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Abstrac t| M etrologicald ata from sample surfacescanb e
ob tained byusinga varietyofpro¯lometrymethod s.Atomic
Forc e M ic roscopy (AFM ), w hich relies oncontac t inter-
atomic forcesto extrac t topographicalimagesofa sample,
isone such method that c anb e used ona w id e range ofsur-
face types,w ith possible nanometer range resolution.How -
ever,AFM imagesare commonly d istorted by c onvolution,
w hich red ucesmetrologicalac curacy. T histype ofd istor-
tionismore signī cant w henthe sample surface contains
high aspec t ratio featuressuch aslines,stepsor sharp ed ges
- struc turescommonlyfound insemicond uc tor d evic esand
applications.Aimingat mitigatingthese d istortionsand re-
c overingmetrologysound ness,w e introd uce a novelimage
d econvolutionscheme b ased onthe principle ofstereo imag-
ing.M ultiple imagesofa sample,takenat d i®erent angles,
allow for separationofconvolutionartifac tsfrom true to-
pographic d ata.Asa result,perfec t sample reconstruc tion
and prob e shape estimationcanb e achieved incertaincases.
Ad d itionally,shad ow zones,w hich are areasofthe sample
that c annot b e prob ed by the AFM , are greatly red uced .
M ost importantly,thistechnique d oesnot require a priori
prob e charac terization.It also red ucesthe need for slend er
or sharper prob es, w hich, onone hand , ind uc e lessconvo-
lutiond istortionbut,onthe other hand ,are more prone to
w ear and d amage,thusd ec reasingoverallsystem reliab ility.
K eyword s| M etrology,P ro¯lometer,Atomic Forc e M ic ro-

scope,Deconvolution,Stereo Imaging

I. Introduction

S U R FA CEcharacteristics suchastopographyandcriti-
caldimensions,roughness andtheareadensity,shape

andlocationofdefectsoftenserveas importantindicators
ofproductqualityandmanufacturingprocessperformance.
Forsuchreasons,surfacecharacterizationproceduresareof
primaryimportanceinawiderangeoftechnological ēlds
and across industries. In addition, high precision char-
acterization has playedan increasingly importantroleas
therequireddimensionsofsemiconductorandothermicro-
fabricated devices continuetoshrink intothenanometer
andmicrometerdomains [1 ].
Varioustechnologiesexistthatcanbeusedforobtaining

high precision images ofsurfaces.T he A tomicForce M i-
croscope(A FM )isonesuchtoolthatcanbeusedtoprō le
samples,withpossiblenanometerlevelresolution[2].T he
A FM generates topographicalimages via van derW aals
forcesthatarisefromdirectcontactbetweenasharpprobe
anda surface. T herefore,this imagingtoolcan beused
tomeasureseveraldi®erenttypesofsurfacesregardlessof
otherphysicalattributes suchas re° ectivity,conductivity
ormagnetism.Itobviouslycircumventsresolutionlimita-
tionsintroducedbydi®ractionphenomena,associatedwith
opticaltools,orby n̄iteelectronescapedepth,associated
withSEM imaging.Inadditiontothat,A FM imagescon-
sistofthreedimensionaltopographicmaps ofthesurface
andare,forthis reason, idealforcross sectionalmetrol-

Fig.1. T he prob e apexisnot necessarily the sole point ofcontac t
for high aspec t ratio samples.Variouspositionsofthe prob e along
the scanare portrayed .

ogyapplications.H owever,despitethe A FM 's versatility
andhigh resolution, its metrologyaccuracy is limitedby
thesizeandshapeoftheemployedprobe[3]duetoimage
convolution.
Imageconvolutionexpresses itselfintheform oflossof

surfacedetailanddullingofhighaspectratiofeatures.T his
typeofdistortion occurs when,duringthescanningpro-
cess,thecontactpointbetweentheprobeandthesample
isnottheapexoftheprobebutitssideinstead,as shown
inFigure 1.Inotherwords,duringthe imagingprocess,
theprobeisalways externallytangenttothesurface,and
asaresult,theimageisadilatedversionoftheunderlying
sample.D ilationdistortionsintroduceerrorsinthemetrol-
ogydataobtainedfromthesurface[4].A saresult,critical
dimensions suchas linewidthofsteps orradius ofcurva-
tureofhighaspectratiostructures(suchas ēldemission
probes andhigh precision cuttingedges)become inaccu-
rate[5].
Forthe sakeofsemanticaccuracy, itshould be noted

thattheterm convolution does notstrictly apply tothe
mechanism ofimageformation in A FM .Ithasbeencom-
monlyemployedeventhoughnoconvolutionoccursduring
imaging;dilationinstead,isthecorrectinteractionmodel.
In order to circumvent these limitations, deconvolu-

tion algorithms must be developed. T hese restoration
procedures should eliminatemetrologydistortions in the
nanometerlevelandshouldalsobecompatiblewithhigh
volumeinspectiontasks.Proposedmethodologiesmustbe
robust,reliableandeasytoimplementwithcommercially
availableA FM units.
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In section II, we introduce the mechanisms of image
formationandhowtheygiverisetoconvolution.In sec-
tionIII,webrie° yexplainstateofthearttechniquesthat
canbeusedforimagerestoration.InsectionIV ,weintro-
duceanovelstereoimagingprocedurethatcanbeusedfor
restoringsampletopographiesandthatcanalsobeusedfor
probeshapeestimationand n̄allyin section V ,weshow
introductoryresultsthatillustratethecapabilitiesandver-
satilityofthisnewtechnique.

II. IM AG E C O NV O L UT IO N

T here existtwowidely acceptedmechanisms ofimage
formationforA FM .O nemechanismmodelisbasedonthe
conceptofL egendreTransforms [6], [7]andrelies on the
assumptionthatatcontactpoints duringscan,theprobe
andthesamplesurfacesharethesamegradientortangent.
In Figure 2, letS(m)be the interceptofthe tangent

linethroughthetruecontactpointwiththeverticalimage
axis;atthatcontactpointthesampleslopeisdenotedby
m and S(m)is denoted the \ L egendre Transform ofthe
probeshapeatthederivativem".L etI(m)betheinter-
ceptofthe parallelline through the imagepoint(probe
apex)withtheverticalimageaxis.Ithasbeenshownelse-
where[7]thattheimagewillalsohavederivativematthat
point.Finally,letP (m)betheinterceptofthetangentline
throughthetruecontactpointwiththeprobeverticalaxis.
T hefollowingrelationship holds:

S(m)=I(m)+ P (m) (1 )

G ivenasurfacedescriptiony=y(x),itsL egendreTrans-
form atanyderivativem= dy

dx isgivenby:

Y (m)=y(x(m))¡m:x (2)

Conversely, if the L egendre Transform of a curve is
known, its Cartesian description can beobtained by ap-
plyingthefollowinginversetransform:

x = ¡d[Y (m)]
dm

y = Y (m)¡m(
d[Y (m)]
dm

)

y = y(x) (3)

T herefore, ifthe shape ofthe probeand the shapeof
thesampleareknown,theirL egendreTransforms canbe
obtainedaccordingtoEquation(2).T hen,the L egendre
Transformoftheresultingimagecanbecomputedaccord-
ing to Equation (1). A nd n̄ally, the shape ofthe re-
sulting image can be calculated usingEquation set(3).
H owever,eventhoughthelinearrelationship expressedin
Equation(1 )is simpleandstraightforward,someimplicit
assumptions exist.Firstly,thesampleandprobegeome-
tries mustbe continuous and, secondly, the sample and
probegeometries mustnothaverepeated slopes,thatis,
theymustbeconvex.T hisreducestheapplicabilityofthis
mechanism ofimageformationtosimplerandwelldē ned
problemswheretheimplicitassumptionshold[5],[7].

Fig.2 . M echanism ofimage formationbased onthe Legend re Trans-
form mod el.

Fig.3. M echanism ofimage formationbased onthe d ilationmod el.
(a)T he prob e isexternallytangent to thesample d uringthescanning,
generatingthe image.(b )A d ualand equivalent interpretationisthat
the image isthe comb ined volume ofthe translatesofthe (re°ec ted )
prob e.

A secondmechanism ofimageformationthatisgeneral
andmakesnogeometricassumptions is basedonthecon-
ceptofmorphologicaldilation [4], [8], [9], [1 0 ]. T he im-
ageofasampleisadilatedversionofthesampleandthe
structuringelementisconsideredtobethere° ectedprobe
shape.T hatis:

I=S ©·P (4)

where ·P isthere° ectedversionoftheprobeshapeP ,and
S is thesampleshapeandI,theresultingimage.
Inotherwords,ifoneplacesacopyofthere° ectedprobe

on every singlepointofthe samplesurface,with there-
° ectedprobeapexcoincidingwiththatsurfacepoint,then
thesurfaceoftheresultingcombinedvolumeofalltrans-
latesofthesere° ectedprobeswillconstitutetheimageof
thesampletakenwiththatspecī cprobe(Figure3).
A quickanalysisofEquation(4)(andofEquation(1)as

well)revealssomestraightforwardconclusionsthatcanbe
summarizedinthefollowingcases:
² Case 1: Ifthe shape ofthe prob e isexactly knownand the im-
age isalso known, thenby applyinga reverse mechanism ofimage
formation, the sample shape c ould b e c omputed , and c onvolution
d istortions,eliminated .
² Case 2 :Conversely,ifthe sample shape isexactlyknownand the
image isalso know n,thenbyapplyinga reverse mechanism ofimage



formation,the prob e shape c ould b e c omputed .
² Case 3:Ifthe prob e isverysharp compared to the sample d imen-
sions,thenthe image shape w illb e verysimilar to the sample shape,
the prob e contributionb eingnegligible to image formation.
² Case 4 : Conversely,ifthe sample isvery sharp compared to the
prob e d imensions,thenthe image shape w illb e very similar to the
re°ec ted prob e shape, the sample contributionb eingnegligible to
image formation.
T heseconclusionsarethemotivationbehindcurrentde-

convolution orconvolution minimization strategies as we
discuss is sectionIII.

III. STATE O F THE AR T IN IM AG E
D EC O NV O L UT IO N

Inordertorecovermetrologyaccuracy,convolutiondis-
tortions mustbeeliminated from A FM images.Current
deconvolutionstrategies arebasedontherealizationthat
Equation(4)(orEquation(1 ))establishasystemwithtwo
unknowns,theprobeandthesamplegeometries (ortheir
L egendretransforms),andoneknown,theimagegeometry
(oritsL egendretransform).Inordertosolvesuchanunder
constrainedsystem,onevariablemustbedetermined;that
canbeaccomplishedbyprobecharacterization.A nother
approachis tomaketheprobesosharp thatits contribu-
tion toimageformation becomes negligible.T hatwould
be equivalenttomaking ·P in Equation (4)orP (m)in
Equation (1 )vanish. T hatis, the system collapses into
oneknownandoneunknownandcanbesolved.T hemost
popularapproach though,calledblinddeconvolution,es-
tablishesanestimatefortheprobeshape,andasaresult,
asampleestimatecanbealsoobtained.

A .H ighA spectRatioProbes

Convolution distortions are proportionalto the probe
sizerelativetothesamplesize.T herefore,sharpandsmall
probes can be used tominimize convolution distortions,
accordingtoCase3 insectionII.
Sharp probes can beobtained byFIB millingconven-

tionalA FM probes.Sharpenedprobesexistinthemarket
with typicalradius ofcurvatureof5 to20 nm.H owever,
forstatisticalreasons orqualityassuranceconsiderations,
highvolumeinspectionhasbecomearequirementinmany
applications.T herefore,longlastingprobes mustbeem-
ployedinordertominimizeprobereplacementduetowear
orfailure.Sharpenedandslenderprobesaremoreproneto
failurethantheirlargercounterpartsandthereforereduce
theoverallreliabilityandspeedoftheinspectionsystem.
R ecently,carbonnanotubeshavebeenemployedinA FM

imaging.N anotubesareusedasprobesduetotheirsharp
geometryandmechanicalresilience.T hecarbonnanotubes
consistofperfectandseamlessgraphiteshellswithdimen-
sions oftypically 1 nm in diameterand severalmicrons
in length.T heslenderness ofthesenanotubes mayallow
forimagingofhighaspectratiosurfacefeatureswithvery
smallconvolution distortions.H owever,fabrication tech-
niqueshaveyettoberē ned[1 1 ]and,additionally,lateral
° exingofthe tube is stilla problem when imagingtall
structures.A s aresultoftheselimitations,imagingwith
ultrahighaspectratioprobeshasbeenmostlycon̄ nedto

Fig.4. Blind prob e reconstruc tion.(a) O riginalScan.(b ) P eaksin
image are °agged .(c) P rob e estimatesare ob tained from the ind ivid -
ualpeaksand theminimum envelop takenasthe ¯nalprob e estimate.
(d ) Comparisonb etw eenac tualand rec onstruc ted prob e.

o®lineinspectiontaskswherescanspeedsareslowerinor-
dertoavoidtipcrashes,° exionorexcessivewear.U sually,
intermittentcontactscanningisusedinthesecases.

B.ProbeCharacterization

D econvolutioncanalsobeaccomplishedbyestablishing
theshapeoftheprobeandthensolvingtheinverseproblem
establishedbyEquation(4)orbyEquation(1),depending
onwhichmechanism ofimageformationisusedtoformu-
latetheproblem.A ccordingtoCase 2 in section II,one
coulduseasampleofknownshape,thatis,astandard,in
ordertoestablishtheprobeshape;thisiscommonlyknown
as probe characterization. Commonly used characteriza-
tion standards includehigh precision silicon gratings [3],
[7],blades,otherA FM tips,colloidalgoldarticles [1 2],la-
texparticles [1 3],etc...
T heproblemsassociatedwithprobecharacterizationare

thefollowing:(1 )T heshapeofthecharacterizationstan-
dard in neverperfectly known and manufacturingtoler-
ances forcommercially available standards range from 5
to 20 nm [1 4],which is on the same orderofmagnitude
ofthe sizeoftheprobes themselves [1 5]. T herefore,the
shapeoftheprobecannotberecoveredwiththenecessary
precision.(2)Sinceprobeswearwithuse,frequentchar-
acterizationsarenecessarytore-establishtheprobeshape,
decreasinginspectionthroughputand, n̄ally,(3)thestan-
darditselfmustbekeptintactandcleanthroughoutitslife
span,whichaddstoprocesscomplexity.T herefore,probe
characterizationhasonlybeenusedonaqualitativebasis,
asameanstoassessprobewearordetectprobefailure.

C.BlindReconstruction

A nothercurrentlyusedmethodologyforimagedeconvo-
lution is thesocalledblindreconstruction [1 6], [1 7], [1 8]
procedureanditsvariations.T histechniqueallowsfores-
timation ofthe probe shapewithouta priori knowledge
ofthesurfaceofthecharacterization standard;it,there-
fore, removes the requirementforany calibration ofthe
standard.H owever,this estimateconsists ofonlyanup-
perboundfortheprobeshapeand its qualityis astrong
functionofthesurfacefeaturesfoundonthestandard.



B lindreconstructionhas its basis onthedilation inter-
pretationforimageformation.Itassumes,therefore,that
theimageisessentiallythesurfaceofthecombinedvolumes
ofalltranslates ofthere° ectedprobetip as there° ected
probe apex is lined up with each sample surface point.
T hus,the(re° ected)probe prō le is always bounded by
theimage.Crudeestimates oftheprobeprō lecanthen
bemadesimplybytakingthesharpestfeaturespresentin
the image.T hatshouldserveas anupperboundforthe
A FM probeshape.In fact,ifthesurfaceportrays an in-
n̄itelysharp protrusion,theimageofthatsurfaceshould
beidenticaltothere° ectedprobeshape,accordingtoCase
4 in section II.Foran A FM probewithasingletip (dis-
cardingpathologicalcases ofprobes with splittips),the
blindreconstructionprocedurecanbereducedtothefol-
lowingrecipe:(1)identifypeaks intheimage,(2)usethe
peakregionstoestimatethere° ectedprobeshapeand(3)
overlaytheseestimates,liningupatthepeaksandtakethe
minimumenvelopeofthecombinedprō lesasthere° ected
probeestimate.Figure4 illustratestheprocess.

A s mentioned before, since probe estimation by blind
reconstruction is implementedusingonlytheimagedata,
thequalityoftheprobeestimate is highlydependenton
theimageitself,asdemonstratedinR ef.[9].Forinstance,
asmoothsurfacewouldyieldfewdistinctpeaks in its im-
age and thus have limited utility in this mode ofprobe
estimation.O ntheotherhand,asurfacewithhighaspect
ratiofeatureswouldproduceanimagewithsharpfeatures
andthereforeamoreaccurateprobeestimate.InFigure5,
weseetheresultingprobeestimatemadeusingtwosur-
faceswiththesamepeaktopeakR M S butwithdi®ering
correlationlengths(whichistheaveragewavelengthofthe
surface).Clearly,thequalityoftheprobeestimationissig-
nī cantlybetterforthesurfacewiththesmallercorrelation
length,thatis,withsharperfeatures.

Since itis hard toguess the sharpness offeatures on
thecharacterizationstandard,thequalityoftheestimate
cannotbepreciselydeterminedeither.T herefore,thede-
convolvedA FM imagesthatusesuchprobeestimatesmay
lackaccuracyduetopoorprobeestimation.T his ambi-
guityinprobeestimationcanbeillustratedasdepictedin
Figure 6.In short,acertain imagecan begenerated by
anin̄ nitenumberofappropriatesample/probepairsthat
satisfyEquation(4).

A s a conclusion, even though estimation schemes ex-
ist,theystillnecessitatespecialcharacterizationstandards
thathavefeaturesmuchsmallerthantheprobe.Suchstan-
dardsmaybedi±culttoobtain,maintainorcharacterize.
A dditionally,forthesamereasons laidoutin section III-
B ,frequentestimationmayleadtolowerthroughput.It
wouldbedesirable,then,todevelop amethodologythat
does notrequire specialcharacterization standards, that
candeliverhighqualityprobeestimates forimagedecon-
volution,andthatdoesnotreducethroughputorincrease
complexitysignī cantly.

Fig.5. P rob e estimates(ind ivid ual).(a) Sample surface w ith large
correlationlength.(b ) R esultingprob e estimate ispoor.(c) Sample
w ith smallcorrelationlength.(d ) R esultingprob e estimate isgood .

Fig.6. Inb oth (a) and (b ), the same image could b e ob tained
w ith a sw apped set ofprob e and sample. T hat is, inb oth cases,
E quation(4 ) issatis̄ ed .T herefore,the b est possible prob e estimate
(upper b ound ) isP robe 1 asshow nin(a) eventhough the realprob e
geometrymay b e P robe 2 asshow nin(b ).

IV . STER EO IM AG ING

W e propose a new approach to image deconvolution
called Stereo Imaging. In this approach, two images of
thesamesampleareobtainedatdi®erentvantagepoints.
T hatis, the sample is mechanically rotated relativelyto
theprobepriortothesecondscan.Sincetherotationan-
glecan be specī ed,oneobtains the followingsystem of
equations:

I1 = S ©·P
I2 = S¤©·P
S¤ = R ot(S;µ) (5)

IfS isthesetofallpointsfx;ygpertainingtothesurfaceof
thesample,thenS¤willbecomposedofpointsfxr;yrgas
determinedbytherotationoperatorshowninEquation(6).



Fig.7. T w o imagesfrom d i®erent vantage points.(a) Sample tilted
by¡¼=10 rad iansand resultingimage ob tained w ith the portrayed
prob e.(b )Second image ob tained byrotatingthe sample by¼=10 ra-
d iansfrom the vertic ald irec tion.B oth imagesare blunt and d istorted
versionsofthe high aspec t ratio sample d ue to convolution.
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Equation (5)dē nes a system with twoequations and
twounknownsandthereforecanbesolvedforbothprobe
and samplegeometrywithouttheneed forpriorcharac-
terization.T herotation ofthesampleprovides an extra
constraintforestimation;asaresult,estimationambiguity
isgreatlyreduced.
T he steps involved in stereo imaging include: (1 )ob-

tainingtwoimagesofthesample;(2)estimatingtheprobe
shape by blind deconvolution;(3)combiningprobe esti-
matesbyoverlay;(4)generatingsampleestimatesbyEro-
sion;(5)combiningsampleestimatesbyoverlay;(6)sharp-
eningthe probe estimates. Steps (3)though (6)are re-
peateduntilconvergenceisreached.Furtherexplanations
follow.
T he r̄ststep ofthemethodologyconsists ofobtaining

twoimagesofthesamesampleatdi®erentanglesas seen
inFigure7.T hesamplerotation isobtainedbymeansof
ahighprecisiontiltactuationsystem.Inthisexample,the
sampleis chosentohaveahighaspectratio.N oticehow
theimagesareblunterandwiderversionsoftheunderlying
sampleduetoconvolution.A lso, in this example, in the
r̄stimagethesample is tiltedby¡¼=1 0 radians and in
thesecondimage,thesampleistiltedby¼=1 0 radians.
N ext,blinddeconvolutionisusedtoestimatetheprobe

geometryforeach image.T heestimatesarecombinedby
simplyoverlayingthem.A sharperestimatefortheprobeis
obtained.T his probeestimateis usedtogeneratesample
estimates based on each image. T he process ofsample
estimation given a probe estimate is called Erosion and
correspondstotheinversemechanism ofimageformation.
Itcan bedoneby simply scanningtheundersideofthe
imageswiththere° ectedprobeestimateandrecordingthe
re° ectedprobeapexpositionateachtranslate.Complete
discussionsonErosioncanbefoundinR efs.[1 0 ],[1 6],[1 7]

Fig.8. P rob e and sample initialestimation.(a) and (b ) portraythe
resultsofprob e estimationby blind d ec onvolutionfor each image.
T he estimatesare signī c ant d i®erent thanthe originalprob e shape.
In(c), estimate c omb inationyield sa slightly tighter estimate. (d )
and (e) are sample estimationsfor each vantage point ob tained by
erosionw ith the new comb ined prob e estimate. (f) show sthe new
sample estimate by overlay ofthe previousestimates.T hisestimate
issomehow closer to the realsample shape but far from precise.

and[1 8].
T hesampleestimates arecombinedtogenerateanew

onebysimplyoverlayingthem.Priortooverlay,thesam-
pleestimates arebroughttoanuprightposition.InFig-
ure8(f),thenotchatthetopofnewestimateisduetothe
overlayofthesampleestimates.Itshouldbeclearatthis
stagethattheoverlayingoperation relies on anaccurate
knowledgeofthe rotation angle µ. A lso, ifthere is any
spurioustranslationduringthetiltingprocess,imageswill
be displaced and sowillbe the initialsample estimates.
A s aresult,duringtheoverlay,sampleestimateswillfall
outofplacegeneratingan inaccuratenewestimate.T his
createstheneedforhighprecisiontiltactuators(lowradial
runout).Inaddition,itrequiresthattherelativeposition
ofthe rotation axis with respectto the A FM frame be
knownatalltimes,whichcanbeachievedbycalibration.
A nalternativetothatisthescanningofreferencefeatures
beforeandafterrotationtoallowforidentī cationofany
spurioustranslationthatmighthaveoccuredduringtilt.
N ow,thenewprobeestimatemustbesharpenedinorder

tosatisfyEquationset(5).T heprocessofsharpeningthe
probeestimateincludesthefollowingsteps:(1 )Placeprobe
estimateinacertainpointP 1 alongtheimage.(2)Verify
iftheprobeestimateinterfereswiththesampleestimate.
(3)Trim orsharpen interferingregions oftheprobe.(4)
R epeatprocedureforallpoints P i alongone image.(5)
R epeatprocedureforthesecondimage.
T hesharpeningproceduremakessurethateachimageis

adilationoftheestimatedsamplebyastructuringelement
withtheshapeofthere° ectedprobeestimate.T hatis,it
forcestheestimatestosatisfyEquationset(5)
T he sharpening operation reduces ambiguity around

sampleandprobeestimation.T his issobecausethespace
ofsolutionsforprobeandsamplegeometrysatisfyingone
constraint as established in Equation (4) is necessarily



Fig.9. (a) P rob e E stimate must b e alw aysexternally tangent to
sample estimate inord er to satisfy E quation(4 ).T herefore,the in-
terfering regionmust b e trimmed from the prob e estimate. Asa
result,the prob e estimate issharpened asshow nin(b ).

Fig.10. E volutionofestimates.Sketches(a)and (d )show prob e and
sample estimatesb ased ona comb inationofblind estimates.Since
the sample isnot verysharp,estimatesare veryinac curate.Sketches
(b ) and (e) are the resultsofthe ¯rst iterationofthe Stereo Imaging
proced ure.E stimatesare greatly enhanced .Sketches(c) and (f) are
the resultsofthe second iteration. E stimatesand realgeometries
are id entic al; c onvergence isreached and no signī cant geometrical
changeshappeninfurther iterations.

largerthan the space ofsolutions thatsatisfy two con-
straints,simultaneously,asestablishedinEquationset(5).
Consequently,increasingthenumberofconstraints(orim-
ages atdi®erentangles)willeventuallyreducethe space
toasinglesolutionandzeroambiguity.H owever,multiple
imagingistootimeconsumingandtwoimagesseemenough
toaccomplishhighprecisionestimates inmostcases.

T he sharpened probe estimates are then combined by
overlayagain.N ewsampleestimatesaregeneratedbyero-
sionandthewholeprocess is repeateduntilnonoticeable
change in theestimates is detectable. T hatis,untilthe
R M S ofthedi®erencebetweenprobeestimates from one
iterationtoanotheris su±cientlysmall.T heevolutionof
probeandsampleestimates is shownintheFigure1 0 .

Fig.11. (a) ConventionalAFM image w ith sample inthe upright
position(µ = 0 ).(b ) T w o imagesob tained by tiltingthe sample by
µ = §¼=10 rad ians.

V . PR EL IM INARY R ESUL TS

StereoImagingallowsforpreciseestimationofprobege-
ometrieswithoutapriori probecharacterization.T hatis,
probeandsampleareestimatedsimultaneously,andesti-
mationqualityisindependentofthesamplecharacteristics.
Inadditiontothat,tiltingofthesampleallowstheprobe
toreach otherwise inaccessibleregions.Such regions are
usuallycalledshadowzones.
Figure1 1 (a)showsthecrosssectionofastepfeature.It

alsodepictsaprobe,inthiscasewithtwoapices,andthe
correspondingsimulatedimage.T heimageisadilatedver-
sionofthesampleandmetrologydataobtainedfrom this
imagewouldrenderinaccurateresults(imagelinewidth¼
225 nm,samplelinewidth¼ 1 50 nm).Inadditiontothat,
thesidewalls ofthestep areneverreallytouchedbythe
probe;therefore,noinformationaboutthisshadowzoneis
stored in the image.In this simulation,thestep has di-
mensionscompatiblewithmicrofeaturesregularlypresent
insemiconductordevices.T heprobewaschosentohavea
complicatedgeometrywithaprimaryradius ofcurvature
ofaround1 0 nmandasecondaryapex.Figure1 1 (b)shows
twoimagesobtainedbytiltingthesample.T hesidewalls
arenowexposedtoprobe.
T heresultsofbothblinddeconvolutionestimation(ob-

tainedfromtheimagedepictedinFigure1 1 (a))andstereo
imagingestimation(obtainedfrom theimagesdepictedin
Figure 1 1 (b))are shown in Figure 1 2. Since the sample
hasnosharpfeatures,blindestimationprovidesverypoor
results.Infact,theprobecouldnotbeestimatedatallbe-
causetherewerenosharppeaks intheimageand,asare-
sult,sampleestimationispoor.O ntheotherhand,stereo
imagingestimation results arevirtually indistinguishable
from theoriginalgeometries (estimated linewidth¼ 1 60
nm ).T heareas oftheestimationclosetothebasethat
signī cantly di®erfrom the originalsample are actually
uncertain reconstruction zones andare ° aggedbytheal-
gorithm,andshouldbeignored.U ncertainzones happen
whentheprobeestimateis incontactwiththesamplees-



Fig.12 . (a)P rob e and sample estimationb ased onblind d ec onvolu-
tion(State ofthe Art).(b ) P rob e and sample estimationbased on
stereo imaging.Resultsafter 3iterations.

Fig.13. P rob e and sample estimationby stereo imaging.Sample
rotated µ = §¼=5rad ians.P rob e w ith tip rad iusof¼ 2 0nm.Results
after 3iterations.

timate in more than one pointsimultaneously [8], fora
certain position alongthe image.D uringscanning, such
regionsarenottouchedbytheA FM probe,andmaybeof
anydepth.
Similarresultscanbeobtainedifaprobeofcompletely

di®erentgeometry is used,as shown in Figure 1 3. A lso
noticethattheprobegeometryused inthesimulations is
notsharp orslender,compared tothe samplegeometry.
D econvolution is achieved in spiteofprobesizeorshape.
T his insensitivitytoprobeshapeandsizeopens thepos-
sibilityforusinglargeprobes.Suchprobesmaybecoated
withD iamondforextendedlifeandmaybeutilizedforsur-
facestrengthmeasurementsbymicro-indentation,simulta-
neouslywithtopographymeasurements.
O nelimitationofthestereomethodologyisthatitdoes

notsolve the problem ofnarrowtrenches thatare inac-
cessible tothe probe. O nly high aspectratioprobes at
lowscan rates,operated in intermittentcontact,can ac-
cess areas deep intothenegativesteps.H owever,as seen
inFigure 1 4,thereconstructionobtainedwiththestereo

Fig.14. (a) P rob e estimationbystereo imaging.(b )Sample estima-
tionby stereo imaging.Sample rotated µ = §¼=2 0 rad ians.P rob e
w ith tip rad iusof¼ 10nm.Resultsafter 5 iterations.(c) Image of
the sample w ith the same prob e inupright position.

approachrendersgoodpitchmeasurementandisabetter
depiction oftheunderlyingsamplethanan imageofthe
samesampletakenintheusualuprightposition.T hebot-
tomofthetrenchestimation(solidgrayline,Figure1 4(b))
is an uncertain reconstruction zonethatis automatically
taggedbythealgorithm.Inthatzone,thereconstruction
setsunupperboundforthesampletopography,thatis,in
thatregiontherealsamplemayhaveanydepthaslongas
itisdeeperthantheboundarysetbytheestimation.

V I. C O NC L USIO NS

Convolutione®ectsmayseverelydistortmetrologydata
obtainedwith A tomicForceM icroscopes.A lthoughsome
techniques existthatallowforimagedeconvolution,they
mostly failtodeliverhigh d̄elity topography estimates
andarecumbersomeand timeconsuming,thus reducing
inspectionthroughput.
B yobtainingtwoormoreimages ofthesampleatdif-

ferentvantagepoints,stereoimagingcanbeusedtogen-
eratehigh precision estimates ofboth probeand sample
simultaneously.T herefore,metrologyaccuracyisensured,
regardlessofprobeshapeorsize.Sincetheprobegeome-
tryisestimatedateveryimagingevent,ane®ectiveprobe
monitoringschemecanbeimplemented.
Sinceallsteps involvedintheStereoImagingapproach

arecarriedoutbysetormorphologicaloperations,itsgen-
eralizationto3-D andvolumeanalysis(insteadofthecross-
sectionalanalysisdiscussedinthispaper)is simple.
Finally,thenextstepofthisresearchprojectisunderway

and includes experimentaltests with calibrated samples
aimingatassessingtherepeatabilityofthemethodaswell
asthein° uenceofnoiseandscandynamics e®ectsonthe
n̄alreconstructionresults.

R e fe re nce s
[1] Semicond uc tor Ind ustry Association, \InternationalTechnology

Road map for Semicond uc tors: 2 0 0 0 upd ate," InternationalSE -
M AT E CH,Austin,TX,2 0 0 0.



[2 ] B inning,G .,C.F.Quate and Ch.G erb er,\Atomic force mic ro-
scope,"P hysicalReview Letters56,pp.930 {933,1986.

[3] B .D.Aumond and K .Y oucef-Toumi,\E xperimentalHigh P re-
c isionP ro¯lometry ofHigh Aspec t R atio Samples," P roceed ings
IE E E Int.Conf.onSystems, M anand Cybernetics,SanDiego,
California,pp.4 4 35-4 4 4 0 ,1998.

[4 ] G .S.P ingaliand R.J ain,\R estorationofscanningprob e mic ro-
scope images," P roc.IE E E W orkshop onApplicationsofCom-
puter Vision,pp.2 82 -2 89,199 2 .

[5] B .D.Aumond and K .Y oucef-Toumi,\High P rec isionStereo P ro-
¯lometry b ased onAtomic Forc e M ic roscopy Technology," P ro-
ceed ingsofthe M echatronics2 0 0 0 Conference,Atlanta,G eorgia,
Septemb er,2 0 0 0.

[6] G ri± th, J . E . and D. A. G riggs, \Dimensional metrology
w ith scanning prob e mic roscopes," J ournalofApplied P hysics
74 ,pp.83{10 9,1993

[7] D.K eller, \R ec onstruc tionofstm and afm imagesd istorted by
¯nite-size tips,"Surface Science 2 53,pp.353{364 ,1991.

[8] Villarub ia, J .S.,\M orphologicalestimationoftip geometry for
scanned prob e microscopy," Surface Science 32 1,pp.2 87{30 0 ,
1994 .

[9] Y eo,Y .,B .D.Aumond and K .Y oucef-Toumi,\P recisionatomic
force mic roscope imaging,"P roceed ingsofthe IE E E 2 0 0 0 Inter-
nationalConference onSignalP rocessing,B eijing,China,2 0 0 0 .

[10 ] Y eo, Y ee,\Image P rocessing for P rec isionAtomic Force M i-
c roscopy,"M echanicalE ngineeringM .S.T hesis,M IT .Camb rid ge,
M assachusetts,2 0 0 0.

[11] H.Dai, J .H.Hafner, A.G .R inzler, D.T .Colb ert and R.
E .Smalley, \NanotubesasNanoprobesinScanningP robe M i-
c roscopy",Nature 384 ,pp.14 7-151,1996.

[12 ] S.Xuand M .F.Arsd orf,\Calib rationofthe scanning(atomic )
force mic roscope w ith gold particles," J . M icroscopy, 173,
pp.199 -2 0 4 ,1994 .

[13] Y .Liand S.M .Lind say,\P olystyrene latexparticlesasa size
c alib rationfor the atomic forc e microscope,"Rev.Sci.Instrum.
62 (11),pp.2 630 -2 633,1991.

[14 ] NT -M DT Co.,Commercialstand ard gratings,AFM equipment
and ac cessories.BlockB ,South Ind ustrialzone,State R esearch
Institute ofP hysicalP roblems, Zelenograd , M oscow , 1034 60 ,
RU SSIA.

[15] DigitalInstruments/Veeco M etrologyG roup,AFM equipment
and ac cessories.112 R ob inHillRoad ,Santa B arb ara,California,
93117.

[16] J .S.Villarub ia,\Scanned prob e microscope tip charac terization
w ithout c alib rated tip charac terizers",J .Vac.Sci.Technol.B ,14
(2 ),1518-152 1 (1996).

[17] P.M W illiams,K .M .Shakeshe®,M .C.Davies,D.E .J ackson,
C.J .R ob erts, and S.J .B.Tend ler, \B lind rec onstruc tionof
scanningprob e image d ata",J .Vac.Sci.Technol.B ,14 (2 ),1557-
1562 (1996).

[18] S.Dongmo,M .Troyon,P.Vautrot, E .Delain,and N.B onnet,
\B lind restorationmethod ofscanningtunnelingand atomic forc e
microscopy images", J .Vac.Sci.Technol.B , 14 (2 ), 1552 -1556
(1996).


