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. METHODS AND APPARATUS FOR THI CKNESS OF A FILM P ngh%g
OF A PHOTOESI ST FILM ON A SEM GEINUCTOR SUBSTRATE ,. 5 FI ELD.

- BACKGROUND Orwlderi2dsd/ENTI ON The present invention reI ates to appphfdfhodéyd
apparatus for neasuring the thickness or, the refractive index of a
trénsparent filmon a substrate. The invention is particularly useful in

nmeasuring thi QREEHDSRAND APPARATIIS PbRtMEﬁSIﬁItINU TRECTHACR RHSSANE UCt or

substrate, and is therefore described below wth respect to this 1o

appl i cat i on. FAMyPARRICIYLAREINQE & BHOTORBSIST I MoODr 4 SEMICRONDUGTOR t han
17 photolithography steps. In each %be@ ﬂ%ﬁhmoreg st (PR material is
deposited on the sem conductor (e.g T waf er) surface, and an
dptical process is used to copy patterns onto the PR The patterned PR is
then used as a nasklng Iayer for subsequent 15 process steps such as

et chi ng, 5i milE ] AOKE 13 . di ng, etc.

photollthography rocess, i.ncl udes .t he fo fllm wher, in t he
PR | ayer is coated uhriot I‘H‘anﬁ%fcl't’tﬁset%éf%? ﬁ‘éd‘%ﬁ Eﬁﬁaﬂﬁ) foxrarasrng Wi pR | s
baked at a nRidRficds Or heTERicH VIR Of dthanbpdeent BMEH 5 shlderafl. The 3Avenlion is
exposing, wherein the wafer is exposed through a nmask in which the >
required patreicylalypesefal Bs meapying: thigkapssr eartations mfi agphotorgyistd &ilm| omiag,
wherein a c 0 pl.i Q.r t XP the
waf er; and. qgﬂ&%?&érxg@isﬁrra{ec ba%a i ﬁl(gV\elggerr &qgrt'l?ted \?\’g g‘ts ref)%ﬁ?&cfoa %r the
exposur goi n agpliedtidar to harden the photoresist. ' The photolithography
ptgﬁ}cess is one of the nost chall enging technol ogies used in the

conduct or IndusweathanﬁaﬁdtetoesnahhﬁteﬂngnPt&esscrhéehc%ortaxm get the

dinensional limtations for the entire techno . The mnimumline width
achi eved t ogptolithqgraphystapsnln each stegpr nh‘étm’eiist)(}mmtertahes depositesborthe | on

of technol o e |ine wi dt.h of 1 um and
bel ow. To a% ‘i%i"\??ﬁ ‘t’ﬁi& %@1 Sr;:i}rgng .R"(r%‘é aH{aﬁ Bica RIPEFRITE S ?Qn°?”Pyeach
waf er and f rpattersabnto thoPRIaT[‘BdE patteined PR3 3hen uw@at amaskﬁxgqeyérrm} sdb@éd‘ileﬂt’ld
every paraneter in 95s.2 5 FEB, Q03 PCf1.]L99/00466 the

phot ol i t'RogPEPEFS ﬁFR?e: E!F@H%F’ép lantimgoSerop g FSHPEE SEBMPSSE on,

devel opnent tine g gotggtlﬁb b PRELS idiRica iR fgmg\y of the paraneters
that can affect thg final Qﬂ? f?@a di ITEI’?SI on 1n%sftéj§é/l ts uniformty. One
of the nost cri t|ad£llmp‘ah<a’nmttb¢§Rthycbl§eoaﬂqdnmlﬁbmdymeltﬂxevmem hi ckness. 5
Because of the o t| c nat.ur e ot |tho ra ctuation ever al
nano- meters in th §|’ VYW%R&%%?QCE %gﬁllea Eﬁég’iag%? W%Wei(f %ﬂh%ﬂ
final CD. II’!;oN&ﬁtthldfréxﬁﬂt processes, the PRfilmis applied on a high speed

spi nning chuck, called a " %I nner". The wafer is_placed on _the spinnjng
chuck arfd is rot & eFPatingoW §'§’€b8‘evWPfeé if |5aPosRd | throyighna etk it Which that er
of the waf ereqfifdd ughs‘,??&sggg S GankParEtUsintihs rotated at a high speed
(300 Q000 RPK/? Tﬁtiicr'-f\1 cen fugaanf or cegar ti)(ﬁngl %n the PR cause the PR 1liquid
to §1 ow towards td)eieedgpmgf whireinva tlmicdlipsocess ist dpplieR tO camose Hedgxposed -
spilled Off.}ﬁgﬁr% nd collected in a bow to be drained later. The
adhesion fo "waf er surface and the PR hold a snaller anount
of the PR on the é}@fo@tr eprsﬁ@%afcin@a%hérgincth@Werb ré bAKEIE At @ theTexpbire in
centrifugal forces, the ~5 adhesion to the surface, arid the shear forces
caused B tt@dﬁftgbaslﬁﬂﬂwcﬁhot(mﬂﬂl qui d. The viscosity is increased during

the spin due to t {.i refo e _sol.v evapoy ati on
rate affects al so ﬂteﬁ%%*o\fﬁtéqg%? M ocggs . 8%3}}5%”05 e‘ﬂ@“?’i"ﬁa‘? ?’Pﬂﬁ@ﬁe’g one
shoul d cont rial the hemieindbiéton dhdusfgelhe phtterns printed in the critical layers set the

A

dimensional limitations for the entire technology. The minimum line width achieved
today in production is 0.18um (1/1,000 mm); the next generation of technologies is

30  expected to require minimum line width of 0.1 pm and below.
To achieve the minimum line width with high uniformity within each wafer

and from wafer to wafer, it is most important to control each and every parameter in

*“G00002*



ranmp-up speed ("acceleration"), the PR viscosity, and the environnental

‘conditions 20 within the bowl, anong other paraneters. After sp t he

wafer is transferred to sit on a hot plate to performthe prey 3%3?003

_bake. Sol ventYQ¥REBat i on during the bake further reduces the PRIAAIIORHfSSS.

- Nonunifonnity of the hot plate terrpera?ture can cause nonuniformty of the

final thickness gq? Toda the process is set u I?)tri?hd controll ed by running
a

a bare silit§n Rhg WPY o PEOGFER s JPAROGHEN EDET ehgricdl  cOMPOPiPRK ness

uni formity, d&&l@n%haaﬁe%arb%kh@ﬁmp@a@lhe%éo YR 52 The PEdineRrs At &ﬁfier to
ensure process stability, a periodic test is done on the test wafer. 1f the

t hi ckness daﬁfédtﬁledhlaloitndahélmmmtodeD)landutsumfhanpyoduct|on is stopped and
corrective actiops are,taken to. byi hefl ess_b target.
30 The above- des@?‘?t?éc}h‘f H’?‘(‘ﬁ&rfég@ “F%é";}? %’Eiﬁ‘ﬁ@ %?rg‘eaﬁéf kpesst and
wast ef ul 5 Tﬁee/aufg@anﬁau ad Rhtufd/St talitho Hf%ﬁch%oh@oﬁse%&?ﬁ% RbferOf
control (OOC). Test wafers and PR as operational and engi neering

time, are spshc layer thigknéssgan have SSIIbsEnaaIZﬂftSt Yotleohinad €38 - 3 PCT/ |1 L99/ 00466
the tests in a s

d- al one t I ' I ted
when t he processﬁ’h ‘?“'%B‘ Scfsle?g mﬁsﬂf’éoﬁéf’a ﬁg%grﬂ' Lé{;ﬂﬁ’??@é& o
resul ts areciRkaédred a "sfinhdie, Tﬁsﬁaf&%lh&d%ﬁm%%hﬂdﬁch&ﬁ%ﬂ k$ Rt be

required, or a conplete batch may have to be scrappe Mor eover, in

contrast t olavhepeed shiledhePR igskspensad atshes cansereofi the (wafers ddter disoensing, the

roduct i on fers h ed.t opoor.aph belo t he
Pryer " 18" HRRaE clKE o R SpR o f-3UR0 RPREY ot RERIRT fordes Mk B 1. e
,er ge di f pRr@msethePR HguidioCidie 6wards thd Edsecot thel waRs Nakt-¢tdhe P!Yﬂﬁcﬁ.h
di-f ferences are not reflected in a flat test wafer neasurenent. 10

addi tjon, sPH% isnseilledoft the wrfesmad igrollcted dn i hpwl do dendrainsd dptce Hrantity
of PR material.don ffed ﬁageﬁ’ﬁﬂll.eswgf&g g{faéeha%df%tpfmﬁﬁ& 's%%ll%&%?lo? md! the
semnm conduct or process an | Pprona be even nore expensit ve

deep-1JV Ii PRogm ahdwafes. Jmplﬁxmkrthxeﬁm}:se xfrs] ui fiirection ool efel oentyifugale forees, thcd g
SUVMARY OF E ] NVE An ect of the pre i nyventiion is.tq_provide
an i npra@eda eade %&%ﬁ%ﬁag the %?r@%éa?vﬁ?é%ﬁée Viscep i ofthe hawdothet  he
thi ckness of;iBodify 39 RAERRE dukihP1RE npmdfacme%lwﬁevap%me&m&m@% is to

provi de a net hod”and apparatus which are particularly useful in neasuring
| ateral thi sdxlmelﬁscwmaapnm‘lsaffnctphbo@ree&naéthltkrlm on 20 sem conduct or

substrates to avgud.agY uf ghACuRIRLE. 952 SRS L ANRIMAC ot Boeci il 1 9

nmet hod and appar spect

i nvention, Tr:hﬂp-ﬁiplsﬁeddr puctoémlatamn):tth@d'kofnsmummghé ahﬁhﬂimétxwloaﬁdmaﬁs of a
property, Sel&’é‘h d, f mthe r up consi sting of thickness and refractive
i ndex, éP a% ‘S‘ﬁ tamqnsm PRS- at e, 25 including the steps of (a)

i 1'1'uni nat i ng the Afticl Bihihp, @ Wn?ﬁaﬁélﬁi’éd e,fsmyﬁalhekﬁxe :de%ﬂﬁlﬁﬁa preD)

detecting the intensity of the ected fro nsparent” film
for each \Namepwngtbakc(&tlvpntmwtaponagomdsm;gndie bers € ifmrithreg redwcwﬁlelm thigknesss. t he

| enst Ly O NG kSl Pthe hOlhi it IS Ol Gl SMBERERPR R sl
thickness.

25 Today, the process is set up and controlled by running a bare silicon test wafer

and measuring the final thickness, and thickness uniformity, by a stand-alone layer-
thickness measurement device. In order to ensure process stability, a periodic test is
done on the test wafer. If the thickness drifts out of the control limits, the production
is stopped and corrective actions are taken to bring the final thickness back to target.
30 The above-described thickness monitoring procedures are inefficient and
wasteful. They can cause serious delays in reacting to a process out of control (OOC).

Test wafers and PR, as well as operational and engineering time, are spent in running



deconposing the signal into principal frequencies thereof; and (e)

-determning from 3o the principal frequencies the |ateral vari'gts he
ZRIER

property of the transparent film According to another broad aSpe

_present invenyihQbmnzdsgere is provided an apparatus for neasuri ngcjﬂﬁltzﬁré@lﬁfa

‘variations of a property, selected fromthe group WO 001 1295

2a~~ PCT/ 1199/ 00466 consisting of thickness and refractive index, of a

transparent fjl S t o udi na. I; i I eyj ce
for- illum na{}%er%ggt$ﬁleafﬁ§#% %/lﬁ;r?eh&gtegléé\?ngé% %?tgog%] ?flugfatl% %#gl‘{v\%éegﬁg}ﬁ%t S ; (b)
a detector fprocelsingcédf produdioni wiferssi thyldodp thel posghvie testfreslts ek dtaimed N
transparent filmfor each wayelength, and (c) a processor for: (i)

produci ng a thedesyFesPltsars neeallye FVOFEng MAYRE 16ANFen hismplpiepatsh maychave
detected |i glfpedSy g#ncti on of the wavel ength of the detected light, (ii)
deconposi ng the m%ﬁa “into principal frequencies thereof, and (iii)

det er mi ning, fronMdreoyer, incionérhstfto ahel st wafers tibel foatneaalremant pirpases, the t he
property of the transparent film cordi ng t.o apot her aspect of_ the
present " i nveffal BRRAUGHHN, wakets have g myich marg cal%f’hc%?tﬁ*ee%%mmmb o theddt F‘Wﬁf-

i ntegrated cj Lt fer i n e1i o ce of
the wafer anlggfdﬁg bs%ug%zx;ggwfﬁhgr?min cgsleélfegi% ?ﬂgéamkil%e{ﬁ%gﬁytlﬁaﬁqfi | s

t he trenchesdifference hodthef thinkaessr atndifidept dacet (Fhe2), remch atifferenaels uate ngptt he

steps of: (a) 4 1Jym nati at. |l east a rtion of the oxide layer with a
beam of I i gh%ef%?te#ﬁﬂ??%’i Eg%?fg’@ﬁwdp"?b) detecting the intensity of the
l'ight refd ected fppaadiien, Bkiceendst¥Lihe’ P endd HAMNhEBYGI, GRBh&dertNE qRARERYCI Ng

a signal defining the variation of the intensity of the detected 1ight as a
fyngti on of efhdRianatedalgih westedh&Rdds aeedf |themost (ekpeniiveo mpptsialgy in hibe
signal into principal frequenci.es.thereqgf;, and (e) determ ni t he t hs
of the trenc eé%“’?’?@r?hrh%r%g slsna@fi p‘?§1’|ll P"Pé%‘ﬂ?é nl?:el ggen f&%ﬁeoﬁﬁeﬂﬂv? é’vr}gﬂ r‘i%ﬁggw
features in fithogrpRY &¢ ingslemsitedlintire plodhbifori préeddtdson 20 descri bed bel ow,
the filmis a transparent coating on a sem conductor substrate, preferably
on a die anong a plurality of dies carried on a sem conductor wafer. As
w il be @scgi@&;@@;mﬂqﬁwTﬁN advant ages are obtai ned when the beam
S arge enoug

of light - i N 10 cover a conplete die. According to another
aspect of the predanobject eftheopresenhanventign ps dvipdexdde 3n dmpearvat usethod and

nmeasuring the thickpess of .a transparent. fi .1 he substrate |

Focor dance wRbHR Bt SBeRrE: g oA vagarion of Bis Biskdres 8 Febpntfim oma

nmet hod and apRatedots walfert Mol 9BjREL isNioepovitie AnRthodl dddCabpakdtys WhRhUdref OF

measuring thickness variations or refractive index variations of a filmin
situ, and i npaigplagly ysefud ip measyringhatere)) thickaessepmsigfipnsoln photpispiph Blmgenot g
I ] qF ; th

ayer on,g SF{H:%QM&&%P&&HQ?& tfbfoid dgéﬁc)ir"ﬁ? the eeées@x’&ﬂed?{i%%%&g% @k the

i nvention w e apparent om the i pt1on bel ow. FEB 203
WO 00/ 12958 BxiR{lg ined@dCadaopdRhEF DESCRI PTI ON OF THE DRAW NGS The

invention is herei,n described, . by wa f anpl e anly,. wwth reference to
![ h\é_)aclcorrp:inyi ng I@F&% I,t° %éepﬁ%ﬂasé“gp&%‘? gg:s;xg ‘ﬁv%‘éﬂgn‘g‘ﬁec‘siﬂr?ﬂg?‘fgt i on
of a PR | ayemepibdt 8P Mbastrihf Ahtetf SvaritBbBY of FA Grogebtyl SeRcie@NSSRL ihe group

illustration of a PR layer on top of a patterned wafer; FIG Z is a diagram
i 11 ustrati ngcenssstingf ¢feticknees did fefractivomndeik, ®ftahiransparget filmidnch sybstpteam

wll be ferred,.to Jdn descriping the.basic theory of the.presept ..

i nventi o?\? Ff'ﬁ?udé’ég idée ﬁggﬁ H’én@b it uTWBﬁ% %‘%“f ﬁg ewgﬁt?o ﬁ’f q‘&ﬁtsgﬁ "é‘BB%lr;at us
of the preseniaveleN@nt; B detbitthg tBOiniténsity SE fHRTBIN efledit® BonPihe aRaipatnt film
enbodi mrent of an apparatus of the present invention; FIGS. 4a and 4b are
det ai | ed vi el Behvravelgngtly 49)ipreducmeassignal defpinpthe varigtionelcthe denpitymics .
5a and 5b arg d i.4.9d1; [ t ' | &S, . 20,
respecti vel y?leFI%g%%ai élbgp'agl ‘gﬁ% %P t ngﬁgﬁgﬁéé%ggi é)getn g%%ﬁ@glgﬁgnq)he
appar at us of deiagpasing fHeGignal irto priacipall féq@encies theedoif;0andSlel deterntiingafrémo

t hi ckness case; 20, Fl 8 is the analyzed results of the signal of FIG 7,

CFIG 9 i30a theprmecinal dreapensiesithplatersl vanationgof the nprasty fitectransparey fm. net al

lines and internmetgl. fi; %?&Lﬂdtﬁer o4 zxgéQctio?t~ tﬁ@@rc@&ﬁliﬂﬁﬁoﬁfQ&Q‘?s f’* of

FIG 9; FIG 11 is an el&ctronic mcroScope cross section of the" wafer
measur ed i n 2sa app&safiys for measuring lateral variations of a property, selected from the group



FIG 12 is a flow chart of the signal processing procedure; and éf 13 is
‘a detailed flow chart of the pre-processing and processing stage FEB 2003
FIG 12. W P8h9508 6 DESCRI PTI ON OF THE PREFERRED EMBODI MEME 29951?5&8

.2D03 PCTI 1 L99/ 004~6 BASI C THEORY OF OPERATION s As i ndicated above

met.hod and apparatus of the present invehtion are particularly suitable for
measuring t ' y esi st
coating, mgﬁéﬁfﬁl&%gﬁ% B ?Ac{ g&@g@&ﬁ&% E]ﬁeggﬁ%%&gll ?];hlelr gﬁta Sﬁggglteagg of

t he' subst r aire]udusg:i(h) msﬂluahmdmgrdeﬁicefoﬂ dluirnsingRh&filrh with v depat eSlighveof

A T EE T AT ST e CT
measur enent g, gmemh exﬁ"i‘ﬂ'm%noﬂ;f chiwieltheth arig%dto{ Z%‘i;%cebé’ﬁfgﬁ ’}aro

are capabl e of measuring such t ckness In ap or re ved
in situ andsignalrdediniig the vafitwsorf of thewtensityasfahe detected dight hea fasctiont dfahe y of

operation of t es vention wl]_ be hel pful in updesstandi ng, how
this is don@’a"géK}gF’ ? tli?Et Hﬂﬂ%‘e rightn iih ‘feﬁ mposiag  theg S%Hﬁ’?£k‘ﬂ&spr8¥c‘?a?
lateral ly uﬁ'egeéﬂaetsiihéreemﬂer(ﬂﬂtdeinhﬂﬁnﬁdm SO GribEHAICRLRRRBRL | BeNafefa
mufti-wavel ength Thus, "as shown 1n en a nonochromati c
(si ngl e wavshmatipns pf thegitopdrtyanfithe wansparesitfilm. | at eral |y uni f orm tr anspar ent
filmpart of the bear;rills reflected I g} the per ace, Layer (kayer I
interface), and pepprding fo.gmother aspect g ‘Sﬁ’e TeaipeProriaed; By ar 2
interfagg) . peftedd for f%dchdxﬁ?ixﬁéﬁﬁ@d Elli‘ﬁn@bﬁvaewaﬁ@ S RdrBin tk&iches b folifed on

wavel engt h of the Ii [err] is the phase angle of the incident [ight
( of t healsixfhee qfet ¢w@fee@nd thersurfaee llmymc@k@wﬁhanpmderlamehat fﬁﬂiﬂh? +

th t he | flected f 1/ Lay 2 25
T o) o "eRESeR NG B okl ABbunal GE SR SRR End BEnBh R
the Iight thnmanibtih@yeleadt a pofionSof I dxedd Rets W‘thc@%fz&h%feﬁ%h 106 f hmn;uayer

O/ Layer 1 interface; r~ Z is the reflection coefficient of the Layer
/Layer 2 i nthavelgpgths; (hhdetecting the intensity od ithe light reflected Epmcthe qm%kaygofor —t 0

The spodd of "¢ yAPAeteE GhpoliEhe bl otiing Pt TG SHERBINE e 5,

arriving peldpentéddlghaaé y foretivhef thd Wawmlm‘g&cef thehietecedd bght] &) deewoimpbangnt
fromthe top and omsurf es are: .ro L (i +no).

ri 2=~nz- ~Ti ?*fe( ﬂﬂfﬂfp o_pyingpal firegmencies, theppo ’n‘i‘“ 2@ @rm&eg the depths\Af g ces
of layers Otbnafd fom ftRSPREipalRédtenciesthe 1ight reflected fromthe upper
face interferes with the light reflected fromthe bottomface, giving a
refl ection coeff iAdcerding R) fwmec He4tares, it dbec prederrast emhedimept of tthe dryragien and

Lne, RSk " AR AR e, 35 LS008y P HIRRAY: Wby,
Ir F: r~zc ;)_SZpre)fex(aE@ (l)IB}l M?ﬁfn@n% ;a~p12mm3dof di tu?'] cé:aeil oh) a kzxdxcondbayewﬂdm Akness.
umi natin [ muf ti-wavel en i and neasurin e
r ef | )ect ance 5 é{?ﬁ“{ﬁfg&"%ta‘m"fn"")’ of Qde ag‘aéf’sv%‘el?b fpined whmtheo‘wag* of Hght
R(~:) is &ﬁ%ég%dogg%%dﬂg a@m{.]{,]g@g;,% waf er having a conplex (i. e.,

Iateral ly varyi ography w arge spot of nufti-wavel ength Ilght
will cause a ref lAwbaiingdanansithes haspectaof dnp psésento mvehtiohe theee ais aprovided

refl ection of h of the t.hicknes. | Qne. .
etlect 3" % paergt%s for rgxcaesu}mg Cthc thickness of & transparent film on the substrate n

accordance with the above method.

As will also be described below, the method and apparatus of the present
invention are particularly useful for measuring thickness variations or refractive index
variations of a film in sity, and in real time, e.g., to control the deposition or removal

30  of alayer on a semiconductor substrate.
Further features and advantages of the invention will be apparent from the

description below.



R(~.,d~, ... ,d"} _; (r(i_~~i2+ r;(i+~)2+2 r(,_~ )~ r;(i+1)COS2~i}/
(1+4r(, _d),;2r;(i+~)2+2 r(;_~) pri(;+, )cos2~,) (EQ 5) 20 By 9

mat hemati cal operations it is possible to express the reflecti o? Spi:?B 2003
.coefficient ®ooress R(1.dn..d"}=E 11 A (1+4B Cos( 2~;))J ~QeEpmWeses2 2
Z 2 ~~=1" r(-1)a) (1- r~(r+=) ~(1+ r(i_g)~r;(i+t) ) 25 Bi 27r(;_~),,3-;

(i +1~(1+ r(; _~~~Zri(~.~)2) Applying ways of frequency deconposition of the
reflection coefficient can give each of the argunents ((h;) and from
equations 3 & 4 we can determine the laterally varying |ayer thickness,
assum ng thB ETHEIDRAWINGS i ndex, or the laterally varying
| ayer refractive Af. knaw the.l.ayer thickness.. 30.There are
Soveral waye to BBe TERiohis s OB Rl Rap el TS Shlve v TR e
suggest ed bgk@¥tompah @g&gwg@gavmigpl 129S8 8 Mat hematical deconpositions
PCT/ 1L99/ 00466 ' 1 1Yh.e fam ['y of orthogonal transform nethods, for
exanpl e,5 Four i er Fi(.akasik @sphenmyic Tilustration 02 BR laysr b thp dfadial tesh waller; naxi num

I'i kel i hood pri ncj 3) The fami. : h b P tof | dels 5
2 The Tami Ly of FRAEs a5 BratdiibaiohBHA PR InE B foarot aniee e N
Modern Spectrum F@! ¥Siksa afaﬁlr‘gthﬂmu‘smi theChRAebtafses diftfHoh & acthid tafer,

(0]

deconposition; 1. Filterin~ d 1o Electrical frequency filters are

wi del y usedwhishediaatam @l b sefemed torhmsdeserilling the hasic dbeoxy nefoide present
frequency d%gg}lt%nand out put the anplitude of the conponent of the input

si gnal at t he specCified frequency of the filter. Passing the reflected

si gnal {dransl at BIGi Ba ds @ shtmaticalaydugdsllohe temibodiien? ofein @ppdrhdukesfSther a
siagle filter with variable frequency will give the desired deconposition.
153 Cor r ePEESRVEHABD This method is a search of significant correl ation

coefficients durj ' %Fir?b% [ t he
refl ected signal Is;{kgr?% %e‘g%c?lkggﬁcpwfé@séﬁé%ﬂﬁa sflgﬁcglli ?k%go%%@&\l OF A
PREFERRED BEpfstibit ifshéhitibh;GS. 3-S schematically illustrate two set-ups which
may be used for suring,the thickpess. variati ons of. a nsparent_| ayer
on a sem conductgf&%uﬁ%taggt i éﬁi‘rﬁ%d%‘ﬁ&'é %a{hﬁ Wé’aﬂr‘é%i:&l‘?&i 3% i In
this ex;ag"rplﬁsﬁ&ﬁdg@(;:ri be a set-up of the system nounted on a Phot oresi st
coating track. One setup is typical to the spinning bow 25 and the other
is typical to thElGtSppnd &b apendetmjedstopsdews, pf thecappawt of EXisdarand3h.em 2,
(FIG 3a), g f’vgigng a spinner chuck 3 for receiving the wafer W and a
nmotor 4 having an €ncoder 5, for rotating the chuck, and the wafer thereon,
whi | e a phot or esFiG. G flowthart & thé-hiGasutaperd isepenceas thd@ppahatootibigsia;
material at the ter of. the wafer. The wafer Wig first rotated at a | ow
speed as the pho%gae‘&ss“ls‘w& algdir e‘i“é’"d?@ﬁﬁﬁ%é&”%fh"i gSs case,

20 FIG. 8 1s the analyzed results of the signal of FIG. 7,

FIG. 9 is a real reflection signal from a wafer with oxide on top of metal lines
) - and intermetal dielectric;
FIG. 10 is the analysis of the signal of FIG. 9;
FIG. 11 is an electronic microscope cross section of the wafer measured in
25 FIG.9;
FIG. 12 is a flow chart of the signal processing procedure; and
FIG. 13 is a detailed flow chart of the pre-processing and processing stages in
FIG. 12.



30 center, and then is rotated at a high speed (e. g., 300-5000 2]5:1),__ by
electric motor 4, ,. which produces centrifugal forces causing t EB 2003
phot or esi st Wa @¢idsg o fl ow towards the edge of the wafer W l\/bs;tmggw(;(,%
-photoresi st (e.g. about 95% is spillegd off the wafer .3 5~ FE8 2003
00/.12958 9 PCT/1L99/ 00466 and is collected in a bow 1 (FI G 4) to be
drained later, while the adhesion forces between the wafer surface and the
photore3| st hol d srral | er am)unts of the hotore5| st as a coating 8 on the
RIDTHON OF THE PREFERRED Eivé MENES ckness of the V.
photore5|st coatlng 8 IS produced when a balance is achi eved between the
centrifi~gal 5 forces, the adhesion to the surface, and the shear forces

caused by the viscosity of BASIPTHEORSSOFOPERATIONDUri ng the spinning
process the solvent contained in the photoresist evaporates and the

vi scosity i ncr eAsasdicatadabsvsy ther methoidnand eppasatne of the presept anvegtien jash of
the solvents n whi ch i cleed t erat air

fl ow and o‘c’aﬁtel %%F%‘??f‘eﬁﬁ?%%‘gw |$‘ 5%1?9 otfeﬁ“gxs'é)%endiﬁg? aﬁn qu be the
hot pl at e plsReresion coating,helieréltheienge différbiecep in tthicksdss tat doffdrew p‘l&:eb m the

spi n- coatln%&ste In this nodule the wafer is placed on top a hot plate (9

in FIG 3byubsksicy asriflugtrateddn FIG, 1. Fhas, BiGs | \allygtrates teo diffrent Jayer duckgsss ent

t f
CyaR0r et e Bdh of ACBRRY GAL? L ecbleck 1 ABRECRIN pBCHBRRR) 00 |
FIGS. & 5, mbmramoar &thﬁvcfllmn’aI hﬁasmméxwdem afetlidd and a@iacatgs 0 theqredent

illumnating the photoresist coating 8 wwth a heamof Ilight of nmultiple
| engt hiEveRijaRs BOWEYS), ?rﬁfcanaa}eedé measyripg sugh thipkness variations;igappliether o

détdctor far deiest imPadd ' ted e @ f dg&;ﬂ f

phot or esi st coat’i ng '8 f“&)r eachﬁﬂé T?{en&ﬁﬁl %s ¥ S ihogv\nép?{ne ‘t;th gﬁ)%yhtsﬁe
range of woperhtemgifike presedt mvmbdwldébshﬂpﬁﬂ édundyrstatcmhg howe tieix paloned | at er al
20 variation of .t he .thi ckness of phot oresi st. oo 8. The i Ium nati ng
device is schendtY&H &Q% gf“"% h TRfRsuA k&gﬁl P2 Hpifqrm

mui ti spect fras hﬂcghﬁmwmewﬂb@cea Patiain 'Mrmulﬂ-v@wc]c}igﬁz ﬁg\towamca skdwaer 11,
to an optical head 12 nounted above wafer Wto Fro ject a beamof |ight 13

onto the phoflH&swdhenagaenoshromatie (Single wayglanethhiight beaps amyes plea later] Ilght
flected f tad
o oct e it Bankirehl A" 5 5 upORR Gy Tedudd BEAL Bk Wb MeS BRI

det ecti ng OMiayemt enterthe) cdndtgagt isi rgfiectec floac tiedbétteam fabo (oayesilst Layatd ng 8
for each wavel.e In order to get information on the thickness or
refi-acti vEMTig of nmore then one spot on the wafer, nultiple optical
heads 3@ can berp;ardsithesditd Ib84E Whekede:at i ons above 30 the wafers (FIGs. 3b
4b & Sb) . The probe heads are connected to a multiplexes unit 19. This
unit can direct Agatie vofvelengh hithdbigtepar atel y to the spect nun anal yzer 15,

b | ect h || t bet h of ti
S?/me| S(r:| ;Orrggt ?B;gsam )ég;sv‘cﬁ anC g the ?n V\gent heggc an?l oftth 11O t rc ected c?rxr]sthe

) o Layer 0/Layer 1 interface):

¢, + ¢, is the phase angle of the light reflected from the Layer 1/Layer 2
25  interface, ¢; being the phase difference associated with propagation of the light through
Layer 1;
ro; 18 the reflection coefficient of the Layer 0/Layer 1 interface;
r, 1s the reflection coefficient of the Layer 1/Layer 2 interfaces; and

I1s the intensity of the incident light

30 I=1I cos 2nct/h +¢,) (EQ. 1) -

Where I, is the intensity amplitude and
c is the speed of light



,~ 5 FED zoa3 WD 00l 12958 10 PCTI I L99/ 00466 11 |eads to a Iight spl itter 21

‘which directs the nultispectral light fromlight source 10 to B
BP0,

optical heads 12. This setup enabl es data acquisition from di fferen

~on the waf er WE&PEEP8BUmM anal yzer IS is schematically ill ustrat eBCT/H-9p004663

as being of the type 5 including a photodiode array. Such an array includes
a micro- grating that splits the light beamto its spectral conponents and a

phot odi ode det ectFor lighirarguing pegpeadiovlgriy to Thefibntsprface, dhe reflectipnoroeticiat
array wll the of ectrical signals representing the intensity
of the Irghti%r“@%}] @&%@8%*%@ BABt ocoat i ng for each vvavel ength. The
out puts of spect rieg, /g8, 15 are frefk(hPn ,pqu-g ssor 16@ni2yh processors

tp t hese outputs according to the basic t2he0r geratl on descri bed
above, and d\rrlsqmraysnt,w@a@abwﬁgctmx@dlwr@éavqsrolrand dgbpectyely.an out put of

bhot or esi’st _coat 15 TSRIETEERR iRt Bk R E A wER R L iRl romats o

processor 16hdiemtface, gmrrgra réfledtioh ReeHipiehi (@) vﬂﬁél't £ fulictibn dfake RpéHthickids®ig i ts
rotational speed to control the centrifugal forces applied to the

phot or esi st and tbwyphg‘—fraﬁrqudpx bEnig sefles P’atcéﬂ)beh‘éﬁﬁév by e weHdknewmput fi
om pr ocessor rh o) be used for other feed-back controls, e.g., for
controlllngli era e of application of the photoresist coating to the wafer
via applicator 6,Rg¥, %hﬁ’#}pﬁo, 842D, VIR "ot A B ro, riBosagyn sche@.isyal |y in
FIGS. 4 and 5) optical head 12 is rmunt ed, via an arm 20, for novenent
al ong t h® radi al whers, to enable the opt i cal head to be | ocated at 20 any
ﬁcted radi us o(f> 5 fer Wunder test. During the vvaf§ _ﬁﬁtatlon t he

| ar position of V\%hder Wis identified by the encoder Q. conbi ned
with the radial pfsidyeomickgéskes the | ocation of the nmeasurement spot on
wafer W In the second exanple r. - multiple optical heads 12 are nounted on

fixed mounting arHamingtingthedbm withemphi-wayrlengtiphghte pndimeaspeng theasflestanee e
waf er bel owt h§9§z'elt oé*ﬂiﬂgm?ﬁ?@o?‘t% q{?"cqm%%%'ghc Iocat ed 25 (FIG Sb).

Preferably, ‘ft e eno over at Least one
conpl et exgdi e of tlliemivatiti@! 4 tptodict Cveler qawrngeda m»mmerow larafig hodtingy al | y

shown in FIG 3. The use of such a beam of | ar ge enough to cover a
conpl et e di etoPegraphynvith 2 erge: spet eemulwrlae&t r?’b&r"%‘ﬁe adsflentedybeam Thys,

it better as tdd etector 15
wll not chaﬁgéﬁgslfbst n%lragrfﬁmgh me%éﬂéﬁggfdgﬁé%ﬁ%mggﬁ%%ggsgg??ve of the

difference in theR@dact.. rm‘,,asm ot mesHRi g, rfEcosiEb ) (Lhe., ) ar@s 1@ppty, Si ze
increases the signal collected by the detector and also increases the speed
of detecti onfr(ﬁu&qs?fﬁ)a | arge spot size is contrary t o B@eScurrent trends in

llayer thi %ﬁi kness gy 2impiEERa ﬁgﬁ?hcgg\bgpgr%et?sg 8 ispga_%hhg %Otggﬁgs lhe HBﬁ ment

t
i ch systens use sna

syst ens sizes in order to détect dl er ent
coefficient by:
J ) R(.d,,.d,y= I; [1-A/(1+B Cos( 2®;))] (EQ.6)
- Where
A=t 1)) (- "x(.+|)2)/(1+ Fa Tighy)
2 B2 iy (U Py Tigeny)

Applying ways of frequency decomposition of the reflection coefficient can give
each of the arguments (®;) and from equations 3 & 4 we can determine the laterally
varying layer thickness, assuming that we know the layer refractive index, or the
laterally varying layer refractive index, if we know the layer thickness.

30 There are several ways to perform the frequency decomposition. Some of them

are suggested below:



t hi cknesses. The flow chart of FIG 6 illustrates one manner of using the
-above-descri bed apparatus for measuring the thickness of the phﬂtﬁ)rl-'e&B 2003
coating 8 i i t the tine of 5 application of the photoregi] i ng,
_and al so fo&v%émird(s)?l ing the application of the photoresist c%girﬁfﬁggg.()%géé
shown in FIG 6, the wafer Wis first | cdaded on the spinner chuck 3 (bl ock

30). In sone of appl i.cation a.prior know edge of the thickness of the
subl ayer is requwgﬁ“%ﬁaaﬁf?%%&@ sured prior to the PR dispense (block
31 ). Phot or esi st F}il'tﬂf’aﬂiilglo‘foﬁh§%&ﬁﬁﬁﬂxsfdhﬁﬁﬂlétﬁ&ls§m}|e&ﬁxﬂf)l@!F&uﬁi trAlRforegnt er
of the wafer 10 (block 32), as the wafer is rotated by the spinner notor 4

(bl ock 33). An i i Thesfamirofmashass basstl onitke magnome ikelihood arineiplei s made

(bl ock 34), and sequent urenents.are periodically made (bl ock 35j, '
under the contro?)u@?e@ﬂﬁﬂ’roﬁe?@o‘%ﬁﬁ?ﬁ@%a&&?%gogﬁﬁnner nmotor 4. Wen the #
desired st hi ckness) Tie fahiil dTadbspade dtebRpsitiRdmtholy ocessor Z ~, processor 16
term nates the operation of spinner notor 4, via feed-back 15 [ine 18 (Fi G N

3a). 8i ni | afcf PrahbelarSe Naidn, Béodgppinesttum drolvsis o4 dineferiascCREPress.aP86) FI G )
3b) . Processing the reflected signal fromthe different probe heads gives
the tk~ickness or refractive index information from each neasurenent sites

on the wafer. FeBRciigaldweomposifion:mati on back to the hot plate tenperature
controller and to the systemtimer causes real-tinme feed back on the

process and can be used as end- poi nt leFidgung Methade paking 20 step. FIG 7

e . . - , :
waf or ot od i ¢ Beccispfedlenb AP RESBAT HiadI G RRAFS AR AR RILSSAD 1
thus il ustisaivirlowhna thel efueéicy idomalnedridasitpn clee anphifude o€ tHe ddsmpoaditl oRtheas a

f&ngtion of thickness d~ and d2 respectively %nd t he wavelength |In thjis
exanpl e d jinpupsiggal_at dbe specified; frequengy ; of thce r-r%ﬁsmoﬂwmgw‘?ﬁ &iggrk y of
t he separat L )etentdiaal o i foi [ a
Fourier Trahs gl?%g'?{ll tgnd?%]l] %ﬂgtgsﬁﬁg?g%)hé?mggtﬁlﬁé&gﬁregﬁ (ﬁ)%%% ﬁlrtée}fvrlg{gtpﬁh@mi S
Tr ansf or nmat frequepcywilt give shesdasired degsbmpositiorer Coef fi ci ents for the signal
frequenci es, from which the thi ckgﬁs if tEg ir&mspar ent filmcan be

det ermi Fed for each respective si I = As shown in FIG 8, the
two ~ 30 thi cknessehistheth® 905 98a00hest spdnifidnt EdteelRidadsveattidntddigaSseriginch
representing a principal frequency related to one of the thicknesses. FIG
9 il ustr at espaalia aresessicoreiationthiebyeen ithprgfleqted pignslp and e seffipuressinuspidal n
this 25 E] b 003 WD 001 12958 12 PCT/1L991 00466 neasurenent a wafer with
pattern of al” lines was covered by an inter-nmetal dielectric on silicon
di oxide (Oxide) . Two thicknesses of oxide are present within the

measur enent spot: 1) oxi( ne i d2=1556 nm and
oxi de off top of previo e SIS I EMBODIMERLS of d, =722 nm
(Fig I 1) . Fig ¥GSS3-5RehénAticampliluseaeiwestt-abt Ohidl RsEBS L fméshrdiguency
-decqnposition process simlar to the one presented in Fig 12 and 13. The
resul ts shothet Hucknesk yanatienst 0f cpidrapspareal deyad op @ Semnepnductor] Bubstrftgelrf | ow

chadt of FIG_ 12 illustpates one ner, of . anal yzi ng t.he . i cal  si ls.in
above- descr Pt 58 agﬁ%gvr’g)tﬁ? ?%’Fenﬁéré‘é%'p?’ﬁght‘%les ‘t%’lnyc'ﬁ%e Sfl ?séFﬁgéﬁeé\’ep ?’E ex of a
t o transpar gyterh Moanted Bl ZPhdteresifiRoaidptnick MBRsieng e typiédl o thy spimiiingBowl 0 be
set-up (Block 40) and calibrated. The "dark signal' is the background

si gnal @dl | and the ether; isctypigal onthgihohplate. The fisgttsstup iigHedes B pinpen gysiem Fhe
Il ecti e : ' | i
S at e bel | ol 1GhriEk nipriite 5 ViR JRKORE BeiPinBhBthdted W, b WRBIR 40

nmenory. Thehakag en enceles iS¢ futl rotatiag tHeechaclgaad tieowhee tigdeon) while aphstoresist r om a
b Seh v o bRl S e pwt g EAh e Shge el T
The - Ref er eqeerSiWoiddfirst hg%t@gsa? a‘%\Qrs‘;)ged £ P SHoRITR: GhatBBATE Hisé@ls&? Kt 1) -

All the steps 41-44 can one only periodically, as required, and do not
have to3be ceperind tixef Bretaatht arbigh spende(et g., BON-3000 ram) byl elevkmsmotondnt t he .

waf er has to_.b | gced on i.fs stage 4 bel ow 20 opt.ical .head 12 (Bl ock 45).
The ref & ect S Birdnoas< REREE oo (e 0F SPOIERHOLRIOE) Tafoppds the
reflection cagf bf e Shfes W.%b%ﬁﬁ@ﬂh&&kﬁ&‘&.%b&ﬁ'%%)% *s'?memr the wafer
(Signal (,)-Dark(~.))!l (Reference(~, }-Dark(.)) ere R(<,) 1s the reflection
coefficient as a function of the wavelength) Signal (.) is the reflected

signal fromthe wafer, Reference(k,) is the reference signal 25 stored in
the conputer nenory and Dark(,) is the background signal stored in the

-



conputer menory. The signal pre-processing (Block 48) is corrpois-g.f t he
-followng steps: Filtering the signal fromits |ow frequency c ohiéBt 2003
(Block 48-1 in fig 13). Those frequencies are parasitic. Frequency

_ deconpositio 48-2) is done using the 30 nethods nenti o,gie‘c}l .
Only sel ect egvéﬂggﬁé%ci es are of interest and the fine detaile se@r%ﬁ%‘s
done within previously selected frequency wi ndows. (Bl ock 48-3) The signal

processing (Block 49) Jis ¢ e f the fallow,ng steps, T . 5 EEB
2003 WO 00/ 1458 |‘t§gﬁ834@%@s‘?)g‘r‘ﬁﬁ dried Jatr ‘?’f‘%qﬁ’&n“@uﬁee%"‘iﬁ%‘c %und
(Bl ock 49- 1heieen thewhfeLOirRBE Mndthe phciordditibaldRmAllet BBkt dEttle pRbtofekishe 2) .
Cal culating the refractive index tines thickness is perforned (Bl ock 49-3)

usi ng equat Rospating |§ anhther watenchs \haiefln dlescribsd pragiaroths) final nidigknesseef thee

gxact thickness - faund R .th i ckness. | revi t hen

the refract Psgofeﬁggﬁg%néﬁlsb‘g%?c?ﬁ 3 h(e’éﬁlo‘%:altgin%f))l S%%d r%gg‘t'ﬁeggﬁéaér‘{eé] ﬁ‘\gﬁl sent

to the conpgess, (R adlesiod td tHeGsubRce) spiith)yshtdicforBg taived by @e visdosieg ob &k dat a
to the process. Preferably, the nmeasurements should be_taken while the

wafer is spiphetrgishiiquidoDueng Sisepsingipragepthe sglygnt ¢onfpined ipdhe phqterghist spot
at the edge ?‘g@g, e i r ot Mool Rt out
70 nm sec. Tﬁg;pf)) g?%%ﬁ? Is I ﬁcrné(,aégéss ’(i)’lp}er%iﬁge t\%\’%ﬁg? tl}n\éﬂ(]ﬁ%glﬁsga\ésg graé%@%

al ong t ent h tigf sdlventd beapefative rata whichr i3 @éfdcted dylthe cpipesahire,daivlbiwi andaother

lOmm 20mm arc ,is sufficient. In order to receive a neasurenent resolution
of 20 nm- t KBVIFRIRRSHIY £ERAIUeNSe shoul d be about 0.3 millisecond. In order to
achi eve (jhe requitid SRBEELet-hd d reqil O ulSiE , idgﬁ}]

spect ror%%t er det ggl'?orséo%S. dsgb{(!: dﬁ%@éi@‘?oﬁn@t glra&sg#?‘t gﬁt ﬁg&'@*i tgt(())f .ﬂllet S
dif)erent wahetossit fidllobingitid spinFaatisg $téye in tids tivdulehtb¢ edfeo deplacedaon topheer eby
measuring the iptensi.t f ch velength in. allel. Adding the detected
signal s dur MY Pgé?/Z? dPx%(J&c IBEil aE‘éﬁgT BETEFe Of Hﬁf’vé‘g’g{é(dse&lé% °b & s.olvcnt .
measur enent ep¥soRatlgdCOthe @blviRts 3Ghntextd 8 the PhbiSRIRY. erie W apdrait causdiOfufifier at i 0.
One of the wa(;:;_to ensure the collection of the data fromthe sanme spot
over sever alredugtion pHthe pbetaresist thickn¢sb.uni nate the wafer with a stroboscopic

| i ght synchronize yQt aki j . jnating. th . er
every ti t he salgrseﬂ@poqe&plglgfggig’ %%U@?a%ﬁ'gﬁ%p@ﬁggjl lk%)]?&d%g.% 'if'ﬁe %ﬂrg%%%% st
t hi ckness ndyr illandhaingi thgplidtoresistabatingf 8 ith alteaafof dighefiaultiplel veavetepgthsough
margin for nulti-cycle signal collection, The rotary_encoder af spi nner
mot or 4 wou!Pﬂefﬁ‘ép’fydPﬁ?{eﬁa%R‘ﬂfg“d#m(%e‘aI&?‘é@ Agistegior fy<ietectns E‘FHB‘?‘ ity
above- descridpasl gk mc@a%apml %ﬁ&tgn%simﬁaﬁ{gss)fob%amefeﬂéﬂlp Mti§ Rhdweh t he

25 renoval of a transparent fi . by a reactive gasS, by a plasma

g.,
process, by theatadhe cangepdwayhlengthy fssd showddrbt sclederktn walch thecerpadted lateral
pol i shi ( C\VP The re | rate o filmcan be controlled by
conti nu:}gsl fmn%t%?q(gétﬁﬁgn{i%‘ggstﬁié%ﬂré%@°§?m{ghg§ filin in the manner descri bed
above during the TienlualingingCdesie id beheflativatty- thosar it OdinnEIG) o8] Iaappligepar at us
may al so be used for_ controlling the 30 refractive index of ‘_fhelra¥er such as
| owK di el edeampcof myltispectral-light 4 any,stable; ianneh egonda an optied) ey Jlaloen
repeat abi ['i ty .anepwal ko wi b hi &% | 4 Gl 19f
frequency (f%ﬁ‘@{‘sh%%r es\t,1)1“%‘t;l"(t)'£fal %ﬁﬁgeﬁgr?ﬁfﬁg ﬂrr ragtl{%\%1 f;ﬂgg%e WhQInC Q?en turn
gi ves val ualphetoresist coating 8 of wafer W as wafer W is rotated. The light reflected from the

25  photoresist coating 8 is directed in any suitable manner, e.g., via another optical fiber 14,
to a spectrum analyzer 15 for detecting the intensity of the light reflected from
photoresist coating 8 for each wavelength.

In order to get information on the thickness or refractive index of more then one
spot on the wafer, multiple optical heads 12 can be placed at different locations above

30 the wafers (FIGs. 3b 4b & 5b) . The probe heads are connected to a multiplexer unit 19.
This unit can direct each of the heads separately to the spectrum analyzer 15, by
electromechanically switching between each of the optical fibers. Similarly, optical fiber



~ 5 F E B 2003 WO 00/1298 14 information on the |ayer porosity. 25 HEB 2003
“PCT/ i L99/ 00466 One inportant application of the present invention Is T0
nonitoring t s of isolation trenches in integrated circyy .
. The basic un&?’so(Jg?JSPCs are MOS transistors. In a typical IC, f%ﬁr%@‘gé)g%grs
of , 5 transistors are printed cl ose tol®ach other. The ever increasi ng

demand f or | Ler apd.s I i es. | s |1 G.des|gne t o f.edu t ap
bet ween theiﬁeé’ﬂ%{os f(g‘?’q‘st,s{)@?f ng cgiigg(gggxetrﬂ tl%%egh%feh%ﬁ ﬁeolnéégﬁtl chfcclt@égage
between t hephuligge b?tﬁ&ﬂ Bead SPECTHE sdt@s &abRy @5t hoyssilies Frodedidfeagt ditéson thpr ove

the electrical isolation between the transistors. One of these includes the
steps of et®afeig relatively deep 1 o trenches between the transistors and

filling the tren ] il | Oxd . Qc L L t
trenches incl ude?g?ﬁé@%%@@ e{)?g%'gﬁgésﬁ? F%ﬁé' ﬁmgﬁﬁ?%kn Fg‘?/'eér)t‘l%&lgklc’?g%en&ﬁ?oxi de
on the waf einchitih@@phsbdioge . Sichhinngay ithales aeniorodi@aKhg ehal eplits tie: lidhe
surface of the wafer, leaving silicon dioxide only inside the trenches. The
present i nvBeam & its|spesteal corapenepts iad gphofrsliadel detertorgfosyqagh vraveleagthy dBaiches

to ~ 5 be PO i [ he depnasition
of the oi I CORUd e RfsaR ay Wi bo, a6 or FROTEA GBIal; Rofdendifie

di oxi de | ay éitergsity bfithetlighneflegedfion dwephofocostirighfer tachredvetengttn parti cul ar,
the present invention enabl es accurate contro] of the renpval of the

silicon dioxide d8fPuiRytsH{spectim aglyzere are &itciocsPranersar 16 Whighppregessors
measur efgnt tl%fs? Bt u&rﬂct:é}gﬁ?ttg iy bz{sﬁethéb\?ﬂor%géljaﬁ&bﬂe&;ﬁ@& Bove %gd GF%E"}'IS 1 the

applicatrons © e pre I nvent| on € apparent, for éxanp
apRl i cati on tler outputovala sofeen B7.cn-addition, adionkpat of procksspe il 6 mapalso e ubel fveen

two/metal |ayers.s on a senvconductor .substrate, or y. ot her transparent
| ayer, sgchca’%tr‘;@%-t‘i‘%?ﬂ’i‘.catfﬂﬁ‘e° ' H}oi’Rf%ﬁ‘ﬁticBﬁ“% I‘H?t%l"é%{;‘bé’s udeghowp thfe‘gc
appl i cati on sQIabi & EN&180korh | réRsRP 187tb the InétbF QUL tlﬁoéﬁiﬂx%roéysf&ﬁt?ﬁfi%g'

di splays. 25 Further variations, nodifications and applicati'ons o [
i nvent i on wichhtrdlingjipmtadionalispeadito sentwl tel centrifegal fierces applied to eqlotoresiss - WO

00/ 12958 _PCT/i,L99100d66 15 \Waat ,i s Cl al IS A net hod .of suring
Pater al Gar Fatik g 4 gt oo hiife biipnt o riResife a8 colR R edt
thi cl rness gocbth@ffearbickeontisls¥.g , ®r contrdlHNG heiratelof bpplitation af tHelyshotondsist
conprising the steps of (a) il]um natinq_qthe filmwth a beam of |ight of

nul tiple m@@?‘&ﬂdﬁh&‘?wfﬁﬁ(“)aé?@@@qoh@y o His hohplatetempersfure he | ght refl ected
f the t | : | th; ' | |
rom the transparantydyuhi %Eh{:rﬁétxcﬁﬂf& PR tﬂeo;glg%le%agﬁis oﬂntéél,gﬂ? o

defining the variation o e Intensity o I ght as a .
of the wavelaen@0hfofmovemedeslony the radighuxis, (cd¢nabitectheppsicalchesditd bsilgpatdd dtnt o

principal freguencies t.hergeof; e). determ ning from sai ri nci pal
frequences af‘ﬂ égigﬁtfg * ﬁ'{h“i/ Sf ﬁ’ﬁtvr%%g“{)\"}qcﬁ g“ﬁ @Wgt g’co‘?'agﬁ ég‘f’g?fﬁ gbea?'g%?arf
lru. 2. The geBitibaGrasser W ididetiffddadyht  endbifr &. N That|, dofbiddSwith tthé R ent
coating on a sem conductor substrate. 3. The nethod according tqQ claim 2,

wher ei n sai dosEipn.cEiviesbe locatinnief theaneasyrementfpet emyatsr AV pin thg seeopd srargples

carfied on ' %E%a . F[1Hi§ : ' . Snibia .
wherei n sai }x@@ﬁfﬁ}%&ﬂg@ﬁ%ﬁc{s% S é‘f)‘éﬁekede%rgﬁé g cb@%ﬂ{gﬁbﬁg%@@rgﬂhe con%ﬁsete
die. . S. The refeichiod imizg @hdhegafeobaow tiaf pasitngsvhkreloptidaéheids 12hee lothtedsi ty
of the interference pattern of the I reflected fromthe upper and | ower

h
sur f aces?3of (ﬂf@' o-Frsfsmbb therhepmof leﬁgﬁtéﬂaﬁﬁf GF’BPE}EH’C‘PPV%%‘@F% QP?]‘.""Bpﬁc‘?he
met hod accor g BEieD1aRANty VA& caftled by water WHAS sEiehdtiigily BhEWS id ¥163. The

use of such a beam of light large enough to cover a complete die, or a multiple thereof,

-

provides a number of advantages. Thus, it better assures that the combined reflected
light detected by detector 15 will not change substantially between measurements,
30  imrespective of the difference in the exact measurement position. Further, the large spot
size increases the signal collected by the detector and also increases the speed of

detection. Using a large spot size is contrary to the current trends in layer thickness

~



the light reflected fromthe transparent filmis detected by a spectrum
-anal yzer having a photodi ode detector-for each wavel engt h. 2 51:5|5F5822903
WO 00/ 1298 16 PC T/1L99/00466 7. The nethod according to any one of clains
1-6, wherein erty of the transparent filmis neasured | ' '
“real tinme w t‘ﬁgtg?{gbg%pl i cation of the transparent filmto the g%ﬁ@f%ﬁtbto%ég
and the property neasurenent is used to dontrol the application of the
transparent fj] 8 -y . rdj t .one  of
cl aime 17, "peielot (R VO Rl yob GndIE LR 18658 Qo Pl
a sem conduahknessdsst rat e during the processing of the sem conductor
substrate. 9. The _net hod accordi négHto any one of clains |-7, wherein the

transparent f | mThe fow ichabphElGy 6 Hlvsirales ope magper obpsing de alpvg-described

sen conduct . i g LS@l at e
The top ot APPRES o Byt B hifuie B B phSERf: bohelhed BPUA ithe b3,
wher ei n tshe dppligatiohyofahe phatoresistnpting nindf alkonforscomtratiitgethei applicitioni of theal
time with the rempval of the trans%’ilrent filmfromthe substrate, and the

property nmedhQrEsst copting, s shown & K16 ofs theewalerdVds fisst loaded pny thep K 1 hn
fromthe su . [ fons | =10,
wher el -t ho Syas folock 401 1n e BFireaPp RN T idr ko GRYeO NP bbaRelBr e
time wth thabhigereliopmegntedofind heillpbet areasired , préord té hthep PR edispensee dblocke nent

i d t ' t he devel oppent t he. phot ist. 12 .Th t hod
of craim 1, TAEHCHBErEaL S gt Tiore e PEIBRY 6 Hhiherkents? 6 S HART ot | ng
of i nfraped (Bﬁéﬁ'ﬂ).?h@%e whtt R4 Sotded Ay R Bsindddmbior F AbRICRI3IEUG! Bite hs.

13, The nethod of Claim 1, wherein sai"d deconposing is effectéd using an
oﬁ)ogonal tmeasuiegrenttdfo themphétortsistl Loatihe iseintadd (flodt a34), landimsebsequentai d

dec ing is eff d usj ' | jkel i hood hod ~ FEB, 2003
V0 00] 12058 T GiemeRls e g Bade (ofs dadchndr B Pira! o dhe reey st
deconposi ng 3 of &l GhikRe mb¥rY WhaEiHe0dkshas lclaRsRiPab@aInea] hd etBmsifdd by 6.

' The method of claim11, wherein said deconposing is effected using a
sub- space f rrEeERsHE \E6¢Bro6eRsRrSté: teoninaies HisdopergtionThisspinmeh septex 4.cYiaifepdiback

wher ei n gai d;. RS, ' | f&ah& N L NG italil a(Fﬁt' I ng
said si gﬁal dj|"§1ételo an 'Zjlagﬁﬁr@ﬁr SI gn&ag%g%h&?%*“ﬂ %??H‘Sﬂgf’%{% ec'tgrli’ cal
signal. i 8.. Fioecssipg tixedrefiectal sigml fiom vieediéierens proble fhiehde givag) thesthiekhass toed
using a narro ass filter with_a varjable central frequenc 9., T
ot hodof o/ SAS indgxcinEimilion fom, Prh IprueEenlhlos, ot G PR BB £y of
narrow pass jhfdrin@fién 9301(%'%@1%513&&' tYmpPaahRé osidlieAhnd (R RYREAimeEQauses
Apparatus for measuring |ateral variations of a property, selected fromthe
group consi steplrime feeditiagk ae the pracess and gan be as¢daresnd-poink timen ferphe &aking hn
on a su tra%% conprising: {a) an illumnating device for illumnating the
filmw th a béam of |ight of nultiple wavel engths;

, FIG. 7 illustrates a simulation of the above-described process when applied to a

. ) wafer coated with a photoresist coating of two thicknesses (d,;, d,). FIG. 7 thus
*illustrates the sum R of the reflectance coefficient R, and R, as a function of thickness d;

and d, respectively and the wavelength In this example d, = 0.95p; d, = 1.25y, and f (the
25  ratio of the intensity of the separated signals) = 1.

FIG. 8 illustrates the results of applying a Fourier Transformation to the signal R
defining the total reflection. This Transformation produces a series of Fourier
Coefficients for the signal frequencies, from which the thickness of the transparent film
can be determined for each respective signal frequency. As shown in FIG. 8, the two

30  thicknesses of the photoresist coating produced two peaks, each representing a principal
frequency related to one of the thicknesses.

FIG. 9 illustrates a measured reflection signal from another application, in this



(b) a detector for detecting the intensity of the |ight reflecteckgr%/n %he
“transparent filmfor each wavel ength; and (c) a processor for: (i B 2003
produci ng a_si gnal defining the variation of the intensity of the detected
_light as a MREYVIZH of the wavel ength of the detected Iight, ®GIIL900466
deconposi ng said signal into principal fiZzequencies thereof, and (iii)
determ ning, fromsaid principal frequencies, the |l ateral variatjons of the
property ofneapeemeniawaieewithpatiem of matsl hinesiwapngvengd by smppigr-mgtab dielectric

PCT/ 1 L99/ 00466:; : PRSY:ALUS of.€li | aj- | Dsai
detector i r?gil g‘é‘één aa;ts}%ggt @rﬁa@nél ?f‘ggr{ gggsggesgg?a%%zgﬁemgﬁ?ecp@g ﬁlleght
into its dindagurementspoel Yrigideson ephfahepmetadilnesdewizti syl 556 Gim|cind @xie on

phot odi ode detector for, each wavelength, r 22 The apparatus according to
ei ther of dpmphRrevguely dopostigh diedscinc ’tgxcwrﬁ ebfduét om igdd} o8 10ds thegi e
anong a.pl ' : \ - | ) it fer: L.Ld beam
o 11 gng i Setal kil MG DrERLGHEEY SR MAPTHORHIGh proghl hilartl e

accor di ng tppesantgd inEigol2 andal riTh2Geshilts shdve thei pealeaatch fleuendyorelatat toal, santihe
intensity of the interference pattern of the light reflected fromthe upper
and | ower utfaces of the transparent filmfor each wavel ength. a 24. The
appar at us accor d 18, 99 11RIsBhtT® ordim Wﬂﬂg | epal S
further conprisg!g{:&q}%?c}g&g%pport %gir sup?)ort|gn:hgerXsM(?uﬁ{éi su ﬁﬁ?@aﬁ@t‘#he
appar at us dncabotedigsdribed| appardtds fohemedsnringi the athpknedsirefriative haxiex osfpri ses:
(e) arotary drive for rotating said support while the substrate thereon is
11 um 8t odtBSPRES I Fufor Fe e A AL rstement fhe Ay S PRt b Ehep (Fogh 4

r ﬁed ed |hahdalibsudiCtRf! RndYighal ds d8¢ BabidroundOsigdl CcdRBRA GhUbe Ag&tahdi Ng

t | ai m 24, wherein said support is a hot plate. 27. The apparatus as

cl ai med i n withoub reflesteddighit {BiozR-41), Thehedllsition blethgplesl shmentfaantbieedone byl udes

reans 1 or - abtreor frifa@Bfhe PR SR ST T2, The riceipnt iSugR EkE, The
neasur ed t Rofilpes mdhoryNEhé FRéERAEEEENDT 1sthe fiBnal ToleaBP Al Blelystamcimlang to

claim 27, wherein said coating applicator _apg les a photoresist filmon a
sem conductrsrieatibeeflegting surfage Blockc4®). b signabom Yozguired by mCTE-HHHES 29

The net hod gf L [T ' ' v ’ O e
aroup. consi e e bl SHIEh Skl Rl 40 GOl P2 RS el ke
ul t ravi ol etstoved éh e¢hg tchmpufed méheryaflleckadd)s AdL der stiepg 41 at4ctai be d0ne whilyr ei n

SARRL RN N TR (VR TR
sai d beam of |i gfYr.the actual measurement the wafer has to be placed on its stage 4 below
20 optical head 12 (Block 45). The reflected signal 1s collected in the system (Block 46)
and the reflection coefficient is calculated (Block 47) using :
) R(\) = (Signal(\) — Dark(L))/(Reference(A)-Dark(L))

Where R(A) is the reflection coefficient as a function of the wavelength,

Signal()) is the reflected signal from the wafer, Reference()) is the reference signal
25  stored in the computer memory and Dark(L) is the background signal stored in the
computer memory.
The signal pre-processing (Block 48) is composed of the following steps:
Filtering the signal from its low frequency components (Block 48-1 in fig 13). Those
frequencies are parasitic. Frequency decomposition (Block 48-2) is done using the
30  methods mentioned above. Only selected frequencies are of interest and the fine detailed
search 1s done within previously selected frequency windows. (Block 48-3)

The signal processing (Block 49) is composed of the following steps: The

3



31. The apparatus according to claim 20, wherein said illum nating device
-includes a plurality of optical heads at fixed positions relati Qegt[bEB %03
transparent film 32. In a process for fabricating integrated circuits on a

_wafer) whereyé are forned on a surface of the wafer and ce
MR, rEhR Bl

then is covered wt n oxide |ayer that {ills the trenches, a ne
nmeasuri ng depths of the trenches, corrprié ng the steps of (a) illum nating
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between the transistors. One of these includes the steps of etching relatively deep
10  trenches between the transistors and filling the trenches with silicon dioxide. The
O process of filling the trenches includes the steps of depositing a thick layer of silicon
dioxide on the wafer and polishing and etching the silicon dioxide down to the surface

of the wafer, leaving silicon dioxide only inside the trenches.
The present invention allows the depths of the silicon-dioxide-filled trenches to
15 be measured at any point in the process subsequent to the deposition of the silicon
dioxide layer, by measuring the thickness of the silicon dioxide layer at the trenches and
away from the trenches. In particular, the present invention enables accurate control of
the removal of the silicon dioxide down to the level of the trenches, and also enables

measurement of the uniformity of the depths of the trenches.
20 Other applications of the present invention will be apparent, for example, in the
application or removal of inter-metal dielectric layers, applied between two metal layers
) on a semiconductor substrate, or any other transparent layer, such as poly-imide. The
invention could also be used in the application or removal of films on printed circuit

boards or flat panel displays.

25 Further variations, modifications and applications of the invention will be

apparent to those skilled in the art.
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2. The method according to claim 1, wherein said film is a transparent

coating on a semiconductor substrate.

3. The method according to claim 2, wherein said semiconductor

substrate is a die among a plurality of dies carried on a semiconductor wafer.

4. The method according to claim 3, wherein said beam of light is large
) enough to cover at least one complete die.
5. The method according to any of claims 1-4, wherein the intensity of

the interference pattern of the light reflected from the upper and lower surfaces of the

transparent film is detected for each wavelength.

6. The method according to any one of claim 1-5, wherein the intensity of
the light reflected from the transparent film is detected by a spectrum analyzer having

a photodiode detector-for each wavelength.
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10.  The method according to any one of claims 1-6, wherein the property
of the transparent film is measured in situ in real time with the removal of the
transparent film from the substrate, and the property measurement is used to control

the removal of the transparent film from the substrate.

11.  The method according to any one of claims 8-10, wherein the property
of the transparent film is measured in situ in real time with the development of the
photoresist, and the property measurement is used to monitor the development rate of

the photoresist.

12.  The method of claim 1, wherein said wavelengths are selected from the
group consisting of infrared wavelengths, visible wavelengths and ultraviolet

wavelengths.

13.  The method of claim 1, wherein said decomposing is effected using an

orthogonal transformation method.

14. The method of claim 1, wherein said decomposing is effected using a

maximum likelihood method.
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17.  The method of claim 1, wherein said decomposing is effected by steps

including:
@) transforming said signal into an electrical signal, and
O (i)  filtering said electrical signal.

18.  The method of claim 17, wherein said filtering is effected using a

narrow pass filter with a variable central frequency.

19. The method of claim 17, wherein said filtering is effected using a

plurality of narrow pass filters of successively higher central frequencies.

20. Apparatus for measuring lateral variations of a property, selected from
the group consisting of thickness and refractive index, of a transparent film on a
substrate, comprising;
, ) ‘ () an illuminating device for illuminating the film with a beam of light of
multiple wavelengths;
(b)  a detector for detecting the intensity of the light reflected from the
transparent film for each wavelength; and
(c) a processor for:

(1) producing a signal defining the variation of the intensity of the
detected light as a function of the wavelength of the detected
light,

(i)  decomposing said signal into principal frequencies thereof, and

(iii) determining, from said principal frequencies, the lateral

variations of the property of the transparent film.
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22.  The apparatus according to either of claims 20 or 21, wherein said
semiconductor substrate is a die among a plurality of dies carried on a semiconductor

wafer, and said beam of light is large enough to cover a complete die.

23.  The apparatus according to any one of claims 20-22, wherein said
detector detects the intensity of the interference pattern of the light reflected from the
,_) upper and lower surfaces of the transparent film for each wavelength.

24.  The apparatus according to any one of claims 20-23, wherein said
apparatus further comprises:

(d)  asupport for supporting said substrate.

25.  The apparatus according to claim 24, wherein said apparatus further

comprises:
(e) a rotary drive for rotating said support while the substrate thereon is
illuminated by said illuminating device, and while the intensity of the

reflected light is detected by said detector.

- 26.  The apparatus according to claim 24, wherein said support is a hot

plate.

27.  The apparatus as claimed in any one of claims 20-24, wherein the
apparatus further includes a film applicator for applying said transparent film to the
substrate, and means for controlling said film applicator in real time in response to the

measured thickness of the transparent film.

28.  The apparatus according to claim 27, wherein said coating applicator

applies a photoresist film on a semiconductor substrate.
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the group consisting of infrared wavelengths, visible wavelengths and ultraviolet

wavelengths.

30.  The apparatus according to claim 20, wherein said illuminating device
includes:

® an optical head, and

(i)  a mechanism for moving said optical head to scan the transparent film

with said beam of light.

31.  The apparatus according to claim 20, wherein said illuminating device

includes a plurality of optical heads at fixed positions relative to the transparent film.

32. In a process for fabricating integrated circuits on a wafer, wherein
trenches are formed on a surface of the wafer and the surface then is covered with an
oxide layer that fills the trenches, a method of measuring depths of the trenches,
comprising the steps of:

(@) illuminating at least a portion of the oxide layer with a beam of light of

multiple wavelengths;
, (b) detecting the intensity of the light reflected from the oxide layer for
) ] each wavelength;

(c)  producing a signal defining the variation of the intensity of the detected

light as a function of the wavelength of the detected light;

(d)  decomposing said signal into principal frequencies thereof; and

(e) determining the depths of the trenches from said principal frequencies.

33.  The method of measuring variations of a property, selected from the
group consisting of thickness and refractive index, of a transparent coating on a
substrate, according to any one of claims 1-19, substantially as described with

reference to and as illustrated in the accompanying drawings.
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