WO 02/ 082533 PCT/ US02/ 10871 DEFECT | NSPECTI ON EFFI Cl ENCY | MPROVEMENT W TH
I N-SI TU STATI STI CAL ANALYSI S OF DEFECT DATA DURI NG | NSPECTI ON BACKGROUND
OF THE | NWBNZIog2433 1. Field of the Invention This inventiorcraisat/es7t o

met hods and systens for use in defect inspection of mcro-fabricated
structures such as integrated circuit die on sem conductor wafers, rmasks
or reticles for mcro-fabrication, flat panel displays, mcro- electro-

mechani cal (NEFECTHBVSREECTEON EREICIENCYIMPROYEMENEWIHAINATW e. 1n
particular, the invention provides nmethods and systens for nore effectively

and effici eSTATISTICALIENALYSISOPE BEFLCT\DATADURENGUNSRECTHONCI ng t he
average defect inspection tine required to determ ne defect density and

ot her defect statistics. BACRGROUND OBPVEHE INVEREIONIecade, def ect
i nspection to detect mcroscopic manufacturing defects has becone a

standard part of mcro-fabri cati ‘i’rFiQﬁ’b‘i’ftl‘?eCﬁq%rid& flows, especially for
sem conductor wafers. Defect inspection is performed on a statistical

sanpl i ng basis .t.he wafers in th nuf act uri.ng fl.o t .key defect-prone
or P parti can ar1 3 hisngon giidie o bOGRBREY SIS 68y e G gl fon
technology are in use including bright-field optical, inspectign wth, for
exanpl e, aTlKeIa-frbrigased strugpires sigls apintagraiedreiFruddig pn sgrpicopductaryafergy nj a,
darkfield inspection with for exanple a KLA-Tencor Al T2 al so nmade by

KLA- Tencor masks @ reeclesfolr ynierofabmaattins féat pasd displays,imicor- ebectropl e Odyssey 300
by Schl unberger Technol ogies Inc. of San Jose or a KLA-Tencor eS20 nmade by
KLA- Tencor mda3hsni €NENMIBME) kidgiceéandtp® likedirigamid. affepmlanufaytoee. dh i nspecti on

technology is usually applied at steps in the sem conductor WO 02/ 082533
PCT/ US02/ 1B%ijcular, the invention provides methods and systems for more effectively and
efficiently using defect inspection system time and for reducing the average defect
inspection time required to determine defect density and other defect statistics.
2. Prior Art
Over the past decade, defect inspection to detect microscopic manufacturing
defects has become a standard part of micro-fabrication manufacturing flows,
especially for semiconductor wafers. Defect inspection is performed on a statistical
sampling basis of the wafers in the manufacturing flow at key defect-prone or
particularly defect-sensitive steps. Various types of inspection technology are in use
including bright-field optical inspection with, for example, a KLA-Tencor 2138
made by KLA-Tencor of San Jose California, darkfield inspection with for example
a KLA-Tencor AIT2 also made by KLLA-Tencor. More recently e-beam inspection,
with for example Odyssey 300 by Schlumberger Technologies Inc. of San Jose or a

KLA-Tencor €520 made by KLLA-Tencor, has emerged has an important tool. Each

type of inspection technology is usually applied at steps in the semiconductor



manuf acturing flow where it is best suited to the types of defects nost
likely to be found. Wafer inspection systens for patterned wafer

i nspecti owougwsdsBy work as follows. A high powered m cro®Caasp2/10871
traditionally an optical mcroscope, but nore 5 recently a SEM ( Scanni ng
El ectron M croscope) or electron microscope, is setup under conputer
control to acquire sequentially imges of the area of wafers to be

i nspect ed. NMAgukFcwing flow wherp itds hest quigd taahectypes of glsfagtpanss dkelyie beet t 1 i ng
time during the inspection process, continuous scanni ng notion nmechani cal
stages arefounded. These stages are specifically designed to have very
snooth notion in at |east 10 one scanning axis to facilitate inage or

pi xel ated cont r gpdfediatpecasslsystns foP patteinddPafeCinsgectbn asuallptwaiRhd y based
system a TDI-CCD (Tine Delay Integration-Charged Couple Device) inmage

sensor 1S BRGIY OChRRSoMelc hibfoce G Dol AbpRkalififros O hilile. Scanni ng

stage to acquire | S rapl e cas a- beam” I nspecti on

systemthe scanni tion he.bheam i s, synchronized with the 15

stanni 1y ofesgahn S P (R BleckSf MGRR AR PRI R IR el BB el at e
contrast data that is acquired in this manner is Lhen onpared to

ref erence Ha¢eH comppigteantl &0 4cgyHe seuepialbcmages pfdhe aiep of Wakereto b  f er ences
bet ween the reference and the acquired i nages. The reference i nages my be
derived fr onsp&adl. dbe minimizesthe overhead dfevafensiage ndvemsing drisbseithng timlel s or die
20 on the wafer or simlar wafer being inspected. The sensitivity of the
def ect i ndpeng theringpecivdSfrocas) cortimank scinhing tyticndnectiahiegl dtipes hrgage
processing paranmeters that are used to conpare the acquired and reference

i mages. 2 WROXH§ ks Rcldpetifidaibldbiened hehAe AR Erkodde Bdkibh $n AfledsBSpect i on
have been substantial and inspection s
10  one scanning axis to facilitate image or pixelated contrast data acquisition. In the
case of an optically based system, a TDI-CCD (Time Delay Integration-Charged
Couple Device) image sensor is synchronized with the scanning motion of the
continuous scanning stage to acquire images rapidly. In the case of an e-beam
inspection system, the scanning motion of the beam is synchronized with the
15  scanning stage motion to acquire images rapidly.

The image or pixelated contrast data that is acquired in this manner is then
compared to reference data. Defects are found or detected where there are
differences between the reference and the acquired images. The reference images
may be derived from CAD data or may simply be images of neighboring cells or die

20  on the wafer or similar wafer being inspected. The sensitivity of the defect

inspection process can be controlled by adjusting the image processing parameters

that are used to compare the acquired and reference images.



general ly accepted as having made a significant contribution to the
substantial increase in sem conductor wafer manufacturing yields seen in

t he 1990swo oknsypexrti on systens are enployed in a nunber ofecarndshermsnt
applications including: 5 - process nonitoring to flag when a particul ar
process step in the manufacturing flow has increased the nunber of defects
produced above the level normally anticipated at that step; - problem

sol vi ng by i nsp&b¢ ecvppomic berlefitscofdhspectidndrgye hadresubstahtaal andwmspectiop is been
processed with a subset of the manufacturing process steps in order 10 to
facilitat egéreedlyl R6dj0€d Asthvimptnstieagdigs fisan comtabutivrz@dtthesubstangalpar t i cul ar
subset of process steps and - during process devel opnent - to optimze a

new manuf aﬁ-fcrikhraké‘ﬂx RRERRSctof Qafe?ﬁﬁﬁ@fa@tﬁmﬁlg Bl d3aken R 9s0sSpeci fic or
systemati c defect mechanisnms. |In nany caSés, it is not only the |ocation

of i ndividyal f t i [l - ot 1 ection.
Rat IherI :/![ ﬁlgp%:g%g E%t%ag F‘%@f’ Iﬂd%?%@? n inlslglf%:é%%f'gﬁﬁ%fgl%g{v@%ilf %ggng\?\%cfhgﬁﬁ r slubn
regi on éhereof, and defect . densi;ﬁ/ é{,hat i S, L{]he nunber of hdef ects per
unit arta) of arl Riggestmonyoring toflagwhen 4 pariicylar process MERULE:  qofect. This

information is often required to make deci sions about the status of

manuf act uri ng, thanawfeatynng fgw has igergpsedthenumberiof datecispregused akove

devel opnment. 20 In a production-wrthy process, typical defect densities
per process step nbhstevelbermally emilipaté¢cdoat that sepder for the yield of the whole
manuf acturing process flowto be good. Wth several hundreds of i ndividual

process steps typigableinadhlng By Mdpectifly st:ealibdsshbitdosylwatesy thieHaeE only
manufacturing flows, killer (critical or yield 3 02/ 082533

PCT/ US02/ 10871 | iyd.ti t ik : y range
£ om0, 1. 0. 0001 e bRILss88 athla SB5 bF LSRRG iSceit SRpHRtdr

10 to facilitate troubleshooting and diagnosis or optimization of a particular
subset of process steps and
- during process development - to optimize a new manufacturing process
to reduce or eliminate process-specific or systematic defect mechanisms.
In many cases, it is not only the location of individual defects that is the primary
15  goal of defect inspection. Rather it is measuring the defect distribution over the
wafer or sub region thereof, and defect density (that is, the number of defects per
unit area) of all defects or of a particular type or class of defect. This information is
often required to make decisions about the status of manufacturing, the severity of a
problem or an issue in process development.
20 In a production-worthy process, typical defect densities per process step must
be extremely low in order for the yield of the whole manufacturing process flow to
be good. With several hundreds of individual process steps typical today in an

advanced semiconductor wafer manufacturing flows, killer (critical or yield



defects/cm2 (defects per centinmeter squared) or |ess. During process

devel opnent, defect densities can be much higher, for exanple, up to nmany
t housandswofozdefext s/ cm2 if the process is particul arly BCirmaset/wsel or

under certain troubl eshooting conditions when higher defects densities may
have been deliberately induced for diagnostic or characterization reasons.
Such defects may include subtle non-killer defects - nmeasured for reasons
of i npr ovi huiting) defectdengities pératspgess step paallgxangsifeom GdtGP00Loi ds t hat i ght

m grate and cause reliability failures after the ICis in use in a system
10 The t hr defgdtploin*D (defpeeperatbntimeter stpjamd) bolespr ocess is particularly
critical when the inspection systemis used as part of the manufacturing

process flow | bukifig przedl deyelopmess aéfictidenfifesdinbetrBudEASKEr SoP!  NDNI t OF
defect density in under one hour in the production flow. The overal

def ect msgﬁ_&; nction of the
square of t %?ngﬁ SI z IPJ(;SU(’S Irg)g%fee%(%np elkujfep?ﬁeksgléﬁﬁ C?Eh?i near

di mensipon i s _halved in find,s efects.. the

over 15 " HepaRs SrprdBe S o udBedeteangingnt SLEERE o R i ng « ha
the pixel data rate remains constant. This square |aw dependence t hat

t hr oughput A% §aymbesn delibesately induqgsd fex fb@ﬂrmmyor aractesizptionyieaspns-o Sedvanced

hi gher resolution inspection systens such as a-beam and 20 ultraviolet
(WV) opt i cdefethoray indledef subtje son-kilkee defects usneasured famregspnedfsmpraming t he

i nspection speed significantly. The sl ow speeds of high-resol ution defect

i nspect i onquatieyrbi reidbivityt, ForterempRe inetal haids thae mightinigrateafdrausr f ace ar ea
that must be inspected to nake a statistically significant measurenent of

def ect denﬁa‘llrabﬁh't}fﬁfaﬂﬁﬁeslﬁﬂ@x‘"ﬂﬂe?@@@ﬁ* RE id Hsystepgpection, 4 WO 02/082533
PCT/ US02/ 1087

10 The throughput or speed of the inspection process is particularly critical
when the inspection system is used as part of the manufacturing process flow. It is
usually necessary to be able to measure or monitor defect density in under one hour
in the production flow. The overall defect inspection system throughput typically
scales as a function of the square of the pixel size used. For example, if the pixel

15 linear dimension is halved in order to be able to find smaller defects, the overall
inspection speed will decrease by a factor of four assuming that the pixel data rate
remains constant.

This square law dependence that throughput has on pixel size is particularly
critical for more advanced higher resolution inspection systems such as e-beam and

20 ultraviolet (UV) optical where the frequent need to use smaller pixels slows the
inspection speed significantly.

The slow speeds of high-resolution defect inspection, combined with the fact
that the minimum wafer surface area that must be inspected to make a statistically

significant measurement of defect density is not known ahead of the inspection,

4



results in inefficient use of expensive inspection systemtine. To ensure a
statistically useful result frominspection, relatively |arger wafer
surface aweasg/osa’sy be i nspected. The consequence of this ipagfdSorimncy is

| onger inspection tine, worse inspection systemutilization and higher
overal |l inspection cost. 5 SUVWARY OF THE I NVENTION I n view of the above
probl enms, an object of the present inventionis to provide a nethod for
reduci ng avesndsym ideffisisnt wsead espensivetingpectipn systengime- diotapsurgaat i st i cal

anal ysis of defect data during the operation of the inspection systemto 10
al | ow, undesatistizallpisefal resulnfisdramespsctidni, rabatbaly larper yfee audfacetasaninnat i on of
sone defect inspection runs. In accordance with preferred enbodi nents of
the i nvent p@ihspéttedTBriAbnMqueRLWTItRS irkehi@6icylis f@6r ingbctibiBmef worse _

m cro-fabricated structures by statistically analyzing defect data during
i nspecti on, . 2 1-SinAGhi oH i L,Cro-fabricated

structur es“bsybpcglggﬁ%r}?rﬂéﬁg%{e n?inggil%ﬂggt% ?ﬁgglg irgg%ég& rcggn%' 15 the ,

m cro-fabricated structures; detecting defects in the mcro-fabricated
structures by conparing the pixelated contrast data with reference data to
create the defect data; calculating at |east one statistic of the defect
data; continuing inspecti o UMMARY (YRR THE INVENTIONY statistic is outside a
predet erm ned range and stopping inspection when the at |east one
statistic is w fhviewtdfghgaberepeabhéms dn ohjegeof tROprasenginvsttion isteduci ng def ect
i nspection time of mcro-fabricated structures by statistically analyzing
def ect dat prolide 11@ieihod peratd@ing dkeagawlefeoringatfion siniedy usingsipaithi ng the

m cro-fabricated structures by acquiring pixilated contrast data from the

m cro- f abr gated Salyied i Reect 88 86ind'Ge SpEARES of the iRPedtidh’s9sttAlp i cat ed
structures by conparing the pixilated contrast data with predeterm ned
refer ehGe %ﬁév‘%‘, dref Ee%necécumstances, time savings by early termination of some defect
inspection runs. In accordance with preferred embodiments of the invention, a
method of reducing defect inspection time of micro-fabricated structures by
statistically analyzing defect data during inspection, the method comprising
inspecting the micro-fabricated structures by acquiring pixelated contrast data from
15  the micro-fabricated structures; detecting defects in the micro-fabricated structures
by comparing the pixelated contrast data with reference data to create the defect
data; calculating at least one statistic of the defect data; continuing inspection while
the at least one statistic is outside a predetermined range and stopping inspection
when the at least one statistic is within the predetermined range.
20 A method of reducing defect inspection time of micro-fabricated structures
by statistically analyzing defect data during inspection, the method comprising:
inspecting the micro-fabricated structures by a;:quiring pixilated contrast data from

the micro-fabricated structures; detecting defects in the micro-fabricated structures

by comparing the pixilated contrast data with predetermined reference data to create

5



WO 02/ 082533 PCT/ US02/ 10871 the defect data; classifying the defect data
into one or nore classified defect types; <calculating at | east one defect
density oWoak/Bmast one cl assified defect type; determ nipag/sodesrat i on
nmetric of the at | east one defect density of the at | east one «classified
defect type; continuing to inspect the mcro-fabricated structures while
the 5 deviation netric is outside a predeterm ned range and st oppi ng

i nspect i on therdefiect Hata; classifyingdie dafeqtidatajintowing lor moze glassefeadedefion bpes;ange. A
met hod for reducing average defect inspection tinme by statistically

anal yzi ng dsitelafinglatleast onewdefect deaditytof melehst@mne alasdfieddefaetaype; waf er during
defect inspection, the nethod conprising: inspecting the sem conductor

vaf er to det@fhiniy H&ivesfion ndtrideflthe'at RastioRBdefeBPdchs®Y of the @Bledt 8fe Ci r cui t
die on the sem conductor wafer; processing the inmage data to detect

defects In cfa?ﬁﬁ&p& & é%gc&itfn(ﬁmg[ tg?ﬁﬁ%eétQ{lé:ﬁﬁ&gﬁ?ﬁrﬁﬁteflggg@@{éefs%ﬁl@ 'the

cl assi fying e de ta 1 nt east one cl assi ect types;

cal cul ating at .|l east. one defect nsity of th t |least one classified

dof act B yp eviatit GRRET Ay e dar IR RHPlaeRee g CPREEIDReGUet WERu et ect
density of the at |east one 15 classified defect type; continuing

i nspect i on dg¥iptien meicdeWithin ppredetermiped BNget sj de a predet er ni ned range;

st oppi ng i nspection when the deviation netric is within the predeterm ned
range. An effi cidemethnd fenredsfiegaverageplefert mmpestion medyrspatistically: an XY st age
di sposed to support a wafer for inspection; a mcroscope disposed to

gener at e | ARQGzin@ Befdextdataoin nelerewefige frot dleingicolucer Wakgeldrihgdsfogpl y | nage
data of the wafer fromthe mcroscope to an i nage conputer; stored program

i nstructi onshthah @Xefeiéd Qinfriieng: ilBERing WPHNEEldCRE WAL % daEqct data of
defects on tRe wafer; a control conputer~ disposed to control the

I nspecgjon jsyst %%c&lﬂﬁng RRide U at L H RISl ARSI HSAH th¥ s8miconductor wafer;

processing the image data to detect defects in the integrated circuit die to create the
defect data; classifying the defect data into at least one classified defect types;
calculating at least one defect density of the at least one classified defect type;
determining a deviation metric of the at least one defect density of the at least one
15 classified defect type; continuing inspection while the deviation metric is outside a
predetermined range; stopping inspection when the deviation metric is within the
predetermined range.
An efficient wafer defect inspection system comprising: an XY stage
disposed to support a wafer for inspection; a microscope disposed to generate image
20  data of the wafer; a detector arranged to supply image data of the wafer from the
microscope to an image computer; stored program instructions that execute on the
image computer to produce defect data of defects on the wafer; a control computer

disposed to control the inspection system, the control computer periodically



WO 02/ 082533 PCT/ US02/10871 calculating at |east one statistic of the
defect data and the control conputer stopping inspection when the at |east
one statiwoiee/oszs3wi thin a predeterm ned range. |n accordamca/usio2/nosot her
preferred enbodi nents, the invention includes displaying (tabulated or
graphically) the data (including defect data, statistical data 5 and
defect density data), using optical (including bright field, optical dark
field, optcadatlagmgat I¢astont Hatibtic f the defest date pnd tezoyicel q@mmlitetrlswpb@am

e- beam vol tage contrast, focused ion-beamor WV inspection systens to

col | ect t hénsgedtivatwiibatthe arlehst omd statistic igithiara pedetgimheédstahgs or devi ati on
metrics including the standard deviation of the defect density and the

standard devi at igpfcc8fdahfiewil BiHeRpicY@redehnffoldiHaRS ithe/invéedtidalind@d@nbodi ment s
i nclude using the calculated statistics to stop the inspection manually

d
i tori o Bapiyink e B renhu SIPARL TR Geliafle Efect iy Ahdefiy AECR 1900,
th t t ds_of % 0
time or ar 8l depidengy i Esh b dniuia e g srieH d‘#ﬂcefteacfa'w”ﬁS?EhS”
the clains will 15 becorre apparent to those of Skl|| in the art

reference epticsherayifigld and lasey scatieDe Phasgadanrticiebean e baagn, VBN&POEE‘SGRI PTI ON
OF THE DRAWNGS FIG 1 is a graph of cunul ative defect density data versus
i mage nunbéecusal lopdiean or 2V thspéatign aystems wexstliectrtherdefectalatecandr di ng to a
preferred enbodi nent of the present invention. FIG 2 is a table with

i mge nunbeilcalagngsvaivdasdrstsiondevdntistamatrick ifcluding the tahliard déviagspsf of a
preferred enbodi nent of the present invention. FIG 4 is a detailed flow

di agram of ya JoeddhachsRl aH@ tHa%dndgrd 2V ERbh 8Pthe Cumulative defect density. Other
10  embodiments include using the calculated statistics to stop the inspection manually
and automatically. Yet further embodiments include statistical stopping criteria
based on a normalized standard deviation of less than 10% or 20% with relative
stability periods of 10%, 25%, 33% or 50% of the inspection time or area.
Other objects, features and description of the drawings and the claims will
15  become apparent to those of skill in the art by reference to the figures and

description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a graph of cumulative defect density data versus image number collected
20  during an inspection made a according to a preferred embodiment of the present
invention.
FIG. 2 is a table with image number and standard deviation data.
FIG. 3 is a flow diagram of a preferred embodiment of the present invention.

FIG. 4 is a detailed flow diagram of a method of using the invention.

7



WO 02/ 082533 PCT/ US02/ 10871 FIG 5 is a graph depicting results of an
exanpl e of a sinulated cunul ative defect density with the correspondi ng
derived swotmns$isss. FIG 6 is a schematic bl ock di agram ofrca/ysorimrr ed
enbodi ment of the present invention. 5 DETAILED DESCRI PTI ON OF THE
DRAWNGS In the follow ng detail ed description of the preferred enbodi nents
and other enbodinments of the invention, reference is made to the
acconpanyi HE5.driawnignaph, depicting sesulis pleangrampla efousimplated qvaydatpfe dsfact | in t he
art will readily see other enbodinents 10 and changes nmay be made w t hout
departing Hemitywlith the cpreespdndihgdérivedtatistics. | N accor dance with a preferred
enbodi nent of the present invention FIG 1 depicts an exanple graph of
cumul ati verigfeEst seigdSiticbld R BrafWE QG rétbirédembbBmeht SRS pesdht Of a
subsection of one exanple of a mcro-fabricated structure, a sem conductor
waf er vvithinq,@ﬁtti&flly manuf actured. In another enbodi nent of the 15 present
invention a conplete integrated circuit die would undergo inspection. A
vertic axis 110 shows "Cumul ative Defect Density in defects/cnt2"
gquantified from 100000 to 170000 defects/cm2. A horizontal axis 120 shows
i mge nunber fromO to_3500. Each increnent on the horizontal axis 120
represents a single PHWP&@%CWIP&W'T% BBW$") t aken
sequentially during an 20 automated a-beam inspection run or job. The

i nspection was &t ihppeltbwing detpidedddsamptiainofithaprefedred@mbodimentdandsathari st i cal
met hod of the present invention. The dotted |ine 130 represents the

aver age cusmbadiimentsde tigcinvelrion| teferaicetiimagotathe whwmpahifg idrssgegs ilon was
term nated 140. The solid line or curve 150 represents the Cunulative

Def ect Deng ih¥be uiidhobd ER4L tHke b&ill HEhE AR Wiftlre 4l s8Qothar erfibddimbmt ed

10  and changes may be made without departing from the scope of the invention.

In accordance with a preferred embodiment of the present invention FIG. 1
depicts an example graph of cumulative defect density 100 produced during the
inspection of a subsection of one example of a micro-fabricated structure, a
semiconductor wafer with partially manufactured. In another embodiment of the

15 present invention a complete integrated circuit die would undergo inspection.

A vertical axis 110 shows "Cumulative Defect Density in defects/cm”2"
quantified from 100000 to 170000 defects/cm”2. A horizontal axis 120 shows
image number from 0 to 3500. Each increment on the horizontal axis 120 represents
a single image (hence the term "image number") taken sequentially during an

20  automated e-beam inspection run or job. The inspection was stopped at
approximately image 3100 using the statistical method of the present invention. The
dotted line 130 represents the average cumulative defect density at the point when
the inspection was terminated 140. The solid line or curve 150 represents the
Cumulative Defect Density (CDD) curve or the incremental CDD so far calculated

8



8 WD 02/082533 PCT/US02/ 10871 at each point (or representative points)
along the Iine based on all the defect data collected fromthe start of

t he def ecwoiop®gsss i on process and up to each point in thercgnsphiosdection
| i nes 155, 160, 165 designate different segnents or inspection tinmne 5
peri ods of |ine 150. During segnent 155, the CDD is varying rapidly. This
is because at this point during the inspection, the data collected thus
far is not ategelnpoist {of sgpresepiapveBeintsaalons therlinethased @iy dlhedlefestdatglensi ty and
the CDD calculation is inevitably very sensitive to |ocalized variations

i n defect tdizateddren tedtali oftthe Befectanspectidrpprioedss and uptcecach pemtiirbthet he r andom
distribution of the defects and because the total 10 area inspected or the
total statpsphcal sanple of defects up to this point is too small to nake
areliable estimate of the overall or average defect density. During

segnent 160, t hge{tﬁgﬁin@{%&f}%h] @%sfg{)aﬁéﬁff?&&ﬁtgg%lﬁérg§ BEinkp¥ibh AfmelS0 1S

substantially sma IS IS becauSe the I nspetted area or sanple size is

now | afge_eno .th l.qcal randa i atihans. in. the defect density are
o fect 1or e P b Bt 358a [ BRRACI IS HsRE'E whgine el ol O

Neverthel ess during period 160 there is still signifigant statistical

vari ation P‘?FaPWeat@BE)P@HHS‘E% @gft&pethntq%péla@é@g?ct%gms il$ Mothot consi dered
to be a sufficiently accurate result to be a reasonable representation of
t he act ual stdestiselly thprasentgti veofttheavesagesietast densisy wad the GaPglcnlaipetst ed Duri ng
segnent 165, the rate and anplitude of variations of the CDD curve 20 150
are even simbitsbly véry semsitieatodemlizedwdrmtbnd inalefdchcattomiand digtrshusionst i cal

variation is rather small, and may be a sufficiently accurate estinate of
the def ect vegRdrsYare cASREBVHhE GardBnt d1SriBRIbH 6Fthe AEfed8 @nd Becatl@athe Bdtalt he
i nspection. Based on the overall shape of the CDD curve 150 and given the

assunpj Onaxteg ?ﬁspé&&[ &r b tdtal\PhisBE Rample of defects up to this point is too small to

make a reliable estimate of the overall or average defect density.

During segment 160, the rate and amplitude of variation of the CDD line 150
is substantially smaller. This is because the inspected area or sample size is now
large enough that local random variations in the defect density are effectively

15 reduced by averaging from the larger sample size. Nevertheless during period 160
there is still significant statistical variation in the CDD and the data, in this case, was
still not considered to be a sufficiently accurate result to be a reasonable
representation of the actual defect density in the region of the wafer being inspected

During segment 165, the rate and amplitude of variations of the CDD curve

20 150 are even smaller. It can be seen in fact that the remaining statistical variation is
rather small, and may be a sufficiently accurate estimate of the defect density,
depending on the application and the goal of the inspection. Based on the overall
shape of the CDD curve 150 and given the assumption that there will not be a

dramatic shift in the density of defects being inspected, it is likely that the value

9



dramatic shift in the density of defects being inspected, it is |likely that
the value 9 WD 02/082533 PCT/ US02/ 10871 represented by line 150 is within
an acceptwblogiosassd | error of the actual defect density, trhatusvhes7i

i nspection process can be stopped. Hence given that the CDD curve 150
appears to have stabilized, further inspection is unlikely to produce a
different "result and inspection tinme can be reduced by stopping inspection
based on tmpseséaﬁéb}'&inﬁlégﬁﬁﬁhlé@@ﬁmﬁbmalwﬂqmﬂ?ﬁr@é@ﬂlﬂefgmenti on, uses
these statistical characteristics to control and then to determ ne when to
st op i nspedensity, thai théa @rspeation paddeys can teustappad.i Hahdeygivaratheidthe €0 eurve
statistical properties of the data collected and specific criteria entered

by the systsoupRarsabaavedtatiligeds fither Hspécion WAnIIkE)y toipASRRE hiddferedt0 The
specific statistical criteria my be defined by the operator and can

i ncl ude on . law . ar tmted only to

these. st at ol ha fipich Hinc @i 102408y SEh R InBOiH RedlPin B, 00, ¥

a maxi mum area t,o_bg inspected, . 15.- an accept.abl e Xi mym err.or or mni num

Rccept abl e aceurseresd SRETRnear s pERaRFERER, et Tees MERTGH 1 ' whi ch

the defect density data iﬁ r%%uirggﬁto,be and - a m ni num period of

stability tharasienstiss faeantiohandiRen i dateraning When fosieR ingpecippieitBer has real |y

been achieved for a defined inspection period (absolute 20 period or

pr ef er abl y maphally erswpsanatisdlly, dasadoonethe stetigippabpriopertiey ef thoddatasplledted y.  Those

of skill in the art will recognize that other statistical paraneters nmaybe
and specific criteria entered by the system operator at the start of (or during)

inspection.
10 The specific statistical criteria may be defined by the operator and can
include one or more of the following parameters and are not limited only to these

statistical parameters listed:

a minimum area to be inspected,
- amaximum area to be inspected,

15 - an acceptable maximum error or minimum acceptable accuracy (as
measured by a deviation metric) to within which the defect density data
is required to be and

- aminimum period of stability to ensure that the acceptable error level or
better has really been achieved for a defined inspection period (absolute

20 period or preferably relative period) or to an acceptable level of

certainty.

Those of skill in the art will recognize that other statistical parameters maybe

used. Note that in fact statistically speaking there is no absolute guarantee that a

10



used. Note that in fact statistically speaking there is no absolute
guarantee that a 10 WD 02/ 082533 PCT/ US02/ 10871 stable CDD curve is really
a valid ewoioomss3df the overall defect density. An extrenPCeasopi@d7nwhere
CDD woul d not be represent a valid estimate is a case where a |arge nunber
of defects are clustered in a very small area. In such a case, the CDD
curve mght well stabilize for a | ong enough period before hitting the 5

cl ust er of stdele &1 canvg iseeally o yalipestim4te okthe ppenal defert dansity.déini ned by t he
user. In general the probability of this type of error is relatively |ow
and it canetteeniceghaamie where tGIED wsomid seithe reprosent agalid estierataisaaaser vat i vel y
(i.e. longer period of stability and smaller error levels). In spite of
this |inmtahkRn laigdRuRibeseidefddiy/aB ivdRIddSind Wey ¥malbaksl In duek ARhge t hat

al l ows average inspection time to be reduced substantially in cases 10

where the hRthOthRRImihShER BbHOD 1A 185S hhansBsehablotrlingRl | Denaved.

The "m ni mum ar ea nimum 1 nspecti on ar anet er sed to ensure

that at_least, a mm ni num ar i s _lpspect.ed. .Thi | sg _ensures.that the

Stati sti canusEr eisters s ity sPecic HEPoRe sritcra ayrdhy BF st y sati sfi ed
by for exanple either an area with no defects or by an area with unusually
uni f or m deg@eral ghesprppahikity o this type b errppisirelatiyedy oy angl it gapbeaediseddbect i on
time paranmeter is used to ensure that the inspection stops after all the
defined ar the Usersselsetoppingspietiachnservati vedy (idefomger ptiriod of btabilitnarids
particularly uneven, the statistical stopping criteria may never be
satisfied sngdldrefronlepals).iaupa¢ of thidemaitativn, therprésent inkEntivhyis beeryarefill Not e
this is no different than for a conventional inspection where the area to

be i nspect Fe@hﬂhué 8t Abwiiveae Hspd@fofltind @ teGedteASEEeshtiaRy Heddseed by the
operator before the inspection. The "statistical stopping criteria” refers

toa SE OlndR3hE HaflHHE! diGRbuddfor RN STGRelf vkl Beadtefle! | ned of
controlTed by thé Inspection system operator that set the
The "minimum area" or minimum inspection time parameter is used to
ensure that at least a minimum area is inspected. This also ensures that the statistical
stopping criteria are not prematurely or erroneously satisfied by for example either
an area with no defects or by an area with unusually uniform defect distribution.

15 The "maximum area" or maximum inspection time parameter is used to
ensure that the inspection stops after all the defined area has been inspected. If the
defect distribution is particularly uneven, the statistical stopping criteria may never
be satisfied and for a particular inspection run no time may be saved. Note this is no
different than for a conventional inspection where the area to be inspected or the

20  number of wafers to be inspected is defined by the operator before the inspection.

The "statistical stopping criteria" refers to a set of mostly numerical and
statistical criteria defined or controlled by the inspection system operator that set the
conditions for early termination or stopping of the inspection run. For example, the
stopping criteria can be defined as a "deviation metric" such as standard deviation

11



conditions for early termnation or stopping of the inspection run. For
exanple, the stopping criteria can be defined as a "deviation netric" such
as standawo od®sisat i on 11 WO 02/ 082533 PCT/ US02/ 10871 bei mgTvisoties7or bel ow
a certain value or in a certain range for a mninumperiod of tine
referred to as the stability period. FIG 2 is a table presenting
progressive i mage nunbers against a normalized standard deviation of the
CDD f r om abgiag within errbelows peertiinyalugor insg cataiierange fof agpindimumipgap@ of f or each
group of several hundred images, a deviation netric 1is calculated. In this
exanpl e, t Himedefeirad twas thestability pereodst andar d devi ati on of the CDD

normal i zed by dividing the standard devi ation by the nean defect density or

arithnmetic average dﬂ@.@is@ﬁ&ﬂb?%seﬁh@ gr@?eésﬁvéimagénmbe@ agaifp@facent age.
Those of 10 ordinary skill in the art will recognize and understand the

statistica ] hStd St : - i a w de
range of t{éﬁt A%E&;%?%X%Pg?gﬁne gér:%o iﬁgﬁtdsﬁ%?&{l éqﬁﬁ\eltgé\r?ﬁgh&before or
during defect . ,ins tion run or joh. the inspection system qperator or
iser et naePiSisa by PROSEE, BF piedie M ab RS R BYRRETERRLY Che

i nspection_run to be stopped before all 15 the defined or progranmed

i nspect i onisfakalates been i nspected. In the exanple depicted in FIG 2, the
statistical criteria for stopping inspection was that the normalized

st andar d devi at lnothiskxampds thedaviativmafettiiis artandarideyviatiodef hetGDDThe

advant age of using the normalized standard deviation is that it allows

rel ative rabhedlized badivadif@ thet stanslhingeiviagion by tier mean dfedtdensitywone si t uati ons
usi ng an absolute value of 20 a deviation netric such as standard devi ati on

may be CONY@nfk avégdBTEctRASE. TR redffi€eivedl 88 pbtethedahbRict i n the area
to be inspected will not be known before

10  ordinary skill in the art will recognize and understand the statistical terminology

used. Such statistics are described in a wide range of textbooks.

In preferred embodiments of the invention, before or during a defect
inspection run or job, the inspection system operator or user defines specific
statistical criteria that if satisfied allow the inspection run to be stopped before all

15  the defined or programmed inspection area has been inspected. In the example
depicted in FIG 2, the statistical criteria for stopping inspection was that the
normalized standard deviation be less than 1% of the mean defect density. The
advantage of using the normalized standard deviation is that it allows relative rather
than absolute stopping criteria. While in some situations using an absolute value of

20  adeviation metric such as standard deviation may be convenient, in most cases the
defect density of defects in the area to be inspected will not be known before
inspection is complete. Hence the accuracy of the defect density estimate can only

meaningfully be defined as a percentage deviation.
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i nspection is conplete. Hence the accuracy of the defect density estimate
can only neaningfully be defined as a percentage deviation. 12 WO

02/ 082533wB@2h&13682/ 10871 FIG 3 is a flow di agram 300 of acprusopss7pf a
preferred enbodi nent of the present invention. The process starts at step
310. The inspection run is started wth an inspection recipe or inspection
criteria defined by the inspection systemuser. The user also at this

poi nt speci fi esFIG3 et flowrdidgrarn300of & @racass of wahefared emhpdisient of the val ue for
a deviation netric. In this exanple, the deviation netric is a normalized
st andard dpteséitiimenadn. CLh2 prdbess stahte ansiepdil 0. ZEk insprodad chndeyiagied withi s bel ow
this predefined threshold value the inspection run is termnated. At step
320 in the,piRE&SSN ré'dii§e érafspelliGPQitkri BHHRA bzrtﬁ‘e MSHHetibR dystdm LES.

m cro-fabricated structure being inspected. After each "m' imges are

acquired, ThO,dehREN: H Soif WSl nshdcfin Aip FRAKL ilna0d thbfhoigsul ¢

pr ocessed. specitlies a nvenl en ween statisti cal

conput at i ons and be define . the use or. may be. a syste rameter.
Noro 5 gandnaforadeliaen giettfoq s O ERPE e ptialatmeRis s A ARITAET def et
data and results to be perforned in parallel with the inspection for
reasons of stérdard deviaionofCIP. Mhen the parmalizad standard deation igbeloyy thisqui r enent
of this 15 enbodi ment of the invention. It should also be noted that "nm in
ef f ect def predefimed threalold ivalype therinspbction fungs téningtatedne CDD nust be within a
deviation netric of the nean defect density. After "nf inmages have been
acquired in steptsp 320 ethe PogRss, & (AT RS eflagdsarsicgirddof théhe i mages are
conpared to a reference in order to detect defects. If 20 nore than one

type of defGh- thisidadrueRiEsdifdingh@Rd3 Hhiddled TRCINIBS aRALHiRY, OF
classifying the defects by type. Various Automatic Defect Classification

(ADC) 10  defect data and statistics are computed and the result processed. "m" specifies a

convenient interval between statistical computations and maybe defined by the user
or may be a system parameter. Note in general it will be most convenient for the
computation of defect data and results to be performed in parallel with the inspection
for reasons of efficiency and to save time, however, this is not a requirement of this
15 embodiment of the invention. It should also be noted that "m" in effect defines a
stability period during which the CDD must be within a deviation metric of the
mean defect density.
After "m" images have been acquired in step 320, the images are processed
in step 330. The images are compared to a reference in order to detect defects. If
20 more than one type of defect is being detected step 330 also includes sorting or
classifying the defects by type. Various Automatic Defect Classification (ADC)
systems and software packages (also referred to as Coarse Defect Binning) are
available for performing this classification from Schlumberger Technologies, Inc,
KLLA-Tencor and Applied Materials of Santa Clara, Ca.
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systens and software packages (also referred to as Coarse Defect Binning)
are available for performng this classification from Schl unberger
Technol ogve92/082383 KLA- Tencor and Applied Materials of Saotraset/asa; Ca. 13
WO 02/ 082533 PCT/ US02/ 10871 Defect density data and statistics including a
deviation netric are also calculated during step 320 and in particular a
normal i zed standard deviation (STD) is calculated. At step 340 the
normal i zed st an@efatt densitpdateand statistins ancduding a dpwajereaetricraseialse user
threshold. If the nornalized standard deviation is | ess than the user
defined t bileslarddutihe stpp G2@asd mamstidubarst repmabiedwienderdtdeeiatios (&TD) on run is
ended as the stopping criteria for early term nation of inspection have
been sati sid @fbuldiéd.t he nornalized standard deviation is greater than (or
equal to) the predefined threshold the process goes to step 360. 10 At
step 360 in the \pr oSt | : ] or not

P Al s%ﬁ%ﬁé the?%&rnﬁhzédsstﬁ%'éltd;d VRitioh @s %gﬁﬁgq 16&h Bgﬁ{ed

all of the defined area pe | nspecte as In read een

pr ocess® goleerdieeld s nara T RdAREe A oner R ot e P hBEE ' | 1
remains to be inspected the process returns to step 320 where another "ni
i mages wi | thrpsholdthgipFegss goss F%t%%épawp?retﬂpﬁ igspecHeR B ijendedas4he nue round
the process | oop defined by steps 320, 330, 340 & 360 until either all the
area to be stoppingcricutiafascarkyderniinatpmoif éns pectionurave be¢rhsatisfogdrdf theed st andar d
deviation is below the user defined threshold. FIG 4 depicts a nore

det ai | ed f homhdlizedcaniA40dedhticis @rdabdt Miging opéiablo) @tk predafindd deshold t he
invention. The process starts at step 410. At step 420 the user 20 defines

an i nspect yb&Gh Béeslt@ktepRB0I NSpecti on system bei ng used. During step 420

10 At step 360 in the process, a test is performed to determine whether or not all
of the defined area to be inspected has in fact already been inspected. If all the
defined area has been inspected, then again the process goes to step 350 and
inspection is terminated. If area still remains to be inspected the process returns to
step 320 where another "m" images will be acquired.

15 In summary, this process will continue round the process loop defined by
steps 320, 330, 340 & 360 until either all the area to be inspected has been inspected
or until the normalized standard deviation is below the user defined threshold.

FIG 4 depicts a more detailed flow diagram 400 of an alternate preferred
embodiment of the invention. The process starts at step 410. At step 420 the user

20 defines an inspection recipe for the inspection system being used. During step 420
the user also defines a maximum inspection area and statistical "stop criteria" or a
condition for stopping inspection before the maximum inspection area has been

completed. The stop criteria comprises:
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the user also defines a maxi numinspection area and statistical "stop
criteria” or a condition for stopping inspection before the nmaxi num

i nspect i owoaemesesbas been conpleted. The stop criteria compmitsey108id WO

02/ 082533 PCT/ US02/ 10871 - A mininumarea of the mcro-fabricated
structure to be inspected: The purpose of this mninumarea is to ensure
that at |east a certain portion of the structure is inspected and thus the
m ni mum ar ea i n- efA eyninvet pea of the micro-febrivaied struptyre 50 be lpacéed; okhet he
inspection run. 5 - A deviation netric: The deviation nmetric is the
statistical error pugpameof i minitnbm ataisite thsurothat aitleases tertdimporiios o€ ase CDD,
must be within of a reference statistic, in this case the nean or

arithmetic aver agghélahesire iCiaBsdcied and tisdke miMnthOfel hteffdes@daicsan run. - A
stability period: the stability period defines the period of the inspection

10 that the CDD nqﬁjtnirﬁﬁm%attigf-i&lrs ‘félxjtﬁé'irﬁg%d'(ﬁ)%lrrhﬁ of the reference

hat. . ¢ . of the .
statistic before inspection may %ﬁpterm nat he stability period can be
defined.as an absoluyte tine period, or.an absol ute area,of the inspection
or can be def i ned Adedaien Betlss T gortaionetds to g bl eror ¥l
i nspection time so far or the percentage inspection area so far. (Note that
15 the percent age Whigkthgstatisie obaaieresbiin gus e2p6iGRIP onpstde V%‘HH%OF%S pection
systens vary the inspection speed dependi ng upon the nunber of defects
bei ng detected or refeecnspetetistish inathisARE the fmean os aptictig @verage difed sl ow
i nspection). The maxi num area defines an upper limt for the area of the
m cro-fabricated Zinsityinairdereo stop e ingyepetei ach. The pur pose of the maxi mum
area of the mcro-fabricated
- A stability period: the stability period defines the period of the inspection
10 that the CDD must be within the deviation metric of the reference
statistic before inspection may be terminated. The stability period can be
defined as an absolute time period, or an absolute area of the inspection
or can be defined as a relative value such as a percentage of the
inspection time so far or the percentage inspection area so far. (Note that
15 the percentage time or area may not be equivalent as some inspection
systems vary the inspection speed depending upon the number of defects
being detected or the speed of an ADC software package may also slow
inspection).
The maximum area defines an upper limit for the area of the micro-fabricated
20  structure to be inspected. The purpose of the maximum area of the micro-fabricated
structure is simply to ensure that inspection stops at a defined point if statistical
criteria to stop inspection early are not met, e.g. when the defect distribution is
heavily skewed and a meaningful single defect density estimate cannot be made

within the criteria specified.
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structure is sinply to ensure that inspection stops at a defined point if
statistical <criteria to stop inspection early are not net, e.g. when the
def ect diwDroebszsdon is heavily skewed and a neani ngful siPoglusodefsect
density estinmate cannot be nmade wthin the criteria specified. 15 WO

02/ 082533 PCT/ US02/ 10871 The inspection run is started at step 430 and the
i nspection systemacquires pixilated contrast data usually conbined to form
i mages for convdheémpectiongua is startesag siep 430 ged)therinspsrtign sysiesy afidniges o t he

i nspection system defined recipe and usually sequentially over the area to
be i nspect gikilafedAtonsast datd4Buallyefoedtinedicd éortm oimges fgreohomimde. Batadnge of
different defect inspection algorithns are in common use dependi hg upon

t he i nspecthiqirddgeqieatifgyaccafithg dehy Rt bystdia defifsdvesipogivd ushvpy cal | 'y

pi xil ated contrast or imge data is conpared to reference data (either

pr edefi ned s&ﬁjeﬁ{iggpﬁvg?g{?amghrto@@ti@ﬁp@&g&i red from simlar neighboring

structures suc boring cel'ls or die on a sem conductor 10 wafer) to

detect defects. ,The | gcation .of detected defects is.recor s defect data
often ¢ nstructéﬁsgeg gsvéegﬁcéldetg‘é?oenclts pgﬁgng%io Hgee ﬁgdﬁ%ﬁ%{glﬁ%ﬁ&of i ndi vi dual
defects or of clusters of defects (not shown). At step 450 defect data is
opt i onal | y IRSPs&tanralganithyns predn semploadige depeadimgpon thegigereshon ehnalosst i cs such
as shape, size, color, grayscale, center of gravity, etc. 15 Conmerci al

aut omat i ¢ ded detveoderadithit gechnolagy. ADm)icallyfpividated grattasigudmagedatvisi | abl e as

al ready referenced. At step 460 defect density statistics are cal cul ated

i ncl udi ng Cbhpakd tele¥ératdealataeithérpradefinedisfabsee! dateor daed iguived ftomnor mal i zed

devi ation or standard deviation.
similar neighboring structures such as neighboring cells or die on a semiconductor

10  wafer) to detect defects. The location of detected defects is recorded as defect data
often constructed as a visual defect map showing the location of individual defects
or of clusters of defects (not shown).

At step 450 defect data is optionally classified or binned based on defect
image characteristics such as shape, size, color, grayscale, center of gravity, etc.

15  Commercial automatic defect classification (ADC) software packages are available
as already referenced.

At step 460 defect density statistics are calculated including CDD, a
deviation metric such as absolute, relative or normalized deviation or standard
deviation.

20 At step 470 the stopping criteria are reviewed. In this embodiment, if the
minimum area has been inspected, and the deviation metric is within the predefined
range and has stayed within that range for the predefined stability period, then the
process moves to step 480. At step 480 the inspection run is stopped and the data
optionally displayed.
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20 At step 470 the stopping criteria are reviewed. In this enbodinent, if
the mninmm area has been inspected, and the deviation netric is within

t he predeWDreams2ssange and has stayed within that range forcrhsoprmdefi ned
stability period, then the process noves to step 480. At step 480 the

i nspection run is stopped and the data optionally displayed. 16 WO

02/ 082533 PCT/ US02/ 10871 At step 470 if the stop criteria have not been
met, the procesatpepdi’p dohestop eritcrighayauottbgen met.itheiprocess is disgséasktoon
process. Note that the inspection will also progress to step 480 after
step 470 i ktep B0 raeontinoe thesispettésh @oems.hhstelthatrthe tepqaitieh edll alsoAt st ep 490
the process | ooks for a next inspection job or wafers. If additional jobs

or wafers affra¥al s8Pheo e sRpATOSHtht Tk BR@RtAhected akd haslBédni onal j obs  or
waf ers are avail able the inspection process is conplete and stops. FIG 5

is a graphcglggle%@pi cting results of an exanple of a sinmulated cunulative
def ect densi ) 540 with the correspondi ng derived statistics 10

represepted as data |ihes 550 6 570. Graph, 500 .has |ege 510 depicting
the ayrbols for ALSER 40P TSt Dok fR 8 riexpineBeon sttt wIBR R o 5201 st he
X or horizontal graph axis and represents sjinul ated_defect inmge nunber in
the range 2ddidonal gaps oy wafery areravaiablethe procepy is sepeated: Hanoadditionabiobe ¢

Density"” in the range fromO to 0.7 in arbitrary units. 15 Data |ine 540

r epr esent s ot Wefe€Dibe avdilableghe ihspeation pragesais apmpleterdndsstejsf ect i nspection run
with a randomdistribution of defects generated by a comrercially

avai | abl e randoM(B.Lﬂmeargrgﬂrmoadepfctiageémhmi drbéxanipldbla sigmldtedCor por ati on of

Redrnond, WA, Excel spreadsheet software. Each point on data |line 540 was
cumulative defect density (CDD) 540 with the corresponding derived statistics

10  represented as data lines 550, 560, 570. Graph 500 has legend 510 depicting the
symbols for each of the data lines 540, 550, 560, 570. Axis 520 is the X or
horizontal graph axis and represents simulated defect image number in the range 1 to
199. Y or vertical axis represents "Relative Defect Density" in the range from 0 to
0.7 in arbitrary units.

15 Data line 540 represents the CDD calculated from a simulation of a defect
inspection run with a random distribution of defects generated by a commercially
available random number generator such as that in Microsoft Corporation of
Redmond, Wa, Excel spreadsheet software. Each point on data line 540 was
calculated by dividing the total number of simulated defects detected up to each

20  point in the graph by the simulated area inspected up to that point. Data line 540
corresponds to the diamond symbol in legend 510 with abbreviated legend label
"Cum DD". Data line 540 shows initially relatively large swings in value which die

down at approximately image #100 and becomes relatively stable from

approximately image #100 to image #199.
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calcul ated by dividing the total nunber of sinulated defects detected up to
each 20 point in the graph by the sinulated area inspected up to that

poi nt. Dawe okises3H40 corresponds to the dianond synbol i rCragents310 with
abbrevi ated | egend | abel "Cum DD'. Data |ine 540 shows initially
relatively large swings in value which die down at approxi mately inmge
#100 and becones relatively stable from approxinmately inmge #100 to i mage
#199. 17 WO 02/ D986 SBOTére@dtsibsittrenantal avenage 66the cepnksva tefecthe
incremental average of the cunul ative defect density cal cul ated fromthe

si mul at ed @&sith coloulated fidn@ttHe situlaedeZIDD frmn the.stddailipto datipoinb ODawar r esponds
to the square synbol in |legend 510 with abbreviated | abel "Avg CDD'. Data

i ne 550 s ) SddsBdildd 16 tHeSkh Ak Woll i Tk j aver aged or
snoot hed v[el?éé\?%on&or%és c?la%ae F?érfg\égﬁlo? 1%%?«?}5‘#2&%&83% Brrég%rt?;gﬁetled by the

triangl e sypbolaih | i . J bel. " Avg CDD)"

depi cts the‘&g%éaﬂut éfag.?ePﬁ%gitg%h%Em&%ﬁfé%ﬂ%@{e\;ﬁgg}ﬁtﬁy%&?gpa | ne) 540 and
the average CDD |ine 550. Data li 570,. represented by the "X' synbol in
| egend %10*1%@%?‘1&’65?’895 5@833103@&&%?\15@9@“3 5%@ depi cts the nornalized
version of the difference or delta between the CDD and _average CDD date

| i nes. The nor nBlaiadinei 36N, wpregentedbyibp teaele synsal énylegendiS Wywithii vi di ng t he
absol ute difference values in data |line 560 by the average CDD 550. Either
t he nor mal ateevidiet 1abe CICEY AvgICRIDE depicts the ebsbitt diffeRincb60delean be used as
the deviation netric in stopping an inspection with specific stopping

criteria. paweeneled DY dabifineF40RhE AR vEaise DD Nin8B50. Daiadinersgber red as
absol ute deviation is dependent on the overall defect density that is

R L R
10  depicts the normalized version of the difference or delta between the CDD and
average CDD date lines. The normalization of delta CDD 570 is calculated by
dividing the absolute difference values in data line 560 by the average CDD 550.
Either the normalized delta CDD 570 or the absolute delta CDD 560 can be used as
the deviation metric in stopping an inspection with specific stopping criteria.
15  Generally the normalized deviation metric is preferred as absolute deviation is
dependent on the overall defect density that is unknown at the start of the inspection.
This simulation example illustrates one preferred embodiment of the
statistical calculations required to determine that a sufficiently stable value of CDD
or defect density has been achieved and that an inspection run can be terminated
20 early, before the maximum area defined for the inspection run has been completed.
In this example, statistical stop criteria can be the deviation metric (i.e. either the
absolute or normalized CDD, 560 and 570 respectively) combined with a minimum
stability period represented by arrow 580. The specific criteria for stopping the
simulated inspection run early were that the normalized delta CDD 570 should be
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statistical calculations required to determne that a sufficiently stable
val ue of CDD or defect density has been achi eved and that an inspection
run can bwotoensassat ed 20 early, before the maxi mum area detCirrusd2/imsri t he

i nspection run has been conpleted. 1In this exanple, statistical stop
criteria can be the deviation netric (i.e. either the absolute or

normal i zed CDD, 560 and 570 respectively) conbined with a m ni num
stability [essihandOrlefor e pemddof d1yeaatr ormvthB@Of thehespeptémi funas dhistreted by f or
stopping the sinulated inspection run early were that the nornalized delta

CDD 570 shgibwl 580 with MRiddRLABAE3elGldaldoB2 /Al R8st 100 iBagest han 0.1 for a
period of at |east one third of the inspection run as illustrated by arrow

580 Wi th a m ni .di@%gagn?ﬂicatﬂ&ﬁ(&ig%r%@b dfgg)%éfe&we&lm&%nt FIG 6is a

schematic bl ock diagram 600 of a preterred enbodi ment | nspection system
according to the present inventijan. fer 610 i 0sif.i on 5 XY stage
520 usual | B RR LTS AresiiE & bBGrsell bl oTarBO Rl BPRfo PR ohul U ng e
vacuum | oad-| ock jn the case of an_a-beam or charge artjcl eam

i nspect? onX%%&eegraO.usmlbf%%%éh@@@ng@%@g&oagwwfpf eghlydedlBfingaans
subsystem 640 and inmages wafer 610 to supply a pixelated i mage signal to
i mage conputanmasad-inek e therrase i erbeansodRrgedrpartiviabrayn ingpactidh ng an

Anal og-to-Digital Converter, not 10 shown). M croscope 630 can be an

opti cal m sysest)o MicroscopeddItgs apegratad withi dpdctdrimdatls subpitern®Odadk fi el d,
optical gray field, UV or a |laser scatter systemor mcroscope 630 can be

a charged Rasdel GlaferB10iOSTPPEa piteAtcdSmABe SpRATImYR doAdRiteg @50 bast or
focused ion-beam Detector 'neans subsystem 640 for an optically-based

m croscope c%@?@n@gﬁeéﬂ(@% QF?%I%?;B ' An bg-it&-ﬁi'gi{# ROnldRY o ensor or

MCP- based e rtntensttier I'n the“case”of a |aser scatter
rsny(sz'; grsrl% Egglgg%ﬁ{) p@g&}gaqﬂelsﬁégscéﬁ E)g oh gf)ltcl)caﬁ %ricrgsc%rﬁg Er%?tgdnri)ga 5[;tlc%i l()arigt?'n? %reHdb ased
optical dark field, optical gray field, UV or a laser scatter system or microscope 630
can be a charged particle microscope such as an e-beam, voltage contrast or focused
ion-beam. Detector means subsystem 640 for an optically-based microscope
examples include CCD, TDI, CMOS, Vidicon tube image sensor or MCP-based
15 image intensifier or PMTs in the case of a laser scatter system. Detector means
subsystem 640 for a charged particle beam-based microscope examples include a
scintillator and photo-multiplier combination or other electron multiplying device, a
MCP or Micro-Channel Plate, or a solid state semiconductor detector such as a PIN
or other avalanche diode device. Connection means 690 examples include a wire or
20 multiple wires in parallel preferably configured for fast analog or digital data
transfer or an optical fiber or multiple optical fibers in parallel each including an
analog-to-digital converter.
Imagé computer 650 uses stored program instructions or other predetermined
arithmetic processing hardware to process the image signal to detect defects in wafer
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scintillator and photo-nultiplier conbination or other electron nmultiplying
device, a MCP or Mcro-Channel Plate, or a solid state sem conductor

det ect or woob/0ss3® PIN or ot her aval anche di ode device. @omnEsor/108m means
690 exanples include a wire or 20 nultiple wires in parallel preferably
configured for fast analog or digital data transfer or an optical fiber or
multiple optical fibers in parallel each including an analog-to-digital
convert er . 610mThis poorpssing usdBlly ceypprises epmparpgdhe imagersignalidata i poe- ot her
predeterm ned arithnetic processing hardware to process the inage signa
to detect dwetrlcieferdnte wahigss. ThE rdféeOdd EBESInAETdubeizdildd 8ifdctu®d On thehi s
processing usually conprises conparing the image signal data with pre-

stored ref QLENGROLFBAELS: frdhi@ SIS W4teLor JAR B8 $rorff d8bAsk PrBlSding 4 ar
structures on the wafer 610 or can be froma simlar wafer or can be from

a_dat abase of.n6h g0 ancAEs,AuAHRLAPASR, o TRISELSNM Bt GChflaas Lhe

di fferences ween the acquire I mages an e reterence 1 nages. Defect
| ocatiopns are recorded.as defect data ich can b i spl.ayed on.di spl ay
roans 670, TR S0 eIk BIES GaGES . RIS Heuiahe a%ootrEas fard Sndrhich oty
type, the stored program.instructions _can optionally include automatic

def ect cl asan be displpysdl apdispiay means ¢J0q F¥hanythe defegtdatr¢onipinndaty oyEOE:t t ype.
Def ect data density statistics can then be calculated for at |east one

cl assi f i ed tiafone defetOtyps; plas: st@wed pragraro ongtaut gons@@ optienallyliscludee whol e system
over control and data bus 680. Control conputer 660 periodically through

an i nspect a@dnfaud defeticdlassifeationdoitwasé tocdaseify tHealeftet dath bylakfecstypd as def ect
density, cumul ative defect density, a deviation nmetric between the defect

density an?beif&% dstd Hyﬁaggisms@&fc%ﬁ thehARYalchlafiCBr 401e@E o BRI dieeet at i ons.

The control conputer 0 continues the inspection process
10 type.

Control computer 660 controls the whole system over control and data bus
680. Control computer 660 periodically through an inspection run calculates
statistics of the defect data such as defect density, cumulative defect density, a
deviation metric between the defect density and the cumulative defect density such
15 as standard deviations. The control computer 660 continues the inspection process
while the deviation metric statistic is outside a user-defined range and stops
inspection when the deviation metric is within the user-defined range.
When a particular inspection run has been stopped by satisfying the user-
defined stopping criteria in this manner, data can optionally be displayed on display
20  means 670 and the next inspection run on the present or another wafer can be
started.
Note that the specific inspection run examples presented show relatively high

defect densities from a single wafer or part thereof, however, this statistical

20



while the deviation netric statistic is outside a user-defined range and
stops inspection when the deviation nmetric is within the user-defined
range. Wwo oa/0pms3 i cul ar i nspection run has been stopped WrgTamn2/sfsyi ng t he
user- defined stopping criteria in this manner, data can optionally be

di spl ayed on display 20 neans 670 and the next inspection run on the
present or another wafer can be started. Note that the specific inspection
run exanpl epprpadstersavdg sispeetion|tine isehyallyi applicabdd et valeabld toiivspettiom a si ngl e
waf er or part thereof, however, this statistical 20 WO 02/082533

PCT/ US02/ 1@§hékomppisedafahultipleswafersg i nspection tine is equally applicable
and valuable to inspection runs conprised of nultiple wafers. Al though the

foregoing i s proyindeeh fieFokEsiR Oided Fdrippipatd Grllugialing] eXpiningnd
describing certain e%lbodi %E%tlsg%feﬁtoheel n-r?% Stati lslti ca? ég\drrl,al ylrsllgs

Cechni . : . . A oy Cone 10 th
doscri bed A0 AshgRB G enibBliienes SR b G SRSICATAPIPBIAIE 2. 12y
th t d m b ad L.t hout t f th irit of th
| nvent i Sn. PaTCUEF GumbaBelenen b Spten bR opEeredand et 15 1. A
met hod of optimn zing inspection of mcro-fabricated structures by 5

stati sti caempogdimsnisvitipecappaient ledhesedkiied dn theagandinaay, be madensitheyd

conprising: a. collecting defect data during inspection; b. calculating at
| east one siepdriisg fromahe sdope defmnt oftthe ayvention.
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C. continuing inspection while the at |east one statistic is outside a 10
predeterm ned range and d. stopping inspection when the at | east one
statisticwoo2m815B3 n the predeterm ned range. 2. The mnet hedTafSozhmrm 1
where the collecting defect data step is performed wth an e-beam

i nspection system 15 3. The nethod of claim1l where the at | east one
statistic is a standard deviation of a defect density of the defect data.
4. The net RBAIDMS claim 1 where the at | east one statistic is a standard
deviation of a cumul ative defect density. 5. A nethod of reducing defect

i nspection time of mcro-fabricated structures 20 by statistically

anal yzi ng Wiaeistclalated iduri ng i nspection, the nethod conprising: a.

i nspecting the mcro-fabricated structures by acquiring pixelated contrast
data from the m,c j : - / US02/ 10871
b. detecti%g de#@é%?gﬁgf%ﬁgﬁ%ﬁgﬁh&#g%#%%ZPgéggpﬁﬁ%%éggégﬁésg nparing the
pi xel atgd contrast data wth reference data to create the defect data; c.
o cur et i ng at | patsicalfatiyzle &itr: T3 Gk upifong e dnétiod SERiTAE ng

i nspection while the at |east one statistic is outside a 5 predeterm ned
range and e. stopping inspection when the at | east one statistic is within
the predeterm ned range. 6. The nethod of claim5 further conprising after
t he stoppi ng i nspewileaingsieéyet data during inspection;

b. calculating at least one statistic of the defect data;
c. continuing inspection while the at least one statistic is outside a
10 predetermined range and
d. stopping inspection when the at least one statistic is within the
predetermined range.
2. The method of claim 1 where the collecting defect data step is performed
with an e-beam inspection system.
15 3. The method of claim 1 where the at least one statistic is a standard deviation
of a defect density of the defect data.
4. The method of claim 1 where the at least one statistic is a standard deviation
of a cumulative defect density.
5. A method of reducing defect inspection time of micro-fabricated structures
20 by statistically analyzing defect data during inspection, the method
comprising:
a. inspecting the micro-fabricated structures by acquiring pixelated contrast

data from the micro-fabricated structures;
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di spl aying the defect data. 10 7. The nethod of claim5 where the

i nspecting step is perforned with an e- beaminspection system 8. The

met hod ofwoloa/ses3s where the at | east one statistic is a seamdmsozidevi ati on
of a defect density of the defect data. 9. The nethod of claim5 where the
at least one statistic is a standard deviation 15 of a cunul ative defect
density. 10. A nethod of reducing defect inspection tinme of

m cro-f abri cat etl. sleteatingidefscts byths miciosfiabuiedt¢d/stanctiirgswhynepnafeiiogthedat a duri ng
i nspection, the nethod conprising: a. inspecting the mcro-fabricated

structures by acquixdlagd pontidsedaedlwith iéferate da2d talatate thieodefédn data;
m cro-fabricated structures; b. detecting defects in the mcro-fabricated

structures by cemaicuiginkABleaftioht batiftt AR a8 ddata Wi th predetermi ned
reference data to create the defect data; c. classifying the defect data

into at |east ope ﬁ%lg@@ﬁh%Lngg%fgiﬁé?ﬁﬁlgttpfeoﬁ;leasg?ﬂ%’%g@ﬁcq?&ﬁ%ﬁe BCT/ US02/ 10871

d. calculating at oI “density or east one classified
densi 1y5 of "the at PRERITMAIGGIGRE 11 ed def ect type: § 1. continding to .
i nspect the mcro-fabricated structures while the deviation netric is
out si de a predetersappEs ingpegomyhenythef loagh ang statistestWiBnn fiisen t he devi ati on
metric is within a predeterm ned
predetermined range.
6. The method of claim 5 further comprising after the stopping inspection step,
displaying the defect data.
10 7. The method of claim 5 where the inspecting step is performed with an e-
beam inspection system.
8. The method of claim 5 where the at least one statistic is a standard deviation
of a defect density of the defect data.
9. The method of claim 5 where the at least one statistic is a standard deviation
15 of a cumulative defect density.
10. A method of reducing defect inspection time of micro-fabricated structures
by statistically analyzing defect data during inspection, the method
comprising:
a. inspecting the micro-fabricated structures by acquiring pixiiated contrast
20 data from the micro-fabricated structures;
b. detecting defects in the micro-fabricated structures by comparing the
pixilated contrast data with predetermined reference data to create the
defect data;

c. classifying the defect data into at least one classified defect type;
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range. 11. The method of claim 10 where the inspecting step is perforned
wth an e- 10 beaminspection system 12. The nethod of claim 10 where the
devi at i orwowr082533 s a standard deviation of the at | east pomasdriosct

density of the at | east one classified defect type. 13. The method of claim
10 where the deviation netric is a standard deviation of an at |east one
cunul ative defect density of the at |east one classified defect 15 type.
14. A nethod fod. reaiulating atleast age defeftalensitynsfizhe bt loast bnerelatsyficsk defécst i cal | y
anal yzing defect data in near real-tinme froma sem conductor wafer during
def ect inspection,ypdre nmethod conprising: a. inspecting the sem conductor
wafer to detect defects by acquiring image 20 data of integrated circuit

die on the semi conduehiind®heliandh mBHRGEHY featt e JRERAIAS of thedp! ect

defects in the Integrate ircuit die to create the defect data; c.
classifying the defect data.dntp.at,|east one classified defect type;, 24
WO 02/ 082533 PCT/ ﬁg’dg?‘l‘b }%Sflﬂeg.cgéegig'ﬁ’?’ati ng at | east one defect density of
the at | east one classified defect ,typﬁeq' €. cijeterm' ni E‘? a deviation netric
of the at | eastf-ofeny@egto ‘&%F&'QDBFIOF pricgted stpictyres, Wil thg deyiptiony def ect
type; 5 f. continuing inspection while the deviation netric is outside a
predet er m ned rangeetngis @isigps predetespived rangewndn the deviation metric is
within the

g. stopping inspection when the deviation metric is within a predetermined
range.

11.  The method of claim 10 where the inspecting step is performed with an e-

10 beam inspection system.

12.  The method of claim 10 where the deviation metric is a standard deviation of
the at least one defect density of the at least one classified defect type.

13. The method of claim 10 where the deviation metric is a standard deviation of
an at least one cumulative defect density of the at least one classified defect

15 type.

14. A method for reducing average defect inspection time by statistically
analyzing defect data in near real-time from a semiconductor wafer during
defect inspection, the method comprising:

a. inspecting the semiconductor wafer to detect defects by acquiring image
20 data of integrated circuit die on the semiconductor wafer;
b. processing the image data to detect defects in the integrated circuit die to
create the defect data,

c. classifying the defect data into at least one classified defect type;
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predeterm ned range. 15. The nethod of claim 14 where the inspecting step
is performed with an e- 10 beaminspection system 16. The nethod of claim
14 wher e wae2/msesgecti ng step is performed with a UV inspecrivsm/egstem 17.
The nethod of claim 14 where the deviation netric is a standard devi ation
of the at | east one defect density of the at |east one classified defect
type. 15 18. The nethod of claim 14 where the deviation netric is a

st andar d devi at idoncatdulatimg ahteabtamstdefmeedensity bfithie aeledstfone cladefied degfeasf t he at
| east one classified defect type. 19. An efficient wafer defect inspection
syst em conpri si ng:type; an XY stage di sposed to support a wafer for

i nspection; 20 - a mcroscope disposed to generate i nage data of the wafer;

- a detector ar f'ean&@an{imgguraeb- bR G e afleésbsneﬂ@éfﬁad%ﬁgg&f%m croscope

to an image conputer, ored programinstructions that exécute on the

i mage conputer to produc def ta of defects on the wafer; 25 WO
02/ 082533 PCT/ USOZlgi§§9igla§81§ec§(geth‘?cg§fpecorrputer di sposed to control the

i nspection system the control conputer periodically calculating at |east
one statistic of t¢@URRINGIASPECHoR Wg”&‘eflﬁ\é‘até%‘iﬂfzﬁc ‘%é‘ﬁ%@f’ér st oppi ng

i nspection when the at |east one statistic is wthin a predeterm ned
range. 5 20. The ipregatemingd rpge;em of claim 19 wherein the microscope is an
e-beam based nmi croscope.

g. stopping inspection when the deviation metric is within the

predetermined range.
15.  The method of claim 14 where the inspecting step is performed with an e-

10 beam inspection system.

16.  The method of claim 14 where the inspecting step is performed with a UV
inspection system.

17.  The method of claim 14 where the deviation metric is a standard deviation of
the at least one defect density of the at least one classified defect type.

15 18.  The method of claim 14 where the deviation metric is a standard deviation of
an at least one cumulative defect density of the at least one classified defect
type.

19. An efficient wafer defect inspection system comprising:
- an XY stage disposed to support a wafer for inspection;

20 - a microscope disposed to generate image data of the wafer;

- a detector arranged to supply image data of the wafer from the microscope
to an image computer;
- stored program instructions that execute on the image computer to produce

defect data of defects on the wafer;
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21. The inspection systemof claim 14 wherein the at | east one statistic is
a standard deviation. 22. The inspection systemof claim 14 wherein the at
| east onewstoatsmB3c is a 10 standard deviation of an at | @eaIiUSDEYE0871

cunul ative defect density of the defect data. 15 26

- a control computer disposed to control the inspection system, the control
computer periodically calculating at least one statistic of the defect data and
- the control computer stopping inspection when the at least one statistic is
within a predetermined range.
5 20. The inspection system of claim 19 wherein the microscope is an e-beam-

based microscope.

21.  The inspection system of claim 14 wherein the at least one statistic is a
standard deviation.

22.  The inspection system of claim 14 wherein the at least one statistic is a

10 standard deviation of an at least one cumulative defect density of the defect

data.
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