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WD 2004/ 015365 PCT/ US2003/ 025155 PROCESS ENDPO NT

DETECTI ON METHOD USI NG BROADBAND REFLECTOVETRY
WBAGKOERGND OF THE | NVENTI ON The invention rel B€EES2003/025155

generally to nethods for nonitoring and controlling

EL%B?‘%@SWQ.IFS DETECTION METHOP PSING
to a method BRROARB F(lpEﬁT(Smmynduct or

substrate processing. In sem conductor nmanufacturing,

Uhinei11m depos FRARCROENH G BlE Gl ™ "o
S b8 eeon rLpseeRLy TSRS T BN et fRsng processes

uséﬁh%{rﬁiﬁ% kb 8EBY béMgichRIRIdr Sk thfeMGE Q%e%ﬁ’ic%ﬁki h&lention
depositing materials on the surface of the
relatesrtocomeihot! dor datdasing ah endpintlie sethisomdustprishbstfataprocessing.

t he sem conductor substrate is nonitored to determ ne

wheilin agmicerdlptir mianhftirmgnvareas bemlbinatiddmofipromess sudhas etching,
.e oj nt .coul d_be a, poi nt at i.ch.the prqcess 1
thle%ﬂﬁli deperiton g ersléa%waﬂaé&aﬁ?ol ﬂwgiam el G Roren piees on o
setR{cBAGRTorSHBUt k. PEnSHQRRRre FRRRd bY §&E&H@Bﬁreﬁﬁ%ﬁ%§n§c€ﬁﬂs from

processes are used 1 n fabrication of sem’conductor
and esltadivslysdephsiting thatraialsconr the darfaca of desseneenmdyctoDiRAMrate. While

T HE A S T

end i HBbb & reachbRh @R Pr¥cess. NBn ShOF AR GRS %&ﬁtsat%ﬂﬁch the process
installed in trenches in a seni conductor substrate. A

conditipngoihonld hsrabergssl drarpoiwrativhighdhe proness sheyd be stopped.
i nvol ves etching a deep trench in a sem conductor
subdecptrenc add iengss etvh processeh avd ushd pofapsicdtionaf semivdnductor

oo o e B S6rs DR ol 55 SRed B cooman)

A DRUAAVT (8] e DRB¥ DA QoBRins $4RRASELAdIcBpddiBrs foP REAnQ Information.
recess and etched as necessary to forma desired

Typicelnghe storagetcapasitorspypinstalled in rénshesisnchmicmdacthi gipstrate. A
aspect rati I.. €, reater. than,1l. 0 .where "aspect

gt pfect b ez s aC R AR enhecd e B ina

sein@ORAGtANbsthR¢, fAKAETHe@rent i ¥ittlpBLRilRbn 418 ctdh@EdbvirSthe polysilicon
typically several mcrons deep, while the width of the

to ferane reepss in fhsi teaaichy Oler mppserinl el svchots agbelectiigymaterial, may also be
2 in.i ' n . i.dt h
OB BNSE e 3B CR S hILEAEEH SR ARY pef e
Typlvallpkthel @snct s AhigloashBEt a1 (i ,Puater kRars NOVWShée tydpeciahtio” is
m conduct or substrate 100 having a substrate | aye

de?jlgg} as herghiApp iy hythﬁﬁa@ergftec.@pp]@ogb or gxqggaedﬂég,@@pﬂlgﬁt’rhe trench is
g L Al el v 208, SR BB ogper 0
nnphAs adescst areasikde 1D Bitepagtioal tschnbibggl cthe svidthdfdie tréreh imedpected to

| ayer 106. Pri or, forn deep trench in the
ge%ﬁ%%‘t%“éf?lgr’f@o,sgﬂﬂfﬁ?‘é@t&qg’ﬁqo%'e phot or esi st mask
108 where the trench will be formed is renpved,

causitigyre he sharaeryRies gemispaductor substraie, HGhaying agubstrate layer 102,
tyﬂigglly ltngdé)&cs‘ﬂ%n,eé B&P Elger f@l,etﬁ)%ﬁ& LANE of ORcbis dfogfda, and a mask layer

106, typically made of silicon nitride. A thin film of photoresist mask 108 may also be

deposited on the mask layer 106. Prior to forming a deep trench in the substrate 100, an area
110 of the photoresist mask 108 where the trench will be formed is removed, causing the
underlying layer, i.e., the mask layer 106, to become exposed. The substrate 100 is then
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1 WD 2004/ 015365 PCT/ US2003/ 025155 placed in a

process chanmber (not shown), such as a plasma chanber,
wa@pa4bhses rench is etched through the mask | aper/usdg3/025155

and pad |layer 104 into the substrate |ayer 102. Figure

pladelB3n9RYEess ehdnitRn Gibt $cdve) Sivhds apidsh b, ahd thkQfnch is etched
After etching the trench 112 in the substrate 100

through themaskiarier ocngmad ilasier kekiatq thogubsirats lgyerd 02 Figuse 1B shows

[ FlL gur 3 [
o oL oL A I LA IAR oA | bt 10,
thetrb@aidgigfhotdregist aak $1 0&inHigurk 1) &f reprolvydi | i con 116 is
formed over the mask | ayer 106. Typically, a small

di shighfy 1 siyvRstht Gedchl 1B iapReabstrab 0ue badrdilleg enihlwdilicon 114.
the trench 112 as a consequence of the backfill

Duppg edeckibpicess; o blenkef of ppiveikisan i ko isrfarmpes guer theappsk layer 106.
o0 8o b Rk 14 e BOULgRlink Pt venh 11224
cosbqueacd afithe dackill pooses Befose foimass Pleaemdrin timyeilysilichilig in the

or chemnm cal - mechani.cal polishing. Figure 1D shows the . .
trenghpld ey gl %@ﬂamoéﬁlet%\@ﬁﬁ %ffpoﬂbrsg%ﬁ%ﬁ%ﬁ? tsEpysd by a planarization
r i Vi 3 . . fos
83 SRR VR A0 LR SO 1Dshos e
sulptreied 68 aftéf the planhezatjphgmneresz aA idepressiap] 2t inay appear above the
olysilicon.cal.um 114 in the trench. 112 is etc
ol e Gohy HaP T RaoRRe 4 O AR Pes Afierthe

plafhi@4kien dep SRS Polyailices 6815mha4 4 iR HHERENER QYL istdiéhedAown to a
pol ysilicon colum 114. The depth of the recess 122

predefezmingé depsh 4o Fasfres weness. Figune 1E shawren mapsst 123 fermaipbove the
tomof the sacrificial mask |ayer 106,

.. t he
poﬁgﬁﬁ%rb%(fq}l?ngq%ﬂ tical dinension. However, various
factor ke it challenging . to curately. forma
e dBs el phgreeise | L BAIHE rapetrcgiayin G Mg 1AR e the
boRHRA 1 i Arifidig ﬂlé&%‘]&ﬁ%‘tlb&qg gfba‘ﬂg'a‘%gigkﬂediﬁl%ﬁﬁﬁ I(-)I%wever, various

etched is very tiny,” e.g., on the order of 3 nm _
factors ks it chhllengingte actwrhtehyr vomsgecnsshavieg e desifed|depth. One factor is

ntrolled.t.o ensyre that,t etching s .confined to
thef i SPPBE RS IR AR Pl Bpioh g RAT E Rt 48y B e 22 on the
orRP Y S0( AA o Wsy.S Thii; e etElPprebELs BRIt BASAreMI1D @ofollddo ensure that the
sane order as the accuracy or even the absolute depth

etchingtip eonfingd ée thettesnple.  Anetherifactpr issthatthe delrassing ahexe the polysilicon
traol l.imt [ r ' ) r t (1S, t
cofi e R ot T RSt kPG e PR e e il of e

recesiptbeatchedl.0 TAu tiedimeRsignal cuatiéldinitnge veryafght. nAakthesfictor is that
of the mask |ayer (e.g., .as a result oftag s
theﬁ? AivaRTOrHPE é’ﬂ?teﬁifaé y@dadiong e one fitate tranoper, e.g., variations in

e P BB [0 LR RE pR o B0 pnd e depth of the

depiessiat gvove tiee podysificom abbwnn.t Witibotkdolndedpel of thdse wamations, it would be
ke the requjred recess depth. —I.n order to .
digheeli o Eé?lvl%fflwgarr@a@s@ e e lgecn 19aptlts, the fequired recess depth.

i nportant to have an accurate and reliabl e nethod of
det 48 OFdeytogecaripdhform # Froesseol audeniradgiopts dlas gnpeant togave an
i i t i B . t .
s PR R O Rt R B R tn 10Elche REES Qptical
didgnesticamethodsare typicedliywsed opdeterabndpoimgs inopatisped tsnbs@typyrocessing
is the nost wjdely used .. . .
because they are non-intrusive. Optical emission spectroscopy is the most widely used

optical diagnostic method for detecting an endpoint. The method involves monitoring plasma
emissions for a change in the species of the plasma, where a change occurs when moving
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optical diagnostic nmethod for detecting an endpoint.

The nmethod i nvolves nonitoring plasnma em ssions for a
webangessh the species of the plasm, where a PCEHO§®03/025155

occurs when noving 2 WO 2004/ 015365 PCT/ US2003/ 025155

frofl 6@ 18y of Gieasubafaté toeandthes tayat. ETHeGegioab SN thisaiethod Kh@pically
response of this nmethod is typicall é‘l del ayed because

delaredihfﬁmse AismpRigorp theattasmay date H}Sﬁ-@ti &h ecwb%t’f@ée salss Qpbical emission

Sy B L By DO RAPLL AR 8L g oo

ap@atidiizevheet tlere mmplelffeammdl stbetaget.here i s no
effective etch stop layer. 5 Single-wavel ength
i nt Sidgtr-waedlénpth Bitafebietry Bxaotheeepinde ob@t dsiddal d1agnost1c method
di agnostic nethod . that is used to detect, an endp

thafrﬁélsw%cieﬁw anerqnpingp e Auterisrameiy epprapshciayplygs alrwlgata light
berg e 2 MR e o RO SO B P eSS S
combtrattivety ovddsiruttovehy @dhroduca agaermmdlm:terfeuemef femgaaea film, trench or
fri.nge as tren receS|s bei ng che
reCgfds gﬁag i (8 mic e BhecEce aegeofk,yswgesono ¢ PRl length of the
11gﬁ’@5e9m| ’[ﬁﬂﬂl‘éﬂ 1 thidBest &f ItHéle}er RERR idhe@U Q)“ﬂmh@ %tcthliﬂgc fR&tRerved
of the layer being etched.” During etching,
numb@eo‘f\pedodmﬁﬂmcasufedpe’m@mceﬁuge neestalateld wnﬂlelrcfahmm’h@hreductlon

r e is el ate th a cal uat ction |
in {86 1P b ertipe T R R e ol e anlitne ciched o
estBhatt BE ehdRNE N Be Pre&RS STREINAIfFLIARAAH ch@oifiSlete®ibe nRthod involves
endpoint 'in the process. The interferonetric endpoint

cogdingdls wrmprstof @@lngeﬁ wolve@: durmgih@ m@ Wﬂnen apresistergined number of

frin v r.edeterm n
R e e S T R e R A
etchﬁltg&;frbc&lssis&td;@ed_enoved has been count ed, the etching

process i s stopped. Single-wavelength interferonetric

appsapfavabesth infbif@dmietictdpptdachddiard InYntE@ ni"@l@irtaﬁﬂlty to monitor
etchlnp applications such as recess etching.
1¢

etchingapnpligasions kych as geqehnetchingy One riasen for éhisis thet th@mmnge@r relative

B [ N T

dirBédsitmk BF euctiliesI SThiis) ey camivd torapereeIat RcdBing Iﬁ&@ﬁal R@riations
material variations fromone substrate to another,

frogyene wbstyale ianogheri Juch ps ¥abion Unthickasss afagask layer, variation in
sta}ltﬁ'{g'tc?e&){ho t&é’ﬁc ést %ﬁdtﬁg lﬁigrl a ﬂgnsﬁt{e%néiﬁsﬁanaﬁ&ﬁ ﬁw@ﬁfgpoﬁ&tahon

ensi |es ron in” wafer orie

Asﬁ@e\pblﬁ\l!y mieitiynedpwithoumdaowirig thesatindonoing Agitdria $&riations, it would be
ncom ng material variations, it would be, diffi cul t

dﬁjf' ulhicascareialy deferainp A ek Mjetalierene v vie sichingonother reason is
thaf h@HRIENEMEs oA gtof' F:F éé Ea%ﬂléﬁ hah 1@ G}ﬁ@elﬁ%ﬁ Bﬁthe incident light) and

structures g
deepsv deanogtrast of therfangem\mlmtl ﬂqngthe)suba’udlte dreppand adyessmall noise can

cont of th rin fromthe substrate
et SR ey maria It Hhgp sl (eTuaRF wheE 1 @H0piah gebeen reached
in tRKr&@sd.t 1 npossibl e to determ ne when an endpoi nt has

been reached in the process. Spectroscopic

elli §&fB%E pic eﬂl‘rﬂls@rfxét??tpﬁérm?e% 5ifef JeACHBIELY YrexBmples of optical

exanpl es
diagnostic methods that can be used in conjunction with rigorous optical modeling techniques

to determine the absolute vertical and lateral dimensions of features of special test structures
such as one-dimensional gratings on a patterned substrate. However, these techniques are
limited to inline metrology applications (i.e., pre- and post-processing metrology) rather than
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30 di agnostic nmethods that can be used in conjunction
Wi th rigorous optical nodeling techniques to

waledoeorisne t he absolute vertical and | ateral dpeENS10051625155
of features of special test structures such as

in SiEdENTBNG iR lthgr iavblng measuramdat balydRdpstitisitstdtr@etures and also a
However, these techniques are limted to inline

sigpiticaw|copuiationtldead. optorts haye begsy madeieropbine the yewekspagoscopic
R SR BB Bl BRI G S sl ety for s

diapnwsticsie nmeasur enments only on special test structures
and also a significant conputational |oad. Efforts
hav grdae e mﬁ@emgptmmb degredgobist, eaby-Epask) hebaRRiae method for in
elllpsonetr con3|derably | ess accurat e,
S’f‘h@é&qsﬁﬁs ﬁhé Vit fﬂa@éaw é?te¢tmgsanteadp@n@gr$@§%traé%proseasmgmven when

aﬁc&ﬁs%g%t&%st Eﬁ{éﬁ? %r?xaﬂcersth Iet?e @v&xrvgllgﬂ ‘of %S%{ﬁh?ntq%%f

: _la_ccuratg e or 1n tICS
pr ocesst ng eiteﬁ%@%ﬂ%@q?ft@?wsﬁ%ﬁ%? erest are
i gﬂq St el han t Tg;mvel}?er;%({fq}lﬁé Bﬁ@e?g'gﬁ&gg%r%{aweter of interest

durifpy fotdseihgof |a§ia&§m¥:@ sibsiiBie RafcIPdortiRi S Hbtﬁirﬁ&% é‘measured net
arameter of interest 10 during processing a

reflgataney sp@gtrlgm ws&uﬂtatgefrm |11¢1hnm@mg gtdeast @ porioniof gh@atterned substrate

Wltrﬁealal Lﬁl‘ﬁi %wgg a a?{;)ana %’8? eCt r%f;alfnﬁgtlilrlr}é% {}lgld (gnet reflectance
spe&ti‘bﬁltefs&t@elglﬂeﬂ moahéﬂeﬁ!ﬂﬁhnb@f&@ﬂé@aﬂcﬁg fremdigf3ReRGions constituting the

spectrum and cal cul ati ng a nodel ed net refl ectance
pm‘s‘lﬁe@f terragisrngd websiiatee d'or MeaRleratht baanacklecter taasitine savelength in

thefliggmr?gﬁ é&[}g‘g Z’g t%gﬁceﬁ?lﬁﬁi:e lf/s\/;idl%/ée Pﬁla‘c ‘81| tréf?é?:ta%fce from each

re@@:d @Cztweighfed mehéremrsumm/febﬂagédﬁelds ﬂ:5mtth16}1 ﬁlfrﬁﬁ@ﬂk@ Rerresponding to
liy um a first optical nodel is used to cal cul ate
latgrhldy fisint afoan censiogedhie et diosvayglengthipplyyeder selected transition

waSOBEHE M t%%ﬂbaﬁ&]éﬂe@ﬁmd? Eécgh ﬁc!a?[ﬁo‘d@l' i8 ubdd B'cifcAfkSthe

corresponding to Tateraf Phct
refleotratd fromi aagh tdpsorr asgi naﬂect&b ﬁelMKKEﬂl ) ltign Iﬁsl;ma;taak @btdived by replacing

loyg B R LR i B BareT e uge 4 (KR Piheiaciudes
defehiBiniifd RKEbA ?&r&n@fe@é@h@tﬁﬁbvﬂ@éﬁ 8BsédRat@h 'b@tf\x!'e%ﬁ ttl%qvngésﬁféa net

froma thin Tilmstack obtai ned by repl acing
reflegipaesssheatrameang g madeled hetaeflestanice spdsbmmgeneou s

medi uns. The nethod further includes determning a

set Iméngilaraspdctrtbe i‘nlvamthmrmlaltaﬂes aaethoalsfer oaitailitpeproeesing of a

SRS S R ARt e TRl
frohﬂﬁﬁlﬁflhaﬁﬂlgra@ le%tsteaspdrﬁo@of@& BagkrhQl subSiAE Q\h i Jc]fg%}r% beam having a

processi ng patterned substrate ri ses
brqaldbmdmpngnan mg@lﬁ‘ddtlm mOéelleda netanﬂ@:tap*e speqmmm as a weighted
. fromi e orti
indpfigent b Bt et o Bt B2ioRs oS TRlintBe iR of the patterned

subdtiaad FaR 25 gleRths BRIBRG s%ﬁcheult@hslﬂgn %aV868dtB ¢h tHtbroadband
refl ectance spectrumas a vvemiajt ed incoherent sum of

specémpe @ dstpsicalmaededisiused tealqudage thegelentance fipn eaghtrpgion as a
We?éﬂtéd et glﬁﬁ oP el ?ﬂlds from thin film stacks corresponding to laterally

distinct areas constituting the region. For wavelengths above the selected transition

wavelength in the broadband spectrum, a second optical model is used to calculate the

reflectance from each region as a reflected field from a thin film stack obtained by replacing
4
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substrate. For wavel engths bel ow a sel ected transition
wavel ength in the broadband spectrum a first optical
worp@e13365 used to cal cul ate the refl ectance freom/Esmh3/025155
region as a 30 wei ghted coherent sum of reflected
laytiseh €& rkgomvith ¢ffdctil ehehagdnsoanedsmeNThethettdd further includes
laterally distinct areas constituting the region. For
detgpmigingigichel pasepetersibataupddesarlpseanairk befiveeniiranessyicd net
C .
re R e D B E Pt of
interestéffdne tHeeselt 6fi prlranétesnarel sigrating bh endpoat kn dletocessing yf the

repl aci ng 4. 2Q04/ 5365 PCT/ 2003/ 025155 | ers ;
paticEe SUOERT T HE BF P8 SRR Sh BT, St T7S & PErielerpied endpoint

criffgbhod further includes determning a set of
paraneters that provides a close natch between the
TeAGHER LA Siher FEIEEHANERATRES!Jr R A0S s in more
refl ectance spectrum deriving a paraneter of
detaib irethefolldwinmdetaded descaptigaefahe irestiornard inicgnamhetinn with the
ndpoi.nt in the processing of the 5 patterned
fo@)fﬂgghﬁ‘t‘r@&if the val ue of the paraneter of interest
satisfies a predeterm ned endpoint criterion. These
and ot her featBREE RR§CRAVEGIN QEFSTIRE DRAWINGENt i on
Wi Il be discussed in nore detail in the foll ow ng
det dhf svediéercisiifudtiateddfy wiseofi exarple, amd netdyi way of limitation, in the
oS Bt S e P MR (SRl MR Sheter o smile
elehlehtssaddimashiflyy way of exanple, and not by way of
limtation, in the figures acconpanying the draw ngs,

and pighrdh G9a b e RIS RERI 0N W s8R oh&h@br JuBstsdtd | ar
el enents, and in which: Figure 1A 1s a transverse

cro %%ou\?\i BisplwOL H@@gﬁg@ﬁﬁg H%:t s%ﬁmi&a‘ﬁﬁﬁétBPén%P%%é of FEAMFLIA.

1B s a trenc he sem conduc

o E1yT e hoytt Bl ntr Qb iR B SRy T o
h h ' d b [ C.after.
ol ik TGS R R arhal e PLaebt I pcp prion

trench of Fjgure 1D. Figure 2 is a generaljzed

schéhe dE8ROWS # FRehsstiophRrdindbgtreny orifdgire 1BA i s a

transverse cross-section of a patterned substrate used

i n Figuefina gengralived echsoutipehe thon filhetaghr t i al

coherence refl ectance nodel of the invention. Figure

3B d$igws 3Ahea pansverseedosswbdionatfe pafterded subst3ia wed indddstrating an

LNnto t ateral | di stinhct areas.. Eigure 3C shows a
enieBieFacel 08 Prp i pohesined litancy FRR Rl T¥emioes gur'e 30
S hoﬁgu&rle ggfs gv%gt %Cpealﬁgr%(gg lsugs‘?rgte%f %Iign elz ?Al d?\yi?ier:d into two laterally

distinct areas.
Figure 3C shows a reflectance model for a layer interface.
Figure 3D shows a reflectance model for a single layer.

Figure 3E is a top view of the patterned substrate shown in Figure 3A.

Figure 4A is a transverse cross-section of a substrate divided into two laterally distinct

regions.
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Figure 3Eis a top view of the patterned substrate
shown in Figure 3A. Figure 4A is a transverse
w@emwgsiserti on of a substrate divided into twoPCT/US2003/025155
| aterally distinct regions. 5 WO 2004/015365
PCTFiga204I3 i Ot bty gedFsegtione oBilie ipattanedmeanfithd sabsttatcodhooi in Figure
the patterned area of the substrate shown in Figure
4N Fi gure 4C shows the enl arged section of Figure 4A
divided into vertically-distinct |layers. 5 Figure 4D .
shoWiiuee 4Glows thaeslesged segioned Higure dhuljeided i vertically-distinct
yertically-distinct layers in an area on a patterned

laysubst rate. Figure 4E shows the two laterally distinct

e SRR, B B SR B P BOBER o vl Byt tyers

in &@¥6oRa paieesbsubeiratp. accordi ng to an enbodi nent of
the invention. 10 Figure 6A is an overview of a
Pr ogRsfe 4I0EndRS 86 b tht @Bl BRERIt RgibRy F tREPARIMRIGubstrate shown in
substrate processing step according to an enbodi nent
Figyte 4Aeeplaned tithokomegeyined tn filw stagksver vi ew of a
process for collecting normal incidence reflectance
dat Higuac® shiadvsngprooesaseteplacairdmg to af embedimeuiesfithe mvention.
Figure 6C is an overview of a process for matching
meagiguesio A &f iiecterview ofparddaysifor detedtngmo@ldpdint in a patterned
refl ectance spectrum accordi ng.to an enpodi ment of the
subsHieNPERSIng-pigh pecording & an yrbrdimentof dhe WveRlEur ed
refl ectance spectrum Figure 7B is a schematic of a
nmod &igsee 0119 acevendewsd eareesas foFicgllacing goingal arcidence reflectance data
Y t ch _hetween t he neasured
oo BT A o8Pl M8

ance spe |°gnUre 7A and the nodel ed
reflectapce spectrumaf Figure 7B. .20 Figure 8. s an
|| EEPSEt S ATDEVeRiRE O ISR MR SHI me s lectance spectrum to

mddelel 961 RBe8e SRR/GLMET.AAhe 18 aHRERLE b hefihratishce
spectrum obt ai ned by a conbi nati on of parti al

coh : ' i
B S e L
PRE - |_M j £ ' ow be
desc'l:%r e %@%ea ]cv§v|f? r%gfreg\r@%é%a% %%C#nél\%' preferred

25 odi nent s s illuystrated.in the acconpanyi

2 e rC R SRt ot BBt P AR GHR Ftcce spectrum of
FigiR€gAfang tiitehaddlsd AfRcifte dpeéthiin bIFRuFETBL 0 provide a

t hor ough understanding of 'the invention. It will be

appF&RL 8 iNAVEY S atichOrAEatSKbdtlvech & hehfiBePhdt T?]i‘l&%%n(:& Bfectrum and

invention may be practiced wthout sone or a
a mdévetd reprfiettiancapedini obtamedthyer conmisnaivned pattial tolienmen

rocess . . o
reffectiance and effective medium approximation models.

&

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The invention will now be described in detail with reference to a few preferred
embodiments, as illustrated in the accompanying drawings. In the following description,
numerous specific details are set forth in order to provide a thorough understanding of the
invention. It will be apparent, however, to one skilled in the art, that the invention may be
practiced without some or all of these specific details. In other instances, well-known process

steps and/or features have not been described in detail in order to not unnecessarily obscure
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steps and/or features have not been described in

detail in order to not unnecessarily obscure 6 WD
WQRMABES65 PCT/ US2003/ 025155 the i nventi on. PAEs2003/025155

features and advantages of the invention may be better
thelindmtioh oGHe fdatures areff elventagestod thehiavettmninigysbeelbdter understood with

di scussj ons t hat f%ll ow, | 2‘%0@ enbodi ment of the
referggead itmdrapings dpd decrstons i iAo, i s used to neasure

the reflectance froma patterned substrate while the

pat Heeneesmbadigentof shg igventiongbrgpdhaad seflpctomeirysis used to measure the

t s i v ' ] ' A
A T
reffeochieayappronel nsobas dhundating ot mbitenedh broadband lghtand

uhstrate. The cqllected ref]ectance data is _ used to ,
colfsghs tleCiansrolte, fram e botecnecesbis %ﬁeallemié?ﬁqq?@ce data is
usedab LERNAE ashbslrcathet reﬁe&%ce%&enctg.@ii 8tk gﬁ%&ﬁgd substrate. A set of

quantities of interest ist al ned by matching
parametenised quaatitiecef intetdseistthercebtainpdlby matching the mensured net reflectance

e T N T

pat€ihddesubSifaté SARRRUPAE: drRerfifis Q%plfé'élrtg 08¢ of MBre of the parameterized
parameterized quantities to determne if an endpoint

quindisien wedetermanchié an endpoiet heabeasrraached dbthermatterned substrate processing.

r : n ' has _been reach an C
1 o HEEETRL o oo B SR B0k R e 2 encppip siomal
could itdicatetiaCit @rddesd cdntiRiops BE Elsetg6d Btihki 186 PrdiRsERPHIRE patterned
or that the_ processing of the patterned substrate be

substratsbedtorped-whi | e not wi shing to be bound by theory,
the inventor believes herein that when using incident

| i gN¥hileapot Mashingiodredivand by pleory, dimg inverdor, bediel e lypeein &g evhen using

. L.engt h t ke reflectpnetry measurenepts

incflent BUERENAE K orod BalEiRrnttubb et B AYed D etsnia aele

refRpRaidty hedeletidnishiters willkhd N1gArdRIM Wivalthghan theBBhdRind spectrum
features on patterned substrate and above which the

belpyaylyehthe) ingjrent light eaadasoder (eatyeasion najtengd sebstitesand above which
i.ndis vi. . _Th
el S SBLAEE 00 RBLL TR R0 4R 1Pl

subfstraiet (The ahveyitod ®plierds tHat tie trankitioh ataetlehgttiinRmSii Osly @efendent on
verti cal dj mensions, of  the dom nant features on the
theJafieral Apppensions gad yertigal diperiiqns|of tha drmipart doatirss on the patterned

sul{sfhlg@.s At iv@dr\‘/elé’ﬁg‘t?llk gﬁltgmhe {rgﬁsitfi&‘gﬁii\ée‘?«?fgﬁg WRveL —F@%Q F%genlength of the

I nci dent IS conpar r sma
incideat kgldincameparatle to i somllef thah cheddhaiactenistié siaé of the dominant features

he patterne uhstrate. .For illustratio ur pases,
on, kbe&@gtgpgg |s£bsgrﬁ%y k}f% }@Hﬁ‘gﬂil%?%O%@é, {Szgm?grag%ggt%a% eponsidered to be
up td PO HnhdIGhE Bk BYL $tzk 6f HeZBnRhad RN A ftEREY S¥trate. The

on the patterned substrate. The characteristic size
chagpcteristic siastof eminang abmes dnethp patteneksibsiudss meaythe, fomynstance, the

. for instance, the i.ze.of the recess or. trench
sizg SE e OB EF oot SIS I SiectR b PERTRP e o Bineraly be
detgenigedbhyirielly geinediti NadvRRRInEhS abbve tBE trhiki®bd Wavelngth, the free-
wavel engt hs above the transition wavel ength, the free-

spasp aaxelgagt of Hptincidentight ispmeuchdanget thgmthei charagtehistiasigeef the

r |.St4 I Zex of. . om. nant ”
dofpfile e AE bR Snfibd Pr by RIS Phapsty reer™ may be
compvitdepabhe greayatthdral Qeiies MY cHaacteristic size. Again, what is deemed to be

“much larger” may generally be determined empirically or in-situ.
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considered to be greater than 2.0 tines the
characteristic size. Again, what is deened to be
w0 pasglo1436F ger " may general |y be determ ned enpPCT/Usd003/025155
or in-situ. 7 WO 2004/ 015365 PCT/ US2003/ 025155
TheThdrefoes, in prder theoptintaliyphatoiatheymemtuet nthwe flogasderspektrum to the
?eltp retflﬁct ance s(gectrumto t he ,rmda{;d aet .
mogeled actrefleciancs Speqiiif. teaveniorelisyestherste (had tw prticel reflectance
motlélg bretndRd QP bhé &r cléléfﬂaﬁﬁ% ABCEMeARIE 'ﬁﬁ*&&ﬁ%&ﬂ%@ Wl?r{éetransition

for. calculati n% net reflectance at wavel engths bel ow
wayglengith anrsanothss Tongaleulasingtot rhldctamstat svavélengtbahsaviedhe mapsition

flec wavel engt hs. above, t h ransition..5
v fbahE L RESANGE A RAShAR9L IR AU T e
wavelsteleisgefesret @ haveinhe the Gastidl coleryRéetRa@ndet Model. The optical
referred to herein as the "partial coherence

reflegippcsapedrd welidigeavelengihs spevethe trapgforweeslongtinisdeferred to herein
as thakiEkcale 13%&%& ﬁ@rgﬁnﬁ*ﬁgﬂ’eﬁ?ga transition wavel ength

Is referr ern as effecti ve nedi um

appﬁ&ﬁitﬂgéier%?rl; C %ﬁ%}e&re o(tétg%‘%eplﬁ%%?r@té& %&?@Eﬁ\;eenqg(%um approximation

refTectan

modglpftveddlddatinglifle ABdefledtanes k@ ted] Bonahd Pkl Bltrate as a
refl ectance spectrumfromthe patterned substrate as a

weiggied icolieicatyie perefleaianges fromediffistans rreiensfopnstiteting the eattern. In
r.eqi t] ' : e case of, the

eS80 0 R0 DAY R Ry B e

weightethcebarbntrsagi efireffetedficlds fromi lalialy digiher ohs udlifing the region,

reflected fields fromlaterally distinct areas
whets gag lﬁmlfy IBHSt ISR iR 1SOtRi¢. oBREeNqos.him filjn stack. In the case of
the GRS4 | | | ferti ARG Lnfrbdi
SR sk P SO oy AATREREON Ry L
repkaoprt wikh wpti¢adly-enpitelent hembgambhsymediatis msing lhay@psniration formalisms.

T ARt S BioniE e RGOS eP e iR B RSk Hhomozencous

medingsr ef | ectance of the region is then set to the
reflected field fromthe stack of honbgeneous

nmed} [ i .
TN SR8 S5 Ry O U B
medippr appirorinaten modellis tesmbdel Mindiedttetfed spldtiags avertollection of thin film

ubstrate as a,coll ect.i f thin. film .stacks. This
stas” T bisTh BeBharF Gyl S i o abingiimstat Tl Pioiedy A Riane wave of
knowil itBnBief B RlarfzaBbA BEn BANSIRf cal PRV b Eétﬁﬁ% h@ ¥in@8lving a

pol ari zation can be readily cal cul ated by setting up
bouaderyselugimgblam ustgdaxwell akgetipnobt, equivslemiy, WioapplyiigFresnel
elﬁﬁ&%tions or, equivalently, by applying Fresnel
qequations. 25 For illustration purposes, Figure 2

h A thin fil tack 200 havi | 202, 204,
S e A Bkt P b et s 0,30
s
2060 Bt DL SAS$hn %ﬁlﬁ?léﬁb{cefag%% ¥\ Jol ﬂee%%fbtofgﬁyﬂ 19%%61?%;’2@,5 fhyer 204

mask | ayer, thelayer cou .a pad oxi
coudghbe 2 hardinegsislayzaghe byb206heould Isudbpdd atide laggreand FaddyepP08 could

rs. 202 206 h ickness (t), a )
be § AR Y O3 PR o R0 T o006, A0k fora Boaret vl nfetactive
indésk (), dn@fdn@atinfam dRARIEHR B R RE BN dERHBasB ments are made by
illuminating the thin film stack 200 at normal incidence with a light beam 210 and collecting
the light beam 212 reflected normally from the thin film stack 200. The thin film stack 200 is

assumed to have an infinite lateral extent, and the reflected light beam 212 depends on the

optical properties of all the layers that form the thin film stack 200.
8
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30 illumnating the thin filmstack 200 at nor nal
i ncidence with a light beam 210 and collecting the

wo p@hoi1enm 212 refl ected nornmally fromthe thper/isions/025155
stack 200. The thin filmstack 200 is assuned to have

an kot theifaetidl @bldredcea¥fl@ince afvdel, iR pabbhRE kahtlatedB tivided into
properties of all the

bheam 2 epends on the optical, t ) )
mFalyQ&‘g@]ﬂf}h‘gﬁtﬂ?% P]f?ﬁf:t?@dtemhwla@ralm djstekarpg i medalgd as an isotropic,

Yo¥ i al
hoRcenD 1A (fiacR. HePhOARt Bitia ol o EoRRA: Bk sepapg of an
isatropidi, hpmlegkneowsy thin film stack &t mmaihbly pblatiiatioh-iadepasdendnGiven the

each | at falt{% di sti(gct. area i s nodel ed as .an
renORY i A Pt s AR GECTelit that Pt @ i aan o
sehtohQRAGSubRFAHE FROBREALYr bdlidGes RIAR ASE tl%fpa?t@rned substrate can also be

i sotropic, honobgeneous, thin filmstack s nom nal Iay
asgygledito havd arerhinddy polddrationdhdependdnt rflectance midch gigatbf simplifies

. S|ze nd. ori ent at.i ons .t hat nstitute .

o SR DA R 751 86 B Bt e BE B bre bR B rctnique can e
eadilyviapted ihmbievasolrehatbi dbptabentesppadd 186N €6r StRSIIE WiS may indeed

can al so be assuned to have a nom nal |

be He e paen Bre-diviabpiaadibatiies censtisnioe theptism igri@awiyo be
P BB S5, SRIBA) 080k ASARGL R Al G Rhle

¢ oo b oh LR TRl T ColcPertR 3B RGeS dobiae faigal
distias@eswheadiffeeendesin dopoki@ibn @hd fEANLESES oLRPSE héﬁ&%&% the thin film

t he 1ulgqattern is known to be predom nantly oriente
staglte ItarexapplentigieniAashaves piranseerss crobresqstion of mpatterned substrate 300

R L

foraned inlitHef sebstrne 300 MmcHN@DSith 'p&?siﬁ&ﬁh 310. cXResHd8pREsion 314 is
| ayer ituting the thin filmstacks. For exanpl e,

forgpeg s thedap ofibsolysilican solsmsc 19rip s teansh 38 app cpnsequence of the
B SN0 focd3, NG00 B S e 0

dixﬁd@ﬁutm ilﬁﬁaat:eﬁallyfcﬁs?’fhmdafeam 31|6¢|3 s&d bBichaiteraB giﬁiﬁdt dred is@tko an

. Wt olysilicon. . AS epression 314 is
scfigbite B SR, B it st pohs B0 Eb ot iihelnos e mask layer 302,
thel 8Ny BD4 a5 Pa GAREHE URREBoribn 8O, e"fl%éBtjhisr{:%lv\nggt?ﬁgﬁ% includes the

and/ or” planari zation process. Figur
polyaificen peldms 3 §tand eubinrte ldjyaripdetibn 36b. two | ateral |y
di stinct areas 316, 318. Each laterally distinct area

iT ﬁ éﬂhﬁ pe%?;alaee ofthe pa@e‘lrﬁeq mlmge Be@ﬁ;é‘a cdrﬂib'kiﬂelltfdﬂ dﬁt%éo%ﬂketed fields
t hi i s i nc] udes_ t he mask | ayer - .
frop e fip dim) Sé%%f gg&}ga&&e seiiegise dield for pajvan thigritlmosiack illuminated
by 3 Mare WG of Rhéwh i Ll i

yppl ysili cgn col Ehﬁ%ﬁ%%gﬁgg%ﬁgé}@@f?g? g Cﬁlg@g?ed&grsﬂugﬁ up and
sol3@is. borndary piddemaning Mixwdiks gatatiensacbysushes Fragre] 8@tions. For

is.aconmbination of the reflected fields _frgmthe, )
exfiplf R Sl oo, Y fiecierip vt erfaca 20 BiFigare 3C) is
gi\,gh\bz_n thin filmstack illumnated 25 by a plane wave

of known intensity and pol arizati on can be cal cul at ed

by settjng,up and sol ving a boundary probl em using

Maxwgld—s—€quati ons or by using Fresnel equations. For 1)

exanpl e’ /& ng Fresnel equations, the reflectance at a

| ayer interface (320 in Figure 3C) is

The reflected field for a single layer (322 in Figure 3D) is given by:



10

15

20

25

given by: __ ni - n2r12 nl +n2 (1) The reflected
field for a single layer (322 in Figure 3D) is given

W2004013863 2004/ 015365 PCT/ US2003/ 025155 1"12 PCI/BSB03/025155
I 4A0N2t 1123 _ 1 + r Y eld4ln2t (2) 12 23 Returning to
Figure 3B -fq"he purposes of cal cul ating net
r ef lect uigie patterned substrate 300, the 2
hei ghts “df"{®% thin filmstacks 316, 318 shoul d be the
same. A layer of air or vacuum 324 is added to the

t op Resturping te Bigura3 B4 fopBieymirpasesef @lcvlating aetysdastate dfdhe patterned

inf fen idy the i ght.s af thin filmstacks .
suite o5 HELEREH dilnd fip {1 P80 Bl pLEoBl b s o K yer ofai
or i@, 324He addedan ey toFQJf HRV@Rure 6 Lhdlydilicdn o6 RompBiate for the

istribution of the [ateral extents of features

diffespnceiin theiheighds elyipe thin fiustaskndl®, lbstrate, the

reflected fields fromthe patterned substrate are
| i k&pyibe parind celsence meflagtanpe modelntherimgintmdebiévestherin that given

ern a I hcoherent| ver sone. gt her reqgj ons of
oA Bl DS S SOE oL R SRR ubset e
refleetedtfleldd fERtid fusleiRSubsiratd e GREGHERIA dolRRGly over some regions of
|ncoherentl¥$conb|ned fields could 10 vary as a
O

therpatfern a9 ipgohereatly oyarcomeenibtrangions oftbe paftain.dShegventor believes
L1 M ly . a fractions
reREFERERE Lt RN 00t n R bl B o cou
vaifyrag m fanqivhtof five dpacelibstel stipth, dgRnB Ao @vt fdteabBH @FreBpond to the
wei ght ed i ncoherent sum of refl ectances fromn
actyplrares fzantions g therpattemsd srbstiaten JhupdheactirefleptarRe from a patterned

' I + . ot A12.(3) ..
4 ) P Rt o sy Rt sy ool bl i
rediowdi cohditating the phesrant | y adding 15 field ternms, and

wl(20) are the weighting factors for the incoherently
addi o 1,810 Bh 21 El |2 tes the 3
magnitudg(r{’?ZSI tlle%gmle% f%el%wE(ﬂ?lﬁﬁ"tqhe frequency ®)

donai n]&rjllgta ion of electromagnetic field theory. Each
i ndiNPERALS the agiHelesiancy maaavag & arathe individualiiaephemntly adding

' . : fields.from k
GefiW, AL b AR BT S Thr BY MBherohfy ARG RERS. oo use of
o] he Bomp )j £
90 dfins [ S B oA R Sl Gl fon o
eleb@omagirtit dicldcbbafent |y adding field terns E 1. It
should be noted that in equations (3) and (4), a

" I €@allindived P incoRére SAEIASe Rrm hRb&laBbh ¥3)Hodid B¥the weighted,
ar ea.
coherent sum of fields from k laterally distinct areas constituting the i region on the

substrate:
E; =a;(4)Eq + 2, (4))E, +-+ (/%o)Eck 4)
where a;(4g) are the weighting factors for coherently adding field terms E,;. It should
be noted that in equations (3) and (4), a “region” is not the same as a “laterally distinct area.”

To further illustrate how the partial coherence reflectance model works, consider the
patterned substrate 300 shown in Figure 3B. The patterned substrate 300 has been divided
into two laterally distinct areas or thin film stacks 316, 318. In operation, an incident light

beam 326 strikes the patterned substrate 300 and is reflected, as shown at 328. The lateral

10
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To further illustrate how the partial coherence
refl ectance nodel works, consider the patterned
waagprsse 300 shown in Figure 3B. The patt er nedI/us2003/025155
substrate 300 has been divided 25 into two laterally
extentsifithetreraheS88, whichhd mdémirﬁhsfeami@orﬁthé paiddr8ed substrate 300, is
tion, an i nC|tgent ght _beam 326 strikes the
COIBE @l

olle e ofiss Hoathe Worrlamh pEihe enqidse liaht beameigwFigire 3 shows
L I e
filmstach 81 pand remdsent thetrefitoted3idld disto the thia fiddnlsenck 3 18r The inventor

o e B 0 e ko B EEhe i n
staSkHB6! 1 & d&QQrcaieﬁtbyﬁﬂﬂagi%ﬁfyel%ﬁ:r% 4t {ifﬁet% ¢hd RefeEshd ﬁtﬁh.sdrel and 1, would

due to the thin filmstack 316 and r2 repr esent
ad¢ eqheeantls deequer af latasaltinterfarenedeffects. | Thesefledtar SronTthe region 336

r. s rein.t the
o S R RPRR TS Bl LIS kBl T %o i i
staslt 3bkenlp16, 318, demarcated by |rrag| nary |line 334,
where the reflection fields r1 and r2 would add

cohgr@nblvatba¢RL 8R Rt rdfRbRL&! FrbALRL Gﬁeﬁfeﬁ{é‘a%uﬁgtfa@é:ﬁﬁ) is:
The refl ectance fromthe region 33 out si de of t

i magiphary |i P! etdztobeduetothe

refl §2°9e 3F6|(2‘Ie)éﬁ¥erﬁ§‘f)ﬁé(a?ﬂ |Im stack 316 only. 10 )
From equation (3), the net reflectance fromthe

pat MeredRbosia blsg néireflestace SomABo QattermBHbt24y 300 EEZ;&ﬁEQgZ are the

oSt 30 el R TGS apas 2306, Fpessvely. and
w3 3%@%5)5 w3 §6?/10P fh?e thie W@Blg’ﬂtﬂig%ctbﬁ%f‘ﬁé @itfoh¥reAGH hdding ‘tegllrr]lg From equation

ternms fromthe regrons 330, 336, respectively,
(“mB80{520), wB36(20), are the weighting factors for the
i ncoherently adding terms. From equation (4), E330

i s: E336 (BB, 0+ IE3@6L DKL - a(A0 ))E318 (6) 15 It (6)
shoul d be noted that E336 I1s rl, E318 is r2, and w330

o R 5 V) v S PR 8 0
Th(ls, eqigtioh (8) &M herrdwitittédas:a(20 ))r2 12 (7) Equations
(3) and (4) provide a sinplified nodel wherein

par ot o 2o Nt kel DleBaler i A& Tes o O

interest, such as mask 20 | ayer thickness and starting

etch depth. In one enbodi nent, the invention uses

normal incidence reflectonetry as a technique for

mea&gratiegs (Bfand ¢ pprowide msamplifed hedg athemimedlectance from a patterned

b strate 1s | ed by a bea ncident..normal to

s EE S b8 Pt R Ay oo f R PR B e auchgs mask
layteh&uﬁch@@tahatsﬁtrﬂuﬁg &l U&Eh €Th orle- é@nbod@ién, B B%khB6A ¥ses normal

reflected i I's collected. However, Dbecause a
incidengrrediectgpie ﬁ@aﬁut@hglq@aiﬁomee@@@ng reﬂeetngcq@meamng therstterned
sut%krlateq; 1lqu{§nAtE@g% asb'égrh Akt aﬁ%ﬁla? B(P ﬁnﬁ sgrﬁxﬁnc acin?y JLhe%ght reflected

nce. ere
noined] k@ thieisabstehtteistcolledi€d, i.e., only specularly reflected light is collected. However,

because a range of orientations can be seen in any pattern, not all of the light striking the
pattern will reflect at normal incidence. There will be non-specular reflection due to, for
example, the depression (314 in Figure 3A). Reflection losses due to such non-specular

reflection should not be ignored. In an embodiment of the invention, a scattering loss factor

11
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exanpl e, the depression (314 in Figure 3A). Reflection
| osses due to such non-specular reflection should not
wheoorgrssed. | n an enbodi nent of the inventi onPCHUS2003/025155
. scattering loss factor 11 WO 2004/ 015365
is #pQiite USAGOB/of AE1EHingsteapypini cgdatfom (BRot 1 thé eritire refidiange in equation
terns in.equation (3).or to the entire reflectance in
G ?&SFF%J%HH%S.S foter ol bt ﬁwgﬂ%%fsﬁqea?p@e@ waviengtheloa
function of free-space wavel ength, 20. For the
ef f Bt the sffseitieunedippraprrorimation medrdl the patterpeat wubstnael is divided into

nat:e d.S.dlvi ded .| . n laterally, distinc .
s S R R
colzferich eeffratanca@inodelds be isdRopicl RfrthehanehifiGl el sthck. 3 the effective

i.sotropic, honbgeneous thin filmstack. In the

megiTb AR MateR il B iEsel listinet TRgig is definpdassi(h) # selatively large
ext@hiSEEBR bf & BHRE: filkh %?‘gdﬁ Efé@) ??f%&%%ea%(ﬂaﬁk?&eb%&%r éo{;xﬂ&%g by the

extent region of a a egi o
preseyms of fdaturedlerving lytepa:lpl:imgﬁsﬁﬂls blyuohl’a;mallm;]ﬂimt}mefrl I eﬁ-spﬁce wavelength
eat ur es..havi atera i.nensi ons. much small er. than
of ﬁémﬁ@eélillg%ai’é E’%ﬁ%ﬁ%‘ﬂ’gﬁ gt %?W?%#@VP}%P&%?&WW 1gHes, 18- tgyeater than

1.0{ Bi€ AR, BBENELcRMmbE &S HERD BFMiBE. . LAt
gr eat er than 10 1 O,ﬁa\é"lr1 bo?ﬁ%&%ﬁﬁgn%’g{omrlgﬁdetlglelatterSet

e.g., _ : - .
of regions s berpegsneowsthinddlne statkisythe pegidaisregs fitsd dividdkel intchertically-

P S of regions .a nogeneous thin film,
A SR e MU S
mediusds| Wherelthy Sfcturdedh b Hedel@T 4s ifeHisiv¥nSHinStHoREfeIRKET S

are replaced with effective honogeneous nedi uns,

eF6r ﬂlhﬁra‘ifohﬁ%%ﬁ!{sﬁ? lljg?{f% ?ﬁ HOREh Beki@fed %\?Séﬂﬂuéé Qggdiv?deza into two

host medi um I on purposes,
latesplbingistingd segiensdd, 4Qb sEachtod tht08giony #0Rd0# hbhoa tateral dkfent (L) that is

| aterall i Stinct regions 40 404., Eac t he . .
o bRo R h3he e Siost SvPlivuh af tegpprigieft fia Thesesion 4021
derl¥elghoptiRasdaith famhtd1808 (8B SRIEANAVLLERB b bILAE! thin film

incident |ight 406. The region 402 is densely

staglo d e Seaehent 0 areraspionedtodpge latdrhleextengs (oe dimensit®ds) much smaller
} t hi i l. . _The t h
OSSN W B et SRS, ton

mudh sealérahsatenaicxtehiel therrentHes 408 b be REISPIE the free-space

vel en &lg,of. t.hgﬁi}nci dent light 406. There are no
waylength phibe dncident SghtA0omFor exananle.dhe latwal axtet af thextreaghes could be

0] SR O, 620 0 LA B LA S R
trenchee4@l coatld alst hate ipleatpeetatiess could be 10 to 100

times smaller than the free-space wavel ength of the

i ncUdmpteffectiifel médifim apbfoxithsteoi; Beferd0P dRaHtde@bs Cal by Sffectively
gl h aSﬁg‘gt rati os. Using effective medium -
mo ?}g

d 8%} HaR fibn stagk hayiag alplelayersmdhomegensaue medivens without
SidecHive ; i LI ck _hawi |
PR HiME pipoctRidRERC s AP sl e DGR RS gl Hapea
inchysions,ny sylitdripal ashsivns riathchdst mediutt. €Ehe redpoBEEpIRPtrty of the thin
£l c%g be ({mded ed a@)gngedl e- shaped. inclusions, or
g StpethirdeRendephi theisaars, ofithe glusiops i the Apstimediyne. In general, the
respEISE BRPRrtP CORAHe Xnfikidl %?bitagiapanigdﬂoﬁé e Kedi %eﬂ %lgédi?&hsions
on the shape of the inclusions in the host  medi um- Th
bavg@restcalar croseseation pibe sesppuse pesiteyty dowhidxibbatistit@pica bndif the
incﬁlls%)r(lls ﬁgveaarﬁl e%l%t)t{c%%r%Ss-é:e%[[iori)%ﬁengsgdnsg E)rc}ptcll(?ty Iis Cila}lijis e?nri]ssotropic. What
is meant by uniaxial response is that each layer of the thin film stack has a certain refractive

index in the thickness direction of the film that is different from the effective refractive index
12
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30 have a circular cross-section, the response
property is uniaxial anisotropic, and if the

wOo psi3ehs have an el liptical cross-section, PEEUS2003/025155
response property is biaxial anisotropic. What is

withiahé plye vhihaxilal Thespepissily spehlkiag, thattin Fiiy stackbelidves differently
thin %)i | mstack has a . certain refractive index .in the

in qdiffprerhdizestigns withinghe drickngss afithediknn afn the ceserof dhebipxipl rggponse,

el BT Be s Cu e Fic PR o e A i e popsoauence of

thedmxm:lahjsytrsple adspoogse it et thierenis falpbtmrmamkddpeMS which must be
differe |ndff rent directions.within th ..
fecfoire ooty the Teo e e BoIn Hac s pase of uniaxia

res{) &EOHe ?espoﬁs@% %X(Siﬁtﬁbﬁi bP ﬁoﬁhatlfyqﬁﬁﬁé’rﬁ% t & B dsB@ned to be
hi CkneSS and t he p ane of thé e consequence

nomwfnally pelatizaticnahdependentr opi c response is that there is
a pol ari zati on dependence which nust be 5 factored
i nt & wedessbitniodelingf the heteraldy Histiva negor 4@hag diborhbgenedusl thin film
response, the response

tack. | the e_of. uni axi a
Stafslbvvﬁt%qw E? Aeser 93 nEPrHHRTATIV Blgasss, Figgte 4R shovisen enlargement of a
secion R if Piddee 4&?9? e ha{té’raﬂf hﬁﬁh&%gﬂ@ 40N AR P SAG N Fléére 4B, the

process of Tnodeling the er al distinct region 4
section d04roimolyd seomesk hlIYﬂl“ 4112!, am omﬂatﬂyewﬂm andwstisstrate layer 416. A

descri.bed r illyst ses .4B .sho
el 5P eotsn S B ok (R 35 s 1R L 'S ARGt ver
416.h8 digéshiatdardi1 8 aha aﬁaorygﬂic@lm céifidn 409 Mﬁ\@ﬁalledluﬁhs #efch 408, and
4B, the section 404a includes a mask |ayer 412,

a TesRPf22 ia fasmed 1 thedtrench 4@&k9é>pmtbé polypdicon eelumm 4?(0r efi@@ the purpose
412
of ?é? ai I’%ﬂ%}ﬁ&n? &1{3#31 oy t a{n‘; f/fg%' ?srajilgnec%tn g)e &resgpt above the

poB@ﬂmaﬁaﬁm&naad a ponS|I|con col um 420 are |nsta||ed
in the trench 408, and a recess 422 is forned in the

t r ened sédi8n 4000V bh@vided witb b'v@ﬁf&aﬁﬂd&‘sﬁﬂcﬂa&m Fodr etxﬁﬁlple Figure
purpose 15 of optical nodelin a colum of air

4C\ﬁaewaﬂ$ sactipn 4)4askvidediintovasticallyediginet yowsd 26128, 430 432, and 434.

Ea§1o ia%{lear a%%ﬁ{ﬁg%ﬁ eslg?eird'ﬁng Il%-gf%gﬂf%f G4 8 ti%i'n?agﬁ ?eg'g? §12 and a portion of
thededatitin 454 gid Bas AHhidkewst,) Bfuab &Cthe BicldéLotthy hid§ilayer 412. The
into vertically-distinct |layers 426, 428, 430, 432

laygh2 &paludesthe pxidg ayer 4 anfb@npmgnpé theajiegolurn 424 agdhas a thickness

Oy T RS -
didldeerid dullak AE% % poitidrhel tﬁas&bstratje&aiyeél% ahbi@ poktiyrest 4 8ir column 424
ond B koSS HIHEL 1t ViTieA dussahce fogh e paspmias thfacide ayer 414 o
theit tﬁié F)u fie ?%ls%ﬁlctoﬁ%oﬁffﬁﬁj@d dlafe]‘ 432 T&?ude@)é%ﬁrtﬁ%f the dielectric

d portion of th l'el ectric col
co%r4tll8m1p«zmon étheutvdysilacon chhmer 424 6od apmﬁan pﬁ the| stubstnfte layer 416

d h t hi.ck
and i PPl editeo FPenEENL e G OF toha s POt iigppolumn 420
to thb%bottiomT thd&ielclRictollhl e &0 Oﬁﬂéslhylér Q940 icRdes R phAfhn o-ml?e substrate

|l ayer 432 includes a portion of” the dielectric col
1a3¢.ﬂ.816 andoppariion 06thetnoéysgitﬁoy§plmrub42QmHm adlzol;neam(is)aequal toa

veffrl 4t f(%lﬁ)%he %ﬁﬁi B B R can P 19188 oPygpof g trench 408,
top P%guré HB s%gwg at fnlncfﬁgl s(t:z?c lﬁ% inc%uding homogeneous layers 438, 440, 442,

444, and 446 corresponding to the composite layers 426, 428, 430, 432, and 434,

respectively, in the section 404a. The effective optical properties of a homogeneous layer are
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to the bottomof the dielectric collar 418. The | ayer

434 includes a portion of the substrate |ayer 416 and
w@2@aeniizeh of the polysilicon colum 420 and hB&T/EHS2003/025155

thi ckness (t5) equal to a 30 vertical distance from
dettingindabbdsedron thet dygicdl rbpatied mdahd Velumé Tictiond dfehd odhponent

of the trench 408. Figure 4D shows a thin film stack
mediyms 11 e GRERCHRPINHHTEHDSIR [ elyer s 43 8, 440, 442,

444, and 446 corresponding to _the conposite |ayers ]

426 Thejoanparget madipmsan thedaver 426 arbe magle mpteriahandhair. The effective

Con A : . oLi ' Y .

ref SR A0 R 10D A Bot 1S haRiar & b BamBlsi tayer 426,
carF8STexpRsdds025155 det ermi ned based on the opti cal

properties and the volune fractions of the conponent

medi ;;lrr_gfi(g tkbﬁ ,(,:prrkyspondi ng conposite |layer. The ®

conponent” AEdi UAs™n the | ayer 426 are the mask

material_ and air. The effectiye  refractive index of

t he VASHFdRe AetshEesFiy %@fsoi%rsﬁﬁ@%dﬂ%ﬁxrf& thghqmggeneous layer 438,
~ conposite | ayer .426.. 5.can,be ressed.as: nl =
o FPRERGHS M ROPDIeX oA gk o TRemasy R, viop reuesps the

C . L | hdex t .

rerpfivE R Bt S A Nd G s Pl RHRER Bl Bgporiion of
theths&skmeaskumedi um nair represents the refractive index

of air and has a value of 1, and Vmask represents the

vol gRetshpornPRRHfunfn Me laydre2BRsdoiBIhndir, 1Phel Efective refractive
) comfaonent mediunms in the layer 428 are oxide and air.
indek ef Betherragereecous fayge 44 eorrpipgading fo theeompasitrelaper 28, can be

| ayer 440 corresponding to the conposite | ayer 428,
ex%rgér/?e{)%Sﬁﬁe)lQE’rsessed as follows: n2 = f2 ("oxide' hair .

Voxi de) where n2 represents the conplex refractive

i nde¥ fog?%v@feﬁ 5eous | ayer 440, "oxide represents ®

the conplex refractive index of the oxide medium pair

I epivdsRNE.S rdpheedtd thieedonasiét regratthabeNdaf ofahé hamdgdirsudlayer 440,

val ue of 1, and Voxide represents the volunetric
7,y cposstits theofompiléveredvacies indel ofithe Fhide emdpomen), rwpdsantsthe

in the layer 430 are the substrate material, the
reficiveindex of aitrandhase valemel iand Viherepfesenss theevolumetric proportion of
theroef.(ieact'.ve i ndex of the honobgeneous | ayer 442,
cor elgﬁ H%‘ng to the conposite |ayer 430, can be

v FelPe SSnigt Fed s in TfraredoD A 97 SURO o gl e picicti

mAGRI 828RHS ThRRACOIRA! RirafiBeliAddk ofthd E’(gﬁé‘geﬁéoﬁshﬁ%fer 442,
honogeneous | ayer 442, "substrate represents the

corenspphding tetheaomipositd lapiend 36f cantie exprsssedas dolha: um
"dielectric represents the conplex refractive index

Of t ﬁ? :df; eﬁsuq;sct:rg er9 E’g‘ele?rg maH msub ra@ei 3VdierlecehQ'!)e sents t h e (1 0)

refractive 1 ndex o

where 7, represents the complex refractive index of the homogeneous layer 442,
e TEDPYEsents the complex refractive index of the substrate medium, #,,,,,.,. tepresents
the complex refractive index of the dielectric medium, n,, represents the refractive index of

air and has a value of 1, and Vipsprares and Vierecsrics represent the volumetric fractions of the

substrate and dielectric media, respectively, in the layer 430.
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air and has a value of 1, and Vsubstrate3 and
Vdel ectric3 represent the volunetric fractions of the
waagvisse and diel ectric nedia, respectively, PCTIUS1963/025155
| ayer 430. 14 WD 2004/ 015365 PCT/ US2003/ 025155 The
confibaemthporedt niediui it e lhpsrdB2 482Xha kebstiate matbsalr pélgsilicon, and
teri.al, polysjligon, and the dielectric material.
thephecic b Fhe ¢iSlive Blfactivs nge prde hoogERRoR byer 444,
cotkABEAdiAH b the COMpESRANr 192 [ An 1R HRLRAZL kIdvAYEr 432,
can be expressed as follows: "4 t4 ("substrate'
"pol ¥siljeon a “dieleegtric';,Vsubstrated ,
Vdi e?{éE r‘fi%ﬂﬁ'm“’(’ Ifl"’is)""“ éifegric h&“”%‘"@b’?}é@"é’t‘fﬂ t he conpl ex an
refractive index of the honobgeneous |ayer 444, 5
" subdtreat,erepegserts gt onifiex einptiexndef ofah¢ hormogandens lajer 444,
_the substrate nedium i2 polysilicon represents the
n,sanperrsantsfthe complexirefgaotive indek of gelsybsttatewadinadinym,,.,, represents
ndtel ectric represents the conplex refractive index
thegfomphex refredtivetindex ofsbié polysikieeh veditups iy, 4,0 Aepresents the complex
Vdi el ectric4 represent the volunetric fractions of
refragtivesipder phithe didderdrieimeflivet end Vmdicaand Espeed tepsesgnt tha volumetric
I r T . ' n e 434
ﬁagtings toﬁi’h% Suéés)tfart% tagg d?e?émﬁ@ﬁgglﬁgﬁg%q 1% p; 1nttﬁ'e lagr%%ﬁizh

el
€ su mat eri a ysi{icon. e

effective refractive .ind of .the ho neous l.ayer -
26,11 b PRah BT e uchdat & B8 AR Han AR rplsiticon.
The ¥fease eetrativt dhdeRWF the Tomogehdous 186P 846, @bResponding to the composite
" poI%sn licon ' Vsubstrateb) (12) where n5 represents
layen#34 empbesxnressediat follewsndex of the honpgeneous | ayer
446, "substrate represents the conplex refractive

| ndes; of f; (Mg, suB5L5aLERM)um n polysilicon (12)
represents the conplex refractive index of the

Vol dhete o prarts Mestumret s Rdr ot hERT Dbk erer 446,
~ | 434. The f ti f1,.f2,.f3,.f4 .5
ogeuarpenats b5 SomPRaGHAtsy s O diedubuidy REGEE Tgueaeprosents
TR SRR oS BOhi RS P brmar et the
voiuﬂ@tﬁkd;lﬁ'op&ﬁbn@ffﬂld’m%tfdt@iﬂe@ﬁrﬂ @, thSlagbr 434290t rul e,

Maxwel | - Garnett formalism and Bruggeman formalism

The TRk @lmeAbAGAL f,g,%‘,'fﬁtaﬁg%g i?ﬁqﬁz@fbn§ (9TRboSER €129 c£9bE B'ét@l{mined using

to be useful for nobs e applications of interes

an gppreprigip pheof seyetghsiféerdnt Gamogenization fopmredisals| §xamples of

li.cabl e to.dil ut I xtures af ingclusions in a hpst
o BBrOh fot e i o B i Raimishion Bl Riebel e Riioven
Garietiefoirhalivm, tthe BRhg@aRREmQisin | THeBibS Atdpet FBé hRg betoo simplistic a
chojce since it is not subject to the ['Imtations _
rulg figype viedil domvapst of e aprlisgiians pf interrsy dpree while the Maxwell-Garnett is

: i . fQr in f r
soB OGRS LA 0 530y RS P B89k
emSadinsatpbihis iavétioar ihalBrugiintg foand]ispuis eltk mbthod bf tibice since it is
Technol og . .V.. C._Venugopal, A Lakhtakia, R

nofbischio 11 Hgitstions that fbe piersyire.vh pecthis examplépict Brogegmann

= . i - dic i .
Al BR3P0 Rt AR R i
Naageormmbasite Materials Using Scultpured Thin Film Technology,” V. C. Venugopal, A.

Lakhtakia, R. Messier, and J.-P. Kucera, J. Vac. Sci. Technol. B 18, 2000, pp.32-36. More

general and detailed discussions of homogenization formalisms can be found in, for example,

“Electromagnetic Fields in Unconventional Materials and Structures,” John Wiley & Sons,
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"El ectromagnetic Fields in Unconventional Materials
and Structures,"” John Wley & Sons, 15 WO 2004/ 015365
wEROMEE36e03/ 025155 Inc., pp. 39-81; "Sel ect ed RAPESWODORS155
Li near Optical Conposite Materials,” A Lakhtakia
Inc(,g. }9-81;SBelectdtHapals onrigheae Optiog Cmesssité MAE)4ls,” A. Lakhtakia (ed.),
“Handbook of FElectro etic Materials: Monolithig
P P BB e AP LYeln HEMbPPE A Bler EermpaTgic Viperiads:
MoNBRHAKAHY Gomfdiite RI@$8ns dnli¥Ren) Ag%ﬁ%ki%ﬁé,eg. ﬁ%@@er'\l%{la?&éggc Press

Subwavel ength Diffractive Structures,”
(1985); \fBelsctpd Rapras on SPbwa@bingtaDiffacivedrichgest E$ Mait and D. W,

20 he | at [ [ Stinct [
Prffhored GRSt PR hel ¢ ref Pected 1 el ds
o B S S BB S R
fields 626 ca@&ﬂ@c&}l l9§‘§et&iﬁ§ {ip @nPHIViRE ﬁ‘%‘guﬁ(?a?z (/énlg%: Brdbisth 46 de Maxwell’s

into p laterally I Stinct regrons,
equadipheart byriesing Fresnel hgugtians. efarecpattained selistrateativided into p laterally
. cal.cul.ated as,a 10 wei ght i ncoherent sum qf
aisfii ek Pl the 3R PgiePifes f0m S b R G P gelsulated as a
welpdstihédhelohd st ©f rdfRttaBEdd frdth fhe;Qb le#@allyl difinct o gtoMd C8Mstituting the
I E2 12 +...+wWP(A0) | EP 12 (13 where R is the net
patiegi| ect ance neasured, Et are the individual
i ncoherently adding field ternms, wl(20) are the
wei gRt= wgz@mqursw;(qg){tﬂng Lync@h%(gopq}gﬁﬁaddi ng terns, (13)
t

and 20 is free- space wavelength o e incident

light, e use of .1 E1 |2 denotes the. i tude. of the,..
5 SIS PF Brdemiotie piraEPe.aeicyS HuTaRFA chgieally adding
ﬁel_@ftex‘ﬁ{s,eﬁzt,&? NRE et Gt fctbREBY the iﬁ%%131.15'Een‘ﬂ:1).3;n Q(ﬂdih? Wats, and Ay is free-
i ncoherently adding termin equation (1 Is The
spacefrlagelthgtl of tieliflcidéntdighhi Thé usedo SR Fkdenotdsahd\edgtittde of the
honogeni zi ng conposite layers in the laterally
complek ifiekt Eirie giedinquedsy damdiheotatere obélecttdneagnati¢ field theory. Each

. coherence refl ectance nodel,. a |ass _factor. | so_be

inc 3 Bipo e P Brion s 9 TERSCHBEIFH{ s flm stack

obthRS8 %? hehR gbMziRe RomPBGiH 187ers Bf the GhdiAily didBncdkQegions. As in the case of
illustrate how net reflectance is calcul ated Using the

thegrartiad cohesenreaelilvatansp prodzl, Adess dactoroday alsebasplied tEilguems in

: ' shows, the laterally distjnct, regions (402,
calf Bt R RNE Aot B3 plh Sesthleb bl at e 400
replaced w th honogeni zed.thin fi] m stacks. 436, 450,
Fes 8&1??3\9@%}!9%?“ cqaat ilmlatsbising P clietiva mrdivmye
DO oh Al o R A AL WAt Rl heluck A B reglths (402, 404
in Biguret4orof(thpatteried substrapsA((afeplacedawite hbmogertitxel thin film stacks 436,

tt trate 400 is: 8400 - 3 1. E436 |
o5 E ISRy LR AR 00e i  PRa BinnfiER B, and v
repi&bhiehié fatRetell R dlketoRRd thet ARE sta&IOSI. qtrsnf&l%aﬁ&fl@@), the net
E450 are the individual incoherently adding field

reflegtapee frpmrthe patormadrsubstrate 40Qisks 436, ~ 450,
respectively, and wi36(20), w450(110) are the

vei g, rowf AA5 A, forwihe, ) Egherent |y adding terms. (14)
If w436 is

where Ryqg is the net reflectance from the patterned substrate 400, Ey36, E4sp are the
individual incoherently adding field terms from the thin film stacks 436, 450, respectively,
and wy3s(Ag), waso(Ag) are the weighting factors for the incoherently adding terms. If wasg is

replaced with 1 — wuso, then equation (14) becomes:
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replaced with 1- w450, then equation (14) becones: 16

WD 2004/ 015365 PCT/ US2003/ 025155 R400 = (1 - w450 (20
WO 2004/0E886 12 +w450 (t0) | E450 12 (15) Fi gur ePGI/US2083/025155

sinplified schematic of a system 500 for detecting an

endp@ Nt @04 PrOOEFSI NY4 pned substrate. The (15)
system i n(lcl:l ud gg °gﬂl |4aq 3650@89% for gener atl ng a (

b 04 f t
ol g e SRk achainal anysisgh s o dsipstanmsosizpist in
prdc?s%ﬁﬁgﬂﬁ'ratﬁa%rded @ﬁ%stﬂa& qf]fc' S Qérﬁ‘lﬁ‘le&Hs 2 15@@1@ (ﬂ.fercé 9@2 fo? @eneratmg a

process chanber . For exanpl €, opt
lighhepmnt sRGtrometed S04 &rmmcamg axpt amiyizig HBghtDe2mt mt an optical

T T T R
ﬁbmt@ld, e oppichl sysleh 5 Mu&ﬂn@]ﬂﬂé gRbptidalP ﬁbel5511§ thﬁadfansports light

nsports light fromthe collimtor 514 t
frogy g liglirerise 55940 a polliaitercriduehere ﬂmoélnmaﬂoe5 5413 Theunted above the

U S5 8 O SRESGUBINA e DR Sne
specompten 5@343 sAngmidoadddossubsitatad B8 ﬁslﬁotﬁftéﬁ inside BOMBeess chamber

ver, t woul d be obvi us to one of ordinary skill
51&) Wé’l‘iP scugipg thedgrpiventlic detadeatiba cqwppracies pracasing the
-%Qt%tS‘fl 8L ndiQhow aBlvever! f Vv%ufcﬁﬁeeg‘osvﬁétﬁ th §n§) {)r(ahg%gslhp in the art
t he substrate via plasma’etchin e su e
whajagluipniest mmdﬁﬂtoq:mo@ess:ﬂmcskbs(tnatd; B;in@mfr)lplej iff atrbess is to be formed in

S ch nber 510, and.th riate equj pnment for
thegsgﬁsg'{a Ylﬁg aspa ebq G‘V%lmstff. e lb@é)aouniegi Qtha chuck (not shown)
80 BfRbdsQUhamBerPs 1 88 E HERGHBriRR Aqtipttent AR EA Sting the pl
i p?gCGSS,SI ng 01? thé sem cggé)gf:ltorq ?ubgtra? ﬁténg hegasmawould
be gjogitlell:- to a data collection control unit 522 to

trigger operation of the |I|ight source 502. Wen the
| i ght opsrationga 5ﬁ)2esssmd>dul@ G20 the cdntro@em@cfeaﬁlﬁg oftHeisghiiconductor

B985 Serll s TS SOl e RN 832 eiEBeReption of the
11g1|i3;%Bﬁirc@BOfQ ho/Heh gk 11?‘9%191%e 502! tﬁg%egéc? Gf efa?eﬁ%lel (ﬁhre bEAME which is

regi on wher e sensi vit to the rane
trapsporsecthrovgh th@OE}mabfibd 5 1l2|10 thervetlahatons k. dﬁ[éej’perfmmge»vavslength

f range
G O N ML T CA—
of infbrés@ﬁ&heﬁ%lﬁférﬁﬁd In érfé?dleei bioater SR DS Bl THE ohd ﬁ)ﬂﬁnﬂale the
beam 524 Teaves the collimtor 514, passes throug

Wabf'é?rtgﬂsmge ahthedight sausca 302 is 190 to 84051 Wmelengthmp to 1000 nm and
greétgg& J%ﬁ n’gl?é nﬂ#ﬁ%&?m 551‘ f’ ggsl t gg{) tagoe gaﬂs@t%ﬁrough the

port 568, aﬂﬂ eﬁhkles gistsubgam 5%t215rrhﬂdﬂcﬁﬂélc% 0Thb 60111mator 514 collects the
ectr r 504 through the optical fiber 516. The

hg@% éggg%fzw@cmr@ﬁléy {opsthe §‘H§trﬁ@f511§ctTé\G r¢flegtad lighgheam 526

travr%?sﬁto%‘éj ﬁ@ﬂgﬁeféfnjéﬁ {h &][g‘ﬁsLﬁﬂéﬁ Eﬁ?&fS léhg“{lg %}%ectrgmeter 504 analyzes

| ectance spectrum Irat

thecdi‘qatetdelrghﬁ Béarh 626 bt scinds data adpyssetitatiV@oOthe neniededtiiRlspectrum of
partial coherence

the s EE TS @ RBLIe” SR8 TN B B aY e medi

appy oxi mat.i on nodel for calculating the net
r ef Ingie gmbodiment, the computer 528 includes the partial coherence reflectance

model and the effective medium approximation model for calculating the net reflectance
spectrum of a patterned substrate, such as semiconductor substrate 518, and a routine that
searches for an optimal set of parameters that provides a match between the modeled net

reflectance spectrum and the measured net reflectance spectrum received from the
17
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30 spectrum of a patterned substrate, such as

sem conductor substrate 518, and a routine that
w@emnohsss f or an optinmal set of paranmeters thakCT/US2003/025155

provi des a match between the nodel ed net reflectance
spesprevieten 504nth ornveemtribmemdthe gtarclefdueiné NCeorsRaGE FdpiiRssion routine,

received fr the 17 WO 2Q04/.015365 PCT/ US2003/ 025155
sl Gt s Comimo et ST HIRE, Ot YRSt af tirch rontines, such as
mull@triaiSebRs@on ity i \Gleuf £ AbERAE R QUL c
Lever?beregéﬁ/ar quar‘%lt1 Cor?‘pr om tgrgét Bl—lgg’/eé\%gtratléag’tehuesg&!t J)f/‘%égiet of
paigmetpsnelipined ganl bemappeddh saral kay fiamditieabfintergstessh anmask layer

. iS.or neural net chin an al sqQ be used. The
BB UG, ks PR SOl 5 35 o st can
be kieyd tqdamithinees eafipdifit iﬁ&@é&essiﬁ%@ﬂh@%aﬁ@ﬁéﬁ $ub¥@hte s will be further

t hi ckness, starting etch depth, recess depth, and
describedtbele®pt h. The quantities of interest can be used

to determ ne an endpoint in processing of the

pat FeureoA sudsoveavieyw e prpdelss foe colledting mormidseflédiede data from a

| ow. Fi.gure 6A is.an overview of a_ process for . .
sutd e R amop ol g o afen. OB PEeHisusio meove o igh-
quélitg esfltcagcd gl eQSPRAhEBRERE of Eﬁ%giﬂ&ﬂﬁt‘”ﬁabﬁé}oulgl"ﬁ%ht levels such as

objective is to inprove a high- uality reflectance

thegipsien Bomyp lumingys plasawe fd dhostars p§ihiefprecess, alsatkfgrsainguts are

o8 350 5 IR B3RS Sob Y RS o o
deteetpnutatgaitem. ¢otdreclieting GR0)ser HpatsyGRs cHIMRUES iHBE@EM (601).

the .informatjon necessary to set up the endpoint o
NOH@?léE?lflﬁ}?eéng‘%ﬂ‘Wﬁ Antapy ellected fioar thesgbstrage Qs e givapdinas interval
t 2 [ j 0 | _inecidenc
R e ho PP B AP PR bl 15

corapge ae nptiinaksei nf paraabtefsih4tGRd)ideshht elosedhlaatiiehgednhiBe reflectance
[ regression routine is

caty 3 T oG RSPt SCbe SUu3i (Ge: GHignt sendpoint crterion
is PRV @Bake Fﬂﬁnﬁ{e?ssﬁ%). NGl ik césgﬁ‘of gidn?ﬁ%,ﬁdg%ﬁdpoint criterion

ata and the nodel ed refl ectance spectrumo
cowld lbe wihather (heGH0h dePticin greater dlrapwicqtal do itestnigetetch depth. The system

| i to th ramet er.s (6Q6 For etching. . . |
L T PR N e ——
a sighsftihditatinen §lo6éks @8@dInt iS séth @AM prd B mBAuIE AR, DRhdriife, t
target etch %g th. The system ZOrp{:hecks V\%etg?@p t he e, the
SYSERYFETRS taoter @93.on is satisfied (607). If the endpoint
criterion is satisfied, a signal indicating a process
endpigire 6B & sBewchaot détwraimgomsten@ROfEi GOSN, i e., normal incidence

h h T et t 02. Fj 6B
SRS e i SRS TN (AR S
(520.i8 Figub®©§ Yiforiid @hel@dis SolldcBbh B6HAN GRit I@ﬁzaincr%&t@ ﬁﬁe AJht hOw the data

situ. Prior to the start of data coll'ecti on,

shoyilcendlegisd gné calrated B 1i0h Epraxempl thergroeass nmoduledelisthe data

colF G EEF TR ek o 657 B 4 R Bt s e
nurhbér of xeffeptance speetrp (OeARSt WP adhaihebtbs. Thep@ésk module also gives
col legtion control, unit how often to collect the

the,data colletinesontipbutit dbaselies wlibeancgtspecinum.tiyieicalimbae siicon
reﬂ%@tfah%;sg)@ﬁo msfg? g%lfsbgatgo?lvog?lé ﬁgésuie%rreﬁgc%!fnctelsgeect% e birsilicon

proc
reflectance spectrum is collected prior to processing the substrate.

When the data collection control unit (522 in Figure 5) receives instruction to start
collecting data, the light source (502 in Figure 5) is turned on to generate a light beam, which
18
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the data collection control unit a baseline
refl ectance spectrum typically a bare silicon 30

wo edoecdence spectrum for calibration of the PEHRBES2003025155
refl ectance spectra. The bare silicon reflectance

is dipeetadrtostrils tho ‘slilflstra’fedandrtha spectropeee €& in Figude 5) collects reflectance
unit (522

dsfafrih i Syt fhigfvabsh Cl?a'!p!& st B g3eh ot and ghe seetrargetor again
coﬂéﬁtﬁeﬂ%&ﬁnde‘ el fr§19%& ﬁlb{sﬁ'% F'\fﬂ&é’hec ég%%}?%& g&@r&&a off, the

ﬁenerate a |light beam
data@v essebbRlezpeEBnIsterds de@todmckgrosmd sdogceswick ab onmaglesma

S ronete n.Figu ects
errﬁg.l; nts gnc%ge&o& Hpise lEFB%nn egd%é}g?{?g t)(ﬂéﬁy)dectqtﬂ%%datq q)]lgalned in
stde@hﬁioﬁOﬂfeQ’eﬂécﬁach deRdbefitedan dich#22 $PREISRIRL @Jntﬁ&ﬁio‘ﬂ of the
collects reflectance data fromthe substrate (614).

baghgzeundiseurceght source is turned off, the data
coll ected by the spectroneter is due to background
sourlde §0H§@©¢re§l§cfﬁnmpp¢tam lﬁ)rmaha@l e basetinel epeettmr (618).

| The ne LS.to act the. refl
TSP Stelf R if e ensBa bimPiicin Pricraes peth colbea dorhe curren
tingdsted (620). lIﬂtIfet cﬁ@lr@dll@urh@errd? Bﬁéé@ra‘hﬁ@n@t%&ﬁ bOcteN 1R syt returns to
background sources. The corrected reflectance $p ec?rum

Stefp@%@n%qart% eellasiing pata fersanpotheereflseiencaspe¢us X622)Tﬂiﬁ11h¢ desired

e R R
spécire tol elsuanm:h dvardped, imaled! foflebasce 1pbctheR (629! IT8E hfFaged
refileg{eag§¥3t emreturns to step 612 and starts collecting

BReCURB R8st futhe sempH é(5é’1§éé Fiawie §bop matqhing with the modeled
re%)%%{ngfn%ggmnputbﬁe ghé;%bgt\g%? gé o?&te ?e%ﬁl I eéc ?&e%gged r%@ef*clj[ag‘lce spectrum
to the compaten, thersystean agﬂsjfornbererm]l dfzbtﬁcurf@f hﬁ!éts&lpc(628) At the end of the

%ﬁgtru gh%%' The avera refl ectance spectrumis
°“‘§ MU ST BFIpS s EiPn6 Igitg stegt aoflesting dea ok thegnext time step
nth the nodel ed 15 refl ectance spectrum of the
subst rate (626). After sending the averaged

r ef . stem ..
s T T e
regréssionradalyfist Kme objectienis to qulsrtre@;h 4 db@ivSlng edNof phrahidter values by
612 .to_start coII?ctln data for the next tine

in Rl NS GPINGHG RS valugs 1 D6 RRioprie Aksgetian fepueh the
paﬁhféﬂar Gf4befl] the Qdﬂﬁﬁoﬁﬁ rehchBd. PR ols a?le(ﬁ{thgl(?%l{ R ‘T‘éérgsfglon

anal ysis. One objective Is to quic
angpnis eusgredp@e aregbcqreadayethe nom%ihemse@‘;zssmmu&m(mab | 'Vhe user inputs

in RO e ERRE Bl i dertpiedhnpiingte messured

reffelatitd §Rciromt6 A8l fePbcthiteShedttunpf Tﬁ@ﬁ‘orpﬁlgba% 'rég‘?ﬁgsmn routine

regressi on anal ysi S, user i nputs are receive
alspgieeiven élm(awgg me@wrﬁd)cﬁtﬂentem(esspegtrurfrlﬁ@ 105 Bexd, nimmedeled

reﬂ(fgfaégérjn%ﬁg%ﬁ% 1?%?@%&% 2@2& Orl" tafe ge%re:ggxpg Aewine is used to

calsfleRtifidismbits &61 therseris] p@ﬂnﬁ&éﬂs @(9&1@0@ BloSdR Q6 tHeiBst thBRh between the
non-|inear regression routine also receives the

meashiyedt ibleetanerpeciren apdthearedelndarc prience SpeqBBL{634Next |

t he nodel ed
The system checks whether the increments calculated in step 634 are small enough to

be negligible (636). If the increments are not small enough to be negligible, the system
increments the values of the parameters and returns to step 632 to recalculate the modeled
spectrum using the new parameter values (638). If the increments are small enough to be
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refl ectance spectrumis calculated (632). Then, the
non-1linear regression routine is used to calculate
WO p@renB s to the set of paraneters to nobve cPOFES2009025155
t he best match between the neasured reflectance
negigdude, thersysien dpunthiedsiinal @ﬁf&tﬁt&’tmahles PRI0).r The phipddal parameters
The system checks wheth increments cal cul gt ed
S S e B B@Hﬂ%lgaaragril%wevai §§42). Then,
!:ﬁd B chifttloR B MipHiedh& 1R Pny 6% phraped hF& dpoint
o pb glcﬁl e1 th £iﬁréhestem ctfhncre nts t va ueg) faneﬁepom
crﬂpama n@ﬂé bs thza merrews depth s witkip aﬁi&ﬁamdolemm trolathe tarpet depth.

TR R RRE A RAP s RS RARRETEE, 1f PeStpaiggiron s
satidHOE /20136 sBhtho tR2p83éLQ aliak (606p0I1F ﬂie@n@ mhﬁ@rﬂéﬂ&{ BHot
Satll@ﬁ;(gut s the optiml_ paraneter values (64 :

itheamexp meaw%r@ecf@ﬂcq spp@trlen is oléalged eslgndmp@rrregression
analysts ﬁ%éﬂe@&ﬁﬁ%@l f]ftrlq IVaneS B8 %| J tp " S ti§n6e4s%3p are used

en, -“an e eriom s app

as ipitias goakesdar divRicRr ﬁon H@d‘ar E06adiRiod an#lfsi® (BHYY tdépeed up the non-linear
criterion could be that the recess depth 1s within a

regEeSPIOB TIPS er ance from the target depth. 5 The
al gorithm checks if the endpoint criterion is

sat Adthpegh g gxaplicifly sftatﬁ:d absielp 63 htit houlddrei ddearithat the user inputs also

incfl sl LRk d B BB bRak T Lp iy ARG hGeas. The user

inputsealgvantlute apmraeﬂrolpexftiee of edeh dayep i tniatefidl pinahé &ite1elly aidfinct area
t he eglon | inear regression  analysis is repeated (648).

so thatreflsetadaiekds fipm thin fibp siarkscoricsponding te dae lateralty gigtinct area can be
calrf'ﬁlgt@fi aseriiGkly chibld.! ﬁ‘éffng:l{ﬁé a%% gggé%htljégre@é{ analxshs the reflected
0 Speed up é

non ar regression analysls
fiekdeard mcmaputedﬁeda&grws stragture @fithentin Mt $tackg nayotiave changed during
exllc:lt tated at ste 632,. it should be clear that
prog 9/ ﬂﬁmr%teaq%eqqeﬁ rradting foeharesson thawlresriiihg weighting
facairé/ hﬂ?c&ulﬁﬁné BREdS ﬁf fhelngl &Pkﬁﬁﬂe@qhﬁldﬁb e ikd QB&%S [The user inputs
he user i nputs also include optical properties o
mag atsh ihelydy ar( mltlalrgtl@s iofikhe tiansitibe wWaxtlength) whigh sit:temntnes the portion

t hat refl dfields fromthin filmstac .
of 8 F ekt s ub WG Mk arG EShosp Sttt 0deh Sl sffective
apprakigittioh @tbdeBhoMdéi apPRéd, described. Before the start

of each regression analysis, the reflected fields are

I ec pipudd éﬁbmﬁ@x&{sﬁletlﬂ@en%Bﬁ HSdsWiBodfied P& sioRioR A noh Mnear regression

stacks may have changed during processing o
techmk;s@ cailed th@bﬂ@ﬁhcrgriﬂhgqua@s (Ebmpngmsmta:dpacigp and acdukeely locate

th f act
onfa ilneof e pi Bl Shint BOHORE PSSR b B values.
AluS8gh, %Hholyé\z‘fénbé'fgél\/lﬁlqﬁ&d't GGJniéQﬁm@@tebﬁlh&ﬁ@is UGS forRld tédiaﬁlque other

transition wavel ength, which determ nes the portion
techRiquiese sucéafasmulameat%mmsmgmmim@andmup@l rmet @pproaches may also be

em%P %@ong %mﬁ]&éyﬁ%a%%ﬁgtgg&g arﬁgrggtn glat pg%}%‘t%‘ vg ;Lhee non-linear regression
ro&ﬂﬂ.’e brled; Figurd NA shows BinhedBurb® RFledtaABpkt @ 760 $h@Pighte PB shows a
non-Ilnear regreSS|on technlque called the

modglgd PflactAnge PRAGE O@d}?mp@ g@mggn@gl gtmsyasé‘mgn user inputs. The first
ste@?&ﬂ{e%'bﬁllgire%r?ln%g{]egsm@ pc{'l.{lti[ia{? S %% At 4 le?ﬁ%q&)a%sa e?en%e error metric

tartin guesses o arane
betwakw €. two reflectance spectra 700, 702 Figure 7C shows the measured reflectance

spectrum 700 superimposed on the modeled reflectance spectrum 702. The least squares

difference is computed by taking several points across the wavelength range, calculating the
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25 Al though, the Levenberg- Marquardt Conprom se
technique is the preferred technique, other
wo ewhoiszees, such as nultivariate regressi on aPel/ys1083/025155
and neural net approaches, nay al so be enployed to
vesichl differekeybgraraticapectal 700NTEY & $heh Joini, bhdiSirh@irf thO¥uare of the
he non-%% ear.regéfssion routine works, Figure 7A
r

differenges &t alkthe ppisds- r Bq leat sameses<idfereresryaneitielisthenvssd to
det%ﬁnﬁﬁqmnemn{gﬁg%ﬁgwﬁmg@m&s pect rum 702 conput ed

using i nitial guesse romuser inputs. The first 30

st e, =] L Lon routine.is to.

oo Bl RSO LG LA AT gt v,
whathappens inheartyvaasesat ket b do1@E tiepeedm@erd Wbt ardidot oFir@eres cause

. 7& shows the measured reflectance spectrum 700
R “:f?%’a%f‘édn L modelrdspecpmarhilaibe pagmstarupd inppest cause
chafp®s 1BRSI REHHAS @Pthe%&feﬁerél%ﬁgm ng(? Eﬁwv . e}%aﬁl@éf Pues of interest

several points across t range’
to balogated fnicklytand apouruely? GRALFaBRGS IIPHGE/ eSO e Sidium where the

vertical. difference between t spectra 700, 702 at
palf el e fis “BRRRhly TR SeliiaBoote Pl by atastetes.c. (1 +
. & Pelel T, r LELer
1] s Tt RSN AN . K s
diffanencparranistlengen ditheediffesncdsan the degiod @f diitbrebt .26 la@fert Meconstant or
non- | i.near regqgressio .3nal si s ,%bove i s standard. Now,
weihling e e dlsq e aplipd st emntiienian fictogfo Brtherjgas the least
sqibddsaliEéeh& &gt are not of interest cause significant
changes in the entire nodel ed spectrumwhile the

ar ' e i ||, regihAns
L ST AT TR .
usiog aicnmbinetion of the pertlab caltepchce wéfiklaycamddelemiasd effactive hedium

di fferences an he re iong of the spectrumwhere the

ap%%;lgmg{)% modgh and a measured e ClasE PRIy 3O K Ehegpatterned substrate in
thileddn@lleneRidas BecpiRbdsh koiktii¥s, & fn%?frﬂé[tely?@‘ bdept THY drige of
h EPof The diTferentes &t

), prior to sumrming the squar
wag¢lpngtheussdivas 225 Th 880 ninh &he emssitiswwavesngthliwfak detersi@ed to be

o AT TSRS e AL
abdveyt18Ingpiskalcaripdd @ehd e bTBctARRhd ut ?E?&Qirﬁéf&h%o&eﬁ and the portion

further bias the least squares di} ence error.
of fhe gapdeled refleatance spectrum bedow theemaition veavietedgthesl calculated using the

-of r 0Q .conput ed 5 _ugi a . .
pr A A0E S SPRELMON BB bl 820 i i
guesn (brithetrafsitet waeldaei. UTis a@mgﬁémbhmrbe@@%e ARk Aeighborhood

sured refl ectance spectrum 802. The patterned
Of@ggaé?fﬁla%emﬁf thefognipan dgnteres A theatemed pubsietss This value can be

diadtéd bdsH AR i{}ﬁ%]g 0%4% ep-...The range of . .
: JW{ivel esn(glt8 ﬁgh use%givf\gs Jé%t 0 eb%mrl%?ﬁ%' &r’%s ¥81T%en%airlt eé‘ﬁrther adjusted in
realiéme lbesegtoin themattdt erlityrtetvéan themeaqpsdspesRing layd 4%0mbdaled
Spe\é%at this means is that the portion of the nodel ed

¥ rum 802 20 above 410 nmis cal cul ated using the

effg;t i ve medi um approxi mation nodel, and the portion
of Cf&abRIBIEerinied (ot tha ebovgpBetinyemtibe puwiddseseveral advantages. For

Al A0S W%;ﬂ% 1S cul at ed-usi ng th artial. .
eX. c 3%2’ r é{‘la Etgﬂlre e ecrt%{a%%%:agldﬁbagr éﬁ&orﬁgﬁa 8@%8@%}”1‘@?3 ln?oé]ﬁtgléﬁ n st
usinhe methend of alre pventicthe TR ihviintib@brovides a combination of optical models that
can be used to calculate a modeled reflectance spectrum of the patterned substrate.
Parameters of interest related to the processing of the substrate can be determined by

matching the modeled reflectance spectrum to a measured reflectance spectrum. The optical
21
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guess for the transition wavel ength. This initia
guess could be a value in the nei ghborhood of the

wo adoensizeext ent of the dom nant features on theCT/US2003/025155
patterned substrate. This val ue can be 25 adj usted

molels ext whidtih differentiregimes bfithn séftectante tjeetrimahlloveing afl lbp8mal match

val ug can fyrther adjusted in real ti based on
bet et g ramelap e et 7S e aeanet SegaRch pssigim. The
optidaBmBBElS bR obSN 4 tatiRey 48 n6Bfla Qg{tﬁ@ﬁc?hts &g afrfaﬁgér{i%iﬁ of features

above, the invention provides sever advant ages:.
on feapapeiacd aubstreteet aeidic sutvlstsraz eotHmitadgo pattemed sutatratay having

be noni t.ored in si 0 .using a net hod
speffal {3 A B AR IR R S b e Sremilex ey of
randdmdedtinesl THEaHedSs EdmdiccoBmiddie intdang MakelalvdrakiBnd such as layer
.nodel ed refl ectance spectrum of the patterned

thickngsses, staetingizenehelepthsvagntion ead differenspaimeanttern demeity and substrate
. aﬁ S S . & L ermaned b
e Wy
paramersty efdnteskt motlanoee speacitdly thusihprophd telsens?dviids the system.
2004/ 015365 PCT/ US2003/ 025155 npdels are valid in

di f pilenhe n@entisha hetd@est€hddas taREDF SBREAIPidPerred embodiments,
allowi ng an optimal match between the nodel ed

thepeere alégratious, RyyBwations.And cawivalgety sthicufal evithin thessepe of this

. tn j . r.obu in that th
i 55 4T OB G RIS SR e e
spetahus €% modelédieflpathherspecrsnbesidedtits LévenBerg-NMBRuardt

nodel s arF not limted tq patterned substrates having
Comprasaiss. o\ Spefglﬁ trapsition wavelergth eopld ke ainithesextresne of the broadband
: r n
P A e e AR AR o RATT Rt TRE Y B b AP e
optical madéle sactigeirhcomsputing emodelelinekredlestance spearir Ny is therefore
. .trench de vari ation nd differences. in pattern )
mte&*éﬁ@ﬁﬁﬂ&&ﬁﬁ[aﬁ%%g@a?@eﬂ sl beisapreiosis inclyding Al suchsdigrations,
permulttidfe dnd eFuikAlRRR s Eﬁ%ﬁﬁiﬁ'tﬁ‘tﬁ@%ﬁﬂ eﬂlﬁ%c{i}% (tfocﬁé’ thvBftion.
key paraneters of interest nuch re accurately, thus
i mproving the sensitivity of the system 10 Wile the
i nvention has been described in terns of severa
preferred enbodi nents, there are alterations,
permut ati ons, and equivalents which fall within the
scope of this invention. For exanple, other
techni ques can be used to match the neasured
refl ectance spectrumto the nodel ed refl ectance
spectrum besi des the Levenber g- Marquardt Conprom se.
Al so, the transition wavel ength could be at either
extreme of the broadband 15 spectrum at any given tine
in the patterned substrate processing so that only one
of the optical nodels is active in conputing nodel ed
net reflectance spectrum It is therefore intended
that the foll ow ng appended clains be interpreted as
including all such alterations, pernutations, and
equivalents as fall within the true spirit and scope
of the invention. 20 22
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WD 2004/ 015365 PCT/ US2003/ 025155 CLAIMS What is
clainmed is: 1. A nethod of determ ning a paraneter of
WO pa0e0€s65 duri ng processing of a patterned subPSL/D81083/025155
conpri sing: obtaining a nmeasured net refl ectance
spectrumresulting fromillumnating at |east a
portion of the patterned substrate with a Iight beam
havi ng a broadband spect r Ug ARG bcul ating a nodel ed
net reflectance spectrum as a weighted incoherent sum
of reflectances fromdifferent regions constituting
Wihanés qainieddy of the patterned substrate: for
wavel engt hs bel ow a sel ected transition wavel ength in

t he broad ectrum using,.a first optical, nodel
L. {o &dPE Pngg?tﬁ‘é‘%P’é‘ﬁl ARAHPRLEr T iBisresbdwineaypenssing ofa patterned

subdBh@niBhri@fper ent sum of reflected fields fromthin
filmstacks corresponding to laterally distinct areas
constit uDngnmgnemeegxrcmnetfr«:ﬂectmvekmnguﬂmsrembmfrbﬂnellummaﬁng at

coR R et DEPRrh Lol S g et T2 adrrsbasdspectra;

t he ref | eataRGSy 4 Mm@ Abt &ﬁgdtéiﬂ:e @ﬁecﬁrun{ &f A%fgﬁﬂsdflh&)'hgrent sum
froma thin filmstack obtained by replacing lrayers in

of eflectprags ﬁi@nv\ﬁiltffﬁ:r@t fmnswenstﬁ@tmggén potinms theprstermd dubstrate:

determ n a ara provj des .a cl.ose
mat ch be ave %t hsﬁ?\%%gu?‘gge ﬁéftr ?%&%’ﬁj&@g@d&]ﬁlﬁﬂ@baﬂd
spetrtmt ’ﬂﬁnm diﬁt @ticd tmddef ol angeths ReRdctandt frdm JdRB region as a
thod of claim 1, wherein the transition wavel ength

wejghted gohetent s ¢f wlpetad éﬁkds fiom Bimple plaeks corresnamdingrie laterally
dlsﬁﬁ@cta%a%o%g&tﬂ& Hhat %Iped substrate. 3. The nethod of

rei'n deterining the set of paraneters

conpr i sefor vetnielngihniabgve the sélédteditarsition®ivekalgtieinfths broadband
the transition vvavel eng tEi 4, The nmet hod of claiml1,

SPSRHERe Ping 2 fc0ad optical mpdlgbiosalpulnigthe reflectangs fropeeash region as a
reﬂé@f@@ HoPtPhEmlOh R fi mLlélﬁ(gbtﬁlﬁédqbfre‘f}ﬂ?fr%ﬁl%f&% g{ t{hg %‘%eé?wﬂfl effective

dom nant features Int ortiono
homopsieret medinmspansl engt hs bel ow t he transi tion

wavel en . 5..The rre hod of c| ai m4, reint
free- spgéee SRR R PagalgFtSYSég pr%“@esﬂ ¥ Ii“ﬁt@p‘ Between the

me@flaePhdt efltdnee g%e%ﬁumzﬁldm £08469 ﬁétgr@ﬁectance spectrum.
PCT/ US2003/ 0251 6. The nmethod of claim1l1, wherein a

free-space wavel ength of the |ight beamis |arger
2. t hadhgmethadad ciimsl, wherin the drangigon waﬁclenghmﬁaagmmﬂv dependent

on gg‘g«% eR)?lﬁ g% fl&ﬁﬁlagﬁ 5&?&%‘?} ﬁgﬁ&teﬁﬁet su%stratwav el engt hs

ransi on wave

3. The method of claim 1, wherein determining the set of parameters comprises

determining in-situ an optimal value for the transition wavelength.

4. The method of claim 1, wherein a free-space wavelength of the light beam is
comparable to or smaller than a characteristic size of dominant features in the portion of the

patterned substrate at wavelengths below the transition wavelength.

5. The method of claim 4, wherein the free-space wavelength is at least 2.0 times the

characteristic size.
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7. The method of claim®6, wherein the free-space
wavel ength is greater than 2.0 tines the

webanac3es i stic size. 8. The nethod of clai m 1PCT/Us100&025155
conprising extracting the paranmeter of interest from
the set of paraneters. 9. The nethod of claim8,

6. WheTRd fhethod of @faﬁﬁqt hefeln 4 ﬂEﬁ-Eﬁa%E wavelenH tf't}%aﬁght beam is larger
dinmension of a feature in the portion o

thap gichanaeteristindizst ofatomindrd feaTires ethé partioh of Ithau pattd:rned substrate at

the thin filmstac corresponding to the
Wa%?’egi%}fla}b VSH}GQ{W%ll;)ng\caglg gt?f the first optical nodel
are isotropic and honogeneous. 11. The nethod of claim
7. 1, Vhemeibodweschin6hehtielsthe @ﬂ@&isFﬁJe wev@RIngthOs Gedaad ki€ 0 times
tg refl| ectance conprises nodeling the portion of the
the sharaeler{lf Wfostrate as having a nomi nal | y
pol ari zati on-i ndependent reflectance. 12. The nethod
of rﬁﬁgﬁa i PS5
8. Thifn?ohgg oggra%gtq r ef 1-ﬁ%nce g%é hfﬁ%th%lﬂ opor tt%rgo‘r‘{téﬂ&est from
thetsgtqfq:aImMCrsl ar reflection fromthe portion of the
patterned substrate prior to determ ning the set of

o, P20 BRIt o R hE RO Sl Bl §biat dimension o
feaﬂ@aﬁgﬁagmmwmetmeﬁ%@ﬁmﬁ& nodel ing features in the
portion of the patterned substrate as inclusions in
t he_honogenequs nedi uns, 14. The nethod of claim1,

10.whelhs me of flaim r‘lg whereinstge thin fﬁb@ﬁ%ﬁ eqreesponding ‘g)etbe laterally
cisiflh SRl A0 i B0k SONPLES, bl AR SR T |

et ween ure ance €819 m and t he
nodel ed net refl ectance spectrum and finding the set
11.of bhe mettodrof claatl,, wivereimusigstht fiestepticdl nielel toccalclfate the

The net hod, of cl 4, further conprising anplifying
reflgSerOBPTISR O MBS PortionG! s AeaRDed FUlpHreid B ap s gminally

polgﬁﬁaﬁ%hrlgdep@%eqﬁ FefleéfhindD 2004/ 015365 PCT/ US2003/ 025155
. The meéthod of claim 14, wherein calculating the

rmdel ed net reflectance spectrum conprises receiving
12.5 s'€he gethodiof ckimdu ﬁsf&r@scmpnal@amvéxm@a lgrafagterttertiss modeled net
hod of t he

refh e B bR efa i TRl itioR i Moot pgtemmed

substrae priof to RidreGhias €R PECHdran&brst he portion of the
patterned substrate over " a time interval and setting

the_measured net reflectance spectrumto an average of
13.t heThemethpod of ékal@ds aheisinsisplecing laypss ingheresghauwish effective

horﬁ&%&;@@dsl rh&ﬁmﬂ o ﬁrﬁ%&é g%cpcfﬁ%eﬁ% ?e%ﬁ%gg 1ﬂ%ﬂe é#i? 3£ ro? e é)atterned substrate

rising: net recan
as mplas:bnmmtheh%bgmoﬁgmadimﬂsum nati ng at

14.  The method of claim 1, wherein determining the set of parameters comprises
calculating a least squares difference error metric between the measured net reflectance
spectrum and the modeled net reflectance spectrum and finding the set of parameters that

minimizes the error metric.

15.  The method of claim 14, further comprising amplifying an effect of a change in the

parameter of interest on the error metric.
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| east a portion of the patterned substrate with a
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of r?é?lectances from different regions constituting the portion of the patterned substrate:

for wavelengths below a selected transition wavelength in the broadband
spectrum, using a first optical model to calculate the reflectance from each region as a
weighted coherent sum of reflected fields from thin film stacks corresponding to laterally
distinct areas constituting the region;

for wavelengths above the selected transition wavelength in the broadband
spectrum, using a second optical model to calculate the reflectance from each region as a
reflected field from a thin film stack obtained by replacing layers in the region with effective
homogeneous mediums;

determining a set of parameters that provides a close match between the
measured net reflectance spectrum and the modeled net reflectance spectrum;

deriving a parameter of interest from the set of parameters; and

signaling an endpoint in the processing of the patterned substrate if the value

of the parameter of interest satisfies a predetermined endpoint criterion.
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