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El ectrode Tuned to the Plasna"” and assigned to the present assignee.
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sem condudREENG HYPRREEISNt 0 produce microelectronic circuits. The reactor
forms a plasma within a chanber containing the wafer to be processed. The
plasma is forned and mai ntai ned by application of RF plasnma source power
coupl ed either inductively or capacitively into the chanber. For 25
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 problemin such reactors is that the output inpedance of the RF
generator, typically 50 Chns, nust be 30 matched to the | oad inpedance
preseRied by the conbination of the el ectrode and the plasma. Qtherw se the

amount of RF power 8%(5 n%r}?%%%ﬁ?ﬁgg PhagRR A eif:%ﬂr’f-tcl:ﬁ'rféﬁ'gt uate with

fluctuations in the S edance so that ai n” “process
par anet ers suchTh$sphapia cdensit yi annmointbenbet dof5ini pkirn e Ur.exui r ed

imts. 1 V0 P3LO80880:2, 10D A%y, f5T H3025333220 19, 2000 by Daniel
Hoffman et al., entitled "Plasma Reactor with Overhead RF
15 Electrode Tuned to the Plasma® and assigned to the present

assignee.

BACKGROUND 6? THE INVENTION
An RF plasma reactor is used to process semiconductor
20 wafers to produce micrcoelectronic circuits. The reactor
forms a plasma within a chamber containing the wafer to be
processed. The plasma is formed and maintained by
application of RF plasma source power coupled either
inductively or capacitively into the chamber. For
25 capacitive coupling of RF source power into the chamber, an
overhead electrode (facing the wafer) is powered by an RF
source power generator.
Cne problem in such reactors is that the output
impedance of the RF generator, typically %0 Ohms, must be
30 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 lcad impedance so that certain
process parameters such as plasma density cannot be held

35 within the required limits.



The plasma | oad i npedance fluctuates during processi ng because it depends
upon conditions inside the reactor chanmber which tend to change dyaamiTalsy

as proces%'g@g /9%699({ esses. At an optinum plasnma density for pdipgisggigadbL or
conduct or B processes, the |l oad inpedance is very small conpared to the

out put inpedance of the RF generator and can vary significantly during'the
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atively expensive and fedUce™ s5vs em re ablllty due to

15 their complexity.

Another problem is that the range of load impedances cver
which‘the match circuit can previde an impedance match (the
"match space”) is limited. The match'space is related to the

20 system Q, where Q = Af/f; f being a resonant frequency cf the
system and Af being'the bandwidth on either side of f within
which resonant amplitude is within 6 dB of the peak resonant
amplitude at £. The typical RF generator has a limited ability
to maintain the forward power at a nearly constant level even

25 as more RF power 1is reflected back to the geﬁerator as the
plasma impedance fluctuates. Typically, this is achieved by
the generator servoing its forward power level, so that as an

- impedance mismatch increases (and therefcre reflected power
increases), the generator increases its forward power level.

30 Of course, this ability is limited by the maximum forward power
which the generator is capaeble of producing. Typically, the

generator is capable of handling a maximum ratio of forward



PCT/ US02/ 30399 st andi ng wave voltage to refl ected wave voltage (f.e., the
vol tage standing wave ratio or VSWR) of not nore than 3:1. If the 24 0CT 2005
differencg in |?¥ﬁdances increases (e.g., due to plasma | 0399
fluctuati O™ 4E g processing) so that the VSWR 5 exceeds 3:1, then the RF
generator can no Ionger control t he delivered power, and control over the
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plasma reactor nust be operated to avoid an unaccept npedance
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ConductIVﬂéUgé &fVﬁEQSh@SGﬁ&@aance fluctuatlons. The impedance match
' space is, typically, the range of load impedances for which the
15 match circuit can maintain the VSWR at the generator output at

or below 3:1.

A related problem is that the load impedance itself is

highly sensitive to process parameters such as chamber |
20 pressure, plasma source power level,.source power frequency and

plasma density. This limits the range of such process

parameters (the "process window") within which the plasma

reactor must be operated to avoid an unacceptable impedance

mismatch or aveid fluctuations that take load impedance cutside
l_25 of the match space. LikeQise, it is difficult to provide a

reactor which can be operated outside of a reliatively narrow

process window and process use, or one that can handle many

process applications.

30 Another related problem is that the load impedance is also
affected by the configuration of the reactor itself, such as

dimensions of certain mechanical features and the concductivity



2 4 OCT 2005 PCT/US02/30399 or dielectric constant of certain naterials
within the reactor- (Such configurational itens affect reactor el eCt“qu ;
art oy

char acterlvh% gg%() djch as stray capacitance for exanple, thapctmsydissdd
the I oad i‘*hpé ) This makes, it difficult to' 5 maintain uniformty .
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i ncurred tcﬁi@”&ﬁ?%@n@@é(@fukDngxﬁéiérgf\cw@aénd' %a%%‘é%hlé rl%qwartee% 10 e
delivered into thel@fﬁ asma SUMVARY OF THE | NVENTI ON A pl asna reactor

for procedsi my zesieht condtiet drhwehkpyeten Qi ﬁélﬂu§@§rasp@a@tl@rgh}haﬂﬂﬁérl havi ng
a chanber }(@@Jédaarﬂgepm&’l NLp9cea Y"‘BrgB 8ELFSURRET tof oL R0l di ng, 1

sem conduc i ece, an overhead electrode overfying sai rkpl ece
support, tleecd®rd ect ridue tonpriesngnavpaorhi enhobithéheharber praidessan RF

power , Ogen%rn%{oqj dJIOaF Péé(mgeg?g\ﬁéi ﬁgr%;ﬁggggncy of the generator to the

over heéad él'ec apa tarning ap)Jasma wthin the chanber
at a desired pl asma ion density level. The overhead el ectrode has a

capaci tance su at_the .overhead. 30_ el ectrode and_ .t plLasma formed in the
chanber at the tlr}Pedppcfl%llsrra FontaehEt €y y=Pesdnat 8t gggt hg P&V edn Source.

el ect r ode-pplza®in r gas@ENta f¢ egueneyy ot he im@ﬂﬂ@@wnat i he tpamerateozmiRinty

at 4 of power delivered to the plasma tends to be significantly less

15 than the power produced by the RF geherétor. As a result, an
additicnal cost in generator capability and a trade-off against
reliability must be incurred to procduce power in excess cf what

is actually required to be delivered inte the plasma.

20 : SUMMARY QF THE INVENTION
A plasma reactor for processing a semiconductor workpiece,

includes & reactor chamber heving a chamber wall and-containing.
a workpiece support for holding the semiconductor workpiece, an
overhead electrode overlying said workpiece support, the

25 electrode comprising a portion of the chamber wall, an RF power
generator‘for supplying power at a frequency of the generator
to the overhead electrode and capable of maintaining a plasma
within the chamber at a desired plasma ion density level. The
overhead electrode has a capacitance such that the overhead

30 electrode and the plasma formed in the chamber at the desired
plasma ion density resonate together at an electrode-plasma

resonant frequency, the freguency of the generator being at
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resonant frequency. The reactor further includes a set of MER E ”ag?%HﬁTZME
surroundieg t he glasna process area overlying the wafer surface, that
produce . aW@PHKM3Li rcul ati ng magnetic field which stirs t hBCHUASH3#D 5

i nprove plasma ion density distribution uniformty. The reactor can include
an insulating |ayer forned on a surface of the overhead el ectrode facing

t he wor kpi eeessupparnt tlee «apacidderepiansut atébgnkayelf reefueeery.t herkF power
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away from phesmar kpires Suppar toveliley imsul aé | ngfekayar fRLevicdas @droduce a
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overhead electrode, and the netal foamlayer is of a sufficient thickness

to suppresseantaxi aRrele@lice farelid st ing hkagas fprpect ponaopirifess. o0
BRI EF DESCH| PTLON,-0E o hHE 1RAWINGS A Gndl 415 %89%%9&@5\_4 ggﬁégﬁecgl onal side

view of a plasma reactor according to an enbodi nent of t invention. FIGS.
2A and 2B arpadiagrans nisulestirat ilsger éxpectdvet y¢ RBSprhercoaritaktstrubnof

FIG 1 and the nt _standi vave, anplitude ction of
post ti on b G B8, BTl A S i {E o R e e oS R o
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del i vered Vi pgﬁﬁgsl gver %%051 Ir{gregé"’ror GFSpatbst 2 4 EB@%Tatlng‘

layer provides a capacitance sufficient to suppress arcing
L within the gas injecticn ports, the capacitive insulating layer
has a sufficient capacitance, to bleock D.C. current from a |
15 plasma within the chamber from flowing-through the overhead
electrode, and the metal foam layer is of a sufficient
thickness to suppress an axilal electric field within the gas

injection orifices. ,
|

20 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is & cut-away cross-sectional side view of a plasma

reactor according to an embodiment o the invention.

FIGS. 22 and 2B are diagrams illustrating, respectively,
25 the ccaxial stub of FIG. 1 and the voltage and current standing
wave amﬁlitudes as a function cof position along the coaxial

stub.

FIG. 3 illustrates the subtraction of current at the input
30 power tap point on the ccaxial stub that occurs in response to
high plasma load impedance to maintain a more constant

delivered VHF power level in a larger match space.



WO 03/ 036680 PCT/ US02/30399 5 FIG 4 illustrates the addition of current at

the input power tap point on the coaxial stub that occurs in respons
§fb{;\[§rrzuna
W Q

| ow pl as ad | npedance to naintain a nore constant deliv VHE

| evel. i n@’%ﬁ?@%@%tch space. FIG 5 is a graph illustrati Eg$®ﬁ32/53
reflection coefficient as a function of frequency of the enbodi ment of FIG
1. 10 FIG 6 is a graph _illustrating the interaction of the . current
contribution at FfRe i“npudtl Usowert qag-poi #8C bt eReccoBXF AR tsBlb thiet A e
standi ng xaeeurteagngoqm ¥l tage @A@@gﬂt@@uétyﬁakegewgsggnﬁ}&%‘p{fﬂ% &g

illustrates an alternative enbodi nent of the coaxial stu _

depi ct s anbbHepléstiedilment iobeddea qe esermaiihyent § OOl Gong tizg taniedn varmred
vi ew correspending .t LG 8. _ FLG ' Larged view of FIG 9. 25
FIG 11A iiggng?ﬁgf gﬁFS&Bég fiéﬁﬁ%ﬁééaﬁékéglﬁﬁigéilB depicts an alternative
enbodi nent corresponding to FIG 11A. 30 FIG 12 depicts yet another

enbodi nent of t present _ inventi.agn,. 2.4 OCT_ 2005 WO 03/.036680
PCT/ US02/ 30399 E?& %3“1?3aagtrgﬁ’”vilceivn%”csgtr“‘rae%lg)%%d’f n%’ f%‘“’\lég efg?c P8 19 is a
top view coseespondnhngatozafuaktdomtel fnbpdmentodf thbeemeaat genef ol G,

13. 5 DETALLED PESCRIPTICN
FIG. .

10 FIG. €& is a graeph illustrating the interaction of the
current contribution at the input power tap point on the
coaxial stub with the standing wave current and vecltage along

the stub length.

15 CFIG. 7 illustrates an alternative embodiment of the

coaxial stub of FIG. 1.

FIG. 8 depicts another embodiment o¢f the present

invention.
20
FIG. 9 is an enlarged view corresponding to FIG. §.
FIG. 16 is an enlarged view of FIG. 9.
25 FIG. 11A is another enlarged view of FIG. 8.
FIG. 11B depicts an alternative embodimeént corresponding
to FIG. 11A.
30 FIG. 12 depicts yet another embodiment of the present

invention.



Referring to FIG 1, a plasnma reactor includes a reactor chanber 100 with a
waf er support 105 at the bottom of the chanber supporting a senicon%gqhﬁr
waf er 110. A process kit 10 may include, in an exanplary inplenmentati-on, 200
conduct i v&¥8MO%RY - conductive ring 115 supported by a diel 8EEHHE#AY 120
on a grounded chanber body 127. The chanber 100 s bounded at the top by a
di sc shaped overhead conductive el ectrode supported at a predeterm ned gap
| engt h above t hé MWaf er3 119 antgpoundedcd5rehambernngody F2T byl diel ectric
seal . The overhead el ectrode 125 may be a netal (e.g., alumnum which may
be covered with a sem-netal material (e.g., Si or SiC) onits interior
surface, or it Ay Het iised frapsenewnetakenpbedial. tAn aRF genramraiter 150
applies RF _power to .the. electrode 125. RE.po fromthe 20 generator 150 is
-coupl ed th?@%@ﬁagwﬁgéi?glt%%b?%aibﬁrnﬁfcgég'rgg'the generator 150 and into a
coaxi al sstub 135 connected to the electrode 125. The stub 135 has a
characteristic i npedance, resonance frequency._and provides an |npedance
mat ch between the el ectrode 125 @i {%%Dc%%§¥%FPEBQﬁe 162 or the output of

25 the RF povercgananaipredsOicasi Wbl pbgshor gebutby dgsenihed s heliewo The
chanber bod% is connected to the RF return (RF_ ground) of the RF generator
P

150. The RFNBEPE I G tHe vertRbRlr ererefbde0128tt BhRFLGFEEA offs takf ect ed
by the CapacLhagce Hbodia dl &l &dh i onedd d20.2p0- Dy bhe gapacilanc qf the

30 dielectric seal 1 The wafer support 105, the wafer 110 an
pr ocest0ki magoadgetidge oM e oMbl i veimphgnansapioni de cohduptiimer prRF -

oT 5. PCIPOR0F G090 e CAPhC 1 At BT 1 he oer heaq  BF Gt Fodd RedBRbly.
126, i ncladgnguthledelcéatmede 425, 1he. prbvessh&nbei 1500126 andntee at the
| top by a disc shaped cverhead conductive eléctrode supported at
a predetermined gap length above the wafer 110 on grounded
15 chamber body 127 by a dielectric seal. The overhead electrode
125 may pe a metal (e.g., aluminum) which may be covered with a
semi-metal material (e.g., Si or SiC) on its interior surface,
or it may be itself a semi-metzl material. An RF genérator 150
applies RF power to the electrode 125. RF power frem the '
20 generator 150 is coupled through a coaxial cable 162 matched to
the generator 150 and into a coaxial stub 135 connected to the
electrode 125. The stub 135 has a characteristic impedance,
resconance frequency, and provides an impedance match between
the electrode 125 and the coaxial cable 162 or the output of
2% the RF power generator 150, as will be more fully described
below. The chamber body is connected to the RF return ({RF
ground) of the RF generatcr 150. The RF.path from the overhead
glectrode 125 to RF ground is affected by the capacitance of
the dielectric seal 120 and by the capacitance of the
30 dielectric seal 130. The wafer support 105, the wafer 110 and
the process kit conductive or semiconductive ring 115 provide

the primary RF return path for RF power applied to the



5 dielectric seal 130 neasured wth respect to RF return or ground is, i an
exenpl ary enbodi nent, 180 pico farads. The electrode assenbly capacitqqc[ﬁsz5
is affect OQ%Aﬁﬂ% el ectrode area, the gap length (distance between wafer’
support 'and. overhead el ectrode), and by factors affecting Rti4s246899

capaci tances, especially the dielectric values of the seal 130 and of the
dielectric ring 120, which in turn are affected by the dielectric constants
and thi cknessesrorde He Jmterials enpl oyed. Mre generally, the capacitance

of the electrode assenbly 126 (an unsigned nunber or scalar) is equal or
nearly 15 equal in magnitude to the negative capacitance of the plasm (a
conpl ex nunber) Tae sypacitancs sburbe purshetiregdendy odd asreemklensi§, and
operati ng r.e, Wi |4l LSc ed I y af t f rs

i nfl uenci ng{’?ﬁg‘ﬁﬁgﬁe%%g&lﬁe atc?%%sﬁ?g’ Eggaggbicﬁlg%%r ekg‘tt plafsi’ gifztecgea{ne(% n%hneed
due to thedieakitiréas ofealhe ] aspaspredessthegeispementts reedstt o ber

performed by the .reactor, the si of the wafer, t he requirenent_t hat
t he proceggPHE%béséaﬁffg@(ﬁﬁeﬁﬁfgﬁ¥n$@'89é?epﬁé %%geﬁlcﬁnﬁérﬁiaf 6@5%na
capaci t ancel estaobienatsisemdfy tdeppt asamcdensi by fand ebh® 25 rsoWice- oy

frequency, while the electrode capacitance is a function of the wafer
supgort-go@ﬁ?@ctF Eegéébﬁfﬂﬁyghtﬁ?lsg?%%?rBaéwaﬁgnﬁﬁgﬁF SMPRAT €T ¢

val ues of §herhasul aters @fde t,hea@ssiepbf ¥ct Pkasa@rdensinlgy s aRgr ati ng
pressure, gap, and electrode dianeter must: satisfy the requirenents of the
pl asmal 80 PrBEedscN6%Fe FEPES et byt thedt BABEHF1C) NOpaLSi &l d&he 1396 drp0

density nushqbgrwihBi A2 16 tAIN Fanger 260N wexanpke, tsichi con aafrtdg&ie%l%g}ri c
pl asma etch processes generally require the 8 2 4 OCT 2005 WD 03/03668
PCT/ US02/ 303899 pr &S/l Fitén CEEFSiAL T 2 e Wt RKReEREST afigéhef mpgre riaf@12

ons/ce.  Jhe) WaLer ehecls adecan By OVl KlescaDa ERLLRUM BIEASIR. 19 rode

distribution uniformty for 8 i nch wafers, for exanple,, i e gap Is
about 2 i neheembTle ldbedimodasdidimd erunkeprefefablgrat is equal or nearly

15 equal in meagnitude to the negative capacitance of the plasma (a
complex number} at a particular source pocwer frequency, plasma
density and operating pressure, as will be discussed below.

Many of theffactors influencing the foregoing relationship

20 are in great part predetermined due to the realities of the
plasma process reguirements needed to be performed by the
reactor,. the size of the wafer, and the requirement fhat the
processing be carried out uniformly over the wafer. Thus, the:
plasma capacitance 1s a function of the plasma density and the

25 source power frequency, while the electrode capacitance is a
function‘of the wafer support-to-electrode gap (height),
electrode diameter, and dielectric values of the ihsulators of
the assembly. Plasma density, operating pressure, 'gap, and

. électrode diameter must satisfy the requirements of the plasma

30 process to be performed by the reactor. In particular, the ion

density must be within & certain range. For example, silicon

and dielectric plasma etch processes generally require the



5 least as great as, if not greater than the dianeter of the wafer.

Qperating pressures simlarly have practical ranges for typical etch ﬁﬂgf

ot her plasma processes. But it has been found that other factors renmm 2005
whi ch canW (168%@6%blected to achi eve the above preferred rerg?ﬂ§H§,3$f
particularly choice of source frequency and choice of capacitances for the
over head el ectrode assenbly 126. Wthin ‘the foregoing di nensional
constraintﬁlhﬂm@sednodemheteiectﬁudediemﬁhth@eco@s@eabﬁtQO(e—gloudénst¢c.

range) §gd f %h%léﬁtgb%% aF:)he Q}ggégo e %%g§ﬁ %ﬁéggﬁcan be matched to

t he de 0 hé negative citance o m'tahlonsource
power freq@eatylbstsehemh&do&mﬂﬂyzid&%BfI@Qmemagerandforfekhapdeele&tmh@

val ues of the insulator conp nent s ectro ssenbly 126 ar cted
properly. EtRh'gefagtiof fﬁ acﬁﬁgﬁeeb.%%ﬁ% l%@%Feﬁaféhpﬁg ﬁééhﬁgbﬁ?te
power 4§ regéj@@@yaanglrplaasm,elﬁcwcaﬂegﬂmnanaeaﬁ refeledcyme tAgcordicRgly in
one exenplar% enbodi nent, for an 8-inch wafer the overhead el ectrode

di anet er '3 5pbr oXPRREEE)I1PLESTNES Tt \Mxﬁﬂfﬁsﬁ%ﬂﬁnﬁf?cFhEﬁésfaPH§5p¢§§na

density and,;25: 0petahi REAPLEHSW @l i ted s et ch processes as above
stated, the 'VHF source power frequency is 210 MHz (al though other VHF

frequenC|es could be equally effective), and the source power frequency,

the plasma el eCéuedﬁtrﬁgenee@% ffomwecmra»t ad%ewefa%} éez?QHQEHe Eequency
are all matched or 30 nearly matched. Mre partic these three

frequérti dze arletight Iy 8Ch 8VeCT M0 G0 WAD 03 TITBTY. :P@ausgmswsgg of f set
from one Wé&éuumg Lhe; 8ubee QNET. f#eQnRnGY, heldg. ngh0e NbE: the

el ect rode-pl asna T esohant requency el ng appr oxi
st ub freqmaugctmﬂm@ﬁabégt 2he OMthaad(ﬁﬂﬂﬂtnaﬁanﬂﬂsﬂmbhydbzﬁunwnghehfect

MhICh S aqxgntggggggiggrggHggglg ng15% %%% églé%éﬂlﬁig§%%mééophénelectrode
and the constraints (e.g., density range) imposed on the A
15 plasma, the electrode capacitance can be matched to the
magnitude of the negative capacitance of the plasma if the
source power freguency is selected to be a VHF frequency, and
if the dlelectrlc values of the insulator compcnents of .
electrode assembly 126 are selected properly. Such selection
20 can achieve a match or near match between source power
frequency and plasma-electrode rescnancé freguency. _
Accordingly in one exemplary embodiment, for an 8-inch
wafer the overhead electrodé diameter is approximately 11
inches, the gap 1s about 2 inches, the plasma density and
25 operating pressure is typicai for etch processes as above-
stated, the VHF source power freguency is 210 MHz {although
other VHF freguencies could be equally effective), and the
source power frequency, the plasma electrode resonaﬁce
frequency and the stub resonance frequency are all matched or

30‘ nearly matched.

More perticularly, these three frequencies are siightly



system Q renders the reactor performance |ess susceptible to changes in
conditions inside the chanber, so that the, entire process is nuch [?DWCT 2005
stable and can be carried out over a far w der process w ndow. 10 The

coaxi al sPUb*I%8%0s a specially configured design which fuPERESEHY i but es
to the overall systemstability, its w de process w ndow capabilities, as
wel | as many ot her valuable advantages. It includes an inner cylindrical
conduct or cfl#dd:anfiran outernocaneent MicrcyHandsd cate coodaet 6FeddbnecAnbidbng

i nsul ator .14 enoted by _cross-hatching in FIG, L 1) for exanple having a
relative (%])e({e@?ﬂ ct}&%nﬁ%ﬁ%rgfjel PETTS tife YpEee %Bﬁﬁﬂﬁﬁﬁyfﬁ'ﬁlpﬁner and

out er condipaiassindOel$4500The zi, nRel and ouier £ condect or 5e140, ag4bt mayobe
formed, for exanple, of _nickel-coated alum num |n an ex,er‘rHI ary enbodi nent,
the out er "7 colfduRtOF L 148 ARS8 18 VE AmdtSsit WOr Hbout T2t ntheShand t he i nner
conductypr ZHAQ hasg&c ds aget eduek sabout s%ﬁsfténﬂ@.es-sd-&@ stubguehasgeigristic

i npedance is determned by the radii of the 1nner and outer conductors 140,

145 and t I/ il det FERIRbAsE ARt T 8F tORe ROTHAMTICa4res Theuseebt 1852 of ot he
enbodi ment.deserd bed 2onaboyenbas aehanaet st s, | npedance of.620.; pore

general ly,” the stub characteristic inpedance exceeds the source power
out put | mpedETcES bys dbott P0YE40%RAE pref @@dblte e abbed 0% ovahea sfab 135

has an axialydength-of s abpoutiog29 inches --a quarter wavelength at 220 MHz-in
order to Iﬁ%\?eé a%sona%ce in the 30 vicini ty of 220 MHz to generally match

whi | e I8ei ng s| it | goa:oidkestiboARthé sVEF spewrice. nowern f f @guedcye 9fgR10 MHz.

10 2 4 OCT,20Q5 03/0 PCI/US02130399 At 160 s provided at a
parti cul aﬁr’ﬁézﬂhtf"}e(ﬁohnegrt%gg]?g;(lgg#lse%at %ggf Otvﬁeragt%ubsyl%%er? o‘?t%lf)bij’f%'g Re
power fromitde Rocgeneratoow1b8ptbithe ietyb ak3helds a4 Ihabe slilserissed

bel ow. The RE power ternminal 150b and,the RE return terminal 150a of the 5
gener at or VEI0 LK CUHERL BAE AL Lhe TApUEBS G AR iy HaB TiFe ) condudtor

140 and an outer concentric cylindrical conductcr 145. An

15 1insulator 147 (denocted by cross-hatching in FIG. 1) for example
having a relative dielectric constant of 1 fills the space
between the inner and outer conductors 140, 145. The inner and
outer conductors 140, 14; may be formed, for example, of
nickel-coated aluminum. In an exemélary embodiment, the outer

20 conductor 145 has a diameter of about 4 inches and the inner
conductor 140 has & diameter of about 1.5 inches. The stub
characteristic impedance is determined by the radii of the
inner and outer conductcrs 140, 145 and the dielectric constant
of the insulator 147. The stub 135 of the embodiment described

25 above has a characteristic impedance of €50. More generally,
the stub characteristic impedance exceeds the source power
output impedance by about 20%-40% and preferably by about 30%.
The stub 135 has an axial length of about 29 inches --a quarter
wavelength at 220 MHz—in order to have a resonance in the

3b vicinity of 220 MHz tec generally match while being slightly

offset from the VHF source power frequency of 210 MHz.

o
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the inner and outer coaxial stub conductors 140, 145, respectively. These
connections are nade via a generator-to- stub coaxial cable 162 haV| U
enera 8%‘

characteri dance that nmatches the output inpedance_of

150 (typic \?«{)Io.%fo} 50 Q in the well-known manner. A term ngg H'gl%(ﬁaﬁct or
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 135a. At tha nearléﬂdi$35ho@ﬂb@dﬂaﬂuﬂtmmkehd&laofpbbﬁtsamanSEbethe
out er conduct or % 2 ?% cgn cted to.t f15 cha {g% via an annug%r -
conduct i ve® hoisi g 8F "sUppor fe £75, et he 'y Bﬁ]e'?g didtsf fagM §he RE
connect ed gonéheteenten eb tﬁbe@tcm@ﬂ&lﬂ‘?ﬁ a4 avial Topelugt syeseybi BEEHWOr The.

support 176. A dielectric.ri 180 js held between and, separates the
-conduct i veR yPPHEEr CEFBEA cﬁgbela@ét rdtfe F?fL’325retz‘f‘)rfﬁ'h‘\'e‘e‘"r'rI‘H‘l’é‘F‘?cil)ﬁ@écf’ér thgo

provides a;ceaditbrfepoubirki EbeSecTieeh AS (HOCESS DOSESH apHeCoPLBNt 35The
princi pal advantage of this feature _is that, unlike typical plasm

reactors, THe HAB2T FPAeCETBTaR@2FHeE lcSIEICINIRE LTSS dbl ot L8P oss | ar ge

el ectri Calr@s‘ip@ewoéﬁ al dirfiEecencesecHehd heref e nay, be &QHéI:éHSEBE'on
metal, a | ess expensive and nore reliable material for such pur pose. The

metal |ic geeuli@eatyolfealsegasli heetieal 722 qhﬁmctea@mtz:mtlmmd@vee hebdt

el ectrode I h I | .ant I es or
jackets 1 wp{%% ne?% SégEgge!rL‘ﬁgaggg}I‘%ctorfo e 1%7 rigeKIrlaetgcgjltsl gg@aﬁpy ?EQ%?,S%

i npeddrice 3@ &nsf dn maheomel - thewebmanmml ded ttg/:rm:lmast ispepcc@hdyctonf 1 §or ed
stub matc ene%helggall 2 %pg? WD, 03 80 PCT/U802/30399

gener at or Qgﬁ Zhd® e’ SverRbal elgct sggﬁb HHIEL piddeReFRE |

pl asma | oathndw at ok i threIh&ctedepﬁmr aiad tmmovukda g b VER Y j/\asdghd:frpedance
match space acconmpdating,wide  ghanges 1.l oad: iymedange Conseayently,)
of the stub 133, the outer conductor 145 is connected to the
15 chamber body via an annular conductiwve housing or support 175,
while the inner conductor 140 is connected to the center of
electrode 125 via a conductive cylinder or support 176. A
dielectric ring 180 is held between and separates the
conductive cylinéer 176 and the electrode 125. |
20
The inner conductor 140 provides a conduit for utilities
such as process gases and cQolant. The principal ad&antage of
this feature is that, unlike typical plasma reactors, the gas .
line 170 and the coolant line 173 do not cross large electrical
25 pctential differences. They therefore mey be constructed of
metal, a less expensive and more reliable material for such a
purpose. The metallic gas line 170 feeds gas inlets 172 in or
adjacent the overhead electrode 125 while the metallic coolant
‘ iine 173 feeds coclant passages or jackets 174 within the
30 overhead electrode 125.

An active and resonant impedance transformation 1s thereby

provided by this specially configured stub match between the RF

11



5 and process flexibility is provided, along with previously unobtai nable
efficiency in use of power, all while mnimzing or avoiding the AT 126
typical i tch apparatus. As noted above, the stu e
frequency@gqugﬁgggdg?fset from ideal match to.further enhangg%@gﬁgﬂqﬁy system
Q system 10 stability and process w ndows and multi-process capability:

Mat chi ng the El ectrode: Pl asna Resonance Frequency and the VHF Source Power
Frequency: 95 IR TY netd abdVe, CHepPrRENEAF FgéFGF@qﬁsﬁiﬁQﬁﬁﬁth¥% §mé 15
overhead &lgld0de,asseably 1284f okhiheronange rwitih dthey plasdm atg the

el ectrode-pl asma resonant frequency and for the matching (or the near match
of ) the sdYdovkre fFefrereFeanBPEAENEFe BRI ile-S PFICEs me FareR@aicyng Thide

el ectr ode assell ¥ 120, s, fo RSN NABLLK eqfBRAGLL T VA LI ANLE, W ) &) e

pl asma reactance is a conplex 20 function of - requency, plasma density and

ot her par amst grcq¥s IWekibbeitgséri bedvbdedw idogigeatiarh detaiiqusl pl asna

is analyze i.n.ter 0] L€ ne Lchei s omplyex function i nvol vi ng
inaginaryL&@P&?%ﬂﬁ#ﬁ%ﬂéﬁé&#§g§%?rggp%%%sBFoggaﬁ%ga #3eWh %uﬁ%%ﬁﬂ%ﬁﬁn%he

el ectr odeopl asme diesprand deeduéocytiysilbidempenianed by tidte amactances Es

t he el ectroge asz)enbl y 126 %g%of t he EI a?ma (in_anal o% wth ft'he resonant
frequency "F¢8 2ESEC t91T i PRt 6FSPREBNANt TERFEIFY Béi é%ﬁﬂQﬁrﬁ%ﬁur%ﬂmthe
react ances deh 1t ke teapacd t Diranelr t behéndecboe)ral 1 TBys tehe 0, elB8addaade- pl asma

r esonant fre%uﬁnc may. not necessarily be the ]3_0,source power frequency, :
dependi’ng S&& PR 1Fde S b dtr THES Pl 4EHaC” Hehlf t ¥ L ThePpPEBISEMC Aidtidiidie, is to
find a source power frequency at which the plasm reactance is such that
the 12 2 4 OCT 2005 WD 03/036680 PCT/ US02/ 30399 el ectrode-pl asna resonant
frequencyM CAafiE] &) ol y eaPlasma AARER BEGE eq Nondduslo h"
constrai ng§;0f ePEaGliCa e G iNement to a particul ar range of plasnma
density and el'ectrode dinenstons. The problemis even nore difficult,
because t he As outlined above, a principal feature is to configure the

15 overhead electrode assembly 12¢ for resonance with the plasma at
the electrode-plasma resonant frequency and for the matching (or
the near match of) the source power frequency and the electrode-
plasma frequency. The electrode assembly 126 has a predominantly
capacitive reactance whilé the plasma reactance is a complex

20 function of frequency, plasma density and cther parameters. (As
will be described below in greater detail, a plasma is analyzed
in terms cf a reactance which is a complex function involving
imaginary terms and generally corresponds to a negative
capacitance.) The electrocde-plasma resonant frequency is

25 determined by the reactances of the electrode'assembly 126 and of
the plasma {(in analogy with the resonant frequency of a
capacitor/inductor resconant circuit being determined by the
reactances of the capaciter and the inductor). Thus the
electrode-plasma resconant frequency may not necessarily be the

30 source power frequency, depending as it does upon the plasma
density. The problem, therefore, is to find a source power

freguency at which the plasma reactance is such that the

12



5 plasma density (which affects the plasnma reactance) and the el ectrode
di nensi ons (which affect el ectrode capacitance) nust neet certain pEédéESMH

constraints. &e0|f|cally, for dielectric and conductor plasna_etch
processes A HEPpt¥sma density should be within the range di“1B¥* 1%

ions/cc, which is a constraint on the 10 plasma reactance. Moreover, a nore
unlfornlplasna ion density distribution for processing 8-inch dlaneter
waf ers f oelexampHerplismeeakszednbyfacnateryt osebqualode gaprdy hgughttof

about 2 i pehes, and %@mﬁlre%trrgﬂgngghggﬁ%noghéh[?ﬁgr 2% Og the %racé{{lca

di ameter, ‘or greateéer rarnt ode* 1 pa0|%ance.
On the othenfhaadena dofEepemtlgapanayabgeubflpzedmadenalﬁ? enche beaneves

waf er. Accordin nearly matc e e ectrode
capaC|tan8émFBSgﬁés Egguaéogg %héSnSgSP|W8f8agé£?%8HE CERRSS0 BT asm,

t he e|SCtbQGSmE|aéﬁaltngnamthfEEQHCﬂGthdeIQ@mSOﬂééﬁtaﬁ@M@ra$ﬁeﬂM§nCy are
at least nearly matched. For theageneral conductor and dielectric etch

process cBRAFFEBAE EABRBFAPRA ABDYER £Fiect BiESHECHRNSFPHChHENERN MOt 1017

jons/cc, RedtiBehrgan prdcans ebestroder di an%@él@ﬂcéhﬁypr%f Sfefoughly 11
inches), the match 25 is _possible if the source power frequency 1s a VHF

f r equency2nACERBAVEBAAI PLORAES (BLEN PEPFFRFRAt Wat of . aF Bdetersi Cyi sherkhtbe

plasma depsihigScn8t £ahglBY s di 64 ale? aﬂdéi@é emhf&ﬁqltserbcycar%&% k0 reaa'h' Z€
such a match 1n carrying out this feature of the reactor. ﬁq

det ai f€d béReWe TRdeFaravor edoptasne 30 rmmegmﬁﬁgrr@mﬂeﬁmams:rf @#engrmessu ng-
8-inch M&?gérmuﬁ%ﬁr%r @&wfrl%aé)ma délc'»}’;ﬂﬂeé}% d gl egLrlg and

nmetal plasna etc and c em cal vapor epos ion asma cap citance
13 2 4 CCTszneaVI2®6J53668@afEﬂ#&ﬁKHﬂéﬁEﬂnﬁargaﬂuprthqmghﬂ aforlboug @xanpl e

havi ng pl as den5|t| S_as_set rth above S bet and -400 pico
far ads. Ihmgﬁ 'gr? %%%%d rcaopn ear?cre Q%%%gvé’ra §§d
e|eCtrOdedlaﬁSEﬁbJyOﬂZ@r@EBeﬁBIWHKﬂhtIBtdﬂtdﬁﬂﬁhdﬂﬁﬂédﬁ tHe % leegabidee

15 capacitance. Cn the other hand, a different gap may be utilized

for a lZ-inch diameter wafer.

Accordingly, by matching {or nearly matching} the electrode

capacitance to the magnituae of the négative capacitance of the

20 plasma, the electrode-plasma resonant frequency and the source
power frequency are at least nearly matched. For the general
conductor and dielectric etch process conditions enumerated above
(i.e., plasma density between 10%°-10'? ions/cc, a 2-inch gap and an
electrode diameter on the order of roughly 11 inches), the match

25 1is possible if the scurce power frequency is a VHF frequency.-
Qther conditions (e.g., different wafer diameters, different
plasma densities, etc.) may dictate a different frequency range
to realize such a match in carrying out this feature of the
reactor. As will be detailed below, under favored plasma

30 prccessing conditions for processing 8-inch wafers in several
principal applications including dielectric and metal plasma

etching and chemical vapcer deposition, the plasma capacitance

13



5 plasma capacitance by using an el ectrode dianeter of 11 inches, a gap
| ength (el ectrode to pedestal spacing) of approximately 2 inches, clzqqﬁjr[gg%
a dielectric material for seal 130 having a dielectric constant of 9, and a
t hi ckness 8P %*H&%8% der of one inch, and a dielectric mater PXMY8348R ring
120 having a 10 dielectric constant of 4 and thickness of the order of 10
mm The conbi nation of el ectrode assenbly 126 and.the plasm resonates at
an el ect r ote- phas FHPLESEN &G Mirren (Ferrdip ichdta witng | phstmaecdehyinaeehes tké

source po fre y pligd, the 1 ec, . 125 m ng_a_pat chi ng
of their \(l:\g%éé{it g%@g% ggg jbt??t etgjscrl edaj.r%V‘é ﬁ%@?ﬂ%ﬁcfﬁgég't hgfl Fg?
favored etekemplasyaepbocéssinig treciqes,cieraigoment e ande phasdas tethirsde

el ectrode-pl as re ant. _frequency .and. .t he source power . frequen can be
mat ched or“%@5&5§yn§?ghgﬁsafna&ﬁ%%fd¥etc?uer{‘cﬁ é%‘afg%t%%% (\f,?a hig Pigﬁ%ﬁ?y
advant ageopsz that capahiaaheeqiencys imt chh  «dre dteasddred Cdmdee F npr emrent edhekn

an exenpl ary enbodi nent, the_ el ectrode-pl as resonance frequency
cor r espondf n%aPog?Hgtgor(g 6Chg 8 (s p@ldpe;ﬁtfgﬁﬁswqbeogaﬁﬁﬁ?éh@‘ét?éy 2

appr oxi mat ghyn290 Migosasgwil ldike edetraid et dealion e SOUT Ce3029POMET 2
frequency is 210 Miz, a near-match in which the source_ power frequency is
of fset sl igHel9ChbavecPRétaNEctiode- grasfa tieddIfat e F ridtmienEse F nobreee to

realize otfiery, adyant adescteche : cdiseussed bejowndlQ ithe Pl @SBy Capag!  ance
is a function of anong other things, plasna electron density. This is

rel at P t (it Bswhrioncoaehsanty ofwhi érdnédds knies soraferthea cpieviee Yoodm.
pl asma 14 WO 03/036680 Z 4 OCT 2005 PCT/ US02/ 30399 processing conditions,
to be kept in a' range generally 109 to 1012 ions/cc. This density, .
t oget her with tHheesoompenpdnen ofr edeshcpdand seemirl yparkdnetired sthelep bz simaes

the plasm ”egr"i‘é{é’g aCAPACLY BREGHdLNE1 3R ECTYR Al MY St Me Sl O &
const rai néd b
least nearly matches the source power frequency applied to the
15 electrode 125, assuming a matching of their capacitances as
just described. We have discovered that for favored efch
plasma processing recipes, environments and plasmas, this
electrode-plasma resonant frequency and the source power
frequency can be ﬁatched or nearly matched at VHF frequencies:
20 and that it is highly advantageous that such a frequency match
or near-match be implemented. In an exemplary embodiment, the
electrode-plasma resonance frequency correspending to the
foregoing values of plasma negative capacitance 1is
approximately 200 MHz, as will be detailed below. The source
25 power frequency is 210 MHz, a near-match in which the source
power frequency is ovifset slightly above the electrode-plasma

resonance frequency in order to realize other advantages to be

discussed below.

30 The plasma capacitzance is a function of among other
things, plasma electron density. This 1is related to plasma ion

density, which needs, in order to provide. good plasma

14



5 the need to optimze plasnma processing conditions, as will be further
detail ed bel ow. But the overhead el ectrode assenbly capacitance is a§f§§$%%5
by many phgiical factors, e.g. gap |length (spacing between el ectrode i

and the waP&%93¢%e area of electrode 125; the range of th@JF8IREIFPC | oss
tangent for 10 the dielectric seal 130; the choice of dielectric constant of
the dielectric seal 130 between el ectrode 125 and grounded chanber body
127; the chebeesefindi el@ectiiocconstantef bepthen pracess kdnalizllgctrd®c teeal
130; and thﬁwthickness of _the dielfctrkc s%gls 130,and 120 and the

t hi ckness afd diCerd&ETi ¢ 1B TonEFant Yof TPRESFEAg “EE0: CTHT S Por i tRO"Sohe

adj ust ment retgtBacyelseet rade: nsserbhyc €apactéaser ihrough ¢l ges Made: arong
these and ot her physical factors affecting the overhead electrode' |

capaci t anc82PPEiRaiE e oii® 13T heCh anbevbichnts Adrashfam Cars @imed dit
to achi eve.he negessaipt ;480 LS, 0f st Shh Ags 91 130 bhe s Querhead elgghr ode
assenbly capacitance to the magnitude of the negative plasma capacitance.

I n particufarthehedgicéide@d ikelomt erfal stlamdo v FERSLORS efcdr adte ase@imbla0 and

ring 120 a 0 ;pr QW X i Ri ant.s _an
resul ting 5?%%%%??ﬁégvéﬁugﬁégﬁﬁﬁfﬁﬂgg?ﬁﬁgéﬁgg%?géé %ggggggﬁifﬁ de%gﬁh t he
pl asma capaengancéspan itigerreiey ohi @\eak radgpl 28 ehd faet walfatr )sormieofa tdwe

same physical factor i,nf.l uenci el ectrode c i e, ;parti.cul arly ga
angt b PPl b8SEPEBS: &4 r T B Byt e T oF B RG  Bradbrgal e e
need toghandtedial ger rdicareiadr MET er s;hd clivi s@ wift Higoed t3Q curichatmirtty odf

distribution of plasna.ion density over the full , dia er of the wafer; and
to have gobdecehttEFofCi &r?ader?s:%@/fewef’bne]e%‘é?ﬁﬁelgg%\oaﬁ‘ﬁi/ 365868 4 ocT

2005  PCT/ L5024 30388441 uen ;t hed aRgdG # ange) 6t ri hecphagmmc#pacihance
and the matching overhead el ectrode capacitance, the el ectrode-

process kit dielectric seal 130; and the thickness ¢f the
dielectric seals 130 and 120 and the thickness and dielectric

15 constant of the ring 180. This permits some 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 rqngé of this adjustment
is sufficient tgﬁachieve the necessary. degree of matching of

20 the overhead electroce assembly capacitance to the magnitude cof
the negative plasma capacitance. In particular, the dielectric
materials and dimensions for the seal 130 and ring 120 are
chosen to provide the desiréd dielectric constants and
resulting dielectric values. Matching the electrode

25 capacitance and the plasma capacitance can then be achieved
despite the fact that some of the same physical factors
influencing electrode capacitancef particularly gap length,
will be dictated or limited by the following practicalities:
the need to handle larger diameter wafers; to do so with good

30 uniformity of distribution of plasmz ion density over the full

diameter of the wafer; and to have good control of ion density

vs ion energy.
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pl asma resonance frequency was approxi mately 200 MHz for, a source power
frequency of 210 MHz. 5 A great advantage of choosing the capacitanqgeafyfshe

el ectrode_,as 126 in this, manner, and then matching thed@akHobant
el ectrode‘-"&@@g‘l’ﬂi‘esonant frequency and the source power frequency, is that

resonance of the electrode and plasma 10 near the source power frequency
provi des a wi der inpedance match and w der process w ndow, .and consequently
much greater iGawmen tyh¢ ofchangésgi napgecéss corditliaems, camhdinsreforand
greater performance. stability, ,Th tir rocessi_ng systemis .rendered
| ess sensie{l[thl‘:vén occr%/la?(% a?‘f%ﬂ%gi’ﬁ %g‘a‘?g{Pﬁg 5888.% 8%?%,‘9’1 & §FLaC% Cﬁj s in

pl asma i npadanee, rasshdhes ef pequance weki abbeoxahang 1w Lo ta Mpreater a ange of

process applicability. will be_discussed later in the specification,
this advarftagé g spo"f%‘?tﬁ%?q%ﬁwéﬁc%ﬁ @Stfﬂézsmll of f set between the
el ectrade- plasma resonant frequency and the source power frequency. 20 Wy

the Plasma Has . a Negative Capacitance: The cagaci tance of the plasma is
governed by the %At iTA 2N pbedi¢ti (P PySoPIt RBSpFaeRa L tBNGEdh 51 a

conpl ex nynber @Mk iSsfendbunCi2 oni Of chhe RLgREE] CahaP@h&Nt iy Rf dHee
space ED, the 25 plasma el ectron frequency ope, the source power frequency w
and the EESElriGMheAGHIredt TP URef FREURARY ABSIURACHCcEMCdaNEe Shutre t he

fol | owi ng tiAQn; = {d- / n Re .= {-1)]
pl asma el 8?9 %%n f%%e L!Eeenncc)&oolp% ?42% giéér'/r‘f)%&%%n%%l %’)Hygg l‘éggrtoﬁ% Eﬁ)n éfs%ala(smge
el ect L6n deagi thhearmburalgfdwed freqedhcknownvigeabl ecatdems iopeglaasrm

PEoCS S0l S UL LB, ol PHLT b SOELRE PR AU S 10
immunity to changes in process conditions, aqd therefore
greater performance stability. The entire processing system is
rendered less sensitive to variations in operating conditions,

15 e.g., shifts in plasma impedance, and thérefore more reliable
zlong with a greater range of process applicability. As will
be discussed later in the specification, this advantage is
further enhanced by the small offset between the electrode-
plasma resonant frequency.and the source power fréquency.

20

Why the Plasma Has a Negative Capacitance:

The capacitance of the plasma is governed by the electrical
permittivity of the plasma, &, which is & complex number and is a
function of the electrical permittivity of frge space €,, the

25 plasma electron freguency w,, the source power frequency w and
the electron-neutral colliéion frequency n,, in accordance with
the following equation:
£ = £o[1-w,7/ (w(wtiv,,))] where i = (-1)"2.

{The plasma electron frequency w, 1is & simple function of

30 the plasma electron density and is defined in well—known
publications on plasma processing.)

In one working example, the neutral species was Argon, the
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pl asma el ectron frequency was about 230 MHz, the RP source power frequency
was about 210 MHz with chanber pressure in the range of 10 nil to qumfﬂ@
wi th suffiygbheRlsddse Power applied so that the plasma densit veen 10~
and 1012 cc =. Under these 5 conditions, which are typical ?ﬁ?ﬁ%@éﬁ%
favorable to plasma etch processes, the plasnma generally has a negative
capacitance because its effective electrical permttivity defined by the

f or egoi ng pllaané oaléstnegafireguebnderathebeutondit Moms, thheRF pbasnee hacvear
negative capacjtance of -50 to,5400Q,.pico _far . 10_Then as we have seen
above in n‘b?%q%%rﬁceﬁf"a‘fa?e?%%?h %éépﬁgg‘nﬁltféaﬁggl gﬁc%,reaguﬁefhﬁcﬁ%nr%?ge of
pl asma el ectoran denditymfasinel sufdscieurcefrppuoeerfapgiieadysandhat the

el ectron-neutral collision_  fregquency)_.tends .tQ,be generally |limted by
favored pl Bgﬁﬁm“ p$%%%%§y r'®afi E’?g”s"e%rli%efrﬁipllq cdtS ons QUL aS %%l ectric

etch, 15 netsbieichs anch{MD, ate ceplosd desikiesk rangasabBndd 1awe @tch
negative val ue at VHF source power freguencies. By exploiting these

char act er | BEPERS S ¢ hle| REREN2 t BRNeT 2ElY o GagHidatnte Carfdriadgeand

frequency-patehidg; f eat tif &se phe thekALLOT ACHIAME vid PIRCATR IMJYIOWe
capability and flexibility and stability of 20 operati’on not previously

possi bl e. fapedahee TEHHsEOR nbd | ORASFEOYVE dedV et HEeStUEEBE:L ipe , stble 135
provi des i t %1%{ i t S i nce of
the RF geﬂé%%ﬁ%q%eaan% e%%gédégg%i)?gn%%a%nfceﬁg]r gtg)entzqe -%}l}%ﬁefgggg%i'nati on

of thel@l ethendesassehbiy E2Eramdate pl asmee Wemhenat heechanbehe Boessach an-
i npedance _pmat re, t ittle or_no reflectjon of RF.power at e
gener at or-%gﬁ%ggg%%ggti o?%nﬁgiéljtlhger{ scfﬁﬁglre]ﬁser%? réogee&c%)ﬁﬁeé P%ﬁpy\(ﬁ?ﬂ g tsL? no
refl ecti onaexseedcagpther VaARquands afd tdlee R+ @0 genmeral otolb0)ichlow thi s

is acconpl L shed will now be de esired 'VHF fr of the

i bed. t th
gener at or 1539ANECH ‘éenSFagr?a%%;:%‘aler{Vea@d/clﬁg?ﬁb $9 P 8s5AVRIF \q/ﬁ‘r?gg 8 for
pl asma et chrdde2s 4r 6112005 100 03 O3IGES0 RETIMD2430899s dielectric etch,

15 metal etch and CVD, to certain desired ranges, and to have a
negative value at VHF source power frequencies. By exploiting
these characteristics of the plasma, the electrode capacitance
matching and fregquency-matching features of the reactor achieve
& process window capability and flekibility and stability of

20 operation not previously possible.

Impedance Transfcormation Provided by the Stub 135:

The stub 135 provides an impedance transformation between
the 50 Q output impedance of the RF generator 150 and the load
25 impedance presented by the combinztion of the electrode assembly
126 and the plasma within 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 exceeding the VSWR limits of the RF
30 generater 150). How this is accomplished will now be described.
At the desired VHF freqguency of the generator 150 and at &

plasma density and chamber pressure favorable for plasma etch

17



processes (i.e., 109 - 1012 ions/cm and 10 nT - 200 ml, respectively), the
i npedance of the plasma itself is about (0.3 + (i)7)Q where 0.3 is ED%C 7005
real part _of the gl asma, inpedance; i=(- 1)1", and 7 is the imaU%i naré/ par{
of the pl NP5 ance. The 5 1 oad i npedance presented by PhEUS02/30399
el ectrode-pl asma conbination is a function of this plasnma i npedance and of
the capacitance of the electrode assenbly 126. As described above, the
capaci t ancerofesthe élheetr ode’ asséibl yoriDboni’s asell 86t @8 to288hnBve a
resonance - el r e. .pl asym Wt n 10
el ectrode- ﬁ?gégnggggégﬁéht gg% eg e%%%éﬁgg%o%gzﬁggﬁ.l@%}ﬁ& i“c?n%slﬁof(% ¥
power at the)3iQb-ehecerode intend acezbrgsrmod nilzed lersnay dirgediabesause (t-he
resonant freguenc the stub 135 is set t at_.or__near the .
el ect rode-E) as’mal¥%gi)n%%tth? reguency s¢& atrﬁ:atooft b%let W eE0e ég?tegﬁ‘g&ﬁ‘y The
resonat g tpgetihenpeddndt phessamed thyeshea of 1act 1 ans-ofa dtfe powerirat itheis a
generator- _stub int eéf‘&ce are mnimzed or avoi d(gtg qbrgecause the | ocation of

1 :

the tap 160°R2Fbhg tAe BT 2l PHEHM et St SR GHErce &f the tap

160, the ratiorpfad hes sémpdy N svaveny ddage Hed 1 veSt andl RG ARV R sGer gt 1 n
the stub 135 is_near the output 20 inpedance of the generator 150 or

char act er i 5§ c=1 fperafe 2 DMy 1ablles Bl qUGh Yeiardi@6ue 58SARan[sw t he

tap 160 is,localRdifo o achi Y& thisentil) W He: diRCYISetha i@l ahocation of
the Stub's Tap 160: 25 The axial length of the coaxial stub 135 preferably

is a Wl tepetorderplasterr sevEEnditesenEyY stlupbduted@énédizie. g., 220
MHz) whic ol > - S re a
frequencyrhelﬁf%%%(ﬁﬁpﬁ%ﬁepr%%d?%tgﬁﬁﬁw J'tl p rg)ld%s%ttv%, §§% tgft%gt t he
coaxi al stminiminzrd ¢ aboided Healahusgavdlee mytso 30 toff relqeehstyubft theqeenby,

T8 2 4 OCT 5005 S5 0 dHetHo PCTRGR031 5038 Teigen taF [Fe Scubatio. AL thi s
| ocati on, fhesuaridcp detween dHe two at least nearly rescnate together.
15 At the same time, reflections of' RF power at the generator-
stub interface are minimized or avcided because the location of
the tap 160 along the zaxial length of the stub 135 is such that,
at the tap 160, the ratio of the standing wave voltage to the
standing wave current in the stub 135 is near the output’
20 impedance of the generator 150 or characteristic impedance of the
cable 162 (both being zbout 50 W). How the tap 160 is located to

achieve this will now be discussed.

Axial TLocation of the Stub’s Tap 160:

25 The axial length of the coaxizl stub 135 preferably is a
multiplelof a quarter wavelength of a "stub" frequency {(e.g., 220
MHz} which, as stated zbove, is near the electrode-plasma
resonant frequency. In an ekemplary embodiment, this multiple is
two, so that the coaxial stub length is about a helf wavelength

30 of the "stub" frequency, or about 29 inches.
The tap 160 is at a particular axiel location along the
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anplitudes of the standing wave vol tage and the standi ng wave current of an
RF signal at the output frequency of the generator 150 corresponds. %@DﬁnMUﬁ
i nput inpedance natching the output 5 inpedance of the RF generator

(e.g., SOWhPAEY3668Phis is illustrated in FIGS. 2A and 2B, iPCHUSEHBHE

vol tage and current standing waves in the stub 135 have a null and a peak,
respectively, at the shorted outer stub end 135a. A desired |ocation for
the tap l6@riggratofa whisstsance WS nwaad| yh fr dmddie oH) sher tred iende twhkere thike

rati o of the .stan ta e and Lurrent Larre ond 0,.50 Ohns. This
| ocation iEHedd 4j %3ﬁﬁ%l ﬂq1 ESNRENG m&' = By eiﬁlrlgéﬁpﬁngefgrﬁlnlng
wher e t he custrandi m;f. &Y R ET astngmals &0 t(HmBautEm dlzserq&@mwal acat igeneAadhbr
the tap 160 thatIPrOV|des a match to the enerat outRUt 15 i'npedance

(50 Q is &% WRAHGROSCH HE aéhalrf&aterlum% r‘?pé‘d‘éﬁ &Ngf EREnEUEPYH 135, as

will be dasgfddiedd atrerHen Eishlgserﬁdq%ciﬂ cafol qr.. g . Whep thaestap #6Qsi ssl ocat ed
precisely at the distance A, the edance match space acconnndates a 9.1

change i n itHeste@tefart 3eXtheA i“Bped@n®éichf thge VREtgeRepaFoF IS €OE

the typical Kddg aﬁvte@atlnc%@)e”aitrbtta'l@SC(B%%Ea@t ngﬁll' vered pagel over a 31
voltage standing wave ratio (VSWR). I'n an exenpl ary enbodi nent, the

i npedance IeEECIFtIpECY i T Fheatinprégsandéart 6tascenfodabe- a ﬁeéEEyred 1

- change in I t t I i Thi S is
o deed BTRELER, £2 RA calp Wi \0dcl ppedatenee TR 9 dLamRY B bRSVL 1S

| ocat ilén AhDGWaddemHe whamﬁedhexueﬁnalOéndhEBSaaoﬁlngewe@axNaﬂtag9ubnﬁ35

This shift is, for 5000f el e n t he exe odi nt
(i.e., abSUE TEDS (RE %gBPﬁd Psgﬁgé ggE the %830%8r g¥l§ ?HPgE
slightly &blth@dsmaplbdcabm&@: t@eeﬁﬁlrauaneptdeoermmbmhgonhetethﬂetap 160
subtracts or adds to the curren%oln the s whi ch ever becones

appr opr i af&2Md 89 “"ANP03AG38686 24 C8EF 20 ﬁﬁfﬂ%@é/ 8p39§cation A of
the tap 160 that provides a mgtch to the RF generator output

15 impedance (30 Q} 1s a function of the,characteristic impedance of
the stub 135, as will be described later in this specification.
When the tap 160 is located precisely at the distance A, the
impedance match space accommodates a 9:1,chahge in the real part
of the load impedénce, if the RF generator is of the typical kind

20 that can maintain constant delivered power cover a 3:1 voltage

standing wave ratio {VSWR).

In an exemplary embodiment, the impedance match space is
greatly expanded to accommodate a nearly 60:1 change in the real
25 part of the load impedance. This drameatic result is achieved by
slightly‘shifting the tap 160 from the precise 50 W point at
locaticn A toward the shorted external end 135a of the coaxial
stub 135. This shift is, for example, 5% of a waveleﬁgth in the
. éxemplary embodiment (i.e., about 1.5 inch). It is a discovery
30 of the reactor 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
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conpensate for fluctuations in the plasma | oad i npedance, as will be

descri bed below with reference to FIGS. 3 and 4. This conpensation igh CT 2005
sufficient_to increase the match space fromone that acconmpdates a :E
swing in tRO PEEM88art of the load 5 i npedance to a 60: 1 swilgl/UsR/3p399f ¢ ¢
that this behavior is due to a tendency of the phase of the standing wave
current in the stub 135 to becone nore sensitive to an inpedance m smatch
with the elsoteodets dom dlowd ukQ liomsedancbe adashe tlapdpiimpedescroved awnay

pomthe M oo iR LN AL oy 2% ddeaciibed abave Sl g elect hade assendly
126 is matched to the negative capacitance or the plasma under "nom nal
oper ati ng caonmgictisans onThiss scdgaciieancéci SnebsBate th@0mpkch sparadsram the

preferred VHE source power frequengy .(210. . At .15 this _capacitance the
pl asma exhxﬁﬁfsagcﬁpggég%ﬁﬁpgd%ngesﬁf @.%nNE%%)6?a+hE§ft.§6 %EetﬁBa eal part
of the @ asmpeldapedance af @O : IwWkivchgt.he systemis tuned. As plasma conditions
fluctuate, the plasna capacitance and i npedance fluctuate away fromtheir

nom nal val ues. As the plasma capacitance fluctuates fromthat 20 to which

the el ectrode 12% was mEtchetht tde sphhasevabrt he deleeectr adewplianey besenance
changes, which affects the phase of the current in the stub 135  As the
phase of tRB2SEuRTs tERafdiomy 1 WaV8VEUFFERENENL] ERFf F8UDL RS RECgBREPEE OROTE

current supphkedite cbhent ampteAnwel kishkher @QthQb@re§EQ££§§é-%19ﬁﬁahfbad
stub standi ng 25 wave current, depending upon the direction of the phase

shi ft. 10Themaesphaeemdat Lok the Papnicdsf rekrehewsy Spomothei OR2BENA s

limted to agtion_o ; e h Opy o2 I 1) ustrates
t he standiégc%gsghc%?rght ?ﬁ PﬁéEg%§%815§89§0 éﬁ%ne%ﬁggggg %%?%m%Tytﬁéé ~=
pl asma i npedanbedhas kher eagedidaectpaplasmee féfictibat pbasma | uandd G n@iinde

current, ot 310 WBvEopRTRLLLUCe b5 BLELLES, 88,3, (BICLLQT, 81 g Ay dgoati or
di sconti nutkyatda bhethtapdefigrnadeVEHr ceatcanpbiénderequency (210 MHz). At
15 this capacitance the plesma exhibits a plasma impedance of (.3
+i7)Q. Thus, .3Q is the real part of the plasma impedance for
which the system 1s tuned. As plasma cdnditions fluctuate, the
plasma capacitance and impedance fluctuate away from their
nominal values. As the piasma capacitance fluctuates from that
20 to which the electrode 125 was matched, the phase of the
electrcde-plasma resonance changes, which affects the phase of
the current in the stub 135. As the phase of the stub’s standing
wave current thus shifts, the RF generator current supplied to
the tap 160 will either add to or subtract from the stub standing
25 wave current, depending upon the direction of the phase shift.
The displacement cf the tap 160 from the 50 Q location at A is

limited to a small fraction of the wavelength (e.g., 5%).

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

amplitude is plotted as a function of axial location along the

20



at the location 0.1 on the horizontal axis corresponds to the position of
the tap 160. In the graph of FIG 3, an inpedance msmatch occurs bg¢aasen;

the real part of the plasma inpedance is 5 high, above the ] sna
i rrpedance{)‘?q)?y%ﬁp%’h the systemis tuned (i.e., at which th@ﬂ”@@%‘%k‘%

capaci tance matches the negative plasma capacitance). In this case, the
current at the tap 160 subtracts fromthe standing wave current in the stub
135. Thi ssswbt taeti of cdagsestiheidlsedonthRustyneinguiEve nctheemt aphp b tdde

FIG 3, and r@ﬁwacg@mebiyegsdtRgWﬁ_&zonEL§egx£gec§g9é§§§&gs 193 Thi S
avoi ds a corresponding rncrease in delrvered power (I : e to the higher
| oad (R). fdGtdon| bAstnat espt heOst ahdi hgewavepbuefeAfGi n3t hen strupeddsce 15

when the real t i d decreases. In. FIG 4, the current
st andi ng vELEanGh i Poat F s hT et ed hE EoR bnbe T brnt e i TR
the stub 186gh A dbseenthauntyinalt hbasssabdbagzmayef curwienth anpd i 4 yceerati g he
| ocation 0.1 rks the _posjition_of tpe tap ,160. In , the graph of FIG 4, the
real part 28P%F theSpl adm” ﬁ%tédtélﬁ%ee'icﬁ:ﬁgfieb‘é‘?%ﬁﬂ%%n% et S5 adtm

i npedance degambhiehplhemsystiparisahemed. ' Thnthhs scease, thdhecu et athd he
tap 160 adds to ﬁShe standi ng_wave current in the stub 135. This addition
i ncreases t3e HeYi SRPREAPbRefI?B bRF sBt2 e HRI dEEYRaSRT §ad I ' GVt HP al 35 -

concomi t ang, decL 836La ki 88| E¥@sed 25 POVNSEont 2Rui Bect e dearpaspd dipatk
R Wth such conpensation, nuch greater chances in |oad i npedance can be

accomiddat il so3, t A2 {REUGRS chheparkl TRredcp@iRed 3 Yfni T artd yncHfiased
expansi on he h, 0, %q@ ' N A in,t r art
of the Ioaﬁg?érbedgﬁ%:gé -eﬁ(ﬁgﬁ%eés %?%%%ss S%E%\n %%%%%Sn%sl\rlﬂe{}%albﬁei%? &eo%{%rg _
reactor. Thi*®)i,s dhecawsd hgs hagbeat ingdcdRdi-ti ons shift during a particul ar
process or application, or as the reactor is operated with different 21 2 4
OCT 2005 WO 03/036680 PCT/ US02/ 30399 operating recipes for different
applications, the&Gpl 4smhlustrates the standing wave current in the stub 135

15 when the real part of the plasma impédahce decreases. In FIG. 4,
the current staznding wave amplitude is plotted as a funcfion of
axial location along the stub 135. A discontinuity in the
standing wave current amplitude at the locaticn 0.1 marks the
position of the tép 160. In the graph of FIG. 4, the real part

20 of the plasma impedance is low, below the nominal plasma
impedance for which the system is tuned. 1In this case, the
current at the tap 160 adds tc the standing wave curreﬁt in the
stub 135. This addition increases the delivered power to offset.
the decreased load, to avoid a concomitant decrease in delivered

25 power, I’R, due to the decreased load, R. With such compensation,
much greéter changes in load lmpedance can be accommodated so
that the match space in increased significantly. "_

This expansion of the match space to accommodate 'a 60:1
Swing in the real part of the load impedance enhances process

30. window and reliability.of the reactor. This 1s because as

operating conditions shift during a particular process or

application, or as the reactor is operated with different

21



i npedance will change, particularly the real part of the inpedance. In the
prior art, such a change could readily exceed the range of the convenétﬁafl _
match circuit enployed in the 5 system so that the delivered power c S
| onger be‘%@Ht”P%F‘bd sufficiently to support a viable proc&d/UFa¥he
process could fail. In the present reactor, the range of the real part of
the | oad inpedance over which delivered power can be maintajned at a
desired | eyrl-haspean il eased; SO JMGh thal ichangss | iy asing L0 _

i npedance, which fornerl'y would have led to a process failure, have little
or no ef f dEPSEIR& S eddtlors eSSty iR tifivs ddpect ofreath@gaivett itd. Thus, the
| nventi on sGhaRlesd.Ne dPaGtdlpd0r WNStand (A RA &0 ChANGSRITY DRIAL NG
conditions during a particular process or application. A ternatlaély, it
enabl es t @elFanggctodr e eorused: Janatamp (il fodrieml tagyin leatacbrig itheol vi ng a
wi der raan f..prQce ondj ti 3 i Qi f nt a _further
advant asge,%%’tsﬁeengo%% ;t?]ag:t lr}g{etlﬁglﬁhvae?re?r %vingerg%%ﬁ'}hL?g\f%r olg% r?efg‘sblem:():é) ggrégled
mat ch i s audifiplienpadysitee sdgpcce W thiatde 'troviesg, pants'theugrcassa vaniidbl e

capaci tor/servo ar vari abl e 20 frequency/servo typical of conventianal

i mpedance fsﬁ‘étlch %élp%greatp IS 5T 5 atCﬁ:gDsr ‘i %’)?pgr?snlg\?e%gné?‘ﬁarr EF & ngltge
t han the liogpedaneezmakckvappahdids dehatyeirkdr ephacesanDeelwiaiing stithed a1 &
Onerati ng and Resgnanﬁ grqupnciqs t o Broaden thg 55 Process VVndoiﬁ I n
accor dancEeRr-EhR%a IFYFEhEF SadFEdt FYHRESTS: 6f BYE FEalcERaNEE0i5aleRTFRe
process Wirgewahyes! Wghthy fefrieeliti ngutlBenstyab 1 etiesonantrbeguerey 1 yt-he

el ectrode pl asma rigonant freguency and the plasma source power frequency

: R
from one BAYEherETAS AEsEFi FEd eS8 Wofe FeRRECSt GFCPEYSRENE RS GIBREY PS t hat

frequencyrgt whkehctibg. arhals,| engt RneknthenstHBnldd kgearBalkowaygl ength,
and the electrode-plasma resonant frequency is the freguerjcy at which the

22 WD 03/ B36b8bapd4feETIZ665SrPENAOSES/ 30399erating conditions during a
particular process or application. Alternatively, it enables the

15 reactor to be used in many different applications invelving a
wider range of process conditions, & significant advantage.
As a further advantage, the coaxial stub 135 that provides
this broadened impedance match is a simple passive device with no
"moving parts" such as a variable capécitor/servo or a variable

20 frequency/servo typical of conventicnal impedance match

apparatus. It 15 thus inexpensive and far more reliable than the

impedance match apparatus that it replaces.

De—-Tuning the Operating and Resonant Frecuencies to Broaden the

25 Process Window:

In accordance with a further aspect, the system { is reduced
to broaden the process windeow by slightly offsetting the stub
resonant frequency, the electrode plasma rescnant freguency and
the plasma source power frequency from one another. As described

30 above, the stub rescnant fregquency i1s that freguency at which the
axial length of the stub 135 is a half wavelength, and the

glectrode~plasma resonant frequency 1s the frequency at which the
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el ectrode assenbly 126 and the plasnma resonate together. In an exenplary
enbodi nent, the stub 135 was cut to a length at which its resonant ZLPETZWS
0

frequency ) , the RF source power generator 150 ect ed
oper at e aﬂmg?éaégé&Z%d the resulting 5 el ectrode-pl asna reggﬁgﬁf(¥9%33ency
was about 200 MHz. By choosing three such differing frequencies for plasm

resonance, stub resonance and source. power frequency, rather than the sane
frequency £oectkbdeheeeerbhg 396t end halse bebassaneabataté deegened!. |In an

therefore wer Q' usg. o e, hi ghe VHE soyr ower,
frequency %?%% %%?%n%?ggélﬂgggéaggg %%%QC}Q%QWW%I%Qiigga%d??ﬁg%gt%@ which
facilitati ngst hesppénh 6fethenel eets otiel aridz, ptasnBE capacd¢ apoesr upeeerator

etch-favoraple operatin ondi tion Dect easi,ng system Q broadens the

i npedance ﬁgbcﬁa pggééggegtﬁg §9§f%%$ %o %ﬁatM$?sa%%r?%?g%%%%f?ﬁn%ot as
suscept bl eLtot rdfe ehhages I oas@hastref condiridwnsaOrastevi atdonNeds r om

manuf act uri ng toIeEgnces. F exanp el ectrode- pl asna resonance may

0 le, .th
fluctuate due t8Yf FUEPBARPORETFR ﬁ?%@nﬁlﬁgﬁﬂngo ECAYRRRISS SHRIFPEISTE the

resonance bet¥genct hes stiybrd S6namek tdre el QctdOdRowdd as By COMm) Natd 04k £ hatad S
necessary for an inpedance match (as 20 descri bed previously in this
speci fi catF’é?l)séfﬁ%%’é%q‘il%%gyf%‘?raaljgi Merehdite I¥EEHR R adieel ¥itedert

resonance. »4s_ g, f&sul t, Itfwgic%@é&@r}%é Pl Sade gondi Fi*r?é‘%%?/cgfs 'rr§§é ridgct

on the inpedance match. Specifically, a given deviation in p
oper at iAg ¥ONdseRBes PPYRticEESQUEHR |RFORNCHicsE Ly VR easahaps Quaput  of

RFE generat oL, 150; Té%@itwf {SAELON . 8, ORYY AALH Nor & defe DAl Al
pl asma process conditions (pressure, source power level, source power

f requency, plt ssaec dEnsi tan ces oynde ivisrtathveie v ar@ilfeaciagriang nolcemahidesnsdy. be
rel axed to save ifo erf.o nqgge n ctors of the
sanme nodel 30 d%gﬁ?é%]a?grchc%}lgg%ﬁ,&;}g é?‘{gér%r% c%hne{ a veac%] ageegn%f&r eﬁcgaatce% O%
advant age the $hater hessaneszt ebtcd gre mayrnEave: a ssufdt G entdsceaprde Iy aoess

\(I)MB/ngg\évé%S cl,?hearltjgseeéc uin f;:()){asorﬁ)aergérlnc?igticgrisf eorrerge\}aira%cieosnss rﬁ%np%san%%%c%%rvjplg
tolerances. For example, the electrode-plasma resonance may
fluctuate due to fluctuations in plasma conditions. With a
smaller Q, the rescnance between the stub 135 and the electrode-
plasma combination that is necessary'for an impedance match (as

20 described previously in this specification) changes less for a
given change in the plasma-electrode resonance. As a result,
fiuctuations in plasma conditions have less effect on the
impedance match. Specifically, a given deviation in plasma
operating conditions produces a smaller increase in VSWR at the

2% ocutput 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 may be relaxed to save cost
and a more uniform performance among reactors of the same model

30 design is achieved, a significant advantage. & related advantage
is that the same reactor may have a sufficiently wide process

window to be useful for operating different process recipes and
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2 4 OCT 2005 PCT/US02/30399 different applications, such as conductor etch,
dielectric etch and/or chem cal vapor deposition. Mnimzing the StalorT 7005
Characteriéﬁhﬁ(hgﬁ dance to Broaden the 5 Process Wndow. Another choice
that broadams’ uni ng space or decreases the system Q i SEGBUHEEFESse t he
characteristic inpedance of the stub 135. However, the stub characteristic
i npedance preferably exceeds the generator output. i npedance, to preserve
adequat e 1@ inHtesotergpaeel LTEhgriehor, e,sudie sy steemuQticsr prefrer atiley eceducedr chut
only to the extent ,of .reducing th mount_ by which the characteristic

i npedance 5?1’%E:§¥ﬁﬁuf§g'§f eédg% %?1§ Cﬁht i npedance of the signal
generator 150. The characteristic inpedance of the coaxial stub 135 is a 15
function op.the.radii of the. inner and quter conduc 145 and of the
diel ectric™ e e e GUR (HIRE S~ SRR ST E € LoPpSL the

char act eri stricasypedanies -1 S chosen to provide the requisite inpedance
transfornmati on between the output inpedance of the plasna power source 150
and the input i ffEddifde A i%Fe DG el BAIGIE 185 CHIOdc IPRes& @f Seicgeases

i npedance kihes NatwRen as MNidPeRer a¢keldhathe teFRedaRce nRRAaA IR EMYAL
characteristic ~inpedance. Changing the characteristic inpedance of the stub
135 changé&ubhd wavefl@rfyest ENG SEUBNG EHEFéREiEtéRanfestaReedBsRfedably

| ocation o he At.a 6 [ i i,$pl Ap f f d of
the stub 1355 oo bl Sunsie arnl min ohar Borer 5t1 5° Pasdanse af Phcst b
135 i slfhemenehatspabiech TheraifsrgncE&ha etvstPnGl 2si przéeoaboyt haducay, 160t
woul d have “be | t t - a t be, coaxi b 135
opposite tﬁé9§|§8t?§§e8%£§%ti%%of gpcgggséggaaﬁguEEnP&a?ﬁ%ége?&gen t he
standi ng wamereuoreentt30 amdedehtagef The aklbwhBbeeraxedunthbacacpeti stic

i npedance of the stu? %ﬁS S thi one at mhigﬂ the distance A of FIG 2 is
equal to tRhBPFERGFR § & St8B135°86TehSF tAB tap 160 would 24 »

The characteristic impedance of the cocaxial stub 135 is a

CA U

15 function of the radii of the inner and outer conductors 140, 145
and of the dielectric constant of the insulator 147 therebetween.
The stub characteristic impedance is chosen to provide the
requisite impedance transformation pbetween the output impedance
of the plasma power source 150 and the input impedénce at the

20 electrede 135. This characteristic impedance lies between a
minimum characteristic impedance and & maximum characteristic
impedance. Changing the characteristic impedance of the stub 135
changes the waveforms of FIG. 2 and therefore changes the desired
location of the tap 160 (i.e., its displacement, A, from the far

25 end of phe stub 135). The allowable minimum characteristic
impedance of the stub 135 1s the one at which the distance A of
FIG. 2 is zero so that tap 160 wcould have to be loczted on the
far end 135a of the coaxial stub 135 oppcsite the electrode 125
in order to see & 50 Ohm ratio between the standing wave current

30 and voltage. The allowable maximum characteristic impedance of
the stub 135 is the cone at which the distance A of FIG. 2 is
equal to the length of the stub 135 s¢ that the tap 160 would
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WO 03/036680 Z 4 OCT 2005 PCTI US02/ 30399 have to be close the near end 135b
of the coaxial stub 135 adjacent the electrode 125 in order to see a7 SLTOMM

rati o bet weghsoshg, St andi ng wave current and voltage. In anj
enbodi ment, the coaxial stub characteristic 5 inpedance masltﬂg@%ﬁbgggbe

greater (by about 30% than the output inpedance of the RF generator 150,
in order to provide an_ adequate nmatch space. The .stub inpedance nust exceed
the RF geRéISt 6 86t FdCSEnpEGance béSduse “Phé i pedaneaidat & eordittion is

achi eved byqsakesti Rget Becl@eaticon 26f ihhertiap Pei Be160 0okl $akksf ¥eddeRn-
a 2 [Zscub2/iplasma] where a is determ ned by the |ocation of the tap point
and vari es thBefRBBAIREr HadRd CHAEENLa386r FESPBABES to the ratio of -the

i nductance of thg %Hliln_irggratﬂ %m]b%fdﬂn@%t?teﬁe_l%%atzgwe%?%h)%hgg@c%é&e@i&35b

and the tap 160 to the inductance of thée entire stub nce a cannot
exceed Oneimphdastabweharheteni $bi be pmpetiancébpusboekcééd)t hbagehbeaborput

out put i npe I d t i | ython.to foregoi.ng .equati on.
However , s?ﬂ@gagﬂégC?Eoﬁk?hggsgsﬁgﬁgfégdr?gbtﬁ§ B%Q%Br Yo 5PV?8etﬁE stub
char act eri stiequa 28 mapedanpecet heThrpantbbymphdehceheust ubxcbadacherRBti c

i npedance _exceeds the_geperator,_output inmpedance.preferably |s. sonmewhat

P ped P RBERCT HATERE M ORHE hr abrrRire FRE L HEP SRR st SR o heren

t he stub charaeheevsti byi ppeédancegexheetsciteongenet At otapuppiihiti npedance by
only abqut 15 .0, 25 However, in other enbodi nents, the coaxial stub

char act rig?Ftsfﬁpedance may be chosen to be less than the plasma power
source (generator) output inpedancg to aghieve greater power efficiency

wi th sone reduction in inpedance match’ 36 Tncféased Power Efficiency

Provi ded bylehe # npeddREermInafskor vet i FPILAhe Bille P dXidus sad Srriiesy
in this spgelfleRtiOPy PLESHRe OPE{AlidGresponds to the ratio of. the

inductance of the small portion of the stub 135 between the far

15 end 135b and the tap 160 to the inductance of the entire stub
135.) Since a cannot exceed one, the stub characteristic
impedance must exceed the generator output impedance in order to
find & solution ro the foregoing equation. However, since the @
cf the system is directly propcertional to the stub characteristic

20 impedance, the amount by which the stub characteristic impedance
exceeds the generator cutput impedance preferably 'is somewhat
minimized to keep the Q as low as practical. In the éxemplary
embodiment, the stub characteristic impedance exceeds the
generator output impedance by only about 15 Q.

25 _ However, in other embodiments, the ccaxial stub
characteristic impedance may be chosen to be less than the plasma
power source (generator) output impedance to achieve greater

power efficiency with some reduction in impedance match.

30 Increased Power Efficiency Prcovided by the Impedance

Transformation of the Stub:

As discussed earlier in this specification, plasmeé operating
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25 WD 03/036680 2 4 OCT 2005 PCT/US02/30399 conditions (e.g., plasm
density) that favor plasma etch processes result in a plasna inpedagfﬁnlﬁﬁ§

has a ver ywewldssdsgal (resistive) part (e.g., less .3 Chnijﬂgu 5
i mginary (reactive) part (e.g., 7 Chns). Capacitive |osses pre 6Mmhate in

5 the conbination el ectrode-plasma area of the system because the
el ectrode capacitance i‘'s the predom nant inpedance to power flow in that
part of theorshdtions Teemef o0rd,2speweiensosy )i nhthe fagbecpledBapkasha

conbi nation i r.opor.tional .to _the _volt n__th L ectrode- pl asna
conbi nati o Fﬁ%?%iﬁﬁnﬁiﬁgyﬁrﬁﬂuﬁiﬁi?%%ﬁd%%gegsgf§t?0§“|gééeg Hgéﬁoﬁpﬁ% e PR
the stub 13eshbecawse thet i(rduct aneesand ésistance shalbeisbybnd3p are the

predom nant, el enents of _i npedanc kfgpgmer flow.in th? stub 135. Therefore,
bover | 0ss (i SEH6 ‘&uB°T35 1o SorogortTERal C6P8GFFARE TRSERE PEEABM TheSstith
char act eri shiec dompadanden % euehogeeptieemthapetherlbhs ealscpaltbeéatbe the

i npedance presented by the el ectrode:plasma conbination. Therefore, in the
hi gher i npBd&NE&CSEUSPIS1ERECCY 6Pt &§8 RFFPOBLRANEhefPefanthet e UPPERE T Hoer

than in then ewak pamedancacplrasmor WrhehetBeeCUpseat Wokk bg bhgher and
the voltage |lower. Thus, the inpedance transfornmation between the 20 stub
135 and t hELlEr&sSRECEPEEMEdECEBRBRRALTIOAS pPBHENCESI AL gherthg of ¢ Hgrganen

| ower Curregfe N elhe csieub123Ra( WRRLELEEShHS vgréaegntméiy,ctie{&ép $€Sand

ti
dom nate and where these are nOM/nlnlnlzedj an a correspondl ngly | ower
vol t agélandehiighervecuprsens arechadipphsnarn/ ehecstodel {whebecaapactiiéve | osses

domi nat e a?ﬂd\ﬁ’&%%ﬁcezépﬁh‘iﬁgiQESnBQWo N %@?& 13%”&%“%%9@&08&’%%&'
power loss”i'n the systemis mnimzed so that power efficiency is greatly
i nproved, alsignitbi odntimadvantagec bnwan éXxewplar yhendods neht, Pposeéfore,

oL 11 1 PICYeLRGSOUL 90 RecureatetasTouS e Llerstuba 85 Sontigu o o5,
transformagtob.betweestub characteristic impedance is much greater than the
15 real part of the impedance presented by the electrode-plasma
combination. Therefore, in the higher impedance stub 135 the
voltage will be higher and the current lower than in the lower
impedance plasma 1in which|the current will be higher and the
voltage lower. Thus, the impedance transformation between the
20 stub 135 and the plasma-electrode combination produces & higher
voltage and lower chrrent in the stub 135 {(where resistive and
inductive losseé dominate and where these are now minimized) and
a correspondingly lower voltage and higher current at the
plasma/electrode (where capacitive losses dominate and where
25 these are now minimized). In this manner ovefall power loss in
the system 1is minimized so that power efficiency is greatly
improved, a significant advantage. In an exemplary embodiment,
power efficiency is about 95% or greater.
Thus, the stub 135, configured as described above, serves
30 not only to provide an impedance metch or transformation between
the generator and the electrode-plasma impedances acress a very

wide range or window of operating conditions, but in addition
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the generator and the el ectrode-plasnma i npedances across a very w de range
or wi ndow of operating conditions, but in addition 26 WO 03/036680 2 Aiﬁi 005
2005 PCT/\Wad3/,h3R399 provides a significant inprovenment in (ﬁbﬁbgl Q.
Cross-Gounding: The ion energy at the wafer surface can be coﬁ%ro ed 5

i ndependently of the plasnma density/overhead el ectrode power. Such

i ndependent control of ;the ion energy is achieved by applying an HF
frequency Bira¥ipefer §d@Péé&icenfhéMparEEmeThi N PPEfteREYICi{EYPYcal |y 13.56
MHz) is significantly |Iower than the VHF power applied to the overhead

el ectrode that governs plasma 10 density. Bias power is applied to the wafer

by a bias paaes-fEourdgnal generator 200 coupled through a conventional
| mpedance mat chygl Lo £r2LO.t ocl REWaLeL SUBROELL10n peThE ROYE] Level of

t he bi as generator 0 controls the ion energy near surface, and
i s genebal iypdapéndent on of the poaenz| derbivf/oherhdad pt hsnarsdelrpavgoner

generator 150, As_.ref e, .t C i ub. 135 _i ncl udes a
shorting c%H%ﬁc?ﬁ?eﬁ%g&%ﬁgt%gnggggrogtgﬁeeggépgéeﬁé nbsaggmb?Yeg§?¥cuit
bet ween t heppbhpéngaad BHt ércgoarcal bséabpowadusborse 140, thd4bafdhe Shwid i ng

conductor 165 establishes.the location of the 20 VHE standi ng wave current
peak and t%ée@¥$“§¥an§FH@lﬁégéyvg?t%éemgﬁhl*Sa%l??gﬁz?f”%&y Ry eran Hete
shorting copdusboer 165pdoea 0ot thehevérpeidt deeMio@ppthed PoOWerns hecause of
t he couEIing of the _stub resonance and the pl asna/el ectrode resonance, both
of whitR GFBShEYor Hb3AF PRESYHES sRRREESPobRr Lhe stREREYOY TheP tohdeRr HiB5

25 does appeghaBSgéndiiest SHOTEolk®1 88 ounehd @t&”@rqvér{wiﬁgaedam@@eveh
such as the HF bias power source (fromthe bi as. generator 200) applied

to the wafBRECHtCHISSH Shét P stouENhi yhe?r FYRRRENCIES: sUBF ORI edls
the VHF sourge, poyese & £HHEACY00 UEHSE AL PY il 1oh RLASHBY SNA e wafer

surface, and is generally a fraction of the power level of the
15 plasma source power generator 150.

As referred to above, the coaxizl stub 135 includes a
shorting conductor 165 at the cuter stub end providing a short
circuit between the inner and ocuter coaxial stub conductors 140,
145. The shorting conductor 165 establiShes the location of the

20 VHF standing 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
are at or near the VHF source power frequency. The conductor 165

25 does appear as a direct short to ground for other fregquencies,
however, such as the HF bias power source (from the HF bias
generater 200) applied to the wafer. It alsc shorts out higher
frequencies such as harmonics of the VHE source power freguency
generated in the plasma sheath.

30 The combination of the wafer 110 and wafer support 105, the
HE impedance match circuit 210 and the HF bias power source 200

connected thereto provides a very low impedance or near short to
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30 The conbi nation of the wafer 110 and wafer support 105, the HF inpedance
match circuit 210 and the HF bias power source 200 connected thereto

provi des awwanist@w | npedance or near short to 27 WO OSIOSGQQQH%N%NEEfLiﬁéﬂmm
PCT/ US02130399 ground for the VHF power applied to the overhead electrode

125. As a result, the systemis cross-grounded, the HF bias signal being
returned to ground through the overhead el ectrode ‘125 and the shorted
coaxi al st @b°%8S, fand thRe VUHFPRYREr 2BP§hat bR the' 0% Bvertheatt @ &ada dde 135

being returged tesgroundnthcouabna; Yeryost op-bimedanca,paih §far MR-,

through the wafer, the HF bias inpedance match 210 and the HF bias power
gener at or POONITRELBXPBSeHOPEEPERA bR rWE cHabeYe Biakd vl st instanddy e -

plane of thg.wafgf-and-bhg:iRhane,of ;5he ﬁxgrwdw@& J@Pesilg%ﬁallﬁrgg@%ég he

little or no role as a direct return pat or the VHF power ~ app
over heall ebeerhnedd ¢28cheedasé3dfbehed| mwygermaedo afraurel dlteciugide Y25 vand

the relatively. e dezt 0- r = | t he .si |1 of the
chanber ma¥8 elﬁﬁggﬁé{lgé ?%%ﬁq ?F %g \\éﬁégn%h%%ip%hg ér}la'ggﬁgatqecg'igc eaﬁ%o 6r a
di el ect ri cimpediange omaanh 150 aandl @te dielecd s i powars erdnetatean@ahl e | i ner . -

In order to confjne current flow of the VHE plasm sourc ower emanati ng
fromthe over hei eeFéBPFSQePTEEl\?\Pt# ntlﬁ%e‘:h%}%t?eﬁ csilé)eel"éag}tlr gtbeet-"fec?-“pé:&‘é’st al
pat hway anslian@yofr oneovheer pang scthof plivee chanber kel sieh aAsddiedsi dewal |,
the effective ground. or 20 retuLn el ectrode area in the plane of the wafer

110 i s1@niRdyed LheybRd®T he® physT c3F Ardr it tiie-Wiar 2 6r ARdt éSs (fifoPewEas,

so that idpexreedsot hge asearéad el @verdirad 28 ecldzede E235.chEhilsrgs area
achi eved by the provision of the annular process kit 115, a conductive:or

sem conduct® vie"® i pbepbFedRnt 6 # CH $reie It 1% lgesécalt ¢ 1665IrRRST tar vAL8Ad

surroundi ngy 4 he yaf gfcd10c@nds: @ Qyd deS, A Hd BhLRRACIHANR Liadihe ar eupded

chanmber body. This extends the effective radius of the,” "return” electrode

in the the plasma using magnetic isolation or a dielectric coating or an
15 annular dielectric insert or removable liner. _

In order to confine current flow of the VHF plasma source
power emanating from the overhead electrode 125 within the
vertical electrodg-to-pedestal pathway and away from other parts
of the chamber 100 such as the sidewall, the effective-ground or

20 return electrode area in the plane of the wafer 110 is enlarged
beyond the physical area of the wafer or wafer supportllOS, S0
that 1t exceeds the area of the overhead electrode 125. This is
achieved by the provision of the annular process kit 115, a |
conductive or semiconductive ring portion of which may be

25 generally coplanar with and surrounding the wafer 110 and
provides‘a stray capacitance to the grounded chamber body. This
extends the effective radius of the, "return” electrode in the
plane cf the wafer 110 for the VHF power signal from the overhead

| clectrode. In an exemplary embodiment, the conductive or

30 semiconductive ring portion of the process kit 115 is insulated
from the grounded chamber body by a dielectric ring portion 120

of the process kit 115. The thickness and dielectric constant of
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pl ane of the wafer 110 for the VHF power signal fromthe overhead

el ectrode. In an exenplary enbodi ment, the conductive or 30 sem condu@tineg 7pn5
ring port&ﬁp ? E e process kit 115 is insulated fromthe grounded chanber
body by a'di el €cttic ring portion 120 of the process kit 1TSVUSH%H ckness
and dielectric constant of 28 2 4 OCT 2005 WO 03/ 036680 PCT/ US02/ 30399 the
dielectric ring 120 is selected to achieve a desirable ratio of VHF ground
currents ttHreoukjie tave Wied eringl Ol 2thd ¢ HrougF acheo cﬁﬂtd@eftel Ve aws igemleondadpi ve
ring porti GESS- nf, t ow from
t he HF pl éggqura\’q{)ﬁ ail%tggﬁer frég{ntilst @Q%SH geﬁ?gfoérozlgg |t?11qtoh§ﬂvéft'tl?| cal
path bet wesmdudia veu rdfra ceergfc arie avafver QyﬂgtﬂﬂiQﬂqecpﬁodeelz50&ﬁdSaVQtdl15
current flowto other parts of the chanber (e.g., the sidewall), 10 the

over head el ectrode 135 provides an effective HF return electrode area
signifiscantly greater than the area of the waf er or waf er support 105. The

ring portion of the [ 0CESS kit. 115 in e pl a he support 105
does not play a'&i% C%‘l T Cdht ot |Cnurcro i 5 % %\ &Qaé%@rg”t" g& 3fhe
chanber, @@weha&zkhetﬁi ehbec@kyerekeatQ@@ewamaanf@hecouatuegltbetHF bi as -

power is essentially confined to the ea of . the fer and r support
105. EnhaREEHERT P EPISEE %écété’&t I5PEy 336 TPIPRSE P&t SBRFFE9IRas 18§haﬁeea"%§/d

elimnati pgrPeEr QR ithg otdkrt e ilsasia the hensler tieng. cORAUCLORHED] )
connected across the inner and outer stub'conductors 140, 145 at the back

of thaUst GBe PISINPRFs S1ECEEOGRILISSh@d OBy OFRe 2Pr 6¢FSFEA VBT HFhESERFR
capaci t V%l"e'c@%o%i%oal%%ta"‘%%gntllfgc(éﬁ%)ﬂl\:/agréﬁlﬂgr' RRSH EH@dHEEQro%‘l@heZ@%%‘P the

el ectrode 125. In the enbodi nent of , the ring 180 'Is sandw c
bet ween tloe eldetlr SFPLYS 3ASt-he Thet rdmJapdrthen edndbet bvecgaaukar 1hhein

housi ng S%Reoﬁﬁa%é6bflQh%h%a%éﬁngh%%%rt 105 does not play a significant

role in coupling the HF bias power into the chamber, so that the
15 effective electrode area for coupling'the HE bias power is
essentially confined to the area of the wafer and wafer support

105.

Enharncement of Plasma Stability:

20 Plasma stability was enhanced by eliminating D.C. coupling
of the plasma to the shorting conductor 165 connected across the
inner and outer stub conductors 140, 145 at the back-of the stub
135. This is accomplished by the provision of the thin
capacitive ring 180 petween the coaxial stub inner conductor 140

25 and the electrode 125. 1In the embodiment of FIG. 1, the ring 180
is sandwtched between the electrode 125 on the bottom and the
conductive annular inner housing support 176. In the.exemplary
embodiments described hereinl the capacitive ring 180 'had a
capacitance of about 180 picoFarads, depending on the freguency

30 of the bias chousen, about 13 MHz. With such a value of
capacitance, the capacitive ring 180 deces not impede the cross-

arounding feature described above. 1In the cross-grounding
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enbodi ments described herein, the capacitive ring 180 had a capacitance of
about 180 picoFarads, depending on the frequency 30 of the bias chos% , :
about 13 MHz. Wth such a value of capacitance, the capaC|t|ve rin éETZU%
does not i"MBEHEHE cross- grounding feature described abovBCTUSU3/4399
cross-grounding 29 2 4 OCT 2005 WD 03/036680 PCT/US02/ 30399 feature, the HF
bi as signal on the wafer pedestal is returned to the RF retyurn term nal of
the HF bi agegénseat bhelBd biiast Régseubon 1B5ewhd fert hedssFasols ceeponred to

signal fro hege d 5 e n h r e n o]
VHE Sour co BBWT  SeRRar SE5r T80 Gra {he nar &7 pedaeTato L H & BoT aue g
|IIustratlnQSthblleftbetvdﬁ eogtfecpentr begmebnzrhe N @baetrsdmrb%5an@

t he overhead, el ectr S fun t|on [o ue Thi s

i || ustrat e$°FRETER g?en ? re_tLBrvery o3 %h ?&ygeﬁ%%ﬁﬁg 8%%%r whi ch
t he refBecgeegrae@ef150|emh tBebeh@mm6pd&bsmmlch is indicative of the highly
advant ageous | ow system Q di scussed above. FIG 6 illustrates the standing
wave current as a function 15 of position along the coaxial stub 135 in the

case in which thestag 1604 %r@bﬁCQ@lQEtEQw@lﬁi@SEI@@CEef\l@étﬁ)@ c@@fffé’i@rﬁﬂ“e

shorted end of the stub. FIG 7 illustrates an alternati ve enbodi nent of
t he react obPet@eei nt i éﬁFtﬁ@W?ﬁn’éPUé%d@}ﬁ othe qvefheatk %kmﬁmd%tlﬂﬁ BHds

tapered, havipg:a.larg at end 135 . acent
over head e?%%??b%% %% §£e% Ilgﬁb§a S aﬁﬁsb ar st q%ﬁd§%§§%?%¥bf%
featureOproatdebr@adrbmedtobnfbequeemnes ¢WWV|whmnhunhe(mﬁ@ﬂecﬁﬂbnw :
presented b e coaxi al b 1 5 t,he. tap 160 and a he edance
(e.qg. Qé/ %)Eje%le‘?ﬂ dl%yb? 6Z,oa 1a‘%ms%b13131é’ e % htg-é ¥ ode
125. AI SO,a@ﬁaﬁﬂﬂy\ébu$ nlﬁ&ygterhh@ &t s sls¥s nerdranot be curved but t nst ead

can be straight. 30 As can be understood fromthe foregoing description,
t he

FIG. 6 illustrates the standing wave current as a function

15 of position elong the coaxial stub 135 in the case in which the

tap 160 is placed at the distance A of FIG. 2B from the shorted
end of the stub. '

FIG. 7 illustrates an alternative embodiment of the reactor

20 in which the inner conductor 140 of the coaxial stub 135 is
tapered, having a larger radius at the near stub end 135b
adjacent the cverhead electrode 125 and a smaller radius at the
far stub end 135a. This feature provides a transition between a
low impedance (e.g., 50 W) presented by the coaxial stub 135 at

25 the tap 160 and & higher impedance (e.g., 64 W) presented by the
coaxial stub 135 at the overhead electrode 125. Alse, as shown
in FIG. 7, the stub 135 need not be curved but instead can be

straight.

30 As can be understood from the foregeing description, the
inventive chamber concerns a capacitively coupled reactor having

an overhead electrode that is driven by a VHF plasma source
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i nventive chanber concerns a capacitively coupled reactor having an

overhead electrode that is driven by a VHF plasma source 30 2 4 OCT 2005

03/ 036680 PCT/ US02/ 30399 power RF supply, rather than an HF power sup%WﬁCT%@5
have foundvOukeiecdt a VHF source power frequency, unlike anPEFUSHEEIeNhCY, it
is practical to tune the overhead electrode to resonate with the plasma,

| eading to heretofore unattained stability and 5 efficiency and many ot her

advant agespodbe NHFsegpagit irkehy rceuphned plrasmow-gacigplaf. the Haekegaiug
enbodi nment en oys the advantage of very high etch selectivity and
ef fici encythd eaﬁréayhgfﬁPEFéﬁc?Oyﬁve§”@ﬁP§“fdfré&éﬂ&ﬁ e Habifineaperey. 1t

produce reiét;bystxl%mh eeraﬁhteytﬁlea%%%ea@ valdRg JdR0se aehiewed Lhtn che
i nductively 'coupled reactors. Yet, he VHF capacitively coupled reactor

t he exhlblpéa%maetéﬁadségeéplUﬁﬁ?t?ﬁéﬁel§ﬂﬁ§ﬁa§@§érﬁ@ﬁb@élﬁhaﬁﬂ@f an .
|nduct|gelgfffgygkgg Chgﬁé This i %d@%ﬁ%ﬁ&%sthe VHF capaci tively coupled
es ar s

15 reactor expérien s residence ‘ti'me of process gas species and
therefore | ess dissociation of volatile species such as fluorine (relative

to inductively goupl.ed rea Lors Seni ¢ ctor. _device geonetries are

constantly beinghezgﬁ?eaugéa %yb?%g Cou%g%ﬁ §EP3WFC§eFﬁgB§tPf tﬁ Corder to
achi eve hig@ﬁég@&NgcemSDéEﬂSntSﬂﬁmoﬁﬂ daer edsenthgdevifCceesyz@igh egeanmetry
i ncreases the aspect rati,os cont act les-in th devi ce structure, for

exanpl e. AEETESUHEY %P@heﬁrbﬁé§§%¥ mu 'ﬁé@@tcﬁgfé§b8H8VnQPVeérEgﬂér etch

rates jand giLhe sel egdi ¥biyit @5t Hopeyatceachigying:1d ahbhcaen%egsl geabingh,
etch rate such as 9,000 Angstrons per mnute with a h silicon oxide-tfo

photore5|sﬁl%ﬁk%ﬂ%et@@ﬁﬁvﬁﬁvl%ﬁe@héﬂo#HQPCB#V2@Y1C§éEh§ t 6eBEtOr fpra&eteal ,
even with g, RE blLetent, yHEocapag! tLyety, Geuphed.phagimsrgacloy This

is because suc r mance O require a significant inprovenent in
the pl asnesaliesttributyonhauni §ofait yupvetorhtowbhet of wor kpitdeceiseiface t hat

such a coupled reactor. This 1s because the VHF capacitively coupled

15 reactor experiences far less residence time of process gas
species and therefore less dissociation of volatile species such

as fluorine (relative to inductively coupled reactors).

SemiconductoE device geometries are constantly being

20 reduced by the microelectronics industry in order to achieve
higher device speeds. Such an decrease 'in device size or
geometry increases the aspect ratios of coﬁtact holes in the
device structure, for exampie. As a result, etch processes must
have correspondingly greater etch rates and etch selectivity.

25 However, achieving a silicon dioxide high etch rate such as
9,000 Angstroms per minute with a high silicon oxide-to-
photoresist etch selectivity on the order of 10:1 seems to be
impraétical, even with a highly efficient VHF capacitively
coupled plasma reactor. This is because such performance would

30' require a significant improvement in the plasma distribution
uniformity over the wafer or workpiece surface that such a

reactor produces. Otherwise, as device geometries shrink, the
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reactor produces. Ot herw se, as device geonetries shrink, the 31 2 4 OCT
2005 WD 03/1136680 PCT/ US02/ 30399 process becones nore susceptible t?
failure dug to overetching (in regions of higher plasma ion densit 6ACT 2005
premat ur e BPY3G S pping (in areas of |ower plasma density) FOrP8E t o
avoid the overetching problem the overall plasnma density nust be 5

reduced, which reduces.etch rate. The great need therefore is to find a way
t o i nproveptheepkasracings dicste ishuademt Wmisf dram a4 1ufe sbmehow ¢her gl @simg i on

density di sty I, unif or.m, t ' ved in the VHE capacit.ively
coupled r egg or?,%tl%gﬁ %6 g"&tgﬁ}%rxc%oﬁ%én%t tig%dcﬁwérg lecxf)i VCI)I{ f%%faa%? gég %t%h rate
woul d be seabpied i(hnt heesane r dactsor .plGwna yen oft yieact dhddr has avoid

overcone t probl em of non- i formplasnma density distribution is the
magnet i cal Fseeﬂﬁﬁﬁgg}igiggr Ba& :1\?5‘% orprl?eetocvher Ipé)aysb’faas FEREIHC AF MER E
react or 5i Sredbypticabhychareapaeist iewelhy reaupl edHeeatted vt ideadi ol HEdrequency
RF source power is applied to the wafer support pedestal and returned

t hrough t heCchafifef ter| FAg1BPI&VGe WS IFLE SMes a8y disatiet o0 din Hiq sl of -
el ectro-magnets producing a slowy 20 circulating magnetic field that

circulates or stirs the plasma across the plane of the workpiece. This
stirring acti onIfprevebes &hki gHiapmeniifosr eSSty Hlits tonl it phrasimel Hemsity
across th kpiecs.,sdLEac &ie 4 & 0es. no i t he
i gh pl asneC L on Henerp s Tma Rrgh e ch T SR ot TR I D e sady Phed
coupl et0r eactiorebechlgeti etich met eas iefiftivcicont hilbr eavdr ,ratee WERIE reeact or

suffers fron1¥g%% u§np£RQIggﬁg Q%E @ngERIE reactor is prone to arcing

bet ween th%ea support “pedesStal” "and netallic feed lines within the wafer

support pedestal. Such arcing diverts plasma source power from 30 plasma ion

generation, and_.therefore_.inpairs control of the | asnma i on density and
therefore of the &t %F?a?g.ggﬁcﬁp5cg §é&s P3fn WA &g EF e iof @9t cal

because ofuextsenepyzsh@l bensity distribution is the magnetically enhanced

15 reactive ion etch (MERIE) plasma reactor. An MERIE reactor is,
typicelly, a capacitively ccupled reactor in which HF frequency
RF source power is applied to the wafer support pedestal and
returned through the chamber ceiling or side walls. 1Its key
feature is an array of eléctro-magnets producing a slowly

20 circulating magnetic field that circulates or stirs the plasma
across the plane of the workpiece. This stirring action
provides a highly uniform distribution c¢f plasma density across
the workpiece surface. However, an MERIE reactor does not enjocy
the high plasma ion density and high etch rate of the VHF

25 capacitively coupled reactor because it is not as efficient.
Moreover, the MERIE reactor suffers from variocus problems:

{1} An MERIE reactor is prene to arcing between the
wafer support pedestal and metallic feed lines within the wafer
support pedestal. Such arcing diverts plasma scurce power from

30 plasma ion generation, and therefore impairs contrel of the
plasma icon density and therefore of the etch rate. 1In processes

in which the etch rate is critical because ¢of extremely small
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32 2 4 OCT 2005 WD 03/036680 PCT/US02/ 30399 device geonetries, such a | oss
of control may lead to process failure. (2) An MERI E reactor nust englog
such a powerful nmmgnet array (10-100 Gauss) that tends to pronote de¥t 86l 2005
damage 5 Sh?{HE St kpi ece. Such a powerful magnetic field i $CHEEEZEPY in
order to produce a sufficient plasma density near the workpiece in addition
to circulating the plasnma. Such a powerful nagnetic field is required to
hol d a si gaé¥icanteopertiies, ofsudie apllassa cdgaionstr alhenapt asyed steat toaelf acent
t he 10 morggifggeor waf er. The nmai n drawback, however, of an MERIE reactor

is that it” TS incapable of attaining the high plasm density that the VHF
capacitively coupl ed (2éacdinomMEFdadideysqueayirdes. €hpisyy iduatoud dodibe sfen t hat

reactors capable of hig I ion _density and high etch selectivi
(o o VRESRaDaarervaly Dol o Padcebrr hades 5o rcit SSr O Gty a
hi ghly sni§eromel aspmpiesedensidy adpstiei-Bulli eRgrMRGROVEIs 1 d ti ol &k Sean)
that a reactor having goaod plasna ion density distribution uniformty
(e.g., an NERPECSD FeaBf8F)CRust SHéIRRdEpaDPsMepAEaFditiyy TRagh Wi%asma i on

density. A,SHPSILOL YRYakaitesd process,gasesqi RhE B1GARACI tiyRly 5 coupl ed
pl asma reactor is to inject the process gases through 25 the overhead

ceiling. |prwdelpt cBepnetapaéifildely €6UpLeEd pPadmadr éacti@nt fiitv@rdver head
cel 11ng | Sodfie; SQUp£er POVBT o cRLeaLEodEe t BAL L3 cauplad e a it R Royer
generator through a coax al “stub~or equi val ent 1 npedance. match elenent. In
order 1® vajlgeiethecpreoeéss-gas fromthe ceiling, the ceiling el ectrode 30
al so is a "showerhead", a conductive |ayer having a set of small gas
injection ports passing through it for injecting the process gases. In sone
i nstances pl asnehéisghar geaebatay chngéveendsft en3REROE03E@3G630 is that it

is incapable of attaining the high plasma deﬁsity that the VHF
capacitively coupled reactor readily provides. Thus, iﬁ would
15 seem that reactors capable of high plasma ion density and high
etch selectivity (e.g., a VHF capacitively coupled reactor) must
be incapable of providing a highly uniform plasma ion density
distribution. Moreover, it would seem that a reactor having
good plasma ion density distributiod uniformity {e.g., an MERIE

20 reactor) must be incapable of producing high plasma ion density.

A superior way to feed process gases into a capacitively

coupled plasma reactor is to inject the process gases through

25 the overhead ceiling. In the present capacitively coupled
plasma reactor, the overhead ceiling is the source power
electrode that 1s ccupled to a VHF RF power generator through a
coaxial stub or equivalent impedance match element. In order to
inject the process gas from the ceiling, the ceiling electrode

30 also is a "showerhead"”, a conductive layer having a set cof small
gas injection perts passing through it for injecting the process

gases. 1In some instances plasma discharge or "arcing” tends to
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2 4 OCT 2005 PCT/US02/30399 occur within the ceiling gas injection ports.
This poses a risk of the plasma discharge renmoving material of the Y@r?%ﬁﬂ
el ectrode or showerhead fromthe interior surfaces of the gﬁgT”}Fiﬁﬁgj H
ports. Th&QBIMEY (e g., netallic species) thus 5 introduced i'At8 the

pl asma can contam nate the surface of the wafer or workpi ece and damage the
m croel ectroni c devices being fabricated thereon: Accordingly, it would be

desi rabl e bacredwieinan ehiemomdtie ngl @ashe Mjendeney garigni tehid asmeamd hi sk

gas injectign_port or anywhere el se outside of the bu
plasna),paP?igﬁﬁaPﬁﬁ [ %l%§p§§ﬁ§ ﬁ&&ﬁﬁﬁDQHnﬂ%%fQ%%;mﬁ#:%ﬂ?(ﬁY%ﬁﬁﬁﬁ%ad
el ectr ode/ gasctdbser bhushoreshewer feath cornecited it &t @avrm grures RF

power supply. |1 15 The overhegad el ectrode may suffer wear frombeing in
Gontact w LHIBFESARA, PRAFET cUTER FEETIES 1€ 1% Al SnGHE T5S) (i as
power and aneabhadedf @htbhensopyneempowen athtami2R dehanef arg Sl egt e RF
and DC currents. The cost of operating the reactor would be reduced if
there coul 42b8Ff BGNYCAKRAGCEo2Ngy BRAHEs Sy TSGR SdFGtems Cdidesddes tifdiaggh
the overheagdy¢LgetKE0€B8OLoAVOI d direct contact of plasma with the -

el ectrode: 25 A problemgenerally found in plasnma reactors is the
generation of second and third harnonics within the plasma sheath. In the

present react or Achkh%ngh goma VEBLSAUEEE BQUGL e 116S (APRLIL DY, 1 9 uelfiead
el ectrode, plasma bias power is applied by an si gnal on thé wafer support
pedest al. #e HEendénfyetaehghesenpstsod whehRA pewernnijsctonsuped tisn (ohe

sheath, the renninder _sustaining the, bul k.pla ma, _A pl.asma sheath .is a non-
li near | oad’ %%ef%e?éf%réug%%%?eg%sgg n ué%d E?SFﬁﬂrgaﬁgﬁﬁﬁﬁﬁé Y34™\B -
03/ 036680 R AsXTr2fObor having a combination overhead electrode/gas

! distribution showerhead connected tc a VHF plasma source RF

power supply.

The overhead electrode may suffer wear from being in
contact with plasma, particularly since 'it is both an anode for
the bias power and a cathode for the source power and is

20 therefore subject to. RE and DC currents. The cost of operating
the reactor would be reduced if there could be found a way to
avoid passing such currents directly through the overhead

electrode or avoid direct contact of plasma with the electrode.

25 & problem generally found in plasma reactors is the
generatién of second and third harmonics within the plasma
sheath. 1In the present reactor, while plasma VHF source power
is applied by the overhead eiectrode, plasma bias powér is

‘ spplied by an HF signal on the wafer support pedestal. At HF

30 freguencies most of the RI power 1is consumed in the sheath, the

remainder sustaining the bulk plasma. A plasma sheath is & non-

linear load and therefore creates second and/or third harmeonics
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PCTI US02/ 30399 of the HF bias signal applied to the wafer support pedestal.
The presence of such harnonics changes plasma behavior in such a way th
process performance is inpaired in the presence, of such harnonics. 24 OCT 2005
Speci fi cal§ ?¥Pi%8%ss control to avoid etch stop or 5 over PETAHOAEIBBcones
nmore difficult, and the etch rate is reduced. It would be desireable to
reduce the production of such harnonics ‘affecting the plasma In the present
reactor, tbe coaxHpl biusi Bggskubapphase 10 lkérgtlrfes coiprel@d etdestidie

wavel engt h_of the VHF source power signal, can haye a footprint |arger than
the remai ndef Bfe?ﬁ%CQrQECFBFR FEIWBGP 5t FBFEBAGSe PHE STd AT Hgects o Bt e

to reduceyifi sh00EpsiBEsWokhebmeack fikciingaiaey ah the- advaniagesr ofudhe
coaxial tuning stub. , 15 It is_a discovery of the _present invention that
conbi ni ng DPEEFPAL RS f eabBREL LoFELAE MBRPESPEAELBIF TRt kOt BY OVIF eE&FaditoN &5y

coupl edsr eagd pre Ofn FhESoedodesohyes Hherprabtemsgnyper ated .akavesfor each
of them and that such a conbination enjoys all 20 the advant ages and none

of the di seelépt@gesibf “PHEAt RE Efpéscabler bactresceAtheadreduch iaocerdance

with this combipnation:is jrealizgd byoadding,an array of MERIE nagnets to
t he VHF éagggiﬁ?@ﬁ ylcou%Fed Feagtoreog FIG%. 1-7. The circulation of the

plasma by the MERI E magnets solves the problemof plasma ion 25 distribution
non-uniformty | c . we , .an._.MERLE reactor . requires the
process gases t%Qb%ﬁgegﬁg§%§?a%8g85§?hegﬁgggggéﬁg ri-baet nsgﬁgfegﬁPse
showerheadierfstini i derreisctadsed thedetaelebetbwoEnthbi yHFpeoukeapberr
provi ding such a gas distribution Flate in the VHF cggacitivelé co plgd
Peactor S0t GEN 199V¢ < FAGHREL(F ¢ h2 pFSHI BREN RSt 6SPRETAFGHOp| S5
density ofrsuetvm, reactwbul$peseibcaléybe suehanr 68606 tbShesypteptibbl e to

arcing\MtggéLégmzégg %£%§£§£§Q g?éﬁgu%nséggigggigg gné gth%gdivantages
of the coaxial tuning stub.
15
It is a discdvery of the present invention that cémbining
certain features of the MERIE reactor with the VHF capacitively
coupled reactor qf FIGS. 1-7 solves the problems enumerated
above for each of them, and that such a combination enjoys all
20 the advantages and none of the disadvantages of the two types of
reactors. A reactor in accordance with this combination is
realized by adding an array of MERIE magnets to the VHF
capacitively coupled reactor of FIGS. 1-7. The circulation of.
the plasma by the MERIE magnets solves the problem c¢f plasma ion
25 distribution non-uniformity in the VHF reactor. However, an
MERIE réactor requires the process gases to be fed from an
overhead gas distribution plate or showerhead. As'will be
discussed in detail below in this specificatiocn, providing such
.a gas distribution plate in the VHF capacitively coupled reactor
30 of FIGS. 1-7 is fraught with problems due to the high plasma
density of such a reactor. Specifically, such a reactor is

susceptible to arcing within the gas injection ports in the gas
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WO 03/ 036680 PCT/ US02/ 30399 distribution plate. In order to achieve the
desired conbi nation of the VHF capacitively coupled reactor with an ?EE%F%MH

react or, theﬁﬁroblen1of arcing wwthin the gas injection ports-had to
sol ved, amtiPPHP¥%&% ution is described in a later section ofCHUSAI/N399

_specification. One suprising result of this conbination is that the higher
efficiency of the VHF reactor of FIGS. 1-7 produces such a high plasna
density thatsthecnhygnet péatieel dlof orherMERI Echragnhet $heayget@rkd renbiedthypna

factor two or r Speciil I eti.c, fiLel t Lcally
liein a fﬁﬁg%g%f§ggo§§8%gg%gggxﬁaéggp 5;535??g?n&§ﬁ8 @QFHEEEECF%¥§EP§’
coupl ed redot gpyobbevaafeaotithewaubhngrkat gespliageation demsist adanoMVeRI E

magnetic field can_achjeve the sane plasma distribution 15 uniformty_with
only hal f %é&y?gblﬁ?gakgh§ §Bf%gl%§u§§.a?ﬁfgkggd bEciudetFhe> gﬁ%ﬁnéﬁnetic
field reedshio doeteSscawi&nto draw the sane amount of plasma near the

pl asma sheath over the wafer which is stirred by the circulation of the
MERI E magnetic field. Thus, the | esser magnetic field can provide the sane

opti mum 20 uni f@fdri §¥pefsphasmasion denshiy Ebgbhihbut ban: sThAat edHEt heARER
the magnetic field decreases the anbunt of device danmage caused ' by plasma
i ons. The idduct§ony by~ 50061 WHEheSRERPE fraghttFe 1t ePACRBESENFYCh eduégh

devi ce danpgaitasssentiahly ehé haatesicitie TR srsphyeschhp ﬁé@%@@ Rk y
devi ce damage to which typical 25 RI E reactors are prone. Another
supri sithg heesifduged tihata t hechpeskereeo bf MyHE- sofipeelfpeakty prebentBREEci ng

at the wafer SUnRor, prdestel thalcpl agues. Lyplcal MERLE LgaGl of6.136

referred t.oa Is in turn 30 greatly inproves e process control in
an MERI E feactsor . Hwdvenr cimgt wasVipr ohepaoloreaty betwebsd t heaskder support

pedest aI‘ %%a%%evugroazlge:g%g& 2gée%rr %Opésqurérpsggxéglp%%g an MERIE

magnetic field can achieve the same plasma distribution

15 unifermity with only half the field, abcut 30~-60 Gauss. This is
because the MERIE magnetic field needs to do less work to draw
the same amount of plasmz near the plasma sheath over the wafer
which 1s stirred by the circulaticn of the MERIE magnetic field.
Thus, the lesser magneticlfield can brovide the same optimum

20 uniformity of plasma ion density distribution. The reduction in
the magnetic field decreases the amount of device damage caused
by plasma ions. The reduction by 50% ih the MERIE magnetic
field not only reduces device damage but essentially eliminates
it. This solves the problem of device damage to which typical

25 MERIE reactors are prone.

Another suprising result is that the presence of VHF source
power prevents arcing at the wafer support pedestal that plagues
typical MERIE reactors, as referred to above. This in turn

30 gr=atly imprcves the process control in an MERIE reactor. Such

arcing was prone to occur between the wafer support pedestal and
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metal gas or coolant feed lines wthin or under the wafer support pedestal.

I n exenpl ary enbodi nents, the VHF source power frequency is 5 mell-aq%ﬁﬁ _
t he cyclogqgﬂf&ﬁﬁﬁpance frequency associated with the MERL ﬂ@@@ﬁ%ﬁﬁ, J 2005
prevents t%e ?or mation of electron cyclotron resonance of plasma electrons
with the field of the MERIE nagnets, which would divert VHF source power

fromion nerati.on, t.her | nhi R r ol ov pon 10
density. ?%E%Hégssoﬁfcg%%&v\%ﬁt ?%\eé(ﬁiugrt}c%slt S&Jge}flgctoerg Lg{sdé%:%rgér ?‘%%gegbove W th
ref erence suppPkGSpeteftsd .t hat the plasma frequency is at or near the
resonance frequency of the overhead electrode. This frequency is well-above
the cyclotron resonance frequency associated wwth the field of the MERI E

magnets (e.g., Ib5e3emGluasy) erble igteents, o rey dHR raaufaequencey i seqefhoedi as:

gB/ (me2n) er is the charge of an electron, B is the magnei¢ field of
e’ NERl E“Rdoneboder ZpE SG ns Ps  ies CArSe o SRES YT SRS off Shohe
that the ggeletmagnktequemey si ®rpreparst i:oralf dréa2Q drhe frednatdod i el d, and
this points to the advant age reali.zed by _ the use of VHF source power: As
referred F¥CaBoYET LRECVRR ecﬁgaEiltaiS%?@l FLEGHFIC8d addt Sheoffmigs.of-the s

capabl e ofipr@engEahiRg, SUBRcA Wueh dhicgRer cphasa odenrsl sudrar @ iconyent i onal
MERI E reactor that the MERIE magnetic field may be dramatically 25 reduced

when usedSeRerReiQRF RBECEBEIEPHi 4 PheLisnCprresd] £¥eirn the grledmald@ease in

devi cegdagege; c9S reher yge £8uakaveoc.Rut rirRquaddit ijan skaduces; the el ectron
cyl cotron resonance frequencg wel | © bel ow the VHF source power frequency. In
one enbodiigeatr befezbeyel 6EEbnrréssRante ter E4GEncy ~dssSocitaadd thiet tp tdmmaVERI E

' equency” TRaT=o0urfod i A= nase matShnG oF "Che’ BLasrn Y ebanans. Frasathy
with the evecheadeel eEhindéregsonant 16r eqlénepoviastB 2y410CEoR0AEsOMANCe
03/036680f§§%®§§g§39§g8ciated with the field of the MERIE magnets (e.g.,
15 30 Gauss). The electron cyclotron frequency is defined as:
' gB/ (m.211)
where g 1s the charge of an electron, B is the magneic field of
the MERIE magnet array, and m,is the electron mass. This
equation shows that the cyclotron freguency is proportional to
20 the magnetic fieid, and this points to the advantage realized by
the use of VHFE source power: As referred to above, the VHF
cabacitively coupled reactor cf FIGS. 1-7 1is capable of
generating such a much higher glasma density than a conventional
MERIE reactor that the MERIE magnetic field may be dramatically
25 reduced when used in the VHF reactor. This not'only results in
a great decrease in device damage, as referred to above, but in
addition reduces the electron cylcotron resonance frequency well.
below the VHF source power freguency. In one embodiment, the
cyclotron resonance freqguency associated with the MERIE magnets
30 was computed to be about 150 MHz and the VHE scurce power
freguency that resulted in near matching of the plasma resonant

frequency with the overhead electreode resonant freqguency was
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about 176 MHz. In other enbodi mnents the VHF source power frequency is over
200 WHz, which is even further above the cyclotron resonance frequE@@£T§05
The conbination of the VHF capacitively coupled plasma reactor of FIGS. Q-7
with MER BYRAEYAM8 results in a plasma reactor having t hr eBCTAGESWSent |y
control | abl e paraneters: (1) the plasma ion density, controlled by the VHF
source power level, 10 15 by the HF bias power |evel applied to the wafer
support ( ZPAUre | th Mier gyl atoErer vaRed SiRT et &she ofith o9 EE DRIl , (3)
the degreg @iculasie d oy eni For Mgy, distdd byl iomen GoAtHol | gy dhe
magnetic field of the MERIE magnets. Such a reactor has outstandi ng
per f or man&¥ S 1S3e@T i & 9yancy @Htef- can couple VHF source power of 4000
Watts to the plasma with about 95% efficiency for VHF, frequencies up to
250 WMHz, and for chanber pressures within a range of about 1 nil to 20 3000
ml. I n3such an WERI®WHmMakkt ovf the \ftcesqjdsies lar e-dasted ipltasoduced
t hrough t r sour pﬁyql Far hi s pur,paose, the
over head ggea%;é%g(;gjaéjsﬁgnsdb\?\ledﬁ%% t EeF?ﬂEfﬁlar %gcns o‘%sﬁga% di S%Drpllbalftm?aon
shower headgaby opr dvadimg @ egr riaydepgindemellly gastimgjléetdlen prozrlees rar: ports:
t hrough the overhead, . el ectraode. The process gases are fed, to thes
i nj ection ports through @Fﬁa Renter lc(g[h Tt 2or SHE Soadd @l P LPH?%SV*%EE ub.
Since 30 &bhereentervecordducilor is coupled to the overhead el ectrode, the
proce gas feeds arg conpl et el rotected fromthe plas and fro
el ect iﬁc fields. 33 W0D.03 6‘6%?% %84':%5966‘32 _ ruw%?ﬁ’lg controlled
by the HF bias power level applied to the wafer support
pedestal,
{3) the degree of plasma ion uniformity distribution,

controlled by the magnetic fieid of the MERIE magnets.

15
Such a reactor has outstanding performance. Specifically,
the reactor can couple VHF source power of 4000 Watts to the
plasma with about 93% efficiency for VHF frequencies up to 250
MHz, and for chamﬁer pressures within a range of about 1 mT to
20 3000 mT.

In such an MERIE VHE reactor, the pfocess gases are best
introduced through the overhead VHF source power electrode. For
25 this purpose, the overhead electrode is endowed with the
function of a gas distribution showerhead, by providing an array
cf small gas injection nozzles or ports threough the bverhead
electrecde. The process gases are fed to these injectiocon ports
through the center conductor of the coaxial tuning stub. Since
30 ‘the center conductor is coupied to the overhead electrode, the
process gas feeds are completely protected from the plasma and

from electric fields.
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Arcing and ot her potential issues are avoided while retaining all of the
above- descri bed advant ages through any of a . conbi nation of featuresZLﬁﬁﬁzﬁg

which is e overhead electrode at a floating D.C i-alo,0y
_capacitiv{é‘ﬁ’y&?@éf’@ti ng 5it fromthe VHF tuning stub. This @’gg@éﬁ% i shed

by placing a dielectric filmbetween the coaxial tuning stub and the
overhead electrode. This feature prevents DC plasma current from returning
t hrough the tunPagisiqueng tthee owerdieaid el ettivwotie; re ardo tded ebyl Feduces:
arcing w tpafpai €935 11 NigCtihan holes jn the 10 Vaegégegged eéﬁféﬁ?% JAnot her
feature that reduceés arcing is to provide 'Capacitance &t ween e 61asna
and t he ovesheadatliect ndddeaRarrest hissrepurfposei @ dielwctputc tlayesvashdant ned

the el 5 surf f. th head el ectrode that face the pl .
Pre or abl y- L ThrSF8 30nd By ARG SUEH SIGALT dtle ARTRUERe L pa e A STy

the interipr suchaces ohrt hengasy istject i Pord sddomdihes ey adecity s
feature helps_to obv%&gﬁpglasna arcing in the gas injection ports in the

over head efeetroHELC S84HESG -0 AREla (TRE the [WHp&te dritse e rhfad

anodi zed elpetf edae . SUThaces cpQV=A@s GRAHGe (] 1a0eCNAGIdE Wgh pernits
sone charge of the RF current fromthe plasma to be stored rather than

passi ng ontteU¥ReNE| EEFPEEE ShFf AEEINITES Hihe Vet &fe Aardead € hasig afissert ed
fromthe surdacgs-obyt beqgdassi ghet nRortisHin the 22 overhead &l echiede the
plasma ignition theréin is avoided. In addition to avoi'ding plasma arcing
wi t hi 1@ heoyasheedj eéerénopsrts of the overhead el ectrode, the feature of
capacitively isolating the overhead el ectrode extends the 30 useable |ife of
the el ectrode because it results in no net DDC. current between the plasm
and the el ectrodepthesi gretucant haadvanuages. 2321294 iIGCER @ viia 03/ 036680
PCT/USOZ/%gﬁgg:igagégegekgeéHr%x%rp&%g%%ea%get%ES%V%Eh%E%F%He%E%%%%.inE&Qe
this purpcse a dielectric layer is formed on the electrode |
15 surfaces of the overbead electrode ﬁhat face the plasma.
Preferably, this is done by anodizing such electrode sﬁrfaces,
particulariy the interior surfaces of the gas injection ports in
the electrcde. ?his feature helps to obviate plasma arcing in
the gas injectlon ports in the overhead electrode. One reason
20 for this is that the capacitance of the anodized electrode
surfaces provides charge storage caﬁaciﬁy~which permits some
charge of the RF current from the plasma to be store& rather
than passing on‘to the electrode surfaces. To the extent charge
is thus diverted from the surfaces of the gas inlet ports in the
25 overhead electrode, plasma ignition therein is avoided.
In addition to aveoiding plasma arcing within the gas
injection ports of the overhead electrode, the feature of
. éapacitively isolatihg the overhead electrode extends the
30 usezble life of the electrode because it results in no net D.C.
current between the plasma and the electrode, a significant

advantage.
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gas injection ports, another feature is introduced, nanely a netal or
ceram c "foam' |ayer between the coaxial stub and the capacitive Iaygrﬂu 2005

lyi ng bet Weenshfagse! ectrode and the coaxial 5 tuning stub. i,@T,Q]@@imwg
enbodi nent, the netal foamlayer is of a dianeter that is generally

coextensive wth the overhead electrode. The netal foam|layer is of the
comercially available type well-known in the art and tgpically consi sts of
an al uni num nat rfitk H&F O @ Fardom cerduet rided uresk The nbaadeantagedofnt hee
metal foamd.ayer, f.8:hal ddy pResSes: elenlrie  { el the, gl ety ode
(i.e., wthin anﬁll enum abéovre the overhead el ectlro e)p%%%l\?t %’r eb§/ érfe%u%:es
the tendenoytefl plrasesantis drfedmsildeyehdgasdm|idet iomporl ssinbtdred the
over head el ect.r el t,a). er . 0..eml oyed. t baffl e the

i ncom ng f):ra gggg‘?‘éjgsﬁ?&?éﬁ&iﬂ{%%@c b?éleevr{e ea)lfle Zévlzenc“gasdediés dri@?ﬁi%%a%lcar 0SS
the arra&y afungag ismjuect i dm pora srilypdimerdventeadne] ectfode. layref es abf ya t he
gas injection holes_or ports in t over head 20 ceiling .are divided into a
radial |y i M&Fe F&uﬁggﬁd‘é ﬁﬁﬂ%ﬁ%%;y(ﬁﬁﬁﬁiﬁﬂ%hﬁﬁ "Gid! et Sl Yot Gy er
baf fl es gaslbetweer.a fibestretgds faupplls and itheoutrey diemprofaposts, while
anot her netal | fogm | ayer baffles LJ%ias, bet ween a second gas supply and the

i nner  gr odpadtapdrt SYPPhESHAdIRC T ST it B8t S Driodeds Yag $30w Ty 25 be

adj usted byni RdepeRdentlay radj usiiing the-Gasd W I aws afudde  tp gas
supplies. As described in the above-referenced parent application, the

coaxi alt Ot uAPHENSEAE BAd ToFerRéad dIo6et ledETofiFertid d FDRRRRRAT & IRFCtric
return pat @ié%gr%iag fﬁﬁ% tgh%clél%ofaeas(in%.,r wh&mi'ne% F1edfie W& shpport

pedestal . However, een di scovered that the new capacitive
di el ectri covaybradorlerserted BatwESE 4D YWDEORLES668EG X enAdeOr 2005 plasma

PCT/ US02/ 30393 1ENEG@%! hel 4lisNd r3fd ;200 pbe SO 9] HSGHI A% G Ne
15 _

A metal foam layer is alsc employed to baffle the incoming
process gas in order to achieve an even gas distribution across
the array of gas injectiqn ports in the overhead electrode.
Preferably, the gas injection holesfor ports in the overhead

20 ceiling are divided intoc a radially inner group and a radially
outer group. One metal foam layer paffles gas between a first
gas supply and the outer group of ports, while another metal
foam layer baffles gas between a second gas supply and the inner
group of ports. The radial distribution of process gas flow may

25 be adjusted by independently adjusting the gés flow rates of the

two gas supplies.

As described in the above-referenced parent application,
the coaxial tuning stub and overhead electrode offer a low
30 impedance RF return path to ground for the HF bias power applied
to the wafer support pedestal. However, it has been discovered
that the new capacitive dielectric layer now inserted between
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to tune the return HF path through the overhead el ectrode to a particular
?F frﬁquency. One ?dvantgge of tEe chﬁice of, a VHF fource power fr @ﬂﬂﬁ ;
on the o ectrode) is that the 5 capaC|t|ve ayer ?E

over head éﬁ%@ﬁggﬁﬁ and the tuning stub) , if tuned for &F&%@%@? s, does
not affect the VHF signal applied to the overhead electrode because it is
an electrical short for a broad band of VHF frequencies. 10 Initially, a
narrow HF W‘eq@‘eﬁé&?laéa%mba@d stebwhineh tihife oRE £ hregtcu et geatdpdss qamég bysade
added capaci Liyee | Qyer -0as aeREeLedy ah he f rtﬁouen,%xfh%f ot%ele!ég RS oW ce
power applied to the wafer support pedestal. wever, th H em of
sheat h- gemerat@dl har Hbnifcsqoanche s@h@e@dwnu-@sgtee@d sceﬂeecthmg:et lwifs a15/Hr
capaci tancg. u e t hr e rhea el e d

ho- second A Forr 8”5F  EhEHE by adCRoRaF SR oo TRECraca of Chrg. The

sel ecti®n ¢&p&mntlveelHEeseebedwhannbhecovgeneemtedetmrbhe ah@smmesh&mhhg
near the, overhead et ctrog iﬁ ?hunted to ground throu t he k

el ectrode Defdre 11 cBASS0T8FgRff FEGHEFY CaffecEOoffe "B R PEESME! eT & etch
rate was fougrh1 t@p;bBlEﬁptaveﬁebwvébhéaﬁeéﬂ_él‘:ﬁrb)ﬁelﬁ%ttaﬁlslﬁ%tl R s0BQ :

enbodi nent In this case, it is believed the fundanental of the HF bias
signal is @fﬁQﬁ?ﬁﬁPtOSBPBEnEOFh?oﬁéﬁagtﬁéPda9§|WﬁglérﬂﬁuﬁéFh§5 such as the
chanber side wall. 25 As'will be described below in detail, the sel ection of

the capacitance of this added capacitive l.ayer (between the over head
el ectridde and thelttnthy  sRuBpPrEey HEsSHEANETSY PRESsEREEt 6 MRIchr 6§geREy

must take &&@Cﬁ%t1§0EuHQJij§/h@héa989bBaEE agficibe 3Q,LD aaE' eiﬁ.ﬁﬁe%aam

at the overhead el ectrode but also the capacitance of the thick plasma
sheat h at athechgafleregupport ofpedestbl bigs wegﬁoeeeexlagpmg@Ttgocse

PCT/USOZ/%Q%%%'support pedestal. However, the problem of sheath-
generated harmenics can be solved by instead selecting this
15 capacitance to tune the HP return path through the overhead
electrode to the second harmonic of the HF bias power eignal.
The result of this selection 1s that the HF secend harmonic
generated in the p1asma sheath near the overhead electrcde is
shunted to ground through the overhead electrode before it can
20 significantly affect the bulk plasma. The etch rate was found
to be improved by this feature by 10% to 15% in one embodiment.
In this case, it is believed the fundamental of the HF bias
signal is returned to ground through other available RF paths, .
such as the chamber side Qall.
25
As will be described below in detail, the selection of the
capacitance of this added capacitive layer (between the overhead
electrecde and the tuning stub) for resonance at the eelected HE
frequency must take into account not only the capacitance of the
30 thin plesma sheath at the overhead electrode but also the
capacitance of the thick plasma sheath at the Qafer support

pedestal.

41



The highly efficient VHF plasma source of the present invention is capable
of maintaining a plasma of sufficiently high density so that it miZ@ETliﬂﬁd
to thorouq,pb?gygg( élFl ean the chanber interior periodically. As enpl d' i
this 5 specification, the term"dry-clean" refers to a cleafhCAPSIHIGREdur e
requiring no application of liquid chem cal agents but only the application
of a plasma, so that the vacuum enclosure need not be opened- Since in this
manner the chanfiée baphBy ctifdrcowghl W edredicofs potamerf rdse deessants
surfaces dyrj er.1 Ssi-ng - ‘ : t uf fi ci 1y. hi.gh

t enper at urgﬁ%ggt%\%ﬁtgﬁug P;%nga%gr gfg?%ﬁg%ﬁgﬁ%stﬁe%lﬁgsﬂl%siotfs %Lﬁgle%ln%}{tgloy t hat
the chanbeighsdkepitat sbeasttnear mpyf bee uafedpdloy rero reypisli  sdir ytrlemeghaiite
processing., (Iln contrast, for _a reactor that cannot be thqr.oughly cl eaned,
pl asma con%ll?‘f’f%ﬁg ﬁrﬁé?rbgrcgﬁf%(%’fjllgglgé"ﬁ Sh'afnpgglyfrgermdggﬁﬁ ts on chanber
wal | susfagesceontanuent ochadhers ratheclehan keifegsr emdwed;ldamianpi d
contam nation of the rocess.éaFor hi s purpo the overhead el ectrode

e,
assenbly FPFefGdese| Fqarar padsigedrp Fciaﬁtl%‘dﬁ%i Hg FRG FPEGH AidaiiGeg tor but

cool i ng the,pyerheaghel ekt 088, oenabbilpgmbemper ahuke teeNkluud il ire
external surfaces thereof. Preferably, the plasna conditions (i'on energy,
wal | tenpereRdre’t 2% copenpe- suehfRat? A6 iSoMPRBE FadbnGhates oFarhée

chamber surfacesquy i @gea@é@cs§sbagymé@yr@g@emeac%@@uls@&if@@%sa@%zﬁw Quaghly

removed during cleaning. 25 One advantage of such a feature is that” an

opt i calQ wilvovE S wale B2 pro¥i Hedt oAtor AHfASEARNERAY HVEPhEEHPSIattredd 0
because | | i L. Or e I 03| ri LQGcessing.
Thue. the TEctor Do for TRace. e ot oot Teal [yE 30 non Fored Ascordrnary

t he over heathrdbect ¥vdecopt sonatiyt haskudesraa oft podimeindewoseds its

center, with &LLAN 1apstifying Rt LEAL LLPer (ggbLe extendi ngypvardl
be thoroughly cleaned, plasma conditions must be controlled so
15 <that polymer deposits on chamber wall surfaces continue to
adhere rather than being removed, to avold contamination of the
process.} For this purpose, the overhead electrode assembly .
includes liquid passages for intreoducing fluid fﬁr heating or
cocling the overhead eleétrode, enabiing temperature control of
20 the external surfaces thereof. Preferably, the plasma
conditions {ion energy, wall temperatures, etc.) are such that
no polymer accumulates on the chamber surfaces during
processing. Any minor accumulations are thoroughly removed
during cleaning.
25
One advantage of such a feature 1s that an optical window
may be provided on or adjacent the overhead electrode, because
it will remain clear or free of polymer deposits during
processing. Thus, the reactor performance may be optically
30 monitored. Accordingly, the coverhead electrode opticnally

includes an optical window near its center, with a light

transmitting coptical fiber cable extending upwardly for
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WO 03/ 036680 PCT/ US02/ 30399 connection to sensors outside of the chanber.
The optical nonitoring of the plasna process may be enpl oyed to perfgﬁdpzﬂm
end- point detection. For exanple, the optical nonitor may neasure

decr easi n§ 4 &YfEr*%hi ckness in a plasm etch process or 5 i nEFERSPHYPayer

t hi ckness in a plasma-assisted chem cal vapor deposition process, using
conventional optical neasurenent techniques. In order to solve the pr obl em
of contamqnnmiﬂmimont01senapeslamt@hdﬁh@fexp@se@asmmﬂace§hﬁ adte. ader head

el ect rode OLELLRC,S hecLASTE, and.crentuall v Leaghing, e Jalere dieorm ena-

wor kpi ece, an addi tronal out i’s i ntroduced
(pl asma- f oo gy Sﬂtéateoof tﬁeroeaam@ae ekeetD@decthmmnﬂﬂhhtmayumeamuﬂy

| ayer is ﬂfrned gaterl % ati h _15 th partlcularyprocess

bei ng carr %fcﬁﬁl”%o “eka 'nsg * |F|8 700t ¢l & OF $5ro&8ss, the

out er I5yefnmi§en@vbapeadthﬁt&ﬁé@@denweulpolabelasalslsmme@ir cSidrican eapirde.
Cptlonally rior to the placenment of this. out | ayer, the overhead

el ect r ode ?%%l%@ogﬁgfacﬂsﬁggaHBB V5841958 n@ﬁFﬁGﬁédmf@SWéﬁ@ﬁﬁébove
Anot her disscaweiyu®é. the present invention is 'that the plasm can exhibit a
greater re5|st|ve | oad i npedance variation and a smaller reactive |oad

i npedance variation than was earlier 25 expected. Specifically, the

resistive | oad Im@dééfetaayoyaéytheyp%bméﬁho@scéﬁ@ah@a@%wqr% 60: 1)
while the reactive I oad inpedance nmay vary by only 20% (i nstead of 35%.

Thi s ld]fff@te&tblealerfa’fbl@Eetﬁé@@ﬁ%ﬁaéﬂéfﬁ@@ﬁcfﬁfnﬁbéaﬁ@érbﬁatﬁh@l@ﬁéxpéh t uni ng

rpedance) Ha b I P TheTaw TR RS BensParar N8 SEEphe SPapddance)

Thi s r educidkp iaaxds evaes addptn@maliouaérlhapeaSES|mntnnﬁnge&paGEQmmhh a very

smal | “xgé%{%é%:ﬁé%ggkay¥%g§ég§6g§9f§gg/U§02A30§ggxhead electrode. This

| additional outer layer 1s fcrmed of a material compatible with
153 the particuler process being carried out. For example, in a

silicon dicxide etch process, the ocuter layer on the overhead
electrode would be silicon or silicon carbide. Optionally,
priocr to the placement of this outer layer, the overhead

electrode plasma-facing surface is anodized, as mentiocned

20 hereinabove.

Another discovery of the present invent:on 1s that the
plasma can exhibit a greatef resistive lcad impedance variation
and a smaller reactive load impedance variation than was earlier

25 expected. Specifically, the resistive load impedance may vary
by as much as 100:1 (instead of 60:1} while the reactive load
impedance may vary by only 20% (instead of 35%). This
difference enables the characteristic impedancé of the coaxial
tuning stub to be reduced from 65 Ohms (above the RF generator's

30 50 Ohm output impedance) down to 30 Ohms (below the RF
generator's output impedance). This reduction achieves a

proportional increase in tuning space with a very small
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conpronise in efficiency. Specifically, the range of variations in plasm
resistive | oad i npedance which can be matched by the tuning stub iSZL T 2005
increased from60:1 (as in the parent application) to 100:1, due to t@g
reduct i onWhO¥434580%1 stub 5 characteristic inpedance. The cRaFXSY%i0P%ic

i npedance of the coaxial stub is determned by the radii of its inner and
outer conductors, as set forth in the above-referenced parent application.
10 I n ordetorpreedseeinheffootpncat ofreke fdeatilal, thivs npngst @S, v@riations

equi val ent, stgi pohingecirenil b subshibubed Lasits c.stcad, Theouter .
conductor © e coaXl a uning stub becones a ~ground plane surtac . as'S he
metal |id capphgagsthe ieatborgawhil érotnthélcénties dondinet graxefntt he coaxi al

tuni ng stub_becones the, 15 rip Line_conductor. The characteristi

i mpedance OFF h%a%f??g t?i%ibcghdSBFoFoiE Sdfﬁngglﬁ? d}&?ﬁx&ﬁﬁtﬁ%u§bacing
bet weenst heha sd¢tPri s bec conpaghneeandThbecgroundepliane o tikeedatl-e FHE the
footprint of the tuning,dqéice i s reduced because, ile the coaxial tuning

stub ext erfR®5tdhg® Q2R +3i %YEFWhE?StH¥‘§P?i6a &l Phe L&endGeEdT 20&n OWitsd

around ci res@didyoisi de sbe Fbden Lhetpbyabeduci-agelrbe caea @k nf-00t print.
Al'l of the features of the coaxial tuning stub are retained in the strip
line circd¥BL19Rus"the | ength of the strip.line conductor is deternined in
the sane manner as the length of the coaxial tuning stub as 25 descri bed
above. Also, the location along the length of the strip Iine conductor for
the fekd point br ¢ePetonmertddceothhelyPFPgentr aforlt hies ook isdnd uad nighat of

the tap to coaxj al . i.ng escr] i ve-r.eferenced
parent” agi et S e SHHY BEndOSEELARE 4R BIBBRPYECLoLRESRE
utilities srteed ed Thw ouglet heosducpet i mé tbhadocésiali huhhegsameb banperst bat

utilities arefed throudh ihe, coaxial RYCLD%: 2buba34: Y0 03L030980.2, 4, 6KT.
the center conductor of the coaxial tuning stub becomes the
15 strip line conductor. The characteristic impedance of the strip
line conductor is adjusted by adjusting the spacing between the
strip line conductor and the ground plane (the 1lid). The
footprint of the Funing device is reduced because, while the
coaxial tuning stub extends along a straight line, the strip
20 line conductor can wind around circularly inside the lid,
thereby reducing the area or foctprint. "All of the features of
the coaxial tuning stub are retained in the strip line circuit.
Thus, the length of the strip line conductor 1s determined in
the same manner as the length of the ccaxial tuning stub as
25 described above. Alsco, the location zlong the length of the
strip line conductor for the feed point or tap conngcted ta the
VHF generatcr is the same as that of the tap to the coaxial
tuning stub as described in the above-referenced parent
. épplication. Also, the strip line conductor is hollow and
30 utilities are fed through the strip line conductor, in the same

manner that utilities are. fed through the coaxial tuning stub
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center conductor as described in the above-referenced parent application.
Structure of the VHF Capacitively Coupled Reactor with MERIE, 5 Nhg?g%ﬁTZ%‘
Referring to FIGS. 8 and. 9, a VHF capacitively coupled plasma reactdr )
i ncl udes tWE BHP¢Sh ng el enents found in the reactor of Fl GCTIVSIA/3pBACt or
chamber 100 with a wafer support 105 at the bottom of the chanber ,
supporting a sem conductor 10 wafer 110. A process kit in the illustrated
enbodi nent ceonsirstcondafc tao s e -dgchticie o el rort leo redust ¢ vies f¢ ngnddd saippoet t ed
by a dielectri.c ring 120 on the grounded chanber body 127. The chanber 100
i s bounded S&FHEYSP by a di sc shaped overhead al umi num el ectrode 125
supported at a predeterm ned gap | ength 15 above the wafer 110 on grounded
chanber body 127 Ey a dielectric seal 130. The overhead el'ectrode 125 al so
may be a LA LE 1of fihe VHEACaDacat iue QUi e ReaGhor h MR D

mat eri als ( @a@n=tsSI or SiC) on its i'nterior surface, or it may be itself a
sem - netal material. An RF generator 150 applies RF power to the 20

el ectrode 125. RELSSRENT romihe génar¥t ot 150/ GaraA dd vehy cegtr ke doaxi al
cabl e 162 gsgta%&%d L@ clkle geraraiar (IR0 @Nd oJiMP & &Ranial s St 135% he

connect ed the electrode 125. The stub 135 has a characteristic
i npedance, reeségancé Fré&quencyy, reavd Pt sviagds ran Ghpdddnce wafisch depween t he

el ectrode d axial..ca F r. erator_ 15 1S W | |
be nore féi%?y%gegé?ii %Ie%gt%gﬁ )év%a t‘F%ety(%%g#n% @6133733 i slr%g%nesget"glac%jho&ﬁtgjﬁ

ret ur n1PRFwgrfeund)l tof BherREegendrat am k5@ iTHe sRE giatch efmbardintdre: awardiesds
el ectrode 1%5 'to RF gr%yng.is af fecte y the. ca %%jtance f the process
kit dielecPfi @ FFRJ EIFHTE e O30 “GRENE e T4851 “130 SUPRRE Wist &Y fupport
105, the wafienett@iandinghe2pr ecessekigrcnemmeeontiuaibiere boary aavductling) i ng

115 provide 45 2 4 2005 WO 03/ 036680 PCT/1JS02/ 30399 the prinmary RF
return patﬁhFHPeﬁFlﬁﬁagP gﬁﬁﬁﬁ@@ £5 the &PEcPYode d¥sc S%aped overhedd

aluminum electrode 125 supported at a predetermined gap length

iaWa A £ aVa QYY)

Ch U v » o Ci

15 above the wafer 110 on grounded chamber body 127 by a dielectric
seal 130. The overhead electrode 125 also may be a metal (e.q.,
aluminum} which may be covered with a semi-metal material (e.q.,
Si c¢r SiC) on its interior surface, or it may be itself a2 semi-
metal material.liAn RF generator 130 applie$ RF power to the

20 electrode 125. RF power from the generator 150 is coupled
through a coaxial cable 162 matched to the generator 150 and
into a coaxial stub 135 connected to the electrode 125. The
stub 135 has a characteristic impedance, resonance freguency,
and provides an impedance match between the electrode 125 and

25 the coaxial cable 162/RF power generator 150, as will be more
fully described below. The chamber body i1s connected to the RF
return (RF ground) of the RF generator 150. The RF path from
the overhezd electrode 125 'to RF ground is affected by the

_ .capacitance of the process kit dielectric ring 120 and the
30 dielectric seal 130 . The wafer support 105, the wafer 110 and

the process kit semiconductive (or conductive) ring 115 provide
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125. The inprovenent in plasma density distribution uniformty 5 is
achi eved by the introduction of a set of MERIE el ectromagnets 901, 9?§£Bg9ﬁ5

907 space ual about the periphery of the wafer suppor

out si de ogNSﬁé%W%é%tor chanber. These MERIE nmagnets are adéﬁﬁggﬁié% ? oduce
a magnetic field that slowy rotates about the axis of symetry of the
cylindrical 10 chanber generally across the surface of the wafer support
pedest al . theopeisalrgdi’fente tiurins dfagdt Ufroer RS pealeirz egphy eichec o MERI E leagneicke
901, 903, ﬁgg 907 havi ng el ectronagnet w ndi ngs wound about respective
axes tangent“to the circunference of the wafer support pedestal. In this

one enbodi nents, an MERI E 15 current controller 910 controls the individual
current to each_ MERI E nmagnet. A cir.cul atln%éﬁanetlc field erated in

the plane of t RREWSFRFCEET D Eppor £ 16y "Ehe's oPPéFréfb“ﬁﬁﬂblgf rmity

i ndi vi dyal ; AG eHE E€BHS b0 teachnef obie tiivdi w=dualseﬁra@mem\mzrnlllél&'v‘ct:@fnablﬁl%ts
sane frequency but offset in phase by 90 _degrees (or by 20 360 degrees
di vi ded by??he Rbifber sf @@@IEpﬁﬁﬁﬁeﬁgyalﬂﬁ éﬁouélFBFnaﬁFwéhéﬁbb méRe, t he

feature of,aeLot 8h5pgrFREREELE I elne k8 iHBabEZefebYedcs me
(dashed Ifﬁg) sup%%?tfnggall gf t he @ERIE nagnetsethgtclgﬁfg%%?%ﬁgabg&%%%

axi s of syfFRIEynagpehsrarer ad0p5eddashegcHiAge) 2 MAgnAF éCalftieldathas
enbodi nent, t e a nets of
Py 13851 3 glgsge fe gﬁﬁgywegmn%@g BEScnd mgﬁ%ﬁr%gﬁy

MERI E nagne equa out t I eC€ or
waf er thpﬂuﬂmpede@$a$r@hiY|ﬁCaOSﬁlgherSpréﬁeEthénthhewafestsyepoot MERI E

nagnets goédéx¥219051n3gn$ 318809r9¥%9e9e3§u¥§|f%hgggqlgghs oftHagnets

liein r spec ive pl anes are near ane” of e Wor kprec s pport

46 VI)OB/OEB%EE)ﬁhqhéIE'2005 9@%3795@2/SOBQQaﬂh@gcehecbthEgak@ appdiegsa

IOM/frequen%%“§ boﬁt respec lve axes tangent to the circumference of the
wafer support pedestazl. 1In this one embodiments, an MERIE

15 current controller 910 controls the individual current to each
MERIE magnet. A circulating magnetic field is generated in the
plane of the workpiece support by the controller 910 providing
individual AC currents te each of the individual magnet windings
of the same freguency butloffset in ﬁhase by 90 degrees (or by

20 360 degrees divided by the number of MERIE magnets}. In an:
alternative embodiment, the feature of a rotating magnetic field:
is realized by a support frame 1020 (dashed line) supporting all
of the MERIE magnets that is rotated about the axis of symmetry
by a rotor 1025 {(dashed line). In this alte;native embodiment,

25 the MERIE magnets are permanent magnets.

A second array of MERIE magnets 912, 914, 816, 918 equally
spaced about the workpiece or wafer support pedestal but in a
higher plane than the first set of MERIE magnets 9501, %03, 905,
30 907 may be provided as well. Both sets of magnets lie in

respective planes that are near the plane of the workpiece

suppert.
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current to each of the el ectromagnets 901-907, the phases of the currents
applied to nelghborlng magnets being offset as descri bed above by 90

degr ees. F?%o fStlsh 1s a magnetic field 5 that rotates abo 12% axilg 08T 2005
symetry o ﬁe morkplece support at the | ow frequency of ﬁgv 2duP  ent .
The magnetic field causes the plasma to be drawn toward the nmagnetic field
near the workpiece surface and to circuclate with the field. This stirs

t he plasna so tHae FrstdehserydPseppbueion Bevodesamene y10 0urdi fork® HAS aaC
result, 1eagtolnPetLOLUBACS: ! $nsl ORLELCBALLN e LIBHOVEE DECAUSAIRLS W Rl M
etch resulTs are obfained acr6ss the entire surface of 'th

| nt roduct i onr oENPs 0@[e§s1@@stéfhromghb@hen@/@aheadsEbecmgodéfs% As referred

to previously. here r is enent ed by feedin e
processes %a% ron1t%e over Eg Sgéggéﬁg. ? tﬁ%sg?gséﬁtaiﬁ9§ "6, fﬁ%|§P

requires f&ﬁmhngot@Eespa@@QSStgesexlshoﬁugpmmBErgveEhead ebegbiede $2ppdrar
this purpose over head elec r ode odi nrent of EIGS., 8 20

and 9 is éﬂga%hﬂls?Yl tEFOH Shofe rﬁ%ﬁd%gaﬁﬂégﬁEFefo?geh5§989tF§r§éeﬁgnber of

gas inj ectinnsPoriise op1 S5l | thobesaBMni Aol sd bRt QayaUEface;t28ankagi RYe
t he wor kpi ece support 105. In an exenplary enbodi nent, the ports 300 were

bet ween 0."FIF R ®E 034 § 3ch @de?%ﬁ%%é?u%hﬂt?h%iFhCE%?eféeéPe URNESr ity £'s
spaced apafie legsﬁnaabéwtu%ﬁ wghdemlé eq eabpdh reNbn i bhusheat gd LN FIG 8,
the annular top 290a of a conical metal housing 290 supports the near end
140a of0 t henidoastnal A% ub TeFielt comrfuctof Baof arianes ianhubakfhasst290b
rests on t; head, pde, opjga o]

housi ng 2£¥hﬁélnes aiﬁégée opeﬁhgﬁgaun13 (ﬂéﬁg?ﬁggoveghéggggﬁggt%%%QEEZS
wi t hi n whitdte vamtiiots snifdaed esf ey weférd fromthe holl ow coaxial inner
conductor 140 to the overhead electrode 125. As will be described in nore
detail 47 2 4 OCT 2005 WD 03/036680 PCT/US02/ 30399 bel ow, the conica
housi ng base 290b-1 isomest Rdre-ens gfas Through the Overhead Electrode:

15 - As referred to previcusly herein, an MERIE reactor is best

implemented by feeding the processes gas from the overhead
ceiling. In the present invention, this'requires feeding the
process gases through the overhead electrode 125. For this
purpcse, the overhead electrode 125 in the embodiment of FIGS. 8
20 and 9 is & gas distribution showerhead, and therefore has a
large number of gas injection ports or small holes 300 in its
bottom surface 125a facing the workpiece support 105. In an
exemplary embodiment, the ports 300 were between (.01 and 0.03
inch in diameter and their centers are uniformly spaced apart by
25 about 3/8 inch. In the embodiment illustrated in FIG. 8, the
annular top 29Ca of a conical metal housing 290 supports the
near end 140a of the coaxial stub inner conductor 140 and 1its
annular base 290b rests on the aluminum overhead electrode 125.
The conical shape of the housing 290 défines a large open plenum
30 over the overhead electrode 125 within which various utilities
may be fed from the hollow cozxial inner conductor 140 to the

overhead electrode 125. As will be described in more detail
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circunference of the overhead el ectrode 125, |leaving nearly all of the
upper surface of the overhead el ectrode 125 accessible. 5 In this 7. 0T 72005

enbodi men rts 300 consist of a radially outer gro , I'n
b bR RAEEEE

di anet er and a radially inner group of 0.010 in ports
304. The outer group of ports 302 may extends beyond the circunference of
the wafer, in order to ensure unjiformagas_ flow at the wafer periphery. One

10 advant &§°5F tHIS FEH e THIIRE 34 radital ! YiRiFH ButS 66 process gas

flow can ke radinfstetdd) Sha PNefad@Se 1t cpensat @ f07i dhedandency; of
the VHF capacitively coupled reactor of FIGS, 1-7 to produce a plasm
density t R4t thiss YWpRsat eTUT GRS het e & rinied el S ecsand 1 esc b e
waf er periphery. 15 Aradially outer alum numfoamlayer 310 within the
overhead electrode 125 overlies the ports 302. A radially outer gas

di strilBution ndm folid GMnEman 315 aresting theoaiat foam datierl B0 is
coupled t h [ - : I y ST
passi ng t%&gégh g?%él%:(r??l ercg'gfz 02312’53:%@3@1:1 O%ZOtO& 051“3l 3tC%l}gei%cno%(;lol%\:O aﬁya4l§rr}?lﬁgasqnu%‘ ‘
135. A r adiralipy afnier0 18] um mlrarfedaan daver 330 wilhd nutke avenhead edects ode

125 overli the ports . 304. A ially inner gas distribution manifold or
gﬁio{}l&yl |"{r11:gf;antdl'use%e ad ML A 5g'|ce Ofsﬁhgd?‘;taﬁfe&jgﬁrhﬁj%%ral

pl enum 33 I'Mner foam1ayer s coupl
gas passagewayis34@ Loidogas cap oW iate 345 Wadesd e tilvheugh t loee25 i nterior
conductor 140 of the coaxial_ tuning stub 135. The , alum. num.foam | ayers 310
and 33§ bafFPELERE Picdmitfy [FPddess 15dded. Hite fratifal CiSStrPbGtin
process gasobkaW Lake fiiow adirutLed Py drrdenandent seh@ehiean «6f thy ocess gas
flowrates wthin each one of the gas supply lines 325 and 345. 30
Suppr essi 6ATMBENAREENE O Hike teASanTYe &l GAePITs caggc2tivedy 2005 lefD
03/ 036680 BCILYZ0Z/:30909 | 3 0r 4oy 0 RIRVIIp 15008 ARG ARGE (DALNRAR SN
pl asma an the overhead el ectrode as a neans of reducing arcing, the :
over the center of the wafer agnd less over the wafer periphery.
15 B radially outer aluminum foam layer 310 within the overhead
electrode 125 overlies the ports 302. A radially outer gas
distribution manifold or plenum 315 overlying the outer foam
layer 310 is coupled through an axial gas passageway 320 to a
gas supply line 325 passing through the ‘intericr conductor 140
20 of the coaxial tuning stub 135. A radially inner 2luminum foam
layer 330 within the overhead electrode 125 overlies the ports
304. A radially inner gas distribution manifold or plenum 335
overlying the inner foam layer 330 is coupled through an axial
gas passageway 340 to a gas supply line 345 passing through the
25 interior conducteor 140 of the coaxial tuning stub 135. The
aluminum foam layers 310 and 330 baffle the incoming process
gases. The radial distribution of process gas flow rate is
adjusted by independent selection of process gas flow'rates
within each one of the gas supply lines 325 and 345.
30

Suppression of Arcing in the Gas Inijection Ports:
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overhead el ectrode bottomsurface 125a is coated with a dielectric |ayer.
For exanple, the overhead el ectrode 125 is 5 alum numand the diele 05} Plﬂ 2005

coating i by anodi zing the electrode bottom surfac
2ot YO PiRbsY 9 - | BetiRbs

anodi zat'i % very thin dielectric coating not only

bottom surface 125a but also on the interior surfaces of the gas injection
ports 300. This feature tends to suppress arcing within the gas 10

i nj ection portstbyPIdVi 8P ngrav ERar genst erRgeiEapasi PrEyeenathecahasme and

corrpensatechfeoro@:rrmaa@r@@@{f@a% saéIQ%@gngoo%hgeeMemgagre ggtrofe 125.
FIG 10 is an enlarged partial view correspondi ng é r[lustrating

t he resul tqvﬁgfhfaar‘?é e Aqtueeds ebofearm oner HICe hkl @@slsl abetegort8h380 In
t | 50 th
par | cul ary, 450 ol Uy quim ovi g Layen, 350401 apd. by, anodlzatign evers the

el ectrode ottom sur a and co e interior sur
i nj ectiSon a;i@mtlrﬂmo arich uj'rejeqil& Jcecstwppcr ecssateireq:tm cféreédsbpeanctiheimyet head

20 el ectroci c:Jt he tocpm ]%ggj %ugh Oé’r?r ead el ectrode 125 is
covered weth Sa F&I%atide ) TaYer® BP9t af bhP AuhPFBANT 3B87Y The
t hick al umhrilmmdh@amﬂﬁﬁd amlasmtm; keep ortlh_ge ®l eclie i Clpoteottoh Hearatdei2sa
over head ﬁl Qctrode cor]_ tant_in . the ax ve t| cal direction, thereby

suppr essi e 90 28'% | WA (TR RA i 3% wolll BC bt hr A 5es

contri butgcmo mihasTe eaitaing vdridy ned %gﬁﬁﬁeé@leﬁ@éitﬁ?@ POEESn30Re 4asorder to
bl ock D.C. plasma currents fromf]| ow ng t hrough the overhead el ectrode to

the cbAxi &NJ&CHS Ofle MCET: S dht REVL digrg @ géﬂaar%mtcpmﬂfaw»@blrhy@y Feati s
pl aced betusep fheruerchead elegirads 5 ang 4 hel 290b 0f %@%@ head

conductive housing 290 that connects the overhead el ectrode 12
coaxi al c@ﬂatﬁértm@eZl@SOCT 2005 MD i03/2086688I6 RER USo BDBI9iewnduct or 146.

This feat %ergl g\o@lg{% {3 @rdeotentiialg t?{]ttl% chvee 2 ect? %thl,ge to float.

A capaci tor here forme bet'ween e ov’er S and the .
conduct|vethog$mmg near one of the gas inlet ports.300- In particular,

15 an aluminum oxide layer 350 formed by.anodization covers the
electrode bottom surface 125a and covers the interior sﬁrface.of
the gas injection port 300.

In order to‘éuppress electric fields near the overhead

20 elsctrode 125, the top surface 125b of the overhead electrcde
125 is covered with & relatively thick (0.25 in) layer of
aluminum foam 355. The thick aluminum fcam 355 tendslto keep
the électric potential near the overhead electrode constant in -
the axial (vertical) direction, thereby suppressing electric

25 fields in that vicinity which would otherwise contribute to

plasma afcing within the gas injection ports 300.

In order to block D.C. plasma currents from flowing through
‘ the overhead electrode to-the coaxial stub center conductor 1490,
30 a thin insulative layer 360 is placed between the overhead
electrode 125 and the base 290b of the conductive hcusing 290

that connects the overhead electrode 125 to the coaxial center
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base 290b. The capacitance of this capacitor is determned by 5 the area of
the base 290b as well as by the thickness and dielectric constant oft

thin insulative | ayer 360. Preferably, the capacitance of. citor
i s sel ect 8 tY0364%%vi de a narrow resonance or .| ow i npedance® é@éﬁ"gﬁﬁ
particular HF frequency, while providing an RF short across the entire VHF
10 band. In this way, the overhead el ectrode 125 provides a return_ path for
HF bi as pow@rdappPFedifeo t BEiMafeRsUSpErLopedéseall  C1050that iddestnshe

affect t heoxpé‘ﬂ(’f‘é/é@reQéc%?@dQV%h%Qa‘%' echr egﬁacl%ératlst fgge¥§ggsgggﬁgdpomer

frequency. By thus, blocking D.C. plasma current that wou therw se fl ow
to the ovéﬁﬂé&ﬁEQStéﬁe@?ﬁéﬁ@adpﬁésﬁﬁfaﬁélh§5mﬁﬂﬁ|ﬁhﬁheongCEnVecbpeﬁlpgrts

S0 L s uRRLESsed, becapsecaloh, P feeCUEr PRLS pOULE, 6831 LOULE LR 1BECLY0
I n sunnary, asha arcing within t as |nject|0n por
suppres%edﬂbw anez opf nbne bﬁsehé9ﬁblEemwa@‘featbyeshe(ahltﬁnesegaad

dielectric,coati 350 on, the bettom t he ov ead el ect e 125 and on
t he |nterﬁ%%q§% ac%sc%?sgﬁeggag % gﬁ%%nln ??E 360l By ngviding a
metal lic aﬁmmipamﬂueyeap%&@ncetop efuts heap¥etbeadiel eeteedeqled, and

(c) pIa0|&g_ ﬂ n 25 insulative Iager 360 between the overhead ‘el ectrode
125 and t FEFOE 796 RBuSFRGN296E ShppréssFBRIBRCHI BEhB 3hedt R2thhERAREd

Fbr”DnlCSHf”F%ééUéhé@SU&ﬁilee L@vealﬁéoaﬁlﬁyssﬁofelsckas§ueﬁéeéﬁtﬂge phasma
sheat h- generated har moni cs of the HF bi as S|gnal applied 30 to the wafer
supporkC pdgest-al AD5EhTheWdY eseheeCHErBEREA B ?ﬁﬁﬁpéé dégrage¥ipescesseturn
per f or man ifigcal Ly, £edy t n
capaC|tangﬁm§ppg?§Pﬁ$n % : Ciﬂﬁggb%& 5@)%@% %gg% %ﬁ %%%2 %%gggal

char act er i1$t5,c ot d¢ﬁ§|m@©I@£f®@£leyerbEB@®lQr ef; tdéebeerhead ebastantieand

thlckness), o r Ml P dgu% h pka roug oV | ect.r ode
125 and cgaX|a%:ﬁ§%%r con %%né 2071 % §£@eﬁ9y By PSS, EEQSQQnS gee!
plasma current that would OthEIWISE flow to the overhead
15 electrode, plasma arcing within the gas injection ports 300 1is
suppressed because such D.{. currents would contribute to

arcing.

In summary, plasma arcing within the gas injection ports
20 300 is suppressed by one or mecre of the fcllowing features: (a)
forming & dielectric¢ coating 35C on the bottom cof the overhead
electrode 125 and on the interior surfaces of the gas injection
ports 300, (b) providing a metallic aluminum foam layer 355 on
top of the coverhead electrode 125, and (c) placing a thin
25 insulative layer 360 between the overhead electrode 125 and the
conductive housing 2980.

Suppression of Plasma Sheath-Generated Harmonics:

The thin insulative layer 360 plays a role in suppressing
plasma sheath-generated harmonics of the HE bias signal applied
30 to the wafer support pedestal 105. The presence cf such
armonics degrades process performance, and specifically reduces

etch rates. By selecting the capacitance-determining
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tuned to resonate (and therefore have a very, high adnittance), at 5 a
particul ar HF frequency'. Wiile one choice for this resonant frequeq&y% 0
por

woul d be ndamental of the HF bias signal applied to u
pedest al &6@"“&% s a discovery of the invention that the EEiﬂ%$%§%9$

i nproved by 10%to 15% by selecting this resonance to be t he second
harnoni ¢ of the bias 10 signal. Such a favorable result 'is achi eved because

harnonlcsCﬁﬁﬁﬁﬁ%ﬁéﬂsﬁyc%h%fnéﬁelFﬁé&# G 6ﬁé§én@é@ by -the [5iigsife tdHéat h

are qui cklypdatannegnt o gr OUAdstRr ough t-heulrawg rmetia%%pt@@tfmas%e%m%hby
the overhead el ectrode and coaxial center conductor 140 by virtue of

capaci ti vetheay@felat@@ad 181 Set BEEROA26f P e CORKERACSSNGE vadespad g0 Iléyer
360 to ;mﬁ@%e}élwnméh %H&OHHQrE%r@V%UQaQ %%%gt rhqg% Ja%?ﬁltt Aadice)

particul a reguency 1Is a ected a nunber of el udi i ng the
capa0|ﬂhn¢epﬁ uimﬂl¢urﬁEIQSﬁausheath dhitheone Ghenheadoela®usod&ahﬁi uhe

capaci tan t t.h S h r..su rt ede t al S
wel | as tﬁg %ﬁéﬁ%téﬁ%ﬁjg¢gtﬂg p?ggﬁgme ﬁfgfpﬁhgrozéeﬁgnv ﬁ app da
technlquexdﬂ@héxwaﬁaﬂléwppmptoyedebyaﬂhéo5k|htedsmarbescbme&wn@ftmaaxnrect

t hi ck f t t 1,360, 1 h 5
Sl oot ad PETPRAIG U Jeht (FE Bat B ot r "REBYAA Berdts hG doRait) ons

|nclud|ngggygﬁtﬁﬂui&ﬂi@rre£&ﬁ@ﬁ¢@d€o8béfane Eenpedahutaoﬁmatbalthbnba@s
oxi de etch reactor, é&ﬁ are serio r obl em because the

s
procedd g&LIRFt be %%I§ﬁ§?ltlé§e?§ 698FdnBﬁCBRF8e hegACi fieng

surfaces @gnlche et kpj e@rﬁa Irﬁbnom@éaiomgal g¥esansutt Bhl enet phasphechigihy
bet ween silicon 51 Z 4 OCT 2005 WO 03/036680 PCT/ US02/ 30399 di oxi de

mat eri al s 3&%d SotHTerL et E1eC t Hat SR eNAoE N ERuGR EPEhedY IPBPRAGCR BIME
processi ng, using Jd ¢ VY oG %&@ég@a,ew@t%@plgﬁd &bygﬁgﬁ!%bﬁ@éraegna@@'t‘a@'S

performthe etching | e the carbon-
140 by virtue of the capacitive layer 360.

15
Selection of the thickneés cf the capacitor layer 260 to

tune the return path through the overheéd electrode 125 to a
particular HF frequency.is affected by a number of factors,
including the capacitance of the thin plasma sheath at the

20 overhead electrode 125, the capacitance of the thick plasma
sheath at the wafer support pedestal 105 as well as the
capacitance of the plasma itself. Numerous conventional
technigues may be readily employed by the skilled worker to find
the correct thickness of the capacitor layer 360 to achieve

25 resonance at the selected HF frequency given the particﬁlar

plasma operating conditions, including trizl and error.

FElectrode Surfazce Temperature Control:

In an oxide etch reactor, polymer depcsits are a serious
30 problem because the process gas must be able to form polymer
layers over non-oxide containing surfaces on the woerkpiece in

order to achieve a suitable etch seléctivity between silicon
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rich species deposit polyner over all non-oxygen-containing 5 materials on
the workpiece as well as all interior surfaces of the reactor chamerpcti/ys

order to gwoid .cantam nation of the workpiece by polyner paefighRRiedf alling
from chanber interior surfaces into the plasma, these surfaces nmust be kept

at a sufficiently |low tenperature and the plasnma el ectron energy nust 10 be
kept sufficiently lowto avoid tearing such deposits off of . the chanber
interior slofxdces naAlamianlat iaed ygtide thahierls viataiuine rashobetdniber etiphed.

and a cherg cal. cl i st e erformed t e h Si , t hat
greatly r(raB Erger\? Pgl%o%é‘ﬂ“gﬁ%ﬁ‘%ys ojfr(q hJeSlre o o#f%%aﬁlﬁ%gc%%gggt i l‘v@? yg%:%%g‘?ﬁd
VHF sour cd ldescriehecbns tamd refarance per i@ thé setheighhy efifiei ené aadbon-
therefore capable of _ produci ng{:E during a non-chem cal cleani ng step, a

suf fici entPy " HEGH {51 asid des NS 6 1 #or gCR]IJy TEhOVEY T OnT P he? thiber 20
interior sutfades samy: poley ey Hresdcliesglepasl ted Aur i ngraef 8F s PFOSESSi 6.
During such a cleaning,step, the usual plasma' process oases nmay be replaced
by a nore "6l éteialcéoéagh(“@. Lo ondt YIRS P 107 Prodefet @M prakher vt htke very
hi gh freeyblrugricie HEORMAVNer P18 1G4 17Ut Cherd Rl ShAgsdr bend ot foduced
into the 25 chanber, the chanber remains closed so that the cleaning step
may be pefESEFEE SqENER g d lsdfuerit1afs ¢ WdaFraheeHamrerkgrtee2t o pol yner
deposi ts. ;Therefiare, et nede of ' r i '
whi ch theS(L:Jl g%%é%ngé fgggp%teg{r?pegr%gtur esglgnghlt%hglp asér:ae%(:né:%%erég}éeiggp@gp
suf fi ¢Penbky kgpéatsu3@ ica cavrdivd laet rmuleatiich tefe idaly merclordepes iios erfbrof

cranter " SHE! B5gRps” JOONN2 4 OO 2008, ECULRODNG, for s
fluid) onvathemoweshebed éngetrmrageet?Bnd a chemical cleaning step
performed to remcove such deposits, a step that greatly reduces
productivity of the reactor.
15
The capacitively coupled VHF source described with
reference to FIG. 1 is highly efficient and therefore capable of
producing, during a ncon-chemical cleaning step, a sufficiently
high plasme density to théroughly reﬁove from the chamber
20 intericr surfaces any pclymer residue deposited during wafer
processing. During'such a cleaning step, the usual plasma
process gases may be replaced by a more velatile gas {e.g., one
tending to produce a plasma with a very high free flucrine
content). Since no liguid chemicals need be introduced into the
25 chamber,.the chamber remains closed so that the cleaning step
may be performed quickly and frequently to keep the chamber free
of polymer deposits. Therefore, an operating mode of the
reactor of FIG. 8 is one in which the chamber surface
temperatures and the plasma ion energies are sufficiently great

30 to avoid accumulation of polymer on the interior chamber

surfaces.
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In the inplementation of FIG 8, the fluid passages 670 are fornmed between
t he upper al um num foam | ayer 355 and the upper 5 surface of the overhead

el ectrode 125  Alternatively, such passages may be formed conpl et el &0CT 2005
i nternal | VW:{"H(’H % he overhead electrode 125. A tenper at ur BCE3R#H?Y ng
fluid or gas is fed to the fluid passages 670 froma fluid supply Iine 675
passi ng through the hollow i nner coaxial conductor 140. Thus, the 10

t enper at ure of rhe wvier hﬁ.&ﬁb@é@pt‘dﬁi&deréiétdﬁrﬂyoﬁerGeCB sehyludent pottedesBy

t hus contralli the el ectr dete re an by controlljng other plasma
process pﬁ? ?grrshﬁ?(?h ’?%nr r ) 3?1% ‘¥\é e n%%/e%éf% 6?=3r]a$%d in
ei t her demaStheoamm@e(ntrhmrctbﬁ hersurd acese af Busdf pd £ L6584 Y6 TOOd rd 0

accumul at e olymer) or in a depletion nmode (in which the surfaces are

suf fici eanymﬁGt bﬁ&""é—’lelﬂo\f(fl’iﬂ HRES T Heak O Hhal? por yhe? 30dnt hhe!RREF aces

and thereby rayekdoaceywallAld a0 NAMWIJe -100e  gdepl stion.apgde sy
effective because this node better avoids particle contamnation. ~O 2

Optical MpABE@BEAgMEN tife M cmitle%f@l}a elee ¥l Fieact Wrinft i @vearkasd be

oper at ed b fre fo |

surf aces, égﬁé%%?iecglzsw né’%\?ﬁ ngﬂg e pr owczlle%q}%hﬁhﬂlﬁ@f %‘%sur algéedo ©
the 25 ov‘ehheéauetie@tars@@@em§7%rfm |aczﬁltl:1|rrarmawlﬁsuah1as6% mptsicat  fiber
or light &lﬂpg 6 5§h%oﬁ%ﬂr1%%’t %qm%tr OCQ]e‘ r}ﬂ tCo t The ,llq?dow 6 0 and

passes th oug Pow i nrei” “Coaxi-al” “con e 685
i S conbectetptpaaucenvéntingn cofmtriheald edetcemtc@fe 61&5 artayt hee q:uie&nseﬂq; 30 Wth-

o et S ROl b, 05kest Lop.and oLher, MeAsur TR s ey, B P e
by controlling other plasma process parameters such plasma 'ion
energy, the reactor may be operated in either deposition mode
(in which the surfaces are sufficiently cool to accumulate

15 poiymer) or in a’depletion mede (in which the surfaces are
sufficiently hot to allow plasma ions to tear away polymer from
the surfaces and thereby aveoid accumulation of poclymer). The
depletion mede is effective because this mode better avoids

particle contamination.

Optizcal Monitoring of the Plasma Process:

Since the reactor of FIG. 8 can be operated so as to be
free of polymer deposits on the chamber interior surfaces, an
opticel window 680 may be provided in the bottom surface cf the

25 overhead electrode 125. An optical channel such as an cptical
fiber or light pipe 685 is ceonnected at one end to the optical
window 680 and passes through the hollow ihner coaxial conductor
140. The light pipe 685 is ccnnected to a convention optical
detector 687 at the outer end.

30

With this feature, end point detection and other

measurements may be performed using such an optical detecter.
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PCT/ US02/ 30399 Specifically, the detector 687 neasures the thickness of a
sel ected | ayer on the workpi ece or seniconductor wafer 110, wusing 14 0CT 2005

wel | -knovvgv @}Ki?é%k] techni ques. During an etch process, forpgfr,%gg,ﬁswt he

process wou alted after the thickness 'of 5 the materia ng etched
is reduced to a predeterm nded thickness, as neasured by the detector 687.
i nteriaor_surfaces can be

Preventiop_of .Cont am nation:, Since t hanmber I
naintainegpFFéélcfgqgf %SFyHEEEE 6é?§gfiT?ﬁﬁfﬁ%ﬁnﬁ F XAt d Thef pl asm.

I n parti cekaectehe 1bgktromns tiface rofp itdee alrturdaminanmrdesd wefegtrpge 125 is
continuallg.suﬁ#eqh]%o attack .frogmth |l asna, and is therefore liable to
cont ri but B AN BT RO SBEERe S5 HEG 1 i T e | SR 137 Cont AP AT TR of

t he wor kpeeeeeanfiphiencehi5ppreeess wWaailldime. Hal /et der prieyent: Seds a of

problem the bottom _surface of the overhead el ectrode 125, which may be
anodi zed, 1€ M@hEFEAIWPERNE Fir6EESS TCoRFAdRCe tRatterd A AR F RISt | i con or

silicon carbidgesihuss Asashown by RHESqtRand kbA. a thin silicon carbide
filmo690 covers the bottom anodi zéd surface of 20 the al um num over head

el ectrode 125. The thin silicon or silicon carbide film 690 prevents the

plasma fremattackingst Bg 2l upRym material of the el ectrode 125. To the
ext end thé“%%a§ﬁﬁ—T§WﬁV§§_ﬁar€rFﬁT‘Tron1the.siIicon-containing film 690,
the species th&sneat tbducbdmbrtro inite rplcas sardamest ceonttainat et 251d¢def ree
P OCEHE SRR LE G RRRLER, SHELCon, g Eaghanly Bieyliond T oSgr L0,
Silicon ipsepresebtr|nthéebptasmasuwntiere sifl tbenadxndeurs dedigest ched.
Gor bon 151Dz pl 2o, vheteLh, | ol pacben- oases aue Ul ofed 55 process
anodi zed s {herpetégopecaifbie tol Bo620ibarboblBAioEl pailieds Shtd 4HLT
2005 plasma, leading to contamination cf the workpiece and hence
15 process failure. 1In order to prevent ,such & problem, the bottom
surface of the overhead electrode 125, which may be anodized, is
coated with a process-compatible material such as silicon or
silicon carbide. Thus, as shown in FIGS. 10 and 11A, a thin
silicon carbide fiim 690 co&ers‘the bottom anodized surface of
20 the zluminum overﬁead electrode 125. The thin silicon or
silicon carbide film 680 pfevents the plasma from attacking the
aluminum maferial of the electrode 125. To the ektendlthe
plasma removes material from the silicon-containing film 690,
the species thus introduced intc the plasma cannot contaminate
25 the process because such speciles (silicon and carbon) are
already present in the plasma and/or workpiece and therefore are
compatible with the process. 8ilicon is present 1in ﬁhg plasma
where silicon oxide is being etched. Carbon is in the plasma
wherein flucro-carbon gases are employed as process etch gases.
30

In an alternative embodiment, the overhead electrode is not

anodized and the silicon carbide film 690 is formed over a pure
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WO 03/ 036680 PCT/ US02/ 30399 al um num surface of the electrode 125. In

anot her alternative enbodinent illustrated in FIG 118, the gas injecﬂﬁﬁm5
hol es 300 are L-shaped (involving two right-angle turns) and their,

openi ngs W 68 % hanber are annul ar, the annul ar openi ng BETUSCZEHWE hol e
300 being defined by a solid disk 300a blocking the center of each opening.
Results: The invention thus provides a plasma reactor which is far 10 | ess
sensi ti ve atlerdrarrg es: rifre asperfattihng eclordi tadensl Znd/ ofn araviladt onstemative

manuf act uri na .ol erances._.lt_.i s, believed t.hat _.these agreat .advant ages
e dl%rE £ lCl. UStrtaytetdol ri\ﬁe .llrba thcﬁ tqaos glnqgc:et_%ozbrnoo siu‘%oo

i ncl udi ng Tack of "sensitivi operating ‘con ns - a i hg
or frequeacy Spabteear (irmpddance tvat ahigig--aarg & hexoont rddsutdtonise of  at

| east one or 15 nor.e of nunber of reactor features., These features

i ncl ude afiPeGvEéffedd PedtoF RGN §d& HEVITG & c%d?@é{#@et RRTHI T oF

near | y smabgkinng dike 3magnidivde off itthel negat isee icApac it dws H1dde nplasea at
the nost desired processing plasna ion densities, use of a VHF source power
frequency CRBEEHT RE 62 Che &P idt-chi ng the 20 pl asma- el ectrode resonance
frequency; the close relationship of the VHF source power frequency, the

pl asma- el ectrode resonance frequency and the stub resonance frequency;

of f setti nBesdétspl asna- el ectrode resonance frequency, the stub resonance

frequency and the SouLGE pAWen ff SAUNGLS LoBiang Angthary, and 25 Lhecyse of

a resonant stub match to couple source power

pr ef el bl yewist Benbetsger to podEgesnpmt cpapatieq afdnsitt isinisglatrdy dor om t he

i deal , match %gcation. | t i% | i eved tﬁat of fsetting.th l.asma tuyb and
many tp

sour ce 36a58 %Opﬁedﬁen |esa%%8§ &fis ErFGﬁFﬁg s&&césoﬁ §V§§%€i y, in
effect, dentysi ngekheasiyshemzesiingladstub laekch tbreadens viie tiuni ng space
by matching actoss 2.8L9298h s LaUenCy LAl uATR? o} TEEc LNy space for
impedance matching- are the contributions of at least one or
15 more of a number of reactor features. These features include an
overhead reactor electrode having a capacitance matching or
nearly matching the magnitude of the negative capacitance of the
plasma at the mo;t desired processing plasma 1on densities, use
of a VHF source power freguency matching or nearly'matching the
20 plasma-electrode resonance freguency; the close relationship of
the VHF scurce power frequency, the plasma-electrode resonance
frequency and the stub resonanée frequency; offsettiné the
plasma-electrode rescnance freguency, the stub resonance
frequency and the source power frequency from cne another; and
25 the use of a resonant stub match to couple source power to the
overhead electrode, preferably with the scurce power input tap

160 offset slightly from the ideal match location.

It is believed that offsetting the plasma, stub and source
30 power freguencies broadens the tuning space of the system by, in
effect, de-tuning the system. Using a stub match broadens the

tuning space by matching across a broader frequency range.
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WO 03/ 036680 PCT/ US02/ 30399 O fsetting the stub tap point 160 fromthe ideal
mat ch point further optimzes the systemto broaden the tuning spac&,
because this feature has the effect of adding current when Egrivg[e deﬂéW%
woul d ot he?Ri &38R i ne and of subtracting 5 current when d&MHREE3"B3wer

woul d ot herwi se increase- Using a higher (VHF) source power frequency

provi des a decrease in system Q or an increase in tuning space proportional
to the i Mffesstet img sowe cecpowesapfpequenty) Fbopm thpoitianll pathi point

sel ection faHrI %Mésrtge f_!lecéroggépéag . resopance to Ee gatchedsto 10 the
source povet™ FrequEney™atca plasti- densi Py favorabla®t SUEtER SBFGEesses.
Because t heedaventiions rasher se thes reaet ef vttt val kydi nguserreatchasges in
process copditions over a broader process wndow, it provides the

t hr ee-f ol egldlvva‘?ﬁ%eo%‘fe% "f%‘éﬁc?o?ttt‘)%’é‘t’l?% ?3‘591%‘3\/\B’FQa‘BfeSB{?EFa‘étMEer range
of procesg mondid iviedeyd B tOnsd gder Useh Ul OYRErdi bsopderesange 9king a

applications (different process recipes) and (c) whose performance is
vi rtual |y rEFFect'EHF loveur 28 VR R T r BRRRUeR C et atees i Agleererances, so

t hat reackQ/stlls C{]Q:?LCQQ{ cleracderi sties: Ry esphk& of 2P CORseapEnt L X,
superior résults have been attained. Specifically, t%e Q of the system has
been m ni HEEEasE abbRCH CY rPEte EER@t oY r et P he alBPpet bk L Hegk ks of

unt For m & % efle Al g@fleadsstmé SIEL PRI QLIPOGE, AN, L CL&Nbe RRELOLY o
the sanme nodel, and to enhance process w ndow. H gh plasrma 2 ensities on
t he ordder tofe IR deonsyworr Haveerwsrery acthi ®vebk smdndess ehy | awb tabbal yo 2k of

source power. e‘l;réeés system sustained plasnmas over a pressure range of 10 mrl
to 200 nir AR nNo transitions with source power |levels as |ow as 10 W The

shorted i npedarke:amtechiley icoexital orst tdndesonate ngeaeas r t her Mkl B9 phasha

and source po%r freq%enci es shortrgéi out parasitic VHF. ' plasm sheath
har moni ¢cs “ShidT& Y38 121 f OF SFoneToE ¥ i Y § 1 2 B bIPHRSES ThEL RYSY em
accompdatied pcasniie y esiestimed-qast bbdvantage of a reactor that is (a)

15 workable over a wider range c¢f process condition deviations, (b)
useful cver a broader range of applications (different process
recipes) and (c) whose performance is virtually unaffected over
a wider range of manufactgring tolerances, so that reactor-to-
reactor characteristics are uniform. . '

20 Consequently, superior results have been attained.
Specifically, the Q of the system has been minimized to about 5
in scme cases to retain a superior degree of uniformity of
characteristics and performance among different reactors ¢f the
same model, and to enhance process window. ﬂigh plasma

25 densities on the order of 10°? ions/cc have been achieved
consistently with only 2kxW of source power. The. system
sustained plasmas over a pressure range of 10 mT to 200 mT with
no transitions with source power levels as low as 10 W. The
shorted impedance matching ceoaxial stub resonating near the VHF

30 plasme and source power frequencies shorted out parasitic VHF

plasma sheath harmonics while realizing a power efficiency in

excess of 95%. The system accommodated plasma resistive loed
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| oad variations of 1.3 to .75 while maintaining the source power m@#ﬁ@T'DS

| ess than 3oksnbdesh S believed that this increased Capabl|ltéﬁ%9 gﬁgg % Q

| oad vari ations, and hence expanded process w ndows 5is V%’ &e

to (a) the natchlng of the el ectrode and pl asma capacitances under the

desi gn operating conditions, acconplished as above descri bed by appropriate

choi ce of vdiréke&dtnisc ofalfies Fetdvaes athie’ el evad othr 195l amgl ¢Esl condact ¥ ve

support as I [0 Leate, ghal r frequency;

and (b) the“géec?%ﬁﬁggéghPl Eﬁgasﬁ%aX|a%ﬁgﬁ%b¥§ﬁiﬁggﬁgﬁﬁpﬁﬁﬁ%? %gl

posi tioning, bbenuﬂ1thiawgm(ﬂh&&nﬂh%ﬂkﬂﬂtn&ﬁsadmpinimpbutyenm under | ow

| oad condltlons and . su ted fro r.h oad, condi tions

bel i eved t A& “Very hltghti dc % |gne5ric Gd% éegn%%aarngdeeé)amf °t%o ?hmndows’

i npedance 15 tjuansfnorlrm’[gleorpamtomcde@)bwn&enaonawraj i uthe Whl ebit b dd NG ZES

reflection | osses both t he generat connection as well as at the

el ectrode E&ﬁﬁ@étF@ﬁabagénfgso REEA & 2 TR (FESAS S AP RS

frequency asdefbeckhedecpl asomer e2eranbelr egueRpropal iong WHdL @ptdmal tap

positioning for realizing a IOM/current 20 and hi vol tage in the coaxi al

st ub wher ed-BSFSEFVE V8§§§§ bEGHERE EM8nE L &qﬂﬁﬁ?ﬁjﬂhiuﬁn 9 oW Y AEYE BV he

el ectrode/ Bhﬁﬁ@%t \é/@er,«e1qaa@cmevgp!p<z%§%§a<%@mcw&e Yt e ddese henafits

are provided while avoid or minimzing the need for conventional

i npedah€e ﬁﬁﬁéheapﬁaréﬂgs ngtVﬁlﬁ@eéke#éWaﬁwnéﬁﬁ@GQﬁaﬂQ?&ﬁakrﬁ§4hnﬂﬁﬂhon

adapted fo i d et.chi a en, descy il,

t he reacto? Efgﬁgé gg tggggg§gﬁaﬂbch%§cg§qg? %%ggﬁﬁgbperaf#ﬁg% condq%?ons

ot her thanthhoseuuescrrbeu abdee, lpAclodidngodiditerast a30 isorbtderdiad ésom

di fferent a oyt rl : ifferen r, pre res. .These

Vari ot Ons?l; ﬁﬁ@ﬁo%gg g%ﬁeggﬁ%ﬁ%%cng §Lent peR3Rey RHe P high
power efficiency is due in large part to the impedance

part

15 transformation provided by the ccaxial stub, which minimizes
reflection losses both at the generator connection as well as at
the electrode connection, due to obtainihg'a match between stub
resonant frequency and electrode-plasma resonant frequency,
along with optimal tap pésitioning for realizing a low current

20 and high veltage in the coaxial stub where resistive losses
dominate and a high current low voltage at the electrode/plasma
where capacitive losses dominate. Yet all these benefits are
provided while avoiding or minimizing the need for conventional

impedance match apparatus.

While exemplary embodiments of the invention adapted for
dielectric and conductor etching have been described in detail,
the reactor is zlso advantageous for cholces cf plasma operating
conditions other than those described above, including different

30 ion densities, different plasma source power levels, different
chamber pressures. These variations will produce different

plasma capacitances, reguiring different electrode capacitances
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pl asma capacitances, requiring different el ectrode capacitances 57 WD
03/ 036680 2 4 OCT 2005 PCT/ US02/30399 and different el ectrode-plasnit (CT 2005

r esonant W(?W@s%sjoes and therefore require different plasnm-Sp&&gdoner
frequenci es” an Stub resonant frequencies fromthose described above. Al so,

different wafer dianeters and different plasma processes such as 5 chem cal
vapor deposition may well_ have different operating reginmes for source power

and chanbérEsSiiesn et §3t Fede vt  ehad T it 2uhabF e ¥ hesel Sar i des

appl i cati ensrdhe-d eacdof ravid] £ £ 9LO6F ap1 ¥sRNhaBGLc L NEoPE PCESSqUE REONS andy
stability as in the enbodi nent described above. 10 Conpact VHF Fi xed Tuni ng

El enent ;  Fhe B unf MiEwEUb- 9% H ¢B. thoshddss F5iked upbPge - el eeR®: t hat

provides an dAmMRdANGe, B Cii QVEfe A | AMPEL: tHDI NG SPRGRs FScdessiibed-mith
reference to FIGS. 1-7. However, 15 because of its elongate |inear. design.

its fodtpehemijcelactantdy ylepey yeron hagy twiatl diathed pf Benent eare vz t oh@nber .

I n those _sit-uatd vg]ﬁ QS 1Y o) Yok 1 ;;?)é{n I nc njent, the
coaxi al tl]%ig%g%s%u of I&et tE1€§wan"d 8 ({lsé}?aep acgpdlt%?/gg%é' e%%lgajftgn%g strip -
i ne circoketliesed |dhest natdr i thddasSra diu €l 30 armak ddns Thehe erd &t @ondiltt or
of the VHE _gener.ator_ 50 m, ,coaxi al_ out put, connector_.i S. connected to a
strip li nge%gﬁcf&g‘tyorenwe rﬁ et CeeSos’utb}élrndcoo""n o?t%}?l}htey\/ﬁ: )grén%]?%t or 50
OChm coaxkaboaliireuit cwwradcterd icdw@onnected to the nmetal ceiling 710 of a

housi rig 715 covering the top of the reactor. The 25 conductive ceiling 710
functi-ons as a ground plane that the strip line conductor 700 faces. The

strip |ingcspRductorr H0Qdds Tgenef Hilamaomal in cross-section, with its

broader side facing the around plane ceiling 710. The characteristic

i npedance of {Ih& &FpP AL deredHiRE 95 rm St by 1§ 2 spakity from the
element that provides an impedance match over a large tuning
space, as described with reference to FIGS. 1-7. However,

15 because of its elongate linear design, its footprint is actually
larger than that of the plasma reactor chamber. In those
situations where this aspect is found to be inconvenient, the
coaxial tuning stgb of FIGS. 1 and 8 is replaced by an
equivalent strip line circuit, as illustrated in FIGS; 12, 13

20 and 14. The center conductor of the VHF generator 50 Ohm
coaxial output connector is connected to a strip line‘conductor
700, while the outer conductor of the VHF generator 50 Ohm
coaxial cutput connector is connected to the metal ceiling 710
of a housing 715 covering the top c¢f the reactor. The

25 conductive ceiling 710 functions as a ground plane that the
strip line conductor 700 faces. The strip line conductor 700 is
generally oval in cross-section, with 1ts broader side facing
the ground plane ceiling 710. The characteristic impéedance of
the strip line conductor is determined by its spacing from the

30 ‘ground plane ceiling 710. Preferably, the strip line conductor

700 is uniformly spaced from the ground plane ceiling 710 along

its entire length.
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30 ground plane ceiling 710. Preferably, the strip Iine conductor 700 is
uni formy spaced fromthe ground plane ceiling 710 along its entire Ipmmﬂhmn5
t he

58 2 4 OC! 5 03/ 036680 PCT/ US02/ 30399 In an exenpl ary_enbodi nent,
strip lin (%@ﬁ%ﬂ¥$gr was 0.12S inch in height, 2.5 inches mfﬁBQ%%H3$%
di spl aced bel ow the ground plane ceiling 710 by 0.5 inch. By having the

wider (2.5 inch) side of the strip |ine conductor 700 facing the ground, 5
pl ane ceiling 740, 2% @ ¥RR13 rowenBofBRend; stREbaEBdPadioss cohducsnti Was2. 5

| nch widtfy ofod NeyStriip 4d g cONGUST 9600, o 1her SRy 3 CeAUCHAGCLESLSLENS the
| osses in the outer surface where nost of the current flow occurs. The
| engt h of et rAleng e compnct by 7900. §sigelt er nBrieblavanghehgamedpanrér. Sas

the | ength t 0gxi 0 ing: stu CE| _abpye _in, detail
W th referdicd o dRes e T AT Oefder 42 MO8 P e R ok B
al ong tthe plagrytdeigfinchel Bt.riquirert chhduct ormTod dssaksbudetieanrned ikhet he

sane nmanner_.as t l.ac t ,.Of e tap.alpng the |length t coaxi a
stub 135, eéjst%cfees?‘ra'isgelg‘c\?\}nﬁﬂ‘drtce}} eér%;n%@gt%t %Pllge 15° \ﬁ%ﬂg%, %ﬂe gﬁ8r8 Yt he
strip |ineechrduet aresiGl ofe RldGsdR id uttidiesitd r om i hecevenbeadnekecbrodpe
125 is, like the _corresponding .end of the coax stub inner conductor 140 of
FlG 1, SHOMT (%t GIid S tHEF oSO The 2% r§ b P nb eonaReaerto70600

the short jtso dirceufd et aghi@meddye anLoecdid omat1dhechasr 20hends4Q0a 1t 0

the ground plane ceiling 710, as shown in FIG 13. Like the coaxial tuning

stub 185 SHTRNGSSTERE I e At [P CTBRA iR it JR0 has™ bt i eRgEpreaeal teo a
quarter wavel engt h pofr ¢ HAdr@SoNaM J1Luency o &thf rirX@thliJ@e) an&liﬁn?Hé’

inthis case 25 the strip line circuit conprising the strip I'ine conductor
700 and tlk@ggrogrdd thlearrd 6@ Ll . commraior € 0Q Hes skl setiobeoringd ihenlyeh

of the costrsl TPaRERg ot B eLss R o AL bR I R B
FI GS. 1-?thencoreiedbediveit3S, as described with reference to FIG. 1.

15 Finally, the end of the strip line copductor 700 of FIG. 12
furthest from the overhead electrode 125 is, like the
corresponding end ¢f the coax stub inner conductecr 140 of FIG
.1, shorted to ground. In the case of the strip line conductor
700, the short tp‘ground is.achieved by a coﬁnectién at the far

20 end 700a to the ground plane ceiling 710, as shown in FIG. 13.

Like the coaxial tuning stub 135 of FIGS. 1-8, the strip
line conductor 70C has a length equal to a quarter wavelength of
the resonant frequency of the fixed tuning element, in this case

25 the strip line circuit comprising the strip line conductor 700
and the ground plane ceiling.. Therefore, the selection of the
length of the strip line conductor 700 is exactly as the
selection of the length of the coaxial tuning stub 135 which is
described above with reférence to FIGS. 1-7. In one embodiment,

30' this length was about 29 inches. The RF tap 160 cof FIG. 12
connects the VHF generator to the strip line circuit at a

particular point along the length of the strip line conductor
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30 this length was about 29 inches. The RF tap 160 of FIG 12 connects the
VHF generator to the strip line circuit at a particular point along)ther 505

| engt h of & | i ne conductor 59 WO 03/036680 2 4 OCT

PCT/ US02/ 3 § 3’%%8@ just as the RF tap 160 of FIG 1 makes %&3?1@8?’9‘83%ond| ng
connection along the length of the coaxial tuning stub 135. In the case of
FIG 12, the center conductor_ of the VHE generator output coaxial caonnector

i s connect 88Cat JVRE £ap 60 Ko ehe B0 i 1% nd FGridFctdre WHNTE SRS CGMer

conduct or @fntbec VHF agener ater 1oyt cgoaxical- aondUCtem iing Genreqied ta f he
ground pl ane celllng at _the point overlying the tap connection to the

strip |inetReng@ageor: EéGThé2I06§€|6ﬁnéﬁrtﬁ@“@§§tﬁé'@@ 166 VAEFISGPer2 talong

the lengtd,0buthgogkthp Ebﬂﬁee@e@_lugfsoeom@ctéddéttert%n%qp' fiefoh%oS%%
manner as the |ocation of the ta 1 along the length of the coaxia

stub, a% d%%@*@bbénﬁbévédpﬁt@étHﬁﬂlﬁnFﬁer@§ﬁéétCP@dUFKGJ ©f wheh VHRI s
foatur e ifienstdtor| bOSpELT EUki 69 TRORELAGL1S LNEREELR L 8 £RRIUELAL 700

and the gr ane ce |ng per orns In e Sane manner as t oaxia
tuni ng sthﬂaﬁﬁ ©¢11Fm@ia1 thﬁCdeﬂthVhelyeagutéedeaprcbedewmubnrespeme to
FIG .1 Cflﬁ? %HBSQQB e match space can accommodate as nuch as a
100: 1 varla oh TH'Toa reS|s ance by slightly offsetting the 20 tap point
160 froma theoretlcal optimum As described above wth reference to FIG

1, heoreti al timum |l ocatjon_of _the t 160 at . int along the
Iengtﬁ' of the t nggg?gﬁonlgg %b? t@ﬁu?@éPEn?BQ l&|3§8-tﬁg Pgﬁaﬁh b? t he
strip lingegpitdust othd 08t oi pFl Grel2pnatcubichobhesr aekerhehveennt PRe28ame
st andi ng wave vol tage an qual s the out i npedance of = the VHF

current
generatormﬂnﬁ%@‘%%a?%%tg??gFﬁﬁn ﬂgeHEﬁCEan PhE?@oa%|§FO“EaBP§ ¢BnRAEEt 8d
therebet weane thecdiscovesy desgeibednubit foovef enenseat® FLE, lebgethatothe

i npedance match space is

FIG. 1. With this feature, the strip line c1rcu1t comprising

15 the strip line conductor 700 end the ground plane ceiling
performs in the same manner as the coaxial tuning stub 135 of
FIG. 1, including the feature described with respect to FIG. 1
in which the impedance match space can accommodate as much as a
100:1 variation in load resistance by slightly offsetting the

20 tap point 160 from a theoretical optimum. As described above
with reference to FIG. 1, the theoretical optimum location of
the tap 160 is at a point along the length of the tuning stub
135 (cr, equivalently, along the length of the strip line
conductor 700 of FIG. 12) at which the ratio between the

25 =standing wave voltage and current equals the'output impedance of
the VHF generator or the cheracteristic impedance of the coaxizal
cable connected therebetween. The discovery described with
reference to FIG. 1 is that the impedance match space is
surprisingly expanded by offsetting the tap 160 by about 5% from

30 the theoretical optimum location. Thus, the strip line

conductor circuit of FIG. 12 provides all the advantages and
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surprisingly expanded by offsetting the tap 160 by about 5% from 30 the
t heoretical optimmlocation. Thus, the strip line conductor circuit9fgeT 2005

FIG 12 A |1 the advantages and 60 2 4 OCT 2005 WO / Ghy
PCT/ USOQ%&?B&'%%@CH ons of the coaxial tuning stub of FI G]o%gg(? urt her

‘adds the advantage of conpactness. Like the inner conductor 140 of the-
coaxial stub of FIG- 8, 5 the strip line conductor 700 of FIG 12 is
hol | ow i nfenderond afcohrodateaithe twniing yiumest dolfhect eaut of thehet exddoade

125, and.is gg?gﬁﬁg(gg Le EPF‘RE‘QQ“ él,rsf ace 290a of the conical housing 290.

The advantage o e"strip e conductor 700 (over the coaxial tuning stub
of FIGS. 1 and 8) is that the strip line 10 conductor 700 can extend in a

circular fashi ithin, - ing 71 that its requisite |e can be
realized wt hoﬁt{lkgmeé ‘%nﬁ?‘ﬁg“bgégﬁi&#ﬁer if@gtopérqiatnqé' Cocfa}f]ﬂaﬁ r té@f O?Pg%%bgé]’.
The | epgttheofsthiepsitng tonducandudinor dfs Fdet.erird ned Hol tdwe id 5 sade tmnner

that the |l ength of the coaxial tuning stub is deternm ned, as described above
Wi th ref FETEERGR FT GRT . UThe F miedBicE 0N SEhE St (719 1hel SOMcRa dr2 o700 | &

det er m neshdyis ahmisdtgdi t6 dhepkagermi feomoze o aund ddbanes aidddith g 10.
As descri bed above, this inpedance is best selected to be about 20 30 Chns,

or less thdh t hE'Y/HEEGRREFSE 0P LobRFut titkPe ddmGe COTIMC N gt G bnl vfer Hda ap

160 from tds M generat orud50rakong .t he ankhenrgt i Of e Hd it dihe sepnduct or
700 is made in the sane nanner as the |location of the RF tap 160 on the
coaxildl tafdFtet ulP@sCHeserFeee aBove CWICH lBsf éashdent o Ighdn LtheThe strip

25 line 50 4, N i hat | th th u plan il Wi
GRS Q17 79056 e oL AL EERLMILR 18t QAP IRANG LRAD0 Wit

per f or s e safre function as the coaxial tuni stu and

provi des ¢iieersdimng rydnd ninee” &doanragss af tdesceibddraldwebsizt-h ref erence

to FIG 1. 30 Wiile the top view of FIG 13 shows an enbodi nent in which

the strip line conductor 700 is wound along a nearly square path :
The length of the strip line conductor is determined in the

15 same manner that the length of the coaxial tuning stub 1s
determined, as described above with reference to FIG. 1; The
impedance of the strip line conductor 700 is determined by
adjusting its displacement from the ground plane ceiling 710.
As described aboyé, this impedance 1s best selected to be about

20 30 Chms, c¢r less than the VHF generator cutput impedance. The
lecation of the tap 160 from the VHE generator 150 aiong the
length of the strip line conducteor 700 is made in thelsame
manner as the location of the RF tap 160 on the coaxial tuning
stub as described above with reference to FIG. 1. The strip

25 line conductor 700 in combination with the ground plane ceiling
710 perfokms the same function as the coaxial tuning stub of
FIGS. 1 or 8, and provides the same performance advahtages as

described above with reference to FIG. 1.

30 | While the top view of FIG. 13 shows an embodiment in which

the strip line conductor 700 is wound along a nearly square path
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61 WO 03/036680 2 4 OCT 2005 PCT/US02/30399 (with rounded corners), FIG 14
illustrates another embodiment in which the strip |Iine conductor 700 i @j 2005
C|rcularlxwpqgmg( Htl|ltles Fed Through the Tuning Element: 5 As descri
above with Pespetf’to FIGS. 8 and 12, the coaxial stub inndiCTEGHAG%Sr 140
of FIG 8 and the strip line conductor 700 of FIG 12 are both hollow in
order to accommobdate lines that carry various utilities to the overhead
el ectrode. (wilhiusroasded| ustnated, i mIot N AFiGBu s rane s12ndthe: o wrerodjage rik0
supply line 325, nne ted 0 _an auter gas-f.l.ow controller 800 he i nner
gas supply Ilﬁél§§5 'S hhec éaetgogﬁufﬁ%er7ggs‘ fIdM/c&ﬁFP61lé%f t he
optical fiber or |ight plpe 685 is connected to the optical detector 687,
and the h j I Iine 67? is connec% d to a heating/cooling source

f ~ei t her a coaxi al tuning
stub (as in theAenB@QtHEBéa 8bokkGRith @Bdp8rtotcarstisi.pg id 19 reyd (as
in the enbodinents of FIGS. 12 and 14). Antenna 20 desi gners will recogni ze
the equi val@Htl #bnttEonlpREF oF ABEUBHOThofA @ﬁbgéﬁﬁeﬁtén@ftﬁﬁesﬁﬁkﬁj%hﬂﬁr@
el ement 'rbcﬂ{dl)/é%ﬂ‘él?@@ okNpedange g%teceoleﬁt%ﬁmouh%cla%@%t g F%td%%te
i npedance of the RF generator and the inpedance of the electro asma
conblnatlth“Ebthh@ﬁﬁbﬂrﬁﬁnvéfb©u§hétﬁlxééeﬁuﬁpnghél@ﬁﬁﬁbE@drelEStrode
equi val entin, fixed | rpedanceq e choehepeat) §h95§ ghruetural,feature in
comon, including the use of a center con uct or either a strip FFine
conductlor SupgRlG L 4P 0¥2ani § nenneoasiéiale aonduteor gRe ELGW S)Dnanr@laer
gr ounded uct,or { n i f _Fl o .th nded
outer coaxial’ g%ﬁ%uﬁég%ggggogkﬁégg lﬁg Ehgth805§8§% ?%d %ﬁargc er|st|€s
|npedanceﬂﬁbufunntxq&i@mc&l@altheebpnenal|sluetecﬂlhedhbyptbe $paciiBg
ggtgﬁen t%%nnecteé"%%“%ﬁgséptlllﬁ ég€eéggr 6é9PeanQCEhE°hEQ§1589€g391ng

line 675 is connected to & heating/cooling source controller

15 830.

- The fixzed tuning element 135 is either a coaxial tuning
stub (as in the embodimen;s cf FIGS. 1 and 8) or a strip line
Circuit (as in the embodiments of FIGS. 12 and 14). Antenna

20 designers will recognize the eguivalent function performed by
both embodiments of the fixed tuning element in providing an
impedance match between the characteristic output impedance of
the RF generatcor and the impedance of the electrode/plasma
combination. Both embodiments of the fixed.tuning element (or,

25 eqguivalently, fixed impedance match element) share structural
feature in common, including the use cf a center conductor
(either a strip line conductor in FIG. 12 or an inner coaxial
conductor in FIG. 8) and a grounded conductor (the ground plane
ceiling of FIG. 21 or the grounded outer coaxial conductor of

30 FIG. 8). in both cases, the characteristic impedance of the
impedance match element is determined by the spacing between the

two conductors, while the 1nput impedance to the impedance match
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62 WD 03/036680 2 4 OCT 2005 PCT/US02/ 30399 elenment is determ ned by the

| ocation along the center conductor of the connection to the RF gen %L]Or@él
Al'so, thevwwgpigisesconductor is hollow and therefore serves %T/ﬁg(izﬂzﬁg' d
conduit for gas feed |ines and heat-conductive fluid feed |1nes. th
nost inportant common feature is that both enbodi nents of the inpedance

mat ch el enent are physically fixed in structure, and therefare require no
novi ng paft&MERti dtSeldstqaminabrity ot heer 0 C el 3yt ¥ eBnt e dvaiH: iy € O T ko T
rel ated advantagesnnavs &l readhdean descrdhed. Thesd | xedk iqpedance match
el enment 10 of both enbodi nents may therefore be referred to in general as a
fixed twocepddgtesr lisnpeddrive and dhhed iRt AT ol dpwWRiterttierl degbnduct or .

Wi |l e the_j nti h Gl ' Al r : r
enbodi msn“[: ? {M:ﬁtl tti g%ﬁ’n%rsg%c?d ?ﬁlg{ésb%,dvg}%g%‘iadoén%%cntdl \Srargogflr]’ﬁjllgogttlteger%aﬂt rgészZ'of
may be 5Snadedwichikroob sde parptantg ity amnniven tirass wp rig Bk spope afbddienents

i nventi on, fG% 2 4 Ug 2a0%5e Vn\!‘%t ise]cel aein C!il! S Gh 15'ic'6élpl|r as/r. rdeactor for

pr ocessi n8 a Egnilg‘gngué‘t or E\/\Dcrhkpl*egé, corrperips_lyng: 4 redetS® dfanber havi ng

a chanber swalktand, eont aihmirg caevardduiieee rqupporing gadfd dingdde ligent

sem conduct or W;f kpi ece; an averhead e] ectrode overlying .sai d wor kpi ece
Breee e

support, S8rG* Fodé GIFpYildiang - F0P1eF ot SHi WS SRS

power genﬁé&boélﬁéédﬁuﬂﬁeﬂ RE sROWRJedal andHE i fdRunge RIEe it ¢ 1medhead
el ectrode, said overhead el ectrode_. having a reactance that forms a
resonéﬂceoﬁjPﬁtbhémﬁpgéﬁﬁnéﬁ gay therefore be referred to in general as a

ﬁixed two-conductor impedance match element with a hollow center
conductor.
While the invention has been described in detail by
reference to various embodiments, it is understood that
15 wvariations and modifications thereof may be made without

departing from the true spirit and sceope of the invention.
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VHF el ectrode-pl asma resonant frequency which is at or near the VHF
~frequency of said generator; a fixed inpedance matching el ement conneci@&dils
bet ween said generator and said overhead el ectrode, said fixed inpedance
mat ch el ement having a VHF match el ement resonant frequency at |east near
or equal Wbatslaictbﬂlmeélclﬁriode-pl asma resonant frequency; an MERIE magnetic
field generator for producing a magnetic field that rotates over tine
across a top surface of said.workpiece. 2. The reactor of Caim1l wherein
said magnetic Tiel d2i slasoff ireiearitdy Symlprdoe pagndt adeeso comguctlve el ect ron
cyclotron freguency associated with said nmagnetic field is Iess than said
VHF fr equEHcSP b “Sai G°RETSWEY "generator. 3. The reactor of O aim 2 wherein

said el ectron cycl gt reackequensibd:s rafviensd S%ehess than said VHF
frequency. 4. The reactor of Claim1 further conprising: 64 2 4 OCT 2005 an
over head $#stdaRiRg Rayer XPdrafsd SrPSurfea1otding ghgy ecfasP siedrode
facing s%&ﬁ@{%ggece support. The reactor of Caim4 further conprising: a
capacitive insulating | ayer between said RF power generator and said

over head el ectrode. a6_oVeeheeattdreadfr@aion&rIyrhhers acdnpordimigeea et al
foam | ayer over|ying .gnd cont acj i ng a surface of_said oierqhega(rj%l zrclbt rode
that faces Ry f r 5it§aid SWOrkHl e & BUppoit . 2 FOTheCFe&dt 5716t QR4
further ceaprising a silicon- containing coating covering said overhead
insulating layer. 8. The reactor of Claim7 wherein said silicon containing
coating conprises oA8 Bf HCoFGreY9eoiPTat Pty i8S PRESeER 6 Y6F Caim

4 “hereinf§@&qEﬂ¥§rQ%agaid overhezd electrode, said overhead electrode
having a reactance that forms a resonance with the plasma at a
VHF electrode-plasma resonant fresguency which is at or near the
VHF frequency of said generzator;

g fixed impedance matching element connected between
said generator aznd szid overhead electrode, said fixed
impedance match element having a VHF metch element resonant
freguency a2t least near or equel to said electrode-plasma
r2scnant Ifrequency;

an MERIE magnetic field generator for producing a
magnetic field that rotztes over time across a top surface of

said workpiece.

2. The reactor cf Claim 1 wherein said magnetic field is
sufficiently small in mazgnitude so that the electren cyclotron
freguency associated with sz2id magnetic field is less than said

VHE frequency of said RF power generator.
3. The reactor of Claim Z wherein said electron
cyclotron freguency is at least 5% less than said VHFE

freguency.

4, The reactor of Claim 1 further comprising:
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el ectrode has plural gas injection orifices, and said overhead insulating

| ayer provides a capacitance sufficient to suppress arcing within S?M%Eﬁ%ﬁﬁ
injection orifices 10. The reactor of Claim5 wherein said capacitiVve
insulating layer has a sufficient capacitance to block D.C. current froma
pl asma within said chanber fromflow ng through said overhead el ectrode.

11. The reactor of Caim6 wherein: said el ectrode has plural gas injection

orifices therein generally facing.said rkpi ece support; and 65 7 4_.OCT
205 said metal {GAmTHERERE o “RIGUEFECRENE ] M TRRESS O o? SUBRFSSs “An
axial elsgecty igfipldh widiprsakdras ihgj @%tiidoﬂioﬂ‘fg'b:fécﬁgssuf;ggrfhe react or of
Claim4 wherein said said overhead electrode conprises alum numand said
overhead insulating layer is formed by anodi zation. 13. The reactor of

O aes alree " Salg coapackl X8 chaH At e B e e

provides a | ow i npedanhce path o ground throu sai d overhead el ectrode for
pl asma sheat h genes ateskhat iosi aasulétifie lreeact oseofe€habai 81 Rfurtcver
conprising: a gas supply. inlet |n s.aiq over head el ectrode; a gas baffling

| ayer WSERIST S E&V&%ﬁﬁ BFECTFETe 1660 REST said gas inlet and at |east a
first set of said gas injection orifices. 15. The reactor of Caim14
wherein said gas baffling |ayer conprises a |ayer of netal foam 16. The
reactor of Cf@in 1Bh¢ urehercsorpr iCSizAg Chdriie e oRPFBELIFLBIGd passages

Wi thin said overhead t : The L8act adaLp_l6;further. -
conprising an opt iacang{%\nfngg\%% r%]agaeird%o&é:r%ﬁgargﬁ e%téct rdgg égﬁfgr‘a:al %Lf"éécr?g
sai d wafeer sippostesnezd €ightroaer yvihag Mfedisasm coapl £doto ssaidd wwinigow cend

suppoxrt.

7. The reactor of Claim 2 further comprising 2 silicon-

containing coating covering said overhead insulating layer.

8. The reactor of Claim 7 wherein s=id silicon-

conteining coating comprises one of =ilicon or silicen carbide.

E. The rezctor of Claim 4 wherein said overhezg
electrode has plurzl gas injection orifices, and said overhead
insulating layer provides a capacitance sufficient to suppress

arcing within said gas injection orifices.

10. The reactor of Claim 5 wherein said ceapacitive
insulating layver has a suificient capacitance te block D.C.
current from 2 plasma within said chambexr from flowing through

sa2id overhead electrode.
12. The reactor ¢f Clzim 6 wherein:

szid electrode has plural gas injection orifices

therein generzlly facing said workpiece suppert; =znd
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extendi ng through said overhead el ectrode. 66 2 4 OCT 2005 18. The reactor
of Caim1 wherein said RF power generator frequency and sai d mat chZél@hghth
resonant frequency are each offset from one another and fromsaid

el ectrode-pl asna resonant frequency. 19. The reactor of Claim1l wherein said
fi xed i npedance match el ement conprises a coaxial tuning stub 2D. The
reactor of Caiml1l wherein said fixed i npedance nmatch el enent conprises a

strip line CIrCUI%EéE'metal foam layer is of a sufficient thickness to

suppress an axial electric field within szid gas injection

orifices.

12. The reactor of Claim 4 wherein said said overhead
electrode comprises aluminum and said overhead insulating layer

is formed by ancdization.

'13. The reactor of Claim 10 wherein said capacitive
insuﬂating layer forms 2 capacitance that provides a low
impedance path to greund through said overheéd electrode for

plasma sheath generazted harmonics.

'14. The reactor of Claim 11 further comprising:
a gas supply inlet in said overhead electrocde;
a gas baffling laver within said overhead electrode
between said gas inlet and &t least a first set of said g=as

injection corifices.

15. The reacteor of Claim 14.wherein said gas baffling

layer comprises a layer of metzl foam.

i6. The reactor cf Claim 15 further comprising thermal

contrel fluid passages within sa2id overhead electrode.

17. The reactor cof Claim 16 further comprising an coptical
window in said cverhead electrocde generally facing said wafer
support and a light carrying medium coupled to said window and

extending threough szid overhead electrode.
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18.
generator

freguency

electrode—

15,

impedance

20.

impedance

T4 OCT 2005

The reactor of Clazim 1 wherein szid RF power
freguency and szid mztch element rescnant
are eazch offset from one znother and from said

olasmz rescnant freguency.

The reactor of Claim 1 wherein said fized

match element comprises a coaxizl tuning stub.

The reactor of Claim 1 wherein said fixed

match element comprises a strip line circuit.
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