SI LI CON ETCH W TH PASSI VATI ON USI NG CHEM CAL VAPCOR DEPGCSI TI ON BACKGROUND OF
THE | NVENTI ON [ 0001] Te present invention relates to the fornation of

sem conduct or devices. 5Mdre specifically, the present invention relates to
t he et chimwgzmb/iof7emt ures into silicon material. [0002] PEAMUGREEOLABh as via
hol es and trenches are fornmed in a silicon substrate using anisotropic

etching. Sidewall passixati i } I t the sidewalls of
the features froml at ergglillgta@}}f ﬁ%ﬁ?&ﬁgﬁ%@ﬁ%h 10Substantial ly
vertical profile can B8I¥6t SHEM tiNs ' Il's during silicon
etch process. The etch gas typically contains hal ogen gas (such as SF6) for
chem cal etching and oxygﬁ&&%ﬁ&?&&é) p@r“ﬁﬁ%‘(ﬂa’fTﬂ?ﬁ The passivation |ayer
s typicall yggfy Oxi dpd Lo GARLRLA e Slolh CRARGIAS briictHakasathitss] m
formed by oXi ion of the feature sidewalls. The conposition of the

passi vat$ onMoayspecifivallypée piSentfifvwotatrebyesde e atthéng Hftfeapuranditnsibdennat eri al .
Too nuch sidewal |l passivation may cause pinch-off, and too little side wall

passi vat i on™f&)%cause bowi ng or undercut or CD (critical dimension)
degr adat i onpehP003] Daepufes atdir B s/iaimje sedng erebehef arerfednddrin gisliicoon substrat es

by the use of "rapidly alternatijng”",pla etch processe a gas _ nodul ation
process), WHPEFRIGESTS SO‘EG&ICFE‘Eg’c“gr esdg?‘?aﬁf%ﬁs%?tmﬁllf ‘éﬁﬁﬁélf ?rﬁﬁétﬁlpg%% etch
cycl e and dgpesiiRnsiRassinatibANitetY 6kE to ddhigeAgkatapicitér.and CAF8 are the

princi pal process gases for the etch and deposition cycles, respectively. A
si dewal 10 prothsepiialy vgoiophrspfilegyrbe pRiaigepbs for@ygedipes §Ie HalsGPESS passi vat i on

cycle so assilrl'&)ln%gc@i VR s I TR Cldn @Ay pREAP corfhi Moéeﬂ%a%@c@is@&%@' e, the

passi vation po iI's renoved from horizontal surfaces (such as the bottom
of vi as) chemical etching and oxygen (O2) gas for passivation, The passivation layer is

typically an oxide film containing silicon oxide (SiOx-based film) formed by
oxidation of the feature sidewalls, The composition of the passivation layer may be
15  affected by etch chemistry and mask material. Too much sidewall passivation may
canse pinch-off, and too little side wall passivation may cause bowing or undercut or
CD (critical dimension) degradation.
[6003] Deep features may also be formed in silicon substrates by the use of
“rapidly alternating” plasma etch processes (a gas modulation process), which utilize
20  a fast repetition of alternating plasma etch cycle and deposition (passivation) cycle.
In general, SFs and CFs are the principal process gases for the etch and deposition
cycles, respectively. A sidewall-protecting polymer layer is deposited during the CsFs
passivation cycle so as to achieve directional etch. During the SF etch cycle, the
passivation polymer is removed from horizontal surfaces (such as the bottom of vias)
25 by ion-enhanced etching, and then silicon is etched isotropically from the exposed
areas by free fluorine.
[0004] In a gas modulation process, the process gases supplied to a plasma
processing reactor are rapidly toggled on and off, resulting in the process quickly
changing from the etch condition where silicon is removed from the wafer, to the
30  deposition condition where material is deposited onto the wafer and silicon is not
removed, and then back again to the etch condition. The duration of the alternating
cycles is typically relatively short, and a large number of cycles are typically required

to achieve a desired depth into the silicon substrate.
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25by i on-enhanced etching, and then silicon is etched isotropically from

t he exposed areas by free fluorine. [0004]In a gas nodul ati on process, the
process gases supplied to a plasma processing reactor are rapidly toggled
on and ofWQ241844P18 ng in the process quickly changingffﬁﬂﬁpﬂﬁ@ﬁﬁé%h
condition where silicon is renoved fromthe wafer, to the 30deposition

condition where material i sqEaRESRYASF AP TENEDON and silicon is not

removed, and then back again to the etch condition. The duration of the

al t er nati ngl®P8] es i sT'¢ yepiavalheyforegpias pypkinacsprgpnce veidharwasgef Mienber of
cycles are typically.require ' Li:ed. de Lt silicon
substrate. P%%Wm%t&—l ’ %%eleﬁk‘?é?%ﬂ%% %%5%] oétgg:lﬁf églzlg{”ﬂlé"—"%é%é’g |?1g and in
accordance attehneldfneash tisrped ehepdontihgopided etite $ihwentyeos plaged onen @dbodi nent, a
met hod for etching si.licon |l ayer through a.patterned mask.formed thereon
is provi éled?h&?ﬁjér's‘f‘?‘u@%e &gﬁ%‘}tal?’/lggﬁfc cgé%lglldna %ﬁcoé]t@f’? SURRHEST & | uor i ne
(F) contai nig@r 8gokitigagand pvRiel ircha efcBiharaiont ThoflvgirehEnaalinivgpor |
deposition gas are provided in the etch chanber. The flugrine @5

cont ai ni ng &ek Esgasseddo gish frafugesdpieni BhtatRYer WEdhe Hicosi Py coMaPEBer . and

the silicon (Sl ¢ akiliston GRERLGAl o YGROK sideRNSidifRe Babsitisn w§ebord 0 form a
silicon-contal ning deposition |ayer on sidewalls of t%’ue features. A plasma
i s gener at edddwadimof the featwhs. gh slagma istasacrated foanthe eFh gorddBpoETEdn gas, and
a bias yoltage is proyjde L W8S R Poved kil §ad i Qrd ie8 b pn | ayer
using t (g pY%gﬁ%%ogﬁgyggél dl{lg%t con?eal‘ r?l?ong pass?vati%n Igyer i's deposited
on t he si deMddndawet utihe tkedtsmeemdshilchnapeaipdigrpsevairedayeSisldepesiied n t he
passi vation | ayer primarily cones.fromthe mgal r {tion gas.
R R e e e R O

15[ 0006] | n Rpetphefarifpdinfee Sioat the bheaficdl kepdrriepaificorgas aThettbioghsahd étechi ng a
silicon layer through a ,p_atterne&)f,nask formed thereon using a downstream
pl asma is piEPHQEIRPOTAPOSIIPT EHirs QYR FOPR™ | aced in an etch chanber. A

fluori ngs _(F[[ho«%ant ai N gnRhG MAaSstdRon OF aft i Rakivh eSmbthbDofl dichird 4 dikewa | ayer is
provi de nto an upstream plasma chanber. A plasma is generated fromthe

et ch gas i naydsghropsit & eesiermst avaaiosmedibercon peing 2 degasiiegm MEdiadm i s f1 own from

ége pl asma };r(%igecf. hﬁqe%hﬁgn ?}@f@gfaccﬁdﬁn%ﬁnle SMafnbl) AN MHREN GG cal vapor
position'gas is provided'into the etch chanber such that the reaction
medi um i nclatchess &i ¢tife eatuosnttaitms silipoo hewt talroxidgbinto o dpstasnvdhtzege i s
chamber, A plasma is generated from the etch gas in the upstream plasma chamber. -
20 A reaction medium is flown from the piasma into the etch chamber. A silicon (51)
containing chemical vapor deposition gas is provided into the etch charber such that
the reaction medium includes silicon containing chemical vapor. A bias voltage is
provided and features are etched into the silicon layer using the reaction medium,
while a silicon-containing passivation layer is deposited on sidewalls of the features
25  which are being etched. Silicon in the passivation layer primarily comes from the
chemical vapor deposition gas. Flows of the reaction medium and the chemical vapor
deposition gas are then stopped.
[0007] In another manifestation of the invention, an apparatus for etching
features into a silicon layer through a patterned mask is provided. The apparatus
30 includes a plasma processing chamber, a gas source, and a controller. The plasma
processing chamber comprises a chamber wall forming a plasma processing chamber
enclosure, a substrate support for supporting a substrate within the plasma processing
chamber enclosure, a pressure regulator for regulating the pressure in the plasma
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provi ded and features are etched into the silicon |layer using the reaction
medium while a silicon-containing passivation |ayer is deposited on
sidewal I s of the features 25 which are being etched. Silicon in the

passi vat ivomzdieg4e8pri mari |y comes fromthe chenical vEFFUSHEHBLRES on gas.

Fl ows of the reaction nediumand the chem cal vapor deposition gas are then
stopped. [0Q071] LndIBd. GSEAL bRNOrdddGorl PG E QBwerdB uPpar at us f or
et chi ng feapluf;leségﬁﬁﬁp%{%ge%gp |C%€ﬁ§f{ayer t?‘lrélﬁgh %%atte’?%emd!enask i's provided.
The appar at pasiB8pionedsing eBambep kadrmrefioosssgiing 2 phambent [east igafFaowiece, and a
controller. The plas processij chanber conpr.ises a.chanmber. wall form ng
a plasma pr %@?ﬁ‘?‘fgwgﬁéﬁ%@teagitqqg%ﬁtp%a@%neseu%% O 42% ﬁnp%ﬁﬁ)tg%tp r? gg%éﬁsporti ng a
substrat e Wndie plda ptasamephasksshelgsiehanber encl osure, a pressure

regul ator for regulating the pressure.in the pl.as rocessi ng. chamber
encl osur®, &gy §‘tf°6?®alé§”é‘étg%f&§nFl&rpiwrﬂ?%ﬁn%gﬁ@&f Sncﬁ%émp?fggrm

processi ng gﬂf’%mﬁ%& iBMG OSAHeEdrobittSHs b iicAGind iRfARN B ct@k gh@dbice BREa RF power
source electrically connected to the at | east one el ectrode, a gas inlet

for provi di egmiesb viner dendiisiopleassivercpr doe syt hanpet B CrBasicd ©© 8fd 5a gas
outlet for gﬁéqm%,gﬁegligﬂﬁis%@é@, Lﬁmﬁpgﬁgwom RESSRLNGurRaRer1sRchosure. The

gas source connection wt gas inlet, and includes an etch gas
source and lrast henproatsswapd comppoytadable ropaida bavinaemppie reedefle eddeder | s

controllably .conpected o t t i Ce, d the at
| east OL(Z %Cfﬁ%\g\ﬁ 5{;‘['1881? ia or gﬁagﬁrﬁ%xﬁ%’g%&ge ggs regdr%le @%%&g@&?&gnd conput er
readabl e nediladhay agtepistisie celadabi@vicgddélubone (FlOomtichigrghtdae sili con

| ayer.. The conputer readabl e code for etchi the sili | ayer includes
(2) comput chOT BHEA) B GOHES FIt7F PBPHG AR B {880t 57 Ry et ch gas
fromthe etglyidas sod 08) dodtnitd\elias Mibos Hé{lfhﬁ{on gebJro@aREtHeptical eadabl e
code for flowng a silicon (Si) containing chem cal vapor, deposition gas

from the chappdPoyBpbeasdepbsiq G PHAE2 SRR Cht@ IR "radRECCHGnber . (c)
conput e{ 5T ef@%ggg g?aggﬁ.ﬁfoﬂ{ the olcR %%.3 09 R BlARER Vgﬁd?@}eéﬁﬁicﬁtgﬁﬂ (@as and the

chem cal™ vapor osition gas, conput er readabl’e code for providing a
bi as vol t agempiie} reeadaipetaic forguodbing adingeoftege. & chinpgfef isadablecsds 1980 t he

silicon layer, ( conput.er .r OShiL | o

si licon- corF?céﬁ“?’ﬁ %émfaeéés? v&gtsfzgﬁg?agglléﬁ)gﬁﬂgﬁépﬁgla%%\%aﬁ%ﬁék%g e?%emlgeaat ures which
are bei ng efitbedostming frativasich layonon the tidew pidsei theafehtores vénjodrarpbdimar i | y cones
fromthe chem cal _20vapor deposit.ion gas, and gg cogputtsr }Eead?bl e code
for stoppi fEFIEREBHRE sfyigen 6{’%@"?}”@%?%@5@1{}35 rGER IS TR GHE? ‘

[ 0008] Hpes &qpatdicpbdiein §283HnIBSoRbuttNRadIbESRIAL fhupRingaie il $ashad descr i bed

in nmore detail belowin the detailed description of the invention and in
conj unct i orsheiichl taper depPHBN #7§ fi gur es.

[0008] These and other features of the present invention will be described in

more detail below in the detailed description of the invention and in conjunction with

the following figures.
25 BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The present invention is illustrated by way of example, and not by way

of limitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elements and in which:

[0016] FIG. 1 is a high level flow chart of a process of etching a silicon layer
30  in accordance with an embodiment of the invention.

[6011] FIG. 2 schematically illustrates an example of a cross-section of a

silicon layer in which a feature is being etched, in accordance with one embodiment

of the present invention.



25BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0009] The present invention is
illustrated by way of exanple, and not by way of |imtation, in the figures
of the acconpanying drawi ngs and in which Iike reference nunerals refer to
simlar evemwnwnsgryznd in which: [0010]FIG 1 is a high BG@E0P06chart of a
process of etching a silicon |ayer 30 in accordance wth an enbodi nent of
the i nventi 0011] : i-cal I ml.e of a
Cross-secti g@lgi a sillgllkfgﬁ i{%&gﬁgﬁ%g\ﬁi%gﬂ%i@%%%ﬁlﬁ%ﬁﬁ%@ﬁﬁggéched, in
accor dance wistdin ohehemyddivsehi cafry biteanpreésdirbent ni/énthivention. WO

2010/ 047978PCT/ US2009/ 06 8. [10012] FI 3 1s a . schematic_ view of an exanple
of a pl asmj@&essi n@&%ﬁ‘&ﬁ%\%?ﬁ%@ﬂ% %&‘8%88”565 Sglgt?%]ﬁ fJut an enmbodi ment
of the invephheRent@QL3hudileBused ih binbisdimah©Sf thedovapuber system which is
suitable for | n}l)l ement i ng‘a control | er used in enbodi ments ,gf t.he

i nventioh. §03414] FI ¢1Gs5 i HighigyR Hay et et presrat of 4ehing HibBRdEDf et chi ng

a silicon | ayer.iihRSEa Hanttatddnan ot heinwmhegdi ment of the invention.
[0015]FIG 6 Is a schematic view of an exanple of a downstream pl asma

processi ng EpdFem whildh- friye dsbemafisaies o& &t 3pmalk ofarlosvisBeiThiAt b t he
i nvention. DETAL ilﬁg\% ﬁ%%cﬁﬁg}e%ﬁ%g%ﬁ%@ﬁﬁoﬁwt wggﬁan&&.[oow] The

present invention now be "descri reference to a few
preferred enboBRTILEN DESERIPHKONIO FHEAPBEFERRER EAIBORIMBEANTY dr awi ngs.
In the 1 owi, ng descri ption, nNupero speci.fic tall e rth in

or der tL(?pr '@e a tﬁrﬁ&ﬁgﬂeﬁﬁn dha8r St gﬂg?on‘gg%fiesf ﬂtée%glflggtgﬁt‘ﬁﬁlﬁ%ﬁ%lf%ﬁ It will
be appar ent ; fopefeatd edbBodiments Kieldo€ds illastdual arthe accbaparyire driementIni nvent i on
may be practiced without sone or all O{i %St, ese specific d?tai |s. In other
i nstances, RefPloRAFFSHIRIOBSHIRFAESPEAYT O arr%ettg?'g’smorder oprovidea

thorough understanding of the present invention. It will be apparent, however, to one

skilled in the art, that the present invention may be practiced without some or all of

15  these specific details, In other instances, well known process steps and/or structures
have not been described in detail in order to not unnecessarily obscure the present
invention.
[0017] Applicants used an oxygen-containing gas, such as O,, SO, CO,, CO
as a passivation gas to form an oxide-based passivation layer to protect feature

20  sidewalls during a silicon etch process using a fluorine-containing gas such as SFg or
NF;. The sidewall passivation layer contains SiO; (if O, is used); SiOx (if SO, is
used/added); and/or SiC or SiOC (if CO; and/or CO are used/added). N>O or NO;
may also used or added, which results in a passivation Iayer further containing SiN or
SiON. Other gases, such as ByHg, BClz may also be added, where the passivation

25  layer may also contain SiOBN or SiBN.
[0018] In those processes, the oxide passivation layer is formed by plasma
enhanced oxidation which requires reactions between oxidation agents and silicon
surface. That is, the oxide passivation layer is “grown” from the surface of the silicon
features by oxidation reaction consuming silicon to the oxide. Such a reaction or

30  growth requires a certain amount of time, i.e., has a time constant. Applicant found &

novel method of forming a passivation layer for silicon etching with a substantially

smaller time constant.



have not been described in detail in order to not unnecessarily obscure the
present invention. [0017] Applicants used an oxygen-containi ng gas, such as
02, S, CX2, CO as a passivation gas to form an oxi de-based Passivation

| ayer to ‘BP&eaes 9 %at ure 20si dewal I's during a silicon "EERHPEEEYs using a
fluorine-containing gas such as SF6 or NF3. The sidewal | passivation |ayer
contains Si 0gh16if 02 jrSiciti@hke wih e binboBRni & misadiadieehionand/ or Si C or
SiOoC (if and/ or CO are used/added). N20 or .may al so used or added,
whi ch resul psssivatien lpyes §orsdidon sichayormed by Hegetly Sapaithigigngridi 6F U8 ON. Ot her
gases, such . i | 25 | ayer
Tay 2l so contar SR R LR gk S e dBRsRH R

passi vat i onrdgairepxidgicher methchyeaptiasefdeanitavcad! oxt id helicvad Wit &h timequi r es
reacti ons between. oxidation _agen nd..si.l i [ e oxide
passivat?onCW§§@fmFEm &?gﬁzﬁﬂ?ﬁ%%ﬁ?ﬁgg§§¥95%§%%§¥§%%ﬁgwﬁgg%%xﬁggﬁﬁ$es by
oxi dati on r easkhtRacRRS oY Isidcbiertet witlt dre emdiodanenButhe arasgact i on or
30growt h reguires a_certain,anngt of time, .i.e.. has .a Hine %gnstant.

Appl i cant T BRI hElEn SRBRHBRE GPISFBF MYy “WipHSBc0aProR YR Y silicon
et chi ng wi t Rjigorsaahsdasiicéd dy-somk] S chd A i€ ABSdsRE usingMBemical vapor

2010/ 047978PCT/ US2009/ 060218 [0019] I n accordance wi th one enbodi nent of the
present i nvenopigan. Hisheleyed 4at Sprming R passigptialy IRy By cBeRIG @PFTor ned by

di rect |y, deposishhng ofo@EEd fowt) pidiiies ndeva@hhbiohadshanbealas ex idyscheni cal
vapor deposition. Since such deposSition does not require oxidation or
surface reabtlicon thé clfegatal vepasiderantiion Prodess 1p sndsefl¢rable ¢ edvap! aerdfiqe 5
constant is g@ﬂé@&khqge?nd thus the passivation |ayer is formed nmuch
faster than"the’EEnvent i-onal passivation. In accordance with one enbodi nent
of the pres@oze]i nventliodasili@atesinkiercandiogiti@i hiswhigh Evelclaw chatanfer, such as

silicon oxide, silicon nitride l,li.con.carbide., silicon oxy-nitride, and
the |ike i sPTAESHEE éb%%”i"ﬁ’éf“ sl @SPHYF&B%P na%’&%iatsr%ﬁ? Wb | coey fhat
form ngi@a pagskyabh@indiayak g aherth cBimdapan dddepesitiindg,a fivtinbiF)sur f ace
growt h, provides nore _durabl e passivation I%éfrs. It is also believed the
cheni cal  vajsoritepsi( FiBme SPHEBEE AP st @A SRV PET COREFBT Sthe profile
of the pas Sdo\ﬁ@aﬁdit?é"sﬂlic%}‘ﬁgi-) containing gas (silicon containing chemical vapor deposition

gas) are provided into the etch chamber in which the silicon layer is placed (step 102).

A carrier gas and/or diluent gas may be added to the chemistry in order to provide

20  certain reaction effects. The fluorine containing etch gas is provided to etch features
into the silicon layer. For example, the fluorine containing etch gas contains SFe.
The fluorine containing etch gas may further contain SiF,. In addition, the fluorine
containing etch gas may contain NF; or CF4, or a combination of SFe, NF3, SiFy
and/or CF;. Other halogen-containing gas may also be added to the etch gas, It

25  should be noted that although SiF; (additive) contains silicon, SiF, in the etch gas
only decreases bowing or undercut of features. The SiF, additive reduces Si
consumption from feature sidewalls by shifting equilibrium of Si atoms, but does not
deposit any silicon containing dielectric layer on the sidewalls.
[0021] The silicon containing chemical vapor deposition gas (silicon

30  containing gas) is provided to form a silicon-containing deposition layer on sidewalls
of the features, For example, the silicon containing chemical vapor deposition gas
may contain vapor of silanes (for example, SiHa, more generally, SinHaq.2), silicates,
or siloxanes (R,Si0, where R is a hydrogen atom or a hydrocarbon group), Preferably,

5



[0020] To facilitate understanding, FIG 1 is a high level flow chart of a
process used in an enbodi nent of the invention, in which a silicon |ayer is
et ched 15t hrough a patterned mask using an etch chanber. An etch gas

cont ai ni g0 20147818 ne (F) contai ning gas (fluorine coRCAIMEWFILEEh gas) and
a chemical vapor deposition gas containing silicon (Si) containing gas

(silicon copt, ] " i r into the
etch charrberﬂl %h%%cvﬁpﬁﬂgﬁgl?@ﬁﬁchﬁg% eg%%gg% (ggjtcgcgﬁ%%§ _Oizg}r rier gas
and/ or di | uecth-ngas/-upyo-beraatdeuhe (M) ohrari Sthe ghémicdrdper deposiiavi de

20cer t t fiects, . The fl ot ded t
ctch f oat ur 66 T BLBGGI REKGA Pigtr Torr Bt b b epo i b8 BTV, o0

etch gas COEﬁrﬁdm&laﬁE@ma}t}%e;ﬁ{aﬁ@pbﬂ@x@MImsnaﬂﬁg@ﬂﬂmtegﬁsﬂmyefmﬁther contain
SiF4. In addition, the fluorine co% hnl n ctg1 gas may contain NF3 or CF4,
or a conbi naRMEHa st desest sikigos nigdeAndsilg &@F—‘H & her hal ogen- cont ai ni ng gas

may al so bejppdsied to ”}.th}é%h@fhféﬂ \&E& depbsidbsheuhd, teeritoixed withate Rldkieugh Si F4
(additive) cont ains silicon, 4 in the etch %‘s only decreases bow ng or

under cut of cdnéaning elsh eathef P FANRHWOETSPE 1pt difceh Gjanmbsh SAMIRAtALY them f eat ur e
si deval | s b%/ éggs ahl Be ol Ichi &Eab#d@g@i;ﬂ&l AR Bhe 1?&'5(1&39@%01@%&;}3&@99@%” any
ainin e I ay

silicon con ectric he Si dewal | s 0021] The 'sili con
cont ai ni ng mlha&rmtnethe @talpdrandrepwh¢mit1@m1@€a@ i g@tﬁ“f%@fh 30containing gas) is

P or et gheg 2 Skl GRRIEERS 19, AE0ARH Dl AYRMm B0 Rhdguald o of the

feature I con cbn alnin m cal vapor eposition gas

may cont ai nthb'amli}cz()fva}&jrlda;mﬁslo@fgm{s&pall@p} eA bBisd]tageos progelnéfé@dpl 406) to
Si 111-12n+2 silicates drogen at om or
a hydrocar b%ﬁ'* ‘&F%‘b%otm?i%?céw&ﬁ?%f‘c e ?X%EZ ]cvﬁ]g;rﬁnv%m%g SF'l‘sfaceeﬁgé? i on gas

includes t eff@reghRWhched ld&@th%lsiﬂcs]ata@ex(&ﬁ@le pfaaﬁ:li (s8dp 108). At the same

oct a-net hyl -cycl o-tetra-sil oxane E The chem vapor

deposi ti on 8% ar?ﬁgﬁ%ﬁ@@a’@@ﬁtpéﬁsh"a&% aﬁ’F’V@le&f& (Celé‘)’ )?ﬁp@%?fﬁﬁ‘f € the cheni cal
deposi t{:0n @@e%vaﬁ?‘%ff GO R AL @ﬁl&@&@béﬂg RXYOREp Q0 eRRalsiXibA®Ser OF sil ane

or silicate or oxane and Sanmonia to deposSit silicon n|tr| e and silicon
oxy nitri dehuq 2] C'bh@mh?e@}@yawh@faﬁ@ﬂd depositbpBrregaCapggnge ey eni xed with

e e " SRl U IR Sl AR AELCLRASHOR, HIh! RAUGAIbIOCLRE. &t ch

chanber. ATCBIRAETY IV CORE gas an vapor’ deposition gas
may be i nt rfadwardifcon maaaeiphasfahcefeglaswdmmyes hteo thehéntetnali solmagybehicanher e t he
plasma s ga?onrreisr I?itthedpasslvatlon layer in accordance with embodiments of the present
20  invention primarily comes from the chemical vapor deposition gas (i.e., the “external”
source). In accordance with one embodiment of the present invention, 50 % or more
of the silicon atoms in the passivation layer originate from the chemical vapor
deposition gas. Preferably, 80 % or more of the silicon atoms in the passivation layer
originate from the chemical vapor deposition gas. More preferably, 95 % or more of
25  the silicon atoms in the passivation layer originate from the chemical vapor deposition
gas. :
[0024] To facilitate understanding, FIG. 2 schematically illustrates an example
of a cross-section of a silicon layer 200 in which a feature is being etched. The silicon
Jayer 200 may be a silicon wafer. The silicon material may be crystalline silicon,
30  polysilicon, or amorphous silicon. The silicon material may also be doped or strained
silicon, A patterned mask 202 is provided over the silicon fayer 200, which defines a
feature 204 on the silicon material. The mask 202 may be a photoresist (PR) mask or

a hard mask (oxide). The mask 202 may also include other layers under the mask,

6



10[ 0023] Referring back to FIG 1, a plasma is generated fromthe etch gas
and the chem cal vapor deposition gas (step 104). A bias vol tage IS

provi ded (step 106) to facilitate anisotropic etching (or etch

excl usi vV 288/0H878 zont al surfaces), and features are f Té‘ﬁé?i’”i‘}ﬁngs t he
silicon layer using the plasma (step 108). At the sane tine, a

si | i con- containnisNGoRARE VAL ARI/bAY 8klelticat Re twhidh thayeh) bie «grasi ted on the
15sidewal | s of the features which are being etched (step 110 The pas

si vation | apewviquhsisps @ehddwebnthaifprsursi28r cipheqiier gieiligprimgicsn #okaVB ot h
zero. Contrar k@ %u&?ﬁ\ﬁ%%@(?&%kee@ﬁﬁgﬁg% %l Sakb@R il Bravbi Gl dakdcon atons
in the passwatl on Tayer co e on material of the features

t hensel ves Qi)d- may hiteen thpemtdeproglle (. fs@@m:f"é)? ange [l4se than 80 deggedshdepsadipgssi vat i on

| ayer in_ac rrbod 0 resent. .2 enti.on prinmarily
COMmes fré)m Céﬁ]o%aﬁ"hc §e1bc0P ﬁepo %t c{eﬁlg sficgrtgt??h in wl%:l%”tl:gext éﬁr)nal " source).
I'n accordan@@hgﬁ tola dep@ rephedirdme fmicfont mqarreﬁ:ems whw@ntypcml thixkndw ofr nor e
of the silicon atons in tEe (ggﬁm vat |30nsl ayer fr gel nate fromt ag crrtzrgm' cal
vapor deposi® 8t §aeuriprd{- S Abry e > 13 > SF B U AR PRGN LEShs in the
passi vat i ongleayRfirePfhPbORES SO PAItbAE: €I MhCdpty MR fe@ROIAyibRMAL Bag. More
preferably, 95 %or nbre of 25the siljicon atoms in the passivation |ayer

originate f8@>mnt H@WW@@FGS%WHH%H@PIP@HI%Q@Y [YGGQ%]*WW%‘P’}E tate

under st Loks | dab PR AR s BRCCHAIR kReQhID06
Cross- sg@tl %? %ﬁ%ﬁ%ﬁ&}g@b (S)I%an |cr§ ab?egture |sebe|bng et ched.

The sili conaﬂd&ﬁebotﬂﬁﬁﬁw threfeatum 304 Srnopaftess, voltage i pravedsA (gt éritet may be
S he R Uk py BT b AR Yo BIDIRNR R Bl P ST 000

mat eri al or’ ¢ Tal ned I con. er ne mask 202 is
provi ded ovmbgﬂaﬂwlgllégsmhé dyearallRQ06. Whe ©h iohphdt e shecbottamtforiBta®94 on t he

silicon materlal The be a hat,or esi st ..R sk or a hard
mask (oxi de§erFRLIGHHERas %glnﬁé‘gle%m‘? tﬁ%%ld%‘fﬁ%réﬁpgég ufider the nask,
WO 2010{P479L8PLth WSRO0 QREARIS t@ph@thcaﬂ;ea]d@a@d Q06 v thesteanaigVor a

dielectric layer which may have been etched in preyjous steps (not shovvn)
The featur efaQ@h? feae hedichisen Pnbesther dand Aathe PPty mﬁ%"“r@%éa‘é\“%é{%"u cal (i.

substanti a V;ka%mgﬂmqqgfeggﬁ) is @E19§ Héﬁ)qﬁ&gérﬁi at @h% s%ﬁ@‘ﬁ'fhe‘ H@m% rEnoved blh6y f eat ur e

204 may have a tapered profil a profile angle ess t han 90 degrees)

dependi ng oa‘ss15tc¢ﬁet0hqng,l aﬂdalnq ﬂ;moseffﬁélcgﬁl Ilﬁfé@ﬁdé%’éwl Sece dlecaps®iatioBon et ch in
whi ch features. t 0O mcrons,

whereas ty ia%%l}s ofp jfrjflnécésfasot Tt a ]%%g{é%%%f[@ﬁer? g’&% gﬂ\%/]?ecggl Ql%g 3to5

m cr onsp0 FQﬁatepizampl@ehmdaksapémtatcﬂaqdro@snéantﬁeqneffeam@rme riicidndyl east 80, or
alternativel

the pres entw%"ﬂgg? i gﬁ\ eg d%%ﬁtlt’lg geélh?%’t EturS "*Eih?r}‘ﬁ ethg%abgllv ?g@c}gyoeé’t g}ﬁ Y. Vet

gas and the chemical vapor deposition gas flows are stopped (FIG. 1, step 112).
[0027] A high etch efficiency and desired process flexibility may be achieved
with a continuous, non-alternating etch process (steady-state) using the etch gas

25  comprising a fluorine containing gas such as SFs, and a silicon containing chemical
vapor deposition gas, for example, TEOS vapor. The process is continuous because,
even though the supply gas flow set points may change during the process (e.g.
ramped from a higher value to a lower value, or vice versa), the etch gas flows are not
toggled on and off; rather, the gas supplies remain on continuously while the feature

30 204 is etched into the silicon layer 200. The process is non-alternating because it does
not change from an “etch” condition to a “deposition” condition; rather, etching of the
silicon and inhibition of etching {passivation) occur simultaneously during the etch
processes. The etch efficiency of such a continuous process may be significantly

7



10[ 0025] During the etch process, passivation takes place on the sidewalls
206 and the bottom 208 of the feature 204. Since a bias voltage is provided
(FIG 1, stedp 106;, charged particles (ions) bonbard tEe t%ott m_ 208 of the
feature, WREWB Sor substantially |ess, on the sidewdd & 528 % e ion

i npact on the bottomfacilitates chem cal reactions |eading to etch. Thus,

on the si dewghbsed SePPEpld PMediatibp@robbpassinsatilion lsayeap rdiédeadntirgiues to
protect the sidewall 208 fromthe etchant (F) radials fromthe etch gas. On
the ot her haPfe ohtheteal mseret o208 298 tORLerEHE (hcesas {IRws B<COPUBHM SN | ayer 210

I's being de%%ﬂ]a}c?ﬁarﬁﬁge@&ch?a?%amcéﬂtfﬂileﬁ%ﬁbgbé'@s@&\{% B¥uch@Nnasst st ed

et ching, an e exposed silicon is etched by radicals. Since the
passi vat i onaidagperpléxétyfod thewmstern sprded &1 &IPPET & W9cehe conventional surface

oxidation o sili rd@hy.-<late di hevsd. that .t he, efch process
can be p%_rf@rozgﬁ nor e/_grg?’?a%%;%gnt s';t/e%hf 8%&%%1%05%& hﬁ’gsﬁ%?sa Ieali eat | rses are
et ched usi ngritdisinp 88sindat dhomidahyeppy ddrveition ghs gasiEngd OM{ET Tt wath vapor

deposi tion I are sto 1 G, S 112) . 0271 A.hi etch

i T o ency SR vielFeiofet a8825) e ek vpities” 1S pickBhent BOERG B

cont i nuous, ogIoRc@l SR ratin ONCTH vipopcessplistaadyoistahd), ugliigcthe et ch gas
25conpri si ng_ a f|uorine c?nt i ni nrﬁg%as such as. S§F6, and a silicon

cont ai ni ng kel SN TEp BRI SPEi TR YSS ¢16¥ Vekanpl e, TEOS vapor. The
process;j s @@sg) NUOUS, REGALS BrocBN PRrTHABMEN abdRe:SHIRB] of BAGntih@ds8Rh poi Nt s
may change during the process (e.g. ranped froma higher value to a | ower

val ue, or vireessyeny by enhapeeddychangaig HPEREPIaFess RERIEEHGPERSERd of f ;
rather, the ) ' Bl 1 BUOUSLYWkd, Guliflemt ealii6u30204 i's
etched int oP"tg*ﬂ% "Z# i é%)s l%g%ﬁ?dcgsos%ﬂaﬁrlﬁe %r 0cess 15 non-al ernating because
it does notetchangss.f Fomxanpleghe hl2srgopetived sopply cend/or thepodentiionvoltegmdi ti on;

does. notxgtyeogesf Famgmpt she kiR sopply it agndi
occur i ml ANy e iy BBk F ki SR ELSLL AR PRIRHIEL °0) <Lcn

a contiysuous cRirpERRsctivaYldbia sbgpdiehsatdching thepfow elil aoviber examalel dey
alternating process because silicon i ghei n rerr[%ed dur i ng 100% of the
total proced&smapegver |ty Hias bipthe VbR g{RE LA HESSYEL" PP M3 PECESMS nuous,

standard hasdWBESmSUs aRedRSm oo woR 6ol 1beraeRy e waediuihbug reduci ng
the cost and conpl exity of the system needed to support the process.

5[ 0028] An exawploas efch groseséady- st ate silicon etch process uses an etch gas
[0030] FIG. 3 schematically illustrates an example of a plasma processing

20 systemn 300 which may be used to perform the process of etching a silicon layer in
accordance with one embodiment of the present invention. The plasma processing
system 300 includes a plasma reactor 302 having a plasma processing chamber 304
therein. A plasma power supply 306, tuned by a match network 308 supplies power
to a TCP coil (the primary winding of a transformer) 310 located near a window 312

25 to create a plasma 314 in the plasma processing chamber 304, The coil (upper power
source) 310 may be configured to produce a uniform diffusion profile within
processing chamber 304. For example, the TPC coil 310 may be configured to
generate a toroidal power distribution in the plasma 314, The window 312 is
provided to separate the TPC coil 310 from the plasma chamber 304 while allowing

30  energy to pass from the TPC coil 310 to the plasma chamber 304. A wafer bias
voltage power supply 316 tuned by a match network 318 provides power to an

electrode 320 to set the bias voltage on a wafer 322 which is supported by the



containing SF6 and a chem cal vapor deposition gas containing OMCTS vapor
with 2500 Wof TCP power, and 250 Whbias voltage. The process gas flow may
i ncl ude 900 sccm SF6, 20 sccm OMCTS vapor, and optionally, 100 sccm 02, and
50 sccm Sidrdo1at4788 mlTorr. WAfer chuck tenperature is $ET/LER00Q0@21810[ 0029] I n
addi tion, process performance and flexibility of the continuous etch

process may be enhanced b h i hg. typi roce r ch as

pl asma pomeFl?cwgﬁﬁbga%gn%%&é??égsﬁr g’(?é%tg kog?}]é{a %S?ﬁapﬁoigegg?@?yéﬁ%ﬁzyﬁ i ke,
during the gertbiuossgetaplpimcess. For exanple, the plasnma power supply,
and/ or the wafer bias_voltage may be | sed .in an on/off or high/low
fashion in B0k to %e%@%tpﬁge %ﬂPPlé’p%é 2 ‘gmer“éﬁ%erll%astvc?fltéﬁa?od‘? g‘f?g ctive

pl asma conponenisud &AGRIRY td HRrit@ii8pecitidrad] En@xaEl &, fdrReapdlasma powver,
the wafer bias power, and/or the pressure in the plasm processing chanber

may be ranpéds§ Flasmgipoval werbc0a apdiwalea biss Power WPls HePEY Peduring t he
continuous : ] 5h & ofdodehERRldd 8 hdhidvk ibglol 3kR8san exanpl e
of a pl asna&%? é@%@fﬁéﬁaf%g yg'?er% OC(’)%DV\M ch may be uégd to pgrfosrsmthe
process of pirbhibmgeaFsi ddagole, iraye embadigwabeidha pesawit iyeding, Beipédingent of the

present invention.,T | I [ | asma
react or 302pch“ée\5is¥%ﬂ%§% rg?an%%g}rygféeg}goa népgﬁ%ﬁggrﬁg%@otg%é) R(Zr?\g&g’%g\%ﬁoasna power
supply 306, whidnigias Wytage pavahuppey St ka B0 phuppiks edtagovkin arang oTCPtcoi | (t he

primary. w ndj t.ransf r. 0 located nea W ndow 312 .25 to
create # pl g@ﬁ%"%iﬁmo*ﬁ’ﬁ% 'B’Iggg??l@@rl%@éoég 3&%“&‘1%’2%%%%%5‘? Cefﬁ})embg%f’ﬁs (upper
POWEr SOUT CQ od hibréTaih-dfls 6@l guitedest GhRhathyar weridfbgrasimtild faksron profile
Wi t hin processi ng chanber 304. For exanple, the TPC coil 310 nay be

confi gur ed BPIYERBEETEd BY PYHBIRAVH SN ®Hi st ribution in the plasma 314. The
w ndow 312 [:oﬁsa\‘y ovi ded 0w &PALAE &Lt PRsAPG e Msing 33 Qe 3OO Rer ALiass@m chanber
304 while allowing 30 energy to pass fromthe %P coil 310 to the plasna
chanber 304 gahsomtedgasbipmy wekhage pPdnebegappuyjceangudasib gtobgaasecch net wor k

318 proyid power . r t i n a wafer
322 which i 25%%%’8}1 c%agt‘flﬁ%flg%ﬁe?g&mgggsc%r%gcﬁgg%’g%%l Okag%aﬁlly ’?%I %aglr&g%% El§s)et S points
for the pl astme pOSEThesgap pbyrc3(62.a¥3d, 4rhic3vafem fhideomedticagethsuppl y 316.

576 mhy be RGRHTRLTER 0 BIRPAEE B BbErt L gt A IER S At a0, T or

exanpl e, 5 343 a®RiniMsBous Rbas SRinBIEber SO Pdnd ndBGalechyWadnefor iijesinpeuer suppl y
316 may be appropriately sized to supply a range of HPovver i,n_order to

achi eve deshelets ppingdencszlseyr AOREMREY. FEFaRnSIE el Hiegte MitiolrtEnt of the
Presentygl NYGRL, reétta%z&&u@émmﬁmrga@ Ribn TR LR iddegerdomer in a
range of 500 to 6000 tts, and the wafer bias voltage power supply 316 may
supply a biadpstmsint efgbe wspacHvaflpwafide grses (0 MYltiply 20000Mhe PRCAMdI ti on, the
TPC col 310, R00508 Kok BERLO0RS ANJIBY PR, £AIPHISEL ihfo Q1 TOr e
sub-coil s or sub-el'ectrodes, i ch may De powered by a singl e power supply
or power ed iyt 330! thi pick gpomerthscheplidad sapdr G3R2itias gshomanbs mubih@ed Bito t he pl asnma
processi ng system 300.further include as_source/,gas | y_mechani sm
330. The g @8‘(??%%”?}}?81 %S?e%?ﬁa%etga@ﬁn%tasgmgcgﬁ?%n &%‘ﬁ@g% tgggﬁ?nge ®al vapor
deposi k0N PYARIBOURE Sepadtk, gad ilet® piay ©b dkdvidedan didfdctint loomidns ghthesour ce 336.

The gas sources 332 3§4, and 336 are,in fI.uf d cor‘l}necti%a.with tgr ocessi ng
chamber 30£rqcﬁﬁsc?f‘]§rﬁi’%{3. ﬁ’sa“fiﬁllwelf’c%llfﬁ". ofthe stdBlefs Pt begRp sl < Bcat ed i n
any advant %g@:ﬁ&é HeQfat An@RhéMiceNARBE e p8idon POEEIBY FhAKRnRRY the 0sdRibor
injecting gas, such as a single nozzlpe or a showerhead. Preferably,

however, t héthgass im}ﬂtsezmagu@dqﬁqwmed so as to reduce any extraneous deposition. It

should be noted that the present invention is not limited to a specific design or
30  configuration of the process chamber 304 or the plama processing system 300. The
process gases and byproducts are removed from the chamber 304 via a pressure

control valve 342 and a pump 344, which also serve to maintain a particular pressure



20 be configured to produce a "tunable" gas injection profile, which allows
i ndependent adjustnent of the respective flow of the gases to nmultiple
zones in the process chanber 304. It should be noted that, although FIG 3
only ill usbreatesys single gas inlet 340, the etch gas rafidisede/sghsm cal

vapor deposition gas nmay be introduced into the process chanber from
separate gas n 25| nl et 340. The
separ at e ga§”¢”ﬁlt§?§ld%§ r885351p%v1?agg) r%’\%{ }fefger*v’ g?ffm%% asg PRHTCSHYEE process
chanber 30433@Edoﬁtktﬁ1eﬂ@§2&td@ﬂsom:fr32¢le gas inlets may be adj usted in order
to optimze the etch and chem cal dag)B osi ti.on, pr cess : Ir exarrpl e,
the | ocati o938 t he gH¥ A %P@tpéoﬁwgb “ﬂ‘é’t rﬂlﬁ"?e?is%’&d& t FeA R N

extraneous ¢epasinbi @8wn) fo ek BepdehRtbrhdight dches MeSaedw 3 VARl on is not
limted to & specific design or 30 configuration of the process chanber 304

or the pfantedpechesyirahorayaing myBotuewé wHideeeds- gases and byproducts are
removed frogoggue charher 4 304 muliand iRIsEaeL] B1dcRaldRlm ¥ A/o%np%ée% sy @ punp

344, which serve to maintain’a particular pressure thin the plasm
processi ng ¢MMawbeale 804mpEhentas @ouelde/Sgasindliophy wikdhhami tsmS@Bm ang

ot o bR S BOR Rl of sden ARIELT PP BRI RLOGE 356 Ay ! o 300

may al so in€ OW CO00 to reduce the
t enper at ur emgm;a;myalil fammﬁgm@ﬁoman Ghmgrstm czmdt terinted edudebdahd aoder al |
operati n raﬁ%h;(? of wi ndow 312. I[0034 gbh schetnatltcaldj illustrates
a bl ock? agfneld 4GRS tPP A Jyat SREAGEPEE t dbi"6 PBP P ENettti ng a
controll er a”:&éhe!dlt@sﬁke@q bid) 420wk GhieNByel@f UaRgstbms, ORGcAto M RE? ampodi ment s of
the present invention. The conputer system 400 nay have many physical forns

fanging f r oEERS Frasegh Rl SEPETHIERIS. OF CRILT o8t sRPIEUP SoR88 e icsing & 10 snal |

handhel d d%aﬁ&ngg% xﬁnﬁﬂﬁ_@y S1D e GRUARYY @04 indcidbIBnERARE S mSH&em 400
attached to syst 420 i's a wide variety of subsystens. Proceéssor(s)

422 (al so r(@edyad reas- caéymemorsaﬂRQMbc@%@w@ lgemngn therartCROM yetatoe coupl ed to
st or age eV|ce n , r | udes

r andom acceds t?ﬁed agnd"'g%}%u& ?]gg%gt%ﬁ téé%%é?fu}ggm%feé?yée%ﬁ;knom in
the art, RQVhacdfa dam dhBtimsansdes irdabiadismdonahstanuet iBotisofuirse dipeectt i onal |y to
the CPU and RAM i s use y to,transfer data.and i ti.ons in a

bi i r oct 1 GHATOTR AR R sy GF bl S BE S B RS Mfifiet e any

sui tabl e kiaghwofA tiked goep2E Riatsh eadadd ig- dnedﬁca;adsa&cmbkz@dj 4vel pyrovAiel i xed di sk
426 is also coupled bi-directionally to the CPU provi des addi ti onal

data st or agédisapaerie pogteg cARAFItA PRGN R UFE Ry P @ﬁé"%ﬁ)‘ﬁ?ﬂf’%@a feadabl e 20
medi a dgscr, é?i%ddeg b%wbeﬂ;bﬁ qfﬂe%ﬁéd %@ ko by B@Msé&% UeRbrbSast Qaf, 00T ans,

data, and t ke and is typically a secondary storage medi um(such as a
har d di sk) thdidite and is typically a secondary storage medium (such as a hard disk) that is

slower than primary storage. It will be appreciated that the information retained
within the fixed disk 426 may, in appropriate cases, be incorporated in standard
fashion as virtual memory in the memory 424. A removable disk 414 may be used
25  viaa disk drive 428 to transfer data to and from the computer system 400. The
removable disk 414 may take the form of any of the computer-readable media
described below. A portable memory 434 such as a USB flash drive may also be used
via a serial port 432,
[0035] The CPU 422 is also coupled to a variety of input/output devices, such
30  as adisplay 404, a keyboard 410, a user pointing device 412 such as a computer
mouse, speakers 430, and an input/output (I/0) controller 436. In general, an
input/output device may be any of: video displays, track balls, mice, keyboards,
microphones, touch-sensitive displays, transducer card readers, magnetic or paper
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slower than primary storage. It will be appreciated that the information
retained wwthin the fixed disk 426 may, in appropriate cases, be
incorporated in standard fashion as virtual nenory in the nmenory 424. A
renovabl V@IRBK4HIB may be used 25 via a disk drive 428CTFSPARSREr data to
and fromthe conputer system 400. The renovabl e disk 414 may take the form

of any of t&ge %%g&g}t%lﬁg%a%@g%ﬁ@@% ﬂmﬁ%gﬁﬁgggc@gﬁ%r@,%mﬁmﬂemmﬁofmemor y

434 such as |'as rive may also b Via a serial port 432.
[ 0035] The CRied@2rpueral Be GUlHlday be covpldite ryothdr computef out put devi ces,

such 30 as a. display 404, a keyboard 410 ser 1,01 ice 412 such
as a conput @}ecﬂ%‘gjé‘g%éatéodlégﬁtgrog % ,negvr‘{gl&%fﬁte%ﬁ%uﬁp b%lgg%dc}(qlg/n %&ydggnt rol | er
436. | n gengkdface,ais boRehplaiat pat thed €HLE€ 1vaighbecany inddrmavbd&omdhspl ays,

track balls, mce, keyboards,. m crophqgnes, touch-sensitive. displ.ays,
transducer BHVEKs %%‘B@%%‘i’mﬁﬁ%ff’f"&atﬁp t‘bﬁ“ﬁé‘Ftwctrgb’bthFé%lﬁéer ,96%8‘51”‘8531,6 styl uses,

voi ce or hapgweidticRBed QE@ENLES FurthéanRs, Metifod @Al BantOsf thf fiesenconmput ers.
The CPU 422 may be coupled to another conputer or tel econmmunications
networ k usi myctiienvRavicxeateeoldr BhAdePU K¢t A BaY Fres s OV HG IE W K ErsAde, it i s

cont enpl at eﬁethn%ettin@?ﬁﬁétiég it 9Bk ofeRTRY ¥ ifQLMRI R iR dbgndnet wor k,

or m ght output infor ton to the network in the course of performng the

. above- descitibed net Had campyst syFam498mmrhe copBgied toaitbediane iPs of t he
resent.inventiqn na e : ver a
p l(L u Clﬁtﬂigglﬁtpﬁoece Sn@%(a S% E’Si %9 Ifl%txfg,ﬁpsgﬂre S t&ﬂ?ﬁ'gtg%rf g&%ﬁ %%ﬁyfﬂﬁeé 9‘1

net wor k erne conjunction w note CPU that shares a
portion of $he tpegessitegl2dn@(86deiting sorputetosygta the408meyedses. conf i gur ed

to collect and store_10rel evan rocess .data such as gas fl pressures,
t enperat ur e[,%O wer , 5?16&&'1’1%1’ F‘ink%‘gmfiwsSfﬁl&pref%ntd?‘ée&ﬁ% %H@ﬁlé}e%},%gna
processi Ng syghuekedide pdeantiala dohgupl-aadebipredrRastha KI08Zdhputaddi ti on,
enbodi nents of the present invention further rel %te t 0. conput er,, st orage

product s wi e hegoRpRitREFOFBAR AHIQYS FREP - ITRRIEM OREGFHISAL e EBEE ¢ her eon
for per{ornj.nAg.y tigxoéb%e %g@gtslg(%é iﬁglélaﬁ?%@i%d%g tatstOnsd fol e pigghis& 15 and
i

conput er code nmay be thos y desi gned and constructed for the
pur poses ofofttheprpreesientntionvasthayonay by oftthrekindrapgl! fraowh andhy aili el totBeE known

o0, 2ol | o k1P RMARD L b I ST gL SRS g, Ecarpl e
magnet i ¢ madédia Bukbe,dat randt lithsddsto: hhgpepy mdidivksech afdrdwigneflogpytdagke; opti cal
media such a%fl m%&g\{gpe?ggicgﬁlgﬁﬂ %Pcrﬂi 5 C(ff—ﬁb%ﬁés and holographic devices;
20 magneto-optical media such as floptical disks; and hardware devices that are specially
configured to store and execute program code, such as application-specific integrated
circuits (ASICs), programmable logic devices (PLDs) and ROM and RAM devices,
Examples of computer code include machine code, such as produced by a compiler,
and files containing higher level of code that are executed by a computer using an
25  interpreter. Computer readable media may also be computer code transmitted by a
computer data signal embodied in a carrier wave and representing a sequence of
instructions that are executable by a processor.
[6038] In accordance with another embodiment of the present invention, a
downstream plasma chamber is used for etching a silicon Jayer, and the chemical
30  vapor deposition gas flow may be introduced downstream of the plasma. FIG. 5
schematically illustrates a process used in an embodiment of the invention, in which a
silicon layer is etched through a patterned mask using a downstream plasma chamber.
FIG. 6 schematically illustrates an example of a downstream plasma processing
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20magnet o-opti cal nedia such as floptical disks; and hardware devices that
are specially configured to store and execute program code, such as
application-specific integrated circuits (ASICs), progranmable |ogic

devi ces (WALBmp/o&me ROM and RAM devi ces. Exanpl es of cd§@utses @eds i ncl ude
machi ne code, such as produced by a conpiler, and files containing higher

Level o1 cote, gty S5 RIFEULEY Dl ARoMPULEL 00,0 FREDASEPRCL o

e transmtt yacorrputer
dat a si gnal aemshbdicesith thisentadimer ofvav ereand imeptigsent i ng a sequence of

i nst ructl on t are, executa rocessar. 038 nce with
anot her EQWH@M of A% ’QWBF%Et(ﬁtgﬁﬁ\a/aéjﬁvﬁs%%m a %ﬂgfﬁqéggn%ﬁ é@?chanber is
used for et aleiudgs & &l dh@@ﬁeﬂ@zema@mmtahemﬁh@mwah psﬁqummda@@sy ti on gas
fl ow may be introduced downst ream of e ically

na. sche
i |1 ustral est@ Hinsabya m&Bder Pk U HEE F%%Wtf’fg? thiﬁ’éaSinﬁ%f’rW‘?erS ”Bfoﬁa%l ch a
silicon |aygt geSofGhedct mamwha@ et 2R EHIRE 18 D e@e@%@%ﬁds@ﬁm pl asma

chanber. FIG 6 schematically illustrates an exanpl e of downst ream pl asma
processi ng 412 ussggsmémve@@ migreayeayh becweaedienée@maeﬁ W@Iﬁeoéé%ée‘é’% of

etching a SFB%%@{%S% %12'1%%&8£}Péﬁﬁ%eﬁﬁdzghm 72 8R8% TR rfbaldae pr esent

i nventi on. hown In FI G 6 am pl asma processing
syst em 600 plhachusheseand bine holcigarbeer BSOLy o6 pmvmeaglaam@ hedbies v@t9e. A pl asma

power supply, 5 606, mat ¢ net 60 t he
pl asma nﬁ%ﬁ‘rf’%‘fﬁ “fpé’g’a@gdwéﬁg {HE" LY 5 él ete“foglﬁgﬁﬁgk V?ées %8%1&?%12 pl asma
chamber 610{3@1}6d@6ﬁ1(@|33ﬁh@bﬂﬁk asimge 642 wws?mrﬁgfz%uﬂn?]\&lpportedrbﬁmewave A )
reaction nedium (etch 650 romthe as 12 i.nto the
et ch chambef 3‘6’(5‘?3@9‘ gentp Iﬁb&ﬁ%@"’“}&s F%émﬁé’rpiﬁ%é’d’wﬁ ﬁ&ﬁ@gmé}‘ “and bi as
vol t age pPOVEELreSHRR HaBdbsonfc@\uhaBRs PbisEBy mﬁem aﬂle\e@hﬁ@g%zielglae power
supply 616, which is tuned by a match networ cg@g) ovi des ower to an

el ect rode Gmqu@ﬁ%tusmﬁ@%cﬁu%Fft’ﬁée@’%‘ﬂf%(FéG\ﬁ/a‘F‘eP“ dipiresdiesosuPport ed by
the el %%%Om%gse%&se@g £t 828 S Sl RAIIRL S vgo%r g@ﬁw&m power supply

606 an the Wa ma source and bi as | tage supply 616. The
control | er @aviderene dnmqrﬂﬁrhcermﬁtecﬁ‘qx@ﬁwgpl&h@ iﬁiﬂﬁzta@nes%@vﬂéwﬁba (FIGS. 4A

B s o) £ o0 AR b MR TR0 UL bl Biter) W16 BTSFe BRSRC B SPAR, FEH S and

bi as volta nay provi one reguenci es.

exanpl e, 13)35@61 %&a&bﬁkﬂéanc?ﬁhﬁ?olmgéboxﬂerl‘dhﬁplyﬂh@rrﬁ%ﬂ\ikdﬂe(bsfvoh@p@i‘m (such as
60 MHz) with 400 kHz, may be used. The based pl asma urce and bi as
vol t age pov@ﬁeré'i?bgpﬁPlgm@r"rﬁiﬁwqyrﬁ?f‘ﬂﬂté’fF%/I:%eg ?é‘f"éC‘“g ?Fi?‘ﬁpﬁﬁﬁém 4hi gher
frequengy J6R& Bl REncR%s IR®iRVARIR SorECe, and the other with a

[0040] The downstream plasma processing system 600 further includes a gas
source/gas supply mechanism 630. The gas source includes an etch gas source 632, a
chemical vapor deposition gas source 636, and optionally, an additional gas source
634. The fluorine containing gas source 632 and additional gas source (optional) 634

25  are in fluid connection with the plasma chamber 610 through a gas inlet 614, The
etch gas source 632 is in fluid connection with the etch chamber 602 through another
gas inlet 640. The gas inlets 614 and 640 may be located in any advantageous
location in the plasma chamber 610 and the etch chamber 602, respectively, and may
take any form for injecting gas, such as a single nozzle or a showerhead. Preferably,

30  however, the gas inlets 614 and 640 may be configured to produce a “tunable” gas
injection profile, which allows independent adjustment of the respective flow of the
gases, It should be noted that, the location of the gas inlets 614 and 640 are not
limited to those illustrated in FIG. 6. The locations of the gas inlets 614 and 640 may
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20 l ower frequency as the bias voltage source. [0040] The downstream pl asnma
processi ng system 600 further includes a gas source/gas supply nmechani sm
630. The gas source includes an etch gas source 632, a chem cal vapor
deposi t i ov0 gre0E9Wr ce 636, and optionally, an additi oA EHFAYIEH e 634.
The fluorine containing gas source 632 and additional gas source (optional)
634 25are ip fl.uid co | 0N W h @L}?&t{@%- ]%Qgélih% 610 Lhrough a gas
inlet 614. %%Ajgﬁt%%ﬁﬁg%?g%éﬁgg%G%ge#seﬂlnn l'ur d conne (t)Si on E\;/{n th the etch
chanber 602Fbtiuxamgle, tidddagon ofabe gasliget GUOnayThedayamitod|setas tekducgrndy 640 may
be located in an dvant ageous |.ocati ip_the pl.as a . and the
etch chanbeFXtBB@?,“S?]gg(ﬁétﬂli gteﬁgﬁ?ldg’ﬁgmﬁgy% FHRL SN IsB%ﬁHoggrl{q?ﬁhatg%%nag gas,

such as a siRgiR RQ&TbeRfig@ashoyehdinedess Brefier a0 yr thdplahovewessing he gas
inlets 614 and 640 may be configured tg roduce a_ "tunabl e’ g%ns[fi nj ection
29T ‘ECEFeﬁﬁ i

profil e, whbxstrradilovidic PrRsepErtrs Apd £ IgROVER EroP O 8% Fow of the

gases. It sphould,be. a0t &dhubhddive 4428k AGAKIp@U4OThIchaIsga8vE W) Bbisitafild and 640
are not limted to those illustrated in FIG 6. The |ocations of the gas

inlets 614 particarpresayre Mithirgse gdh graogRer PA2. of bfetas SOMIEHEISHFRRIYt he et ch and
chem cal vapor aq{%gloc‘i%jotié %tr@ﬁ&?&sﬁ%ont{;&l@r%m' e, the location of the gas
y }be eter '

inlet 640 na mned so ‘as to reduce any extraneous deposition. It
shoul d be n@0dt] t hat AswbopnésEitt. 5i nflepitemeniagnipgpech gasiis prpvided te éci fi c

desi gn configuration of t : cessing
5 syat el cotPreett P pg Buivsl SR BLAEBEE sf FRER. BE2 Boncriea Bp AT Bt e
chamber 602gi(@e5(n eFheIEteh gBnhayalonwal stberGbhipenchtasipilarly &4be prhiogh al so
serve to maintain a particular pressure within the etch anper 602. The
gas source/ ‘Eja‘%(’défﬂ%%y"%&ﬂ%ﬁ%ﬂﬁ%@?j‘sﬁé‘%‘né‘b%%‘%b‘ﬁ“%ﬁ%?o‘{rﬁ%&g‘o %bfeéftfoé‘r 624.
[0041] As  shQuatuinksEGm e pRshh 80T ist@ngRAEAIND 0G cehehagbs d0S (pepsisled i nt o
the 10 upstream pl asna chanber 610 (step 502), and a plasm 612 is

gener at ed f Fhsrreadtion sredivny®) qoatgys raionls apHanset 4 AIGALCIRANES ARt ot her
conponed s sjni : t j IR Sintr¥iiceiniRbhe RRAPT OVi ded
from tﬁ{ét ad‘%llp?%%e%g%lggg Sé%ﬁ?%%%%?@f%%ﬂi on S'rsrlgtcrll uy% 6150_ f ?om t he pl asma
612 i s transpobeeditnbogh the indetcHO EHemPE sehthitshais2@me)medime 63k act i on

medi um 650 contains radicals i b L.ni ical 15
Vapor deposietiuh gk Effmug gAhebl Teadhe My ER OB A BGLIRBAE. 2
et g h chgggearoltﬁgb'&_iré bfo@!.d.ﬂbl (dtdpes lioml et fabbe st eph&liBo tgﬁe:iltic@ﬂﬂayert(h@ r gact id?n
medi um contains silicon containing gas vapor. anber r base

pl asnma pov@rlzéﬂ@ﬂBiaé§1C9’6f?‘§618‘“§rpé‘SSbvra6]8F %é(ar Qéée?e@bn%iibﬁr?ggﬁ%&:{%% "Ules are
et ched 4gnt qpd BB dohGaHind @¥QEpdroheR: Gdad)alls White@eAursd WwhiehareRitgai ni ng

passivation |ayer (dielectric layer) is deposi ted_fLom 20 the silicon
cont ai ni ng aighed (grotL4bnl hemeths irefstigl Medigm 40f dhe PEPIRELRRRATHS PR bei ng

etched (st tonolg fg)reaction nedi um and the chem cal vapor
deposi ti onegggéé’ée)saﬁygs%e peg)(step 516). [0042]In accordance with one

enbodi ment [8#420he pr bsexerdameernith o crttvdingas of hapicstt insendPre Hém cal vapor
terative arraPREy bl bRpled PRk AR R SR PRRSHRCS ©
25  which consists of iterative alternative deposition and etching steps. Generally, the
etching step uses an etch gas containing SFg, and the deposition step uses a deposition
gas containing C4Fs which deposits a carbon-based passivation layer including C-C
bonds. Applicant used a small amount of SiF. as additive to produce C-Si bonds to
modify characteristics of the carbon-based passivation layer. The chemical vapor
30  deposition in accordance with one embodiment of the present invention can be
applied to this deposition step so as to deposit a silicon containing oxide-based
passivation layer, rather a carbon-based passivation layer. A silicon-containing

chemical vapor deposition gas, for example, TEOS or OMCTS, is used in place of
13



etching step uses an etch gas contai ning SF6, and the deposition step uses
a deposition gas containing C4F8 whi ch deposits a carbon-based passivation
| ayer including CC bonds. Applicant used a small anount of SiF4 as
additive twoprodmre C-Si bonds to nodi fy charact eri stiBeI/B32009180218

car bon-based passivation |ayer. The chem cal vapor 30 deposition in
accordance w one .enbodi nent ..of, the.pr _lAventd ] lied to
thi s deposi }tlkil: ﬁd‘g’to@ﬁo'ééasa?q{%@aa‘é% séﬁr}pbgdg?%@%:&od’nﬂ%eo% %%%%g@no%ﬁ 8%?gas ed
passi vati on dna¥teady-sthfd@iocassaadiienshstds ppissl matdsoaltdrayterbetvieen two '

i i con- cont ai ni ng cheni cal deposi ti ol 1 _ TECS
TS, & uSBE RO D eohes Tapte Eich e gah S EERRT VUFY. a hybr d

process of tdheraRkLdRk hereBink Micr pHeSsHAbnbosheady 25bakal ghoaess nay be
used. This hybrid process alternates between twy phases (sub- rocegses): 1)

overal | &t chprstesss 8Chi ron gassiverng sps BEVIBFOBF rf's BY SloP G Conlt BOEKARE) and
does have sqg il hGAR-RESRINRE AGnEQNRENpoaAsh Rin@Y Bledlnhe SRRROSI t 1 0N
Sprocess, rich in”silicon passivating gas but with some SF6 for slow etch.
It is believepodthatpasgiatign atep knd/eramo v deft faitherrgneplatithesidopap drofdeposi ti on
reduces the }j of the. ILi.on/ I.vatl and/. i.des further
control of t{hgggzi dewal ifé?@? ﬂvéﬁt%gdﬁﬁ%ﬂ%&ﬁ%@; f@%{]fent ieggr{a}ﬁ%‘gg %gn

descri bed i rnthetinmnaf theewver dlergtived, pemsdatemb.ododrBentons, khéraicase al t er ati ons,

pernutations, nodifications,. var.ious 10substi.t ute equiva whi ch
ol 1t oy n sedede ey ket FUERER R P Bl aiel H e D nar there
are many al tgf-natd VRraVaY H1a0¥ altdiRltieswnls slinipkendginpagsnandisappar at uses of
the present invention. It is therefaore jntended t%ftﬁx tge o§,1°' | owi ng appended
clai ns be i mpeypREs eHthgSrseRe GNERYL dF 15 tRyeioreinfeaten thefiae fOJ8PHSt at i ons, and
various subsgt] i if M dinghl Rich ABaGbAsUSerfRiatibhs, ad scope of
the pr esentsd %nﬁ%cgﬁ??%r?%%t%%g%ﬁ%%%% Ij%\mg:l ainmed is: l@el. A nmet hod of
etching a sivhiigorubsipuse equiivabangtis salpwithiarthrebugnpst e serpg of AemEsAtusi ng an
etch -chﬁgber. i nﬁc\J/\Ipi ch the silicon layer is placed, the nethod conprising:
provi di ng aFT0érne (F) containing etch gas to etch features into the
silicon layer and a silicon (Si) containing chem cal vapor deposition gas

to forma silicon-containing deposition |ayer on sidewalls of the features;

14



generating a plasma fromthe etch gas and the chem cal vapor deposition
gas; providing a bias voltage; etching features into the silicon |ayer
using the plasma through the patterned mask; depositing, using the
pl asma, a silicon-containing passivation |layer on the sidewalls of the
features which are being etched, Wh&#¥dn silicon in the passivation |ayer
primarily conmes fromthe chem cal vapor deposition gas; adtlStidgbpi ng the
etch s.anﬁitgchhenical vapor deposition gas, wherein the nethod is

per f of NS £ eady state such that the etching of the silicon |ayer and

the depositing of the silicon-containing passivation |ayer occur

si mul £ aneoyleyhddbfat ablies DRy ENErdRRR AGhiterndd mbRE fdvichakkrascens 1Y to
claim1, wherein said depositing the silicon-containing passivation |ayer

i ncl udidschamber in yohiely ki slgrosiliyes arplagednie phed ¢renpiisdid: cal vapor deposition
gas to formt.he sikicon- LN} i 10 I part
orsi 1 comravane ™ A ERE CIR AR APES SRR AL HRTIRRL AL
vapora @gpesi (Siprogaming Thebhal mepbodieacdasdi gag teo fatmai ansBicomkeentiningi | i con
atons_in the passiv ti?n Ia%%% originated fromthe chem cal vapor
deposieppaionazen @ Heewallsof AYFeSt otal silicon atoms in the passivation

layer. 4...1h& tah?ﬁsﬁﬁcf?f)ﬂi A9 L@h CdaRl MBS theMIBERICH ShidrCQpoRiBABydN the
paSS|vat|§% ayer ofiginated fromthe chem cal vapor deposition gas is 80 %
or nore ofprowdtmle adithsd woagat ons in the passivation layer. MCSLLP 5. The

met hod according to claim4, wherein.silicon atons ipn th assivation |ayer
o1 g1 nat o0 AVBHIEHESIREHIE alicyager HaRoLt proRogae s M e R BSE of "t ot
silicon atQpssidifh, LA PRSSbYAL I20MlidoaYBhtainiBs pdRR/alTBh NQEr ACGRKHicRals of cl ai m
1, wherein said depositing the silicon-containing passivation_|ayer
i ncl ube&atuespokich iargbeipe cisheds iwhgtdippilicey &t thedisdy Hiondagir prigiarhn goIes 7. The
met hqd. agcor di n |.al. m eraein the chem cal vapor deposition gas
i ncl fjﬁjen%: etcgl %1%%% %?Iﬁ);%/ Id-g%ér%t#g-%g?’l 2|{n?at e (TEGCS) vapor.
stopping the etch gas and the chemical vapor deposition gas,
wherein the method is performed in a steady state such that the etching of the silicon layer
and the depositing of the silicon-containing passivation layer occur simultaneously in a non-

alternating manner.

2. The method according to claim 1, wherein said depositing the silicon-containing

passivation layer includes:
providing silicon atoms from the chemical vapor deposition gas to form the sificon-
containing passivation such that substantial part of silicon atoms in the passivation layer

originates from the chemical vapor deposition gas.

3. The method according to claim 2, wherein silicon atoms in the passivation layer
originated from the chemical vapor deposition gas is S0 % or more of total silicon atoms in

the passivation layer.

4. The method according to claim 3, wherein silicon atoms in the passivation layer
originated from the chemical vapor deposition gas is 80 % or more of total silicon atoms in

the passivation layer.
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8. The nethod according to claim1, wherein the chem cal yaporsdeposition
gas includes: octa-nethyl-cyclo-tetra-siloxane (OMCTS) vapor. 9. The

nmet hod according to claim1l, wherein the cheni cal vapor deposition gas

i ncludes at | east one of: silane vapor;, silicate vapor; or sil oxane vapor.

10. Anet hbie Brthodetrcaiiag &¢ (ddéynt Aherine Hrigey R DAt e R VABLK 196F med
ther eqmlibELd fofne hbnfARTRRE defodncihsi0s 9 lo; Gofte | @YGA difedi! AGRin L N

met hod conpri si ng: providing a Tluorine (F) containing etch gas to
et ch theatwiveson hyer.t he silicon layer into an upstream plasma chanber;
generating a plasma fromthe etch gas in the upstream plasma chanber;

flow ng t pl a from.t he upstream pl asma .chanber ipto . the etch. chanber

pr ovi @i ng %maﬁggnafegf N SHCHTH ﬁg%ﬁfém &4 %ﬂ&ﬁé}ﬂﬂ&é@%éﬂiﬁoawoaagmg
separ@kglsichnyBrihguRasma into the etch chanber, the silicon containing
chem cal vapour deposition gas being introduced downstream of the plasma so
as to for megosigagthe gussrediondayencontding 1he, pidSma and silicon containi ng
chem cal vapor; providing a bias voltage; etching features into the
silicgn | ayer through the patterned nask uysing,the reactjon nedium MCSLIP
deposit i nhe G A HedEataim eWIeCy s SPoicohHoRas (Rs S e B ALt  on

llayer on si@gwahiisodo-dineté eatosespwhi ch are being etched into the silicon
| ayer, wherein silicon in the passivation |ayer primarily cones fromthe

chem cal vapor deposition gas; and stopping flows of the reaction nmedium
and the chbairetiodwapodingdpesiimi lomhgasn the chemical vapor deposition gas includes:

octa-methyl-cyclo-tetra-siloxane (OMCTS) vapor.

9. The method according fo claim 1, wherein the chemical vapor deposition gas includes
at least one of:

silane vapor;

stlicate vapor; or

siloxane vapor.

10. A method of etching a silicon layer through a patterned mask formed thereon using an
etch chamber in which the silicon layer is placed, the method comprising:
providing a fluorine (I') containing etch gas to etch features into the silicon layer into
an upstream plasma chamber;
generating a plasma from the etch gas in the upstream plasma chamber;
flowing the plasma from the upstream plasma chamber into the etch chamber;
providing a silicon (S1) containing chemical vapor deposition gas separately from the
plasma into the etch chamber, the silicon containing chemical vapour deposition gas
being introduced downstream of the plasma so as to form a reaction medium
including the plasma and silicon containing chemical vapor;
providing a bias voltage;
etching features into the silicon layer through the patterned mask using the reaction

mediu;
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11. The met hod according to claim 10, wherein the nmethod is perforned in a
steady state such that the etching of the silicon | ayer anqﬁé@$§pepositing
of the silicon-containing passivation |ayer occur sinultaneously in a
non-alternating manner. 12. The nethod according to claim11, wherein in
sai d si muldeBpddRgs| Wi dif rasgoRUBHIWE: antlepeRIEnAg, PEsiwation layer on

si |1 consGanLALR f@%u&@%ﬂi&@%f Oél:iﬂgaé&&{edtlﬁiotntﬁe ‘?'sﬁi%%ﬁilé)f‘e?, @Her@in%‘iéoﬁqh e the

features 1's also belng etchéﬁ at” a sane tine so as to expose the silicon

| ay erpastigition hater phaasiy ¢ogeas fheay gre dhsmipel vapoetiepasatianogaspmtd nue forming the
features, ile the silicon-containing passivation |ayer..deposited on the
S deval 1 5 BPPrRE A b ESHGTBRRL E BT ORRI O PouRAEERERET adi cal s from
the etch gas. 13. The nethod according to claim1l, wherein in said

si mul t aneousl y-occurring etching and depositing, the silicon-containing
passi vation | ayer being deposited on a bottomof the features is also being
et chdd. at Theseatkod daverdsiog tosclpim & pdwecin e mipthodonpérdyreredsuehtaadnstatehe
silicon lLayer is .bein tched to. conti.nye form.ng t features, while the
o1 S B Che Tt ad R Ten faferiniclE Il Phihs SheliFRuatile e

f eat pagsvagbalget scdubsingilldey@lsSinfanom Lleahdang niaadécal s fromthe etch gas.

12.  The method according to claim 11, wherein in said simultaneously-occurring etching
and depositing, the silicon-containing passivation layer being deposited on a bottom of the
features is also being etched at a same time so as to expose the silicon layer such that the
silicon layer is being etched to continue forming the features, while the silicon-containing
passivation layer deposited on the sidewalls of the features protects the sidewalls from

etchant radicals from the etch gas.

13.  The method according to claim I, wherein in said simultaneously-occurring etching
and depositing, the silicon-containing passivation layer being deposited on a bottom of the
features 1s also being etched at a same time so as to expose the silicon layer such that the
silicon layer is being etched to continue forming the features, while the silicon-containing
passivation layer deposited on the sidewalls of the features protects the sidewalls from

etchant radicals from the etch gas.
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