METHOD AND APPARATUSFOR CHARACTERI ZI NG A PROBE TI P
CROSS REFERENCE TO RELATED APPLI CATI ON Thi s

wa@ppliiogsaas? on clains priority under 35 U S. C. 1RCE(U8001/004574
U.S. Provisional Application Serial No. 60/743,321
filed February 20, 2006, entitled CD AFM Measurenents
- Devel opnent of a Nanotube Characterize}; the
contents of which are hereby incorporated by reference
in their entirety. BACKGROUND OF THE | NVENTI ON Fi el d
of | he Invention The present invention is directed to
scanni ng probe m croscopes, and, nore particularly, to
h met Bad Y A 95485 [ DG d il én 3 AP feRl18: RGP and
or r econsttuc o are ate e |
data. It additionally relates to a nmethod and
apparatus for nonitoring the integrity of a carbon
nanot ube. Description of Related Art Scanni ng probe
m croscopes (SPMs). such as the atom c force

m cr oscope (@g , § - @ 1 Ghp b ly use a
tip and | ow Mttt A‘?ﬁb%\%jﬁ%@%&ﬁ;ﬂf ace of a
sanpl e dolvn to atom c di nensions. Cenerally. SPMs
i ncl ud 0 ' |19l A0 a
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surface charactéristic data can be acquired over a
pameFlyitcaporpiedivapicrere P Helr el e and a corr espondi ng
map of the sanple can be generated. The atom c force
m croscope (AFM _is a ver opul ar type of SPM The
probe of the typpdid HOYENTERY v sl |
camidd guelnwMabch is fixed to a support at its base and
which typically has a sharp probe |lip attached to the
Uhpposi t&° Peeavaign & #*FF&“%P S%E?r}gé’mlb%mgf"ﬁcﬂ%an &Y near
t 0 pexkiculdil,Qo £OAkEC: dddrinking the bhapeat eprotc 1@ asiibe@nstroctibges

examined, and the def]ectign of the cantjlever |,
oSSt it pEoE b ERebuiels B3Rl (i g
samplmenigngRasigedoiciibonamordd r enel y sensitive
defl ection detector, often an optical |ever system
S“ng cgﬁtioq%ﬁgcr]zjteka%q in Hansma et al. U S Pat. No. RE
34, , ot her deflection detector such as

15t rai n Syauge srobcoripgesetresARds) suthgpihaatonae Bree THEHHPObe | s
SC Efz@.ﬂ@fj QUG ce B YpRAS vkt GncBod ol b BRAkkizL BB k8

axi's scanner acting on the sanple support and/or the
a sample down fo atomic dimensions. Generally, SPMs includc a probe having a tip that

is introduced to a surface of a sample to detect changes in the characteristics of a sample.
By providing relative scanning movement between the tip and the sample, surface
20  characteristic data can be acquired over a particular region of the sample and a
corresponding map of the sample can be generated,
The atomic force microscope (AFM) is a very popular type of SPM. The probe of
the typical ARM includes a very small cantilever which is fixed to a support at its base

and which typically has a sharp probe tip attached to the opposite, free end. The probe
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probe. The instrument is thus capable of creating
relative notion between the probe and the sanple while

wore@sops28y t he topography or sone ot her surfaceECT/US2007/004574

property of the sanple as described, e.g., in Hansma
et al. US Pat. No. RE 34,489; Elings et al. U S
Pat. No. 5,266, 801; and EIingg et al. US Pat. No.
5,412,980. AFMs nay be designéd to operate in a

vari ety of nodes, including contact node and
oscillating node. This is acconplished by novi ng

Li.t tf.h th b
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e sanp e surface correspondi
dstaamf Qlcﬁhi@@ﬁt@‘h%faugésl EaprelifGeRBRSY, ed. TheProbeSivkstamed over a
topography. Simlarly, in another preferred node of
S‘;ﬂmed@élig@thl@h resRiERR ﬂg§e q')&lg |§q:qap§gwg(xg 5 the sample support and/or the
p 3
photRPRHE8 s b8P PR WA Mo AR BARE probo and
tHer ﬁﬂW@Ml@fneﬁdﬂﬁngsB@mpagﬁﬁhy andonhecother mffabmprqpmja of the sample
The a‘ﬁiltu e_or phase of this_oscillatiagn is
ag BFSEHBYh St ﬁ"éﬂ%aﬁh%y Sid12h VG- Bdehtdos @’@%F’%al Vkﬁ &gt No.
5366 O8Nl ks cflall SRPPRNE.S Aogganpl e i nteracti on. |
cont act” node, these feédback signals are then
coI I é(‘fﬂ\ésjmay; be daﬁgmwomemteam aariztyt of modesaockdinpecantast mode

oS SR iR lss ‘(RS iempRomARPoDBY HOSiF LT fiasaripsy gy the probe

a%efnlﬂﬁr ug &R dBved RISRRE ﬁ&ﬁﬁfd%lﬂ‘a? to Bfe ubfBcASEMAE 'sﬁ‘rhﬁﬁ in response to
t echni que, e.g. atom c force mcroscopy.” Regardless

a@ifeﬂcdimmf mlmnutevgp@ﬁtat: ponbe asFembly anit ébscaimedrapsers thé pmface. In
e var

¥Ry e g o oRaueh fus SePaldhdRm Bniof sl gpdtogp wsed o

cHREBIAN 288 bR thelaBbRESR LS | b&n@s@@ﬁtﬁﬁg fo theRhmpR! chafiéRfistic being
defl ecti on detectors, and verépsmal cantil evers

rrfeatxrrtcb&tmuufgpm@ppmpbyu Sivoidarbp i anothes priifemedmoge 0B AEM
Rl E ol f o8 TbbRERRANEr BB MmN Bl EBOLLEEY he

It &nen deg erse fle rangrng

pf‘dsétmasﬁﬁﬁdé Pbkeith G oé&ﬁmédaeﬁfobl hedrQ rb@nﬁhﬂh‘&ﬁleﬁ@} of the associated
researc Not wi t hst andi n%qthe fact that_scanni ng probe
cantdevss ebhereice Thegmpliuds ennhase ofibisaspitiatian istkept constant during

s&ln}uglg%sn gr el (Sl h%ﬂal?fwfu@ﬁ gﬂgé/e%te%getdghggsﬁigg%’ b @ a0

pro roscope s Iimte
1111bl‘actm1t eks mtdoatacbmotieighese(fealbatihs gimloire thévbelected, stored and
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specific types of SPMs, may be used herein to refer to either the microscope apparatus, or

»-

the associated technique, e.g., “atomic force microscopy.”

Regardless of their mode of operation, AFMs can obtain resolution down to the
atomic level on a wide variety of insulating or conductive surfaces in air, liquid or
vacuum by using piezoelectric scanners, optical lever deflection detectors, and very small

cantilevers fabricated using photolithographic techniques. Because of their resolution
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fine (e.g., Angstromscale) sanple features, the tip
shape is typically reflected in the acquired data.

wet@rees2anot her way, the acquired AFM i nages aPE€T/US2007/004574

conbi nati on of both the original surface topol ogy and
the shape of the probe that was used to acquire the

i mge. The superpositioning o§ the shape of the probe

on the surface topology inage is known as inage
“dilation" and is considered a distortion of the

original topography. Because the imged surface data

t ai the f l.

o BBl RS e b oo B PO S 5P B0 s ranging
freBndendosiducak hﬁﬁﬁfacﬁlh!ng td bivldgitdl esseargh.negl i gi bl e.

However, for other applications, the_ degree of

accu vylthsémimge@e fast that spapmingsob emicqipssapestare high resolution

. I

oA e Rk ForShMab o Bt oS B4 B o 3SRt croscope

isdéhiied leDﬂleiplhyilaﬂCbharabt&nkdik&; ofeie i ofithe peobel Mioregatticubarly, there
i ndustry, imaging features such as |lines, trenches,

argrlimitinks gf forbayy Fgeid onshrenthedip wabemardp. iAs assili.eicagmaging
TRUK0e] AR 200 bl et 08 Eibiedlensppgn i

acquitelielataa r&yaed)ﬁncﬁbﬂwvay? ﬂlemmuiréﬂ AFMsineees aterngmbination of both the
i.ncreasj. ngl iffigult. de in this instance, the

ot P CEs? japofagyi <0 Hisshafe Bhibeipiatis Ty aw ASES Inotirg fijmase.

Th@ sESeEpUsRidling 6860 Bipe W thd ﬁf@b@@ﬁ"ﬁiee‘suﬁﬁéé‘ t%ESIO gy image is known as

Mor eover , the af orenenti oned probl ens can
irsagep fthilntien’ dngl 15 hensiderted 2 Historgompf the oggimp] epegnapbic eBecause the

R 5 o FOEIAULEL o DSGTERREAR e oo
a@NPAER i€ cle@MBORFroRAYed. For Heh ty%ﬁﬁ’ézﬁl%s i 5] 'hﬁﬁﬁatﬂérﬁ% fegdigible.
particular scan position in fhe X-Y pl'ane may have

Hiwteweqo fa thartapplactatlons "t depgyga @ﬁ agperacyorequized o lsac#pe éhe features of

tieSApltfage & SHEMG O 10 55 inbe B bart sy Sy biable error

irt6 eelkcquitét dataVOFéniRstandd, irkihe WemicoRdisoheIRS i @#i®n industry, imaging
schematical | y illustrated in Fi gs. A and IBin

featirey sushias hined, tieneheat andangs with siaglermanompterpepurgey is gesired as
Q

s@chctggtg%eg%rezl nc% uaglgs ?%6 %Jlld g‘o%?iﬂﬂﬁlg?%&ﬂr?%gmalger With typical tip
widtapin the aztng'esmfrabétat’ﬂoweh,ythsa§bedom1ﬂg1mbﬁsmagiy2cﬁfﬁcﬁltp (Abarly, in

i.ncludes ashaft 22 and a_distal end 24 %hat al t hough
ﬂ%H‘FE’m?’é & Yy Fhere |1§/re£1@ctraé agthemagaﬁlémusﬁ BFfRraQye4tio |a9%urately

r Generally the "active" surface is

re%&hé pol n Sonﬁh%%r%be that is mathematically

dete Mm@cbr,t the Iaﬁ)rmhatthmd probdems ¢em lmuolmpouhé&d lagcﬂxb\fecttyhat

interacts e surface, even if ot

ooy SSBRIe e DBaORIEs G 4 RERRAg Phrate Pipghape

e )
c@ﬁbfeﬁit%diﬁ&%&eg% ggi sa?xﬁtﬁmgniﬁéﬁlyet I]q?gf’%{a%g;g safaplcs MghyAn8 k@8 undercut

regions where a particular scan position in the X-Y plane may have multiple vertical or

“Z” positions. One such sample feature 10 is shown schematically in Figs. 1A and 1B
and has undercuts 12 and 14 on opposite sides of the feature 10. Two types of known tip
shapes are schematically illustrated in Figs. 1A and 1B in interaction with that sample
feature. In Fig. 1A, a probe tip 20 of a traditional scanning probe microscope includes a

parabolic, or other pointed shape that is relatively easy to characterize. Tip 20 includes a
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operates in an oscillating node, for instance, tip 20
interacts with the sanple feature 10 to i nmage
wa@baraes2eti stics of the surface of that featureCT/UR2097/004574
interaction may include actual probe-to-sanple contact
or may stop short of contact with other, near-surface
ef fects of probe/sanple intergction bei ng det ect ed.
The actual interaction between the probe tip 20 and
the sanmple 10 occurs at points along the tip profile
28 in Fig. IAthat vary wth sanple feature shape and

sy kil end £ e ey oBmercy Bl et elalfivmunded o
it$ Qé’tﬁ)e%u'kﬁcegme(‘(}éﬁ@ﬁnﬁ RSOl E Ol 1sIHE hBREOR fhe%ﬁgpézgxat is

feature 10 because the active region 26 of the ti

matheptafichlbadétgrminediodis thatqfoinmgethe probe et setiysleintethéts with the

<GSyttt Wi yheb R 15 brtBe AO0GY o L s conan
p@ts oftRe ERHHIO @u@ﬁzegaDﬁﬁh% 2REAY WHYG thhFBé ofld inUiiieh & probe

surfaces on _the sanple feature 10 as the probe 20
opayaties imareescillating erndey for metance.din 2iwteragiayethithe samenlp fapjure 10 to

R ARG AU BBy (A TR RAASE G ot s
pbtdadsapplfdohtacganaiyitep shor stesmtdch oithRehdrepdavisrfdd?. effects of

The i mage Prof_i | e includes distortion resulting both
P‘ﬂbﬁ/ﬁﬁmﬁ%g‘é cEactign beipg dgiecied. ti p shape and artifacts

CesURi - ) A . . . _
i ¢ 155 Ak BEIcHEn b oprBbe 90k i ghiblc T8 S at points
along ttentip protfile2®inds . hatiet bagnvitle samhpip échtyrashapel dngd with the X
address this and simlar needs. A re-entrant probe tip
Positiihal the ﬁl@féozrsl&t%?/t ? AR 3%%% TimpertantGh e WoRgkRQ to the

Sal%%pl% Ese Séoapagiég sggaegiﬁfogxt& er glu}fggiﬁl ng é/o%g{\%gér/? (I) %é\k[%ug@n © active
reguen2ioiibe tipt20dsiphsomatly ithapable o€ bygagaerthe samapier his dffept results
.1s e -called "¢crit.icgal .di ngnsjop” or tip,. an
ingash v ¢ gy oiihefinal SeraReaihe hraspocios Fis Hhgeed, the
ac%tﬁe%@ﬁoﬁ 26 ehtldt Eg%a'ﬁ@ vRAME] B HARAT ARERSs &?t}ﬂ:gk‘ém%fe fellture 10 as

he scan or "x" direction at the bottomend 36,
therppelpa 2tescilat¢sosrticalliiagbe resultng imiage BGhaivabythevesultant data

f. he "y" di ion. . T .32..and 3
peaff 200G mbemiF oAl SaRe st P LR FRieR it g cctva
profide s Si¢t fed By sdatinihg (RO bafeE 00.0ThE I YageHrbHNY ihdTR&sHstOftion

such conpl ex topographies. CD tips having a di aneter

regultiggdoth Gemimagadidationsligde bip shaperang agtifacts seyliing from the
R SEI 2 SO it By e s
t r adBbicalled “reientat probust devekesendiel lbpahpartidlty fohddress this and

similar needs. A re-entrant probe tip is characterized by being wider at its distal end than

at the “shaft” or section immediately above the end. It is capable of bilateral scanning of
vertical and even undercut surfaces.

One widely used re-entrant tip is the so-called “critical dimension” or CD tip, an
example of which is shown schematically at 30 in Figs. 1B and 2. CD tips 30 have
protuberances 32 and 34 in the scan or “x” direction at the bottom end 36, imparting a
“boot” shape to the tip 30 when viewed from the “y” direction. The protuberances 32

and 34 can interact with complex surface features including undercuts 12 and 14 and,
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acqui red i mage because it physically occupies a vol une
or "active region" as shown at 38 that interacts with
wo b@7o982pt €. The resulting data points are sShomT/as2040004574
in Fig. 1 B. During the course of scanning feature 10,
the tip/sanple contact point translates across the
distal end of the tip (i.e., translating frompoints
32 to 34 for exanple) while the tip reference position
of the AFMremains fixed at point 38. Consequently,
the AFM i mage i ncorporates both the shape of the

a%c%?akxglg;ﬁ?ofw ;ig]g%@f%cﬁ %Sgléﬁ?(qu% qé}ﬁ(r%e EFIQ ti?)g havi Hg? diameter as
stABll @980 hitearé possitle. MOhdyadaitrchse® @ RAH sinfadel fGatuieB having a size of

Di | ated i mages usi ngi CD or other tips can be
on thecasAgnafOmEror eienrestovi ng the i mage distortion due

tot I .
accordi ng?ry,a @iﬁﬁgf.‘)golgﬁne élhﬁ%(ﬁfelblg'c‘sl %Sh “H}grfoac dﬁ{]eqsdblra?%% 1ento the
adquived iagdbdcatisedt phiyaipaly oaxfulii)@ 4 esloms of tigdtied regom Yasabywn at 38
of . the variety of known techni ques such as
thag }%ﬁé@tm@ﬁhwmpdﬁdm% Fesultmg datacRaints are showgpt 40 in Fig. 1 B.

oSSR AR 15y s MOASI16FORTBDE ol 100

thermtamamfme tim@i.c., Taeslating fraingminte $2 td Bédor drample) while the tip

i_nstance, aracterization rface
B ioP B RE T FBTERAS KAt PTG SEWFORScanPRiiG dhe AFM image
1%183%)9&&%&9&%%‘3?5@&{&_@ s%§k%&w_ 0 an thOHE B Ble 1 30. This
reconstruction techni ques require actua
dilatonl efftgbisshowh by theproghiarpd datr paintd 4Gisid their¢sultadg hatched regions
. ra{$ters of that shape. These paraneters include
’f}? e data of the portion(s) of the tip that

| Nt eDiigted MnbBestlithgS@PR) Bt1Y kb8 Barl B rbERBL G P! BF R3Soving the
hi a CDtip, for exanple, the portions requiri

n
imagswligedgionidye faide tipt shape:fomi the dijated frmag a%UgISAobtam an

né[{%r Z?ﬁé)z?ch?al g@tf?ce %{Hbt I]%lea?ed frﬁrl]e{éé Ct ' 2%8§?Stliu8%8 usmg any of the

varetp 06 kiioat tebiBqsntieas WldRCRahing” hhd f%rb@l@n’dtécaﬁﬁﬁctmn
I mge data. Tip shape determ nation is not a sinple

teﬁ%@nuesrh@tb of /hirdyare gemarergially aenilabler fos exampleoin the 3D CD AFM
scg{l1 gz“’ygeg]olnsﬁ'ﬁmgﬁﬁ Cie S %ﬂe a(fso J@?Tl?edr ?otrl}r?gt grrﬁ)ll

I'nstance,” sinte virtua any “port1bn o

vaezcte'rpazfz&)z Stirfile\Récong 1hlegiok Olf Compas, Stwcmmb Wi CeGca Dimension
or or sidewal | s above therﬁoogotuberances 32 or 34,
AW&VCFQR@%&WSCPW lepick al Pacti onprocess, it is

esse tll' Iéé:ontsg@étt( ?@%@ @il detdaARIACH %J‘&’ tHO [1#) sﬁ’ib% or at least

of t tip an accurate reconstruct

cﬂ’tiiqal para{metemwf tha Shalaf.t,li Thede pammmetery aciveleyrafile data of the portion(s)

é‘f}g 'ﬁ‘ stuc s AFM del ased .char act er.i z(:i e
JHatggeragt Vith Hhetamnle o i IMAgIRE PiRCsss et i, for

example, the portions requmng knowledge mclude at Jeast the protrusions 32 and 34.
The shape of at least these “interacting portions” therefore must first be determined in
order to reconstruct the sample surface data from the dilated image data.

Tip shape determination is not a simple task. This is particularly true in the case
of a CD tip which, as discussed above, has a rather complex shape. For instance, since
virtually any portion of the tip 30, including the bottom 36, protuberances 32 or 34, or

sidewalls above the protuberances 32 or 34, may take part in the sample interaction
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El ectron M croscopy), SEM (Scanni ng El ectron

M croscopy) nethods, or any conbination of these
woredioge37 However, each nethod has its own | i nPCBUSTINDG004574

that restrict the utility of its application. Blind

tip reconstruction is a nethodology that is based on

an assunption that protrusi onﬁ in the AFM i nage

represent the self-inage of the tip, which is

equi valent to the statenent that sharp features on the

sanpl e surface act as the probe to i mage the AFM ti p.

[ oV, [.n.estimat i t ut er
el 3G O B R B S e R Y Gy B o o am
achiadita eécdhitastio AR sfipe bayby edquired iftdeh 4 Variety of techniques, such as
reconstruction cannot be easjly used to i,rraglg conplex

ased gearagiorzer imagepaklind fiprespagtaiction.i M (Transmission

B R e e

combiratemofyhpse raethbds. GDoWweEMr peach atethoBEiMsiis oxm lifighici@ that
techni que,in _which a beamof electrons is transmtted
restRe dRmutiits of ity applicationi ng in an enl arged i mage to

a e . . .

DD P LSRG ELSR0RL Bl gy apyppgon
piEsions wethg Aliviemegaspnésant the delf-enagerefshetip,vettiek isngquivalent to

sanpl e preparation. This renders it unsuifable for
U SR et RS OBhE FRRRIE AETRREC §5 ipPiabe to image the AFM
tibNTRGREMbd hes HrBPEA §RALin Eﬁtirﬁﬁtﬁ'%l tﬁ@ﬂuﬂﬁmﬁ)ﬁgib? g‘ieé 1‘.\3% geaometries

surface during e-beam exposure t also can

wihen ysing appropuigle characterjaénsempleasaiomrevet, bliné 8p pt@ostudtion cannot
the.sa hol der o .transm.ssion el ectro .

b 35 SERRD B ie° Somp x i ERGY BB usn Ioonpisce ShRipgeg durebl

rQRETYnhterial séRCHom tHAE alk® sedhilts ROMapR thPHeakN MttpResent) Mis method has
which is then directed and scattered over over a

npichenpplied t I3 AFM prahgsf ace. Interactions in this

regi . t- .em.ssSi of, el ectrons

uni o At & S el AR Sl b AP R s Tmlited trougn
the tip, reditings o b ehafpedrithage By GRSt ¥ fiiGrestRiPGLednN® 1AyeR of
surfaces when using sufficient magnification for shape

photagraphiedilma of torbe detectasdit 2 66D smra.| TRM Fmery tmesonsuming and

g b L e T R
isfrumensade bpplxatoncinavkich drbughpubispmpaintf ®raléd gansdadige the tip

determ.nation i nwhich the tip scans a, "characterizer”
syfaceiyHAg s1hspw. ex?ﬁ?"ée‘si,‘éﬁo&éﬂn%é’eébi @odiadegause figrequires that the

tif B Pidc8d in fRe TarhplehoRfer 584 &ahShistion electron microscope.

In SEM, an ¢lectron beam is focused into a beam with a very fine focal spot
sized 1 nm to 5 nm, which is then directed and scattered over over a region of the sample
surface. Interactions in this region lead to the subsequent emission of electrons, which
are then detected to produce an image. SEM has limited resolution and a propensity to
damage the tip surfaces when using sufficient magnification for shape characterization.
In addition, SEM, like TEM, cannot be used in situ.

The drawbacks of other known tip shape determination techniques lead to the

development of a model based characterizer approach for tip shape determination in
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Where: P = the shape of the tip; q = the erosion
operator; and Sc = the shape of the known

wa@b@maes28Ti zer. For CD AFM the nost precise nethos2007/004574
tip characterization heretofore available was a
“distributed" characterizer consisting of two
structures which nust be indizidually scanned to
deternmine the entire tip shape. Referring to Fig. 3,
the first structure is typically an Inproved Vertica
Paral |l el Surface (1VPS) 50. The typical |VPS has a

ak i ted w g t.ypl cal about 100 .nanonet
i % A S b e iand B S G B berifted as the
(?jathde a wdth msasuremsnt for the CDtip 30. It is

ormed froma line feature with extrenel y snooth

sidewal | s 52 an® S54.@% a unif orm wi &ghatiothe r VPS 50

may, for i tr nce, be forned froma single silicon

crystal. ‘ar NanoCD(tm structures are avail abl e

from VLSl and are:l”sh&ahapéagﬂ@hi They are formed from

a polysilicon line protruding froma silicon substrate

56. The second®stT dke eresioBopergtsignd n cross-section in

Mg oo 1S Shaged. 58 ipd S b It BrBkzdnt 0 L he
featurelnare%erses n and ow I magi ng of the

CD t Fpr GD AFNletirlhest pheeiseengibodof tip ﬂgmtdﬂmmﬁqm hevetofene available

W@ﬁ P. % wgwggft@ﬁa%g%@'ﬁ?%f t%ptr%}g{?@?%q%ﬂghw ¢ jndividually
sc?th c%' ferdrifind the énﬂér@%g? ??ﬁ@ 8 pﬁ@%f tfeHirSChtR¥% e is

I nation of vertic g and "ani sotropi c
typmallytan Aimpmvet Mestiqal Belualie]rﬂyrﬁacd i(ﬁr‘RB)diOs HpdypitaldN®S Has a

ubst ate The u urfa es 64 a 6
qRatrd SRR ek e 100 M OR SR PR
ad*cBé‘H‘ ﬁg&e&dnaﬁﬂy @?vé’fo%@ﬁﬁe a@x‘xﬁt}f&ﬁ%h%e%'t 29Kk éDth 30. Ttis
S arpened at their edges 68 and 70 to a radius of

fopaked froaba line faamre M@thmtrbmetyl smepth sidewellsiShand 54 and a uniform

R E Pl S, R iR SR ERR e giicoR opral fimilar

Nand&D 5t audhirey hdesaildtile RoRI VLS ardf 46 MIST Gracaibie, af hedMie formed
characterization of tips 30 wwth large flare. ("Flare'

ﬁe@fﬁv@yslbcqw@qmramlngfr@m 2 fidicemhaubstrate 56f tip 30 as
one ceed from its distal
f or mu | %eﬁ:og strl?cé%gO 10 CTOSS-SE Se thél g% 3{, 1S slﬂaped so as to allow

recdndfyaiatocthe Featire fin & Iiwaeseabaa shdwl a@l%euoimafgﬁrg cﬁxwgbaap 30
Mpatent Nunbper 096,71 1, ich is assig
st ks, hencepgraiHRE ‘ihﬁ @cquigitign pﬁap mf}l% dgta that @Sebelg#t-dependent A

sitfabs b%ﬁlaﬂg'@gyac{eﬁ{i&r ﬁﬂ?ﬁ%rﬁ gr bYrRP & GRGHIe! Br ﬂhﬁsspurpose. A

entirety. renoval
SOCS is fabricated by a combination of vertical dry etching and anisotropic wet etching,

thus producing a diamond-shaped trench in a silicon substrate 62. The upper surfaces 64
and 66 of the trench, which are the ones imaged during the characterization process, are
upwards sloped and sharpened at their edges 68 and 70 to a radius of below about 10nm
to as little as about 1 nm in a subsequent oxidation step. Engagement of the large trench
undercut, including the sharp edge 68 or 70, in a CD scan provides tip profile information
and allows characterization of tips 30 with large flare. (“Flare™ refers to the widening of
the shaft 31 of tip 30 as one proceeds upwardly from its distal end.) The formation of a
SOCS and the use of a SOCS to characterize tip shape are disclosed, for example, in U.S.
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SCCS characterizer dilation fromthe image of the
tip/ SOCS scan is described in U S. Patent Nunber
WO 281098237, which is al so assigned to Veeco | nBCT/URBNT/804574
Inc. Wiile the two-stage characterization process
descri bed above is effective, it exhibits significant
dr awbacks and di sadvant ages. For instance, the |VPS 50
and the SOCS 60 cannot be forfed on a single
structure. Hence, two separate structures nust be
scanned each tinme the tip 30 is characterized. This

can, -be v, | re-.cansuni.n rQeess. The rVRS 50 d ...
PPl 0%, 2L LR BT Bk P REREES st s o tryf i et
nReY O whieh eslicbthy intyrpofadéd hynSfereeR in lits ch@tyD EFte removal of the
di scovered that | VPS w dth shows consi derabl e

SO61S. ehgractarizgndilationdrom sy imagp obthedip/SOEP sgan istlgscribsd in U.S.
9 : brj.cat t i dth. Th
PR BRI b LR A BB G Bt o

r epea¥ighd the o atageicHiracteRagion Qi@Rks ddsonBeIARNE iyefidche, it
I VPS 50 nmust be calibrated with a golden Iine or other

e}d&i_biésr@E’é‘@céﬁtr@%‘f’%s%ﬁis%vaﬁta%o@ prior to its use.

Thi s pagdsRAMRhEN BY sG Bk ﬁ)?%bédS)G(? Bt ??1 formed on a single
characterization process. I'n addition, e propertil

sidctare. [MRGe, 3@ o\saparaisisgnciiifes antst e sdaangd ¢deh tinsndie bipPo ia
iveEn.V\PS. Lt is therefore inportant to carefully

clarggterzed (Lhis ¢ %V%tlmé%a MEFERFHn al ong t he

| engtrle P{P§ 36 dhi{'ROCP6 6 Hish Hgveel‘i(rﬁfdticﬁ{g%dﬁcf% 'ét%ﬁxtoh%[fbut and/or
process using, for exanple, a so-called 2 M zoo

rdpeathbiility eForl insthinies it hnobeensliscaverad that H€PS efidiheshows somsiderable
i irst. performed, and a y-reference position js_.. .

Qi3 1918 g R s 27 B2 e e qHou A e LB ghyfabricator-

stai-witie TiRES ﬂ@\ﬂﬁtﬁ)lﬁ(‘aﬂﬂerbé%/ HﬁEéthoﬂoncpﬁi%? afifd repeatability of width
x-reference position is determned. Finally, a :

nigagpiemeno Gomsespueddy.dhes PERS 5@ mpist beoealbeated w%r/th regdoddenine or other

ffsets tp the.x a ~Ni.S need for, reqistration
ref e LB SFebrs A o G B e s S P Py g cost o
thehip detRtdrizatib®proge@cess. Mreover, the edge of a SOCS
must _be_ very sharp to provide gé)ecise tip profile

dat aln audatiens thgpropeties of ansIMRik I vary sigmificestly plongdhelength of a
4 H . H . . n H n t- 1 d .
ef B ST PR s R RSN 50 B S48 catin

albhg elel leygthiof tHeelMSS 50 d@ringverylohpreadriAtion pRceadisitg, for example,
estimates range from1-5 nm_. Any errors in this )
a SRSk 7 BRPMoort teplnigue: Jp this Bricassn g twe e referanpe scan is first

PRGN AL A0S b el B R T
saeond two-lioe méfesenaedistah ieperformed, and an x-reference position is determined.
Finally, a high-resolution data scan is performed with relative offsets to the x and y. This
need for registration considerably increases the complexity and time of the
characterization process.

Moreover, the edge of a SOCS must be very sharp to provide precise tip profile
data. The actual radius is unknown and must be assumed for removing (i.e., “erodiné”)
the characterizer edge radius on the acquired scan and thus allow high fidelity tip
reconstruction. Typically, the radius estimates range from 1-5 nm. Any errors in this

assumption result in a corresponding error in the reconstruction calculations. The
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fact that edge wear and breakage occur over tine. For
i nstance, an edge that initially has a radius of |ess
WO b@n/09828™m may wear or break after repeated  PCT/US2007/004574
characterization interactions with a tip and,
accordingly, have a radius of 10 nmor even | arger.
This change in edge radius is,directly dilates the
ti p/ characterizer inage, yet Only a constant edge
radi us val ue is renoved during subsequent i mage
reconstruction. As a result, the |arger edge radius of

br.oken or worn characteri zer ed t.ransl ates into..a
Farpie e ks ARt tudpRE I o mno BeE e JoBpuSntity and the
fadc tatledge Wdag ahdBadaksgedodtlBbW til¥RFoRstiice ! dnPedy@ ithdt Gditially has
egjge hei ght during qualification analysis and can |ead
agylipgpidessdhand amumes wepner ireak afies reneated chpraptesization igteractions

r . S j e l-gad .t .
AR S R 0 i o
rddiys ibairedthicditnaatie tipeinrhbictiger dmage)yeherly aican§tagtedgt RRlius value

.tip vertical edge height is less than 20 nm_If the i
isrewpvedlumewbsequent mngage reconsipiction; dsagesil, thellarger edge radius of

i1 ' t

R S e R S
"dezoperivel) tiy edgedzdens. Thisimparte 1 higheethan uothabiip abtieal edge height

gi.ven the fact that CD tips cost hundreds or even .
dpRg atn lysi ndcapileaddo ap grrgaeAus dsiermingdon it die tip has

p [

EERATFoLlsGHRE a ¥ orD SOET el i Pl JoRf o Bl o the
vertit4l etlpe helight aff a €Ddtipphastihearegped ienBDS tol28 smiwtedn, in fagt, the tip

| eads to,"bling zones' duri characterizafion of _ .
vpBereaheiehl e ARamALHT. Koo Reidrieieaindy Pabre Bueihakdhgs 20 o,
il opleRifor (bPaRSEERASoRhAe) Hill UBRANRHRALRS g Rhs fajled and discard the

Consequently, the reconstructed tip shape retains
tip exdied i factiit 3¢ perfectly vsable.hThisieeytemelsThadesitalsle @itendhe fact that

t hen be t f d int tructed |
s oS hdreds P et BPtuth SEOdBrERRES  br ovi de an SPM
char achdtificd, Mtk RIISEHAPE oEe Y a A (hat R GRBMEed al?g;te of

her et of ore known procedures.” The need has "addi ti onal
abouit $447 °) oroyewntsiitiiom maling phivsicel egritaca withrthp dista ¢od ef the probe

hat. can. foted, in a, singl L.e., wWithout .
oy Shis NG 1 6 FERG el B BB ot g o s in
whidh%he ClReMtAGHCHT bF BVerRitth dTANG B8 ek ReddBhafHORE chftaderizer,

second characteri zer. eting this need will result in

Cﬁﬂiﬁﬂéﬁﬂt%f}@l f?_CQﬁFIVFﬁ@@ tip tsBane; rﬁ@.irrsgpsi@mafb distortion in this region. That
d]%fb%&ﬁtng§ H{eatﬂegr 1 C(ljl cg Ii{it)gl %ltlé %cbﬂ%gﬁ‘\ég rsS%rvﬁ E%I el}xgirg?u ghput .

he nee as addrtronal ari sen ip
char Tht acddzaBerefdrathabagsente picvtdeyan SPM characterizing procedure having

higher throughput than heretofore known procedures.

The need has additionally arisen to provide a tip characterization procedure that
can be performed in a single scan, i.e., without disengaging the tip from the sample
containing the first characterizer and moving to and engaging a second characterizer.
Meeting this need will result in approximately halving the time for tip characterization
and directly improves AFM throughput.

The need has additionally arisen to provide a tip characterizer that has precisely

known dimensions which remain stable after repeated characterization cycles.
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known di nensi ons which remain stable after repeated

characterization cycles.Finally, the need has
wadavpseal |y arisen to provide a tip charact ePCZE62007/004574

that can make full physical contact with the CD AFM

probe distal end. SUMVARY OF THE | NVENTION I n

accordance with a first aspe&b of the invention, a

nmet hod and apparatus are provi'ded for characterizing a

re-entrant SPM probe tip through a single scan of a

singl e characterizer, thus dramatically increasing

t hroyghput,, accyracy,..and repeatability when c ared
o o ey frraiied SlaisPRANE TR T Bvids i e tertan ghat can
mak& 1By 1HERA Qntt VitATh&CONRFRCHBbd didfal bitd. NOt essential -
to the i'nvention. It can be advantageous to scan

different characterizers of different orientations in

order to obtain thr ' | o the tip).
The characterizer al | _ e _

di MeRSiREMase& WiE a G M3p&t bPHR iV ealoh,8ViBkthel a8& bhsHriuY are
in order to maxim ze characterization accuracy. ese

pgvinsd dprorheragtesizivigsoreppndtant SVhprots tjp Hreughen singleispan of a single

CHR i PO e S Wi v
céidpRedto R kuben t actightedrolethhiques! gﬂlilcﬁsiﬂgb's@ﬁ of a single

car bon nanot ube (SWCNT), has been foun o be )
chpsaaterizgr isdipt pesentialite theuppasien. fganberdyanseecens irojean different
. . v_al . .
CRRRRLARS GNPl 0 sl Q151U BBl mgepe o
tip)s Tielcthataotetieersdlsopraferatily issagtwionse denehsivnd cpnde khowadvith a
such that the sides and hottom of the tip can cantact, )
hlﬁhiﬂ@?ﬁ? SrEteBRY Feprdg torauestbpActerigpionafeuECY a d geiretimensions

a&%ﬁsoiﬁ%&%%‘%& Q{aﬁle%},aif uh§ta1519, &iéﬁ?(ﬁ%as{t{n}ghitcally ratherk’ghan ina

characteri across a trench so I p” may be
mpmsdr tthas nsedi fiicult dramipoesilslb tadetectn dacpebdrhmanohied CINGF)| preferably a

sipgig e POk AN S T le Pocl B0 Pgreluitey s -
p@hodte Rl ROSE Sirtsont e hibes @hwg%lna WA GRuQlired may also

substrate. The characterizer may b I near to provide
suffice tr tEsipumpnsd. ti p characterizati on or nonlinear

typi.cal . rect anqul or, ci,rcul ar rovi de three ..
i To RS atac T AR eRPy 3 nl i tnioh af & R Phd God Bl fositioned
suchitRat PhY H@KQnd DoV of thOtif eSPESHRRE the¥hbFhcRIREAR thout obstruction.
aspect of the invention, a characterizer is provided

Owp amangemeatfor pghiewing plais agaliis tp swspinddheeharacterizey agiosag trench so
L T L T
theRads 6f thel ali@geterizer may be embedded in the substrate material abutting the
trench or held on posts extending above the surface of a substrate. The characterizer may
be linear to provide two-dimensional tip characterization or nonlinear (typically
rectangular or circular) to provide three dimensional characterization. CNTs are well
suited for this purpose as well.

In accordance with another aspect of the invention, a characterizer is provided
whose integrity can be easily monitored ir situ so as to permit the use of a different, -

undamaged, characterizer or characterizer segment after detecting wear or damage.

CNTs are also well suited for this purpose. This characteristic of the preferred
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CNTs are also well suited for this purpose. This
characteristic of the preferredcharacterizer is usable

wo eo07/08828Nt r ant probes, standard probes, and aPgT/O81067/004574

device requiring characterization. Indeed, it is
useful in any application in which it is desired to
nmonitor the integrity of a CNE I n accordance with
still another aspect of the i bention, a process and
system are provided for reconstructing a dilated i nage
usi ng data obtai ned through t he abovedescri bed

t Th d .oth f
T N L A .
récﬁmﬁ &&rﬁdﬁdzﬁz’aﬁén | Idb&E 616 usd DR n %pf)l%altlﬁﬁ\"lﬁ‘ Shich it 1sI dtesned to

det a ed description and the accompanyi ng draw ngs.
HSQ%@F thegategrityerfaa @, however, that the detail ed

desc rIﬁ ?Iédg?%@ gutsﬁ@ﬁ a.tnbﬁ'r f ﬁs@gptl oef%he enttortl,]?'%l(r) Cc%tssI A system are

prefer resent  THve

pgjwﬁa‘d foy reveystaicting b dijhted imoge @ditﬁ’g a4 obtairletl rrmba ﬂi&- above-
éghan ges.and nodifications may be made within the

Shart‘%@?ﬁt‘%é‘?ﬂhm%Qentl on without departing from

the t

Such TRt dnd J1fx 3eitoreg Al ol Bl BB B B g apparent o
therse flaitled th ’émertrﬂrm yheefioH oo ingedetailedidesdription wad theucampanying
|IIustr£te npanyi ng draw ngs _in which || ke |
A1 SR w ot GonAYen Mebibgseisiod pispgHonend specifi
eRdiflples) WitleGhdicipYsrerehAd | 'eﬁ1b%d§1%ﬂ?§' Gﬁhe RGN '?ﬁtr\te‘ﬁtﬁh dge given by
view of the interaction between a trad t1ona
Waod blitstrati@Pand mqtt of hmlmnsmnMaayfchatges end Fiodificatibid may be made
somewhat sc Lde view. e i.nteraction
Wi Aoopecab tapnererh rRation WiRowlruing om tbegaini therpaf and
t@nﬁ@&ﬁmerﬁclﬁc{éa%mbmnﬁatﬁaﬂ&% side view of the CD tip

shown in Fig. IB;, Figure 3 is a sonewhat schenatic

side el evation view of a pr| or art t| p
characteri zat :@ of=Yall

Fi gure 4 sche ng a CD

pr oberefédied é)deﬁlwiry‘éﬁibﬁﬂln@éiﬁb &)ﬁh@ hﬁ/"eﬁﬁérﬁiﬂe ZBshtiafddng R
tip characterizer constructed in accordance with a

aggPBPeRYiag dearrags Wenkichlike raferenseammernls Fepyesent Bke partsshroughout,
] f&vAikgvation view of a carbon nanotube (CNT) usable
as a

Figure 1A is a somewhat schematic side view of the interaction between a
traditional parabolic SPM tip and a sample feature;

Figure 1B is a somewhat schematic side view of the interaction between a CD
SPM tip and a sample feature;

Figure 2 is a somewhat schematic enlarged side view of the CD tip shown in Fig.
1B;

Figure 3 is a somewhat schematic side elevation view of a prior art tip
characterization procedure, labeled "PRIOR ART";

Figure 4 schematically illustrates an AFM having a CD probe, the tip of which
can be characterized using a tip characterizer constructed in accordance with a preferred

embodiment of the invention;
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characterizer constructed in accordance with a

preferred enbodi nent of the present invention; Figure
woeBRwmIr3t op pl an view of honeyconb structure BET/ES2007/004574

graphite sheet fornmed by "unrolling” the CNT of Fig.

5A; Figure 6 is as schematic top plan view of a CNT

havi ng ends connected to netql el ectrodes (or

conductive "pads"); Figure 7 ?s a graph of conductance

versus deflection of a single walled carbon nanotube

(SWCNT) usable as a characterizer in accordance with

e BIGFESA it YRR O A 3l el BRpLAR Y el
cla@acdérilRn 66nstfubied 3n hdcofdaned ®itB alpRefcAel epboBIRien®bf the Present
i nvention and show ng the CD tip about to interact

iNXEREPIE he CONT; Fi gure 9A is a sectional end view of a

CNT £{098518 fiseﬁoﬁs gﬁﬁ%i%&?é@é@@ﬁ@%ﬁgﬁ@%& §6a %{Ap%ifte shest formed

accordance w secon dime

by tuaoling! theFCNTIof FEB5SAS a top plan view of the CNT
cross . trench characterizer of Fig. 9A; Figure 10 is a
sect Fighas 6 &ms sehamaiicitap planaiievspf a GNT Bavipg aedsiceanected to metal

i ' - Lh racterizer of Figs. 9A and 9B;
el%ll':tgéudreg%éﬂl(%ﬂgg(glvieogaﬁgn view of a second practi cal
app! Figate Dis fraph ef admdnetaher verars defledtiqysof a%nglewaled carbon

“35{93! re§§t%y2%#s% Ssqtb?pgasmél Hocad %VZ\/Plgz)iféra%6$ryﬂir1%sV?i_rtlglI(gegq%geg@pvention;
e UF%HQS i°a Bp %’%‘t‘}i&o lr a NP cRsE VehdiOthatdcffzer constructeF*]d in

illustrating a technique for tensioning a cross trenc
adcopdanbawithtachinstzmefered gubedibeent ofitheanvensibh ynd Ehaveing dteeCD tip

the.interact.i.o veen a CD probe tip of a SPM and a
a@é‘ﬁ‘m 'élttefrg‘gtvﬂi}btﬂﬁm i magi ng; Figure 15 schematically
|11 upigudd 08 i®a SREBA4 € QR/iJ“iSPQQNTU&bb%Iﬁh@hMEt@Hzer constructed

_image obtained fromFig. 14; and Figure 16is a
infdcoouanea wish agecandpirfemredembodiment ofthe svieniiepue t hat

can Bl Pk B e AR B B b i o
PREFEfRED (-BEeL T énd elevation view of a first practical application of the
characterizer of Figs. 9A and 9B;
Figure 11 is a top plan view of a second practical application of the characterizer
of Figs. 9A in 9B;
Figure 12 is a top plan view of a third practical application of the characterizer of
Figs. 9A and 9B;
Figure 13 is a sectional side elevation view illustrating a technique for tensioning
a cross trench tip characterizer.
Figure 14 schematically illustrates the interaction between a CD probe tip of a
SPM and a sample feature during imaging;
Figure 15 schematically illustrates a method for reconstructing a dilated image
obtained from Fig. 14; and
Figure 16is a flowchart of an image reconstruction technique that can be used to

reconstruct a dilated image using tip characterization data.
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As discussed in the "Summary" section above, the

invention relates to a process and apparatus for
WwW@h@rAaes28Ti zi ng a re-entrant probe tip in a sipgl/ESHaR804574

and in a highly precise and repeatabl e manner. The

characterization procedures and structures descri bed

herein can be used to charactlgri ze a wide variety of

re-entrant probe tips. Hence, "while a preferred

enbodi nent of the invention will now be described in

conjunction with the CD tip of an AFM it shoul d be

unde - j 1

dot PRASEERLBESERT GRS BF ik e RIED 130

ot heAs GRbbsse@in thielfSumatai¥itdeufi®is aliiVel thelitventibn aslsted foprocess

t he nanotube integrity checking techniques described

pEatus for ghaspgterzainga roenirapt BYbEtpdniacingleashcahin a highly

iR b Fepb il U TR Rl i OE G dndRlybifres described
heéreinedian be sised touchtirasteside b Widlé gariefy ofliecenivaldt probt tige SHEeawhile a

pr.obe 8 rmuntgg over a, sarrPI e support. 84. The probe,
prggerieq gnt oA e imespsiongallaew be despribel psanmaeiarwith the CD
i P AR I SoBRT S BdcRock RS Rtk o d A B etermine
tht lshdpei of otiser AEM palsbievtipsptigdifor 8thet SPMEC ot dthérestructurdstensirely. In

ase, at or near,  the probe's resonant frequency. The
adgiiari. (4 7aRgHARE veET cheakinaioghRl R e ieserbedditaih e appiicable to
' ; : be forned
aéﬂﬁﬁaatmn%hmm@%e%@gmgug%o@b

grally wth the canti robe 82 as part '
of aAsAfMEétthattie dapabletaflimplenigptiop ¢he tachmduestdesmibed herein is

BAARL B AL AR 6 S AU %R e suppo 5.
TIRSSobé 80 endMidRRQ BrtilePérFoamall tip 30 nRuhie8 dnWSHtd &d Rition of the
anplitude AO. Controller 92 typically consists of "at

cantiteyer ¥heTbopiobe 82 isgrupleddoen aseilatiigastuateri ag sirixn g8 that is used

sSpf L e t rformthe tasks of .data acgui siti.on
oFRYE IR 41 Ol s i FRnP O Tyl fagnoy. e
osofllading drigt 88 nityeid/ alpldd enakatinang @esdHn@t balowahd prd¥e 82 or
consi st of a distributed array of el ectronics and

méngg@ famed integraly Nithdhe entdeverndy of peobs 82\asiperiof dssliaopated
cagﬂ{E&E{/&"obe.a&@n%ggn%%g%gggépgﬁ& hg&bgltl&b %%ﬂ%l%g% e%)nunder

(5]
or- one or rocessors. C

coatrebofmn ABMIedrdlleod 1Mz vier8 8t th @seillate, prétieddZ pebiferabllyiadaSree
relJative to the sanple support 84 using_ a suitable
osgitafign gmpgFudscin {emtrolerciniypispili gonsigs pEaldenstqnaspmputer and

SEAERLLEGn 35 phPLRGHRL gl RN USRIl cono
ofge AlFdh The contralimy 2 mag wphsisted atsinglointegsatagp kealsgiapidort digital
unéi)’té,1 or 151%51 consist of a distributed array of electronics and software. The controller 92

may use a typical deskiop computer, a laptop computer, an industrial computer and/or
one or more embedded processors.

Probe 82 can also be actuated to move in the X, y, and z directions relative to the
sample support 84 using a suitable actuator or scanner 94 controlled via feedback by
controller 92. Moreover, though the actuator 94 is shown coupled to the probe 82, the
actuator 94, or a portion of it, may be employed to move sample support 84. For

instance, the probe 82 may be mounted on a Z actuator that drives the probe to move in a
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i nstance, the probe 82 may be nounted on a Z actuator
that drives the probe to nove in avertical or z
waleoogops2en, and the sanpl e support 84 may be nPOTUSZNODON4574

a separate, x-y actuator that drives the sanple

support 84 to nove in the x-y plane. In operation, as

the probe 82 is oscillated aq% brought into contact

with a sanple on the sanpl e support 84, sanple
characteristics can be nonitored by detecting changes

in the oscillation of probe 82. In particular, a beam

rect.ed..t owar he .backsi obe 82 froma
viSigh ot AR e PRI SBERt A R DL GO e M ete, x-y
actaatef that di¥fes thelSdingsls s@portias tauﬁ&reqﬁtth@biyt fector. As
the beam transl ates across the detector

appr dproparaion; agithe Brohe 82 iy essdllatad and hrougld mtp Gpniget voith a sample

of e BBl RGP R4 AL BRI B SR TP SR Riye chanees
e ekcllgtorCafrobs 831 Mnwkrscull &, 8btdmaiLditdtedaonatdd MdHackEide of
the actuator 94 under feedback to maintain a setpoint

P&b&@&cff%’ﬂ pdaser (ot shayen)sad i them reflectsd tBWé‘lS‘é asiztecmé 96, such as a
os gm({l:g.?tl ﬂgl%%éfepe{ Oq.r A%ch?ﬁé/anpﬁ'an Tat gﬁ §c90 %S&o{ él’)e appropriate

a set
signals e tmrrgmulmfdabl cpnﬂomltﬂ‘@amvhimm@ceb@% \ﬂ&eﬁ gﬂizﬂﬁtot degermuivt changes

t he sa t er nat set poj nt phase or
i thE R m%tfgfﬁ'ée 82 cliosizelins Sp S breenbrais SeniERlignglsdo actuate
the'y-hdM@at GO ithO hdtRhtoPd4 RRLL ?éedb&katﬁﬁﬁﬁtraﬁf £s fxtre érﬂéal'a%ferlstlc of

or system of connected or stand-al one contr
thelmtillnborof/mobe B2. Eof éxaoipds) cdatralldr 98 mayhie: wsed to niaim*zrin the

o GO e S Pl AR 2 betwean
it} #AGRe SBHSE mmwﬂ&u@@@r AbdtPB1At p hEB@om&dﬁfehg% ﬁap b@%@ed A

store the results in nenory, use themfor a onal
wofstationtis alss prcafmtibldom tie spriteojlet A2 and/or i m zsmpamtd eontroller or system

t t t t
of Rinsod o2 Hanceiont BMulsrs, R kclinBP iy el ET Rt Soipbis-
céﬂm&pmmhﬁﬁpuﬁ%é thé®fatsbbaida Juifg Mﬂgﬁ@%eﬁ&hﬁtﬂa@mm
above in conjunction with Figs IBand2 Referrin

S@gce‘aon, qusve-fiiingpand digtage deterguniog aperatiend. i Fherwerkbtation can store

R 60T 1 bteRES. 38 FAPEY BopdREEh R et Y tem on s

siltabRNHositdr@ididtrablemi thaiBRiRsihdreohipaterdj acent
vertical section or shaft 37 of the tig 30. The shaft
37 a8 1ip $0'mayzhes hut is gorecessarilye pehae shaped” dipeoarmepdy used for

T N T Y ——
tot Figt 2 ai‘pf 31)Slb gﬁﬁcﬁ’bﬂj’ sylindrieal 1ﬁfsbﬁ;ﬁ’,0~i11!t1®ﬁotaﬂ éxédimbnﬂESpemﬁcally, it
hgs?ig‘%) : grghgqsbgt aérgg%aaﬁ gtlé lbg{gérg r«]epg-é-g Eliaet @}dﬁégg; rJL]nSr{wardly when compared
to the adjacent vertical section or shaft 37 of the tip 30. The shaft 37 also is “flared” so
as to increase in diameter as one proceeds upwardly from its bottom end. The resulting
tip 30 has several characteristic dimensions that affect probe/sample interaction and that
may contribute to image dilation. These dimensions include:

¢ Protuberance edge radius (PER);
e tip width (TX);
e specific overhang length (OX);
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tip wdth (TX); specific overhang length (OX);
vertical edge height (VEZ); operating length start
wQ axFp9s23operating ength end (QZE); effecti vechesmht/004574
(EZ); maxi mum over hang hei ght (QZMAX); and maxi num
overhang width (OXMAX) Any or all of these dinensions
can contribute to the dilati of the scanned i nage,
and many vary significantly frromtip to tip. For
i nstance, tip width, edge radius, overhang w dth,
maxi mum over hang w dt h, maxi nrum over hang | ength, and
vertical edge height. are highly dependent on the
shape df ¥ Cﬂr@ggg@ﬂgh&@zbz and 34. Effective

| engt h, ngég Egﬂg @@#g maxi mum over hang
hei ght, * an at{gh %d% "start and end are
dependant o@ﬁhﬁh@l&ngﬂh&nah@(mpf t he protuberances and

on the flare of the shaft 37. Many of these di mensions
al so vayeffﬁqmeth@@t%@,a particular tip due to wear

or breakaeasare |t t nteractlon In
use, the b@ﬁ?ﬁ@%ﬁmé i ght are

frequent| maﬁﬁﬂtﬁh%%ﬁﬂné%&ﬁ (ORXARgt critical
parameters. In order to permt reconstructi on of the

di | athapt or pll @€ theshdimengiod® carscaitbuie tacthe zgdtiors ofifye acanned image,

s RSy sl By onChESs kB BRERHARGR o Yart ifibnans

ohaRtgbRItH, eNdmeMahReta8k iwi8hS mékinhurf @%l‘ﬁﬁngj%‘ﬁ?ﬂn E@djvertlcal edge
it berng understood that the invention is applica

heightmalhase highby depeadent endheghape pf thepretuberances r38@nd\3u4r &ffectwe

308, BN BB Bt TR I g ens s

ahdberi drdldbRatdatt kath 6@ tHéQshQ h@pﬂﬁu&emes anDeee e of the shaft
t he bottom and sides of t 830 Specifically, the

3 eI Of e EmSIonE AP VB Wi n@;f@%%nala@ular HiAynto wear or

o Bl PERER OB PR B, R s

hélphf ¢ fblyentlyltensiiBred so B¢ the aidticstical pafametsts.end acr oss
the top of a trench. At |east one end of it is
pr ef &t %IIS‘PVOWQFBHF?F%%‘MSW & éhedilates msgctbe 9 30 is characterized

u%h%%ﬂﬁﬁ&eﬁﬂ@ CSflgtﬁl%E Q}Eaﬂ&@‘&q e fés&ﬂt@n\éentwn Preferred

racteri zation. now scr|
embbdiments dﬁyaqbpnfnemteble (@ﬁ’ﬁhwlmwserfmrs widlntw he d€siiibed, it being

r 0SS . . . .
uncferstood that the invention is applicable to other characterizers as well, such as carbon

wires and non-carbon wires or filaments.

The preferred characterizer comprises a carbon nanotube (CNT) that is situated so
as to be capable of being engaged by the bottom and sides of the tip 30. Specifically, the
CNT is situated so that it is disposed at a height that permits the tip 30 to engage the CNT
without interference from any structure below the CNT. Preferably, the CNT is situated
so as to extend across the top of a trench. At least one end of it is preferably held in |
tension so as to reduce or eliminate the effects of CNT bending on tip characterization. A
CNT will now be described, followed by preferred techniques for mounting CNTs across
a trench.

CNTs are cylindrical structures of trivalent carbon forming hexagonal lattice

sheets rolled to form hollow tubes. CNTs having layered walls to form multiwalled
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a trench. CNTs are cylindrical structures of trivalent
carbon form ng hexagonal l|attice sheets rolled to form

whelovs28ubes. CNTs having | ayered wal ls to forP@T/US2007/004574

mul tiwal | edCNTs ( MACNTs) coul d be used as tip
characterizers. However, single-walled CNTs (SWCNTs)
are, at present, nore readllﬁﬁobtained t han MACNTs and
are very well characterized in spatial dinmensions.
SWCNTs therefore are presently preferred. Fig. 5A
illustrates a SWCNT 98 which is "unrolled" in Fig. 5B.

CRRINRIE NSRG4 B bS5 5k oo TR b A YRS

(VO TS aéNatdpredele mdih kéaﬂily‘bﬁ?a‘i&'d thﬁ MWENTRIah@lre Ray Well
R has conponent unit vectors al and a2. These vectors

charactefeded ma spatial digremsions. SWCNTFshiarefore Iarmre‘esenplytpmef@red

tne BIH S0 b SRS TCaE REMHiGE oty 2 B S5 MR e shee

isGOlEDinedNs tubeCthe hsintd Aand Bdorne&. athevectanBethebR Worieeting points
arnchair Ilne as shown in the FIG 5B. The chiral

AvaadiBis ko as s chirel eqctert RorThehateb vecks R has esimpapgnt unit -
%torg %ftaﬂ hafgﬁgﬁg%tggs V& %ﬁﬁ&il mfs'%‘%‘% ‘Ql)fm%h%g llk%lr O,kﬁ to C. The

ne VEC ors. |ra vector for

arnhdhai tlina isitie SWENEL lise thaperesses theasirdvbled)tubd hnd thet bisdves
vvere roll ed so that §0| nts A and C were connect ed,

he¥egAns: nheQompaneRterors flomdpie ?(b?vsﬁn%haow the gmehgir line, as
sHo¥h A HERRS. ,&é | A% chlBE v if u@l!ractfamté‘au t]# gégm'? 8f four a1

that pol nt connected to point
vezmamahda twdl tik vetiors ads shewhthy the bokse lme den‘rmrse Hehbtg the ch1ra1 vector

di a er ect free ) e the co e
o i ket SBISF SEpristed 19 (L) bt ha oS gy Bl soghatpints A
arg;i S Qherd PorliRELARLES &e%rﬁﬁ@ecﬁ&r\%ﬂl@be E@ 3 é?ld(ii?éaﬁon e éni'icharr
+ ) Equat’i on CNTs are anong t strongest an
hm; stha @WiANE muldratse bieaibledksvathat pointeX ceinectad Sy\pNHt Pasr pwint E,

fYou§ﬂ'% Modul us of 1.2 TPA and a tensile strength that
or &% rder of magnitude higher than that of steel. It

can wheehitRhedtat SrebidélgUefihésithd 8iahREQ o7 A RERARES @'NT Where the
failure. Depending on"its chirality vector, it also

caaporisatstof g ghiabyetiert 4r¢ &1, tHWDNTebedinmter.at, eepguveml inmaplometers
d#haﬁete . ranging froma few Angstrons to several tens
ters. SV\CNTS over about 3 run in dianeter

Egrlearogg. | sadv havr nﬁ% 1E eg?negg%%‘ta%pg to
about 2.7, and rmr e preferably
CNTs are among the strongest and most resilient materials known to exist. A

SWCNT has a Young’s Modulus of 1.2 TPA and a tensile strength that is an order of
magnitude higher than that of steel. It can also tolerate large strains before mechanical
failure. Depending on its chirality vector, it also can be highly conductive. SWCNTs can
be prepared with diameters ranging from a few Angstroms to several tens of nanometers.
SWCNTs over about 3 nm in diameter have the disadvantage of showing a tendency to
collapse. SWCNTs having a diameter from about 0.4 to about 2.7, and more preferably
of 0.8 to about 1.7, nm are desired. Although the above ranges are provided by way of
example, other dimensional ranges also may be employed and are contemplated as falling

with the scope of the present invention. By selecting the conditions of formation,
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of 0.8 to about 1.7, nmare desired. Although the
above ranges are provided by way of exanple, other
walkovenss2enal ranges al so may be enpl oyed and aP€Tr/US2007/004574
contenplated as falling wth the scope of the present
i nvention. By selecting the conditions of
formati on, SACNTs al |l having t.he sane chiral vector and
few or no defects can be nandfactured. As a result,
SWCNTs are highly uniformin dianeter, typically
exhibiting a lot-to-lot dianeter variation of |ess :
I and..nore typical of .on the er of | nm
S0 PR A0S o aGe ko Rl b 427 of RS eI rt pe wfBfacturea.
As @rédulee SWONTRaré gy Mniddrmt RCdiRingtee SypicAlyteiditiaRs & 16tab-lot
maki ng SWCNTs_and ot her CNIs. One conmonly used
diggieten vauiationsofjless dhanglinm arghmere typically efionthewadertofigar. They

' t talyst, usually,
il Bl PRgBERF bl fa 3t itblohe B Bb BN ™" pnot her
met hod varseg ofitebhniqadshod avdiableCfor MRaRIME ZWENTBal other CNTs. One
catal yst i npregnated carbgon el ectrode. A selection

copmgeplySisae iechriqus s lasee ablaBon of 2 hegted qaxpran ug@g@éfalabha%beza treated
ot B0 SRR iy SISl U G el R ARG ot

ructures Tor obes are
usdse a IBC 8&dhpd 3R tavdpdiiZeRlmbiaBeatilipst isiphigaated embba kldabde. A

seggi\ﬁg ig%‘peiggrs\ﬂag}? % o Biﬂr;'% E(gq(ﬁéag %ﬁ,{ykgagf érpe gi([ég oi Qetject:tsoccunence.
CRTRLAG H?‘eé/' =k hE bl srn%EQl?és fof §13M’§Mfesﬁﬁé I(ifsUiog&fjinf@.rS. Patent
S. FIrst ecause

use as re-entrant tip characteri ze rst,

Nohe§54i 33 and 6,680,653 Ithe subfort matteisotk nfadixtl iblierbby incblporated by
ottom atgd {3r9turberances of a CDtip, providing data
ICEBOHE P AS PE hat is both width and | ength dependent.

Hen C@NT@'iﬁclﬁc}ng 9@;@?& Hé‘v% éé(/?ﬂaml%fc?érisﬁ@é’ 0t Rhlber th%rg very well-

di nensions o ) or other e entrant tips, can
suptiod 40musd abye-snftanhtip gharaghfizérss a si ngl e pass. This

drampti.cal ly i.pncrease hr hput .when c red.tq the

or - oirgey Becatlse 1A S8R Plingaptal HHARSEh o8 HBaded B HoB pisibptigfh and
prog@bettnces of 2 &D ti§, pro@dmasRitd dbolihtheipahifis B6th width and length

enbodi nent, the or wmre is freely suspended from

dependanéntieseg pb tip dimenpiansrof sntexehie cvdneal bdimensions p£ 4 §D or other re-

{ LNt ai d ab the.enti ti .
xR0t 5 P S5taliRh By RPRTRENG s eele w1 rEppisaty
ineleases thideghait &hah cpmphrel €6 tirGRbr 8hokiep IVPB-+ JOTS characterization

elimnates "blind zones" that are currently present in
te % re-entrant tips that are reconstructed using a

SOCSSd¥RE, if Rtk Shdsa rtgé @rgé;{eﬁ%n{damém,' HIRNREO e ¥ freely

the contact’ structure |
suspended from adjacent support structures, the characterizer/tip contact can be

maintained about the entire active region of the CD tip, including all re-entrant regions
above the lateral protuberances of the tip. This eliminates “blind zones” that are
currently present in highly re-entrant tips that are reconstructed using a SOCS type
characterizer in which the included angle of the contact structure is 54.7°.

Third, due to their molecular structure, the diameters of CNTs including
SWCNTs are highly uniform along the length of a given tube and with minimal lot-to-lot
variation. As should be apparent from the above discussion, the diameter of a SWCNT

can be known to within the 5 nm and even to within 3 nm or less (on the order of 1 nm).
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Third, due to their nolecular structure, the dianeters
of CNTs including SWCNTs are highly uniform al ong the
wo eougiops2ef a gi ven tube and with m ni nal | ot -t PET/WE2007/004574
variation. As should be apparent fromthe above
di scussion, the dianeter of a SWCNT can be known to
within the 5 nmand even to V\f'gthin 3 ran or less (on
the order of 1 nm.This represents a dramatic
i nprovenent over both |IVPS and SOCS. Recall, for
i nstance, that |1VPSs nust be carefully calibrated

i 0 L i .or _the |ike he of tgnti .
B Baf e O e e B BV 90 SO RO o ntance
tHae DRSSy stibe difé’fﬁl'l)%&dlibrz[t@cgﬁﬁﬁ%ﬁ gbldglirlel g2 thé filke Beratidé1o? substantial
to assure repeatabiljty. Recall also the edge radius
lodto-dotyartationss tAlse reggt thab i inneressany ta preeisely segigser tha tipvith an

ihcarrect ... Be | acks a hes
oS e BE eh e FRIRE S (s Mucla SOCH BiREps posgmed and
tHat Qs assveption isufeaiiféodiecDBécagse 4 ONIT lﬁck&fﬂn%'rblfﬁfe@é dliwbacks, a
%s .than 3 nm and even nore preferably of |ess than

SR S e ThE Ao LIS TRy leve of P cirion piogs e 5 mm,

hi I j j j C acqui red

p%e'ﬁf&??ﬁé I%S:apt)ﬁasdqur aékélgH1 &h ng%g%ggfé%ﬂ o@%s&?aln ngﬂlgOCS type

st r uFburtie heckist ISWCRNTmve diziietirs eanSNgNFem drte 3mua,highere

durabl e than a SOCS characteri zer hecause the CNT,
rHRI4FGN KRN SRR o1 thein grtace w angerﬁg teexisting SOCS type
siSudthe@n tip characteristics to carbon tip

characteristics reveal that carbon tips wear at a rate

t hat Fifth, &iNT=iasludang SSVINTsafe maginitoneldurableilean 4 8AESt he

wear rates for _silicon tips. That is, the tip life for. ..
ol it BtoySr UR T Sty Rbmp e A08Y, I SebRuiparitons of siticon
il ShirtiSte AR o 85kB0R B RRarhQbrifics réveaPihaf dafborfYiffd Wear at a rate that is

characterizer can be expected to enjoy at |east a

atdeast pmotder pfioragoideds slower thapethe weenratesfprsibicon tpsarTIBOESthe tip

. racterizer.. Si.xth, . tip n characterize .t h
{055 & idGin HEis spighpaboue ol B 50 Gk REfsah it 2P behms fora
sif¥&aSEp WAATNT  ch@MeferiBéraak ba Sxpectedtdlehjdyfat 1@BEAS iR larly increased
characterization scans and that such wear or breakage

lifesppirpidien icompared telar 8OCS dharasterizeven if an initial

char rization results in.a highly accurate

¢ econdu i tah B8 B ool vy b RN Repah ot the edges
oDSOCBE indgr Gttévien Bréaltes ArbdultiFgbptated chERSfrikAath dcBnPdhd that such

i ncreasingly |lowresolution_in characterization and a

WERQYI s akgRel sdresubledo fetage Heveo myenr eniipitial chqragterization results

o D B8 e84 £ RGN GG
the A fvViemagingrodess eayt toveaincasing i lbw-rSgstatidn @adhbsactefigation and a

di scussed ahove, a CNT initiall as an i .
resulting decreasebm\fmage reconstruction. éN)fs Pnclud?ng SWCNTs in particular do

not exhibit the edge radius uncertainty associated with an SOCS due to the nature in
which they wear and fail. Specifically, as discussed above, a CNT initially has an
extremely uniform diameter along its principal axis. If any significant reduction in wall
thickness occurs at any point on the CNT, the modulus at that point drops dramatically,
likely leading to catastrophic failure of the CNT. This failure can be detected by
measuring the mechanical, electrical or electromechanical properties of the CNT at the

tip/nanotube interaction site (NAT site). Once a given NAT site is flagged as a damaged
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extrenmely uniformdi ameter along its principal axis.
If any significant reduction in wall thickness occurs

wW@ro0a0982pDi nt on the CNT, the nodul us at that POI/NBE2007/004574

drops dramatically, likely |eading to catastrophic
failure of the CNT. Thisfailure can be detected by
nmeasuri ng the mechani cal, rical or

el ectronechani cal propertles f the CNT at the
ti p/ nanotube interaction site (NAT site). Once a given
NAT site is flagged as a damagedcharacteri ze!:

t.h [ an be .sel gct for
oA BBl DRk TR 5 RSHREbA Sy B8 bRgizaign sty by movine
thepae@en taiimaged CNT dI€inGBS Gas@fof@ﬁiyya ParBa thilde of the CNT, to an
failure of the CNT, to an undamaged portion of the

updanaged pordipn ahthe gararged @It echni que for detecting CNT

I g' lbgfng lpéesf‘{m? % %%Pﬁﬂg%? Lﬁlgféc{%g Eﬁf éﬁ”ﬁ? is gssre? ony tﬁ% EEQ that CNTs

capbefoeined (N\be élabﬂxictélﬂ?y cadubteyed A eicB harfialldt@omplete CNT failure
conduch;éyh1 resistivity is passively nonitored in
KRHEQ

cal} bg defprieds rdugtighprseHEiYas passivelll mapliest ¢ si and
Bﬂt%ﬂ% g@%réas@%‘ 'dﬁsgh?éﬁgs en%‘elg OTﬁ&q%oﬂlFo%[g; otups%t requires that

| ace cont act

tlme(ENT ]l!I)O ba m&bcﬁdm emt&e evithi ededfiogdes ér. paBe\ €0 ahd 1 EZ:ﬁEﬂSeenl @sFig. 6.
re di.scussed in [ ‘

f ffect
SefFrslde %ﬁi'eg %feac g Bisssct 35& giscussegImlial, Sgd“eef Scigpse,
V%Hﬁaheefdo éseil 8%41""@0@1q tﬁésubjb@%&ﬂé@&ﬁﬁlw i 1ﬁ§cﬁ@%‘ﬁ$sby

by way of background I Nst ance I VI
rafemandsebygwaywnf bzu:kgrqunldl Foninstencks irsdibighale3 WCNIP day bk gsewn on a

bl at ti f i
SO OTile SR 2 ks Ablsuan by drkpsiir: S SRR ERGR ine
sispawidmidtol prdemnedrdsProlss 1 @caidad 20\ e NAEMnGhe &iﬂfﬁrhﬁﬁ 14 can

i nstrunent, and el ectrodes 110 and 112 can then
algp be ksatediby anohFiker sivniléy ingtmmgT, aadddectradey bk mldalria can then be

ol Shdegite KR8 o s B Ston . ot inie b rethgb ol cloped by

theSN o U8Ry Catebante ussd & ¢hhtacl BRICKES Qﬁ&%vmﬁémtda&emed

advant age of produ0|ng | ar ge nunbers of individually

celostaglands Jhefmethaddie theeduamtags efnrpducing Hegd musbarsod

iy e SRR TS RPN ENT AR Brie 08 alsniosep
olsthiaed biivaKsusdpprduehid) "THek ©8icdsMicld Omaasubeteteroj unctlons

suhstrates, .and cross structures of suspended
copiaaine h%‘ii?t kipks af dhe mmpizonsGNd tcxpRses Wug&até%@hd gEosgstructures

Pﬁ‘u%@éxﬁ@&'(ﬂ Tdistorted CNT are commonpl ace within
trical engineering practice. An exanple of but two

nmet hhitaswementoiplasiable répistarme idatices sueh ias hatiamed dr distorted CNT

arg lcce)g?rpc}np arc];e %wt in altegttn%gleenglrﬂegggg grracttige uﬁl? eytcar}nple of but two methods
are to place the variable resistance as an element in a Wheatstone Bridge or to use the
variable resistance in a circuit with a capacitor and a frequency source. A preferred
embodiment would use the circuit in-situ on the silicon characterizer substrate.

It is conceivable that CNT integrity can also be monitored actively rather than
passively. This possibility is based on the recognition of the fact that the conductance of
CNTs is dramatically higher at relatively high bending angles than at relatively low

bending angles. This effect is illustrated by the curve 120 in Fig. 7, which shows that a
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vari able resistance in a circuit with a capacitor and
a frequency source. A preferred enbodi nent woul d use

wWo bh@7o98280it in-situ on the silicon characteri PET/US2007/004574

substrate. It is conceivable that CNT integrity can

al so be nonitored actively rather than passively. This
possibility is based on the r%cognition of the fact
that the conductance of CNTs “”s dramatically higher at
relatively high bending angles than at relatively | ow
bendi ng angles. This effect is illustrated by the

,120.in Fig. 7. whi.ch sh t hat !
SN siadictes Paerbase Paftiyely P51 RS s BT Pending angles of on the
ofABN6H 1886 tARY5 CsndbecBiet R rO B fRatiOht hig_ﬁ& BeRaheunald. More
beconmes nore dramatic at hi gher bendi ng angl'es.” More

spepdisally,dalinyestigatianeianeasyredifoice end pendigiionl vérsntéeflpation that was

condugt i Ver Sts i-On S _con ted
oSREHA 87, R TS TRVl BB R RSB P g e
inf 810 eévealed e, fob shaDdeAy@idhen tadrder oIr5° Diddsk, deflection was

defl ections on the order of 5 or |ess, deflection was

piopepionsl toaapliedfosgsy | Resistamse thereafigs rose drraeatically &om 200 Kohms at
' B
R R T

I On 1 Ncrease aver fain.

The Thghighssssitivity 6YCNT réfiblanceso krgndefldctiohataebe used to actively
defl ections can be used to actively check the ) )
chegk &y integribf ofp ENY. If p sectionof pdiN'D hagparkigtlyprcompletely failed, it
. . ¢ T : . _
wRPLTh PR mES TR Selavdty Bftspphofthobie HE) BRI ks intoeriy
warsiedfect Thesniegtingefi @ @NUeare tpsieehtckediby mortiegingtils redistance

..CNT can thus he checked by nonitaring its resistance
whiF fds fterpetme idh 2 pre gw‘\%? %ﬁmgr%keég cGREPWE tQ.Brid a9 damaged
Cf\]qrﬁﬁlem%\ﬁ‘, t&?ewe,aﬁ, Br@a ARIRErANbnYcthie et ats slgRificantly

exarnple, 5. If the nonitored conductance decreases

assa ppeult pEthatinpacisa tubedsiliire caf be dssumaghaditermativelyeCNT deflection
failure can.be assuned. .Alternatjvel def | ection

crpihe R PG o BEEHSP PRI RS A3 U g - Sxpected

ddica8n ARtectdd, BadiibPbiedontfIas CRXPRELRIcAMaSd RGirh&Ntol Fave occurred.
detected, parfial or conplete CNT failure can be

This suanitgring corld depstiormedicitieh paomntorer 28ex thg characigripaion step

erf.or gither. priior,to or after the
d tﬁ%@ﬁ{?fé’ Fl@ﬁlog 1eC|§Cl_§Uri ng the AFM s operati onal
cycl s di¥custes BHeBR dbdel gIONPEIRIRd bé Bespehedsdieh treRéh or some

suspended over_ a trench or sone other recess that
otheyieress tha pexnpifs the tiprig gazase e ONT Withavs interferenes somiee

j tr ST
st SuPtid ? P hePehli e hShant be £ Mol Whnth B Galiicer”
Pleiiratil9f bun @oeseasdatiyy, it shoski@ldothetiebdsdeardie hicbatle endsetb revent or

at both ends.to prevent or at least limt deflection

atdgash Bpdf drgleeffon erepeeinenf the (hd|as 2 véiln Buithanging, §f permitted,
wBEldBelrkfilhted in the acquired image as erroneous tip shape data. The presently-

preferred technique for achieving these goals is to suspend a CNT 130 perpendicularly
across a trench 132 as shown schematically in Fig. 8. The tip 30 can then be
characterized by scanning it along the axis of the trench 132 until it encounters the CNT
130, and then scanning it up and over fhe CNT 130 in any desired manner.

Several techniques are available for holding the nanotube over a trench or similar

structure. One, illustrated schematically in Fig. 8, comprises embedding at least one of
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woul d be reflected in the acquired i mage as erroneous

tip shape data. The presentlypreferred technique for
waehwmevs2ey t hese goals is to suspend a CNT 130PCT/US2007/004574

per pendi cul arly across a trench 132 as shown

schematically in Fig. 8. The tip 30 can then be

characterized by scanning it {ong the axis of the

trench 132 until it encounters* the CNT 130, and then

scanning it up and over the CNT 130 in any desired

manner. Several techniques are avail able for hoIding

thq R P8 et T AR rcgPysine OOl B0 b e exide of ther

sﬁﬁ@ﬁ@@l%oﬁmhﬁ@%ﬂ?&ﬁh%ﬁhe ends 136 and 138 of a
trench-crossing CNT 130 into the silicon oxide or

ot herA s camamercialdly feamlaicrassrirentiechiaratarizen 320 isAllugiraged in FlgS

LA 1S Chantestiret 18D EefbBiia GRA R EhSBo e 5Erm hifperaphicalty
paREmEd ﬁﬂﬁrsaor%s 142 254 306 BRSAdIAS LPRSA s’l' frbﬁhctﬁé SR erlakilicon

patterned f | ars or posts 144 and 146 extendi ng
Oaﬁlmvhﬁxm m Th@@agtgm@gzarogessahgmm be oantonlideuchiths ﬂm@sts 144

r 9] shou be cont Il ed s
apd Fao FtoRA A Dl RAST B Ao eriee Bl GRhiRs ol alifiipodace
tlﬁeoh}ﬁ bétmean theid. eCithlytic bit®) fdtmled FonC Rk ElCODAN LR, 8r 4dWher suitable
bet ween them Catalytic sites, forned from ni ckel

n@éﬁamte thery formedben tapcafithd pests T4dang 1 £Ine armeore hevdrocarbon gases,
tﬂﬁ%%aﬁeo i tﬂén &é})%sﬂgcf &? f]'fle%%t mﬁi, Igigtgnalgﬁﬁ REm{TR] @apor

on’gases,
ddmmmdmmgj(cwm hBunmg é?IVSD gmwm,tthé oatefmdyy wallie of tiel CNEp 42
.de 05|t 31 Duri_ng. CVD _gr owt h h% out er npst
Via VAR (g Watls fters ioferp a undispwhich allows the

t%%@lf%?fenéﬁ&az{n?l ﬁ)e‘halctl&li‘ ?‘t@

t a€e o fk Slibstrate. During
ows the CNTs t seI orientate and grow
thne@}damwb,e(ENijs e nuhbaﬁdmﬁ tieaop bf thegostslig# aad 846 and propagate
he CVD roce s are nucl dip,the .
ligpady i hEEESw: AeHe e 1o B b R Rk  igating” OF waving
dﬁé‘ ?d/thg FR4hat B rH@cth?e‘ ol lv@ch% BYRHhSHthn gﬁ%ﬁa{er ceis

| oati ng” or waving due to e fact that ane
Slﬂbsttantmﬁy bovaryhaves that hevebof the torsuif she pises Bidrdnadcld6i This prevents

» hat | | of. t t f
RSB ST el R &) e FlbslpE i e e LageEng e Bosts 144
ah€i N8 Neabypbsts,in thethetRald; pidvideli-faies pointd e tl@%l’bﬁ@tmg
of thqu(EOStS 144 and 146. Near by posts, on the ot

tyhead If Y sewinigfsam one p@st 64 cowacts hacpbypagiationthe tube post van
wl 0
ok 855 P Yl LU U ENL P GRS Pofong s 02

mah ca@be prowvivinithis Tashionh” the CNT 142 and hold it al oft.
SWCNTs as |long.as 0.2 nmcan be grown in this fashion.
Hence, CVD of methane using these subsfrates leads to suspended CNTs forming
nearly ordered networks and CNT orientations directed by the pattern of the posts 144
and 146. If desired for monitoring purposes, electrodes can also be placed on top of the
posts 144 and 146 using one of the techniques described above.
In practice, the orientation of the CNTs will depend upon the post pattern which,
in turn, is determined by selection of the lithographic pattern used to form the posts.
For instance, a suspended row of CNTs 152 could be formed and strung alohg a

row of aligned posts 154 like a power line as seen in Fig.10. If desired, electrodes can



10

15

20

25

30

Hence, CVD of methane using these substrates |leads to
suspended CNTs form ng nearly ordered networks and CNT
woreenbesi ons directed by the pattern of the ppSI/ESHIH004574

and 146. If desired for nonitoring purposes,

el ectrodes can al so be placed on top of the posts 144
and 146 using one of the tecggiques descri bed above.
In practice, the orientation“6f the CNTs will depend
upon the post pattern which, in turn, is determ ned by
selection of the lithographic pattern used to formthe

t d 2 Id
g Be Blaredon R0 uE e B od i G S Evbed e 0Bt eosblie
cﬂa!rzi@er&ep ‘PB\@Wohldrlﬁvélﬁ nﬁﬁl%@r d)f‘ali:gngd crids-trbhcHIERTS %@aﬂable for tip
el ectrodes cant hen be placed on or over the ends of

charastaTigitions descri bed above. The resulting

char acteri z have. a
cr os SR R AT el TR ElonBed BY Bvving o square
oABctiahwlst fiddivetk dMubpedded dWENTHB6R Q62T biZ & arkfPo il RSillars
forned by grow ng a square or rectangul ar network of
Mﬁﬁwsg%z subgrate Hop. pleatrodey cat then|theplaced on or over
xte a trat :
fh%e‘ ? Cind AL RS U, B et OB U R4ae e g s
a tdnm@h[ﬁs of&n ﬁk@@mﬂ rocan gl Ehat ithe ONTs effind ATbGH (R &GPy

provi di n%sCNTs in a rectangul ar or an array of

dlrf@élpaﬁgAé§u a prade tip0 aarrbs pesitiened withiso wcttansleﬂs sean ip Fig. 11
axﬂ\ﬂ c{lﬁ?atﬁ:'té;&r%% (l:rfgor;cﬁ :tiget%zéx?d gfiﬂgﬁlo&l& Bg %8;11%30612 %ng&%é LifAE Gne of the
y extandiof €NPelb2i or thot Iaxtbh]d;ng OIS Mifzd rdgﬁﬁﬁwerys ".lbgs ability is
operativel.y .engagi ng either one .of the y extending
coRmgrey Bgnitipdt o @i%?wrwgnare%mw dpaardipg rfyee-
Ol R Py IcTS B DEF bRt Three
dimehsionalt mraglrxgomﬁmmrﬂemgealiyanqummcanmng ibdthitheme asdly ditections.

| ect nal .i magi n of course, ideally.
B e E
thsmérecwcﬁﬂa 6hl@v§>a&?aﬂ§}rébﬁ Hze 188 nsERBIAFS O iffRSe ot 4 Hf@atg’@lmage
in only one o0f theSe directions therefore would only

par t Aabthgr advaniege @ ONGbassd chatatierizafovanSOMSgmsed dmracterizer

st Gorkd Bitfis 50 SRFERANE HE Sn M Ean a0 lgestn apdne

chagicedtizatthd Bp § drhdiBticallp 8fiallbCil CONT-bARdThAcRliZRion, further
required to |l ocate and characterize the ti

ingeastag thranghput nbhat és, thegecesithas feras the: afpmg] gﬂcﬁats rejatively wide,
o4 Pk T D ibEhe B0 oF Uk sy YO 0888 o

chayqetetdatiyn.i Ih donerany) tede i9ho hBedHodbeHis a tréheh @lbgeliuahg ONIt-based

recess nust be |l ocated for
characterization because the tip 30 can contact the CNT at any location along its length.

(In addition, the typical trench is an order of magnitude narrower than the typical SOCS
cavity.) The edge locating step required for SOCS-based characterization can thus be
eliminated. It is necessary to locate a tube within a trench for CNT-based
characterization, but that process can be facilitated substantially by controlling the post-
formation procedure to form a tight array of trench-crossing CNTs. Specifically, the
post-forming procedure can be controlled to provide post spacing of less than 200 nm,

more preferably of less than 100 nm, and even of 50 nm or less. Locating a CNT in such
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characterization. In contrast, there is no need to
| ocate a trench edge during CNT-based characterization

whewaose3the tip 30 can contact the CNT at anyPCDUS100D004574

along its length. (In addition, the typical trench is
an order of magnitude narrower than the typical SOCS
cavity.) The edge | ocating s?gp requi red for

SCOCS- based characteri zation n thus be elimnated. It
IS necessary to locate a tube within a trench for

CNT- based characterization, but that process can be

facjlitated substanti al b 0 l.i ng, t.he ..
R il P R irelole e Fok SOE S geeL i Rptesization therefore
rel(REY; Bt £b&S fil O thitdlSandIRGCItIpicaly dhlybRE oPBRS mhirQitéd didess.
procedure can be controlled to provide post spacing of

| essThisanceagnimhighlights therip¢reaseinyhronghps of thegmeftoed ampodiment
d even.of 50 nmor |less., . lLqcatin ' ucha. .
oS RS aRisrian Yol eolrpat 0 b Aty P SO Ehique. More
speciBoaldp Rl bedtanacdtardckaizhivh ScBR 6Enafie f6:@b bfi6Sart Rchnique,
nost, five mnutes and nore typically only one or two

ingfudingsangaging and scapping the EEPSigae ving thetnrpbmiie tq the SOCS, and

[ e.ln.: t..of preferred enbodi ment  of
ob A R OR o f R PLENE 3 REPA BB Bt e
CNYRGsed ShXeioteredion Getbnigh® descsibed hérdefipddnyvirttd1B always be

best -éas% caggact erization scan scenario for the prior
Pf‘afqm@ & isg then Tvigeniggien gnd eayrfiond enraiosmad i Fyp miwites or less or
exle}{g;ﬁenﬁﬁwe%glésﬁ.e probe tip to the SOCS, and | ocating

and scanning the SCCS, takes at |east about six to

e |h ghtCNTsesnesdso benfoernad giﬂs'ﬁgsdds hksdﬁgégbﬁs eglample, in "Colossal

character,i zation techpiqu cribed_herein_can _
PP e MRS 4 METHIEr amaB AR Cs % e POpiEs Review Letters
VB1. BEIRS. AN 1579y, Qi)bﬁirlhpﬁlb?é%rt' hREEE 'cﬁ‘i‘é’h%}ati}é%g%p%ated by

| ess or even ‘one m nute or | ess. S can
refayenced Ifsuchiangsutes GNR £72 wet, to be igrevwaa opéreposisri 74 extending

SNERODGFR 2 SEPGFGE | 4 25 SePR{oh el ke EAMEBE ChiTac e 170 would
ha&8 acdiatedlenchéidbebleendfd8i 174 Evigh isegéoln]'cf@ii% %.El\gftip%'c%ﬁld be

i's hereby incorporated by reference:
mevedcinl 2ay dontidywithisrthe K< dnd eggagathe T, pesitnglifidven more

extendi ng. upwardly froma. substrate 176 as,seen i.n
pigsigs thes AipcaSioaal i stiatpcionization e Svem beter SiBSasCdaes
redssuiafich.t renches between posts 174. Wth this

geonetry, AFMtip 30 could be noved in any direction
wi t hPimply empedding theeamngs gbthe RN Tirthe subsitatd (ag i Rige\leor

RGOS LB RoERERSL R Gy o et
thSeffpdty of ChEUEUNAM g dietieElthsactdrization (INIcckprablRaeveld SIF Hadid,
teg}fan?qlllers], mFellygBe) en?plggfed to additionally tension the CNT. One such technique is
illustrated in Fig. 13, which shows a characterizer 180 in which the ends 184 and 86 of a
CNT 182 are embedded in a silicon oxide substrate 188 on opposite sides of a trench 190
as described generally above in connection with Fig. 8. A resistive heating element 192
is embedded in the substrate 188 on opposite sides of a trench 190. By applying
electrical current to the heating element 192, the substrate’s top surface194 expands to

apply additional tension to the CNT 192.
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suspendi ng them from posts (as in Figs 9-12) may

tension the CNT sufficiently to reduce the effects of
wW@bdn7loes2d7 ng on tip characterization to acceptBdl/@S2007/004574

| evels. If desired, techniques nay be enpl oyed to

additionally tension the CNT. One such technique is

illustrated in Fig. 183, whicg4shom5 a characterizer

180 in which the ends 184 and™86 of a CNT 182 are

enbedded in a silicon oxide substrate 188 on opposite

sides of a trench 190 as described generally above in

connggtion . with Fig. 8. resistive heating. elenen .
105 1B fgkitipbine b0 ofistt Piscbarsgetgn A ho agmgterizer
sith A the anReickDErs BY, 8601 Y0.NG 180eidribedlab&W EfTe delobh&d in any

heating el ement 192, the substrate's top surfacel 94

desied mtwnen Inppk prefomed erobedimerty tieohFVnctuator@4o 1B ATVESO (Fig.

| e Pk ot B2 B A erd B BB L i e BT R Pl e
prodl to dMatd #loscllatidB Gaddie 86¢H REThpPRREWEodeAN DB Pilih A6 R entrant

in any desired nmanner. |In one preferred enbodi nent,

ox 1 ssEnvniag nmigsleder O tirs. {lhe amplitgie of Phege of thig opsiBationtie kept
A ‘ \ . :
.*’1 . tﬁ%ﬁﬁ‘r“?% 35%?3%‘%"%&" nsgg%ﬁiﬁ’ |“3¥|‘§’ ‘iﬁfﬁ%Sﬁ%rgieﬁi’? %‘%ﬁgﬂse to the
"%9 gd‘g?ng&

in@aciontebwésm the fipi30aMade CNY tb hrdvide ddtRindicative of the tip shape.
non-re-entrant or 2-D scanni na node for CD tips. The

Thisprieragten may siepshogof asinal tipdeNT contashbytsingtepé, may reflect near-

s BfRE bAblts %th&%aﬁﬁépwaﬁﬁ fﬂfc'g.@.?#gg&p Q@i‘égﬁrg ag %@%g?%ﬂgﬂﬁr%&onds to

are generated I n response Iiterac

néanautfhqe Giecandthich thafttubloip COMI datatata feddécctip ovehacdcterizer
the tip sh?ge. This interaction _my stqp short of
T

WERG AL PrEYey ehpaciemizep hreakages (ldwee fegdlacksignalsiare then
cc?lﬁ:g{eﬁyétgﬁﬁearﬁflfsgg GS ast $cRSactdibedhit tié\g@.l E?dgﬁ@r?to being used

eet, selecting a setpoint that résponds
dwragy the sulfsaqeent ithegt mcomtrhetion pracess,ghei sdsuttarg/datdicould be displayed

contact can reduce tip.or characterizer wear and
G R R B P R B
Si gnal 8et®b& of %Bnﬁﬂc{iﬁ%togg‘deﬁwggﬁlg{?g di1%38 Snas: iaiAdata

to characterize the ti dition to belng used

obteined hy tipehsubsgatant willryebe desoribed natonpmepowwitbshe AFM of

Pl TR P SRR R R B B o it A o, are
déseRB&t AP snPSBht WatA14300%abNedc® inshiBaRARE HeGhbRsk h&fer of which
"deconvol ving") a dilated imge using data obtai ned by

isthiepebytingcaperated batrefprense in ithenarely. descri bed in

conj .| O ' t A f Fg...4. .Th fepr

ot hSRE 2 P4 E R Boe B ar el Fo B Bl of fhgprobe 82
AFMRBO eSdeif.,4)as scallRST idred thehch/wall J02tcEmatsaiiple 200 in a scan that

7,143,005 to Veeco Instrunents, the subject matter of

mghinohides 1REPISH 9T Fenersrapbicate Beer)l that mpbp e 30ringludes protuberances
328d 3£ ¥he scan shown was initially conducted from upper left to lower right along

the trench wall, 202 thus obtaining the data represented by the series of triangtes 206.
The acquired data represented by the triangles 206 is the dilated data that must be
corrected to account for the shape of tip 30. The dilated data is generated using a fixed
reference point for tip 30, for example, the mid-point "x" of tip 30 at its distal end.
Importantly, this reference point "x" is typically displaced from the point of interaction

between the wall 202 and probe 30. That point is often located on an entirely different
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Turning to FIG 14, the boot-shaped CD probe tip 30 of
Fig. 2 of the probe 82 AFM 80 (See Fig. 4) is scanned
w@eoos®ss2a7 t rench wall 202 of a sanple 200 i n aPGT/ER2007/004574

that may include a reverse or re-entrant scan. Recall

that probe tip 30 includes protuberances 32 and 34.

The scan shown was initiall yﬁ%onduct ed from upper |eft

to lower right along the trermch wall, 202 thus

obtai ning the data represented by the series of

triangles 206. The acquired data represented by the

triangles. 206 i the dilated data .that nust he
DRI GEHEE ) SRR S PRREr g Jd: Ao appabeptntpaf contact ar
réi%és@ﬁt%@bsiﬁt&ebﬁ%gl@?%@ﬁmgu&.ng a fixed reference

point for tip 30, for exanple, the m d-point "x" of
ti p Y0theontingedlieftrancedadlGl ih pretertip 30 istshown i fleeepasitions as it

oint "x" is typically displaced ftromthe pojnt of
PIOBEr R Tl Tor Ve n fhsoR firecsion. Like npiof Teltsrs, fogpample, a-aa,
repRisBit thSpsiht SconReab&d e pRbe BRI AU Sablef BEGH R bh®the -

of the tip 30, such as on the protuberance 34. The .
cereesperdippperitiorodf the selected eaferenagposndine.e ik "dpn threAFM 30 tip used

rectangl es., 208. i n Fi 14. W.th cqntinu ref erence,to..
o ea R he TR ks epriel Ramedlik by el e dRleRE B E gt Reion
(ilel, vieEt0f) RS the PointsaffteatiOpdit @E., A-Ba,1b &EBELcc) is the amount by
direction. Like pairs of letters, for exanple, a-aa, )
whighrthe AFM inprgepigtamusgitbecomeeted thprodieeathp detivedirpgpomaigucted image.
| co 5 0Sidi
TEE DR FaloRRh i B Vides Bk Solidfidi uf ARRLA BY BRI, Bquare
bIdokd inFigisléd t o produce the dilated image profile,
respectively. As such, the distance and direction .
(i. e Twop éhengr%a?%@soqs [RBPSH aseardare tedhmpissent epbogiment are
-aa,wh=bh i gt [ AE
SNAE SRR il hoGBR A0, Tip 30gREBH Sl W3 Boh b B reference
poiat'taids atldb & dhemmeferred bmbpdiafeat opaiatesrtocirmeenthe pi ffaretebetween

this correction, .gs.illustrated by the series of i
thegfi yoP1S s th dﬁ%‘!ﬂ) by anglyging tippsaemplessictace pgRmals (desoribed
: L, j r : ' :
b)Y & Bt yoBoRROIEIoR ot Ol M GREMiarb it VT Biving
orttzrgohal c@BPoaentp¥inand' V;,' Samidanl g vereanipe3Guisiahposittén 3@, Hicontacts

SRy G RN s BT SR PR A SR RE st o Nigho& 5o tHE. 16)
opstrat8d fodeterMineil a‘p?i%ﬁécﬁoﬁ F00bEV S rtfaﬁ&lﬁte‘]ﬂﬁﬂa'h@' to "c," thus

(described below) to identify a correctionfactor, for
exivesting the shappoofitinciQ arthe eantant puing "¢'afvom dheodildtedjomage.

compnent s. Vix VI .z imlarl en tip.30.is at

post RF e 1 il derfy ot Blioailoh pPptotafatinage dac
artd s cgeepoading FetizhiBpdriiag 89 pPihtrecodstrictddintipd (280square blocks)
(Fig. 16) operates to deternine and apply correction
atpbeidhe yodarentireging "HY of pidewell 202 is cansed by the phadt 37 of tip 30

contacting surface 202 at about an overhanging point "b" of the sidewall 202. In other
words, the left side 34 of tip 30 does not contact sidewall 202 at about point 35 of the

image data. As a result, with shaft portion 37 of the tip 30 contacting the overhang, the
portion of the undercut region "U" to the left of the vertical line of square blocks (i.e.,
corrected data) is "shaded," due to no tip-sample contact in that region. Imaging the

“shaded” region “U” would require a tip with greater overhang.
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extracting the shape of tip 30 at the contact point
"c" fromthe dilated inmage. As discussed in further

waledodiops2bel ow, the vertical portion of the dilBtBUS2007/004574

i mge data, and the corresponding vertical portion 39
of the reconstructed i mage (i. ., square bl ocks) at
about the undercut region " f sidewall 202 is
caused by the shaft 37 of tIF; 0 contacting surface
202 at about an overhangi ng point "b" of the sidewall
202. In other words, the left side 34 of tip 30 does

t t. id 202 at about t 35 0
o d WHiRE o Ry £oh s efopierty afrerimnle ires b ingrARYlata
aéduisi@&hn ﬁ%ﬁb@ﬁt ITOGI1EdhRtOHEY drafiryifBanyabtiy on{thﬁ’ contact

undercut region "U' to the left of the verti
befwegy prabe tipl ond sempée featyios 2@%@%@6@0&)1 141@112&1111%@ ¢‘ross section

gﬁlgclé 0 HVEIS%G y%rpégrf é)lg %ox%gc sats r“éﬁ B’arn]g Pfaﬁe\?} the %te%ace of the

g6 SRbctiire® VRIfbRAE 1Y Ut Dol of Borfthd 278 She bmacg%ﬁﬁslg 279279 to the
ti p-sanple interaction during AFM dat a acquisitionis

tapgeniial plrae iard eguek andeopphbise @ggmphe;zoe @nd prope 38y tospestiaely. When

ﬁhp% a?1péﬁ%|?%§ %ts]%zg)%; eo\%%%osr € 901§ts?éﬁar§ctﬁnzeaé{@y a'series of unique

sufas ol (@rin &Fg.A6),ches, suﬂﬂb&hﬁfﬁha& dafibsco@bare@nd @Rt AFM
,278£ﬂtts in a tangenti al pI ane at the interface of the
nggs dats (eddentidy th %@trnoamq figoniget fghetip on ﬂmwr@é@ Dyt that

"é &1 §Hfafc?ﬁan {RAiated t&l%%ohﬁffs'ég@é‘ e ggt'ﬂo%

e equa opposite tor sanple
r es pdbdre pattigulaidficthe tibishapd atgach poipt is héﬂecfﬁ&n ahéSdl‘efw gecorded by

e T

R TR B ATRALRR O &1%2%?5%4{ HERPY RS dufh (for gxample,
redativiedo éhe seen diredimn ot dipuXdlaximofithe -2 pIana) aiiti knodiiegithe scan

h | d he
isehbop. BF iPpes i Laeg o at BPmE Ay s a7 n AL GE jiapREBlegntact
pbift 278 tidathpleeat dethcbYiolha 239% &3 shie. Wlﬁpﬁnsafﬁ@ormatlon the

i ndi cated sl ope direction of the data at that point
p@yt @fmqntact ofthe tip 39l aytbe aiddwalh dDE af thet sa:lnp]mé?()ﬁ)l aaacbbldetenmned
ative tao

Aain B ARG BB 21 8500 Eon SABRe ook ip Soplifiaoiat il be cquat o

ad@yosite b e Sﬁﬁﬁledrhit%ﬁffh@&hortﬂ&!ﬂﬂﬂalg? kbéWing SuFfh@C®ormal 279, an
normal at point 276 is 277*. At the tip sanple contact

aqnspmatg gerecting vg%tﬁp@ée‘uﬁmsﬂy sQInpiaied upwt eharacterizatien phithe probe

PfESqcialbd yicy Tl SURRATS 1P S R B i PR™00" c
be das hlghlnghtéd pﬁegmusly,l‘ahdleSSBMé&E)G(ngO AyredntAdss to scan the sample

ssociated. wwth the probe tip contact point wll be
2@11 A paigt ﬁanfaﬁfp%@xs aéesc??%&f@e §nspriace, Hivs tyiegllydefining a new

taRQEMTR piRAd, anB¥ RN fAle S AC BLREIRe prdntl#Bescribed technique is

able to determine this point of tip contact at each point in the scan data (assuming unique

surface normals associated with the active region of the tip), appropriate correction
vectors for each scan point can be determined, and a reconstructed image of the sample
surface can be generated. As a result, the dilation error introduced by the tip shape is

essentially eliminated.
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appropriate correction vector (previously conputed

upon characterization of the probe tip) associated
wowaoh/03s28fT ace normal 279 can be applied to poi PCT/RFBINT/004574

As highlighted previously, as the SPM 80 (Fig. 4)

conti nues to scan the sanple 200, the point of contact

translates along the tip surfjace, thus typically

defining a new tangenti al plg e, and a new surface

normal . Because the presently described technique is

able to determne this point of tip contact at each

oint in the scan ,data (assum ni que face
Por it CeSaRE ik 1 En B SoMdlfod p S PMGHRER detp apg the
sURfABE BB Al0E tieddonBet péifit ¥eht GpS0fiOEqRAGH S RRItOR e sedple
be determ ned, and a reconstructed i mage of the sanple

susigee aeana ahthebpejath dhenaint of gontack efshe tip 30 ea this $ample 00 can be
[ror i ntr.oduc by, the tip shape s essgnti .

A, B FeBhveR bl mbld BRRFs! Sofg 8L SPM tmage data which
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a ppRsRPRAng surfacs noERY Assepriestien vestera ssaeiatedayitlp Biendentified

' t i J A
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oi nt - by-poi nt i reconstructed i.mage havi a . .
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conj The cthod\#i80Inf Higld 6 begms voth Block R82, metehotheshapaof the tip 30 is

hemati.cal |y at .280.i.n.Fig. ,16.  Thi th .
R mEong b et T e ot oD Pg diggs dspcribed above.
MOFMp B ctbrly) 4 leadt thebofionk 6 BR tipU @ARRE 8shable IALEsiRE a surface

inpart in a separate on border offboard controll'er on
feptuze piinteyest areothamctetizod or agointibytnoint Hasis meing dlopt pe@edre. These
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gyt BB il o S0P R o b pre g de gnd 34 of he
tis Bar Bekiedd dinichsiBndiRR Qs VERisaldizs h&f@aﬁmﬂmwﬁb,eﬂuawed%? radius can

particularly, at |east the%{)é()rtlons of the tip 30 that -

bedaergripeth| Bharhagstraizingster 384 ¢ancee Feslarmedpaer torpyvemyessen, if

OBEACHRIAT I A0 RGP DERN ol SO 00
apptiastiorshBatetdraindiffereansitep cad bb sdannarisefor thdtp aded3fto bbe
tip 30. Desired dinepsions such as vertical

refATaHerizadd Thearumber ahtiies dangcan Beipesgnedipefore th6 6 needs to be

recharacterized may vary with operator preference and sample properties. For instance,

when the operator desires high precision and the tip 30 is scanning a relatively abrasive
material such as polysilicon, it may be desirable to recharacterize the tip 30 after
scanning only two-to-three sites. Conversely, if the tip 30 is being used to scan a less
abrasive material such as silicon or a biological sample and/or the operator is less
concerned about precision, the tip 30 may be used to scan ten or more sites before it is

recharacterized for wear, breakage or inspection for contamination.
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be determ ned. The characterizing step 282 can be
perfornmed prior to every scan, if desired. However,

WO 27nes287 or breakage occurs at a sufficientl yP¢Dusz08t/@04574
in nost applications that several different sites can
be scanned before the tip needs to be recharacteri zed.
The nunber of sites that can e scanned before the tip
needs to be recharacterized y vary with operator
preference and sanpl e properties. For instance, when
the operator desires high precision and the tip 30 is

sor yar? Pieied 4P e e Y bl R b Beinl e Bpsuiee
ndrils4ksédibted withaRNeraDpdHS Yon th®adtre réWi6E o Sthk 86rface of the probe.
Conversely, if the tip 30 is bei n% used to scan a |ess

Thase suifoee narmals extend psthogenatly| quewardbyr frempihesustiice gf the probe tip

N
(HGt e4) ibel-0r ®até tol identHY ey Gt Rtdrized pbidks o¥adgiondsBAK &gurface.

or inspection _for contam nation. The nethod 280 then

Foyrthresstimensgioml e ¥ -2 space wrag poler cpordinags; misedistaned sealar, a first
i it I ' t t

wfl36 D28 SReRAE Bflh Me' o A S B Suiberbfpdf Wifte rranges
fromrOvel ¥ nax téein @ to360Q gnd alik P towgdlardly from the surface
of the probe tip 30, Preferably, the surface normals .
are ég‘%meéﬂ’ P“‘c’ér"}‘é@ﬁfﬁﬁa‘? GPRISPHAFCPEEFLAD fé?F@¥Sea§e detﬁmm@d
fo Shch ol on et o R L BottiBR BF HoprbBAif DBEPBIEL 286 These
catravtios fanak adé Sdmpusahehtive tongrgfaleace punt afi thapmbe tip] Se.athe

di stapce scalar, a first angle g apd_a second angle f.
peipEoLthe Rp JSehiomlotbe rrﬁ%getcﬁtﬁ qPHaL Y Hisr AEMS  Thige prrsction
faEt%!PéJﬁ§¥ bE QBolvdlert! AXindIA Y. 3568 Fif 13§ or ARIAY, AZ i) XL9-Z space) of

180. After the tip shape is chafacterized, appropriate .
a cgrecdion iveetof, ae mmrs camples etyeativng essotiatededitihthsahatacisrized point or

reqi of the active tion af the probe tip 30 i.n

refioc 4 hegerIeqruLEels MEARLApIrBlIcofoge BPEw b il sgocited surface
ndrlaf hNEstofedof RhEY 80%8s ARl dpplibdtidnRIrRE M8ed iRondirultion. For
the point of the tip used to plot the rnmage data

eXauple. teglanyy efrarfaganorFialssoay be sterdiinn lécictup tableaynpwith the
convenj.ent DX.,.and DZ ee Fig. 14 or. DX, DY, .DZ.in

cR SRR horr el St RPN oyt G B aRb FEORURGHieS
equatheéd)$n BERQI88] £6bawlof B sé1esre Bahsle tvatl hE AMIg0ts Pérformed
region, The correction vectors are then conpil ed

usingaphdasingdl tashrigue. suelsae srealleds taster seantan wedliel) thapepbe 82 is
0 i .
sSAAEH 0% aF£2 A55E5 208 DR300 UL TG on.
nor nil Blook290ansthed 280 optichallp adquiies A bhegeprofits ofithdisample
t he correspondi ng correction vectors for_ ready access
sua%pq, Ay thesagyets P@E‘%’r%‘idr- [k Gogrse, this is the dilated data ogtamed by the AFM,

1.e., the uncorrected data.

Next, method 280 computes the slope and slope direction of the image profile for
aregion (e.g., associated with a point) along the profile using at least two points of the
acquired raw data in Block 292. This slope may be measured relative to the scan
direction (X axis) as AZ/AX when correcting two-dimensional data. Similarly, for three-
dimensional data, the slope of the tangential plane described previously may be measured

relative to the XY plane. In Block 294, method 280 determines the unit normal (77 in
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Then, in Block 288, a scan of a selected sanple with
the AFM 80 is perforned using any desired technique,
WwGeaoh/0ge3n so-call ed "raster scan” in which t heCpusi»e7/004574
82 is scanned in the x direction along a nunber of
closely spaced lines in the y direction. In Block 290,
nmet hod 280 optionally acquir§§ an image profile of the
sanpl e surface as the scan i $7conducted. O course,
this is the dilated data obtained by the AFM i.e.
the uncorrected data. Next, nethod 280 conputes the
ir on of rofile f.
Fige SR Tbsapolt Sudise b Ravetibash ot ey dheqi th @feotion of
scRh@ihs! Blotbiy gmﬂi re.lsﬁéﬁ fo ﬁl%lr%id&toi' s@imﬁx'fge tRCSH1E Qm"t SWface
data in Block 292. This sl ope may be neasured re ative

narmai isedirested a@srayeﬁ:qm(ﬂw "linteraon of theysanipte, H¥oxrample, to the left when
cor.rectin tvvod nensi ona t a. 'rri.l riy, for
ngaﬁl{gﬁo h&é’?lgge ?rﬂbleg‘?%‘ﬂéeif 0 ’F#ﬁ t angent i al
pl aneh&lesfd:l RGBiloBIE 096, Aisthod 260 viien SERRS W ethck 8had hﬁ(@ngl@e ina
the XY plane. In Block 294, method 280 determ nes

loglsiup tafe e examiply @Fﬁllglenagr)alx 1, Otand ¢sforpl edisuansinoel tabir:)

ol Ui SPRER A LERE M P RS o
s@faaa fibigals ad%ecla&ﬂmlﬁl tifh tHarsoerizat6n.NBT BRIk 298 AhEB6d 260
away fromthe "interior of the sanple," for exarrple

determipgs anAPProTEAe euERsHPT Gt assoetiaskwith gherymit noregbfor that point.
A {nﬁft‘h ds%e@%ﬁﬁ?xaltﬁ)fntls hﬁd gon-{ljfée&ﬁ?éc"t&{ &tﬂ)ﬁ] of h%(i}é) %g;?e (Block

la a sca I'st'ance
282)] ook up table for exarrpl e (2-dinensional; r, q and f
for 3-di nensi onal, table), conpares the upi t. nor mal

assoRPAVEE the APPTOPHatg poERCtign dagtor (em-otxtopbley therurigat point of
ey SHL, BRI 370 B SOk mpofile e
reeonstppied pmagﬁ:)en Bdodkei0i dinef auethod 28@ aﬂdsaﬁ}mﬂhemaﬂh)otrhein the

.uni t. nor nal that poi.nt. Agajn, .this. determ nation
aifeled e et ine Dok Drvined U Blosk 308 BFaqiHalopkoihiRugh 300
aré %&%d%&zat leig'ﬂ Qé’Vew R&?@s i P E‘g?)%@ﬁl@ ? Eﬁl(f(i ﬂf%r&ofrr@&te@ fmage

e.g., vector) for the current e | nag
prpﬁhvf, I ¢ ethermoﬁbcthﬁmorp closely aiesonibids thé aetua:lcsam@bﬁt mﬂfaccraﬁehe

arld o i ARG EE AL e, iR B i poin? A thgmage have been

arﬁl&’z@& QcdnIBAG I @fcbﬂnglethaVﬁleti@@dhsﬁﬁ&éﬂ ﬁﬁég‘edca!n'}hgi B Kisplayed
not, Bl ocks 292 through 300 are Tepeated for

analfond@ﬁ!snep@é%ata\re qfdha#tl@agwamm storgg én pmmqr;e of thetAMcontroller
| e that
o SRS SFBSEH G4 S TB88 BLP Pt oonsley B B bgacion.

THdseactions are shown generally at Block 306.

The method described above is but one method for re-entrant reconstruction as
used in CD AFM. Additional methods are described in U.S. Patent Number 7,143,005.

The reconstruction technique as thus far described does not take into account the
effects of limited static nanotube deflection that may occur during the characterization
step 282. For an cross trench CNT characterizer having a trench width of 100 nm and a
CNT having a diameter of 3 nm and a Young's Modulus 1500 GPa, and 10 nN force
applied by the CD AFM tip, the CNT should deflect less than ~2 nm upon the application
of a 10 nN force by the tip. If the CNT is radially anisotropic (as one would expect) and
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answer the inquiry of Block 304 is Yes, indicating
that all point on the i nage have been anal yzed,
WO e@as$28Uct i on is conpl ete. The reconstruct edPCTHE®07/004574
can then be displayed and/or data representative of
that image can be stored in a nenory of the AFM
controller 92 and/or transmtted to sone other
computer or controller for f % her mani pul ati on. These
actions are shown generally at Bl ock 306. The net hod
descri bed above is but one nethod for re-entrant
reconstructio ed in, Addj ti opa
e 6795 aeliccuctie PS8 SBERE R EHecHons3hep e L will deform
edi2R9 T er%&hpéhdt BS54 Wi GRS 1;[21@ ‘é?feétﬁf Cﬁ@? BE nqﬂ % scan data
not “take into account the effects o imted stati
cansthot bib elindpfatadatsingthe methadeof 1ot slopeh, i oet method in a similar
characteri z on ste 82. Fox an, cross trenc
oRE 28 L SR oBR B i enbs o ne SR b R Chgingtlect,
n@ﬁﬂ%ﬁ%\éh@éff&n% droRbREctRh c{ftmmdu@e vRH R el%dh%%la ENT from the
nN force applied g the CD A
tlp/i@lmanéh &y pdditien,|ietand é%@meh arfferpbyirare lsamwn,then it 1s still
ti nN.force b he t1p. If the CNT is
p&ﬁgﬂ %ﬁ?nég? elﬁg%ﬁg %gm&%%%lﬂéﬁ%angipect) andt he
f or caltapidh thd bbt rhdStR: donfenipated By SeTBvérMor ofRarying out the present
directions, then the CNT will deformequally in the
invgpiion is fsglossd &bOV@» pPragtiGegr{she mq&enéfm@@tm@fs rotfimited thereto. It
t
Wb ERhER A (R AR Ay B i An  FogBiah FLAKECE the foaures
oftheiptesentinvention nasy Hdmhdamﬁbbdt deviatiny frotnhe spipit aldg@pe of the
fromthe specinmen inage (i.e., in effect, nodifying
uRqeElysre Bty conesPt- section of the ONT tube used in
eroding the CNT fromthe tip/CNT scan.). In addition,
if Zand X forces differ, but are known, then it is
still possible to renove their resulting distortion of
the i mage. Al though the best node contenplated by the
inventors of carrying out the present invention is
di scl osed above, practice of the present invention is
not limted thereto. It will be manifest that various
addi tions, nodifications and rearrangenents of the
features of the present invention may be nade w thout
deviating fromthe spirit and scope of the underlying
i nventive concept. WHAT IS CLAIMED I S: 1. A nethod
conprising: (A) scanning a single characterizer with a
re-entrant tip of a scanning probe m croscope; (B)
obtaining data fromthe scan to determ ne the shape of
at | east the portions
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of the re-entrant tip that can interact with verti cal
or undercut features of a sanple during an imging

w@eecose37’ and (C) generating and at | east one BET/US2007/004574

storing, transmtting, and displaying an i mage of at
| east one of (1) the shape of at least the interacting
portions of the tip and (2) i mge forned by
reconstructed i mage containi ng ti p-dependent inmage
portions. 2. The method of claim1l, wherein the tipis
a critical dinmension (CD) tip, and the obtaining step
j j4.Nng data sufficient to determ ne the
IS CE B ances on the tip. 3. The nethod of
k! ai M Bhethdldebiphisinge obt ai ning step conpri ses
obtai ning data sufficient to determne at |east one of
pr ot Ber aeamiyesipglaicharagipErgr veitlta veeentiaphtip o gecanning probe
nﬁglitog e(VEZ). 4. The method of claim1l, wherein the
obtainihg step obtains tip width data with a
repedBabi lobtayning date$oni iRscdid deerimdie the sha)e of at least the portions
riation. 5. The nethod of claim4, wherein the )
ob Bhed PR RgHPpaSaR ARFRCR WiSh KFRICH! Graindexsat feagires of a sample during
Lol | ess than 10 nmlot-to-lot variation.
afégﬂ%gggggjtcﬁ%%aﬁ claimb5, wherein the obtaining step
obt ai(@% t igpnateipigand « idast@tenfisidringatrmespatiingband digplafing an

R 3 BRI ) e SR T B RS Sh o tsraS RO ahe p and (2
aﬁirﬁh@ﬁgﬁn%@ﬁ r&t)nétﬁt%te%riﬁ{agg E&{tbjﬁﬁflg- tlipgd%)-gggerrggxﬁggéjpﬁ{ions.

claim1, erein the characterize
2nanbheanethofl af aleinedj where{nOhg Jip 192 ciitieal dirhénsibrofCID) tig, and the
.wherein the LS S ended over avoid, 10. T
o6 Sorhifoer Qbtaging i TG ekle de RS b aBiPaRY, oss
pﬁ)tﬁﬁegmbsoﬂ.ﬂheﬁ'ﬂje met hod of claim8, wherein the CNT
i s suspended between posts extending upwardly from a

3subs g methogl of pipimrds Whstpin thectbigining Siepwivaipeises eteinidigHata
o BE e d e LR i R o e case

hé&bHt (VEDne of aplurality of CNTs suspended between an

array_ of posts, and wherein the scanning step includes
45can hﬁglegtod of claim 1, wherein the obtaining step obtains tip width data with a

repeatability of less than 100 nm lot-to-lot variation.

5. The method of claim 4, wherein the obtaining step obtains tip width data with a
repeatability of less than 10 nm lot-to-lot variation.

6. The method of claim 5, wherein the obtaining step obtains tip depth width data
with a repeatability of less than 1 nm lot-to-lot variation.

7. The method of claim 1, wherein the obtaining step is performed with a single scan

of the characterizer.

8. The method of claim 1, wherein the characterizer is a carbon nanotube
characterizer (CNT).
9. The method of claim 8, wherein the CNT is suspended over a void.

10.  The method of claim 9, wherein the CNT is suspended across a trench.
11. The method of claim 8, wherein the CNT is suspended between posts extending

upwardly from a substrate.
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| east two CNTs extending in different directions from
one another. 14. The nethod of claim8, wherein the
W@Dbn7i0982a7 ci rcul ar CNT, and wherei n the scanni PQI/EEEP7/004574

i ncludes scanning at |east two different arcuate

portions of the circular CNT. 15. The nethod of claim

8, wherein the CNT is a si nglﬁ wal | ed carbon nanot ube
(SWCNT). 16. The method of cl/aim 1, further conprising
nmonitoring the integrity of the characterizer in situ
prior to or during the scanning step. 17. The net hod

f clkaj 6 I. el e nopi L.ng st o) S
er o Hekiba gl MBIt Rel 35t ol SRamaRbt ooavTs
suspendeddetwernplightdpslts. f the resistivity of the
characterizer or a characteristic that reflects

13 har B¢ erethasrof claimdlli whespinethe &NE issongeafiagrianality of CNTs
. f claiml7 .
s GHERER el h £APRG5 pas ol SFIAN o i hagdpsggponive o
leasinivb N Tigettaelinghi different diretiohhfroflvieambet.zer in
itu, 19. The nmethod of claim17, wherein the

14roni €8¢ misthadiof slaim 8y wibetsinihe GNT s 2 eiyculyr GRIR; anskwhggein the
Sha I r j [ - fQrce
SRSl B RA ERORER A S otk SRRt £ ironta
Chferein the scanning step conpri ses engagi ng a
ubstrat e cant.ai ni he.char erizer with the probe
13 e ThE o e g A ST 6 nble Mo Gatogb nanoiube
(Swetaot eri zer in less than 5 mnutes. 21. The nethod
of clai m 20, wherein the scanni ng and obtai ni ng steps
lar e Pbe frsthoddfichimds Surthien norBprising remitoflRg thEHategrtyhafdhe
of claim2Q, wherein,the scannin nd obt ai ni ng steps
cHiiragTostier B PR [ OT ARG OAPBEE stops A et hod
1% ONPThé iefiod(oAklagB aBvAEeh hE MMfofihl 3Rp cWhpRsés determining that
re-entrant tip of a scanning probe nicroscope, the
the sntpgritypf shephamstapizeshasdeem gemproguisedsiibizt resistévity of the
ot OO R B U SRl eaR AR Sy Bioceds a dosignated
theRhsldarehal ; (B) obtaining data fromthe scan to _

determ ne the shape of at_ |east the portions
18.  The method of claim 17, wherein the monitoring step is performed passively by

monitoring the resistivity of the characterizer in situ.
19. The method of claim 17, wherein the monitoring step is performed actively by
monitoring characterizer response to the application of a force on the characterizer.
20.  The method of claim 1, wherein the scanning step comprises engaging a substrate
containing the characterizer with the probe tip, locating the characterizer, and scanning
the characterizer in less than 5 minutes.
21.  The method of claim 20, wherein the scanning and obtaining steps are performed
in less than 3 minutes. .
22.  The method of claim 20, wherein the scanning and obtaining steps are performed
in 1 minute or less.
23. A method comprising:

(A)  scanning a characterizer with a re-entrant tip of a scanning probe

microscope, the scanning step comprising engaging a substrate containing the
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of the re-entrant tip that can interact with verti cal
or undercut features of a sanple during an imging

w@er@cese37’ and (C) generating and at | east one BET/US2007/004574

storing, transmtting, and displaying an i mage of at

| east one of the shape of the interacting portions of
the tip and a reconstructed iﬁgge cont ai ni ng

ti p- dependent i nage portions,”“and wherein the scanning
and obtaining steps are perfornmed in less than 5

m nutes. 24. The method of claim 23, wherein the

PR A e P e s B e ool
chdigct&gapni ng and obtaining steps are perforned in 1

mnute or |less. 26. The method of claim23, the )
obt ailB) ng obtasping Hetaifresn thescan igrdetermine thietshape of at least the portions

t.abl l.i I 0 | ot-1Q: .
of S8 LA dpmRleanIBrbl Bt beiok Tt iyelet Rhrespiaspmpte during
aRifiggihgprotesande (CNT), the method conpri sing:
determ ning whether the resistivity of the CNT or a

char &} er iggneratingand atdqastenesofEioringe bresmittingy anddisplaying an

. ' r L ndi i .Of . le art i,al

AP AR R Yot BEE B Bl f B R gl Bupsprtruces
irhége cvnEihia g itipedcpbmient Bndpepbetidis Jardn Sithiettth thel3¥anning and obtaining

nmonitoring the resistivity of the CNT in situ. 29. The
sieBs #§ PeefprraedinessAhar,h BHBIES.t he nonitoring step is
r ef I : : (a]

2 ol e i 23 WA ' Dbl o ORRRE e Epertormed
imiesthdn 8fminbism 29, wherein the nonitoring step

onptj ses noni tor.ing at | east one of defl ection
25nd” e Pisthy] oitnss, Hieteie s SOABHTE Pl O PginE gt gférperformed
id Pﬁliﬁlﬁé%ﬁéé applied by engaging the CNT with a probe
of a SPM 32. A scanni ng probe m croscope (SPM
26.onpiThe neghod gfjclaimads teoobtavigrsiapepbdiains tig Medth data with a

SRR, of GEL A 10 affofis Phidioror obt ai i ng data
21 omAl ARtHSE I niditdBhETHE iRk liff RN @RS andtubk $ERIT), the method

comprising;:

determining whether the resistivity of the CNT or a characteristic that
reflects CNT resistivity exceeds a designated threshold indicative of at least partial CNT
wall failure.
28.  The method of claim 27, wherein the monitoring step is performed passively by
monitoring the resistivity of the CNT in situ.
29.  The method of claim 27, wherein the monitoring step is preformed actively by
monitoring CNT response to the application of a force on the characterizer.
30.  The method of claim 29, wherein the monitoring step comprises monitoring at
least one of CNT deflection and resistivity.
31.  The method of claim 29, wherein the force is applied by engaging the CNT with a
probe of a SPM.
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the portions of the re-entrant tip that interact wth
vertical or undercut features of a sanple during an

WO pwgiops23pr ocess. 33. The SPM of claim 32, wheP€i/nS100®004574
characterizer is a carbon nanotube characterizer (CNT)
suspended over a void. 34. The SPM of cl ai m 33,
wherein the CNT i s suspended Qver a trench. 35. The
SPM of claim 32, further conprising neans for
nmonitoring the integrity of the characterizer in situ
prior to or during the scanning operation. 36. The SPM .

R e S TRt T S

char g} er s for @6atintng M'éinglb dhatétenizet &¥ith Anderitfoabtip BLa
characterl zer in less than' 5 mnutes. 37. A scanning

SqSFBIBE PW@(@@CW@P%@PM conprising: (A a probe having
ar e tcuixspfo? %&aﬁﬂiﬁ%fﬂ(’c?ﬁ‘oﬂl &1%@8411 &égé% ﬁe'etg{eg%aé)%%f at legst

actu causes r ive m)vemant
tmrpabtﬁnﬁrmdthd‘!e chaapt Bp thapipedrhct iwith Vegtioal oy unddiehtZeatures of a
directions;_ (D) a displacenent sensor that nonitors
sqm}%éumm@n&mceﬂs) a controller that is coupl ed
ot
Siner eie SENG Ghinf 38 itftrci B U APLAEERERS A Hamonsbe
clerastarizee (CXE) suspatdddovstppeidt ed on t he sarrpl e support
haracteri zer th.the re-entrant probe
3% p, %Eﬁgl’%ﬂ?faé awlfqr%mftqvféNEewwendfétOé@m HeNghhe
hap
e ?hé’él’?‘n?%?%?% 3 R chiRSE méale fhcinBllor B PRty of
tl@fcharastanpd:ren dtife iprigr twroridubgg tiy oREURS Sperdgon. The SPM of
| aim 3 ren can oIIer nitors th
it eght SpMERE IR e R Mol SOORenE cbses fiegrobe tp o
e&%@é ngﬁéﬁﬁteﬁ%&lﬂlﬂg% ¢HaPacRRizer MsoaRAE %ar%t@hi@r%d soan the
érein the controfler causes the re-entrant pro etip
Chamawgagmlasshhbsﬁnmnete@ont ai ni ng the characteri zer,
J(oca e the cha acter ?R/ﬂ an the characteri zer
SEAHLA P Frf?fﬁ’foég‘)pez{% CePRPEOeri zer for a
r e- e(Ay ani pRybevingPa fFQEntAns $RBBIRY Probe mi croscope

(SPM,
(B) a sample support;

(C)  an actuator that causes relative movement between the probe and the .
sample support in the X, y, and z directions;
(D)  adisplacement sensor that monitors probe movement; and
(E)  acontroller that is coupled to the actuator and to the displacement sensor,
wherein the controller interacts with a single characterizer that is supported on the sample
support to:
scan the characterizer with the re-entrant probe tip, and
obtain data from the scan to determine the shape of at least the portions of
the re-entrant probe tip that interact with vertical or undercut features of a sample
during an imaging process.
38.  The SPM of claim 37, wherein the controller monitors the integrity of the

characterizer in situ prior to or during the scan operation.
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the characterizer conprising: a single structure
shaped and | ocated such that the SPMre-entrant probe

wWo 27098237 nt eract with the structure and provi BEeT/dstoa7/004574

to determ ne the shape of at |east the portions of the
re-entrant probe tip that can interact with vertical
or undercut features of a sa e surface during an

i magi ng process. 4 1. The chatacterizer of claim40,
wherein the characterizer is a carbon nanotube
characterizer (CNT). 42. The characterizer of claim4

ded id 43.
3har 406 SPML e e o TS TR oLIF {oHaESCRArFG-galrant probe tp to
eﬁ@%&d@ﬂra@é’&fmzﬁm’hg ECEharfderizEh %&ﬁ@ﬂl@ %B%%bt%ﬁﬁeroﬁnd scan the

m 42, further Conprising posts between which the
cmctmszesmsbemthew miButeThe characteri zer of claim 44

Ao & Shatitferlilon 3 sPegiel o 48 5 8 SYarmingvabs Bvigprosge (SPM),

tief chataRtomzérdco kN the CNT is one of a plurality of
CNTs sunéi)ende between an array of posts. 47. The
char a&ingq stmetug? shapgd and locatgh sheli that the SENTre-enteant probe tip can

t f '
e st ao e RE ARG P EhinP i R et e portons
of ﬂi\AENEhtraré Probenipbnidandhictitt withveicaPéRideRAD atiREs of a sample
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45.  The characterizer of claim 44, wherein the CNT is one of a plurality of CNTs
suspended between aligned posts.
46.  The characterizer of claim 44, wherein the CNT is one of a plurality of CNTs
suspended between an array of posts.
47.  The characterizer of claim 41, wherein the CNT is a circular CNT.
48.  The characterizer of claim 41, wherein the CNT is a singe walled carbon nanotube
(SWCNT).
49, In combination;

(A) acarbon nanotube (CNT); and

(B) means for determining whether the resistivity of the CNT or a
characteristic that reflects CNT resistivity exceeds a designated threshold indicative of at
least partial CNT wall failure.
50.  The combination of claim 40, wherein the means for monitoring monitors the

CNT passively by monitoring the resistivity of the CNT in situ.
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one of CNT deflection and resistivity. 53. The

conbi nation of claimb52, further conprising a probe of
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that is nonitored by the nmeans for nonitoring.
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51.  The combination of claim 49, wherein the means for monitoring monitors the
CNT actively by monitoring CNT response to the application of a force on the
characterizer.

52.  The combination of claim 51, wherein the means for monitoring monitors at least
one of CNT deflection and resistivity.

53.  The combination of claim 52, further comprising a probe of a scanning probe’

microscope that applies the force that is monitored by the means for monitoring.



