; e3e\\Rb6T H AUTOVATI C DEFECT CLASSI FI CATI ON W TH | NVARI ANT CORE CLASSES
FI ELD OF THE I NVENTION 'O 6 JAN 2003 The present invention relates to a

met hod and ap i utomatically classifying defects on the surface
of an articl eqmuﬂ‘mw mm”mon has particul ar applicability 08 JAN 200%e

I nspection of sem conduct or waf ers during manufacture of high density

sem conduct or devices wth subm cron design features. BACKGROUND ART
Current demands for high density and performnce associated with ultra

| arge scal e i nuﬁﬂmmmmmmmmpw re subm cron features) increased transistor
and circuit sp oved reliability. Such demands require formation
of device featuress+dbobd hi gh precision and uniformty) which in turn
necessitates careful process nonitoring) including frequent and detail ed

i nspections of the devi AHTOMATIE DREFCRICLASSIFICATIONWITHr m of

sem conductor wafers. Conventional in-process nonitoring techniques enpl oy
an "inspection and revi ew' prcRSdEANIHGOURELLAWDER rface of the wafer is
initially scanned by a high-speed, relatively | owesolution inspection

tool; for exanple) an opto-electric converter such as a CCD (charge coupl ed
devi ce) oFIELD QFSFHE BNYENIUONal net hods are then enpl oyed to produce a

defect map show ng suspected | ocations on,the wafer having a hi -
probability of )ﬂéc grgfeep t“.wepﬁ?‘{ Wgﬁmﬂﬁe?‘“gﬂ%%‘fawﬁéﬁ rﬁ?t°g148‘_:alsléfgzaﬁf‘pé‘?g

def ects r gefetrednahprseffedecoMmadicletVFhe idienGbrahi bartiGRaicatiingi oad-Nge t hat
a nore detailed ook at the potential defect sites_is warranted. This

t echni quelfsBeckiABf semicerdugtor uafess: Juringnmappfapiyre of hight densityasamigondietors a
stati sti cqealds&id Aemi &e& density”. \Wen the defect density
reaches a pr eéet ermrr?é%&l‘g%/sé , %ﬁﬁegvi ew of the affected wafers is
warranted. The review process is carried out by changing the optics of the

I nspectio hi gher resolution, -or using a different apparatus
al t oget hePAﬂ@%é%%ﬁe review) the defect map is fed to the review
appar atus and Cheentrdseieinds forchigtadehsite \ahé pedomemed asuciped wich Glirk @argé scale
per fornmed, accot di to the defect mgp. In the technique, called redetection,

n
t he pot enfTegragQsy ’égi‘“% syhoaicrop features, 1n¢yRassd dansisorand gigcuit specdsjand ympreved 55 4

conpar abl gellaBARY.] BucR dehnds!rdfufiBt ridndse 8&Vite/ Featlirds @phtmgh ion Bnd JAN
203 wafer) to positively determne the tgr esence of a defect. nmor e
det ai | ed nBformityp vdiehdin durnnecessitatesf cazeful aracessomounitoring, ineludingd frequéntahnd

hi gh r esor e MSkefdns RN Wt Beriee U s IR M B pErRbE e on
techni ques to @ehesntional infpPodess moRitaringt fechriqies dimp{d. gh “indpatibe ahd veview”

attern) a particle, . or a scratch). . .
P ) procedure wherein the sur?'acc otf fhe)wafer is initially scanned by a high-speed, relatively low-

resolution inspection tool; for example, an opto-electric converter such as a CCD (charge-
coupled device) or a laser. Statistical methods are then employed to produce a defect map
showing suspected locations on the wafer having a high probability of a defect. If the number
and/or density of the potential defects reaches a predetermined level, an alarm is sounded,
indicating that a more detailed look at the potential defect sites is warranted. This technique is
known as “total density monitoring” of defects and produces a statistic called the “total defect
density”.

When the defect density reaches a predetermined level, a review of the affected wafers
is warranted. The review process is carried out by changing the optics of the inspection
apparatus to a higher resolution, or using a different apparatus altogether. To perform the
review, the defect map is fed to the review apparatus and then redetection and review of each
suspected site is performed according to the defect map.

In the technique called redetection, the potential defect sites are each compared to a

reference site, such as a comparable-location on an adjacent, non-defective die on the same



Thus, detailed review procedures which classify defects and point to
speC|f|c corrective action to prevent future defects are typically carried
out only after a | arge nunber of such defects are likely to have occurred.
As a result, such defects remain largely undetected until a0 0 8oMN @8Bapl e
nunber of waf ers have been fabricated and have begun to exhibit problens
caused by the defects. This late discovery of defects can result in a | ow
manuf acturing yield and reduced producti on t hroughput. Furthernore, because

t he defe [ arm
i cat covSehyE pively Basming thelitbicho Y SUREE ol AheaiBliel HoRale B
al arns rr&he:ahm cheied euedsratmdndmaualmtafey:t ates,mcleps goahtying wathl a @UDuatprdthcc a
defects of a serious type have occurred i.e there s no way to determ ne

bof or e ¢ HelaHvely highsreselitioningse; Waich t“h@%ét"éYﬁqdaW‘t&étaé‘&t"sfea?@quﬂk‘WWW

war r ant r are
limted |Ct§ d][é ﬁg‘%‘frnggﬁrfaﬂrggf %ﬁgelge;@eg ‘an gﬁ@%?ﬁ?\é’t q%gentl §%§e P@(S':t types.
Firstly, the rBms] deiaded abvibheprocedmgﬁesvhl@ Idmlﬁedielﬁ;ctst laed ppom!l tcs i spexific

Secondl y) _since rod on i onal can ot

gat her a JOFGRe aar?gﬂ% “ﬁﬁtB‘r anﬁcf)tﬁ afed%\’%? VAR °"tr{%§ g#f%?bﬁy%% rHtﬁeéf”e‘zct ,
or whet heguch tjeﬁecteareorkal)hm havefozberedl Aeh mtt,rmcti 'défeaE&eﬁﬁmtlﬁh%eWﬂétected
Thirdly, brightness due '"to reflecti ?Pg"?ﬂ’éel g ht from certain types of

defects, Wiidip sensiderable Rumber, 9k afkss BRtsdbesaint tor exhibibf ect

counts a r h h Ly th
ounts fobhs . Ehar By e e 2?‘?2“%‘?"@?“??2%%"*%?%@ SR o

recent | y temrfactetnggnield and rddatedrproduction thgoughpetsi fi ed def ect density is

referable to nitori tot ect de Si.t ari.ous net hods, f
(F:)I assi ficati orﬂ&h TR 3& ggtféﬁtslaﬁetp ?égie\él-\ﬂ\%g%ra}a%ﬁ r@'ﬁf‘ﬁcﬁ“@r’r’é@ of
t hese met{1gefindfeates dlyaHatheeeRdMmEnUntRA of Gefb@ls BEY HOBablP 6EcuFRY, zﬂimii&ﬁ@ﬁilso

cl asses. SpeC| fically, different sem conductor fabrjcators consid
di f f er ent bej&eregated t“élcrseon Yrr?ér%%?ﬂtab(ihémaﬂlhéff’%%r‘ef ¢fects afr3 spmops %@ davg

def ect Cl@c%ﬁjﬁrg% rtgortinotafer y ¢ gr&e&nﬁetbe?dr@aetlwtga&ea%rm?t [ Sotdfdial OF €d

to specific lemw th prior art defect aSSI cat1on
syst ens |éefeduaarplllpeiyao,rwerrmtt@yrrmﬂewtaetldnored to user- speC| fic cI asses) t hey

britor o becorAEBLFePRGeh darices 3R df ors 36 ARGl BEfrel- i bl ind >
prior to beco F arfs

used duri f@ufately identifyalethct . URirstlly, the rmodmh iof kheliri iffagesis limited HyAbh atxer
There exists a need to (ﬁ_{ |y and neaningfully review sem conductor waf er s
and aut on®##s- cafcPydlyy siacsithey pregucsenbe Po-fisigsigral imaeqsy HieyicAyngs sahien s aee

causi ng dgh&Gdeof idfbataBBY r&gardihg B8 t@arghghgcrmercwer ¥hkineitliiRs BE tlePdtce THi S

need is becom ng nore crltlcal as th ensity of surface features, die

si zes, aner briow e surfacegthe waferd dhirdlys brxa%m@as!ee to eaflertiomef light fremmesstainf

defects t i I e

yi el d. Th@?gf%%g&{esk&{sé §¥ 5&%@% ?‘6"?‘9‘%&{%‘%3‘%# | zegﬁgéﬁmﬁe@ asses \Aﬁnﬁf
correl at eaxtd)fatslaezlarms.s Ghus)f thel edvimt 5s. garematly alone giangallyyl MﬁﬂlearememoanMg nes
may be sensjtive t gefg.ferent defects fromone to another, there exists a
further n&¥ t‘%’r‘“& S A dRtereStssi i cation systemwith the flexibility to
accommodat e t hginge @dBasOfecaritlyl bees réccinized Ttha ﬁtoﬁk&r&thclassiﬁHdt bﬁ‘éctnmdui GK an
automatic def ect classificatio sgst em which is q(l)@gr% ;i go%ctf

and r anp- BiFiGRble, 19, montiesing, totyl; AeEnsiipr ¥Aiqus Jos € %t#f)’rt’é’

i mges t OpRRORER iftfeahch! q{ov@-ﬂ%\@fﬁcﬂ_ {1 thBsedihdds A ré?llﬁb&ﬂecﬁﬁsettﬁﬁe is

present invention is to provide a nethod and apparatus for automatic, fast

and rel i ahp cagated3pen isshof alefast C&P&%ct Specifically; diffraentt semicendueter fabricators ng
to the pr h Bl

part by agarrg gﬂ%ﬁéﬂ tst‘?@%w@&&ﬁasa ?{E?c nfgtte aﬁ%ﬁ%@ﬁ%ﬁrﬁﬁd@ﬁ% ace of an
article, ﬂonmhumvmnbr@nmtnsuﬁwxonnmgtordga!tcrtaloscdrlbap@lﬁmdsetﬁ assifying the

defect as bein one, ,of a..predet i l.asses
of dof eots. - Tnanerareifm Ak R It ERNHERER e d Wina Beodfl Bl o
arbitrary tatilafddab uedr-spédifieibliasses) hidyars g min)atxahtpbestofdafecoﬁndghetd trw@bmnat
core cIas é theot|on of auserwgwé% rese i nvention. Anot Ltbr
aspect of fachfedect plas Rﬂ?él‘ﬂ'??‘iﬂm?@ ReTREPTId “G SN @t‘t'?%dmafyffg‘f’ég?n% % he
surf ace Ofusédrmmh&lsﬁh&!pMt&ﬁp-ﬁ@bfﬁ)ﬂomﬁbﬁﬂlﬁes acquiring an i mage of the
defect; obtaining a reference imge; cpnparing the defect inmage and the
reference image to produce an estimted defect footprint; obtaining a
magni fi ed defect inage; obtaining a nagnified reference i mage; and
conparing the estinmated defect footprint, the magnified defect inage and
the magnified reference image to produce a defect footprint. A still
further aspect of the present |nvent| on |s ‘an apparat us for carryr ng out

o o, o Y " o o o o A o, Y " oy



o ¢ ,SAN 20~~ when executed, being arranged to cause one Or nore processors
to performthe steps of the above net hods. Additional objects and

‘advant ages of the present invention will become readily appah%n‘t, Al Seda hose
skilled in this art fromthe follow ng detailed description, erein onIy
the preferred enbodi nent of the invention is shown and described, sinply by
way of illustration of the best node contenplated for carrying out the
invention. As will be realized, the invention is capable of other and

di fferent embpgli lL,cations
i n various obvi O{Jnséﬂ%%sapg%js{o i\rflﬁ%%ﬁg&%ﬂg% ‘}tl n%‘f?ﬁﬁ%ﬁe&'loﬁven r%gﬁ@
Accor di ngltymatidally cilassify\glse aeftctdeiacordert toonican@ processes equsingedefects, thereby
illustrati ature). and .not as restrjictive | EF DEASCRI PTI C'ETHE
DRAV NoSTREReS B0 CPENABBHE (h B8 4HiERc sar—a%xﬁg CCOMFG aeR, caii

havi ng ta&sﬁﬁeﬁsm&@rf@aﬂﬁespraméél arERirfeR of rs! RR{eOREN chdai€ r. ;d il the

t hroughout, ‘and wherein: Figure IS a conceptua art ‘o efec

cl assi f i Bembegiof defewss th miramcalloerepmdemattalmmmq'epnablemxgmfasnmngryaqm]i cally

illustrates ec rried th resent

I nvention. F?g%er?eghégg*t ust%ﬁ?gsr aas‘ttasf’éa‘%?zgdggt % as‘w&f e@uli §° %“‘ﬁ%g‘ SEBE usi ng
t he presefdefean eiibwever, finaudiffererdt/précasalires may bs serisitiviead différentrde@es fdin a
defect to be in ted b res invention., Figure 5 is a flow chart

i |1 ustraf?ed ag%‘ag'eﬁ’tefea?x‘é’i égé"“'@f needy P"r%i‘cffméi"’é gFaté’%rfé‘Ftﬁ@d"‘ék@'ﬁrﬂGPh@tX o the
present {gn¢EsthinOdhte file HeER JT vafiowd us& esent ation of a defect footprint to be
anal yzed by using the present invention. Figure 7 is a representation of a

ref erence i nmabkere lelsésq)(ﬁmenglccd) forhan awpmetic defert glasgficatiogusystemswhiths isir e

i gur oo AR Butle, 9S8 GBSO Helet B 3E oA R ol LY Bleie
second plefsa imagea torbdchnd operabledi Nng to the present invention. Figures 15a

and 15b are representations of defects to be anal yzed using the present
i nvention. Figure 16 is a flow chart illustrating sequential steps of a

third phggfMARY OB TREDNACERTHNG to the present invention.

An object of the present invention is to provide a method and apparatus for automatic,

fast and reliable classification of defects in semiconductor wafers.

According to the present invention, the foregoing and other objects are achieved in
part by a method of automatically classifying a defect on the surface of an article, which
method comprises imaging the surface and classifying the defect as being in one of a
predetermined number of invariant core classes of defects. The defect may then be classified
as being in one of an arbitrary number of variant subclasses of at least one of the invariant
core classes, at the option of a user of the present invention.

Another aspect of the present invention is a method of inspecting a defect on the
surface of an article, which method comprises acquiring an image of the defect; obtaining a
reference image; comparing the defect image and the reference image to produce an estimated
defect footprint; obtaining a magnified defect image; obtaining a magnified reference image;
and comparing the estimated defect footprint, the magnified defect image and the magnified
reference image to produce a defect footprint.

A still further aspect of the present invention is an apparatus for carrying out the steps
of the above methods.

A still further aspect of the present invention is a computer-readable medium bearing

instructions for automatically classifying a defect on the surface of an article, the instructions,
3



4 P 8 JAN 2003 Figure 17 is a block diagramthat illustrates an

enbodi nent of the invention. Figure 18 is a schematic view of an SEM revi ew
st'ation used to inplenent the present invention. Figures 19(a)-19(c) show
how a defect mght be viewed using sensors of the apparatugJARI 208 e 18.
Figure 20(a) depicts a mcroscratch on the surface of a wafer to be

i nspected. Figure 20(b) is a cross-sectional view of the wafer of Figure
20(a) taken along line BB. Figures 20(c)-20(e) show how the m croscratch
m ght be whevnedcutsdbeihd errseged ao sawe dneerapgrapedcessonst tofpegfofift tHsteps of the
Descriptign of the Invention Conventional sem conductor wafer inspection
t echni queod®mMeBI0dS, ovi de early detection of serious defects, but rather
only indicate AQffiofhl Cogitd Wnd RV tadts éﬁhﬁCh&saﬁ itdntib¥ PG E%\éﬁueOF&Hﬁ; ed.
Furt hernore, convention I nspection techniques are not capable of

anal yzi ngappefeattosthose skilidd ini thistartdfeeraithe foblopingvdetisled description, ovherdin ohty!tiheds

to early positive.identification.of.the defect source. The presept .

| vent | orbaed EodRa ob fpniersgn i SBum aof densE SirelY g i ieswation

cl assi fi ceft iherbedi nfbRieCntenhplited THRErRBAY lou BecHvENRD, ABAVII BE réafidd) the
identification of processes causing defects) and enabling early corrective

action t oin¥entioaispapaplecasiathesgnd diffexent smhodiments; sndritssewral detailyararspahileog) of
the pres i i Qn, rowainfef fari 1 f been
goner at oA, B vaBbleE TopRigHe! Reeolf RIE yithoaf Wefaiioh Tholh, U8, Hychiith.

r ef er enceAsdordingly, thealgadingy anad deseniptiongire toclet regarded asritisstiatiee {nStadretand gt her
and store | ocation and topographical data. This data is then analyzed to
classify PEHH et as bei ng in one of a nunmber (e.g.) seven) of invariant
core classes of defect, and further classified as being in one of an
arbitrary_nunber sub-cl asses defined by the user of the invention. Fig.

f
| is a coﬁ%ﬁﬁ@gﬁgmml@w&ﬂ&ﬁ%ﬂm% defect classification into core

cl asses perfor%g}(;_lr : thogal f I Goifafbin | i Q0 e 1
is classified br oaegflg/tlggniaa%p%t @grﬁ%%éfaeg%a%nﬁbr a paretl C {esl géeyfmegc&tﬂ%éﬁ%nd
furt her piefarenteinninerab desigrations/represent tik¢ elements thaoughout, arsl whertiasses of
defects: crategs and.m croscyat ghes,on the. .wafer .sur.face 3 1 SSin
pattern on the &8 bk §PP°°B£'I"L§PWa° tqféﬁﬂccgﬁﬁﬁ@caégﬁ 13‘%1‘:85&5&% Q;"dm’%ahed
pattern ojwekstidnsurface 3D) a particle on the surface 3E, a particle
enbedded in the surface 3F, or a 5 D S JAN 2003 particle and a deforned
pattern on t heFiguct 2 maphisally iljpstrates, defenh conngsbye defeeh class as eamries puigby: ghe
(i.e.) shpfbentidventidd. N9) between nei ghboring wiring patterns, a snall
particle) aﬁarge particle, a broken line, a narrow pattern, etc. The

def ect cl assi f Figunei3oillustfatesrassemicopduntor wafertoibe inspented usingtthe preseat inventione

causes of defeg: thelr source.. { el r S or
cven To a par t1Beh PAST ol Bfishtald FtigRiel & e toolonh B RGP

pr ocessi nipvestippence conpri ses the steps of deposition of a material such as
oxide, metal, Qr nitride, applicgtion of photqresist., devel opment of, the
ot or o st cRiEHery iAol Bt ALHEREnE SRR I B & RN ohe sekthadhr
and revi eyscoMiing © tRprebnt fivehtin, Of the above-nentioned process steps can

i ntroduce defects, nmpst defects are caused by foreign material. The

cl assi fi cati onFighre5 ifcs eepresgafationofra fdefeet faetpany tode analyredohy uyieg thegresepth
mat t er isa.ﬁ,gmdn.on the wafer surface. Therefore, if the defect is further
classified as an enbedded particle defect 3F, this inplies that the defect
occurred bef or Eigure Hisnirepresentation pfasrefdrence pmagesogresponding potha defeet of kig. 6he

appropriate co i f] ) I f -' I j f.1 . a
parti ol e on ¢ nElegip Bkda datisPRsorbRERY B deficks bBE iR b e PARB NGBS D
carri ed out) sHigaresad4dyndspboire o Qowphart illusiratingtsequentidl stepmofa seadbndophamoafiat i on
of the particle, to trace its origin and thus pinpoint the cause of the
def ect . O‘P‘f}??gaﬁ‘f%&flgﬁ%ﬁ‘&?“’tsﬁg“&vﬁg%'f'fi cation of a defect as a particul ar
type of patterpigdﬁfseush add\ 16b -a%e repfdsaitationsAf déTeoito Be Pnhlyedd ushiy the)présent
pattern 3C, or defornmed pattern gD) inplies that the foreign material is no
| onger pr 8RN the wafer, and only its effect is visible. Based on the
user's know edgguaf 14 'ikehrﬂofv@m&@ﬁlhk@iﬁnﬂrs@gﬁﬁﬁal st} ofCihirdPhaSPBE h Wikthod OF
exanpl e, that craters and m croscratches 3A were caused by a polishing
process, &cqprding toghepressnt inyeptian ern def ect 3B, 3C) occurred due to foreign
material on top of the photoresist, oréda deforned pattern 3D was due to a
phot ol i t hogr aphy probl em such as a particle between the wafer and its
supporting chuck which caused curvature and | oss of focus. As the defect
are classified, counts are naintai ned of the nunber of occurrences of each
type of defect so that an alarmnmay be raised if the defect count in a
particul ar class exceeds a predeterm ned |evel. Thus, defects are

. Y - . N




6 p 6 ,1AN 2003 The utility of this classified defect density approach
isiflustrated in Fig. 2) which graphical |y depicts defect count by defect
cl'ass A-G for a nunber of wafers WI-W8. Wiile it can be seen fromFig. 2
that the total nunber of defects is approxinmately constant D8 WANo2Bir r ence
of defect type Dis dramatically increasing, though the occurrence of all
ot her defect types is approximtely constant. Thus, the user can set the
alarmthreshold for defect type D lower, if defect D tends to cause device
failure, or tHdgusdi ivabloglediagiam thatallnstiatnsas lembadisentdfahe intentivaf ect s f or
all the defect..t A in.order to ect_an increase. in any defect
Cype. an enbodi BEREEH 3 ansmBHELER ofiaR SERE Pt Satigh (R Fimerhept cpeeoeat 141,
As shown jhvlerfogl. 3, a sem conductor wafer Wto be inspected for defects has
a plurality of _patterned integrated circuit dies 1000. Initially, a defect
map i s producedigygs EYakENE) haw hovet Aefeetunight beidevedsusing sensannofthe apparatus f ace
of a waf ecff(f’l%&rgl? hi gh- speed i nspection toot (a CCD, a |aser or an SEM nmay
be enpl oye or this purpose)) then using statistical nethods, typically

i nvol vi ng al gdfigareiZ8(ahdelicts a gierpscsatah en drahigfadef atwaferde bé irfspecteds pect ed

| ocations on the fer having a.hi gh. probability.aof havi def ecy . xt,
as shown in Fi %gl}r\é\ﬁﬂﬁﬁéaaro,s ‘ﬁF&P%‘@?i"B"g" %‘?‘g’(’:(‘-ﬁ’&kﬁ’ of Fbguﬁd(ggxaﬁ ong line R+
suspect edgdefect |location to determine the exact |ocation of the defect. A
conventional CCD scanner or an SEM may be used to inmago a pattern 10 at a
suspect ed def SAguEDYcC)-&0(e) shomchow thermisrosertahamight bovigwed peing theesepsrs ef n 20
at a corr i iken on an adjacent or other die on the sane wafer
which is tﬁgtgﬁéstg%%ttﬁe}%ﬁ%fﬁhavi ng a defect. If a difference 34 is found

bet ween the suspected defective pattern 10 and the reference pattern 20,

the suspegted defeciive pattern 10 is determned to be a defect, and the
i nventi vi%ﬁm%éh%ﬁ%&%%i fication commences. Fig. 5 is a flow chart of
the first phasgorientidifl 's@iﬁ%hd&b@or”ﬂlamdﬁis?&\),\ihbn Wetifrliques 088Gt providef egly

footprint” or detailed image of the defeci ich is used in all subsequent
anal ysi s ¢atestion of seriqus defasts, but rathsr galyciadicate thatiacgertaimoamennsiof idgfests 10f@llof
the patt i d ] () : e
pactorn 19PF Beve, Rkt CHARHARE coflveifofi ScRGlon leiigues e 981 BaRbKer | |
waf er i s aatpzingedefentsl irs swufficidnt Aéthil itorpgmwdide ffermation whidhnleadse topeartye pasitive

di scl osur | ai are.preferabl y.el ectronical.l or ed uch as,on
oA miiginicafiod gfing derBL ShEEE.  THE PSR dfeblipy ieRs and T cmelt
mani pul at probleaRbyprcMiding sutbmatiy clhssificblion elldefiaBtinte atdayinpfil tategorids, enabling

el ectronically, Acquired defect pict ur% |10 s a(%r,ef erably produced by an
SEM capabfeaddeptfigation jof grocesses sawp deficiss avd FRAOINS 3K £OTasHND AFBASO RS h
el ect rons%kél{.om di fferent angul ar sectors and generating images of the
defect and 1ts surrounding area frommultiple 7 ~ 6 JAN 20J3

per specti ves. f Apdording foecephinsmbodimsnlscaf the methodalegy afithmpresany invgntioneafter a
mged ar Supectablrd SARRHARRT varer AL bl efiilelTat ddieet QUM Epritpiitg.
e e s et
r ef er ence5HaTt ﬁ‘%&?‘?"gﬂ%ﬁﬁf W§°WW?‘F2%F{9C a‘f}%ﬂac%iis @'ﬁg afjaly topcga(sph ﬁ“i s

acqui red défecttas being @ oritioftalRiniberte. g Beveén) of Bivarant chielctisses of defeet] aridefurthét can

be a conmon picture for a pluraljty of defects r can_be a corres di ng
one for e&’éf?‘}é"é’f achengoin engrpfian ﬁéﬁ’ purgber L sybrslasses %ﬁﬁ’éfé‘dbﬂgﬁ‘@?’ ggﬂﬁ)
drawi ng ofpvehfordi €. Reference picture 210 is commonly the reference pattern

20 fromthe redetection procedure. The acquired defect picture 110 and the
acqui red ref er Biged ipiacongeptual fowrchat wfsuiomatia defecteoplassifivation ing, cersclassase d

defect fo [E}.h e i T, tai
f oot print Bgﬁ I'S bghg%ir?tg ‘gﬁé&%ﬁﬁ%%f%?‘?ﬁwéﬁﬁ’gf ebctg ?@h‘a@?f?ﬁg&ggﬁﬁgaars ;7
curve dr apattem defedt 2A@r departicle dibfecth2B,naridufietberoplbgedtinte ohef efcseverrsxémplanyd

def ect footprint Q ot -be.a_hi gh- {1t {ct o ) el
Contai n ndiafnflecie 8B o eredf Sl Ao fciebdialihds 4 She waflr sultaod 3%, 8
wher ei N a njissing patteny orf the sarfapei3Be an dxttepittem o theesufdd® Q) rat deformed pattemdaf ect

(i.e. the portion_nof acquired defect picture. 110 different thawt

acqui r ed %Vt@ﬁ?:égpia a&?" ¢ 94 dhe F‘g&ﬁﬁg v i REAY °@g%‘{9°§dﬁ%%5'g?a(§8&?g %% 8oned
acquired defect picture 510. AcquiredSreference picture 210 is al so

magni fied at step 600, at an area corresponding to the nmagnified area of
acquired reference picture 110. The magnification at step 600 is preferably
carried out using an al gorithm executed by conputer-readable nmedia to
reduce the anmount of nmenory required for this step, to produce zooned
reference picture 610. At step ?00) estinmated defect footprint 410, zooned

I Y N - 1 e o Y o ~ A N o o
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Figs. 8a 13, depicting a defect and its i mediate surroundings, illustrate
a second phase of the'invéntive nethodol ogy, which conprises perfornming a
*boundary anal ysis of the defect footprint and reference inage,to.classify
the defect in one of seven core classes. Figs. 14a and 14b i%%Nf P83 chart
of the inventive second phase. The follow ng procedures are perforned
automatically and are controlled algorithmcally, such as by a sequence of

i nstructi : hem i ain to Fig.,Z and
Lo Fi o HEEeEthefs A0 Hard AR SullEE & TArBRRE b asB Ry frlhulie Briceind) "
step 140Xi.eakhortkircaitingp bereeaeaeiglitionny Oiring pattethes) b isingll particle) aarfd pativie, £h 8
0 ~ JAN ﬁé}B correspond to a reference pattern and portions 610b _which
cor r esporRiokes iepa RATAY, pARF.$tq. nEhedefest @ﬁi%é"ﬂ&f"ﬂ af the preseRt inyeatian facilitates

cor esp ; Biacefe oR B e D _
500 and 1ol MERE SRREH SIRIED B SRR, ol B O L Bt Aot S B B4 ©

exi st i n pantecudirfpéce of protessingeq@pmentn| y are identified, and reference

boundaries RB which.exi.st in the reference picture 61 nly.(dofted l.ine)
oref dent 1 edh PG ST RToCtsng stoienis, AR e Sops o) ABHOSON Bick FteTBlu ho
steps, alsaply aviokide] MR, estCfitride JaFlicAionOsE plttcrediitd dévaluparienp bf €l pithddrasist] O

classify the defect into one of the seven core classes. Referring nowto
Figs. 8a,ct@nys ad/orpolishing, sleaning and finglly. inspestioncpad esicw o Y¥hileiany pargmernof | t
i s determ jol | j j ad 9,
and DB 1%ﬁ§€?‘}5 .r}n?]%ﬁﬁ%%ﬁ%ge%ggqs gﬁia[ﬁ)lgb?@? %lis%’/ I's ?\égf&%g%o%g?egr@bfo%

pol ygonalmjtenald Theatassifieationoofa ddfect dehaarticlsdefeqs 2B impliedahat dore{gnt mattet 404a) .

Next, the_reference segnentation data.is consulted i tep 140 and. { he
ot ect " orNn e Mafer SERTE" TRt B, SO e ReliF Rither oo™ ebadons Tl 1
or def or niefedd3F} Rigingiee eat (He. defoct Pejutred beforé or Hirirg e RpENIGRL ot IR YRS S
shown as background in the defect |mage§_i The defect associated wth DB 1

in Fig. IRPIDIHIR QR Hieappiopriaty semeative action. taweyes, Hfhe defeedis classiiedias ajparticle ¢ hen

det er m ne Ogg.t%gp . f tlﬁ’din rﬁcu'. : i, Fig.
10) exi st%‘ia{net e %Ié ect o%%‘%ﬁmnt%?%étqﬁ{rﬁgg 'g%f%, tﬂgc e ec‘fﬁt’i %JQEI%SH}Q IS
finally cipsetsastopyl tanientifyyitbs natgriphe¢ampositidn fof the particle,dp tiacO dts originvardahys i f
DB2 exists suctﬁ as ?e t'hctgtg in Fig. 10, the reference segnentation data is
consultedp‘gﬁ%{f% f g 8‘2 iﬂ %}‘, and 'the defect of DB2 is determned to be
an extra patt eOf theSothérchahlBl the Slassifidation 09 aiefectisna partichlEPtyips of Pateash defect
pattern) the defect_of Fi,g. 10 is_finally classified as a defornmed pattern

defect i neAdify crateRsiA, missiagpaticat 3B, qxfra pastem Ay orfeformad paiermy I impligg that
patterns, g 'f@re%ﬂfn?ﬁéﬁa!‘%%odlogfcr%}é&ﬁ'o&'tﬁéjwﬁ Zanfllopfy iRt {sSVidibde Basd ol
step 1406e. Referring nowto Fig. 14b, 1t the reférence segnentati on data
shows t hathetuser’siiavdedgesofatheie fabrigatinm proeess,itbe awser can conelyde, 406 example,tthatoul d

for the d in Fi 8 ' . e
further a%fégstz%‘& '&Sﬁs‘fq'gté’h%%@?Jgﬁec%“%egqjgﬁacg%}%ﬁ]?%@n“é{&%eagé‘g?ﬂggﬁ%é%r@i&% in
Zt )ep_ 140|7defec_ftf.‘i_n3(l?a_jmeeurmdt ?Ltilzxiostoreigﬂlmathﬁakon 6 hheaph?tbgsﬁefoec; deforntedg.

a) is classi in ste .8a as,an extra pattern ct. It is the

dot er i nebters 3 s Suclort RiioliBeREny oot e 2 » B Peiesn ne weltpandSh,
Fig. 10 ewippbfiingehidkaviie Qusedcptakifré itd losd of Todus. t he defect in Fig. 8a is
finally classified as an extra_pattern defect in step 1408c.. However,

Ri
DB2 were to exf\sthe defests are slassified, saue Aremaigtpined of %ﬁ?‘ﬂbﬁéf@&%mﬁfwtjagai n
. L _ . i
in step é&ﬂ%@@ﬂd&f&g gtd ﬁ@% aﬁrm%é B Yhiskdo tﬁ'@%&%&‘\}d&%ﬂ% gg% Bertitilar hds®

pattern or a mssin was an 9 extra pattern)

t he def ecexageds a poedetermined flevell aBhusn defeets arp accusstelydande raliably elassified sande

ot or med OHRGed o Riuble el HelcBlich pld nd Bt Procstl frpbifnd BaSh oh s Hnees

Fi g. 8b), infopugionpthe asér afthe preaedtcnemitivy camsetSightersthoashelds ferddéfect sowps.1409

to check tha.flatness of the a _pr.oxipmal  t . Lol t i.ned) if
DBE 15 mof Saieuivn R R sopieh HERaf i, Eipemfls icei Rl ot e e

def ect i ve oftxhéif ifhgiehe Vixidbilitp de.d., Ry patitulat défenngipe’y tdidendyors agreasd when tahe
defect of Fig. 8b is classified in step,1410 E%,aggarti cle ang defprlrred
pattern dEFRA ProgrssPRRbIG Fstcoyrng) or & pariigular delechi isRderigy 1o Gayspeeyige failure
subst ant i @l.d. its"kAtratid"he defect would be classified as an extra pattern
defect in step 1411. It would then be déterm ned if another defect boundary
DB2 exists in the defect footprint, and the analysis of steps 1408b- 1408f
woul d be carried out, as described above. Referring to Figs. 11 and 14a, if
def ect boundary DB is deteem ned to have a cl osed shape in step 1403, as in
defect footprint 814, it is considered to be a particle or isolatod pastern
defect in step 1404b, and it is further determined, in step 1412, whether
defect boundary DB intersects the conmon boundaries CB. If DB does not
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0 6 JAN 2003 be briefly discussed with reference to Figs. 18-20. Fig. 18
shows an SEM revi ew st atioh for determ ning depth information concerning
defects in wafer structures using rmultiple SEM i nages. Then%EmN%ﬁ w

station of Fig. 18 hel ps determ ne whether a defect is a protrusion) |like a
particle, or a recess, like a crater or mcroscratch. The station shown in
Fig. 18 conprises a plurality of sensors) also called "detectors”. In this

exenpl ary enbodi ment, there is a first sensor 1890 |ocated centrally with
respect to anTBEMIbEY efthis glresifiqd defectsdensitt apmosehi is illustratedeineFiged, whichs an

id | t | 1 to th
eft,  andranERny GPbiosh GAEE oy oV RN Ul SRR RBRET Kt MWL W k° 1
ref erredcimnbaseém o #ég. thehat aheindal Aehesetsl defectigs apgrokidintddy cShsidnt,Ofe Of
Fig. 18 takes three i mages of wafer 1830 nounted on stage 1850 at

subst ant PgguTEngenel defaet BPend iy dramadeatlygcransing, thonghetimoreumenge ofuall etherg30

d det ' ' ' db
Flrst sencieryifsde hfibomaihyedlabd  mhis Wt WihrEan 11 e JARF SRR BF GGUCT ©Y
sensor 181e® hsves, i defoctD itendg & caamjdé\dix;a:tfaﬂt_lremrtthé nser sem ses thelfdriDtheeshald t hi r d
meant o8 AL 20 HE1EES daf AR B e ACT i etiar SR ah nocraen ou by Bl
exenpl ar yypef ati on shown in Fig. 18 has three stationary sensors 1890, 18100

and 18110, it is possible to enploy |less than three npvabl e sensors, and
move themto tAecmpodimens ¢f be drisepfoayentignds Hiusgaad on Figsgdd 4h.8 Aocshawa ing110

as requi rgd,s Si I npdt - -°€é??§ b i . rin
any partic .|3éfa %ﬁg%é@ﬁ%gwgét etong% lljl{rgg 0 g’ﬁfﬁf%%g?sngﬂ%ﬁ@n‘ﬁﬂ’%%ﬁ
appr eci atimegratedicir¢iiedies 1660.i hitiptlyh a defebtempe isspreduded ebyodoneértional dechhigaes, 1820
(i.e., directly overhead nd ears.as .i.f the.illumnation.is comng from
{1 ret sertgas phatprpinedns burfids ofi ERF Fh 3 pishoendtl inshepon s FCE R Bo4r2E ¢ he
sane i derhiSEM maybé paploly¥EfoR $hié Ppbdey, Then u¥higatdtisti€al IncthiRls APFiSARGhVoIEng f
viewing fromdirectly overhead), but, appears as if the illumnation is

comi ng f rAiAANSERSANG/ g EresmsCalesanalysis; tosidpntify| susneated ilogationp An theewaler havingrae
third i  rhia 8 A d first imges, has an identical overhead
per specti e,pr%%alﬁﬂg%gglérs as&lr:lf the illunmination is comng fromthe right
(i.e.) from t MNextlasshownrin Figs144-4CTaedetection procedurs is barsied autrat pach\siigpected

di ff Enf i i t.h brigh imf f.th
of ' det ecttelB B4R o drphrife ARG toraflor bl e Y PEE & ePeRRb XLt scptif of 73,
feature whiSEMangebe asdd @t invigen patteret bt asusiected diefeRe tdcation) avttictnis i ht

| ook differentl¥ when viewed in connection with the other two i pages. It
shoul d b&omBISH e hEaference RAEFEA0at 3 COMTESPORURE IGFatiom PR an gdiacanher herdie e

def ect's NRYsa@fdlwafe'voieh A58 E&sg@,t@d dfhaPig aWfefect) C1f b i FGeh BBV fouhd bERRENCE,
the first and third 1 nages provide greyscal e shadow i nformation useful for

char act erthe ssgeatede defestivet patigrnd 19 19ad $be seferenceapittept o@Pdthe suspestedrdedestive
subst ant i dbleEive 6 iz;l‘él’\! t r ecd .

advant agepq{é#rxt qzérm [ Bﬁe}é]‘po)e?'ggeg |ve@%ﬁ&%@%ﬁn@aﬁggigﬁgﬁ%ﬁéﬁoer a
bunp pr oteomskencesf rom a pl anar surface. This bunp represents a defect.

Viewing this Jramdirec overhead., with.illumnation . fromoverhead,
Uhe " bunrp. may Ads 2 BEwehkF 5 tol sP Bhete3 mehlehike mePofRber i PREHE F g
a resul t ‘nefsbd footpiind’ or Hethided iatage ofihe dpfeoriuhichl isaysed in alt subsequert ahd96is ahths ed
on this H{Bg% al O(I}?’mfid{ woul d be ifficult1 io har acteri ze Bh's defect as a
flat circjiassingtop tpligter 10, & pisiyre 1]Q,0Lthe pattern pryvIRHsly st &cond
sensor 1870 deféch f.e0 NS B&FedtivéDatém106ronh Eheereddtéctidh iprdcediref tiid ivs surebmaRgl, but
with the illumnation appearing to cone fromthe left. Under these

condi t i orfea amte Wiafes ingeauisphand stered- nAlliimages referrgthiain the preseryt displosyreppd  5ng
a di mrer J i E [ﬁgépf) i ot i

det erm ne ﬁ}t'nhaa&%ég?gg{y% 46’“?:§llggtger%gt($dt}ts‘iag%nan n'6tm_ E %ﬁ?ﬂﬁpﬁg%)rfe‘?ﬁdamge
produced media) tand rail disclosed iBageOmanipulation spd canalpsisofs phefereblyvmtomatically | t

i ont. nRreprpeE el healied bl AU PRRREIIR, RGN P ERM

part on t¢apable gfvo)leaing ckectiomsremitted fomawafeebdnifardedawititelectrons,frdm diffefeoc) .
The detem ination of defect. 1840 as ratrusi,on 1s thus confdr . For
ramr e st sibedind Batipg nge b o] AR aR 1 sufrobidity §0R o Flluple] |

t he second sensor can be conpared to7those produced by the third sensor. On
the other hand, assune defect 1840 is a crater. The inmage produced by first
sensor 1890 mght still be as drawn in Fig. 19(a). The inage produced by
second sensor 18100 woul d show a darker area on the left and lighter area
on the -right .of the pit, as showmn in Fig. 19(c). Likew se) the inmage
produced by the output of third sensor 18110 woul d show a darker area on

o o o o Y b1
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~p ~ JAN 2003 microscratch appears to be only a linear feature. No depth
information is available in this first imge. Fig. 20(d) shows how this
‘defect 1840 m ght appear from second sensor 18100. The iIIuMgéH?Mppears
to conme fromthe left, and thus a shadow is causod by the s |y

wal I like left side of the mcroscratch. Gven the length of the shadow and
the position of second sensor 18100, information as to the depth of the

m croscratch can be determned. Fig. 20(e) shows how this defect 1840 m ght
appear fn bdtives | i ' ] : f he
PO i eE e, TAOObe EPSERL clies bt AR InARRE 3 A AetieiEnd di il

m cr oscr depagraphicofeatressind doaerizbdeatures ob thetimagedhatea.n Su¢toan SEM isalesuaibed in ke

sensor 1 SoPABRIE. PR3 Liltn i ablT IS B 50 DI MG f o - e
feature. digRldshies o€ WaITRIale hdrély ideirpsrated FdfivBprefdtbisdeant i al |y linear. Defects

will rarely have so sinple a structure, and so the information avail abl e
from the threéh Pietige3d1Q akerefererpetnatierngornesponding|te (herlesatian of thedgfect pattam ect

om AP AORTESRE Tessian of _
g ng oer sal Rrbepy ABERky mighi SR, Refbedodidle 1) o BE S BRGC

and m cr qeaturt fohaplumlifyasf deféats, defean tbe aisorregpandiripiond for eactf defemgescanf bea

defect, with the i bei i Ly t with different .
Sensors dtkeh FB L fTNe: tigheca (CABE destite PRl ebrennpichre I iy of
| mages ar@nmigidpitRAefereiee phtlchEZER6Mhd RRdSBAGIN o dulehe defect in the

plurality of inmages are analyzed to determnm ne the depth information. Mre
speci fical |y, Theacayieadydafect gicture il aad tecacquired reference digtuie21|aze compared

pr ot r usi C Parf ' A ' | BLS,- a : or
is a recceys?ssgguc Oa%ls a gétg{lagéaegéﬁérﬁfé?tgggtr gﬁg# eg}l%:etaeﬁ s?% ﬂbé Igé.]gﬁ":’\’%ggr?ot her
enbodi nentefest fodiprimrddeista conteurt bomndarg aftthe tdefect rthatds, obouwrtant curse ideawn

i ded, in.Fig. fere . -MB, .t ide th
oor o o SpEHRe ASet s ine igdes hu e Sofea ebipatn kel brotpeims 80 Bagtorbesq
18110. Vi ﬁgahuaﬁy Picturt;d.d., e niag [cBftafl Adi&Y. CTherbfOR A allgitionhi INerMURANUS st fauUs e

the image fromfirst sensor 1890 provides different information than the

ot her serpssfosmed; wlwreima portiopiof the acquisest defeny pictyre d 40 eontaining ke dafent fire. d1¢ t he
{ati . . ) . L h

et ect artPret of Secllb@UBRE! BBl IR Uiehber Gl BRI M Renc Bl 210, 477

presence magmied atrstep H0Ltoaprotycectoodietl fapquintd defect picitire 39, t Amquired referenceof

shadi ng between different .oaterial For exanple, if. t or_nore materials
oo pr oo dhiptire phcCis s gL P, S0 R 867 Ebmbatring LR MARUEAARA | e
shaded di {dgRir@icketencOpicoitd 1200 Thé infagnifioRse & steP1d00 is prefetiblp cafied Guti usihges
related to the, topography of the defect, as di scussed abov enabling the

13~ G amalgpaitbmexgentod By ¢omputeseadably mediqto;reduce the amonng, P? memgnreaRrad e

vaf er surfpegs sty 16lpRBh@obfed PferkiRMRGuls’d?0) @11l three sensors 1890, 18l 00,
18110, the userge:lanbsee different aspects of the defect, thus enabling the

user to deter ni\hdtep e, estimeted defecisfootpoint 41 zopmpd acqvirag defect pieturen$ oran
surface a ' [ erl face.
The vari ah née@%%ﬁe{fggee@g% v a‘?f”g% gnﬁégerd\%’ r%’f‘cﬁggbpﬁg&c%? %k ﬁo sségrg?tzs%

pr ef er abl §0Q@r AAn erainpls ofon/idefeft foothrine8100is shownl iti Fig. 16| ané sih eaniplgof abl e
by the user, so that as.the user develo their. progess and determ nes

whi ch t ypEdtesponging zopmed, m"&f’bfé“ﬁeéihﬁn‘ﬁ}‘%ﬁ‘?%ﬁa ?ﬁ)ﬁltored, subcl asses can
Ee added or _dgFi_@i.eSif-lﬂv,:mthpiﬁﬁﬁngdgfecFiaﬂd itkaguil;édliaaétsmmaing_s,t Hnstravé adCbeé@dt
nown as "pridging") which can be detected, the |Lnventive nethodo y as
r equi r ed B@asm thedafenite HewodRloE it ﬁq@rﬁ{ P%rpﬁsmze# ﬁol@s?*af_ae yos o i |
defect (eggfeot fabthitht M PeFerABindaé Ic1atsigh 4ilclddsert i One dFeven &iré Glaised, Figher ei n
two discrete patterns FI) F2 on"the wafer surface aI‘C!]OI ned by an extra
pattern Dl4manthbib aremtfligw chartpf thednventive sesond phaseyiTherfgllowing psgcedyres are

conpl et ed dewvi 8. It n R d
classify P g‘?s typaeu]-{)h?tﬁél%c d %%unag%ﬁahgﬁﬁgﬁ"%& d'g?hg(% % ogt%ra%lﬁft& 8%

det er mi nesnstriwtionsion e compderdadablesnédiimnt er sect at | east one common boundary

CB correspondi 0 each of. the two.di e f . {4 .

ref erence imagg‘g e%mglag it?é/:'gt ﬂe““&é?géﬁ'?Qa’[s?%’r?&%'?ﬁg&g%f‘gp‘i@% dc}gﬁlg gfnsally
anot her ophalyeed) irs alsrdpas40lotallet aeferense segmerttdtion) ta: ddeptifyl petiohn 64Pa which
"broken line", which can be detected, ge.g.) after step 1406e in Fig. 1l4a
detects a mssing pattern defect, by analyzing the inmage of the arcs
between DB 1 and DB2, for exanple by using techniques described in Liinman
et al. and Hal avee et al. In other words, the feature with the m ssing
pattern is nmeasured to further determ ne to what extent the pattern is

m ssing. A further exanple of the advantages of this capability is another

_________ Y " e 4 a o . a o
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fl 6.JAN 2~~s a prescribed value. Still further, particle defects as shown
in Figs. 11, I2a, and 12b can be neasured and subclassified as "smal
particles" or "large particles" or particles above or below a prescribed
area as desired by the user. In another enbodinent of the i 8BedANGI t he
waf er surface can be optically imaged in order to obtain information not
avai l able from SEM i nages) such as the color of a |ayer under inspection,
or the presence of a particle enbedded in a |ayer of glass (e.g. silicon
di oxi de) CRAFHIONd 8 rﬁgtcn%nﬁ@nhmnqsuw Q19 vahiglr coseespeindithi@ bgtkgsounddo the
enough tqe@ﬁmg$t§&%§d by an SEM Thus, additional subclass nodul es may be
added as requil B  the user to nore thoroughly inspect the wafer. In a
third phase ofNdxhgefeftitfitoiRigs. TE3d) @@l 94 ¥omafontbdandaniss CBl existiaf 8 bath de@étcat ed
by the defect map are redetecteghiggaged and classified into core classes
icd

and subc|Pa¥ES09anddrigranse pigtuee eraified cdefst beyndaries DB veiichexits én thef

def ect s idobect A6ipithaBFD oo Aol Ahnd Wiliehoe o ABLRS R Whith RS I I O
of the core classes or su -crasses I's about equaq O Or exceeds a

pr edet er mefeeemceriptitungng ldcerpt(dotted hnsybare idéntifieditin stept 1402] aThisipformitionefsect )

an al arm si . enerated to al.ert. the user.. In this ,_'cl.ass
density ﬁ%%l??%r IHW lgﬁo»ggllges&pg, glgn% zﬁ‘h {aegerfﬂfte,S%QPF'BWWQ‘S%%PF%%%EP#P@Q of
faul ts i njag, padlissitykiRrdefdcOitsone Mkl sdver t&re claseponse time for corrective

actions. Fig. 16 is a flow.,chart of the third phase of the inventive

met hodol ogy. AERng ngwrtadiies $aciadsilPiapd 1¥ntin apalyzng thesdefeet feotprinty 81%501
as perforgygd; I g g ! i nd
Tab. 1 ho SJot ey SREiR i R0 WA RERRY IR DI BOFHEL W, b pdd O3na HD B0
then conpig.ed has asopgn $BOS (ivi.titis aopa éxbptospoiygenhl)) audthat therefdre thealeftef isat
count |Sp§§§‘%tqgfe§g&g{6 lgpé qual to x, an alarmsignal is sent to, for

exanpl e, i'S *1604. If the defect count is less than x, no

al arm si gnal iMNexs,ahé reféehcersegmeitiion difa Rl canstled ghaep 1405, Bed theeReEdhott an
alert signal used to_alert a control processor, that, autonati cal I¥ controls
&

sone aspeBiFigfd 15 Wersiere slassifiedyn step  Aedarnsor pussingpriflefarmad patiem distest(i-cin

future pr {200in the Sténce’ind P @l&'i'&iﬂ?' i e
enbodi manét%&o S(Hilkgnﬁtﬁ%/ent i %%.Mgé%gn%h?grﬁssyst em lggkidrfgcﬁ%{sﬁ% %g&f’/"dz or
ot her comassaviated with DBdcin&iig. dhwanld alsorbe nlassifiedrag aimssingipatieomdefentd Itds then

Dot o 2 st et 3 ief 14tk Wnath? ardier d<dbr BRGRERZ AT DR R FIE O Pt BRE" ©
system 1 i ., SucCnh’

rr?m) ry ( _Faurecf tcfdsottprﬁxhe rAtékmaw'tixﬁ, &?Qfeﬁs@e:rdmgi Ods ﬁﬁﬂ%}p&é&iiﬁeﬁ ABusmissing |p$?f' Vi
storin or | ON n I.LNStruc e execu [0ocessor . I N
memor ygl%@cég’gémﬁav % G‘%Pé‘ff"?’ou’} §5§r ?"gﬁs’tsé‘ﬁtbﬁ &F§° in %ﬁﬁ- 0, the wiswace

i nt er medi REMehtdficH dAS 1sQLOnshited Bghif O 1408d.Oind thedetate bf DB i§ Getlithiffedaspbed by
processor 1704. Conputer system 1700 further includes a read 15 ~ 8 JAN

2Qa3 onl yanfxis pgitarrobincg PBY ipe missingrpagematand DR24s anextapaiters, e defeetdfFig-bus

1702 for r e | I i I j f 4. A
st or age dg%/gc%ﬂ?}il %&ﬁglgl g% hpgyg’?’?‘r%‘gﬁé‘?% dgfég ﬁl;k?éﬂoﬁbi%ga?ﬂ 8@{5%26?@9%} (J)aé?ded

and coupl PB2 merdbath hiiging pattesisothe defectwouldnbe iclassifiedcasi amissing pattems defectaput er
system 17Q0 Pﬁ% be coupled via bus 1702 to a display 1712) such as a

cat hode r §P & (CRT), for displaying information to a conputer user. An

i nput devi ce IRéféringmowutdiFig 14bil drelrefsrence aepthentakion diteshows tharthedefect iso bus
1702 for communi cati information and c nd sel ections to esSor

1704, AnofinBRFR BAer fetpisci STeR A0SRV o o I Brteci it Fipe- b4 ot SEC3SE o
nmouse) a fdofpnkid10.an@ 181 £ be Fithed ahfP2ddFOr the ¥Rislefide STARTIMAIBAAIIdBftcChdufi@dry ON

i nformati on_and command_sel ecti ons to, processor 17 and_for controlllng

04
cur sor nmoRBRelt steh 100% plEPBE7dges neh exishy thy dafept(suehs ag theadefeqs rf gt Bilse  of
i mges of clfssHRAA Qe 408las mtéﬂfa RES defdE PR H thetde ag%xsbdsafe 25 ¢4082 A Mether t O

i
bus 1702. Such data may be stored in nain nmenory 1706 and/of storage device
| 710, andanethes defechbandarysuch 29 DBRsinj Fige k@ ckistssn thes defecst footpont. SHnot, 7the may

el o cdttber iy’ HEls ity UhdicRSs & Oftcd LRRIREFRITD 1HORC! oW L BYSRS ON
a sem conuerstto existafhereferencekegmentstion/tatowaild e consoited againdostep A#08sd and-the

cl mssi {1 cAHEORE bR2oiiw e dekipibpa66F of bl ARy g MBS yPRESAHY P

response to processor 1704 executing ®ne or nore sequences of one or nore
instructions contained in main nmenory 1706. Such instructions nmay be read
into main ,nmenory 1706 from anot her conputer-readabl e nmedium such as
storage device 17 i 0. Execution of the sequences of instructions contained
in main nenory 1706 causes processor 1704 to performthe process steps
descri bed above. One or nore processors in a nufti-processing arrangenent
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The i,nventive sem conductor wafer inspection technique enables defects to
be separately and reliably classified as particle or pattern defects) and
as on-surface or bel owsurface (enbedded) defects. It also provides early
guantification and notification of these nmeaningfully clas?i Jgﬂ ﬂﬁgects)
thereby facilitating investigation of the causes of the defect and
enabling early corrective action to be inplenented. Thus, the present

i nvention contributes to the maintenance of production throughput

Mor eover , he | nvent [ v met h t.cl assifies defe the waf er
surface &KHABaaRy he bﬁ'ﬁﬂglrd?f' ég%/ﬂ % agnedngrpafts%éeﬁ‘% HR é&P t}ﬂér\%nt
of its fqszwanﬁaﬁthﬁt@ﬁ.eﬁteraefecmaua be cRsHI 2% d&?orﬂﬁﬁ?ﬁ&mh'i@&-ﬁljo%? each

class prior to being operational. Therefore, unlik riof art defect
cl assi fi cati odf DBH exists (such qsrleéhmdefm\ﬁxfrﬁlg o&b)c&)mogrephlsaicdthgathged by the

rvent | on N A e e RGER Srefine Bt O CatpEBNBRCP B Rar) Hond

i s especideterninéd ffDBE 0§ notsupsianiafig flat) Ihgcd particlefis Sﬁﬁtddéadkhﬁéﬂhe%fe@ﬁ\%
during manufacture of high density sem conductor devices with subm cron

desi gn f é&trapatern bpendsd by dafect boprdary BP- Cansegueniivatheidetegt ef Fignh is plassified
conventi GR{ep T8 @8 ?gﬁlclgﬁﬁﬁ‘@&gtaﬂ%paﬂ&& Jefdt. POR e otle&%%&j'lf'gxlex}qﬁ ganglt ails
i a ur pnent an t

of such mate ogy are not set forth
detail. Ito DBE 1qombeuaxmdlydm,cthe Idefeotnwpuld ieelassified pe an fektra getteam Idsfear m w

forth, h se fic terials ctures che'c rocesse
in orderult%&1 6\7?06@ éhet“hgagﬁtﬁﬂmﬂ?ﬂjgs g?f& dr’?ge b0 t"ﬁ%}y @éﬁﬁ“ﬁdt’e‘ﬁ? %6?'7
However, tBStpﬁﬁl(? aftBtbe Agal9gisloNaeps 13680-14080wolid b%rdamwwuq ak QeRReBéFsbové.he
present invention can be practjced w thout resort.i ng‘mtﬂqrﬂt he details

speci fical |y Jkaferfigg t‘?\Flﬂsn”oP’We}“ar Hdefgst beundagl PByis ingd da baygya closed
structur e t:akd r u rily
obscure %ﬁlgﬁ%iﬁggﬂﬁ%%%ﬁglﬁgﬁ&' &%ﬁnhpﬁgﬁdfiesféeﬁnkegﬁaq ° rpnga&‘% BP%%W
i nvent i orpattemh Befectainf sop db4hylang ivfis |fmﬂleveiemmedt in atep BH@ywwhathdr defectr i bed

In the present closure, It is that the i ntiqn is
Capant o iy D1 fustpetng tomintn bfwtiat CAL TERH &l Bbt intieeL BN s fibwn
capabl e dh Riglangefe ddfectid is@lateu @e&cw wamt he caf@pe enﬁertdmee:dua\pa&&m\be a
concept as expr essed herein. 3 Wat. is Cained |Is; 1. A

met hod ofPatifleamthecsuriace of the @*af@y. Eg datearemeets classifipation, the sepographical @m iscl e,
whi ch ”Etébﬂﬂuféﬁfﬂ?rst etalgtto |d€t@§ﬁ13e WPt s P theSated B&ﬁmde&'ib BB23p kfevirdpist he

def ect as bei ng ne of redeterm ned nunber of invafiant core classes
of def ects;xbstanually ﬂat, the defect is clas51ﬁedasanextra pattern defect in step 1414, If the area is

not substantially flat, it is classified as a particle on the surface in step 1415.

Figs. 12a and 12b show defect footprints 815, 816 wherein the defect boundary DB
has a closed shape, but it would be determined at step 1412 that DB intersects two of the
common boundaries CB1 and CB2. If such a determination is made, it is next determined, in
step 1416, whether a boundary RB in reference image 610 which does not exist in defect
footprint 815 lies between the two common boundaries CB intersected by defect boundary
DB. If so, this defect is classified as a particle on the surface in step 1417. However, if a third
common boundary CB3 lies inside defect boundary DB, this defect is classified as an
embedded particle at step 1418.

Fig. 13 shows a defect footprint 817 of the core class of craters and microscratches. A
crater is a small gouge in the surface of the wafer. A microscratch is a very small scratch in
the surface of the wafer.

The detection of craters and microscratches as depicted in Fig. 13 and the particle defects
depicted in Figs. 12a and 12b is preferably accomplished using SEM multiple perspective

imaging techniques, as disclosed in the Halavee and Litman patents. These techniques will now
10



2. The nmethod according to clai m 1, wherein the core classes of defects

conprise a mssing pattern on the surface, an extra pattern on the surf
a particle on the surface) a particle enbedded in the surface, and

m croscratches on the surface. 3. The nethod according to cf & JAN,2003
ng i magi ng the surface with a scanning electron mcroscope. 4. The
nmet hod according to claiml, conprising: classifying a plurality of def
on the surface of the article; and determning a total nunber of defect

conpri si

each of
generat i

5B ER epl TSI620° O W A R B7

ng analarmsig en s 1h I f

ace,

ects
S in

iC

one of t Heteminiag clepths ifornmatien) Kanceiningd defodte dh ewaftm stucturés fusing (Hiidisié SSBM ned
6. The maﬁt}é?d accordin EEggﬂgLaLm 1, conprising further classjifying

nunber .

the def edP285S PR SRMirsyig stagn

The net hagmaaere,oarqirwsé,ﬂkgaeéam&memtkﬁ.i ng: classifying a plurality of

def ect s
def ects
conpri si

cpooi 11 o i SRR} el G LA ent T Pt g E B 0 S

on the surface of _
i n eadhe sationsbown lirc Figs Becompgisesaplumititylod gensorsoaled cajled Sdagdctnrsth In

D)

nisieruRRRhethar adstechis @ prtmsiondikes. 7.

the article; and determning a total nunber of

in a
nd

pr edet er odlame 181071 Rirst sesorA 80 islasd referrédto pe an FingldethdebRsrin" deteétbe Therefigage of
an article, i ch lg?&pod conprises: 19 fl 6 JAN 2DD3

S
located to the le%.. and a third sensor 18110 located to the right, which are
also referred to as “outside the column™ detectors. The station of station of Fig. 18 takes three

second sensor 1

images of wafer 1830 mounted on stage 1850 at substantially the same time by directing electron
beam 1820 at wafer 1830 and detecting electrons 1880 emitted from wafer 1830. The image
produced by first sensor 1890 will be referred to as a first image; that from second sensor 18100
as a second image; and that from third sensor 18110 as a third image. However, these labels are
for linguistic convenience only, and not meant to imply any order or sequence in image detection.
Although the exemplary station shown in Fig. 18 has three stationary sensors 1890, 18100 and
18110, it is possible to employ less than three movable sensors, and move them to the three
different positions of sensors 1890, 18100 and 18110 as required, since the images do not need to
be taken simultaneously or in any particular order.

Due to the nature of SEM imaging, it will be appreciated that the first image has the
perspective of electron beam 1820 (i.e., directly overhead) and appears as if the illumination is
coming from first sensor 1890 (i.c., also directly overhead). The second image has the same
identical perspective as the first image (i.c., the perspective of viewing from directly overhead),
but appears as if the illumination is coming from second sensor 18100 (i.e., illumination from the
left). The third image, like the second and first images, has an identical overhead perspective, but
appears as if the illumination is coming from the right (i.e., from third sensor 18110).

The three images thus each provide different information with respect to bright and dim
features of the area of defect 1840, and all from an identical perspective. Thus, a particular
feature which appears flat when viewed from only directly overhead might look differently when
viewed in connection with the other two images. It should be noted that the defects are
extremely small, and therefore some defects may only prove detectable in one of the three
images.

In essence, the first and third images provide greyscale shadow information useful for

characterizing the defect, and the second image provides an overhead, substantially flat view.
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acquiring an image of the defect; obtaining a reference inmage; conparing
the defect imge and the reference imge to produce an estinated defect
‘footprint; obtaining a magnified defect inmage; obtaining a ﬁﬁggifi ed
reference i mage; and conparing the estimated defect footpri & JANe2003
magni fi ed defect imge and the magnified reference image to produce a
defect footprint. 10. The nethod according to claim9, wherein the article
has a plurality of conparable pattern units, the defect is |located in a
first one of tDaepayteapprecite he advantage of diismultiplegicespenive hagingtectgriqae is to

reference i e {ncludes acquiring an i of, a second) non-defective one
o the paPUBIE &RHAE Proradgior & PGt SMEBGE (TR FIP PNt detsh Hiving tis
conpri si ngmﬂgsﬁm Hi'rébﬂg'to%rhéﬁf, Vi@ REindREE fromdl dVerhdad R MGy indP biea YsSoar
algorithm 12. The nmethod according to claim 10, wherein the article 1s a

seni conduPattem amstain as srawvr indigatX®r Suah atresultmeightidbaim froinadnl imageiprodiced by

I ntegrate Lrecui todies. ,13.. .The nethad. accor.di § clhaim9 rein_the
st eps of g‘?ﬁ Eﬁnf?rnlg? 9§'h§aifgf°8c[?ls %eaﬁoé\% yit (%'P % b%id;%cﬁlﬁ%) crhgll"‘“étf%)ﬁctgg ?F@ﬁ@s a

i ncl ude cdhi drle, Dprofruding bamp, dria@it a plural ity of angular sectors. 14. The
met hod according to claiml i Si

0, further, conprising: finding the defect prior
to review by abt #t HT‘alrﬂ".r{ﬁmH‘cg‘tl?B@c%‘?Pdl J '@i%?ﬁ"ﬁ Hmﬁ“é%t“ﬁhﬁ VIEWVET Gﬁﬁpl
having a Bir&tiyPsvRRaRA, bt Ywitf o 6] Eio@?ﬂgﬁgﬂg% IcBfhe  fisin TS RACT BHladr A&ET ON

to an unsuspected | ocation on anot her ) attern units; and performng
a boundar gonsitiang.she buhp niwy aipgaees having pbiightertpart ohdhssleftyandheedinipieepart one The
e 00 2 REE bl iurhig! 150 ol oo Rl ke L B RSB SR
segnent at ;

apit.

In an image produced from third sensor 18110, the perspective of the viewer is still
directly overhead, but with the illumination appearing to come from the right. Under these
conditions, the bump may appear as having a brighter part on the right, and a dimmer part on the
left, as drawn in Fig 19(c). The determination of defect 1840 as a protrusion is thus confirmed.
For example, to increase the level of confidence the greyscales produced from the second sensor
can be compared to those produced by the third sensor.

On the other hand, assume defect 1840 is a crater. The image produced by first sensor
1890 might still be as drawn in Fig. 19(a). The image produced by second sensor 18100 would
show a darker area on the left and lighter area on the right .of the pit, as shown in Fig. 19(c).
Likewise, the image produced by the output of third sensor 18110 would show a darker area on |
the right and a lighter area on the left of the pit, as drawn in Fib. 19(b).

An example of the application of multiple perspective imaging to classify defects
according to the present invention will now be discussed using Figs. 20(a-¢). Fig 20(a) shows a
part of wafer structure 1830 with defect 1840 as a microscratch. Fig. 20(b) shows a simplified
cross-sectional view of wafer structure 1830 along reference line B-B. As shown in Fig. 20(b),
the microscratch (i.c., defect 1840) is a vertical scratch having a substantially wall-like left side
and a gently sloping right side. Although Fig. 20(a) shows upper and lower ends of this defect
1840, these are simply for reference and ease of illustration. It is much more likely that the
microscratch has gently sloped ends.

Fig. 20(c) shows how this defect 1840 might appear from first sensor 1890. Inasmuch as
the illumination in the image provided from the data of first sensor 1890 appears to be from

overhead, no shadows appear; the image from first sensor 1890 appears to be flat, and the
12



I dentifying portions of the magnified reference i nage which correspond to a
reference pattern; and 20 fl 6 ,1 AN 2003 lIdentifying portions of the
‘magni fied reference i mage which correspond to a background to the reference
pattern. 16. The nethod according to claim1 S, wherein the fpauhiiu2803

anal ysis conprises: identifying conmon boundaries existing in both the
defect footprint and the nmagnified reference inage; identifying a defect
boundary of the defect footprint which does not exist in the magnified
reference inm and identifyi a boundar f the magnified reference

i mage whi BiFTRRich AgPeaES focke n)fw Beay deasue- f’%br? w?omaronsr;cawmba blsoighis figst i s
present. %%nghe nmet hod according to cIa|n116) further conpri si ng

determ ning the flatness of the defect fromthe signal produced by an
angul ar det ect big. 20(8) shawsdwputhisr defestd 840 eighs dppear lfiear seaond semsorul®10@nThé or

tomatical ly cl th f f ticl d
st ruct s Ding onsa i e Sort e es, ana nbda sBafor St F SHhsRESHY SRS s s
to perforpkd ke sidecdfShémidroReidhd Given 1 eARR of MTshaARE Shd me%smtaﬁ ofd%ée%ﬁa as

being in one of a predeterm ned nunber of invariant core classes of

def ects. $egsort éOQzB‘rﬁ?fmﬁﬁ?n asda thersienth,of theunicmseratcirangetdstesnipedn 18, wherein
the core cl ass t n C an
extra pattern g‘% %e Sur a@gpwgéfg&pgﬁmﬁ%{l%ﬁgﬁ@u gc%%ﬁégﬂr(ﬁeﬁc

conput er - lusdatibe appeatis toecmecivonl thegightincdueh an mgc,vbhm thei gentiynsloping tightcide ofis

the step BF THESAEH BHE Bt rraiby” ERes % 455 eipuER ok R ey bacis e "
The conpuin@roscratehpihe emaFProvidaicish oGl of tiidSeAsdt 13110V #paré AR, and defect

i nstructi ons, when executed, are ar ranged to cause the one or nore
processor §8 @&PB@F&%PHPBIMé‘%‘F%ﬁ?“SF classifying a plurality of defects on
the surface of @it Gbhbie! fhe dBRG Pe40 was slBNatfifly 1HELCT BB Fitf il Havd TP ET
of defects in each of the core classes

simple a structure, and so the information available from the three i images taken together will

normally reveal enough to detect and to characterize most defects.

To summarize, the multiple perspective imaging technique provides depth information to
classify defects as craters and microscratches or particle defects using a plurality of images of a
defect, with the images being simultaneously taken with different SEM sensors at different
positions with respect to the defect. The plurality of images are compared. The differences in
shading of the defect in the plurality of images are analyzed to determine the depth information.
More specifically, the analysis determines whether the defect is flat, is a protrusion such as a
particle defect as depicted in Figs. 12a and 12b, or is a recess such as a crater or microscratch
depicted in Fig. 13.

In another embodiment of the present invention, a monitor or set of monitors is provided,
as shown in Fig. 18 as reference numerals M1-M3, to provide the user a display of each of the
images produced by sensors 1890, 18100 and 18110. Visual access to the three different images
is advantageous because the image from first sensor 1890 provides different information than the
other sensors 18100, 18110.

First sensor 1890, located in the center of the station, contains information regarding the
composition of matter of the defect and its surrounding area; i.e., it gives a visual indication of
the presence of one or a plurality of different materials by the contrast of shading between
different materials. For example, if two or more materials are present, this will be visually
detectable because each material will be shaded differently. Second and third sensors 18100,

18110 produce images related to the topography of the defect, as discussed above, enabling the
13



22. The conputer-readabl e medi um according to claim 21, wherein the

I nstructions, when executed, are arranged to cause the one or nore
processors to performthe step of generating an alarm signal when the total
nunber of defects in a specific one of the core classes is afldutANJIA to
or greater than a first predeterm ned nunber. 23. The conputer-readabl e
medi um according to claim1$, wherein the instructions, when executed, are
arranged to cause the one or nore processors to performthe step of

| assi fyi.ng t.he. d t bei ng i f i t . nunp f |
of “ar bi § HSEGAIGBAL AALietids ADUT 054 O e SRS Urth o B AsP BB he PSR 5RG! ng
to cl ai Maf3thred R 189 1'8ﬂ§é,rt8qt1?,0m§,us¥m€dﬁ XS Hbreft, 8f R LfusCause

the one or nore processors to performthe steps of claSsitying a plurality
of def ectenahlingtirecuseutofdgteemunk that e dafiectiis; Ifer, examgledasbempromthegvadertsurfask amdithdter of

defects i ach. of th cl asses., .25. The, conputer-readabl e nmedi um

accor di ndﬂﬁgu%q’émdiﬂfaa#gfegfwa?HQW?W%ns) when executed, are
arranged to CAngaHitR sQhBastés dMefechiicafRd 90! &f thOcdte claied afeliRe Bl prévided
generating an alarm signal when the total nunber of defects in a specific

one of t & “eypifimadules” ps building blepksl candigurable by the pserysa thas as thewserdlevelops
pr edet er i ' : t -r&a?g—p& ' ‘| | kONsS
for inspg}(izéhiegadagﬁgﬁdeg%%ﬁ?ﬁgmsagrt?%ege o} ar%ggrgﬁjgjg% b@?‘ﬁ%%?%%?ons,
when execubdeassesnanbg addedorgietetedo cause one or nore processors to perform

the st f Vi ' f the d - obtai ning.a refer. ' ;
conpar i ng ¢ he FLFRAPAE BB | S0sfHes 4 Faf B B8fert KM ' BRdBine WHEHGR et o
def ect f aleteptedrty; thebinGéritive Onéth6diey hsefbqlizé® by thérag®; asoP kaboMisH of the®gAI f i ed

reference i mage; and cogari ng the estimated defect foptByi nt, the .
magni f i edPafemetore iclags of slgtect keg.malfen sirRd4P%1 H10nete141iaigeFigo 14bodBridsing,
defect f ! . W RP - |
accordi n&%’g&*c‘ IQ%? r%%%ete gﬁgerﬂgﬁaﬁk’f[ﬁlgg%ﬁzi v(v::i-‘l%glefﬁas a%ﬁe‘fg}[{gﬁ%&;ﬂ o%%?%%%yﬂ]%l e
pattern ahnos)cetthinlyd wfilk chusesshodocitceil failura dfi the tcompletedf daviiee. pRhdrefore, utist s,

and the ste f obt aini r ef erence. .i ein desobt ai ni ng _an i e of
a second)adﬁ%ﬁ%f"ésc&o&fealbg%gad&f“{Wé‘ %aéf‘pé&;?ﬁqgﬁf ?g‘!.‘l#?g. B?Wé“a o?ﬁ?&sﬁro-f thaﬁ‘%abl e
medi um acfeetpeinngl 8t detériinedd) tB4) defédee bolndati&sCDBigtersectl dt Q68) ond e boiingshy ar e
arranged to cause.the one or nore processors_toq performthe step of .
magni f yi rfgB cAZespeRding ioccach phie twe diserets featiunss ﬁ&»ﬁﬁmtw@fﬁwe imagste chassify 29
The conp a dium according to claim27, wherein the article is
a sem co#gﬁg%%ﬁqa/agﬁg%g:nd the pattern units are substantially identical

i nt egrat ed ci rligiiSbdiepists agother ditienaleubelass of theauissing patteti core alassdmoivmas ro

| ai m 26). i 0.t Ne: i nst ons, wh ted. . to.
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| C CcO eclts .elLectron e, e rom ur al | (0] angu r .sectors. .

The. conputsute Pt SeBbse im Litan et i Balay s ot df ogfes Words, 1 Beahife Sirn

| nst ruct i @1 missipeiatternds eashkrePiouARdrAid@atlink Qo GRS tdnl theQRGedlis Miisiig. A
processors to performthe steps of findi ﬁﬁyt he defect_ prior to jnspection

by det er niUfthsigFxamplesidhe wdyantagesiaf gis 6epabiity is anothepgibelass.ofithe missmgipalier hi gh
probabl | | {ofe Plassafled & CharfdW pREAPET iRk 4 Ritrow R, Sflch ACAIIAR hFigl"D, may

unsuspected [ocation on ano e pattefn units; an )
cause device failure or inhibit device performance by increasing electrical resistance, a user

may wish to determine if a pattern identified as a missing pattern defect is narrower than a

prescribed width, By measuring the features in the areas around DB (e.g., defect footprint

812), the user can determine the width of the remaining pattern, and classify the defect as a
narrow pattern defect if the width falls below a prescribed value.

Further subclassification of core classes of defects (i.e., subclass modules) can result

. from measuring the distance from one pattern to another to identify potential short circuits,

such as measuring the distance from an extra pattern defect as shown in Figs. 8a, 8b or 10 to

an adjacent pattern, then classifying the defect in a separate subclass if the distance is less than
14



perf.orm ng a boundary analysis of the defect footprint to classify the
defect. 32. The conputer-readabl e medi um according to claim31) wherein the
i nstructions, when executed) are arranged to cause the one or nore

processors to performthe step of detenaining reference segﬁrgn\?@\ii M by:
I dentifying portions of the magnified reference i mage which*Co egg{'gnd to a

reference pattern; and identifying portions of the nagnified reference

i mage whi ch correspond to a background to the reference pattern. 23 a B
JAN 2003 33. The conputer-readabl e medi um according to claim32, wherein

t he bouncdmprgscrbel walue. Stithfiirthes paitidtenddféqts agshoemninrFigounda24, asd ¢2b ednibkg i n
both the defect, fgotprjnt..and the magni fied reference, i,mage; Jidentifying a
def ect natfeey B8 Helagenglas tselmamiciss ot i g BRREIesRar sareles ahove’ or
nmagni f i echeld & pRREFoddRELas &gigled'tgqng ue¢i Ng a boundary of the magnified
reference i mage which does not exist in the defect footprint, if such a
boundary is priassather gmbodimenicefithe inventiana thebvafemsudfacercancooptically inmged & m

33, whereip.t . f i 2 ' the i pstructi.ons,
when execiieds SpifyRSRRIRy ol Ra UL Bl S SEES, A58 pE s e bEEleeipud
recei ve fihqiegﬁ%nls olrrllﬁeépfméxiderbff z{j patticle seml dt:lddgn? hmrwlg_lmsC(ﬁﬁgs sififsh didkide)The
conputer-re e nmedi um accordi tqQ claim erein _the ipstructions,
when ex ec‘ﬁlf’al_a ?o%f‘_r ROLLRANSE gHmP c?"ég% §'é’?ac°ﬁ é’?élPFeg]S;s 1_ﬁ’i§F é“ﬁ?@c’_@s@tﬂeé“'cf‘é B¥ea or m
the step SEMI MrRksNAd&iYioAAGsHbEISOmBAIES hidly| BeYadded 138G 8@ Ared Y Qlcahéal i fbtd ¥ Of
spaced-apart detectors. 36. The conputer-readabl e nedium according to claim

35, wher eheronghlyiinspeqtifee wales, when executed, are arranged to cause the one
or o1 B OC S ik oAb B AR B MBS e
of an ar tdefécemapanpredstecrgd, innaged@gialaskifies imolvere chisses and sutkiasics of dereatsta and
a refer enc%%ntl ga nqu;nained of the total number of defects in each class. When the total number of
defects in a specific one of the core classes or sub-classes is about equal to or exceeds a
predetermined minimum acceptable number of that particular type of defect, an alarm signal
may be generated to alert the user. In this way, “class density monitoring” of defects is
carried out, allowing earlier warning of faults in a particular process, and shorter response
time for corrective actions.

Fig. 16 is a flow chart of the third phase of the inventive methodology. Afier a defect
is classified into core class A at step 1601, as performed according to the exemplary method
depicted in Figs. 14a and 14b, the defect count for that core class is incremented at step 1602
and then compared at step 1603 with a predetermined number x. If the defect count is greater
than or equal to x, an alarm signal is sent to, for example, a display at step 1604. If the defect
count is less than x, no alarm signal is sent. Alternately, the alarm signal may be replaced by
an alert signal used to alert a control processor that automatically controls some aspect of a
process to adjust the process to prevent the defect in future processing.

Figure 17 is a block diagram that illustrates an embodiment of the invention. A
computer system 1700 includes a bus 1702 or other communication mechanism for
communicating information, and a processor 1704 coupled with bus 1702 for processing
information. Computer system 1700 also includes a main memory 1706, such as a random
access memory (RAM) or other dynamic storage device, coupled to bus 1702 for storing
information and instructions to be executed by processor 1704. Main memory 1706 also may
be used for storing temporary variables or other intermediate information during execution of

instructions to be executed by processor 1704. Computer system 1700 further includes a read
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a storage device to store the defect image and the reference inmage; a

conparator to conpare the defect inmage and the reference inmage;

and a

processor to classify the defect as being in one of a predeterni ned nunber
of invariant core classes of defects. 38. The apparatus of cﬂgimNSZan
39 e

wherein the imager is a scanning el ectron m croscope (SF, 11~.

apparatus of claim37, further conprising a first counter for counting the

cunber of defects in each of the con classes and a first signal
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. | . s . ¢
def ot s ATERE Bl L (O Pl R BofhdlioD R TomBE uskf Eah i SOUEPEN
t han a sendndingaiptiatuprenic ard othemnitsys, is éGuplédte bap ha02fon sorafmunicating idformébtist her

i si lural ity .of d-apart, det ect itor. ta displ
mages. prOt ORIy R, POPSTGY {1 cAPOE! e CLHET A sS S uPL

38) wher glofitrbN €7 LGP AP 2l MBhsed A PAINbEID! bMBursor direction keys for communicating

direction information and command selections to processor 1704 and for controlling cursor
movement on display 1712.

An SEM 1718 inputs data representative of images of a semiconductor wafer under
inspection, as discussed above, to bus 1702, Such data may be stored in main memory 1706
and/or storage device 1710, and used by processor 1704 as it executes instructions. SEM
1718 may also receive instructions via bus 1702 from processor 1704.

The invention is related to the use of computer system 1700 for inspecting the surface
of a semiconductor wafer for defects. According to one embodiment of the invention,
inspection of the surface of a semiconductor wafer, including classification of surface defects,
is provided by computer system 1700 in response to processor 1704 executing one or more
sequences of one or more instructions contained in main memory 1706. Such instructions
may be read into main memory 1706 from another computer-readable medium, such as
storage device 1710. Execution of the sequences of instructions contained in main memory
1706 causes processor 1704 to perform the process steps described above. One or more
processors in a multi-processing arrangement may also be employed to execute the sequences
of instructions contained in main memory 1706. In alternative embodiments, hard-wired
circuitry may be used in place of or in combination with software instructions to implement
the invention. Thus, embodiments of the invention are not limited to any specific combination
of hardware circuitry and software. The programming of the apparatus is readily
accomplished by one of ordinary skill in the art provided with the flow chart of Figs. 14a and
14b.

The term “computer-readable medium” as used herein refers to any medium that
participates in providing instructions to processor 1704 for execution. Such a medium may

take many forms, including but not limited to, non-volatile media, volatile media, and
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wherein a first one of the plurality of detectors is disposed i
SEM col um and a second one of the plurality of detectors is di
“outside the SEM colum. 45. The apparatus of claim 44, further
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any other optical medium, punch cards, paper tape, any other physical medium with patterns
of holes, 2 RAM, a PROM, and EPROM, a FLASH-EPROM, any other memory chip or
cartridge, or any other medium from which a computer can read.

Various forms of computer-readable media may be involved in carrying out one or
more sequences of one or more instructions to processor 104 for execution. For example, the
instructions may initially be borne on a magnetic disk of a remote computer. The remote
computer can load the instructions into its dynamic memory and send the instructions over a
telephone line using a modem. A modem local to computer system 1700 can receive the data
on the teleplione line and use an infrared transmitter to convert the data to an infrared signal.
An infrared detector coupled to bus 1702 can receive the data carried in the infrared signal and
place the data on bus 1702. Bus 1702 carries the data to main memory 1706, from which
processor 1704 retrieves and executes the instructions. The instructions received by main
memory 1706 may optionally be stored on storage device 1710 either before or after execution
by processor 1704,

The inventive semiconductor wafer inspection technique enables defects to be
separately and reliably classified as particle or pattern defects, and as on-surface or below-
surface (embedded) defects. It also provides early quantification and notification of these
meaningfully classified defects, thereby facilitating investigation of the causes of the defects,
and enabling early corrective action to be implemented. Thus, the present invention
contributes to the maintenance of production throughput. Moreover, the inventive
methodology classifies defects by imaging the wafer surface and performing boundary
analysis and/or topographical measurement of its features, and so does not require examples
of defect images for each class prior to being operational. Therefore, unlike prior art defect
classification systems, the present invention can be used during the start-up and ramp-up of a

production line.
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identifying a defect boundary of the defect picture which does not exist in
the reference picture; and identifying a boundary of the reference picture
whi ch does not exist in the defect picture) if such a boundary is present.
50. The nethod according to claim49, further conprising det(:8 AN 203
reference segnmentation by: identifying portions of the reference picture
whi ch correspond to a reference pattern; and identifying portions of the
ref erence picture which correspond to a background to the reference
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Only the preferred embodiment of the invention and but a few examples of its
versatility are shown and described in the present disclosure. It is to be understood that the
invention is capable of use in various other combinations and environments and is capable of

changes or modifications within the scope of the inventive concept as expressed herein.
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i dentifying common boundaries existing. in both the defect picture and the
reference picture; identi fying a defect boundary of the defect picture
whi ch does not exist in the reference picture; and identifying a boundary
of the reference picture which does not exist in the defect BigcANe2005 f
such a boundary is present. SG The conputer-readabl e nedi um according to
cl aim55) wherein the instructions, when executed) are arranged to cause
the one or nore processors to performthe step of determ ning reference
segnentation by: identifying portions of the reference picture which
correspowhatt@s@]a{ngdqﬁgnce pattern; and identifying portions of the
referencé prc ch correspond to a background to the reference
pattern. 27 ,0 6 JAN 2003 57. The conputer-readabl e medi um according to
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the defect.iis located in a first one of the pattern units, and the step of
obt ai ni n&hécqﬂftg?‘gﬁ%gprﬁeéf‘i}%“i ncl udes obtaining an i mage of a second, non
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according to claim57, wherein tire article is a sem conductor wafer) and
the pattern ufilessifyliigeths defech as ibgingyinjanerfi & aredstgmmaiged, number; ofcigyariagt eare 59
The conpyi.edes bedctakt € nmedi um according to claim57) wherein the

i nstructions, when executed, are arranged to cause the one or nore
processors to performthe steps of finding tire defect by determning a
suspect ed | ocdt i onThemethedfaceasdingsa clainm L uwhereindhe enye glabsegof defedsaedmpnisg of a
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processors to rece& e flatness i.nfor tiop frov,a scannin eI%Ftron
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4, The method according to claim 1, comprising:
classifying a plurality of defects on the surface of the article; and

determining a total number of defects in each of the core classes.

S. The method according to claim 4, comprising generating an alarm signal when
the total number of defects in a specific one of the core classes is equal to or greater than a

first predetermined number.

6. The method according to claim 1, comprising further classifying the defect as

being in one of an arbitrary number of variant subclasses.

7. The method according to claim 6, comprising:
classifying a plurality of defects on the surface of the article; and
determining a total number of defects in each of the subclasses.

8. The method according to claim 7, comprising generating an alarm signal when
the total number of defects in a specific one of the subclasses is about equal to or greater than

a second predetermined number.

9. A method of inspecting a defect on the surface of an article, which method

comprises:
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14.  The method according to claim 10, further comprising:

finding the defect prior to review by determining a suspected location on the first
pattern unit having a high probability of a defect and comparing the suspected location to an
unsuspected location on another of the pattern units; and

performing a boundary analysis of the defect footprint to classify the defect.

15.  The method according to claim 14, further comprising determining reference
segmentation by:
identifying portions of the magnified reference image which correspond to a reference

pattern; and

20



10! 1055
1055! 79, Z"10%k5& ()--!"9,Z2"10%5& ()--9,Z2"10%& ()--! &' 10%5& ()-! & 10%b5&
“()-h i j k x O'h#uv7! 10 "10%| & ()-G f 10%| & () - ]
"1006| & ()-zY"3@0%| & ()- 910%| & ()-L& 10%| & ()- 1055n#8 N7 10
"110%| & ()- 10%1| & ()- 10%1| & ()-10%| & ()-910%| & () -
109%4] & () - $$9884 &y &IB7!
10! " * i 109% | & Eﬂﬂ *m 1094 T& () S) 10%4| & ()-' 10%4| & ()-$10%4& () -, #10%| & () -
y&&&' ' ((aB7! 14sntifying: pertions| of3ARe magnified) refargmen dmagy -which correspond to a
110%4 & ()-y/310%4| & ()-.10%4 & ()-(gq((((((((uS1!"10%y& ()-9!
* &%d 0% h daqReground<) e rmrqncd; pattern.
10<| <| 1 OY: 10%| <| & ()-Y: 10%& ()-810%}| & ()-(U))*a***wJeuS1! | "10%
& ()-"1"10%h h& ()-9!"10% h h& ()-9!"10%\& ()-9!'"10% h h& ()-9!"10% h
h& ()-9*f-/111%1~ B}m%em%&co(rdmg # 18I 85, (WhereliDthe bbuddarparalyky ddmphisdst 10% h
h& ()-"1"1"10%h h& ()-"11"10% h
h& () - " ~33L77 dentifying¢ommembgugdanjes existing imhqth the defect fnspgint and the roagpified ) -
L0%8 () plfenliifiet) - === ===
==2uV4! " " 10%ER! () - & 10968 () - IMLO%E’ () - M MLO%EE () - 10m
identifying a defect boundary of the defect footprint which does not exist in the

magnified reference image; and
identifying a boundary of the magnified reference image which does not exist in the
defect footprint, if such a boundary is present.

17.  The method according to claim 16, further comprising determining the flatness
of the defect from the signal produced by an angular detector.

18. A computer-readable medium bearing instructions for automatically classifying
a defect on the surface of an article, said instructions, when executed, being arranged to cause
one or more processors to perform the steps of:

imaging the surface; and

classifying the defect as being in one of a predetermined number of invariant core

classes of defects.

19. The computer-readable medium according to claim 18, wherein the core
classes of defects comprise a missing pattern on the surface, an extra pattern on the surface,
and a particle on the surface.

20. The computer-readable medium according to claim 18, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of imaging the surface with a scanning electron microscope.

21. The computer-readable medium according to claim 18, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
steps of:

classifying a plurality of defects on the surface of the article; and
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determining a total number of defects in each of the core classes.

22. The computer-readable medium according to claim 21, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of generating an alarm signal when the total number of defects in a specific one of the

core classes is about equal to or greater than a first predetermined number.

23.  The computer-readable medium according to claim 18, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the

step of classifying the defect as being in one of an arbitrary number of subclasses of arbitrarily
defined defects.

24. The computer-readable medium according to claim 23, wherein the
instructions, when executed, are arranged to cause thé one or more processors to perform the
steps of:

classifying a plurality of defects on the surface of the article; and

determining a total number of defects in each of the subclasses.

25.  The computer-readable medium according to claim 24, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of generating an alarm signal when the total number of defects in a specific one of the
subclasses is about equal to or greater than a second preiletermincd number.

26. A computer-readable medium bearing instructions for inspecting a defect on
the surface of an article, said instructions, when executed, being arranged to cause one or
more processors to perform the steps of:

receiving an image of the defect;

obtaining a reference image;

comparing the defect image and the reference image to produce an estimated defect
footprint;

obtaining a magnified defect image;

obtaining a magnified reference image; and

comparing the estimated defect footprint, the magnified defect image and the

magnified reference image to produce a defect footprint.
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defective one of the pattern units.

28. The computer-readable medium according to claim 26, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the

step of magnifying the reference image using a machine-implemented algorithm.’

29.  The computer-readable medium according to claim 27, wherein the article is a

semiconductor wafer, and the pattern units are substantially identical integrated circuit dies.

30. The computer-readable medium according to claim 26, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
steps of receiving the defect image and obtaining the reference image from a scanning
electron microscope which collects electrons emitted from a plurality of angular sectors.

31. The computer-readable medium according to claim 26, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
steps of:

finding the defect prior to inspection by determining a suspected location on the first
pattern unit having a high probability of a defect and comparing the suspected location to an
unsuspected location on another of the pattern units; and

performing a boundary analysis of the defect footprint to classify the defect.

32. The computer-readable medium according to claim 31, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of determining reference segmentation by:

identifying portions of the magnified reference image which correspond to a reference
pattern; and

identifying portions of the magnified reference image which correspond to a
background to the reference pattem.
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identifying common boundaries existing in both the defect footprint and the magnified
reference image;

identifying a defect boundary of the defect footprint which does not exist in the
magnified reference image; and

identifying a boundary of the magnified reference image which does not exist in the
defect footprint, if such a boundary is present.

34.  The computer-readable medium according to claim 33, wherein the flatness of
the defect is determined by the instructions, when executed, being arranged to cause the one or

more processors to receive flatness information from a scanning electron microscope.

35. The computer-readable medium according to claim 18, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of imaging by acquiring a plurality of images using a plurality of spaced-apart detectors.

36. The computer-readable medium according to claim 35, wherein the
instructions, when executed, are arranged to cause the one or more processors to acquire the
images by causing the detectors to collect electrons.

37.  An apparatus for classifying a defect on the surface of an article, comprising:

an imager to produce an image of the defect and a reference image;

a storage device to store the defect image and the reference image;

a comparator to compare the defect image and the reference image; and

a processor to classify the defect as being in one of a predetermined number of
invariant core classes of defects.

38. The apparatus of claim 37, wherein the imager is a scanning electron
microscope (SEM).

39.  The apparatus of claim 37, further comprising a first counter for counting the
number of defects in each of the core classes and a first signal generator for generating an
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41.  The apparatus of claim 37, further comprising a processor for classifying the

defect as being in one of an arbitrary number of subclasses of arbitrarily defined defects.

42.  The apparatus of claim 41, further comprising a second counter for counting
the number of defects in each of the subclasses and a second signal generator for generating
an alarm signal when the total number of defects in a specific one of the subclasses is about

equal to or greater than a second predetermined number.

43.  The apparatus of claim 38, further comprising a plurality of spaced-apart
detectors and a monitor to display images produced by the plurality of detectors.

44, The apparatus of claim 38, wherein the SEM comprises an SEM column,
wherein a first one of the plurality of detectors is disposed inside the SEM column and 2
second one of the plurality of detectors is disposed outside the SEM column.

45.  The apparatus of claim 44, further comprising a first monitor for displaying an
image produced by the first detector, and a second monitor for displaying an image produced
by the second detector.
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47.  The method according o claim 46, wherein the classes of defects include the

color of the surface.

48.  The method according to claim 46, wherein the surface is glass, and the classes
of defects include a particle embedded in the surface and substantially not protruding from the

surface.

49. A method of inspecting a defect on the surface of an article, which method
cotnprises:
acquiring a picture of the defect;
obtaining a reference picture; and
performing a boundary analysis of the defect picture to classify the defect, the
boundary analysis comprising:
identifying common boundaries existing in both the defect picture and the
reference picture;
identifying a defect boundary of the defect picture which does not exist in the
reference picture; and
identifying a boundary of the reference picture which does not exist in the

defect picture, if such a boundary is present.

50. The method according to claim 49, further comprising determining reference
segmentation by:
identifying portions of the reference picture which correspond to a reference pattern;

and

identifying portions of the reference picture which correspond to a background to the

reference pattem.

51. The method according to claim 49, wherein the article has a plurality of
comparable pattern units, the defect is located in a first one of the pattern units, and wherein
26
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and comparing the suspected location to an unsuspected location on another of the pattemn

units.

54.  The method according to claim 49, further comprising determining flatness of

the defect from the signal produced by an angular detector.

55. A computer-readable medium bearing instructions for inspecting a defect on -
the surface of an article, said instructions, when executed, being arranged to cause one or
more processors to perform the steps of:

receiving a picture of the defect;

obtaininé a reference picture; and

performing a boundary analysis of the defect picture to classify the defect, the
boundary analysis comprising:

identifying common boundaries existing. in both the defect picture and the
reference picture; '
identifying a defect boundary of the defect picture which does not exist in the

reference picture; and

identifying a boundary of the reference picture which does not exist in the

defect picture, if such a boundary is present.

56. The computer-readable medium according to claim 55, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
step of determining reference segmentation by:

identifying portions of the reference picture which correspond to a reference pattemn;
and

identifying portions of the reference picture which correspond to a background to the
reference pattern.
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58.  The computer-readable medium according to claim 57, wherein the article is a

semiconductor wafer, and the pattern units are substantially identical integrated circuit dies.

59. The compuler-readable medium according to claim 57, wherein the
instructions, when executed, are arranged to cause the one or more processors to perform the
steps of:

finding the defect by determining a suspected location on the first paitern unit having a
high probability of a defect and comparing the suspected location to an unsuspected location

on another of the pattemn units.

60. The computer-readable medium according to claim 55, wherein the flatness of the

defect is determined by the instructions, when executed, being arranged to

cause the one or more processors to receive flatness information from a

scanning electron microscope.
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