WO 02/ 23382 PCT/ US01/ 42123 | MPROVED STRUCTURE | DENTI FI CATI ON USI NG
SCATTERI NG SI GNATURES CROSS- REFERENCE TO RELATED APPLI CATI ONS Thi s

appl i cat ivomoptasns t he benefit of the filing of U S. ProvpPeT/osal42Pmt ent
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Background Art:

15 Metrology instruments, such as scatterometers, spectral reflectometers, ellipsometers, and
electron microscopes, are used to measure micron and submicron scale structures. Scatterometers,
reflectometers, and ellipsometers infer the structure from a signal obtained while measuring a
sample. Most electron microscopes directly image the measured signal onto a display, but recent
results have shown that more accurate results may be obtained by inferring the structure in a manner

20  similar to that used by the other techniques. M.P. Davidson, et al., "An Inverse Scatiering Approach
to SEM Line Width Measurements", Proc. SPIE, Vol. 3677, Conference on Metrology, inspection,
and Process Contro! for Microlithography X1, pp. 640-645 (March 19899).

Inference via linear estimation is feasible, see, e.g., U.S. Patent No. 5,114,233, entitled
25  "Method for Inspecting Etched Workpieces", to Clark, et al.; R.H. Krukar, "A Methodology for the Use
of Diffracted Scatter Analysis to Measure the Critical Dimensions of Periodic Structures®, Engineering
Ph.D. Dissertation, University of New Mexico (1993); and U.S. Patent No. 5,739,909, entitled
"Measurement and Control of Linewidths in Periodic Structures Using Spectroscopic Ellipsometry", to

Blayo, et al., but generally does not yield the quality of results desired of a production metrblogy tool.



Bl ayo, et al., but generally does not yield the quality of results desired
of a production netrology tool. WO 02/23382 PCT/US01/ 42123 -2 Inference

vi a tabl avOowkasg2 has denonstrated production quality resubP€CHUSOUL21Z3an
require nore time per neasurenent than is available to neet throughput
specifications. The requirenents on the inference techniques will becone
nore stringent in the future. 5 Linear estimators will require nore degrees
of freedom over | arger data sets and | oaokup tables will require |arger
tables. In either case, there is a loss in neasurenent quality or an
increase in tine per nmeasurenent. The present invention provides a pruning
and i nt edferengs \Wmtable ddokimhes demanstrgied atddyctioe ghalihoresults feiechngtquire olonptime A€y
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si gnatures and correspondi ng known structure paraneter vectors, each
signature conprising a reference signal vector, conprising: for a given
ref erence si ghia reqecsments o titednfpiehert teeigiogepaill eaimermory etgogent iadeuntureg t hat

the given. reference signal vector and_its correspondin ramet er vect or
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interpolation error between the correspondi ng paraneter vector and the

i nt er pol ateagdurpaeetndhe presant ingentips prloddes & pramingandhintephleliah tecinigee theingredily
preferred enbodi nent the interpolating and del eting steps are repeated a
pr edet er AMPRIGEHIRGPAPTIPSKUBY tines for a plurality of given reference signal
vectors. Performance of the steps is preferably submtted to a renote 20
conputer on a conputer network, with results of the steps being retrieved
fromi@r returned Y N ONeDISCTOSURE€FST HfF N fanabl y
performed utili zi n%éla dedi cated CD- ROM and/ or randi sk on the renote
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system for and nethod of accessing an i ndexed reference
reference signal vector, comprising: for a given reference signal vector, interpolating a parameter

vector assuming that the given reference signal vector and its corresponding parameter vector were

15  deleted from the reference library; and deleting the given reference signal vector and the
corresponding parameter vector if an interpolation error between the corresponding parameter vector
and the interpolated parameter vector is less than a threshold value. In the preferred embodiment,
the interpolating and deleting steps are repeated a predetermined plurality of times for a plurality of
given reference signal vectors. Performance of the steps is preferably submitted to a remote

20 computer on a computer network, with results of the steps being retrieved from or returned by the
remote computer. The steps are preferably performed utilizing a dedicated CD-ROM and/or ramdisk
on the remote computer. Performance of the steps may be submitted and results retrieved either

automatically or manually.

25 The present invention is also of a system for and method of accessing an indexed reference
library of signatures and corresponding known structure parameter vectors, each signature
comprising a reference signal vector, with the library additionally comprising a plurality of reference
signal index vectors, comprising: calculating an index vector for an unknown signal; determining

error between the index vector for the unknown signal and a reference signal index vector of the



i brary of signatures and correspondi ng known structure paraneter vectors,
each signature conprising a reference signal vector, with the library
addi ti onavoy2/zB8prising a plurality of reference signal pPoO®Es0NVeCL30TS,
conprising: calculating an index vector for an unknown signal; determ ning
error between the index vector for the unknown signal and a reference
signal index vector of the WD 02/23382 PCT/US01/42123 -3 library; and
identifying as a match candi date for thesunknown signal a reference signa
vector corresponding to the reference signal index vector if the error is
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pr ef er ablcpicylating deteyohirting, and identifymgstepputhereirognch ottbeportmitersedtews perfomng the
results of the ste bei n retrieved fromor returned by the renote
Compuber Seph 3 8 AlspBteREIo PLE FeEPGPo B HER B PP IR, SFertBRpcbed D Row
and/ or 1 aggitifing %rbeﬁbn@né'demﬁzrﬁ?fmyéf%ncepﬁdnfaﬂﬁcﬁ@%éo@f PERAMAARBRFthERKpIR 10
submtted and results retrieved either automatically or nanually. Tﬁe

i nvent i orpréferably ditmiitasiib layeradte gonsyar @mafcompaerchetvesr aith edfsultscaf esstapg being
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i ndex vectors, conprising: calculating an index vector for an unknown

si gndP; debmpitted andygsulln retédysd bitheeadorhdtiealyroc eavedly.or from t he i ndex vector
for the unknown signal and a reference signal index vector of the library;
and identifying as a match candi date for the unknown signal a reference
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values in the absolute difference "vector are below corresponding values in
a predet dibrannadighétnres had chrieeminding kiawntstrectprephenretl vafore rdacidsignahtre  a
pluralit yco%];rigr%ng)l%e%ncg %Eaei\ r\T/gctc?i,r \Sithetﬂgliggrg gdc]lcit(l)orna Iyecro]:n?)ﬁisfirj\gng pIElrra]lEi;(y gfa'rltaf%yelngé ' ng,
15  signal index vectors, comprising: calculating an index vector for an unknown signal; determining an
absolute difference vector from the index vector for the unknown signal and a reference signal index
vector of the library; and identifying as a match candidate for the unknown signal a reference signal
vector corresponding to the reference signal index vector if all values in the absolute difference
vector are below corresponding values in a predetermined threshold vector. In the preferred
20 embodiment, a plurality of computer systems are employed for performing the calculating,
determining, and identifying steps, wherein each of the computer systems performs the steps on a
discrete portion of the reference library. Preferably calculating, determining, and identifying is
performed for a plurality of reference signal index vectors. Performance of the steps is preferably
submitted to a remote computer on a computer network, with results of the steps being retrieved from
25  orreturned by the remote computer. The steps are preferably performed utilizing a dedicated CD-

ROM and/or ramdisk on the remote computer. Performance of the steps may be submitted and

results retrieved either automatically or manually.



determ ning, and identifying steps, wherein each of the conputer systens
perfornms the steps on a discrete portion of the reference library.

Pr ef erablwooztasst ati ng, determ ning, and identifying is Pperissvedsf or a
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preferably submtted to a renpte conputer on a conputer network, with
results of the steps being retrieved from25 or returned by the renote
computer. The steps are preferably perfoymed utilizing a dedicated CD- ROM
and/or ramdi sk on the renote conmputer. Performance of the steps may be
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system for matching a rreasured 10 scatterl ng si gnal to a reference signal
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pruned library is then generated by correlating each signature wth one or
nmor e 10i nchextienigg Sigmeat tol oreferencel sipad in Dlibday.i A prargef iefetece bigisadsis generdied eitogni t ude
of the correl ation. Finall 15 the index and library are | oaded onto a
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identify Amedaxrofﬂnarpmnsd tpray $s thédradenapeaaly correlating each signature with one or more

indexing functions and then ordering the index based on the magnitude of the correlation. Finally,
15  theindex and library are loaded onto a computer, preferably a special purpose match computer.
Matching is performed by submitting an unknown signal to the match computer, which correlates the
unknown signal with the indexing function or functions to identify one or more signals that appear
similar to the unknown signal. As appropriate, interpolation values are calculated between the
unknown signal and the closest matching reference signals. The structure that resulted in the
20 unknown structure is then calculated from the interpolation values. Details of the structure are then

returned to the requester and/or are forwarded to a factory automation system, or the like.

The present invention is predicated on the fact that the time required to find the best match
of an unknown signal from a large library of reference signals is dependent on over-all library size,
25  the number of comparisons that must be performed, the time required to load the library into the

computer's memory, and whether or not the library remains resident in the computer's memory.



simlar to the unknown signal. As appropriate, interpolation values are
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only onesgyg.enent. In the case of vectors having only one elenent, they are
scal ars and should be treated as such. 5 A reference signal, r , is a
vector (r1 r2 ... rl) of measurenent val ues obtained froma netrology tool

or nay al t er na{ jolfdnte B Negcsoéctd?f sj,mul ag%ﬂmmweﬂms\sahmséfrahfaal ned
froma conputational nodel. Every Fefere signal is associated with p, a
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of referente’si‘gn assocl at ed parane e error s(a,b)
i's a scalgaval ue |nd|cat|ve of the difference between two vectors. Error
functions enpl oyabl e by the invention include the nean square error, the
root ®ean square error,

An unknown signal u, is a vector (u1 U, ... u;) analogous to r. The difference is that the

associated parameter vector, p, is not known.

A reference library is a set of reference signals and their associated parameters.
15 '

The error £(a,b) is a scalar value indicative of the difference between two vectors. Error
functions employable by the invention include the mean square error, the root mean square error,
absolute error, and Mahalanobis distance. If the vectors a and b are of different length, then either or
both vectors may be resampled in order to yield vectors of equivalent length. A preferred resampling

20 method is linear interpolation. Another method is frequency based resampling based on Discrete
Fourier Transforms (DFT). Basis sets other than sines and cosines of the DFT can also be used.
The error can be calculated in the transform space. An example of a transform space is the

frequency domain representation associated with the DFT.

25 The match error is the error obtained when one vector is a reference signal and the other is

an unknown signal.

The measurement error is the error obtained when one vector is a parameter vector and the

other vector contains the true parameters of the structure under investigation.



absol ute error, and Mahal anobi s distance. If the vectors a and b are of
different length, then either or both vectors may be resanpled in order to
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| i near interpolation. Another method is frequency based resanpling based on
Di screte Fourier Transforns (DFT). Basis sets other than sines and cosines
of the DFT can also be used. The error can be calculated in the transform
space. An exanple of a transform space ig. the frequency domain
representation associated with the DFT. 25 The match error is the error
obt ai ned when one vector is a reference signal and the other is an unknown
signal. The neasurenent error is the error obtai ned when one vector is a
par anet er vectrae inddigblatR errbiif @k eVBGhRIceE MR RIdAetdrNBctsbyentOp6IaBAL &1rS afd t he
structure under investigation. WO 02/23382 PCT/US01/42123 -6 The
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e(pp,pe) is the interpolation error. A reference library is pruned
according to the invention by rennving t he reference vectors for mhich the
i nterpolation er ess than a ol d val ue. A reference |i
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where b, is a basis vector. lerarles are nultiply indexed by cal cul ating

an if@ex vector defined as it (11r,i2r, "'J ry, where each index value is
calculated as ,jn.the single i d case. sources of basis
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vect or s. rdfaenéesigriabwithoalsasts sigpbl tb proome a8 i ef(r,b,), where b, is a basis vector.

Libraries are multiply indexed by calculating an index vector defined as i, = (is;,ip,++i; ), Where each

index value is calculated as in the single index case. There are many sources of basis vectors and a
15  multiple index scheme uses N indexes using N basis vectors. The Fourier basis set is one possible
source of basis vectors, as are the Hadamard, Discrete Cosine, wavelet, or principal components.
Note that the wavelet and principal component basis vectors must first be computed from the signals
in the reference library. Methods of computing these basis sets are known to those of ordinary skill
in the art.
20

An index vector for an unknown signal, u, is calculated in the same manner as for a

reference signal to yield i, = (i1u,i2u,---,i,u).

There are two ways to use the index vectors. In the first method, the error between the

25 unknown signal index vector and each reference signal index vector, €(lu, r) is calculated. If the

error is less than some threshold, then the associated reference signal is identified as a match

candidate and processed further.



source of basis vectors, as are the Hadamard, Discrete Cosine, wavelet, or
princi pal conponents. Note that the wavel et and principal conponent basis
vect ors mig02/£33sst be conputed fromthe signals in the rep€¢eUSHCR113 brary.
Met hods of conputing these basis sets are known to those of ordinary skil
in the art. 20 An index vector for an unknown signal, u, is calculated in
the same manner as for a reference signal to yield i"™ _ (ilu,iZ2u,,ilu).
There are two ways to use the index vectgrs. In the. first method, the
error between the 25 unknown signal index vector and each reference signal
I ndex vector, s(u,ir), is calculated. If the error is |less than sone
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vector, d =i" -irl = (dl,d2,,di), and then conpare the difference vector
to a thré@ﬁ&ﬁﬁ“@@%ﬁbﬁt forevaryindeo.  t1) . Candidate signals are those for
which _d" <tn for every index. 5 A brute force search is one in which the
error pet ween every reference signal in the candidate set and the unknown
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steps di %?b'éés‘i%tc?lgs ;naff b@Fe‘?urﬁx%sdsgmeegasf rﬂatEt‘Educe both the
10
Even with the most advanced indexing such as that provided by the present invention, library
matching is an intensive operation. All of the steps discussed so far are designed to reduce both the
number of floating point calculations which must be performed as well as the number of bytes which
must be transferred between storage and the computer CPU. Faster matches result from a network
15 reachable computer dedicated to matching unknown signals to reference signals. One reason this is

preferred is because the signal matching process is not preempted by other tasks.

The speed with which the match computer transfers data from permanent storage to it's own
local random access memory can reach the tens of seconds. Two techniques either reduce or
20  eliminate the transfer time. First, a very large ramdisk, where a file system is mimicked in the
computer's random access memory, greatly reduces transfer times. Second, writing the matching
program as a server within a client server architecture eliminates the transfer time in many cases.
This works because the server program loads a library into memory when a match against that
library is requested. The library remains in memory until it is either displaced by another library or
25  the server program terminates. As long as the server program does not terminate, any number of

match results may be generated with little effect from transfer time.

Further reductions in match time result from running more than one match server for a library.

Given N match servers, a library is divided into N parts, each of which is smaller than the entire
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particular reference to these preferred enbodi nents, other enbodi nents can
achieve the sane results. Variations and nodifications of the present
invention will be obvious to those skilled in the art and it is intended to



cover in the appended clains all such nodifications and equival ents. The
entire disclosures of all 10 references, applications, patents, and

publ i cat vome2/zi38ed above are hereby incorporated by referpam@Sov@i2/ 23382
PCT/ USO01/ 42123 -9 CLAIMS What is clainmed is: 5 1. A nethod of pruning a
reference library of signatures and correspondi ng known structure
paraneter vectors, each signature conpri.eing a reference signal vector, the
met hod conprising the steps of: for a given reference signal vector,
interpolating a paraneter vector assuming 10 that the given reference
signal vector and its correspondi ng paraneter vector were deleted fromthe
reference library; and deleting the gEMﬁ&§reference signal vector and the
correspondi ng paraneter vector if an pol ati on error between the
correspondi ng paraneter vector and the interpolated paraneter vector is

| ess than a threshold value. 15 2. The nethod of claim1 additionally
conpr i si W¥hat lselapedysiof repeating the interpolating and deleting steps a
predeternmined plurality of times for a plurality of given reference signal
vectors. 3. The nethod of claim 1 wherein performance of the steps is

submitted to a reminkthoddf CraNRYE RfferBite Abr@AER bt RIturBSAMolrespdndiddhow@t hod of
claim3 wherein results of the steps are retrieved fromor returned by the

renot e cEHiLre parapstes vecigie easdh Sighatuest compasing B rafigienceisignalivecter g setod
per for rre%o%liisliggzthenge& 0gj:edi cated CD- ROM on the renote conputer.
for a given reference signal vector, interpolating a parameter vector assuming
10  that the given reference signal vector and its corresponding parameter vector were deleted from the
reference library; and
deleting the given reference signal vector and the corresponding parameter
vector if an interpolation error between the corresponding parameter vector and the interpolated
parameter vector is less than a threshold value,
15
2. The method of claim 1 additionally comprising the step of repeating the interpolating

and deleting steps a predetermined plurality of times for a plurality of given reference signal vectors.

3. The method of claim 1 wherein performance of the steps is submitted to a remote

20  computer on a computer network.

4. The method of claim 3 wherein results of the steps are retrieved from or returned by

the remote computer.

25 5. The method of claim 3 wherein the steps are performed utilizing a dedicated CD-

ROM on the remote computer.

6. The method of claim 3 wherein the steps are performed utilizing a dedicated ramdisk

on the remote computer.



6. The nmethod of claim3 wherein the steps are perforned utilizing a

dedi cated randi sk on the renpte conputer. WO 02/23382 PCT/ US01/ 42123 -10
7. The nawdom2182 cl ai m 3 wherein performance of the stepsPCHUSuUMIILX ed and
results retrieved automatically. 5 8. The nethod of claim 3 wherein
performance of the steps is submtted and results retrieved nmanually. 9. A
nmet hod of accessing an i ndexed reference library of signatures and
correspondi ng known structure paraneteripectors, each signature conprising
a reference signal vector, with the 10 library additionally conprising a
plurality of reference signal index vectors, the nethod conprising the
steps of: calculating an index vector for an unknown signal; determ ning

error bet weeny t he Lrﬁ'éjﬁétthﬁ&‘ 8ftc m%Whetten\?ﬂfH[iépamé\ge]oﬁﬁ grls |é”‘§]1%m"f}ted aﬁ& ﬁ astfsc ©

si gnal index vecto rary; nt| ying as a nma ndi dat e
for the uske@daudir@tally.a reference signal vector correspondlng to the
reference signal index vector if the error is below a predeterm ned
threshol d. 10. The nethod of claim9 additionally conprising the step of

est ablsi shi ng gepl urgl h,'é%oé)éfnc 05%9 rrl%ﬁ. )P% oS Rnd Va%aasrl)se srufbomrltgI ed ag? res%ellﬁ

alculatlng, t er m ni ng, ng steps, re

conput er retyiedednmanpalyf orns the steps on a discrete portion of the reference
library. 11. The method of claim9 additionally conprising the step of
perform ng the calculating, determning, and identifying steps for a

plurality of 5ef er ﬁ%?ho%'ogggéeselr%da%)ﬁn%ﬁgé l% e?enggfbrgé ofel;hetqu ebn%%ororespgnoal m o

wherei n performance of the step
known structure parameter vectors, each signature comprising a reference signal vector, with the

10  library additionally comprising a plurality of reference signal index vectors, the method comprising the
steps of:
calculating an index vector for an unknown signal;
determining error between the index vector for the unknown signal and a
reference signal index vector of the library; and
15 identifying as a match candidate for the unknown signal a reference signal
vector corresponding to the reference signal index vector if the error is below a predetermined

threshold.

10. The method of claim 9 additionally comprising the step of establishing a plurality of
20 computer systems for performing the calculating, determining, and identifying steps, wherein each of

the computer systems performs the steps on a discrete portion of the reference library.

11. The method of claim 9 additionally comprising the step of performing the calculating,
determining, and identifying steps for a plurality of reference signa! index vectors.
25
12. The method of claim 9 wherein performance of the steps is submitted to a remote

computer on a computer network.



conputer on a conputer network. WO 02/23382 PCT/US01/42123 -11 13. The

nmet hod of claim 12 wherein results of the steps are retrieved from or

ret ur ned w9 02/23382 r enot e conputer. 14. The net hod of cl ai rP@PUSIEREI3N t he
steps are perfornmed utilizing a dedicated CO- 5 ROM on the renote conputer.
15. The nmethod of claim 12 wherein the steps are perfornmed utilizing a

dedi cated randisk on the renpte conputer. 10 16. The nethod of claim 12
wherein performance of the steps is subnmif-ted and results retrieved
automatically. 17. The nethod of claim 12 wherein performance of the steps
is submtted and results retrieved nmanually. 15 18. A nethod of accessing
an i ndexed referentle MEHPAPALaM 13 Wherainipselds Sike LensrEsisBigMrdfipm Ririetmed by
structur ctors, each signature conprising a reference signa
vect or, 3F{%H@E§%ﬁﬁwﬁﬁary additionally conprising a plurality of reference
signal index vectors, the nethod conprising the steps of: 20 cal cul ating
an i ndex vector for an unknown signal; determ ning an absolute difference
vector fromthe i nfesmeided eficlam 2 wherein ihpgieRmarespegitamedauilizing & detispled €8- si gnal
index5veq&9%0 Ewﬂgﬁggkak@ﬁéi.a”d identifying as a match candidate for the
unknown signal "a reference signal vector corresponding to the reference
signal index vector if all values in the absolute difference 25 vector are
bel ow correspondi ng values in a gredeternined threshold vector. 19. The

met hod of cl ail¥n 18 TBRIARhPHANIAIN 1& whpreindhentiensisee rariepnesiutizingadedisaiefg a

pluralit yra,ﬂzjisk on the remote computer.

10 16. The method of claim 12 wherein performance of the steps is submitted and results

retrieved automatically.

17. The method of claim 12 wherein performance of the steps is submitted and results

retrieved manually.

15
18. A method of accessing an indexed reference library of signatures and corresponding
known structure parameter vectors, each signature comprising a reference signal vector, with the
library additionally comprising a plurality of reference signal index vectors, the method comprising the
steps of:
20 calculating an index vector for an unknown signal;

determining an absolute difference vector from the index vector for the
unknown signal and a reference signal index vector of the library; and

identifying as a match candidate for the unknown signal a reference signal
vector corresponding to the reference signal index vector if all values in the absolute difference

25  vector are below corresponding values in a predetermined threshold vector.

19. The method of claim 18 additionally comprising the step of establishing a plurality of
computer systems for performing the calculating, determining, and identifying steps, wherein each of

the computer systems performs the steps on a discrete portion of the reference library.



conput er systens for performng the cal cul ati ng, determ ning, and
identifying steps, wherein each of the conputer systens perforns the steps
on a diswevs2pertion of the reference library. WO 02/ 233BCT/BSNi/42831/ 42123
-12 20. The nethod of claim 18 additionally conprising the step of
performng the calculating, determning, and identifying steps for a
plurality of reference signal index vectors. 5 21. The nethod of claim 18
wherei n performance of the steps is subm4ted to a renpte conputer on a
conput er network. 22. The nethod of claim 21 wherein results of the steps
are retrieved fromor returned by the renote conputer. 10 23. The net hod
of claim21 wherein the steps are perforned utiIizing a dedi cated CD- ROM

o e et SR B B oo B G R R
met hod  ofdetehiihiiy, Zshd MeRGiRh @ stey hod ﬂﬁr@!ﬁ?oﬂfzfeﬁeh@e §érﬁzpﬁdéx§/e§t'dgm tted and
results retrieved automatically. 20 26. The nmethod of claim 21 wherein

performance of the steps is submtted and results retrieved manually.
5 21. The method of claim 18 wherein performance of the steps is submitted to a remote

computer on a computer network.

22. The method of claim 21 wherein results of the steps are retrieved from or returned by
the remote computer.
10
23. The method of claim 21 wherein the steps are performed utilizing a dedicated CD-

ROM on the remote computer.

24. The method of claim 21 wherein the steps are performed utilizing a dedicated

15 ramdisk on the remote computer.

25. The method of claim 21 wherein performance of the steps is submitted and results

retrieved automatically.

20 26. The method of claim 21 wherein performance of the steps is submitted and results

retrieved manually.



