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WO 2004/ 107042 PCT/ US2004/ 015693 METHOD FOR
EVALUATI NG THE EFFECTS OF MULTI PLE EXPOSURE PROCESSES
wWO Mo THEGERAPHY 5 Technical Field This i nvent i PEI/US2004/015693

ORI AT PR A RS Rt pFose

mul ti pl e exposuPROEESSESUNSLITHOGRAPHYLO Backgr ound
Art Typically, a device such as a MOSFET chip is
formed on a sem conductor wafer by formation of
several |ayers of material. Mst of those |ayers
formed are 15 manufactured using photographic
Techpithl Eiell ng t echni ques, e.g. photolithography, to
expose a target on the device to forma pattern in a
phot osensitive nmedium During the manufacturing
PIES hirvenfion i‘élﬁ?eg @%})ﬁbt&ﬁﬂ&krﬁf)hfc B obRY¥iRE Inéthod'End more
device is printe th a single exposure of a
partipilatiyde osiculatingmrdcesseffpets v madiiple expgsary tephnigues therefor.
target to forma photolithographic mask as a result
of the exposure of the photosensitive |ayer 20
BackePiipieARSi st | ayer) followed by devel opment thereof.
Wel | known how to cal culate or predict effects
of process errors froma single exposure technique

f t.he exposure qf ph ARY . .

b SRS Syl o PR SHOSREY it oA pufc Bmiconapetor e
by foPinAtibAbof Sévepdl 1616H o hixtatisl. IMost @ thuseYayorooinasl afee 25

process | atitude or_ process w ndow for a process such

manufactred using pPhotiseaphis pasterning derhniques,ge-gihalefithoeraphy, to
expogeq%%%g?tgo 2eVRE q%g(giﬁté a ﬂ%&t‘%ﬁlﬁ l;hs a %ﬁg&% fedidl DAfing the

posur e 0cess
mamyhoa@imgPiotess, apaitagl forengoeithe 1ayats emthsdeldte isquiintyd with a

. the equation as follows, PW= f p, (FE E, .F er
single REPQsHF et Eh%toéﬁl@!t“@m@“mv}:PM%ﬁﬂs%Y% ga.fhe lﬁré\“{g@s@m a
phot%ﬁ’t{i%@ﬁg&fkgrﬁa 1T ad § EeAPHSHE ExplRiote ¥PIHePHBeASHIE 1AL

ysis, F = Focus variation associ ate
(photuiredistAaydr) follbwed byvidevaliphieh® Tier2of>CT/ US2004/ 015693

It is well known how to calculate or predict effects of process errors from a single
exposure technique for the exposure of photosensitive layer, e.g. photoresist for that
purpose. The calculation in a simulation of such effects is commonly known as the
process latitude or process window for a process such as a lithographic process which is

expressed by the equation described next.

Process Window Expression for a Single Exposure System

The simulated Process Window PW for a single exposure system is defined by the
equation as follows:
PW =/ (FEM,E, F)

Where the parameters are:

FEM = linewidth vs. focus and dose curves,
E = the exposure dose variation associated with FEM analysis,
F =  Focus variation associated with FEM, and
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Al = the commonly known process w ndow. Process w ndow
refers to the range of |ithographic process conditions

w@ 200g/107¢f ocus and exposure dose) w thin whi cPCT/US2004/015693
critic iJ | have printed

fr £t Che UBBHORA! ki bESL findd

i mensi ons are"wt esired tol erance

range, A probl arise en te than one. exposur
Procesg el stiess P gt JHBEEaPLc DR ARG EHS fE P ferocus and
expodifrk Abbd) Wviftfih WHidh clititdl aadskObttterhF¥stues Wil Hefe piste® dfinensions
one techni que that can require a double exposure is
that ariegvithinal desired selexancerangee Al t er nati ng Phase- Shift
Mask (altPSM method, wherein as a first step an
al t PSM mask, such as the exenplary altPSM nask 8 shown
i I\ ptéblerhArises wheg thdiy thas 6hé gxposti@techniqub éy ledihg exyglored as a
to expose a target on a photosensitive |layer. Then
viabl¢ gptiemfon pranting eitical dighographiedetdlhg the target with
radi ati on passed through a 15 Tri m mask such as the
exenplary Trimmask 9 shown in FIG 1B. The Tri m mask
eXoretampls opapdchyiphetthat camrepmireandidule exprsure is the

implamptetive of e AWermatng e SRt B A LR nitiod aperein as a
first {lﬁﬁe ‘ag altPSH F‘%ﬁﬁ sﬁﬁﬂ%g ?S%@ StdmM&ry 2YPSM MmRYPE Shéwh $ FIQNIA is

I p/ wa to formthe final desired
used bypassing Badihtiore terpthacyghata PGhodsemstarget oncyphdtosedsitive layer.

1A, which i 000 i d h J .
Then foligih e Sesend Hep Lo thefarech P Ebiaipt prsed fhrongh a
Trim[iﬁ?%i%hcﬁ%s tRO exifplatPMrim hihsk!9Ghowh inlHTE. TB, WHSTrim mask

) whi ch manifestly block the passage of .
exposwdiinemployed to trirout ghd/oarenpye gawantes fegtueesof; the photosensitive

over oA AR o AR oB T s B RSB taer
(photBR&Ni{tE Dl the daviee Qiywaler) e fcing thefindl Adbivéd image.
therethrough. On the right and left of the central
opaque divider D1, between the margins LL/RR are
I | aht b QRS . akt P,
PRGBSt LS R EIGEAATEMGRE SORPER e, s an
opaqaﬁ haﬂdvﬂﬁfﬁkgin]gas o the i @rid 2 mittverinialge opgduemarirow margin RR
phase shift of zero degrees (0). .The |eft rtign L1
on thgfrighte LukTeaNAmthe margig i@& chléh@ﬁ@?%bﬁﬁ&ﬂ@ﬁl%ﬂswge of
s RERBAh, Be F Sfle 144 gl Bk ) vy
betwder theliakow nsrgins LIZRR @hichHs 100 nohwide, avkioh alyoananifestly

wi de, has 0 aqu insg. In this cas is a
bloclg tgtsrpaesaﬁw FodBlch EnebbPorih. 9P sheig  REIGEE e i
opaq@d Iided D11 Bwdéi theMBdteids LE/RRGre BfiMigRt péationd &.1/RD6E the

and left of the -2 WD 2004/107042 PCT/ US2004/ 015693
altPSMnask eash afj whicli i3i408 nuDwidd e The eight pertéeyBe of fhe HEPSM mask

passésrrlaﬁ)iaqﬁ)%lkthgre%1%ulgﬁfv$i/tl{ él%lillglstp scinriftlog Dero degrees (0°). The left portion

L1 of the altPSM mask passes radiation therethrough with a phase shift of 7T (180°).
A first exposure is created from the altPSM mask of FIG. 1A.

The exemplary Trim Mask 9 shown in FIG. 1B, which is also 1000 nm wide, has
no opaque margins. In this case there is a wider central opaque divider D2 midway

between the edges, if the Trim mask 9 is 150 nm wide. On the right and left of the
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L2/ R2 of the Trimmask 9, each of which is 425 nm
wi de. By providing a second exposure of the
wphbotoomwsl st on the target device through 5 tPer/U81003/015693

centﬁﬁé{lﬁaqgleq{wiﬁgﬁ)zlﬁetwtegﬁ thd &fﬁ% oPthd Hﬁnfﬂlis‘k@ Srelefiight %rtlons

rget device iIs ed (nodified). Wile it
L2/R2m|flthd<fﬁuunmask/9teacbaifcym1d!§4ﬂ5mneﬁde-t the effects of
process errors with single exposure techniques, it is
difficult to calculate or predict the conposite

efﬁ}eﬁlt(ﬁ’l(ﬁilg R seEfBexplob@Feofithe PRUIIrEsisIOHhE it frgof B&TBSthrough
e second exposure paraneters are |largely

the T%Sm apaskd® of FIGohB 1 the effeetnf the firstexppsre ontthe targehdevice is
| .
affecge%}/(%bogle@ S% ﬂstvlfe?irlgnm ﬂ&\H :t(g §£él§]§ﬁ@ nveﬁfedkf&tthx\@ffg&s of

procéﬂ;ﬁ %ﬁxfdrb Wﬂtmﬁhgm/exlkbsﬁre r&hﬁfqﬁleMt isalifffcalicé Taltuldta ol peédict the
stemati ¢ Method for Production of

: 15
commrég effsm §¥ PrRsesSHRSTONsiin dogblesxpesuyg sghemess as theseeongd exposure
para{;fn%{qu Grlar Jl??rﬁtﬁé @ﬂ%ﬁltlfp(ﬁﬂttﬁé ﬁi‘%}‘)gr aphic mask with a

ansn1SS| n whic Ight is transmtted
t hrough non-opaque portions of a mask positioned in an

 Regera) pas %%M&V% 1 it wiolls cihasyae feintis byt which
dlffepgxﬂs%nﬁ(ﬁry tﬂ/ ttﬁ@ sEHﬁn‘i‘@ﬁt‘ié}{‘aﬁY&és%b&Pbélhﬁr i mge

ane 1's y generating a continuous 20 mask
funct| on of cont| nuousl y-varyi ng phase which satisfies

FrRChrtent DR azis ot Rali“tuid 7Sy oAl Bsshpd e Production of

| Phaszmﬁ'tlhgTho‘?ﬁﬁhoéﬂ@md PRsks® deS@NdsY Methodyf %r@ducmg a

quadrature- phase mask function by dividing t
photdlithpgraphicsmpask swith zngapmwelon dunctiauin whigbdight metrzsnsnutted

ol B 0 RLGORNGRF B R
1mag@$§f6rﬁﬁd'di‘ﬁhﬂﬂﬁ@ge®l&h& rpéfidition bf RibiRArylifGize patteactsd v formed

whi ch has a transm ttance corresponding to one of the
by thiedliumination system en thejmagg planeds Eollovirdshy genesating,a copfinuous
masl?fusr’lgi;?lgé é)f gttn{l,\tg}gm lyaﬁzla&i) g\ﬂnlgﬁg r&’hﬂ)érigg tispeggl%ﬁﬁﬂe? nl?]eg error
crlteﬁﬁ ibak&Hon fiad ﬁrﬁnsiﬁlssiﬂn muml‘oﬁrand%he Llilﬁary[:iﬁtage pattern. Then the

807,649 Liebmann_ et al. for h| C
maslpﬁmcgph inganderyed inta @ %ﬁ'é*RatSé?' Flflrﬂ§ ftrm%ﬂt“dmg the

contign'uﬁlﬁﬁ E‘éfﬁhgﬁ)c Blise ﬁﬂlr agémg' Nelt thgp%# ga%% cénd?ffes a

ograp patternl met hod” and mask s using a
maslphmosiarfce with thermmldramae/-l piglselmkd‘umtm, wikerein the mask
incre in, bl ack size so tor Vi 0
inclugg s elralit e patareeins Fa o ViR et dermstpi yned fprresponding to

one ¢I'tRE ﬁﬁﬁ 4s€ fdvelsO THe Mat{ pdient destiib6Pd nieBifdBf fABFERINY an
=3 WD 2004/ 107042 PCT/ US2004/ 015693

altPSM mask, but it does not describe a way of analyzing or predicting the final printed

patterns on a wafer.

U.S. patent No. 5,807,649 Liebmann et al. for “ Lithographic Patterning Method
and Mask Set Therefor with Light Field Trim Mask” which is commonly assigned
describes a lithographic patterning method and mask set using a phase shift trim mask
having mask dimensions increased in block size so as to remove previous exposure
defects. There is no discussion of the process effects on the final critical resist pattern
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on a wafer. U S. patent No. 5,532,090 Borodovsky for
"Met hod and Apparatus for Enhanced Contact and Vi a
W(]Lizaohlogmaphy" descri bes a nmethod and appar at usP€DDS2004/015693
Onawgfe@ ng openings 5 in a photosensitive |ayer. An
unpatterned photosensitive layer is exposed to a first
mask havi ng an openi ng pattern W th di mensions wthin

oOBoRbiRt Nows s P00 Hegoaoyshe S pieoa g Apparehiyfor Fruhanced
Cont%]tq{ﬂdanggl I_r:]lgl]l Eughf'ﬂﬁ%@ﬁbésr @HﬁﬂlJJ‘ﬁl@Qﬁﬁﬁﬂﬁﬁls%I‘ féi'miing openings

osure through the two 'nasks forns a
ina plaitmhsmmgfyew Al wpstterhet plogesensigive lsyerds exm)sed to a first mask

th t d f
having s proes petiern i (EREGSphEy R e aritesS B rapais Haffore
deveﬁgﬁﬁhf‘ Ghé ﬁhofo@éﬂ?ﬁ@lve 129& iSekpeked 4 4 s@@ﬁﬂlhaﬂ@ﬁrfth‘abgﬁd of clear

ni'que for formng small holes in resist, but does
spacesairoms] thecopenimgpatiein. JFheccomhined ewquaﬂtrpﬂg«h thy tofo masks

cess. effec final r JSt a
torm® 4 JuRRT wipeedia s ¥ er poffiper EpinoadroBillin ol Migixposure
dose mﬁcﬁ%mﬁﬁ&ljto itk thé ideddifyiadfife)h reecd diftiehsion @penmg is
Li t hogra descri bes a device Iayer | ayout et hod

formedr Tphart Berqdwgkjappwm deseribes p jechnigne for ferping smalihplesdn

I ace ne |
resisfyfit RO fed Lo} EBnoRl BF cftplotioh Y uiifind ot %9%#5‘%?&%“ upon
ﬁnalfrémﬂah@nd@at abase to produce a |ayout of the
phase- edge phase shifting layer. The 20
phot osensitive |l ayer may be exposed to a mask that
C e t i
o STRRRAE S0, 8 65T 316 bEAb tor LRV RELINADIS, Btk TR
Pattexhing MethiodSer Plhasd-klﬁftﬁg/thography” dexyxibes 4 dedrplayer layout
unwant ed portions of the phase-edge,l
et patiebIAE S eSePsSRe PR ET RS festioas ce PRCeq m dies
runs} 10N an@Vét c%lﬁrﬁn@duﬁﬁ%bli‘&%u@f Thélinkd Md/08 cALRRBRTe extracted
ects. 25 U S at ent 6, 159, 644 of Satoh et al.
fromfthe damkmti) plfodlﬁaballa:samt ngthesdmsc-@dgmphaﬂe shiftingilayer. The
es Utilizin t res" des
photpepGNE bver gt Boefiosed b mask St ERreshRd (368 fyout,

prodatingAMRitht fhasd6f fthie FBws andlins. TRe fR¥foS@MRitiveIayg ifAlso
exposure net hod enpl oying a m xed use of '‘a reduction

exposerbigdhe deyiee ldyen laput ipeneseunyvanted nor igpooldhe phpse-edeg layer.
q
Do LTSI aal BRSBTS HE s e o

methddtof calulatibgqirecéss effeleam corrected by the first and
second error quantities. This patent does not describe
any process effects on the final circuit devices. -4

U.S. patent No. 6,159,644 of Satoh et al. for “Method of Fabricating

Semiconductor Circuit Devices Utilizing Multiple Exposures” describes a method of
making such devices which enhances an alignment at the time of making the devices
using an exposure method employing a mixed use of a reduction image projection
exposure with ultraviolet rays and an E-beam drawing method. Beam alignment errors
are measured. The E-beam draws an exposure with exposure data on the electron beam
corrected by the first and second error quantities. This patent does not describe any

process effects on the final circuit devices.
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WO 2004/ 107042 PCT/ US2004/ 015693 Thus, there remains
a need for a nethod to conpute a conposite process
wawrwdooro4f or mul tiple exposure |ithographic prRCEESES4/015693

DigGlOfidé {éﬁlaﬁlpg ﬂaag& ¢ot rr% et (ﬁ% %o: cdn&nfiu atoh 1t9 r$&b§wmdow

invention 1o provi I ple

for nmmplsukpos(lme lithdgraphie ppbegsiesl i t hogr aphi ¢ pr ocesses It
is a further object of this invention to provide a
nmet hod for determning 1o conposite imges for a

Discl rglophfeﬁfggﬂﬁéﬁe |'i t hographic process. It is a
this invention to provide a nethod

for determ ning a conposite process w ndow for a

b sy bt P B BERA ol S e muttiple

expoﬁfr@ ¢SSmubiie sfepP Hthdgeaphic pro@ssedf 15 exposure dose and
def ocus condi tions) under which one can print a

feature reliably. It is yet a further object of this

I Ryent to ' ..
exbb 0t e o s RpfiiioR do bEbyaEh Bqthi B Armining
composiE Rfigzesiena ﬂihlﬁple@prbtd@ﬂithégraphlc procéisstri bution of
dose and defocus errors) is provided for the
I|thograph|c process tools 20 and conditions. It is
S tIlt Iig a Mﬁ'&h& écg I?)? thi l?l’l hoﬂfto F)p('n;‘idé R ho@fort dleterfmining a
provi‘de a net ern1n |cat|ons or
com;to@ilé prevesk windosstoes lilalt!ple ];expdsurdahl:ﬁggta;ﬂﬂeprdaeSQWth he
ensure a target yield for g nulti expo
procyss prings R0 ibihscasst o ithograpiie PhosseEeaniibRt b range of
expoém%%é £ défolp { mlﬂé sti %amvmen@mﬁ caflp rﬁ{t LRARGE rbRably.
aerial 1 mges t|p e exposure or mul tiple step
I|thograph|c process by detern1n|ng sets of aeria

es f ach, ex I, e, ste ss i ndi v, a
it Yot artou @R ah e iy it foidr SRR meliogof WRlepitining an
expe&@ﬂ yilld forg@sltie @ﬁﬁ&du‘i’f&: NithdgfRgIfiE pBbeebs Wheh B ebidrPudpet (i.e., a
pri Or exposure step ( process) with a weighted i nage

distribugion of dbmmfomgm isoprogided for thedithegranhie process tools
ex sure process. Preferably, the inmages are
Mhed by sinul ation, and are provided as
nornallzed I mages over a range of defocus val ues
eépected for each exposure step. The wej htln factor
t iy stilbyet s fprther phjqch obthigjimyention to prov

A

ensure a target yield for a multiple exposure lithographic process.

and

In accordance with this invention, a method of determining a set of composite
aerial images for a multiple exposure or multiple step lithographic process by
determining sets of aerial images for each exposure step or process individually, and
then sequentially determining sets of composite aerial images by combining images
from the first or prior exposure step (or process) with a weighted image from
subsequent exposure or step of the multiple exposure process. Preferably, the images
are determined by simulation, and are provided as normalized images over a range of
defocus values expected for each exposure step. The weighting factor is preferably a
ratio of doses of the dose from the subsequent step to the dose from the prior step.
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In accordance with the present invention, the

conposite imges may be used to performa process
wowedooroanal ysis of the multiple exposure procRSEUSI04/015693

exanpl e, threshold doses for photoresist materials

may be provided, and used to determne 5 expected

prinrdceordanicé with thd ipresent imen(ion)the ThapaSite/images maynbé wsed to

turn be used o deter.m ar esentati on or nct i on,

perfqrm & pracest yEdovy apalgsisph theduulffpleinposie proces, For example,

threshoRIMosRs fOpHYLONEEINE RRtAS iy b prQIleIBARd fisedoURSerntine

gl ven dose ‘and focus values, simlar to a
expeéted psintehodtied dimensiang (EN)  ThegDt vadeespannin duyybe used to
functional fit.to those al ues . alterpative .
deteniB pgehipsentebioh e pafn b4 basPirola bR IRl pretric for
exa ﬂl@}g)ty' ﬁﬁvﬂﬂng’fgi/oc%&ﬁailﬁ%\wﬁ@ﬁid hla&! Agivened cke RhATB&S values,

Wi ndow di stribution for given error budgets for

dose
similantb al Efcusespeswre matvix (EEMD, ang shencproyidipg afgpctional fit to those
nul tipl e exgosure. r i vel ' . .
value[sa?légﬁe aglvg?, ﬁw&n&é@%éé@f-gpﬁl@gb g‘éﬁﬁé v&yﬁa%svﬁl vahU6%W detric function
may el bd Wetlito defoRphiiea puscds tindbet distrilneticar fod igivemdgesr budgets
specifications for tools to ensure a target yield is

for dss; andhdefopwsyandarayide arpexpegted gdeld é%ﬂ!fclegkiple ¢EPOSpFprocess.
AlterfaRvh péi'v@ﬁ]a(i%r L id) 9Re g&tﬁ]r)](f)ﬂeﬁﬂ'%&g vARdow Td'i]ﬁfibrltion may be

aspectsand a agés o I's invention are expl al ne
used 30 detdesniid dredr badgov spedificatiins fentvels to enkwreac targptayisldris

drawi ngs, in which: 20 FIG 1A shows a prior art
obtagegﬁghﬁngﬁlp\‘\&)ggosgg RYOSGS- a prior art Tri m mask.

FIG 2A shows a set of defocused aerial inages
resulting fromthe altPSM mask 25 of FIG 1A FIG 2B

BriefSDesssiptiopetf Dofawikefsocused aerial images resulting from
the Trimmask of FIG 1B. 30 FIG 3 shows a fl ow
chart of the method of this invention. FlIGs. 4A-4D

| | THS tdrasdin@d 8hil BthdrBPEGs H6@ddVihtaEGUT RN GRveltion 4rhexplained
present “invention to evaluate a nultiple_ exposure

and gdesoribed beloy with zefongnce 1o 4lze ITYMPIRYE drawdegs, iFwhichy A

S aerial. . ing fromthe altPSM nask
O?ﬁﬁé&‘%&J%ﬁ%ﬁgﬁ%ﬁ@@ﬁéﬂ%& of aerial images shown
in FIG 2A, reduced in scale. FIG 4B shows a single
aerial image (I MAGE2) selected fromthe aerial inmages
5 FH=( 4B shaysa priox ad Iimmasgsk shown in FIG 2B, The

| MAGE2 curve is nerely

FIG. 2A shows a set of defocused aerial images resulting from the altPSM mask
of FIG. 1A.

FIG. 2B shows a set of defocused aerial images resulting from the Trim mask of
FIG. 1B.

FIG. 3 shows a flow chart of the method of this invention.

FIGs. 4A-4D illustrate aerial images used in accordance with the present

invention to evaluate a multiple exposure process.
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exenpl ary of the fact that any one of the severa
curves in FIG 2B could be used in the process flow,
w@go0enoiosned herein, of this invention. FIG 4RCT/ESH04/015693

c At I Ls iﬁHg? o

42 aﬁgA %g%‘gltgéhﬁ%g?\n I ;ér%grti lelgar ag“?ﬁ[ﬁ“?ﬁﬁ@g@&m@' 14,
similinctontheset efcaeethl ikages showndn FIGr 2Ahréduced in sealeag an

intensity vs. position curve HC which was sel ected

fromthe group of curves shown in FIG 4C, which is

bepng. £ shewws & shfdreRl ithhsedVoA AERFkdlecthbd fiotn the aerial images

threshold value t11, as indicated by the horizontal
resultiog fein KheEsim a@sksi®we in FEGa2Bodhe IMAGES carygismerely

et TS 8PSy B U i e

procésS €léw, 49 6@tlitle@theléin) ¢t thiy iverftiviept abl e process w ndow
is 20 defined. FIG 5Cillustrates a pl ot of exposure

|atitude as a function of depth-of-focus. FIG 6 is a

fl h t he. ' ' Wl t

RS R A s R Y DURE o A PG A ana
FIG.MB With a partfdular aeriz imageHCobging sélectpd.ocess wi ndow

response surface mapped out as a function of

"Dose-Rati 0" and "Second Exposure Defocus". 30 FIGS.

3 . < . . .

e A A0 B G Pl s Bl Finp el HIC W Fas
selecteddrofthe gsowgy ofruriveskhews inFl&e c4C€ dahich is\beéing slicesl from dose

- thre | nlé]g?xtg{ag ?lotp Ebgqspgﬁﬁ%@@g@dﬁtgﬁqu ﬁlséi_lgo%@%\iflgl%tytted lines.

2004/ 107042 PCT/ US2004/ 015693 this invention. FIGs.
10, 11 and 12 illustrate estimates of yield resulting
f TG daisyasFecusfExplosureddntrix (KIEVD 06 binewidth ad efunction of defocus

¢ o{'hsiri bution determined in FIG 8D in accordance with
rom,ifie LrsteXpasNre ATOECSS-past Mode of Carrying Qut the

I nvention This invention provides a sinulation nethod
for calculating and/or predicting 1o effects of . .
priddeSB dlustates adogus-dgss plet inrythigh gB peegptakle pro¢pse window is
defingglti pl e exposure of a |ayer of a photosensitive
terial such as a photoresist |ayer on a substrate.
As indicated above, one technique that can require a

doubl e exposure is the
FIG. 5C illustrates a plot of exposure latitude as a function of depth-of-focus.

FIG. 6 is a flowchart showing the steps involved in obtaining the CD vs. focus
curves in the flowchart in block 18 of FIG. 3.

FIG. 7 shows a composite process window response surface mapped out as a

function of “Dose-Ratio”” and “Second Exposure Defocus”.

FIGS. 8A-8D illustrate the Monte Carlo analysis to provide a composite process
window distribution for given dose and defocus error budgets in accordance with this

invention.

FIG. 9 shows a data processing system adapted for performing the method of
-7 -
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i mpl ementati on of an al t PSM process descri bed above
wth reference to FIG 1A and 15 FIG 1B. An exanple
w@Rooanhatoler nulti pl e exposure process i s a firBCT/US2004/015693
this f¥anRss e of a pattern is followed by a subsequent
exposure after a shift in alignment of the pattern.
Al t hough an altPSM nul ti pl e exposure process is used

b e e for the purppses of.illustratin

- Tftes o 26 antGaFachte spotings® oF BERE Feshling APt Aty ot the
compUsRe PPbcest Wiikdiw AiRtriBYtiGiPd@BRhiRE ih FICL BB inMékérdahee with this

exposure processes, as will be understood by 20 those
inveghon.| ed in the art. In a typical altPSM process, the

final wafer pattern will be fornmed by first exposing

a resist layer on the wafer to an i mage forned by
Best 8¥RRSCarlrvin®. ORegeiIigentiondi at i on) through al t PSM mask

} e T1rst exposure conditions will be characterized

25 by particul ar exposure dose and defocus val ues.

Af . i..Ng. { eS|l t i A .

¢ s R R BTk lrihlby bR e ifeuldehde b @B hlccting
effectsuTqQ19besh Berofs (g [Rukks afd dbsdy bf.tedihigwescofpamidtiplb exposure of a

target on the patterned resist |layer, but typically

layer of photessasitive Taafseinl sushas aphptoresisblayer op asuberatss e

and defocus values) that are different fromthe dose
and defocus values used in the (first) altPSM mask 8
exhoindieated hbo i) on {eehhizpie dkati caln vieaire 2 doarbld éxpogurferio the

pIEENATA oL SR preovies adseliBeaRbaYe b Fefirpise 931G 14 ana

FIG. V& n 2xa@ipleddf stioMtrah&i ?@éﬂp%buﬁe‘%@?ss R Qﬂﬁl&e&pgmfe of a

projecting i1llumnation through the altPSM mask 0
patteFh @ follawted hyensirhsequent szposaze after a ShifOndigniient of the pattern.

PCT/ US 1569 def ocused i nages ferred to a
Aungyghy o s PSN mlle £ 5PostEy Ditsers dore bSofisitn i fyme
purp6béscF ilistrat préfes-edentbodith@fticf dh h AGERSING Ok, ithé1fresent
for mask 8. e set of defocused curves shown in FIG
invertion may be applied ¢ etheg anultipleexpesitre\pEpgessas) awwikbe understood by

" by curve illustrates, for different defocus
those{/sg&l-lgée%ma@%gaglt’at ed with the first exposure 5 conditions

for mask 8, the resulting image intensity projected
onto the photaoresist of the eéposure as_a functiqn of
R

poldy 3 Expical altERY1 precess, the linglgvafpppattern wilkhe toxgned-hydirst

ki | k6 Gl il bileUfT}RiskiR
expoffi L R oPOf LY R 18 B i ed AN BB T 8
radistiom)dheouzhmitPSM dnaskt 8. dFheafirst akposome eenditionsiwill becharacterized
t he Ximum i]lum patjon intensj or.a.clear nmas
by D pagurs st Bbf AoRh Tl ek B SeFebhipe R ra Rt form the
first PREErPr&fitdeFrothRxpOsifg RRIRSSr aidion RSpdbed@iroasIP 81 Trim mask
mages at a series of
9 of FIG. 1B to expose the target on the patterned resist layer, but typically using
exposure conditions (e.g. second exposure dose and defocus values) that are different
from the dose and defocus values used in the (first) altPSM mask 8 exposure. The
expected aerial images resulting from each exposure individually can be simulated using

techniques known in the art.

For example, FIG. 2A shows a set of simulated aerial images produced by
projecting illumination through the altPSM mask 8 of FIG. 1A to generate a series of
-8-
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di fferent focal points. The set of curves shown in
FIG 2B, which are referred to below as "SET2,"
WO bdowgoroat e, for a range of defocus val ues assPCI/HSBO4/015693

defoc\r‘yigé&u r{):{@s 951%91%?&0 CSQH% bt &’iﬁ%rérﬂrfoé‘;ﬁ g& ége%(;rcliigvalues)

AOI Na |nage intensity
which hee a$hcihmiessith texpﬁctedmo&xqsamndmm for fnask 81 dbheset of defocused

ositiqn e . X axi as sho
curvEy b8 E16, P MRS 318 reliefiatn oHeciiby beley 4 SHTTS Bach
curvﬁlﬁlgt ﬂaﬁ"ﬁr Qﬁff@reﬁ?héi@cﬁd PueCdssdGated Witiethetirst exfbsure

the normalized intensity curves shown in
conditions fomaslnﬂ thig resuwdting nuegﬁemdmsity Pirojeoted, onto thephateresist of the

of dos | ue can be esti Skhce
expogiye a8 3 pfiih ot i B K AR g e, 1% rhe
intenbitfel' B Fornelized 6 B fodxibién SRRt inf@kity §61'% clRar mask (or

latent image in the resist when the radiation energy
no masleeds a threshold level. The threshold energy |evel

can be represented by an effective intensity |evel,

for exanple tl 25 or t" as illustrated in FIG 4D,

C QTR 2BVHOWRG didutated k@i abdalignges (ioriadized bo tiRSmakimum
The distance between the intersection points of .the

illumingtionHptensite fer a gheanmask) produred by QF?J;‘?C“%HW‘B?BW Hugugh
the THHTRMPHING, Ib {o/}enBldR hIEritH @maﬁe& RhASE ot &IRHELEr

acri NeENSI on or expect e
diffefin¢ maﬂpﬁm:u sThestt of p@sies shalas in FIGLAR, wiieh ave mefern'ed to below
= Nes can be used to stimahl CD erro Wéegative to
as "SER2) g‘b}stl@@,\far a&ange of delorus valies gssoriajest withthe process
e
condﬁgi;lﬁ ?%'15 Ir i%?1 Ielﬂlrsﬁ @kfg%l I‘S%ﬁlﬁﬁg’ngﬁgglrl%égf:inﬁqg'es’lhté@t%Bﬁg\ﬁded onto the
photm&asﬂt ofcthe xposire ap p forctionefmdsitichcong thewasl ds shiowmin FIG.
sk 9 aI one. Howeyer,,

1B. v? Ist ﬁléey O(}éllgg{e] l{;gh qu“@l "3 solid line
anvggpﬁﬁjQﬁpﬁz PCT/ US2004/ 015693 through t he second,

Trimmask™ 9 of FIG 1B, the effect of the first

exposure (for exanple, using the altPSM mask 8) upon

RPNl fed AYELi SuFI UG FIBS, 288HE 1 are

I nvVénti on provi

mde%@ﬂd@ﬁﬂolf diseCRIRELI G dose ADSIPAS Héfocy wilas saivbe dstivmatet 8ince the
oth, or other mul tipl e _exposure processes have been
exposnrggsiose Guhickjcn functignof ilypinakien infensity and gxposyredme)forms a

5 AU SHIREL A AESADARRE sk, ARUADIA B8, e

thresholeaiergplevel cnelssrepeesentes b)nz_mj efiidaitive émns:lty evelg foeraxample t;
or t,pp AbiStratd kA 4TS correapolin by DAamegd st fPra@ven resit. The
dlstaﬂ‘é‘% B&%ebﬁ b2 f‘ﬂ&?@&fhﬁ %ﬁﬁ of Me MrEstond levbWﬁH tal &3¥er] Mensity

re than two) exposure
curvp poeddesasmeasurement of the printed dimension (often referred to as a critical

dimension or CD) expected for a given defocus and exposure dose. Thus, the curves in
FIGs. 2A can be used to estimate CD errors relative to a target CD value as a function
of dose and defocus, or process window, for the first (altPSM) mask 8 alone. Likewise,
the curves in FIG. 2B can be used to estimate process window for the second (Trim)

mask 9 alone.

However, by providing the second (double) exposure of the photosensitive layer

-9-
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Steps for predicting a double exposure process w ndow
distribution 15 The flow chart shown in FIG 3 is
whamadooppn the assunption of use of at |east BCT/tus1obd/e15693

throu?ﬁ%% Wéconh! ?ﬁﬁ? fhasR 9UIAG. TBS thelhicBdr QH@f‘i}sQ leRposudé tfor

iven illumnation conditions for the two
exampl:t{; lubing)the AWBSM wesk B) umleﬂmplm@neesmvﬂnyep fis qugpé by the

nti.,on can e _extrapo ed to
doubfisapivsy TR BoRESS il B Rl A oot Smputing a
compasart@%)imgs Widideweafeerilsuih] GiSothdhRulindle Qﬂp&furé godesspwhave been
chart showmn in FIG 3 20 starts at block 1 FIG 9
applied) ustrates a data processing system 40 for perforrri ng
the nethod of the flow chart shown in FIG 3. A
central processor CPU is connected to receive input

dHIG. 3fis @ Mowckastowkich ilBtetey ﬂie%tbﬂ@)peﬁfbrmdnﬁtaeéordance with
controlling the process of this invention.

Dat a

this inygntioniahich aceemplayed foeealgylating and Pf?fbcgmy&efw& gfgprocess
error 1] S3uBe ckb{ire SRR, viire B sdelfid Bttt R dgpendent from the
first. skt Gvcude be ettiaight fasiardito applysthe anethod éda¢wrdimece with the present
. processor % ﬁaiend an recelve dat a re0|%¥ocally
inventipm for gther mylfipleegomorg O\FXBESHTE RTPERSHSt or ) DD

is connected to display pat t er ns fromthe processor

CPU on the screen thereof and a gr aphl cs
Stepsofior predigting Xeh(: pFOcESRWin distxibutiom provi de

printed copies of plots dlsplayed on the nonitor DD

An optical scanner SC capabl e of scanni ng docunents

| STIRONEW ched showh th F1GYB dPhised Wpdn thé RSARITRIN of uddbRat least a

into the system 40 by a connection to the processor

doubBRexposureuoeessi hivgn maskdesignt(pattermycand wpmgrgiven illumination

cona R AOFR R  BHS3F  T fpson

inverflRfredah BiexdGipolatéd tdhse foB compusing phel prdcbss wingloanfor multiple
sinmul ates the set of defocused 5 aerial normalized,
exposureg Ewrethan double expasarese {TheappthodiofiaeHoy ghapishowniy FIG. 3
starts at blobk lf)or the first exposure of a multiple exposure
process normalized to a maxi mumintensity
corresponding to the first exposure process) whi ch are

o B 3l i oo o

flow CEHLAGHERH in FFG' 3" A BBALA prbdesssCPl i E@nﬁ&?e@%ﬁ‘éééﬂ/@mput data
I mages created by using the altPSM mask 8 10 of

fromlztkeyboard KBepserofed3iTin operatqraontodiingstheprofess of tlgs invention.
i on.thr,0

Datayyhighpd8 by biihe so it albe Bpthe ndlksor Frof 1o and 18

and ﬂﬁ p%frlthhﬁ%s‘sdﬁzﬁ@& ifith ﬂﬁﬁﬁﬂvéﬁl&hﬁﬁ%l‘edﬁﬁﬂﬁé dhtaGiorabe device
mask at a series of different focal points

DSDcWhltCheS eonoeeted tothesgroressor €B{htorsen] apgd rgepivedata vegiprocally
theresfo and tﬁeref i VeA%:lsptlztt])"e device (monitor) DD is connected to display patterns

from the processor CPU on the screen thereof and a graphics printing/plotting device
GR is provided to provide printed copies of plots displayed on the monitor DD. An
optical scanner SC capable of scanning documents is connected to enter graphic and

alphanumeric data into the system 40 by a connection to the processor CPU.

I. Determining a Composite Image

-10 -
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intensity of the exposure as a function of position
(along the x axis) passing through 15 altPSM nmask 8 of
WO-2@B4/10M42 FI G 4A is a reduced scal e reproduct POIHUST004/015693
FIG 2A included to show the relationship between the
exposures represented by the curves of FIGs. 4A and

SlmulthOhQ)ftAtema@imagesrfeBFl pEzpesureat Marying Defocus(SET1F| G

4C. The defocus values, fl;, i=1, ..., |, for
'defocused i mges SET1 shoul d be chosen so as to span

t fifica C3)$n ¥RbU2Ihé EteARGRNAGSThE Bet dfalaﬁﬁaused
lﬁéslzab egaﬁjt(ﬂ]g)(? exarer |nbﬁt%|er for 20 the

seriabeoriedized lmagéstsFeTl (iteo 3 &eagéam@tmq@ge&ﬁl\éé(}lﬁhtl&ﬂe 1, for the

oul d have e or dewa
first Spape o damlinds Spners REEE R rlatat £ bbbl §insity
corre§15’(ﬁfﬂlﬁ§ to ﬁ@%rs@éxp’ésﬁiﬁ.fpﬂo@éhspﬁvhkﬂi mtﬂlﬁ?sl?rataﬂ ®§ bolli FIE02A and

anot her way, the ran ocus val ues ., to fl1l

also in FIGI dAatInlthawamvlee %Iﬁﬁo% apg| {1 %osh%ﬂwewfé@ﬂiawed

ool 5 ST Y RO LB R  B  ais

of FIAESA! Mhiel capvasfof SEASwére-pi8datedbGprajedtiig ihominatién through the
Si mul ati on of Aerial |mnmages for §§cond Expg g
altPSYhmyask § abdflbe 44 ‘(nsksrzsylsg degregs afydefgcus, he the 535% @y ves depict
e Lo BT B hOSABSgl $0 A lnrc
focal pbints ange projedtidn systemalﬂmﬂs FiGcRA ankideGbMA sh(lp‘etlteemrve of the
. variations in CD re enc assed bhe se h
intengippek e oo ana Topesforcataippiion (alis thE R 2359 PR Gove
altPsM nmﬁ sdﬁ‘ﬁ%ﬁ 1Al 9 UAR a%%dué&i ﬁﬁlee&piwietio%fw 2A

own in FIG 2B. The sanme inmage is shown as
1ncluﬂl§ﬂa t(ssliomdtliel nelatigAship beh@enbe exposunes repoasentericiythe curves of

04/ 015693 b d t at t
e R 35S b B S TR Bt
valuJ(shﬂ $i11ul at firtefdculseRifSzes SEThould Bé clfoseRSo S to span the range

t’he second exposure i mages of SET2 (the set
of defifcus gahmsj that pggunpaqs ggzglgem&gggablf CP. For exagl}plg,rlg order for

the CPLa B aéThed Brehf, ofF Tt Pisf bR teplfte soflaRlycthges or
sideviiIRABAY FreRufficdsifly JHarg, dﬂﬂ&lmidileloﬁaﬂiumfﬁll iwithdim aitolerdmee, such as

the first exposure step or rocess may_be different
10% ¢ ofandestred i {praeh CINVRING| Stated anqther wakhe rangs,e fogis values f1;

o 1 A b YRS SO AR s oo
slopeyis ébtpinedss phastithe ppintak €. wilbbdaseablei ni ng Conposite
| mges (FINALSET) In accordance with the present
invention a conposite image i s determ ned by

‘ d Bt ed"‘déslc{‘l?bhoﬁ 'omeﬁ_tz ¢4L28TRITG( 8 féllowsPhkxit.t D
se ecte I mage resulting from

v

Simulation of Aerial Images for Second Exposure at Varying Defocus (SET2)

In step 14, the system of this exemplary embodiment simulates a jth defocused
image IMAGE2;, where j=1, ..., J, and f2; and f2y span the range of defocus values such
that all expected variations in CD are encompassed for the second exposure pattern.
For example, a selected jth image is the dotted line curve S2, selected from the SET2
images shown in FIG. 2B. The same image is shown as the solid line S2 in FIG. 4B

-11 -
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a first exposure process (e.g. an exposure of altPSM
mask 8) with a second sinulated 15 inage (e.g., a jth
w@edogaoma2 | mage | MAGE2J) resulting from a secoPdI/US2004/015693
P lFtH%ft Ehmsﬁﬁ)&if HMG. 1B.
basedﬁfﬁoﬁl%&)agﬁepﬁso%a%%ﬁ%te& ?)yg%%[gglgﬂliltogl)@ rrglgée Pt trind. hi¥
As in tigy siﬁnilavﬁtﬁrd’ images for.the fikstrexposwe NSET&),rthmmond emre images

TR R e H N
maxnﬂer EnEch ity Phca cR&E ni%lfsk @GP H%Wntf@cﬁdmﬁﬁfdcﬁs)rﬁﬂﬁé fordhé Second

ter as the conposite 20 i mages.
exposiacpracest Wate ghatithe gmxellnsmemeltﬂty HonHiedirpt £XpasBRpIIER T

ooy e R AR OV H i e

since Hieoi‘ﬂﬁ zi’t‘i’t% EGtiHions ®ay be diffdrent fupithe ﬂﬁﬁ:rhﬁlfexmﬁgﬁa steps in a
MAGE2J from SET2 (I MAGE2J 25 for j=1, ..., J) at the

multlplerexpeswe@sowiiue for the second exposure process.
Here, the weighting factor is preferably a nornmalized
rati o of the dose of the second exposure process to

Deteﬁnhﬁi;g%&ngﬁsﬁemné%'eb SKFINAXDSEW) e process (hereinafter,
nt exanpl e, the normalized
DOSE- RATI O may be expressed as DOSE- RATI O = Dnor n2/
ARyl iy el pl@HES e ilpine b
combiiifp atfirsedithulited images @gd. parsith selacte@ imege M AGE 1:heesulting from
first and second ex osure c [ on es ectivel
a firspeqases BIOSEs (- S PHSea A YRS A opcondimplated
imagé gb % &ﬂmkﬁkﬁdr Iﬁﬁgl! FAGCEY) r@dﬁ%ﬂg ﬁ%hﬂ\ séc%)i& rexf)f)fﬁfre tp6cess

a posit resi st)” when exposed to devel oper
(e.g., and ekpasure of PrivOn@el ). 1BMmbmsngbwmﬁemage$wA&}EC is

rorm B b0 Sl b L b Ap Bl St St an
expe@OF Patifi@R!in (WGl be SntSApSSE@ ot the \HanlGipld (S(pbhﬁ'e process. This
exposure at which the resist starts to beco

set ofi comypasise émigasfis refprred to bereingfipatasdbe & FB&M@EH eof Gogpposite

t hat would be optinmal for each exposure (i.e., DT1
imagesyy pT2), then typically the actual dose will 5
deviate fromthe optiml target (i. ., a dose error

AD1l, AD2 respect | veI Y) so t hat RAT )y
exiiachdndiyidipl ipagsreleiienty EFINAET lmzymr_feg)rﬁa taFr(n@qefcl.; image
O [4 CO
om0 R GO0, SUURIAF ol el ot exponr
procébﬁ afficonibinidg iiewithhl v@elgmdgﬂﬂnmgtﬂMAGEdyﬁ‘bme&E&‘g lﬁIMéGEZ
and act ualfiﬁrgose r.at be expressed

for J-d]ev.r, ) abthesth aity wgug |sec'%1¥1 expgsure process. ﬁ%re, the

weighting factor is preferably a normallzed ratio of the dose of the second exposure
process to the dose of the first exposure process (hereinafter, DOSE-RATIO). In this
example, the normalized DOSE-RATIO may be expressed as

DOSE-RATIO = Dyorm2/Dnorm1 »

where Dyorm = Da/Eg,

and D, is actual dose and E, is the dose-to-clear associated with the resist, and
the subscripts 1 and 2 refers to the first and second exposure conditions, respectively.
Dose-to-clear is defined as the exposure which results in a complete removal of a
photoresist layer (for the case of a positive resist) when exposed to developer solution.
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RAM = RO + Arm Preferably, the range of dose ratio
errors, Arm where nel, ..., M spans the 15 range of
waelo®eAomsl o errors expected for the dual exposSPCEUS2004/015693
BRESEe roli Syhibh i EteHATRAE pior t exposure, th
(ForperFur e%?, Frrale | %Ong@, ¢ l(%lt(‘a;'xllmr?:alge ¢
correspemﬁng tem Erﬂcrsy-tg-fgel: MMSETt))e esp@arewﬂnalevd the exposirgat which

e risi ol Sgm R 0o 25 81 A BB Sttt woula
be optitfal¥6F eAh éemeﬁw&esmphn@ﬁ)@ ﬂfén]q;l){cﬁllﬁhe”rﬁ’&tuﬁlﬂtl(ﬁ@mll

one of thelrmgelnten3|t|es ;) ere i ranges

deviate:fromy thel optihaldargef 4l.eica deselerronr ADpeADy reapee&rﬁmﬁpéhat DOSE-
e rom SEE1 shown in FIG 4A as indicated by the

RAT?@l‘ﬁ")b’(/\;’%‘é"%?ﬁsre & on: |MAGECL, j, m= | MAGELL + {RA n X

| MAGE22}, 25 where the nth dose-rati os RAm are chosen

where nel, ..., M spans the range of dose-ratio

e DOSE-RANAO Do+ Alhe Hild (R foARDEph ocess. For

each subsequent exposure step of a nultiple process,

the dose-ratio for the next process step relative to

t %M@Véﬂmﬁn@h&&&tﬁhﬁb(ﬂﬁmnnﬁy alsodid e:xméssédlhl terms of

(n+l)th dose to the Rn, n.| osed(lwitlo and. 30 _Rn+

a targef oxiptinea] dose rasin foxthg combined qual exnasurstsand ac'illﬁﬂ dose ratio

nmb f
R, ) beRBREREA B R e IBON K 3o Rl P pfmal RpTE.TL TS ©
dRg; eRyiHOAVRl ues are deemad adequate to sanpl e the
o abesabis, i rofizs SR AR O TGS, L SLIETS BTy - Meshags the
rang@ gf)&ésle%%?erﬁﬁ_g/e%&fff&]tﬁ@ ddal &p@su@&l‘%es% RAmM X

are derived for each ith 11(i.e. for all
F11 for i=1 through I) fromSET1, as illustrated in

Tapl e | eI TABLE Seco posur .2nd

L2 B IY: o o R TGP e
compiRitt fmageleldment &r dntry oSFINALSET) is determined by adding the weighted
image intensity of the IMAGE2 curve S2; (where j ranges through J defocus values F2;

for the second exposure step) of step 14 (FIG. 4B) to each one of the image intensities
IMAGEI]; (where i ranges through I defocus values F1; for the first exposure step) from
SET1 shown in FIG. 4A as indicated by the following expression:

IMAGEC;;n = IMAGEL + {Ran X IMAGE2;},

where the mth dose-ratios R, are chosen where m=1, ..., M, spans the range of
dose-ratio errors expected for the dual exposure process. For each subsequent exposure
step of a multiple process, the dose-ratio for the next process step relative to the
previous process step Ry.1, is the ratio of the (n+1)th dose to the R, . dose ratio, and

Ry+1,0 is applied sequentially to the (n+1)th IMAGE.;.

In the present dual-exposure example, if J=4 number of second defocus values
F2; and M=5 number of dose-ratio values are deemed adequate to sample the range of
variation for this example dual-exposure process, then N=J X M=20 values (Block 32 of
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551 612 722 832 942 1052 205 4 Each
conposite imge I MAGECL,j, min the FINALSET of image
w@eoas7oean be used to obtain expected w dth BCT/US2004/015693
rdetepgal ﬂgmm b, clfft | @R@. fr all F1;, for i=1
FIG. jt:)hdrf é?ﬁ'é’l%l ose %gﬁﬁég@iﬁﬁo&% ?onshgwﬁggeﬁw val ues
through HnfraorSHEL, asrillostrafed inidabled bedowal ues can then be
used to estimate the conposite process w ndow, as
described in nore detail below I1I. Determning a
Conposite Process W ndowrhABITibg quality of a
| i t hographic process may be expressed in terns of a
metric for appropri afSecibESReIEst i cs of the inmge
patterns of—testst—patterns—For—gxanpte,—vgri ati ons
in linew d{h duntier r gs2mt Exposmkadss alndr dgvel op, or
si deval | anglQ_pk §gsifst Desd urey aEgpenre
characteri $tics or t|r ipgsetRatioy gy b®otged. [I f these
characteri$tics, such as CD varigtion, fall |[wthin an
accept abl e[t ol ergnce vhen tRe prodess cpnditijons 20
varyi ng (eprg—tathefresence—of—dose—and—defiocus
variations), theh to dnsureXhe ddsired! -14 WO
2004/ 107042 PCT/4)S2004/ 015633 vyi gl d isiobtailned, the

process cogpdrtiops shquid preferanry be, contrjolled to
vary w t hi p__thi accdpt abl rnngwgd_gw_of
process comnditiohs. Alstandd d nmetlhod ol neaguring

process w Ndow 1S5 t0 Use a focus-gxposupe 5 matrix
(FEM, in Which—expertrental—data—suech—as—CH

variation, |is obfained for & test | pattdrn prlocessed
through a fange of dosle and 3§ ocus [condigions.| In

accor dance patth—the—present—nventirom, g Tonposi t e

f ocus- expogure nftrix (FEM? i s gehneratéd by |usi ng the
conposi te ifmage yget (HI NALSET), and thep a to
conposite i i a

mul tipl e exposure prociess by anal yjsis 0f the

conposite FEM described d n norie detgil bell ow
Critical Dilomensiion (CO) vs “1st Defgcus-Curves 15 In
accordance with the present invention, the conposite

| ﬂ%ﬁ%o&@o%%%%@e IMAGEC;;m in the FINALSET of image curves can be

used to obtain expected width or critical dimension (CD) values as a function of

threshold dose values. Deviations of these CD values from nominal or target design
values can then be used to estimate the composite process window, as described in more

detail below.

11. Determining a Composite Process Window

The quality of a lithographic process may be expressed in terms of a metric for
appropriate characteristics of the image patterns or resist patterns. For example,
variations in linewidth or CD, resist thickness after develop, or sidewall angle of resist
features are some characteristics or metrics that may be used. If these characteristics,
such as CD variation, fall within an acceptable tolerance when the process conditions

varying (e.g. in the presence of dose and defocus variations), then to ensure the desired
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can be used to estimate resist pattern characteristics
(e.g. a conposite FEM for use in process w ndow
w@eakgeios2 For exanple, in step 18 of FIG 3, BI/US100€615693
yield gstolﬁaﬂfeﬂ Ehe$008H cofdiBiBhY §ifoul® hPEUFalA) Be RoRir8RE to vary within
ose-rati 0 (or a given second exposure dose) can be
this aeedpitalle ednge)or windoyy ofi proceETonditiones (i.e. at all 1st
exposure defocus values). The 20 esti mat ed CD val ue
could be a threshold CD value, which is the CD that

WU btn@%rd eI sTdnéBuriag prdéab windsw is fousehal fbbust-b@osure
resi st responds as a s function _when an ap

te
matrix (HFS), in sihich V«neémwéal tfaﬁe, sush as (P yaxjatien,ds o mned for a test
resist : simul ate the
pattel Biieangd hFOIAA et of dbsd inq BRBS eiidigblle %) T 317
(such as side wal angle or reS|st t hi ckness) by using
a nore realistic resist nodel, in which the 25

FilnAacsriapen it the PressEIMVaREOT, A0 SomRPsife oqustRXPP§HIg matrix
e s By ShP 08  S TSPISE e

comp@ﬁi,te Ehﬁess%lﬂdolmmhy be estnlnaWdtibr aghualtipl<3Xposure, p1ocess dgranalysis
e esti ondln t.hreshol d dose val ues
of the ?OmPOSItE%{@Wv é%g%ﬁ?f'l?’ﬁé OFR Qegﬂlr@?\‘ﬁ‘l d CD val ues 30
can be estimated for a range of threshol d dose val ues
for each conposite imge curve at all 1st exposure
Criticd Dimension|(GEY vsaist Idfocuss@ueyesa function of first
exposure focus F1; as illustrated in FIG 5A in
which Iinewidth or threshold CDis plotted al ong

C U \Reordancé Wikht thBpréseneifvehBonsl ARE corhposite imdges (FINALSET)
curves illustrated in FIG 5A are the generated

can bearspd ¢ eﬁlm@mrewt\mt,ermh@l’acmr@ﬁsfﬁ (@-&- conapasite AdyL) for use in

oos SRR i S G P08 S g g pvenona

exposuEV déficas ahildl @ %:6&11 ﬁosaﬁ'aﬁbm giveh seconidr exposir@idose) can be
flomchart of the steps involved in obtaining the CD

estimated fop allsof dhe ST 1 dmagpscdiexat kst grpeskre defogus pajues). The
ol Syl Cpiod ey e
obtaigbd foresi kleahredizt ini whichethe resistrespomidatis ngtaphianCidom when an

wi |l be well understo se skilled.i t he
applied dmpge Biensiy repchest %ﬁﬂﬁ&%‘toﬁ‘gﬁ e ety Npeigat iy itis
posmgieetﬁ st k@tﬂ@ﬁxﬁ@ctﬁ@ TD sPof%F paMeANRANAS chaPAitélifits@uch as

ef ocuseg I mage fromthe set of aerial inages obtained
side wal argleor 635t tHikknesspby using asnmdeabs;msmbmodehm which the
tion that the hi te.dcrve FIG 4C

FINASE R Rowmsin osed art b o TEREL IS tatBopflac ' has

been chosen. From step 18E, the flowhart proceeds

aI ong line 18F to step 18G in which the 15 system
" SUsing @'selepted pmeiofi the enapposith dmageschilighted hyyzthe symppl HC

1llustrate]:i(;i‘1r1 %TI} 4E‘t ﬁf@ Ah¥ lliuSQra%es%OQV threshold CDy, ..., CD, can be estimated

for corresponding threshold dose values ty, ..., t, respectively. The threshold CD values

can be estimated for a range of threshold dose values for each composite image curve at
all 1st exposure defocus values, and plotted as a function of first exposure focus F1; as
illustrated in FIG. 5A, in which linewidth or threshold CD is plotted along curves of
constant threshold dose tj, ..., t,. The curves illustrated in FIG. 5A are the generated
composite FEM curves, which are similar to standard Bossung curves which are
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dose values as illustrated by FIG 4D that is a graph
of intensity vs. position showing curve HC which was
waedoggome2 f rom the group of curves shown in FIRT/UE2004/015693
; K& & ﬂﬁélﬁglpﬂypgﬂafrom threshold value tl to
‘ypm§¢gesﬁ%$%:§%?ue tn. 20 The "slicing" is done by
choosi ng several int enS| ty values, that are inclusive

i the intensi pr of dfor | ntensi t .

 drk 8% b sxaplepsAote fuafBlod SinaR A el Y Bbbived
obtaiRRigthe O s, Qo&i&céﬁrtfést(ﬁ'fm@. SAV[%i' Block TS HEEGelflRvchart of FIG. 3.

intensity profile curve. For ever slice" the

This ses ofi steps §8 A 8D may dncbade a feve morg e ¥esa§teip|s dgpending yhgy kind of

remstgpgwa is }‘??ésffg 'Q%cgrc'attflg 6&% gl) ‘{l,é}glrﬂ;i”? ﬁ%ﬁ aléé/% 5t88§ %gstho%e skilled in

the agtet ermi ne whet her results obtained to that point
include a full matrix of CD values of the wi dth of
the object to be printed, e.g. a bar such as a gate

GG A ARC enﬁaﬁe"%‘?@sﬁg flmedesT R R L which the

systeﬁlt divodssh lﬁﬁmﬂumaleﬁ)oﬂﬁbdam@rfmmhha sethuf dierialhirhages obtained in

step BHCE; Ahesapalyts s meadadsned whon ficcioswmpyiph 41t e nighlighita curve
HC 1{51 ﬁGt he 1% {lﬂa %rgt é‘f?ﬁﬂ&ﬂﬁfi PR ihldde thhdsDeeh Qﬁos’eﬁ':

0 repea recursive iterations. -16
2004/ 107042 PCT/ US2004/ 015693 In that case, step 186

53 . o e T B 4 s
st
oo A S g

dose salush avilluatratas sy EI@o«BMl@t 2 graph efHnfensity ¥s. pqslta)qcﬁlmvmg
t

i LS A Sl e B iy

being ﬂ,f@d%%{rﬂ e{g bl'il \%ﬁ{hﬁ! So thredhold-valgt&, f esul ting

4t ng up on 0(5‘S| ng specific
def ocussed aeri aI i mages and "sli CI ng" such aeri al
i mges, as described in steps 18E and 18G are o
pl Dhd 'eﬂicir[g' ' is Idone by ahoasingseveicd datendity Talues, that arhénclusive in
t he .t Ln blogck 1 i s YES, flo
the i5ieBHGLRROTLF-dg 10T FAd IDRES(Y O RE wRkp e shf degged Belleh the

1nter$éc9i%hf[ﬁ6'iﬂll “tlfé?e §15Ei1 lﬁfenfsﬂg_vﬂfu@ @Feusedidielinfslsiy piéfie curve. For

[ owchart of he resulting full natrix of
everylslica! mbsrqsnlimg:féme&hyld 6D ig yeqorded s Hlwstrated RSB 41
cal cul ate the lithographic process performnce, that
is comonly known as the process wi ndow. (The process

Wi eiaslep 181G, @he flbwehart pBocdedsilohg tinb d 8Hi toabgvESI)where the

system tests to determine whether results obtained to that point include a full matrix of

CD values of the width of the object to be printed, e.g. a bar such as a gate electrode of

an FET transistor, as a function of defocus and intensity threshold.

If the test in step 18I produces a NO answer, then the flowchart proceeds along
line 18] to step 18K in which another aerial image is chosen from the set of aerial
images and the flowchart proceeds along line 18L to line 18F to repeat step 18G in

recursive iterations.
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Process W ndow Response Surface 20 Referring again to
FIG 3, in step 20, using the resist pattern

webanacier i stics (e.g. CD values) resulting fronUsive4/015693
CYARASE Lae, swéiﬂm iPrPested lﬂﬂr@aﬁmmﬁew@oﬁ@ﬁtﬂ% faBin&i®ix of CD

determ ned.” I'n a typi cal singl e exposure process,
values lasad'uncmnnfahfctaxs and idtemsityrihmeshold dsobtained as indicated by the

test ig 5SSk Do At R ABIG F NS on o oxposure

| ati tude and depth of focus. These experinentally
determi ned process wi ndow nmetric values can be

GGt shoowsramidsntioswisy WA (SEMD orisel &5 mplgehinewidth as a
f b
functfo&ﬁﬂ nf]balhsg:gn %ﬁfagles p%’%l"gg ??y ivsm %ﬁkﬁ#ﬂﬂ%r‘é%\{ﬁl&t&t th@ Pesult of

step 18Tfvelierer yleldsas " ¥ES!'0C The mmdﬂg\/lme‘stmhsseftatﬁtémclﬁg upon
In accordance with the present inyvention, %rpoa te
choosing seesificslefaensserbaerial imagesand sdicpg’|, sueh aeriglimages, as
r C, usi ng
seso PRI MELRH IR PRI, Vo]
second exposure defocus and dose-ratio value, and

used to generate a Cco e
bakhea, b‘fﬁ%srinswr@tthei%g btk 55’2{53@%%@?'0 c\f}ﬁ’éééﬂceeds along
ine 18 1dek 18 {1 dnAfThY BloGant défindd Yy th
line 1|§;;1Qtpgfﬁﬁngt N o I'—%ﬁ g ¢ Cridtf thef Progiaod definedy the
flowdhaTt fFHDH. 015693 and fi xed dose-ratio RAn). The
conposite response surface is preferably generated by
using curve fitting techni ques or other appropriate
NeARSresifing AR ratk AT 9alired Brodiiced HH)thb Syttt ¢hen be used
directly fromthe aerial imge simulation nodels u5|ng
to calciate thejithogephigbricessperfarmance, thabiscopunorly knovwn asihe

resent i ntion d | G val
procs S, LB b s iy RURLSh [ Tl FEf LY b ke
| atitude vs. depth-of-focus (DOF) curve (%n); or b.
A cal cul at ed dept h-of -focus val ue at sone given
ProcessWindow Resnonseidurfaee ent age 10 val ue (n). The choice
of nmetrics enployed is not limted to these preferred
metrics, but it should be chosed to represent the
prRefeasng ageihitd FIG 3Hin step 20) vdinmg thepfesist pa:lﬁemdlmranteﬁstics (e.g.
eval uation. 15 The integrated area (%
CD V@kﬁég{ﬁsg qn{gtfr?lg&ge gemp mages, process wi dow metrlc values can be

‘determined. In a typical single exposure process, process window can be determined

based on experimental FEM data. Process window metric values can be determined as
a function of exposure latitude and depth of focus. These experimentally determined
process window metric values can be used to obtain a functional form for a process
window model, for example, by applying standard curve fitting techniques. Such a

process window function may be referred to as a process window response surface.

In accordance with the present invention, composite process window metric
values as a function of dose-ratio and defocus are determined by first using the set of
composite images (FINALSET) at a given second exposure defocus and dose-ratio value,
and used to generate a composite process window value based on all first exposure
images (i.e., IMAGEC,; ), for all first exposure focus values F1;, for i=1,...,1, at fixed F2;
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illustrated in FIGs. 5A through 5C. FIG 5B
illustrates a dose-focus process w ndow plot which
w@owkdotod2 derived fromthe linew dth vs. focusPdDES2004/015693
and fB{eﬁtdo%'-fg'ti@RA,tn? eI‘Hé"@mh?%siél réspoifie shifabd Rt eferab g@nerated by
plots, dose reters to e threshol d dose used to
usingasirvefittingiociiiqpesor othes apprapaiste nfeads, such as atalple dok-up, or

B, the er .cyrve 115 i.s.the u r..ooun f CD .
may B uhitied 17 Srarm 60¢ i s SR P8 HRRef usjik the composite
weighift B cfr ifRcéRUShewRh thO pr&espinvestioleen the upper

bound 115 and the | ower bound 114 defines the
accept abl e process w ndow. Typically, this

i Rf.ormation, 1S, expnes i of exposure |atitude
ars;ltha? p[FtFﬁ‘E?q Iélﬁtré‘f Qﬂgﬁfﬁgﬁsrk P %‘g‘&g( DOF) . IOFor exanpl e,
al MAtapraked g6t didut the ekpesu@e 14iRudb vs.elep s efifaus (POF) curve

maxi mum range of focus or DOF that fits within the
ad@epmabbe process window. At this fixed DOF, the

[ e of .dose val ues r .exposure |.af. e, I

1 b FRCE SRR 3oRE i Sronie e Abidiiredage

r g . Note that in FIG 5B, for convenience, the

dose is plotted on a |og scale. However, for the

pur poses of conputing exposure dose |latitude, a

l'i,pear, scal.e uld be uged. Thi |l ye is plotted. i.n .

ke dyeiced smet g prpnyedis ot iniled B these Brdegfest Misttics, but it
should3e @idePIPRPYERNL el prodess caPMifityeHPBe lli'tl@ogrh?hictsdﬁﬁiritﬁunder

ratio of the height (the range of dose on a l|inear
evaluatighe) of the wide rectangle 52 to the value of dose

(on a linear scale) at the m dpoint of the rectangle

52, expressed as a percentage. Simlarly, the narrow

I efhSindgPated 28D ( BSEM) Sndel M Bk dsare lGilide v. DOF gerve is
exposure (or dose) latitude m ght be desired, but for

illustwhtid in GRGS. S Hrranih SOF 4G, SB.illgstyses o olose-fraya process window
P usS2 [ Q156 . .
o FFPSFREPAS BRI UG PIFERA P BASHAE I i

FIG.15h¢ Inahesndxalipte plots; dose véfaxdaw.thd thirestmdd dosd weedits estimate CD
_plotted as point 51 in FIG 5C Thus, the area ynder
(as ilfustratsebiodlie 4D 0 FAG- SBribe WAPey SUYeJS e theghpperioppe of CD

toler@heel %ph hPloWef %ﬁrve"iﬂqﬁ Yhe l%?vlep b%gﬁ&’ bf @PF®Itahbe. [T area
presen a

i'nvention, a value o nposite Response 1S
betwgantheaippir byund kps hind ghalopreo beand Wil 4 definesethe iaccdpsade process

windpyy SO, gy PR Subns ebpssti] B e So00F b CHhBiuce s
funcﬁ@? rStI‘ &é’}}th-‘l)g-fél)lfshst(?gﬁ‘). Gl R, tﬁmi&r&eﬁﬁgquﬁgx% 52

C use metric of % m obtaln(?dlnt is 10
representsithe niaxirnompranige of fovas ar BXOX) thid fits withiap i acseptable process

. Jatitude vs. urve .at a _give second exposure . .
windoge, A BBAEAPYE, By st A8 F ke BBRRLRe saitade, s
représCREA Byh¥ dRight MAHGrideFeétahghlat region 52 Nofdhat in FIG. 5B, for

provi des one conposite Frocess wi ndow val ue PWJ ,n} .
convenience, the dose is plotted on a log scale. However, for the purposes of computing

C

exposure dose latitude, a linear scale would be used. This value is plotted in FIG. 5C as
corresponding point 52 as a function of DOF and exposure latitude, where exposure
latitude is ratio of the height (the range of dose on a linear scale) of the wide rectangle
52 to the value of dose (on a linear scale) at the midpoint of the rectangle 52, expressed
as a percentage. Similarly, the narrow rectangle 51 represents a condition where a

large exposure (or dose) latitude might be desired, but for which only a small DOF will
-18 -



10

15

20

25

30

which is used in generating a conposite process w ndow
response surface function, as illustrated in FIG 7.
wo poothe7oeanse of three or nore exposures, addi t PONEE2004/015693

be toR*h R dRb @hSurddtatlthe PRrREASIre pied witin tGekHriceiahddtays within the
resgonse surface having nultiple dinmensions greater

accepthble priocess window: Ihiscondition is\pletied acpeintdhissFlfpeiGreThus, the
d 1 af £ic]
aren B0 Tt 1l IR L A e BRBF Sl proces

windb®en sanpl ed) conposite 20 response surface has been

obtained. If NO the systemreturns as indicated by
line 30 through block 32 to block 14. Bl ock 32

i ner y . ;B . .
A et Wit/ fFcint Biefiibia Sut BEh EBGHLoE Response is
geneidted by compating taharopess vdndow muetric diasqb o1l derdgositet inkages for all
test in step 22 yields the YES answer as to, whether_an.
first A HER focus BUEY Alch SAYPR SHOn e3P MR Tope A dlpoemrtty B ghis
embtfinitht flp fEorest i SerhleRGUE 1 HERAricH 98 ith Hbifed in this
exangfilé bg camputing theeareafunslet an@xpopwe latiude o DQF znudvelafsegiven

rati o (or, secgnd exposur se) until _an adequate
secofESHBRUE 0E B @nIABETATR Kam PSR b fpafogie fnfye curves
IMASH G, Ciggni=hy..) B BRisROIRI bné @&ﬁﬁ@site%ﬂ@&ﬁ WAnd6Ww dalife PWC; ,,

and Uose errors have been included, en the answer in
whichtiepsedzinigenerdtigg atcomppsife prockss pingdpveresponsel syntpce fwection, as

o 23, .30 i i f th '
G 3 . 2 DR 88 o b e SRBRBRLS Sl PR Bpmpanters may
be add¥dD VhidhecaR 1R6ES fn AirEsPonse SsReNewirpunbiijde dinetorisyidater

to predict yields expected for a given nultiple

thandhyegsure. -19 WD 2004/ 107042 PCT/ US2004/ 015693

process if the defocus and dose error budgets are

known. Error budgets are the ranges of known defocus

anth degps 22,.ahe systerh ldeterarinescwhethet an ndequatofe.g.nwhethet a sufficient

to_be used in the |ithographic ocess. In this .
rangg ehsesrRd eERRSUES ApfosHs and dessorntto \lpesdiage hagh mpled) composite
resp&%%h%E@ﬂa@ﬂ&ﬁ%ﬁgm.eff N0 thedysRsn FtlirmeiGhdicated by line 30

exposure defocus and exposure dose 5 include at | east
througiebloak 32 tobldckddc aBlodk 33 dnerepredtskhe aabrerof N tnN¢ré s indicated in

oy e G S OB G Tt B 5B G o

steps 11R27Hhil fleRestiR 9P YREIAS BRSYES AnbWeriad rwhdtRer an Adequate

exanple, by using a Monte Carlo analysis, as
resperss shifaeehasbepnrabtajaed ivthiels nmay beafter allyatues of Nolgvedeen

COJTRQSI,t e S w nd Ce |
xR LR ER, PRI A SIRIP 2 bk it
valuéd ofsédnt @ghobiretdefoctB antd doke Ftis (of sedudd dxposure dose) until an
adequate response surface is obtained, that is, when a sufficiently large range of second
exposure defocus and dose errors have been included. When the answer in step 22 is

YES, the system 40 progresses along line 23.

III. Applications of the Composite Process Window

In accordance with the present invention, the composite process window

response surface can be used to predict yields expected for a given multiple exposure
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response surface, the process wi ndow is mapped out as
a function of two vari abI es, nanely "Dose-Ratio" and
w0 Smeoem4Exposur e Def ocus”. Notice that the vaPCEESI004/015693
procé3s itthidatefervsagdfdoseeli-ob bildg&s 5r@kﬂoﬁ'hﬁEri'6‘leb1YfPée%§reftﬁé ranges
Second Exposure Defocus are 15 from-0.3 0.3

of knopmsdefoensand dose ereors thatare characterfptictof She tholitorpgised in the
|
hthoglﬁjgl?lgés? Sisec'é§so gﬁ ttl\}\{g'exg %J glﬁe &irﬂ? %ulie?%ohgg s&ﬂ’g{:e mgl?rb 0

consitlerer(bﬂinqmitmghémtlfe vahaes fonbecondiexgostirt defocht and axpbosure dose
tion of 0,05 _for the, .dose-ratios errors and

) evi

incluge 3¢ Svéaelrén& ompwa! Hefgcus anslidose eqeqr budasts for the wnnd
expolfly . o8, A5y IS8 pU0n R Y B AC R e of et
for thiksoitipde EKpoSHOS Pranessra Iiesdldtelrmniedefdrlmampkp byasing a Monte

surface's | ndepepdent vari abl ranges. So, for this
Carl%?%‘é’?‘é’ as\/df 6%{1’%‘8 0¥ ‘Ptﬁ\fi\lﬁﬁg‘ﬁloﬂfse ratio range: 0.5
to 3.5 (i.e. solution space for dose-ratio on response

surface) Defocus range: -0.3mto 0.3m (i.e. solution
s FEreexhmple cceompasip <p$q¢ees woulow pesponss suefase isgenerated in

e G TGy ARG R
response SufAe, tRe pEbBSWindow i9 nikPped ot 4€A fﬁﬁ@lo‘hadmlw'o%rlables,

ranges one can conclude that this response surface
namgly § Dese-Ratio" apd "@@q@awxrwe Deﬁwuadeglgaeg/thaé the values for
e Qse-
Dosc BRIk ot IS 9850 e Tyt S50 Seif 035 Ll e

fromr-6311010s% Futhiseangse, dekcisihael e \tke tdol doddnd @sfousHrrors
(leawumad dose-ratio errors had been fromO0.1 to 5, then
*s ¥4

1appisdp the Monte, Carle analysisy arstree gaussian digfathysions f or

corn BB B B 30 G Pl AP IR 8o

dose-rStlosérbRthiRY 4 fileah YARRGE 0flin With Atandaal R vifRn9r0. 03um for the
expected conposite process w ndow val ues are generated

defocfue erzors.amhe compdsiteerespenseguffaceiss deemedsidefoatedfkonopt Go) of the

te Ca Bl ock 24
defocgh afg HE0Y GobrL g as it Suptuse shEteds ionanden sl ranges.
SO,ﬁ#rthﬂ@@aﬁ@le,HﬁMahemimﬁge process for altPSM mask
and Trimmask 9, generated in accordance with the

present i nvention. Using the error budgets for focus

di
Dosedflp $838e: 0P8 4-E e SuBin P 1R BneRitSm Rsn b irtace
Defo@i8 rafnge:A03ant & 0.8 (1.8 sohitfon dpAcETde se8fnd &RsWEd Bcus on
these focus and dose ratio errors to the conposite

l‘espfmé%[s}mf%@)to surface of FIG 8A the Mnte Carlo
t | t i, b f it
I PN R R

Rang¥3k Ystmed defocus = mean = 36 = -0.09um to +0.09um (Opm = 0.09um)

Given the sampling ranges one can conclude that this response surface passes the
adequacy test. The adequacy test is passed if the range of assumed focus and dose-ratio
errors are included in the solution spaces of the response surface as described above. If
the range of assumed dose-ratio errors had been from 0.1 to 5, then this response

surface would have been inadequate for the analysis under evaluation.
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Next follows an analysis of the distribution either by
the processor along line 25 to step 26 which | eads
w@bkmagoiokne 27 to the end of the process at bl PCRUEB0G015693
by an 15 anal ysis by the technical expert based upon
the process w ndow distribution presented on the
noGiven thoprror disteibytions(sesalled exrer baRgets ofitheavailable tools),
th [ ocess progresses irectly al t hrough Line 2
expeft RRBETIE R AR RN el A et afRPro i@t 40 ofd
defo@iRRgtdis, OF exh@Pld, BY adVloheCadd gRalsis 3P Bestdk 2 of (F1&. 3. FIG. 8A
. distribution given sone nean target process W ndow
illustyafes 8 coppogiteproces, windowanespanse speface fardhe dial emonere process
[
or P88y bRk AR Pl fab ) keokd RSP 066 LR GG
inventidn) Ageing les &rrar budgels furdetiechniddsbe tratioientorg ab divcusskd above, a
a specific |ithography process perforns bi& .
Monte(Caxle analysiswould generate focuserrers asin dd(G. B anddose ratig errors as
. r i
in FIGBES"A 1y WipdeHobte o rulF ofors 8 fle HHARH Hhoponse
surfdee of FHE. $AJ theMonte Cdrissinmlatinn will gewbrate spdistrilgieion of
nmetric for anal ysis, yield be expressed as the
compqsits (Al XSG, 27 S SRATRPIS) BRARESVIRloSy WABES wi ndow
distribution (as shown in FIG 8D) that exceeds or is
equal to a specified process wi ndow target. 30 For
- exengifellowhan apalysis of e distribution@ithes by ¢hpprreswor along line 25
wi hdow. di-striQution bistogra L.e. the taotal,nhunper
to st S BisEutpidscing Bremt o B s sSneoska ik 2857 B ap
analysﬁwrg,efhe%cmhbmxpm basatbdfon the JrobdsE Wihew atriBafi6R pBesented
wi ndow val ue represents the nininum process
on thegnenitorddB orithe geaphiescpriater &rhit whichoase the progessarggresses
. ariati . 1t N anRl. .
divedy e GlrpGRF lip825 1 s ds FDRESE at B A FHimal consist of
looki®gSit e FAngé dk Ypfeadi dfthe dBBribWiici giver sore ink@ntthfzet process
. distribution as shown in FIG 8D, the area of the
windeWs¥ad@g-am t hat is -21 WO 2004/ 107042
PCT/ US2004/ 015693 equal to or exceeds the 10%, um

target represents the nunber of exposure conditions
( HLHil0s]1,tamdt 12 showvdthpeediffgrent veays 4o ce@esentiadypical o

ithoforH FuBiEafl saysi IR BiZ)nyBhiify, Bl okcdEealtS A0 i bhers are
interested iredetesmining howhedh agpricifigitbogsphyfprobess pefoems by
cle Pl Soic A BT T RGBT G0 R Bigout o
total pandeemtofi ghips s adull wafér meetalr extévd speeifichtienss and t he

mean dose errors for a specific |ithography process.

FIG 11 and 12 show the sane data as in FIG 10 only
r elporethe pingposeofithis ényention and to provide a metric for analysis, yield may

be expressed as the area of the histogram of the composite process window distribution

(as shown in FIG. 8D) that exceeds or is equal to a specified process window target.
For example, the total area of the composite process window distribution histogram (i.e.
the total number of exposure conditions) is representative of the total number of chips
on a wafer. A minimum target process window value represents the minimum process
conditions that ensure pattern characteristics (e.g. CD variations) are within tolerance,
for example, a target value of at least 10%-um is required to ensure CD values within

tolerance. Using the distribution as shown in FIG. 8D, the area of the histogram that is
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to instead of a contour map. Based on the data in
FIGS. 10, 11 and 12, different |I|ithography processes
w@2amw4heroeral uated. It is al so possible to use PEEUS2004/015693
equaled boexbdd thies 0%y an taget FrentcRNGAH oflexpdsute conditions

cor i) WG v SBeipiat . T B i arsn gt oF e toral area

of thedidtogtagpis répiaemativy of the ﬁéM&B b2 ekpeded for the dual Bosure |
t he present i nventian

ocess mnndo
hthosrﬁ%'}ﬁufepmf@as ofghepresent sxemble lopivendlose and SeguseReoridgets.
dose error and defocus error budgets required to
achjeve the desired tar% et yields for the nultiple
o IG 10 SEiPes s reisterbyigicrfeVprssscias Apgreenagerasa fanction of

the m&ﬁi t62i1©8nd the m&ﬁpaagw}yo@%ya spaie Hfﬂo‘@?{a )ggfdse&es

While this invention has been descri bed ms of
t he above specific enbodi nent(s), those skilled in

ther@ria sd 12 §lﬁﬁ@ﬂ§:i s%?net diah ab i}?FI angfpegﬁ-l L t@d as Jine plots

practiced wth I cat1ons mnt
instegd @b @ contouyanap pﬁméd)mﬂhaudaéa in FLGS t19all and A3ediffeBentan

llthogfaﬂfﬁrdp?roh Sésogaﬁl@]ﬁs, ﬂ_ﬁ{t , W t hout depart! ng fromthe

piIri't. and scope o ‘i nvention. Accordingly al
such changes cone within the purview of the present

na”%f?@&l'sg P ?sﬁlg t(tthglsé n@%\?\ﬂéthﬁ& P? F}fig V%R%ﬁfigtz J}?ro%?@ c%ﬁ{rol of a
multige expesbre operation byeptimibiog the ﬂocus updtdaase comlitioms for the

a5t B e BT ARG 3 R omposi

processefindowrof thxeprmentfmeénmm why bie lulsagt(ﬁdeteh'minbcthe tewl and

speciiinfipRfioh o Aoy atd obtin GinP Bufbuf BedieedloARfige The desirea

targél@@eldﬁﬂ)?ahénﬁllﬁpldﬁiﬁﬁsﬁlﬁﬁms CLAIM5S 1. A method of
eval uating effects of a multiple exposure
phot ol i t hographi ¢ process, the nethod conprising: 5
pr'Dhis anethodisf ddaptedefop daelnsiop iplitRgrapidt @lidlisnoftwvare packages.
first plurality of inmages (SET1) based on said first
exposure process, wherein said first plurality of

i Nl tnrsenfemmdla@\tﬁén dedoribel ih d1Hs oIfthé bbéte Spe(:lfic

e condj QVi a,.secon osu
emb%ﬁﬁ*@&ﬁé > thege a‘é'{"ga ‘ﬁﬁrta“ﬂ 76 ?aﬁaetly ‘anﬁ‘g‘é%e practiced
with @fgdifi¢ations edtlin thespirit a6 @éb[@ﬁﬂ' qBé'Afpended claims, i.e. that changes
can be made in form and detail, without departing from the spirit and scope of the

invention. Accordingly all such changes come within the purview of the present

invention and the invention encompasses the subject matter of the claims which follow.

Industrial Applicability

The method and computer program product of this invention is useful in the
photolithographic processing, and is particularly useful in the manufacture of
integrated circuits, and more particularly in the design of masks for use in multiple

exposure lithographic processes.
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process, wherein said second plurality of inmages are
fornmed over a second range of second exposure
W@ oovditoioans; determining a third plurality of PCEUS®04/015693
CLAGMSNALSET), wherein each of said third plurality of
i mages conprises one of said first plurality of inmages
(SET1) 15 perturbed by one of said second plurality of
. Aii&ed of %ﬁﬁéuﬂgeeﬂmgdf Hyimti w@xgmure ?»hﬁﬁﬁit ngapnﬂ: process, the
usi ng said third plurality o i mges (FI NALSET) "t
meﬂ@&‘aﬂoﬁ’éﬁré“'égfects of applying said first exposure
exposure process in sequence.
pggﬂgﬂ&?_ah fArd eﬁgés%ré Pﬁ&ﬂﬁs

. .The met claim1 wherein said first
detegpdpinga fixst plarglity efdmngps el hdased on saiddiystexpospeg process,
”B%h&‘éfﬁ §418 FR5t ﬁlﬁraﬁﬁ? of Bl &30 %ﬂédwér'atﬁrs@ Eaﬁgga&%
(SET2) are normalized to a second naxi numintendity
3. exmeuwmondﬁms, claim2 wherein said first range of

ses a first 25 range of
p%?ggi%?%e%gﬂ(g I%fggg%gp(g}éééénge of exposure congl tions
determining s sacmmahfa[r@em@ges @&1d0 besesbenisaid secondaexposure
dg@%&@' QHH gié&%%ndjgﬂgégpg %g 6'%%#‘{?’%[5% g(ﬁ{ngﬁi ésee?%r%zcond range
dazfesecﬂnttamoSlilrermdetumssur e conditions (DOSE-RATIO.
sr 5 0 gl P OSSR B eyt s in
basludal[tm of andgdsruomprpieﬂ Dné of said ﬂrstmigﬂﬂlty bf Mg TSET1)

o bl By YRR SoEon RLRGRTS, R SR Geishiethve

coweightmgﬁactm‘éanillhe nmet hod of claim4 wherein said

first.ran of .expasure cC rises.a, fijrst. .
stz suid BRACHB N B e RESAL ST 45 T B s ptaplying saia
c offiwctt ExpusareprieesssAr] shid seond eXposure peowss ihedeqnersce.
conditions and wherein said determning a PWC further
conprises -23 WD 2004/107042 PCT/ US2004/ 015693

2. TR RS cRithaRelferein safd 850 Bhﬂ'aﬁﬁﬁiﬁﬁlagébs(SE'I%%Qre normalized to a
determ ning a range of critical “dinension val ues

first maxémunningexisity andrsdidgseeond plurality ofinpges WF@T& areemmallzed to a

es corresponds to one of said range of

Seco‘f‘im%xnoﬁ"gl}lteegl %’? doses for one of said third

pI urallty of images. 5 6. The nmethod of claim4

urther conprising: providing an error budget
3. T'%ﬁ @ﬂhowf clgim2grhergingaid fiest range of e&wr@%pshuw comprises a first

rangg g@gﬁt’é‘%%d sgﬁlt s%&fﬁd‘tsﬁ%& g{ g}%sﬂfesctoﬂlhﬂﬂﬁfs %Hmf)frls&aé Qecg%ange of

on said error
defocus conditions, and said weighting factor comprises a ratio of a second dose of said

second exposure conditions to a first dose of said first exposure conditions (DOSE-RATIO).

4. The method of claim 1 further comprising determining a composite process window
metric (PWC) based on said third plurality of images (FINALSET), wherein said composite

process window metric comprises a function of said first and second exposure conditions.

5. The method of claim 4 wherein said first range of exposure conditions comprises a
first range of defocus and said second range of exposure conditions comprises a second

range of defocus conditions and wherein said determining a PWC further comprises
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10 distribution; and determning a yield based on said
PWC distribution. 7. The nmethod of claim4 wherein
w@20od/1eeer mi ni ng a PWC further conprises: prpvi/tibiog4/e15693
provgtﬁhg atlﬁdg@ﬁﬁtlﬂéshliﬂﬂ ﬂesgse dosed @)df mammmcgwﬁ i‘ﬁl}tgmifl ;critieal f
etermnln a _sel ecte e of s econ ura
dlmqnﬁ@gégq IR ueé&a,sgis% ﬁ%”lﬁglrdt[gu ity oé p eaf,'l\{ 0? said CD
valoG o rSRoRI taHRTAAR FARELT HRtSHo iﬁ%ﬁ?ﬂsﬁﬁg‘%&n dF 35l thira
pluralityf immegessai d first plurality of inmmges (SET1)
perturbed by said selected one of said second
plurality of imges (S2) weighted by said weighting
6. Thegiethiod 6ﬂ1€la12194<fﬂftﬁéﬂi:dihpﬂsmgPV\C val ue correspondi ng
to sajid sel ect egb con ure

expo
c OPRAVIq1BS a0 SHEQY, gﬁastrllmqrate%lsa st wéfseq%égeégosure
condftidiis; sai d first range of said first exposure
condi tions. 8. The nmet hod of cl a|m7 furth
c oMeteTEiniRg aé’t"éprﬁlﬁrwt@a 0§ spidd’ Y&t bese dmesau!; gxrgr budget
distrIRARPL ah@nge of said exposure conditions to forma PWC
response matri x. 9. The nmethod of claim7 wherein said
f i deferminiaga yield hpwd anesaid RYY Cidistsibutionr i ses a  first
range of defocus and said second range of exposure
condi tions conprises a second range of defocus

Th@ mth¢«bvfsclm4m@nﬁaskd%emmw RVRG farthercomprises:
g gglepfeﬁvdn@o? Jaid sﬁm@%sﬁﬁrﬁﬁﬁf}k&g[ esi st

eterm nin critica  mensi on
( om;)temaimma seleeted one 9ﬁ$aid senond puxalidy of imagesi(h)gozresponding

to sd St JfGHPLdlond Bethaike BRI, 23 coc For one
of deexniniing a dukset pﬁdsaltl ghivd plumaljtssof iptages). whdreinsaichaubset
comiigs gt Bkt bl B o BORES SHED pelyBltidbRad dRellFone of said

seconﬂe phlrailtyi ofgmagéﬁlﬁh)l ivwigh'ttlilby saidofeighting fadgorpandd on
edulg Shi glé%rfl %Sﬁ?tval resBH}lhl‘gl% ?ggi% sgfec?edrg r(]el oq’%q dsecond

tar

.exposlhxteamndthorfs haseds an Slalﬂ\fﬂrdllﬂillralibju of immageS otdr san ﬁostpmhge of said

gHﬁ:t for evaluating a nultiple exposure
‘%Hf Process conpri si ng:

first %qe

8. The method of claim 7 further comprising determining said PWC values over said

second range of said exposure conditions to form a PWC response matrix.

9. The method of claim 7 wherein said first range of exposure conditions comprises a
first range of defocus and said second range of exposure conditions comprises a second
range of defocus conditions and wherein said determining a PWC further comprises
providing a range of threshold resist doses and determining a range of critical
dimension (CD) values based on said third plurality of images (FINALSET) wherein
each of said CD values corresponds to one of said range of threshold resist doses for one

of said third plurality of images.

10. The method of claim 4 further comprising:

providing a target yield;
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conput er readabl e code for causing a conputer to:
store a first exposure process; 10 determne a first
w@bkanabiosy of images (SET1) based on said firsSPCT/US2004/015693
exRAehiRin) # PYBE. distibatioh of SAdPWIO Bisefllonsald énroPbudget
. 1 mages are fornmed over a first range of first
distrihutions pBd condi ti ons; store a second exposure process;
ded&éﬂﬁu‘%ﬁlgaaﬁ 8P %uagwabﬁrrmtﬁh SotRgEsid HiFE) yibRISS dbGiined
sai d_second exposure 15 process, wherein sald second
fromaid BW¢ gisgribp s are formed over a second range of
second exposure conditions; determne a third
lurality of images (FI NALSET) wherei n each of said
11 Ifnpmutqsmmarampr@@uqtrfarge@lma gudtiplecexppsuyg lighqgraphic
f images perturbed by a weighted one of
procQésléngg‘r rgg plurality of images; and 20 provide said
t héanpyskuresdable eside ifomepsingri WM}' tolor eval uating
ef 4 id first exposure process and
sa%gfsazgﬁgxgtg% E’?gc %?ocess in sequence. 12. The
c ougtetreine priogt pharplitydefdmages (E Ihbased o said firsbéxposure process,
f| rst
b Bt P BT infoed A PblnBloyBER it i bfies
[ rragespos@xﬁE&?ﬁ)dmons,norrral Ized to a second maxi num
i ntensi ey ée e, rrcpuster program product claim 12
M%P'é‘i%s§3? ﬁ’?é‘f Pg(hﬁ%’of exposure conditions
c odgterming assetond pluralityefdhages (SEKZ) basedson shid eetmmd exposure

ang@rreshafigR e el Hicohs Ry piGRen BFEHePnig SFAL sgeond
Corfprrhﬁmfaeé(aid' &xpokure @aditihsgose of said second

RSt SR LS B TTRRISED. S st v

pr 09 rp&i'ﬂamﬁﬂlui@ﬁag@fs c&hpriﬁés]&nefdf lshidefirst phoalisy fdmages perturbed
comput er ﬂ ble 35 code au3|n a conputer to
dot oA eig Sf saidse upg #$; @flpyc)

bagesidisatdiird plurdlity offi 1ﬁiag§$’(FINAlerF)5foﬁ‘ fevhibhhd bifects of
wher ei n, sai d .conposite process - 2 &% 2004/ 107042

PCT/ BBpbyiug trid fst e’ﬁEPﬂbVS\Prﬁ%ﬁSF AR rarsL exposurERLOgess in
of sgkgldncest and second exposure conditions. 15. The
comput er program product of claim 14 wherein said

first range of exposure condi tions conprises a first

12. TH g:% m produdt 62:din 99 ORReref Sad HirsEpRAANEEOf images
con tlons conprlses a second range of defocus
(SET1) are normalized to a first maximum intensity and said second plurality of images

(SET?2) are normalized to a second maximum intensity.

13. The computer program product claim 12 wherein said first range of exposure
conditions comprises a first range of defocus and said second range of exposure conditions
comprises a second range of defocus conditions, and said weighting factor comprises a ratio
of a second dose of said second exposure conditions to a first dose of said first exposure
conditions (DOSE-RATIO).

14. The computer program product of claim 11 further comprising computer readable
code for causing a computer to determine a composite process window metric (PWC)

based on said third plurality of images (FINALSET), wherein said composite process
-925 .
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condi tions and wherein said conputer readable code for
causing a conputer to determne a PWC further
w@erpni®es conputer readabl e code for causi ng BCT/US2004/015693

windoW RS cdiRpriSdsd Rinetivn bPsaid FirstHrRBdRebsl egsisaie Esifktions.
and determne a range of critical dinension (CD) 10

val ues based on said third plurality of inmages

' i wal ues corresponds

15'?@2%@@§§§} £&§%$% ﬁe OFO?E?Egggpﬁﬁ%géist doses for one

of sai dsafidfikst rapke bféxgosucy conditims.coipristha firetmuige of defocus

pr.ogram product of claim_14 further conprising
and gidserord rapgeiabewosyrs cadiions copprisen secondrisiee pf defocus
condifidsS" ©rror budget distribution for said first and

second exposure conditions; determne a PWC

di stri bwhéxein sdidcaimpuiiGrebdsld code foari cusing ar compuitfet to

distri on;. and determ ne i e based_,on said PWC
deterinierd B BiFhStRgmmser R pUH ERTALIF SRS ABRIEA mputer to
storeCC% gé e bt tHAShEId SRt dose TR H_@ferﬁlﬁ?éj@p:luf?geQﬂ'%?iticfaPﬂimension (CD)

sihg a conputer to determne a PWC further
valuexbgsed v saiclothind pluralityod bine gesdFENALSE D avkgrain each of said CD

conputer to; store sel ect.ed aone.of .said second U
valug GBEPRnGiD fp e o sald Sl af Bireiad SesilioseSfp BRE of paid third
plursRéiybrdaaead plurality of imges (S2) corresponding to

saild sel ected one of said second exposure conditions;

determ ne a subset of said third plurality of inages,
hPutf! | flef E6rfbriBing/cphi a

16. THEEGByRE pf oS Bloq B CIWE 14 T8 fict Lofbribime BuipiileSeadable
codedfor cabing a cemputerdd: i mages (S2) wei ghted by said

oehBRL bR o AR LR C Al ooy conditons:

exgeterminecoPW € distribbtiow df said AV Q baked on phidresion udget
o o S | NALSET) over said first range of said first
dlsnjéli)(]i?tg’gldra{éﬁconditi ons. 18. The conputer program product

of deteaninek7yitldrhdsed oncajpk PBIGdistibytiorer r eadabl e 35

code for causing a conputer to determ ne said PWC

val ues over said second range of said exposure
17. ‘Thadérmpuotes progiani pradued\6f claip d4 scheareinrsaid cor@putéOreadable code

for %8%‘&1% é?ﬁ?)ﬁﬁ)i}&?}g(—)/(g grg]%ﬁ]/e %%gﬁgqrﬁgpn%r%%gpgﬁs{lter readable code
for causing a computer to:

store a selected one of said second exposure conditions;

determine a selected one of said second plurality of images (S2) corresponding to
said selected one of said second exposure conditions;

determine a subset of said third plurality of images, wherein said subset
comprises said first plurality of images (SET1) perturbed by said selected one of said
second plurality of images (S2) weighted by said weighting factor; and

determine a PWC value corresponding to said selected one of said second
exposure conditions based on said third plurality of images (FINALSET) over said first

range of said first exposure conditions.

18. The computer program product of claim 17 further comprising computer readable
code for causing a computer to determine said PWC values over said second range of

said exposure conditions to form a PWC response matrix.
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said first range of exposure conditions conprises a
first range of defocus and said second range of
we@z@aaoTog2 condi tions conprises a second range PET/US2004/015693
def ocus 5 conditions and wherein said conmputer
eadabl e code for caysin a.c&gp ter, to determne a

19. W‘EtﬁEPr‘&fﬁmP’é L8 98 e code for

C adaid figstaaf@eptiéxposiee G@nditions cohipiises afﬁrsthrae@b of defocus and
resi st dos%%ﬁfnd deternlne a range of critical

said sgeppd Spnge elasposiye rorditions SOMBRISESH seconf rangs of dafpeus

cond@tforsamdes ( FI NALSET) wherein each of said CD val ues 10
corresponds to one of said rapnge of threshold resist
do¥herenysaid camputer sieadalple cede,foy capsing a compufegtosdeternine a

PW(d ﬂﬁtﬁ&%ﬁﬁﬁse@ cOpaferieqdist code fﬂr%ﬂblﬁé afdéhhhﬂér to store a

S|n nput er readabl e code for causing

range 9 s,hol es@simsm@ deterpineta xange of ca@pdrdﬁmeswn BGD) values
based bﬁtsﬁid%ﬁll@ﬂu%h g%;h (Fi’ﬁﬁ@SET)%% fgf &ah P YSRRED values

di stribution; ne an error
correspands tanenf SQUI ltfvwgﬁ 0§ thrgshald gﬁﬁlSt)dOﬂS(fOr Qng of saiddhiird plurality
of infa@N sai d PWC distribution. 20 -27

20. The computer program product of claim 14 further comprising computer readable
code for causing a computer to:

store a target yield;

determine a PWC distribution of said PWC based on said error budget
distribution; and

determine an error budget distribution so that said target yield is obtained from
said PWC distribution.
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