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Abstract: A 2-D modelfor photon-scanningunnelingmicroscopy (PSTM)of integratedoptical
devicesis evaluated. The simulationsreferto a setup,wherethe optical eld in the vicinity of
thesamplds probedby detectinghe optical powerthatis transferredria evanescentr radiative
coupling to the taperedtip of an optical ber closeto the samplesurface. Scanningthe tip
acrosgshe surfaceleadsto a mapof the local optical eld in the sample.As a stepbeyondthe
mere analysisof the sampledevice, we considersimulationsthat include the sampleas well
asthe probetip. An efcient semi-analyticakimulationtechniquebasedon quadridirectional
eigenmodexpansionds applied. Resultsfor a seriesof con gurations,whereslabwaveguides
with differenttypesof corrugationssene assamplesallow to assesshe relationbetweenthe
PSTMsignalandthelocal eld distributionin the sample We obsenedareasonablgualitative
agreemenbetweenthesecomputationsand a previous experimentalPSTM investigationof a
waveguideBragggrating.
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1 Intr oduction

Photonscanningunnelingmicroscoy (PSTM)or near eld scanningopticalmicroscoy (NSOM or SNOM)
becomesncreasinglypopularasatool to studythe local optical electromagneticeld closeto the suriaceof
devicesfrom integratedoptics/ photonics. A typical setup(cf. e.g.Ref. [1]) consistsof a taperedtip of an
optical ber, the probe,thatis attachedo the tuning fork of anatomic-forcemicroscopg AFM). By scanning
the probeat a narrav distance typically a few tensof hanometersacrossthe samplesurface one generates
simultaneouslya topographicaland an optical signal. While in generalthe optical part of the microscope
canbe operatedn differentschemesoncerningllumination anddetection,herewe areinterestedn setups
wherethelight is fed into the waveguiding samplestructureby meansof corventionalcouplingtechniqueof
integratedoptics,andwherethe power detectedttheendof the ber thatis attachedo theprobetip is recorded
astheopticalsignal.

Exampledor thesekinds of experimentdncludethemappingof elds in (multimode)dielectricopticalwave-
guides|2, 3, 4, 5, 6], in an optical Y-junction[7], or in a Mach-Zehndeiinterferomete1]. Other studies
consideredhe evolution of optical elds behinda slit-distortionin a waveguide[8], in waveguideBragggrat-
ings[9], in photoniccrystalslabs[10], or in photoniccrystalstructureswith defectcavities [11, 12]. PSTM
obserationsof resonancem cylindrical integratedopticalmicroresonatorarereportedn Refs.[13, 14,15)].

Besidesthe actualexperiments simpli ed microscopanodelshave alsobeenstudiedby meansof numerical
simulationsthoughmostlyfor differentschemesf operation.Theoptical elds in thesurroundingf dielectric
(coatedor uncoated)r metallic probetips in two spatialdimensionsareinvestigatedn Refs.[16, 17] ([18]:
relatedexperiments)[19], and[20]. Thesimulationsncludealsotheinteractionof thetip with simpleobjects
on glasssubstratescirculardielectricor metallic,nanometesized2-D particles(illumination via the probe),
or dipole sourcegsingle molecule uorescence). Examplesfor studiesin threespatialdimensionsare Refs.
[21, 22], wherethe optical eld aroundisolated,metallic or coateddielectric, circularconical probetips is
consideredopr the simulationsof the interactionbetweera conical,uncoatedielectrictip with afreestanding
glassbarof nanometedimensionsn Ref.[23]. A varietyof computationatechniquesvereapplied,including
the multiple multipole (MMP) method[24], calculationshasedon a Greengensordescription25, 26|, or the
popular nite-dif ferencetime-domain(FDTD) simulationg27, 28].

All previously mentionechumericalinvestigationgocusontheoptical eld insideandin theimmediatevicinity
of the probetip andthe simple,nanometesizedsamples Especiallythe propermodelingof particularprobe
shapesgs aimedat, with theintentionto assesshe possibility of sub-wavelengthresolutionof the microscope,
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or to optimize the probe geometry respectiely. In view of the experimentalattemptsto map the optical
elds in the considerablylarger photonicstructures however, one would wish to include the entire sample
device into the simulation,in orderto examinethe interactionof the probetip with the (nontrvial) optical
eld that establishesn the device undertest. An exampleis the large-scale full 3-D FDTD study of Ref.
[29], wherethe PSTM obsenration of optical elds and bandstructureof a photoniccrystal slab hasbeen
simulated. Unfortunately dueto the computationatompleity of the problem,the 3-D calculationg23, 29

remainrestrictedo a ratherlimited computationalomainaroundthe actualinteractionregion, andto arather
limited numberof probe/sampleon gurations.

Hence,for the presentcontritution we looked at a — highly simplifying — 2-D model of the optical part of
the PSTMmicroscope Corrugatedslabwaveguides(coreswith slits, shortBragggratings)sene aresamples.
A half in nite pieceof waveguide, orientedperpendicularlyto the axis of the samplestructuresrepresents
the probetip. This modelis certainlylimited with respecto the rangeof structuresvhereit canbe applied
reasonablyandwith respectto the aspectof the microscop techniquethat canbe captured. Nevertheless,
efcient 2-D simulationtechniquegpermitto include comparablyarge sampledevicesinto the calculations,
andoffer the possibility for detailedstudiesof theinteractionbetweerprobeandsample A recentlyproposed
semianalyticamethod(quadridirectionabigenmoderopagationQUEP)[30] constitutes corvenienttool for
virtual experimentswith this model.

After the introductionof the PSTM model, Section2.1 givesa brief outline of the simulationtechnique.In

Section3, a seriesof resultsfor differentsamplestructuresarediscussedThe examplesallow to estimatenow

thesignaldetectediiathe ber isrelatedto the eld intensityatthe probetip, andhow the presencef theprobe
in uencesthe eld distribution within thesample.Sectiord compareanexperimentaPSTMinvestigation9]

of awaveguideBragggratingwith theresultsof correspondin@-D simulations.

2 2-DPSTM model

Figurel(a)introduceshe PSTMmodel. The guidedmodeof the horizontalslabilluminatesthe samplefrom
the left with input power Pj,; the power S associatedvith the upwardstraveling guidedmodeof the vertical
probeslabrepresentghe primary PSTMsignal. A PSTMscanis modeledby evaluatingS asafunctionof the
probecenterpositionp. BesidesS, theguidedtransmittecandre ected power fractionsT andR arerecorded
to asses@ how farthe presenc®f the probealtersthe globalopticaltransmissiorstateof the sample.
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Figurel: (a): schematiof the 2-D PSTMmodel,hereconsistingof a slabwaveguidewith a holein the core,the sample,
anda half-in nite verticalwaveguidesegment,theprobe.Cartesiarcoordinatex andz denotehehorizontalandvertical

directions.p is thez-positionof the probetip center Thedashedinesindicatethedivision of the structurento layersand

slices,asrequiredfor the QUEP simulations.(b, c): QUEPbasis elds; thesolutionof thescatteringoroblemis expanded
into eigenmodesf local 1-D multilayerslabpro les thattravel alongthe horizontal(b) andverticalaxes(c).

Werestrictthediscussiono losslesssotropicmaterialsandconsequentlyo uncoatedpurelydielectricprobes.
For simplicity we alsoassumehatthe probemovesalongthe sampleat a constanix-level, i.e. thatthe probe
doesnot follow the corrugationof the samplesurface. This assumptions reasonable.g.for the experiments
of Ref.[9] (Sectiond), wherethe probetip diameteiis largerthanthetopologicalfeaturesof the sample.



2.1 Simulations by quadridir ectional eigenmodepropagation

Thepreviousmodelassumptionteadto 2-D scattering Helmholtz-)problemswith guidedin- andout ux, for
a purelyreal, isotropic,andpiecavise constanfpermittiity pro le, whereall dielectricinterfacesare parallel
to oneof the coordinateaxes. The propagatiorof light with x edfrequeng, givenby thevacuumwavelength

, IS to be analyzed.Two classe®f solutionswith de nite polarizationexist: for TE waves,only the electric
eld componenEy perpendiculato the x-z planeis preseni(“perpendiculapolarization”). In the TM case,
theelectric eld is polarizedin the x-z-plane(“parallel polarization”);thenusuallythe perpendiculamagnetic
componentHy is usedfor a scalardescriptionof the optical eld. Note thatwithin the 2-D model, these
decoupledscalareld representationareexact.

The simulationtechniqueas describedin detail in Ref. [30] requiresto enclosethe interestingregion in a
rectangulamwindow. A solution of the Helmholtz problemis then soughton a cross-shapedomputational
domainthat consistsof this interior window, togetherwith the outwardsunboundedexternal stripesthat are
connectedo the four edges. On the four cornerpoints of the inner rectangleand on the boundariesf the
externalregions,the basic eld componentgE, for TE, Hy for TM polarization)areassumedo vanish. The
bold cornersin Figure1(a)indicatetherestrictionof the computationatiomain.

To de ne thebasis elds for the eigenmodexpansiontwo typesof divisionsof the computationatiomainare
consideredOnthe onehand,oneviews the structureasa sequencef verticalslices(b), suchthatwithin each
slicetherefractive index pro le is constantilongthe z-axis. The modesassociateavith thesendividual slices
(x-dependenpro les, propagatioralongthe z-axis) constituteone setof basis elds. On the otherhand,the
structureis decomposethto a stackof horizontallayers(c), wherethe permittiity is constantlongthex-axis
within eachlayer The modesassociatedavith the separatdayers(z-dependenpro les, propagatioralongthe
x-axis)form a secondsetof basis elds. In both casesthe modespectraarediscretizedby arti cial Dirichlet
boundaryconditionsimposedon the edgesof theinner rectangleof the computationalomain. Bidirectional
versionsof propagatingandevanescenimodesup to certainordersM  (relatedto thedivisioninto slices)and
M (relatedto thelayerdecompositionaretakeninto accountModestraveling in the positive andnegative x-

andz-directionscontritute, henceonecouldcall this a “quadridirectional’eigenmodexpansion.

Superpositionsf all basismodesestablishthe ansatZor the optical eld, de ned piecevise for theindividual
slicesrespectiely layers. This ansatzsatis es the relevant wave equationeverywherein the computational
domain,with the exceptionof the horizontalandvertical ssgmentboundariesywherethe Maxwell equations
requirecertaincontinuity conditionsto be satis ed. Consistenfprojectionof theseequalitiesonto the basis
elementg“overlap” computationswith respecto suitablemodeproducts[31, 30] allows to extracta linear
systenof equationsn thesofarunknavn coefcients of theeigenmodexpansion Assumingthattheanalytic
basismodesare computedexactly, the emeging systemof equationgpermitsa stepwisesolution. As far as
only the sggmentsinsidethe innerrectangleareconcernedthe contritutionsof the horizontallyandvertically
propagatingnodesaredecoupledConventionalbidirectionaleigenmodepropagatior(BEP) scheme$32, 33]
can be applied; the presentapproachis relatedto the formulation given in [34, 35]. The partial solutions
(viewpointsFigurel(b,c)) aresubsequentlgonnectedby theequationghatbelongto thecontinuityconditions
atthefour outeredgesof the computationatectangle Only this last(essentialcombinationstepestablishea
solutionof thewave equationon the entirecross-shapedomputationatlomain.

Theopticalin ux is speci edby prescribingheamplitudesof all inwardstraveling basis elds ontheexterior
regions;in theexamplesof Section3 typically only oneamplitudeof theincidentguidedmodeof thehorizontal
slabis nonzero.Thisformsaright handsideto thelinearsystemwhichis thensolvedfor all remainingexpan-
sioncoefcients, with theamplitudesof the outgoingbasis elds on the exterior stripesasprimaryunknavns.
In Section3, theopticalpowersS, R, T of thesignal,re ected,andtransmittedvavescanbeaccessedirectly
by inspectingthe squaredcoefcients of the outgoingnormalizedfundamentaguided modesrelatedto the
upper left, andright exterior regions.

The QUEP simulationgreatthelight propagatioralongbothcoordinateaxespreciselyalike. As analternatve
to theviewpoint of thecross-shapedomputationalomain the perpendiculardependensuperpositiorof BEP
expansiongnay beviewed asa way to establishully transpaent boundaryconditions(exception:the corner
points)for theinnerrectangulacomputationailvindow, with a straightforvard possibility of modelingguided
wavein ux andout ux. Thoughsomevhatrestrictve whatconcernghe geometricavariability, thetechnique
offersanaccurateandquite ef cient platformfor computationastudiesof the PSTMmodel.



3 Numerical results

Given a guidedwave input into the sampleof power Pj,, the squaredamplitudeof the normalizedupwards
guidedmodeof theproberepresentthesignalS in our model(usuallythe majorrecordedjuantityin anactual
PSTMexperiment;notethatfor avertically homogeneoudopsslessber, thepowver S detectedattheupperend
of the probedoesnot dependon the length of the waveguide). We obsered a predominanexpectationthat
S shouldbe a measuref the local intensity i.e. a quantity jEyj2 (TE) or ijj2 (TM), atthe endof the
probetip. Thereforethe plotsin the following sectionscomparecurvesfor S=P,, anddatafor jE,j?(g; p) or
ijjz(g; p), respectiely, whereg andp arethex- andz-coordinate®f the centerof thetip facet. Thepresence
of the probemay changeahelocal intensity hencetwo curvesfor thatquantityaregiven: onesetof datapoints
represena scanalongtheline x = g acrossasolutionof thescatteringporoblemwithoutthe probe,i.e. the eld
in the unperturbedample(replacethe p-axisin the plotsby the z-coordinate) A secondcurve correspondso
thelocal intensityin a con guration wherethe probetip centeris situatedat the obseration point. Identi ers
[s] (sampleonly) and[s+p] (sampleandprobe)distinguishthesevalues.

In orderto facilitatea quantitatve comparisonfor each gure the curves[s] and[s+p] for thelocal intensities
have beenscaledby a commonfactor suchthat the [s]-level coincideswith the signal data(S) at a single
position. Circle symbolsmark thesescalingpointsin the correspondingplots. The scalingrepresentshe
commonprocedurego “match” measurementsf relative quantities;herethe proportionalityof thelocal eld
[s] andthesignalpower S is to beinvestigated Naturally thechoiceof thescalingpointsin uencesto acertain
degreetheimpressiongiven by the plots. We have selectedhesepositionssuchthatthelocal proportionality
betweerthe S and[s]-curvesbecomespparentnoneof theconclusiongsiepend®nthesechoices.

All QUEP resultsshavn belov have (roughly) beenchecled for corvergencewith respecto the extensionof
theinner computationalvindow, andwith respecto the densityof the spectral eld discretization.Still, for
completenesthe correspondinglatafor the computationalntenals andfor the numbersof basismodesper
propagatiordirectionandperslice (M) or perlayer(M ;) aregivenin the captionsalongwith the structural
parameter®f the computations.Note that the transparenboundaryconditionsimplementedby the QUEP
algorithmpermitoutgoingguidedandnonguidedwvavesto leave theinner computationalectangleacrosshe
four edges.For the nal solution,Dirichlet boundaryconditionsapply only on the cornerpoints,andon the
boundarie®f theexterior slices,asindicatedin Figurel(a).

3.1 Probing evanescentelds

An ideal,uncorrugatedglabwaveguidesenesasthe rst sample.Figure2 introduceghetrial structure.With

theexponentialdecayof theguidedslabmodepro les, heretheunperturbedelds in thevicinity of thesample
structureare known exactly. Hencethe slabpermitsa moststraightforvard comparisorof the PSTM signal
with the probedoptical eld.
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s
Nc Ny Figure2: PSTM modelcon guration. Sample:a slabwaveguide, thick-
nesst = 0:2 m, refractive indicesns = 1:45 (substrate)ns = 2.0
¥ — =  (Im), nc = 1.0 (cladding, background). Probe: a vertical slab, width
%P L it P TC w = 100nm, refractive index np = 1.5. Illumination by light with a
in vacuumwavelengthof = 0:633 m. QUEP parameterscomputational
Ns domain(x;z) 2 [ 3:0;3:0] [ 3:0;3:0] n?, numberf expansiorterms

My = M, = 80.

For the z-invariantsamplethe power levels obseredfor the signalS, transmissiorm , andre ection R during
ahorizontalscanat constanheightg shouldobviously notdependntheprobepositionp. This canbeusedfor
aconsisteng checkof the simulations:dueto the particularitiesof the spectraldiscretizatioronemustexpect
adependencef theresultson the positionwherethe vertical slabis placedinsidethe computationalomain.
Reassuringlyfor positionswherethe guidedmodepro le associateavith the probeis containedreasonably
within thecomputationaWindow, we foundhardlyary variationof S, T, andR with p onascalethatbecomes
relevantfor the subsequenton gurationswith comparableimulationparameters.



For thepresenparametergherelative signallevelsfor TE polarizationareby aboutafactor4 largerthanthose
for TM waves. A possibleexplanationcouldview the perturbatioreffectedby the probeasa dipole sourceat
the probefacet. Its directionalradiationpatternincludesthe probeaxisin casethe dipole is orientedalong
they-axis,i.e. for TE polarization.For TM polarizedlight the dipoleis orientedin the x-z-planemoreor less
alongthe probeaxis, suchthatthe probereceves muchlessoptical power. We thereforerestrictmostof the
following simulationgo TE polarizedillumination, although for the presentigh-contrasstructurespnemust
expectpronouncedlifferencedetweerthe polarizations.
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Figure3: Vertical scanoverthe slabof Figure2, for TE- (left) and TM-polarizedillumination (right). The curvesshav
the dependencef the PSTM signalS (continuous)andthelocal eld intensitiesat the probetip centeliEj? orjHyj?

without the probe ([s], dashed)andwith the probe ([s+p], dash-dotted)pn the with g of the gap betweenprobeand
sample.FDTD resultsfor the signal(cf. Section3.1.1)areindicatedby lled circularmarkers. Insets:intensitypro les

of thefundamentamodessupportedy the sample.

A vertical scanturnsout to be moreinteresting. Accordingto correspondinglaims basedon experimental
obserationse.g.in Refs.[2, 4, 5, 10, 36], the signalshouldbe proportionalto the “intensity at the end of the
probe”, hereinterpretedasthe squareof thelocal electromagneticeld thatexistsatthe positionof the center
of theprobefacetfor anabsenprobe.Hence|f theprobeis lifted upwardsaway from the sample pneexpects
a purely exponentialdecayof the signalpower with the gapdistanceg, accordingto the exponentialshapeof

theguidedmodepro le supportedy thesample Figure3 shavs theresultsof our correspondingalculations.

Contrarilyto the expectation herewe cannotcon rm a strict proportionalitybetweerthe signalandthe eld
intensityatthe probetip. While thesquare®f theexponentialails of the samplemodepro les arerepresented
by exactstraightlinesin thelogarithmiclower plotsof Figure3, thelinesrelatedio thePSTMsignalarecurved.
This holdsalsofor relatively large probe-sampleseparationsalthough,accordingto the plots, for large g an
exponentialt seemdo beratherevident.

Most PSTMexperimentshowever, areoperatedvith agapbetweersampleandprobeof aboutl0 nanometers.
In thatregime the proportionalitybetweerthe signalandthelocal eld intensityin the unperturbedampleis
pronouncedlyiolated. These ndings areactuallyin accordancevith anearly measuremerreportedin Ref.
[2], wherea planarsilicon-oxide/silion-nitride waveguide of thicknessl60nm is consideredilluminated by
TE polarizedlight at a wavelengthof 6328nm, i.e. a con guration quite similar to Figure2. Also therea
systematideviation of the PSTM signalfrom the straightline in the logarithmicplots canbe obsered, most
apparenfor smallprobe-sampleeparations.

Interestingly the in uence of the probeon the eld strengthat its tip turnsoutto be muchlesspronounced.
Figure3 shavs hardlyary changebetweerthe[s]- and[s+p]-datafor TE polarizationanda changeby merely
analmostconstanfactorfor TM polarizedwaves. Onthescaleof the gure thecur\/esforjEyj[23+p] orj Hyj[zsm]

retainthe exponentialshapeof the unperturbedample eld jEyj[Zs] oeryj[Zs], respectiely, deviating from the
non-eponentialbehaiour of S(p).

In Figure4 we try to visualizewhat happensvhenthe probeentersthe evanescenteld aroundthe sample.
Without the probe,only the planewave fronts of the guidedslabmodesarevisible. If the probeis introduced,
asa large-scaleeffect waves of cylindrical-like shapesappearoriginatingfrom the probetip, with different,
materialdependentvavelengthsin the substrateand cover regions. While the angulardistribution is almost
symmetricalfor TE polarization,the TM waves exhibit a more directional, forward-orientedwave pattern.
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Figure 4: Optical eld around
the slabwaveguideof Figure?2,
for TE- (top)andTM-polarized
light (bottom). The gray-scale
levels correspondto the real,
stationaryphysical elds (a, b,
c) (snapshotsat an arbitrary
time), or to the local absolute
value of the principal compo-
nent(d). (a): the separatesam-
ple, (b): sampleandprobe;the
contourdndicatethezerolevel.
(c, d): magni cation of the re-
gion aroundthe probetip, 11
(c) or 10 (d) equidistantcon-
: tour lines. The probe-sample
z [mm] ' ' distancasg = 10nm

Also this differencecould be explainedby the dipole-sourceriewpoint mentionedabove.

Local eld distortionsdueto the probearerevealedbestby the curvature of the contoursin the plots of the
absolute eld values. Without the probe,the contoursare straighthorizontallines, spacedaccordingto the
modepro le of the z-homogeneouslab Apparentlysomedisturbancds necessaryo force optical power
up the ber probe. Note thathereall effectsof the proberelateto rathersmall fractionsof the total incident
optical power: for thegapg = 10nm, the guidedrelative transmissiorandre ection evaluateto T = 0:994,
R=7 10 ®(TE)andT = 0:990 R = 1 10 ° (TM); only the remainingpartsof the power budgetsare
distributedbetweerthe signalandtheradiation.

3.1.1 Comparisonwith FDTD results

In orderto excludepossibleartefactsof the simulationtechnigueandasanadditionalcheckof the somavhat
unexpectednon-proportionalityof the signalandthe local eld intensity we veri ed the abore ndings by
meansof an entirely independenhumericalmethod. A rigorous2-D nite-dif ferencetime domain(FDTD)
schemd27, 28, 37] hasbeenapplied;belov werelatebrie y thedetailsof thesecalculations.

A computationalvindow of 4.2  4:2 m? is discretizeduniformly by a meshwith stepsizesof 0:0125 m.
Perfectlymatchedayer(PML) boundarnconditionsencloseahecomputationatiomain with awidth of 0:4 m,
a quadraticervelope,anda strengthsuchthat the theoreticalre ectivity of a wave propagatinghroughthe
backgroundmaterial at normal incidenceis 10 ©. The interior of the computationawindow containsthe
centerecsamplewaveguideandthe probetip with parameterasgivenfor Figure2.

Properlypolarizedmodal elds arelaunchednto the samplecoreusingthetotal eld / scatteredeld approach
[28]. Their amplitudeis raisedaccordingto a half-Gaussiarcurve with a waist of 10fs, with the maximum
beingreachedat 40fs. After thistime, theincident eld amplitudeis keptconstant.The simulationrunsfor a



time of 1024 fs with atime stepof 0:025fs, until a stationaryeld is establishedafterwhich the overlapwith
themodeof the probetip atadistanceof 0:5 m from thetop of the calculationwindow is evaluated Figure3
exhibits anexcellentagreemenbetweerthe FDTD andthe QUEPresults.

Whatconcernghe computationakffort, the presentQUEP implementatiorcompleteghe solutionof a single
scatteringproblem(one g-value in Figure 3) in about6 secondson an up-to-datePC, usingabout4 MB of
memory while our 2-D FDTD programtakesabout67 secondsand occupiesabout6 MB of memory Note,
however, thatthe QUEP approachaddresseslirectly the frequeng-domain (Helmholtz-) problemthatis of
interesthere,anddoesnot — asis the casewith the FDTD — computean entiretime evolution of an optical
signal,thatis afterwardsdiscarded.

3.2 Hole defectin a slab waveguide

As an examplefor a mostsimple, localizedcorrugation,a squarehole defectis introducedinto the former
waveguidesample Figure5 speci esthegeometryandtherelevantparametersifter thebasiccharacterization
of themodel“tool”, from now on the simulationswill berestrictedto TE polarizedillumination, andto scans
with a constanheightg. Figure6 summarizesheresultsof a PSTM scanacrosshe holedistortion; Figure7
shaws threeexamplesfor theresultingoptical eld.

| X
s
Ne ) .
el \y Figure 5: PSTM model con guration. Sample: a slab wave-
R . —19 z  guidewith a hole in the core, width s = 0:2 m. Othersample
== ne [ [t p- — and probe parametersare as in Figure 2, with a constantprobe-
Pi TS T sampledistancey = 10nm. Only TE polarizedillumination with
N a wavelengthof = 0:633 mis considered. QUEP parameters:
(x;z)2[ 3:0;3:0] [ 31;3:1] n?, My = M, = 80.

Withouttheprobe theholere ectsR = 19%andtransmitsT = 43%of theincidentpower;theremaining38%
arelostto nonguidedradiatedelds. Thesuperpositiorof the unitinputandthe guidedre ection formspartly
standingandtraveling wavesin the input core segment;the con ned transmissiorieadsto outwardstraveling
wavesin the ongoingcore seggment. Both the re ected andtransmittedoartsof the con ned elds undego a
transienbscillationuntil thelateralshape®f thewavesareadaptedo theparticularpro le of theguidedmode
furtheraway from the defect. The hole actsasa stronglocalizedsource wherethe radiationconsistof waves
with cylindrical shapeghat originatefrom the hole, with wavelengthsaccordingto the different refractve
indicesin the substratendthe coverregions.

— 0.15F S ) .
3 Tt 'Eyl2 Is]
NI> 01k o lEyI [s+p]
Q_E
» 0.05 - Figure6: HorizontalPSTM
scanacrossthe waveguide
_ v defect of Figure 5, sig-
0 L - L L L L - nal S andlocal eld inten-
as 1y . . . == . . . sity jEyj? (top) versusthe
x z-position p of the probe
~ OS5F —_— ; = center Bottom: guided
SO el ST -=- i kA powertransmissiom (con-
0 : .
2 15 1 0.5 0 0.5 1 15 2 tinuous) and re ection R
p [mm] (dashed).

If theprobeis movedalongthesampldn aregionsufciently faravay(jpj 0:7 m)fromthehole,thePSTM
signalfollows nicely thelocalintensityof the predominantlyevanescenivavesthatarepresentn thoseregions
closeto the samplesurface. The almostperiodicintensity patternof the standingwaves canbe obsered in

theinput sgment. Beyondthe hole, the signalcorrespondso thelower constantevel of the outgoingguided
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Figure 7: Optical eld
aroundthe hole in the
waveguide of Figure 5,
for probesat positions
p= 10,0:0;0:6 m
The gray-scalescorre-
spondto time snapshots
of the stationaryphysi-
. . > cal electric eld Ey of
2 [m] z [mm] z rm] the TE waves.

X [mm]

wave, with a shallav modulationdueto the transientadaptiorto the precisemodepro le. Theradiatedwvaves
from the hole thatreachthe probein theseregionsarepartly re ected andtransmittecby the vertical slab(cf.
thethird plot of Figure7), but do not signi cantly coupleto the upwardstraveling modeof the probe,i.e. do
not contritute to the signal.

Closeto the hole, however, the signal exhibits a strongpeak, which obviously mustbe attributed to direct
scatteringrom the hole upwardsinto the probetip. Heretherelationbetweerthelocal eld andthesignalis
entirelylost. With afull width athalf maximumof 0:23 m, the peakis only moderatelywiderthanthedefect;
thepeakmaximumis locateds0nmto theleft of the centerof thehole. If theprobeis positioneddirectly above
the defect,it collectsmostof the wavesthat are otherwiseradiatedinto the upperhalf space(cf. the middle
insetof Figure7).

3.3 Short waveguideBragg grating

A periodicsequencef holesin awaveguidecoreformsawaveguideBragggrating,or “1-D photoniccrystal”.
Figure8 introducesa short,deeplyetchedhigh-contrastlevice that shall sene asthe next sample.Figures9
and10 collectthecorrespondingesultsof the PSTMmodel.

s
Nc
Mol
R | 19 poe Z  Figure8: PSTM model con guration. Sample: a short Bragg
== p == grating, 8 slits of width s = 0:11 m, period = 0:21 m,
Pin t T andetchingdepthd = 0:6 m. Othersample,probe,andscan
. d parametersare as given for Figures2, 5. QUEP parameters:
s (x;z) 2 [ 3:0;3:0] [ 3:0;4:58] n?, My = 100,M, = 120.

The geometryof the gratinghasbeenadjustedsuchthatit actsasa strongre ector at the given wavelength.
Withoutthe probe,R = 97% of theinput power is re ected,aboutT = 0:1% is transmittedo right-traveling
guidedmodes.Thelow amountof radiationemanatesnainly from the transitionfrom the homogeneousore
to the periodically corrugatedsegmentat z = 0; Figure 10 shaws the interferenceof thesewaveswith the
radiationcausedy the probetip in the substrateandcover regions.

The PSTMsignalof Figure9 remaingestrictedto theregionp < 1 mwhereopticalpoweris actuallypresent
in the sample. For positionsp < 0:5 m beforethe transitionto the grating, the eld aroundthe sample
consistsof interfering forward and backward propagatingwaves with the samemodepro le shape,andis
scannedht constantheight. Hencethe non-proportionakffects (Section3.1) are not relevant here. Justasin
Section3.2,thesignalfollows thelocal eld intensityattheprobefacet.

In thetransitionregionaroundp = 0, however, thesignalandthesampleeld intensitydeviateconsiderablyA
pronouncegeakappearsasbeforeto beattributedto thedirectscatteringnto the probetip. Hereit is accom-
paniedby “sidelobes”,wherethe signalis actuallymuchlower thanthe respectie sample eld intensity;the
secondout lastmaximumof theratherregular original standingwave patternis suppressedimostcompletely
in the signal. Interferencesffectscanohviously alsoleadto a signi cant underestimationf thelocal intensity
in the PSTMmeasurement.



. . Figure 9: Scanalong the
. . Bragg grating of Figure 8;
R signal S, local eld inten-
- 0.5F T sity JEyj2, and transmitted
£ o andre ectedpowerT,R as
. 1 0.5 0 0.5 1 15 2 25 3 a function of the probepo-
p [mm] sitionp.

Figure 10: Light propa-

gationthroughthe grat-

ing of Figure 8, snap-

shotsof theelectric eld

Ey for probe positions

2 1 0 1 2 3 1 0 1 2 3 p= 0:55 m andp =
z [mm] z [mm] 0:0 m.

Thesignallevel of 0:04 foundatthe peakmaximumis actuallylargerthanthetotalamountof power thatis lost
to radiationif the probeis absent Apparently whenpositioneccloseto the rst discontinuityof thegratingthe
probedoesnotonly collectmostof the optical power thatis radiatedupwards,but it actuallyraiseshelevel of
radiation.Thecune R(p) shavs acorrespondinglip closeto p = 0, therethe guidedre ection dropsto about
89% Similar change®f the transmissiorpropertiesof the sample(rathermoderateon the scaleof Figures6,
9) werealsoobsenred for the former hole defect. In the following sectionwe considera structurewherethe
probeinteractswith the sampleon a muchstrongeievel.

3.4 Resonantdefectcavity

Introductionof alocalizeddistortionin an otherwiseperiodicgratingcancausedrasticchangesn the spectral
responsd38]. Herewe realizethe defectby enlaging the central“tooth” of the former waveguide Bragg
grating. Figure 11 summarizeshe geometricaldetails; Figures12 and 13 illustrate what happensvhenthe
PSTMtip scansacrosghestructure.

Figure11: PSTM model con guration. Sample:a short Bragg
gratingwith a centraldefect,lengthL = 0:2275 m. Othersam-
ple, probe,andscanparameterareasgivenfor Figures2, 5, and
8. QUEPparameters(x;z) 2 [ 3:0;3:0] [ 3:0;4:7075] n?,
My = 100, M, = 120

Onemay view the device asa sequenc®f two re ectors, eachconsistingof a Bragggratingwith 4 grooves,
that enclosea shorthomogeneousvaveguide segment. The familiar Fabry-Perotmodel can be appliedto
explain the occurrenceof resonantstateswithin the frequeng bandgapof the original long Bragg grating.



The homogeneousectionactsasa narrav cavity; resonancemanifestaslocalizedtransmissiorpeaksin a
frequeny interval wherethe device otherwisere ects mostof the optical power. The cavity lengthL in the
speci cationof Figure11 hasbeenadjustedsuchthatthe defectgratingsupportsa transmissiorresonancet
thevacuumwavelengththatwill beappliedduringthe PSTMscan.

In its unperturbedtate the structuretransmitsT = 56%andre ects R = 6% of theincidentpower. Radiation
originatesmainly from thetwo inputandexit transitionsbetweerthe gratingsegmentsandthe externalhomo-
geneousvaveguides,andfrom the centralcavity. The resonancestablishes predominantlystandingwave
patternwith two alternatingmaximaanda centralnodein the cavity sgment,andoutwardsquickly decaying
amplitudesn thegratingregions(seethedashedine forjEyj[Zs] in Figure12).

S -
2
T 'Ey|2 Is
‘‘‘‘‘‘‘ IEyI [s+p]
Figure 12: PSTM scan
1 . acrossthe defectgrating of
, , Figure 11; signal S, local
T intensities jEyj?, and the
7 transmissionT and re ec-
N L S tionR effectedby thestruc-
2 25 3 ture,versughepositionp of
theprobe.

Thephenomen&enti ed in the previousexamplescanbefoundagainin thepresenPSTMscan:oneobseres
the adequatelyesohed outerstandingwave patternandthe scatteringpeakswith sidelobesaroundthetransi-
tionsto the outerhomogeneousagments.Differentfrom the examplesn Sections3.2,3.3,drasticchangesn

thetransmittedandre ected power levelsappearif theprobescansacrosghe cavity region. Thechangesn T

andR areaccompaniethy a pronounced:iifferencebetweerthejEyj[zs]— andjEyj[ZS+p]—cur\es,i.e. betweerthe
eld intensityatthe positionof thetip facetwithoutandwith the probe.

Figure13: Optical eld
snapshotgor the defect
cavity of Figurel1,with
the probelocatedatp =
0:0 m( rst discontinu-
ity, left) and at p =
0:75 m (in the defect
region, right). Thegray-
scalelevels of the plots

X [nm]

2 1 0 1 2 3 1 0 1 2 3
z [rm] z [mm] arecomparable.

Obviouslyheretheprobeeffectsamajorchangenf theglobalopticalstatein thesamplej.e.causesbreakdavn

of theresonanceExtremallevelsof T = 0:18andR = 0:50 arereachedor p = 0:75 m. The eld in the
sampleexperienceghe strongesin uence if the probeis positionedcloseto one of the two maximaof the
unperturbedesonanteld pattern.Theraisedre ection is clearlyvisible in thesecondnsetof Figurel3 asthe
largerstrengthof the standingwave pattern.Somevhatsurprisingly the signalrecordedor the cavity regionis

nottoo far off from thelocal intensityin theunperturbegample Apparentlythe contrilbution of the scattering
to the signalcompensatefor the decayof thelocal intensitydueto theresonancéreakdavn.

Thepreciselyoppositeeffect canbeachievedin a structurewith slightly modi ed cavity lengthL = 0:224 m.
For absenfprobe,this speci esanoff-resonanceon guration at the operationwavelength with a ratherhigh
re ection R = 0:70 andlower transmissiodevel T = 0:15. During the scanalongthe defect,oneobseres
againpronouncedsariationsin T, R, andin thelocal eld intensity now with therolesof T andR reversed
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whencomparedo Figure13. Aroundthepositionp = 0:75 m theextremalvaluesof R = 0:30andT = 0:24
arefound. Herethe probeshifts the systemtowardsa resonancehat doesnot occurin the isolatedsample
device.

4 Bragg grating: experimental results

A waveguideBragggratingis investigatedn anactualexperimentin Ref.[9]. Thesampleconsistf ashallav
rib waveguide with a SizN4 core, supportedby a relatively thick SiO, buffer layer on a Silicon substrate.
A seriesof wide, deeplyetchedrectangularslits forms the grating. Figure 14 introducesschematicallythe
experimentalparameterghatarerelevantfor the presentiscussion.
| X
c ﬁ S
n

AX

>
I3
o

Figure 14: Schematiof anexperimentalPSTM con guration [9], crosssectionviews of planesparallel(left) andper
pendicularright) to thewaveguideaxis. Sample:arib waveguidewith a seriesof rectangulaslits, with refractiveindices
ns= 3:4 (substrate)n, = 1:45 (buffer),ns = 2:01 (core),nc = 1:0 (cover), Im thicknesg = 55nm, rib etchingdepth
h = 11nm, rib widthw = 1:5 m, trans\erseslit widthW = 2:5 m, buffer layerthickness = 3:2 m, gratingperiod

= 220nm, longitudinalslit width s = 110nm, slit etchingdepthd = 70nm, numberof groovesN g = 15. Probe:a
taperectylindrical ber tip with aluminiumcoating,aperturediametera  80nm, claddingthicknes ~ 100nm, core
refractiveindex np = 1.5, distanceprobe/ rib surfaceg = 10nm. The Bragggratingis illuminatedby TE (y-) polarized
light with avacuumwavelength = 0:6328 m.

For the PSTM obsenration the sampleis illuminatedvia end-ficetcouplingthrougha microscopeobjectie.

By usingthe feedbackirom the AFM signal,the optical probeis rasterscannecdht a constantistanceacross
the surfaceof the rib waveguide. Sincethe diameterof the probefacet(including the coating)is larger than

the slit width, at leastfor probe positionsabove the actualrib one canassumea constantscanheight. One
obtainsa“top view” PSTMimageof theoptical eld above the samplestructuretogethemith thetopological
informationthat allows to preciselyrelatethe optical datato the positionson the sample. Figure 15 shavs

a sectionof the 2-D PSTM imagealongthe axis of the samplewaveguide. SeeRef. [9] for further details
concerningheexperimentaketupandthe full measuremenesults.

0.8f i
'S 0.6f -
a,
(%))
0.4F
Figure 15: PSTM scan
0.2k alongthe centerof the cor-
rugatedrib of Figure 14,
signal power S depending
0 : !IIIIIIIIIIIIIIIIIIIIIIITIIIIII : onthez-positionpofthe
1 0 1 2 3 4 probe; experimental data
p [mm] from Ref.[9].
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4.1 2-D QUEP model

Due to the wide, weak lateral featuresof the Bragg grating one can expectthat the optical eld alsovaries
only slowly alongthey direction,whencomparedvith the longitudinalwavelength.We thereforetake a cross
sectionalongthe waveguide axis asthe basisfor the de nition of the samplein our 2-D simulations. This
leadsto the modelgeometryof Figure 16. While the buffer layeris of sufcient thicknesgo preventleakage
of the guided elds into the substratejt cannot a priori be excludedthatre ections of scatteredvavesfrom
the substratecontritute to the PSTM signal. Thereforethe substrate buffer layer interfaceis includedin the
simulationg(thoughnot the strongmaterialattenuatiorof the Silicon). Figures17, 18 shav the corresponding
resultsof themodel.

Figure 16: 2-D model of the 3-D con guration in
Figurel4. Parameterssamplens = 3:4,n, = 1:45,
ng= 201, nc= 10,t = 55nm b= 32 m,

d= 70nm = 220nm,s = 110nm Ng = 15;
probe: w = 100nm, np = 1.5, g = 10nm,
TE, = 0:6328 m. QUEP parameters(x;z) 2

[ 3515 [ 20;52] n?, My = 80,M, = 100.

With thesmall Im thicknessthewaveguideoperatesinderconditionsvery closeto cut-of. Asaconsequence,
alarge fractionof themodalpro le stretche®utinto thebuffer regionbelov x =  70nm, wherethose elds
do not encountetrthe slits directly. Thereforethe grating constitutesonly a moderatere ector at the given
wavelength.The 2-D simulationspredicta guidedtransmissiorof T = 42%andare ection of only R = 9%.
Accordingto Figure 18, when enteringthe corrugatedregion, the major part of the light waves forms of a
strongbeamthat propagatest a shallav angleunderneattthe slits. Beyond the grating, a fraction of that
power “leaks” backinto the ongoingguidedmode. Togetherwith wavesthat arere ected from the buffer
layer/ substraténterface thetransienteld adaptiorto thepro le of thetransmittecguidedmodeestablishesa
recovery patternwith aparticularschemef local minima(notshavn in Figure18). Detailsof theexperimental
obsenration of this patternarediscussedn Ref.[9].

For the separatessamplestructure Figure 17 indicatesthatthe eld intensityjE yj[zsl above the slits dropsfrom
theinitially large level at the entranceto the gratingto quite smallvaluesat the exit, wherethe exit valueis
muchlower thanthe level that correspondso the large overall transmission.The decay andthe subsequent
recovery of the local intensity canalsobe explainedby the gradualdisplacemenbf the beamcentertowards
the substrateandby the back- ow of thewavesinto the coreafterwards.

2
l yl [s+p]

Figure 17: PSTM scanalong

e the waveguideBragggratingof

. ' Figure 16, 2-D model results

for Figure 15. Signal S, lo-

T 1 cal eld intensitiesiEyj?, and

mm R Ro_._ guidedtransmissionl andre-
4 ection R versusthe probepo-

sitionp.

We nd agoodqualitatve agreemenof the simulationsin Figure17 with the experimentaldataof Figure15.
In theexperimentaswell asin themodel,the PSTM signhalsmapadequatelyhe standingwave patternin front
of thesamplethedecayin thegratingregion, andtherecovery processftertheendof thegrating. Sincethese
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Figure 18: Snapshots
’ ’ , , ’ ' of the optical electric

' ‘ ' ‘ eld accordingto the 2-
D Bragg grating model
of Figure 16, for probe
positionsp =  0:7 m
(left) andp = 0.0 m
(right, beginning of the
z [mm] z [nm] grating).

featuresareindeedpresenin thejEyj[ZS]—cur\,e of the model,onecanexpectthatalsothe eld intensityin the
real device hasa similar shapen the respectie regions. Aroundthe input transitions however, the simulated
PSTMsignaldoesnotfollow themuchmoreregularlocal eld intensity Sincethelarge scatteringpeakandthe
partialsuppressionf the adjacentmaximaoccurin the experimentaldataaswell, the modelclearlyidenti es
thesefeaturesasartefaictsof the PSTMobseration (cf. the correspondingemarksn Ref.[9]).

Althoughthe approximatiorof anonly weaklateralcon nementof the optical eld in the3-D sampleis very
plausible,the experimentalprobehasa circular aperture which implies a stronglocalizationof the upwards
traveling signalwaves. Also otherexperimentakircumstancekbk e the effectsof thealuminiumcoatingarenot
incorporatednto the model,henceone canhardly expecta betterquantitatve agreemenbetweernFiguresl5
and17. Note, however, thatthe scatteringpeakas predictedherefor the uncoatedmodel probeappearsn
the experimentaldataaswell. If oneinterpreteghe peakasa consequencef directscatteringnto the probe
aperturethealuminiumcoatingdoesobviously not suppresshateffect.

5 Concluding remarks

Basedon a semianalyticatjuadridirectionakigenmodexpansiontechniqug QUEP),a seriesof virtual exper
imentsin the framework of a simple2-D PSTMmodelhave beencarriedout. We adoptedypical parameters
for high contrastsingle-modeslabwaveguidesin the SiO, / SisN4 materialsystem.The simulationdedto the
following obserations.

Evenin casesvhereapurelyevanescenteld surroundghe samplee.g.for aguidedmodetraveling alongan
idealwaveguidecore,the PSTMsignalis not strictly proportionatlto thelocal eld intensity if thedependence
onthe probe-sampl@istancds considered Singledistortionsin the samplesurface,or abruptdiscontinuities
betweendifferent homogeneousr periodic samplesegments,act as localized sourcesthat can causepro-
nouncedlirectscatteringnto the probe. At theseprobelocationsthe signalexhibits strongpeaksthatarenot
presenin thelocal intensityof thesample eld. Aroundthe peaks,nterferenceeffectscanleadto anunder
estimationof the sampleintensityby the PSTMsignal. If the samplesupportgesonanstatesthe presencef
the probecan causea breakdavn of an existing resonancegr the build-up of an otherwisenoneisting one.
In thesecaseghe probechangessigni cantly the global optical stateof the sample. Unfortunately all these
effectsoccurwhereapreciseeld measurememould be mostinteresting.

With the exceptionof theseresonanton gurations,for TE polarizedlight we found systematicallyonly very
minor changesn the local eld strengthat the tip position dueto the presenceof the probe. In the TM
casehowever, the exampleof the uncorrugatedlab shaved thatthe changesn the local intensityat the tip
end canbe muchmore pronounced.Theseobserationsshouldbe of relevancefor PSTM experimentsthat
rely on the local densityof statesat the tip of the probe,e.g.for attemptsto detect uorescenceproperties
of singlemoleculeq20, 39]. For speci ¢ con gurations,wherea purely evanescensample eld consistsof
guidedmodeswith identicalpro le shapesandwherethe probeis keptat constanheightabove thesamplea
reasonableecordingof the optical wave patternsn the sampleis possiblee.g.the obseration of periodsof
(partially) standingwaves. Despitethe simplicity of the model,we found an amplequalitative agreemenof
thesesimulationswith real PSTM experimentson a waveguide Bragggrating.
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A numberof modi cations of the measuremertechniquecaneasilybe modeledwith the presentools. Onthe

onehandthis concernglifferentscheme®f illumination anddetection:alocalizedillumination via the probe,
with thetransmissiothroughthe sampledetectedisthesignal[40], alternatvely anonlocalillumination of the

sampleby afocusedexternalbeamwith thelight collectedby the probe,on asideoppositeo theillumination,

asthesignal[11]. Onthe otherhand,differentmodesof signalrecordingcould be consideredby evaluating
the interferencewith a referencewvave, phasemapsof the local electromagneticeld aroundthe samplecan

begenerated41, 6, 36]. In all casesa numericalassessmenmtf the microscoy techniquesvithin the present
modelshouldbe straightforvard.

Concerningthe questionin how far an experimentalPSTM signalcanbe regardedasa quantitatve “map” of
the“optical eld” in the device undertest,we could point out several con gurationswhere,accordingto the
model, this simple notion de nitely fails. Eitherthe proportionalitybetweenthe PSTM signalandthe local
intensityis entirelylost, or, evenworse,the presencef the probein uencessigni cantly the optical stateof
thesample.In fact,we couldcon rm anapproximateroportionalityexclusively for the constant-heighscans
alongcon gurationswith local single-modestandingwave patterns Disturbancesffectsmustbe expectede.g.
in ary PSTMobsenrationsof high-qualityresonancei photonicmicro-andnano-caities, in principle. While
oneshouldcertainlybe aware of these ndings whenexecutingPSTM measurementsn photonicstructures,
we do not think it adequatehowever, to attempt,only on the basisof the simplifying 2-D model,ary more
generalquantitatve characterizationf experimentakettingsvheretheseartefictsoccur or wherethey canbe
excluded.
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