1 Device Manufacturing Method and Conputer Program Product RELATED

APPLI CATI ONS [ 0001] This application is a continuation-in-part of

co-pending U. S. Patent Application No. 11/352,400, filed February 13,

2006, the entire contents of which is hereby incorporated by reference.

FIELD [0002] The present invention relates to device manufacturing nethods

using a lithographic apparatus, and to a conputer program product.

BACKGROUND [0003] A lithographic apparatus is a machine that applies a
agtar tion of the

desired pattern Qnto substrat e, sual Ly, ont o et ,po

substrater Al PO TRUTEARE MeH3U Ry R e PRPEAR BRI\ e
manuf acture of integrated circuits (ICs). In that instance, a patterning
device, which is alternatively referred to as a nask or a reticle, may be

used to generate a circuit LATED APPRIGAFQNS on an i ndi vi dual | ayer of
the I1C. This pattern can be transferred onto a target portion (e.g.
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waf er). Transfer the pattern i1s typ a Imaging onto a [ayer of

r adi at i dh352A480,tfileckFehmadrgrli3al0qa, dsi sitiye pmoantdeivbich ihkershisicombmted by

gener al 2 single substrate wll contain a network of adjacent target

porti onge ¥R3%° are successi vel y patterned. Known |ithographic apparatus

i ncl ude so-call ed steppers, in which each target portion is irradi ated by
exposing an entire pattern onto the ta&get portion at one tinme, and
so-cal | ed scanners, in which each taFf§&tD portion is irradiated by scanning
the pattern through a radiation beamin a given direction (the

"scanni ng"-direction) while synchronously scanning the substrate parall el
or- anti (082l Tisd present infvieatich fedatéd levick maduflcARingas&hbdLusing 4 Fdbghekict he
pattern fromthe patterning device to the substrate by inprinting the

pat t er n2RIRTAES Aad R PrPgaoulofctor der to i ncrease the density of
devices on an integrated circuit, the pitch of lines and other features is
typically reduced. However, nmany |ithography apparatus operate at or 2

near their resolution limts. VarBAUKGR@WEINEs techni ques have been

devel oped to enable features snmaller than the m ninmum size i magable by a

| it hography apparatus to be created. For exanple, United States Patent

Appl i cafp0o3y PulbkiogaiphiapgarathdSs 40R2hBRARA 2BpKdsSLAQRES pattern onto a substrate,
usually onto a target portion of the substrate. A lithographic apparatus can be used, for
example, in the manufacture of integrated circuits (ICs). In that instance, a patterning device,
which is alternatively referred to as a mask or a reﬁcle, may be used to generate a circuit
pattern to be formed on an individual layer of the IC. This pattern can be transferred onto a
target portion (e.g. comprising part of, one, or several dies) on a substrate (e.g. a silicon
wafer). Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive
material (resist) provided on the substrate. In general, a single substrate will contain a
network of adjacent target portions that are successively patterned. Known lithographic
apparatus include so-called steppers, in which each target portion is irradiated by exposing an
entire pattern onto the target portion at one time, and so-called scanners, in which each target
portion is irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning”-direction) while synchronously scanning the substrate parallel or anti-parallel to
this direction. It is also possible to transfer the pattern from the patterning device to the
substrate by imprinting the pattern onto the substrate.

[9004] In order to increase the density of devices on an integrated circuit, the pitch of lines

and other features is typically reduced. However, many lithography apparatus operate at or



the use of conformal organic polyneric filnms to shrink gaps in a

| it hography pattern. [0005] As another exanple, to etch lines narrower than
the width of a line in resist, the exposed resist can be treated with an
el ectron beam causing the remaining resist to liquefy or plasticize and
flow to partially close the exposed lipes. Then, lines can be etched into
the - underlying substrate that are narrower than the lines printed in the
resist. To expose lines at a pitch snmaller than the m ninmum pitch inagabl e
by the || e [ ' used - a
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pitch but with a positional offset equal to the desire itch. Unite
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t echni que not using an e- to print spacer ‘gate structures at high
densi t i @805} Aslhswhasadmple, theclalinésalaeroted dmnBed Wikl of a 1ihe gr mpisty tHeor
Nano-scale Il11-N Field Effect, Transistors"” by J P Long. et al. (published
h The CROSATEEPUIPC SRR NEHLE DRSSO GG b oo %Fewﬁaﬁlﬁeﬁ%mng

Technol Qayic2R0d Bdw ﬂo’}ﬁr@l?ﬁ%se {RY @ifo3&) Bndl Then, lines can be etched into the
htt p: //'ww. gaasnant ech. or g/ Di gest s/ 2005/i ndex. htm no 14.22). In this

t echni quelerlzingsabsitatd Gatare patrgwed thawthe| lmge printed pathegesistd Ta skpase divavatrit i onal

phot ol i thoar aphi £ _fechni ques t.o, .for Sas dthen a thinlayer of Si3N4
P2 con BRI e SR B HGR nm B AITR AR Pl B A O chen
et ched expofige techhights/cadrbeastd opifistReast linee id wihgkll ehdndid Bk Brsipgdadrss to

| eave thin Si3N4 walls either side _of the polysilicon nesas. The nesas are
then rhgveeecesd ag complemeriery teithnfirss seteisi@agsdl agaima dopblethdssited piieh ch
serve | Chi Sl | 41k l-gyer s
cnder nan i REP SHIGELLAUPRARNRe BR800 RE SaBIR.RALKS, DSOS

pol ysi |digadoses b meetladd usigclmoth béthdentethniquds to penhfeatmsesf afiredded widthend
sacrific&ﬁl polysilicon layer. [0007] A simlar technique is disclosed in
"A Spad®f?Patterni ng Technol ogy for Nanoscale CMOS' by Yang-Kyu Choi et al

2002) Ty o ST don e G b P S a R e "
t echni litsdospdiretheiartiale (EdgsdPeloned iLothograghyry Naneescaled8-NiFidd Effect | y i nage
i ne- enﬂgnsis%orssyy%%gng et al. (published in The International Conference on Compound

Semiconductor Manufacturing Technology 2005 On-line Digest, available at

http://www.gaasmantech.org/Digests/2005/index.htm, no 14.22). In this technique, a

sacrificial polysilicon layer is patterned using conventional photolithographic techniques to

form mesas and then a thin layer of SisN, is conformally deposited over the entire wafer. The

Si3N4 layer is then etched using a highly anisotropic Reactive Ion Etching (RIE) process to

leave thin Si;Ny walls either side of the polysilicon mesas. The mesas are then removed using

a wet KOH etch to leave only the Si3sN, walls, which serve as masks during subsequent

etching of Si0; and polysilicon layers underneath the sacrificial polysilicon layer. The end

result is thin polysilicon fins at twice the density of the mesas formed in the sacrificial

polysilicon layer.

[0007] A similar technique is disclosed in "A Spacer Patterning Technology for Nanoscale

CMOS" by Yang-Kyu Choi et al (published in IEEE Transactions on Electron Devices, Vol

49, No 3, March 2002) to make silicon fins for FinFETS.

[0008] However, the disclosed techniques have limited application and may sometimes

incorrectly image line-ends.



[0009] It is therefore desirable to provide an inproved nmethod for

manuf acture of device features at higher densities. [00101 According to an
aspect of the invention, there is provided a device manufacturing nethod
using a lithographi c apparatus, the nethod conprising: printing an array of
sacrificial features on a first |ayer qf a substrate, the array of
sacrificial features having a first nunber of features per unit area;
providing a substantially conformal coating to the array of sacrificial
features so as to forma first mask defining a first array of holes, the
first array of holes being interleaved wth the array of sacrificial
features and having the first nunb&UMMAREt ures per unit area; renoving
the sacrificial features so as to formfurther holes in the first mask
that, wth the first array of holes, define a second array of hol es having

a secongwoyrbﬁris ererb e bit BPe REIroWiak hn AhRVED Mot HPMAhSRERR & deSicenunber

of features per unit area; pro |8i ng a second nask that covers a sel ected
part of fenheesashagidr densityesof hol es; and processing a part of the first

| ayer n vered by the first.and second masks. [,00111 .According to an
nopect | HOPReRefTal oA stk e e BBl Ta MoV e ARG BEOPIeRgT A Ret no
usi ng amletold AEIMBRNIHRoARPIAE abpheatud, NBe ARIHIAG oRMBIESI Ng: patterning a first
sacrificial hardmask of a substrate using the |ithographic apparatus to
forma first pHgting afarppyc)f searifivipl flecdungs o8 adirstdayqrof e sylestigte;, the aryfantial |y
conf or ng| L. 1 Li0g: Cleidf |, Cl . k onto the first array
SO tha'??a ghﬁgﬂfgegﬁ%éé %&%@@%9&%@%0&%%&6? h%lhlﬁl{rj%?idensi ty is forned, the

recessed f eat pioeRlindesutgtantiiley spdsmed cvatiny tohiee pra) dfehincibldaituresso as
directionally etching. the sagond sacr.ificial_ hardnmask o reveal .the distal

sur f ace® fgrm afig paskjdelipingq frsbartayed hotks. 4 firsrayod hples bewganteeenvar es
becore gpgit AU ERLRE GAMviRR Rl Ak Chthbd? BF MIRRMS p SR G/ e! Y

etching away theé projecting atures t eave apertures In the second
sacrificial hambvagkthe savdifieiat fahgeasd asrtetfota fultims kole$ int the fissilmsaskdhbas, t hr ough

s R R R T SN TR
et hod featuf@ Rr Lhit BRER N douBRIAE FHrit SunibRfoNMhRedt fed IRt biehN9:
| providing a second mask that covers a selected part of the second array of holes; and
processing a part of the first layer not covered by the first and second masks.
[0011] According to an aspect of the invention, there is provided a device manufacturing
method using a lithographic apparatus, the method comprising:
patterning a first sacrificial hardmask of a substrate using the lithographic apparatus
to form a first array of projecting features at a first density;
| substantially conformally depositing a second sacrificial hardmask onto the first
array so that an array of recessed features at the first density is formed, the recessed features
being interspersed with the projecting features;
directionally etching the second sacrificial hardmask to reveal the distal surfaces of
the projecting features and so that the recessed features become apertures through the second
sacrificial hardmask;
selectively etching away the projecting features to leave apertures in the second
sacrificial hardmask; and
etching a first hardmask of the substrate through the apertures in the second

sacrificial hardmask.



patterning a first sacrificial hardmask of a substrate using the

| it hographic apparatus to forman array of projecting lines at a first
pitch; substantially conformally depositing a second sacrificial hardmask
to bury the projecting lines and forma second array of recessed |lines
interl eaved with the buried projecting lines; directionally etching the
second sacrificial hardmask to reveal the distal surfaces of the buried
projecting lines and so that the recessed |ines beconme apertures through

or of oct (421  AGGinE hdan AR BT ML QALY bt

maski ngmetholl &8sk atlfifogeflic Bppaeatas, dlie Methed @bmptisingpertures in the second
sacrificial mask; and etching the substrate through the apertures in the

second sacr i fPaticElingafiavgaseificigl hondmaskof @ subsiigte wsing ths dihagranhic anparatus
i nventi %%m%lggr a§ 3f}grr0?e\é-¥iggﬂné’s ﬂ%vﬁrgfpi@nm acturing nethod conprising:
array” o e

printing afirs acrifticra atures at a first nunber of
features per gubsthnidaBaconmallyidepdsitirayesecofrd sacsifibid hatdarasiptoomirdilieg a

substantially confornmal coating to the first arr of sacrificjal features
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first W{ilﬁﬁﬁgseatures per wunit area, the first array of apertures being
t

i nterl eave fhe array of sacrificial features; renovi ng the first
array of sacrdifactiordllyfetciting the ssondsacnifidigihardraskite revepbthe distal sirfacehef fir st

mask that, with the first arr apertur.es,, define second ray o
per t ur s outed Prolebnelind andisd W e BREHEL i oot BB E B RORE ¢ ne
first ngaphgéiafard@adkures per unit area; filling the second array of
apertures to forma second array of sacrificial features; providing a

subst ant i al | yseleshyay gighingaerayribe berigdroipstingbnes:tp gavefaperiees i the sgconréat ur es

so as tQ. fer. nd mask defining a third array of apertures at the
second %ﬁ%ﬁ%g%{&g%@atures per unit area, the third array of apertures

bei ng i nt er | easskihgwt ldast the eadLefithear hayte of thepertirks i the sé@atigaaHficidAnd
renmoving the cFecond array of sacrificial features so as to formfurther
apert ur®@&% f2¢ t he second mask that, with the third array of apertures,

define a fourdidhify fheY¥uNirafPBFJugh®Be Alerfred in the second sacrificial hardmask.
[0013] According to an aspect of the invention, there is provided a device manufacturing
method comprising:
printing a first array of sacrificial features at a first number of features per unit area
on a first layer of a substrate;
providing a substantially conformal coating to the first array of sacrificial features so
as to form a first mask defining a first array of apertures at the first number of features per
- unit area, the first array of apertures being interleaved with the array of sacrificial features;
removing the first array of sacrificial features so as to form further apertures in the
first mask that, with the first array of apertures, define a second array of apertures at a second
number of features per unit area that is double the first number of features per unit area;
filling the second array of apertures to form a second array of sacrificial features;
providing a substantially conformal coating to the second array of sacrificial features
so as to form a second mask defining a third array of apertures at the second number of |
features per unit area, the third array of apertures being interleaved with the second array of
sacrificial features; and
removing the second array of sacrificial features so as to form further apertures in

the second mask that, with the third array of apertures, define a fourth array of apertures at a



third nunber of features per unit area that is double the second nunber of
features per unit area. [0014] According to an aspect of the invention,
there is provided a conputer program product conprising programcode to
control a lithographic cluster including a |lithographic apparatus to
performa device manufacturing nmethod gonprising: printing an array of
sacrificial features. at a first density on a first layer of a substrate;
provi ding a substantially conformal coating to the array of sacrificial

features.sQ forma. fir K fh DN fii I r fures at
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array ofregacrificial features; renoving the sacrificial features so as to
formfurther apertures in the first mask that, w.th the first array of

aper t ur B914hepcording deam Atpegt ofdpe Brventin, therels Pipvided a cOMBUGERIORTN t hat i s
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Enbodi neppamtef to tpheform u ekt ice manufdctunioy nxghotbsanpridnlg: by way of exanple only,
with reference to the acco i schemati c.draw ngs.in which

Cor r espondi ngbTEFEAEAEET L gHBHI AN FHER T LISt AESHB R A HaYH oL & SHoptFal
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nore enbodi nents of” the 1nvention; [0017 ;&gures 2 to 8 depict a

subst r atoeforn aviastinoask definipgs: finst array Paptdumasidbe bfstdehditys the firsttamag oficcor di ng
to an enbodi nent o“ Hhe inmﬁPﬁgon' %$018 FLEF&ES_Q to 14 depict a

subst r atREHfes gﬂnﬁdﬁgfgﬁvgaé’g eﬁgﬁ' HHC& P %econd et hod accor di ng to
an enmbodi mentredlbvin@he Saceificiad fianadlsd 423 Wmtfigthep spelurésin e BisPinaik Mat,
substrate at various stages in performance of a third method according to

an enbodithehefirsk arrayofiapgdies.lefing psccond arayrpbarsaturssyl asscandidensipl that s vi ews
and t he FLgures being cross-sections. DETAI LED DESCRI PTI ON 6
[ 0020] @éﬁéﬁé‘%@igﬁ‘gﬁ% %uéweﬂ |y depicts a |ithographic apparatus that can be
used i n one poteesdhgeparial thdBrst yenidt ooverddiby dedasanask. conpri ses: an
illumnation system (illumnator) IL configured to condition a radiation
beam B

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

[0016] Figure 1 depicts a lithographic apparatus usable in one or more embodiments of the
invention; |

[0017] Figures 2 to 8 depict a substrate at various stages in the performance of a first
method according to an embodiment of the invention;

[0018] Figures 9 to 14 depict a substrate at various stages in performance of a second
method according to an embodiment of the invention; and

{0019] Figures 15 to 26 depict a substrate at various stages in performance of a third
method according to an embodiment of the invention, the odd numbered Figures being plan

views and the even numbered Figures being cross-sections.

DETAILED DESCRIPTION



(e.g. W radiation or DUV radiation). a support structure (e.g. a mask
table) MI constructed to support a patterning device (e.g. a mask) MA and
connected to a first positioner PMconfigured to accurately position the
patterning device in accordance with certain paraneters; a substrate table
(e.g. a wafer table) W constructed toghold a substrate (e.g. a

resi st-coated wafer) Wand connected to a second positioner PWconfigured
to accurately position the substrate in accordance with certain

par amet ; pr.aLect i : : i j ] | ens
systen WB%@]CgIﬁ I gulrsré; 1L:It?lgﬁéa;ci;l oc}%é?tiseaglll%g?tgg}rngapﬁ%é@tg r(E:Hcii\"{tg %Ipit’)‘ﬁgérgg igg%i on beam
B by patriesdimog afeld meedforoThe apparangedmpysest i on C (e. g. conprising one or

nore - dies) of the substrate W [Q021 he LIl um nation system i ncl ude
various typeshh u@&%ﬂ@&ﬁ%@ﬁ;ﬁﬁhﬂ%ﬁ?@&ﬁﬂ&ﬁ gureq i fandtioed B EpipROFTY &
magnet i G,o eReLIRIRIREIIE radBhifihr OStatic or other types of optical
conponents, or any conbination thereof, for directing, shaping, or

control | ing rasipapitetmctufe0o22h mikk table) AT costtrgtedie suppsirdspatisenipg dedeani ng

device jn a _na t hat depends pn. the. ori,entatd on of the t1erni

dovi ce, (etnd miBE] §1 ST SomoRed oy Piip RS ERE bR Mo AR Er BRI B
suCh  aspii@mify aeteEin MRS iBceaFithQirtalgariabieas ni Ng device is held in a
vacuum environnent. The support structure can use mechani Calée vacuum

el ectrost at i & $ibsigathiable Gaspraiey tebleh W hernstneed & rld psupgraleted.- ag devi ce.
The s “H%&Et%o%%q’d%&fiﬁ)%%& c %e%?ﬁrtg%e%’nd ositiﬁﬂérq’wfc%hﬁgfﬁgg% gccui‘%ﬁ%}lgh may be
D quired. “The suppor en

fixed or vabl'e as’re re structure nma sure t the
pat t er npd3Biotaké Obsirste di accotsice edthpesthiniparamdtes; @xanpl e with respect to the
projection system _Any use of the ternms "reticle"” or "mmask” herein may be

consi dered SYRBIFGHILESIG (F-€ e aryegupisragn et ixstemieranligyreddoi ce.
[0023] JBfect £bdRerPRhdaelel 18 thedE¥ibEsn béREH a%ﬁlix?ég@é’bli& DA &’ft_@%%r%gt .

interpreted as referring to any device that can be used to inpa
radi at i mmtidre@e.gi ¢dmaispeg ereror moreidics) of hssubstiatd Wn  such as to create a

pattern jn.a . target.partion of the substrate. It should be noted that the
bat t er 1OV Aa 1 PRGN S e n BT G fies o B0ETR) CoBPoBIo RS ¢ he
desi r edepaditive! Rfle@tivel RRghdicyelecti@hidrRfic Qflediddstatisl BEbthat §ped S optanpl e if the
pattern includes phase-shifting features or so called assist features.

Gener alqoyipopeids, 94 ape eompimptien thiraod fondirectine athapingbernenitollingradigtierespond to

"SO f?ir g”ﬁbﬁszag hlfh‘éggﬁgo%{‘ﬁhceggg@edé %ﬁa@%ﬁiﬁ& dRRLNS ShEMeE thet Bedehls bRTRS!
c;rientation of the patterning device, the design of the lithographic apparatus, and other
conditions, such as for example whether or not the patterning device is held in a vacuum
environment. The support structure can use mechanical, vacuum, electrostatic or other
clamping techniques to hold the patterning device. The support structure may be a frame or a
table, for example, which may be fixed or movable as required. The support structure may
ensure that the patterning device is at a desired position, for example with respect to the
projection system. Any use of the terms “reticle” or “mask” herein may be considered
synonymous with the more general term “patterning device.”
[0023] The term “patterning device” used herein should be broadly interpreted as referring
to any device that can be used to impart a radiation beam with a pattern in its cross-section
such as to create a pattern in a target portion of the substrate. It should be noted that the
pattern imparted to the radiation beam may not exactly correspond to the desired pattern in

the target portion of the substrate, for example if the pattern includes phase-shifting features

or so called assist features. Generally, the pattern imparted to the radiation beam will



[ 0024] The patterning device may be transm ssive or reflective. Exanples of
patterning devices include nmasks, programrable mrror arrays, and
programuabl e LCD panels. Masks are well known in lithography, and include
mask types such as binary, alternating phase-shift, and attenuated
phase-shift, as well as various hybridsnmask types. An exanple of a
programmable mrror array enploys a matrix arrangenent of small mnors,
each of which can be individually tilted so as to reflect an incom ng

radi ati | W | | devi fb | | ttern
R L Y R R b i

t er m " pasojneiateigoatedsgistugnt’ used herein should be broadly interpreted as

vt ot e o Bedenrbn ietieotaek be FanSYRUEE prdri EXanebPCet i Btre: i .
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exposure radi ation being Used, or for other factors such as the use of an

i mrer si ara welldwownan lithegrapbe, ofd iackade mask tyhsy surbes binarheltemating phasesbifi. on

| ens™ herein considergd as.synonvqous, Wi th fhe nor.e general term
b of ectiictiealEL Rfse FBE5u W8 5 B S IR PHTTS e A S0 P2 "ot
t r ansm g8 Merh IS miiorCarrag APy s Wmatrix Arfhig e &iftiof emaR Sid)rorAbddly gfathiviel y, the
apparatus may be of a reflective type (e.g. enploying. a . ro%ranmabl e m nor
array ofandetijdizidaally Bited yoeas to seflgsbor incomingiadinjipp fean ﬂ%filfg&fé@r} GECRHIR) |

0027 ot ' . . | . age)
br ot o1l RS B PPRRRELP N of Bofth il BN it Blardl 2070
"mul ti pl0e23]t afje termEpioisetion systerati dicidi lenzh shaildd bsbroaylylistegeeddian paral | el ,
or preparg&g%iste S may. be carried oyt .0 on% qQr nore tables. while one or

more ot$¥§ ANy tEpe o aje eSSt 9 uding ecirachiy aetleptivcy Safadinpthpni ¢

appar atHgsithY, dt3OnEndic sdlIREMIGE %hﬁcaﬂfsyétéﬁé for anPEShbRRIA] thehBf, as
substrate may be covered by a liquid having a rel at’vely hlg{;3 refractive

i ndex, appeppriatet for thegposuge radidtion|bemngspsad.cor et atberfacthes sprlopetheivseobarst em and

t he substrat.e. An. i rsion liquid al e appl.ied to gther spaces in
the 11 Rt uEn AR e B apisfi ARY sy 36 i * PlhicFuishsd e, B8 B¢

pr oj ectdofsidsitd aeBynonhiensS vah the@bR guiefal ddrd “‘WRdjbction@¥iten®. t he art for

i ncreasing the nunerical aperture of projection systens. The term

"i mrer P8P s e denigedi the dprasatipis of gdrassmirsive Aypst(ege emPWYINgEh as a
e o - aui d
PoT o AR i ARGy, the dofidafls i b GalERe AR IERDR enlplifindd I €

[ 0029] pRedremmiablye mordriagray ef 4 typehs refetraditonatiove, drienpdeiny aseflectiad makk)on beam

froma jation., sour.ce SO The source and the |lithographic apparatus nm
be sepa(ﬁi%d"é éﬂ#ﬁ{%ﬂg@%m&mﬁa@@' & of a type having two (dual stage) or more ’

substrate tables (and/or two or more support structures). In such “multiple stage” machines
the additional tables may be used in parallel, or preparatory steps may be carried out on one
or more tables while one or more other tables are being used for exposure.

[0028] The lithographic apparatus may also be of a type wherein at least a portion of the
substrate may be covered by a liquid having a relatively high refractive index, e.g. water, so
as to fill a space between the projection system and the substrate. An immersion liquid may
also be applied to other spaces in the lithographic apparatus, for example, between the mask
and the projection system. Immersion techniques are well known in the art for increasing the
numerical aperture of projection systems. The term “immersion” as used herein does not
mean that a structure, such as a substrate, must be submerged in liquid, but rather only means
that liquid is located between the projection system and the substrate during exposure.
[0029] Referring to Figure 1, the illuminator IL receives a radiation beam from a radiation

source SO. The source and the lithographic apparatus may be separate entities, for example



when the source is an exciner laser. In such cases, the source is not
considered to formpart of the |ithographic apparatus and the radiation
beamis passed fromthe source SOto the illumnator IL with the aid of a
beam del i very system BD conprising, for exanple, suitable directing
mrrors and/or a beam expander. |In othgr cases the source may be an
integral part of the |ithographic apparatus, for exanple when the source
is a nercury |lanmp. The source SO and the illum nator IL, together mﬁth t he
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system [0030] The itllumnator IL may corrprl se an adj uster ]UStI ng
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on the mrteartala@grﬂﬁm(ﬁﬂ;yét%ng mask) MA, which is held on the support
structure %&j mask tabl e) MT and is_patterned by the patterning device.
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(which is not explicitly depicted in Figure 1) can be used to accurately
posi ti ofe usked ipeanditian the rafiationeben, 10 have nakspiest urtiformity apd intensityt he

radi ati after nmechanical retrieval froma mask library, or
during %&gggﬁ@j fiits crgSSeSF% " ovement of the support structure MI may be

real i ze[@osi]t hTItd’kﬁdlatlﬁh BéanaBl i Rgident 6K the prRSiG: SRS, RREKE MONIvAdL AN a
short-stroke nodule (fine positioni ?)) which formpart of the first
poSi t i o1pfije SEPRATE SiFyCire (o g o Fapk table) Mib andns patiereed: bibihe petterning dewice.
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part of the secon |t| on case st epper “(as opposed to
a scan nnojecihdnesysteppb‘i twisith ﬁﬂmgﬂfsehMemyntba taxpetp@abe € dfah@syante-W r oke
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device, linear encoder or capacitive sensor), the substrate table WT can be moved accurately,
e.g. so as to position different target portions C in the path of the radiation beam B. Similarly,
the first positioner PM and another position sensor (which is not explicitly depicted in Figure
1) can be used to accurately position the patterning device MA with respect to the path of the
radiation beam B, e.g. after mechanical retrieval from a mask library, or during a scan. In
general, movement of the support structure MT may be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which form part of
the first positioner PM. Similarly, movement of the substrate table WT may be realized using
a long-stroke module and a short-stroke module, which form part of the second positioner
PW. In the case of a stepper (as opposed to a scanner) the support structure MT may be
connected to a short-stroke actuator only, or may be fixed. Patterning device MA and
substrate W may be aligned using patterning device alignment markers M1, M2 and substrate

alignment markers P1, P2. Although the substrate alignment markers as illustrated occupy



al i gnment markers P1, P2. Although the substrate alignnent markers as
illustrated occupy 9 dedicated target portions, they may be |located in
spaces between target portions (these are known as scribe-lane alignnent
markers). Simlarly, in situations in which nore than one die is provided
on the patterning device MA, the pattegning device alignnent markers may be
| ocat ed between the dies. [0032] The depi cted apparatus could be used in at
| east one of the follow ng nodes: . In step node, the support structure
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pattermnﬁ§H&$@ﬂ@@3@§W@the substrate table WI is moved or scanned while a
patter | mpary (E]%Qantxﬁo&é“?h Bils Sg%@ff‘ggﬁ dRELLBEESE W’Pafe%Eﬁﬁ%dport' on
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progranmmable mirror ‘array of a type as referred to above
Conbi naitriage sevarsdl dharactaristics ofithe projediion apsiern Pfe & sdabadodep thegnafimugesizsy

entirel df thé égpfogﬁrg r%’telcﬁD s o wfﬂ e(lrrlrﬁ% n%|r1§s(():ant}1elnge eE éc?% Sjof the target portion in a

single dynamic exposure, whereas the length of the scanning motion determines the height (in
the scanning direction) of the target portion.

3. In another mode, the support structure MT is kept essentially stationary holding a
programmable patterning device, and the substrate table WT is moved or scanned while a
pattern imparted to the radiation beam is projected onto a target portion C. In this mode,
generally a pulsed radiation source is employed and the programmable patterning device is
updated as required after each movement of the substrate table WT or in between successive
radiation pulses during a scan. This mode of operation can be readily applied to maskless
lithography that utilizes programmable patterning device, such as a programmable mirror
array of a type as referred to above.

[0033] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

{0034] The lithographic apparatus may be included in a lithocluster, including process

apparatus to perform steps such as etching, deposition, ion implantation, etc. or a fabrication



[ 0034] The |ithographic apparatus may be included in a |ithocluster,

I ncl udi ng process apparatus to performsteps such as etching, deposition,
ion inplantation, etc. or a fabrication 10 plant or fab including such
apparatus and systens to automatically transport substrates between
apparatus. The cluster or fab may be upder conputer control. [0035] A first
nmet hod according to an enbodi nent of the invention is depicted in Figures 2
to 8, which Figures depict the substrate on which the nethod is perforned,
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around the edge of the area where the array of holes is to be provided. In general, the term
"hardmask" is used herein to refer to any layer that is resistant to an etch process, such as a
gas phase etching (which may also be referred to as plasma etching). On top of the first
hardmask layer 12, an array of studs or projecting features 13 is formed; these are sacrificial
features that may be formed of known hardmask materials, though, in an embodiment, a
different material than the first hardmask layer 12 to enable selective etching. It should be
noted that although the studs 13 in Figure 2, and other features in subsequent Figures, are
shown square, they will in fact be printed round or rounded due to the spatial filtering effects
of lithographic imaging and chemical effects in process steps. -
[0037] The studs 13 are set out at a spacing that is twice the spacing of the ultimately
desired array and occupying half of the cells of the ultimately desired array. This can be

easily understood by thinking of the ultimately desired array as a chessboard — the studs are



of lithographic imaging and chem cal effects in process steps. [0037] The
studs 13 are set out at a spacing that is twice the spacing of the
“ultimately desired array and occupying half of the cells of the ultimately
desired array. This can be easily understood by thinking of the ultimtely
desired array as a chessboard - the styds are 11 positioned in the centers
of all of the black squares. It should al so be appreciated that the array

need not be square, i.e. the stud spacing in two orthogonal directions need
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Hence tdreupbLivupndjesadstudnl 3. diwte/reavmys 15 can be regarded as negative features that,
recalling the chessboard analogy, occupy the centers of the white squares. These features are
self-aligned to the studs 13, so there are no overlay errors. The recesses may extend
completely through the conformal coating so that the underlying layer is revealed, or may
simply extend part way into the conformal coating.
[0039] After deposition of the conformal coating 14, a controlled directional etch is
performed to reach the stage shown in Figure 4. The directional etch may be, for example, an
ion-assisted etch in which ion bombardment of the substrate provides the activation energy to
react the conformal coating with a gaseous etchant. Hence the etch proceeds uniformly away
from the ion source. The directional etch is performed until the upper, or distal, surfaces of
the studs 13 are revealed and the recesses 15 have become through-holes in the etched
conformal coating 14'. The etch can be prevented from etching away the first hardmask layer

12 by control of its duration or by making the etchant selective for the conformal coating as

| against the first hardmask layer 12.



fromthe ion source. The directional etch is perfornmed until the upper, or
distal, surfaces of the studs 13 are revealed and the recesses 15 have
beconme t hrough-holes in the etched confornmal coating 14'. The etch can be
prevented frometching away the first hardnmask |ayer 12 by control of its
duration or by making the etchant selegjive for the confornal coating as
agai nst the first hardmask |ayer 12. 12 [0040] Next, a selective etch of
the studs 13 as against the etched conformal coating 14' is perforned to
reach t {gp40psickt, 8318 AR oY Wulls P3 ad MBiRE %E‘éi’clﬁﬁ% omhl &fthg 1 jL4° now
has an array of apertures 16 at a den5|t twce that o e original studs
13, in péfeotedde capl Ehvgesmmshshpm lbng.ke én’ﬂlWMched wqfemes cafting HE' now has
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apparatus at. the stag ? shown in Figure 5. [0 i s desired onIy to
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aper t ur pstefidtratsfqudgi straighs intto theewbsttate by preepeinathe apffiatus at the sape stetvn

conf or nal coatlng 14" where structures are desired. Since the apertures 19
in the ?ﬁf é do not define the exact area of the first hardmask | ayer 12
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coating 14' etching occurs, they can e han t he apertures 16.
Hence tievided Qurigs ﬁtcbelaﬁth@ﬁrsé haudmaak lay‘@hglg rsyshpwatio Figue 7theuisk 18ss
restric e t han th or i definjtion
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resi st thaypsrturd teein thd abheagcontfdnman bmingnar wesktrhenes atdanddifihaugd t hat
the dielectric | ayer with the mask 18 and renpval of the first hardmask
| ayer 13?6“%%38 tnéaslédéhi%rsot defingsthe ke areg of thpiisst bardmasiplayerci2ethatds. Thi s
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conventdan ﬂ)allargﬂ:rtthmgﬂdaphgl‘turbsatdh rHeee the mask 18 can be patterned in a hthography step
- with much less restrictive overlay and imaging requirements than the original definition of
the studs 13. The mask 18 can be a simple patterned and developed resist layer. After etchjng
the first hardmask layer 12 and through that the dielectric layer 11 with the mask 18 and
removal of the first hardmask layer 12, a substrate such as illustrated in Figure § can be
created. This has etched holes 11a at only selected positions of the grid defined by apertures
16, but these are closer together than may be achieved by conventional lithography
techniques.
[0042} A second method according to an embodiment of the invention is shown in Figures 9
to 14, which illustrate a substrate 20 at various stages in the method. By this method, a series
of lines at a pitch half that achievable with conventional lithographic techniques can be
fabricated, while at the same time ensuring that the line ends are correctly shaped. Certain
lines in a series can also be omitted without affecting the adjacent remaining lines.

Furthermore, the outermost lines in a block can be made uniform. These advantages can be

achieved without the necessity of devoting patterning device space to optical proximity



[0042] A second nethod according to an enbodi nent of the invention is shown
in Figures 9 to 14, which illustrate a substrate 20 at various stages in
the nethod. By this nmethod, a series of lines at a pitch half that

achi evable with conventional |ithographic techniques can be fabricated,
while at the same time ensuring that the line ends are correctly shaped.
Certain lines in a series can also be omtted wi thout affecting the

adj acent remaining lines. Furthernore, the outernost lines in a block can

be made yRictigh RankBE hi@lNRUAGRNCAR nPf indeeA¥aH ik PIRMLss ibRiIDERESSI Ly of
JhiRHepes pe

devoting patterning Ice space to optical proximty 13 correction
f eat ur ematenialsahatarethespme sb iretha distrebodincere asd/ot el knbwe to Bregress skidledi | s
and materials that the first enbodi nent and/or well

re th anme. as.jn
known t 8 ﬁ@“ﬁéer%‘r‘itegl?ie OIWeg’ %i‘ﬁ'wsa{(ﬁghﬁﬂf’“%re onitted bel ow for the sake of

brevity {00@1@}34&} af@ stepl §tseﬁ5ets%9 fin€ oP gfoﬁé%ﬁng‘lméd 25 ar@fa bt kR tHS ub}!aé?ﬁ%stzz are
fabricated on the uppérnost |ayer he substrate, which nay be the

bare subser2itef the substrateawhichayast bedbp betietsabistrateienida dish lpyondepositddat st age i n
t he progess & devi ce t he. net.hod i nvention
|5 et SRR0R R A LA H4e B e G Pyl BhIRE Bhisk 2 mBBRSlineac 1 ¢ he
first eplasi iehtiod Renipléyeddddatc e d bade lay&afor theiptésaht MathdaBskinthé er i al
and are _defined by a |lithography step. The pitch P 1 of the fins, which at

the |i nfirst sraberlimshtytheciins? arp éormed wfpisperificial hafdmaﬁ@ mat@%gnéwe&ﬁ%bm us
used, d 5 enR.]lJ; f I pd\ote that the
fins gg@eg}fagﬁfretégw t I%ﬂlpgn%ﬁtﬁgﬁw R)ﬂﬂ?ﬁﬁtﬂ g%lgtgg(a?% I engt h of Iines
t hat ar eipalbﬂltmmfethgl littegraphgl apparbiss hedal; detaﬁmdes the dtéh of\lmetultuaamb;rﬁrodumti
coating for second. sacrifi c mas deposite top of
The 11 ook fod S o Ryt £ I Rty ] H lonast sheni Engﬁboqussn ns
22 but mh@ﬁyhnﬂlﬁély%§regﬁolb@%c\é€e@n whi ch can be regarded as negative or
recessed |ines. The deposition of the conformal coating 23 is controlled

t o ensul0844lh d‘ﬂe)ttmctmfd)@g% coging 23, fdrmingea setond sautifivial hardnask ds depdsted oent

simlar t the ins 045 e 11 s result of

t he nexttOb %{ ehg%ngr%ge ﬁh%»yn{ 1gg§cl§]28u£% e@f‘%ﬂ C%Vgl&ﬁglé%'?é}[ treveal the
t ops ofledvingalb?s a8dn Bewyeen, whick s Bbregordbdas halatiob of RRedtad BndsayRE 21.

Then, a, selective etch of the fins 22 as against the second sacrificial

har dmasdePositigpkthe sonfpemaloatias 2himeniratied @mmﬂhm alleh 35 oo the have
; fi | 25. [0046
cen " &mierid [OLALANMIARGhAL LES Al B abBhyeen al|eys 26. [ 0046]

After rovi ded as shown | ure 13. The mask 26 has
{0045] Figure 11 shows the result of the next step, an etch of the second sacrificial

hardmask 23 to reveal the tops of fins 22 and deepen alleys 25 to the top of the base layer 21.
Then, a selective etch of the fins 22 as against the second sacrificial hardmask 23 gets to the
stage shown in Figure 12 where the fins 22 have been removed to form additional alleys 26 in
between alleys 25. |

[0046] After that, a mask 26 may be provided as shown in Figure 13. The mask 26 has
windows 27 to reveal the areas where lines are desired, in other words it masks those areas
where no lines are to be p.rovided. It also masks off the line ends, controlling the ultimate line
length. Since it is not particularly difficult to define a window of the required size and
accuracy, the mask 26 can be patterned in a lithography step carried out on a less high
resolution than that used to pattern the fins 22. At this stage, the line pattern is transferred to
the base layer 21, e.g. by etching. Removal of the mask 26 and the remaining second
sacrificial hardmask 23 gets to the completed layer, as shown in Figure 14. Since the ends of
the lines 29 formed in the base layer 21 by the pattern transfer step were defined by the mask

206, line end distortions as would normally occur may be low or non-existent.



w ndows 27 to reveal the areas where lines are desired, in other words it
masks those areas where no lines are to be provided. It also nmasks off the
| ine ends, controlling the ultinate line length. Since it is not
particularly difficult to define a wi ndow of the required size and
accuracy, the mask 26 can be patterneg,in a lithography step carried out on
a less high resolution than that used to pattern the fins 22. At this
stage, the line pattern is transferred to the base |ayer 21, e.g. by
etchin i L i Gl

har drrag?‘lggng\e{@srd c'?ﬂjti eccorrnggttgég%ﬁg?g?{légs% S 3&%@%82?8%‘?21@%% EéiSi‘r;‘}rla%e t he
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to 26. the third nethod, "a substrate 31 having a first oxide |ayer 32

cover eskchyd exidatayeragsher etykad, 88ng tie resistqilbard apx inthek | tayferm pxidp pdlardet. St ep
1is a/lith aphi c, st t efine squar or. orthogonal , .array of

res: st T SibeBArsibed pimmed fonifi e Ertepob b Singab SRR 4e™hiBE s ¢ hen
et chedarriignd i WositRl shbwhliih FafubesatS Ad MBS Thistaraly QT HiIRXS SRdiMnbieAPSl a34. | N
step 2, these are then slimed down to a dianmeter of P/ 4 using an isotropic

et ch ppitdedfd, could sy bagraducediey goythile prshpgonahaxppsirEioflipgssn ppogitiye 16518t Thi s
arra 4 of;..di i § Ch: | . ced b
Gount e SepPHa R Ape Ui R Syt fhyBireftst RlokCPiaflle £ B3dth AehupFifliadH-el,
sl i nmi pgross-sketibh elonayige A-asoffigsedSkAs Eargbe ecehpthie Substyakeclms \ai squaranttafs gur e

16 a cross-section_algong |linpe A-A of Figuyre 15. an be seen, the
ubst 1B DGR P o0 e A Sy having & RapIetes L B/ S oA RIBAFY AP0 B4, having a

di anet fz%)#g]; ﬁée%ex%%?,hsgeﬁﬁgmﬁlf+m& o thé BLABlilFRE Wi mat &R sudt &P 3. 1S

to con y coat oxide pillars"with a material such as polysilicon,
or ot hpolysibain, ngothret @ntiag saseiadessalesdrésdabove e. @ by chipicaheapior dépostipor

d itjon. . Th P terjal 35 s d it dept h.of .
apbr ox ThErarpe GGl 35 P odrae TP P ShaaEREpuER ) S E bRl fmsistintsss o
di amet goutdihé oﬁid% pXlids 388 diahRaxti(pa +mkio 4890, Mavifls uafllad vdilese hmther sti ti al

positions in the array. The interstitial voids 36 have a dianmeter of
appr oxingrastisial postiansgn thertdy. Theiterstitiad vpiski 3§ d@ve adinsretenn{appieznatolyt he

b ; . . o .
Fi gur ot 2 ATHVER o b8 o0 by UECBRP WAANELS el ol eB®)5 &
Cr 0ss- seelappsing aircieg Thiswe sBown i Pig4ftl 17had 18hn sthigh Higurn 748 & phin dew anét ch,

such as RIE, 1s perforned t?_ rempve the coating material 35 above the
oxi de pEpredds asassxeation along lipeBrBm of the interstitial voids 36 to arrive

at [0049] Then in step 4, an anisotropic etch, such as RIE, is performed to remove the coating
material 35 above the oxide pillars 34 and at the bottom of the interstitial voids 36 to arrive at
the position shown in Figures 19 and 20, of which Figure 19 is a plan view and Figure 20 a
cross-section along line B-B. At this stage, the etched coating material 35' has substantially
the same thickness as the oxide pillars 34 and the interstitial voids 36 now extend to the hard
mask layer 33.
[0050] Now, the oxide pillars 34 can be etched away, step 5, with the hardmask 33 acting as
an etch stop for the oxide pillars 34 and the interstitial voids 36. Tﬁis etch gets us to the
position shown in Figures 21 and 22, of which Figure 21 is a plan view and Figure 22 a cross-
section along line B-B. There is now a single layer above the hard mask 33 — the remainder
of the etched coating material 35' — which has apertures on a staggered array with pitch P/2.
This layer can then be used in step 6 as a mask for an etch or other process so that the

staggered array pattern is transferred into the hard mask 33, or other layer of the substrate.



the position showmn in Figures 19 and 20, of which Figure 19 is a plan view
and Figure 20 a cross-section along line B-B. At this stage, the etched
coating material 35 has substantially the same thickness as the oxide
pillars 34 and the interstitial voids 36 now extend to the hard mask |ayer
33. [0050] Now, the oxide pillars 34 cgn be etched away, step 5, wth the
hardmask 33 acting as an etch stop for the oxide pillars 34 and the
interstitial voids 36. This etch gets us to the position shown in Figures

21 and pas510f Abth&dvely, 3 Bethbdican Be R%p%ﬂteﬂ't@lﬁ‘e@ﬂéci sﬁh%ra?rag%fﬁltéﬁ P@SToﬁgm ion
along I1ine B—B There is now a singlé | ayer above the hard
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[0051] Alternatlvely t he nethod can be repeated to create a square array

of pit dfigwes2318d &b ofwyyich Fighea $hig adgilan vigwemd figwg 2¢ e ressagetionalong hing

atter OXI de
Fe Gopoait ke npHafifindch of e CRiAGSD SriidcciodPitardy GRS 3
Thi's i s3%with apita]mHN?z Byt reprdting stepsl3 bad &, m withed seicbrd cotifoeng] isyter BF hhing he
voi ds, [ 23 and 24 whi ch, ure 23 is pl an |ew
and Fi ﬁff@%%@%@e@eﬁw%gww H&erstgtwé vow@ﬁ*% (PR Er RAibeeded o
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Ph12. By repeating steps 3 and with a second c ormal “layer
havi ng & earqwe?img s¥p B ppratesi anlayes) the r@ﬁﬁl,nda aofstcaid watomd! Ialsrele3&‘,tvmh al v0| ds

2[998]; egllqgrrg ay Qéé()llﬁés%ﬁlﬁgt %&Eﬁllﬁ ?Fél ?)‘?Slfff‘%idtslcgfﬁ/ et a%fsg r%fav\?ngnst ep

5, credaps banda&y@srdesﬁaﬁ I 18 ABodesibRfto s@ﬁ@mepscm honasl mb@xﬁﬁesas prcyaut:@ a
square array_oQ at pitch P/2. This can then be transferred into the

har dnasaPirabﬁin%Elﬁ‘é‘rP/@\éQpé)r/ 4fsdheath as desired. It is also possible to repeat

st eps r f , etc.
[ 0052] ?“H?]e mer'lftiilho%‘ldﬁ!eﬂP %CE %F %aegl(ta ﬂﬁ@g?\rte ?’Sﬁﬁég‘é@ 35 #ulﬁ g%ltgér ?o%méé% u{ for the
f or mat icontactfholescmtl avids dscyi/eé]sasanhhr\deaiceasw.wbedsl DRAM),tHTﬁh RI&M, eﬁfbcd@ddlCh as

DRAM Fl ash RAM _.enbedded, nenpry and ot her pes, that require
st ruct GREROTY AR( ofeL MeMOTY. tipes & atﬁﬁq‘%‘? Stugturgse Ieéi’IPQ%’ Biast ilenain ays. Since

t he defrd:%iﬂd} ﬂeb&ﬁé&&ﬁd%@%ﬁ&@ﬂw'cﬁﬁﬁﬁﬁgrlitﬁ&r%ﬁﬁzustteffs cQﬁ'{eh a%bu z&‘chﬁlf lesgﬁF .

ul timat obtai ned pi'tch or feature density be ac eve

OoPC f eéhwlémamlﬁdobm;'d pitch or Returedamsiiptit may bn dchmveei withsit QR featvessudntls. | n

partic %a?frstﬂl%%ﬁie\lfjes BetRl a8l [ide ggnsgs?entc FstRs. In particular, because an array of features
can be extended over an area larger than the desired area, which is then cut back in a
subsequent undemanding masking step, edge effects, such as differences between edge
features and central features, may be avoided.
[0053] Although specific reference may be made in this text to the use of the method in the
manufacture of ICs using lithographic apparatus, it should be understood that the methods
described herein may have other applications, such as the manufacture of integrated optical
systems, guidance and detection patterns for magnetic domain memories, flat-panel displays,
liquid-crystal displays (LCDs), thin-film magnetic heads, etc. The skilled artisan will
appreciate that, in the context of such alternative applications, any use of the terms “wafer” or
“die” herein may be considered as synonymous with the more general terms “substrate” or
“target portion”, respectively. The substrate referred to herein may be processed, before or

after exposure, in for example a track (a tool that typically applies a layer of resist to a

substrate and develops the exposed resist), a metrology tool and/or an inspection tool. Where



can be extended over an area larger than the desired area, which is then
cut back in a subsequent undemandi ng maski ng step, edge effects, such as
di fferences between edge features and central features, may be avoi ded.

[ 0053] Al though specific reference nmay be nade in this text to the use of
the method in the manufacture of 1Cs ysing |ithographic apparatus, it
shoul d be understood that the nethods described herein nmay have other
applications, such as the manufacture of integrated optical systens,
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alternatiye, a | cat.i ons,, any .use, of e ternms "wafer” or, "die" herein may
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"tar get cqidihd Mltipld HOB&SEd MObs. The substrate referred to herein nmay be
processed, before or after exposure, in for exanple a track (a tool that
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pattern created on a substrate. The topodgraphy of the patterning device
may be [082Ysebhe tenmes “‘Gadiafen” anid “bean’s useslhspdin eccompashall fypies of at e wher eupon

h ' [ . |y I I di,ation, h ,
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"radi ation” and "beanf used herein enconpass all types of electromagnetic
radi at iPGNINg;aWREiRngHh i the spe PES-20uw). pawreH es particle hgampaspchgs ionfeams engt h
of or eﬁ%%hb@éﬁ. 355, 248, 193, 157 or 126 nm and extrene ultra-violet
(EW) radiation (e.g. having a wavelength in the range of 5-20 nm, as
wel | ad0@at iThederoedoss™, wheile thscornextiallaws, miy refdrac tnp ondepdmnbination of

various types of optical components, including refractive, reflective, magnetic,
clectromagnetic and electrostatic optical components,

[0057] While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. For example, the
invention may take the form of a computer program containing one or more sequences of
machine-readable instructions describing a method as disclosed above, or a data storage
medium (e.g. semiconductor memory, magnetic or optical disk) having such a computer
program stored therein.

[0058] The descriptions above are intended to be illustrative, not limiting. Thus, it will be
apparent to one skilled in the art that modifications may be made to the invention as

described without departing from the scope of the claims set out below.



[ 0056] The term "l ens", where the context allows, may refer to any one or
conbi nation of various types of optical conmponents, including refractive,
reflective, magnetic, electromagnetic and el ectrostatic optical

conponents. [0057] While specific enbodinents of the invention have been
descri bed above, it will be appreciatedithat the invention may be
practiced otherwi se than as described. For exanple, the invention nay take
the formof a computer program containing one or nore sequences of

machi ne-readabl e i nstructions describing a method as di scl osed above, or a
data stor AH@gdium(e.g. sem conductor nenory, magnetic or optical disk)
havi ng such™a conputer program stored therein. [0058] The descriptions
above are intended to be illustrative, not limting. Thus, it will be
apparent to one skilled in the art that, nodifications my he made to the

P Dant on las " adSasissanem e mehad Pﬁlﬁgaﬁlaﬂmﬁrﬁ SRR oG of b et
out bel ow.cohbrisfapAl M5 1. A device manufacturing method using a |ithographic
apparatus, the method conprising: 5 printing an array of sacrificial
featur&s on a f iprigting ayaraydf sacrifidisltfeaturgs on dirstrlayey obh subsirgte, theaimay of
features Vi fir n [ t A rea;, providing a

subst anti g?ﬁﬁcg%%?%nlgﬁ% av(%ﬁlog%) :ﬁﬁség%\?{éfgraqflr%&grgg?ﬁ% atérFEEf eatures and
directional |y etpgdvidigg b Bebssdiviallodrifadnhal cogtifearventhecaarificig feares wedl

surfaces of the sacrificjal . features _so as to formag fiJsst sk defi.ning a
first arr é?yeetforﬁﬁy s_?}l{nsﬁ%e fibseptialhs copfesmahepatine %r%ﬁf&}ﬂ?‘iﬁ@?ﬁ@aﬂe@aﬁﬂﬂ h
- the array o, 3868 Ad ot a Fe@ hHsR ety Q?ﬁ‘#t'&ﬁ'a& Rehbles, The ﬁitcég&?ziy SMhol@afeitige s

per unit area; renoving the sacrificral features so_ as orm further
hol es 10n tinterl¢4ved withthkamsyaef sacrificisl featares and having thy fisst nymbss of Katuresen
second array of holes having a second nunber of features per unit area
that is d&lﬂﬁlageat he first nunber of features per unit area; 15 providing a
second nask t hatemioxes heaaqtfiddtfetupard anh fohe fisteo hdlesin thy fiodt nmsk &sat, and

processing .a part of the first _|layer not covered . by.the first and second
masks; chd @F@Fﬁt%ﬂy Pﬁh‘tl%ld?ﬁ??l%s% RS O?Sé’é‘tzlﬂg«fsseﬁ?nef%‘?ﬁ’& .°§20 2.
The net hod, Ageehel s & hhak Abdble MISTS! hnitep of foafifred Ry @hitiafeap har dmask.

15 providing a second mask that covers a selected part of the second array of holes; and

processing a part of the first layer not covered by the first and second masks;

characterised in that:
-the sacrificial features are studs.

20 2. The method according to claim 1, wherein the first layer is a hardmask.

3. The method according to claim 2, wherein the first layer is formed of a material

selected from the group consisting of silicon carbide, polysilicon, SiON, and diamond-like

carbon.
25
4.  The method according to claim 1, 2 or 3 wherein the first mask is a hardmask.
5, The method according to claim 4, wherein the first mask is formed of a material
selected from the group consisting of silicon carbide, polysilicon, SiON, and diamond-like
30  carbon.

6. The method according to any one of the preceding claims, wherein the second mask

is formed in developed resist.



3. The nmethod according to claim?2, wherein the first layer is fornmed of a
material selected fromthe group consisting of silicon carbide,

pol ysilicon, SiON, and dianond-like carbon. 25 4. The method according to
claiml, 2 or 3 wherein the first mask is a hardmask. 5. The nethod
according to claim4, wherein the first mask is formed of a materi al
selected fromthe group consisting of sit¥icon carbide, polysilicon, SiON,
and di anond-1i ke 30 carbon. 6. The nethod according to any one of the
precedi ng clains, wherein the second mask is forned in devel oped resist.
18 7. The nethod according to any one of the preceding clains, wherein the
first array is ered.array. 8. The nethod according to any one of

t he prece%i ng gﬁgﬁr@?&\?ﬁ? ! i‘%@ﬁéye%t&g@em&d%@mg Wh?égaﬁtﬂﬁsmnmsect ed
ones of tshegglred esapf the second array of holes. 9. A device manufacturing °
met hod conprising: printing a first array of sacrificial features at a
first nunber of features per unit area on a first |layer of a substrate;

provi di ng a sulgt gkl r c ing ta the. first array of
sacrificial featur es,Oa Jtc gﬁgﬁgfﬁé??ﬁﬂ}%gﬁeﬁ?‘ggg3@3“%?%&5”%3‘3&3@?’@ meikm a
first. maskveieticnihole of selectt] cmes afjthe hokepef thesecondtarray BEhbles, St number of
features per unit area, the first array of apertures being interleaved with

the arrdy of M\ﬁddxﬁhﬁifaétﬁ%g‘ﬁx%bdf:&ﬂgﬁﬂiﬂg the first array of sacrificial
e

features so as to.form further  apertur In~the first mask that, with the
first array of PHBURS %FEs amawof srerificisbfeaturbsa b diystakniRest fdhfes ks r?nifﬁ-@&md
0

number  ofonaGRUERS 0PG5y af .area that is double the first nunber
features per unit area; fi ﬁ’ing the second array of apertures to forma

second array oproviding hisubstntibiigontesial chRIRMb Mk filBakdy éftsa&:ﬁ?&il Rfguiding a
subst ant igal J, rif%grp;for mal coating to the second array of" sacrificia ’
features, —the oacritiesiasg St\“‘ti:‘a’t"lﬁs & fogine st maslsdefining ofifso amaypofepenmes aBs k
def i ni ngtle firktimghbf bofeaRires RS hid bR3, BE AL er_of featyresg per
unit area, the third array of apertures %EF% 8?%@? eg\llnédmifflfa}?eaﬁ’@ ond
array of 3aetispreficial featyrasy es; and
removing the first array of sacrificial features so as to form further apertures in the
first mask that, with the first array of apertures, define a second array of apertures at a second
number of features per unit area that is double the first number of features per unit area;
filling the second array of apertures to form a second array of sacrificial features;
removing the first mask; '
providing a substantially conformal coating to the second array of sacrificial features

the sacrificial features are studs so as to form a second mask defining a third array of

>

apertures at the second number of features per unit area, the third array of apertures being
interleaved with the second array of sacrificial features; and
removing the second array of sacrificial features so as to form further apertures in the
second mask that, with the third array of apertures, define a fourth array of apertures at a third
_number of features per unit area that is double the second number of features per unit area.
10. A method according to claim 19 wherein the steps of filling, providing and removing

are repeated one or more times.

1L A computer program product comprising program code to control a lithographic
cluster including a lithographic apparatus to perform a device manufacturing method

according to any one of the preceding claims.



removi ng the second array of sacrificial features so as to formfurther
apertures in the second nmask that, with the third array of apertures,
define a fourth array of apertures at a third nunber of features per unit
area that is double the second nunmber of features per unit area. 10. A

met hod according to claim 19 wherein the steps of filling, providing and
renoving are repeated one or nore tipps. 11. A conputer program product
conprising programcode to control a [ithographic cluster including a

| 'i t hographi c apparatus to perform apgdawcermanufacturing method according
to any one of the preceding clains. ABSTRACT Device Mnufacturing Method
and Conputer Program Product A nethod of form ng features, e.g. contact

hol es, at a higher.densit han | 0sSi wi.t hp,conventiaonal |ithographic
echn ques | nvolticerpiirgtuliie MerbRE Lo R ABE b AR ( oo ir oo
conformal |y depositing a sacrificial |ayer so that negative features are
formed interleaved with the positive features, directionally etching the

sacrificial |Ayesthodef foenimglpgures g capterthodesapt 4 kighe degsityrivian ﬁSeE%FiPI%i s an
array of . hi : I: -E@ﬂv L ai ifielal:features.
These rr%’i;ﬁtg hlg\%ngém?rhgﬁn rh e Qiﬂrﬁ%@sb e uetﬁggrrnﬁg}k %SQE‘JS%S ? g%%feﬁcﬁtg P ﬁ%tl‘ge

desi r edfepruesesmforfladly depbsdtingh bandi fivia) ldyer scetheaiegdtivofecateesd e formaygs at even
hi gher densities. F

re.s cpe .
interleaved with the po%%ve features, directionally etching the sacrificial layer and removing
the sacrificial features. The result is an array of holes at a higher density than the original
sacrificial features. These may then be transferred into the underlying substrate using a

desired process. Also, the method may be repeated to create arrays at even higher densities.

Figure 5



