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

[ 0003] A lithographic apparatus is a nachine that applies a desired pattern
ont o a substr at e, DeviceliMlahyfazniring Mehakand QotiporteroPrdgremsPisiuctit e. A

| i t hographi c apparatus can be used, for exanple, in the manufacture of
integrated circuits (1Cs). In that instance, a patterning device, which is
alternatively referred to as gpRsF¥EprappeidAT@ONS My be used to generate a
circuit pattern to be fornmed on an individual layer of the IC. This pattern
can be transferred onto a target portion (e.g. conprising part of, one, or
several @0083) Thisapplidasion at cqnéingaticn-ipartcafreo-peating)U. STPatentf Applisatiarhi¥o.

pattern i i I i a i mgoi nto.a | ayer r.adi ati Qn-.sensitj v

mat eri al 1?/9§Z’gé@$lﬁ¥5%hr3%q§nb%e RHETS qLenty ‘ﬁj‘?ﬁlgﬁ%is e,ré)oé’ lgf%?rglegfpﬁ'st rate
w Il contgtln@. network of adjacent target portions that are successively
patterned. Known |ithographic apparatus include so-called steppers, in

whi ch each target portion is irradiated by exposing an entire pattern onto
the target portion at one tine, and SQ1 | ed scanners, in which each target
portion is irradiated by scanning the p ern through a radiation beamin a
given direction (the "scanning"-direction) while synchronously scanning the
substrate parallel or anti-parallel to this direction. It is also possible

t o t rans{@02} h&hepresent invepbom rehdepiardexicaimpguitstiring nmehedsausing mplithpgraphipy

i nprinting. the ern u te. [0004] In order to increase the
density 8$pargg§,§§ékoo%c%rﬁ8ét§ Itgeljégrg e@%g{“‘ﬁ’cui t, the pitch of Iines and other
features is typically reduced. However, many |ithography apparatus operate
at or 2 near their resolution limts. Various process techniques have been
devel oped to enable features smal BAEKGROUNE: ni ni num si ze i magabl e by a

| it hography apparatus to be created.

[0003] A lithographic apparatus is a machine that applies a desired 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 reticle, 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.

[0004] 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



For exanple, United States Patent Application Publication No. US

2003/ 0203320 di scloses the use of conformal organic polyneric filnms to
shrink gaps in a lithography pattern. [0005] As another exanple, to etch

| ines narrower than the width of a line in resist, the exposed resist can
be treated with an el ectron beam causiBAg the remaining resist to |liquefy or
plasticize and flow to partially close the exposed lines. Then, |ines can be
etched into the wunderlying substrate that are narrower than the |ines
printed nearthedr reedigon liMgs.ekposie ptdcagssteetniques pavecheen ey ¢leped thanablbe mi ni mum
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the desired pitch but with a positional offset equal to the desired pitch.
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Nano-scale |I[I-N Field Effect Transistors" g¥ J P Long et al. (published in
The | nt ephastidizavnd foyntopasially Jesecberprrased limsspil ke dines ean borkelred datathang
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t echni quEi,tc}asmaﬂ@ﬁ tHahitkd mlinip@hygitdhi i6Rpadlaye thel Izhe@bpiac apshratas, igublenvent i onal
phot ol i t hographi ¢ techniques to formnesas and then a thin |ayer of Si 3N4
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polysiligpg fins at twice the density of the mesas forned in the sacrificial

polysiliton |l ayer. [0007] A similar technique is disclosed in "A Spacer
Pat t er ni (IP0GEcArtedhmipuefnot usiag as cdean tCMIR'sphyer YategtidyturdShad hightdeakiti¢pisbl i shed

in | EEE Transactions .on Electron Devices, Vol _ 49, r 2002) to nake

si licon -Firisaé’ﬁ"i%dfl_ﬂﬁ ﬁ#ﬁsﬁdgﬁbsgyeﬁmpbyz%ﬁrew%aagﬁéﬁwﬂggﬁf&%s have

limited epRRAMIYY ROGngTBYl SPUBSHEE S ThORKHRRhhYChIRAR bR CoRHEEnd
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 Si;Ny is conformally deposited over the entire wafer. The
Si3Ny layer is then etched using a highly anisotropic Reactive Ion Etching (RIE) process to
leave thin Si3N4 walls either side of the polysilicon mesas. The mesas are then removed using
a wet KOH etch to leave only the Si3N4 walls, which serve as masks during subsequent
etching of SiO;, 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.



3 SUMVARY [0009] It is therefore desirable to provide an inproved nethod
for manufacture of device features at higher densities. [0010] According to
an aspect of the invention, there is provided a device manufacturing nmethod
using a lithographi c apparatus, the nethod conprising: printing an array of
sacrificial features on a first |ayer of 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 interl eagﬁg‘ﬂ%? the array of sacrificial
features and having the first nunbe ures per unit area; renoving the

sacrificial features so as to formfurther holes in the first nmask that,
with the first array of holes, define a second array of holes having a
second n{00i08} bfis theedoradesirgbéa toymovidaar anprowed msthdd ity reanufectéieroddeviaerber of
features_per unit area;.providing a second mask that covers a selected part
of the sgfg EFaélhfgé'S‘?rg‘fnsﬁg’lses; and processing a part of the first |ayer not

cover ed ﬁ"’lbﬂ eAbédrdingah dn 3§01k ARk EntidDBhbid isfr &8 Devi@ ABnddRBGHg Of the
invention, there is provided a device manufacturing mnmethod using a

| i t hogr aphetlodaingraditbegraplie appsratos) thompthodicomprigiagt erni ng a first
sacrificial hardmask of a substrat sing the |ithographic apparatu to
forma first aPPEyeEH PrSjsesiHls™ deietn adiry 9ver ot @ Bibnbrte, TRETRLPRnt i a1 y
conf or makjcyifidRPRstdréd Khvin SLERNHURB&TIfffédtirad pliamsinek onto the first array
so that an array of recessed features at the first density is forned, the

recessed feat upwyidingd supstantiallys penfemenl wpatingtto hepreyed shertfidial featwigs so as

di rectiopa} | chin e.second sacrd.ficial rdmas veal the distal
Sur f aces oS AR iy R aPBC el e AR bbb MehOfed
becone apgthithé Ssayt SArsactaficiileatarRs @Rd hawiAg theffirsd imHRab RIS S lugfitatese! ¥

etching away the projecti n%features to | eave apertures in the second
sacrificial hareaayéng theserrdiced ifegurgs 59 sstp fora Bithskheles ke Sig smaskthats hr ough

the aper WithSRe hﬁt 3,1?2%, gﬁgo?&?deﬁrﬁce{ éefcbl%i fr&aw Gy h%fre%%léving a second number of

features per unit area that is double the first number of features per unit area;

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.



4 [0012] According to an aspect of the invention, there is provided a

devi ce manufacturing mnethod using a |ithographic apparatus, the nethod
conprising: patterning a first sacrificial hardnask 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 |ines
interleaved with the buried projecting |lines; directionally etching the
second s§MRf i Aceadrding ol amaspetoofitby @abntidie tidtresis provdded adescehandfheuting | ed

projecting lines and so that the recessed |ines become apertures through the
second wehoriquagaﬂqﬁh%&rmg PPz thg Wg%dé?@ﬁflﬁagaway the buried projecting

lines to |eav epzﬁf&%i}l Eﬁstisgcr§ﬁ@?lqﬁfd?ﬁ5§k 0P aGhbskrafel RindWRE ﬂgg%ﬁphmﬁhﬁ%sat

| east the ends of one or nore of the apertures 1n the se d sacrificial
mask; antb fermhnngay bé psjdrsing dines 4thr fonsghitchhe apertures in the second

sacrificial hardnask. 0013 ccordi.ng to an aspect. of the invention, there
is provided a FaBEal%éﬂi‘?%fE‘laﬁQiq‘?BOSI_ ﬁfﬁo'&cg?ﬁgflglg’iam‘.’rdﬁlragﬁﬁ t?ﬂjyﬁ’efi rst
array of ﬁﬁ‘&’iih%'liﬁb@z{ndff%%Ws@@orfﬂtarﬁyfo'f r&bssRd MRS inRirlch @Rt Wi thelRiiedni t area
on a fi rgt | ayeér of a substrate; pfoviding a substantially conformal coating

to the fprogectingliags;of sacrificial features so as to forma first nmask

defining a firgt arr of, .apertures, at .the first nunber, of features r

unit area, theallr?c?@flgl rqtgl)l}ngfheasgg?qduﬁaggﬁggli }}%51}1%}(3? Ir%véa'@!etg’e\ﬂil %ﬁ Sf”ﬁ%ceggfay of
sacri fi ciplbutie@btyj@ting 1REPYANGD thhEthé kdcedsedliheybe@bms apértdresidbughané scesd SO as
to formfurther apertures in the first mask that, wth the first array of

aper t ur esacridigfal hardmaskscond array of apertures at a second nunber of

features per unit area.that is doubl.e . the f.irst er of f uni t
arear 111 ing e SEEONES ey BF B8 bfesling Bho SIS Bt BO e Sebfl

sacri fi ckakifcR@hatdessk; providing a substantially conformal coating to the
second array of sacrificial features so as to forma second mask_defining a
third array of mapking atrleast she anda of ercoprcmerg o dic apertuses it thesecqrdrsagrifigialar ea,

the thi rglaglg_ra% of apertures being interleaved with the second array of

etching the substrate through the apertures 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



sacrificial features; and renoving the second array of sacrificial features
so as to formfurther apertures in the second mask that, with the third
array of apertures, define a fourth array of apertures at a 5 third nunber
of features per unit area that is double the second nunber of features per
unit area. [0014] According to an aspeft of the invention, there is

provi ded a conputer program product conprising programcode to control a

| ithographic cluster including a |ithographic apparatus to performa device
manuf act tHiidnginiBet bOftatubesier fhit gieaphdtid doubplethe a¢doay nambsacf fiehiucdisgler fudat ur es

at a first density on a first layer of a substrate; providing a

subst ant &Ry confornmal coating to the array of sacrificial features so as

to form f‘{‘iﬁgf sp\cgg}a}ﬁgqgfdﬁ Q%ﬂ%ﬂt & thé frﬁ/Em‘?chf Mbris ﬁ?@ﬁflé&'& g‘ﬁ“@ﬁ‘fﬁt@% bt St

density, first afray o apertures béing I eav e array of
sacri f i cpaldufteamprismg pregremi coge theomsmt a lifliogtaphicf dasterisdudiog adithagrémion
further apertures |5tn the first n?sk t hat, cﬁ“h the first array of

aper t ur e@PPRLY foerforn aglsyics manpiasturing method COMPrISNE o cond density that is

doubl e the fi rﬁﬁmﬂﬁg{m drdty ARG QA TSR adh RART derRity bR firbtaferlof¥ hbshate;
covered by the first mask. BRI EF DESCRI PTI ON OF T?LIE DRAW NGS [ 0015]

Enbodi ment s of provalinga suttstantially tonformval beatihgde themthy dfpacuficiaffeatyrgspd as onl vy,

with refegence.to the acco nyi ng schenmatic draw ngs.in i ch

cor r espoffioiy arférﬁterpjéﬁlfcd& m&fgﬁ%@ﬁiaﬁd‘? caz?FIgRr@B?trtgg ﬁ&ﬁ% g?’i‘f‘étypg’iﬁvﬂjg?t ARY o whi ch:
[0016] FigdiReshheifPinfeiRaved Wik 2@TARDI0E sRPiFRAtdturesabl e in one or nore
enbodi nents of the invention; [0017] Figures 2 to 8 depict a substrate at

vari ous st agesrempvirgthp sadrificiad hiestures smastofenm furtheh aperaeson dheigrst masknthat,

mbodi he i ign; ' depi b .
var rous. Spdne itfarl) FesEhizs’ S8 ecbeBiG ™ MBa A RaFto R YN RS of e

of the i gyedé iRMirstaedsilyd@ad] Figures 15 to 26 depict a substrate at various
stages in performance of a third nethod according to an enbodi nent of the
i nvention, thep®gessingritiareef the §st tayebeatsgvespdhy theifigsmaskd t he even nunber ed
Fi gures bei ng cross-sections.

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



DETAI LED DESCRI PTION 6 [0020] Figure 1 schematically depicts a |ithographic
apparatus that can be used in one enbodinent of the invention. The
apparatus conprises: an illumnation system (illumnator) IL configured to
condition a radiation beamB (e.g. W radiation or DUV radiation). a
support structure (e.g. a mask table) Mg constructed to support a patterning
device (e.g. a mask) MA and connected to a first positioner PM configured
to accurately position the patterning device in accordance with certain

par amet er[otlzop thlilséraétﬁniaﬁbélgf depi@s a Hthogfaphictapphrajus Wat cambé usedtirdné 0 hol d a
substrate (e. resi st-coated wafer) Wand connected to a second
posi ti on&m P@\F&?@h@f'@ﬁ#fé@nﬂ‘éﬂ ddwe@pparatuy colpEsesi on the substrate in accordance

with certain pgt gg@%lgﬁ né@%g??l@ﬁﬂinﬁ%ﬂ(l%%o%ﬁ%ﬁr%ﬁ% Corittitiéh & RIS ALhIbESm B

projection | ens nfi gure ject a pattern inparted to the
radi ati oife.pdavhritibyorpatDEVnadigtio®vi ce MA onto a tar get portion C (e.g.
conprising one or nore di es% of t%ﬁ(t@,@bﬁ ate W [002 The il |l um nat.i on

system may i ncPaHRPOFLIIUSHES (GHEn £ ME | copgRS tSE P} RAMELNING GPYISE L j v,
reflecti g gﬁﬁtl\}l&’anglc&%e'&féﬁﬁgg?ﬁétﬁmsﬁb tlffl\@%ﬁt?gtﬁecp{o Kehtely YO8 ForPhe
cBnpone 0

opti cal or any c I nation t er eof or directing, shaping, or
cont r ol | ipagerningdidaticein accpadey wilfheentampmamemrwuct ure hol ds the patterning

device in a manner that, depends rientati.on,of, th erni ng

Govi oo e oanthugi tehe Cenaaramms Wlsardaed Waadla AEs PR LG Mons.

such as fQLe¥ABPWATAMNRE RS cRhe O tol\@cHiRE S{tRIneOP WeddntRuled 1B 8t it fva vacuum
environnent. The support structure can use nechanical, vacuum elecfrostatic

or ot her pos;tlamrﬂ]ersgbstt@d:dtmaquam@Wldt@brtahepqmanctersnamb devi ce. The support
structure may be a i xed or

rane or tahl e. for.exanpl e, which,m
novabl e as reqﬁlpf‘%lﬁmo?ﬁeﬁg’ﬂ?t{a G’ ‘gjtarcﬂﬁ‘t W&Cﬁ&'%néﬁ%ﬁﬁ?‘@ ? %8?‘¥qg¥ee({)t8tter ni ng
devi ce | $rajéct@ pRSniBPaR@Biolthe fadidtidh b%ﬁrmbyepyttehttng a8wes MA entoerargef 0j ection
system Any use of the ternms "reticle' mask"™ herein nay be consi dered

synonyrmtpgrtwnt@t(et&@Omprlelng@nepamweedlm)qidletselbstra’tg“dew ce." [0023] The term
"patterni

D o ST eSS SRR TRE  SLLS,
i tS CrossefsRelé, 98flectivemBetio, déc@RhRgActRAbEF IV} o} otIRE g;qies BOGptic@an of the
substrate. It should be noted that the
components, or any combination thereof, for directing, shaping, or controlling radiation.
[0022] The support structure holds the patterning device in a manner that depends on the
orientation 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



pattern inparted to the radi ati on beam may not exactly correspond to the
desired pattern in the target portion of the substrate, for exanple if the
pattern includes phase-shifting features or so called assist features.
General ly, the pattern inparted to the radiation beamw ||l 7 correspond to
a particular functional layer in a devige being created in the target
portion, such as an integrated circuit. [00241 The patterning device nay be
transm ssive or reflective. Exanples of patterning devices include nasks,

progr ammggr@pBhd fodf pafiEaMStuné@ithaPlaggiaadabice bk cpared is theagdes porgios, sweh |
known in |ithography, and include nmask types such as binary, alternating
phase-shiaﬂl}lnt%e%@lf‘émﬂat ed phase-shift, as well as various hybrid mask

types. A I ] 1L : [

o angemiAET s pfferfing LAY AIVRR S thiskiof oAU R MBS0 T g g oo
as to refibdeds iaclud@asisnrogeaimible mikeedrrays, aidfprefremimatier eCDipands. Mddke
tilted mrrors inpart _a pattern in a radjation beag%mhich is,refé;ctg, by
the ni rr 8¢ Welt known inlghomaphy, and wckide gragk mpes siehas binary, aleEtiAG PRASE-S8Hbul d

be br OadlaXcll L@&gg@p @é&%@ﬁ, £ %ﬂ%%ﬁb&g}ﬁ,ﬂx habRey k. RE Ck&hiblQRaSYSt €M

including retr ective, catadi'optric, “‘nagnetic, electromagnetic
and el eciprapsiraibble afitroe afraysgaplensa matrbamyangembntrtsinatl minere efch afsvhich

appropriate for_ the exposure radiation bein sed, .or for,. ather,. factors such
as the u§@1€‘¥1néﬁ“d‘iailﬁfé$t§aéﬂ a3 [ogiglectap ipqean Ea%&f’ftw& b\‘?%?@d{hmf?e/&?f? dirEghions: ¢ he

term " praie¢il @ hikr&e%m 5&%3 Eﬂema?%déaé[go%rb}gﬁ%ﬁgh RSre AYAODY RIS ok thatiile nmore

general term "projection stem'. here depicted,” the apparatus is
of a tranf@sssiTe terppPrdjectpn syspmd wisexbhexeintshauld b bsiadly imtespaetedAlt er nat i vel vy,

the apparatus nay be of a.reflective ty. e.g..enpl oyj,ng. a r ogr.amabl e
T or aRARIOE ape ST PRI PR DY Ed NP YA E: BT
mask) . J&%&k, IRBrbh A HREE ARD LR cRERA A PHEal Tt RS, Rfan cbiBaliay tHegedrwR (dual

stage) or re substrate tables (and/or twd or nore support structures). In
such " nulapprppeate farghe exprstiierrediatiorhbeingluiedj amfat othabfagwrasughlae thesusd of an

parallel, or preparato steps may be carri ut .on .one or ,yore tables
i e ondmBErSi B Reit ¢35 L VA, dri gt bl i BRiEStnahy Jhoin rnee
|'i t hogr apbhGdedRPaA FhoSyrids vikiSthe Bfore beerdMeen WhBjeelioh ffstdnast a portion of
the substrate may be covered by a liquid having a relatively high

ref ract i [@026hdés hers, dgpiciest, dre apparatusds pa fransmissiwsipe (b tempdoyinge proj ecti on
Syt e A e o RSO e AR S L P BB PRR % 2

programmable mirror array of a type as referred to above, or employing a reflective mask).

[0027] The lithographic apparatus may be 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
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projection system PS, which focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioner PW and position sensor IF (e.g. an interferometric
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
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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
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after each novenent of the substrate tal@le WI or in between successive

radi ati on pul ses during a scan. This node of operation can be readily
applied to maskl ess |ithography that utilizes programmabl e patterning
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known methods. As shown in Figure 2, a first hardmask layer 12 is laid over the dielectric
layer 11. This may be, for example, silicon carbide (SiC), particularly amorphous silicon
carbide, polysilicon, SION or diamond-like carbon (DLC) and may be blank or patterned
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
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group of four adjacent studs 13. These recesses 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.



ensure substantially uniformgrowh, the conformal coating 14 builds up over
and around the studs 13 until a point is reached that holes or recesses 15
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can be larger than the apertures 16. Hence the mask 18 can be patterned in a lithography 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 etching
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 8 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



is provided over the etched conformal coating 14" and has apertures 19 at
positions to reveal the apertures 16 in the etched conformal coating 14
where structures are desired. Since the apertures 19 in the nask 18 do not
define the exact area of the first hardmask layer 12 that is etched, only

t hrough which of the apertures in the cignformal coating 14' etching occurs,
they <can be larger than the apertures 16. Hence the nask 18 can be
patterned in a lithography step wth nuch less restrictive overlay and

i magi ng cetdtion feanirss, tWidch ireexperistyierantl ndgfineredsedendafme.threcess detgilddhd The mask

18 can be a sinple patterned, and devel oped resist |ayer. After etchj, t he
first haPHFFé@i@qB%hﬁé? the sampgs {thihg digst eqhetingons /e wel ke &yﬁhﬁ PEISORSKiNE e
mask 18 an eaﬁ%ﬁ?&ﬁitteﬁfbefor\'@fdcritﬁé&ak@%f | ayer 12, a substrate such as
illustrated in Figure 8 can be created. This has etched holes 11 a at only

sel ect ed [(H3] t Aondirstfstdphe sepidscbf dimb ionpobjdeying fiees 21 &rs fabkEateldwin thhepmerans

cl oser together_ than may be. achi eve copventional |jthograph

t echni queéyer ?b@ﬁt%f S‘&’Sgééowg‘lci‘@??’o@ fg&%ﬁﬂl. ﬂragi)ore} egr%bﬁ?rrfg“‘ﬁ?gﬁ%’ t he

I nvent i 0QepehdHFAMht What: étg%ér i85h&prob&s bt mantHabtirink bRV La 1R RehbdsF Rt € 20 at
vari ous stages in the nethod. BI;)/ this method, a series of lines at a pitch

hal f t hatpreaeitiiexeabibe iswinloysdrandnvhicnfirm iathasglapgtforthe ge¢saniguetbod.aks inghe
fabricated, while a he s ti me ensuring.that.the line.ends are correctly
shaped. Gt elprihale i 2 B oty S i i ek vt B AR i FoEf P 1 ne
adj acent neuB¥dPhY Stdp! MRS pitch R bIYRE FRE Svhith& tRS iSO dbtetrh S b%r]'ihea bl ock can
be made uniform “These advant ages can be achieved w thout the necessity of

devot i ng carebildien phthedighagrephypagpperatus vegd, idetgimipenibierpitcly of the ld@m@bmroehucedl
f . which i d i lead ting, t ai
and e SpPanty Rafing KBS A7 anCiafey BRK 5 BRAET Py S30alis Tan B SRER R ' °

known t o tiah reRimigR]ySdesirt €6 bd fablikigedrr t are omtted bel ow for the sake of
brevity. [0043] Asa first step, a series of fins or projecting lines 22 are

fabricat é#4dh Newt. agpeiompalicoating &t, formipg asprond geesificatl dardpaskhis daposiied phe.
bare subst roat‘tﬁe Rh 30164 s%%gvnli§¥‘?%1r9?@9ﬁi'tsﬁogr%r§e %gg?&;?&{‘%in%’%%eahnéggf‘ﬁutﬂ age in

t he process of nentfacturing a device e res i nvention

i s enpl oyadingnteydR i HebWedh, dhlvhsan bay&iardedras hbgative @3 edtessegllinged Thds in the
first enbodinent, the fins 22 are formed of a sacrificial hardmask material
and are depdsiiog abyhe eonforpabeeatingy?34s eqntrofigd toyensere thatithgpllgyseStarpef thahi ch at

e A LT P L e oo vt
[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 provided. 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

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



lines. Note that the fins 22 are fornmed with a length L 1 that is |onger
than the length of lines that are ultimately desired to be fabricated.

[ 0044] Next, a conformal coating 23, form ng a second sacrificial hardnmask
is deposited on top of the fins 22. As shown in Figure 10, this forns nesas
24 covering the fins 22 but |eaving all#eys 25 in between, which can be
regarded as negative or recessed lines. The deposition of the confornal
coating 23 is controlled to ensure that the alleys 25 are of the desired

wi dt h, i[004F extiodmethdd séoordiag td an ¢rhisodimeltitiof dtie inhentfanns n@®.defdd¢8 ithi gur e

11 shows fhe resuylt of th ex tep, .an. etch of e second sacrificjal
nar das KB BipliE léﬁ%‘f?-ﬁaéﬁ%ﬁnr_ st 3 5Hop VAT 2 gst%ldﬁ_éaylehéft op of
the basecolv@aég by _%:hiard mﬁnay@r BeInAG deVénde:Gde B erliPBrovidia. $pass A4Mdasdphicne

second sacri ial hardmask 23 gets to the Stage shown ih Figure 12 where
t he fi nsst@oklafiee bepnre, enostbagdnel, huaywbrtsist pilaralat pit¢hel)y snddiaimeter FEX. Vidben

all eys 25. [004 After that, .a mask 26. may. be provided. as shown i n_ Figure
15, rhe Wl eiehater i s bed sty e il PHAS 23 PR 81 R RES B hest 1 ad,
i n ot herpWRLAS tHebe ARIK JIRORE] A6Wak a WRRERr DPPMIRES AliSottpideicRpRcksted. |t

al so masks off the line ends, controlling the ultimate line length. Since

it is narripageat thalpasitign didwn muliigures 1 dend he Thiswrrayod roliars hediemgter Pébatsi ze and

accuracy,., the_nmas 6 .can be tterned in a lithography step carried out on
2 ose Hitgh of PEBRI Ao WrdieeR R <ChBE B hal ptRTERE Wi LS s
stage, theylgifitaldletsBhining aldoabieffer edist Sackk. Fep @ $eid Ayah vty arl Bigu) 6

et ching. Rénoval of the mask 26 and the remaining second sacrificial

har dmas ka @@sseggtigon gonhbne AryloéFimiird by ehs candes ¢ sybstrajeihas alsfuagiaiey, t he
ends of _the lines 29 forned,in the hase | r 21 by the tte transfer
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occur mepo48] T ekt 1€ sRi3S iseB tconfbmallPEWAT theAxidd gilardBtitiodmaceial flichgs t 0 an
enbodi nent of the invention is now described with reference to Figures 15
to 26. InelsHiconnerrathereopiing matesials #6 dascabed aboxi hig by ehepueal yaparelepegyiign. 32
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pi | | ars axbdurfd the bxile piidrod aofdigmhetet @/4 Fiex 0. S8R tehvingiubdilleayeidsi3s at then et ched,
using the resist pillars as a mask, to formoxide pillars 34. 1In step 2,
t hese arigtershsial Rasitipng in thewray ol e interstitiakbyoids 3haye adigmgetshof appredpatelet ch
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pillars o I anme
overlapping circles. This is shown in Figures 17 and 18 in which Figure 17 is a plan view and

Figure 18 a cross-section along line B-B.

[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. This 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.



pitch of P could also be produced by doubl e orthogonal exposure of lines in
a positive resist or by plasma line slimmng a double |ayer resist stack.
Figure 15 is a plan view and Figure 16 a cross-section along |ine A-A of
Figure 15. As can be seen, the substrate has a square array, wth pitch P,
of oxide pillars 34, having a dianeter 16f P/ 4, over a hardnmask | ayer 33.

[ 00481 The next step, step 3, is to confornmally coat the oxide pillars with
a material such as polysilicon, or other coating materials as described
above, e[0§51]oyAltéreatiely, theapethodemobé tepeated toldreate @ aquane arrayt ef pitth P33 Tasdo

d ited. t h of . i mately 0.58P and thus. f i sl.an d
e oxi s moftat SPlgnsGior B Bt tedalrey v3ltem Shagit Fieh i ghil AZRRD o o de
36 at t hgard Wik aSddatih@bf $A8E Isl RPSsiled té AR aflof & volikEinith 8cBdd ddathg Whtedial 36

have a di ameter of apprOX|nateléng/4 and will tend to be rounded rather
t han exad¥ | This seéhehplpearized andetchestback sa thap thetdxjde josteltlisdppvaigs.cissbowr in Thi s
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[ 0051] Atdneacnhbdleyaidyviad sewetbbhatiecdavides suelpeaDRAM, FlesheRAM, @ndgddade array of
pitch P/2. To do this, instead. of tnansferrin%)the s[aggered array pattern

shown i nMEMGDH BY! HCraRANory (YRRSohAHEAUIFRSEFCHIES . [Or X8R Wgiast Mgtk is
depoeL i kyelly S5 B WIS RIS RSB ey Sy T
as shownthemltimately obtained pitch or feature density, it may be achieved without OPC features and
may still achieve better and more consistent results. 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



Figures 23 and 24, of which Figure 23 is a plan view and Figure 24 a
cross-section along line B-B. Renoving the renai nder of the coating 35
provi des a staggered array of oxide pillars 37 with a pitch P/'12. By
repeating steps 3 and 4, but with a second confornmal |ayer 38 having a
depth of approximately .25P, a set of décond interstitial voids 39 of
dianeter P/4 is created in an array of pitch P/12, as shown in Figures 25
and 26. Etching away the oxide pillars 37, i.e. repeating step 5 creates a
| ayer, t agplicebteitheldisclofurs dewimimayphé eppiwd td aywdrand®thanistbstiate qeessingdvalay of
hol es at E%ﬁ ch, P/ Thi s can then(ge tr nsferr d int the(g dmask or ot her

| ayer beh > the SURsLRledRaY BY Progessg ‘Bo?fc} 41 B 196 CFUpREL " St b Geatg2and 5
nore t ' NRult-RyBy RUYE Ehat BHel tBS sWstrRietuSéd I¥réid al:Pd ffer@b 6 subd@dRZhatHiRadiet hods
of the preseng invention are particularly use for the formation of
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exanpl o (TR SR BREARE TERRES Y B et Blpck ARASE (& (R g

| i t hogr apfihe siveRtibSinCtBé Ed)lﬁéxtiiﬂ’@yhcaﬂltﬁl)@kefphgrlt Wels Be @ppredili@d What kv @drition

obtai ned pitch or feature density, it may be achieved wi thout OPC features
and maymay bk usesciniogthes appliqadipns her emgmleclmlins h@ﬁgrapbwmﬂgwhermths &PReEl| ar

g L i
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herei n may I'ons, suc e man ure o I 'ntegrated
opti cal pa;esﬁlﬁgrsewgmisdwwd oandf tthe treidt ﬂ@nln@aatliaaemnflmﬁemlgnemms doredi n
menories, flat- ganel di spl.ays, _liquid-crystal display thin-film

magnet i o [0955]s Thetegms mélaélRm anek{ bsam;” ysgd Rerein en%‘ﬁ?aé%fﬂif)@eﬁ ., in the
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"di e" hereln e consl dere S synon general® terns
"subst r abedboat 365, 345 P8, pei, iDL 126 ﬂmp)emi exteime ulifaeidelEUNgtredingdreferged t o
her ei n y .be processed bef ore or after exposure, .in for exanple a track
(a tool "Bhipe ¢ yvelangty mhihsrrnge of S wp). g5 Wel 95 gerticls beams, gich 25 1qn beags or

devel ops.j.he, H%ed resist), a netrology tool and/or an inspection tool.
Wher e 16 applica t he di sclosure herein may be applied to such and ot her
subst r at P056pcEbsieny “iemso’l’,svhere the context allows, may refer to any one or combination of

various types of optical components, including refractive, reflective, magnetic,
electromagnetic 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.



Further, the substrate may be processed nore than once, for exanple in order
to create a mnulti-layer I1C, so that the term substrate used herein nay al so
refer to a substrate that already contains nultiple processed |ayers.

[ 0054] Al though specific reference nmay have been nade above to the use of
enbodi nents of the invention in the cdftext of optical lithography, it wll
be appreciated that the invention may be used in other applications, for
exanple inprint |ithography, and where the context allows, is not |limted
to optic@LAIMShography. In inprint |ithography a topography in a patterning
device defines the pattern created on a substrate. The topography of the
patterning device nmay be pressed into a |layer of resist supplied to the
substrat ¢ wher guoRe WiGufRflrHg héhoFifda Ht»ho%ﬁlﬁhbé' pPashRChE HERRREtic

radi ation, heat, pressure or a conbination thereof. The " patterning device

i s novedcauprivfig:t he resist leaving a pattern in it after the resist is
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wi t hout departing fromthe scope of the clains set out below 17 CLAI M

2. The method according to claim 1, wherein providing a substantially conformal
coating comprises applying a substantially conformal coating over the sacrificial features and

directionally etching the substantially conformal coating to reveal surfaces of the sacrificial

features.
3. The method according to claim 1, wherein the first layer is a hardmask.
4. The method according to claim 3, wherein the first layer is formed of a material

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

carbon.
5. The method according to claim 1, wherein the first mask is a hardmask.
6. The method according to claim 5, wherein the first mask is formed of a material

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

carbon,.



1. A device manufacturing nethod using a |lithographic apparatus, the nethod
conprising: printing an array of sacrificial features on a first |ayer of 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 td8forma 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 nunber of features per unit
area; reftovi ngThdmethadnacddrdinglto tlaah Uy whersin ths sdécond arask isuforthed inhdeiveloped t he
first mask that, wth the first array of holes, define a second array of
hol es ha(ﬁsﬁb a second nunber of features per unit area that is double the
first nunber of features per unit area; providing a second nask that covers
a selected part of the second array of holes; and processing a part of the
first |ager noThcmethoddchydingdo tiaimstl, whetemabo patrifeik &ates Fhstudet hod
according to claim1l, wherein providing a substantially conformal coating
conprises applying a substantially conformal coating over the sacrificial

featuresgand ¢h¢ geiHo@RBEriing 46 Blaltd 1t RRereifE ARt hAhY ¥ LANRIMrraG0at i ng to
h

reveal surfaces of the sacrificial features. 3. The nethod according to

claim1, wherein the first layer is a hardmask. 4. The nethod according to

claim 3, erein the first layer,is . formed of a materjial selected fromthe
o oup. cohdi st K BRTeperinRAs Bl 1 BhISE FF e etk Sovert Bsrdiddtel | ke
carbon. SelecttPori¥8bohaft apes@res bNthelsbcondaimay bf apdreik®i n the first mask is a
hardmask. 6. The nethod according to claim5, wherein the first mask is

formed of a material selected fromthe group consisting of silicon carbide,

pol ysilicgon, Si nd di anqond-1j k car 8.l ccording to
Elarm 1, Ter ol PrEOdaRtRRLS £l 1 PR e il KR CF IS5 The
nmet hod according to claim1l, wherein the sacrificial features are studs. 9.
The net hod accordin&@to claiml, wherein the first array is a staggered

array. 18. Thehemethed asexrdingitpglaire 181 wherein thepsped masheovwerbagndaeitheover s
the whol gpe?ifures of the second array of apertures.

13. The method according to claim 11, wherein the second mask covers the whole of

selected ones of the apertures of the second array of apertures.

14. 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 number of features per unit area;

substantially conformally depositing a second sacrificial hardmask onto the first
array so that an array of recessed features at the first number of features per unit area 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.



sel ected ones of the apertures of the second array of apertures. 11. The

nmet hod according to claim1l, wherein the sacrificial features are |lines. 12.
The net hod according to claim 11, wherein the second mask covers the ends of
the apertures of the second array of apertures. 13. The nethod according to
claim 11, wherein the second mask coverl® the whole of selected ones of the
apertures of the second array of apertures. 14. A device manufacturing

met hod using a |ithographic apparatus, the method conprising: patterning a
first sacrificial hardmask of a substrate using the |ithographic apparatus
to forma_first array of projecting features at. a first. nunber of features
per unit 15 ea. ThERERLA PSR FCHAMDA el 1 FOpREI e SO BB CIRT S SBEK 1 of al

har dras k%@féhﬁ %Q@ct@d s RthApeRfres iRthe BB @i fRfial HBFERAR Ipri §3b Uichimgahe t he
first nunber % features per unit area is forned, the recessed features
bei ng i nfiest bdmsaskl. wi th the projecting features; directionally etching the
second sacrificial hardmask to reveal the distal surfaces of the projecting
features and so that the recessed features becone apertures through the
second s@cri fTgd AkthBahedming 16 Elagk 1| 4 WoheteiR iR TitRBAPRY aEfiﬂaﬁ"s‘i’d £cting _
features to | eave apertures In the second sacrificial hardmask; and etching
a first htwogrankik podjectiom apphratusat e t hr ough the apertures in the second
sacrificial hardmask. 19 15. The nethod according to claim 14, further
conprising providing a resist mask covering selected ones of the apertures
in the segond Aaﬁbicéhcdnafachﬂrngmkod Wih iliﬂl@gﬁbﬁi&iaPﬁaﬁaﬁ@, thé ife3hiodrar d mask.
16. The nethod according to claim 14, erein the l'1thographic apparatus is
a |ithoeerapsieg:pr oj ecti on apparatus. 17. A device manufacturing nethod

05110, 8 Lok SRRy SHEEE R SO PO Rl
form an @ foay aRfarhy of pojdchfg linees adirstepifchi st pi tch;
substantially conformally depositing a second sacrificial hardmask to bury the
projecting lines and form a second array of recessed lines interleaved 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 lines become apertures through the second
sacrificial hardmask;
selectively etching away the buried projecting lines to leave apertures in the second
sacrificial hardmask;
masking at least the ends of one or more of the apertures in the second sacrificial
mask; and

etching the substrate through the apertures in the second sacrificial hardmask.

18. The method according to claim 17, wherein one or more apertures are wholly
masked.
19. 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



substantially conformally depositing a second sacrificial hardmask to bury
the projecting lines and forma second array of recessed lines interleaved
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 b&one apertures through the second
sacrificial hardmask; selectively etching away the buried projecting |lines
to | eave apertures in the second sacrificial hardmask; nasking at |east the
ends of witared, thofist afrayt bitaparteres beiag intarlédved swihahel asacof facdfiaibl feamsds; and

etching the substrate through the apertures in the_second sacrificial

har drmek. | 161N gdR B a@ewﬂ%aﬁag%f }éﬁfafw? £ tmﬁlﬁﬂw@eweﬁm @e_ |
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printing a first array of sacrificial features at a first nunber of features

per uni t manka of Geatwes parsinitlapgagthatof dautde Betiirsttreimber of/ fediunes per swbsteanti al |y
conformal coating to the first array o acrificial features. as to form
2T ot ek e kesnd #ED o Epither o R puopi ey g SHIFEA e of
features per 28oviditiga @ibS@ntidIREconifériital 8ddtiRY t&TthedPEIHdWrRY JTAMicid) f&direaved
with the array of sacrificial features; renoving the first array of

sacri f i céads thdemua escond mask defifing mthird artayrofapernturgs aigthe peaond numpesef mask
that, with the first array .of apertures efin Seco rra f a tures
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nunber ofactifighifetirddeindinit area; filling the second array of apertures to
forma second array of sacrificial features; providing a substantially
conformal coatlemyving thteecond amay af sagyifien! Sardstso@s & formduthersapegureas t o f or m

d K fini . i . f f
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t he secomkdaiubibyr of featheIpef Uit atea fiR@iddRble th secoadBuUINBEr diTeatare padurdr r ay of
sacrificial features so as to formfurther apertures in the second mask
that, w#Bathe third array of apertures, define a fourth array of apertures
at a

20. A method according to claim 19 wherein the steps of filling, providing and removing

are repeated one or more times.

21. A computer program product comprising program code to control a lithographic
cluster including a lithographic apparatus to perform a device manufacturing method
comprising:

printing an 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 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 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; and

processing a part of the first layer not covered by the first mask.

22. The computer program product according to claim 21, further comprising program

code to perform providing a second mask that covers a selected part of the second array of



third nunber of features per unit area that is double the second nunber of
features per unit area. 20. A nethod according to claim19 wherein the
steps of filling, providing and renobving are repeated one or nore tines.

21. A conputer program product conprising programcode to control a
lithographic cluster including a |ithoyraphic apparatus to perform a device
manuf acturing nmethod conprising: printing an array of sacrificial features
at a first nunber of features per unit area on a first layer of a

substr at eperpxrm/dndith@ccanmumragnahmwy te performprbcesoiag iapgritad tihbrsalayery of
sacrificial features so as first mask defi 9 first array of
aper t ur cSOBPriREOmPREE PraTeFSisr S PEHPR i e ol Bfseit pheoBoilY oy o
apert ur egylpel Mgt dndtseédianegswi th the array of sacrificial features; renoving
t he sacr|¥|cial features so as to formfurther apertures in the first nmask
that, wth the first array of apertures, define a second array of apertures
at a second nunber of features per unit area that is double the first
nunber of features per unit area; and processing a part of the first |ayer
not covered by the first mask. 22. The conputer program product according to
claim 21, further conprising program code to perform providing a second
mask that covers a selected part of the second array of 21 apertures and
the conputer program code to perform processing a part of the first |ayer
conprises conputer program code to perform processing a part of the first

| ayer not covered by the first and second nasks.





