METHOD FOR PLASMA STRI PPI NG USI NG PERI CDI C MODULATI ON  OF GAS CHEM STRY AND
HYDROCARBON ADDI TI ON RELATED APPLI CATI ONS This application is a
continuation-in-part of U S. Patent Application No. 10/411,520 entitled
"METHOD FOR PLASMA ETCHI NG USI NG PERI ODI C  MODULATI ON OF GAS CHEM STRY, " by
Hudson eMETHODIRORARLASM, SERIPPINGITTSING PERIOHNC MODURNERGN by

ref erence. BACKYERGUNTAEMTR YWD IPMDRO CERHONHDDEEIGRVENt i on The

invention relates to a nethod of obtaining a structure on a sem conduct or
wafer by etching through structures defined by a photoresist mask and then
stripping the mask. 2. DescriRELABREDfAPPEIGATIONS] art | n sem conduct or

pl asma etching applications, a plasma etcher is usually used to transfer a

mask pattern iMisOappliCatidaul b cafghiatioeippht 6f U.DPandgppE@goh N il m and/ or
filmstack (Iconductors or dielectric insulators) on a wafer. This is
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phot or esi t.erd i ane f th t . This

et chi ng @%@?ﬁéﬁ[ f@/ége@ij‘%w& ng%cﬁglﬁletc% ﬁ@a é‘égﬁt\t?ef@(%eci es and

el ectri calhich is GbRbYetoRditbE beseféleftts) generated by exciting an electric

di scharge in a reactant m xture contained in a vacuum enclosure al so
referred to as a react @ @ A& Addirtionally, the ions may be
al so accel erated toward ' : rhrough an electric field
created between t.h i xture and the wafer materials, generating a

di recti onal ﬁen%\‘?@l(gﬁge &I i ng materials along the direction of the
_ion traj ect or yhi @nfiGieited 1©8f £0£06d of BbtaRidNH SRIChRPLE a8bBHoAGuctHY white
“finish of the etching sequence, the masking materials are renoved b

st ri ppi nby etebingdhenpgh beasiingg defngdtly gppladereastmeikiang thein sthppingthermatskpat t er n
of the original int.eﬁded / Slﬁ tg@ther ns. During the etching process, the
mask naterial & AP RIS PLHe &84 and/ or damaged i n exchange for the
pattern transfeiemicOnRREN Pt ctch@BarlicktiRfs, JRIRALRAG ISLARIOMs O May be
transferred to the underlying | ayers I'eaving such undesirable” pattern
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limt such danmage during the stripping

This etching reaction may be initiated by the chemically active species and electrically

charged particles (ions) generated by exciting an electric discharge in a reactant mixture
contained in a vacuum enclosure also referred to as a reactor or process chamber.
Additionally, the ions may be also accelerated towards the wafer materials through an electric
field created between the gas mixture and the wafer materials, generating a directional
removal of the etching materials along the direction of the ion trajectory in a manner referred
to as anisotropic etching. At the finish of the etching sequence, the masking materials are
removed by stripping them away, leaving in its place a replica of the lateral pattern of the
original intended mask patterns. During the etching process, the mask materials are usually
eroded and/or damaged in exchange for the pattern transfer. Consequently, some of the
damage and erosion also may be transferred to the underlying layers leaving such undesirable
pattern distortions such as striation, CD enlargement, faceting, etc.

In addition, for low-k dielectric matertals (k<3.0), during the stripping of the
photoresist, damage may occur to the low-k dielectric material, which may increase the k
value. In such a stripping process, it is desirable to limit such damage during the stripping

process.




process. SUVWMARY OF THE | NVENTI ON To achi eve the foregoing and in
accordance with the purpose of the present invention, a nethod for etching
a feature in a lowk dielectric |layer through a photoresist etch mask over
a substrate is provided. Alowk dielectric layer is placed over a
substrate. A patterned photSaiddARYrSKHEINMWIAEEONver the | owk dielectric
| ayer. At |east one feature is etched into the lowk dielectric |ayer. A

gas-nodul ated cycli ¢ stripping process i erfaormed for re than three
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the protective layer form ng phase is perfaorned in about 0,005 tq 10

seconds f orovenepubsepa &) Pabiped Risdosighvmarkigpiaged pysdhe ipxskdidegtde ry and
formng a plas f I.rst Lotk YicldMIGY 161 0 I | ayer
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. protective dyaN@kiribpings@Rs Bherfbhgedr hoteaitag thive cydts foppiripinhasiagleor
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stri ppi ng gdwtarbsstinsasky Eagheyde phidie Sry-modylateddtyehs sippingoragess epBRtseEhan
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mask is st rthppedective laeo fdreringplirsdispenforioed trhabopt BHEA o L versnivor eacliet hod
for renovin t least part. of a.sjngle |aver qver .a substrate i rovi ded.
A gas- nodulcg(fsgdcq,l%rll?eé_pﬁb‘?éf@&l%e @'53{ %agrcﬁ?ﬁ aflgffoﬁ%lf'lﬁ SRR ?%éﬁ%ﬁﬁ?es.
The gas- modyk b &fiskY Chh&reRf PHOERtvE RYBH TS SRRl QWG of (I Al@st bive | ayer

form ng phase using first gas chem stry with a deposition gas chenmstry,
wher ei n t hefeptnnt acitd thickhagserf thaopmiacgvphseds imrepsed. ot eperformiabet 0. 005 to

10 seconds for ,each cycle .and perform ng a renoval phase f?r .renovi ng at
| east part SYFPRIAGPRISHGPSITER'ER al?s‘?hﬁéorﬁséé%aﬁkdlsﬁ'ﬁsa S@E%rfﬂg%atsrcﬁelﬁléﬁtﬁdlsﬁlgr enoval
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seconds f orchemddiry; ydeeein tliEechimpplest isverfoayped 1uf domt 008 tmp? seesdpiasvi di ng

the first gas chem stry and form : ,
geach cycle Compf\ises prowglﬂlg tﬂegsecond gas chemistry and forming a plasma from

the second gas chemistry, wherein the thickness of the protective layer is decreased

and some of the photoresist mask is stripped.

In another embodiment of the present invention, a method for removing at
least part of a single layer over a substrate is provided. A gas-modulated cyclic
process is performed for more than three cycles. The gas-modulated cyclic process
comprises performing a protective layer forming phase using first gas chemistry with a
deposition gas chemistry, wherein the protective layer forming phase is performed in
about 0.005 to 10 seconds for each cycle and performing a removai phase for
removing at least part of the single layer using a second gas chemistry using a removal
gas chemistry, where the first gas chemistry is different than the second gas chemistry,
wherein the removal phase is performed in about 0.005to 10 seconds for each cycle.
The protective layer forming comprises providing the first gas chemistry and forming
a plasma from the first gas chemistry, which causes a protective layer formed and the

thickness of the protective layer to increase. The removal phase comprises providing




a plasma fromthe first gas chem stry, which causes a protective |ayer
formed and the thiclaiess of the protective |layer to increase. The renoval
phase conprises providing 2 the second gas chem stry and form ng a plasm
fromthe second gas chem stry to cause renoval of at |east part of the
single | aye : [ b i1l be
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i nventi on atdhst fengoaj ahaticaahpat dhtht kegleflaydrowi ng fi gures. BRI EF DESCRI PTI ON
OF THE DRAW NGS The present .inventjon is il lustr atg@ by vva)é of exanple, and
not by way of | rheseand gHer featpeofithe present grveptien ¥l SrAaHYiPRG UPa% ngs and
in which [i + ef g : : ener : ¥ i ch:
FG 1 i's aoRrnEny e RUTES RS BOEb AR iR Bl b B R B it Tl L o,
FIG's 2A- Crapeischeiras.i c side views of an etched lowlc dielectric |ayer
according to the process of FIG 1. FIG 3 is a nore detailed flow chart of

a gas-nodul ated cyclic gkehF nEGSPTRIPERSN OFTEE BrRASVIRNG®re detailed flow
chart of a gas-nodul ated cyclic stripping process. FIG 5 is a schematic

view of a syste { : |2 L,Cl [ I G 'S 6A
and 6B illustr aghgﬁggég%?\%?tlg@%ﬁ glﬁ]%a%%\h&%&{a@ﬁgﬂ (}Tg?%i rr%B( g#renti ng a
control | er yaediibd) i@ tHeotbiwEdfshoicchi@apinséntvingivadtin ohichRiks refSrebe E
schematically illustrate the build up of material on a surface in an

i nventive rBgnalsopter fstimelgeelemgnisspdy Whikhonol ayers. FIG'S. 8A-D

Cegi e of sl over Pyl PRgovbi e BReRboh B Riod Ppte A e O VT
- The present invepid oy hre RENRRIcARBGHERESK dnretdleiidbl-diklecrRileyegnce to a

few preferred enmbodi nents thereof as illustrated in the acconpanying
drawi ngs. | acaohding foothk pwicass afdS6r Lpti on, numerous specific details are set

L oventt ono e i PO R detN8 AR OF b 2 2RR AR oy bRE BEEE Fldcess.

invention. It w e _
FIG. 4 is a more detailed flow: chart of a gas-modulated cyclic stripping

process.

FIG. 5 is a schematic view of a system that may be used in practicing the

invention.
FIG.’S 6A and 6B illustrate a computer systern, which is suitable for

implementing a controller used in embodiments of the present invention.

FIG.’S 7A-E schematically illustrate the build up of material on a surface in an

inventive regime of fast cycling using submonolayers.

FIG.’S. 8A-D schematically illustrate the build up of material on a surface in

the regime of slower cycling.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention will now be described in detail with reference to a few
preferred embodiments thereof as illustrated in the accompanying drawings. In the
~ following description, numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be apparent, however, to one

skilled in the art, that the present invention may be practiced without some or all of
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skilled in the art, that the present invention nmay be practiced w thout
sone or all of 3 these specific details. In other instances, well known
process steps and/or structures have not been described in detail in order
to not unnecessarily obscure the present invention. To facilitate

di scusgj.on sqeafg‘ dekailsS TR ofﬂe@%s%@gs_t, wll l@iﬂwﬁtpﬁmeﬁg SpOERBS sPluctupy k

dielectric layer used in an enbodinent of the invention. Preferably, the

| ow k hahiealedbén deskrlet ini detahinanrdario st iratessylilasbsquos®e.pified ' s 2A-C are
schematic side views of a lowk dielectric |ayer according to the process
of FIGuvenugy.| ow-k dielectric |ayer 204 nmay be deposited over a substrate

208 (step 1Q4), . i : T d a silicon
waf er or angﬁﬁ%?lﬁ?%/e;@g%ﬂﬁgi%ﬁ'gﬁ s (%)ﬁior%(gﬁﬂ?em%taegﬁ%%ggﬁg%}@gger a wafer.

A cap hRY¥Rtriked Bed af eembydimethel thewvkntiire| leefaraldy, thayar-k204 (step 108).
The cap |l ayer 212 maybe silicon oxide. Gene,rallé, the cap layer is a

pr ot ecdiclestriclpzer ipan araanesibicate glasnR ). H1G. FRE-Eape sdymatio sslepr ot ect s t he
|l ow-k diel ectri ayer . during i iHC ;i shing (CMP) and
ot her ﬁ‘reb”éé"i%%‘.ﬁg( %‘ﬁ?eég%hcég?%%g?mg%;ﬁg@ 1%@‘&6557?%@ '%%Iwe)‘gtléri c, since the

cap | ayRlechsc ]ﬁgértmqu&}h’@e &bsit®d Seh alsubderaef Bysa(atey, 1 0khasehpwh ayer is of a
silicon oxide base material. The cap layer is preferably has a thickness

of bet WE2r2&bbhe susbak 2A8dnaipbes silioopwaler phansith@ typeefiaeieRelfr S12% here may

b h | yver . irefl.ective ti

(ARG Be i O st P P g Wikr 25l PR R R A s iy Bllgific Co8ti o

ant i r eflyers by QieCIOR) | The (ARG e2l4 MBYbOGliaM OfganGendialy, @ aptiayef | ective
n

coating (BARC) oOr a inorganic dielectric antireflective coating (DARC).
The ARG hpstentivhilayknefssdiglecwisanateriplo Jhe rop laxendt? plobts thodbov-K A patterned

resi st sk.216 is provided over the. . 214 (gt .. Ih fterned
resi st @ “’21%’@er S C&ﬁ%ﬁ@?@ﬁ?ﬂgm‘fﬁ%mcﬁﬁg&%‘ﬁ% @ﬁfggm}%@% plﬁgess @Sr'my be
for med C%.l) BGLNY BmhPYE L 1Ok- KNSl i@Sisde thebdiClayéiSis p@x pOaREnto a | i ght

pattern and then etched. Qther nethods of forming a patterned resist nask
may bepuskedt. Piaferaipshe earelag@ds phy siigveoside bareanetendo Thwdan laygr isi er | ayer

i of ecPrefeplEyss ooty of broate Bvah 2106 MaRohr bl AT PP Ebeh 'y be used to
S;g? . L?@bﬁé@ﬂ\é{ﬂ}fﬁ,%ﬁé Bl THe bR ¥Rin FR%bap MIEEH: dépBlapd. ARefithgletfde under the

coating (ARC) 214 is deposited over the cap layer 212 (step 112). The antireflective

coating (ARC) 214 may be an organic bottom antireflective coating (BARC) or an

inorganic dielectric antireflective coating (DARC). The ARC has a thickness between.

about 1.00 A and about 1000 A. A patterned resist mask 216 is provided over the

ARC 214 (step 116). The patterned resist mask 216 has an aperture 220. The

patterned resist mask may be formed by placing a layer of photoresist, which is

exposed to a light pattern and then etched. Other methods of forming a patterned

resist mask may be used. The substrate 208 may have a contact 209 and a barrier

layer 210.

The substrate 208 may be placed in an etching chamber where the low-k

dielectric layer 204 is etched (step 120). A plasma dry etch may be used to etch the

low-k dielectric layer 204, which forms an opening 224 under the aperture 220 in the

patterned resist mask 216, as shown in FIG. 2B. Some of the patterned resist mask

216 is removed during the low-k dielectric layer etch. Such low-k dielectric etches

may use a chemical etch, such as using a fluorine based etchant. Specific examples of

such etches will be discussed below, although various etch processes may be used.

W




patterned resist mask 216, as shown in FIG 2B. Sone of the patterned
resist mask 216 is renoved during the lowk dielectric |ayer etch. Such
|l ow-k dielectric etches may use a chem cal etch, such as using a fluorine
based etchant. Specific exanples of such etches will be discussed bel ow,
al t hough vary . Sr.rodul at cyclic
stripping pﬁo%%?g&iglg&f ﬁgﬁﬁ%r%%\%% I:tog%fs gérr@g%p ﬁ}%&d&ﬁggng?xgcstﬁgt mask 216 and
ARC | apketoRgist miasthDLd ardloAB i lager e whtwakdahfigcthe | Gwlkaigectricsdep 124) . | f
t he Al it does not need to be renopved. The photoresi st

| i DARC
mask ZRg%epiaﬁe"isz IPI%Q? &G lvemis HARGnipHees ot aeed fedlegemhuedrBei st mask f or med

f i IS4, e nosone _enbodi.nent s of i nyention, the
bar i oP Tyt B AL St ks B S SR Rt OPREt 2160 | s
st ri ppfdm HiaflepoiateiSetl.n one enbodi nent of the invention, during the

step of etching the Iowk dielectric, protective |layers may be fornmed on
the si dewal [sscpe grpodimgntg of the)invengiopethi bewigr layat 2 Flomay heopgied thefitre ve

| ayers L | passivation |layers that are on the order of 10 urn
t hi ck %ﬁt&le%$%€§[%1%§1an tlﬁéﬂr%lpgf%hi ng, while using the protective.layers as a

passi vation_|l gyer. may cause striations and faceting. Wthout being bound
by theory, ¢ g Procesyed t hat | ayers of such thickness are not

theory, ayers ¢ ckness are not
s bol i ovell TRa TRE TR it Ao CaL PR B LR B DRk Rl on |

si gni f potmtily layedusey besforhed bothe sEtolla of tHelfefifu@l eCHk b¥Beled Rt fHBYingl SO

reduce faceti E”g’ It is also believed that this reduces CD enlargenent,

~ provi dPRECRES BYREr BIch§F sidewell rssirtioplayeshataeertheprdira 10 em thédli ored as CD
change ' R L [ hod is. provided in which an

R S R e e R T

| ayer dtdativaisiand fpledsg Withousleigt Bdundahaseort Oit &/HABER] thixagyehfbdchet ch

performance w thout unduly sacrificing sinplicity and cost-effectiveness.
The nodifBEISGE Byfeuffqeslyicpnionepl iganonge Hesired arotegtionragainst fbaticorpissi t i on
and/ ory, Jd j of - pr ses. . and may.al so_incl ude
synch r%%ﬁegeé&dﬁl\%{ a{rh? ZIEJ? h%gﬁﬁgtl%?ﬁo%@%mg P 9 %glgea%l ! %nr%é)élss tﬁ_’%ﬁc ﬁ?ﬂ % eratures.

The cysthition. [Fuoheskini otebiredaes iiZedsddaod fabing C Yk alsh bEBev@Rdhithikhe cycle
time ratio, which is the ratio between tine for the protective |ayer

f or matieaRFep hAs enlaiggmenle Pravifing 6P qomérobeicepntighef€D bias, where CD bias is
defined as CD change during etch.

In this embodiment, a method is provided in which an fr-sifu gas-modulated
cyclic etch process alternates between a protective layer formation phase and-an etch
phase to enhance the overall etch performance without unduly sacrificing simplicity
and cost-effectiveness. The modulation specifically includes cyclic variation of the
composition and/or flow ratios of the process feed gases, and may also include
synchronized variations in the RF power, gas pressure, and temperatures. The cyclic
process is characterized by a total cycle time and by the cycle time ratio, which is the
ratio between time for the protective layer formation phase and the time for the etch
phase.

U.5. Patent Application No. 10/295,601, entitled “METHOD FOR PLASMA
ETCHING PERFORMANCE ENHANCEMENT, by Huang et al., filed on November
14, 2002 and incorporated by reference for all purposes, diséloses that an in-situ
plasma process may be used to enhance and/or repair the mask and/or the vertical 7

sidewalls of etching features, during the etching progression. In such a process, a




U. S. Patent Application No. 10/295, 601, entitled "METHOD FOR PLASMVA
ETCH NG PERFORMANCE ENHANCEMENT, by Huang et al., filed on Novenber 14,
2002 and incorporated by reference for all purposes, discloses that an
in-situ plasma process may be used to enhance and/or repair the mask

and/ or Ia@ﬁla\éﬁéﬂﬁdéﬁbrﬁc&s%éfﬁls bisitigkd gér(‘almhﬂﬂ d‘.@aﬁidﬂ_rt%?ﬁ)re dHdbPerdge et chi ng

progregsmn. I'n such a process, a 3 plasnma chem cal process step is
i niti avederfinexmrsedor4n dohiag pbembdbor desandiforatiafit er the wafer is exposed to

an etchin | asma for. a desired duration. In i s enbodi nent, this approach
is modifi gd%éﬁ%elpfaa@mﬁ% t%tﬁéﬁ@@%ﬂ%@@ﬁﬁd?ﬁ@s%@%ﬁ@ B8PS EBPect i ng the mask

and st deyBhdislelss: holdank aRta% a?xﬁ%id%@ﬁgf’is%tr@%&%ﬁgsé BROPLAL 8 gYL! | C

process,-In alternation"wth a conpatible etc e profective |ayer
f or mat huptacesic pryceke ichiasertonnvisue borapatibfe tlohtphase. thin fil m of materi al
is formed on_the surfaces of the mask and/or,  the sidewalls of the film

bei ng et chedbedrgjedipeneyatemationdrensss My e Phepen aheicha wat thahd This thin
coating. -8 - r [ Lib i L.ppi ng
proces§HF gﬁ%eote@ éﬁ%rfl ﬁflgﬁogﬁezj r%é r?%%%%faﬁ%t mn%gr)%taéelf Lélﬁdjwe@g Sitd%%ﬁ'?ﬂ% ﬁ%lﬁlllet he mask

mat er i &l befr@f et peovedt &l Brogioh] fabetinghard dtiihtion. COHiE ditcogingery | ow to no
amount of other elenments, nmay be used to coat a photoresist nask so that
pr ot ectisd byefla rhatarialrthat is pempible with 3icrstapEag pyocesicos pass o fiaat et chi ng
process. |1n,other rds,. it hange t.h urf ace NPOSiqti O f the mask
patt er herg?lvcallu%fl{llgpre\t,\%gh %%S!ﬁanﬁgﬁ%\}%‘smﬁgﬁ(%&gﬁ%lgetij gg}haélrpg?fnfls }ﬁ%él[\;?lgg certain
benef i gligliiat edtitmgi ALeld 153 AilBSuR b afecadTampheUSaE bE Bad thabshmsk.
Alternatively, the layer formn rocess may al so be used in such a way

t hat t photoosmatiask sothat hwtedidd magolgaturey asmnativesibbeerRdgshiest ®en | ar gel y

conpensates for and/ or repairs the nmask atterns damaged/ er.oded. by the
o or  sern clle et LRb o ST ey EEgE B PRI ARG A e
subsequent,,at ﬁ%{%@eﬂgsdcﬁeiﬁétitﬁ@miaﬁc banedd lﬂ‘%&lcaeﬂ pse@d@BaifafiOthatDoabitei, the fine

bal ance obtained 1 n the etching step. ternatively, the thin coating may
be pr odueeftial esihing draveesisticooitin dmmphosterdiongrapdiei. b lempstvelysonf or mal
Fough Sdr oo agariss BRRERAIe Yl et * tearhigeorelalehiRg gas mxture
T Cop RO aNshamnt s Sepsiaaionapenian ggyan o ot e

patterns damaged/eroded by the prior etch process. The relative inertness of the

coating to the subsequent etching reaction is beneficial so as to not to alter the fine

batance obtained in the etching step. Alternatively, the thin coating may be produced

using process conditions, which provide a smooth conformal coverage of sidewalls,

preventing the initiation of striations due to rough and/or corrugated sidewall polymer

coatings.

The etching gas mixture may contain etchant species and a passivation species

s0 as to not lose the benefits associated with a passivation gas in the etching

chemistry. The ratio of the etching to passivation components, along with a plurality

of other processing conditions, is finely balanced to achieve optimum processing

results, such as photoresist selectivity, etching anisotropy and etching rate etc. The

electrical discharge power may be kept high and the energy of the charged particles is

also kept high to obtain high etch rate and good etching anisotropy in small

dimensional structures. The protective layer formation and etching cycle is repeated a

large number of times until the completion of the etching task.




chem stry. The ratio of the etching to passivation conponents, along with a
plurality of other processing conditions, is finely bal anced to achi eve
optimum processing results, such as photoresist selectivity, etching

ani sotropy and etching rate etc. The electrical discharge power may be

cept hian anth Lm0 ahas e BTIEN S 08H DALLELER. | 510 Pl SR kBBt O, L

e
obtain high etch rate an ood efc |ngI ani sotro nmensi onal

st r uct wtasng fibéowpikatieletiricdayenyesp 100 (R4 @pbedichedt SMhBG,eHGLE 1S repeated a
| arge numnber of tines until the conpletion of the etching task. 6 i To
faci | i tAEngfhegrssnandaicg cydiciclspiosess, aprosesgehainbeinpfidutes hetvieent t he st ep

f etchi ielectric |ayer (step 120) .in. nbodi nent of th
Pnvent it 3@ O S bekG oo Bt Bt At duBdure A1 ocess chanber
modul at3gs). bpfieRer phake 1s@adp SpMRniPALRLS1chiMIqsiRP336) | PrhlaRhERogPt i M zed to

S a

forma protective |ayer C%_step 316). The other phase i St ep optim zed
for et &atwagnthase phaeojs achirred by eynchtdngzed nbetuleiem dffyas @ophasesnds achi eved

by synchr.eni nodul ati on of gas flow rates, an possi bly RF power,

surface OFS%%?SQW%’, S‘g}t:?ﬁe &&?eﬁ%é‘?s%ﬂdeg.as PHESEYTE- g‘f‘gﬁé?f?féﬁederrbodi nment, a

total eMbbintdnf® thial BRlle 8LRAL 85t HBAL BRPM L] §§&§8~95 o%tbﬁ%fe?;%bq{ger ably, a
per f 01 61 S. Mbs prefe

total cycle tinme is ormed 1 n O. to 10 secon ably, a
total e@yetakcycid tiree isspapfrmed me@ 01 v D0 SecbndS MesignefsrabRr, eftehbblcle the cycle

time ratiao .ot ect.i an: tch) is between 0.01 and 20. More preferably, the
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nor e onlthe masking material than on the sidewalls. This nay be aided by
the | i E28f-sight of the location to the deposition source as well as by

U o T R T T R
deposited on side walls of the etched features and possibly on top of the etch mask. The
deposition may be asymmetric so that the amount of deposition is formed preferentially more
on the masking material than on the sidewalls. This may be aided by the line-of-sight of the
location to the deposition source as well as by the selective nature of the chosen deposition
process. In other words, the deposition chemistry may be chosen in such a way that a coating
is formed preferentially on the masking materials due to differences in the chemical reactivity
of the materials. In the preferred embodiment, the deposition is done in-situ in an etch
chamber using a plasma enhanced chemical vapor deposition (CVD) process, which deposits
a thin protective layer on the sidewall of the photoresist. The deposition process may apply
some ion bombardment energy to allow for selectivity of such deposition. In such a process
the thickness of the sidewalls may be about two-thirds the thickness of the layer on top of the
mask.

In other embodiments, the processing conditions may be changed as the etch front
progresses through the material being etched to vary the thickness and spatial distribution of
the protective layer. For example, it may be desirable to form a thicker coating on the

sidewall of the film being etched as the etching proceeds deeper in order to protect the

T




is formed preferentially on the masking materials due to differences in the
chem cal reactivity of the materials. In the preferred enbodi nent, the
deposition is done in-situ in an etch chanber using a plasma enhanced
chem cal vapor deposition (CVD) process, which deposits a thin protective
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Table I is a table of some of the parameters that may be used in a protective layer

formation phase of a cyclic process in an embodiment of the invention.

Table I
Preferred Range | More Preferred Most Preferred
Range Range
Bias Voltage >50 volts > 100 volts > 300 volts
Bias Energy | >50eV >100eV >300 eV

In this embodiment; an electrical negativity can be formed on the substrate holding the
wafer materials (thereby applying a bias to the wafer) by applying a radio frequency
(RF) voltage supplied by an RF power generator. This has the effect of drawing the




Table I is a table of sone of the paranmeters that may be used in a
protective layer formation phase of a cyclic process in an enbodi nent of
the invention. Table | Preferred Range More Preferred Most Preferred Range
Range Bias Voltage >50 volts > 100 volts > 300 volts Bias Energy >50 eV >

100 eV 3si j CIL | be f d
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applied to the substrate holder. The protective |ayer mat i on phase (step
316) i §YEiF sirlBTerRsdaer phalswehich maydnclogeifferent chmpnatiessf dspespti®@l2) whi ch

. Loy clogehificre 312)
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i ncluding the maskiﬂeg features. Preferably, the tinme of the cycle devoted
t o t hi snaskimgdedtyreabBreferalgly s tine of the cynieidevolddrie this phesedbhbqutt he tine of

th | ted to,this phase js. . about 0.05 to 5 seconds. Most
or ot of S0y 0 ReCe o NP DrBctap) S dsfRate tisTt I SIHASHS Phedbont 0. 25 (o
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formed on the top and/or si S over the duration of a single protective
| ayer isabomhti26mo plhaseondyb Peciprablyer ddyeywith altlhiyiaresbef weethaabodtd B. 1 and 50 A

is forped an he top,and/or sidewalls qver_ the duration of a single
pr ot ec?‘ﬁwgl ?&fpoql 'isd?wﬁHé%‘?rw‘ﬁ%‘éﬁaﬁ?ﬁ ‘éﬁaeﬁ‘l%FP}'Otﬁ"t}V&)}@ferbep vvegn about 1
and 10 fﬁxﬂaﬁoﬁ?iﬁ%@j Nbre héreaBR), Q@%/egﬁemz%&g?%&{t Rﬁ A4S0 Algbefoﬁﬁe{égglgon of a

single protective |ayer formatio hase. e case O han about 10
A | ayethetthp ekdres sidewils avey dreayeatimmyofmti@lapotcatelayebfendesar plbgd. as a
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phase. ¢hBwames N8 khe duration of a single protective layer formation phase. In the case of
less than about 10 A layer thickness, the coverage may more accurately be described
as a fraction of a monolayer. In one embodiment, the protective layer forms a single
monolayer over the duration of a single protective layer formation phase. In another
embodiment, the protective layer forms a sub-monolayer, which is a layer that does
not completely cover the surface with a single atomic or molecular layer but instead
may provide a certain percentage (i.e. 75%) of surface coverage, over the duration of a
single protective layer formation phase.

The etch phase 320 is an independent phase in the cyclic etch process 312

which is performed to advance the etch front, producing at least one etch feature (step
320). Etching applications may include, but are not limited to, a dielectric contact
etch, including high aspect ratio contact (HARC), damascene etch, dielectric trench
etch (shallow or deep), self-aligned contact etch, gate mask open etch, via dielectric
etch, dual-damascene via etch, dual damascene trench etch, conductor gate etch,
conductor deep trench etch, conductor shallow trench isolation etch, and hardmask

opening.
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t hat _maf%ﬁp%it eit?heéﬁiu@?%ﬁleﬁﬁé's@aé? a cyclic process in the preferred
embodi ment OfabtlQﬁ 15 DY btgécme of the parameters that may be used in an etch phase of a

cyclic process in the preferred embodiment of the invention.

Table IT
Preferred Range | More Preferred Most Preferred
Range Range
Bias Voltage >200 volts > 300 volts > 400 volts
Bias Energy >200 eV >300eV >400 eV

Preferably, the time of the cycle devoted to this phase is about 0.005 to 14 seconds.
More preferably, the time of the cycle devoted to this phase is about 0.05 to 7 seconds. Most
preferably, the time of the cycle devoted to this phase is about 0.25 to 2.5 seconds. Preferably
the depth of the etch increases by less than 500 A over the duration: of a single etch phase.
More preferably, the depth of the etch increases by between about 5 and 250 A over the
duration of a single etch phase. Most preferably, the depth of the etch increases by between

about 10 and 50 A over the duration of a single etch phase. In the case of a change in etch
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Table Il Preferred Range More Preferred Most Preferred Range Range Bias
Vol tage >200 volts > 300 volts > 400 volts Bias Energy >200 eV > 300 eV >
400 eV Preferably, the tinme of the cycle devoted to this phase is about
0.005 to 14 seconds. More preferably, the tine of the cycle devoted to
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protective | ayer. wever, a subseque step e cyclic
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before the oxide etch is completed, allowing the incorporation of a conventional etch step to
compléte the etch. This may be desirable as a means of controlling selectivity to the stop
layer underlying the oxide layer.

Examples of materials for the photoresist mask may include, but are not
limited to the newer generation of photoresists, such as, deep UV photoresist, 193 nm
photoresist, 157 nm photoresist, EUV photoresist, e-beam photoresist, and X-ray
photoresist. The older generation of photoresist polymer materials are designed to
contained unsaturated C-C bonds, such as the C-C double bond and phenolic groups
to provide the required high etching resistance, namely, chemical inertness to the
etching gas mixture. These bonds are strong and require a high activation energy to
break and therefore, at relatively low ion energies, the older generation photoresist can
show remarkably low etching rate to the etching gas mixture. The newer generation
of photoresist, including 193 nm and 157nm, may not contain these unsaturated bonds
because these unsaturated bonds absorb at the lithography exposure wavelength. The
absence of these unsaturated bonds leads to much reduced photoresist etching

resistance. By providing protective coatings on the phatoresist during the cyclic
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conplete the etch. This may be desirable as a neans of controlling
selectivity to the stop |[|ayer underlying the oxide |ayer. Exanples of
materials for the photoresist mask nay include, but are not Ilimted to the
newer generation of photoresists, such as, deep UV photoresist, 193 run
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bei ng bound by theory, it is believed that cyclic processing provides a

di f f er snallprovetssiwmggribyierd Phbsoefubecide Preolpar priotestivé layst thenkekss t hin
films, deposited and etched.in short .tinescal %s’, are diffgr nt fromthe
pr oper (UL BHPORAAYE TARSE (e ThypRdafas T et OF By eEe ag‘f“gcessi ng
appr oaghymditAorbaEd) cycle tinmes, an extremely thin protective |ayer is
deposited, such as a sidewall filmor filmon the top photoresist surface.
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t he nonol ayer range 1s dependent

monolayer range. or example, a deposition that provides a sidewall deposition rate

of approximately I nm/sec and a top surface deposition rate of approximately 2

nim/gec provides a monolayer range thin protective layer with an épproximately 0.5

nm thickness, when the deposition step is for 0.25 — 0.5 seconds per cycle. (i.e. a1

nmy/sec deposition rate x 0.5 seconds = 0.5 nm deposition.). The same monolayer

range may be achieved by increasing the deposition rate and decreasing the cycle time

or by decreasing the deposition rate and increasing the cycle time. This flexibility

provides additional control variables.

Without being bound by theory, it is further believed that as the thickness of

the protective film approaches the dimensions of the constituent molecules, e.g.

approaching monolayer coverage, the film may adopt chemical and physical

properties, which are distinct from bulk propetties of the protective film. In this

regime, the concept of a thin film may no longer be applicable and it may be more

accurate to consider the mixture of chemical species présent in the surface and near-

surface region of the material. Such species may be present as loosely bound

physisorbed species, as more tightly bound chemisorbed species, or as parts of larger

12




on the deposition rate tines the deposition tinme. Various deposition rate
and deposition tinme conbinations may be used to provide a thin protective
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speci es _talﬁsp.rmlre t ih%htl ound chem sorbed species, or as parts of |arger
12 st r JEPEPRYE lagerphash pidriliergipiesxppisonlyhssudace (theprokecgivg sraigrial These
sur f aceyaid ifRaARe nSHI kR J: wi Il include protective species deposited
during t}ﬁﬂg plrot éc}tli vee I;I%gr ?n]%Ze of cyclic processing, but may al so

i ncl ude specWithoudposy headdy thaabMert fduhdrngliecdahatie hahasemealhdrbe cyclic
process, as well as.other ecies, fromthe original substrate or arising
from cHERRES &% Eae g Hithieeagh eydecogpaonding trrebmanalexer properti es
in the JRPLEX RS LR &Y84] LE6QLE f interaction of

t hese di ffeargent sg‘ti?faéelans51 ég%ﬁlr%Igdzeet&{i‘%*é%%és&‘ﬁ%wgé’é%ceéi her and with

t he subsginatie achietedr ilathis Jdsestbe conepact dlenming ytadehastgipreassed in the case
of a thicker eprote_ctive, film which woul d cover the substrate with several

monol ayBfCUBEe HarBicresearie fealsy FYER Eongl itingdvallythedng vssddo comsradler e expose
only t r]ﬁoéééﬁfﬁ?@? %‘otéﬁgi&rcglteeﬁg'sﬁﬂ%% c,réi.'grﬁ%/ x,villpifrc}cgedf l%ﬁsg% 81;[1 he. next etch

phase begins. W u ei ng boun y t g Sel i eved that in
t he extareva antdepmriure of species and the chemical reactions of these species. Reactions

oceur continually but are punctuated by the occasional impact of an energetic species,
such as an ion, which can drive hyper-thermal reactions. Most of the critical reactions
occur during these brief instants of excitation. In the submonolayer regime of cycling,
the surface sees a quasi-steady state where the flux of reactants reaching the surface is
essentially an average of the two different plasma conditions, with reactions occurting
between the mixture of these species.

It is believed that this is a fundamentally different regime from traditional,
single-step, steady state etching, because the mixture of species reaching the surface is
produced from two distinct plasma conditions. If the process conditions of the phases
of the gas-modulated cyclic process were combined into a single steady-state recipe
step, the resulting time-averaged flux of species reaching the surface would be
modified due to the interaction of the different gases in the plasma. It is believed that
by separating the plasma conditions in time with gas-modulated cyclic processing, the
overall mixture of species reaching the surface can be controlled to an unprecedented

degree. Conditions for the two different phases of the cycle can be very different, due
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surfaces are receiving limted flux within each cycle, corresponding to
subnonol ayer coverage during each individual protection and etch phase, a
truly novel process reginme is achieved. In this case, the concept of
alternating process steps becones inaccurate at a nicroscopic scal e, even

though i Jé%i %@ <xﬂmﬂeﬂm%g9§%%oéﬁyo n%ég%aseﬁyéﬁ%?ﬁéc a m croscopi c

scal e, &9e5e and
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si ngl eVéiape steady state etching, because the mxture of species reaching
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to the th%rlarhetcﬂeoﬂmerealwe HYREERHRE 61&%%18 tifne weligenlynthe rpgimesofhel j eved
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processi Nng; rall ure o cl es reaching e surface can be

cont r olshgdinka cfh donpiteesdent sh bf.dﬁgéﬁ,ed Bontich itlgRs ti@extidigestofxydlef f er ent
phases of the cycle can be very different, due t3 1 to the ability to
nodul atfieng, rae:ogagmen eibehawor Ry be geeasspd, to @Ew thy rarlercer& ofdsaiiildal ~ speci es

5\2 In cEe éﬁl?l %sgr%.b Lﬁ%bq%émct%{'lgt% toptpg %ﬁvg ex em& f(ﬁ}(%%;)%i %efe%o/ & a m xture,

sl n rocesé Thi s
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condi tions produced by the alternatin 8 phases of the cycI e. The ratio of

t hese fthesenegmesén d@mcrl’tﬁllnltl@@ Hipetiptal cxslectime theseforederomestieaddioralt i me ratio
t herefore beco o dditional process control variable. The
gas- moduf a2 gt ?JP?B g?ocessrng approach is able to provide a regine of

FIG.’S 7A-E schematically illustrate the build up of material on a surface in
the regime of fast cycling using submonolayers. In this example, each phase of the
cyclic process is adding species to the surface sites, but different species are produced
in the different phases. This is indicated by the alternation between black and white
circles above the surface for the different phases. These circles represent depositor
molecules in the gas phase and on the surface. In FIG. 7A, an initial sidewall surface
704 is shown with surface sites 706 unoccupied. FIG. 7B shows the effect of the first
phase of the cyclic process, where a first species 708 of depositor molecules produced
by the plasma conditions of the first phase are deposited on surface sites 706 of the
surface 704. Note that not all surface sites 706 are occupied during the first
application of the first phase. FIG. 7C shows the effect of the second phase, where a
second species 712 depositor molecules produced by the plasma conditions of the
second phase, which are different from the first species 708 of depositor molecules of
the first phase due to the modulation of gas chemistry and possibly other process
parameters. Less than one monolayer is added to the surface coverage in this

application of the second phase. FIG. 7D shows the effect of the next application of
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near - nonol ayer and sub-nonol ayer coverage (nonol ayer range) that is
accessible in the short cycle tine regine. By increasing the cycle tine
sufficiently, the regime of bulk protective |ayers, with thicknesses of
many nonol ayers, alternating with sustained etch conditions, may al so be
accesseg, BetWeeN S r s of.cycle time, a continuum of

behavi or emay e ac%ifasseg?ﬁc}t%goa%%‘o% ﬁeapglé‘f%lﬁgi HYPYAGEeTFEas S and

undesi r aixhpleted sull b Seaindrlagsy ®egias tCfohf, FIE. TEVBhoRXIthe FRS 1 Qkel NS eaPPr 0ach.
Therefore the inventive gas-nodul ated cyclic Frocessing provi des the

f1 exi bi FY4SP whichis a ngyediBlo withsach layersenmegethefshe diffdreist speries Tagum  The
total c ' . fore, becones an additional process control variable.
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FIG'S mat’i ¢ ® the bui |l dup of material on a surface
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deposi t‘ge@ogl Iﬂfﬁ?‘%‘rﬂ%gléi)%%d%@gh%? a§rppconglifiang ok tegyst paseatchat not  al |
sur f acey$bties ohQ8BLE [ i Q% fodSt sapplication of the first
- phase. F Gl 7Cclnshovvs %Iﬁg%ggfogg%e%gq t ghgg%eo%%'plggggasﬁh%eﬁgraé second

speci esmFidlagepoisutiace obleenilzesadico dugeg iRy thepptavireangist i ons of the
second hasgr which are different fromthe first species 708 of depositor
mol ecul BESHFIG RE shpws thegifskoidhe second phasesd theatycbn psicesfasvheteaari st ry and
possi bl g Qdekci ne mpnol ayer .is added to the
B T ace o Pett LR oo LA TN ELRes JrE3 el N2 MeSRE SARBRBLS G 7D shows

t he ef fsecandgfhatdvere depdsiiap phitesalei@fonted hyethé ifis bpRNassn saif depssieyc! i ¢
process. In this application, nonolayer coverage is conpleted and a second
| ayer HRYEFHe: Wﬁaﬁmpp@wef SHERS coveagees e pddedidusingdewBrsal  cycl es, which

'S @ Mapgedioh B Md Rosipffha: QY AlG GAIRBREI LN GrdILLEr et SpRet es 708, 712

produced in t rst and second phases. ically
i 11 ust regtle, there budd gltempatiol stk of Had d@Rrévt SiUhE, 36eh mltlhfe 180 me of sl ower

cycling. This is achieved by the same conditions of the exanple
composed of layers of the first species 808 and the second species 812, each produced
during a single phase of the cyclic process. _

These examples are presented to show the qualitatively different microscopic
results, which may be achieved as the total cycle time becomes comparable to the time
required to deposit a single monolayer of the surface. It is believed that the different
surface films produced in these two examples may correspond to different process
results on the wafer structures, based solely on the variation of total cycle time. This
is a simple example, with deposition as the only surface mechanism, but similar
arguments could be applied to a more complex combination of surface mechanisms.
For example, a surface which is alternately exposed to deposition and etchant species
by the alternating phases of the cyclic process could also exhibit modified behavior
when the total cycle time becomes comparable to the time required to deposit or etch a
single monolayer of the surface.

As discussed above, it is believed that by using alternating protective and

etching steps, striation and faceting may be reduced and better etch control may be
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in FIG'S 7A-E, with only the total cycle tinme increased by roughly a
factor of ten. In FIG 8A an initial surface 804 is shown with surface
sites 806 unoccupied. FIG SB shows the effect of the first phase of the
cyclic process, where a first species 808 of depositor nolecul es produced

by the phagsm wemduth b&fndtl%ﬂjhéél)r"y;sitt iPhaseeBihe: GeR *I{e%qngg}&sur face sites

806 of "'the sidewall surface 8 h"this case, sever nonol ayers of
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mechani sm but simlar argunments could be applied to a nore conpl ex

conbi nattewatedf Asgaitf, doeRhpoivanitenperatufn endvapysbere mas defpatsedwhi ch is

alternately exposed. to depgsition and etchant eci es the. alternating

hases SHIEHEARE TiEh B GE. LM df Pes A= Gaen b BRGRACE Fect BERaA BF Yilifen 't he
total ey&l.e tinRohRE ONBSIIGRADARAIE: %agest RSy bé TRd'BAYbtheHall, BaRRSidatRe etch
a single nonol ayer of the surface. di scussed above, it is believed that

by usi dipvataties atdhaggariot eashiphesa rthergfbohiagrosidepsliffeteni gsichamanig f acet i ng
may be reduced adn better etc contr((:iwl1 n&y e 15 Erovi deﬁ&ﬁWthout._ ei ng
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nmodul at ed cyclic processing and t%e protective capabilities of the

al t er natiiingj ffappt cdathve flows.

In an example of different gas chemistries using the same carrier gas flow for both

forming the protective layer and efching, the eichant gas from the etching gas source is not
provided to the plasma processing chamber during the protective layer formation phase. This
may be done by not providing a component of the etching gas or deposition gas. For
example, oxygen or an oxygen containing gas is a key etching component to an etching gas.
Even though C4Fs is also used in the etchant gas, etching cannot be accomplished by C4Fg
without oxygen in this example. Therefore, by not providing oxygen or an oxygen containing
gas during the protective layer formation phase is a method of not providing the etching gas
during the protective layer formation phase, even if C4F; is provided during the formation of
the protective layer. Itis also preferred that the formation of the protective layer process is a
non-etching or negligently etching at most (comprising less than 10% of the layer to be
etched) for forming the protective coating. Such a deposition process may be, but is not
limited to, plasma enhanced CVD deposition or sputtering, since CVD and sputtering are not

used for etching. If the deposition gas is the same as the polymer former in the etch phase,
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may be controlled and nodified to provide unique properties that may help
to reduce striation and faceting and provide better etch control. The
gas-nmodul ated cyclic processing step maybe carried out by using the sane
carrier gas flow for both form ng the protective |layer and etching, while
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t hough @A&bettlsing hsintuns ediditionalg, the dhmsitiogaiemBtghibnditieanrRath Keprageenpl i shed
by CAF6 without oxygen in this exanple. Therefore, by not providing oxygen
or an BAFFORCEREgNARRGbe gHercd de PRgIZs by prapaties Okthe pyetectivsrlayer ifomasiease i s
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protective |ayey beldesitabl@ihaosapiedhe esinphiahtstdrehd O mBitioaabretdd® nikQf ecti ve
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in the etch phase, | b then the deposition gas may be provided during the

et ch phase. nhades iqd@pp,ndg‘qltagoﬁmlayer formation and etch-passivation phases,

the processing conditions, such as temperafure, power, pressure, ion energy, and

processing gases, may be independently controlled varied to provide optimal
conditions for each phase.

Argon or other tnert gases may be used as carrier gases during both the etching and
protective layer formation. An example of another inert gas would be neon.

In an embodiment of the invention, the chamber wall areas, which may contact the
plasma (a mixture of chemicals and charged particles sustained by the electrical discharge),
are made to be as small as possible and to be maintained at elevated temperatures. The object
of this is to avoid the so-called chamber “memory” effect, by which the chemical elements
contained in the coating of the chamber wall areas formed in one processing step can be
released to interfere with the subsequent steps. By minimizing the total deposition on the
chamber wall areas, this effect can be reduced, avoiding an interaction between the two

different phases, which may degrade the performance.
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during the etch phase may be higher to provide the directional etching.
Provi di ng a separate deposition phase and the presence of the pol yner
former to provide polynerization during the etch phase allows the use of
hi gher energy etching ions for higher etching rate and better ani sotropic
etching. By j EVALI a [ h. phase m xtur it is
possible to ﬁ?g@hé]g%gf&%%ﬁ%ﬁg%}% e‘(ga%\?\fatvﬁlotﬁ 16%33%%15&%}381 SPYEF gqﬁ and
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be mai ntai ned at el evat ed'terrﬁeratures. The object of this is to avoid the
ft
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reduced, avoiding an interaction between the two i fferent phases, which
may dedf aMREHHEZHBesorapyRels using pre-determined time delays for the various

devices providing the plurality of condition changes in the processing chamber.

Other embodiments of the invention may provide one or more additional phases
to the cyclic process. For example, a gas-modulated cyclic process may have six
phases, such as three deposition phases and three etching phases in a single cycle.
The addition of additional phases may be limited by the increased complexity of each
cycle.

Another embodiment may eliminate the use of a polymer providing gas during the

eich phase. Another embodiment of the invention may provide two etch phases, instead of a
deposttion phase and etch phase. In such an embodiment, one etch phase may be an etch
process condition that yields a tapered profiled, while a second etch phase may be an etch
process condition that yields a bowed profile. In the regime of short cycle times, each phase
of the cycle might modify less than one, roughly one, or a few monolayers of the surface
being etched. In this case the alternation between two different etch phases would produce

refined process control capability. Again, the gas-modulated cyclic approach provides the
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C It may al so be desirable that the gas travel tinme fromthe precursor
source to the processing chanber is nade to be very short. The gas fl ow
stability tine, denoting the tine to establish a constant desired fl ow and
the tine to establish conplete absence of the said gas at the processing
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r espectPTPHI FE o rhpsssikad asueiastgerkasadbratbreahndi et the @gaiticament s.
Fur t herg®y Sovidk 1888145800 LC hange..an bilize

ot her erg?}efrﬁgl goncﬁ ti%dnéq of %%1 %\%s gg%ggégﬁc%gll%%ngke}rt,h%rsghéﬁ()dé@eﬁéfttg? essure

of the igesitiomimayynevidad sehenteniasaioteataf ciiie praeales Si4bis ¥l Sroddks oW ng
be changed quickly allows for a shorter total

such prgcess. copditions t
cycle tq?‘ﬁ'@g'éﬁ Py %\Réoftah@m%r ‘Yeedhe cebnine rgis apdloptheapdestcanidiiinsifonthe | y

bet wee 0Pk . m : | hdi vidual.ly. Theref it may
R s o S e e e S\ B L
and syneéssol] &gl/ditempagatide. MDblagdrito Be @fchtd B PIHACRL SRId e CRRdEIcheRS. The
conmputer systemis used to send conmands for the required periodic changes
and t OTEyRsiHEBRiEEsS phed&. comuands using pre-deternined tine del ays for the
various devices providing the plurality of condition changes in the
processi ng diyadioal Stripipiseg Peodsssdi nent s of the i'nvention may provide one or

nore additi phases. to fhe clic process. For exanple, a gas-nodul ated
cyclic pr ocﬁaﬁﬁtﬁﬁ@%@rgﬁ m%llfgéei}s agipers detatled flow ehepdiths 9AP phases and

three etchiJdadi Rl (W Be-¥ if@& & . P 1L tLional phases
may be 71 m teéL bf/é}? ﬁ% tiplﬁglrng segssc@régl 15)%? %%tgg%@g%c%glﬂ@??ﬁlg.ﬂg%ﬁl%t her

enbodi meask imay exebodinrat ef thh énvesiornf Daripothy mes-npidalst« aygligasipgingi ng t he
etch phase. Anot her enbodi ment of the invention nmay provide two etch

phases Pr9ist BcPrafess chaRpsaiubieshirasen iragh @ Rinage Onerpbsect san
orbod Telop el DRI e A TR gheEgaond) g (hat il 0> o
condi t ioptimiideatfoysteppiag &stpddd. Fhetbitéreatidmbdtivec thgsaFhasds is hcfitvegdycl e ti mes,
each p%?ssgnchronized modulation of gas flow rates, and possibly RF power, surface

temperature, and gas pressure. In the preferred embodiment, a total cycle time is not

greater than about 21 seconds. More preferably, a total cycle time is performed in

0.01 to 10 seconds. Most preferably, a total cycle time is performed in 0.5 to 5

seconds. Preferably, the cycle time ratio (protection: etch) is between 0.01:1 and 20:1.

More preferably, the cycle time ratio (protection: etch) is between 0.05:1 and 5:1.

Most preferably, the cycle time ratio (protection: etch) is between 0.2:1 and 2:1.

Preferably, the gas-modulation is carried out for between about 3 to 50,000 cycles.

More preferably, the gas-modulation 1s carried out for about 10 to 500 cycles. Most

preferably, the gas-modulation is carried out at least about 50 cycles. Preferably, the

gas-modulated cyclic stripping process is used to strip a single photoresist mask.

Such a single photoresist mask is a patterned photoresist mask, instead of a

photoresist mask patterned for a via etch and a photoresist mask pattel_'ned for a trench

etch. More preferably, such a single photoresist mask is of a single layer of

photoresist.
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of the cycle mght nodify |ess than one, roughly one, or a few nonol ayers
of the surface being etched. In this case the alternation between two
different etch phases would produce refined process control capability.
Agai n, the gas-nodul ated cyclic approach provides the i8 capability to

2 i ng o- stbs Bl BFELERAR i UL 1y AR LHBRPRBREET oo Y

speci eslepbORIAGIdIWARCHT th9 BREG! fegtup@Sint Yhossibily Iopl tbedf g Hhbreyiggaski me
ratio. Another enbodi nent of the invention may provide two dgﬁgsilion
phases Thedlepositionymay bt @pigsic soAhgtthermet od dapesitiasr is foranadzelersidiglly nay

rovide a si | e .deposition,.phases and t et ch phases. Anot.her .enbodi nent

Pt % he mdrvnts SAERAR b 0 48 B0 S si Rttt Tl RORRT T PRy RSk Cooe
each cygly G BoR&LRSsuch b Stdy st SRAAnPK hhked Setdre@itl @nlthdBde WaAQs @liete tine
rati o, and/or the process conditions for the individual phases. These

phase diffetiehéesns thendiemile] geestivionplbe matwsys. Jashd prsfemtedRmbpdweent, ther essur e,

and/ or tenperatuye. The |ayer t% be etched is a | owKk .diel eciric filmsuch

25 or GARBUIPY 41080 dI-SLe oA Pk RaSTERFE PTBER PSR A BEBEE! 1P aci || cat

under s gﬁpgélﬂ%l Ed:\l/ ﬁ? fhebS, AT Rpd&isal thﬁfbrfﬂe@f%@ﬂ?&t orPthe IR wa1€Br B eich
utate yC 8 B 4) f

gas- no stripplng process (step 12 or stripping a single
phot or esatstes. taddiiion, dmthenrefdirag atnbodintdnt thedegotition anDsripping tieps are
gas-nodul ated_cyclic strippin process, the process chanbe dul at es

bet weePeormeh gt the dignp pharaker. %ﬁ% ABPRSOTy REOGESS Q%aéf&PB%ﬁOH%ezl@él %P’gl?’@glﬂl ’g
protect I ( : bhase is a step optimzed for

stri ppie%é&ggség&ﬂfg &ﬁ)&f;ﬁéﬁglotf %—Jraﬁactgpgﬁﬁ%rgt ween these phases is achieved by
synchr oni zedn gt leaibiotimaits, gasprbt@singabeditioanotapbs shdvgyd BFtheengppingur f ace

tenperature, and gas pressure. In the preferred enbodi nent, all: total cycle
time i Pragessegyicwsihe higknagsong spatial disgrusiongbihe mpErdvRRYS: ot €5 aPecycl e
time is r [ ;.10 . Moy al:.cycl e
s 1 o DY PEAREGIlogOuRh st B doRRRERE By Mo ShuRr ARk K aciod RHBLENE ©

( pr ot eGirb@fds.ehGlYiafion ORdHE Prddefilnglconditiodd ad the ohdhr @ropsedt eraglpryvide e cycl e
time ratio (protection: etch) is between 0.05;1 and 5:1. Most preferably,
the cydhis. Sines thalayer fopningandissippieg ¥p penasatp phssa Al Bezyaicgihg Ppecess

<o Aty SRR AL A nGPSL ST LAl BEGSR Ala Bule °0,000
500 cyGcl®stheMagipin@piaier ablcyhativhie, @iasotaguleatrhomd/sr galertive ol mat bé east
about 50 cycles. Preferably, the )

adjusted as the stripping proceeds to provide this variation, without any change to the process

parameters for the individual phases.

The protective layer formation phase 416 is an independent phase in the cyclic

stripping process 412 which may include different combinations of deposition gases

as required for different applications of different materials, where the deposition may

provide a protective coating around the features. Preferably, the time of the cycle

devoted to this phase is about 0.005 to 10 seconds. More preferably, the time of the

cycle devoted to this phase is about 0.1 to 5 seconds. Most preferably, the time of the

cycle devoted to this phase is about 0.2 to 2.5 seconds. Preferably, a layer with a

thickness of less than 200 A is formed on the sidewalls over the duration of a single

protective layer formation phase. More preferably, a layer between about 0.1 and 100

A is formed on the sidewalls over the duration of a single protective layer formation

phase. Most preferably, a layer between about  and 10 A is formed on sidewalls over

the duration of a single protective layer formation phase. In the case of less than about

10 A layer thickness, the coverage may more accurately be described as a fraction of a
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gas-nodul ated cyclic stripping process is used to strip a single

phot oresi st mask. Such a single photoresist mask is a patterned photoresi st
mask, instead of a photoresist mask patterned for a via etch and a

phot oresi st mask patterned for a trench etch. Mire preferably, such a

hot | _ tren | preferably, s
hace ontror ot b oFameodiatl B DlofRFe Rt onfl s AR AR Rl Lo°) yer

i's depihsiduedionbf s seleyablestiaf latdidosb ahadbhbeatilaasthansmPaEskR], yheon top of
t he photoresist mask. The deposition may be as%/m‘retri c so that the anount
of depoitectie laxerrigrmned syrapapkaren whioh is aiayver baf dass net etwnpltely t han on t he
phot or esi I r s, the d sition chemstry . be chosen
in suc hédg% %/vglg% ?ﬁ%ﬁe Vgiﬂg%g %\éﬁ(]l‘;rgi%fog rllﬁ@ @5@?@? élrllttlfl tF?‘iﬁllgﬁ p¥%ﬂz&g‘%’de wal I s due

to difiepmbneesntdye (he 76hOHE clfade@dOtrayd, beihe HRBtIBRbERLRLR | N the
preferred enbodi nent, the deposition s done in-situ in an etch chanber
usi ng aPretesdvilaperiamesitbuathesd. cal vapor deposition (CVD) process, which

deposits a thin protective,hayer. an the sidewalls of. the etch features. In
aaa i on, i nies Bt N B e e R AR s bR SR S R ES ng ot eps
are perdnieg it PerfhithedanBd whes 8RS st .deposition process may apply sone

i on bonmbardnment energy to allow for selectivity of such deposition. In

ot her enbodiPreferably. thetipe of §esivaly devoreil ta tirsphasg/iskdonhadget Hesdchmds.

strippi rogresses.to ry the thickness and spatial distribution of the
or of 6otV WEERTY. R s af e yoie devalad (R pPeu Bl o7 Avcantihi Mok

coat i NGy efrde o GRWBE the ¥fclk RBvdiEaL 135 &R8owt03 ﬂﬁi.@geco%'&g)ceeds' A
variati‘on of cyclic processing conditions as t%e et ch ‘procéeds may provide
for this. Smteathehis ggemofiotadngcland lsiprdfppividing aiesepas difmsplvased of the
cycl e, E,té(t:}}(?légroces,s conditions for the |]ayer form ng phase nay be optim zed

for thi € RS BRASCS FARSAICCITRITE 8 Tiges vMOR RRETOLY.ithip gl phiggested more
Al ter nghby ¢h ¥1n6§.hﬁlogféﬁr€fez'£ﬂﬁltﬁs Tcgél@ %581% L9&q %g&%ﬁé liggsratio may be

adj usted as the stripping proceeds to provi Is variation, wthout any
change to t h&hpr océsther pahmget éessrefl ohe piremoduletet dyelic phipsiag probbes (prept ect i ve

| ayer foruoation phase 416 is_an independent phase_in the cyclic strjpping
proces sl%ﬁq% Wpé‘ﬁe'%ﬂ‘ie i@F gipe, dha Fiehing phass sy capIpiriely stchdsiryshe Povecdixses
as requiyed i L i el ] ' re the
e e G R A A R i

Pr ef er alskg fo temevt ilreprotectiviclapsgraing/or demplesdht eiripping pbese i s about 0.005 to

s about 0. (VB TSR] e e GPABR, I R Re G R idesa ¢
different processing regime, because the properties of extremely thin films, deposited
and etched in short timescales, are different from the properties of thicker films.
Using the gas-modulated cyclic processing approach, with short cycle times, an
extremely thin protective layer is deposited, such as a sidewall film. The thin
protective layer thickitess may be in the monolayer range (i.e. sub-monolayers,
monolayers, or layers of a few atoms or molecules).

The prodliction of thin protective layers in the monolayer range is dependent
on the deposition rate times the deposition time. Various deposition rate and
- deposition time combinations may be used to provide a thin protective layer in the
monolayer range. The properties of such thin protective layers has already been
discussed above regarding etching.
Without being bound by theory, it is believed by cyclically depositing a
protective layer and stripping photoresist, the protective layer may be kept thin,

instead of continuously adding more protective layer in one long step.
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cycle devoted to this phase is about 0.2 to 2.5 seconds. Preferably, a

| ayer with a thickness of |ess than 200 Ais fornmed on the sidewalls over
the duration of a single protective |ayer formati on phase. Mre
preferably, a |ayer between about 0.1 and 100 Ais formed on the sidewalls
over the dur r Most
preferably, gﬁé %g%rﬁg bgfe %gﬁbgeggﬂg bt Edéé%ﬁllssg gff@& %%g?\fe%%g‘zwal | s over

t he durdawrodiesttre Slimgick apmgaaosllwaie gay:emr $i0Kneflieqnorbtselayén t he case of

| ess than abo | a i ckness, the coverage may nore accurately be
descri B8EY é@-lfm?qg&é?%}‘}r}o%’el [}G dydne the SURREZenbodi nent, the -

protective | ingle

br ot ot i ve | ayer eﬁﬁ%%ﬁh%%@eg%%ﬁ% REX T B 05l gy o

| ayer fphrss, bushbranihel foyerationbi dle domp@nhﬁ)gesestalnathaﬁige@fd’t@hclﬁ;plﬁmbﬂ ely
cover the surfac W|th a single atom c¢c or mol ecul ar [ayer but instead may
provide a cerpPainT FEPYEmReagEIqgasanodulaid srcliguimpracesigrdgenab be Farise
durati : i bping phase
420 1 sty uEmB BT BRRUEA HUR PO AR RO L L RRE D ETTS
per f or ned]d reaaaivia fieefoiniiag td propictige Ia?élezﬁﬁrl@b)dwhts thretippi®s ak dbgatdel e
devoted to this phase is about 0.005 to 10 seconds. More preferably, the
time offrevidedyk asddiipepiber mr@cqsa iperasieiera sush aptetRIOpawerote e ored 8ud/Mb st
pref er the ti cede pas s,.abpu

B conadrebper ey sph it S BRiPI HS bR o BRRGr B Ba taichs"°
al t er nabi é&h@%ﬁ%ﬁﬂth@@as&ﬂ@ldul%éayagzﬁb@é@,@s is repeated nore than 3 tines.
More preferably, this cle is repeated nore than 10 tinmes. Most
preferably, Imamg‘th@yembo igenighe anidut gas nisast obGutidrmeses Aeeactants aret her

t chi S dul ated c C str ess (ste 124
s Conprteles At o F Byl emibRetce Gl R e TR AU ol y et on anay
the praieaibyi8atidPXRE the'é%"?l\ﬁ@vrs to BroARSEARN LoRIIBEESH) @Qchsﬁl%@e & ey &llﬂ:e

cyclic stripping process nay al so be used to renove the prot ectlve layer

and/ or prosess.eThertioee, ¢ piopleragdiffemne gas chditisigubetednnyrdoditiotnbyhdasheof the it is
believed th pI’.OCESSI ng provi de a differ o‘ilﬁr ocessi ng regi ne,
ecaus & Iatrfe S BP R e PecHif P 1R S aepoL o Beg: Sty GUeRBK | h
short L R6RlPeas MEHfLEhEIERE HEQMIRE tH ORRS f;a‘s@sswﬁﬁ dlflfgl&lﬁ%éla{l'vé ws,

Usi ng the gas-nobdul ated cyclic proce55| ng approach, with short cycle tines,
an extrenelAn tieirtrcapraytzeciniay be Iaé@@itmesthclaﬂxeslepcsmm&asm ds drippidgwadds. fil m

2.5

The t hIF%r example, a deposition step can be done by C,Hs and Ar.

Providing polymer forming gas during the stripping helps control the stripping
process.

By having independent protective layer formation and stripping phases, the
processing conditions, such as temperature, power, pressure, ion energy, and
processing gases, may be independently controlled varied to provide optimal
conditions for each phase.

Other embodiments of the invention may provide one or more additional phases
to the cyclic stripping process. For example, a gas-modulated cyclic stripping process
may have six phases, such as three deposition phases and three stripping phases in a
single cycle. The addition of additional phases may be limited by the increased
complexity of each cycle.

Another embodiment may eliminate the use of a polymer providing gas during

the stripping phase.

22




protective |ayer thickness may be in the nonol ayer range (i.e.

sub- nonol ayers, nonol ayers, or layers of a few atons or nol ecul es). The
production of thin protective layers in the nonol ayer range is dependent
on the deposition rate tines the deposition tinme. Various deposition rate
and deposition tinme conbinations nmay be used to provide a thin protective
| ayer in the nonolayer range. The properties of such thin protective

| ayers has al readyxdmde di scussed above regarding etching. Wthout being

bound by theory, it is believed by cyclically depositing a protective
layer and stripptig eﬁ%’f’%rc&h%l}’mﬂ?& ployacdiclogric dyer OﬁgﬁGbmslqﬂmedtdvbn,

i nstead of copkipuouslyi@dding;; ; ' layer, i,n one long step. 11
The | ayer to be etcﬁsz(fyo(%gr o }I?:Eﬁ{%gé g#%g¢r£%55%¥?%tegtoPFb%8 W& preferably
a lowk di eligedtric dayki (stersL0sl). Fhe oarganasi bbaatse0 fl @sk. Hn Sigkilc AME layer
protective | ayer events damage to the lowk dielectric film urir‘?’gthe
stripping. [WASORENEhBSHSHP layeh fstemh) g dspateaned phobuess nyak anstfemsedmay be

used for both.. phages h ive flow ratios of the onent gases
are changed O?Slrt@lgach Eﬂ%&é)[ﬁugﬁ% aél%pq%’t o I%WF{StSYVﬁ%Iég’a@D%%P% ed cyclic
strip processiipigy.step may be carried out by using the sane carrier gas

flow for both formng the protective |ayer and stripping, while reactants
for form ng the prstsEbiiraewaaihsn plased frediptosersshimmbers tRIGppingschematic

alternately _.provided. | n_additio ot her pr.ocess raneters, such as the
RF power, té’%f%égg% glrog?ssacrll1 or* gd&@@s‘ﬂ?’é&“@%@’%ﬁéﬁd FW%%‘HW ehibgat i on
with the gasnfehtivs. LOthRy @vbdEment ih@%'lasﬁfﬁ'}gb&ésg’lﬁ%gl ifber886RANASE 1 N the

gas-nodul ated cyclic process. In another "enbodi I’l]t the entire gas m xture
of carrier @§aslnengndringsédhangipperelechiote ShdtaddwedgattndetI08, REapowesk,

tenperature nd/,or _pressure ulsed in synchronization with the gas
flows to pr g\l/?’aaéld : eﬂ’rﬁ 5 BBWB@%&@@B@%&EWT%@% Phnehts Se9.che subspiscess.
Therefore, wafprseoi deratiif fieoai 1925 i ChOmLRLT % Reliveen b oed '1<{Jze%r ent
phases of the gas-nodulated cyclic stripping process, e coul'd use two
entirely ditleiredn SHash lover dseraded08sarmepmates hanitddssitntadichiciignt active
gases, or use the sane ses with different relative flows. An inert
arrier gas Tray pE® gﬁ%‘eglaef%osé%%@ec e B wing. op thsdikepforhmkting icppi ng

C - -
gases.  For s@xaatR! Wafeds SIS PRR eh QB 5 8BS SRR REHORE uﬁé r%éé%mag%oﬁ\r :
Provi ding pol ymer forming gas during the stripping T ps control the
stripping disposed immediatety opposite the lower electrode 508. The upper elecirode 504,

lower electrode 508, and confinement rings 502 define the confined plasma volume

540. Gas is supplied to the confined plasma volume by gas source 510 through 2 gas

inlet 543 and is exhausted from the confined plasma volume through the confinement

rings 502 and an exhaust port by the exhaust pump 520. The exhaust pump 520 forms

a gas outlet for the plasma processing chamber. An RF source 548 is electrically

comnected to the lower electrode 508, Chamber walls 552 define a plasma enclosure

in which the confinement rings 502, the upper electrode 504, and the lower electrode

508 are disposed. The RF source 548 may comprise a 27 MHz power source and a 2

MHz power source. Different combinations of connecting RF power to the electrodes

are possible.

An 2300 Exelan™ dielectric etch system made by Lam Research
Corporation™ of Fremont, California modified to provided the cycle time required by
the invention may be used in a preferred embodiment of the invention. The 2300

Exelan™ dielectric etch system is a capacitively coupled system. A controller 535 is

conirollably connected to the RF source 548, the exhaust pump 520, and the gas
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process. By having i ndependent protective |ayer formation and stripping
phases, the processing conditions, such as tenperature, power, pressure,

i on energy, and processing gases, nay be independently controlled varied-
to provide optimal conditions for each phase. O her enbodi nents of the

| nvent !sBHrc'%%\ioP%’}!ﬁ%?erﬂéh% Ry PP Gundddh 1d @Q%B ﬁ@&%ﬁ% ThedsM1EYE 1 C
strippi'ng process. For exan'p;‘lr e, a gas- Fat & cyclic P ppi Ng process
may havgaybxa pingkcialet Sorchaciagad e deppSirttdnlcp kasash antkoufieas ast ri ppi ng
phases in a single cycle. The addition of additional phases may be limted
by t he AlweH eteionprdngasypowre eneticepesbible oeipgiorsnbodi nent nmay

el iminate the, use, oty &nRaluIRr, DLOX D faRWEAD, LG SELT PRI NG phase.

22 Exanpl e an-exanple o e rhvéntion, a’l'ow Yic | ayer of OSG

was pl agpterRMBngd SoHBSIERSE (8l @PehBddimeftsDf thcRBsX hlentaR Fi@er was
deposited over the lowk dielectric |ayer (step 108). The cap layer is

about BFOsOWhinskposablcopiysiselclonrOf Ithecampuiprsystommddf wwese, thhe cap | ayer
(step 112). A patterne hot or esi st. ymask was formed. over .the ARC (step
(S6y" otind SRmine BeRathatoree R bR he R RS s ab et ey . The
subst r%&t&@éréu‘i‘t%ba?&,%ﬁ@@ shid]13haRARGE a8vie @R hudel dapedednnferschematic  view
of a process chanber 500 that may be used in the preferréed enbodi nent of
the i fVempitensystem 660 srchnisndinmantr 66he dpdene)4prdoesisg AdH,chdistber 500
conpri ses nf | nemen | n 502, an.u r_.el.ectrode 504, | ower el ectrode
508, a 5% Bt ke %&%@fdaﬂggaﬁl%%gh%tBﬁﬁr%ﬁs%zﬂowvw-wﬂ?@gm processi ng
chanber, ' the oxide layer is

deposi tné%g Ps&sggg%f?%lféel?auptg\éﬁ?%)rl?g%?l%lg{yggﬁir ?)(?jbé 508. The | ower el ectrode
508 i ncor pdiiat 6B iaas ekimaplkef s bisdkrdigan Hocdanmgternsgsisant m A teached

el ectrostatic, mechani cal cla,n%i ng, or the |ike) for_holding the substrate
waf er 386YSaHOUS S0 5T 2 Vs woig CP?%HP%)’@W&%%@@%S%@@PZ Bl SR 1804

2P S P L SL YR 1. LOURC . 0%l ppger et o

pl asma 62| Wiemory 624 includes random access memory (RAM) and read-only memory
(ROM). Asis well known in the art, ROM acts to transfer data and instructions uni-
directionally to the CPU and RAM is used typically to transfer data and instructions in
a bi-directional manner. Both of these types of memories may include any suitable of
the computer-readable media described below. A fixed disk 626 is also coupled bi-
directionally to CPU 622, it provides additiona! data storage capacity and may also
include any of the computer-readable media described below. Fixed disk 626 may be
used to store programs, data, and the like and is typically a secondary storage medium
(such as a hard disk) that is slower than primary storage. It will be appreciated that
the information retained within fixed disk 626 may, in appropriate cases, be
incorporated in standard fashion as virtual memory in memory 624. Removable disk
614 may take the form of any of the computer-readable media described below.

CPU 622 1s also coupled to a variety of input/output devices, such as display

604, keyboard 610, mouse 612 and speakers 630. In general, an input/output device
may be any of: video displays, track balls, mice, keyboards, microphones, touch-
sensitive displays, transducer card readers, magnetic or paper tape readers, tablets,
styluses, voice or handwriting recognizers, biometrics readers, or other computers.
CPU 622 optionally may be coupled to another computer or telecommunications

network using network interface 640. With such a networl mnterface, it is
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540. Gas is supplied to the confined plasma vol une by gas source 510
through a gas inlet 543 and is exhausted fromthe confined plasma vol une
t hrough the confinenent rings 502 and an exhaust port by the exhaust punp
520. The exhaust punp 520 forns a gas outlet for the plasm processing

hamb is.electrically. ted to the, | | ect rod
S00. onodnblacRitA e CRTmRaP1eBEE biBliondBUR B% fevls EHTISIE. cont | nement
rings 5@@puf RerAR6H tetheGkrRAR PR coaRE offiﬁ'%rﬁ%th%la%&&é@&@ribép8 are

di sposed. The RF source 548 may conprise a power source and a 2 Mz
power sogthed stepisf Fartkarmores mixtinat ¢robrsliments ofitheqiréseqt iRFerpionanast o t he

el ectrodes angEOSSi(gl%lﬁ' QAn 2300 Exel anTM di el }%Ct ric etch system made by
Lana ReSEAPERCIEOPRAN GF Y Sl Op e carmite OVaEaIncHeTkisacthsdhe Indernebitpr ovi ded t he
cycle t'd}]_,?,,r[ ki i i I preferred enbodi nent
of the &i:nver?tﬁ ?gﬁlﬁ%hgﬁzoé%g@uégésg%%ﬁﬂg& e dglg(%f{ré?%& 8%3 %}ﬁ&gyst emis a

capaci ti vel i additfpineembyditents oA tizomtsent imeeniE@bfuirther el foaloh@latet connected to

the RF source 548, the exhaust 520, and the gas source 510. A

shower hsé%}ag?rﬁgf’%!i%‘fsé’ﬂﬁk?e%?l%@l@f@f%@f‘g@%%um ®at ipyg compateyeede theeon543  may be
a singlgyl 0K, G Lff I 0 e I h gas source
or o L P ing e AR Lo dp S bl neledbrlaioft St sh i Fhnd BB RG

conbi natddemsay tel todeSpbAaln desifiet lahdi sbrsatieted fOOMP YuLOsSYITHRMEM: Which is

sui table for inﬁl ement i r(l)g a controller 535 used in enbodi nents of the
pr esent DVFRASRE Plotiey magbe of fhedrpadverel kaoys gad pralapleteitiaese hpvingsisil ihe

conput . [ _syst.em nay. e n si cal
Forms. riaSuRbERY SO Fakdbfes ERORHHEE- SO E MR InEHE TSR o
snal | hantéetod nthguétembdialsaclast HABRASK) ElopSP RIS, @hd maCRARULSY, opyisiiem 600
includes a nonitor 602, a dlsPIay 604, a housing 606, a disk "drive 608, a
keyboar@edt suchuasdla-KHoksand hologmipbie dyipesanzgnetnpniicel mediadadil & nmedi um used
to tra . I romconput er syst.em 6Q0. EIG. 6B i.s an exanpl e of
a bl oc ﬁ%ﬁ%&fg%asf %‘?d g%?rﬁ% eec{rgvécﬁgﬁ]g%rﬁ%é@.gmﬂfyt %%’E*ﬁgafedtt% Stggfsalnélrﬁxﬁﬁgte&gp are a
wi de vairbgiaih @idesiiRBYS b 116H-OSR TR OB at@PArduath $ASIE) §rb &dmbibl@s central

processing units or CP are coupled to storage devices, including nenory
624. Mpgieywereas (Fidis)ded dodR4dd devicen FxayplcRAlpompuier egld- onl y nenory

ot udeThEetfie SRRy REd by REOCRT ARt Hher S iad e co

t
_ i _ BBically to
transf qevelabd @btark BREUE by0DSorhPlter using an interpreter. Computer readable

media may also be computer code transmitted by a computer data signal embodied in
a carrier wave and representing a sequence of instructions that are executable by a
Processor.

A feature was etched through the ARC layer and the low-k OSG layer (step
120). An etch chemistry of 100~500 scem of Ar, 3~15 scem of CyFs, 1~10 scem of
Oz, and 30~200 sccm of N was used to etch through the low-k OSG layer. The
chamber pressure was set to 60 ~ 500 mTorr. 300 ~ 1500 W were provided by the 27
MHz RF source.

After the feature was completely etched, the wafer a gas-modulate cyclic
stripping process is provided (step 124). In this example, the same component gases
05 and CyH, are uS(?d both for the protective layer formation phase (step 416) and the
stripping phase {step 420). The gas ratios of these gases are varied between the
protective layer formation phase (step 416) and the stripping phase (step 420).

In this example, the recipe for the protective layer formation phase (step 416)

provides a pressure of 45 mTorr. 300 watts are provided at 27 MHz, and 100 watis
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a bi-directional manner. Both of these types of nenories may include any

suitable of the conputer-readable nedia described below A fixed disk 626
is also coupled bi- directionally to CPU 622; it provides additional data
storage capacity and may also include any of the conputer-readabl e nedia

descri lﬁf“éj%%g{&}ﬁ’at Fivead gb@kccﬁ?&@%e??ovm@fdlmcawm?n ams, data, and

the like Is typically a secondary storage nmedium (such as a hard di sk)

t hat i protidederTliibahasens pvidedtfar Ageeondd cash kelclbe appreci ated that the

i nformation retaine ithin fixed disk 626 may, in appropriate cases, be

i ncor por at ﬂFﬁe’éf’t"%ﬂﬂ 1 T§C bﬁleég'IRﬂuf*& RS REFROT JO)HOYiERD? PTe8IUE Renpvabl e
di sk _ aken r f QP - di a descri bed
bel ow. %ééélrﬁgg%{l E@Oa%vggs %:Ig&%? ‘g%ed?%&gq\\%l%{%fd; of %tﬁb{)ﬁg % g%’?%%ffat evi ces, such

as di spiiHy. 2604ccnk efOgaredhrédifed. nbusentl L dhdirs peakeds T3dphdseigeneral , an
i nput/out put_ device my be any of. video displays, track balls, mce,
keyboaPaevidsd or dsaennsls caghorel- “ sensi tive displays, transducer card readers,

Tagnet i G0l Ranglyd ARG &SRNGS wnd ARk Bl ueShILHSES 1 ¥GGRg 9fg Nandwr it ng

recogni zers, rcs readers, or er ‘conputers. optionally

nmay be ngPaipl Bewéiomanbé pefvided i e t&igeGront 60 @LORHINDE MattONBetv@HWOOK USI Ng
network i nterface 640. Wth such a network interface, it is contenplated

t hat t RE0crun of Ghinaydediroededf Betingen 60r-50P seart Ketlnatandrekprovidedi ght  out put

i nformation to the network in th f orming 1 he above: descri bed
ot hod SERRBC a3 ORI " kit bt Fei 4o GFoE REBPESaht SKvent o may

execut gs § QhRipfnURRNINERUHE 2708l aiBYrAXERE IS P YSitniAs B WO IdorefisRaas the
' Interne? irfﬂjpconj uncrzlti on with g rkeﬁlr'mte CP%'et hat g%gr es aSkpprorti on of the

pr oces dhatdor dtmpprdgilte oo oésthippingens & wbtethee jayesfonninggeent goatef ur t her
relate _to ¢ ter storage praducts with a conputer-readabl e nmedi umthat
nave ot Lr MesRarsianaan = PBRDE e aihohaTuRREGHS T BiRaCar LBRpI enont oq
oper at Qs HRe&naAnt GOTPUHES preG@HR (IoPRIIINSHFREELR)C YyHesi gned

%?Egels ?1’8
and constructed for the purposes of the present 1nvention, or they may be
of t he tlkd matowébtripivgvgas danprosactive Eyceforninghas és keavibag IskiMoré n - t he conput er

e T B GO A AP B b B e Sl et
i i
are speci al By aqombizogrtbel d¢pmsgioasepand seiedet the spijpdaaagecaé] besimgiroasl
appl i C%gfi>05n 0 ‘%pc%fxilgé'gd \Iwﬂh %glrn?gl%gnt%in{()%lsj isttri% p(réc%ssc.s]) ile o%rtio 1{1% m 1’|ti§ns

depended on low-k material, previous etch step, and the characteristics of PR. The gases, rf

power, and pressures had to be optimized to get the best result.

Without wishing to be bound by theory, it is believed that the deposition step forms a

thin protective coating over the sidewalls in the low-k dielectric layer. The subsequent

stripping step both strips the photoresist mask and removes some of the protective coating.

By providing a cyclical process, the protective layer is kept thin. This is believed to be

advantageous over a single step that would both strip and provide a protective coating. In

such a process, the single step would continue to form a protective layer, so that at the end of

the stripping process a thick protective layer may remain. This would also be more

advantageous over a process that provides a single protective layer deposition step and a

single stripping step. Using a single deposition step, requires that a thick protective layer be

formed, which may hurt critical dimensions of the resulting features.

Therefore, the protective layer formation phase uses a first gas chemistry and the

stripping phase uses a second gas chemistry different from the first gas chemistry. In this
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| ogi ¢ devices (PLDs) and ROM and RAM devi ces. Exanpl es of conputer code

i ncl ude machi ne code, such as produced by a conpiler, and files containing
hi gher |evel code that are executed by a conputer using an interpreter.
Comput er readable nedia may al so be conputer code transmtted by a

conput eexdhapla, 1witH ARl fir héod: of i V. nd. representin sequence
of instr uag?lf ons t hat gt;geagg&ﬁ%&?gSl&g(ﬁ@égsg%%p%@lgg%cgiﬁ .layﬁplgoé%}ﬁ%as%Qg %t ched

t hr oughStIRBINARES.| in yléfforem ghrapveti brswokh s iRy s dhek@fry a0k depPsiBbS E'%d the

chem sty o% 100500 s&ﬁne of .Ar, 3-15 sccmof C4F8, "1-10 scan of 2, and
30200 st oFANEe o ssHiRbRh Tnrters gmborindngatiie fOSGHdsmhemistihaay bhanber

pressurgnt §@ktiteq 2= TQrr .. - 00 Wwere provided by the 27
e Re SuYAProeliedafd gas ?@g‘?ﬁ?eﬂ&%psmgg%ﬁng&g‘? SRt p e R B p aply &

gas- nodgitippieg gy ithoutstprotpptivegapsr doesisg igss. PTIRE dﬁ%&%ﬁ@&bdﬁﬁé&t n*ag' Hehi s
exanpl e the.sgrre co onen}_l gases b 02 and C2H4 are used ot% rthe
pr ot ect LTRSS iy gt gas s heihisdy costeising payrotesiivet Inger fotminpphngndiiase (st ep

420). The Iggagasrc%gﬂ'?%g, E) : re varied between the protective
| ayer forcr)ratl on phas 2 glﬁbgglﬁgf%?‘fpﬁ%gagﬁe stripping phase (step 420). In

this exanpl@gses et negbpesddad fohedRIRbRetve 8yda¥Skink %5%%%9@ SQQ&%& (step
416) provides a pressure of 45 niforr. 300 watts are provided at 27 MHz,
‘and 1007 hs808 8F eobhy S¥edCeatth, GeHe, Qb GERNCOE ST, Si(€Hyovi ded. 100

seem OfS'@‘ﬁ r [O¥ hi eds provided for. 2 seconds each cycle.
Inthis. xzar‘fz)1 %53$r?§w?§§g§égf%ﬁ @%‘gﬁstqﬁflﬁ%hﬁgwg]hﬁ?éec{@?é%j’eﬂa"@)?s provi des a

pr essuraee hpfroddybekorr. 300 watts are provided at 27 MHz, and 100 watts are
provided at 2 MHz. 200 scorn of 02 are provided. 10 scan of C2H4 are

provi ded. THizsepasmay be uppddor thedtrimin@gaanmisisseiani feyts kies plOLPSF O,, M,

enbodi Aen Y usg-~cha pressures between 2 niforr and 300 mlorr. Power
may bew&r‘ E)N\%feggéorhégz ﬂ%@ﬁ?’from 50 watts to 900 watts. Between 100- 500

sccm of 02 nEildhiPmOMitE8thas BEIMNERRHBRY ’ﬁqg'nﬁ:co?rs&!e%g%efglarg be provi ded.
Each phase may be between 0.1 sec. to § sec. per cycle. ?1 t hese exanpl es,
@ is GEbgdimentsy tiere i pitegtiges pamit@2dts, nsdifsedordsind vRFOGLEIHNSd ayer
f i oAt ferl
orm ngqlgi%glents, whith MIF WﬁfnlileLge scope of this invention. It should also be noted that
there are many alternative ways of implementing the methods and apparatuses of the
present invention. It is therefore intended that the following appended claims be

mnterpreted as including all such alterations, permutations, modifications, and various

substitute equivalents as fall within the true spirit and scope of the present invention.
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that for stripping the ratio of stripping gas to protective |layer formng
gas is greater than 2:1. Mrre preferably for stripping the ratio of
stripping gas to protective layer formng gas is between 10:1 to 2: 1. It
is preferred that for formng the protective layer the ratio of stripping
gas to protective layer formng gas is less than 1:1. More preferably for
formng the protective |ayer th of the stripping gas to protective
| ayer form ng gas is between about 1:1 and 1:10. By optim zing the
deposi Ak iSLEl Eﬂ@@%:strip step the strip damage could be inproved by > 50
% conpared wth normal continuous strip process. The optinmum conditions
depended on lowk material, previous etch step, and the characteristics of
PR The.gases matfiod fpouehinganidatpremsuloesk Batbctric lagerabtdugh 2gllototesget t he best
result. %gpl ut wi shjng to be bound by theory, it is believed that the
deposi CFoHmaghy ?W?Sﬁﬁ%ﬂ%ﬁeﬁﬁmﬁnﬂpétectlve coating over the sidewalls in the
|l ow-k dielectric |ayer. The subsequent stripping step both strips the
photoresi st mask and renoves sone of the protective coating. By providing
a cyclical predess lowidaligedtiedaveyevirgypabstige;kept thin. This is believed to
be advantageous over a single step that would both strip and provide a
protective ¢ i ch a..0roc woul d continue to
forma prot é)@?t1g€9pgt§%?ec§ 10t(t)wSl mfiﬁﬁs%veerengowfl‘ g]te ecg’lctelgyeﬁpi ng process a
thick protective |layer may remain. This would al so be nore advantageous
over a proceschibdiatlefst oNé fRRraIRs Ggl lewpk dlcRetriclaydrapel deposition step and
single stripping step. Using a single deposition step, requires that a
thi ck pr ot eCﬁekf%%nh?gyaegastiﬁodﬁlﬁe&@%hcvyﬂwh YhcBldribr ﬁBiéﬂx&@ﬂuéﬁ &rpsi ons of
the resulting features. Therefore, the protective layer fornation phase
uses aféistgppiggs su@enplsitmpsxamasldwwheseum eqppiayglephapeisesses a second gas
chem stry different fromthe first gas chem stry. In this exanple, both the

first gas chem str rlse ot rotective l.ayer. formng gas and a
Strippng gas. | TP ORGE o ERoP REng Hksh SRR Fr: 865 GAeThen ot ry
al | ows tﬁ@@%c&ﬂv@ﬂhfj@f‘%ﬂhﬂ% plﬁ@@%%lﬁﬁﬁe&ﬂeiﬂoﬁ@ﬁﬁlkd \Gecihdd PLRG: | n ot her
enbodi nmen the first gas chem'stry may be only a protective |ayer gas

wi t houtyelestampeimgy gas and the second gas chenistry may be only a
stripping gas wthout a protective layer formng gas. These various

enbodi nents may be surmarlzeg ﬁr the first gas chem stry conprising a
protective |ayer fornifg §4e HAFT S a%cond gas chenistry conprising a
stripping gas. Gases that may be used to formthe protective |ayer formng

gas may be sel ected fﬂbﬁfﬁﬂg*ﬁ%lﬁlﬂ’nﬁ&’ﬁoﬁﬂth@ﬁ% gadibherdii prétddifie 16256, C2H2,
C3Hs, CO, SiH4, Si(CH3)4
is formed on sidewalls of the at least one feature and a thickness of the protective

layer is increased; and

performing a stripping phase for stripping the photoresist mask using a
second gas, where the first gas is different than the second gas, wherein the etching

phase is performed in about 0.005 to 10 seconds for each cycle, comprising:
providing the second gas; and

forming a plasma from the second gas, wherein the thickness of

the protective layer is decreased and some of the photoresist mask is stripped.

2. The method, as recited in claim 1, wherein the protective layer forming phase
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Si (C2H5) 4 CH3F, C7H5F, C3H/F, and C2H3F. Cenerally, such protective |ayer
gases are hydrocarbons. Gases that may be used for the stripping gas may
be selected fromthe group of 2, H2, N2, water vapor, CO2 and NH3. Wile
this invention has been described in terns of several preferred
enbodlqgﬁﬁ§ak&qugﬂﬁ&§2@5ggﬁﬁklons pernmutations, nodifications and various
substitute equivalents, which fall within the scope of this invention. It
shoul d al so be noted that there are many alternative ways of inplenenting
t he net hods and apparatuses of the present invention. It is therefore
intended that the follow ng appended clainms be interpreted as including

al | h alterati tation difications, and_varioys substitute
equi vaﬁents Berfl%t? g’\ﬁsf‘?ﬁltﬁ helaip Ee"“g‘% e e Bitecdivs iy enforme piags ent

i nvent i9fns 2k %t&/@néﬁ&ﬁf@ﬂ%ﬁh@bﬁeﬁhd{s 1. A nmethod for etching a feature
in a lowk dlelectrlc | ayer through a photoresist etch mask over a
substrate, conprising: placing a lowk dielectric |ayer over a substrate;

pl aci ng a patterned photoresi st mask over the lowk dielectric |ayer;

et ching at Ieast one feature into the lowk dielectric layer; and

perfornlng ul ated.cycl i trippin rocess f.or nore than three
cycl es for ﬁ%@séecéﬁeﬂbr?’@ypﬁ&?%g"ést &SR PEAPIETBE A 883ich cycl e
CoNnpr i $KsiulR6d ERIEIH BL&E1d 8ok Y@ In 4 ALTRRBR Y a first gas,
wherein the pf%%ectgygl éyer %ﬁ%ﬁng pﬁéseggg'pg? oﬂﬁe ﬁ]ia%&gbout 0.005 to
10 secomatsss dramdmeh cycle, conprising; providing the first gas; and
formng a plasnma fromthe first gas, wherein a protective layer is forned
on sidewalls of the at | east one feature and a thiclaiess of the protective

| ayer is increased; and performng a stripping phase for stripping the
photoresi st mask using a second gas, where the first gas is different than

the segond gaRmued b Reci@ At MGimRNAE StlefeiR @l R61ES d Bygbout 0. 005 to
10 seconds for each cycle, conprising:
forming phase and the etching phase are performed in a common plasma processing

chamber.

6. The method, as recited in any of claims 1-5, wherein the common plasma
processing chamber is a capacitively coupled plasma processing chamber, wherein the
forming the plasma from the first gas comprises providing capacitively coupled

energy.

7. The method, as recited in any of claims 1-6, wherein the gas-modulated cyclic

stripping process is performed for at least 3 cycles.

8. The method, as recited in any of claims 1-6, wherein the first gas comprises a

protective layer forming gas and the second gas comprises a stripping gas.

9. The method, as recited in any of claims §, wherein the protective layer forming
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 pl asma - fieastrondel O3,

provi ding the second gas; and formng a plasma fromthe second gas, wherein
the thickness of the protective |layer is decreased and sone of the
photoresi st mask is stripped. 2. The method, as recited in claim1, wherein
the protective layer form ng phase 2.8 forns a |ayer |ess than 200 A
Lhick. gas e 10H8l Sf @31 €EL! €EL, ICHEE] @11, L HUGER| 00V BELPSHCERY, ve | ayer
form ng phase forns a la bet ween about 0.1 and 100 A thick. 4. The
met hod, SHE,HepiGRd, iGllahy ﬁ?Fcﬁl@(ﬁﬂﬁf 3, wherein performing a gas-
nodul ated cyclic stripping process is perforned in a capacitively coupl ed
pl asma process chanber. 5. The nethod, as recited in any of clains 1-4,
wherein the protective layer forning phase and the etching phase are
performed in a common plasma processing chanber. 6. The nethod, as recited
in any ab, cl aHEEndihad, M%lwdﬁn%ﬂﬁoﬂaﬁimrﬁ | whemin meeﬁ@mg@sahmber is a
capacitively coupl ed asma processi ng chanber, wherein the formng the
g@awM@bwpwb &> $idNHdi ng capacitively coupled energy.
7. The nethod, as recited in any of clains 1-6, wherein the gas-nodul at ed
cyclic stripping process is performed for at |east 3 cycles. 8. The
met hod, as recited in any of clains 1-6, wherein the first gas conprises a
protective |layer formng gas and the second gas conprises a stripping gas.
9. The met hodrheagethod] Asaecitsd ianyy of claina 8F808whmmméﬁrsﬂgas pazd ective | ayer
formng 29 gas is at |east one of C2H4 %2ﬁi C2H6,, C2H2, C3Hs,
o, Si Héam@mmm PO C2RB 4OTHBE, ga@ﬁﬁsmf I@ﬁh@# apdvhein e 10. The
met hod, as ed: i of .cl i is at
| east ofE° thalq-i% S{}anv\%sw p f/bégcglrv él%&mﬁgﬁ%l%lgﬁa%%%ﬂégt % as
recitedq.n any of clains 8-10, mhereln the first gas has a strlpplng gas
to protective layer formng gas ratio of less than 1:1 and wherein the
second gas has a stripping gas to protective layer formng gas ratio
bet ween 10:1 and

2. A method for removing at least part of a single layer over a substrate,

comprising:

performing a gas-modulated cyclic process for more than three cycles, wherein

each cycle comprises:

performing a protective layer forming phase using first gas chemistry
with a deposition gas chemistry, wherein the protective layer forming phase 1s

performed in about 0.005 to 10 seconds for each cycle, comprising;
providing the first gas chemistry; and

forming a plasma from the first gas chemistry, which causes a
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2:1. %2 A nethod for renoving at |east part of a single |layer over a
substrate, conprising: perform ng a gas-nodul ated cyclic process for nore
than three cycles, wherein each cycle conprises: performng a protective
| ayer form ng phase using first gas chem stry wth a deposition gas

chemi st prpfeciifie tagbnfotined picdhe citMest 85@E ptREMRIaRPASBicidse: RRAT Or Med i n
about 0.005 to 10 seconds for each cycle, conprising; providing the first
gas chem stry; and formng a plasma fromthe first gas chem stry, which
causes a 30 prot BE{9Hpdng Rir&rovpbphase fermemoriestahlcekimestsofahe sihglepr ot ect i ve

| ayer tQuifis , % ' a_renpval phase for renoying at |east
part of {he s%ngi (CaOI?d; grﬂﬁgs%rﬁg&geaégﬁlgqéagfs8ﬁ%?r]is§¥’rvﬁ"6§it 5t g8npval gas
cheni stehemistheis diffdrendtharsthe gend Ghehephibdy, vwhetiih Bigs ehto e second gas
chem stry, wherein the renoval phase is }g)erforlrre%ri n g%lgﬁr{%s%{_éo% to 10

second§3@F®Pn§%Hh3WEpé’P5 EoHpracendrgfor prabviydiengprhivésisecond gas chemistry; and
formng a plasnma fromthe second gas chem stry to cause renoval of at

| east part of the si n%r%\fild%ecile s@bond gas chemistry; and

forming a plasma from the second gas chemistry to cause

removal of at least part of the single layer.
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