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Characterization of photonic crystal waveguides based on Fabry-Pérot
nterference
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We present two methods based on the analysis of Fabry-Pérot interferencefor a detailed
characterizationof a90°cornerin a two-dimensionalphotoniccrystalwaveguidefabricatedin a thin
Si membrane.Thesemethodsare a meansof identifying the critical waveguideelementsin the
processof improving photoniccrystal devices.The effects of the elementsforming the photonic
crystalwaveguideare identifiedandquantifiedby meansof a stage-by-stageanalysis.By Fourier
transformingthetransmissionspectraweobservetheamountof light thatis backreflectedinsidethe
waveguideand basedon the fringe contrastof the Fabry-Pérotmodulationwe calculatethe loss
contributionof eachwaveguideelement,suchasthe tapersandthe 90° corner.
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I. INTRODUCTION

Photoniccrystalsare periodic structuresthat provide a
great potential for controlling the propagationof light and
permit further miniaturization of optical devices.1–10

Waveguidesand waveguidebendscan be createdfor fre-
quenciesinside the photonic band gap by introducing line
defectsinto the photoniccrystalstructure.11–16A sharpbend
in a photoniccrystal,potentially a key componentfor inte-
gratedphotoniccircuits,providesanopportunityto studythe
opticalcharacteristicsof photonicbandgapstructures.In this
paper, we presenttwo methodsbasedon the Fabry-Péro
interferencetechnique17 for a detailedandstage-by-stageex-
perimentalanalysisof light propagationarounda 90° bendin
a photoniccrystalslab.Transmissionspectraof sampleswith
differentdesignsarecomparedfor a betterunderstandingof
the transmissionefficiency. This analysisallows thestudyof
the effectsinducedby the differentelementsof the photonic
crystalwaveguide.By performinga Fouriertransformon the
transmissionspectra,regionsin the waveguidewherereflec-
tions occur are identified.The lossesin all the waveguide
are evaluatedby calculatingthe loss coefficient,a very im-
portantparameter.

The photoniccrystalconsistsof a squarearrayof cylin-
drical air holesin a thin Silicon membranesurroundedby air
(Fig. 1). The structureis designedto give rise to a TE-like
(in-plane polarization) photonic band gap around l
<1.5 mm. The design parametersof the photonic crystal
structureare the lattice constanta=496 nm, the hole radius
r =190 nm, andthe slabthicknesst=290 nm. Measurement
are performedwith an optical setupthat includesa tunable
lasersourcerangingfrom 1440 to 1580nm.

II. TRANSMISSION EFFICIENCY

In order to study the effects inducedby the taper, the
ridge waveguideto photonic crystal waveguideinterface
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and the photoniccrystal sections,we fabricateda seriesof
samplesthat representthe different subelementsof a final
photonic crystal bend sample.This allows a better under-
standingof how eachelementcontributesto the final photo-
nic crystalbendspectrum.The first designis a straightmul-
timode waveguide[Fig. 2(a)] on a SiO2 substratewith a
width of 10 mm, a thicknessof 290 nm, and an overall
lengthof 2 mm. It servesasreferencefor thecomputationof
the transmissionefficiency.12 The seconddesignis a straight
waveguidewith a taper[Fig. 2(b)] that reducesthe width to
500 nm, a ridge waveguidesectionof a lengthof 25 mm in
themiddle,andagaina taperto increasethewidth to 10 mm.
The length of the two tapersis 75 mm each.The 25 mm
middle waveguidesectionis a free-standingmembraneand
its width s500 nmd is approximatelyequalto thewidth of the
photonic crystal waveguide defect channel sa=496 nmd.
This seconddesignallows us to observethe influenceof the
taper-inducedmodalconversion.The next stageis the inser-
tion of the photoniccrystal containinga straightsingle line
defect (no holes) into the middle of the waveguide[Fig.
2(c)]. The photoniccrystal sectionis a free-standingmem-

FIG. 1. Scanningelectronmicroscopeimageof the90° bendphotoniccrys-

tal waveguide.
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braneand hasa length of 20 mm. It allows us to study the
effect of the modal mismatchbetweenthe ridge waveguide
and the photonic crystal waveguide,18,19 as well as losses
createdby the crystal. Finally, the 90° bend is introduced
into the photoniccrystalwaveguidesection[Fig. 2(d)].

III. REFLECTIONS AND LOSS CALCULA TIONS

All the measuredtransmissionspectraof the different
waveguidetypesexhibit a characteristicFabry-Perotinterfer-
encepattern(shownin the insetof Fig. 3), which is mostly
dueto the smoothendfacetsandwhich will be discussedin
detail in the following section.To obtain the approximate
transmissionefficiencyof thedifferentwaveguides,shownin
Fig. 3, we first removenumericallythe periodicFabry-Pero
interferencepatternandsecondly, we divide thetransmission
spectraby the spectrumof the straightreferencewaveguide
for normalization.This eliminatesextrinsiceffectsof theend
injection and most of the spectralresponseof the measure
mentoptics.Repeatedtransmissionmeasurementshavecon-
firmed that the experimentalsetup is sufficiently stable to
validatetheusednormalizationmethod.Theremainingerror
is thereforedueto fabrication-inducedvariationsbetweenthe
different waveguides.A transmissionefficiency of nearly
85% s±10%d, which includesridge waveguideto photonic
crystal losses,is observedfor the 90° bendwaveguideat a
frequency of 1.95731014 Hz. It has a bandwidth of Df
<2700GHz for a transmissionefficiencyof morethan60%.
The measuredtransmissionefficiency comparesrelatively
well to thegeneralshapeandvaluesof thethree-dimensiona
(3D) simulations,which havebeenpresentedin Ref. 19. A
detailedmodal analysisof the different waveguidetypes is
alsopresentedin Ref. 19.

All back reflectionsin the waveguideintroducea spec-
tral Fabry-Perotinterferencepatternrelatedto thepathlength
betweenreflectingpoints.Thus,the Fouriertransformof the
transmissionspectraallows the identification of the points
wherereflectionsoccur.20 Figure4 showsthe Fourier trans-
form of the differentwaveguides,which all indicatea domi-
nating Fabry-Perotinterference.This dominantpeakcorre-
spondsto a silicon pathlengthof about2 mm, andtherefore
is theFabry-Peroteffect createdby theendfacets.Our three-
dimensionalsimulations21 haveshownthatabout38%of the

FIG. 2. Designs of the fabricated waveguides:(a) straight waveguide
swidth=10 mmd; (b) straightwaveguidewith taperandnarrowwidth section
swidth=500 nmd; (c) straightwaveguidewith photoniccrystal waveguide
(photoniccrystal waveguidelength=25 mm); and (d) waveguidewith 90°
bend.
light is reflectedat the silicon/air interfaceof eachendface.
For thedesigncontainingthestraightphotoniccrystalwave-
guide section[Fig. 4(c)], a small secondFabry-Pérotinter-
ferenceappears,which is attributedto the waveguidehalf
length s1 mmd less half the length of the photonic crystal
sections10 mmd, i.e., <1 mm.This suggeststhepresenceof
somereflectionat the interfacebetweentheridgewaveguide
and the photonic crystal waveguide section. The much
smallerheightof thesecondFabry-Pérotinterferencepeakin
comparisonto the first Fabry-Pérotinterferencepeak indi-
catesthat the reflection at the interfacebetweenthe ridge
waveguideand the photonic crystal waveguidesection is
muchsmallerthanthereflectionat theendfacets(38%). The
quantificationof the secondreflectionfrom the relation be-
tween the height of the Fabry-Pérotinterferencepeaksis
difficult dueto too manyunknownparameterssuchasscat-
tering and radiation. However, our three-dimensionalnu-
mericalsimulationshaveshowna reflectionof 1%–5%at the
interfacebetweentheridgewaveguideandthephotoniccrys-
tal waveguidesection.Therefore,we canconcludethatin the
high transmissionefficiencyrangethe couplingbetweenthe
ridgewaveguideandthephotoniccrystalwaveguideis quite
efficient. In the caseof the 90° bendwaveguidethe second
ary Fabry-Pérotinterferencegeneratedby the Fourier trans-
form over the whole transmissionspectrumis about three
times as strong as for the straight photonic crystal wave-
guide.This indicatesbackreflectionsat the corneraddedto
the previously observedreflection at the interfacebetween
theridgewaveguideandthephotoniccrystalwaveguide.The
differencein the path length of the reflectionat the wave-
guide to photoniccrystal interfaceand the reflectionat the

FIG. 3. Transmissionefficiencycalculatedfrom the measuredtransmission
spectrain referenceto the ridge waveguidewith a width of 10 mm. The
rapid fluctuationsaredue to interferencein the optical systemthat hasnot
beeneliminatedin the filtering and normalizingprocess.The Fabry-Pero
interferencepatterncorrespondingto the total length of the waveguideis
shownin the inset.The key correspondsto the different waveguidetypes
shown in Fig. 2. The straight waveguidewith the taperedsection[wave-
guide(b)] exhibitsa relativelyflat transmissionspectrum.Thestraightpho-
tonic crystal waveguide[waveguide(c)] exhibits a characteristiccutoff
which correspondsto the mini stoppedbandedge.The cornerwaveguide
[waveguide(d)] showsa transmissionbandwith a bandwidthof 2.7 Mhz for
a transmissionefficiencyof morethan60%.
corneris too small to distinguishthe two differentpeaksin
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the Fourier transform. At most one can observe a s
broadening of the peak corresponding to the path leng
about the half length of the waveguide. For a detailed un
standing of these backreflections at the corner, we divid
transmission spectrum into different sections and take
Fourier transform thereof[shown in Figs. 4(e) and 4(f)]. On
the one hand, we observe that, for frequency ranges w
the transmission efficiency is low, the Fabry-Pérot peak
responding to the backreflection at the corner is greater
the peak corresponding to the end-facet reflection. In
case, most of the light is reflected at the corner. On the
hand, for the frequency range where the transmission
ciency is high, the backreflection at the corner is low
most of the light travels around the corner. The numeric
calculated backreflection at the corner in the case of
transmission is about 1%–5%. In the case of low trans
sion about 50%–72% of the light is reflected at the cor
depending on the amount of light that is scattered out o
photonic crystal waveguide.

Additional information can be taken from the fringe c
trast of the Fabry-Perot modulation in the measured tr
mission spectrum. Based on the fringe contrast, it is pos
to evaluate the losses in the waveguide. Considering
waveguides as simple resonators with losses, we intro
the round-trip intensity attenuation factor,22 which is related
to the two mirror reflectivities(end facets) and the absorptio
coefficient of the medium associated with both optical

FIG. 4. Fourier transform of the measurement data from the diff
waveguides:(a) straight waveguide;(b) straight waveguide with taper a
narrow section;(c) straight waveguide with photonic crystal waveguide;(d)
waveguide with 90° bend;(e) waveguide with 90° bend for frequen
ranges where the transmission efficiency is low(indicated dark region in th
inset); (f) waveguide with 90° bend for frequency ranges where the t
mission efficiency is high(indicated dark region in the inset).
sorption and radiation loss,
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r 2 = R1R2e
−2asd, s1d

whereR1 andR2 represent the end-facet reflectivities,d the
total waveguide length of 2 mm, andas the absorption coe
ficient. The maximum and minimum intensity(fringe con-
trast) observed in the measured transmission spectrum
lated to the attenuation factor as follows:

I max

I min
=

s1 + r d2

s1 − r d2 . s2d

Using the two relations, we can solve for the absorption
efficient,

as =

lnSÎR1R2sÎI max− ÎI mind
sÎI max+ ÎI mind

D
d

. s3d

The loss contribution of each element of the bend w
guide can now be calculated, assuming zero material ab
tion and that the calculated end-facet reflectivities of 38%
not significantly wavelength dependent in our measure
range. In Fig. 5 we show the calculated overall loss for
different waveguides. The straight reference waveg
shows an overall loss of between 8 and 9 dB for the e
measurement range. Considering the waveguide leng
2 mm, we can estimate a relative loss of 4.5 dB/mm
already observed from the transmission efficiency, the
calculation of the waveguide with taper confirms that pra
cally no significant losses are induced by the taper. C
pared to the reference waveguide, we can attribute a
proximate loss of up to 0.5 dB to the taper. For the stra
photonic crystal waveguide we observe in the freque
range below the cutoff between 0.5 and 2.5 dB of loss, w
is due to the inserted photonic crystal waveguide sec
Above the cutoff frequency the loss explodes and the ap
loss calculation method looses its validity. The nume
noise above the cutoff frequency is due to a too small Fa

FIG. 5. Calculatedoverall loss of the different waveguides:(a) simple
straightwaveguide;(b) straightwaveguidewith taperand narrow section
(c) straightwaveguidewith photoniccrystalwaveguide;(d) waveguidewith
90° bend.The gray regionsindicate the frequencyrangeswhere the loss
calculationis not valid.
Perot fringe contrast. From the calculated loss corresponding
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to the photoniccrystal waveguidesection,we can estimate
the relative loss coefficientof the defectguide.The section
length of 20 mm leads to a relative loss coefficient of
25–125 dB/mm. Recently loss coefficients of 1 and
2.4 dB/mm have been reported.23,24 Lower quality of the
fabricatedphotoniccrystal structurecan explain the higher
losscoefficient.In addition,in Ref. 19 we haveshownwith
a detailedmodal analysisthat the dispersioncurve of the
propagatingdefectmodeis abovethe light line, which con-
tributessignificantly to the losscoefficient.Finally, the loss
that canbe attributedto the 90° bendwaveguideaddsup to
between1 and2.5 dB in comparisonto the referencewave-
guidefor the high transmissionfrequencyrange.Comparing
the 90° bend waveguidewith the straight photonic crystal
waveguide,we can estimatea loss of 0.5–2 dB due to the
corneritself. It shouldbe notedthat the appliedloss calcu-
lation methodis valid only to a limited extentin the caseof
the90° bendwaveguide.As long asany reflectionsat points
in betweenthe endfacetsaresignificantlysmall in compari-
sonwith the end-facetreflection,the losscoefficientcanap-
proximatelybe calculatedfrom the Fabry-Perotfringe con-
trast.However, in the precedingsectionwe haveshownthat
considerablereflectionsat the corneroccur for frequencie
wherethe transmissionefficiency is low. Therefore,in that
casethe appliedlosscalculationmethodis not valid.

IV. CONCLUSION

In summary, we have presentedsimple methodsfor a
detailedanalysisof the light propagationarounda 90° bend
corner in a photonic crystal slab. The presentedmeasure
mentsshow efficient waveguidingarounda 90° cornerand
help to understandbetterthe phenomenapresentin a wave-
guide containinga sectionof photonic crystal. Comparing
thetransmissionspectrumof thedifferentwaveguidedesigns
has madeit possibleto evaluatethe influenceof the sub-
elementsof the corner waveguide.We have shown that
nearly85%transmissionefficiencywasobservedfor the90°
bendwaveguide.By meansof the Fourier transformof the
transmissionspectrawe haveidentifiedthe pointswherere-
flections occur inside the waveguide.Basedon the fringe
contrast of the measuredFabry-Perotmodulation in the
transmissionspectrum,we havecalculatedthe lossesof the
waveguides.The lossfor the straightphotoniccrystalwave-
guidewas estimatedto be 25 dB/mm in the bestcase.The
corneraloneaddsan estimatedlossof 0.5–2 dB for the fre-
quencyrangewherethe transmissionefficiencyis high. The
presentedmethodsfor the characterizationof the photonic

crystal waveguidehelp identify the critical waveguideele-
mentsthat needimprovement.For example,backreflection
canbe significantly reducedby introducingtapersfor better
light coupling.Waveguidesectionswith high lossesneedim-
provementby positioningthe dispersioncurveof the defec
modeunderthe light line andby reducingthe roughnessof
the samplesurface.
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