2 2 JUL 2005 -1 LINE PROFI LE ASYMVETRY MEASUREMENT USI NG SCATYERONETENS1
CROSS- REFERENCE TO RELATED APPLI CATI ONS This application clains the benefit
of the filing of U S. Provisional Patent Application Serial No.
60/ 273,039, entitled "Process Qualification by the Measurenent of Line
~Profile Asymmetry Using Scatteronetry”, filed on March 2, 2001, and the
specification thereof is incorporated herein by reference. 10 BACKGROUND
'OF THE INVENTION Field of the Invention. (Technical Field): The present
“invention relates to optical inspection of m croel ectronic devices, in
particular neasurenent of line profile asymetry using scatteronetry. 15

- Background Art: Note that the follow ng discussion refers to a nunber of
- publications by author(s) and year of publication, and that due to recent
- _publication dates certain publications are not to be considered as prior
cart vis-a-vis e PROPEBIASYRMBIRYOMEABUREMERT Q3G SBUGFPEROMETRRLI ONs herein
is given for nore 20 conpl ete background and is not to be construed as an
“admi ssion that such publications are prior art for patentability

det eLm nati on purposes c'll' eREL@QﬁéﬁSE' %q?éf_AIEDTEE’rﬁE\LF?&'Sé onic device is a.

conpli cated procedure LHaL =prrert- for the different
process st epfrd ilatikiaift Slbendier ﬂhbrrn@% ew oPuEBHQ%te%L@ﬁb‘ﬁ@a%r?Sérﬁ? | mge
25 being made into a |light sensitive material nomn as photoresist. This _
i mage i MopBii2781088,i eptijedi"Arotess Qualifwetion yshaMasssikenteotrof iine Prafid Aqyaihiety Using '
process known as etching. Etching is the process by which the resist image
i s tranSCRIFEREYnfilgd gn March 2n2Q01 napcihe apeciierin %reBB'F Jnegiepiatasiereiiyn t he

et ched nBLehdeal 1s over-filled with sone insulating materials, planarized

i f necessary, and the whole process begins again. 2 2 JUL 2035

10
BACKGROUND OF THE INVENTION. '
Field of the Invéntioﬁ {Technical Field):
The présent invention relaies to optical inspection of microelectronic devices, In particular -
measurement of line prdﬁie asymmetry using scatterorﬁetry. |

15
| Baékground Art:
7 Note that the foiiowing discussion refers to a number of publications by aﬁthor(s) and _yeér of
' publication, and that due to recent publication dates certain publications are not to rbe considered as
. prior art vis-a-vis the present invention. Discussion of such publications hereih is given for more
.20 complete background and is not to be construed as an admission that such pubiication_s are pﬁor art

for patentability determination purposes.

The fabricati‘on of a microeléctfonic device is a complicated procedure that uses a variety of
equipment for the different Process steps involved. First, ‘the lithography process transfers the iméée‘
25 ,beingr made into a light sensitive material known as photoresist._ This image in photoresist, in turn,
acts as a mask for the next patternirj'g process known as etching. Etching is the.p_rocess by which-
the resist imé'ge is transferred into a _suitable material such aé poly-silicon. Then the etched material '
is over-filled with some insulating materials, planarized if necessary, an.d the whole prob,ess begins

- again.




-2 Throughout the entire process the devices being made shoul d lgezsy@meiﬁf}frc
in nature from step to step, i.e., a transistor gate if manufactured
correctly will have equal left and right sidewalls as 4 well as other
features such as, but not limted to, equal left and right corner rounding.

'“:If errors occur during the processing this desired symmetry nmay be

conprom sed, and as a result the device integrity or functionality may
al so be conpronised. If the asymmetry is quite severe the device nay not
function at all. The present invention ig-of a manner of perforning
-synmmetry/ asynmetry neasurenents via scatterometry. Scatteronetry is an

opti cal inspe que vveII for the surenment .of 10 symetr
OP asynmmet rS gﬂﬂoﬁéhgptggg'ent FBRres 93'8‘?%9@&9 "éﬂqﬁlsgi‘gl? Yree] ”Féﬂ"ﬂaug%g?%ered Y
froman aepaysiep, |en‘e(§rraﬁﬁét6|‘3§a'té)ﬂr'n§mff§:ﬁﬁ'é§ c%ﬁecﬂmlsﬂéﬁrggﬁﬂﬁéﬁ e r@hﬁsrc!e\snﬂgﬁ as

profile can be made. In particular, scatteroneter that -nedsur

conpl er_reW@&ﬁ?Ot’ﬁJﬁtg‘ledsremSU@l gs, btdagtlmeted for equabisfparsi righbiomepetiid iamoay ocber t he
surfacengnd 45 is ideally suited for symmetry/asymetry

~measur enit'¥ tB%B@ﬁ%@‘”F s P@I"’F%@E"éﬂ’ﬁ% "ﬁﬁ’(?ﬁé?'t“l?r%"s"'sﬂ apghes g fepdt the @?Viqee can |
vary &t nfess @Wc@&m!rt}%a@latsg%gggm&QMEg MERL Q{:}anﬁ%trg |tél [&ellQhe REEESSArT 1Y
t he nsi of SfFE® the

-needed to detect asymmetry. To enhance thi's

array of nétdanatipest afhoul d be placed in a particular ori ent ation, known

t hroughout the specificati-on and clains as a general conical configuration,
nanely one in which the wave vector of the i I | um nati ng beam does not

remai n paral l f r 20 Pri art technr ques
typically e ﬁ &gselkgg\s’?r{tzlbﬁ%ca?ﬂ gr?ehoppe?ﬁ Fr%ne%la%y %ﬁ -
t owar ds Vbdmtel‘ﬁa@w seaiRtonttry S birf GsEiea) l’n@r&&ﬁé}ﬂé&nrqg@@v@%tﬁed 8} hi ht@gsurtﬁh&'rt of
However the present invention 1is based on the physics of diffraction,

wi t h19 he SYfaraet: @meym@einnon m@rqerwmq deviced. \Baysalpdmyihe lighfscaitdrid franesparcdy dfo

erlodlc t ch as ne/ ratin 25 Prior work in .
Ecat ter orrect'a %}&6@@8% Eées[ c?ﬁﬂtr%ﬂ}%” $ %?h 8???3‘33?1%% RYe- & Pariicylar, ﬁr ofiles in
resi st asdfteRinidie thaiRe8sdrad aicorgplémed?ﬁ'y Epdﬂ%’ |é3t+4@|de?ree§ﬁ§ﬂ 2ho et ChEd l'ine

profile characterization using scatteronetr egr at edEé rcui
Met r ol ogRerremiigéa td ibe sunfade Pnd edsdegleentis rdéau}(tsurteH’r@eym:ﬁRryEsﬁrﬁrﬁary (1997) The

present inventio rovi d s a technique for -the .measurement. of asymetric
line pr Orml %Lgem?rg cau a@ectgn%mphre%ﬁ&peége profile can vary at these angles,

| 15 although compiementary angles are not necessartly needed to detect asymmetry. To enhance the
‘ sensrtrvrty of this effect the array of features should be placed in a particular orientation, known
throughout the specification and claims as a general conical conﬁguratlon, namely one in which the

. wave vector of the illuminating beam does not remain parallel to the array's plane of symmetry.

20 Prior art techniques typic‘;allyemploy "classic" scattering. These are measurements geared
- towards the measurement of slurface roughness, defects, pitting, etc. However, the present invention

is based on the physies of diffraction, with the measurements in the invention always occurring with
respect to ‘periodic features (such as Iinelspaee gratings).

' 25 : Prior work in scatterometry used the technique for the measurement of line profiles in re3|st

“and etched matenals C.J. Raymond, et al., "Resrst and etched line profile characterization using

scatterometry,” Integrated Circuit Metro!ogy, Inspection and Process Control X1, Proc. SPIE 3050

(1 997) The present invention prowdes a technique for the measurement of asymmeiric line profi ies

o {e.g., unequal sidewall angles).
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30 2 2 JUL 2005 -3 U.S. Patent No. 5,963,329 discloses an anal ygi%s Jukt Be
used to obtain a scatteronetry neasurenent. The conpari son between the
diffraction nodel and the neasured signature data is typically done by
pre-conputing a series of nodeled signatures and storing themin a library.
Then, the neasured signature is conpared to the library of nodel ed
signatures to determne the paraneters of interest. The patent essentially

di scloses a real -tine nodel regression, 3vvhere the signature iterations are
performed-in real-tine and the nodel is™“changed repeatedly until a
satisfactory match is obtained. However, there is no disclosure of using
such a technllq&é’ateot N@ét%ﬁﬂ?@ldusampmarramusmtmd Liswatto biginRy bitdr@fetiyn - Fi gur e

2 and Fll%ure é syrmetrlc and colum 7, line 40, reads "... and to

def i ne t HEXSEME LG OBRA" ik betvern tagifrastion @W%ﬁ*ﬂd faﬂwqasgm sigepiysse data is

profiles I eern ng
G ohi ng. Eieay Serkby preor EE T a0 ofindtBe SBmanl s FRGETRETEM bialuge gpen.
~mater i al the reasurar stgnptues cbmpdréuata %eﬁi)faﬁﬁéf&wd&@i SorRRrd B dterthih®@e 15,  whi ch
reads; "It is a K}géor feature of the present invention to provide such a

et h&d . Pararpejers piigrest. Tlhé@Pﬂﬁfeﬁsﬁser@lailﬂ@isnkgS%ﬁdeaéhmsmdeleédre&sum. WwheNothe al so

. col 3 5id f th t ‘
|C(r2v g rr?':l 0 ngrf&gfr%ﬁa%ag@ﬁ a8 ?pe').fmmm Wﬁﬁﬂggf" a%tHF P’n&ff ﬁg°%§'§ﬁl’>afjg%eg§65{&%@ I%(r)]? > 1(:a RI ckness
neasur engsitfactbm maih Tisﬂiﬂf%ds HolWedehtRste is nI'BEcIBgu?e%fQ@Hé &&%ga{nﬁtﬁ efdP. which:

"is a thickness/relief neasurenent, instead of the heasurenent of a full
i ne pr d#qt@@!@lﬁévn}i\ﬂﬁlryawmmtttﬁeasofﬂdsm Fipmy 2 bed figes énrte syAndthicSandRaduadit 7, No.

5,912, 741 a t surenents. of surface m crostructure/rou hness and
s based TS0 Rlar e WD L PRgratoR BB TRV o1 okt s et

measmri ng a speC|f| c diffraction order - this patent is based on rreasurl ng
di ffuse reflectance or specular reflectance and not diffraction. There is
al so no ment it$ Peﬂ'enlefskymﬂ R§5 weamemedeitt SeasuriighiishingSerb@6mairretifticy way

ied to line profile neasurenents. 25 U.S. Patent

rreasure IS nﬁt ap
Nos. §‘°§%°£'“%1 8 ”&,"58%5 o rptegl st 18 Pigm fotPee it \als eelerse puog (e or
whlch. reads: "ltis a ‘I'T'IEJOI' feature of the present invention to provide such a method ... to prevent
residues, dishing and erosion effects.” Note also column 3, paragraph 25, which reads: "The main
15 idea of the present- invention is based on ... an optical monitoring system capable of thickness
meas;jrements in pgtterned structures_." The disclosure concerns CMP, which is a thicknesslrelief

measurement, instead of the measurement of a full line profile and any asymmaetries that may be

present,

20 . U.S. Patent No. 5,912,741 pertains to measurements of surface microstructurélroughness
and is based on classical scattering. The present invention is based on measurmg a specific
diffractlon order - this patent is based on measuring diffuse refiectance or specular reflectance and

- notdiffraction. There is also no mention of asymmetry measurements -- this is because this
measurement is not appfieg to line profile measurements,
- 25
U.S. Patent Nos. 4,978,862 and 4,933,567 are also geared towardé microsiructure or
microdefects in materials and not for physical fine profile measurements. Crystalline defects and
impurities that could be measured are discussed. There is no discu.ssiclan about {he meééurement of

diffraction intensity and how it could be used for the measurement of asymmetric line profiles.
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m crodefects in materials and not for physical line profile neagqggwgn@&ﬁ
Crystalline defects and inpurities that could be neasured are discussed
There is no discussion about the neasurenment of O diffraction intensity and
how it could be used for the nmeasurenment of asymmetric line profiles. 30 2
2 JUL 2005 -4 U. S. Patent No. 6,292,259 also relates to classical
scattering neasurenents, such as that induced by pits and particles on the
surface of a material. The novelty of this patent is that it can

di stinguish pits fromparticles, but it dees not concern diffraction or
diffraction intensity neasurenents. U. S. Patent No. 5 889, 593 di scl oses an

optical desig t e, of nt measurement . . The
patent di sol o0k Pakridf PR Rg e R ks B ap R PRRC BB B BT B ey
I't does neduced mmn& mc&e%mﬁe%nﬁsce@f alﬁ%lté?ﬂl eﬁmb@meh%)ﬁa@mgé @atif@n the
measurenent of line profile asymretry. In fact, the repeated |ine

St r uct ur afistipgpishrpits forfrpaticies, iﬁhtardee$mmqenmnffraﬂlohlo§dlﬁrﬁaloentemibj. 5,905, 573
relates to the perturbatlon of an evanescent field that is forned in a
mavegU|dé??§§@W3?6r The local presence of topography on a material being
exanlged causes a perturbation of the probing radiation and hence a 'blip'
inthe intensity of the probing radiation. This neasurenent is not based
~on the physi ct.DPaehtfa: 5,689,883 diskloséssaradisical dedigrathatagipeble efxengigaibr | nt ensi ty
15 neasurenent - if the power of the radiation in the resonator increases
- or decr ed$e¥ndeptparsyrRBEY- ﬁ‘iﬁsﬁaf%'éd'%ﬂ‘?@staﬁﬁéﬁﬁaémﬁ@“ﬁ)%@éfﬂfﬁr?ﬂ?&t@o|‘"sthﬁert ur b| ng
" -the fiel t r

_ Oh ulel, I@Eg@cgﬁ%%%e?m ortafl@s élgﬂ%gﬁérh QQmQJtarﬁg§§(éE‘1§FtI%¥ m@?ds%ﬁot

u. s. Pate rel at es NEASUr &
profile (me prdfileiaSynitBdtry. H'Qac@Q{i@iebbﬁed meol;ahanrrék B8ovin .ﬁﬁ.g@re@faré Syr@fatiaret ry)- |t

- Is also based on an interference technique as opposed to a

di ffr'8cti on/ scatteri ng nmeasurenment. U. S. Patent No. 5,864,394 also rel ates
‘to defect meaﬁtg% cti

anomal i es (comtan RAnt: B gﬁ#@%‘?ﬁ#ﬁﬁﬁ?’%@%‘%8?93@0‘?‘@?938?{“ gﬂ? *hgig ormEdrll'f%er e

o ,S no a waveguudelresonator The local presence of topography on a matena! being examined causes a
perturbat:on of the probmg radiation and hence a 'blip’ in the :ntensny of the probing radiation. This
Ene'asﬁrem_ent is not based on the physicé of diffraction. It is also ot an :ér'\g[e:aépendent intensity

15 mieasurement - if the power 6f the radiatibn’ in the resonator increases or decreases, then there must

| be some topography present that is perturbing ‘t'he field. .Furthermore, there is no discussion of

asymmetry measurements. B

U.S. Patent No. 5,282,489 relates to depth measurement only and not line profile (sb it is not
20 possibie to determine line profile asymmetry). It is alsé based on an interference technique as

opposed to a diffraction/scattering measurement,

U.S. Patent No. 5,864,394 al_so relates to defect measurerﬁents. Column 1, line 35, reads:
... for inspecting anomaliés (contaminant particles and pattern defects) on surfaces.” There is no.
25 . - mention of diffréction measurements and hence no discussion of the measurement of line profiles,

.much less any asymmetry that might be present,

U.8. Patent No. 5,637,8?3 pertains to an optical design with applications to the
emiss_ivity!reﬂectance of surfacésand coatings. Thisisnota batent with applications o patterned

.30 features or the measurement of the profiles of those patterned features.




25 nention of diffraction neasurenents and hence no di scussion{of dle 2003
measurenment of |line profiles, nmuch |ess any asymmetry that m ght be
present. U S. Patent No. 5,637,873 pertains. to an optical design with
applications to the emssivity/reflectance of surfaces and coatings. This
is not a patent with applications to patterned 30 features or the
measurenment of the profiles of those patterned features. -5 U S. Patent

Nos. 5,313,542, 5,475,617 and 5, 640,246 pertain mainly to an optical design
‘that allows for the measurenent of partial or full hem spherically -
scattered light. The applications of this design are to neasure |ight
scatter caused by scratches, blem shes, bubbles, subsurface defects, and

ST e T o T b e
measur engidng for ¥OndtQurdns s Eér%] oPfull ASMITHRRiE My s@élte%ts?hg%dll{dilghs%? B

regardi ng Photonics Research from 1999 i1s alSo relatéd strictly to classic
scat teri Pepigampd iomaﬁta'slo'ﬁiagf(tisc@teg caubal mmm:ﬁesmbmfmeummwsﬁecmvw | e
it dogs involve an 10 angul ar scattering neasurenment, it does not neasure

di f fr &ct PETSUERE Auheess: & ?Cléiﬁ,'ﬂ'ingcFCPtEﬁ””Qlaﬂfé'cat&"%f Tleee wBa GpioRGht s. P.
Di ng, at y@hsuring &Htggﬁon Eﬂ;etgﬁﬁ’;?dggs §thHéj¥ tg g\%g's\g rﬁ? Ao BE&Q Qrgof%g&nﬁ)@%é/ cvp

Waf ers" (date ~ unknown SO geare assic scatterin
measurenent itself is an angular scattering 15 neasurenent and does invol ve
t he measurement of diffraction (the sanples are Eeriodic | i nes and

‘spaces). HoweVEIMRE ﬁ@ewaﬁﬁP%@a@fdla@Paotp@CSg%ﬁé@ frowd PRfss plso irtaivsssiricint
di shi th tical .
i 11 act PO o faoie R 27 R el kP Bt BREL® AL Pya bR 80 "

henceo noangrk seiterty ey IramERityit 889 101 BEER0fSdiffrSctiBR 8fd heb@e is2Bt applicfgdingn
~Detection of Pits" (date unknown) relates to sub-surface defects and this

li t er at uPP PPN at ed to cl assic scattering applications. The hardware
enpl oyed is an angle  resolved scatteroneter, but unless such hardware is
coupled with a diffraction nodel and an analysis met hod, the neasurenent

of line profip ®irsstarelioh Sanadh SRy BEROYKARD and DisBHYMNRYs T IatetNENT | ON
(DI'SCLOSURE OF THE | NVENTI ON) The present invention 1s of a nethod of and

appar at u§n'ﬁﬂe\rm relgngsarsy thards @asv@fcmb@teaw rr'ﬁ@tmemsrement itgtltis ar kegtar ecatiering
devi ¢ges, risin dire t at y of ‘mi croel ectranic
f eat E? es 0? emen r% doés {nv clve thgJ meascbrement o? é]ﬁ actxon (the samples are periodic lines and
' spaces). However, the measurement data is geared towards roughness and dishing applications,
and does not involve a comparison to a theoretical diffraction model. [t therefore does not measure

the line profiles and hence no mention of asymmetry measurements is made.

20 "2pi Steradian Detection of Pits” (date unknown) relates to sub-surfacé defects and this
literature is thus related to classic scattering app|ications; The hardware employed is an angle
resolved scatterometer, but unless such hardware is coupled with a diffraction model and an analysis -

rhethod,r the measurement of line profile asymmetry cannot be performed.

1

25 - SUMMARY OF THE INVENTION (DISCLOSURE OF THE INVENTION)

The present invention is of a method of and apparatus for measuring line profile asymmetries
in microelectronic devices, comprising: directing light at an‘array of microelectronic features of a
‘microelectronic devicé; detecting light scattered back from the array cpmprising one or more features
selected from the groi.l_p consistin'g of one or more angles of reflection and one or more wavelengths;

30  and comparing one or more characteristics of the back-scattered light by performing an operation




m croel ectroni c device; detecting light scattered back from theQdr ri} 2003
conprising one or nore features selected fromthe group consisting of one
or nore angles of reflection and one or nore wavel engths; 30 and conpari ng
one or nore characteristics of the back-scattered |ight by perform ng an
operation 2 2 JUL 2005 -6 selected fromthe group consisting of exam ning

~data from conpl enentary angles of reflection and perform ng a nodel

- conparison. In the preferred enbodi ment, the directed Iight nmay be at
either 4 substantially a single wavel engtéh or a plurality of wavel engths.
Light intensity may be conpared, w th optional addition of conparison of

hase. R nltud and .light,phase m red. .
ICI;'r eferab?r{/e‘e? %d?'fom t#’l%é}gsﬁ%g' PRPE e’é%m'%{?f?%i quﬁlﬁ"&%é?@f %Qgﬂersé’ﬂpg ecfienandr es i n
gener al qmbmahgamem b&HAEbR M trel;fres&émbeeﬂueﬂﬂhse ey ﬁt%égy?e%f'e, ul ar

scatteroneter, conparing conprises deconposing back-sca ter ld 0 into S
and P corﬁybﬁeﬁeﬁyﬁem&ewwimhar B Ipbwradityaf! wavetangthacEght ithsityiaheet domgares, of
specul ar arde ({dract d I| ht Preferably, the results of the conparison
are used 't ETEPL% g O fomp E°§\P'ﬁﬁ? nR%t'%PH@P@“@%V&e @ lighh ahase may be

m crogl echompRies. BRYAR Rk ln&ﬁ)é Libd s‘tsan%r%hbﬂmgﬂd&éetreh

: th
. mcroel ectronic device. A nmanutracturing ocess can ?ﬁjag'r% gnséra C"Pi"a‘t ely

cont r ol | ednfiguratipmslirédtisg ofid ddwetigpapay ias eﬁlgdlamdtattarfoﬁxe&ﬂ CcOBYAFRE boiprisss t he .
array. 4 ects,  advant atg%e’s and novel features, and further scope of

appl i cabi eP‘fT/p‘lﬁF‘gtbﬁ‘e‘ SoPERTehight inig\eend Rypprionentsyelativet to Aatank of Inclqmce. anh t he

det ai |l ed NeJ unct with t

accon‘panyoté%gﬁ{ rlg%\;sﬁgcdaq OT’O%L hlﬁ\é\s’cte& ?&1 . Fm%bgb 0% "%?BQ)S g}ﬁcofn(garmggrg “§%q tPI ed in
the art upeot as@m&mrlﬁatvlﬂﬂﬂa@fnglb@eif &'tﬁ%ﬁ@lect%lc@@\\'fcé)& abRAhSRL v@%mﬁﬁﬁﬁ;ﬁé ce
of the invention. The objects and advantages of the invention may be

real i'9ed 'a§e A thednipresledlipnissiavies. of manadtyTing povesstcah theh bs agmabrieeiyiobmatiédins

parti cul ed_out .i he a en ed clainms. 20 BRI EF DESCRI PTI ON OF
THE DRAV\?%\%&% ?théc 8%05116%??&? '”\/Wﬁ ¥Yare incorporated into and
forma part of the specification, |Ilustrate one or nore enbodi nents - of
the present invention and, together with the description, serve to explain.
t he _princi pl eSbistts tadearitanee atd mvel fEhtered ramifunysr saom: cmab;ylcémllty dfhte ppaseptose of

illustrat.j ng, weli%easeégptfne referred enbodi ments of the invention and are

not to béﬂV Fhin, etdﬁ@"?qﬂﬁéﬂtﬁt @fHio follow, taken in conjunction with the

15 accompanymg drawings, and in part will become apparent to those skilled in the art upon
examination of the followmg, or may be learned by practice of the invention. The objects and
advantages of the invention may be reallzed and attained by means of the mstrumentailtles and

. combinations particularly | pemted out in the appended claims.

20 _ _ BRIEF DESCR!PTION OF THE DRAWINGS

The accompanymg drawings, which are mcorporated into and form a part of the specifi catlon
illustrate one_or more embodiments of the present invention and, together with the description, serve
~to explain the principfes of the invention. The drawings- are only for the purpose of illustrating one or

more preferred embodiments of the invention and are not to be construed as limiting the invention.

25 In the.draWings: :

“Fig. 1 is a block diagre.m of the angular scatterome{er employed in the present invention;

Flg 2 ;Ilustrates the geometry of the angular scatterometry measurement employed by the

30 ,mventron




25 In the drawings: Fig. 1 is a block diagramof the angul ar sQaEtﬁjbdﬁﬁ%r
enpl oyed in the present invention; Fig. 2 illustrates the geonetry of the
angul ar scatteronetry measurenent enployed by the 30 invention; 2 2 JUL
2005 -7 Figs. 3(a) and ('"b) illustrate, respectively, so-called
conventional and conical scatteronetry neasurenent orientations; Figs.
4(a)-(c) illustrate, respectively, a symetric and two asymmetric resist
profiles; Fig. 5is a graph of angular gignature data corresponding to the
profiles of Figs. 4(a)-(c); Fig. 6 is a graph of an angul ar.scatteronetry
signature (mrrored) fromnetal resist wafers; 10 Fig. 7 is a graph of
sidewal | angle results fromwafer 5 of the resist-on-netal sanple set; Fig.
8 is a graph_of .an a l.ar scatterongtr ignature (mrrored) froman

et ched pol y- S %%)nar&g%@ftr%% fﬁ”&%*.“’g@(%%"ai opYghtignaband qoBigel SPAGEMPY | ef t
and ri ghhessuetead dricpagd@; conpari sons between scatteronetry and,
cross-section SEM for the etched poly-silicon wafer; Fig. 10 is a graph of
an angul ar scatteronetry signature (mrrored) froma 193 nmresist 20 .
waf er; Figs. _11( n b) are, respectively, left and right sidewall angle
conpdr i sons E@Fv@%ﬂ% ‘&?i[?’%%’?%ﬁ?ﬁ?"rei)” afynpticaddwe erimaiavesishorefiss 193 nm
resist wafer; Fig. 12 is a conparison of AFM and scatteronetry CD
measurenents for the 193 nmresist wafer; Fig. 13 shows inmages of a

- grating- on- gFat 5 isgp e oflaagdidraignsare dae: doneshohding RAS proMERSTTIRI 4HYEF | ay

m salignment; -8 Fig. 14 is a graph of angul ar scatteronetry signatures for
the profiles of Fig. 14 enploying a '

Fig. 6 is a graph of an angular scatterometry signature (mirrored) from metal resist wafers;

10
Fig. 7 is a graph of sidewal! angle results from wafer 5 of the résist-on-meta! sample set;
Fig_. 8 is a graph of an angular scatterometry signature (mirrored) from an etched poly-silicbn
wafer; |
15
Figs. 9(a) and (b) are, respectively, left and right sidewall angle comparisdns between
' scattérometry and cross-section SEM for the etched poly-silicon wafer;
Fig. 10 is a graph of an angular scatterometry signature (fnirrored) from a 193 nm resist
20  wafer; ' B
Figs. 11(a) and (b} are, respectively, left and right sidewall angle comparisons between
scatterometry and cross-section SEM for the 193 nm resist wafer;
2 Fig. 12 is a comparison of AFM and scatterometry CD measurements for the 193 nm resist

wafer;

_Fig. 13 shows images of a grating-on-grating profile that can be used for measurement of
overlay misalignment;

0




conventional (non-conical) scan; Fig. 15 is a graph of (non-unigPQ)Jnggmér
scatteronetry signatures for left and right offsets enploying

conventional scan; Fig 16 is a graph of angul ar scatteronetry signatures
for the profiles of Fig. 14 enploying a conical scan; and 10 Fig. 17 is a
~graph of (unique) angular scatteronetry signatures for left and right

- offsets enploying a conical scan. DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
(BEST MODES FOR CARRYI NG OQUT THE | NVENTI ON) 15 The present invention is of
a nmet hod of neasuring symetry/asynmetrygof an array of mcroelectronic
features. By analyzing the Iight scattered from an array of m croel ectronic

f eatures, nts 0 rofil e can be mad In particular, a
~scatteroneter é‘? hat(:? 435 s e@ggﬁr SC@@WB@W@WPQPVS% &eégoﬂ‘* okFig. 14 gmplogieg af r om a
p05|t|oncaa@pmﬁgq@yiﬁﬁmg@s&ﬁe surface and -45 degrees, is ideally suited
f.or symmetry/asymmetry neasurenents because the refl ectance properties 20
of the line profl I e can vary at these angles, although conplenentary angles
are not neces Tﬁ or the neasurepent of asymmetry. To enhance the
[

sensitivity of9tRi%? ¥pplef(nenigniaye) aRaulsy SGP%WU‘F@S“Q@WGBFC@?@I@@@r'ght pfiseted in a
partigul ampRlihgAtvbARdnall@@n as a general conical configuration. The

- scatteronetry measurenents of the invention can be performed at any

- conpl ementary 25 angles ( 45 degrees is an exanple), and may include
~several angles or a-series of angles. Furthernore, nmeasurenents at each
angl e may i ncT@dRis@igRN obpngulas seritewmpy Eorates ol te plaflesot &ig. I Asemdyings  may
i'ncl ude Lighy SR sed of several wavel engths or broad wavel ength |ight
(such as a \M?nte ight source). The intensity of the light alone m ght be
-measured,  or the intensity and phase can be neasured in tandem simlar to
.an elllpsonetry neasurenent. 30 2 2 JUL 2005 -9 Regardless of the |ight
sourt® used OFi9-tIRdE herApieef (rrcueh redvicr Bcaitgomauswwdgresawwimnn @gihth:ﬁsets

empfoymg a conical scan.

~ DESCRIPTION OF THE PREFERRED EMBODIMENTS
(BEST MODES FOR CARRYING OUT THE INVENTION) |

15 - The present mventlon is of a method of measurmg symmetry/asymmetry of an array of
"mlcroelectronrc features. By analyzing the hght scattered from an array of microelectronic features, .'
measurements of the line profite can be made. In particular, a scatterometer that measures at .
complementary angles, i.e., +45 degrees from a position perpendicular to the surface and —45
degrees, is ideally suited for symmetrylasymmetry measurements because the 'reﬂectance properties
20 oftheline proflle can vary at these angles, although complementary angles are not necessary for the
measurement of asymmetry. To enhance the sensmwty of thIS effect the array of features is

: preferably placed ina partlcu!ar orlentatxon known asa genera! conical configuration.

The scatterornetry measurements of the mvenhon can be performed at any complementary
- 25 . angles (+/- 45 degrees is an example) and may mclude several angles or a series of angtes
Furthgrmore, measurements at each angle may include light of a single wavelength (such as a
' Iasgr), 9r may include light composed of several wavelengths or broad wavelength light (such as a
| whitg light source). The in.te'nsi'ty of the light alone might be measured, or the intensity and phase

can be measured in tandem, similar to an ellipsometry measurement.
30 |




array is oriented in the general conical configuration, it is the JUlL 2005
conpari son of data from conplenentary angles that wll imediately show if
an asymretry is present. Wthout any additional need for analysis, if the
| i ght measurenents are the sane then the profile is symmetric. Conversely,
if the light nmeasurenents differ then the profile is asymetric. In
general, as nore conplenentary angles are used, the better the neasurenent

'sensitivity. This nmakes angul ar scattergmeters (those that scan through

-angle) better suited than spectral scatteronmeters (those that scan through
wavel ength) for these neasurenents of profile asymetry. 10 Applications of
the conpl eneR@%rq}esangﬂheli%aW@rmépme memrwo‘mwﬂfchﬁtﬁmearwmt psswvingdieude, but
are not |limt stage wi t i cal system  such

26 thae < s Tl risePasened coftalBi B BiEmAEn Bt T  hogr aphy

process coﬁblbﬂ@ﬁfﬁr@%n?&s HEAART imMdalateh shaR iriak byt R resBHC vdul v lad@fiordl

| it hography tool epper 15 or scanner) or in a |ithography process -

det er.m metd 'ionamﬂiysshﬁhe m magarenntsoms thp saseten tha pefileils Siognetfid\Caneegkelnr
process; . general di a Q}I c of the im erformance of a litho raphy
tool 5 or igeiBesasuirinst Alrefen be pre ' a%wa%@? P @SRl AP FOBPCRAN o

_ process; ﬁ@é& LR seﬁ@%@ft&%a&tra 6t sehlifd Of% bRk Gtk ¥ caqtta.m&%@ré&hoégl n -
coaters OF spin processing; - measur enent o e unl ormty of

“devel opehiat ptamtessghsAngle) ipstter suttbdihac kpetica aéattammetbrse(tmoest thét dcathrangh pr oc ess; -
characterization of a planarization tool or process; and -

- char act dfavelgngtiyior diesa measuiemensRfiPEHle@8WPMeI- pr ocess. - Control of any of
the aforenentioned processes 25 In the nost general sense, one goal of

" sem conductor processing is to produce a device (i.e., a transistor gate)

thatoi s i nhenppitdipnsSyimmedoipfemehizeesdle stdttetdnelirpmethbl atih@indentioe Beluse, popduced

that in intentionally non- symetric or asymretric. To this end the -

| i t hogr @hRet iaiteddeni ng process is gear ed tovvards syrmet ry, particularly

with regards to fgoting %rstg% glm of .a, lin ﬁ gﬁﬁ%‘?ﬁ%md

sidewal I's. Likew s@nmgt coha Wl""oce Dgécal ?yfe'tlevessuc

features, in this casgsBgst byscanner) or in a lithography process; _
| - alignment 61’ wafer with an optical systenﬁ, such .as thaton a itthography tool (_stepper
5 - or scanner) or in a Ii;chograpﬁy pracess ' '
. - determination of the lens aberrations presentin g iithog-raphy toot or process;
- general diagnostic of the imaging performance of a lithography too! or process;
- measurement of the température uniforfnity of a bake process/station; -
- measurement of the rthickness uniformity of resist spin coaters or spin processing;
20 - measurement of the uniformity of a developer process/station;
| - chafacterization of an etch tool or proc'ess;' |
: . 7 characterization of a planarization tool or process; and
- | charac_terization of a metallization tool or process.
- Controi of any of the aforementionad prbcesses
25 | '
In the most general sense, one goal of semiaanductor pracessing is t_o p?oduce a device (i.e.,
a transistor gate) that is inherently symmefric. Indeed, it is rare ihat é device js pfoduced that in |
| intentionally ndn—symmetric or asymmetric; To this end the lithography patterning'prdcess is geared
towards symmétry, particularly with regards to footing at the bottom of a line and equivalent |

30  sidewalls. Likewise, eich processing also strives {o plfoduce symmetric fea_tures, in this case mostiy




-10 with respect to line sidewalls. For control of either of thegel JUL &l
processi ng steps, then, neasurenent techniques nust be able to detect
asymmetry, and preferably be able to nmeasure any asymretry present (such
as unequal left and right sidewalls). Scatteronmetry is an optical mnetrol ogy
based on the analysis of |light scattered froma periodic array of
features. In a strict physical sense, this light 'scattered' froma
‘periodic sanple is actually due to diffraction, but in a general sense it
is terned scatter. \Wen a series of per-idic features (known as a
diffraction grating) is illumnated with sone |ight source, the reflectance

'.propertl r /dlffl’ ed ht de end t he structure and
Conposi t‘s@nrg%%ek{lﬁlénefss g%%lfseggt Fv'&' fi'lf%?ﬁéch ol EPFygh%{theﬁf

scatter te&ingnas widbe @El@to&%ﬂac%ﬁ(ﬂfn@iﬂﬁ%n& ;%fe?éb%ﬁ@e Ao MdTEBNe 'aﬁ&“&syﬂtfmetr{?e '

diffraction grating. Diffraction can actually give rise to a nunber

~ di f f er-entresest (geghss Unmualiefg&'ﬂdﬁum:wa&iattered fromthe features. But for
nodern sem conductor production geonetries. the period of the features is
15 small and therefore typically only one diffraction order exists. This

orders i s knowBa@sontdl® s PR Abtrol Yy basd&hThe %h d&[s%g?g?sg&gtt%r%d trgtﬁ | QL. beam

nost frequently used in scatteronetry techno € common
ways of aaragllfeaings. inglretrickiasita censs) thig hgfh&cstp@édl Fram aefiddic éaﬁnpﬂéls walyiyt he
|nC|deng£§q%g e - of the |Ilun1nat|n?‘ ht source (which is usually a

| aser) Ef&F*E’" 10yt i peperghsgase iHs larmad sqatierd dWenaRgries of @eriqdis featvreed and a

~det ect Or(ARIMES réc‘ﬂ&q&gﬁ %IS ﬁl[]lga'n%teﬁ Wi [190:“@ ﬁ@wlt' rsgurtt:ehﬁtedre e]::tlraﬁge:[ ;ggq%eg i@of the

20 . specul ar order, a scatter ure S nmeasure Stter

Si gnat ur%atterédmwnactecshgameaétgﬂ |oﬁltheSdtrgEtaﬁelHn@ compd¥ition 6OMAE %’ai&%s‘tﬂérﬂe@g' on about
t he dlffractl n%vstructure such as the thickness of the grating and the
t

wi dt of ]'ﬁretfﬁ% ﬁ@aiYQ'ﬂﬂéhe SPRftes ‘signgiurel pnestagidstenmise thﬁtﬁ@apamdsimgdlopas ofples | vy,

can al qu’ﬁr&‘f?la'r‘&l nfornatl on about any asynmetry present in the grating

| i nes as . we @y mreasuri ng through conplenmentary angles (both positive
and negative with respect to normal), a signature can be 25, obtained that
is asymmetric if the line is asymetric. Conversely, if the line profile is
in fact  synRéfactien capsetuaiiy aive rietosi pmireusf diffiardnt ‘oalessd oblightlyeamst sdattered

Conpl e -if a suitable theoreti_cal

TP SR B O SRR VB ot Bk R AL
7 pl’ Oh|56ms(rr833@nd3ﬁbl@ifd}e @ﬁ&l[?@ntﬁ&{efc@ﬁrﬁaﬂn ordbdexists. This order is known as the ‘specular” or
'zero " order and is the light beam most frequently used in scatterometry technology. One of the '
. more common ways of analyzing light scatter using the specular order is to vary the incidence angle
' gf the iliuminating Eight source (which is usualty a iraser). As Figure 1 illuétrates, as the incident angle
@_; is varied and a detector mtave,s in tandem at alngle o, to measure the diffracted-pt)wer of the
20 'spécular order, a scatter ‘signature’ is measured. 1tis this ét:atter signature — known as an angulat
'S|gnature that contains information about the dlﬁract:ng structure, such as the thickness of the |
.'grattng and the width of a grating lme ThIS anguiar sngnature, when measured properly, can also
o contain mformatlon about any asymmetry. present i in the gratmg lines as well. By measuring through
comp!ementary angles (both positive and negative With respect to normal) a signature can be
- 25 obtained that is asymmetric if the line is asymmetric, Conversely, if the line profile is in fact
-s'ymmetric, the measured signature will also be symmetric Complementary anglés are not needed,
'however if a suitable theoretlcal diffraction model is avallable for companson purposes, and the

_lnverse problem (see below) can be performed.




The scatteronetry method is often described in two parts, typical}y KHbwh:
as the 'forward'" and 'inverse' problens. In the sinplest sense the forward
problemis the nmeasurenent of a scatter signature, and the inverse problem
is the analysis of the signature in order to provide nearfrngful data.

Al t hough many types of scatteroneters have been investigated over the

years, e.g., CJ. 5 Raynond, et al., "Metrology of subwavel ength
phot oresi st gratings using optical scat jslaromatry, Jour nal of Vacuum
Sci ence and Technol ogy B 13(4), pp. 1484-1495 (1995); S. Coul onbe, et al.,

| "El'lipsonetric scatteronetry for sub 0.1 pm nmeasurenents,” Integrated -
Circuit Metrd h@therpmstmememgchts ofienctieReriied SstwGeatts, dipicxlyl knoWn a€the SotlvEra3aa
(1999); ,Z R. - Si xt een- megabit dynami ¢ random access nenory

trench dBPTHe 8??&@5.‘& E‘rti‘%%{t”f”t}ﬂ SN Wﬂapfﬁe'ﬁgt ipihgmegsyrement of psraligial ysi s,
10 "Jour rb?dna@tf'e \Jﬁ&{‘HH rﬂv§§é Sfl‘)ﬁ@mq{'ﬂe gﬁﬁﬂ@éf%sx%aﬁuﬁ{ i%)ordepﬁ rprgv7d% r%%%ng# P95);

and X. N, et , "Specul ar spectroscopi c scat

lithogr atatay Aﬁh@l@bm@?tyﬁeé?»ﬁ'ﬁattemmetet5Bavbﬁﬁe(t R8Yated beer RSEarsM.glet.y. st udi ed
" have gaee t he angul ar,, (because of the two theta variables shown in

" Fi gure 112Ympagiskety W’t@t"@v Oa%lb%ﬁt%théaotewsr @ptings Heing @Rilpdémﬂewrﬁ"i s

varied ip olaln at ur e of
scatteron%!taél?&tv ﬁ&% IS %F%?@fegﬁwq%gﬁ r‘?gzp pr?eélggséts'lad'lb%/,dg?@r t@qé’ %’ﬁ’&sﬂf"bm&nt of
l'ine pr d‘Eihb@mlaﬁtcasatmmtetry for bitib G pmingedRereRehBd ItikRbted bﬁcuﬁ%ﬂ'aﬁo@ghﬁﬁédﬁr?l
system in Figure 1 allows this angular scatteroneter to neasure b

posi t i ve3 AP oX!h RegceSPE 883 (AO9Ned Ri h*ﬁiﬁbj@h@e"QﬂeQﬂegegabE)iynapua o

appr oxi fferent a aches haye al so been
expl or eﬁﬂgw ?C%ﬁ}%ssgﬁ fl tger'f' cgﬁ %?t&af%? Flion F'BBF’M‘“G@@@% IO ARANGIS et al .
(1998) , Jupbasf ViR Sﬁféﬁk@é d Flnreiogllissiaent s Mgﬁ{
(1993); J. Bischof ;n at- aln , P? o{:oggP SI%HMBZW%%?Sa%kmiS%%\B\%

Kal | i omsgﬁqtros:@pw@patterqmm !rSPiIJ‘Ehth@TamW. [Epoc FIE 677, (9999-168BE02Q)sthe tbst opt cal

respons iffraction gratin be rigorously sinulated from

el | 408 Ao e B il B, et ek rdlgepuahies shounal vy
These t eaidly RS, dsPhahticHed COMBhE Midbhe

. signatures generated flrom a 25 thleoretnlgg wﬁggg%@%goﬁbt%ﬁ g?%&tg{tsﬁqntaf& and -

i nt egr alltigribeseype di aseteiopeter thepk oreferted Bet actsecéshag dorthd neaditdntuht SRS pBTIAr €

conppt at [ onaétl[}y R @ gl ve, t??t andard r egr essi on techniques general |y cannot
cur r ént I3V BE Y i oY Db het heRsBrite PRigeleyFiamdn deee fl gllevrethipergubar mance of
the regrsgsftdbierMineddrd 5 pd&l &t Ak |
posiii vl R les ;18
approach coul d be used. Cener aﬁ) r%&C)Jwever b ?{’tm m% ﬁgdeme E”s%e& 5 )ptfp'%r i to
gener at @pa'oamaiebfstl»é? dmrqmat ures t hat correspond to di screte iter at i ons of
vari ous _
.. Several different approaches have also been explored for the solution of the inverse problem.
20 C.J. Raymond, et al. (1995), supra; R.H. Krukar, Ph.D. Dissertation, University of New Mexico
(1993); J. Bischoff, et al., Proc SPIE 3332, pp. 526-537 {1998); and !1.J. Kallioniemi, et al., Proc SPIE
3743, pp. 33-40 (1999). Because the optical response of a diffraction grating can be tigorouély
simulated from Maxwell's equations, the most common methods are mo_del-based analyses. These
techniquesA rely on compari'ng the measured scatter signature to signatures generated from a
25  theoretical model. Both differential and integral models have been expiored Because these
diffraction models are computationally intensive, standard regressu)n technlques generally cannot
currently be utilized w:thout introducing errors due to the performance of the regression, butif the
errors are small or tolerable, a regressmn approach could be used. General!y, however,, the model

is used a priori to generate a series of signatures that correspond to discrete :teratlons of vanous

30 gratlng parameters such asits thlckness and the width of the gratmg hnes The set of 5|gnatures




, 1111 'Ef
30 grating paraneters, such as its thickness and the w dth of thgar‘é}f\f ng
| ines. The set of signatures -12 that results when all paraneters are
iterated over sone range of values is known as a signature [library. Wen
the scatter signature is measured, it is conpared against the library to
~find the closest e match. St andard Euclidean distance measures, such as
mnimzing the nean square error (MSE) or root nean square error (RMSE),
are used for identifying the closest match. The paraneters of the 5 nodel ed
signature that agrees nost closely w th-t?he nmeasured signature are taken to
~be the paraneters of this neasured srgnature The scatteroneter pref erably

~enpl OyedthﬁﬂeQﬂtg%leﬁ glf élé}gmetje@é?éﬂerﬁed SRR Ieiréﬁqe &eﬁl%etss i{,klﬁgg ta%%rgrﬁn lzrgg f or

error mnimzati evi ous researc

t he n‘easlrhmvr‘E‘Mrerﬁ)ﬂ're%battdr Sighatte mﬁ&lsﬁﬂéa it @Qorﬁﬁ@i)agﬁrﬂgc tIWIFBFa'rJ t@ find the closest
characterization of photoresist sanples, C J. Raynond, et al. (1995),
supr a; adtcle, Steadaid Euelidagn dlstaiﬂemegsurbs. ﬁechmsm:fnmamrd tf|@rrmsfan Isararmece:m (myﬁr
usi ng sc onetry,"” Conf er ence, , Col or

(et e ot BTt g SN Gt Rl MR aIre Bt e iepemstoy theund
- netals, SoddRisdiRtie Bt Afreos Mok VAT

Moni toring of Palysil |c%drr1 Gat e‘%sftegr Ii%%dgg%égl qui Q%r%r%%k%t chﬁgterr al s
- Control manamefere@f ﬁutsedeeer.zmd sighativien 0 hasctatlerbmgtef d:rbferaBly@mployékﬁo piRbiice 3kl 3
(1997); p , "Scatteronetry for post-etch polysilicon gate
net r ol og'i)"e” ?%?Qé'&('ﬁ?%ﬂ‘aﬁsfséﬁﬂ“(ar?\ﬁﬁeéPB@‘yor"f"i‘f%‘t?é?ﬁ"r on and Process Control
XIIl, Proc. SPIE 3677, pp. 148-158 (1999): and C. Raynond, et al.
_','_Scatterorretry for t he measurenent of metal features,” Integrated "Gircuit

-Metrology, | -ispedibusorseanch duiasansryGanbea us&ﬁth@hﬁﬁsurﬁé@oﬁa%l difBnsich3d- 146
('200%% Because the technology is rapid, non-destructive and has :
tr

denolfst r&DatPEhreelis erragareeliosiototaresis sarepies20.JaRavmend,iel dl. (4995 rsmarii anel G.0

ot her e | eam sem conduct or uf,, ‘ i.ng: In

part 1 cul 2o 88y RURE e Mol Bhd b RS L e sedleetb o AEMATF O Aot ry
because,ARS Cohfblenks Vaﬂ@&dﬂ&ior@bﬁl@mb&mggé Afis \ﬁél!aatsreﬁﬁed AR HEFSs p&@gluﬁw ckly
show (wi thout performng the inverse prob en any asymmetry 1’s present

. on the gigimaigs.S. ﬁé@“m%ew&e'ﬁcwmeieMmgummambr Pr(ocesra(wtonrtcxun@xfpm!yfsmeqmrret ry

in the neas d ion eff ien t he specul ar (zero order)
~ scatter 8 %n:f uﬁgocref S %%”’Bg'ﬁ’\ye‘?ﬂ é‘%?ter ?%Pé’é’?fd‘b@?@r a%ﬂt%“f’waq”f?ﬁ(?f’”%’ﬂdp 86t put
fields iswes2120d0H; cOSRANM:. S"srcgﬂtél&rhéfﬁr brPobtiicn J3RLicoR GHE ARt¥Q)» t he
‘grating problem (in this case
Integrated Circuit Metrology, Inspectron and Process Control Xiil, Proc. SPIE 3677 pp. 148-158
. {1999); and C. Raymiond, et al., "Scatterometry for the measurement of metal features,” Integrated
Circuit Metrology, Inspection and Process Control XiV, Froc. SPIE 3998, pp. 135-146 (2000}
Beceuee the techhplogy is rapid, non—destructive. and has demonetrated excellent precision, itis an
. 20 ~ attractive alternative to other metrologies used in mainstream semiconductor manufacturing: In
_ particular, scatterometry is quite amenable to measurements of asymmetry because as will be
demonstrated, angular scatter 'signatures’ can quickly show (wrthout performlng the inverse problem)
if any asymmetry is present on the grating lrnes
B When considering whether or not to expect symmetry in the measured diffraction eff eiency of
the specular {zero order) scatter signature it is convenient to decompose both the input and cutput
ftefds into S and P components refative to the input boundary of the grating problem (in this case the
xy-plene). Frgure 2 illustrates the geometry of these components relative to the angular scan

direction (s\cansfrom both the positive and negative angular regions are shown). Note that the plane -

. 30 - of incidence shown in this fig_ﬁre is the page itself, and no reference has yet beera made with res'pect




xy-plane). Figure 2 illustrates the geonetry of these conponentsZrélJAti 805
to the angular scan direction (scans fromboth the positive and negative
angul ar regions are shown). Note that the plane 30 of incidence shown in
this figure is the page itself, and no reference has yet been nmade with
respect -13 to the orientation of the grating relative to this plane of
incidence. Fromthe figure we can see that there is a phase difference in
the S pol arization conponent when the bgam noves fromone half of the
angul ar ‘region to the other. This phase difference is one reason why an
asymmetric angular signature can be produced froman asymetric |ine

prof i | e.tothegfienizjion of tap Sfingrslativ ta thislare §f ipgidense afremdie fgyes wesansep hahnot her

| fon f G *#$not he
ot ot & N0 a TR Bbe Ak K EAR BN e Eoct AATHBI ot vk B

- confi guripd arR0iSr refio 1 thé bhbr. Mhispebdel difRrante i6 3fe RAsEYRANLBAMarica#uIpar al | el
to the grating vector (the so-called "normal' or "conventional’ -

- conf i gursignklurg)can e preduesdifpmensasyminetihlinegwadle. coupl es 10 the S and P nodes of
the total electromagnetic field (see, for exanple, equation (48) of M
Moharam et al., "Formulation for stable and efficient inplenentation of

the ri gorOUSGFéQh@EB%taY@N%Ia%U@ﬂOXQ ﬁan@fofiné?&éﬁééﬁéaﬂ&ﬁétjhﬂ%a'ﬁt chnsiéBhtioniPfhe ATE .
A, Vol. 12, pp. 1068-1076 (May 1995)). For general conical scattering

pr obl ensmeastrembng of sgme adymeirpakiges 3 depidtatwa opemtatioRs, (xobar axthé cwivasarat e t he
coupled nature of the problemtells one that one nmay observe both S and P
conpon erFPE"qmr‘P”F'I'Fé’"W%'H S. (EFB‘P §f3} pr_f”F'B‘Fﬂ‘.t capepeghayp Wpl 35can pargiiph to; t%ﬁ"ta“”g

i 1Lum nabhyiHeS o ‘ o N : 4 - oth S
and P oebBiirleto el RSl o BN EHER Loy ioRl € el o2 e RS alBed T 1
i near ahds sad P hadgs dfied iplabeiedtrosagretioiesd (e for Bodntte, equation @BX& M, Moharam,
polarization state is used for the input wave we may deconpose the input
field iritglFandationdy sadipyKaiicent imgpyentation obife HoseHs couped-wevelapalygnel t hen

A e e S e 8 e e T S S

P porti ansttedhy proBieinspithe inpetlitintHagord i9intah@rd Ribbiarize a6 e abepidd rturé bthe
problem A simlar statement i's true of the P conponent of the total output

field THeblemisls gnsdhationnmeyReserysbahe dnd P eonwprasie lathgiobipuldstadrigld hus fiel d
R T s e S e e e e A T
phase didingsanreses reeipwagmbidiiridS and P conponents of the total input field
'can‘translateinto anplitude differences in - '
The scattering problem is linear and so the principle of superpdsiﬁon holds. if a mixed
polarization state is used for the inp-ut wave we may deco_mpose the input field info S and P
20  components, solve the problems separately, and then superpase the resulting output fields in :
complex amplitude. The S component of the total output field is composed of contributions frgm both
tﬁe SandP pbrtions of the input field due to the fully coupled nature of the.problerr'i. A similér .
statement is true of the P component of the total output field.‘ The superpbsition _‘takesr place in
complex amplitude and thl;lS field comrponents in the S-polarization state _cdming from S and, P
_ 25 7 portions of the input field exhibit interference effects. This means that re!_ativé phase differences
between the S and P components of the total input field can translate into amplitude differences in
~ the S and P components of the total output field, With this in mind oné expects as_ymrﬁétry in output
diffraction efficienciés for any case where coupling is present. 1t should also be noted thaf in a strict
COnica'l‘scan ({the v(réve vector df the illuminating beam remains parallel td the structur;e's plane of

30  symmetry), a symmetric structure produces no coupling. Hence, for this case one expects symmetry |




the S and P conponents of the total output field. Wth this thn#%H:@ﬂ@
expects asymetry in output diffraction efficiencies for any case where
coupling is present. It should also be noted that in a strict conical scan
(the wave vector of the illum nating beamrenmains parallel to the
structure's plane of 30 symetry), a symretric structure produces no
coupling. Hence, for this case one expects synmetry -14 in the neasured
diffraction efficiencies. Only in the case of an asymetric structure or a
general conical scan (the wave vector ~BF the illum nating beam does not
remain parallel to the structure's plane of symetry) with both S and P

conpone nﬁl e%e%@%@& dl#ﬂ?ct Jﬂ%ﬁi‘m@ﬁ’ *Efnﬂm gg%gseoéi’.%n g%#%ﬁr% ric s‘%ﬁ% ure or a ener}ait he

nmeasur ed action e f|C|enC|es UCG thi's cancept of

asymet r ¢opicglsadn (thg walé @sctdd bith@ Burhih &g bOard SYSBTRE Frfail ARS8 the sFGrb'Sr
signatures consider the sinple photoresist |line profiles shown i,n Figures

4(a)-(c) Pfaflﬁméwmh«)ﬂth P pF @nds° tompnensrde presens iprdinenpitdepm dbés anewkpdat bot h wal |

angl es e | 0 degr e re the right wall angle has been
changed %g'% 8tryd' BgrdeEs \%g 2ad PH‘#ﬁ%EQH%f'Eﬁ”% %St he opposite case is
illTugtrated 10 (left at 80 degrees, right back to 90 degrees). Figure 5
‘shows the angul ar scatter signatures - neasured through conpl enentary

angl es - ass@cm&@@@ew&@nm@wae&fmmétetsgamgdlhed giging As= oasynineetdereeasuied t he

flgure tr|c rofile yields a symetric scatter signature for both
pol ar i zaﬁ%@%ﬁ AYBRARRPHer tf‘%‘t‘é’“@%%‘?‘i‘ﬂﬁ"?@”%i”&?‘?ﬁ %’?“%‘H%Wg‘&e%f'(ﬁ}gﬁc? figaift 4@ nount

~of asym@bfcbé a' R0y erﬂ'ﬁetﬂé bréAd WS o H)egosd Fb%& ulrn%%g?eocﬁﬁa{]et o be

h W&l
skewed, pped, '~ as a result of ﬂ anB %q"f e asy r nor e,
a corrpar m@twellcahglb has lseg rtc!asrlgltazﬁatocmwag:r'faesjr wlhﬂlfm WM(ande S&anfé BEYE AOstEASES

- shov %erestl ng result - the reversal of the sidewall angles yields a
reve sal legﬁ‘t Gideoesed iighihask t°|£ﬁ)?’§9r§%‘-1)l Dlovrisshpes/Bp eapuGaRtlsr Benduies same as

rotati ngmésﬁgrewﬁ'rr&fgh E&ﬁ@glgghté]rg Qréfegg—ra%géc: ek ﬁgy thede 2)’3?%’{? QS anr] !%e seen

: pOSItIVE and negaf’i ve reglon scan, SO t Isre

consi st enthe fiflresme éyngmmremailee@eids d é.yusrtetretseattelﬂ SigRstVRT6rage: p@:fan%ﬁghﬂ ar
scatterorretry for determ ning the presence of asymretry since 20 one could:

est abl i sHPWeNet the RYNIeYI Arefiles\iBpwsa ﬁewﬁeyirﬁmqnt & aaymmetmefn éotmpglaa:ratrons In
si-d (positive .

_'g?vﬁzggﬁe é‘s@ﬁa]t&&e%ggér%‘ﬁetes en%d of ppefi ﬁ%g resmg? the i PKR,AS a%é’"é%ez%’t ral

~ scatiser Feth@moRPe bethaigoradf tha signmafé RRGbahe BFYIER @Ns@@gre@ ch€es@Rb aH ned by
~‘perform ng the solution to the inverse problem (i.e., performng the nodel

~ conpari seirestsiorensit—Bip ragaysabet the sidayelbenglesryialis ahyeseajlof hi sigeatiee.oPhysichlivbr ar y
‘corrpar I's Rg}eversal would be the same as rotating the wafer through 180 degrees and thereby fransposing
B the posmve and negattve reglons of the scan, so this result is self consistent. These f|gures also
i[lu_straie the advantage of angular scatterometry for determining the 'presence of asymmetry since -
- 20 rone could establisﬁ that the profiles were non-symmetric with mere visual investigation of the-
'signatures._ However, i ohly_ ‘half-sided' (positive or negati\}e) angles were present, or if the system
was a spectrei scatterometer 6perating'et a fixed angle, asymmefry could be determined by |
performing the solution to the inverse problem (i.e., performing the model cemparison, either by way
ofa r_egression or through the use of a library comparison). | '
25 o - |
The examples below show that the scatteremetry technique of the invention has good -
sensitivity for measurihg line 'asymﬁ':etry,‘ and can therefore be used for quelifying processes for
~which syrﬁmetric results might be desired, such as lithography and etch proceesing; Comparisens
with other measurement téchnelogies such as AFM and crose-sectiori SEM show good .eoheistency.

30




25 The exanpl es bel ow show that the scatteronetry techni que of ZreJUL 2005

i nvention has good sensitivity for nmeasuring |ine asymmetry, and can

t herefore be used for qualifying processes for which symetric results

m ght be desired, such as |ithography and etch processing. Conparisons

W th other nmeasurenent technol ogies such as AFM and cross-section SEM show
good consistency. 30 2 2 JUL 2005 -15 Industrial Applicability: The
invention is further illustrated by thesfollomnng non-limting exanples. To
assess the viability of performng asynnetrlc profile nmeasurenents using
scatteronetry three different sanple types were investigated (Exanples
1-3). THﬂﬂﬁﬂﬁimaﬁﬁﬁﬁre set was conprised of three wafers of photoresist

lines on a subst C sa | e wafer of etched
pol y- Si . Thg]F qu?VleBt'ogést{”&%esr"%{Ftéag Cgb ‘F%él‘%ﬂ'%%‘r“"a‘rﬂggﬁxaw g@ lines printed in
193 nm photoresist. For each sanple set the raw scatter signatures were :
obt ai ned by perform ng neasurenents in a conical scanning orientation and
t hr ough posi To assesmrink viehjdyt ofwerfamifigesymiSetrit plofile necatremedseding/scatt@orhéthyr ar i es
wer-e gener at ed fo@mgach sanpl e set and included_i ndependent |eft and right

vari 51 dies Hitere el PSR el investgeted dxgmmies Todr ZhRlreeamela SRt s C@iﬁpfaﬁﬁ’ﬂ
t hick NeSg thrmm & pﬂotbﬂeglgﬁﬁé?&r?é mteg?sd&t?atgf TI&J@CW%H‘{}DEQN%S%%:
al i gnnent of two successive [ayers on a sem con arrpl el
- Phot orexhies pol)-8in @he thind Béttwak aubsingrtveafel begratinginesl plrged 0193 fith shataegidte set

‘were nominal 250 nmin wdth. The stack conposition, fromthe top down, was
conpri se®" ﬁﬁrchtsﬁép]%ﬁtﬁf@rfﬁ\éacqslr-?b%'@ﬂaégﬁ%were AbtaRer By PITOTMIRG MagRaFemenii it swed by a

t hi ck Al Cgrflc%l @é’aﬁ&{ugﬁ'{)mnﬁltl&t {an%ct{ﬁr'o % S%gé gﬂd n%sadpa?fgé bs%uﬁagle%r?etteromene raw

signatures Tromthis sanple Setosnowed & %lgure 6

depiot S libRAes wergGetettitd fbrrééﬁlh bdthle 8éttand BELdM ihdepehdenPRf bid ridght aémdndmaﬂ ative
hal ves of the angul ar scan ,
sidewall as well as the other parameters such as CD and thickness.

Example 4 illustrates the use of the invention to measure alignment of two successive layers

on a semiconductor wafer.

15 '
Example 1 - Photoresist Lines on Metal Substrate
The linewidths for this sample set were nominal 250 nm in width. The stack c.omposition,
from the top doWn, was comprised of the pattérned photoresist an ARC on a TiN layer, followed by a
thick AlCu layer (this effectively écted as the subétrate). | |
20

The raw signatures from this sample set showed a good deal of asymmetry, Figure 6 depicts
one signature from this data set with the _positive and negaﬁve halves of the angular scan
| superimposed (‘mirrored”) on top of one another. Clearly, as the figure Mlustrates, the two halves are
- not the same. Infact, they ’differ at some angies by more than 5% in terms of reflectivity, and the |
25  structure of the signature differs at some angles as well. Because the measurements were made in

the conical grating orientation, this is a sign of profile asymmetry.

The raw signatures from this data set matched well to the model. Sidewall angle results from
these wafer measurements can be seen in Figure 7. Recall that the library allowed for independent -

30 variation in the left and right sidewall angles. In addition to the scatterometry measurements, AFM




superinposed ('mrrored ) on top of one another. Cearly, as thé& #idur 005
illustrates, the two halves are not the sane. In fact, they differ at sone
angles by nore than 5%in terns of reflectivity, and the 25 structure of
the signature differs at sone angles as well. Because the measurements were
made in the conical grating orientation, this is a sign of profile
~asymmetry.  The raw signatures fromthis data set matched well to the nodel.
Sidewal | angle results from these wafer neasurenments can be seen in Figure
7. Recall that the library allowed for itedependent 30 variation in the left
and right sidewall angles. In addition to the scatteronetry neasurenents,

AFM 2 2 &%5 gr% saf]n@ sﬁj@é @anfﬂe%%ﬁ &?thﬁ?m? l§6 IR fre AW:?rﬁ%{saﬁféﬁche%' resnl s Ir&npce@gé

Bot h the scatteroneter resu |cate erel1si1n

di f f er enthet thereistedeil daiirdnca RgheSidevai @nét@@bnd that iis inthd Hasgé GFNORIeGeed - Fhe
degrees. The 4 data both agree that the left wall angle is steeper than

“the ri ghtataketh agirg that Be 'sliewall anglnés sieenet téwhemry walllangie asrillc Abescatimomettye

l.eft d i that t | f th
| Fne doedéts Mgl B3 Pane g AoploS il et 3 Ptoral B bt gt o
~acr oss tmcmfgebut rﬂﬂbﬁ‘sﬁégfse@t%@ rébshm SR snteae.egsrtﬁé@yepnrh%eémm&t@ left

and right wall angle paraneters, ut a check of the nodel ed signature data
reveal eddlteriatcowm!yn ae@eqmth'edsefthnsvugmtmtallmmparametmsl but aigdor of he meddied | xed and
t he ot her vved to var 10 Ex le 2 - Etched poly-Si Lines The

| e i HEmRe G4t v Rl Bihnec e iiRybtinp otsan BB go0t Hbofiegs Be 28" vas
conpri segloq,fedtog,gﬁ,g erned (etched) poly-Si on oxide on Si substrate. The raw
signatures fromthis sanple set showed a slight amount of asymmetry when
~measured in the conical configuration. Figure 8 depicts one such signature

with both the positive and negative halves of the signature "mirrored to
il Iu&raﬁ@—m. In order to draw conparisons, the wafer used
. for-these sc 19 SS538¢ tHan d. and_neasur ed by a
SEM 10 det or rirp g or RABHGE KEHRoclton (E0RF ol A 8% bttt

resul ts pittenRpathedpdls] dnefxtdeans. $ubShite. STHAQUAbIgNARGE RorBRSIAHBIRERBE S of the
two 20 technologies. As the figure illustrates, both tools are reporting

sone deg$|'@@186ﬁ sighiamaunt oﬁ@ymﬁﬂgﬁy yhen measured in the conical confi guration Figure 8 depicts
~one such signature with both the positive and negative halves of the 5|gnature marrored’ to illustrate

15 thls 'asymmetry.

' In order to draw comparisons, the wafer used for these scatteromeiry méasuréments was
cross-sectioned and measured by a SEM to determine the sidewall 'ang[es- of the lines. Figufe :9
" shows the resuité_ of comparing the left and right sidewall angle measureh:lents of the two
20 - technologies. As the figu.re illustrates, both tools are reporting some degree of sidewall asymmetry, |
with the left wall angle being generally smaller. Furthermore, the sidéwall angle correlation between

the two techniques is good and shows similar trending from site fo site.

Example 3-193 nm Photoreszst Lines

25 " The last sample set mvestcgated was a single wafer of 193 nm photoresist lines printed on'a

~ BARC layer, a poly Iayef, an oxide layer and a silicon substrate. The nominal feature sizes on this

wafer were 180 nm lines. -

' For this wafer, the signature data was only mﬂdly asymmetric when measured in conical

30 mode Flgure 10 deplcts the S and P potanzat[ons for one of these stgnatures ‘mirrored’ back upon




with the left wall angle being generally snaller. Furthernore, 2thelili dé¥al |
angle correl ation between the two techniques is good and shows simlar
trending fromsite to site. Exanple 3 - 193 nm Phot oresi st Lines 25 The

| ast sanple set investigated was a single wafer of 193 nm photoresist |ines
printed on a BARC |l ayer, a poly layer, an oxide layer and a silicon
substrate. The nominal feature sizes on this wafer were 180 nmlines. For
this wafer, the signature data was only_mldly asymetric when neasured in
coni cal -30 node. Figure 10 depicts the S and P pol arizations for one of
these signatures 'mrrored back upon 22 JUL 2005 -17 itself. In contrast
to the sf§halnFeatragtiphsvignekiee aygwieliag obsenier frhm ternseMiays sersples thissasymiietsy
asynmet r relatively weak. The left and right wall angle data for
one row %?Sorﬁgﬁﬁlygm%}éi‘ er can be seen in Figure 11. Included on the plots in
this figure are nmeasurenents made on the sane sites with an AFM, Bot h
measur enent  technol ogi es agree well in terns of the overall magnitude of -
the wal | anglTés leftEhe rigitvall deglendaid onsnamowdromdlyiswaferdao besessun Eigeet!d. but are

general |y consistent wih the data fromthe scatteroneter. A conparison of
the €D Hﬁ%!%%ﬁeﬁ@ﬁ @*’tmfé'ﬁ fetie B TPeRSISTaR'E BPdHt Bf SAPRISTARNIY ALY hPLN same
row can ; . n en
e A esBRARl BoibBUEEades wilin s of hoUler TGN e b e A IR RN
di f fer endeie Hetvapere sdyesetricweat@reinontg betsrd gngrahBeonstedbeanPleiath fromIBECessi ve

- Layer Alignnment Measurenent The alignment of two successive |ayers on a
- sem condifEtEPIREF &t campapsanef thg|Ch Heagurmeeispigiaedby ths seriteoreienadeARM freme
devi ces [ n d.o Thi.s, ali.gn al | ed. over| i,S_S
npor tant e P ACCULPR FlfLe T ALREH vh R 3 St QifenBa i’
Thesi@ t oszhteranetebdcRUreaiznBRASUElIoRY ThelRgas dfer&BEBbtabehe@MBRENHREKE
printed at each |layer. As the sem conductor industry noves towards smaller
and smal##t™8i nensi ons, however, there is a great deal of doubt surrounding
the ability of these tools to provide the necessary neasurenent
resol ution. . . _

Example 4 ~ Sucgessive Layer Alignment Measurement

The alignmeht of two su.ccessive. layersona semicondi}ctor w'afef is critical for the ultimate
15  performance of the devices being rﬁanufactured. This élignment (a.lso célléd m;er!ay) is so important
- that there are tools dedicated to performing this one task. These tools. are based on measuring
images of special alignment marks printed at eaqh layer. As the semiconductor industry moves
towards smaller and smaller dimensions, however, there is a great deat of doubt surrounding the
ability of these tools to provide the necessary measurement resolution.
20
Scatterometry is a technology well-suited for overlay measurements. By using a grating-on-
grating structure, _scatterometry measureﬁents of the O"T, of sbecular, diffraction order are sensitive
~ to alignment shifts in the successive grating layers. This shift in the grating Iéyer (alsd_ referred to as-
an offset) results in an asy'mmetric fine profile, and that can be measured using a scatterometer iﬁ -
25  the proper measurement orientation, and prefefably {though not necessarily) witﬁ the ability to

- measure complementary angles (both positive and negative angles),

Fig. 13 present images of a grating-on-grating profile that can be used for the measurement
of overlay. Errors in aligning the two successive layers results in a shift between the grating iin_és,

30  and an asymmetric line profile. Fig. 14 present results that demonstrate sensitivity o offsets dr



20 Scatterometry is a technol ogy well-suited for overlay measurerfeht il B
using a grating-on grating structure, scatteronetry neasurenents of the
0lh, or specular, diffraction order are sensitive to alignnment shifts in
the successive grating layers. This shift in the grating |ayer (also
referred to as an offset) results in an asymmetric line profile, and that
can be nmeasured using a scatteroneter i.n 25 the proper neasurenent
~orientation, and preferably (though not necessarily) with the ability to
measure conpl enentary angl es (both positfigve and negative angles). Fig. 13
. present images of a grating on-grating profile that can be used for the

- measur ene Errors.in aljgning the two successive |ayers

results i 2&5" ys&m? ¥°rtr)"eef'\§//\li§%(ﬂertt "fat"é‘tdr"h@gF?W§@'°"E§c5’”aﬁ6"°ar48%?§yw&»r i ne

profile. sfnGured dndhoE BT off sets or
D UL e e A o B8 M e, IS BER SEAPS eyl edpfifich
convent i Gaditiviy. | Femeastr] mh(mrem Fi9. 45, 1@ (zacphventidnel scan gteatgnaa&rsalhmr@eltw
offsets are |ntr08uced h is a positive sign for general neasurenent 4
sensi t i vitEye MagNGR - 0%395%%5 qupedHrg not pisiqug. cttenae EHPPEINIPRA 8FaNdTIa%H t he
75|gnagur@gﬁkmgqmﬁggghém@ggp sanme magnitude offsets are introduced are not
uni que. Hence, a conventional scan is less 5 desirable than a conical scan.
- Repeating the exercise wth conical scans results in the signatures shown
in Figs. 16 and 17. - As with conventional scans, Fig. 16 shows signature
- changes with Beqestin th%%ﬁerqaegvﬁhm%aﬁags fepills in the iEpRivrea FlowrgnFign 1§@ed 48

ooy cct. “Sumh bR LLEI% %o sShaARLR AR HIEHAL SERB 8P %aIR coni ca

scans of chiiges aemu\h/aﬁrqﬁ@éstﬁetwééh degengnatdls. Se8shdtd Ve SWBmQ r% 88Jubzerdut only
.coni cal scans provi de uni que signatures wth respect to t/right shifts.

,EX|st9ng 8288t eronetry methods for assessing overl ays |nvolve use of la and
hi gher 15 orders and so require special measurenent hardware to neasure
hi gher orders. See, e.g., Sohail Naqvi, et al., " Diffractive techniques

~for | thogr aphicerapbRCaestdEReH feRishélth zﬁa@o%ﬂtornalana oINS Bead (fthe s&e\égti\ér oﬂl)994)
(m)lre interferonmetric technique using higher orders); and J. Bisc
at. . "Li quer are both sensitive to offsets, but oniy conical scans provide unique ssgnatures wrth respect o
left/right shifis. Ex:stmg scatterometry methods for assessmg overlays lnvoive use of 1St and higher
15 orders and 50 require special measurement hardware to measure higher orders, See, e.g., Sohail
Naqv_n, et al., " Diffractive technigues for lithographic process mon’rtonng and control", JVSTB 12(6) '
(Nov. 1 994) (moire interferometric techniqhe using higher orders); and J. Bischoff, et al., "Light'-

drffract!on based overlay measurement" Proc. SPIE Vol. 4344, pp. 222-233 (2001)(1 “order -

measurement of gratmg in-grating).

20
The precedrng examples can be repeated with similar success by substltutmg the generically
or spec:ﬁca!ly descnbed reactants andfor operatlng condrtlons of this rnventlon for those used in the -
preceding examp[es -
25 Although the invention has been described in detail with particular reference to these

" preferred embodiments, other embodirents can achieve the same results. Variations and
modifications of the present invention will be obvious to those skilled in the art and it is i_ntended to
cover in the appended claims all such modifications and equivalents. The entire disclosures of all

references, applications, patents, and publications cited above are hereby ineorporated by reference.
30 ' o ‘ ' ' '



nane

di ffraction based overlay neasurement”, Proc. SPIE Vol . 4344, ppZ 22812337
(2001) (1st order neasurenent of grating-in-grating). 20 The preceding
exanpl es can be repeated with sim|ar success by substituting the

. .generically or specifically described reactants and/or operating
conditions of this invention for those used in the preceding exanples. 25
Al t hough the invention has been described in detail with particular
reference to these preferred enbodi nent%s; ot her enbodi nents can achi eve
the same results. Variations and 3Q nodifications of the present invention
Wil be obvious to those skilled i #8M® art and it is intended to cover in
t he appended clains all such nodifications and equival ents. The entire

di sclosures of all references, applications, patents, and publications

ci ted abwwvetiarckiniedieby i ncorporated by reference. 19 - CLAIMS What is
claimed is: A 1l. A nethod of neasuring line profile asymetries jn

m croel ectronic devices, the nmethod conprising the steps of. directing
light at an afray A){neiﬂ‘o& a%pﬂﬁﬂn@?@e‘s&gxﬂﬁ&ﬁes‘%ﬁm?cr&@le%{r%éﬁa%éé?“'C devi ce;
detecting light scattered bac ro e array conprising one or nore

f eat ur es tieah@tddadmbrisiig thdfte@ropup consi sting of one or nore angl es of
reflection and one or nore wavel engths; and conparing.one or nore
characteristics of the d¥aetiog ighh atanrasgy pfirgereeigpironigteptuws A g an operati on

conprisin i 0j. pg.data from conpl ementary angles of reflection. 2. The
met hod of "¢ %‘%ﬁb@égﬁggbi n the directing step conprises directing |ight at

substantially a single guactigaigatistattefed bhbiErotBhé fby@bmpiisitigond owvhereei n t he
directing step conprises directing light at a
features selected from the group consisting of ane or more angles of reflection and one or
more wavelengths; and
o~ comparing one or more characteristics of the back-scattered light by

performing an operation comprising examining data from complementary angles of refiection.

2, The method of claim 1 wherein the directing step comprises directing light at

substaniially a single wavelength.

3 The method of claim 1 wherein the directing step comprises directing light at a

pluraiity of wavelengths.

4, The method of claim 1 wherein the comparing step comprises comparing light -
intensity.

5. The method of claim 1 wherein the comparing step additionally comprises

comparing phase.

6. The method of claim 1 wherein the comparing step additionally comprises

comparing ratios of light magnitude and light phase.

7. The method of claims 1, 2 or 3 wherein the direc!iﬁg step comprises directing

light at an array of microelectronic features in general conical configuration.




plurality of wavelengths. 4. The nethod of claim1 wherein the coeraUmg?f‘ha
step conprises conparing light intensity. 5. The method of claim1 wherein
the conparing step additionally conprises conparing phase. 6. The nethod
of e¢laim 1 wherein the conparing step additionally conprises conparing
ratios of light nmagnitude and l'ight phase. 7. The nethod of claims 1, 2 or
3 wherein the directing step conprises directing light at an array of
m'croel ectronic features in general copjcal configuration. 2 2 JUL 2005 -
-20-. 8. The nethod of clains 1, 2 dr 3 wherein the directing and detecting
steps are pes.f ornﬂcbrbgthcarbfaaiguhaz oSOt theBitedting anfl detélting sRpdi@d of cl ai ns
1, 2 or 3 wherein the directing and detecting steps are perforned by a
spectral Peifeied Py AR engular sqgtterqrRdien et hod of claims 1, 2 or 3 wherein the
conparing step conprises deconposing back-scattered light into S and P
conponents relative to a plane of incidence. 11. The nmethod of clains 1, 2

or 3 wherein ¢.he deNeafiéth®lof Sthifis 1-DHAT WikRsin 16 LiRslidg thd deteen Isps Sreder
diffracted light. 12. The method of clainms 1, 2 or 3 additionally

conpri si ﬁg"fftfﬁ'édﬁiéﬁpﬁmféﬁﬂﬂeweﬁg the results of the conparing step to
detect asymmetries selected fromthe group consisting of asymetries
within a single |layer of the mcroelectronic device and asymmetries within

nul tiple |ayef® ofTﬁd\ﬂethae.h@qtz@rrumetwﬂns@omﬂaang;mﬁcdmmd of claim12
“additionally conprising the step of controlling a manufacturing process if

resul ts decompesinghgrkrscattpresiiighy inthd aedi corepenemsmeiatitarty aiplane bidncidencsy. 14. An
apparatus for neasuring line profile asymmetries in mcroelectronic
devi ces, said apparatus conprising: neans for directing |ight at an array

of mecr o.el ect {ONi CTHAREHERSH cififnsd, 2 or 3 wherein the detecting step comprises detecting
specular order diffracted light. '
12.°  The method of claims 1, 2 or 3 additionally comprising the step of employing
the results of the comparing step to detect asymmetries selected from the group consisting of
asymmetries within a single layer of the microelectronic device and asymmetries within

multiple layers of the micrdelectronic device,

13. The method of claim 12 additionally comprising the step of controlling a

manufacturing process if results of the comparing step indicate an asymmetry in the array.

14, An apparatus for measuring line profile asymmetries in microelectronic

devices, said apparatus comprising:

_ means for directing light at an array of microelectronic features of a
microelectronic device; _

| means foq' detecting light scattered back from the array comprising
one or more features selected from the group consisting of one or more angles of reflection
and one or.more wavelengths; and
means for comparing one or more characteristics of the back-

scattered light by performing an operation comprising examining data from complementary

angles of refliection.



m croel ectronic device; neans for detecting |ight scattered dﬁékJﬂLoamﬁhe
array conprising one or nore features selected fromthe group consisting
of one or nore angles of reflection and one or.nore wavel engths; and neans
for- conparing one or nore characteristics of the back- scattered |ight by
perform ng an operation conprising exam ning data from conpl enent ary
angl es of reflection. 2 2 JUL 2005 21 15. The apparatus of claim 14 wherein
said directing neans conprises neans-fgr - directing light at substantially
a single wavel engt h. 16. The apparatus of claim 14 wherein said directing
means conpri s¥s neehesippasatus eficlaise 14 witperdin sid diegcting mgany eomprigesareapdipel engt hs.

17. The r at of claim 1 erein.said conparing neans additionally
conpri Se@?ﬁ@@%ﬁ%ﬁu%ﬂlw%@gl iwaYleﬁenithensi ty. , 18. The apparatus of claim
14 wherein said conparing neans additionally conprises neans for conparing

phase. 19. The apparatus of claim 14 wherein said conparing neans
addi ti onal | y 18 onpihiespparatusef<slaim 4 whengimsdihdrectingimaanséonprigdstmeaagfor t ude and

| i ght phase,. |. .. The apparatus of clains 14,15 or 16 wherein said
directi ngisr?fﬂ%'é,g"ﬁ%ﬁrﬂ-[r ‘éysdw’??éeg"ﬁgtﬁ?'or directing light at an array of

m croel ectronic features in general conical configuration. 21. The
apparatus of clainms 14, 15 or 16 wherein said directing and detecting

means conpri s¥.an Bwedgpbaatuscfataing i owieren sai@@mpatie megpapdditiopallyf cl ai ms 14, 15

or. 16 wherein said directi ng .and detecting neans conprise a spectral
scat t er ofEPjses means for comparing light intensity. '

18. The apparatus of cfaim 14 wherein said comparing means additionally

comprises means for comparing phase.

19. The apparatus of claim 14 wherein said comparing means additionally

comprises means for comparing ratios of light magnitude and light phase.

X
20. The apparatus of claims 14, 15 or 18 wherein said directing means comprises
means for directing light at an array of microelectronic features in general conical

configuration,

21, The apparatus of claims 14, 15 or 16 wherein said directing and detecting

means comprise an angular scatterometer.

22, The apparatus of claims 14, 15 or 16 wherein said directing and detecting

means comprise a spectral scatterometer.

L

23, The apparatus of claims 14, 15 or 16 wherein said comparing means
comprises means for decomposing back-scattered light into S and P components relative to a

plane of incidence.

24. The apparatus of claims 14, 15 or 16 wherein said detecting means comprises

means for detecting specular order diffracted fight.




23. The apparatus of clains 14, 15 or 18 wherein said conpar|ﬁ92mﬂﬁn§ME
conpri ses neans for deconp05|ng back-scattered light Into S and P
conponents relative to a plane of incidence. 24. The apparatus of clalns
14, 15 or 16 wherein said detecting neans conprises neans for detecting
specul ar--order diffracted light. 2 2 JUL 2005 25. The apparatus of clains
14, 15 or 16 additionally conprising nmeans for enploying the results of
the conparing step to detect asymmetries selected fromthe group
consisting of asymretries within a.shggle | ayer of the mcroelectronic

devi ce and as metrie n e of the mcraqelectronic
devi ce. e aaﬂ%l?ig’ta[?gm(? °'@7"g111?n1§§r g%ﬁf’?ﬂﬁ&?‘l“ﬁpnﬁ‘w??‘???{g neans for
contr ol |én%yﬁng PRI G tHé | L bohthaRi e dbtbct 3@nfnAREARBELOD T AR Yroupdi cat es an

asymretry in the array nmet hod of measuring line profile asymetries
in mcr amhastm:;(onasynﬂmuieswmmamhm lapdrlobitle mizmelecisonivgietibearsitasprsmetiiegli r ect i ng
light at an array of m croelectronic features of a m croel ectronic device;
det ect i ﬁﬂthl"l’@'l'l’t‘p'%'éﬁ’f%ﬁ"&)‘“‘ﬁ"&ﬁ'ﬁ@f“ﬁﬁ?‘f’% array conprising one or nore
features selected fromthe group consisting of one or nore angl es of
reflection and one or nore wavel engths; and conparing one or nore

characteri st i2esTod aﬂphﬁttbaﬁd{almQ&hﬂ@ﬁoﬂdlyhbghﬁsirbyneamf @hirdling aan oper ati on
conprising performng a nodel conparison with an asymmetric nodel. 28. The
met hod dJnanufagtusing progite if said compparipg Pewsiindifates apayBYRsHY BdRe & ecting |ight at
substantially a single wavel ength. 29. The nmethod of claim27 wherein the
directing step conprises directing light at a plurality of wavel engths.

30. The met hed, of Ahéahdd of hewdiginEing prifiR RTMandsIgmetrpckaiqrelisess conparing
light intensity.
the method comprising the steps of:
directing light at an array of microelectronic features of a

s " microelectronic device; _

detecting light scattered back from the array comprising one or more
features selected from the group consisting of one or more angles of reflection and one or
more wavelengths; and .

comparing one or mora characteristics of the back-scattered light by
performing an operation comprising performing a model comparison with an asymmetric

model,

28. The method of claim 27 wherein the directing step comprises directing light at

substantially a single wavelength.

29, The method of claim 27 wherein the directing step comprises directing light at

a plurality of wavelengths.

L]

30. The method of claim 27 wherein the comparing s_tep comprises comparing

light intensity.

31.  The method of claim 27 wherein the comparing step additionally comprises

comparing phase.




31. The method of claim27 wherein the conparing step addition2ld it i
conprises conparing phase. 2 2 JUL -.23 32. The nethod of claim27 .-
wherein the conparing step additionally conprises conparing ratios of |ight
magni tude and |ight phase. d 33. The nethod of clains 27,28 or 29 wherein
the directing step conprises directing light at an array of
m croel ectronic features in general conical configuration. 34. The nethod
of claisms 27,28 or 29 wherein the directing and detecting steps are
performed by an angul ar scatteroneter23 35.° The nethod of clains 27, 28 or
29 wherein the directing and detecti'ng steps are perforned by a spectral
scatteronet eP2.  3he metBochef clait2Toshestindthersonpriggsten adadiondlis cempiisehe conpari ng
step co i ses dec 0si ng back- ttered light Into S and P conponents
rel ati vergghgg’ﬁ‘gﬁ?mﬁ@ﬂ{égtrp??@ 3@8%'.'9%'%35%% met hod of clains 27, 28 or 29
wherein the detecting step conprises detecting specular order djffracted
light. 38. The nethod of clains 27, 28 or 29 additionally conprising the
step of enpBdyi njha methedefglaims A7f 2& dr@9 wherpia therdifesting ptep corprisect asymmetri es
selected,.from.the qrou consisting of asymefries wthin a single |ayer of
the i crdérgfi'é’gl"?%ﬁ‘ a&’@@f’%’%‘“ﬁ%@’ag’ﬁﬂ“ﬁ@ﬁﬁi'ﬁﬂ"e IR °ﬂﬁ’|tgf‘f P | ayers of the
m croel ectronic device. 39. The nethod of claim 38 additionally conprising
the step of controlling a manufacturing process if results of the
conpari ng st &p i niheastaodef clansTeléor 20 wherhie therdiragting anddelédting9ess - 24  40.
An apparatus.for rreasuriln | J ne FFrOfi | e asymmetries in mcroelectronic

A Serme

devi ces,argﬁ‘?@"ﬂﬁ’p%agtaﬂg” G: means for directing light at an array

of mcroelectronic features of a

35, The method of claims 27, 28 or 29 wherein the directing and detecting steps

are performed by a spectral scatterometer,

38. - The method of claims 27, 28 or 29 wherein the comparing step comprises

decomposing back-scattered light into S and P components relative to a plane of incidence.

37. The method of claims 27, 28 or 29 wherein the detecting step comprises
detecting specular order diffracted light.

38. The method of claims 27, 28 or 29 additionally comprising the step of
employing the results of the comparing step to detecl asymmetries selected from the group
consisting of asymmetries within a singte fayer of the microelectronic device and asymmetries

within multiple layers of the microelectronic device.

39. The method of cfaim 38 additionally comprising the step of controiling a

manufacturing process if results of the comparing step Indicate an asymmetry in the array.



m croel ectronic device; neans for detecting light scattered back frgm thg
array conprising one or nore features selected fromthe group consisting
of .one or nore angles of reflection and one or nore-wavel engths; and neans
for conparing one or nore characteristics of the back- scattered |ight by
perform ng.an operation conprising perfornmng a nodel conparison with an
asymetric nodel. 41. The apparatus gf claim40 wherein said directing
means conprises neans for di recti'ng?j‘ | Tght at substantially a single

wavel engt h. 43. The RphatdiobSestiring ik Profie a¥fiehdied iSAictbedtticart i Ng neans
conprises neans for directing light at a plurality of wavel engths. 43. The

appar at wdevises, shidiappat@usrsipgsing:sai d conparing neans additionally conprises

‘means for conparing light intensity. 44. The apparatus. of .claim 40 wherein
sai d conpar i gg rrea%s ag‘aﬁ"f’?{éh‘ippﬁ}‘g){'%ﬁb‘ﬂ% °ﬁ€'grﬂg'e t@P‘cgﬁ?Hﬁ%srqfﬁg phase. 45.

The appahidéfecénicdddicsr 40 wherein said conparing nmeans additionglly
.conprises neans for -conparing ratios of |ight magni tude and |ight phase.

46. The apparatus of clresansfoddatectdy light stattendttrack fnorg thie@irrdy cooprising nmeans

conprises neans for directing light at, an array of mcro I{?ngroni C
f eat ur esPnerPr opieaiures seipeted rompihe aroyR, ponsistig of ane or fqee %EB&P&F 'B¥ clainms 40,

41 or 42, wheesth %ﬂﬁghd’tﬁmd’qg and detecting neans conprise an angul ar

scatteroneter. - e apparatus of clains 40, 41 or 42 wherein said
directing and det ecti ngnean®Rnconpanijy dng@r mosERdrhdtedstisamtiedacaet er .. 49. The
apparatus of clains 40, 41 or 42 wherein said conparing-.means conprises
means f o¥catiered hght 8y prifopmingkanepgtation eamnprisigmhperfopning ANl cemRapsRIEAPs rel ati ve

10 a Pl ggfnRlnd MslsHonCE: -

. 41, The dpparatus of claim 40 wherein said directing means comprises méans for

directing light at substantially a single wavelength.

42. The apparatus of claim 40 wherein said directing means comprises means for

directing light at a plurality of wavelengths.

43. The apparatus of claim 40 wherein said comparing means additionally

comprises means for comparing fight intensity.

44, The apparatus of claim 40 whereln said comparing means additionally

comprises means for comparing phase.

45, The apparatus of claim 40 wherein said comparing means additional!y

comprises means for comparing ratios of light magnitude and light phase.

H

46. The apparatus of claims 40, 41 or 42 wherein said directing means comprises
means for directing light at an array of microelectronic features in general conical

configuration,

47, The apparatus of claims 40, 41 or 42 wherein said directing and detecting

means comprise an angular scatterometer.




af1nh

50. The apparatus of clains 40, 41 or 42 wherein said detectinau%E%HS

conprises neans for detecting specular order diffracted light. 51. The:

apparatus of clainms 40, 41 or 42 additionally conprising nmeans for
~enploying the results of the conparing step to detect asymmetries sel ected
+ fromthe group consisting of asymmetries within a single layer of the

m croel ectronic device and asymmetries wthin nmultiple |ayers of the

m.croelkectronic device. 52. The apparatus of claimb51 additionally

conprising nmeans for controlling a manufacturing process if said conparing

neans indicates an asymretry in the2arTay.

48. The apparatus of claims 40, 41 or 42 wherein said directing and detecting

means comprise & spectral scatterometer. y

49.  The apparatus of claims 40, 41 or 42 wherein said comparing means
comprises means for decomposing back-scattered light into S and P components relative to a
plane of incidence. |

|
50. The apparatus of claims 40, 41 or 42 wherein said detecting means comprises

means for detecting specular order diffracted light.

51, The apparatus of claims 40, 41 or 42 additionally comprising means for
empiloying the results of the comparing step to detect asymmetries selected from the group
consisting of asymmetries within a single layer of the microelectronic device and asymmetries

within multiple layers of the microelectronic device.

52. The apparatus of claim 51 additionally comprising means for controlling a

manufactuﬁng process if said comparing means indicates an asymmetry in the array.




