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MULTI PLYI NG PI TCH BY A FACTOR GREATER THAN TWO AND RELATED

| NTERVEDI ATE | C STRUCTURES Reference to Rel ated Applications 100011
This application is related to and incorporates the follow ng by
reference in their entireties: U S. Patent Application No.

11/ 150, 408 of Wells, filed June 9, 2005; U S. Patent Application No.
11/ 144,543 of Sant et al., filed June 2, 2005; and U.S. Patent
Application No. 11/217,270 of Wells, filed Septenber 1, 2005; and

U. S. Patent XeFPBEaEHFon No. 11/134,982 of Abatchev etPCA{US200%41838Y May
23, 2005. BACKGROUND OF THE I NVENTION Field of the Invention [00021
This invention, in several enbodi nents, relates generally to masking
t echni ques for sem conductor fabrication and, nore particularly, to
maski ng techniques including pitch nmultiplication. Description of
the Related Art 10003] As a consequence of many factors, including
demand for tncreased portability, conputing power, nmenory capacity
and energy efficiency, integrated circuits are continuously being
reduced in size. The sizes of the constituent features that formthe
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[0002] This invention, in several embodiments, relates generally to masking
techniques for semiconductor fabrication and, more particularly, to masking techniques including

pitch multiplication.

‘Descrintion of the Related Art

[0003) As a consequence of many factors, including demand for increased portability,

computing power, memory capacity and energy efficiency, integrated circuits are continuously
being reduced in size. The sizes of the constituent features that form the integrated circuits, e.g.,
electrical devices and interconnect lines, are also constantly being decreased to facilitate this size
reduction.

[0004] The trend of decreasing feature size is evident in the integrated circnit (IC)
industry, for example, in memory circuits or devices such as dynamic random access memories
(DRAMSs), flash memories, static random access memories (SRAMs) and ferroelectric (FE)
memories. Other examples of integrated circuit memories inchude MRAM (including magneto
resistive elements), programmable fuse memories, programmable conductor memories
(including metal-doped chalcogenide glass elements), SRAM, SDRAM, EEPROM and other
volatile and non-volatile memory schemes. To take one example, 2 DRAM conventionally

comprises millions of identical circuit elements, known as memory cells. DRAM memory cells



transi stor. Each nenory cell is an addressable | ocation that can
store one bit (binary digit) of data. A bit can be witten to a cel
t hrough the transistor and can be read by sensing charge in the
capacitor. By decreasing the sizes of the electrical devices that
conprise nmenory cells and the sizes of the conducting |lines that
access the nmenory cells, nenory devices can be nade snull er.

Addi tionally, storage capacities can be increased by fitting nore
menory cells within a given area.in nmenory devices. EOOOSl Feat ur es,
such as cond®HP0E*# nes, are conventionally fornmed dSTHEd Protess
in which a pattern def|n|ng the features is first formed in a
tenporary | ayer over a sem conductor substrate and subsequently
transferred to the substrate using conventional etching chem stries.
Phot ol i t hography is commonly used to pattern such features within a
phot odefi nabl e (or photoresist) layer. In photolithography, a
pattern of features is fornmed in the photodefinable |ayer using a
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radiation) wavelength, photolithography techniques each have a minimum pitch below which a
particular photolithographic technigue canmot reliably form features. Consequently, the
minimum piteh restriction of a given photolithographic technique is an impediment to further
reduction in feature sizes. -
[0007] “Pitch multiplication” or “pitch doubling” is one propeosed method for
extending the capabilities of photolithographic techniques beyond their minimum pitch. A pitch
multfplication method is illustrated in Figtres 1A-1F and described in U.S. Patent No. 5,328,810,
issucd to Lowrey et al., the entire disclosure of which is incorporated herein by reference. With
reference to Figure 1A, a pattern of lines 10 is photolithographically formed in a photoresist
layer, which overlies a layer 20 of an expendable material, which in tum overlies a substrate 30.

As shown in Figure 1B, the pattern is then transferred using an etch (such as an anisotropic etch)



to the layer 20, thereby form ng placehol ders; or nmandrels, 40. The
photoresist lines 10 can be stripped and the mandrels 40 can be
isotropically etched to increase the di stance between nei ghboring
mandrel s 40, as shown in Figure IC. A layer 50 of spacer nmaterial is
subsequently deposited over the mandrels 40, as shown in Figure 1D.
Spacers 60, i.e., the material extending or originally formed
extending fromsidewal | s of another material, are then forned on the
sides of the mandrels 40. The spacer formation is acconplished by
preferential M 2488H2Hg t he spacer material fromthe HSTUSWATHSIS
surfaces 70 and 80 in a directional spacer etch, as shown in Figure
| F. The remai ning mandrels 40 are then renoved, |eaving behind only
t he spacers 60, which together act as a nask for patterning, as
shown in Figure IF. Thus, where a given pitch previously included a
pattern defining one feature and one space, the sane w dth now
includes two features and two spaces mﬁth t he spaces defined by,
e.g., the spacers. 60 e feature siz
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[0009] U.8, Patent Application No. 11/150,408, to Wells (“Wells™), filed June 9,

2005, discloses methods for forming pitch-multiplied features using spacers as mandrels for

subsequent spacers. According to methods disclosed therein, a first set of spacers is formed on
sidewalls of mandrels over a substrate. The width of the spacers is selected based upon the
sidewall positions so that the spacers are centered at desired positions. The méndrels are
removed and the spacers are used as mandrels for a subsequent spacer formation. A second
material is then deposited on the first set of spacers and etched back to form a second set of
spacers. The widths of the second set of spacers are chosen so that these spacers are also
centered at their desired positions. The first set of spécers is removed and the second set of

" spacers is used as a mask for etching 2 substrate. Accordingly, pitch multiplication by a factor of



four is achieved, and this technique can therefore be extended to
pitch nultiplication by a factor of 8, 16, etc. 100101 As anot her
exanple, U S. Patent Application No. 11/144,543 to Sant et al.
("Sant"), filed June 2, 2005, discloses nethods for formng
pitch-nmultiplied features using nultiple stages of spacer fornmation.
According to nethods disclosed therein, multiple pitch- nultiplied
spacers are used to formmask patterns having features with
exceptionally small critical dinensions. One of each pair of spacers
f or med arouﬂ%’@mﬁFﬁﬁhlity of mandrels is renoved andxﬁﬁ§gpwa hg
| ayers, fornmed of two nutually selectively etchable materials, are
deposited around the remai ni ng spacers. Layers forned of one of t he
naterials are then etched, |eaving behind vertically-extending
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P Tustr %c:%as%%%c%sm@ (c):gsts I]mr Exampf‘?: a 248 nanometer {(nm) optical scanner with a resolution

of about 100 nm cosis about $20 million at the time of filing, and a 193 nm scanner with 2
resohution of about 65 nun costs about $30 million. Additionally, photoresist materials currently
available for use with 193 nm scanners are less robust than those available for 248 nm scanners,
adding to the limitations of spacer formation on state-of-the-art photoresist masks.

[0012] Accordingly, it would be advantageous to form features below the minimum
pitch of a photolithographic technique, while minimizing the number of processing steps and,
uitimately, processing times and costs. Additionally, it would be advantageous to permit

flexibility in the degree to which pitch is multiplied.



i nvention, and wherein: 100141 Figures IA-1F are schemati c,
cross-sectional side views of a sequence of nmasking patterns for
form ng conductive lines, in accordance with a prior .art pitch
doubling nethod; 100151 Figures 2A-2F are schematic, cross-sectional
side views of a process for formng a pattern of features
pitch-multiplied by a factor of four, in accordance with an

enbodi nent of the invention; 10016] - Figures 3-12 schematically
illustrate a method simlar to that of Figures 2A- 2F for formng a
pattern of | W03 2¢h-nultiplied by a factor of four, PATASHOEUERENCE
with an enbodi nent of the invention; 100171 Figure 3 is a schematic,
cross-sectional side view of a partially-fornmed integrated circuit,
showing, fromtop to bottom a photodefinable |ayer, a tenporary

| ayer, a hard nask |ayer, a transfer layer and a substrate, in
accordance with an enbodi nent of the invention; 100181 Fi gures 4A and
4B are schematic, cross-sectional side and top plan views of the
partially-formed integrated, ¢circuit . of F| qur e 3, after a pattern of
lines is formed in the photH&ERCHRIANS e DIIWINgS, accordance with an
enbodi nent ofi®0dBle i Theamtentomm wm&&t&merﬁmguﬁeodﬁmmtha DegditedrBbdcdption of the
Cross- S%ﬁﬂoﬁ%tg%@@mw t%Waﬂ;en&éaeer\@ﬁl%é k- &&El?ﬁ%str&t@%ﬁ@ B@%’L@ldhlﬁ"t gl t
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mask layer, a transfer layer and a substrate in accordance with an embodiment of the invention;

[0018] Figures 4A and 4B are schematic, cross-sectional side and top plan views of
the partially-formed integrated circuit of Figure 3, after a pattern of lines is formed in the
photodefinable layer, in accordance with an embodiment of the invention;

[0019] Figure 5 is a schematic, cross-sectional side view of the partially-formed
integrated circuit of Figures 4A and 4B, after the pattern of lines is transferred to the temporary
layer, in accordance with an embodiment of the invention;

[0020]  Figures 6A and 6B are schematic, cross-sectional side and top plan views of
the partially-formed integrated circuit of Figure 5, after the photodefinable layer is isotropically
etched (or trimmed). Lines comprising the temporary layer and photodefinable layer define first
and second mandrels, in accordance with an embodiment of the invention;

[0021] Figure 7 is a .schematic, cross-sectional side view of : the partially-formed
integrated circuit of Figures 6A and 6B, after a spacer material is conformally blanket deposited

over the substrate, in accordance with an embodiment of the invention;



integrated circuit of Figure 8, after the second nmandrels are etched
away, in accordance with an enbodi nent of the invention; 100241
Figure 10 is a schematic, cross-sectional side view of the partial
|ly-formed integrated circuit of Figure 9, after exposed portions of
the first mandrels are etched away, |eaving a pattern of |lines over
the hard mask | ayer, in accordance with an enbodi ment of the

i nvention; 100251 Figure 11 is a schematic, cross-sectional side view
of the partlall formed integrated circuit of Figure 10, after the
pattern of émFQ“Eransferred to the hard nmask | ay@CTARHO7IEES
transfer Iayer, in accordance with an enbodi nent of the invention;

[ 0026] Figures 12A and 12B are schematic, cross-sectional side and
top plan views of the partially-forned integrated circuit of Figure
11, after the pattern of lines is transferred to the substrate and
the hard mask and transfer |layers are renoved, in accordance with an
enbodi nent of the invention; 10027] Figure 12Cis a schenatic top
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and a phoTEYET i nabl e layer, in- accordance with an embodi ment of the
i nvention; -1802%D DBEBE0A 72 3G RORLI2GEFHHISR 9Be vieaOF1the PagalheormiEA
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substrate and the hard mask and transfer layers are removed, in accordance with an embodiment
of the invention;

[0027] Figure 12C is a schematic, top plan view of the partially-formed integrated
circuit of Figures 12A and 12B, after terminal ends or “loops” of the lines have been removed, in
accordance with an embodiment of the invention:

[0028] Figures 13A-13H are schematic, cross-sectional side views of a process for
forming a pattern of features pitch-muliiplied by 2 factor of six, in accordance with an
embodiment of the invention;

10029) Figures 14-22B schematically illustrate a method similar to that of Figures
13A-13H for forming a pattern of lines pitch-muliiplied by a factor of six, in accordance with an
embodiment of the invention;

[0030] Figure 14 is a schematic, cross-sectional side view of a partially-formed
integrated circuit, showing, from bottom to top, a subsirate, a {ransfer layer, a first hard mask
layer, a second hard mask layer, a third hard mask layer and a photodefinable layer, in

accordance with an embodiment of the invention;



integrated circuit of Figures 15A and 15B, after the pattern of |ines
is transferred to the second and third hard mask |ayers, in
accordance with an enbodi nent of the invention; [00351 Figure 17is a
schematic, cross-sectional side view of the partially-fornmed
integrated circuit of Figure 16, after stacked mandrels are
differentially trimed by isotropic and selective etching. Lines
conprising the second hard mask | ayer, third hard nmask | ayer and
phot odef i nabl e | ayer define first, second and third mandrels, in
accordance wWwMORIEA2BH#bodi nent of the invention; 10036ECTRISHUFAISIY i s
a schematic, cross-sectional side. view of the partially-formed
integrated circuit of Figure 17, after a spacer material is
conformal |y bl anket deposited over the substrate, in accordance with
an enbodi ment of the invention; 10037) Figure 19 is a schematic,
cross-sectional side view of the partially-formed integrated circuit
of Figure 18, after the spacer material is etched to form spacers on
si dewal | s of in_accordance with an enpbodj ment of the

i nventi on; 5](9%@] Ir?é‘l'i‘?sé 530"‘“? 455 arg sehsmatia, prossespgional side andigp plag yigws /f ew
of the par parddllyyforivpd nmepratedhtiegitatfdtizwe N¢.uifter afpafféng uf éindsOis fahie@rin the

exposed ;RObadrAke Qi(er, lg&cgﬂdﬁégwnﬁeaﬁ@ﬂgod?rﬂglt%ﬂhé gvampdrel s are etched
pattern of lines qver the tirst rd mask | aye

away, Ieaw\rllvg()[0 Y

accor dance lan ’@ﬁ%éﬁﬂ%ﬁﬁf‘%F“Tﬁ@“ﬁﬁﬁ&ﬁﬁiSﬁeVFBU§@¥BPW§ﬂ ébgTﬁIS
a schensiteggtedcioss o8 Bigoneo i asi OB, uit@uhaofatttthef paustis aidsgenéd)rormﬂsecond )
i nt egr at,geu&h E&H nfasiOthyekd, %%&r&gwe ﬁi‘ 1? & eﬁﬁ&@im@ﬁrtotfﬁ{e envRfiidnl NES 1S

transferred t he first ayer ransf er | ayer, in
accor dance wiotoﬁ an é%‘bd?‘ﬁé‘niChﬁPa‘FhémFW%‘WPlo%de ‘1‘8\‘546 1hepyjtisliysfornge
and 22B isegatstéientdf Hgure t@ﬂﬁerS&\ded@ﬁmﬂreBIa&ehm&hhmpmﬁin&ﬂ by ﬁsewsplafnd
the par tselaétw etc%geildeetcslgpﬁsmfgdmg'séc%ﬁa fhard £k9 £ u%;l%hﬁg 1208 ang

pattern of es I's transferred
t ransf elPh?‘S%‘P%b“‘a‘Fée"F%fWﬁ\fﬁﬁ sechig %Wﬂa@w ré'ﬁdg a%fpr wxrhr?@@@%ment
et ched afeby itventlosave i sol ated lines, in accordance with an enbodi ment

of the I nvenidygg; 3f@§hr& 99449 sﬂe&'&ﬁ@%&?&cﬁé& 3&@ vé hc?f”iﬂé b&%@/‘%ﬁm%' adn

views of a partiall orned I ntegrat clircu

whi ch cd'ﬁf%?f?%‘"%f"é %Fl% Fdedliep? fﬂaff‘é@afeeﬁln%aowsﬁwﬁr&% PDSE‘H%OY?thﬁods
of Fi gusestrie 2 Bcondimca eith adlanigdinnt bF thninesabiadi nent of the inventi on.
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that the draw ngs, and feat ures Ehereln are not

Det aj | edntf%@éq ti)] PIF Bfrfl%Fe E%Tﬁ%‘a'l ﬂi’leesﬁfcser material is etched to form spacers on sidewalls of

the mandrels, in accordance with an embodiment of the invention;

nd

|0038] Figure 20 is a schematic, cross-sectional side view of the partially-formed
integrated circuit of Figure 19, after exposed portions of the first, second and third mandrels are
etched away, leaving a pattern of lines over the first hard mask layer, in accordance with an
embodiment of the invention;

[00391 Figure 21 is a schematic, cross-sectional side view of the partially-formed
integrated circuit of Figure 20, after the pattern of lines is transferred to the first hard mask layer -
and the transfer layer, in accordance with an embodiment of the invention;

[0040]  Figures 22A and 22B are schematic, cross-sectional side and top plan views of
the partially-formed integrated circuit of Figure 21, after the pattern of lines is transferred to the
substrate, the hard mask and transfer layers are removed, and terminal ends of the lines are
etched away to leave isolated lines, in accordance with an embodiment of the invention; and

[0041] Figures 23A-23C are schematic, top plan views of a partiaily formed
integrated circuit, showing a method by which contacts are provided to lines formed according to

the methods of Figures 2-22B, in accordance with an embodiment of the invention.



100431 In accordance wi th enbodi nents of the invention, nethods are
provided in which pitch nultiplication by a factor of 2n is
acconpl i shed using a single spacer step, thus providing substanti al
flexibility and savings in processing tinmes and costs. Additionally,
met hods according to enbodi mnents can be perforned using |ess
expensi ve optical scanners (e.g., 365 run scanners), thus adding
addi tional savings in processing costs. 100441 In accordance mﬁth
enbodi nents of the invention, n, where n ? 2, tiers of stack
mandrel s ar ¥PPBIEE¥d over a substrate. The substratgcﬁ%§”%%ﬂﬁ??se a
silicon wafer, a wafer of another sem conductive material, or

anot her bul k substrate including a' |ayer of a seniconductive
material, and one or nore intervening |ayers, such as, e.g., hard
mask | ayers. Each of then tiers of mandrels can conprise a plurality
of mandrels that are substantially parallel to one another. In one
enbodi nent, the mandrels define parallel lines. Mandrels at tier

nmay be di SQ&f‘iP oY% xll%@rﬂ) la?ed%atEhe%avﬂdés’anﬁllfsaﬁl%%%lere(?n ¥ ?t&gntter ed
with respect t0 nan el's ditect contac th*
mandrel ¥alat tier n-]. The lateral distance or spacing between

adj acent mandrels at tier n may be greater than the lateral distance

or spaci ng between adj ac d, Next, spacers are
si nul t aneousl y for med aré@ﬁ%ggpégf%ﬁggek?ggg%%Le xposed portions of
t he mandr el 40048k réhﬁvédmmﬁéﬁhﬁwgmhmaﬁiP%ﬁﬁ1@#ﬂ@@aé@¢§Efthﬁygat@r
pat t er Nwhish bf&%ﬁnuiﬂﬁl&dﬂéﬂoﬁy @Ea@@essn;ng acE&ﬁpn@%earming,a ﬁ{g:eegp@m B@p, thus

chemi st I’ ltnﬁ SL]EStaclily ztﬂ EQ(LI:?H ua\éd ps&v?%’%’. ﬁﬁr%{%sstlr apSf er e ﬁ?s 8 Bx%gl?onafly,

pmtern

t ransf emptiﬂ?f@ aﬁq?édlwa@@bo ¢niseqen be pesfogmrst using #ﬂgﬁr @pﬁﬁkvd optiggliecansgre fese.,
over Ihyl B&) rﬁmaﬁﬂﬁﬁtu{uaaﬁh@rhdd dx?btﬂﬁﬁ%ﬂ@ﬂbbkbcés@ﬁ@whs&g t he spacers. bThe
pitC aCcor t o, net S O 0 t he nventi o e
mul tiplied gb‘ﬁq] f adlt 8¢ aoord 81 S m(gjrg{lél%gts ?the “wef’HO"fV\b PI er%%%rs of
mandr el stawﬁr@)mdﬂtlﬁ@f mrﬂtveihd peer rgthstegst- @bla wstatefla@mmpme # digen wand

Wi th thieer bf Qrio‘ihe@fselﬂiaé}@ﬁ&ivs n(a&nax) or tah@h@muﬂhsub&rdw tnuuaalng QdaRRY o a
factor of .si et e sub rate

i
oo ol o S tipuSs B b cod BP0 i PSe TOROIHOT &) o’ Bt TR AYBE T g
t hr oughEechef ﬁmg Itlews@f mEndidnees cemiise eln@hwf mapdrelg Gt axe whyatialfyyarallel
Spgce[] RAdnk ﬁﬁtgh&o lméde%ﬁﬁo&h&ﬂgﬂé e.d.ﬁam&m%h@u@ Qﬁlé%e@ﬁdng!rgls l.oQp naﬁ;qs
ante t ho furth I ses ocki ends pr,i
Eranst oPt THE S G REEs S9PPL] MpePh OF Ko eleftd i B3 Ra R bttt i e
t he subst/ raafi én diserd ﬁPIﬁ@é “ath cesmdrals tab tier( e/ g . The Siteralpbistynst i enaring petwedly
WEi, Ti adﬂElenN, mandﬁls\éﬂla'()ﬂgé)loc%?gz&&r @foﬂl&%@r@f@{lg&ﬁs Qﬁspa&ﬁﬁe}w&ﬂ Qdﬁ&ﬁt
spacer at S el ongat e 1 N W t ecti
I'n such%a "I“’Eisgl Her mg N?e‘ B ends Sé{’r‘“em’r‘‘“’e"Hr‘*o é"d"‘e‘i\q?’ n‘b ?‘g‘sbr EE"éEds
t r ansf eperbiong of ke @%\é@éﬂraﬁwf@éﬁrﬂnbﬂ%ﬁw% pattern of sphrars. é“@ﬁmeqrmﬁﬁem is then

used for processing. For example, an etching chemistry can be subsequently provided to transfer

the spacer pattern to the underlying substrate. This step may entail transferring the spacer pattem
to one or more hard mask layers overlying the subsirate and subsequently removing the spacers,
The pitch according to methods of embodiments of the invention may be multiplied by a factor
of 2n. For example, with two tiers of mandrels (n=2), the pitch is multiplied by a factor of four,
and with three tiers of mandrels (n=3), the pitch is multiplied by a factor of six, eight, etc.

[0045]) In one embodiment, the substrate comprises an upper interlevel dielectric
(ILD} layer and processing through the mask forms damascene trenches. In such a case, the
spacer pattern comprises elongated lines with connecting loop ends, and the method further
comprises blocking the loop ends prior to transferring the spacer pattern into the ILD. In another

embodiment, the substrate comprises a conductor {e.g., Si, polysilicon, Al, W, WSi,, Ti, TiN,



100461 Met hods of enbodi nents may be used to forma pattern of
features (e.g., lines) pitch-nultiplied by a factor of four, six,
etc. Such features can serve as conponents in various devices, such
as devices having regular arrays of electrical devices, and
particularly arrays of lines for nenory cell arrays for volatile and
non-vol atile nmenory devices such as DRAM ROM or flash nenory,

i ncluding NAND fl ash nenory, and logic arrays. 100471 It wll be
appreciated that a material is considered selectively, or

pref erenti al Wp 2008@e2brabl e when the etch rate for that reHtESEENSIYS at

| east about 2 tinmes greater than that for other materials exposed to
the sane etchant. In sonme enbodi nents, the etch rate is at | east
about 10 times greater, at |east about 20 tines greater or at |east
about 40 times greater than that for other materials exposed to the
sanme etchant. In the context of enbodinents of the invention,
"selectivity" is used to denote an etch rate of one or nore
materials relative to that of one or nore other materials for a

gi ven et ¥R4AT MeARCEPAEKA APTRSIST rneaed iss A e edp OBy 4 ik agase,

| ayer anitk os eiaret tetipedd, cilter f@h bNgfher ClaREnsiy Sic snatr pae @laffirity ehet O
t he mt%ﬁcﬁ:}: wfonMprising the first layer etches the first layer at a
substanti a reater rate than the second | ayer. 100481 Enbodi nents
of the i nveni/"iO wi Mpthes ofj esbadissals imayt heensed bt ¥k “opatiemoridadiess (e.a.n a
first caaes) pacipatkiplisd 9fa factat off R6r, Pixf &h- Bwhtfbdhlxrbse&ntk)érva ab 8rhher®f in
Foat ur o SRR Bl RIS Tavipk de iR B0 oy ey uBeg 30 oy
substr ataé’ays ftlingg ffqr *Wémaﬁpﬁ?l wFae é"@r \t%@e erﬁemneiphta!@gnmqmdem#s lveqhedsn
Cﬁ.n be mImMm&ﬂtheﬁéxﬂbhe&cﬁﬂhﬁmmngishﬂlehﬂﬂ/ By 180 aeety@r gr eater

t han si x ex ccor.di

used to for H{O?ealt u?gg*lg?et%ﬁm%%?m%ﬁ%%ﬂﬁ Co’?sgg{g%?eqecg‘? & ﬁ’ﬁ?m em%tﬁjﬁy’
etc. 106#YPlREhen taqeteh tare for ﬁéﬁ/\‘inﬁ@mh&d?é leags abyb 2ftingpe 2eester (hive el far bthéce
nuner al sna«kbl kxpofdlie fkesamparchmt. tHh koA BUEiments, we{ch rdefis atp&ﬁt%é@i@ﬂnés hat

the fi Q%De%t%r g{/‘l\gas{ a%g&tlib %g)eg ga.q ebpat?ea%e ouli 4 eng:eesss tl‘l% th forwfgxer matena]a le.

Furt her t1on oW spec I es
mat er i alc&Posedie ﬂ?l@iﬂp? @@ﬂﬂtarh@ tha?iﬂtw 2 en"rbeé}merrtw%tb@mwnm Eselepiiity O heed
conbi naté @nste@h et ta@f dfahSorGivie hetePlkRedo waﬁdr oﬁ@&ﬁﬁor@f)thergﬁa&ﬂﬁlﬁ for a

nunber Sgglf Q{@‘l{agt %%Ple lett%@suggra%/ecoa esénsgt fjlirstt a er ecc:»n(alII addi t1 onal

etch st&p Tayers et ween,  provi NSRS c:’tme\t/c g
et chi ng® Ws"é’?tl 1é§31§¥'ée &\/@Flnﬂﬂ“él Wnﬁlh@ﬂﬁrfaﬁsiﬂ@r etsheeﬁbe fiebperiabed.
-9 WO 2Qas3{0:y glatbCdit a2 BO%cehi8385 Pitch nultiplication by a fact or

patt orn of f Lty oo PEOREREE ik B Syie el s RO R e St
over a Pt &gt Fass thfrayé%tureﬁmit@hmvlﬁeliedm a ffqasef faypis formed in a substrate.
In a second case, a pattern of {eatures pitch-multiplied by a factor of six is formed in a substrate,
It will be appreciated that the methods provided herein can be used to form features pitch-
multiplied by a factor greater than six. As an example, methods according to embodiments can
be used fo form features pitch-muitiplied by a factor of eight, ten, ete.

[0049] Reference will now be made to the figures, wherein like numerals refer to like
parts thronghout. It will be appreciated that the figures and features therein are not necessarily
drawn to scale. Furthermore, while the description below specifies particular materials, the skilled
artisan will readily appreciate that other combinations of materials can be employed with fewer or
greater numbers of hard mask and temporary layers, with or without additional etch stop layers
therebetween, provided that suitable selective etching chemistries are available for the transfer steps
described.



to bottom a first hard mask | ayer 82, a second hard nmask | ayer 83, a
third hard mask | ayer 84 and a substrate 85. The substrate may
include a top sem conductor |ayer or a portion of a wafer to be
patterned or doped, a conductive |ayer to be patterned or an
insulator to be patterned to form e.g., damascene features. Wile
the illustrated enbodi nent conprises first, second and third hard
mask | ayers 82-84, it will be appreciated that other |ayers nmay be
provi ded as required. The third hard nask | ayer 84 can al so be
referred t oVA20EA2728 ch stop" or "transfer |ayer" AJETUSHAANENS
whi l e nunbered first, second and third (fromtop to botton), the
termnology can readily be used in the reverse sequence. 100511 It
wi |l be appreciated that method enbodi nents may be used to pattern a
conductive layer (e.g., Si, polysilicon, Al, W Wsix, Ti, TiN, etc.)
over a sem conductor wafer to formconductive |lines, a sem conductor
wafer, or an insulator (e.g., Si02) over a sem conductor wafer to
form da cene.featgre§. 100521 Wth reference to Figure 2B, the
patternE§i£?$§#ﬁ¥%%—¥§4¥$%%§£%%red to the first and second hard mask
| ayers 82 arePs8B udVifhgrefamenet ¢ iFizgrec?yeninsdnr gmisdingst, iaveeited dfhfeatiras ¢y 1 al

Che. et oprned ‘Eﬁé’g"iﬁﬁ“ﬁ*’gﬁé e P B S e Ahed o

82 and BFoHP™ Frakhagd mpshlavey %%tr? Frrad Serd eaTh AV RIS3: f yrdrhard ragsk FPY&‘384t he
exposedatdd substta@ied. Fhs kubbiegremayBidcludiheopsiti@nductdr &aysif @l pe@ion of a wafer

| (o I o areg) a U1ator
si mul t apaRUsim d SRR, Lhs a@a%qg%;f 4 gt?ebg R rh@d\/&f 3% I PGL n} Léga%t@@gc?

removed i n a separate Step. £ r st
i sotr opf°6’51 % ‘?Be fegpresy r“(’?ﬁ?é'&? ‘}l“s“aged%’(‘?%“‘fz’ﬁ cpigiifee s Seqﬁ@%?‘li‘r es

conpr i sthid harhienafh lngts &Rk, 8 edibbraphacidedmistiotiealapers m8Poaehida acefiing. a

pl ural i trie @frd fHa{dsﬁlaémal'a%-%h%mgglso a,@qlef@ngal wél dnt %tcﬂfstcﬁ)e%p gl ,J;%P?ar &hS
rel s extend para ?‘I con

res tiv The
mandr o) BoS i Sle RSRETHHE Sy OGP 4FFAFGE B ELoER: LS CoTIoloahavel s
87 can mkdly boesedtiv thamevdrsé feqeed.red to i ncrease the spacing

t her ebet weerjgoshpt fm\%m bd ¥Rttt Tnetaan. e f lo" Sikte

mandr el ?ﬁi‘ﬁ %0}6521 gl %C[}e il It :&axirneed enb n{gg(?rr?eﬁy%{a e ?drtg ﬁtn“d ?
second Biss eyede ysifiean, AL Wl Pl T TWe%"c?)PYeéﬁF"é’Hanﬁ‘HPrf"H@fﬁ’l ane
of the Ppegeondectoh e, 8 scrmnmndradr va&Ernayn ravetoa(dy. r$0,) Wattalsemisomiuéter

than a @gﬁgg%ﬁggkgscggefggﬁe§orrespondi ng underlying second nandr el
87. The fi rslé a] 10 2008/ 027239 PCT/ US2007/ 018395 mandrel 86 nmaybe
I sp

subst ant i al FEEFFEhE FREory roprlira) of gerturgsds tppstermerbigithiofst
the firsgtd Se‘mﬁd!aeﬂ m% ingersc&h tralr Bdusivigt dn qldgpediemtsoy tsélectise eothe nmesmidr el

87. | Ooéélﬂpn%iﬁé tthe st ihdrs%f:d%ﬂ @RGSR 15 3UnCind R3. SRACKT Fie 8RnAL Chemistry
si mul't aneh %hey first anqesccong hard mask layers 82 and 83 at a faster rate than the surrounding
layers, such as the exposed third hard mask layer 84. The pattemn transfer can simultaneously
remove the photodefinable layer 81, or it can be removed in a separate step. Next, the first hard
mask layer 82 is isotropically eiched (or “trimmed”), as shown in Figure 2C., Features
comprising the first and second hard mask layers 82 and 83 define a plurality of first mandrels 86
and a plurality of second mandrels 87, respectively. The first mandrels extend parallel to the
second mandrels. While not shown, in other arrangements the second mandrels 87 can also be
trimmed if desired to increase the spacing therebetween, but they remain wider than the
overlying first mandrels 86.
[0053] In the illustrated embodiment, the first and second mandrels 86 and 87 are
parallel] lines oriented into the plane of the page. Each first mandrel 86 may have a first width

smaller than a second width of the corresponding underlying second mandrel 87. The first
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sidewal I s of the first and second mandrels 86 and 87. As is known in
the art, such spacers may be fornmed by conformal deposition and an
ani sotropic (or directional) selective renoval of horizontal
portions of a spacer layer. [00551 Wth reference to Figure 2E,
exposed portions 89 of the first and second nandrels 86 and 87 are
etched to forma spacer pattern 90. The spacer pattern 90 can then be
used as a hard mask. For exanple, the pattern 90 can be subsequently
transferred to the third hard mask | ayer 84, as shown in Figure 2F
form ng a patMOSP§0HR3d i nes 84a in the third hard nask POTAGHP7/@IPIS
Consequently, a pattern of features pitch-nultiplied by a factor of
four (relative to the pattern of features fornmed in the

phot odefi nabl e |l ayer) is formed over the substrate. The third hard
mask |l ayer 84 will serve as a mask to transfer the pattern of |ines
84a to the substrate 85. It wll be understood that this | owest
level of hard mask is optional, but is advantageous in creating |ow
profile, sho k features. to m ze effects of aspect ratio
o/ UELIf T AMBEI I b BT B B oSG b it oo et SoRlm e b
resul t frapdneditrieomtctrgavithirespire testhe secondmaandfe! Fi. gur e 2E as a  mask to

process the tr L. 58f s <
an enbodj ne ?U t ﬁg&f Egﬂ%ﬁ%@étﬁéﬁcggsﬁﬁc%&% até%) mﬁl‘ﬁﬁ&?g%l f}r o ds

pi t ch- nﬁ’IdF'i"{lis ob eyt ang seegrsrmaptirefshdrand &7, pf isdwewun @orheqiﬁéu%rsa@ce@smvs
si m | ar bk dorntell dty @hfolhg UtepssitibA- @H, anesntsepdpid [tdirddtiondl) tdl@tive removal of

" phot Odefhb%ma?pdrﬁéﬁ%fés% &mlgyed as one of the mandrel |ayers.
Figure 3 shows_a cross-sectional side view of a partially-fornmed

integrated EPFRui (WHDOTTIRSEY FigNFE RECHwPTeA udione FR o8 fiselimton gead 3,
vari ous rmadikis 8§ ahdyeas ekB& b30rman epac@rpanériied aboipaced pstthsdr aheheh .

The | aygtsy al.%qm;l(magﬁn kbr &smy;s e@le b kﬁéema% ﬂz%ﬁégeéﬁgt O,pégn%%hpa {:'nge the

substrate 110, di scusse bel ow, mat er1 al
120- 150 8‘\9‘é?aP‘§/laPi“g“ Bffis Sh LB FraNr et fymingy rakere pldinen84s4n gy thi rd mask
consi dedati &n @hsarhetiy,repitemoyf fatueks prtﬂsmslﬁpltbﬂmghatfamsaf fdud (relbth@ to the

vari ous ,patt smatt.r@g m&x ANe J&ﬁmfer@ Ig%orr&,&ﬂ %&CUﬁﬁ &g
86 Fe

herei n. "Because th | ayers ween
layer 1BEFiae< lane %L‘i‘b‘éfﬁ“é?taé affﬁk Wé‘}‘“?fffﬁl’ﬁ I?aB?F‘PBIWF F%ﬁ@rsu%ﬁfrﬁtatgﬁek n
to the sulbbt wmeitwetodd Bat thiagdwestlétehel Hagedsk 1sb}5901ﬁ|49utbeﬁdﬁ»&&§ge&ben creating

sel ect Yc%!r %roﬁgeéﬂoﬁ%msﬁﬁoﬁlrﬁ o nﬁﬁﬁiﬁﬁqg%tygtbgsﬁc}:t %ﬂy Se&eng{ﬂ: %ﬁr‘é]‘m t(gﬁlllrl]il% d

substrate sen so

rel ati vé 'y ww@adla&ﬁfé@&d Hatostd ard fometisaee af to s Pﬁ%glllra%rﬂsa
120- 150 masKib pWe2 @@81B3R#289 PCT/ US2007/ 018395 overlying the

b f
substrate 11@0&6? t qu@il J-e@é%n\@@lol Flgnﬁ‘gg Bn?éj 1rp érrﬁ)r Qment ofl%he 1n\9el;:ﬁe A grqcayer s

substrate 1 cl at ed t one or
120- 150 i fpmpine @%@% Plfcat"élaﬂl?lﬂed Sviptlagkr of F?élf @rﬂ#lﬁv@tﬂd The process is similar to

that of Figures 2A-2F, excepl that an initial photodefinable layer is employed as one of the
mandre! layers. Figure 3 shows a cross-sectional side view of a partially~formed integrated
circuit 100.

[0057} With continued reference to Figure 3, various masking layers 120-150 are
provided above a substrate 110. The layers 120-150 will be used to form a mask for patterning
the substrate 110, as discussed below. The materials for the layers 120-150 overlying the
substrate 110 may be chosen based upon consideration of the chemistry and process conditions
for the various pattern-forming and pattern-transferring steps discussed herein, Because the
layers between a topmost selectively definable layer 150 and the substrate 110 may functfon to
transfer a pattem to the substrate 110, each of ‘the layers 120-140 between the selectively
definable (e.g., photodefinable) layer 150 and the substrate 110 may be chosen so tﬁat they can

be selectively etched relative to other cxposed materials. Because a goal of the layers 120-150
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sel ective etch chem stries and/ or process conditions are used.
Additionally, it will be appreciated that additional nmasking |ayers
can be added over the substrate 110 to form a mask having i nproved
etch selectivity relative to the substrate 110. For exanple, if the

| ayer 150 is a hard nmask |ayer, an additional photodefinable |ayer
(not shown) may be provided over |ayer 150. Exenplary materials for
the various |ayers discussed herein include silicon oxide (e.qg.

Si2), netal oxide (e.g., A1203), silicon nitride (Si 3 2
ponS|I|con“@ﬁ@W¢§P? anmor phous silicon (a-Si), annrﬁﬁ6@§°€%Fﬁ8h
(a-C, and dielectric antireflective coating (DARC, silicon rich
silicon oxynitride), each of which can be reliably and selectively
etched relative to at |least three of the other nmaterials. (00581 Wth
continued reference to Figure 3, the integrated circuit 100
conprises, frombottomto top, the substrate 110, a transfer |ayer
120, a hard nask | ayer 130, another hard nask | ayer (also "tenporary
| ayer" hereln 140 and_a hotod bIe or photor Si st) 150.
The subSYF¥pets1sTn/ Bet al?‘“‘l‘?’ s ip ?ﬁé‘?’é’r& b %H?fff?%?w itwill
sem condel eprezigtedraltag on@br, more cdiniot lamrs 12@&115& cgubs tubsifteed ifchitetliengataialsayer

of a Se@%}&%%%%ﬁstﬁ@éﬁ%%mca@wﬁ&l%s%ﬁt{@éﬂ W?d&ﬁt@nantyh@wulsﬁé%ﬁ"eé}%@d 110
may conprise .addition Iay% dgnd features (not shown).

phot or edpkaddifiopaimaskipg Y?fﬁfﬂ“ 61 el 6 FUosFRY HH&% Bredpak hFr‘él'EE’e‘Pipﬁi"ed
i ncl udi rgh saeytivits edlgive 8i the subEita@r1ilal Fde epampld, if thellgyer EBOtis a Ftemph ddyat @si St

| ayer 1@&“% ppﬁo&ﬁm@mﬁl @nolvﬂug\bn) n‘?cxy Ye Brogjégsi R la);lsg %Or %Qﬁm;g'ﬁ:?m%ﬁg

365 am wavel ength optical  scanners, nm wavel engt h 1 mrer si on
syst ems fordie aTTe ‘adF“P ViR éFrﬂ‘“é‘ifg‘F%ﬁB‘:"(‘ iOHET (k- ﬁgozismﬁal Fiies5 &t &hEY; or
el ect r onilibmainidd (SN @pkliconsydiamorpboasplices (030, attiphabtebqli®Chresi st

mat er i alyiebde hitieneae %atfn'gU(WA'R@e sﬁx@tfn':l)ichss%%ﬁ Gk Wi OLEY 67 Wl%lf{ chn Be -

phot oresi st suitable use wth an ArF |1 ght sodlrce, rypton
f1 uori dé® 'G‘P@P)dsgl‘é‘i%?li’ F%dbellf’é‘f“%?é‘%]is%s’fthre?Oféh“ﬂ’ebﬁ‘é‘ﬁ’i'ﬂlsey st suitable for
use with a Ko#s8]i giwitls ountiogd refareatehie rFigidb B dherbindgsated! dieuit agieconitbiSesand

any  SURRRHIRGH «J t%ﬁ'tﬁé sdbemr ﬁonwmgf%r fa%rrf@@l aqiamamgsﬁ%a,élt 13t0h§1IB gﬁ{ambe
patterned b npr i nt 4 gt usi ng

mechani GHFK kYT 45 6“1*5’5%%#‘*%% %fel%ég‘%%sap o gelin pIBtorgeiyg laver 150.
phot or edihg tubdttle 108 1mag bep silise, wader(p wafer of vethec selnligpnéingild hatethl, besiogier
mat er i albulksédﬁgﬁ‘af Eﬁch]t? ﬂ-%\farl% oFuJJEEnHoMugnleNnggnal LIBCLomQ ren-ll[':yg)dnggrﬂs tﬁé)m

Tokyo Ohka Kog}/ I n accordance di ment's of
the i nveltidh; %’ﬁf'lr EPPISE & téﬂn? léﬂﬁ‘ﬁ i ey %ﬁ*g%i’%\;%ﬁe @hﬁ?fﬁ%stdwér
used t o 1éhaby e foatkdotfiagnpliotprgisomesdaligelotigt @1y phebrbdd snageiglomolvmn i tho

enbodi mgpt %@Jhoiope%lsi IV REd AR, RNBH ﬁibmthoia ¢ Photal héhag rzaﬁm{ oﬁyo%tn%m
with resol uti [imts HI}ﬂc};ﬂ;eater t nm or greater t nmto

get feat\fiveens 8%“°6'n§°“ 198 g q"CPé.’FlF’éﬁth BREser ﬁﬁems ef?"e'%“]“a"wlﬂ
2008/ 02 288nsRGEIBZ 037/ 0k 8386ms)ebiceledtiiar beas dithotrepiric kysints. Ba@inples of

exanpl e,5yidAR PRPbRRAL EALriaRGAMER 2ok Aol (M6 edsBvAFIURUEL b D LR Bist
suitable for use with an ArF light source, and krypton fluoride (KrF) sensitive photoresist, /.e.,
photoresist suitable for use with a KrF light source. In other embodiments, the layer 150 and any
subsequent resist layers may be formed of a resist that can be patterned by nano-imprint
lithography, e.g., by using a maold or mechanical force to pattern the resist. As one example, the
photoresist 150 can comp_rise, e.g2., a chemically amplified resist material, such FEP-171 from

FUJIFILM OLIN Co., Ltd. or EP-009 from Tokyo Ohka Kogyo Co., Ltd.
10659} In accordance with embodiments of the invention, optical scanners employing
longer wavelengths are used to enable reduction in processing costs. Methods according to
embodiments of the invention enable use of photolithography systems with resolution limits

greater than 150 mm or greater than 200 nm to get feature sizes one half, one quarter, one sixth,
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feature spacing (e.g., line or trench spacing) obtainable using 157
m scanners or even snmaller. 100601 Wth continued reference to
Figure 3, the material for each of the layers 120- 150 is chosen
based on the material selected for the other |ayers and the substrate
110, all of which are chosen so that selective etch chem stries
avai l abl e for the etch steps described bel ow As an exanple, wth the
| ayer 150 bei ng a photoresist |ayer, the tenporary |ayer 140 may be
formed of silicon (e.g., anorphous silicon), the hard nask |ayer 130
may be for neWOgP8RR¥con nitride (Si3N4), and the tr AEIFUSROOT/HFEF 120
may be formed of anorphous carbon or a polysilicon/silicon dioxide
bilayer. -Table | lists suitable conbinations of materials for each of
the layers 120-150. It will be appreciated that other nmaterials for
each of the |ayers 120-150 are possible. Table 1. Layer Conbination
| Conbi nation 2 Conbi nation 3 Conbi nation 4 Conbination 5 150 Resi st
a-Ca-CSi Si2 140 a-Si a-Si a-Si Si3M or Si02 Si or Si3Nd 130

Si 3N4, A%ZOS Si 3N4.A1203 or Hf 02 A1203 or HfO2 Si3N4, Si, Al2(3
HEop o §F-&F bR bty Forsremplp. 268 Epppligal seggperycag bspsed ip pehisive Sjecpme
pol ySi / S‘i@-@reppdcyﬁl(¢ Si 162 Optvd:np‘ssﬁaﬁn@c»umxhajaﬁlu/sﬁg O/ rion deadtlfs Dbt ¥Rhiler.

bi I ayer bil aMﬁiJ’soP' ! Wﬁxrcontinqgcpﬁe%erénfce %Stge ln%tenaq tfcgaea&h&t tl?eglgjésflrss{,zg

| ayer (Caonhi nations ot oreS|s %
the t opnb8t's §FostmhRaspheny ﬁﬁ‘?ﬁ”‘%ﬁf’éﬁ"?d forpthy giger *F'mfs @%éh%)#@strafef 110aykkof

I150 is memmd cldserasoGhat acliphios edie tlichatie akwa;eelﬁ frithe eaaxohtépls QActitd BLIAG!
ayer S OLtOT! t Ble . o ave.
A of 8QHIIEDm FRYRE 1 56 ea*hgggq,h Ol e B Jr“% " 1ay V\%‘Adp%wede g

exanples of certaln conbihat | s~ an

in Tabl €°T°% ¢ sifjepn (eige aaﬁmhe'ﬁ siffcem)s ﬁh?a*tardom%riax@bmwwmﬁqsn@fot silicon
mat er i alstrigadShiyerasd dahe twhdfdri Rydrhe20 seepe: Gifmmchn@ﬁﬂoﬁs Qfrbbh %r

i nvent i %ysh@%§ﬁcoﬂ@[ﬁm¥d& "Bné,feler %b@é’?'ilst; %.Qtablg %&gb %%#s f"il hi ertailé: Ry ?agﬁh af

tenporar kﬁg €§ usi ng 03| i"on

known i n ? R HO 1% ndy Hlbﬁéppr?lﬁ"’l“ﬁ]otﬁ’t‘t °F}13]Fﬁnﬂt§‘f“"l‘%'ﬁr eaﬁlbphﬂlﬁhyeréié%iblsﬁotaﬁon
' chem catossiidpor deposition (CVD), digital CvD, atom c |ayer
deposition (ALD), plasna-enhanced 4P (PEALD) and physical vapor

deposi ti . . The phot odefinabl e ayer 150 is typically applied
by spin c&RFndembialien 306epbirian2 Feophissiy 3 Qaedasion 4 Combination 5
15G Resist a-C a-C Si - Si0,
140 a-Si a-Si a-5i Si3N; or 810, Sior SizNy
130 Si3Nq, A]203 or ' Si3N4 A1203 or I‘lfOz A1203 or HfO'z Si3N4, Si, A]203
HfO, ar HfOz
120 a—C_ or a-C or a-Cor a~-Cor a-Cor
polySi/Si0; polySi/SiO, °| polySi/SiO; | polySi/SiO, | polySi/SiO;
bilayer bilayer bilayer bilayer bilayer

[0062] If layer 150 is not a photoresist layer (Combinations 2-5), a photoresist layer
may be provided over the topmost of the hard mask layers 120-150. For example, if layer 150 is
formed of a-C, a photodefinable layer (in addition to other layers, if required) may be provided
over the a-C layer. While examples of certain combinations of materials and layers are provided
in Table 1, it will be appreciated that other combinations of materials and layers are within the
scope of embodiments of the invention.

[6063] The transfer layer 120, hard mask layer 130 and temporary layer 140 may be
applied using any deposition technique known in the art, including, without limitation, spin-on
deposition, ‘chemical vapor deposition (CVD), digital CVD, atomic layer deposition (ALD),
plasma-enthanced ALD (PEALD) and physical vapor deposition (PVD). The photodefinable

_layer 150 is typically applied by spin coating,.
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(0064] Having fornmed a desired stack of |ayers 120-150, a pattern of
spacers is next fornmed by pitch nultiplication. In the enbodi nent
descri bed bel ow, | ayers 120-150 are selected according to

Conmbi nation 1 of Table 1. While the etching chem stries provided
bel ow are suitable for this conbination, it will be appreciated that
they may be applied to other conbinations. (00651 Wth reference to
Figures 4A and 4B, a pattern 170 conprising spaces or trenches 175,
which are delimted by features 150a formed of photodefinabl e
material, | FXOBMEE? in the photodefinable |ayer 150PCEFHEHE is a
schenatic top-plan view of the in-process (or partially forned)
integrated circuit 100 following formation of the pattern 170 in the
phot odef i nabl e | ayer 150. Figure 4A is a cross-section taken al ong
line 4A-4A of Figure 4B. The trenches 175 may be forned by, e.g.,
phot ol i t hogr aphy using 248 nmor 193 nmlight, in which the

phot odefinabl e | ayer 150 is exposed to radiation through a reticle

and then deyv ed., Af e| ng , renaj ni phot or esi st
material forfg 8d6Q‘Eﬂa i a\“@%k UFEs b8 T dosfie uc%?aa‘fg ? F A¥EY IMI]’?S(%’.’ pzﬂﬁﬁ‘b‘g%pafﬁé‘s next
f eat ur e&rglhy nitaly melbinketiene Ip&e&hibeilmande@hbﬁdg:atoe’dlavémb'w 15Q 8resE el
W th tRebtinpas dohBlnai@ngbhgamt ll e@’ﬁﬂe ﬁ'@ Jtdhﬂ%ich@laﬁfri@s Wod?‘dgﬁs belé@[aﬁe
e

typi cal | t st 100 tines ar al e for

naj or i t)s/‘x%l% fjr 315 CERY P i‘t W& }’T aB%'e‘ﬁﬁ‘éfEtﬂE‘f d’b%f f“%rﬁctWB igetocPibet i on
of Fi gafméanaﬂ@w 25C (described below) that the lines can include
bends or t Ur[@@ﬁspar i fhUcREdnYe iooFlgtfu@sChA'aL@-tclB Q%R%tl% cJﬂﬁnsmE%L:HEseﬁr are
nost userf uL flﬂé och t%:ﬂb% arri';1§ %{ use
conduct V&5 Aa IR 4% %’"’6“ SEHTFS f‘fc’éﬁj‘g‘i Of(}'@@'@ﬁﬁn ‘fﬁatF‘é'I‘ af @ﬁ‘&%i to
Fi gur e B tht hietqsgfitablenayt7 05G. rFigthe4p ot stlehiticateb@ldnaieer ofiinipgocess (or
transf epitgiyt th&@ &egﬂaeaa&ﬁeuﬁ amrfo%éwmgf}foﬁaéﬂoﬂgofc%r Q.ﬂnf'&d"%m f’rﬂ

14Ca. th Str ignates the pitc
transf ePh%f@ﬁ%% ﬁeéﬁﬁ{ﬂ BRY 4351? ﬁé“"aﬁwseé'i‘ﬁ“s o%iné ling §A-4dy ST ARy )
et ch selfbetringkestlds whap bpdireed &Y, «of, dhbtelithayrephy 1540 285 0m D503 hm lighte in

enbodi MeAfch tlk@ﬁoto&ﬁﬁ&tfé’lgy&ﬁﬁf‘ﬁ%ﬁfoséﬁqmdiaﬁ%ﬂﬂ’b% ﬁ'gre%ae S L vetoped.
chem Stwffg L. ective foﬁlhﬁthe mat relative to |ayers
e

ye
130 and TEOF A el TGS DI e R Tehdeus Hh 8.1 a
hydr ogehS%abrom de (HBr) plasnma. In the illustrated enbodi nent, the
et chi ng chermﬁstsry a8 fatifk 1s@llgayéohsﬁ&tﬂavaneem% n%a'&ﬁ ¥R & gh%n with

Coeh o BRP ot BElen i P Brllog i o b el e Bod B B v "
150a ar avhile ppratieb dor thy majosityt efgpiic khiths, dnlilisel wderstoe] froretichiengiptiel at i ve
to the Fighes 23498C anderiRe bbedy uAP8K 1y edn hdlad Rends dtums particularly to
facilitate contacts. The features are most useful for forming regular amays of lines, e.g., for use
as conductive lines in logic on memory arrays.

[6067] With reference to Figure 5, the pattern 170 in the photodefinable layer 150 is
transferred to the temporary layer 140, creating cotresponding lines 140a. In the illustrated
embodiment, “a” designates the pitch. This transfer may be accomplished using an anisotropic
(or directional) etch selective to the material of the layers 140 and 150. In one embodiment, the
pattern transfer comprises using an etching chemistry selective for the material of layer 140
relative to-Jayers 130 and 150. The pattern transfer may be accomplished using, e.g., a hydrogen
bromide (HBrj plasma. In the illustrated embodiment, the etching chemistry does not
significantly remove the material comprising layer 130, which in the iilustraied embodiment acts
as an etch stop.

[0068] With reference to Figures 6A and 6B, the lines 150a are “trimmed” by

isotropically and selectively etching relative to the lines 1402 and the hard mask layer 120 to
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WD 2008/ 027239 PCT/ US2007/01839s formlines 150b. Figure 6B is a
schematic, top-plan view of the integrated circuit 100 foll ow ng
etching of lines 150a. Figure 6A is a cross-section taken along |ine
6A- 6A of Figure 6B. In one enbodinment, the isotropic etch does not
etch layer 130 and lines 140a. Alternatively, the wunderlying |ines
140a can also be trinmmed to a | esser extent, either by the sanme etch
or a separate etch. The etching chem stry is selected based on the
material of layer 130 and |ines 140a and 150a. Lines |150a of the
il lustrated PRIGOESIst may be isotropically etched udiCAES2087/48395 an
02/ Cl12, @2/ HBr plasma or an 02/ SQ2/ N2 plasma. 100691 Wth conti nued
reference to Figures 6A and 613, |lines |140a and 150b define first
and second mandrel s, respectively. The mandrels 140a and 150b w ||
serve as placeholders for spacers (see below). 100701 Next, with
reference to Figures 7 and 8, spacers are sinultaneously forned on
sidewal I s of mandrels 140a and 150b. [00711 Wth reference to Figure
7, a layer 180 of spacer material is conformally blanket deposited
conf or mePIYligss d FObe peeeP $iErstiegelc. emplriden f hhitdgeied cirayi 004glowink30,
:it ggbt hE etdhﬂ@ﬁ)f and 1504 gd 6 m;]a ofrclk(tesécl161$iak@rh%n§ ﬁﬁ@&lﬂlm&::a @fgele%Blwé]h&nd
av thic a ely equ t he
desi red%w ?ﬁ]c?)tf Iﬁgeylgamrp S %}Ch s st % yPef)trlﬁv’{?%PJ Pa%?erbi%'s‘ lteg‘f‘%‘lffyn
into accBt {Y‘%W%ﬁ‘&ﬁ groglsp fye mwﬂstp 8 ipsser pragntreitijer b g sagtichty 2 Separate
subsequetth. PrHeeesHk l&ﬂeml&fﬁ@&@le(ﬁéd%!i@ﬁm&h@ RAREH RULH B0 aﬂamﬂésqhma and

I d S
Ligg\éa l_\f‘igel_dl]%ylgé cgiglgenlﬂg%atﬁg Pho%o 951§t lﬂ‘l% B% 18(%60&(:31? 816& j{%?ﬁ %ﬁl alb(gzjch,

sel ect i V& fe!%‘@ﬁlam@oa‘%?zé\izw%émﬂo t he hard mask Iayer 130 and t he
first and seqoas rf&‘ﬂﬁih@:bs&mﬂl&ﬂﬁfe@dﬂzde &8 gured X0 ZiloE\aits 140k bk rs%f;%léﬁz{}ce

to Flgur S S ani so
directi ﬁg%d Leag%dsrﬁﬁ%re et egt"‘teg%’a Be n}agér;rgl{slzg%ﬁﬁ%g%% Y arvas "Pi}g‘%ﬁdm
hor i zontfel sPasrsiieredslowbf the partially-forned integrated circuit 100.

SUCP a d:j r ecmooo]al E&yﬁhmth&laﬁﬁndﬁt@\ﬁfgu&s 7amf]$)&%§Ra?5Er§, m%tsﬁnfhltal%ﬁkl)bi%r&:eg on
per f or ned, Us rpactive ion etc enpl oyi ng a

CHF3 an(ﬁdc d%?ﬁ%drg ‘%al ni i;%gpl asma in the case of Si G2 spacer
mat eri al . Th&é0@Hchi Wifh apferiest io\Figug 7be layse L¥L of specer anatdrial isi @b@rmaily

conpris ibungkéthepusmceeﬁfohﬁm& bvel%onsécOMf&;bs \ﬂl!cidamg%htﬂafmﬁélk 'ia?;fexeirss@ NGE tHeO

Flgure acers 1

wi dt hs g ps aﬁ T rsPs Onfgi;ll%%rév’ S PRI Py isa{)"t%g(ﬂmg)]l?otb dj‘ang‘lrd EBHBaYV\}E'EH? s
of the WeeeHdharapmiranaely spblsareadegendgtidhl obwpace 18 be fqnmq!efrosntb@tiwré A,
"B" mayhidgemto idbamt efy @ﬁﬂg’&s it Glme&QmQ)t{& md c@-ﬁl’otlug% s (SHSSSI B’

b U L 05 b IS et
is (510, AlyOs, HIO,) or sxhcon oxymtnde The spacer layer 180 may be selectively etchable
relative to the hard mask layer 130 and the first and second mandrels 140a and 150a.

[0072] Next, with reference to Figure 8, the spacer layer 180 is subjected to an
anisotropic {(or directional} etch to preferentially remove spacer material from horizontal surfaces
of the partially-formed integrated circuit 100. Such a directional etch, also known as a spacer
eich, can be performed using, e.g., a reactive ion etch (RIE) employing a CFs, CHF; and/or
CH,F>-containing plasma in the case of SiO, spacer material. The etching chemistry may be
selective to the material comprising the spacer layer 180. ’

[0073) With continued reference to Figure 8, the widths of the spacers 185 are
denoted by “B”, the widths of the first mandrels 140a are denoted by “C” and the widths of the
second mandrels 150b are denoted by “D.” In one embodiment, “B* may be less than or equal to
(C-D)/2. In another embodiment, “B” may be less than or equal to (C-D)/3. In still another

embodiment, “B” may be approximately equal to (C-D)4. In some embodiments, “B” is
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-15 WD 2008/ 027239 PCT/ U52007/ 018395 selected in order to have
approxi mately equal |ine/space patterns. In one enbodinent, "B" is
approximately equal to "D." The spacer wdth "B" is determ ned by the
processing conditions (e.g., deposited thickness, etching chem stry,
exposure tinme) used to formthe spacers 185. [00741 It wll be
appreci ated that the |locations and widths of the features shown in
Figure 8 wll control the | ocations and wi dths of the nask features

ultimately forne ésee Figures 10 and 11) and the ultimate pattern
in the subsFWﬁW@mi ¥ (see Figures 12A and 1213). 100F6T/UREHCIS34] t h
reference to Figures 9 and 10, exposed portions of the first and
second mandrels 14Da and 150b (i.e., portions of mandrels 140a and
150b not covered by spacers 185) are selectively renoved to | eave
freestandi ng spacers. The freestandi ng spacers define a pattern of
spacers 190. The figures show a cross-section of the pattern 190 of
| i nes that extend into and out of the page I n one enbodi nent,

mandr el e val erformed usin S ani otro et chi,

Thon ot FYFR AT gt e TeT S BPrtt, Be g spitr SrteRty T8 SRERBatRIea SPe st 40
and 156dproxinmtdlhequal ottt dhe ebacsrivodth (B s, deramidedely the pyvating ®nditions
perfor ”ﬁ.% ‘zhé;&o@&d%f:}&n'&&t etﬁﬁr&‘éﬂh&ﬁlsmﬁ l%g:f&éé fike)luQed t@iﬂ?&@ha%%&%qgs portions

of the second nmandr el CL a second g 2&3 chem stry
to renove eXpfékd Ho‘?"f‘ub&?gp’{i‘fm‘f @otrthe E‘Fa‘}?ﬁﬁﬂ}de‘f"dT&G the Atusss SBRAH e,

i f the Figmetd withnawel Sielld@dod edivadhedf dle aaBrphous visimaiclyoformadd(séche
second B&E}gé £ &d%?@—lﬁd el dBbeRn Re SLBB&&OhS%ée? FigliRe ?iA Ak 21§53”dr el's

150b may et ched usi ng._an oxygen-contal nin asma and _nmandrel s
140a maybe dP¥Rkd a?rw"taﬁefprs?ce P 9@#0&%?&5@#@@@&%@&% firshand
woul d r esbstmidndtels 1484 £lda50b (@8, puoithelofiramdreltiadd ald 16@n 1t covBedbigpacers

conpri si g a@%eﬁctmgﬁﬂehé%ﬁrto 130: 500761 Nexte, :)»‘Hetfi'ee&ﬁmﬁl"g%b’a%&s tdQFrFla(% g {) e

11, the pattern 1 spacers_is transferred ):%/Pers :
t hus f oPHi*FPEISPATES lﬁ%oghea?ﬁﬂ“eféﬁa" BRTSTETe™ PFQ’ﬁé’F‘eﬁm lﬁ‘écs th"“ extend
acconpl irshed o ef tentagal by ofd enghodintentanehdre! temotah yeper3diwink avedrgidy

transf e%m&o‘?robxélé{%ﬁmé %Qe)mé{%’ Lics s@le&ﬁla@@érhé@%s R st aﬁ& SJEBn{hng&BF‘eTE' 1%b4 XnJ or

each Iayer t aneously using. the sane et (g em st an
exanpl e, 150y F’h%r‘“i%“'@tefi FIPo8TiReR: B’F‘”@?@@""ﬁl He PE‘tﬁ?IWF Q‘S‘E%é‘n’?rétt ‘i‘t?‘“f'ﬂay
conpr i sehemidtlyuoranoes exposeti abrivnsgf e agor] maided 130b, followged, bya séhB#tllitigHe

pl asma gifi hgdlEQéme%qé&L@ﬁ&%ns% ﬂ?cnﬁ%ﬂﬁéndreﬂ%@ £s al E;Bhﬁbée{f éﬂe?’ﬁ);hé S

f or med 3-contal ning plasm e use
t r ansf etmaP‘?:fﬁléll 40pxer ‘F‘?ﬁ‘i}e“o‘@c AGPE R TP ?“déFecsri’é‘H‘dd’éﬂ“ﬁijlsd Sth #e fymehefi 2
et ch t habotorayst betgl, ecininels 508 mayle swbednkiag aofoxygyeontdi@de plasnannd

exanpl btk W(%rma]ygé)etb&dﬁ;%é@ﬁi@;f pl&ar @hﬁb&?ox‘?@é %Qz@ys 185 S Wit
oxygen-contal ni n asnm, such | asma, can be
Dsed. | GBrptEsRe SRR G- TS PR R DY 05 10 To L1
the s pacers 108H andNext, with reference to Figure 11, the pattern 190 of spacers is transferred to
layers 120 and 130, thus forming lines 120a and 130a. Pattern transfer can be accomplished
sequentially (Z.e., transfer to layer 130 followed by transfer to layer 120) using a selective mask
etching chemistry for each layer, or simultanecusly using the same etching chemisiry. As an
example, if layer 130 is formed of SizN4, the etching chemistry may comprise a fluorine-
containing plasma, such as, e.g., a CHF:/Oy/He plasma or a C4Fg/CO/Ar plasma. As another
example, if layer 130 is formed of Al,Os or HfO,, a BCl-containing plasma may be used. The
transfer layer 120 may be subsequently etched uwsing a directional etch that may be selective for
the material of layer 120. As an exarﬁple, if layer 120 is formed of amorphous carbon, a sulfur-
and oxygen-containing plasma, such as, e.g., an S0O./0; plasma, can be used.
(00771 As illustrated in the sequence from Figures 10 to 11, the spacers 185 and-

remaining portions of the first mandrels 140a can be removed to reduce the aspect ratio of mask
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remai ning portions of the first mandrels 140a can be renoved to
reduce the aspect ratio of mask -16 WO 2008/ 027239 PCT/ 0S2007/ 018395
features before processing through the mask etching the substrate
110. For exanple, where the spacers 185 conprise a silicon oxide
(e.g., SIA2) and the first mandrels 140a conprise anorphous silicon,
spacer renoval can be performed using a wet or dry etch. Dependi ng
upon the selected renoval chem stry, spacer/mandrel renoval can be
performed after etching of the hard mask |ayer 130 but before

et chi ng t he Wo2Af0eR23Y ayer 120. The nmandrel s can be sdlG@8aBR0EI1§395
renoved relative to the hard nmask and transfer |ayers 120, 130 100781
Next, with reference to Figures 12A and 128, with lines 120a and 130a
serving as a nmask, the pattern 190 is transferred to the substrate
110 to forma pattern 190 of Ilines 191 alternated with spaces or
trenches 192 in the substrate 110. Figure 12B is a schemati c,
top-plan view of the integrated circuit 100 follow ng pattern
transfer. Figure 12A is a cross- section taken along |ine 12A-12A of
Fi gur ¢ Tmreayfane POReSEine UFaaEl sk Aok B RS [T SIFle. ahere 1502
serve aspaeRBEIs t@iprpatd eihitont A0S (©F, S} hed S Stst aﬁeﬁdfbﬂsOMOhtcomﬁ)Hie be

appr eci at e%hgpsas'[ﬂf(con,_rlkﬁ&cr [Jeﬁ-\%er n B%F?eriro?rﬁ%i\/ﬁ%g%%t ‘E)rhxﬁ’& gh n%ﬁ?%&% upGaY

serve as rr} rans
subst r atlee geidcied removat @wmwgm@m/w@jd pered! o beeteraee pfig) ctnaraf dne
subst r ath@rd Ak 188r E300UP béore iefching &e&ﬂbﬁtﬁl@he 1700 Nk inf@Gre ichr B:0RIcctdly

ani sotraq mweg &Q‘m% ehan?mE ég%“%f?? r% i,b(ﬂ%car bon plasma etch, my
e

be used to sel |ve e su t hrough the pattern
formed int h@“f’?hnsﬂ@i" w&?é?fe@@@ to| Figurere [ 2y padt £ 2R-eVillo s $83 agf 3302
(1LD) O\ée;wm@ a8 lal h&RNhWRERN 198 is frbhbBirRe a6 b@rguuz{rasrrm & ohh Aatdne M@ Y

may be yse 1&1%19::%&93 9‘%@%&%%?%1%&%? i the %;b&tfa?e Hbﬁé[u%tl%B i O%P{ma??m 2

netal, suUC
conduct |t<neplam |V¥‘Féfs°f the w@graleﬂwmahaool@@awmww sye o lente A s a cross-
sel ect i wedtion txaDMEEL 1inBI 28N 24 0F ergﬂ,atmuemhlb ﬂl&sﬁ 111&@1@&1 a:mdodlﬁ&ﬁhﬁayzdae

{on" Sy ToR FRETL Al TRk ety RS Rl gl 0
Fi gure 1282 makde|rpresd rod thet EnesoidPe s gemy a4 @epnas]éné“hp ma*é%n 1%caatbet he
ends of tf:ahﬁexaé’drtayrlc shiaerire @8k dn m&lglc%niaﬁﬁbaadmampn@dueﬁal ef thSﬂfb@ffHe As

deposi ti,gn Al 6f M3l ERASoBh e INILELLINGS. ol e Lhaky AT ing
I e HPPE b

the shri®fk®6 Fi'm pr 0Ccess Eg@ fraddrel s
shrink i ﬂvots@erhowlaw gjehy] P’Pbé? PBAL Feiestivell #tchaf@e pbptFatC RO twuglv%emmng
the il usid=atietheOREBNEYer €26 pﬂ@l&rsubmta&om@ﬁseesm$mD)MQm flighh Riafg a

e | SR TSR ki) MR (U b PRI SO

desi r ed,comprparend, Fals RS &8d A8t THIYTEFEA @tasxgmwﬁye P?dﬁ@ Frmrogadctys

renove tiies.t Bihed 178h akdIBBa may be subsequently selectively removed. As an alternative, lines
120a and 130a may be removed using chemical mechanical polishing (CMP) that stops at the top
surface of the substrate 110.

10079] With continued reference to Figure 12B, the lines 191 are conjoined by loop
end lines 195 at the ends of the array. Loop end lines 195 are the product of spacer deposition at
terminal ends of the mandrel lines. Note that during the shrink or trim process on the upper
mandrels, the upper mandrels shrink in both x and y directions {as well as vertically)}, producing
the illustrated concentric spacer loops. Of course, when defining lines for a memory array, the
lines are much longer compared to their widths than the dimensions shown. If individual lines
are desired, a separate mask and etch step (not shown) is performed to remove the terminal loop
ends of either the spacer pattems (Figures 10 or 11) or the resultant lines 191 in the substrate

110. For example, a mask may be applied to protect lines 191 (leaving the terminal ends and
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ends of either the spacer patterns (Figures 10 or 11) or the
resultant lines 191 in the substrate 110. For exanple, a mask may be
applied to protect lines 191 (leaving the termnal ends and 17 WO
2008/ 027239 PCT/ US2007/ 018395 lines 195 uncovered) and an etching
chem stry is used to renove lines 195. The protective nmask is
subsequently renoved to give the pattern 190 of lines 191 illustrated
in Figure 12C. Alternatively, for a damascene process, a protective
mask can bl ock the ends of the spacer patterns (Figure 10 or 11)
prior to tr@¥PSPBO2RH 0 | ower layers (Figures 11 or 1ZATAPEOTPE9S
100801 Consequently, a pattern 190 of lines 191 (e.g, conductive
lines) pitch- multiplied by a factor of four is forned in the
substrate 110 using a single spacer formati on step. Were the
integrated circuit 100 includes one mandrel per spacing "a" prior to
pitch nultiplication (see Figure 5), followi ng pitch, the spacing
"a" conprises four lines. 100811 It mﬁll be appreciated that the
pattern. 190 of |ines er| r i

PRt eqr e BP0 FER et =25 i G BRI as et Pk

mul ti pl isedbsefueatdu r@svée tg.givel ihngefem |180 suibgeg uehtillpfrace ds iFyres i 2ps,

I nter Coﬂﬂ&gtﬁ%mr Q%alfnggc%dprg&sé erre.latlad?ig§ maslkg dan H0QBRL chdk GNGe spacer

enmbodi nent i nes bet ween ﬁ t 50 ?ﬁﬁ
nanomnet Bt (Figrrer 06R Hr?é“’é??é ‘?”“t‘ﬁ??wé Bt g@ﬁ"ﬁg i ﬁ‘ta“ | i nes
191 may be s@itled Chetyesty, aboeaten?(@tant] libg th {o o nreadectian dingsp rpitch-n
sone eg{ﬁ FE@%%’fa %J?%fﬁﬂ%'f&gle&)%ttﬂ@s%ﬂsnta!}qwLéxﬁ%§s: \ﬁ&r ﬁa%ﬁ%%@ to

avoi d r| cal bet ween 'l nes hile the rocess
i || ust r%ea thf IwF@”a%smrsmizlOHalgclb‘&érPnasieaﬂf% Rebrsﬁ?"f"}gne% PRqr to,PHqh pe
appr eci stsglidatiat(sderzupr HeeBevicgpiichghapedng ‘@7 f:@npnsdﬁm&tm@ne f eat ur es.

I'n such a C?@(ﬁi thﬁ wmueéalsp%%tehltﬂm%p Qenemgd Bﬁuhet@ﬁ ,ﬁzgr gm asluQZ)

and spaces are ItC -nmul ti factor

r epr eseR¥PRTE "?’t?&%lt“iteéﬁée ¥ ‘PF ETTEREE S, g‘%és ‘F*B‘?/ Rgeppds AN prE- H“ﬁ% H‘i“B'PB“r"

whi ch céatulre (o4 line$d Invsttisequen pnatessing viepsyiteesdnadets iyt ehfomgh tto fhleilioest | on
by a faggor of six 100841 Enbodi ments of methods for formng a
pattern of features i nes, spaces) .pitch-multip

o of o IR0 | | e iiosienly e 1BBAG] A B SErh PaHeER "o P G B0r 5

in an enbodeeBbn) domaditecannthed freatothee smBdiingng, thé dinevetPli inayabe spaced
phot Odei:&PQ%'a@odt 2y &fd s?e% dbRRAs %ﬁey ah s@n@é&{f}o@lrﬁéﬂ% fat sﬁaﬁgbe\%éﬁy@er s,

whi ch inc fromtop to bottom a first hard mask 1Tayer 202, a
second H&?G‘%ﬁ%?@@%ﬁ}é°ra"?t5'§1e°‘éi‘°‘t‘lﬁ}i“’i”d‘gfl?§'?’ﬁe‘ﬁaﬁRnes1 ayer 204, a fourth
hard mask | quess) 205Vidkdh@apseHss lugtaed 20 Bigulds 3410 hahbeep uesdi tofigm lines, it

embodi m@ﬁ‘ﬁ Be appreciated that the process can be used to form damascene features. In such a case, the
substrate 110 can be an insulator (e.g., Si0;) and spaces 192, which are pitch-multiplied by a
factor of four, represent the locations of trenches to be formed in the insulator, which can be

filled with a conductive material.

Pitch muliiplication by a factor of six

[0084] Embodiments of methods for forming a pattern of features (e.g., lines, spaces)
pitch-multiplied by a factor of six will be discussed.

[0085] With reference to Figure 13A, in an embodiment, a paitern of features 210 is
formed in a photodefinable layer 201 disposed over a plurality of masking layers, which include,
from top to bottom, a first hard magk layer 202, a second hard mask layer 203, a third hard mask
layer 204, a fourth hard mask layer 205 and a substrate 206. As in the previous embodiments,
the substrate can include a top semiconductor layer or portion of a wafer to be patterned or

doped, a conductive layer to be patterned or an insulator to be patterned to form, e.g., damascene
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the substrate can include a top sem conductor |ayer or portion of a
wafer to be patterned or doped, a conductive |ayer to be patterned
or an insulator to be patterned to form e.g., damascene -18 WO
2008/ 027239 PCTI US2007/ 018395 features. In the illustrated

enbodi nent, the features are lines oriented perpendicularly with
respect to the plane of the page. Wile the illustrated enbodi nent
conprises first, second, third and fourth hard mask | ayers 202- 205,
it will be appreciated that other hard mask and tenporary |ayers may
be provi ded, woudls0zig3vaddi ti onal 1 nterveni ng etch-stop ACAPENg7/01139D861
It wll be appreciated that nethods of enbodi ments of the invention
may be wused to pattern a conductive |layer (e.g., Si, polysilicon,
Al, W Wiz, Ti, TiN, etc.) over a sem conductor wafer to form
conductive lines, a sem conductor wafer, or an insulator (e.qg.

Si 2) over a sem conductor wafer to form damascene features. 100871
Wth reference to Figure 138, the pattern of features 210 is
transferred to the first, second and third hard nask |ayers 202-204
usi ng a fearigs elnethe Hllysirated gmbqdiaenyfthe Sraseesi aye lingst ariseisd pRIg&Adiculgrly fvith

r ef er engespécd td:mgylaﬁe H3Ke, pabdrewhile Bié ﬂtmamemakmhﬁm&am&%s fist, second third

| sot ropi Ct? %ou}éh .h mrggﬁ?ﬂaéer%r ?Ogh k?)(}gbg E]ﬁ)?gc‘sa ed ¥ha§ B«a‘%tarl;five s¥ an erqls onlarr}

mat eri al®

etch f orI%fSaIFﬂYé’PP@Wé'Gd ﬁwhtaéﬁdﬁhfwalﬂ@aﬁvml@%e@ision lpyetshe fir st har d mask
layer 202. {dox4], w.ltml b&\aapidcra&tl R ExfhtHABS & dnib)éﬂihex?tng ﬁlerwemgmaﬁayaoe
mask, the ter ed er.n t 11 i t

second K&t déon%1 7% con uc% ﬁ% i B sé(’f 1Foﬁif T(\:v?\gg *di f‘ect |%F1)Eaf“58r 2
et chi ng semisendugtoy ya étceéormxﬁem%t@mt%'en%% éﬁ*mlenndwwafm pgan eulathr feek.,
hard maskoh ay@ &k safidondadon wdfdi ¥4 foath @8ndsBene Eda&wse 13D. Next, with

f fi I
reference to glolah,gur ertF réf?rgnce tg Figg ﬁgg ?I’ xt-ni o\}"?ég tizres%qg is transferaed to dle

i sotropicall nd se secon

t hi rd hdid: seaxid angythird harg anagiy Y?@ZPZ-Z%GB&P VﬁB‘P@tCFlfgm@sBSl@’BSﬂh?stE'ear e
descri bad:miml t Neitﬁ&ﬂﬁ%feieﬂceﬁtopﬁéﬁré Qg bameeﬁrethharcs eQUENSE, 202h€ isdopiba”
artisan wi a ot her _etch sequence at _can arr

struct ure™ I@Qe %(r:% MY 585 W%}lﬁgmﬂl %g’smaz o T %\ﬁl florfﬁ} dtem'fbsit‘.l(t ch
mul ti pl ilest ?Q?n Tb? iseleapic Aiebffomms o ateed pasterof fratuzen al klnuthedirmw@rr@dslslayer

212- 214 Jon Wb, ¥itk 8l fird Qe ﬁkdislaﬁgertﬁﬁﬁ rséfvﬂiiélbéjra Hﬁ@kkmk au&écspa%&% o%@é’amres
respectl e A t ee econ arg e Al o

ext end pz\e{l‘rFaltTaane'{edq? ﬁr‘e S?mréjffa HERT T YZO% uprE gL P 8?’ E g’r?mgm%?}e??m&f
thei r | ehegeiptry ssetive f@ﬁhwﬁteﬂﬁtcemplaﬁma %w éle;ﬁlrlmﬁ mpdkylaxte go% izs dtistoried he

mandr el Sigugel 212 1¥eandita sk a;pm@@la hiye QE&ﬂ@ﬁhafrcDmf]ékrIQS}é POLC Bl Sotrdgivally
around 't hgiege%{élxieiy eténea i]'relag veﬂé the secmkcp M thlrtﬂlaxaf rgasL Fa.y%'s 326!]\}% éétp W t h the

mandrel S ose
mandr el s 21210988 ar\é’béﬁmpﬁ‘}teﬁ oﬁﬁc’éﬁ ?ﬂeé%h@dd tVthf wenerlatpat maetrqﬁlaﬂ ¥®hof
| i nes piskqbmd, iy kitillgdl drgen B appreciate other etch sequences that can arrive at the strueture

of Figure 13E.
[0089] The lines at this stage of the pitch multiplication process define first, second

and third mandrels 212-214 in the first, second and third hard mask layers 202-204, respectively.
In one embodiment, the seclond and th_ird mandrels extend parallel to the first mandrel, at least
for the majority of their length. Next, spacer material is conformally deposited on the mandrels
212-214 and anisotropically etched to form spacers 215 around the mandrels 212-214, as shown
in Figure 13F. Next, with the mandrels 212-.214 serving as a mask, exposed portions 217 of the
mandrels 212-214 are anisotropically etched to form a pattern 216 of lines pitched multiplied by
a factor of six relative to the lines formed in the photodefinable layer 201 (see Figure 13A), as
shown in Figure 13G. In other words, in the space where pﬁotolithography had defined one line

and one space (Figure 13A), six lines and six spaces are now defined (Figure 13G).
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a factor of six relative to the lines forned in the photodefinable
| ayer 201 (see Figure 13A), as shown in Figure 13G In other words,
in the space where photolithography had defined one |ine and one
space (Figure 13A), six lines and six spaces are now defined (Figure
13G). -19 WD 20(18/027239 PCT/US2007/018395 [0090) Next, with
reference to Figure 13H, the pattern of lines 216 is transferred to
the fourth hard mask | ayer 205 using an etching chem stry sel ective
for the material conprising the fourth hard mask | ayer 205. The
fourth har dMPE®OPEPer (or transfer layer) 205 will FEFYE08ENES ppgk
for subsequent pattern transfer to the substrate 206 (not shown) or
ot her processing of the substrate through the nmask (e.g., oxidation,
nitridation, electrical doping, self-aligned silicidation, etc.).
[00911 Figures 14-21 illustrate a process for form ng features
pitch-multiplied by a factor of six, in accordance wth another
enbodi nent of the invention, wherein a photoresist doubles as the
topnost nandrel . [00921 Wth reference to Figure 4, a .
partial | y-f dP098 | Neegiish eerece i iigurs ot tlifi)i’?gt?’?’s‘gi’,nesf%lgﬁsf EEsEBH o
top, a &ulEEkthabe nB3d0laya 205 afsd ar eidhingeherBidl)y, selwctiverfot thé amdrizigekpdsinger
330, th%fo%%ﬂ%@%% 1?%?5%5' %@l’fou?tﬂﬂard 2l O)Feﬁjgﬁb%&lfer T@?fzésﬂ%ﬁ en?*é& and
oto

a |ayer teria trans | ayer

will sepgw fma%lb%eﬁf@n‘r Rafgp fﬁ%&%f% t?H}f- Sb%?ffi“%fz?ﬁ EpLghe VR or ofes i?f%ce“é'l%’{t“lﬁat e
310. |n51ﬂ)tifk$eeq&&@1| mepmﬂeqsgngoﬁdaams nifriaine | decivickl doging, osatfedighad

| ayers ?ﬂgd%ﬁg oo the mandrels in layer 360 being forned of a
phot ode r|aI However, as in Figures_ 13A-13H, |ayer 360
may be a hariﬂﬂ%skﬂga’s%ﬁ“‘%hdﬂ‘lsﬁﬁePrﬁ’f‘@‘@*ﬁé‘fr gring Eatures 8¢ WP?‘H-&M a
cConpri Se®tod of hah ac@bdan@blith hieyler eobelirhgnt nfythk ayentiddd @herdio Q9Bdtokbisth

conti nu ] & Igsgg‘@gure 14, the substrate 310 can include a top
sem conggjb!&;&f' z@g oor 6rt| on of a wafer to be patterned or doped, a

conductive [189%} t & ‘B\e fef?f%‘%"t’* etonEigusr Man? ivadigibatosied PrEtafreindd® t o
form ec@mprisehafos Gefuen foaay, drsetsstratd RED, p Ineiistr &5Ers120) afrerhard364k ayyr 136,

formed %fsi%c%ny hgﬁ%ﬁg?@wém@&ﬁ d“ Alrd nka@layglsraa n&w lmpkpagﬁatééefnaue

mat eri al e conpati
nm 248 Maperiplot603 e drnsfeiares Rge Wﬂbﬁﬁtf}"?c%% the §‘E%{rfPFéF dor prgem ﬁﬁ?ﬁiﬁ%@lt@hgt h
I MYEr Si @ibsHy6S BTEy subetjlicROR probdssiaysteps etansigl twéiiBe {ormil inl thyerg)34D3B.68, wirhm

Syst ens)y,. Iggnd%lsgxgﬁ)gyg&&%en%mglfi)&fﬁg%' %BH& ﬁx&le%ﬁ%nagogg&éveg_g? rﬂ'ﬁbﬂ-ég al s

for the e su (}/ osSen
based upoh ) SheraasI O R rn@s%ewerrﬁngmmam%we@ég BORIFLTBRE 7 or

t he var ipastsdefiadbleasiydr oveflying ageradddl pattern-transferring steps di scussed
herein. Eac h[09£;3]t hQNiItkfchﬁlEiﬁue%Zerer?éﬁ& Mgupeem, the substrate 310 can include a top
semiconductor layer ar portion of a wafer to be patterned or doped, a conduclive layer lo be
patterned or an insnlator to be patterned to form, e..-g., damascene features. The photoresist layer
360 may be formed of any photoresist material, including any photoresist material known in the
art, and may be compatible with 157 mm, 193 nm, 248 nm or 365 nm wavelength optical
scanners, 193 nm wavelength immersion systems, extreme ultraviolet systems (including 13.7
nm systems), or electron beam lithographic systems.

{0094) The materials for the layers-320-360 overlying the substrate 310 may be
chosen based upon consideration of the chemistry and process conditions for the various pattern-
forming and pattern-transferring steps discussed herein. Each of the layers 320-360 may be
chosen so that it can be selectively etched relative to other exposed materials of the steps
discussed below. Because a goal of the layers 320-360 overlying the substrate 310 is to allow well-
defined pattems to be formed in the substrate 310, it will be appreciated that one or more of the

layers 320-360 can be substituted if suitable materials, chemistries and/or process conditions are
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chosen so that it can be selectively etched relative to other exposed
materials of the steps discussed bel ow. Because a goal of the |ayers
320- 360 overlying the substrate 310 is to allow wel |- defined
patterns to be forned in the substrate 310, it will be appreciated
that one or nore of the I|ayers 320-360 can be substituted if
suitable materials, chem stries and/or process conditions are -20 WO
2008/ 027239 PCT/ US2007/ 018395 wused. Additionally, it will be

appreci ated that additional masking | ayers can be added over the
substrat e 31@otzesfozein a mask havi ng i nproved etch sel @Emriugopioissss
relative to the substrate 310, such as additional intervening
etch-stop layers. As an exanple, with |layer 360 fornmed of a

phot odefinable nmaterial, |ayer 350 may be fornmed of BARC, a spin-on
organic filmor anorphous carbon; |ayer 340.nmay be formed of

anor phous silicon; layer 330 may be fornmed of Si3N4; and | ayer 320
may be formed of anorphous carbon. The skilled artisan wll

appreci ate that other conbinations and pernutations of nmaterials for

each of e Additongly3ouvildye appresigrgdhyt iiditionpoaking \iyem creberddpd ever ge
Fi gures sﬂ&ﬁatamd) ta&Bm aane@ahatvﬁfgmnﬁrzchdmaah@bmeﬁme@&e bestre&d'ﬁﬂcslﬂ&ﬁas

375, whi deli.m fea ures 36 0 in

mat er i aIaggﬂh BEvEgee etm% sf%’e o%ogle?wm 'Bﬁ 60318'6103 e Yot OdT%E’}LFs a
schenat imeaterial frypr @A iwewfctweci W@w rﬁrsee‘le%@rgamtfetg pavereqjvl@m cuban; BOY

fol | owi ngo fay Bardneeu SHamdoRBoRaticsy; rrhya,?ﬁm rﬁhytbe@or&mmm; Malyer éz@)ﬁ%

360.
Fi gure fgérm?% anozl;ngﬁgr q:?:}.,s%ﬁﬂtkll cg anFO? n;él dapg{];gatg hat otl%l'er con:'libmatlons and
photol|m@mgﬂﬁpﬁyﬁmgkw@sﬁﬁ@mmmﬁmehWQQQZ%ﬁﬂlmgh@mmﬁn whi ch the

phot odef i nab o@ss | ay@ich 3G et (£¥R2026d54 Qnd 8H, atdalin B Gﬁﬁ%s@ rs ésCJre

i gher  GERTeT wﬁ‘ﬁ%ﬁre?ﬁe% 93&3‘%56@%@05@%0@%0@55%@?&@ Mom3® 2

chemi st rk ¢ nbe@deﬁn@§eéame¥®w) Figyrp 1§Briepabhematid, dapeplany wsw|ofi thegin-process
phot ol i txmegatecplswcuﬁ)e@b %Do(v%xg@onnagiéﬁ of"me paMsh 8 Gde ﬂaﬁodéﬁ@a@xefl ertab@

| | ust | f
i zos. | HEG I ERERR et “Fu e oS st Ratearh- ey |,
the ill lis*meétbede enthothlitheataphyt ysing@48 aim ps193des lighhdn edichythe' PhotoddHRbIE)

The f eatlagemosﬁ%oﬁam @@mn@eugwrakd@m akd a8l-Rpaat get: bsm,% be¥Srmed
shown, aral | el wi dt hs,

| e
ror ety S RERIE A e BTG Flrter U RET P Tt WL LS Pt ey
t he nmj dfeetoylow). thesnerall eivgteheepolitfongihblolithbgaphpdestest Gad 2#8 om) tsem can
descri ptye QRedfor thd mugtesed%;&e%&cuﬁﬁe%ﬁﬂIabﬁamg%@aﬁ) fiteP ¥atdd Sizdsl nﬁsongan

i nclude b %s or tu artic ate c Eact

ot ur e RPERRRC e oRT BT oF bP G st A PSSP P o Py

f or use designatpdip 'S devi ces. 10097] Wth reference to Figure 16, the

pattern 370 qiedji NemeISRBed 350k Ry comprise parallel and elongated lines, as shown, with
their parallel lengths at least 10 times their widths, more typically at least 100 times their widths.
While parallel for the majority of their lengths, it will be understood from the description of
Figures 23A-23C (described below) that the lines can include bends or tums particularly to
facilitate contacts. The features are most useful for forming regular arrays of lines, e.g., for use
in memaory devices,

[0097]  With reference to Figure 16, the pattem 370 of lines 360a in the

photodefinable layer 360 is transferred to the second and third hard mask layers 340 and 350,
creating lines 340a and 350a. This transfer may be accomplished using an anisotropic (or
directional) etch selective to the material of layers 340 and 350. In one embodiment, the paitern
transfer comprises using a first etching chemistry selective to the material of layer 350 followed

by an etching chemistry selective to the material of layer 340, In another embodiment, a single
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phot odefinabl e layer 360 is transferred to the second and third hard
mask | ayers 340 and 350, <creating |lines 340a and 350a. This transfer
may be acconplished using an anisotropic (or directional) etch
selective to the material of layers 340 and 350. In one enbodi nent,
the pattern transfer conprises using a first etching chem stry
selective to the material of layer 350 followed by an etching

chem stry selective to the material of l|layer 340. In another

enbodi nent, a single 21 WO 2008/027239 PCT/052007/018395 et ching
chem stry n¥ BB0RE¥d to etch | ayers 340 and 350. As PERUBWEMIE t he
pattern transfer nay be acconplished using SOz/ 02/ Ar/ N2 plasma to
etch layer. 350, followed by an HBr plasna to etch |ayer 340. In the
illustrated enbodi nent, the etching chem stry does not significantly
remove the material conprising |ayer 330, which in the illustrated
enbodi nent acts as an etch stop. As an alternative, pattern transfer
may be acconplished using a sputter etch (e.g., Ar sputter etch)

t hrough | ayers 340 and 350, in which case sputterl m€uld be ti nmed
NAPORATR A R SV S T pehdr e EE R e S
l'ines 3afbeaiebnpbifind atiey SO/ OatdNitasing 6t etdplagab b follmmed Bxeeineld:Bn plsing
etching, e%m O)le}/ Sadl %'Mﬁﬁs%&qam@,e&lmw&@ » gﬁzg fcemmwoleg H&%;g%ﬁ@&t@nd

350b. By osing the ri nmbli nation of materials fo yers 360a
and 35orame»seeféﬁ Fiatjﬂ?lé°‘26‘)5“2£t1‘ayeéﬁ3° At dp fhediiestretfd Fﬁ’%‘i‘i’é’r“ﬁ"&fﬁ‘%ﬂs ag etch
transi tite) Ak amafdrgiivg phierh Qrafifgungy de/accanplBeedaiigey guttérretane.gt, rirm
step, a uh%f#mglarérz 34 PHAMS0 ?aé%,cﬂagse%émnﬁg 800l 98BhEd sotca%/t@;k&

02/ HBr asmas coul d be used. Alternatively,
di f f er efith AERE Rl materials at different levels can be isotropically
and sel ecti yedog) t r Witieefedeaceds Figetredntlindelfite est 330a an lbimmpiédebytisatmpisdiyps

at to aﬁt{dl s\éﬁct I&rte%mg§glﬁﬁ%gg riﬁesoj‘ﬁlog hrgfjfaﬁer %ZO tci Q);'TQ%‘LGS%L and"ﬁfrob By

reference to Figures , Spacers are sinul taneous‘ﬂg ormed on
si dewal FiPoEre g Aighietombaatep of fat on kRier3 8o 0P GRS EH® 8 B¥Mice
t 0 Fi guegprdBiate &irh alyedtisuISOrokitiep rae Figuat Brtb &l guresl 7conboachiglddyin ol tamk et

deposi t&f%ggnifugpﬁt%l 1Y LIsORARPER RULAREE,CL, ! HEHANG chicul t

300, inc I ng he mandrel s
340a, 350t &ﬁdm%oélteﬁ’avﬁyvéb‘bd nh&%i‘édfa‘ mta‘f‘?f*éﬁﬁéé%ffﬁ?ét‘“e's can be
appr oxi mataigslieaidatisctivilg titemed o diffralt degots Bpadistrigdieps @ iherivosted
(Figure 19, .o lﬁé&enlg i nto account any changes in dinensions that may
occur due to subsequent rocesskpglg steps, .such as a spacer etch or

mandrel remd§HI TRExY wifk Felaese akewe Bt spasery are sipultapposly fpgmed
(e.qg., Oh&Rewalid0BndicfsG2)a :md 350bland B60coXyNi tri de, for the materi al

conbi nation ped; Ed %&V;%fer&@é?o F@ﬁe%as haxer iéa%f%P&@%a&@aregcéﬁ&Qmw be

selectlvemé/ etchable relative to ig’rR ayer
et deposited conformally over exposed surfaces of the ntegrated cirewt 300, including

layer 330 and tops and sidewalls of the mandrels 340a, 350b and 360c. Layer 380 may have a
thickness that approximately equals the desired width of spacers 385 to be formed (Figure 19),
taking into account any changes in dimensions that may occur due to subsequent processing
steps, such as a spacer etch or mandrel removat. The layer 380 may be formed, e.g., of an oxide
{e.g., 810s, AlgOg, HEQ,) or silicon oxynitride, for the material combination noted above. More
generally, the spacer layer 380 may be selectively etchable relative to the hard mask layer 330
and the mandrels 340a, 350b and 360c.

[0183] With reference to Figure 19, the spacer layer 380 is subjected to an anisotropic
{or directional) etch to remove spacer material from horizontal surfaces of the partially formed
integratéd circuit 300. The elching chemisiry may be selective to the material of the spacer layer
380. Such a directional etch, also known as a spacer etch, can be performed using, e.g., RIE

employing a CFa, CHF; and/or NF;-containing plasma for the material combination selected.
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and the mandrel s 340a, 350b and 360c. [01031 Wth reference to Figure
19, the spacer layer 380 is subjected to an anisotropic (or
directional) etch to renove spacer material fromhorizontal surfaces
of the partially formed integrated circuit 300. The etching

chem stry may be selective to the material of the spacer |ayer 380.
Such a directional etch, also known as a spacer etch, can be
performed using, e.g., RIE enploying a CF4, CHF3 and/or
NF3- cont ai ni ng plasma for the material conbination selected. -22 WO
2008/ 027239 WOPrg8ZR®7/ 018395 [0104J Wth continued PETARWATESID
Figure 19, the widths of the spacers 385 are denoted by "F', the
widths of the first mandrels 340a are denoted by "G', the w dths of
tthe second nmandrels 350b are denoted by "H' and the wi dths of the
third mandrel s 360c are denoted by "I". The spacer width "F" w ||
determ ne the spacing between features fornmed in the substrate 310.
In one enbodinent, "F nay be |less than or equal to (FLI)/Z In

anot her enbodlnent "F' may be less than or equal to

still anot hdm%bodi%ﬁ@mmuqd"wf?&y%@ Figws r 19x heatt idihy Oééft?aﬂpa% %%ar EF?/ 4.
"F' may &g dyett edle SQJtRSofl the @Rt alaidrely 8M0d ameérs:macb@ ‘W dthh svidth$of hae

embodi ment %Qneclreqs :{SfOE L& Ql% otclagxly\l\fle gnci' tge wﬁdﬂ% h{e tt&%_r n@andrg%kac é{(? denoted

appr oxi maf’ﬂq equa erence "
H1). "by “WayTb@ SpaSpIT BB ewill deferarnet e 'SPC!H%W%M%@@WS W%m' e s
det er m pedrhy sidle poae @ﬁlﬁd)d'\ger@ ofreli thiyOBS 166€ t1@n ,or @QRO36 e/ hilc knaiss,

et chi ng hem stry, etchin o ‘
[ 01051 FTg?/ﬁ"f' g %’bxg sy IP"éc‘z"igsa L rnﬁ}}a% tey @dl)}r”oca ﬁlz)gﬁétn%ngle%ﬁgrﬁ %8?‘1 Yhe
f eat ur esprstromptely rpauaticgii-B/41 GF Ry bft%’hﬁe@) Bo astie oplgi oS/ Seace i st H% of

t he masknd @adodingse, W dift@éRE ysetfwedrnnm aﬁq& er” (ikl, GHAESR apRodifee? Lhuardtht he

ultinmate, patt rnln“be b e Fi a

[ 0106] ﬁg%em{t?et“ﬁe erengeﬁ gures % a@;{oﬂm& sé%ﬂﬁolr%?l %ﬁ%pa o
mandr el ¥iBW0E, is Wl&?ﬂj b3ebe P(Cicesémg ‘f?@?ltli’r@né? -8of %‘ﬁ%‘ﬁ‘? é‘l“%‘msifoﬁch’%Ob
and 3GOthgtnp@mﬁéeﬁLné;y,s@pa%&e&g&)zrsagg selectively renoved to

e oo BRI RRAPE ReriRed IE oNSSRLRNG M RPAGR! Redlfoatighiine

pattern 390 pacers, tern of el on I nes
to be f Gimwedlq will pentrok g decetigns asf.m"ldﬁmef ihplnwls fentues RSy di(sgea

Cross-s @pghfe@ Bo &fd 21 @mmé dlehite ﬁﬁl@nﬂﬁ tHelsiGrate X1 (OB&biFiGires R DA ancm@) out of

t he page. ndr ched u C
chem stry seﬁ%ggﬁ eﬁ 6‘% e ?’8%% :to ltt)ll et fd ?]h pl':’f'é{?;./c"éJ mﬁ%%% 60, gre}s 3402,
pl ur al i 8§0toindSEPeCes pertiensch mq.gﬂ:glhé‘}ﬁaSQSOb@sd 3686 ngirroverschbppiracery 3r$é) are

pat t er n st XS SEmdiRY t&ﬁa@q&em;@@&eﬁmwg TAE fr&é%h&lzg é}ﬁé&}&sﬁl &ﬁh@a
et ch mandr el 390 ngb an

0c
mandr el $*5%b w7 N&% | tc1 tlmee? ggteﬁy 09%18n%§{ed hnes 2’1 E’%@eaomt érn
390 of spatde314. SThe flnysftealambddiment is a cross-section of the pattem 390 of lines extendmg

into and out of the page. The mandrels may be etched using, e.g., an etching chemisiry selective
to at least one of the layers 340-360, or a plurality of selective etching chemistries. As an
example, the pattern transfer may be aceomplished using an SQ2/O2/Ar/N; R]E to etch mandrels
350b and 360c, followed by an HBr RIE plasma to etch mandrels 340a.

[0107] Next, with reference to Figure 21, the pattern 390 of spacers is transferred to
layers 320 and 330, thus forming lines 320z and 330a. Pattern transfer can be accomplished
sequentially (i.e., layer 330 followed by layer 320) using an etching chemistry selective to each
layer, or simultancously using the same etching chemistry or a physical (sputter etch). As an
example, if layer 330 is formed of SisNs, a fluorine-containing plasma, such as, eg,
CHF3/O2/He or C4Fs/CO/Ar plasma, can be used. As another example, if layer 330 js formed of
AlbO; or HfO;, a BCls-containing plasma may be used. The transfer layer 320 may be

subsequently etched using a directional etch that may be selective to the material comprising
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| ayers 320 and 330, thus formng |ines 320a and 330a. Pattern
transfer can be acconplished sequentially (i.e., layer 330 foll owed
by layer 320) using an etching chem stry selective to each |[|ayer, or
si mul t aneously using the sane etching chem stry or a physi cal
(sputter etch). As an exanple, if layer 330 is forned of Si3N4, a
fluorine-containing plasma, such as, e.g., CHF3/02/He or CAFs/ CQO Ar
pl asma, can be used. As another exanple, if layer 330 is formed of
A1203 or H 02, a BCl3-containing plasma may be used. The transfer

| ayer 320 W%@"’Z@%sequently et ched using a direct iPSHAPVEFRHT hat
may be selective to the material conprising -23 W) 2008/027239

PCT/ US2(107/ 018395 | ayer 320. As an exanple, if layer 320 is forned
of BARC or anorphous carbon, a sulfur- containing plasma, such as,
e.g., an S02/ 0O plasma, can be used. (0108] As illustrated in the
sequence from Figures 20 to 21, the spacers 385 and renmining
portions of the first and second mandrel s 340a and 350b may be

rem)ved to reduce the 2SPp eat ures
pr ocessify 3¢&. ¢ MU v g” f 3[3@ ?Wf%?PE‘ER% hmioﬁ’e qﬁ?“ EI:S“lfur"
exanpl esonwlndipeldsine, ssphacors, a@&@z/@cmpm,sea@tsw [ con oxide (e.g., S ),
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per or ne ter etchin

t chi ng
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rel ati vecup). t e Haar daskasier 3Xymezy 886 as anelich stap biirder th yaect BR Qattfr0IW0)

Next, \M“Illﬂlnrtﬁg @Jn@i@ncﬁ%etr Qo ﬁ%eﬁ&n%%ﬂ%n%ﬂ:dsel%&ai rofolvhl chédigsy, %?a@é%/n@ﬁ@l-eﬁ3oa

servi ng as atter

is transferre
370" 1 0 PO iR RSB G5 i 85 R T o AT 430 Wit R p ARBee o
t r enchesra3@2 layer 120e Tharpaidredt @n B4 GlechichureoRdBelatyyedo the hgﬁamkdayer 330

top- pl an,¥i&¥.0hyd B& i ntegrated circuit 300 fol | ow ng pat tern
transfer and a separ ate .mask and etch Z&gp é% éem)t\l{gl ]r;'%l al EQ
of the tinesl®%1 (JIE&"pavoiRierenes fuFie s nd 2P &8 JBE PR © fle%
al ong | iserein@ 2Aa 2Rk, dife Haitgur3e0 22Bnsfiald| te thersubduatel 310 us farataguttenii8elpirent
| ines 320a ap QItermawﬁles 425 SRR if % sasatr&t@ﬁm tei@RsIRyis b EbhErHﬁlc
substrate 310, 1 benth oo appreciated fhal, Ll nes,. 3302 .08,k spved
andt hatom T HEge 26 i egereel DEaao] HEHEg »
etch step to remove terminal ends of the lines 391 (see below). Figure 22A is a cross-section
taken along line 22A-22A of Figure 22B. While in the illustrated embodiment lines 320a and
330a serve as a mask for patlern lransfer to the substrate 310, it will be appreciated that lines
330a may be removed and that lines 320a may serve as the mask.
[0110] With continued reference to Figures 22A and 22B, pattem transfer can be
' accomplished using an anisotropic etch, e.g., a BCl/Cl; plasma etch if the substrate to be etch is
a semiconductor wafer or a conductor, 1o selectively eich the substrate 310 through the pattern
formed in the transfer layer 320. Lines 320a and 330a may be subsequently selectively removed.
As an alternative, lines 320a and 330a may be removed using chemical mechanical polishing
(CMP).
(0111} A subsequent mask and etch step is performed to remove terminal ends of the

lines 391. That is, a mask is applied to protect lines 391 (leaving the terminal ends uncovered)
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[0110] Wth continued reference to Figures 22A and 22B, pattern
transfer can be acconplished using an anisotropic etch, e.g., a
BC13/Cl12 plasma etch if the substrate to be etch is a sem conduct or
waf er or a conductor, to selectively etch the substrate 310 through
the pattern formed in the transfer |ayer 320. Lines 320a and 330a
may be subsequently selectively renoved. As an alternative, lines
320a and 330a may be renoved using chem cal nechani cal polishing
(CWP). (01111 A subsequent nask and etch step is perfornmed to renove
term nal endWO@ps{p@3? | i nes 391. That is, a mask i s afoTUsHOTWE8395
protect lines 391 (leaving the term nal ends uncovered) -24 WO

2008/ 027239 PCT/ u52007/015395 and an etching chem stry is used to
renove the term nal ends. The protective mask is subsequently
removed to give the pattern 390 of lines 391 illustrated in Figure
2213. Alternatively, for a danmascene process, a protective mask can
bl ock the ends of the spacer |oops (see Figure 12B and attendant

di scussion) prior to transfer to |lower layers. [01121 Thus, a pattern
of Iinesrdppr ctehingl depistuds Byedator 5EYT hsr tespigaly gdgye | The P8I°tthE ™FhtFern
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embodi ment s B11¥et Hogse F@quwwgtf#%a?%mév be sraced s teEEn %té’t]h%%% ¢ an
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a schemati c, [ot.o- p! with véitaweoto Figpay 132503y afauame of sitegsiebedng ainfacti t
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non- pi t cleorrlt of geriaeidometionfor Yne @iteh mulsplird b fodor of foyedowgsithctdled
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Fi gures

pitch-multiplied by a factor of six, eight, etc.

[0115] Figure 23A is a schematic, top-plan view of a partially formed integrated
circuit 400 after forming mandrels 410 and 415. The mandrels define elongate and pitch-
multiplied lines. The pitch-mmultiplied lines adjoin non-pitch multiplied features (e.g., conductive
lines, contacts or pads). The integrated circuit 400 may be analogous to that shown in Figures
6A and 6B. Mandrels 415 overlie mandrels 410, which are delimited by spaces 420. The
mandrels overlie a hard mask layer 422 (seen through the spacés 4209, a wansfer layer (not
shown) and a substrate 425 (see Figure 23C). The substrate comprises a conductive layer (e.g.,
Si, polysilicon, Al, W, W8i,, Ti, TiN, etc.) overlying a semiconductor wafer 425 (see Figure
23C). The integrated circuit 400 comprises loops or bends 430 at the terminal ends of the
mandrels 410 and 415.

it will be understood from the above description that the vertically stacked mandrels 410,
415 as initially patterned (e.g.', by photolithography) had the same widt‘h. However, after
differential shrinking or trimming, the upper mandrel 415 is made more narrow than the lower

.25 .



6A and 6B. Mandrels 415 overlie mandrels 410, which are delimted by
spaces 420. The nmandrels overlie a hard mask | ayer 422 (seen through
the spaces 420), a transfer layer (not shown) and a substrate 425
(see Figure 23C). The substrate conprises a conductive |ayer (e.g.,
Si, polysilicon, A], W Wsix, Ti, TiN, etc.) overlying a

sem conductor wafer 425 (see Figure 23C). The integrated circuit 400
conpri ses | oops or bends 430 at the term nal ends of the nmandrels
410 and 415. It will be understood fromthe above description that
the verti caMA'®2@¥ed nandrel s 410, 415 as initial [FyTHaPEHE
(e.g., by photolithography) had the sane wi dth. However, after
differential shrinking or trimmng, the upper mandrel 415 is nade
nore narrow than the lower -25 WD 2008/027239 PCT/ 0S2007/ 1118395
mandrel 410. Accordingly, the initial pattern was chosen with
narrower sections 416 such that the trimprocess conpletely renoves
t he upper nandrel fromthose narrower sections 416, | eavi ng sections

of | ower out..an over | per
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0} I gure,

acers con
dep03| t IUW g‘?}sl&l@élfc ‘f’?&i eaﬂn% wadth ro;flﬁgglﬁ%%r%ﬁttemii%ﬂxt%e HC_LC%I necn C111 by
a di recmmmaﬁsgﬁieéqfdeé'mﬁdr\byt(l@?!@ﬂf“eﬁm?ral |y etching hori zont aI
segnents of hiwgy bl ankatrrand ©F@Rl 8BAGEdE: 4@Y8fe)forh@d 159 EdRf@mal SR aREL

pattern. The spacers 431 are re te s_op .t he
edges ijeqoﬁgngr{%ﬁcﬁf aatenﬁ over tﬁe a.rpd{'e? EB 9 4gyf0{1 e%i%y & reiétlona pacer&'

(preferentially etching horizontal segments of the blanket conformal spacer layer) to form a

spacer pattern. The spacers 431 are represented by thick black lines on the edges of the mandrels
410, 415 in Figure 23B. The trim and spacer etches may be performed such that they do not etch
the hard mask layer 422. Dotted arrows 423 designate locations at which conductive lines 426
(see Figure 23C) will be cut (for conventional etching) or blocked (for damascene fabrication).
Mask features 440 (which might be defined by a separate contact mask after conductive lines
426 of Figure 23C are defined) serve as locations of bond pads 460 (see below) that will be
formed following pattern transfer to the conductive layer overlying the substrate 425. The
illustrated arrows shapes 423 cross the wider windows of space noted above, such that
conventional photolithography can accurately place the blocking or cutting mask.

[0117] Next, with reference to Figure 23C, the spacer pattern is transferred to the

conductive layer overlying the substrate 425, and portions of the lines underlying the arrows
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410, 415 in Figure 23B. The trim and spacer etches may be perforned
such that they do not etch the hard mask | ayer 422. Dotted arrows
423 designate | ocations at which conductive |ines 426 (see Figure
23C) will be cut (for conventional etching) or blocked (for danascene
fabrication). WMask features 440 (which m ght be defined by a
separate contact mask after conductive lines 426 of Figure 23C are

defined) serve as |locations of bond pads 460 (see below) that will be
formed followi ng pattern transfer to the conductive | ayer overlying
t he substrat WO20B/027EHe (|l ustrated arrows shapes 423 RETASYOVHE3INM der

wi ndows of space noted above, such that conventional

phot ol i t hography can accurately place the bl ocking or cutting mask.
(01171 Next, with reference to Figure 23C, the spacer pattern is
transferred to the conductive |layer overlying the substrate 425, and
portions of the lines underlying the arrows -26 WO 2008/ 027239

PCT/ US2007/ 018395 shown in Figure 23B are renoved to formisol ated
conductive lines 426. The integrated circuit of Flégure 23C further
conpr i sé&koWsoRFigyES BB 1BV el PUNEREPdraive ns 416 cHIfRERraed cirgyl
lines 426igufe0hiBlitihi chaplifee bariopaeneasn idr lessdlisidtgeedidtaFtgtice® B3AR3C
has bee sed to conventionally etch conductive lines, it will be
appr eci aged t hat the sequence may be used to etch trenches for
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fornmed owvidede il methof compprises Prngd'&EG fggiapandrehays p srbstratpgthe Eggt mandrel
porti onsia@hg h hiest rmmﬁ,r AdSr@liding 5 €dcOsd eyl shIRERNAR ovel @é e niaadrel ee

spacers 10 ace%ecgr%{ \L%P—Ansn}q:ﬁér tgﬁanh(%yrs{ P&mS %%g%r Sre S0 n% WSty

spacer ctof‘er n I S r{ara S n ano

embodi rré@nned anpideralr ¢ighe Gt myl sepedonandeifr &1 @a% GOI‘F‘@‘?Srﬁféhﬁoﬁ‘F‘?‘E?lﬁ areof
| i nes pistiedtivemy|rérh@lell @dativy tthé et t0forr? A spdca1@t@n Gefihefl BN fieGPacks, and
provi dec!he s-ll;ahc%r Ir)g%t%xtl"lqg transferred to the substrate.

[0121] In another embodiment, a method for using tiered mandrels to form a pattern
of lines pitch-muitiplied by a factor of 2n aleng one dimension is provided. The method
comprises providing » tiers. of stacked mandrels over a substrate, where # = 2, each of the » tiers
comprising a plurality of elongated mandrels substantially parallel to one another, wherein the
distance between adjacent mandrels at tier n is greater than the distance between adjacent
mandrels at tier n-1. Spacers are simultaneously formed on sidewalls of the mandrels.

[0122] In still another embodiment, a partially-formned integrated circuit (IC”) is
provided. The partially-formed IC comprises a first mandrel over a substrate, the first mandrel
having a first width (A), and a second mandrel over the first mandrel, the second mandrel having
a second width (B), wherein A > B. The partially-formed 1C further comprises spacers on

(a-5)
2

sidewalls of the mandrels, the spacers having a spacer width (C), wherein C =
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conprises providing n tiers. of stacked mandrels over a substrate,
where n > 2, each of the ntiers conprising a plurality of

el ongated nmandrels substantially parallel to one another, wherein the
di stance between adjacent mandrels at tier n is greater than the

di stance between adjacent nandrels at tier n-1. Spacers are

si mul taneously forned on sidewalls of the mandrels. [01221 In stil
anot her emnbodinent, a partially-formed integrated circuit ("1C') is
provi ded. The partlally formed 1 C conprises a first nandrel over a
substrate, PMREMB0}3Y¥ npnandrel having a first wdth (ARFVUEMHHE*Second
mandrel over the first mandrel, the second mandrel having a second
wdth (B), wherein A > B. The partially formed |1 C further conprises
spacers on sidewalls of the mandrels, the spacers having a spacer
width (C), wherein C5 (A2 B) 2 -27 WD 2008/027239

PCTI US2007/ 018395 | n anot her enbodi nent, a nmasking process, |ncludes
defining a pattern over two or nDre stacked fiInB The pattern i's
transferred int% th% t Wo or nqé q %ﬁ g§ nsi ons

el enent's i nThiPEETdH 0y pEYIF14 Prﬁ’"éi‘s mENER & &P”i‘get %tt*?‘i‘)@"‘f"d‘”%"’t BREr
fil m of stécha filwe. dhe putesn Stiaoifetkd ol ths twooorprayel geeked Wbmor Dimpneorstdcked

mandr el §em ts(tﬁmtalst m@f@r % e{eeecfueédrtaqnmo 8 lodeVgind 5t v twh *a,emor%tsea&ed
mandr el rec

23] t hose skilled art
That " varstmottepiashimos Dl R Sorualin ot RrEsp e b8
made t ostidhed mekilkzds and structures described above w thout departing

fromthe scopespf {hen bOYSRLIAA. bylﬁ%e eefﬁemt fie amﬁat\otrtonpuﬁmld,ms&atl on,
t hough described . in the Context of arra | ines (such as in

menory #499%3rd modiEeRiopmantR Pidsit Lamednds E’f‘%&tﬁﬁf“ﬁfﬁé?%‘%ﬁf}@l’t‘tveh‘@‘i}’%‘tt
wi | | havepagipp |ficoathe Gogeoofa the ainveatign. ofFoc exngie sind Rothogx@mipdtien, thhuesh

t echni qyesiea4oaE HRLED otbﬁtegpsqtﬂ £4n mmegl dradd, Bt sﬁeemﬁmﬁemﬁm
diffraction gratin gﬁ% structures, %g ?nttters etc. Jn sone
of t hesEHIHF Ba#H S P WRICHGh Pe i GORHE- pFprcframple, the
mul ti pl teetducfueeataugheserms cm)be erptjed tve@tlcaévbmetftufﬁ&ehffmtwp |gretiygsh MEMIE

appl i calihRfires, [dafe MREHOAS:. RUGAL of titesreeabﬁl.cetto%s %@{fnutt ct,.%ct% RNed pdktn
feature sltzes bel ow p hot ongl nahl e si.zes n$ﬁlt have, ap |ca ion even

wher e optielisd fFRee ‘t:t“?‘é“r?l“}‘ Feste Tyt ‘t"F'Pl‘tﬁ" 6?‘&‘@?““{‘0 TRFBIAS s
expensi beciphat wkfit feogxtapling featystsens beldw phdiaicfmble, side, bni hdve lapplication

under st gag uhte@topttéaeetoﬁﬁtm is%?t%ni%ﬁé Gf tn@ecto aﬁg@ 1@ss%§&n£t€e ﬁestomgsgphyt 0

b d
tg regﬁtrtfaaﬁgﬂméﬁ%‘rsf@%ﬂtgea ?tmr ‘tel’ep‘tft?m@b%%‘?““d‘é%ﬂ*@t“ﬁ .%ﬁ%ﬂ%%@%@m cé‘h‘b"’ raded

pr ocess esgrea nixeberefentndadl kvdld, mpl @n be negbited vaibliechriguasemeloyiep nipltiple
patter n§pace°r*| depRioh s{EBQ' Jnh%?é bﬁ@ésé@ﬂ:qn %Q@é’iﬂﬁéd ﬂ{uﬁlplenﬁxﬁékdt%dackngvef Abte

within the sco ntion, I ned
cl ai nE. comptex papterns All suc]% modl cat!;lons and %anges arerllntendeX to fall w1£§1 tpe scope of

the invention, as defined by the appended claims.
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-28 WE CLAIM 1. A nethod for fabricating an integrated circuit,
conprising: providing a first mandrel over a substrate, the first
mandrel having a first wdth; providing a second mandrel.
substantially over the first mandrel, the second nmandrel having a
second width smaller than the first w dth; sinultaneously formng
spacers on sidewalls of the first and second mandrels; selectively
renovi ng at | east portions of the mandrels relative to the spacers to
forma spacer pattern defined by the spacers; and processing the
subst r Vg GIkidigh a mask defined by the spacer pattern. 2. The nethod

of daim1l, wherein processing.conprises etching to.transfer the
spacer patt drn t &Fﬁg‘ogfgﬂs@#’%%@g g;?pmf‘?%atﬁ‘i?lw’ RSHem 2, further
conpri si ng transhessding atie nsRacebvaalsibititd GeFirst RMarcl Ravibe FESH width;
| ayer and renoving the spacers prior to processing. 4. ' The nmethod

of O aim3, wher &9viding a seeond apandeelnpbpigatinllainovepple firph arandsgh) the sccond
dielectric 5@¥§&ﬂﬁggﬁ%gg&?ﬁ%k@ghggéﬂ&gﬂmhﬂgﬁgﬁaﬁﬂﬂornB danascene
e net 0 ai m 4,

trenches. 5. wherei n € spacer pattern
conpri ses el ongatsmthlianemslyvibtring spavescin sidpwalopf the st ambsbcbiemamtrélgd

further conprises bl ocking the | gop ends priqgr to I 0Gessi 6. The
method of O ai m 3SSHREDEIRISHE PRy PPHEnY PF Sie e Folgbw: e Sbecers to
substrate @ei kse6r pitem ddifined byeheflshicets; mndrel over a conductor. 7.

The nethod of Cl aim6, wherein the spacer pattern conprises el ongated

lines with conn@fcesfing beprbses thrapgh ¢ maskastnedby thespeser pYIBri ses
i the | I : i : et f i
removing the, OOI?h@QHéﬂﬁcﬁH bf)"cuhgl #apﬁggxgﬁﬂéfagessﬁ% cORPriE &g@ﬁ% to %ﬁéﬁép the

1, wherein providing the secon onprises “provi
second spandpaicreiottbadibsgatparal lel to the first mandrel. 9. The nethod

of daim.l, ,wherein provi di .t ond mandrel ¢ rises rovidin
Phe second’ Aandr ab° 2R & Ll E BEES MRk SropfiEe R pat g Wa
The netidod hafd Gheki layet andiii®iing i BpdctRPRRUS prodeding.Ng t he spacers

provi des the spacers with_ g third width that is smaller than the
first width® - ngﬁi.mqfﬁ@ pEiHeir df vemimthe suhilste SQUBIiSes & HgPerniterlevel

second graned Elhy &R 'i)k&%%n&gsthﬂﬁlgh the mask forms damascene trenches.

5. The method of Claim 4, wherein the spacer pattern comprises elongated lines with
commecting loop ends, and the method further comprises blocking the loop ends prior to
processing.

6. The method of Claim 3, wherein providing the first mandrel over the substrate
comprises providing the first mandrel over a conductor.

7. The method of Claim 6, wherein the spacer pattern compriscs elongated lines with
connecting loop ends, and the method further comprises removing the loop ends prior to
processing.

8. The method of Claim 1, wherein providing the second mandrel comprises
providing the second mandrel extending parallel to the first mandrel.

9. The method of Claim 1, wherein providing the second mandrel comprises
providing the second mandrel centered with respect to the first mandrel.

10.  The method of Claim 1, wherein simultancously forming the spacers provides the

spacers with a third width that is smaller than the first width.
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photolithography with a resolution Iimt greater than about 200 nm
12. The method of Caim1l, further conprising providing a third
mandrel on the second mandrel, the third nandrel having a third

wi dth. 13. The nethod of Caim12, wherein providing the third
mandrel conprises providing the third mandrel having the third width
smal | er than the second width. 14. The nmethod of C aim 13, wherein

providing the thiTid ABMREd 8F CRRRPT, ivisein B&%ﬂ &9; sreaﬁldtlﬁéﬁcﬁlel%ﬂﬂ)hgés using
centered with respect to the second nandr el The nethod of "Claim

1, wherBiotolibomamhyveilya resplstiomimi argstar S ab@wrmﬂmgl por tions of the
first d 16 T t a t
I rst nmanar ei 61" 1@1 A}O@la?{l 01 A fﬁjﬂ{& %Pﬁlgﬁ?ﬁg é)@O\? gm G PJ\J/ gl 1¥1and[r?1 on the

renovi ng conpri ses IeaV|ng por t man rec
bel ow sgpaciet mawinelf the tlﬂrcﬂmmdrblshaofngtahmf,swab]md mandr el . 17 The net hod
of Caim1l er n form ngf ace npr.i ses hl anket depositing

spacer mat eria °sHEfede o rovifigne iee thied mugdist cemprizgs

1, wher ﬁdﬁigffhl% thaaeedsilal hhah W%Mahiﬁésec&{&wdﬂing
spacers haV| ng a width | ess than or qual to about one half tinmes the
V.

first vvl dt h ¥ nusTheomethed| of (Glaas 1Bk B nieroviidénegh thel thirda mpsedieb cofnprises
using t r86 ﬂhf @Exﬁ'ﬁanhi’ez é}{té?e&‘wﬁ’tﬂ%sgéaté’ he. sE&%ﬁ nRdnbif- mul tiplied by

a fact one di meRsi o providing n tiers of
st acked mandtSeI ) ’Bmemeﬂmdu&n%ﬁeaﬁzel \mxerem raelect@elyea@ho\@ﬁg tchmiprisest teatosing

conprising a plural i t f el ongated mandrel s substantially parallel
to one %ﬁ?ﬁé’?t&e XFH;E fority of their lengths, wherein mandrels at

tier n are oner and mahad betlal® 1) RRGERIsSledbvel teﬁfovﬁrglconiyﬁeésqmu;g”@mons
di stance betvveen ag]: acent mandrels at tier n is greater than the

di st anc¥ theetiggemandyel divceHy belawapedess gy the pidgwalsof ﬂémccmdrmmdsﬁieousl y
form ng spaclq( S shAgyRbl €10k 1 h&‘he@@ﬂ ey fth
19, wherein proviqglleng ntiers of sta e§B % é%se nﬁ’%é%s d%C% &
provi dispgeararathriel en atrfackeof the sd’vatratare in direct contact with rrandrel s
at tier n-1. 21 tho 19. wherein providing n tie

2t acked mandfel s TOBATSA Sl B Mhemndrey el orminptedrh SpmpSles
subst ar}irb‘aﬂing sp:&i&fs&fa@dlgm/ﬁfdﬂ[’r&@ﬂfh@h 8r &jual toedbolit dne HAK tinldsehdBish@ittDinus
Claim 19, ﬁrt her. conpr Q}g selectively renoving at |east portions

of the SRakA s e 3§69 the spacers to forma spacer pattern

defined by tje sSpPAgRARd foPKiftSterdM R ABERAH &in %Qﬂtéﬂl 821indsWifch®fultiplied by

conprising transferring the spacer pattern to t
a factor of 2n along one dimension, comprising:

providing n tiers of stacked mandrels over a substrate, where n > 2, each of the »
tiers comprising a plurality of elongated mandrels substantially parallel to one another for
a majority of their lengths, wherein mandrels at tier n are over and parallel to mandrels at
tier n-1, wherein the distance between adjacent mandrels at tier n is greater than the
distance between adjacent mandrels at tier #-1; and '
simultaneously forming spacers on sidewalls of the mandrels.
20.  The method of Claim 19, wherein providing » tiers of stacked mandrels compriées
providing mandrels at tier » that are in direct contact with mandrels at tier n-1.
21.  The method of Claim 19, wherein providing » tiers of stacked mandrels comprises
providing mandrels at tier » that are substantially centered over mandrels at tier #-1.
22.  The method of Claim 19, further comprising selectively removing at least portions

of the mandrels relative to the spacers to form a spacer pattern defined by the spacers.
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substrate to formthe pattern of lines pitch-nultiplied by a factor

of 2n. 24. The nethod of C aim 23, wherein transferring the spacer
pattern to the substrate conprises formng the pattern of |ines that
defines trenches. 25. The nmethod of Caim 19, wherein providing n
tiers of stacked mandrels conprises providing nandrels that define
lines. 26. The nethod of Claim 19, wherein providing n tiers of
stacked man S j : 'dﬁ' i i ndi vi r i

that are na%%mrﬁ%hr%%ﬁllgﬁﬁ(\;&dﬁglz mnﬁr%&ﬂlgﬂgﬁgﬁa@r n -g%i.lé??gerﬁﬁgém% the
met hod aibsttEtatonfioif the patteivest limesypikdhsilgipiiedotwt dfangr ofits.or nore hard

mask | ayers. between the.s trate and.the ndrels. 28. The t hod
oS al o 3o o it B CT 2wl s s, G apacee pater s s dppetrate
the sUbsutgase: RAgisichBe PRASK 6 mes 3% dHhes Feidies! of O aim 19, wherei n

providing n tiers of stacked mandrels over the substrate conprises .
provi di ng n 43 er sThsimefhedplldlaim hYraicsein prvidinge et b saeied mapgrelsrcompgses

The mtﬁ}Bgid'in f?agd?élmh%tgdeﬁﬂg‘%gg.n providing n tiers of stacked
e su

mandr el’s ove strate conprises providing n tiers of stacked
mandr el s oveld6. a silieshethodoft Glaim t9mrerse proaiting mties béstedked nehdetisrdomprises

| _.th ' d fer. 31. A tially:f ' d
iy cui oo e SRS festeE s piyiong B ot B B bR
conprising: & firgf sened of Cuer 19,@@[@%@%1@? prdiedihl o8 oF RS Bhrd mask

having a first wwdth (A), and a second mandrel over the first
mandr el layarhbetygrbibg swstigteand thanagdrels-second wi dth (B), ~ wherein A >

B; and spacejs o i 1 r " i
spacer w dt ?8( O nrh%vﬁ%?@# h§ (C‘P‘; ém(iZ?Bg 2g c%%ﬁns;ﬁ%‘ﬁﬁo;ﬁ%ﬁ%ﬁfa;ﬁ ollr %gﬂegﬂ een
of d aithe Stbstrathenéiths mé@rdecond mandrel is substantially over the

first mandrel, 3 Th rtially-forned 1C.of Caim erei;n,; C <
gy oL o s DERERDL it e! SRR P ifing AL TLP doctttl BBl oxr e
- 31 35. subfignipesnipres yroktlidpetidrCoditadiled infindibls ovoes sinticdriactsewafael

mandrel is centered wifth
30. Tefae method 'of Claim 29, wherein providing » tiers of stacked mandrels over the

substrate comprises providing # tiers of stacked mandrels over a substrate that comprises an
interlevel dielectric layer over the semiconductor wafer.
31. A partially-formed integrated circuit (IC), comprising a mask overlying a
substrate, the mask comprising:
a first mandrel over the substrate, the first mandrel having a first width (4), and a
second mandrel over the first mandrel, the secbnd mandrel having a second width (B),
wherein 4 > B; and

spacers on sidewalls of the mandrels, the spacers having a spacer width (C),

(4-5)
=3

wherein C £

32.  The partially-formed IC of Claim 31, wherein the second mandrel is substantially
over the first mandrel.

33. The partially-formed IC of Claim 31, wherein C < (A ; B) .

34.  The partially-formed IC of Claim 33, wherein C =~ (A ; B) .

-31-



respect to the first mandrel. 36. The partially-forned IC of Caim

31, further conprising a third mandrel over the second mandrel, the
third mandrel having a third wdth, wherein the third wwdth is |ess
than the second width. 37. The partially-forned I C of C aim 36,
wherein the third mandrel is centered with respect to the second
mandrel. 38. The partially-formed I1C of Caim31l, wherein the first
and second dr RaLald |

of Claim 31%\?me(rafehl%r$%&ﬁduys acélrlgI 0(fed'l‘l %lﬁl?lé%zlgrgy;@e 8%’[0{1%?#1&6{18 Eﬁ%eh With
parti alﬂegpeﬁmrﬁmiﬁﬂsﬁneﬁdr@l aim 39, wherein the spacer pattern conprises

features of | ash nenor

vartial Ly P TaRtiG o tefn Ao aP R e aRa il Sapda rep e
of a IRehd 1ﬁ£rf(ﬁM tlé 2hird BRn@RT hidvidd ¥ tfiQrwith, Whcd$h thoheik®vith ReleSPB&Ehe
pattern corrprlses features of a gate array. 43. The partially-formed

| C 39, S\ﬁﬁé?dé}’lﬁht he spacer pattern conprises features of a nenory
array. 44. P f QLR t .
conpri ses features 5?11 a\ﬂy(}gnam cd &aﬁ%glm@gg‘%gés@ nntgﬁgﬁyar?%gﬂﬂ)% 5%@%}8%@&
45. A magletttg ther wcesksmamdelpr i si ng: defining a pattern over two or

t ack filmg; t i .
o, Stk O SN B0 DR SR h Al s e
filmrelaadileVendso a lower film of the two or nore stacked filns to

produce two or nore stacked mandr eI S;. and formng sidewall spacers on
si dewal | s 0f3% he LhezariellyiemmeddCof Cigm ﬁh@hﬁﬁe&:@% gpagers delanad spgcer pattern.
wher ei n def igi NG TiRE, RALIEIRAMEP TR! bfS €FaimPBO! Shblehodea diterd 8
process of Claim 45%%%3%‘ nndefl ni ng turllle pattern cgm%lx%reg eor mn mpmses
nar r ow feafarss pbhmeontiol pata stackifdr adéeABBtiegh mguodery.hat t he upper filmi s
renoved in the n oW sectd ons 32 1 ons

t he upper f|4lqm rZIrnmpr?gtlaag flormcd g‘%? Where htggs ace??%tlrt%ng mpﬂsedspt‘é\%}wéa? Hf 2
after rlegluairsg di mensi ons.

*42.  The partially-formed IC 39, wherein the spacet pattern comprises features of a
gate array.
43, The partially-formed IC 39, wherein the spacer pattern comprises features of a
INemory array.
44,  The partially-formed IC 39, wherein the spacer pattern comprises features of a
dynamic random access memory (DRAM) device.
45. A masking process, comprising:
defining a pattern over two or more stacked films;
transferring the pattern into the two or more stacked films;
reducing dimensions of elements of at least an upper film relative to a lower film
of the two or more stacked films to produce two or more stacked mandrels; and '

forming sidewall spacers on sidewalls of the stacked mandrels.

46.  The process of Claim 45, wherein defining the pattern comprises
photolithography.
47.  The process of Claim 45, wherein defining the pattern comprises forming narrow

sections with a width selected such that the upper film is removed in the narrow sections when
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48. The process of C aim 45, wherein defining the pattern conprises
formng wide sections with a wdth selected to separate the sidewall
spacers forned in the wide sections, such that photolithography can
define contact to features defined by the sidewall spacers in the

wi de sections, while photolithography cannot separately contact
features defined by the sidewall spacers in other sections of the

pat t er neqftthe ditRnRGRE Saste AMe &ﬂpf’éf B PemMRELLL PaflGEl B e SB&iRRBE B hattern
conprises varying wdths of Tines along the pattern to facilitate

el ect r iadtal redosing dinemsioasrong f eat ures defined by the sidewal |

spacers. 50.,o,The praoces -aip 45, wherei.n defining the. pattern .
conprt ses 1 78 uai s 5% Ahsh PGBtk PRt i PR P erice
filmineaions mdthve w&ith selectal totdaparpatthedidetal sphdred amed fephandtd aotiafs, such

spacers, formed on a mandrel defined by the |ower filmin_the w ndow .
sect | o R ST ép%#ﬁ’f_%ﬂeown@ﬁf @pfge%reg BRIt O SRRt e vide
def i nedefionk h%hll@gﬁbtoﬁi'tﬂdﬁdpﬁy%ﬁ%t_ sepSalely0BSniR% hGreRaliBED byothe siall
process of d ai m 50, wherein the w ndow section conprises adjacent

w ndowspgrersintothen gedtigneeithe peifparat i on of spacers sufficient to enable

N33 prtch myti ph e GO AGH A 48, FRALH REnlE b FiehY IS RRISS I widths

of lines along the pattern to facilitate electrical connection among features defined by the
sidewall spacers.

50.  The process of Claim 45, wherein defining the pattern comprises including a
window between adjacent segments of the lower film in a window section of the pattern to
increase separation of spacers formed on a mandrel defined by the lower film in the window
section relative to separation of spacers formed on the mandre} defined by the lower film in other
sections of the pattern. '

51.  The process of Claim 50, wherein the window section comprises adjacent
windows permitting lateral separation of spacers sufficient to enable non-pitch multiplied

contacts to features defined by the spacers.
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