;e3e{| 6NTZ 5 10 15 20 2S OPTI CAL LI THOGRAPHY BEYOND CONVENTI ONAL
$yRESOLUTI ON LIM TS TECHNI present invention concerns a new
schene for optical |it hogmmmm”@ﬂmw | ows extension of optical |ithography
beyond t he conventional reso mts inposed by tHe wavel ength of the
exposi ng | iggh9-97RAGKGROUND OF'*FISE" | NVENTI ON The resol ut.i on of conventi onal
optical |ithography sche i i limted by the wavel ength of the

| ight used for the transpgmwmgmmmm%ttern onto a resist. T&e el engt h
of the exposing radiation I's tmrri nant of pattejrk MAR dU0dn w

given by the Rayl ei gh equati off®¥?= ki aJNA, where J, is the wavel ength of
the exposing light, NA is the nunerical aperture of the optical |ithography

wor dt) “the. + SEGALTHOGRAPER PERGM o ENHEBALL RESAL T ign LatrS'

exposing light. Cutting Edge production today creates features that arc

250nm wi de using 248 nmillum nation. Currently) the inplenenting schenes
based on light are the bottl eneck when crying to obtain structures of a
feature size bel ow 200nm State-of the-art optical |ithography system for

maki ng cur MBCHWRAAL FIEDD exanpl e, arc quite expensive. Alternative
processes becone attractive when noving on to smaller feature sizes) but
the required investnments are huge. Thus techniques that nmaintain

conpat i-bi | IThg Prisent inyrokion rondemsaviest cheme fareptical dithogsaphyhkataliowy extahsion| e.

Trends i - ong ' it d flat- | di.spl turi
{echnol ogi o Pk HBZERRRLsEonf e fehuonfli R0 nabagiipy b HabHetdhane
ot her fi el dfthetelRpssing Bgtan i ncr easi ng demand for a cost-effective

| it hographi c technique that can produce large fields (to approxi mtely 45
cm di agonal_ For dis of nanoscal e structures. The sem conduct or

| ays
industry r BACHER PSOI%EHE%‘GEN@I@ng manuf acturing at 180 nmin the
'year 2001 and 70nmin the year 2011. One well known form of opti cal

| i t hogr aphyqy | |Led herd. cant act .lithogretph ere the mask is
noved di re?ﬁfp {: §e sg’ﬂﬁgﬁggﬁﬁgﬁu%&f@q&cﬂgu %@Ql\yaff@c %ﬁ‘&&%ﬁy%‘%m % ni ng.

Feat url®s omwasclemgik of RTipht GiddFordht @FaRetts o Madkl pUbEHLGRO b réddd. DRAQUE T egi ons
in a well-defined pattern, are printed into photo resist in a 1:1 relation

to their ar@X¥cighsth pbths exposing:radiatipn isconeiadetmimpelastiomaasoiuton Wi ghvenpal |

to thei PREDS ke
Cont act el ro gl i SRS SR HEIEL B BeRllant o Bhihe L NRT,

of the protsdbsnumernidabaparuse bf the bptical litogfapby thobgnddd, ds & abnstant fdren specifiace of

t he mask a damage,greatly limt anpared to proj.ection |ithography}
t he usef ul nﬁ’ﬁ)gﬁﬁyﬁc’cﬁ 'H?g‘%ﬁw s ‘Fﬁfﬁ#’ﬁéggt% FSSPIBB?L%PE%”%IH}CVWWW%%’E as
the fdat ur ef the2kposing Kt Olt%ing 8dgd prodestioansdryredidsféarupldith£i akd 50nskW{decket s
with the ingrease in the density of its features. Contact masks are al so

gener al | y HiRh*HHn8 HupEALGN, Sursatty, thrisplemeng schspies basedondjgbt tedhe
l'i t hogr aphye@ikheg \?ﬂl‘?\ té{ihé #occ?dtaig 'sﬁ"@&?ﬂe? Bfa fcratﬁ izd BEIgE{/Zdtbﬁ%QStgtg-o%hg-%l Ler

than those in the |att or equival'ent reso 1 on, € 'reducti on
fact or usecptical lithography systam Sorahaking durent PRAMY; fersexangple) bitajuip bxsdinsBic.
-inpedi nment iltto .he substrate are 15 cahastro hic in hard contact

| i t hogr aph{M ‘SN KEDFOPFses Resamealirachiye When moying onde smafler feajurs sizes Pyt the

patterz0 Sumquited REEIMANBAR hipeeThRtednRieSTENmbREGE EorhPAIbilit) S/ iMIRGAH 4T
particle because the mask is unable to conformaround their” presence; this

probl em i steSKisHAS ArOgesses arn éntfeesatlyvalugllal e shrinks such that wen a 200 nm
particles can be harnful. In addition, resist can get stuck to the mask.

o g O R A Ay bl i
improvements in small scale lithography. [n these and other fields, there is an increasing
demnand for a cost-effective lithographic technique that can produce large fields (to

25  approximately 45 cm diagonal for displays) of nanoscale structures. The semiconductor
industry road map calls for leading-edge manufacturing at 180 nm in the year 2001 and
70nm in the year 2011,
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There' arc many approaches known) that inprove conventional |ithography
systens in that filters, projection lens) or appropriately nodified masks
*are enpl oyed. These approaches get nore and nore conplicated and expensive

with reducing feature scale. One exanple hero is the so-called optical

proj ecti on#i W%phy The optical |ithography based on 25 projection is
undoubt edl 19 e t successful and w dely enpl oyed neans of making
features down to 200 nm Here) a pattern of intensity variations i he far
field results Wien light is shown through a mask |ike tha1iuMaA§ BBB nt act
|'i thography. The |ight propagates throu&n air and is focused by a Lens to
forman imge of the desired pattern on a resist covered substrate, often
demagni t i é@Qndyelh khown formodf dpticdl lithagraphyds the se-calied lined persict lif®gRpbyect i on

lith hy,is J ly |imted f eat . Si t, d | than, th

wavel angt rherS gheingic i mayes ateedy intoE ot isk Hieipdints BtkseCior Revem@En gl y

di fficul t,Féaturesiéh & nask, @smprivtng alternadivel§ GahQuctht Cam?aqw&gms irrand bel ow,
an

200 nm where very conplicated systens of |enses d materials are required
to carry oWell-definsdipageranare prisirddntg photrmsist inpnlsl ealationgo dheivgeean thei f or m

il 1um gati a ' ' rticul At | Jum
curront 1 SRapeEReRfeo fBErably Eafe I el ¥udke SHLEIR Wi shAS ol MUT
mm  The usedwlenpitedf illbmination OBititke ddrtdct asedito plaee the radskionkhelsubsihdecal |y Wi th
the wavel ength of illum natiaon) principally be_(_:atrjoze of the materjals and

engi neer i niPRATIMIssHHedntepriy of therprocess aothepasshilivy,of sosfgpading maisnsl extheanses
based on s{,)4 ' A | Qf 1 t hese
appr oac hesg‘{rﬁg?stp%gfln aé‘r‘ %n%g{a%l{‘ﬁﬁn%g:}ﬁ;agkQh&cﬂx‘n@%%?c?%@?ﬁcgggk g(a g )si ve
when tryi nige usefalnumber ofpiinte it car foray. €ost iz particularlFuontisomemsdhe feawresdale a

tradeqif bgit. XI resol ution .depth of focus and achi evabl e fi.eld

!-i mageq{/)\/ni cﬁ%&@g%‘nsﬁF SWﬁ%gﬁ@a&ongﬁdaflgﬂgﬁW% C‘Lgfgh &’ﬁémirfajﬁfn. ﬁ?ﬁé"ﬁ’tgsog | ution
of standaritk felates] CoMag meaRyY arg\aiso@@her@RNmuch mded &psadvaihdn thdat used ifi ze
decreased by, usin r_rasﬁé that mani pulate the.phase (referred to as phase
masks, pha%%‘cétﬁff’ Hop fResplyt s:m\ygy critire} gmengipng iRdhe,fasmes Regd 1o Pe tRalleri ght

used for empREdsein thifarbe, fSP‘&LﬁlWa‘i’elﬁxrt] Fﬁsoﬁgg@%&% P&uéﬁ&@ﬂﬁlgpggéra% hes are

descri bed by DM Tennant et . P rating Mas Phot oni ¢

| nt egr at edprGjection systerm B ist parddedyndotBerphysiveliimpedjments tOthe sEbsitutngre

Chal | epges pner ci al l.icatiagns", . M | ectroni ¢ Engi neering, Vol.
27 1399, SBHE R EaE ol Eekachi e 1] RSk AR o P AT Do i ¢
phase naskblhaingahdpdifdon.rSiicR defetisiabPea@ b in arda tiich e Gah eschdigg d”

Appl . Phys. Lett., No. 70; Vol _ 20, 20 19 May 1997, pp. 26S8-2660, Tennant
et al. proRfEUEe PrrAUYBe s1ashiyunabisie seaform areund ficiRIsssneg s Brablemyls. f avor .
el ast omer i & ninkded 49 the EAufrt SHiEsHrinkl MchihR cf.r&i]ﬁ@(b A pabridis@n B8 At (1.
sub-wavel ength features 17. In these nethods the pattern on the nmask

resul ts i ninjadditioneresistean get styek td thamaskt Herd contast lidpography hastbus ndtifekat 4 r om

bef. h | . . d k 10. Ligh
pass o2 over RPE TR e s alf esre LB ) T sl cent bt

has a pattern of surface reliefs 14 that vary in a well-defined nmanner.
—Li ght  t r avBhert) gretrhdngUpProadRdt idioSh! that iiprehvetaalentin@NRBSdraphsaysi8ms in that
conparatively Longer or shorter path depending on the place of its exit.
Thi s changf!t§rh projectionsless; preppsenmingly ﬁg’@rﬂepmgg#eteml%ﬂu&m eppragaiies 10
contribute ' i '

3 gh . TReRrE R R Ak BRAE et WA TR Mo Rk S0 e

i nt ensi ty heire ishbe socpalled roptica prajectimn 1abographysThd epicablithogrephyelsised od 1. | f

th ks 10.are designed and mad iately, th des at th

sk Pas; SroleriEt § abEoUEY i oy Bk RBE R Wi srtnior T mReR S P ger s ot

?lh . shovedfestipds 4G 2200 @A EHERPL PACH ¥f ihidndfy WinAG6ATRthe PRSI radulwved
em

when light is shown through a mask like that used in contact lithography. The light
propagates through air and is focused by a lens to form an image of the desired pattern on a
resist covered substrate, often demagnified by a factor of 5-10 from its siz¢ on the mask.

30 Projection lithography is largely limited 1o features sizes at, and larger than, the wavelength

A of light, however. Its implementation becomes increasingly difficult, in addition, as the
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to make sub-wavel ength features 18 in a photo resist layer 11 while

avoi ding the problens associated with brittle contact masks (like Tennant
et al.)) as illustrated in Figure 1. These features 18 can then be
transferred into a substorate 16 by neans of dry etching, or wet chem cal

di ssol uti ogzd.9ydpe2substrate, as is well known in the art. The features 17
formed in 10 the substrate have about the sane |ateral dinensions as the
features 18 forned in the photo resist 11. The problemw th the

af orementi oned approaches to |ithographysbased on phase $#i MARu20802!i ght
through a mask 10 is that) while small features 1'7 (sub-wavel ength) can be

ted, _these. f eat 1 traj ' i t
i nea) - or 1A PBIANE RRAaR apd el 400 Mo Ve RofhePblied SEHR o Wlec ™" 1Y
structure hfldrily @6 rtfuired td dattyl it exibting v pkopgsad schenies. Agairea ever athich t he

aut hors show that the phase shift in the |ight intensi t%; provi des

st r uct ur es UaEomKillumiRation £an beaghieyed isartickiagy PEbIgRaUSe Fhe maxipnumg, purrens field
topol ogy i ' | | QP face

ol et s 1t P BEBRE AR ekt BolsToRS Bty -20% A WRab T ShRLiroF |

i ntensisty akpdsbe willicofdueltd shrink dttmbteally iwithlthe Wheelovigth of itthmiratisnnode i s .
narrow but fixed so that only a very limted vari ati_oB_Pi n the range of the

| ateral si PEaCIBAlyhcayse ofthe spaterialsandengingering ghallengesindprRMINg MRIRI (ot

squares or K6 | Hd YlAonQlicdlki trary shape is not obviously
possi bl e iﬁ a sfcgéﬁu%teéﬁflﬁeh%?bt echr?i que. Moreover, in order for the
phase shift to be present at all, the height of the surface reliefs |4 in
t he phase s kheh@enerslly 8ldzadvantage iof okl these @pprogthies diat theg asxgadngisnokd ght

13. This requirenent ,of the phase shift roach. 25 apns, chat the

Str uct ur es SR FARRlIChIeg And BXpASVE HHER 1A ORESBER 8 U B Sasi ngl y

;@ani Sotypopi FuABerird®e, thete [BFAdRBE bEiWdeh flaxfinrh G&¥olutiondepti &0fo8H ardd t he
formati on of such features in elastonmeric materials. It is another problem

of these kh¢hievabledjsidt isaaghadichheomesficom the wea s adans 1o ficns therlight-ur es exposed
in the resist, because each 'l eg" 14 of the phase mask | 0- generates a pair

Far i cat onPiEeolPBEAT el phodrfoR=Bry woesan be IfAnCd (Rt 42

suscept i bi dedryasell by ising MRERS that Masiphiae!the pitde (FBfERGE to 4415hasé Mass, haser gani C
polymer to formthe magk allows their convenient formation by a variety of
t echni ques ShiffgTaRks ApBEMsdinsisrg of yha amppliteds ¢fshe Behtused fas ekpesuEmI Nast er .

Many pgf y”Eiirﬁplg?éﬂﬁhaﬁéé%gr?%géeég;atpg%c&siré&ég&ﬁ&d SHM. iﬁn*anm a8 \th OBlse Vear

of- the latter since t xerts no, or vefy little stress,.on the
subst r at e. GRasfrig Masksdor Bliotomis kstcgrawd @ircovsiBabpicated dyF-Bbare ¥¥riusgand Rioed wi th

th t ' ' tact it higs for the_f f] hi gh
donsi Ly, s Pl CPeliGes & CRETREIal ApkcRRnG o Mg eonis BBGHNE: V5L 271 o
i ts use onNYINHPE4TT-434, 2h@ by UA. RozeRRhl. il\NoUsiak lan elakideetit phaseihaskdesi bl e in

many of ‘the npst conveni ent polyners, such as
sub- 100 nm photolithography in the optical near field", Appl. Phys. Lett., No. 70, Vol. 20,

20 19 May 1997, pp. 2658-2660.

*

Tennant et al. propose the use of hard contact masks, whereas Rogers et al. favor

elastomeric masks 10 (see Figure |) for the formation of high density sub-wavelength

features 17. In these methods the pattern on the mask results in interference in the

illumination arising in the near ficld from contact between a photo resist 11 and the

25 o structured mask 10. Light passes everywhere through the mask 10 which is completely
translucent but has a pattern of surface reliefs 14 that vary in a well-defined manner. Light
traveling through such a structured mask 10 experiences a comparatively longer or shorter
path depending on the place of its exit. This change in the cffective path length through the

structured mask 10 contributes to phase (and only phase) differences in the propagating

v /v # 2L689.29%0! NOSNY¥dS-SY PEULAY (MWgI1EH! sv:iiipl-t =00



10 the el astoneric pol y(di et hyl sil oxane) used by Rogers et al., for.these
.appl i cations, however. The paper "Stability of Ml ded Pol ydi nmet hyl si | oxane
M crostructures” by Del anarche et al. (Advanced Materials 1997, 9, p 741 )
showed chat rrany features in ordinary elastonmers coll apse and tend toward

I ncr easi ng 8§25 efinition and their anisotropy increases and their
feature sca € decr ases) respectively. 15 There are proposals concerning
ot her approaches and schenes by neant of which the resol ule!lomﬂisfmcal
l'i thography systens can be somewhat ext egded to smaller fledt

exanple is given in an article by H Fukida et al _with title "Can
synthetic aperture techni ques be applied to o tical litho rafphy,?",_
publ i shed flighty Thesgphassdiffergaces msplt imsubywe Rqdshin lnﬁfﬁﬂg’c‘t dhe exnosiog.
(UsA), Vol rticle
di scusses {%dlﬁioﬂeugﬁhggugﬁ? ?ﬂgg &tgls???qn s°a';5‘%§‘3 lég]a{s%pfélilg@gﬁl g&;*g?tﬁre T -
synt hesi s tpproptistely thpteyare Aodds&hmequaklrmmhmcﬂgcct ewiting esldtive migifmurh inee
phase gratings.into a conventional projection systemis described. Wil
this approdH¢nSE¥r axi al |y yields i maging with doubl ed spatial bandwi dt h)
aberrations introduced by the gratings are shown to be a serious

limtatd on S t . ttern
Lypes) Do ROBIRAT AR WBHEE bR RIS Adthttn i ad dscoiitnlc K oGl ihel
expensi ve apinakssubrdtavsiérpth fd;tdrmmm&cphbmems:mdyqrhdtwmhsaweﬁmg the problems
interferomettic |.ithography can be tended to wel l ons of
the curr eneSSeRigisdyl %’é}gcﬁﬁtﬁg magks ﬁé@gﬂ‘l“%‘ﬁ b m%téﬁ%dﬁ éﬁ“'&i 'h%

"Ml tipl e geRASUIScddthes b IRARLiddCintd 4 HBSEAR NS b3 nAKSbS &l-?l&fcﬁﬁe@hozt et

nanonet cr structures”, Conference Proceedings - Lasers and 3
El ectro- Qotchwcsccbssehyxomﬁm suwam. ag)is vedlbknqwn iaglee 89 The fcaturcwb? formedtin c

:schenes, for, sub-2 I|th h al sg_bei r
oxt ron® Uit sFly nefEapob (R AR ol Pfidont s Wk SRR BiE e talf phore
L active resedisthlfThe lffaﬁlufraew fHeforafMRhtichal iapproadies tPlimbEaphy uustdn oh phase
techniques range fromthe difficulties of mask fabrication,

i npl enent asWSHNEAT lighhbreughia maskniOris thebpthile w@rfmtwaw (Stuh@wwe@as%@m'aﬁ/a
resi st mat fihds of
intensity, %%ﬂrlégictté ‘ii (:la%teg?“l()tg'l(%vrlrg afen ?\ %)!'rrir}n&nﬂgmgan sta d|n\z£\§3 g thlg (Beﬁ%m he
ever presedensitymintthe subistrawfl 6c Barthea tte stmpploémctsymcﬂirmbs ingesigdsllimited tls theo

'd I h t | it h h th
se. of Lopt PERT oF FoROg APy oe pubeReRTe el B e okt e FER bR A% and
in particl ggHcrhi@s 183 wsm $1 ms ateltelaf?d 16 BRARIVES WRSMhetopdlog th the/phasclifhadkd
existing li aht sour ces. SUMVARY OF THE TNVENTI ON According to, an

aspect of tfeGradetll m\he pRfan of surtace relisfypldonithrephase maghto giyesA reiRjive

structure itSE K | i ght,
ot o o AR e TRl ] AEREARRBLAE oPlhe A8 T4 Snet ot SriBRTLAPIL | O
for where mheowebpoﬁxcdgsd theginly 5 vagdpiueud valrip et ﬂnyhc rzhge bfthe leeraktizestoie ends

havi ngzé heu_lle%é eaturespéa nd% lssltmrslgfl%}ures to be exposed in the resist, and

Making dots, squares or generally filled structures of arbitrary shape is not obviously

possible in a single step by this technique. Morcover, in order for the phase shift to be
present at all, the height of the surface reliefs 14 in the phase mask 10 must closely match
the wavelength of the exposing light 13. This requirement of the phase shift approach

25 means that the structures in a phasc mask 10 are constrained to becoming increasingly
anisotropic as their dimensions shrink, a significant problem in the formation of such
features in elastomeric materials. It is another problem of these kind of approaches that

there always are twin structures exposed in the resist, because each 'leg’ 14 of the phase

mask 10 generates a pair of nodes of low intensity at its edges.
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connecting portions which connect the protruding portions and bl ock the
exposing light fromexposing the resist in areas other than those exposed
#'through the protruding portions, the light coupling structure having a
re&active index relief, wherein the exposing light is guidable by internal
reflections towards the protruding portions. According to another aspect of
t he preserﬁz?ﬁ@tﬂ%?i on, there is provided a nethod for making a |ight
coupling structure for use as mask for the exposure of ﬁ{‘aﬁl %Mh
conprises protruding portions with protrudi ng ends the lla A of
which is similar to the lateral shape off a structure to be exposed in the
resi st, and connecting portions which connect the protrudi ng portions and

prevent exmReProtderhiod Riasit fabRcAIGAQRECHbet ABoveasinains, of canseasatdlieas thdran t hose
exposed t hrough the r!orotrudi ng ends, coupling structure having a
[ RPEH“

h t. the |ight
refract i veuscsaubilitycnfitas progess 1@ M@Clﬁﬁ'@@@ﬂﬁgig’ﬁb“ ¥ P“ngaﬁlﬁ HOilHTRr nal
ref | ect i onfe aeIfRus'ihir Slrvekivhl By A vakidsy divEHbniduelikitaps ARSC | ons.
conprising the steps: pouring a polymer-“on a master with the negative
reli ef of noteblybyteplichitiog of thaskdiom amastern dManyqpolymerictthasks odn/becasbon ahe
master_to forma soljd, el,astorrerig Ii%ht coupling structure V\'ithl'(gl pattern
of proﬁrucﬂ'}%"%‘f‘imwaﬂdﬂ?‘éﬁ%? e d4iier 81565 (re PEPCSS ByeEs P 95 VGRt Y¥Supl i ng
structure Qs fife sTBstiafd. ézeﬁﬁ&?i%ﬂloﬁﬂmm AVOREs R6fne 3F BRGFrollEmb B BRI,
invention, there I's provided a nethod for the formation of sub-wavel ength
st r uct ur eshé eosts afitheit nsetie contanylithegraphiestfer the fgrmatipp pfhigh dansityssmall on t he

substrate, positioning a |ight coupling stru r ' ich
conpri ses Blf"r'eﬁd'i?‘ﬁéepgﬁ? f’?’bﬂ%"\%ﬁ? Y)’}’S?IP' &a§%§}°§¥1§%8§%‘;e“r’]’?8‘§%fﬂ£% Eg%ié&[;e of
which is ddispobdls Nl stcluddsSiré@posiibidia minytdfehesmbst\wanednisng pblysters, sualrass t 0
be forpmed, and connecting portlons whi ng ﬁonnect e protrudi ng portions

t
(and piQv erthe elasiemenic,poly@imethylsiloxans) hsedhby Ragers &idlg for; thesgapBiCaiPRYr ¢ han
t hose ex R ' ; Ao j tyyuct ur e
havi ng. a 1oy A T Bebe "By 5o iy PBH R me el M <
gui ded by Delsroambd etrabf(Adesnced Matenials 29T, Aep PO tshoechthabmeany teaturesdnl i ght
coupling portion the light coupl i stfructure bein Qslt] such that
a conf or nacfrdlgﬁrr’(tez Ot GRIEARSS W@J‘Bi’%{‘l’g’&&‘# Wﬁmﬁﬁngc‘?ﬁgr %‘n 1?%‘5"@3@%& is’

ensur ed, %iisq,ﬂbg;?inm%sésiaabﬁh&ﬁogg%}maﬁwwswﬁ&ﬁmﬁspect to the

substrate, coupling exposing Into the [ight coupling structure such
that the exposing light is guided into the protruding portions and from

t her e 1souptieee aBipeogossls ESdefiiing 6@EPACpRAchdseant] ischeimes dyrhéang of whishitthe e, -
devel oping the resist to forma resist pattern, transferri n%!%zieﬂ;resi st

pattern i rfePlEiRn of ppticalditkogsaphyeysieme Farkhe somenyhat Grterdsd 10,5 Mg t he
resist patggghan éﬁ&gﬂ@kfgﬂv Gn 3R Rh{E by PR A NGRS e0dn dyAuRRAEI ON, there
(6]

| is provided a net for” the manufacturing of a master which is to be used
for the fmapeavieaechoiques bhapplicd pd optisablithographyds. pubiisheddn ApYrs Scihdeehngdli ng

portions wth. protrudi ends_the | a pP&;.0f i I.SiadeM.] ar to the
| at er al sma‘plg' 6?8%%‘8-“%&8%‘?‘ Tl %‘%‘i“r@ﬁr é’gﬁﬂg» g%o'fﬁoﬁn%‘gbegh@gbﬁhecti ng
porti g0s W62 166/ TS hrticleadistuedes Uit thebreal feadibilianet appienopizibpaenag | i ght
Jfromexposing a resist in areas other than those exposed through t.he

pr ot r udi ngSYBREES 1q ipography. A tGRninvRin¥elVing s BsHHOR AEthEes RAGSAFTAYRSS R
relief suc i j 3 i : i i ; ;

{ouards ¢ he e ore oSSR Bt AaleribS Wb Bbp AL PRl P YRS Intilfe
conpri si ngwith dogleshspausidbapdiviriih,absoririins dnteoduced-byathe igratings areshownidbe gesi st
on the film, exposin he resist. using an eshe mask-wri t er tool us

defi ni ng asghgﬁsarﬁ)W%"&eﬁW° %'f"“faﬁ n é"tﬁ?’ﬁ@?‘ﬁ%aﬁgg{r%ﬁ’smﬁ ‘C{ﬁ@af‘?"g'rﬂ’ coupl i ng
strucpsre desolid®od @sWEE 0.9 Rd&ichiadisable. t 0 reveal the negative
relief, transferring the El\efgg?i ve ;eﬁagf into the filmby nmeans of an etch

process which stops on the underlying substrate, and renoving the resist
reveal i ng Uing xpsasive optics|andfexisfing lascrspences andrphopsesistyrigterferometric

lithography can be extended 10 well beyond the horizons of the current industry road maps,

as described by Ch. Xiaolan et al. in "Multiple exposurc interferometric lithography-a
novel approach to nanometer structures”, Conference Proceedings - Lasers and
30  Electro-Optics Society Annual Mceting 1996, p. 390-391.
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Enbedi nents of the present invention provide a parallel optical |ithography
system(referred to as |ight coupling structure) based on sets of |ight
®coupling portions and se yons “sdryo ao~anpuoorwas; o $urssaooad qoq ay SE
(~aM s s~tr; ~dsrp; o $uunnE; nuEUl ap ~o, ~ payns pam snya s~ put; sa$swt

p(a~ a$~( ao3 pass aq use atuayas annuanut ad, ~ nrrdt($np,t y

$utp(nord ~((snoau~(rtwts ~srsalJ ag~ p pasodxa o.r-~ saa%éa,mg%logg (a(~d
~t (maJat (ut s~ yaEQJdds masai d ag~ aau(s saansodxa a($urs p pa.rnnruls aq
uua seanpraBkétic sdhRined Pat sudSEI0SEh IHRogPAISAE A1RUdihd consRferdd- dx 18y, aditienRNUL
agt,l o a~etuenpe tut.uodw ue s~ ~I (sayosoiddt; ~(Si,w ~;iys assyd) ty$rl
$ut ~(ysUdssapd peoigsied-deams yalESksyrons agg all- newt (the oebedtmot-3gtivo uasearch~4arur
ssa~ddn €., Adl+: L.osap)
poyl ontiaduiakubl3 AR%ol, ARUIARIAR: WReEIRRANS iR SihuRfaRRAIGLOSPE)
ng~ ( a~ntask fsbricati¢uinthe impjdmeadation ERptaatierl beamt foynatiare techninoey, sheaced foryynn
a~ea~sqgns ~0Q MEeNosS .t ga ~ i al dnpa ~C(. asayi .70 .uol tt?uuo; op.u
uadap TRel s derats 85 o A finchopal §rd st aey of B8, b sy, sikyied
sant sa, prdblemi i fethiingl Afd stBili¥lg-theObRT and@thd et drdpraédnt tidnitationd oP@bst 7a{d
~0s7uoa 30 uuo~ nnau ~e nDIJy. yo aaz3.~ns a 0> >q~rl aptn$ ~syt sal nlonns
$ut | dnogompigxity. Ahvs, gmeed exists to Proyide a nevw optical phatolithography schemesthat glayys
basodxa cffinbn SRl bR it eSS 16 1t Wired wlfbelow 360RAARP in
sauawa(a $ut pruto~d aqt ~0 azts s-adeys (~aa~s( at(y usrsa,~ ap 30

suo( $ai ppdighmaptooigatupadizisan thrpurengelpetwien-xJ2jand /'S usingeksfing light-sohmenaa( as aq
o~ ~t(~tl s~,no((E sasmanns $un(ao(qg xapur o~ tuaostpt, suoruod ~utl dnoo

7t ~$r ( ~Cqg xapuc;o ~$utt (ol trw anpoa(as stqd, -aaE, ~tts sit uo suot; 0o(
pauru, uatapatd fit, suotuod $url dno~ ag~tl a~(1 ~q pogatew .~l anltaajas s~
tsisas aclt 3o xapur annoE,r3aJ ar~> >~er~t yaps ~stsat ayi g~rMt:~uO~

j etuto;uoa o~t~r tq$noiq ag o~ paus$i sap o, ne pue posodxa aq 0> >srsar t:
spaznno> >y$y $ut sodxa ag~ apm~ suotuod $u~(dnoa zy$t( ayZ -suoruod
$ur~(ao(q, usr( put, suoruod ~ul (dnoo ty$(( ~o spas uo pas~zq (am~oru-~s

$ui (dnoa yet( s~ o~ paua3ai) nma~s~Cs ~Cydu.~oy~il jeai~do (a((u.red E

apt noad uoyuanut -~uasazd atl~ ~o0 s~uauttpoquzg ZOOZ bdW~ ~ - qL The
el astonmeric light coupling structures can be easily replicated froma
master copy, and each replica can be used nmany tinmes. It is an advantage of
the present invention that conpatibility with existing resist and
processing technologies is maintained. 5 It is a further advantage of the
present invention that one can nake use of the huge anount of experience in
t he design and handling of resists, because these resists arc continued to
be used. It is a further advantage, that nultiple wavel engths can be used

w t hout adjustnent of the light coupling structure, since |enses are not
used. 10 ' It is another advantage of the present invention that the tine
of exposure is shorter than in case of conventional masks because | ens and
ocher neans do not bl ock, absorb or scatter the |ight unproductively. It is
further the advantage of the present invention that |ithographic schenes

i npl enented by its use are sinple. 15




9 DESCRI PTI ON OF THE DRAW NGS The invention is described in detail bel ow
with reference to the follow ng schematic drawings: 5 Fig. 1 is a schematic
¢illustration of the fabrication of nanometer-sized structures by the
.phase-shift nmethod of J. A Rogers et al. (prior art). Fig. 2 is a schematic
illustration of the fabrication of nanofreter-sized structures by the

I nventive nmethod. Fig. 3 is a schematic cross sectional 1v%em|§% ém&

i nventive light coupling structure 10 situated on a resi's : is a
schemat SUMMARY IGR THE INVENEIGgNbri cati on of nanometer-sized |ight coupling
structures) according to the present invention. Fig. 4B is a schematic top
view of a light coupling structure, according to the present invention.

Fig. 5A-$ are g C ' f g
St ruct ur o) ACORITE Lraf aiiRst RER Bofin: thidiof, dite 6Mged E%’t%H@mé“
cross seudturedbr wieawnufsk dorthb expdsigghaf acrauﬁtlwﬁge)sxosmgtllghey:ompnsingi ng to the

Becoraing 1o PENpEESe ReRe R SaESRLGeE R I G B ol Ebsip,i cuw

of a Ii gight BodoRpiedalifdctlyGhtdr e (Ekf)] tHeddnds daciagthe dattial tipesfat@biures to be
I nventi on. F| 6C i.s a representative top-view of an exposed resist)
accor di §%PI56 E‘h@eﬁ?%eﬁﬂd i nvention Fig. 6Dis a representative

4.5-view of t @&nﬁ%ﬁ%?@ﬂfﬁ§'\§ﬁwh %Sﬁ%cglt}{&?pfo%}uﬁfﬁ% ﬁHrﬁéﬁé”'&nd Blb%ﬁtthQ'%xEés%g

is a representativ p-view of an exposed resiSt, according to the present
i nvent i dight from exposing the resist in areas other than those exposed through the protruding

portions,

the light coupling structure having a refractive index relief, wherein the exposing light
is guidable by internal reflections towards the protruding portions.

According to another aspect of the present invention, there is provided a method for
making a light coupling structure for use as mask for the exposure of a resist which comprises
protruding portions with protruding ends the lateral shape of which is similar to the lateral
shape of a structure to be exposed in the resist, and connecting portions which connect the
protruding portions and prevent exposing light from exposing the resist in areas other than
those exposed through the protruding ends, the light coupling structure having a refractive
index relief such that the exposing light is guided by internal reflections towards the protruding
ends of the light coupling portions, comprising the steps:

pouring a polymer on a master with the negative relief of the protruding ends’ lateral
shape,

curing the polymer on the master to form a solid, elastomeric light coupling structure
with a pattern of protruding portions, and

removing the solid, elastomeric light coupling structure from the master.

According to another aspect of the present invention, there is provided a method for
the formation of sub-wavelength structures in a substrate, comprising the steps:

forming a resist on the substrate,

positioning a light coupling structure on the resist, which comprises protruding
portions with protruding ends the lateral shape of which is similar to the lateral shape of the
sub-wavelength structures to be formed, and connecting portions which connect the protruding
portions and prevent exposing light from exposing the resist in areas other than those exposed

through the protruding ends, the light coupling structure having a refractive



5 10 15 20 ZS DETAI LED DESCRIPTION: In the present context the expression
| i ght coupling structure or light coupler are used to describe a mask-1ike
® obj ect which can be placed between the |ight source which emts the
.exposing light and the structure (e.g. a substrate covered by a resist
| ayer) to be patterned. The inventive_sghene nmakes use of ,t KN ction
at the boundaries (interfaces) of the 7?ght coupling sththﬁ%R 2@
refractive index of the |ight coupling structure ideally has to match that
of the ek sélief 5a¢h thaiie ekpdshig 1ehi & guided Bt igtdrid] Sefldetionelowaeds the piottiding S
between 1.4 and 1.5. In,ad%ition to.the fagt that the refractive i ndex of
the |i gRRdscofutheilight soyuniing pastienss theolight coyphing, strugtre heing,pesitioned suph that aned
such th i i ﬁﬁﬁb i I t hen propagates
t hr ougha%%%ﬁﬁ%ﬁgﬁgﬁ%gépg%ﬁ%ﬂ% gul dlescfgggt/h‘fﬁtﬁgérlﬁg?ﬁ?e ' ections away
from t he i nt erligniesthetight chaipling strimturg ovitideespest togthe shstrateght coupl er. That

. he 1iah L . _ . . .
S LT G Mp oYL BB e S Fuc O A TR ER,
bet ween ghided iritg tHe protmpding posionsiaid fremahete cogpledmits thetresifte pat t er ned.

Conformty between the .t enFur es the highest possible |evel of coupling
and thus cont F%QV“E)%/thFrlﬂdiY‘?od’Q 188 8YdWe ndex match at their interface and

thus suppressyigdpmne et fo gﬁﬁitgl%gjsp%t@f.n,l ight. Please note that we
herein concentrate on reflections at the Iight coupler/air interface. \Wen

used in an entransferning theyesist patarmint the subsirate hyageansiodan gtch pseasss, andt her
materials wt ARR riat ective index nmay have to be used to ensure
that the Iigthls %Serr sﬁpéﬁ%xjg'ed by means of internal reflections. A first
enbodi nent of Acberdpigetsemmbthenaseti afithe presont tieatianh deere s promided ki roethod fér

Figures_ 2 and 3. Ln Figure 2 chematic.illustratjon of .the fabrication of
nanonet U B 4 Sitadetyfigh [ Rde st fir G karBbligto et M uhiaaiBhoery, e
i s showyhidhddtmpiti tpréteudifie pSreine with Phetrudimp emicthe lfertal gApk @iitwHidieis similar
fundanmental differences of the two approaches, A schematic .cross-sectional

vi ew of iithejlatgral shaps) qf syo-sravglengthestriptures; tp bgifarmeds agd counegting portions whigh |
Figure ' ' rfg;éb%ﬁ%nﬁ : : gh
whi ch eg%né{sgimn%e {P ?%ﬂ{dl I s'}b cou pltpg%%?lﬁ%)gmlg@g : utr tﬁﬁlg?ﬁ%@?&fgr’@ tH Eéeﬁsﬁ :ﬁb t asi:é(}fl}%llji ng

st r uct uthanhoseexpessd irougnthe protoglingends; the:light caupliBp/strictus hagingRRgBaNive
; 0462763 : ; ; ~a~ =y ar =~ L~ ot
1927 e gttt SOVRBSUN, B SRR o BN B |

1 ry~i ~efds cfdhixBglarcouplingportienspthermeatbod>¢omprisiigihe $tepstuLO, ~ ~C~~uanbasqns
aye pue suor8al_ ~sr saib a od>i§ ~;0'nn y~ptm aql sau~ap ~C~nmanp ~at dwexa
~0; " pz aJnmECETVERFY > Wi ?afﬁmyz s$a~ ara>t;o ~Mrlrpi M aye, ns~sa~ a4~
orur s$a~ asaforyfin@ihg resist on the film,

exposing the resist using an e-beam mask-writer tool thus defining a negative relief of
the protruding portions of the light coupling structure to be formed,

developing the resist to reveal the negative relief,

transferring the negative relief into the film by means of an etch process which stops
on the underlying substrate, and

removing the resist revealing the negative relief of the protruding portions.
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1o be exposed in a resist,

Itis herein taught how to form and use light coupling structures that guide light to a
surface that allow a new form of contact lithography for the parallel fabrication of sub
wavelength features having arbitrary shape and high density on a substrate. We depend on
the formation of these light couplers by direct contact of a substrate with 2 translucent
mask (herein referred to as light coupling structure) that act 1o direct light onto the surface
where the pattern forms. We use methods (described below) that avoid the use of reference
waves and thus suppress interference effects common to the lithographies based on phase

shifting light (phase shift mask approaches).

It is an important advantage of the inventive approach that no imaging optics are required.
Large areas can be structurcd in single exposures since the present approach is inherently
parallel as all features arc exposed in the resist simultaneously providing a high throughput.
The inventive scheme can be used for large field images and is thus well suited for the
manufacturing of displays as well as the batch processing of semiconductor chips, such as
DRAMSs and so forth, and wherever else the formation of high density small structures is

required. The present invention is also well suited for the formation of micro-mechanical

structures,



5 1@ 15 20 25 30 13 polychromatic (broadband) or incoherent with
wavel engt hs between at | east 800 and 200 nm Broadband |ight can be
*generated by a mercury lanp, for exanple. Argon ion |asers) YAK |asers,
| KrF |l asers, and many ot her kind of |ight sources can be used. The |ight
source nayg @_@7_5%; field, unfocused source. The light emtted by the |ight
source can be coupled into the |ight coupling structure through any of the
interfaces such as the uppernost interface 22 in Figure 3. Likew se, the
light m ght be coupled into the |ight coypling structur a wave
guide or fiber fromthe top or side) or %t t he out put oﬁignw@ﬁgﬂgnﬂgolid
state laser, The wavel ength of the Iight source nmay be optim zed for a
parti cul ar TBpPsteRErG lightTauplingrucmscar beeasily sepligated from 3 master,gapy, and
appropri at&ch%éﬂie&k&ﬂéﬂ&%}jmgdrﬂeght can be scanned over the light coupling
structure or projceted~onfo IS In a pattern a's when a projection system
with an additional mask is used as the source The inventive schene nakes
use of t heltinareadvahia@d oPtelphesehtihednition et odmpdtibility With existpg kedght aid uct ur e.
The interface to air has to be designed such that the light is guided by
means of i PROGYSAIRE technologies imaiotaineds the |ight coupling portions
(protruding elenments which arc in confornmal contact with the resist to be

exposeg. . i e hetween the ends of the protrudi | enent s and
ThROred: i Jforidt &VaRGGe BERTI ROV ERAR ok oh BBk P dihe higTatihad
provi di ng eff experidnte firfthe desigh EndIREIAUAL O 24161, Bedddse thdss r&spidArt BOntifledRs Be

|l i ght coupling structure and resist Is efficient. Practically, nodul ations

in the IigWFdintensity of a factor of two and even Less between areas on
the resist in and out of contact with the end of the |ight coupling
portions p 1 .cl.ent, di j LSHl j L1Q he
Gener at ortaf * LBt pdvablaEE il ol RS elol 3 bf VAl SRl Spd ety e
exposur e. [gte coplivgisagcmid, since Rpyesdepasdsedn the refractive i ndex of both
the light coupling structure and the resist) on the wavel ength (or

wavel ength range if polychromatic¢ light is used), and so forth. There are
di f f erl@nt Fréutnothesadvantagsiaf thespresantinventisnithes tas fimeiof axgosumEre shnrten thapdn
requirene i I i i i t LNyl C | es
mich 1 eoe Py RbnlchS] fadk K€ Ry Uet AEGHS I B Bk Mt 55360 5 1
resi st 11.thhghkt wiptadatiiesly.i s nost readily acconplished by conformal contact
between the two, that is an intimte nmatching between the two surfaces.

| deal | y) tpe 'nﬁex of both the |ight coupling structure and the resist are
as high as ’Eo'lé."g #] the aqyantage hpidthe Bgsens inyeation Baldihographie schemes implemented
wavel engt hoyoiks sk latbdimplel On used to carry out the lithography. Several
possibilities exist to achieve this 5 10 15 20 25 30 14 '

——
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conformty. First, if the substrate and nmask are both brittle, hard
materials, then pressure can be applied to sandwi ch the two together, as in
normal hard contact |ithography. Second, the resist 11 can be nade sonmewhat
conpliant by control over its conposition and handling, allowing it to
accommodat '§Zt§3€7-65 face of the posts 24 of the |light coupling structure
insuring an-i'ntimate contact. Third, a thin |layer of index matching

mat erial can be added to the posts |ike a viscous oil or polyner that
serves to couple optically the posts 24 o the resist 11 j M1e C wher e
both are brittle, hard materials. The index matching matei'ﬂa AR mrstood
here to be conplaint and nust be |ocalized to the posts to maintain the
overall refractive index contrast between adjacent structures in the |ight
coupling structure. Fourth, the bl ocking portions 20 and the |ight coupling

portions 2 i i ucture can be made froma materi al
i ke an el ésgggr%ﬁ{é!g%?g%%é%@%oml i ancy on contact between it and

the resist. The portions 20 and 24 may be additionally deposited on a
substrat e TROinvERN s dlschibed el with E@@tlh@ﬁflfoh@ﬂ séhbmags| ucent
and nuch harder to facilitat gedﬁan I ng énéﬁ%{ﬁ‘ posi tioni nég of the light
coupl i ng sdramingste. . The resol ution of the present approach is not
strictly proportional to the wavel ength of the |ight source, as in

conventi onal photo Lithography syste e tp the fact that .the inventive
T ht " SoupFiing st ¢ B SPERREISsnon o tbe FAPBARIN ol nARREIEIcT S NSRS by
between t12 and . Z/ o i 1 Al lar Al ARidriagtht source (with
~.=3b5nm is enpl oyéa?ﬁékggﬁhnr)@g&g?%gi’?ék O\E/\}nﬁe%%)l' [}glndrl;] 2 US) can be made. |t
is to be noted that the .i/5 limt is not a physical limt. Froma

t heor et i caFigpdi nt o aschamaticellustratibn ef thé fabricatéon afamanomererdized siramjuish by

i nventive approach tg‘e?endi.n(gl_ﬂopl its i nplementation. Conventionally
| avail abl e photo resPEIEBUYFBENGded in connection with the present
invention. Generally suited arc photo resists based on cresols (Noval acs),

as are therjgesists jen sé‘lfdrﬂdtﬁtc?o"ss@ctﬁhé’!rﬁ‘méfl%@‘i’mfchﬁi'éligﬂgééwlﬁ:?,suﬁ&hrc

exanpl e. Positive as well as negative tone resists can be enployed. One may
al so Ue anpl i fi ed yiwsiedon argsiftapr ove the ratio (wi dth/depth) the features

whi ch arc provided after exposure and devel opnent of the resist. Al so used

may be an gptijgally._quiding resist) such_as. the QU8 negative .tone resist
That 1t ol FRED) s S abiertiticlifiumhion SRS sbforol o vaboPetaisiadd phBiipupfie

Bi | ayer, trilayer oguthctudss, aeotdifg 1d IBPrdientifdntibnsChenes are all conpati bl e
and well suited for use with the present |ight 00- 3-1 4; 11 :46 ;dal BM
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CE &Z.z SI O s necessary conformty. Qther materials based on al
carbon el astoners are also well suited to the application, as arc

“conbi nations of these materials with silica or siloxane containing fillers.
Combi nations of organic materials and inorganic materials into conposite
structures %gr_’m%fl%/e particul arly advant ageous where a given material type
is chosen § satr'stfy the 5 required physical properties of a specific

el enent of the light coupling structures, as discussed above. In general)
the material used for the formation of the |ight coupling structure has to
be such chat viable definition of featur®s down to the sﬁzlp MAR 2000eat ur es
- which are to be fornmed lei a resist and the underlying sem conductor,

si ne the pFigs@RAt pripasepsesentative 43fevigw of thegapesed Tesisticsprding tojthe prasent wor ds,
if apillar or ridge 27 of 90nmw dth is to be fornmed in a sem conduct or
substrate 16 (see FGEWB“Z),the wi dth of the respective protruding el enent
24 of the light coupling structure 20 has to have a wdth of 90nm too

(provided Lthat a positive resist I, | is used A light .coupling structure,
according 1§ fhe prd2ETRTCISARENE foprview o a'b&"‘??é%ﬂe"’ﬁ&?" 88‘? 'ﬂ‘é‘gég the FgBﬁ?Frer on a
master 41 with the.negative of the desired |light coupling structure's
surface. This resul¥fi™an el astomeric solid 40 with a pattern of
protrudi ng el enents 42) .43) 44. The master 41 can be formed using el ectron
beam definition, for exanple. The time and noney invested in the naking of
a prect'se, high resolution master 41 is anortized by maki ng many replicas
40) each capabl e of being used in the manufacturing of sem conductor
circuits, for _ 20 exanple. Each of the replicas can be used several tines
and if made of el astomer does not tend to break, The Iight coupling
structure 40 has to be designed such that the protruding |legs 42) 43, and,
44 can be brought into conformal contact with the resist, because the whole
process relies on the efficient coupling of light fromthe Iight coupling
structure into the resist.

1~
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25 The protruding el enments of light coupling structures 40 can have al nost
.any shape and size, as schematically indicated in Figure 4B. In the present
exanple, the light coupling structure 40 has three protruding | egs 42, 43,
and 44. The |ateral cross section of the First leg 42 is a hollow rectangle
or square. %Sﬂb4ﬁ %s a ridge, whereas leg 44 has a circular |ateral cross
section. Tﬁ é.% tee exanpl es show how fl exi ble the present approach is.

5 10 15 20 25 DESCRI PTI ON OF A PREFERRED EMBODI MENT. A preferred enbodi nent
is described in the follow ng. Master formation: A silicon wafer is covered
with a 100 nmthick |ayer of plasna depokited silica in a Zﬁg&&énﬁﬁﬁi film
Pol yntt hyl met hacryl ate pol yner (980K), dissolved in cIordB 5o
solids, is spun on the wafer to forma 100 nmthick filmof this resist on
the substrate. The resist is selectively altered by its patterned exposure

to a curre of. ons using an e-beam mask-writer tool.
Di fferentiﬁhT@iIEé&Oggggﬁ%oﬁaﬁie resist in acetone after exposure reveals a
pattern of features in a periodic array with sizes down to 100 Nmon the

substrat e. y, 1R i 1 il

substrate {lllstlml?l grog@étltcﬁgfréﬁrge Eg@g%iﬁlg@? f{’/@qggtﬁt}gﬁtgﬁ drﬁ 3&2’ {Qfl')é?feé a%nq s?? rt c;’/ t hat
has an exceédstebe & mask-liké objedtywhichcande phackd betweer the lighEsoproeocdsch eminpthewhen

t he undgerlying, silicon, layer is reached thus insuring,a, uniformdevel ppnent
ot oadur cRNngEhERT b8 Arieni® (8 ch o ausir bavanl Pon L e 1P briied
interface with silicon. Later this fact will help to insure the excellent
defini 1 ONTRE indbdVe!sthéifie Ridkds bk B tle!iftElacHR hd WouRBiries QintdfhBes) 'of e light
coupling structure. The substrate I's ached In an oxygen &asma o refove
resi dual oeqppting strugieret Thsref@ctive iodexeof the light nouplingsthetnreridéallydep tsinatell by a

Curt ace 1y 0Bt AR EES B g SClbeicR i palenls By BpRRSR i BalShithirh T4 21" o

rel.ease of amr.8dnfadditiofd 16 &l fa@ahdrthd feEraQiveSedExasFithad)ight e6pling sth&se hdsi ght
corspling structure Freparation by its replication frorn a master: A

mi xt url@ of OPeRPPIARFIRGTtthay fo bG pasterned sushibaLE expasingdizht eripsithsghtcounlepo
cSt, VDT 7 #gr . . .

met hyt hydr %idi t%(g%rg? g| ne%‘%#gﬁeo%{)?g%?&%ﬁ%" rs%z%g bg Sli?tc mlglf\/ré:ﬂ%nfns&\iagst )
and - 450 frgmdhe interéagesihat definoane bapindaries-of 4@ light coupldrzElat (the tight dompling

prepared with, ~ 5 m of platin tal yst. i.s mxture is paured directly
nto the aTORUTE AT BB pivpite e gt s sty B A hlindiopsighStitath.c
replica isinfiglieRa86; 4 Yhdmerfababétivestythe HBEL Johglﬁﬂ’\%ﬂﬁ:cﬂﬁéﬁﬁ the ¢t li@pé i ca has
a.surface energy of 23 nm a strength of 1 a and a hardness which is

about 189" opaEercdafopformity betweemhe typ cpsises b highess ppssitie lovelon| copplinggander ar e
faithfullyutePsarde6idsirid LEPIEERmAeh A ki '21831'5 ;-gbove as
determ nedthby scann%bﬂs{e}ﬁ'ﬁﬁ:lg%ol&hcroscopy %lg%r?ac&%gcrlg{ugﬁ prsglsn ion on the
mast er i s vnfavarablaiseatwrisg pfiighire on the surface of the replica. A gold
llayer, 5 nmthick, is evaporated 5 10 15 20 25 18 on top of the

St T UGt Ur espih 45 2 'S hERMA Sébicentife B RIIER % e T3k ubfrhl SileRh@oed 11

o —

When used in an environment other than air (inert gas, liquids, ctc.), other materials with

20  appropriate reflective index may have to be used to ensure that the light is properly guided

by means of internal reflections.

A first embodiment of the present invention is now described in connection with Figures 2
and 3. In Figure 2,a schematic illustration of the fabrication of nanometer-sized structures
27 by the inventive method is given. This Figure is shown right next to the conventional
25  approach to highlight the fundamental differences of the two approaches. A schematic
cross-sectional view of a light coupling structure 20, situated on a resist 11 is shown in
Figure 3. This light coupling structure 20 has an upper surface 22 through which exposing

light [3 is coupled into it. Furthermore, the light coupling structure 20 has connecting
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with a silicon wafer having a layer of 1 nmof titaniumfollowed by a |ayer
.0of 30 nmof gold freshly evaporated on its surface; the gold on this
"surface is then treated by its exposure to the vapors of a 1,10
decancdithiol (Aldrich) for 5 mnutes. After contact and rel ease occurs

bet ween thg urf&ce of the replica and the treated gold surface of the
silicon wa %rs9)97g 78 i s sel ectivel y renoved fromthe tops of the protruding
surfaces of the replica, |left behind on the treated gold surface of the
silicon wafer by the adhesive contact beécween the two nediated' by the
presence of thiol term nated organic nolkcul es at their4in Use of
the light coupling structure: A 600 nmthick |ayer of Siln‘tpltkge‘%gﬁgz

(noval ac) pdrddes 2&Gisetrefefred poids 1ight blooKing portions)iwalfich hivedn®@ifates a6 ajnpdray
previously treated with hexanethyl disilazide acting as, an adhesi on pronoter

for the relighicouplingpogtion 24 (alae efemmed Weas PASBIGING ROrianse legs.ioE St2gps) Whicho
The |ight 4o ki Qs i 1 Skl Qp, of
the photo ooy et Sttt fhe Hoif 11 P GoSliRe |l aTaSaetits PADT, 1R

bet ween t heoupling striatirai20snd fsinternalilyirefidctedcad tHeainnterfacestod chie elévategieporfiorem a
KrF | ager, .{(200,,.each 20 ns and 300 mJ) are used to expose the resist,

whi ch Ps t frefs PSS RYAITVSIndpguse &y 400K according to the instructions of
t he manuf acturer_ Figures 6A-6D give representative views of the naster, :
| i ght couppkidide’dhG i b Kbt ' 1x 1
cm (tho. 51 PoPafRig AhLEIEIOL AL fihlcdiing SRR e Conhiifig P Rlond mdy Blotk
descri bed hghtdadandeguidesit dpioltheltgs 24. Ricsalegs 24 forini djfett coupler/rasist Biterfrees2® s

are typical ransparent) "check-and- correct mes .of alignpgent becone

possi bl e. %hé’eﬁ?cgﬂx?gsclgg rli} F?‘hfg}lﬂ’é f?f@?‘gwgc’s{he ﬁﬁéﬁtﬁﬁ'gﬁ"cc ﬁ'°ﬁse“$lftg’ln g%srlnv y

nani pul at eties2inielfacas2Standigsddthe vadist I 1 arelfexpeded BPIhd éxp0sihg RERCIBNBNL i S
(sati sfied prior to the exposure. This type of alignnent s not obviously

possi BPe winficaiede IE theresisti i is3 pasivpt 1esisi (.praofesist Whare thecamens gchich whest  nust
Sol , ed .
rely inst eésg,osua :617%?! wc‘anléfwygggéﬁ’,gog.%fhc%&%s §§‘ Qlt?z?]crh%&c ﬁo{ﬁ@aﬁéﬂﬂ ligflt ﬁ{a;]ngtve

overlay accuracy. I's anot ntage O e | nventive approac

t he t opol cgsblovhehdewidping dieaesta o shown reFigurei 2 tAfwer pkponere, and leebsk qupnt

coupl i ng qu retures al | owr%g acggt)? dati on of surface roughness. The
l'i ght coupt ﬁ%PgFPWf’Eﬁséss {/Tgﬂécs g‘ggﬁt”@d as illustrated in pigures 5A-SE.
panatyor. s~ maui u$r~ 7ual ~~ns t, tt~~ pai eadaa s~ ssoaord al oym oy pue
_ureSe paxmaxe nefe Harths 8o 8Rprkidichs "iGAMRe PTTIoR" 3nd SRR HEHoRITORY B1 |
ay uaaMy ~uauuanour anpta~ t-~lant a SZ ~o,~ dul pl ~aad uoWsQd ayl ~aauoa o~
pasn 3% snPEmphayzebrube prasout light couplipg simiotutes praxemlicas fromad rom-zgasicag~ 0>
roadsat yy: S_ay.L nsrsar 0 atto~ agq ~(emri. 3U0
~tg~X~~ a 'QF&%FIE\%??;J? llﬁ%'? gné%p%{la ngélﬁﬁ ","?%orr‘]nsettsaﬁflr'oq%‘gb"% pé)%‘ nsst':‘h\}\%s | uanm
ruasai d opconnedingpoaias mechanallyptonnsdinke fratrhding poitioht tandiskrveay dighpou~o; aq
uea rstsai blgggons Moy é~ % ul. unpbux oa>, spopgw | uai a~r a, ~pausayed aq o~
a~ensgns s e mgans. Thec cEUNE-PRUORSLIP SORSL S e $2mg Mastyih asthe PEOLHAIRg s n
0q Uea UOMpatieHs, whiES BEM AP ftthed ATRPA one BTN a Thiclefl MR Bidkkdng NI |
aquasap orr ~urn-otto,~ aye ul ,u-aq ~tt ‘ag~ sytds d~e~ ~0 7r(s orgy -~
~ai ay Medn~oyactinn of sheennnagting-poriemoay beimgroved tyddingedditionalgnensad vill-bednoo
"SI ~tt$rt ' 107 3Q. sliteM ~prS,0yl Se ttanpn se  jsrsal '
Sur e suolobbE IR A8 wdighP gl A Rb s brSperlls W R BB o,
ag~ ur ~S may-b¢ iniproveatyappadpriatdmeashres S willbe8h@walr pozensnttr ~tt~oyewoqos
se 'asnroruis ay; 0 saae,.~anr oyr;o ut>:vaa or ~s ~a~CEt Sur~aotq zq$tt E
$ur, Ctdd~e_~t g ponoi dw~ ag uuo ~; 0s pagt-~asap soi n~oM5 $uitdnoa ~y$tl ay, ~
-s~aa~a ~t%a§%69@°‘%sb?9ﬂrﬁ%°&ﬁ2ﬁ&@% thy latesp) shape ang;pige gf the expRAgE ;

a~drut, xa ghffiondin e RRYS1 5 BecdtQf mhiakal lightokplif AR fdS g is FuphdFnrPd
25  through these legs into the resist. The width w, of the legs 24 of the light coupling
structure 20, for example, directly defines the width w, of the exposed resist regions and

the subsequently formed grooves 30.

It is important that the exposing light 13 coupled into the light coupler 20 is suited for the

patterning of the resist 11, The exposing light can be polarized, monochromatic,
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structure and resist is efficient. Practically, modulations in the light intensity of a factor of

two and even less between areas on the resist in and out of contact with the end of the light
20  coupling portions provide sufficient difference in existing resists to allow the generation of

useful structures in the developed resist following its exposure.

The coupling efficiency depends on the refractive index of both the light coupling structure
and the resist, on the wavelength (or wavelength range if polychromatic light is used), and
so forth. There are different means how to optimize the coupling efficiency. The principal
25  requirement is that there be no refractive index discontinuity at scales much less than the
wavelength between the light coupling portion 24 and the resist 11. This situation is most
readily accomnplished by conformal contact between the two, that is an intimate matching
between the two surfaces. Ideally, the index of both the light coupling structure and the
resist are as high as possible since this causes a decrease in the effective wavelength of

30+ illumination used to carry out the lithography. Several possibilities exist to achieve this
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nodes of the |ight because otherw se they would not get interference
effects and thus phase shifts. It is algg to be nentloned iz & Bb to the
i nventors' work it was not possible to nake nmasks suited 1 A h 2

| i ght coupl i S ctur according t resent invention, As can

segn V\henp‘i%‘ ?yng"ﬁr 6‘%’6%’ i"aé?lﬂ' ﬁ?‘h"é ﬁ?‘gt‘%@? ﬁ?@’dﬂﬁ?‘ﬁ‘ﬂﬁs‘hﬂp"ﬁ?suﬁask 20
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the substrate 1 rotru

portions 24 have to be much” smaller
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materia) is understood here to be complaint and must be localized 1o the posts to maintain

the overall refractive index contrast between adjacent structures in the light coupling

10 structure, Fourth, the blocking portions 20 and the light coui:ling portions 24 of the light

coupling structure can be made from a material like an elastomer that provides the

compliancy on contac;t between it and the resist. The portions 20 and 24 may be

additionally deposited on a substrate (not shown in Figure 2) that is at least partially

translucent and much harder to facilitate handling and bulk positioning of the light coupling

15 structure. .

The resolution of the present approach is not strictly proportional to the wavelength of the
light source, as in conventional photo lithography systems. Due to the fact that the
inventive light coupling structure replaces the conventional mask, resolutions between 4/2
and A/5 can be obtained. If an i-line light source (with 2=365nm) is employed, features of

20  size down to 73nm (=A/5) can be made. It is 10 be noted that the /5 limit is not a physical
limit. From a theoretical point of view even smaller fcatures can be made using the

inventive approach depending on its implementation.

Conventionally available photo resists can be used in connection with the present
invention, Generally suited are photo resists based on cresols (Novalacs), as are the resists
25  onacrylates or styrenes and their mixtures, for example. Positive as well as negative tone
resists can be employed. One may also use amplified resists to improve the ratio
(width/depth) the features which arce provided after exposure and development of the resist.
Also used may be an optically guiding resist, such as the SU-8 negative tone resist that
isclf displays differential light guiding effects on exposure. Bilayer, trilayer and top-surface

30  imaging resist schemes are all compatible and well suited for use with the present light
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SY-11"d' I ~ LERSIeapltp VB1. 41, KR8, 1/2, Jardhry/Marchl{997! | ght coupling structure of
claim6 conprising the resist wherein the i ndex match is achievabl e by

reducing the step in the refractive i ndex between the protrudi ng portion
and t he r eJheexpgurcTime dépghds aromphy well kfiow parametees such as thedighosgordesi ng t he

resi st wherein dex tch.is achievable b roviding a thin_ |ayer of
i ndex rmat cﬁ‘a"é“fﬁﬁ’ @?’F%fg 'WE“I??‘BE SRR \é?‘ﬁv%°§‘hﬁ%§ﬁé cprRling ~ whi ch
reduces thefﬂiic‘ﬁ bﬂth& msk(?érrl?gﬁi édﬁﬁlxhé‘ﬂﬁi&nﬁ@ld"ﬁ@%r&s@ﬁ daﬁ@&{)ul@lidkacd%mwn and
the resist. ght coupling sttucture of claim®6 conprising the
resist, V\héqséf r‘FOt‘%@t.lamdéQfmhch I s achievable by providing a thin | ayer of
a viscous oil or polyner between the protruding portion and the resist

bor t1on_ and PRITAIED iy 0GRt 28 P R A R Fkie 5L P L L
conpri si ngcoupting esuatreviredastibddia dpaant Woll suigdpes pdl?ﬂi\&rs&b&lﬂl?ﬁdcgaﬁgc@by? h
( that refractive index discontinuity occurs. 1. The |ight coupling

str ucﬁg’r e B IRYeRQFs- | Se¥gishpriopeivigs efbe idsal polymerpe fe,rrmths Feplisa Fan be léemﬂﬁﬁdnal
cont act DCFBAR. bOFmBE BLEUAVEH B! VORI L Hinf# 3 By of B FBSed et
coupling structure’of claim1l being usa neg R PVes 6 positive cone
resist. |: BcCOTildethb ipglytnee onyst bmgpalblcncstutslesmictm‘ealbﬂmlxonom ssrrfﬂ:g velterg theent
mar ks for aI| h re ectt t he resj st The |ight coupling
structure 3§P° rg} ?ritfe’éi)lﬁf}ﬂ 83 RPrERe! }}"Eﬂ?ﬁ"’%ﬁ?@r"é? PEERRSIGHNCS s ablsattgy of
the pr ot r udilnThipdtHei A4teridl ShbOWbHS Sulzhahd kcirﬁe\ﬂﬁ%é&ﬁf)héﬁt (4 deb@ive@abSle)) S

reversi bl e and does not | eave materials behind on the resist and visa
versa. 1>  allowing it to adapt to the surface of the resist on which it is placed, particularly where no

other forces then gravity and interfacial energy are used to bring the two in contact. Fourth,
the surface energy of the polymer is ideally low so that its contact with the resist is
reversible and does not leave matcrials behind on the resist or tend to destroy it. Fifth, the
material should be somewhat translucent to the targeted wavelength of illumination in order

20 1o allow the passage of light through, and out of, the light coupling structure. Sixth, the
material should flow at some stage in its processing, either by melting it or by forming the
polymer directly in the mold by chemical reaction. Seventh, the density changes and
stresses associated with the previous requirement should be insufficient to canse breakage
of the master or its incomplete replication. Eighth, the material should allow conformal

25  contact, as described above. Siloxanes made by addition of low molecular weight silanc
containing crosslinkers to mixtures of branched and linear olcfin-terminated siloxane
backbones have proved particularly advantageous in the above regards. Siloxane materials
resulting from such mixtures can have surface energies of ~25 mN/m, strengths of ~ 10
Mpa and a viscosities of ~1000 ¢St i their pre-polymer form and allow the formation of

30 useful light coupling structures at. below, 100 nm feature scales. while maintaining the
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- 24 - 15. The light coupling structure of claimb5, whereein the polymner

. I's siloxane nade by addition of |ow nolecular weight silane containing

" crosslinkers. 16. The light coupling structure of claim4, wherein the
el astoner is a carbon elastomer. 17. The |ight coupling structure of claim
1, wherei %%P%ﬁ(ﬁ}necti ng portions conprise neans to inprove the bl ocking
of the expo g I'ight. 18. The light coupling structure of claim17,
wherein certain interfaces of the connecting portions are covered by a

| ayer increasing the reflection of the exposing light . 19, JTheg J¢
coupling structure of claim17) wherein ® thin netal | ayer 1&%&@%

certain interfaces of the connecti ng portions to increase the reflection of

t he exposinegessagyteopformity. T@ber ingtetials bagsdiongllcarbeaelastomers ¥ alsmwet sujird tei n

t he connectin Qrtions canptise Br -Qrag i . n t ection
ot he ox it Aoy eRfiof 38 s EBMRiRaTSp ARG Al al By Bl 6 S8Rk cBfalehs

wher ei n t ')ee MHRTYinaliondOf drpfHis maletials @8 itorganid ingletalg intdesmpbsieisugues t he
exposing light by neans of internal reflections tho th&ﬁ r ot rudi_n

BOrLi ons. 2B PrOYRPARIHAYRSYRRRERGS (ASsE HEWERMALGFE) PE IS IRRUR Rl e | 5

of thegpr | t.rﬁ;;&t' r fhiiSihe bOEHIRR StrGulefCasi Nt er nal
refl ec io%&éde%mM od %o°?acr$§§°?ﬁ§g§ I?(}ht cgjpl% gtruc?ure for use as
mask for tdisussedabove of a resist which conprises protruding portions -

with protruding ends the Lateral shape of which is simlar to the |ateral
shape of a structure to be exg}cl)_sed in the resjst, algd connect | nﬂ %ortions ~
u P

whi ch connl@@enemb the matgtaliged B thasfosmationf te URRL SPURNASSLIAYTS Rasie P SBeh
exposing tdig Jigsit 8anifloR b RS RO Mt K AICHRANRA JHILI Ml bl foritied i di N
ends, the light coupling struct urenhaw ng a refractive index relief such
that the exyesisiang the ghderlyingeeimdeshdogtor, isinse thel preseht process tsa tremdil docess-

protrudi ng en f the light c lin tians, risi t he steps:
( pour i Eg a %f‘gﬁefn FheY o 't't\F PW#H‘T‘M%@@@PV&@@" Py g%?g}“ﬁg "b?ot r udi ng
ends’ | at efepicondame) subdirh8 A 64(5R MPhre IR thOWidth 6f MBéspective grovridifg Sletrielt

el astoneric | ight_ coupling structure with a pattern of protrudi nga.portions
renovi ng tHeofdhe light copplingsimictuse PO fag todwye p width of P0emysos (ProyidediBatfast er .

24. The Gligi: wherein the polynmer is siloxane nmade by
"géd}ﬁﬂ/e%s. 13 lngsr’eﬁa\.e

addi tion ow nol ecu i ght silane containing crosslinkers. 2S. The
met hod of claim 23, wherein the polyner is a carbon el astoner. 2G The

met hod of &l laghtcdSplinghehure, acdorditg td te passemdnwentibheah ibg intade by plringa
structure after having been renoved fromthe, ter thi.s layer ,is patterned
so aslPo CRAIEPELRR AMAFHRE 4 withdhe matlwféaﬁ%&ngﬁﬁhm‘ﬁ%ﬁﬂféw"F & the

reflecti onrQf rdslifs BrREFstiindrlc3Blid 40 with a pattern of protruding clements 42, 43, 44, The
master 41 can be formed using electron beam definition, for example. The time and money

invested in the making of a precise, high resolution master 41 is amortized by making many
replicas 40, each capable of being used in the manufacturing of semiconductor circuits, for
. 20  example. Each of the replicas can be used several times and if made of elastomer does not

tend to break,

The light coupling structure 40 has to be designed such that the protruding legs 42. 43, and
44 can be brought into conformal contact with the resist, because the whole process rclies

on the efficicnt coupling of light from the light coupling structure into the resist.

25  The protruding elements of light coupling structures 40 can have almost any shape and
size, as schematically indicated in Figure 4B. In the present example, the light coupling
structure 40 has three protruding legs 42, 43, and 44. The lateral cross section of the first
leg 42 is a hollow rectangle or square. Leg 43 is a ridge, whereas leg 44 has a circular

lateral cross section. These three examples show how flexible the present approach is.
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27.'» The met hod of claim 26, wherein the layer is a netal |ayer. - 26 -

. 28. The nmethod of claim26) wherein the layer is selectively renmoved from

“the tight coupling structure by its contact with another substrate chat
causes the material to adhere there. 29. The nethod of claim 26, wherein
the other substrate is a soft polyner. 30_ The nmethod of claim29) wherein
the other 8%8s2%9%% has a surface chemistry that pronotes the adhesion of
the layer by the formation of ionic or coval ent bonds. 31. The nethod of
claim 23, wherein the step of cueing is carried out in an ﬁ‘{'eMRr ﬁﬁzeral
hours. 32. Method for the formation of sUb-wavel ength struttiu iz
substrates conprising the steps: formng a resist on the substrate
posi ti oni NDESCRIPNION @M Al PREFERREDIEMBODIMENTEsSi st whi ch conpri ses
protrudi ng portions with protruding ends the |ateral shape of which is
simlar to the lateral shape of the sub-wavel ength structures to be forned)
and connecAipnefersed embodiment is descoherbiotthe folowingt r udi ng portions ~ and prevent
exposing light fromexposing the resist in areas other than those exposed

t hrough th rotrudi hg end the |ight coupli structure having a
r ef ragt | ve&fﬁﬂé@’l”&‘ﬁ"gf As%’?!‘%?“t‘?’ﬁf?" If %%"‘éﬁ@p’ﬁgli‘ﬂggﬁ) _P"g”HF‘C iayﬁﬁ?ﬁé? i nt er nal
refl ecti ongedooiay Gifealin @ hBB-ieBFEr\é@b?El.n?.%Eniﬁhfh‘ﬂ@thhér?ﬁ& mﬂ(ammafskm&a the

| i ght coupli'ng structure ng positioned such that ornal” contact
bet wned t hin glerobenzannty {5&% solidssisapen omtbe veaferdo form 2 h0Qnmddick filrgof this t he

| i gh | i ith ) b i _
[ gne i ntoeiteet ket i jeld Hiekbr ety lted R PRl Sasd SURIET I SRERL
gui ded i nt of 10VEK$V @lecGbRusiY ir QB&animasi-WwEter tdo BiffefdaphiatissoNition bfthel esi st ,

-27 renoving, the light coupling structure devel oping the resist to_ forma
resi st pat fEishingacgiqne afier axgosuse roveals 3 patsan obfeatures in apsaodio BERY Wi 528y neans

(97, 2n et ChatbR e 60 nh&HMe Abslrile. TS piterPRldtaRiBrredihio dRINMAINAF oftnes! a1 M
32) wherein the resist is negative of positive tone resist. 34. The nethod
of cl dfm 3ybsukre using atflverine hied cerepie iog eschingdRIEEchemigtryttbatchas an pkaedtlentby
means of gravity and interfacgial forces only. 35 The nethod of claim 32)
Wherei n ¢ nitstelyIPRa el G RIE GreR s ek dien e e AR T 81 af m 35,
wher ei n t hieagtied 1RECIASRNREASS o dePRdbpthdrf Of tQPEtSH IR silidaN 18 Withisqameder of
the resist pattern into the substrate) 37. Method for the manufacturing of
a master whewams formed pldthe, inserface withisiliconr Jaaiet this fam will §rlp te inspreithg exaetienst ur es

whi ch compyle @l Of dutbdiurés 2Ohthfight coupling part of the light coupling structure: The

15  substrate is ashed in an oxygen plasma to remove residual organics and then 10 nm of a

fluorinatcd polymer is deposited by a plasma assisted process all over the substrate to
provide it with a low surface free energy coating (15 mN /m). This layer is essential to

allow rclease of cured formed replica in the subsequent processing steps.

Light coupling structure preparation by its replication from a master: A mixture of

20  ~6.5g vinylmethyl siloxane-dimethy! siloxane copolymer (~ 1000 ¢St, VDT 731 Gelest,
Karlsruhe, Germany) and ~ 2 g methylhydrosiloxane-dimethylsiloxane copolymer (30 cSt,
HMS 301, Gelest) and ~ 450 mg of fused silica particles (~ 20 nm in size, Gelest) is
prepared with ~ 5 ppm of platinum catalyst. This mixture is poured directly onto the
aforementioned master and cured in an oven at 60° for 24 h. The replica is released by

25  peeling it by hand from the master. The replica has a surface energy of 23 mN/m, 2 strength
of 10 Mpa and a hardness which is about 3% of that of glass . All of the features present on
the master are faithfully reproducced in its replica according to the procedure above as
determined by scanning electron microscopy (SEM), where a depression on the master is

now a raised structure on the surface of the replica. A gold layer, 5 nm thick, is evaporated
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w th protruding ends the |ateral shape of which is simlar to the |ateral

‘shape of sub-wavel ength structures to be fornmed, and connecting portions
whi ch connect the protruding portions and prevent exposing |ight from

exposing a resist in areas other than those exposed through the protruding
ends, the §zohy;. pling structure having a refractive index relief such
that the exposing light is guided by internal reflections towards the
protrudi ng ends of the light coupling portions, the nmethod conprising the

steps: covering a substrate with a filn),JForm ng the resisjf ,on E hhM
exposing the resist using an e-beam mask3writer tool thus Léf iMmA bek
negative relief of the protruding portions of the light coupling structure

to be for 8PP of theqtrpenpssisily af e replicas The grnlicy & treated istbemplresd thepniasy
transferrigghh ?iﬁc&?gafgk K&t s lagir 4£1Y' in bl tahiubr RoRYwER 8D 18er Bf‘st?hﬁfﬁr%@“ess
erlyihg ere

whi ch stops on the un ubstrate, renoving t ISt revea t he
negat i ve rfe¢shbfevaporated opristsndfakicn thepuold orothis sugce Ehtbenmetdratbyoits otpakure 3,

of 1 he pr dlY TBRGOFE Fp gRcencdGiebialkb) s BindR Afrremmupnrliehamgraurs
substrsit e Hefweéentht hirfide SPBRIrEfcR -anﬁglé: tm?cdlrgélchﬁﬂfa@é \?f] 1e'sMcan wa‘fé??%@&rlrikl ts he

filmis a silica film 41. The net hod of claim 37) erein a‘Pon
used as relestivelypemoned fram the dopsfof dheroirading sitréaces of bk eeplicadeft behinbout 100

KoV U8 RS S o TR RBI iy B G o

the etch process reac e 1on e of cl am 37,

wher ei n t heedimed by tesprésehesof thioRiRrAi}@a dr@dnasmBletcles SITRNLint@fdceual
organics. .AYa _.Ae.A %Al SL. A33_.A3n,,.A

[.Al.A3. AYQ.. AuO. AFS . AY9. A&. AF, L. AF, L. A& AFS?. AYL. Al , L. A. A&y. AF9. A
L. A5L. A . 9f the ligh{icoppling §ruatyren ASQY nm thick layer of Shipley 6612 (novalac) photo

10 resist is spun coat on the surface of a silicon wafer previously treated with
hexamethyldisilazide acting as an adhesion promoter for the resist. A 20 minute bake of the
substrate is carried out at 90° . The light coupling structure described above is placed by
hand on top of the photo resist covered substrate where gravity and interfacial forces
between the two maintains their intimate conformal contact. Pulses from a KrF laser, (200,

15 each 20 ns and 300 mJ) are used to expose the resist, which is then developed in a Shipley

400K according to the instructions of the manufacturer.

Figurcs 6A-6D give representative views of the master, light coupling structure and
structures that were formed over a field 1x1 cm (the size of the master) in the photo resist
20  layer after the above described procedure was applied. '

Because the light coupling structures are typically transparent, check-and-correct schemes

of alignment become possible. The light coupling structur'cs' position can be iteratively

manipulated on the photo resist until a final positional placement js satisfied prior to the

exposure. This type of alignment is not obviously possible with the currently used optical
25  projection techniques that must rely instead on absolute knowledge of the substrate's

location to achieve overlay accuracy.

Itis another advantage of the inventive approach that the topology of the substrate need
not be strictly planar. The light coupling structures allow some accommodation of surface

roughness. The light coupling structures may be augmented as illustrated in Figures SA-SE.
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checked optically. A fine positioning apparatus is used to correct the position providing for

25  alateral rclative movement between the light coupling structure and the substrate. Then the
position is checked again, and the whole process is repcated till a sufficient alignment is

achieved.
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efficiency. This step can be omitted depending on the circumstances. The light source is
then turned on either in constant or pulsed mode. The light emitted by the light source and
coupled into the light coupling structure is automatically guided towards the protruding

S ends, where it is dircctly coupled into the resist. The resist is exposed right undemneath '
these protruding ends. At the end of the exposure process (if sufficient exposure has been
achieved) the light is turned off, and the light coupling structure is removed Several
wavelengths of light can be used to help suppress interference effects in the wave quitting
structures when these structures have a varicty of sizes, as can occur when these structures

10 are much larger than the nominal wavelengths. Anti-reflection coatings and other such

ideas can be added to the substrate or resist to suppress back reflections as is well known in

the art.

Then, the resist is developed using a suited development step. In case of a positive tone
resist the exposed portions of the resist are removed during the development step. If a
15  ncgative tone resist is employed, only those portions which were not exposed to light are

removed.

A hard backing step may be carried out before the next steps. The remaining portions of the
resist now serve as mask protecting certain areas of the substrate from being ciched away.
A wet or dry elch step is now used to transfer the lateral shape and size of remaining

oL 20 portions of the resist into the substrate. Then, the resist is removed (ashed away).

We note that simply scaling down the known interference approaches based on phase
shifting will not result in the type of lithography described and claimed herein. A reduction
of the periodicy of the phase shifting mask proposed by Rogers et al. would lead to masks
and processes which are not suited to providing the required intensity distribution with a
25  relative minimum where a feature is to be defined in the resist, as becomes obvious from
Figure 4 of Rogers et al. If one would follow Roger's design rule, one would get exactly
the oppositc of what is disclosed and described herein. According to the present invention,

the zero order mode (m=0) is used to carry out well-defined exposure of the resist. Rogers
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mask 10.
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1. A light coupling structurc for use as mask for the exposure of a resist

with exposing light, comprising

protruding portions guiding the exposing light towards its end
from where the exposing light is coupled dircctly into the resist, the ends

having the latera] shape of structures to be exposed in the resist, and

connccting portions, which connect the protruding portions and
block the exposing light from exposing the resist in arcas other than those

exposed through the protruding portions,

the light coupling structure having a refractive index relicf, wherein the

exposing light is guidable by internal reflections towards the protruding portions,

2. The light coupling structure of claim [, wherein the exposing light has a
wavclength (2) between 150 nm and 800 nm, and wherein the lateral shape of at least
onc of the protruding portions has a lateral dimension between one

half (1 /2) and a fifth (1 /5) of the wavelength (1) of the exposing light,

3. The light coupling structure of claim 1, wherein the lateral shape of at least one of the
protruding portions has a lateral dimension between 200 nm and

| 73 nm,
4. The light coupling structure of claim |1 comprising an elastomer.
5. The light coupling structure of claim 4, wherein the elastomer is a polymer.

6.  The light coupling structure of claim 1, wherein the protruding portions -
arc index matched such that the exposing light is efficiently couplable into the

resist,
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9. The light coupling structure of claim 6 comprising the resist, wherein the index
match is achievable by providing a thin layer of a viscous oil or polymer between the
protruding portion and the resist which reduces the step in the

refractive index between the protruding portion and the resist.

10. The light coupling structure of claim 1 comprising the resist, wherein the
protruding portions are designed such that no refractive index

discontinuity occurs.

11. The light coupling structurc of claim | comprising the resist, wherein therc is 2

conformal contact between the protruding portions and the resist.

12. The light coupling structure of claim 1 being usable with a negative or positive tone

resist,

13, The light coupling structure of claim 1 comprising alignment marks for alignment with

respect to the resist,

14, The light coupling structure of claim 1 comprising the resist, wherein the surface

energy of the protruding portions is low so that its contact with the

resist is reversible and does not leave materials behind on the resist and visa

versa.,
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16. The light coupling structure of claim 4, wherein the elastomer is a carbon elastomer.

17. The light coupling structure of claim 1, wherein the connecting portions comprise

means to improve the blocking of the exposing light.

18. The light coupling structure of claim 17, wherein certain interfaces of the connecting

portions are covered by a layer increasing the reflection of the exposing light .

19. The light coupling structure of claim 17, wherein a thin metal layer is formed on
certain interfaces of the connecting portions to increase the reflection of the

exposing light,

20. The light coupling structure of claim 17, whercin the connecting portions

comprise Bragg-gratings to increase the reflection of the exposing light,

21. The light coupling structure of claim 17, whercin the connecting portions also
serve as light guides which guide the exposing light by means of intemal

reflections into the protruding portions.

22. The light coupling structure of claim 1, wherein side walls of the protruding portions

arc covered by a layer increasing the intenal reflections.
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protruding ends the lateral shape of which is similar to the lateral shape of a structure
to be exposed in the resisy, and connecting portions - which connect the
protruding portions - and prevent exposing light from exposing the
resist in areas other than those exposed through the protruding ends, the light
coupling structure having a refractive index relief such that the exposing light

is guided by intemal reflections towards the protruding ends of the light coupling

portions, comprising the steps:

pouring a polymer on & master with the negative relief of the protruding ends’

lateral shape,

curing the polymer on the master to form a solid, elastomeric light coupling

structure with a pattern of protruding portions,

removing the solid, clastomeric light coupling structure from the master.

24. The method of claim 23, wherein the polymer is siloxane made by addition of low

molecular weight silane containing crosslinkers.
25. Tbe method of claim 23, wherein the polymer is a carbon elastomer.
26. The method of claim 23, wherein

a layer is formed on the light coupling structure afler having been removed

from the master,

this layer is patterned so as to cover centain interfaces of the connection

portions to improve the reflection of the exposing light.

27. The method of claim 26, wherein the layer is a metal layer.
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coupling structures by its contact with another substrate that causes the

material to adhere there.

29. The method of claim 26, wherein the other substrate is a soft polymer.

30. The method of claim 29, wherein the other substrate has a surface chemistry that

promotes the adhesion of the layer by the formation of ionic or covalent bonds.

31. The method of claim 23, wherein the step of curing is carried out in an oven for

sevceral hours.

32. Method for the formation of sub-wavelength structures in a substrate, comprising

the steps:
forming a resist on the substrate,

positioning a light coupling structurc on the resist, which comprises
protruding portions with protruding ends the lateral shape of which
is similar to the lateral shape of the sub-wavelength structurcs to be formed, and
connecting portions which connect the protruding portions -and
prevent exposing light from exposing the resist in areas other than those
exposed through the protruding ends, the light coupling structure having a
rcfractive index relief such that the exposing light is guided by internal
reflections towards the protruding ends of the light coupling portions, the light
coupling structure being positioned such that a conformal contact between

the protruding portions and the resist is ensured,
aligning the light coupling structure with respect to the substrate,

coupling exposing light into the light coupling structure such that the
exposing light is guided into the protruding bonions and from

there coupled into the resist,,
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removing the light coupling structure,
developing the resist to form a resist pattem,
transferring the resist pattern into the substrate by means of an ctch process,
removing the resist pattern.
33. The method of claim 32, wherein the resist is negative or positive tone resist.

34. The method of claim 32, wherein the light coupling structure .15 held in place

by means of gravity and interfacial forces only.
35. The method of claim 32, wherein the etch process is a dry etch process.

36. The method of claim 35, wherein the dry ctch process is optimized to ensure a precise

transfer of the resist pattern into the substrate,

37. Method for the manufacturing of a master which is to be used for the formation

of light coupling structures which comprise protruding portions
with protruding ends the lateral shape of which is similar to the lateral shape of

sub-wavelength structures to be formed, and connecting portions which connect
the protruding portions and prevent exposing light from cxposing
a resist in areas other than those cxposed through the protruding ends, the light
coupling structure having a refractive index relief such that the exposing
light is guided by internal reflections towards the protruding ends of the light

coupling portions, the method comprising the steps:
covering a substrate with a film,
forming the resist on the film,

exposing the resist using an e-beam mask-writer tool thus defining a negative
relief of the protruding portions of the light coupling structure

to be formed,
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removing the resist revealing the negative relief of the protruding portions,

38. The method of claim 37, wherein a low surface fice energy coating is applied to the

negative relief of the protruding portions,
39. The method of claim 37, wherein the substrate is a silicon substrate.
40. The method of claim 37, wherein the film is a silica film.
41. The method of claim 37, wherein a polymer is uscd as resist,

42. The method of claim 37, wherein electrons of about 100 KeV are used for e-beam

lithography.
43. The method of claim 37, wherein the etch process is a reactive ion ctch process.

44. The method of clam 37, wherein the master is ashed in an oxygen plasma to

remove residual organics.



