WO 01/ 71765 PCT/ USO /08882 PLASVA REACTOR W TH OVERHEAD RF ELECTRODE TUNED
TO THE PLARMY/71BACKGROUND OF THE | NVENTION 5 An RF pl asma peqqisgindss: used
to process sem conductor wafers to produce mcroelectronic circuits. The

reactor fornms a hin _a_chanber containing the wafer to be
processed. The p|§§§§ﬁ%sRFéFW88 yﬁﬂﬂggwﬁﬁgﬁﬁ%hfﬁy ROt i on of RF pl asna
source power coupled either TONEnduct mwel Yresmeapacitively into the
chanber. For capacitive coupling of RF source power into the chanber, an

overhead el ectrode (facing the wafer) is powered by an RF source power
generator. One probl em i BASEEROPERC OFr §HEs INNENTIRY out put 15 i npedance of

the RE generahgr grt ¥pheab! ¥eé9t§9ﬁg ush bs opBLEheds L ct:&‘?d&@%z%]' npedance

presented by the conbination ectrode and the p asma erw se
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W th flueLpat 159 éh%ﬂ?iai‘ﬁ”& &R&%é@@%ﬁ‘@&ﬁnfﬁg &‘?z%] zeréc?"r% brocess

par amet ers” suc "asma ensity cannot e Fequired
limts. @heCpBasda Iﬁhe Phpedance f@rme@u@m@smdumta@pgdd@£55|ng because it

depends g?gﬂicgggghtgg.ﬂﬁﬂ%fégrﬁatg'gurggfﬁgwegh?gbﬁ tend to change

dynam ca as processi ng progresses. Iasna.%S density for

di el ¢t riindortigedl etchapaotessedy iheol cad chambdanc&%ms very snal
conpared to th out edapce_of the RE nerator n var
S|gﬁlf|canP? avT QOF%%EH rogegglﬁﬁuo?et?Pw fEPEO A&%%r%h?éh
|npedancevaahehd elecurbdeu$fab3n@nnheyedféﬁ a£$|meQréﬂubyeaﬂ1Rﬂ1l npedance
30 mat ch_bet ween t enerator and the |oad. Such active i npedance
natchlngsagggeep?ﬁ%F SURF#5®f e reactance and/or a variable frequency. One
probl em w t h suehprapedante saahchesttoust Ssishdhathd heycpust be

Zﬁgfkgbéﬁéé¥§ig%%eﬁ%jFﬂé8%$Om,ra i d chaqggs |fl§n§)pH%aggI&%ggk;npedance
matched to the load impedance presented by the combination
of the electrode and the plasma. Otherwise the amount of
RF power delivered to the plasma chamber will fluctuate
with fluctuations in the plasma load impedance so that

20 certain process parameters such as plasma density cannot be
held within the required limits. The plasma load impedance
fluctuates during processing because it depends upon
conditions inside the reactor chamber which tend to change
dynamically as processing progresses. At an optimum plasma

25 density for dielectric or metal etch processes, the load
impedance is very small compared to the output impedance of
the RF generator and can vary significantly during the
processing of the wafer. Accordingly, an impedance match
circuit must be employed to actively maintain an impedance

30 match between the generator and the load. Such active
impedance matching uses either a variable reactance and/or
a variable frequency. One problem with such impedance
match circuits is that they must be sufficiently agile to

follow rapid changes in the plasma load impedance, and



therefore are relatively expensive and can reduce system reliability due

to their gxtkty. Another problemis that the range of }jepgdsdRgdances
over whi c‘&ggﬁé rﬁkatch circuit can provide an inpedance mnat cﬂFn 5 (the "match

space") is limted. The match space is related to the system Q where Q =
O /f, f BEuRfEe esehdflfriofieh&rERsine §)st SAParGBCDEVFFSFhe bandwi dt h

on eithel; siide of, faud t nnshi:chagaenant, anplitude is within 6 dB of the
peak resonant anplitude at f. The typical RF 10 generator has a limted
ability to memEier (e lamerd thiowdhatraadfe e y ehsmmadareesl even as

nore RF power s IrtEHé eclied, hack La the 98Reral0LAs Rl-as R cicppedance

fluctuates. Typically, this is achieved Dy the generator servoing its

forward power‘na@dl sparahatlsas ian tadhe s @atEnispparch S Aeléases (and

t herefore reglect ed power increas%%/,ﬁtt%eb%enerat or_increases its forward
[ i's i

pover |'&et?e YIS &, "€ Shi & %oy FHEHexi num  f or war d
power Offygagf%a%;a%e%fé gség]tén? AP ©0hg RERAYGIHRG: gBPigal |y, the

gener at or andling a maxinumratio of forward standing
wave voldiger toidefdiedt ed tikve wldhagesanaat, aripd ivoldeage stigmdiong wave
ratio or_ V. f. nat re than 3: I.f__the di ffer e dn.i nces

i ncrease6s (%ew%f Ot fug?agppﬁefson%qtn&éﬂf&ﬁctg% ﬁ%t ljffati gﬁ% c}g&&?lndganﬂ;?%gessi ng) so
t hat1ot hegafRi excdetls a 2biBifledtalenlihe BRF genetator tben feowkhodger contr ol
the delivered power d control, o ihgggl asme_is I&gt. As_ a_result,

er
the prod®TEY £ iket§PY f%???tarﬂ%rjé?%?e, B FgaSt T &n " approxi ma

roxi mate
i npedancees fibd €thednisd clbet drat e ageardrabet weenthbhepREsgenémakedanard t he | oad

present of L. L BY, SOgihe. corbl nekon, of Lhcecan! pantana and the chanber
the genesat@siyt Pt Mok Adt bewdr 11¥¥R, | k61 thaevas the iepkideacenti ci pat ed
range of plasma i npedance fluctuatiops. The_i npedance match space is,
t ypi al I%S‘@%t(frhelrg)%@%s%? (o %Eﬁgﬂfﬁsr?éhggﬁﬁghpf’wgrnatch circuit 2
increases), the generator increases its forward power
level. Of course, this ability is limited by the maximum
forward power of which the generator is capable of
producing. Typically, the generator is capable of
20 handling a maximum ratio of forward standing wave voltage
to reflected wave voltage (i.e., the voltage standing wave
ratio or VSWR) of not more than 3:1. If the difference in
impedances increases (e.g., due to plasma impedance
fluctuations during processing) so that the VSWR exceeds
25 3:1, then the RF generator can no longer control the
delivered power, and control over the plasma is lost. As
a result, the process is likely to fail. Therefore, at
least an approximate impedance match must be maintained
between the RF generator and the load presented to it by
30 the combination of the coil antenna and the chamber. This
approximate impedance match must be sufficient to keep the
VSWR at the generator output within the 3:1 VSWR limit
over the entire anticipated range of plasma impedance
fluctuations. The impedance match space is, typically,

35 the range of load impedances for which the match circuit
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WO 01/71765 PCT/ US01/ 08882 can nmaintain the VSWR at the generator output
at or belg 3:1 Arelated problemis that the | oad i npedance |tsel IS
hi ghly seﬁ@#?VVé&%o process paraneters such as chanber pﬁéggﬁwa 88bur ce
power |evel, source power frequency and plasm denS|ty This limts the
range of camchapmﬁaass tEansm ets {idegenpeocess sbnncow'at wi hbaledi ch t he
pl asma ctor nust be operated to avoid an unacceptabl e | npedance
nlsnatch3o "avoi d fluctuations that take |oad inpedance 10 outside of the
mat ch space. B kewased irobieth fiki ekt the poad depadefaet ocswhiEchscan be
oper at ed ou ide of a. relatively narrow process M%ndOM/ﬁnd use, or one

that canPIEEndl &SRy ‘AFpISCcRECGRSS RAGENErSF&l SEER ProblemPFs that the

| oad §npegareares sbarakspoakieckedihysbheceopbivaur atbgientyt Badr eact or
itself, such as dinensions of _certain nechanical features and the

conduct | PLEFTEr GPSPEEtri ¢ dSndt Rt Sof NEeFRRER Rit 8RFAI BXOGEERI n t he

reactor. pﬁ@@%@t@@@f|@%kabbgﬁébsbt%Hﬁd@%ﬂ$0%1thgﬁ0%ﬁﬂcﬁ|Qﬁérbgégma
characteristics, such as stray 20 capacitance for exa that in turn

af fect t REACSRA MUsbedqn OBy ﬁﬁstﬁaﬁg§lﬁta6|FP?&G?PtgglﬁaFWPSﬂﬁnﬁﬁlforn1ty

anong d'Eﬁ%hﬁ@bhr%%CE96§dOElhE%u%%H%n§e§hQE dHRel QoaBNM é@éﬂ&éng
tol erances and variations in materials. As a result, w a high systemQ

and ¢orr esssadengly tipamptel ﬁﬁﬁé&ancélHEWéﬁespaéelslﬂlﬁ§l§PiF|E9It to
Produce apkcis of SALOLS 0bthecsATBedekon-uhl Slicexhbbby bhe same process

w ndow or provide the same performance not her problemis 1 nefficient use
of the REepoRevelyolpEsowPPEISRRSFeHEndrY and Rﬁ@mnoroob@ thetffenent, in

30 that %ggdggothyoggﬁq?g%tq%hgvered to the plasma tends to be

significantly less th he power produced by the RF generator. As a
result, an adédrpitbesl redstecnpgeohdeat os tbapabhki Lpadndmaetinade- o6f agai nst

re"i?"%%%o”ﬁ%%e%% d!%%“%k%dfbﬁf9§§9 ?080 rth@ CXGESS Ol cWhRE 1S

actu reqU|re to™ b lver
such as dimensions of certain mechanlcal features and the

conductivity or dielectric constant of certain materials
within the reactor. (Such configurational items affect
reactor electrical characteristics, such as stray

20 capacitance for example, that in turn affect the load
impedance.) This makes it difficult to maintain uniformity
among different reactors of the same design due to
manufacturing tolerances and variations in materials. As a
result, with a high system Q and correspondingly small

25 impedance match space, it is difficult to produce any two
reactors of the same design which exhibit the same process
window or provide the same performance.

Another problem is inefficient use of the RF power

source. Plasma reactors are known to be inefficient, in

30 that the amount of power delivered to the plasma tends to
be significantly less than the power produced by the RF
generator. As a result, an additional cost in generator
capability and a trade-off against reliability must be
incurred to produce power in excess of what is actually

35 required to be delivered into the plasma.
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3 WD 01/ 71765 PCT/ USO /08882 SUMMARY OF THE | NVENTI ON I n accordance with

one aspec{yfi Ak invention, a plasma reactor has a capacpbirNSofésegs r ode
driven by an RF 5 power source, and the el ectrode capacitance is matched
at the desired plasm density and RF source frequency to the negative

capaci tance of the plasma, to provide an el ectrode plasma resonance and a

broad process w ndow w t hi n Wiyisharivhempimesmantayhensust ained. It is a
di scovery of the 10 invention that selecting a VHF frequency for the RF

power sour ce Inasicer daRE GHdgoing REREK t & théhenireRBRted a®  pl asna

densiti egﬂ‘é{% h faVQr, Cetain RIASTR 1RE0eESSeS ouchridenebghafr ReessEs. In
accordance anot her aspect of the invention, an 15 RF source is
i Mpedanceawstc sednce t fede|tds F3GeIFloseneapPgsd tangsedsnBetchegugh a t uni ng

stub connect ed s@ttre(?fglgﬂt@na:[ Qe t elect RedeqyThe f%%&u@ﬁ%ya tbengkh

provi di ng'a resonanc or near "the frequency of the RF source and/or the
r esonant negeedvencpreicittencs edt thge Pplesswa cONBILRALd6nanTRe eREFr2ge

generator_.i s_tap t b r r I : Ot stub at
whi ch t héjliansﬁnt?t I{%%erl&lglréeg%rrrg]{t ::éhé)?otaﬁe p%%%s%s%r h”ggafo%g’éghgg WIh%Bg preferred

enbodi menthe tdespreocess be rrdewaised.ur tierd sexpaidedvieyysbifglibey of fsetting
the el ectrode 25 plas reso t fr oRan quency and
the RE s&ﬂvc?é“flroé‘g utglr‘i"rc%l/ S Snoatiﬁeﬁgﬁﬁteﬁysﬁé&%% R BE%%%E DRAW NGS

FIG 1 i scureid emsdl oy adse Seotdgonalg siadehvitewbsf iaple@epltasimatr eact or
resent_.invent.i gon.. FI GS. . 2A_and rating,
t

O S Y R b e Y PR I R0eaTs bl
st andi ng asaee Anplriddédesssas a function of position along the coaxial stub.
4 Vo 01/717652£§q¥é§g% éﬁggxaith another aspect of the invention, an
15 RF source is impedance-matched to the electrode-plasma load
impedance through a tuning stub connected at one end to the
electrode. The stub has a length providing a resonance at
or near the frequency of the RF source and/or the resonant
frequency of the electrode-plasma combination. The RF
20 generator is tapped to the stub at or near a location along
the stub at which the input impedance matches the RF source
impedance.
In a preferred embodiment, the process window is
further expanded by slightly offsetting the electrode-
25 plasma resonant frequency, the stub resonant frequency and

the RF source frequency from one another.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a cut-away cross-sectional side view of a
30 plasma reactor embodying the present invention.
FIGS. 2A and 2B are diagrams illustrating,
respectively, the coaxial stub of FIG. 1 and the voltage
and current standing wave amplitudes as a function of

position along the coaxial stub.



FIG 3 illustrates the subtraction of current at the input power tap point

on the Cogx 49@ 713,% b that occurs in response to high plasma |oad imedance
ina prefer d hbodi nent to maintain a nore constant del iNdred! 2power
5 level in a larger match space. FIG 4 illustrates the addition of current

at the input Eb&eﬂt'abl@@tmt@ﬁ the soakiattsembof mrmraé: ithe r esponse
to | ow pl I f erhodi gﬁﬂ% in a nore
const ant g}gﬁg?/eﬁ {/Eﬁggq\?\e&lllnm?ev§%§)g larger mat ¢ space G 5is a
graph il |USSPaltl$ﬁgt¢> hiei ¢lovie (rsed | bead oimpedeide cirenat ra@ﬂeefmmi:ti on of
frequency h [ a&gp ing the
interacti %Iﬁbgé I’?ﬁlggb%g Iﬂ%ﬁ%ﬁ con&h% ?‘%%%‘% e I nput™ powe té%t poi nt on
the cooaxiarvestibh ai targdme mmﬂdlmmve current and vol tage aI ong the
stub | engt h. 7.illustrates a nat i ve_ enbodi coaxi al
stub of FIG 1{:%0 ?—"ﬁfﬁ\fi M rTr‘I\?;EI@lrS tl'iigref erred
enbodi neninlﬁheryom Megsasimtg ¢ thés cdaxalstsuta tleactarcunclindes a
react or chanber 10 t \/\1S waf er (&gort 05 at, the bottom 25 of the
chanber stppBPEPRg A seiikkon %f&act]o?a FE Y AT ehionditictSt ring 115

sur r oundsefibedivaéet td Ona Tiea 115 e el uedos t s h il d e s WHIO IR ON t he
gr ounded 127 bt%?dl electric (quartz) ring 120. In the

er
pref et edf‘éﬁ% d’r?re%tfg¥$ﬁ]§ T FP1HTckness of 10 mmand 30 dielectric

consthanéI o:‘ 4.ribe ?hﬁgbﬁggﬂ&@hiﬁlb@slﬂﬂgﬂd i 8 t}'&ﬁeld\,@-m Q)édﬂéi:!tﬁllt‘orshGEEdb
over head al upi pum el ectro ort at a predeterm ned gap | ength above
t he Wafercoﬁﬁél%heﬁ?oﬁﬁld%df%%%g‘? dyF AP LU e ERE T D seal .
The overhead el ectrode 125 also nay be a netal 35 (e.g., alum num which

may be covered with a sem-netal 5
FIG. 6 is a graph illustrating the interaction of the

15 current contribution at the input power tap point on the
coaxial stub with the standing wave current and voltage
along the stub length.

FIG. 7 illustrates an alternative embodiment of the
coaxial stub of FIG. 1.
20
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Preferred embodiment Overview:

Referring to FIG. 1, a plasma reactor includes a
reactor chamber 100 with a wafer support 105 at the bottom
25 of the chamber supporting a semiconductor wafer 110. A
semiconductor ring 115 surrounds the wafer 110. The
semiconductor ring 115 is supported on the grounded chamber
body 127 by a dielectric (quartz) ring 120. In the
preferred embodiment, this is of a thickness of 10 mm and
30 dielectric constant of 4. The chamber 100 is bounded at
the top by a disc shaped overhead aluminum electrode
supported at a predetermined gap length above the wafer
110 on grounded chamber body 127 by a dielectric (quartz)
seal. The overhead electrode 125 also may be a metal

35 (e.g., aluminum) which may be covered with a semi-metal
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WO 01/71765 PCT/USC1/08882 material (e.g., Si or SiC) on its interior
surface, nmay be itself a sem-netal material. An RF generator

appl i es Rﬁwﬁ&ﬂérméo the el ectrode 125. RF power fromthe g ﬂEW§QGW’¥50 is
coupl ed through a coaxial cable 162 5 natched to the generator 150 and into
a coaxi al meteliz35 (econnebtedrt 6iCheoal écer ddee126r Fhvfacab 285ithas a

charact er st ol JRedance, [Lasopance hneaveney. andeprovhdes,oan sgpedance

mat ch bet Wee| ectrode coaxi a e 162/ RF power
generatoraﬁ@@;e&sRﬁhbbWBe wor éhg0eflgkcltyodesé?bbedRBebover Theoshdlinder body

i's connected tgtoghgggF eEHh§&5355§E gF OLOEQ Bgcgg?grgggr 150. The RF

pat h from¥he overh Pectr groun ected by the
capaci s aneetehetiheos éiec gedectoprr iLA§ 208, intheadrebkscati strbng3320 and t he

dielectric %ﬁakFﬁéptflgﬁe e§em%f%r sgagortT%%FstuEurn pa%ﬁl 0 and the

sem condudt pr ovi e primary or RF power
appl i ed kma&hetekeetﬁodémbéaanﬁbe tepanahaacérGQueheyovenﬁepdoeiée$rode

assenbly 126, cluding,the electro he .di ctrisc |ng 120 20 and
di el ectri GlsedPe %§6CﬁeQ%ﬁngbﬁFWﬁePeg§8 §F8E ?d?eiggnagg gr8und is, in the
pr ef er r ed ceiadilmeab;l epreberabbywk80 gepecatbar ads, ibeweRECbeoﬂerassenbly
capacitance is _affecte the el ectrode. are gap_|l engt di st ance
bet wedf w&FéﬁysgﬁﬁSFﬁgﬁgdg§98Whea3%§lEgﬁpgﬁﬁ)gbgﬁdlﬁy ggnFSg?gréoaffecting
stray capagid aEcestuespeRFabkyuhldy ofi ezlnecRFl gemakuesrofisohe sral R#30 and
of the dielectric ring 120, which in t gre affected bé the dielectric

constantsFﬁﬁ@-tﬁP@kﬁ§§SQ¥e6heFﬁee&§F§FP Fs ApFBy8H. IKBFBYgeéferal Iy in the

pref erred gHaedicaeRl, thieceppagicbhanee o8f thad0 sbfﬂ@c@h@ﬁb tederaﬁgem:ﬂs y (an
unsi gned nunber or scalar) Is__equal or nearly eggg FI gnltude to the
r

negative d&FaciedREErer FﬁégpﬂggnﬁnéatéénﬁFéieﬁE eat 430part 1R8I ar
SourCQSDOW%Eé&r%%§%69¥ 1pbas M edeRFkty 1a0danapenat kBRI PHASEHEEr 2sniM | | be

di scussed bel ow
115 provide the primary RF return path for RF power applied
to the electrode 125.
The capacitance of the overhead electrode assembly

126, including the electrode 125, the dielectric ring 120

20 and dielectric seal 130 measured with respect to RF return
or ground is, in the preferred embodiment, preferably 180
pico farads. The electrode assembly capacitance is
affected by the electrode area, the gap length (distance
between wafer support and overhead electrode), and by

25 factors affecting stray capacitances, especially the
dielectric values of the seal 130 and of the dielectric
ring 120, which in turn are affected by the dielectric
constants and thicknesses of the materials employed. More
generally in the preferred embodiment, the capacitance of

30 the electrode assembly (an unsigned number or scalar) is
equal or nearly equal in magnitude to the negative
capacitance of the plasma (a complex number) at a
particular source power frequency, plasma density and

operating pressure, as will be discussed below.



WO 01/ 71765 PCT/USO /08882 Many of the factors influencing the foregoing

rel ati O”S\Qb%]ﬁiﬁsi n great part predeterm ned due to the rgalikdfrsPf the
pl asma process requirenments needed to be performed by the reactor, the

size of the wafer, and the 5 requirenent that the processing be carried out
uni formy ovelrarthe fvafler . fadhes;s timg Ipleasrimac dfecificame®ing a function of
the plasma density .and the squrc rf ~ id& tthengl ectrode
capaci t a5 Bt t4on ‘ot %%eeaet\/\%%\éft gl%%%%%%?leel\g;& rode gap (height),

el ect r oderalilainEiey ,ofanthe il adirel gotades sy alegms refnarites nesylest 6esbef t he
assenbly. Plasma density, operati ressure, electrade diameter
nmust sat i%efﬂ/thrﬁ%eq gﬁhitrlb%eﬁﬁ sceco%r’t %egﬁg%r?a O%prtgl%ggg%{é%’bg%gertﬁor med by the
react gr. jdippafdnienit athatt hthe improcensinty brustarhs ad thith vaidermdivn r ange.

For exanple, 15 siligon d dielectric plasma etch praocess ally
require t%‘éerbl%é”af%?'dmlﬁ’yeﬁ}be l?elavﬁ“? icr?ptaﬁeltraélr%e gsf salggmg_%q% 12

i ons/ cc. Jhe-naferaahecddratdegamdprong desirare quivarumr quheswy i ehile
distribution uniformty for 8 inch ,vvafereq?, far eg Iewiff rthe gap is
about 2 iHthedleqer W @RBHBE Yitdhet e IV eier abls "at-Feast as great
as, if naf,g5saterc-dhantde djameter @ft )t he maferodOntratdtry , prasisur es
simlarly have practically preferred ranges fg{ r%i/épl cal tch and ot her

pl asr® préeekedsriguraliehayt gdh Mt Ha < ot ¥emai n which 25

can be sebpoled RGN eVsHd e BRPUS dHRIS T efhp 1 &lritl idinsdtinndeparti cul arly
choi ce of source frequency and _choice of capaciéén es for the overhead

el ect r oded oty yugp sty hy Fhgh & $BHFHAY- i S hst rai nt s
i nposed oﬁgﬁﬁ]&% el 8ot qdler- endnd Nane ansd nalddtod e Gin giensiduldrangele 30

i nposed e plasma, the el ectrode capacitance can be matched to the
magni t udel@f deres Hegatiste Rapaditighce SIrHdid A iHo% 1 e power
frequencyg 5 &FA egtedi o he i Ui dheauantprakdds thadhialiect ric val ues
of the insulator conponents of "el ectrode assenbly 126 are selected,35
proper | y. rSucirsetlee toasean o e & ik d¢ ofi Hedgt Hhe gpnge of

- 10!? ions/cc. The wafer electrode gap provides an optimum
plasma ion distribution uniformity for 8 inch wafers, for
example, if the gap is about 2 inches. The electrode

20 diameter is preferably at least as great as, if not greater
than the diameter of the wafer. Operating pressures
similarly have practically preferred ranges for typical
etch and other plasma processes.

But it has been found that other factors remain which

25 can be selected to achieve the above preferred
relationship, particularly choice of source frequency and
choice of capacitances for the overhead electrode assembly
126. Within the foregoing dimensional constraints imposed
on the electrode and the constraints (e.g., density range)

30 imposed on the plasma, the electrode capacitance can be
matched to the magnitude of the negative capacitance of the
plasma if the source power frequency is selected to be a
VHF frequency, and if the dielectric values of the
insulator components of electrode assembly 126 are selected

35 properly. Such selection can achieve a match or near match

7



7 WO 01/71765 PCT/ USOL/ 08882 between source power frequency and

pl asma-el ectrode resonance frequency. Accordingly in one asqect of the
preferred¥hditent, for an 8-inch wafer the overhead el & BAKHPanet er
is 5 approxi mately 11 inches, the gap is about 2 inches, the plasm

density andQRef aldVe-HrRSEY e dandaihealnd @l eith c1pcReRFBeS as
above-stated, the d| electric material for the seal 130 has a dielectric

const ant GFSPEE L£HIAEGHSEs of the order of 1 inch, the ring 115 has an

i nner di anet era Qo A9 s 1@ Yorid) £xsess of e igyees v abodhentdi anet er
of about 13 inches, the ring 120 has a dielectric constant of 4 and a

t hi cknessEQF athed oritfdt "W OmHAS (MRS GHSCE TGS MEEGFerSy i s 210 Mz
(al t hgugh, gt her Mk i equencdiess, aad dde jeaualdue ef fieetiase) thand the

source power 15 frequency, t he pI asma el ectrode resonance frequency and the
st ub resaname fdeTRidnt ARt ©RGTa HEIE e U GTedd FYRdCeHedor BHCE

particul ag%c%'csee%ggg nes p&ﬁéﬁl&%@éﬁﬂ%ﬂ@%&%@ rreecefﬂl%quer&l @ ear €

slightly o romone another, wth the sourc ower frequency being
210 MHz, sdwl 26 Gllesy r@d@-qﬂr%cstrmlcr esmedmntf roe‘q&emrfeeutﬁgc xiofat el y 200

Mz, and éﬁ‘ ct&fcr@qlu grahbeerraguﬁ] ﬁces ﬁn%&derlanreeeqc@feve a

de-tuni ng et whi ch advant ageous e system Q Such
r educipi onslurglst;ﬂsl em @rermierst the lIrCém @rndp@rf m'mrcemaeﬁeguﬁept ible to

h dit [
changes 1h &8 COPALLens 1dsl dadhe fhaphery S il ihegldie iocess s

much I'e” an can be carrie Wi process w ndow.
The coaxialarsl ub tIBxkreess s:pﬁadﬂai | grr s fa Iy urCedn, d édieg VHEMsicsir cfeur t her

contributes to the overal I St i |10 ¢ d W ndow
capabi | i tREET aF WBIT Gs & rrany ot & \?laﬁﬂuoééh O?Eg)vartntag%ges ﬁ%‘EJ e{:g'l%eudes an
i nner cyldddrd ¢d eprediict oxf At jars) armmlttEre conoert Kowezy! i ndri cal
conductor_ 145. An i suI tor 147 e(dt;ano eedre cross éﬁatChl n 'ndFltg‘e 1)

pr ef éPabl S HRAHMY a 75 H 138 1T cons T

stub resonance frequency are all matched or nearly matched.
More particularly, in the preferred embodiment these
three frequencies are slightly offset from one another,
with the source power frequency being 210 MHz, the
20 electrode-plasma resonant frequency being approximately 200
MHz, and the stub frequency being about 220 MHz, in order
to achieve a de-tuning effect which advantageously reduces
the system Q. Such a reduction in system Q renders the
reactor performance less susceptible to changes in
25 conditions inside the chamber, so that the entire process
is much more stable and can be carried out over a far wider
process window.
The coaxial stub 135 is a specially configured design
which further contributes to the overall system stability,
30 its wide process window capabilities, as well as many other
valuable advantages. It includes an inner cylindrical
conductor 140 and an outer concentric cylindrical conductor
145. An insulator 147 (denoted by cross-hatching in FIG. 1)
preferably having a relative dielectric constant of 1 fills

35 the space between the inner and outer conductors 140, 145.
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35 the space between the inner and outer conductors 140, 145. 8 WO
01/ 71765 PCT/USOLl/ 08882 The inner and outer conductors 140, 145 are forned
of nickeWVBAI®Y al uninum In the preferred enbodi nent, tBET/USA/@s8s82
conductor 145 preferably has a dianeter of about 4.32 inches and the inner

conduct ot 140, Rref ehablyuhas iudianel ofaof BhoVi-d Sukichase The stub

characteristic ance Is determned by the radii of the inner and outer
conduct ormsi dideg] - daks erhch hureinire] echn i e e ianirest SRCAINERN at$t® 147. The

stub 135 of é%gc%gcgjl%{%?lﬁvgﬁdé b1 H686d | beg ahove has a,gharageristic

irrpedanceo%? re generally, "the stub characteristic inpedance
exceeds imchenwamd gonemmer pandupeeiancd IrebeirbR0BA0% and preferably

by about 0% The 51 U435 has Anaxial he0olfy Andbate 2% nches - a

guart v en%]fh at z-in" “order to have a resonance in the vicinity
of 220 MHrmpeddicgenerddtgrmutad hwhitlee beddiy sof gihe yioidsand ramethe

preferred VHE source reque, . i rovided at a
parti cul a?o%‘g’ilﬁo%ﬁ; o]r%;(?'\tl\ﬁ%lg a%%laf%n(g{%f%&% %ﬁ%%%q%or&aegpl ying RF
power frofmébeatdF peher arloe 4500 t 13 5 hef sthd 135 exmsedy dribdytinirscussed 20

bel ow. The RF power term nal 150a and the RF return termn 50b of the
gener at ordaser Hhed copmeR thas A FIPRrIG,T 4% ot TREAW Cr1?35635'{ é-}t he i nner

and OerrMSPQX%éﬁﬁg%PPy,QQQQU§E@EScﬁ££hcéé§i%iﬁépﬁﬁéé&%ﬂd@ Fhass

connections are e Via a generator-to-stub coaxial cable 162 having a 25
char act er ts¢i sounpedaerer t tratPvat Theedamee obf papoV apetfart®® a3t t he

gener at or Yl ol | 20 Qe in Hhe well - kpowp, s nBANSE; t&tdamat i ng
conductorp%%ge{é% J?}Flg&fa%b%nd 135a or$ t%gustgg 135S'shortsla%lk61\e indr?er and
out er condficabost 129, indies t ogetterrten vaaelemetRtab A3% Niizshbrted at its

far end 30, 358 oA Lhe, nealoeld 438k (hheyHashory ed: opsh) wof; the stub 135,

t he out er “tonducTt or connected to the c body via an annul ar
condutd i vgehetsihyg natcshipgnite IF&ingwhlighthe dhheet chrefuctl? 140 is
COnneCtedp%gféggegegﬁﬁrsgarce power frequency of 210 MH=z.
A tap 160 is provided at a particular point along the
axial length of the stub 135 for applying RF power from the
RF generator 150 to the stub 135, as will be discussed
20 below. The RF power terminal 150a and the RF return
terminal 150b of the generator 150 are connected at the tap
160 on the stub 135 to the inner and outer coaxial stub
conductors 140, 145, respectively. These connections are
made via a generator-to-stub coaxial cable 162 having a

25 characteristic impedance that matches the output impedance

of the generator 150 (typically, 50 £) in the well-known
manner. A terminating conductor 165 at the far end 135a of
the stub 135 shorts the inner and outer conductors 140, 145
together, so that the stub 135 is shorted at its far end

30 135a. At the near end 135b (the unshorted end) of the stub
135, the outer conductor 145 is connected to the chamber
body via an annular conductive housing or support 175,
while the inner conductor 140 is connected to the center of
electrode 125 via a conductive cylinder or support 176.

35 Preferably, a dielectric ring 180, which in the preferred
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el ectrode 125 via a conductive cylinder or support 176. 35 Preferably, a
di el ectri ¢ygd?g7¢580, which in the preferred 9 WO 01/71765 pREliskHbdss8882
enbodi nent has a thickness of 1.3 inch and dielectric constant 9, is held
bet ween and separates the conductive cylinder 176 and the el ectrode 125.

Pr ef er abl YemRIFE NS e Rao Rd ICEGHEES Pfod-ded ecaRGurt e 18SFEA utiliti es

such as prQeessfases i@%él@|rﬁ3%fee¥h%nd0rsie%%ira@esafév@nt@@au@ftibai s feature
is that, unlike typical n@(ol asma reactors, the gas line 170 and the cool ant

line 173 @oligsierloss gt jdcelSd@T @4l getent i al differences. They

therefore may be consiyiuct ethofi fRbAloorid QST @MReRRoNA dild 210
reliable material for such_a purpose. The netallic as line 170 feeds gas

i nl et s5172£dmn wrilddjigfemuathés GraIRsad 98ISest Pide CPPS2HT-| e e netal lic
cool ant | 'é]}gjgggi%%af SRABARYANE RASSAGRS 1Qfrd AGKeES c174niitdl Rybheaover head

el ectrode An active and resonant inpedance transformation is
t hereby prmbdsied 1ppatass spd ddsy ldae ilgdr eadsttite weodRnthetReer 7Bhe RF

generator 45Q,.and {he 1%\&%%@%5!&%10%; prglvfljo{ﬁiflf%%%r&%snr%ﬁ%? ng

plasma | oad, mnimzing r power “an ng a very w de inpedance
mat ch 20 space aorornddts mpns tdeicdteshgds natdload ilegsedexreensigengaduent |y,

W de pr.ocess w _ndo S i it i r ovi-gled I W th
previ ols| Q“%rn%b egil\é%oﬁaegqnéoc;e%g%gnc{/&e;gﬁgysg %’fu o%v?%r', g?’l% whi aga%icni m zi ng
or avoi di ngpd heimedd 0 fimedsy giacalinimied divée imatoch aapparcattusheAs not ed

above, the 25 stub resgnance .f ency ..s al f.fset fr i I tch to
further erRATREE D eerlﬁciq—'rsoyd; eln%’5‘(323}%151;15%1et_'r%est%l aeg-‘%lli N %r? la%?oéggg v%iq%dows and
mul ti - pr ocessds apailidritt yha dvaes rgr (e M tec thr7dd exi Rlha simac e soraiinee dFr equency
and the 30, VHF S?ur & Power Frequency: As outlined above, a principal
feature i S q&&re‘ t he overhead el ectrode assenbly 126 for resonance

with tise pl asm aictdiiee aret trade:gil tasimp adsarsa ntrdrsefipurermi cand f or

thereby provided by this specially configured stub match
between the RF generator 150, and the overhead electrode
assembly 126 and processing plasma load, minimizing
reflected power and providing a very wide impedance match

20 space accomodating wide changes in load impedance.
Consequently, wide process windows and process flexibility
is provided, along with previously unobtainable efficiency
in use of power, all while minimizing or avoiding the need
for typical impedance match apparatus. As noted above, the

25 stub resonance frequency is also offset from ideal match to
further enhance overall system Q, system stability and

process windows and multi-process capability.

Matching the Electrode-Plasma Resonance Frequency and the

30 VHF Source Power Frequency:

As outlined above, a principal feature is to configure
the overhead electrode assembly 126 for resonance with the
plasma at the electrode-plasma resonant frequency and for
the matching (or the near match of) the source power

35 frequency and the electrode-plasma frequency. The
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the matching (or the near match of) the source power 35 frequency and the
el ectrode-pl asna frequency. The 10 WO 01/71765 PCT/USO /08882 el ectrode
assenbl y SRV €85, predom nantly capacitive reactance mhing@ﬁ@”ﬁpﬁéna
reactance is a conplex function of frequency, plasnma density and ot her
par amet er 8letAgodsi bbsbabdgsmeﬁbhdsbelpmea0mgneatby depatitlaeplasna is 5
analyzed in terns of . a regﬁtan whi ch ig a_conpl ex TCt'Punc voIV|ng

n
i magi nar y YE8FETSRdVgensr &'y PLEsPFesFBRER EE & n%g%?mge Lapattafte. ) The
el ect r odeofpkasmaenhesonantsftnequandyyi sndedehat nedrayethesr eackances of

oconant PROGUERCS SBF FAPEApRELPEr F PnBRRLDE. PELOhGNL “CPIRTTE b8i ng

det er ng negdnhyytbe ﬁﬁa@te@m@e&fofa rbacteapacwhochand &heoimptegtor). Thus the
el ectrode-pl asnma resonant frequenc ma not n cessariaﬁgbe t he source

power frégaERePT dBFEAULRY ABAPLIA0Es EPBR the BFAshaldénsity. 15 The

probl em EB%E%EQbﬁdslBoCarhﬁbaﬂ10étchb@cﬂtéﬁ@é[ﬁd TE@bQQEHEﬂbd@i t he
invention, is to find a squrce power frequency whj ch t he glasna

reactancepﬂ§s§écﬁeﬁﬁ§?th§re€P§€FVoa§ ﬁﬁégﬁﬁl?ﬁgoHEthFréaG%ﬁ YC?S equal or

hearly egyakntoctiBecseHecasBendlyf 186UsRaYor JEMBNPL BBMEONSHT AL 8g0 Of
practical confinenment to a particular range of plasma _density and

el ect 1®devdithef5L0NSSOTRBLPEEBRBATFY eleR ABPRCIBPFf iBHPELOBecause the

pl asma deQé%wﬁaﬁwhbE?c@&%eﬁh§n%h@etgkﬁ§ﬂgdrB?CEEQCEEa@BQnEQE stegt&ode
di mensi ons affect el ectfrode capacitance) nust neet certain process

25 constr&ﬁ@ﬁ§lt8§eépﬂ|ééﬁlyndﬂﬁﬁoéﬂele@bﬁﬁctbﬁdehﬁﬁﬁroﬁﬁaﬁhﬁsm%tch
Processes o ﬁaﬂka%gaqq%ﬂ%yt%a§hﬂekdngee§gabamyt9@ thangsuple 10954012

i ons/ cc, constraint on the plasnma Teactance. Moreover, a nore
unlforn1pﬁa§maengy, depsindyngdi ser ibutPen ﬂE@nptb@e§§ﬁﬁ@aBdEﬁéhtﬁraneter

vaf ef 35 30701 eXBIBLE. L8 LeBlbzednhyad YBhE! ok ehechade-gap or hei ght

of about and an el ectrode di ane t he wafer
d|aneter,embo@ﬂm&h@rpfmhhehlnyeatlon, is to find a source power

frequency at which the plasma reactance is such that the
electrode-plasma resonant frequency is equal or nearly
equal to the source power frequency, given the constraints

20 of practical confinement to a particular range of plasma
density and electrode dimensions. The problem is even more
difficult, because the plasma density (which affects the
plasma reactance) and the electrode dimensions (which
affect electrode capacitance) must meet certain process

25 constraints. Specifically, for dielectric and metal plasma
etch processes, the plasma density should be within the
range of 10°-10%% ions/cc, which is a constraint on the
plasma reactance. Moreover, a more uniform plasma ion
density distribution for processing 8-inch diameter wafers

30 for example, is realized by a wafer-to-electrode gap or
height of about 2 inches and an electrode diameter on the
order of the wafer diameter, or greater, which is a
constraint on the electrode capacitance.

Accordingly in one feature of the preferred

35 embodiment, by matching (or nearly matching) the electrode
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constraint on the el ectrode capacitance. Accordingly in one feature of the

preferredwéﬁ0 whedi ment, by matching (or nearly matching) bR RbfedsgPrde 11
WO 01/ 717 PCT/ USOL/ 08882 capaci tance to the magni tude of the negative

capaci tance of the plasma, the el ectrode-plasma resonant frequency and the
source povaraditeRprscyP drhe Maqredside e | Shgrereded v F SRR GeEt 4T net al

and di el eg Wé;g 1 SLEN AROC eSS GO I ONSmD LIUBTRIAL 6d RRAME 1arf ,tHY asma

density bet n 109 1012 “ions/cc, a 2-inch gap and an el ectrode di aneter

on the saercafogwsiight sediendic ey at Heamt drashhoaadiad i f B source
power fre&%'efegq?é/néﬁa,ffﬁéfaf r&?&%%aeﬁﬂeé e GO diAd QNS (Gorfhisc iddd erent

waf er dia erent 10 plasma densities, etc.) may dictate a
di f f esenteruresprerey ab@{\n@e Jtcﬁreablaz%n%lf@ﬁﬂ%llﬁfmtbﬁiwe?ﬁfbaqu VilRg” out this

feature ogngp |nv%1t pﬁ%vgl{é Qe é’fé@t‘h}c?&% hel o dindsr fravored plasma

processi ng Londr t i ons essing 8-1nc ers 1n several principal
appl i cat i @nder rnmf urdw@hj el ecindleesnd Wee meatadh p]l&agvmsseﬂellrﬁ rigE drte cheni cal

vapor deposition the | as ci t@nee ypigal rki ng exanpl e of
the prefBPVetf B0 e éﬁ‘fﬁg]p%%srra dten {7 es as set forth above was
bet ween -&fha@teh orddO( qm@o, f G faitksr erltn wdft@ezpr@faenQW%nbhdﬁﬁmnt he

capaC| tance of the overhead 20 el ectrode asse to t he
nagnlkudepjgéi‘sm?h LT veS P asnnéa%acgﬁ)actf %encer%y usi ng an ée@c Fod

di amet er ﬁindé tcﬁl%llzaegap:}heaagtdntcﬂelmtmndwi@ pedesttal s mmg) of
appr oxi mat 2] nches choosi n t r| aI far al havi ng
a diel ect‘?fcgl?: SR o, A% ‘glngl db?hﬁ%& ggdgg order-o %agr?géglnch

and a di ghegémh Cproakesiay EGﬁd‘ithhBﬂ@oi:Z@)rlma:\Esmgr@ (&—eJnem niafemmst ant  of

4 and thickness of _the.order_of 10.mm .The ¢ tion, .of electrode
assenbl y 126S8hEr #hePT pRasRaLr 858 éF8§l§’PSarJrné:l é@f@d% L& e Bithnt

frequgncyme891thahsmb keaningeanbly chetthkes Rﬁ@)o&ow’ezﬁ)sﬁ_mfﬁj’n f riggpiency
appl i ed tgléggaeéggéégggn%é51nag%gnkg%lcaqa%%mﬁyiéﬁegg%%fe of the
preferred embodiment having plasma densities as set forth
above was between -50 and -400 pico farads. 1In the
preferred embodiment the capacitance of the overhead
20 electrode assembly 126 was matched to the magnitude of
this negative plasma capacitance by using an electrode
diameter of 11 inches, a gap length (electrode to pedestal
spacing) of approximately 2 inches, choosing a dielectric
material for seal 130 having a dielectric constant of 9,
25 and a thickness of the order of one inch, and a dielectric
material for the ring 120 having a dielectric constant of
4 and thickness of the order of 10 mm.
The combination of electrode assembly 126 and the
plasma resonates at an electrode-plasma resonant frequency
30 that at least nearly matches the source power frequency
applied to the electrode 125, assuming a matching of their
capacitances as just described. We have discovered that
for favored etch plasma processing recipes, environments
and plasmas, this electrode-plasma resonant frequency and

35 the source power frequency can be matched or nearly

12



capaci tances as just described. W have di scovered that for favored etch

pl asma pregasshfg recipes, environnents and plasmas, thispelpgsldes Pl asma
resonant frequency and 35 the source power frequency can be matched or

nearly 12 WO 01/71765 PCT/USO /08882 matched at VHF frequencies; and that
it is highltyhegthnt\Eedirequencisarh and rideplenty hateto®iy near- match be

| mp! et gl I, PIETA! Ttk OLl ein e €L Cs 0 PhasEm pesonance

frequency corresponding to the foregol ng val ues of plasma negative
capaci t ane lissneapprdxi niat dthe 20t afred semhpdimeet detlae | @HepeT@de - The

source power fr q#gﬂﬁy ' g;@igﬂ%, 5 I P Wi ghet he spNLCe  power
frequenc;? PTG frgee S |Cg%1tsﬁy oV tﬁ%ﬁ: e%%r?% e- p?asrra. reso%anc%
frequencyaluesr def wlaswealness oihercatratvamtages apPbhexgnstasgedlbel ow.
The pl as capaci t.ance is [ f a h ings, plasm

el ectron siaisy.w"aljf:il gbel sdé?te%%?&e%l 1?%18%1 agfrga(gi %Er)\ugée%sﬁg%egv\hi ch needs, in
order to freaniddecygaiod 210 agim, pr ovessimgtclondi t wiohsh tleebegokepe in a range

15 generally 109 to 1012 ionsfgc., This densi o] h i t he source
power fr&i&itc ra%‘%}l%?%rl%a?éfr%?%r%i,lg%% r%%g%\é% ?ﬁée %{%éwcn%gl%%gati ve
capaci t apgesriherassdrenidont rejuaid g hin sotder efor eegbivsérathed by the need
to optim ze | asna praqcessin con(giti ns, as wll be further detailed 20
bel o® BRI a(ﬂﬁeﬁh‘g%aoeelciﬁ"%b c3RenBYy capacitance is affected by many

physi cal fact ofife #lLgsmgafapdptdncé spaca nfubet weenc el eadvngdethds and t he
wafer); the area of electrode 125; the choice of di eﬁ)ectri gaconstant of

the dieltdMgT RASIBEHRT T FRoetrdde 1255ahd §FOIhEEd 95 chanber body

127; the ghoirge dn dighecty) oieDistRO&AE print beddietechrbeidengoddl bet ween
sem conductor ring 115 and the chanber body;. and the thickness of the
di el ect r iR} asHG RAWLSS I SeBIHBPRRI TP nige 158 hnd™t Re THPEkness and

di el g6t rigerranstapt1 o doha 0 ngord8Pec Thi Bhper aehsicpec3geadiysisirent of the
el ectrode assenbl'y capacitance through

the source power frequency and other parameters,
determines the plasma negative capacitance, the selection
of which is therefore constrained by the need to optimize
plasma processing conditions, as will be further detailed

20 Dbelow. But the overhead electrode assembly capacitance 1is
affected by many physical factors, e.g. gap length
(spacing between electrode 125 and the wafer); the area of
electrode 125; the choice of dielectric constant of the
dielectric seal 130 between electrode 125 and grounded

25 chamber body 127; the choice of dielectric constant for
the dielectric ring 120 between semiconductor ring 115 and
the chamber body; and the thickness of the dielectric
structures of seal 130 and ring 120 and the thickness and
dielectric constant of the ring 180. This permits some

30 adjustment of the electrode assembly capacitance through
choices made among these and other physical factors
affecting the overhead electrode capacitance. We have
found that the range of this adjustment is sufficient to
achieve the necessary degree of matching of the overhead

35 electrode assembly capacitance to the magnitude of the
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choi ces made anong these and ot her physical factors affecting the overhead

electrode“&?ﬁgﬁz ance We have found that the range of this ag ustnent is

sufficient hi eve t he necessary degree of matching of PET& V&R ead 35

el ectrode assenbly capacitance to the nmagnitude of the 13 WO 01/71765

PCT/ USQ / 88821 v egbd ML @éﬁéﬁﬁtéﬁﬁacitaﬂC©artﬁcnaBELCMMM' the dielectric

mat eri al s_and di nensi ons theés 130 and_ ring 120 gléhos nto
o] i

provi de t%ﬁeﬁ%%?¥ﬁﬂiﬁ?ﬁ?ﬁﬁ?iF ﬁ%?ﬁﬂ?éoﬁﬁd PesHFei K§3 val ues.

Mat chi ng theg 51 20 est& ofleocapachbt preeiandhbedpkased capaeictanee can then
be achi eved despite the faci that _sone of .the sane phyﬁ@;ﬁn fa tors

i nf | uenci FPeFRLE? e chpAL Féﬂ%edleﬁSFFFéﬁlgﬁ e§ap M

di ct atged @Ieéim&@dcaya&heaﬁ@él QMﬂHGh@r Behkgal ichibasi thihe eneesh tt@lelﬂlandl e
| arger 10 di aneter _wafers; so with good uniformty of distribution

of pIasnﬁb?O%F%%ﬁﬁ?@yd%%%%t?hEhFuﬁﬁcalEﬁéFeﬁomﬁfoﬁhéhﬁaﬁépe and to have

good Contf_tBIstPéal Of‘ag%ﬁétYnf§ueh@Bn@n@lg}étréﬁ%oE@b'&@'ﬂfa‘n’&et he preferred
enbodi ne f or g@asna 15 ion en5|té ranges as set forth above favorable

to pl asmPaktEpubibtesEar: L andthor Wi hanber darienstons ddredsce ior

processi ng, 8 f@ffo%@rﬁ@rﬁraé‘b@ég@?t&égcetﬁgr n%%@c%o%nd@:%S@_%@gBérlzﬁ was
achi eved whi ch mat ched plasma capacitance of -50 to -400 pico farads

by usitng &rpeter ceafede; dranBpefoolith preAesnifogap tivemdt h of
approx'nﬁﬁfgyrgbﬁ@fgﬁsofaﬁga gaigﬁ'aEnFQEytB@e%e%hel%gllhéﬁbﬂ%t%r

di el ectric constant 9, a materi a ring 120 having a
dlelectrl@fcbm%twmfebf andCivehavﬁegbgdegénﬁqoﬂa@éelﬁ@rdﬁﬁ@lﬁwa§Wa
capaci tance, 25. _the matching overhead el ectrode capacitance, the
el ectrode-pl asna Tesonance frequency was approxi mtely 200 Mz for a
source power fA@Q@E@bWQbY botMeizprafgreatl eobadiagetof foopdiasgat he

Capac{fst a”fc?n Ahed ey o £55E99E 288 MRLY- 128 n0 el BLS TRRAE £ o2RT SHE"

mat chi
etch processes; and for chamber dimensions suitable for

processing 8 inch wafers, a capacitance for electrode
assembly 126 was achieved which matched the plasma
capacitance of -50 to -400 pico farads by using an
20 electrode diameter of 11 inches, a gap length of
approximately 2 inches, and a material for the seal 130
having a dielectric constant of 9, and a material for the
ring 120 having a dielectric constant of 4.
Given the foregoing range for the plasma capacitance
25 and the matching overhead electrode capacitance, the
electrode-plasma resonance frequency was approximately 200
MHz for a source power fregquency of 210 MHz.
A great advantage of choosing the capacitance of the
electrode assembly 126 in this manner, and then matching
30 the resultant electrode-plasma resonant frequency and the
source power frequency, is that resonance of the electrode
and plasma near the source power frequency provides a
wider impedance match and wider process window, and
consequently much greater immunity to changes in process

35 conditions, and therefore greater performance stability.
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30 the resultant el ectrode-plasma resonant frequency and the source power
frequency lf;?s]”t]l; t resonance of the electrode and plasnma near the source
power freav e éy %r ovides a w der inpedance match and w derpcaf"&?(?gg%ss%/vi ndow,
and consequently much greater immunity to changes in process 35

condi ti ongme aditk thernef o es greqt epspenf D& neaseestabil bbby sent4 tW0e01H71765
PCT/ USO / 08882 . The enti r%rocessi n(g, si/stem is rend r,gd | ess sensitive to
vari at i o2 ORIt IhPRONT 1FDNSOREt gt ORg hi ‘th-rnSEF &fa % Bpédfice, and
t her ef or e ypU@ AR | abh@® GhORFr¥é hmérgreal esablangeont RLGRESS
applicability. As will be 5 discussed_ later_in the_ specification, this
advant agegieateuriange cnhanteeedy thelsnaPlilofyset Aﬁei’vﬁéén%?he

el ect 5odesnl @sdBed EEONEAT 14 I edEessyc andes PeoSPUEREsPRWRENnthbequency. 10 Wy
the Plasna Has a Negative Capacitance; The capacitance of the plasma is

gover ned Birther «leaneedapy pehei s9e4it 9t bFeEhBepIESRAtRS which is a
conpl ex ruyder, & b Ba &nd UPEL Q8N Of 1 BguEhEGT EhBakheP8LIIE Yokyerof free
space co, the plasnma el ectron frequency 15 (Ope, the source power frequency
w and t hefegd@enr@n- neutral collision frequency Ven in accordance with the
following equation: eo [1l-clJpe2/ ((O(COtiVen)) ] where i = (_1) 1/2 (The
pl asma el ectron frequency (Ope is a sinple function 20 of the plasna
el ecttoon wensitiey Blretbnies Hbef isnétegat iwed ICaoaowtarmmesl i cati ons on pl asna
processing.) In one working ex l.e, .t-he neutral speci rgon, the
pl asma el ectr oﬂ“? rceékﬁjaecrftk:tyar\g\c/aes ogggtu}fé ﬂ@%,lst eov%en%%aory\é\gﬁqpégv\er frequency
was aboute P& MHza Widdr neiamnibeirt 2 5 fpregss griensma ,t e mamigéh afs B0 ml t o 200 nir
with sufficient RF __power Cf\p.pl i ed._so .t.hat tth\e,%ol asm tdensilty was bet ween
109 and QBT 1 Hes & Bt HiBhe, CRare typical of those
f avor abl epd:onipl s etcth Pracesses dhethkbapasmgepératkpnhdsecauaegati ve
capaci tance because its effective

15  pe, the source power frequency w and the electron-neutral

collision frequency Ve, in accordance with the following
equation:
£ = g0l1-0pe”/ (O(W+iVen) )] where i = (-1)'/2,
(The plasma electron frequency W, is a simple function
20 of the plasma electron density and is defined in well-known
publications on plasma processing.)

In one working example, the neutral species was Argon,
the plasma electron frequency was about 230 MHz, the RF
source power frequency was about 210 MHz with chamber

25 pressure in the range of 10 mT to 200 mT with sufficient RF
power applied so that the plasma density was between 10° and
10*? cec. Under these conditions, which are typical of
those favorable to plasma etch processes, the plasma
generally has a negative capacitance because its effective

30 electrical permittivity defined by the foregoing equation
is negative. Under these conditions, the plasma had a
negative capacitance of -50 to -400 pico farads. Then as
we have seen above in more general terms, the plasma

capacitance, as a function of plasma electron density (as

15



30 electrical permttivity defined by the foregoing equation is negati ve
Under these conditions, the plasma had a negative capacitance of -50
-400 pi co WAPHHISS Then as  we have seen above in nore generzﬂ f'f%?l”r%sszthe
pl asma capacitance, as a function of plasna electron density (as 15 WO
01/ 71765 REI/IUSA /38882 pwidr aSrspueney p@x\z\@reieeqnenelyeandal

el ectron-ne tr.al.o coére sion freaeuegscy o L ends to b J%la{%l % Ll mted by
favored plcéj Splrocess Ctmearh}fl es 1 or ey ap |ca‘?| ST sSuc as¥di el ectric
etch, net davetredd arich D, pﬂ@:mtmmlﬂ@sw eflob kajngelsplaoaltmnbamch
negative val t VHE source guen |oiting thes

char act er it Lé?sal§cjﬁfec L{'r‘gl% V\iE%Je %’f% t?%(%eg\zgpag? %Eeaﬁﬁt gﬁ?ﬁﬁegnd
frequescy-ramiechi nghd ead Lhia?sSeQi ddga t hwenta Die aghi eNE ao@foeeﬁewwrndow
capability andeeX|b|I|t an SIabI|I of 10 operation not gwously
50SSi bl 6. HRGHEICETr arfd oPRALT Or Y oviGeD By FRECSE hBC138: OThENSt ub 135
provi des dgmedance élr@cftsfcﬁméreéapﬁbubeﬁ&ee:natdaﬁiﬁ@ &4 o8t pytiehapedance of
the RF generator 150 15 and | oad i npedance presented by the

conbi nat i GRS IR HHUTTHL s BVIREl Ah Pt RES P a3 MRERFERAFN t he
chanber . vﬂ@lrdowcﬂa@bllrﬁp@ﬂm B £Ipilheyean@stcgilityl eror no
reflection of RF power at the generator-stub connection and at the

st ub- 4P ectORSFE [ESHh &R &F?‘é%oq%]éétp?l%sp%%?ectl on 20 exceedi ng the VSWR
limts of the RF generator 150). How this is acconplished will now be

described. At the desired VHF frequency of the %@nerat or 150 and at a
plasna dedspedense dransdormadden Froaiaeshir the SsuksAibat ch processes

(i.e., 109 - 1% iR ol %ﬂ%v%@le@_ ar?d Qla@@-!_:’e G:%B%%Eh:%%lt){)m the
|rrpedance of the plasma itself is about + (1)7)52, where 0.3 is the
real part beftwides tpnleas%maﬂ rqaettia.rtcex,mpe;c(arﬂc)elaf arice RH s_;erfee:aumglnwy part

of the pl asma |rrﬂ ﬁ%n . The load i ed sent %.the

el ect 13dedPdadhs O AARSERICE RIFFROMS B‘g 10800f nfBfance and

of the capaecidtaee efsddidiel ackr agde the plasma w1th1n the chamber.
For such an impedance match, there must be little or no
reflection of RF power at the generator-stub connection and
at the stub-electrode connection (at least no reflection
20 exceeding the VSWR limits of the RF generator 150). How
this is accomplished will now be described.
At the desired VHF frequency of the generator 150 and
at a plasma density and chamber pressure favorable for
plasma etch processes (i.e., 10° - 10*? ions/cm® and 10 mT -

25 200 mT, respectively), the impedance of the plasma itself

is about (0.3 + (1)7)Q, where 0.3 is the real part of the
plasma impedance, i=(-1)?, and 7 is the imaginary part of
the plasma impedance. The load impedance presented by the
electrode-plasma combination is a function of this plasma
30 impedance and of the capacitance of the electrode

assemblyl26. As described above, the capacitance of the
electrode assembly 126 is selected to achieve a resonance
between the electrode assembly 126 and the plasma with an
electrode-plasma resonant frequency of about 200 MH=z.

35 Reflections of RF power at the stub-electrode interface are
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assenbl y126. As descri bed above, the capacitance of the electrode assenbly
126 is sek%ﬁﬁnggo achi eve a resonance between the el ectrode assenbly 126
and the plas wWth an el ectrode-pl asnma resonant frequencycaﬂmgHGQ§2200
MHz. 35 Reflections of RF power at the stub-electrode interface are 16 WO
01/ 71765mRETHUSEH/ 088820idkdi ezedser thevoirdednbecatisegtecy esbnahe

frequency, o . st 1 1S set to_be_at.or near_the electrode-plasm
resonantgFF%quﬁcigsgthgg F%eaEWBraPeﬁgaépen82?F§r?§§6ﬁ% %matogether. 5 At
t he sanertsmeancefkregtieong b RRapowke atvot he lgeneratarigt ubsonaeeface are
nininizegoor gggided because the location of the tap 160 al ong the axi al

| ength o PRE™Stub 135 is such that, at the tap 160, the ratio of the

st ands ng waveavokhageate theest apdiiegtwave otir RENbowwart Ae tAestub 135 is
near the out u% inggd nce offthe %enerator.lgg or characgteristic inpedance
of the cHEFETI63 (B6PR BEFRGE2a60bf S5 82 25w T haVPaic16BeF_UFBcat ed to
achi eve theslovkklionowrbehdi sapyssed. albndxiak kecati vengfthtbe Shyb's Tap

160: The axjal _Length of the coaxial stub preferably is a multiple of
a quarte?tﬁhvéﬁén@ghsBF atﬂéFubathgﬁuEﬁBy%%ge.Qb? ??61%+€§ WAtch, as

stat ed aBewadih§ weak {betagkeebr ede- ptasaBngesapantutreguengyenén the
preferred 20 enbodinent, this multiple is two, so that the coaxial stub

| englh i §tHBodE alRalPPahalBrPeAYERVET 1FREIBBEGLOLf FRGUERRGTatRF hbbut 29
inches. Thechapad6Brigtat ampanhhed! 8k axbalbahoeatkon (BHEATbeihg | ength of
the stub 135. At this location, the ratio 25 between the anplitudes of the
st andi ngamaue 96| £age dod tthe tsraddiong swdweatwdr et achianeREhsksgnal at t he
out put fn;guencybofdthe gen rator 150 corresponds to an input inpedance
mat chi ng“the butput Phped3Rce of the RF generator 150 (e.g., 50 OChms).
This is illustrated in FIGS. 2A and 30 2B, in which the voltage and current

StangéngA§@¥ SngaEQSn of the Stub’s Tap 160:

The axial length of the coaxial stub 135 preferably is
a multiple of a quarter wavelength of a "stub" frequency
(e.g., 220 MHz) which, as stated above, is near the
electrode-plasma resonant frequency. In the preferred
20 embodiment, this multiple is two, so that the coaxial stub
length is about a half wavelength of the "stub" frequency,
or about 29 inches.
The tap 160 is at a particular axial location along
the length of the stub 135. At this location, the ratio
25 Dbetween the amplitudes of the standing wave voltage and the
standing wave current of an RF signal at the output
frequency of the generator 150 corresponds to an input
impedance matching the output impedance of the RF generator
150 (e.g., 50 Ohms). This is illustrated in FIGS. 2A and
30 2B, in which the voltage and current standing waves in the
stub 135 have a null and a peak, respectively, at the
shorted outer stub end 135a. A desired location for the
tap 160 is at a distance A inwardly from the shorted end,
where the ratio of the standing wave voltage and current

35 corresponds to 50 Ohms. This location is readily found by
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stub 135 have a null and a peak, respectively, at the shorted outer stub

end 135a. wy geahéed | ocation for the tap 160 is at a di st 3pqga;q0/bdxgardly
fromthe shorted end, where the ratio of the standi ng wave voltage and

current 35 corresponds to 50 Chns. This location is readily found by 17 WO
01/ 71765 T/ USA VB asx kath s It ied Grdrive A e ranpiiride ey ©d &€r ni ni ng

where they. SIaNG} Ngh-NAE (48 151G 5% YhnfhMS rHEN @ disiRRC 0N Jeggabihon A of
the tap 160 that” provides a match to the RF _generator output inpedance (50
S2) is a dfuncre drerpflihehstamyedes i B HPFpdaiee &F TIeEeFPlrer135, as
will be described |later in is specification. n.the tap 160 i.s | ocated
preci sel yYUEYY HERfE el 5,&)5 Q%iel?n%e%la%%el%%t%%\h%ﬁ)%c%%%%on%%a ¥<a o1
changg i nidheddead Pardhofsthre 133ad dgpadanes ddsddidedRA ageneriat or i s of
the typical, kind that can maintain 10 constant .del.ivere g}ower. over a 3:1

vol tage stahdiFRe ati{ o )ED9 Farthd 40 e rPsd SETh EFSTRTEL Yt he

i mpedance; fagedh SRAGEcd S graat Liyrxpandde thite e daierdaeasl w 60: 1
change in the real part of the |oad i npedance._ This dramatic result 15 is

achi eved Dyl FHajHEg Vs Hig iRt e R 166 reRd REG5CEGCSe 36 $2%o0i nt at
| ocati on gy twad:thddie shoyd athe axkarnal @ndk B3ka ofard heig@axinal stub 135.

This shift is preferably 5% of a wavelength in the preferred enbodi nent
(i.e.10 aperrsHa (GrRlHvenqd ROWLTHSEV ér P 'df MHEFIR SHFGH RS0 &t at this
slightly shifted;di@p | ocation, the RF current contribution at the tap 160
subtracts or adds to the current in the stub, which ever becones

appropriate, t® Cohpiskarrbrenadingit ofde AMERIGsICEs fe I8adrAfsedance,
as will be descrifed hel pumidd JRIGHRNER d & HES1,3 d 4hatyelhinS

conpensation is sufficient to increase the match space from one that
acconodattgdee ar€rll mawithep i rthehd qashlimpgmdanste . t failsogranapddanesuls a 60: 1

he SPandhe TaVE EUrPert oh T He Ly 155 s o FMIEIBh Ghe [he phase of

precise 50 Q point at location A toward the shorted
external end 135a of the coaxial stub 135. This shift is
preferably 5% of a wavelength in the preferred embodiment
(i.e., about 1.5 inch). It is a discovery of the invention

20 that at this slightly shifted tap location, the RF current
contribution at the tap 160 subtracts or adds to the
current in the stub, which ever becomes appropriate, to
compensate for fluctuations in the plasma load impedance,
as will be described below with reference to FIGS. 3 and 4.

25 This compensation is sufficient to increase the match space
from one that accomodates a 9:1 swing in the real part of
the load impedance to a 60:1 swing.

It is felt that this behavior is due to a tendency of

the phase of the standing wave current in the stub 135 to

30 Dbecome more sensitive to an impedance mismatch with the
electrode-plasma load impedance, as the tap point is moved
away from the “match” location at A. As described above,
the electrode assembly 126 is matched to the negative
capacitance of the plasma under nominal operating

35 conditions. This capacitance is -50 to -400 pico farads at
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30 becone nore sensitive to an inpedance msmatch with the el ectrode-pl asnma

| oad i npe the tap point is noved away fromthe " "o tion
at A As ggg@??%%ﬁ above, the electrode assenbly 126 is n&?ﬁ 8L@§§$he
negative capacitance of the plasma under nomi nal operating 35 conditions.
Thi s capaehtapeefiesre80VHBs sé00cpi powbar &dsgaenct 8 (X0 OMHZ 1 765At

PCT/USO / 08882 the.preferred VHE source.power _freguenc 210 VHz At this
capacitanggthSaﬁﬁgéﬁﬁngﬁh%gﬁtEE%SB aSﬁﬁlﬁﬁ%%d%n%ga% a %méeé?9§%;g%hus, . 3Q
is the real3pait)of tfitaupl asfa isnpadaneelfparvhoththbepsyshem i s tuned. As

plasma 5 condi.tions_fluctuate, . the asnma_capaci.t ance and_i npedance
fIuctuatelﬁﬁﬁgaFF8nﬁPﬁeW%lﬁ%nFﬁﬁlSygkﬁ@s}sAgg?ﬁg'plagﬁapgéﬁggcitance

fl uct umt esohaomibhat flacwhieeh,t baecebeatnadeapbitsase nahdhedpeddecphase of
t he eIectrode-BIasna resgnance changes, ﬁhicﬂ af fects tge grase of the
current i AIPREVEEGLAYHY 185°TASERE BHELBAOf VEHBSEt ubPE ERENET AT Dave
current thdpacsbhhts, fietREteen€ramoEhatr t6Mvhsuppthedel 8cthedé ap2d60
will either add to qr subtract fraomthe stub standing wave current,

dependi ng¥afoRtRBedr r EEEi BR2SF PhetpRaSteShi PHC PFREMAI SPFIAL]MERt of the

tap 160 fEHHh%E§,5Qh§Eh|Q§@bEQB ahefphlskSofi fhtedutPedr SiAI thérgeth on of
t he mavelengt 599. FIG 3 illustrates _the standing wave current in
5

e.g., :
the #ubli énghﬁephééﬁ par th6f StHR' Bl aEARII AP earieeCHAse T nEfeRised due

to plasmachhwetuath@ngr BnEkGo3, chPeeA0 sup @ﬂédSE@th@gt&§V@6@nplitude
is plotted as a function of axial location along the stub 135. A
di sconti nWitty PhthRe addakai AY REbPETreaEr ERPMakPri Shide aFaRAENgo¥aYfon 0. 1

on the haplzoptal saxbaasAL’ 6sBANERe! Qi LBEcPORT bEoPhaf phhs-t aRi 460. In the
graph of FIG 3, an 1 npedance m smatch occurs 25 because the real part of

t he pl asnmehenédphaeemenhi gli, thabosp fhe fAinomngheptasa lowpedancetf ar which
the systemis, tuned (i.e., ?& ich.the electrode capacjt nge'natches t he
negat i¥e bFaiﬁﬁlEﬁgaEétanEE?. I%Q?ﬁféoﬁag ,tPﬁewﬁﬂ?f%ﬁgt%t €.-g-.

5%) .

FIG. 3 illustrates the standing wave current in the
stub 135 when the real part of the plasma impedance has
increased due to plasma fluctuations. In FIG. 3, the

20 current standing wave amplitude is plotted as a function of
axial location along the stub 135. A discontinuity in the
standing wave current amplitude at the location 0.1 on the
horizontal axis corresponds to the position of the tap 160.
In the graph of FIG. 3, an impedance mismatch occurs

25 Dbecause the real part of the plasma impedance is high,
above the nominal plasma impedance for which the system is
tuned (i.e., at which the electrode capacitance matches the
negative plasma capacitance). In this case, the current at
the tap 160 subtracts from the standing wave current in the

30 stub 135. This subtraction causes the discontinuity or
null in the graph of FIG. 3, and reduces the delivered
power to offset the increased load. This avoids a
corresponding increase in delivered power (I’R), due to the

higher load (R).
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El_ﬂ_e tapb160 subtracts fromthe standing wave current in the 30 stub 135.

I S subtywacdi@fsscauses the discontinuity or null in the gepg G 3,

and reduces the delivered power to offset the increased | oad. g(')I!(kzl{%cggtﬁavoi ds

a corresponding increase in delivered power (I2R), due to the_ higher |oad
(R. 19 V\D 01/FIT 65 POTI WSO o88gahe M @ndng [T AEE e 18t 446 ng wave

current 10, ben S 4y 3% e 1NG 402l panie of1ddies phasmricpedance

decr eases” e current standing wave anplitude is plotted as a
functi on ddcreass | ocH: i BES al bng-hehe et 5 EBIinG Nas o MPHAEARS n t he

st andi ng wav cur n #d% t C ait Q3 ti f
the tap 15F T eessgrap%Llllji ot T}E%lhagl raiedaclcghplgjrr%a{)@t gﬂgasm en e

|ﬂptedange133 Itﬁmvdmmim@mmmaihq)l%@mimq)m§q@en%i ch the system
is tune i e .
D55 055 P, UML) & 101N aR A6 @A Qo8 andi no

wave cur raéﬁ? I's ad on increases the deliveréed power
to offsetisd he Tectleasgrhploaolt EIG avbi e m@omamtoﬁé@ﬁaaﬂéﬁm

del i vered, po | 2R, due t.0 ecre

corrpensat}"gﬁﬁ‘\?,g%‘& ext%r Onwge% P C?#ergj g%fjadsan%be% e “acconmodat ed
sottﬂat tﬁelcfmtxsﬂi\esw@&mms; newreadsed Irsitgmis | o ytha'mugrreemar@m on of the
mat ch space to acgc te a _60: |nther the oad

i nped%@ncetlé?lh‘é%ejsggnggg BskP V\Fh%lo%\F%th\(%‘l 07 151 l'%tpalhﬁe %eac%% This is
20 becausgz@s Oplaiﬁtacwlt@p@dl1m@nsa§énftthemiehgv®repmmcpmﬂ aro qfffissgss or

application, or as the reactor is rated th if t
reci pes fBRe diPFEPRREI apPPT cat? o Of‘?hae C%?%M%Iﬂjat"i”g% éecrreenaseop%{ ating

ance change,

particul aglyi{8eed egbwdal t 1O, ddéaetld’r'[tedaamm;relarsddﬁdomd OIR ar W,lthuch a
change coul d 25 readily, exceed the ran f the con ona tch circuit
enpl oyed FACRhECBRSRSAT QD tHATH t FeSYe ?v@?%%ﬁ%%v\b‘? ﬁ C:ldlmpn Fonger be

?glnlt rof 'ne?%ﬁ%é' &é@ct%uhéfdé@eéu@@oﬂﬁa@ whahhgr cPprosess, ianthdteagdcess coul d
e presen
51gnfficantly.

This expansion of the match space to accommodate a

60:1 swing in the real part of the load impedance enhances
process window and reliability of the reactor. This is

20 Dbecause as operating conditions shift during a particular
process or application, or as the reactor is operated with
different operating recipes for different applications, the
plasma impedance will change, particularly the real part of
the impedance. In the prior art, such a change could

25 readily exceed the range of the conventional match circuit
employed in the system, so that the delivered power could
no longer be controlled sufficiently to support a viable
process, and the process could fail. 1In the present
invention, the range of the real part of the load impedance

30 over which delivered power can be maintained at a desired
level has been increased so much that changes in plasma
impedance, which formerly would have led to a process
failure, have little or no effect on a reactor embodying
this aspect of the invention. Thus, the invention enables

35 the reactor to withstand far greater changes in operating
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invention, the range of the real part of the |oad i npedance 30 over which
del i vered n be maintained at a desired |evel has | sed so
much t hat V‘gﬂg%éés\sai n plasma i npedance, which formerly mu?g?ﬁ}as\'(}gf?ﬁsgég to a
process failure, have little or no effect on a reactor enbodying this
aspect of céhei t hvent donind huspat hiecu e mioreshalt eép@85 adidareactor to

w t hstand_far greater. chang i P, t [ O /08882
condi ti on® '(_:I%’ﬁg?@l\éejr")\é'rt?’%u Igarlﬂjger%ctgkgg %%ycatpp iéﬁ%rﬁgﬁﬁr{;ﬁg&gﬁel y, it
enabl es tAeffenshorappol beauseds | mvahyinglid ferdagn wsld cdlt iryes€ssvol ving a
wi der range of process _conditions, igni ficant advantage. 5 As a further
advant age,go?‘ﬁétg%%ﬁi af St %%a?ﬁa?gv%ﬂrl‘g%%és thi s broadened i npedance
match § s a si npkeapassiier adévaceaget hthe domvial park sI3suditas a vari abl e
capacitor/servQ or _a,variable frequency/servo pi cal of _-convent.i anal

i mpedancePRaYtASRppat &tuEo? ?n?é ?IH%%&{%C? nné%l(%éegnslls\clgd as(rjlldnl?laer rbr?oe%gelvﬁégl i abl e
t han t he gapedangetnehech"meppag apast § hatuclh aeph acesialide Tuni ng t he

Qperati ng and Resonant Frequenci es lgf B£oaden tpe Pr octessié/\i'lnd%%\ﬁ 15 In
accor dancEaRAERTET f BFTVRrChspett bFPt het T &t T S eltbodiEnt, the system Q
i s reducedohOeht 03H8N 1MS-@i0E€SHat ¥ih Nalopabytss | ghtt yiofflset ting the stub
resonant frequency, the electrode %)Lasnf r sonanr'lg frequ nc% and the plasm
sour c8 poWBEXPPBEHERCT R r AT oRRT Gnbt he? oL AstfES cr D P SHEHOVE “The st ub
resonant g{) quepgY tsathat fepsosessy at  which the axial length of the stub
135 is a half wavel ength, and the el ectrode-plasma resonant frequency is
the frequency at which the el ectrode assenbly 126 and the plasm resonate
toget her. pLnrthe,pr eher 88r£00041 GRAt RebbLarE Bt a3 ¥St& Wrdaien | engt h
at which rtsresomant __frequency was 220 MHz, the RF source power generator
150 was thkeBredessd Wpedawe at 210 MHz and the resulting el ectrode-plasna

resonﬁyt frequ%HCXC@@§d§HQEtngQ Migurther aspect of the preferred

embodiment, the system Q is reduced to broaden the process

window by slightly offsetting the stub resonant frequency,
the electrode plasma resonant frequency and the plasma
source power frequency from one another. As described

20 above, the stub resonant frequency is that frequency at
which the axial length of the stub 135 is a half
wavelength, and the electrode-plasma resonant frequency is
the frequency at which the electrode assembly 126 and the
plasma resonate together. 1In the preferred embodiment, the

25 stub 135 was cut to a length at which its resonant
frequency was 220 MHz, the RF source power generator 150
was selected to operate at 210 MHz and the resulting
electrode-plasma resonant frequency was about 200 MHz.

By choosing three such differing frequencies for

30 plasma resonance, stub resonance and source power
frequency, rather than the same frequency for all three,
the system has been somewhat "de-tuned”. It therefore has
a lower "Q". The use of the higher VHF source power
frequency proportionately decreases the Q as well (in

35 addition to facilitating the match of the electrode and
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By choosing three such differing frequencies for 30 plasma resonance, stub
resonance_and source power frequency, rather than the sane freque for

al | three,wo?lﬁewg%/stem has been sonewhat "de-tuned". It thé’lcgf‘bsﬂyoﬁgé a

| ower "Q@Q'. The use of the higher VHF source power frequency

proporti oppiehy dessiensasceéhenras aweth-favo3Baldindemtimgg facilitating the
match of the_electrode and 21 WO 01/71765 PCT/ USOL/ 08882 pl asma

capaci t anCRILHGRPS bt ch- f avor abl e operating conditions). Decreasing system
Q broadens thepiédpedatcg snscomspaseoadéns hehs yshpedarsoe trihetch tsgpace

perfor mancg IS not as 5 susceptible to ghan es in pl asma conditions or

devi ati on$ ‘Flil%n?%'ﬁ%tflac?%r’flﬁ%ttb“f%r%ﬁlé TIEYFE eXanpt e, %% he el ectrode-

pl asme r eseeagsei PRy b uchamayes die badhacdoradi oiend ror plesiet icoredi ti ons.
Wth a snaller Q the resonance between the stub f35 r:tﬂd the

el ect r odef FPRSARIEbHBF HEt FONCPHEE2RSS10 me¥esTHPIor G | petds mat ch
(as describggnprevionshye halythiscspeesfaeatton)l ehangesotesin for a given
change in the plasma-el ectrode resonance. As a result, fluctations in

pl asma coPHRFRBNSORAVELPRSs i ER12 ofMFheST ipeddit & SHIMTICS cigF tal Iy, a
gi ven devigli 9puhni Pt asA@ ORS' & éHGrd8e COTWMA CRSmPIREticss ensdrald er
increase in VSWR at the output of RF generator 150. Thus, the reactor nmay
be offer anedespaBy wieerani HIRRPFRCP| BRRED pf T €435 CoHFd i RrRVIqhitassur e,

source POYEr i, exeln.SPE £et PONEr chELGEENTYss RbASIEy ARSI dyandd Gn
Mor eover, manufacturing tolerances 20 may be rel axed to save cost and a

mor e uni f bhen PSR NBhEELr AABMELP @2RAGR s OFS thel SUES MOLEIC BRI Y i s
achi eved,mialg %fégﬂéféﬁx?tgitf@ﬂé‘%é’«g@- 185¢ ebpt &l adyant @ogbsad et the sane

reactor ave a sufficiently wde process W ndow to be useful for
oper at i ngnat¢her efirept btestly ecd pesveandiosiali F¢er EntP EpPNd caReGHSLRSuch as

e LS5 ooy et cperh calovponk wsResid gt M izt

output of RF generator 150. Thus, the reactor may be
operated in a wider window of plasma process conditions
(pressure, source power level, source power frequency,
plasma density, etc). Moreover, manufacturing tolerances

20 may be relaxed to save cost and a more uniform performance
among reactors of the same model design is achieved, a
significant advantage. A related advantage is that the
same reactor may have a sufficiently wide process window to
be useful for operating different process recipes and

25 different applications, such as metal etch, dielectric etch

and/or chemical vapor deposition.

Minimizing the Stub Characteristic Impedance to Broaden the

Process Window:

30 Another choice that broadens the tuning space or
decreases the system Q is to decrease the characteristic
impedance of the stub 135. However, the stub
characteristic impedance preferably exceeds the generator
output impedance, to preserve adequate match space.

35 Therefore, in the preferred embodiment, the system Q is
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Process Wndow. 30 Another choice that broadens the tuning space or
decr eases temQis to decrease the characteristic pppedafies0f the
stub 135. vv/e7\§/%e16§ the stub characteristic inpedance prefera@?y exceeds

p

t he generator output inpedance, to preserve adequate nmatch space. 35
Ther ef or erdfrereid ypreidecesd SSoddento the §ysesm ofi §edysing §1F71765

PCT/ USOLL.08082. 1t Ghalableyd eauced:hitseon! Ynbadbheceyenh ot iaduci ng the
e C

anount bfmvc\ﬁi C aracteristic i npedance of the stub 135 exceeds the
out put | Npedanceedts tte sivgmalt jewedanse ofsGhes sTEBadhgPREEEFPSti ¢

i npedanc 5cbf the coaxial stub 135 is a function of the radii of the inner
and outer ~conductors 140, 145 and of the dielectric constant of the

i nsul ator 147 Mverdiretasssristhe smedanmeacfethst coaxiigge §&i®e 178 chosen to

provide the requigite i n Q transfornmtion betyween the output
i npedance-%of® ffﬂ@cgﬁl%lné’@%gl%k%%‘?ﬁr gga%glg an theni nput 1 npedance at the
el ect r ode-onBf-tdHE sl4tharldct emicstdic thepedaiestiries cossweat &Imthenmum

characterjstic i d an maxi mu har.act G nce. Changi ng

t he char é‘&%]iasttcir{g%i%gtg?ﬁcee e%Tweterl{le' %l%stasutgl%lgéa?ﬁgﬁggggt%ﬁg wavef or ns of
FIG 2 andnddieneforie dhergesd heolesia ehd oeaiien tef irpedaaryel60 (i.e.,
its displacenent, A fromthe far end_of t.he st 135) ..+.Ih |.owabl e

m ni f9m AR A ik?ﬁr)géf%fa‘?%e&ber P& dﬁpéﬁ%%es%?héhgnglgghﬁm ch the
di st ance fofr FHdarck iS5 ertl shG it iraedbemed] dhieawd ectriogiel ocat ed on

the far end 135a . of .the coaxi al. stub 5 oppasite the el ectr. 25 in
order toliee AHF GHATRAST Ptieet™ nscteg &eﬁg%\ﬁé\ygeélu%rénﬁ qgln

vol t age. Jhe-adovwadhl o naud d0EA e airaT tee estiinmurd Rpedarcerdfstitche stub 135 i's
the one at which the distance A of FIG 2 25 i.s equal.to the length of the
stub 135 HePedCe he FHFIEGRY S5 THARE T9-He 9 &g‘ﬁeéiﬁméﬁet etﬁleear end 135b

of thg coay a3stalndadss adiacenietdienelgctrmde 212nd nienddiortcd see
changes the desired location of the tap 160 (i.e., 1its
displacement, A, from the far end of the stub 135). The
allowable minimum characteristic impedance of the stub 135
is the one at which the distance A of FIG. 2 is zero so

20 that tap 160 would have to be located on the far end 135a
of the coaxial stub 135 opposite the electrode 125 in order
to see a 50 Ohm ratio between the standing wave current and
voltage. The allowable maximum characteristic impedance of
the stub 135 is the one at which the distance A of FIG. 2

25 is equal to the length of the stub 135 so that the tap 160
would have to be located at the near end 135b of the
coaxial stub 135 adjacent the electrode 125 in order to see
a 50 Ohm ratio between the standing wave current and
voltage.

30 In an initial preferred embodiment, the coaxial stub
characteristic impedance was chosen to be greater (by about
30%) than the output impedance of the RF generator 150, in
order to provide an adequate match space. The stub

impedance must exceed the RF generator output impedance
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a 50 Chnrratio bet ween the standi ng wave current and voltage. 30 In an
initial (%g enbodinent, the coaxial stub characteristic inpedance
was choseN’ greater (by about 309% than the out put iﬁfgﬂgwe'&%? t he
RF generator 150, in order to provide an adequate match space. The stub
inpedancebaushsexchedlmpedaﬁcgemetahocon@ipuonihwedahtev@& MO 01/ 71765
PCT/USC]/OSﬁSZ becEﬁse t he |n€ed§ngﬁe tch con ié n_ |s achl ved by
sel ect i ngSEhESFbREt oPCEhECtapt poitat “1B0°T b  5a V° Zgent :%2 1 Zstub2/
rplasmal where a is determ ned; by_thezlocatian of the tap point and 5
vari es between zero and one. ((x corresponds to the ratio of the
i nduct ancehetet ieisndkktepnihiednbef thhelstabidB350f behaeenp tpeifaramhd 135b
and the tap 160 to the inductance of the entire stub 135.) Since a cannot
exceedd onsarife bstuperharuet epfsene- i npedapreespendexcecte Weayeher at or 10
out put i npedance; g, QERL- 827 LA 8ngt UbboBL L0 bhecn 05600 gs equati on,
However, since t hig 'b Re systemis rectly proportional to the stub
characterbetweennpbdaﬁee enﬁhé3éhnan@ bgewhaphl 6 hetst tie chadiactandsti c
i npedance exceeds the genera [ out edance preferably is 15 sonmewhat
B pedof 0 REeRPERES (RSP baPab pEAEET B COTRO | R eHar PG r iR bod: mont
the stub gl@ébaehefaékéﬁlgHpedeﬁﬁedaﬁééeﬁg&tegcgeaefﬁé Of Qe b | Mpedance
by only about 15 92. However, i n other enbodi nents, the coaxial stub
char att er PSEPeti peadABeenay BEdeRoseniiBdbe FRE4tiPaNte Hehe 20 pl asma power
source (9epeLabohy Q&EQHth”peﬁéﬂé€e£0 §EH&@V€he9%e§£eﬁh@0¥f%téﬁfi§'e”Cy
W th some reduction in inpedance mat ch. [ ncreased Power Efficiency
Pr ovi ded ByrepelynpedrareiorglTEansher aaehopharacher Stubt ePeflanissed
carlter i pnbhlfoSRechll ¢ALLANCLR! 2508 cHQPé@EéPQsEQ@diﬁﬁ&ﬁ.‘éné@ g., plasma

density) avor plasma etch processes result in a plasma inpedance
t hat has exceeds the generator output impedance preferably is

15 somewhat minimized to keep the Q0 as low as practical. In
the exemplary embodiment, the stub characteristic impedance
exceeds the generator output impedance by only about 15 Q.

However, in other embodiments, the coaxial stub
characteristic impedance may be chosen to be less than the

20 plasma power source (generator) output impedance to achieve
greater power efficiency with some reduction in impedance

match.

Increased Power Efficiency Provided by the Impedance

25 Transformation of the Stub:

As discussed earlier in this specification, plasma
operating conditions (e.g., plasma density) that favor
plasma etch processes result in a plasma impedance that has
a very small real (resistive) part (e.g., less .3 Ohm) and

30 a small imaginary (reactive) part (e.g., 7 Ohms).
Capacitive losses predominate in the combination electrode-
plasma area of the system, because the electrode
capacitance is the predominant impedance to power flow in

that part of the reactor. Therefore, power loss in the
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a very small real (resistive) part (e.g., less .3 Chm and 30 a small

I magi nar yy(J fagidsve) part (e.g., 7 Chms). Capacitive | ossggrRisprggsnate in
t he conbi nation el ectrode- plasma area of the system because the el ectrode
capacitance is the predom nant inpedance to power flowin that part of the
react or . ©Tper 6PSF o1 PN r CPHIG L ¢1h el DL YYP O TS TS

el eCtrOd@ﬁ%l@é”@lé@@P&@@ﬂ)P&brﬁé PERPoRiE Rl ten tdvnmeldiage on the
el ectrode-plasna conbi nation. In contrast, inductive and resistive | osses

pr edomi ndw@us bl YReaRE e85 1 vy ebawses tPCHIMR B et ditP rsttlace of the
stub 13}@5@55 the predon et a.eh erent st of cé pedances i poyeradd ow in the

stub 13 refore, power loss in the stub 135 is proportional to current
in thHe sthé.pTadonindnt chbemete? | of | EMPATRAR C' i ROWRIT HE kvt atertiehan t he

real parf, of Jr%g.e im@@@@&&g; ﬁ%}%eﬁogy the gl estrodespl asma 10

conbi nat 1 on. erefore, Int i gher 1 npedance stub 135 the voltage w ||
be hi gheprapdrthenglirtentutvert imaphénstelpe |'Berstwpedance plasma in

whi ch the cu . W i r, € %{veg Thus, Jdde
inpedanc%h?lf%%g%%%gﬁ\%ﬁo%ﬁ‘%ee#év\lg%% %%gqgs%%bg%gélg%gtﬂtl e p}f%srra 1? el ectrode
conbi nat bdHntpe otlupedarcdi ghesevoed dge Einel ¢beetrodenplEasmd n the stub 135
(wheye resistive.and i } | 0ss 1 e; #}ge re now
m niiﬂ ze‘a? ﬁﬁaglo%brr@g%%%fd%/n%1 ylﬁogm%?dgg%ﬁ%el%%j |g%1esrg%fl?3e%t at the
pl asma/ etret votleagahet Bl coparigher dndsese domrnatte bowkeR2(chdrerier t hese are

now mninmzed). In.this manner_overall wer. | o i he. emis
m ni m zen}lgog%‘ﬁﬁf b%%ian%?f?%i‘%lﬂ%ylﬁl swréj?(g%t ?Iy}ei%%rr%%%%,&laﬁ}s/?%eni fi cant
advant agrighéhn &he phefesledgenbodénent Thponwethef imoeédmoye i s about 95% or

greater. 25 Thus, the stub 135, confjgur gi as_de ceri%gsaallopve in
accor danEE2HF FATEAR PRVRRTT SR "s}é?v%tglﬁof Pyt S PV HE  an i npedance
mat cip or el £aPSHQE MBSO IHEL e efr bdiecgeneriat giier andll tdwge edrett T@ge= pl asma
inpedancggrggggsfnatggr!t&édf35 (where resistive and inductive
losses dominate and where these are now minimized) and a
correspondingly lower voltage and higher current at the
plasma/electrode (where capacitive losses dominate and
20 where these are now minimized). In this manner overall
power loss in the system is minimized so that power
efficiency is greatly improved, a significant advantage.
In the preferred embodiment, power efficiency is about 95%
Oor greater.
25 Thus, the stub 135, configured as described above in
accordance with the invention, serves not only to provide
an impedance match or transformation between the generator
and the electrode-plasma impedances across a very wide

range or window of operating conditions, but in addition

30 provides a significant improvement in power efficiency.

Cross-Grounding:

The ion energy at the wafer surface can be controlled
independently of the plasma density/overhead electrode

35 power. Such independent control of the ion energy is
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range or wi ndow of operating conditions, but in addition 30 provides a

si gni ficaply dimy@venment in power efficiency. O oss-G oundippgyushiifssson
energy at the wafer surface can be controlled independently of the plasm
density/ overhead el ectrode 35 power. Such independent control of the ion
energy i sscii®WA0 Ol ALEE% IPOT/AUSHE (888RENgyhPevEd PRYCAp PR &R HF

frequency_.bi as pawer t lcallhs 1hreguemcy, ictypically 13.56
MHz) is tgqegmaf icant Irlf/h%%m%gfret eélrg]yﬁh\éﬁz\/%l%cgome&f applied ?olt he overhead

el ect r odes:itdrsitf igarerlys JuiveesTrer hdengittey VHBI @owsawerrs iesl &9plthéd to the waf er
by a bias x{%‘%@s{?ﬂ:elsé | ”I%dé%gf}}%{tat veradD ‘?L%‘émae@ieh@(r%%fl‘_ &iGRNyeRki-onal

i npedancé circu o0 the wafer support 105" The power |evel of
t he bkas igensslbtat ROClxomaits Ivhe drsewomgy AFasiohe lwgeaeratoface, and

i's general a fraction of .the power .l.evel e Rliasime. ;Seursge power
gener at o?zdl%(EO%ler FARIE & & OVE, %\él%éogr(n ajd%sr,lt %b“%:% i ncl udes a
shorti ng zondustidie MaeFeat durmpatit &r0st ulfhengopreovildgivied @ sy foigisr cui t

bet ween the inner out er coaxi,al .stub_ conduct 4 . The shorting
conduct orgqb%rai%o%zz{}ggolq?h OCjtshe H9daH SRGP% Elee%rHEhsj?t gvr?cﬁe%g wave current
peak and gher M sdrandi hoyerearen Mo} tageraudilorafi rthe @over lidowdvert, t he
shorting conductor 165 does not short %ut t VHF applied power, because

of tHE cothf iPIF? tHIGUBP s FHEHTE it

d e pl asma/ el ect rode resonance,
both of which 29 B&eedtedrchedsotde I snuticel ponds FIeduenicydesTke
conductor 165 does apcg)ear as a di reﬁlclt‘t1 short tolg)roun for . other

f r equenci BROT HHRBVERIIGGIF 2P - HE DI B Foer™® St & THomd fe HFE bi as
gener at org200) appkied tocdden vad efnnddt aldouher toantitalhighdr frequenci es

such as 25 harnonics of the VHF source power frequency generated in the
pl asma sheerducioes cbhbi nsdT on Bte tHO e %Pﬁﬂi Hbport 205, the HF

I npedghce, gplicHs Shé € Uithe 2102t her Hihdivasr piding wave current
peak and the VHF standing wave voltage null as in FIG. 2.
However, the shorting conductor 165 does not short out the
VHF applied power, because of the coupling of the stub
resonance and the plasma/electrode resonance, both of which

20 are at or near the VHF source power fregquency. The
conductor 165 does appear as a direct short to ground for
other frequencies, however, such as the HF bias power
source (from the HF bias generator 200) applied to the
wafer. It also shorts out higher frequencies such as

25 harmonics of the VHF source power frequency generated in
the plasma sheath.

The combination of the wafer and wafer support 205,
the HF impedance match circuit 210 and the HF bias power
source 200 connected thereto provides a very low impedance

30 or near short to ground for the VHF power applied to the
overhead electrode. As a result, the system is cross-
grounded, the HF bias signal being returned to ground
through the overhead electrode 125 and the shorted coaxial
stub 135, and the VHF power signal on the overhead

35 electrode 135 being returned to ground through a very low
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source 200 connected thereto provides a very |ow i npedance 30 or near short

to groundw®pi 4k VHF power applied to the overhead el ect rRgq;sofosss:2
result, the systemis cross- grounded, the HF bias signal being returned to

ground through the overhead el ectrode 125 and the shorted coaxial stub
135, and iteedfconrrh si kgl VBN tHE ST Herl Y35 e it dE P35 %ei ng

ret urnedeﬁg%%l%%%r&%%%gg%ﬁh(? Y& Ve hOVr 46 MO Al 1o 2G9SO/ 0.8882

i mpedanc ough the wafer, the HF bias _inpedance match

210 and the HFTH¢ aexposed pererer orf 2008 JMERSHoSER pHttt dif9feShe chanber
side wal 'tylﬁtsﬁ‘%%séfetﬁ’% aperof ihe val 65 and dhel afgeafedde overhead 5

el ectrode ittTe or norole as a direct return path for the VHF
power sappélectiade He2 Dvetdreadl bt vkt rodero 128l deraus el igietthe 3%rge area of

the electrode 12 ti : t NelolTENoE Qap. In
fact, the®sf egoglaﬁ]go\%ﬁieh%&g gn%%@%%@ e ti}g%ﬁg\{éed fr%crﬁl\{?\éeteﬁrpol asma usi ng
10 magnetizs ilsetats@nobrtie diatectaien cohitting ofecredmuldr aml difsectric

insert or_renpvable |iner. order to j urrgnt w thegVHF
pl asma sB%f%’_elY)%%rs%%tnaﬁ%%t]f(?%ém %Cge"gag%fr %a% elégtfr%éc}g' 1‘:(2?{5e _ gv% thin the
vertical wheCtsDdeERE oclpadest ahapabdwago bacedweayorl StHe amatimerugpdre s of t he

chanber 100 such as the_sidewall, ..the effective. gro r el ectrode
area 1% tRRIPFahe l%?f??ljeoﬂva?léraﬂbel%C%ﬁ%rég%%&brg%/oé?dd?rﬁea%ﬁ{}gfgal area of
t he waf ergos1 sefefcsipport dPSresovalbbé linexceeds the area of the
overhead el ectrode 125. This is achi eved by.the 20 _.praovisi t he annul ar
seni conduct or F?n‘@r‘%ﬁg 58n§?ﬁﬁ9e %%5¥%ﬂtér¥%\?‘f'hoént %S\ﬁ% Oic}l‘én%athe waf er
110. The g§€PE&0PEHMET OEmEhagidd S poovidesovesiieay ehpactddmc2i o t he
grounded chanber body and trerﬁb%/) ext ends thc? effﬁcti ve radri{#'s of the
aneSof*

"return” &ieRiRobesi T heCP PR WATRTIZE AL P O The M Fohe r
si gnajs f r ppah hecRuer beads ebecthodenandbe @M cociduss othe i Miicudbll s
insulated fromthe grounded _chamber bodg/lb t]'gck)l edéféaecixgié:heri r@a&ezo. The
t hi cknessthfageffective ground or return e P
of the wafer 110 is enlarged beyond the physical area of
the wafer or wafer support 105, so that it exceeds the area
of the overhead electrode 125. This is achieved by the
20 provision of the annular semiconductor ring 115 generally
coplanar with and surrounding the wafer 110. The
semiconductor ring 115 provides a stray capacitance to the
grounded chamber body and thereby extends the effective
radius of the "return" electrode in the plane of the wafer
25 110 for the VHF power signal from the overhead electrode.
The semiconductor ring 115 is insulated from the grounded
chamber body by the dielectric ring 120. The thickness and
dielectric constant of the ring 120 is selected to achieve
a desirable ratio of VHF ground currents through the wafer
30 110 and through the semiconductor ring 115. In a preferred
embodiment, the dielectric ring 120 was quartz, having a
dielectric constant of 4 9 and was of a thickness of 10 mm.
In order to confine current flow from the HF plasma

bias power from the bias generator 200 within the vertical

35 path between the surface of the wafer and the electrode 135
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dielectric constant of the ring 120 is selected to achieve a desirable
rati o of nd currents through the wafer 30 110 and
sem condu%?grlgﬁﬁﬁg 115. In a preferred enbodinment, the di ‘g?gﬁg{%rgpgsts?fng 120
was quartz, having a dielectric constant of 4 9 and was_ of t hi ckness of
10 mm  Bndopyeridt GuEERRENE Lot FenPhEEWPRF S/ Phe tRE SPEERET g?ag power from
the bi a%h%eggﬁétuﬁ'ilgoo Wit BiRhhe aven biceabae3s 3paphobetiweeant he surface of
t he waf er the el ectrode 135 27 WD 01/71765 PCT/ USOL/ 08882 and avoi d
current effifewtiyeotferofarns e3Rctredehaner Steng f1caphdYsPIEREET), the
over hea@h%]e%r Lode 135 tProV degean orefbeeti wadofetiysn ehget rode area
signi ficant greater than the area of the wafer or wafer support 105. The
5 sefi cmmduplt@g rimg ﬁlﬁhénpltélﬁfepé\anlehé’fmé?’@r wed§Eo FUPPPES does not
play a Sl@n %a%tfg 3 & Qeplilfdghe e %a%ora%ingl Rh@ HRe chanber, so
t hat the ef ectl ve I'e e area for coupling the HF bias power is
essent i ajJJays @@lwhrnedlttootﬁﬁl%@élm@e@f ﬁ@e%ﬁeﬁh@]@ﬁmﬁvelo support 105.
Enhance Pl I f prggg fs the invention,
pl asma st ae“lﬁjtfmdye {‘%‘\?\"/ag%l en%gnéé)e lngglt?lr%p%t ;%%ga%([j) C. ;%ogpl ing of the plasma
to 15 tdamahtmaﬂmygc«mfdmradortd@&lecmt@dtél@rmqrh@mdnibv@lfea‘nd outer stub
conq ctors 14 304%5 at the back of the stub 135. This is acconplished by
t he groﬁuﬁp@ﬁ #%%e thin capacitive ring 180 between the coaxial stub
inner conductor 140 and the electrode 125. In the enbodinent of 20 FIG 1,
the ring i en. ihg el ectrode 125 on the bottom and the
conduct iZEEERRE 9 3 -ReS2suppbit 176. Preferably, in the exenplary
enbodi nent s lde%crpﬂmbﬂ'}ﬁafcelmmdé hef capacintveares: ramg W8Gnrad talddpdei t ance
of about 180 pic depen he fr uenc f t he 23 .bi.as chosen,
about 13aHA R’W”t 1%&1 er}]\fﬁl dtlﬂ% aC|otué3§L 9 e capfmat?sl%lve r%lng 180
doeslsnOttHémﬂﬁ:ttlh@ CITRB SO Wed rtg:rfrﬁﬁ:ttlﬁ’d? ateserd bk abowe and t he cross-
outer stub conductors 140, 145 at the back of the stub 135.

This is accomplished by the provision of the thin
capacitive ring 180 between the coaxial stub inner
conductor 140 and the electrode 125. In the embodiment of

20 FIG. 1, the‘ring 180 is sandwiched between the electrode
125 on the bottom and the conductive annular inner housing
support 176. Preferably, in the exemplary embodiments
described herein, the capacitive ring 180 had a capacitance
of about 180 picoFarads, depending on the frequency of the

25 Dbias chosen, about 13 MHz. With such a value of
capacitance, the capacitive ring 180 does not impede the
cross-grounding feature described above. 1In the cross-
grounding feature, the HF bias signal on the wafer pedestal
is returned to the RF return terminal of the HF bias

30 generator 150 via the stub 135 while the VHF source power
signal from the electrode 125 is returned to the RF return
terminal of the VHF source power generator 150 via the
wafer pedestal.

FIG. 5 is a graph illustrating the reflection

35 coefficient between the VHF power source and the overhead
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grounding feature, the HF bias signal on the wafer pedestal is returned to
the RF reflf-{/Esm nal of the HF bias 30 generator 150 via 135
while the Vﬁﬁ/source power signal fromthe el ectrode 125 ?éﬂﬁg?ﬁ#%gd to
the RF return termnal of the VHF source power generator_ 150 via the
waf er pe@éseaFode| E35528 s2 al GraphoR | PHsEFRERFRCY he! rafPeet $orP35

coefflClgab ohehuwaencEhenYHE, PENE! 0§ OUr 881 ANgrabe DVBEbeas 28 MO 01/ 71765
PCTI USO /08882 el ectrode 135 as a function of freguency in a preferred

enbodi neAkigtepAe PRvenYEBY. PTPRE BRBPNOT | FIREaREeset HevelxfiEhce of a

very brogg b?@@l@EtRBEQHééﬁfféléﬂér1§hbébo%h@ agf | getéonigoefficient is
bel ow I ndi cative of the highly advantageous | ow system Q

dlscu33ednébgaelVEIQﬁ 6hﬁlh9§hlht@§V@ﬁea§?@%%|h@wmﬁx%t%%rQent (solid line)

and standing,waxg yphiage (dashed line) as a function of position along
t he coaX|aP stu% lég In the case in which 10 the tap 160 is placed at the

dlst?nce A of FEGG. 62Blinehrahes ther seandadgovavaecsrudnt F(eplid| || ustrates
an alter atl t| t t
gheycatHl ggggﬁgﬁg?){gaw wggg ﬁgshgdv‘@iﬁ%@ he inpgrcogduct or

140 of t 'S ta er avin arger radius at the near
15 stub eﬁdpégsaladjaieng the ovexheédseu9013bdeleBeam@se.l@ﬁ@bi@h radi us

at t stub 135h hi.s_fe r des I
i npe ncgkfe%ap,ﬁgg %E)pl%%%éen%egﬁgyg%ﬁggg%%xga?f %f 1%% g€mﬁﬁ§m$gg iGOOW
and a hipberednpadantethe. gtub64 SZ) presented by the coaxial stub 20 135

at the overhe qﬁﬁlgct gusF%%QngResuH% lvéng gdgﬁeﬁpugfp£9¥ldes a

pl asma react o sénsrif¥e'tc changes I'n operating
condi ti ongvéhtand/ an waibattheslnneﬂanuﬁdutuorn@4®obéraheesoa*ials

bel i eved th t ese reat dvant ages i ncl udi ng_l.ack t ty t
oper ati n§t& n&%g fis ap?rgg E?Xéﬂgtﬁn?ﬁ588% Pasf8E SL cREMRLLLVITY 1O

15 stub end 135a adjacent the overhead electrode 125 and a

smaller radius at the far stub end 135b. This feature

provides a transition between a low impedance (e.g., 50 Q)

presented by the coaxial stub 135 at the tap 160 and a
higher impedance (e.g., 64 Q) presented by the coaxial stub
20 135 at the overhead electrode 125.

Results:
The invention thus provides a plasma reactor which is

far less sensitive to changes in operating conditions

25 and/or variations in manufacturing tolerances. It is
believed that these great advantages including lack of
sensitivity to operating conditions --i.e., broad tuning or
frequency space for impedance matching—- are the
contributions of a number of reactor features working

30 together in combination, including an overhead reactor
electrode having a capacitance matching or nearly matching
the magnitude of the negative capacitance of the plasma at
the most desired processing plasma ion densities, use of a
VHF source power fregquency matching or nearly matching the

35 plasma-electrode resonance frequency; the close
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frequency space for inpedance matching-- are the «contributions of a nunber

of react oiyd gpditées wor ki ng 30 together in conbination, inglc4Aiddgosks:
overhead reactor electrode having a capacitance nmatching or nearly

mat ching the magnitude of the negative capacitance of the plasma at the
most desifBEHOEEEEH vF prss YT SYUISTsPOMES, TasausrCy . VEE ?gﬁf’g‘é_pomr

f requency NRLGRHIRD s RRdY frRILRINRG ha t32 praphregbaehcede resonance
frequency; the close 29 WD 01/71765 PCT/USQI /08882 rel ati onship of the VHF

source pdwaIFaEYle R Sattdng 4¥fa P1ASER Ed G tresEn AREETAFEGuency and t he

stub r es@laézﬁfénéyr,e%@%urpfﬂe%%&faiﬂ& tthe pleasiaaglie¢heogeuresonance
frequency, the stub resonance frequency and the_source 5 power frequency

f r om Bne RAWFThELeBRR D HpFe B @SN S(HF RECcR it 6 E68FPE Sour ce
pover to hg quarhead, C‘:('Ju?ﬁté QR J¥ §JcRreablos Winkh tRensawr ce power input

tap 160 oftset slightl romthe idéal match location. It is believed that
of f set t | iejatiergsieas mxe fsmab lah @i thy BwuscarsewPOvEre didNE E8Pbrl8ddens t he

tuning SRAGALY dieneySteBblnd I RiCGhadeabiidigL e system Using a
roadens tne

stub mat¢c tuning space by matching across a broader
frequency randge: iGf fsdtitdvay tthe tstafif aefp- ipgl ihel 60 asmeomsth® ia@¢al mat ch

poi ntyof Urdier. ont, 265 dhe Ausl e actks padenthe duning copage, because
this Teature has the effe of adding current when delivered power would
ot her wi sesythedni ey ,arich &ff fagit,r atet-tngicwr rrdet suiseendel Besdned a2 éwér  woul d

ot herwi se_ingrease. . Usj a hi [LCQ . r..frequency provides a
decr ease Iﬁ“%tcgrbs MGG é:ﬁlr%n%g{ esg)\sé?:el) r?ytsgt{r%t%gugl ggg%rsgp%rti onal to the
i ncr ease hrvadcauriveqeurry freggueenc\0f Aderte lingp dhteastchap, talpi podaltediOon

o Lovs B S5 O BRI PGS Al IRGISA, Syt 6 R cE pover
i nvensi orbr@niier sHeurgaes arpaddt isddausd rmnire flea tohra@ndes itiepr ocess
conditioqgf ég¥ o tﬁéﬁ?ﬁ? current when delivered power would
otherwise decline and of subtracting current when delivered
power would otherwise increase. Using a higher (VHF)
source power frequency provides a decrease in system Q or
20 an increase in tuning space proportional to the increase in
source power frequency. More importantly, this selection
allows the electrode-plasma resonance to be matched to the
source power frequency at a plasma density favorable to
etch processes.
25 Because the invention renders the reactor virtually
immune to changes in process conditions over a broader
process window, it provides the three-fold advantage of a
reactor that is (a) workable over a wider range of process
condition deviations, (b) useful over a broader range of
30 applications (different process recipes) and (c) whose
performance is virtually unaffected over a wider range of
manufacturing tolerances, so that reactor-to-reactor
characteristics are uniform.

Consequently, superior results have been attained.

35 Specifically, the Q of the system has been minimized to
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process wi ndow, it provides the three-fold advantage of a reactor that is

(a) workakj®o@Meds a Wi der range of process condition devi girQaRg1/0ds8
useful over a broader range of 30 applications (different process recipes)

and (c) whose erformance is virtually unaffected over a \é\fﬂ)‘(ﬁier range of
manuf act Lﬁ‘]?%ttgljé?m%,c%%eﬁ Nt 74002 (0N S Lifs &t eristics are
uni form Gonseawent |y Supeideir 1esidd sl deameaidaidethg 35
Specificalj% the Q of the systemhas been ninimzed to. 30 WO 01/ 71765
PCT/ USOL/ F8B8 S oiRABE S soe-tastdl™d ¢'Ydtlai i dbp & Sfegr ee of

uni form tyrSfesharaed®ri stitsh asch Hed famminceamnghdiddfeneds nedet ors of
the sanme nodel, and to enhance, process w ndow.. H gh plasna densities on the

or der Sof 1A/ T hyR/RIEH A W KM BVREE oG YEtdhtIBA X4 Gl y 2kw of

sour ce poyEkrcd hsowdst ensdiss @l had S ASBRO\EladhndY eSRdl & Jrangeref 10 nT
to 200 ml wth no transitions with source power levels as low as 10 W The

shorted iFpegrarcle 1A Qg I ariEt g et R edrth FOWAde pl asna and

10 SourCep%a@rlé&@w%iféwser@ri@%.outmwr&gxtééd ViHpasm  sheath
har moni cs iIle realizing a power efficiency in_ excess of 95% The system

acconpdatreaic ghirgrec eassi &t | seub | grrPRaring ingeyr Fthes(0HF andseactidve | oad

vari ati o . . il e nai 10 : QWEF t |less
thana{d15n%?%c%t§?‘ié%e€ll5%d\?€%{§h% t C?}s{%d]n%}et!;?e ce{L?péaDjchl ity é\oé%ngaccommdat e
| oad var i sitéatris , harmbieer evieklanceal riote ss pavar@ist idiemue im | arge part

dest gh 207550 tT he ondi L1 ors - Sen ot | At s DA dsar BT by
appropri ateadhoicemtofons ebecd @it aral uesm dsitwe drraderamlattarode@fl253and its
conauct| e, SUBpL: 35 LA cAPRABILALE, P g o, Mo quge pover
tap 2% po3ilioning, by which the tap current added to the stub
It is believed that this increased capability to
accommodate load variations, and hence expanded process
windows, is due in large part to (a) the matching of the
electrode and plasma capacitances under the design
20 operating conditions, accomplished as above described by
appropriate choice of dielectric values between the
electrode 125 and its conductive support as well as the
appropriate choice of VHF source power frequency; and (b)
the specially configured coaxial stub with the optimal tap
25 positioning, by which the tap current added to the stub
current under low load conditions and subtracted from it
under high load conditions. It is believed the very high
power efficiency is due in large part to the impedance
transformation provided by the coaxial stub, which
30 minimizes reflection losses both at the generator
connection as well as at the electrode connection, due to
obtaining a match between stub resonant frequency and
electrode-plasma resonant frequency, along with optimal tap
positioning for realizing a low current and high voltage in

35 the coaxial stub where resistive losses dominate and a high
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current under |ow | oad conditions and subtracted fromit wunder high | oad
condi tion i believed the very high power efficiencypbsdifosssh | arge
part to tﬁ%”#ﬁﬁé ance transformation provided by the coaxra st ub, which
30 minimzes reflection | osses both at the generator connection as well as
at the ekecteodelownmedthgr, adueheoclebtaPArnglashat ¢hebet ween stub
resonant frequency and. el aaftade-pl gsee.f ¢Senak HERAEERSYardl ong Wi th
opti mal FSB positioning for realizing a low current and high voltage in 35
t he coaxipabvitied whéie pesiidtingeokosdéasmdenngatbeanded hPHh 31 WO 01/ 71765
PCT/ USO /08882 . current | 0 he.gkectrode/ pl asna where

capaci ti V&€VFG §8§a&o%Pﬁ§9§HC$ebgg?ﬁ ?%gée benéfits are provided while

avoi dsng or ninkiirez e fielrer exe edibodi mendeentti thel inwpadanseadaPefdappar at us.

5 Wiil e prefer.rred enbodi t f th i : Lhg d
metal ot Gihadd Sbean s FRCBdd Ser aar s DobpnaeRieBben 1hohetpiicon an

advant ageous iheentheinces ofl spl asivantegerasi igrcohditeensfoprhagmghan t hose
descri bed above, includi,ng different ion,densiti . g f t plasm
sour ce 16’%\%&”%%\?8@,1%&0 e P& ercﬁga“ erthﬁr%%sg%rsgg?b Heéggg\%éri ations wll
produce difdfierarly plidserpapdoint dened tieseqdirtifrgedif bérent ebvrteode

capaci tances and different. el ectrode-plasma resaonant, frequencies and
theréPoré’OF”@(fuilteé’elﬁi'ffﬂé&éﬁfreﬂtaé::?ﬁmg’g r@geﬁgﬁgfesf'regagﬁ’%i es and stub

resonant 13-ifHra@#enciies bremideose rdesenitbed aabhaveapAkbsoandietf erent  waf er
dianeters and different plasm processes such as cherari @%‘;.ﬁva grc deposi tion
p

may wel | 1esve NG sidtersmdr aliscdT ey iRREF6A 6 G &8 Sand “chamber

pressur e.o1¥et ddad-$128ld evedrmt fukdeleridiese avidr icbeg edppkl catiudns, the 20
invention wll generally enhance the process w.ndow an t abi | i tétas in

d
the pref strfderamfodlpeme FEIGGHEPREoVE STIRRCIES: REY RVEBht F6R°RAE “been
descrigbed i, defaids B drefeiane adse Anriermeanbodirent s fifereatunder st ood

that variations and nodifications thereof nmay be nade without
wafer diameters and different plasma processes such as
chemical vapor deposition may well have different operating
regimes for source power and chamber pressure. Yet it is
believed that under these various applications, the

20 invention will generally enhance the process window and
stability as in the preferred embodiment described above.
While the invention has been described in detail by

reference to preferred embodiments, it is understood that

variations and modifications thereof may be made without

25 departing from the true spirit and scope of the invention.
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25 departing fromthe true spirit and scope of the invention. 32 WO

01/ 71765 P 6?22% 08882 What is clained is: 1. A plasma reactor for
processin conductor workpiece, conprising: a react&?ngﬁﬁh@nghaving
a chanber wall and 5 containing a workpiece support for holding the
seniconductoa MP&&DE%CEIaﬂﬂe@VEﬁhead el ectrode overlying said workpi ece
support, sai ectrode conpri Si a.portion of .said _chanbe l1; 10 an
RF power genergtor Popﬁgﬁﬁﬁl§?ﬂ@pgﬁm£$ra?rgpe??éﬁ%e%cie%ﬁcgﬁéuw%%%erator to
sai d overfeagpetest r edepansingapabl e of maintaining a plasma wthin said
chanmber at a desired glasna ion dens%%%ﬁlevel i oveigead el ectrode

: d
havi ng a reactance PhAE2CE8Tf GRABOGE r SAc? Qfgﬁb?ﬁémﬁ st at an

el ect rpde-phasiBing €s0Rafkpl é€guensyombi £dir i lsobdiing flgar said frequency of
said generator. 2. The reactor of Claim1 wherein said plasm has a

r eact anceSERHCPREUFBAEL YAEEPHECRAi d el ectrode corresponds 20 to the

reactance of said phasphBerBeadhel&etebae 6teLlainy2saberebikphecs eact ance
of said electrode is _a conjugate of the reactance of said | asma. 4. The

react or oFUPPEFn 2Saker 8} ACERRIP cBRARRERIRY 2 2oL P R astAl Conpri ses a
negative capackiapsei.and wherein the capacitance of said electrode is the
sanme magnitude as the nmagnitude of said negative_ capacitance of said

pl asn® 5. The reac®®r RBf POVEr n¥enRhBESF nfPReSEPRYUERS yPOFET sAF P RF

gener at or f?@&gég%;ebfcéé9§eg&llé§§@of esonNa q 3vEFRaMe EYe i oddind
frequenci es. 6. e reactor of Cdaim5 wherein said plasma reactance is a

functi on oépshid pfamatntaintesss tylasme suldhip| sahd FaMeRhsit @ supports a
sel ected 8E§§ggdp£9§§ﬁ§ 9$n density level;

said overhead electrode having a reactance that
15 forms a resonance with the plasma at an electrode-plasma
resonant frequency which is at or near said frequency of
said generator.

2. The reactor of Claim 1 wherein said plasma has a

reactance and the reactance of said electrode corresponds
20 to the reactance of said plasma.

3. The reactor of Claim 2 wherein the reactance of
said electrode is a conjugate of the reactance of said
plasma.

4. The reactor of Claim 2 wherein the reactance of

25 said plasma comprises a negative capacitance, and wherein
the capacitance of said electrode is the same magnitude as
the magnitude of said negative capacitance of said plasma.

5. The reactor of Claim 1 wherein the frequency of
said RF generator and the electrode-plasma resonant

30 frequency are VHF frequencies.

6. The reactor of Claim 5 wherein said plasma
reactance is a function of said plasma ion density and said
plasma ion density supports a selected plasma process of

said reactor.
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said reactor. 33 WO 01/71765 PCTIUSO /08882 7. The reactor of Claimé6

wher ei n sqhggg%Q§ya process is a plasma etch process and m@%%%éggﬁﬁkgeter

plasma 10 nsity lies in a range from about 109 ions/cu
to about 1012 ions/cubic centineter. 5 8 The reactor of Caim1l further
conprising a fixed Thapedanternaf ciLlagmeb eweateconsecdedldehmaeen said

generator__and said overhead el ectrode, said.fi i danc ch el enent
Paving & RECCROSI et S reebnantof reqoenes bt e ekinrert ok 1 o
wher ei n t bennaensi ey ehkas i1 0a resomant rém egjuenc yl Ghd ceai/duiiect r ode- pl asnma

resonant frequenc re of fset forom one anot her . and .the frequency of said
generatorc??ggmﬁg?%egﬁ %%?%ée#%ct%885?5P§%ﬁacF856%§ﬁ?r'frequency and said
mat ch | enent gesonaht feaequencyf ¢Daimhe feacher obmflrasimd ahEieed said

frequency,of 15 said generator, said plasma_frequency and said match
el enent ré@Bﬁgﬁ?c?r%ﬁEg%%9ga?gegf?t PERGTRMT pESCT 1984 I TR B of
C ai m 8 whrHesAigabdethaed clisopedanse s@aidhf ekedentpeddpté Sestcla coaxi al
st ub having a near end thereof. adjacent 20 said overhead el ectrode for

coupl i ng BORBETF r DAY SR 0@ RREACHvRT Sheher BEBPRRRE s g% VeThead el ectrode and

providing an bnpedensertrabstorpatigimt BewrbetRethe S@htcEoaxe@bnst ub
conprising: an inner conductor connected at said near 25 end to said

over hEhd EPEERRBEHelr @AV SREEr 2BBnTRLE 0P L &F bRl P SPRCEF PN sai d i nner

conduct or apgyeRBPEEEE.BE 5881 HrHRAENENENE &P alfr 16t U Fep@bedyicd of said
RF power generator, a tap at a selected location along the axial 30 length

of said stabd ganErebRr cohpFi BPRESEN cORHecT IRCT Bt 83| TR C
ConductOrf%&uéﬂcgl{aﬂatsésa%gl@&hoélé@égt RES DOt SROGEALQy: 12. The

reactor of aim further conprising a .
10. The reactor of Claim 9 wherein said frequency of
15 said generator, said plasma frequency and said match
element resonant frequency are all VHF frequencies.
11. The reactor of Claim 8 wherein said fixed
impedance match element comprises:
a coaxial stub having a near end thereof adjacent
20 said overhead electrode for coupling power from said RF
power generator to said overhead electrode and providing an
impedance transformation therebetween, said coaxial stub
comprising:
an inner conductor connected at said near
25 end to said overhead electrode,
an outer conductor around and spaced from
said inner conductor and connected at said near end to an
RF return potential of said RF power generator,
a tap at a selected location along the axial
30 length of said stub, said tap comprising a connection
between said inner conductor and an output terminal of said
RF power generator.
12. The reactor of Claim 11 further comprising a

shorting conductor connected at a far end of said stub

34



shorting conductor connected at a far end of said stub 34 WO 01/71765
PCT/ USO1/ Q@P§i&176zpposite said near end to said inner and owgiysephsgset ors,
whereby said far end of said stub is an electrical short. 13. The reactor

of Claim 11l wherein the length of said stub between said near and far ends
i s equal oPBCgits FEHC PIedofRd (Qarfef WaVEFeAGthOBFeEaFra REEERTEI ement

resonant feguwenewief rahe esluibr bhidlkeubeast ah efieChaigni3swhetei n said
multiple is two whereby said | ength of said stub is a_hal f-wavel ength at

said match el éfent ThSsFRartTT &fu m 13 PRerpiE fEgctERISE €fai m 13

wherein said breguepswerh ssaid R Pewer raenenakors sadimabeh el enent
resonant frequency and sai d el ectrode- %I asma resonant frequency are all

VHF f fequedsiied coffisét Fuaghegnaayfdemeth 06, srRe reieborlsmettai m 11

wher ei n %%isgnéhlﬁbf R ikesr@l wypum 17, The reactor of Caim1ll
wherein said selected |oCation is a |location along the length of said stub

at  which a rati.o BeweErE st aididgivave Wheregd® &7d a Mdd®ileg iRkave
current in _saj i td %@t peacl:y equal ; 20 HQ1a0,9ukRulLAPedance of
said RF 68%%%5%%3’2?8?.@18.“ he Or eagtlor of Cllesli m 17 \Nhgr ein sgi d selected
| ocati onadf ssaiddmegehi s lshietted efsommngn firgemlenkcycati on at which said ratio

is equal to said o ut '[Hggg_a ot hi LN ffd.ci Eealize
an addition O?LSC'UI’ lr'kten ra% sa%% %laa};}%\mk}zsnkeh{lllteeg%t neglaggd ﬂlr%pqgl%glﬁ%goat sai d
over head saglde ®Fr odeege geaases die| owia memichakelemenlt zrdgonenteal i ze a

subtraction of current at. i-d, & N I l e sai d
over head f%le@@tep ode afln%crséaégzgela C(’):\%g) d\aghggg\r%%ﬁa%ggg\bgﬁg §8%gﬂ$%ea?%actor of
d ai m 68 ailieveiFn firleerusmicfitesf mdifisegaifdomdeak booahieon i s about 5% of one

‘é‘j’a\éielmeggt Cmg'; éjtsﬂet T I_ela;#cqtatec D e o 53 4 ,REA8R8T AN 4 4Qypl e reactor of
15 comprises aluminum.

17. The reactor of Claim 11 wherein said selected
location is a location along the length of said stub at
which a ratio between a standing wave voltage and a
standing wave current in said stub is at least nearly equal

20 to an output impedance of said RF power generator.

18. The reactor of Claim 17 wherein said selected
location of said tap is shifted from an ideal location at
which said ratio is equal to said output impedance, the
shift being sufficient to realize an addition of current at

25 said tap whenever the load impedance at said overhead
electrode decreases below a nominal level and to realize a
subtraction of current at said tap whenever the load
impedance at said overhead electrode increases above a
nominal level.

30 19. The reactor of Claim 68 wherein the shift from
said ideal location is about 5% of one wavelength of the
VHF frequency of said RF generator.

20. The reactor of Claim 18 wherein the shift from

said ideal location is such that at least a 6:1 increase in

35 resistive match space is realized.
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said ideal location is such that at least a 6:1 increase in 35 resistive
mat ch spa%dlﬁﬁ&al ized. 35 WO 01/71765 PCT/ US01/ 08882 21pc-fhRof/eags or of
Claim 11 further conprising an insulating naterial between said I nner and
outer conductors of said stub, said insulating material having a
dielectric co2istanfhe segakchele@btGiainohst Emt THPFRIIY G said 5

| nnerand, 0 &fa{t%gé] QS PYUAG, U 4Nl A LR Aer Hrias.2
characteristic 1 npedance ich is greater than the output inpedance of

sai d RF pofvesaigererdt orsaiz®. irkhel ategra o tofr i@ lailmv2Znouse daied es&irg ©
characterjstic inpedance;q .0 €0a¥] { S 1abouf3:30% 1Q 19 eater than
t he out pucfor?sr}:p%n a’nc%aalﬁ %la(%lf%:rdlp%wer saégatﬁa%dofc. 23. _‘I;he reactlor of Caim
21 wher ei imsar cerobaxitzr starsiudias s shiaracturth sthat isepataveeiwii ch is | ess

than the output inmpedance of. said . gapenat.qr. react or
of d ai m%uu‘? ﬂ??snear c@%)anr])arcf sel'rnlgsstgincd l555(% \gfclreng secfat lgget%r\éegdr'f?e ;lﬂait glver head
el ect r odeclon b putenempedenhqordf creiol Raimpbvehardmerengdidry,. t he diel ectric

const ant of S::%éjs;i u%?%%%?ﬁaé%?@#%fr el,?elogiéaé'éidoverhead el ectrode

bei ng such th anber Tesondtes with said over head
el ect r odeciadr Sad ¢ 1 € et imgskeig &s nef reesiohandastiredquendy .i25bolie 30&act or  of
Claim?21 wherein said inner conductor is a taper | i nder, having a

S B 4o

maxi mim rEcRCh R P h AT RNy PP St mis um r adi us at said
far 25 eqsh&fass@td stub. 26. The reactor of Gaim 21 further conprising an
HF frequency bias power generator and i npedance match _circuit

connect ed bet ween sﬁi‘% Fﬁ??%@ﬁc@fﬁlﬁg&po ?rejgrén%?hcﬁoqoaiﬁoa]saﬁtﬂl%fer
support, pherLidndhecddement vingfedhsaiwhiRfh poyeregensafat aheconnected to
said el ectrode, said_ el ectrode_—({)ll asma resonant frequency and said match

el enent PEERIHantTPIRRLM SL a8 VI RfFerRFezator

15 24. The reactor of Claim 21 further comprising an
insulating seal between said overhead electrode and a
remaining portion of said chamber wall, the dielectric
constant of said insulating seal and the area of said
overhead electrode being such that said plasma in said

20 chamber resonates with said overhead electrode at said
electrode-plasma resonant freqguency.

25. The reactor of Claim 21 wherein said inner
conductor is a tapered cylinder, having a maximum radius at
said near end of said stub and a minimum radius at said far

25 end of said stub.

26. The reactor of Claim 21 further comprising an HF
frequency bias power generator and an impedance match
circuit connected between said HF frequency bias power
generator and said wafer support, wherein the frequency of

30 said RF power generator connected to said electrode, said
electrode-plasma resonant frequency and said match element
resonant frequency are VHF frequencies.

27. The reactor of Claim 26 wherein said wafer
support provides an RF return path for VHF power coupled

35 into said chamber from said overhead electrode.
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27. The reactor of Claim26 wherein said wafer support provides an RF

return pagR §®7e¢HF power coupled 35 into said chanmber fr i r head
el ect r ode. Sé WO 01/ 71765 PCT/ USO /08882 28. The reactor gg&%ﬁgﬂ%@g

further conprising a semconductive annul ar ring surrounding the periphery
of said wafer38 saitheirepesaremfi ylaim eX'f dotither ey 1sanectr ode ar ea

presented, t o VHE nawer. coupled it ' f | S gr head

el ect r ode. =99 ““fhe reaect(:éor .o]T Clrgj % %?I%Sﬁrﬁel?{ég%%& irp%?r%) 'ggyoi%nsul ating
anln:JI ushaq(;ipbmafreg:,saﬂadd imigroareck tiemsiilngt iamg efdiegtiviengetigm sai d chanber
wal |, the dieleciric co t@EQ f al [ t er m-nin partionment of
VHF povverelreectecurroré e1"51(:rceuar gn tﬂ(—i-tt%vdveetr%]) é%IlF{:I pr\%g?egf Cg)lhl plorélrd t g“g% %g”:lg

sem cenduttiaber i figpm 3 1idl ey adaetcore lgfc tElcgiem 28 wherein the effective

return electr area for_ VHE po cQ i.nt.0 [ r__fromsaid
over head el ecttode %(%e%e SCtt%Ié Oaérl\gglao Iﬁjp}lédfsuag&leoﬁ/gﬂngarg%q%gtarnode. 31. The
react or ofnddlaitimid arrerieisn suppaanbignatdich riofy saidd ioserlleeadoelsaddr ode

wi th said coaxial stub. provides RFE_retur th for HE r- coupl ed
into sai & CHh ﬁ‘arloqnqgéﬁnﬁ)%f‘”@%sup ert#esrlael% “overtiéd agll%ﬁtfr ode havi ng
an 20 ar esnigl editref ddwadrridie ray eppefr tSiairthesafl erf SHIp@oter32etlira react or of
Claim 28 further conpri si n%ﬁﬁ cggacitive el enent_ .bet ween sai d, over head

el ect'PodeFHIFEQIRF e £ e SERH G SHREPHEECEi ve

el ement M@y ng a capacitance sufficient to provide DC isolation 25 between
et pLasmm end, sai g 11 xeq, | pedlnee, TR o SLSTRH o e dhg reactor o
hol | ow conglitn olS@itddRAGHYMa frgxt RelF e Y130 igas iseli@ apparatus in
said overfiead oI N9 Loy SISHIAIIY HIOEe 8% T S3D ghaber
15 said overhead electrode.
31. The reactor of Claim 30 wherein the combination
of said overhead electrode with said coaxial stub provides
an RF return path for HF power coupled into said chamber
from said wafer support, said overhead electrode having an
20 area greater than the area of said wafer support.
32. The reactor of Claim 28 further comprising a
capacitive element between said overhead electrode and said
fixed impedance matching element, the capacitive element
having a capacitance sufficient to provide DC isolation
25 Dbetween said plasma and said fixed impedance matching
element.
33. The reactor of Claim 31 wherein said inner
conductor of said coaxial stub comprises a hollow conduit,
said reactor further comprising:
30 gas inlet apparatus in said overhead ceiling for
distributing process gas into said chamber;
a gas feed line extending through said conduit to
said gas inlet apparatus in said overhead ceiling.

34. The reactor of Claim 33 wherein said gas feed

35 line comprises metal.
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a gas feed line extending through said conduit to said gas inlet apparatus
in said overhead ceiling. 34. The reactor of Claim33 wherein said gas feed
35 line cOYPPYVHES netal . 37 WD 01/ 71765 PCTI USO /08882 35 FPCFHSA3%2 or of
Cl aim 33 wherein said inner conductor of said coaxial stub conprises a

hol I ow condui t35 . saik readr fdf idierint ¥PRismgn cedldantngassages W thin
said overhead ceiling; 5 a coqglant feed |ine exteng]i through. aid
condui t MG FoRtareiphseiFesdi § FOBYEr-RESd 3c olqgﬁ& ©88B" uﬁ’%e react or

of d ai rr}s%qma@%rsqiﬁ&@l ainpreednd:i ne conprises netal. 37. A plasm
reactor for processing a sem conductor = 10 workpi ece, conpr.i.sing: a reactor
chanber having a cmﬁg&answs SritHITiSRg h Wﬁ"ﬁa&g}%&&ﬁﬁggt for

hol di gg the seni coNAWEI UMM 8Geie AkURTIARAG RN edgoverlying said
wor kpi ece 15 support, said el ectrode conpri si n%aa portion of _said chanber
wal | ; an RmPBvertQEfEcatcorlest SaFsiadasy power aP Ve hepdyGeady Ef sai d

generator to sg d oMgrhead.«@l.ecdd ode idnds GaRak8 faifRiddAIRING 24Pl asna
wi thin said chanber at a 20 desired plasm ion density |evel; said overhead

el ectrodelﬂmim%ipsﬂ?a@iett@doe such that said overhead el ectrode and the
plasma formed 4 sal %15%@%61@&015@& dasidad RIATR ik HeRgitby resonate

together at an el ectrode- pl asna responant frequency, said 25 frequency of
sai d 1genevaatkyri gy ngaatrrligasid -near said el ectrode-pl asma resonant

frequency. 38. The plasmm I.eaGl.ohof 1’%&'&8 3/ gﬂggg%r Wwonprdsi ng  a fixed

i npedance mat chi ng el’'enent connected between sai enerator and said
over head eirectinodey asaicd Kribese: ismpedaric d 030 hediddmionghel enent havi ng a mat ch

el ement 2&%%Q§Qﬂﬁiﬁﬁﬂy%gﬁﬁpiece;
an overhead electrode overlying said workpiece
15 support, said electrode comprising a portion of said
chamber wall;
an RF power generator for supplying power at a
frequency of said generator to said overhead electrode and
capable of maintaining a plasma within said chamber at a
20 desired plasma ion density level;
said overhead electrode having a capacitance such
that said overhead electrode and the plasma formed in said
chamber at said desired plasma ion density resonate
together at an electrode-plasma responant frequency, said
25 frequency of said generator being at least near said
electrode-plasma resonant frequency.
38. The plasma reactor of Claim 37 further comprising
a fixed impedance matching element connected between said
generator and said overhead electrode, said fixed impedance
30 matching element having a match element resonant frequency.
39. The plasma reactor of Claim 38 wherein said
frequency of said generator lies between said electrode-
plasma resonant frequency and said match element resonant

frequency.
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39. The plasma reactor of Claim38 wherein said frequency of said
generator |ies between said el ectrode- plasnma resonant fre uen and said
mat ch el eVEAPVHE®nant  frequency. 38 WO 01/ 71765 PCT/ USO1/f6888210882 The
pl asma reactor of C aim 39 wherein each of said frequencies is a VHF

frequency. 41.,40A plaegieatt Aeal@orPbacessiing 38 stereandeatar ofwor kpi ece,
conprising: 5 a reactor chanber_ having a chanber wall and containing a
wor kpi ec8a4GppEPEVEBL LIRS dFng VRE LLERPEBRYuct or wor kpi ece; an over head

el ectrode ovenhying $AlGmA0RIRES f%&pwobes%ahg el echhiedadeenpti sing a
portion of said 10 chanber wall; an RF power generator capable of supplying

power t GOk S6Fer KOABTSERSrode to maintain a plasma in said chanber at

a desired plasma i @n [ehsidy cranfRaxil isigul Ravbgrawaear agad ther eof
adj acent 15 said overhead el ectrode for coupling power fromsaid RF power

gener at ocansadaiigdore REER Lerec sroRETANEOBr BYILEIRE &8RS i npedance

t ransf or nat ;e here) th%§§§ae%%'d coaxi al stub conprising: an inner
conduct or connecte at sai near 20 end to said overhead el ectrode, an

outer conductor ar @undvardhenshcdeTtreode saied livaner sedfdworsPigRe connect ed
at said Q&%Po?Qd E%l@nelBEtE%H%rQoﬁg&ggah ! 2%o§@&gnRgfp9§@H generator, a

tap at a’s ctéd [ocation alon e axla | ength of said stub, said
tap GOmeh@nm@rawedﬂnectlon betmeen sai d i nner conductor and an out put

termnal of said RE &% g&g&&%tdgz £g%1re %tgﬁggkﬁgd@ 4L further

conprising a shortlng connect 6d ar e sal stub 30
opp05|tetsabdldeaweeh@adoei&carpdnemoamdlomaen gophssmer §n said

chamber at a desired plasma ion density;
a coaxial stub having a near end thereof adjacent
15 said overhead electrode for coupling power from said RF
power generator to said overhead electrode and providing an
impedance transformation therebetween, said coaxial stub
comprising:
an inner conductor connected at said near
20 end to said overhead electrode,
an outer conductor around and spaced from
said inner conductor and connected at said near end to an
RF return potential of said RF power generator,
a tap at a selected location along the axial
25 length of said stub, said tap comprising a connection
between said inner conductor and an output terminal of said
RF power generator.
42. The reactor of Claim 41 further comprising a
shorting conductor connected at a far end of said stub
30 opposite said near end to said inner and outer connectors,
whereby said far end of said stub is an electrical short.
43. The reactor of Claim 42 wherein said stub has a
stub resonant frequency, and the length of said stub
between said near and far ends is equal to a multiple of a

35 quarter wavelength of stub resonant frequency.
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wher eby said far end of said stub is an electrical short. 43. The react or
of Claim42 wherein said stub has a stub resonant frequencz and t

length of WEHIF1&ub between said near and far ends is equafCT®S 3”%?2“ pl e
of a 35 quarter wavel ength of stub resonant frequency. 39 WO 01/71765
PCT/ USQOl / 08882 4 44.THder & £a6d 010 0fC1G iah m A rhwher essial dmnﬂitpilrml eLsi s two

wher eby said | ength of sard stub is a aIf veIe at s
r esponanttwa t:i’a A5 a\/\%@?él Wa¥§ Snﬁ povver

gener at org {prouces-& \ﬂé%;pﬁyaert Sﬂr@aﬁierﬁy a VHF frequency, sai d stub
r esonant frequency bei ng a VHF frequency, of fset VHF frequency of
sai d gener at or45 46. TR ef $28t 0o fofCIG i 45 Rie it rF‘aslzﬂI (ﬁb\?@t’"‘l‘? dad

el ect godg; Has, A HARAGGAIES Sualr thalers aiidrelleely @d@}ﬁﬂ(freh&e&&yd pl asma at
said sel ected plasma ion density resonate together at a VHF

el ectr odesqcllchsﬁﬁaﬂ? SETRIAN T rERBIRAFY L8109 VT dFraErst °§§i58tgener at or
| yi ng beté’ﬁﬁ‘? I@géc%gg}ez | s g T taddrequency and said stub
requency. 15 4 ¥ ¥

r esonant he reactor of Cl aim41l wherein said sel ected
location is a4®catThen Beaekreirla Fain Setwrasitdt arfihPverdtadsye and

current %r" S5 JdhSalLk s %ﬂéclaéaﬂce@-%ud}?agﬂa)t eaule 11 adRULRK | npedance

of said power generator. 48. The reactor of C aim47 wherein said
sel ecibed s20 |woesniore bfsakd delgrtiesd] shigsmad o et litde £1e95E&S on at

whi ch said rati o is equaly 5%&651%&%1 AW dRedanes . Heqehidt, heiitg

suffici entY%1%aldze an addition of current at said tap whénever the |oad
| npedancever Seeqhavey hefadsalei exstrventhe e chiase ajetant #aichi nal | evel and

to realize & 25 subly AGLL AN Ofo S AN fln SAILhd A MhENRYLT, dditsad

i npedance® es above a nom nal |evel. 49.
The I‘eaCtﬂd‘e@ferﬁtﬁl m 48 V\,her e| n the shift from said ideal location is

abOUt 5@60f On87mamﬁhen9eacg£rtgg Claim 41 wherein said selected

location is a location at which a ratio between standing
voltage and current waves in said stub is at least nearly
equal to an output impedance of said RF power generator.

48. The reactor of Claim 47 wherein said selected

20 location of said tap is shifted from an ideal location at
which said ratio is equal to said output impedance, the
shift being sufficient to realize an addition of current at
said tap whenever the load impedance at said overhead
electrode decreases below a nominal level and to realize a

25 subtraction of current at said tap whenever the load
impedance at said overhead electrode increases above a
nominal level.

49. The reactor of Claim 48 wherein the shift from
said ideal location is about 5% of one wavelength of the

30 stub resonant frequency.

50. The reactor of Claim 48 wherein the shift from
said ideal location is such that at least a 6:1 increase in
resistive match space is realized.

51. The reactor of Claim 41 further comprising an

35 insulating material between said inner and outer conductors
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30 stub resonant frequency. 50. The reactor of C aim 48 wherein the shift
from saigdfpqdes! 0cation is such that at least a 6:1 incrpasgshisss2
resistive match space is realized. 51. The reactor of Caim4l further
conprising an 35 insulating nmaterial between said inner and outer
conduct op§ sa6ANSLER/, 75269 PEFRUSELIE8BBSST 6fLsBRYIREUB, 881 8°FhsTI ati ng

mat eri al cBﬁ\égaﬂp@ dibekegtbiecte@nStanRkratail dndi ehectalici conssand and the
radii of sal i nner and outer conductors belnghsuch t hat said. coaxial stub

has a chanaerepnst PutPrpEaBABEtRRPcRelBIgPEEReENRRaR21E FRRXBAL put

i npedance .ol $akd;RELHRPWRE c9€8Ek 8t QhpeddncdN@nki 8ACE 8 gPEaChal fhdd wherein
said characteristic inpedance of saird coaxial stub is about 30% greater

t han % he thet putpufpednaeanse i §2RR BBwePWeyeABRGEBEOCX 10 53. The react or

of O aim4l wherei A d caaxi 3l shuhn Bas &etRanagheni stic i npedance which
is less than the output inpedance of said RF power generator. 54. The

react or chaChaicerdstigr iheedeorpr PSi Agidncopnsalafrng s8akbpetwéeh said
overhead 6l geLl 0dg ANHnR ohRoLeMRERG,RAr bEORS 0k £AI doghanber vall, the
ant o Prsula and

di el ectri®C “const sal I'ng sea the area of said overhead
el ectr odgeheragosuch that the plasnma at said selected plasma ion density

and id overhead ect t gge F :t.rode-pl asma
resonant 20 f §queﬁ%f.r%%g%?ﬁé%§2§%%§F1%% %E%%ﬁ? 1%ﬁggrg?%§g%?dgﬁﬁﬁer
conduct ohaiss aa chaperedrdgkindémpedanicergwhinhxipudesadibsnathesai d near end

of said stub and_a m ni num.radi.us_at _said far of said stub. 25 56. The
react or GP%EPii&PEfE?HFFhSF gg%érﬁgiﬁﬁwgﬁ ﬁ%nefgggﬁéncy bi as power
generator andsan i mprdareetwat of Cliaiouidtl domtéetredobetweengsand HF

frequenC%ngh %t@%gegeageg%E%%%£ %QQdS%bgrﬂ%ggreigggggéé and a

15 remaining portion of said chamber wall, the dielectric
constant of said insulating seal and the area of said
overhead electrode being such that the plasma at said
selected plasma ion density and said overhead electrode
resonate together at a VHF electrode-plasma resonant

20 frequency.

55. The reactor of Claim 51 wherein said inner
conductor is a tapered cylinder, having a maximum radius at
said near end of said stub and a minimum radius at said far
end of said stub.

25 56. The reactor of Claim 41 further comprising an HF
frequency bias power generator and an impedance match
circuit connected between said HF frequency bias power
generator and said wafer support.

57. The reactor of Claim 56 wherein said wafer

30 support provides an RF return path for VHF power coupled
into said chamber from said overhead electrode.

58. The reactor of Claim 57 further comprising a
semiconductive annular ring surrounding the periphery of

said wafer, said ring extending an effective return
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57. The reactor of Caim56 wherein said wafer 30 support provides an RF
return path for VHF power coupled into said chanber from sai d over head

el ectrode W&/ %% reactor of Caimb57 further conprising T4 Hucti ve
annul ar ring surrounding the periphery of said wafer, said ring extending
an ef f ectiiee thelier Arél WORbht:d6% oPURFUSOWED8882plelechradeaatea present ed
to VHF power coupled into said, c anHer fram said overhead el ectrode. 59.
The reacF@P”@ﬁrCﬁépﬁl§§l§uPWF§Pe€gnﬁ PSFAGSn i nsul ating annul us

supporting saisd ri ngeandddtsd aifl g S 38 Fukithgrf comosdisdnghamber wal |,
the dielectric constant _of said ring determ ning agportignnent of,gHF power
return GREMERCIEET REBN18S FURRPE1EGpFErE ZA9sard <BRPCBRATS 8P i ng.

60. The reagct oronf s@idl Fhagpeherain ,t keeetfieckyeiclBohetyh ekectrode area
for VHF power coupled into said chanber from_sai d overhead el ectrode

exceeds t5ifd CardRIoreteaNdndver RERGTELORFPEde O L6 YEF TREVEEAEEEHTBF O ai m 60

wherei n sai.gd Qverheadorelecly ode M Lhppaird eaaxikak askuhipbavudesran RF
return pat 15 for HF power coupled into said chanber from said wafer

support, rsaigd over head el ectrode having an area greater than the area of

sai d wafer support o2, & Jeat o O GealMbbiwherel b ryaid jhaner
conductor of said coaxial stub conprises a hollow conduit, 20 said reactor

further cewrinsielgetgasie piree dopaVaEfu®oneTs aodréedr hase €aitfi ng for

di stri buld i RE0GESH 833 d UR-3RA chahebacd faschgednll ageaxbendi ng

t hrough sai to said gas inlet apparatus in said overhead ceiling.
25 63. Theideacteaheeld E@lsicmr@@enherein said i nner conductor of said

coaxial stub campriges ANAOWLONU oo SRl di8aCkN IYd:hRlagrompri si ng:
cool ant passages wi'thin said overhead ceiling;
electrode with said coaxial stub provides an RF return path

15 for HF power coupled into said chamber from said wafer
support, said overhead electrode having an area greater
than the area of said wafer support.

62. The reactor of Claim 61 wherein said inner
conductor of said coaxial stub comprises a hollow conduit,

20 said reactor further comprising:

gas inlet apparatus in said overhead ceiling for
distributing process gas into said chamber;

a gas feed line extending through said conduit to
said gas inlet apparatus in said overhead ceiling.

25 63. The reactor of Claim 22 wherein said inner
conductor of said coaxial stub comprises a hollow conduit,
said reactor further comprising:

coolant passages within said overhead ceiling;
a coolant feed line extending through said
30 conduit to said coolant passages in said overhead ceiling.
64. A method of processing a semiconductor wafer in a
plasma reactor chamber, comprising:
providing an overhead electrode having an

electrode capacitance and a VHF power generator;
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a cool ant feed line extending through said 30 conduit to said cool ant

passages iWo§pridepverhead ceiling. 64. A nethod of processidgyshiiosss?
sem conductor wafer in a plasm reactor chanber, conprising: providing an

over head el ectrode having an el ectrode capaC|tance and a VHF power
generator; 42 WO 01/ PIPE5ETRCFRASOVEGBERY eTcGPFFAGOSalrd YAFESpower gener at or

to said 0%%%@%6%%&&%@& hheUaBhaln mgeaaﬁ@enﬁaeehﬂ gq Sty having a
| ength which is a nul | e of about one quarter of F% stub frequency

and conne@ﬁ@dnataoﬁénéﬁ vhaFBof st Euééﬂalév@fhéﬁﬁuél@6?r6@%r5%6 @bnnect ed

at a tap Obﬁ% skggr?ggﬁﬂ%nEQ sald MHE ROVAr s9€BREALAN; tARPEYE Ngoan anount
of power ron1sa| power~ generator to said overhead el ectrode to

mai nt a% n sapdaswerhgedselpcarodli ehdsarangrasfaaand epecPPdde t oget her tend
to 10 resgg%&gaag ? ¥§ Sg%ﬁqg%@c% 3% lﬁ%ﬁErQEQE the VHF frequency of said
5 od of

VHF power "generato alm 64 wherein said plasm

density lies in a rapgdyohgle® Emosmgh oX0bRvwiesng rpar seabi YHFceaveneter. 15
66. The nethod [ t f ches a
negative €§p C|t§ﬁc§%og]?é %Q%asngd ?ge?%gggg 58?@%%%%2% %ﬁ%i%gﬁ%trode.

67. The nﬂbhedtgfa@lahmbﬁ4sbmdtbéasmanpndsehgctrbdeatpggtbardtea@ e | east
near axi al cation | on the | engt.h_of u t e ratio
betmeiﬂ tﬁgsgpﬁﬁﬁlﬁé wavegv%FF Hdagtgn Fﬁ n%%vetg%rﬁgﬁtfﬁggﬁggéythe

out put i npedaagce UHFS@bdeVHEegemamator 68. The nmethod of C aim 67 wherein

21 Locat s caomkacspeal L0 RS Byt pasll gR.ghhan v offse
i ncrease H&n%ﬂeyrasestumean&hﬁbespaceoéftEWbugMpE@%n¢enﬁapeh puove ded by
sai d coaxkghti%g%erGQ The met hod of Cl aim 68 wherein said significant
15 66. The method of Claim 64 wherein the step of
applying power matches a negative capacitance of the plasma
to the capacitance of the electrode.
67. The method of Claim 64 further comprising:
locating said tap at least near an axial location
20 along the length of said stub at which the ratio between
the standing wave voltage and standing wave current equals
the output impedance of said VHF generator.
68. The method of Claim 67 wherein said locating
comprises locating said stub at a position slightly offset
25 from said axial location by an amount which realizes a
significant increase in the resistive match space of an
impedance match provided by said coaxial stub.
69. The method of Claim 68 wherein said significant
increase is on the order of a 6:1 increase.
30 70. The method of Claim 69 wherein said position is
offset by about 5% of the wavelength of said VHF generator.
71. The method of Claim 64 wherein the VHF frequency

of said VHF generator lies between said plasma VHF

frequency and said stub VHF frequency.
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increase is on the order of a 6:1 increase. 30 70. The nethod of C aim 69

wher ei n sai jtionis offset by about 5% of the wavel ength of id VHF
HlyAsks 1940 Floggh

gener at or. he nethod of Claim64 wherein the VHF fre sai d
VHF generator |ies between said plasma VHF frequency and said stub VHF
frequency. 43730 01h& IR6En&ECTH HSA 418882 wirehesared hodl ofpXd aisnB4

wherein said ltiple is .2 whereby said ub i s about hal .f vel engt h at
sai d stub"%??%‘ﬁeﬁ%ﬁ S AL DI HHE raegbatj‘ts)ﬁt' "‘f%vreslpé?rb%%%satngsaaldses ug)onductor
5 wor kpi eEesqe@t¥py i Si ng: a reactor chanber having a chanber wall and

taini kpi t f hol di t he . ' duct kpi ,
lectrode at | Gast QeMbRETTy FACHT SaF oA UBH kDI e SURPOrSF coaxi al |

stub Wavingridpiess, efsinghies 8od: adj acent  sai d over head el ectrode and
conprising: an inner conductor connected at said near end to_ said overhead

el ectrode, 15 an ouf eFSRohatictBrMaTo Ui 1 3 pRTBPTY o L 57 i nner

conduct or g0 £ AL NE RS B p LR et RsbACI 0SS ISl dhngingie and  out er
conductors. 74. The reactor of Claim73 wherein said outer 20 conductor and
sai d waf eFeBLHPHIICERT CONHRERIER to an RF return potential of said RF

generator. 75. The ggagt8kc8bal & Mddsf WdheFaLOPPrASiNg saigoaxial cable
provi di ng the connection between said coaxial stub and said RF generator,

sai d Yoaxvarkri@fe $1RPIG-a 25 center conductor connected at one end to an

RF output term nal ;0f,82l gh REcgsnesal ol andegonoest edeplofPpRAsit e  end
to said electrode, said coaxial cable further having an outer conductor

connect edsaid grieedmrPd oo ber RPGetafrth comprising:

an inner conductor connected at said near
end to said overhead electrode,
15 an outer conductor around and spaced from
said inner conductor;
an RF generator connected across said inner and
outer conductors.

74. The reactor of Claim 73 wherein said outer

20 conductor and said wafer support are connected to an RF
return potential of said RF generator.

75. The reactor of Claim 74 further comprising a
coaxial cable providing the connection between said coaxial
stub and said RF generator, said coaxial cable having a

25 center conductor connected at one end to an RF output
terminal of said RF generator and connected at an opposite
end to said electrode, said coaxial cable further having an
outer conductor connected at one end to an RF return
potential of said RF generator and coupled at an opposite

30 end to said portions of said chamber electrically connected
to said wafer support.

76. The reactor of Claim 75 wherein said cable has a
characteristic impedance equal to the output impedance of

said RF generator.
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potential of said RF generator and coupled at an opposite 30 end to said
portions of said chanber electrically connected to said wafer 0 .
The react 8 Bf"1é&%i m 75 wherein said cable has a char acteFFgqugl/Fﬁﬁﬁ%dance
equal to the output inpedance of said RF generator. 44 WD 01/ 71765

PCT/ USQ / 088827 .77 . ThEhe deeairolo folc1@ial me7 erhehrer e mhbheomenectbhon bet ween
said inner conductaqrs .of said oaX| al %ub agdgocoax bI e.is at a tap

poi nt al RGVERE FErGt ATBF s &8 u&?&%isalo sthb fRie rﬁ?iio of the

standi ngcwakead veltlage saad euntapnpomtsa&dngt uhei $eagthea§t sapgr oxi mat el y
equal to said char teri S%% edance of _sa d c§ S 78. The reactor of
C ai m 77 SRRELEILN S f:rho ebéta\}'vé(?noéal POEBHANEYErs of said

coaxi gl sl aaed an@o@)@rﬁﬂen(tab.he shsdastap pei At skaght hpp@bksmhtémm a 10
| ocation along the I.ength of said coaxi al stub at Whl E% ratio of the

st andi ng oféipd ¥ £Ag€ & SRATeGrrEdftin 1aPgJaPGE Cht SAE qﬁ@ of said RF

generator is egual i s@ltdghyractefins izt vheRedanedeotonaiedteabl e. 79. The
reactor of Claim 78 wherein said tap point is 15 offset from_said |ocation

by about bﬁ%ﬂ@lenas\m@ell@ﬁ@hcé’[“duf:ﬁé’rﬁr eduendy 6Pagaprd REUBeABHat or. 80. The

reactor of, GiahmeG3further +eemphisi-ng1agheh9r birRgee0RGUFt Ar connect ed
between said i nner and outer "conductors at a far end of said stub away

fromi@ai dozetdosc erleode. tBe 1PREthe8ét 6R16f CCPELM 8O tIHRePEI WhiRB FBRgth of
sai d stub._hetwesn sl dReal nandalar endages agaualirtena ifuLhial gcaf a

guarter wavel ength of a stub resonant frequency at |east near the
frequencyptoff regiugnRy géneeadoRF gBngraths AsacBwplotoCBaim 81 where said

WU|t|p|edH%r a@%rWQﬁﬁﬁbx %Hgnggng%h L gsabgdistub is a half-wavel ength at

sai d stu§ resonant freque he reactor of Claim81 wherein said RF
power 79. The reactor of Claim 78 wherein said tap point is

15 offset from said location by about 5% of a wavelength at
the frequency of said RF generator.

80. The reactor of Claim 73 further comprising a
shorting conductor connected between said inner and outer
conductors at a far end of said stub away from said

20 electrode.

81. The reactor of Claim 80 wherein the length of
said stub between said near and far ends is equal to a
multiple of a quarter wavelength of a stub resonant
frequency at least near the frequency of said RF generator.

25 82 The reactor of Claim 81 where said multiple is
two whereby said length of said stub is a half-wavelength
at said stub resonant frequency.

83. The reactor of Claim 81 wherein said RF power
generator produces a VHF power signal at a VHF frequency,

30 said stub resonant frequency being a VHF frequency offset
from the VHF frequency of said generator.

84. The reactor of Claim 83 wherein said overhead
electrode and the plasma formed in said chamber resonate
together at a VHF electrode-plasma resonant frequency, said

35 VHF frequency of said generator lying between said
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generator produces a VHF power signal at a VHF frequency, 30 said stub
resonant frequency being a VHF frequency offset fromthe VHE freguency of
sai d gene?’%ﬂ@lﬂ."@4 The reactor of O aim 83 wherein said of&TAERY08882

el ectrode and the plasma fornmed in said chanber resonate together at a VHF
el ect r odelpiamia-esierrant fasequenc \fraaiahd3b avid- shrielquenty refsosaitd
generator_lying between said 45 WO 01/71765 PCT/ USO /08882

el ect r ode= *'esonant frequency and said stub resoant frequency. 85.
The reactor ofggd aiThd I dartdrerot arpiisi iy AnrtHars Watdmigsimri e al bet ween

said inner and aquter conductors 5 of sajd stub, id insulatjing materi al
havi ng a S SETIS TEhErAT PUAISPTHITA S (PR o GRSt S And PRETRART of
sai d si nner @ ey, GendUGens heimg retedrithathasdnd co@ticdlectsticb has a
characteristic inpedance which is greater than 1t]he out.,put i npedance of

sai d RF polstagdnersitst iRy 56T Hhe Feddtdr BB P WwRdr &8t Ssai d

coaxi al stifer has aurhar admiidaidGs ivpedansR Mgl issiileessathan the output
i npedance of said RF_power generator. 87. The _reactor of Claim 73 wherein
sai d i nneTtulke givdu GhagracaiTd stk @ etans s shprts é8 §TRGHSEwESRdui t, 15

sai d reachfy JusdheriRRiHE E 8% IH @O@ng@l@ﬁtb&.sai d overhead
ceiling for distributing process gas into said chanber; a gas feed |line
ext edfi ng t hr dfgh SE1” xakAE 2 éi@am ashenain fidat farscial s

over head g Id NGa 201881 sEhe reard@ind &l &3 18her @IS i nner

conduct or of said coaxial stub conprises a hollow conduit, said reactor
further commitsiimpedeasicamt Fasschdds oMve weswir@dterer head ceiling; a

cool ant feed Id-ne %{ery;é;ﬁ%e(%#r@y%% d; 255000 to iy gqigg§ool ant

passages in said overhea ing. 89. A nmethod of providing an inpedance
t r ansf or matridne tdyetofe @ itche ARl S tie dompy iglesar RP1deme cangiuisut put and

15 said reactor further comprising:
gas inlet apparatus in said overhead ceiling for
distributing process gas into said chamber;
a gas feed line extending through said conduit to
said gas inlet apparatus in said overhead ceiling.

20 88. The reactor of Claim 73 wherein said inner
conductor of said coaxial stub comprises a hollow conduit,
said reactor further comprising:

coolant passages within said overhead ceiling;
a coolant feed line extending through said
25 conduit to said coolant passages in said overhead ceiling.
89. A method of providing an impedance transformation
between the output impedance of an RF generator output and
a load impedance at an electrode of a plasma reactor for
processing a semiconductor wafer, comprising:

30 providing a fixed coaxial stub and connecting
said fixed coaxial stub between said RF generator output
and said electrode.

90. The method of Claim 89 wherein providing a fixed

coaxial stub comprises providing a fixed coaxial stub
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a |l oad inpedance at an electrode of a plasma reactor for processing a
sem conduct or wafer, conprising: 30 providing a fixed coaxial stub and
connectinﬁwagﬁpa&%ixed coaxi al stub between said RF genera?angﬂyﬁ%¥2 and
said el ectrode. 90. The nethod of C aim 89 wherein providing a fixed
coaxi al abwhngoaprhsescpeoyvsdingimpéixadecdakiatestubrdt Y01/ 71765

PCT/USCH/O%SS i%avhggca cEaractengtg% inpedance different fromsaid
out put i fp Bancé"Brogars R Sgﬁgr oP - 81%-Fhe method of aim89 further
conprising opeéerathhg setthoBRFofenaératmoBattuathenerohpyekihbat nmaintains 5

a plasma in said reacho% with a plas ion densit ft mh%ch t he conbi nation
of "sai d BPASAERAdSBAPAEl BSTPORECT oAl FoPOPESohGYE . nbA?® (HRI LR pit
frequency eflasakdiRFsgederatetor @2thThephethadioh GkasimPlawhenetm said

density is in the range of 109 .to.1012 ions per, cubic centjineter and the
10 fr equeticy BFOSaRG AR GEnBRafoPlisTs hR PREduEIEyL 68 SRESER hod of

G ai m 89rwhenats aeapreehenguspll fHbyadnsiUbr coapsi RESgeRRNLESTNY said RF
generator output to said stub at a_ta89p0|nt at | east near a | ocation
h

along the |edgth dPSsErPFRSEuRTHELREBN PLh¥ERGLt RELEoF®RELI Wi ¢A the 15

rati o standi panyavervebt age potd cohEepbri suBddakeh@ihBeer OMEQUENE NPEdaNce
of said RF generator. 94. The nethod of C aim93 wherein said tap point is
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93. The method of Claim 89 wherein connecting said
fixed stub comprises connecting said RF generator output to
said stub at a tap point at least near a location along the
length of said stub between the ends thereof at which the

15 ratio standing wave voltage and current is equal to the
output impedance of said RF generator.

94. The method of Claim 93 wherein said tap point is

shifted from said location by a fraction of a wavelength at
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