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ep oC ABSTRACT: Apertureless scanning near-field optical microscopy (SNOM) in the reflection-back-to-the-fiber
configuration is possible on rough surfaces of practical importance and reaches 15 nm lateral resolution. The feedback

for constant distance mode is provided by shear-force atomic force microscopy. Any artifacts in the atomic force
microscopy will translate into artificial optical responses. Very sharp tapered tips (radius ca. 15 nm, apexLafigle
are required. Only these give the strongly enhanced reflectance in shear-force distance, do not break as easily as d
more blunt tips, and can follow the topography in order to provide chemical SNOM contrast without topographic
errors. In the absence of significant reflectance enhancement, if blunt or abrased or broken tips are used, not SNOM
but artificial ‘optical contrast’ is recorded. Metal-coated tips are unsuitable: they become hot, give poor resolution and
are the source of numerous additional artifacts that are summarized for comparison. The SNOM artifacts are
subdivided into:

e topographic errors—if chemical uniform topography does give some optical response;

lack of spatial correlation—if the optical signal does not reproduce the site of the emitter or of the chemical
contrast;

tip imaging—very large features and more or less negative differentials therefrom;

contrast inversion—false sign of optical contrast;

split optical contrast—signal is split into two unequal parts with the same (false) sign of the contrast;

artificial stripes—instead of chemical/emissive contrast artificial stripes, that are not always ‘interference fringes’
or ‘edge-contrast’.

The artifacts can be easily recognized in published images from different techniqgues and modes of SNOM. Their
analysis would be facilitated if fulk/y/zdata were published instead of two-dimensional images. We therefore
disclose interactively analyzable VRML data in the EPOC version. Copyfigh®99 John Wiley & Sons, Ltd.

KEYWORDS: SNOM,; artifacts; uncoated tips; near-field; enhanced reflectance; chemical contrast; interactive
VRML files

Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc

INTRODUCTION exist and various operation modes can be distinguished
(e.g. contact or non-contact, constant distance or constant
Supermicroscopic techniques like scanning tunneling height, reflection or transmission modes, etddpwever,
microscopy (STM), atomic force microscopy (AFMyr authors have still been cautious with the interpretation of
scanning near-field optical microscopy (SNGM)have highly resolved SNOM images in apertureless contact
matured in the investigation of rough surfaces with transmission mode, i.e. with far-field light collectifn.
practical applications® However, atomic resolution Metal-coated tips in small-aperture-SNOMX00 nm)
remains restricted to very flat surfaces and STM or AFM.  become very hot£100°C)” and are very blunt. Thus, the
Aperture-SNOM has severe problems with topogra- aperture cannot be operated at constant shear-force
phies? but these are not present in apertureless SNOM. distance on rough or sensitive surfaces. The only choice
Actually, eight principally different SNOM techniques would be constant height mode, but that gives rise to
interference and other topography related errors. Further-
*Correspondence toG. Kaupp, Organic Chemistry |, University of ~more, shadowing effects are hard to treat. Only cold and

Oldenburg, 26111 Oldenburg, Germany. sharp tips can follow topographies of rough surfaces in
E-mail: kaupp@kaupp.chemie.uni-oldenburg.de di d I ical inf . ind
Contract/grant sponsorBASF AG, Ludwigshafen. constant distance an Lo ect optical information inde-
Contract/grant sponsorFonds der Chemischen Industrie. pendent of topograph¥® This technique relies on the
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798 G. KAUPPETAL.

change of reflectanceback to the fiber as the tip
approachesthe surface® Such changes have been
denied® but we have beenable to unequivocallyshow
a suddenincreasein reflectanceand the absenceof
interferenceringeswith very sharpuncoatedips*® We
alsoshowedheabsencef thesudderincreasdor evena
suddendecrease)when broken or abrasedtips were
used® Clearly, in the latter casesonly artifactscan be
recorded.Furthermore,depolarizationSNOM with an
uncoatedtip at 30nm ‘constantheight’ over a grooved
metal surface(50 nm thick) on glassgave edge-contrast
butnot materialscontrast;* althoughthatexperimentlid
not benefitfrom a suddenincreasan reflectivity.

It appearsto be importantto documentthe various
types of artifactsin topographyand SNOM that occur
with deficienttips in orderto clarify theissue.Artificial
imagesin other modesof SNOM are then also easily
recognizedand valid submicroscopicSNOM images
distinguished from artifacts. Thorough analyses of
publisheddata are not possiblewith pixel graphicsin
paperor electronicpublications A validity checkof such
data is not possible.We therefore presentfull three-
dimensionaldataof all AFM and SNOM imagesalsoin
VRML format (seeEPOC version). Thesedatacan be
interactivelyanalyzedwith public domainsoftware,e.g.
Cosmoplayer,or proprietary imaging software. Inter-
active dataare subjectto efficient datamining andlater
improvementf displayandanalyticalinvestigation,as
tools becomeavailable.

ARTIFACTS IN AFM TOPOGRAPHIES ON
ROUGH SURFACES

AFM providesthe mostpopularfeedbackmecharnsm for
SNOM in constantdistance mode. As a rule SNOM
imagescannotbe analyzedf a surfacecannotbe properly
measuredy AFM. We thereforehaveto briefly address
the recognition of AFM artifacts in this review. It is
obviousthat both contactand non-contactAFM cannot
trace caves, overhangs,verticals and slopes that are
steeperthantheir slopeangleson a surface.All artifacts
that derive from unsuitablegeometriceffects have been
termed tip/sample convolution and various correction
formulae have beenreported,in particularfor atomic or
molecularresolution. However, no generaltechniqueis
available for correctionsof tip/sample convolution at
irregularor very high topographies:** The quantfication
of a topographic structure with several mathematical
approachesvasrecentlyanalyzed-?

Non-contact AFM tips are particularly sharp and
slender.They are vibratedfor the so-called'shear-force’
modeandarewell-suitedfor particularlyroughsurfaces’
However,suchtips arevery stiff andmaybreak providing
anotherrisk of artifacts. Suchbreakagemay leave sharp
edges,maintainingfairly good AFM resolution,but also
smoothand wide apexes.In the latter instancesmaller
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objectswill imagethetip andnotopographyof thesurface
is obtained.Thus,nanoparticle®f 100-200nm width and

ca. 65nm height may give rise to artificial ‘objects’ as
largeas1 or 2 um in width and80nm in height* There
arestraightforwardneando detectip breakagesTipscan
bejudgedby microsceic inspection Jight diffraction and

the absencef near-fieldenhancementf reflectancgsee
below). Reliability testsof AFM topographiesare only

possible when full three-dimensionaldata are made
available. We thereforepoint to some typical artificial

AFM dataof extremegeometiesin the Appendixto this
review that can be interactively viewed and analyzedon

the EPOCsite.

Artifacts by surface modification in AFM

Thepreviousproblemof erraticsurfacescraping/ablang®
hasbeensettledby selectingcantileversthat havethe tip
preciselyontheiraxis!'*®* As accumulatedlustalsocreates
asymmetry|t is the duty of the operatorto checkif 5-10
scansdo not changethe surface.Converselyasymmetric
cantilevertips canbe usedin purposefulsurfacemodifica-
tion, e.g. scrapingout squareholes (submicro-or micro-
containers)nto organiccrystalsurfaces-*°

ARTIFACTS IN SNOM ON ROUGH SURFACES
Aperture-SNOM using metal-coated tips

Metal-coatedtips with aperturesbelow 100nm may
becomevery hot (100-500C) due to absorption of
confinedlight’” and that fact hasbeenusedto fabricate
local pits on anthracené® The risk of local melting or
charring of organic or biological objectsis obvious.
Furthermore coatedtips must be flat at their endsfor
technical reasonsand are additionally blunted by the
metal layer of typically 100nm thickness:’ Flat probes
of thatsizecannotmeasureoughsurfacesn shear-force
mode:if they are soft the materialwill be razedoff, if
they are hard the metal coatedtips will break when
vibratedat 5-10nm distancefrom the surface A 12nm
lateral resolution was claimed by fitting a theoretical
model of a 20nm aperture and invoking a Fourier
transformtransferfunction® That claim hasfrequently
beencitedin theliterature buthasneverbeenconfirmed.
Theextremeheatproblemghatareto beexpectedvith
20nm aperture$ should certainly be considered Two
approacheblavebeentried to getmetalcoatedtips some
tensof nm awayfrom the surface Thus,oneeitherrelied
on ‘some protrusionat the large flat area’ (diameterca.
300nm)‘that mightbetherefor theshear-forceontrol’,®
but this techniqueintroducedcrosstalkwith the firmly
attachedremoteaperturewhich is no longerat constant
distancein the presenceof topography.The second
approachusesconstantheight mode,i.e. the apertureis
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ARTIFACTS IN SNOM 799

fixedatalevelabovethehighestprotrusionof thesurface
that is scannedunderit. The former techniquesuffers
from a displacemenbf the topographicand the optical
imagesthat would be distortedby topographicartifacts.
Thelattertechniquds subjectto interferencdringesthat
are formed betweenthe planar metal disk (>300nm
diameterwith a centraldielectric) andthe surface®®

Furthermore,various shadowingeffects have to be
consideredboth in reflection (light collectedthrougha
20-100nm narrowslice of air with radiusof ca.150nm)
and transmission(stray centersin the far-field). Conse-
guently, it is extremely hard to interpret the optical
contrastin such experiments,and interpretationsare
frequentlynot tried **?°In arecentreport* Ramanlight
could not be collectedfrom theinner part of a scratchin
Si, 2um wide and 1 um deepin a 10-20nm distance
setup.It appearghatthe metalcoatedtip wentsodeeply
into that scratchthat it washardto collect Ramanlight
out of it at 45° to the probe axis. Actually it proved
possible to collect the typical Raman signal at
519.7cm ! from a scratchin Si with a SNOM that
collectsin the near-fieldinto a sharpuncoatedfiber tip
andthusavoidsall shadowingeffects??

Artificial bright/dark/bright featuresalong the scan
directioninsteadf disc-shapefluorescencenageshave
beenobtainedfrom stained100nm diametermolystyrene
spheresstuck in a 25nm high polymer film with a
‘relatively large’ aperture(Al-coating). Thesewere less
convincingly interpretedas ‘torus’ shape$® Further-
more, the half-width of the disc-shapedluorescenceas
collectedwith 50 nm aperturef the sameparticlesin a
10pm film could not beimprovedbelow 210 nm 23

A detailed study of artifactsin aperture-SNOMhas
been published?* An elegantsolution for minimizing
interferenceeffectswith flat metal coatedtips hasbeen
givenby Krameret al.: the topographyis measuredn a
forward scan in constant height mode; the obtained
distanceinformationis thenappliedfor the regulationin
more remoteconstantdistancebackwardscans>> How-
ever, this techniquecan only be appliedto very minor
topographyin the 10nm range.Far-field aperturedtips
havebeenfabricated® 2 that are sharpand avoid close
contact of the metal coating with the surface. Their
aperturesizes are rather large, but useful photolitho-
graphicpropertiesremain?®

Apertureless SNOM with uncoated tips

The technique of reflection-back-to-the-fiber

SNOM. SNOM in the reflection-back-to-the4fier con-
figurationwasfirst proposedy Courjonetal.,® but they
could not avoid interferencefringes in the approach
curves of their setup. The more sensitive commercial
setupwith crosspolarizeddetection(Rasterscopg® 4000
SNOM) unites various favorable featuresthat are not

availablewith apertureSNOM. Approachrecordsshow
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the absencef interferenceringesin the optical signal.’
The tips are sharpand easily and reproducibly pulled
(15nmendradius,apexangle<10°). Theystaycold and
produce no shadowing effects. Both transparentand
opaque samples can be studied, and there is no
displacementbetween simultaneoustopographic and
optical images.As the scanningis in constantshear-
force distance (at constantdamping of the vibration
amplitude)largetopographiesip to theum rangedo not
introduce topographicerrors. This fact is exceedingly
importantfor technicalapplicationgo industrialsurfaces
including nanoparticlepreparationg? The light that is
collectedbackby the illuminating tip in the near-fieldat
enhanceefficiency® maybespectroscopicallgnalyzed
(local fluorescenceand Raman$®28 in addition to the
localizationof chemicalcontrasthatincludesall specific
shear-forcaesponsesswell. Constantheightmeasure-
mentsare not useful, becausehe enhancemenbf the
near-fieldreflectanceanto the fiber would be lost andthe
chemicalcontrastderivesexclusivelyfrom variationsin
theenhancement Thus,the meaningof constanheight
measurementir chemicalSNOM contrastis question-
able, becauseit would introduce topographicartifacts
insteadof avoiding them. However, interesting‘edge-
contrast'may emerge-*

Reliable reflection-back-to-thedier SNOM uses
quartzglasstips thatare pulled assharpaspossible not
only for thehigh lateralresolutionof 18 nm2°*°pbutalso
becausemore blunt tips (e.g. etchedoneswith radii of
>60nm)tendto breakreadily uponscanninglueto their
high stiffness*> By doing so they lose their ability to
collect enhancedeflectancé® The high optical resolu-
tion power of sharpuncoatedips hasalsobeenverified
with 25nm high Al test samplesthat gave an edge
resolutionof 15 nm3*

In theabsencef reflectanceenhancemerih theshear-
forcegapno SNOMimagesbutartifactsarerecordedand
it is essentialto control the effect at every single
measurementt thushappenedhata previousreporton
sudden enhancementcould not be verified and was
retreated. Unfortunately the shear-forcéopographiesf
broken tips with sharp edges sometimesgive AFM
imageghatlook reasonableandtherisk of breakingstiff
tips is very high if they are not very sharp.lIt is thus
importantto classifythetypesof artifactsthatmayoccur
if blunt, broken or abrasedtips are used, evenif tip
breakagés mosteasilyrecognizedy theloss(or lack) of
enhancedeflectancen the shear-forcegap.

Correlation of optical and topographic images. Valid
SNOM imagesmust precisely correlate with simulta-
neoustopographyif that is causedby a chemical or
physicalstatevariation.Thisrequirements alsothebasis
for chemical contrastand local spectroscopylt was
claimedthatsuchcorrelationof ‘true optical contrast’to
surfacetopographyshould not exist evenfor uncoated
tips>3233 However, imagesthat do not exhibit such
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Figure 1. Simultaneous 10 um shear-force AFM (a) and SNOM (b) of large features with a blunt tip in the absence of significant
sudden enhancement of reflectance showing an optical artifact that is also recognizable by the absence of correlation with the
topography, and correct AFM (c) and SNOM (d) images of the same sample with a sharp tip, showing complete absence of an
optical contrast, because of chemical uniformity on the rough surface. The z-scale is 400 nm in (a) and (c). High and low
resolution VRML images of (a)—(d) are available from the epoc website at http://www.wiley.com/epoc

correlationareartificial unlesssomechemicalor physical
changewas createdlocally on a rough surfacewithout
significantchangeof the topography’®323*Of course,
topography on chemically and physically uniform
surfacesmust not give an optical contrastif sharp
uncoatedips with apexanglesof <10° areused(steep-
nesscontrastoccursat slopesthat approachor exceed
80°)22293>and if local far-field light concentrationis

excluded®* Thus, topographyitself doesnot give rise
to optical contrastin properly done reflection SNOM

usingthe variationsin the near-fieldenhancedeflected
light [Fig. 1(c,d) is another example]. Any alleged
crosstalkby the Z-motior? is experimentallyexcluded
for these easily controlled conditions. If no precise
correlationof chemistryand optical contrastoccurs,the
SNOM is in error due to easily recognized false
conditionsduringits measurementn particularby using
blunt, abrasedr brokentips thatdo not give the sudden
enhancemen® NumeroussuccessfuSNOM measure-
ments with precise site or topography correlation of

chemical contrastor fluorescencecontrasthave been
publishedf3:10:22:26.28-30.34\y hareas deviations from

such close correlation or the appearanceof optical

contrast on chemically uniform surfaces® show the
recording of artifacts similar to the ones that are
describedor brokentips in the following subsections.

Copyright0 1999JohnWiley & Sons,Ltd.

Topographic errors. It was claimed ‘from general
principles’ that ‘all SNOM configurationsat constant
distancemode’containtopographiartifacts,particularly
with highly resolvingsharpuncoatedips3® While these
considerationsmight be valuable for the steepness
contrastat (near) vertical steps,they are irrelevant for
well-done reflection-back-tahe-fiber SNOM at slopes
below the slopeangleof thetip. As alreadymentioned,
topographyitself [up to 1 or 2 um heights;max. heightis
368nm in Figure 1(c)]***®*>doesnot give an optical
contrastaslong asthe tip canfollow the topographyat
constantdistance Thatis valid for both protrusionsand
pits on the same surfacé® and is amply documen-
ted10-26:28-303However thefavorablesituationis lost f
the sharptip breaksor if blunt tips areused.

Figure 1(a,b) depictsthe AFM andthe optical image
of a surfaceof p-nitroanilineon its (100) face after short
applicationof NO, gasto give the diazoniumsalt>’ The
tip was blunt. The size of the topographicislandsis
typical for that chemicalreaction,althoughthe islands
appearsmoothenedwhen comparedwith more struc-
turedimagesthat were obtainedwith a sharptip in Fig.
1(c). Thus,we havesometip/sampleconvolutionin Fig.
1(a). It is clearly seenthat no correlationexistsbetween
topographyand the optical image.Figure 1(b) is totally
artificial and doesnot containvalid SNOM: a blunt tip

J. Phys.Org. Chem.12, 797-807(1999)
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Figure 2. Simultaneous noncontact shear-force AFM (a) and SNOM contrast (b) of nanoparticles with 100-200 nm diameter
using an apparently axially symmetric broken tip showing topographic and optical artifacts; cross sections are taken horizontal at
y=10.0 um. High and low resolution VRML images of (a), (b) are available from the epoc website

was usedthat did not showthe suddenenhancemenof

reflectance.In the correct SNOM image [Fig. 1(d)]

using a sharptip that experiencedhe suddenenhance-
ment, no optical contrast occurs, becausethe rough
surfacein Fig. 1(c) is chemically uniform at all sites,
giving no changein enhancedreflectanceat constant
distancethroughout.

A spectaculamartifact was found with a broken but
apparently axial symmetric tip that gave rise to the
artificial imagesby fluorescing100—200nm particlesin
polyvidoneof Fig. 2.

Eventhefive smaller‘topographicfeatures’areby far
too large and they producethe sametype of optical
artifact as does the extremely extendedtopographic
artifact (its maximum ‘height’ is 160 nm). The optical
image obtainedunder thesefalse conditionsresembles
the negativefirst derivative of all ‘topographies’in Fig.
2(a) and a similar image can be createdby highpass
filtering and inversion of the data from Fig. 2(a).
Interestingly the optical responsetraced the inverted
slopeof the topographicartifact in this particularcase.
Unfortunatelythe microscopicinspectionof the broken
tip in questionwhich gaveanenhancemerfactorof only
1.3 on that surface,was not precise enoughfor the
modeling of that artifact. We note, however, some
resemblanceo the featuresof Fig. 10 in Ref. 33 and
presumethat a related artifact had occurredtherein a
scanof pits, althoughtherewas no alignmentalongthe
scandirection. It shouldbe madeclear that the optical
imagein Fig. 2 is nottheresultof acontrasenhancement
differentiation. The optical imagein a PSTM (photon
scanningunnelingmicroscopy)investigationof a91 nm

Copyright0 1999JohnWiley & Sons,Ltd.

latex spherein constaniheightmodeis quite different?°
The reported feature was about 2um wide. It was
presentedhs a differentiatedimagein orderto enhance
the interferencefringes surroundingthe sphere?® While
theimagewasinterpretedn termsof a ‘field distribution
that cannotbe detectedby any far-field technique’, it
shouldbe statedthat this hugetopographicartifact has
nothing in commonwith the onein Fig. 2(b) that was
takenin constantdistancemode without interferences.
FurthermorePSTMin constantistancemodeof al um-
period SiN gratingwith a tip havinga 50nm apexwas
reportedto resultin a‘mainly topographidmage’?°

We must stress here that correct topography and
submicroscopidocal fluorescenceontrastof the nano-
particles used in Fig. 2 was obtainedif a sharptip
(enhancementactor of 4.8) was used®® An exampleis
givenin Fig. 3 in which the aggregatiorphenomenaf
the sameparticlesin the sameresin,thoughat 46 times
higherconcentrationyerealsoinvestigatedvith a sharp
tip. Figure 3(a, b) revealssingle particlesof correctsize
and aggregatedones, precise correspondencef topo-
graphyandfluorescenc&sNOM andadditionalinforma-
tion regardingthe modesof aggregationaswell asthe
thicknessof the resin cover (the topographicobjectsare
found 10 nm largerthanthe fluorescenceareasy:

Contrast inversion. The signof the chemicalcontrasts
hard to predict as many different mechanismsare at
work, including absorbance,fluorescence,Rayleigh,
Raman, polarization and largely unknown specific
shear-forcaesponsesCompletecancellationis possible
thoughunlikely. FluorescencandRamaremissionsnay

J. Phys.Org. Chem.12, 797-807(1999)
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Figure 3. Correct 3.8 um AFM and fluorescence SNOM images of aggregating 100-200 nm particles in raked polyvidone; the z
scalein (a) is 200 nm; a cutoff filter (OG 515, Schott, Germany) eliminated the 488nm primary light in the optical image (b). High
and low resolution VRML images of (a), (b) are available from the epoc website

besortedoutdueto thechangdan wavelengthsThereare
somereportsof contrastreversalduring SNOM measure-
ments in the literature? It was proposedthat dust
particles adsorbedto the tip and hung from it. With

coatedtips the interpretationof false contrastinvoked
shear-forcephase effects?® It is our experiencethat
contrastinversion may occur upontip breakageduring

scanningtheoccurrencef thateventbeingimmediately
detectedy thedropof thepowermeterreading Another

reportprovedl5nmopticalresolutionata2—-5nm height
Al islandstepwith 40% of thetips, whereass0% of the
tips providedinversecontrast'that cannotbe near-field
but must be far-field contrast' No reasonsfor the
differencewere given andno enhancemenfiactorswere
reported. The reasonseemsto be quite obvious: the
deficientmeasurementsiustbetheresultof bluntand/or
brokentips thatdo not profit from theenhancemerih the
shear-forcegap (e.qg. five-fold) but collect far-field light

Figure 4. Artificial 10 um AFM (z= 300 nm; height 135 nm) and fluorescence SNOM (cutoff filter) of the same nanoparticles as
in Figs 2 and 3 with an apparently asymmetric blunt tip showing (a) tip imaging in the topography and (b) split false contrast in
the optical image that is extended tovvard the left. For comparison correct 3 um AFM and SNOM images (no filter) are given of a

partly brominated anthracene surface:?®

the islands (c) (z=500 nm, heights up to 155 nm) give the correct negative optical

contrast of 9,10-dibromoanthracene with respect to anthracene (d), which corresponds precisely with the sites of the islands, of
course. High and low resolution VRML images of (a)—(d) are available from the epoc website

Copyright0 1999JohnWiley & Sons,Ltd.
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Figure 5. Simultaneous 5 um shear-force AFM (a) and SNOM (b) of a Pt/C test pattern with an abrased tip showing non-
coincidence of topographic and optical image; the optical response is artificial and there was no significant sudden
enhancement; dark areas are depressions down to the supporting glass of 2 nm. High and low resolution VRML images of (a), (b)

are available from the epoc website

atamuchlower level of intensity.In Fig. 4 we presenta
clearcutexamplewith anasymmetricallybrokentip that
was unsuitable for SNOM becauseit gave only an
enhancementactor of about 1.3 as it approachedhe
surfaceof a polyvidoneresinwith the samefluorescent
dye nanoparticlessin Figs 2 and3 at high dilution. At
first glancea correlationbetweertopographi@andoptical
image seemsto exist. However, a closer inspection
revealsthatthe optical contrastis extendedo theleft, is
split into two partsand is dark insteadof bright as it

should be from fluorescingparticles.We presentclear
proof thatonly far-field fluorescencdight wascollected
in this experiment at a rather low intensity, but
considerablyless at the sites of tip imaging. The tip
imageghatarecausedy nanospheregf atleast1l00and
atmost200nm diameterare1.3pum wide (135nm high).
No fluorescencdight was coupledinto the tip while it
wasimagedby the spheresn the absencef the sudden
enhancementSuchconditionsare totally different from
the onesof artifact-free measurements/herethe same

Figure 6. Simultaneous shear-force AFM and SNOM of a microtome cut (two different sites) of a fluorescent textile fiber with a
blunt tip exhibiting stripe artifacts; topographies (a) and (c); and optical images (b) and (d). High and low resolution VRML images

of (a)—~(d) are available from the epoc website

Copyright0 1999JohnWiley & Sons,Ltd.
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Figure 7. Simultaneous 11 um shear-force AFM and SNOM with a blunt tip of a partly autoxidized crystal of benzothiazoline-2-
thiol on (001) showing (a) islands in the topography and (b) artificial stripe contrast instead of chemical contrast'®?® in the
optical image. Correct AFM (c) and SNOM images (d) with correct negative contrast of the oxidized, less polar disulfide?® were
obtained with a sharp tip and are shown for comparison. The z-scale in (a) and (c) is 800 nm. High and low resolution VRML

images of (a)—(d) are available from the epoc website

fluorescenspheresverefoundto be bright atthe correct
size (Fig. 3). Thus, only parasiticfluorescentight was
detectedin the artificial Fig. 4(b). Figure 4(c,d) shows
correct negative chemical contrastas recordedwith a
good tip on islandsof comparablesize of a different
sample which is neithersplit nor displacedasrequired.

Displacement of optical and topographic contrast.
The mostimportantchecksfor the validity of a SNOM
measuremenin reflection-back-tahe-fiber mode are
significant sudden enhancement(factor of >3) and
precisesite or topographycorrespondencef the optical
contrastlf theseconditionsarenot metonehasartifacts
in the optical and frequently also in the topographic
image. A clearcut example of image displacementis
shown in Fig. 5, where a Pt/C test pattern (Kramer
sampleJ® wasscannedyhich doesnot providea useful
shear-forcemechanismbut leads to wear of the tip.
Abrasionof tips wasdetectedoy inspectionwith a light
microscopeafter severalscanslt is uselesgo judgethe
edgeresolutionof our SNOM (valid lateralresolutionsof
18 nm?°° and 15 nm*! had been shown under non-
abrasiveconditions seeabove)with artificial imageshat
becomeworsewith anyfurtherscan.The SNOMin Fig.5
(b) is indeedartificial: first, thedarkfeatureghatseemo
reproducethe topography are significantly displaced

Copyright0 1999JohnWiley & Sons,Ltd.

from thetopographyandsecondtherearebrightareago

theright of sevendarkfeaturesn Fig. 5(b), althoughof a
different charactetthanin Fig. 2(b). A similar displace-
ment of topographicand optical features[see also Fig.

4(a,b)]is recognizablen a paperthatimagedthe surface
of anlTO sampleusingabluntuncoatedip with 2700nm

diameter*® A related problem occurredin the photon
tunnelingthrougha SiN pyramidaltip whena chromo-
somewasscannedn forcecontactitheopticalimagewas
largely displaced and some interference fringes ap-

peared”® Clearly, the optical featuresin Fig. 8 of that
papershouldbe consideredrtificial.

Artificial stripes’ contrast. Interestingthoughatrtificial
imagesare obtainedwith blunt or brokenuncoatedips
alongextendedslopeareasgvenif thesewould not pose
problemsto sharptips. Seriesof parallel stripes are
obtainedalongtherims andslopesthat, of coursedo not
showany useful optical propertiesbut are artificial. We
presenthere sampleimagesfor the classificationof the
artifactthatmaybeeasilyavoidedby usingsharptipsthat
collect the fluorescenceprecisely at the site of the
fluorescerandthat have beensuccessfullyusedfor the
determinationof diffusion coefficientsusing the expo-
nential decline of the intensityin the diffusion zone of
fluorescentlyes whencollectedin theshear-forcgjap??

J. Phys.Org. Chem.12, 797-807(1999)
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The primary 488nm light was filtered off in these
experimentshy putting a bandpasdilter in front of the
detector.The fluorescentextile fibers (polyethyleneter-
ephthalatewereembeddedn a commonresin(Techno-
vit, Kulzer, Wehrheim, Germany) and cut with a
microtome.Thetopographie# Fig. 6(a,c)wereobtained
with blunt tips.

As might be expected, blunt tips in shear-force
distancewithout suddenenhancemendlo not give valid
fluorescenceontrast.The five stripesin Fig. 6(b), lower
right, derive from a blunt tip exploring a uniform slope
areawith atilt of 32° overarangeof 1.5um in constant
distanceln Fig. 6(d) thering stripeartifactswerecreated
atslopesof 40-70, thesteepeareadeingontherightin
Fig. 6(c). Suchslopesare not troublesomédor sharptips
in enhancedfluorescencecollection?® However, the
artificial optical reponsein Fig. 6(b,d) is not a useful
fluorescenceontrast.The artifactsin Fig. 6 aredifferent
from the onesdiscussedn Figs1, 2 and4. Theyarealso
different from the ‘edge-contrastthat was describedn
Ref.11. Theoriginsof thesestripesarelargely unknown.
A more detailed analysis of the effects might be
performedwith the VRML primary dataof Figs 6 and
7. However thattype of artifactcanbe easilyavoidedby
usinggoodtips. It appearshatsimilar artifactsshouldbe
discussedn Figs 6 and7 of Ref. 33, which showsome
resemblanc#o the presenfig. 6, andarelikely to bethe
resultof bluntand/orbrokentips. Stripes’artifactsarenot
restrictedto concavetopographiesThey are also found
with convexfeaturesprovidedthetip is blunt or broken.
Figure 7(a,c)showsthe topographief islandsthat are
grownon 2-mercaptobenzothiate by slow autoxidation
on the samecrystal speciesThe blunt andthe sharptip
give remarkablydifferent artificial stripe type (b) and
correct negative contrast(d) of the less polar bis-(2-
benzothiazoline)-disulfie under sudden enhancement
conditions?®-?8

Thetopographyis easy the slopeanglesrangingfrom
10 to 22°. However, blunt tips experience severe
problemsat theseslopes.The poor performanceof a
100nmtip probing282nm latex spheress recognizable
in Ref. 39 with aratherweakstripecontrastlt shouldbe
notedagainthata steepnessontrastis unavoidablesven
for very sharptips if the slopeanglesarelargerthanthe
slopeangleof thetip.

CONCLUSIONS

Fromthe variousSNOM techniqueghe reflection-back-
to-the-fiberconstantdistancemodewith crossedpolar-
izationdetection(sensitivityimprovementjs suitablefor
roughsurfaceof industrialimportancelt hasto be kept
in mind that this technique uses uncoatedtips and
requires the occurrence of the sudden increase of
reflectanceas the tip goesto shear-forcedistance(3-8
fold increaseor more). Artifact-free high-resolution
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SNOM usesvariationsin the intensity of that near-field
light. Theweakbackgrounds notdistancemodulatecon
that level and does not interfere. However, such
enhancemenis only availablefor very sharptips (e.g.
radius of 15 nm), which fortunately have a lower
tendencyto breakthan blunt ones(radiusof >50 nm).
Blunt and brokentips do not show the effect and thus
provide only artifacts. We collected various types of
artifacts that occur also with other SNOM techniques,
thoughusuallyfor differentreasonsin orderto facilitate
the localization of faulty claimsin the literature and to
supportfurtherthe useof the particularlystraightforward
techniquewith highly resolvingcold uncoatedtips. For
controlledSNOM theremustbe a powermeterin front of
the operatoror elsea recorderfor the documentatiorof
the largeincreasen intensity at shear-forcedistance A
wealth of dataon clearcuttechnicaluse of SNOM? is
alreadyavailable.
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APPENDIX

Some typical AFM artifacts and their recognition
from the three-dimensional data

In mostcasesAFM andSTM dataare publishedastwo-
dimensionalprojectionsand thus cannotbe judged in
terms of possible artifacts or used for efficient data
mining. Perspectivdmagesare somewhatmore reveal-
ing, but still cannot be checked further. Only full
disclosureof the three-dimensionak/y/z data can be
usedto judgewhethertwo-dimensionaimagesarepartly
or fully artificial.

Verticals and overhangs, unavoidable AFM artifacts.
It may be useful to disclose here some three-dimen-
sional AFM dataof a mica surfacethatis coveredwith
a monolayerof hexagonaklosestpackedlatex spheres,
a typical example for unavoidable AFM artifacts.
Figure A1l showsa 1 um wide contactAFM scanwith
a commonSizNg4 tip (apexangle90°) in a 1:1:1 (x/y/2
perspectiverepresentationThe hexagonalarrangement
of the hills is clearly seenbut, ratherthan having the
shapeof spheresappearflattened(not seenin the two-
dimensional projections of top-view images). Clearly
the measuremenis artificial at the steepermartsof the
spheresand the medium depthat the trianglesbetween
three 220nm spheresis only 83nm, and the medium
depth betweentwo spheresis only 61nm in Figure
Al(a). The tip cannotreachthe ground betweenthe
spheres.The inverted image (upside down) exhibits
sharp rims (actually trenches)and peaks (actually
depths)that are images of the tip. Such artifacts on
spherescan be decreased,but never avoided with
sharpertips or with non-contactAFM.

Steep slopes; improvements with sharper tips. If

slopesreachor exceedheslopeangleof thetip, onegets
imageof thetip. Forexamplejf thesurfaceof extremely
roughporoussilica on silicon is scannedvith acommon
SisN4 tip, thefeaturesbtainedarepyramidswith smooth
apexeswhich indicate that the slopesare steeperthan
45°, Thisis interactivelyanalyzablewith the VRML data
for Fig. A2(a). Also shown[Fig. A2(b)] is the improve-
ment with sharp non-contacttips: much more of the
topographycanbeseenTheupperpartsof thefeaturesn

Fig. A2(b) give agoodimpressiorof theroughnessThe
tip descendglown to more than 1 um depth.However,
the slopesapproachthe slopeangleof the tip andthere
may be verticals or caves, which cannot show up.
Anyhow, theimageis artificial downin the deepvalleys,
ascanalsobeanalyzedoy inversionof theimage(upside
down)in three-dimensionalepresentation$:°

Asymmetries due to improper conditions of
measurement. The symmetry of topographicobjects
may be distortedfor various reasonsFor examplethe

J. Phys.Org. Chem.12, 797-807(1999)
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Figure A1. 1Tum contact AFM image (a) of spheres with 220 nm diameter that appear flattened; (b) inverted image showing tip
imaging at the steep sites. High and low resolution VRML images of (a), (b) are available from the epoc website

Figure A2. 10 um surface images of porous SiO, on Si (nominal depth 2 pum, diameter 1.5 um); (a) contact AFM using a SisNy4 tip
with an apex angle of 45°; (b) shear-force non-contact AFM using a fiber tip with an apex angle of 10°, showing both valid and
invalid parts in the image. High and low resolution VRML images of (a), (b) are available from the epoc website

moundsof Fig. Al(a) have an elliptical shape(com-
pressioror artifact?)andthe pyramidsin Fig. A2(a) are
skew,while thefeaturesof Fig. A2(b) look similar when
viewedfrom everyside.The quality of the measurement
of all AFM topographieshouldbe interactivelyjudged
by turning the perspectivémagesby 90° (also 180 and
270°).1*If presumedlysymmetricfeaturesare consist-
ently foundwith largely differentslopeson varioussides
(theseare measuredat severalcross-sections}the scan-
ning anglewasprobablynot optimizedor the samplewas
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too inclined in the measurementpoth factors giving
rise to distortedtopographies.

It appear<learthatany simultaneou®ptical contrast
from imagepartsthatareartificial in the AFM cannotbe
correct SNOM. Fortunatelymany technicalsurfacesdo
not exhibit extremely steep slopes and thus provide
artifact-freeAFM topographiesyut unfortunatelyquality
andreliability testsof thattype andfurther analysesare
not possiblewith hitherto publishedpixel graphicsor
printedimageswhich lack full data.
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