WARSAW UNIVERSITY OF TECHNOLOGY . 4
DEVELOPMENT PROGRAMME

Quantum Electronics
Lecture 3

Light propagation in
periodic media
Photonic crystals

Lecturer:

Bozena Jaskorzynska

The book online: bj@kth.se
http://ab-initio.mit.edu/book/

5 HUMAN CAPITAL EUROPEAN UNION

NATIONAL COHESION STRATEGY SOCIAL FUND

Lectures co-financed by the European Union in scope of the European Social Fund

Quantum Electronics, Warsaw 2010


http://www.pw.edu.pl/

Contents

Bragg diffraction, Photonic bandgap
Periodic layered media

Waveguide gratings

Bloch waves in photonic crystals (PhCs)
Unusual dispersion properties of PhCs
Defect waveguides

Example devices

Photonic crystals in nature

SO
Quantum Electronics, Warsaw 2010 \hi' 7



http://www.pw.edu.pl/

Periodic media

Translation symmetry
e (r)=¢ (r+Ry,)

a
/ / R,,,=ma, +na,
a,

Periodically reapeted properties of the medium in analogy to a crystal lattice
a, — lattice constant

e‘,\ S
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Periodic media - scattering regimes

a>>A
Incoherent
scattering

Constructive /
destructive
interference effects

) W

a<<A averaging

AVAVA

&

Metamaterials

Wavelength scale regime
a~A coherent scattering
Bragg diffraction

la
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Bragg’s law

Bragg Condition: }— = 2a I][l_> a= li (x m)
" 2n \

. - | integer
Reflection ||| )/ |n phase
outside (7

. Standing
wave
intside

i 'I': ninin '_ ' nin

Exactly half a wavelength fits in one period of the lattice

Formula for X-rays reflection
from crystals (Bragg’s law):

<€— Sir William Henry Bragg
and his son William LAWIENCe mm—
Nobel Prize 1915

W.H. Bragg (1862-1942) W.L. Bragg (1890-1971)
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Bragg law for skew incidence

k-vector space

real space

2xla ' <o g 2k sin@

Transverse resonance for
projection of k-vector:

2k sinf=m 2x/a

= =

/an sine\;

Optical path difference: 2an sin@ =m A

a siné=m A/2n
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Periodic layered medium - Bragg reflector

PN -
Transmission spectra:
solid line: index difference = 1.0; 5 layer pairs
dashed line: index difference = 0.3; 14 layer pairs
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Photonic band gap !
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Band gap width in layered media

Band gap edge - frequency at which the incoming and reflected waves in
one of the layers are in phase
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Dispersion in layered medium for ky=0
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Air (light) modes
N

Dielectric (havy)
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Z

Deviation from the straight-line dispersion curve of a homogeneous medium
Is to ensure Bragg reflection for kz = £N(m/a) - the curve becomes horizontal
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Projected dispersion diagram — uniform dielectric

K=k =an/c o
light cone light propagates
2
kt — a)_n —,32 light line: BT
C w=cp/n =
c 2 2 B >K
@ = H \/'6 + ‘kt ‘ k, IMAGINARY - no light propagation

‘ TTLIT
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Dispersion diagram — two uniform dielectrics

k!

light cone

light propagates in dielectric 1,2

light line 1:

w=cfB/n,

TIR !

light line 2:
®=cp/n,

no light propagation in dielectrics 1,2

[
»
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Reflectance form dielectric interface

Reflectance
)i
As index
contrast
increase T E
(nl —N, )2
(n,+n,) ™M
As index
contrast
increase 0
0 tan'!(nyn,)) 9o !

(Metallic mirror has low angular and polarization dependence,
but very high loss for optical frequencies)

SYC))
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Dispersion diagram for 1D PhC (Bragg mirror)

e —————
-
— ]

1D “band gap”

—=( —propagation
perpendicular to the layers

p
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Omnidirectional Reflection

[J. N. Winn et al, Opt. Lett. 23, 1573 (1998) |

air

,Bconserved

[

in these @ ranges, there is no overlap
between modes of air & crystal

»

All incident light

(any angle and polarization)

Is reflected
from flat surface !!

A 4

needs sufficient index
contrast & ny,, > ny,,, > 1
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Weak coupling — Coupled Mode Theory

Co-directional Contra-directional
d . :
AR A e’ %Z—'K B, """
dz z
dA —iAfz dB -iafz
—ix A e =ix"Ae
dz A, dZ

Coupling coefficient: K = %H E;An2E|dxdy

Phase mismatch:

Aﬂ:ﬂm_ﬂl Aﬂ:ﬂm_i_ﬁl

Two phase mismatched modes can be coupled when z-variation of An®
compensates the mismatch.
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Grating assisted coupling

Periodic index modulation for compensation of pase mismatch: K = A,B

2r 2w 27 A
K A (2z/A)An An

Grating period: A =

-Short period Bragg gratings (contra-directional coupling) _>__:___!§ = m_________
— Grating period shorter than A: <RI
B B2 2 1 TR TT T T,

»

A = =
K (182 + ﬁl) (nz + nl)

AA

Long period Bragg gratings (co-directional coupling)
— Grating period longer than 4

Bl 2r A

[

»

> < A= o
p2 K (182 o 181) (nz N nl)
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Fiber UV induced Bragg-Grating

s a— i —>

\“\\\Cylindrical lens

-~/ mirror
phasec mask /

Holographic UV Lithography
with 244 nm UV light
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Mode coupling in fiber grating

Core-core coupling

Bragg grating B |

-2

5 -4'_ /
? E -ﬁ'-
E ]
€ 10
(?l‘Bzznmre A) 2 12
® ]

- —1-4—_ LP03 LPm
. . 16
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Quantum Electronics, Warsaw 2010 qié'


http://www.pw.edu.pl/

Bandgap in all 3 dimensions

Extension to 3D, full band gap 1987 :
E. Yablonovitch, S. John

The first 3D photonic crystal made by
E. Yablonovitch 1991 (microwaves)

“Woodpile” stack of Alumina rods

Yablonovite, 1991 The first PhC for optical As
(Proposed by K. M. Ho et al 1994,
made by Lin et al 1998)

g2p
Quantum Electronics, Warsaw 2010 qié' %
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2D Photonic Crystals

Simpler fabrication
Suitable for integrated optics
(slab waveguide confinement in vertical direction)

/ ARy
A \ /5
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Theoretical description

Starting point: Maxwell Equations

[ V.H=0 V.eE=0 )
va—f%—'tE_o VXE—E%—T 0
9 ¢ ¢ y

No sources

= Look for time-harmonic states: H(r,t)=H(r) e'¢, E(r,t)=E(r) '«
- Eliminate the E fields = Hermitian eigenproblem:

[ Vx( ];
e(r)

o)  Real eigenvalues w
VxH (f)j = (—j H(F) | = Orthogonal eigenfunctions
C (modes)H

In general: The eigenproblem in infinite domain==> Continuous & spectrum

But & (1) is periodic! —= Discrete set of w

Quantum Electronics, Warsaw 2010



http://www.pw.edu.pl/

Maxwell meets Bloch (& Floquet in 1D)

Bloch theorem:

Eigen-operator periodic = Solutions: €K' x (periodic function)

H,(1)= ek u,(r) =e* u (r+R)

plane wave  spatially ,t;é}"/'oa’/'c amplitude (“envelope”)

k is conserved, i.e. no scattering of Bloch waves on periodic
index-modulation !/

Bloch waves are nonuniform plane waves
with the envelope period = lattice period
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Bloch waves - ”inteference optics”

Light is scattered from each of holes (rodes) in periodic media

00000000
00000000
00000000
00000000
00000000 “\:.
~ 00000000 ..
00000000
eo00000e

But due to interference (Bragg diffraction) plane Bloch waves are formed

Quantum Electronics, Warsaw 2010 Q_é' %
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Huyghens interference

Constructive interference between two
wavefronts in certain directions, + the
destructive interference in other directions

1629 — 1695, Dutch

Wave front

N S

Quantum Electronics, Warsaw 2010
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Two ways of viewing Bloch waves

A Bloch wave is a plane wave with a modulation:

A [l l| il ‘“h jhr
J\'”M\M | A T

W, k(r)—e (1)

A‘W

{ n2m/a)r

A Bloch wave consists of multiple wavevectors:

m [l (T ”” " ”1 o
* J - - o - 44

Ko-27/a Ko+27/a
Plane Wave Expansion : gﬂ(l‘) Zm Ci€

Both pictures are correct and lead to the same results

J’\

modified sige Fom Rob Engalsn e@ A
. AN A
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Bloch eilgenmodes

Propagating mode: Imk =0

Evanescent mode: Imk >0

Evanescent mode: Imk <0

Quantum Electronics, Warsaw 2010 Q_/ *
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Unusual dispersion relations in PhC
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Equal frequency surface (EFS) plot of the
band structure for frequency w=0.56-0.635

M. Notomi, Phys. Rev. B 62, 10697, 2000

., For frequency 0.60-0.64 EFSs are circles, but their radius

shrinks for increasing W
V=V,winward — All-angle Negative refraction!

Close to K propagation direction Vg

ultra-sensitive to incidence angle and wavelength
— Beam steering, Superprism effect

12D §
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Dispersion in uniform medium and PhC

V. =0w/ ok

g:

(K)

Lighi con

K Kk

L}

Isotropic non-dispersive medium: Photonic crystal for a given
k=nwlc direction of k.

Group velocity in photonic crystals can be inward directed
due to negative slope of the dispersion !

0
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“Negative Refraction” —> Self Focusing

Negative refraction Imaging Cascaded Imaging

Strong mixture of ‘l\

.. . mEERERREREmEEREE®R ’

diffracted waves )
A

For some frequency regions conventional refracted
wave does not exist:for any incidence angle
— it falls into photonic band gap

Not true for weak index modulation

M. Notomi, Phys. Rev. B 62, 10697, e.‘:’\ P
Quantum Electronics, Warsaw 2010 Q_I \""
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3D imaging

(x’ ¥ Z)—’ (xn ¥ -Z)

Mirror-inverted 3D Real Image

— 3D photographing?

3D pictures?

&, 3 D2, ¥i2, f12)

2D image

Sub wavelength resolution imaging !
(similar to that in Negative Index Materials — NIM)

‘,‘ v;,
() (@)
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Simulation of Self-focusing due to Negative
Refraction

Without photonic crystal

_ —

:M@w.wmmmmmmmmmmmwmm:mm

PhC section Focus points

M. Qiu, L. Thylen, M. Swillo, and B. Jaskorzynska, IEEE J of Selected Topics in
Quantum Electronics 9, (2003)
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Demonstration of Negative Refraction at optical
wavelengths - KTH

Imaging
Lens

Intensity (a.u)

PhCé JTAY; Air
"m%g%};@ll‘llﬂ“mﬁﬂhm o l j.":“.."']:.:. 'I I l

.f"'v-. : : it Measured profile of the imaged output beam for

% different lens positions. Full-Width at Half- Maximum

.......... intensity shown with green points.

Wavelength = 1480 nm

M. Qiu et al, IEEE JSTQE, 9, 106, (2003) e"\ -
A. Berrier et al, Phys. Rev. Lett. 93, 073902, (2004) Quantum Electronics, Warsaw 2010 v.é' @
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Negative Refraction for polarization splitting -
KTH

Operation range: 1530 — 1610 nm
08

os TM polarization — positive refraction

0.4
p2 TE polarization — negative refraction

Silicon access ,
waveguide 22X 6 um  Pilars diam 450 am
x2.2um

Matrix pitch 1.1 pm

L Liu, X. Ao, L. Wosinski, S. He {@ '

Quantum Electronics, Warsaw 2010 qié'
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Beam steering

Utilizing strong band-edge anisotropy in PhC
Equal-frequency surfaces in (k,,k,) space:

i~ Photonic
WL crystal < ,

e

Refracted beams

Air

Incident beams

) \;
Quantum Electronics, Warsaw 2010 é’
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Superprism effect

3D
Conventional photonic
glass crystal

J14m

NEC Corp., To-hoku University, NTT e@ W)
Quantum Electronics, Warsaw 2010 q.é' R
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Superprism effect for de/multiplexing

Lin, Sandia (1996) - concept, Kosaka, NEC (1998) — demonstration at optical wavelengths

Potential applications:
De/Multiplexers for WDM optical communication systems
High-resolution spectral analyses, e.g. for biophotonics

Quantum Electronics, Warsaw 2010
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Demonstration of PhC superprism
demultiplexer

Normalized Transmission (dB)
=

"; ]
| _20
1480 1500 1520 1540 1560 1580
= *r——
a=367nm \Beam block 501m Wavelength (nm)

Gatech, Momeni et al, OPTICS EXPRESS, 14, p. 2413 (2006) @@ '
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Defect structures in photonic crystals

Defects in PhC lattice trap light at frequencies within photonic band gap

Line defects | = | Waveguides, linear cavities

Point defects | ™| Point cavities

Waveguide in 1D PhC Cavity in 1D PhC
Bragg Reflection Waveguide Distributed Bragg Reflectors

Confinement possible in a lower-index core —in contrast to index-guided waveguides
(But in analogy to metal-mirror waveguides used for microwaves)

P. Yeh, A. Yariv, 1977

Quantum Electronics, Warsaw 2010
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Defect states in 1D PhC - transmission spectrum

A n, i8N, .
tl t1 s
’ I |1 I | I

N pairs

Transmission Transmission

Defect state

j\?‘u )

http://ab-initio.mit.edu/book/ e ‘
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Unusual dispersion in PC waveguides

1D PC channel waveguide (KTH)

o 2.0
= 1 ncl
g g okd A
o 1.9
5 1.0
Z
0.5_ Slow modes
Si, n=3.48 0.0 5 3 T 4 5 &

Normalized frequency

[Strong dispersion] ) [ Wavelength selective devices ]

[ Slow modes ] ‘ En_ha_mcement of nonlin_e_ar interactions
Efficient compact amplifiers and lasers

Quantum Electronics, Warsaw 2010
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Narrow-band directional-coupler filter:
BRW waveguide + TIR waveguide

/1.0-Transmission for TE-like p %on \

= ] \

.E-. 0.6

2 ] \ ,
8 0.4 U
[¢]

) ]

[

— 0.2

SiO, cladding

0.0 :
1570 1575 1580 1585 1590
\ Wavelength [nm] /

0.3 nm for 1.7 mm length demonstrated
KTH

OFC 2003
Optics Communications, vol 260/2 pp 514-521 (2006)

546 1547 1548 1549 1550
Wavelength [nm]

22, ) '//
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Defect structures in 2D photonic crystals

2D (and 3D) PCs open new routes for compact integrated optics

4 Way Hetro-Structure Beam Splitter

ury

1.1
1.2

0.2
0.g
0.4
0.2

1
= 4 b A Fa O M e W

-0 = . T 1} 2 i & 2 10

Parker, Delaware University
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Photonic crystal integrated circuits?

Monolithic wavelength converter

P00 OOO o9 Sl
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Contra-directional coupler drop-filter
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Demonstration of 2D PhC directional-coupler drop-filter

Output channel

Transmission

Drop channel

calculated

AA=6nm

o
e

<
@

o
)

<
IS

measured
AA~10 nm

Normalized transmission

o =
N w
T

=

o

| | . . | | | . | .
0339 034 0341 0342 0343 0344 0345 0346 0347 0348 0349
Normalized frequency (a/i)

M Qiu, M Mulot, M Swillo, S Anand, B Jaskorzynska,
A Karlsson, M Kamp and A Forchel, Appl. Phys. Lett. 83, 5121 — 5123 (2003)
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Photonic crystal fiber
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Photonic crystals in nature

Adori s Blue Butterfly SEM of wing scale

T 1 3
Lysandra bellargus LRV ANETHF IS
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Photonic crystals in butterfly wings

The wings of the male Cyanophrys remus are bright metallic blue on one side,
thought to attract mates, and a dull green on the other to act as camouflage.

The metallic blue colour is “produced”
by scales that are photonic single
crystals whereas the dull green is

the result of a random arrangement
of photonic crystals

%

http://technology.newscientist.com/article/dn10006 Q@
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Peacocks wear photonic crystals

http://crd.globalspec.com/thread/1248/Photonic-Crystals-in-Nature

qz))
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