ETCI | PRGFILE CHARACTERI STI CS USI NG ETCH GAS W TH FLUORCCARBON AND
HYDRQCARBON GAS Field of the Invention [0001] The present invention relates
to ‘an i nproved nethod for plasma etching 5 a dielectric layer in the
fabrication of integrated circuits. Specifically, the present invention

rel ates to enhanced photoresi st and/ or hardmask facet selectivity for

mai ntaining critical dinmension (CD), mnimzing striations, and inproving
profile in the etching of a dielectric |ayer. Background of the Invention 10
[ 0002] A common requirenent in integrated circuit fabrication is plasm

et chi ng of openings such as contacts, vi-as and trenches in dielectric
materials. iThe dielectric materials include doped silicon oxide such as

fluori nﬁ3 d. Si :%JQ%OII?TOXi de undTopé%ggﬂlsi&?&n oxi de, silicate-glasses such as
boron p NG BIFIHC 3’ HINMPRONAITERESISTCRYB/OR BESH
doped or %ﬁﬁg‘é’cfﬁ%&lﬁ?ﬁﬂ gr QBSWETEWQB@@&RBONDQMDQIYDK@@R@O%%E@DE
deposited silicon oxide, organic and inorganic lowk materials, etc. The

di el ectric dopants include boron, phosphorus and/or arsenic. [0003] The
dielectric can overlie a sem conductive or conductive |ayer such as
polycrystalline silicon; netals such as alum num copper, titanium tungsten,
20 nol ybdenum or al l oys thereof, nitrides such as titaniumnitride; netal
silicides suUEbld d$hé Ifventiown silicide, cobalt silicide, tungsten silicide,

mol ybdenum si | i cide, etc. [0004] Using conventional photolithography a |ayer
of phot or esi800Hng/ dhe aresent inveptienrelates ien igrpeeied ngflad for plasrhveetching ectri c.

Qptionaldy, At k t] P(f{%? eposi i beneat h t he
phot or esi st agle%%{y%ig%gé%éﬁfﬁggrog@%g% n r?lll{r%ﬁ'zgpcﬁﬁglg’l%e&@(?ﬂt during
resi st exposinventiandelateptoenariché phidtotesisttayd/of hdrii@adkeraied belfaivity fdt-

maintaining critical dimension (CD), minimizing striations, and improving profile in

the etching of a dieleciric layer.

Background of the Invention

10 [0002] A common requirement in integrated circuit fabrication is plasma
etching of openings such as contacts, vias and trenches in dielectric materials. The
dielectric materials include doped silicon oxide suchas fluorinated silicon oxide,
undoped silicon oxide, silicate glasses such as boron phosphate silicate glass
(BPSG) and phosphate silicate glass (PSG), doped or undoped thermally grown

15 silicon oxide, doped or undoped TEOS deposited silicon oxide, organic and
inorganic low-k materials, etc. The dielectric dopants include boron, phosphorus
and/or arsenic, B
[0003] The dielectric can overlie a semiconductive or conductive layer such as
polycrystalline silicon; metals such as aluminum, copper, titanium, tungsten,

20 molybdenum or alloys thereof; nitrides such as titanium nitride; metal silicides such
as titanium silicide, cobalt silicide, tungsten silicide, molybdenum silicide, etc. i
[0004] Using conventional photolithography a layer of photoresist and/or a hard
mask can be used to pattern the dielectric. Optionally, an anti-reflective coating
(ARC) deposited beneath the photoresist layer may be used in order to minimize

25 reflection during resist exposure and improve the fidelity of the resist pattern.



-2- [0005] Vacuum processing chanbers are generally used for etching of
materials on substrates by supplying process gas to the vacuum chanber and
application of an RF field to the gas. Plasma etching can be carried out,
for exanple, in medium density reactors such as the parallel plate plasm
reactor chanbers described in U S. 5 Patent Nos. 4, 340,462 and 5, 013,398 or
the triode-type reactors described in U S. Patent No. 5,013,400. [0006]
Techni ques to achieve profile control of deep openings having high aspect
ratios of at least 5:1 are disclosed in conmmonly owned U.S. Patent Nos.
6,117,786 and 6, 191,043. O these, the 786 patent discloses etching of
openings in 10 silicon oxide layers usi-Bg a gas m xture contai ning.

fl uorocarbon, oxygen and nitrogen reactants wherein the oxygen and nltrogen

are added i n[EOBHNt sVahfeqiroosssing @aﬁ@&tﬁﬁlgeh&eﬂjbﬁﬁﬁlfbﬁetmng dangérdied openi ng.
The 043 patent discloses etching of deep openings 10 to 15 mdeep in a
silicon | ayePRBybsiralenby %PPBFW%%Ii’rﬁ@FLS&%ﬁﬁtt%mﬁlvﬁﬂmnb‘ﬁl%?ﬁlb@h@d&mh’?@w9 ¥ etch

through a nakipygiPyiide sawsnfa%%ufgasn B Lo P bl id eltBh"0 @ 035

m xture containing an xygen react |um an
bonmbar d rre nt - derséan ceanigpryomsh amﬂheqoalfallci@ﬂatmplaMea@tm cnhgrrryars dswrﬂhechm $B6, CAFs,:

fc::ﬂor oca ang t%}d?‘??f ?ﬁg g&ﬂfﬁ‘%m33#?3/%81146%%‘?#60?{5000@1”3%%'%&B’g@gljl gt ch gases

have been Wi Q%ytw@gcblgqogtch dielectric layers 20 because the F and C
constituents facilitate etchi ng both via a radical reaction and an
i on- assi st ed 1088kt i oFeclnighes teackaowsl iroffe eenstol podeed sperfifgsriveme bighng

carbonaceous g%%r)ﬁ%@sr ¥ af RRIBC 90 4l %‘fﬁ@é}&%ﬁ% o%%d@&%’ ol Ros. [ 0008]

Selectivity ! b1 K resp ECECr 0 Qve oresi’s har dnmask,

and ARC | ayebd1a386vwahl 6491042 bﬁﬂie@crﬂ:et‘m ;mtempdjlsayws ctcﬁﬁig&ﬂbpMﬁgsmS

especi al |y 25_desi r_g iae at the corpers of a g%terngd photoreai st or hardmask
| ayer bdQaus&liEprRoxide|aNers Ysing ¢ GMEEHEPH3MIPG HYPoGIRoR PXp g2t chi ng t hat

~tends to cr eﬂtﬁ)g&@&%&tﬁnﬁ’%ﬁh@ﬁm the oxygen and nitrogen are added in amounts effective
to control the profile of the etched opening., The ‘043 patent discloses etching of
deep openings 10 to 15 pm deep in a silicon layer by using a chlorine-containing
etch gas chemistry to etch through a native oxide layer over the silicon layer and

15 using a gas mixture containing an oxygen reactant gas, helium, an inert
bombardment-enhancing gas and a fluorine-containing gas such as SF,, C,F;, CF,,
NF, and CHF, to etch the silicon layer.
[0007] Conventionally, fluorocarbon, hydrofluorocarbon, and/or
chlorofluorocarbon-based etch gases have been widely used to etch dielactx‘ic layers

20 because the F and Cl constituents facilitate etching both via a radical reaction and an
ion-assisted reaction while sidewall protection is afforded using carbonaceous
polymers formed on the surface of the substrate.
[0008] Selectivity is desirable with respect to overlying photoresist, hardmask,
and ARC layers as well as the bottom efch stop layer. Selectivity is especially

25 desirable at the corners of a patterned photoresist or hardmask layer because the
corners have a geometry favorable to fast etching that tends to create facets which
undesirably impact the critical dimensions of the feah.ire. Photoresist/hardmask
faceting can lead to via/trench “blowout” of device critical dimensions, while low
.selecti’vity to etch stop layers may lead to significant sputiering onto the via

30 | sidewall. Accordingly, there is a need in the art for a plasma etching technique



undesirably inpact the critical dinensions of the feature.

Phot or esi st/ hardmask faceting can lead to via/trench "bl owut" of device
critical dinmensions, while ow selectivity to etch stop layers may lead to
significant sputtering onto the via 30 sidewall. Accordingly, there is a need
in the art for a plasma etching techni que -3- which achi eves high photoresi st
or hardmask etch selectivity, high dielectric etch rate, |ow pollution and

| ow damage. More particularly, there is a need for a plasna process which
enhances photoresist to oxide etch selectivity in order to achieve a highly
anisotropic dielectric etch with mniml danage or distortion of the original
5 photoresist pattern. Summary of the I-frvent i on [ 0009] The invention provides

a process of etching openings in a dielectric [|ayer, conprisi n% the steps of
supporting afhs:émﬁblgmdn@gbmhoﬁumﬂtDah@dmask&tqblsalgmﬂaft blEh dredegtricontch t he

substrate haV| n l ec oto Si and/or 10
har dmask Iayear'te g%%egﬂlﬁlﬁ)e a%ﬁiclﬂ 1°“336§r ere CLOI %ggrﬁ% etch
reactor an pfdébb@ﬂ&h@a@h@awwphcﬁmegst(tabmae éthwmma&pﬁrbxﬂa&o@@@éldz where x-~
1, y? 1, and_zz0) (b). a_silane-contai ni ng gas, Tdidr ogen or a hydrocarbon

gas (CH,,, mﬁ@hbw@oaﬁéwlﬁﬁme&t(wh@ﬁu@ phdamagg oslistarionof fhearigivay gas, and
(d) an Ogth?ﬂéml} B oS, wherein the flowrate ratio of the
silane-containing gas to fluorocarbon gas is less than or 15 equal to 0. 1,
or the flowrate ratio of the hydrogen or hydrocarbon gas to fluorocarbon gas
is less than or equal to 0.5; er gi zi etchant gas into a plasm; and
pl asma et chi ng openi ngs in the%gﬁné‘ﬁ qr}%ib {' ERHON ( h enhanced

phot or esi st/ gy {ms KT HeQn¢HnBbe fiofides b ﬁﬁéﬁéss %ﬁét@lﬁﬁg ¥hdningdslh Qlelddirai mal

- photoresist distortion or striation. 20 [0010] In apreferred enbodi nment ,

t he lol gsrr:a elayer. camprisong fhe s@pmfaaupmre@mmcondwpwmxnwp sapatdht i vel IyI
Supbi ed i & RAEiE e b P BB RS SAUNBKORRE pu bRl AR 0Pt onal 1Y

10 hardmask layer above the dielectric layer; supplying to the plasma etch reactor an

etchant gas comprising (a) a fluorocarbon gas (C,F,H,, where x> 1, y>1, and z>0),
(b) a silane-containing gas, hydrogen or a hydrocarbon gas (C,H,, where x>1 and
yz4), (c) an optional oxygen-containing gas, and (d) an optional inert gas, wherein
the flow réte ratio of the silane-containing gas to fluorocarbon gas is less than or

15 equal to 0.1, or the flow rate ratio of the hydrogen or hydrocarbon gas to
fluorocarbon gas is less than or equal to 0.5; energizing the etchant gas into a
plasma; and plasma etching openings in the dielectric layer with enhanced
photoresist/hardmask to dielectric layer selectivity and/or minimal photoresist
distortion or striation.

20 [0010] In a preferred embodiment, the pl'asrria etch reactor is a dual-frequency
medium-density capacitively coupled plasma reactor including an upper showerhead

~ electrode optionally supplied with 500 to 3000 watts of RF er;érgy and a bottom

electrode optionally supplied with 500 to 3000 watts of RF energy, RF energy being
supplied at two different frequencies to either th:e bottom electrode or at different

25 first and second frequencies to the showerhead electrode and bottom electrode.
According to a preferred embodiment, an RF bias can be applied to the
semiconductor substrate during the etching step.
[0011] During the process, pressure in the plasma etch reactor can be 5 to 200
mTotr and the temperature of the substrate support can be -20°C to +80°C.



el ectrode optionally supplied with 500 to 3000 watts of RF energy, RF energy
being supplied at two different frequencies to either the bottom el ectrode
or at different 25 first and second frequencies to the showerhead el ectrode
and bottom el ectrode. According to a preferred enbodi nent, an RF bias can be
applied to the sem conductor substrate during the etching step. [0011]
During the process, pressure in the plasm etch reactor can be 5 to 200

mlrorr and the tenperature of the substrate support can be -20 Cto +80 C. -4-
[ 0012] The openings can conprise vias, contacts, and/or trenches of a dual
damascene, self-aligned contact or self-aligned trench structure.
Furthernore, the etched openings can #e 0.3 pmor snaller sized openings
havi ng substantially straight profiles wherein top, mddle and bottom
critical di @] onsThd opehings pantompsiséviag, eomadis tadivr iérdched dfa dsale, and t he

openi ngs hav asp rat.io of at ast.5:1 Accor qj to a_preferred
enbodi nent , dﬁﬂlé &t ﬁglg-ag%réeglc%tgct@%e]% l%e‘ége‘lfhtsgf‘c““?r&u&g?n@ﬁz openi ngs
havi ng SUDSteRRbA BhdningslcbbADS | BY & shaBS: s%@bﬁéﬁl%s%vm@sg@tﬁné‘lﬁg bot t om
critical dinmensions of the openings are substantially the sane, and the

openi ngs hastraight Rigﬁb@th’hﬁmn tgp,amd ahdbatton @ritical d;mepsioma:]f therapeningd ectri

| ayer c se .a oped. si |con BSG FSG PSG
TEOS, ¢ ror rlf® weRrahi SR et e AR b G e a6 o o pan ¢ 1w k
nat er i al Tm@cdﬂdﬁigqetarprefetr@d/eﬁbda@ﬂe@\t@éétaaeda)peﬁﬂgst&hlbm dsqmebr sel ected from
the group consistin aIons Cu, , Ti alloys, doped or

undoped pol yeellertsige gloﬁémbgs hovinglsebsgangjaityestraight profites wner@m tppyapidite andi | i ci des of
Ly 15 C%og&g/ c91'tlc Ens Ink 8¥'ﬁte Bﬁe%n%rgfare s-gtpﬁmﬁ ﬁﬂ‘g ﬁ%lrkg&%ta%r ubstrate can

further i nclude an ona ayet se %ected from
silicon ni trapeltﬁng§halvt>amaspeatnbmiefaﬂeastsmih con oxym tride over the dielectric

| ayer anpd/ or the dielectric and c i rding to a
preferr rﬂ%@ﬁh e@]ﬁ@ctatfsétye&?%cempaw QPQ orqu@pgcgéﬁ%p % | ayers of
| ow-k mat er ']ﬁ*S@E,‘HSﬁ] FRG, PE&TPHOS 8h&thaBliRidn AR 03 inorganic low-k material or

organic low-k material. The dieleciric layer can overlay a conductive layer selected

from the group consisting of Al, Al alloys, Cu, Cu alloys, Ti, Ti alloys, doped or
undoped polycrystalline or single crystal silicon, TiN, TiW, Mo, silicides of Ti, W,
15°  Co and/or Mo or alloys thereof. The semiconductor substrate can further include an
optional stop layer and/or mask layer selected from silicon nitride, silicon carbide or
silicon oxynitride over the dielectric layer and/or between the dielectric and
conductive layer, According to a preferred embodiment, the dielectric layer can
include a stack of layers of low-k materials with or without etch stop layers
.20  therebetween, the openings being etched to depths of at least 2 pm.
[0014] According to a preferred embodiment, the CF,H, can form a protective
sidewall polymer on sidewalls of the etched openings; the silane-containing gas,
hydrogen, or hydrocarbon reactant maintains a desired concentration of polymer
precursor species in the reactor; and the oxygen-containing gas maintains a desired
25 thickness of the sidewall polymer.
[0015] According to a further preferred embodiment, the etchant gas can
include an inert gas selected from the group consisting of He, Ne, K1, Xe and Ar, the
inert gas being supplied to the plasma etch reactor at a flow rate of 5 to 1000 scem. -
The C,F,H, can comprise at least one hydrogen-free fluorocarbon, for example, CF,,
30  GFy, GFy GFg, CF, CFgand CGFG and/or at least one hydrogen-containing



20 therebetween, the openings being etched to depths of at |east 2 gm [0014]
According to a preferred enbodi nent, the CXFYHZ can forma protective
sidewal | polymer on sidewalls of the etched openings; the silane-containing
gas, hydrogen, or hydrocarbon reactant maintains a desired concentration of
pol ymer precursor species in the reactor; and the oxygen-containing gas

mai ntai ns a desired 25 thickness of the sidewall polyner. [0015] According
to a further preferred enbodi ment, the etchant gas can include an inert gas
selected fromthe group consisting of He, Ne, Kr, Xe and AT, the inert gas
bei ng supplied to the plasma etch reactor at a flowrate of 5 to 1000 sccm
The CJ HZ can conprise at | east one hydrogen-free fluorocarbon, for exanple,
CF4, 30 C2F2; C2F41 C3F6i CAF6, CAFs and C6F6 and/or at |east one

hydr ogen- corftuaiavkibgn,-f6r exfahpbs, €gHal HCHF,, 0L, F.eC.80) €,H 2 HizHF,, GBF@HIGH3F, C3H2F61
C3H2F4, C3HEL, d C3HF7 The hant ga n i ncl ude CxFA, silane as the

si | ane- cont zﬁ]ﬁ ﬁgﬂlaﬁgs caé‘rin?)l?%%ﬁ E‘f‘%\g%t?‘ﬁ& SSLOBHIE 588 FAPVER t 0 t he

pl asma et ch chAAREQT eadtnd hOWHALEH t@gplgsﬂ@etap@actwmo%%%fa R oto 10 sccm
silane, 0 to 500 sten1ox %UQ contalnln gas, and 5 to 1000 sccm Ar. A

preferred etsetmafiF,gad.3 toclOunden sined) t0§00 aenm omgemdnmgaplanéd tto the
pl asma tch tar,at stem si |l ane,
Oto sccl%sggcC%aAn% ‘&@kf%f[% Gg%%%%tegg%% i;u ﬁ‘of’ pr é erg‘gﬂlpgf Cﬁtgnt gas

i ncl udes 5 tﬂme@Qsmzs&elmeﬁéu:?ﬁatﬂbwtmteaafStea@sbanmmgmdrtoeacdmgﬂage,mtoO to 40 stem
02, and 100 to 50 S em Ar,. 10 [0016] The g@ oxygen-cont ai_ni ng gas may

conpri se 0230§%m 0 131200 se¢m Ay S80tETRT S\f@ B ginigelpdes Rl erred
embodi ent, gk epRY et RPEBNE o BuBebEERAol40 shlf ol £496HEd Sod ayer using an

et chant gas that i°5 oxygen-free, ~or a straight openi‘ng can be forned in the
di el ectric Iseg@Arusi ng an et chant gas t hat contains oxygen supplied to the

| asna gt ch tor flowrate 5 to 500 sccm .1 1 According to a
br ot er 18 e ¢ ool et g b b sy deTipRne O3, 0 010, a7 19

mixtures thereof. lAccordmg to a preferred embodiment, a tapered opening can be
formed in the dielectric layer using an etchant gas that is oxygen-free, or a straight
opening can be formed in the dielectric layer using an etchant gas that contains
oxygen supplied to the plasma etch reactor at a flow rate of 5 to 500 scom.

15 [0017] According to a preferred embodiment, the etchant gas comprises C,F/H,
‘hydrogen or hydrocarbon gas, an oxygen-containing gas, and Ar supplied to the
plasma etch reactor at flow rates of 5 to 50 scem C,F H,, 1 to 30 scem hydrogen or
hydrocarbon gas, 5 to 500 sccm oxygen-containing gas, and 100 to 600 sccm Ar.
According to another preferred embodiment, the C.F H, comprises C,F and the

20 oxygen-containing gas comprises O, supplied to the plasma etch reactor at flow
rates having a ratio of C,F:0, of 0.5:1 to 3:1. )

[0018] When the dielectric layer is below a patterned photoresist, the addition
of the silane-containing gas, the hydrogen and/or the hydrocarbon gas fo the etchant
gas improves by more than 35% the resist selectively as compared with the etchant

25 gas without the silane-containing gas, the hydrogen or the hydrocarbon gas.

Brief Description of the Drawings
[0019] Various features and advantages of the invention will become apparent

from the following detailed description of preferred embodiments in connection



hydr ogen or hydrocarbon gas, an oxygen-containing gas, and Ar supplied to the
pl asma etch reactor at flowrates of 5 to 50 sccmCXF,,HZ, 1 to 30 sccm
hydrogen or hydrocarbon gas, 5 to 500 seem oxygen-contai ning gas, and 100 to
600 seem Ar. According to another preferred enbodi nent, the CFA conprises
CAF6 and the 20 oxygen-contai ning gas conprises 02 supplied to the plasm
etch reactor at flow rates having a ratio of C4F6:02 of 0.5:1 to 3:1. [0018]
When the dielectric layer is below a patterned photoresist, the addition of
t he sil ane-contai ning gas, the hydrogen and/or the hydrocarbon gas to the
etchant gas inproves by nore than 35%the resist selectively as conpared
with the etchant 25 gas without the sitane-containing gas, the hydrogen or

t he hydrocarbon gas. Brief Description of the Drawi ngs [0019] Vari ous

f eat ur es andvithdhe atcagypanyifg diawings wewhiclh Hkevirherile designatedg@redementstandm t he

foll owi ng detailed description of preferred enbodi nents in connection -6-
with the acé%ﬂ%%?ﬁyi ng drawi ngs in which |ike nunerals designate |ike el enents

and in which: FlG FiG.daShe¥sandiched aleRetidilgee Ghbleh Highy Spe¥igicci n hi gh aspect
rati o openings have bowed profiles. 5 FIG |Ib shows an etched dielectric

| ayer wher eioBeHpgirhage peved prafiled  openi ngs have straight profiles. FIGs. 2a
and 3a shows a phot ?%gsl'b%hoﬁslﬁnfe?ﬁn%g‘M?:?Jcﬁic%}’e?%#@féﬂ]ﬁ@%g%f oy resist is

rough. FIGs. 2b and shows a photoresist surface e i'n accordance with
10 t he i nvenbpemings HavEstraiglstipoofiesa schematic representati on of a nedi um density

parallel plate pl eact.or which can be ysed to carry out the process of
t he invention. Defg Seéa BReheYs %Hh%‘?reﬁlﬁéuqt%ﬁ"ﬁ?éﬁ‘he?%%e surface of the

resist is rough.
FIGs. 2b and 3b shows a photoresist surface etched in accordance with
10 the invention. '
FIG. 4 shows a schematic representation of a medium density parallel

plate plasma reactor which can be used to carry out the process of the invention.

Detailed Description of the Invention
[0020] The invention provides a semiconductor manufacturing process for the
15 manufacture of integrated circuits wherein openings can be plasma etched in
dielectric layers such as oxide layers while providing desired selectivity and
material integrity to an overlying photoresist and/or hardmask layer. Furthermore,
the invention improves the profile of the contacts etched in the manufacture of the
d_evice. The process of the invention is applicable to etching of various dielectric
20 layers éuch as undoped silicon oxide and doped silicon oxide such as fluorinated
silicon oxide (FSG), spin-on—glass'(SOG); silicate glasses such as boron phosphate
silicate glass (BPSG), phosphate silicate glass (PSG), organosilicate glass (OSG)
and garbon—doped silicate glass such as CORAL (a product from Novellus Systeins,
Tne.); doped or undoped thermally grown silicon oxide; dopedior undoped TEOS
25 deposited silicon oxide; aromatic hydrocarbon polymer such as SiLK (a product
from Dow Chemical Co.); low-k dielectrics including inorganic materials and
organic polymer materials such as polyimide, organic siloxane polymer, poly-
arylene ether, or other suitable dielectric materials having a dielectric constant

below 4, preferably below 3. The dielectric dopants include boron, phosphorus



[ 0020] The invention provides a sem conductor manufacturing process for the
15 manufacture of integrated circuits wherein openings can be plasna etched
in dielectric |layers such as oxide |layers while providing desired
selectivity and material integrity to an overlying photoresist and/or

har dmask | ayer. Furthernore, the invention inproves the profile of the
contacts etched in the manufacture of the device. The process of the
invention is applicable to etching of various dielectric 20 | ayers such as
undoped silicon oxide and doped silicon oxide such as fluorinated silicon
oxi de (FSG, spin-on-glass (SO5; silicate glasses such as boron phosphate
silicate glass (BPSG, phosphate silicate glass (PSG, organosilicate gl ass
(0sG and carbon-doped silicate glass such as CORAL (a product from Novell us
Systens, | N@adbr adeREITIRY dibIBEAR B el QAR COMd: BT DEOMD nikdriab &b Sick@e; doped or
undoped TEGCS 25 deposited silicon oxide; aromatic hydrocarbon pol ymer such as
Si LK (a pr odiierentrlpyess ipeludias dovi-& anatasisls)andfop entikreflieetivesortings withor udi ng

i norganic nﬁﬁﬁﬁhﬁ&&lﬁ@?b gﬁgﬂgaﬁnfgkyner material s such as polyimde, organic
si | oxane pol yrer, poly*- Xrylene ef%eTh or other suitable dielectric materials
havi ng a di €beatfri cThoeshedvipenibgd @Wcdmpiideafia aatactshedndnctdr lindendloel ectri c
dopant s i ncl ude boron, phosphorus -7- and/or arsenic. The dielectric |ayer
can congi st tenches of pgnad damaseencs p self-aligned gendact pr self-glizsaed Henchs{pagtarei ncl udi ng

| owk mat er iyl | 5laf j i SR ANEals A et ch stop
| ayers therebet \%gen. éllogggéﬂoﬂlq {élk%?%:éhsg “%g%%ﬁhﬁg)g Stgghﬂtclgr%%e&oteﬂ@#%%f cont act s,

conduct or | ithesitiabidimensién (G Iieesdevice featiued and direestctemest ba seledtiveal | gned

contact or self-align trench structur Dur i et chi of , such openi ngs,
Che. o devel ICtsarl s e pERoBREbER s bERAPRTSleers ML BeFFRE of nenson
(CD) of the igayd, CR hfdhizt €D REFaddiBst@tied: FdfiatifR Behgetchitg of et h respect to
the overlyi nchbghotorem st _and/or hardmask | ayers and the underlying |ayers.

To ni ni i ze dybeqtide dt inAesigbls topteh Bheslicdactrin Whilgpresesy e the mhotereeist avg/ost t he” 10
dielectric, HakdmaRk HR1s! B0t fr toAn S HhcitddEs AlaGlGhal el SFdMERRIY! N9 the

phot or esi st an ,
the profile of the etched feature must maintain the critical dimension patierned in

lithography.
10022] Because advanced device geometries have high aspect ratio (>10:1)

15 profiles with the distance between contacts (pitch) equal to the contact diameter (<
0.18 um), it is desirable to have an etch process that has high selectivity to
photoresist and/or a hardmask, and which minimizes damage and distortion in the
resist and/or hardmask. In the absence of resist/hardmask integrity, the contacts
etched into the dielectric layer are likely to have distortions or striations which will

20 lead fo device failure; also, with poor resist/hardmask selectivity, the critical
dimensions of the contact will not be preserved. Furthermore, future generation
device processes will rely on new photoresist materials (193 nmun photorésist), which
are required for smaller device dimensions but have far less resistance to plasma dry
etch processes than the current generation of 248 nm photoresist. The advent of 193

25 nm photoresist has made past processes used for high aspect ratio etches impotent
and has introduced new failure mechanisms that require novel approaches to reach
viable process regimes.

[0023] In the process of the invention it is possible to obtain etched openings
0.3 um or smaller having substautiaﬂy straight profiles wherein top, middle and

30 bottom critical dimensions of the openings are substantially the same. The openings



hardmask | ayers, both in terns of thickness and structural integrity.
Furthernore, the profile of the etched feature nust nmaintain the critical

di rension patterned in lithography. [0022] Because advanced devi ce
geonetries have high aspect ratio (>10:1) 15 profiles with the distance

bet ween contacts (pitch) equal to the contact dianeter (< 0.18 pm, it is
desirable to have an etch process that has high selectivity to photoresist
and/ or a hardmask, and which mnim zes damage and distortion in the resist
and/ or hardmask. In the absence of resist/hardmask integrity, the contacts
etched into the dielectric |layer are likely to have distortions or striations
which will 20 lead xo device failure; a8so, with poor resist/hardmask
selectivity, the critical dinmensions of the contact will not be preserved.
Fur t her nor e, cdnliestahed enthe dieleotric laley ke as tp haweslsigls asplett ratiebychan 5iew phot or esi st

terial 193 h i i i ch i df [ 1 devi
i mens, ons  baovFeRTeeRaD rasast o & atiest FT  FiRthentrey oSt B esses ¢ han
the current gemeydtt Rkt 2hin?dSoBR-MRes R&?@b?éxaﬂq}ﬁ’?ﬂﬁ@(&@& oﬁénjﬂg%%ar?gb nm

phot or esi st has nade past processes used for gh aspect ratio etches

i npot ent  an6.2hms o1 snfatlexkizeeddparingd lzvingrsebatent Ayt eaight phodilesrvelgpmein eopnovel
approachgs to.reac vi abl e process regines. ,[0023].1n the process of the

i nvent i oﬁ i t@‘i‘ﬁ‘bﬁ{‘}sqoﬁf)@ crlgcﬁﬂera?rﬁméﬁe e opsyines Ubﬁ.a@‘aﬂi’ 6‘?‘3 $M&i | er having
substanti al | yn$ik 8pitigs BARS dol RfePiio®ra: bAP10:M ddl e and 30 bottomcriti cal

di rensi ons of the openings are substantially the sane. The openings -S- can
be etched i n[G024] di elhepracess dfdkecinventionds ltscfuﬁbvebfainﬁngﬁxtmmpbfdﬁgh ati o such as
5:1 or above ref er abl aspect .ratio of. at. least 10:.1. The openings can
be et ched toagpﬁgtﬁ?tﬁ? ng‘t %?S?E 'éag’t‘%?eﬁatbﬂ%’ %trleaﬁ?&]e?%dﬁpgfre?ri}%w}’%’%}ea@xanpl e, the
et ched openi pets. TEOpdLess & edpdBiAly 1BeMl fof bbisinde AssHRekingsf aasw: sfebst anti al |y
straight profiles V\’r)]erei ntop, 5 mddle and bottomcritical dinmensions of the
openi ng30 ar e opapings smellea thap Q-ﬁbmshﬁﬁrie,l‘abhawuﬁh@a@BQMMQEOW@@P]&MLﬁspect ratio

of at |east %gs:s&)le to obtain straight walls with minimal distortions or striations for 0.18 pm

openings at depths greater than 2 pm.
[0025] The dielectric layer can overlie an electrically conductive or
semiconductive layer such as a metal-containing layer selected from the group

15 consisting of Al, Al alloys, Cu, Cu alloys, Ti, Ti alloys, doped or undoped
polycrystalline or single crystal silicon, TiN, TiW, Mo, silicides of Ti, W, Co and/or
Mo or alloys thereof, etc. If desired, a stop and/or mask layer such as a silicon
nitride, silicon carbide, silicon oxynitride, or the like can be provided over the
dielectric layer, between dielectric layers and/or between the dielectric layer and

20 conductive layer. ,
[0026] There are a number of device failure mechanisms that can be avoided by
having high selectivity to the photoresist and/or hardmask layer and maintaining the
material integrity of that layer. One of the these failure mechanisms is related to the
loss of critical dimensions of the device feature. Such CD loss can be caused when

25 the photoresist and/or hardmask develops a facet during the dielectric etch. CD loss
can also be caused when the photoresist has different thicknesses, either due to |
original non-uniformity or due to breakdown of the resist material during the etch,
and the etch breaks through the resist to expose the underlying dielectric layer at
different times. Other device failures may occur if the features are distorted or

30 striated in any way. By adding a silane-containing gas such as silane, H,, or



[0024] The process of the invention is useful for obtaining extrenely high
aspect ratios of at least 5:1, preferably at least 10:1 and nore preferably
at least 20:1. The process is especially useful for obtaining aspect ratios
of at least 10:1 for 10 openings snaller than 0.3 m preferably smaller than
0.2 m For exanple, it is possible to obtain straight walls with m ninmal
distortions or striations for 0.18 pm openings at depths greater than 2 pm

[ 0025] The dielectric |ayer can overlie an electrically conductive or

sem conductive |l ayer such as a netal -containing |ayer selected fromthe group
15 consisting of Al, A alloys, Cu, Cu alloys, Ti, Ti alloys, doped or
undoped pol ycrystalline or single crystal silicon, TiN, TiW M, silicides of
Ti, W Co and/or M or alloys thereofg- etc. If desired, a stop and/or mask

| ayer such as a silicon nitride, silicon carbide, silicon oxynitride, or the
| i ke can behyirevaitde gagerstiubimral dhtedriee of the phayresist ibakinednedtveingeer i ¢ | ayers

and/ or between the dielectric¢ |ayer and 20 conductive |ayer. [0026] There are
a nunber ofetg%%dé§5t?l§PPW SERAtIQRhT8he af"ﬂ‘é?d- cﬁ%’? 3@@“‘898}0 e Ohavi ng hi gh

selectivit 1 L Sk I ' ing the
YhydPodaften l?éh‘a,taﬁfseié%uﬁg 11%8%% g\%fs?ﬂ%ﬁgﬁ, BARin E]@ LA taﬂt’h@! 9

material integrity of at layer. ese tallure nechanisns is
rel ated to rehisi-diblestsc yecinieriace hnditheemebthness of the nesistienmiodzef eat ure. Such CD

| oss can be_caused en 25 t.he phot oresi st / ard k devel ops a facet
during ‘?he ‘Eﬂdgf%e_ ch\{r%'geqf%l?'ﬁ&%BCtﬁ% et é‘ﬁﬁﬁ‘?@ggfjﬁ%‘gﬁ)’?g?’;ﬁ%n the phot oresi st
has di fferempatjhi cRRESIES-coftfalniy gad Uydidgen BRd/&H yatoch®Bn g f@r Mty or due to
breakdown of the resist material duri n? the etch, and the etch breaks

t hr ough t hePretesgbdy added inasemmts th effaeiielydongoldhestel fats welqotiyity raio of di f f er ent

times. O he i ¢ ' f r < Q istorted or 30
striated in%ﬁgﬁﬁ%§§?;@?hgﬁﬁfﬁgﬁﬁsgﬁ%é&ﬁ- g%?@?%%%%ygggmgﬁgﬁggéﬁgiIane, H2, or
- 9- hydr ocacdnteiniaggas, hydzogenrandlovhpdrodafiongas togethér witteoph@taoresi st i s

mai nt ai pned during the etch_and di sto&t i,ons and sﬁr Lat i ons can be avoi ded.
The adé&ft i oRuypcathongases, ‘éqzad%]:lve gas 18 etfective 1n creating hig

photoresist/hardmask selectivity and maintaining the structural integrity of the

resist. For a medium density plasma reactor, the advantageous effects of the
invention can be achieved by supplying the silane-containing gas, hydrogen and/or
hydrocarbon reactant and fluorocarbon reactant to the plasma etching reactor such

15 that the flow rate ratio of silane-containing gas to fluorocarbon gas is 0.1 or less, or
the flow rate ratio of hydrogen or hydrocé.rbon gas to fluorocarbon gas is 0.5 or less.

- [0028] The silane -containing gas can include one or more gases selected from

the group cbnsisﬁng of silane, fluorosilane, chlorosilane, difluorosilane,
dichlorosilane, trifluorosilane and trichlorosilane. According to a preferred

20 embodiment, the etching gas includes silane as the silane-containing gas. The
process of the invention is carried out by energizing the etchant gas into chémically
excited states in a plasma state and etching openings in the dielectric layer.
[0029] The addition of silane and/or other silane-containing gas, hydrogen
and/or hydrocarbon gas enhances the selectivity of the photoresist with respect to

25 the dieleciric and maintains the integrity of the resist by keeping it sufficiently free
of distortions and damage. Furthermore, the addition of the silane-cor;tai:ﬁng gas,
hydrogen or a hydrocarbon gas reduces the amount of bow in a high aspect ratio
contact. The addition of the silane-containing gas, hydrogen or hydrocarbon gas

works equally well for both 248 nm 193 nm photoresist.



hydr ocarbon reactants results in snoother resist surfaces, both in the bulk
and at the resist-dielectric layer interface, and the snoothness of the
resist mnimzes 5 undesired etching of the dielectric |ayer which could | ead
to device failure. [0027] The silane-containing gas, hydrogen and/or

hydr ocarbon gas are preferably added in anobunts that effectively control the
etch rate selectivity ratio of the etching gas chem stry. That is, when
usi ng an etching gas containing a silane- containing gas, hydrogen and/or
hydrocarbon gas together with one or nore 10 fl uorocarbon gases, the additive
gas is effective in creating high photoresist/hardmask selectivity and

mai ntai ning the structural integrity ef0-the resist. For a nmediumdensity

pl asma reactor, the advantageous effects of the invention can be achi eved by
suppl yi ng t {é038i | anwhewend Suocrinegogiamingwid Opgeitamind e¢chanhytdéqgaldadno r eact ant
and fluorocarbon reactant tq the plasmg etching reactor such 15 that the fl ow
rate ratio D=§qujgﬁéﬂé8ﬂ¢%@r¥’§°l6%@ssPB‘TIFWJE%Fngrl%ﬂm@égtoir%smé. 1 or less, or

the flow rataggﬁgciaﬁm, fBE_aFdiHBQQ@éﬂaﬂé,_h?&Gé&ﬁﬁ'h?%c&ﬁén A th L YRbREALGPN gas is 0.5

or less. [O The silane -contai hing gas”can inclfude one or nore gases
sel ect ed fr ol oxygen-gontaipingeteh g cambeaxfiiestivedn providinga dedited teyel ofhl or osi | ane,

di fl uorqsil ane... di chlorasil.ane., trifluorosil ane, an ri chl orosil ane. -

Accor di (r%g t&egc%’%%%ﬁhf’% oreilgtl B tafi&f%ﬂléogstﬂ(?ﬂ?’gﬁ %" Phcl udes sil ane as
the sil ane- ¢adosirboghsdas fludfdearbor ms%@tcm&mih@mmgamibslaﬁ@r ried out by
energi zing the etchant gas into chemcally excited states in a plasm state

and et chi ng PepyaRr hgld-ymsutfecnfiydo peateqt sidpwslisiof ejchedfspturssevhilsaveidds of sil ane
and/ or ot her_si.l - tal Nl ak ‘?%Wa] as enhances
t he sel ecti \Pllrtﬁ))!:/l o td Cﬁgdﬁgﬁdg{%?%g@gta u?/\nﬂa%égéerg%‘g eoéfﬂ?%ﬁ?ﬁlg tn&ﬁ%‘sﬁe eclt9 ric and

mai nt ai ns t hed bettoayof thy eished featuress Bpdciffepilk edyeh tigp silnsodiftaininggad, y free of

gas, . HYar ogRHoB S G mEBaP Bori: AL e He BT RABE AR DY SRR by gh
aspect rati Qnto@@HoRfher ;]%dfé'bﬁs QS sidvallighdthd pRRoeAR! AVRind igR6. hydrogen or
hydrocarbon gas works equally well for both 248 urn 193 nm phot oresi st.
gas such as argon is included in the etching gas, the argon can be used to help sirike
the plasma.
[0031] The polymer build-up can be reduced by the synergistic effect of
15 brevaldng up the polymer with the optional addition of oxygen to the etching gas
mixture. Further, in order to preserve the critical dimension of the etched feature,
the oxygen removes enough of the polymer build-up on the sidewalls of the etched
openings to avoid excessive build-up of polymer on the sidewalls which otherwise
could cause “pinch-off” of the etched openings and thus prevent complete etching of
20 the opening to the desired depth.
[0032] The optional addition of an oxygen-containing gas to the plaéﬁna etch
reactor also helps prevent excessive polymer build-up, which coritributeé to “etch
stop.” Etch stop is especially problematic during plasma etching of deep and narrow
openings in dielectric matetials such as silicon oxide using gas chemistries that form
25 too much polymer, i.e., polymer-build-up in the opening prevents further etc]iing of
the silicon oxide. In the process of the invention, the polymer build-up can be
mediated by the synergistic effect of building up the polymer with the fluorocarbon
and breaking up the polymer with the oxygen in the etching gas mixture., Oxygen is
preferably supplied to the plasma etching reactor in amounts effective to p;event

30 etch stop by reacting with polymer at the bottom of the etched openings.



-10- [0030] Whereas fluorine-containing and 02-containing etchant gases can
lead to CD, profile, and uniformty problens, particularly with 193 na

phot oressi st applications, the addition of silane, hydrogen or hydrocarbon
gas to a fluorocarbon and oxygen-containing etch gas can be effective in
providing a desired level of 5 selectivity and photoresist integrity. The
addition of silane, hydrogen or hydrocarbon gas to a fluorocarbon and
oxygen-contai ni ng etch gas can bal ance polymer build-up sufficiently to
protect sidewalls of etched features while avoiding pinch-off and etch stop
probl ens due to excessive polynmer build-up on the sidewalls and bottom of
the etched features. Specifically, when the silane-containing gas, 10

hydr ogen or hydrocarbon gas is added td-t he plasma, hydrogen can be
incorporated into the polyner which protects the sidewalls and the

phot or esi st .[008Bkn afcdonding to (yasfesud bnbalimegohe sitank pelybdeddédiotliee et chi ng gas,

the argon can be used to he stri the pl asna 0031] . The pol yner buil d-up
can be redu@gﬂmﬁ_ﬁtcsﬁ%acw%? é&gfqteogﬁ E‘b{b S(‘J"rFl_niL@dB‘l ki%h ydrgearprn 838 | ymer with
the opti onaly3ddiabieio te HAAIEAH Radidteit SHEWHE 02 %G@c% Ule afdiicner, in

order to presérve the critical dinension of the etched feature, the oxygen
renoves enowffuerbcarben grsltyhesuppliéd td-theplasmatrbastwishadd be suffitietitte et ched

openi ngs to _avoi d, excessi.ve buil d-u f pol r..o hg sidewal | s which
orherw Se eRtiPs BEHEHRE ptterth et Be on 3R HER G oBRERR b s or event
conpl et e et Gliyyng a0ded 13Ghd flEsnepRdl lgetdrat b Aewdas of 8¢ UHpickm. [ARQ32] The opti onal
addi tion of an qgxygen-containing gas to the plasma etch reactor also hel ps

prevent exc€§§11R1% B 8 MEdEIm 6?}1_51%19]@@& Wﬂ‘ft%th%ﬁﬁlrﬂ%‘?‘@@%as e stop." Etch
stop 1s espg ;ﬁ’ﬁlebﬁl Qﬁ&ﬂiltse(fﬁttbqogwchpgre&lr I@i&@cﬂ@%@ mgﬁﬁﬁ)efgrgﬁynar row

openings in electric materials suéh as silicon oxi usi ng gas” chem stries
t hat form 230t®@25 smenh pol ymer, i.e., polyner-build-up in the opening prevents

];)glr ; Prg :1 OELiC R@ﬁgboi a tegegchsah{ éa% Sin Rﬁ({lhgrelhchllgle énhoe;)tigﬂa? %gﬁgsenggon't[a?n?né gna\s/ ention, the
selected from the group consisting of O,, O,, CO, and CO, and an optional inert gas
selected from the group consisting of He, Ne, Kr, Xe and Ar, and mixtures thereof,
the oxygen-containing gas being supplied to the plasma etch reactor at a flow rate of
0 to 500 sccm, and the inert gas being supplied to the plasma etch reactor at a flow

15 rate of 5 to 1000 sccm. Although hydrogen containing fluorocarbons are quite
polymerizing, the degree of polymerizing can be controlied through the use of a
combination of oxygen-containing and fiuorocarbon-containing reactants. The
oxygen-containing gas can be’supplied to the plasma etching reactor in amounts
effective fo cut through polymer at the bottom of the etched openings. In a dual-

20 frequency reactor, each frequency can be tuned appropriately to obtain a high etch
rate and good etch stop window. For a reactor Which forms a medium densi’q; .
plasma, in the case where the oxygen-containing gas comprises O,, the O, can be
supplied to the reactor at a flow rate of 0 to 100 sccm, more preferably 0 to 40 sccm,
and most preferably 10 to 20 scem.

25  .[0035] The etching gas mixture also preferably includes Ar as the optional ine;rt
gas. However, other inert gases such as He, Ne, Kr and/or Xe can be used as the
inert gas. In contrast to a high density etch reactor operated at low chamber

 pressures, in a medium density plasma reactor argon can be supplied at higher flow

rates into the reactor in amounts of 100 to 500 sccm, preferably 200 to 400 sccm.



medi ated by the synergistic effect of building up the polyner wth the

fl uorocarbon and breaking up the polyner with the oxygen in the etching gas
m xture. Oxygen is preferably supplied to the plasm etching reactor in
anounts effective to prevent 30 etch stop by reacting with polyner at the
bottom of the etched openings. -11- [0033] According to a preferred

enbodi nent, the silane may be added to the plasma etch reactor at a fl ow
rate of 0.3 to 10 sccm and the H2, or hydrocarbon gas may be added to the
pl asma etch reactor at a flowrate of 1 to 30 sccm The amount = of

fl uorocarbon gas to be supplied to the plasma reactor should be sufficient to
5 achi eve the desired degree of pol ynmg2ization and etch rate. The
fluorocarbon gas may be added to the plasma etch reactor at a flowrate of 3
to 100 sccmThémedigas prefamgile pids theaxide dichime dendid tp sphtdering of dmaixole, t he t ot al

fl uorocarbon S ca e ..S | i,ed in amounts, of. 3 to. 100 sccm preferably 5
tou30 sccm m&‘ﬂ eﬁ’é‘f’aza?l}}vélpgrlfjggqclﬂ]lymefépetcﬁsﬁgtﬂgE'i?ﬁnfmfbo‘ftb?)??&f‘mrhe e!to chant gag can
farther incl[w.i,g]zan TR silafatondd Qaspgnﬁ@geﬁiaﬂgoﬂmo@%%%%a%@mthe group

consi sting of 03, CO and and an optional inert gas selected from
the group cefisdde theglasmajaich rRpctorias a stredalgng Zag, or anaipivdi Xk ieof , t he
oxygen- gont aj . :0G el-] | ) . p I t aflow
Pate or 30 bR RhAGAHAPbL B L N ! HBERRE) 2 ot
reactor at gadpreferably ineliidestthe &ilahecdiftdifling gasyhydibidroandlor hydioagesh gaont ai ni ng

fluorocarbons are quite polynerizing, the gree of pqlynerizing can be
control | ed @mﬁw_ﬁw g e ﬁ%‘ﬁgart?]&*‘FP8g%8ﬁllﬁ¥y@_@Fﬁl%%83éitﬂi ng and |

f1 uor ocar bomyGQRBiBoMNsARAYs [eSPHhRBL Rual 196, 1, PUIR GRETRIJUAIL BRAREAN be supplied
to the plasma etching reactor in anobunts effective to cut "through polymer at

t he, bot t om efd/etydeqcerbod gaplorfluogsarbpmas isllead thao of equgliedsyy react or, each

frequengy c t uped riatel o.0obtain a.high.et.ch rate and good
eton stdp wiitagh, ' FRRRERIRE bbby e Qi S hthes Mm% e
case wher e hid@otyEEidARREe-tonbihifGas6® plefesblP dddei e aButSeidRtve

to control the profile of the etched feature. For instance, by adjusting the amount of

silane-containing gas, hydrogen and/or hydrocarbon gas and oxygen-containing
gases relative to the amount of fluorocarbon gas it is possible to form straight

15 profiles. In this case, the profile does not become signiﬁcantly tapered, instead the
bow of the profile is eliminated. As an example, a tapered opening varying in size
from 0.3 pm at the top to 0.1 pm at the bottom can be formed using an oxygen-free
etching gas mixture of C,F;, SiH, and Ar, For straight openings, the preferred
amount of the fluorocarbon gas is at least 10x the amount of the silane gas and the

20 preferred amount of oxygqr}-containing gas is preferably 5 to 40 sccm.
{0038] The invention overcomes a problem with prior etching techniques by
increasing profile contro! during etching of openings having high aspect ratios. In
order to obtain openings with straight sidewalls it is desirable to control the oxygen
addition such that enough polypler is present to avoid or minimize bowing and

25 enough polymer is removed to avoid the etch stop phenomenon. With respect to
polymer removél, the effect of the oxygen is balanced by the silane-containing gas,
hydrogen and/or hydrocarbon gas addition. For instancé, when using SiH,, H,, or
hydrocarbon gas i is possible to provide adequaté sidewall passivation of the etched

opening, i.e., provide polymer buildup of a desired thickness and composition.



supplied to the reactor at a flowrate of O to 100 sccm nore preferably 0 to
40 sccm and nost preferably 10 to 20 sccm 25 [0035] The etching gas

m xture al so preferably includes Ar as the optional inert gas. However,

ot her inert gases such as He, Ne; Kr and/or Xe can be used as the inert gas.
In contrast to a high density etch reactor operated at | ow chanber

pressures, in a nediumdensity plasma reactor argon can be supplied at higher
flow rates into the reactor in amunts of 100 to 500 sccm preferably 200 to
400 sccm -12- The inert gas preferably aids the oxide etching rate due to
sputtering of the oxide and chem cal activation of polyner species at the
etch front of the feature. [0036] The sil ane-containing gas, hydrogen and/ or
hydrocarbon gas may be added to the plaasma etch reactor as a standal one gas,
or as a pre-diluted mxture, in 5 conbination with fluorocarbon,

oxygen- cont aﬁmbnd@gharbd/sdcctivnbmij@ﬁs@&e OF hapd S!iH;IHgbr hyhscaphoafgas Aiblvy i ncl udes
the sil ane- cont Lnin 1%% b % &Flgg 3nd/or dr ocar hon g"l’i and a
f I uor ocar bon g IW‘P@%B {6, 807 SHATELL A0 MaRre Yy high aspRet wfip SRELRSnt ai ni ng gas to

fl uorocar borm(m? 'SAb&ﬁ&n%ﬂ?d.’h iboRfkkRk of tBe Brvéntid th%@ﬁarfe'—&‘f’{ta‘iﬁﬁ%ga{sat io of the
hydrogen and/ or éﬁlrocar on gas to fluorocarbon gas Is |l ess than or equal to

0.5. 10 [oowxjmst&:@ ilghe gHeweveh ethiensitane Conainingassishaviag 8wrgeatral ng gas,

hydr ogen K a preferably added
in anDunts % @Egﬁ Ogsggd‘l@tl‘*ﬁ‘o Otﬁ’e pro?od&n%l pﬁ%lgu%?fﬁoegﬁq%gature. For

i nst ance, b3[0(mﬂ ust Itrvgll bb eppapenti ol thede skitletl anhe e iiantheiflvgy @&s of thgdr ogen and/ or
hydr ocar bon gas and ox¥ gen-containing. gases relative to the am)unt of

f 1 uor ocar bor/2gew gages; willglspend @Péaqt@SﬁW&er%ﬁe@ﬁi ersybsiva thed¥pe ¢t thi s case,
the profil e iaen iiloNE ERer bRk hiedblih bRRSKAH md aksathet e bow of the

profile is m nat e an exa , a tapered opening varylng in size from
0.3 m at thehstsmq:atmmlﬁtelfonhea]tasmmmumwtetgm can be forned using an oxygen free

orefer a4l oTRe g arke Bareguot e ¢RG04 B Wbunt of the

sil ane gas anglatd¥@naller high aspect ratio features such as vias and contacts in dielectric
layers such as silicon oxide layers on semiconductor substrates. In the process, a
gas mixture containing fluorocarbon and a silane-containing gas, hydrogen and/or
hydrocarbon gas reactants preferably is chemically energized into a plasma state,

15 . During the etching process the fluorocarbon and silane-containing gas, hydrogen
and/or hydrocarbon gas synergistically react to create carbon and silicon rich
polymers that deposit on top of the photoresist and negate the ion bombardment and
chemical etch effects on the photoresist.

[0042] The plasma can be produced in various types of plasma reactors. Such

20 plasma reactors typically have energy sources that use RF energy, microwave
energy, magnetic fields, etc. to produce plasma etch conditions. For instance, 2
medium density.plasma could be'produced in a parallel plate etch reactor such as the
dual frequency plasma etch reactor described in commonly owned U.S. Patent No.
6,090,304, the disclosure of which is hereby incorporated by reference. Preferably,

25 an RF bias can be applied to the semiconductor substrate during the etching step. A
medium density reactor can produce an jon density of about 10! ions/cm®. The
method according to the invention is useful for multiple or single wafer p;ocessing.
[0043] The piasma etch reactor preferably comprises a medium-density parallel
plate reactor, triode reactor, or a dual-frequency capacitively coupled plasma reactor

30 including an upper showerhead electrode and a bottom electrode, RF energy being



20 preferred anount of oxygen-containing gas is preferably 5 to 40 sccm

[ 0038] The invention overcones a problemw th prior etching techniques by

i ncreasing profile control during etching of openings having high aspect
ratios. In order to obtain openings with straight sidewalls it is desirable
to control the oxygen addition such that enough polynmer is present to avoid
or mnimze bowi ng and 25 enough polyner is renoved to avoid the etch stop
phenonenon. Wth respect to polyner renoval, the effect of the oxygen is
bal anced by the silane-containing gas, hydrogen and/or hydrocarbon gas
addition. For instance, when using SiH4, HZ, or hydrocarbon gas it is
possible to prOV|de adequat e si dewal | ﬂQSS|vat|on of the etched opening,
i.e., provide pogéner bui | dup of a desired thickness and conposition. -13-

Accor di ngl y, Syppl *téWPld%f@f?Ptﬁfﬁjl‘i?@Plieﬁtj’ either thobeiiom dpqippde ppat differpiidr ocar bon gas
flow rates fly i ROSH dﬁ’éqgeﬁc?es‘?@’éh% é&ﬁéﬁ%ﬁ%y@&%ﬁ%&@ﬂ‘i’ eﬁb‘cﬁ@deaii?em ratio

openi ngs. [0039] Accor to an enbodi nment the invention,
si | ane- cont atheicasy wiese the plising esh ofactor [sairtapachtmbvmupledq)tasmaseabmnehe{:ont ai ning.

Dartial |y SUBERPT G bPowrEa MevtiRataoyce i b PO BRI hose.
skilled §n tﬂ@sﬁéwerhmteléc&edél&&vgggplesa%bté B‘(ﬁ)OWa'%trs'oPRF eﬁ@r??%mﬂhk' depend on
factors such as the size of the substrate pe of asnma reactor, the

power setti neftom plectjosdeaings svrndied 0 i0r309@|é/aﬁ% ‘Pﬂel‘&’melﬂ ad]ﬂl@ls ociation rate
for the plas r ocess for

pl asnma etchi ﬁgq%ﬁy, &g%tglg%?gg?l%eh‘g%éﬂ%;%ncg h{s}ﬁgﬁeﬁ&ﬁ& CI(%g ggé‘fe ?iz’it o features
such as vi asammdament axdited suated;paalmgtwt\ﬂe:the Ny ﬁe@zeacgcdfoum controle tie iaxi de | ayers

on sem conduct or substrates. l|n the ess, s m xture cont.ai ni ng
f1 uor ocar bonCUFRE &-CsirelFaten, lﬁ?srfPWd Stﬂ@di%@‘%ﬁr%ﬁ‘fﬁﬂf%r‘ is fs¥feblear bon gas

reactantig prgfgaiaRkvht gaFhawbaahd %p%!b@ﬁ&deza%Q thd Bobtod dcAPIBsuppatidg 15 During
the etching process the fluorocarbon and silane-containing gas, hydrogen

and/ or hydr oéwrsboivogdustes ghestrgicat & distense ofaheut Lidoto@eame carbon and silicon
rich [0044] Medium density plasma reactors operate at higher chamber pressures

and dissociate etching gas chemistries to a lesser extent than high density plasma
- reactors. For instance, in medium density plasma reactors, etching gases such as
15 C,F; may dissociate in stages as follows: C,Fy -+ C,F; ~ CE, - CF + F. Due to such
gradual dissociation, it is possible to achieve a higher etch rate of a dielectric layer
and a lower etch rate of an overlying layer such as a photoresist or hardmask or
underlayer such as an etch stop layer. The ratio of such etch rates is refefred to as
the “etch selectivity ratio” and the high selectivity ratios obtainable in medium
20 density plasma reactors promote complete etching of contacts, vias and conductor
patterns. In contrast, in high density feactofs, the instantaneous dissociation of
etching gases can lead to low selectivity ratios due to the higher etch rates of the
masking layer and etch stop layers. For example, in high density plasma reactors,
_ C,F; dissociates directly to free fluorine and the high content of free fluorine causes
25 such rapid etching of the masking and/or etch stop layers that the etch selectivity
ratio is unacceptably low. .
[0045] The reactor pressure is preferably maintained at a level suitable for
sustaining a plasma in the reactor. In general, too low a reactor pressure can lead to
plasma extingujsblnent whereas too high a reactor pressure can lead to the etch stop

30  problem. For medium density plasma reactors such as a dual frequency capacitively



pol ymers that deposit on top of the photoresist and negate the ion
bonmbardnent and chem cal etch effects on the photoresist. [0042] The plasm
can be produced in various types of plasma reactors. Such 20 plasma reactors
typically have energy sources that use RF energy, mcrowave energy, mnagnetic
fields, etc. to produce plasma etch conditions. For instance, a nedium
density plasma could be produced in a parallel plate etch reactor such as the
dual frequency plasma etch reactor described in comonly owned U.S. Patent

No. 6,090, 304, the disclosure of which is hereby incorporated by reference.
Preferably, 25 an RF bias can be applied to the sem conductor substrate

during the etching step. A nedium derki-ty reactor can produce an ion density

of about 10" ions/cnB. The nmethod according to the invention is useful for
mul tiple or cokplgd eichecheior, thercamer inpreferdbdnat 3| prasivere pelasna00et Birr sushes or

preferably [} a Lumdensity rallel .plate reactor, triode

react or, or%@qugfﬂ?@%ﬁ}%ﬂ%yﬂ%%&% "Fvelﬂﬁl@%ﬁ%gmﬁﬂcggﬁlé Sﬁgtgctor 30 i ncl udi ng
an upper ShQﬂﬁéﬂgei@geﬁhﬁg,tth@dﬂzuﬁﬁq)réhs@@ht@%lﬁisﬁﬁbf'sﬂﬁ’ﬁ:enﬂfrlﬁfh@%lﬁb’thb@i ng -14-
supplied at two different frequencies to either the bottom el ectrode or at

di fferent fthe Eacuum@resare sriting g themeacks. o, thapreswmdl thoalsitenrizetle and
bottom g| eCtrﬁ@dﬁn éf?om?@?o FRSRTMISIE 4516 ePhASER etch reactor is a
oup% or,’ the

capacitively ed plasnma react’ react or can have a powered
shower head dDé4f]r od€hasutisteatpoippor duppotting thesdemddon duakdor substtaee shower head

el ectrode bei -supp) jed 5Q0 to 300 tts, of RE ener I he ., bottom

el ectrode béinﬁ%g@agﬁ{"héla p@‘%ﬁa%lg cggﬁglem%#‘éteﬁpow t@ﬁéer"gét. c{%F uﬂﬂg‘f frequency
react or the Bicgibnd uBRIBERENIng OB AFHHERHNsIsObS the REbsBh RSB fehRRbSsfF Y (i.e. the
abundance of excited state species) while the |ow frequency source controls

the ion enamngssiablescactinteassadigalo dn gredivgndenpifit plasmhreresetorst it stsefficianh such
reactorg, It i S| e i i a t n el ectrode
and t heﬁ)bot tt8 r(ﬁgoellq%c uﬁ%%ge Sélég%%ﬁa{%iélg o e %%%10 g’o‘ﬁ@@ﬁ@t \#rlagg ﬁ%@?q?pg%g at a

di stance of pdmatredctod of Griode fype reacidd Gbdhbdifack suppadedmi ihsludd flsot@nr eact or s

operate at higher chanber pre es ) _
P elegctrode for suppfymé) an 1%? g{as to the substrate during processing thereof and an

ESC for clamping the substrate. For example, the substrate can comprise a silicon
wafer which is electrostatically clamped and cooled by supplying helium (He) ata

15 desired pressure beitween the wafer and top surface of the ESC, as disclosed in U.S.
Patent No. 5,609,720. In order to mainfain the wafer at a desired temperature the He
can be maintained at a pressure of 5 to 30 Torr in the space between the wafer and
the chuck.
[0047] The dielectric layer can optionally be patterned with any suitable

20 photoresist. A commercially available 248 nm resist, for example, may be spin
coated on the dielectric layer. The thiclcﬁéss of the 248 nm resist during the etching
step may be 500 to 1000 nm. Alternatively, a 193 nm resist may be used. The 193
nm resist can advantageously support-0.18 micron, 0.15 micron and smaller design
rules. The 193 nm resist, which is typically about 100 to 500 nm thick, is more

25 sensitive to the plasma; etch chemistry. Thus,‘the etch process must be highly
selective to the resist in order to prevent loss of pattern fidelity due to faceting of the
resist and/or resist breakthrough prior to completion of the dielectric etch.
[0048] Artifacts such as sidewall deposition, sidewall bowing, microtrenching,
and mask faceting typically accompany the etching of small features in dielectrics.

30 Striation formation on resist sidewalls, for example, can occur during plasma



and di ssoci ate etching gas chem stries to a | esser extent than high density
pl asma reactors. For instance, in nediumdensity plasma reactors, etching
gases such as 15 C4F8 may dissociate in stages as follows: C4F8 CZFB CF2 CF +
F. Due to such gradual dissociation, it is possible to achieve a higher etch
rate of a dielectric layer and a |lower etch rate of an overlying |ayer such
as a photoresist or hardmaslc or underlayer such as an etch stop |ayer. The
ratio of such etch rates is referred to as the "etch selectivity ratio" and
the high selectivity ratios obtainable in nmedium 20 density plasnma reactors
pronote conpl ete etching of contacts, vias and conductor patterns. In
contrast, in high density reactors, th&-instantaneous dissociation of

etching gases can lead to low selectivity ratios due to the higher etch rates
of the maslatdhipg Hationneanamedviale the feadyre edges Fad leas tindsigerdation dficgkicadensi ty

I . ' i ' fr fl ' d the high
Contont o 19uE e th SHRENE 5B SRkt by iR KRB ng andl o

etch stop | afeliexetiftat the etch selectivity ratio is unacceptably |ow [0045]
The reactor Br jsure is preferably majntained at a |evel suitable for
sustaining d %‘}% snmalfidgsitadethe substrate can melide an antireflesve engting (@dk'or pressure

can | ead €0 ks The S ALV TERIoe WARK A i1k 80 iding” eSSUT e can

| ead to the stop 30 pro medi um densi ty plasnma reactors such as
a dual frequanpeyraiapdithdgraphly gtep dbd alboesiiete pattedn reraddotion stdheasmeact or i s

referably at_a pr.essure.bel 200 .mlor r ch as,.20 to 40 nilfqorr. Due to
BI asma co%f i%?fﬁ%?%?ﬁ%ﬁé“ﬁ%%v% d@t%ﬁeg%g%{%@?%m tgﬁaﬁ‘?tﬁli?ﬁlﬁtg%f’chi ng, the
vacuum pr esSARE cat bd 41 stildibid malefalSubl aCehydRitartden RS , 4 B3R onbRBni¥acuum

pressure setting for the reactor, e.g., the pressure at the substrate surface
5 may range PaigiAl SOMpESINgm orrete polpmeric copmpoye. gEhendBE can poeppslontlife substrat e

SuBpr Ui AT PR By U100 19 oL o pre bl
burni ng of &g0§503hot br @ieatbodiment) chesinbtivapwvilasla praxcestforoplashia etching

high aspect ratio features such as conductor lines, vias and contacts including self
aligned contacts (SAC) in dielectric layers on semiconductor substrates. In the
process, a gas mixture containing fluorocarbon, oxygen, and silane-containing gas

15 such as silane, H,, or hydrocarbon gas, with an optional gas such as an inert gas
(e.g., argon) is energized in a plasma etch reactor into a plasma state such that the
non-inert reactants are at least partially dissociated. During the etching process, the
dielectric layer is etched by fluorine containing species and the silane-containing
gas, H, or hydrocarbon gas form a carbon and/or silicon-containing protective

20 polymer on the top of the photoresisi/hardmask and on sidewalls of the etched

' openings. The silane-containing gas, H,, o'rbhydro'carbon can cooperate with the
oxygen-containing gas o balance polymer build-up sufficiently to protect the
photoresist and sidewalls of etched features while avoiding pinch-off and etch stop
problems due to excessive polymer build-up. In general, silane-containing gas, H,

25 or hydrocarbon gas can be used to form polyme} on the top of the resist/hardmask
and in the etched openings, and oxygen can be added in an amount sufficient to
control polymer buildup on the sidewalls of the etched openings. The advantageous
effects of the invention can be achieved in a dual-frequency medium density plasma
etching reactor by supplying silane-containing gas, H,, or hydrocarbon gas and

30 fluorocarbon gas reactants to the plasma etching reactor at a flow rate ratio of



undesi rabl e reactant gas radicals. In nediumdensity plasma reactors, it is
sufficient 10 to cool the substrate support to a tenperature of -20 to +80 C
In a parallel-plate plasma reactor or triode type reactor the substrate
support can include a bottom electrode for supplying an RF bias to the
substrate during processing thereof and an ESC for clanping the substrate.
For exanple, the substrate can conprise a silicon wafer which is

el ectrostatically clanped and cool ed by supplying helium (He) at a 15 desired
pressure between the wafer and top surface of the ESC, as disclosed in U &
Patent No. 5,609,720. In order to maintain the wafer at a desired tenperature
the He can be maintained at a pressurd7of 5 to 30 Ton in the space between
the wafer and the chuck. [0047] The dielectric |layer can optionally be

patt er ned wi tilanepgntaning a3 © hupeocprbon gaseafi0s!t or Igsscararfinve iatd tagio afEj) orabl e 248 inn

resist, for pgh SRI 0 n the dielectric layer. The

t hi ckness of&aﬁec §§g%%rfgugf%cﬁbgﬂﬁﬁcgloﬁ%qﬁsbhi ng step may be 500 to 1000
nun. Al ternalioyg! y, Tae iD3untof bk sbntiingtpas, U5eek hylifRabda gaddfidiorient can
advant ageousl y,suptport 0.18 mcraon, 0.15 mcron and smal ler design rules.

The 193 nm r&Siisretegahlseepnielled foiteleiint) agioynt th sige plihe bptuesPeingictdedi s nore 25
sensi tive tOxldhifee RinSdRpdsliol of e toér%l}’beiﬂ_%%{a?ed! *E%r@%%ﬂ%eo%‘éﬁglélggyﬁ be highly

selective to the resist” 1 n order reve 0SS O attern ity due to
faceting of ltger feptmsd sizesdesd bpygenasicstieddo pedtedh theisddewalls of the etchanpl et i on of t he

dielectri tch. 48] Artifact. id |l d itjon, sid |
powi ng, i cr GEPBRLHE AR mAERS PHED TSI Ty R CaI LR BRIy the ot chi ng of

smel | f eat ur @gatédindh&piBihd, isGch as o#fle Bihd RHth R Q6B AP Mmd €81/0) si dewal |'s,
for exanple, can occur during plasma -16- etching. Striations’ can nodul ate

the feature @Hgawy dnadueed Howarey thedaty/Gnrage can be highar forielertse lsiers St ri at i on
ST ekt BRySSERRS B haRGeRTyag e oot iness of e res! st
("ARC") [0052] Oxygen and fluorocarbon reactants can each be supplied at flow rates of
5 to 100 scem, preferably 5 to 50 scem, and more preferably 5 to 30 scem. Silane
can be supplied at flow rates of 0.3 to 10 sccm and H, or hydrocarbon gas can be
supplied at flow rates of 1 to 30 sccm. As an example, the oxygen reactant flow rate
15 can range from 5 to 20 sccm when C,F H, is supplied at 5 to 30 sccm, and argon, if
supplied, can range from 100 to 600 sccm. In another example, the C,F H, is C,F,,
the oxygen containing gas is O, and the C,F, and O, are supplied to the plasma etch
reactor at flow rates having a ratio of C,F;:0, 0f 0.5:1 to 3:1. In an additional
example, the C,F, and O, are supplied to the plasma etch reactor at flow rates to
20 avoid etch stop during etching of the openings in a SAC or dual damascene
| structure. The O, can be supplemented or replé.;éed with other oxygen containing
gases such as CO. For instance, CO can be added to the etch gas at a flow rate of 50
to 500 sccm. Furthermore, the H, or hydrocarbon can be supplied at a flow rate
equal or nearly equal to that of O,, such as 1:1 or 1:2.
55 [0053] . In one example, a dual frequency plasrrla etch reactor (such as the
Exelan™ dual frequency capacitively coupled o::gide etch system available from Lam
Research Corporation, the assignee of the present application) was operated with a
top electrode power of 0 to 5000 watts, preferably 1000 to 2000 watts, and a bottom
electrode power of 0 to 5000 watts, preferably 1000 to 2000 watts. Straight 0.18 pm

30 openings having depths of about 3 um can be etched in about 5 minutes in a single



5 thereon. The ARC is used to reduce reflection back into the photoresist
during exposure in a lithography step and allows better pattern reproduction
such as a pattern of openings in the formof vias or trenches fornmed in the
photoresi st. The ARC can be any suitable material such as a hydrocarbon
film e.g., a spin-on organic material conprising an organic polyneric
conpound. The ARC can be spun on the 10 substrate to have a desired

t hi ckness, e.g., 60 to 200 nrn. [0050] In one enbodinent, the invention

provi des a process for plasma etching high aspect ratio features such as
conductor lines, vias and contacts including self aligned contacts (SAC) in
dielectric |layers on sem conduct or subdfrates. In the process, a gas m xture
cont ai ni ng fl uorocarbon, oxygen, and silane-containinghgas 15 such as sil ane,

H,, or hydr o8&p B tigeehamper pressarespiat et 1 ymd oguens erdotypfithrslectigdes (e. g. |

argon) is en I A i t%?ﬁﬁp @ggﬁ such t hat
the non-ine é‘géré(gc %29@0 %@%?7%2?&?2?@% %5{ i sszb{lzl ede%h&&?rgi ng the
et chi ng pr ocetkgpretdf800 shical ArBrscem Ogylef scom SEHedredscown ¢ Hjor § seencidndi ni ng

speci es and gﬂe Si e-containing gas, H2 or hydrocarbon gas form a carbon
and/ or silicon®€8ht4deni ng protective 20 polymer on the top of the

phot or esisst / hypsdas eignes 0B iBkH8Thd Sref orlsNEeakiafiR acORERE RGfe The

sil ane-containing gas, 1-2, or hydrocarbon can cooperate Wth the
oxygen- cont aprecesy ofths invenban. aFigere e illnsatedibe bowedetshupriofits abteited whenpr ot ect t he

Gtch stop pPom BRETHRe R sk @ B0 IR il fo (R RGP ™ ™
si | ane- cont asliywiGn@asmpleldf a Akl richysir boaidRRihaspaaipsbe bsathgs beihgr m pol yner
on the top of the resist/hardmask and in the etched openings, and oxygen can

be added in &&hehipanatordanes withdha Progsss wserdingito fisiipyastionin Kigse & 2t he si dewal | s
f th heg: OGS ‘ | i b
of the ghc eﬁmﬁﬁﬁ{&'}?&?zg a%ﬁ%%%ﬁ;}‘%ﬂﬁgy@ wa?&ﬁt?ﬁ&@wﬁ@n B QiR dON can be

achieved in a nsity plasma etching reactor by
suppl yi ng si wamneardedowtiton abguirhminute? in osingly diep sathiionclpabenpreks@® st aior ocar bon

gas. reactant g, 041 Bl BSIE (BhELY AL PG Gorledhll QUL ARG O 17

power, 100 to 300 scem Ar, 5 to 20 scem O,, and 5 to 20 scem C,F;. In Figure 1b, a

dielectric layer 6 having straight openings 8 was obtained using the same process
15  with the addition of 0.5 to 2 scem SiH,.
[0055] The effect on the 193 nm photoresist of the same piocess conditions is
shown in Figures 2-3. Referring to Figure 2a, in the absence of silane the post-etch
resist 20 exhibits a distorted, wrinkled appearance. In contrast, as shown in Figure
2b, the resist 22 is markedly less wrinkled with the addition of silane. Furthermore,
20 referring to Figure 3a, the absence of silane produces a rough post-etch resist
surface 30 while the addition of silane results in a smoother resist 32, as shown in
Figure 3b. The addition of silane to the reactive gas improves selectively to the 193
nm resist by more than 25%, preferably more than 35%, as compared with a silane-
free reactive gas mixture. Similar results can be obtained with addition of either H,
25 or hydrocarbon gas in place of silane of with other silicons containing gases.
[0056] The process of the invention can also be carried out in a parallel plate
plasma reactor such as reactor 700 shown in Figure 4. The reactor 700 includes an
interior 702 maintained at a desired vacuum pressure by a vacuum pump 704
connected to an outlet in a wall of the reactor. Etching gas can be supplied to a

30  showerhead electrode 712 by supplying gas from gas supply 706. The reactor



sil ane-containing gas to fluorocarbon gas of 0.1 or less, or a flowrate
ratio of H2 or hydrocarbon gas to fluorocarbon gas of 0.5 or less. [0051]
The amount of silane-containing gas, H2, or hydrocarbon gas and oxygen -gas
is preferably controlled to take into account the size of the features being
etched 5 and the filmconposition of the material being etched. For

I nstance, when etching larger feature sizes | ess oxygen is needed to protect
the sidewalls of the etched openings. For dielectric nmaterials which are

| ess reactive toward the polynmer created in the plasm, such as oxide filns
with low |l evels of doping, the CFIQ2 ratio may be reduced. However, the CF
)02 02 ratio can be higher for dielectd®c |ayers 10 containi ng hi gher dopant
addi tions, such as for BPSG [0052] Oxygen and fl uorocarbon reactants can
each be suppthamiierni00fdanhe pperaed axfa dil frequedy medle] plotegirateatityy 5 to 50 sccm

and nore preferably 5.to 3 m_SiJ.gne ¢ b upplied at flow.rates of

0.3 to 10 seaé'Fﬁng?'FBgnf[ 3vhgte @l@'ﬁf@ﬁ%‘ﬁrﬁ Ogé%c"&‘aﬁg 5%&"3 Zﬁ%?ﬁ@ge glfo“fefli?\‘ﬁir ates of 1
to 30 seem Aésctdde KNP N ah RE MANERINRSEKIAD! If 4 BV hadhiRr, ke Keilond ange from 5
to 20 seem when CXEYHZ i s sugplled at 5 to 30 seem andd%%%ggghlf suppl i ed,

can range frdeatede7idisgouplediom sepanddifoionee 7¢4 Hiprah 2 sepan 08176, the
o . . AN
oxygen cpnt aﬁé?\!v{;}%fﬁ@.s F{r@%egge thhé‘ﬁﬁ%ﬁ?es%g ﬂ%ﬁ%&@i@g‘t éﬁ%n?cf?t € plasha

etch reactor a I ow aving a ratio of o3:1. In
anaddi t i onal groendh g kedivihdentitFflasmccad De gereraedipl thedadtor sbbee phdtstmeet ch

reactor at f rates. t 0 avai d ch st ring etchi of the openings in
a SAC or duaJ(Z% ﬁ&gﬁl&%h_ﬁ?@%%ﬂ%ﬁm%%égﬂ% . %W@Brgqﬁiteé?ftrﬁ ©repl aced

wi th other oxi08H a9RRbfAM-A8de HRR heiHEHerBSdERctrb@ 712\ 2h BB eRetrfeklran be added
to the etch gas at a flowrate of 50 to 500 sccm Furthernore, the H2 or

hydr ocar bon grawndsd andiBFlenengy attwa dilfesont feequenciss oed beotuppléssrth yhechpitain t o t hat  of
N N
oxi de et ch sysitemhaviag balylapolverishawerhdad e ailg ibowered OF atbottom eldigodsSi gnee of
the present [%B%I’]i ¢ atI_til ggged%,l\ﬁf de%gi%/r, %Itlael C%re\t,]\fletngy glasma etching reactor, according
to the process of the invention the etch rate selectivity of photoresist/hardmask to
dielectric advantageously enhanced, the material integrity (resistance to distortion)
15 is reduced, and the smoothness of the photoresist film is increased by the addition of
silane-containing gas, H,, and or hydrocarbon reactants. Furthermore, the addition
of silane-containing gas, H,, or a hydrocarbon gas reduces the amount of bow in a
high aspect ratio contact. In the controlled dissociétion environment of medium
density, dual frequency reactors, the smoothness and physical integrity of the
20 photoresist, as well as the profile of the feature being etched can be regulated by the
B addition of silane~-containing gas, H,, or hydrocarboﬁ ‘reacténts. The addition of
silane-containing gas, H,, or hydrocarbon reactants resulis in the creation of carbon
and silicon rich polymers that can deposit on top of the photoresist and negate the
ion bombardment and chemical etch effects on the photoresist. Silane-containing
25 ‘ gas, H,, or hydrocarbon reactants may be added as a stm&done gas, or via a pre-
diluted mixture, in combination with argon, oxygen, fluorocarbon, and/or
fluorohydrocarbons. The hydrocarbon reactants may be in gaseous or liquid form
before introduction into the chamber, The desired flow rate ratio of silane-
containing gas to fluorocarbon gases is less than or equal to 0.1. The desired flow

30 rate of H, or hydrocarbon reactant to finorocarbon is less than or equal to 0.5.



top el ectrode power of O to 5000 watts, preferably 1000 to 2000 watts, and a
bottom electrode power of 0O to 5000 watts, preferably 1000 to 2000 watts.
"Straight 0.18 pm 30 openi ngs havi ng depths of about 3 pmcan be etched in
about 5 mnutes in a single step with the chanber pressure set at about 15
mlrorr, one or both of the electrodes powered with 1000 watts at 27 MHz and
2000 watts at 2 MHz, using an etch gas mxture of 300 seem Ar, 8 seem 02,
1.5 seem SiH4 or 5 seem C H or 5 seemH2 and 15 seem C4F8. 5 [0054] Figures
1-3 illustrate the effect of silane addition according to the process of the
invention. Figure la illustrates the bg@@d etch profile obtained when using
a conparative etch gas m xture which does not include silane while Figure |Ib

shows an exa of i el ectric.|ayer . having,straight openings he openi ngs
boi g ot chotlisRl e hetafebiib ko R MO AR ABPRE R md i o i n
Figure |a, andesbfipestioh 61 thayRsen? idvamiong Huvweer, teeiientisn showkisnodbé ai ned when
the dielectric etch was carried out for about 4 mnutes in a single step
with the chasersirupsd asdeinediniad ta the pagisylar sbedryents dispussest THusAbof t he

el ectrodes p € i gggﬂ Wedirati 0 seem Ar, 5 to
20 seem 02, a(f){trgl\&d?Vre fégib%ge@[égdr{n&%}% . &rqﬁéFflé %?%dzfég, a tl‘?d?ef%@???c | ayer 6 having
st rai ght Sopemdshizsivg and $t sbiiild be epbresatedjthataristomns nuydeessie ibthase h t he additi on
of 0.5 to 2 seem.Si H, 0055] .The .effect an the 193 mu phot oresi.st of the
same processe@@ﬁ%FFF%E@LT¥km%ﬂ@&ﬁ*PHmﬁpdﬁﬁ%§&%ﬂgémﬁéF@?&?ﬁamFS Sgure 2a, in
t he absence ?fesgl{tlhmgﬁ(gﬂlg RO/ B B folloRegSdlain, exhibits a distorted, winkled
appearance. In contrast, as shown in Figure 2b, the resist 22 is markedly

|l ess winkled with the addition of silane. Furthernore, 20 referring to
Figure 3a, the absence of silane produces a rough post-etch resist surface
30 while the addition of silane results in a snoother resist 32, as shown in
Figure 3b. The addition of silane to the reactive gas inproves selectively to
the 193 amresist by nore than 25% preferably nore than 35% as conpared
with a silane- free reactive gas mxture. _Simlar results can be obtai ned
with addition of either H2



25 or hydrocarbon gas in place of silane or with other silicons containing
gases. [0056] The process of the invention can also be carried out in a
parall el plate plasna reactor such as reactor 700 shown in Figure 4. The
reactor 700 includes an interior 702 maintained at a desired vacuum pressure
by a vacuum punp 704 connected to an=dutlet in a wall of the reactor.

Et ching gas can be supplied to a 30 showerhead el ectrode 712 by suppl yi ng gas
fromgas supply 706. The reactor -19- chanber 700 can be operated as a dual
frequenCé Qarallel Blate processing arrangenent where a first RF source 708
i s coupVBATHS LAMEBIS el ect rode showerhead el ectrode 712 through an RF

mat chi ng network 710. In a |ike manner, the bottom electrode 718 is coupled
to a second RF source 714 through a second RF matching 5 network 716.

Further, each of the RF sources 708, 714 are coupled at one end to ground. A
medi um Hensif V%‘PQQﬁ%‘C'&'% OBRNINASHR A HERSUICIAYReCOMPEENBr above a substrate 720
by suppl ying RP ener fromRF sources 708, 714 to the shower head el ectrode
712 and & bOUPRRHTE & S9iSERN Upos SERSURIRcoh eNbSIRE SUPRALB RigRmaratoh raseiohe

el ectrigcall rounded,.and .RF energy at two different frequencies can be
suppl i éﬁe F'belsfrﬁ% g &l 'qa_IECt@‘F @&?W%‘H@y PAtigrneghPhaterasiph yerAnd) haedmass abgvec oupl ed
reactorﬁ g&gp@l?o be used, e.g., reactors having only a powered showerhead
or onl y"% 'd'H¥"a bottom el ectrode. [0057] In a medium density, dual

frequenc | as etchi ng reacgtor, .accordin to the process of the invention
Lhe etoh r aruPRRTEI P PTG PERT SE TR RIPTRE0 (hPdiatsatben Gas

advant a sly enhanced, the rjal Jintegrjt resistance to distortion) 15
is redu@ggﬁz'%r% L '¥%ﬂ8f“ﬂﬁ%@2&&$yc{'ﬂ@r?ﬂﬁ‘cﬁagr@s'¥&st herq %¢1 an Hér‘%g@bd by the
addi tion of silane-containing gas, H2, and or hydrocarbon reactants.

Fur t her@ygen-cantaininglaas, iabs (Viodn enticas] énesiogasawvheraig togilow Fate ragie ohhyeyetadeir bon gas
reduces the anount of bowin a high aspect ratio contact. In the controlled
di ssocigsiteuasecarpyyensHs less thapdr gaval ehi8i ty, dual frequency reactors, the
snoot hness and physical integrity of the 20 photoresist, as well as the
profile of taHergfzng the stchantagsdite Aetpsaarstaie 3€gul ated by the

etching openings in the dielectric layer with enhanced photoresist and/or hardmask to
dielectric layer selectivity and minimal photoresist distortion or striation, wherein the dielectric
layer includes a stack of layers of low-k materials with or without etch stop layers therebetween,
the openings being etched to depths of at least 2 pm and the C,F,H, forms a protective sidewall
polymer on sidewalls of the etched openings; the hydrocarbon reactant maintains a desired
concentration of polymer precursor species in the reactor; and the oxygen-containing gas

maintains a desired thickness of the sidewall polymer.

2. The method of Claim 1, wherein the plasma etch reactor comprises a dual-frequency
medium-density capacitively coupled plasma reactor including an upper showerhead electrode
and a bottom electrode, RF energy being supplied at two different frequencies to either the
bottom electrode or at different first and second frequencies to the showerhead electrode and

bottom electrode.



addi tion of silane-containing gas, H2, or hydrocarbon reactants. The addition
of silane-containing gas, Hz, or hydrocarbon reactants results in the
creation of carbon and silicon rich polyners that can deposit on top of the
phot oresi st and negate the ion bonbardnent and chemical etch effects on the
phot oresi st. Silane-containing 25 gas, P2, or hydrocarbon reactants may be
added as a standal one gas, or via a pre- diluted mxture, in conbination with
argon, oxygen, fluorocarbon, and/or fl uor ohydrocarbons. The hydrocarbon
reactants e_Iy be in gaseous or apld form before introduction into the
chanber? h&é%ftfh%offqlaw # dtt@r%t Shewerbpaciplectraderis aunplied) 50kt 3060 watts
quorocarbon ases is less than or equal to 0.1. The desired flow 30 rate of
H2 or HIRTREFYFNRe Betian elestrade o ppirh el lo$00@ watts REIRF ereraual to 0.5. - 20-
[ 0058] The foregoing has described the principles, preferred enbodi nents and
nodes of operation of the present invention. However, the invention should
not be con;&@uedﬂgggbelng limted to the particul ar enbodi ments di scussed.
Thus, the Glaeg! osERIR AR RE sb@H%ﬁH’Fd'eBéo the gamirendegionsubsteate at i ve

rat her than strictive, and it should be appreciated that variations may
be mad lVﬂgpﬁﬁﬁg“m%ﬂﬁ%dlnents by workers skilled in the art without departing
fromthe scope of the present invention as defined by the follow ng cl ai ns.
al  WHAT IS CLAIMED 1S 1. A nethod of etching openings in a dielectric |ayer,

conprisin up a sem conductor substrate on a substrate support in a
pl asma tch 85@% ‘J&qt'ﬂ@ g%@f‘?‘%\ € PRRAFHITJN Iechi@eoiFh £23ckey &5 Wred0a pat t er ned

phot or esi st nd/ or, hardmask %ove t he |l ectric layer; supplying to

t he pl a{EJFer %?c@%%ee OISty Oéﬁ'ten%\’l%tr %§”Qﬂ9ﬁtﬁ§|73i ﬁéo 1¥9°Ca 1 uor ocarbon” gas
(CXFYH,, where x>_1, y?1, and z?0), (ii) hydrocarbon gas (CxHy, where x?1 and
y? 4), (iii) oxygen-containing gas and (iv) an optional inert gas; wherein

the fl Oél.v rat‘f%ern%tl!tod &fCIalXtd{ erem {Pte openings comprise vias, contacts, and/or trenches

of a dual damascene, self-aligned contact or self-aligned trench structure.

7. The method of Claim 1, wherein the openings are 0.3 um or smaller sized openings
having substantially straight profiles wherein top, middle and bottom critical dimensions of the

openings are substantially the same, and the openings have an aspect ratio of at least 5:1.

8. The method of Claim 1, wherein the openings are 0.25 um or smaller sized openings
having substantially straight profiles wherein top, middle and bottom critical dimensions of the

openings are substantially the same, and the openings have an aspect ratio of at least 10:1.

9. The method of Claim 1, wherein the dielectric layer comprises doped or undoped silicon
didXide, BPSG, BSG, FSG, PSG, TEOS, thermal silicon oxide or inorganic low-k material or
organic low-k material, the dielectric layer overlying a conductive layer selected from the group
consisting of Al, Al alloys, Cu, Cu alloys, Ti, Ti alloys, doped or undoped polycrystalline or single

crystal silicon, TiN, TiW, Mo, silicides of Ti, W, Co and/or Mo or alloys thereof, the



gas to fluorocarbon gas is less than or equal to 0.5; energizing the etchant
gas into a plasma state, and etching openings in the dielectric layer with
enhanced photoresi st and/or hardmask to dielectric |layer selectivity and

m ni mal photoresi st distortion or striation, wherein the dielectric |ayer
includes a stack of layers of lowk materdals with or w thout etch stop

| ayers therebetween, the openings being etched to depths of at |least 2 m and
the CXFYHZ fornms a protective sidewall polymer on sidewalls of the etched
openi ngs; the hydrocarbon reactant nmaintains a desired concentration of

pol ymer sEieQNdyBter sybstratednalydingan eriigaalstop layen apder BRYyErerEsiaciEdiTamysities

mai ntains a desired thickness of the sidewall polynmer. 2. The nethod of O aim
1, wher enifidgrdican sarmkidesy éﬁcqré%ﬂtﬁ’ﬂde&yﬁbﬁhﬁg@i%éﬂcd@(ﬁr-af‘ii”'ét]B%tWEW theetiglepticdensi ty
capacitively coupled plasma reactor including an upper showerhead el ectrode
and a boRtiANdYEef¥8e, RF energy being supplied at two different frequencies
to either the bottomelectrode or at different first and second frequencies
to the showerhead el ectrode and bottomelectrode. ~la 3. The nethod of
Claim 2, wherel n the showerhead el ectrode is supplied 500 to 3000 watts of
RF ener g§)0 and"teeethes P éd‘(%%l%theset%fiﬂﬂbg?se@%@eﬁ 8" gt easae'ected fromrE
energy. 4. The method of O a wherein an RF hias is applied to the

sem cond’iﬁ‘@t%‘f‘“%‘i?ﬂ%‘?tf@tcg HedUﬁ ng?ﬁédé‘férl’ﬁ Rgt Q?%Be'”gs”pﬂli%d f‘ﬁBH‘s'ﬁ‘P &8hai m 1,
wherein the pressure. in fhe BI asma etch reactor is 5 to 200 mlorr and/or the
t enper at [‘Fraét°g?tatf @iT1a:10 Qﬁiﬁ%rt is -20C to +80C. 6. The nethod of Caim
1, wherein the openings conprise vias, contacts, and/or trenches of a dual
damascene, self-aligned contact or self-ali gned trench structure 7. The

method of Clagm1l vvhe he o s are 0.3 mor ed OReni ngs
naving sthst a 6 P90 S8 Claly hewhsrlr ecchghbien SPrAGEe RGia) BECHh G GIED
critical di n3|83§ g’fc t he OApenl ngs are substantially the same, and the
openi ngsStFaVEz ZRS d8Q 8100 'of at least 5:1. 8. The method of Caimi1,
wherein the openings are 0. 25 mor snaller sized openings

12. The method of Claim 1, wherein C,F,H, comprises at least one hydrogen-free

fluorocarbon and/or at least one hydrogen-containing fluorocarbon.

13. The method of Claim 1, wherein the etchant gas comprises 3 to 100 scem C,F,H;, up to

500 sccm oxygen-containing gas, and 5 to 1000 sccm Ar.

14,  The method of Claim 13, wherein the oxygen-containing gas is selected from the group

consisting of O,, O;, CO, CO, and mixtures thereof,

15. The method of Claim 1, wherein the etchant gas comprises 5 to 50 sccm C,FyH,, (where
x21, y21, and z20), 2.5 to 25 sccm hydrocarben gas, 5 to 100 sccm oxygen-containing gas, and

100 to 600 scem Ar.



havi ng substantially straight profiles wherein top, mddle and bottom
critical dinensions of the openings are substantially the sane, and the
openi ngs have an aspect ratio of at least 10:1. 9. The method of daiml,
wherein the dielectric |layer conprises do§$d or undoped silicon dioxide,
BPSG BSG FSG PSG TEGCS, thermal silicofn oxide or inorganic |lowk materi al
or organic lowk material, the dielectric layer overlying a conductive |ayer
sel ected fron1the group consisting of Al, Al alloys, Cu, Cu alloys, Ti, Ti

|1 : d I tal l T M
54", PR G5 L o S
sem conduct or _substrate inc] udin ignal sto n ayer
el ect edH POFFEFPTIEORS SR 978 SLOPIRR B ST Era o oot PR @RALS @00y er
the dielectric Ia¥er andlgwébetmeen t he dlelectrlc and conductive |ayer. 10.

The met h¥EbPYEFLEFHRAINNIFLENEM B3 he et chant gas conprises an inert gas
selected from the group consisting of He, Ne, Kr, Xe and Ar, the inert gas

bei ng supplied to the plasma etch reactor at a flowrate of 5 to 1000 sccm

11. Th th h ' 0

Cis, up T 201 BECT BECAIm A HiteP e Da et o oS e e e B N 1
wh XFYH t f b d/ t
oast. Bneaﬁ@afgéé%i%%?ﬁ?mrasss Hlnsr ey 55 296 SRR D- st brctBE e m L,
wherein the etchant gas conprises 3 to 100 sccm CXFYH,, up to 500 sccm
oxygen-contai ning gas, and 5 to 1000 sccm Ar. 14. The nethod of Claim 13,

wherel n yhe Oxy0R0rEat Bl 90,8205 SEUERLTL (VLPIBLHIR L8 SR G 1O of

02, 03, and t here S Al Fein the

et chant ﬁ@%m?e% rrrhoﬁ'g ﬁwa% 315§> ?\g r%%%@elcé‘é'lz \égza &%%Fe% wﬁﬁ’)alhy&(oc]a'rbo%nlgedezet%t 2.5 to

25 sccm rocarbon-gas, o] sccm-oxygen-contar ni ng gas to 600
sccm Ar. 16. The nethod of Claim1, wherein straight openings are fornmed in
the diel &%ric | ayer using an oxygen-containing etchant gas supplied to the
pl asma etch reactor at a flowrate of 5 to 500

19. The method of Claim1, wherein the etchant gas comprises 5 to 30 sccm C4Fg, 2.5t0 25

sccm hydrocarbon gas, 0 to 20 sccm O, and 100 to 500 scem Ar.

20. A method of etching openings in a dielectric layer, comprising:

supporting a semiconductor substrate on a substrate support in a plasma etch reactor,
the substrate having a dielectric layer and a patterned photoresist layer and/or hardmask above
the dielectric layer;

supplying to the plasma etch reactor an oxygen-free etchant gas comprising (i) a
fluorocarbon gas (C.FyH;, where x 2 1, y 2 1, and z 2 0), (i) hydrocarbon gas (CxHy, where x = 1
and y 2 4), and (iii) an optional inert gas; wherein the ratio of hydrocarbon gas to fluorocarbon
gas is less than or equal to 0.5,

energizing the etchant gas into a plasma state, and

etching openings in the dielectric layer with enhanced photoresist and/or hardmask to
dielectric layer selectivity and minimal photoresist distortion or striation, wherein tapered

openings are formed in the dielectric layer using the oxygen-free etchant gas and wherein the



sccm oxygen-contai ning etchant gas. 17. The nmethod of Caim1, wherein the

et chant gas conprises CA4F6 and 02 supplied to the plasnma etch reactor at
flowrates having a flowrate ratio of C41°6:02 of 0.5:1 to 3:1. 18. The

met hod of Claim1l, wherein the addition of a hydrocarbon gas to the etchant
gas inproves by nore than 35%the resistySelectively as conpared with a

hydr ocarbon-free etchant gas. 19. The nethod of Cainm, wherein the etchant
gas conprises 5 to 30 sccm CAF8, 2.5 to 25 sccm hydrocarbon gas, 0 to 20
sccm 02, and 100 to 500 sccm Ar. 20. A nethod of etching openings in a

di el ect ﬁt@aﬂfa@?ércowlf’ﬂﬁ?ﬁ?rs'ﬂﬁ@ gas Rieried from the aewn exnsistiog efHe (s Kr.ateansira
substrate support in a plasma etch reactor, the substrate having a

di el ect theinpggas b%!ﬁgjs%\opﬂﬁ@ fodhp elpspRGEGTeastet at pdlpwiratanifde 1ASH SRk above t he
dielectric layer; supplying to the plasma etch reactor an oxygen-free etchant
gas conprising (i) a quorocarbon gas (C'FYH,, where x >_ 1, y ? 1, and z ?
0), (||) hydrocarbo & where x ? 1 and y ? 4), and (|||)

opt i onal 2% herhe é‘%fé % W@erﬁﬁkth%pﬁﬁmﬁf&hdﬁﬁ?gﬁ”@%e% @)dW'U@ﬁ'c'Rf‘&Vbon gas
is less than or equal energi zing the etchant gas into a plasnma state,
and etcH’i"?@”ﬁ‘ﬂ@ﬂ?“ﬁﬁ?p?W'VFWé”HP'Eﬁ’ a%?m%eag%w}c'wtg@r\m ARMSESRSPeR and/ of
har dmask to i el ric sel ectivit n hot or esj st distortion
o str; ¥ GotRARATOE Jpo ey Bt piRpedp e W i o fgea i et o 1 ayer
usi ng the _oxygen-free et han s, and ereln e et han es an
"hers odonaEidkRat ra ARt b At ey BeiReier s AR e e GR R The
inert g s beln ?#gplled to the plasnma etch reactor at a flowrate of 5to
1000 sc met hod of C aim 20, wherein the plasma etch reactor

conprises a dual frequency nediumdensity capacitively coupled plasma
reactor including an upper showerhead electrode and a bottom el ectrode, RF

I ff ith
o ecty o of ThE MRty Sy sd, BheieRiALRE biss Y Mfehhe eSO fne L kel o
electrod(ﬁrI %eé%ﬁﬁé) electrode.

23. The method of Claim 20, wherein the dielectric layer includes a stack of layers of low-k
materials with or without etch stop layers therebetween, the openings being etched to depths of

at least 2 mm,

24, The method of Claim 20, wherein the C,F,H, forms a protective sidewall polymer on
sidewalls of the etched openings and the hydrocarbon reactant maintains a desired

concentration of polymer precursor species in the reactor.

25, The method of Claim 20, wherein the pressure in the plasma etch reactor is 5 to 200

mTorr and/or the temperature of the substrate support is -20°C to +80°C.

26. The method of Claim 20, wherein the openings comprise vias, contacts, and/or trenches

of a dual damascene, self-aligned contact or self-aligned trench structure.



22. The nmethod of C aim 20, wherein an RF bias is applied to the

sem conduct or substrate during the etching step. 23. The nmethod of C ai m 20,
wherein the dielectric layer includes a stack of layers of lowk materials
with or without etch stop | ayers therebetween, the openings being etched to
depths of at least 2 mm 24. The method oPeCl aim 20, wherein the C XFYH,
forms a protective sidewall polyner on sidewalls of the etched openi ngs and
t he hydrocarbon reactant maintains a desired concentration of polyner
precursor species in the reactor. 25. The nethod of C aim 20, wherein the
pressuré’in { Remsthedeh Claine R0, whereip thg %’e'Sth'B'aXErOCO”?ﬁTGﬁ doped/BUNE9REdt enper at ur e
of the substrate erJ:pport is -20C to +30C. The nethaod of C aim 20, wherein
the opefFRsdiRttH BRSS: \ﬁs% FS@oﬁtSchrEOSaWSV”EﬁI sjiFL@fiRsor Ipgraanicylourk pgielalcene,

sel f-aligned contact K or i ed trench structure. hod of
& i i 26r Sk BE et Hradie Byl cigee i ceet g SEeaiRdpBte o1 | | con

e R e G L T FEL BTl AR
. Cu, Cu
Py AT ST B BT e B2, 0%

| Mo th f
the senpBiEsulias pabdng ﬁe|°amwrbéfar\ﬁvawta"§r?arma§r@aefé%ﬁie% 0P SOk
| l.e bi d trid
ovor t haies Pl DR Cn R Siasdie SRBCHF B aTErE belinsn S adE e e | O
| ayer thod of Claim20, wherein C' FYH, conprises at |east one
hydroger"i""f'|‘:8'éd%c{’TE €l8¥%car bon and/or at |east one hydrogen-cont aini ng
fl uorocar bon.

28. The method of Claim 20, wherein C,F,H, comprises at least one hydrogen-free

fluorocarbon and/or at least one hydrogen-containing fluorocarbon.



