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Practical and theoretical modal analysis of photonic crystal waveguides
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We presentpractical and theoretical,stage-by-stag@nalysisof light propagationarounda 90°
cornerin a two-dimensionalphotonic crystal waveguide.Using a seriesof different sampleswe
quantifythe couplingefficiencybetweerthe conventionatidge waveguideandthe photoniccrystal
waveguideas well as the bendingefficiency aroundthe 90° corner From this, the transmission
spectraindicate nearly 90% bending efficiency We comparethe experimentalresultsto the
three-dimensionaimulatedoanddiagramandfield distribution. The propagatingdefectmodesare
identifiedin detail andwe showthat efficient transmissioraroundsharpbendsin photoniccrystal
waveguidescan be achievedfor leaky modesabovethe light line with short photonic crystal

sections.
I. INTRODUCTION

Light propagationin photonic crystal waveguidesis a
topic underintenseinvestigation.By introducinga properly
designedine defectin a photoniccrystalstructure propagat-
ing modesconfinedwithin the defectare created-™ De-
pendingon the natureof the guideddefectmode,waveguid-
ing with low losses even around sharp bends can be
achieved~® We presentthoroughexperimentaland theo-
retical analysisof light propagatiorarounda 90° cornerin a
photonic crystal slab. Quantative transmissionspectra of
sampleswith differentdesignsare comparedto fully three-
dimensional(3D) simulationsfor a more completeunder
standing of the transmissionefficiency the propagating
modesand the coupling betweenthe ridge waveguideand
the photonic crystal waveguide.We identify in detail the
propagatingdefectmodesand show that efficient transmis-
sionaroundsharpbendscanbe achievedabovethelight line.
In this article, we concentrateon the modal analysisof the
photoniccrystalwaveguidewhereaghe experimentatesults
will be presentedn moredetail elsewhere.

In our casethe photoniccrystalconsistsof a squarearray
of cylindrical air holes in a thin silicon membranesur
roundedby air. The structureis designedto give rise to a
TE-like (in-plane polarization) photonic band gap around
A~1.5 um. The designparametersf the photonic crystal
structureare the lattice constanta=496nm, the hole radius
r=190nm and the slab thickness t=290nm. Our
waveguidesirefabricatedn silicon-on—insulatorwafers®’
Thethicknessof the Silicon slabis definedby oxidationand
Hartree-Fock dip. The photoniccrystalwaveguidestructure
is then written into a polymethyl methacrylate(PMMA)
layer by meansof electronbeamlithography Then,we use
reactive ion etching (RIE) and deep reactive ion etching
(DRIE) to transferthe structurefrom the PMMA layer into
the Silicon. Last buffered hydrofluoric acid vapor etching
removeghessilicon dioxide layer underneattthe Silicon slab
forming the membrandFig. 1(a)].
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Measurementsire performedwith an optical setupthat
includesatunablelasersource . TE-polarizedight is coupled
into a wide (10 um) ridge waveguideon a SiO, substrate
using an asphericlens with a high numericalaperture(NA
=0.65. Chemicallyetchedend-facetsat theinput andoutput
of the waveguidegreatly reducescatteringof the laserlight
and allow a better coupling at the input and a very well
definedmodeprofile at the output[Fig. 1(b)]. To measurehe
transmittedntensity thelight is collectedat the outputof the
waveguideby a microscopeobjective (NA=0.35 and fo-
cusedonto an InGaAs detector The tunablelasersourceal-
lows us to measurethe transmissiorspectrumrangingfrom
1440to 1580nm.

In orderto studythe effects of ridge waveguideto pho-
tonic crystalwaveguidemodal mismatchandinducedmodal
conversionwe fabricateda seriesof samplesthat represent
the different subelementof a final photonic crystal bend
sample.This allows a betterunderstandingf how eachele-
mentcontributegto the final photoniccrystalbendspectrum.
The first designis a simple, straight multimode waveguide
[Fig. 2(a)] on a SiO, substratevith a width of 10 um anda
thicknessof 290 nm. It servesasreferencefor the transmis-
sion efficiency'? The seconddesignis a straightwaveguide
with a taper[Fig. 2(b)] that reducesthe width to 500 nm,
leadingto a waveguidesectionof a length of 25 um in the
middle and again a taperto increasethe width backto 10
pm. The 25 um middle waveguidesectionis a free-standing
membraneandits width is approximatelyequalto the width
of the photoniccrystal waveguidedefectchannel.This sec-
ond designallows us to observethe influenceof the taper
inducedmodalconversionThe next stageis the insertionof
the photoniccrystal containinga straight,single line defect
(no holeg into the middle of the waveguidg Fig. 2(c)]. The
photonic crystal sectionis againa free-standingnembrane
dueto the underetching of the SiO, substratethroughthe
holes.It hasa lengthof 20 um and allows us to study the
effect of the modal mismatchbetweenthe ridge waveguide
andthe photoniccrystalwaveguidet® aswell aslossescre-
ated by the crystal. Finally, the 90° bendis introducedinto
the photoniccrystalwaveguidesection[Fig. 2(d)].
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FIG. 1. (a) Scanningelectronmicroscopyimageof the 90° bendphotonic
crystalwaveguide (b) Infraredimageof light outputaftera 90° bend.

IIl. TRANSMISSION EFFICIENCY AND MODAL
ANALYSIS

To obtainthe approximateransmissiorefficiency of the
different waveguides shownin Fig. 3(a), we first remove
numerically the periodic Fabry-Perot interferencepattern,
whichis dueto the smoothend-facetsSecondwe divide the
transmissiorspectraby the spectrumof the simple, straight,
referencewaveguide(a) for normalization.This eliminates
extrinsiceffectsof the endinjectionandmostof the spectral
responsef the measuremendptics. Repeatedneasurement
of the samesampleandof differentsamplef the sametype
hasshownthatan error of about10% hasto be attributedto
the transmissionmeasurementsThese errors are due to
changesn the alignmentof the optical measuremergystem
anddueto fabrication-inducedariationsbetweerthe differ-
entwaveguides.

For the straightwaveguidecontainingthe taperand the
smallwidth sectionwe observecomparativelyhigh transmis-
sion efficiency over the entire measuredrequencyrangein
respectto the referencewaveguide(a). Thereforewe con-
cludethatthereareonly slight lossesnducedby the taperin
our setup,which indicatesa good modal conversionlt also
indicatesthat the majority of the injectedlight mustcouple
to the lower-order modesof the waveguide For the straight
photoniccrystal waveguidechannela high transmissioref-
ficiency is observedfor the lower frequencyrangewhereas
for the higher frequencyrangethe transmissionis nearto

a) { Ridge waveguide, width = 10 ym {
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FIG. 2. Designsof thefabricatedwaveguides(a) simplestraightwaveguide
(width=10 um); (b) straightwaveguidewith taperandnarrowwidth section
(width=500 nm); (c) straightwaveguidewith photonic crystal waveguide
(photoniccrystal waveguidelength=25 um); and (d) waveguidewith 90°
bend.
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FIG. 3. (a) Transmissiorefficiency calculatedfrom the measuredransmis-
sion spectrain referenceto the simple, straight ridge waveguidewith a
width of 10 um. Therapid fluctuationsaredueto interferencen the optical
systemthathasnot beeneliminatedin thefiltering andnormalizingprocess.
(b) Fully 3D simulatedtransmissiorefficiencyfor the 90° bendwaveguide.

zero. The cutoff frequencyis around 1.96< 10" Hz. The
high transmissiorefficiency for the lower frequencyrange
indicatesa high coupling efficiency with low propagation
lossandthereforea smallmodalmismatchbetweertheridge
waveguideand the photonic crystal waveguide.From the
measuremendatawe haveestimatedhe propagatiorlossin
the photoniccrystalsectionto be 25 dB/mmin the bestcase.
Details of the loss calculationwill be presentectlesewhere.
A transmissionefficiency of nearly 90%, which includes
ridge waveguideto photoniccrystal losses,is observedfor
the 90° bendwaveguideat a frequencyof 1.957< 10**Hz. It
hasa bandwidthof Af~2700GHz for a transmissioreffi-
ciencyof morethan60%. In Fig. 3(b) we showthe fully 3D
simulated transmissionefficiency for the 90° bend wave-
guide. The simulation has been performedby a 3D finite
integration time domain (FITD) algorithm?® The general
shapeof the simulatedtransmissiorspectrumcomparesela-
tively well with the measuredransmissionefficiency The
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FIG. 4. Computeddispersiondiagram for TE-like guided modesin the
photonic crystal waveguide.The defect modesare representecby solid
blacklines andarelabelede; ande,. The dark gray regionscorrespondo
modesof the photoniccrystal, which are statesthat can propagatehrough
the crystal.

observedifferencesare dueto variationsbetweenthe ideal
simulatedstructureand the fabricatedstructure.The simu-
lated photoniccrystal structurewas slightly shorterthanthe
real structuredue to the limited calculationcapacity Also,
the many parameterghole radius, lattice period, slab thick-
ness,surfaceroughnesgandthe lengthy calculationsdo not
allow rigorousconvegenceto the responsef the real fabri-
catedstructure.

For a better understandingpf the observedresultswe
introduce the computed dispersion diagram for TE-like
modesof the photoniccrystalwaveguideobtainedby a fully
three-dimensionatalculation?® The guided defect modes,
shownin Fig. 4, are representedy solid black lines. The
dark gray regionscorrespondo modesof the photoniccrys-
tal, which are statesthat can propagatethroughthe crystal.
Guided modesthat exist in that region can couple to the
statesof the photonic crystal and leak enegy into it. The
light line is indicated by the thin solid black line. Modes
abovethe light line (light gray region can escapein the
vertical directionandthereforecanleak enegy into the air.

The first guided mode, labelede;, is a laterally even
mode? Its dispersionis comparableo the folded dispersion
of a standardridge waveguidemode.It seesthe periodicity
of the photoniccrystalweakly ratherseeingan averagere-
fractive index. The influenceof the photoniccrystalis espe-
cially observedat the boundarieof the Brillouin zonewhere
the dispersionslopeis flattenedandwherea mini stop band
opensup eachtime the modeis folded back into the first
Brillouin zone.This modeis called the leaky refractivelike
mode-®81 becausabovel.1x 10" Hz it leaksenepy into
the photoniccrystal, when crossingregionswhere the den-
sity of crystalmodesis high, andinto air whereit is located
abovethelight line. Indeed,both canoccurat the sametime.

The secondguidedmode,labelede,, is a laterally odd
mode and is locatedin the first bandgapof the photonic
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crystal’ By introducing the defect line into the photonic
crystal, the e, modeis pulled down from the uppercrystal
bandandthereforehasthe symmetrythereof.This modeis a
truly photonicband-gapeffect guided mode. Generally be-
low the light line this modeis expectedto be guided with

very low loss, often eventhroughwaveguidechannelswith

sharpcornerssinceit lies within the photonicbandgap.This

modeis calledthe diffractivelike modebecauséts dispersion
dependsvery strongly on the surroundingperiodic structure
of the crystal>®%

The region encircledwith a dottedrectangulein Fig. 4
indicatesthe measurementangeshownin Fig. 3(a). We ob-
serve that the describedrefractivelike and diffractivelike
guided modesare presentin the measurementegion. The
refractivelikemodehasa similar wave vector andfield dis-
tribution to the fundamentamode of the ridge waveguide®
thereforethe coupling from the ridge waveguideto this re-
fractivelike modeis expectedto be quite efficient, whereas
the coupling efficiency from the ridge waveguideto the dif-
fractivelike modeis expectedo be very low becauseof the
modesymmetrymismatch

Themeasuredransmissiorspectrumof the straightpho-
tonic crystal waveguide[Fig. 3(a)] indicatesefficient cou-
pling from the ridge waveguideup to a frequencyof 1.96
X 10**Hz, which correspondso aboutthe lower edgeof the
mini stop bandof the refractivelike modein the dispersion
diagram.Above the cutoff frequencythe guided modesare
either not available (e;) or situatedin regionswhere the
densityof photoniccrystal statesis high (e,), thereforethe
modefrom theridge waveguidecouplesto the existingstates
of the photoniccrystal,leaksenegy into it andis no longer
guidedin the defect.This lack of light guidancecorresponds
to the very low measuredtransmissionefficiency These
agreementdetweenthe measurementand the dispersion
diagram confirm the coupling to the leaky refractive-like
modeof the photoniccrystalwaveguide.

Forlow-losstransmissiorthrougha 90° bendwaveguide
a diffractivelike mode,which is locatedbelow the light line
andin the photonicbandgap, is desirable A refractivelike
modeis not expectedo havea particularlyhigh transmission
efficiency aroundsharpbends.Sincewe haveshownin the
previoussectionthatlight from the ridge waveguidecouples
effectively into the refractivelikemodeof the photoniccrys-
tal waveguide,a low transmissionefficiency is expected.
Neverthelessthe measuredransmissiorspectrunmof the 90°
bend waveguide reachesnearly 90% at a frequency of
1.957x 10**Hz. Severalobservationsn comparingthe mea-
surementsand the dispersiondiagramcan give information
as to why the observedhigh transmissionefficiency is
achievedWe observethatthe frequencyrangeof high trans-
missionefficiencyis situatedcloseto the cutoff frequencyof
the straightphotonic crystal waveguide which corresponds
to the mini stop bandedgein the dispersiondiagram.The
cutoff frequencyshift betweenthe straightandthe 90° bend
waveguidds causedy fabrication-inducedleviationsin the
crystal structure.Iln our simulationswe have observedthat
the mini stop band edge position dependsstrongly on the
designparametersAs mentionedalready the flattening of
the dispersionslope approachingthe mini-stop band edge
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FIG. 5. Fully 3D simulatedfield distribution (magneticfield perpendicular
to the photoniccrystal membrang of the light propagatingaroundthe 90°
bend waveguide at different frequencies: (a) at 1.8614é*Hz (b) at
1.9481&*Hz (c) at 2.0286é*Hz, and (d) at 2.0878&*Hz.

indicatestheincreasedeffect of the photoniccrystalstructure
on the refractivelikewaveguidemode.Due to this increased
effect of the photoniccrystalstructure two positive observa-
tions in respectof the transmissiorefficiency can be made.
First, drawing nearerto the mini stop band edge, Loncar
etal. haveobservedhat the propagatiorlossesof the leaky
refractivelike mode decreasé. Second,due to the flattened
dispersion,the density of wave vectorsof the propagating
defectmodethat are accessibldor the light at the bendhas
increasedwhich makesan efficient changeof propagation
direction and high transmissionaroundthe 90° bend more
probableln addition,closeto the edgeof the Brillouin zone,
the field distribution in the corneris suchthat an efficient
couplingto the perpendiculaphotoniccrystalwaveguideis
possible.

The fully 3D simulatedfield distribution (magneticfield
perpendiculato the photoniccrystalmembrang of the light
propagatincaroundthe 90° bendwaveguidds shownin Fig.
5 at differentfrequenciesAt lower frequencieghe e; mode
behavedike an index-guidedmode, which can be seenin
Fig. 5(a). Thelight is well guidedup to the bend,whereit is
then mostly reflectedby the crystal, sincethe frequencyof
the light is situatedin the rangeof the first photonic band
gap.Only a smallamountof light is guidedaroundthe bend.
Increasinghe frequencyinto the regionwherethe dispersion
slope flattens, the transmissionefficiency aroundthe bend
increasesdue to the more diffractivelike characterof the
guidede; mode[Fig. 5(b)]. We alsonoticethatat the benda
smallamountof enegy couplesto the e, mode.However it
disappearsfter a few periodsbecauseccordingto the dis-
persiondiagrame, couplesto statesof the photoniccrystal
and thus leaks enepgy into the crystal. Increasingthe fre-
guencycloseto the mini stop band edge,the ridge wave-
guide modecouplesto the e; mode,which then couplesin
the cornerto the severalmodes(beatingin thefield distribu-
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tion) dueto the brokensymmetrymatchingthe field distri-
bution at the cornerFig. 5(c). Among others,the e, mode
canbeidentifiedin both of the waveguidebranchesOnepart
of thee, modeis guidedaroundthe bendto the exiting ridge
waveguidewhereasthe other part is reflectedin the corner
Due to the low modal conversionefficiency betweenthe e;
andthe e, modesthe transmissiorefficiency decreasesthe
discussednodal conversioncould be an interestingpoint of
study Sincethe e, modeis truly photonic band-gapeffect
guided and thereforeis preferableto the e; mode for low
lossguiding, it might be possibleto designa waveguidethat
deliberatelybreaksthe symmetryof the e; modein orderto
coupleto e, mode.Efficient modal conversionfrom a ridge
waveguidemodeto the e; mode and thento the e, mode
might thenbe achievedAt the frequencyof 2.08 10 Hz no
propagatingnodeexistsoutsideof regionswith a high den-
sity of photoniccrystal statesthereforelight couplesto the
photoniccrystalmodesandis no longer confinedwithin the
defect[Fig. 5(d)]. The comparisorof the measurementsith
the dispersiondiagramand the field simulation has shown
that the measured maximum transmission efficiency is
mainly associatedwith the leaky refractivelike mode,
whereaghe small peaksabovethe cutoff frequency seenin
both experimentand theory are associatedvith weak cou-
pling to the diffractive-like mode.

IlI. CONCLUSIONS

To conclude, by comparing different designs of
waveguideswith 3D calculation, we have identified the
guidedmodespropagatingaroundthe 90° bendwaveguide.
High transmissionefficiency was achievedwith the leaky
refractivelikemode.Despitethe vertical lossesthe leaky re-
fractivelike mode presentssomeinterestingadvantagegor
short photoniccrystal waveguidesections.Due to the good
modal matching,a high coupling efficiencyis observedbe-
tween the conventionalridge waveguideand the photonic
crystalwaveguidemode.We haveshownthat the refractive-
like modecanalsobe guidedeffectively aroundsharpbends
closeto the mini stop bandat the boundaryof the Brillouin
zone where the dispersionslope in the band diagram be-
comesflatterandthe modegainsa morediffractivelike char
acter Further improvementof the transmissionefficiency
shouldbe possibleby reducingthe sidewallroughnes®f the
photoniccrystal. By optimizing the designof the 90° bend,
by restructuringhelayoutof the corner it shouldbe possible
to broadenthe transmissionbandwidth?*?> The presented
resultsprove that the leaky refractivelikemode canbe used
in devicescontainingshortphotoniccrystalsectionsandcan
exhibit quite high transmissionefficiencies even around
sharpwaveguidebends.

ACKNOWLEDGMENTS

The authorsacknowledgeF. Schalelin, S. Gautsch,U.
Staufer and P-A. Klnzi for useful discussionsand for fab-
ricating the photonic crystal waveguidesamples.Further
more, the authorsthank R. Stanleyof the Swiss Centerof
ElectronicsandMicrotechnology(CSEM) for fruitful discus-



sions. This work is funded undera joint projectsprogram
betweenthe SwissCenterof Electronicsand Microtechnol-
ogy (CSEM) andthe IMT-Uni Neuchael.

1S. G. JohnsonP. R. Villeneuve, S. Fan, and J. D. JoannopoulosPhys.
Rev B 62, 8212 (2000.

2M. Loncar, J. Vudkovic, and A. SchererJ. Opt. Soc. Am. B 18, 1362
(2002).

3M. D. B. Charlton,M. E. Zoorob, G. J. Parker M. C. Netti, J. J. Baum-
beg, S. J. Cox, andH. Kemhadjian,Mater. Sci. Eng.,B 74, 17 (2000.

4S.Y. Lin, E. Chow S. G. JohnsonandJ. D. JoannopoulosQpt. Lett. 25,
1297(2000).

5M. Loncar, T. Doll, J.Vuckovic, andA. SchererJd. LightwaveTechnol.18,
1402 (2000).

SA. Adibi, Y. Xu, R. K. Lee,A. Yariv, andA. SchererJ. LightwaveTech-
nol. 18, 1554 (2000.

"M. Loncar, D. Nedeljkovig T. P. Pearsall,J. V. Vuckovic, A. Scherer S.
Kuchinsky andD. C. Allan, Appl. Phys. Lett. 80, 1689 (2002.

8Y. Desigres, T. BenyattouR. Orobtchouk A. Morand,P. BenechC. Gril-
let, C. SeassalX. Letartre,P. Rojo-Romeo,andP. Viktorovitch, J. Appl.
Phys.92, 2227 (2002.

9X. Letartre,C. SeassalC. Grillet, P. Rojo-RomeoP. Viktorovitch, M. Le

Vassord'Yerville, D. CassagneandC. JouaninAppl. Phys.Lett. 79, 2312
(2009).

105 Kuchinsky D. C. Allan, N. F. Borelli, andJ.-C. Cotteverte Opt. Com-
mun. 175, 147 (2000.

1A, Mekis, J. C. Chen, 1. Kurland, S. Fan, P. R. Villeneuve,and J. D.
JoannopoulosPhys.Rev Lett. 77, 3787 (1996.

2E_Chow S. Y. Lin, J. R. Wendt,S. G. Johnsonand J. D. Joannopoulos,
Opt. Lett. 26, 286 (2001).

A, Talneau,L. Le GouezigouN. BouadmaM. Kafesaki,C. M. Soukou-
lis, and M. Agio, Appl. Phys. Lett. 80, 547 (2002.

M. Tokushima,H. Kosaka,A. Tomita, andH. Yamada,Appl. Phys.Lett.
76, 952 (2000.

I5A. Chutinan,M. Okano,andS. Noda,Appl. Phys.Lett. 80, 1698 (2002.

16y, Sugimoto N. Ikeda,N. CarlssonK. AsakawaN. Kawai, andK. Inoue,
J. Appl. Phys.91, 3477 (2002.

17C. C. ChengandA. SchererJ. Vac. Sci. Technol.B 13, 2696 (1995.

18E. Miyai, M. Okano,M. Mochizuki, and S. Noda, Appl. Phys.Lett. 81,
3729(2002.

19T, Weiland, Int. J. Numer Modelling: Electronic Networks, Devicesand
Fields9, 295(1996.

203, G. Johnsorand J. D. JoannopoulosQpt. Expresss, 173 (2001).

2LA. Chutinan,M. Okano,andS. Noda,Appl. Phys.Lett. 80, 1698 (2002.

223, Smajic,C. Hafner andD. Erni, Opt. Expressl1, 1378 (2003.



