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WD 2004/ 015364 PCT/ US2003/ 025147 METHOD FOR I N-SI TU

MONI TORI NG OF PATTERNED SUBSTRATE PROCESSI NG USI NG
WREBLAGBEVETRY BACKGROUND OF THE | NVENTI ON ThRCT/US2003/025147

invention relates generally to nethods for nonitoring

and controlling processes wused in formng features on

VA, FOR N ST MONELORING QT TN ED
SUBSTRATEPROGCESSING: BISENG REFRECTOMETRY

processing. In sem conductor manufacturing, various

conbi nati ons of_ processes s ' thin-film
deposi tion, anﬁéﬁgﬁ%%m%éﬁgqﬁgﬁ{lgﬁﬁgm ng are used

to formfeatures on a patterned substrate. The |

f e Theireentiorerelaesgedetily semethody &rynoniiesing g5d Aerteling processes

e T e b P Do, B8 g e
an oé@cafl QBLHE#R mdthsd RAUEREMGCarSaIpbingirepatisriedsubdfagdprbcessing.

termne when an endpoint has been reached in the

B; § Stico &ﬁ)? ?Iga%'lslﬁscﬁ.gg)iéagar%s RomBinAtiod ofMrbseBses B8ch as etching,

cess con be changed or a point at
thinVillincdepbiigomrand ehemichlbmechaniabpapping ardhhesddp ifornt featuges on a

patt;lrggciJ éfllqtqglggs %gé Eq%tgfrgsn §r§ r}gn%ge%lg:}% s‘\%gelc*iﬁ%l? réeggﬁ?ﬁgé 0 te%ials from and
sele%fé(%?}? %%I&%‘rt]iﬁg npﬁéﬂa@%' <|5h BRI TIhSPitichteddnBsteitd EWS:i10 figming the

15 smal | feature sizes becone increasjngly

featties,i thepatternddomubsttathisrgonstonekiosisterminesvhsi an engpeigt has been

accurately detect an.endpqint is . crucial "
reachig 1 G rokast ok enors S PRl MBI hBRRepTpditgns should
be c%%l?g%tifo% oftf Gt WRIH thdprdcaRdhaild ses®ppdd.t he |ayers on

the” substrate nmust remain substantially unaffected

af L@l %&Elﬁ 8554 Atdl dERE :1}1% 5idt GhilEProcEsATY Suttetridd substrate is
gate etc S

processes, multipre layers of materials
becbMle ibereastngly edporitanh esipatttanmmpepimeiries sbrighead dimensiongicontrol on
| ayer. QOptical djagnostjc nmeth are.typicall .
ST RN S e e B S R A R
acchBEN §Gedt AR ¥n @S EntO Bruclll KWiheh UR: lafedé bLidhtefiAls IS boFemoved from the
spectroscopy I's one exanple of an optical diagnostic .
patieted gabgtiatet arel werydhin amd/ozsetpe ofithetgyenbon thesipgrate must remain

em ssjons,_.. fr a plasna. e S 1.551 0Ns:
SR B SEE G eI of e ThBRIE 5T A5 B0E e
protE¥sés, ?ﬁl‘it%ﬁl@ 125 PR BfaterEMEQHRBBEvVEN withis damhgiag thesgate oxide

usually del ayed because it detects the plasma state
layemst ead of the substrate state. Thus, optical em ssion

spectroscopy is generally wunsuitable for etching

appOiptied! idimgsostivanethadssae tyipidatly aked taylstect eratpoings lgpattarned

et chi ng endpoi nt i absent or.where. an eff.ective etch.
subsr 6,[6 p[rcg:yﬁmgplgecéﬁsett 2L MQP- RISV, mlé:gp%?lsg{)% ﬁ?eﬁgrogco‘fap 1s one

b SticaPdil 10 nfietoRchatRRteets anltadpsihi HEmSR®GHrSemissions

exaut‘ﬁm?ggabi’%?ﬁa fngliosti? nicHidR thar et pé
from a plasma. The plasma emissions are monitored for the presence or absence of one or
more active species. The response of this method is usually delayed because it detects the
plasma state instead of the substrate state. Thus, optical emission spectroscopy is generally
unsuitable for etching applications where a sacrificial layer that marks an etching endpoint is
absent or where an effective etch stop layer is so thin that the chances of etching through it

prior to detection of the active species in the plasma is fairly high.
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WD 2004/ 015364 PCT/ US2003/ 025147 Si ngl e-wavel engt h
interferonetry is an exanple of an optical diagnostic
woreiohots3shat det ect s an endpoi nt by nonitori ngPCBUSI00YE25147
changes in the vertical dinmensions of features on the
patterned substrate. The nethod involves directing a

N e LA B DB USSR s LRSIt petod

detecty Qﬁ%ﬁ@o@nﬁdﬂf théGfringielabvdemingesda shinydriicah dimertsivins of features on
method is that the intensjty of the refl

i i T Dot o the substrate
the pedteined splbstuater | The raethodinvelygs fireating RAREEY 't PR Onto the substra
featyre of.] 1 : ' i lial | tf8ce. Th
g pd st g it SRR N O TRON B4 AR e, The
basi€ h4ERAPHERA i0fhid Methbe & thutehe intémitg oEthe refievtdsebeam varies primarily as
determ ned. Because singl e-vwavel ength i n&)grfer L LR cted
a resbiprfohatess it eaShrercd BiPHeve OHRABLING oGl qiof the feflecte

di mrensi ons i@ AR R S iteYdt tanCisd
beary FE QPO hed R AR aRRRRRALL UR BAGR ol edin
detchiRietl. Bobdust yingle-waradenainterfeormeétric epprogehea mnitar relative changes

vari ations, such as variatjon.i hi ckness of. |
in Vﬁ@cpﬂgﬂmgﬁsigwtfﬁm ’a.s oppased fogbs anEeS\fegtﬁaf aléne&lgl&nggg ff’h% features,
they{/e(arrg :ﬁé{il din t%ﬁrdb?gc? 9 chiBpdRhth S inElRDk tnhRerial #Bfations, such as

onin wa orientation. Spectroscopic
varielibr jpstivkhesg of pybmrormetd gy subsitatess Vadatonria syayting depth of trenches,

exanpl es of  optical , di.ggnasti ¢ nmet hods that can be
varigleRyin W@W@%ﬁf’@ﬁdwg}%ﬁl eﬁfsoreﬁ"f%%‘l nodel i ng

techniques 15 to determ pe the ﬁ?b lute vertical 1andf tical

| at SpegirogopiseHiRsARelY, RUAHINFES 28 f%%&@?%ﬂtrytaé%?xam €5 o optica

L SLIUCE i .dﬂgﬂﬁit'gﬁl Qithd Rk bRBptie rodeling techniques
dla%g)tsﬁ%rrn%{ehgﬁ% Eﬁg Parng?ee‘gaﬁléﬂ/&ev r, 'These tgg% hnigépules are ¢ :
to detominirRtthé abdont verdcatend tdtegldiappsibnnef fortwresiof epeciah test structures

and post-processing netrolo rather .than ip-situ .
suchiaa ghodIMeESiosnlREIETOR 4 Ws%é SH‘%S;@ it enent r=3ﬁffs§7' teginiques are
1imRPEW i l—l%rfeqﬁétro'i%}}“’%}pﬁﬁﬁtcon%‘ k. 3ir8Caril posi-gidkédsithetrology) rather than
conput a ad. h

I ona Ef fort's have been nmade to conbine
in-diheliagesiids siqre thaydsalpe meagferagits plypatspecialiest siragiiees and also a

‘sigﬁ%gatggﬁﬁg‘%giﬁgﬁgaéﬁ %#c{g%g}e?lv? ngcrilfergi?cgegt&tcﬁ C ’%Pnlteh ié? ése:c ogr spectroscopic

elli.??cﬁhétﬁﬂaxﬁ SRBKSEons RIS RssHEBurat) shodEky @tleni s forint s
n- si'tu diagnostics that will facilitate detecting an
diagnaipios.nt i n patterned substrate processing without
any special test structure requirenents. 25 SUMVARY OF
THEFtMVENTbf@Noing, these iadpsiet a robwst, caveti-issnandedcguente method for in-

a_nmet hod of d roni a. paraneter of interest .
st By 5L P 103 o Bl B8 SRt processin
. p&g, il ddeuinading, at | east a portion of
Wl{tﬁﬁ{el p ts?g%etgﬁgﬁgst reg% wth a normal incident |ight
beam and obt ai ni ce
spectrum of the $W§¢J®yﬁmwg%gst rate
froma normal reflected |ight 30 beam The pet hod .
f ur hene aspetiuthednveation raatenty amabad PEdetaaIningr Regameigiof interest
spectrum. of the. . porti :
anfREFIGHIE of RS Salt, PREpARYG ERGRcR HABLEAE fcasta
portion of the patterned substrate with a normal incident light beam and obtaining a measured

net reflectance spectrum of the portion of the patterned substrate from a normal reflected light
beam. The method further includes calculating a modeled net reflectance spectrum of the
portion of the patterned substrate as a weighted incoherent sum of reflectances fromn = 1

different regions constituting the portion of the patterned substrate, wherein the reflectance of
2
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di fferent regions constituting the portion of the
patterned substrate, wherein the reflectance of 2 WO
wWQoMIBEB64 PCT/ US2003/ 025147 each of the n BPCT/820051025147
regions is a weighted coherent sumof reflected fields
fromk >_ 1 laterally-distinct areas constituting the

he met.hod fur
cactlf e A Sl Rk o BEf R AR >
1aterﬂﬁ>aatéﬁﬁ@t A& cbﬁédt@tﬁtgan@ fegipe CTeumethodi furtheeinvhues delemeining a set

' ectance spectrum 5 |'n another ect , ggf d
of parmnema thet previdesa closs majgh belzssn g&?rﬂl eplgpce spectrum an

thetggg rel?cgliz;\ ﬁ%?qggagcggpegﬁﬁﬁler ned substrate The process

nprises illumnating at |east a
ortion, of the atterned r i
0% e R B D LBl e Fu Ty fricaonof

patt&HQﬁJb@fro@ce ange gmc@és%ﬁﬁol%&ﬁa@ uérBprides ﬁlﬂtﬁﬁinaﬁl@@at least a portion of
spectrum of the portion of the patterned substr

the patterned snbstigée with waewhal iggifent llgh@eﬁﬁbw@é%pl@g?ﬁplfn& ﬁe patterned
t ho r.t.h 1
oS S0 A R e e 8 o e pn

subs%tét%we% SarPEESF v@wel%ﬁ%’cﬂ@ e Iwamls eogttdl snabodfunbepintiades
I ncoherent sum of reflectances fromn > 1 different

clengngnsncllsseestineg SPOREBE b4 PO ab demattemmed uRrs ovor a
o S LSS EBE S Bl B D D P A e

reg@lﬁé abRfakiny vl SitkRel stbRam, whert tht wfldegntéef caeiodthe n different
e process control nethod further includes

regidad Branweigitgd aolsm¢nt shm 18 reftacteddicddssirom > plasgrplrdisginct areas

cl ose tch be en the ne sur Iect e e
congiaEsbe TR SR PRPBEPAT S EBE TN MHPr f g T set of
parﬁﬁét@ﬁ%ﬁ;pr&fldés@ 86R3hattR Qé’ﬂzv%&ﬁth% @hcadiired %f%ﬁh@é §pectram(hnd the

signaling an endpoint in the processing of th
mogpaed Eﬂneidnczaﬂpeunan,eienﬂnngt@apgnqzj:gr offinterpst frg@rtge,ﬁqt@f pypmeters,

nterest satisfie redet e
ot B8 SR B EL B B e AR T B ke e
parREBPEF ihRkest SR Dpfedetdrnyiféd extipoind QrittrigRNSi on of a
eature on a patterned substrate. The nmethod conpri ses

11 ”51 rg dtﬂ& ﬂ@h a;lt i fnv@ntlcﬁ%fa'té?,ﬁo QimdiR&l RatéefRidthg a vertical

subs I nc I'ng the feature with a normal incident
dinteingibh oﬁeﬁmtum«bn agiatteninad supstratee Tda mthqdeqommfspeétuan@@mg at least a

ror B BT S B2 5B RS BB S B BAGAR  beam a

%E?ﬁ) JUHR FerfeRlaftd @ebiten df Eﬁéq%rﬁ‘&i Sthe patdrasad subsigate from a
Obtégﬁe rum éﬂ'?ét he eportlon@gf the patterned substrate as

nomahm@hteddlghnbm r Biret methadl Sirthep Sctusies ealeuladegsa modpler net
> 1 diff t ut
b e up LGS B AR o R Rnt s of

f ERRRtent REI AR ohSitainiehe PbRbNnGBes wiferid Bubstrate,
refftah0 ForflnS] PUMMerk RERT0h 11nlyggtthe?al y- di el v

whareatheaefiatdncaof eaphtofi éherredjifisrent Tigionsds h@/@lghtﬁdtq‘i)épren’f sum of

S b A e

1nc§ gtd«[: i%ﬂ%n SR NBht fr&¥ilecd @lBEeem%E%EMé@h &dneasured
ng the ve | ca

r ac
reﬂectance spectrum and the modeled net reflectance spectrum and extracting the vertical

dimension of the feature from the set of parameters.
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paraneters. 3 WO 2004/ 015364 PCT/ US2003/ 025147 These
w@pa40133es features and advant ages of the i nvePtT/U82003/025147

wi Il be discussed in nore detail in the follow ng

detail ed description of the invention and in

conj uncti,o i t he | ' | : :

e dariora e B e Qi e BbaTon B D discussed in more
detaillih HRifHRéWIMgRIctaNRY dedcripendf the imrdtiomandin osajunofion with the

limtation, in the figures acconpanying the draw ngs,
folleewitig ifiguxgki ch | i ke reference nunerals refer to simlar

el enents, and in which: Figure 1 is a generalized

schemat i ¢ BREEF DESORIFIFONIOF G HEIPRZWINGS a

transverse cross-section of a typical patterned

su H@% fleBition & bl RBwa) oFExakdifc, Rad het tieap ubimitatie, in the

of Figure 2A divided i'nto four [aterally- distinct ..
figueeseasonopantytigrthé dtawisgsaendsin whigh like Bfermaiesnuanesals refpniggimilar

subst r$tewﬁjj§ ided into two |aterally-distinct areas or
elempgpits, ang 11 ﬁacks. Figure 4 shows a process setup

according to an enbodi ment af t.he..invention. 15 Figure
5A Higurgd 189 éFQﬁrWeéfsg@r?ﬂt‘G@g%hlP%}lnb%?c&t ing an
endpoint in patterned substrate rocessi ng ste
acdogae Ad shovesm A eRIPaRIRLS-FLeh 3 GDISALD ?neﬁiSBW@t%B
is an overview of a process for collecting nornal
i ndFigeedB shofisdint patcmed stibstratecefdrigine @A divisded drip demtiatgrally-
. of the invention. Figure 5Cis an overview of a
dlStH]“B%”@%%Orf%W" SAfHSy measured refl ectance spectrumto

20 nodel ed refl ectance spectru ccording t n. .

e OBaTIErROBE AReRY sHeia AR e Tl Biingg preps or thin-
ﬁln’%t &Srreasured refl ectance spectrum Figure 6B is a

S¢heatic of a nodel ed refl ectance spectrum Figure 6C

conpares, t,he : P .
e e
25 DETAI L ED DESCRI.PTI OF THE PREFERRED
The"EHiFetit 1561 WY H S 'IQE“@%?E? ’fl%[%%migna% 35 g@g%vlr\ﬁ
pro!éfsfsﬁl"g%%eac&&dﬁlgftﬁ% RhbEIpE of BFROhieMt S, as
IlTustrated in the acconpanying drawings. In the
fol pow Cavep¥il ] | hibiendl Blcidenge AfRctance dat
set F%‘((Jﬂre?% ?sﬁﬁloédggiléﬁgf%P@\%iegsefgg%l%ﬁ%%gh under st a?]di ng anee aad
acoofdihd® #h embodiment of the invention.

<1

}gﬁgied substrate

Figure 5C is an overview of a process for matching measured reflectance spectrum to

modeled reflectance spectrum according to an embodiment of the invention.
Figure 6A is a schematic of a measured reflectance spectrum.
Figure 6B is a schematic of a modeled reflectance spectrum.

Figure 6C compares the measured reflectance spectrum of Figure 6A to the modeled

reflectance spectrum of Figure 6B.
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

4
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WD 2004/ 015364 PCT/ US2003/ 025147 invention. It will
be apparent, however, to one skilled in the art, that
W b@4omsent i on may be practiced without sonme PCT/EE1008625147
these specific details. In other instances, well-known
process steps and/or features have not been descri bed
invenflof ek &bill te ﬁﬁﬁé’r@l@t{ hdRePlto 6RO SIEASES A thé ¥rtOBSCHE ervehiiéh may be
I'nvention. The features and advantages of the
pradtioedwithout smeeg obell loéthese speaifisrdstaslsd Impthar msteaeesy walk-dnewn process

B

the RIS ThefefthRS bAd 6@vanfReS b B IBlenorpaby & better understood with
substrate while the patterned substrate is being

refepanoe tosthe draviings aulcdiscugsioesihat falowt ep, physi cal
paranmeters of interest are estimted by matching the
meds one dmbodifient thminrepnatsesneflecionetp Hemeasure a reflectance

refl ectance spectruym of. the patterne I . Iln,1
Speciaith AR HOUH DG REE 6T SRS PR Tocepids Bor cach
givértiRé ng),qﬁl?si@al%hetéﬁ lof §Réreitladd bdtighatdd sy mefchBgttbnmeasured

spectrumof the patterned substrate. Advantageously,
refledtancrspesirugnios modelegrefleetangpspeeisim Pk thegatersgd substrate. In

f. fg . .
acc&ﬁé&c%%ﬁgﬁﬁ%@?o %%Htroﬁhqoi:ﬁ\r#@g)gf)?fgfegg ggcgltlczérﬂgase{rjﬁ)é‘él%r calculating

not
the $4fR8{ahed ebidivin v tiENSelefled Salsirafec A dinataigandlyc die hedel does not

applied to a patterned substrate_ having onpl ex .
placgranzyessfictions @ HPRgANATE §f foaliwes Y ke patteTRe LS bgiae, hes themodel is
| S [ [ ' rd,al :
not iR 7 3 G R A0 TIPS RTRAR ARGt applied to 2
patiehdisibsntetiavited cavgebhanay of hddm feapats. eFurérmore, the model is
substrate can be divided into.n laterally-distinct
alsydesigned frjaqcRBxMQdgtaingrrame materigl ¥arialinSyne” npdel ed as
an i sotropic, honbgeneous thin-film stack.

) For .
i | | Whileaot wishingrtp bs dsund-byythearys thedpysmgors beligvg hergipthat a patterned

tack 100 ..hayvi,n . .08 d
orBAE PO B Pt B A e
mollé@ly@iSanliS@tropifhonid@eneol Shibrddmastdcki Fknitksirgtign puaposes, Figure 1
CHERTNG O L T
sublstrhtH gﬂé)%?'i(')g] QE%cJﬂeofttﬂé ﬁyé%'m,sﬂoac k061903 Bhs HHidRkss Qt) a refractive
| n alig h

Nci ce Wt eam 109 and col | ecti ng e
index @)t artleravextihdtioreddeiicient (korReflectanée mpasubandrits are fniddmby
... Stack 100. F normal 1 ncidepce., refl ect ol r e .
i dEe BB Bk OB Ao AN GIREGUY T ATRE T Lwng collecting
the @h{‘%&n{‘ 1 1 2£1REted AbAhAIBA%AR td RALARNSEEK 1003 PRMokMA incidence
random array of structure sizes and orientations that

refleotosteinyythe respoyssi afaln igndtopiss homagenegesithiofily stael is nominally

ubst r at the inpventors helieve herein that the. :
polpfipiondoienetiGt S el pdSneBi ol el Mol fiopsriops th
col@hé h £Afid=0 Pattdifl OR ARERMon RS brEtibAREE the MivERBrsdetiatd herein that the

sinplifies the conputational aspects of the nodel. It
paifaraed substrase eah bdhepremedt to hav atmopteallyqobizgtien-indgpendent reflectance,

i) dapi. . ' i an-
T RN AT S
the @facodttductchs beieadily dduptied o wbdd tarpotdrizatien-depestiédtutspngse too. For

the pattern is known to be predom nant oriented,.|
exgﬁgled%ség@y indesgd haths cgqqéwltgnéﬁeegié mpﬁ%n o}‘ dructures constitu’Hng the
pattern is known to be predominantly oriented in one direction within the plane of the

patterned substrate.
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patterned substrate. 5 WO 2004/ 015364

PCT/ US2003/ 025147 The main factors defining | ateral
waele@uionmsstyaess are differences in |ayers constiPCr/Usm03/025147

the thin-filmstacks and differences in heights of the

thin-filmstacks. For illustration purposes, Figure
2A_shows ran Ofisii ' LY Qi 16 tituting th
e G el P as il YipBRels A0 Rachery Bl fors consituing the

thinHIAGKRkOfind MifRrdncbsinlRjditsofAALthik fitn Stacks & arillustigtior purposes,
~oxide layer 216. A5 relatively t ickfi&l%ﬁx{?ﬁo "
FigiragArshowsa tiapsverseicEosyseetiongH adyRicd mapginey 85sHCyn > ©-8- a gate
under!ies 3y Sinfedi A& gahy 8¥ide Jte A
wafgry garvén%%%(g Og%érfﬁglllgﬁ%gﬁgrz gngg by et ch% ng a s fwagﬁ ow _
relafivedy eick 24 okfdedayer 2 8, wiich Butsed fartetectzire! isplation, yndeiligs a portion

of tltpar];faéeg qg)g{i]; Paa%éZg ]&Wéligcrt?egql g)gildg g{)%]g% ?%qrgéd%yﬁegt?ﬂi#%? shallow trench

usl
21 9%&? TRiifo td £, oPEENHY thétreRPI119RVikgan Pride os6therTdielectric
pa

terneg%gu%gtrate 210 can be divided into four . o
matkigd] earall flanatizistgithe bvefilasingr for bkample, # ¢hepical srgelanjgal @glishing
on the nunber, of thin-filml s in . -
procagsy bigpamerer avriate 210 doarhe EYEEEint ol e B yiHareas or thin
ﬁh%&&ka 'B%&H o tREn B Fiia-al Thfss BOths stasks 22 224 And the lateral
1 vi de

into four distinct areas 222, 224, 226, 228.
extehih of the Steldwtidalager 2182 i ncl udes thin-filmlayers 230,

232, 234, a portion 216a of the ate oxide | ayer 216,
a PRigtieQB shb8a tidf pattvenekl subeiratd Idedividpd into f@ir dighigeiareas 222, 224,

20 e a0 A A 2 BTy g o

gatérﬁﬁdgta b e, b BokRxer] 82 3¢ tedididloige Riypod 185 ahd & portioneda of the
e |

tinct area 224 includes aﬁgrti on_ 216b of the
subgimdte 22| Ae ah ayample.itbe thindntleyses 250383 poulf be mask dpyers and the

0SS LS B P BOE BT TR o forion

2180 t88ERe 6Xid6 Gayet V& pdtforelI@baf (e fidld nxid2 tayeoP 18§, led a portion
substrate 220. The distinct area 228 inclu

. d .
2200t subsirate 22y She diact ap26Jacidcs apoRigiu b o dhepgate oxide
1ay§€§156?aﬁ‘1tgfa @%’éﬂi‘gfzil(ﬁgo%ﬁ%%%@gﬁgg gz(gn Gik@Rkt %1%9%29 findifi®es thin-film

238 are the s ane
layBR88] 240, 2412 2 ooz ddyof thagate dhide bame2 16, hnd kpesion 220d of the

Simlarl the | ayer corresponds tp |l.ayer.240,, an
sutstiaiera)eitho by crssr o0g Jag et e Sy Batesabandriginas; ntE e same

{LEd i @ﬁéo@fe@ﬁ&ldﬂ{pﬁ &40, 24dDhk $ay@r 234 corresponds to
th1§:1§1e f%@gﬁy’g e%a?gr refl ected fi el gs 25 from t}ﬁe P
layeh242.fi | m st acks 222, 224, 226, 228. The reflected

field for a given thin-filmstack illumnated by a

pl amge veleetaate kMbwpaitsrhahsibsyatad i) 3ol @mibivdticorofdereected fields
cal cul ated by settin

Frpy BBITEIOR BYka 07 g o S dB e B BAE TRBSY A inadm stack
gL 5B St e s
up'aRy sbleingeripendat edldeqrotiymand by mging &yesne! aguations. dfor the purpose of
cal I RO, ahrdrmeek BeEE nDud U8 the thin-film stacks 222, 224, 226, 228
may be compensated for by adding layers of air or vacuum, equal in thickness to the
difference in height with respect to the highest thin-film stack structure on the substrate, to
the top of the thin-film stack. For example, a layer of air or vacuum 244 is added to the film

stack 224, a layer of air or vacuum 246 is added to the film stack 226, and a layer of air or

6
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thin-filmstack structure on the substrate, to the

wa o40is36he thin-filmstack. For exanple, a | aper/usfoo3/025147
air or vacuum 244 is added to the film stack 224, a
| ayer of air or vacuum 246 is added to the film stack

vac 20 {@ggggﬁﬁ%ﬁég% SBEE 298 tofmMQ RO AGLRE 2P B film stacks 222, 224,

vacuum 236 1s addéd to the film
2265dndR8 2RFoitne. make the heights of the filmstacks 222,

224, 226, and 228 uniform The inventors believe
he i MnveR s Bi116R0 hbfe thateiveli the wibadiswibutibn vfithe(laterat attents of

RatebeurEREnE eHED FTPEeRaU SIS its e R R R P (g emed
subﬁxgl Isatgé ?ﬁcgl?r ?é %%& %&g?%éeﬁ}lﬁ{%véldgmw&gfoﬁg‘ bf the PYREmM 280 Bncoherently over

S and 1 ncoherently over sone o

som@lofte réceeis@isheopattehre Tt ineentors Bakeviernesam thag theaplative contributions
herein that the relative .contributions of the.

of thaaBe ALY gk MIORTERRETRiSH RO ibionsEvay 2 adbidiop ot figsyppace

wav??getn%thf HNGha Qg In8{ ngcfe%@figrg(% spoAME kRNRA] ard® fradfishsdf the patterned

neceéssarily corres to the actual area
subftfaaet TIaRsorwe thhefieeted dielis drons edzhtdisiinet thiFifikn steplc baverhgen

reflected fields fromeach distinct thin-fil tack .
cal vl Brectet 1leeanes AT PR IERISd AUesUAl B bF salalAat i reighicd

incﬁl%%:eg"ﬁ EdHy (3{ ?éff%éfaﬁ?ésﬁg%ﬁﬂ IGerCRY r@%iloﬁ‘é &fhs@ditig YR hikead

in erent sumo ectances fromn different
regions constjtyting,th ttern: ,Rew (AAO) 1 El 12
+\A/2(&(’f)‘i"éﬁ@)2|ﬁﬂ.’gfﬂmg%q&d)%l2 n+l'2+t’vr)(ﬂ°)meﬁe ?? is the net(l)
refl ectance neasured, E; are the individual )
i ncwhee ik thye med déftegtantendasueedyE; aratiee ndivikdug) ingpleremly adding
wei ghting factors for _the_incoherently addjng .terns.
el aeend-sp) o1 the BeisBHBE STh et P de e (s, The use
lLex figeld E...in the fr ' [ :
of 15 Tophotredfs BrnepinicRr e/ PROYCHEU LEREL BBO0Rl ol notation of
ele%&%@gﬁ@ﬁémﬁ@g&_ng termin equation (1) above coul d

wel g coherent sumof fields fromk

o EAt Pl SR 10608 il o

weleh®Q) &heren? um \off ields dofb Jatarakby-tiistinateigh comsgititag the £ region on

for coherently adding field ternms E';. It should 20
thejsabsitsfeed that a "region” is not the sane as a
"distinct area.” To farther illustrate this concept,

consEgera, ( hoEpat eeightl, substad#eE300 shown in Figure @
3. The patterned substrate 300 has been divided into

t Al ye St Laet been i - .
{10 BT ] ke HhoslibiBfting iR fF obifthdnfyiddRing!RA Eer@O 2. It should

tack 302 1s nmde’o i n-fi

be hated tismt 30fegidN8s ndtithe savae as pidistinohargd.? al ofurthesillystratathds concept,
coéq%qlzér g;hgepg‘tgg{ga]sg slir,rzrt]t%? OEO% kw%%l ﬁig%a%?f@?&t%ﬁggysglgstgte 300 has been
iR hRNwdi2Rrally-distinet areas or thin-film stacks 302, 304. The thin-film stack 302
is made of thin-film layers 306, 308, 310 and a portion 312a of a substrate 312. The thin-film
stack 304 is made of a layer of air or vacuum 314, a thin-film layer 316, and a portion 312b

of the substrate 312.

In operation, an incident beam 317 illuminates the patterned substrate 300 and is
reflected, as shown at 318. Let 1; represent the reflected field due to the thin-film stack 302

and r; represent the reflected field due to the thin-film stack 304. The inventors propose
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25 of the substrate 312. In operation, an incident
beam 317 illum nates the patterned substrate 300 and

WO 20040€83b£ct ed, as shown at 318. Let rl represkil/US1963/025147
reflected field due to the thin-filmstack 302 and r2
represent the reflected field due to the thin-film

e s P O DRS00y s

302,008 Happiated b emiinargtdings 320 386t wiesen thehrefledigchfi¢lds ynand r, would
stacks 302, 3

4. denmr cat ed i inary li s 324, .
add QuigrormpdEn iR &1 FIATR GERBA P Bt T OPSRgs T thgeion 328 t
- e4dab bk ALt Bk esRR i 24 FBm the thin-fil
the}%ﬁ%ﬂ%?ﬁé@%ﬁggﬁggﬁsteﬁ&r egion 328 to the left o1£n e T

stack Be2 bnlggiTiharsfldcianee §2th the regiprediie theriglt of fhe inepgingey line 326 is
flected field t hi n- £..l ly.
exoleid ke e ALSEN S8 o0 Pk Shehclp g onL Y
| OB gLy e et reis g Hom g ettt st R0 1Y

From equation (1), the net reflectance from%he

pat tReg et suBSK Fak & 800, (%) | BRapD +wygdg) (Ba0f 1 £328 12 O
+wB20 (20) 1 E320 12 +w830 (20) | E330 12 (3) where

R3QMhdrSRL N fHeRtbined Pastele ™, Eqns, B, B
sub% éféa%""%o‘%?hﬁggg%&%%%ﬁ%re the T ndivi dog) 20 0 8%

the Indixdéenl éndohgreatiidadijng fielddenmsrfram theorgione32% §R8nt3 03 ppectively,
320, 330, respectively, 10 and 8 WB2Q( 20 .

andppaS gyl PR bR WY SR O GF thahootcrently adding terms.
' , I ddi ng terns. From equation (2), E320

Fm%“?"%%@‘%g&i’%f‘%)lzszs + (1 - a(/LO ))E330 (4) It should

be noted t E328 is iy E330 is r2, and w330 can be 4
revvr'm?ﬁ‘(zg)%(%ﬁv@fé%%ggﬂ Thus, equation (3) can be )
rewitten as: R300 = w328 | rl 12 +w 320 | art + (1-
a) ri2 shaild-bd notet\ige Bazs isw1328) s, gpd Paso(cay e fvgiiEentagd1-was-wsz0).

hterms V\B@ V\gzo a‘irgd aas_coul d vary as a function of

Thys, eiatipn (3 GRISFENEH 2 15 k0. Equati on (1) provides a
sinplified nodgl wherein reflectance froma ﬁJat; er ned ()
subsRe@Eew gaht; berWas hfetrdl - 28 [wiHlr Wesp&tes ) & [sever al

quantities of interest, such as film thicknesses and
et ClRhSRIh®rmé W5 R8:,6 100 di cveld vary hea funetod oDficassmee wavelength,
normal incidence reflectonmetry as a technique for
Mo.nmeasuring refl ectance, neaning the patterned substrate
is 20 illumnated by a beamincident normal to the
subsEqatien dhdprovilgs 4 sieplifighmodelf Whereindefestanse fiom a pafterned
substrate is collected, i.e., only s ul ar.l
SuPEFE S8R BEPPRERIETTET bEfirewrd s gt BE fpbgpest, such as film
thitglﬁ'égs% QlfchQLEl‘l QERL | RNheRbolndhe Ahe indelibh W8S heinthl intfdence
a o?tellghtlllumnatlngthe pattern wl|

refleefolnetty zat tedhnivpie fonweariog reflpptanes, weaningdhe patterned substrate is

illur:gl%rr}étgg %gr %lbggmrir?giclieen% 'ﬁbr%‘al %J ﬁlets%bstga% an%xo%ﬂr?l[h%’light reflected normal to

the substrate is collected, 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 illuminating the pattern
will reflect at normal incidénce. There will be non-specular reflection due to, for example,
sloped walls and rounded or faceted lines. Reflection losses due to such non-specular
reflection should not be ignored. In an embodiment of the invention, a scattering loss factor
is applied to parts of the adding terms in equation (1) or to the entire reflectance in equation

(1). The scattering loss factor could be a function of Ay.
8
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sl oped wal |l s and rounded or faceted |ines. Reflection

| osses due to such non-specular 25 reflection should
woei4esssgnored. | n an enbodi nent of the i nvenPCDES2083/025147

scattering loss factor is applied to parts of the

adding terns in equation (1) or to the entire

-
LSRG g o oy R pa s
Sllb_]é:) (h/149R003/ H8&kditg steps sé Thbtfsetuzes] smeh s trpla@@s, can.bglj’qal@le,gl To

shows a patterned substrate 400 that
avoid q@cm@@ efpvepsiondhe pmcg%g%qﬂgméetnigsnoz Sh(%vy]%{n Figure 4. However,

it wdg% H{’I%as to (#fel'bf%ﬁlllt 15%51‘?%11&%’1‘806@51@ eduipshentlie neédeditsl form

€ I nvention, processi Nng equi pmrent i s
certaﬂpfeaﬁ]h@\m tha sithstrateat09. P]elowemaﬂe if frenolies arefie bp Wﬂﬁdé’ 1 pjasma

T

g tb bqlihBReNRS géletating thephanawauld e provided.
O“ﬂ as 8&%@0 P@bﬁn?hqugbstratg 400 woul d be nounted on
Q MG Ksz&r}%nlﬁﬂ gmf tﬁensu@stpit@ﬁﬁﬁ SNGPRAT refleft@inefdVM)s, positioned
an Y He " Appropri ate equi pnent for generating the
abo@lmﬁmmﬂ sibiteatprodi Heskefleciomiter 402 is usohia BRkhipablime
the substrate s

4
meapBenents qEeeil eg@géeeér?mé]?%g{ %qt% gho Sﬁ%%{e gﬁ"ff% 1n$ﬁde's$a light
sourﬁeérlo? gﬁo tfgf %%Q aU@fbdath, %&ﬁeﬁl@ophbﬂ%lel&nts (not shown) for

surene ectance fromthe substrate
focuking th@ﬁglﬁdjemmirﬁhe sultstratdeandz Jpegiremete@mpbEoryy @Oﬁmﬂyg and

s BTSSR AR ERP B USEFRL 5 oAy, e i

eam oh

sou{?@ & S RsfidctdRete®iD 18 a DRGMEbARITEIE soroat Tishawmitifgowavelength band
etecting and analg2|naﬁthe spect rum,_of, ¢

of tlieelight sowde fsrsolecteddo &gion Yhets ﬁ@lsétHBB(cFP%g"an‘Pﬁtgrs °

lnterqsglﬁih @fﬁngé%?ﬂeera@’b eJ %{q g;& é’ﬂ\g@% rar %s Bﬁﬁ%‘u%gtﬂg?ﬁaﬁ‘éjexample

t he
the WaBilEn R WS off hedRihe sdiek Q9D woomm regi on where
senS|t|V|tytothe parameters of interest is

heig Eﬁl%nl ow%?lic%lsi Modweakl it céntivlop@esssingrgehd matterned
nore-usefu

one exanple, the wavelength r e of .
subttrese #0QhAt thetacieofi substoue Processing. thﬁpquPW%é ﬁ‘gg@dé a signal o a
dat%%&qfeeﬁ%égg %é){]] Bg]? gﬁ? éh gl &O(%%fat?lﬁﬁ of %I%Cr@ﬁ t&ﬂetgf 4628 When the

art o strate
reﬂ@&@ﬁl@&? uoYis th@?er@dl QR8s beme 40 ®is4Rderatddy the Eglgrsalirct gn the
data col ion control unit 406 to tr @ﬁ% Lincid Th
reﬂﬁptematenf 2 amd dinectedstp|sirdlfeghe paiferngesubsifats 4¢(ht normal incidence. 1he

speﬁg%gté% g]gigt géf}e%%%ﬁlét& 40P LREEk light lbb%hl@?ﬁi@c@e@igat hdrmal

ht "source 1n"the reflectoneter
incffRRcaRemah¢ aiseate400s The kectrmetonttabyave thesuflseteditightdgem 410
at nornmal incidence,  The C{aﬁect ro

and senflpdata peresentagye aiihe setlecihee ?Reﬁﬁ“g%%mﬁ‘fﬁ% &17 fox fargher

sid OF iBbrocds GARABRCRA! fl@'@afa%ll%i%tcbﬁﬁ@l WRM06T Bd the computer 412
d¢troneter ana yzes the reflected |ight beam 410 25
auamﬂnﬁmhd&\dahaneanMﬁsanIat|ve of the reflectance
spectrumto a conmputer 412 for further analysis. The

proqes %oﬂ?dﬂé& 812 8ludehe niddtldfor cdltvdatinigoelledmiceoff thepatterned
406, and the conmputer 412
substrate 400 and a non-linear regression routine that searches for a set of parameterized

parameters that provides an optimal match between the modeled reflectance and the
reflectance data obtained from the reflectometer 402. It must be noted that as an alternative

to the non-linear regression technique, a technique such as multivariate regression analysis or
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all communi cate with one another too. The conputer 412
i ncl udes a nodel for calculating reflectance of the
w@aioserized substrate 400 and a non-linear regPE€EEEIN3/025147
routine that searches for a set of paraneterized 30
par anet ers t hat provides an optimal match between the
del ed. r ef | Sptinte paiahRtddt Ainew] for

neuraoﬁ’&ﬁ{"?r?glqgertl %%{ g’ﬁ%%? e3¢t must gieh@not ed tgha}tSi as
calcxﬁ&h@ feflédiaide\of a Iiafteﬂnb@ suhstra’delhasaherenrcbgcrré@dmbnve The set of

techni que, a technique ch as Itlvaj a 0
paracaniaige] BATRCIeT 9D B OWPRSA BB B LM RIOD T o SR film

neur al ing mght be used to extract the set
tmc}%’FSSSEJ?nJ]&Fh rg%eters A nodel for calculating

(rj: ﬁ%@gg X ogve%\'lgﬁt é{}g SHP bk APEdPBRA in patterned substrate

par aneteri zed paraneters
procE@h ey EmpRlng © ﬁqeanﬁifoﬂimdm;of thednventions Fust, p aeterf @ger, inputs are
h

fil hi ck d h
R AIINEY s e e
500 A@%{) a[e%ﬁg ‘fﬁé%%% bits, RELEAREHiHs i @RréC GO Yl Warniad incidence
(500, e‘Invention. First, a set of user

refldchipié gataiscolicole dmethewwhbstiateowiet aigiven i ingaryad §502). After
necessar to se

l p th end ol nt de
collgsoaye TRHEERn g PR eI CBSro Fisar = el LR st of
QGldsestadtembetivaen tenefectance data and
para?r?éft% ?2%%@%5% gﬂalggﬁ)ggfléls g%t edse? rom-t h% subst r at eC ovelr
the mogtledreflectapce of the vd‘bstr@’@(@()ﬁl) Ahewrangndpeint gétpp%mtaﬁg ied to the
refle dat a non-1|iRpear r
rrSar s Rpt S Be PR RSy BSOSkt bt
whétﬁtsf?*thé)état{ HERE is H8ate! BEESE edil RithdBEgRerchidepth. The system checks
' ectance data and the nodel ed refl ectance of e_ d, 1
whethershe ertdpoing om)erlorrmwtls@d @Rdp Jf the BFpeist FrPRrpLLS satistied, a signa

1nd1§ gtgt%%egrotc?sg Oéﬁ,tgﬁf %gﬁ%tt(? R ﬁ%@@:@ molFAE (508) etﬁl’i\%r%e the system

t criteriion coul
retddieionesp Jone etch depth |s greater than or equal to the

tar get etch depth. The system checks 15 whether the .
[R5 s o RS W@Art efabdadting fon @tk [p(%QZ))fF idure 5 Aei. e uiproiahincidence

crlt rion is satisfied, aS|g |nd|cat|ngna roc%ss
reﬂectdmm data ¢dlestaont intsoiu @embm g@sﬁ@é@p@ve gé@ -qu reflectance

s1g% exen 1|n(}a£ Hl%:rs]?encgl islg Iauﬁtgblég St%u‘x)d ﬁ%‘g ge\égzsucfhgﬂfe%nﬁﬁlon from a

Figure 5A,
tunkinSus plAATErid A6 t&@mﬁof daed éoelebmm; éhedabdeess olodelet(#ohin Figure 4)
In-situ. One objective is t

et a1 RGES
colgeﬁ?eg Igﬁ%%nbrggaggﬁf)o%fjeﬂl@?% tlllﬁt%l:ecss StieAR1l$ I data collection

um nous Prior to the start
cotfol datt dowalfieaad IcOlIIE;ct tHeeeiﬂn‘omrms datafichm éle(snbﬂratmarrd thepamber of
4) |nforrrBthe acllectlo control uni

refch@ge@spgytrgm eﬁ G SICR h bR RFOESS M9, uf a(éioe%}vesnt e data
co %lttiogr ?1?{(%1 aﬁgjaoaas 1 I{%rreﬂ’:é%?dﬂae ectlif, pr%éﬁz% yaRsdli€on reflectance

& ol 'ecti on control unit how often to

sp&®iuhg dor dalibratief bé tteaneeurdd reflectanes snsetra ubhe bare siligpg reflectance
t he nurrbﬁ o(I . .

spectrum is collected prior to processing the substrate.

When the data collection control unit (406 in Figure 4) receives instruction to start
collecting data, the light source in the reflectometer (402 in Figure 4) is turned to the ON
position to generate a light beam and the spectrometer in the reflectometer collects

reflectance data from the substrate (512). Then, the light source is turned to the OFF position
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25 refl ectance spectra to collect for each tine step.

The process nodul e al so gives the data collection
w@emsoodzeuni t a baseline refl ectance spectrumPCT/US2003/025147

typically a bare silicon reflectance spectrum for

calibration of the neasured refl ectance spectra. The

ar e ||| itle Sudkir£e (F) pWieh the light
andt?gs%q,c 3{5%9% ! héﬁg&ﬁ&?r@%?lgo%%a;ﬂh%he dat a cgl I gCtI on e

sour€&a8 i e OFF pos{tiin thendaki enllected py thecspevieametasis dye 19 dgteqtey noise
start 300 Iectln he
and S mekmRRL Ko e B 6 b BB PRSP lephbgpen. For
exan?pqg‘ ! {ﬁg m%.%t(gl > 13$ Backghdutlligheimaenbultbe ﬁmﬁﬂasm)srmmemons
re ect ter collects reflectance t{x d
The hé’ls& seplis to sibtra¢t3heyelleThrge, dataq@talpgcmn seR,? qﬁeﬁlggance ata
obta;s%d-;r{]ggp)ég@ gg%lﬁﬁ'g t C@n{rﬁg’c@ gg f 1A IRER b noise and bacilﬁground light

rometer again co
sourF f(h%:)t ance data fromthe substrate (514). Wen the
source is in the OFF position, the data

glhg Sﬁﬁgct%i/ El @taﬁcfées‘f)ﬁ&ﬁﬁﬁﬂsq{orﬂnﬁhiﬂdﬂa}i the Hadetiat @pec&ﬁinS(é 18).
groundl1rght sources different fr om th
Theh |tgmysmu closeks if thindesired huwbennftspectraphgp beayeghseied fprhthe current

time sﬁ@o ﬁgﬁg&;@%{?ﬁs“gfﬂ%ﬂ@ #%%ecﬁ X]Pé h%cl'geerﬁ gb‘ltﬁegc?es lsgstpﬁ returns to

steptSI'i? ah§ 6laRS baNCEing Ak fobiratee ﬁéﬂeﬁtaﬁt@@eE&ﬂnf(ﬁ 2 ﬂf]‘ehe desired

'ectance data  obtained in step 512 to rengﬂtﬁe hl? d
numbenof specitd luas been WﬂéeCtﬁék tév@tsmtern@iog@u%?ﬁanl%&%lﬁg? collecte

spe%gg {)P‘[??ﬁ) %fllggxg%?, %ﬂn&hge% fﬁfe[:%gs eﬂ)er:t‘?lflﬂl?%é@n e averatfjfed

I'ne spect'rum (51
spectt@fis s%ﬂﬁo&ﬂ&&ﬁﬁfbtﬁ&e(@m hl Flgtul&el) dexshatebing wvrlielﬂle miodel of the
spectra has been collected for the cgrrent

subST4p( ¢8R0 Lt eng lepsicragad ARRTHUR BROSHEBRHE AR vets or
the grecg?ﬁt r}t%g? n%t&lgg?g)c‘t%é Shd b e tcfii1rre:1§ttt1‘$ﬁ’e fd (B¢ stem returns

for another reflectance
to sEPSAL el Bﬁaﬁ%ﬁéctmlgfdatakfer thesiexgiine slapH®9)of spectra has
been col l ected, the system conputes an average of the
col tigeleeit 1ssaﬁﬁfi7f/dlﬂrtte¢hb@fdhag onatepd0d oA Feghre AAS ) mcmelmhear

refl éctance spectrum (524) The aver a ed%qus%g rumi lues b
regeesion aualydie Qm@p@wega’ggqmqk y:;c a cofver P @ﬁrﬁ'ge‘[er values by

B

conputer, the
par’éﬁdéﬁeﬁé'paw tifl3hd slutidriie rewhiedofPridneo startioé tite naninest wgression
4528 At the end, of

h
SE0 1S D000 e SULEERL T LS 850
1ncﬂ1%1)é tlm{lh]{g?leféste? @OI(tﬁ@ garamgfe%utf) §e ActekBind by aMEEhE the measured

on ste igure 5A, i.e., non-linear
refle€@h&@sspecifura m@thesrn@delc(drteﬂ@mr@cﬁpwuns The rpi-linday regesgsinn routine

a converged se ar ameter val Ues
ol P B REAPT e S BRG] TRy 10 Nex fegnodeled
ref?e@ﬁh&of JetfrEmds éeﬁ@ﬁlm@@ uﬁlhg ei@iohE ) RAd EXVRIng the e ghdskds included
the sol'ution is reached. Prior to start of the
in themsériingats (Y38)r &heri, dre naariniepeiegressign FOULRE it gseé i calculate
ine;%ég | \%/edthb ?Jrf?r{‘}lgterr]so iy écfugt?c?nrs (f)ea%de(i)c'fo%o{;eo&ibée? % 1R3Wt match
between the measured reflectance spectrum and the modeled reflectance spectrum (534). The
parameters in equations (1) and (2) are the layer thicknesses, etch depths, the weighting

factors w, and the coupling factors o, which can be functions of the free-space wavelength Ao.
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include initial guesses for the paraneters to be
determ ned by matching the neasured reflectance
wWGEp@anIlnd t o the nodel ed refl ectance spectrum PATBS2003/025147

non-1linear regression routine 25 also receives the
(averaged) neasured reflectance spectrum (531). Next,
RS ISL ?11 S WHEHeATH Sn G RREMS VAT hiGtcd 3 Stdh 388 trek¥haliCnough to
equat 1ons 3 and (2) an%l the initial guesses included

be negligiile (38Rr Ifi thp intcseniSBL)re nThamell etowgh thbe Regdigible, the system

NS ESEETITARIEENER Ry Y e
spechiBr 1 I8S heWiafiinctEOINRSE (53 S IfTR@Hidteebntedrt eflaHRE6ugh to be

spectrum and the nodel ed reflectance sgectrun1£534).
negligilele 3be pystemotitonts the optimalnagametervplups >402) The phyviedl parameters

.l.ayer thjcknesses, etch ' j
or b WEARGEA n o e PO RPERELSALOR GBS Ten
an eﬁ&égrdamrﬂ‘térm-ig peslRdvB VIRl sHygichl feeametdit. PO 200416 EnIHdpoint
_ PCT/ US2003/ 025147 The system checks Yheth%£ t he depth
criterion cewd eghat she ienchelepthys spibp seurtain tolaanpe) %gt?gtﬁlgﬁb epth.
be neal i gl bl L i r
gL PR it g TR B i o
satisfRliesignd i¢ St patha pricesssnadide (5d6)r Hshd endpoip cBBBion és not
I A TN T AT RGN TR
' L] {8 d
oSS0, 008 APAELE, i BTN Sk e s e
as iidslanesses for thé néxtendimbar regrgssiont analysts (G&ptth speadeup the non-linear
extracted fromthe optimal paraneter val ues (542).
TegresieRtl TOUMRC- endpoi nt criterion is applied to the
physi cal paraneters. For exanple,. an, endpoi nt .
b 1A righ neLERICI Se aUHRD LReH SPOHGBE Fep i thg aser joputs also
0, B30 ORI B ok P T isct s i
filnsethdksf Thel ufcmddputs alko trvbde ngicil propertics of eank thin-filin stack so that the

reﬂ%cg%gélhqe gf ?q%g%llét%—&ﬁlm %@Sckiq?apn ﬁ)gfcglst 2 eg,p %ﬁr&%@sﬁ? ggﬁlcgla?d. Before the

start Eﬁea!aﬁ i‘égré@%ﬁﬁ%ﬁ sisSfhk SR RATichRaRS FdéBinbhted eadule theabdcture of
the non-11near régression analysis is repeated (548).

the Thin-fibmrstacks sy havedsnged duringdroesssing of thespbsirate, icppsequently
t.ep. are used . as.init.i,al sses for t e . .
res‘ﬁBﬂg’rr’i Ghangesin thealyss r?tfétﬁa‘@gﬁt?g(%%tﬁis ¥ (gﬁ%e%hglﬁn% fagtors & (1.e.,
: 1dnl d0es¥Resi on routine. 15 Al t hough not
1ne'£1)ﬁ(igcl16|n'8|@?f’e[;1 s(t};t ed );t step 532, it should be clear that
t heIél%l%%éﬂH(‘)ﬁHﬁé’lt ahe thvehfGd ﬁ&@ﬁhﬁd@ﬁéﬁdrﬁﬂn 8P Hbn-1AMr tr&sression

subdi vi the substrate into laterally-distinct areas
techmiquendatied fhiel Inavetlarg-dMarghardiCempionyse t© quickdy anbaaggeately locate

opt?rgz%l:véﬁllﬁ% B% ]?%gqga%éxel%npro fg;ﬁﬁ& Ewtp}]h%h]g In{nl;#al?guie%%‘s: lé)g ﬁq% tg%eté%lues.
Altﬁf@l!léh‘ﬂ IR Fentteg-MAYhAESC ¥mPRsTiEd tbﬁﬁ}icﬂlﬁaﬁ tHegprefaered sdchnique, other
0

each regression analysis, the reflected fields are
techwquespaich ds budtivasiate teeresvipn enaliyses a3xd rgral Ret apRraRches, may also be

st ac ave change .Ng processing of the
emg{%g(ﬁ)a act gﬁfmﬂ%sg’fﬂ#égﬁl ting in changes in the

;’glcﬁ"g Egl?s];dra'geﬂm%gv\_ﬂﬁfe %Ig}qllﬂl%arfrggrtegsrign rvguﬁrrfg wtoﬁces, fi%ﬂpel 6A%hows a
measured reflectance spectrum 600 and Figure 6B shows a modeled reflectance spectrum 602

computed using initial guesses from user inputs. The first step in the non-linear regression

routine is to calculate a least squares difference error metric between the two reflectance
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in equations (1) and (2) above). In one enbodi nent,
the invention uses a nodified version of a non-Ilinear
w0 e@ressson techni que call ed the Levenber g- VaPQUUESID3/025147
Conmprom se to quickly and accurately | ocate 25 opti nal
val ues of key paraneter starting fromthe initial

spec%g il 96%29%‘&%{1@ 6@%&9&@ HRMM MR8 $eflectink & ShE@Rumt 408 superimposed on

evenberg- quar dt Conprom se techni que is_ the )
the rpodi @Y refisctareetspecme 602. hEhe leass squrrepudifieresercls camputed by taking

seveppp b Sy e S BB S5 R RS YR i noe betwen the

spech'6BEE0R & efh AIACaREIummgithd sifbfeRifehd@iffetdn€es at all the points.
non-I1near regression routine works, Figure 6A shows a

The Xsrseastes differafce evpameticsip thenruged Botpiemanathy ficgergents for the

sh?maf nmodel ed refl ectance spectrum 602 conput ed
paraet R iUt i al guesses from user inputs. The first step

in the non-linpear r.egressjon rout.ne i.s. l.cul
= et T ras o of £ reineay e onat ApalS e Ao e, Now.
i hAd20053 /0 25 d it
w5 LG5 I QA TS s

signifafahtdtaapesdn sirearttireimoddled spasetimiyshidete parametss gHigqrey cause
fl ect . 2. The. | east i .
chafgs STl BEIBY Of e TPyt o3P I3 AR filtatlblel CHIBRCST interest

to bARNEEIeR REildRly ARIGR curaRly; Whediffegntdiein gy tepvak offikfspectnmewhere the
between the spectra 600, 602 at each poin

) ng, .and
parauaters nfintévest stpuennected tq makep difference ate ampliled byppfactor, e.g., (1+
Qints. 5.The | east uages di ff 1 Gacl
10 Bl S e bR oF B e PSS Tl s
difBRhA B R s Ml $Sthe SFfdr@ices intBe egdr ofihicedst Ok lirger. A constant or
non-1 1 near regression anal ysis above is standar % |\{$V\{
weightiitg faetopews afsn beanplieshiodhe mplification fackqr te furgheg bias the least
ar ters that are not of interest cause significant
squeiea f
pa

SR RS entire nodel ed spectrum while the
rameters of interest. cause 10.cha

e A SR8, 05 BERST e ket tvamoges. or

LEEmYALWREa halinb @refdom k@aydef foaarskean Behkityred in-situ
exagﬁ%ég?currgt ely, ?headli ?f ér engcles i\ygﬁt he regi ons of th

usispenethorhoftheriavertiion. FThe invsndenspioviden o solust mgdel that can ge used to
expected. to e di d .

cARYBESHEE. SRS L S5 A BRI e pros

to tBE piddessHisf reticeibegatdbadbd edtiietedo Tt snodehesm, actéramodats incoming
squares difference error is larger if A{ hghdi ffer enﬁ%

maepial yrsiatiews, s#ehos layer dhieliesses stattipg Bpnchdepinearighpn fferences

. ightin . ' t s .

in 1\%;%8% 46[1181% %@ﬁ@g%ﬁggn?‘lgé%ﬁ m}%ﬁﬂt%ngign:u os e{’lggssetd non-linear regression

techiiiyas ®Foclisldnetegnmeanssters of intarestamichenap pravatalyethus improving the

t he above, the invention provides several advantages.
sensiivity ek H9ppYEeMa pat t er ned substrate having a random

array of features can be mpnitored in-situ using a, ..
et Rotdledhe inentionaas bromdesyAed inyemsi ol Aoy ehrefesed embodiments,
thele attJrlé Safter%ﬁc()jnesl, pérﬁlrﬂ}tatfo%g, Ha eldﬁﬁfglehﬁ which fall within the scope of this
invention. For example, other techniques can be used to match the measured reflectance
spectrum to the modeled reflectance spectrum besides the Levenberg-Marquardt
Compromise. It is therefore intended that the following appended claims be interpreted as
including all such alterations, permutations, and equivalents as fall within the true spirit and

scope of the invention.
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20

20 calcul ate reflectance of the patterned substrate
and from which paraneters of interest related to the
wee@ensssfng of the substrate can be extract ed. PATES2003/025147
nodel can accomodate incoming material variations,
such as | ayer thicknesses, starting trench depth
variation, and differences in pattern density and
substrate orientation. Theyi tion uses a biased
non-|linear regression technique to focus on key
paraneters of interest nuch nore accurately, thus
What ispleaamedip: t he 25 sensitivity of the system Wiile the
invention has been described in terns of severa

grf'ﬁ g F&Q&H‘l %ﬁgtajyaran?é?@rrcﬁ iRERsEaldR Q&brﬁﬁﬁon of a patterned

ents which fall within the
mﬁmﬁsﬁ 1ﬁﬁnﬂﬂy s |nvent|on For exanple, other
techni ques can be used h th t lioht
- ofllvaunaies R b BN LA PasY Lo nopmal incident lig
be spectrum besi des the Levenberg- Mar quar dt 30
npromse. It is therefore intended that the betrat
f obbaisinga mepencbet céfkctancoepectia gl s partign of %d%?ﬁlﬁ% substrate
all such alt ra | ons, pernutations, and equivalents as
ﬁonf%ﬂ?mW?f?ffeﬁeﬁ H’) Wispirit and scope of the
W%@@ﬁl’aﬂ a frod¥fed %@%ﬂ@&&%‘bﬁmﬁe pofidmlof ﬁl@aﬂemd
a

Is clTained is: 1. A nmethod of determéﬂ%
subsparcusaleeiglitd intoberesttsuguef iafedtanises Eaitba 1 farent regions

conﬁgététegrtgg Sg,lrh?)lﬁb r ata?tﬁlglegn?l% ﬁegrhellegrl t;{ e?f’etc’caﬁg?]@f each of the n
d1ff%§{1ﬁ?é1}p*)§]f§' a%éighttaﬂ dhfiere sRBTIre ARt vl didr@m kea s latedily-distinct

ectanceé spectrum of the portion of the
aredd@bhgiuted thebepiorgatted from a normal reflected |ight

of a@m%ﬁéﬁéfég%o%%aa Fogs PEpREte? ElsSF AR NG Measured net

Amef reflgdtheeispeges.f romn >_ 1
]Bﬂ§§?% @gmwgggpgﬁgﬂ%gégonstltut|ng ?he portion of the
patterned substrate, wherein the refl| ecéance ? &
2. of Tlreemethodiof ¢laine bt furtheyi eomprisigeex{iastig: the PRIGMSHS Of Migrsst rom
reflected fields fromk > 1 laterally-distinct
ﬂwé@éggw@HWGF?tutlng the region; and determining a set
of paraneters that provides a close match between the
3. NMeaskd RShBELS clhith [ eehasinecash ktdrnilyndBtinctiabes isvehslelsd ap ep isotropic,
reflectance_spectrum 15 2. The nmethod of claim 1,
horﬂqgeﬂlh@tstb@r@mﬁﬁ% extracting the paraneter of
interest from the set of paraneters.

4. The method of claim 3, wherein calculating the modeled net reflectance spectrum

comprises modeling the patterned substrate as having a nominally polarization-independent

reflectance.

5. The method of claim 1, wherein calculating the modeled net reflectance spectrum
comprises applying a loss factor to the modeled net reflectance that is proportional to non-

specular reflection from the portion of the patterned substrate.
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3. The method of claim1, wherein each

|aterally-distinct area is nobdel ed as an isotropic,
whormgesepus thin-filmstack. 4. The net hod ofPCi/asro08925147

wherei n cal cul ating the nodel ed net refl ectance

spectrum 20 conprises nodeling the patterned

6. SUbTh¢ Rkthoddf BRWN NI wheR@ddiahliding the set of parameters comprises

pol ari zati on-i ndependent reflectance. 5. The nethod
calgilatingd least squarey diffsrenas ewetanetrg betveendiraneasurpdiet reflectance

r C ] Ly l.ass &
spep Bt A e AEE bt oD R BRSAR Af: B SO puBi Rl tha
miniofizes shpeatdravetrief | ecti on fromthe portion of the
patterned substrate. 14 WD 2004/ 015364
PCT/ US20Q3/.025147 _' 6, The hod of.claim./, erein .
7. det Pwﬁw& of pliig, ﬁgfheﬁa%n”@%tl%& amplyiis; angdtect O nge in the
pargﬁg{é%%wgstgnltmoﬁg&ﬁ&es difference error netric
etween the neasured net reflectance spectrum and the

nmodel ed net reflectance spectrum and finding the set
8. of ibhe methodrof claimat6, whersimtaladatingghe modeledwetje8ectance. spectrum

The net hod of .claim further c ising anpl i.fying
congiyiseh Fasgtng SR Rasho! el 8esp b be S Bt it “on

the error netric. 8. The nethod of claim®6, wherein
9. cal THé Alethivd of bRiO] elheckimettainiig the @Bt LediREletthnkd spectrum

conprises receiving as input a set of_ initjial guesses
compyiises RBtaliRg &petof reliastanre Spegira ohihe pattipspidhe paterpadpubstrate over
o L B B e e TR Bk e P By RS i bt of
refleblangogpecton of the patterned substrate over a tine

interval and setting the neasured refl ectance spectrum

to gn average of the, set. .of ..refl ectanc ctra. 10..
10, AerBEEt Bl pehis RE Frbfiptiqosth s RALEme sfeigle, Compitding
iR AR GeaSUPpdrtiBh 8F gﬁ:ﬁﬂ&éﬂn&i Bbstrate Wit ActaD ﬁlﬁi’dent light beam

| east ‘a portion of the patterned substrate with a
whil prasessingthe patterhedysubstetam 15 whil e processing the

Cpet Pl TR R G e o B RHEE TR Pl B Substrate
ov&vEhng sfangelekihsavel engt hs; cal cul ati ng a nodel ed

refl ectance spectrum of the portion of the patterned
substledlpidng pinedelsd reffrgtanest spratyemed gherportien of theipgtieraer substrate

i ncoherent sum af refl ectances, fromn > 0
o ragen il o ATl Tl e frcfiioes fromn>1
diffetOf rE Qb conbi@igh@tHeRitetd ssaneewndre@abredlectahe 6 each of the n
different regions is a weighted coherent sum of

diffes¢ntaegions if poyedightéd ephekent sum of rafleetatl fgldgifim ket | lagaralsdistinct

areas Qg’rgs i%ul{inlgr’g}ge rtetéleong €gton,

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

11.  The process control method of claim 10, wherein calculating the modeled net
reflectance spectrum comprises applying a loss factor to the modeled net reflectance that is
proportional to non-specular reflection from the patterned substrate.
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determining a set of paraneters that provides a close
mat ch between the neasured reflectance spectrum and
wao bw4poided ed refl ectance spectruny 25 deri vi ngP@I/US2003/025147
paranmeter of interest fromthe set of paraneters; and
signaling an endpoint in the processing of the
12. Patfigs eﬁ@é’es§ H&ﬁ%dl A Rhdd oft BV, UReRin e miRREAREIR Of PArameters
interest satisfies a predeterm ned endpoint criterion.
confptisesT¢rdeybatingeslsast oquares diffetchesderodr nedteie Eﬁtm,en theanegsyred net

cal cul ating the,node n reflectan .
ref g B T R Rl g4 skt C B AET AR AFbhY Mg serof
pardBétbRThANGRirkiRed the SrroB@eicopor tional to non-specul ar
reflection fromthe patterned substrate. 15 WO
2004/ 015364 PCT/ US2003/ 025147 12. The pr.ocess .%,ont rol
13. et Resapreeese contral netheghefrclaim e fther Apmprising awplifygpg an effect of a
chaf}Bf ATRL BhAmRPTPISES AAEUAhag, 2 | east squar es
erence error nmetric between the nmeasured net
refl ectance spectrum and the nodel ed net refl ectance
14.s peatmethodafod défiendining 4 Yertisd dimdnsiquanfanfeataresort spatterned substrate,
mnimzes the error netric. 5 13. The process control
CORRIIYI of claim 12, further conprising anplifying an
ef f einiRfind at ERAANGSortith b'@e Eéﬂta’%ﬂ&i Sibstedte if@TiRStheTBature with a
the error metric. 14. A nethod for determning a
norvel {riceleht ightdestnon of a feature on a patterned

substrate, conprjsing, Jllumnating.at |east
por PG PR el RGBS R OF HiF ARG g pattemed substrate
frofSAtdHal Wilebted lighOodamy mal i nci dent |ight beam
obt ai ni ng a neasured net reflectance spectrum of the
por tdlodatifz 2 medeled netrpllertangp spechve offthe)peraion of Hhg patterned
flected.li

r it beam. cal culatin | ed. .
sutsGpiedtp airiat e ot srm & Bl e IR U C i reeops
corkHRitthE MEpRfoR oD phitaed HHOMAE OMhersiH Mhiefleehh@CifacIes the n

fromn >_ 1 different regions 15 constituting the

diffeoent regiorsfis & neighttd enharedt swbof refleeted finlds Slom k Bel laterally-distinct
refl ect ancgl}?of each of the n different regions is a

areg PFPSHRYNE SHSFEN sum of reflected fields fromk > 1

| at g@e@trhiyiidd sSdet BEparaBbBAIhAPRSH UL 4166 rhiEh bEEeeR the measured net
determining a set of paraneters that provides a close ‘

refleatapbe $pscimenand e medded vad reflectaneesnestrmnerd spect r um
and the .nodel ed.net.. refl ec C e
ot PR AR R BT kGG ARG TREFOE Y o B0 pmeters

the set of paraneters. 15. The nethod of claim 14,

15whemae meiaioflcidiar el Whediséach titerall pdistiactmeteisetbdeiedas a thin-film
thin-film stack.

stack.
16.  The method of claim 15, wherein calculating the modeled net reflectance spectrum

comprises modeling the patterned substrate as having a nominally polarization-independent

reflectance.

17.  The method of claim 14, wherein calculating the modeled net reflectance spectrum
comprises applying a loss factor to the modeled net reflectance spectrum that is proportional

to non-specular reflection from the portion of the patterned substrate.
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16. The nmethod of claim 15, wherein calculating the
nodel ed net refl ectance spectrum conprises nodeling

wao b@4pat3ser ned substrate as having a nom nal | yPCT/US2003/025147
pol ari zati on-i ndependent 25 reflectance. 17. The
nmet hod of claim 14, wherein cal culating the nodel ed

18.net ThemegotldfcRiaNeCWhetdin dCiinife ﬁle@@pd)ﬁ/paaﬂnaeﬂs%ﬁlpnses
factor to the nodel ed net refl ectance spectrun1that

calgygfpga feavt sauaresodiffsiensperEqn metrie @pTwesn theneasyradimss reflectance

wpeB R0 b P R EhheS SRR o Ayt e S hmifes e

mideties thedrng nhdige.set of paranmeters conpri ses
cal cul ating a | east squares di fference error netric

bet ured.net refl ectance, spect d.the
9 ochemerio of SRRBAR el e ORI BRI TR FEICpH henge in the

Veﬁgalﬂ%&%ﬂﬁhéféhe%m%rﬁ%&m error netric. 5 19.
The nmethod of claim 18, further conprising anmplifying

an effect of a change in the vertical dinension of
20.t heThemethod ofplaithd 8ewh@nelnrmicmi%mg 2z mPdeledraetiieldeatdnce spectrum

corfifafleddeSrvinl ikt 1 Sl PRANTBRSHH PAfimaters, &

set of initial guesses for the set of paranmeters. 17
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