; abe3eda\ x$6ZT?C  Vortex phase shift mask for optical |ithography FIELD OF
THE | NVENTI ON The field of the invention is the field of Iithographicpn‘a i
for extrenely high resolution imging of nask features on to various 1
substrates. In particular, the f| ventlon is the field of phase
shift masks, where the nmask patte “MHWIWMMI in part deterrined by the
change in phase of light interacti e surface of

BACKGROUND OF THE | NVENTI ON Phot ol |th‘dﬁﬂsaphy Thi's i nvent M mm}lﬂ‘to t he

field of mcrolithography for the manufacture of |ntegr
magneti ¢ devices, and other nicrodevices such as mcronachi n'é‘s““’ﬂ n 15 20 25

30 thi's field the finyorpeppHase shiffMerpHcilligpgyaphyal mnner in

whi ch various patterns are Tirst produced in a "resi erial with each
pattern subsequently defining a product attribute. The "resist” materials,

general ly pol ymer conpositi onsFlalmopm iNventT@oN i ght or other forns of
radi ati on. The patterns are formed in the resist, by exg)((;sl ng different

regi ons of the resifield ofdheinventionds te fieldof hithoggghigiasks tppsateemalyhighe pri ght
(hi gh dose)res@@icaifagiap@fmas fe@thfb@@ﬂ% vatoas Ellb@ﬁﬂed rlntpaﬂlcmqs itled fidlinat theause

it to dlssolvelnacPE@gé A be etcgu gas or plasma nore
easily (forn¥gdiepisbe fi pagse§ ‘tl”e@s‘s &diere the gb%?‘ieme‘s PEERSE{nBart han i n di m
(I ow dose) deeg@inded byltlie dHafge iaghaseiod light iktsraofing With R stEsde Vs thesmdsro 1ittle,
the resist is said to be underexposed, and in general the underexposed area

of the positive resist will not all dissolve away, and the negative resist
w |l onlyy partially di ssol \BRAGMEGROUNID ORTEHE &SVENTION" devel oped”, (IE

di ssol ved Olfﬂ?? ﬁ% ed)., Wth sufficient radiation flux for exposure, the
unexposed a 9 Yareas of the resist will be devel oped with one area
all dissol ved avhs mnehtioheelatherthafield of enmblithogasts far t[héﬁﬁaﬁﬁﬁabt\dﬁ: ofoat for

t he next ste th fer pro sin radiatign flux t

great, the %gfa?et c1r%u1¥¥ama I>1<‘391(():sd%‘(’jl n%‘gq?%ﬁe‘%‘é%? evel%eﬁgg‘g]dastnelﬁﬁ?qa(g g g‘bm‘ out
and etched tdmstfleld trheslpalfmoduekammnefaclaree inseipentidh exantdiéy whish Ivaritus paitérhs j ust a
sufficient ﬁéun dgfoﬁuceﬁq{l 2990 &R $hth efen e&? fsﬂﬁstetfl]%!a d@ﬁrﬂggx\/gr(ﬁﬁ (StS

bet ween suc rexposure and OvVer exposur uxes. erne s|s and
process Theatmbu@hifhfa"rr@lslftll mateeglsmgera}l}epfﬁlmmma@mmsmgnanreezmwrte lightalr whi ch

general |y ofiiQrnls FbaibiAhEERCARLLADAANN Mt LEATNSBodfh: fiREreheSi St 1 om

a mask or retic he masks reticles are forne I A u s_trates,
whi ch are pnegnoesofdhe tpsigt materil to differenireadiatina doses.dn shechright (high dose) regidisat i on

used for ex@l@ﬁﬁﬁgcﬂahgesrtﬁge' Iﬁﬁoe if? BRI EGst Mat Budlit ePAYY ermta%hélﬁica Sl:tlﬁhoreb%

chronme. The chrome 1S etched away In a pattern to formthe nas
radi ati &h 5eteh?6|awééy AEYS YePlEspIatmorg eardly (for ppsitive rewyts)ardesagasaly éregpiipht and

X-rays, a]pdrealae) magincma (Q)fw dd3€) repisls. tmﬂferﬁdlﬁl(ﬁmuﬁ t3 fHé réglarissnréam&m forma
pattern o

E" en |IIu .hat ed §3/ 64 he m)st conmon
i mpl ement at§ Eﬁ ‘Stsf’l do gxBesed aa? AR 8?‘@81 OSgt drea arihf RRLYeof t he
mask patt erﬂasmn"wﬂuhet slegissllvef dvtaly) and the ﬁﬂgaﬁﬁ'r reﬁbtbﬁlllroaI}Q)artlell@tdlslsBl&@ BwgPNPri ses
t he high and | ow dose. r, ns.t hat ceth res attern sone
form 10 of Vgvibe (5 Aels ey m P SOSFE RS nes) ik SiapPusS0iion X o
phot ol i thogexppiwye, the unexposed and exposed areas of the resist w111 be developed with one area

all dissolved away and the other area remaining as a protective coat for the next step in

the wafer processing. For a radiation flux that is too great, the resist is overexposed and

the areas exposed tend to "bloom" out and etched out lines, for example, are wider than

they would be with just a sufficient exposure. For a good resist, a "manufacturing

30 window" exists between such underexposure and overexposure fluxes.

Patterned resist and process

The bright and dim regions are formed using an exposure tool which generally
1



Wavefront Engineering The patterns fornmed in the resist are not identi
to those on the mask, and the nethods of obtaining the pattern desi red ¥
the ultinmate manufactured device in spite of 15 deficiencies in the
m crolithography process is called "wavefront engineering." Among the
various devices used for this purpose are phase shifting masks (PSM s-which
create desired dark regions though interference. Phase shift nasks were
first published by the inventor of the present invention in a paper
entitled "I mproving resolution in photolithography with a phase shifting
mask, "M Dransgyeiesgsponfing Satwpssigd @ﬁatrfroraﬁmagg oRetiple. Bienpasgmor tleElEs Tr ans.
El ectron Deyp ?&ﬁtegﬁ'ogtgmas](%ggs'u%?é%%}(lg@% latesf '&ﬁ@rtzt(t}%tthetr i Rerial @ﬁ{]garg'lﬂve been
hundreds of patents and thousands of papers issued contalnin rase
"phase shi fto thesggiationppsgd éor#fpwngwtag kesishcpaiod Yith @l epaqun n@ferlfabmch Bes with
smal I er 11 ngihHE Mend fdinE RRYGR hxﬁé}% ﬁgﬁ&&l'tb td}ﬁl%@ﬂtayk TH rﬁttgﬁont he | ow dose

portions of the photoresist are rrower than the hig ose portions.

The pitch, ¢memexedrmaydie (butdhnotdimitadie)uliravielal leﬁhhamcbmays,e@dﬂlse regigng efdhe o ~, /

N. A, wher emask that atélﬁ)a&@evﬁtﬁ&%ﬂiréﬁt erﬁHea ﬂa'ttgﬂtof%‘gf'ﬁ dn@ dEARPRG ifihiRinaRe! St and
N A is the nunerical aperture of the optical systemused to expose the

resist. Theyufogply. Bythe gyt cpmmen IPSPB(??“@POPSWIS tﬁC%@EYMR.LeF‘SWGIC%Ch as the
At t enuat ed- f3ahk aithagt bOMG atfewCih tRSrebREfiIN b4 p@tar@%sﬁaer Thtftfi‘mﬁ’ These
two 30 differ |nt% hheié\ée - PSMs hz@e onI%/ gq brig eat ure,
whil e the sTAmAAEsSaRAieh AT OvndasGeraigns diat grodpts Fufesfs ttﬁF‘béVI?e&éthFé%{P‘ except
for theioptofampht Rhapyeddn bR plddefitSs d¥led Bhbtoli@6grapyl exanpl e, M  Shi buya,
Japanese Patent Showa 62-50811, M D. Levenson et. al. |EEE Trans. Elect.
Dev. ED-29, 1828-1836 (1982), and M D. Levenson, h~ool b~ M crol ithograpy
World 6-12 Yibefedut Bpg1héerﬂqg92) Typi cal | y, narrow and "dark" |ines may
produced by pha sh ft t hase shift rlse fro

nei ghboring ar e:{@'e@la t?ﬂ%%ﬁ‘ﬁ"\/&ﬁ? Eﬁﬁlsgzﬂf‘f‘t’t 'fiﬁelcﬁl‘rtﬁéle)sﬁfm edms F":’ﬂctl ng
with the mamkthbys dE®Btainfiigetht porte daxsred forthvenlimak manafasaipaly delvizd ubs/pla olﬁor der
which is.a str h th sk.is . npge

osi ot 1 BHGRREN inthd RicdOh Mty B gcs® MBS iR sl S Ao

bri ght areathe wmbtdsVICSwetﬂ feathiopurposaes phase shaﬂtlugbiasks (PSM)sewhrcplcezateas gat e
lines in a I s much

| ar ger thanéetﬁﬁle&w d#%goq% ﬂgﬁéh Fﬁerfe \gﬁ\gsﬁ Stshﬂgm 8&%% ﬁ&t GflSit'éd h%/\hl ch are
hol es in thl@VfFré@lOitthe\mr@S@Hfa}QVmﬁlan in @prpar ewitled “mprowing readlutien @i amet er as

possi bl e. tg?zﬁ) §ofth 3 fitdse ifin®HANPLFr. 1 LIRS SCORWARkRor, G

under | yi ng con uc |'i nes or parts of sem conductor deviées. Fig. 1
shows a2&keRchy. S;mpmeIEEﬁ Eress. tE}eC@DnD?élCFS BRt29%8uli8l (P82 hr Slacpthaor art

met hods f or g QRLE hi\@ b%bts:thdaeéo%f ga%nts m&hoasandst@ba&rmt&d cBnthinfgGhE Ome
cover i ng of a nornml mask u stra roduces the int en5|ty ﬂl ven

curve 10. TPHEasSi Rhas shilimaskt cPhasy Shetteaﬁlfsgaﬂpwpfa?ctteﬂﬂn pifeatnrey stitdspiafierg by

di ffracti oninedigthd@es coiventdiial SHoRtRIpraph lh%dﬂme%w AodRriédis@fthel S reduced
beyond a cer]'}é)gclﬁg%;)m nt. The Att nuat i n& ESM curve 14) and R nshift PSM

(curve 12) B L8 ‘B%Chr"e"gﬁt”?’ € ROFHP e T QPR W e YT Ytrclar eas.
U S. Patzfntnzﬁl;oﬁol"ine@fi&hlf@aﬁébas hamdd)um ENEXPOBLIE @ 1§uetv@m1teﬁ>gth eKMmesighg a

hot or esi st u ase. shi and with a se k t o expose
P oent ca datd shkebulBE RSP b ATy Alertinl dhe el Tegpial e a0 620, 816

teaches a dmpbt;eethemmsure system where a chronel ess phase-edge shift mask

is used to expo e are except i,nes, ru n|ng in rows
and/ or col ums, Sghr?&ﬂ ?rﬁgﬁs%mgﬁnge§8§%§W?S§ ‘ﬁ%‘%}% S BPAELCunwant ed
portions ofAtthmaiedeM amtitong-®SMsrsneh aslthe AlternsampApertan®She Thekenwoel ess
phase e e the ere ark |i run
per pendl(gulée;?t%{(m t%“fetet‘g@s%%ﬁ SE]?E‘VI ne ? eOf%tl%Hct %S’[Wfé‘g’ tg%ﬁttoeng l%%n% of

t he unexposenitan bestypés dffbeightesatares icbﬁttcabuyxcbptefof fhe spu@kphnsetr\mwh diffetse
exposed, ang. ajnnar S o I a er will
result. The prilkgr %‘?e%/ o)é%mlﬁé’w sﬁg Jtafta ‘%]p%&ﬁts\ﬁ Oagggélogigl \E/Wefr)y snmal |

regi ons of Leverpostdl JEBEdrasi Elt:ctuBmdeaZ%l16@8{&8%(@882% and MoDPBMeDemi gn
Various El ectronic Design Automation (EBA) tools are known for preparing
the patterns used in conventional and phase-shifting nmasks. In addition,
OPC tools alter those patterns to account for the realities of the exposure
systens. It is also known that the
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pr o016 pattern of apertures on the phase-shifting nmask need not

correspond closely to the ultimate circuit pattern, at |east not whenﬁQOO’b?
conventional bl ock-out nmask is enployed for a second exposure on the resi st
filmin concert with a first exposure made using an alternating-aperture

PSM Such second exposures erase anonmalies due to phase-conflicts.

Nurmeri cal Technologies, Inc., in US. Patent 5,6858,580, in particular, has
denonstrated the I n-Phase design system which enpl oys a bl ock-out mask
simlar in geonetry to the ultimate circuit feature along with an

al t er nat i ngMagselithegrepyPENrld 6rigd Yiachdhpipalidpa). offy pinally.Inaeperand f'éask'(Isfesf t er s) ,
one of whi Cﬁaﬂﬁ%d&eﬁlﬁzzﬁ% se Wi tﬁethﬁﬁ% Qhélg'ih gﬁg eésﬁ%t arls\é@frﬁﬁ (@6 Tk ffbdr

narrowest dark featur et ween t Patent's I’'ssued to the
i nvent or of aredseof Pregnaskewhichsbt the phageof Ughtsntelraattl@wgh the rgrk P 28¢ndTlg, 251, 549
I ssued Sept W@ﬁéas%?—the%@:@l@ aRNg a%&@@b?@box%@p@hlﬁﬁﬁpa%tal YEliNe o TRE A8 abt S-
patent applications by the |nventor of pr esent |nvent|on are

appl i catd on¥haythe magkis inzaged onea T%ﬁsiéVeéhPWOW‘rﬁBlethilFt@waép‘iumleaUU!ﬂom as US
pat ent appl pgaddnRo BB fead3QuANd SubRlRW lﬁﬂ%@glre%ﬂlﬁbl@%h% gﬂ@r at us”
filed 2/ 25/ 02 as 15 US patent application 10/083 The abov entified

r ef er ences, lings 41 2 paigedyctgndeviges Hpygvshihedppgth @fatthF é‘ﬁ%s ig praich ar&%yhan the

i ncor por at e«dldk}yofrtgé Brence. OBJECTS OF THE INVENTION It is an object of the
i nvention to prayi de apparatus, method and systens, for the 20 production
of very small arB¥r¢igaidgmand R teattgesy ugh arp oles e Eﬂﬁ}srewh 8% salkar Hedent i on

to provigle @a@lﬁﬂlﬁﬂiaimnfeﬁerriﬁ§8ssﬁﬂ3335ﬁ@tlﬁ)ld§&lfd Rgd ffslaé)aaﬁ@& wreduceicomhee for
production of ﬁg{)}( srrall i‘ f eat ures o(%&a devi ce. n (L)?? ect of the

i s
i nvention t'8Y5FgMIRER %’é‘g nes Qrrthegpargs B@fcroﬁ‘?‘t‘mﬁé]ﬁ"ﬁ@q gl S%hi ch
provi de f Orsk]afcﬁdt]ﬂfehﬁtensﬁlif of eheMlighbllucdd g tireapritr as nidthdls @@\réducing3utt s an

obj ect of t |nv nt i n to hase shift nmask hayi features which
provi de forl @T"i“ﬁ ISdf’St\?BP% lgrdlr%ﬁ &’I‘QP%BOVFE% Pjﬁaeléor@ﬁl Qaﬁ\g‘es\‘ig%ré‘e‘f'ﬁllc?s an
obj ect of tﬂiredudaymnmtmlty(gwpnd)y|cd1®e&0nathlemdnmiunﬁrailamegraf thb fige paherhtis mask

Foat ur o8 onterRERIEE HEERQ pE RS B EBym er B BERRG b e rot rdie o
nmet hod of usdyngd acgiepaint. fm'as%etestlmtmg PRNS(cusulig) aralt Rintshifi PRM {@ateur®s whi ch
bbi et of t RIS B oo HRlter BBict G AR, 7 % Cner f o phase- s ft
p~ool b~'J mask sWibsPatentté, &Qé’;ﬁﬂﬁgpaﬁ@ataldpe@e ekpostre gy sern de ekposiggraoduct i on of
very Sl | GoRAcligaliig Epnae sﬂ]ﬁtqﬁae?(%ﬁ%whhas oot Bk B bxpBl drlntcB K | O L O

provi de a oto ographi c exposur I mensi onal
arrays &f s?faflsllefabb&lefpé@ﬁe@ lébmﬁﬁkvﬂhé Batewit$,620,816 feajres a\méble expOosiE t he

wavel engt h gkield \gmn,treyéﬁém@bésémsaof@]%@hffﬁrhmr@mu@o &zge&sar&tﬁygto%ﬁﬁﬁd NA i's

the nunerical aperture of i t hographi c system CF THE
| NVENTI ON 18c§pendingsmigping vasuaasi{or%o wmay, andthen a gysiomized maskds piadried to

produce verM(pagaldwaafee@srtfoﬁﬁbm@ﬁn@rhna/oa@omﬁﬁs I'ﬁttﬂh;@ﬁl@ of Miottier CRdkcRUPSLrat e
sk substrate has g phase shift variation

i's produced Wner&? [ ea $n t he rrF
around a poPlpe-edggapask fstsed foPoseibesame Tesies Wilerain da1k ligesayn RepepcHHdo poi nt
has t hezfphaﬁleseqfaﬂt tiges N fEbE the irdt egsbsere, mtofttlh'ﬂrﬂxpc%e@a&hb@d’fﬁhmﬁstd@ﬁB

a. first area cor ondi n he point,

m ni mum of i nt
and an 15 a{}i‘ﬁgﬁr %Oél’:rcﬁr’fﬂﬁ'g?ﬁee ié%ﬁﬁa’raé‘dﬁalaﬁéy PHECERISE i HIH Yémf‘ e light
intensity IﬁlamhwgrﬁaﬂerThmﬁbrtah&ioﬂﬂ it BhoW hiy @ehbd bhgo@rdiig erpémall ar ar ea.
The phase shift v€ i es a slgl rta attern about the point so that the
phase shi ft S8y ‘fﬂeiﬂ’% Bltb%? S B AT B FARAME measur ed al ong | i nes
crossing the point, and the phase shifts slowy or suddenly by an anpunt
| ess th 1§§)M%es%reater t han 230 when neasured al ong any other |ine
traver sing

Various Electronic Design Automation (EDA) tools are known for preparing the

patterns used in conventional and phase-shifting masks. In addition, OPC tools alter those

patterns to account for the realities of the exposure systems. It is also known that the
3



20 an area on the mask corresponding to the second annular area. In 5 ,40}6%
particul ar, the nost preferred enbodi nent has a substrate with a one turn
spiral staircase like set of "steps" etched dowmn fromthe surface into the
substrate, wth the height of each step producing a phase shift fromstep
to step of less than or nuch less than 130, and the phase shift fromthe
bottom step back up to the first step of greater than approximately 230. 25
BRI EF DESCRI PTI ON OF THE DRAWNGS Fig. 1 shows intensity of |ight produced
by prior art photollthograﬁ masks. 30 Fig. 2 shows a perspective sketch
of a pref erpaigrneafisperiuresnn theplpse-ghiftingmask meedond setreshpid cledelyf foghe 2 as a
function Ofulhﬂﬁtel%%ﬁ[ éuagi &t IQast Ebtqvheﬁ a%ﬁ%u@nd?'bﬁi&k\()g?xw Qfis @msmgédﬂfo% hi Tt
mask substrate. % shows phase shift produce gout a point as a
function ofa%eﬁ%ﬂqd@ﬂpaﬁ'“fe OfPthF(B‘%fllS(Sfﬁméh@lnéefG)WItlIlaélfStGﬂp@h&madewémﬁﬂgt preferred

embodi ment  Qferdafife hputRId POV sﬁhgecﬁaeﬁmﬁ@s erapeem%mgm&tybﬁyye%nfﬁ@w st eps
of the zﬁpl r al stal rcase around an_area é\& shows phase shift
ith

produced abdvengy! Serhgolegiss.dac.6o Uk Pdten85§ﬁ% Rartieiday) lﬂi’é dGFIOHSt@éﬁdcul ation

of the intemlsid-PhRE abdigeystem hiclPefpoySa BOclabltehRRinvifir &MRRHeIB R theat t ern.
Fig. 10 shovi/s t he ph?\t%e shi ftg:\Br oduced about an ogaque area 90 to DETAI LED
£{4iq #n

DESCRI PTI ONUepateigicy! h an dlieopating-aperfuse, BeM, cpapepesk of tpaisg ofa

preferred egimdipsRines hlffem dne\éewmcﬁmas@?ﬁhla@et whil fhid@ene? Ba0f80a- wh@ﬁe shift
ched into it. The circular edge 22 of the

mask substr as a fea e
feature 21 eémgﬂ&wfemtdﬁ%ffﬂmsEﬂ&fﬂ%fu‘#flace 20. The sketch shows a spiral
ranp 23ici rcul athmgecaU(&JPatantcmmelrto ltheni@veddor of (iR pr&xpm ifdeaatibs aRtU.tShe ori gi nal

hase shi {1 PAEs SR bR B paet s iTRe it B Pl dduned 2007 he or i gi na

surface 20, respedtiyelyc Retds:dd).8.chavdins epplicationd by ke iawsntce lof tHepeeseht. m&lanﬁoﬂi anp

h hi. f X
acoor ding {8 RSB Bghertnmarndmal Tutd Gl S IE U miing 260
wi t h r especipplicativch@9647 dBhadd SRhokatikog2dpha meetisldand apgarathe fileds2/R5/0nas mar ked
on the Id 9%§gat§fea\ggf‘@a§8¥ ;&b%ﬁ%ﬁh raB&%CﬁerﬁlfBEEéfSJencegfU,snﬁélémgf?@cf g%pond' ng

to the featur i mum of ensi T the
poi nt correEﬁb@mdPHi@aM@Starﬂehemhynncomoratnd by éderencon of the center line 25 with
the surface of the phase shift mask substrate 20. There is no sharp change

in the phase shift fromone area of the spiral ranp to another, so no dark
line is produced in the fiel dOBIECBUQH TALE INVCENBION of intersection, and

the sharp changg Rfan%B_rﬁﬁfoft?ﬁéM@%ohw 1%51dpv\klp} zE?Jszﬁwmcodg h d§ﬁ"tern?s] fof P 23

and the top of t e spi ranp 2 opro uces no dark line
f eat ur e20 ThRFodusgen obvesy sl area fealtaesiond de¥icen the il | umi nation pattern when

the phase shift Ibgtamgjacmeh@mv&maalto ﬁ@w‘de%h;’é& sRFCnIRQUBHAR AJingS near
180. The rgfsultl n unex\?gﬁg)&ggodaﬁlrem st may be exposed in a |ater step.

The f eat ur efciures whichpr onf verysgali ares feefturﬁmﬁﬂ?ﬁ%tens. ty

surrounded 30 byit RanabjRdl Erthein@entioh € provide aipRise RBift Mask SubBiGi: HALRgL er
t hr oughout he angﬁl ar e n_the ex&osuhe at. the m ni nym of the

'
exposur e. Mo‘flﬂ%&)ﬁ RQ@EC‘% of very St e feaenen 2 de¥itfre of fig. 2 as
a functon of t He1spm|obfecaffgh63m8enma$mp1©d1dal%l(pl:myé shifiem sk ha@ing lfdangesiohich n

preferred enr?)% e ?Br productlon Fof v%ry small6area features on a device.
It is an object of the invention to provide a method of making a phase shift mask
substrate having features which provide for production of very small area features on a
device.

30 It is an object of the invention to provide a method of using a generic phase shift
mask substrate having features which provide for production of very small area features
on a device.

It is an object of the invention to provide a method of using a generic phase shift
4



p~o00l d~ shown in fig. 2 wll have a phase change fromone end of |ine 27
which nearly encircles center line 25 to the other of nearly 720 , opﬂﬁ&'b?'
the intensity change when passing across line 26 is still very small. In
general, the spiral shown in fig. 2 will have a phase change from one end
of line 27 to the other of nearly mtinmes 360 , (where mis an 5 integer)
so that the intensity change when passing across line 26 is still very
small. A spiral pattern such as shown and described in fig. 2 and fig. 3 is
pressed into a phase shift nmask substrate by nmethods simlar to those used
t o repr oducBasksubstasy ivigdeateres whigh prayvidetforiproduction ofwiery smek area featuses
produci ng siy f aasf eatures. Fig. 4 shows a plan view of a phase shift mask
substrate where the surface is 1o forned into a nunber of flat paralle
areas in the forlkisen okiegbRfdhsinvemiion tgproyide ppeathodsfpemaking photelthpgraptie ch
cause phaseex%@étfréssofotfwo(}hm&?s%na%% 28PsmdrPsba fe@ﬁx?és%@ﬁh%gﬁclf@x?fl\m higg of the
borders of the on areas W || “produce a mniumin the radi ation
pattern df M ing}hQ Wa engtafilight yied Ry fh@é)hgt@ﬂlﬂ@g@phm@@w systemppad S isdhe r anp

of fig. 2, mnddRichBipefiriof fiRPRoBdAMoPApRickyfads is formed about each point.
Not e that adj acent p0|nts share two RS treads in common, and that the sense
of the spiral (descending clockw se or countercIOCKMAse) is opposite for
two adj acent points. The phasgMMARYaOF TSEARVIRY RN two adj acent phase
shift areas noted in fig. 4 produce dark lines in the pattern having a
theoretical intensity of about 25%of the full intensity for fully coherent
light, while t herﬂetm@eﬁtmmhon mtaeyystemyapxp@fang&mmum té protih@: Ry thalt0 is
zero. In practlfajfl the éh nSIté]IS about 98 cause of
scattering HRSHABYEHPT & “@@sfb as L 2nbsEUE SProduced WhEIE 3R AB2 0Bsed t o
ensur e t hat the skisubktrdte hassa shase ﬂﬁﬁoomknag atoand B@oing uﬁdﬁhateighﬂﬁitdﬁmxmgen t he

phase shift as are sy fflCle o the reas

cor r espondi Wgﬁ a{%@r% q‘%}ﬁf’ﬂ?ﬁ se Oﬁgl ﬂﬁb%ﬁlﬂsﬁlﬁ? %%t“?%et lsﬁrs #Pandy ¢ he
dar k poi nt sdedp npnmmtm oﬁpehglftumamsntgamsa fiost aree saresporglinporasiic poit, imicansi ng of a
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In the sense of the present specification, the |1 h of the intensity

mini mumis ‘éféhqdrfl@&’“&o“t the sprface intp therpubgtraen w jh t%f‘chféﬂ%ﬂf ethfst@a SIAWCAE Al num
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). The full of i ntens i mum of the presen nvention is
preferably Th&gttqlﬂétﬁp ackupgo N‘eﬁl“séteé’ Or}@reé‘%\'/!?sa“taﬂ%mgﬁ%?iy é%ﬁ ft produced

about az2point 40 as a functl on of the polar angle 8 neasured around the

poi nt 40. The phase shift when neasured along a line nearly encircling the
point 40 will appear simlar to fig. 5 when plotted agai nst di stance al ong
the line. The spiral shovBRIEF DESCRIPTMONIOIMWEME DRAWANEGSchange from one end
of line 27 to the other of nearly 720 , so that the intensity change when
passing across line 26 is still very small. 1o Fig. 6A shows the nost
preferred enbodilkent stmﬁvsuﬁtmsnmbéhghtpmduwmdry@rtohart phasbthegliaphy maskk. substrate
is for into I orm of squares. In
fig. GZ%jt hor o SRR Alpelsb@hiy PRI & ?“rfgr%%‘sée"%or‘?ﬂ& Uof 0, 90, 180 and
270. The inter seﬁg:bﬂmWﬂw@%mbrft cfofigyEras adlﬁncmxeom}uaolesanm will cause
phase shifts whi I | to photoresist, and
result in a deepﬁ%ﬁ%alpﬁlﬁﬁﬁée\p%n? r?é%@ftgp}agﬁ%%ggﬁﬁts corresponding to the
corners of the skigaYshowsTheephaseashift plodiced abouyawpatidrs @Bngton of thapotard0, in
contrast to the |20 phase shift produced at the boundaries 42 of fig. 4, so
the intensity in the lines corresponding to the boundaries 62 is nuch
greater than the 25% intensity for the lines of fig. 4. Fig. 6A also shows
optional opaque areas 60 covering the corners of the squares shown in fig.
6A. The opaque areas reduce the intensity of the 20 light in areas of the
resi st corresponding to the corners of the squares of the mask substrate of
fig. 6A. Note that adjacent opaque areas 60 have two steps of the spiral
staircases in conmmon, and that the sense of the spiral is again opposite
for each pa| r of adj acent ar eas 60. F| g. 6B shows a perspecti ve Vi ew of

______ o, = o I



25 area 60. Fig. 7 shows the phase shift produced about an opaque ar%%aﬁg?
as a function of the polar angle 8 neasured around the center of thg opaque
area 60. Fig. 8 shows the results of a calculation of the intensity
profiles of the |ight produced by the nmask of fig. 6. The dark |ines
runni ng horizontally and vertically are an 30 artifact and shoul d be
ignored. Note that the mnima 80 corresponding to the areas 60 of fig. 6
are surrounded by annul ar areas 82 where the intensity is substantially
greater than the intensity of the mnina 80. Fig. 9 shows an alternative
embodi nent patt engle®sed to produce intensity minina  P~oal b~ on a

hexagonal grid Lﬁ%.%ﬁlo%ftﬂe%@s@bre@?%%nﬁ)lahﬂﬂen[, ¢ fvertit. OPaque areas 90
show t he hexagona EI’I d points of the phase shift mask substrate

correspondi ng t &g QWE ¢ PRRSPRCHEC Wiewiof dopr steps plethe snrifal stairqage argudhan
correspondi ng t qrdagoer section points 92 wll also have intensity mninma,
and nust be expaosed using a second mask and a second exposure in order to
produce X he desifiged Yiewagsphapseshift rpducsd b RpeRAsYe P8P8t . Fig. 10 shows

the phase shift mg @lueRd Rt 8l ONGHHRNAT BR iXensH§ profileyIct i on of the pol ar
angl e 8 neasured_around the center of the opaque arfea 90 for the enbodi nent

of fig. 9. Oovi dugIXBhoyws Ay altaseative eBbPGHENtReRiar i at i ons of the present

invention are 1Gpa9shéhethe Phise Ghitt RbdichEathp¥Eop8acen9s. |t is therefore
to be understood that, within the scope of the appended clains, the

invention may be practiced otherwi se than as specifically described.
~~60~ 610 | claim 1. ADBPRHIED DESCROPPIONORTHHINVPREEIN shi ft mask (PSM

bstrat [ f d f t e t f f
"t or ot | ng HRAROYS RBFVERREICB AGE rerA E rnaent e41Ey EYERBR 6 Bange t he
phase of t hearfaceglofiaphasehift musk shbitentahazadedyrehetched inacie. Phd tieutar Wher ei n
the int it he .l i ght . af i nt. t] ith.t f is d i ned
ar 1 east 1 rdbs e obP rambiERL e Ein sbEE Aol Sty 2ohd e HIARESpaE bR na
wher ei n whenampl?8 circyjhti ngrbosescenter tngPd. 1 Thardngnsarcfat thel drighapswfabe 20 sfyst em

havi j . N A, ): t f ol S
hav 19 % MERRARRARLE St 2 0 DB RS Wy R,
plurality ofhaposhni piodegds the aciginpbsunfacd 2faged pravéedg clackwist &nsind the nemérnum of

PLSTEL . i S N IR LR 1 0 e
m ni num amecoudingdd thetdepthfofithe auf. dRiaseshifisef J0Nt18AT RTY anil APOTUwith wsspeglste t han
~ 12 NA (12 o ARnARBAL R MSire SHOWRMak BePMsitions marked on the figure. The phase shifts
20  produce a pattern of light corresponding to the feature 21 where the light has a deep
minimum of intensity at the point corresponding to the point of intersection of the center
line 25 with the surface of the phase shift mask substrate 20. There is no sharp change in
the phase shift from one area of the spiral ramp to another, so no dark line is produced in
the field surrounding the point of intersection, and the sharp change of phase between the
25 bottom 26 of the spiral ramp 23 and the top of the spiral ramp 24 is 360°, which also
produces no dark line feature. The edge 22 produces a dark line in the illumination
pattern when the phase shift between the original surface 20 and the ramp 23 is near 180°.
The resulting unexposed photoresist may be exposed in a later step.
The feature of fig. 2 produces an isolated area of minimum intensity surrounded
30 by an annular area where the intensity is much greater throughout the annular area than
the exposure at the minimum of the exposure.
Fig. 3 shows the phase shift produced by the feature of fig. 2 as a function of the

polar angle 6 measured around the center line 25. In preferred embodiments, the spiral
6



20 a phase shift mask (PSM substrate having a large plurality of pha?e(oouﬂ
shift areas, at |east sone of the large plurality of phase shift area

havi ng at | east one wedge shaped area boundary, wherein a feature is forned
by n wedge shaped area boundaries of n of the large plurality of phase
shift areas fitting together to surround a first point on the PSM
substrate, the n phase shift areas cooperating together to 25 produce a
pattern of light intensity for |ight of wavelength ~, and intensity to
interacting with the n phase shift areas, wherein the pattern of |ight
intensity hhewa inBg willfiawe aphase chinge fioghneiend ehkne 37 wgichesqmlyrﬁdcim@esm t he
poi nton { NenRPlhe S (ROGHE & nbitfy 10 SR OTuchS oA wil st er act i ng
with the surPace_ Phas intensity ch greater than I, ~ Tn an ‘annuf ar area
sur r oundi ngacrgseling 2ais spBivery smatd Innerneesl, thawpingl showgrie fige? wilhaye ephasgual to

four, and V@h‘ﬁﬁgeiﬁoxﬁ%ﬁé‘erﬁifoftlﬂ@ﬁtcpm@%ﬁleﬁg'ﬂrfe%rl?ﬁ%ﬁeé"ﬁ)ﬂa‘ﬂiefefrﬁriseﬁt phase
shift. 3. The apparatus of claim2, where the |arge plurality of phase

shift areasinige) $¢ tpt the duensity change whey passipg agfossine 26dsstidlyeay $83ll.t 0 each

other. 35 4. Thea gRRdpatcuPsih afSiiwh ahd JAREIHE [ Tz, 4 B Bl DR pphgsEnpi ft of
the four phase shift areas are approxi mate 0, %0, 188 and 270 , counting

\ , |
in order nmhaﬁgsmfhn@ﬂésuaﬁtfﬂé%?ywﬁha%%w&arttﬁéﬁ/qsfﬁ psed tp gppRRduce B eridings 4
phase shi f torafiRamet RISk DRANE tHRfarof PRIduding ShiFdce Gat@e@bout the first point.

40 5. The apparat.us, of clajm4, ere the wedge shaped area boundari es have
wedge angl es, and8HEPES A PRI gﬂaophfé‘bs H’é‘%lg%“lt??‘fftte whergdhesyyface is

appr oxi At efoymeriu) a Mestge ofNglpatillcainchs Whehe €orin 6ﬂ}féx9%n§.nﬂl {25/ Q, pbRsge shi ft
areae nave SpiQLILEl b SEl, nedas @rges,, 45, TS, sRRAIALG OF ol m
spiral st aithfaoeshedonitts dfie Rexagdn Aewd Wil @raiacondecpaninimed aitht fadéation
EASHIN TN TN A N SR MERL
substrat e isaitbas Iging ¥ teradusdommedabaitebd pdifto dNosepthyt aljasespointsshag t&o
A R T e T NI
apart. 55 counterclockwise) is opposite for two adjacent points. The phase boundaries 42 between
two adjacent phase shift areas noted in fig. 4 produce dark lines in the pattern having a
theoretical intensity of about 25% of the full intensity for fully coherent light, while the
theoretical intensity corresponding to the point 40 is zero. In practice, the minimum
20  intensity is about 2% because of scattering in the optical system. Thus, the resist must be
overexposed to ensure that the dark lines corresponding to the boundaries 42 between the
phase shift areas are sufficiently exposed with respect to the areas corresponding to the
points 40 so that the dark lines do not print and the dark points do print.
Specifications for resolving power and focusing of a spot or line of light in optical
25  systems often are given in terms of full width at half maximum intensity. In the present
case, the intensity is a minimum 7 ,;, at a point, and a maximum intensity / ,,,, occurs in
an annular region surrounding the point. The intensity varies throughout the annular
region. For example, along a circular line drawn in the annular region which has the
point in the center, the intensity drops to an intensity I '»;, at points on the circular line
30 corresponding to a phase change on the mask. A specification for the "full width" of the
intensity minimum may still be drawn with reference to either the maximum intensity or
the intensity of the minimum measured along the defined line. In the sense of the present

specification, the full width of the intensity minimum is defined as the full width of the
7



8. An apparatus, conprising: a phase shift mask (PSM substrate havﬁH§Q£b7’
surface and a surface pattern, the surface for interacting with |ight of
wavel ength ~. and intensity to to change the phase of the 60 light in a
pattern determ ned by the surface pattern, wherein the intensity of the
light after interacting with the surface is determned at |least in part by
t he phase changes induced by the surface pattern, and wherein a plurality
of points on the surface have a surface pattern surroundi ng each point such
there exists a |line nearly encircling each point such that phase changes

al ong t he |inigasityAd@inwgmeasisedsa halh sheemipipam pgensith segaurechalprgibe lige edt er t han
120 al ong the/dy N rANGidiRaE the e RV EENIFRANERSe Fésedt invEAdh i2flretdpm one end
of the line to the other. 11 ~,~ 0o0or6~ 9. The apparatus of claimS8,
wherein a pegdBaichahNerfrom one end of the line to the other is

appr oxi nmat el y mm%mc%ﬁw pHRRIsBifPrbuced abdii g\?@ifntm&ﬁdﬁhcﬁdhaﬂ tiRpobgual to
one. 12 .A .AlL.AL. A5Y . Al . A?. A . Ar. AY' . Ae. .AR3J}}Si; **2 .

H?Mzupke® [ V318 %laf%v}ieaquegfl@eﬂoegwcéﬁl@a’flesg]s&{ﬁ/ ¥anoBiasure Ane aieg) ca) ca caj
ca] ca] ca] cajeany emdicBhLAE ?@1111@@(} wiRBdppea\dada'tdBg 'S Wwhin plotted against distance

24t YBAR(\)) ) *" *El+£,i+’ _ goo #20/%@222 a4 .

. zupkf a\ W | donecths ey c dnesprbihoniie Secavibhavs P ol shange fope st 041188 ca] ca]
ca] ca] ca] cajalikeadtbélot atdrgatdpe abard: ¢! infenddpldange when passing across line 26 is

GGHI | MNNNPPP) cTITuTTT(U+U*XFXX6292[[[zupke‘ZU]caV]ca]caV]ca]ca]ca]ca]caV]c
a] ca] ca] ca] tHER| ¥4 aV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca
'III[R ¥ a\\\ 1] ]Hig."0A shows the| mesa prefartd teajbo dipteat dhe mvimhcaMre degrheaV] c

o <ol co) e ol atheal bk sal iRl gng el ol b anken oo oo
&!&.100/(3 OfLO (()/gl-gfflig)%otgil(e())aﬁl( fbﬁi:)/lﬁm?/i g)nch@c@ fﬂﬂlﬁs%Sbioffs gﬁ-ﬁb%(bgBQO)aﬂg 212197('3 ORte( ) - 10%
0% og () SRS ARER bl DR g st lnnta et s Sigtch hnce
Si } <Y]'c\'C3 é&% #géxrs{ny/pt’?jd@&g (Op10 yl;cagfﬁsj;&/; {d r‘em_ng?foaﬂfa;( IiniBUH08EoEuendy <t " 10%E0E
Eglt()f)% 0& () ﬁq?’ﬁs garieg%ﬁﬁ??%y ﬁ}g"l&’ f %’f s}%kﬁ%‘é‘@?ﬁf) ﬁ% L4 ﬁgfgg}ﬁq@%‘&(‘%‘f—i‘”ﬁ(ii *2bHC310°
-10% o0& () -9nly B@% m&opirast to the 120° phase shift produced at the boundaries 42 of fig. 4, so the

intensity in the lines corresponding to the boundaries 62 is much greater than the 25%

intensity for the lines of fig. 4. Fig. 6A also shows optional opaque areas 60 covering
the corners of the squares shown in fig. 6A. The opaque areas reduce the intensity of the
20  light in areas of the resist corresponding to the corners of the squares of the mask
substrate of fig. 6A. Note that adjacent opaque areas 60 have two steps of the spiral
staircases in common, and that the sense of the spiral is again opposite for each pair of
adjacent areas 60.
Fig. 6B shows a perspective view of four steps of the spiral staircase around an
25  area 60.
Fig. 7 shows the phase shift produced about an opaque area 60 as a function of
the polar angle 0 measured around the center of the opaque area 60.
Fig. 8 shows the results of a calculation of the intensity profiles of the light
produced by the mask of fig. 6. The dark lines running horizontally and vertically are an
30 artifact and should be ignored. Note that the minima 80 corresponding to the areas 60 of
fig. 6 are surrounded by annular areas 82 where the intensity is substantially greater than
the intensity of the minima 80.

Fig. 9 shows an alternative embodiment pattern used to produce intensity minima
8
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° ( )- order to produce the desired hexagonal pattern of unexposed resist.

Fig. 10 shows the phase shift produced about an opaque area 90 as a function of
the polar angle 6 measured around the center of the opaque area 90 for the embodiment of
fig. 9.
Obviously, many modifications and variations of the present invention are
10  possible in light of the above teachings. It is therefore to be understood that, within the
scope of the appended claims, the invention may be practiced otherwise than as

specifically described.
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5  aphase shift mask (PSM) substrate having a surface and a surface pattern, the surface for
interacting with light of wavelength A and intensity /y to change the phase of the
light in a pattern determined by the surface pattern, wherein the intensity of the
light after interacting with the surface is determined at least in part by the phase
changes induced by the surface pattern, and wherein when the light passes through

10 a lens of a lithographic system having a numerical aperture (N.A.) so that the
surface is imaged on an image plane, the intensity of the light imaged on the
image plane has a plurality of point images, each point image having an intensity
minimum of intensity I, Surrounded by an annular area having intensity much
greater than I, throughout the entire annular area surrounding the intensity

15 minimum, and wherein the full width of the intensity minimum is less than A /2
N.A.

2.An apparatus, comprising;

20  aphase shift mask (PSM) substrate having a large plurality of phase shift areas, at least
some of the large plurality of phase shift areas having at least one wedge shaped
area boundary, wherein a feature is formed by » wedge shaped area boundaries of
n of the large plurality of phase shift areas fitting together to surround a first
point on the PSM substrate, the n phase shift areas cooperating together to

25 produce a pattern of light intensity for light of wavelength A and intensity Iy
interacting with the n phase shift areas, wherein the pattern of light intensity has a
deep minimum /,,, in light intensity corresponding to the point on the PSM, and
wherein the intensity of the light after interacting with the surface has intensity
much greater than I,,,, in an annular area surrounding the first point, and wherein

30 n is greater than or equal to four, and wherein each of the » phase shift areas has a

different phase shift.

3. The apparatus of claim 2, where the large plurality of phase shift areas are flat areas

10
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with surfaces parallel to each other.

35
4. The apparatus of claim 3, where n = 4 and the phase shift of the four phase shift areas
are approximately 0°, 90°, 180°, and 270°, counting in order moving in one
direction around the first point, wherein the 4 phase shift areas form a shape of a
spiral staircase about the first point.
40
5. The apparatus of claim 4, where the wedge shaped area boundaries have wedge
angles, and wherein the 0° and 180° phase shift areas have approximately equal
wedge angles, and wherein the 90° and 270° phase shift areas have approximately
equal wedge angles.
45
6. The apparatus of claim 4, wherein a second point is located near the first point, and
wherein the spiral staircases about the first and the second point each have a
different handedness, and wherein one step of each spiral staircase is the same
phase shift area.
50
7. The apparatus of claim 6, wherein the PSM substrate is designed for use in a
photolithography system having a magnification of M and a numerical aperture
N.A., and wherein the first point and the second point are spaced a distance less
that 2 M A/ N.A. apart.
55

8. An apparatus, comprising:

a phase shift mask (PSM) substrate having a surface and a surface pattern, the surface for
interacting with light of wavelength A and intensity I, to change the phase of the
60 light in a pattern determined by the surface pattern, wherein the intensity of the
light after interacting with the surface is determined at least in part by the phase
changes induced by the surface pattern, and wherein a plurality of points on the
surface have a surface pattern surrounding each point such there exists a line
nearly encircling each point such that phase changes along the line, and that the
65 phase does not change in jumps greater than 120° along the line, and that the

phase changes by at least 240° from one end of the line to the other.
11
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9. The apparatus of claim 8, wherein a phase change from one end of the line to the
other is approximately m times 360°, where m is an integer greater than or equal

5 to one.
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