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FJFI CVUT v Praze

* 1707 — Ceské vysoké uéeni technické v Praze — 8 fakult

* 1955 - FTJF - Fakulta technické a jaderné fyziky (Univerzita Karlova)

— 3 katedry: katedra jaderné fyziky (prof. Vaclav Petrzilka), jaderné chemie (prof. FrantiSek Béhounek),

jaderného inzenyrstvi (prof. Bohumil Kvasil)

— 1959 — Fakulta jaderna a fyzikalné inzenyrska (CVUT v Praze)

— 1960 absolvovalo prvnich 63 inzenyrt, dnes — vice nez 5.000 absolventu

Dnes - 10 kateder FJFI:

o Katedra matematiky .
o Katedra fyziky .
e Katedra humanitnich véd a jazyka .

(cca 20% zen)

Katedra inzenyrstvi pevnych latek

Katedra fyzikalni elektroniky

Katedra materialt

Katedra jaderné chemie

Katedra dozimetrie a aplikace ionizujiciho zareni
Katedra jadernych reaktoru

Katedra softwarového inzenyrstvi
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FJFI CVUT v Praze — studijni programy — KFE

12 programu v BS (3):

Matematika

e Matematické inzenyrstvi (Matematické
modelovani, Matematicka fyzika,
Matematicka informatika)

e Aplikované matematicko-stochastické
e Aplikovana algebra a analyza

Informatika

e Aplikovana informatika
e Aplikace informatiky v prirodnich védach
Jaderné programy

e Jaderné inzenyrstvi (Aplikovana fyzika
ionizujiciho zareni, Jaderné reaktory,

Radioaktivita v zivotnim prostredi)

e Jaderna a ¢asticova fyzika
e Jaderna chemie

e Radiologicka technika

e Vyrazovani jadernych zarizeni z provozu
Fyzika

e Kvantové technologie

e Fyzikalni inzenyrstvi (Inzenyrstvi
pevnych latek, Fyzikalni inzenyrstvi materiala

Laserova technika a fotonika, Pocitacova fyzi
Fyzika plazmatu a termojaderné fuze)

—)

16 programu v NMS (2):

Matematika
Matematické inzenyrstvi

9 obora v PhD (4+):

Matematika

. e Matematické inzenyrstvi

e Matematicka informatika
e Matematicka fyzika 2
. . . Informatika
e Aplikovana algebra a analyza . - .
. . . e Aplikovana informatika
e Aplikované matematicko
-stochastické metody
Informatika Jaderne;v)rogramy .
. . . .. . e Bezpeénost a zabezpeceni
e Aplikace informatiky v prirodnich . . . .
. jadernych zafizeni a forenzni
védach L , ‘xro
analyzy jadernych materialt
. e Jaderné inzenyrstvi
Jaderné programy

Jaderna chemie
Radiologicka fyzika

e Jaderna a ¢asticova fyzika

e Jaderné inzenyrstvi (Aplikovana fyzika
ionizujiciho zareni, Jaderné reaktory)

e Jadernachemie

Radiologicka fyzika

Vyrazovani jadernych zarizeni z provozu

Fyzika
Fyzika e Fyzikalni inzenyrstvi
e InZenyrstvi pevnych latek ° Kva_ntové teCh"°|°9'?
e Fyzikalni inzenyrstvi materiala * Fyzika vysokoteplotniho
e Fyzika plazmatu a termojaderné fuze plazmatu o
e Kvantové technologie a termojaderné fuze

Fyzikalni elektronika
(Laserova fyzika a technika, Fotonika,
Pocitacova fyzika :-)
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Katedra fyzikalni elektroniky (Trojanova + Troja)

Studium Vyzkum (5 vyzkumnych skupin)

e Programy bakalaiského studia (3): °

Fyzikalni inzenyrstvi o
— Laserova technika a fotonika
— PocitaCova fyzika
e Programy magisterského studia (2): °
Fyzikalni elektronika o
— Laserova fyzika a technika
— Fotonika o

— PocitaCova fyzika

e Programy doktorského studia (4+):
— Fyzikalni inzenyrstvi
— Kvantové technologie

Pevnolatkové lasery

Pocitacova fyzika

Rentgenova fotonika

Fotonika a kvantové technologie

Molekulova fotofyzika a
spektroskopie

Pokrocilé kosmické technologie

Czech Technical University in Prague, FNSPE



Skupina Fotonika a kvantové technologie

- vyzkumne aktivity

1) Nanocastice a nanostruktury

=
=

=
=

Teoretickeé studium a modelovani kvantovych nanocCastic a nanostruktur
PolovodiCové koloidni nanocastice, metalické nanocCastice + nanostruktury,
samousporadani, molekularni litografie

Aplikace — spektroskopie (SERS), bio + medicinské aplikace, ...

Realizace pokrocilych ter€l na bazi nanostruktur pro fuzni experimenty

2) Fotonické / plazmonické (nano)struktury — teorie, modelovani, navrh,
realizace

=

J

4043

Teorie a modelovani fotonickych struktur, vyvoj a aplikace pfibliznych +
numerickych modelt a metod (RCWA, aRCWA, FTDT, PWE, ...)
Studium vybranych fotonickych, plazmonickych a difraktivnich struktur
(fotonické krystaly, subvinové apertury, plazmonické nanostruktury)
Nové pokrocilé (umélé) materialy - metamaterialy

Nelinearni efekty

Realizace a modelovani opalovych struktur a fotonickych krystal(
Studium prirodnich iridiscentnich fotonickych struktur / realizace
nanostruktur pomoci biomimetiky

Czech Technical University in Prague, FNSPE
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Tyden vedy na FJFI - 19. - 23.6. 2023 (19. + 20.6.)

rvwrsr

Jak se svétlo Sifi a rezonuje v nanostrukturach - simulace na pocitaci

Dnesni sofistikované softwarové nastroje pro simulaci Sifeni a interakce svételného
zareni se strukturami o velmi malych rozmérech, rozliénych tvart, materialového
slozeni 1 funkcnosti, umoznuji na jednoduchych prikladech pochopit rfadu
zajimavych fyzikalnich efektu a procesu, které zde probihaji a které mohou
inspirovat pro naslednou pripravu takovychto struktur. Tento miniprojekt nabizi,
prostrednictvim vyzkouSeni si téchto nastroji, poodhalit tuto zajimavou oblast
moderni fotoniky a plazmoniky.

Udastnici:

Czech Technical University in Prague, FNSPE
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Tyden vedy na FJFI — program 19.6. + 20.6. 2023

Program - Trojanova
Pondeéli 19.6. - 9:30 — cca 16:00 ( »> Brehova - 16:30)

— Uvodni prezentace (Ivan Richter)
— Prakticka ¢ast — Pavel Kwiecien, Milan Burda
— Predstaveni softwaru pro simulace: Lumerical FDTD + Mode Solutions
— Vlastni experimenty a simulace s nastroji
— Nékolik zakladnich uloh:
— Porovnani geometrické a vinové optiky (rozhrani tvaru V)
— VInovody - planarni vinovod - 1D, 2D, opticka vilakna + zahnuté vinovody
— Fotonické krystaly, vlakna z fotonickych krystalu
— Tepelné efekty

Utery 20.6. - 9:00 — cca 18.00 (18.00 — deadline - prezentace + text)

— Dokonceni pocitacovych experimentt
— Prezentace
— Textovy prispévek

Czech Technical University in Prague, FNSPE
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Popis svetla —» veliciny —» elektromagnetické pole

Svétlo = elektromagnetickeé vinéni — elektricka a magneticka slozka

= VInova délka, frekvence |

= Rychlost Sifeni — index lomu — permitivita, permeabilita W%%V

= Intenzita (zafivy tok)

= Foton, ¢astice, energie fotonu Elektrodynamika = Maxwellovy rovnice

Elektromagnetické spektrum - Frekvence 3.8x10%4 Hz a7 7.5x10%4 Hz = Interakce s prostiedim
- VInova délka 800nm — 400nm = 8-4x10-'m

blizka IC vzdalena

rentgenova &

Lultrafialové |7

e

103 101

Vinocéet, cm-1

vibracni

vinova délka, pm
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Spektrum elektromagnetického zareni

Penetrates Earth's
Y N i\
Atmosphere? Y
\/\/\/\/\/\/\/ | /\/\/\/V\/VVV\AAW
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

Wavelength (m) 103 10710 10°12

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Mo ecules Atoms  Atomic Nucleli

Frequency (Hz)

104 108 1012 10%° 10% 108 10%°

Temperature of
objects at which |
this radiation is the )
most intense
1K 10,000 K 10,000,000 K

wavelength emitted 10? K
-272 °C =172 °C 9,727 °C ~10,000,000 °C

N

Czech Technical University in Prague, FNSPE
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Sveétlo — barvy — vinoveé délky, barevny trojuhelnik

Barva Rozsah vinovych délek Rozsah frekvenci Vnimani barvy svétla je dano zrakovym viemem, ktery
je vyvolan zarenim vnikajicim do oka.

cervena

oranZzova v o x . . .
Barvu svétla muzeme popsat v pojmech, jako jsou

Zlut ik Ot 0N Ut SN} vinova délka a intenzita elektromagnetického

zelend ~520-5650m  ~580-530 THz vyzarovani.
tyrkysova ~500-520nm  ~600-580 THz

Viditelné svétlo je ohrani¢eno barvou cervenou
modrd 30_°00nm 20 S0 Tz (nejdelSi vinova délka) a modrou (nejkratsi vinova
fialova ~ 400 430 nm ~ 750 — 700 THz délka). Zelena barva je nékde mezi témito barvami.

V oku je na sitnici pole senzord, které je citlivé na tyto
tfi specifické vinové délky.
Méreni barev
COLORIMETR
Méfi RGB hodnoty (RedGreenBlue) — vzorek je osvétlen
pozadovanym zdrojem svétla a intenzita odrazeného svétla
se pak pres tri barevné filtry méfi napétim na fotodiodach,

které urcuje intenzitu v jednotlivych RGB kanalech

Aditivni Skl?dam Parev Subtraktivni skladani (obdobné, jako je tomu v lidském oku). Vysledkem jsou pak
RGB — 8 zakladnich barev CMYK hodnoty v tzv. prostoru XYZ. Tyto pfistroje jsou méné
barev " = pfesné (barevna odchylka dE 10-15!) a méné univerzalni.

SPEKTROMETR
Princip méfeni je zaloZzen na tom, Ze kazda barva spektra
vyzaruje energii o rizné vinové délce.

Barevny VInova délka tohoto zafeni je méfena v nanometrech.

trojuhelnik Spektrometr méfi tak, Zze ve stejnych krocich postupné
odecita hodnoty celého viditeIného spektra.

2 Kvalitni spektrometry zpravidla maji krok méfeni 5nm i

.2 03 ();3 0.5 0.6 0.7 08 méné !

Czech Technical University in Prague, FNSPE



Sveétlo v prirode — DUHA (1)

i Ses: René_ Desgartes 1637

/‘.

Historie pozorovani
* René Descartes 1637
* Isaac Newton 1670 - pro€ je duha barevna
- poradi barev, n=1.33 (Cervena), n=1.34

(fialova) o Ay
- George Airy 1820 - podruzné oblouky duhy Primarni duha Sekundarni duha
zavislost na velikosti kapek

Czech Technical University in Prague, FNSPE
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Sveétlo v prirode — DUHA (2)

Duha

= Hlavni oblouk 42°, vedlejSi oblouk 51°— obracené poradi barev

= |. Newton (1670) — barevnost duhy, pofadi barev - spektrum:
- ervena: n = 1.33 = Uhel deviace 42.5°
- fialova: n =1.34 = Ghel deviace 41.5°

Pocitacova simulace

Duha ve vodni tristi
Czech Technical University in Prague, FNSPE
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Svetlo v prirode — DUHA (3)

= Standardné < pulkruznice, v horach — mozno vétsi

= Specialni pfipady — no¢ni duha, odrazena duha, duha ve vodni tfisti, rozstép duhy,
bila duha, ...

i

Odrazena duha

Duha v horach

Noéni duha (mési€ni) & Venuse

Duha v udoli

Czech Technical University in Prague, FNSPE



Svetlo v prirode — dalsi efekty (1)

— Koréna (ohyb na vodnich kapkach, 1852 — E. Verdet, 0°-100)

— Gloriola (opozi¢ni efekt, svatozar, Brockensky pfizrak)

— Kondenzaéni €ary (letadla)

— Halové jevy (lom a odraz slune€nich paprsku na krystalcich ledu ~ 100 #m, malé halo ~
229, velké halo 469), halovy strom

— Parhelium (vedlejSi slunce)

— Irizace (vedlejSi slunce), polarni zare

Haloveé jevy

slunce

gloriola

ulm 3 i '-A
'!’. l,f ﬂ

4‘1‘..

W -é’

dopredny rozptyl zpétny rozptyl

Czech Technical University in Prague, FNSPE




Svetlo v prirode — dalsi efekty (2)

Modra obloha, ¢ervené slunce (rozptyl svétla v atmosfére)
Rayleighav rozptyl - = projde 5x méné modrého nez Cerveneého svétla
= rozptyli se 5x vice modrého nez Cerveného svétla
Rozptyl na termalnich fluktuacich hustoty vzduchu

Rayleightv rozptyl

Czech Technical University in Prague, FNSPE
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Sveétlo v prirode — dalsi efekty (3)

Vzdusné zrcadleni: spodni zrcadleni (MIRAGE), svrchni zrcadleni (Fata Forgana)

1994 Encyclopasdia Britannica, Inc.

Svrchni zrcadleni (Fata Morgana) Looming
Fata Morgana - vila,
nevlastni sestra krale
ArtuSe ovladajici vzdusné
preludy zjevujici se

v Messinské uziné na Sicilii

Czech Technical University in Prague, FNSPE



Zdroje sveétla

® ZDROJE SVETLA — zafeni &erného télesa, Sirokopasmové < monochromatické, koherentni
® Svételny zdroj je elektromagnetické zareni v rozsahu viditelnych vinovych délek (zhruba 380-780nm)
® Zareni muzeme pozorovat lidskym okem jako viditelné svélo

RozliSujeme svételné zdroje:

Prirodni = kosmicka télesa - Slunce,hvézdy, Mésic (zdroj sekundarni), chemicka reakce-ohen,
biologické zdroje - svétlusky a morsti Zzivo€ichové, elektrické vyboje - blesk,
tektonicke jevy - zhnouci lava

Umeélé (vytvorené Clovékem) — rozdéleni dle podstaty vzniku svétla:

] buzeni‘
= princip tepelného zafeni (zarovky) — inkandescence - i Sl

laseru

Vyboj ky) pfedni zrcadlo Z%j /iﬂ fgg;r ;(r’c:tzill::le
o £

“polopropustné”
= luminiscence (svitivé diody - LED) Nekoherentni svétlo: (4rovka)

= lasery - kolimovanost /\/WE E W

- monochromaticnost

- koherence W

Nahodné fazové “skoky”

Koherentni svétlo: (laser)

Czech Technical University in Prague, FNSPE



Chaotické sveétlo - absolutné cerné teleso

Library of Congress

Gustav Robert Kirchhoff
1824 - 1887

-
o

= M W O ;R N E W

Spektrum zareni A.C.T.

— Téleso pohlti vSechno zareni na néj dopadajici — nic
neodrazi. VSechno zareni, které z néj vychazi, ma pavod
Vv jeho vlastnich zdrojich.

—Zareni nezavisi na druhu materialu — souvisi pouze s
teplotou telesa.

—1860 - G. Kirchhoff

— Nekoherentni zareni

Czech Technical University in Prague, FNSPE



Prostorova koherence svetla

A
N Ax
2! | L |
>
I
8
Lc: o Lc: o0
A plane wave A wave with A wave with
with an infinite a varying profile a varying profile
coherent lens (wavefront) and (wavefront) and
infinite coherence finite coherence
length. length.

Czech Technical University in Prague, FNSPE



Zdroje svetla - lasery ...
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Interakce svétla s prostiedim — OPTICKE JEVY

Prostredi 2

(na fazovém rozhrani)
n,>n,

-> -
— Lom — refrakce P
9 (na fazovém rozhrani) 7777777 AT

— Absorpce (zména R, T)

% — Odraz — reflexe Prostiedi 1

Transformace viny
objektem — Interference

Dopadajici

— Difrakce + rozptyl
vina

— mrizka, obecna

- e T e e R I

1 struktura :

Critical angle Total internal

reflection Odraz a lom
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Reflektivita viny na rozhrani

'
Prostredi 1 | Prostredi 2
n ,> N,

Odraz a lom na rozhrani.

Czech Technical University in Prague, FNSPE



Interakce sveéetla s prostredim

E xcitation light

(M)

Reﬂected light
(M)

Absorbed light

uminescence

S e~

Scattered light

(M)

Emitted light

\“‘;’

Transmitted light
(M)

Czech Technical University in Prague, FNSPE



Interference

Interference dvou vin — vodni hladina

Wherezer a crest PP
coincides  with .
a lrough, the
water surface s
flattened.

DOUBLE CRESTS—
A CREST COINCIC
WITH A CRIST

S~ __FLATTENED REGION
a A CREST COUNCIDES
WATH A THOUGH

monochromatic
lanar wave
e.g. a laser)
screen with optical optical screen
two slits sCreen front view)

Czech Technical University in Prague, FNSPE



Vinové vlastnosti svétla — Younguv pokus

Thomas Young
(1773 - 1829)

ALE: Casticovy charakter svétla

Zdroj svétla

DUALISMUS - vina x ¢astice
(koherentniho) /

!

Dvojstérbina Stinitko

Czech Technical University in Prague, FNSPE
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Vinoveé viastnosti svetla — interference dvou vin

Interference dvou
ROVINNYCH vin

Interference dvou Interference viny rovinné
konvergentnich vin a konvergujici

Interference dvou
divergentnich vin

Czech Technical University in Prague, FNSPE



Interference vin — tenka opticka vrstva

Rays reflected off the lower
surface travel a longer
optical path than rays
reflected off upper surface.

Film; e.g. oil on water

Vi
W
N\

If the optical paths differ by

a multiple of A, the reflected

waves add.

If the paths cause a phase difference
7, reflected waves cancel out.

Czech Technical University in Prague, FNSPE



http://en.wikipedia.org/wiki/Image:Dichroic_filters.jpg
http://en.wikipedia.org/wiki/Image:Dichroic_filters.jpg

1887 — Lord Rayleigh — teorie multivrstev

THE

LONDON, EDINBURGH, axo DUBLIN

PHILOSOPHICAL MAGAZINE

AND
JOURNAL OF SCIENCE.

(RIFTIL SERIES.]

AUGUST 1887,

XVIL On the Muintenanee of Vibrations by Forees of Double
Frequeney, and on the Jmpm atin. of Waves ﬁmouqh a

Medivn endowed with a Peviodie Structure. By Tord
Ravuricr, See, L, b , Professor of Natural P/ulomka Y in John William Strutt (*12-Nov-1842; t 30-Jun-1919)

the Ror iy Ins itution™, Lord Rayleigh the Third Baron of Terling Place

Czech Technical University in Prague, FNSPE
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Jev ohybu svetla — difrakce

Czech Technical University in Prague, FNSPE



Difrakce - hrana, drat, stérbina, ...

A 1.37
74" Difrakce
na hraneé

I 1
-1 0 1.217 3 4 5 6

Difrakce na ,,dratu‘

| I

7 Difrakce na stérbiné

Czech Technical University in Prague, FNSPE
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DIFRAKCE - kruhova, elipticka sterbina

lerakce ha kruhove | 5 Difrakce na eliptické
 sierbine - &térbiné

Czech Technical University in Prague, FNSPE



cls
DIFRAKCE — ¢tvercova, zkosena sterbina

_ Difrakce na Gtvercveé Stérbiné _ Difrakce na kosodtverecne stérbiné

e
-
-
kil
e
-
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Jev ohybu sveétla - difrakce - dvojapertura

Difrakce
na?2
kruhovych
stérbinach

dvojapertura

Czech Technical University in Prague, FNSPE
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Jev ohybu sveétla - difrakce + interference — mrizka

Czech Technical University in Prague, FNSPE



Difrakce svetla - blizka a vzdalena zéna

Fresnelova a Fraunhofferova
difrakce

- blizka a vzdalena zéna

gZ S x4 0 S¢- G gl

Czech Technical University in Prague, FNSPE




Interakce svétla s prostredim — difrakce — mrizka

Prostredi 1 . Prostredi 2 Prostredi 1
n, I n,>n,

_____

Prostredi 2
n, n,>n,

___________________________________

________________

_____________

Dopadajici Dopadajljc_:l'

vina vina
Odraz a lom na rozhrani. Ohyb svétla difrakéni strukturou.
orw , . (kd-kl_mK)XV=0
Mrizkova rovnice:
K=21/A

Czech Technical University in Prague, FNSPE



Zakladni 1D struktura — mrizka (GRATING)

- incident , . reflected
™ N\Wwave | orders
Ay /e— /OR

4 /le n
01

y = a(x)

1T orders

Aspekty
® charakteru pole
® charakteru materialoveho
prostredi
® metodiky pristupu

7 X
/ l\‘transmitted
AT
0T

Difrakce na difrakéni mrizce -
multiparametricky problém

Charakteristiky:
v mfizkovy profil a(x)
v" Uhel dopadu elmg. viny (q)
v vinova délka elmg. viny (1)

v’ polarizace elmg. viny (TE, TM,
kombinovana)

v mfizkova perioda (L)
v tloustka mfizkového prostredi (d)
v materialové charakteristiky

— indexy lomu

v’ geometrie interakce (klasicka,
koénicka, Littrowova, ...)
v

Czech Technical University in Prague, FNSPE
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Electromagnetic phenomena - Maxwell equations

INTEGRAL FORM

LAW DIFFERENTIAL FORM
GAUSS'S LAW \VAS ) / D:-ds=Q
FARADAY'S LAW VxE = J? PE-dl=-| “lf ‘ds
ame - YW E GAUSS'S LAW FOR MAGNETISM V:B=0 ’;/ B-ds=0
831-187¢
AMPERE'S LAW VxH =J ll) / H-dl= / J ll)'</s
eridlové vzta odely prostied

Czech Technical University in Prague, FNSPE




Optické vinovody - zaklady

Dielektrické vinovody
»indexové vedeni*“ EM pole
— Geometrické pfiblizeni — uplny odraz
— VInové pfiblizeni — rigordzni feSeni vinovych rovnic
Planarni (1D), resp. kanalkové (2D)
TE x TM polarizace / moédy, resp. kvazi-TE x kvazi-TM médy
Efektivni index lomu
Jednomédové x vicemédové vinovody
Skokova x gradientni zména indexu lomu
Maly x velky kontrast indexu lomu (lokalizace pole, hustota integrace, vyrobni tolerance)

x1 Superstrat, n. ; z

Substrat, ng

3.5 5
3.48 3
)
346 At 5
b ns uc=3,46 — i I .
ns yc=1,44 = | T fill)
o — 344 o . 4 ol I [ / !
,' - < [ I /
y - [ ., [ ‘J‘ i /
P ) I I s / /' superstrat
342y 0 o Superstrat| TE) TE, TE; TE, y 5 r L Ll .
Hx Ex oy - e
VT Film . =T
Hz Ez X 5 g )
345 B 1= EeE Substal
Y Substrat T
Ey Hy 4 / { —TE —TE
.. - TM - TM™
TE TM 3.38 L 1 1 1 1 Il T 5 L 1 Il 1 1 L 1 L T
2 4 6 8 10 12 14 0 05 1 1.5 2 25 3 35 4 45 5
d [um] d [um]
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Optické vinovody — priklady struktur

. ] -

¥

(a) Pruhovy kanalkovy (b) Vnoreny kanalkovy (c¢) Vnoreny kanalkovy (d) Hiebenovy vino-

vinovod. vinovod. vinovod s gradientni vod.
zmenou indexn lomnu,
; ) (@
(a) | (b) Straight 0 (k) Phase modulator EO phase modulator
nterconnect — —_ Directional coupler Directional coupler Input Output
Input Output Inouts — _-_ .
npu Qutputs —_— [araes o
() S-bend
,:,‘zb Coupling region U] s)
Intensity modulator Mach-Zehnder
Input Output interferometer
| m
(d) o T (e) Y-branch U Polaricar (m) _-__ ‘:‘a
ower splitter 1 x —_— —
= o | [
o Outout Input Qutput R
w R T MM _-_ L= TE g w
TETM TE TETM converter EOQ-TE/TM converter
TE ™
= (n) (0) —-_ ="=“
9 . 0 » o - "
Waveguide reflactor . Polarisation beam Anisotropic directicnal
1 Mirror splitter coupler v) (W)
Input Input Output — 11-!:'_“'; Frequency shifter AO frequency shifter
a i) Grating ™ TETM Input output | _ IZTEHS“W
- —P= -
Output TE/MM Anisotropic substrate fo 1 fo+ fomw
foaw SAW transducer
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Zakrivené vinovody - ztraty

Field dstrbution Myrobendng
\ - @ (b)
Escaping wavi
at
3
L
1} \
, al
R
/ 1 A A A A A A A
-2 -1 0 1 2 3 )
x10°
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Fotonické mikro a nanostruktury

- Charakt. rozmeér (perioda) — srovnatelny s vinovou délkou: A = A, men§i nez vinova délka: A << A

- Periodické / kvaziperiodické systémy (1D, 2D, 3D)

- Modulace parametru optického prostredi (faze, amplituda, oboje) — elektrické / magnetické vlastnosti
- Formovani (transformace) optické viny

= Systémy optickych tenkych vrstev: dielektricka zrcadla, antireflexni / vysoce reflexni provrchy, ...

y

= Periodické struktury — difrakéni mrizky, obecné difraktivni struktury

= Obecnéjsi periodické struktury — fotonické krystaly, plazmonické struktu

= Nové typy materialu - metamaterialy |

Czech Technical University in Prague, FNSPE



Fotonické krystaly — Photonic crystals (PhC)

— Uméla periodicka prostredi - usporadani oblasti — odliSné indexy lomu
— Perioda (charakt. rozmér) — srovnatelny s vinovou délkou: A = A
— DalSi rezimy: A >> A, A << A

E. Yablonovitch: ,Inhibited spontaneous

1887 - Ray| EIg h 1987 - Yablonovitch emission in solid-state physics and electronics®,
a Phys. Rev. Lett., vol. 58, pp. 2059-2062, 1987
1-D

periodicin periodicin periodic in
one direction two directions three directions

0y
1a O

— Problém presné definice — Yablonovitch (UCLA), S. John (Toronto), optika, pevné latky, ...
— Rozmanitost terminologie — (1D) — optické tenké vrstvy, reflexni objemova mrizka, ...

Czech Technical University in Prague, FNSPE



Fotonickeé krystaly - zaklady

» Periodicka modulace dielektrické
Fotonicky
konstanty /__ zakézanj
pas
» Fotonicky zakazany pas
v Vo e v s ’ €2
(Nemoznost Siteni zareni o danych
frekvencich v prostorovych wom
smérech) . Homogeni
prostiedi
» 1D, 2D, 3D struktury (kubicka \/ ‘,
plosné centrovana (FCC) mftizka) - : o2

0 ka/2Tr

wa/2Tmc

» Modelovani — Metoda rovinnych

vin (MPB), FDTD (Meep)

=7 |

Pasova struktura

2D

Czech Technical University in Prague, FNSPE



Periodic

Bloch waves:

Klasicky (elektronicky) x fotonicky krystal

atoms in diamond structure dielectric spheres, diamond lattice

&
2
g®)
D
>
' >
(&)
- P c
I o : ) ~t
— o) Electronic Band Gap > otonic Band Gap
(@)) (- O
© Q v
~ Y
)] g -
2 3 S
O e)
© D =
wavevector wavevector
interacting: hard problem non-interacting: “easy” problem
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Fotonicky krystal - vlastnosti

Historie PhC - 2 zakladni cile: : : : . : . :
1) Lokalizace svétla . . . . . . .
2) Zakaz spontanni emis -O O O O O O O
-O O O Oa’ O O
-O O O O

Vlastnosti PhC
— Fotonicky zakazany pa -
— Vysoky indexovy kontrast

— Modifikace hustoty stavli a grupové rychlosti — O b O
slow light T OR
— Anomaini refrakéni viastnosti
— Vedeni + lokalizace svétla — beze ztrat O . O Q O O O
— Nové disperzni prostfedi pro: (QM) interakci : . . . . . .
b c
svétla s latkou — Purcelltv efekt ) ‘) ' )
— Ovlivnéni spontanni emise v PhC ol " t/ _ \
— Defekty (+ zesileni) — flexibilita — fotonické E:;‘;;‘;;‘;ypés
struktury (EBG)
— Nelinearity, infiltrace, ... |
k=-mt/a 0 k:ln/a k=-m/a 0 k=:7t/a k=-t/a 0 k=:n/a

Czech Technical University in Prague, FNSPE



k 1s periodic:

k + 2n/a equivalent to k£
“quasi-phase-matching”

a &lx) = &lxta)
! C‘[) !
5 band gap
| | s
—Tt/a 0 T/a

irreducible Brillouin zone

Czech Technical University in Prague, FNSPE
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Ukazka moznych realizaci idealniho 2D PhC

a) Struktura dielektrickych sloupct ve ¢tvercovém usporadani.

b) Struktura vzduchovych dér v dielektriku ve ¢tvercovém
usporadani.

c) Struktura dielektrickych sloupcu v trojuhelnikovém usporadani.

d) Struktura vzduchovych dér v dielektriku v trojuhelnikovém
usporadani.

sklonu ve ¢tvercovém usporadani.

f) Struktura dielektrickych Zil obklopujici vzduchové diry
étvercového prurezu.

g) Grafitova struktura.

h) DalSi z moznych realizaci 2D PhC.

TE zakazany pas

————

5 -7

Frekvence (wa/2x c)
© © © o o © © o ©
— N w - O (o] ~ (0] ((e]

K

1

K K M
Vinovy vektor k

Czech Technical University in Prague, FNSPE
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2D — PhC — ,,gap‘“ mapy — zavislost na materialu

a) b)

ot

=
N

-

N

| I
®
®
[ ]
e
o

]
|

wa
27c
oa
2nc
o
(o]

©
~

—

o
B
P T |
o
N

Frekvence [
1
Frekvence [
o
(0]
1 l L l L l L l L I L l { ! l 1 I L l 1 I L l L

0.2 Il vrBG [ TE PBG Il vrPBG [ TEPBG
00 1 ] | ] ' Ll l 1 I 1 ‘ ) ‘ T I ] l ] I 1 l ] l T ' ] I ] | 1 OO ¥ I ¥ l ' I ' I ' I ¥ I ¥ I ¥ I ' I i ' ' I v l ¥ I ' I ¥
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Permitivita € Permitivita ¢

Zavislost existence a polohy PBG na permitivité.
a) PhC tvofeny dielektrickymi sloupci s polomérem r = 0,2a ve ¢tvercovém uspofradani.

b) PhC tvofeny vzduchovymi dirami s polomérem r = 0,4a v dielektriku ve ¢tvercovém usporadani.

Czech Technical University in Prague, FNSPE



2D — PhC — ,,gap“ mapy — geometrie

12 Y - 1.2
] % ~ i
1.0 \ - N 1.0 1
%0.82 -~ \ ;‘E().SE
go.(s—: \ 8 0.6
2 s N ™
= ‘\ =
= ¢ o o =
0.2 o oo 0.2
1 M T™PBG [ TEPBG e o o 1 I ™preG M TEPBG o o
0.0 i e T e e o o Pl 0.0 B e B B e e SR T PR S
00 01 02 03 04 05 06 00 01 02 03 04 05 06

Polomér [ ';] Polomér [’F]

Zavislost existence a polohy PBG na poloméru sloupcu.
a) PhC tvoreny dielektrickymi sloupci s permitivitou € = 11.4 ve ¢tvercovém usporadani.

b) PhC tvorfeny dielektrickymi sloupci s permitivitou € = 11.4 v trojuhelnikovém usporadani.

Zluté je vyznaden polomér kterému odpovida maximalni TE PBG.

Czech Technical University in Prague, FNSPE




2D — PhC + defekty — 2.5 D

Antiresonant reflecting optical
wavegudie — braggovsky vinovod

waveguides

® © © © ©
® 40,6 @ ® © ©® ©

ODO e T W O

w3 - “ L - o — w9 o ol

Figure 12: Schematic illustration of possible sites of point, line, and surface defects.
Perturbing one column in the bulk of the crystal (yellow) might allow a defect state to be
localized in both x and y. Perturbing one row in the bulk of the crystal (red) or truncating the
crystal at @ surface (green) might dllow d state to be locdlized in one direction (x). The rods
agre assumed to extend indefinitely in the z direction.
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2D — PhC + defekty — 2.5 D — ukazka sireni

-
«
-
il o
»
‘ ‘ ‘ ‘ ‘ v ‘ ‘
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FCC struktura

1

7 4
09
08
. E 07
{1l
g 06
A § 0'5
y % " \
v ic 105 ¢
02 -
01 -
0 | |
X U L r X W K
Figure 2: The photonic band structure for the lowest-frecuency electromagnetic modes of a
face-centered cubic (fce) lattice of close-packed dielectric spheres (e=13) in air (inset).
Note the absence of a complete photonic band gap. The wave vector varies across the
ireducible Brillouin zone between the labelled high-symmetry points; see appendix B for a
discussion of the Brillouin zone of an fcc lattice.

Diamantova struktura
1

ol e N P

Photonic Band Gap

0.9

08

0.7

Figure 1: Ball-and-stick ("atomic”) representation of several three-dimensional lattices in a 0.6
cubic supercell, with a lattice constant a. The blue balls alone form a simple cubic lattice.
Adding the dark red balls produces a face-centered cubic (fcc) lattice. Adding the pink

balls as well produces a diamond lattice, with stick “bonds” (four bonds per ball).

0.5

0.4

Frequency wa/2rnc
I 7NV

03

02

0.1

0 | 1
X U L r X W K

Figure 3: The photonic band structure for the lowest bands of a diamond lattice of air
spheres in a high dielectric (¢ =13) material (inset). A complete photonic band gap is shown
in yellow. The wave vector varies across the ireducible Brillouin zone between the labelled

J. D. Joannopoulos, et al., Photonic crystals: molding the flow of light o dt ol ok oo BB for o e bt b e b e et Lilfis.

ech Technical University in Prague, FNSPE
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3D — PhC - syntetickeé opaly — KFE FJFI

Materials: ZnO, Ni (magnetic properties)

— 1pm JEOL 5/20/2010
2.00kV LEI SEM WD 10.1lmm 5:58:51

Ni- inverse opal PhC

- 266 nm — diameter of
original polystyrene
beads

- cca 50 nm — diameter of
holes

Czech Technical University in Prague, FNSPE
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Inspirace - prirodni iridiscence - Papilio palinurus

_\

Structural black

- \\\ -
. “Awm JSM-7511 4/15/2009

X 850 1.50kV SEI GB_Hlen T 2 1mm 3:02:1:
——

L 100pm JSM-7520 4/15/2009
X 170 1.50kV SEI M WD 8.4mm 3:12:56
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Prirodni iridiscence - Papilio palinurus

»
d ) Ol ors B C e dlC A

....

.....

......

......
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3D fotonicka PhC struktura v prirode o

) .. Model of 3D structure Butterflies —
JERpgstgesostris | { .. GYROID  Papilionids
— Parides Sesostris
— Scales:
- 3D cuticular structure

- 3D PhC - gyroidal
type — minimal surface

(A. Schoen, 1970)
— “Biological” PhC

M A\ s2elelele yos! — Parameters: lattice,
i N\ N T eleleleitityyrtta  filling fractions
i |‘ i b ¥R \ ¢ 3 K 3 . o .

:I"I ”I) I‘ 1 Tr r ‘—::\{.’ . 7 » : .. : y s . 5 MPLETE PB '
g'vfm! !dj J«»fﬂ &M; ;&l@l&j‘i& G el 243 — CO gap

A P Wi MY T

2 R

A N
TRy
~ ‘\.T/ b | -4"}\ ‘:: < o i

¢ 3‘
J

o

—— CRT L -
lpm  JEOL 8/25/2010 E—

1pm JEOL 8/25/2010
X 3,000 2.00kV SEI GB_HIGH WD 4.5mm 5:05:40 X 16,000 2.00kV SEI

GB_HIGH WD 4.5mm 5:11:02

..
F- -
- = s

rg ¥
S

SEM picture of fractured Zoom — 3D gyroidal
butterfly scale — P. Sesostris structure
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Nanoplasmonics — Propagating / Localized Resonance

— Bulk x Surface plasmons (polaritons - SPP) —» 2 types: propagating x localized —» combined, spoof

t the interfaces

(1) Propagating SPP: electromagnetic modes + charge density oscillations a
2 T

YA x
\r
DPS
—
E = -
SNG
(b) (c) 05

(a) |
(2) Localized SP — localized surface plasmon resonance (SPR) R Surf:gtl-:-a;r)_ltaosnmon
I

King Lycurgus Cup.

0,5 1 1,5 2

ko _
kyk ¢ ¢
— Isolated Nanoparticles (NP) C €. ¢
¢ ¢ ¢ePe ¢
— Clustered NPs &A\, ¢ ¢ ¢

— (dimer, trimer, ...)

t - g 2 — Arrayed NPs/ clusters J. Fiala, I. Richter, OQE 41, 409 (2010).
g J. Fiala, P. Kwiecien, I. Richter, PIERS 2013, 439 (201

21
Czech Technical University in Prague, FNSPE
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3) EMT - Effective Medium Method — Zero-order gratings

fA A 1K AL l
T(0)

HIGH-SPATIAL FREQUENCY GRATINGS - zero order diffraction orders
®Effective medium theory (EMT) — homogeneous anisotropic layer approximation

— elmg. wave does not feel a nanostructure details — effective characteristics
® Optics of thin layers
® Unique properties: antireflectivity, phase retardation, polarization / spectral selectivity
® Artificial anisotropy — form birefringence, artificial materials (PhC), metamaterials, ...

® Natural nanophotonic structures

Czech Technical University in Prague, FNSPE
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3) Example — Antireflectivity of Zero-order gratings

Reflektivita HSF struktury (n_=1.5), TE Air [ glass 4% Reflektivita HSF struktury (n_=1.5), TM
reflectivit — —
TEl AA=0.5, d/A=1.0 / YN AA=05, dA=1.0 ™
NN pd A N N —— BINARNI :
‘\\\\\\ //’ //III / ] \ , —— HARMONICKY
—— TROJUHELNIKOVY
BLEJZOVANY
0.1 \‘\\}\\\ [,,’/ ,,'n/.-/ ,:/ 01 \\‘\\ ——MQVIOGENN{ POVRCH
s T NN— 7V | S \ e
: -\
cu 0.01 “‘\“\\“\ N ll’/ll’/". .‘(E O : 01 ““\“\“\ I" “\ Il’ \ /, /4
5 \\_,// < ] /T N\
E 1E-3 ~1T — E 1E-3 I\// - - \
—— BINARNI \ /
—— HARMONICKY b B |- \}‘ '// '\\
— aLerzovANy \ 7/ \
1E-4 ~—— HOMOGENNI POVRCH |- 1E-4 \\.“, ‘._,//
—T - T - 1 1T T 1T 1T 1T 1T -,-,-,-",.,..,.,“’.
90 -75 60 -45 -30 -15 O 15 30 45 60 75 90 90 -75 60 -45 -30 -15 O 15 30
Uhel dopadu [deg] Uhel dopadu [deg]

® Reflectivity of high-spatial frequency structures

compared to homogeneous boundary — strongly reduced
® Relief profiles of microstructures: binary, harmonic,
triangle, blazed

®*TE a TM polarization, relative period A/A = 0.5, relative thickness
d/A=1.0

Czech Technical University in Prague, FNSPE
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=1\

telnost > metamateri

a nevi

ick

Opt
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right-handed / forward-
wave propagtion

£=0, y=0

k> =0, n=+Jcuu R, n>0

VESELAGO

(1968) isotropic dielectrics
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Metamaterialy — historie — 2000 — 2015 (15 let)

Terminologie : metamaterial, LHM, DNG, NRI, BW, Veselago medium, NPV, ...

Historie:
®  Veselago 1968 :
idea existence materialu kde €<0 i u<0

®  Sir John Pendry 1999: (Imperial College)
Navrh umélého materialu - periodicka struktura
Lenkych® dratd a ,rozdélenych krouzku*
(SRR - split ring resonators)

®  Smith 2000: (San Diego)
Realizace 1. struktury: €<0 a u<0,
demonstrace zaporného indexu lomu

Mikroviny — idealni vodiCe

Problémy - vyzvy:
(a)posun do optického pasma (IR, VIS, UV)
(b) zjednoduSeni stuktury (e < 0 and p < 0 — stejny prvek!)

- realizovatelnost

Czech Technical University in Prague, FNSPE



Struktura metamaterialu

Struktura se zapornou permitivitou Struktura se zapornou permeabilitou
Periodicka soustava dutych kovovych vale¢kl, vzdy dva zasunuté do sebe,

— Soustava tenkych tyCi — periodicka mrizka e .
podélné rozfiznuté

(Pendry) 0)2 — Jednotlivy krouzek pfedstavuje rezonator (split ring resonator - SRR)
g ( (0) —1— p — |deové staci jeden valecek, dva zvysi efektivitu
2
1 1 .1 . (o)
E 4 J i i
1 LI H
P

Dnes: posun do optického pasma
— plazmonické struktury (fishnet, ...) S

pd

—
k

=

Czech Technical University in Prague, FNSPE



Magneticka rezonance

4, _
oc,ﬁe"@ P A bulk metal has no
ﬁ@o‘,. .. magnetism in optics
o i
o, % L
7 Split-ring resonator (SRR)

A metal ring: weak
magnetic response

Cut the ring to
introduce resonance @
/\ A split ring:
i

magnetic resonance

0 =
)
eci\ f \\_ Double SRR:
\66‘ e;(‘" |\ — | enhanced magnetic Theory: Pendry et al., 1999.
o & \ resonance Experiment: Smith et al., 2000.
0 60000'30 -
)
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MTM — unikatni elektromagneticke vliastnosti

= Negative electrical permittivity, negative magnetic permeability — negative refractive

index n,>0 @] | n>0 (b)

Z
= Negative refraction 13 \

. | Vg n,>0 n <0
= Backward propagation /E/MH\ ‘
28

y hase phase

|EHE| 5elncig |HEE| velocity
ey e )

— oposite phase / group velocity

» Flat perfect lenses

= Opposite Doppler, Cherenkoy, ...

» Large: g, 1, n — device miniaturization
= ¢ —» 0 (ENZ) or /and ll.l[|||||1|tlmmllll|||||]

l ' optics
\ (\m‘%ﬂ% T

mg<lor/and pu<1 !|||| '

— cloaking




Simulace - pruchod svétla strukturou 71
metamaterialu
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Negativni lom svetla: RHM x LHM

Snelllv zakon lomu:

RH LH

: Ot
Oi <, k2

S2

ka
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Ukazka ruznych aktualnich metamaterialu
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Optical cloaking: 1st experiment

D. Schuring, Science 314, 2006.
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Optical cloaking: carpet cloak

i
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Electromagnetic phenomena - Maxwell equations

INTEGRAL FORM

LAW DIFFERENTIAL FORM
GAUSS'S LAW \VAS ) / D:-ds=Q
FARADAY'S LAW VxE = J? PE-dl=-| “lf ‘ds
ame - YW E GAUSS'S LAW FOR MAGNETISM V:B=0 ’;/ B-ds=0
831-187¢
AMPERE'S LAW VxH =J ll) / H-dl= / J ll)'</s
eridlové vzta odely prostied
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Modeling of photonic / plasmonic (nano)structures

® Photonic devices — (nano)photonic / plasmonic structures, subA devices, ...
® Theoretical research — new phenomena — functionalities

® The complexity of the problem makes it impossible to perform an exact analytical
computation of the electromagnetic field distribution — approximate models +
numerical modeling

;-.'
.
A

— - Application

015#m g 0.41um
"1 mi 0.5 um

Oﬂ Mﬁﬂﬁﬁ 70777 - 577

_'L

Analysis Realization
Modelling

Testing

t

Waveguide / structure mode calculation: mode propagation constants, shapes, ...
Light propagation modeling: transmission/reflection spectra, field profiles, ...

® Miscellaneous + postprocessing: Bloch modes, band diagram, Q quality factor,
field enhancement factors (SERS), ...

Czech Technical University in Prague, FNSPE



Computer Lab for Nanophotonics

— Modal methods (FMM / aFMM) — in house + approximate techniques
— Direct numerical techniques — FDTD / FEM / FETD — RSOFT

— Integral techniques — Boundary element method B§(/’:FT
synopsys' |

— Software tools available:

— Matlab n MATLAB — Meep / MPB s

Meep -
— Comsol Multiphysics — JCM Wave (FEM)

COMSOL g7 m '
}V\AULTIF:’H'_—JSICS ‘”\ wave
— Photon Design £ Photﬂn — CST Studio E
i i (FEM)
_FimmWave =8 DESigno j
- FimmProp

- CrystalWave / Omnisim — MNPBEM (BEM)
m Lumerical FDTD (‘ /lllﬂel'lca/ A \\ b -
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- Yeeova vypocetni burika

H
z ! 1-D FDTD — Staggered Grid in Space

Interleaving ofthe E, and H, field components in space and time in the 1-D FDTD formulation

.
2 o7
Ex Hz| | Ex Time plane
s e i e 4 % ., X 7 < " ;
£ | | [n,-2] [ gl (we?]
] y L S 2 .
| ,/ | ] X * |_\”r‘_|
| Ez | h% | Ez T T T T
| AT T AT,
| | .
Hy | | Hy ‘”z_:‘ iny—1i (1 a1
- /_]___H_>‘+____:_EZ"/ : H.T A \d ? g (7 )
] & 1
Vanr F b pr \/\ /
| ' ) ! “ ¥ .
o A s S (] R | R A R (] 3
| E L2 VT2 2, 1
i ?'1t+
&/Ey X ‘[ ‘[ T T ‘ 2,_|

X
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\) Lumerical FDTD Selutions - Layout - sp_bullseye.fsp [C:/Optics/Lumerical/examples/Plasmens] (==
File Edit View Setting Simulation Help

y C N o 0
@ . . ¥ = e L., A & . &
Materials  Structures  Attrbutes  Components  Groups  Simulaton  Anmalysis  Import  Sources  Monitors Resources Check  Run —
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A om Layout =
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» 3
\ g
]
Name
+4 model g
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# mesh Iy
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6}}\ 2 index 400nm i3
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o
g
2
I
S
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7
getelectric
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XZ view & X YZview & x getdata("profile
 pesult View 8 % gesdace
X, getdata(
N 31 image(x*le€,y*le€
I Name Dimension 32 image(x*le€,y*leé
v 33 image(x*led,z*leé,EZ
3
[] 35
=
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x >|
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E
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3 [Group scope:model Directory: C:/Optics/Lumerical fexamples/Plasmons Normalization: CWNorm
x y: z < >
— S5
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Lumerical Mode Solutions

{®J Lumerical MODE Solutions - Layout - ring_resonator.Ims [Ci/Optics/Lumerical/MODE/examples]

=N = =
. r a -1 ~
@ . B T . .va-v"‘“‘v\.v Zn [ .
Materials | Structures Attributes Components Groups Simulation Analysis Import Build Sources Monitors EWM Resources  Check Run
& SHES T # *| A new version of MODE Solutions s available: 7.11.1584 View Download| [Remind me later | [Skip this version|  ScriPt File Editor ) £
Variational FDTD Layout‘show result view| v e & X Perspective view s x| = E M|
bk — —
i [L]] untited 1sf ]
A [ome Type 1
::: +‘ model Model =
AdA
W rectangle Rectangle
Il | ring_resonator  Structure Gro i
FDE FiniteDifferen
varFDTD VariationalF |
# sourcel varFOTDMeds
% ful_profile  varFDTDFreqy
% through varFDTDFrequ
* time_through  varFDTOTime - = ;g-% -
11 . drop varFDTDFreqy
12 L time_drop varFDTDTime|
. B index varFDTDEffec|
’\ movie varFDTDMovi
-
I XZ view &8 X YZ view 8 X
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L}
P ] m b
Result View & X
MName Dimensions/Value
L] L]
SC... Ob Optimization
X |5 Script Waorkspace B x
g
Name Dimensions/Value
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@ |Group scope= : Directary: C:/Optics/LumericalMODE/examples Mormalization: CWhorm Script Workspace | Script Favorites
x -11.7 ¥i =z 0.579 < >
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Photon Design

Photon Design: http://www.photond.com/

FIMMWAVE - Waveguide Mode Solvers

FIMMPROP - Fully Vectorial Bidirectional Optical Propagation

Kallistos — Automatic Design Optimisation

PICWave — Photonic Circuit and Laser Diode Simulator

< —m_=( = Harold —An Advanced Heterostructure Model

Czech Technical University in Prague, FNSPE



http://www.photond.com/

Metody MODE SOLVERs — Photon Design

FimmWave

FIMMWAVE

a fully vectorial 3D mode solver

'''''''''

&2 fully vectorial solution of near
arbitrary 3D waveguides

&d variety of fast, robust Solver

| Engines, each optimised for

: rectangular geometries, fibres or
diffuse guides

& complex versions for waveguides
of complex refractive index,

including metals Professional waveguide design interface
+ FWG Wevegude mmicus reg S + WO Weveguide fbrel fag o -
Riane """I BEan®
T L N—— ano”
inl ﬂ B QE }
|

M very accurate solutions even for
“difficult” problems such as devices
with very thin layers, weakly coupled
structures, and devices near cut-off

¥ comprehensive material database

M parameter scanners for rapid design

The rectangular waveguide editor 3 The circular waveguide editor -

‘“,...

nn.v
|

TR | e rgra | o Yot [ 5] e

The mode finder
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Metody MODE SOLVERs — Photon Design

FimmWave

FIMMWAVE

a fully vectorial 3D mode solver

'''''''''

&2 fully vectorial solution of near
arbitrary 3D waveguides

&d variety of fast, robust Solver

| Engines, each optimised for

: rectangular geometries, fibres or
diffuse guides

& complex versions for waveguides
of complex refractive index,

including metals Professional waveguide design interface
+ FWG Wevegude mmicus reg S + WO Weveguide fbrel fag o -
Riane """I BEan®
T L N—— ano”
inl ﬂ B QE }
|

M very accurate solutions even for
“difficult” problems such as devices
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structures, and devices near cut-off

¥ comprehensive material database

M parameter scanners for rapid design

The rectangular waveguide editor 3 The circular waveguide editor -
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The mode finder
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Rigorous computation — periodic modal FMM

RCWA - Fourier Modal Method (FMM)

Periodic structures - diffraction gratings

Multilayer approximation of the grating profile — binary layers
Corresponding electromagnetic boundary conditions
General applicability to a wide range of profiles

Correct Fourier factorization needed

Matrix algorithms (enhanced T, S)

P4l il

Multilayer approximation

incident region Procedure:

// // Dividing profile into layers + boundary conditions

Fourier expansion — discretization (dielectric permittivity,
transm|SS|on region perio

fields in each layer)
2D o
incident region : .-
ol o ot >

Space harmonic (FB modes) formulation of fields in layers
Solution of wave equation: system of coupled equations —
‘y/ i 5/ period y
transmission region period X

the eigenvalue problem in each layer
Matching boundary conditions on each boundary
Reconstructing fields, calculating diffraction efficiencies

N R N

Czech Technical University in Prague, FNSPE
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Rigorous computation — periodic / aperiodic FMM

1) 1D FMM (RCWA) — periodic — 1D FMM + absorbing layers = 2D aFMM
2) 2D FMM (RCWA) - periodic — 2D FMM + absorbing layers = 3D aFMM

Multilayerapproximat‘ion — ; ; ;
// 27 . ol ol ol

transmlssmn region  perio

2D |
incident region ; ;
i if )

‘y/ / lperiod y

transmission region period X

P. Kwiecien, PhD dissertation, 2015.
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aFMM — artificial periodization — isolated structures

aFMM: artificial periodization + efficient boundary (absorbing) conditions
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H E N
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LN |
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| ]

Extensions:
Proper Fourier factorization
Near — field calculations
Full anisotropy — Magnetooptics

Adaptive spatial resolution

Structural symmetries

Advanced scattering and enhanced transmittance matrix algorithms

Nonlocal metallic media P. Kwiecien, PhD dissertation, 2015.

Czech Technical University in Prague, FNSPE

il b



88

Recently studied photonic / plasmonic structures - 1

JEOS: RP 8, 13024 (2013)

£=2.4025
4.40

£4(670 nm)=-1

-< > /
2 um
Sub-wavelength Plasmonic waveguides Loss / gain structures
grating waveguides PT-symmetry
Optics Express 26, 179 (2018) JOSA A 34, 892 (2017)
dielectric, £,
analyte Au ¢ o 2 pm surface
} - £ S0 ¥ | magnetoplasmon
doped SiO, 3 pm . 0 &
®B = =
1,5 mm InSb,E:[ 0 &, 0]
Si0, . 10 pm 52 £,
‘ incident region X
T . - period x
area o 4 o—i.
go‘ldd surfacef,\ lARI Z)_{ 4 4 / Au
cylinder - X
S v 4 dielectric ‘ d
s il -
Z y
transmission region  plagmonics 13, 835 (2018)] ®B InSb
OQE 41, 409 (2009)
Surface plasmon Sub-wavelength Magneto-optic
resonance sensors metallic apertures (EOT)
PlastWiRd4@Q 1288 4) nanohole arfays
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Recently studied photonic / plasmonic structures — 2

Photonic crystal structures OQE 47, 3201 (2015) Nonlocal resonant effects

direct / inverse 3D opals ,
‘ 2r ‘\‘/81(war)

Optics Express 21, &7

6794 (2013) /TN &

Ny 2Neay Ny
L UL . 1T L

Sio, X\
NL polymer

PIERS 2013, 439
;2013)

r

r~ I' - il
r | ]
PhC-based resonantg - .||,
— m gEOL 8/25/2010 nanostructures .
X 16,000 2.00kV SEI p:‘3‘37}(16" WD 4.5mm 5:45:18 EEEE FISh net L H
Interface metamaterial
_Projection Journal of Optics 22, 095801 (2020)
PhC metal g, 7, P, . OQE 52, 149 (2020)
dielectric ¢, ¥, n I ’
. ai ai raphcne
Surface states in photonic g T s | . " . " / shest
nm £ . .
gwg\t@] gf Conferences 48, 00030 (2013) => & v w| D 220 nm - l . ~Si0,
Z P‘) gm ym P' y z ¥ z
0.15 um g 0.41 um Si0, Si0,
N 0.5 um dielectric waveguides

t
f
Local linear / nonlinear
resonant effects

bar cross graphene air Si0,
S | _th | le
S
cum Sio, LW ld
Plasmonic waveguides Graphene plasmonics

couplers
Czech Technical University in Prague, FNSPE




Example 1 — SubA metamaterial guided-wave

structures

. . : Cooperation: NRC, Canada
Subwavelength grating (metamaterial) guided-wave structures ,p ] ’ )
University of Malaga, Spain

Polymer SUS (or Si02 ) w2 University of Zilina, Slovakia

— SWG waveguide - a new type of SOI microphotonic

o waveguide
ihkness - — Applications: fiber-chip coupling, waveguide crossing,
s SIS refractive index engineering
— Our participation — theory, interpretation
2D x 3D model test - Full 3D modeling needed!
Polymer SU8 (or SiO2 )
\ 4
Cort N
g!‘ide Guide Groove Gap Bloch Nt
ickness h v a g
ckress siz

Scanning electron microscope (SEM) images of fabricated structures
including: a) SWG straight waveguide with A =300 nm, w =250 nm and a

&_@_@ D radiation regime duty cycle of 33%. b) Detail of two SWG segments.

— Bragg P. J. Bock, Optics Express, 18(19), 20251 (2010)
photonic .
— ﬁ |:| D reflection

regime

-El—El—El—E—» subwavelength

regime

Nanowire — SWGW coupler
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Example 2 - SPR-based resonant structures - SPR sensc

Cooperation: IPE AS CR - B. Spaékova, N.Scott Lynn,

— water || 3 - water 3 J. Homola
flow g flow area of g
g 00 e surface fR' g Rich physics:
= = thin
Ih*R' area of surface ARI 5 Ihbﬂ' \ 5 dielectric Au . - Fano resonances
h} gold film n! } 7 layer  nanodisk - Rayleigh resonances
prism teflon ! — COUPLING
(a) (b)
Simulated structures. (a) SPP-based sensor structure — gold thin film on prism, (b)
LSP-based sensor structure — two-dimentional periodic array of gold cylinders.
— FDTD x RCWA comparison A=670.4 nm

§ @

’ / resonance
B

1]
! k=1

£ 06

g —— A=400nm

. F —— A=450nm
0.4 7

i — A=500nm A
4 — A=550nm A A
3.5 02 | 1 1 L
i 500 550 600 650 700 750

Wavelength (nm)

1 Transmission spectra of the nanoparticle array with different periods of the structure
., A, r =40nm, h=80nm. Lattice surface resonances and Rayleigh anomalies are .
marked by arrows and circles resp. . e

P Spackova, et al., IEEE Sensors, 2012
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Tyden vedy na FJFI — program 19.6. + 20.6. 2023

Program - Trojanova
Pondéli 19.6. - 9:30 — cca 16:00 ( > Brehova - 16:30)

— Uvodni prezentace (Ilvan Richter)
— Prakticka ¢ast — Pavel Kwiecien, Milan Burda
— Predstaveni softwaru pro simulace: Lumerical FDTD + Mode Solutions
— Vlastni experimenty a simulace s nastroji
— Nékolik zakladnich uloh:
— Porovnani geometrické a vinové optiky (rozhrani tvaru V)
— VInovody - planarni vinovod - 1D, 2D, opticka vlakna + zahnuté vinovody
— Fotonické krystaly, vlakna z fotonickych krystalu
— Tepelné efekty

Utery 20.6. - 9:00 — cca 18.00 (18.00 — deadline - prezentace + text)

— Dokonceni pocitacovych experimentt
— Prezentace
— Textovy prispévek
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Dékuji za Vasi pozornost

Otazky, prosim?
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