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Collection of transverse and longitudinal fields by means of apertureless
nanoprobes with different metal coating characteristics
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The coupling and transmission of transverse and longitudinal fields into apertureless
microfabricatednear-field optical probesis investigated.Two kinds of probeswith differentmetal
coatingroughnessare considered.Transverseand longitudinal field distributionsare obtainedby
focusingazimuthallyandradially polarizedbeamsproducedby meansof a liquid crystalplate.The
focal planeis scannedusingmicrofabricatedprobesin a collectionmodeconfiguration.It is found
thattheroughnessof themetalcoatingplaysanimportantrole in thecouplingstrengthof transverse
fields into theprobes:the relativecouplingefficiencyfor transversefieldsdiminisheswith a rough
metal coating,while that of longitudinal fields doesnot.
-
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Near-field scanningsystemscan map optical fields by
locally probing small regionsof spacewith suitablenano-
probes.Two of themostwell-establishedscanningnear-field
optical microscopy(SNOM) techniquesmakeuseof probes
consistingof metal-coatedtaperedfibers (or taperedglass
capillaries) usedaslight collectors1 or metal(or silicon) tips
usedas light scatterers.2 In mesoscopicoptics, the electro-
magneticfield mustbe consideredin its full vectorialnature
and,in order to experimentallyobtaincompleteinformation
on the field amplitude,all three orthogonalcomponentsof
theelectricfield vectormustbeaccessibleat eachstepof the
scan.Thereforeit is necessaryto understandthe interaction
of the probewith not only the transversecomponentsof the
field, but also the componentoriented longitudinally with
respectto the tip axis.

In severalexperimentsit hasbeenfound that the probe
characteristicsin imaging transverseand longitudinal fields
differ. For example,in the work of Bouhelier et al.,3 the
behaviorof metallic anddielectricprobesin a scatteringex-
perimentis presented.It was found that gold tips are more
likely to scatter longitudinally polarized fields, while un-
coatedglassprobesaremoresensitiveto transverselypolar-
ized fields.With the adventof micro-machiningtechnology,
it hasbecomepossibleto developnewbatchfabricationpro-
cessesfor cantilever-based aperturelessSNOM probes.4,5

The micro-fabricatedSNOM probes under consideration
havebeenstudiedandcharacterizedaslight emittersin the-
oreticalandexperimentalworks.6,7 It hasbeensuggestedthat
a longitudinallypolarizedfield confinedin a smallvolumeat
the probeapexcan be generatedwhen a radially polarized
modeis guidedinto the conical structureof the probe.The
importanceof such a longitudinal field in the resolution
capabilities of SNOM systems has been widely
demonstrated.8,9 In this letter, the couplingof longitudinally
andtransverselypolarizedfieldsinto a microfabricatedprobe
working in collection mode is investigatedfor probeswith
differing metalcoatingroughness.
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Longitudinally and transverselypolarizedfields can be
generatedby focusing radially and azimuthally polarized
beams.Their mainfeatureis a space-variantpolarizationdis-
tribution with rotational symmetryaround the propagation
axis.Suchaxially symmetricbeamscanbeproducedin sev-
eral ways (seefor exampleRefs.10 and11). In our experi-
ment,a u-cell polarizationconverterasdescribedin Refs.12
and 13 is employed.The cell is madeof a linearly and a
circularly rubbedalignmentlayer filled with nematicliquid
crystals(LC). Thelight exiting from theu-cell hasanelectric
field vectororientedeitherradially or azimuthally. Nonethe
less,theu-cell doesnot providethenecessaryphasearrange
mentto obtaina circularly symmetricfocal planepattern.In
orderto verify this aspect,calculationsbasedon the method
proposedby Mansuripur14,15wereperformed.Results,shown
in Fig. 1, correspondto an azimuthallyanda radially polar-
ized beamgeneratedby an ideal u-cell illuminatedby a lin-
early polarizedTEM00 beam and focusedby an aplanatic
thin lenshavingnumericalaperture(N.A.) equalto 0.65.The
phasefunction of the u-cell is definedaccordingto the ori-
entationof the LC moleculesin the cell. The focusedazi-
muthally polarizedbeamhasan electric field vector that is
alwaystransversewith respectto the propagationaxis [Fig.
1(a)], while the focusedradially polarizedbeam has both
transverse[Fig. 1(b)] and longitudinal [Fig. 1(c)] electric
field components.Note that the intensitiesof the transvers
field for boththeradially andtheazimuthallypolarizedbeam
havethe samepattern.

The device used to probe the near field is a hybrid
SNOM/AFM (atomic force microscope). Specifically, it is a
static AFM usedas a collection-modeSNOM working in
transmission.The light sourceis an Ar+ laserof 514.5nm
wavelength.The light passesthrough the LC u cell and is
then focusedclose to the tip by an objective sN.A.=0.65d
mounted on the xyz-piezo stage (Piezo Flexure Stage
P-517.3CL). Thetip axisandtheopticalaxisof theobjective
are aligned. The SNOM probesconsist of a 12 mm-long
amorphousSiO2 conicalstructurefabricatedon silicon can-
tileversandcompletelycoatedwith a polycrystallinealumi-
numlayerhavinga thicknessof approximately60 nm. In the

first kind of probeconsidered(calleda standard probein the
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following), aluminum is deposited in the step-coverag
mode.16 In the transmissionelectronmicroscope(TEM) im-
age [Fig. 2(a)] it is possibleto note the presenceof metal
grains.Theestimatedmeanroughnessof themetalsurfaceis
1.9 nm±0.5 nm.

In the secondkind of probe,the quartzcoreis the same
as in the standardprobe,but the metal coatingis deposited
perpendicularto the wafer surface(normal mode). In Fig.
2(b) a TEM imageof this probeis presented.The layer sur-
faceexhibitsa muchhigherroughness(estimatedto beequa
to 5.5 nm±0.5 nm), principally due to the different growth
processof metalclusterson the quartz.The overall effect is
a disordereddistributionof smallmetalgrains.In thefollow-
ing, this probe will be referredto as a rough probe. It is
interestingto note that at the very end of the tip, a large
metal grain can be found, as is the casewith the standard
probe. The light coupled into either probe is transmitted
through the quartz core. A squarehole in the cantilever,
located underneath the tip base, allows the light to
pass through. Some collection lenses produce an image
of the hole in the photocathodeplaneof a photomultiplier
(PerkinElmer MD-952).

The position of the focal plane of the objective with
respectto the probeis determinedby scanningthe focal re-
gion in the z direction,searchingfor the maximumdetected
intensity. The scansarethenperformedby driving the piezo
at a constantvalue of z. The setupallows switching from
radial to azimuthalpolarizationby rotating the polarization
of theinput beamby 90°, andensuresthemaximumstability
to the system.The areaof the scanswas generally2 mm
32 mm (pixel sizeapproximatelyequalto 16 nm).

In Fig. 3 the intensitydistributionsof focusedazimuth-
ally and radially polarizedbeamsas imagedby the SNOM
usinga standardprobeareshown.In thecaseof the focused
azimuthallypolarizedbeam,therecordedimage[Fig. 3(a)] is
very similar to the calculatedone, shown in Fig. 1(a). As
expected,the tip hascollectedthe transversefield, the only
field presentin the focal plane.For the focusedradially po-
larizedbeam,the total field intensitydistributionis givenby
thesumof thetransverseandthelongitudinalfieldsshownin

FIG. 2. Transmissionelectronmicroscopyimagesof theapexof quartztips
aluminum coated: (a) standardprobe (metal depositionin step-coverag

mode), (b) roughprobe(metaldepositionin normalmode).
Figs. 1(b) and 1(c). However, if the relative collection effi-
ciencyof the two fields into the tip is significantlydifferent,
thenthe measuredimagewould be closerto oneof the two
patterns.Figure 3(b) clearly showsthat this is the case:the
detectedfield is moresimilar to the transversefield distribu-
tion thanthelongitudinalone.It canbenotedthat thecentra
spotis a bit broaderascomparedto theazimuthalcase,sug-
gestingthat the contributionof the two lobesof the longitu-
dinal field areweakbut present.This indicatesthat thereis a
much strongertransmissionof the transversefield into the
probe,but the presentmeasurementsdo not permit an exact
determinationof the relativestrengthof this coupling.

A secondsetof measurementshasbeenperformedusing
a roughprobe.In Fig. 4(a) theimageof thefocusedazimuth-
ally polarizedbeamis shown.In this casethe field is purely
transverseandthe recordedpatternis similar to the oneob-
tainedwith a standardprobe.The imageof the focusedradi-
ally polarizedbeamis depictedin Fig. 4(b). This patternis
clearly not similar to either the transversefield intensity of
Fig. 1(b) or the total field intensitygiven by the sumof the
patternsin Figs.1(b) and1(c). Rather, the detectedimageis
most similar to the intensity distribution of the longitudina
componentonly. By comparingthe dimensionsand the po-
sitionsof the lobesin the measuredimagewith the calcula-
tions, it is possibleto concludethat the rough probe has

FIG. 1. Calculatedpatternsof axially
symmetricbeamsas producedby an
ideal u cell and focusedwith a N.A.
=0.65 aplanaticlens. (a) Azimuthally
polarizedbeam:total intensity, (b) ra-
dially polarizedbeam:transversefield
intensity, (c) radially polarizedbeam
longitudinalfield intensity. All thepic-
turesare normalizedto the maximum
valueof the total intensity.

FIG. 3. Intensity distribution of a focused(a) azimuthallypolarizedbeam
and (b) radially polarizedbeamas imagedby the SNOM with a standard
probe.
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mainly transmittedthe longitudinally orientedcomponentof
the field while the transversecomponenthasbeenblocked.

As a confirmationof this effect with the roughprobe,a
scanover a plane2 mm awayfrom the focal planehasbeen
performed.In this plane,thefield for both theazimuthaland
the radial beamsis expectedto be purely transverse.In fact,
imagesof the the azimuthally [Fig. 5(a)] and the radially
polarized[Fig. 5(b)] beamsare very similar. The two lobes
dueto the longitudinalfield areno longerobserved.

An explanationof thefiltering of thetransversefield can
be found by consideringthe waveguidingpropertiesof the
probestudiedin illumination mode.6 The conical geometry
of the probecan guide two different kinds of modehaving
linearor radialpolarization.Theradialmodeis guidedto the
very endof thetip, while thelinearly polarizedmodereache
cut-off in the taperedsectionof the probe,and either leaks
throughthemetallayeror is reflected.Evenif thecollection
mode and illumination mode situations are not exactly
equivalent, it is reasonableto supposethat in collection
mode a transversefield (i.e., a locally linearly polarized
field) will becoupledinto thetip whereits dimensionsallow
the transverselinearly polarizedmodeto be guided,while a
longitudinalfield will becoupledcloseto theapex.With the
roughprobewe believethat the significantroughnessof the
lateralsurfaceimpedesthe collectionof the transversecom-
ponentof thefield, while leavingmoreor lessunaffectedthe
coupling of the longitudinal componentat the apex.Since
thetransverseandthelongitudinalfieldsarecollectedin spa-
tially differentplacesof the probe,thereis alsoexpectedto
bea differencein theoptical resolutionfor the two polariza-
tions.

A studyon the light-collectionpropertiesof apertureles
microfabricatedquartz probes has been presented.Trans-
verselyand longitudinally polarizedfields, producedby fo-
cusinga radially polarizedbeam,areimagedby two kindsof
probes:standardand rough. It hasbeendemonstratedthat,

FIG. 4. Intensitydistributionof focused(a) azimuthallypolarizedbeamand
(b) radially polarizedbeamasimagedby the SNOM with a roughprobe.
with aperturelessSNOM probesusedin collection mode,it
is possibileto accessthe longitudinal,nonpropagatingfields
confinedin the focal region of a lens. By comparingmea-
surementswith theoreticalresults,it is possibleto underline
the importanceof the metal coating roughnessin blocking
the transversecomponentof the field, andgain someinsight
into the collection mechanismof three-dimensionaloptical
fields in suchprobes.
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FIG. 5. Intensitydistributionof focused(a) azimuthallypolarizedbeamand
(b) radially polarizedbeamas imagedby the SNOM with a rough probe
The scansareperformedon a plane2 mm away from the focus.


