of layer D are placed at the nodes of a 2D square lattice with period p 

that exhibits translational invariance along the x- and y-axes of the (xyz) Cartesian coordinate system 

(see Fig. IV.6). All NPs are identical prolate spheroids and are similarly aligned, with their long axis 

parallel to the x-axis, and their shape is characterized by aspect ratio a bx= , where a  and b  are the 

half-lengths of their polar and equatorial axes, respectively (a b> ). The typical dimensions of the NPs 

and the period p of the square lattice are much smaller than the typical wavelength of the optical wave 

in layer D, i.e., { } 02 ,2 , / Ba b p n<<l , where 0l is the wavelength in vacuum. 

 

Fig. IV.7. (a) Transmittivity spectra of the NP array embedded in a SiO2 matrix for the x-

polarized (blue curve) and y-polarized (red curve) incoming light. The dips are due to 

surface plasmon resonances in the NPs. (b) Transmittivity spectrum of the photonic 

structure without NP array. The two defect modes in the lower-wavelength bandgap and 

the defect mode in the higher-wavelength bandgap are denoted L1, L2, and H, 

respectively. 

 

In the following, let us consider an incident plane wave in the visible regime that impinges under 

normal incidence on the left-hand side of the structure, at abscissa z = 0. The time dependence of the 

electromagnetic fields is taken as t-exp ( i )ʖ , where w = 2pc/l0 is the angular frequency of the 
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incoming plane wave and c is the velocity of light in vacuum. The dimensions of the layers along the 

x- and y-axes are much larger than their thicknesses along the z-axis, and are thus taken to be infinite in 

the calculations.  

Parameters are chosen to have two neighboring bandgaps and two plasmon resonances to coincide 

with each of the bandgap. In the first bandgap there are two defect modes (the reasons for that will be 

discussed later). Fig. IV.7. shows the transmittivity spectrum of the photonic structure without 2D NP 

array and the transmittivity dips due to surface plasmon resonances in the sole 2D NP array embedded 

in SiO2.  

As in Chapters II and III, the subscripts // and  ̂  refer to the linear polarization directions 

respectively parallel and perpendicular to the main (polar) axis of the NPs, i.e., to the x-axis. 

Panel (a) in Fig. IV.7 shows the transmittivity spectrum of the sole 2D NP array embedded in a 

SiO2 matrix. The array consists of silver (Ag) particles, and the interparticle distance and aspect ratio 

of the NPs are taken as p = 15 nm and x = 2.5, respectively. For 1 5a =  nm, each NP is a prolate 

nanospheroid whose principal axes are 10 nm Ĭ 4 nm Ĭ 4 nm in length. The periodicity of the array 

and the dimensions of the NPs have been chosen so that this spectrum exhibits a broad dips inside two 

neighboring bandgaps. Those dips correspond to the polarization-sensitive excitation of a localized 

surface plasmon resonance in the 2D array of metallic NPs. As was already shown in Chapter III, the 

width of the transmission dip due to the excitation of a plasmon resonance in the 2D array of 

nanoparticles depends on the strength of the interaction between particles and the optical wave, which 

in turn depends on a number of parameters, including material parameters, the distance between 

neighboring particles, their shape, and their orientation relative to the optical field. For the parameters 

used in this Chapter, the strength of the interaction between the NPs and the optical wave at plasmonic 

resonance frequency is indeed expected to be significantly higher for x-polarized light, as that direction 

coincides with the axis of revolution of the NPs, for which their electric dipole moments are larger. As 

a result, the transmission dip for x-polarized light (FWHM º 22 nm) is broader than the dip observed 

for y-polarized light (FWHM º 7 nm).  

Panel (b) in Fig. IV.7 shows the transmittivity spectrum of the aperiodic structure without NPs in 

layer D. Unless otherwise indicated, the thickness of the central layer is taken as Dd  º 485.4 nm. This 

value (as well as those of the thicknesses and refractive indices of all the layers of the structure) is 

chosen so that two defect modes (hereinafter called L1 and L2, located at approximately 375 nm and 

412 nm, respectively) appear in the lower-wavelength bandgap and one (denoted H, at 609 nm) in the 

higher-wavelength one, in both cases away from the bandgap edges. The lower-wavelength bandgap 
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is narrower (with a width of approximately 56 nm) than its higher-wavelength counterpart (width 

approximately equal to 86 nm).  It should be noted that in this case the spectrum of the photonic 

structure does not depend on the state of polarization of the incoming electromagnetic wave, as the 

structure does not include any anisotropic element. The reason for choosing a configuration where one 

of the bandgaps exhibits two defect modes whereas the other exhibits only one defect mode will be 

discussed below. 

IV.4. Results and discussion 

In the following, the calculated transmittivity spectra of the structure for x- and y-polarized incident 

light are discussed in relation with the respective spectral positions of two of its defect modes and the 

surface plasmon resonances in the NP array. The crucial roles played by the position of the latter 

within layer D and the thickness of that layer are highlighted, and the mechanism of a polarization-

dependent suppression of the defect modes is detailed.  

 

Fig. IV.8. (a) Transmittivity spectra of the photonic structure with 2D array of NPs for x-

polarized (blue curve) and y-polarized (red curve) incoming lightwave; (b) zoom on the 

lower-wavelength bandgap. Two defect modes in the lower-wavelength bandgap and the 

defect mode in the higher-wavelength bandgap are denoted L1, L2, and H, respectively. 

 

Figure IV.8 represents the transmittivity spectra of the photonic structure under consideration in a 

near-UV and visible spectral range encompassing two neighboring photonic bandgaps when 2D 

NP array is placed at its center (see Fig. IV.6) for x- and y-polarization states of the incoming wave. 
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Parameters of the structure are the same as for Fig. IV.7.  

For either of these polarization states, the plasmon resonance excited in the NPs is broad enough to 

encompass a defect mode of the structure, which leads to a significant decay and a slight blue shift of 

that mode. Specifically, the defect mode affected by the presence of the NPs is the one (denoted H in 

Figs. IV.7 and IV.8) in the higher-wavelength bandgap for x-polarized light, whereas it is the defect 

mode L1 in the lower-wavelength bandgap for y-polarized light (Figs. IV.7 and IV.8). The reason for 

which the defect mode L2 remains unchanged in the presence of the NP array will be discussed below, 

in relation to Figs. IV.9 and IV.10. 

The attenuation of defect modes L1 and H results from the absorption of light following from the 

excitation of a plasmon resonance in the NPs. The spectral blue shift they exhibit is caused by the 

influence of the NP array on the phase of the electromagnetic field in layer D. 

 

Fig. IV.9. Spectral characteristics of the aperiodic structure in the vicinity of defect mode 

H in the higher-wavelength bandgap: (a) Zoom on the transmittivity spectra for x- and y-

polarized light; (b) and (c) distribution of the square of the normalized optical field 

magnitude 
2

( ) (0)E z E  (in logarithmic scale) in the structure for y- and x-polarized light, 

respectively; (d) and (e) square of the optical field magnitude normalized to its maximum 

value 
2(| ( ) / max [ ( )] | )E z E z  at wavelength l0 = 609 nm (see black dashed line in the top 

panels) for y- and x-polarized light, respectively. As in Figs. IV.2 and IV.6, the vertical 

color bars in panels (d) and (e) denote the alternate layers of the structure. 

 

In Fig. IV.9, panel (a) represents the transmittivity spectra T// and TṶ for x- and y-polarized light in 
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the vicinity of defect mode H in the higher-wavelength bandgap, whereas panels (b) and (c) show the 

spatial distribution of the square of the normalized optical field magnitude 
2

( ) (0)E z E  in the same 

spectral domain. Finally, panels (d) and (e) represent the square of the optical field magnitude 

normalized to its maximum value 
2(| ( ) / max[ ( )] | )E z E z  at the wavelength l0 = 609 nm of defect 

mode H. For y-polarized light (panels (b) and (d)), a strong field localization is observed in layer D at 

this wavelength, with three almost equal optical field amplitude maxima. The thickness of that layer is 

chosen so that one of these maxima coincides with the position of the NP array (at the center of the 

layer). In comparison, for x-polarized light (panels (c) and (e)), field localization at the position of NP 

array appears at the lower wavelength of approximately 597 nm corresponding to the reduced and 

frequency-shifted defect mode (as discussed above), and the field maxima are significantly smaller 

than for y-polarized light (compare the transmission spectra in panel (a)). 

Similar distributions of the optical field take place around the wavelength l0 = 375 nm of defect 

mode L1, but with a reversed polarization dependence of the mode suppression as in the case of mode 

H (see Fig. IV.8). Namely, L1 is almost completely absorbed as a result of plasmon excitation for y-

polarized incident light. For x-polarized light, defect mode L1 experiences a weak influence of the tail 

of the broad plasmon resonance centered in the higher-wavelength bandgap, which is why it is only 

slightly attenuated. 

As mentioned above, the plasmon resonance of the NP array for y-polarized light (red curve in 

Fig. IV.7) is located between the two defect modes L1 and L2. However, only the former is suppressed 

due to localized surface plasmon excitation. This can be explained in light of Fig. IV.10, where the 

spatial distribution of the optical field in the photonic structure without NP array is shown at the 

wavelength l0 = 375 nm of defect mode L1 (Fig. IV.10 (a)) and at the wavelength l0 = 412 nm of 

defect mode L2 (Fig. IV.10(b)) for any polarization state.  



 
/I!t¢9w L±Φ 59¢9waLbL{¢L/ !t9wLh5L/ tIh¢hbL/ /w¸{¢![ ²L¢IΧ 

GLUKHOV Igor [131] 

 

Fig. IV.10. Square of the optical field magnitude normalized on its maximum value 

2(| ( ) / max[ ( )] | )E z E z  in the photonic structure without NP array (a) at wavelength 

l0 = 375 nm of defect mode L1 and (b) at wavelength l0 = 412 nm of defect mode L2 for 

any state of polarization. The red triangles indicate the center of the photonic structure. 

 

In the first case, the optical field exhibits a maximum at the center of the structure (shown by a red 

triangle in the figure), which, when a 2D NP array is embedded at that position, results in a very 

efficient excitation of a collective oscillation of the free conduction electrons in the NPs, hence a very 

strong suppression of defect mode L1. In the second case, the field is almost zero at that location and 

the impact of the metallic NPs on the optical field is negligible. As a consequence, defect mode L2 is 

not affected by the presence of the NP array. Note that the optical field is also has a maximum in the 

plane of the NP array at the wavelength l0 = 609 nm of defect mode H for y-polarized light (as can be 

seen from Fig. IV.9(d)), but in that case, that mode is not suppressed by plasmon resonance, as the 

resonance in the NPs for y-polarized light occurs far away from 609 nm, in the lower-wavelength 

bandgap of the structure (see red curve in Fig. IV.7). Unlike what was discussed above about L1, 

defect mode H does not experience much influence from the tail of the plasmon resonance centered in 

the lower-wavelength bandgap, as that resonance is significantly narrower than that centered in the 

higher-wavelength bandgap. 

In effect, Figs. IV.8 and IV.9 thus show that the polarization-dependent spectral behavior of the 

structure is determined both by matching the plasmon and optical defect modes and by adjusting the 

spatial position of the nanoparticles with respect to the antinodes of the optical field in the photonic 

crystal. 
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Figure IV.11 illustrates the polarization-sensitive dependence of the transmittivity spectra T// and TṶ 

in both photonic bandgaps as functions of the thickness of layer D. As mentioned above, that thickness 

has until now assumed the nominal value Dd  º 485.4 nm. The spectral variations of T// and TṶ are 

represented for thicknesses of layer D ranging from approximately 0.25 Dd  to 2.25 Dd . 

The behavior of the narrow transmission passbands (defect modes in the photonic bandgaps) is 

identical in all the cases presented in Fig. IV.11: as the thickness of the D layer increases, they form at 

the short-wavelength edge of the bandgap and shift to its long-wavelength edge, where they 

subsequently vanish. In each of the bandgaps, up to two defect modes can be formed simultaneously. 

Of particular interest is the fact that intervals of layer D thickness can be found for which defect modes 

are simultaneously suppressed in the lower-wavelength bandgap for x-polarized light and in the 

higher-wavelength bandgap for y-polarized light. This makes it possible to achieve the polarization-

dependent transmittivity response required in a polarization-sensitive dichroic filter. In Fig. IV.11, this 

selective suppression of the defect modes due to the hybridization of plasmonic and photonic modes in 

the structure manifests itself through the absence, for a given thickness of layer D, of every second S-

shaped transmission line, either for x-polarized light (Fig. IV.11(a)) or for y-polarized light 

(Fig. IV.11(d)), but not for both simultaneously. Note that with an increase of the strength of the 

interaction between the plasmonic and photonic subsystems, the suppression and shift of the photonic 

modes take place (see also Fig. IV.8). 

The dependence of the transmittivity spectra on the thickness of layer D deserves further 

discussion. For a thickness of layer D equal to dD (vertical dashed white lines), previously discussed 

defect modes L1 and L2 in the lower-wavelength bandgap can be seen (dashed white circles) in 

Fig. IV.11(c), and the suppression of L1 (but not L2) for a y-polarized incident light beam is visible in 

Fig. IV.11(d). 
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Fig. IV.11. Evolution of transmittivity spectra T
//
 [panels (a) and (c)] and TṶ [panels (b) 

and (d)] in the higher-wavelength bandgap (top panels) and lower-wavelength bandgap 

(bottom panels) as functions of the thickness of layer D expressed in terms of nominal 

thickness dD. The white dashed lines represent the case where that thickness is exactly 

equal to dD, as in Figs. IV.8 to IV.10. The white solid lines represent the case where layer 

D thickness is equal to 1.75dD. The white circles denote the spectral positions of the 

defect modes L1, L2 and H discussed in the paper for these two thicknesses. The 2D array 

of NPs is located at the center of layer D. 

 

Similarly, the existence of defect mode H in the higher-wavelength bandgap (dashed white circle) 

and its suppression for an x-polarized light beam are clearly visible in Figs. IV.11(a) and IV.11(b), 

respectively. The cross-sections of the transmittivity spectra along the vertical white dashed lines 

shown in Fig. IV.11 correspond to the curves presented in Fig. IV.8. 

What Figs. IV.11 also shows is that a similar polarization-sensitive behavior in the lower-

wavelength bandgap can be observed when the thickness of layer D slightly increases from dD up to 

approximately 1.25 dD. Obviously, in so doing, the spectral positions of the defect modes change. In 

addition, defect mode L2 disappears, and defect mode L1 shifts towards larger wavelengths. As for 

defect mode H in the higher-wavelength bandgap, its successful suppression can be achieved for a 
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thickness of layer D ranging from 0.9 dD to 1.1 dD approximately. In effect, the structure can thus be 

considered as a polarization-controlled dichroic filter when those intervals overlap, i.e., for values of 

the layer D thickness in the interval [dD , 1.1 dD]. 

As a matter of fact, such a polarization-dependent suppression of defect modes can also occur for 

other thicknesses of layer D, in which case the relative spectral positions of the relevant defect modes 

can be different. In particular, this situation can be observed in the thickness range [1.75 dD , 1.85 dD], 

as highlighted with solid vertical white lines and solid white circles in Figs. IV.11. 

Finally, it must be pointed out that the spectral characteristics of the composite photonic structure 

under study, based on the use of aperiodic dielectric reflectors, can vary over a rather wide range due 

to the large number of independent constitutive parameters that define its design (nature of the 

materials, layer thicknesses, rules governing the way they alternate, etc.). Thus it is also possible to 

design the photonic structure so that it exhibits a single defect mode in each of two neighboring 

bandgaps, and to obtain a spatial distribution of the optical field such that the excitation of plasmon 

resonances in the 2D array of nanoparticles allows polarization-selective suppression of these defect 

modes. In this Chapter, however, we elected to consider a structure exhibiting two defect modes in one 

of the photonic bandgaps. This deliberate choice has made it possible, on the one hand, to demonstrate 

the significance of the spatial overlap of the nanoparticle array with a region of high optical field 

localization in the structure, and, on the other hand, to point out the possibility of selective cancellation 

of one of two defect modes within the same photonic bandgap. 

 

IV.5. Conclusions 

Á A new design for a dichroic filter combining a 2D array of metallic nanoparticles and 

aperiodic dielectric reflectors has been proposed. 

Á The choice of a 2D nanoparticle array, rather than a 3D nanoparticle dispersion, lends 

itself to a less complex fabrication process and to much less energy dissipation. 

Á The use of a deterministic aperiodic photonic crystal makes it possible to tailor the 

spectral position of the bandgaps and defect modes of that structure in such a way that 

two of these defect modes, located in separate bandgaps, can be adjusted and provide the 

required narrow transmittivity windows of the filter. Their non-simultaneous, 

polarization-sensitive suppression is achieved through the inclusion of a composite 

resonant layer at the center of the photonic structure. Two surface plasmon resonances 
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excited, for two mutually orthogonal linear states of polarization of the incoming light, in 

a two-dimensional array of prolate, spheroidal metallic nanoparticles embedded in that 

layer, can be exploited to that effect. For well-chosen values of the structural parameters 

of both the photonic crystal and the array of metallic nanoparticles, each of the two 

plasmon resonances of the latter can be made to encompass one of the two selected defect 

modes of the former, thus ensuring a nearly total extinction of one or the other of these 

modes ð depending on the polarization state of the incoming light beam. 

Á Among the various parameters governing the precise position of the transmittivity 

windows of the structure as a dichroic filter, the strong influence of the thickness of the 

composite defect layer in which the array of metallic nanoparticles is embedded was 

established. Other structural parameters, however, constitute as many degrees of freedom 

for the design of such a filter, including the geometry of the photonic crystal, the nature 

of its layers, the period of the metallic nanoparticle array, the aspect ratio of the 

nanoparticles themselves, or the nature of the metal. 

Á Further ways of controlling the spectral and polarization-related characteristics of that 

filter could be envisioned, such as the use of several metallic nanoparticle arrays, or the 

combination of nanoparticle array(s) with other types of anisotropic media (liquid crystals 

with dichroic dyes, dichroic glasses, etc.). Moreover, the principles described in this 

study remain valid in other spectral regions, provided plasmon resonance frequencies can 

be made to coincide with defect modes in a multilayered photonic structure, for instance 

for optical communication systems in the near-infrared domain. Other potential 

applications of such polarization-sensitive dichroic filters include for instance the 

development of polarization-sensitive single-photon detectors [37,38], or plasmonic 

absorbers [39] and nano-sensors. 
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V.1. Introduction  

Non-specular effects occurring upon the reflection of light wavepackets from various 

optical structures have been intensively studied in the last two decades. These effects include 

both lateral and transverse shifts of the reflected beams relatively to the position predicted by 

ray optics (first described, in the context of the total internal reflection, as the Goos-Hªnchen 

[1] and the Imbert-Fedorov [2], [3] effects, respectively) [4], as well as the corresponding 

angular shifts in the plane of incidence or perpendicular to it, i.e., deviations of the reflection 

angle from the value it takes in the frame of geometric optics [5,6]. 

 

 

Fig. V.1. Schematic illustration of the lateral beam shifts (spatial shift Dx and angular 

shift Dq ) upon reflection on a planar interface. 

 

Although these effects are, as a rule, rather small, the beam shifts have nevertheless been 

reported to take potentially significant values in many configurations, including upon total 

internal reflection [1], [7], but also at the vicinity of minima of the reflection coefficient, for 

instance at Brewster and pseudo-Brewster incidence angles [8-10], near the edges of photonic 

bandgaps in photonic crystals [11], or in a nanophotonic cavity [12]. In all cases, 

measurements of the beam shifts can be made using conventional methods based on position 

sensitive detectors, while charge-coupled device can give more detailed information about the 

profile of the reflected beam [13]. More precise detection techniques include interferometric 

set-ups [14,15] or signal enhancement techniques, [7,10,16-19]. 
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Here I need to mention that, despite the Goos-Hªnchen effect has historically been 

observed and discussed for a long time as the shift experienced by a light beam upon its 

reflection at a single interface under the conditions of total internal reflection, and is related to 

the dispersion of the reflection coefficient, in the last two decades in particular, lateral beam 

shifts have been described and exploited at partial reflection on a single surface, but also with 

multilayered or complex structures, including photonic crystals or metasurfaces, both in 

reflection and in transmission. So in the scientific community, the term ñGoos-Hªnchen shiftò 

has experienced a semantic shift and been generalized to all these types of lateral shifts, 

whose physical origin can indeed be related to mechanisms similar to those governing the 

ñoriginalò Goos-Hªnchen effect. 

Far from being mere curiosities, such beam shifts can obviously be exploited in order to 

yield information about the material(s) constituting the optical structure from which reflection 

takes place or about the medium surrounding that structure. Indeed, as they can be shown to 

be extremely sensitive to tiny variations of material properties (in particular, the permittivity) 

upon any kind of external excitations (electric or magnetic fields, pressure, temperature, 

mechanical strain,...), these effects are good candidates for the design of very precise sensors 

in particular, which is one of the main reasons they have attracted much attention lately. To 

that intent, however, it is also desirable to be able to enhance, and particularly, control in a 

reversible way the beam shifts, as well as relate the values they assume with the changes of 

permittivity of the materials the light beam encounters. 

The control of Goos-Hªnchen beam shifts has been studied in a variety of functional 

materials and structures. For instance, an external magnetic field can tune the Goos-Hªnchen 

shift in magnetic media [17], [20-25]. Similarly, in combined magneto-optic and electro-optic 

systems the shift can be controlled via external electric and magnetic fields [20], [26-28]. A 

GH shift can be induced through the electro-optic effect [29] or by misfit strain [8]. As a 

consequence, measurements of changes in lateral shifts can thus be used for the monitoring of 

local electric and magnetic fields [30]. The sensitivity of the GH shift to tiny changes of the 

refractive indices in various systems can be put to use for the design of bio- or chemical 

sensors [31,32], surface plasmon resonance sensors [33] or simply for the precise 

measurement of refractive indices [34]. In some systems, the dependence of GH shift to 

temperature can be used for the design of thermal sensors [26,35]. Beyond sensoring 

applications, the principles of optical switches [36], beam splitters [37], de/multiplexers [38], 
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or optical differential operation and image edge detection [39] have been proposed on the 

basis of the GH effect. 

In all these instances, the focus has for the most part been set on ways to design the optical 

system in which the beam shifts take place, as well as to select the properties of its 

constituents, in order to achieve the desired control and enhancement of the effect and 

possibly use it for applications. More rarely the focus has been set on the properties of the 

beam itself, specifically on the way it can be tailored for an enhanced control of the Goos-

Hªnchen effect, but also on the way the reflected beam can be distorted as a corollary to that 

effect. Among those rarer studies, let us note the demonstration that the lateral Goos-Hªnchen 

shift of light beams reflected and transmitted through a layered dielectric structure can be 

effectively controlled by the focusing (and defocusing) of the incident beam [40], with an 

increase of the shift when the beam is narrower. A significant reshaping of the reflected light 

beam has been discussed in a number of studies [41-44], including the observation that it can 

even split into two beams when a giant shift occurs [45]. As a rule, beam distortion is also 

more noticeable for narrow beams with waists of the same order of magnitude as their 

wavelength. Thus reshaping of the beam upon reflection requires additional studies. 

In this Chapter, I present analytical and numerical calculations carried out in order to 

investigate the effect of a transverse spatial modulation of the phase of a narrow Gaussian 

beam on the lateral and angular shifts (as well as the reshaping) it undergoes in its plane of 

incidence upon reflection off a simple dielectric isotropic plate. Those calculations were 

carried out in the microwave domain. The Chapter is organized as follows. In Section V.2, I 

provide an analytical derivation of the electric field of the reflected wave at the upper surface 

of the plate. In Section V.3, I show how it can be used for the calculation of the lateral beam 

shift for various degrees of phase modulation of the incoming wavepacket. Section V.4 

describes ways to achieve the desired phase modulation of the incoming Gaussian beam. In 

Section V.5, I show the results of the numerical simulations of beam propagation before and 

after reflection from the plate and discuss the influence of the spatial phase modulation on the 

lateral and angular shifts undergone by the reflected beam, as well as its reshaping. 

Section V.6 contains the conclusions of this Chapter. 

V.2. Analytical description 

In this study, the reflection of a microwave Gaussian beam from a simple, homogeneous, 

isotropic, dielectric, non-magnetic plate of refractive index nP and thickness d was considered, 
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as shown in Fig. V.2. The refractive index of the surrounding medium is nS. The upper and 

lower surfaces of the plate are parallel to the (xy) plane of a Cartesian system of coordinates. 

A two-dimensional (2D) monochromatic Gaussian s-polarized beam (wavelength l0 in 

vacuum and angular frequency w = 2́ ʩ/l0) impinges on the top surface of the plate. The 

propagation direction of the beam is determined by its central wavevector kc with 0c Sk k n= , 

where k0 = 2p/l0 is the wavenumber of the beam in vacuum. The incidence angle q is defined 

as the angle between kc and the normal to the surface parallel to the z-axis. In the (xz) plane of 

incidence, a system of xǋ and zǋ axes (obtained through a rotation of the x and z-axes by a 

rotation of angle q around the y-axis) is associated to the beam, so that its central wavevector 

is parallel to the zǋ-axis. The lateral dimensions of the plate, along the x- and y-axes, are 

supposed to be much larger than the diameter of the Gaussian beam, so that side effects can 

be neglected. The choice of a 2D beam description, in which the electric field profile does not 

depend on the y coordinate in the direction perpendicular to the plane of incidence (see 

Eq. (V.1) below) is justified by the fact that this study is devoted to the non-specular effects 

(in particular the beam shifts) that can be observed in that plane. Indeed, upon reflection, a 

Gaussian beam undergoes a Goos-Hªnchen lateral shift Dx in its plane of incidence (Fig. V.2) 

that can be seen as a translation of the central wavevector of the reflected beam (solid red 

arrow) with respect to the direction of specular reflection (dashed red arrow). 

 

Fig. V.2. Schematic of the system. A 2D Gaussian microwave beam impinges on the 

upper surface of a dielectric plate of thickness d. The incidence plane is (xz) and q is the 

incidence angle. The lateral shift of the reflected beam is denoted Dx. Solid and dashed 

curves respectively show the profiles of the modulus and real part of the electric fields of 

the incident (blue curves) and reflected (red curves) beams. The dashed red arrow shows 

the direction of specular reflection without lateral shift. 



 
CHAPTER V. NON-{t9/¦[!w w9C[9/¢Lhb hC ! b!wwh²Χ 

GLUKHOV Igor [145] 

In this Chapter, the effect of a spatial modulation of the phase of an incident Gaussian 

beam on the lateral (as well as angular) shift and the simultaneous reshaping of its reflected 

beam is specifically studied. This modulation is quantified by the additional (in comparison 

with the expression of the field for a usual Gaussian beam) complex exponential factor that 

depends on the real-valued coefficient x in the following expression of the transverse electric 

field amplitude distribution ( )(i) ,yE x z¡ ¡, in which the origin common to the (xyz) and (xǋyǋzǋ) 

Cartesian systems of axes coincides with the center of the incident 2D Gaussian beam in the 

plane of its waist, and the time dependence of the propagating wavepacket is chosen as 

exp(iwt): 

() ()
()

()
(i) 2 20

0 2 2
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1 1
( , ) exp exp .

2
y c

w
E x z E i x i z ik z x

w z R zw z w

x
h

è ø è øå õ å õ
¡ ¡ ¡ ¡ ¡ ¡= - + - +é ùæ ö é ùæ öæ öæ ö¡ ¡¡é ù é ùç ÷ç ÷ ê úê ú

 (V.1) 

In Eq. (V.1), zǋ is the algebraic axial distance from the waist, w(zǋ) is the beam radius 

(defined as the distance from the zǋ-axis for which the field amplitude falls to 1/e of its axial 

value), w0 = w(0) is the waist radius, and E0 is the axial value of the field amplitude at the 

waist. An important characteristic parameter of the Gaussian beam is its Rayleigh 

length
2

0 0 / 2Rz k w¡= , from which the zǋ-dependent beam parameters in Eq. (V.1) can be 

deduced, namely the beam radius at position zǋ,  
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, (V.2) 

the radius of the wavefront curvature at position zǋ 
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, (V.3) 

and its Gouy phase 
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¡= æ ö

¡ç ÷
. (V.4) 

It should be noted that although similar at first glance, factors 
2 2

0exp{ / }i x wx¡-  and 

2exp{ / 2 ( )}ʩik x R z¡ ¡-  in Eq. (V.1) are not equivalent, since the latter varies with the position 

zǋ along the propagation axis of the incident beam and explicitly depends on the curvature 
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radius of the wavefront, especially so at large distances from the beam waist, and thus does 

not yield a parabolic modulation of the phase. 

With the choice of origin for both systems of axes mentioned above, the center line of the 

Gaussian incident beam crosses the upper surface of the plate at the point {x = xǋ = 0, 

y = yǋ = 0, z = zǋ = 0} and the center of the beam in the waist plane thus coincides with zǋ = 0 

on that surface. In oblique incidence (for q Í 0), the other points of the beam waist are located 

above or below the upper surface of the dielectric plate. Using Eq. (V.1) and the relations 

 cos , sinx x z xq q¡ ¡= = , (V.5) 

the complex amplitude of the electric field on the upper surface of the plate (z = 0) in the 

(x,y,z) system of coordinates is: 
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 (V.6) 

where ()w x , ()R x , ()xh  are thus calculated for / sinx z q¡= . 

In the paraxial approximation, in the vicinity of the beam waist (i.e., when zǋ << zǋR), one 

can see from Eqs. (V.2)ï(V.4) that w(zǋ) å w0, R(zǋ) Ÿ Ð, and h (zǋ) å 0 for all points inside 

the beam spot at the upper surface of the plate (i.e., for z = 0). Thus, the electric field 

distribution of the incident beam on that surface can be written as 

 ( )(i) (i)( ) expy G cxE x E ik x= - , (V.7a) 

with 

 
( )2 2
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0 2

0

1 cos
expG
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w

x qè ø+
= -é ù

é ùê ú
, (V.7b) 

and where sincx ck k q=  is the x-component of the central wavevector of the incident beam in 

the surrounding medium.  

The spatial profile 
(r) ( )yE x  of the reflected beam at the upper surface of the plate can be 

obtained using the following inverse spatial Fourier transform [8,26]:  
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is the incident field distribution in the spatial frequency domain. In Eqs. (V.8) and (V.9), the 

spatial Fourier variable K is defined as K = kx ï kcx , where kx is the x-component of the 

wavevector k of any given spatial Fourier component of the incoming field distribution 

()(i)
yE x , and the corresponding ( ) ( )cx xK k kÁ + =Á  is the complex reflection coefficient of 

the system at a given position x across the beam at the surface of the plate. This reflection 

coefficient Á is deduced from Maxwellôs equations and from the boundary conditions at 

each interface in the system as [46]: 
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 (V.10) 

where, for any given spatial Fourier component of the incoming field distribution, 

0 cosz Sk k n q¡=  and 0 cost z P tk k n q¡=  are the components along the z-axis of its wavevector k 

and of its corresponding refracted wavevector k t, and q¡ and tq¡are the incidence angle and 

the refraction angle in the plate respectively associated to k and k t and related by Snellôs law 

sin sinS P tn nq q¡ ¡= . The spread of values assumed by the angles q¡ and tq¡reflects the 

divergence of the incoming Gaussian beam. Equations (V.8)ï(V.10) lead to the determination 

of the reflected beam intensity profile from which, after comparison with the incoming beam 

intensity profile, the value of the lateral shift at the upper surface of the plate, denoted Dx, can 

be numerically deduced. As a rule, an angular shift Dq with respect to the specular geometry 

can also be observed. Its value cannot be deduced from the analytical approach described 

above and discussed below in Section V.3 (as that approach yields the field distribution at the 

surface of the plate only), but it can be obtained from numerical simulations of the 

propagation of the Gaussian beam after reflection (see Section V.5).  
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V.3. Analytical study of the effect of phase modulation on the reflected 

beam at the surface of the plate 

In this Section, the analytical description from the previous Section is applied to a 

Gaussian beam in the microwave domain, for which the lateral and angular beam shifts are 

expected to reach large and easily measurable values. Note that the intermediate Fourier 

transforms expressed in Eqs. (V.8) and (V.9) require numerical calculations. 

 

Fig. V.3. Normalized distribution of the amplitude of the incident spatially modulated 

Gaussian beam at the upper surface of the plate (at z = 0) as a function of the incidence 

angle and for spatial modulation parameter ɝ = -5: (a) modulus 
(i)

0| / |GE E , (b) real part 

(i)
0Re[ / ]GE E , and (c) imaginary part 

(i)
0Im [ / ]GE E . Panel (d) shows the cross-section of 

panels (a)-(c) for incidence angle q = 20Á (horizontal black dashed lines), where the red 

solid, blue dotted and green dashed curves denote the modulus, real and imaginary parts 

of the normalized field, respectively. 

 

Our simulations were carried out for a dielectric plate made of fused quartz (relative 

permittivity 
2 3.8P Pne= =  at vacuum wavelength ɚ0 = 2.912 mm [44], and thickness 
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d = 8.33 mm) surrounded by air (nS = 1). For that value of thickness d, the reflection 

coefficient Á deduced from Eq. (V.10) can be shown to reach a zero minimum at an 

incidence angle of approximately 18.5Á. Around that incidence angle, for small but non-zero 

values of Á, beam shifts are known to reach large values [9]. The waist of the incident 

Gaussian beam is chosen as w0 = 3ɚ0. In this case, the Rayleigh length is zǋR å 84.5 mm, so 

that the variations of the beam diameter across the thickness of the plate can be neglected. 

The transverse spatial distribution of the normalized Gaussian amplitude 
(i)

0( )GE x E  of the 

electric field at the upper surface of the plate (z = 0) is shown in Fig. V.3 as a function of the 

incidence angle and for the spatial modulation parameter ɝ = +5. 

Panels (a), (b), and (c) present the modulus 
(i)

0| / |GE E , real part 
(i)

0Re[ / ]GE E , and 

imaginary part 
(i)

0Im[ / ]GE E  of the normalized amplitude, respectively, and panel (d) shows 

the cross-sections of distributions (a)-(c) for an incidence angle q = 20Á. As expected from 

Eq. (V.7b), the distribution of the Gaussian field amplitude is symmetrical with respect to the 

x-axis (position x = 0 corresponds to the center of the incident beam waist). Although the 

phase modulation of the Gaussian beam (for 0x̧ ) does not affect the envelope (the 

modulus) of the field amplitude it does, however, modify the real and imaginary parts of 

(i) ( )GE x , and an increase of the modulation parameter ɝ leads to increasingly fast oscillations 

of 
(i)

0Re[ / ]GE E  and 
(i)

0Im[ / ]GE E  along the x-axis. In accordance with Eq. (V.7b), a reversal 

of the sign of ɝ reverses the sign of the imaginary part of the Gaussian field amplitude. As a 

whole, the phase modulation of the field can be expected to exert a noticeable influence on the 

overall reflected beam, as the latter results from the interference between multiple waves 

reflected from the upper and lower surfaces of the dielectric plate. 

This is clearly illustrated in Fig. V.4, where the transverse distribution along the x-axis of 

the normalized modulus 
( )

0| / |rE E  of the reflected electric field at the upper surface of the 

plate (z = 0), deduced from Eqs. (V.1)-(V.10), is shown as a function of incidence angle q and 

for different values of the spatial modulation parameter x. The black curves follow the 

position of the maximum of the beam intensity, i.e., a departure of those lines from x = 0 

indicates and quantifies the lateral beam shift Dx.  
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Fig. V.4. Distribution of the normalized modulus 
(r)

0| / |yE E  of the reflected field at the 

upper surface of the plate (at z = 0) as a function of the x-coordinate and the incidence 

angle ɗ for values of the spatial phase modulation parameter equal to: (a) ɝ = 0, 

(b) ɝ = +3, (c) ɝ = +5, (d) ɝ = +7, (e) ɝ = -3, (f) ɝ = -5, and (g) ɝ = -7. Black lines follow 

the position of the absolute maximum of the field amplitude when q varies. The 

horizontal dotted and dashed lines in panels (a), (e), (f), and (g) correspond to incidence 

angles q = 20Á and q = 25Á and refer to the cases depicted in Fig. V.8 and discussed in 

Section V.5. The vertical white lines show the position of the center of the incident beam 

(x = 0). 
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In the absence of spatial modulation (x = 0, Fig. V.4(a)), the reflected beam already 

exhibits a significant distortion, with respect to the Gaussian profile of the incident beam, in 

particular in the vicinity of incidence angles corresponding to minima of the modulus of 

reflection coefficient Áˈ specifically, around q = 18.5Á and q = 60Á (the precise values of 

those angles are determined using Eqs. (V.10)). Indeed, near q = 18.5Á, the reflected wave 

splits into two beams with almost equal maxima. With an increase of the absolute value of the 

spatial phase modulation parameter x  (Fig. V.4(b)-(g)), the distortion of the reflected field 

becomes stronger, and larger intervals of q appear for which the profile of the reflected field 

is split and exhibits two peaks. Due to this beam reshaping, the determination of the lateral 

shift, as calculated analytically at the surface of the plate, is sometimes ambiguous, since both 

maxima of the split beam can be of comparable amplitudes ð this is especially true in the 

case of a non-modulated beam, as evidenced by the black lines in Fig. V.4. 

This ambiguity, however, is less of a difficulty for incidence angles far from those for 

which | |Á  nears a minimum. In this case, the reflected field is still split in two, but one 

maximum is visibly larger than the other one (see for example Figs. V.4(e)-V.4(g), as well as 

the discussion of Fig. V.4 in the Section V.5), and for all intents and purposes the lateral beam 

shift Dx can be defined as the shift in position of the brighter part of the reflected wave. The 

analytical calculations depicted in Fig. V.4 show that, for such incidence angles, an increase 

of the spatial phase-modulation (increase of |x |) leads to an increase of the lateral beam shift. 

It can also be noted that for 0 < q < 15Á and q > 20Á, the lateral shift experienced upon 

reflection by a spatially phase-modulated beam is coupled with significantly larger values of 

the reflected electric field than in the case with a non-modulated beam (ɝ = 0). This fact 

makes spatially phase-modulated beams particularly useful for so-called weak measurements 

of the lateral beam shifts [7,17,19]. For increasing absolute values of the modulation 

parameter, however, the reflected beam also experiences an increased reshaping ï see 

Figs. V.3(d) and V.3(g), so that a compromise, when choosing the value of the phase 

modulation parameter, must be found between increased lateral shift, large reflected intensity 

and distortion of the beam. 

Finally, Fig. V.4 also shows that the general tendency for the dependence of the lateral 

shift on the angle of incidence is that its evolution when q increases is reversed (although non-

symmetrically with respect to x = 0) upon a sign reversal of the spatial modulation parameter 

x, as can readily be seen when comparing Figs. V.4(b) and V.4(e), Figs. V.4(c) and V.4(f), or 
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Figs. V.4(d) and V.4(g). However, as should be expected, for incidence angles around normal 

incidence (q = 0), calculations show that the distribution of the Gaussian beam field is 

symmetric with respect to x = 0 for any x. 

Overall, the results shown in Fig. V.4 clearly highlight the marked sensitivity of the lateral 

shift of the Gaussian beam upon a spatial modulation of its phase and the way a thoughtful 

choice of the parameter governing that modulation provides a control of both the amplitude 

and the sign of the shift. 

It must be noted, however, that the lateral GH beam shift upon reflection is, as mentioned 

earlier, coupled to an angular shift, also in the plane of incidence, with respect to the purely 

specular direction, for which the central wavevector of the reflected beam would make the 

exact same angle q (in absolute value) with the normal to the surface as the central wavector 

of the incoming beam. In reality, the reflection of the beam departs from this simple 

behaviour familiar to ray optics, and an angular shift Dq is indeed observed, that can, in some 

cases, reach several degrees and thus cannot be neglected, as it must be taken into account for 

the design of any device exploiting the measurement of the GH effect for sensing purposes. 

The analytical calculations presented in this Section do not allow a simple evaluation of Dq. 

Estimates based on numerical simulations of the propagation of the reflected beam, however, 

can be carried out, and are presented and discussed below. 

V.4. Obtention of a spatially phase-modulated Gaussian beam 

Before moving to the next section with numerical simulations, let us discuss two ways of 

achieving a transverse spatial phase modulation of a Gaussian beam that will be used. A first 

way consists in focusing a conventional (i.e., without phase modulation) Gaussian beam with 

a non-spherical lens tailored to yield the required phase modulation. Let us consider such a 

2D lens, made of a transparent material with refractive index nL and immersed in an 

homogeneous medium with refractive index nS (with nS < nL, which is the case when the 

surrounding medium is vacuum or air). Its optical axis coincides with the zǋ-axis (the central 

axis of the incoming beam, see Fig. V.2), i.e., the incoming conventional Gaussian beam is 

incident along the axis of the lens. The lens is located close to the waist of the beam, that can 

thus be considered collimated and its wavefront to be plane across the lens, provided the 

latterôs thickness at all points is much smaller than the Rayleigh length Rz¡ of the beam. 



 
CHAPTER V. NON-{t9/¦[!w w9C[9/¢Lhb hC ! b!wwh²Χ 

GLUKHOV Igor [153] 

Let us first consider the case of a symmetrical biconvex 2D lens (Fig. V.5(a)), introduce 

the function rbc(xǋ) describing the lens thickness profile and denote rbc(0) = rbc0/2 its total 

thickness on the optical axis. In the paraxial approximation, the additional transverse spatial 

phase modulation introduced by the lens verifies: 
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As a result, the dependence of rbc on the distance xǋ from the optical axis is thus parabolic 

(for -h/2 Ò xǋ Ò h/2, where h is the height of the lens), with 
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Fig. V.5. Schematic of (a) a biconvex lens and (b) a plano-convex lens with refractive 

index n
L
 surrounded by a medium with refractive index n

S
. Note that the actual origin of 

the (xǋyǋzǋ) Cartesian system of axes is the same as in Fig. V.2.  

 

For x < 0, the lens is at its thickest at its center and it is thus converging. The numerical 

simulations discussed in Section V.5 (Figs. V.7 and V.8) were carried out for such a 

symmetrical biconvex lens, made of the same fused quartz as the dielectric plate (nL = nP) and 

surrounded with air (nS = 1) as well. 
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Of course, other types of converging lenses can be considered in order to obtain the 

required phase modulation, for instance a plano-convex lens (Fig. V.5(b)). Now the lens 

profile function, denoted rpc(xǋ), verifies, in the paraxial approximation: 
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which yields 
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where rpc(0) = rpc0 is a thickness of the lens on its optical axis. Again, for x < 0 , the lens is 

converging. 

 

 

Fig. V.6. Schematic of a flat dielectric lamella (thickness D, and parabolic gradient n
gr

(xǋ) 

of its refractive index) acting as a converging lens and surrounded by a medium with 

refractive index n
S
. The color variations inside the lamella schematically illustrate the 

change in the refractive index along the xô-axis. Right panel shows the dependency 

between refractive index and the xǋ axis. 

 

Yet another way to achieve the desired spatial modulation of the phase of the incident 

Gaussian beam is to use a flat dielectric lamella whose refractive index ngr exhibits a 
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parabolic gradient in the direction xǋ perpendicular to the beam propagation direction zǋ 

(Fig. V.6). It is assumed that the local refractive index ngr(xǋ) exceeds the ambient refractive 

index nS. In order to induce the desired parabolic phase term in Eq. (V.1), ngr(xǋ) must vary as 

 () 20
, 22

l
x

p
¡ ¡= +gr gr cn x n x

w D
, (V.14) 

where D is the thickness of the lamella and ngr,c is its refractive index at xǋ = 0 . The minimal 

size of such a graded flat lens along the x' axis is dependent on the waist radius w of the 

incident Gaussian beam. As can be seen from Eq. (V.14), the rate of change in the local 

refractive index along the lamella () 2
, /gr gr cn x n x¡ ¡-  is determined by both the beam 

parameters (0, ,wl x) and the lamella thickness (D).  

For 0x<  the local refractive index decreases with the distance x¡ from the plane xǋ = 0, 

which is the plane of symmetry of the lamella. The calculations wich are shown and discussed 

in Section V.5 (Fig. V.9) were made for ngr,c = nP =1.95 and D = 9.2 mm. In this case, the 

value of the refractive index at a distance 16,72x¡= mm is 1.5. 

Such a graded index flat lens can be obtained for different spectral ranges by using additive 

manufacturing technologies (3D-printing) resulting in the fabrication of a composite material, 

or a perforated gradient index lamella that provide the required refractive index gradient [47-

51]. 

V.5. Numerical simulation of the propagation of the reflected phase-

modulated Gaussian beam 

This Section presents the results of numerical simulations of the production of a phase-

modulated Gaussian beam and its propagation after reflection on the dielectric plate. These 

simulations were carried out using the COMSOL Multiphysics solver. 

As was presented in the previous section, two different approaches have been used in order 

to obtain the transverse spatial phase modulation of the form 2exp( )i xx¡- that appears in 

Eq. (V.1) in addition to the longitudinal phase term 0exp( )Sik n z¡-  of a conventional Gaussian 

beam.  
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Fig. V.7. Numerical simulation of the total electric field amplitude distribution 

(normalized with respect to E0) for values of the spatial phase modulation parameter equal 

to (a) and (e) ɝ = 0, (b) and (f) ɝ = -3, (c) and (g) ɝ = -5, (d) and (h) ɝ = -7, and for 

incidence angle q = 20Á (top panels) and q = 25Á (bottom panels), in the case where the 

phase of the incident Gaussian beam is spatially modulated using a parabolically-shaped 

biconvex lens. The white dashed line denotes the center of the incoming beam and the 

white dashed arrow indicates the direction of its specular reflection. The solid and dotted 

arrows show the propagation directions of the first and second reflected beams, 

respectively. Note that, the color scale for the normalized field amplitude has been 

truncated to the [0; 0.5] interval in order to enhance the readability of the graphs. 
















































