; abce3eSP\ 60Td 06 JAN 2003 \ A PI XEL- BASED METHOD AND APPARATUS FOR DEFECT
DETECTI ON ON PATTERENED WAFERS Field of the Invention The invention rel ates
tQ .the inspection particularly the surfaces of sem conductor
waf ers) intended fm\“llﬂmmwn@mu on of possible defects, particularly due to
the presence of particlgge Mre particularly the invention ¢?I s to the
control of sem conductor manufacturing processes, particula ‘ﬁ@z?m’ty
Control, Process Mnitoring and Control and Catastrophe Detection. The

i nvention further Mﬂmmm thod and apparatus for the inline control of
waf er production iate recognition of any fault or
irregularities in the.ggeeuction |ine. Background of the Invention The
detection of defects and/or of the presence of foreign substances on

sem conductor _wafers has received considerable attention in the art.

Def ects can® BEELBASERMETHORANDAFEARATUS FRR QEERCTiDEFECTTON PNePATIERNEDVAFERS er Nn.
Further, particles of various kinds nay adhere to a wafer surface for a _
nunber of reasons. The inspection process can be carried out on bare .

waf ers) viz. wafers that have not yet been patterned, or on patterned
wafers. This invention relates primarily to the inspection of patterned

waf ers. Prpgaldbt tWe€Yheantfids used in order to detect defects and particles
of the typé described above I n patterned wafers. Exanples of prior art
apparatus The fvbAbloA0ZelitedNY ithe HRpesttsn Fs sarfaced hpadicu@sily Ciepar i son
of different dies. Such apparatus, which will be further referred to bel ow
wi t h r espesturfacessof serhicondettorewaéers, mtended Sot the fddteetidm of Qoasibrcks: 1)
it is relatively very expensive, as it requires high nechanical precision;
2) it has ftefgctshpartitydarly dye ta thespresence ofepsrticlesr Mure particulankyethe an
expert operator; 5) it is not suitable for inline inspection (i.e., it

oper at es oHveationgeldes fo khe sonehohiamicondngior BaRItacturing pregessasri cat i on

moni L or e nopansedindy Al Co8Eel , Frbedt MSSHutie bt enteyl pRor ar
o gament Eabgstiorfl TORLEHARY 136> inbedtion "HuHer WpbhPriSed SRYURIECRRAS /.
and oper at hggafaqwfwitﬁé nfifle lRAtANRF Rhis? FBHuATod df}?&g@&%@fﬁttggt hod.

USP 4,731, 8 to Kyo Suda et al, includes in i1ts Backgrou

| nventi on gedoghiticH ofvxiy fuiflt BEirregelakitiesifthe prodictiomniisenduct or waf er
i nspections) and said list is incorporated herein by reference. One of said

met hods i nvol ves scanning the wafer surface with a | aser beam and anal yzi ng
the nunber and direction of diffraction lights) produced by the pattern
edges) by Bagkground of tha|lnwentioni ght detection cells arranged _

pattorn i ndBESERFicH oh PLeRtP OLEIEE PRGEFeeaRs G ORI SHRBGECtS O an

article ha\éélﬂgcoﬁductor wafers has received considerable attention in the art.
Defects can be caused by an imperfect production of the desired pattern.
Further, particles of various kinds may adhere to a wafer surface for a -

number of reasons.

The inspection process can be carried out on bare wafers, viz. wafers that
have not yet been patterned, or on patterned wafers. This invention

relates primarily to the inspection of patterned wafers.

Prior art devices are used in order to detect defects and particles of the

type described above in patterned wafers. Examples of prior art apparatus



preset pattern whereby to extract the data of the pattern to be inspected,

conveiting said data into a bit matrix of binary val ues) and conparing said
matrix with a reference matrix representing an ideal pattern, to 0 6 JAN
2B 3 disclose any discrepancy between the pattern of the article and the

i deal one. USP 4,342,515, to Masakuni Akiba et al) disclosed BANngp®cti on
apparatus for determ ning the presence of foreign matters on the surface of
a wafer) which apparatus includes a beam generator portion which projects a
collimated beamtowards the object to inspect it froma side thereof, and a
mechani sm whi ch senses |light reflected fromthe surface of the object,

t hrough a | t u t ) , l,et e d.pasnmuch as
t hey canno?@%g{llﬁég&g v\j?ée,? hﬁ%sg§a§§§ﬂ§mc¥lg€c§ Ran né“%é‘ %feié%%&?ﬁldgetsog ‘%ﬁS um or

| ess. The k& N@ 3 j h& t
appar at us. a?ﬂ%&#ﬁf’nn&gggpﬂuzggqggﬂi&t%& t&;toygéslma Y(gpzrggféégﬁg gp)@@ﬁqe l'i ght

reflected péfepercas, présdntsUiHeaGSllowing dRGvbatls® B Rhe Gelffely cvdrybe and
defects are detected by the irregularities of the voltage current outputted

by the tubexpdisivel, a69it3 Fojuires Mafgli akiechahidid ptecidion;n@ijeft refsenewce to the
af oresaid USP 4, 342,615, and proposes a nethod and apparatus based on the
sane _ pri thoiopigbput;)vikihal aclapge foatpriat; 456 nebdsman iexpenti opreatarhd) gubst r at e
fromdirections inclined with respect to the perpendicular to its surface
and | i near Isynetcsitablaifar inlineinspeation (i gynit aperates vagwatesswhickihgveparticl es

o 22 B R b S B WA 05 7

detect’ 10 ASAFAB, Bt ubBEIR DL Lhepl It esiife ol bRk, 7L
d ab i i ) j ; .

and, 25nr TRUACLBE LS pASehORRBh. 6B WEGe e O SR BAELEELS

consi der eddaeiced| i.¢li {5t réfifire @ veRE pRbdigy alighthent UfeiHeN aPAElei difig I ef | ect
the light in other) abnormal directions. Reflection of [ight in abnormnal

di r ecti onsindpdctedt eThasel fpms inpese icohsteugtinte and operative constiaintswbgr from
the real pattern, and therefore possible defects. In the invention of this
r ef er ence, thérepparatusranddin thetinepectiopmbthadt e so applied as to deternine
whet her they represent a true defect or a practically acceptabl e defect.
Again, this nmethod is obsolete due to the design rule of less than 1 Vim

USP 4,731,855, to Kyo Suda et al, includes in its Background of the
Invention a list of various methods for performing semiconductor wafer
inspections, and said list is incorporated herein by reference. One of said
methods involves scanning the wafer surface with a laser beam and
analyzing the number and direction of diffraction lights, produced by the
pattern edges, by means of a plurality of light detection cells arranged -
cylindrically.

USP 4,345,312, to Toshikazu Yasuye et al, discloses a pattern inspecting
method which comprises picking up an image from an article having a
preset pattern whereby to extract the data of the pattern to be inspected,
converting said data into a bit matrix of binary values, and comparing

said matrix with a reference matrix representing an ideal pattern, to



USP 4, 814,596, to Mtsuyoshi Koizum et al, applies the said principle of
anal yzing polarized reflected light to identify defects. It cites the

af oresai d USP 4, 342,51b as well as Japanese Patent Applications Publication
Nos. 64-101390) 55-94145 and 56-30630. In the apparatus of tI)% JAN e0i$nce,

an S-polarized beamis arranged to illum nate the pattern present on the
wafer. Since the irregularities in the surfdce of the pattern _ are
sufficiently small, the S-polarized light is preserved in the reflected

light. An analyzer is used to cut the S-polarized light in the path of the
reflected light) so that, if the reflected light includes a P-polarized

| i ght; thi sdisclbseanysdiderepaney betweenpthet pattexnt of the article sindnthed adeadt )

i ndi cating the presence of particles on the wafer. a G JAN 2C3 5 USP
4,628, 531) ere.Keiichi Ckampto et al, discloses a pattern checking
apparatus, which reveals by a primary selection the presence of defects
that nay be tol erable or not, defined as "candi date defects". The wafers

i st ngui ISP aE R 1B, 08: Menurl KER Y Yk SORFonct anl imsBectiohse and
are accept raﬁ?ﬁf@&&%r&ﬁ&%&ag%ﬁ d}gée %Co?%fel?%;g P)ft@él%e%ﬁlkgl% Wrtals 2 the

detection i e primary selection or apparen ects, eveal ed

in the secosaryafee! eplticRNapiirab®s Relide adbdHia! Sonedhor SHortidn wifickaused,

in prior art methods based on the conparison of patterns, by an | nperfect
regi strati ofropécts fae coldiink £veti Shéain Rowasde 8he @bjedp ab Haspavtib Feomfl atdige pri or
art relates to inspection apparatus enploying a planar array of

i ndi vi dual | thezeaf; end abhmechagism whlicheserises lighe refiected fiwm the ukfaes ofn an

i mged Fourier plane of a diffraction pattern, with valves having a stripe
geonetry cothecalpestdthrpush ppolarizenplase. Hucthoretheds, hewesiex, faractbisoletpat t er n)
bl ocking light fromthose nenbgrs. he renai pi ng vagve,stripes) i..e. those
not bl ocki nasmysh as thavdanmos be used Bith fodayogaters hawinga.Aegigh rule
transnissio&hé) Iighﬁ. Light directed onto the surface, such as a

seni conduct '&éﬁ% I 8% ns el ongated curved diffraction orders from _
repetitive patterns of circuit features. The curved diffraction orders are
transforned to linear orders by a Fourier transformlens. Various patterns

of stripes ¢RE dAthd BERICHAE i8Nfhed AANRVEFh PHdrPARImEtddSHiP Apparatid. f ound in
USP 4, 000, 949 and 4,51 6,833. USP 5, 699, 44?7 di scl oses and cl ai ns an

appar at us Wrhab, GOUSP 3623335 tto Mitshydshy Keiandi boal, ke lightneefledted f i r st
phase the conpl ete surface of 0 fr JAN 2Q8B 6 the wafer with an optica
beam of snafrondileretafer suxfaéeois diméqied to mgphotbelectaric tube andidefectsigre nspect ed
| ocations on the article's surface having a high probability of a defect,

st or age neafietected byt the irgegwaritigs pfithegroltage current oufpufited hy the subke. and
second exam ning nmeans for exam ning in a second phase and with a
relatively high spatial resolution only the |ocations having a high

probabi | ity ip 2688/ 15 BihdaliicsShil deial0 rdUeR THRIAR doltill GtbdMid Ne.
presence or absence’of 'a derect In sai ocatl ons. e Tirst exam nation
phase is ef {ygp §34RY5 15 ind0pRp6RINAHetREY RAY \WpBArdths baséd 6hthefsanke .

i nspected wafer and anot her” pattern, serving as a reference pattern; and
the second g¥nciplé! inowhidinacpdlariged ldsefl bedin iryadiatésntHeasulsstrgter frean to
identify the locations in which the conparison shows such differences as to
i ndi cat e t hdinectienm inclirfedawikdf eespectTte the perpendiedan ip dtssurfage ande pri or

art have seyeral drawbacks, partly discussed i he cited references) such
as errors db@eﬁﬂyf%wyﬁl‘i@‘%&“&t F’éfg 1’52‘(9 18 H‘E*FHC%‘EE reigy) Rartigle§ iy

consi sting i,n, the, detecti,on of .defects that SO0 on
A1 of t nanfiotesithEy) SragaRzR el oo, B PosbeRBBH Shyosbiih

apparat us) Waiidehi gh mechanical precision, and requiring |ong operation
times and having therefore a |ow throughput. It is therefore a purpose of
this invention to elimnate the drawbacks of the prior art nethod and
apparatus for the inspection of patterned sem conductor wafers) and
particularly for determ ning the presence of particles of foreign

subst ances.




0 ~JAN 2B 7 It is another purpose of this invention to provide such a

nmet hod and apparatus that operate at a nuch higher speed than prior art
apparatus and with a nuch higher throughput. It is a further purpose of
this invention to detect the defects or suspected defects of 8@ JAKEI3
particularly of patterned, sem conductor wafers, by a systemthat does not
requi re conparison of patterns. It is a sti4l further purpose of this

i nvention to detect said defects or suspected defects by an inspection or
testing of the pixels of the surface. It is a still further purpose of this
i nvention to detect said defects or suspected defects by an anal ysis of the

optical reSpensforeshid ISHi4E315855 didelosesiaf meehod oft detentingndefoetae.git is a
still further purpose of this invention to provide a wafer control nethod
that is notfotesgreganticlesc ampwhichotheodiffesctionnighb utefiested fioxela ineafer!

i nspection. It is a still further purpose of this |nvent|on to provide a

waf er cont rS@Ffan%tlﬁodnmde@phhrﬁﬁmmg&naﬂ@twsﬁpI sormngl andombnormahd

elimnate al nost all, po |b|||ty man error. still her
pur pose of da¥fcHons 4 F‘f%‘ lmatigr gLRPnaaW tﬁ@e‘éﬁd&%’r‘%&‘g ich are

highly fl e)§x|1 l%ie?er%ﬁ:ed duQetcrt!x%rns ot cet‘taEnh %hg es, wtinch are considered normal

directions. On the other hand, foreign particles reflect the light in other,
abnormal directions. Reflection of light in abnormal directions indicates a
departure of the pattern formed on the wafer from the real pattern, and
therefore possible defects. In the invention of this reference, the abnormal
direction signals are so applied as to determine whether they represent a
true defect or a practically acceptable defect. Again, this method is
obsolete due to the design rule of less than 1 um.

USP 4,814,596, to Mitsuyoshi Koizumi et al, applies the said principle of
analyzing polarized reflected light to identify defects. It cites the
aforesaid USP 4,342,515 as well as J aﬁanese Patent Applications
Publication Nos. 54-101390, 55-94145 and 56-30630. In the apparatus of
this reference, an S-polarized beam is arranged to illuminate the pattern
present on the wafer. Since the irregularities in the surface of the pattern -
are sufficiently small, the S-polarized light is preserved in the reflected
light. An analyzer is used to cut the S-polarized light in the path of the
reflected light, so that, if the reflected light includes a P-polarized light,
this latter is detected by a photoelectric conversion element, indicating the

presence of particles on the wafer.



fl ~ JAN 2Q8 8 operated in such a way as to achieve the precision that is
requited in any particular processing situation. It is a still further
purpose of this invention to provide a nmethod and apparatus for controlling
the sem conductor wafers inline and i medi ately recogni zi ng S%y é@ilures or
irregularities in the production process and apparatus. It i AN 233
further purpose of this invention to provige a nethod and apparatus that
permt to localize on the wafer surface the position of any suspected
defects. It is a still further purpose of this invention to provide a

met hod and apparatus for a primary control of sem conductor wafers that

facilitat | o] . e oper,at 4. Il e erei ."vector

i o to di SmstnhER ¥ Sl ORRate BT iRToRE 8 FArlSH Lhedkind  cone
(abbrevia DR%icH ﬁmta | b | | WE, an
operati onta?ﬁg?%ﬁgposec%?em%ﬁg ISgat e?%%ﬁz&%mﬂ?c%@?*ﬁéegﬁgd@ﬁ%% defects
represent tNad bfhyPBé itBleRabiR! G- A0f d¥Fired hePEARRBALY 8éfectie! ThE Swafbhe
preferred enbodi nent descri bed herein requires firstly transformng the
pol ar coohdivirgd esuchi ddfectsafare ipuspedt it61gaapeasnddry -seledtion)akilbith "t he
machi ne coordinate systent -to the Cartesi an coordinates of a system

her ei naf t distinguishes betweencthiise that ate mat defacts émaopracticaledmse’'and Then,
deriving fromthe coordinates that define the suspect pixels' location in
t he nmachi e @seandables andythosen thab are nad axapptable.ci'alse adarms.cviz: bhe def i ne

id | t, in.the di dj nat t Fi.nal | t, vDdC i
oper at | on dPRCHB i BIVEARE pelschnB al AaRasent dglarts, Pieh aFe ravasled |y
d d b f t t ta that . d d. b |
Bont am nath ShE Bocdhidaly BRlechoR AV o B R 48R, 49 ai B LR LA 1 or. 10
. T i ad : . q
appar at us PrSY drfaheRianfefion Bhe chBifRRdALE fuflil) 87 TEHBRLTC.
pat t er ned rggigtratiod WEtthe paefe?hs to be compared.

Another method of the prior art relates to inspection apparatus
employing a planar array of individually addressable light valves for use
as a spatial filter in an imaged Fourier plane of a diffraction pattern, with
valves having a stripe geometry corresponding to positions of members of
the diffraction pattern, blocking light from those members. The remaining
valve stripes, i.e. those not blocking light from diffraction order members,
are open for transmission of light. Light directed onto the surface, such as
a semiconductor wafer, forms elongated curved diffraction orders from -
repetitive patterns of circuit features. The curved diffraction orders are
transformed to linear orders by a Fourier transform lens. Various patterns
of stripes can be recorded and compared. Related discussion can be found

in USP 4,000,949 and 4,516,833.

USP 5,699,447 discloses and claims an apparatus which comprises first

examining means for examining in a first phase the complete surface of



It is a still further purpose of this invention to provide an optical head
whi ch’conprises, in a structural unit) all the optical elenments required
for irradiating the pixels of the surface with the beam used for scanning
and collecting their optical response in the particul ar ”a””BWSQANtﬁwf
invention, as hereinafter described. It is still further purpose of this
i nvention to provide an apparatus which effects the control of the pixels
by a conbinati on of such an optical head and neans for displacing the
surface relative to it. _ Oher purposes and advantages of the invention

vent o 8 elRe e R il 550 i Bl 088 ISl o
'3 och B B A o bR PR
Lhe pr et ot B0 brbBbiRey of b efece! e 6 alldd Yor S M Db Blhe.oF (RBSTC O
having a defiRftexaRdinihg thedds/ a&iaes&bﬁa%g}%g efeshsrfop@&aitnﬁﬁejs )it t hout

reference to the pattern to which the pix ongs or to osition of

the pixel ofecohé phasy @t withh@uielativglgr highh spativbaesdlatiofr oaly Thes

i nventive inspection nmethod is terned herein "design rule check". Although
ref erence viotatioms natdnigemeihigh oprobabditye of se nilefectd aido fomadetpaitihge

anal ysis of which is the primary purpose of the invention) it will be
appar ent t Haformationy indicaiing atheo praggncecari absgagerefl at defect imadajdi s of

pat  or . 1 HECRAGEh T BT Sxai BHUIAR LRI AEfiad PHLRLGR &PRPADEER of no.

. Q. i h d f m f. i f m . _Th hod .and
apparat us rotEEn; ShochRRsrR of fhe ekt d Piafer, gad affdior niitciR, J8rvinEo oo
i nt ted w I . LIS . . dli
and It or o dsfePEnd¥ BRYEH, AIRERGnd Bt AG 1S IR ORE BT 1D
provide a ot dfdrifin bGIURIE! theldedhibRs ,maovﬂi_cmh{?hb&m%%g% H

detect any irregularities or defectS that may arise in the _ tion

line. Sonmetihees swdlnd Hfedeficdalptoihditat@thesidéndevftahdefedtoduct i on |ine that
are so far-reaching as to reader its further operation inpossible or
useless. It is inportant to detect such phenonena) which may be terned
"catastrophic", as soon as possible, and this invention . pernmts to do so.
These i nl i nEhe Haethpds: andeapparatug of She| pripy art thave seyeral dpawbackse art by
" the high speed, of ,theagé)x,el - based .i nspecti on t hod and the noderate cost

and f oot pri?ﬁ‘“l}f disqusged Jn the. cited references, such as errors due to faulty
registration and other causes, false alarmas consisting in the detection of

defects that are only apparent, and so on. All of them, further, have the
common drawback of requiring complex apparatus, with high mechanical
precision, and requiring long operation times and having therefore a low

throughput.

It is therefore a purpose of this invention to eliminate the drawbacks of
the prior art method and apparatus for the inspection of patterned
semiconductor wafers, and particularly for determining the presence of

particles of foreign substances.



~0 G JAN 2@3 11 According to an aspect of the invention) the same conprises
a nethod for the determnation of defects) particularly the presence of
foreign particles, in patterned, sem conductor wafers, which conprises
successi vely scanning the individual pixels, defining the signhature of each
pi xel , and determ ni ng whether said signature has the char adtledANt 2003 of a
signature of a faultless or of a defective,» or suspected to be defective,

pi xel . In sone enbodi nents of the invention, the determ nation of the
characteristics of the pixel signatures is preceded by prelimnary steps of
eval uation of the characteristics of the individual signals t hat make up

the signatyre, whi,ch permt t oncl ud that certain nat S nnot

bel ong to ef%@PPU& pB}?EP%S,e gﬁ&ﬁ{shg}v‘gp PR Weam"r“i r‘?b'c t'ﬁ%ﬂ‘o@r 8P8ssi ng)
vvherebyto f herefore the
met hod of %ﬁ@%ﬁ??&ﬁggﬁéﬁmm& %‘gﬁl m@ﬁé&% ﬁga‘gf’g‘ﬁ Efgpgg %&Sh pi xel ,
eval uati ng %ﬁg;ure) and based on said eval uati on,
excluding a aﬁﬁﬁﬁ%@?q{gﬁbm g lg%(l?rﬂégﬁ rot further processing. Preferably) - -the
pi xel s are optically scanned by neans of an illum nating beam and their
signature is defined by their optical reaction to the illumnnating |ight.
In this caheis 4 fferther pavposendfohiisrbmtention tohdetoet! theddefécts log suspestedon are
characterized by the following features: |- The type of |ight being used;
|1 - The péefectsadf surfacpso particwlaplyr efrpatterneds sethisondichor veafers; by al - The
property and/ or ararreters by which the optical reaction of the pixels, and
t her ef ore $¥ffpm seesmet rﬂyng&plgmagggngk@fgpatterns 12 1V - The physical and
geonetric paraneters of the detection of said optical reaction. | - The
type of Iight bei ng used According to the invention, one can use | aser

bearrs  or %/aﬁprg@gug?ﬁ%&yp 5o SEYHERrota Badtede dalMBfced Lfor eoconce

| anps, nercu eans can produced € dCode | asers
and have a Q,dgg f surfcedPPr opri ate
wavel engt hg%a%y&‘éid gé;ratr:'ir&e out %ggtl Boﬁ% p rsfgﬁg ?tr??%ggtﬁéasse s?o as to
produce optim zation for a given material or pattern. Relatively long -
wavel ength (e.g. 600-810 nm are generally preferred because of the high
ener gy fl uihie aetillefiabher phhpose vfivkiscingefition &o deteetr shidr defdcfsoor det ect i ng
smal | particles and for finer design rules. Laser beans can al so be
produced bpusprctedl defectpdneananalysins! theywphisebresnonse of thepirelsofthep W The
illumnating radiati on nay be narrow band or wi de band (inportant for
spectral aAHFiage &9 a scanning hedmonerent or non- coher ent) pol ari zed or
non-pol ari zed. As to fluence, it can be CW pul sed or quasi-CW One or a
plurality of |ight beans can be used. Il - The physical and geonetric

Dar Aot o 16 e oG el BB of TR AEHAGY % rOFide| A WBE chagot oL oo

can be changed onetric um natl on sources can

be changed m@nholhaaﬂsZﬁoﬂmbeH%m @bm Wgﬁﬁséﬂ efbatierHsCBufitta pixelbaséd | uni nat ed
spot can be changed. 4. The way in |chthe|IIumnat|onI|ght IS

del i vered ¢wmdpeetionahanged.

It is a still further purpose of this invention to provide a wafer control
method and apparatus that are completely automatic and eliminate
almost all possibility of human error.

It is a still further purpose of this invention to provide such a method and
apparatus which are highly flexible or, in other words, that can be



a ~ JAN 2af E3 13 Inportant changes can arise from changing the size of the
illumnated spot with respect to a given pattern. A spot of 5 square
m.crons will provide a conpletely different set of signatures than a spot
of ?5 square microns) and different discrimnation capabilitg8 JSsNeossef ul
| ight source forns are a point source, a ring source) a large aperture
source, and a line source. It may soneti nesgbe beneficial to illumnate

t hrough the wafer (or through another arti clse) when such i s being

i nspected) such as a reticle or sone other transparent article) wth a
relatively | arge wavelength (nore than 1 mcron). Thus) one could
illumnate fro %re{lneat the wafer and col | ect .t.nhe received radiation from
above. The ?qu% U 3% ta%&a%@e%ﬁ?%/gf@ée%? tbﬂfi‘%ﬁ?qw W R0¥i per
optics) or i j s. Il - The property and/or paraneters
by whi ch ttéélgﬁ&}a Js’?é‘#éﬂ%%&%ﬁ@'char acterized 1. In this system the
energy of the scattered light is the main property that is being neasured.
2. Another property is the height of the surface. This is neasured by 4 he
hei ght neasurenent system 3. Qther properties can al so be used
successfully for creation of a signature. These are: 3.1. The polarization
of the recditvisda rstalli finxther purpéseanfl thispirveasionTto prowidenpantthuid) aadnce
there are nmany geonetric | ocations at which the pattern on the wafer

i nduces a vanpargtuser fireeonsoollingz atheonyemiconductaxr cwaferst | inlinei gand

pol ari zes woul d_sense only particles. 3.2. The phase of the received

radi ati on. lmmegdiatelyregognizing any faguges, oy drregylaritdes imtheprodyetion

radi ati on, which c be tested in various ways, e.g. by testing for

f1 uor escenc%"oﬁ?sstﬂf‘ad?%‘ﬁrﬁ "% he spectral response of a pixel. Wth reference
to the polarization of the received radiation) it has been shown (see J. M
El son) Multilayer coated optics: Quided wave coupling and scattering by
means of i njpesf ; 4 : ; : 7293 242
(1093))) ¢ e, REEAL PAHAGE GRUgOReSe thid rhBhtioRofh pVIAS'S mithod s L er
surface, whgppdratusthdttRemit té1dealiaé ba atie|vwaler susfales the poithdiE6PARYPON
whereby at certain collection angles the polarization field is wel

defi ned. Thasspectetifdefegps.operly aligned pol arizes) the light scattered from
the pattern will contribute al nbst zero energy at said angles. On the other
hand) if there is a particle in the illum nated spot) the |light scattered

f it | arj. zed, d wll fipute signifi t t id

angl os) whcltoiiya S BAHAEE PsrRpsa of dhip) BHeRRORCRLEFDHAS 13 Tathg: A cossar y

to fi isely the | ti lari zat i di [ th tect

Lt i |1 pRbiAshoe g Smary Bl of (i thpdlogy wibrS [f} o, The
at will p3f¥ ) "LPF .

ront - The SFark foF'arbulegHEhe ol dod Rallal Aol RE ot e, ' 7

response thggmwadidon”Ndi cate the presence of a particle. Wen using

pol ari zed light, therefore) the nethod and apparatus of the invention need
not be nodified as to the way of delivering the illumnating |ight and
detecting the light scattered fromthe wafer pixels, but a polarizes should
be pl aced i Byftheexpressioncivecter dia-to-diercomparisont kebhrevinted @sr\daDé8l i n t he

S L) e A R B
to determine which of the suspected defects represent valid pattern data
and which represent real defects. The preferred embodiment described
herein requires firstly transforming the polar coordinates of the wafer
inspecting apparatus - hereinafter “the machine coordinate system” -to
the Cartesian coordinates of a system hereinafter defined - “ the die
coordinate system of the wafer” - Then, deriving from the coordinates that

define the suspect pixels’ location in the machine coordinate system the



fl ~ JAN 2~~3 15 | evels are those placed at the aforesaid angles in which
the polarization field is well defined) so that if the light collected by

t hose detectors has significant energy, the algorithmshould signal the
presence of a particle. IV - The physical and geonetric paraf@t$Ass 20f3 t he
detection of the optical reaction of the pixels The optical reaction, and
therefore the signature of the pixels is dgfined by the light scattered by
the pixels. The way in which it is detected can vary widely. It is detected
inaplurality of directions, which will be called, for descriptive
purposes) "fixed directions”". Each direction is defined by a line fromthe

pi xel to a poi,nt of light.coll.egtion. Theref.ore, the geonetry, of the

et t er od FIRBHNaer EhAP GRS SHIGP IR TRalincordipate ST ST, Knal¥onc s of

l'i ght collgctj Sai d points e disposed,e.q. in azi al ,symmetry on
nori zont al eSO P cn PRerasion B rortih b, bEnfhen Rubgsdt Skt to e
waf er surfagce J ty {g}n‘j? n rd| I e

sem -circl jglge, )‘%'%‘&W gr(?(#‘g%éagtr)‘?gﬁ%a‘?é Jt%'{eor?lt ﬁégvée#s ggéts g?*%ctgm oa%ei n a

senmi - Spher?f‘o’éi'uc@d b?tﬂéﬁ_l c¥ritanlinhtibR by R RERIR AL APRYIE bb FaLYRKBIainkd 2
preferred Tormof the invention) said signature I1s defined by an array of
signal s, ehefiwifted)i ch neasures the intensity of the light scattered by the
pixel in a direction, and will be called herein "signature conponent”. The
nunber of. directions in which said intensity is neasured, and therefore

t he nunber_of signature conponents should be sufficiently high for the

si gnat ur eslt t ahsfilhdustherepurnese of rthis imnantipnpto previde s mewdiodaandr bet t er

expl ai ned. The said signals are sanpled at a giyen frequency,"f') which
will be cafPRRFatusdog éﬂﬁl%‘}?éyﬁl? (RUEEAges, eyeR gesvheada@r RF wairfaceneatn Q6

JAN 2t!13 is_successive s lin t =1/f , wll be called "the sanpling
period". TR%&SQFF&S?%ICPng&%X%%%}Eed in carrying out the invention is
preferably very high, in the order of mllions of Herz) e.g. 11 Mz Each
sanpl e generates an array of digital signals) which defines the signature
of the pixg id RatilVderthel PYirPadeSst this lilveifHtapréAife MY BPtichA Read P! € Was
taken. The term "scanning beant is to be construed herein as neaning a beam
that has awhedlfédniprieed,iifm sirtéturslopde all thd sigicad elvmentd regatedsorel y

i npi nges on different points of the wafer. The invention conprises relative
not i ons of irxagiakingethet pixelsaifithe sanfacemithithedbdam ased dex sganowmig asdins, as

| ong as they_ cause the spot of the beamto nove over the wafer surface. By
"spot of trellestingy thairs opsical crespenrse pBathe opaytiquiar ympanagpf thie area of
the wafer illum nateg‘gb. t he Heam aa any nonent, or in other words) the

i nt er sect | YiVegt1op,as pex RAPS(ZI8Er f ace of the wafer. In view of the

rel ati onshi p between the wavel ength of the scanni ng beam and the di nensi ons
of the elenents of the wafer pattern and of the foreign particles, the

i ght scat ges t j i i : t oPh¥Chn sed in
this speci F?Eﬁ% g?lm aﬁ?ﬁa?%&ﬁgﬂg@ﬁgeggghggvﬁgg eb?iit J!Flll()apﬁ"s%gltlyof t he
beam at t hevhighireffectd thardohtrdl of the pixelsclly awbmbinatiord bfsuchrantopgicalhi ch t he
digital signals) representing the intensity of the |ight scattered by the
waf er in theadianddneansforidisplacing dheleuxface redatived thaitl | y, each pi xel should
border on the pixels adjacent to it, but this is not necessary for
successfully carrying out the invention. In practice, depending on the

Ceapoct 1o OHRe igpfes, miph adxfalellh U eRtannli, §lnABSRg Gk N _ 1

description proceeds.

Summary of the Invention

The invention, both as to method and apparatus, is based on the principle

of inspecting all or part of the individual pixels of the patterned wafers



t he sanpling frequency, adjacent pixels may overlap, so that each point of
the wafer is exam ned nore than once) or) on the contrary, the adjacent

pi xel s nay be spaced from one another, so that not all the points of the
wafer will be exami ned. One or the other relationship betmgig j 9&@ may be
chosen) and the relative notion of the scanning beamw th r p@%{ *® the
waf er may be determ ned as desired, takingyhnto account such paraneter as
the resulting anount of data and the speed of the operation. In order to
determ ne whether a signature has the characteristics of a signature of a
faultl ess or of a defective pixel) any criterion that is adapted to the

specific conditions,in.which invention.is carried out, .and provides the
desi red ty‘b%g%frﬁ?ng@é’r@ét\ggf‘g§%‘F18€f‘in§r8até%ﬁ?st5§ gapeepﬁgl TR0, may
conprise a ¢ [ bet ween th ntyolled signature and a master

si gnat ur e,a%o(rmﬁﬁg P%E‘%’R?m ?ﬁﬂﬁb‘%’ ‘?g‘lﬁ%egﬁ%fnvggégﬁgxgafa@eggp;tﬂgtpé}gcxpﬁ whi ch

t he parang . Lh 0 S @nat; t i e
position o#fe?ﬁteee?c%%t%ﬁ%ggdskgﬁa'u?%' ﬁ]&é‘lﬁs@ig ?vgsg‘i _ g‘?g%]‘%?{ﬁ‘lgteg and so
on. A broagifycts ghitidiarBNtheSpradbice 5t feigh partides oFthbRE fefBfdietaf t €r by
way of exanple. According to another aspect of the invention, at |east one
source of the patterdi tatwhiphohepixelr sflengdby tathepesitidnef ¢he pixadoavthded and i s
preferably notionless) the controlled wafer is preferably rotated, nore

pr ef er abl ywafegutanid: swithouér opaparisent rimatweanedatterns. dThisd atmewknpiveal | el to
itself along a straight or curved line)) prefer abllalye % di splacing its
center in iaspesiion Haethadedsi termed oheredor pdesdgn urule tcheck’s Although

rotation, sq as to \{)e t he spot . tp 6 JAN 2Q8 18 of the begm over the
surface ofraferengg gl be.madgchereim tospatterned; sgpniconductar. waterss dibeect ed i n

a pluralit f directi.gns. These directions) pn,which the scattered |ight
is collect ,ClyWI‘?feB’émc&}éll?e R4 Pé‘rp“#ﬁtghai W@PF‘BHS"’? “ﬁillgi’f’ot ary
noti on of GNEH i AN 1t oS easy
to effect %é}?an%gﬂ%?ggﬁe neanstfbg{_@%%\?e I ona g%gbc{kslﬁgrfhgn%% ?lrhn fIs to

achi eve vediffoRérith Wﬁp&ﬁ:ﬁ&ﬁh%’fﬁf aiyfl shifaced ot patterhyd Hirdhavilgoughput )
whil e having a small footprint. though a rotational and a translational
moti on of paenafthe dindensiowsnof whidleare kixnilar totthose of waféinpatterss)
mentioned hereinbefore as preferable, it is the relative notion of the beam
Wit h respeeg. imthetordenbfmicroas or frackiond of aniororisag f act or, and any manner of
obtaining it is equally within the scope of the invention. Preferably) in
each fixed direction the collected light is transduced to an electric

signal and this latter,is converted to a digital, signal,-.a,pixel. conponent
- by sanpl THg. ¢ 33' G ABRETRHS of Shg jvantiof can bF HRE t V%182 single

sarp oo g ' . Vet
he ont 1 r ooy o8 b8l Bf iyl fladiod BB obl Wereif e WERY, DOTT
whi ch subsgaidy Hiﬂdlé.ir.%%’ Snhdokedhée SPStant] ST cBR dYieRafts ad %?diﬁth&tédSi ngl e

scanni ng beam In her variant, the surface of the wafer is partitioned

into a nunpgrticdé nioMitst, tooprovideca cohsiadavhiedly of ctheswifreprodiiveyl, aadal to

sai d nunber of zones) is provided) each scanni ng beam bei ng associated with
ones of saimlthieveay) will aleters mayt brregudaxities or stefents dbat may axisd imében scans
the wafer zone assogciated with it, and the |ight produced by fhe scattering
of each  bradushispolipe.] Somesimes, unfaraggaer PRenomena  Bay HACHE ¥y the 5

plurality of fixed,dirgctions soci gt.ed with sai d.be Typi cal.l y and

Dt of or abl y Pradsefion e, i siR o Br 2p3cHiRE A5 o, 3eReE ifh Srhspeftion 0
circul ar) | ar cept:L i i i A Lal BipEensi ons,
and the wa g?oﬁy%lé’?a%%eg&z}hggﬁé léﬂ??#tegiégg%é%% %?%I@%’e?gg‘?g?fy g?an anount
equal to saidy badiefied! TERDSItATHHIE", tA¥ sbdr) @S- pddible) ahdathis GinveRigion nvent i on
shortens the processing tinmes, requires smaller notions of the apparatus

el enent s apérnpits itb tdo s00 Thedserinlinenchesksparectendered poésiblehfor thedimtred f or m
the process of the invention conprises the follow ng steps: 1 - irradiating
each waf er time in thecantbycthethighspeed\pf thespixelibased inspectionsmethediand o -
causing a relati,ve notion ach fer with respect to said bean) if one

| aser beamt %%’Eﬁtetcaswe&w t%ﬁ%?ﬂ?@ﬁ%‘the waf er, and



if a plurality of |aser beans is provided, to cause each beamto scan a
zone of the wafer associated with it; 3 - sensing the light scattered by
the wafer in a plurality of fixed directions, if a single beamis provided)
or in a nunber of such pluralities associated each with a b y ir{] @gre
than one beamis provided; 4 - converting said scattered Iiw ﬁ A3ch
fixed direction, to an electric signal; 5 - sanpling said electric signal
at a predeterm ned sanpling frequency) wherldby to determ ne) at each
sanpling) an array of values, one value in each fixed direction) associ ated
with a pixel of the wafer; Q B JAN 2Q® 20 6 - considering each said array
of significant values as constituting a pixel signature; 7 - defining the

condi ti ons Askdrding'tts hnhepeet dfthecidivbitioh| tHd1gamb X@Im§riserh th&thoffor
ffaul tl ess wafer; 8 - determ ning whether the pixel signatures of each wafer

meet the stheldetenchihacion of defécts, pactieshirlyythregpicsendd ofdfoseiphipaitioe) t he
said conditions) as
in patterned, semiconductor wafers, which comprises successively
scanning the individual pixels, defining the signature of each pixel, and
determining whether said signature has the characteristics of a signature

of a faultless or of a defective, or suspected to be defective, pixel.

In some embodiments of the invention, the determination of the
characteristics of the pixel signatures is preceded by preliminary steps of
evaluation of the characteristics of the individual signals that make up
the signature, which permit to conclude that certain signatures cannot
belong to defective pixels, and therefore require no further processing,
whereby to reduce the amount of data that must be processed. Therefore
the method of the invention may comprise defining the signature of each
pixel, evaluating each signal of each signature, and, based on said
evaluation, exclﬁding a number of signatm:es from further processing.
Preferably, the pixels are optically scanned by means of an illuminating
beam and their signature is defined by their optical reaction to the
illuminating light. In this case, the various embodiments of the method of -
the invention are characterized by the following features:

I- The type of light being used;

II - The physical and geometric parameters of the illumination;

III - The property and/or parameters by which the optical reaction of the

pixels, and therefore their signature, is characterized;



acceptabl e pixels and the remaining pixels as "suspect”. |In an enbodi nent
of the invention, a group of beans nmay be used to scan a wafer by focusing
themso that all have the sanme spot on the wafer surface. in this case, the
scattered light produced by all the beans will be collected igftian sgme
fixed directions. Concurrently with the identification of the suspect

pi xel s) their location on the wafer is reco ged to permt successive vector
di e-to-di e conparison. At each nmonment of the&®process, the position of the
pi xel s under exam nation is identified in the machi ne coordi nate system In
that system the position of each pixel is defined by the angle by which

the wafer ptt has.rotated and by the distance ,of the pixe] fromthe

waf er cent Z&) @&1? pggswg@agg\ gegmptriciRarametess °§6§? f’P'ifﬁFmWﬁ’Eéﬁl 58ds on the
di spl acenent ich the wafer center has undergone with respect to the |aser
beam Said FA§HPAr and radi al positions constitute the polar coordinates of
the pixels. The position of the pixel on the wafer) on the other hand, is
defined in the die coordinate system in which a point is identified by the
i ndex of the. $h@ type 6f lightBeihpeuse®r di nates of the point Q6 JAN 2B 21
inside the die) wth the axes parallel to the principal directions of the
di e and t heAgbopdimgcrsthie imwentidn, Dneicanons lagéebemiis iop light Prodticediby

coordi nates of a point are calculated will be described hereinafter. In a
preferred father sburdes, ismehras fayhtlamps| Jlvarescesceoiamps; mexairy lanmps,
transmtted, together with their coordinates) to_a _hardware conponent of

t he appar atats. LRger theammcanc beppreduced jesg.nbwriiodr dasers sand | hayer anyc devi ce

havi ng a specific task or nunber._of specjfic tasks i ch can be sel ected
as desired YAVESRELh 4 8e8- I‘ﬁ)ogéﬁerlgpg R ﬁig}edvWé‘ecéﬁﬂp nPPEOPEIAtYeci al | y

desi d digi | | i C_devi k_of whi.ch._i | h

i onal's. andREREREVIE ShPoP FaFdrd Bl b SRR nctielh i B pdst, Rbed B8, coone a
lid tt t . h .

Cont anm nat dredBe 'ifistBidtiord 16 W iver) AieeBhE oF HRAGHE (RARLEZTodd O °

coor di nat esyayelehif &gt 660.810" M ard ?eﬁexfiﬂ tpAefeRrddhRANRB of the high
conpletes the die-to-die conparison. It will "be understood that, Since the

suspect pi xeerghr Quenty achiowdble.l IShokt oavdleriifths ' t b Vi @referpodkdbe) t he
information thus outputted by the hardware conponent is a snmall fraction of
t he i nf or nedetecting emalkgatticles andrfor finedidesigh rules; Easembeams eantdlay ef or e
conprises determning the position of the apparently defective pixels in

t he suspectbawdredusedionpardieds genenatersopf ank wavelangth from bl tadeemeasuri ng
copth Car e o DS RiasEhE ol b 55 s, Dot )b "
epth. Larg o] g , ta n

er pendi cul e r . N S8, of | the wafer
ot Dern © anmpcar ool bhbeetal bARREi " IEXRE o RonSlnd G° ol Bhetelf, 1 O
their presepngrized e AH-p6lasfeRY As B ARbndB2RUELAERY -CRNCpLIBKENGS ON

further conprises an apparatus tor the determ nation of defects)

parti cul ar | yuadiecCW, Grerca plurabity of lightibédris 6on be nsgdit t er ned, sem conduct or
waf ers, which conpri ses:

II - The physical and geometric parameters of the illumination

1. The number o.f the illumination sources can be changed.

2. The geometric placement of the illumination sources can be changed.

3. The size and form of the light source and of the illuminated spot can be
changed.

4. The way in which the illumination light is delivered can be changed.



a) aturn table for. supporting a wafer and rotating it; b) a light source
and optics for generating at |east one light beamand directing it onto the
wafer; c) means for shifting the spot of said beamrelative to the wafer

center, preferably by shifting the axis of rotation of the r.
collection optics for collecting the light scattered by the\mﬁép ﬁ%&ﬁa

nunber of fixed directions; e) photoel ectrig sensors for generating

el ectric anal og signals representing said scattered light; e) A/D converter
for sanpling said analog signals at a predeterm ned frequency and
converting themto successions of digital conponents defining pixel

e ; > oL o9 e es of E el
par dver o1 ARy RRRY Shaflted, A aHdl B PR RS of nBRaRsARed 2] o

d identifyj ' , ' fof | i xel
Uz that SPS eIk R paRen, el SBOF PR, il B, P O
recei ving fiiden® chidplétely Aefféredd abt/brsigRhtirds RR&A PEYSY oF 78 QgRARLT Wi th

t he correspondi ng pi xel coordinates, and carrying out a vector die-to-die
conpar i son.microns, and different discrimination capability. Some useful light source

forms are a point source, a ring source, a large aperture source, and a line

source. It may sometimes be beneficial to illuminate through the wafer (or

through another article, when such is being inspected, such as a reticle or

some other transparent article) with a relatively large wavelength (more

than 1 micron). Thus, one could illuminate from beneath the wafer and

collect the received radiation from above.

The illumination light can be delivered by optical trains, fiber optics, or

other directing elements.

IIT - The préperty and/or parameters by which the pixel
signatures are characterized ‘

1. In this system, the energy of the scattered light is the main property
that is being measured.

2. Another property is the height of the surface. This is measured by the
height measurement system.

3. Other properties can also be used successfully for creation of a
signature. These are:

3.1. The polarization of the received radiation, in P and S planes. This is
important, since there are many geometric locations at which the pattern
on the wafer induces a well determined polarization, so that a correctly
aligned polarizer would sense only particles.

3.2. The phase of the received radiation.



D B JAN 2B 23 In a.preferred enbodi nent of the apparatus according to the
invention, the light beamis a |laser beam In a nore preferred enbodi nent,
t he means for generating a | aser beam and the means for collecting the

| aser light scattered by the wafer in a nunber of fixed direq8 JdAd 282
associated, in the appropriate geonetrical relationship, in a single
structural unit, herein called "optical healt. An optical head generally
conprises a single |laser generator, but if it conprises nore than one, the
generators are so focused as to produce a single illumnation spot. In said
enbodi nment, therefore) the apparatus conprises: a) a turn table for
supporting a wafer and rotating the sane about an axis of .rotation that
coincides with the geometric axjs of th fer; ma&g;; b) neans for

transl ati ondBtyT ﬁiW@Yﬂgnmeogﬁl% rggeived Jadiation. whichcyanbe tested dne
optical head; .d hot oel ectric neaps for transducing the optical signals
gener at ed i YR %E‘)’Gﬂﬁ Eﬁ'cqe&’(?t’tn@gﬂ' ‘E?rleﬁce&’r?gl%lbgitﬁﬁ S;B’@)S%cﬁaﬂonverter
for sanplin i ectric analog signals at a predeterm ned frequency and
converting gﬁiﬁ?%ﬁ)éhegﬁgsions of digital conponents defining pixe
signatures; g) a hardware filter for receiving the pixel signatures and
their coordinates and identifying the signatures that are not signatures of

faul tl ess pwigl sefe¥drice fohtHe poRrizationtoff the Pdcetrtd PAdiatibaCltShadhde) @
software algorithmfor receiving fromthe filter the signatures of suspect

pi xel s) togsidven (seéRJ.MicElson; Mhayltitadien gopted: bptiosir Guideidewhvandupingyi ng out
a vector die-to-die conparison.
and scattering by means of interface random roughness, J. Opt. Soc. Am.
Al2, pp. 729-742 (1995)), that the polarization direction field around a
patterned wafer surface, when illuminated with polarized light, exhibits a
phenomenon whereby at certain collection angles the polarization field is
well defined. Thus, with a properly aligned polarizer, the light scattered
from the 'pattern will contribute almost zero energy at said angles. On the
other hand, if there is a particle in the illuminated spot, the light
scattered from it is depolarized, and will contribute significant energy at
said angles, whereby the particle will be clearly detected. It is not
necessary to fix precisely the location .;-.md polaxlization direction of the
detectors that will permit to detect a particle in this way: it suffices to
provide a sufﬁdently high number of detectors, each with a polarizing
sheet in front. The plurality of detectors ensures that some of them will
get a response that will indicate the presence of a particle. When using
polarized light, therefore, the method and apparatus of the invention need
not be modified as to the way of delivering the illuminating light and
detecting the light scattered from the wafer pixels, but a polarizer should
be placed in front of each detector, no other change being required in the
apparatus, and the signal processing algorithms should be modified to

take into account the fact that the detectors which generally capture low



~ 6 JAN 2Cu~ 24 The optical head is) in itself, an object of the invention.
In an aspect of the invention, the apparatus conprises) in conbination with
mechani cal means for supporting and rotating a wafer) optical means for
substantially isotropically collecting the |ight scattered DAR e er,
and hardware neans for taking into account any angul ar di splacenent of the
principal directions of the wafer dies withsrespect to the wafer support
plate. By "substantially isotropically collecting the scattered light" is
meant collecting it at capture angles that are so many and densely

di stributed that an angul ar di spl acenent of the optical collecting neans

i stri buted tha ent of 2
vor s, ¢ ho aals e Mosk, BRAR0 Be tHE BBleef AR wRG Pl Pllafiiactad °, 1O

were const fibldt R0wBM ddfitEd) s8Shat if PheHpht ROUBERN by'kRése! Qetebfordtiay Of the

i
wafer rotation, uniformy sensing the scatterg%(al I'ght at every polnt
thereof Thgignifirant ehefgyt,ake Algdrithen sE6@Md igAal tivgrebércedifalpMepient of the
principal directions of the dies, with respect to the wafer support plate)
conprises neans for transform ng the optical signals actually received to
the val ues they would have if all the wafers were nounted on their support
plate with their principal directions set in an invariable) predeterm ned

orientatio e sjgnature of an i,ven pi xe|] de ds .on certain_operating
par anet er s?v‘ i ph&?fc AR §€PH¥ lsmﬁ%é%ws 'rsileaﬂ?t‘?‘#“aﬁffr%cti on to
practice of the,in i ONa Jhe. aneters conprise: a) the characteristics
of the irrgﬁiﬁ#ﬁaxﬁ%}?t‘y&ﬁlg@ﬂ he type of |ight sources, ~ JAN

Q
2~f~"1 25 ?‘Egiopﬁmﬁa‘aﬁoﬁﬁ;ﬂq El?éP’efo%)thU}. 'tw&t)';%ems cfe?ﬁ:?&ig ting beam

or beans, wavel eng err energy uence area o0 r spot
size) etc. ihd)ight'edtterdd by {HCHikORS Thel way e Whibh TR détBtel @ vary
orientation) both as azinuth and as elevation wth respect to the“substrate
surface; cwiddlg. Roisi detactgicinvd phiralithio€ direetibas,! wHichi @ill bé saledsfoet by each
sensor. Other paraneters) referring to the nechanics of the invention, wll
beconme appdesemiptivat purposés, dfixed directiong’a Eachtdirection isldefined byt &1dinpi x el
signatures wll ch_anze correspondi ngly. Therefore) said paraneters nust

remai n t heftoanthe pixehjo apoing ohkig estionyTherafores they geemetryrafithehe

pur pose of this inventjon.,h Gene ly,, the l.arger.th unber of, fi xed

T Dot onsgeatheret) bat dediionis i stinel:bsb e ABpGeikiondt she bogHe ofHEbE e
conpl et eness;;.0f. th B xel  si t . Structutal congi derations, on the

ot her hand?%%%\?éh%aﬁiﬁén%ngggcﬁe{gﬁwsﬁﬁrﬁjﬁr ubfazftﬂgﬂ]a IWﬁlfggegﬂ f ound

t hat a sat .59 aTpae T olpar A O S i LS +hg O use
16 or 32 flhgég?ﬁd@%égtﬁl ons ;Er‘l‘_}?%%ﬂ‘\g?%g% m%%ca???_r%%%?g t gct)_ﬁlde%t ors. For
simplicitywafer |durfdceRt io@nin i slevAtionsl |symmetde ol i vertieal drt stddtedbe
assunmed that there are two superinposed rings of fixed directions) each of
whi ch conpeemesirdlésf ioxeth éi fia¢t grid sparailed atoh the nyhferhsurfacesdoxliineat i ons are
uniformy spaced in azinuth and have the sane el evation angle. The two
rings havesemi-spherigal or ofhen wanltlike asrangementabavedhe svafer” i s meant herein

the angle which the direction nakes with the plane of the wafer. The pl ane
of a wafer is defined as the plane of its upper surface. The azi nmuthal and

he. pl ane. o7 A etegf fortf of B et il dihadied 3 dBRST by e, PO7

configurat | ighals A ifide Walak i j i lie on
two coni calbpgl 0 6’?%\Elﬁfzﬁﬂg%qﬁsirfacéejghi%‘%e%g“g?itﬁg?ir&g%cé&? ée(pggi s of the

waf er and ghe piwedin \edirestiothd Wil beheilledr Rerene Mbignatias cdnmponeath coni cal
surface. The scattered light is preferably collected by at |east one
optical fi%e bumhez 6frdixestionsinewhich esaidointeasidy t isamessuret] and

photoel ectrjc detectors) in each of which a continuous sjgnal, i.s generated.
The t er mi n&herefgre thernumben @fSIWWQIOP@RS’HOPFREShW@ ef @PPﬂﬂ#ggr eferably
abut on one_apot her

S o0 o0, B WSy 0 B8 BB, sk SR ™

optical fi r I : ol v o o tors,

whi ch are @gﬁt\?g%’% iC)a(ri\f?t‘i!&l'appe:jtrs gidjé&?g)r% %i;(d;%r%ﬁéi’%fgm %ﬂ%w o

manuf act ur §ehibl wilt el ille@3the BARPUHAR fFftlenti’Q TheSpedidd dftimebtween The
sanpling of the continuous electric signal produced by each photoel ectric
detector, can be carried out by apparatus known in the art and avail abl e on
the market (e.g. ADOO59RS, manufactured by Anal og Mbdul es) at frequencies
of mllions of Hz, so that the nunber of pixels for which .a signhature is
obtained is in the order of mllions per second) e.g. 11 Mi x/sec. The
scanni ng beam generally has an obl ong spot size, e.g. having a radial
dimension (viz. a dinmension parallel or approximately parallel to the wafer

S . e - ey




0 6 JAN 2QD3 27 - Fig. 1 is a schematic illustration, in plane view, of the
general features of an apparatus according to an enbodi nent of the
invention; - Fig. 2 is a schematic illustration, in elevational view of
the apparatus of Fig. 1; - Fig. 3 is a schematic iIIustratiar@f’m 2093

el evational view, of an apparatus according to an enbodi nent of the

I nvention; - Fig. 4 is a schematic plan vi of anot her enbodi nent of the
invention; - Fig. 5is a schematic plan view of a variant of the enbodi nent
of Fig. 4, - Figs. 6a and 6b are schematic vertical cross-sections of two

embodi ments of optical head; - Fig. 7is a plan view, fromthe bottom of
sai d opti cancogssive samplingsa Trl/Ec il be calied “thej sampling prriadsagThe
generally ill uiitr i ng the g&f\ses of .the scattered |ight processing
accor di ng FRMRHANGEBANARGH used i, sarrying ent phe inventiongs;pretergblyckeryi agr am

LIy Ll . . ! )
general |y 4LLSHEL 08:Le 80800, 18525Y 19 Ml mlh SmRPELREoCO" O 1O
an array of digital signals, which defines the signature of the pixel that

was illuminated by the beam at the moment the sample was taken.

The term “scanning beam” is to be construed herein as meaning a beam
that has a relative motion with respect to the wafer and successively
impinges on different points of the wafer. The invention comprises
relative motions of any kinematic nature and produced by any mechanical
means, as long as they cause the spot of the beam to move over the wafer
surface. By “spot of the beam” (also called “the beam footprint”) is meant
the area of the wafer illuminated by the beam at any moment, or in other
words, the intersection of the beam with the surface of the wafer. In view
of the relationship between the wavelength of the scanning beam and the
dimensions of tim elements of the wﬁfer pattern and of the foreign

particles, the light scattered by the wafer is diffracted.

The term “pixel”, as used in this specification and claims, means the area
covered by the spot of the beam at the moment a sampling is carried out,
viz. the moment at which the digital signals, representing the intensity of
the light scattered by the wafer in the fixed directions, are determined.
Ideally, each pixel should border on the pixels adjacent to it, but this is
not necessary for successfully carrying out the invention. In practice,
depending on the character and speed of the relative motion of the

scanning beam with respect to the wafer, on the area of spot size, and on



- Figs. 10, 11 and 12 an enbodi nent of the signal processing, - Fig. 13
illustrates the die coordinate system - Figs. 14(a)) yy(b) and (c) and
Fig. 15 schematically illustrate alternative dispositions of the scattered
radi ation collectors; - Figs. if and 17(a)) (b) and (c) ilhféaki 8pd met hod
and apparatus for hei ght neasurenent; and ~Q ~ JAN 2B 2&* %Bf‘18 is a
conceptual flow chart exenplifying the vectjgr die-to-die conparison
according to the preferred enbodi nent of the present invention. Detail ed
Description of Preferred Enbodi ments Figs. 1 and 2 schematically represent
an apparatus according to an enbodi nent of the invention. Numeral 10

i ndi cates | j ng.J nspect ed. The ar aj,us used for fhe

i nspecti on%%%@n%ﬁps%{kageéﬁ%'gc?' %gmcﬁﬂpgvfﬁ% BRY S b’ﬁ%gs’t ‘i.:o EF}PZ‘ %&Eé’ro‘?%oé)l aced on
sai d suppokf W‘%;i'e' hgi ' qﬂaglqﬁn i I 1) 1ahi i's
rotated abou% S a?tsle ahgh?r%c a_niddca %%%%g'%g?ﬁgﬁ%!mhg%’erb% %@%‘é;&h

convent i ongixelé\ may d3€ipared fBémi cheSAAYThed! solthdt mdt! £11 €REIPodhtsPsIStHe! ON,
above the axis of shaft 12. However, nore than one source could be provided
and any sowafer eilllbé dxaminede Onatoretheasthbrrdiatioshipbetwedn phrels mbhy, to
provide the required illum nation of the wafer, depending on the type of
waf er undebeichogens and therekitive mogioa ofitle stddningbedm| withrrespestcts i s

shown) by y of illustration) oriented at. an angle p fromthe plane of the
waf er . Nbc\gﬁ%iwaferrré%%,bm eteymaineda asp desitpds otRkaRE | A acconnhssushe t he
shaft 12, viz. shift i whi | e.mai ntai ni ng J aral | to itself) so that
any point PRE3RAgfe e[sth? nreé"‘gtt‘?%\i gﬂ’[noBPpc‘lfIr 5@& I*’i%%i‘ﬁa?pqﬁdeé’f i ‘h‘ea pl ane
per pendi cuI0 Erz{t?rihe axis of the shaft. Consequently the wafer 10 is al so
transl at ed gara?e'l toitself so that its center of the wafer is shifted in
a plane perpendicular to the axis of the shaft. By "translatory notion" is
meant any notion of a body in which the body does not rotate, but is

di spl aced Jhtdrdér toOdéterMind lvelithara Sighaterethay thd/ cHashdteristicsTBE a _
transl ati onal di splacenent of shaft 12 and wafer 10 is rectilinear, but it
need not beigndtudesf a faultless opof d defdctive pixet,uanyectitesion. that 3 daptd2003 29
Additionally) the | aser source or sources may not be stationary and the

cor r esponditaghepspecific eqnditions in whicla fimvendionf isccarnied awsy endrpravides sini | ar
to the notion of a_needl e on a phonograph disk, viz, swing along an arc of
circl e pasdhadesired type and degrrecnf selecting, carrke adopted cEhaeriterionsmaye t he

i on] acod CRTBTIS AT Sapan RECHdn HRE SRGPLSH, Sigtiatare Agd dBasrer and or
. > . _ . S | |
N Toal s opidtRiurk00e i VeflldiPhe PEAEANAY doctotaBledBlrhoBP R WIERS Y 21000
rpm and di %Héa§eﬁhxﬁaﬁmldwtm cOnfrioHed dighatuPe OchuSt DbeCMdltded, The theght of

beam 13 is scattered in the fixed directions. The fixed directions may be
azi nut hal | ypoeiticrl efrehe comtidlleddsighature in larstatisticendf@igmatates, landsoron. ed, t hey
are azinmuthally distinct and arranged in 2 rings of 16 each. In each ring)
the sai d di& dsoadlyssuitableyamd simplel method avilce dessyibedhhexginafterabyl sl ant ed
at an elevation_angle al for the lower ring and a2 for the upper ring) from
the pl ane AYaY pEeX@mele. The angle al is selected from8 to 15 degrees) and
the angle a2 froml15 to 30 degrees. This arrangenent, however, is nerely an

exanpl e, and can be varied as desired) as will be better explained |ater.
In each fixed direction) the scattered light is collected by an opti cal
fiber terminal - 15 in the lower ring and 16 in the upper ring. Preferably,

the gener atAdcofdingh®d RfetHet aspeet bi ehé® Rhvéiition] idtcleasdtesrnid Ralifcedsfean
structurally associated in an optical head. Each optical fiber transfers

the col | ectieshdiatihg Heans prefiratibt adaser diodd, isrprowidetcamst is preferabdy 18 in t he
upper T r"‘:]'motionless, the controlled wafer is preferably rotated, more preferably

about its center, and is translated (viz. displaced parallel to itself along a

straight or curved line), preferably by displacing its center in a line that

lies in a plane perpendicular to its axis of rotation, so as to move the spot



D s SAN 2~a~ 30 Each photodetector outputs an electric signal) which is
transmtted to an electronic circuit, not shown in the draw ng, which
sanples the electric signals and outputs, for each fixed direction, a
digital signal corresponding to the intensity of the Iight c®IJANCRISS by the
correspondi ng optical fiber. The sampling frequency f may be) e.g., 11 MHz.
The spot size of the scanning | aser beam iygthis exanple) has an
approximately elliptical shape, with a |longer dianmeter of 15 um and a
shorter dianeter of 5 wm Fig. 3 is a further schematic illustration) in
el evational view) of a machine according to an enbodi nent of the invention.

e, oS BSSE 3y 50 el oF A, ECHENGRE e e
assenbly 23, phiieRoNIGiBH Cth & PhiPdifty et &#@&i&@%%gi&é}&%tmgeh mpral 24

schematical ly 1 ndi cates neans Pgé transl ationa acing sald notor and
pl ate. NumeyhalscdbteshRERt 1sycollBétod vl ba called MePdinaftet efiXedRirebtignd"vat es a
scanni ng head 26, containing the |aser sources, the optical fibers for

col | ecti ng The retaay totioh 6f thiet wafen hasivengidetalsib eclvantagal &t pakticuldt ock 27
schematically indicates the el ectronic conponents of the nmachine, which
recei ve t hdtdatensy tf effeet bynoneshaniealomeans af egnventional precisionoand hown)

S Or Brant | RASERiFS 9 AgSia R Yrs B PFoeds VRS ARATA ThAEIORH & vesu SRt g

| at e) whi ocgur .duni. he scannin f.the fers, different tions are
Iroequi Z ed f 3‘?‘1'8‘5&@“’13} %&ghéﬂg’gé‘} 3’8‘8? %f’&?%tdi \%ﬁﬁ’ﬁgﬁtﬂw FB%HPgﬂt af ers.
Addi ti onal | P ~ %;awfgyt 0 i i i r abl
provi ded f()tiéa?gl%tﬁlgflﬁlgn%%g}# ﬁ{_ghn% nat | ﬁg%e%ﬁ%%r@égﬂghe%ﬁﬁtgﬁ'@gﬁ 00) yar e
wel | known f#4ePBéeiPientionkd Héréinbbitee AslpréfdabREG: {boﬁhebf‘elﬂﬁ%‘érz?&?ﬁ% Fig. 4

is a plan view schematically illustrating another enbodi nent o

i nvention) ofithelbea@iivitls @6spacptoltled mwaferothatpbithel ddteibiningfacteef &id 30 i s
ideally divided into a nunber of zones constituted by concentric rings and
a central cany mneannarlof dbitaingiitids 2qually witliin i scopedsf the invemtiohi on to
central circular zone 34, are shown in the draw n&st for sinplicity of

i |1 ustrati ofrefexably,nimeach ifixed divectioncbheirollaeted light isgransduded:te an

conprising ,, a scanni egm gand an array of optigal fiber sensors in the
fixed direcqlpeiae Sliggﬂggé‘?i thin Tager éaaqnzémé tPnaeés’ﬁai sigl gl 2eRiebn t he
scattered light is cg}llectgd py an optical fiber sensor. In this

. enbodi mant)c onert s P’n"‘ﬁ ‘and the optical fiber sensor of each zone are

nounted on a conmon support) to define an optical head; hereinafter
descri bed. The four optical heads, which are identical) are indicated by

numer al s 35y 36&arthhtdTEheGbové abpébt of thE Snwetiticila BiRplls sedifhifBHeanAS bei ng

one for each zone and successively aligned along a radius of the wafer) but
this is neril yrovidedhandtthe wafendsrsat mowed That kel besmyscams the ahtippred al ong
a radius, but) for exanple, may be staggered and partially overlap, so that
some cir cl esurfacavef othet eaferf Ar phinality coflgsers,othe epot sivem afnwhighad. Such

an arrangenent is .schematjcally indicated jn Fig. 5 erein a plurality of
heads) sche$HRSERRNANY | O¥AT ea}/eatcw)d%a?‘g g?’if@‘be%d ﬁg;'@“@ﬁl? é‘IDGr?g a
radius of a wafer 80. to cover an equal nunber of zones not indicated in
the fi gure.scgé’in&n%ﬁ?ééﬂgenent particularly applies to optical fl 6 ~ AN
~ea~ 32 heads that conprises CCD detectors) that will be described
hereinafter with reference to Fig. 15. The purpose of these enbodi nents is
to cause a plurality of pixels to be illum nated and checked concurrently)
wher eby the process is accel erated and the throughput increased; and
further) tolnd anbtherhariamnshesurincd ofithmpivafernis dartitionbd intd arnwmber f r act i on

of what it would be if a single optical head were to_scan the whol e wafer,
si npl i fyi ngof 2anesea mumber ofscanningheamac(paeforably equalito said number of . Sai d
transl ati onal djspl ace t) as in.other egbodi nents of the inventjon, need
ot be. r adi mosh i DTG Rk, ScamiRe bea PPRIR-Meiated Bt ang ot pkh:  par b
or a non-stgaj.ah [ ' :&ﬂ chani cs
of the appa%%%s&hg%&(ﬁcg%om elrglﬁ é&?&g)a??géﬁpﬁg%yegﬁyd or %?éer éggnsl ation
that will SgsNeabddiastl RAGEitDTand (HeNREKY Sroduddd bytheYscaidyiiy 8NbackEChani cal
and optical neans can be adopted. Fig. 6a is a vertical cross-sectioa of
one of the optical heads, of which Fig. 7 is a plan view, fromthe bottom
at a larger scale. It is assunmed to represent one of the optical heads 36
(or 39) but could represent any other optical head. It could al so represent
the optical head of an apparatus which includes only one such head, the

waf er being displaced in such a way that the single head scans its entire
surface. Head 35 conprises a base 40) which has at its bottom a centra

_______ N . .



Q E JAN 2(t03 33 convenient way) not illustrated. In base 40 are nounted
the | aser source 42 and two circular arrays of optical fibers 43 and 44,
di.sposed one above the other at different angles so as to converge onto the
center of recess 41, where the pixel that is being exam ned i'f) 139@?5@3 It
is seen in Fig. ? that the termnals of said optical fibers, F‘u ich
is indicated by nuneral 47, which constitui® the intersection of said
fibers with the surface of cavity 41, are adjacent to one another, so that
each array of said fibers forns a continuous circle at the surface of
cavity 41. Wiile two fibers 43 and two fibers 44 are shown in the
Cross-sect p@imMHy thd wfer st#fdee a5 'cBUledted! #F AP MrGRHPOf Fed difedtind ,
enbodi ment, 16 optl cal fibers) which are gathered, in this enbodinent, into
two bundl esssbbiated veiohreid i bwari. OTjDﬂSu@hDsﬂeilﬁtthé&,rabtﬁ saidvwanes wftther, a
plurality of |aser sources; e. g. placed at different angles to the wafer
pl ane, andwatfare extapt theoceritralibne, whichyis cdfrcwlpri arxd ahndars concdmiriee
conprised in an optical head. No matter how many rings of fiber termnals
are provi deags having similan radial dimeasionsplepddthe,wader isretated andgisat

uni f or m angul.ar, di stances ]fé'rom 0 not her and are s sl ant ed tBat all of
their axesgﬁgse oIt , ARnRRQUPL pRRa éﬂt spidyeradidl pot t om

oo Nl 0, T it S SOl AR Y 25
surface to f&&ééﬁn?ﬁ% %e§088§§&a%rW1dd§V@qgfr Sa\(;brpﬁ'h s@l‘énﬁee 55 H' call'y

|IIustrateg In ve s-sectio at a scal e I cal
conponent sp&fmits 8 Hefins sRallerpitel®f optical head. Said head conprises three
| aser sources 42a, 42b and 42c) the first oriented perpendicularly to the
bottom of cavity 41 and the others at different p 6 JAN 2~~3 34 slants
thereto, to provide an inproved illumnation. Two circul ar arrays of

optical fi bemsfurghemprefdrredcfopmovthieprocess iof $hadasentiomabmprised theei r
termnals 48 and 49 formtwo circles about cavity 41. It should be

appr eci at efplloARE SHAPSE aser source 42 can be 5| tuated renotely fromthe
optical head 35, and taRat t he | ager eam e trans tte t he head
using, for exanprarragl waler;w 3P° 63‘%}' %‘&Pra‘ﬂ B am Br?ciftﬂé’ﬁs 43 and
44. Fig. 81%% g%ck di agram generally illustrating the phases of the
process by f 8k b scattered light froma wafer surface is processed

according to ang eni:miy]ﬁ% i i Iyl rat ed
with respect to an optl rﬁtrﬂfeagg?embﬂﬁg% %ﬁ:hf gﬁgefﬁﬁf&g?‘r@g%egg to #%ﬁ&
appar at us BbaraDE dreViasér shm GOURd, 16 SatsdbaidBdany tobearDthewafdicadd, the
sanme operations are carried out Wit h respect to each of them If the
optical coifpophirakityoéf laber bggms it provided, to tavsméaahchieam tascapaizoné head)
and no matter how they are conbi ned, what will be said about an optical
head wi | | abthewaferiassogiatedvith iy of the |ight scattered by the wafer

Tl . B i B ol i b R
LU B O K kbl g e R b BEPRPBRBhIURh ST, 0ot o

di r ect | onS hoaiifhed Bctt WAIO blh, HHRGHPHRPorBharhlis pPoviad od L0 [ ntroduce,

such as auto-focus nmechani sm nses, etc Sai d opfical conponents operate
as her ei nbef or eqdegsnviebtily shid seaibrd Hehe et each fixedSdirectiors stoomsi bl e for
detecting the optical signals fromthe optical fibers) transducing the

si gnal s i nelecttiesignal; pul ses) anplifying said electric signals, applying a
correction conputation to ~~ ~ J AN 2Qa3 35 nake sure that all the
detectors (32 iR tWﬁ@!@%ﬁP@ ?)r%ﬁ@#-‘l #tca pradgtermined nsaBREREt to the
i nspect ed urface an ect. to each other. and final Ifgya&rnvertl ng

each el ect e@“ﬁﬂ@f'o %F%FO e&'m&nﬁh pagh SPERINE, BPe?ré'Pﬁlﬂ % 8 bits.
That is, e a si gnal
consti tut e%ggﬁgd%r (f%hav‘ )adlﬁécg% fla%gog%w%fg&’&agﬁgé ?gtf%]r'ow de
adequate information. E.g.) the word may be conposed of 8 bits, providing
256 levels of scattered light intensity. Each ring of the phot odet ectors
w Il then contribute 16x8 =128 bite with a frequency "f , which, in this
enbodi nent, is assunmed to be Il Mz.




The digital signals are transferred as output to a signal processor unit
52. The resulting pixel signature outputs nust be evaluated according to a
predetermned criterion. VWile, within the scope of this invention) many
criteria and correspondi ng algorithnms could be used, accor diq"JA(N Emges and
to the choice of the expert person) a sinple criterion will Tater be

descri bed by way of illustration. The sign20 processor unit 52 is

responsi ble for the first stage of the data reduction. It receives the
input signals (32 is this exanple) fromthe anal og processor unit) at the
clock rate of the system(e. g. 11 MHz). It outputs only a small percentage
of these data §a édiRidérihg TaeHSaid Afray SIignificRAE€YaRIes WAl donsEitgting!St OM |
designed el ectronic subunit that can handle very wide input data at a high
rate. |t iaSpizkbsigAapai;e of enpl oying several different reduction

al gorithnms, sw tching between themas the fl G JAN 2J3 36 application
requi res. The [ xdéSninghthel adrditionsiwltibh anestt besatisfiedty all thef pixbE si gnal
processor, are henceforth terned "suspect pixels" or "suspects". The signal
processor signaturegefeaifadtlesamafer; a snal| fraction of the inspected pixels

to the followng unit. .This data i.S co ni cated vja FI FO bank (to
coordi nat e the%c'drf-ﬂ:ﬁffp&%’ﬁgow P'aheésti,e p%@?tgrgqmgyﬁggpegﬁ as a PCl
bus, to thegﬁagn.ﬁPhJ 'Oa[gn he system The defect detection unit 53 is a
sof t ware 8 ?é’q" AP n the main CPU of the system It receives suspect
pi xel data frog th g{;ﬁ{ o i 1. (I o I I VAR IS S o)
separate the yg i da&§§e S gf B%‘% ?ﬁ%?%e#gigthi \%etegng?fib%g&o%?g%gﬁﬁea%ef ect
list as thReddtaBle pixaly'Shd Che roRaiink kel as Shiliplebtrd nNow the conponents of
the bl ock diagramof Fig. 8 individually) the preferred structure of the
Optical Head Unit 50 had been di scussed herei nbefore. The internal
structure of the Analog Processor Unit 51 of this exanple is schematically
i |l ustrat dd amembgdiient b theinvensiono aygroupl of beamsuming be ofsed de s¢ar al

channel s) one for each optical fiber) three of which are synbolically
i ndi cat ed 4 Wafen byclocnging: them wnthatpallthave theasame fprottomthe wafer of this

to
exanpl e) conprises..a detect,or 55 that, transducer, t i ght si | into
ol octr & CUHFIachy i Yhia CBPacthE scabesna light PRIFSA bY.AL the BemS Ml by cocr
amount in anpr lL{fier 58. i jgnal is then further anplified with an
anplifier qgl}gftﬁgtqgﬁég S@&H g‘ﬁ?‘iaﬂgfﬁo d offset. This allows the systemto
adapt to varying substrates) illum nation angles and ~ 6 JAN 2~~3 37
paranmeters such as wavel ength, intensity, etc., and also allows to
calibrate the several channel signals to respond equally. This insures the
i sotropy of the whole optical channel) so that if the sanme pixel is
observed fComourrentiyevitltgheddéntificatiempf the atspect piteds,i cheirflo¢dtivmnaf er) ,
the same signature will be obtained fromall the signals. It is also a
prer equi sianetheowafr is sebendeddntpermitisuccnssivg vector dieytoedie comparisas: bl ock of

Unit,is an AID co perforns_ anal og to
déthe out put

this Anal og Progcessor gverter. 580%h t

d} gi ta: cd‘ﬂw@f‘ommwa& e, Pracedpy §|. e TRe&iop,, nthe mix un
Al P Uni. s 32.8] . i itLs,

g! opﬂafﬁgﬁeﬁa%ﬁiiﬁﬁe%;léﬁééﬁbéo C 4B PR e cBR o] Hetin? pudfnd gﬁélét . d

rrlaglet ?heepsﬁgﬁlﬁ"lnhger %ggie ec?f%E%M§% SI gngl !?tt gt rkeppggg%%maﬁi\?glnﬁds o

pattern onwhfe supp6Ft had fotated anl b3 thar distaned oF tRél pixel f¥ons thé wafera
contam nat ed spot. Such suspected signals are passed on to the next

anal ysi s stemper, Prgfas aidy )be Isaid, Lits tradiad upasitien,r whiclf idgpemds ent theappl vy
various algorithms for the discrimnation between valid and sus&;ﬁt pi xel s)

changi ng tdisplacement whighcthedwafer: conter-has wadergane with xespestcter then. The

t] f thi iy .gill b l.ai ned. i n al gorithnic bujlding bl ocks.
A R i T G R
e . ) Wl ¢ L
ot coenorneoBREPAERY BT by b hafiin F pE BT LU AL it 707
Progr ammabl e Hag dVik WéhneRGinlite G1d Sdor@inath Q?edenf,’fiﬁ%ﬁmr a godstizol ogy. The

details of this inplenentation are not part of the invention and need not
be di scussiddntifie@iby. the index of the die it is in and the coordinates of the point



~ JAN 2003 38 Wiile a variety of algorithns may be devi sed and used by
skill ed persons, a specific algorithmw || be described by way of exanple)
with reference to Fig. 10. The digital signals from Anal og Processor Unit
51 (32 in this exanple) firstly enter into a bunp detector 645 »i2008i gnal

i ndependently of the others. The bunp 62 is graphically illustrated in Fig.
11. It is detected with the follow ng operator, that requires three
parameters: total width 63) central width 62land a ratio threshold 65

bet ween the brightness peak 66 of the pixel currently under control and the
hi ghest brightness peak 6? in the filter's domain that is outside a central
patch. By "width" is neant the nunber of data taken at one tine. The val ues
of the two ipsidesthardier ovitinties akes piradled ab dhe primipail dirdefiohs ofiehedid ne t hei r
ratio. If the determ ned brightness ratio exceeds sone threshold,

pr edet er mi ragyl dhet Histbneess méasared rine micronsacThe xedy iin mdtich ntee idie t he
signal, ot hervm'.se% it is zeroed. This is_done for each of the 32 signals,
and the re$gpxding %@g&ﬁmpaﬂ@@tresalcyiatgdgﬁ&@.depn@bed)bereem paraneters for
this operator have been found to be: filter wwdth = 11 pixels) central
width =5 pixels and ratio threshold = 1.3. If at |east one of the 32
signal s prgguce pi a; hji.ab. hu i i riyghtness ratio is
above the ?ﬂr %sﬁ%‘%}%@%gl F&% Og?tglﬁd@erge gt :I\E/% %{g&%tg':r%gsﬁ?fg? %’fg?spggesed on to

this esti m%i'&ﬁsrﬁft'ﬁed,ht%g@lﬂ?éri ﬁfth%’eiﬁ?’o)%lr:!ﬁiaité’d‘-to-Ehﬁéﬁfw(Hr@coh#botrng%lﬁ of

enbodi ment, and optionally in genera bunp detection Is a fl

prel i m nar thetfgfaraths.cBy Ptiar@waPs comipoheht’ ishRedgs herfeifli £ lelectioRic 0 ~ JAN
2Qa3 39 conpari son. However) the nunber of signals relative to each pixel

t hat have alelvideghaviagsa rspecificaiask ert 4 aunbexrsofodpieifichimsksitwhith ahnlhep
detection) gives an indication as to whether the pixel is likely to be
consi der ed selestedt as desiredrinteashecase. ki gemeralithediardwarecomponent isp may be

due to the wafer, pattern, whereas a high nunber aof such . signals_is probably
due to a paﬁpﬁp@il&fepﬁ%n%éwtala estronic Yle?,r%e tegl@ef which lfgvp andy3ezes t he
32 signals telative to eac ixel he out put of det ecti pn nd

o ovi doa oohe Senhfa e Miakd eHE nreligfingel Pelerfion JieTeorE, Seppl et ¢
enbodi nent , t] L3l v, 4 I C I i rapt i i second
oror i i mar yeEféseR d VAR XatPrf SHUR wallORNA ANG By A 0ibelted 0O DT

et ecti on. Jbue #bE0kI dthikEESTeHVHRE. RO iifaBifvs SR slbpecdlpifel8timeent i1 € D,

wdth factor w, and threshold s. "The conputation is as ows: Sort the 32
val ues. Pi cheiré@opdiigités are teansaitied farther th & adftwesre! dodipcaientbwhivhen p*w
and p/w. The sumis sent to a threshold conparator. The result of the
conpar at or dompletes the diectordie nepmparisoat. Hewitlite wnderstood that, ssincer thenal | er
than s. Common val ues have been found to be p = w = 0.5. The value of s is
vari abl e) £WePeets pixels carenpnly aasmallgfragtion rfqall the swatesscpixels, j the
illustrated by an.example in Fig 12 . wherein nuneral. 70 indicates a curve
Wi o |t opEFR Ao G Rutmisfacthy i hytirde ompRRaRLs & smAlL AR o ol ek
under curv . ] center value and one half the center

val ue, is g:eogéggé@&?%%gbr#gﬁ%ﬁﬁ?@ Ilﬁ'threshol d. Wereas the input to the
signal processor unit is synchronous data at the systems clock) the
frequency of the output is on the average 2-4 orders of magnitude snaller.
A standard interface with sone nenory is designed fl ~ ,1AN 2003 40 into
the systemto handl e potential peaks of activity, and to push the data down
a PCl bus tAntémbodimentonf therinventign therefovencompuiges rieserntining rthei on

Limted). Each, out suspect _feajure i s huilt of coordinate data and type
data. The dEditemal gﬁejamar%ntbf g&ﬂgeefenew @ﬁ%ﬁ%@%ﬁ@?&rﬁoﬁpetmbsystem

in polar coordi pate and 8).and can_.be transl.ate S|, t

Fegl st at | bodifeS, e R8N yebuBR, ciRRrsth ey the JRAR Khike i
type data i,.S.L1 © C oL i ef. als %@& t of the
decay rate p}s!Hgma QP ?ﬁﬁggﬁgﬁrﬁ? El:‘ta%a% !\;/\Jﬂ}ggrgeiﬁ?h?gd% e ;fﬁf%gﬁ]dl . .
conpar at or ) forefiph Sparticiés bfteh AfivieOa Héﬁ%liﬁ)&iﬁtéﬂmbﬁ'sieﬁ pebperstit@atiten, or, in
ot her words, of the detection certainty. The Defect Detection Unit 53 is a
sof t war e nuthel waférosarfack, | in temcesscef saidt Hepthaof the lwafer pattern) lantdhe
suspect pixels fromthe previous stage, and find out which of them
represent real defects) viz. to carry out the vector die-to-die conparison
(VvDDC)) which follow the prelimnary stages of bunp detection and decay

rate estimation) if these have been carried out. The VDDC operation
conpri ses the foll ow ng:




1. Transform ng the polar coordinates of the machine to the Cartesian
coordi nates of the die coordinate system 2. Deriving fromthe coordi nates
t hat define the suspect pixels' location in the machine coordi nate system
the coordinates that define said |ocation in the die coordi ngtieJANSEEM 3.
Marking in the die coordinate systemthe position of all suspect pixels. 4.
Di scrim nating between suspect pixels that ggre due to the wafer pattern)
and therefore do not represent a defect) and suspect pixels that 0 ~ JAN
2003 41 are not due to it and therefore do represent a defect, in

particul ar those deriving fromforeign particles. Fig. 13 illustrates how
t he coordi 1 t, 40 ek.s 1 | !

coor di nat ¢ o cetore Bhore e Bout UEATHORGE ad¥ (HEhFprosBBAl LAl bl delelfed b

coordi nat e SKsfehimédiRitemeneW Wafer 100 is placed, generally by neans of a
robot) on the rotary plate of the inspection apparatus of the invention)
the orientation of the wafer is unknown and it nay be m scentered by up to
1 mm It is inportant for the later parts of the inspection procedure) and
of course fThe tineentidrp further tchmpirises aof agparatus\ier the edeterminddombdfe t o
descri be the |ocation of each pixel on the wafer with the wafer's natural
frame of colefentpatnasticulariyther preseneemefs doreign npanticlesenin cpattamed, 101)
each one of which, is destined constitute (if not faulty) a sem conductor

{
devi ce or ﬁémlcﬁ‘fd%%wéf‘%févww?‘ COMATIE  a CPU or a menory chip. The dies
ted by.th i i | ich,t waf. ill b t wh
Feady. whi oh 1 aPR D (R EraRRt e RAAPL AR FREIBAE ot | can be cal | ed,
f i f bl i t d
Sireets) col | ectafipht Solitel AN oBUENHESecbindlY 3 LA Snd Hine WaTE OTC.

The avenue%ﬁ&g&mﬁ%g@éﬁg the wafbent ed from "south” to "north" and the
streets from"west" to "east". At one point on the circunference of the

waf er there is a)afieahs fer ehiffing ahb aspoe of ciadd bk relative tetheesafepe
wafer's "south". The procedure of defining the wafer map and registering it
wi t h ref er centenr, prefecablydiyi shaftingothei axis of wotatiomof the wafen;ed out as fol | ows:
0 ~ JAN 2B 42 1. A short pre-scan is carried out, typically by rotating
the machi ne pl at® cellection opties fornoeaeting the ight scatteried; byt the waferinext er nal
circunference of the wafey. 2. The notch is detected by its known, typical
si gnat ur e. anumjher ?"Qﬁdﬁrﬁgﬂ% pi xel s are detected by their specific

[ t , Whi det er.mi ned by 4 heir bej. ' -l in, t of
Their arca. 4. Tile PHOHEIGEC BueRrs, (¥ SeimathiR  lebill condhe SRl °©
transm tte%e@?eéerﬁ@ing;ﬁih +&RA! fi&llts the procedure. 5. Aregistration

al gorithmreCerves the said I nput>and conputes the angle of rotation of the

waf er' s coordi nag)e St eonvértdr !fosPeanpling heaidBdtidley S sfgfilsi adt e system
and al so the locations of the streets and avenues.
predetermined frequency and converting them to successions of digital

components defining pixel signatures;

f) means for determining the coordinates of each pixel;

g) a hardware filter for receiving the pixel signatures and their
coordinates and identifying the signatures that are not signatures of
faultless pixels, viz. that are signatures of suspect pixels; and

h) a software algorithm for receiving from the filter the signatures
of suspect pixels, together with the corresponding pixel coordinates, and

carrying out a vector die-to-die comparison.



This allows a map of the wafer to be constructed (when a new wafer is
introduced) or a registration transformation to be conputed (if the map is
al.ready known). If the wafer is a bare wafer, then only the notch can be
detected and a registration transformation of | ower accuragmsgﬁ@hgﬁ

conput ed) using the location of the notch. Such registrati drmati on
can be carried out by neans of known algorihhns) e.g. by the random zed
Hough transformtechnique - see L. Xu, E. a and P. Kultanen) A new curve
det ecti on nmet hod, Random zed Hough Transform (RHT), Pattern Recognition
Letters) vol. 11. no. 5) May 1990) pp. 331-338) Elsevier Science Publishers

persobe. T R oo SRl B s iBe Gibrbod S ko RS
(vDDC) wi || e clJ nceptdial | nl.ike. t onyent i opal
die-to-die tggm/%\ i B‘g%i b‘%gf‘gﬁﬁcgsﬁﬁ‘ (Il)’(l‘, a, %‘Pféllp(%éﬁeo(ﬂ%gﬁbo%e«?t'i ecorrpar ed
to the corr, j i i i i he VDDC
"stacks" alrﬁé?xﬁ%ﬁ:‘é{%gbgﬁﬁxﬁ%agg%} l%é(;ﬁgreyen%c et g?ﬁgqgﬂ%ﬂeégt %)g«%g 13% ! | ocation
appears i n lgHtQcateRAsy tie WatainQnuhbab be fikbd direetiofls Are hiSocAteld! ©
operation, including the coordinates transformation, can be better

under st ood ini the apfreperate geomeirxjcallfelatiomphifi Sindapsinigle atrietard]l w®ip, i n t he
formof a wafer, 80, having a plurality of dies 82 thereon) and having
"suspect ed'h&yenb@qﬂeﬂd@ME@ﬂbeacg’aém eptited heait gengnally comprisesa sipgler at us
according to the pref erged, nbodi nent, the suspected | ocations are provided
in pol ar co®Fe Seesator; but yi {tcomprises mare El'.‘anl'ﬁé?e?ellﬁr g§NeTMOLY 135080 ed

| ocati ons' é.coor(Ai nakt es gre firs tg‘{ansf?r med to the Cartesian coordinates
of the waféP§u§eles ?)on,u‘fﬁﬁs'ﬁ’é? MIIPRMORSROk t 0 the Cartesian coordinates
of the corresponding dies, i.e. (xw,~yw) pairs (k standing for the die and
] standing for the coordinate within the die). Once the (xk~ , yk~) pairs

of all the i t b = .been obtai ned, the
ol L S@;ﬁgg%@aﬁ&ﬂ, tREYR o] tdapat®d &mpayés:

( ' to see whether any suspect location (xk~ , yk~) appears
in more than one)@ grnHaible foFlsupporting abkafel andorttating thesqaeeé abeent i ons
can be obtained. For instance, it a particular (xw, yki) pair appears in

al | the di emn akis of sotiaitionl that coineidas fwdth (the gebmiebc dikis afttheovafler; and not a
defect. Also, as is known in the art, the patterns on the wafers are
created by a prdvemeansfpedranslatonaliy ghifting) thehiazis of aotatden fethehavi ng
the desired ~fl G JAN 2Qa3 44 pattern thereupon. It is known to use
reticles wivaferhave, for exanple) a multiple of four die patterns

t hereupon. Thus, \if,during the it is determined that a particul ar (xKki
L yk:) pair appecgnglqaﬁEgQgWHﬁﬂ}%’di e, it is likely that the defect has
been transferredyf j i s & AHS onkiRh Peil I can be
used to set thrgdgﬁgpg%ﬁgcﬁﬁtgidg‘réﬁﬁﬁdg%?ﬁgn%&%ﬁg&h@%ﬁm?gr&% e . As can
be seen from i€ opticilheadto3lkctAE aX¥kldg siisdls; M nation is now effected
between two types of suspect data: a) Suspect data that are actually
produced by the e)aAM cpavéren fobsangiingasaids electtid analeg esighadst at ahe
presence of particles (and therefore are detected as indicating such
presence). Miedeterwiined freauency andapgnverting| them itp csuscessions of digigaldi e

coor di nat e% one W Ié €e nunerous appearances of suspects at the sane
| ocation. Af9mPpIpents, i)é‘é‘PgPl"?éts‘ ‘at that |ocation are discarded. It

may be advant ageQus_t0. fi I € 1S ) for
exanpl e by util i@i _n%_ uﬁ&%@?%a?giég%{é%gzggﬁggysgqga?{dﬁepst g?fl;{g%ts form
toget her sofgy giatds' hﬁdgﬁl@gﬁghhl e.rg e bighdt@lesOthat! BFe SO "BigRatinR8 SFEgMENLS.

This group can then be con d as a legitimate pattern of the wafer and
filtered oufaulfledstifixéls!viaf thay ape signatures of suspeet pixdelsymanidre VDDC to operate
on a smaller set of isolated points and thereby to achi eve better
performance. b) Buspeftwarmalgorithm for eregaivihgcframbther Bliter thesignatureéson by
particles. These appear essentially only once on the die pap. The detailed
const ruct i off euspeess pixglse tegather mith the, cerresponding pixel neerdingtesy @dne t ask

for a skilled al gorithm desj.gner,. .
carry{n out a vector dxg-to-dle comparison.




fl 6 JAN 2003 45 It should be appreciated, of course) that rather than
using'the inventive VDDC) one may choose to performa conventi onal
diie-to-die or cell-to-cell conparison. Even if such an approach is taken)
the inventive systemreduces processing tine) since, unlike ggnysntemnal
die-to-die systens wherein all the pixels are conpared to their near

nei ghbors) only the suspect pixels flagged2dy the Signal Processor Unit 52
need to be conpared to their near neighbors. O course, in such a case,
each time the Signal Processor Unit 52 flags a suspect pixel) the near

nei ghbor pixels need to be stored in the nenory for the die-to-die
conparison. Figs. 14 (a), (b) and (c) schematically illustrate the

di sposition of scattered radiation detectors above the wafer surface and
not peri ph®halopyicabheddid, i itsely nawblect d€ slee invedtieabodi nents. The fi xed
directions, therefore) are elevationally and not azinuthally spaced. The
wafer is indicated at 70. In Fig. 14(a) only one semcircular detector ring
71 is shown, along which detectors 72 are di sposed. Such a ring will detect
radi ati on beam aspast af thepinvention, ghedarnaratuy OmpEisasf By combination:

different el evatiqnal angles on said plane. In Fig. 14(b ever al

seni ci r cul ¥it i%@é‘a’.@c f%&-ﬁ‘@c O SURPRTLIRG)\3 (}'Ptq%h"%rﬁ/ %Iégeh QBtisanber)

t hough only thr are sh for.conveni ence..of bkl lustration i;n the draw ng.
The rings Heansorspparsaly Soveapicall dlisceing the Jight Sattated by M8 (o t he
waf er plan re .l o] L LN nt j 11 be on
a pl ane pe?ﬁgénlgi %ﬂﬁa}ﬁa;rg t % Mnﬁnﬁhﬁ?g%;a?gﬁghoi t r&ngs 74 of

det ect or s) qfkh$RQAeRMALAGT theCpRhaipat dichsAsliof the wdfer Wiy widherespb@n® and
per pendi cular to each other. In this case too) any desired nunber of

det ect or r thesvafetishppert plate. SHBY 2'sibstanpiatlyi @ottopidallyscalleetingtfhat t he
geonetric arrangenent of the detectors can be changied as desired. In a
further enbeattemedtliglit” tis eneantecdllegtingsit laé reapturel dngles that axe sgimiamyri gs. 5
and 15) pixel signatures are determ ned by conpaonents that are determ ned

by measuri agdefiensely odistributed shattan i ar sisplacementy jofytheaoptiea)l es
scattering signature. In this casg, .1t is possible and preferable to use

| i ne CCD d&pleRatHiss mEARS iV}‘FiT I%e?‘mt’s’at"gaﬂg%c@& gpticalk é‘?ﬁm’%hlfé’ Fig. 15
shows a wafer 11 ith set | inear S Fon i nce,

t here can ﬁgu‘ﬂ%%‘g gEDgt%rt e o0 %3@%@% °§Q§§$§r?§§é§d@g i&afaé% with 10
units. One I n r i S 0 r. This
provi des tﬁggf&e’gﬁﬁ?eel ﬁrgfgfmstrll%?l on tgg&esﬁﬁgr%ﬁqwh ltqﬁggvg?tsgh %ﬁéﬁneeded to
set the il lpdppdirfitlar a00tke lakis of ttheawhfeRardthtivh 2untfof@ly \WbhsingOhe@
detectors, each capturing the energy froma pixel with radial dinension of
15 mi crms) scattersdulightc ay everbbpoint therdédfcThafmedns foadiaking itatactayntabout

10r6. Therefore an ap&ir atus according to the_ invention with e.g, 10 static
heads coul @nyeangelaridisplacement ofnthepainginal divestionscofshel diessi Wighr adi al | y

across the waf er.'Tge dept h neasurenent is,.optional @%gdi ghen. el ected, can
be carri ed '88Rech{o 4he waljer SHBRAXY plate, comprises means.for transiorming & ,qh never
before applied to the testing of.sqmc 3 . iges are
uscd, o g orgeal fignalh ARRAIRCkeEiRR o A Ve R8N Hog BIGR iFEH.BE° O
exanmpl e H. Qq sl " i f 3 ; ")

Phot oni cs- gz)ect r‘gﬁﬂnﬁ“ﬁg‘s‘géﬁ@%ﬁg&s‘@ Bgﬂl%wgggﬁ %}?ﬁ%%l%ﬁ%?%%ﬂi\ml . 21)
Nos. 8 and g3t {nl 88 avarable)piddetéiniinedeientatione constituted and t 0 ~ JAN
2~~~ 47 operate as illustrated by way of exanple in Figs. 16 and 17. In

Fig. 16) 50 designated a portion of a patterned wafer surface, on which a

| arge particle nay have been deposited. A |aser diode 52 emts a beam which
enters a diffraction grating 53, which converts the beaminto a central

peak plus sjde peaks. The resulting three peans go though a polarizing beam
splitter SZf,'h% 1gRatey oty AT G’é’egolpﬂ‘? zéf@BH&i)aPﬁl |°8%%-Pb Bg‘iflai’ﬁlg) whi ch
inthis example is._as d h e awl rgi ng,

pol ari zed Iqr%ﬁ%#érsto%%tégsgib %O%e?{nﬁ;e{a Ora%s%%agﬁ(:%%ggﬁ ﬁmght goes
through a | i bSinveRN6h! Thb tpdrRfvetéis’ cothp¥ibet A)ofkar i zed

l'i ght. The%%?Pcu,gf }ﬁ%ol§$P§§§bligh?M?§ theg)focused ontgﬁthégmafer

t hr ough obj dairasteribties of the Thadiatghg light, sauwdheds blye tinse ofilight gowmsedhack i nto
the objective I ens 57 and then passes once again through the 114 plate.
Since it is going in the reverse direction, it is polarized perpendicularly
to the original beam viz. perpendicularly) in this exanple, to he plane of
the drawi ng. When said |light hits the beam sputter 54 once again) it is
reflected through a focusing lens 58 and a cylindrical lens 59 and is

i maged on a photodetector array 60. If the objective lens is closer to the
reflecting area of the wafer than the focal plane 61 of the objective |ens

ey Y




48 formed, this wll indicate the presence of a particle she size of which
cause it to project above the said pattern |ands. The di spl acenent signal

of the objective lens, required to reestablish a circular imge. can give a
measure of the anmpbunt by which the particle projects above th@ NZ@&?@& of
the wafer. It should be noted that) while the invention has b gﬁ’ “i bed
and illustrated on the assunption that the28urface to be anal yzed is the
upper surface of a body, in particular of a wafer, and therefore the
irradiating beamis directed downwardly onto it) the supporting shaft is

| ocated belowit, and in general all parts of ~ the apparatus conformto
this geomethd Guiib&NbatdueR, sduites PitRr AireetioAULM tRE itARAGRE! Vedthi &t €d,

and) e.g., overturned) so that that the surface to be anal yzed be the | ower
surface of baamedsheir waveldrgth) theiwénergyaflaenceviché agea of tlteifispetsizeg
structural consequences. Wil e exanples of the nmethod and apparatus of the
i nventi on ktoveb)othenfiziedt direotiond) wisasheif numbext awd their drientatibnbbothppar ent
that the invention nmay be carried out with many variations, nodifications
and adapt a®p @stmpth padsameleyrtipn avith respretdotthegubissrate { e)gthe om i t s

oo For SEEESER MM FRRE Ahebl Guft B enely cfii it S0 of
of  the sur PAEURERIS: eBRFE © The"RePlubRRTr R VBRI S hepolie| of i g
the signal Ypafinidatd. Bf X8y of S8 (initeld R mggegh%g&e& Uitlifde 1 eSPONdS

tothe lig a scanni ng beam termnin r salrd signature has
the characthllichahgé co¥redpsndifglyl Thepéfore, shid pagsMmetirsGhust ini&in {Haat is
defective or suspect to be defective. 2. Method according to claiml1l)
conpri si ng samel ifizamg opdeationg carriedeowtf acoeding tocdr for thet prpose of RRisor esence
of foreign particles. 3. Method according to claim1, wherein a pixel

si gnat ur e invessiom &eneyally, therlaygesfthei mumaber of Gxegp dixections,ctherbesterwhi ch i s
a signal which caorresponds to the intensity of the |ight scattered by the

pi xel in athexesplutipacef the seattened ight aad; thmgomle;tpgm of themireki ng
det ect i defecti t .pixels b h h f . th
Gr oup. cons SHTAHSr STHEBAL e REraFions: 8 thR PHRIC R PIRYEAICHSIOR 8ot ur o,
conparing %ﬁgeas o urtberd ' RhaE! R WA g{es%;}]gom{‘ t°% %@Eﬁ?&é@éyg

paranmeters, oOf determning the position pi xel "Signature 1n

Stat st o5 ool iaibeS hoRRGH Shid comrastid Borcie 59 &, W10 97 g anal ysi s

of patterned, sem conductor wa v urality of dies thereon) which
conpri ses [#fétidhs andt cdréésondinfy setteredolighic solldciersh Fam)simplisitioft he beam
and the wafer to nove relatively to one another, sanmpling the |1 ght
scattered hllustratiomf &n thenfodlogting desdriptidn, fit well beiaseumiedrthpat thierasareo obt ai n
a plurality of pixels) each of said pixels having polar coordinates

associ at ed tWeesupgrimposad rings af fisedridingctinns,p eagh of yohigh ramprises dfch

ted pixel,.to Cartesi j nat f. t.h i di,e. 6.
Vbt hod acc e AHreRHoRs Thegeh i she BxRa Criche 5y WBHBrRY Bracedingen |
di vi ded i ntQ. ] - i nb
cqual to sduuikERE" bfve A Gine SRR LAE Tha kS0 A AR difioforlt DV
of sai d ZoRgsatfRChridlés. By WlevatiohadBl¥efd tB2ht Révein PRe AhgledwRichtevafl er

zone associated wth 1t) "and the |ight produced by the response of the

waf er surf afirectionemaked apithi theC planecof cheé rwafep) Thal playeosf &iweaférdisr ecti ons
associated wth said beam 7. Method according to claim®6, wherein the
zoaes of t hiefinedas theeplanadfsity uppercsmtfa¢e; Thegzimmuthal @ndhelevatienaladi al

di rension, and the wafer is rotated abquf its center ang@igiaq?qhif gd

radi al |y byanglesans deterzained soghatal fixed; directions Antegsectt
wafer at the same point. The aforesaid fixed direction configuration

may also be described by saying that said directions lie on two conical



8. Method for the analysis of patterned) sem conductor wafers,

conprises the steps of irradiating each wafer with a | aser beam
2~~~ 51 causing a relative notion of each wafer with respect to said beam
to cause said beamto scan the wafer; sensing the |light sc @gﬁzpmﬁ? t he

waf er

in an array of fisted directions; converting said sc

whi ch

0 6 JAN

I ght,

in

each fixed direction) to an electric signal2esanpling said electric signal
at a predeterm ned sanpling frequency) whereby to determ ne) at each
sanpling) an array of values, one value in each fixed direction, associated
with a pixel of the wafer; considering each said array of val ues as
constituti @Qrﬁxc@é hakvirsg ﬁBQhH{reaxlg%é axidof the GAREH AhdAScomkth6R varidx, be
satisfied by all the pixel signatures of a faultless wafer; determ
whet her t hengd tmlt thegage evenlyaipaeed bn\satk conieal surface.

The scattered light is preferably collected by at least one optical fiber
bundle for each fixed direction, and transmitted to photoelectric detectors,
in each of which a continuous signal is generated. The terminals of each
bundle, which lie on the fixed directions, preferably abut on one another,
so that each ring of optical fiber terminals, lying on one of said conical
surfaces, is continuous. It can be said that the optical fiber bundles are
preferably “interlaced”. The photodetectors, which are conventional
apparatus (an example of which is OSD50, manufactured by Centronics),
produce continuous electric signals. The sampling of the continuous
electric signal produced by each photoelectric detector, can be carried out
by apparatus known in the art and available on the market (e.g.
AD9059RS, manufactured by Analog Modules) at frequencies of millions
of Hz, so that the number of pixels for which .a signature is obtained is in

the order of millions per second, e.g. 11 Mpix/sec.

The scanning beam generally has an oblong spot size, e.g. having a radial
dimension (viz. a dimension parallel or approximately parallel to the
wafer radius) between 5 and 15 microns and a tangential dimension (viz.

a dimension perpendicular to the radial one) between 3 and 5 microns.

Brief D ion of the wi

In the drawings:

ni ng



said conditions; and classifying the pixels which neet the said conditions)
as acceptabl e pixels and classifying the remaining pixels as "suspect"”. 9.
Met hod according to claim@8, wherein, after defining the signature of each
pi xel, at least one signal of each signature is evaluated, ggd)aANaggd on
sai d evaluatlon) a nunber of signatures is excluded fron1further
processing. 10. Method for the anal ysis of gpatterned, sem conductor wafers,
whi ch conprises the steps of dividing surface of each wafer into a nunber
of zones; ~ 6 JAN 2~~3 52 irradiating each wafer with a nunber of | aser
beans, each associated with one of said zones; causing a relative notion of

each vvafer W th, 'F?ép‘ic C%CE&E‘?'LIE@%';&Q}??‘E epr} pvgagf;tﬁgr%%@t he zones

of the wafer; sens tere I'n a

arrays of fdax@sbsdiof Sﬁtdﬁ&ﬂtd%a&d&oﬁﬁﬁg% ah%wcmeﬁt BEEHE inveRYMeR: | Ng said

scattered light, in each fixed direction, to an electrical signal ; sanpling
said electric si (gl Btisaa Fsbhdmhﬁbnﬂhﬁdraitwmhhnllefvéﬁduﬂn%w Wﬁf”tﬁ@y to

determ ne, at each sanpling, an array of values, one value in each fixed
d|rectlon)amgxuuuabéﬂﬁmnlh a pixel of the wafer;

- Fig. 3 is a schematic illustration, in elevational view, of an
apparatus according to an embodiment of the invention;

- Fig. 4 is a schematic plan view of another embodiment of the
invention;

- Fig. 5 is a schematic plan view of a variant of the embodiment of Fig. 4;

- Figs. 6a and 6b are schematic vertical cross-sections of two
embodiments of optical head;

- Fig. 7 is'a plan view, from the bottom, of said optical head, at a
greater scale;

- Fig. 8 is a block diagram generally illustrating the phases of the
scattered light processing according to an embodiment of the invention;

- Fig. 9 is a block diagram generally illustrating the analog
processing unit of an appafatus according to an embodiment of the
invention;

- Figs. 10, 11 and 12 an embodiment of the signal processing;

- Fig. 13 illustrates the die coordinate system;

- Figs. 14(a), yy(b) and (c) and Fig. 15 schematically illustrate
alternative dispositions of the scattered radiation collectors;

- Figs. 16 and 17(a), (b) and (c) illustrate a method and apparatus

for height measurement; and



considering each said array of values as constituting a pixel signature;
defining the conditions which nust be satisfied by all the pixel signatures
of a faultless wafer; determ ning whether the pixel signatures of each

waf er meet the said conditions; and classifying the pixel sp oA 2mBet the
said conditions, as acceptable pixels and classifying the remaining pixels
as suspect. 11. Method acciording to clainmegl, further conprising

subj ecti ng each wafer conprising suspect piXxels to vector die-to-die
conmparison. 12. Method according to claim1) further conprising neasuring
the height of the pixels to detect large foreign particles. fl ~ JAN
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anot her suspeéc
present invention.

Detailed Description of Preferred Embodime

Figs. 1 and 2 schematically represent an apparatus according to an
embodiment of the invention. Numeral 10 indicates a wafer that is being
inspected. The apparatus used for the inspection comprises a stage having
a wafer support. The wafer is placed on said support, which in this
embodiment is a support plate 11, which is rotated about shaft 12 by
mechanical means, not shown as being conventional. A laser source is
shown at 13 in its central position, above the axis of shaft 12. However,
more than one source could be provided and any source could be placed at
an angle to the axis of shaft 12, to provide the required illumination of
the wafer, depending on the type of wafer under inspection. In Fig. 2 one
such additional laser source is shown, by way of illustration, oriented at
an angle p from the plane of the wafer. Mechanical means, not shown as
being conventional, translate the shaft 12, viz. shift it, while maintaining
it parallel to itself, so that any point thereof moves in a straight or curved
line that lies in a plane perpendicular to the axis of the shaft.
Consequently the wafer 10 is also translated parallel to itself so that its
center of the wafer is shifted in a plane perpendicular to the axis of the
shaft. By “translatory motion” is meant any motion of a body in which the
body does not rotate, but is displaced without rotation along any straight
or curved line. The translational displacement of shaft 12 and wafer 10 is

rectilinear, but it need not be: if desired, it could follow a curved path.



14. Method of detecting defects in a sem conductor wafer,

wh

I ch conpri ses:

carrying out a step of bunp detection to identify suspect pixels; obtaining
di.e coordi nates of suspect pixels in each of said dies; for

suspect pi xel s determ ni ng whet her anot her suspect pixel

e

coordinates in other dies. 15. .Mthod of detecting defect
sem conduct or wafer, which conprises: carrying out a step of decay rate
estimation to identify suspect pixels; obt&Bning die coordinates of suspect
pi xel s in each of said dies; for each of said suspect pixels determning
whet her anot her suspect pixel exists is simlar coordinates in other dies.
16. Apparatus for the determ nation of defects, particularly the presence

of foreign niitibRAIRS, then lagdrt Syures br S6GFRENAHS vt BEk&ition

g6

each of said

sgmimssi ml ar

In a

adpi G glpri ses:

a) a stage having a support; b) a |aser source and optics generating a
| aser beamcandspondingi sypti dr spdts émeheawefer suface fdy AfBve in a way

similar to the motion of a needle on a phonograph disk, viz. swing along
an arc of circle passing through the center of the wafer. Consequently,
since the laser source 13 remains stationary, the spot of the scanning
beam is displaced on the wafer from the periphery of the wafer to its
center and/or vice versa, and, possibly but not necessarily, along or
approximately along a radius of the wafer 10. Preferably, the wafer is
rotated at a Vr of 5000 rpm and displaced radially at a speed L of 0.01-0.5

cm/sec.

The light of beam 13 is scattered in the fixed directions. The fixed
directions may be azimuthally or elevationally distinct. In the
embodiment illustrated, they are azimuthally distinct and arranged in 2
rings of 16 each. In each ring, the said directions are symmetrically
arranged about the wafer and slanted at an elevation angle o: for the
lower ring and oz for the upper ring, from the plane of the wafer. The
angle o is selected from 8 to 15 degrees, and the angle a2 from 15 to 30
degrees. This arrangement, however, is merely an example, and can be

varied as desired, as will be better explained later.

In each fixed direction, the scattered light is collected by an optical fiber
terminal - 15 in the lower ring and 16 in the upper ring. Preferably, the
generator of the beam 13 and the optical fiber terminals are structurally
associated in an optical head. Each optical fiber transfers the collected

light to a photodetector - 17 in the lower ring and 18 in the upper ring.



54 c) collecting optics for collecting the laser light scattered by the

waf er-in a nunber of fixed directions; d) photoelectric sensors for
generating electric analog signals representing said scattered light; e)

Al D converter for sanpling said anal og signals at a predet e 8iJAN 288equency
and converting themto successions of digital conponents defining pixel
signatures; fj first selection systemreceiving the pixel signatures and
their coordinates and identifying the signa3@res that are signatures of
suspect pixels; and h) second sel ection systemreceiving fromsaid first
sel ection systemthe signatures of suspect pixels, together with the
correspondi ng pi xel coordi nates, and verifying whether each suspect pixel

i s i ndeed Eathfpntodatzctorpmatpaits ancelectriti signab whishis tfansnkittedi to 4he st age
conprises a_turn table and scanning is acconplished by shifting the axis of
rotation ofeledteonie circuithinot stowmpinthatdrawiog, whichisamplenthd electrfic def ect s

I n patterned) sem conductor wafers, I ch conprises: a) a stage having a
waf er supp(ﬂg‘}aﬁ%) and, a@‘é?p'-btéur&g g%q?gr’lag-l‘ﬁg gE{e&S’@Pv baarf18¢3l agignabst one
optical head desigped to,transm.t t | asgr, b to . fhe wafer),.and having
2 bl urai 1 gopeeRoiag, ockber ARERSybf fae 39t SIGRAE the SortEentif 5003 55
d) phot oel gl S | | |l | ecting
fiber opti ?@&%C%P%}?%g??{ecs%gpgg'fiéalqéﬁ%g[c%?n{e%ﬂ%ﬁc.g.brllggiﬁg.r ?yg%pgta%%% ing said
electric angl Q@ Staiiding Mser BeREC! B ThiX @xhhffbChaY AA0apstoXhalely them to
successi ons of digital conponents defining pixel signatures; g) selection
har dwar e r etlipticalghtpe, withed laigepaliamesercofd 3 jimi and a shorter diameter of

Spm.

Fig. 3 is a further schematic illustration, in elevational view, of a machine
according to an embodiment of the invention. The machine comprises a
frame 20, on which a mechanical assembly, generally indicated at 21, is
supported. The mechanical assembly comprises a motor assembly 23,
which rotates a plate 22 that supports the wafer. Numeral 24
schematically indicates means for translationally displacing said motor
and plate. Numeral 25 generally indicates a scanning system, which
actuates a scanning head 26, containing the laser sources, the optical
fibers for collecting the scattered light, and the photoelectric detectors.
Block 27 schematically indicates the electronic components of the
machine, which receive the output of the photodetectors through

connections (not shown) and process it as herein described.

It should be noted that, besides the aforementioned rotary and
translational motions of the wafer supporting plate, which occur during
the scanning of the wafers, different motions are required for carrying out

the stages of loading and unloading the wafers. Additionally, an



coordi nates and identifying the signatures of suspect pixels; and h)

m cr gpr ocessor responsive to selection software to receive fromsaid

sel ection hardware the signatures of suspect pixels, together with the
correspondi ng pi xel coordinates) and eval uating said suspe BRkﬁFﬁﬁato
single out false alarns. 19. Apparatus according to claim 13, erern the
optical head conprises at |east one |aser generator and wherein said

col lection fiber optics conprises two supePlnposed rings of optical fibers
for collecting the |ight scattered by the wafer. 20. Apparatus according to
claim19, wherein each ring conprises 16 optical fibers) uniformy spaced

I n azimuth and having the sane el evation angle, the two rings having

di f f er ent aitefeatising andchanisi. idppaeferablyacpmviiedg foo dbaising Oxh#her ei n
the | aser generator produces an obl ong spot size. fl ~ JAN 2CC3 56 22.
Appar at us iHusynating heam| andhsugh menhasisms Kook areewelldmoven tiwpersons a cust om
designed electronic circuit conprising a bunp detector) a decay rate

esti mat or Szkhﬁecg“i Hhearorad asap Aok bedeseribedappar at us according to cl ai m 18)
further conprising neans for nmeasuring the depth of the wafer pixels. 24.
Optical head) conprising a cavity exposing the surface under control,

Fig. 4 is a plan view schematically illustrating another embodiment of
the invention, which comprises a plurality of optical heads. The wafer 30
is ideally divided into a number of zones constituted by concentric rings
and a central circle. Only three ring zones - 31, 32 and 33 - in addition to
central circular zone 34, are shown in the drawings for simplicity of
illustration, but in practice there may be more. An optical head,
comprising a scanning beam and an array of optical fiber sensors in the
fixed directions, is provided for each zone. In each fixed direction the
scattered light is collected by an optical fiber sensor. In this embodiment,
the scanning beam and the optical fiber sensor of each zone are mounted
on a common support, to define an optical liead.‘ hereinafter described.
The four optical heads, which are identical, are indicated by numerals 35,
36, 37 and 38. In Fig. 4 the optical heads are shown as being one for each
zone and successively aligned along a radius of the wafer, but this is
merely a schematic illustration. The heads may not be aligned along a
radius, but, for example, may be staggered and partially overlap, so that
some circles drawn on the wafer surface may cross more than one head.
Such an arrangement is schematically indicated in Fig. 5, wherein a
plurality of heads, schematically indicated at 39, are staggered generally
along a radius of a wafer 30, to cover an equal number of zones not

indicated in the figure. Said arrangement particularly applies to optical



at | east one | aser source and a plurality of optical fibers having
term'nals symetrically disposed about said cavity. 25. Optical head
according to claim 24, wherein the optical fiber termnals are disposed in
a plurality of superinposed rings) are evenly spaced in eagh JANM@I3and have
axes passing through a central point of the bottomof the cavity.
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as may be more convenient in view of the mechanics of the apparatus. Any

disposition of optical heads and/or wafer translation that will serve the
purpose of a complete scanning by convenient mechanical and optical

means can be adopted.

Fig. 6a is a vertical cross-section of one of the optical heads, of which Fig.
7 is a plan view, from the bottom, at a larger scale. It is assumed to
represent one of the optical heads 35 (or 39) but could represent any other
optical head. It could also represent the optical head of an apparatus
which includes only one such head, the wafer being displaced in such a
way that the single head scans its entire surface. Head 35 comprises a
base 40, which has at its bottom, a central recess or cavity 41 that is
arc-shaped, e.g. approximately semi-spherical, and has a bottom, viz. its
opening, that will be parallel to the plane of wafer when the head is used.

Base 40 is mounted in a case 45, supported in the machine in any
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arrays of optical fibers could be comprised in an optical head. No matter

how many rings of fiber terminals are provided, said terminals are
preferably disposed in each ring at uniform angu!ar distances from one
another and are so slanted that all of their axes pass through a common
point, w;h.ich is the center of the bottom of cavity 41 and will be the center
of the portion of the wafer surface exposed by said cavity, when the optical
head is superimposed to a wafer surface to carry out the process of the

invention.

Fig. 6b schematically illustrates in vertical cross-section, at a larger scale,
the optical components of another embodiment of optical head. Said head
comprises three laser sources 42a, 42b and 42c, the first oriented

perpendicularly to the bottom of cavity 41 and the others at different
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slants thereto, to provide an improved illumination. Two circular arrays of
optical fibers 43 and 44 are provided in this head as well, and their
terminals 48 and 49 form two circles about cavity 41. It should be
appreciated that the laser source 42 can be situated remotely from the
optical head 35, and that the laser beam can be transmitted to the head

using, for example, other optics similar to collection optic fibers 43 and 44.

Fig. 8 is a block diagram generally illustrating the phases of the process
by which the scattered light from a wafer surface is processed according to
an embodiment of the invention. The process is illustrated with respect to
an optical head, as hereinbefore illustrated. If the apparatus of the
invention comprises a plurality of optical heads, the same operations are
carried out with respect to each of them. If the optical components of the
apparatus are not combined in an optical head, and no matter how they
are combined, what will be said about an optical head will apply to the
processing of the light scattered by the wafef surface is carried out in the
stages shown in Fig. 8. It is assumed for illustraﬁve purposes only that
the optical head unit 50 includes an illumination apparatus, two rings
with 16 optical fibers each, which detect the light scattered in as many
directions (which constitute the fixed directions), and any supporting
subsystems that‘it is desired to introduce, such as auto-focus mechanism,

lenses, etc.. Said optical components operate as hereinbefore described.

The analog processor unit 51 is responsible for detecting the optical
signals from the optical fibers, transducing the signals into electric pulses,

amplifying said electric signals, applying a correction computation to
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make sure that all the detectors (32 in this example) are properly
calibrated with respect to the inspected surface and with respect to each
other. and finally converting each electric analog signal into a digital

signal, preferably with 8 bits.

That is, each sample or pixel signature component is a digital signal
constituted by a word having a sufficient number of bits to provide
adequate information. E.g., the word may be composed of 8 bits, providing
256 levels of scattered light intensity. Each ring of the photodetectors will
then contribute 16x8 =128 bits with a frequency “f’, which, in this
embodiment, is assumed to be 11 Mhz.

The digital signals are transferred as output to a signal processor unit 52.
The resulting pixel signature outputs must be evaluated according to a
predetermined criterion. While, within the scope of this invention, many
criteria and corresponding algorithms could be used, according to cases
and to the choice of the expert person, a simple criterion will later be

described by way of illustration.

The signal processor unit 52 is responsible for the first stage of the data
reduction. It receives the input signals (32 in this example) from the
analog processor unit, at the clock rate of the system (e. g. 11 MHz). It
outputs only a small percentage of these data to the next stage. The
signal processor unit is a custom designed electronic subunit that can
handle very wide input data at a high rate. It is also capable of employing

several different reduction algorithms, switching between them as the
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application requires. The pixels, the data of which are transmitted out of
the signal processor, are henceforth termed "suspect pixels" or "suspects".
The signal processor is designed to transmit a small fraction of the
inspected pixels to the following unit. This data is communicated via a
FIFO bank (to coordinate the communication rates), through a standard

bus, such as a PCI bus, to the main CPU of the system.

The defect detection unit 53 is a software module running on the main
CPU of the system. It receives suspect pixel data from the signal
processor unit. Its responsibility is to separate the valid pixels from the

defective ones and output the defect list as the final product of the system.

Considering now the components of the block diagram of Fig. 8
individually, the preferred structure of the Optical Head Unit 50 had

been discussed hereinbefore.

The internal structure of the Analog Processor Unit 51 of this example is
schematically illustrated in Fig. 9. The unit is composed of a number of
identical channels, one for each optical fiber, three of which are
symbolically indicated in perspective relationship. Each channel (out of
the 32 of this example) comprises a detector 55 that transduces the light
signal into electric current. The electric signal is then is amplified in a
preset amount in a preamplifier 56. Said signal is then further amplified
with an amplifier 57 that has variable gain and offset. This allows the

system to adapt to varying substrates, illumination angles and
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parameters such as wavelength, intensity, etc., and also allows to
calibrate the several channel signals to respond equally. This insures the
isotropy of the whole optical channel, so that if the same pixel is observed
from varying angles (for example, after rotation of the wafer), the same
signature will be obtained from all the signals. It is also a prerequisite for
all subsequent treatment of the signals. The last block of this Analog
Processor Unit is an A/D converter 58 that performs analog to digital
conversion preferably at 8 bits. Thus, in this example, the output of
Analog Processor Unit 51 is 32 signals, each with 8 bits, at a system clock
of 11 Mhaz.

The Signal Processor Unit 52 is a specially designed digital electronic
device, the task of which is to analyze the signals and make the
preliminary selection between signals that represent a valid pattern on
the wafer, and those that are suspected to arise from a contaminated spot.
Such suspected signals are passed on to the next analysis step.
Preferably, this unit should be reconfigurable to apply various algorithms
for the discrimination between valid and suspect pixels, changing the
algorithm according to the demands of the application. The operation of
this unit will be explained in algorithmic building blocks. The
implementation of the algorithms as a hardware device is well known to
electronic engineers skilled in the art of designing modern digital signal
processing boards, especially of the kind that is based on FPGA (Field
Programmable Gate Array) and DSP (Digital Signal Processor)
technology. The details of this implementation are not part of the

invention and need not be discussed herein.
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While a variety of algorithms may be devised and used by skilled persons,

a specific algorithm will be described by way of example, with reference to

Fig. 10.

The digital signals from Analog Processor Unit 51 (32 in this example)
firstly enter into a bump detector 61, each signal independently of the
others. The bump 62 is graphically illustrated in Fig. 11. It is detected
with the following operator, that requires three parameters: total width
63, central width 64 and a ratio threshold 65 between the brightness peak
66 of the pixel currently under control and the highest brightness peak 67
in the filter's domain that is outside a central patch. By “width” is meant
the number of data taken at one time. The values of the two peaks are
compared in threshold comparator 69 to determine their ratio. If the
determined brightness ratio exceeds some threshold, predetermined on
the basis of experience, the pixel is retained in the signal, otherwise, it is
zeroed. This is done for each of the 32 signals, and the result is again a
set of 32 signals. The most common parameters for this operator have
been found to be: filter width = 11 pixels, central width = 5 pixels and
ratio threshold = 1.3.

’If at least one of the 32 signals produced by a pixel has a high bump, viz.
its brightness ratio is above the threshold, all 32 signals relative to said
pixel are passed on to this estimator for the statistical evaluation.
Therefore, in thi; embodiment, and optionally in general, bump detection
is a first preliminary stage filter performed prior to the vector die-to-die



10 10 100310%& ()- MLO%& ()- @ 10%& () - s10%& ()-"- 10%& ()-
cj 0j rj PnwoppppdYNC8 10 10G 10G 10&R2Y10%:&' () -- %109 ()- @ 109G& () -°
10938 ()-" - 109%G& () - pppsPsassdEYNCS 10 3 “109%& ()-1t10%& ()- vmiO% ()- Y3

109%& ()- | &10%&' () -#-109%& ()-sss@tttdEYNC8 10 3 08 JAN 2003
S)109%&' ()-'109%&' ()-%10%& ()-|#mO0%& ()-3 "10%& ()-1 @
@O0% ()-t @uuuvZvdEYNC3 39

comparison. However, the number of signals relative to each pixel that
have a brightness ratio above the threshold (the output of bump detection)
gives an indication as to whether the pixel is likely to be considered
suspect. For instance, a single signal having a high bump may be due to
the wafer pattern, whereas a high number of such signals is probably due
to a particle. The decay rate estimator 68 (see Fig. 10) analyzes the 32
signals relative to each pixel (the output of bump detection) and provides
some statistical indicator of their values. Therefore, in this embodiment,
and optionally in general, decay rate estimation is a second preliminary
stage of the vector die-to-die comparison, successive to bump detection.
The algorithm uses three parameters: central value percentile p, width
factor w, and threshold s. The computation is as follows: Sort the 32
values. Pick the p percentile value. Sum all values that are between p*w
and p/w. The sum is sent to a threshold comparator. The result of the
comparator is 1 or 0, according to whether the sum is greater or smaller
than s. Common values have been found to be p = w = 0.5. The value of s
is variable, and has to be empirically determined. This procedure is
illustrated by an example in Fig. 12, wherein numeral 70 indicates a
curve which interpolates all the percentile values. The area 71 (marked in
black) under cufve 70, between twice the center value and one half the

center value, is compared to an empirical threshold.

Whereas the input to the signal processor unit is synchronous data at the
system's clock, the frequency of the output is on the average 2-4 orders of

magnitude smaller. A standard interface with some memory is designed
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into the system to handle potential peaks of activity, and to push the data
down a PCI bus to the host computer (e. g. Pentium II by Intel
Corporation Limited). Each output suspect feature is built of coordinate
data and type data. The coordinate data is provided by the
mechano-electronic subsystem in polar coordinates ( p and 0) and can be
translated, using the registration transformation described herein, to
wafer coordinates. The type data is in the case of the algorithm detailed
above the output of the decay rate estimator (the number that was sent to
the threshold comparator). This is an indication of the strength of the

detection, or, in other words, of the detection certainty.

The Defect Detection Unit 53 is a software module whose job is to receive
the data relative to all the suspect pixels from the previous stage, and
find out which of them represent real defects, viz. to carry out the vector
die-to-die comparison (VDDC), which follow the preliminary stages of
bump detection and decay rate estimation, if these have been carried out.
The VDDC operation comprises the following:

1. Transforming the polar coordinates of the machine to the Cartesian
coordinates of the die coordinate system.

2. Deriving from the coordinates that define the suspect pixels’ location in
the machine coordinate system the coordinates that define said location in
the die coordinate system.

3. Marking in the die coordinate system the position of all suspect pixels.
4. Discriminating between suspect pixels that are due to the wafer

pattern, and therefore do not represent a defect, and suspect pixels that
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are not due to it and therefore do represent a defect, in particular those

deriving from foreign particles.

Fig. 13 illustrates how the coordinates that define the suspect pixels’
location in the die coordinate system are derived from their coordinates in
the machine cobrdinate system. When a new wafer 100 is placed,
generally by means of a robot, on the rotary plate of the inspection
apparatus of the invention, the orientation of the wafer is unknown and it
may be miscentered by up to 1 mm. It is important for the later parts of
the inspection procedure, and of course for the output of the list of
defective pixels, to be able to describe the location of each pixel on the
wafer with the wafer's natural frame of coordinates. The wafer is
composed of many identical dies 101, each one of which is destined to
constitute (if not faulty) a semiconductor device or part of such a device,
such as a CPU or a memory chip. The dies are separated by the scribe
lines, along which the wafer will be cut when ready, which form two
perpendicular families of lines, that can be called, for convenience of
illustration, avenues 102 and streets 103. Avenues and streets,
collectively, can be called “the principal directions of the die”. The avenues
are considered as oriented from “south” to “north” and the streets from
“west” to “east”. At one point on the circumference of the wafer there is a

small recess, called a notch 104, which defines the wafer's "south".

The procedure of defining the wafer map and registering it with reference

to the machine coordinate system, is carried out as follows:
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1. A short pre-scan is carried out, typically by rotating the machine plate
by 100 turns, spanning about 20 mm width of the external circumference
of the wafer.

2. The notch is detected by its known, typical signature.

3. Streets and avenue pixels are detected by their specific signatures,
which are determined by their being mirror-like in most of their area.

4. The detected notch and street and avenue pixels are transmitted to the
CPU that controls the procedure.

5. A registration algorithm receives the said input and computes the
angle of rotation of the wafer's coordinate system with respect to the
machine's coordinate system, and also the locations of the streets and

avenues.

This allows a map of the wafer to be constructed (when a new wafer is
introduced) or a registration transformation to be computed (if the map is
already known). If the wafer‘is a bare wafer, then only the notch can be
detected and a registration transformation of lower accuracy can be
computed, using the location of the notch. Such registration
transformation can be carried out by means of known algorithms, e.g. by
the randomized Hough transform technique - see L. Xu, E. Oja and P.
Kultanen, A new curve detection method, Randomized Hough Transform
(RHT), Pattern Recognition Letters, vol. 11. no. 5, May 1990, pp. 331-338,
Elsevier Science Publishers B.V. (North-Holland - or by other algorithms
easily devised by expert persons.
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The inventive vector die-to-die comparison (VDDC) will now be described.
Conceptually, unlike the conventional die-to-die comparison, wherein each
(%i ,y1) location on a die is compared to the corresponding location on the
preceding and following die, the VDDC "stacks" all the dies and checks to
see whether a suspect (xo,.yo0) location appears in a corresponding location
in more than one die. The entire operation, including the coordinates
transformation, can be better understood with reference to Fig. 18. Fig.
18 depicts a defect map in the form of a wafer, 80, having a plurality of
dies 82 thereon, and having "suspected" defect locations, each marked

with an "x".

In the apparatus according to the preferred embodiment, the suspected
locations 'are provided in polar coordinates, i.e., (rj, 0i) pairs. Therefore,
the suspected locations' coordinates are first transformed to the cartesian
coordinates of the wafer, i.e. (Xj, y)) pairs, and thence to the cartesian
coordinates of the corresponding dies, i.e. (Xxj, yx;) pairs (k standing for the
die and j standing for the coordinate within the die). Once the (xi;, y)
pairs of all the suspected locations within the-wafer have been obtained,
the dies are "stacked" to see whether any suspect location (xy; , yx)
appears in more than one die. Here, much information about the suspect
locations can be obtained. For instance, if a particular (xxj , yx) pair
appears in all the dies, it is likely to be a feature of the die structure and

not a defect.

Also, as is known in the art, the patterns on the wafers are created by a

process called photolithography, which uses reticles having the desired
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pattern thereupon. It is known to use reticles which have, for example, a
multiple of four die patterns thereupon. Thus, if during the VDDC it is
determined that a particular (xx;, yk;) pair appears in every fourth die, it
is likely that the defect has been transferred from a defective reticle.
Thus, this information can be used to set thresholds and other filtering

mechanisms for the VDDC.

As can be seen from the above, using the VDDC discrimination is now
effected between two types of suspect data:

a) Suspect data that are actually produced by the wafer pattern, but
appear as if they were due to the presence of particles (and therefore are
detected as indicating such presence). These will appear in many or all of
the dies. Thus, in die coordinates, one will see numerous appearances of
suspects at the same location. All the suspects that appear at that
location are discarded. It may be advantageous to filter the data in some
way before the VDDC, for example by utilizihg a method that recognizes
that a group of points form together some specific geometric configuration,
for example line segments. This group can then be considered as a
legitimate pattern of the wafer and filtered out of the set of suspect
points. This allows the VDDC to operate on a smaller set of isolated
points and thereby to achieve better performance.

b) Suspect data that are produced by real contamination by particles.

These appear essentially only once on the die map.

The detailed construction of software that implements this algorithm is a

routine task for a skilled algorithm designer.
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It should be appreciated, of course, that rather than using the inventive
VDDC, one may choose to perform a conventional die-to-die or cell-to-cell
comparison. Even if such an approach is taken, the inventive system
reduces processing time, since, unlike conventional die-to-die systems
wherein all the pixels are compared to their near neighbors, only the
suspect pixels flagged by the Signal Processor Unit 52 need to be
compared to their near neighbors. Of course, in such a case, each time the
Signal Processor Unit 52 flags a suspect pixel, the near neighbor pixels

need to be stored in the memory for the die-to-die comparison.

Figs. 14 (a), (b) and (c) schematically illustrate the disposition of scattered
radiation detectors above the wafer surface and not peripherally, as in the
previously described embodiments. The fixed directions, therefore, are
elevationally and not azimuthally spaced. The wafer is indicated at 70. In
Fig. 14(a) only one semicircqlar detector ring 71 is shown, along which
detectorg 72 are disposed. Such a ring will detect radiation scattered on a
plane perpendicular to the wafer plane, at different elevational angles on
said plane. In Fig. 14(b) several semicircular rings 73 of detectors are
provided, in any desired number, though only three are shown for
convenience of illustration in the drawing. The rings are on different
planes, differently slanted with respect to the wafer plane. If there is an
odd number or rings, the central one will be on a plane perpendicular to
the wafer plane. Fig. 14 (c) shows two rings 74 of detectors, disposed on
two planes perpendicular to the wafer plane and perpendicular to each

other. In this case too, any desired number of detector rings could be
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provided. It is clear that the geometric arrangement of the detectors can

be changed as desired.

In a further embodiment of the invention, schematically illustrated in
Figs. 5 and 15, pixel signatures are determined by components that are
determined by measuring elevation angles scattering rather than
azimuthal angles scattering signature. In this case, it is possible and
preferable to use line CCD detectors and line laser diode bars placed as a
fan. Thus Fig. 15 shows a wafer 110 with a set of linear CCD elements
111. For instance, there can be used CCDs with 1000 detectors each,
arranged as a fan with 10 units. One of these elements can be replaced
with a laser diode bar. This provides the required illumination, together
with the versatility needed to set the illumination angle to suit each
particular case. With 1000 detectors, each capturing the energy from a
pixel with radial dimension of 15 microns, one would cover 15 mm. of the
wafer's radius, that is, about 10%. Therefore an apparatus according to
the invention with e.g. 10 static heads could be used in place of an

apparatus with one head moving radially across the wafer.

The depth measurement is optional and, when effected, can be carried out
by devices known in the art as to themselves, although never before
applied to the testing of semiconductor wafers. Such devices are used, e.g.
as autofocusing mechanisms in the Compact Disk art. See for example
H.D. Wolpert, “Autoranging/Autofocus - A Survey of Systems”,
Photonics-Spectra, June p.65, August p.127, September pp. 133-42, Vol
21, Nos. 8 and 9 (1987). Schematically, they may be constituted and
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operate as illustrated by way of example in Figs. 16 and 17. In Fig. 16, 50
designated a portion of a patterned wafer surface, on which a large
particle may have been deposited. A laser diode 52 emits a beam which
enters a diffraction grating 53, which converts the beam into a central
peak plus side peaks. The resulting three beams go though a polarizing
beam splitter 54, which only transmits polarization parallel to a plane,
which in this example is assumed to be the plane of the drawing. The
emerging, polarized light is collimated by collimator 55. The collimated
light goes through a 1/4 wave plate 56. This converts it into circularly
polarized light. The circularly polarized light is then focused onto the
wafer through objective lens 57. The light reflected by the wafer goes back
into the objective lens 57 and then passes once again through the 1/4
plate. Since it is going in the reverse direction, it is polarized
perpendicularly to the original beam, viz. perpendicularly, in this
example, to he plane of the drawing. When said light hits the beam
splitter 54 once again, it is reflected through a focusing lens 58 and a
cylindrical lens 59 and is iﬁaged on a photodetector array 60. If the
objective lens is closer to the reflecting area of the wafer than the focal
plane 61 of the objective lens 57, an elliptical image is created on the
photodetector array 60, as shown in Fig, 17(a). If it is farther away than
said focal plane, another elliptical image is created, perpendicular to the
first one, as shoﬁ in Fig. 17(b). If the reflecting area of the wafer is at
the focal length of the objective lens, the cylindrical lens does not affect
then image , which is circular, as shown in Fig. 17(c). Therefore, if the
pattern of a wafer produces a circular image, due to the lands of the
pattern, viz. the plane of the wafer, being at the focal plane of the

objective lens, and when a given pixel is illuminated an elliptical image is
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formed, this will indicate the presence of a particle -he size of which cause
it to project above the said pattern lands. The displacement signal of the
objective lens, required to reestablish a circular image. can give a measure

of the amount by which the particle projects above the ;:lane of the wafer.

It should be noted that, while the invention has been described and
illustrated on the assumption that the surface to be analyzed is the upper
surface of a body, in particular of a wafer, and therefore the irradiating
beam is directed downwardly onto it, the supporting shaft is located below
it, and in general all parts of the apparatus conform to this geometric
orientation, the apparatus could be differently oriented, and, e.g.,
overturned, so that that the surface to be analyzed be the lower surface of
a body, in particular of a wafer, with all the attending structural

consequences.

While examples of the method and apparatus of the invention have been
described by way of illustrafion, it will be apparent that the invention
may be carried out with many variations, modifications and adaptations
by persons skilled in the art, without departing from its spirit or

exceeding the scope of the claims.
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CLAIMS

1. Method for the analysis of surfaces, particularly for the detection of
defects on semiconductor wafers, which comprises checking individual
pixels of the surface under control, and detecting suspected pixels by
collecting the signature of each pixel, defined by the way in which the
pixel responds to the light of a scanning beam, and determining whether
said signature has the characteristics of a signature of a faultless or of a

pixel that is defective or suspect to be defective.

2. Method according to claim 1, comprising analyzing the signature of

each pixel to determine the presence of foreign particles.

3. Method according to claim 1, wherein a pixel signature is defined by an
array of signature components, each of which is a signal which
corresponds to the intensity of the light scattered by the pixel in a fixed

direction.

4. Method according to claim 1, comprising detecting defective or suspect
pixels by a method chosen from among the group consisting of comparing
the pixel signature to a master signature, comparing parameters of the
pixel signature to ranges of acceptable parameters, or determining the

position of the pixel signature in a statistics of such signatures.
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5. Method for the analysis of patterned, semiconductor wafer having a
plurality of dies thereon, which comprises providing at least one source of
scanning beam, causing the beam and the wafer to move relatively to one
another, sampling the light scattered by the wafer in a plurality of fixed
directions, so as to obtain a plurality of pixels, each of said pixels having
polar coordinates associated therewith, and transforming the polar
coordinates of each suspected pixel to cartesian coordinates of the

corresponding die.

6. Method according to claim 5, wherein the surface of the wafer is ideally
divided into a number of zones, scanning beams are provided in a number
equal to said number of zones, each scanning beam being associated with
one of said zones, and the wafer is so moved that each beam scans the
wafer zone associated with it, and the light produced by the response of
the wafer surface to each beam is collected in a plurality of fixed

directions associated with said beam.

7. Method according to claim 6, wherein the zones of the wafer are
annular, concentric rings having the same radial dimension, and the
wafer is rotated about its center and is shifted radially by an amount

equal to said radial dimension of the rings.

8. Method for the analysis of patterned, semiconductor wafers, which
comprises the steps of:

irradiating each wafer with a laser beam;
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causing a relative motion of each wafer with respect to said beam,
to cause said beam to scan the wafer;

sensing the light scattered by the wafer in an array of fixed
directions;

converting said scattered light, in each fixed direction, to an electric
signal;

sampling said electric signal at a predetermined sampling
frequency, whereby to determine, at each sampling, an array of values,
one value in each fixed direction, associated with a pixel of the wafer;

considering each said array of values as constituting a pixel
signature;

defining the conditions which must be satisfied by all the pixel
signatures of a faultless wafer;

determining whether the pixel signatures of each wafer meet the
said conditions; and

classifying the pixels which meet the said conditions, as acceptable

pixels and classi.f"ying the remaining pixels as “suspect”.

9. Method according to claim 8, wherein, after defining the signature of
each pixel, at least one signal of each signature is evaluated, and, based
on said evaluation, a number of signatures is excluded from further

processing.

10. Method for the analysis of patterned, semiconductor wafers, which
comprises the steps of:

dividing surface of each wafer into a number of zones;
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irradiating each wafer with a number of laser beams, each
associated with one of said zones;

causing a relative motion of each wafer with respect to said beams
to cause said beams to scan the zones of the wafer;

sensing the light scattered by the wafer in a number of arrays of
fixed directions, each associated with a beam;

converting said scattered light, in each fixed direction, to an
electrical signal;

sampling said electric signal at a predetermined sampling
frequency, whereby to determine, at each sampling, an array of values,
one value in each fixed direction, associated with a pixel of the wafer;

considering each said array of values as constituting a pixel
signature;

defining the conditions which must be satisfied by all the pixel
signatures of a faultless wafer;

determining whether the pixel signatures of each wafer meet the
said conditions; and

classifying the pixels which meet the said conditions, as acceptable
pixels and classifying the remaining pixels as suspect.

11. Method according to claim, 1, further comprising subjecting each

wafer comprising suspect pixels to vector die-to-die comparison.

12. Method according to claim 1, further comprising measuring the height
of the pixels to detect large foreign particles.



10Z 10Zh>>>?, ?f 22dEmV ~ 109ZnmL0%&Z& ()- |  109%&Z& () - S109Z& () - |
s109Z&' ()-109Z& ()-1 109&Z& ()- ??4@@RAREMV ~ 10% %40%&Z& ()- $109%Z& () -
F.109&28& ()- 310%Z& ()-1 109%Z& ()- - 109%Z& ()- @@ AsAAACBIENN * 109@Y4
109Z& () - 0109%Z& () -.310%Z& ()- F+109%&& () - 05 JAN 2003
y) 109Z& ()-' @O0%& () - CBt BuBvBWBBBBBbC 10% 10%<& ()-3 ¢
10%<& () - F10%& () - @ 10%<& ()- 10Z 10Z 53
10Z&6° 109Z& () - B+CoCCCC/ DAELC 10% 10%<&' ()2
Y10%&' ()-310%& ()- & 10%& () - FL0%& () -
yf 10%<&" () - / DyDDD) EAEUEJEDC 1098A0%<&' () - F3s$Y10%<&' () - F" mlO%<&' () - 310%<&" (
-109%<& () -
) ()13. Method of die-to-die comparison of a plurality of dies in a
semconductor wafer, comprising:
obtaining die coordinates of suspect pixels in each of said dies;
for each of said suspect pixels determining whether another suspect

pixel exists in similar coordinates in other dies.

14. Method of detecting defects in a semiconductor wafer, which
comprises:
carrying out a step of bump detection to identify suspect pixels;
obtaining die coordinates of suspect pixels in each of said dies;
for each of said suspect pixels determining whether another suspect

pixel exists in similar coordinates in other dies.

15. .Method of detecting defects in a semiconductor wafer, which
comprises: ‘

carrying out a step of decay rate estimation to identify suspect
pixels; |

obtaining die coordinates of suspect pixels in each of said dies;

for each of said suspect pixels determining whether another suspect

pixel exists in similar coordinates in other dies.

16. Apparatus for the determination of defects, particularly the presence
of foreign particles, in patterned, semiconductor wafers, which comprises:
a) a stage having a support;
b) a laser source and optics generating a laser beam and directing it

onto the wafer;
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d) photoelectric sensors for generating electric analog signals
representing said scattered light;

e) A/D converter for sampling said analog signals at a
predetermined frequency and converting them to successions of digital
components defining pixel signatures;

f) first selection system receiving the pixel signatures and their
coordinates and identifying the signatures that are signatures of suspect
pixels; and

h) second selection system receiving from said first selection system
the signatures of suspect pixels, together with the corresponding pixel
coordinatés, and verifying whether each suspect pixel is indeed a defect.

17. Apparatus according to claim 16, wherein the stage comprises a turn
table and scanning is accomplished by shifting the axis of rotation of the

turn table.

18. Apparatus for the determination of defects in patterned,
semiconductor wafers, which comprises:

a) a stage having a wafer support;

b) a laser source generating a laser beam;

c) at least one optical head designed to transmit the laser beam
onto the wafer, and having a plurality of collection fiber optics arranged

therein;
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e) A/D converter for sampling said electric analog signals at a
predetermined frequency and converting them to successions of digital
components defining pixel signatures;

g) selection hardware receiving the pixel signatures and their
coordinates and identifying the signatures of suspect pixels; and

h) microprocessor responsive to selection software to receive from
said selection hardware the signatures of suspect pixels, together with the

corresponding pixel coordinates, and evaluating said suspect pixels to

single out false alarms.

19. Apparatus according to claim 18, wherein the optical head comprises
at least one laser generator and wherein said collection fiber optics
comprises two superimposed rings of optical fibers for collecting the light

scattered by the wafer.

20. Apparatus according to claim 19, wherein each ring comprises 16
optical fibers, uniformly spaced in azimuth and having the same

elevation angle, the two rings having different elevation angles,

21. Apparatus according to claim 19, wherein the laser generator produces

an oblong spot size.
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22. Apparatus according to claim 18, wherein the selection hardware is a
custom designed electronic circuit comprising a bump detector, a decay

rate estimator and a threshold comparator.

23. Apparatus according to claim 18, further comprising means for

measuring the depth of the wafer pixels.

24. Optical head, comprising a cavity exposing the surface under control,
at least one laser source and a plurality of optical fibers having terminals

symmetrically disposed about said cavity.

25. Optical head according to claim 24, wherein the optical fiber terminals
are disposed in a plurality of superimposed rings, are evenly spaced in
each ring, and have axes passing through a central point of the bottom of
the cavity. '



