Povrchové plazmony

v integrované fotonice

Povrchové plazmony v integrované fotonice

Typické aplikace:
1. vinovodné polarizatory
2. SPR senzory

3. povrchové plazmony pro pirenos informace (,,plazmonika“)




Permitivita kovu (Drudeho model)

svolny“elektronovy plyn v elektromagnetickém poli
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Disperze kovu (experimentalni data)
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Povrchova plazmova vina
(povrchovy plazmon-polariton, povrchovy plazmon)

Vzajemné vazana elektromagneticka a nabojova povrchova vina
localizovana na rozhrani mezi dielectrikem a kovem
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Rozlozeni pole povrchového plazmonu
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Disperzni vlastnosti povrchového plazmonu
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Povrchové plazmony na kovové vrstvé

nevazané PP
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RozloZeni poli PP na kovovych vrstvach
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Vidy planarnich vinovodu s kovovou vrstvou
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VInovodny polarizator zalozeny
na rezonancni excitaci PP
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RozloZeni optického zareni ve vinovodu
s usekem, na némz se muze Sifit PP

Experimentalni usporadani
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PLAZMONICKE VLNOVODY
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Ptechod mezi vinovodem SOI a plazmonovym vinovodem
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Silver

10 nm

G. Veronis, S. Fan, OWTNM 2006, p. 12
(Stanford university)

»Zlaty nanodrat” jako vinovod pro povrchové plazmony

(T. Rosenzveig, ECIO 2007)
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,VInovod“ tvoreny fadou kovovych nanocastic
- vazané lokalizované plazmony

(S.A.Maier, ECIO 2007)

,Retizek” Au krychli¢ek o strané 45 nm vzdélenych od sebe 20 nm

Excitacni vinova délka

500 nm
429 nm
390 nm
Na vinové délce 429 je , preklenutelna vzdalenost”
pro pokles vykonu na 1/e? celkem 2,2 mm
(dtlum cca 40 dB/cm)
e 2

Nové typy plazmonickych vinovodu
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Hybrid dielectric-plasmonic slot waveguide

Influence of basic geometric parameters
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DIRECTIONAL COUPLER
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VAZBA MEZI SOl NANODRATEM A HDPSW

R. Mote et al., Optics Communications 285 (2012) 3709-3713
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MACH-ZEHNDER INTERFEROMETER
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Fotonické krystaly

a integrovana fotonika

Fotonické krystaly

1D, 2D nebo 3D periodické struktury s velkym kontrastem permitivity

56 2-D

periodic in periodic in periodic in
one direction two directions three directions

E. Yablonovitch: , Inhibited spontaneous emission in solid-state physics
and electronics”, Phys. Rev. Lett., vol. 58, pp. 2059-2062, 1987

J. D. Joannopoulos et al.: Photonic Crystals: molding the flow of light,
Princeton University Press 1995

S. G. Johnson, J. D. Joannopoulos: Photonic Crystals, The road from theory to practice,
Kluwer Academic Publishers 2003

J.-M. Lourtioz et al.: Photonic Crystals : Towards Nanoscale Photonic Devices, Springer 2005
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Fotony se v periodickém dielektrickém prostredi pohybuji
»podobné” jako elektrony v periodickém potencidlovém poli

Za jistych podminek existuje zakazany pas energii fotont.
Fotony s energii uvniti zakdzaného pdasu se v periodickém
prostiedi nemohou Sifit, zafeni se tudiz totdlné odrazi zpét

Z pohledu vinové optiky jde

o braggovsky odraz viny

od periodického prostredi.
Totalni odraz je mozno vyuzit

k vytvoreni optickych vinovodu
ve fotonickych krystalech

Vytvofit trojrozmérné periodické prostiedi je viak technologicky obtizné.

“Pohybové rovnice” pro elektrony a fotony v krystalech

Schrédingerova rovnice pro elektron v periodickém potencialu:

Vir+a) =V K:z—7r

’l/] (r) = EyY @ EY
I ’l/J(I‘) _ Zum ) eimKlr
m N

periodicky potencidl  vlnova funkce  energie fotonu (Floguetova)-Blochova vina,

2
\ h A+ V(@
m,

e

Aproximativni (jednocasticové) pfiblizeni
“VInova rovnice” pro fotony v periodické permitivité

VXE =iwpH, VxH=—iweg,e™E,
Presnd
(“mnohocasticova”)
teorie

Rovnice pro vlastni hodnoty energie fotond a F-B funkce

Tento pfistup je jednoduchy a prazraény,
ale standardné nebere v Gvahu disperzi permitivity e(r,w)
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Periodicka vrstevnata struktura jako
jednorozmérny fotonicky krystal

Jednorozmérny fotonicky krystal

Existence zakazaného pasu odvozena metodou pfenosové matice
(fotonicka analogie Kronigova - Penneyova modelu krystalu)

A L L
1 Normalizace vin. vektori: & = 27 /A
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Elektromagnetické Floquetovy — Blochovy vidy

Prichod /-tou vrstvou je popsdn pfenosovou matici A,,
pFenosové matice jedné celé periody je* A = A2 .Al . Je tfeba rozliSovat TE a TM vidy.

Floquettv-Blochav ,vid“ (vina) je definovan pomoci vlastni funkce matice * A,

EF EF
AA- "Q =5 “fﬁl ,s:exp(ich), of = EFA, resp.
H H
a1 al k¥ je konstanta $iteni F-B vidu.
HF HF
AN o =g
EF EF
zl xl

kF je uréen a# na aditivni konstantu K =27 /A exp(ikA) = eXp[i(kF + K)A]

Proto staci urcit k¥ v intervalu ~K/2<k" <K /2 = prvniBrillouinova zéna.

Vlastni hodnoty a fotonicky zakazany pas

Oznatme A =1L +1L,, o =kNL, ¢, =kN,L,

matice *A  ma pak vlastni ¢&isla

2

—-1.
2

I, 1]. . 1|, 1], .
§ = cos, cosyp, -5 p +? sing, sinp, &, [|cosy, cosp, ——|p +F singp, sin,
FB vid se ,Sifi“, jen pokud Isl =1, t.j., pokud

sing, singp, | <1.

1|, 1
Cosgalcosgaz—g p +?

Normovana konstanta Sifeni je pak

pr_ KT
= K/z = ;arccos

COS[%NILIJCOS[%NZLz] — l

. W . w
2 sm[;N]Ll]sm[zNsz]

1
2
p+?

Pokud sing, sing,| > 1,

1| 5 1
cos cosgpz—g 14 +?

kF je komplexni, a vina se nemuze $ifit podél nekonec¢né dlouhého krystalu.
Tak vznika fotonicky zakazany pas.
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Pasova struktura jednorozmérného krystalu
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Spektralni reflektance
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1

Dvojrozmérné ,fotonické krystaly”

o0 000000
o0 000000
00009200
® 0in 0l¢c > @0 @

..6‘(—1—3..5..

® 0 000 O C )

Elementarni vektory prostorové mftizky

4 =(a,0); & =(a/23a/2)
Elementarni vektory reciproké mrizky
- 1 1 - 2

b (a’ax/g ’ 2 ( a 3)

Periodické usporadani otvor(;
Blochlv — Floquettv teorém

Il
IS
T

z o\ ki G
(r)e e

0.0 0606066060
e E-g e o 9

R R
i B e BB RN

® U UH.0.00 O
© 66 6060 O

21



Pasovy diagram energii fotonU
2D krystalu s trojuhelnikovou mtizkou
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Odraz rovinné viny od 2D fotonického krystalu
s trojuhelnikovou mtizkou otvori v InP

Uvnitf zakdzaného pasu Vné zakadzaného pasu

' L VRS e S T Ve R e T N
O 00000
CO00000O0
OO OOOOOY
€ ChiE O E G0

U S B e W e B s

»
.

(Ing. Jifi Petracek, Dr., VUT Brno)

Trojrozmérné fotonické krystaly
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»2.5-dimenzionalni“ fotonické krystaly

W
W

-

-
-
—-—
—-—
-
—
——
o
—-—
-
-

_LLUCUTTEER

B

1.

Fotonické krystaly a vinovody
2D fotonicky krystal + vertikalni vinovod

1 Vysoky
kontrast
indexu
lomu

Nizky kontrast
indexu lomu
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Vinovody v 1D fotonickém krystalu

=} 15 fotonicky krystal
: :I e vinovod jako ,porucha” fotonického krystalu

1D fotonicky krystal

Princip znam od 80. let jako , braggovsky vinovod“
(antiresonant reflecting optical waveguide, ARROW)

Rozdily ARROW vinovodu viiéi konvenénimu vinovodu:

1. pro pfilusny Uhel dopadu viny musi existovat zakazany pas

2. pocet period musi byt dostatecny, jinak vznika ttlum vytékanim
(,tunelovanim®); v krystalu kone¢nych rozmér( existuji pouze
vytékajici vidy s komplexni konstantou Sifeni

Vinovod ve fotonickém krystalu

Braggovsky vinovod
(ARROW waveguide)

|

Anti-Reflecting Resonant
Optical Waveguide

,Carovy defekt” jako vinovod

1D periodicita
OO0 O000O00O0O0
OO0 O000O00O0O0
OO0 0O00000O0O0

ke ——il8 27
a a

OO0 00000 0O0
OO0 00000 0O0

OO0 00000 0O0

B . . e
k;%a = ¢ £2mn ...fazovy posun pfi Sifeni
0 jednu periodu
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Realizace 2D fotonickych krystalt:
2D krystal v planarnim vinovodu
,3D“ kandlkovy
vinovod

periodicka struktura
vyleptanych otvora

(PICCO)

vlastni vid kandlkového vinovodu

— = W W -
sTTTTeTe - —
e e w - -
jcké STSTET=e =%
ve fotonickém krystalu e o —
- -
S . T o o W
Zasadni problém:
ztraty vyzafovanim
z roviny vinovodu

plandrni vinovod

vlastni vid
plandrniho vinovodu

Numerické modelovani Sifeni vin ve fotonickych krystalech

Buzeni mikrodutiny

ve fotonickém krystalu
femtosekundovym impulsem
(FDTD, Uni Twente, NL)

Siteni femtosekundového impulzu

vinovodnym ohybem ve fotonickém
krystalu (F. Lederer et al.,

Friedrich-Schiller-Universitat Jena, D)
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Ztraty vyzarovanim z roviny krystalu

e Vysoky ,vertikalni“ kontrast e Maly ,vertikdlni“ kontrast
indexu lomu indexu lomu
— vnitfni ztraty — vnitfni ztraty

— ztraty vlivem drsnosti/ - théty vlivem drsnosti

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

0

i T : 2 ; s Ngag

Potlaceni ztrat vyzarovanim
do substratu

1. Leptani hlubokych otvord: 2. Uplné odstranéni substratu

zareni ,nevnima“ substrat (technologicky naro¢né)
(kromé vinovodu ??)

® 280 nm

—_————

Membréna s otvory

[ InP
GalnAsP vinovod

InP substrat

3 um
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Vazba s vinovodem ve fotonickém krystalu

CNRS — LPN, Anne Talneau, Ph. Lalanne

[esnan:
T
[eonne:

[ennnas
128 201

CNRS French patent
(2001)

2D fotonickeé krystaly jako zrcadla polovodicovych laseri
(Alcatel, 2002-3)
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PC Add-Drop Layout

KTH Stockholm, Min Qiu

Width: 0.6mm
a=530nm, f=380nm
(after etching!) f=47% Width: 0.7mm
Width: 0.6mm
Imm 100mm / 1.2mm
! . !
1.2mm
. 100mm 1mm
input
P output
>
100mm 10 rows, >5 mm
<
A8 240 rows (240aq)
drop
o ;ﬂ.;"‘t 1.2mm
850425252, 04]
Perioag Drise agne
-
eve O O
H

http://ab-initio.mit.edu/photons/tutorial
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VIinovodné struktury se ztratami a ziskem
jako analogie kvantové-mechanickych struktur

s (porusenou) symetrii parita-cas

PT-symmetric PT -symmetric
\__coupled waveguide [1.34] / \  waveguide grating [1.74] )

4 I N N

PT-symmetric PT-symmetric coupled
\_ ring grating [1.61] AL microresonators [1.11,1.58}J/

1.34: C. E. Ruter et al., Nat. Phys. 6, 192-195 (2010). 1.74: L. Feng et al., Science 333, 729-733 (2011).
1.61: L. Feng et al., Science 346, 972-975 (2014). 1.11: L. Chang et al., Nat. Photonics 8, 524-529 (2014).
1.58: H. Hodaei et al., Science 346, 975-978 (2014).
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FORMAL ANALOGY BETWEEN A PHOTONIC WAVEGUIDE
AND A POTENTIAL WELL IN QUANTUM MECHANICS

Eigenmode equation for TE modes Schrodinger equation for a particle in
of a planar waveguide a 1D potential well
2 2 2
1 IEM L 0Em) = NE() S 9V Ly (0 = Ey(x)
ky dx 2m  dx
mode field distribution EX) < wX wave function
wave number kU = % mass; Planck constant

relative permittivity profile ex) & =V potential

effective refractive index N? < -E particle energy

£(X) V(%)
N2 X

~—

i} :
| B e

X s V(=x)=V (X)

Loss/gain structure: &(—X) =& (X) “PT symmetry”: complex potential(!),

WAVEGUIDE STRUCTURE WITH LOSS/GAIN:
HISTORICAL REMARKS

= 1995: COST 240 Action: Loss/gain waveguide modelling task by H. P. Nolting (HHI)
(aimed at benchmarking of BPM methods)

x —
_ ng = 3.169355 - 4x10° ™
n, =3.169355 777777, = 3.252398 +in” : 5 E,
n, =3.252398 N, = 3.252398 - in" gain 1210 ¢
a= 47( n” / A :
- 10 1%}
ng=n,—in w S
H-2x10* 8
n =n,+in" Z a2 2 g
3.21 o=
[exp(-ict)] |
& 320 Two-mode region, |
w=1 pm, z Single-mode " Two-mode Teode regon. ]
h 5 319 region, i region, Ni™=(Ng)
a B 4 e
n"=—="@ax10" [-; um, cm™], sagl  realNg ireal NG NE .
2k, 4r TE
3.17 . a, 7
A=1.55um, M . branch .
0 2x10° 4x10° 6x10° 8x10° 1x10*

«a... "loss/gain coefficient" [cm™' ] .
Loss/gain coefficient « cm™

1. H.-P. Nolting, G. Sztefka, J. Ctyroky, "Wave Propagation in a Waveguide with a Balance of Gain and Loss," Integrated Photonics Research '96, Boston, USA, 1996, pp. 76-79.
2. G. Guekos, Ed., Photonic Devices for telecommunications: how to model and measure. Berlin: Springer, 1998, pp. 76-78.

pife
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DISPERSION EQUATION (TE modes)
O(N,a)=y, [75 cos(KyygW) — 76 sin(koyew)] [75 sin(K, 7, W) + 7, cos(koyl_w)] +
+ 0[5 cos(koy W) — 7 sin(kyy )] [ 75 sin(k, W) + 7 cos(kyyo W) ] = 0
7s=yN7 =00,y =Nl =N?, ys=yng-N*, k= 2;
“" H ” H dN
Exceptional” point: Finde

Since ®(N,a) =0, o0 N +6£)—0

o® N ON __00 /o® oo _
ON da Oa

= -0 = =0.
ol dal ON oN
Exceptional point is given by the simultaneous solution of the following two equations:

(D(NB’aB):07 q)’N :d®(dNNB’aB):0 //\

Taylor expansion of ®(N,) in the vicinity of Ng,; sounds

(D(N,a)zd)’a(afaB)Jr%(D',; (N-Ng)'=0

from which it follows

NzNBiIC (a_aB)’ C—\/
a el
pife

2D ANALYSIS (PLANAR WAVEGUIDES)

guided waves

3244

surface

surface
wave

Im(N_}

0 02 04 0.8‘» 08 10120 125

13.0

S N Y S —
02 04 06 08 10120 12.5

13.0

Gain/loss coefficient a (um )

(TM) mode fields

[
25 Il ) 15 25 1 1
] ) b
SR P e -
| 1 e
7 “r \\ ? 204 S~ i
------- 1- -1 Y
' L 05 b ! o
15 | ‘; 15] SuiNE _FT
s 1 e ~CAIN "
e | 1 0w s LN 0
10 " g S T/ R
(1 05 - |
IR “
| geheials wiaats B E
05 \ b 05 .
N b ] -
oss gain ioaa ‘gain &
0.0 T T t+ T -15 0.0 : . + -4
-3 2 -1 0 1 2 - 2 1 1] 1 2
Transversal coordinate x (pum)

Gainlloss toefficient o (4 m')

Transversal coordinate x (um)
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WAVEGUIDE STRUCTURE WITH LOSS/GAIN:
SURFACE WAVE

Non-attenuated TM surface wave

t n

s =n,—in"

1Hgy|

n =n,+in"

Transversal cocedinate x (um)

A
1 1 B - em -
T o . loss | gain -
‘.Wumnﬂmwum:mm}\ A8 10 05 00 OSA o 5
AN Transversal coordinate x (pm)
4 - surface i
S N |
52 guided waves R '
TE «Wwave '
3.22 « ™ : \
—~— ‘!‘
- 3.204 Im{N_}
z
& surface
3184 wave
3.164
T T T T Lo T
02 04 08 08 10120 12.5

1 T T - -
130 0 02 04 06 0B 10120 128

Gain/loss coefficient e (pm’ )
J. Ctyroky et al., "Waveguide structures with antisymmetric gain/loss profile," Optics Express, vol. 18, pp. 21585-21593, 2010.

130
Gainfloss coefficient a (um')

pife

COUPLED WAVEGUIDES WITH LOSS/GAIN
Balanced loss/gain —

£,=10.89, &/ =11.56
switching: Fa=og ey o~ h w=1.5um, h=0.75 um,
X, y)=¢ ) —lum, 2=155um.

£(=%,Y)=&"(X,Y) bew Lol w | g=lu u

Im{N_}

, , , . -0.003 T , , .
0.000 0.005 : 0.010 0.015 0.020 0.025 0.000 0.005 0:010 0.015 0.020 0.025

! o e

Below ! 9 Above te

critical critical

point point

7 gain channel
=)

loss channel == -

1000 1500 2000
C. E. Riter et al. "Observation of parity—time symmetry in optics," Nature Physics, vol. 6, pp. 192-195, 2010.

pife

33



COUPLED WAVEGUIDES WITH LOSS/GAIN
Fixed loss/variable gain " —

&, =10.89, gg' =11.56
h w=1.5 um, h=0.75 um,

. . ot i
switching: Ep =g Fleg 7
s
*
_ w g w =lum, A=1.55pum.
s(-x.y)# &' (%Y) | - g=1tpm. g
33380 0.00054 ’/ —
3.3375 0.00001 #,=0010
~ 33370 ~g, -0.0005 {
Z =
& 33365 X F 00010
|
| -0.0015
3.3360 ! T ™ ;
" - -0.0020 4 :
3.3355 1 1
o - - -0.0025 1
0000 0005 | 0010 0015 0020  0.025 0000 0005 (0010 0015 0020  0.025
! & i "
] 92 1 &
Below ' Above L 2
18 Py
critical critical
. 18 .
point point
14
|'|;» gain channel
I
{
o8
=) - Joe loss channel == -
3 0.4 A
0.2

psr

¢ |

COUPLED WAVEGUIDES WITH LOSS/GAIN

Un/balanced loss/gain: ¢, +ie+isf __—

e, =10.89, &y =11.56
h
w=1.5pm, h=0.75 um,

w & +ig

Lower loss, “subcritical” regime

Below
critical
point *
3
2
5;' =-0.0075, -
0|
&'=0.0105
= z
-3
o 1000 2000 3000 4000

pife

Structure with uniform background loss, &, =0.002

0

! g=1lpum, A=1.55pum.

Output power increase (from both waveguides!) by increasing loss of the lossy channel:

Higher loss, “supercritical” regime

Above
critical
3 point 4 -
3
14
Mos gé =-0.00752 12
gain channel 1 L
108 j
0|
&'=0.0115 |
| "* loss channel = os
02 e 04
0.2

-3

o 1000 2000 3000

A. Guo et al., “Observation of PT-Symmetry Breaking in Complex Optical Potentials,” Physical Review Letters, vol. 103, no. 9, pp. 093902-1-4, 2009.
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PLASMONIC LOSS/GAIN STRUCTURES

An unbalanced plasmonic loss/gain structure:

Hybrid dielectric-plasmonic slot waveguide directional coupler with gain section

w =300 nm,
i s
2y w d =120 nm, .
f ¢ h=30nm, e(=Xy)#& (XY)
h  $=1000 nm
Au
gain section Only gain (g,”) in the gain section is now tuned: Eqain = Esio, ~ 1€y
1672 0.01
" i "Symmetric"
1.670- Symmetric
0.00
1,668
i 3
Z 1.666 =¥ -0.01
& £ "Antisymmetric"
1.664
-0.02
1.662 4 "Antisymmetric"
1.660 . . . -0.03 . ; .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
59" Cg
Linear arrays of coupled waveguides with loss and gain
. (quasi-TE polarization)
8(—X, y) =& (X’ y) 33385 0.002 o =
3.3380
4 coupled channel waveguides 33975 . 0.001 e o |
= z
B £
i 3.3365 -0.001 m
h= T - U h 33360 I: d=-
w=1i5 pm, o0 0005 0010 L0015 0020 0025 0000 0005 0010 0015 002 0025
& L-g”
h=0.75 um, ’
_ 3.3385 0.002
s=lpm 3.3380 \
0.001
6 coupled channel waveguides = 3TN T,
2 sam _/_/ g \\
* 3.3365- -0.001
_____ -Il-E== A: =8 33360 0002
1 3.3355
| 0.000 0.005 0.010 “0015 0.020 0.025 0000 0005 0010 ”0015 0020 0025

&y =1156+ig;, &, =1156-ig;, & =10.89

8 coupled channel waveguides 2

-0.001

g
N\

i

i

i

!

?
_|. _

]

|

i

v Re{N_}

&\W
Im{N,}

-0.002

3.
0000 0005 0010 0015 0020 0025 0000 0005 0010 0015 0020 O,

£ £
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LINEAR ARRAY WITH UNBALANCED LOSS/GAIN

Coupled waveguides with fixed loss and variable gain
S(—X’ Y) * 5*(X’ Y)

£, e

“Switching” by pure gain modulation is feasible also in loss/gain waveguide arrays

pife

3.3 0.001
6 coupled channel waveguides 25385 0.0010
* 3.3380 00005
I 0.0000
————— - — . - > _.3.3375
: g 3% E -0.0010
A 3.3365 K
£, =11.56+0.011i, 00018
3.3360 -0.0020
_ P
Egy = 11.56 - Isg N 33385 -0.0025
-0. +
& = 10.89 0000 0005 0010 0015 0020 0025 0000 0005 0010 0015 0020 0025
. E
8 coupled channel waveguides ! ’
-, -
i 3.33
0.001
3.3385
£y =11.56+ 0.009i, 3.3380 0.000
. 3.3375 _~
£4r :11.5646;’, 3 >
- % 3.3370 E -0.001
&, =10.89 © 33365 B
33360 -0.002
33355
-0.003
0.000 0.005 0.010 "0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025

MORE COMPLEX GAIN-LOSS STRUCTURES

“Circular” arrays of coupled waveguides with loss and gain

4 waveguides y'. i X' 331
\f—: /\< (TE-like) 3310 0.010
w=1pm £ \|r/ . 3.308 0,005
- - lw S -~
r=1.5w .-' N Z 3306 2 0000
. X A, & E
Eqy :11.56+I£g", A LN 3304 -0.005
. 3.302 0010
— "
£g2—11.56flag, i o5
o o
£, =10.89 .
6 waveguides - 0004
0.002
r=2w 55 3.336 ?jo
& E
3.334 -0.002
0.004
3332 o
0. 0.00
8 waveguides _ <
& N 3339
255 ’ N, s 0004
r=2.55w ~_/ 1
-4 ! , 3337 0.002

-_ /
]
i
17
T
I\ =
K|
N
Re{N,}
88
Im(N,}
o

\ ; S 3334 -0.002
e(=xLy)=¢ (X,y) AN Y /./ 3.3327
-
' ’ ool S - 000 001 002 003 004 005
PCSETNCATIENY |
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CIRCULAR ARRAYS WITH UNBALANCED LOSS/GAIN

Coupled waveguides with fixed loss and variable gain

6 waveguides e 33%9 0.001
_ /] i A 3338 0000
w=1pm / 'S 3337
r=2w i ! . 3 -0.001
= = Z 333 ~
g Z 0002
& =10.89 ' ! ; @ 3335 T
s \ ! / = 0003
. i v 3334
Egy =11~56+0~017i,.~.—'/ 3.333/— -0.004
i
i -0.005
Eg2 =11.567I£g 3332
0.00 0.01 002 003 004 0.05 000 001 002 003 004 005
(] ’;q"
8 waveguides
- . ~. 3339
= s ~
r=2.55w x 1 N 3338 0.002
7 ! N 3.337
L oo
i 3 333 3
R e, z z
_: . & 3335 F 0002
\ i / 3.334
| ! Z 3333 -0.004
N | s
) \\._/‘ 3332 o
Egl =11.56+ 0A024I, 0.00 0.01 002 003 0.04 0.05 0.00 0.01 0.02 . 0.03 0.04 0.05
P 5

£y, =11.56—ic]

“Switching” by pure gain modulation is feasible also in loss/gain waveguide arrays

pife

RESONANT FREQUENCIES
OF A PAIR OF COUPLED
®T- SYMMETRIC

RING RESONATORS

05 1 15 2 25 - 0 0.5 1 15 2 25
Relative gain, g/n %107 Relative gain, g/n %103
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ASYMMETRIC COMPLEX GRATING COUPLER

2

iAe"—iAe" iAe"—iAE"
Ae' A’ A A€
or alternatively
iNe" —iAe" iAe"

4 A A A -A

Grating-assisted directional coupler using asymmetric complex grating

E (z,2) = A (2)e,(z) exp(if,2) + A, (2)e, (z) exp(if3,2);

complex, periodic in z

z —i(6,-5,)2 _ K
aAE) ik, (2)A(2) + ik, (2)e i6-5:) A (2), Ko (2) = ?féf Ae(z,2)e, (2)e, (x)dS

dz
dA,(2) . i(8,-8,)= . = gWels L 220 g =2n/A
% = ik, (2)e (4=5.) A(2) +iry,(2)A(2), mn ) /
Fourier expansion contains only
positive exponentials (“SSB modulation”)
pife

ASYMMETRIC COMP

LEX GRATING

Complex permittivity perturbation in individual grating segments:

T Im{Ac}

ANEaR

Im{Ae}

[
K /Z Re{ac)

@) f

R““’z"l”m
0

The second option seems
technologically simpler
since it requires

Re{x!D(@)}, Im{x!)

Fime2 \W

only two different values
of Ae’ and A"

0 ’
z - coordinate
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SOLUTION OF COUPLED MODE EQUATIONS

Let us consider the following ideal case of the grating at synchronism,

K, (2) =0, K ,(2) =K} exp(iKz), Then, the coupled equations read
iy (2) =0, £i,(2) =0, d4(2) iry A, (2)
AB=K—(8—5,)=0. dz — " '
dA (z) ~0
dz —

For A(0)=0, A(0)=0

we get the solution

A(z) = A(0) = const., P(z)

1

A(2) =0, P, =0.
for A(0)=0, A0)=0

A =islA 0z P)=|I[ RO
A (2) = A, (0) = const., P,(z)= P,(0)= const.

2

ACGC IS A RECIPROCAL DEVICE!

Forward propagation . Backward propagation
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“STANDARD” ACGC - RESULTS

Forward propagation Backward propagation

017dB
-
\ / -0.76 dB
+92 dB
(gain)

// +9 22dB
(gain)
VY Y
0. 73 dB

+O19dB

STRAIGHFORWARD ACGC APPLICATIONS

Wideband ADD multiplexor . :
A Jé

M. Greenberg and M. Orenstein,
PTL 17, 1450-1452, 2005

Light trapping in a ring resonator
(a “dynamic memory cell”)

M. Kulishov et al., OE 13, 3567-3578, 2005

grating “switched on”: grating “switched off”:
{3, guide #3 B, guide #3
PortB Port C Port B FPort C

N 2 guide #2
2 2 i
By B,
Fort A FPort D PortA Port D
Y g L -
guide #1 ) guide #1 b)
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“SSB” MODULATION

For “unidirectional” behaviour, the condition Ac’ = Ac” is of key importance:

iAe"—iNe" iAe"—iAE" Im{Ac}
Ae”
A’ —Ae A —A€ Kz
Ae(z) = A’ cos Kz + iAe” sin Kz 3 !

:l(Aé‘/‘I“A&‘”)eiKZ+1<A€/7A€”)€7LKZ
2 2

In the case of Ae’ = Ac” we get
Im{Ae}

k‘ A Re{Ae}

4
Im{Ae}
XZ
j e At = (A + Ae”) /2,
Ae”
Refaeh Ae™ = (A’ — Ae”) /2.

10.
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