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where In(x) are the expected intensity maps and n
= 1,2 or 3. In the three functions, 61, 62 and 63 are the known values of the uniform spatial
phase delays, each applied‘ to a spatial region of the transformed wavefront, thus effecting
the plurality of different spatial phase changes which produce the intensity maps I1(x),
12(x) and I3(x), respectively. It is appreciated that preferably the third function at any given
spatial location x0 is a function of A, y and [S] only at the same spatial location x0. The
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The present invention seeks to provide improved implementation methods and
apparatus to perform wavefront analysis, and 3D measurements and in particular such
that are based on analyzing the output of an intermediate plane, such as an image plane,
of an optical system. The methods and apparatuses provided can be applied to various

wavefront analysis and measurement methods, such as the methods provided in the
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analyzed independently for each pixel or segment. The addition of the spectrometer or the

filter-wheel enables the measurement of the thicknesses of transparent or semitransparent

multi-layers at each segment or each pixel of the object. By combining the phase
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5. Obtaining the reflected wavefront phase and amplitude by use of the method of
wavefront analysis mentioned above. This phase data also includes the phase change

generated by the multi-layer stack at each pixel.
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(i) measuring the thickness of the transparent layers by broadband illumination of the

object, and analyzing reflected intensity from the object at at least two wavelengths,
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Additionally, in accordance with yet another preferred embodiment of the present

invention, there is provided a method of measurement of thickness of transparent layers in
an object, comprising the steps of:

(1) illuminating the object with coherent light at at least one predetermined wavelength,

(ii) providing an interferometer and measuring the phase of the coherent light reflected
from the object,

(iii) illuminating the object with light of a plurality of additional predetermined discrete

wavelengths,
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(iii) calculating by means of mathematical solutions of the propagation properties of the

wavefront, the form of the wavefront at a series of additional planes down the propagation
path of the wavefront, and

(iv) determining at which of the additional planes the wavefront has the form of a focused
image.

In this method, the step of determining at which of the additional planes the
wavefront has the form of a focused image preferably comprises comprises calculating at
each of the additional planes, the entropy of the complex function of at least one optical
characteristic of the wavefront, wherein the entropy is determined from a measure of the
cumulative surface area of the complex function of the wavefront, and determining the

propagation step at which the entropy is at a minimum. The complex function of the
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(i) illuminating an object at a first wavelength and determining phase information of a first
wavefront impinging on the object,
(ii) illuminating the object at a second wavelength and determining phase information of a
second wavefront impinging on the object,
(iii) defining at least two segments in the object,
(iv) designating a first set of points in the first segment and a second set of points in the

second segment, one of the points in the first set being defined as a first anchor point, and

one of the points in the second set being defined as a second anchor point,



(ii) illumnating the object at a second wavel ength
and determ ni ng phase information of a second

woavsioserst | npi ngi ng on the object, (iii) defi RCTIALADS/000285
| east two segnents in the otg ect, (iv) designating a

first set of poi nts in the fi rst segrrent and a second
set of.

(V) PpwEagR as§ élne (ge Tll?ﬁ efgrond ;dhlal A s 8121}]&%1%8 8 O(J)b'?}uﬁ height

diffiendas bet&fé@n anefiet atdher peintinsd lhB ﬂrk’t&eﬁeﬁlﬁuiﬁit@ﬁid Keggndifferences
defined as a second anchor point, %v) unw appi ng at
betwasaghe saendanchaepgint and the secend 7@ phiée i nformation to
t f e r char
(vi) pcgicllil a@ing gh? %elggll rdé 5r§ﬂ<fe B tgjg%?\ﬁﬁ&?{san dtfhﬁ ﬁjalhgéi AN points in the
secchidf §eb @IGE sheb Gtstemd §eb&nds @hmoﬁnﬁmﬂatmn,pml ddteraride taheet of height

second set of_ points, ) ticul ating the height

dlff%ﬁeﬁcfeéF@‘ﬁ%@%@flﬁé‘éﬂleé@?srﬂf@aﬁrﬁo RRaatE r st set and points
e Itelols|

(qu &?t&% fal %g Bﬁ?%% emlfaé?émﬂén!%ﬁt%ﬁg% lﬁés “hei ga'l?? di f? %pfgﬁg?égm biguity
correspondingan dneﬂbelght dlffereseetmthé sqd)af h&gbﬁdﬁfcnent@, (vii)

obt ai nj ng t of, a ht a u
Wu@a&%%s St P ARRIOKg? ﬁleg & ﬂs@bf}aﬁa.w {5 apRrpximate
he1%l'§ ; guitles HRARRAShd first Qﬁ‘d ﬁ@tse&)ﬁld AR pofitd, f er ences,

Vii1) using the set of approximte héi ght anbi guities

. (ix)t hordethe anseh ef aappﬂtxm&tedmlglmmwltﬁequeelaﬂﬂtﬁ st tand ghe second -

e f.irst. and on qQr. X
anc R R e BB A b AT B WK, TR g ohalit Between the
pﬁidvﬁgdhdtéﬁehéﬂﬂ(ﬁﬁts amd t he second - anchor poi nt s,
determ ni ng the nost probabl e value of the hei ght
() anlmgﬂt wrtbéguityebetwhen first sandaaadorsiephmd infohation gieasuscments by
and sol v a between first and second
utilizing em%l? HE{QBNEIHEQEE]&E s by utilizing the nost
pr ollﬂatBisem&ﬁl)&' eth@fméh'f"%k(%ébfewalﬁé oft thie She[@ﬁ BRBigulitfEhe®&n the first
pr obabl e val ue of hei ght a bet ween t he
andf secatd awhosp@lmsdis ameihmblypf@km o b%gprcéfpséﬁtdbltile euRege yaue of the
t he clos to t.he . age v S
sot 45 FPBEIHRTE MRS Mg P et gat diud e ther fEbaRd anghor points
Alt&ﬁﬁtl&*?ﬁ@ﬂiﬂi RAGESLY, 196 nfiss Bro%labl@ rvaRel df&hé’hﬁ@ﬁlt amblgulty between the

pref erably the nost probabl e value of the heig
firshais] seadnd attshpnpeintsthay g eken %snthe HEE bR O érh&w%mrnl%t of the set

be t as he
o oGl i AR BT B 5 OB Uy i
firatcorditigttb8/et ansthel pratdned eptbodirSent Afahe @rasgnttiavettion, there is
anot her preferred enbodi nent qf the, present |nvent|o
ﬁlrthnrep@w@dfauw 06 filisrsolor Yariinasnatial ighering ingnsontigal §ysten, gach filter
[ C r
o gt FEL P b 38 RScBAEAE B i

theccttﬁhﬁ@ta&fdl tht i spectpd giroprtigyr afpeachi flser aae delodted ¢o indrépse the image
peni ng and the spectral %"a erties of .e

confpia bRl SYSPIR.HresReBIg ] CleH PRy of Sefh ﬁitffg%rs eferably
selddi&l £P. @r?élnﬁ’) @Hﬁlaﬂ? %ﬂ%&e’cﬁé %ﬁ%ct? bP RRELASES sﬁ%ftla}a%é‘adf d)ﬂ infiged light

are preferably selected In order to nutually "of
withhiacreddigg waveltngth and akkertassdaspatidl sppradaaf mfagchhgbfdmth increasing
apér%ugrjeh Euze Furthermore, for each of the filters, the ratio of the opening of the filter to the

wavelength at which the filter operates is preferably essentially constant. In any of the
above-mentioned sets of filters, the spatial filtering is preferably performed between a
center area and a peripheral area of the field of view of the imaging system. Use of these
sets of filters enables different apertures to be obtained for different wavelengths without

mechanical movement.



wi th increasing wavel ength and decreased spati al
spread of inmaged |ight with increasing aperture size.
weéuondsheéspr e, for each of the filters, the rat PpoTaL20051@0285
opening of the filter to thg wavel ength at which the
filter operates is preferably essentially constant. In
any. of .the a - ' . :
phbiai #fp RRY el FLbuPRFReS it Laddibll PpeftinBl empodiment of
the S8§n€ invthian,ad dnah@ of phaeaingacerrast it heinfagiigdsysteny ifemvspatial
of the imaging system Use of these sets of filters
filtering gpmpriging therms Ofpert ures to be obtai ned for

O L B HUEN S5 ARG 8Bt o e conoti
~ phasadgidulninglregioref amdraggtirmarbadispent  of the present

... Lnvention, a thqod of increasi ont.rast in.a,.

(i) qifRRingoR SpetcRIFEAng ﬁL?P?eélF bFioFe AR gy Pl dighh grodulator

whel%ttgp ?oﬁffzat&ln) diRicAYh BF B8 1hel fhfiling EBMmeAd@es bt tdi&iHe with the
nodulfator having at |east two separate controll able

primphasas abitiakpeatiahbghtegodiatonnd a primary axis, (ii)

) 525 R vt AL R SRS APt

(iv) BleAhinfiR 4 RQuitd BaAJASsi Oty +4H® BetRamr the @lva bhadetBodulating regions
el ement does not coincide with the primary axis of the

—

suchsthat thabuipitimagesduirast of the@inpgy isgipsipdzadng- a | i near - e

olari zing. el ene fter .t bj,r.ef ri j
) Pitgine oS SHE ]Sl PR G SPEA oY feast ome of the
linedr’ FY)SAGISS bléheMtsratli :aj Reahpveienpiaie delep ipbekestroadwWiahe Agdulating
regi ons suchthatthe out put inmage contrast ofthe |

regips, syl thiteHin qagh wavetipti W s difisreat phase delspds 6‘2@%%5 etween
th t i o | i . .

oo PR M8 SR o s

ratibetweas theoteo phasehfodmigtingadeiivns, &gl @hshe smehtradatise)y ratio is

in each wavefront output, a different phase delay is
equglpie dhareduipsh asmisHEYt wo phase nodul ati ng regions, (b)

al | 0 : ' i . .
o AR O AL LABSERTR U RS Vo,
also(pvidbd santhot faneduciag volieyencatnozeiis ar gphdal spstethecomprising the
required transm ssivity. According to yet another
step§o&t err ed enbodi ment of the present invention, there
@) S masin Q{lg}qegﬂgb@iﬁ%g@d for reducing coherence noise
I'n an o%tlca system “conprising the steps of: (i) )
(ii) inkdasuringpamplgudmanbplese informatidnnefgewaveiiant ofrdiwninaiep emanating

anpl i fude. an hase i.nfor,mati on of a vefront of .
froip T APl 1R TeNraats 178 PnirpReagop Brfholiine Fapey: ot which the
waRliERREeAlePRG 4 BuRbGRAgAL i on path of the wavefront at

whi ch“the wavefront génerates a focused inmage, (iii)

(iii)efomsingribe inrgeiimthyeystamttye dafecusimgtsistancdef ocusi ng
(iv)dri%}%%i?l}r@?(}e&géu\é%d %@Rﬁ@@% 2%% g)%fgééclu q%%%ﬁgﬁ) lolf ta%’a{eveﬁ‘ggt Qpﬁﬁﬁlination

nati on
emanating from the object, in a second plane distant from the first plane by the defocusing

distance,

(v) using the defocused amplitude and phase waveform information, calculating by means
of mathematical solutions of the propagation properties of the wavefront, refocused
amplitude and phase waveform information ‘at the first focused plane, distant from the

second plane by the defocusing distance, and



emanating fromthe object, in a second plane distant
fromthe first plane by the defocusing distance, (V)
wabesgséise def ocused anplitude and phase wavef BCWIL2005/000285
informati on, cal cul ati ng bylSneans of mat hemati cal
solu;ions of the propagation properties of the
. \VZ=) h:
() PRl the e B BITPd HEEe A RA TMEERI the efocused
amplitidle S@@0phasp| waneftyn tilformatiae trs irevpeedi whensues; neise (ivi the imaged
. conbining the neasured anplitude and phase waveform
objerfaf or mat i on and the ref ocused anpl i tude and phase
wa LS LB steB bt Quivisiug & rf8thSE@ biy Mt
e b B g ™
averaginpy @hepaainpyandambge prodedsingat | east one of averaging, .
conpari ng, i nage _pr.qcessi ng. There . iti I
pr %eﬁ-‘edgi ﬁ@ge@ﬂ@aﬁ’é Vlaf(f hfy e%%“g Bt%e rmglr yegr %fé(gﬂgj pheferred
embBARRG TEMe Mesdnb trvRAESE A mEAYE B kéicing d¥eliad wivefront at a first
reducing noise in a wavefront at a first given plane,
givenhdarme treencase aising froom distdibanca loarted at deceppd plane comprising the
second plane, conprising the steps of: (i) neasuring
Stepéﬁﬁli_tude and phase information of the wavefront at
@) rﬁ&@w@ﬁ%&rﬂgﬂu@@ End pHakd infSintatiod ol B Waveang thd given plane,
mat hermat 1 cal sol utions of the propagati on properties
. (ii) oflctlatingvby eheamstof maathérnaticab selntiophels thei propagstion gronstties of the

t he wavetront at .additional planes in.the pr j .
wavSHORE GG, A ES PO POF abe AR, SRR bffles in the
proﬁse{'égﬁ@lggéthio@ﬂé!wﬁle%ﬁ@ the wavefront is such that an

mage containing the disturbance is optimally focussed

(iif), determ)inimgchitfwhioly of tee wdditipnad mlangs the)svayppmiais|sych that an image
ocussed,.l ocati on such,that the disturbance is
corn B%ﬁfee(mmr;) Ce(@fpd%lf%?qcﬁ%se?mdi fied wavef orm
(iv)GRbEB)iRd {HeGvavefroRcH Sheod ptinad] yeforissedlocatidn duich tisat dfe diktarbance is
propagati on properties of the wavefront, new anplitude
canggll¢dptisse waveforminformation at the first plane,

f rom whi ch. ' t.ai - . .
) SREHE iR WS PG, R8s RN R of Sgfutions of the
propaltich profebRescs thawasefrar, fevoamplinide and phdef wetefom irfermation

ropagation path of the wavefront.. In sych a case, .th
at es’@s&tﬁm dropyvhisheate iARES, CaRebs ARIAINEH FYIHOUL Q136 psing from the

loc?locffscfﬁlrl])ta’fkieq fringes fromthe dust particle not in
ocus. fthernore, the disturbance may preferablt%; be
€

canhﬁﬂﬁmeﬁmdj tha géstpbaesaayn griseAtoordiisher 4 defgettin the propagation
anot her preferred epbodi nent of the pre t . ti .
po BT 5 SREOCL o Sl o RLERP R BNETK! B o
appefrs?aVRSREAN AhoR Hb¥ehdPdaitep@ticRNM&PH §8éus. Furthermore, the

disturbance may preferably be cancelled by image processing.

According to yet another preferred embodiment of the present invention, there is
provided a method of reducing an aberration in a wavefront at a given plane of an optical
system, the aberration arising elsewhere in the optical system, the method comprising the
steps of:

(i) measuring amplitude and phase information of the wavefront at the given plane,
(ii) calculating by means of mathematical solutions of the propagation properties of the
wavefront, amplitude and phase information of the wavefront at additional planes in the

propagation path of the wavefront,



system the aberration arising elsewhere in the
optical system the nethod conprising the steps of:
woi2dosrseser i ng anplitude and phase i nfornati onPof/iL1ve5/000285
wavefront at the given plané, (ii) calculating by
means of mat hematical solutions of the propagation
. it i
i) B e Aol R e LY ST PSRl BBt the source of
the abbaeatporop afyadieddn pat h of the wavefront, (iii)
. . determning at _which of,the. additignal. pl an t ..
(v) R the vsiEn. Sae APHBSB PLisedpoRtiD SHB e pogription is
elimitlatddalgd, (iv) nodifying the wavefront at the
aberfation source |ocation such that the aberration is
(v) whngrtheanedified rvaveformy silaglating byratiaht of maihemasica) solutions of the
calculating b ans_of t hemat.i.cal _solutiaqn f ot .
prorpRYgRePOTIeR oG, Vri50oBh PERCRTRER: R bk R fpgmation
at arfoRtr %%%,eﬁ%\&ﬂ{i@ﬁ B brRtiBR Hee image @mdcbtaipddane, from
whi ch an aberration-free inmage can be obtai ned. There
i s Thersoispalew ipeeddddninaecsordaass avitly anothes Rrperred cathodiaent of the
enbodi nent of the. pre -] i et :
presFil eI o Peeh o Giling, SRSl nofle T MEkdbe of an object
comPEBRE itisd Aepstdfe steps of i (i) providing an inaging )
__ System conprising an optical path includjng )
() piowetiemian Naging SYFEE- SEMPHENS aath ipRbEal plﬂcgldﬂﬂg &ngcoherent
. . ' . i L l'i tude
i b B ' e
(ii) inFageingfaniplaudbietphat idbrmatgeofd aaeefrdritirepresenting ¢he image of
the position of at |east one of the object, the
the phIpelet ARtPeES M¥if ce and at | east one of the optical
(iii)%h&ﬁﬁg?tﬁef irFBP&t“l?E@ oné oY Ihd BASH! iR 11 ARIatihy d6urB8 8nd at least
phase~informati on of a wavefront representing the
oneioffdigeopticalt demedif end refddueingt he st eps of novi ng and

AR R iy S -
the Elﬁ\é{:t;]%teggﬁpsteﬁlé?'fh&vﬂ@anﬁﬂ@fo@@ﬁﬁ%,%ﬁ&e noi se is reduced.

ove nentioned nethod, the noving preferably
(v) everpging dbe pmplitvge tahd rhaser méormatign of dbe Waveleoni before gnd) after the
c.orresponﬁi nag novenent of. the (Pha(§e mani pul ator to
moyRg §teR; Fiop hat the §pReTeREq,ROBT BAEYSFt he movi ng | i ght
SOURC@e 2BB%: Wratiehdd mbfolMB@asoAhe préferblyat@aprises ifing the
tune domain. Additionally, the phase manipulator is
soupi imt ati least] onp axise andragfeespprading srovemsnt ol theephagh mapipalator to

sanme.points _on the seurc I [ :
s L B b SELESRaAE IRRER AL o TRASE e
intdofRedRVihB dimel BEm#RY AdgitioBM1ya theeptas mapipnlandis maintained in the

referably conprise noving the phase mani pul ajor, . .
ima\%etpl,anq: afffae sour}Be, and the samegpoints o'% the source a:?e pre%erably imaged on

the same points of the phase manipulator independently of the moving. The moving
Iﬁay alternatively and preferably comprise moving the phase manipulator within the
optical path to generate multiple phase-changed transformed wavefronts, or moving of
the object along the Z-axis to different focused and defocused states, or moving the
object to different positions off-axis or to different tilt angles. The method also
preferably may comprise the step of image registration.

An example of the steps of the above methods could preferably include:

(i) taking an image at a given location of the light-source and the PLM



optical path to generate nultiple phase-changed

transf ornmed wavefronts, or noving of the object al ong
woheosAsesses to different focused and def ocusedPerTaALm®85/000285

or noving the object to difflérent positions off-axis

or to different tilt angles. The nmethod al so

(ii)%@s,fiﬁ%fﬂ@é ?Lmﬁ%ﬁfgej%{%%ﬁégo ¢Step of inmage

regi stration. the steps of the above

(iii)retovies theolipht-poate aabdndingly Isodhat the) intael HOHRNigHEGBrce falls
at a given location of the Iight-source and the

on thengaie) porstiom gf theePIPM\watioowigich it fedf before treanoyéments
. ing t | i ght - soyr.ce accor di ngl o, that, 1t he i mage
(v ke olfen s Bothis e T ciom A PIVuad lighirsooe pihe result
: [ i ts, (iv S
is (R R0 W0 Edoirkd oo kot I SRICHE R atd Whgpeanainee itis
only i18Ghiré® Whaicthe Thehtt Rudéd ah@ PIINMNareh@dnjdddte! Nt GEWaRE travel
Information stayS the same in the two"immages, since It
diffeserdrpaths eqjthin eitietdyatent, hestlitipit ins differentasyshtial Modveepatterns, i.e.
..conjugate, but the beans travel different paths within
dlﬁ%ﬁ@"ﬁ@t@rﬁﬂ%%ul ting in different spatial noise
erns, i.e. different sets.of .fringes. (V).
) BBl thebe, B s RRESYS aR et dS SRisliRa o
. . . . i r i
(RGO oty o ekl oS ] AR B ir A il to noise
ratievewen ffurthéxe and dimallfyi nal 1y (vii) utilizing the "average
Jdmage" as the input for the phase neasurenment system
(vii wéiligingathei "ayeragadmaget ps thesiopnbfardbe phesomeasurementsystem
({ rther Béefer rﬁ(f enbodi nent of the present invention,
ang Riaing PRASCIEIY 1888\ 4$6St er abl y i ncl ude a rotating

wed s t ' r.f or .
e s LR
path eqgyipréfagblyointinde afroatiyg eteigs disposeti guetpthat e opltieatgatisperforms
Aclcor di n%%o anot hfer preferr edggn‘oodi nent of_ the
spajialdahin With s9iptieshot theavedss dup Wirdaadriaes masigne any other of the
Opﬁrcgldé;&hags_coher ence noi se in an inmagi ng system

conprising the steps of: (i) imaging an object using a
mbdearding|ty andttiedyarttried ghibodiment ef the pesskmtdwesngionmhetetis provided

[ i [ L evel of , (),
R T M T O
@) ig{%ild@%ﬁhﬁ@&hsﬁl a%&él’tirﬁefylhﬁid%dﬂdtl@h't SAEcOfo %cﬂﬁ:lv?n !at%gdg)oth image

: j%;lty, the Tirst levél of accuracy bein
having & fiust lswelraf acehiasyence | ength of the wi deband source,

.y (4.0 1) . i.nagi t he ohject .usi a erent. | i ght source .
0 RS, B . RIBEE Dl el i e
limft@ioing Sfahé ?ﬁﬁ&édalhlﬁg@ilty, Qhe #igkUERE Yf BAIrh&@S bdiR@MntiRA by the short

first level of accuracy, and

coherence length of the wideband source,
(iil) imaging the object using a coherent light source to achieve an image noisier than the
smooth image, but having a second level of accuracy, better than the first level of accuracy,
and
(iv) using the preliminary calculated heights of features of the object as initial inputs for
the phase obtained by the coherent imaging, to determine the heights of the features with
increased accuracy.

There is further provided in accordance with another preferred embodiment of the

present invention, a method of using an imaging system to determine the position of an



(iv) using the prelimnary cal cul ated hei ghts of
features of the object as initial inputs for the phase
wohv@iosed2 by t he coherent inmaging, to determ neCrhe2005/000285
hei ghts of the features w tl8 i ncreased accuracy. There
is further provided in accordance wth another
rred 0 f [

cds i h GG Genguiant Mih FTfoR Rty AU, v pover of the
1magi>@g9éy¢steﬁﬂc@1fnpﬁ§lﬁggﬁb adpsaff eat ure of an object with a

@ P;Q%;&gtgl Sg{]l%f‘tb‘gﬁt}ne e han t D esogl%/llg%g gf J\%Es}re)n{ S?fgalﬁ?gflﬁléstances
arou%d scﬁé ' ‘8ﬁatt q;é‘el# st ot a guci %@nérﬁﬁ{ HMiRofs & HeNPBmiRdtion levels as a

ances around the point of best
funcfiog ublateral dligime matosntherimegesdandf the illum nati on

) 1vae BhderaTy PnepRuel Ao N Mo ORAURER BVRl Atvaee at 2
co thtefalP gis'tdnlcé' 9E3&d 1R Nmla gé’se tie ﬁdiﬁ’beﬁ%th@t pogitioABTake edge of the

atera I Stance across thée inmages, e point being
featurhe position of the edge of the feature. Finally, in

ac ance W et efer f
OLI0SE thalale SELAhuRthS" SR TABAURAL e prsen
1nveﬁf15‘19 Anhek B EhHREpOgide aOMEde 8y peeshihg M ndvetlay aneasurement in a
mul t'i | ayered structure, conprising the steps of:

- muliilayered bowdterss ¢01ﬂg31‘tm ‘qhg|step$ Qﬁ/er structure and

o 55 TR P RS M g el WSt o

a fildt 3B@pleR Wavelfloit Iﬂaﬁmpre@énti&lg &hmMnhgd a¥ arpishesinr aidirstrleyer of the
(ii) calculating by means of mathematical solutions of

multllweq@débe@anes on properties of the wavefront, anplitude

(ii) ﬁ%qﬁ lg | n%a%@ %?H%ﬁﬂelﬁgtuﬁl §@ﬁﬁ&%l giﬁg}%:ﬁ%é’@ﬁ% I%)%Hertles of the

5€co
waveHwat, ﬁﬁplith@e namkit phaye [rﬁ"dmsettlonc bﬂ re, secamd complex wavefront map

conparing the first and the con vef r ont
repreggyeing regmage gea plaps ihasscend E?é’%‘iﬂf%%@ éﬁqu%a/ast&%c“}fﬁé‘nd
(i) (!ongpt greqh% BELd! géc% d !cBmt ﬂk‘xswﬁﬁﬁl?ﬁg map8 %o ?Ycﬁﬁdleaﬁlformaﬁon‘
ure pe

'S pre erab y rmed in a Sing
abouﬂmglonqlayro:mleesﬁnstmdéwomdlayl@sneed for imaging system

S T e o b T FEe Tl s
una%%%s @éﬁ@ n$v1tﬁ{)1§cf ﬁE %’e& Bh ahkAB8e sgEBasREuGRN F@diiermore, by this

renents to be nade in conparison to inagin
method hthdsusehoL thed amphtuda wdpﬁwe infotwatien imihe pyveridys measurement
onal i nf or mat |

fsagﬁjf Sq]g g:fggrpgs;e 6st é}ileaa%rﬂﬁ]le%ts t? 5 rné%le jist c8 %ﬁﬁgb%dto imaging

meﬂ'ﬂo§§ f8ichidodtot as: ﬁlﬁ@é H{f&@iﬁéﬁ%ﬁ Tt Bls6 @ARKIES thede diﬁhehsliﬁ@ﬂ frformation
hods whi ch do not use phase information. Al so, use

to dv& t)htelnpth ashout nther muttilayeredy sirHetuesy etherehy nBBRIQY @ge AYisTegistration
an increased .de
mefGRn T SDApAPFCOR Polhu: o8t W ARHERTRT kR ifomation

Also, use of the phase information in the overlay measurement enables an increased depth

L

pret

of focus measurement to be made in comparison to imaging methods which do not use
phase information, thereby enabling imaging of more than one layer in a single imaging

Pprocess.



phase i nformation, thereby enabling i magi ng of nore

than one layer in a single imging process. BRI EF
WORBGREESEE ON OF THE DRAW NGS The present i nvenPCoOML2603/000285

be understood and appreciaté® nore fully fromthe

foll ow ng detail ed description, taken in conjunction

' the baBRLRES GRIPTION B e BRATPENGS, vl
foll owi ng detail ed description. The drawi ngs can be

sunmari zed as follows: Fig. 1 shows a sinplified
parTheapfeyemcihee:miohcwilb &e tungletsyoodi add pprrkeciptetl unoreafullynfrom the

B R AR il o

desSliRA By ih i B&kg@i&n@fmﬂ thB Y&hAiAMe BRRINGS i t}erf%H@ f detailed
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Fig. 9 shows schematically how phase measured data can be used to differentiate
between different multi-layer stacks that have the same reflectance but different phase
changes, and cannot be differentiated by “white-light” methods;

Fig. 10 depicts schematically propagation of a wavefront in the Z direction to
illustrate the wavefront analysis method by which any known wavefront in a certain
plane can be propagated to any other desired plane by use of known propagation

formulae;
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defeof ingtherbpticas pathct ure taken with a microscope having a
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haviESER (Pt 6 veF o RIREHRRERh BIEERh NSy resolution in such images;
Fig. 20 shows an enlarged portion of the image of Fig. 19, illustrating how the
details of the edges in the image are blurred due to the limited resolving power of the
microscope;
Fig. 21 is a graph showing curves of the cross-section of the illumination across
the edges of a structure in the image of Fig. 20, for different defocusing levels; and
Fig. 22 illustrates schematically the cross section of a periodic sub-wavelength
structure, whose details are to be resolved and characterized by means of a further

preferred embodiment of the present invention.
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the phase of the reflected or transmitted light in order to aftain the surface topography
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Both the phase data obtained by a phase-measurement system and the spectral analysis

mentioned above, are combined to find the thicknesses of layers in the multi-layer stack.
Since only relative phase data can be obtained, i.e. the relative phase difference between

different positions, and not the absolute phase shift, it is desired that there be a position
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In addition, the phase data or amplitude data or a combination of phase and amplitude

data of the reflected wavefront at one or more wavelengths from the object are also
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A. Taking “standard” white-light interferometry images intensity data.

B. Fourier transforming the intensity data of each pixel to obtain the spectral reflectance of
each pixel, in a similar manner to Fourier Spectroscopy.
C. Using existing “spectrophotometery” models, known data regarding the thickness and

refractive index of the materials at each pixel and the calculated spectral reflectance at each



C. Using existing "spectrophotonetery” nodels, known

data regarding the thickness and refractive index of
woOheosmaéssei al s at each pi xel and the cal cul at eBCT/1L2005/000285

spectral reflectance at eac}pi xel as descri bed above

in step B5 to obtai n the accurate thicknesses of the
pixq AL AL BRTE LR R, ot AR ARG AP R Mers at cach
p1xalnd| ces of the materials of the |layers at each pixel

D. U P L Aeon o A0 T e AP tge e esats it (bh Soffatige jngices of

the ﬁx%&&'ﬂafsedi‘ thY 1d/B8 apahd }Ppblkélgﬁ tcalcﬁIaﬁH fhe pRaR! Mné@cé%@é@b}nthe multi-

he contours of the object by "best focusing” th
layemawdéﬁaiakbplxelrhese contours |ncI ude errors due to t he

hase chan duced | r stack at, eagh
E. Uiihe SHERS B Bt ie b St uRRGrBknE fn B Bife contours
of thd16bjBat! Byl “DeVBEustigXake dlavepdkepiTiRbe (RBoES SdlidRedrors due to the
above in step D), to correct the errors of the

phagethangminduead\hy thp Buli-tayer deske epsh pikel- phase, and
. L eV S S LSS AEORAORL gl G e

deséfﬂﬁ&@b@ﬁﬁi‘ﬁi Sep DP tb@oap&rthd errovstolf tlwr:dhbteﬁeé ewtﬁjeqiealﬂ @aused by
of different multi-I a%/:er stacks, the field of viewis

the phase.cndnibipiving F}Gfétﬂ’rfleﬁ 8 Sﬂﬁfﬁ‘qeé?lé{}ﬂfa@é( gnents, each with .
di flp%ﬁ'&é?tto 3@@{;{@8} ﬁ{d\ﬁédggst?]; T HEY oéeo«i o éréeélsug?ments, or to

erent se

opetettés vﬁﬁﬁaﬂodlﬁe‘dt sions:stmganf hleff@rdnteﬂlultiFl@EE s’ables Iqhevﬁeld f view is
prior art, several "white:-Ii met hods fo
pre%&%%«hmd@ inta shiderent ﬁesweafés@ahaﬂ xepha%ar%ﬁé@rastlewsych that for

cach VRN &L se Qﬂtr g ﬂ% n%%h%r Eﬁ(ﬁ\Ll%Héeegf ﬁy’eﬁﬂh&@ﬂnﬁ afh BE added.

present enfl on, ase"and the a

Themlat ae oknhcammem fohye aprmln ase- rsewalr é‘mhxte -light emaﬂarrds for performing
utili.ze n, a conbi.ne nner t rove th ro

scuBF GG, HstHl O ST BeL CERe Gl LB Ghe AERTBR, On s, preferred

emBYIBh&k FIhEPRROGI W&ﬁmﬁ‘tbolt}?ﬁr%t phba¥0ae8 b lhRle data obtained by a
representing the | mage of an Obj ect at two .different

phas@mehsmerhéns sastemoaxe aititieet] ini eombmd tmaveeeta anprofaghe process of

bR 18 ot S e e BB rof MRS A FACTHCH 4 st two
wavelRaR: reprbshtiiB o fnsRnofe dbj&@ at Bvé @i’ffe%iﬁ waiBlengths are obtained,

segnment ati on obtained from"white-light", by known
where ehdtwaveftans has phase| apd amplisedst dataing thesei phaspand eraplitude data

o differentiat e |f nt | -l
are e BE Pk eyl P Ff o s Cop 4 bt BBt e
segPRBBEOR h@lﬁl‘@ﬁéd( foch canietlidhe’, dbff ghewh i afeddby Alternatlvely and
white-]|i nmet hods) as illustrated. in Fig
prefwlmfd%&]@mhb@u% to’ diffenentinte @@quaéhff@m@ﬂ/@ultbmw gacks that

havk htﬁ? %L%% aijeﬂ% %fe rlglir% ;‘i‘@%@;@@%@é@l‘ﬁg Q@Ig(f g?@‘@ggﬂ%f/dﬂggrentlated by
“wlateplhght’n@ealoﬂp)ahs Aluktyatedinf g r@.phase del ay having a

s FREEoR Ry O Ie U Geuibed (Dt cagset ity of differen
spaRSISHEi@Lhighath ih afied 10dfhb thhSforfle® WAV Efront, preferably by applying a
spatially uniform phase delay having a known value, to a given spatial region of the
transformed wavefront. As seen in the description associated with prior art Fig. 4 above,
the spatial function governing these different phase changes is designated by ‘G'. The
function ‘G’ is a spatial function of the phase change applied in each spatial location of the .

transformed wavefront. In a preferred embodiment, the spatial phase change is applied to



the spatial function governing these different phase
changes is designated by 'GlL. The function 'G is a
wenpeisicaésst unct i on of the phase change appli ed paTaBhs/000285
spatial location of the tra&ésfornmed wavefront. hi a
preferred enbodi nent, the spatial phase change is

the ggrfella% epo t 8% ﬁge ;tga?xtsfo?llne@ aflﬁve(ﬁfon{ rb?lldlt 5@@%{58% nit%h ass filter for the

Waver ront S as a | owpass ter
trandféradfl wiveidniva Friwewdt, swhddothevepatialwhierensioes spdleé dilnction ‘G’ are

di mensi ons of the functi ' re |arge,..j oes not
lrgcadt cofS R B 4 B USSPASH fiteF s At Hepitionft TP gectmstruct the
imag%gf fyhGatidnt ! glld'r@&%ﬂ_sﬂ{eu g[]Satitah it BRIGH WAVES MMBdtion ‘G° are scaled

reover, the spatia nmensi ons of the function 'G
accoading $¢ ahe waselengthiusgd tand tthes dasseheinast fas s bvpassl filteugor shorter

oes. ot act as a | s filter, fo hort.er . .
wavegRae g eorerocawidh T aRE e PRI TR EAGY Sh i Rissen invention, an
impfEREd Oﬂ%':orﬁlflmt E?irﬁf)ﬁﬁl%ﬁiedl W&RBEIRS to afhel THBOVET algorithm, a basic

algorithmis inplenented. According to the_ inproved ]
recom$tywtipn hwith a “fes”c’ G’ ewish smallcyprbal psigns' fsgpestormeds From this

wi.th smal | tial diggnsions. i.s I d,. 0 ' .
recoptsbisHEh MLE S tAVTT onr Turchh, it SRR P il PIBWPAS filering
com%%%ﬁ(iliﬁg% e ‘%?’ts?étidl Q¥YR&SSorlsi bl BEdR@teRIOFAl @B RATE KN Bnd ?(x) are

the "true" spatial dinensions, and corrected val ues of
calcalasell. - dfftbsy (sorreated valuesi| e etsedTHe sebtaior re comerted | ngegnstruction.

re used to obfain a.correct.ed reconstruction. ..
ConflpRinE T MgoET e SN OS o8 R AT PHEF dscoiryafign
ac qaracordaice twigh RGN refefbd AMothddd FCHRIHaREE iMiehion, there are

further preferred nmethods of the present invention,
alsot previded rmethpdso of rimprardeg phescodnd chripeeptappRraghy Hagsurpments by

surface topography..nme r grent f > :
w258 SRR AR AR, STRE B VAL Bllygis cavaons have
unigifBX¥0RItons WEkHAh IspRGHid JvRitioNiifl il &bltisky Phme apdedll of its boundary

specific solution in _an arbitrary plane and all of its
condjtioisd avey kel the ospdutiare in @Byrotherhplane |cap j ken dptgrmingd absolutely.

ot.her . . | ] ' .
Aol BHERRIARR RSt B0 o30S0l o R0 B iy
planeeby itiey advefiord ranalylist mathyd pdesagbddy atidve ovabgfangritnown wavefront

anal ysi s method descri bed abgve or by any known . .
retrigal aniBed I & (GETERANHGe CHOFAR e DreRaerlsd o n pher flggired; plane by
at ir I | ;
no P, RERRSF oA, RN Shallons o porsaBl e schematcaly

progigpiict of 5 oheeldrt daltheyZ pireptigatA eaveffond imthecform i aibex 1000 and
the Z direction. A wavefront

. [ ) in the formo bo 00
with TR G GOBREBISF Gy SR o2 LECPASG Ly L Blang P 15 Complesx
the, pl Pl. hi t i T f Y hey
A UAE phorsagfied BABRFor Lol BEGQIBL Fly BIPiLHIEAR pRE). The
am Yh®P1'% n6\lodSe @B PeecdiplEk amPliftfde 0@ MkSFadiation in plane P1
unitorm The conhplex anplitude of the radiation in )
propigates aPfurfhen distrace £2atof thet plene B2 sAarthe wewefront: ¢pmplex paplitude

pro&%rwff@ta“e f chqf;ér?d;ﬁgg&a %grxegagﬁ'ééeéd 4575 RGP et oo
s SR AROESIE 7 DL o s
N
InteAARBAI0BDT4icn Net Wl 0B 6B imedmbdfio deszhibad forrdtaining different

di fferent
“focusing” states by software propagation namely, by the use of algorithms based on the

solution of Maxwell’s equations, to calculate the physical propagation of the wavefront.

Using this methodology, if the measuring device were not focused onto the object to be



"focusing" states by software propagation nanely, by
the use of algorithnms based on the sol ution of
wOoRNSIS638E equati ons, to cal cul ate the physi caPCT/1L2005/000285
propagati on of the wavefrom7 Using this methodol ogy,
i f the neasuring device were not focused onto the

obj ect, to bepeasur th onpl ex ampl | f
meaith o i SOP B e PO Ra b r PEnTntotn SRl ebifed udyUfrogt, can be
proph%&ed‘%‘irﬂ i gheduRing ploncaty aff ReHer dRSsirddeplapt an@btain a wavefront

obtai n a wavefront corresponding to a focused inage.
corrgsperdiog it {PcuseddMBE_t focus pl ane can be obtained from

a Ser vefro : [

" rageaig B IRSEHAEE IRUCHOR SpRlind BEH] Poflfs of propagated
wavilh@its o8 o edrivedbf ifmmges, el finding ahy "‘wavAfrogtxammhageothat has, what is

entropy useful in this copnofation is the cunulative .
tormedy, PitmAh BHOPYS AThEXBRSI Bk CHHOPY t“ﬁ‘?flép i, ik epngfation is the

cumhg@v@ﬂ*égéf&cgn&ea%ﬁhé Wobhi& ahbAnkRURMREE 8 BL! WaRfront. This
(0] al ned,

or I nstance, by iIntegration of the conplex
surfaepired wdeldf prefratdy tef obthimedvafoef instatce, Ayointeeratipasef Heecomplex

xanmpl.e qof entro is.the cunul ative surface area of .
ampfifgenpeRoncd FiincTTGRoB! AREDEAPRFHR: G, o nihRy s the
cumﬁ}éﬁ"d% QrdeME a8dAl JrARELaBpIRRdOTurcn BIAR SvavbGhAt dheQbr hBRumulative

wavetront. A series of wavefronts can be obtai ned b{ ]
surfaefarewofthe pbsea dandtion of theawaresdismt.cl serinspif avevekionss cambe obtained .

o i SR AU B R e i
knowR r¥RstideiReURmeOA defiedbRMaget ek bs ObfaGRd i1k A RFware refocus

fromdifferent focus positions of the object. For ) )
or fijont amysother domeegesichas pross diffeserd do¢usiposisians of a obisst Fog intensity

. the cunulative.surface area qgf fhe .intensity f 0N, .
imaget pBo hito ST ST RTCRER B bulfubfle BRI Ao G i intensity
funcHIAWT thd'BnAR! ReRYent & ndf ndideas Fid. nas whivhwhbwe e @srody plot of

function of its propagation position along the focal
an afbigemnwevelims as clmcinms ohie Prenagetien pesitéproplopg ghe focal distance.
absc r e ' ' .
el SRR ORI AL AL RatblED S vicn e
wavkR6htiSwhs nivdyasd edt tdir baigdent that bette foouus dii@fkedtthmugh the best
entropy goes through a wel]-defiped m ninmum The, |l ocal
focrys; Y} 0R e $BOPYR0CE Hgovglgweﬂzﬁqﬁn%cf Beniguny. ae &C&Emlmrrglm 1102 at
. . h et fot it i o
e SAAPEAAL S0 o5 LAphl', BPSHHAGNURI 98 ISRl il i
apefiire fcomigglintefobad of the present invention, and with
reference, to the schematic illustratign of the net.hod .
| n 15 gpooienco. g8 aoihen grvigred sclhnd Pl i et Ay<Blipn, and with
refe?eﬁ-%ﬁ@ﬁ% é?:ﬁer‘rh&?c RIS ofohe hitghypefiE o1 “beQFocubfy? is applied
I ndependent|y. By using wavefront propagation fromthe "°
to differmet segmeite of tifedmagt of 8ftheofavefrents e h202 independeritlyn By using

Wav%if&plfll e%h@%ﬁ%%ﬁ%ﬁé%ﬁpe?mgéce&?%tgggg&&i gl{}@ﬂ t&ig ﬂ}lih) gegrrlr(leéng tt‘c} the plane of

“beslefoBid™ 1708 FanbiiRr BEQRIMAht Right AiffneRe RINRANhERewo e gments
focusi ng pl anes, as depicted schematically in Fig. 12.

can|bg datidintried as th@repﬁgaﬁply di_@fa_nge b@'@/ﬁgnthe dwa focusiierplanss.as depicted
sch%}%aticélng ?IE Elr ggflg{ Iﬁ’:a%ggg)ﬁgﬁ‘% %ﬁt?épygﬁag%%&m%n{ I i s?e/:ﬁ sBRRYRY% measure

rds,
or as an initial estimate for the amount of defocus of the segment. In other words, by

measuring the Entropy of different segments, one can calculate or estimate the difference in
focal position from a predetermined knowledge of the rate of convergence of the entropy
functidn, and thus the height difference between the different segments. Accordingly, all

these 3 steps can be incorporated into a height measurement method, namely:



nmeasuring the Entropy of different segnents, one can
calculate or estimate the difference in focal position
wonwmoacise edet er mi ned knowl edge of the rate of PCT/IL2005/000285
convergence of the entropy 2unction, and thus the
hei ght difference between the different segnents.
e c rporat e
O R el R R e Al I R 20, yavefront
pr0p®men af a coraplred waselzdntoeach camglexonaesioohetirregpontinge®, a different
£ % wavef ront propagation of a nmeasured wavefront, each
OCUHAB ex wavef ront corresponding to a different focus
(ii) detedhfing tHe) "HEQLBENY RbAGldxhRavedRDt péiodmenCHIMMing the minimal
wavef ront per segnent by applylng the 'm ni mal” "ent ropy
entroalv@lgomlnmf@madea@gm@é@mé and (iii) calculating the

i 2 SR SRS e 4 SRLTE B B rgosaton

distanesrafetwstin the bék TRl bm@lekOviveeroht dottespRUMRINO tRO rst B&ment and
best focus conpl ex wavefront corresponding to the

the begdaeis comphenavalont prasaonsing tor the sedead segngnimge i n
1t shofly 88 BN SHTERLS 1P Bich BolIO G AR O RS LY Ehstcted by

I on even

proph@iughteveh Wwithowtromphhyeerheidhe-dsfgemettetwden tﬁ@@dgﬁ@ﬁfsc e
w th anot her-preferred nethod of the presen

i nieAtcPERNCH with ane@egpn@&rr&ﬁldnﬂb%ﬁﬁ thﬁ@’ﬁ&‘?téﬁm@nctz?ﬁt focusing. -
and 1*?(—5 lﬂ%@dsﬂl%ﬂleﬁ (%Hmeydbﬁgn&lt lﬁ{)%}ﬁ%g e |03)].CIJ %g«?efr\l%t ﬁopagatlon.

pagatlon ererence 1S
Refe'rdﬂcel $¢ maw emdaro Bly. #81 whish @l lstiateg auiobjeet 1 305 begmg hBS/ed using this

rQach nV\,hlchthe .wavefront .is imaged wh
apprﬁff’f@'pa@ Avigh, te aW%‘éf’nﬁi"&T s dpagsd e progegAGh orh §ertay specified
dlred‘%hrlﬁﬂsp tyyu Y bn gf patt"6r BB IHLRA: ?&frﬁﬁqu@ @k v&eRfSﬁont accordmg to

wavef ron i'ng to the direction I n which
the dareoppary & Wl:hchFit xspxg[mgatcd Proptgationde his ddsuhdrcbnetﬁmmm a&hleved by

me ac%leqe ved 232 i%(%aé'lgfr:t ualg\%%x?( h?gel?é%%?% %%gazm b-yn}neans of

softvﬁe% tlﬂ\’%rcﬁfféﬂémadlgécfuﬁﬁi Bgtsflrﬁiaﬂ? \3&? tHYapétthiteidd Y3(§‘?Yb E‘tg dotted

he aperture stop 1 ted position in
posﬂifm indigisl 3, o iandg) émageodrivgirer pa;rttofchhe mhgulaarrspacttann shown dotted in

. ectru shown dotted in ac ding to.the
Fig. JB BeTORE U W ARFHCE. Peeb alsaRioRSEhe B RS fpdifforont

Wavgf'rcﬁrf@ %‘g%hﬁﬁ&&npﬂi%&ﬁﬁﬁ bﬁ}g bé %b&iﬂeﬁeTﬁﬂtls 31m11ar to the two
direc |ons can be obtained. This is simlar to the

diffegérft fimagen Obta'mgésn lsrepiseapic IVI¢V\511$ résisg dpise two aliffergnt Wavefronts

i ng. se t er tvvav nts. .depth .or hei ght
deptgz){ glg}ging ﬁal\/\ﬁgg Onél d)%]e &{;a% a%%m%q nig élBalog?]usatﬁgnner to that
by wiicH 186 ey dARMABRImine deplipelispib.ch the eyes can

determ ne depth perception. O:her applications of the

Othgrrappleations wé theqursicaied aratiadg aceording tp thesprasent imventiano of utilizing

il he b f
e B bl Bofob B3 AREABATET by BEs U, gs of st
topo@RRY madkireRAS Uisiea hsultisle ngavaldiigih whldroda deleBhhion method,
wavefront determ_ nation nethod, as described

as dessribpd hersinaboyss per dasa aboub dhe heighis Rbthgitkiderset segments in the field

of Vggf %gr & &ﬁlg‘gg 31’1 Dr eg tc% g‘gerré:déﬁrrée Hné#é‘ gé/ ﬁ(ﬁggh g\yhgcélol%mﬁgthﬁ ability of a
mulﬁJWﬂvtel‘éngtﬂi&n@d@uietﬁem §luigon to overcome the 2 ambiguity. In accordance with
the present invention, the prior data about the heights of the different segments in the field

of view can be obtained from “best focusing” of each segment. In a similar manner, the



mul ti -wavel ength nmeasurenent solution to overcone the

2p anbiguity hi accordance with the present invention,
woOheospsése dat a about the heights of the diffePemiL2005/000285

segnents in the field of viX@w can be obtai ned from

"best focusing" of each segnent. In a simlar manner,

. theprior data for_.solving the.2 mbi gui ty, of . . y
prioy H?‘gr #05 r ¥NE8s C{Ellﬁ e aaﬁ?%ﬁweafﬂ?tg@mg%egtca? gl%eugpﬁgxedo’from best
focuggg?%ﬁ&eﬁe 4t idd R el ebkigk. view. In accordance with

er preferred enbodi ments of the present ) )
i nleptéondgnet hvette father praferrefeembepimentsuy thadressnhisgention, there

for.increasing the ranage 0f .surface.to ra
ore it AORERLS RS BPREs Do BHrRRRG e RRecRE fpducs fopoeraphy
meablref8A € GulBcd TREPOEPEG SmbaBuramuy, €it el ghiiredv & n@any cases to
| arge range. The rangé of interferonmetry nethods for .
meakiwk ghrtighteersyredarae sangs. | iTHict BELH OF disefeimatrye mephods for height

mbi qui ty. . £ th thods t@ | h
AP B e OB TEA RO B 58 s
incr%ragte Lﬁggoﬁé@hﬂ Bl Pis bl g isé\)éraﬂr%’i?ﬁeﬁi@i‘t WRRMSThs thikdolve the 27

Is"sensitive to noise. hi accor_dance with this
ambigtityqetobleime Homeeer, tifis mktho@ s senbitiyeiia noigset ween

different, pixels in different se nts is_calcul ated ..
by I8 GRBRIG S (St hoh GRyBRERECHF TBCOILRH T bsyRg different
o .nh SLOG f0 ' QOh . '
pindly SR ARRroPLGE S PAEE B, O 4, 1 AgL Adetength
reconsieustione béplgish, (sifpethe follosvihy aligorithegi ons away from
steps is the result] hase nmeasurepent unapbi guous).
A e oM e A RIHOF BORREUHR SHRTCBgHaR, PR DRfe Wavclongth
(wh%fe%ng?lgg ¥ eﬁ%’é{oﬁp‘/ awsy ChOAT LRPd - isCthLCakGittiAg | fithsé Measurement

una ous 1ght differences of nultiple pairs of
unapbiguoss) n each segment, one of each pair being the

h ' f US h h h
. PBocwes FRAEaok R SR aRE oo 1 O e e

C. ealchilatial 8 WARRBI YR BEYHS HitkferRas bf Qhultiple RAIsNéBpoifits in each
the pairs of points in each segnent are close to each

segmiehitz one Of efvhopait heing iy enshey pointief thet segmeent,pesing B phase of the

; _ f ' |
TR e S AR08 08 O PSS g s
cach 89RPomnt irethe Phiry 8CbJiRP aaéRH |syorhait ataelbsetdichclDdther.

Em nts. E. A histogramof the order of the anbiguity
D. Brom [fess ampiguity etdesrreieoeh pair of pomss iptheatig wgmepty gae from each

for, the [ Thi ; .
seapb 3B bR oRih ST el et PRl Gl B e are derived
repedtbdty feteath pait 68poigr i vation from the histogram of the

orders of anmbiguity. F. The order value_chogsen js used
- E. Adustagten efethe wedes ghithe ambigaitn phihess paF aErncher pgiufs is set and one

| |
KR Y B, ASELFASYan U B RRTOL B30, o losst o e
averaperot ag otheestaiisticnibdryivatich frainube histograno ofitie ©eders of ambiguity.

F. The order value chosen is used again to derive again the ambiguity order of each point

with higher accuracy.
This method can be repeated for different pairs of anchor points to increase the accuracy
and robustness to noise.

In accordance with another method, the order of the 27 ambiguity between
different pixels in different segments in the FOV is calculated by combining at least two



hi accordance wi th another nethod, the order of the 2p
anbi guity between different pixels in different
weeumsts2i n the FOV i s cal cul ated by conbi ni ngCatL2005/000285
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V g g
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This method can be repeated for different anchor points to increase the accuracy.

When using two or more wavelengths to generate surface topography of an
object, two or more single-wavelength reconstructions can be obtained, one per each
wavelength. In general, a single wavelength phase function is used to determine the
phase of the wavefront where the other wavelength phases functions are combined to
resolve the 2n ambiguity of the phase of this wavelength. However, these two or more

resolved single-wavelength reconstructions can be used to generate an improved
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In accordance with more preferred methods of the present invention, there is
provided apparatus and optical elements for improving contrast for wavefront
reconstructions. In various contrast methods, such as Zernike Phase-contrast and such as

the methods described above and in International Patent Application Publication No.
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two polarizations of light can be selected according to the control signals applied to

each part. The polarization state of the polarizers and the optical path difference at each
part, effect the transmissivity and the phase delay of the light. Thus, changing the
optical path difference and rotating the second polarizer can control the transmissivity

and the phase delay of light at each spatial part of the phase manipulator.



each part. The polarization state of the polarizers
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Conversely, if the second polarizer is kept fixed, i.e for fixed o, and a phase difference

applied by adjustment of the phase delay in various spatial parts of the PLM to obtain
the required transmission ratio, there are 2 solutions for 0, and hence 4 solutions for €',
and hence at least four solutions for A8. Consequently, these four solutions can be used
for obtaining four different images required in order to provide a complete wavefront

determination, as described in the background section of this application.
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present invention,_ a noisy wavefr
provided apparatus and algorithms in a number of dlfferent embodiments, for improving

the image quality for wavefront reconstructions, by reducing noise introduced as a result
of the coherent illumination of the object. According to a first such embodiment,
comparing or combining the phase and amplitude components of different measured
propagating wavefronts in different planes, can correct the wavefront measurements and
reduce noise, since the differences between them should be a result of noise only and
not of true data. According to this method, noise reduction can be achieved by taking
one measurement at a focal plane, including full wavefront reconstruction, and another
measurement, also including full wavefront reconstruction, at a plane where the image

is defocused by a known amount by the system hardware. The defocused wavefront is
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in imaging, especially in coherent imaging, and in the results of the wavefront analysis

methods described above, by acquiring a number of images of an object to be inspected,
through movement of any element in the optical imaging path. This movement can be
either one or a combination of the movements described below:

L. Movements -of the object-illumination light source in all three axis, and corresponding

movement of the PLM in the optical path to maintain it in the image plane of the
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regiftraiions; hownpenshidonst anshpvgraging 16p04b¢ rperoymed, Bjtherl onghe image
. di.fferent .optical paths.. The.callinated beamtha .
intefiifs b OH 18P MspfRRl RS s "bink T MR BEonR AT Bt g biect
t hRePBERS is ave madd &6 Figt U7,Nwhahhillustrate$ aSpResrRd ggﬁlmus,
to a path parallel to its incident path. In Fig. 17, a
congtpictad; iyl ARRTaével 7eperding {e agother grefresh embedimant pbheopresent

55 SR ARIAES, BLBLEE P b 3165 QTR 488, Bk
illumitstiemsoltot 470D and fthet dpecified@int1 /8 @aths PN whielitthe beam

. illumpnpating beam 1710, whose path is shown as . a .
impgRgeh SHithqus elechanigal magvement ool ihe clemgasidhe imaging system

therSH1 ! DF?}? £/ts éZﬂll%hlfoﬁ%{]%gEﬁstéﬁf ﬁﬁ% icBﬁi%Q@@em@ﬁlﬁgﬂﬁgﬁﬂ]ﬂes the

acircu irecte as’ the wedge Is rotated,
objdch exliteered ironnmahngrsopiatat itabwiysdmpidges onttie/PLIbatrthe same spot
ej cycl.ically depenpdent on, the rotational posifion
17285 fﬂ%ée%}éa@@ad? PR .tﬂIP?,g_ Ehfcingasing Pistegh Brerb feohgty source
e Sh Ay Hera oL R S T AL 0T SitErchl GARAI ffths. The
collimated heamo dliat pldumniaaies ikenobj&d & sterted hilb dhiminefingteedject, and

in iIsrr%{Hrrtl ?)g ,eit is Séte];ruerdtbgglg to a path parallel to its incident path. In Fig. 17, a

rotating wedge 1706 is used to generate the motion of the beam. The wedge preferably
rotates about an axis 1720 parallel to the optical axis of the illuminating system.
Rotation of the wedge 1706 causes the input illuminating beam 1710, whose path is
shown as a dashed line, to generate a path which wobbles at its output point 1712 from

the rotating wedge, describing a circularly directed path as the wedge is rotated, the



reflected in a beamsplitter 1714 towards the inmagi ng
section of the system 1704, and then to the PLM 1722.
woherspaessa- pri sm 1708, which is used to creat epamID®Os5/000285
nunber of reflections in ba7h X- and Y- directions, in
conbination with the reflection in the beamsplitter
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coherent noise in an imagi ng system by conparin
splitico Bl 4 regulthim amadven natmber afctfle¢teonsethes pemtratitgensirtoyeflettion
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thenithﬁlel:%ieﬁ bitiaPdtien 8 the R db&BRGbRgdSYSt em t hat i mages
the o ing the Fourier plane directly,

' , b
(i1 ?Cﬂ!égf%?ﬁ N%éll Bnl?rg@r/ ereferesycwbodimeatsi elgtheypresent)envention, a
metHydq§ ??@1@&1 é{'x%dh&ég 28ﬁ§r¥1%toﬂcoi§ehl% ailtn?al%il}agte%f%wggﬁi :cglirqparing or

ranst orm onotal ne rom the Tecons

combiniy theecal@ddted Rh@nbd neabured entelii R thel Fourle thaLoBIof an
.ane, whil e | eaving unchanged the orj 8‘; nal phase of

. p A /

imaged otgentc i grden tersorPdr the magpswsmentsasng fhevsbypednes: maisgy One
[ r rq.er . Ir ' t .

el O TR cff RGPS AT o o

measueernergtat s imapevplade, indiding éd] navefeont Adctnsiradiivn| ¥f ab bbject

h t ' int ' t f bl
and SRR TP TG o e Stoof () Pegits eced intensity
S S8R M S e
Fourger priayst direictipg@ii) ¢comtdeing e avéregidp fof éreating by gnaet rotassing the
.t el d.of view and . to.determn relimnar
intersf ot e Bl g R e et R e P st front
withGhe %&Fixﬁé}ﬁﬁ? iAAR GBthihyd intht PeUGE FIAR, Gk Ll%a%’]:%qﬁjaﬁ#l’%ga the
C length o

. Is not exact due to the limted coherence
originple phset @f thegpalculFted stoupier (tiansfoemy and ()| perfdmirg gintisverse

er an initial input f.or .the phase obtained. byth
FoufSHBafBrr sl s e Wihes SRt bimie” B ost Ar Do g etront
recofStrRE6N withGiMthize@goMé.! | be determ ned accurately
usiérég_the coherent source. In accordance with anot her

pr &dditionallyyethigoephstent moisss dnelle imaging isyttom ceme prfirably be
reduced by using a combination of light sources such as a wideband light source and

coherent light sources. The wideband light source is used to achieve a smooth image, to
define the different segments in the field of view and to determine preliminary
calculated segment heights to Wi;chin the limitations of the phase ambiguity, although
the calculated height is not exact due to the limited coherence length of the white light.

These preliminary calculated heights serve as an initial input for the phase obtained by



noi ses in imaging systens can be reduced by using two

or nore wavel engths to generate surface topography of
wanowgest and two or nore singl e-wavel ength  PCT/IL2005/000285

reconstructi ons can be obtaged, one per wavel ength.

In general, a single wavel ength phase function is used

to detery t hase t I .
e S50 AL BRI S8R0 b DRSBTS s v o
detefrRimed Y&outely 2ping e ¢ihctant edurtddi s wavel engt h' s phase.
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wei i byl BReds iofh Aakiey ik Jifthd\@8SotR eﬂlgtwwhm&ﬁgﬂ%cbﬁsemcﬁons.
ﬁateral resol ution. However, in order to obtain a

pl Unadcecordande withen Sirther rapferred ermbodingent sif uthe | fresgnibinvention,

h%hatse changed transforged vvaveDfro hs § at i al c nat; d
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avefal tw6 irdREsioBthinddSoyinef Effeet podeeAteher Hightt hi s
preferred nethod, a |ight source having spati al ‘
cohn dmaging Ry Be-wetkingsveh spaflallyi cohgicat Heglfngy be agisy due to

- Thi s.. c | she [ ' n .
sl B 595 e Wl MRS e gt
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o PRIy By sy 15 PRI SRS Pt
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l.ine-function, genperating a_.spatially upiformspatjal .
DS PHIPEGA AR o B man. o Pl Yomtcepi-gspatiel
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central region o nstor wavefront. This 1T1ine
usitg &or adstahoe)dhstead ofha gojnidight soured,tehlind dighti sparde. Jhis line-light

source, reduce fhe.conputati.on algorithns to he.ver
soudfefefigie Y5 i GLlso UL FHR 4 DTS Eed PhicE! Pt FRRBHELEH trough o
parffilyP¥akPhreRe inspbstodl boRE:. A&itibmaslyafeCspatial function of the phase
change applied at each spatial location of the transformed wavefront (designated ‘G’

hereinabove) is preferably a line-function, generating a spatially uniform spatial phase
delay in a region having a line-like, elongated shape of relatively small width, passing

through the central region of the transformed wavefront. This line spatial function in



by a filter in the Fourier plane, as shown in Fig. 18.

In the preferred enbodi nent of Fig. 18, the light is
wonre)s@sése froma |ine source 1800, through thecohimei/000285
1802. The resulting wavefor®®is focused by a | ens 1804
onto a |line phase manipul ator 1806, preferably | ocated
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recquistineted in thvetwodinieasiopd, andependentlyaThesg tpol raconzs’emotlons can be
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twor RRAFeRs il e R BBl by st g™ 2ot apegizations of
light"Ee poltirfzhtiérOhaity o e-dRkadiokalichNsodfé dndeneldh@Ensional phase

orthogonal line in the cross performng a suitable
platg m he t plese. th eotgingarolggien preferably frangmitpeng infagsity i 1mage ata
timé® CE%) acflé Zc“?n[ne{:’%1 €T\/Igtre ngﬂger%ﬂﬁnﬁ{@ fl%‘ht %L%%éae?fngnsclo %’15# g?%o crossed 1-

Dingksioneldligle smm:es: (Enes Hpht so‘uﬁ&ﬁ);l re@sh hhvihg ar &iffetedt polarization. The

resol ved b)(:
phase plate in the Fourier plane consists of birefringent material with a cross pattern, one

line in the cross performing a suitable phase shift to only one polarization and the other -
orthogonal line in the cross performing a suitable phase shift to the other polarization. A -

rotating polarizer preferably transmits one intensity image at a time to the camera.



an optical system or are even nmuch smaller than
m ni mum si ze that can be resol ved by the optical
weyeisassssThe required accuracy of the measur enmeai/Inmys/000285

need to be several orders #@tter then the resolving

power of an optical systemin which the feature

al K :
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preferably ke 2 Serenbfefocusrnositions andh siorwectipahel the illweination across
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the intensity or the phase or both, across edge
diagafial harevitlinecwitly respedtrio tthfe axigwgehe imaging strseriacrass the X and Y-
;g accurate nmeasurenment of the edgeand of the spacing
‘between different features can be obtained by finding

t hgcdaliinghei ghdth@opiferftd EMBS@ENINPIOT- the present invention, several

measurements of a target to be measured are taken using a wavefront analysis system at

different defocus positions. Cross-sections of the intensity or the phase or both, across

edges of different features in the image, are plotted. An accurate measurement of the edge -



Ref erence is now nmade to Fig. 22, which illustrates
schematically the cross section of a periodic
woeumswasssk engt h structure, whose details are t®8CD@L2005/000285
resol ved and characterized 4y nmeans of a further
preferred enbodi nent of the present invention.
ordi_ng t.o_ the
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concerning n store
struofurerany si nmul at ed peri odi cal sub wavel engt h

structures, deviation fromthe stqQred data can be
i ntelgpaie a%fy RSty g Breatiiel Puespged APBERLmatmFgs, B and k.

of SdcRBIiEd GreS o;ffgga%@% o ot &a&ﬁﬁverslge @@gﬁﬁﬂ 358 etd f and k. Any

anot her pre red netho nt 1Tnvention, the
devizgionadn balintsrpreted as b dngahors of thctfabre:ated streetsicer ﬁfdmutxe designed
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smmtett«fcbp@mdlq@b pitowieve engly birugiures. e‘ht@t ﬁe\satrqm:;fwn dhe Sthegd data can
e FRSSHLARS BB Rl bL ARSI AR SR ot

I ndﬁp@mﬁdﬂnlcy With tAASthe L Preferreu Qﬁ&hod Qifetﬂé qsregém: iifiventibn, the
(1C industry, there is a _grow ng demand for higher

perisidicalii sulpwekslengtele Aevaties is THicssWedmhy Megns eef tpechescopic
Elhpsome‘r%p m?% o&va%%n?%zﬁ%ts%}%tem of the present invention, as described

above. Additionally, in such a case, each pixel at the image wavefront can be considered

to correspond to a different periodical sub-wavelength structure. The Spectroscopic
Ellipsometry algorithm described above is then applied to each pixel of the image,
independently.



and processes to achieve increased packing densities

and sub-m cron devi ce dinensions. Manufacturing |Cs at
weuals/oseIsat e di mensi ons adds nore conpl exity t ®CT/IL2005/000285

circuits and increases the 4enmand for inproved nethods

to inspect integrated circuits in various stages of
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and prasessay Iqraehieveeinstresedapackingedpnsisies 3Bk stbymisgntdeyice dimensions.
a r . r rked:
Vi SRR 81958 il Sl s 55T OB 670kt na
incrézdeetie domhhé forSienpedvetenbihdds wfinsgert intdgraged sirugtspih asgous stages
dat thin filmali asurenent. Th

f d .
of theat %slargfg%% Apelfe rsafFOIﬁ%%eﬁff 55%%& ges hapcrsats dhe ga\éges and the

con®iRrs BX IRt DY is d ﬁ{sr%‘fs@faﬁ@ﬂ 'bE@&?&ﬁgﬁe layers generated during
measur enents. By propagating the nmeasured wavefront's

the kthopdaphy prnopéss ardieoverlaymidasurempnts aref wsed faf mamtaingrthalithography
material to any other desired plane, as per the

PIOGT8% hods of the present invention, a focused i mage of
di figfLnle | @WET §eseABed Eprofthidll NBRthofNCRE JeMARS ifproved overlay
different planes are derived by software mani pul ation

.meagtiremartss bargt eonntheetiseort methods of awiligingbisitighpbpse rdaga for thin film

. singl e .imgin ragedur nd in a short ti frane
it PRepisnt Fi oo e cSranChhtidlstdet Mg advantages
over bRibtid ARERRs) BTUbarlag-tirb 8 mhdtstieMeats] v%gg@pagaiﬁﬁg tBé measured

di fferent focusing levels to image the different -
wavefipet's complex amaditudentigiasthp fopl sirface caftan exesley neaterial e guy other
be asur.ed 0 [ e i gned [ ach .
e, B 5 5 FRANE o 05 GhOY, KR ol pr it
laye@d ban CesTRIbtainsd0 MEhe¥ einhapys t &Y gHfederar plagés fateC etivéd by software
Vi ew usi ng conventi onal britght -field inmagi ng_schenes.
manypielatéon e gea singl§cvangEron drelasablyapkiaingd 1 gesingle imaging procedure
' . i cal i shi . tar . .
and TGP NTEHRE o6 e iR B et Mied B il diturbances
resuli@m fetre imiltiplé émagest takai at diffenas fealsirenkiskBdohiyhagbehe different
nethog§ of . the present invention al om1bett%r )
layegs.s LhifigheRnimages i dilierRnt ygacan them be megiitedriqnyered prealigned

relati9e RNESE ofllef f €rences between the imaged | ayers, can be
en%ance . Furthernore, the nethod enables distinction

of Aumothert frefered yestbod tsyymied &bl gondimpinerthandcasmt.t vame b@rlay targets
her preferred nethod utili D.i nf.ormati on,

ate hfHenicteh Vb 0 RE  SRRIERIOIRb iebEel niBreiRE FGReraBo fhese targets

inclB€ 0SB 8hdRtst AR WHRBNYAI WedhBicAlPRRAIGI MW 8F tark@s consisting

I nprove “data anal ysis and m sregi stration
of rwdry thintlayenssuciT he o8I afevananametansli lwtcontiasf enkancement enabled by

pheno of the.process, such as til.t of 1he X .
the RRTRR G o RSP <01 0 A0 PR st Yok Bhaets, since low
conta§to a8t {00 phafo WifférehdesObetvebRY B, idhoddn@aydis" €8C QRI énhanced.
| evel , can be used for stepper feedback or

Furthsrost thelmethed enaplasklistingtion ebwsry iipdavsss, typicallyi dowpite less than
1011%?11enonenon i s macroscopic, then sinple

Another preferred method utilizes 3D information, which can provide additional
real information about the complete topography of the inspected target, to improve data
analysis and misregistration calculations. The 3D data can indicate asymmetric phenomena
of the process, such as tilt of the box layer or different slopes of the box edges. Information

about tilt of a layer, at the microscopic level, can be used for stepper feedback or for



tilt cancellation by nmeans of software can inprove the

accuracy and repeatability of the m sregistration
woabwsisetsz on. The net hods of the present i nvenPCoOML2085000285

a phase analysis tool, alloggreconstruction of the

hei ght map of the FOV with a relatively | arge depth of

fqeus, since. a. .l ayer whi e Q f. focus in the .
contrgfigg apy SeRo S gyt Bapd Bl Pt s rhiEchRigyden simple
tilt ERBeIERion TBY SehBadUsFRLE Fhh Smbftee dBd e€durly £ pyfitlity of the

_layers in a single grab, i.e. without the need of
misrsgistralien adcul@dioisi ng on the separate |ayers. Such

"u!"lthleplmeetl{o%guﬁf 'tH@g% %nltsin%gﬁm g "d gﬂgéee a1 gs ' to%pdallow

thi's prior art procedure 1's prone to errors, such as
recofibigudtiog ey hedght infERoERhaFOd with ulrélatifelyrefadéptiabf focus, since

nmovenent. Furthernore, the additjonal tipe_required

a layeg wingle may b qiuh gT &acep it thedpisngibgimagadmey, 8e batiesigpysged in the

¢ D inf . . o '
phadd Wik YIS Rt Rl 10 GIGTRLA BF oCRRUIBPERTH SERCHERD i
withofut fileec nsedf of sudoessBl foeasing emctht separhiarlgpars.t Baoh tolaltiple focus
. _depth of focuy a cpnvent.ional 2D system using the
imagingds kpawe as ‘%&9‘%[% FpRg 39_5 s PHe" #EBERERITE AL Bigne to erfors, such
as M’%ﬁﬁ%ﬂ&ﬁéﬁt' & GRIRL &% AT0Llt BfSndMakiBAWRo{QhEH! &Srth&RBre, the
one ane to any other desired plane, an extended 3D
add#iodaloijne ctegsiral fdracaehnimmgingy steprig @voidedbaral tedthroughput thus
. _the need of nore scanning. There is no need for
IMPFYEdsi ng t he measuring device onto the targets to be

e aptér 7Y infdARatiTRGRH b8 SbYaNRS dveR bt SmALARESs WS hedfethat the
at one plane can be propagated fromthe neasurin

. g
effeptivendenti o figcus tfiethe Fd3 imeesirpinentds daygerthan theaddpdle of &agus of a

target: s,1 e. .By..or opagat. ng t he neasured
cony g’fl?lo%j? S@%%%P%Q%aﬁ%&e%{%% fromthe neasuring plane
t 0 By Yréfabsingdas FREnfhrRed vavaings cotnflec Wshfitude by known
target's ma(jge, the absol ute distance between these =
formvles giomm e caipnegéo @ay ciihast dagiredyplaneo pa gatindgd (1 and object’s
Ur e N gggal' t he
S‘”@%ﬁl r?lﬁ%%gige&@%m%}}%ﬂo t?r%e eS|d|rf e gf‘gne 0 obtain a
f ocTiggel i magsedafdr ofousstal thy aefasiingndgdce bnloatlgetapests o be
of focus can be obtained, In accordance with the
measpeedenthy dueasused n wayelngmt'se semplexa gmphtudggaly ong glne can be

j e ' t S r
By §3nee LR USRS RS e 3P SRBER et
targetinithageut i [ i zed to find an optimal focus for the

nmeasurenent in 2-D. The 3D senspor pused as a fogus
oy BEnPRRASAIER! TG (ReASWiRA. EXPERlre SOMPIRFe ARG ffom  the

; . . o o ; =
me%?ﬂrﬁ%'f@%%e%’ ‘%o'o%n}laﬁgfe? ﬁ?ﬁ% n‘FIr%géI: Q6 JoBRNMaCHREsAl tatiesi BASY, the

absolute distance between these two planes can be calculated.

By propagating the measured wavefront’s complex amplitude from the
measuring plane to any other desired plane to obtain a focused image, a focused target’s
image of large depth of focus can be obtained.

In accordance with the present invention, a 3D sensor can be added to an
existing 2D overlay inspection system.

The 3D sensor added to the existing 2D provides 3D information that can be

utilized to find an optimal focus for the measurement in 2-D.



t hi ckness of such dielectric layer. The 3D information
can al so provide data that may predict Tool |nduced
wehd5t08¢382 S) probl em and perm ts data anal ysi sPamaL2005/000285
focus correction accordingl4d Using 3D information in
conjunction with the 2D neasurenent for better

[ f th i de
byt ol e ¥ RO EAL) O L0 ST e
wellsédp@ﬁalllﬂ“lﬁ" tBdde SEASHHorIeRuilEdes of tisd ingéeoM@iatt@ioidd the hominal

narrom1bandmndtq£ an optical systemw th better
thicknsps of swelh dislegiinageti i nati on of chromatic aberrations

fﬁg‘h %]jj gn can -also rovrdg dfaFa that ma& g?@dlét%q%n@lfced Shift

argets are taken erent
(TISppsibldrnasd pa'ﬂftﬁtsphﬂa dnatysisahd daai coaegdn acesrdbggly.
determ ned etter accuracy .ysi ng he met hod of
fi g Sh &#ﬁgn%m 11 SSRIURCtTy Wlﬁ%e i Bigagrgpmgnt for better

analY G bPHR s iﬁ?ét%ﬂoﬁ%'tﬁe‘ é&ﬁ% aed of dxﬂgj'oﬁgy {1&8’ gor Vpea.ss/ﬁahle(or any

Cross- poi nt e profiles as scri‘bed a
OHJMBMBmds and i npl enent ati ons descri bed above were

scri bed without elatln ecific
o tgaeote S Seton et pirels nprardh dof BRgow smavitty an
optidd) 8y RAR il BetlRYSfdrthaBEORUR Rt TTRIT Qﬁroﬁ{%c%@ﬁéﬁﬂé%an be
along wth sone” of the possible details of the nethod

desigmad. possi bl e corrponent s of the devices inplenenting

h t hod d PCT.
PR ol Praio o, i N B8t GRS posigns. The
posfc'isﬁ ofriakh qatgbtoaanme dEferthine@ 240 $38er ddcubPWsthgbie NAEHREd of

t hat when specific exanple or specific nunerical
findinet widtls afr}enezgu ipdvigh resglutipe usink warineefngusing posiliphaand finding

the ?fﬁ%eﬁ?qéﬁ'o? egn‘secﬁ'%scflb cp%boaet he method, and the

I'S™ho by them It should be

notie fbthbdd b@d deplainkstations seefbdd gsovienwérBisen@aaies@Bicribed
detailing the invented nethods and devices, including
withewy relafig 1Wapreific detailp €5 sampenpnts efsthe amﬁleﬁwnsaﬂam agme of the

T TR NN Oy —
detaills ot tiecmbthod taaairposlstblé sorapgiets afltheldéieds 1mtenmmsmg the method
ore ERegEPI K TRl P of ISBBAPES RSO ARBING. 6819435
md%£@ab§%ﬁfcgﬁd%!gﬁg ipg '@JQ}O@%S on in a single

nver se y, various features of the
i nvestidudd bwhotedl theat svheh arspéoifv exampld es spacifednumeridabdetails are

. context o S|n | e enhodi nent S0 be i ded
sivGaBa Mealy BT g TUain oab PE-SLilp LBREmESRT oh o o and
the flveht®H method is not limited by them.

It should be noted that the details and specifics in this document detailing the

invented methods and devices, including any combination of theses features, are only a
few examples of possible systems and implementations of the invented methods, and the
invented methods are not limited by them.

It is appreciated that various features of the invention which are, for clarity,
described in the contexts of separate embodiments may also be provided in combination in
a single embodiment. Conversely, various features of the invention which are, for brevity,

described in the context of a single embodiment may also be provided separately or in any

suitable subcombination.



1. Optical apparatus for neasuring the thickness of an
obj ect, conprising: an objective | ens di sposed above
woheospisesse of said object and with its opti cal Paxirs2005/000285
perpendi cul ar to said planeszan illumnation source
having a range of emtted wavel engths, said source
bei ng di sposed above saiqgtgﬁigsnd essentially in the
focal plane of said |ens at said |l ens generates
Weei.co_llimated beam t herefrom and said source being
T8f%rally offset fromsaid optical axis, such that
said collimted beamillum nates said object at a
non- nor mal angl e of inci a first polarizin

ence.

1. el Optise! agpapbsder IB@%%E&%{?&}C”&@% PE&n §HECs ﬁ‘?laplil%ﬁ%‘; a
detecto ' ' F &id BBiel ith i ical
pl ane o ?gf%ﬁ g‘%)}eg(ls:? éﬁégrag)t%zg%éyﬁ élllaeiy%f ighéaﬁg,%egnd Pwith its optica

axis lpatpendiclilyr tof Jakeplafie;om sai d optical axis; and a second
pol ari zi ng el enent di spgsed bet ween l.ens and _sai d

det ect ol HUMERII0R JOULEE FAVIRS 3 r%o?ﬁ%ﬂ%eflowﬂeg%}?: sdid source
being hflﬂ;srﬁdg&g%d;e%aiﬂehm?d BASniIRUARRE &tk PRAE bPEAd JEBHER that said

Optical apparatus according to claiml, )
lensayedenates maiolliraaied bedrh dhdrefoiomdsenid serpes being laerddnpifset from said

.sqQurce. 4. tical,.apparat us,accordi ng, t.0 claim.1
ontigiians bt i SrHRART GRREGUPEERGSS dfdaf s BprnoftBAl angle of
inci@drees et e wavel engths. 5. Optical apparatus according.

to claim1, and wherein said detector elenment is a

det ect ora fist palarigng lementdispased hetsen paig seuree apdesaid lens;

t opogr aphy _of an, obj ect vin S n . :
| ayers, acéﬁﬁ?tlo% ie}leénétngéf 1%3{3 g%ds e%F ﬁt‘i)ilfﬁrl }J{mﬂ%a{}?ﬁr% élgP Y of said object
gen&ie@Hy saidden asdlatdRally Hfscb fiphi daittleptivallaifiand of a
wavefront reflected therefrogm by the stegf of : .
obt ai ni rigsegonsl pelatizing elgment ¢1ﬁ1éq86‘¥bweslha% ARG ey d detector.
t ransf or mnedwavef ronts correspondi ng to said wavef ront
whose anplitude and phase are bei ng nmeasur ed;
2. obt@ptiiah Gpparirtusr &cbidingoto ichimns$, tayd etpseinfsaihilehs has a numerical
plurality of phase changed transforned wavefronts; and
apeml%%tﬁgth%pé- plurality of intensity maps to obtain
an out put indicating said anplitude and neasured phase
of said wavefront; and neasuring the thickness of said
3. t r aDpticl epparhag eacsordingbtood alinaid and iwhereiatshidnillofisatiod source is a
ohj ect, and analyzing reflected intensity fromsaid
brogdiapd sOYEe-at | east two wavel engths; cal cul ating from
sai d thickness neasurenent, a cal cul ated phase map of
said
4. Optical apparatus according to claim 1, and wherein said illumination source has a

number of discrete wavelengths.

5. Optical apparatus according to claim 1, and wherein said detector element is a

detector array.

6. A method of measuring surface topography of an object having some transparent
layers, comprising the steps of:
. illuminating said object and measuring the amplitude and phase of a
wavefront reflected therefrom, by the steps of:
obta.ining‘ a plurality of differently phase changed transformed



reflected wavefront due to nultiple reflections from

said transparent |ayers; and conparing said cal cul ated
wohes@sesp Wi th sai d neasured phase to obtai n PO®1L2005/000285

surface topography of said gpject. 7. The nethod of

claim6 and wherein said step of conparing conprises

t he subtracti.on of .phase. val ues obt ai rom sai.d. )
W R PR EORTIAE S T VT S L3 s e e fosh R 3 ine measured;

same | ocati onyhefnipgl 4 pHRhEST of Satefiddyi Babs aPPRId plgaligr of phase

measur enent of thicknéss of transparent layers in an
changsil érensfonnedbwaedfrpts; and oher ent source for illuminating

said object; a det.ector.t e f

said transpare 05(13§e$a§‘? pglﬁgﬁ tér%f g&%&%ﬁ%&ﬁ%@@ﬁlem output
indi_@ii’clfzk@%_aid&efrh_ Iﬁﬁhwargcr @eassRidhhay efthidoyaehivat; end -

i.l'lum nati'on; and a processing unit utilizing said. . )

neamnsve@ng)ﬂ)@stblcgwsﬁisadrm@e@@ﬁww y grq%égﬁ@@flr%twn of said

i 1§50k bl iihleaehed 1abASR MAdclengths;
Objéét”g%gg talce{%&?l{el# Péef%tg teegqlgtﬁ'g%igﬁ%‘g g%llg %aj f ugﬁtct |1 on of clengths;

t hicalcobsingsframd saidt thicknegyr apasiremsntpfa tcakenkpak phase map of said

| ayers, so as to obtain_sajd thickness of said
refleqladuptationt dvepapultiol Tepiogs fiom S TaRPRERHaYersrand

e AU RRERE Sail calddlfGiRSe Rlap Wi $2@ hRAburb@YBAsE tb Bbfh the surface

o,bjacz’%[, c%%r%lraicg? ng the s%er?g of : 11l um'ur{atliéng sai d
topedrpgotofisatdrobgesher ent 11 ght at at | east one

predet erm ned wavel ength; providing an interferoneter

and measuring the phase of said coherent |ight
7. T efhigche@ofl P BlafA icthn@Ri1Reéin ishild WpFH doftpafiAe Boraptifstthe subtraction

with light of a plurality of additional predetern ned

mﬁsltawdqgh

of pliase valies vlbtainied frpmh said ashanapefrp@mcieithmsasfred phase at the
said light at .said plurality of predeterm ned discrete
Sﬂ‘%@@‘éﬁﬂé’ﬁglﬂﬁéﬁ% 5%g a nat hematical nodel describing the
expect ed phase and anplitude characteristics of said
reflected light at said plurality of predeterm ned )
8. di sOptiead apparetus gt mpasygemgnts an@mq)f@ﬁsswf EpsPaIst layesn an object,
and.optical properties of transparent |ayers; and
il i ng said neasured phase and refl ectance val ues
in sai d gestresmisbwet forill@hinatingkdidbbjestai d t hi ckness of
'said transparent |ayers in said object. 10. The nethod
of cl ai ¢ detgeiar toHaeaspre reHecianse diosn F“tlétré\‘sl’ﬁl‘eé‘a &S ni ned

3\;12 glr et e, \aVEla RS B ReRRAPRRY BledSF i &ifi Jj&E by coherent

illumination; and

CO

a processing unit utilizing said measured phase and said reflectance in a
mathematical model describing the expected reflected phase and expected reflected
amplitude as a function of thicknesses and optical properties of transparent layers, so as to

obtain said thickness of said transparent lajrers in said object.

9. A method of measurement of thickness of transparent layers in an object, comprising
the steps of:

illuminating said object with coherent light at at least one predetermined
wavelength;

providing an interferometer and measuring the phase of said coherent light

reflected from said object;



11. The method of claim9 and wherein said plurality

of predeterm ned di screte wavel engths are obtai ned by
wageosoBesm2 spect rophot ometer. 12. The net hod of PCiraL1w08000285

and wherein said plurality @)} predet erm ned discrete

wavel engt hs are obtai ned from said at | east one

coherenty | i. ht sou 3.

wher et nilspigiag S 88jsct i iy TP Wikl 81 AR SfBitdetermined
discﬁtdWQ\fertgths§UCh that said expect ed phase

characteristic delay at said at Ieast 0 oint is

known aB¥8swing {he m&ﬁhc@g% gt saidgligs® %ﬂli P@urﬁhmﬁf predetermined
. cteristic to determ ne absol ute phase
dlsc% g‘fegn es’over the entire object. 14. A method for

obt ai ni mging £ nmmlmhtncahgﬁ)de]f deseribimgeihit expaqied gibage b amplitude

st eps. of : nat | | ect; )
Chaféﬁﬁfﬂﬁt’c‘:ﬁ 3 Seﬁae@%%@élﬁﬁ a@pf Aty of Qf‘i%ﬁ%’ F@ﬁtdlwete yyagelengths,
as a'g!rlxg:ﬁgh RAtHe i RARY %ﬁél B?tléaﬁ gﬂ}lp%ﬁ jed 0PRInSPhrent By&8; and

trary plane at d wavefront does not
necess arwtlllymgem&t ateaswed phaseeand neflpstanca veluesitin rsgidognathematical

ansg  af t tic | utions, of the pagat i on
modgF Bt s Cien o b Rrteront s i S pERR
wavefront at a series of additional planes down the

propagati on path of said wavefront; and determ ning at
10. whilhe ofethedi df adalint i%mpad whereins saidi plualive fofoptedatgrmingd discrete

of a.focused nmet hod according to
wavg}%ggfhs 355 obiaire e?sé’inﬁ%?gﬂ nglegp of determining at
whi ch of said additional planes said wavefront has the
formof a focused inage corrprl ses: cal cul atl ng at each

11. of Wi meﬁm pf oqimm ;ﬂ andswhemia spiedr piwaldy afhpredetepnined discrete
I aracteristic of the
Waveiéné@r %%’toom n SOaI (I}% &Fo %‘%@Wg‘qdet ermned froma
nmeasur e of the curmul ative surface area of sal d conpl ex

function of the wavefront; and determning t
12. pr g atethad of efdaim Guané hwherem spidr BRRlit oft pg@detenmned discrete

wa\%%éﬂ. Tre tfRai J@ﬁ'o%?staﬁzﬂ 19t 84@50%1%5‘[ ﬁg—&r hfdeSai d

ex func I on e wavefront east one of a
conpl ex anplitude functlon a conpl ex phase functlon

and_a conpl.e I'tu dph se functjon
13. et Fiscmgiho ﬁ@?s%r@hé g R 1FE PR GO g7 R, PHect has a known
strut:hl'iegtsu ?%ﬁ ﬁ%f(?n @ c&%gﬁl?d%& RhrafRriR sk ¥%@ Rl & fégstt&{% point is

at1 ng both said segnents said

knommj eb:to,lutdb; andi mngn@rspidl abxddutely dkydvers ephiasef ohmactenmooito aletermine
fsaldlllumna .

vefron t|on emanating fromsaid
abs\é\,@ eRbase ﬁalﬁ%%ﬁ?c%ﬁ'(bvefﬂ’fﬁ?lfﬂ%%c at which said wavefront

does

14. A method for obtaining a focused image of an object comprising the steps of:

illuminating said object;

obtaining amplitude and phase information of a wavefront of said
illumination emanating from said object, in an arbitrary plane at which said wavefront does
not necessarily generate a focused image;

calculating by means of mathematical solutions of the propagation properties
of said wavefront, the form of the wavefront at a series of additional planes down the
propagation path of said wavefront; and

determining at which of said additional planes said wavefront has the form of

a focused image.



not necessarily generate a focused inmage; calcul ating
by neans of nathematical solutions of the propagation
wonrop@séises of said wavefront, the form of thePCT/1L2005/000285
wavefront at a series of addgtional planes down the
propagati on path of said wavefront; determ ning at
whi ch of said additional planes said wavefront has the
formof a focused inage of said first segnent;
15. det er m nMitRgmathoMacedrdiag t6 aladmatif]idnd ofiedrei! Al stels A determining at
wavefront has the formof a focused i nage of said )
whichselovsif addifiensd planerpaishwayeiiong hasihe fore ¢ foghseddmege eomprises:
by subtr ' the. di G wean | d i1
o) ane. wiiarsidife (e h MORER BEHIRRTpRRL BEShLBRNRE e complex
fundtivagef aff leasti ehesestmall chaactendtic afhtheswavkffdi whewdil said entropy is
pl an f\génere said é?t\{jgfron has the form_.of a focused .
deffﬁf%lfg m G MEAspFe, tive jsgriage aRgR 196 gaid cosmlexngmeton of the
wavehk8hihudd were said height difference between said two
segnénts is utilized as an estimated height difference
t o r educdetpmasmgdhdpypagayionsiepian yhich satchartrope satraaniziihum.
nmet hods. 19. A nethod for solving 2p anbiguity in phase
measur enent systens conprising the steps of:
16.1 | I'THE Rthbd Bf 3ROl BFherdin id bopleAUR AL Ih&Whvefront is at least
determ ning phase information of a first wavefront
onejofi egnplgx @mpsitide fubgtennt 2 dompler phase fgnaminchndby eahplak amplitude
and 3 gsecfﬁ]gd[. wavel engt h and determ ni ng phase information
SPa% 1B wavefront i npi ngi ng on said obj ect;
defining at |l east two segnents in said object;
designating a first set of points in said first
17. segnent Araethod of gnepsying of hgyghtndigferance dietvesacafidst and a second

| Pepsust ofhpghindilerance detresaoni
see R an LR BRSSP 86 0t "“and one of said

poi nt s iillumiating BeindidREmbeisd saldfobjiedl as a second
anchor point; unw apping at | east one of said first )
and secdtRiphgsamplifudenand ophass dmoanafiorei efhta wavefront of said

5 SAGRRRERR Qe ol SRSy chont s
not aededsasiby gedrang fmusqbinge;and sai d second set of

points; cal cul ating the height difference between .
points i® wf?émgibefé%w%létof aiheneaticaksqlyfing of dbe piogagation properties
: ) . : N .
of Y31 HBRbit, e BrrfOf IRCRAVG IS G SR SPhdlond Blane Jown the
propagetisepath of saidiwasefpéntpoi nts; obtaining a set of

appr oxi e hei ght i gquities,. each approxi mate
hei ght %@WP ?Ewﬁ%%gﬁéﬂdia_ﬁéﬂ?agﬁﬁ@%éﬁléh‘tfa"e%font has the form of
a fohdeH SMBHCEE dalll $idl Sbeafht;0f hei ght differences

determining at which of said additional planes said wavefront has the form of

a focused image of said second segment; and
obtaining said height difference by subtracting the distance between said
additional plane where said wavefront has the form of a focused image of said second

segment, and said additional plane where said wavefront has the form of a focused image of

said first segment.

18. A method according to claim 17 were said height difference between said two
segments is utilized as an estimated height difference to reduce phase ambiguity arising in

other measurement methods.



using said set of approximte height anbiguities to
determ ne a set of approxi mate hei ght anbiguities
woebosmsesssai d first and said second anchor poi RCS/ALopEM0285
said a set of approxinate hgyght anbiguities between
said first and said second anchor points, determ ning
t he nost probabl e value of said height anbiguity
bet ween said first and second anchor points; and
19. SOlA indhaP f 3l EHE DX EBipEsNinf pHasé n@éaguréﬁﬁﬁng!ys%?ss&)mpnsmg the
i nformati on nmeasurenents by utilizing said nost
stepppBbabl e val ue of ambiguity. 20. The nethod of claim

19 and erein said [ oba sa

b oui R BEHRE L PR ALeR ARt o Bkl eh bl ‘il phase
infoirBatidhorel Asewhvdidnt “ﬁ% yiapaggaMalbjeet;,0f said set of

approxi mat e hei ght anbiguities between said first and

sai d sedbwaingtag owid ebiect at 2 seopmd wevelersthfans| dptermiging phase

I I f said height

uﬁbﬂ#%u%ﬂﬁ{y @ﬁ%@ﬁﬂ%@iéﬂ@ﬁgﬂ?oﬁs a‘)gﬁﬁd anchor points

i s the niefiningmt tastatwhoissgmgrtain glidodbikctsai d set of

appr oxi mat e hei ghy arrb|ﬁ?w ties between said first and
sai d sedshgnaimeirshert oF Bointsin saidfEpt sggmen qudrassepend set of points

: I

in AR, oSG0 D FPHE Uy L PR s o

poimlmlda:ﬁtexf |s&d|p01mpﬂmarcbdecmcbmbemg sleﬁmntbswsebmdm&hbloboint;
openi ng and sai d spectral p ach fi . )
P sor RGBS Fhi2rs e 9f B TS s170RS Shieintoggtion to obiain

helg%i'ﬁﬁi?é'fbm%g befv&Al sadd f].frétlah@ﬁc?r ﬁ(ﬁﬁp&gi 88 d Ui E@'cm ts, and height

wher el n sai d openi ng and sai d spectra properties
dlffcxtan@advht\veehtseud sacandsmtlewtpethtiand said eecand seiusfiminty;

mmged |SIAREC PAEHERRES EryBRE oIS R HHoPLet apd points in

the SQRdhH abt, SRmaRiPfirst qﬁ&@&dnaqihbswxﬁw%heﬁﬁwsmme a set of height
aperture Sl ze. . . A set of | ters accordi ng to

dlff@bmqmcgzesmndmgﬁ@ﬂm snts OFf@mreafzppmfs said filters, the
rati o of éald ogenl of salgefllter t.o velen

e i onoSBining RERLMuiod Rl neiih Soiglits B Rarbifihie heigh

ambdBuity’cosRbpdtdidd fotoRk %e%ﬁ caiffdiange irDsaid &t Gfﬁéght&ﬁﬁferences
erein said spatlal ltering is perfornmed between a

center dkig ahd & am@xlmat%lrl@ghbfammgmﬂ% ltel dsferpingya set of
S TR T M e

di ff er enfrorapeid 41562 9f bpproginedé helgbtdalﬁlﬁlguﬁlleé betmeﬁ sald ﬁrst and said
wavel =n ths wi t hout. nechani cal. npvenent, A nmet ho

secqfd qngh 9re%f§nﬁagdeé@mlmag he ot prokagienplus ok S@rﬁ lﬂ%ght@mgtaty between
sai ﬁésf é%goncfﬁ{m&?dﬁtg e steps of: providing a
irefringent spatial 11ght nodul ator having at | east

two sepagodtifig CQRt rapibiglitye yeesa nfadtl add ngcoed)i phese amtformation
a primry axis;
measu?ements B/y utilizing said most probable value of ambiguity.

20.  The method of claim 19 and wherein said most probable value of said height
ambiguity between said first and second anchor points is the closest to the average value of

said set of approximate height ambiguities between said first and said second anchor points.

21.  The method of claim 19 and wherein said most probable value of said ‘height

ambiguity between said first and second anchor points is the maximum of a histogram plot



di sposing a linear polarizing elenment before said

bi refringent spatial |ight nodul ator, where the
woab@rosesaei on direction of said |inear polari zPQ@/IL2005/000285

el enment does not coincide wishh said primary axis of

said spatial |ight nodul ator; disposing a |linear

of Pt R 1 A SHERR hafhl Bunallts Nehfieh, Q4 Pracll ol vy anchor

poimtatt i 0 between said two phase nodul ati ng regi ons such
that the output inage contrast of said image is
optim zed; obtaining nmultiple wavefront outputs from
22,581 A 58y 5t Gl Yof QA QRAL k& aR! inC [erh | DRAT i
polaf[zing eleﬁents a ladfusﬁﬁ%glt gﬂ%ﬁggggﬁé1§§ﬁﬁﬁwrhawnga
chagctekiss sized epafing and] chrpatidristic speatad popsrties uatd whatin said opening
each wavefront .out put di fferent. phase delay is . .
and A RN ot P ch iiebpiso i P b b HoRg: coptest in said
systégvef ront outputs have the same transmissivity ratio
between the two phase nodul ating regions, and said
23.samd set ah§ilterssdogprding e claink 22 e gudh whereins aaid apegmigrand said spectral

oroh GBS0 R84 bt el M G PARSCBEERER of ncreased
spatidll spRdagadf iﬁﬁig@dﬂ 11281 QGth fhéreling WRYEIItHRAT WecREsed spatial spread of
) arq) Jdtude and phase information of a wavefront of
imageq lightvath wereasing apsrige izgem said object, in a first
pl ane al ong the propagati on path of said wavefront at
whi ch said wavefront generates a focused i nmage;
24. def QGEsdfTiltefPd Lot HRER dIAmSH, dnd WHERT, B AcHSE 54 $iPE, the ratio of
_di stance; obtaining defocused anplitude and phase
said apering tof paidofiltar ve st wemelength jat [whith stidofiltenepeatticnds essentially
COfro,tmsaid object, in a second plane distant fromsaid
nf§t|a?3t pl ane by sai d defocusing distance; using said
def ocused anplitude and phase waveform i nformation,

cal cul ating by means of nathenatical solutions of the
25. pr op aglaeli lferp pesoeding éos cloim 23i andabestingwid spadialofiitering is performed
[ i nt-Q Lon at .said.firs
ber R AR o B TR P B A ST 8 st Pfeing o
def ocusi ng di stance; and conbi ni ng sai.d neasured
anpl i tude_and phase waveforminformtion and said

26. 1 et eeisfdilimpaicoriies ineaighdsandavherdn seid seioplfiltars pables different

sre YD OSERSR AL LML RSO GR pfenf
is perforned by at | east one of averaging, conparing,

and i e, processi ng. .. )
27. A mneatgod g{ increasing %ontrast in a imaging system for spatial filtering, comprising

the steps of:

providing a birefringent spatial light modulator having at least two separate
controllable phase modulating regions and a primary axis;

disposing a linear polarizing element before said birefringent spatial light
modulator, where the polarization direction of said linear polarizing element does not
coincide with said primary axis of said spatial light modulator;

disposing a linear polarizing element after said birefringent spatial light
modulator;

determining a required transmissivity ratio between said two phase

modulating regions such that the output image contrast of said image is optimized;



30. A nethod of reducing noise in a wavefront at a

first given plane, said noise arising froma
wdizedsisésance | ocated at a second pl ane, conpri BCIAL10h&E000285

steps of: neasuring anplitudpe and phase information of

said wavefront at said given pl ane;cal cul ati ng by

oo PR BRI P cR o b PEOBARL g st ne
i No@katalinedr polarizive; slemeiis and a@hstﬁ@d]hé phmﬂelﬂyaﬁﬁﬁ Iclakt one of said
the propagation path of said wavefront; determ ning at

whimegstulting segionsysvatithefal pl anes said wavefront is such
t |
in pll? wAAgoIF RS0 Hiftkth ST BB 1 AR Scfifleh e Mo phase
modubtingsegdonsycat i on such that said disturbance is

cancel | ed; and usi ng S]?hd nodi fi ed. wayef or.m

calelupaysirngt tants faveo theraihe PRSIV T30 iseven fheetwo phase
operties of said wavefront, new
mOdﬁm?@tg%e a%‘g& phase waveforminformation at said first
sa1dp;hmn dran§missivith ratio iaequahbgsaid saquired tbtsmisgvitys t hout
noi se arising fromsaid | ocal disturbance. 31. A
met hod according to claim 30 and wherein said
28. di A HRRAGE: RARGAS §o]§§etfc@ @16%@% b.t?o;%] da[‘gﬁiferﬁ fc%fﬁp%sﬂfg&he steps of:
particle not in focus. . The method of cl’aim 30 and
wher ei n 1Hmnmadngawpb1anﬁe blesmagmhel | ed by image

processing. 33. The nethqd.of claim 30 d wherein .. ..
Sai d_di v amHGE oo i PO G el gt pfllumination
emaRh@RAHSI AN FEik&, Bf a Fiddt Pl \RIOME preishgatidn pdth AFtshidakavefront at
system a nethod of reducing an abérration in a
whiglasedd oreirent caneyrigen fosuaetkimagal d aber rat| on ar| SI ng

el sewher cal 0 N steps

of : rreasd%ﬁcﬁl aﬁlg ]F?]?'ta%ee&lasﬁ ofly %é%g}ebf% Oc Ret T % ‘CGS aid

wavef r ongbteiiing adefo@is¥d ] Bint; aﬁcalphuéeaﬁnmgné:twnrreﬁrasmfzeﬂont of
mat hemati cal sol utions of the propagati gn properties

illuginagign gmagsiate Bam saithpbicetutoa serong miate dipenl fem il Hist plane by
f oAt additional planes in the propagation
Sm&p%?% o? ESC%S?%{ wavefront; determ ning at which of said
addi t i ongingdaihésfoaned amhﬁfdecmﬂ phSS%WMfdrhﬁhlf(bﬂﬁeltlon calculatmg

source of said. aberration |s situated; nodifying_ s
by JaeFet S rmathematical spdions: plo e SIAEEAY A RARSFHES g S@lﬁawavefront

refo%ﬁée‘a ithad 'aﬁ@ ﬂhésee{zvh%fﬂﬁﬁ qﬁfonﬁgﬁonrg ?11 84d Sf?r‘stdfdmgédf bigfe, distant

wavef or cal cul"ati ng by neans o emat 1 ca
from said second plane by said defocusing distance; and

combining said measured amplitude and phase waveform information and
said refocused amplitude and phase waveform information to reduce coherence noise in said

imaged object.

29.  The method of claim 28 and wherein said step of combining is performed by at least

one of averaging, comparing, and image processing.

30. A method of reducing noise in a wavefront at a first given plane, said noise arising
from a disturbance located at a second plane, comprising the steps of:

measuring amplitude and phase information of said wavefront at said given

plane;



sol utions of the propagation properties of said

wavefront, new anplitude and phasewavef orm i nformation
wano@nséiser pl ane, from which an aberrati on-fr eeTimmgs000285

can be obtained. 35. A nethgg of reduci ng coherence

noi se in an image of an obj &Ct, conprising the steps

of : providi an i Lng_syste rising._.an optical .
pat ' nePhERgE B s SR oG 0 o o BodsfRa gropertis
of sEANVeBhY amplithda and Hhese iaforftibe af (Rl WiRIfoRt at additional planes in

measuring anplitude and phase information of a
the prepegation pathe seidaravelignt he i rage of said object at an

i mge plane. . j it I f

s d- obj g bt SeRAR ARl pithes GREbeRaf i gpeh that an
imagd camaitingphidcidtudbesedn bptianlly febsedsi ng; measuring

anpl i tude and phase i nlgror mation of a wavefront .

repr eseﬁ?‘i"ﬁé’%&%ﬁlﬁ? ERyerent &yl epfiraelly fropesed dagagiontsuphk that said
dist@bafivL Reheafd: Led ocusi ng; and averagi ng said anplitude

and phase inférmation of said wavefront before and

af t er saisthgneaidnmodifeq, veveforthadal@aditthgc bhemeate ofohtthematical

i.s reduced. 36. The nethod of claim 35, wherein said
solutigys rpg @anampg@%monaﬂieﬁ 0k st cwaysiront. megwsemphwde and phase

wavaldriy infoithafieh M SBRNAHP PIRY SR wvhith D emRAASS b ob%ained without

mani pul ator to maintain it in the 1 nage pfane of the :

noisgwvisimg fiany ketid dosak disturtande.wher ei n t he i mages are
integrated in the tine domain. 37. The nmethod of claim
35, wherein the phase mani pulator is maintained in the

31.1mge plRngetRdd bbr&iab 6 laitd0 A8 WREBinPLiN dfst@BatdeCappears as
source shoul d be inmaged on the sanme points of the

congsiirieltinges Foma dist partielp@ationforys. of sai d novi ng. 38.
The nethod of claim 35, wherein said noving conprises

novi.ng t he phase.manjpul ator within said optjical pat )
3210 nmﬁﬂl%‘ Al @%“;91 gbp‘fﬂi@ &%r%mgsetf @fsaﬁgw&enﬁdcameﬁ‘ecp by image
pro&ggiﬁé,r onts. 39. The nethod of claim35, wherein said

novi ng conprises noving of the object along the Z-axis
to different focused and defocused states.40. The

3. ovi ignbod REUBisY 30 A8 et SPu i Rbendt SRE hpR et or a defectin
the Prophatidh pher ERbidtwavlefroad. SO conpri sing the step of

I mage registration. 41. The nethod of claim35, and
wherein said optical path also includes a rotating

34, ggﬁ%dép%@f%teﬁg%ﬂm%@@g toﬁgi}z‘cﬁj%:ﬁrpt élr:f gt%léagltgglg Salrj{vg\;erlzrsont at a given

pland), $ai® uberfatigh afiking elXBivhas iwaid bytieil Bterdf cosirdingthé §idps of:
el ements. 42. A method of reducing coherence noise in .
an i magiAAseyRg applitgaand gbasp infermatien of said wavefront at said given

plane;

calculating by rheans of mathematical solutions of the propagation properties
of said wavefront, amplitude and phase information of the wavefront at additional planes in
the propagation path of said wavefront;

determining at which of said additional planes said wavefront is such that the
source of said aberration is situated;

modifying said wavefront at said aberration source location such that said
aberration is eliminated; and ‘

using said modified waveform, calculating by means of mathemétical

solutions of the propagation properties of said wavefront, new amplitude and phase



of : imagi ng an object using a noderately w deband

i ght source to achieve. a snooth inmage having a first
woOevwslosefs2 accur acy; determ ning prelimnary caPcuiieioesio002ss

hei ghts of features of saidspbject to within the

limtations of the phase an%| guity, said first |evel

accuracy. being ljmted by the short coher.ence .

wav o iRRtion oot Arathel bEGs . ol iy g SSoB g image can be
obtaltging a coherent |ight source to achieve an i mage

noi si er than said snooth inmage, but having a second

| evel of accuracy, better than said first |evel of

acgu , [ ' 2|4 m n ul .at ed . .
35. PeroREY ol lnaRht RIS ok 67 PhRH Foppprisns the steps
of: for the phase obtained by said coherent imaging, to

determ ne the heights of said features with increased

accur acyrovaging an ipaging syery spmgrising iapwgiisa) paifsinelyding a coherent

; ] NG . f an
it A R0RITh a6l 0l ARG BRARIMRL

power ofmensirihg amplitade ayd phase iaformation f at Wevesioaprepdsenting the
. gro%gﬁ(gg a serjes of images of said feature at a
1ma eqi At FLARARE Pf¥ocused di stances around the

poi nt of, | ne.

P71 Ui el RaRd fi §eiBon 805t ERSREBE B4 HRER, 20 Alpcliifing source and
at leagirons of said dpfiicrhglesientsraadirefopesing;ng sai d records for a

poi nt at_which said illumnati.on | evels_.converge at a .

conmon P&V aflgﬁtéiﬂ% @ng]é’?%?smg%"@ﬁ??rﬁé @sVav; £ﬁ%at frBrgienting the
ima@edMaid dWed afibl datst@)fs dtfoBAgPletabBlef gRt Ure. 44. A

met hod of performng an overlay neasurenment in a

mul ti | ayeeregingtspidompldudecandopliass infomnesiontof|saidoravefront before and

il bum nati sai |tilayer structure and generating

aﬁe%%%‘r’i’“toﬁﬁ’g Sg N cﬁi@%%gﬁfcgﬁ%g{l?e&m%eﬂs 56(}%??(& conpl ex
wavefront map representing the inage of a plane in a
first layer of said nultilayered structure;

36. calldg|mgthedyobglaime dpswhereipatabmavingdompsises inovimgdhe sdvace in at

' 1 ' f ront | itude. . .

oD APBUEH R BEBREE Lty P L BBl G0 b i e
imagaplatiepf Bs endvinglightsouagmdobheaieinltidiendgds areSaRefAtkd in the time

| ayer of said nultilayered structure; and conpari ng
OmgHl-d first and said second conpl ex wavefront maps to

provi de i nformati on about the overlay of said first

and second | ayers. 45. The nethod of claim44 wherein
37. saiTheomethod yofneamu B8 mevhierdirs tixe phavenmeniptlasor Sis nghiatained in the
. 1 magi ng_.process, w.thout the need for irm%i n? system
1mageep%gagylf source, and the same points on the source should be imaged on the

same points of the phase manipulator independently of said moving.

38.  The method of claim 35, wherein said moving comprises moving the phase
manipulator within said optical path to generate multiple phase-changed transformed

wavefronts.

39.  The method of claim 35, wherein said moving comprises moving of the object

along the Z-axis to different focused and defocused states.



46. The nethod of cl aim44 wherein use of said

anpl i tude and phase information in said overlay
woressesent enabl es i ncreased contrast neasur BOEALR03/@0285

be made in conparison to inmggi ng nethods which do not

use phase information. 47. The nethod of claim44

wherei n us f. sai,d amplit - t I .
0. ool P8 oP Hall b o AR L E RN e AT e B R e bt o
diffbrBhObBBtbRY ofRakiR 8Pt difftreab il A donplibinkaher §8p of image
structure, thereby inproving msregistration
registeat®Or ement s i n conpari son to i magi ng met hods which do
not use phase information. 48. The nethod of claim 44
wherei n use of said phase information in said overlay

41. e BEROY oL Blakh 85, A WiResiaasidbpiestdatodlsd Belifles a rotating wedge
nmeasurenent to be nade in conparison to inmaging

dispesechoeh thatiseld epsicalratiyperfgsmaspatial mentioar widh rotatirer eftspid wedge, but
,wittileon g%@g&é%?@érg ePrIy otidr or gﬁﬁ%pﬁ@ﬁ eledits. 1N a single

42. A method of reducing coherence noise in an imaging system, comprising the steps
of:

imaging an object using a moderately wideband light source to achieve.a
smooth image having a first level of accuracy;

determining preliminary calculated heights of features of said object to within
the limitations of the phase ambiguity, said first level of accuracy being limited by the short
coherence length of said wideband source;

imaging said object using a coherent light source to achieve an image noisier
than said smooth image, but having a second level of accuracy, better than said first level of
accuracy; and

using said preliminary calculated heights of features of said object as initial
inputs for the phase obtained by said coherent imaging, to determine the heights of said

features with increased accuracy.

43. A method of using an imaging system to determine the position of an edge of a
feature of an object with a resolution better than the resolving power of said imaging system,
comprising the steps of: '

producing a series of images of said feature at a number of different
defocused distances around the point of best focus, and generating records of the
illumination levels as a function of lateral distance across said images; and

inspecﬁng said records for a point at which said illumination levels converge
at a common lateral distance across said images, said point being the position of the edge of

said feature.
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44. A method of performing an overlay measurement in a multilayered structure,
comprising the steps of:

illuminating said multilayer structure and generating amplitude and phase
information of a first complex wavefront map representing the image of a plane in a first
layer of said multilayered structure;

calculating by means of mathematical solutions of the propagation properties
of said wavefront, amplitude and phase information of a second complex wavefront map
representing the image of a plane in a second layer of said multilayered structure; and

comparing said first and said second complex wavefront maps to provide

information about the overlay of said first and second layers.

45.  The method of claim 44 wherein said overlay measurement is performed in a single

imaging process, without the need for imaging system refocusing.

46.  The method of claim 44 wherein use of said amplitude and phase information in said
overlay measurement enables increased contrast measurements to be made in comparison to

imaging methods which do not use phase information.

47.  The method of claim 44 wherein use of said amplitude and phase information in said
overlay measurement enables three dimensional information to be obtained about said
multilayered structure, thereby improving misregistration measurements in comparison to

imaging methods which do not use phase information.

48.  The method of claim 44 wherein use of said phase information in said overlay
measurement enables an increased depth of focus measurement to be made in comparison to
imaging methods which do not use phase information, thereby enabling imaging of more

than one layer in a single imaging process.



