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RESUM £

Mes travauxcarsadhr @®8e aswnd®vel oppement de meg
®l ectromagm®t il esexdomai nes des f r-@®ggeeundeses Vi
micro-ondes,p a r l e biais doh®t ®r ostructurviaesa photc

manipulation desppo pr i ®t ®s -nd°’emel.6 onde el | e

Comme i nktrqduetioin 1 a plus grande partie de ¢

| * ®t ude de quel ques h®t®rostructures qui con
l eur util i sati on sdursnesde fillges (Deutres eupampliftcateurs)e p o
sensi bl es ) | a pol arisation. Ces structur

uni di mensionnels multicouches (cristaux phot
qui y prennent place entre lesoade r ®f | ®c hi es et r ®f ract ®es

excitations plasmonigues 1induites dans des
tridi mensionnelles de nanoparticules m®tall.i
possidbiulni tcReontr!l e spectral ement s®l ectif et

propri ® ®s de r®fl exion et de transmission d

Dans le chapitre ldu manuscrit, les principes g®nd
utili s®s pomrdésa modpPti ®a®sodes structures g
sont d®crits. La premi re partie du chapitr
photoniques. Dans une d®finition | arge, un c

multi-mat ®r i aux avec une permittivit® changeant
directions spatiales. On parle alors de cristal photoniqgue unidimensionnel (1D),
bi di mensi onnel (2D) ou tridimensionneht (3D).

des exempl es de cristaux photoniques 1D |

®l ectromagn®ti que p®n tre une telle structur
i nterfaces, chaque interface r ®fl @edhaqgue une
couche est choisie de mani re appropri ®e, | e
entra’ nant des interf ®rences constructives

®gal ement appel ® r ®f | exi o mangnessioB dedefeg struciiees c e f

pr ®sent e de | arges gammes de | ongueur d' or
transmissivit® est qguasi nul | e. Ces r ®gions
photoni ques, en r ®f ®rcetnrceen iaqguuxe sb adnadness |ienst ecrrdii
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| e t ecristalephotopnigué a ®t ® i nvent® pour d®crire c
solides cristallins. Par ailleursdita @dgo®se
couche qui, du fait de sotRp ai sseur ou de |l a nature du mi
p®r i odicit® spatiale de |l a structure, condu
®troite ° [ "int®rieur de | a bande interdite
chapitrs 1 I ° 1V, | e formalisme des matrices de
r®ponse optique de telles structures. Les

application ° divers types de couches sont d
Afin dbabtd®pendance ~ | a polarisation de | &
chapitres |1 ) IV, des distributions al ®ato
bi di mensionnell es de nanoparticul es m®t al |
phot oni ques. El'l es donnent l ieu © des r ®sona
®l eemago®t i que i nteragit avec une nanoparticu
|l e nuage d' ® ectrons | ibres de domgueulet i on

d®s®quilibre qui en r®sulte dans | a r®partit

exc s de charges n®gatives d'un c!t® et une
cr®e un champ | ocal d e a particsllé quu estapropootionnel aul ' i n |
d®pl acement du nuage d'" ® ectrons par rappo
®l ectrique de | "onde ®l ectromagn®tique osci |
charges et pour le champ de restaurationqui@s ul t e . L'"oscillation co

particules et du champ ®l ectromagn®tique con

|l ocali s® Ce ph®nom ne est un ph®nom ne r ®s
appel ®e r ®sminjpanmec ed e |l asmiobace | ocali s®e. L' ex
|l ocali s® condui't " une forte augmentation ¢
particules m®talliques et “ une forte augmen

Le picd' absorption correspondant est observ®
pl asmoni que, qgui d®pend de plusieurs param
| ongueur d'onde de r®sonance plasmoniague de

de |l a permittivit® di ® ectrique du m®t al et

pl ac®es, ai nsi gue |l a forme de |l a particul
ani sotropes de forme ell i pseopppard tei dulues seomui
ce manuscrit), |l a position de | a r®sonance
particule i1isotrope de forme sph®rique et d @
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principaux de | a pamguecwrl ed' oPnacdke rdaep pro®g o na nl
particul es Ssph®riques, | a | ongueur d'" onde
el l i psopudal es pr ®sent e un d®cal age vers I

®l ectromagn®ti que exgetderitel papabudkeeeauug

pour une polarisation parall 1 e 7~ son pet.i
plasmoniquevis-vi s de | a pol arisation de | 06onde. L a
m®t acouches i nctliucaunlte sdens®t aahopaes a ®t® f;
approximation de milieu effectif et du form
pl usieurs approches wusuelles de | "approxi ma
Garnett et de Bruggemam®t bri vement d®crites et compar
cadre de | 6® ude d®crite au chapitre 11. L €
coupl ®s ont ®gal ement ®t ® d®crit s, gui ser

chapitres|i et IV.

Le chapitre ll du manuscrit est consacr® ~ | ' ®tude
composite (constitu® dbébune matrice di ®l ectri
des nanoparticules m®t al | i giseeramptficatedranstae a s p h
gamme spectrale de |l a r®sonance pl asmoni qu
compositde®m®tati que d' ®pai sseur i nf®"rieure

s®l ectivit® de pol ar i sfateixoinon®I|geuvo®en atursasnis mb
mai ntenant une BbsolesspRsmMmoaA®c®. pl asmoni qu
nanocomposites peuvent °tre exploit®es pour
d®f aut) des cristaekxspeodttesi goas das®RrPesq
r ®f l exi on ou de transmission de tell@xs stru

m° me , sl apewetndre ° pouvoir obtenir une ampl
photonique, sile structures sont actives, qui soit e
Sp®ci fi quement, |l a section | 1.2 de <ce chaj

structurels de Hleconsiste encuhenir cer o@tawd it@®e .const it
r ®ftlema s de Bragg sy m®tret (A eertourdné uns couchecdeur e s
d®f aut nanocomposite, |l e tout ®t ant entour ®
Bragg) consiste en un nombre N de r @gh&t i ti on
juxtapos®es de mat ®riaux A et -ifdliun{ GamAspee ct i v e
ladr s ®ni ur é&Gadde ) g al ol ® puam s daeetdd. €es mikeaxpsemtdndusteurs

sontnoAMma gn®t i ques et 0 lpatdispgraien mleamttiu ie s @terso pees .mi t t
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di ®  ectriqgues relatives de tous | ebanswee | i eux
chapitre, la T umi re est suppos®e se propa
i nterfaces s®parant Laecsuchenanommpeste gdieformle aine st r u c
couche d®f aut plac®e entre |l es deux r®fl ecte
mat ®r i-aondemt eur h®bergeant des nanoparticul
dans | a matrice, dpdéabemet adi eptenpatsph®rid

La section 11.3 du chapitre d®taille | es r
structure dans le proche infrarou@ans la sousection 11.3.1, les spectres de transmission et
de r®fl exioonctle kcampesl ee¢ ai Agzii sqgque sl @uamr adng
structuraux de cetltasoussewcdhe,n ddnt3. 2r @sd n tcA®x.

spectrale de | "ensemble de | a structuse et
“vis des param tres structurels de | a couche
La section I|I1.4 met en ®videncaplres.concl us
En raison de | a forme sph®ropdal e des I N

uniforme, la couche nanocomposifer ®s ent e une ani sotropi e o]
d®pendance de ses ¢ a+-dscdu®@cteusde foqne €lesrappopt elest r a |l
| ongueurs des grand et petit axes de chaque
fraction volumique qael | e s occupent dans |l e composite

d®pendance de ces-"Ww®powWeesd  pacssalues dei 3 a

®gal ement ®t ® discut ®e.

En termes polari m®triques, | 6 ®ttuaret iao np edr omui |
amplification dobéun Dbord de |l a bande iinterdi
| ongueur déonde t® ®com 1550 nm) gui soit
i ncident e, en rai son vdeel Olekecnitatt@sompine gdé ab g
forme des particules m®talligues. D s |l ors,
r®sonance plasmoni que, deux ®tats de pol ari
absor b®, | 6autr e ®t aypetde structure peut traunel deseapplcatipis i f i G
par exemple pour | e contr!le de | 6®t at de p
verticale ®mettant par | a surface (VCSELSs).
Dans le chapitre llldu manuscrit, | dampltbhtati ®@a da
pol arisation de | 6 owia & 6iinnsce rdteinotne, edsatns o butne n
uni di mensionnel, doéun ou plusieurs r®seau( x)
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Un des objectifs depl a®emdatesptdmabdl®tder munde

au sein de la structure.

€ nouveau, |l es caract®ristiques spectral es e
| "aide du formalisme des matr i ceesnandparticutes ans f e
m®t al |l i ques est trait® comme une interface, e
est r®al i s® dans | e cadre du formalisme des

| " empl acement duamwpadretsi cru@seeaus(uxr) ldefrf i caci't

d®f aut et sur son contr!le par | 6®t at de pol al

Apr s une introduction des objectifslarecher
structure photonique et QoBnfimenidau scehsa ppiatrraem g rr
est codst deu®we r ®f | ecteurs de Bragg distribu
compositeChaque r ®f |l ecteur consi stdeNEcauche¢gAB) | uxt a
ou (BA), la bicouche formant la cellule unitaire du DBR. Ici encore, A et B sont des

mat ®r i aux i-csoontdruocpteesu rsse neit Lanomi annaga@® i tq® ed i f f

envi sag®e au chapitre |1l unNotr®gi 0@DGXxt i @lel € ¢
D prise en sandwich entrenade®t i qopeshésdedt ®I
r®gi on active assure | "amplification des on:
Sstructure. Le miDanesu ceexttt@r i® wrdeesunkédoande ®I

la structure sous incidence normale.

Les couches de mat ®ri authetdsadapBR®EéEHSO®phaSsgT®uUT
condition de Bragg qui gouverne la position spectrale detebanterdites photoniques) qui forment

|l es r®fl ecteurs sont respecti vement constitu
Classiquement, eh' absence de | a microcavit® (CDC), I
photonique form®npde tasjdetapo®itecteurs sy
interdite photoni que avec un pic ®t roit d e
exactement sur la longueur d'onde de Bragg, car la couche centrale de cette structure
(AB)N BA)N, delargeur 25, casse |l a p®riodicit® de la str

d®f aut . De m° me, |l a pr®sence diunme d@auaterad
(CDC) introduit typiqguement un ou plusieurs
phoboni que. Cette microcavit® est ici constitu
entourant une 1 ®gion active. Cette derni r
mul tiples N base de GaAs dans | equel gL

Gy 5011Ny 400N0 028~ seSsS O Nt s ®par ®s par des Ga\ycAbes bar
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LO®pai sseur et l a constitution des ®I ®ment
pr ®ci s®ment d®termi n®es pour gquoandelabandet r odu

interdite photonique du cristal photonique (ABBA)Y, et gue ce mode de

spectral ement positionn® ~ l a m°me | ongueur
d®pourvu de microcavit®. Danai n®s, cdanosl| &g
formali sme des matrices de transfert, cC omme
effective g,.

€ la diff®rence de | 6h®t ®rostructure do®cr i

| 6obtenti on d 6 un uepredoser surs éinsertion pdiues ouo plusigurs

monocouches de nanopaidiircaul d6um®obal Idiequpelsy s |

bi di mensionnels de particul es, au | ieu d"'un
|l a couche dO®f aaxt,. |IREasnsnameogpar® s eal es sont ag
une cellule wunitaire carr ®e. Comme au <chapi
sont suppos®es avoir | a m°me forme sph®ropda
l a m° mee. mani r

Dans |l a section 1.3 du chapitre, I 6i mp
bi di mensi onnel de nanoparticules sur l a r ®p

calculs des caract®ristiques spe®sr aftegdi dg u
dans |l a section 111.4, et ceux relatifs au

structure sont pr®sent®s dans | a section |11

Léinsertion doéun ou plelss edes na®spaufxyrulbd
dans un <cristal photonique pr®sentant un mo
pol arisation de | 6onde ®l ectromagn®tique, de
r®seaux bidi mens’'i ocnenleulis ,d épuanr croanpppoosritt e ®pai s

permet de limiter la dissipation thermique dans la structure.

En pratique, ce contrtl] e peut °tre r ®al i
nanoparticules (sph®ropdaltespna®en, déebt eor s
(facteur de for me), et de | a distance qui S @
r ®seau) . Dans | 6®t ude pr®sent ®e ici, ces pa
r®sonance pl asmomiidqeueaveexcplloat Pengweiinr doonde
cristal phot ondhefds®f ahéesc®passsesup®ur que ce
| ongueur doéonde de 1550 nm.
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Les calculs pr®sent ®s dans ce chaipudioue met t

des r®seau( x) de nanoparticul es dans |l a st
suppression du mode de d®f aut . Léefficacit®
r®seau( x) sont positionn®s ~ aleduwschammaptigaec e me n-
dans | a r®gion active de | a structure. Si
r®sonance plasmonigqgue situ®e | oin du mode d
voire en dehors), ce dernier est au contrair
L'" approche d®crite dans ce chapitre, en <co
propos®es (bas®es par exempl e sur I “uti |l is
fonctionnels dont | es propri ®t ®s peuentgnt °tr
peut consi d®r abl ement ®l argir |l es possibildi
®mi se par des |l asers “ semiconducteurs.

Dans le chapitre IV, 1 e principe gaila mhadsdtondlelacont r
l umi re, de | a dumianrseni pan omna estcreudteurde al | i
pl asmoni ques, est encore ®largi. Ce qui est
di chropuque polarisant bas® sur | " empl oi d' u
sph®rsopud@&tieael | i ques i ns®r® dans une couche d®

principe de fonctionnement d'un tel filtre est le suivina st ruct ure du syst
mul ticouche form® de deux r ®f | ect wules,sont ai nsi

choisies de sorte que deux modes de d®f aut
fonctionnement du filtre dichropgue Vi s®)

copncident avec deux r®sonanciersc ipd erstmo ne gtu e
selon | 6un ou | 6autre des axes principaux de
spectral entre ces deux modes (et donc en:
suffisamment grand, 0 Bupppession presgod tetateild® u H @ P alr @ e
| 6autre de ces modes de d®f aut, et donc r ®¢
polarisation .de | 6onde incidente

La section I V. 2 du chapitre pr ®Rseesnt @r ilset a

photoniques ap®riodiques mai s n®anmoins <c¢con
Léavantage de tels r®flecteurs est qguodil s p
| argeur des bandes interndiquuees det fdes emade C

modes de d®f aut s avec deux modes de r ®s onal

GLUKHOV Igor [13]
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particules m®talligues pour deux ®tats de po

Dans | a section IV.3,ti1lactgw®@oan®s rde ledh ®te®r ops
pr ®sent ®s . I sbagit d'une cavit® photonique
di ®l ectriqgues multicouches sym®triques | 6un di
Un r®sedamensionnel de nanoparticules m®talligqg
D, et donc au centre de | a structure tout ent
des r®fl ecteurs sont i cin Magh®si deegnat s o aua |

| 6oxyde de,ezti rlcéoonxi yudme ,ZordOas icloiucihem.d®if @ut est er

I ci encor e, |l e r®seau de nanoparticules est
identiques, @ddahe fgumel eph®ronf re une forte
des nanoparticules et |l a p®riode du r®seau sol

I'onde optique dans la couche D.

La section | V.4 prs®sdeentter aents ndisssc uwotne elte sd es pree
tandis que |l a section |IV.5 conclut |l e chapitr
structure.

Comme pour | a structure ®tudi ®e au ldehapitr
nanoparticul es, plut!t que dobéune dispersion
pr°te " un processus de fabrication moins cc

beaucoup moins importante. L'utilisation d'un cristal photonigye®r i odi que d®t e

per met d' adapter | a position spectrale des
structure de telle mani re que deux de ces r
nm et 609 nm), Si t u®ss dsaBnhpsa rdReess , b apneduevse nitn t°etrri

deux fen°tres ®troites de transmissivit® req
Ssimultan®e de <ces fen°tres, en fonction de
obt enue nmnglusiog au céntrel de la structure photonique, d'une couche composite

i nt ®gr ant un r ®s eau de particul es m®t al | i q

pl asmoni ques spectral ement di stinctes peuver

l i neBaimut uel | ement orthogonaux de | 6onde inc
param tres Sstructur aux du cristal photonig
m®t al |l i ques, chacune des deux r®sonances pl

egl ober un des deux modes de d®f aut du pr emi

ou | "autre de ces modes selon | "' ®tat de pol a
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Par mi |l es di ff® rents param tres nrs@miissssiavnitt ¢
de ce filtre dichropque, |l a forte influence
|l aquel l e est inNs®r ® | e r®seau Ddaumnhareap pratriaan

structuraux constituenitibeep®ngant bhataoncedet
not amment la g®om®trie du cristal photoni qu
r®seau de particules m®talliqgueameskneoreflact eur
nature du ns®tmtl cdoomstt ietl U &ess .

D'autres moyens de contr!l e des caract®ri s
pourraient °tre envi sag®s, cC omme l "utilisa
m®t al |l i ques, ou | a combi nsaves dautred tgpes d® sikeaxu ( X )
ani sotropes (cristaux Iviequiede i cDeolisglesast s e
principes d®crits dans cette ®tude restent v
gue |l es fr®e®queuenpdasmonr Paosasment copncider a
une structure photonique multicouche, par e

optiques dans le domaine du proche infraroudautres applications potentielles de tels

filtres dermdirlpganes | a pol arisation incluen
d®t ecteurs ° photon wunique sensibles 7 la p
nanecapteurs.

Le chapitre Vde mon manuscrit, enfin, traete dbo

®l ectromagn®ti que, non pas par | e biais dobéu
comme dans | es chavalarenanpp®@t @demwmins demaips op!
m° me .

Pl us pr ®ci s®ment , i s 0 angnstr@dire d 6 udne fcaoi nstcrets

gaussien sur uneLessuréfafcet i ®becsp®queaires
r®f |l exion de paquets d'ondes |l umineuses sur
®t udi ®s au cours deseseakfettsninckbkesendt®cdani

| at ®r aux que transversaux des faisceaux r ®f

g®om®t rique ' de tels effets ont ® ® initial
interne sur une nt erface unique et sont dans -ce cas:s
H@nchen et-Feddoeov )| mmears$ ces deux appell ation

des situations de r®flexion partielle, y
s mples surfaces. € ces d®calages | at®r aux s

GLUKHOV Igor [15]
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aussi par rapport aux pr®dictions de | 6optic

ou perpendicul airement ° ce dernier.

Dans ce chapiere®tujde pn@sgmni guendu d®cal ag
mi |l i eu di ®l ectrique, coupl ®e -~ une ®t ude r
Mul ti physics) de |l a propagation apr s r ®f 1l ex
phase est inaoldeunhe®ret sdpaants un plan transverse
i ncidente. Pl us pr ®ci s®ment , i sbagit de

modul ati on de phase peut permettre de contr!?

etangularegeg ce f aisceau subit | ors de sa r®fl ex
Il sotrope. La distorsion du faisceau est ®gal
domaine spectraldesmiecon des, pour | equel | e s otdbesomil ages

facilitent leur mesure et leurs applications potentielles.

Apr s une pr®sentation du contexte et des ¢

dans |l a section V.2 la g®om®trie du probl me
de d®terminer | e d®cal age spatial du f ai scese
fondu.

Je consid re dans mes <calculs un faisceau

l ongueur déonde dans | e vide daee el inddeérze mm)

obl ique. Le chfoaixs deé aln bmodli meen dieonn el " dans
du champ ®lectrique de | d6onde ne d®pend p &
perpendicul aire au plan d'incidence '~ se jus
les effetsnone®c ul ai res que | 6on peut observer dans
et guantifie | e degr® de modul ati «nCettde pha
modul ati on spatiale de | a phase peut fistre vu

|l e domaine fr®quenti el

Dans |l a section V.3 du chapitre, j e montr e

r®partition spatiale du champ ®l ectrique de

utilis®e pour | e c alisceall gaussien, ®@s hiénaeg Nnctiormde®r a |
|l "angle d'incidence que dxdufpisteaagaussiene de modu
La section V.4 soéint®resse ~ |l a probl ®mat.

phase souhait®e gonaidentDeu ¥ am@icle@adie yapwsrse ment

““dire ne faisant pas -@aptpiequé, umamoaxée mplear)y, ®

[16] GLUKHOV Igor
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r ®f racti ves, poretmi prepaco®ess st ba ” focaliser
faisceau gaussierassique (c'est-di r e ne pr ®sentant pas de mod

| 6ai de doéune Il entille asph®riqgue dont la fo
phase requi se. En | 6occurrence, pour une mo
lentille doit ellem® me avoir un profil de surface parahb
consiste © faire se r®fracter un faisceau ga
pl anes et parall | e dont | ‘ient rparabaligue dbes lar ®f r a
direction perpendiculaire " |l a direction de

du param tre de xwodhlaati®on|l eés phasaen tres g®c
enti rement, s e | o profillsgatialnd® e budateede a femtiile parabdgliqué e
ou |l e profil du gradient doéindice de r®fract

Dans | a section V.5, je montre |l es r®sultat

de Comsol Multiphysics) de la propagationfd@a i sceau gaussien avant ¢

le film di ® ectrique, et je discute de | "in
faisceau sur | es d®cal ages | at®ral et angul a
permettent dequant i fi er . La distorsion du faiscea

®gal ement pr®sent ®e et comment ®e.

La section V.6 du chapitre, enfin, rassemb
particuli rement permis de @®@oay®er pampaun ume
simulation num®ri que, gu'une modul ati on spat
moyen int®ressant de contrtler | " amplitude ¢

type GoosHa nc h e A'-difecdangleplanl 6i nci dence) que subit ce
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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 optosicerned 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 wawparticle dual nature of light. Its formation as a separate scientific and
technical field, and theas a separate branch of higith industry, began in full in the 1960s
and was intimately related to the development of laser technology. Depending on the source,
t he toletonice it self seems to have been first
phydcist A. N. Terenin in the preface to his book "Photonics of Dye Molecules and Related
Organic Compounds" [Leningrad: Nauka, 1967. f1&in Russian)] in 1967, or by the
French scientist Pierre Aigraim the same year. In the decades that followed, ¢he t
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 applicationogrening 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,dluse of lightemitting diodes (LEDSs) 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 proessor chips is impossible, and in the last decade there has been an active
development of optical components for future computer technology. Variouscimper

optical interconnectors, optical controllers and filters are being created.

Among photonic strctures 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 devicesustrear.f
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

subwavelength scale.

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

heterostructures which combine photonic and plasmonic principles and their use in the design
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of polarizers and polarization sensitive filters. These structures combine the properties of
multilayered filters that exploit the terference between the waves reflected and refracted at a
large number of interfaces (caémensional photonic crystals) with plasmonic excitations in
two-dimensional arrays or threkmensional distributions of metallic nanoparticles. Such a
combination povides the possibility of a polarization sensitive control of the reflection and
transmission properties of these structures at selected wavelengths.

In Chapten, general principles and calculation methods for the modelization of the
properties of the gtonic/plasmonic structures under study are described. These formalisms

will be put into use in Chapters I, 1ll, and IV.

Chapterl is devoted to the study of an amplifying photonic crystal in which a
nanocomposite polarizing layer based on a tdisensonal 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 spectrabcteistics 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 maiaxes 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 almdst total
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 Il is devoted to a system where polarization
selective amplification of a defemode in a photonic crystal is involved, but this time with
an intracavity including twalimensional 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 tadimensional array on the transmission spectrum of the
structure is discussed. In particular, it is shown that the polarizsgisitive suppression of
the defect mode is most efficient when the nanoparticles are embedded at locations of

maximal field localization.

In ChaptenV, the goal is to obtain a polarizatisensitive dichroic filter exploiting two

different defect modes inwo separate bandgaps of a photonic crystal that can be

[26] GLUKHOV Igor



INTRODUCTION

independently suppressed for two mutually orthogonal polarization states of the incident
beams through plasmonic excitation in a{shmensional array of metallic nanoparticles. The
precise adjustmermif photonic and plasmonic modes in this case requires an additional degree
of freedom that is provided by the use of a-peniodic photonic crystal. Specifically, we
propose to use a smlled deterministic aperiodic photonic crystakhich allows an
independent adjustment of the spectral positions of the bandgaps. As a result, the operating
principle and governing parameters of a nartmamdpass, polarizatiesensitive dichroic

filter operating in the neddV and visible domains are described.

The last clpter 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 constitutalgeimn of the
well-known GoosH2 nchen effect. The control in this
beam itself. Specifically, a spatial modulation of the phase of the incident Gaussian beam is
produced, and it is shown by way of both analyteculations 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, thesbeompromise 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 millimeers, 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 ghotonic crystadl (PC) appeared relatively recently, PCs themselves
are widely to be found in nature. Examples of such natural photonic crystals include the
beautiful multicolored wigs 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-matérial structure
with a periodically changing permittivityn one, two or three spatial directions. Accordingly,
one speaks of ordimensional (1D), twalimensional (2D) and thresimensional (3D) PCs.
The term "photonic crystal" was first introduced in the work oY &lonovich in1987[1], in

which he describethe idea of artificially creating such a structure.

Fig. 1.1. An example of a photonic crystal found in nat@®eotograph®f butterfly wings
(left panels)pptical microscope imagdsentral panels) and scanning electron microscope

images (right pans) 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 smportant role in many modern photonic
systems. Ondimensional photonic crystals make it possible, among many applications, to
create narrowband light filters or amplifiers with controllable transmission and reflection
bands, to obtain lowignal laser gneration (secalled lowthreshold and nothreshold
lasers), to design media with a negative refractive index that make it possible to focus light to
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a point small er than the wavelength (fAsuper

phenomenon fophoton 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.

l.1.1 One-dimensional photonic crystals

Periodic dieleaic 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 thosmedimensionalPCs is an alternating stack of twifferent
dielectric materials (as presented in HiB).

1

Fig. 1.2. 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 theplane in Figl.2), eah 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 thighe transmittivity spectrum of such structures presents broad
wavelength (or frequency) regions for which the transmittivity is almost zero. These regions
are known asstop bandsor more oftenphotonic bandgapsin reference to the electronic
bandgaps innystals after which the term photonic crystal has been coined in the first place.
They are centered around a vacuum wavelehgtior which the secalled Bragg condition

(or quarterwave condition) is fulfilled in all layersnfl= / ¢/4, wheren is the refractive index
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of a layer, andl is its thickness) [5]. An example of two such photonic bandgaps, one in the
visible domain andhe other in the near infrared region, is represented in.Big.

Bragg reflection occurs regardless of the refractive index (or permittivity) contrast between
constituentsA andB of a 1D photonic crystal such as that represented inl.Bigalthough a
larger number of period#\B) 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 efficiend, @n 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.

BANDGAP BANDGAP
ik ]

|
| d |

Transmittivity T

| .
| . I . | : I .
500 1000 1500 2000 2500

Wavelength 4, (nm)

Fig. 1.3. Spectrum of the 1D photonic crystal with a photdraadgaps.

Due to the presence of the wavelenggiective reflection properties of the photonic
crystals they are used in a wide range of applications, such asffig@ncy mirrors, Fabry
Perot cavities [6], optical filters [7], verticahvity surfaceemitting lasers (VCSEL) and
distributed feedback lasers [8]. An example of the PC reflectors used in a VCSEL is presented
in Fig. 1.4.
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Oxide Layer Aperture

3

Top mirror
Oxide Layer

Aperture
¥+ X

!

Bottom mirror

Fig. 1.4. Example of a verticatavity surfaceemitting laser (VCSEL). The top and bottom
reflectors (mirrors) delifting the active cavity of the laser are 1D photonic crystals. [8]

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

Two-dimensional PCs can be considered as a generalization of tltenogresional case.
Instead of a set of uniform dielectdi@yers, 2D photonic crystal exhibit periodicity in two
directions. In each of those direct®nthe bandgap appears if the condition of -one

dimensional Bragg reflection is satisfied.

One of the most common cases in practice consists of dielectric roodipety located in
a host material, or of periodically spaced holes in a layer. An example of such arrays is

presented in Fid.5.

s

Fig. 1.5. 2D photonic crystals: an array of periodically located rods (left), or periodically located
holes in a host matial (right). [9]

Figurel.6 shows a practical realization of such an array, with severali¢éop scanning
electron microscope (SEM) images of periodically obtained holes in a mi@rix for

increasing average hole diameters froom#ito 106nm.
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Fig. 1.6. An example of a 2D photonic crystal. SEM images of arrays of holes ip Wii®
different diameters. Scale bars indicate a length oinb®(10]

Geometries of 2D photonic crystals are not limited to simple rods and holes. A variety of
two-dimensimal PC geometries can be practically constructed. For instancel.7Fig.
represents cases where 2D photonic crystals are obtained by assembling multiple rings, and

Fig. 1.8 shows the case of a honeycomb lattice.

(a) (b)

OF

Fig. 1.7. Various examples of high symmetrD photonic crystals obtained by
assembling multiple rings. [11]
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(2)

Fi

g.1.8. Example of 2D photonic crystals with a honeycomb lattice fabricated by a direct

laser writing method. [11]

Threedimensional PCs add a third dimension to the periodicity. Duiadiv complex
geometry, they are the most challenging PC structures to fabricate. As an example, a 3D

Awoodpileo PCI9% s shown in Fig.

“b)- o Topofthestructure:

1 pm 2 um

Fig. 1.9. SEM images of 3D photonic crystals with a woodpile structure. [12]

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

waveguide is presented in FidLO.
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Fig. 1.10. Example of a waveguide obtained with lines of missing holes in a 2D photonic
crystal.

In the case of a ondimensional 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 Fid.11 (in this case, the defect consists & layer witha thickness different

from that of the otheB layers).

Defect layer

¥

Fig. 1.11. 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. Suchonatransmission bands are callddfect
modes An example of a defect mode in a photonic bandgap is presented InLEigis
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. 1.12. 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 impktion 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 multjdger combinations. Other common defects

include:

Defects obtained by inversion (mirror reflection) of a part of thectire.
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 t&ritog 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 Chapt®f, a ddailed 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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[.2. Plasmonic nanostructures

1.2.1 Surface plasmons

Surface plasmons (SPs) are coherent oscillations of free electrons atitidardydoetween
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 pla®n can exist only in frequency domains where the
permittivities of two neighboring materials have opposite signs, which explains why they

require a conducteinsulator interface.

The characteristics of a surface plasmon mainly depend on the wavelengiie of
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 demduction 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 waelted 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 categopespagating surface plasmoasd
localized surface plasmor{iSPs). Apropagatingsurface plasmon can be represented as a
bound electromagnetic wave propagating at a condirtgatator interface and ioften called
surface plasmon polariton (SPP) (Rid.3). 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 relatiothéoproblems of wireless telegraphy

and therefore they are sometimes called Zenneck waves.
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ASPP

Fig. 1.13. Schematic illustration of a propagating surface plasmon polariton. [13]

For a given wavelength, the wave vector of a propagating surface plasmatopaa
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, @rificial defect (groove, ridge,

etc.) on the metal surface.

| Legend:
[ Dielectric
EH Metal
O Air

________________________________

Fig. 1.14. lllustration 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 rigt. (B) Grating coupling scheme. (C) Highly focused beam
coupling scheme. (D) Nedield coupling scheme. (E) Erie coupling scheme. (F)
Stepgap leakage coupling scheme. [14]

SPPs have been used in numerous applications, including sensing, imagivayedangth

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

Although the termlocalized surface plasmonas introduced only in the 2@entury, this
unique effect of metallic nanostructures had already lbeed long before that. Thus, gold
nanosized inclusions in glass have for a long time been widely used to give it bright colors.
Church stainedjlass windows can serve as examples of such an effect. Another famous
example is the Lycurgus cup, which dateskbt 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 cabe explained by the presence of gold inclusions in the material of the

Cup and the wavelengtiependent excitation ¢dcalizedsurface plasmons in the inclusions.

Fig.1.15. The Lycurgus cup, a Roman artefact held in the British Museum under
transmittedight (left) and reflected light (right) [15]

In comparison withpropagatingsurface plasmons, which were described in the previous
section, inlocalizedsurface plasmons, the electron cloud also oscillates collectively but the
spatial extension of thePSis limited by the dimensions of the nanoparticle at the surface of
which it is excited, hence the name of localized surface plasmonl.@f&Yy. The appearance
of a LSP in aNP 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 inciderst ortallic
nanoparticle, its electric field shifts the free conduction electron gas of the metal with respect
to the atom lattice (sd€g. 1.16). The resulting disequilibrium in the charge distribution at the
surface of the particle (with an excess ofaieve 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 ectric 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 suasoempl

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

localized surface plasmon resonaft&PR).

Absorbance

Wavelength

Fig. 1.16. lllustration of a localized surface plasmon resonance in a hanoparticle.

The excitation of a LSP leads & 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. Tdimajor parameters infuncing the LSPR wavelength are:

1 the delectric function of the metal,
1 the dielectric function of the surrounding medium,

1 and the shape of the particle.

Figurel.17 represents the dependence of the spectral position of the LSPRmwtveon

the shape and material of various nanopatrticles.
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Fig. 1.17. 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 inviotlg 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, thenasesonance 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 transission spectra for different shapes of ellipsoitid?s is presented in

Fig. 1.18. This issue will be discussed in more detail in the following chapters.

Extinction

300 400 500 600
Wavelength [nm ]

= "300 400 500 600 700 800
Wavelength [nm ]

Fig. 1.18. Transmission spectra of arrays of nanoparticles with different ellipsoidal shapes

[16].
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1.3. 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 arefully choosing the constitutive parameters of Nisin 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 ajpmtisator instance
for the design of sensors. An example of such possibilities can be found [aReifh which
a coupled photoniplasmonic system consisting of a combination of photonic microcavities
and metallic nanostructures is investigated. Thbasa 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 sensitivitthan with conventional localized plasmon sensors. In
Ref.[18], an analytical and numerical study was carried foutthe coupling mechanisms
between a 1D photonic crystal and a 2D array of plasmonic nanodiscs embedded in a defect
layer of the photonic cstal. 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 designof sensors, light absorbers, modulators and other types of photonic devices
with controllable optical properties. In R§L9], the dielectric properties of a nanocomposite
consisting of silverNPs and a liquid crystal was investigated theoretically dfedint
temperatures. The nanocomposite was inserted as a defect layer in-Bnisenune
dimensional PC made of alternating %i@nd SiQ layers. It was shown that the volume
fraction of silverNPsand the orientationsf the liquid crystal moleculesignificantly affect
the dielectric properties of the nanocomposite. In Rél. the transmission properties of ene
dimensional quastperiodic dielectric photonic crystals containing a plasmonic
nanocomposite (Ag nanoparticles randomly immersed in a dieleSiO, matrix) are
theoretically investigated in the Kegion. The quasgperiodicity 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 myigpiledicities 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 coulelused in many applications such as multichannel filters and optical

switches.

[44] GLUKHOV Igor



CHAPTER |I. CONTEXTATE OF THE ARND METHODS

Another promising direction of the use of such combinations is a spectral and polarization
sensitive control of the resonance modes ofbl@€ed structures. As an example, R&t)
studies the transmission and reflection spectra of a structure consisting of a hanocomposite
layer sandwiched between two 1D dielectric Bragg mirrors. The nanocomposite consists of
metallic nanoscale inclusions of spheroidal shape, ordered with the @aemtation 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 transnmsspectrum is possible for a welhosen
polarization of light. A similar structure was also considered in [R2f. It is shown that the
defect mode splits into two peaks with a reduced transmittivity with a strong dependence on

the structural parameteasd 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 wedidsy) surface
emitting lasers (VCSEDs 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.
l.4. Methods

[.4.1 Transfer matrix method

1.4.1.A General principle

Let us consider a multjeredstructurewhich consists ofN parallelplane layers madef
homogeneous, nonmagnetic, isotropic materials with thickdesand refractive indice n,
(j=1,..N), separatedy N+ 1 flat interfaces Kig.1.19.). This structureis surrounded by
semtinfinite media with refractive indice§, and ny,;. The normailto the interface planes
will be thez-axis, so the interface planes are parallel to tgedlane. The dimensions of the
layers along the- andy-axes are much larger than their thicknesses alongdkes, and are
thus taken to be infinite.

An incident plane electromagnetic wave impinges on theHeaftd side of the structure.

The time dependence of the electromagnetic fields is taker"aswherew=2 &/ o Is the

angular frequency of the incoming plane wavemavelength in a vacuumy andc is the

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

k =(k,,0,k,). Due to boundary conditions that relate the field amplitudes of the incident,
reflected ad transmitted wave at the interfack&s,remains constant.

The refractive indices of the materials, which can in general be complex quantities, will be
written as i, =n, 4k; (j=0,...N #). With this choice of time dependenceegative
values of the imaginary part of the complex refractive intﬂég(<0) correspond to an
amplifying medium, and positive valu¢%; >0) to an absorbing medium.

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

electromagnetic fields, where theecomponent corresponds to an electric field oriented

perpendicular to the plane of inciden€E, = E, ), and thep-component to an electric
field parallel to that plan(éEy :O) .
In this section, the formulas are presented in the most general way, and are valid for either

polarization state. Formulas specific to eitbeor p-polarizations will be introduced in the

next subsectiaon

?
el

i, N Ty

v

Fig. 1.19. Schematic of the multilayered structure.

The complete transfer matrié (or T-matrix) describing wave propagation through the
layered medium is defined here as the matrix that relates the complex ampliudesl E,
of electric fields of forwargbropagating (subscrify and backwargbropagating (subscrif)

waves immedialy before and immediatelgfter the first and the last interfaces of the

multilayered structre [24]:
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aE (7 ) 0 ¢ EA( 2001) (1.1)
g%(z;) 9 Zi1)

where z and z,, are the positions of the first and last interfaces along zhgis

(superscripts -" and "+" refer to the sides before and after any interfaggpectively).
Equation (1.1) holds for botls- and p-polarizations. As there is no incident field from the

right-hand side of the structure, Etj1) reads

50§ cAEC
; g Fo o) ) (|2)
Fo 8%

where E, E(” and E® are the complex electric field amplitudes of the incident, reflected

and transmitted waves, respectively. For eact ahdp-polarization states this leads to two
equations and two unknowrE"” and E®, which can easily be solved for.

The intensity reflection and transmission coefficidRtsnd T of the structure follow from
the ratiosE” / E® and E® / E" respectively, and are defines[24]:

2 2

_ g™ |G,y
e “lel -
_ (t) 2 ~
T = M COSON 4 E | =My #COSE 1+ (1.4)
nocosgy |EQ|  1ycosq,|Gyy’

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 principlenergy

conservation as:
A=1 R T. (1.5)
In Eq.(1.4), g, is theangle of incidence of the incoming plane wave at the first interface,
and gy, is the refraction angle after the lasteriaice 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 fad at the corresponding position in the structure.
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In the T-matrix formalism used here, the matdk can be found by multiplying individual

transfer matrices for wave propagation through an interfd%& &nd wave propagation

through a layer IF—J-):

o

= N

&= (1.6)

T
_n
T¢
|-aDTOn
A

j=1

0O

In subsections 1.3.1.B and 1.3.1.C we deal with propagation matrices and interface matrices
in the simple case of homogeneous layers. In subsectidnD.8:e discuss the propagation
matrix of a composite layer, and in subsection 1.3.1.E, wergamh on the case of a 2D array
of subwavelengthsized inclusions that will be considered as a specific case of interface.

1.4.1.B Simple case of homogeneous layer

Let us consider homogeneous layevith thicknessd; = z,, -z and complexefractive
index f; (Fig. 1.20) The amplitudes of the forward and backward propagating waves at the

two interfaces delimiting this layare related in the following way:

Ef (Z.)= B (2) €°%, 07
E,(Z.1) = B(7) &%,

where

k2 =y(Mk) K (1.8)

is thez-component of the wavevector in layerk, = w/ c is the wavevector in vacuum, and

ky is thex-component of the waveetor common to all layers. In matrix notation, the system

of equations (1.7) takes the following fof24]:

;Ef (%) glj:% E?é%;l) | (.9)
E,(z) 2 Bz
where
= _adexptid;) O
= _g% ) expld) ) (1.10)

is the individual transfer matrix (propagation or phase matrix) toj-th layer, and
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d =Re(k,)d;. (1.11)

Fig. 1.20. Schematic of the propagation through layer

1.4.1.C Simple case of interfaces between homogeneous layers

If we now consider thg-th interface between laygrand layerj+1 (Fig. 1.21), the
amplitudes of the forward and backward propagating waves on either side of the interface are

related in the following way [24]:

aE( () © = EA( 2°)
e ) QIJ e )

(1.12)

where

1 1 - r.‘._
bir (1.13)
Goiclieng Gl oo gl 1-

B

— [Tl

is the individual transfer matrix for wavegpagation through the interface. Herg , and
t, , are the complex Fresnel reflection and transmission coefficients in amplitude for the
interface separating two media with refractive indiegsand n,, when the wave is incident

from the side of the medium with refractive index.

The elements of the transfer matrilEj for the flat interface between two

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

coefficients [5]. At the interfacg the Fresnel coefficients are functions of the generally
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complex refractive indice§; ; and n; and of the incidence and refraction angies and g,

(see Fig. 1.21).

1
N"

Fig. 1.21. Schematic of the reflection and transmission of waves at the interface between

two layers. Hereg, ,, g; are the incidence and refraction angles at interjafce a

forward propagating wave.

As is well known, Fresnel coefficients are different$oandp-polarization states (except
at normal incidence), and the anglesnaidence and refraction are correlated with each other

by Snell's law:
n;_ysing, ; =N sin . (1.14)
In the case o$-polarization, the Fresnel coefficients are given by [5]:

— Eb(zj) _Iﬁ-l,z' lﬁ,z :r]_lcosqj 1 -~rJ.1 cosg

L : - . , (1.15)
Ei(Z) Kii,+k, M ,c08q , ) cosg
E (Z-") 2k 27 , cogy
g Sy = Ga2 20 400%, 4 1=r 4, (1.16)
Ei(Z) Kii,+k, M 40087 .} cosg
and in the case @Fpolarization:

_E(Z) Wk, -Tfik, oo -n ,cosg (.17
1= | L |
UUE(g) ko, vk, ncosqJ +nj_1cosg

L =E@) 2.0k o 2P e Lag 4y (19
UE(3) Tk, +1fak, njcosg,+h  cosg v T

Substituting (1.15} (1.18) into (1.13), after transformations we obtain $eguolarization:
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. a 1 n._,cosy ;- i CoS
F=_t 5 ] N RT)
20, cOs; 4 cN;.1COSG; 4 - Ty cosgy 1
and forp-polaiization:
. a 1 n. cosy,_,- N ; COS
'EJ- = 1 oy ) J j-1 " g (|20)
20, cosgy 4 cN; €0Sg; 4 - Ty 4 COSgy 1
For normal incidencedq, =... =g, =5q .= \3 0), there is no difference between
thes- andp-polarizations and the Fresragefficients can be written as
A . - 0
N
fiii =———— (1.21)
J 17] A A !
N+ h
g, o= 2 (1.22)
1) T A :
N+ hy
In this case, the interface transfer matrix takes the following form
- a 1 n_,-nN
E = e - h (1.23)

1.4.1.D Composite layers

The transfer matrix for a composite layer can be considered as a matrix for an
homogeneous layer, becse | 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 Chaptel.

l.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 inttbduce

in the following Chapters.

1.4.2. Effective medium approximations

Effectivemedium 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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composie from the known properties of its constitueriffective medium methods refer to
models thatlescribe the macroscopic properties of composite matara|sat scales much

larger than the typical wavelength of the waves that interact with these fisat€éhase
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 camulafi these parameters is nearly
impossible. However, theories have been developed that can yield acceptable approximations
which lead to useful parameters, including éfiective permittivityof a composite material

as a whole. In this sense, effectivedium approximations are descriptions of a composite
medium based on the properties and the relative fractions of its components.

Effective permittivityis averaged dielectric characteristic of an inhomogeneous medium. It
is derived in a quasitatic appoximation 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 withsin th
manuscript, is a metadielectric 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 Bruggesdeh

[.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 permittivitygn and the mclusions are made of a material with relative permittigity
The medium is assumed to be exposed to an external electricHijel@Figl.22). The

resulting fieldin an inclusion can be found as
E =E, £, (1.24)

where E is the depolarizing field of thellipsoidal inclusion.
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(a) % (b)

Qx

Fig. 1.22. (a) Ellipsoidal inclusions in a homogeneous background (matrix) medium. The
relative permittivity of the inclusions ig and therelative permittivity of the medium is

an. (b) Geometry of an ellipsoid. HeE&, andEy are an externally applied electric field
and the depolarizing electric field in the inclusion, &hi the total field in the inclusion.
The Cartesian system of axes is chosen so tleaethxes coincide with the principal

symmetry axes of the ellipsoidal inclusion, whose-taifiths are denotes, a,, anda,.

Let us consider the case whée taxes of each ellipsoidal inclusion coincide with the axes
of a Cartesian coordinate systenmg(F.22(b)). The effective macroscopic permittivity tensor

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

relation between the (volumayeraged electric field and displacement vector.

é,leeff,x 0 0 6

. ae (0]
(D)=& ¢E) 20 48, O (@ (.25)

E;%O 0 eeff,zg

where €, is theelectric grmittivity of a vacuum.

Here the average electric field addplacement vectocan be written by weighing the

fields in the inclusions and in the matrix with the corresponding volume frac26+28]:
(D)=heo®& {1 -) h & (1.26)

(E)=hE, {1 AE,, (1.27)
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where we assume the fieletg andE; to be homogeneous, arids the volume fraction of the
inclusions in the composite medium. Then, substitufigg.(1.26), (1.27) toEq. (1.25) we can
write for the effective permittivity tensor elements:

e+ e

€ = : | *X,¥,7Z, 1.28
eff, j hfj+(l-/) J % yZ} ( )
where f; is thej-component of the diagonal teniq'r:{x, Y, z} )
_af, 00
F=%0 f, 0, (1.29)
890 0 f,

describing the ratio between the internal field and the external figjd= \EEe. The

components of the internal fiekl can be witten as [27]

E,=fE, _€m+g,-e(mie- m)?Ee'j’ (1.30)

wheregj is thej-component othe depolarization tensar. Because of the anisotropy of an

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

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 aligned. If the haHengths of the principal
symmetry axes of an ellipsoidal inclusion are denafgd, anda,, the depolarization tensor

is the following diagonal matrix:

4, 0 O
=50 g, 0. (1.31)
go 0 g

For a general ellipsoid with three diffetevalues of the halengthsay, a, anda,, the

depolarization tensor elements have to be calculated from the integral [2

_aaa ds
g: = 2 : (1.32)
2 o(seg) (s +)(s H)( s 3
The three depolarization tensor elements obey the following relation:
g,+t9, 19, E (1.33)
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In practice, there are often cases when the ellipsoidal inclusions have two of their three
semtaxes equal in length. In this case, the inclusion has the shape of a spheroid, the size of
which is characterized by only two geometric paransetéiwe assume that theaxis is the

axis of rotational symmetry of such a spheroid, then we can eyitea, =a,.

Figurel.23 shows various cases of spheroids with different ratios of their @g)aar(d

equatorial § =a;) semiaxes.In the case whem, =a, =a,, the inclusion will have a

spherical shape.

[\N]

.\vJ

Fig. 1.23. Prolate spheroids, spheres and oblate spheroids.

For prolate spheroid@aX >a, :az) , the depolarization tensor elements [@4

1- €8, 1 +e
= -~ e, .34
0= %"1- - (1.34)
1
9, =9, =§(1 g,) (1.35)

wheree is the eccentricity of the spheroid definedess, /1 % / aﬁ .
For oblate spheroid@aX <a, =az) , the depolarization tensor elements[2/4

1- €
g, =—(e -arctang), (1.36)
e
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9y =0, %(1 8 (1.37)

where the eccentricity is now=,/& / & .

Both equations (1.34) and (1.36) can also be written in terms of the aspect raéith of
the spheroid, where the polar seamis isa=a, and the equatorial serakis isb=a,=a,
[29]:

Ox =

a - 2
arcsli x
1 {2 <)
- Xzﬁ A (1.38)
XE gy

¢

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

Fig.1.24. In the @se of a spherical inclusioma € b), aspect ratiox is equal to 1and the

inclusion has three identical depolarization tensor elenggrts)y, = g, = 1/3° 0.33.

1.0

0.8

0.6

/UQ
I
(=)

0.4 +
0.33 4 ‘ -

0.2 +

depolarization tensor elements

0.0

aspect ratio

Fig. 1.24. Depolarization tensor elementsa#unction of the aspect ratio.

After simplification,Eq. (1.28) then becomes

Cert,j~ & _ 8- £
=h , (1.39)
em+gj( & i 'm)9 em-i_gj(ie-m)‘2
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which is theMaxwell Garnettformula for ellipsoidal inclusions for thecomponent of the

external field ( ={x,y, 3 ) [30,31].

1.4.2.B Bruggeman model

The Bruggemamixing rule[32] presents another philosophy lddmogenizationin 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 aofadifferent materials

with relativepermittivities ¢ and e, . In this case E(l1.26) and (1.27) can be written as
(D)=hede {1 -) 4 &2, (1.40)
(E)=hE, {1 HE,, (1.41)

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

these constituents are immersed in an effective external EigldDue to this the relation

betweendcal and external fields can be written as (se€IE3f))

»—\FH‘k

°, (1.42)
E

1
T TIe

E,
E,

e

where the elements of tensoﬁ% and E are given by

f.. = l .
Y el"'gj( & 1)" (143)
f,. = & .
2,j ez+gj( a, - 2)&’ (1.44)

with j={x,y,Z. As a result, the following formula can be obtained for ellipsoidal
scatterer$31]:

&- &, oy 1€ et

1-h
( )eeff,i+gi( £-uf)  af 61 &) e

8. (1.45)

The distinction between the Maxwell Garnett and the Bruggeman rules is relatesl to t

symmetry property of Edl.45), as compared to Eq. (1.39). The symmetry of
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Eq.(1.45) 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 correspondi

volume fraction f for one component and {1/) for the other component).

1.4.2.C Domains of validity
The Maxwell Garnett and Bruggeman models imply the following conditions:

1 the mixture is linear, that is, none of its constitutive parameters depends on the
intensity of he electromagnetic field,;

1 the mixture is nofparametric, that is, its parameters do not change in time according
to some law as a result of external fortesectrical, mechanicagtc;

1 inclusions are separated by distances greater than their chatiacterés

1 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 thenifestation 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 exceée tcoherence length of an electron wave inside the particles,
that is, more than approximately 1 Hg&v].

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 partickencbe written ak.;d <1, wherek is the

amplitude of the wave vector in the effective medium dnsl the characteristic size of the
particle[27].

From such considerations, it is also possible to determine the limiting valueswafitime
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 Garetéctive medium model are

reliable for a moderate fraction of inclusiofs< 0.3 [33], while for the Bruggeman theory
the lower limit of the volume fraction is approximately equal to (283.
The Maxwell Garnett and Bruggeman effeetmedium approximations demonstrate good

results when compared to experimental measurements and numerical calculations.28 Fig.

taken from Ref[33] one can see for example the simulated results of the Maxwell Garnett

[58] GLUKHOV Igor



CHAPTER |I. CONTEXTATE OF THE ARND METHODS

effective medium approximatiotri@ngles) 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 incusions in the Sigmedium with a volume fraction value 0.1.

T,
1.0

0.8
0.6
0.4

1 | - 4 .
600 500 600 700
A, nm A, nm

1
500

Fig. 1.25. Spectral dependence of the transmittivity the reflectivity R, and the
absorptivity A of composite films made of silver spheroidal inclusions in a S@trix

for unidirectional intusions (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 snulations of the composite with unidirectional inclusions. [33]

Similarly, Fig.1.26. represents the results of numerical calculations of chromatic dispersion
of the effective refractive index of a bbs:SiO, mixture (from the neatV to nearlR)
obtainedwith the Bruggeman model, and compared to experimental results, for volume ratios
80:20, 65:35, 50:50 35:65 and 20:80.

GLUKHOV Igor [59]



CHAPTER I. CONTEXTATE OF THE ARND METHODS

32 T T T

1 1 1

1.2

E (eV)

Fig. 1.26. Comparison between the effective refractive index of aONBIO, mixture
calculated using the Bruggeman model (solid lnaad experimentally determined

(dotted lines) for different concentrations of the constituents of the mixture. [34]

In Chapteill, the Maxwell Garnett model as an effective medium approximaiased
as the Bruggeman model shows good results onlydiatively large volume fractions of

inclusions/, while in the systems that we stullgloes not exceed @0

1.4.3 Coupled dipole method

The effective medium approximations described above deal with bulk composites. For
low-dimensional systems these appmeations do not work well, as they involve
macroscopic parameternsicluding the effective dielectric permittivitylnstead, for the
description of 2D arrays of inclusionge use the coupled dipole method whose main
principles are exposed belowhis mettod is simple to implement and allows us to speed up
calculations without losing accuracy compared to numerical methods (comparisons of
calculations showedhat the difference in the frequencies and amplitudes of the plasmon

resonance obtainedith the twomethods idess than 1%

Let us consider a flat singlayer 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 directeohglthex andy axes of the Cartesian
coordinate system (Fi427). All inclusions are assumed to have the same ellipsoidal shape
and the same dimensions. In addition, all inclusions are similarly aligned, witlseh@iaxes

coinciding withthe axes of a Cartesiaroordinate system
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Fig. 1.27. A periodic 2D array of inclusions with a square lattice. Hei® the period of

the arrayj.e.the interparticle distance.

The appliedelectric field E, distorts the charge distributian the inclusions, generating

electric dipoles at the nodes of theriodiclattice. Because of the anisotropy tbfe ellipsoids
andthe specific geometry othe 2D array it is to be expected that the dipole moment induced
in an inclusiondependon thedirection of the electric field that excites litet us choose a
random dipole as the point of reference for the numbering of the dipoles, which will be
referred to with integer numbelsandn related to their position (row and column) in the
array. The eference dipole has the (@, index, and the total electric field at the location of
that dipole can then be written as

Ei=E. + & Equn, (1.46)
(1,n). (0,0

where Eq,,, is the depolarizing field generated at that location by angrodipole with

index (, n). The depolarizing fieldan be obtained a$][

1 3(pi,nrl,n)rl,n 'pl,ni

(1.47)
weoe r|,3n

S

wherer, , is the vector connecting the reference dipole to the dipole labelled by the integers

(I, n), andpj, is the dipole moment of the latter. As previouslyjs therelative permittivity
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of the medium surrounding the inclusion. In the linear approximation, the dipole moment of

theellipsoidalinclusion is related to the fiel&tj as
pi=&g (B, (1.48)

where & is the polarizability tensor of the inclusiaith diagonal elementsSp]

dpa.aa, (g - .
atg = 3ay em+(gj( if)_ ¥ i &v.3 (1.49)

For a square lattice of infinite dimensions, using Eg$6)-(1.48), the components of the

field E} are given by36,37]

S
Ei;=E, *?‘psa,-Ee,,-i, i Bxv3, (1.50)

where the geometric factorsS; dependon the direction of the electric field vector of the

incident wave relativig to the plane of theD arrayand are calculated as théldéaving sums

. -1
S= & — - °903 (1.51)
(|,n)izz,(o,o)(n2+lz)

S=§ =39 4%2 (152)

At the same time, we can express the dipole moment in terms of the applied electric field

E. and aneffective polarizability that accounts fothé influence of the entire array of
inclusions. In this case, and again in the linear approximation, we can write
Pi=dey & B, (1.53)
wherecﬁff is the diagonal effective polarizability tensor of the inclusions.
From Eqgs.(1.48)-(1.53) the elements of the effective electric polarizépitensor can be

calculated as

a S i x.v.2 (1.54)

eff, j Sjaj 1 1 Y 1 .

1 _ 4 1
4pp°
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Fig. 1.28. Plane wave incident onto a 2D array of inclusions parallel todelane. The

wave vectors of thencident, reflected and transmitted waves are denqtdg, andkt,

respectively, andyis 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 gre}periences reflection and
transmission. The reflection and transmission coieffits for the case of &polarized

incident wavei(e., along they-axis) can be expressed a3][3

J_@rfy

r= 2p* 003‘7 (1.55)
1+i
2p? cosq\/_ .y
{ = 1 (1.56)
1+i
2p? cosq\/_ .y

In the case of g-polarized wavei(e., parallel to thex2 plane), these coéfients can be

written as
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\/_( @i «COS G @, Sirf )

- — 2p? COS‘/ (1.57)
dk, O 7 e |
L Gn i AST 8 Cw\/ e @08 +g.sid )
o 2,
AN T
t= P - (158)
&k, O Lk o
Ty Fin du LR P e dew s +g.5d )

At normal incidenced = 0), due to the anisotropy of the 2D array we will consider two
cases of linear polarization of the incoming wave, alongxthad along they axis. In this

case, from Eqg1.55) - (1.58) we will have

_Ii\/—@ﬁx 2p2

= ’tx =

20410 ey B 200 0

'Ii\/— &, y 2p2

r,= oty = . (1.60)
20410 e ay 200 2w

These Fresndike coefficients can then be used in the transfer matrix describing a 2D

(1.59)

array of particles, as mentioned in subsection 1.3.
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CHAPTER II

OPTICAL AMPLIFICATION IN A PHOTONIC
CRYSTAL WITH AN EMBEDDED NANOCOMPOSITE
POLARIZER

GLUKHOV Igor [69]



CHAPTER II. OPTICAL AMPLIFI®GATIOb ! t 1 h¢hbL/ [ w, {¢!][X

[70] GLUKHOV Igor



/11Tt¢e9w LLD® hteL/![ ltat[LCL/!¢LhbD

[1.1. Introduction

During the last decades photonic crystals (R@ske beetntensively investigated because
of their promising applications in moderngtbnics [L,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 nedrared regimes, or vertical cavity
surfaceemitting 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 thifilm subwavelength polarizer, integrated directly into the structure of the

resonator PC.

This Chapter is devoted to studying the possibility of the useagimposite film with the
inclusion of metallic asphmal shape nanoparticles an integrated polarizer for amplifying
PC system. As was shown i8], in the region of the plasmon resonance of inclusions, such
metatdielectric composite film of subwalangth 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 struesiwhich makes the spectra of such structure polarization
sensitive [912]. Thus, it would expect to obtain selective polarization amplification in the

similar PC with amplification.

The Chapter is organized as follows. In Sectldh the geometry andhé structural
parameters of the model are presented. Sebit®presents the results of the calculations of
the spectral properties of the structure. In subsection 11.3.1 the results for the transmittivity
and reflectivity of the composite layer and théependency on its structural parameters are
shown.In subsectionl.3.2 the transmittivity spectrum of the entirgructure(described in
Sectionll.3) is presentednd its dependenaegon the structural parameters of the defect layer

is discussedSecton I1.4 highlightsthe 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 structureAB)™ and BA)" and a nanocomposite e@et layer placed

between them, surrounded by air (Hidl). Alternate layersA and B, repeatedN times
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(NI N*) in each PC, have respective thicknesdgsand dz and are made of optically

isotropic, nonmagnetic materials with relatielectric permittivitiese, ; = gg + A& The

time dependence of the complex electric and magnetic fields of light (angular freqyascy
taken asexp(-th), which means that positive (respectively, negative) valuesjqf

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, lighis supposed to propagatader normal incidence along thaxis of a
(xy2 Cartesian system of coordinates, so that the interfaces between the layers of the structure
are parallel to thexg) plane andx2 is the plane of incidencé schematic of the structure is

represented in Fidl.1.

X

da,, de

v

/
N

s

Fig. Il.1. Schematic of the system: two distributed Bragg reflectors of stru&By& gnd
(BA)" surround a nanocomposite layer.

The nanocomposite layer (thicknahg) consists of a semicondiing 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 appation 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 1). Composite
materials of vaonus topologies have been the subject of a number of effective medium
models, including the most commonly used ones, the Bruggeman, Maxwell Garnett, or
Landaud Lifshitz models [3,14]. In this Chapter was considered a nanocomposite layer made
of an isotropianedium with metal inclusions of sweavelength dimensiona the case where

the volume fraction? 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%.etheeeff
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
(seediscussion inChapter). Fig.ll.2 represents a composite &ywith uniformly oriented

spheroidal metallic inclusions and the geometry of these inclusions.

Q

Fig. 1.2. Schematic of a spheroidal metallic inclusion whose axis of symmetry is aligned
parallel to the »axis. The semdimensions of the spheroid are aguéent 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. Heee@nsider spheroids whose axis of
symmetry (polar axis, which is also thegpaxis for a prolate spheroid) is aligned parallel to
the x-axis with a being their semdimension along this axis. The sedimension of the
spheroid in the equivalegtandz directions, or equatorial radius, is denokbedh this case the
nanocompositenedium presents a uniaxial symmetry, and its effective relative permittivity is
represented in thexy? systemo f coordi nat e s3) matrix with dlemergso n a |

e = gande = g =. (the subscripts/ and N 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 Garneidel these
components can be calculated using the following expressibiti{ can be obtained from
Eq.1.39in Chapten):
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/7( 6- ma?
em+(1 - b( pe 'm)g/\,//

a
&= R+ : (1.1)
¢
where ¢, and e, are the relative scalar paittivities of the materials forming the

semiconducting matrix and the metallic inclusioasd 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 electromgnetic wave. These factorsan be deduced from the ratio=a/b of the

equatorial semaxis b to the polar semaxis a of the spheroidal inclusions as follows (see
Eq.1.38):

g, = 1 2& Xarcsin\/]:x2
I~ 24 >
1-x"8 J1- x

Note thatx> 1 corresponds to prolate lgroid, whereasx< 1 corresponds to an oblate

9. :%(1 -g,). (11.2)

[-O0: Ot

one. Different values of geometrical factogs and g, for nonspherical spheroids result in
different behaviors of therelative permittivity tensor elementse. 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 ofi¢ nanocomposite is chosen to be the same as that of
the layersA in the DBRs, so that,, = g. To describe the spectral properties of the metallic
NPs, the modified Drude modgl5] was used, with:

i
ep( = .e m“, (“3)

where w, is the plasmon frequency in the meta, is the lattice contribution, angis a

relaxation parameter (scattering rate).

Given that in the effective medium approximation the optical properties of the
nanocomposite lger 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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[1.3. Results and discussion

11.3.1 Dependence of the permittiviy 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 layeis studied.

The metallic spheroidal inclusions are made of silver (Ag) with the fatigyiarameters:
plasmon frequencyy =1 . 3 6°rati®’, g =5, g =3 . 0 4°rati®' [18]. The aspect ratio

x varies from0 to 4, and the volume fractiomo f the inclusionSandari es
1. 5'F(Led 0.05% ad 0.15%).

Let us first discuss the spectral properties of the nanocomposite layer. The calculated

dependences of the reai , and imaginaryei j parts of the nanocomposite effective

permittivity tensor compants on the wavelength in parts of the AGaregime are shown in
Figs.11.3(a) and 11.3b), respectively, in the case of the nanocomposite matrix (made of
GalnAs) without amplification. The chromatic dispersion of GalnAs has been taken into
account 19). Here #=0.15% andx=3.38, the latter corresponding to a surface plasmon
resonance wavelength arourd=1550nm 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
opticsbased optical devices used for optical telecommunications are designed for this specific

region (telecom window).

Resonances are expected to appear in thetrapaa@riations of i j with a strong

dependence upon the orientation of the long axis of the NPs with respect to the electric field
vector of the electromagnetic wav&d]. Figurell.3 shows the spectral dispersion of the real
andimaginaryparts of the nanocomposite relative dielectric permittivities. It should be noted

that positive values of imaginary partg j correspond to a damping of electromagnetic

waves. One can see that thelative permittivity g, exhibits a resonant behaviat

/=155 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 permittity of the matrix of the nanocomposite layer, it is not possible

to observe a resonance fex for the chosen set of parameters, in particular aspect ratio
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x=3.38. The resonance peak fer lies in the vidble part of the spectrum, but its amplitude

is small compared to the large values of absorption in the matrix.

14 T I L I ] I T
&

1000 1250 1500 1750 2000

Wavelength 4, (nm)

Fig. 11.3. Spectral dispersion of the nanocomposite effective permittivity tensor

components: (a) real partg ,; (b) imaginary partsgj i in the case of a neamplifying
nanocomposite matrix. The red and blue lines corresporg tand e, components,

respectively. The aspect ratio of the NPg#s3.38.

The control of the amplitude of the plasmon resonance peak can be achieved by adjusting
the volume fraction? of the NPs in the composite. Higd shows the spectral dispersion of
the imaginary partof the nanocomposite effective permittivitin the case of a nen
amplifying nanocomposite matrix, as a function/oiRight and left panels correspond to the

cases where light is linearly polarized alongxfaady axis, respectively.

On the right panel we can see that an increase of the volatoh of the inclusions

increases the amplitude of the plasmon resonanag, pfvhich in turn leads to increasing

absorption and reflection factors of the composite layer. Thusan be used as a parameter
for adjustment of theamplitude of the plasmon resonance peak. The position of that

resonance can be also slightly affected by the value of the volume fractionNiPsie the
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composite layer, but due to the fact that small values were consideredthe excursion of
that psition around 1550m is negligibly small As was mentioned above, no plasmon

resonance foe, appears in this spectral domain for this particular value of the aspect ratio, as

can be seen on the left panel.

0.14

0.12

0.10

0.08

Volume fraction 7 (%)

0.06

1000 1250 1500 1750 2000 1000 1250 1500 1750 2000

Wavelength 4, (nm)

Fig. 1l.4. Spectraldispersion of the imaginary padf the nanocomposite effective
permittivity in the case of a neammplifying nanocomposite matrix as a function of the

volume fraction/ of NPs in the composite. Left and right panels correspong tand

e, , respectively. The aspect ratio of the NP£+s3.38.

Another possible way to control the plasmon resonance is to adjust aseatafithe
NPs. Figll.5. represents the spectral dispersion of the imaginarygbahte nanocomposite

effective permittivitiese. and ¢, in the case of a neamplifying nanocomposite matrix as a
function of x.

For spherical NPsx(= 1), the wavelength of the plasmon resonances will be the same for

any polarization state of the incoming light. For sspherical particles xi 1), both

resonances can appear in the siponcesonande for ange
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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 resonancefadrifts in the opposite direction. These

behavors are mostly a consequence of the dependence. oénd ¢, on g. and g, in

Eq.(11.2).

Aspect ratio &

1000 1250 1500 1750 2000 1000 1250 1500 1750 2000
Wavelength 4, (nm)

Fig. 11.5. Spectral dispersion of the imaginary pait the nanocmposite effective
permittivity in the case of a neemplifying nanocomposite matrix as a function of the

aspect ratiox of the NPs. Left and right panels correspondetoand e, , respectively.

The dashed ties correspond tdo=1550 nm. The volume fraction of the NPs is
h=0.1%.

The dashed lines in Fig).5 indicate the values of aspect ratfdeading to maxima of the
plasmon resonance peaks at 16880 The black circle on the righiand panel correspds to

a resonance ofj for a prolate spheroidal shape of the Nls 8.38), whereas the red circle

on the lefthand panel shows a resonance &@if for an oblate, almost didike, shape

(x&0.18).
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11.3.2 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 strucisistudied.

For the numaecal calculations, let us assume layeto be GalnAs and layds to be GaAs

The imaginary parts of the relative dielectric permittivities of these materials are

el € 50007 [20]. In the narrow spectral domain under study in this Sectie spectral
variations of tese parameters can be neglected

The thicknesses of the layers of the PC dye 108.5nm anddg =111.6nm, and the
nominal thickness of the defect nanocomposite laydyds= 2da (this specific choice will be
discusseddter). The number of periods of the PC on each side of the defect |&}erliQ0.
Thus, the thickness of the whole structure is approximately €4m4 Wi t h t hese s
parameters a photonic bandgap appears in the region betweemm5&0d 159Gm.
Fig. I1.6. represents the transmittivity spectra around the photonic bandgap for amplifying and

nonramplifying PC layers and a defect layer without NPs.

The blue line in panel (a) represents the transmittivity of the structure without
amplification. In his case we have a wgdtonounced defect mode at 1568 and the edges
of the bandgap at 1550n and 158 Am. The red line in panel (a) is truncated'te 100and
correspond to the case of the structure with amplifying reflectors. The exact valuesvare sh
in panel (b) in semliogarithmic 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 atges of the bandgap are
significantly amplified. It is important to note that in such a distribdéediback active
cavity, light generation would take place at the frequency of an amplified photonic bandgap
edge [21]. In what follows, we will concenteabn the study of the transmittivity spectrum of

the photonic structure in the vicinity of its lemavelength bandgap edge.
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Fig. 11.6. Transmittivity spectra around the photonic bandgap when the defect layer does
not include NPs. Results are obtaineddmplifying (red line) and neamplifying (blue

line) PC layers (panel (a)). Note the different vertical scale for the red and blue curves.
The transmittivity values with amplification are limitedTe= 100 in panel (a). Panel (b)
represents the transnivity spectrum in semiogarithmic scale with amplification in the

PC layers.

When no NPs are present in the defect layerxhibit an identical abrupt increase at
/, =1550nm for any polarization stata.e., both components ofhe incoming optical
electric field are equally amplified (along tkeandy-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 systm, and the situation changes drastically for e component. Figurd.7
represents the transmittivity specffa and T. of the structure in the vicinity of the lew

wavelength phanic bandgap edge in the cases when the defect layer includesTinNes.

volume fraction of the NPs i#=0.1%, and the aspect ratio is= 3.38, which ensures a
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plasmon resonance f@j around 155Gm. Hereafter we will focus on a small fraction of the

wavelength region considered above, in the vicinity of 150

The damping offte field component parallel to polar axis of NPe. @long thex-axis) is

strong in the vicinity of/ ;= 1550nm due to resonance & (see Figll 3) and cancels the

amplification of the PC layers and thus prevents the amgtiific of this component of the

electromagnetic wave and slightly shifts the mod. On the other hginis much smaller
around/ o, as shown in Fidl.3(b), so thatT, almost does not change and amplificattakes

place (red line in Figl.7). As was mentioned befor&j 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 inclimns 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.

100 : . : : :
T
80 |- - -
f~
= 6o} .
=
=
E
(/)]
C 40} 4
©
—_
=
20 - i
/¥T J—L
0 T T T T T T
1546 1548 1550 1552

Wavelength 4, (nm)

Fig. 11.7. Transmittivity spectrdl, (blue curve) and,. (red curve) of the structure in the

vicinity of the lowrwavelength photonic bandgap edge when the defect layer incorporates
NPs. The results are taking into account amplification in the PC layers. The asjpect rati

of the NPs isx=3.38, and the volume fraction /5= 0.1%.
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Fig. 11.8 shows transmittivity spectrd, (incident light polarized along theaxis) andT.

(incident light polarized along thg axis) of the structure in theicinity of the low
wavelength edge of the photonic bandgap as a function of the volume fraatiothe NPs

for a fixed aspect ratie = 3.38.
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0.06
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1546 1547 1548 1549 1550 1551 1546 1547 1548 1549 1550 1551
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Fig. 11.8. Transmittivity spectrdl, (left panel) andr, (right panel) of the structure in the

vicinity of the lowwavelength photonic bandgap edge as a function of the volume
fraction /2 of the NPs. Results are obtained accounting for the amplification in the PC

layers. The aspect ratio thfe inclusions isc= 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 overldipe bandgap edge arouhg= 1550nm. It means that the aspect ratio
of the inclusions must be in the vicinity & 3.38 (see Figll.5). In other cases, there will be
no suppression. Fidl.9 shows the transmittivitie, and T, of the structure in the vicinity

of that lowwavelength photonic bandgap edge as a function of the aspect odittbe NPs.

We can see a gap in the aspect ratio, in the vicinity=08.38, for which the transmittivity
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for the x-polarized incoming lights suppressed with a slight shift of the amplified bandgap

edge due to the spectral dispersiorepf(see right panel in Fidl.5).

As a criterium for the measurement of the width of the gap in the transmittivity spectrum
of the stucture, 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 thef\ihkie o
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 at3.38. This gap width gives a

tolerance range for the variation of the shape of the NPs iar aodkeep observing an
efficient suppression of the mode.

At the same time, due to the absence of plasmon resonance fepakerized incoming

light, the T, transmittivity spectrum remains the same for all aspect ratios in tistddeved

wavelength region (Figl.9, right panel).
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8 35 - 15.0
o
)
<
3.0 ~ 10.0
2.5 5.0
20 0.0
1549 1550 1551 1549 1550 1551

Wavelength Aqg (nm)

Fig. 11.9. Transmittivity spectral, (left panel) andT. (right panel) around the low

wavelength photonic bandgap edge as a function of the aspecofréti® 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 NPs39.1%.
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Figurell.10 shows the dependence of the aspect ratio gap width, fon the value of the

volume fraction/? of the metallic inclusions in the defect layer. As we can see, the increase of
hleads to a broadening of the gap in the aspect ratio (0.23, 0.45 and 075540d05%, 0.1%

and 0.15%, respéeely). It can be explained by the broadening of the plasmon resonance
peak when?increases (see Fig.4).

(b)
30.0
25.0
M L 20.0
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©
5 - 15.0
[0}
o
w
< - 10.0

1550 1550 1550
Wavelength Ay (nm)

Fig. 11.10. Transmittivity spectrum for the case when incoming light is polarized along
the polar axis of the NPs around the fasavelength phtmnic 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).

Figurell.11 represents the transmittivitiek, and T, at 1550nm as functions of the

volume fraction” and the aspect ratioof the inclusions in the nanocomposite layer. Left and
right panels correspond to the cases when light is polarized along- taed y-axes,
respectively. For clarity, some Mmnsmittivity lines are shown.
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Fig. 11.11. Transnittivity value as function of the volume fraction and the aspect ratio of
the NPs at the 155@m (edge of the photonic bandgap) for two different polarizations in
semilogarithmic scale. Left and right panels correspond to the cases when incoming light

is polarized along the polar axis of the NPs angb@edicular to it respectively.

For light polarized along the axis we can see that suppression is efficientT|eg]l) for
an aspect ratio in the vicinity of 3.4 (blue zone on Rig1, left panel). Irthat 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 (sed.&)gwhich in turn results in a
broadening of the aspect ratio range (see IEp) for which efficient suppression of the
amplified mode can be achieved (the blue zone becomes wider). For light polarized along the
y axis (Fig.Il.11, right panel) the edge of the bandgap remains almost unchanged due to the
fact that for the rangef aspect ratios considered here the corresponding peak of the plasmon

resonance is located in the visible part of the spectrum, as was discussed above.
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Fig.11.12. Transmittivity spectrum (in senrbdgarithmic scale) around the lew
wavelength photonicandgap edge as a function of the reduced thickedigegd, of the
nanocomposite layer for light polarized along the x (top panel) and y (bottom panel) axes.
The aspect ratio of the NPsxs 3.38, and the volume fraction /5= 0.1%. The dashed
vertical lines correspond to the working wavelength &%) and the circles correspond

to the modes at 155@m.

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 phbtomdgap edges.
Transmittivity spectrum of the photonic crystal around its-leawelength photonic bandgap
edge (in the vicinity of 1558m) as a function of the reduced thicknekg/ds of the
nanocomposite layer is shown in Higl2. The top and botto panels represent the cases

when light is polarized along theandy 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 thusdheyarts of the
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permittivities of that layer and of lay&rare almost identical, the peaks are positioned exactly
at 1550nm (black circles in Figl.12) for dyc/d, © 21, Il N*, as expected from the Bragg

condition. The more the thickness of the composite layer increases, the more the
transmittivity peakT, decreases due to absorption in the nanocomposite. This mostly affects

the case ofx-polarized light (Figll.12, top panel) due to the presence of the plasmon
resonance peak at 1550. As a result, a good compromise between an efficient suppression

of transmittivity T, and high enough values of transmittivify needs to be found-or that
reason,the choice was mad® take in this entire chaptdr=1, i.e. dyc/d, =2, as

mentioned above.

I 1 . 4. goncl usi ons

A The photonic structure studi@ulthis chapteis a symmetric photonic crystal microcawit
consisting of two distributed Brageflectorsand 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 oriemsati

A The tependence of the spectral characteristics of the nanocomposite layer on the aspect
ratio and volume fraction of the metallic inclusion was shown.

A The dependence of the spectral characteristics of the structure on the aspect ratio, volume
fractionof the metallic inclusion and thickness of the nanocomposite layer was shown.

A It was establishethat mode discrimination of the structure can be achieved separately for
different polarization direction of the light wave due to the anisotropy of thepiusor
of the nanocomposite layer.

A Thus, it was shown, thatan addition of the nanocomposite layer with ellipsoidal
inclusions allows separation of the polarization stafdke electromagnetic waves in PC
with amplification.

A Results obtained in this Chaptcan be used inompact semiconductor lasewith a
vertical cavity resonator working in optical and nedrared regimes, or vertical cavity

surfaceemitting lasers
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CHAPTER Il

POLARIZATION -SELECTIVE DEFECT MODE
AMPLIFICATION IN A PHOTONIC CRYSTAL WITH
INTRACAVITY 2D ARRAYS OF METALLIC

NANOPARTICLES
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[11.1. Introduction

A metallic nanoparticlénteracting wih 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, theyetaciently modify the amplitude and the phasfean
electromagnetic wave whose frequency is close to the plasmon resonance of thg] NR2 been
shown thathe optical properties of such NP arrays depend on such factors as the natureetdlthe
the size, shape and surface/volume ratidefNIPs, as well as the periodicity of the arféye
versatile plasmonic properties of metallic NP arrays have found many applications in the design of,
among others, photonic crystaRQs)[6-10], biological or medicakensors J1,12], antireflective
coaings [13,14], or absorberslp,16].

The polarimetric characteristics of light interaction with NP arrays have also been the topic of
recent investigations 7419]. For instance, the use of composite mewith nontspherical metal
inclusions has been showm allow a polarizatiossensitive control of the resonance modes of PC
based structureg(,21].

Such results can be useful in order to achieve a good control of the state of polarization of the
radiation generated by vertiaavity surfaceemitting lases (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-defihed state of polarizatio22]. This results
in the emission afadiation with uncontrolled polarization states and in intensity instabilities. Various
solutions have been put forward in order to eliminate such polarizasbable behavior, notably
inserting PCs, dielectric gratings, and plasmonic elements suattalbcrfilms with nanoholes and
metallic nanorod arrays in tperture areaf the VCSEL [3-28].

As is well known, PCs have been the subject of intensive theoretical and experimental
investigations in the past decades because the control of electroenagwes they provide can find
many applications in modern photonics and optoelectra?®30]. Artificial PCs are one two-, or
threedimensional (1D, 2D, or 3D) structures that exhibit a periodic modulation of their permittivity
and/or permeabilityg(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 transmigpétstraj.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 afiarrow peaks of high transmittivity (salled defect modes) at frequencies located
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inside the photonic bandgdp the previous Chaptdrdemonstrated the possibility of polarization
selectiveamplificationin a 1D PCvia the use of an embedded composite as a defect layer,
consisting of an amplifying medium with prolate metaificlusions In that case, polarization
selectivity wasachieved due to the different absorption of the electromagnetic wave depending on the

relative orientation of the anisopy axes ofhe inclusiongnd the polarization direction of the wave.

In this Chapter, | 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 overareaeered
2D arrays of metallic (silver) NPs at wehosen 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 assediavith a matrix whose polarizatiolependent elements
are obtained within the frame of the couptioble approximation approach. The influence of the
geometry and location of the NP array(s) on the efficiency of polarizslective defect mode

amplification are discussed.

The Chapter is organized as follows. Sediid? presents the geometry of the photonic structure
and defines its material parameters. In Sedlii@ the positioning of a 2D array of NPs in the
structure is discussed. The numargmulations of the spectral characteristics of the sole NP array are
discussed in Sectidh.4. The numerical simulations of the spectral characteristics of the whole
structure are then presented in Sedtids) and Sectionll.6 summarizes the congions of this

Chapter.

[11.2. Geometry of the structure

Let us first consider the photonic structure without NP arraysctingosed of twalistributed
Bragg reflectors (DBRjurrounding a composite microcavity (Rij1). The DBRs are made of
unit cells AB) and BA), respectively, wherd andB are layers of nomagnetic dielectric isotropic
materials. The microcavity, denotedC), consists of an active (amplifying) regi@nsandwiched
between two identical namagnetic dielectric layefS. Theactive 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 Aeflared regime impinges under normal
incidence on the leftand side othe structure, at abscisga 0 of a Cartesian coordinate system
whosez-axis is perpendicular to the interfaces of the system. As in the previous chapter, the time

dependence of the electromagnetic fields is takeaxpg- i9t), wherew=2 p//, is the angular

frequency of the incoming plane wave of wavelength in vaciwnihe dimensions of the layers

along thex- andy-axes are much larger than their thicknesses alorzepttis, and are thus taken to be
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infinite in the calculations.

']
y/AB

) composite v
DBR (4B)" microcavity DBR (BA)

e \

dA dg dC dD dC

Fig. ll.1. Schematic othe structure: two DBRSAB)" and BA)" are separated by a
composite microcavity consisting of an amplifying lajsurrounded by two identical

cladding layer<.

LayersA andB (with thicknessesl, and ds, respectively) are made of isotropic, aoagndc
semiconductor materials GaAs and AlAs. Their thicknedsesdds satisfy the Bragg condition of

resonant reflection at vacuum wavelength = O0brb: 5

day Re[e,] = dsy/ RY ¢ -/— 387.5nn (I.1)

Each DBR consists &f = 20 GaAs/AlAs bilayers. As is welhown, in the absence of tHeC)
microcavity, the transmission spectrum of the PC formed by the juxtaposition of those DBRs exhibits
a photonic bandgap with a peak wansmittivity, or defect mode, centered on wavelength
/& = 1550nm because the central layer oABY'(BA™ PC (a defect layer with thicknesssp, breaks
the periodicity of the structure. Similarly, the presence of a defect layer consisting 6D0e (
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
thicknessdp. The active region is a GaMdssed multig quantum well VCSEL in which four
Gay 501N0.409N0.028AS0 895k 08 quantum wells are separated by Gapds barrier layers, similar to that
described in Ref. [B. In our calculations, it will be considered as an equivalent layer with effective

permittivity €. Specifically, the constitution of the microcavity and its thickness are chosen such that

it introduces a single defect mode centered on wavelépgth550 nm. The values of the material

parameters and layer thicknesses used for our calculatogatiered in Table I1l.1.
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In comparison with what was described in Chapter Il, here the principle of a plasmonic polarizer is
based on the use of one or several monolayers of metallicé\F2f) array(s) of NPs instead of a 3D

bulk nanocomposite.

Permittivity at Layer thickness
/o=155 nm (nm)
d, =115.5
LayerB (AlAs) & ° 8.36[29] d, =134

Active | quantum well 13.610 [33] 8 [33]

_ 6,°12.869 4 0.21. dy, =104
layerD barrier 12.557 [33] 24 [33]

Tablelll.1. Material permittivities and layer thicknesses distor 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 r&picen be described

with good accuracy by an average dielectric permittidty= g +  obtained within

an effective medium approximationZ3 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 &y 0.

In such 2D arrayshe NPs are arranged periodically with a square unit cell whose translational
invariance is directed along tkendy axes of the Cartesian coordinate system (sedlIFiy. As in
the previous chapter (see Hig), all metallic NPs are assumed to édlkie 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 aspectratia/b, wherea andb are the haif

lengths of their polar anequatorial axes, respectively. The typical dimensions of the NPs and the
period p (interparticle distancedf the square lattice are supposed to be much smaller than the
wavelength of the optical wave in the layers where the NP arrays are embeeded,
{2a,2b,p} < 4, /Re [\/_ﬁ], m {=¢C D . 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 radiatl@2p].
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[11.3. Transfer matrix calculations

Let us consider and compare two different cases for the positioning of the 2D arrayi2jFig.
The first one has the NP array at the center of the activeDayes., the geometric center of the
structure In the second case, two mtieal NP arrays are embedded in the microcavity, one in each
layer &, at a distanceD from the center of the structure. The choice of the position(s) of the

monolayer(s) will be discussed below (see Section 111.4).

(2) 7 4 b
0
0
009
000
0
() oum—
‘P A | A

Fig. lll.2. Schematic of the photonic structure with embedded 2D metallic NP arrays

placed (a) at the ceatt of the active region, and (b) on both sides of the active region at

the distanceb from its center. The period of the NP array is denpted

As in the previous Chapter, the transfer matrix formalism is used for the determination of the

optical responsef the structure.

In the first case, depicted in FlIfj.2(a), a total of (] + 4) layerlayer interfaces and one 2D array
of NPs must thus be taken into account, as well s @) layers (note that the centiallayer is

divided in two identical sutayers by the NP array).

In the second case (FI§.2(b)), the number of laydayer interfaces again amounts td\ (44),
the number of 2D NP arrays to two, and the number of layers tof)

In both cases, the first and the last interfaces sepdestera from the vacuum. Hereinafter, the
interfaces (including the 2D array(s) of NPs) internal to the heterostructure are numbered by the
integer index (with 2 Oj O4N + 3 in the first case, and@j O4N + 4 in the second case) and the
layers they separate are numbeyedLj and;, following the positive direction of theaxis.
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DenotingL the total thickness of the system and applying Egs. (1.6), ériD}1.13) to the entire
PC, the following relation between the amplitudes of the incidght=E") (0 ), reflected

E" =E, (0 ) and transmitteE™ = E, (L") optical fields is obtained:

0 - &l

3@,,@ " (I1.2)
+ ¢

where o= Gﬁy is the overall transfer matrix of the structure. As in Chapter Il, the subscaipds /

~ refer to the linear polarization directions respectively parallel and perpendicular to the main (polar)

axis of the NPs,e,, to thex-axis. The overall transfer matrix is obtained with

FF Eg&“,’,E % FIFE (I11.3)

g =1 =

o a2 I)L+2

(E",// -

for the structure shown in Fillj.2(a) and
o a2u+1 - 0 - 4N
&, =g0 FF, Eg’ﬁi’,E % FJ FE 2\184+ h %JI i (11.4)
(;; j=1 - I g; +
for the structure depicted in Fig3(b), where IF—A‘\“,’, Is the matrix for a 2D NP array seen as an

interface separating two layers. Note that(B ) is indeed written for the case of two identical 2D

arrays. Propagation matrlcéN+2 and FEN+3 in Eq.(I11.3) are obtained for a geometric thickness

equal todp/2. Similarly, propagation matriceﬁ%Nﬂ, =N IJ-E2N+4 and IJE2N+5 in Eq.(111.4)

correspond to layers whose geometric thicknesses are equsPtedci D), (D1 do/2), OT dp/2)
and ¢/2+dcT D), respectively. As was mentioned above, the active Rysrapproximated as a

homogeneous layer whose effective permittivity takes into account its fine strutjure [3

The matrix for a 2D NP array can benswlered as a matrix for an interface surrounded by two

layers and is written aS3]

= l él r/\//

BP = , .5
! tA,,%Nf, 1+20 (115

wherer," ,, andt.’}, are the complex reflection and refraction coefficients of a 2D NP array for the

two mutually orthogonal) and // linear polarizations. Within éhframe of the coupledipole

approximation and for normal incidence, these coefficemdeobtained from Eqgl.59, 1.60)with
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use of Eq9.51, 1.52, 1.54)as

\/_ a

P
I’,\’// :t v - (|“6)
2p 0.7,/ p "kox/_ a//
wherek, =2p / § is the wavevector in free space, and
e -
a., = - (1.7

Oa Al (ep - lﬁ) + m¢

is the complex polarizability of an individual spheroidal NP. Hegeand &,, are the relative
permittivity of the metallic NPs and relative permittivity of the isotropic layer into which the array is
embedded, respectively. In EbL7), V =4patf / 3 is the volume of the NP, andJ. ;, is a

geometric factor accounting for the influence of the shape of the NP on its induced dipolar moment
(see Chapter II, Edll.2)).

The reflectivities R. , and transmittivitiesT, ,, of the entire photonic structure for the

longitudinal andransverse light polarizations are deduced from transfer matrix elements as

3 L [ED[ N
@“,//)11‘ ‘EA” ‘(d’:ﬁ//) ‘

11

Ry = (111.8)

el _|(
Eﬁi,)// ‘

With the same transfer matrix formalism, it is also possible to obtain the field distribution inside the

structure. For any given positiap applying Eqd]l.2] to the part of the structure located between
z=z andz=L, and denotingEi”’ = E, (7" ) and Ei"”) =E,(7 ) the amplitudes of the incident

and reflected optical fields &t respectively, we have, similarly to Efil.2):

a(l)

5 . &gl
3%4‘ gdfa ge (111.9)

0

where(%y,, is the transfer matrix of the fraction thfe structure under consideration, obtained in a

similar fashion to Eqglll.3) or (111.4).

The modulus of the total optical field at positiim this case can be deduced from

‘gg'”)h -(G“.E//)lzi Tl

Figurelll.3 represents the longitudinal distribution of themalized field modulugn the photonic

EL) +ES)| = (I11.10)
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structurewithout NP array

As we can see, the field intensity exhibits three particularly interesting antinodes witdb@)e (
microcavity: one local maximum at the center of the active ykrence at the centef the photonic
structure as a whole) and two larger maxima symmetrically located at the di3ta25 nn from
that center. The intensity maxima are different due to the difference in permittivity inCeged®.

As will be justified below, those are the d&ions that will be chosen for the NP arrays embedded in

the structure (see Filij.2).

AA
350 JTTTTTTTITOTOTATY EETTTTTTTTTTTTT T [ T 360
\
T 300 .
Q
B
' 1k L 350
£ 2] i |
@ |
Qo
[] i \ l
§ 200 -
b ] l 1F L 340
3 150 ’ " - il
3 =
3 ] ' '
= 100 -
L 330
50
0 , , —L 320
0 2 4 6 54 6.0
z (pum)

Fig. 1ll.3. Longitudinal distribution of the normalized optical field modulus in the
photonic structure shown in Filil.1 (i.e., without NP array). The colors dié 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 microcavityDtietbe
distance from the center of layBr to two symmetrical absolute field maxima in the

layersC.

[11.4. Transmission of a 2D array of nanopatrticles

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 thisectibpn 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 prolat, €longated) spheroids (thus wih> b, i.e, x >1) with a
half-length of their polar axia=10nm. The distance between the centers of the particles (period
the array) varies from 60 nm to 120 nm. Their relative permittivity is taken to follow the modified
Drude model (see Chapter I, KEH3)) where the plasma frequency in
siiveris gz1 . 3 5°F & @ Are contribution of its crystal lattice to the relative permittivity
is _& 5, and the relaxation rate describing the effective electron scatteringgrate is 5 st [34].

The calculabns are carried out taking into account the frequency dispersion of the dielectric
permittivity of GaAs [5).

Figurelll.4 shows the transmittivityt),” [>of the 2D NP array surrounded by identical media for

the longitudinal polarization state (where the opetectric field is directed along the polar axis of the
metallic spheroids,e., along thex-axis) of the incoming light for three different values of theseisp

ratio of the nanoparticles.

1.00

NP|2

/4

0.96

Transmittivity |/

0.92 H

1200 1400 1600 1800 2000
Wavelength 4, (nm)

Fig. lll.4. Transmission spectra of an Ag NP array embedded @aAs 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 correspoaedoal to 3.0, 3.5 and 4.0,
respectively. The period of the NP arraypis 120nm. The length of the polar axis of the
NPs is 2=20nm.

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 coincid#sthe one that was observed in Chapter Il for
a 3D nanocomposite.

Increasing the value of the aspect ratreduces the amplitude of the dips. This can be related to
the fact that for a given value of the Halfigtha of the polar axis, the volume thie prolate spheroidal
NPs decreases wherincreases. As a result, according to ([#b7), 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 etation.

It should also be noted that due to the anisotropy of the shape of the partidstife plasmon
resonances for longitudinal and transverse polarization states do not occur at the same wavelength. As
in Chapter Il, the plasmon resonance far 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 satould bring the surface plasmon resonances f
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 longitudiesbnances are expected to merge.

Let us now discuss the influence of the pefodf the array on its transmittivity spectrum.
Figurelll.5 shows the transmittivity spectra of the monolayer for the longitudinal polarization state of
incoming light and fothree different values of that perigoH60nm, 90nm, and 12Gim). 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 dibuted NPs that was discussed in Chapter Il. An increase of the
value ofp 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 concentrationss weatese
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 Il.

So, as was alreadysdussed in Chapter Il 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 aspectofiiee NPs and the periqdbf the array

(which determines the concentration of the NPs in the array).
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Fig. lll.5. Transmission spectra of an Ag NP array embedded in a GaAs matrix for the

longitudinal polarization state of the incoming light and fdfedéent values of the period

p of the NP array. Green, red and blue curves correspgmddaal to 6ahm, 90nm, and
120 nm, respectively. The aspect ratio of the NPs=8.5. The length of the polar axis

of the NPs is 2= 20nm.

Iat |

However, it should & noted that the spectral characteristics of the NP array are bound to vary with

the location of the array within the structdrein the active layeb or in the GaAs cladding layets

of the microresonat@ due to their different dielectric permittiviliéas mentioned above, the spectra

shown in Figslll.5 and 111.6 have been obtained for a sénfinite GaAs layer on either side of the

array). In the followingwe will consider values of the aspect ratidhat ensure that the collective

longitudinalsurface plasmon resonance of the 2D silver NPs array(s) coincidég witb50 nifor

both situations described in Section 1ll.3. Specifically, using [b8)-(111.7) it was determined that
this conditim is achieved fog= 3.6 when NPs are embedded in a cladding l&yend forz-=3.2

when they are located in the active redion

Also, the precise positioning of the 2D array matters (unlike in the case of the bulk

nanocomposite), because the monolayeonsidered 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 spectruersttitiure.

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 II1.5, see alsd Gjg.

As was shown in Fidll.3, there are three such peaks in the microcavity: one central peak at the center
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of the layeD and two lateral peaks in the lay&st distance D =225 nir from the center of the
structure. Embedding a single NP array at the location of the central peak correspoadsase
shown in Figlll.2(a), whereas embedding two identical NP arrays at the locations of the two lateral

peaks corresponds to the case shown inlF&{b).

Here | want to say a few words about why the idea of embedding NPs in the passivd tegion o
microcavity (.e., in either of the layeiS) is considered instead of inserting them in the active [yer
In the case with a NP array at the center of the systemlI(Bi@)), the layeD experiences heating
from the absorption in the NPs ind#tbn 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 spreadingtihe heat
in the resonator. Furthermore, distributing the NPs over several arrays facilitates this spreading even
more. In this studythe choice was made consider the case of two identical NP arrays symmetrically
located in layer€ on either side of the @t layerD (Fig. lll.2(b)).

[11.5. 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 presenteidl.an Fig.
As shown in Figlll.6, in this casdhe transmittivity spectrum exhibits a photonic bandgap extending
from 1465nm to 1645 mm. Due to the presence of the active composite microcavity (constituting a
defect layer), a defect mode (large transmittivity peak) appears in the bandgap, ceth&s@dat
for the chosen structural paramet@&iswe 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 tieiency of the amplification of the defect mode does not depend

on the state of polarization of timeoming electromagnetic wave.

The next step consists in introducing a NP array. It will introduce anisotropy and thus polarization
dependence of the ogdil response of the structure. As was shown in Higsand 1II.5, the spectral
characteristics of the 2D array of NPs significantly depend on both the shape of the NPs (through the
aspect ratio) and their surface density (through the pepid
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Fig. 1ll.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 spaatn around the defect mode (note the different vertical scale in

the inset and in the main figure. The curve in the inset is truncaied 200).
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Fig. Ill.7. Transmission spectrg, and T, (top and bottom panels, respectively) of the
amplifying PC wih one embedded silver 2D NP array at the center of the defect layer.
The inset (truncated f6=200) zooms in on the amplified defect mode. The interparticle

distancep is equal t®0nm, and the aspect ratio of the NPz s3.6.
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On the basis of simulan 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 waveleyygitb50nm. In addtion, 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. lll.2(a)). The calculated transmissiorespaT, andT, are shown in Fidll.7. The bottom panel
of Fig. l1l.7 shows that the excitation of a longitudinal surface plasmon resonance in silver NPs (along
their polar axis) results in a drastic decay pf.e. an almost complete suppression of thedehode,
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 spectiyrajgbears virtually

identical to that of the PC structure with@D array of silver NPs (see Hlj.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 penmid addressed in Figl.8 and 111.9.
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Fig. ll1.8. Transmissiorspectral, 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 periog equal to60nm, 90nm, and 12Gwm, respectively. The aspect

ratio of the NPs isx=3.6. The dashed vertical line in the inset denotes wavelength

/o =1550nm.
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Figurelll.8 represents transmission spectrlipd.e. for a longitudinal polarization of the incoming
light) of the structure with a single NP array located at its centéhrée different values of the period
p considered in FidIl.5.

The main figure (purple curve) shows a spectrum, away from the spectral domain immediately
surrounding o = 1550 nmthat does not depend much on the valye ©he effect of the NP array
by design mostly visible neds, in the vicinity of the defect mode, and the impact of peiwdthis
spectral domain can be seen in the inset. The efficiency of the defect mode suppression decreases
when the period increases, which is consistetfit the fact that the amount of metal also decreases,

and, in turn, the transmittivity of the array increases (sedll5g). Also, a red shift of the strongly
depleted defect mode appears when the interparticle digiaf®ereases, so that the longinadi

transmittivity T, at wavelength/o=1550 nmactually 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 theoanstr

interference condition responsible for the defect mode in the transmission spectrum.
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Fig. ll.9. Transmission spectrd, (/o) of the amplifying PC with two identical

embedded 2D silver NP arraystbed i st aDEFN@ 2 5N fr om t htectwwee nt er of
(in the layersC). Red, green and blue curves in the inset correspond to a peoidthe

array equal t®0nm, 90nm, and 120m, respectively. The aspect ratio of the NPs is

x=3.2. The dashed vertical line in the inset denotes waveléggth550nm.
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Figurelll.9 addresses the same issue, but for the structure with two identical NP arrays positioned

at distances D =225 nir from the center (see Fij.2(b)). Contrary to what was observed in

Fig. 1.8, the complex interplay between the additionagghshifts introduced by the arrays leads this

time to ablue shiftof the defect mode when peripdiecreases. In addition, the amplitude of what
remains of the defect mode peak, when it is nearly suppressed by two identical NP arrays
symmetrically placedn layersC, 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 absorptybn, afi ihe former

case. However, even in the latter case, the intensity of the transmitted Wgigeadinost 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 passiv€laifevs us to distribute the
heating \ithout losing the efficiency of the suppression/amplification processes of the defect mode
(see Figlll.9).

Of course, other schemes with NP arrays positioned in various locations irClayetrgor)D are
also possible. This versatility significantlypands the possibilities for the polarizataependent
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 gibtatordc
structure in which the selection differentmodes withdifferentpolarizations can be achieved. The
two cases considered in this Chapter are nevertheless sufficient to establish the validity of the principle
of a polarizatiorselective amplifieexploiting the combination of a photonic crydtaked 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 lay@sndD shown in Figlll.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
posiion for which the suppression of the defect mode remains acceptable for any arbitrary efficiency
criterium. Figurdll.10 gives some insight into this question: it shows the evolution ofThe

transmittivity spectrum in the vicinity of the defect modeewlthe positiorz, of a single NP array

varies along the width of ti@andD layers forming the microcavity.
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Fig. l11.10. Transmittivity spectrunT, (/o) (in semilogarithmic scale) of the amplifying

PC in the vicinity of the defect mode as a funct@inthe position of the monolayer
relative to the center of the structure. The period of the NP array is taken 3 nm.

The aspect ratio of the NPss= 3.6 in the layelC and x= 3.2 in the layeD. The top

panel represents the longitudinal distitibn 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. 111.3 (orange for laye€ and yellow for layeD).

The bright zone on the picture shows the evolution gbdiséion of the defect mode. Black lines
are iset ransmi ssion curves that del i mit Atransmi
suppressed. As a criterion for the efficiency of the defect mode suppregsmgsd’, 00.001. The
blue curve on the top panel of Hil0 represents the optical field distribution at wavelength
/0=1550 nm. As we can trangmassion tshe npe®i toino ntsh eo fmati |

figure coincide with regions of minimal optidield 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 modei si bl e as red spots at the cer
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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 locakibh of the
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 ifilBdor a single NP array at the center of

the layerD). As a result of this shift andgoression, 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
1550nm can be satisfied. This constitutes also a criterion for the tolerance on the positioniigPof the
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 BEE(D).

[11.6. Conclusions

A In this Chapterthe demonstration was mattet polarizéion-controlled amplification of
a defect mode can be achieved in an amplifying photonic crystal in which periodic 2D
arrays of metallic nanoparticles are embedded.

A It wasshown, that the presence of one or several 2D nanoparticle arrays embedded in the
multilayered heterostructure provides a polarizati@pendent 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 resoevilinge excited in thenby
an incoming light beam of 1550n vacuum wavelength coinciding with the defect mode.

A It was alsoshown, 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 iarray
embedded at locations of maximal optical field localization in the amplifying region of
the structure.

A The approach described in this Chapter, in combination with other recently proposed
solutions (based for instance on the use of liquid crys8ds3¢37] or of materials
whose properties can be magnetically or electrically contra88d2]), 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 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 heatl corlighting
appliances, liquigtrystatbased projectors [1], fluorescence microscopy or photovoltaic [2]. They can
also be used as higlass filters in laser frequency multipliers, e.g., by separating the spectral

components of higher harmonic genesaf8}.

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 qugmriodically) 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 transmittigaile@alefect
modes) at frequencies located inside the photonic bandsgse wellestablished properties have
been put to use in the last decades for the design of many typedbas&ixeflectors and filters [6],
and the inclusion in them of, among others, reflective coatings [7-8lelettric metasurfaces-[2]
or metllic composites [1-35] 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, | propose the design of a polarizaimtrolled 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
frequenciesaway 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 orthogonkrzations 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 paiaation. 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 endarge 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 andefect 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 conmfpledalers 16,17], or the
external control of transmission spectra with magnetic or electric i1 P0]. Another route
consists in playing with the geometry of the PC. In comparison to regular, periodic, 1D PCs,
multilayered structures with a cotep periodicity (e.g., mulperiodic P1-24] or quasiperiodic PCs
[25-29], or even disordered multilayered structurg@])[ can exhibit more bandgaps in a given
frequency region of interest, as well as several defect modes in those bandgaps, wiiekxpsedt
the possibilities for their use. In this Chapter, | propose the use of a deterministic aperiodic PC whose
complex architecture follows a set of mathematical rn8&87] that enable the adjustment of the

location of photonic &indgaps and defatiodes arounftequencies of plasmon resonances of NPs.

The Chapter is organized as follows. Sedb@ presents the chosen type of aperiodic photonic
structure and demonstratesativantages. In Sectitvi.3, the geometry and structural parameters of
the investigated modedre presentedSectionlV.4 presents the results of the calculations for the

transmittivity and reflectivity spectrunf the structure SectionlV.5 concludeshe Chapter.

I\VV.2. Aperiodic photonic reflectors

First, let us discuss cagfiration of the distributed reflectors that will be used in the composite
photonic structure. The main idea in this Chapter is to achieve polarzetisitive control, and as a
result, alternate suppression of two different defect modes in neighbaridgaps. 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 resonas@ppear 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 FigV.6 below). Here both plasmon resonances will be used teotomo 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 Ill, where only one defect
mode and one plasmon resonancesweade 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 @atjustecby changing the shapé 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
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case, an additional control over the posgi®f the bandgaps and defect modes of the photonic

structure will be needed.

Let us first consider a single periodic photonic refle@®)" without defect layer and without NP
array. Calculations hereafter are carried oufandB layers made of Zre(n, =2.02) and Si@
(ng =1.45), respectively33, and forN=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 thiakesdds
of layersA andB, which are chosen bbey the usual Bragg conditicB#]

nAdA:/Tir, Ng dg =ﬁ (IV.1)

where/ g, is the Bragg vacuum wavelength of the incoming light and thus corresponds to the center of
the first bandgap of the photonic crystal.

FigurelV.1. shows the evolution of the positions of the phatbandgaps dheperiodic DBR for
three different values @f, = 700, 750 and 80Gm.

The pink and green rectangular panels indicate two neighboring bandgaps of the DBR. We can see
that the change @, is shifting simultaneously the positions of baimtigaps. Indeed, with a periodic
structure as a reflector, these positions cannot be modified separately.

To achieve more control on positions of the bandghpschoice is made to use aperiodic
reflector instead of a periodic one. The chosen apesticture is obtained through the overlap of
two periodic DBRY(AB)" and (AB)"' made of alternate layers of materialandB (Figs.IV.2(a)
and IV.2(b)). The layer thicknesses,( and dg) of the first DBR and thosed, and d) of the
second DBR are chosen to satisifie Bragg condition E@VI.1.) for two different vacuum
wavelengths/ g, and /j, , so thatd, g =/ 5, /(4n,g) and dj g =/ g /(4Nn, 5) . Specifically, the

combination of the periodic DBRs is chosen such that the spatial variation of the refractive index in

the resulting aperiodic structure canitten as
Npe(D=1 + Dmax| F(2, F(7, 0 ¢ | (IV.2)
whereL is the total length of DBRs as well as that of the resulting reflector, and with

Mt o e T
2 2

n , (IV.3)

and
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e 3 22 m2 .
F(2) :Sgnésirbeﬁ Z §0s mpu%) Z"“pfn b (IvV.4)
é Q/OBr n - E; n 2

and a similar expression féti(z) (replacing/ g, with /. ).

0.0 1 L L ///!.I.II;I;[I.I.I.I.I.I.
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Fig. IV.1. Transmissivity spectrum of the periodic DBR. Topntal 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 ERs2)i (IV.4) is a logical (Boolea) 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 Aig.2(c).

Such a construction rule of the reflector gives us more parameters to play with. In particular, Bragg
vacuum wavelengthgg, and /4, will be used to adjust the spectral position of the photonic

bandgaps of the reflector with great versatility.
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(b)

Refractive index

0 200 400 600 800 1000
z (nm)

Fig. IV.2. (@) DBR @AB)" with thicknessesd, and dg for layersA and B; (b) DBR

(AB)N' with thicknessesdj and dj for layers A and B; (c) deterministic aperiodic

reflector obtained by the overlap of these periodic DBRs as described inNEG3i (
(IV.4).

As an illustratiol, the transmittivity spectrum of the aperiodic reflector obtained with mathematical
rule Eqs(IV.2)-(IV.4) is shown in FiglV.3 for a fixed Bragg vacuum wavelengtl =560nm for

the first DBR and several choices of Bragg vacuum wavelehgthfor the cond DBR.
Specifically, / 4, is taken as 340m in panel (a), 360m 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 congtituthe 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/g, and /. can be used to gain independent control over the spectral positions of the
bandgas. In this case, the position of the lowavelength bandgap (in red) was controlled by the

adjustment of the lower value of Bragg wavelendtfsand/ i, . If one wishes to adjust the position

of the highemwvavelength bandgap (in green), the higher valugyofand/ §, 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-ledind side and the righand side reflectors.
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Fig. IV.3. Transmittivity spetrum of the aperiodic reflector. The first Bragg vacuum
wavelengthd g, is fixed and equal to 560 nm. Panels (a), (b), and (c) correspond to values

of the second Bragg vacuum wavelengtf equal to 340 nm, 360 nm and 380 nm,

respectively.

The lefthand sile reflector obeys the rules given by K62 1 1IV.4), so thatet (2) = Naper (2),
and the righthand side one is its mirror image, so that the spatial dependence of its refractive index

can be written a8, (2) = R, (2L -2 forL ¢ z @L, wherel is the length of both reflemrs.

FigurelV.4 shows the transmittivity spectrum of this structure in three cases, where Bragg vacuum
wavelength g, is fixed at 360 nm, and second Bragg vacuum wavelehgths equal to 480 nm,
520 nm and 560 nm in panels (a), (b), and (c), respectiveipeAtoned 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 Si@yer (as in layers B), so that the structure is now a fFRdnotlike

cavity.

Transmittivity T

1.0 5
0.8 4
0.6 +

J
0.4 H
0.2 H
0.0 PR |

1.0
0.8
0.6
0.4
0.2
0.0 '

300 350 400 450 500 550 600 650 700 750

1.0
0.8
0.6
0.4
0.2 l
0.0

Wavelength A, (nm)

800

Fig. IV.4. Transmittivity spectrum of a struct consisting of two aperiodic reflectors

mirroring each other. In each reflector, the first Bragg vacuum wavelehgtls fixed

and equal to 360 nm. Panels (a), (b), and (c) correspond to values of the second Bragg

vacuum wavelengttl 3. equal to 480 nm,ZD nm, and 560 nm, respectively.

FigurelV.5 represents the transmittivity spectrum of the resulting structure in the vicinity of the

higherwavelength bandgap, fdi, =360 nm and/ 4, =560nm, and for a thicknesl, of the spacer

(henceforth called lay®) varying betveen 0 andl,.

This region of the spectrum corresponds to the green region d¥ Big). Because of the

presence of the central layer, a narrow defect mode appears in the bandgap, whose position varies with

dpo. FigurelV.5 shows the superposition of thansmittivity spectrum for values @b varying

between 0 (thick curve) amg with a step of 0ds. An increase ofl, induces a shift of the spectral

position of the defect mode towards longer wavelengths (see red arrow in the figure). A similar

behavio 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 saroagmsitions of these bandgaps.

Transmittivity T

575 600 625 650 675
Wavelength 4, (nm)

Fig. IV.5. Evolution of the highewavelength photonic bandgap of a FaPsgrotlike
cavity consisting of a central A layer surrounded by two mirroring aperiodic reflectors,
for different thicknessl, of the central lagr (from O tod, with a step of 0.d,). The thick
curve corresponds td, = 0. The red arrow shows the direction of the shift of the defect
mode with an increase db.

It should be noted that there are other ways to combine two (or more) DBRSs in dielgghoa
deterministic aperiodic reflector and thus to define a Fabrgtlike cavity similar to the one
described above. Other mathematical rules for the design of an aperiodic reflector could also be
considered35,36], provided of course the transtivity 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 polarizatiesensitie filter.

IVV.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 Rymiade of Si@Qwith thicknessdy, , &
shown in FiglV.6. A 2D array of spheroidal metallic NPs is located at the center ofDayEne
reflector to the right afhelayerD is the mirror image of the reflector to the left of that layer, so that

the position of the NP array coincides witie tenter of the structure as a whole. As previously, the

boundaries of all the layers are perpendicular ta-thes of a Cartesian system of coordinates, so that
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z=0is the position of the first interface and the whole structure is located in trezédd.

Fig. IV.6. Schematic of the composite photonic structure. Two symmetrical deterministic
aperiodic multilayered reflectors consisting of altern&tén orange) and (in green)
layers are separated by a lay@r(thicknessdy). A 2D array of spherdial metallic
nanoparticles, characterized by the dimensi@ag and 2a, of the particles and the

interparticle distancp, is located at the center of the structure.

As it wasin the structure discussed in AM.5, the Bragg vacuum wavelengths for the DBRs
(ABM and (AB)"' constituting the aperiodic reflectors are chosen/gs=360 nm and
/ i, =560nm. Thus, the thicknesses of the layers in these DBRM ae4455nm, dg 462nm

and dj © 69.3nm, dj ° 96.55 nm, respectively, so that the thickness of the unit cell is smaller in

(AB than in (AB)"'. The number of periods!i in DBR (AB)"' was chosen so that the length
=2131 nm of that reflector is the same as that of DEBY (for N = 20.

It should be noted that for the chosen valle20, the resulting multilayered reflector does not
exhibit translational symmetrige., the total length of this reflector is smaller than its periodic cell (it
can be shown that a periodic cell oktphotonic structure is obtained fé= 28). However, as one
can see from the results discussed below, everNwitRO, this deterministic aperiodic PC (and its
counterpart on the rigitand side of laydD) is enough to ensure the existence of photeancigaps
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 sufficiegtoronounced 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 particular, full reflectivity is not achievedloreover,
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 lepeare placed at the nodes of a 2D squaiiedaitith periodo
that exhibits translational invariance alongxhandy-axes of thexy2 Cartesian coordinate system
(see FiglV.6). All NPs are identical prolate spheroids and are similarly aligned, with their long axis
parallel to thec-axis, andteir shape is characterized by aspect ratioa/ b, wherea andb are the
half-lengths of their polar and equatorial axes, respectigeiyif). The typical dimensions of the NPs
and the periog of the square lattice are much smaller than the typical wavelertgthaftical wave

in layerD, i.e, {2a,2b, p} < <,/ ny, where/, is the wavelength in vacuum.
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Fig. IV.7. (a) Transmittivity spectra of the NP array embedded in g 8Bi@trix for thex-
polarized (blue curve) angipolarized (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 lavesrelength bandgap and

the defect mode in the highemvelength bandgap are denotéd L, and H,

respectively.

In the following, let us consider an incident plane wave in the visible regime that impinges under
normal incidence on the ldftand side of the structure, at abscssa. The time dependence of the

electromagnetic fields is taken axp (- i3t), where w=2pc// is the angular frequency of the
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incoming plane wave arais the velocity of light in vacuum. The dimensions of the layers along the
x- andy-axes are much larger than their thicknesses alorzepthis, and are thus taken to be infinite in

thecalculations.

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)/.7. shows the trasmittivity 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 SiO,.

As in Chapters Il and lll, the subscripts // afid refer to the linear polarizatiodirections
respectively parallel and perpendicular to the main (polar) axis of thee\NRs thex-axis.

Panel (a) in FigV.7 shows the transmittivity spectrum of the sole 2D NP array embedded in a

SiO, matrix. The array consists of silver (Ag) peles, and the interparticle distance and aspect ratio

of the NPs are taken @s= 15 nm andx= 2.5, respectively. Fo, =5 nm, each NP is a prolate

nanospheroid whose principal axes arerhd 4 nml 4nm 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
ndghboring bandgaps. Those dips correspond to the polarizatisitive excitation of a localized
surface plasmon resonance in the 2D array of metallic NPs. As was already shown in Chapter llI, the
width of the transmission dip due to the excitation oflagrpon 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 particlesheir 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 foglkeolarized 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 fepolarized light (FWHM 22 nm) is broader than the dip observed

for y-polarized light (FWHNMP 7 nm).

Panel (b) in FiglV.7 shows the transmittivity spectrum of the aperiodic structure without NPs in

layerD. Unless otherwise indicated, the thickness of the central layer is tatgrfa485.4nm. This

value (as well as thosé thhe thicknesses and refractive indices of all the layers of the structure) is
chosen so that two defect modes (hereinafter dajleddL,, located at approximately 375 nm and
412 nm, respectively) appear in the lowavelength bandgap and one (denétedt 609 nm) in the

higherwavelength one, in both cases away from the bandgap edges. Thevdoetength bandgap
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is narrower (with a width of approximately 56 nm) than its higterelength counterpart (width
approximately equal to 86 nm). It should hoted 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 structupe &wdy-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 layerD and the thickness of that layer are higjfied, and the mechanism of a polarization

dependent suppression of the defect modes is detailed.

1.0 T /4L VRV L a—
H
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Fig. IV.8. (a) Transmittivity spectra of the photonic structure v@iharray of NPs fox-
polarized (blue curve) anglpolarized (red curve) incoming lighave; (b) zoom on the
lower-wavelength bandgafwo defect modes in the lowaravelength bandgap and the

defect mode in the highevavelength bandgap are denotedL,, andH, respectively.

FigurelV.8 represents the transmittivity spectra of the photstnucture under consideration in a
nearUV and visible spectral range encompassing two neighboring photonic bandgap&Bvhen

NParray is placed ats center (see FifV.6) for x- andy-polarization states of the incoming wave.
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Parameters of the struce 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. Spétally, the defect mode affected by the presence of the NPs is the one (d¢ioted
Figs. IV.7 and IV.§ in the highemvavelength bandgap ferpolarized light, whereas it is the defect
modeL; in the lowerwavelength bandgap fgrpolarized light (Fig IV.7 and IV.§. The reason for
which the defect mode remains unchanged in the presence of the NP array will be discussed below,
in relation to Figslv.9 and IV.10.

The attenuation of defect modesandH results from the absorption of light followgrirom 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 iDlayer

Transmittivity y polanzatlon x-polarization
620 . o

T @ [HLEEELE () “
: ‘% i T u ﬂ
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Fig. IV.9. Spectral characteristics of the aperiodic structurthe vicinity of defect mode
H in the highetwavelength bandgap: (a) Zoom on the transmittivity spectra fandy-

polarized light; (b) and (c) distribution of the square of the normalized optical field
magnitude|E(z)/ E(0)|2 (in logarithmic scale) in the structifory- andx-polarized light,
respectively; (d) and (e) square of the optical field magnitude normalized to its maximum
value (|E(2)/ max[E(2)]f ) at wavelength o = 609 nm (see black dashed line in the top

panels) fory- and x-polarized light, respectively. As Figs.IV.2 and IV.6, the vertical
color bars in panels (d) and (e) denote theradite layers of the structure.

In Fig. V.9, panel (a) represents the transmittivity speEfrandT ,for x- andy-polarized light in
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the vicinity of defect model in the highemwavelength bandgap, whereas panels (b) and (c) show the

spatial distribution of the square of the normalized optical field magdlﬁ(dl)/ E(O)|2 in the same
spectral domain. Finally, panels (d) and (e) represent the square of the optical field magnitude
normalized ¢ its maximum valud| E(z)/ max[E(2)]}) at the wavelengtlio = 609nm of defect

modeH. Fory-polarized light (panels (b) and (d)), a strong field localization is observed iDiager

this wavelength, with three almost equal optical field amplitude maxima. The thickness of that layer is
chosen so that one ofetfe maxima coincides with the position of the NP array (at the center of the
layer). In comparison, foepolarized light (panels (c) and (e)), field localization at the position of NP
array appears at the lower wavelength of approximately 597 nm codmesptm the reduced and
frequencyshifted defect mode (as discussed above), and the field maxima are significantly smaller

than fory-polarized light (compare the transmission spectra in panel (a)).

Similar distributions of the optical field take placelsrd the wavelengthy, =375 nm of defect
modeL;, but with a reversed polarization dependence of the mode suppression as in the case of mode
H (see FiglV.8). Namely,L; is almost completely absorbed as a result of plasmon excitatign for
polarized incient light. Forx-polarized light, defect modg experiences a weak influence of the tail
of the broad plasmon resonance centered in the highalength bandgap, which is why it is only

slightly attenuated.

As mentioned above, the plasmon resonanceeoNt array fory-polarized light (red curve in
Fig. IV.7) is located between the two defect mddesndL,. However, only the former is suppressed
due to localized surface plasmon excitation. This can be explained in light ibf. Hly.where the
spatialdistribution of the optical field in the photonic structure without NP array is shown at the
wavelength/ =375 nm of defect mode; (Fig.IV.10 (a)) and at the wavelengtly =412 nm of
defect modé., (Fig. IV.10(b)) for any polarization state.
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Fig. IV.10. Square of the optical field magnitude normalized on its maximum value
(IE(2)/ max[E(2)]F) in the photonic structure without NP array (a) at wavelength

/o=375nm of defect modé; and (b) at wavelength, = 412nm of defect modé., for

any state of polarization. Thied 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, resuitsry
efficient excitation of a collective oscillation of the free conduction electrons in the NPs, hence a very
strong suppression of defect mddeln the second case, the field is almost zero at that location and
the impact of the metallic NPs oretbptical field is negligible. As a consequence, defect pde
not affected by the presence of the NP array. Note that the optical fieldhasigoaximum in the
plane of the NP array at the wavelenfgtk 609 nm of defect mode for y-polarized ight (as can be
seen from FiglVv.9(d)), but in that case, that mode is not suppressed by plasmon resonance, as the
resonance in the NPs fgipolarized light occurs far away from 609 nm, in the lewavelength
bandgap of the structure (see red curveignl¥.7). Unlike what was discussed above alout
defect modéd does not experience much influence from the tail of the plasmon resonance centered in
the lowerwavelength bandgap, as that resonance is significantly narrower than that centered in the

higherwavelength bandgap.

In effect, FigsIV.8 and V.9 thus show that the polarizatdependent spectral behavior of the
structure is determined both by matching the plasmon and optical defect modes and by adjusting the
spatial position of the nanoparéisl with respect to the antinodes of the opfiel in the photonic

crystal
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FigurelV.11 illustrates the polarizatiesensitive dependence of the transmittivity spaGteandT
in both photonic bandgaps as functions of the thickness oDayer mentioned above, that thickness

has until now assumed the nominal vatljg © 485.4nm. The spectral variations @f and T, are

represented for thicknesses of la9eranging from apmximately 0.25l, to 2.25d, .

The behavior of the narrow transmission passbands (defect modes in the photonic bandgaps) is
identical in all the cases presented in RigL1: as the thickness of tielayer increases, they form at
the shorwavelength edge ofhe bandgap and shift to its lemgvelength 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 l&y#hickness can be found for whidkfect modes
are simultaneously suppressed in the lemarelength bandgap foepolarized light and in the
higherwavelength bandgap fgrpolarized light. This makes it possible to achieve the polarization
dependent transmittivity response requiredpolarizationsensitive dichroic filter. In FigV.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 Df lafyeveryseconds
shaped transmission line, either feipolarized light (FiglV.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 photonisysibms, the suppression and shift of the photonic

modes take place (see also Fi3).

The dependence of the transmittivity spectra on the thickness of Daykaserves further
discussion. For a thickness of lay@equal tod (vertical dashed whiterles), previously discussed
defect moded.; and L, in the lowerwavelength bandgap can be seen (dashed white circles) in
Fig. IV.11(c), and the suppressionlaf(but notL,) for ay-polarized incident light beam is visible in
Fig.1V.11(d).
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Fig. IV.11. Evolution of transmittivity spectrd, [panels (a) and (c)] and, [panels (b)

and (d)] in the highewavelength bandgap (top panels) and lewavelength bandgap
(bottom panels) as functions of the thickness of l&yarxpressed in terms of nominal
thicknessdp. The white dashed lines represent the case where thlhdhi is exactly
equal todp, as in FigslV.8 to 1V.10. The white solid lines represent the case where layer
D thickness is equal to 1.@5 The white circles denote the spectral positions of the
defect modes s, L, andH discussed in the paper for thés® thicknesses. The 2D array
of NPs is located at the center of lafper

Similarly, the existence of defect madden the higheswavelength bandgap (dashed white circle)
and its suppression for arpolarized light beam are clearly visible in Fiys11(a) and IV.11(b),
respectively. The crosgections of the transmittivity spectra along the vertical white dashed lines

shown in FiglV.11 correspond to the curves presented inI¥i§.

What FigslV.11 also shows is that a similar polarizatgansitive behavior in the lower
wavelength bandgap can be observed when the thickness db Iglghtly increases frord, up to
approximately 1.28p. Obviously, in so doing, the spectral positions of the defect modes change. In
addition, defect mode, disappeas, and defect mode,; shifts towards larger wavelengths. As for

defect modeH in the highemwavelength bandgap, its successful suppression can be achieved for a
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thickness of layeD ranging from 0.9i5 to 1.1dp approximately. In effect, the structure ¢hos be
considered as a polarizatioantrolled dichroic filter when those intervals overia, for values of
the layeiD thickness in the intervatify, , 1.1dp).

As a matter of fact, such a polarizatiependent suppression of defect modes can edsw for
other thicknesses of layBy, 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 rande,[1.85dp],

as highlighted with solid verticalhite lines and solid white circles in Fig}g.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 widerange d
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 exhibitsngle 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 polarizaiective suppression of these defect
modks. In this Chapter, howevere elected to considarstructure 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 narimba 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

A A new design fora dichroic filter combining a 2D array of metallic nanoparticles and

aperiodic dielectd reflectors has been proposed.

A The choice of a 2D nanoparticle array, rather than a 3D nanoparticle dispersion, lends
itself to a less complex fabrication process tnohuch less energy dissipation.

A 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 separatddaps, can be adjusted and provide the
required narrow transmittivity windows of the filter. Their rmEmultaneous,
polarizationsensitive suppression is achieved through the inclusion of a composite

resonant layer at the center of the photonic struciim® surface plasmon resonances
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excited, for two mutually orthogonal linear states of polarization of the incoming light, in

a twodimensional array of prolate, spheroidal metallic nanoparticles embedded in that
layer, can be exploited to that effect. kegll-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 enswgia nearly total extinction of one or the other of these

modesd depending on the polarization state of the incoming light beam.

A Among the various parameters governing the precise position of the transmittivity
windows of the structure as a dichroic filtéhe 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,dluding 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.

A Further ways of controlling the spectral and polarizatielated 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, .@tdVoreover, 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 systes in the neamfrared domain. Other potential
applications of such polarizatiesensitive dichroic filters include for instance the
development of polarizatiesensitive singlghoton detectors[37,38] or plasmonic

absorber$39] and nanesensors.
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CHAPTER V

NON-SPECULAR REFLECTION OF A NARROW
SPATIALLY PHASE -MODULATED MICROWAVE
GAUSSIAN BEAM
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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. Thetseiréfude
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 theHGbasc h e n
[1] and the ImberFedorov [2], [3] effects, spectively) [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 optié$. [5

Fig. V.1. Schematicillustration of the lateral beam shifts (spatial shi’k and angular

shift Dg) upon reflection on a plaminterface.

Although these effects are, as a rule, rather small, the beam shifts have nevertheless been
reported to take potentially significant values in many igamétions, including upon total
internal reflection [1], [7], but also at the vicinity of minima of the reflection coefficient, for
instance at Brewster and psetiewster incidence angles-[®], near the edges of photonic
bandgaps in photonic crystaldl], 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 chargeupled device can give more detailed information about the
profile of the refected beanjl3]. More precise detection techniques include interferometric

setups [1415] or signal enhancement techniquesl(/16-19].
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Here | need to mention thatlespite the Goesl2 n ¢ h e n  ehistbreallyt beeh a s
observed and discussed for a ldimge 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, thente A GId mx hen s hi f
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
Aori gi nthd roc IGeowro sef f ect .

Far from being mereuriosities, 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 b® shown
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 candidatesefolesign 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 shiftss well as relate the values they assume with the changes of

permittivity of the materials the light beam encounters.

The control of Goog12 nchen beam shifts has been stuc
materials and structures. For instance, an exteraghetic field can tune the Gebs® n c h e n
shift in magnetic media [17], [2R5]. Similarly, in combined magnetuptic and electraptic
systems the shift can be controlled via external electric and magnetic fields [2QB][26
GH shift can be induced thmgh the electroptic 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- air ksbemical
sensors [3B2], surface plasmon resonance sensors [33] or simply for the precise
measurement of refractive indices [34]. In some systems, the dependence of Gid shift
temperature can be used for the design of thermal sen26&5|[ 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] hase pmposed 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 ackie the desired control and enhancement of the effect and
possibly use it for applications. More rarely the fobasbeen set on the properties of the
beam itself, specifically on the way it can be tailored for an enhanced control of the Goos
H2 n c h e nbutealsd om 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 latertd Goos h e n
shift of light beams reflected and transmitted through a layered dielectratuser 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 studie$dlincluding 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 bagmon reflection requires additional studies.

In this Chapter, | 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 angushifts (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 S&etidn
providean analytical derivation of the electric field of the reflected wave at the upper surface
of the plate. In Sectiow.3, | show how it can be used for the calculation of the lateral beam
shift for various degrees of phase modulation of the incoming wavepaSkction V.4
describes ways to achieve the desired phase modulation of the incoming Gaussian beam. In
SectionV.5, | show the results of the numerical simulations of beam propagation before and
after reflection from the plate and discuss the influericbeospatial phase modulation on the
lateral and angular shifts undergone by the reflected beam, as well as its reshaping.

SectionV.6 contains the conclusions of this Chapter.

V.2. Analytical description

In this study, the reflection of a microwave Gaassdeam from a simple, homogeneous,

isotropic, dielectric, nomagnetic plate of refractive index and thicknessl was considered,
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as shown in Figv.2. The refractive index of the surrounding mediunmisThe upper and

lower surfaces of the plate grarallel to theXy) plane of a Cartesian system of coordinates.

A two-dimensional (2D) monochromatic Gaussiapotarized beam (wavelengthy in
vacuum and angular frequengy=2" fiqd) impinges on the top surface of the plate. The
propagation direction of the beam is determined by its central wavekeetith k. = kns,
wherek, =2 @4 is the wavenumber of the beam in vacuum. The incidence gngjlgefined
as the angle betwedpand the normal to the surface parallel tozfais. In the X2) plane of
incidence, a system of Bipdz dles (obtained through a rotation of thand z-axes by a
rotation of angleg around they-axis) is associateth the beam, so that its central wavevector
is parallel to thez-&kis. The lateral dimensions of the plate, alongxhand y-axes, are
supposed to be much larger than the diameter of the Gaussian beam, so that side effects can
be neglected. The choiog a 2D beam description, in which the electric field profile does not
depend on the 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 thespecular effects
(in particular the beam shifts) that can be observed in that plane. Indeed, upon reflection, a
Gaussian beam undergoes a Gbds n ¢ h e n | Dxin ésrplare ofsnbiderice (Fiy.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).

incident reflected
beam beam

Fig. V.2. Schematic of the system. A 2Da@ssian microwave beam impinges on the
upper surface of a dielectric plate of thicknds3he incidence plane ig4) andgis the
incidence angle. The lateral shift of the reflected beam is deimateSolid and dashed
curves respectively show the prefil 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.
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In this Chapter, the effect of a spatial modulatmf 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 theeld for a usual Gaussian beam) complex exponential factor that

depends on the reahlued coefficientxin the following expression of the transverse electric
field amplitude distributionES) (xi, z), in which the origin common to they2 and & Njy Njz Nj

Cartesian sstems 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(m):

£0 a x 08 e vl L 2%y
st s liond gty oy § B v ody s § o

In Eq.(V.1),z2Nj] i s the algebrai c awajslthe bdeans tadius ce f r
(defined as the distance from thehljis for which the field amplitude falls toeléf its axial

value),w, = w(0) is the waist radius, arfg, is the axial value of the field amplitude at the

waist. An important characteristic parametef the Gaussian beam is its Rayleigh
lengthzj, = Ig)v@/Z, from which thez-8pendent beam parameters in §f4l) can be

deduced, namely the beam radius at posidwj

o . 2
w(z)= V\SQ/ 1t 3, (V.2)
Gk =+

the radius of the wavefront curvature at posithin

.2+ 2
R(z) ==, (v.3)
Zj
and its Gouy phase
h(zi)= arctarbe— (V.4)
ck

It should be noted that although similar at first glance, factxp{- iXXi2/W§} and

expf- ikmxizl 2R(2)}i in Eq.(V.1) are not equivalent, since the latter varies with the position

z Alpng the propagation axis of the incident beam and explicitly depends on the curvature
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radius ofthe 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 thper surface of the plate at the point={xNj O,
y=yN§0,z=zZNjO} and the center of the beamOn the
on that surface. In oblique incidence (fpk 0), the other points of the beam waist are located

above or below the upper surface of the dielectritepldsing Eq(V.1) and the relations
Xi=XC0sg, Z EXSin g, (V.5)

the complex amplitude of the electric field on the upper surface of the plat®)(in the
(x,y,2) system of coordinatas:

Ey (x2=0) =f

expg e = %coéq g
w(x) é (0 w g Y] (V.6)

e oa 1 o7
3 expdh(x) dk.gxsing +——x co§ gy
: BT 2R %

wherew(x), R(X), /1(x) are thus calculated fox = z/sing .

In the paraxial approximatiom the vicinity of the beam waist (i.e., wheNj< zl\J, one
can see from Eqg¢V.2)i (V.4) thatw(zNg w,, RZNY D, & (ZNB 0 for all points inside

the beam spot at the upper surface of the plate (i.e.z#®). Thus, the electric field
distribution of the incident beam on that surface lmamvritten as

EV (%) = EY exp( -k, X, (V.7a)
with
. N o
£ =E0exp§ (1+|)()V>\<,2 cos q’ (V.7b)
0

and wherek,, = k.sing is thex-component of the central wavevector of the incident beam in

the surrounding medium.

The spatial profiIeEy)(x) of the reflected beam at the upper surface of the plate can be

obtained using the foll@ing inverse spatial Fourier transfor@46]:
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Ey)(x):ip AED (K) AK ) exp(iKx) dK, (v.8)
where
. = _ WA =) 2
EP (K)= RED (X exp( 4K X) dx £Jp mqex% %1(1-:,\6% (V.9)

is the incident field distribution in the spatial frequency domain. In @48) and (V.9), the
spatial Fourier variabl& is defined aK =k T k,, wherek is the x-component of ite

wavevectork of any given spatial Fourier component of the incoming field distribution
E.” (x), and the corresponding (K +k,) = (R) is the complex reflection coefficient of
the system at a given positionacross the beam at the surface of the plate. This reflection

coeficient Ais deduced from Maxwell 6s equations

each interface in the system as [46]:

] K, -
Ao ep(2d) oK k‘z, (V.10)
1- r? exp( 2k,d) k, +k;,

where, for any given spatial Fourier component of the incoming field distribution,

k, =k, ngcosgi and k., = k, n,cosgj are the components along thexis of its wavevectdk

and of its corresponding refracted waveveétorand gi and gjare the incidence angle and

the refraction angle in the plate respectively associat&datak; and related by Snelé s | aw
NgSiNgi=nNnpsSin ¢g. The spread of values assumed by the anglesnd gireflects the
divergence of the incoming Gaussian beam. Equationsi(¥.8)0) lead to the determination

of the reflected beam intensity profilef which, after comparison with the incoming beam
intensity profile, the value of the lateral shift at the upper surface of the plate, dBrobaah

be numerically deduced. As a rule, an angular $ljftvith respect to the specular geometry

can also beobserved. Its value cannot be deduced from the analytical approach described
above and discussed below in Sechb8 (as that approach yields the field distribution at the
surface of the plate only), but it can be obtained from numerical simulationkeof t
propagation of the Gaussian beam after reflection (see S&t&pn
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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 isedpfd 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 E§¥.8) and (V.9) require numerical calations.

XM n xX/M 9

Fig. V.3. Normalized distribution of the amplitude of the incident spatially modulated

Gaussian beam at the upper surface of the platex@) as a function of the incidence
angle and for spatial modulation parameter- 5: (a) modulus|EY’ / E, |, (b) real part

Re[EY /E,], and (c) imaginary patm [E{ / E,] . Panel (d) shows the cressction of
panels (a)c) for incidence anglg=2 0 A (hori zont al bré thecrded dashed

solid, blue dottecnd green dashed curves denote the modrdasand imaginary parts

of the normalized field, respectively.

Our simulations were carried out for a dielectric plate made of fused quartz (relative

permittivity epznﬁ 3.8 at vacuum wavelengthes =2.912mm [44], and thickness
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d=8.33mm) surrounded by airn§=1). For that value of thicknesd, the reflection

coefficient A deduced from EqV.10) can be shown to reach a zero minimum at an
incidence angle of approximately 18.-Zeld. Ar ol
values of A, beam shifts arerfown to reach large values [9]. The waist of the incident
Gaussian beam is chosenvas= 3. In this case, the Rayleigh lengthzgja 84.5mm, so

that the variations of the beam diameter across the thickness of the plate can be neglected.

The transveres spatial distribution of the normalized Gaussian amplitEé?e(x)/EO of the

electric field at the upper surface of the plate Q) is shown in FigV.3 as a function of the

incidence angle and for the spatial modulation parameter5.

Panels (a), (b), and Xcpresent the modulu$EY /E, |, real part Re[E{’ /E,], and

imaginary partlm[EG(i)/ E] of the normalized amplitude, respectively, and panel (d) shows

the crosssections of distributions (&) for an incidence anglg=2 0 A . As expecte
Eq.(V.7b), the distribution of the Gauas field amplitude is symmetrical with respect to the

x-axis (positionx =0 corresponds to the center of the incident beam waist). Although the
phase modulation of the Gaussian beam (for O) does not affect the envelope (the

modulus) of the field amplituedit does, however, modify the real and imaginary parts of

Eg)(x), and an increase of the modulation parameteads to increasingly fast oscillations

of Re [EG(i) /] and Im[EG(i)/ E] along thex-axis.In accordance with E¢V.7b), a reversal

of the sign ofs-reverses the sign dfie 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 fom the upper and lower surfaces of the dielectric plate.

This is clearly illustrated in Fig/.4, where the transverse distribution along xkexis of
the normalized modulugE™ / E | of the reflectecelectric field at the upper surface of the
plate ¢ = 0), dediced from Eqs(V.1)-(V.10), is shown as a function of incidence anghnd
for different values of the spatial modulation parameteiThe black curves follow the

position of the maximum of the beam intensity,, a departure of those lines frax¥ 0

indicates and quantifies the lateral beam $bxft
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x/w x/w
X 0 X

Fig. V.4. Distribution of the normalized modulqu§,r) I B, | of the reflected field at the

upper surface of the plate (at 0) as a function of th&coordinate and the incidence
angle d for values of the sp@ phase modulation parameter equal to:3@),

(b) 3= +3, (c)3=+5, (d)3=+7, (e)3=-3, (f)3=-5, and (gk=- 7. Black lines follow

the position of the absolute maximum of the field amplitude whemwaries. The
horizontal dotted and dashedds in panels (a), (e), (f), and (g) correspond to incidence
anglesg=2 0 A g=@ 8 A a ntd the cadeedepicted in Fig.8 and discussed in
SectionV.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 modulatiox< 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 theulus of
reflection coefficientA speci ficglll8y 5Ak=Emmdndt he precise
those angles are determined using Eqgs. (V.10)). Indeed,gea&rs . 5 A, the refl e
splits into two beams with almost equal maxima. With an inerefithe absolute value of the
spatial phase modulation paramete(Fig. V.4(b)-(g)), the distortion of the reflected field
becomes stronger, and larger intervalgy@ajppear for which the profile of the reflected field
is split and exhibits two peaks.ub 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 amplitdddkis is especially true in the

case ofa nonmodulated beam, as evidenced by the black lines ini4g.

This ambiguity, however, is less of a difficulty for incidence angles far from those for
which |A | nears a minimum. In this case, the reflected field is still split in two, but one
maximum isvisibly larger than the other one (see for example Mg¥e)V.4(g), as well as
the discussion of Fig/.4 in the SectiorV/.5), and for all intents and purposes the lateral beam
shift Dx can be defined as the shift in position of the brighter paheféflected wave. The
analytical calculations depicted in FM.4 show that, for such incidence angles, an increase
of the spatial phaseodulation (increase ok|) leads to an increase of the lateral beam shift.

It can also be noted that for<Og<15 A @md0A, the | ateral shift
reflection by a spatially phasaodulated beam is coupled with significantly larger values of

the reflected electric field tham the casewith a normodulated beam3a(=0). This fact

makes spatially phasmodulated beams particularly useful forcled weak measurements

of the lateral beam shifts7[l7,19]. For increasing absolute values of the modulation
parameter, however, the reflected beam also experiences an increased reshsgig
Figs.V.3(d) end 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 fordapendence of the lateral
shift on the angle of incidence is that its evolution whémncreases is reversed (although fnon
symmetrically with respect to= 0) upon a sign reversal of the spatial modulation parameter

X, as can readily be seen when compgafigs.V.4(b) and V4(e), Figs.V.4(c) and V4(f), or
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Figs.V.4(d) and V4(g). However, as should be expected, for incidence angles around normal
incidence ¢=0), calculations show that the distribution of the Gaussian beam field is

symmetric with respet tox = 0 for anyx.

Overall, the results shown in Fig.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 modafagprovides 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 pure
specular direction, for which the central wavevector of the reflected beam would make the
exact same anglg (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 dbdfis indeed observedhat can, in sme
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 alsimple evaluation dDg.
Estimates based on numerical simulations of the propagation of the reflected beam, however,
can be carried out, and gyeesented and discussed below.

V.4. Obtention of a spatially phasemodulated Gaussian beam

Before moving to the next section withmarical simulations, let us discuss two ways of
achievinga transverse spatial phase modulation of a Gaussian beam that will be used. A first
way consists in focusing a conventionia¢.( without phase modulation) Gaussian beam with
a nonspherical lensdilored to yield the required phase modulation. Let us consider such a
2D lens, made of a transparent material with refractive ingexand immersed in an
homogeneousnedium with refractive indexs (with ns <n., which is the case when the
surrounding meidm is vacuum or ajr Its optical axis coincides with tiEdaxis the central
axis of the incoming beam, see Fi2), i.e., the incoming conventional Gaussian beam is
incident along the axis of the lens. The lens is located cla$e twaist of the sm, that can

thus be considered collimatednd its wavefront to be plane across the lens, provided the

| atter ds t hi ishkuclessmalleréhan the Rdyleigh tength bf she beam
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Let us first consider the case of a symmetrical biconvex 2D(legsV.5(a)), introduce
the functionrp(xNjdescribing the lens thickness profile and dengi€0) = rp/2 its total
thickness on the optical axis. In the paraxial approximation, the additional transverse spatial
phase modulation introduced by the lens verifies:

%Xizﬂrm 2N ) ()i m 7. (V.10)
0

As a result, thelependence of, . on the distanc& fdpm the optical axis is thus parabolic

(for -h/2 Ox @p/2, whereh is the height of the lens), with

No XXEH2m ¥ o/ w? i abed V.11
o () 4p(nL-ﬂs)V\€6 agn - 2 v

(a) %

P2

7!
PodX)
()
(9

Fig. V.5. Schematic of (a) a biconvex lens and (b) a plemovex lenswith refractive

indexn_surraunded by a medium with refractive index Note that the actual origin of

the kNpNj)) Car tesi an system WX axes is the same as

For x< 0, thelens is at its thickest at its center and it is thus converging. The numerical
simulations discusxl in SectiorV.5 (Figs. V7 and V8) were carried out for such a
symmetrical biconvex lenspade of the same fused quartz as the dielectric plater) and

surrounded with aimg= 1) as well.
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Of course, other types of converging lenses can be @esidn order to obtain the
required phase modulation, for instance a plemavex lens (Figv.5(b)). Now the lens

profile function, denoted ( x Vg)ifies, in the paraxial approximation:

%Xi%f?”ﬂ °k(n B) f(Xi m 7, (V.12)
0
which yields
No XXi2+2m _ of 2 V.13
o0 v ¢ 2w V:13)

whererpd0) = rpn is a thikness ofthe lens on its optical axis. Again, for<O0 , thelens is

converging.

11g,(X")

7

&r

Fig. V.6. Schematic of a flat dielectric lamella (thickn&ssand parabolic gradiengr(xNj)

of its refractive index) acting as a converging lens and surrounded by anmedth
refractive indexng The color variations inside the lamella schematically illustrate the
change in the refractive index along tkeaxis. Right panel shows the dependency

between refractive indexand thidj] a x i s .

Yet anotherway to achieve theeasired spatial modulation of the phase of the incident

Gaussian beam is to use a flat dielectric lamella whose refractive mgesxhibits a
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parabolic gradient in the directioxNj per pendi cul ar to theNj beam
(Fig. V.6). It is assuraed that the local refractive index,(xNj)) exceeds the ambi

indexns. In order to induce the desired parabolic phase term ifMEb), ng(XNj) must vary

Ny (X)) = Ny e wto_yxe, (V.14)

20W?D

whereD is the thickness of the lamella ang is its refractive indexat XN O . The minimal
size of such a gradeftht lens along thed axis is dependent on the waist radwof the

incident Gaussian beam. As can be seen from\E#§4), the rate of change in the local

refractive index along the lamella, (xi)- n, ./ x* is determined ¥ both the beam

parameters {,,w, ») and the lamella thicknesBY).

For x <0 the local refractive idex decreases with the distad‘xe} from the planexN; O,

which is the plane of symmetry of the lamella. The calculatidok areshown and discussed

in SectionV.5 (Fig.V.9) were made fong.=np =1.95 andD =9.2mm. In this case, the

value of the refractive index at a distarjgg=16,72zmm is 1.5.

Such a graded inddat lens can be obtained for different spectral ranges by using additive
manufacturing technologie8@-printing) resulting in the fabrication of a composite material,
or aperforated gradient index lamella that provide the required refractive index graidient [
51].

V.5. Numerical simulation of the propagation of the reflected phase
modulated Gaussian bem
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 waspresented in the previous section, two different approaches have been used in order
to obtain the transverse spatial phase modulation of the &t ixxi®)that appears in
Eqg.(V.1) in addition to the longitudinal phase teerp( ik,nszi) of a conventional Gaussian

beam.
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Fig.V.7. Numerical simulation of the total electric field amplitude distribution
(normalized with respect t&,) for values of the spatial phase modulation parameter equal
to (a) and (ep=0, (b) and (f)3=-3, (c) and (g)>=-5, (d) and (hp=-7, andfor
incidence anglgg=2 0 A (top gra2Bdl boamhom panel s),
phase of the incident Gaussian beam is spatially modulated using a parabsiiaptyl
biconvex lens. The white dashed line denotes the center of the incomimgabeathe

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 thatthe color scale for the normalized field amplgutias been

truncated to the [O; 0.5] interval in order to enhance the readability of the graphs.
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