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Abstract: A 2-D modelfor photon-scanningtunnelingmicroscopy (PSTM)of integratedoptical
devicesis evaluated.Thesimulationsrefer to a setup,wheretheoptical �eld in thevicinity of
thesampleis probedby detectingtheopticalpowerthatis transferredvia evanescentor radiative
coupling to the taperedtip of an optical �ber closeto the samplesurface. Scanningthe tip
acrossthesurfaceleadsto a mapof the local optical �eld in thesample.As a stepbeyondthe
mereanalysisof the sampledevice, we considersimulationsthat include the sampleas well
as the probetip. An ef�cient semi-analyticalsimulationtechniquebasedon quadridirectional
eigenmodeexpansionsis applied.Resultsfor a seriesof con�gurations,whereslabwaveguides
with differenttypesof corrugationsserve assamples,allow to assessthe relationbetweenthe
PSTMsignalandthelocal �eld distribution in thesample.We observedareasonablequalitative
agreementbetweenthesecomputationsanda previous experimentalPSTM investigationof a
waveguideBragggrating.
Keywords: photonics,photonscanningtunnelingmicroscopy, near�eld scanningoptical mi-
croscopy, integratedoptics,numericalmodeling
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1 Intr oduction

Photonscanningtunnelingmicroscopy (PSTM)or near-�eld scanningopticalmicroscopy (NSOM or SNOM)
becomesincreasinglypopularasa tool to studythe local opticalelectromagnetic�eld closeto thesurfaceof
devicesfrom integratedoptics / photonics. A typical setup(cf. e.g.Ref. [1]) consistsof a taperedtip of an
optical �ber, theprobe,that is attachedto thetuningfork of anatomic-forcemicroscope(AFM). By scanning
the probeat a narrow distance,typically a few tensof nanometers,acrossthe samplesurfaceonegenerates
simultaneouslya topographicaland an optical signal. While in generalthe optical part of the microscope
canbe operatedin differentschemesconcerningillumination anddetection,herewe areinterestedin setups
wherethelight is fed into thewaveguidingsamplestructureby meansof conventionalcouplingtechniquesof
integratedoptics,andwherethepowerdetectedattheendof the�ber thatis attachedto theprobetip is recorded
astheopticalsignal.

Examplesfor thesekindsof experimentsincludethemappingof �elds in (multimode)dielectricopticalwave-
guides[2, 3, 4, 5, 6], in an optical Y-junction [7], or in a Mach-Zehnderinterferometer[1]. Otherstudies
consideredtheevolution of optical �elds behinda slit-distortionin a waveguide[8], in waveguideBragggrat-
ings [9], in photoniccrystalslabs[10], or in photoniccrystalstructureswith defectcavities [11, 12]. PSTM
observationsof resonancesin cylindrical integratedopticalmicroresonatorsarereportedin Refs.[13, 14,15].

Besidestheactualexperiments,simpli�ed microscopemodelshave alsobeenstudiedby meansof numerical
simulations,thoughmostlyfor differentschemesof operation.Theoptical�elds in thesurroundingof dielectric
(coatedor uncoated)or metallicprobetips in two spatialdimensionsareinvestigatedin Refs.[16, 17] ([18]:
relatedexperiments),[19], and[20]. Thesimulationsincludealsotheinteractionof thetip with simpleobjects
on glasssubstrates:circulardielectricor metallic,nanometer-sized2-D particles(illumination via theprobe),
or dipole sources(singlemolecule�uorescence).Examplesfor studiesin threespatialdimensionsareRefs.
[21, 22], wherethe optical �eld aroundisolated,metallic or coateddielectric,circular-conical probetips is
considered,or thesimulationsof the interactionbetweena conical,uncoateddielectrictip with a freestanding
glassbarof nanometerdimensionsin Ref. [23]. A varietyof computationaltechniqueswereapplied,including
themultiple multipole(MMP) method[24], calculationsbasedon a Greenstensordescription[25, 26], or the
popular�nite-dif ferencetime-domain(FDTD) simulations[27, 28].

All previouslymentionednumericalinvestigationsfocusontheoptical�eld insideandin theimmediatevicinity
of theprobetip andthesimple,nanometer-sizedsamples.Especiallythepropermodelingof particularprobe
shapesis aimedat,with theintentionto assessthepossibilityof sub-wavelengthresolutionof themicroscope,
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or to optimize the probegeometry, respectively. In view of the experimentalattemptsto map the optical
�elds in the considerablylarger photonicstructures,however, onewould wish to include the entiresample
device into the simulation,in order to examinethe interactionof the probetip with the (nontrivial) optical
�eld that establishesin the device undertest. An exampleis the large-scale,full 3-D FDTD studyof Ref.
[29], wherethe PSTM observation of optical �elds and bandstructureof a photoniccrystal slab hasbeen
simulated.Unfortunately, dueto thecomputationalcomplexity of theproblem,the3-D calculations[23, 29]
remainrestrictedto a ratherlimited computationaldomainaroundtheactualinteractionregion,andto a rather
limited numberof probe/samplecon�gurations.

Hence,for thepresentcontribution we looked at a — highly simplifying — 2-D modelof theopticalpartof
thePSTMmicroscope.Corrugatedslabwaveguides(coreswith slits, shortBragggratings)serve aresamples.
A half in�nite pieceof waveguide,orientedperpendicularlyto the axis of the samplestructures,represents
the probetip. This model is certainly limited with respectto the rangeof structureswhereit canbe applied
reasonably, andwith respectto the aspectsof the microscopy techniquethat canbe captured.Nevertheless,
ef�cient 2-D simulationtechniquespermit to includecomparablylarge sampledevicesinto the calculations,
andoffer thepossibilityfor detailedstudiesof theinteractionbetweenprobeandsample.A recentlyproposed
semianalyticalmethod(quadridirectionaleigenmodepropagation,QUEP)[30] constitutesaconvenienttool for
virtual experimentswith thismodel.

After the introductionof the PSTM model,Section2.1 givesa brief outline of the simulationtechnique.In
Section3, a seriesof resultsfor differentsamplestructuresarediscussed.Theexamplesallow to estimatehow
thesignaldetectedvia the�ber is relatedto the�eld intensityat theprobetip, andhow thepresenceof theprobe
in�uencesthe�eld distributionwithin thesample.Section4 comparesanexperimentalPSTMinvestigation[9]
of awaveguideBragggratingwith theresultsof corresponding2-D simulations.

2 2-D PSTM model

Figure1(a) introducesthePSTMmodel.Theguidedmodeof thehorizontalslabilluminatesthesamplefrom
the left with input power Pin; thepower S associatedwith theupwardstraveling guidedmodeof thevertical
probeslabrepresentstheprimaryPSTMsignal.A PSTMscanis modeledby evaluatingS asa functionof the
probecenterpositionp. BesidesS, theguidedtransmittedandre�ectedpower fractionsT andR arerecorded
to assessin how far thepresenceof theprobealterstheglobalopticaltransmissionstateof thesample.
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Figure1: (a): schematicof the2-D PSTMmodel,hereconsistingof aslabwaveguidewith aholein thecore,thesample,
andahalf-in�nite verticalwaveguidesegment,theprobe.Cartesiancoordinatesx andz denotethehorizontalandvertical
directions.p is thez-positionof theprobetip center. Thedashedlinesindicatethedivisionof thestructureinto layersand
slices,asrequiredfor theQUEPsimulations.(b, c): QUEPbasis�elds; thesolutionof thescatteringproblemis expanded
into eigenmodesof local1-D multilayerslabpro�les thattravel alongthehorizontal(b) andverticalaxes(c).

Werestrictthediscussionto losslessisotropicmaterials,andconsequentlyto uncoated,purelydielectricprobes.
For simplicity we alsoassumethat theprobemovesalongthesampleat a constantx-level, i.e. that theprobe
doesnot follow thecorrugationof thesamplesurface.This assumptionis reasonablee.g.for theexperiments
of Ref. [9] (Section4), wheretheprobetip diameteris largerthanthetopologicalfeaturesof thesample.
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2.1 Simulationsby quadridir ectional eigenmodepropagation

Thepreviousmodelassumptionsleadto 2-D scattering(Helmholtz-)problemswith guidedin- andout�ux, for
a purely real, isotropic,andpiecewise constantpermittivity pro�le, whereall dielectricinterfacesareparallel
to oneof thecoordinateaxes.Thepropagationof light with �x edfrequency, givenby thevacuumwavelength
� , is to beanalyzed.Two classesof solutionswith de�nite polarizationexist: for TE waves,only theelectric
�eld componentEy perpendicularto thex-z planeis present(“perpendicularpolarization”). In theTM case,
theelectric�eld is polarizedin thex-z-plane(“parallelpolarization”);thenusuallytheperpendicularmagnetic
componentH y is usedfor a scalardescriptionof the optical �eld. Note that within the 2-D model, these
decoupled,scalar�eld representationsareexact.

The simulationtechniqueas describedin detail in Ref. [30] requiresto enclosethe interestingregion in a
rectangularwindow. A solutionof the Helmholtzproblemis then soughton a cross-shapedcomputational
domainthat consistsof this interior window, togetherwith the outwardsunboundedexternalstripesthat are
connectedto the four edges.On the four cornerpointsof the inner rectangleandon the boundariesof the
externalregions,thebasic�eld components(Ey for TE, H y for TM polarization)areassumedto vanish.The
boldcornersin Figure1(a)indicatetherestrictionof thecomputationaldomain.

To de�ne thebasis�elds for theeigenmodeexpansion,two typesof divisionsof thecomputationaldomainare
considered.On theonehand,oneviews thestructureasasequenceof verticalslices(b), suchthatwithin each
slicetherefractive index pro�le is constantalongthez-axis.Themodesassociatedwith theseindividual slices
(x-dependentpro�les, propagationalongthez-axis) constituteonesetof basis�elds. On theotherhand,the
structureis decomposedinto astackof horizontallayers(c), wherethepermittivity is constantalongthex-axis
within eachlayer. Themodesassociatedwith theseparatelayers(z-dependentpro�les, propagationalongthe
x-axis) form a secondsetof basis�elds. In bothcases,themodespectraarediscretizedby arti�cial Dirichlet
boundaryconditionsimposedon theedgesof the inner rectangleof thecomputationaldomain. Bidirectional
versionsof propagatingandevanescentmodesup to certainordersM x (relatedto thedivision into slices)and
M z (relatedto thelayerdecomposition)aretakeninto account.Modestraveling in thepositive andnegativex-
andz-directionscontribute,henceonecouldcall this a “quadridirectional”eigenmodeexpansion.

Superpositionsof all basismodesestablishtheansatzfor theoptical�eld, de�ned piecewisefor theindividual
slicesrespectively layers. This ansatzsatis�es the relevant wave equationeverywherein the computational
domain,with the exceptionof the horizontalandvertical segmentboundaries,wherethe Maxwell equations
requirecertaincontinuity conditionsto be satis�ed. Consistentprojectionof theseequalitiesonto the basis
elements(“overlap” computations)with respectto suitablemodeproducts[31, 30] allows to extract a linear
systemof equationsin thesofarunknown coef�cients of theeigenmodeexpansion.Assumingthattheanalytic
basismodesarecomputedexactly, the emerging systemof equationspermitsa stepwisesolution. As far as
only thesegmentsinsidetheinnerrectangleareconcerned,thecontributionsof thehorizontallyandvertically
propagatingmodesaredecoupled.Conventionalbidirectionaleigenmodepropagation(BEP)schemes[32, 33]
can be applied; the presentapproachis relatedto the formulation given in [34, 35]. The partial solutions
(viewpointsFigure1(b,c)) aresubsequentlyconnectedby theequationsthatbelongto thecontinuityconditions
at thefour outeredgesof thecomputationalrectangle.Only this last(essential)combinationstepestablishesa
solutionof thewaveequationon theentirecross-shapedcomputationaldomain.

Theopticalin�ux is speci�edby prescribingtheamplitudesof all inwardstraveling basis�elds on theexterior
regions;in theexamplesof Section3 typically only oneamplitudeof theincidentguidedmodeof thehorizontal
slabis nonzero.This formsaright handsideto thelinearsystem,which is thensolvedfor all remainingexpan-
sioncoef�cients, with theamplitudesof theoutgoingbasis�elds on theexterior stripesasprimaryunknowns.
In Section3, theopticalpowersS, R, T of thesignal,re�ected,andtransmittedwavescanbeaccesseddirectly
by inspectingthe squaredcoef�cients of the outgoingnormalizedfundamentalguidedmodesrelatedto the
upper, left, andright exterior regions.

TheQUEPsimulationstreatthelight propagationalongbothcoordinateaxespreciselyalike. As analternative
to theviewpointof thecross-shapedcomputationaldomain,theperpendicular, dependentsuperpositionof BEP
expansionsmaybeviewedasa way to establishfully transparent boundaryconditions(exception:thecorner
points)for theinnerrectangularcomputationalwindow, with a straightforwardpossibilityof modelingguided
wave in�ux andout�ux. Thoughsomewhatrestrictive whatconcernsthegeometricalvariability, thetechnique
offersanaccurateandquiteef�cient platformfor computationalstudiesof thePSTMmodel.
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3 Numerical results

Given a guidedwave input into the sampleof power Pin, the squaredamplitudeof the normalizedupwards
guidedmodeof theproberepresentsthesignalS in ourmodel(usuallythemajorrecordedquantityin anactual
PSTMexperiment;notethatfor averticallyhomogeneous,lossless�ber, thepowerS detectedat theupperend
of the probedoesnot dependon the lengthof the waveguide). We observed a predominantexpectationthat
S shouldbea measureof the local intensity, i.e. a quantity� jE y j2 (TE) or � jH y j2 (TM), at theendof the
probetip. Thereforetheplots in the following sectionscomparecurvesfor S=Pin anddatafor jEy j2(g; p) or
jH y j2(g; p), respectively, whereg andp arethex- andz-coordinatesof thecenterof thetip facet.Thepresence
of theprobemaychangethelocal intensity, hencetwo curvesfor thatquantityaregiven:onesetof datapoints
representascanalongtheline x = g acrossasolutionof thescatteringproblemwithout theprobe,i.e. the�eld
in theunperturbedsample(replacethep-axisin theplotsby thez-coordinate).A secondcurve correspondsto
thelocal intensityin a con�gurationwheretheprobetip centeris situatedat theobservationpoint. Identi�ers
[s] (sampleonly) and[s+p] (sampleandprobe)distinguishthesevalues.

In orderto facilitatea quantitative comparison,for each�gure thecurves[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 thesescalingpoints in the correspondingplots. The scalingrepresentsthe
commonprocedureto “match” measurementsof relative quantities;heretheproportionalityof the local �eld
[s] andthesignalpowerS is to beinvestigated.Naturally, thechoiceof thescalingpointsin�uencesto acertain
degreethe impressiongivenby theplots. We have selectedthesepositionssuchthat the local proportionality
betweentheS and[s]-curvesbecomesapparent;noneof theconclusionsdependson thesechoices.

All QUEPresultsshown below have (roughly)beenchecked for convergencewith respectto theextensionof
the innercomputationalwindow, andwith respectto thedensityof thespectral�eld discretization.Still, for
completenessthecorrespondingdatafor the computationalintervals andfor thenumbersof basismodesper
propagationdirectionandperslice (M x ) or per layer (M z) aregiven in thecaptionsalongwith thestructural
parametersof the computations.Note that the transparentboundaryconditionsimplementedby the QUEP
algorithmpermitoutgoingguidedandnonguidedwavesto leave the innercomputationalrectangleacrossthe
four edges.For the �nal solution,Dirichlet boundaryconditionsapplyonly on the cornerpoints,andon the
boundariesof theexteriorslices,asindicatedin Figure1(a).

3.1 Probing evanescent�elds

An ideal,uncorrugatedslabwaveguideservesasthe�rst sample.Figure2 introducesthetrial structure.With
theexponentialdecayof theguidedslabmodepro�les, heretheunperturbed�elds in thevicinity of thesample
structureareknown exactly. Hencethe slabpermitsa moststraightforward comparisonof the PSTM signal
with theprobedoptical�eld.
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Figure2: PSTM modelcon�guration. Sample:a slabwaveguide,thick-
nesst = 0:2 � m, refractive indicesns = 1:45 (substrate),nf = 2:0
(�lm), nc = 1:0 (cladding,background).Probe: a vertical slab, width
w = 100nm, refractive index np = 1:5. Illumination by light with a
vacuumwavelengthof � = 0:633� m. QUEPparameters:computational
domain(x; z) 2 [� 3:0; 3:0]� [� 3:0; 3:0] � m2, numberof expansionterms
M x = M z = 80.

For thez-invariantsample,thepower levelsobservedfor thesignalS, transmissionT, andre�ection R during
ahorizontalscanatconstantheightg shouldobviouslynotdependontheprobepositionp. Thiscanbeusedfor
a consistency checkof thesimulations:dueto theparticularitiesof thespectraldiscretizationonemustexpect
a dependenceof theresultson thepositionwheretheverticalslabis placedinsidethecomputationaldomain.
Reassuringly, for positionswherethe guidedmodepro�le associatedwith the probeis containedreasonably
within thecomputationalwindow, wefoundhardlyany variationof S, T, andR with p onascalethatbecomes
relevantfor thesubsequentcon�gurationswith comparablesimulationparameters.
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For thepresentparameters,therelativesignallevelsfor TE polarizationareby aboutafactor4 largerthanthose
for TM waves.A possibleexplanationcouldview theperturbationeffectedby theprobeasa dipolesourceat
the probefacet. Its directionalradiationpatternincludesthe probeaxis in casethe dipole is orientedalong
they-axis,i.e. for TE polarization.For TM polarizedlight thedipoleis orientedin thex-z-planemoreor less
alongtheprobeaxis,suchthat theprobereceivesmuchlessoptical power. We thereforerestrictmostof the
following simulationsto TE polarizedillumination,although,for thepresenthigh-contraststructures,onemust
expectpronounceddifferencesbetweenthepolarizations.
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Figure3: Verticalscanover theslabof Figure2, for TE- (left) andTM-polarizedillumination (right). Thecurvesshow
thedependenceof thePSTMsignalS (continuous)andthe local �eld intensitiesat theprobetip centerjE y j2 or jH y j2

without the probe([s], dashed)andwith the probe([s+p], dash-dotted),on the with g of the gapbetweenprobeand
sample.FDTD resultsfor thesignal(cf. Section3.1.1)areindicatedby �lled circularmarkers. Insets:intensitypro�les
of thefundamentalmodessupportedby thesample.

A vertical scanturnsout to be moreinteresting. Accordingto correspondingclaimsbasedon experimental
observationse.g.in Refs.[2, 4, 5, 10, 36], thesignalshouldbeproportionalto the“intensity at theendof the
probe”,hereinterpretedasthesquareof thelocal electromagnetic�eld thatexistsat thepositionof thecenter
of theprobefacet,for anabsentprobe.Hence,if theprobeis lifted upwardsawayfrom thesample,oneexpects
a purelyexponentialdecayof thesignalpower with thegapdistanceg, accordingto theexponentialshapeof
theguidedmodepro�le supportedby thesample.Figure3 shows theresultsof ourcorrespondingcalculations.

Contrarily to theexpectation,herewe cannot con�rm a strict proportionalitybetweenthesignalandthe�eld
intensityat theprobetip. While thesquaresof theexponentialtailsof thesamplemodepro�les arerepresented
by exactstraightlinesin thelogarithmiclowerplotsof Figure3, thelinesrelatedto thePSTMsignalarecurved.
This holdsalsofor relatively large probe-sampleseparations,although,accordingto theplots, for large g an
exponential�t seemsto beratherevident.

MostPSTMexperiments,however, areoperatedwith agapbetweensampleandprobeof about10nanometers.
In that regimetheproportionalitybetweenthesignalandthelocal �eld intensityin theunperturbedsampleis
pronouncedlyviolated. These�ndings areactuallyin accordancewith anearlymeasurementreportedin Ref.
[2], wherea planarsilicon-oxide/silicon-nitride waveguideof thickness160nm is considered,illuminatedby
TE polarizedlight at a wavelengthof 632:8nm, i.e. a con�guration quite similar to Figure2. Also therea
systematicdeviation of thePSTMsignalfrom thestraightline in the logarithmicplotscanbeobserved,most
apparentfor smallprobe-sampleseparations.

Interestingly, the in�uence of the probeon the �eld strengthat its tip turnsout to be muchlesspronounced.
Figure3 shows hardlyany changebetweenthe[s]- and[s+p]-datafor TE polarization,andachangeby merely
analmostconstantfactorfor TM polarizedwaves.Onthescaleof the�gure thecurvesfor jE y j2[s+p] or jH y j2[s+p]

retaintheexponentialshapeof theunperturbedsample�eld jE y j2[s] or jH y j2[s], respectively, deviating from the
non-exponentialbehaviour of S(p).

In Figure4 we try to visualizewhat happenswhenthe probeentersthe evanescent�eld aroundthe sample.
Without theprobe,only theplanewave frontsof theguidedslabmodesarevisible. If theprobeis introduced,
asa large-scaleeffect wavesof cylindrical-like shapesappear, originatingfrom the probetip, with different,
materialdependentwavelengthsin the substrateandcover regions. While the angulardistribution is almost
symmetricalfor TE polarization,the TM waves exhibit a more directional, forward-orientedwave pattern.

5



z [mm]

x 
[m

m
]

�2 �1 0 1 2

�1

0

1

z [mm]

x 
[m

m
]

�2 �1 0 1 2

�1

0

1

z [mm]
x 

[m
m

]
�0.4 �0.2 0 0.2 0.4

�0.1

0

0.1

0.2

0.3

z [mm]

x 
[m

m
]

�0.4 �0.2 0 0.2 0.4
�0.1

0

0.1

0.2

0.3

Ey Ey

Ey |E  |y

(TE, b)(TE, a)

(TE, c) (TE, d)

z [mm]

x 
[m

m
]

�2 �1 0 1 2

�1

0

1

z [mm]

x 
[m

m
]

�2 �1 0 1 2

�1

0

1

z [mm]

x 
[m

m
]

�0.4 �0.2 0 0.2 0.4
�0.1

0

0.1

0.2

0.3

z [mm]

x 
[m

m
]

�0.4 �0.2 0 0.2 0.4
�0.1

0

0.1

0.2

0.3

H H

|H  |H

y y

y y

(TM, a) (TM, b)

(TM, c) (TM, d)

Figure4: Optical �eld around
theslabwaveguideof Figure2,
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): theseparatesam-
ple, (b): sampleandprobe;the
contoursindicatethezerolevel.
(c, d): magni�cation of the re-
gion aroundthe probe tip, 11
(c) or 10 (d) equidistantcon-
tour lines. The probe-sample
distanceis g = 10nm.

Also thisdifferencecouldbeexplainedby thedipole-sourceviewpoint mentionedabove.

Local �eld distortionsdueto the probearerevealedbestby the curvatureof the contoursin the plots of the
absolute�eld values. Without the probe,the contoursarestraighthorizontallines, spacedaccordingto the
modepro�le of the z-homogeneousslab. Apparentlysomedisturbanceis necessaryto force optical power
up the �ber probe. Note that hereall effectsof theproberelateto rathersmall fractionsof the total incident
opticalpower: for thegapg = 10nm, theguidedrelative transmissionandre�ection evaluateto T = 0:994,
R = 7 � 10� 5 (TE) andT = 0:990, R = 1 � 10� 5 (TM); only the remainingpartsof thepower budgetsare
distributedbetweenthesignalandtheradiation.

3.1.1 Comparisonwith FDTD results

In orderto excludepossibleartefactsof thesimulationtechnique,andasanadditionalcheckof thesomewhat
unexpectednon-proportionalityof the signaland the local �eld intensity, we veri�ed the above �ndings by
meansof an entirely independentnumericalmethod. A rigorous2-D �nite-dif ferencetime domain(FDTD)
scheme[27, 28, 37] hasbeenapplied;below werelatebrie�y thedetailsof thesecalculations.

A computationalwindow of 4:2 � 4:2� m2 is discretizeduniformly by a meshwith stepsizesof 0:0125� m.
Perfectlymatchedlayer(PML) boundaryconditionsenclosethecomputationaldomain,with awidth of 0:4� m,
a quadraticenvelope,anda strengthsuchthat the theoreticalre�ectivity of a wave propagatingthroughthe
backgroundmaterialat normal incidenceis 10� 6. The interior of the computationalwindow containsthe
centeredsamplewaveguideandtheprobetip with parametersasgivenfor Figure2.

Properlypolarizedmodal�elds arelaunchedinto thesamplecoreusingthetotal �eld / scattered�eld approach
[28]. Their amplitudeis raisedaccordingto a half-Gaussiancurve with a waist of 10fs, with the maximum
beingreachedat 40fs. After this time, theincident�eld amplitudeis keptconstant.Thesimulationrunsfor a
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time of 102:4fs with a time stepof 0:025fs, until a stationary�eld is established,afterwhich theoverlapwith
themodeof theprobetip at adistanceof 0:5� m from thetopof thecalculationwindow is evaluated.Figure3
exhibitsanexcellentagreementbetweentheFDTD andtheQUEPresults.

Whatconcernsthecomputationaleffort, thepresentQUEPimplementationcompletesthesolutionof a single
scatteringproblem(oneg-value in Figure3) in about6 secondson an up-to-datePC, usingabout4MB of
memory, while our 2-D FDTD programtakesabout67 secondsandoccupiesabout6MB of memory. Note,
however, that the QUEP approachaddressesdirectly the frequency-domain(Helmholtz-)problemthat is of
interesthere,anddoesnot — asis thecasewith theFDTD — computeanentiretime evolution of anoptical
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�esthegeometryandtherelevantparameters.After thebasiccharacterization
of themodel“tool”, from now on thesimulationswill berestrictedto TE polarizedillumination,andto scans
with a constantheightg. Figure6 summarizestheresultsof a PSTMscanacrosstheholedistortion;Figure7
shows threeexamplesfor theresultingoptical�eld.
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Figure 5: PSTM model con�guration. Sample: a slab wave-
guide with a hole in the core,width s = 0:2 � m. Othersample
and probeparametersare as in Figure 2, with a constantprobe-
sampledistanceg = 10nm. Only TE polarizedillumination with
a wavelengthof � = 0:633� m is considered.QUEP parameters:
(x; z) 2 [� 3:0; 3:0] � [� 3:1; 3:1] � m2, M x = M z = 80.

Withouttheprobe,theholere�ectsR = 19%andtransmitsT = 43%of theincidentpower; theremaining38%
arelost to nonguided,radiated�elds. Thesuperpositionof theunit inputandtheguidedre�ection formspartly
standingandtraveling wavesin the input coresegment;thecon�ned transmissionleadsto outwardstraveling
wavesin theongoingcoresegment. Both there�ected andtransmittedpartsof thecon�ned �elds undergo a
transientoscillationuntil thelateralshapesof thewavesareadaptedto theparticularpro�le of theguidedmode
furtheraway from thedefect.Theholeactsasa stronglocalizedsource,wheretheradiationconsistsof waves
with cylindrical shapesthat originatefrom the hole, with wavelengthsaccordingto the different refractive
indicesin thesubstrateandthecover regions.
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Figure6: HorizontalPSTM
scanacrossthe waveguide
defect of Figure 5, sig-
nal S andlocal �eld inten-
sity jEy j2 (top) versusthe
z-position p of the probe
center. Bottom: guided
power transmissionT (con-
tinuous) and re�ection R
(dashed).

If theprobeis movedalongthesamplein aregionsuf�ciently faraway(jpj � 0:7� m) from thehole,thePSTM
signalfollowsnicely thelocal intensityof thepredominantlyevanescentwavesthatarepresentin thoseregions
closeto the samplesurface. The almostperiodic intensitypatternof the standingwavescanbe observed in
theinput segment.Beyondthehole,thesignalcorrespondsto thelower constantlevel of theoutgoingguided
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Figure 7: Optical �eld
around the hole in the
waveguide of Figure 5,
for probesat positions
p = � 1:0; 0:0; 0:6 � m.
The gray-scalescorre-
spondto time snapshots
of the stationaryphysi-
cal electric �eld Ey of
theTE waves.

wave,with a shallow modulationdueto thetransientadaptionto theprecisemodepro�le. Theradiatedwaves
from theholethat reachtheprobein theseregionsarepartly re�ectedandtransmittedby theverticalslab(cf.
the third plot of Figure7), but do not signi�cantly coupleto theupwardstraveling modeof theprobe,i.e. do
notcontributeto thesignal.

Closeto the hole, however, the signal exhibits a strongpeak,which obviously mustbe attributed to direct
scatteringfrom theholeupwardsinto theprobetip. Heretherelationbetweenthe local �eld andthesignalis
entirelylost. With a full width athalf maximumof 0:23� m, thepeakis only moderatelywider thanthedefect;
thepeakmaximumis located50nmto theleft of thecenterof thehole.If theprobeis positioneddirectlyabove
the defect,it collectsmostof the wavesthat areotherwiseradiatedinto the upperhalf space(cf. the middle
insetof Figure7).

3.3 Short waveguideBragg grating

A periodicsequenceof holesin awaveguidecoreformsawaveguideBragggrating,or “1-D photoniccrystal”.
Figure8 introducesa short,deeplyetchedhigh-contrastdevice thatshall serve asthenext sample.Figures9
and10 collectthecorrespondingresultsof thePSTMmodel.
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Figure 8: PSTM model con�guration. Sample: a short Bragg
grating, 8 slits of width s = 0:11� m, period � = 0:21� m,
andetchingdepthd = 0:6 � m. Othersample,probe,andscan
parametersare as given for Figures2, 5. QUEP parameters:
(x; z) 2 [� 3:0; 3:0] � [� 3:0; 4:58]� m2, M x = 100, M z = 120.

The geometryof thegratinghasbeenadjustedsuchthat it actsasa strongre�ector at thegiven wavelength.
Without theprobe,R = 97%of theinput power is re�ected,aboutT = 0:1% is transmittedto right-traveling
guidedmodes.Thelow amountof radiationemanatesmainly from thetransitionfrom thehomogeneouscore
to the periodicallycorrugatedsegmentat z = 0; Figure10 shows the interferenceof thesewaveswith the
radiationcausedby theprobetip in thesubstrateandcover regions.

ThePSTMsignalof Figure9 remainsrestrictedto theregionp < 1� m whereopticalpower is 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,and is
scannedat constantheight. Hencethenon-proportionaleffects(Section3.1) arenot relevant here. Justasin
Section3.2,thesignalfollows thelocal �eld intensityat theprobefacet.

In thetransitionregionaroundp = 0, however, thesignalandthesample�eld intensitydeviateconsiderably. A
pronouncedpeakappears,asbeforeto beattributedto thedirectscatteringinto theprobetip. Hereit is accom-
paniedby “sidelobes”,wherethesignalis actuallymuchlower thantherespective sample�eld intensity;the
secondbut lastmaximumof theratherregularoriginal standingwave patternis suppressedalmostcompletely
in thesignal.Interferenceeffectscanobviously alsoleadto asigni�cant underestimationof thelocal intensity
in thePSTMmeasurement.
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Figure 9: Scan along the
Bragg grating of Figure 8;
signal S, local �eld inten-
sity jEy j2, and transmitted
andre�ectedpowerT , R as
a function of the probepo-
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Figure10: Light propa-
gationthroughthe grat-
ing of Figure 8; snap-
shotsof theelectric�eld
Ey for probe positions
p = � 0:55� m andp =
0:0 � m.

Thesignallevel of 0:04foundat thepeakmaximumis actuallylargerthanthetotalamountof power thatis lost
to radiationif theprobeis absent.Apparently, whenpositionedcloseto the�rst discontinuityof thegratingthe
probedoesnotonly collectmostof theopticalpower thatis radiatedupwards,but it actuallyraisesthelevel of
radiation.Thecurve R(p) shows acorrespondingdip closeto p = 0, theretheguidedre�ection dropsto about
89%. Similar changesof thetransmissionpropertiesof thesample(rathermoderateon thescaleof Figures6,
9) werealsoobserved for the formerhole defect. In the following sectionwe considera structurewherethe
probeinteractswith thesampleona muchstrongerlevel.

3.4 Resonantdefectcavity

Introductionof a localizeddistortionin anotherwiseperiodicgratingcancausedrasticchangesin thespectral
response[38]. Herewe realizethe defectby enlarging the central“tooth” of the former waveguideBragg
grating. Figure11 summarizesthe geometricaldetails;Figures12 and13 illustratewhat happenswhenthe
PSTMtip scansacrossthestructure.
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z Figure11: PSTM modelcon�guration. Sample:a shortBragg
gratingwith a centraldefect,lengthL = 0:2275� m. Othersam-
ple,probe,andscanparametersareasgivenfor Figures2, 5, and
8. QUEPparameters:(x; z) 2 [� 3:0; 3:0] � [� 3:0; 4:7075]� m2,
M x = 100, M z = 120.

Onemayview thedevice asa sequenceof two re�ectors,eachconsistingof a Bragggratingwith 4 grooves,
that enclosea short homogeneouswaveguide segment. The familiar Fabry-Perotmodel can be appliedto
explain the occurrenceof resonantstateswithin the frequency bandgapof the original long Bragg grating.
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The homogeneoussectionactsasa narrow cavity; resonancesmanifestas localizedtransmissionpeaksin a
frequency interval wherethe device otherwisere�ects mostof theoptical power. The cavity lengthL in the
speci�cationof Figure11 hasbeenadjustedsuchthat thedefectgratingsupportsa transmissionresonanceat
thevacuumwavelengththatwill beappliedduringthePSTMscan.

In its unperturbedstate,thestructuretransmitsT = 56%andre�ects R = 6%of theincidentpower. Radiation
originatesmainly from thetwo inputandexit transitionsbetweenthegratingsegmentsandtheexternalhomo-
geneouswaveguides,andfrom the centralcavity. The resonanceestablishesa predominantlystandingwave
pattern,with two alternatingmaximaanda centralnodein thecavity segment,andoutwardsquickly decaying
amplitudesin thegratingregions(seethedashedline for jE y j2[s] in Figure12).
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Figure 12: PSTM scan
acrossthe defectgratingof
Figure 11; signal S, local
intensities jEy j2, and the
transmissionT and re�ec-
tion R effectedby thestruc-
ture,versusthepositionpof
theprobe.

Thephenomenaidenti�ed in thepreviousexamplescanbefoundagainin thepresentPSTMscan:oneobserves
theadequatelyresolvedouterstandingwave patternandthescatteringpeakswith sidelobesaroundthetransi-
tionsto theouterhomogeneoussegments.Differentfrom theexamplesin Sections3.2,3.3,drasticchangesin
thetransmittedandre�ectedpower levelsappear, if theprobescansacrossthecavity region. Thechangesin T
andR areaccompaniedby a pronounceddifferencebetweenthejE y j2[s]- andjEy j2[s+p]-curves,i.e. betweenthe
�eld intensityat thepositionof thetip facetwithoutandwith theprobe.
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Figure13: Optical �eld
snapshotsfor the defect
cavity of Figure11,with
theprobelocatedat p =
0:0 � m (�rst discontinu-
ity, left) and at p =
0:75� m (in the defect
region,right). Thegray-
scalelevels of the plots
arecomparable.

Obviouslyheretheprobeeffectsamajorchangeof theglobalopticalstatein thesample,i.e.causesabreakdown
of theresonance.Extremallevelsof T = 0:18 andR = 0:50 arereachedfor p = 0:75� m. The �eld in the
sampleexperiencesthe strongestin�uence if the probeis positionedcloseto oneof the two maximaof the
unperturbedresonant�eld pattern.Theraisedre�ection is clearlyvisible in thesecondinsetof Figure13asthe
largerstrengthof thestandingwavepattern.Somewhatsurprisingly, thesignalrecordedfor thecavity region is
not too far off from thelocal intensityin theunperturbedsample.Apparentlythecontribution of thescattering
to thesignalcompensatesfor thedecayof thelocal intensitydueto theresonancebreakdown.

Thepreciselyoppositeeffectcanbeachievedin astructurewith slightly modi�ed cavity lengthL = 0:224� m.
For absentprobe,this speci�esanoff-resonancecon�gurationat theoperationwavelength,with a ratherhigh
re�ection R = 0:70 andlower transmissionlevel T = 0:15. During thescanalongthedefect,oneobserves
againpronouncedvariationsin T, R, andin the local �eld intensity, now with therolesof T andR reversed
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whencomparedto Figure13. Aroundthepositionp = 0:75� m theextremalvaluesof R = 0:30andT = 0:24
arefound. Here the probeshifts the systemtowardsa resonancethat doesnot occur in the isolatedsample
device.

4 Bragg grating: experimental results

A waveguideBragggratingis investigatedin anactualexperimentin Ref.[9]. Thesampleconsistsof ashallow
rib waveguide with a Si3N4 core, supportedby a relatively thick SiO2 buffer layer on a Silicon substrate.
A seriesof wide, deeplyetchedrectangularslits forms the grating. Figure14 introducesschematicallythe
experimentalparametersthatarerelevantfor thepresentdiscussion.
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Figure14: Schematicof anexperimentalPSTM con�guration [9], crosssectionviews of planesparallel(left) andper-
pendicular(right) to thewaveguideaxis.Sample:arib waveguidewith aseriesof rectangularslits,with refractiveindices
ns = 3:4 (substrate),nb = 1:45 (buffer), nf = 2:01(core),nc = 1:0 (cover), �lm thicknesst = 55nm, rib etchingdepth
h = 11nm, rib width w = 1:5 � m, transverseslit width W = 2:5 � m, buffer layerthicknessb = 3:2 � m, gratingperiod
� = 220nm, longitudinalslit width s = 110nm, slit etchingdepthd = 70nm, numberof groovesN g = 15. Probe:a
taperedcylindrical �ber tip with aluminiumcoating,aperturediametera � 80nm, claddingthicknessc � 100nm, core
refractive index np = 1:5, distanceprobe/ rib surfaceg = 10nm. TheBragggratingis illuminatedby TE (y-) polarized
light with a vacuumwavelength� = 0:6328� m.

For the PSTM observation the sampleis illuminatedvia end-facetcouplingthrougha microscopeobjective.
By usingthe feedbackfrom theAFM signal,theopticalprobeis raster-scannedat a constantdistanceacross
the surfaceof the rib waveguide. Sincethe diameterof the probefacet(including the coating)is larger than
the slit width, at leastfor probepositionsabove the actualrib onecanassumea constantscanheight. One
obtainsa “top view” PSTMimageof theoptical�eld above thesamplestructure,togetherwith thetopological
informationthat allows to preciselyrelatethe optical datato the positionson the sample. Figure15 shows
a sectionof the 2-D PSTM imagealong the axis of the samplewaveguide. SeeRef. [9] for further details
concerningtheexperimentalsetupandthefull measurementresults.
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Figure 15: PSTM scan
alongthecenterof the cor-
rugated rib of Figure 14,
signal power S depending
on the z-position p of the
probe; experimental data
from Ref. [9].

11



4.1 2-D QUEP model

Due to the wide, weak lateral featuresof the Bragggratingonecanexpect that the optical �eld alsovaries
only slowly alongthey direction,whencomparedwith thelongitudinalwavelength.We thereforetake a cross
sectionalong the waveguideaxis as the basisfor the de�nition of the samplein our 2-D simulations. This
leadsto themodelgeometryof Figure16. While thebuffer layer is of suf�cient thicknessto prevent leakage
of theguided�elds into thesubstrate,it cannot a priori beexcludedthat re�ections of scatteredwavesfrom
thesubstratecontribute to thePSTMsignal. Thereforethesubstrate/ buffer layer interfaceis includedin the
simulations(thoughnot thestrongmaterialattenuationof theSilicon). Figures17,18 show thecorresponding
resultsof themodel.
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Figure 16: 2-D model of the 3-D con�guration in
Figure14. Parameters,sample:ns = 3:4, nb = 1:45,
nf = 2:01, nc = 1:0, t = 55nm, b = 3:2 � 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
[� 3:5; 1:5] � [� 2:0; 5:2] � m2, M x = 80, M z = 100.

With thesmall�lm thickness,thewaveguideoperatesunderconditionsverycloseto cut-off. As aconsequence,
a largefractionof themodalpro�le stretchesout into thebuffer region below x = � 70nm, wherethose�elds
do not encounterthe slits directly. Thereforethe gratingconstitutesonly a moderatere�ector at the given
wavelength.The2-D simulationspredicta guidedtransmissionof T = 42%anda re�ection of only R = 9%.
According to Figure18, whenenteringthe corrugatedregion, the major part of the light waves forms of a
strongbeamthat propagatesat a shallow angleunderneaththe slits. Beyond the grating,a fraction of that
power “leaks” back into the ongoingguidedmode. Togetherwith waves that are re�ected from the buffer
layer/ substrateinterface,thetransient�eld adaptionto thepro�le of thetransmittedguidedmodeestablishesa
recoverypatternwith aparticularschemeof localminima(notshown in Figure18). Detailsof theexperimental
observationof thispatternarediscussedin Ref. [9].

For theseparatesamplestructure,Figure17 indicatesthat the�eld intensityjE y j2[s] above theslits dropsfrom
the initially large level at the entranceto the gratingto quite small valuesat the exit, wherethe exit valueis
muchlower thanthe level that correspondsto the large overall transmission.The decay, andthe subsequent
recovery of the local intensity, canalsobeexplainedby thegradualdisplacementof thebeamcentertowards
thesubstrate,andby theback-�ow of thewavesinto thecoreafterwards.
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Figure 17: PSTM scanalong
thewaveguideBragggratingof
Figure 16, 2-D model results
for Figure 15. Signal S, lo-
cal �eld intensitiesjEy j2, and
guidedtransmissionT and re-
�ection R versustheprobepo-
sition p.

We �nd a goodqualitative agreementof thesimulationsin Figure17 with theexperimentaldataof Figure15.
In theexperimentaswell asin themodel,thePSTMsignalsmapadequatelythestandingwavepatternin front
of thesample,thedecayin thegratingregion,andtherecoveryprocessaftertheendof thegrating.Sincethese
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Figure 18: Snapshots
of the optical electric
�eld accordingto the2-
D Bragg grating model
of Figure 16, for probe
positionsp = � 0:7 � m
(left) and p = 0:0 � m
(right, beginning of the
grating).

featuresareindeedpresentin thejEy j2[s]-curve of themodel,onecanexpectthatalsothe�eld intensityin the
realdevice hasa similar shapein therespective regions. Aroundtheinput transitions,however, thesimulated
PSTMsignaldoesnotfollow themuchmoreregularlocal �eld intensity. Sincethelargescatteringpeakandthe
partialsuppressionof theadjacentmaximaoccurin theexperimentaldataaswell, themodelclearlyidenti�es
thesefeaturesasartefactsof thePSTMobservation(cf. thecorrespondingremarksin Ref. [9]).

Althoughtheapproximationof anonly weaklateralcon�nementof theoptical �eld in the3-D sampleis very
plausible,the experimentalprobehasa circular aperture,which implies a stronglocalizationof the upwards
travelingsignalwaves.Also otherexperimentalcircumstanceslike theeffectsof thealuminiumcoatingarenot
incorporatedinto themodel,henceonecanhardlyexpecta betterquantitative agreementbetweenFigures15
and17. Note, however, that the scatteringpeakaspredictedherefor the uncoatedmodelprobeappearsin
theexperimentaldataaswell. If oneinterpretesthepeakasa consequenceof directscatteringinto theprobe
aperture,thealuminiumcoatingdoesobviouslynot suppressthateffect.

5 Concluding remarks

Basedonasemianalyticalquadridirectionaleigenmodeexpansiontechnique(QUEP),aseriesof virtual exper-
imentsin theframework of a simple2-D PSTMmodelhave beencarriedout. We adoptedtypical parameters
for highcontrast,single-modeslabwaveguidesin theSiO2 / Si3N4 materialsystem.Thesimulationsled to the
following observations.

Evenin caseswherea purelyevanescent�eld surroundsthesample,e.g.for a guidedmodetraveling alongan
idealwaveguidecore,thePSTMsignalis not strictly proportionalto thelocal �eld intensity, if thedependence
on theprobe-sampledistanceis considered.Singledistortionsin thesamplesurface,or abruptdiscontinuities
betweendifferent homogeneousor periodic samplesegments,act as localizedsourcesthat can causepro-
nounceddirectscatteringinto theprobe.At theseprobelocationsthesignalexhibits strongpeaksthatarenot
presentin the local intensityof thesample�eld. Aroundthepeaks,interferenceeffectscanleadto anunder-
estimationof thesampleintensityby thePSTMsignal. If thesamplesupportsresonantstates,thepresenceof
the probecancausea breakdown of an existing resonance,or the build-up of an otherwisenonexisting one.
In thesecasesthe probechangessigni�cantly the global optical stateof the sample.Unfortunately, all these
effectsoccurwhereaprecise�eld measurementwouldbemostinteresting.

With theexceptionof theseresonantcon�gurations,for TE polarizedlight we foundsystematicallyonly very
minor changesin the local �eld strengthat the tip position due to the presenceof the probe. In the TM
case,however, the exampleof the uncorrugatedslabshowed that the changesin the local intensityat the tip
endcanbe muchmorepronounced.Theseobservationsshouldbe of relevancefor PSTM experimentsthat
rely on the local densityof statesat the tip of the probe,e.g. for attemptsto detect�uorescenceproperties
of singlemolecules[20, 39]. For speci�c con�gurations,wherea purely evanescentsample�eld consistsof
guidedmodeswith identicalpro�le shapes,andwheretheprobeis keptat constantheightabove thesample,a
reasonablerecordingof theopticalwave patternsin thesampleis possible,e.g.theobservation of periodsof
(partially) standingwaves. Despitethe simplicity of the model,we found an amplequalitative agreementof
thesesimulationswith realPSTMexperimentsonawaveguideBragggrating.
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A numberof modi�cationsof themeasurementtechniquecaneasilybemodeledwith thepresenttools.On the
onehandthis concernsdifferentschemesof illuminationanddetection:a localizedilluminationvia theprobe,
with thetransmissionthroughthesampledetectedasthesignal[40], alternatively anonlocalilluminationof the
sampleby a focusedexternalbeam,with thelight collectedby theprobe,onasideoppositeto theillumination,
asthesignal[11]. On theotherhand,differentmodesof signalrecordingcouldbeconsidered:by evaluating
the interferencewith a referencewave, phasemapsof the local electromagnetic�eld aroundthe samplecan
begenerated[41, 6, 36]. In all cases,a numericalassessmentof themicroscopy techniqueswithin thepresent
modelshouldbestraightforward.

Concerningthequestionin how far anexperimentalPSTMsignalcanberegardedasa quantitative “map” of
the “optical �eld” in thedevice undertest,we couldpoint out several con�gurationswhere,accordingto the
model, this simplenotion de�nitely fails. Either the proportionalitybetweenthe PSTM signalandthe local
intensityis entirely lost, or, evenworse,thepresenceof theprobein�uencessigni�cantly theoptical stateof
thesample.In fact,we couldcon�rm anapproximateproportionalityexclusively for theconstant-heightscans
alongcon�gurationswith localsingle-modestandingwavepatterns.Disturbanceeffectsmustbeexpectede.g.
in any PSTMobservationsof high-qualityresonancesin photonicmicro-andnano-cavities, in principle.While
oneshouldcertainlybeawareof these�ndings whenexecutingPSTMmeasurementson photonicstructures,
we do not think it adequate,however, to attempt,only on the basisof the simplifying 2-D model,any more
generalquantitative characterizationof experimentalsettingswheretheseartefactsoccur, or wherethey canbe
excluded.
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