4 3 NETHOD¢FOR ANl SOTROPI CALLY ETCHI NG TUNGSTEN USI NG SF6{4 % ;_;B’-;.-.Qmm;mz {The
present invention relates to a nethod for etching tungstené"tf’ti‘ﬁ%‘él N
material on a substrate. 5 In integrated ci rcuﬂﬁfﬁ@ i...cé«ﬁi-ggn,
refractory netals, such as for exanplg tungsten, tantalum tit?ﬁi@% T
nol ybdenum and their siicides formhigh I ty, Vhi speed,
electrically conductive i ﬁﬂéﬁé@ﬁ?ﬁﬁ%%ﬁ%@&a%{%lrt‘fcgm'g@ﬁ% ugs for

el ectrically connecting acti ERIQN. EP0 4RI orngd on silicon or
gal | i um ar seni de substr at es.wégﬁﬁ&,c%@ %‘8“ prs'o§§§sl?z a "ol anket tungsten
| ayer is deposited over an underlying titanium titaniumnitride,
titaniumtungsten, which serves as an barrier or adhesion layer. This is
foll owed by a masking step in which patterned photoresist features are
formed over the tungstemyé ay&dent TRvdriiom reRt& BN RREAod foP@8ciifg ktiggsten
substrate, an etch sfep is used to renove the tungsten material fromthe 15
regi ons not copetaninpynaterialgitos subsirste.f eat ures. Tungsten | ayers can al so
be used for filling openings to formelectrically conducting contact plugs
bel ow i nterconnect wiring |layers, by chem cal vapor deposition of a bl anket
tungsten lgyer that fil|SintdftafRPBirE\@s fabricbtish\eefridtoft mbtdls ffchtdefdil anket
tungsten layer to formthe desired configuration of interconnect |ines
and/or 20  plexgmpleTiungstesn tartaliur, Hitapiwm f ©plybdenumnans: beifradinides, mse and
contact plugs 1) . tun en. ha hi.ah |t 1 emer at ur e, of
about 341 0C c“gﬁ-ﬁm@f’é é?gg'l %erﬁ% ?\t&mﬂ\'/éh %%eaer‘rjéle@gﬁ%f’ @8&%‘%’}/8@}%@% ee%ﬂ | ows
hi gh t enper at uihes ArORE 86hH 128t Pludshidr EBticaAl Conhédtingt a0Ngs tsemicadtideting
reduced el ectromgration or diffusion when applied over a siljcon |ayer,
(iii) tungstereyises formad an gilicAnArigaliin atsepdpsubavaiess IkRd¥BgRhg

600- 700[ ] e ] - W L iEGhHat ur es
of 250[ eﬁq C %( ?(\:/%,ggtéﬁégag'k( gﬂ]‘%‘%ﬁaﬁﬁhé’%é né"rﬁg# :Ogggarrgéri‘éfg@ﬂrgo{r'e uni form

filling of hi ghasiapetitrideatitanicmrtungister, waisich bervbe s shdparig e rahesioand
reduced formation of electrical discontinuities that cause shorts or
br eaks. 30 layer. This is followed by a masking step in which patterned photoresist

features are formed over the tungsten layer. 'To form interconnect lines on
the substrate, an etch step is used to remove the tungsten material from the
15 regions not covered by the photoresist features. Tungsten layers can also be
used for filling openings to form electrically conducting contact plugs below
interconnect wiring layers, by chemical vapor deposition of a blanket
fungsten layer that fills the openings, followed by etching of the blanket
tungsten layer to form the desired configuration of interconnect lines and/or
20 plugs. Tungsten is desirable for both interconnect lines an_d contact plugs
because .(i) tungste.n has a higher melting temperature of -about 341 0°C
compared to aluminum which melts at 660°C, which allows high
temperature processing of the substrate; (ii) tungsten exhibits reduced
electromigration or diffusion when applied over a silicon layer, (iii) tungsten
25 reacts with silicon at temperatures exceeding 600-700°C, whereas aluminum
reacts with silicon at lower temperatures of 250°C, (iv) tungsten deposition
generally provides more uniform filling of high aspect ratio contact plugs,
better step coverage, and reduced formation of electrical discontinuities that
cause shorts or breaks.
30



2 Conventi onal processes for etching tungsten containing |ayers use a
capaci tive R E plasma of hal ogen-contai ni ng gases, and nore typically
fluori hated gases, such as CF4, SF6, CBrF3, and NF3. One problemwth
conventional etching processes lies in their inability to anisotropically
etch tungsten containing |ayers to provide, features having substantially
vertical sidewalls which are not inwardly ©r outwardly tapered. Excessive
etching at the sidewalls_of the etched fg%tures results in the undesirable

i nwardi'y or outwardly s|OPRENEPRRIRIPFESSEBIRR/ATINGTHNITEM GOPANIRY (Y SHEt hods
that provide 'ﬂ%g%ﬁﬁéjci% ﬁ@ﬂilg%‘g% SR - ?aiﬂiﬂé?\%g?#%darﬁo%ygiﬂﬁﬁ or

CHF3 to formt passi vati ng posits on the si s of t t ched
features to reflusrindted gasest atclets KIFRgSFaLRI€ganidiéiy. | One) protidern vEth .

Technol . B, page 3272 (.1985). However, these. nethods offen resylt in etched
f eat ures whi chg%‘(?ét’%a’ et?ﬁ'%ﬂ%rp“éﬁeﬁéﬁ%f'%g‘ iripgbiigy 4@ apisetrepicefe ettt r eased

thi ckness g tamgRARSIHRAIhAG létérg‘d) Qﬁ&viﬁ%@&u% He¥ihg! bR tnkiafty ﬁf@ﬁﬂza!

sidewal I s of thefeatures as the etch process proceeds to conpletion. In
yet anot her nesidedaligyehian areurodsnwhrdbFef CBtwardiy tagBed CHixXGessiee etaking ot

reduce undercuttin t these m xtures nonet hel ess yield isotrapic
brofttes i th Eaatamelee! B Stolidiar e rgia nuhe ondestiable PRadl dte
feature, as fog,u@y@mglﬁopéaigi@é\pgm in Tennant, et al., J. Vac. Sci.
Technol . B, page 71836 (1989). In yet another etching nethod, as described

in US. Patent No. 4,992,136 to Tachi, et al., the tungsten filmis etched

-using (1) ;an etchant gas.such .Cl 2 or SF6;and (.1 ssivating film
formng h&?ogen gas cont crrmeﬁao %&anﬁe o&?'&ﬁﬁt@%‘ﬁg@?ﬁ%&h 92'5'0%31?%% surface
of the substragiselipio @taHindLeE gasascsuctsad"ChA, NIGH4r CHFE-Bo féehitnick SI F4, or
SiCl4. However, this nethod generalj@%é provi des tapered angles for the

si dewal | s of tPesséatingdepesitupeihesidewalisiaf the etphed ifeatlitestto rgdues sel y

o orecnohorghfa SR P A0Ra 0, Ve TR AR AT L0
when a (11985). However, these methods often result in etched features which have
15 wider diménsions at the base due to the increased thickness of the
- passivating film that forms on the freshly etched sidewalls of the features as
the etch process proceeds to completion. In yet another method, gas
mixtures of SF,/CBrF, or SF,/CHF, are used to reduce undercutting, but
these mixtures nonetheless yield isotropic profiles with substantial
20 undercutting at the base of the etched feature, as for example, disclosed in
Tennant, et al., J. Vac. Sci. Technol. B, page 71836 (1989). In yet another
etching method, as described in U.S. Patent No. 4,892,136 to Tachi, et al.,
the tungsten film is etched using (l) an etchant gas such CI, or SFg;.and (ii) a
passivating film forming halogen gas containing C or Si to form deposits on
25  the surface of the substrate during etching, such as CCi,, CF,, CHF;, CHCl;,
SiF,, or SiCl,. However, this method generally provides tapered angles for
the sidewalls of the etched features because it is difficuit to precisely control
the ratio of the etchant gas to the film forming gas during the etching
process, particularly towards the completion of the etching process when a

30 high concentration of volatile passivating polymeric species is formed in the

etchant chamber.



30 high concentration of volatile passivating polyneric species is forned
I°‘n t he etchant chanber. 3 Conventional etching processes also often fai
to maintain the critical dinmensions of the etched features, which are
predefi ned and desirabl e di nensions of the etched features, used to
determ ne the electrical properties of the etched features, in the design
of integrated circuits. The critical 5 di nmensi ons are those di nensi ons

that have a significant effect on the electrjcal erties of t t ched
features. In nodern int &S"Pé’?%"’bai’ Ficu 'T%P%[cﬁééﬁ%iaarluseoo‘é\ﬁg%}ﬁaél t_gfm%ﬁ‘faéﬁgla%nect
lines and di amgitRapditdensdnb as thd btidiedetUpes; Gvhicl) aleSTE @S HiIRNY §68ably 1O
| evel s bel ow 0.25 nmicrons, to accomobdate higher -circuit densities.

Because the eld@enpioas of &e etchpd feasprashaised fe detgrraige tke elegtriqst Braeriigfhal to
the cross- SeCft.de[ﬂglet@ﬁ ue%ft*r&?,qn gﬁ& ngigkeoqtiﬁ‘tre?ﬁage Lirdufts! nﬁ\%rérﬂon:%l to

mai ntai n consi stent an or'm di rensrons w ut vartiations across an
et ched fea ur dimenbiehgeenttidisé fdimemdions tHat dhalve atsigréficant affect org tleg 0Ss-
sections, cross-sectional profiles that vary as a function of the spacing
bet ween t he f¢leqirigd prapergesof theagtiched Spatures. (IAaNQdent integrgted Fiecuitsatif es i s

no 15 | onger aaGrAhaB fudBoRRALiRed Bh8 Uit dr Gttdct ol HiCaE ebbhity

di nensions are typically nmeasured as a ratio or erence between t
wi dth W of tHhacreasingly smedleute evalschdlbe 028t hickinspfo advemmesdatedighert ched
features. The. ¢l oser the w _dth of thq et ched featurfz to that of the resist

feature the nor@UPreaistiean|BecarRP e slapiricalireistance of Bespifedl et Sperti es of
the etchegyf e@éraﬁsmo%lgn thhige. Vr\?l%sc-ie%ti%é! 53R 5? thO MAYE féRtBeQCRSS ihpsrt8hChi Ng

tungsten- containing |ayers exhi bits ani sotropic etching and provides
et ched f eat ur & mhaintaig consisteat tind uhifosnh rdirnghgions dihalt \ariations of Aorosker

e 1o e cRb el 0652 22tk S RA IR e B Dot i
1; or p; 2; \e/; fihin%fciﬂlbfr?nge\ﬁéssi—@e&mbbéﬁofi[é%whﬁﬁda@% ARINRLISIO BY kY sgdingg f Or mat i on
. 9l:;i'ez’cween the features, or other variations in the profile of the features is no

15 longer accéptable in modern integrated circuits. The critical dimensions are
typically measured as a ratio or difference between the width W, -of the resist
features and the width W, of the resultant etched features. The closer the
width of the etched feature to that of the resist feature the more predictable
and reliable are the electrical properties of the etched feature.

20

Thus, it is desirable to have a process for etching tungsten-

containing layers which exhibits anisotropic etching and provides etched
features having substantially straight sidewalls. It is further desirabie for the
etching process to provide etched features having consistent and

25 reproducible critical dimensions. It is also desirable for the etching process
“to exhibit reduced and more controllable formation of passivating film
deposits on the sidewalls of the etched features. It is further desirable for
the etching process to have a large processing window tolerant of process
fluctuations and provide a high process throughput.

30

The present invention provides highly anisotropic etching of

tungsten containing layers on a substrate to provide low loss of critical



deposits on the sidewalls of the etched features. It is further desirable
for the etching process to have a | arge processi ng wi ndow tol erant of
process fluctuations and provide a high process throughput. 30 The present
i nvention provides highly anisotropic etching of tungsten containing |ayers
on a substrate to provide |ow | oss of critical di nensi ons and prevent
excessi ve deposition of thick passivating filnms on the etched features. In
one aspect of IidifReMBémOshd bfé@eﬁygﬁéers@% dépo@itﬁﬁ%q'thl@k aﬁl@aﬁlﬁnﬁlﬂﬂfonqw a
process gas conprising SF6, CHF3, and I's I ntroduced 1 nto asna
zone. A pl asrraemrf&@‘emes rmmmesmwsbe@mhw dhesu!b:-’neeté is ptacagsm @n

bst. t 'l
(T Wit nout -1 Slashib ol B8R Ak St o4 PR rGBR 6o & nnol-an i oatlied The
vol unetric fl OWhtbethb@Ié%fnaSEﬁmeC"E?lené §eﬁ@\4a€€6 ﬁslmStﬁe bhdest lg8s levQost emﬁﬁ hat

containing layer is etched to provide etched features having sid
f orm angl e® of tangstemsentaising lage( en the \ﬁubﬁl’@tes{l}rsﬁhsienwﬁllytdmscima;aﬂme

Preferably, th ow ratio of SE6; lto
mbout 8101 1 T WEDOUsnMe P terdvE paSaNp LS5 PehS hBeTats 7o
placed in a pr eorAvettbABhEratioIEF SCAB,: N, is Bél@&@&%o@ihaﬁ%éqgﬁ%stbher ein, and
15 (i) an inductor coil adjacent to t process chanb process gas
conpri si ng SF6confairing kaygr ietred i PU@)\G@%GTQWdthH@SMU@sSJdeWaHﬁ)mat The
rocess gas is b a r I i mpi nge on
Itohe substgr ate li):?/ h@g%% ;?f %g%@amn %?Cr%s tg%vvgﬁatlr% el to the

i nductor d@ |, medrdniy Ytheppluyiettc IﬂﬁwlﬂittcﬁcﬁsaatCHF; ?@Wﬂorﬁ%ﬁt heyvaltd o the
process 20 ctr (je The power ratio Pr of the first power level to the
second power Iéggﬁ‘ é) iel ected so that the tungsten containing layer is
ani sotropically etched w thout excessive deposition of passivating materi al
on the substrate. These and other features, aspects, and advantages of the
25 present invention winldncbiesrcaspebebf eie predentshonddf thersubeerateld owi ng

dr awi ngs

placed in a process chamber comprising (i) process electrodes therein, and

15 (ii) an inductor coil adjacent to the process chamber. A process gas
comprising SFg, CHF,, and N, is introduced into the process chamber. The
‘process gas is ionized to form plasma ions that energetically impinge on the
substrate by (i) applying RF current at a first power level to the inductor coil,
and {ii} applying RF voltage at a second power level to the process

20 electrodes. The power ratio P, of the first power level to the second power
level is selected so that the tungsten containing layer is anisotropically

etched without excessive deposition of passivating material on the substrate.

These and other features, aspects, and advantages of the
25 present invention will become better understood from the following drawings
and description, which show and describe examples of the invention, and

from the appended claims, where:

Figure 1a is a schematic partial sectional view of a substrate

30 :'having a tungsten layer and a patterned resist layer thereon;



and description, which show and descri be exanpl es. of the invention, and
fromthe appended clains, where: Figure 1 ais a schematic parti al

sectional view of a substrate 30 having a tungsten | ayer and a patterned
resi st | ayer thereon; 5 Figure 1 b is a schematic partial sectional view
of the substrate of Figure 1 a after etchigg of the tungsten |ayer show ng
substantially anisotropically etched features; Figure Ic is a schematic

partial sectional view of.the trate of Figure 1 b after_stripgping the
resist layer; and Figur eE:?LFes@géﬁg_ﬁgﬂagc\ﬂ%ﬁf?ﬁcm Ve off §‘ﬂ§é@g?on of
a process cham#Figure tiakdfter fe@ehifg B¢ thé kil stdieIagbe s dViing's068SHtially t he
present 10 invention. The etching process of the present invention is

useful for et cHiNfgtiopicgly etehedifeativieésig | ayers formed on a substrate 10 with
hi gh ani sotropy and reduced passivating deposits, and good etch rates. Wth
15 reference to Figures lato 1 c, the present process is used to etch a

substrate ¥ made of anyFigateele & a ss8hematis pgitRs$ Sectiotahiieds ofBieddubsp@ky Mer ,
or a sem conduct(?__r substrate, for exanple silicon or gallium arsenide

wafers. A di el &tr9ure 1Ratter strinping tha resésidavesi anhdoped si |l i con di oxi de,
silicon nitride, BPSG or PSG (which is typically about 100 to 3000 A
thick) is formed on 20 the substrate 10. The substrate 10 is descumed to
renmove the native oxide Figyer 2 dsatsbhesiatic Gigw Groérical ¢rgss sedtrtest 4 ypi cal |y
usi'ng an 2 plasma. A b% barri er or adhesion | %_er 20, such as a | ayer of
titanium (Ti), PFPEEERIC Bhedtabie foriRragticing the ighingnpraress efcthewmenfavi ng a
thi ckness @f 10Q/dn@os000 A can al so be deposited on the substrate 10. A
t ungst en-cont ai ni ng 25 | ayer 25 is deposited on the substrate 10 by
sputtering froma tungsten target, or by chem cal vapor deposition from
tungsten source gases, Schh a%. t ungst en pexaf | uoride (WF6). For exanple,
conmonl y assigned U.S. P leeeﬁt[c ing process of the present invention is useful for
etching tungsten containing layers formed on a substrate 10 with high
_anisotropy and reduced passivating deposits, and good etch rates. With
15 reference to Figures 1a to 1c, the present process is used to etch a substrate
10 made of any material, such as glass, ceramic, metal, polymer, or a
semiconductor substrate, for example silicon or gallium arsenide wafers. A
dielectric layer 16 such as doped or undoped silicon dioxide, silicon nitride,
BPSG, or PSG (which is typically about 100 to 3000 A thick) is formed on
20  the substrate 10. The substrate 10 is descummed to remove the native
oxide layer on the silicon containing surfaces typically using an O, plasma. A
thin barrier or adhesion Ia_y_er‘ 20, such as a layer of titanium (Ti), titanium o
~ tungsten (Ti-W), or titanium nitride (TiN) having a thickness of 100 to
1000 A can also be deposited on the substrate 10. A tungsten-containing
25 layer 25 is dgposited on the substrate 10 by sputtering from a tungsten
target, or by chemical vapor deposition from tungsten source gases, such as
tungsten hexafluoride (WFg). For example, commonly assigned U.S. Patent
No. 5,600,249, to Telford et al., which is incorporated herein by reference,
describes a chemical vapor deposition process'for depositing WSi, films via
30 plasma enhanced chemical vapor deposition of tungsten hexafluoride and

dichlorosilane. The tungsten containing layer 25 typically has a thickness of



No. 5,500,249, to Telford et al., which is incorporated herein by
reference, describes a chem cal vapor deposition process for depositing

Wsi, filns via 30 pl asma enhanced chem cal vapor deposition of tungsten
hexaf | uori de and di chl orosilane. The tungsten containing |layer 25 typically
has a thi ckness of 6 about 500 A to about 10000 A, and is deposited by a

| ow tenperature RF biased sputtering prode&sses. Conventional
phot ol i t hographi ¢ nethods are used to forma 5 patterned resist features
30 covering t#eout AR Acte aout J080AA | andeis d2Bositetcby edowttempeaturaBFng

f eatures di rregsi onedua(\cr(l:ordri ng to the critical dinensions of the features
desired to be ’8?%‘?188 LR, RMqe ?ﬁgessten containing layer. In this step, a

| ayer of resist such as "Rl STON' photoresi st manufactured by DuPont de
Nenours Chem cal Oorrpané, is applied on the tungsten containing |layer 25 to
a thickness of about 0.4orverdignak phtdlithparaghic miekhodsgre usedir fRrELa30 are

e exposel  cPATRYERbASlect iR 39 ARBfa Phe AEBRE bR e8P AE R o™

desired confi gsisatiay Havingeebtired EMiaHsRedGiccéidirg td e &itiddl Ainénsieass, the
protective resist features 30 result in formation of the etched tungsten 15
cont ai ni ng f e@f thecteatisres gesisgthtmbe atabed in Ehg NGRSy efTtRiBING laMer. r sthiRial
resi st featur 3 r jo | ' es to
br ovi de. & SubSEPabd i diFERNE s SO Blorp &S| FanlFReBbpICET
Fi gure 1c. 20de Nemours Chemical lGompanys issapplied toai the ngngstge cofainingedydied in a

process chanber 50, such as_for exanple, a_ "DPS' ch er, . schematically
i |l ustrat®d i§5ﬁpgwg-°_ ,esaﬁ_& aEB%'ﬂg%aﬂehwtdvg%'%Pe. & SHISAIBPIUERP Materi al s
Inc., Santa Chglade defhéd QEiHb%onl?@ﬁtﬁdr%ﬂﬁth%gratp'ﬁg:sﬁogg% if %‘i‘i@ﬁrth@_rrﬁist

described in U 'S, patent application seri 7,445, entitled "RF
Pl asma React olayer tshexdosed Itly arpatite@o ofl lightothraugh M ask-tRatdcerse fpomes @aithé ng”

Fns O ebr B ook RginciSh S8k farlils ' AR B erchgrstoRBs L3R Ty 19
- protective resist features 30 result in formation of the etched tungsten
15  containing lfeatures 35, as shown in Figure 1b. Thereafter, the residual resist
features 30 are removed by conventional resist removing processes to
provide a substrate comprising etched tungsten features 38, as shown in

Figure 1c.

20 The tungsten containing layer 25 is etched in a process
chamber 50, such as for example, a "DPS" chamber, schematically illustrated
in Figure 2, and commercially available from Applied Materials Inc., Santa
Clara, California. Portions of the process chamber are described in U.S.
patent application serial nos. 08/597,445, entitied "RF Plasma Reactor with

25 Hybrid Conductor and Multi-Radius Dome Ceiling" filed on February 2, 1996;
and serial no, 08/389,889, filed on February 15, 1993 -- both of which are
incorporated herein by reference. The particular embodiment of the process
chamber 50 shown herein, is suitable for processing of a semiconductor
substrate 10, is provided only to illustrate the invention, and should not be

30 used to limit the scope of the invention. For example, the etching process of

the present invention can be used to simultaneously etch muitiple substrates,



i ncorporated herein by reference. The particul ar enbodi nrent of the process
chanber 50 shown herein, is suitable for processing of a sem conduct or
suhstrate 10, is provided only to illustrate the invention, and should not .
be 30 used to limt the scope of the invention. For exanple, the etching
process of the present invention can be uged to sinultaneously etch

mul tiple substrates, 7 and can be used for manufacturing processes other

than sem C0ndg&ﬁ?anfl?%ﬁ%&f%r%an&gcﬁ‘ﬁ%%ﬁeég% %%P'u% ﬁérﬂ&%@ﬁucﬁo?e chanber

50 i s evacuat OW pressure, ess than about Torr,
and a subst r atfebridation. pl aced on a support 52 within a plasma zone 55 in the
chanber. At least a portion of the support 52 is electrically conductive
and serves as a process or cathode el ectrode 60. The cathode el ectrode 60,

in conjunction with sid 0 | e i y
grounded to serve as an%éﬁ‘gﬁggteh{ﬁcg@?;%g%sgéh%ﬁ%ra(gisss&;e{cé’%%dodes I n
t he pl asneb zone a3bw plssi@, nypicalpplass thancabluedtTare, dnded dubdtastegthér at es or
energi zes the plasma in the chanber. The substrate 10 can be held in place

during the et (HR%%E Pt BEEBROUSINY RIMB DIREMAANC RO B B8t GEeRRT Atkakawi t h
grooves in whighs, SPBA@Q&p&ﬂ%;%%Ec ah?'cblgasﬂtctfvé Jﬁ?‘ b & ﬁg%t rgﬁ%stes?ei .

tenperature of the substrate e su rate 10 Iint
typi cal |y mai rtr iattetieaglectrodaerpOr afher eathbdeadlectrode260} in Shifj@mctjonCuithr e

perferably - 5 to0 15 C . an st preferably about O to b[err]C, by flow ng
hel i um gas belstiiﬁ"\’ailé‘ %CfLFB‘§t eiﬁa‘f"“&*‘;ﬁ’%??ﬁmé’ah‘( IEHRREIIO SPTYB TG . The
| over  subgg r ate ol LRy l"t:%td!érﬁ, ﬂ%"nﬂ;/dcrﬁéﬁésr@é&é’o%%g ir‘?%%l%m%fzzotg@eis that form

cross-sectional profile of the e eatures by reducl ng vapori zation
of the passi va ¢apgcitiviereléctriceibld thatlgenetatés dreertengiess tHer pleema igabkei s

I ntroduced into the-chanber 50-throu s distributgr 70, peripherall

i sposed: aboucETBSE.R o bstreis 10 3aNdechel Bularscring e eipsipracess
regul ated to aRpifta MmdchanR@lbr 4BERoSPEAE ChutPWRhIHBOFA InYwhih a E68ERE tO 30
mrorr, and preferably about 10 nmTorr. A plasma is forned

gas, such as helium, is held to control the temperature of the substrate 10.
15  The substréte 10 in the chamber is typically maintained at a temperature of
about -20 to 30°C, more preferably -5 to 15°C, and most preferably about
0 to 5°C, by flowing helium gas below the substrate 10 at a pressure of
about 1 to 10 Torr. The lower substrate temperatures provide increased
control of the cross-sectional profile of the etch features by reducing

20 vaporization of the passivating film formed on the etch features.

. Process gas is introduced into the-chamber 50 through a gas
distributor 70 peripherally disposed about the substrate 10, and the pressure
in the chamber is regulated to about 1 to about 1000 mTorr, more typicéily

25 fron-ﬁ 5 to 30 mTorr, and preferably about 10 mTorr. A plasma is formed
from the process gas using a plasma generator that couples an energetic
electromagnetic field into the plasma zone 55, such as an inductive,
capacitive, or microwave field. Preferably, the plasma generator comprises
both an inductive and a capacitive plasma source. The inductor coil 75

30  adjacent to the process chamber 50 that forms an inductive electric field in

the chamber when powered by a coil power supply 76 operated using an RF



fromthe process gas using a plasma generator that couples an energetic

el ectromagnetic field into the plasma zone 55, such as an inductive,
capacitive, or microwave field. Preferably, the plasm generator conprises
both an inductive and a capacitive plasma source. The inductor coil 75 30
adj acent to the process chanber 50 that fa@ns an inductive electric field
I n the chanber when powered by a coil power supply 76 operated using an RF

current at a féeursdntsnw et powee Joavetl levdlahati is ppatefadiyafioy Asuh BIDWatid0
Watts to about 3000 Watts; at preferably a frequency of about 2 MHZ

Typical Iy, a ctpekauti3R00Wasiseat preferabdy a fiequensyneidabautihMHzhanber 5
usi ng the cathode and anode el ectrodes 60, 65, powered by an el ectrode
power supply 78 operated using an RF voltage at a second power |evel of

preferably about 1 00 torypsuily, 8Q2BadNiVE Rf elbagicAgacs ForvRedcinadk 'dhanfbee! d i s
perpendi cular to the plane of the substrate 10, and accel erates inductively

formed pl a8ma 4ges ke catbree @nsir?@0§at9éqqtmd95§@ 68. pﬂwr@bbmn@l%mecm ly 10

oriented ani so The fr

vol tage appli e \98'1 %‘f@t‘%r ocC seggtg r‘rsdégd)'i %g}gﬁa%%%gr?ﬁgtg&e?ﬁ%ef)rﬁyﬁtsor coi l

75 is typical Iyreférébwédwut 160 tléhibdu@ 2000NVafie. NHE, capaditiveretediii@fier sy about
13.56 MHZ. 15 Preferably, the process chanber 50 conprises a
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mm (6 to 1 2 i hdBeéslyiHZPr ef erably, the quasi-renote plasma zone 55 conprises
a volunme of at |east about 10,000 25 cnB, and nore preferably from about
10, 000 to about 50,000 cnB. In the ' '

15 Preferably, the process chamber 50 comprises a quasi-remote
plasma zone 55 that provides enhanced plasma etching properties. The
quasi-remote plasma zone 55 is defined by the region bounded by (i} the
substrate 10, (ii) chamber sidewalls 80 adjacent to the substrate, and (iii) the
ceiling 85 of the chamber having an apex at a height H of from about 100

20 mm to about 175 mm (4 to 7 inches) above the substrate 10. It should be
noted that the ceiling height can vary for different diameter substrates, the
ceiling hei_g_ht described herein being suitable for substrates having diameters
of from about 150 mm to about 304 mm (6 to 12 inches). .F"referably, the
quasi-remote plasma zone 55 comprises a volume of at least about 10,000

25  cm?®, and more preferably from about 10,000 to about 50,000 ¢m®. In the
quasi-remote plasma zone, the plasma is formed directly below the ceiling 85
and immediately above the substrate 10. Preferably, the quasi-remote
plasma zone 55 has a center 88 located at a distance of about 50 to about
150 mm directly above the substrate 10, and more preferably at a distance

30  that is greater than about 75 mm and less than about 125 mm from the

substrate 10. R
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gquasi -renote plasma zone, the plasma is forned directly below the ceiling
85 and i nmmedi ately above the substrate 10. Preferably, the quasi-renote
pl asma zone 55 has a center 88 |ocated at a di stance of about 50 to about
150 mm directly above the substrate 10, and nore preferably at a distance
30 that is greater than about 75 nm andgl ess than about 125 mm fromthe
substrate 10. 91t is believed that the quasi-renote plasna zone 55
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di ssoci ated plasnma i ons_because the nean free agth of the energized inert
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arcuat e, coni batauseaive-rséapbde path ofikthe emaxdized inert gas ions is excessively
small, resulting in fewer collisions between the inert gas ions and the etchant

15 gas molecules. If the center of the plasma zone is too far from the substrate

10, or if the volume of the plasma zone 55 is excessively large, the
dissociated ions in the plasma zone recombine to form non-dissociated
species before they actually reach the substrate 10. For these reasons, it is
preferred to use the quasi-remote plasma zone 55 for etching of the

20 substrate 10.

The ceiling 85 of the process chamber 50 can be flat or
rectangular sha'ped, aféuate, conical, dome-shaped, or muiti-radius
dome-shaped. Preferably, the process chamber 50 has a multi-radius

25 dome-shaped ceiling 85 above the substrate 10 to provide a uniform
" distribution of plasma source power across the entire volume of the piasma
zone 55 to increase dissociation of the etchant gas, as for example described
in U.S. patent application serial no. 08/596,960, to Diana Ma, et al., entitled
"Plasma Process for Etching Multicomponent Alloys," filed on February 5,
30 1986, which is incorporated herein by reference. The multi-radius
dome-shaped ceiling 85 reduces dissociated ion recombination losses near

the substra_te 10 to less than those experienced with a flat ceiling, so that



done- shaped. Preferably, the process chanber 50 has a nulti-radius 25
dome-shaped ceiling 85 above the substrate 10 to provide a uniform

di stribution of plasma source power across the entire volune of the plasm
zone-55 to increase dissociation of the etchant gas, as for exanple
described in U S. patent application serial no. 08/596,960, to D ana M., et
al., entitled "Plasma Process for EtchingtQulticonponent Alloys," filed on
February 5, 30 1996, which is incorporated herein by reference. The
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substrate 10. tAhidemiessHapedeiingds furgierfivmahé etbhdtars eentrahad haptted by the
proxi mty of th@ ceiling 85, and the donme-shaped ceiling is further from
the substrate®@R8er than a flat ceiling. 5 Preferably, the inductor coil
75 is wagped around the sidewall 80 of the process chanber 50 in the form
of a multi-radius dome-shaped inductor coil having a "flattened" done shape
that provides nore effi Brefatablys ehefinducasrnmilsZiiiscwrapped rarauvit tHecsidas st

pl asma ion depsity,. directly over ;,.0 . the substrate 10 center. This is
because ion d%??s‘?f%l'ﬂiﬂei@"%‘?sfse@taé'&b% q{S‘céi’F’efPHﬂi &Mulii-ragivs daree-shRReG: or coi |
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conprising a Weeof plasdiaisoutoenpoleriand intrebseasplasma éont densitydditestip aved a

corner radius,r less th the center radius . R wherejn S Rir is from
about 2 3@ abbif s%irafﬁg%p?eafgﬁra ?é’rsrjr% eFrseHen 85'&%7[55&?%?‘3@31)@%%&'20% 55
can al so be emfiation neat tide MWRES ¢l 75, HRANARRAA dRARCHAUSIor I3 EoBerd
magnetic field generator, such as a permanent nagnet or electromagnetic

coil's, are 20t tigsgepsteate ganter shamgrhemiepteriepldcdiln Inranophersirafertade 55 to
increase the g%%'dfr?fent, the ceiling 85 comprising a multi-radius dome having at least a
cénter radius R and a corner radius r less than the center radius R, wherein

16 R/r is from about 2 to about 10.

The plasma formed in the quasi-remote plasma zone 55 can
also be enhanced using magnetically enhanced reactors, in which a magnetic
field generator, such as a permanent magnet or electromagnetic coils, are

20 used to apply a magnetic field in the plasma zone 55 to increase the density
and uniformity of the plasma. Preferably, the magnetic field comprises a
rotating magnetic field with the. axis of the field rotating parallel to the plane
of the substrate 10, as described in U.S. Patent No. 4,842,683, issued June
27, 1989, which is incorporated herein by reference. The magnetic field in

25  the chamber 50 should be sufficiently strong to increase the density of the
ions formed in the plasma, and sufficiently uniform to reduce charge-up
damage to features such as CMOS gates. Generally, the magnetic field as
measured on a surface of the substrate is less than about 500 Gauss, more

typically from about 10 to about 100 Gauss, and most typically from about
30 10 Gauss to about 30 Gauss.



and uniformty of the plasma. Preferably, the magnetic field conprises a
rotating magnetic field with the axis of the field rotating parallel to the
pl ane of the substrate 10, as described in U S. Patent No. 4,842, 683,

i ssyed June 27, 1989, which is incorporated herein by reference. The
magnetic field in 25 t he chanber 50 sh Eld be sufficiently strong to

I ncrease the density of the ions forned i'n the plasma, and sufficiently

uniformto reduce charg dama e to feature u as at e
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et chi ng of thhyéuﬂgstrﬂﬂbam@enbahpiemgnIoiiyaedshinﬁﬁf thiet fangstgh cﬂ:trﬁhmi‘r(ﬁ le$e|6251 good
etching selectivity relative to the underlying silicon dioxide |ayer 15.
The etching pRftetast akate ﬁ‘%?f)@@s@d&ég'“@d%ﬁﬁﬁ sing (i) sul fur hexa-fluoride
(SF6), (ii) methyl trifluoride (CHF3), and (iii) nitrogen (N2). The SF6 gas
di ssociates in the plasnma to formdi ssociated atom c

The etching process gas composition of the present invention

16 provides highly anisotropic etching of the tungsten containing layers 30 with
high etch rates and good etching selectivity relative to the underlying silicon
dioxide layer 15. The etching process uses a process gas comprising
(i} sulfur hexa-fluoride (SFg), (ii} methyl! trifluoride (CHF;), and (iii) nitrogen
(N,). The SF4 gas dissociates in the plasma to form dissociated atomic

20 fluorine-containing species that chemically etch the tungsten containing layer
25 on the substrate 10. For example, tungsten containing material is etched
by fluorine—containing ions and neutrals to form volatile WF, species that are
exhausted from the chamber 50. It is believed that SF¢ gas provides a high
ratio of dissociated fluorine ions relative to non-dissociated fluorine ions in

25 | the quasi-remote plasma zone of the present apparatus, that enhances

etching anisotropy and etching selectivity.

Preferably, the process gas consists essentially of SF;, CHF,,
and N,. It has been discovered that the addition of CHF; and N, gas to the

30 8F4 gas provides significantly higher anisotropic etching of the tungsten
containing layer 25 with little or no change in the critical dimensions of the

etched features 35. The critical dimensions (“CD") are the predefined and



20 ‘fluorine-containing species that chemcally etch the tungsten
containing |layer 25 on the substrate 10. For exanple, tungsten contai ning
material is etched by fluorine-containing ions and neutrals to form

vol atil e WFx species that are exhausted fromthe chanber 50. It is believed
that SF6 gas provides a high ratio of dissggiated fluorine ions relative to
non-di ssoci ated fluorine ions in 25 t he quasi-renote plasm zone of the

present appar atdisirablRAdinRASRNG T thE GRiHRE fBAtLRRL WHdh aRIUSICH) B&ermine the
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formed on the bicunkrig éiHE@SH PRiclodYdihs of the substrate before and after etching. The
average width (W) of resist features 30 formed on the blanket tungsten layer
25 is measured prior to etching; and after etching a second width (W,) of the
etched features 35 is measured. The critical dimension loss is the difference
between the two dimensions of W, - W,; and the % critical dimension loss is
20 (W, - W,)/W, x 100%. The minimum critical dimension is the average value
of the smallest width across the cross-sections of the etched features 35. It
is desirable to maintain critical dimension loss of less than 300 A, and more
' préfefably, less than 100 A. It is further desirable to pr-ovide a percent
critical dimension loss of less than 4% and more preferably less than 2%.
25
The present gas chemistry provides excellent control of the
critical dimensions of the etched features and highly anisotropic etching of
the features. It is believed that process gas consisting essentially of SF,,
CHF;, and N,, forms a sufficient amount of “passivating” polymeric species
30 (typically C,O\N, containing polymeric species) in the plasma to form
passivating films that protect the etched sidewalls 40 of the features 35, and

reduce isotropic etching, tapering, and undercutting of the etched features



25 is neasured prior to etching;, and after etching a second width (W) of
the etched features 35 is measured. The critical dimension loss is the

di fference between the two di nensions of W - We; and the %critical

di mrension loss is 20 (W - W)/W x 100% The m ninumcritical dinension
is the average value of the smallest widt{yacross the cross-sections of the
etched features 35. It is desirable to maintain critical dinension |oss of

| ess than 300 4 ﬁgwgsmeqm%e{h@q kb 55t a3 fird id SodeileBa6

desirable to provide a percent’ critical dinmen ess than 4% and
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excellent control of the critical dinmensions of the etched features and
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ions and neutral s increases ‘the rate of etching of the f'un sten
species that are deposited on the sidewalls 40 of the freshly etched features

15 35 thereby maintaining the critical dimensions of the etched feature.
Because the atomic and molecular constituents of an active plasma are
difficult to analyze, the nature or composition of the volatile passivating

species is difficult to determine with accuracy.

20 Thus, the ratio of the flow rate of SF4 to the combined flow
rate of the CHF, and N, gases is selected to provide a controlled etch rate,
highly anisotropic etching, and to limit the thickness of passivating fi_]m
deposited on the etched features 35. An excessively high flow ratio of SF;
relative to the combined flow rate of the CHF, and N, gas provides etching

25 rates that are uncontrollable, particularly at the end of the etching process,
due to the large number of dissociated fluorine species. However, an
excessively low flow ratio of SFg relative to the combined flow rate of the
CHF, and N, gas can cause isotropic etching of the features by removing the
passivating deposits formed on sidewalls 40 of the etched features 35 to

30 provide cone shaped tapered features. Thus, the flow rate of the SF; relative
to the combined flow rate of the CHF, and N, gas is maintained at a level

that provides a sufficient ratio of dissociated etching fluorine-containing



containing |ayer 25, and al so increase the amount of [err] passivating
species that are deposited on the sidewalls 40 of the freshly etched
features 1 5 35 thereby maintaining the critical dinensions of the etched
feature. Because the atom c and nol ecul ar constituents of an active plasm
are difficult to analyze, the nature or conpgsition of the volatile
passivating species is difficult to detefffine with accuracy. 20

Thus, the ratio of the flowrate of SF6 to the conbined flow rate of the
CHF3 and N2 gHRESiEs 1 rQn-gchat PIFspirbios gpeaies sararifly sdchothentungsten hi ghly
ani sotropic e ' 4 | : | | f
deposited on %cﬁgh@% @n‘gggﬁ‘ %gtvhpg]éﬁ% .%Kﬁh%\x%légz?ﬁ'\fgfrgpﬂ?%%ﬁ%wm? g? bgb'()f SF6
relative to the conbined flow rate of the CHF3 and N2 gas provides etching

25 rates that are uncontroll abl e, particul QHP/ at the end of the etching
process, due to the |arbie FRMPestion apd yelumastiedlow (ASios od differents. However,
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to 30 provide cone shaped tapered features. Thus, %he flowrate of the
SF6 rel ative #9lehH&NaiRY aboghSRamEthe Plane efibs sypstrate HhsendsmMRE nt ai ned
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fl uori ne-containi ng speci es to non-etchant passivating species to
rapi dly etch fdatures@Fstesnlt cdrenathei taggstan eondining tlayerheredetshedd | evel of

ani sotropy and etch.rate control. The_conposition and valunetric flow
ratios Q{Jgdi filéqsé?ﬂt'%'y Ve"é‘@ﬂ&tptqﬁ%‘ﬂgg f?ﬂtgpeﬁé‘ab’f%gé@g%§d%‘f’éﬁsa#§0 sel ect ed
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strai ght si dedgddsit gddsivating layers on the sidewalls 40 of freshly etched features 35
15 to limit further etching of the sidewalls 40. Anisotropic etching is also
obtained by the highly directional kinetic energy of the charged species in the
stchant plasma (in the electric field perpendicular to the substrate 10}, that
causes the plasma species to energetically impinge upon and remove
substrate material in the vertical etching direction. However, different
20 materials are sputter etched by highly energized plasma species at the high
etch rates to provide little or no control over etching selectivity. For these
reasons, it is difficult to obtain highly anisotropic etching in combination with
high etching selectivity ratios for etching tungsten containing material relative
to underlayers of other materials.
25
For these reasons, the volumetric flow ratio of the process gas
is also selected to etch the tungsten containing layer 25 at a high etching
selectivity ratio relative to the underlying silicon dioxide layer 15. The
etching selectivity ratio is the ratio of the rate of etching of the tungsten
- 30 containing layer 25 to the rate of etching of the underlying silicon dioxide
layer 24, It is particularly desirable have high etching selectivity ratio for

tungsten containing structures having a partially convoluted topography,



Excessive etching at the sidewalls 40 of the etched features 35 results in
undesirable inwardly or outwardly sloped walls. A high degree of

ani sotropic etching is obtained when dissociated species in the etchant gas
conbine to deposit passivating |layers on the sidewalls 40 of freshly etched
features 351 5 to limt further etchinq of the sidewalls 40. Anisotropic
etching is also obtained by the highly diréhtional ki neti c energy of the
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under | yi ng si | the gtcingsedectivity &ptip eajpthve tathe endenlyingrsiligasy digwidelanes 1§ 5

R 40O e AT Rt 8 08 BB RS S Sl
cont ai ni ng ; '
15 Preferred volumetric flow ratios of SF;:CHF;:N, are from about
1:1:1 to about 8:1:1, and more preferably, from about 2:1:1 to about 5:1:1,
and most preferably about 4:1:1. The ratio of the volumetric flow of SFg to
the combined volumetric flow of CHF, and N, is typically from about 0.5:1 to
about 3:1, and more preferably about 2:1. For the process chamber size
20 illustrated herein, preferably, the flow rate of SF; is preferably from about
30 to about 120 sccm; the flow rate of CHF, is from about 10 to about
40 sccem; and the flow ra;te of N, is from about 10 to about 50 sccm.. Also,
it is preferred to maintain the flow rate of N, to within about £ 50% of tHe
flow rate of CHF; and more preferably within about 20 sccm of the flow rate
25 of CHF,. For the chamber size described herein, preferably, the total flow
rate of the process gas is fr‘om about 100 to 200 sccm. [t should be
understood, however, that process gas flow rates are dependent upon the
size of the process chamber and flow rates for different sized chambers that
provide the equivalent function and/or etching properties are encompassed

30 within the scope of the present invention.



| ayer 25 portions be etched at a sufficiently slow etch rate relative to
the tungsten containing etch rate that the silicon dioxide |ayer is not

et ched t hrough, before conpletion of etching of the thicker tungsten

contai ning 10 | ayer 25. it is desirable to etch the tungsten contai ning

| ayer 25 at a faster rate relative to the igte of etching of the silicon

di oxi de Fayer 15. Preferably, the etching lectivity ratio relative to the

underlying silicon dioxi e | ayer 15 is at | east
preferably at |east aboutNfegaimpfocesses, it may Bé deﬁaﬁ Y:'Lor%%d 9'(9I°U§§ttf'l c flow
ratios of SF6: %F%oﬂ?roﬁ{cﬁeftﬁé’gia‘?ah@vbf Jehél-Eﬂaan‘a feRRed fr8imlthk higg nore

preferably, from ®about 2: to about nmost preferably about
4:1:1. The rat |aie¢1‘fondwtlvelﬁﬁggas| & hisl is\gooTetigres de@lwbief@fof?mhmcﬁﬁfﬁ%ﬂ@ét r| c

flow of CHF3 and N2 i i cal from ut 1 to_ab

pref erably aboJP"EStf“S’%%gtoﬁ«?ub%/té%t&S ?‘Wi‘r@é"ﬁe?]afg‘az'ﬁgta%%'ﬁﬁs'{'rtgggﬁgg re| n,
preferably, gt hegbdiarhdgaiife %Ltf&Fﬁexéﬂuahaé QaabBy didsia meeitilitgOiti®meaata 120
sccm the flowrate of CHF3 from about 10 to about 40 sccm and the flow

rate of N2 is fmwcabmtmtgcmmnawmatm efclright and glark plasmagle@vdegienst o

[ [ he fl f
and mor e pr of e 9raedie ettt Hebsrcifa i el o e RUF 05T

For the chanberpeiewgd @leacﬂhetaegbmgwpmm@treefpwsaﬂ stabilityeby ptalidihg additi@hel of
the process gas is fromabout 1 00 to 200 sccm |t shoul d be understood,

however, t hat pﬁﬂ%@%@c gRecies hiat sHikesuRaNe iQMizRe FAEIXY dipseRiathENePrPEERHT 9Rhe
process ch nt gf&q{ OVM\%\?& {Ifag r%'oﬁfg%’seé?itdut :nzlﬁgk/ RBPHLBESirdd vHh A%k de

t he equiva Hi%Sh "andr or roperties are encorrpasseé‘t(13

Wit hi n the scopslaghatifieufficeswiptstabiie avitticut.the addifiohal it gasn processes, it
may be desirable to add argon to the SF6 to pronote the stability of the
pl asma fornmed fromthe highly el ectronegative SF6 gas. This is sonetines

desirable for etching el qfrﬁgg g]sotqgégs&g&\)eg%e{hgt He qURptdrAbRSplagiihch cause
plasma instabilities, in el ectronegative sul fur hexafl uoride
gas. By plasnma gemaraimr Iwhen, opetrauesl ateaanartlaular ratio of source power to bias power
15 serves to balance the etching rate to the rate of deposition and removal of
the passivating deposits to provide highly anisotropic etching. The power
ratio P, of the first (or source) current power level applied to inductor coil 75
to the second (or bias) volt;ge power level applied to the process electrodes:
60, 65 is also selected to enhance the ability of the etchant plasma to
20 anisotropically etch the tungsten containing layer 25 without excessive
deposition of passivating film on the etched features 35. A high power ratio
P, (obtained by increasing the first power level of the current applied to the |
inductor coil 75 or reducing the second power level of the voltage applied to
the bias process electrodes) increases the amount of dissociated fluorinated
25 etchant species to provide more isotropic etching of the features.
Conversely, a low power ratio P, (obtained from a low first power level to the
coil or a high bias electrode power level) can cause excessive and
nonuniform sputtering of the deposited passivating film and insufficient
dissociation of the etchant gas resulting in more isbtropic etching. Typically,
30 increasing the second power level of the RF voltage applied to the process
electrodes 60, 65 provides increased kinetic bombardment energy to the

plasma species, causing more sputtering of the substrate 10 and deposited



sporadic or intermittent formation of bright and dark plasma gl ow regions
that are caused by unstable electron and ion levels in the plasma. It is
believed that the argon gas pronotes plasma stability by providing
additional energetic species that strike upon, ionize, and/or dissociate
the process gas-10 nol ecul es. However, the argon gas addition may not be
desirabl e when the plasm is sufficiently1gtable w t hout the additional
inert gas. It has al so heen di scovered that the quasi-renote plasma

.generat or whenP8pRYNA & pafariedpoyyerratio & 8t SAYGR i@ RRAVEUSHtas power
15 serves t%a?@%@@&%:ﬁb%a&%&b%eﬁeﬂbﬁ’y ’g@mg’@%ﬂt%ﬁ?;wabgﬁpﬁé!f.! Ribrand

renoval of the passivating deposits to pr ani sotropi ¢ etching.
The power rati prdPerably,tthe pfastrat is (formedbby applyingr a endrenoater fitse pewenpedaled t o

‘inductor coil 75 to the secand (or bias) voltage, power | evel applied to the
process el ectr8§é§°‘f§b,28%5° 2909 Wattseprst oke PE&%@H&M*H@%FI 589 Viittshe

stehant Pl 8SMad thdfhdyotdtPol gl AfbE 1Y 1fid BlkshiaCzond ¥Rt $le HRANM BdGre aver

25 wi t hout excessive deposition passivating filmon t eat ures
35. A hi gh powettracied ¢o Fhe §uistmted0 Hyyappiging asvaigge et af paveer Ipoelent dbowel of

th t l,i t i nduct il 7 ' th d
[ ovel of ‘the BP0 i epdrmoierivefirany dPadtad St ety Aer kel ne
amount of di ssgoi &6ad tht pRishipise, 25 et chant species to provide nore

I sotropic etching of the features. Conversely, a |ow power ratio Pr
(obtained froma low first power level to the coil or a high bias electrode

power |evel) can cause excessive and nanuni f 1M SR tgeri of the deposited
Dassi va 18 f11m and | noRFITEIGAECHPL BaEHG I R Rkeh ehdluile tEoPEELI i ng
i n nore isotrophg peispctige viEWY 6RdhkYeattifes etficREd @RS itEgstbe IHREBAG power

| evel of the RF voltage applied to the process el ectrodes 60, 65 provides
i ncreased ki nefilsthisab} diese SEN:Migrog@php deploastratesipbeiunsgxpeetadiraglitfor e

Pt LT 19, PSR o YARE R b en o He PRBSIUAPAGRLL, &
nor e preferabl yhdseampebimignts} al6-trchadiindn Wafet .colvered by a silicon dioxide layer
15 was used as the substrate 10. The substrate 10 was coated with a blanket
tungsten layer having a thickness of about 600 nm. After the process gas
was introduced into the chamber, the chamber pressure was maintained at
10 mTorr. The substrate 10 was maintained at a temperature of 5°C by
flowing helium at a pressure of 8 Torr below the substrate 10. The source
20 power level of the inductor coils was maintained at 1400 Watts, and the bias
power level of the process electrodes was maintained at 60 Watts. After
etching, the residual resist layer on the features was removed using

conventional resist removal methods.

25 Table | shows the dimensions measured on cross-sections of
the features etched on the present substrates. Critical dimension
measurements weré made using cross-sectional views of scanning electron
micrographs of the substrate before and after etching. SEM micrographs
were used to measure the average width (W) of resist features 30 formed on

30 the blanket tungsten layer prior to etching. After etching, a second width
(W,) of the etched features 35 was measured, The critical dimension loss

was the difference W, - W,, and the % critical dimension loss was



preferably, the plasnma is formed by applying a current at a first power

| evel of about 200 to 2000 Watts, and nore preferably about 1400 200
watts, 5 to the inductor coil 75 adjacent to the plasm zone 55. The
plasma ions are attracted to the substrate 10 by applying a voltage at a
power |evel of about 5 to 500 Watts, and qgpre preferably about 40 Watts, to
process el ectrodes 60, 65 in the plasna zone. 10 Scanni ng

el ectron mcr a e ' tLonal r cti Vi ews of
The features SEnam s 0oRECT o8 bl 35k e B8 P ABSLEY B

m crogr aphs deverageé vatuedot the anmaiiepesiditl dcessd the ovbdsadaadonsisf gk bledelr ocess
gas conpositiogn of t present invention. In these experinents, a 6-inch
silicon- waf efe&dfE&r¥Y¥ by a silicon dioxide layer 15 was used as the
substrate 10. The substrate 10 was coated with a bl anket tungsten |ayer
having a thickness of about 600 nm After the process gas was introduced
into the Bhanber, the cBaafring pleetrsnmaicrumsaphes wead takeh af tHellcigges r. The

substrate 10 was,. naintained at a t erature of 5[err]C by flow ng_helium
at a pressur es%‘?t'cg‘a"l'BF?aﬁ'BQhWQsﬁ%n Ee@ng‘é’te?&ﬁ@"efdt's'ﬁi@ PEXiFPE 839 GOMAEGIE | evel
of the induct | i | a , ' r

| evel of the SPO%SQ{SSS%@ r@gd%?ﬁ*mggﬁﬁayﬁﬁﬁgg%g{%gga%ﬁ Eﬁ‘ S%??ﬁarrn%hi ng,
the residual Hewassee¢mfrom treselGEM edicnogeaphsabat tremidalvalisi 4Q) of oy etthiednal
resi st renova th . 25 " Taple,l sho he di mensi ons
measured on ctet?g‘g‘:egg%? "N 98?‘6@%t‘?p«?é‘?qﬁ%lsg’to%@&t‘%ﬁ\gfyh °r|5‘r‘g'§éﬁf’ of the

substrateg. Gdatiuealo ﬂie%}ﬁdrﬁ%fmﬁétﬁéé&@rré?wﬁc%r@wdzﬁf#@oléisirﬂgd&{ieﬁ?t ctional
vi ews of scanning el ectron mcrographs of the substrate before and after

et chi ng. SEM gickeddeatties hivveea ngedwen batlengck redien, at @pampximatiih three) of

resi st featur f e bl anket tungsten layer prior to
et chi ng. Aftegg%r?%ﬁitﬁé?%%hg;bégﬂ%f?/attgﬁeh (We) of the etched features 35 was
nmeasured. The critical dinmension |oss was the difference W- W, and the %

critical dinension | oss was 18
: JABLE |
15

20

25

30

Example 1

Example 2

Example 3

Minimum Critical Dimension

0.24 um

0.30 um

0.32 um

Critical Dimension Loss

-800 A

-200 A

<50 A

% Critical Dimension Loss

25%

6.3%

<1.5%

Profile

Bowing

Tapered

Vertical

Profile Angle

N/A

87°

89-90°

The dimensional measurements made on the etched features 35

of Example 1 are shown in Table I, which demonstrate that a process gas

comprising SFg and CHF; without addition of nitrogen, results in more

isotropic etching and critical dimensions that have a smaller width than the

overlying resist feature. Specifically, the etched features 35 had a minimum

critical dimension of 0.24 um, a high loss of critical dimension of about

-800 A., and a % critical dimension loss of 25%. Such a high critical

dimension loss is undesirable because they are reflective or narrowing and

non-uniform cross-sections of the etched features 35. The narrow cross-

sections increase the resistivity of the etched feature by providing a smaller




(W-- W)/W x 100% The mninmumcritical dinension was neasured as an

aver age- val ue of the smallest width across the cross-sections of the etched
features 35. 5 Scanni ng el ectron m crographs were taken of
the cross- sectional profile of tungsten features etched using a process
gas conprising 60 sccm SF6 and 30 sccm CHﬁ . No nitrogen was added to this
etchant gas. It was seen fromthese SEM m Crographs that the sidewalls 40

of the etched feat es wer enerally. .tgpgred.and sIo ed 0 from
Che top of tnesBa TTSAEN BrehiBena el BRTRLSLdER Pebvany HiF Frty
undesirable. I mrme@ﬁdeé@e eRinBaTHeaRtd g fngh@NRIItS f&wdoaveihéoamdtmeck
region, at approximately three- quarters the height of the feature. TABLE |

15 Exanpl el Exafple 2 Exanple 3 M ninum Critical Dinension 0.24
[err]m 0.30 [err]m 0.32 [err]mCritical D nension Loss

-800 A -200 A <50 A % Critical D nension Loss 25%

6. 3% 5<1. 5% 20 Ifr®{ame 2, an etchant process gas compriB@yi 6@ sccm SF

Taper ed Vertical Profile Angle N A §7 [err]

89-90[ err] Thea@rﬂ #EreACcHh Bl vvﬁ,sasa@derf’éwcé*ﬁxwévrsaﬁ@cif&edépéh@opm@%ﬁsmtéaa% 25
of Exanple 1 ap "@g’;@bl?e%haggés cd &l p EJt?ér‘?eéd?étthﬁ? RRACSHSS 9as

conpr|5|ng SF6 I on o n|tro en, results 1n nore

i sotropic et chEngnalem shmtvlngaétctiedrmmumsss& ha\tun@a}demllsmltheﬂapiedbhlyt han

t he overlying resist feat Specific II t he etched features 35 had a
ar@ﬁﬁ Pf

mi ni mum critic !vn%f#maaﬁvcffor@ %m tegtyR tp sbe betomQfithe dpaterérensi on
of about 3 Tﬁ@qn@cateemds@h ¢ éb éﬂB?&ﬁé&ﬁbédn@é&hmrg ﬁ{ b divsich hi gh
n ef | ec

critical dinension [o0Ss is ecause they are tive or
narrow ng and msmiﬁemﬂsmttmsﬁémd taasure_fs 36has showadn flableu; gslBie. a The
DA oW O 0SS S SbS AN S Eh . b allieRnaedof 886, Y
and a % critical dimension loss of 6.3%. The profile angle of the sidewalls
40 of the features was measured to be about 87°. This profile angle is
15 relatively low, and angles exceeding 88° and preferably 89 to 90°, are more
desirable. The etched features 35 also had r;Jugh sidewalls 40 and exhibited

a high loss of critical dimension.

In Example 3, the tungsten features were etched using the
20 process gas composition of the present invention, namely 60 sccm SFg,
15 scem, CHF;, and 15 scem N,. SEM micrographs taken of the substrate
10 reveal the unexpected highly anisotropic etching of the features provided
by this prdcess gas composition. In these examples, the features have
sut_:stantially perpendicular sidewalls 40 with substantially no tapering from
25 the top of the feature to the bottom of the feature. The minimum critical
dimension loss was relatively low at 0.32 um, and the critical dimension loss
was less than 50 A. The % critical dimension loss was 1.5%, which is
about 4 to more than 10 times lower than the % critical dimension loss
provided by the other etchant gas compositions. Profile angles in the desired
30 89 to 90° range were obtained and the profiles comprise substantially
uniformly vertical sidewalls 40. The sidewalls 40 of the etched features 35

were relatively smooth without serrated edges. These unexpected results of



19 area. The relatively large loss of critical dinension also prevents the
ability .to accurately design engineer the integrating circuits formed on
the substrate 10. 5 In Exanple 2, an etchant process gas
conprising 60 sccm SF6 and-30 sccm N2 was used. No CHF3 gas was added to
this process etchant gas. This process gas_conposition provided better
results than that of Exanple 1 show ng et Atd features 35 havi ng sidewal I s

40 that taper only slighily outwardly fromthe top of the feature to the
bottom of the ftB&PQISRtroRig etchifg and pacelignd cresssyacyrdl\prafilgind thegtghed of

ani sotropi c et gl i i hed features
35, as shown iﬁgéﬁggiseg?ee'ﬁhg%%ﬂgqgen@g?%ﬁg?r?itttﬁ??gﬁsgﬂfﬁr@ﬁg%%n of 0.30 um a
critical dinmension |loss of 200 A, and a %critical dinmension |oss of 6.3%

e 7B Le STl of e LS BFul R R BB 0
exceedi ng 351 eldohs@BMRS @1 WHHYrcBfrd £ B pRI AN AR ThErRB, indine et ched

features 35 also h rough sidewalls 40 and exhibited a high | oss of
critical di nensieosiond are@ossiplee Bor examplentstpasnia aambe onmadeusinglaed usi ng
the 20 process, gas.conposition of the present invention, .. I 0 sccm
SF6, 15 soom  CREPWay PRan cofitrp and ke BRE Srsgstien b ks PABH e i v ot e
10 reveal the WaexdasickiBedhghity, TReEIbIORNE afhdHedtlfistshouldamitbiees

provi ded by this process gas conposition. In these exanples, the features
have subst anti dmiteddertpe sgperintion efi theviipfesredovaisions semgingdtiesginy no

t aperi ng f{ m 25 the top of the feature to the bottomof the feature. The
mnimumcritical dinension |loss was relatively low at 0.32 [err]m and the
critical dinension |loss was | ess than 50 A. The %critical dinmension |oss
was 1.5% which is about 4 to nore than 10 tinmes |ower than the %critica
di nensi on | oss provided by the other etchant gas conpositions. Profile
angles in the desired 30 89 to 90 err] range were obtained and the
profiles conprise substantially uniformy vertical sidewalls 40. The
sidewal I s 40 of the etched features 35 were relatively snooth w thout
serrated edges. These unexpected results of
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20 the anisotropic etching and excell ent cross-sectional profile of the
etched features 35 denonstrate the advantage of the present process.

Al t hough the present invention has been described in 5 consi der abl e
detail with regard to the preferred version thereof, other versions are
possi bl e. For exanple, the plasma can be formed using a m crowave plasnma
source, and equi val ent gases can be subst 2fut ed foﬂ"‘"ﬁ”ﬁi I bed
herein. Therefore, .the appended cl ai ns shoul d not | mmmﬁ"L
description of W*P?é iBclejreed i1 versions contained hereif. © ®1s. * A method
of anisotropically etching a tungsten containing |ayer on a substrate, the
nmet hod conprising the steps of: (a) pl aci ng the substrate in a plasna
zone; (b) introducing into tAengthasohaAidb&ropidally etbas) ands@epri si ng SFO,
CHF3, and 2, in a volunetric flowratio of SF6:CHF3: N2 from1:1:1 to 8:
11; and (c) fEPHiEHENG/ayPasE Substatendhe methed comprising dbe Ktepseoft ungst en

cont ai ni nggl ayer on the substtate. 2. ' .claim1l
characteri zsed in that the vol%ﬁet rﬁ’%m?q g\% %%s?%g%?jcég:ra%h@%qtﬂ%’i s selected
to substantially anisotropicably dheddidiey iniogisé plasaaniorieN’ PpPoderyQjast 0
provi de etched features waégpg one or nmore of (i) a critical dinension |oss
of less than 468MPi$iNg SFaetHMENdMs ardr m angl es” of at | east about 88[err]
with a surface of the substr , hh)a My | '

passi vating deposits on the gﬁﬁst?glir@bbg. e{ngrﬁglr{rfsot g@%@grggéﬁﬁ%%‘? }é'?ccq g}em 1
characteri zed tungstext carfteiningl lay@rt on thef $ubstnadd.i 0 of SF: CHF : NJerr] is from
2:1:1to ‘;‘fbl: 1. 4. A net hod according to any one of clains 1 through 3

2. A method according to claim 1 characterized in that the
volumetric flow ratio of SFg:CHF,:N, is selected to substantially
anisotropically etch the tungsten containing layer to provide etched features
having a critical dimension loss of less than 4% and sidewalls that form

15 angles of at least about 88° with a surface of the substrate, and without

forming excessive passivating deposits on the substrate.

3. A method according to claim 2 characterized in that the
volumetric flow ratio of SFg:CHF,:N, is from 1:1:1 to 8:1:1.
20
4, A method according to claim 3 characterized in that the

volumetric flow ratio of SFg:CHF;:N, is from 2:1:1 to 5:1:1.

5. A method according to any one of claims 1 through 4
25 characterized in that the process gas consists essentially of SF;, CHF,, and
Nz.

6. A method according to claim 1 in which the process gas
is jonized to form plasma ions that energetically impinge on the substrate by
30 (i) applying RF current at a first power level to the inductor coil, and

. (ii) applying RF voltage at a second power level to the process electrodes,
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charact erized in_that the process gas consists essentially of SF6, CHF3,

ahd N2.. 5. A met hod accordimg—to claim1 in which the process gas is

ioni zed by appl y“"ﬂﬂ&g a first power level to an inductor coil,
and applying RF unm,m%nd power |evel to process el ectrodes,
characterized in that the mowerratio Prof the first power level to the

second power level is at |east 4:1. A net hod accordi ng to claim

5 characterize that . th ower ratio Plsfrom81t
met hod accor di %ga ?Bte(:'f’ecﬂ 19 &’EEHE? REVEF ratiodf+iah t"t‘%&f“tﬂ?é"ﬂ"’l'?‘é‘i' thﬁBrseP@'ﬂﬁél is

from 200 to 2000. YAl sl i@nd 1&g £¢cond power level is from5 to 500 Vatts.

7. A method according to claim 6 characterized in that the

5 power ratio P, is from 8:1 to 40:1.

8. A method according to claim 7 characterized in that the
first power level is from 200 to 2000 Watts and the second power level is
from 5 to 500 Watts

10
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