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Frequency Doubling Using Spacer Mask CROSS REFERENCE TO RELATED
APPLI CATI ONS 100011This application clains the benefit of U S.

Pr ovi si onal

Application No. 60/932,858, filed June 1, 2007, which is

her eby i ncorporated by reference. BACKGROUND 1) FIELD
10002] Enbodi 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 hereby 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

[0003] 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
smatler and smalier features enables increased densities of functional units on the {imited
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,
tending 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. Mirre 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 [0003] For 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
functional 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 1A. Referring to
Figure 1B, 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 [ayer 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 1C. 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 |lithographic process includes
exposure of the_ photoresist |layer 104 to Iightéégv)'having a

particul ar walP8lengt h, Thas ainrdhadde depbisythe Fedugnoy ohe samicerdyeipidithggraphic
Referring to Figure 1B, the photoresist layer 104 is subsequently
devel oped t o PpFevisdlsaibed batiter 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 |light are now renoved. The w 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
113. [0006] Referring to Figure IC, the critical dinension (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
di rensi on may be shrunk by over-exposing the photoresist |ayer 104
during the |ithographic operation depicted in Figure I A or by
subsequently trinm ng the patterned photoresist |layer 108 from Fi gure
1B. However, this reduction in critical dinension comes 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

| ithographic



|
process is described herein. BRI EF DESCRI PTI ON OF THE DRAW NGS

100081Enbodi ments of the present invention are illustrated by way of
exanpl es and not limtations, in the figures of the acconpanying
drawi ngs. [0009]Figures IA-Cillustrate cross-sectional views

representing a conventional sem conductor |ithographic process, in
accordance with the prior art.

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.

[0009] 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 5A-D illustrate cross-sectional views of an exemplary method of a
spacer mask fabrication process, in accordance with an embodiment of the present
invention,

10014] 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.



[0010] Figure 2 illustrates an exenplary nmethod of a spacer nask
fabrication process, in accordance with an enbodi nent of the present

I nvention. 100111Figures 3A-Fl illustrate cross-sectional and

t op-down views representing a series of processes fromthe flowhart
of Figure 2 as applied to a sem conductor stack, in accordance with
an enbodi ment of the present invention. [0012] Figures 4A-B illustrate
t op-down views of an exenplary nethod of a spacer nask fabrication
process, in £ ' nbodi ment of the present invention.

[ 0013] Fi gur ea%g%‘-l 2 ﬁ?‘?ﬁ@ﬁam@éfoss-sectional views of an exenplary
met hod of a [0015]

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 detai! 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.

[C016] 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.



spacer mask fabrication process, in accordance with an embodi ment of
the present invention. 10014]Figures 6A-B illustrate top-down views
of an exenplary nmethod of a spacer nmask fabrication process, in
accordance with an enbodi nent of the present invention. DETAILED
DESCRI PTI ON [ 0015] A net hod to doubl e the frequency of a sem conductor
| i thographic process is described. In the follow ng description,
numer ous specific details are set forth, such as fabrication
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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
directly adjacent to the sidewalls of the lines 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
spacet 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.



[0016] I n one enbodi ment, a nethod for fabricating a sem conductor
mask is provided. A sem conductor stack having a sacrificial mask and
a spacer mask may first be provided. In an enbodi nent, the
sacrificial nmask conprises a series of |lines and the spacer mask has
spacer lines adjacent to the sidewalls of the series of |ines. The
spacer mask is then cropped to provide a cropped spacer nmask and the
sacrificial mask is renoved subsequent to the cropping of the spacer
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is fabricated havin ggacer | i nes fornmed adjacent to the sidewal k of
a |ithographi %‘fwag‘a HAHRRYPIOSER i fEPpncrpdtk an pbadiment of e pesvesit y
line in the sacrificial nmmsk, two spacer |ines of the spacer nmask are
generated. A S¥FRUEBNGERED?ABhiETaH GiepswecsiRIgh pVPRIIRYN Kiglys eegAmpaziying the
the sane critical dinmensjion for each line, or the sanme feature w dth,
but having dotiSMeapHactaehkem floyehar29@as nnlied toasemisonduptor gepkoln apepydance
thus be fabricated upon renpval of the sacrificial mask. For exanple,
i n accor dance™if fherzipdungsb el the Presest nY®WEohr esent i nvention, the pitch
of the sacrificial mask is selected to be 4 in order to ultinmatel
provi de a spat®®0nask R&lrrig taopirations Y2 apd 2000 TRrcharb?Weand eerrqspandinge
spacer |ines that do not wwaE around the ends of the
Figure 3A, a patterned photoresist layer 302 is provided above a semiconductor stack
300. In one embodiment, the semiconductor stack 300 is comprised of a first mask stack
304 and a second mask stack 306 above a semiconductor layer 308.
[0021] The patterned photoresist fayer 302 may be comprised of any material
suitable for use in a lithographic process. In one embodiment, the patterned photoresist
layer 302 may be formed by first masking a blanket layer of photoresist material and then
exposing it to a light source, The patterned photoresist layer 302 may then be formed by
developing the blanket photoresist layer. In an embodiment, the portions of the
photoresist layer exposed to the light source are removed upon developing the photoresist
layer. Thus, the patterned photoresist layer 302 is comprised of a positive photoresist
material in the present embodiment. [n a specific embodiment, the paiterned 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



lines of the sacrificial mask, the spacer nask 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 nask has
been cropped. For exanple, in accordance with an enbodi nent of the
present invention, a spacer mask conprises spacer regions which are
directly adjacent to the sidewalls of the lines in a sacrificial

mask, including around the ends of each line. Each pair of spacer

regi ons of the.sg&cer sk associated with each |ine of the
sacrificial fj2 figzop GHERNe epsRgy 1B anqile embeliment the poreipns o thej nes
in the spacer nask.tpap are(fiscon i nuous with one another. In one,
embodi ment , t HEOBGSHL e SxReEe tﬁéhesltggb%’turﬁerﬁ%ekmﬁ'ﬁ%ﬁ URRP 4pVelapiigite phetoresitls
of the lines |in tﬁe %gcrificiaL mask are cropped in a patterning/etch
process. In tAE ahlEnEe Py ahdaresistiaver 302 ineosprisgdft agpertine PhalRSIfay
not have sufficient integrity to endure the patterning/etch process.
In accor dance™dFid’ thgprg bﬂ%‘lli‘PélH?e“&f Ingsaecifjcsabqeiment, Eisprigrnedphgtoresist
sacrificial nmask és.retaln&d during the cropping process in order to
provi de st r ucfff 3¥? '§ Gypised PEr nosali & pheteresistarateriahselnstsd digm thperopp ocess.
Upon cropping the spacer mask, the sacrificial mask may be renoved to
provi de only TPRESRESHPYIECEHNPENe Aol YiRYISinga@ars i ¢ embodi nent, the

i mage of the cropped spacer mask is subse uentlﬁ transferred to a
sem conduct or%&&ck. [ gtﬂ@‘ﬂ?‘ﬁé“ P eh g 03 may baysaee dimensiknsruipable for

i nclude a cropping process sequence, through which a sacrificial mask
i s retained toSPREHURHfRY Gt Ripess. | IReesgrdanse with aneabsdimsat of feskesent
Figure 2 conprises a flowchart 200 representing an exenplary nethod
of a spacer nBYRUPHME i ‘BroTsrdciEaure of the selteried ahetereqiptttyenO2 is selected
enbodi nent of the present invention. Figures 3A-1-1 illustrate

cross- sect i onapugHatis ysodear Withdhesdesicadsiipeat ginregsiomefl asemigendyojor getittod
fromflowhart 200 as applied to a sem conductor stack, in accordance
with an enbodieffisigt e-»fthe Wdthnf e sease thahdedines aoste dQood} e pres ambeginest, the
operations 202 and 204 of flowchart 200 and correspondi ng Figure 3A
a patterned pti@thorelsinsthe rargee! 9021 00gapmiiars cthegbaing batveeniiownyueayde
stack 300. In one enbodinment, the semiconductor stack 300 is

conpri sed of slepled &rophndie adfraquincy daublingischese cloretordagie withakerdogingpbrfe

a sem conductor |ayer 308.
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 [ayer 302 is seiected 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



100211The patterned photoresist |ayer 302 nay be conprised of any
material 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 light source. The patterned photoresist |ayer 302
may then be fornmed by devel oping the bl anket photoresist layer. In an
enbodi nent, the portions of the photoresist |ayer exposed to the

| i ght source ja{; : el onj t he photoresi.st |ayer. Thus,
the pat ter ned arbt or ok S deRELERR. A Dol BEa Gr Fir s bieg goanrcs o

phot or esi st Bkiklel ent enbodinent. In a specific
enbodi nent, the ﬁatf@lﬁgégﬁﬁ%%%$esist | ayer 302 is conprised of a
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photor esi st 1yar e 3p0 8 & BTAAER- R Feruddel vaspit moei O mater i al
phot or e5i ot - Ty PRGN bRl 1 e e Begrrsb e e a

sel ect ed froqb% consi sti -ci s-isoprene and

f. |
pon-vinyI;cinngﬁﬁ égHﬁdﬁbﬁ¥$W8PB§W§%¥ﬁ%ﬂ%ﬁﬂaﬂwﬁﬂ§?§Pewavﬁwn§@QEWay
" accor danc e Pea T g Ao Rterde ™ R HeL Oing Ot Insiteat Weihat s h
"x' of h feat f,.th t d phot i st I 302
sel ected to STUdPAfE Pt elRe R E i (he ok HENoLhe phlisaed

di mensi on of 3tsenn ond tg%.device feat%re, e.g..the wwdth of a
space that dEPPREYSIAGRIYS B dppd fyasted Wl may bepduiviahe sighely Wighento x-
is in the range of 10- 100 nanoneters. The spacing between lines 'y’
may be sel ectBUPTEF O fHickd péOCF?Séﬁfpréﬂéi’}‘eﬂb‘ﬂBEfsh@ag‘cgl‘f’éf‘ré@-IT\hﬂs in
accordance wth an enhodi nent. of the present invention, a o
subsequent | y af"":%cﬁi“f?a“i” bﬁ%%ﬁl@évneﬁfa%fléhq RESSERfriyeniden thdnitialigdthofheachiiog iy
of the spacer lines of the spacer mask are substantially the same as
the width ' x'hegpigagdphetosssiss Y?Sgo% Frear %{fﬂ[terbﬁéﬁwraw-%%le"éwt3i¥asﬁé%thsoz,
Furt her nore, tqe spaci ng between subsequently forned spacer lines is
targeted to WE%%ubstantially equal to the width of each spacer

regi on. Thus, in one enbodi nent, because the frequency wll

ul'ti mately bd®@8lbl ed, ReFHENS PLPPREON 306 of telewphasiz?dR apeeariseroniing Figare
patterned photoresist 302 is approxinmately equal to 3 tinmes the val ue
I x,' as depi cPetheimageiofthe patsancdphatopspisidpyen 02 ih Bansfred inigel fiph madrsask st
| ayer 302 is selected to be approximately 4 in order to uItinater
provi de a spa@tby MadRh peess WhaEes saetifida msl§ I9g The pick etecess used to transfer
approximately 2. In a specific enbodinent, 193 nmlithography is used
to generate thfamssg may by prases seiabigtto frafpeer sidgi@antially the same image from the

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



having a feature wi dth of approximately 45 nanoneters and a spaci ng
bet ween features of approxi mately 135 nanoneters. [0023] The
approximate 3:1 spacing:width ratio for the features of the patterned
phot oresi st | ayer 302 nmay be achi eved by over-exposing a positive
phot oresi st | ayer at the exposure operation or by trinmng a

phot oresi st | ayer subsequent to a |ithographic/devel opnment process.

I n one enbodi nent, the patterned photoresist 302 is conprised of 193
urn positive ﬁgotores'%I t hat was trigned post devel opnent by using a
pl asma etch CREFTEYSH oLA1sng erfah may og Eakie [ fiopisy Bith A etk RoRess thals
i deal w dth on)eac Efeature in the patterned photoresist |ayer 302 is
1/ 4 the pit cR*SPUHY PBRITRACHRC Bldetrradinbptoregisidayend®. 1n pae srfodimegnt,
targeted mﬁdthcpaégbe re uir%d to be slightly thicker to conpensate
for the etch rdegsOadFihshaastesies i Trptraask packd04camprrisdala pgle
in accordance with an enﬁod'nent of the present invention, the )
initial w dt Fagfalaszifiecte é°%’?ﬁ*’?%@b]baﬁaé?'ﬂ@adwmst‘)ﬁr!@wgtvatteayéphcaerzsms
targeted to ?e b% ween, 0.281 and 0.312 tinmes_the pitch.

[ 0024] Ref er r 1§ 18 'UFESE SEHstapirdly dractnig arspesifiarathodipeot fisdpatierned
corresponding Figure 3B, the inmage of the patterned photoresist |ayer
302 is transPRYPEYSayet HB is poraprisprhefie catbgpkasghmatgyial and dhedhst prask eask 36
forma sacrificial mask 310. The etch process used to transfer the

i rage may be SHEIPPHFECLE atstipk ssisriad framithesmmapaonsiyiss phgitigoa nityide, lsdicerame
image fromthe patterned photoresist |ayer 302 to the first mask
stack 304. [oOvgsanragnorrhoys onpebierysieliag siem. dngparhavas embedimentathe fifst ¢ al
mask 310 may be conprised of any material or conbination of materials
suitabl e to Hetk dack304 wepmprigadshbstaatudlyiof silicanpuicide andetbk ettiaproresatised po
process. In accordance with an enbodi nent of the present invention,
the first nmadkmdhaerrifon mask 8 Bhyilizescrssas felectast fragh e gesup consistingel CHaF,

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

conposi ti on artCHRI dkaedier partipylarmbadigienis tha dikst mask stack 304 is comprised

substantially of silicon oxide and the etch process vsed to form the sacrificial mask 310
utilizes gases selected from the group consisting of C4Fg and CHF;. In another particular
embediment, the first mask stack 304 is comprised substantially of amorphous or
polyerystalline 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 in a
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 control of the spacer mask lines. In one
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,

0
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304 conprised of a single material may 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 a carbon-based material and the first mask stack 304 is
conmpri sed of [0826kat er i Kl acewstiense adth fr alpriative grivdimanoefshs piesegt infensibi, ifeon
nitride, silicon oxide and anorphous or polycrystalline silicon. In a
particul ar efisouisheiaek 30dtecdmprised pfechstdpmoksk3oyer B844 amye k Sietimask layer
substantially of silicon nitride and the etch process used to form
the sacrifi c?®MPB, serdicateritbylie tWodesrsgiasielsd bdlignt 84. Heom thiheacgficisipnask
consi sting of CH2F2 and CHF3. In another particul ar enbodi nent, the
first mask stl@dkcopois¢dsof@sapiticibardmist pamivn Al G4y atoive sbdcrifcinl mask dertiamd
the etch process used to formthe sacrificial mask 310 utilizes gases
sel ect ed frohh0Bhas dgpiogp ircloeerie$Bi hygorsfemBddigestntie GrFBardhaskdsnet J&A and
particul ar enbodi nent, the first mask stack 304 is conprised
subst ant i al | the &fst mashrigeo s Boare poteyned yith dielimage ithel proernaighotonsiselgd
process used to formthe sacrificial mask 310 utilizes gases sel ected
from t he gr o3 ictoysdigincngclodpetignsafitie Rt hardmask tayer IdAarayietcbmpuised of
enbodi mrent of the present invention, the thickness of the first mask
stack 304 compmiaseid wdtatde firaghipg mith en btah prosess thbeis bigdiahitallg pon-imzetfitlhe
subsequent formation of a spacer mask in a frequency doubling schene,
The t hi ckness tlafpattéreed phostresion Bliversiack 30 dmbmymbe, theidifrieadi@Btahyetstimal |
to prevent spacer nmask line-collapse of a subsequently fornmed spacer
mask and suf ¢hacceridticyof tag et hodessa dyer 304 A tatecsalectdd rEiin@Rabdoltar ol of
t he spacer mask lines. In one enbodi nent, the thickness of the first
mask stack 3fMemmgpricsediudifig ahish tglpettemmdd@hbtalesiktSlayen 302ie retaingle of 4. 06
- 5.625 tines the targeted line width of the sacrificial mask 310.
[ 0026] | n accabstaniaiy ihtdch 1ar spdcl Ry diitbiivRne b Gickit MR [a@dr 304 (Vi@ Seérlies
invention, the first mask stack 304 is conprised of a first hardnask
| ayer 304A aleViest RarfiihiskllayaPsidA) &y@mpa 4] a astetindiiaadt@t:ibycteitics Wailar
| ayers depicted in Figure 3A. Hence, the sacrificial mask 310 is
conpri sed of ahSae dhbiackadtichaf EEPEKmPOplidiEkiss 9k ADOTBuARS &edt hirtighsk]
mask portion 310B, as depicted in Figure 3B. In one enbodi nent, the

first hardmagkerl30y€5s RBEHO pairvt BR ifhhdeStor 8 Karleme8 pht O Sstadyer Ptduaihged
with the image of the patterned photoresist |ayer 302 in two distinct

et ch oper at i §@Subsddi@ntlekdhif tHRaTSITRSK lab @048 SR AApETTc deboaRHRE, infqdnethed
any material suitable for etching with an etch process that is

substanti al | yh@8sid: mgacrio_blahd iR fledd raldthic® BOEard Both HsE$ bSdardoRibased 302,
I n one enmbodi nent, the di mensions and etch characteristics of the

first hardmaglliaygfd BO/A %&n&ﬁl;ﬁ@; R AliOc A BEESTAM RerlaPsedecRationf thé Ng
process during which the patterned photoresist layer 302 is retained
subst anti al | o, PE@GHsting &F sBicoRBEidel Gli@ABREE BRNMmorbHdEs bi fohicryiRiife ki@
304B (which underlies the first hardmask | ayer 304A) is conprised of

a material Wt flRiGhhr SRBEBRER! S filsERardihd¥k 38r J0OALN@NRIGAS substantially of
characteristics of the patterned photoresi st |ayer 302. Thus, the

first hardmagkcda¥ete 3QHhe beh g@@as bRd RS SB8Im\IR firBShakd¥RER ol &M A B@ective
patterned photoresist layer 302 during the subsequent etch of the

first mask |aygE (3QABd phfloRsiSBel 102Cn8 AT FRBE laydNO4PaifiRE BAGL selected
phot or esi st IayeF 302 gnd the first nmask | ayer 3648 are conprised of

car bon- based f%tet 4 @Lﬁccﬁk&@tiﬁ B Sdnagrd MRSk ohayRitica - AnbsuiRETNRd sed

of a material selected fromthe group consisting of silicon nitride,
silicon oxi dg; angdiANRNRRPYS Ofs BRbYEH Yibk@hdal IP8f Siiddn@RMYe ahdii@ etch process
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used to pattern the first hardmask | ayer 304A selective to the
patterned photoresist |ayer 302 and the first mask | ayer 3048
utilizes gases selected fromthe group consisting of Us and CHF3. In
anot her particul ar enbodi nent, the first hardmask |ayer 304A is
conprised substantially of anmorphous or polycrystalline silicon and
the etch process used to pattern the first hardmask | ayer 304A
selective to the patterned photoresist |layer 302 and the first mask
| ayer 3048 utsed iozegergdsctsisetdacticdyd: 304A tdhetigy 10 Uik Raa%eSHHolGestk lafdr 2
and HBr. The thickness of the first hardmask | ayer 304A nay be

suf fici ent| y3@madl thetfost eraslblager B0 LylizeefRatseMacel-6higré gl @hidmgbp the
patterned photoresist |ayer 302 and sufficiently large to avoig

pi nhol es t haf.Feayd GHBedh padtiey pexpOsenbbeEmbit ©E fiFRRdtdhayeiyes MR s | n
one enbodi nent, the thickness of the first hardmask |ayer 304A is in
the range of cod@ris&iGubsgamtiniyt etatmorfhdB2of bbcrfidlligasiRonbrd Se bRR plocéss Lised
mask stack 304 is conprised of a first hardmask | ayer 304A above a
first mask |wayetterd0ddirst hivdmbskriafer Buskselsdi@rto 3R4B MR JRBLORRPEI S 86h Of
any material suitable to withstand a controlled etch process and a

subsequent spdaie firBsdsk 96 B QLB Q885 Stlecled fOMGh LA IBBHing Jr® and
first mask | ayer 3048 has simlar etch characteristics to the

patterned phaBoregidsitkne@)EthedRd hakdhadk 18REGIFA HaEPRAERSBRAY smbiDR enable
t hi cknesses of the patterned photoresist |ayer 302 and the first nask

llayer 3048 akighlp sdi@atedctipCilatifeat il Jart@féd jronsesRf lafd 80P ald SFRasliy
phot oresi st | ayer 302 remai ni ng subsequent to the etch of the first

har dmask | aylefge 30ABidafitholes AR By Me&ifbﬂlyteﬁf‘osﬁ]ﬁmrﬁfmag@ﬁyéri?:r()@ﬁ. sk
| ayer 304B. For exanple, in accordance with an enbodi nent of the

present i nvesitio@imenh@ehhithiRssrtifeninadrdehol @@ b8 isliadehand@dr &ndsg he
first mask | ayer 3048 are conprised substantially of carbon atons. In
one enbodi mepemétbg, first mask |ayer 304B is conprised of a m xture
of sp3 (diamond-1ike)-, sp2 (graphitic)- and spl(pyrolitic)-

hybridi zed cgopgn at ofEiné O8RHeE HRMHA nRREFAE b4 %@Bﬁgri&ﬁ%?ﬁﬁs:t]gé}d%aesk

process using hydrocarbon precursor nolecules. Such a fil

known i n t hejaak BoAS aiRe 2FRE AR fi |
Fil m TM ( APF) e a speci fic ﬂ“rr%’éeg?ﬁr?ﬁ?",e fi‘réi't;ﬂ o 1@2\%@{%@%}/ B%%%E{r?ém

conpri sed of au$ Welkr@lsu AL RNAHSwESE BRRof1dd eg%ha;{?ﬁ,géssan% glﬂ%@?\%ﬁt sg ?(jegrgask

gases selected fromthe group consisting conbi nat and

N2 or the coghifahiRReRf Inq}l% ll,mg?ﬂxtngﬂ, tﬁ@ﬁrspl%askg%gﬁa'@%"ﬁag 1% iﬁf etch

enbodi ment, substantially a e patterne otoresis ayer 302

I's removed in,LOREISRER t%%a&(eﬁ?@&l@o%t&%t ?A?ertﬁ@@.t In%ssggciﬁg\?(rgﬁ@téi;rg{ngé he

first mask layer 304B. ckness of “the first mas 4B may
Do Ul o ol St 0ol R0RS Ly Sk PGl SRl 8
oo RSP Pk PR SPRGS BB RSP0 e .
LI S e L R R Ll
frgglr(i fs it SL?' 8 Fgﬁgrhm %%%?4@ ﬁf%c%&fdmgwﬂm PrnbSiichdi Y e BRserd ISerdiloh St
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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3A) is patterned to formthe sacrificial mask 310 selectivé to the
second mask stack 306. The second nmask stack 306 is conprised of a
second hardnmask | ayer 306A above a second mask | ayer 306B, as
depicted in Figure 3B. The second hardnmask | ayer 306A nay have any
properties suitable to protect the second nmask | ayer 306B fromthe
etch process used to formthe sacrificial mask 310. In accordance
with an enbodi nrent of the present invention, the first mask stack 304
is conprised of a single material and is etched selective to the
second har dnipgkochragrepre@O®Amolequlen eSugmh Gt menbe krohve if ihe st alASknEHIRAK
304 is conprised of silicon nitride and the second hardmask | ayer
306A i s conpritsedilofor AdymtekRagbrminglFéet 8 AP o ¢ dpecific atbodiaas, fitinngk of
silicon oxide and anorphous or polycrystalline silicon. In another
enbodi ment, layee 345 stcomprided of suck aB@rorplsous carjpmi flecind s esdhed bpasimgxdaste
and the second hardmask | ayer 306A is conprised of a materi al

sel ected froleeh&ogrvugogomssistingng thefcombhitoant O tiid Meoralnd oaiapdosss
or polycrystalline silicon. In another enbodi nent, the first mask
stack 304 i sCldomdr:sedOpf namartghousniadinuoet, wersistalylail né teiphitema@ and

t he second hardmask | ayer 306A is conprised of a material selected
from t he gr ophptacsinsiastridng isotmeiel iicn samd stihdperatich Sithadt Qe tO¥it@eR thd N
accordance with an alternative enbodi nent of the present invention,
the first naSk miskelye3W4Bi The tinandss efthofirsambskrisier NaBda@msie sukentB04A
and a first mask |ayer 304B. In one enbodi ment, the first mask |ayer
304B i s conpmialedpeienapaaamipk dnuscaiapdona fubksquat:lyiathcb ¥pgasesk and

sel ected fromthe group consisting of the conbination of 02 and N2 or
t he conbi nat suffiviantly Girik tarchbN, crisiced d@Zensindl cénne]l Eeiepechakdmek Inayer
306A is conprised of a material selected fromthe group consisting of
silicon nitréntt@dingint, itteastalrkickiesastdh ey AR UG ckOT04 ROIPL LY SF Bk Ifirsie
silicon. The thickness of the second hardmask | ayer 306A may be

suf fi ci ent | yhasdredsk ldyer 38nahhé the fias equielier DO Yh Hetags bVEOEL €82 I mes
relative to the second mask | ayer 306B and sufficiently large to

avoi d pi nhol @statdead lineyidin st s-abfiyalendosy. t he second mask | ayer 306B
to the etch process applied to the first nask stack 304. In one
embodi ment, PbES]t hi ckRe®&inQkedile RGODE, thafidivask slaayy U4 SR ih SighR t he
range of 15 - 40 nanoneters. [0029] Referring to operation 208 of the

fl owchart 208k )angkr@med &SBMN e Gk BHNEKIT) sdecBPAGRe deBdRIMa3E 2adkS306.
deposited confornmal over the sacrificial mask 310 and above the

second har dmegksedoal @lasi3QRA-30d NEomPASRIOS h 83%6Kd ddndsR 1 BS 08 RUHER 20f
material for what will ultimtely becone a spacer maSk for use in a

frequency dowkdnidmghsk chamesB (LAsddha IS%I@&%. THRY8dond hédFBY [BRr 306A

conprised of any material suitable to forma
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

potycrystalline silicon. In another embodiment, the first mask stack 304 is comprised of

silicon oxide and the second hardmask layer 306A is comprised of a material selected
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reliable nmask for use in a subsequent etch process. |In accordance
wi th an enbodi nent of the present invention, the spacer layer 312 is
conprised of a material selected fromthe group consisting of silicon
nitride, silicon oxide and anorphous or polycrystalline silicon. The
spacer |ayer 312 may be deposited by any process suitable to provide
a conformal | ayer on the sidewalls of the sacrificial mask 310, as
depicted in Figure 3C. In one enbodi nent, the spacer |ayer 312 is
deposited by.a chem cal vapor deposition (CVD) techni que sel ected
from the grolip™ S5 REPHRITEE ohBieR pittide 3¢ gmambowsyppolyestghrssiinos. BYD
and pl asrra-enhetgceqw VD. The_t hi ckness_of the spacer |ayer 312 may be
sel ected to YIS FRGPIISHE WG fibtmask statled o dagompaised of amomiibaseuent | y
formed spacer mask. Thus, in accordance wi th an enbodi nent of the
present i nvePRYBRAIIRE e b oo hewmaskiaves P0G nipepmpried pha material
subst anti al I%Etéhs sane as the width of the features of the
sacrificial ied 590 thexgrogppnnsisting of silingitride and silispr Ryidghinfaggordence with
frequency doubling schene the ideal thickness of the spacer |ayer 312
is the same ¥lERAUGEORdgTent ofdha prgsertriegniiam, the dirss mesk $tackidat iseamiprisdo,
the initial tarfgeted wi dth may be required to be slightly thicker to
conpensat e f & frHdagmask lﬁY"ééﬁ%‘% anfkelirsireasis yerel0ABt Feons sabedimieaty e fig12.
I n one enbodi ment, the thickness of the spacer |layer 312 is
appr oxi mat el a5k 106" 104Rds camrsisgd et an agPrpbpes crdbar Gine stckd byhpeses adediddi ci al
mask 310, i.e. 1.06 tines the desired feature width of the lines in a
subsequent | yirmBHs@pug sarsstingatike ponsngtire QT dnd glaay tierrombinarerdCHon
208 of the flowchart 200 and now to correspondi ng Figure 3D, the
spacer | ayera81h apg OppucHbeisacondiasdnagie lay¢ré 064 isccompriseslior 3 nfteainlheteated
expose the top surfaces of the sacrificial mask 310 and the second
har dnask | ay&pm SG@QuPTREsting ebsiligonmifedes pilieasroxideakd @tdrpheus oconf or nal
with the sidewal|s of the features of the sacrificial mask 310. Thus,
there are tweplygysadingsidigon heheshelness afthslkse®@id hdrdmasivarey 306Aneaydie t he
sacrificial mask 310, as depicted in Figure 3D. [0032] The spacer
| ayer 312 maspilvecndy ehadbitoppatingubsroers bighlyseleaibyk etcbiog prioivk tethe second
wel | -control | ed di nmensions, for instance, to maintain a w dth of
critical di memaskilar i6Btdand sefficienty leigato avaidkpidaks thanmacwooedablyex st thean
enbodi mrent of the present invention, the

second mask layer 306B to the etch process applied to the first mask stack 304. In one

embodiment, the thickness of the second hardmask layer 306A is in the range of 15 — 40
nanomeiers,

[0029] Referring to operation 208 of the flowchart 200 and corresponding Figure
3C, a spacer 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 polycrystalline silicon,
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|
spacer layer 312 is etched until the lines of the spacer mask 314 are
substantially the same height as the features of the sacrificial nmask
310, as depicted in Figure 3D. In another enbodinent, the |ines of
t he spacer mask 314 are recessed slightly below the top surface of
the features of the sacrificial mask 310 in order to ensure that the
continuity of the spacer |ayer 312 is broken above and between the
| ines of the spacer mask 314. The spacer |ayer 312 nmay be etched such
that the spacer lines of the spacer nmask 314 retain a substanti al
portion of thdespacHi mar 3 tmexbredsgosied bivsy spesess suitahipde p@Yize alenformal
particul ar enbodi nent, the width of the top surface of each |ine of
the spacer md¥ier Fnthe pidevealis of hasacaifipipl mask 35k apdepictadiia Figudt 3C. d onhe
interface of the spacer mask 314 and the second hardmask | ayer 306A,
as depi cted iGnbriigplethgspaceidams} ithis degsaitd by b alestics yapardspoaltisn(BED)
etched to formthe spacer mask 314 (e.g., Fi?ure 3D) with high etch
sel ectivity terhpique ssieerer fiiom the grenrs kongistingah cofehig arswrgamadC HEY Wvgstssiray er
306A. In a particular enbodinment, the sacrificial mask 310 is a
si ngl e | ayer "3 rnchesntarpahensed €¥B. dhe tickagse of thy brayerilayend 2hmayes peledtedt o
the single layer. In another particul ar enbodi nent, the sacrificial
mask 310 is d° detereteedhs widdy ofthaifesthess thesiubsequenty forsed sotdr wissh Thais\i t h
respect to a sacrificial hardmask portion, or with respect to the
mat eri al of t¥erdaneswithar dnhgdkndnagighe et inventias tertidakness ofithdspamr tayer
enbodi nent of the Bresent i nvention, the spacer |layer 312 and the
spacer mask 312 issybsiamtiplly be shnesf asshamitdthrof gie fehinfrésen! gt satrifainl tiask 310, as
materials of the top portion of the sacrificial mask 310 and the
second har dnelskicleayelrig808%3. Althoughdorarftrguénnedduplithehéropthp tletl thinkmefs dfhe
sacrificial mask 310 is conprised of silicon nitride, the second
har dmask | aydhe pa@Alayy 3ddimgph siew aothestitith obthe Geeiude oditia stdrdicipaedr3io,
| ayer 312 is conprised of anmorphous or polycrystalline silicon and is
et ched to forti intiel egacemidimsky Bdaquiradho be dightyehickerps cmeseasatsionte atch
pl asma generated fromthe gases Cl2 or 1-1Br. In another enbodi nent,
t he top portiroeeessfusedte pat&or ibkispdcad layers 2. 34 Ond emmbodianept, kteaklclafesssifltiecon
oxi de, the second hardmask | ayer 306A is conprised of silicon nitride
and the spacepadealppr 3812 aprogionqehi S@ctinds tanmidphudtie featurpobites stfdidli ne
silicon and is etched to formthe spacer mask 314 with a dry etch
process usi ngnak fl@sead Gahersaliedtsiaddeatth eridtioofthaides 0hna afbsdghentigdsagd
Cl 2 and HBr. In another enbodinment, the top portion of the
sacrificial npskr@3i®. is conprised of anorphous or polycrystalline
silicon, the second hardmask | ayer 306A is conprised of silicon
nitride and t[bgsi$pacerRéfayias aglltol opera@sHDOR sL0le AbwsHaki WoANOKIWR and is
etched to formthe spacer mask 314 with a dry etch process using a

pl asma gener abgebpbiidip ke IDSthE4dald - layen3 @NO4EIRE (eprboide R @ﬁaceﬂrﬁ@k@@@
portion of the sacrificial mask 310 is conprised of anorphous or

pol ycryst al | i4ne tcSdxdpbe@k top BB FSCTRE shaliRmpskskl 3ay afid B0 8L ohShLAIRK I58d
of silicon oxide and the spacer |ayer 312 is conprised of silicon
nitride and i3m6e! Chelhek of fhokpacédiBast PALAE cdlisinaBiih W bideRal oy tRtf&kures
process using a plasma generated fromthe gas CH2F2. I n anot her
enbodi ment,  tdfehetsafdifRRI inbkB 10f Thite theRGkd tho Cinéd frofehl sPakBr hSsk GO ey
of silicon oxide, the second hardmask | ayer 306A is conprised of
armor phous or ipebyte ystiatiel MeskSi b6 agpiaadinrhresypacer |ayer 312 is
conprised of silicon nitride and is etched to formthe spacer mask

314 with a dryoxjch progepscedbiyés |2 mal 86 BEhed 8 eRyalreckss Sudablk Reprovide
conbi nati on of the gases CHF3 and CH2F2. In another enbodi nent, the

top portion ofeitdRusi@erdithémsions, (oBdandd @ mEnGRMPAEAT cAfica’ HinleRh of the
nitride, the second hardnmask | ayer 306A is conprised of anorphous or

pol ycryst al | i agifRidl hfagd3 1@NGh 4E6rdSRAGEMN ah BYEEdIRdA of e GREV iivBftich the
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applied foll ow ng the end-point detection to ensure that the |ines of
t he spacer mask 314 are discontinuous fromfeature to feature (e.g.
line-to-line) of the sacrificial nmask 310. [0034]Referring to
operation 210 of the flowhart 200 and correspondi ng Figures 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
hardmask | ayer 306A. In the present enbodi nent, the photoresist stack

320 is typicall [de |ted befog Ehe spacer mask 314. In certain
embodi ment s, PHE iRl ket Blinset s apis TR 181 svisreetisfidks same
discontinuoui bEtmgﬁg.nei Qbﬁring l.ines of the sacrificial nmask 310
such as t hos&®§EE MefedurhoipPiarfioth maglodkdy asrdepigisd iefigue ABs Imnothse
spacer mask 314 associated with the same |line fromthe sacrificial
mhsk 310 1 emEThOURR HRYOSE AR IRRICT KSRt BrcessbEbNY bate e fessuetce
the sacrificial qask %&0, as_d%Eicted by end-portions 316 of the
spacer mask 31Weil§aiesqf sesactifivial mask Y8 herer t pasiyeghat fegaptinuggof the ¢
may be desirable to g eak this continuity between pairs of spacer
lines for sulSBSGUBY L%ﬁb%ﬁ'aﬂtwwnd&@W%thﬁéﬂﬁ%ﬁr%hwwr A3 147 fhe
accordance with an enbodi nent of the present invention, the end-
portions 316 SBI%E 'a¥hALe@anYe diehed fich drnihg serceidines ¢fdbe waert mgsk Hid retain a
phot oresi st stack 320, as depicted in Figure 3E . [0035]Returning to
Figure 3E, a SphbG0dH oertien ogthaenglsé@hiﬂwsswgv@ spacpiHarcy P Es i 8 @ phtipelar 324
conprised of any material described in association with the patterned
phot or esi st [cEYRYIMgmthe pigth pf kg sarface afietich livprilthespacehmagindet ot esi st
stack 320 may conprise a bottomanti-reflective-coating (BARC) |ayer
322 in bet wedhbstaEaly1Be Bimess die Width et thg er@ercpfithrespagsamesk T okd e 4edond
order to provide a flat surface for the photoresist |ayer 324, as
depi cted in Prigmesk BEer 3P6A.@h éepitistbidifrasr3D-t he | i t hogr aphi ¢ process
used to pattern the photoresist stack 320 incorporates exposure and
devel opnent d#033] phot offesbeer layey 82 @vialirdvei etpgechtodoys tha mpecer thagk Bl4fe 8.,

bottom surface. In a specific enbodi ment, the BARC
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
siticon 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

16



Lo

| ayer is a spin-on glass material having an organic group. In an
alternative enbodi nent, the photoresist stack 320 is conprised
entirely of a photoresist |ayer. [0036] The photoresi st stack 320 nay
be deposited by any process that provides a flat top surface for the
phot oresi st stack 320. For exanple, in accordance with an enbodi nent
of the present invention, the photoresist stack 320 conprises the
phot oresi st | ayer 324 above the BARC | ayer 322 and both the
photoresist layer 324 and the BARC | ayer 322 are deposited by a

Spi n-on proce¥sprised of pibedrerxidentbe sicorchitardnidsie laptr 3064 ésdostpristdadisilids@n
substantially conprises a photoresist [ayer which is deposited by a
spi n-on pr oceviide arsghepager dayensyld decempiselh f smogbposr polydrestBIRGillcay e
322 or a photoresist layer (in the case that the photoresist stack
320 does not Eeardile By UBARECr aper)l4mith agenectatreceenaingtn flonmaeeiidpated
topple a thin feature or line in a spacer mask. For exanple, the

spi n-on pr oc &% ayokingioatobthe gawg kl.fand HBr.tlo atapylembadiskantie aipgeion
line fromthe spacer mask 314. Thus, in accordance with an enbodi nent
of the preser thersgwificlabmask HE is@orifidailamonphels o8 pelydrgstal Baessiliven] the

t hroughout the spacer cropping process in order to provide structural
support to t Hecongdardindskdhyes pefciets comnprined bf dlinot higridepad dre spasklagt412 sn a
particul ar enbodi ment, by retaining the sacrificial mask 310, no
spacer | ines Pomprisedivésiipaceidennd ks e8hdd @rfent thpaed nask 8 Hewisipi dryefeh
process used to deposit the photoresist stack 320. [00371The

phot or esi st gtreress \BRO apteymb genpataderonetie pys GRy Th atdicg eapbditiedy HE RSS
described in association with the patterning of the patterned

phot or esi st |rayten o808 sforifimaFingakrid 0 Bkombprised néaresrpiomlis BRG] ycridndline silicon,
phot oresi st stack 320 is patterned to forma w ndow 330 that exposes
t he end- port itsc@iianimatkhieys 3664 is comphised bsilicbhexiie asd tk spdoer IenBIOME
330 may be any dinmension suitable to crop the spacer nmask 314. The
regi on 330 nepmexEd9ésihton| niteidt atdiecteetits frre nid-spatkt inavks3 13 16thafdrf fieh
spacer mask 314. In accordance with an enbodi nent of the present

i nvention, t heocdismeingiaphsmae gertetaedviiondibegB83TH. A5, an ardtee @B odiMentadhs @p
expose a portion of the sacrificial nmask 310. Thus, in one

enbodi ment, tpegion 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 eich
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 polyerystalline
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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di mensi ons and positioning of the window 330 in the photoresist stack
320 are selected to accommopdate for any slight offset in the

patterni ng and, hence, cropping process. [0038] Referring to operation
212 of the flowchart 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 nmask 314. As illustrated, the

end- portions 31l6d 'il ectjve %o the photoresist stack 320 and the
second har dme®R' a@ FVIBHEA cag-BOip e to pysujedhas fie lingtaidamippeer mask 1lie
etch be selective to the exprzosed portigns of the sacrificial mask
310. However , T 500PHS O AR PR iRk ine) Ane FspRp Hlgnas ot
process is se[IP@%tlive t E}Ih'e exgose,d Eorti ons of the sacrificial mask
310, as depic in Fié FEIng o opprayen 2 HiRf theffosichalt 209mad sereaspondBedidgyres
conbi nati on dgscr,i hed Lor t he e}(ghi ng of the spacer layer 312 in
associ ati on RdEE g grhgtorsaistitagk 3¢9 irdgpasited fbevs thesprest maskha! 4end fised
spacer mask 340. %003_9 Referripng.to operation 214 of the flowhart
200 and cor r eSPORYPHYO iogﬁh‘eé Crggiaé%*:‘?doﬂnq‘ﬁ%s‘i}ﬁﬁ‘&l&f@@%s%ﬂw%@é&- Bpibe
and the sacrificial sk 310 are renoved. Thus, in accordance with an
enbodi nent of PESAR embggaﬁﬁt, IR pReIPIESS Staclh &2 0dia bypicplivcdeapsited ifos L spacer
retained to proyide structural support through the cropping of the
spacer mask 3MFKPEH f 5CRTAINEMRIYIPEY thespacer lingnSrm Shecpageomeskel! 4 wsrropade
the cropped spacer mask is formed, the sacrificial mask 310 may be
renoved to cofiFPEtworshetyser feighhoying bugsiof e saveSriakraask 3Esuchas hescess.

[ 0040] The photoresist stack 320 may be renoved in the sane process
oper ati on described in Figure 3D. However, spacer lines of the spacer mask 314 associated with

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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as the renmoval of the sacrificial mask 310 or |hf3rpreced|ng process
operation. In one enbodi nent, the photoresist stack is conprised of
carbon-contai ning species and is renoved in a preceding wet or dry
ash operation utilizing the gases 02 and N2. The sacrificial mask
310 may be renoved by any technique that is highly selective to the
cropped spacer mask 340 and the second hardmask |ayer 306A. In
accordance with an enbodi nent of the present invention, the
sacrificial mask 310 is conprised of a single |ayer and is renoved
sel ective to lpleisespppediaspaeerialimske 84dgint: @ow. g hiealprREessmbodiment,
operation. In one enbodi ment, the cropped spacer mask 340 is
conprised of BmRirpkrsissstank 336 liscompsisediehiinaly of i pharansisttidyer. second
har dmask | ayer 306A is conprised of silicon oxide and the sacrificial
mask 310 is doWgii sed Bulpbvmresisadtdcy 328 msy bd deposited by arderauash tha pfos ey ed
by a single etch operation selected fromthe group consisting of a
hot 1-13PO4 vitet topswikce for gheSihGoMsisedtask 320. rFonBdnipdy, ireadbardinve it ah he
cropped spacer mask 340 is conprised of anorphous or polycrystalline
silicon, the esbodindntivdttdmesskntlimgetion306 phitsresianiack FRtoafprisdstheqMBroresist
nitride and the sacrificial mask 310 is conprised substantially of
silicon oxi déayaniR4iaboveghoBABClyyea32si andbeth efeqihonpeiselhi®n2681dard BAREr om
the group consisting of an aqueous hydrofluoric acid wet etch or a
Si CoNi et ch. liyer 3iotdsposiet bdh sEnbn plobes.Cihhapmae capadilentTBs bhAd@sikts
conprised of silicon oxide, the second hardmask | ayer 306A is
conprised of ssck Bombsrtinildeongnidesta yhoesisi hyee valch tedeloskt@by 8spin-on
conpri sed substantially of anmorphous or polycrystalline silicon and
i's removed byra&esi iy piede proepengt itotepssd (ReBRACTLHEMBING a@hOWRsist layer
consisting of a A2 plasma etch and a CF4/02 plasma etch. I n another
enmbodi nent,  t(hehcrasppeadhsimoeesisrasdk B4dodshoc@ipritsesAat I@elr)hﬁ@@enerate
nitride, the second hardmask | ayer 306A is conprised of silicon oxide

and the sacr ichiughdbreamasdppBlDthinsfestaepr lieddl 2 spHoetnaRki Bod e)(a:ﬁ{;le ADIpRNGHS
or polycrystalline silicon and is renoved by a single etch operation

sel ect ed frorprachs ngiy Qefertoasiugh fong 16 fopple @ls@nPhid S Mneet i haRehcar hadzd 302
pl asma etch. I n another enbodi ment, the cropped spacer mask 340 is
conpri sed of Biul,iiCaBordirict MWlR,an bMBodEMEN BEhD BretdFB Bk erd Y She 308 ACiAISnask
conprised of anorphous or polycrystalline silicon and the sacrificial

mask 310 is COORrb@iaed Gidughanthieablcyr @bppiigl préceft iR ¥l dRF ideSirl@ivay ed
by a single etch operation selected fromthe group consisting of an

aqueous hydr Glippeairts e &l bpabdrGifesOfor@ thDisfed mAk 8. 1hn pﬁﬁﬁhlgﬁr
enbodi ment, the cropped spacer mask 340 is conprised of silicon

oxi de, the sepapbdimlal ByR&knih@YetacaBEA sk ¢ UTRE bpi@éi 119Es RERERNBMS r%sk
pol ycrystalline silicon and the sacrificial mask 310 is conpri sed

substanti al | Y3E@Ere%ﬁfple@%‘tIﬁ'sblﬁloq%r(ﬁ:QQ uk&d tb BEPRAViEthe BYotBreSbNEkR 385 Ch
operation selected fromthe group consisting of a hot H31304 wet etch

or a Si CoNi gbes (0041’14)@;511.0%5@{ &K Nnas veh d;maa@lwan&ny 1ierpakptdct s al

mask 310 is conprlsed of sacrificial har sk portion above a

sacrificial r@%ﬁ:b&ﬂh%ks@&aﬂ&ﬁwﬂ?ﬁﬁ@ baR&fnd T @ hadbch &S MRldr &1 %9@%@2 feRt
associated with Figure 3B. For exanple, in one enbodi nent

sacrificial hapdeegkmRee %mgadlmsmcmsrmdt&@s@st %c@zm Sitbkd ﬁ}eﬂoﬁﬁé fhdbhom
the group consisting of silicon nitride, silicon oxide and anorphous

or polycryst aij'tlﬁ?e\%b.lse's @f%md%hloﬁs ilfé%f%}fé%ﬁdbf:ﬂ rﬁasﬁlmraﬂke d@zen;ru%m&m
corrprl sed of an armrp ous carbon materi al such as the armrp ous

car bon mat er i ) nlg 6 bhRARcARASRA Blekcndiphds kHh& F1ir The PRRK Sbeey
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 selecled 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
renmovi ng 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 30M The sacrificial mask portion
underlying the sacrificial hardnmask portion of a stacked sacrificial
mask may be substantially renoved in the sane etch operation that is
used to renDVEOEHROSEaRTIPY of the sarficishanaek HIdk (Thon in etembndimieviethy, a
second etch operation may be required to renove the sacrificial mask
portion. |n ¢HacnsiepoUKdpesitioningef thewinidew 33Gin theabktoresist stavk 328 ae odprtédsed
of anor phous carbon and is renoved with a dry etch having a plasma
conpri sed of @Ewdaieferanislight effiet indhapaderping e hertce rgoppingtpheess.

conmbi nation of 02 and N2 or the conbination of CH4, N2 and 02.

10042] Ref er rilff§8t o opdtdirfiontonperation 2 IR@f fhe Gneblzert202@0d ematsponding top-
correspondi ng Figure 3H, the inmage of the cropped spacer mask 340 is
transferred tlown hsueetioribe spassk nesladid i806pHed tf ormme thepet phcemmaik RT0
above the sem conductor |ayer 308. In one enbodinent, the second nmask
stack 306 is Theapsesrsesdk 8 st draipey bpdnyatchipngks tmhteardved thamobes
etched to formthe etch mask 370 in a single etch operation. In a
speci fi ¢ enboditivene! the dpeces sedntl dndskllstraiek HBR6d-partionsI6] Sedtive to the
substantially of a single material selected fromthe group consisting
of silicon nirhetorgaist stick B bandohd weondhdrdanask Ipyeo 66 204re pohaved.yisisalot | ne
silicon. In an alternative enbodi nent, the second mask stack 306 is
conpri sed of nedvesagetbonit dwir eralsétive ay e e 3064 pphveot thesseaasdna3Rs 0.

| ayer 306B, as depicted in and described in association with Figure
3B. In one erodiareintagcotdaaceatyithamemstiodidnét, ite cappiap e®B Prooéss 3 RREGITAS e
portion 370A and a mask portion 370B, as depicted in Figure 3H.

Enbodi ment s feapostdyeriimks ef ihakaceifioiploaaskizon aadhidid i6 KRSESIFOTH:E @ns s
hardmask | ayer 306A and, hence, the hardmask portion 370A were

descri bed i n aadsdcpratdsoromiitatioftguiied 3. thd dichagadticbanaR: dr3 1am

enbodi ment of the present invention, the inmage of the cropped spacer
mask 340 is tssacisfierwiedripnto3d hel Seaoyist Bad @Taskht aered3PRAr mMkaao.
etch operation distinct fromthe patterning operation ultimtely used
to formthe nemsk] port iRuferdd . opkiatiGHTE 4R dloeiit 200 A8d SREOAIRAFEIRS K
| ayer 306A is conprised substantially of anorphous or polycrystalline

silicon and i35 @t GBEdhd ghofoddsiit &tk nakAHMS lachBMiflineRK 3TPA Winlded THLY, in
etch using the gas CHF3. In another enbodi ment, the second hardmask

| ayer 306A i sicedipte itfansdaitotianthi & thy/prédentShdeh o) tR%h@BicANG 1S3 185 Ched
to formthe hardmask portion 370A with a dry etch using gases

sel ected fromiine ©@pRHWRGRRGNET JupgbrOthrotlithe cRpsing bane Qabd Aaki on f
Cl 2 and HBr. In another enbodinent, the second hardnmask | ayer 306A is

conpri sed sulyshamé tdbped sphcesihhsk@an. AbéveA8n@Nak drspRl - he
har dmask portion 37 E,LA v?ﬁcﬁ a dry etch Ssi ir]lg gasripsp%sellrhgf:ttdiel kﬁsﬁgﬁe{dhe

group consi stihe@erifcidPHal 3 CkdayaRFeriiied td QRHRE fe AEARRIARER Y Ak an
enbodi nent of the present invention, the inage of
fabrication process.
[004G) 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 N;. The
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the cropped spacer nmask 340 is then transferred fromthe hardnmask
portion 370A to a mask portion 3703 in a second etch operation. The
second nmask | ayer 306B and, hence, the mask portion 370B of the etch
mask 370 nay be conprised of any nmaterial suitable for substantially
wi t hstandi ng 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 the
anor phous carbon material described in association with an enbodi nent
of the conposjtion of it first mask |ayer 304B. In a particul ar
embodi nent , tﬁér’@%ﬁjg?ﬁkegg) 14 l{‘*HE’“%"é’EB}‘.G’YYﬁE@RIqP%@%?*S é’@Bg selRdive tdfig e,
t he mask portir(())nee’j';zOSe of %gg et Clh mashh370 is in_the range of 3.125 -
6.875 tines tHRH SPRCTTESE AEHaS G s5eond hprdwagkrlayen 2064 JR apreedanesppyth app e
second mask | ayer. 3068 be etched to formthe nask portion 370B by
any etch proc@a®dieat 5}{’&?& %F%Ph’gvﬁt‘grbﬂ?tséﬂ%icﬁ‘l T“?Si\ﬁépt‘ﬁ emprigrdet psiagleor
each of the lines of the etch mask 370, as depicted in Figure 3H In
one enbodi nenltab,’erf‘?fg'sée&od’ﬁ‘gsei'ﬁgketloélgfe‘ir"'@ Bages magnisiliis a@ingle PEB¥ phous
carbon and is rermveId W th %fd% etch process using a plasm
conpri sed of PELHY JBOBLEREPHPHHN RHEoRPEdHIE gk 34U thgoraprisechel amorphous
conbi nati on of Of ang.NZ,or the conpination of CH4, N2 and ]
[ 00441 Thr ough®" PP PRt iR HennbR pesonYrednessk eyw S0pm isroaprises of siljeanceride
an etch mask 370 conprised of lines that double the frequency of the
lines froma aglaé}eismqﬁ{csz magskl dissran e subrtanipliyd gilicqmuitride @nd iragrov370
may then be used,t? pattern a sem conductor |ayer 308 for, e.g.
devi ce fabri cHtdIHGHH wararp sdicted dgmahe eropr consistinged 6 hedhE e wet dichan a
enbodi nent of the present invention, the etch mask 370 has a nask
portion 3703 HbAPH5'dedn armisr smPoEMER). thy crapped ASEpHeAss 3ékisisomprirad ef i al .
During an etch process used to pattern the sem conductor |ayer 308,
t he anor phous*apvEnoTRlvsHSialling sidieere e secord Raadreask dayer F0$Ath casmpaisedeott o
retain its image and di nensionality throughout the entire etch of the
seni conduct orsilicay sitridspad tg sperifisiph masked 18 perosprispdskbsemO 2l stiiqen ohdds andd
di mensions for the patterning sem conductor |ayer 308, the nmateri al
of the spaceris Wefgblb(ﬁ segjc pfeh onpeation pelestd dropotheiohis eendisting ofre eduseus
i mage transfer to a sem conductor layer, i.e. it may degrade during
the et ch procgeflupn ssilcwert@tshoea WQON){ eloh. einsoatharsmbodmentitse proppagispacer
invention, the ima(gj:;e of a crop_ged spacer mask is first transferred to
a |l ayer conprihsskiadl Brrompisediod sifcapanxisienhersecend hatdnpsk byert366A isuosipesadiong
the image to a sem conductor |ayer, as described in association with
Fi gures 3G andlic®rnitfideouB HiEsecrseml owskdlidtiomnipayedrsuBdatinlyoftzerogigud ayer
desirable for device fabrication or any other sem conductor structure
fabrication rmdursizige silidoudsides femegeddiyaysingiskeh opemti@xsirplee fromrhe group
accordance with an enbodi nent of the present invention, the
seni conduct orconsigtang 0808 Lqdasprictb sndanCF @t Prsraletchh ot anodrer bebslimdengbhey
patterned into an array of distinctly defined sem conductor
structures. |wmogneesmadadtiskdd is cothprissénf tlaoduittdsy the agcend BO8miask layer 306A
conprised of a group |V-based material or a Ill1-V material.
Addi ti onal | y, istéreprisedrd Csilitdo okide ahdjiesac3hiBal magk dnip corserisahyubsontplipbbgy
that can suitably be patterned into an array of distinctly defined
sem conduct or arsdrphoot oirmdycristailam sdindroohid nemmnpvedibvg arogfreodhogyratén deleeted
sem conductor |ayer 308 is selected fromthe group consisting of
anor phous, noftorn dreygstuglcbnsiingntia Ghlplasos sl @ldlal Ga/O:xlpfesova etcembvaupiiremt |
the sem conductor |ayer 308 conprises charge-carrier dopant inpurity
atonms. The semimdmtngtiercrémpye spaddSnasin§4f isicanprised esilden alvidestha second
substrate. The substrate nay be conprised of any naterial suitable to
wi t hst and a f ebdmaRtdyer30pAds esspriskdofamoerbadir pelytiystalhise slidastandithe 1 s
conprised of a flexible plastic sheet. The substrate may further be

sacrificial mask 310 is comprised substantially of silicon oxide and is removed by a
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sem conductor |ayers may suitably reside. In an enbodi nent, the
substrate is conprised of group 1V-based materials such as
crystalline silicon, germaniumor silicon/germanium |n another

enbodi ment, the substrate is conprised of a Ill-V material. The
substrate may al so conprise an insulating |ayer. In one enbodi nent,
the insulating layer is conprised of a material selected fromthe
group consisting of silicon oxide, silicon nitride, silicon
oxy-nitride and a high-k dielectric layer. [0046]1t is to be

appr eci at ed tH$e ShBEicHEhetecst fomahperevpronsistivg efier omeasdydrotiudricaiii ed
to the fabrication of a spacer mask that is cropped at regions
surroundi ng t'Wéciehgs? HLoNhetch. | lnasother embedimentf the¢rappedapdcesr mask 340 is
accordance w th another enbodi nent of the present invention, portions
of a spacer rfESRIIsHAL siernraridedths secord hardmeash taier306 A drcolripnisedari dmomhens
cropped in the presence of a structurally supportive sacrificial

mask. Fi gur esr 28y@yitd!lingsiilican and bp sagofipiamasing | ¢ ie prremrésat sutgtaptiadlg efsBsn
in a spacer nmask fabrication process, in accordance with an

enbodi nent oftitfifeangrieeeved bnaetinglorich §reouid] Risted fiomght grofp gusistinkAfaa
patterned photoresist |ayer 420 is forned above a spacer mask 414 and
a sacri fi ci alhondgl0:«4®0¢tcThra BAdNT &gi.ons 416 of the spacer mask 414,
whi ch surround non-linear features fromthe sacrificial mask 410, are
exposed by t H804M ndowsin48eltérnativhempatimen tesaphifidtia mesk 3t0 & ayeprisd@6ta
This top-down illustration corresponds with Figure 3E and nmay
represent a didrffisinbémrdmesyiponiookbivee sapidicial maskpkrtida dstda@ribédig an

| i ne-ends depicted in Figure 3E . Referring to Figure 4B, the spacer
mask 414 is cftopged embodiorem dsveiatd opth&iusqiR: efor BRsdpled 40one embodiment, the
Addi tionally, the patterned photoresist |ayer 420 and the sacrificial
mask 410 ar e se@ifiviatlhrdrhask pocion teoeprivddio a atedniolditar b matie drb Phesapt
invention, the sacrificial mask 410 is retained for structural

support whi | ef sibeoed rimidarsiljgot bxidnamdainctgheusp pogerysEsHe $lbnawklear®pped.
This process enables the formation of a cropped spacer mask 440 with
the spacer enasiféBOmsenmitiinddedmnpriedifah ane@hoBadbehathansiches @paci ng
of the lines of the cropped spacer mask 440, as depicted in Figure
4B. In one enboeihoeydarbos ilseigLdssdribe® M RBciali 6 W ihe fird thagi@Bikrabar.he
spacer ends 480 is facilitated wthout danger of inadvertently

contacting nmomes, ihaBorditfe SBR embbdiRedtlo® e bREE NBIRA, BOIFR mamsk 440

with a single contact.
combinations and etch processes embodied above for removing the sacrificial mask 310
selective to the cropped spacer mask 340 and the second hardmask layer 306A are used to
remove a sacrificial hardmask portion selective to the cropped spacer mask 340 and the
second hardmask layer 306A. The sacrificial mask portion underlying the sacrificial
hardmask portion of a stacked sacrificial mask may be substantially removed in the same
etch operation that is used to remove the sacrificial hardmask portion. Alternatively, a
second ctch operation may be required to remove the sacrificial mask portion. In one
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 CHg, N; and Oa.
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[ 004811 n form ng a spacer nmask, it nay be desirable to retain nore
than just the portion of a spacer layer that is conformal to the
sidewal | s of a sacrificial mask. Area preservation regi ons may be
retained during the formati on of a spacer nask. Such area
preservation regions my be used to formcontact | anding pads, |ines
of varying dinmension or lines running in two directions which cannot
ot herwi se be fornmed froma spacer deposited along t he perineter of a

i ficial h t T-1 t S5A-D
T ustrat o or DU oot | BRAT g1 SOy B LSS Tyt 04 coresopdinaFim

in a spacer f.abri cation thod i di n reservation

oper at Pon nﬁ?lﬁ"co?ﬁ%? I e\/ﬁr?lﬁ’ F‘Paé #f@rif t‘%‘f*"gfrﬁ‘g E‘l%g"é?ﬂd 'Pfﬁ*{?étl%%lﬁ?tﬁ’ﬁ.
0049 Referrl n to Fl pacer.layer 512 is deposit

E:onf o]r mal wit' 9 ‘?’?ﬁkgﬁ% ﬁg‘%"ﬁ the sgmicepgucioplayer 30§, ak}"’é’t“e S’Téoq‘@c%ﬁ@f

source of mat erl for ﬂ ultimate t/ becone a spacer mask for
use in a freqsﬁ%oﬁ‘ W&‘bﬂ?ﬁ é‘ssc(f’ﬁigﬁéed SHWB@ yaof Pﬁ‘@giﬁr‘f‘aé?f@h@’ﬁr‘%@é}e%ﬁl on
operati on. ﬁ' %corr onds wit ure 3C described above.

Prior to the eﬁ B BG S‘t“éieﬁ PB‘?‘ iop I 4§p5eils enbgddment the segond
form a spacer phot or esj s r 590 i s deposited and
patterned abdV& tgtﬁ@‘ g’ﬁdé%‘)ﬁnﬂrﬁ Tﬁ’al Y of asi@isropipread selfctad fepm the group

enbodi ment of the present |r1vent| on, .the photoresist |ayer 590 is
patterned i n GPARNELEs ieonitHde siliser Pdde af apprehays e Belysraailinesilzor. hiatan
woul d ot herw be renoved in a spacer mask formati on etch operation.
In one enbodiaz‘é%l?ﬁ“"@teﬁ@%lﬁﬁebﬁlmswéﬁi maskstask 3Q6 ig eamperisediof the sdcons fiapstsrask
for the sacrifiC| al mask 510 durlngi the deposition and patterning of
t he phot or esi'®r pPeffetboxate seeprd Hattlsieriqos: aq dgpisted bomdrrascribed ip opoeiptined
of any material and maY be patterned by any technique as described

i n associ at i oH"Viige BRe s EEPedinset We sk meda 7 iscnomrigut efe hadmastd

3E' . [00501Referri 8 to Fl gure 5B, the spacer |layer 512 is etched to
form t he spad®fion 370A and a mask portion 370B, as depicted in Figure 3H. Embodiments for the

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 CHF3. In another embodiment, the second hardmask layer 306A is
comprised substantially of silicon oxide and is etched to form the hardmask portion 370A
with a dry etch using gases selected from the group consisting of CHoF, and the
combination of Cly 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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mask 514. The spacer mask 514 includes an area-preservation portion
592 that is retained because of protection by the photoresist |ayer
590. The photoresist layer 590 is then renoved and the spacer nmask
514 is cropped in a cropping process sequence that includes retention
of the sacrificial mask 510 through the croppi ng process.

Furthernore, in accordance with an enbodi ment of the present

i nvention, the area-preservation portion 592 is al so retained

t hroughout the cropping process. Referring to Figure 5C, the
sacrificial nE84 8@ drsetrlensdngegiseslsdentédfgpnomk grdup eorisappPet,FRaTLind mask
540 having the area-preservation portion 592. Referring to Figure 5D,
t he i mage of HBre cropped spacer mask 540 having the area-preservation
portion 592 is transferred to a second mask stack 506 to forman etch
mask 570. |n [8@3br dancle avécrdunanwisirogtitoeintenodf tidyRespheS@Atiod, Meambdcm,
as a result of the area-preservation process, the etch mask 570
conprises at theastpedsmedramdsk 340 {3 aheh ngnstertstl CHofh t8¢ RAdBAsk bbaln e widt h
of the thinnest lines in etch mask 570, as depicted in Figure 5D. The
ordering of triwsk porppP3 B inmce@as c@mobetdion aTiRBseRina SREN Rl 436D LAL 8SRe,
may not be sequence-dependent. In accordance with an alternative
enbodi nent ofthd ihesk poeisRBYOE BIRAELIDMAAsIIG ey BPRINMSisRT SGBS Malefialcafidbied
out prior to the area preservation process. [00511An

ar ea- pr eser vébi sabstitiaihes Bhawmying an usieptotdls GRM NG el MhtWhithrths pacer
mask process to ultimately formregions in a sem conductor |ayer that

nmay be used fsemicb@iublongy& 308 ahtche eftbaiith €8, 18 seBordl rhadR 1ayat e MeofpYiRed
Vi ews representing operations in a spacer mask fabrication nethod

i ncor por at i N@f anaAdPROUPEASE M%ﬁi@,@uﬂ{@Q&SaSHordﬁﬂbuéi@aQWnQﬁd]&?af Weskibedin
enbodi nent of the present invention. 100521Referring to Figure 6A, a

spacer nmask Gighciagot Wigh &1 @aboRMRHESMR doRiposiBe GMse B%3ndsk 1dyer Td. arpund
a sacrificial nask 610, as described in association with Figure 5B.

Referring to gah@ubeentsbdimdnb@hexPREREs TlRKse@hd nlaSk BYRBRES al ndRE Mhd Agx
cropped spacer mask 640 having the area-preservation regions 692 and

then the sacriohtiohizadn FRRK A habkS3 7@ VIRGanclRE3 35 £25 BY LHAEMBE Wit of
regions 692 may provide a |arger region onto which contacts may %e

formed. In acgarsfanagmevbt e a6n FARCHD MBI seQfnd iRk PEESOBE nlpbEBLEQAR, 2
portion of a spacer |ayer that would otherw se be'renoved’in a spacer

mask formati qpmPihe haQPRIradd POBILY hPld fE&sd RadhiAkiRds be@tﬁﬁ[avlgv k)

operation. 100531Met hods for fabricating a sem conductor mas ave

been di scl os&gafiih fhr 8h 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 CH4, 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 etich mask 370 has a mask portion 3708

comprised substantially of an amorphous carbon material. During an etch process used to
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enbodi ment, a sem conductor stack having a sacrificial mask and a
spacer mask is provided. The sacrificial mask is conprised of a
series of lines and the spacer nask has spacer |ines adjacent to the
sidewal | s of the series of lines. The sacrificial mask is renoved
subsequent to cropping the spacer nmask to provide a cropped spacer
mask. I n one enbodi nent, the spacer mask is fornmed by depositing a
spacer |ayer above the sem conductor stack and conformal with the

sk havi ng SamebieRrrRRREEb- BP0y IR R RP iR e e Feo et ot
sacrificial Aaok iRk B sPRO PR ER Rl b BT 28 cBhel F ne
he spacer - meaieof bR I s BRRR e S bl HRERR o BnBectdt o
ot ovi de- only "Tta Ry gp sy T uter MR B e alon et TeoBRIERe! 2% he
the Sacr i 11 crar ok ek Rnis St R TEREr oy foep PGS or Renderiuny drerde
e conduct of SRk CRAVEHGH d RSk S P SyRg Ry e B iper g
et chi ng ‘sai d AP RTBreA P PR CHLTFFERAD wRek-mETS g 6 ATt otige,
wherein said ca?r%gnr rin];tieﬁgi%lriorrrtgstrlénsifgrrigg t?lggrhgg%?o ao ;em?co%gtccjtgslay%f, aé ifer;g-isb;ed in
association with Figures 3G and 3H.
[0045] The semiconductor layer 308 may be any layer desirable for device
fabrication 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 patterhed 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 III-V material.
Additionally, the semiconductor 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 selected from the group
consisting of amorphous, mono-crystalline and poly-crystailine. 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

25



depositing a spacer |ayer above said sem conductor stack and
conformal with said sacrificial mask; depositing and patterning a
second photoresist layer to forman area-preservati on mask above said
spacer |ayer; etching said spacer |ayer to provide a spacer nask
conprised of spacer regions and area-preservation regions, wherein
the spacer regions are adjacent to the sidewalls of said series of
lines of said sacrificial mask, and wherein etching said spacer |ayer
exposes the top surface of said sacrificial mask; depositing and
patterni ng a sehicpefupleplepsremiay suitably essidabbnes esdipdinspathe subsastk issnthpssi d
sacrificial msk to expose at |east a portion of the spacer regions
of said spacef groug kY-besed ategials vechex pygatingolidon qgermdnidr er Sixagermanium.
regi ons of said spacer mask to crop said spacer nmask; and
In another embodiment, the substrate is comprised of a III-V material. The substrate may
also comprise an insulating layer. In one embodiment, the insulating layer is comprised
of a material selected from the group consisting of silicon oxide, silicon nitride, silicon
oxy-nitride and a high-k dielectric layer.
[6046] [t is to be appreciated that embodiments of the present invention are not
limited 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.
[6047) 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-finear 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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1
removi ng said sacrificial mask. 2. The nethod of claiml wherein said
spacer layer is conprised substantially of silicon, wherein the 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 said spacer |ayer to provide said
spacer mask conprises using a dry etch process with a gas sel ected
fromthe group consisting of Cl12 and HBr. 3. The nethod of claim 2
wherein renmoving said sacrificial mask conprises using an etch
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preservation regions may be retained during the formation of a spacer mask. Such area
preservation regions may be used to form contact landing pads, lines of varying
dimension or lines running in two directions which cannot otherwise be formed from a
spacer deposited 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 embediment of the present invention.

[0049] 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 wiil
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 fayer 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 590. The photoresist layer 590 may be comprised of
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6. A nethod for fabricating a sem conductor nmask, conprising:
providing a sem conductor stack having a mask |ayer; depositing and
patterning a first photoresist layer to forman image above said mask
| ayer; etching said nmask layer to forma sacrificial mask having said
i mage, wherein said sacrificial mask is conprised of a series of
lines; depositing a spacer |ayer above said sem conductor stack and
conformal with said sacrificial mask; depositing and patterning a
second photoresist |ayer above said spacer |layer and said _
sacrificial fSRAYE siddoavdelptigracddty agy ehiquens déscritivd i pracviation edth ores
of said spacer |ayer; etching the exposeg portion of the spacer
regi ons of sEHOPrePhstask 129 wr Figurepihend 3& opped
[0050] Referring to Figure 5B, the spacer layer 512 is etched to form the spacer
mask 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 5C, 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 SD. 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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spacer |ayer; depositing and patterning a third photoresist layer to
form an area-preservati on mask above sai d cropped spacer |ayer
et ching said cropped spacer |ayer to provide a spacer mask conprised
of spacer regions and area-preservation regi ons, wherein the spacer
regions are adjacent to the sidewalls of said series of |lines of said
sacrificial mask, and wherein etching said cropped spacer |ayer
exposes the top surface of said sacrificial mask; and renoving said
sacrifici al %gﬁg. 7. The nmethod of claim®6 wherein said spacer |ayer
is conprised 5t ant iRefSringiP Figurg &b @, spasienask 14 hayingopeagmeseivetionof
said sacrificial sk is conprised substantially of a materi al
sel ected frofig%eoY Bismed aonnd 3 sagrifimal sapk l@nasriesaribetbinaswcigtidr \eitn
oxi de, and wherein etching said spacer |layer to provide said spacer
mask conpri s&B it Referiang o digure ?ﬁdm@emmsh 634 pasopped dvmdthe coppddhe
group consisting of Ch and HBr. 8. The nmethod of claim7 wherein
removi ng sai PSR PH] bavingdkdaresontpieivaden regipns92 andethemthp saxciéisial mask
selected fromthe group consisting of a hot H3PO4 wet etch, an
aqueous hydr 819 §&micvedcl i afretpresertionTazions$OTony petvil 2 larger region onto
which contacts may be formed. In accordance with an embodiment of the present
invention, 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.
[0053) 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 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 and the sacrificial
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 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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9. The nethod of claim6 wherein said spacer |ayer is conprised
substantially of silicon oxide, wherein the top portion of said
sacrificial mask is conprised substantially of a material selected
fromthe group consisting of silicon nitride and silicon, and wherein
etching said spacer |ayer to provide said spacer nmask conprises using
a dry etch process with a gas selected fromthe group consisting of
CAF8 andL&HH3. 10. The nmethod of claim9 wherein renoving said
sacrificial nmask conprises using an etch process selected fromthe
group c@Rsiistiangdaf; a hot H3PO4 wet etch, a SiCoNi etch, a C2 plasma
etch and a CF4/02 plasma etch. 11. The nethod of claim6 wherein

sai d spaceh,duayas, faﬁu@a?gg sgﬁﬂz c;[t?na;[mal | Of silicon nitride,

wher ei n the top sal sacrl PR R is conpri sed
substanti |.ect ed frgq%the group consisting of

silicon o |HXh" ag”'??@Bﬁor%ﬁ AR RS sk Bk ng sai d spacer |ayer to
Gas. sl eolEsRTRH MECGHBLR B AT E N-OF (b A dnascipas d psiiger;
met hod of claim.11 wherein renoving said sacrificial nmask conprises
using an @P@Hgﬁ@665§%”@@ﬂ@é@%@aﬁﬁﬁ%ﬂ@h@aﬁﬂwwwgé@ﬁsh@géN@wﬁﬁlamimwﬂﬁum
aqueous hydrofluoric acid wet etch, a SiCoNi etch, a C, plasma etch
and a CF4/ 0gsk ésspmpsisechof a series of lmes
depositing a spacer layer above said semiconductor stack and conformal with said sacrificial
mask;
depositing and patterning a second photoresist layer to form an area-preservation mask above
said spacer layer;
etching said spacer layer to provide a spacer mask comprised of spacer regions and area-
preservation regions, wherein the spacer regions are adjacent to the sidewalls of said
series of lines of said sacrificial mask, and wherein etching said spacer layer exposes the
top surface of said sacrificial mask;
depositing and patterning a third photoresist layer above said spacer mask and said sacrificial
mask to expose at least a portion of the spacer regions of said spacer mask;
etching the exposed portion of the spacer regions of said spacer mask to crop said spacer

mask; and

removing said sacrificial mask.

2. The method of claim t wherein said spacer layer is comprised substantially of silicon,

wherein the top portion of said sacrificial mask is comprised substantially of a material selected
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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 Cly and HBr.

3. The method of claim 2 wherein removing said sacrificial mask comprises using an etch
process selected from the group consisting of a hot HyPO, wet etch, an aqueous hydrofluoric acid

wet etch and a SiCoNi etch.

4. The method of claim 3 wherein said spacer layer is comprised substantially of silicon oxide,
wherein the 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 CyFg and CHF;.

5. The method of claim 4 wherein removing said sacrificial mask comprises using an etch
process selected from the group consisting of a hot H3PO, wet etch, a SiCoNi etch, a Cl, plasma

etch and a CF4/0O; plasma etch.

6. A method for fabricating a semiconductor mask, comprising:
providing a semiconductor stack having a mask layer;
depositing and patterning a first photoresist layer to form an image above said mask layer,
etching said mask layer to form a sacrificial mask having said image, wherein said sacrificial

mask is comprised of a series of lines;



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

depositing and patierning a second photoresist layer above said spacer layer and said
sacrificial mask to expose at least a portion of the spacer regions of said spacer layer:

etching the exposed portion of the spacer regions of said spacer layer to form a cropped
spacer layer;

depositing and patterning a third photoresist layer to form an area-preservation mask above
said cropped spacer layer;

etching said cropped spacer layer to provide a spacer mask comprised of spacer regions and
area-preservation regions, wherein the spacer regions are adjacent to the sidewalls of said
series of lines of said sacrificial mask, and wherein etching said cropped spacer layer
exposes the top surface of said sacrificial mask; and

removing said sacrificial mask.

7. The method of claim 6 wherein said spacer layer is comprised substantially of silicon,
wherein the 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 Cl; and HBr.

8. The method of claim 7 wherein removing said sacrificial mask comprises using an etch
process selected from the group consisting of a hot H;PO, wet etch, an aqueous hydrofluoric acid

wet etch and a SiCoNi etch.



9. The method of claim 6 wherein said spacer layer is comprised substantially of silicon oxide,
wherein the 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;,

10. The method of claim 9 wherein removing said sacrificial mask comprises using an etch
process selected from the group consisting of a hot H3PO, wet etch, a SiCoNi etch, a Cl, plasma

etch and a CF,/O; plasma etch.

I'1. The method of claim 6 wherein said spacer layer is comprised substantially of silicon nitride,
wherein the 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
provide said spacer mask comprises using a dry etch process with a gas selected from the group

consisting of CH,F, and CHF;.

[2. The method of claim 11 wherein removing said sacrificial 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/O, plasma etch.
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