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Photonic cr ystals, an analog of semiconductors f or light wa ves,
are composite periodic dielectric materials that pr ~ ovide novel and
unigue ways to contr ol many aspects of electr omagnetic radiation.
Harnessing the nonlinear pr oper ties of photonic cr ystals and
photonic-cr ystal waveguides offers an oppor tunity to cr eate the
all-optical analo gs of diodes and transistors that will one da y
enable the first all-optical computer to be built.
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or the past 50 aars,the waveguides \ith the embedded
thysics ofsemionductors ® ® o 0 00 009 0 0 00 08 defects (installed oremoved di-

has plged a vtal role in in- ® 0 0 0 0 060 0 9 0 0 0 00 electic rods that beak the perfect
formation and emmunication periodicity of the stucture), one
technologes.Advanes in the de- - ? .‘.‘ .\ — 2 ’. ,. /. A. a can ceae phobnic-crystal cir-
velopment ofsemionductor het- cuits (see Fid.). The ransmission
erostuctures and iregated elec- 29%%%¢ l" RLALL & propetties ofthese phatnic cir-
tronic circuits, underlined ly the .. 60 0 0 0 .8.0.99 cuits can be acrately desdbed
award of the first Nobel Rize of SES D & " by the effectie discete equations
the New Millennium to Zhores I. 000000 00C °.® with Iong-rz_ange |n9re_1ct|_on3?8
Alferov, Herbert Kroemer, and Quch photonic-crystal cicuits can
Jeck SKilby, led b the infoma- ®e ©e 000 0e9 P be used as sophistiedtoptical fil-
tion technology revolution that oo e 0 009 9® ®-® ters (some xamples & shaovn in
has esha.ped soc-ljetThe ad- pp oo 0o0o0®® p— Fig 1). If we QO not tale acount
vane@s ahieved duiing the past for the nonlinear popetties of
decade suggest that the usao photonic-crystal cicuits, they

new class afaterialsN photonic
aystalflpr ovides a wato adieve simi-
lar goals \th light alonet®*However, the
analoy betveen semionductors and lin-
ear phobnic ciystals cannot be pushed
too far inasnmuch as phabns,in contrast
with eled¢rons,are not easily tunabl&or
this reasonit is ciucial b turn to photon-
ic crystals made afonlinear magrials,the
transmissiontanges ofvhich depend on
the intensity of light. The unique poper-
ties ofphotonic-crystal waeguides and
waveguide cicuits fomed in nonlinear
photonic ciystals wuld allow the ceation
of ultimate fast and ampact all-optical
switching devices vith which light can be
used for the manipulation anabiatrol of
light itself.

Switches, limiters,
and optical diodes

Figure 1. A photonic-crystal cicuit with
a set of embeded nonlinear defcts (blue):

A, symmetric and Basymmetric optical

filters; C, waveguide bendD, channel dop
filter; E waveguide branch.

Figure 2. (Tg) Transmission of a waguide
bend with thiee embeded nonlinear defcts

in the linear (solid) and nonlinear (dashed

regimes(Bottonm Nonlinearity-induced bista-

ble transmission tlough the waeguide bend
shown in the inset (stable branchesearep-
resented ly solid cuwes).

)

cannot be used for all-optical sig-
nal processingThe nonlineaity of optical
materials is essential ¥fe wish © create
nonlinear deices suls as optical diodes,
transisbrs, switches,and limiters.Let us
assume that defects in a pbwit-crystal
circuit are made of Kerr-type nonlinear
dielectic (blue ods in Figl). In this case,
even the simplest sysh ofidentical non-
linear rods (device A in Fig 1) exhibits
bistable tansmissiorf:1°The ransmission
of an asynmetric set ofnonlinear defects
(device B in Figl), which does not de-
pend on the popagation diection for
low-intensiy light, be@mes hidply asyn-
metric in the \cinity ofresonant fequen-
cies for large Iig intensitiesProperly de-
signed,sud an asgpnmetric sysém can be
used as an optical diode thahibits uni-
directional pulse prpagatior®

To gain betr insight into the
Toillustrate the basic ideas nbn- physics ohonlinear tansmission
linearity-induced waeguide tans- e g SR and b demonstatethe sigificant
mission,we consider the gample 8'2: ; ] potential of nonlinear deices
of a two-dimensional (2D) pho- | | Tg,- ! ] based on phamic-crystal ch-
tonic crystal ceaed by a squae ook | E nology, we briefly discuss anxe
lattice of dieledric rods. Such a QLo L] ample ofa wareguide bend \th
crystal, recently fabiicated in 83032 034 036 038 04 042 044 three embedded defects made of
macioporous silion® with a lattie Frequency (a/2 c) Kerr-type nonlinear maial with
period of a= 0.57 mand aod ra- 0.3 a dieleatic constant of =7 (de-
dius of r = 0.1&, has a large vice C in Fig 1). In the linear
bandgap:the light with wave- £ regime, this bend behaes as an
lengths betwen 2.2@ and 3.3ha = 02l optical threshold deice that effi-
cannot pass tlmugh the phobnic D ciently ransmits guided was
crystal and ths is ompleiy re- E with frequencies alve the thesh-
flecied. Removing a ow of rods, @ 0.4 old frequency but_mmpletely e
one can aae a cusimized pho- s [ flects the wees vith lower fre-
tonic-crystal waeguide thatcanbe, | + quenciesas is shen in Fig 2
used b guide lidit with wave- ol ‘ ‘ ‘ (top) by the solid blue cuwe.
lengths that a inside the bandgap 0 T oz 33 | | Whenthe lignt intensity increases,
The tansmission efficiency of Incoming light the threshold fequency deemses,
sud waveguides is hilg even for which extends the tansmission
shap bends® Combining the region [a red dashed cwe in
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Figure 3.(a) Nonlinearity-inducedeflection and (b) 100% transmission in an optical gate
created ly a bent waeguide with nonlinear de€t rods (three black cicles) as shan in Fig2.

(@)

Figur e 4.Top and 3D viev of a nonlinear localized modie
discrete solitonNexcited in a nonlinear photonic-gstal waeguide

Fig 2 (top)]. The resulting ransmission as
a function ofinput intensity [see Fig2
(bottom)] demonstates a sh@rnonlinear
threshold baracer with an extremely lov
transmission ofwaves belo a ertain
threshold inensit [see Fig3(a)], and the
possibility of switching to a sta¢ with
nearly 100% ransmission abe the Although the phobnic-crystal cicuits dis-
threshold inénsiy [see Fig3(b)], so that cussed ab@ ehibit mary interesting
the bend beha&s as a tunable all-opticalnonlinear tansmission pypeties,their
gae. Thus,effectve nonlineaity-induced  fabrication is hampesd ty the needd
bistable tansmission can bealized in  embed nonlinear imputies in an other-
basically linear phonic crystals vWth  wise linear phainic crystal.This impedi-
some nonlinear elements that can be usement can be obated ty fabiication ofa
to control the iesonant ligt transmission complete photonic crystal fom a sinde

by a varation of the input light intensity.
Other types of nonlineaity-induced
bistable ligpt transmission and stehing
have also beenxglored recently.%10

Discr ete solitons as
information car riers

piee of nonlinear dieleaic matrial.
Moreover, this apppad makes possible
unigue oppotunities,sud as the @ation
of nonlinear phobnic-crystal waeguides.
In this casethe nonlinear esponse oén
optical maerial can leadd the self-local-
ization oflight in the fom of nonlinear
localizZd modes or disete solibns!and
it would allov for the ceation ofalmost
ideal waeguide cicuits for discete soli-
ton networks!? A simple gample ofthe
nonlinear phobnic-crystal waeguide that
caries nonlinear localed modes is
shown in Fig 4. Here the waeguide is cg-
ated by the intoduction ofa row of addi-
tional rods ofsmaller edius int an other-
wise perfectly péodic phobnic ciystal.
All the rods ae made fom the same non-
linear dieleatic material. The modes»e
cited in sub a waeguide can be locatid
along the weeguide diedion and can e
main trapped in theranserse diection
because oBragg €flection. Quch a local-
ized mode orrespondsd a discete spatial
soliton.

By appiopriate desig, sud as modifi-
cation ofthe guiding popetties ofthe or-
ner bend othe waeguide refledion loss-
es that ocur along ery shap bends (e.g
less than 90 in 2D discete solibn net-
works can be almost elimired!? We
could effectiely abieve this result by in-
troducing nonlinear defects at the bend
corner, similar © the ransmission shen
in Fig 2. In addition,by use ofvectorbin-
cohemnt interactions at neterk junc-
tions, soliton sigals can beouted at vill
on specific patlvays®In this wg, the dis-
crete solibns can be négaed arywhee
within a 2D netwerk of nonlinear wae-
guides.The possibiliy of realizing useful
functional opeations sub as blocking
routing, logic functions,and time gating
has ecently been discussed irelR.12 and
13.By appiopriate engneeing of the in-
tersection si¢,we could also impove the
switching efficiency ofhe junctions in 2D
discete-solibn networks,which would al-
low us b desig routing junctions vith
specified opational haraceristics.

Quadratic photonic cr ystals

Nonlinear optics israditionally discussed
in terms of sepaate effects ofjuadrtic
[seond-order or @] and cubic [thid-
order or @] nonlineaities.For example,
@ the nonlineaity of noncentrosym-
metric nonlinear cystals isesponsible for
sud important optical effects asfjuen-
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cy onversion and optical pametic am-
plification, wheras ©) nonlineaity is
usually associatl with the intensity-de-
pendent efractive index (i.e.,due b the
Kerr effect),self-phase modulatiorself-
focusing and optical solibns.Reseash in
recent years has demonsted that these
two classes afptical effectsauld actually
merge.ln patticular, it has been shwn
that @ nonlineaity ould lead o strong
ultrafast self-phase modulation thugh
the cascading effect when the fundament
wave and its semnd hamonic ae nearly
phase mahed.Such cascade nonlingar
ties ae known to allow for mary of the
important optical effectsNincluding soli-
ton geneation and popagationNthat e
semble the ligt self-action effects in®
media possible at meh lower input pow-
ers* These nud possibilities hee led b
increased irgrest in the application of®
materials in all-optical sigal processing

Frequency mixing and geration is
the important aea in whit photonic
crystals can piea cucial ole in cascading
effects.For the quasi-phase-metting
(QPM) technique,(a method for aaiev-
ing phase mahing betveen two or more
optical hamonics),the impotance of pe-
riodic stuctures is @l known. A tradi-
tional QPM echnique ©eies on 1D per
odic modulation (vith a pefod equal ¢
the beat length) athe nonlinear semd-
order suseptibility, to compensag for
mismath between the wee vectors ofthe
collinear fundamental and seiwd-har-
monic waves. Using nonlinear phainic
crystals ith 2D or 3D peiodic modula-
tion of @ suseptibility allovs one ¢ ex-
tend this oncept ino higher dimensions,
as wasaecently prediced theoetically*®
and demongtated experimentally® for
the first @éample ofa 2D QPM nonlinear
structure with hexagonal symetry creat-
ed in lithium niobag. Such a quadatic
nonlinear phobnic crystal allevs for effi-
cient (>60%) seand-hamonic genea-
tion that uses mltiple reciprocal latti@
vectors ofthe latice. More importantly,
sut 2D @ nonlinear stuctures can also
provide an efficient means sifnultaneous
phase mahing of several wardengthst’
which pares the wafor experimental eri-
fication and padical implementation of
the theoetical oncepts based on pamet-
ric multistep cascadintj1®

Figure 5 shais an &panded iew of
the 2D quadatic nonlinear phobnic ciys-
tal fabicaied by Broderick et a.'® Ead

el

Figure 5.Hexagnaly poled lithium niobate grstal and the first Brillouin zone
The period of the cystal 18.05 m,is unibrm over the whole samplé®

hexagon in a plane is agion of domain-

inverted matrial; the tal inverted aea

comprises 30% dahe overall sample aa.

Poling was ammplished ly applying an

electic field thiough liquid electodes on
opposit faes at oom temperature. This

kind of quadratic photonic ciystal has a
period that is suitable for nontlinear fre-
quency doubling 0ofl536 nmand it also
allows for efficient quasi-phase-nched
seond-hamonic geneation by use of
multiple reciprocal latti@ \ectors ofthe
crystal lattie. The seand-hamonic light

can be simltaneously phase nahied Ly
multiple reciprocal lattie \ectors, result-

ing in the genettion of multiple mheent

beams.

Strictly speakingsuch stuctures do
not fit the classical definition af phobn-
ic crystal because thedo not possess
bandgap in the limit oémall inensities.
However, the frequency spexdm gap is
not crucial for the obsemtion of mary
propetties ofnonlinear phobnic ciystals
sud as hamonic genesation, and quad-
ratic nonlinear cystals seenbtbe most
suitable for the obseation of numerous
effects based on phase-oh&id paamet-
ric interaction.The tchnique is gtremely
versatile and allars for the falication ofa
broad mange of2D quadetic crystalsjn-
cluding quasi-cystals.

Concluding r emarks

Many frontiers in this field emain to be
explored. The use ofonlinear phobnic
crystals in all-optical déces and cicuits is
being actiely reseaghed flom the vew-
point of both exciting fundamental
physics and impdant industial applica-

a

tions.We are fascinad ty the enomous
potential offered ky the phobnic-crystal
concept:Many of the effects studied 10-15
years ago in nonlinear ghics and nonlin-
ear guided-wee optics can base their
unigue and unepectd manifestations on
these ned materials.In paticular, pho-
tonic crystals seenotbe an ideal matial
for which mary propetties ofdisciete op-
tical solibns can be emgeeed in a simple
way. The slov group \eocity of light in
photonic-crystal cicuits can damaticaly
increase the aomulated nonlinear phase
shifts that ae required for the efficient
perfomanc of an all-optical swich,?°
which should leadd a decease in the @z
of mary photonic devices that opexte at
much lower power. These adantages
could be emplged to design extremely
small all-optical logral gagés that ould
use eadily available magrials.It might
also be possible tombine seeral thou-
sands osud devices onb a dip of a few
squae entimeters.
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