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ABSTRACT 

This paper presents an al~or i f l i rn for recovering, in 
st lu,  thc shapc of zhc probp used in FL Rcnnnlng prohe 
microscope. Thp inputs to the d g o r ~ l ~ l ~ n i  are the im- 
REP of A reference si~rlarc and the known shapc of 1 he 
rrCerence surIacr Thr  o11tpi11 in n drpth map rrpre- 
writing the lhrw ~ l i r n ~ n ~ i o n a l  shapr of  ~11c prnhr 'I'his 
recovered pmbc shapc can ho uscd to rPstorP i~ i ingw 
c l  unknown ~!irbccs A mr t l~od Tor dplprmining ccr- 
talnty nr rprnvpry IS also prrscnl~d 

I INTRODUCTION 

Scanning probe micmcopy (SPM), w l l ~ c l ~  ~ncludrs 
t ~ r h n i q r ~ ~ s  silrh srntlning tilrrnelb~i~ mtcroscopy 
(STM) nnd scanntng forcc rntcrascapy ( S F I I ) ,  rs b e  
ing r~cogn~zed as a powerr~~l rncthod for ohraining 
thi-PP r l~n i~ns~o l ia l  rliplital imag~s o f  silrfacrs at sub- 
mlcron rwolulion [GI r \ppI~cal io~~ arpw or SPM in- 
c l u d ~  insp~rtinri nn4 threp-~Jim~nsionel. rnttrologj or 
s~m~conductor wafrrs, h i ~ h  r rw l t~ t  ton imaging o l  aur- 
Facc topography in Ch~nl lst  ry nnd Materids Sclence, 
and i r nw~~ng  of inrlividusl cells in Dlotogy. 

I r n ~ ~ i e ~ g  in SPM is p~rrormrt l  by s c ~ r ~ n i n ~  I he sam- 
ple n~irrac~, in a contact or non-conlact n ~ o t l ~ ,  l)y 
mcans or a probe of micron or n~rh-m~cron dilnrnsior~s 
The prohc used Tor scanning is s vital compor~ent nT a 

scanning prohc mlcroscopc and characicr17ation of its 
shape 1s important. 'l'lir inlags ptorlucrd 111 SFM arc 
invaridrly rlisror~~tl ~ I I P  to IEw nun-idcal Reolnrtry or 
thr scanning probe k torab lon rnetllods can he used 
to rprovpr the tri lr S I I ~ F ~ C P  Frmn t l l r  SPM imagr, givru 
the shapr of the prohr i~xccl For scanning, RS we havc 
d~acr~hed rl~ewhpre 1.1, 51 Morcovcr, t l l r  sliapr of the 
prohr may vary owr ttnlr !'art5 of thc prohc surface 
may hr ahradrd due t o  Ihe contact with the sarnplc. 
b n c ~  i t  is important to  characterize I h r  shape of the 

probe from time to time 

The method moat commonly uscd lo dcterrnin~ 
probe rhnpe 1s scanning electron micrmcopy (SEM ). 
This method r~quirea t l i ~ t  the probe I)e dismounted 
rrom the inicrmcop~ and imag~tl. 'rliis method 1s 
cumbersome find lhe ptohc may be damaged In the 
process Artothrr ~ l l s d u n n t a a ~  o f  tllw ~ n ~ t l r o d  is tllnt 
t h ~  p r o h ~  SLI~I~CP may Ilavr Lo be melal-coated hc- 
rore ~rnngi~ig. T ~ P  prolle Inay no l 0ng~ r  br funct~onal 
niter s~lch rOTillng Fiiiully, SEM glvea only a tw+ 
dimensional sl~apr of thr p r o b ~ .  Hence, 11 remains 
hard to deierrni~le the t h r ~ ~ - d i m e n u ~ ~ n a l  shapc w111ch 
IS required For the restoration algorithm 

Gallxrda and Jam [I] s u ~ r s t c d  Ll~al t h ~  prol>e 
shape can 'br recovrrcd From an image by modinp: the 
image wit11 the known vhapc of lhr  Eruc surfwr BII! 
t h p y  did not j115lify tEt~er rlaim and showrd no rxppr- 
irnentd results. Grigg r t  a /  [3] also sumested tlrnl 
imager; of known ulructurea can hc usctl ror charactcr- 
izatlon nT pro l~r  shape They show rrs~llts of p m b ~  
shape secovcry will1 SThl They uw t l l r  q i t l ~ w ~ l l  pro- 
files of IIIIA~PC of square pillars to estltnate the shapp 
o f  the probe. They give no romputaiionlrl algorithm 
They manually segmpiil out thr tlip stdewall profiles 
and manually comhine them They use this method 
to obtain a tww<lirrrrnsionnl view or thr probe shapr 

In this pRprt wr show thal the shapr OF the prohe 
may be recovered I n  sz!u from the d~stortion caused 
by the prohe on t l i r  irnage or a know11 silrfarr !I'P 
develop an algoritl~rn to rrcovpr tlic! shape of FI prohe 
rrom a contact  mod^ image o f  a r ~ f r r ~ n c e  surhcc 01,- 
tainad using t l a~  prohe. WP also d~vclop a rn~thod to 

i r ~ d i r a t ~  l he certalniy of rpcovcry or probe shape. Thr 
niain advaritagrs of our algurilhm arr that it givw a 
tlircr-dcrnr.nkro~~al rrprr3cntatlon of  thc probe ahapr. 
end  do^ not tt.qwrr IIir prol)c to t)e disrno!~nt~tl Csom 
l l ~ e  rnlcsoscope ?'llr rrlrtflu{l for pruhr ylaallp recovrry 
is an important cslibrat~on step Tor a scannin~ p r o h ~  
mirrmcnpe. 



2 PROBE SHAPE RECOVERY 

f'robe f ihap~ rrcovrry ran bc b e r l  on thc corl- 
strainls impowd 2~ the ~rnaging process Two ~ w c l ~  

constraints for contact mod? imaging were stutcrl 111 

[4]. One of these constraints is 
V(r1, ~1 j, ( ~ 1 ,  Y?)<QI 

Ilcre, I denote the image function, S the true surr~ce 
runction. P the  probc shapc function. IB uscd to 
d ~ n c t ~  the translation of function by (n, b ) .  DI 15 

used to denote the domain of lunction f The con- 
stra~nt atatw that during imaging. thc helght or cvcr). 
point on the pmbe 1s grrater than lhe II+~IRII~ or tllr. 
torrmponding polnt on the true surface. 

us in^ ihc dcf in~r~on of I he tr~nelafson of a r r ~ ~ ~ t u o u .  
l h ~  confitrmnt m 1 can be rewritten as 
W ~ , Y ) < D P .  ( 1 2 .  !J?bDf 

o r .  
W ~ . # ) ~ D P  

P ( r , y )  l mar(,, ,,l,o,S(r + ~ z . Y  + 12) - 1 ( 7 2 . ~ )  

Thr t r f~ rc ,  sn ~ t i r n a t r  or ttre probe shape cal l  bc g l v ~ s ~  
a5 

v(r. Y ~ D P  

E P ( r , v )  = mar, ,  ,.,, , , D , S ( + +  r 7 . ~ +  w )  - I l z z . ~ ? )  
(4) 

Or. 
Wr, v)tDp 

Or. 
V ( ~ , Y ] ( ~ P  

whcrr 
lA(r.y) = - \ ( - r . - y I  ( 7 )  

la the rrflection oi t l lp Image hinction t l l m ~ ~ t  tl~r origin. 
Equation 6 miry he rewtlttpn a5 
Wr. B ~ ~ D P  

Or. using the def in~t~on of gray scale morpholop;~cal 
dtlafion [2], 1r.0 Ilni.r 

Eqtint~on 9 ruggels that nn tstirnatr OF the tn l r  
p r o l ~  sl~apr call otltmnrd from ail i m q r  ohtain~d 
using the probe $the t r ~ ~ e  surkce IU known 'The pmht 
s l ~ a p ~  cut~nilrtc i s  given by h e  gray lycalc nlorpttolog- 
icnl dilatton of t l lp  reflection of thc image function 
~ b o u t  t l ~ c  origin with the nhupe of  the true n~irincf 
Vote that this result in quite d~ffcrcnt from that sug- 
, p l e d  In [I] .  One great R ~ V R ~ ~ R ~ P  of t h i ~  ~q t~a t i on  
irr that it docs not require thnt we explicitly idcnhfy 
the drstorted regionn in the image. The dilation b d  
method arttamaucaIly g ~ t n  t h ~  wtimate of the pmhe 
shape given thr tnltlge and the nurfrrre. Thin is unhke 
the method of  Grigg c t  a1 131 who manually determ~ne 
l l l c  potlions of thr Image that rtrp d~nbrtcd. Clearly, 
the KrPatcst demand m d r  by thrr rr l~orithm k thal 
LIIP true surface should be known Rcsldcs, thc truc 
surhrr sl~apr and the image should be al~gned to each 
other for lli~ method to work. Even II t h ~  truc shapr 
or a calihratinn pnltern 1s knourn, alignment poses n 
d i f i c ~ ~ l t g  A solut~on would hr to uw A mstrhrng &I- 
~ o r ~ t h m  l o  malch the model shape u ~ l h   he Image in 
ortler to ~ l i g n  them Fu~llrc rewar~h  wt l l  have to ad- 
dress this MUP. 

3 CERTATNTY O F  RECOVERY 

I t  1% ~irlporlnrlt to  d~ler ln lnr  w l i ~ r r  the ptobe rr- 
covrry 1s cerlain. ror flus, we once again uw ~ I I P  con- 
strmnts tn~pceed by the  imagng pmrrrw A wcond 
const faint ~ m p m d  by the ima~ing proccss ia 

V ( r : , . ~ : ) t D r ,  ~ ( ~ I , Y I ) ( D S , ~ ~ , , V ) ~ D P  al~ch that 

w l l ~ r r  
Ira!/) = l r ~  - X ~ , Y I  - y31 ( 1  1)  

This constraint states that evpry point on the ~rnnge 
corresponds l o  h e  he~ghr olmrne polrlt on lhc probe 
W ~ P I I  p r ~ h ~  LOIIC~PS somi= point on the truc qur- 

b c e  
Tltr constrain1 equation can be rewr i t t~n  as 

V ( r z ,  ~ ) c D r ,  3lr ,y ) tUp such that 

Froin equations 3 and 12 WP havr, 
V ( r 2 . ? f i ) t D I ,  3[r.y)tDp stlttt that 

Therefort.. for An: ( r 2 ,  y l ) r D I ,  3 ( r ,  y)rDr such that 



'I'l~er~.lorr, i l  fnr snlne (x?, y 2 ) r D I ,  thrrr rnlsts only 
onc (x, p) wh~ct i  aatmfi~9 ~ql lat ion 15 I v r  II~VP ror SUCII 
( r , ~ )  t t t ~ t  E P ( r , y )  rrecrssnr~ly cquals P ( + , y )  111 
othcr words. 

E P ( r ,  y) = P ( r ,  y) 
11 3(r, ,yz)cl l ,  such that 
[[r:.~:') = S(rl+ r,y? + g) - E P ( r , y )  
f ir111 

~tra,l/o)b~rd.vL!l # ( r , v l  
IIrz, g,) # .S(r? + r a . g ?  + u0)  - E P ( r . , v , )  

Thbs is a ccr~trlillot~ lllnl call tlr usrd to rlicrk f t r r  
crrtntnly nf rrcovl.ry o I  nrly Ijolrlt ni l  thr r.rttirlntrd 
prohr shnllr. l ' h ~ r r ,  fiat 0 1 1 1 ~  can W P  mtirnalr the 
probr slinpr hl11 ~ l s n  ~ t ~ d i r a t ~  u,llere IIIP rstlrnalinri 
I< ccrf aln 

4 EXPERIMENTAL RESULTS 

Srvtaral t.xprs!rrrerttc nrre rull to  I ~ s t  tllv rff~c;lr.y of 

tllp 1roI>r shnpra rihmrrsy ~ Igos~thm.  Ilrrr, nv* I)rr*\r!lt 
rrsults w ~ l h  a pyrarn~rial prohc uscrl 10 SCRII a E?.~III- 

of R 1nirrofahr1c~t~11 r y l i r ~ ~ l r ~ c ~ l  strllrl ilrtb nn :r ~ l l i r r l r ~  
wnrrr. T l l r  rlialrlrtrr OC tllc cyl[rtrlcr 15 .I iilirrons a1111 
~ t s  I IPI~~~T tq 1 :{ rnlrrolls. F ~ ~ u r r  :l shnws an ntonuc 
forrp ~~~rrro.icolw ( A  Frll) ~ r r i i ~ ~ o  nlf [IV rillbrrritf vrl ryli 11- 

drr. F t~ t i r e  11 ..11t>n1q l l l ~  prol)c s h ~ p r  I O ~ ~ O V P ~ P ~ !  fro111 
t lw I W ~ R I ~  OF ~IIu. cyllr~rl?.r '1 1112 wm c)I>t~~rtrrl Iy prce 
vtdlnp: a morlrt nf ttbc. ryl~rlder along w~bh t h ~  lrrtnp 
ob l l~r rylit~nl*.r l o  t l l r  lbrnllr sllal~t- rrrrrrt*ry : i I ~o r~ t l i ~ l r  
It 1s swn 1 haf t Ilr rlitn~ns~oll., of thp prc )h~  TO~~P.POIITI 
to tlbosr or tlw SKI1 tmqr nT rtlc pyraniiclnl prolw 
T l l r  prohe shape ah rrrr lv~rrcl I I ~  to LIIP I~eigtii or llle 
cyl~ndrr It 1s srm that t h ~  pruhc zs tlltrd Tllis IF 

~ I I C  to the ~ c l t ~ a l  1111 of the probe in lhr  AFM. Tllor;, 
IJIP recovery i i l ~ o r r f ~ ~ ~ r ~  ~ ~ Y P S  R truP (11 5 i t u  p i c t ~ ~ r ~  or 
t l l r  prohc h a p , .  b l l ~ l I h ~ f l l 1 ~  t l l r  t ~ l t  or tftr ptol)c 

probe s h ~ p e  ia SPM W e  have also dev~lcprd n rnrthod 
for indicat~ng crrtwnty of tcrovery. A ~ignificank is- 
wle In recovery En nin~rhlng the model or thc caltbra- 
!Ion pattprll wit11 t l l r  a r l l ld  Image. T h ~ n  IS an I w r r  

t11at needs LO he adrlre~~ed in our f u t r ~ r ~  res~nrch An- 
cltller rniporranl Issue ~q the detern~ination of thc ap- 
proprmZr calrbrat ion pat lcrn For rcrnvptlng A partir- 
ular clw of prohr sllapes. 011r expcrimenzs indicate 
thnt A cyllndrlcal pattern IS usptuI for a wid? variety 

of prolrr ~ l l ~ p ~ s  
A c k t l o w l ~ I g ~ r n m t s  IVP would like t o  t h ~ n k  L.C 

Iiong ror I'nbrica~lng 111r cylindricnl scrurt~irw ant1 
t3rad Orr, L.C. Kulig, C'ltiao F'e Shu and Arun I l ~ m -  
pmp11r Tor sttmtilnring d~sc~imions. Tills rescarch 1s 
at~pportcd I)y tilt. S~tntronductor Rewnrrh C'orpern- 
t ~ o n  under grant 92- ilC-:-0H5. 
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F~yur t  I: SEM Image of pynrr~dnl  prohc Figure 3: bFM image of cylinder 

Figure 2:  SEM lrna~c of f:~hrtcarcd c,l~ndcr F~gurc 4: Rcmvcrcd p m k  shape 




