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Frequency Doubling Using Spacer Mask CROSS REFERENCE TO RELATED
APPLI CATI ONS [0001] This application clains the benefit of U S. _
Provi si onal Application No. 60/932,858, filed June I, 2007, which is
hereby incorporated by reference. BACKGROUND 1) FIELD _
[ 00021Enbodi nents of the present invention pertain to the field of

Frequency Doubling Using Spacer Mask

CROSS REFERENCE TO RELATED APPLICATIONS

{0001] This application claims the benefit of U.S. Provisional Application No.

60/932,858, filed June 1, 2007, which is hercby incorporated by reference.

BACKGROUND
1) FIELD
[0002] Embodiments of the present invention pertain to the field of

Semiconductor Processing, More particularly, embodiments of the present invention

relate to a method of fabricating a semiconductor device.

2) DESCRIPTION OF RELATED ART

{0063] For the past several decades, the scaling of features in integrated circuits
has been a driving force behind an ever-growing semiconductor industry. Scaling to
smaller and smaller features enables increased densities of functional units on the limited
real estate of semiconductor chips. For example, shrinking transistor size allows for the
incorporation of an increased number of logic and memory devices on a microprocessor,
lending to the fabrication of products with increased complexity.

[0004] Scaling has not been without consequence, however. As the dimensions
of the fundamental building blocks of microelectronic circuitry are reduced and as the
sheer number of fundamental building blocks fabricated in a given region is increased,
the constraints on the lithographic processes used to pattern these building blocks have

become overwhelming. [n particular, there may be a trade-off between the smallest



Sem conductor Processing. Mdre particularly, enbodi nents of the
present invention relate to a nethod of fabricating a sem conduct or
devi ce. 2) DESCRI PTI ON OF RELATED ART [ 00031For the past several
decades, the scaling of features in integrated circuits has been a
driving force behind an ever-growi ng sem conductor industry. Scaling
to smaller and smaller features enables increased densities of
fiinctional units on the limted real estate of sem conductor chips.
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104." A lithographic process includes exposure of the photoresist layer 104 to light (hv)
having a particular wavelength, as indicated by the arrows in Figure 1 A. Referring to
Figure [B, the photoresist layer 104 is subsequently developed to provide the patterned
photoresist layer 108 above the semiconductor stack 102, That is, the portions of the
photoresist layer 104 that were exposed to light are now removed, The width of each
feature of the patterned photoresist layer 108 is depicted by the width ‘x.” The spacing
between each feature is depicted by the spacing ‘y.” Typically, the limit for a particular
lithographic process is to provide features having a critical dimension equal to the spacing
between the features, i.e. x =y, as depicted in Figure 1B,
[0006] Referring to Figure 1C, the critical dimension (i.e. the width ‘x*) of a
feature may be reduced to form the patterned photoresist layer 110 above the
semiconductor stack 102. The critical dimension may be shrunk by over-exposing the
photoresist layer 104 during the lithographic operation depicted in Figure 1A or by
subsequently trimming the patterned photoresist layer 108 from Figure 1B. However, this
reduction in critical dimension comes at the expense of an increased spacing between
features, as depicted by spacing ‘y’ in Figure [C. That is, there may be a trade-off

between the smallest achievable dimension of each of the features from the patterned

photoresist layer 110 and the spacing between each feature.



di rension of a feature patterned in a sem conductor stack (the
critical dinmension) and the spaci ng between such features. Figures
1A-Cillustrate cross-sectional views representing a conventional
sem conductor |ithographic process, in accordance with the prior art.
[ 0005] Referring to Figure 1A a photoresist |ayer 104 is provided
above a sem conductor stack 102. A mask or reticle 106 is positioned
above the photoresist |ayer 104. A Iithographic process incl udes
exposure of photor sist |ayer 4 tolig by) having a
particul ar \A/L@g-l']engt h,ThYS ajmgiodde 5‘6‘ syh °c%“%yéé\ﬁswcqﬂ?%?fé“@ﬂaphm
Referring to Fi re I ﬁ t he photoresist layer 104 is subsequently
devel oped t oPPf Pd@“F & BEfgier ned phot oresi st | ayer 108 above the
sem conductor stack 102. That is, the portions of the photoresist

| ayer 104 that were exposed to Iight arc now renoved. The wi dth of
each feature of the patterned photoresist |ayer 108 is depicted by
the wdth x.' The spaci ng between each feature is depicted by the
spacing 'y.' Typically, the limt for a particular |ithographic
process is to provide features having a critical dinension equal to
t he spaci ng between the features, i.e. x =y, as depicted in Figure
1B. 100061Referring to Figure IC, the critical dinmension (i.e. the
width 'x'") of a Feature nay be reduced to formthe patterned

phot oresi st |ayer 110 above the sem conductor stack 102. The
critical dinmension may be shrunk by over-exposing the photoresist

| ayer 104 during the |ithographic operation depicted in Figure I A or
by subsequently trimmng the patterned photoresist |ayer 108 from
Figure I B. However, this reduction in critical dinension conmes at the
expense of an increased spaci ng between features, as depicted by
spacing 'y' in Figure IC. That is, there may be a trade-off between
the smal | est achi evabl e di nensi on of each of the features fromthe
patterned photoresist |ayer 110 and the spaci ng between each feature.
[ 0007] Thus, a nethod to double the frequency of a sem conductor

| i t hographi c process is described herein.
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BRI EF DESCRI PTI ON OF THE DRAW NGS [0008] Enbodi ments of the present
I nvention are illustrated by way of exanples and not |limtations, in
the figures of the acconpanying draw ngs. [0009]Figures IA-C
illustrate cross-sectional views representing a conventional
sem conductor |ithographic process, in accordance with the prior art.
[0010] Figure 2 illustrates an exenplary nethod of a spacer nmask
fabrication

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Embodiments of the present invention are illustrated by way of examples
and not limitations, in the figures of the accompanying drawings,

[6009] Figures 1A-C illustrate cross-sectional views representing a conventional
semiconductor lithographic process, in accordance with the prior art.

[0010] Figure 2 illustrates an exemplary method of a spacer mask fabrication
process, in accordance with an embodiment of the present invention.

[0011] Figures 3A-H illustrate cross-sectional and top-down views representing a
series of processes from the flowchart of Figure 2 as applied to a semiconductor stack, in
accordance with an embodiment of the present invention.

[0012] Figures 4A-B illustrate top-down views of an exemplary method of a
spacer mask fabrication process, in accordance with an embodiment of the present
invention.

[0013] Figures SA-D illustrate cross-sectional views of an exemplary method of a
spacer mask fabrication process, in accordance with an embodiment of the present
invention.

[0014] Figures 6A-B illustrate top-down views of an exemplary method of a
spacer mask fabrication process, in accordance with an embodiment of the present

invention.



process, in accordance with an enbodi nent of the present invention.
100111Figures 3A-H illustrate cross-sectional and top-down views
representing a series of processes fromthe flowhart of Figure 2 as
applied to a sem conductor stack, in accordance with an enbodi nent of
the present invention. [0012]Figures 4A-B illustrate top-down views
of an exenplary nmethod of a spacer mask fabrication process, in
accordance with an enbodi nent of the present invention. 100131Fi gures

5A-D illustr Aﬁiﬁﬁi@ﬁ§&ﬁi§¥ﬁHN\” ews of an exenplary nmethod of a

spacer mask i n accordance with an enbodi nment of
the present '[(R}\ig]nt ! On'A method to double the frequency of a semiconductor lithographic process

is described. In the following description, numerous specific details are set forth, such as
fabrication conditions and material regimes, in order to provide a thorough understanding
of the present invention, It will be apparent to one skilled in the art that the present
invention may be practiced without these specific details. In other instances, well-known
features, such as integrated circuit design layouts or photoresist development processes,
are not described in detail in order to not unnecessarily obscure the present invention.
Furthermore, it is to be understood that the various embodiments shown in the Figures are
illustrative representations and are not necessarily drawn to scale.

(0016] In one embodiment, a method for fabricating a semiconductor mask is
provided. A semiconductor stack having a sacrificial mask and a spacer mask may first
be provided. In an embodiment, the sacrificial mask comprises a series of lines and the
spacer mask has spacer lines adjacent to the sidewalls of the series of lines. The spacer
mask is then cropped to provide a cropped spacer mask and the sacrificial mask is
removed subsequent to the cropping of the spacer mask. In a specific embodiment, the
spacer mask is formed by first depositing a spacer layer above the semiconductor stack
and conformal with the sacrificial mask. The spacer layer is etched to provide the spacer
mask having spacer lines adjacent to the sidewalls of the series of lines of the sacrificial
mask and to expose the top surface of the sacrificial mask. A photoresist layer is then
deposited and patterned above the spacer mask to expose a portion of the spacer mask.
The exposed portion of the spacer mask is etched to crop the spacer mask. Finally, the

sacrificial mask is removed, leaving only the cropped spacer mask.
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[0014] Figures 6A-B illustrate top-down views of an exenplary nethod
of a spacer mask fabrication process, in accordance with an

enbodi nent of the present invention. DETAILED DESCRI PTION [00151A
nmet hod to double the frequency of a sem conductor |ithographic
process is described. In the follow ng description, numerous specific
details are set forth, such as fabrication conditions and materi al
reginmes, in order to provide a thorough understandi ng of the present

invention. It w.ll be rent t e skilled in the art that the
present inven@&@i may g%H%?EQFW8gﬁH §UARDIf PafiFiE &1y Op deytigdbydelirigrgrg 2 |
ot her instances(f wel | —known [eature , such as integrated circuit

desi gn | ayout B3GF B0t 8F ZEmete; t‘jle?&‘“eqf%’,ﬂﬁee‘ﬁlfh Uy epbedinsat offheprpgsnt invention, a
described in detail Lnfgnder t o, not unnecessarily obscure the present
i nventi on. FUPEHEPAS SR icalsdhayige spacer lmes terd ddiaprat torthesiderallap

enbodi ments shown in the Figures_ are illustrative representations and
are not nec e:létgcfgﬁpbwﬂiya%ﬁe'i“g&]%aﬁ‘éﬁcé‘." magH 147 AN ST VebiBe I nehitacrificisheiapio d

for fabricating a sem conductor sk is
twg spacerqmes ofr{hje spacer mr;g( are generated. A semiconductor patterning mask

providing substantially the same critical dimension for each line, or the same feature
width, but having double the density of lines in a particular region may thus be fabricated
upon removal of the sacrificial mask. For example, in accordance with an embodiment of
the present invention, the pitch of the sacrificial mask is selected to be 4 in order to
ultimately provide a spacer mask having a pitch of 2.

{0018] In order to provide spacer lines that do not wrap around the ends of the
lines of the sacrificial mask, the spacer mask may need to be cropped. Damage to the
spacer mask during a cropping operation may be prevented by retaining the sacrificial
mask until the spacer mask has been cropped. For example, in accordance with an
embodiment of the present invention, a spacer mask comprises spacer regions which are
dircctly adjacent to the sidewalls of the Jines in a sacrificial mask, including around the
ends of each line. Each pair of spacer regions of the spacer mask associated with each
line of the sacrificial mask is connected. It may be desirable to generate lines in the
spacer mask that are discontinuous with one another. In one embodiment, the portions of
the spacer mask that wrap around the ends of the lines in the sacrificial mask are cropped
in a patterning/etch process. In the absence of the sacrificial mask, the spacer mask may
not have sufficient integrity to endure the patterning/etch process. In accordance with one
embodiment of the present invention, the sacrificial mask is retained during the cropping

process in order to provide structural support to the spacer mask throughout the process.



provi ded. A sem conductor stack having a sacrificial nask and a
spacer mask may first be provided. In an enbodi nent, the sacrificial
mask conprises a series of |lines and the spacer nask has spacer |ines
adj acent to the sidewalls of the series of |lines. The spacer nmask is
then cropped to provide a cropped spacer nask and the sacrificial
mask i s renoved subsequent to the cropping of the spacer mask. In a
speci fic enbodi nent, the spacer mask is formed by first depositing a
spacer Iayerrgbov_e t he sem conduyct or s,;é'_a,ck a{zd conformal with the
sacrificial nadR CPREELSREE e sacrifipialyaak Mgy g smayed Prsovigsanbythe
mask having s ace% | i nes I;Jtrg{[jgacent to the sidewalls of the series of
lines of the SHPFT IRRET J1oskrallR SRR 1G snbadigtste the Haage o ths rapaedspager ek is
sacrificial nask. Aﬁhot?re ist layer is then deposited and patterned
above the spasffgsfﬁq‘r‘?ag trgnsteEy 5’3%535"%8?"("?06%3@‘? t he spacer mask. The
exposed porti gg j)f t he_spacer .mask is etched to crop the spacer mask.
Final Iy, the S%T fici Bre ARgetignotaspissmask may inciige 8 sroppina erasespped
spacer mask. 10017] The frequency of a |ithographic pattern may be
doubl ed by f 57450 Hﬁ%‘gﬁwéﬁgéé?ﬂﬁﬁsakma%? refBgf 1 ROVilpStaeREH dgseiey taithen
an enbodi nent _of the present invention, a spacer mask is fabricated
havi ng spacerSPquﬁﬁ‘%S‘f FEVERP SRmPaices T flavsherh0g priesrainegin gkeraplary method of a
| i thographically patterned sacrificial mask., As such, for every line
in the sacri fPeEaNafeR icafighragssse By acpqripse with prmanbogdieast offthe kresspe
generated. A sem conductor patterning mask providing substantially
the sanme cri t'Meeafiony figes YhHibystralg erpss-pagtionapnd topedayemdeweastempanyinglthh,
but having double the density of lines in a particul ar region my
t hus be fabr i%a?@arymdrfmﬁwcheﬂ 20hes appliadite p edmitongdueiir stalsrin escardphas,
in accordance with an enbodi ment of the present invention, the pitch
of the sacri fVigh &l crihednenkofdlq meseridntestitfe 4 in order to ultimately
provi de a spacer nmask having a pitch of 2. [00181In order to provide
spacer |ines ¥ do nBefeinap enertines 08 end Yol Spweltaet 200 nadcayfespohding
sacrificial mask, the spacer nmask nmay need to be cropped. Damage to
t he spacer melg&urg gt hrpttarned piopiresist Eper3QL ispmovidey abeveprsemnbdigtopstack
retaining the sacrificial nmask until the spacer nask has been
cropped. For ¥Rafpine embpdimeatothd ssnaiconghietpr stask 8¢fhis dommpnined of a filsemppketaent
i nvention, a spacer mask conprises spacer regions which are directly
adj acent to t3Yé asd alessend masyfstachd0d dbnessa semicandimtor iafeci08] nask,
i ncl udi ng around the ends of each line. Each pair of spacer regions
of the spacer[0fdk assohd pttededphotoresist Ryéri3fie mef be trensiaed offang imaleriaask
is connected. It may be desirable to generate lines in the spacer
mask that ar eudidenticnualithopiapliic preesanintoheembddimonahepdteniedpintgretidhe
portions of the spacer mask that wrap around the ends of the lines in
t he sacri fi cilayer Agskaarecfonnaiydustimusidngabludeniayrg bepichorgrio oassial and thehe
absence of the sacrificial mask, the spacer mask may not have
sufficient i nxpguingiytotadighngurce. Thepgiiamtepioiaeselagdr 302 are si&n bk formed by
accordance with one enbodi nent of the present invention, the
sacrificial nis&opisg thetblnke dhadoesistdayehdn en eppidigenpriocegssonsnf teder to
provi de structural support to the spacer mask throughout the process.
photoresist layer exposed to the light source are removed upon developing the photoresist

layer. Thus, the pattetned photoresist layer 302 is comprised of a positive photoresist
material in the present embodiment. In a specific embodiment, the patterned photoresist
layer 302 is comprised of a positive photoresist material selected from the group

consisting of a 248nm resist, a 193nm resist, a 157nm resist and a phenolic resin matrix



Upon croppi ng the spacer mask, the sacrificial mask may be renpoved to
provi de only the cropped spacer mask. In a specific enbodinent, the

I mge of the cropped spacer mask i s subsequently transferred to a

sem conductor stack. [0019] The fabrication of a spacer mask may

i ncl ude a croppi ng process sequence, through which a sacrificial mask
Is retained to provide structural integrity to the spacer mask.
Figure 2 conprises a flowhart 200 representing an exenplary nethod
of a spacer mask }abri tion process, in accordance with an

embodi ment ofw‘?hae ‘%ZPB%F%%P‘%WH?} TegFer- B gpthes egpediment,; the pritipngrod the
cross-sectional , and top-down vie acconpanyi ng the exenpl ary nethod
from f | owchar Oté’ffﬁlsggyegﬁ’fﬂoﬁwoflﬁ\q%hk%mcﬁ?fﬁdﬂ@f‘%ﬁ'”l@f’ developing ticrhstomsist e
with an enbogine of the gé sent invention. [0Q§%]Referrin to
operations 20¥%nthusghe Bite g%%%f?im%@r 394 ¢ CBPFIEE AAPEYY EPIPLATESISS A,
a patterned photoges'st | ayer, 302 is provided above a sem conduct or
stack 300. | A"BHE EHBORIFTRERTMOodReens dhr spriHiremEpdiaraie e paitpried photoresist
conprised of a first nmask it ck 304 and a second mask stack 306 above
a seniconducﬂ@?rhgyéFmﬁﬁﬁ? fgﬁ%@T#ﬁ@mﬁgﬁﬁgﬁﬁﬁﬂmbﬁﬁ¥@¢@@F@heEﬁ%ér 302

may be conprised of any nateri al . ,
consisting of poly-cis-isoprene and poly-vinyl-cinnamate,

[0022] The patterned photoresist layer 302 may have any dimensions suitable for
a spacer mask fabrication process. In accordance with an embodiment of the present
invention, the width X’ of each feature of the patterned photoresist layer 302 is selected
to substantially correlate with the desired critical dimension of a semiconductor device
feature, e.g. the width of a space that defines a gate electrode. In one embodiment, the
width ‘x” is in the range of 10 — 100 nanometers. The spacing between lines ‘y’ may be
selected to optimize a frequency doubling scheme. In accordance with an embodiment of
the present invention, a subsequently fabricated spacer mask is targeted such that the
width of the spacer lines of the spacer mask are substantially the same as the width *x’ of
each feature of the patterned photoresist layer 302. Furthermore, the spacing between
subsequently formed spacer [ines is targeted to be substantially equal to the width of each
spacer region. Thus, in one embodiment, because the frequency will ultimately be
doubled, the spacing ‘y’ between each feature in the patterned photoresist 302 is
approximately equal to 3 times the value ‘x,’ as depicted in Figure 3A. The pitch of the
patterned photoresist layer 302 is selected to be approximately 4 in order to ultimately
provide a spacer mask with spacer lines having a pitch of approximately 2. In a specific

embodiment, 193 nm lithography is used to generate the patterned photoresist layer 302



suitable for use in a lithographic process. In one enbodi nent, the
patterned photoresist |ayer 302 may be fornmed by first masking a

bl anket | ayer of photoresist material and then exposing it to a |ight
source. The patterned photoresist |ayer 302 may then be fornmed by
devel opi ng the bl anket photoresist layer. In an enbodi ment, the
portions of the photoresist |ayer exposed to the |ight source are
renoved upon devel opi ng the photoresist |ayer. Thus, the patterned

phot or esi st | IS i f ositive photoresist nmateri al
in the pr esen}t?dygl%rt%i ﬁ'ﬁ%ﬁlﬁfp%%%g%e%q %c‘ﬁg%%‘fﬁfﬁ spagipg by weandpatiep of

phot oresi st | ayekiPd, | sed of a positive photoresist materi al
sel ected frongllfiskghel g(rp%jﬁ!pﬁcn%ﬁ(gﬁé%r?'ng of a 248nmresist, a | 93nm

resist, a 157 esi st henplic resin matrix ith a

di azonapht ho g?ﬁr? ne seﬁ@%?@é?’?g ér)lll %?Swﬁ'gﬂé%gF?HBé?rr’r’%%g?‘“‘feﬁéftb?)?%tﬁe@ﬁ%
of the photorgsi.si.: xposed.to the |ight source are retained
upon devel opiFﬁgiot?‘{*sugh eg? %flg%/ %Q[ SCPISVRIDY OYRFENOSINgE RosHiv @ Phpqesist layer at the

phot or esi st 'e%&ﬁ{;%g?ra@iosr}&‘ﬁﬁrﬁrig%ﬁr%eag{hﬂ%@%g aya%/ﬁ Ehotoresi st materi al

in the present e nmen it patterned

phot or esi st | [ i s conprised of a negative photoresist naterial
sel ected from éapg‘g@ﬁ‘bé%%‘ﬁgf) Py IBf’“ep?S‘Frlﬂ?-g@?‘aEt-’ thedpiten pigepresist 302 is

pol y-vi nyl - ci t.e 0022] The patterned photoresist |ayer 302 may
have any di necﬁ@?‘g%g OF {7 WP ‘tfv(?rpgﬁto?b'été‘éﬁf VB ROsi st slonmet Bresig 2
I n accordance,wi th

i BN emhodi nw tge E)r esent, i nvention, the width
'x' of each featdre SEFerr{‘ﬁ@/‘p‘gE‘f’ 82 Pryesy deytdine pdivme thygdeaj width of
selected to su%sft%{r}t i.a{l}lﬁ corrg{bate W th the desired critical
di mensi on of “ATSEREShUERIEHQDPREsdarT® Is & e pichel e aetersd a
space that defines. a | ect.rode. | n _one enbodi ment, the wdth 'x'
TeoTh the rargeRleR G TrdRbdiese Vidnahecrnsch R Rebsh g o,
may be selected to optimze a frequency doubling scheme. In
accor dance W?ngﬁatéﬁﬁ&ﬁ ﬁﬁ@rﬂmcefs Yrfelo prdseiie firsh(ask stesk 304 Thusin
subsequently fabricated spacer mask is targeted such that the w dth
of the spacerac‘fq“g?@%e‘ﬁ‘lﬂ‘ Y %ﬁ%‘%‘? of iR e dN bt Hgtinikipl widthied eash iae s
the width 'x' of each feature of_ the patterned photoresist |ayer 302.
Furt her mor e, RHREUEIHEEROEPT égtt\%é@”rﬁﬂgWgéﬁf%ﬁtbP9etW6?%agls@é@érlzF‘F‘ﬁ@%‘ei s
targeted to be substantially equal to the width of each spacer
regi on. Thus,Pfh one enbodi ment, because the frequency will
ultimately be doubl ed, the s?aci ng 'y' between each feature in the
patt er ned phdP&rbsi st BTG logasiasen 3—4%6@#3? floyabart 208 asd eorprseongding Figateue
"X," as depicted in Figure 3A. The pitch of the patterned photoresi st
| ayer 302 is Belhednegs of Srematiepisk mhriorsisdryer 307 in trapsthsred tothg first maskestagk
provide a spacer mask with spacer |ines having a pitch of
appr oxi mat el Y02 by pietgh grpesss Yo fermeaipsdiiciedmask 1913 Theretch prasepsaptayto transfes ed
to generate the patterned photoresist |ayer 302 having a feature
wi dth of appribkineae apybumy paivetrstiéadbls ta franskr sybaiantindly et same fmdge ditony ths
of approxi mately 135 nanoneters.

patterned photoresist layer 302 to the first mask stack 304,

(0025} The first mask stack 304 and, hence, the sacrificial mask 310 may be
comprised of any material or combination of materials suitable to act as a sacrificial mask
in a spacer mask fabrication process. In accordance with an embodiment of the present
invention, the first mask stack 304 is comprised of a single material, as indicated by the

single shading depicted in Figure 3A. The composition and thickness of first mask stack



[ 0023] The approximate 3:1 spacing:width ratio for the features of the
patterned photoresist |ayer 302 may be achi eved by over-exposing a
positive photoresist |ayer at the exposure operation or by trimmng a
phot oresi st | ayer subsequent to a |ithographic/devel opment process.

I n one enbodi nent, the patterned photoresist 302 is conprised of 193
nm posi tive photoresist that was trimred post devel opnent by using a
pl asma etch chem stry. Al though for a frequency doubling schene the

i deal wi dth ?}f each, f g&une in the patterned photoresist layer 302 is
1/4 the pitc %FW%@% % WHEHSHRRI {9V B udteblp f3j sichige 3vithtah etch pracesathat is
targeted w dt %Smaé ge required to be sli %gtly‘ t hi cker to conpensate
for the etch SPrbREdy ngadgricubathegiapiernesdphpiopasist lrees 0%t laore S0Edinmenys
in accordance w.th an enbodi nent of the present invention, the
initial widt Hh%gﬂm%'&ms PROfACH Ghatepiarisyiss efcheiarat sk steskedldgomprisedrof 36iRglk s
targeted to be between 0.281 and 0.312 tines the pitch.

[ 0024] Ref er r iTFRAS pdscEdite he s0mablf te prieming Wering whiglote asitered photoresist
correspondi nq Figure 33, the image of the patterned photoresist |ayer
302 is transf@Fr a4 it Glained S‘PhsFaﬁflalga%tRﬁ-simemewdmﬂéﬂ@papcmcﬁéss to
forma sacrificial mask 310. The etch process used to transfer the

i mge may be PAMgrepptdewss30%inrerapyised oip carbandased mutsel aad thedfirbtymask etackaave
imge fromthe patterned photoresist |ayer 302 to the first mask
stack 304, [GosPriEed qfjamypterighselectsd o tBOrowmnsisimg oé silicdneniside silicorei al
mask 310 may be conprised of any material or conbination of materials
suitabl e to &&ideaed amasplouk pi palyerysisdink silipora Is p agrdeulareesibodiatent, thatfiron
process. In accordance with an enbodi ment of the present invention,
the first nadgkesksstarkid03dcomprisesppbstadielyoff sicei mitylde amdithe pichbrocess used to

i ndi cated by the single shading depicted in Figure 3A. The

conposi tion deth hisaskhigalsnask 310 nidizengsts sele@ekfrom the group consisting of CH,F,

and CHF3. In another particular embodiment, the first mask stack 304 is comprised
substantially of silicon oxide and the etch process used to form the sacrificial mask 310
utilizes gases selected from the group consisting of C4F5 and CHF;. In another particular
embodiment, the first mask stack 304 is comprised substantially of amorphous or
polycrystalline silicon and the etch process used to form the sacrificial mask 310 utilizes
gases selected from the group consisting of Cl; and HBr. In accordance with an
embodiment of the present invention, the thickness of the first mask stack 304 comprised
of a single material is selected to optimize the subsequent formation of a spacer mask ina
frequency doubling scheme. The thickness of the first mask stack 304 may be sufficiently
small to prevent spacer mask line-collapse of a subsequently formed spacer mask and
sufficiently large to enable critical dimension contrel of the spacer mask lines. In cne
embodiment, the thickness of the first mask stack 304 comprised of a single material is in

the range of 4.06 — 5.625 times the targeted line width of the sacrificial mask 310.

10
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304 conprised of a single material nmay be suitable for etching with
an etch process that is substantially non-inpactful to the patterned
phot oresi st |ayer 302. In one enbodi nent, the dinensions and etch
characteristics of the first mask stack 304 conprised of a single
material are selected to be anenable to patterning during which the
patterned photoresist layer 302 is retained substantially intact. In
a specific enbodi nent, the patterned photoresist |ayer 302 is
conprised of arbon-based material and the first mask stack 304 is
conpri sed of mﬁzﬁat eri 41 aceuriEwe Bith r aligriatire grtvdineobaiths piesryt iofengibi, itheon
nitride, silijicon oxide and anorphous or polycrystalline silicon. In a
particul ar eliBoBiYEREk 344 comprised pfeasesiderintasidiayer ped A amyr i Sietimask layer
substantially of silicon nitride and the etch process used to form
the sacrifi cﬁloé& treladicateribyibs odesrsyigpietsd dcfiiguire 4. Hewm thheacgfideipnask
consisting of CH2F2 and CHF3. |n another particul ar enbodi ment, the
first mask stl&dkeaspuissiof@sapiiicinbbprdmipspamicn Al GA/atofe s bdcrifcnl mask gertiamd
the etch process used to formthe sacrificial mask 310 utilizes gases
sel ect ed fr othUBhes dgpisiep incioawe 3Bi fryorsfembadidertritie GtdFBardhmkdnet HBA and
particul ar enbodi nent, the first mask stack 304 is conprised

subst ant i al | §r¢ &7st @atsriaes #&Bore pategned yith diclinpge of tHeipetemaghotomisetpd
process used to formthe sacrificial mask 310 utilizes gases sel ected
fromthe grothd ieoysdigincrgichofpealionsariie Fist hardmask tayer WaAoeaywtietchmprised of
enbodi nent of the present invention, the thickness of the first nask
stack 304 compymatesidl witatde &ir nighiog mithen etalh piosessihbics tubdtatitallypbi-imzetfitihe
subsequent formation of a spacer mask in a frequency doubling schene.
The t hi cknes's tisfpatitreed photeresmsakkerSback 080 dmbalynde, tsadifriesii@ntahdetstimal |

to prevent spacer nask line-collapse of a subsequently fornmed spacer
mask and sufdheeplentticyof thy Gt hapdreask yer 304A tarecsallecteld e @r@nabtomtar ol of
the spacer mask lines. In one enbodi nent, the thickness of the first
mask stack 3@utermogpricssdunfig whish thglpettomeet] @hotalesistdayen3ahie ratdmge of 4. 06
- 5.625 tines the targeted line width of the sacrificial mask 310.
1002611 n accuabdaniaby intach lan spdctierenmbilivrentenib Geht ekt lawf 304BR(IRSRBEies
invention, the first mask stack 304 is conprised of a first hardnask
| ayer 304A abofist bardriask iayamEK Al &yemplRd 31 a mstetifl hitatathbyctbditicd dilar

| ayers depicted in Figure 3A. Hence, the sacrificial nmask 310 is
conpri sed of ioahesadrdhfidaendticheftinmskrmpOtot ReisBEOA 30D 0VEusAthS BEE hdrdbdskl
mask portion 3108, as depicted in Figure 38. In one enbodi nent, the
first hardnalgjer Bagrers us@rib pesaehve e irhige Slom RS fatte QY@ phoddddhst adver Watitgsgned
with the image of the patterned photoresist |ayer 302 in two distinct
et ch oper at i asubseentfeich St thd 4t rASKIal 2 $848. 30 4 AndtR): RfboBIMERY, 1R Setdfed
any material suitable for etching with an etch process that is

subst anti al | phor&ist EPACLD bhd the fitshMagkakyicPB0uBh PR REEB ThrbbAy@ed 302.
I n one enmbodi nent, the di mensions and etch characteristics of the

first har dmegskeliayard (ROAS: @SR 196190A i eohPridddRn 8 RlatrikPsefeR@tbARIY N
process during which the patterned photoresist |ayer 302 is retained

substanti al | Moﬂgfﬁoﬁ_ﬁﬁting'dﬁ sificSPEEIdE sAicebaad MR Amorphb®s dripoBkrybBisike iRaa!
304B (which underlies the first hardmask | ayer 304A) is conprised of

a material WintahpaRicGBr &Rl a6dn€ theStirktOtrdiabit lagdr 300 tsftamgiié?éa substantially of
characteristics of the patterned photoresist |ayer 302. Thus, the

first har dmaghcohat@ie #QA4Hs dich proRet #s8d RIPREEH UR flr BardFBGEIafd 9024 Rfective
patterned photoresist |ayer 302 during the subsequent etch of the

first mask |@yespad@d&i pHofordsise IA?@H Fob eneiRB ek ABdktiayet BRIED@IIELEY e selected
phot oresi st |ayer 302 and the first mask |ayer 3048 are conprised of

car bon- basedsRERIdrddpToadifling BECHLI, Shd BAFIMRKothad pekicdRhbo8inkaRe sed
of a material selected fromthe group consisting of silicon nitride,

silicon oxi dgsAnednRdIiR (50308 AQE cdPRrM¥ed H8dt@tikily & sRichh 608e addth@etch process
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[002711 n the case where the first mask stack 304 is conprised of a
first hardmask | ayer 304A above a first mask | ayer 3048, the first
mask | ayer 304B may be conprised of any material suitable to

wi thstand a controlled etch process and a subsequent spacer mask
Formati on process. In one enbodinent, the first mask |ayer 3048 has
simlar etch characteristics to the patterned photoresist |ayer 302.
In a specific enbodi nent, the thicknesses of the patterned
photoresi st | ayer 302 and the first mask | ayer 3048 are sel ected such
that all por¥¥oHapem thdirgdueidsiasieldyes RBEA pedastivg tolthpynatteraerbphotaresishlamg
subsequent to the etch of the first hardmask |ayer 304A are renoved
during the et®@Rnéfhedisd mask yer 304K viiligpegassoaiestedfiom dhearpipeconsisiing of
accordance wi.th an_enbodi nrent of the present invention, both the

patt er ned phbtferEstEE:- |lbgrathes partigiar embadimentsthe fitss harimgaksays0ABAGs e
conprised substantially of carbon atons, In one enbodi nent, the first
mask |ayer 3By spbvdtinbeef aptornhons srpalyerysillingdliqoiandria dich poedss usedp2
(graphitic)- and s i%pyrolitic)- hybri di zed carbon atons fornmed from
a cheni cal v‘&@éﬁtﬁr@i%}ﬁ K3t hargmagkr laxee d&4 Augglenigive thjhgmettsindsiahotorasstingp 02
nol ecul es. Such a filmmy be known in the art as an anorphous carbon
filmor Advateéer foattraask Hyeigd 0 Blugiiags gaesyclected framshegiofi conelntiradit Gibrng
first mask |layer 3048 is conprised of such an anorphous carbon film
and is et chedBpyThedhigkpegsand he foeiherimask lyeo AP4hmaybowiicans sstll menafle

t he conmbination of 02 and N, or the conbination of Cl114 and N, and
01. In a parkigdybdsctientieidngneletive wubrsnatiernedaphotoresist lapdr 30h endomfficEmied
phot oresi st |layer 302 is renoved in the sane etch operation as that
used to pat t kres te peidpinhofesiies Ray aydssiradlys8post e fritincish biye 308B1t heonki r st
mask | ayer 304B may be sufficiently small to prevent spacer mask

| i ne- col | apseniidineens tesbigkrens ¢fyihd Esttedinspalorer 3085 ks inthe range ol 20 €6l | y

| arge to enable critical dinmension control of the spacer nask |ines.
I n one enbodaremeterst he total thickness of the first mask stack 304
conprised of the first hardmask | ayer 304A and the first mask | ayer
304B is in tW82Fange OfthdcB6where GRS irstinmelsstadkeS0t drqgetpeskd of B diravhaltiinadkf
the sacrificial mask 310. 100281Referring again to Figure 38, the
first mask stapakB0894bdvs hdwt mask kyqydo4B, 3:)firstsnaplatalaridel ntag bt osmprisheof
sacrificial mask 310 selective to the second mask stack 306. The
second mask styacker@0fiithlgde conithsiasé d caftroledsedomocekeand rskselayedpalp Glsk
above a second mask | ayer 306B, as depicted in Figure 3B. The second
har dmask | ay&xm3d6Ararass. rave eatbydipreopee firse sasduibfea D048 b spritk eck t he
second mask | ayer 3068 fromthe etch process used to formthe
sacrificial ceskteddsdhe pararedahaerensttidyesit2e MogieaBatmbddihbe, fig esent
invention, the first mask stack 304 is conprised of a single materi al
and is et chedidkedsesiof ihe phiferhddghs@e0190ajraeard khel faviariasd (yé: 304B apne
enbodi ment, the first mask stack 304 is conprised of silicon nitride
and t he secogkchareirasi all py@onSAGH JagcrB@ftoiosatdt @fer30DBdeiisyd subsequent
selected fromthe group consisting of silicon oxide and anorphous or
pol ycrystal | totee &tH dfapsfirsd iardinsk heér J0nhadiraoved diifigz the el ofths Rrssiaskk
304 is conprised of silicon oxide and the second hardmask | ayer 306A
i's conpri sedi:gf 384BBF&rekahpls gh e&bREnce with an embodiment of the present invention,

both the patterned photoresist layer 302 and the first mask layer 304B are comprised
substantially of carbon atoms. In one embodiment, the first mask layer 304B is
comprised of a mixture of sp’ (diamond-like)-, sp” (graphitic)- and sp'(pyrolitic)-

hybridized carbon atoms formed from a chemical vapor deposition process using
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fromthe group consisting of silicon nitride and anor phous |or
pol ycrystalline silicon. In another enbodinent, the first mask stack
304 is conprised of anorphous or polycrystalline silicon and the
second hardmask | ayer 306A is conprised of a material selected from
the group consisting of silicon nitride and silicon oxide. In
accordance with an alternative enbodi nrent of the present invention,
the first mask stack 304 is conprised of a first hardmask | ayer 304A
and a first nmask |ayer 3048. In one enbodinment, the first nask | ayer
3048 is conphydredrioh pesuaeronghails. Senhladiimfmdyive ehehed thyargaseamorphous
selected fromthe group consisting of the conbination of 02 and N2 or
t he conbi nat coborofilmGHAdatedPatemdn OB A APRE Is e epnidickahdarskt, fiayassk
306A is conprised of a material selected fromthe group consisting of
si l'i con ni trilater,304Blis @opriesd cfeudirad asphplscabonfilnpaldyie eyldddylusing gases
silicon. The thickness of the second hardmask | ayer 306A may be
suf fi ci ent | y sdentddl franothe galob eorsisbsecfiintontbirgtibryof<mlaae N, vethe tehbingion of
relative to the second mask | ayer 30613 and sufficiently large to
avoi d pi nhol €L adl; sreyO:uidepirtiaidrymbudinse, subgarsieltontolhsiatkayer 306B
to the etch process applied to the first mask stack 304. In one
ermbodi nent, phaotkdisidkpedR inferohel iseieonde ball oyeesion kagher usdDeAaitan tha t he
range of 15-40 nanoneters. [0029] Referring to operation 208 of the
fl owchart 206Grsamdskclayer @i rittienigickriessuf ehe3TTit nasiSRAE S04 ape be Jikfcitisly
deposited conformal over the sacrificial mask 310 and above the
second har dnmasil! togyaent3fGar mAdkdinspaltpse dfayetise@ bty SribEspaay mas ©f
material for what will ultimtely beconme a spacer nmask for use in a
frequency douldfitiaglydehemenalo O3dhMdieesiaceitrd] ay@e sphtd mRY [iB&. In one
conprised of any material suitable to forma reliable mask for use in
a subsequent embadimpitohessal thidknag ©Othd HAL BadMd stdok Ay ded@mte @k t he
present invention, the spacer layer 312 is conprised of a material
sel ect ed fromidheskgsyetpodronsitsd fisgmek l&bd 308B M iRiterrhslR. of 3i0b LG 5 Gxiesle
and anor phous or polycrystalline silicon.

the targeted line width of the sacrificial mask 310.

[0028] Referring again to Figure 3B, the first mask stack 304 (shown in Figure
3A) is patterned to form the sacrificial mask 310 selective to the second mask stack 306.
The second mask stack 306 is comprised of a second hardmask layer 306A above a
second mask layer 306B, as depicted in Figure 3B. The second hardmask layer 306A
may have any properties suitable to protect the second mask layer 306B from the etch
process used to form the sacrificial mask 310, In accordance with an embodiment of the
present invention, the first mask stack 304 is comprised of a single material and is etched
selective to the second hardmask layer 306A. In one embodiment, the first mask stack
304 is comprised of silicon nitride and the second hardmask layer 306A is comprised of a
material selected from the group consisting of silicon oxide and amorphous or
polycrystalline silicon. In another embodiment, the first mask stack 304 is comprised of

silicon oxide and the second hardmask layer 3064 is comprised of a material selected
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The spacer l|layer 312 nay be deposited by any process suitable to
provi de a conformal |ayer on the sidewal k of the sacrificial mask
310, as depicted in Figure 3C. In one enbodi nent, the spacer |ayer
312 is deposited by a chenical vapor deposition (CVD) technique
selected fromthe group consisting of nolecul ar-organi c CVD,

| ow- pressure CVD and pl asnma- enhanced CVD. The thickness of the spacer
| ayer 312 may be selected to determne the width of the features in a

subsequent |y . .forned spacer,. mask,. Thus, in accordance with an

embodi nent oFmWﬁg'eTeE%P]ﬁgcé’ﬁfmf%?gﬁ{‘fod‘rf‘,‘t“fl‘ﬁ@‘gtaﬁ’io ARSY Pafycypaliapgbep. In

| ayer 312 is s%pstagagﬁlly tpe same as_the wdth of the features of
the sacrifi ci"&lIMhEEROBRHL heTigbppsksRER 344 Erariseds amaIIRBIRIh for a
frequency doubling .schene the ideal thjckness of the spacer |ayer 312
is the same 8@3"&%2‘1‘@?e&ﬂqHOBPnf‘H%SW%‘GFC@’%W%YH@% kcsomprisadf a material3 10,
the initial tﬁﬂ%ﬁtEd i dt h may. be required,to be slightly thicker to
conpensat e f SHECFHATO8BY (Of S19HD ERSSIREA gUlicen Hgide andhsikiqos oxigac Braceesdasee witlp.
I n one enbodinﬁnt,.the tqicknafg of the spacer | ayer 312 is. ‘
appr oxi mat el §" A1EFE1YS FFRROI{MRA G5 1Bt Presspt invRaties shefirednask stagks304 dcqormrrisqdal
mask 310, i.e &.06 imes the desired feature width of the lines in a
subsequent | y oFbl “%ﬁﬁ% erpgeR ang pisinpkfeer IHE. dyencembsdigses deifen
208 of the flowchart 200 and now_to correspondi ng Figure 3D, the
spacer | ayer Mg¥oayes QR sampised phv amorahrus cophea dim sighed Bisesesnelestes!
expose the tgp surfaces of the sacrificial mask 310 and the second
har dmask | ay 8PmalFesaoupigeasisting& ths compigation o Br angaor Sepombinatiemifértial
with the sidewal k of the features of the sacrificial mask 310. Thus,
there are twddNridd Grapdihe secosdbidpaskdayrr 3994 iy enmpsised of o matesiabgelactsd
sacrificial mask 310, as depicted in Figure 3D. 10032] The spacer

| ayer 312 nayoBdhtreteengistingpf siipcuEige, silicorngxide and apetphpeser

wel | -control l ed di nensions, for instance, to maintain a w dth of
critical di mepEsmye!bie lirens B thickedsaef theessrong hardmisk laxes 8PGamerbwi th an
enbodi ment of the Present invention, the spacer |ayer 312 is etched
until the |i sdcioftlysmell speeble swhseqeemihighdit sslestingstchingirelntive te e secane

hei ght as the features of the sacrificial mask 310, as depicted in

Fi gure 3D. | magnloysndporkpmsioaftiviently lardedo pvorbminhfestitine map nudssirablisikp@seahe
are recessed slightly below the top surface of the features of the
sacrificial neokd 846 liver Hitdep theetepsesess appliet ta the ficd mesknaick B0bf Intone
spacer |ayer 312 is broken above and between the |ines of the spacer
mask 314. Thembghwent, thathéckn®s 21 thayeched lerdnreld lager36 A higin therengspdder 40

| i nes of the spacer nmask 314 retain a substantial portion of the
ori gi nal thi ckmesgrof the spacer layer 312. In a particul ar

enbodi ment, the width of the top surface of each |ine of the spacer
mask 314 is $638k ant i Adfyriehie cpemiora)Sohithe Wodtharta00 binkcdrresrnfiag Eigofe

t he spacer mask 314 and the second hardnmask | ayer 306A, as depicted

i n Fi gure 3D3C, aspacer layer 312 is deposited conformal over the sacrificial mask 310 and above the

second hardmask layer 306A. The spacer layer 312 is the source of material for what will
ultimately become a spacer mask for use in a frequency doubling scheme.

(0030] The spacer layer 312 may be comprised of any material suitable to form a
reliable mask for use in a subsequent etch process. In accordance with an embodiment of
the present invention, the spacer layer 312 is comprised of a material selected from the

group consisting of silicon nitride, silicon oxide and amorphous or polyerystalline silicon.
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[ 00331The spacer |ayer 312 may al so be etched to formthe spacer mask
314 (e.g., Figure 3D) with high etch selectivity to the sacrificial
mask 310 and the second hardmask | ayer 306A. In a particular

enbodi ment, the sacrificial mask 310 is a single |ayer mask and the
desired etch selectivity is with respect to the single layer. In

anot her particul ar enbodi nent, the sacrificial mask 310 is a stacked
| ayer and the desired etch selectivity is with respect to a
sacrificial hardmask portjon, or with respect to the material of the
first har drras%elsﬁi’fg’f ’a%&)aé MPh b dapBYiiea AL TN oRSSSHItablf'e i avideta cofifotnime
present invention, the spacer |ayer 312 and the spacer nmask 314 is
conpri sed of AVt Hieisidrwelisiof diegatrifcishmaskd0 ma denicted i Fagure B nope
portion of the sacrificial mask 310 and the second hardmask | ayer
306A. In one %ﬁbﬁgw%mﬁspﬁ%lar%a1%6@9@%&% atchemisalvepdridepaitioméS¥DB 10
is conprised of silicon nitride, the second hardmask | ayer 306A is
conprised of EFNRHICesiaddeomaiig StonR cansisting ofmpjeshlagarzatie CYBpvi-wreguref
anor phous or gol ycrystalline silicon and is etched to formthe spacer
mask 314 wit h“¥P@RdPlatemenhansed €Y Dy sihs ghicknpis a8 the seperrdnat 8t maym sthesed
gases Cl12 or 1-1Br. In another enbodi ment, the top portion of the
sacrificial nadResine the widlpahibe Sewrestn ssubsegumtly firaed spaher nsask.ofials, in
har dmask | ayer 306A is conprised of silicon nitride and the spacer

| ayer 312 is ¥60HrIcewih a9 crabasitpen abthe pregeot eenyign.dhd thivkness of thospacen thyérs
etched to formthe spacer mask 314 with a dry etch process using a

pl asma gener atldds fubgmtielethe s e widthoff theHeatgyasefshaGharifmad nds 310] @
anot her enbodi nent, the top portion of the sacrificial nmask 310 is
conpri sed of dsiisicgtbbiguesCopalliienrghsord fréquencs dpubtiopschehe theadmhidlickness of
har dmask | ayer 306A is conprised of silicon nitride and the spacer

| ayer 312 is Boepsedrddver YR isthe sanerasdbe widtha theifstiaesotiele: saeriffodal mashs 0,
spacer mask 314 with a dry etch process using a plasma generated from
the gas CAF8.the pitishigrasted vadih ol lve requiredie be gighthothicdkerto obmpdueate for the etch
sacrificial mask 310 is conprised of anorphous or polycrystalline
silicon, the wewsrihchmmdiies khelsageer lag@B . i 1s onoempiridiesht,ofic thickheasoorl thexi de
and the spacer layer 312 is conprised of silicon nitride and is

et ched t o forsprtechiaygPde érappmsina@dyl | (6 tihesthawidtiesfahe foatome shthe sdcrificia

pl asma generated fromthe gas CH2F2. I n another enbodi ment, the top
portion of thwakddb.iifei cO@limembkdBite] fegureovifth obibe linds is ik kitcequentki fdeyed
t he second hardmask | ayer 306A is conprised of anorphous or

pol ycrystal | i specesimaslcon and t he spacer |ayer 312 is conprised of
silicon nitride and is etched to formthe spacer mask 314 with a dry
etch process @ing a pRa@mrmgagrie (adpedtibt 208 dfite {loerbdrnZ0d a8 nok td he
gases CHF3 and CH2F2. | n another enbodinment, the top portion of the
sacrificial neskspdhding Bigt@BDy, iheapacof lagdr Bi Tiepichddito pa@idetiftespaemak 314
hardmask | ayer 306A is conprised of anorphous or polycrystalline
silicon and tie tspagosdstht ayetrfatLof the Giomividl sk D0 a8l tHeaedwno Khrd@asknget S
etched to formthe spacer mask 314 with a dry etch process using a

pl asma gener a@@d. fThemnéshd tlgapaceitnadsk Jima cofreia ivith erbomdivarndf tedf fedtines
present invention, the etch process used to formthe spacer nmask 314
i S end- poi nt esl thp@atrifoip assit 1 00fThiuk ehdrogre surifrac #sm e dpber masK 3 11 ifer eabry
mask 310 and the second hardmask | ayer 306A. In a particular

enbodi ment, alisd df Hetsa@iflal elagdB li0sas dapipled ed-iget 5ow ng t he end- poi nt
detection to ensure that the lines of the spacer nmask 314 are

di scont i nuous|ippxm f eatTH spat@ ldyead I2reay(tR e@hed bynfly b@céss BEjablfto plaeide
sacrificial nmask 310. [0034] Referring to operation 210 of the

fl owchart 200wangor@@iEEspenskn doFingui@Sto maintain a width of critical dimension of the

sacrificial mask 310. In accordance with an embodiment of the present invention, the
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|
3E and 3E', a photoresist stack 320 is deposited above the spacer
mask 314 and the exposed portions of the sacrificial mask 310 and the
second hardnmask | ayer 306A. In the present enbodi nent, the
phot oresi st stack 320 is typically deposited before the spacer mask
314. In certain enbodi nents, the spacer lines fromthe spacer mask
314 were made di sconti nuous between nei ghboring |lines of the
sacrificial mask 310 such as those described in Figure 3D. However,
spacer lines of tlhe cer %4 associ ated with the same |ine
fromthe sacrP¥fc a%ﬁr @I?tcggl%“rﬁné hﬂes HeisRireLBask ot g sesenddlygheotame
each of thellnEt ?hftage sac |f|c al sg 310, as depicted by
end- port i ons "5%8 B “@f)‘é ‘?Saﬁ’a qal sk 310, erddepigied in Tigure BB t“i‘)iﬂoﬁ‘&'/m
view of Figure g %} l %lg.ghdeswableto break this continuity
bet ween pai r <8P g’ﬁ'éltc P IPTRe S Bioes iRk et B receBhT TiBhdubdy thaden %éface
manuf act ur e. g afn% “e;h an enbodi rent of the present
i nvention, tHIf ur‘ff'o k?"’ogf‘ﬁr $iog Mgk’ 1@ imerderdo ByuEeHeat fefapipugzel ipon
patterning the oto t st k 320, as depicted in Figure 3E
[ 0035] Ret ur m“ﬁﬁ Eg%sﬁs VBW@F‘%@‘F 1@?%&“@2633&@?5%%%3
photoresist |a er |sed of any material described in
associ ati on WPEF\ 'f‘tﬁaé b%i‘f“f‘% %%Weﬁﬁ‘éff‘él?aéé‘ieﬁ“ﬂd%? OfShFZSPﬂ?eémaF*i Ydrretaipa,
Addi tionally, the hotore i st stack 320 may conpris
bot t om ant i - rE¥sfagLt WE‘%GEW ﬁﬂg‘(‘ﬁmneﬁé&f&e spaeor lypr Bé% vie agattigelar
phot oresi st |ayer, 324 and the spacer nmask 314 in order to provide a
flat surface ef'%? dimgat. (R $tidh a5the top| surfse obeash lisgsofdgsipases masks Igiigur e 3E.
I n one enbodi nent, the |ithographic process used to pattern the
phot or esi st stbsiaeliabghg W@ﬁg}ca‘fl@’é abtgbts%qafa@e ofrike wasee MegbdtEandthegecond
phot oresi st | ayer 324 having a substantially flat bottom surface. In
a speci fic erfBdaifehyer Péf aderisted iafigura .3 spin-on gl ass nateri al
havi ng an organl c rou_F@ In an alternative enbodi nent, the

phot or esi st 9988k 320 The seesepleysSd? may plracheetebed to fomthe spaserynask ayete.e.

Figure 3D) with high etch selectivity to the sacrificial mask 310 and the second hardmask
layer 306A. In a particular embodiment, the sacrificial mask 310 is a single layer mask
and the desired etch selectivity is with respect to the single layer. In another particular
embodiment, the sacrificial mask 310 is a stacked layer and the desired etch selectivity is
with respect to a sacrificial hardmask portion, or with respect to the material of the first
hardmask layer 304A. In accordance with an embodiment of the present invention, the
spacer layer 312 and the spacer mask 314 is comprised of a material different than the
materials of the top portion of the sacrificial mask 310 and the second hardmask layer
306A. In one embodiment, the top portion of the sacrificial mask 310 is comprised of
silicon nitride, the second hardmask layer 306A is comprised of silicon oxide and the
spacer layer 312 is comprised of amorphous or polycrystalline silicon and is etched to
form the spacer mask 314 with a dry etch process using a plasma generated from the

gases Cl, or HBr. In another embodiment, the top portion of the sacrificial mask 310 is
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[ 0036] The photoresi st stack 320 may be deposited by any process that
provides a flat top surface for the photoresist stack 320. For
exanpl e, in accordance with an enbodi nent of the present invention,
t he photoresist stack 320 conprises the photoresist |ayer 324 above
t he BARC | ayer 322 and both the photoresist |ayer 324 and the BARC
| ayer 322 are deposited by a spin-on process. In another enbodi nent,
t he photoresi st stack 320 substantially conprises a photoresist |ayer
which is deposited by a spin-on process. The spin-on process used to
deposit the BXRErseEsiligIpoxide, thestrondhadinask ldyaryOA(is eomprsecafsdicbinat
t he photoresist stack 320 does not conprise a BARC | ayer) may
gener at e enoutjHide epE&e spacerdpist 2l 2ds edmmisfeefamowhons dripnigcrystalinsypioe and
mask, For exanple, the spin-on process may generate enough force to
toppl e a stand=khestte ffPfInrfEe freenmtable3 Kipaiter drrask prddess usTingrspladnm generated
accordance wi th an enbodi rent of the present invention, the
sacrificial nfgktBrompisaaaditiecdses Kil:ond HBut Intahethepatedineny ppitoygportion
process in order to provide structural support to the individual
spacer |ines #fitmsactiéciad prske? ! OninsknBikdd oflamogphpardr polytrastalénboidiongthe , by
retaining the sacrificial mask 310, no spacer lines fromthe spacer
mask 314 are topylhernapk layes 38pA F-comppsed obgBconsardd anddisppsie laybred 12 is
phot oresi st stack 320. [0037) The photoresi st stack 320 nay be
patterned by eampris¢ddedicerptriide qod dosehed thefonn ihbeghcérmak S0t vih b dry andht h
the patterning of the patterned photoresist |layer 302 from Fi gure 3A
I n one enbodi presess usinge: pisok griesitst frat delgadls.i I8 apathérenbdedinteat, fhoram a
wi ndow 330 that exposes the end-portions 316 of the spacer nask 314.
The size of t heortwmaf e BSTicimhynatie3 [&nycohipriswisif emophidtsal belytrgstal tingsifidos
spacer mask 314. The region 330 nmay expose at least the entire
end- portions Bé&6éecotd hadmash fayer306A Skcodipised of siicaorxdbernne theispivetiyer 312 is
enbodi ment of the present invention, the dinensions of the w ndow 330
are sel ect ed tompriatdsd séix@osgida apdiseicbed toffornhie paer makic &l wiresdry 3D .
Thus, in one enbodinent, the dinensions and positioning of the w ndow
330 in the phptosesista BisaslgedPQedfren selgecCld,t i sachansmdainent, dte gny
slight offset in the patterning and, hence, cropping process.

portion of the sacrificial mask 310 is comprised of silicon oxide, the second hardmask

layer 306A is comprised of amorphous or polycrystalline silicon and the spacer layer 312
is comprised of silicon nitride and is etched to form the spacer mask 314 with a dry etch
process using a plasma generated from the combination of the gases CHF; and CH,F;. In
another embodiment, the top portion of the sacrificial mask 310 is comprised of silicon
nitride, the second hardmask layer 306A is comprised of amorphous or polycrystalline
silicon and the spacer layer 312 is comprised of silicon oxide and is etched to form the
spacer mask 314 with a dry etch process using a plasma generated from the gas CHF3. In
a specific embodiment of the present invention, the etch process used to form the spacer
mask 314 is end-pointed upon exposure of the top surfaces of the sacrificial mask 310

and the second hardmask layer 306A. In a particular embodiment, a slight over-etch is
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100381Referring to operation 212 of the flowhart 200 and
correspondi ng top- down Figure 3E', the spacer mask 314 is cropped to
forma cropped spacer mask 340. The spacer mask 314 may be cropped by
any etch process that renoves the exposed portions of the spacer nask
314. As illustrated, the end-portions 316, selective to the
phot oresi st stack 320 and the second hardmask | ayer 306A are renoved.
It is not necessary that the etch be selective to the exposed
portions of the.s i ficial nmask 310. However, in accordance with an
ebodi ment . { FEVET BBYRG Nerea Ppiaskon i caurashititdmesof the sResys el 4
portions of the sacrificial mask 310, as depicted in Figure 3F. Thus,
any material HRA'SENERLYYF Gemdeates ofcptrion netcting afithe srcrifipial rskRihg
of the spacer |ayer 312 }n‘associ ation with Figures 3C and 3D nmay be
used to form [Oﬂg cr oppBaCE LR PPRISR 23%@“‘%@)0‘93]’@%@%‘%%@35?@1%% igures
operation 2146€f the flowchart 200 and corresponding Figures 3G and
30', the phot oF 8%, angiokessbiack3d0 tsrfiepasiied dbpyectharpasgisnasie 1 b apdehe
renoved. Thus, in accordance with an enbodi ment of the present
i nvention, th&Pesse PPTiPRs ofthewgenifictr] mapks3 10and ihe serondhasamesk devesitode tuthal
support through the cropping of the spacer mask 314 to formthe
cropped spaceP eI b3dmentiifehatoresisiitask 8 Hbis einins e derepied deforpetbkspacer
formed, the sacrificial mask 310 may be renoved to conplete the
frequency douBRikrddnisiritiasmpedimrmh tsrspecaskines fromaly sphest prasht Ddcwirsmade
stack 320 may be renoved in the sane process operation as the renoval
of the sacri ffigsoatinueashetaen ngighbaiing lipgseé thgiseryifiplebmasks’ 18 peshas ihose | n
one enbodi nent, the photoresist stack is conprised of
car bon- cont ai ffSfped peldpws 3Bndlowgvar espesprlines af te praseravhsh g 1 4wssociateddyith
ash operation utilizing the gases 02 and N2. The

the same line from the sacrificial mask 310 remain continuous around the ends of each of

the lines of the sacrificial mask 310, as depicted by end-portions 316 of the spacer mask
314 illustrated in the top-down view of Figure 3E’. It may be desirable to break this
continuity between pairs of spacer lines for subsequent semiconductor device
manufacture. Thus, in accordance with an embodiment of the present invention, the end-
portions 316 are exposed by the window 330 upon patterning the photoresist stack 320, as
depicted in Figure 3E°.

[{0035] Returning to Figure 3E, a photoresist stack 320 may have a photoresist
layer 324 comprised of any material described in association with the patterned
photoresist layer 302 from Figure 3A. Additionally, the photoresist stack 320 may
comprise a bottom-anti-reflective-coating (BARC) layer 322 in between the photoresist
layer 324 and the spacer mask 314 in order to provide a flat surface for the photoresist
layer 324, as depicted in Figure 3E. In one embodiment, the lithographic process used to
pattern the photoresist stack 320 incorporates exposure and development of a photoresist

layer 324 having a substantially flat bottom surface. In a specific embodiment, the BARC
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sacrificial mask 310 may be renpved by any technique that 1s highly
selective to the cropped spacer mask 340 and the second hardmask

| ayer 306A. In accordance wth an enbodi nent of the present
invention, the sacrificial nmask 310 is conprised of a single |ayer
and is renoved selective to the cropped spacer nask 340 in a single
process operation. In one enbodinent, the cropped spacer mask 340 is
conpri sed of anorphous or polycrystalline silicon, the second
hardmask | ayer 306A is conprised of silicon oxide and the sacrificial
mask 310 is C¥RE P SRB-o8 glnss mefetizl hiyingyn agdnicepevpnilit #ri derratick dnsbotiiareay ed
by a single etch operation selected fromthe group consisting of a
hot 1-13PO4 WPhetrsisbytack 38 Sonimpesed lantirtly ofmpltderesie byadi ment, t he
cropped spacer mask 340 is conprised of anorphous or polycrystalline
silicon, thel®@Bebnd hathgmhetkresishstack 32BAaY & depospied isyemhy @focsislthat provides a
nitride and the sacrificial mask 310 is conprised substantially of
silicon oxi délating syréee Emtheadotosesiat wich§Ple Ret etanppe madctadansevbied from
the group consisting of an aqueous hydrofluoric acid wet etch or a

Si CoNi et ch. cmhodimentled thegrdsodiinvention, thi phatoreip stdcksitaaemprizs khe A olesist
conprised of silicon oxide, the second hardmask | ayer 306A is

conpri sed of laypl 324 @bovsithy BARCdaydr 123ang bath itfeiphotatesistisier 3M0anid $he BARC
conpri sed substantially of anmorphous or polycrystalline silicon and
is removed byayar ¥i2nf depeditchbopspimon pocsel leab@tkrEmbodinbe, G phiforesist
consisting of a A2 plasma etch and a CF4/02 plasma etch. In another
enbodi ment, shek FloppreatigihamenrisasiphBdtsisdaeonpich sedpaftedby 4 $oaon
nitride, the second hardnask | ayer 306A is conprised of silicon oxide
and t he sacr ipfacessallhnmeicoBiOcdssused mpiepssitdhesBIDRC dayed 302|oy 2 hotadeBistpdionS
or polycrystalline silicon and is renoved by a single etch operation
sel ect ed f r orfinttleecagertbatphecgnsistst napkaR0 doeShnot hpesee BARD 806 iy Ghrbf 42
pl asma etch. I n another enbodi ment, the cropped spacer mask 340 is
conpri sed of esdugh ¢wee tnitdppledethintfiueurs eclaredn b afaciraskk.| Por@kandf1éAhd spin-on
conprised of anorphous or polycrystalline silicon and the sacrificial
mask 310 is eonpsinsedesuhstmngli faltdeyo @ppls k biaediloeXirddroatle kgcérermy 8ok,
by a single etch operation selected fromthe group consisting of an
aqueous hydr dhliyordccordarice wivk in ehediiaent af the fiedint Bl &lion,|tRe QLGN mask
enbodi nent, the cropped spacer mask 340 is conprised of silicon

oxi de, the seétohdethiaéditrrmihdutite spadtefopphg PET iBQderab pRVRI BRGSO
pol ycrystalline silicon and the sacrificial nask 310 is conprised
subst anti al | yuppbrt $d dhk aividial §packe lingtdrdnbthe erFberexhsby 1 A 18 hggﬂﬁeu;gt ch
operation selected fromthe group consisting of a hot PO4 wet etch

or a Si CoN emetdimeROdklitamiithedabefidid iiaves BROG:PeR Whes tdwehs8gdckdhak al
mask 310 is conprised of a sacrificial hardmask portion above a

sacrificial neskepPpled @ihe 35n-d6 paIceR Qckdithdep0sitthé RIS GraeiThRdi Ment
associated wth Figure 33. For exanple, in one enbodi nent, the

sacrificial hgusdmask pietphoBrekist sERRPL SH&HbQfarténdBlyednl &thofRbRE bREesk r OM
the group consisting of silicon nitride, silicon oxide and anor phous

or pol ycryst akichibg! i hisb&@on Wi thepdileireaf Eelph€dradd prBRkesROKYdr A frém
conprised of an anorphous carbon material, such as the anorphous

g 82 téon mat er irgdurdtes Clhidae embdlia&R ARt SHokdddbisithdh 300® fattérhibd @BSK 4 RHEEw
330 that exposes the end-portions 316 of the spacer mask 314, The size of the window
330 may be any dimension suitable to crop the spacer mask 314. The region 330 may

expose at least the entire end-portions 316 of the spacer mask 314. In accordance with an

embodiment of the present invention, the dimensions of the window 330 are selected to
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Thus, in accordance with an enbodi nent of the present invention, the
sanme material conbinations and etch processes enbodi ed above for
renmoving the sacrificial mask 310 selective to the cropped spacer
mask 340 and the second hardmask | ayer 306A are used to renove a
sacrificial hardmask portion selective to the cropped spacer mask 340
and the second hardnmask | ayer 306A. The sacrificial mask portion
underlying the sacrificial hardmask portion of a stacked sacrificial
mask may be substantially renoved in the sanme etch operation that is
used to renn&gofﬁﬁm%%EWF?WQﬁ%ﬁsﬁﬁﬁ%ﬂﬁ§ﬁ<%ﬁkﬂW@%h1MFﬁéWn@UEMEmW, a
second etch operation may be re?uired to renove the sacrificial nmask
portion. |n GHEMERBAEPRHtioningf theawindew 8304n themrtorsaist stask 306 are setpstadsed
of anorphous carbon and is renoved with a dry etch having a plasm
conprised of 3e8wwodatef@npsight offfet indheraBeming sk hence.egoppingtphesess.
conbination of 02 and 3\12 or the conbination of CH4, N2 and 02.

[ 0042] Ref erriltf§8t o opekediriinmtorperatdn 31Ref the Gurkizrt20260d emmgsponding top-
correspondi ng Figure 3H the imge of the cropped spacer mask 340 is
transferred t8veRBUSSEOibE paek meslatléd i8OepHed tof formm civgpet phcemmatk 3870
above the sem conductor |ayer 308. In one enbodinent, the second nmask
stack 306 is Toemsesrseagk 8 Lbseahn drepey bdnyatch ipragbse thetitegroved thaeposes
etched to formthe etch mask 370 in a single etch operation. In a
speci fi ¢ enbaeaitivanef the speces megntl 4mds kilustrateds th@G6d-pertiomai6i siedtive to the
substantially of a single material selected fromthe group consisting
of silicon nirheipigeist stick p2oand o steond merdawrkr o8R0 Aoare pendoped.yis tsadot | ne
silicon. In an alternative enbodi nent, the second mask stack 306 is
conpri sed of ne¢eesaselboniek dwirtdralsitive ayibe 3064 paboueot thessafaadnasns k).

| ayer 306B, as depicted in and described in association with Figure
3B. I n one erbogiereintagcordapceayicthammisiod3@0t, ihs coppipg esk drooéss és Rttnas e
portion 370A and a mask portion 370B, as depicted in Figure 3H.

Enbodi nment s fespostchpriies ef thakaccifiniplosaski3of aadabictddiic Rizass3 FofThub) ansaeerd
hardmask | ayer 306A and, hence, the hardmask portion 370A were

descri bed i n aadedrpratdsoromiiitaiofrilgporieed 3B.thd axhgad ttdapaer alydri 1 am

enbodi ment of the present invention, the image of the cropped spacer
mask 340 is tasansfi@rviddrigntold el eaonit Bet @imskht ayppicd3HAr nik3n0.
etch operation distinct fromthe patterning operation ultimtely used
to formthe @Sk} por t i RuferBdOB. opkiatieE seithe diowetitk, 200 Ard s@EofAd g FuRs K
| ayer 306A is conprised substantially of anorphous or polycrystalline
silicon and i3 ®tctadhd ghofopssii ithe akeiBs kacpfdidlingiRk 3V Ohe Vintdve® THLY, in
etch using the gas CHF3. In another enbodi ment, the second hardmask

| ayer 306A i sc@ediptd Sittarsdatistimmht & the/predentShnlchGsn) texhd@Bicanshadksz 10tched
to formthe hardmask portion 370A with a dry etch using gases

sel ected fromitiRed @ pRivicGaRELE! dupgbrothroGki2he crapsing bane syabirnaki ont of
C 2 and 1-1Br. I n another enbodi nent, the second hardmask | ayer 306A

i's conprised fsibmht adhpedlshateDthaski 34D CABwéet, bh@ehAdhpes splceNPk §rofRam
the hardnmask portion 370A with a dry etch using gases selected front
the group consd satdifghl efaskODIH, mdyl be r@héheliBf complete the frequency doubling mask

fabrication process.

[0040] The photoresist stack 320 may be removed in the same process operation

as the removal of the sacrificial mask 310 or in a preceding process operation. In one

embodiment, the photoresist stack is comprised of carbon-containing species and is

removed in a preceding wet or dry ash operation utilizing the gases O; and Ny, The
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[0043) I n accordance with an enbodi nent of the present i nvent i on, the
i mge of the cropped spacer nmask 340 is then transferred fromthe
har dmask portion 370A to a nask portion 3708 in a second etch
operation. The second mask | ayer 306B and, hence, the nask portion
3708 of the etch mask 370 may be conprised of any material suitable
for substantially w thstanding an etch process used to subsequently
pattern the sem conductor |ayer 308. In one enbodi nent, the second
mask | ayer 306B is conprised of an anorphous carbon material, such as
t he anor phous carbon nmaterial described in association with an

enbodi ment  ofS2¢rHis!at BagoY Vrnaybe stmaved by anydechnigeshitdyeigh3ed@tive to the
particul ar enbodi nent, the thickness of the second mask | ayer 306B
and, hence, t¥@PrehEReHHIack HH @ GESeewnd hardmaskddyendsid. 37 acdowlangs withen
range of 3.125 - 6.875 tines the width of each of the lines of the
etch mask 37CMbyfigesed thicprepaidnyeatien He8B inalmisk 3¢¢ shrethptimdfobe smglhe
mask portion 3708 by any etch process that nmmintains a substantially
vertical proflpeearfdds reapeed ssfectivrdo therpeperdt spedve meskcH#0rims king@7 Orocass
depicted in Figure 314. In one enbodi nent, the second nmask | ayer 3068
i s conpri sed WfratgtoripReanedininh therrdonped sperrn wask Hiotihcanmisgd aftagierphous
process using a plasma conprised of gases selected fromthe group
consi sting ofor phgcrEsatbaaralidonrtheofecQr rarddaplapar 304ve iscomprisedtof eificapfox@eld,
N2 and 02. [0044] Through various enbodi nents, one or nore nmethods to
fabricate an ast 8ie spraidikiaBmaskcd iy doswdsadfsubstantig ytdfatlicatonitylde atdis removed
frequency of the lines froma sacrificial mask have been descri bed.
The et ch nmasky3zbigleeychtdpentifreselesied fom thagrogr wnsstgni e bodli®Oo wed conher a
308 for, e.g. device fabrication for an integrated circuit. In

accor dance wi fifioliretahniboaiothentmbddimére, thy @smped spaperamdsk 84 istbreprised bf mask
370 has a mask portion 370B conprised substantially of an anorphous
car bon nmat er i miorphbug ¢rryglyarysieltiioh sif cang the secusithrdnoask et BGA it dvenprised of
sem conductor |ayer 308, the anorphous carbon material becones

passi vat ed arsilicos nitfidesind keesadrdficiabaskrd 10 isscompeigpe sabethndaliyesisiliotradsiideyand
t hroughout the entire etch of the sem conductor |ayer 308. Although
t he spacer nuiskeniddéd hessihdieetdiesperazidn ehilevaxd Sioanse gronp tdneisphat dfen adurgus
sem conductor |ayer 308, the material of the spacer mask 340 may not
be suitabl e tigdwilluhid ®idva eph@eh SEoNIage Tranbdembbdimants dacrpndupicer
| ayer, i.e. it may degrade during the etch process. In accordance

W th an enbodniRnto Bfcombesedloe siitdn dxiéahé bedsnd Halinaskrage J06A ds @rpppEd!
spacer mask is first transferred to a | ayer conprising an anorphous
carbon mat eri @licophitde dnd tite' sAESTcRI Fabkgs OheconpBigR] stibstahtia Ry farehhohos:

| ayer, as described in association with Figures 30 and 3H [0045] The

sem conduct or pdiRY\8al11308i1i8y 2des AR vEERHET sirgSdidhalpb@tibiodeldRY o the group
consisting of a Cl; plasma etch and a CF4/O, plasma etch. In another embodiment, the
cropped spacer mask 340 is comprised of silicon nitride, the second hardmask layer 306A
is comprised of silicon oxide and the sacrificial mask 310 is comprised substantially of
amorphous or polycrystalline silicon and is removed by a single etch operation selected
from the group consisting of a Cl; plasma etch and a CF4/O, plasma etch. In another
embodiment, the cropped spacer mask 340 is comprised of silicon nitride, the second
hardmask layer 306A is comprised of amorphous or polycrystalline silicon and the

sacrificial mask 310 is comprised substantially of silicon oxide and is removed by a
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fabrication or any other sem conductor structure fabrication
requiring a double frequency mask. For exanple, in accordance with an
enbodi nent of the present invention, the sem conductor |ayer 308
conprises any material that can be suitably patterned into an array
of distinctly defined sem conductor structures. In one enbodi nent,
the sem conductor layer 308 is conprised of a group |IV-based materi al
or alll-V mterial. Additionally, the sem conductor |ayer 308 may
conpri se any norphol ogy that can suitably be patterned into an array
of distinctl ySHs FHERPEERD dsrtrddion the gour sasiating of an aqveersdudiofperic acidhe
mor phol ogy of the sem conductor |ayer 308 is selected fromthe group
consi sting of " Bhd o oNvsish- Brapeten embadimspidthp stoppashspacenmpsk3g0 is n
one enbodi nent, the sem conductor |ayer 308 conprises charge-carrier
dopant i npur i $PPEESIAL STl ipreoddmie serane basdmaskjayer 3968 inegnrised ¢Hfamormbsisde
above a substrate, The substrate may be conprised of any nateri al
suitabl e to wirtPREeaMliae sibeaniaedtheserrificiocaask 319 is campased oehsraptially of Bigcon
substrate is conprised of a flexible plastic sheet. The substrate may
further be cofifside gehis sfmayeddiy eringlp etshiprestsion selestagi fiomsthagpup consisting of a
manuf acturi ng process and upon which sem conductor |ayers may

sui tably resi s HaQn v etshiobal Siaont etch-he substrate is conprised of
group |V-based materials such as crystalline silicon, germanium or
silicon/ ger mal@P¢hh | n breotaiematveirododiennt, the keri§cbistaskBe0 issompriged bbad
of a material. The substrate may al so conprise an insulating |ayer.

I n one enbodi ffetficial htrdmaskanpirtéan agve soperificiab meskporiiceess defcribedvimtaer | al
selected fromthe group consisting of silicon oxide, silicon nitride,
si li con oxy- nilternaties sardianent ghodatdivathdigure 8B Byrerample04 6id émbicgintent, e
appreci ated that enbodi nents of the present invention are not limted
to the fabri catiifipl birdmagqracem iseshprtdf ainstgkbgeredd Abmrieggromsconsisting
surrounding the ends of the lines in a sacrificial nmask. In

accor dance wi ¢fisil@positrale, gidoodixite atd oforptues priesenstailine @hitémpwhilpoet i ons
of a spacer mask that surround structures other than |line-ends are
cropped i n t hecypfices enslep@fiorais sbmprtsed pBdnlaynosphporattion enasdial, sicdh ek die
mask. Figures 4A-B illustrate top-down views representing processes
in a spacer naskpfa@bedirsatmaerigdeceiss,in iBodaion witateinm niddk #yer 304B.
enbodi nent of the present invention. [00471Referring to Figure 4A a
patterned photiarsgsiasdordaayeeritdaCemtdihRrofthabava itvesiacs tie sifskadidd and
a sacrificial nmask 410. The end regions 416 of the spacer nask 414,
whi ch sur r oungbnitiitibhs@aetch akess@senibbditd i0dee HAcdhiodvingitidd sabmSdal k6 31@r e
exposed by the wi ndows 430 in the patterned photoresist |ayer 420.

Thi s t op- downseldcliwtsb ftckpped Patd SRONTD il tHe skdogdihRdREsk 1ARE30Yare used to
represent a different region of the spacer mask 314 than the

l'i ne-ends depiefio@sla éabrifidig Waindbk porfRaf Rictdvado the cloipBidl spackBmatBI0SPRAGET
mask 414 is cropped to formthe cropped spacer mask 440.

Addi tional 'y, sdebifi Raki-ek Res JBRL Tresitsicid MMl pARéh wasklyifeths aerifidibici al
mask 410 are renoved. In accordance with an enbodi nent of the present

invention, theargagkipbiichaf a sEGkkd &tEAidia WLk AlaNBSsubQintBIY HidtoEdin the same
support while non-linear portions of the spacer mask 414 are cropped.

This process gbadjeasiot bt & QEdHRD rdibve the BaRifiORPIREISRRB S oNBA Kerdd et 4 h
t he spacer ends 480 separated by a distance
second ctch operation may be required to remove the sacrificial mask portion. Inone
embodiment, the sacrificial mask portion is comprised of amorphous carbon and is

removed with a dry etch having a plasma comprised of gases selected from the group

consisting of the combination of O, and N; or the combination of CHa, N; and O,.
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greater than the spacing of the lines of the cropped spacer mask 440,
as depicted in Figure 4B. In one enbodi nent, subsequent contact
formation to each of the spacer ends 480 is facilitated w t hout
danger of inadvertently contacting nore than one spacer |ine fromthe
cropped spacer mask 440 with a single contact. [0048]1n formng a
spacer mask, it may be desirable to retain nore than just the portion
of a spacer layer that is conformal to the sidewalls of a sacrificial
mask, Area preservation regions nay be retained during the formation
of a spacer nt8#2 suchRafeeiesy aresipaei Oof thalivohart Belandeousponding Higiren
contact |andin ads, lines of varying dinension or lines running in
two direction iERee althotropier eparkrarask 344 is transderfed emha secpadmask stack 306
deposited al ongf the perinmeter of a sacrificial core, such as at a
T-i nt er sect i off.1o] §eiplels magk 150iappysdhe wmicordustos layerci0B o edneimbagiment, the
representing a series of operations in a spacer mask fabrication
net hod i ncl udichgdanpsk plagk I6as empaisechiybaspnsinliit ¢forsinglermaiertad anthim etehedite h
an enbodi nent of the present invention. [0049] Referring to Figure 5A
a spacer | ayeforsiie efck nepshda) maginglsretcbropektion. tha spesidic einbpdimaht, tasdeond
510. The spacer layer 512 is the source of material for what wll
ul ti mat el y be®asstagk d9fuie epmpripst substentisdle of msingld metgure melycretblidgh ihegroup
schenme incorporating an area-preservation operation. Figure 5A
corresponds wanpistRigagisilic@Qidids.ciliche dxidbaon@moRhparoripolytiyeaidtetiliquno bess
used to pattern the spacer |ayer 512 to forma spacer mask, a
phot or esi st | a{eoratiGodnliodingkep diei seeud ansk park386 sedmabedef thasecopdicedmask
| ayer 512. In accordance with an enbodi nent of the present invention,
t he phot or esi Byerl388/e rbos® (heisscopd el lawd 306B, o3 dhpictdddn rret deseribad posstdciarion
of the spacer |ayer 512 that woul d otherw se be renoved in a spacer
mask for mat i onitefighredPedmonecamboliimeon theetrb otkslnEitis cdnyeisspaitairardnaigie r
512 provides structural support for the sacrificial mask 510 during
t he deposi ti oporamd37fatané p masigpafiont 38Bphciepiced inckigirafdr E6BOJdimEhe for the
phot oresi st | ayer 590 may be conprised of

material composition and thickness of the second hardmask layer 306A and, hence, the

hardmask portion 370A were described in association with Figure 3B. In accordance
with an embodiment of the present invention, the image of the cropped spacer mask 340
is transferred into the second hardmask layer 306A in an etch operation distinct from the
patterning operation ultimately used to form the mask portion 370B. In one embodiment,
the second hardmask layer 306A is comprised substantially of amorphous or
polycrystalline silicon and is etched to form the hardmask portion 370A with a dry etch
using the gas CHF;. In another embodiment, the second hardmask layer 3064 is
comprised substantially of silicon oxide and is etched to form the hardmask portion 370A
with a dry ctch using gases selected from the group consisting of CH,F; and the
combination of Cl, and HBr. In another embodiment, the second hardmask layer 306A is

comprised substantially of silicon nitride and is etched to form the hardmask portion
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any material and may be patterned by any technique as described in
association wth the photoresist stack 320 from Fi gures 3E and 3E'.
10050] Referring to Figure 5B, the spacer layer 512 is etched to form
t he spacer mask 514. The spacer nmask 514 includes an
area-preservation portion 592 that is retai ned because of protection
by the photoresist |ayer 590. The photoresist layer 590 is then
renoved and the spacer mask 514 is cropped in a cropping process
sequence that_includes retention of the sacrificial mask 510 through
t he croppi ng ¥POFEEs dryeieh prinagsses selpsteddornihd groop coiststingef @it € ane nt

of the present invention, the area-preservation portion 592 is al so
retai ned thrdiRhout the cropping process. Referring to Figure 5C, the
sacrificial nmask 510 is renoved, |leaving only the cropped spacer nask
540 havi ng t HB043 ea- priageroydantownitipar mitodinEonat tiRefresenti ingention, Biednage oD,
the image of the cropped spacer mask 540 having the area-preservation
portion 592 itke ereppaé fracerenpsk 84Giis stwo tmnkiamas ostthckar&OGk portbo BMiamw aet ch
mask 570. I n accordance with an enbodi nent of the present invention,
as a result dfask hertion @HBpineserondetic npemtion.etis: setdnd nesic hyeraSKB 5d) hence,
conprises at |east one feature having a wwdth greater than the width
of the thi nndkt miskmesion 37@R cfthereiskmssk®B70 amy depingirael dfrunfivgierial sbidbleThe
ordering of the cropping process and the area-preservation process
may not be sdyuehgetidépeitidenting bn cal protdames todubleqgaentl@pitesn@ti ve
enbodi ment of the present invention, the cropping process is carried
out prior to stheoave@r pyeses.vhtdneampsdraasshe {eOHaIdaAk layer 306B is comprised
area- preservation process may be used in conjunction with a spacer
mask process df en ghorphas ehrborf meterisl egilosshd anaptpantaomduatl désayed i hat
may be used for Form ng contacts. Figures 6A-B illustrate top-down

Vi ews repr esenfociagoropier at éntnginidnt af tsp@BbsitiBsH thealirst eakilger I@Bhad

i ncorporating an area-preservation process, in accordance with an
enbodi ment ofpatiieelapenetse dient, Mivethickss of the second mask layer 306B and, hence, the mask

portion 3708 of the etch mask 370 is in the range of 3.125 — 6.875 times the width of
each of the lines of the etch mask 370. The second mask layer 306B may be etched to
form the mask portion 370B by any etch process that maintains a substantially vertical
profile for each of the lines of the etch mask 370, as depicted in Figure 3H. In one
embodiment, the second mask layer 306B is comprised of amorphous carbon and is
removed with a dry etch process using a plasma comprised of gases selected from the
group consisting of the combination of O, and N, or the combination of CHs, N; and O,
[0044] Through various embodiments, one or more methods to fabricate an etch
mask 370 comprised of lines that double the frequency of the lines from a sacrificial mask
have been described, The etch mask 370 may then be used to pattern a semiconductor
layer 308 for, e.g. device fabrication for an integrated circuit. In accordance with an
embodiment of the present invention, the eich mask 370 has a mask portion 3708

comprised substantially of an amorphous carbon material. During an etch process used 10
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[ 0052] Referring to Figure 6A, a spacer mask 614 having
area-preservation regions 692 is forned around a sacrificial mask
610, as described in association with Figure 53. Referring to Figure
63, the spacer mask 614 is cropped to formthe cropped spacer nask
640 havi ng the area-preservation regions 692 and then the sacrificial
mask 610 is renoved. The area-preservation regions 692 nmay provide a
| arger region onto which contacts may be fornmed. In accordance with

an enbodi ment_of the present invention, a portion of a spacer |ayer
that woul d oPHEFE Serlashptictes a4t o(b- the gpamlpus radRn mBierial et pegiviied
operation is_retained in an .area-preservation eration. |
00531t hod <P iF foraEin aPeetne Arritiensdn RuRoHEDE etisesich of the
di scl osed. In _an qgo i me sen conduct or, stack having a .
sacrificial ﬁ@g%”@ﬂ mﬁQ@b@@%#ﬁﬂﬁgﬂg@%ﬂﬁw%aﬁﬁgﬁmﬂ$h@eéaﬁ$3#wsmawwﬁa%k
is conprised of a series of |ines d.the spacer mask has_ spacer
lines adj aceHE PROSTHAR SO ORGP ?&h@e grferialot dhe sppcgmaskpdld may not be
sacrifici al nasglis r@gn&ed subsequent to cropping the spacer nask to
provi de a cr OPIIRG SPLLE FRLSEIse Inss AN AT cAarpn U daysh A df mppdarrae
formed by de ositéqg a spacer |ayer above the sem conductor stack and
conformal wi CHMEHRS SHLRPEFTi 8 pcREeRce wihangmhedmenlgy dye presentdnveaipn; Be
provi de the spacer mask havi ng spafer i nes adj acent to the sidewalls
of the seri e&P%F Of § HOEPSIFPIRIMEK AT i teansfPrrofde R layproroperiaing sk amerpious op
surface of the sacrificial mask. A photoresist |ayer is then
deposi t ed anaafb%{t'P@?rﬂ?éan%evéns{%’gsfgw@ee PSR MBI oS lay s 7S depesibad in
mask to expose a portion of the spacer mask. The exposed portion of
the spacer nBSRRUON(itdgrresoc#dpt he spacer mask. Finally, the
sacrificial nask is renoved to provide only the cropped spacer nask.
In a parti cul®#SlembodiThesemicensacter layss 808 mphecny ueidesitnbis fesdavive
frequency of the series of lines of the sacrificial nmask. CLAI M
What is cl ai fabgicgtign or any other semiconductor structure fabrication requiring a double frequency
mask. For example, in accordance with an embodiment of the present invention, the
semiconductor layer 308 comprises any material that can be suitably patterned into an
array of distinctly defined semiconductor structures. In one embodiment, the
semiconductor layer 308 is comprised of a group 1V-based material or a {II-V material.
Additionally, the serniconductor layer 308 may comprise any morphology that can
suitably be patterned into an array of distinctly defined semiconductor structures. In an
embodiment, the morphology of the semiconductor layer 308 is selecied from the group
consisting of amorphous, mono-crystaliine and poly-crystalline. In one embodiment, the
semiconductor layer 308 comprises charge-carrier dopant impurity atoms. The
semiconductor fayer 308 may further reside above a substrate. The substrate may be
comprised of any material suitable to withstand a fabrication process. In an embodiment,

the substrate is comprised of a flexible plastic sheet. The substrate may further be

comprised of a material suitable to withstand a manufacturing process and upon which
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| A method for fabricating a sem conductor mask, conprising:

provi ding a sem conductor stack having a sacrificial mask conprised
of a series of lines, each line of said series of |ines having
sidewal I s and ends; depositing a spacer |ayer above said

sem conductor stack and conformal with said sacrificial mask; etching

sai d spacer |ayer, the etching to provide a spacer mask having spacer
| ines adjacent to the sidewalls of each line of said series of |ines
of said sacrificial mask and portions of said spacer mask w apping
around t he erf@&icardusior kyers may gfitablyiresidge bi ansgmbpdinicnie the salpstiate ds @xposd a
top surface of said sacrificial mask, wherein the spacer |ines
adj acent to tHEypdewaie srapsrials sedh asicryataldine sitieon sgermasuro or $ilicragenfaniiai. d
sacrificial mask are discontinuous fromthe spacer |ines adjacent to
the si dewal | dngrothar empedimps, e pitbsirdte iseempised hin BleY imateriof. Themelstratt may
said sacrificial mask; depositing and patterning a photoresist |ayer
above sai d spd®epmpnsianaiiylaieg @yssabrdnt ewbedimeniske inoulftrzrayex sosmprised
portions of said spacer mask w apping around the ends of each line of
sai d series off amatpsial sclerieh g thheroexposging pbsiticaormsidef siban ditsgasidcon
mask to crop said spacer mask by renmoving the portions of said spacer
mask wr appi ngxamgtistiandadiighnidiclottrietagtr. | i ne of said series of |ines;
and, subsequent to etching said spacer mask, renoving said
sacrificial nfe46]lto prloistdée appesetptgslebit sphatimenasithe present invention are not
timited to the fabrication of a spacer mask that is cropped at regions surrounding the ends
of the lines in a sacrificial mask. In accordance with another embodiment of the present
invention, portions of a spacer mask that surround structures other than line-ends are
cropped in the presence of a structurally supportive sacrificial mask. Figures 4A-B
illustrate top-down views representing processes in a spacer mask fabrication process, in
accordance with an embodiment of the present invention.
[0647] Referring to Figure 4A, a patterned photoresist layer 420 is formed above
a spacer mask 414 and a sacrificial mask 410. The end regions 416 of the spacer mask
414, which surround non-linear features from the sacrificial mask 410, are exposed by the
windows 430 in the patterned photoresist layer 420. This top-down illustration
corresponds with Figure 3E’ and may represent a different region of the spacer mask 314
than the line-ends depicted in Figure 3E’. Referring to Figure 4B, the spacer mask 414 is
cropped to form the cropped spacer mask 440. Additionally, the patterned photoresist
layer 420 and the sacrificial mask 410 are removed. In accordance with an embodiment
of the present invention, the sacrificial mask 410 is retained for structural support while

non-linear portions of the spacer mask 414 are cropped. This process enables the

formation of a cropped spacer mask 440 with the spacer ends 480 separated by a distance
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|
2. The nethod of claiml wherein said spacer |ayer is conprised
substantially of silicon, wherein a top portion of said sacrificial
mask is conprised substantially of a material selected fromthe group
consisting of silicon nitride and silicon oxide, and wherein etching
sai d spacer |ayer to provide said spacer mask conprises using a dry
etch process with a gas selected fromthe group consisting of Cl) and
HBr. 3. The nethod of claim2 wherein renoving said sacrificial mask
to provide said cropped spacer mask conprises using an etch process

selected fr Og%r%am?tlﬁﬂ 9%%{)%9%&%3 Hn % &j th am‘tt1 of g‘g%?%%a\é\ﬁ%twe%s? cpe-‘?ﬁgeg hré{‘lﬁbra

aqueous hydr uoric ac etc

of claim!l V\ﬁlﬁj’v\hgné&ﬁ%dﬁ%ﬂ?ﬁﬁbstzﬂﬁ%om ct?o ng{!(lmstgd iuogi antl al | ?gé%)fls

silicon oxide ereln top ron of sard gacrf SPRfgg0d
consi 'sf?ﬁgsg?@%?t?ﬁ%%‘ﬁh%f?%ﬂ S LGy C%%%n%c%@%foﬁ%?é%ﬁﬁgf@am
spacer | ayer ac onprises using a dry etch
process with &&Sgié?’\é&e ?éij"fbée‘aﬁ?e%r%ﬁp consi sting of CAF8 and
CHF3. 5. Th fRt hod of Ll ai r id sacrificial
nmask to provi gle a| d clrrl g%rﬁlélég %%ﬁce&maﬁﬁg ma&%’ﬁ*ﬂ?ﬁ’%@g otf§faH'gm%fﬁ thap st the
ST oon et orrinef § R G Bl SRGEl et Bl B et el e
subst ant 1 al 1" OF" t.*“"f‘l.ers%%n@ﬁ%da%%‘saﬁ@r a?%&eaor'fn%ﬁgc’%%spm ks pep area
sacrificial mask is co subst terial selected
fromthe grod”“coﬁgwg nﬁ&’ﬁ?ﬂﬁﬁT?%Bg %@ygwamng @ S oG Wher ei n
etching said di rggn%%rn or fles’ runnlng in two directions which cannot otherwise be formed from a

i

spacer deposiled along the perimeter of a sacrificial core, such as at a T-intersection.
Figures SA-D illustrate cross-sectional views representing a series of operations in a
spacer mask fabrication method including an area-preservation operation, in accordance
with an embodiment of the present invention.

[6049] Referring to Figure SA, a spacer layer 512 is deposited conformal with a
sacrificial mask 510. The spacer layer 512 is the source of material for what will
ultimately become a spacer mask for use in a frequency doubling scheme incorporating an
area-preservation operation. Figure SA corresponds with Figure 3C described above.
Prior to the etch process used to pattern the spacer layer 512 to form a spacer mask, a
photoresist layer 590 is deposited and patterned above the spacer layer 512. In
accordance with an embodiment of the present invention, the photoresist layer 590 is
patterned in order to retain a portion of the spacer layer 512 that would otherwise be
removed in a spacer mask formation etch operation. In one embodiment, the spacer layer
512 provides structural support for the sacrificial mask 510 during the deposition and

patterning of the photoresist layer 390. The photoresist layer 590 may be comprised of
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provi de said spacer nmask conprises using a dry etch process with a
gas selected fromthe group consisting of CH2F2 and CHF3. 7. The
nmet hod of claim 6 wherein renoving said sacrificial mask to provide
sai d cropped spacer mask conprises using an etch process sel ected
fromthe group consisting of an aqueous hydrofluoric acid wet etch, a
Si CoNi etch, a Cl2 plasma etch and a CF4/02 plasma etch. 8. The
met hod of claim|l wherein a frequency of spacer lines is double a
frequency of said series of lines of said sacrificial mask. 9. The
met hod of cl &Mhingeipleremay Be pattewrd by anydgciiniges dsaigscgbed in pessciefionswiiicthe
sacrificial mask is apgroxinately 4. 10. The nethod of claim1,
further conprPePigst stackAdt GomiFigyresAEiepdhidfe of sai d cropped spacer mask
to a mask stack, wherein said mask stack is in said sem conductor
stack bel ow J¥N) sacr i Referring torfiigike SBrite sphesr biyer S$aischtaredto fomathk spacer
conprises a |ayer of amorphous carbon film
mdsk 514. The spacer mask 514 includes an area-preservation portion 592 that is
retained because of protection by the photoresist layer 590. The photoresist layer 590 is
then removed and the spacer mask 514 is cropped in a cropping process sequence that
includes retention of the sacrificial mask 510 through the cropping process. Furthermore,
in accordance with an embodiment of the present invention, the area-preservation portion
592 is also retained throughout the cropping process. Referring to Figure SC, the
sacrificial mask 510 is removed, leaving only the cropped spacer mask 540 having the
area-preservation portion 592. Referring to Figure 5D, the image of the cropped spacer
mask 540 having the area-preservation portion 592 is transferred to a second mask stack
506 to form an etch mask 570. In accordance with an embodiment of the present
invention, as a result of the area-preservation process, the etch mask 570 comprises at
least one feature having a width greater than the width of the thinnest lines in etch mask
570, as depicted in Figure 5D. The ordering of the cropping process and the area-
preservation process may not be sequence-dependent. In accordance with an alternative
embodiment of the present invention, the cropping process is carried out prior to the area-
preservation process.
[0051] An area-preservation process may be used in conjunction with a spacer
mask process to ultimately form regions in a semiconductor layer that may be used for
forming contacts. Figures 6A-B illustrate top-down views representing operations in a

spacer mask fabrication method incorporating an area-preservation process, in accordance

with an embodiment of the present invention.
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[0052) Referring to Figure 6A, a spacer mask 614 having area-preservation
regions 692 is formed around a sacrificial mask 610, as described in association with
Figure 5B. Referring to Figure 6B, the spacer mask 614 is cropped to form the cropped
spacer mask 640 having the area-preservation regions 692 and then the sacrificial mask
610 is removed. The area-preservation regions 692 may provide a larger region onto
which contacts may be formed. In accordance with an embodiment of the present
tnvention, a portion of a spacer layer that would otherwise be removed in a spacer mask
formation etch operation is retained in an area-preservation operation.

[G053] Methods for fabricating a semiconductor mask have been disclosed. In an
embodiment, a semiconductor stack having a sacrificial mask and a spacer mask is
provided. The sacrificial mask is comprised of a series of lines and the spacer mask has
spacer lines adjacent to the sidewalls of the series of lines. The sacrificial mask is
removed subsequent to cropping the spacer mask to provide a cropped spacer mask. In
one embodiment, the spacer mask is formed by depositing a spacer layer above the
semiconductor stack and conformal with the sacrificial mask. The spacer Jayer is etched
to provide the spacer mask having spacer lines adjacent to the sidewalls of the series of
lines of the sacrificial mask and to expose the top surface of the sacrificial mask. A
photoresist layer is then deposited and patlerned above the spacer mask and the sacrificial
mask 10 expose a portion of the spacer mask. The exposed portion of the spacer mask is
etched to crop the spacer mask. Finally, the sacrificial mask is removed to provide only
the cropped spacer mask. In a particular embodiment, the cropped spacer mask doubles

the frequency of the series of lines of the sacrificial mask.
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CLAIMS
What is claimed is:
[.- A method for fabricating a semiconductor mask, comprising:

providing a semiconductor stack having a sacrificial mask comprised of a series of lines,
each line of said series of lines having sidewalls and ends;

depositing a spacer layer above said semiconductor stack and conformal with said sacrificial
mask;

etching said spacer layer, the etching to provide a spacer mask having spacer lines adjacent to
the sidewalls of each line of said series of lines of said sacrificial mask and portions of
said spacer mask wrapping around the ends of each line of said series of lines, and to
expose a top surface of said sacrificial mask, wherein the spacer lines adjacent to the
sidewalls of each line of the series of lines of said sacrificial mask are discontinuous from
the spacer lines adjacent to the sidewalls of all of the other lines of the series of lines of
said sacrificial mask;

depositing and patterning a photoresist layer above said spacer mask and said sacrificial
mask to form exposed portions of said spacer mask wrapping around the ends of each
line of said series of lines;

etching the exposed portions of said spacer mask to crop said spacer mask by removing the
portions of said spacer mask wrapping around the ends of each line of said series of lines;
and, subsequent te etching said spacer mask,

removing said sacrificial mask to provide a cropped spacer mask.



2. The method of claim 1 wherein said spacer layer is comprised substantially of silicon, wherein
a top portion of said sacrificial mask is comprised substantially of a material selected from the
group consisting of silicon nitride and silicon oxide, and wherein etching said spacer layer to
provide said spacer mask comprises using a dry etch process with a gas selected from the group

consisting of Clz and HBr.

3. The method of claim 2 wherein removing said sacrificial mask to provide said cropped spacer
mask comprises using an etch process selected from the group consisting of a hot H3PQ, wet

etch, an aqueous hydrofluoric acid wet etch and a SiCoNi etch.

4. The method of claim | wherein said spacer layer is comprised substantially of silicon oxide,
wherein a top portion of said sacrificial mask is comprised substantially of a material selected
from the group consisting of silicon nitride and silicon, and wherein etching said spacer layer to
provide said spacer mask comprises using a dry etch process with a gas selected from the group

consisting of C4Fg and CHF;.

3. The method of claim 4 wherein removing said sacrificial mask to provide said cropped spacer
mask comprises using an etch process selected from the group consisting of a hot HyPQ, wet

etch, a SiCoNi etch, a Cly plasma etch and a CF4/0O, plasma etch.

6. The method of claim | wherein said spacer layer is comprised substantially of silicon nitride,
wherein a top portion of said sacrificial mask is comprised substantially of a material selected

from the group consisting of silicon oxide and silicon, and wherein etching said spacer layer to
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provide said spacer mask comprises using a dry etch process with a gas selected from the group

consisting of CH3F; and CHF;.

7. The method of claim 6 wherein removing said sacrificial mask to provide said cropped spacer
mask comprises using an etch process selected from the group consisting of an aqueous

hydrofluoric acid wet etch, a SiCoNi etch, a Cl» plasma etch and a CF4/0O, plasma etch.

8. The method of claim 1 wherein a frequency of spacer lines is double a frequency of said series

of lines of said sacrificial mask.

9. The method of claim 8 wherein a pitch of said series of lines of said sacrificial mask is

approximately 4.

10. The method of claim I, further comprising:
transferring an image of said cropped spacer mask to a mask stack, wherein said mask stack
is in said semiconductor stack below said sacrificial mask, and wherein said mask stack

comprises a layer of amorphous carbon film.



