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Characterization of photonic crystal waveguides based on Fabry-Perot

interference
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We presenttwo methods based on the analysis of Fabry-Pérotinterferencefor a detailed
characterizatiof a90° cornerin atwo-dimensionaphotoniccrystalwaveguidegabricatedn athin
Si membraneThesemethodsare a meansof identifying the critical waveguideelementsin the
processof improving photoniccrystal devices.The effects of the elementsforming the photonic
crystalwaveguideare identified and quantifiedby meansof a stage-by-staganalysis.By Fourier
transforminghetransmissiorspectrave observeheamountof light thatis backreflectednsidethe
waveguideand basedon the fringe contrastof the Fabry-Pérotmodulationwe calculatethe loss
contributionof eachwaveguideelement,suchasthe tapersandthe 90° corner

I. INTRODUCTION

Photoniccrystalsare periodic structuresthat provide a
great potential for controlling the propagationof light and
permit further miniaturization of optical devices:™°
Waveguidesand waveguidebendscan be createdfor fre-
quenciesinside the photonic band gap by introducing line
defectsinto the photoniccrystalstructure**° A sharpbend
in a photoniccrystal, potentially a key componentfor inte-
gratedphotoniccircuits, providesan opportunityto studythe
opticalcharacteristicef photonichandgapstructuresin this
paper we presenttwo methodsbasedon the Fabry-Pérot
interferenceechniqué’ for a detailedandstage-by-stagex-
perimentalanalysisof light propagatiorarounda 90° bendin
aphotoniccrystalslab.Transmissiorspectraof sampleswith
differentdesignsare comparedor a betterunderstandingf
the transmissiorefficiency This analysisallows the study of
the effectsinducedby the differentelementsof the photonic
crystalwaveguide By performinga Fouriertransformon the
transmissiorspectrayegionsin the waveguidewherereflec-
tions occur are identified. The lossesin all the waveguides
are evaluatedby calculatingthe loss coefficient,a very im-
portantparameter

The photoniccrystal consistsof a squarearray of cylin-
drical air holesin a thin Silicon membranesurroundedy air
(Fig. 1). The structureis designedto give rise to a TE-like
(in-plane polarization) photonic band gap around \
~1.5 um. The design parametersof the photonic crystal
structureare the lattice constanta=496 nm, the hole radius
r=190nm, andthe slabthicknesst=290 nm. Measurements
are performedwith an optical setupthat includesa tunable
lasersourcerangingfrom 1440 to 1580nm.

Il. TRANSMISSION EFFICIENCY

In order to study the effects inducedby the taper the
ridge waveguideto photonic crystal waveguideinterface,
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and the photonic crystal sections,we fabricateda seriesof
samplesthat representhe different subelement®of a final
photonic crystal bend sample.This allows a better under
standingof how eachelementcontributesto the final photo-
nic crystalbendspectrumThefirst designis a straightmul-
timode waveguide[Fig. 2(a)] on a SiO, substratewith a
width of 10 um, a thicknessof 290nm, and an overall
lengthof 2 mm. It servesasreferencdor the computationof
the transmissionefficiency12 The seconddesignis a straight
waveguidewith a taper[Fig. 2(b)] that reduceshe width to
500 nm, a ridge waveguidesectionof a lengthof 25 um in
themiddle,andagainataperto increasehewidth to 10 xm.
The length of the two tapersis 75 um each.The 25 um
middle waveguidesectionis a free-standingnembraneand
its width (500 nm) is approximatelyequalto the width of the
photonic crystal waveguide defect channel (a=496 nm).
This seconddesignallows us to observethe influenceof the
taperinducedmodal conversion.The next stageis the inser
tion of the photoniccrystal containinga straightsingleline
defect (no holeg into the middle of the waveguide[Fig.
2(c)]. The photoniccrystal sectionis a free-standingnem-

FIG. 1. Scanningelectronmicroscopemageof the 90° bendphotoniccrys-
tal waveguide.
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FIG. 2. Designsof the fabricated waveguides:(a) straight waveguide
(width=10 pm); (b) straightwaveguidewith taperandnarrowwidth section
(width=500nm); (c) straightwaveguidewith photonic crystal waveguide
(photoniccrystal waveguidelength=25 pm); and (d) waveguidewith 90°
bend.

braneand hasa length of 20 um. It allows us to studythe
effect of the modal mismatchbetweenthe ridge waveguide
and the photonic crystal Waveguidel,&19 as well as losses
createdby the crystal. Finally, the 90° bendis introduced
into the photoniccrystalwaveguidesection[Fig. 2(d)].

IIl. REFLECTIONS AND LOSS CALCULATIONS

All the measuredransmissionspectraof the different
waveguideypesexhibit a characteristid-abry-Perotnterfer
encepattern(shownin the insetof Fig. 3), which is mostly
dueto the smoothendfacetsandwhich will be discussedn
detail in the following section.To obtain the approximate
transmissiorefficiencyof the differentwaveguidesshownin
Fig. 3, we first removenumericallythe periodic Fabry-Perot
interferencepatternandsecondlywe divide the transmission
spectraby the spectrumof the straightreferencewaveguide
for normalization This eliminatesextrinsiceffectsof theend
injection and most of the spectralresponseof the measure-
mentoptics.Repeatedransmissiormeasurementsavecon-
firmed that the experimentalsetupis sufficiently stableto
validatethe usednormalizationmethod.The remainingerror
is thereforedueto fabrication-inducedariationsbetweerthe
different waveguides. A transmissionefficiency of nearly
85% (+10%), which includesridge waveguideto photonic
crystallosses,is observedfor the 90° bendwaveguideat a
frequency of 1.957x 10'* Hz. It has a bandwidth of Af
~2700GHz for atransmissiorefficiencyof morethan60%.
The measuredtransmissionefficiency comparesrelatively
well to the generalshapeandvaluesof the three-dimensional
(3D) simulations,which havebeenpresentedn Ref. 19. A
detailedmodal analysisof the different waveguidetypesis
alsopresentedn Ref. 19.

All backreflectionsin the waveguideintroducea spec-
tral Fabry-Perotnterferencepatternrelatedto the pathlength
betweernreflectingpoints. Thus,the Fouriertransformof the
transmissionspectraallows the identification of the points
wherereflectionsoccur®® Figure 4 showsthe Fouriertrans-
form of the differentwaveguidesyhich all indicatea domi-
nating Fabry-Perotinterference.This dominantpeak corre-
spondgto a silicon pathlengthof about2 mm, andtherefore
is the Fabry-Peroeffect createdoy the endfacets.Our three-
dimensionakimulationé® haveshownthatabout38% of the
light is reflectedat the silicon/air interfaceof eachendface.
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FIG. 3. Transmissiorefficiency calculatedfrom the measuredransmission
spectrain referenceto the ridge waveguidewith a width of 10 um. The

rapid fluctuationsare dueto interferencein the optical systemthat hasnot

beeneliminatedin the filtering and normalizing process.The Fabry-Perot
interferencepatterncorrespondingo the total length of the waveguideis

shownin the inset. The key correspondgo the different waveguidetypes
shownin Fig. 2. The straightwaveguidewith the taperedsection[wave-
guide(b)] exhibitsa relatively flat transmissiorspectrumThe straightpho-

tonic crystal waveguide[waveguide(c)] exhibits a characteristiccutoff

which correspondgo the mini stoppedband edge.The cornerwaveguide
[waveguidegd)] showsa transmissiorbandwith a bandwidthof 2.7 Mhz for

a transmissiorefficiency of morethan 60%.

For the designcontainingthe straightphotoniccrystalwave-
guide section[Fig. 4(c)], a small secondFabry-Pérotinter-
ferenceappearswhich is attributedto the waveguidehalf
length (1 mm) less half the length of the photonic crystal
section(10 um), i.e., =1 mm. This suggestshe presencef
somereflectionat the interfacebetweerthe ridge waveguide
and the photonic crystal waveguide section. The much
smallerheightof the secondrabry-Pérointerferencepeakin
comparisonto the first Fabry-Pérotinterferencepeak indi-
catesthat the reflection at the interface betweenthe ridge
waveguideand the photonic crystal waveguidesection is
muchsmallerthanthereflectionat the endfacets(38%). The
guantificationof the secondreflectionfrom the relation be-
tween the height of the Fabry-Pérotinterferencepeaksis
difficult dueto too manyunknownparametersuchas scat-
tering and radiation. However our three-dimensionahu-
mericalsimulationshaveshowna reflectionof 1%—5%at the
interfacebetweertheridge waveguideandthe photoniccrys-
tal waveguidesection.Thereforewe canconcludethatin the
high transmissiorefficiency rangethe coupling betweenthe
ridge waveguideandthe photoniccrystalwaveguides quite
efficient. In the caseof the 90° bendwaveguidethe second-
ary Fabry-Pérotinterferencegeneratedy the Fouriertrans-
form over the whole transmissionspectrumis aboutthree
times as strong as for the straight photonic crystal wave-
guide. This indicatesbackreflectionsat the corneraddedto
the previously observedreflection at the interface between
theridgewaveguideandthe photoniccrystalwaveguide The
differencein the path length of the reflection at the wave-
guide to photoniccrystal interfaceand the reflectionat the
corneris too small to distinguishthe two different peaksin
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- FIG. 5. Calculatedoverall loss of the different waveguides:(a) simple
S, straightwaveguide;(b) straightwaveguidewith taperand narrow section;
4 (c) straightwaveguidewith photoniccrystalwaveguide(d) waveguidewith
%0.1 0.1 90° bend. The gray regionsindicate the frequencyrangeswhere the loss
E calculationis not valid.
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whereR; andR, represent the end-facet reflectivitiesthe
total waveguide length of 2 mm, ang the absorption coef-
FIG. 4. Fourier transform of the measurement data from the differentsiant. The maximum and minimum intensitfringe con-

waveguidesia) straight waveguide(b) straight waveguide with taper and . .. .
narrow section(c) straight waveguide with photonic crystal waveguic; trasy observed in the_ measured transmission spectrum Is re-
lated to the attenuation factor as follows:

waveguide with 90° bend(e) waveguide with 90° bend for frequency

ranges where the transmission efficiency is {avdicated dark region in the 2
I max _ (1 + r)
— = 5
I min (1 - r)

insed; (f) waveguide with 90° bend for frequency ranges where the trans-
mission efficiency is higtiindicated dark region in the inget
the Fourier transform. At most one can observe a slightyging the two relations, we can solve for the absorption co-
broadening of the peak corresponding to the path length Oéfﬁcient,
about the half length of the waveguide. For a detailed under-
standing of these backreflections at the corner, we divide the
transmission spectrum into different sections and take the
Fourier transform theredgshown in Figs. de) and 4f)]. On as= d
the one hand, we observe that, for frequency ranges where
the transmission efficiency is low, the Fabry-Pérot peak cor-  The loss contribution of each element of the bend wave-
responding to the backreflection at the corner is greater thaguide can now be calculated, assuming zero material absorp-
the peak corresponding to the end-facet reflection. In thision and that the calculated end-facet reflectivities of 38% are
case, most of the light is reflected at the corner. On the othemot significantly wavelength dependent in our measurement
hand, for the frequency range where the transmission effirange. In Fig. 5 we show the calculated overall loss for the
ciency is high, the backreflection at the corner is low anddifferent waveguides. The straight reference waveguide
most of the light travels around the corner. The numericallyshows an overall loss of between 8 and 9 dB for the entire
calculated backreflection at the corner in the case of higlmeasurement range. Considering the waveguide length of
transmission is about 1%-5%. In the case of low transmis2 mm, we can estimate a relative loss of 4.5 dB/mm. As
sion about 50%—72% of the light is reflected at the corneralready observed from the transmission efficiency, the loss
depending on the amount of light that is scattered out of thealculation of the waveguide with taper confirms that practi-
photonic crystal waveguide. cally no significant losses are induced by the taper. Com-
Additional information can be taken from the fringe con- pared to the reference waveguide, we can attribute an ap-
trast of the Fabry-Perot modulation in the measured transproximate loss of up to 0.5 dB to the taper. For the straight
mission spectrum. Based on the fringe contrast, it is possiblphotonic crystal waveguide we observe in the frequency
to evaluate the losses in the waveguide. Considering owange below the cutoff between 0.5 and 2.5 dB of loss, which
waveguides as simple resonators with losses, we introdude due to the inserted photonic crystal waveguide section.
the round-trip intensity attenuation fact@rwhich is related  Above the cutoff frequency the loss explodes and the applied
to the two mirror reflectivitiegend facetsand the absorption loss calculation method looses its validity. The numerical
coefficient of the medium associated with both optical ab-nhoise above the cutoff frequency is due to a too small Fabry-
sorption and radiation loss, Perot fringe contrast. From the calculated loss corresponding
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to the photonic crystal waveguidesection,we can estimate
the relative loss coefficientof the defectguide. The section
length of 20 um leads to a relative loss coefficient of
25-125dB/mm. Recently loss coefficients of 1 and
2.4dB/mm have been reported®>?* Lower quality of the
fabricatedphotonic crystal structurecan explain the higher
loss coefficient.In addition,in Ref. 19 we haveshownwith
a detailed modal analysisthat the dispersioncurve of the
propagatingdefectmodeis abovethe light line, which con-
tributessignificantly to the loss coefficient.Finally, the loss
that can be attributedto the 90° bendwaveguideaddsup to
betweenl and2.5dB in comparisorto the referencevave-
guidefor the high transmissiorfrequencyrange.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
the 90° bendwaveguide As long asany reflectionsat points
in betweenthe endfacetsare significantlysmallin compari-
sonwith the end-facetreflection,the loss coefficientcanap-
proximately be calculatedfrom the Fabry-Perotfringe con-
trast. However in the precedingsectionwe haveshownthat
considerableaeflectionsat the corneroccur for frequencies
wherethe transmissiorefficiency is low. Therefore,in that
casethe appliedloss calculationmethodis not valid.

IV. CONCLUSION

In summary we have presentedsimple methodsfor a
detailedanalysisof the light propagatiorarounda 90° bend
cornerin a photonic crystal slab. The presentedmeasure-
mentsshow efficient waveguidingarounda 90° cornerand
help to understandetterthe phenomengresentin a wave-
guide containinga sectionof photonic crystal. Comparing
thetransmissiorspectrunof the differentwaveguidedesigns
has madeit possibleto evaluatethe influence of the sub-
elementsof the corner waveguide.We have shown that
nearly85% transmissiorefficiencywasobservedor the 90°
bendwaveguide By meansof the Fourier transformof the
transmissiorspectrawe haveidentifiedthe pointswherere-
flections occur inside the waveguide.Basedon the fringe
contrast of the measuredFabry-Perotmodulation in the
transmissiorspectrumwe have calculatedthe lossesof the
waveguidesThe lossfor the straightphotoniccrystalwave-
guide was estimatedto be 25 dB/mm in the bestcase.The
corneraloneaddsan estimatedossof 0.5-2 dB for the fre-
quencyrangewherethe transmissiorefficiencyis high. The
presentednethodsfor the characterizatiorof the photonic
crystal waveguidehelp identify the critical waveguideele-

4

mentsthat needimprovement.For example,backreflections
canbe significantly reducedby introducingtapersfor better
light coupling.Waveguidesectionswith high lossesneedim-
provementby positioningthe dispersioncurve of the defect
modeunderthe light line and by reducingthe roughnesf
the samplesurface.
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