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BACKGROUND OF THE INVENTION
An RF plasma reactor is used to process semiconductor
20 wafers to produce microelectronic 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.
One problem in such reactors is that the output
impedance of the RF generator, typically 50 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 load impedance so that certain
process parameters such as plasma density cannot be held

35 within the required limits.



it depends upon conditions inside the reactor chanber which tend to change
dynam cal ly as processing progresses. At an optimm plasma density for

di el ect riwoms/oa@s@uct or etch 5 processes, the |oad i npedalce/ise2/sspy smal |
conpared to the output inpedance of the RF generator and can vary
significantly during the processing of the wafer. Accordingly, an
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15 their complexity.

Another problem is that the range of load impedances over
which the match circuit can provide 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 of 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 f. The typical RF generator has a limited ability
to maintain the forward power at a nearly constant level even

25 as more RF power is reflected back to the generator 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 therefore 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 capable of producing. Typically, the

generator is capable of handling a maximum ratio of forward



standi ng wave voltage to reflected wave voltage (i.e., the voltage
standi ng wave ratio or VSWR) of not nore than 3:1. If the difference in
i npedancesOimnos@ases (e.g., due to plasma inpedance fl uctraatisonso3guri ng
processing) so that the VSWR 5 exceeds 3:1, then the RF generator can no
| onger control the delivered power, and control over the plasma is |ost.
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space 1s, 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 avoid fluctuations that take load impedance outside

25 of the match space. LikeWise, it is difficult to provide a
reactor which can be operated outside of a relatively 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 conductivity



or dielectric constant of certain materials within the reactor. (Such.
configurational itens affect reactor electrical characteristics, such as
stray capwoisas@so f or exanple, that in turn affect the | ead/isopscance. )
This makes it difficult to 5 maintain uniformty anong different reactors
of the same design due to manufacturing tolerances and variations in
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|, an RF power generator

el ectrode conprising a rtion of the chanber wa

for sggplV%W%Bbdﬁérgﬁﬁvgg?rEﬁ%eﬁ%@eo?eFEQFEﬁﬁﬁﬁator to the overhead
el ectrode and capable of maintaining a plasma wthin the chanber at a
desired plasne ion density |evel. The overhead el ectrode has a capacitance
such that the Ry HFAPEP L RCEF otee BhEC 1Rt pr3g nef foherekF i powdie shanber at

Fesonant T1saensy T he f Toquei e bore ke ey W e 05 31635680
PCT/ US02/BH3ayer "delivered to the plasma tends to be significantly less
15 than the power produced by the RF generator. As a result, an
additional cost in generator capability and a trade-off against
reliability must be incurred to produce power in excess of what

is actually required to be delivered into the plasma.

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

includes a reactor chamber having a chamber wall and-containinq.
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 frequency of the generator being at



| east near the el ectrode-plasm resonant frequency. The reactor further
i ncludes a set of MERIE magnets surrounding the plasma process area
over |l yi ngwolms/os@Ber surface that produce a slowy circul &armgpoesapoet i c
field which stirs the plasma to 5 inprove plasm ion density distribution
uniformty. The reactor can include an insulating |ayer forned on a
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has a sufficient capacitance to block 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 axial electric field within the gas

injection orifices.

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

reactor according to an embodiment of the invention.

FIGS. 2A and 2B are diagrams illustrating, respectively,
25 the ccaxial stub of FIG. 1 and the voltage and current standing
wave amplitudes as a function of position alcong the coaxial

stub.

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

delivered VHF power level in a larger match space.



power tap point on the coaxial stub that occurs in response to |ow plasma
| oad i npedance to naintain a nore constant delivered VHF power level in a
| arger nawohisspase. 5 FIG 5 is a graph illustrating the [Pamu@oz/adsbecti on
coefficient as a function of frequency of the enbodinment of FIG 1. 10

FIG 6 is a graph illustrating the interaction of the current contribution
at the input powes, tap1RQIsHr02d hee GRRXIMEloSIID Wit dhe standingnave
current and voltage along the stub length. 15 FIG 7 illustrates an
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correspond%ég to FIG 8. Fl 10 is an enlarged viewof FIG 9. 25 FIG 11A
n

i s anot heVHE&nPR"§ed l\?l"@v]d o Pl Grge FIM@t M BRFSH cts an alternative
enbodi ent corresponding to FIG 11A 30 FIG 12 depicts yet another
enbodi ment of the present invention. 6 WO 03/036680 PCT/ US02/ 30399 FIG
13 is a top vi é&Ccorr éSpéndiright ¢ VGt rer ing Ghe14 gvws Q redpladtawn

Correspon@'o@@ftl(%l%ﬂtalarse%n%h%c%%%d'orferftreQ}fueth%/ IFaGh Y e%&mi réclié
DETAI LED DESCRI PTI ON Referring to FIG 1, a plasma reactor iInc e

reactor CER&bér 100 with a wafer support 105 at the bottom of the chanber
supporting a sem conductor wafer 110. A process kit

10 FIG. 6 is a graph illustrating the interaction of the
current contribution at the input power tap point on the
coaxial stub with the standing wave current and voltage along

the stub length.

15 FIG. 7 illustrates an alternative embodiment of the
coaxial stub of FIG. 1.

FIG. 8 depicts another embodiment of the present

invention.
20
FIG. 9 is an enlarged view corresponding to FIG. 8.
FIG. 10 is an enlarged view of FIG. 9.
25 FIG. 11A is another enlarged view of FIG. 8.
FIG. 11B depicts an alternative embodiment corresponding
to FIG. 11A.
30 FIG. 12 depicts yet another embodiment of the present
invention.



10, may include, in an exanplary inplenentation, a conductive or

sem -conductive ring 115 supported by a dielectric ring 120 on a grounded
chanber bwoyw3w680 The chanber 100 is bounded at the top PgTASdY/339%haped
over head conductive el ectrode supported at a predeterm ned gap | ength
above the wafer 110 on grounded 15 chanber body 127 by a dielectric seal.
The overhead elget 1 ode ;425 vBY PR dBEAlsddhding Al I MM ) hi ch may be
covered with a sem-netal material (e.g., Si or SiC) on its interior
surface, or it may be itself a sem -nmetal material. An RF generator 150
applies RF powafid 0 the £lectgode 4220 Re fMRI A4 aB the 20 gengrat or 150
is coupled through a coaxial cable 162 matched to the generator 150 and
into a co®uRAdistyy 135 Wvhne®addPt & HelG ellettrode 125. The stub 135 has a
charactegristic inpedance, resonance frequency, and provides an. inpedance
mat ch between the electrode 125 and the coaxial cable 162 or the output of
25 the RF power generator 150, aFTAIHEDLEERSRL ATIION described bel ow. The
chanmber body i €OoN t he RF, ret ( e rat or
150. The RF paRt%h from .ﬁée% o@e%'hgldd ® e@eﬁ@odﬂea:al%gﬁ?o%%&dggreo%n%d IJ;Eacg?chgct ed
by the capdanarcd B witthe aived feot rguPrsed] 1020 and sy hdied ampecithence of
the 30 di i s%f'p@ﬁ T. f geJuielel t f a t he
process k?:{h%g‘j(%el uct 1 eo%troi%sgerf?gsoérgﬁ‘uﬁr} ve “q:;]téd 11 plrlt%i \(Ij\? eq’%ojecje%ﬁ %rty RF

r et ur A Qpamayf amcRRdsowan apldzeditle nyhe rp \adedB8/a0368680 celautduade vE2 D r

PCT/ US02/ 9 i t.ang fo t r | ectr SS I 6,
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support amrdpredetermined 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-metal material. An RF geneérator 150
applies RF power to the electrode 125. RF power from 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,
resonance frequency, and provides an impedance match between
the electrode 125 and the coaxial cable 162 or the output of

25 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 generator 150. The RF path from the overhead
electrode 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



overhead el ectrode), and by factors affecting stray 10 capacitances,
especially the dielectric values of the seal 130 and of the dielectric
ring 120,watmobsedh turn are affected by the dielectric ceagiznl/s3ignd

t hi cknesses of the materials enployed. Mre generally, the capacitance of
the el ectrode assenbly 126 (an unsigned nunber or scalar) is equal or
nearly 15.egqual.oh@ ABgnhi tude to the negative capacitance of the plasm (a
conpl ex nunber) at a particular source power frequency, plasna density and
operating pressure, as will be discussed below. Mny of the factors

i nfluencing the,toragaicigahekabifoRsRi Bvedctie d Ik Aierle RAYdenpylgdetz,ni ned
due to the realities of the plasm process requirenents needed to be

P
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val ues of the insulators o assenbly. Plasma density, operating

pressure, agap, ahe JePedErdd diddFEreicampt "&fN WA ThSYRRART &fdht s of the
bl asma 30.BLORESS L0 -RE EhOr mad By e dactarseddr Rardd.ay ar, the ion
e W

density nust in a certain range. For exanple, silicon and

di el edir i caphaswancesh grocesged o&ier A1) 9&qUiT &alie B Yo 1037 36680 30
PCT/ US02/ ggﬁg%\ggkggﬁgfe%c@ NSl 1Y P 188 Wilhidh tihe dangeQf 0% ccddi

i ons/cc. ectrode gap provides an optimum plasma i on

di stri but itbe dieflectirty fconsg ankech ansf dhs,chnars @i &g MatRrigdp is
about 2 inches. The tr i t gl d £larahlly M &d easicas i eat
as, if noﬁmﬁﬁégféf t g%%t g% f%ﬁé’ér%%¥g§ﬁ§? ﬁ%fer. Oper ati ng 6?essures
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proceiigséq%% AN %%%nq %%ef%%ﬁ%ﬂé“ﬁeéQJEVefégﬁégfiéﬁﬁgﬂékV!Hé*bf&ﬁha (a
complex number) at a particular source power frequency, plasma

density and operating pressure, as will be discussed below.

Many of the factors influencing the foregoing relationship
20 are in great part predetermined due to the realities of the
plasma process requirements needed to be performed by the
reactor, the size of the wafer, and the requirement that the
processing be carried out uniformly over the wafer. Thus, the
plasma capacitance is 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 insulators of
the assembly. Plasma density, operating pressure, gap, and
electrode diameter must satisfy the requirements of the plasma
30 process to be performed by the reactor. In particular, the ion
density must be within a certain range. For example, silicon

and dielectric plasma etch processes generally require the



10 be selected to achieve the above preferred relationship, particularly
choi ce of source frequency and choice of capacitances for the overhead

el ectrodewassweadsBy 126. Wthin the foregoi ng di mensi onal PCansoe/ai3ng s

i nposed on the electrode and the constraints (e.g., density range) inposed
on the 15 plasma, the el ectrode capacitance can be matched to the

magni t ude pfa dnfte iNGOaIdAE CaRasidange ofn the Masm df fde- souwr geRower
frequency is selected to be a VHF frequency, and " if the dielectric values
of the i nSUlCat Gt CoMFFEMADII2RIRAPGHRS ads S YU 6 Ly dl Bt ed

properly. Such i3rledd Ah i 6@ Achl Ve jah R O's ey MBlafp ket ween e
source power ,frggyency and pl asma- el ectrode resonance fpequegg;

Accor di ngl92a - Sorfd Wik pl 65/ &b o dh et Foioden B-amRdP indfe o tefe taslnh ged
el ectrofde ,diAnRLel J:eAPHOX MBLRIY JrkaddiChesn the B8Rt ADYH 4d nches,
the plasma density and 25 operating pressure is typical for etch processes
as above stadtesd, AR AR % FUTSES Wakers itdqudiic ) ave PR AL (lal nansiggh £t her

VHE frequengiies ol he,equialdy offeet ineloeand the source power
I

frequency, "the plasma el-ectrode resonance frequency and the stub resonance
frequency are all matched or 30 nearly matched. More particularly, these
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one anot her, w e source power frequency being 210 MHz, the
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0ol de Lheghatelo 5 ity lIe Sl 0 BAReSe bl P S A oo

and the constraints (e.g., density range) imposed on the

15 plasma, the electrode capacitance can be matched to the
magnitude of the negative capacitance of the plasma if the
source power frequency is selected to be a VHF frequency, and
if the dielectric values of the insulator components of
electrode assembly 126 are selected properly. Such selection

20 can achieve a match or near match between source power
frequency and plasma-electrode resonance frequency.

Accordingly in one exemplary embodiment, for an 8-inch

wafer the overhead electrode diameter 1s approximately 11
inches, the gap is about 2 inches, the plasma density and

25 operating pressure 1is typicai for etch processes as above-
stated, the VHF source power frequency is 210 MHz (although
other VHF frequencies could be equally effective), and the
source power frequency, the plasma electrode resonance
frequency and the stub resonance frequency are all matched or

30 nearly matched.

More particularly, these three frequencies are slightly



10 The coaxial stub 135 is a specially configured design which further
contributes to the overall systemstability, its w de process w ndow
capabi | i twe3/asswel | as nany ot her val uabl e advant ages. PCo/Uusnwbaiges an
i nner cylindrical conductor 140 and an outer concentric cylindrical
conductor 145. An 15 insulator 147 (denoted by cross-hatching in FIG 1)

for exaﬂpb%fse%VE@gmao&%l%hb%%eQLeuQerk%ecqgﬁﬁggg el frddsehbe sRAGE

bet ween the i nner and outer conductors 140, The i nner and outer

conduct or $1248Hz145hrap lEE trorRedl aFgr EfaPpIRET Sfreaniegicel Pedated al umi num
I'n an ex?HBh@BXiﬁHQ%@&”@@b,M%Q? Quter h20 seoRdyclon 143 BRas i gb@ﬂ%t@%ogf

about 4 inches and thé inner conductor f4Q has a di ameter of abou

i nches. THEzst 4p o&R&raéPeriCstipyei Rpelgatvd ing @difectk wéd by the radii of
the im@nepq 30d:QuLelstonddeteLs 142 s14%.and the dielectrjc canstant of the
insul ator 147. Tﬁe sfug 135 of the eﬁ%bdfneg% degcpigeg 5% above has a
char act er B¥sten Rpedanessoft NESOQeaptrE gendramayce tlies ssisuls celpgifdeetiost i ¢

i npedance,. gds;Hhe $QULGe JROMEL | qRUL-pUt J dance p oyt .20%.4Q0% and
preferablyﬁégsa o&t 30% = The stub 135 hascgﬁmgkiél%Feﬁagﬁ g eaggﬁgg 9
i nches --Rprqaasters WEEEl @rgeh saabl20 apHz cam dreder rrd ekhawe ta ovesoraiee in

the 3 0 vjcppit 220 1,0 generally match while being slightly offset
fromthe CEESSo rrggepovxé’rwéfequency of 210 MHz. 10 WD 03/ 036680

PCT/ US02/ 30399TAct apaxdeli stpboviddedsat gpgaritildyl sonfdiontresdl degighe axi al
| ength of the, stu f L.ng . RF r fr t.h I r 1 to
%é ?hagdgfﬁ§§b58§t§88h¥eg £o tﬂgmﬁﬁgraéglggﬁégﬁ SQ%B?l§E%506§§nd

the stub i'scussed bel ow. rrtérm na
the RF rewtida pepnenal wib@awotapheiligersr, ater wedQd asemeanneched at the tap

160 on the_stub.135 to . the _inner .an ut er._coaxi al stub conductors 140
145, o pROUF APy SO FABEEIEnas: 0N APE ARIGNICA S TeReVarel. FoPiLEaET
coaxi al cabbeahB2ahavingracohaeactreri stild ndrpedancendaat:ormadiéhesnt he
OUtpUESin?ggaeg%ogf1%ge(gggggggogylggoggxgg %hk%@ 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, 145 may be formed, for example, of
nickel-coated aluminum. In an exemplary embodiment, the outer
20 conductor 145 has a diameter of about 4 inches and the inner
conductor 140 has a diameter of about 1.5 inches. The stub
characteristic impedance is determined by the radii of the
inner and outer conductors 140, 145 and the dielectric constant
of the insulator 147. The stub 135 of the embodiment described
25 above has a characteristic impedance of 65Q. 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
30 vicinity of 220 MHz to generally match while being slightly

offset from the VHF source power frequency of 210 MHz.

10



10 50 a) in the well-known manner. A term nating conductor 165 at the far
end 135a of the stub 135 shorts the inner and outer conductors 140, 145

t oget her ,wo®3ib@B0 t he stub 135 is shorted at its far endPC3B®02/30399 he near
end 135b (the unshorted end) of the stub 135, the outer conductor 145 is
connected to the 15 chanber body via an annul ar conductive housing or

support 175, ile t i.nner ctar _1 L e t ter of
el ectrode 125 %?gag égﬁdﬁgt 58929 #n grao§g5335§39@1§%?g£ gé%@?egﬁgic,ring
180 i s hekdibét Weegtandisspear ated flRé domdaerilvengyREngewer76randthkeRE

el ectrodedgy, 28, The ol RRet ,coONAUE! 9135140 Pravindes a;canduil £af ohti kbt es
such as pPocess gases and cool ant.” The "princi pal advantagé of thi's féature
is that, 88l pkeetrypiecalinplagmibr eact 6he, Rfthegegasn temaihaQ dndat hé toel ant

line 1¢3 dg not,grogs | %rr%ea‘ékg%‘i:%%a' 22 nRoteRt kgl dif ft%reegﬁ%- 1 18ey,
t herefore ﬁay Be Constracted o metal,” a I'ess expensive and nore relrable
mat eri al tae sunckraanpucpbtse. cPhaiadt slthioc cgasiukcitoes171@0f,eédS,gas inlets

172 in or __adjacent .t he rhead el ectrode_125 while.the netal Lic _coal ant
e 175 FearEEaar Ay o T LER e B0 R e bRES a5 ikl 45 R TBb Rk Prass
el ectrodestdb. cAaxdetli vebdrdlbesbranhg apetameeterassfior mapedancs thereby

provided by this ecial ly,_configured stub,match betwee he RE.11

D51 036630 BET 8803150505 25 6nar RESR" 2802 TRl HE SUSFHEad 50! A6V POHE Lidsenbl y
126 and pooqessnnghpl asdd-koadn nmanneirzi ng refindéetedngowendandorpiédi ditng
a very wd

 very W 05! MReUance, TELon sRRge AeRoTIaL 0y ge SINE LR,
provi ded, cahangtwirsh 1a0eviie8skygethekt, aisbakhatefthiecsendy 1358 usesabrpeder,
o] thi e LT 20g, o ool oL 19 e eed Lor Lugl ool Lpedance e
from of the stub 135, the outer conductor 145 is connected to the
15 chamber body via an annular conductive housing or support 175,
while the inner conductor 140 is connected to the center of
electrode 125 via a conductive cylinder or support 176. A
dielectric ring 180 is held between and separates the
conductive cylinder 176 and the electrode 125.
20
The inner conductor 140 provides a conduit for utilities
such as process gases and coolant. The principal advantage of
this feature is that, unlike typical plasma reactors, the gas
line 170 and the coolant line 173 do not cross large electrical
25 pétential differences. They therefore may 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
line 173 feeds coolant passages or jackets 174 within the
30 overhead electrode 125.
An active and resonant impedance transformation is thereby

provided by this specially configured stub match between the RF

11



i deal match to further enhance overall system Q system 10 stability and
process wi ndows and nul ti-process capability. Matching the El ectrode-Pl asna
Resonancewbraqsessecy and t he VHF Source Power Frequency: ARE€Tasv?/303e4l above,
a principal feature is to configure the 15 overhead el ectrode assenbly 126
for resonance with the plasma at the el ectrode-plasnma resonant frequency

and for thendPd€bingsOr antihenseatcpEER eiéctb@dgoaégemagge&ztr@ﬂaency and
the el ectrode- plasna_frequency. The el ectrode_assenbly 126 has a

pr edoni naPEPGES ShP@CcP 7R LaREanBen WRi FeNFhES pFashadr BateandBdi s a conpl ex

20 functign,piqirgasensyy @L§§”§m9§6§h&¥ ARdcRt BghcRanarBhRb8at {A§ wihEl be
descri bed below in greater detail, | asma is analyzed in terns of a

reactancecﬁﬁ“%%slé“al%éﬁpF@Re@ﬁﬂEFron Pﬁ%%ﬁV?ﬂ@ernﬁ@?ﬁa??oFéPﬁBwaﬁﬁows
generab'ya&@r§§§@@9QSf1@x§bnggaply@ Eap@aé&angﬁo%gTbatﬁl59569Q@spyasna
resonant frequency is 25 determ ned % the reactanCes of the el ectrode
assenbl y upePedbnable t RELpFaSRHAY (LR aﬁalaéypar?ﬁ tAelr sBbhanPiriBHEERGY of
a Capac'éprééﬁﬂgﬁﬁ&rtﬁésgééﬂtfékrGV#icQ@'Dﬂp@&&ﬁ&@1HggcQYabB§raE§§Ctaﬂ§es
of the capacitor and the inductor el ectrode-pl asnma resonant
frequencyﬂ%ﬁgdn@@on%ce§§9rFFybbéeﬁﬁéaBQGséﬁ?%éeB6Mei5fﬁééaeﬁ§§seae§éﬁ@|ng
as it doeﬁd&QPﬂné@@hp{ésﬁgrtﬁéﬁséﬁﬂanggeopé991@”by&@@ﬁebor§yst§mt0 find a
source power frequency at which the plasma reactance is such that the 12
WO 031@BGQQQDFkﬂVKE@Q¢BBBQQG§$e@%ﬁ@@@sp@ﬁ@n@uiéSOBaﬁFeﬁﬁeaaEﬁbylF%quual or
nearly equal to the source power frequency, given the constraints of
practi cal conflnenent to a partlcular range of plasna denS|ty and

el ectrod '. ‘ het headtBha s eponaneed ¢ =]

pl asma dag§ E a@é Lgcthe plasna reactance) and t he electrode
di mensi o de capacitance) nust neet certain process
constraints. Specddtlialdd akfcre,disebednripal ahelatoreuct oro plcadigueechhe

procef§esdvégﬁééaEETB%&%%H@ %%s%ﬁg¥bd1?§ 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 while the plasma reactance is a complex

20 function of frequency, plasma density and other parameters. (As
will be described below in greater detail, a plasma is analyzed
in terms of a reactance which is a complex function involving
imaginary terms and generally corresponds to a negative
capacitance.) The electrode-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 resonant circuit being determined by the
reactances of the capacitor and the inductor). Thus the
electrode-plasma resonant 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

frequency at which the plasma reactance is such that the

12



wi thin the range of 101-10" ions/cc, which is a constraint on the 10 plasma
reactance. Moreover, a nore uniformplasma ion density distribution for
processi ngod3ioaeRo di amet er wafers for exanple, is realizedTs0a30399

waf er -t o-el ectrode gap or height of about 2 inches and an el ectrode

di aneter on the order of the wafer dianeter, or greater, which is a

constr ai nElQEpEQ@e%?%%drié)d@e%a%p%gehﬂ@ﬁ%y 3 EBEaPLHET, é%%fglf fey ent

gap may be utilize a 12-inch diameter wafer. Accordingly, by matching
(or near| hAaferrag) PeHR: of BRIUVWEY 1 Edpaei FaRcEORBrhdNaghd tRIRC tofcalhe

negative cgpachimdce 0 4 hea 20 phasmanhie el 9@5&&@6a9k9§ggla§£&m0étlg§éadroc§m

frequency and the source power frequencCy are at |east ne
t he gener dimegdheet or TP B tS @verchoprodéssicohti t heramusume at ed

above (i p@asmgl@éﬁr@isifnwjycm%tf\@%%@slfe'h-elg'lgsfngn§ég&a &1 eh g9gp and an
el ectrode dianmeter on the order of rou%hly 11 inches), the match 25 is
possi bl e PleEheoded i EREHOMEYS fiidGeneyf RS Tac VRt peguemycitarmdiemust
conditi Ongele. Goredlif IS MRlRs GLANRLET SsodLl EELENL,, PLESTR Jenyidies,
etc.) may 8“ ctate a different frequency rangg fo reall’ze Such & match in
carrying and chndudear wlegfa tHeh pracessesAstie| pPlaenalederis ety belcowd teder

favored pi,asiie, 30,01 £aaasl g ap0dhin 9BRsIOL, PIRLERSI NG, gsan%%'}a%g{tgéﬁa LRe

several principal applications including dielectric and netal
et chi A§ apdasheniexdtargsor dEpesiveirong mnheephlashern gplecintancsa Henwbdty

donsi t1 oS hET CEI O b by S Rae Bt Wbl SO L 4B et FarBate thh an

densities as se or ve was tween - pico
exenpl aryienbedl izad bhe cefagi-taneéeofrotie gwerdweate igthactafoddouasdenbl y

126 was nmatche o,the itude .,of this negative I capaci tance by
dei g an SPERTS U d B st e pmehel, SO i B TR HRS e 1o
pedest al dpacetgy, ofr apEapdnyatéliyh?2isi achesst cainosiag hediedleettrpde

material for seal 130 having a..dielegtri ¢ gopstant of, 9., .8, hi gkngss

for a 12-inch diameter wafer.

Accordingly, by matching {or nearly matching) the electrode

capacitance to the magnitude of the negative 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 1s possible if the source power frequency is a VHF frequency.’
Other 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 vapocr deposition, the plasma capacitance

13



inch, and a dielectric material for the ring 120 having a 10 dielectric
constant of 4 and thickness of the order of 10 mm The conbinati on of

el ectrodewasseadsBy 126 and the plasma resonates at an el ecrrsdz3Ebasna
resonant frequency that at |east nearly matches the source power frequency
applied to the 15 el ectrode 125, assuming a matching of their capacitances

as just gdasenkbedpi¥eihavedingcexenedet Ratifier pavpkedeakehiepl asMet
proce53|ng reci pes, environnments and plasmas, this el ectrode-plasna
P BQMBP

resonant fPE{HeABYVENHEhESSHGFEe ~ ndt r&0eReGOcAATBESRL ERe@Tor neary

mat ched abx¥Hb1bFQquRBeUeRen20 taRd chBatikknte Bifghhy advantageauscthatesuch
a frequency match _or near-match be |nglenented. In an exenplarg,
embodi mentSSERBLYelldét HGdeMBILESRE F8sGRENPEIPLEHHBNEY EBAFeBBBAALNE to the

f or egosngpyakHgs cabapliasaeenegatisiagcapacitaneedeSqiappeaxi gat ghy i 28AM1z,
as wll be detailed below The source 25 power frequency is 210 MHz, a
near - mat ch PAPWAPBATRhd ed6GFE€89Boer PRAG§GRACYPRS1BPF s&f 3PPERKLPEABeVe2t he

el ectrodejplgagn cﬁeag@agcg Hriequeney i Ratkder1t eokeakikze18hhghvadyant ages
to be discussed below. 30 The plasma capacitance is a function of "anong

other thihgdecprasnaoeréénroridenspig. aThhéckaepd afedheooprasnali ene
density, yQigh pgeds. qiB1eeder ct apeeYhde rgeodnpl asag 140V0:03433§680
PCT/USOZ/SOSQQ rocessi ng conditions, to be kept in a range genérally 109
to 1092 dépipeerithrengénsit 9L fogeehéhigkpRSEhelsbhircerpenert LPedliency
and ot her paraneters, determ nes the plasma negative capacitance, the
sel ection of which is therefore constrained by 5 the need to optim ze

pl asma processThg comnbBinp6ASn a§ ®ilertbedef apepBblyeldfl aadbehewrlBamat he

Fectors, GREEhLEOe EoGlyectibnelpRac, soathenkon. by, mmeY PAESR, | |
t he area 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 etch
plasma processing recipes, environments and plasmas, this
electrode-plasma resonant frequency and the source power
frequency can be matched 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 corresponding to the
foregoing values of plasma negative capacitance is
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 offset slightly above the electrode-plasma

resonance frequency in order to realize other advantages to be

discussed below.

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

density, which needs, in order to provide.good plasma
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of electrode 125; the range of the dielectric |oss tangent for 10 the
dielectric seal 130; the choice of dielectric constant of the dielectric
seal 130 wetosmsdssel ect rode 125 and grounded chanber body'PC2S02/BBs9EThoI ce
of dielectric constant for the process kit dielectric seal 130; and the
t hi ckness of the dielectric seals 130 and 120 and the thickness and

diel ectr| Bréée'%gﬁﬁtga@on%ﬂ‘it%%sﬂi NG 180k HY S PeS Wty Qi Adilust ment cof the
el ectrode asse y “capaci tance t hrough choi ces nade anong these and ot her
physi cal flatt dresdicicect Ty % KT hedP % €tq T otfetn cHpaic @ #ifce . PANE have

found that seﬁaggsnaf lehles adiustrRnts, i tstfififd £Hind o phLVR JEhE ve
necessary degree of mat ching of 20 the overhead el ectrode assenbly

capaci t ancepeoithecragtineudeleict e ofegdricie 1A ddfr effyecitoasdedingd by
particuyl ar, _t i el eqthiiG i FEtardal smgm{?i%-f@ tdhe seali 133¢,and
ring 120 §P8 H%ﬁgsgr? t%g)tpl%%vzl dtg t he adesi red die ectrilc coonstantsland

resul ti ngfdirehect die¢ avdlegede ivat-chiBvg tthe &vertharfe 25 Ceindd t2afe&Ldid t he

plasma_capagliange can ot henrdbe Achieved.y sl | hedasts thaly sopp, of the

sane phy5|35Pc actors  influencing el ectrode capacitance, particularly gap
| ength, Wehhthe (dperangd bertwisian ted@dhyradte ¥t | DWW ig rects Dal itheestred he

need to handle | arger dianeter f , Qs W A 0000, 30 A SR dgy of
di stri but P%negfac%lr%?ﬁaqi%ﬁ Zlnes}ly?ayn%(’)e\sleorft &%fﬁcﬁw d%}al%t er of t k?fe waf er ;
and t achaveegdadleantrial sefali drddendihtey chasl deorp ferfbiraye ¢ LGl NG U EIE6 80

POT/ U021 30353 G e a0 s, |ediitdl 251, AP, and
r esonance chaegueneydwad 2approvd rateloe 200 Nl darric sowtomtpdwsr tdheequency
o M e B TR 2 0008, U, SRR AR ! oot o0
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 rangé of this adjustment
is sufficient to achieve the necessary degree of matching of
20 the overhead electrode assembly capacitance to the magnitude of
the negative plasma capacitance. In particular, the dielectric
materials and dimensions for the seal 130 and ring 120 are
chosen to provide the desired 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 capacitance, 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 plasma ion density over the full

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

vs ion energy.
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resul tant el ectrode-plasnma resonant frequency and the source power
frequency, is that resonance of the el ectrode and plasma 10 near the source
power freqoanogespr ovi des a wi der i npedance match and w deCTarsorass Wi ndow,
and consequently nmuch greater immunity to changes in process conditions,
and therefore greater performance stability. The entire processing systen1
is rendered | ensgigt | riatian erating condit.ions, . 0.
shifts in pl as%lﬁsﬂe?rlpg%ang\eé%eg%&%%her%g %r gom)rtg]%r gﬁl ShPe C2R°GHG AN Th aéld
greater réﬁ@em@ﬁC@ﬂ@@eggeabﬁﬁﬁcaﬂetmtpdeAsamahhtaheedlsmes&&@ckab@@4 n the

speci fi cat;gRpmat Hi t u of f set

bet ween t he eﬁgctF%geg%%%agﬁgquggka% %uency gﬁg¥ %@% @G&cg “Bovier

f requency sC2gC@hpories Plrasmeneas od Né@aMHve Capaci tance: The capacitance of
the plasma is governed by the electrical permttivity of the plasma, E,

which is a conplex nunber and is a function of the electrical permttivity
of free space EBogrehé 28vphasne efechpoalhgequencypeameantheofouh@e power

f h N f
requency iyi.an od% gs%%ﬁﬁ& OQZQGYEr%kl%OmEh%E%B[fﬁgggggﬁ m@%Fb%PﬂV@HF) ]

accordance wt ng equati o
where i —résu¥tﬁ2t eThetpbasﬁalebmetreaohaequéneguapeyiana ghapkeufrdact i on

of 30 th S on.depsity_and is def own
publicatigngggng§ hgg&gfoégsgﬁﬁé fefﬂnSHSGWBFk HS g%ﬁﬁﬁ éetHBdnB&@FEP
speci &8 wasaAr gba, sbhec&bp¥@e03£08668AcPCHLUBDAL8039Q 1 pkasARpelaateon

the RF source power frequ was about 210

frequency aboyt 2 c
with C%@%g gg%r%&é%FePFRC?ﬁa Y ahge" of a0 oCﬂﬁS?auﬁaéfww WrEhIEBEEFREI ent
RF power applhedysoot haknghe phapﬁacd§35tbudm@§obgtW@Sﬂ tAdrapdrd012 cc-'
Under these 5 condlt%ons whi ch are. pical of those favorable to plasm
et ch greater performance stabilit y. The entire processing system is
rendered less sensitive to variations in operating conditions,
15 e.g., shifts in plasma impedance, and thérefore more reliable
along with a greater range of process applicability. As will
be discussed later in the specification, this advantage 1is
further enhanced by the small offset between the electrode-
plasma resonant frequency and the source power frequency.
20

Why the Plasma Has a Negative Capacitance:

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

25 plasma electron frequency w,, the source power frequency w and
the electron-neutral colliéion frequency n,, in accordance with
the following equation:
£ = go(l-w.2/ (w(wt+iv,,))] where i = (-1)!2,

(The plasma electron frequency w, is a 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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processes, the plasma generally has a negative capacitance because its
effective electrical permttivity defined by the foregoing equation is
negat i ve. wond@ses8thhese conditions, the plasma had a negat ipca/csapaspe ance of
-50 to -400 pico farads. 10 Then as we have seen above in nore general
terms, the plasma capacitance, as a function of plasma el ectron density
(as well

S source power _fre uency, i | ectnansneut I
frequencyfﬁﬁéﬁaseg%cgﬁoﬁeﬁﬁ?%ﬁ Rt %B§ ?Q@Oygg' Fgéngp %ﬁ%ﬁé?k?ower
realitieSfEQQukﬁyyappklEﬁ@mongl@LMﬂEéﬂiﬂﬁ(ﬂh&ﬂhﬁrcpeﬁ§hPIQSiNF£Qﬁ erede afd

to certajn_de ed ran e u source
pomer fregaeﬂ i 68, 3%@ EQpVb %u?P%%%%% c ﬁg@Fﬁ}?@Fﬁggdo b ﬁ%§%|¥§§a t he
eIeCtrOdeansaalﬁansetynmaskmémwe&miﬁ&%quént@“n&tdhlngnﬁeatUMQsaof t he
reactor. achi eve. a process w ndow capabi nd_f | ex| |I| n ility
of 20 OpefFRPFshABE pV%ﬁ?%u%??qﬁﬁ%sF{% e Fﬁée agégo %nsfor ﬁ%%&1 ?§V|ded
by the St@@o&ééseihetﬁéuplééﬁhrgenﬂnhmiyahasnpedagaELVeam&panxnnno@n bet ween
the 50 Q output e o nerator .150 apnd th
i mpedance 6Fé§éﬁtgg g%%tﬁ% e% ﬁé%? PERE* é%ég%g %eggg%ngp'%%fG and
t he pIasn&oWbbbhﬂgt@@ugha@mers faratsiueh avndepedanse commrﬂuonéuauaenust be
little or no ref]ection of RF power %} t he fgeg§ gtor ? ub conn ection and
at the st Bb26M8ci?Bdd RoPnetls orfPiEt-a"¢4s o re ot eXt ee&i J 't he
VSWR Ligm tr$,c0f ash@eRRa3Q@ gerer atarvel 3Q) nddewddriesrals taowanpldhehed awinal now

be described. At the desired VHE fre of the ner at or. 150 _and
pl asma defSPEfFi&AGCEnafSed FrechiRd gtvuéﬂﬁ%"l"? o é’élrréj%& clﬁylfa\ﬁowe%

03/ 036680 4RCE SR @&%& FREREIRS (Andk.eletd%on H@U&naﬂuﬂdmﬁigmmﬁ 10 nir -
200 nr, respectlve t he i npedance of th Ias %f %bout (0.3 +
(I)7)Q WHEPEUENSY)s Leine's e DoSergr Al gty Bedaared sLadfe O 3
7 1s the i RQNA ¥RAM iQfs i mé}s%pﬂm@&@&ﬁ% sty & d Qﬂdallermﬂ(i@ﬂ@&ch
pr esent ed by the el ectrode-pl asma conbination is a
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 frequency-matching features of the reactor achieve
a process window capability and flexibility and stability of

20 operation not previously possible.

Impedance Transformation 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 combination 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 generator 150). How this is accomplished will now be described.
At the desired VHF frequency of the generator 130 and at a

plasma density and chamber pressure favorable for plasma etch
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function of this plasma i npedance and of the capacitance of the electrode
assenbly 126. As described above, the capacitance of the el ectrode
assenbl y WwPB3i03668€| ected t o achi eve a resonance between Prhe/tsShrsaBrDde
assenbly 126 and the plasnma with an 10 el ectrode-pl asma resonant frequency
of about 200 MHz. Reflections of RF power at the stub-electrode interface
are mni Pzeds@esavei. ded because:t hersosanantqd f1equency @f rirthe stub 135
is set to be at or near the el ectrode-plasma resonant frequency so that
the two atrSIS@sStifgarly FhIotR¥asetHerthe1plasmehetsaht 5 mboYef(%ct itons

of RF power)at ot honhgesepators widibrdt fraCe ran@emonh bhz ednq vl ded: (-
because the Jocation of the tap 160 along the axial |length of the stub 135
is such tHat,r apdthelt aphe6dnatiné ¥ares toP ft RBSsPARIMRgIIRAARNFS -t adéSt o

the standing WayedsHEEEPteddhddte ) Whel 30 dcs BERL pl AEMQUE B i 2k i JWpedance
of the generator 150 or characteristic inpedance OF the cable 162 (both

bei ng abodtnsgigp. ofoih i fePtaPra snesianseardd 06 thehreracimcaidl thew be

di scussed, i Logatian) of1ide Stuby 6Q; T i "t%}ﬁt t he
coaxi al stet}'l%éltlzggdpr ef erlgglks; Is a rréjuItatei%|c():;EgLFE)(%gsl gbaﬁghg?e\;\ag%/%%lngt é(;foq':fa

"stub" frddgerdgctEoge, a22Tmb M) Whisciselastetdatedaabéves @ srermrance _
the. el eCtidG=RhathR of ESAMN JJILAUANCH 2¢ BN cRXCERLARY SITpdrent. this

multiple is two, so that the coaxial "stub I'ength is about a
wavel éfgt l#18gtepdenelasngpresenadiefapduencabedt apournédesMihe tap 160 is

at a partiR%lf'léEt%gh§' %kogﬁtgs ; za'aCH“Qnteh%tja%-@%9@48&%%&59&%@%%30399

| ength of the stu 35. At this location, the ratio between the anplitudes

of the standiimgzedvervaveadrd datause sthendiesgnaatelreguerty of tdhe REu gnal

at the ou t.Lr epcy, of r ? r S j nput

i rrpedancetl%ét ¢Ri g\ggt Eé %‘gt%%tbe%%l%%%gg%cg% Qfﬁggéfggﬂ%rﬁé%? (e.g., 50

Ohns) . Thifsegsentcl| ast tadedthien thicGat 2&aand n2Brlynrekondt¢ heogeoiiteage and

Curreq% At the same time, reflections of RF power at the generator-

stub interface are minimized or avoided because the location of

the tap 160 along the axial 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 about 50 W). How the tap 160 is located to

achieve this will now be discussed.

Axial Location of the Stub’s Tap 160:

25 The axial length of the coaxial stub 135 preferably is a
multiple of a quarter wavelength of a "stub" frequency (e.g., 220
MHz) which, as stated above, is near the electrode-plasma
resonant frequency. In an exemplary embodiment, this multiple is
two, so that the coaxial stub length is about a half wavelength

30 of the "stub" frequency, or about 29 inches.

The tap 160 is at a particular axial location along the
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standi ng 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 160 is at
a di st ancwoAsjosnssy dly fromthe 10 shorted end, where the ramiusonsosphe
standi ng wave voltage and current corresponds to 50 Chns. This location is
readily found by the skilled worker by enpirically determ ning where the

standi ng waMgthabfochs SOOSs . The: dirstsaneeadhohpcahk 0fa i @fpedierd ahel60
that provides a match_ to the RF generator output 15 |Q§edance (50 S2) is a

function BFPLARUEHArAEt ¥IF stiadiMifeddiCe VOF F2PReRE ubN 9 35 2R G 2 Ye

descri bedclatenti 8f tah srspecddd cald ahe oMhentt ieetapnd$Oof SthOCRtator
precisely at the distance A the inpedance match space accommbdates a 9:1

change i n1PRecPeREsSRRRYsS o %Wu%qRﬁ%jHmﬁﬁééaﬁéemaF?hf%% B it or i s of

the typi calpkiadc20-4 hate can g@derttaaad} qenst@any. deBDV@mgi powﬁ{l@vlesr a3:1
vol t age standl ng wave ratio (VSWR). In an exe enbodi nent, the

i npedancelmhbghrapatet? sF LGt eath ATk g@ndéd +815 cBPrﬁDH%%’éa%e et | SR AE

change i ns%Qﬁdiﬁ&' w£v5espa£r§ e thad aad napedancgi1Thhe drgsmtic result is
achieved by slightly shifting the tap 160 fromthe ﬁrem se 50 Wpoint at

| ocati on ASEBREFEHVEHE sHort®l E&adalcvssd £5858 8rdt héd2oaxh Alesistash 135.

Thi s shi fﬁ.o!:§tl&9rf@f(atrﬂ¥l ecapB%em‘ % wavel engthnktd hhenwexelpl Afom arhodi ment
(i.e., about 1.5 inch). i's a discovery 30 of the reactor that at this

slightPy shpfted eag mwier driie thvd IRF ofc Hhee At 2BORTE | BRTT ofP HiaGhethp 160

subtracts S r he VEL beso,
appropri at giré'ﬁgl%é&é% OC?%%GESCS@PCT/ 6%02/ gggg&%@%}%gﬁgaﬁé for Pl}%ﬁcftouuz?tcﬁ ons

in the pIasnahEOaﬁllhyédﬂmmkerzﬁy\ﬂmﬂlrl@éldéséﬁtﬁé@l®em@wwmﬁR31Qh§ference to
F1C5 3 anfagy; J8l Jaycommensald off Il fhglent sEonLchpassd sl iy space

from one como swng in the rea part
i npedancethe aaﬁ01603Mmm@.pﬂQvu¢e§eatmathattphtbebéﬁaqeoerasoanuuguua

tendeq%y lmpg Snce (50 Q) is 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 impedance, if the RF generator is of the typical kind
20 that can maintain constant delivered power over 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 dramatic result is achileved by
slightly shifting the tap 160 from the precise 50 W point at
location A toward the shorted external end 135a of the coaxial
stub 135. This shift is, for example, 5% of a wavelength in the
exemplary 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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phase of the standing wave current in the stub 135 to becone nore
sensitive to an inpedance m smatch with the el ectrode-plasnma | oad 10

i npedancew0asg/03ds80 t ap point is noved away fromthe "nmatchPCTiusozsizen at A.
As descri bed above, the electrode assenbly 126 is matched to the negative
capaci tance of the plasma under nomi nal operating conditions. This

capaci t an‘é%mf%nsé@et Bor400udt €0 1 Irey ags tale bhaspeefghiedmytlaselr ces paver
frequency (210 MHz). At 15 this capacitance theGgIasna exhibits a plasm

i npedance P6f dgsgriked) Bolowhsth Ferencte tPedilCiarf 8Rdt fe plasham

i npedance babhenWhi€bnt he syst mdnt ttinagcrs spl aseaneoBdi thans fidictdrat e,
the plasm capacitance and i npedance fluctuate away fromtheir nom na

y
val ues. A$hekeapFadiadeapiict t ancSWinktigat €€ 6 PRAE 26 EBSwh?Ph the

eIectrqﬁeikggdgﬁéenggcgeg@:1h§wphﬁse of the electrode-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 tg rthe tag:160:iyibdnhspitdier; Addid @0 sehbeact, bropnthe
stub standi ng 25 wave current, depending upon the direction of the phase

shift. TeBagespFatRentadfithe'd'dp 60 itomt 85652 Ldeat? oRSERMA 7&re
limted tgeﬂs%ﬁ?bé fraghi oRoiaddie vayglrengih checle, 38t rbi&GpRisma load

illustrates the standing wave current in the stub 135 30 when the real
part df0 t heppHasae. | ApeladcamaCiNfcricadeyeduavay pradmhhel UB2ESRT ons. In

FIG 3, t LENL . sfandjng ; jdpde i | edqassa [ f

axi al Iocggfggagﬁoéa %he ég %%$%§¥b36 §%R%6TFB%O% %%%99 stab5%§%£§A?ﬂsq£

di SCﬁnt |h nuﬁat;zhiedl thetbe anegayl vaveapagirtemceawsl thedplaamat hedépcemiorm0. 1
on the horizontal axi po : : iLtiQn_ e_ 6 In the
gr aph of ﬁP&fagfnanc?ﬁ%gggﬁgi' ﬁﬁgﬁéggﬁﬂggggggebégaugg %ﬁe %gglg%éét of the
pl asma i mfedadeeatstbe hpgafeabay /e numenglowplragmagizapedan2 el iz Whi At

(e SIS (bHIED hes: 8o MUED e Skl g havasianee, i oftes the
+i7)Q. Thus, .3Q is the real part of the plasma impedance for
which the system is tuned. As plasma conditions fluctuate, the
plasma capacitance and impedance fluctuate away from their
nominal values. As the plasma capacitance fluctuates from that

20 to which the electrode 125 was matched, the phase of the
electrode-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 of the tap 160 from the 50 Q location at A is

o]

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



tap 160 subtracts fromthe standing wave current in the stub 135. This
subtraction causes the discontinuity or null in the graph of 10 FIG 3, and
reduces twe odebdeser ed power to offset the increased | oadPCThiSe2/3032% ds a
correspondi ng increase in delivered power (12R), due to the higher |oad
(R. FIG 4 illustrates the standing wave current in the stub 135 15 when

the real panb QBStheAPHQ%&BntHH@Q@QCEndﬁﬁéQﬂﬁﬁ&uﬂd1dgﬁg-cﬁrr&ﬁ@ SHEL ehlqe
st andi ng wave anglltude is plotted as a function of axial l|ocation along

the stub #3558 di°SaGACRNndi £y°onntPReNO5t 20Rfidg dtkhvie COBERERPNARPFPL BlR at

the | ocat igi@ibnmairksnkheapp08ot i 00n 0fné herd@p JbGrd.n 3t he,0iApBaghEl G
4, the real part 20 of the plasma i npedance is | ow, bel ow t he nom nal

pl asma | MPETRNEE PGFuﬁﬁléﬁc?%%es9§%eﬁ$¢% Raffedf ﬁﬁetﬁﬁéS@asemp?%%nC%u¥$ent

at the ¢ apil60 agevet @nthaont A9 POz WAY €1 NI B i3t BB icht Hhe 1§§stJ
addition increases the delivered power to offset the decreased
avoi d a cOHESH tdnf - deéfeyBéchntlel iR P> GRRsitangr matehed the

decr eased lQad.i vB pPhtRasUEPa&PIRENSAL | O tHIUCh -GLeat gL changes é@ {ead
i npedance can be accommodated so that the match space in increased

si gni fi caf®Py 16PhissbExpansi 6rOBf Lhhies NG pave cyraesbmindebe aten: 135.
swing in thggr %@b&@&h@f—l &Q@séga&é PGS RRINEES nAK PCOFSLn S0, W

and reliability of the reactor. This iIs because as operating cond?tlons
shift ldur FA§- a3paﬁﬂﬁcﬁ?§ﬂ¢9$o%@%sd%#lvﬁﬂﬁﬁ|99Mﬂroﬁ0 offastt hber bactersded

operated with dif P?Eeabo%&sV!)SB%%E%%%%EJ% /fﬁg¥% g3?ﬁ 8%?59&%&94&? d pes

for different applications, the plasm edance w ange, Icularly
the real parR) ofdudheto ithreddeber LeathéRprior art, such a change coul d
readily exceed the range of the conventional match circuit enpl oyed in the
5 system so that the delivered power could no | onger be controlled
sufficiently td&ISupgoitllasvrabte proceEss\diagd walve pnocess toullte taid .135n

the pﬁ%§eQEeEe@ﬁEOEeaRh8a£@qgg §He1: %s%%akm8285n8£ égg}eases. In FIG. 4,
the current standing wave amplitude is plotted as a function of
axial location along the stub 135. A discontinuity in the
standing wave current amplitude at the location 0.1 marks the
position of the tap 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 to the standing wave current 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 greater changes in load impedance 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 rellablllty of the reactor. This is because as
operating conditions shift during a particular process or

application, or as the reactor is operated with different
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| oad i npedance over which delivered power can be maintained at a desired

| evel has been increased so nmuch that changes in plasma 10 i npedance, which
formerly wouBm3désave | ed to a process failure, have |ittl| ecarusoz3edsect on
a reactor enbodying this aspect of the invention. Thus, the invention
enables the reactor to wthstand far greater changes in operating

condi tions durén a (gartic Iardi AQcess or ggggkgatéon.hlutfg&ﬁgively, it
enabl es t RREAB T EACIOT R be used A nanypal erent ap 1T dations i nvol vi ng
a Wwder itmapgdarofe priddesshac@e]i thiagnscudasilgnthecandl agvantafjecheAs a furt her
advant age he coaxi tub 135 that provides hi s broadened..i.npedanc

Tt ch | S WRTTHIE pacdl VG 28 EH RGC Aot RG part SLd SEI aY & WAFrabl e
capaci t ortiseryvangs @& ward abdrere2d iiohequencyghselvout ypecplowdd cionvérat | onal

i npedapce tch apparatus. I} .i.s thus_inexpensive and far re reliabhl
han the. ST RHeHarich S i s 7¢ nBP e Faptdced Teadds M drigolied
Oper at i ngsafith Resaniantt Fregrenc es viabBeopdenetsbhe a2d BiocesscAdsndowcldl n
accordance with further aspect, the systemQ is reduced 0 broaden t he
process V\fﬁ w b@‘s RIS tf§eetatcitr?§'tﬁéesfﬁBger‘égoﬁ}é\?\tr?? cﬁ?e‘ﬁcffettﬁg

el ect r odel pd@simpa@sanRantver aquencyieande reliepphas naars otk ara rovseelsr eguancy
from one another.. As described 30 above, the stub_resonant frequency is
that 1 eqREHESF LS A& Sty HRC TPERGHh 81 "EHE SPTh 1389 dTha Fome
wavel epgt hmpénchddie wralectingenlaseal desanantedir equensyodssd e ifinegyency
at which the 22 03/ 036680. PCT/ US02/ 30399 el ectrode assenpbly 126 and the
pl asma r e¥dffat e tolfetdfe 1S LEFT 8?eﬁpF8?§t8ﬁb88Pﬂaﬁf?gt%%l§t%hP§f§5 s cut

to a | engthe atnwdicion i t THIRSORARL ihkeguensyenasl@20: Mizreddy Ritosour ce
power generator 150 was selected to operate at 210 MHz and the resulting 5

el ect r ode¥ pHRAETANG SN AT H4oEq FEREF S Ras " aBBET 2 26T MR By ¥Ho GG 9t Br ee
such di fferingfreayedeas ¥ appaS@Btion. Alternatively, it enables the

15 reactor to be used in many different applications involving a
wider range of process conditions, a 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 capacitor/servo or a variable

20 frequency/servo typical of conventional impedance match
apparatus. It is thus inexpensive and far more reliable than the

impedance match apparatus that it replaces.

De-Tuning the Operating and Resonant Frequencies to Broaden the

25 Process Window:

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

30 above, the stub resonant frequency is that frequency at which the
axial length of the stub 135 is a half wavelength, and the

electrode-plasma resonant frequency is the frequency at which the
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resonance, stub resonance and source power frequency, rather than the sane
frequency for all three, the system has been sonewhat "de-tuned". It

t her ef or ewbas/nassBower "T. The use of the higher 10 VHF so®CTasSozsesn9
frequency proportionately decreases the Qas well (in addition to
facilitating the match of the el ectrode and plasnma capacitances under

etch-f avorahi e gRer aLiog, ¢ondhd | el ndiaiansl na Sustem Qubegadenss { he,
i npedance “mat ch spacé o he Systenj 0 that its performance is not as
suscepti blexetnplaty ehandesenn, ptlees et wWondixt ivaws cot deviralfoash feonvhich

manuf act uring tal c F xg;gq)l t el.ectr r [ES0 £ {1y
fluctuatel&&erfgoﬁéﬁgtgg ﬁ%%écfn p é%%%b@%ﬁdﬁﬁ%oﬁgégﬁ?%%égBo§§al er Q the
r esonance 156t ween sehecsedbtd 36parat ¢ et & ldctMigdendpltasmaesohbimat i on t hat

i s necessarnry for .an_i a (Qé d ri p i ly in this
specificaf%%ﬁfrgﬁgn %ggﬁgsgggggﬁg?qblv ﬁggﬁéﬁég F%ggﬁeﬁg agﬁ%lelectrode
resonance. As @y eswbts,ingf kbceaasiomsdihf gt iasyef neopdinciiens fhaveliemss ef f ect
on the inpedance match, Specifical j ve i ati in,pl
operatingngHEFFFSnsS%P%dﬁggéhéﬁéénﬁﬁ%ﬂgﬁéggéa gg%¥n?%§§ﬁfa?yth€§€g%ﬁnj?ﬁﬂ
of RF genemnat eamdS@reFhuscyt fier rebctdiremy the opystamedasnbeanwsdeewinvkindow
of plasma process

gondi ti ons ressure,. source .power, e , S0 e
frequency,dﬁrégﬁﬁddens#%ygggfégbreﬁ%%%é%éf?k%ﬁn&?éctEPFnég 0 grg%%e§9§¥§£be
rel axerh t wHFaseueast poand &raguenanidmrpopdchatedycdeanpages edlee o sanf t he
sanme nodel desi is.achjeved, . a significant ant.a A
advantage“mﬁg ﬂﬁ&tggﬂé%éaﬂe ?egi?%ﬁaﬁ%.rﬁ%&%eangﬁghi8%e%ﬁFye&§§%g%§%c%%%
wi ndow t 0 i@ susetubatotanpes atndegr difdierfano rabdeessereati pgscamiil 2310
03/ 036680 PCT/ US02/ 30399 different qgglications, such as con ucto& etgh,
dielectric etcheCEREFEHIcR¥M BRI ©\VRPYIRD SIS i BRI HY tRASS: T

Char act er ig{d &ys¥RRdaBee that Bl padssr fdnarizdriecens Wsna@aeceptible to

15 cnanges in plasma conditions or deviations from manufacturing
tolerances. For example, the electrode-plasma resonance may
fluctuate due to fluctuations in plasma conditions. With a
smaller Q, the resonance 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,
fluctuations in plasma conditions have less effect on the
impedance match. Specifically, a given deviation in plasma
cperating conditions produces a smaller increase in VSWR at the

25 output of RF generator 150. Thus, the reactor may be operated in
a wider window of plasma process conditions (pressure, source
power level, source power frequency, plasma density, etc).
Moreover, manufacturing tolerances may be relaxed to save cost
and a more uniform performance among reactors of the same model

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

window to be useful for operating different process recipes and
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Anot her choice that broadens the tuning space or decreases the systemQis
to decrease the characteristic inpedance of the stub 135. However, the

st ub charwotosndase c | npedance preferably exceeds the genecatimo2/suspput

i npedance, to preserve adequate 10 match space. Therefore, the systemQis
preferably reduced, but only to the extent of reducing the anount by which
the charqﬁﬁeglgkkc g@g%gggg ﬁf Lhen st ub-J3R, &peedsnt heiqutput i c | apedance
of the signal genera YRe Characteristic i npedance of the coaxi al
stub 135 iamddorlBhemaceilomapdrt depreadiioms the inner and outer conductors
140, 145 and of the dielectric constant of the insulator 147 therebetween.
The stub characterlstlc |npedance |s chosen to provide the reqU|S|te

i npedance ) ‘ ALE 3 g FaVe LY 2 ,
sourceEQS% %E%s%h%l BBHt |npedance at the 20 electrode 135 Th|s
character-srrc—rnpeéaﬁte li es between a mini mum characteristic inpedance
and a maxi num dmartactrechstice thapelansdenChimy)i Highine Wemeacredestpases
|npedance f the 5. .¢C h fo Rl G here e
changes ¢ et el Ol 3aEPoR T tiRe [ TaU T e s APSePasengnt T
fromthe fsanb 235endHofvethe, stob $BGY. ChémaqﬂdmmﬁﬂﬂQahmnﬁﬁﬁnﬁﬁchaeéer%blxt|c

i npedance of the ub I h a h A 2 1s
zero so tﬁﬁt‘t %é& ﬁ%ggégggéeggggge %c%%géikénfﬁ %?%Snég%%%ggéﬁ t he
coaX|aj)smwhchSpepposiﬁeetbéoebecthedeyaﬁﬁm Qrﬁ&nnkafqnabéeeradSOe@hnhmet|o
bet ween t he standin e _current and I |l e maxi mum
characterfggtctlnﬁ@%aﬁé§68? ofheegPuhng3 X$§§ eTbEgﬁéﬁu'?¥@ﬂgthe di st ance
A of FIG thalr%ct%(iliaklt:Oltnbedhﬁagthfo‘d‘.hé het & UlB 5 3 csedshahet hetpap 160

woul d 24 WD 03/ 03668 /USOZ/?0399 have ggﬂge cl ose the near end 135b of
the coaxi dNPSAFFCEIST LdFadeAPLhESRFERE?D 25 in order to see a 50 Chm

rati o between qihe SiaanditRgivaie cHpeaahcandf vehd agmxial stub 135 is a

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 between the output impedance
of the plasma power source 150 and the input impedance at the

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

30 and voltage. The allowable maximum characteristic impedance of
the stub 135 is the one at which the distance A of FIG. 2 is
equal to the length of the stub 135 so that the tap 160 would
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In an initial enbodinment, the coaxial stub characteristic 5 inpedance was
chosen to be greater (by about 30% than the output inpedance of the RF
gener at orwDa08/03é680 or der to provi de an adequate match spa®eT/tRi3sbub

i npedance nust exceed the RF generator output inpedance because the

i npedance match condition is achieved by selecting the location of the tap

poi nt 160 abelQoS%' Sh¥sé 980 neez Endstidh .of s asiiila1Wiere a3ks

determ ne y the location of the tap point and varies between zero and
one. (a cadiessondsheoctRetradfrol df 1hePr it aifte 20 KEMs ¥Rl opBREVOAN of

the stub 135 hetween %tnggagu}§e§9da4§5@3p@g¥§he tap 160 to the inductance

of the entire stub Since a cannot exceed one, the stub
characteristic In @@ed@ﬁ@eaﬁu§ﬁbé%é@éﬂtth%hﬁeﬁ%?%&%ﬁ Futpwhareséganssirn

order 1o idaacsoldti 8RoLant e fOrenol i, CONAldR: HIMBY fhanSkRECALEELQ

of the systemis directly proportional to the 'stub characteristic.
i npedance,indeslaamsunt bRewRFchenheaseubl thardcterdst i% inpeeddacen exceeds

the ge“ef%ta%qél%%%twpgggege p@ﬁéegeﬁ}) YidgSe SAMEMNRALS - iellZ et Rekeep

the Q as I'ow ractica I'n the exe enbodi ment, the stub
charactern;anaramwpedaneeteimeeden@ﬁebQﬁﬁmﬁQthe(ﬂmaﬁﬂﬁmcﬁp@ééﬁbec@9deﬁ19n

oo 15, i SRy SOt n T e L el S 0 55

charact er it i i mpe osen plasma power
sour cel { gexriatfgr) out put inpedance to achleve greater power efficiency

wi th sone reduction in inpedance gatcn 30 Jncreased Power Efficiency

Provi ded by the | npedance Transfd*hﬁfl ﬁ“b PA¥* St ub: As di scussed earlier
in this speridd eatisodetpkasmadoper @te ngp@2E MO @F/ %@68@pP§:¢LUSO@¢<30\8£®Les

oo on i B RS Ul R LR et eRsoPbecses result

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 a solution to the foregoing equation. However, since the Q
of the system is directly proportional to the stub characteristic

20 impedance, the amount by which the stub characteristic impedance
exceeds the generator output impedance preferably is somewhat
minimized to keep the Q as low as practical. 1In the exemplary
embodiment, the stub characteristic impedance exceeds the
generator output.impedance by only about 15 Q.

25 , However, in other embodiments, the coaxial 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 Provided by the Impedance

Transformation of the Stub:

As discussed earlier in this specification, plasma operating
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(resistive) part (e.g., less .3 Ohnm) and a small imaginary (reactive) part
(e.g., 7 Ohns). Capacitive | osses predomnate in 5 the conbination

el ect r odewploassms@ar ea of the system because the el ectroaeTamspasizpance i s
t he predom nant inpedance to power flow in that part of the reactor.
Therefore, power loss in the electrode-plasnma conbination is proportional

to the voltage on _the el ectyode-plash onhi_nat t , inductive
and 10 re§f°§‘gi15éop8$283gpf e%fo‘?ﬁ%%t%eqsﬁ}ﬁe@g‘ta&btffggf gggﬁgeét e
i nduct ancerandssesi stante of &helsind IgEkdareet libapr bdenknaary ehehent e bf

i npedance to power flow jn the stub 1-35. erefore . N the
stub 135 i(§e§ﬁ8\§§V?§ oﬁgfkt 6% cHirr ePn 3 n'sfr?eh staglg. aTﬁ%nag?\Sg&% g‘?;a@feri stic
i npedance (irsarttckregr pater (& han, t hedtiks r.ealCapardtitafret hessapedaedenprasenired
by the el ectrode:plasma conbination. Therefaore. in_the high I

otub 195 CHE CrOPEAGIRNI FUBRE RIGHAT S (o orr SHE. FoRer L rast TIc e

| oner i npedamneedpl aspaci tamde chs tites quradzmtinwinlt! ibpeHagber tanpowdre flow

vol tage | gwer. Thus, the inpedance transformation hetween the 2 tub 135

and the pH&sidadl 85?%82 tg%bfﬁ%ﬁ%ﬂ pro rceg)rae’hipé)ﬁgrr vort éﬁegké%d | ower

current i@ithe retiebpl3bméwbetei nesist i e prporitiduetli ve tbssesldays nate and

where these are nom/ginirized) a corre ondingl¥ | owner voltage(gnd
€-Btas 5481

d.
hi gher cutPenti&CER %%/%9%&&9?) Ywhete G4 Fr v 8558 dOMt nat e
and whey e 25 ithese abesBOV Aedbmized) .id tHdistumannds; oeerabé pomer |oss in

the systemis mnimzed so that power efficiency.s greatl proved, a
significaﬁ@d§§&éﬁ93gé?dlﬁeéhsE%Eﬁil%éyt 9ﬁ5ﬁ§$ﬁ,argoﬁg?.gé?Fgﬁf%%%S i's
about 95%Qlr@heat 8. ifBUSantbecstpbudB551wonfi gieedtad descri brdrabove,
serves 30 not only to provide an_inpedance match or transformtion between

the gener BOBiEraR@SthéNelBet FbAR- b ashs PHRIENAES lalPoSErEeDEr " WiBe range
or wi ndow of yoperali RGueORALFhEASYi diic | Tngdindeon s26uWR §2L086680han the

PCT/ US02/ 30399

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 in 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 a higher
voltage and lower current in the stub 135 (where resistive and
inductive losses dominate and where these are now minimized) and
a correspondingly lower voltage and higher current at the
plasma/electrode (where capacitive losses dominate and where

25 these are now minimized). In this manner overall power loss in
the system is minimized so that power efficiency is greatly
improved, a significant advantage. In 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 match or transformation between

the generator and the electrode-plasma impedances across a very

wide range or window of operating conditions, but in addition
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provi des a significant inprovenent in power efficiency. Cross-Gounding:
The ion energy at the wafer surface can be controlled 5 i ndependently of

t he pl asmsioda3i68y/ over head el ectrode power. Such i ndepemde@rusowsnsvy ol of
the ion energy is achieved by applying an HF frequency bias power source
to the mafer This frequency, (typically 13.56 MHz) is significantly | ower

than the p¥s VHiRoues apphlprbli thes.ouakiead sl geleodgkhatemoyerns plasma

10 densit i'as power~i1s app o the wafer by a bias power HF signal
generator 200 coupled through a conventional inpedance match circuit 210

to the maf <SUpPgLLadf The power |evel of the bias generator 200
controls tﬁE_TUﬂ_EﬂETgyéﬁear the wafer surface, and is generally a
fraction of th&hgowen keeebyohtthiee 1% fa AsTHF lFoir C@Mpokecogéret 48ér 150. As
referr e G8q8pRN8e Lhe seaxa n%f%w%%gl Gl4desnaqSBOELE Boag sl o 165

at the Jouter provi di ort circuit between the I nner and
out er coasuah shdbpem@dnttcmﬁmmﬂﬂ)Of:Eﬂ? iTe esleeRli Ag eehdaredrbues

establ i shes the | ocatjan V i Ve .C e ak ahd the
VhE ot andreg napE 0| FagsPial ficfbaad bR MRV CURLoNL  0ERK B
conduct or fkéaudoes, n@typsd:mllyolﬁz The BhiF lépﬁll@@dfpémﬁleé@E@Setftﬁﬂ tie

coupl ing of, Lhe, St ub.t esenance.and, 1he il asualelect tade pesonance,.hoth of

which ar source power requency he“conductor 5 25
does GQDE@EnBStg di Begs §h@et 19 gppuret fior thehewr ferefyencpass ph@@kv%w

such as the HF._bias power rce (fr t F_bi o] plled
to the maﬁéﬁnaﬂtggpgg&%ﬁﬁr?@ydﬂ?l %ﬁﬂghl %ﬁgqueﬁ%?gggggg 5 Kﬁégg%ﬁﬁgs of
the VHF saqited ammenltréqmeu@ythQﬁMEﬁ&neahpgmrmhéoﬁlasﬁnespeaeh 180 Thet

e e BE s LA B0 P, LT eggE ot
very | ow isipgdaeceand 'ﬂsa@eﬁéﬁillymﬂra&ﬁw @36G8@ power level of the
15 plasma source power generator 150.
As referred to above, the coaxial stub 135 includes a
shorting conductor 165 at the outer stub end providing a short
circuit between the inner and outer 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 frequencies,
however, such as the HF bias power source (from the HF bias
generator 200) applied to the wafer. It also shorts out higher
frequencies such as harmonics of the VHE source power frequency
generated in the plasma sheath.
30 The combination of the wafer 110 and wafer support 105, the
HF 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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PCT/ US02/ 30399 ground for the VHF power applied to the overhead el ectrode
125. As aresult, the systemis cross-grounded, the HF bias signal being
ret urned wo ogiase@ t hrough the overhead el ectrode 125 andPCrhsoxbmsee ed
coaxi al stub 135, and the VHF power signal on the 5 overhead el ectrode 135
being returned to ground through a very |ow inpedance path (for VHF)

t hrough tg%l‘g@&%mt@ﬁe Hru Pl @5,ed MRedance (pateh 340,08k the. di Jias Jpover

gener at or e exposed portion of the chanber side wall between the

pl ane of Bheawatenlandthdesyd e iof anessogspHedEd el Bl rivtled 1a5 SEFHlays
little or 0 Ly e HERBRN £ oV BEnYHE POUE! o @PRlIIed o the
over head SEgéér%§%§§%§d3%£5%§25§%%Fﬁé %grge area of the el%%trode 15% and
t he rel at kel yhehoed epaxiabdetutn-lwdf eendgipe VAFfRerer t hiedmdldenndine of the
chanber, L§o 1 SLAY:BRGRSLAE dRlRdH on

di el ectr {'?}48%%%?]9%%%8%”&%%3”%”“ alr%ggi%g?ggt ric igﬁgert or rerrngt/ab.l e Iriy:\ler.

I n order fowcompedencerpamh ffowWiE)t K&roMBhpkasnEaSour cehe gindriagmanat i ng

fromthe overhead e 0@93 it hi Li.c offgy t 0- pedest a
pat hway aﬁ@pgv\%rf?r%%ng%gt; her é%?q \gheo t ggghé%e? ?%Bgéﬁgc}g as the sidewal |,
the effective Gheurdpore@Oportiom o ddte cd@ndegasifdet elpl b edn ttee waf er

110 is enlarged _.b n i.cal rea .qf e r t
105, so Pﬁﬁﬁei?feg%geg%%$§éﬂg¥§gm5#ﬂgﬁg ggefhgaanggé%gd%gg%%%fﬁ#ﬁﬁggis
achi eued pyaybelptblesoomofrohe anmuldregtocessrki patisfon thorthictiane or

sem conductiye ri rtion .of i,cF b 5 I I j and
surroundiﬁ8p¥ﬁgdmggeggi1%V%§Qﬁa%ﬁ%w$ﬁ%§%§ g §a$8§§%%%i%gh§gyto t%%%%%%hnded
chanber bedyth&hisecexd@nds2d ke ftfrectrhele tiadiliyssbobrt helé¢ewtadart celvedierode

in the plane of the wafer 110 for_.the VHE pawer. signal o] 0 d
el ect r ode93Pn ahPek8fibl aFy erbduitdnt Ok ﬁé‘ecg\rpfeﬁ%%eré‘g%rééomsée%etceoa/n%%%?ve
ring portiag Piabhg ps ocgshadaidt ik19 Sl aitisnl atred diebact hic graamiced charber

body by a dielectric rlng, ortion 120 of tg? process kit 115. The
t hi ckAdss 3aRBLAF e eI FFET HonstSiRt s removable liner.

In order to confine current flow of the VHF plasma source
power emanating from the overhead electrode 125 within the
vertical electrode-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 support 105, so
that it exceeds the area of the overhead electrode 125. This 1is
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 of the wafer 110 for the VHF power signal from the overhead
electrode. In an exemplary embodiment, the conductive or

30 semiconductive ring portion of the process kit 115 1is 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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28 WO 03/ 036680 PCT/ US02/ 30399 the dielectric ring 120 is selected to
achieve a desirable ratio of VHF ground currents through the wafer 110 and
t hrough twe o3maessdact i ve or sem conductive ring portion of Piraigoz/e@ess kit
115. 5 In order to confine current flow fromthe HF plasma bias power from
the bias generator 200 within the vertical path between the surface of the

waf er andtkaed%%&wg@ Ll amlb avoi b1 LWL, flawete othes: pasts «ft the
chanber (e.g., the sidewall 0 the overhead el ectrode 135 provi des an

ef f ect i ve OIFVHEt Elifﬁlm@l ‘é‘éﬁ@b@ d?k“e%iwéifgrﬁhfei ety 1gPeandr ERRAYER Hd'Sar ea of
the wafer . gauwei% SHPRORicIRRuccifR 1iing RRitiion of the prosess kid 1hEp in
the plane of the wafer support 105 does not play a significant role in
coupling the HF bias power into the chanber, so that the 15 effective
el ectrede area for coupling the HF bias power is essentially confined to
the area of the wafer and wafer support 105. Enhancenent of Plasna
Stability: 20 Prasmdest api FPr§inmsCeitriHe dd By EFnithat ﬁﬁgpbaézna codt i ng
of the pl t e SONAHGS 01 okB%, s¢enneched @9£9é§1 h i nner and
out er stuggggﬁdggégrEEQZ%%égg% at the back éf t he stuv . This is
acconplisheGWByntheepﬁ@Vf%¢Qﬁpﬁﬁth6u¥Qﬂﬁﬁ1aﬂ@pé@ﬁtﬁ&écﬁrﬁ6318bz%e%Mkéﬁ“¥%%
coaxi al s ngyc e dhereherts 9deql25cntnsldigal,
enbodlnen%HgF%EP El§9 Qﬁ 695%%*%%8%§|s sandw ched bgtmeen t he %Iecf}o e 125
on théobothenpaadhead etemttedd vielarmudvadasnaer séastAgesuppertudy6. In the
exenpl ary 0 d e r C % ngr 180, hat A
capacitan@éegg g%§ﬁ$£§% §§ ﬁi é%ggﬁdﬁéﬁﬁgh ?ngﬁgﬂ ?hb ?fé%ug%cy 30 of the
bi as chosei, walieut siSpdtiz. lWBIh Bz hrimy gantioh ofaphei pancessthit 115 in
capaC|t|ve ring_180 do not . i mpede t he ) gr.aundi e i bed
above | ncReP g?B?SQgrgﬁﬁdw?EFr suppor 1P HEe IH2Y g199 g g&&ﬁfffggﬁg

role in coupling the HF bias power into the chamber, so that the

15 effective electrode area for coupling the HF bias power is
essentially confined to the area of the wafer and wafer support

105.

Enhancement 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 between the coaxial stub inner conductor 140

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

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

grounding feature described above. In the cross-grounding
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29 WO 03/036680 PCT/ US02/ 30399 feature, the HF bias signal on the wafer
pedestal -is returned to the RF return termnal of the HF bias generator
150 via twe mswsdsso 135 while the VHF source power signal fromusez3ebect rode
125 is returned to the RF return term nal of the VHF source power 5
generator 150 via the wafer pedestal. FIG 5 is a graph illustrating the

refl ecti oreeaefd, ciceat Hrbeti weepifhel HiE rownera Sueeieand 1t he oveubrad to
el ectrode 125 as a function of frequen r aph illg trates. the

.. Thi
exi st ence B¢ &L1GSEFY bROZI"Dandt of "G r d%ﬁﬁ%zge &-afhilcl vhE FBFI &EEPon

coeffici ent3s sHhekowne 4¢Br wbuebei souddi £agriate fort heehieghl-y roadvantageous
IOM/systenkéapiscussed abg¥e. FIG 6 iIJustr%%eﬁg%he st andi ng wave current
oh® It

as a functi%dInEs &P pBSi BFBAGEFHE a8 JBIF1$8Y9TRet RRYEAse i n

whi ch the deap rb60ri 35p! @gedche thcedisdadnemlA of FIG 2B fromthe shorted
end of the stub. FIG 7 illustrates an alternative enbodi nent of the
reactor 20 in which the inner conductor 140 of the coaxial stub 135 is

tapered, having .| & ger af 3¢hgs atltberdenig sind & 35kn 2deacent ehhe
overhead el ectrode 125 and a snmaller radius at the far stub end 135a. This

feature prRSFWGEE &NEr YRS PPURT bEPWESH 2P |GV i9HFEd&ACe edecgrodsolyy as a

present ed My thenceaxirabqsbiby 1351 s 2prddie iamstG@rard tachkghetchapedange
(e.g., 64 W presented by the coaxial stub 135 at the overhead el ectrode

125. M &0 vegy SKERA PRAIFPE [7eYeRCiEUPVERS "He&h o€ BELLGFTEANbut i nst ead

can be stsaisghlie30 A3 salohesuadergtinad {4 amdikacioteasi Racdasgription,
the inventive chanber concerns a capacitively coupled reactor having an
over head dldeantegectRatorssusies®n bl scuaiEdl -source 30 WD 03/ 036680
PCT/ US02/ 30399 power RF supply, rather than an HF power supply. W have

f ound
FIG. 6 illustrates the standing wave current as a function

15 of position along 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 overhead 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 a higher impedance (e.g., 64 W) presented by the
coaxial stub 135 at the overhead electrode 125. Also, as shown
in FIG. 7, the stub 135 need not be curved but instead can be

straight.

30 As can be understood from the foregoing 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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that at a VHF source power frequency, unlike an HF frequency, it 1is
practical to tune the overhead electrode to resonate with the plasng,

| eadi ng twohBnedesd ore unattai ned stability and 5 effici en®gTarsd2/aeny ot her
advant ages. The VHF capacitively coupled plasnma reactor of the foregoing
enbodi mrent enjoys the advantage of very high etch selectivity and

ef fi ci encypowdlie Rgr ealppaff,i caeRey ghuasahhhs goweeastpply he wbiddiey tdund
produce rel atively hjgh densit | asmas, rivaling those achijeved in
nduct | Vel 3ot &d FRactes Vale? LREIVRRCKapHErtiTery Koupl ettt ort of

t he exhi bijtss paiactticlal 3o eehkvichy bhatheadf alestpesé ofot LeddhaitOfwiadh the
inductivel% coupl.ed reactor, IS IS because,thg VHF capacitively coupled

Thi s (
15 react oP188P8ri &fEELNGar-O 885FRSPHENERAEFALTBF PraRkks ¥ species and

t her ef or e dres s idingsoGinat @R yobruekakbl-enspgekes such as fluorine (relative
to inductively coupled reactors). Sem conductor device geonetries are
constantly being 20 reduced by the mcroelectronics industry in order to

achi eve hi gher gevivee sReedstiSdch asudeenepsashh deytesr Shzerxy geonetry
i ncreases the aspect ratios of contact holes in the _device structure, for

exanpl e. ASTEIPEEY EMPOLLACHroBBIS¥S RliI8t 2dKANRAEHr P B SPONYI WY rdat er

etch rategcandekGh ysahectirtityendd HOWBY¥EFreaEhk E¥i Nl Bidiwan W oxi de
high etch rate such as 9,000 Angstrons per mnute with a high silicon
oxi del0o- LER6{COKesSt 2Bldh tyet8cPrPREGeoRCLABL BR HEr NBIN 148 1S ek Rl ahase

i mpracticali;,8¥el WhibReaathghlhyqet hi chentc VHE) ¢apaghidy eldacup! ed fl asma
reactor. This is because such performance would 30 require a significant
i mpr overrethei NHEheaplgdia veilyt EPBRLEONIeafk®br af t yhoverhinit spafrere torh

wor kpi ece f t.ha ch.as.re . pr.oduc erw Aas; j ce
geonetriegﬁgﬁf?ggfkphghg% &@>5§?0§§E§81§%T %Sgg?%8%39£%1%§%§5 ig? nmes nore
suscept i blcoupdefaideacsodue Tbisvésebehrnge the Vi ompgacit Highercqids i on
denSIH%) %%a@%%qaggb%r%%ﬁges far less residence time of process gas

species and therefore less dissociation of volatile species such

as fluorine (relative to inductively coupled reactors).

Semiconductor 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 cohtact holes in the
device structure, for example. 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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stopping (in areas of |lower plasnma density). In order to avoid the
overetching problem the overall plasma density nust be 5 reduced, which
reduces ewohi3naieed The great need therefore is to find aPaayuSIL3a3nprove
the plasma ion distribution uniformty. If sonmehow the plasnma ion density
distribution uniformty could be inproved in the VHF capacitively coupled

reactor, thekestOpBebheexmelkentisebphipekeebi Yht yualdahd gho ededirdratre npul d
be reallzed in the sane reactor. One type of reactor that has overcone the

problenloflﬁoﬁeg&ﬁPFoP§1BF§§ﬁé Béﬁ§mﬁylapsg?PBbFVbnoFspf?@@%%ﬁ%éﬁﬁﬁhlIy

enhanced L%opgaehi (eni aregtcB( MEREE) pmlagﬁaadéﬁggtw Apn NERI & r@ﬁCat\Qﬁd s,
typically, a capacitively coggled reactor in_which HF frequency source

power is &Sl PE&TEESPABIWREEP1&TppERE PEBESL &I LAY réens hey W%ﬁ%dﬁ% t he

chanmbers ceiliRgqr «8id8 Wablises! bsckeyarbeat une §scah RE&@Ytrefore is
el ectro- magnet s produ0|ng a slowy 20 circulating magnetic field that

ci rcul at e$Cof i8¢l psWRke tpl ABRECVSCFBSSPLAGTHI ARR %+5Fﬁéb%b¥%®l%ﬁkf0fﬂﬁqy
stirring action provides a highly uniformdistribution of plasma density
across the workpiece surface. However, an MERI E reactor does not enjoy
the hi gh pl asmafi 6ATEERY] Weaﬁélaﬁi“@hl@f‘cﬁeﬂétléyofil%élwl@s wabEeii el y

coupl ed reaghQr ,Re¢aPsevEl ks BAL @ﬁFeééginEBivelR?mé@%?éd te-NVER Ehen
reactor suffers from vari ous pro reactor 1s prone to

ar ci n@,Obemééneﬁﬁ@llaﬁﬁeﬁtghps@%ﬁ%éaégya@n%\n}al%t%*M:lil crdfeedidykedani t hin

the wafer ..syppayt ; Redgst abmeSHehcapei ng diverts plasma source power from
30 plasma ion generation, and therefore inpairs control of the plasma ion

density and therefore of the etch rate. In processes in which the etch

rate 15 or U] ogh begause ol oaxtpemely;Sal | 092C0,03¢ 036080, LTI 4IS021,20309

devi ce geonetri es, 0Ss 0 contr to process failure. (2)
An MER E neadbom mhstmenpeogisucHiiatpoberien is the magnetically enhanced

15 reactive ion etch (MERIE) plasma reactor. An MERIE reactor is,
typicelly, a capacitively coupled reactor in which HF frequency
RE source power is applied to the wafer support pedestal and
returned through the chamber ceiling or side walls. Its key
feature is an array of electro-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 of plasma density across
the workpiece surface. However, an MERIE reactor does not enjoy
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 various problems:

(1) An MERIE reactor is prone to arcing between the
wafer support pedestal and metallic feed lines within the wafer
support pedestal. Such arcing diverts plasma source power from

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

in which the etch rate is critical because of extremely small
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magnet array (10-100 Gauss) that tends to pronote device damage 5 on the
wor kpi ece. Such a powerful nagnetic field is necessary in order to produce
a sufficiwoto3pBasera density near the workpiece in additi ®@eTicsozBo3ul ati ng
the plasma. Such a powerful magnetic field is required to hold a
significant portion of the plasma against the plasma sheath adjacent the

10 wor kpi e i@ \@%fo%rettm% nmaiphdeanhasckerhowgyes: piyaneMERIE geaed o s
that it is incapable of attaining the hi gh plasna density that t he VHF

capaci ti vélai leaEpl ed reactor readily provides. Thus, it would 15 seemthat

reactors capable of highphasm '&%c@%rﬂshtb)éta@ﬁlpmbghsu@facg ?t%@ﬁf{;l/i ty
(e.g., a VHF capaC|t|ver coupl ed reactor) nmust be incapabl e of providing

a highly Hﬁ@ﬁ@ﬁw@ﬁﬁégnd1@Gﬁ0@eﬁ§P§§ ahatr FeuEs ohO R@@%%@%rdeth%wﬁﬂ%F%%ent

that ageag! enhayigiaze0d BhLasna b@weg§9§'ﬁt¥ggé§§.{:' @yét@nlwé@ég@aw
(e.g., an MERIE 20 reactor) nust be mcagab e of producing high pl asma ion

density. Ans@géﬁrortwopelcﬁeédsﬁlféééégn aBe8STat geas Eapakedf vely coupl ed

pl asma regg E‘?{?le% Qnl HRGE ibhe cBr 9§§é§19@§§§ T:E'é%'gii'srgé; the, oyef head
ceiling. present capacitively couple pl asma reactor, the overhead

ceiling i quw@ecfs:dum@nmwg fl@llécﬂﬁoa@qtlha@du gsochopfed s b9l MHRIRF power
generator {nEQuah & ¢RAMalsrst HQ?%s?_thé!aﬂ;fgémé@ﬁ@éﬂﬁeaﬁf? { chnelgpent. I n

order to |nject the process gas’fromthe celling, the celling el ectrode 30
al so il awostkpweceead" wadegonducti ve | ayer having a set of small gas
injection ports passing through it for injecting the process gases. In
sone instances plasnma discharge or "arcing"” tends to 33 WD 03/036680

PCT/ US02/ 30399 Toecme iwi tdriawbeled, cerWergrgasti afeERBR poREtor The stipakelt a

Sk ot hile RSl shalge hefpvLAd Htggr@gésﬂt hogs overhead il aptf ode

or showerH‘ea mthe Interior-s aces I njection ports.

speci es (eapacinetvellyi cospdedeseathas Behdilpdpcewldﬂ$o tTMM;MEﬁmanuﬁﬂ

Contaqkpat%e%P%h%%rﬁ%%%t%Est%%pable 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 distribution 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 is coupled to a VHF RF power generator through a
coaxial stub or equivalent impedance match element. 1In order to
inject the process gas from the ceiling, the ceiling electrode

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

gases. In some instances plasma discharge or "arcing” tends to
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waf er or workpi ece and danmage the m croel ectronic devices being fabricated
t hereon. Accordingly, it would be desirable to reduce or elimnate 10 the
t endency woO 03gsde8® pl asma within gas injection ports (or ®OTASE2/80384 Se
outside of the bulk plasma), particularly in a plasnma reactor having a
conbi nati on overhead el ectrode/gas distribution shomerhead connected to a

VHF pl asma, &Qr G fffin ROWEr, eﬁﬂﬁﬁbyga%51IH%cQY%EhF gl echf od %gggésuffer

wear frombeing in contact W th pllasma, “parficufa y since it 15 both Hh
anode for OﬁPR?QMH%?%&%Mﬁi%ﬁﬂingecéﬁﬁ@ﬁéngorm@hérsé@rgé poeerveritedsd 20

theref or e Subiigelad R0 FE-CUIEER! $0oThe.C0SL,0L,0PELALI 0B L the, Leact or

woul d be reduced i f there coul 3 found a way t av0|%£pa33|n
currents div&siipn mositgh tﬁ@eoﬁéﬁﬁéaé élGctrmaeabllavapdcdesbcﬁmnnntact

of plasya lwttﬁau&uf&%dell%%ro@k% ésf%apgg g%esmgﬁgkéytﬂgug&k

reactors is the generation o secon hir ar mont cs W i aftshe plasna
sheat h. | wafige presenkrieset end @MﬁrﬂlaéeptbgleEFetautcenp@vmvmess applried

by the overhead.electrede,,pl asna bias power is applied by an HF signal on
t he waf er §hppoftepe§estgon At HF 30 frequencies nost of the RF power is

consuned in the sheath, the remainder sustaining the bulk plasma. A plasna

heat h t f - d/ third
sheath |5 3 nocadbangtond.and liocel ee upaop. Secand, and of it
t he méﬂbrﬁ@@pﬁ@mﬁep@de§pahgnihe piessaCEiOhisughshammmnnnsnqhaﬂgfs<pﬂasna
behavi or I j@%% e el@@y05993d2r8%e? aﬁPigrn?Qgﬁé %ﬁ?%ﬁ %%#i;ﬁﬂ(f et ch

presence St YSUC har moni cs peci roces
stop or Plevew- eeekitng beuonesanuombdnétnouloveEMEhdrEﬂéﬁtﬂbdéﬂgés S

reduced. Lt ukd be desireable.to reduce . the pr ctjon of such harnnnlcs
affectlngdfﬁ%gﬁ gg%én ggowergead connected @o P &gﬁ asma source RF
power supply.

15

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 RF 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 A problem generally found in plasma reactors is the
generation of second and third harmonics within the plasma
sheath. 1In the present reactor, while plasma VHF source power
is applied by the overhead electrode, plasma bias power is
applied by an HF signal on the wafer support pedestal. At HF

30 frequencies most of the RF power is consumed in the sheath, the
remainder sustaining the bulk plasma. A plasma sheath is a non-

linear load and therefore creates second and/or third harmonics
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In the present reactor, the coaxial tuning stub, whose 10 length is
correlated to the wavel ength of the VHF source power signal, can have a

f oot pri ntwbas@aiwsd han t he renmai nder of the reactor. |t weardsohizsed ore be
advant ageous to be able to reduce this footprint w thout sacrificing any
of the advantages of the coaxial tuning stub. 15 It is a discovery of the

present ipvephionpt BaLsCORPHAL NGppCEEL AL A {18AtMM £y oéugf&dv%%ld%srt%qqt or
with the VHF capacitively “coupled reactor of FIGS. 1-7 solves the problens
enuner at edhgbevesepeeeaéhsBrht heRTORAES t NS P B THNRRRICT éfj Syshaldl

20 the adyapt agges ppd-BeBe ot £t hRadisadyantsgese il hend Wrdaepes @ff such
reactors. A reactor in accordance with this conbination is realized by

addi ng anharmapies - VERPECHA§R2ESY t oPEPes VHE O eestle i §9 \AIGE & Gisine ¢ tR@ador

of FIGE LyZ,-IRenchhcHbabined Rbrethesplasi®, bynd hendERIE, magretis sol ves
the problem of plasma 1on 25 distribution non-uniformty in the VHF

reactor. He@e¢er; aht NERIE PeagedirfaRlf red IHIGH JOs PR e I8 fed
froman Querheadegascdi SEELOULAGN L AL, O, Shover head. As wil| be

di scussed i n detal ow In this specification, providing such a gas
distribution plate in the VHF capacitively coupled reactor 30 of FIGS. 1-7

S fraught withopeadl 8oBsdue Lo.LBS: NI Oh. PrasPa) dalisidy AusUGhad eactor.
Specifically, such a reactor is susceptible to arcing thin the gas

i nj ectlilonlpopgts ia therghstssd VO 08¢ 08EGB=RCTH WYSO B0 3G datndeh PoiWeT
plate. In_or t chiLeye.t i red ' ' of F itively
coupl ed réagggrﬁ’wg?ﬁ Q%Q%/E?{I Eg?ggg%%f l&?ﬂ% B@E) f&%eofréa%gn%rw%?ﬁ?%et he
gas i njecteantport sIihadotibdbehesefvrd, bantdtdnsagaiug iton bes addscrtiobed in a
| ater secti an of

combi nat | GROFES AOE ot RECRPERAF ot hPRr enyr of T Wi Fb st st detagesy. ¢
produces siiclitha Bbghial tuning stub.
15
It is a discovery of the present invention that combining
certain features of the MERIE reactor with the VHF capacitively
coupled reactor of 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 of plasma ion
25 distribution non-uniformity in the VHF reactor. However, an
MERIE reactor requires the process gases to be fed from an
overhead gas distribution plate or showerhead. As will be
discussed‘in detail below in this specification, 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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pl asma density that the magnetic field of the MERIE magnets nmay 10 be
reduced by a factor two or nore. Specifically, the MERIE magnetic field
nmust typiwalodp3sdeBe i n a range of about 10-100 Gauss. Howeearysor/sn3vhe VHF
capacitively coupled reactor, because of the nmuch greater plasna ion
density, an MERIE nagnetic field can achieve the sanme plasma distribution

15 uni forgityrwbtihion! yrhakf the &ir@dd, c @boirti S 6h GaltssS. refic®mbs nakkeeause
the MERI E magnetic field needs to doEPJeee(i;fV\Drk to draw the sane anpunt of

pl asma nedf tHe BHEsRBPaReathebyerot HCUhi 't S tERLEd TG SR -
circul ati pReoprbbeeVEREEapBongti Crhiigl the Jdwisinidelgsirumgaet ke biel d
can provide_the sane optimum 20 uniformty of plasnma jion density

di stribut ?Bh‘.’eq"hea‘ﬂ%dﬁg%?oﬁo%%tl‘?’hel?m%‘?%‘%/?bbef‘i?elirﬁ HeG EF €SB abunt  of
devi cesdappge spusedichyiphasma ions. The reduction by 50%in the MERIE
magnetic field not only reduces device damage but essentially elimnates
it. This solves the problem of device danage to which typical 25 MERE

reactors are ppaResuHROENRE sEPLisi Hf fiesyl doSiddetord hies piresenree ofi oWkl
source power prevents arci nggat t he waf er sugaport pedestal that plagues
ef?

Ner | g
typi cal MERFECE®BEYoPS, tA8 ¥ A0 AboVESS Thi s/ IRFIGFSBE UG e st Ny In

improves LhespE0gessi €ONERQt the aRadi R & reacidrof SULH MENIGH RGgWas sPhage to
occur between the wafer support pedestal and 36 WO 03/036680 PCT/ US0Q2/ 30399

net al Lasber rederant by eadffFheE WHe P BRI UndeIPeHel 3eiidry SlspdERLE

pedest al -mgg SXEEPE AL Yq ephodi 0pDE Sa1 ther M sour ca RO fypquency gios 5
wel | - above Iﬁe cyclotron resonance friequency associated with the MR E

magnets. GARsSprelfere¥er heln ot Yioh @Fpagicholy GRIRKIDFIESORance of
U Sour cEBouer T5omT on BeRErars ot ST (et ey | b SenCrol over the
pl asma i omadfeteénsfigld Then \aFhseue cehpovwne foleafmen i Sty idwitdened as
15 uniformity with only half the field, about 30-60 Gauss. This is
because the MERIE magnetic field needs to do less work to draw
the same amount of plasma near the plasma sheath over the wafer
which is stirred by the circulation of the MERIE magnetic field.
Thus, the lesser magnetic field can provide 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% in 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 greatly improves the process control in an MERIE reactor. Such

arcing was prone to occur between the wafer support pedestal and
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descri bed above with reference to FIGS. 1-7 so that the plasma frequency
is at or near the resonance frequency of the overhead electrode. This

f r equencywio3xmedeBe above the cycl otron resonance frequencycagsozd@ved with
the field of the MERI E nagnets (e.g., 15 30 Gauss). The electron cyclotron
frequency is defined as: B/ (ne2rn) where g is the charge of an el ectron,
B is the magneigad iet daflanthe edeRI1E nesgnett hamr ay, uadermehe twhéeel ectron
mass. Thi t] ws that the cyclotron frequency is proportional to
20 the na%ﬁpeéa%@féeg ) glrid this points to the advantage realized by the
use of VHF source power: As referred to above, the VHF capacitively
coupl ed react 0 - 7.1s,.capabl e  of erating such a_nuch hi gher
pl asma densi t?frf h(ft';fﬁé:nll q(%orxee%‘ﬁognla & th%er gg@?&routrﬁgt pfjﬁgrl\/%ﬁieﬁuﬁﬁﬁﬁefﬁc
field aywdel tramet itda 1oy 2% tredu ced onhereusedgurnthe aVelbcieastiowit iht senot

only res 1 eat r in_devic e, as referred to above,
but in gllaéﬁél gl}lafne%lrjsc'es TSﬁgs gﬁ%zegltern&ﬁ %élecgpg%%%gggoﬁznszef:%aﬂency wel |
bel ow t hecvHFo tsmur cee gomaecef PEqpdrera kencanecesbedihenhe theldcygl eheon

resonanc uenc ssoci.ated wi.th the NVE magnets 30 was conputed to be
about 15§4W§na@r¥%%'vﬂ ls%u?’@éllgoﬁérverftr gggeﬁggrfﬁaﬁjo?‘“8§u?f88n?ﬂnnear

mat chi ng g¥nde iplrasmmd eherabtly ihhégueneynwirbh btherovkehpadsehecbnode
resonant re.qﬁpcy E§ﬁﬁ% MDu03/036680 @CT/U802/30399 sbo%t 176 MHz. In

ot her t's” the SSUFEE BOWEF ‘FFEHGRR¥Y 1 FPsSGvErt8802RHz, which is
even furtdewescmltee ddowre eychotrede reesenanceifcequencyo bhibetgenpiaahibon of
the VHF capacitively c%upled plaina reactor of FIGS. 1-7 _ wth MERIE
nmagnets r Y9 37 Sitasha "ePEat'6r TREVPAGENFEEIPRRE eRGehifyoverhead
control | afllee-thardanet @hds (Ekkqubacyl asmecilonadensi tie €98160LbRArbYoh g VHF

source power |evel, 10 (2) the ion_ener t the wafer_surface, controlled
P g%%quency assoc a%ed w1tg tge f?glg o% the MERIE magnets (e.q.,
15 30 Gauss). The electron cyclotron frequency is defined as:
gB/ (m.21I)

where g 1s the charge of an electron, B is the magneic field of
the MERIE magnet array, and miis the electron mass. This
equation shows that the cyclotron frequency is proportional to
20 the magnetic fieid, and this points to the advantage realized by
the use of VHF source power: As referred to above, the VHF
cabacitively coupled reactor of FIGS. 1-7 is capable of
generating such a much higher plasma 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 frequency. In one embodiment, the
cyclotron resonance frequency associated with the MERIE magnets
30 was computed to be about 150 MHz and the VHF source power
frequency that resulted in near matching of the plasma resonant

frequency with the overhead electrode resonant frequency was
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by the HF bias power |level applied to the wafer support pedestal, (3) the
degree of plasma ion uniformty distribution, controlled by the nmagnetic
field of wioe3BRRBE nagnets. 15 Such a reactor has out st an@omgSosd3ee nance.
Specifically, the reactor can couple VHF source power of 4000 Watts to the
pl asma with about 95% efficiency for VHF frequencies up to 250 MHz, and
for chanmbassoyt essaIrgisz W t v o ehgarnge cafirehaut thenVHE0so20c8006wad. | n such

an MERIE VHF reactor, the gases . ar.e hest _introduced through the
over head UL et DoWET: gdebgﬁ]rﬁ%de.w 525 FRES 65?%%3@, agﬂ‘éeo{:/%? head

el ect r odecysl @ndowerk seidnddef rdquectayon of a gas di stribution shower head,
by providing an array of small gas injection nozzles or ports through the
overhead electrode. The process gases are fed to these injection ports

t hrough the centercannduct osn off three chdXicalpaiiniing Lyt tbupSedcpl 36ma he

center conductor | led 10 the rrhead el ectrod the _process gas

f eeds ar er%%%?ret%fyfcgdfggt e ttd’*tp-bm%%ﬁg Sﬁaggﬁésaﬁﬁsuimml@l 8c?$f‘§m‘?i el ds.
38 WO 03/ 36688 G 1ISD 2/ 1303993 riteiamgleand yotthear rpal @bl eabak saelesrar e
avoided while retaiping all_ of the above-described advantages th gh any
of a combination of P-’f eat i 2L Yhe " WHEH HYe @‘%ﬁ?ﬁﬁg ggeFH@aggH

el ectrodes@irde fdp®adt N3 1G. potential by capacitively isolating 5 it from
the VHF tuning stub,_This is. acconplished placing a. dielectric film
bet wekh t he coaxi al ‘¢ lini W stUb ed';%‘%%@to}géné’&af%re%@&f?(‘fﬁe. C?HF§°%L§?ure
prevent s B tHas@ s efdwddr davaletappliirg thr eughwhifert sappgrst ub via the

overhead el ectrode, and thereby reduces arcing within the gas injection
hol es i n R¥#&SuD over head el ectrode. Another feature that reduces arci ng i s

to provide (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 95% efficiency for VHF frequencies up to 250
MHz, and for chamber pressures within a range of about 1 mT to

20 3000 mT.

In such an MERIE VHF 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
of small gas injection nozzles or ports through the overhead
electrode. The process gases are fed to these injection ports
through the center conductor of the coaxial tuning stub. Since
30 the center conductor is coupled to the overhead electrode, the
process gas feeds are completely protected from the plasma and

from electric fields.
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capaci tance between the plasma and the overhead el ectrode. For this
purpose a dielectric layer is formed on the electrode 15 surfaces of the
over head wbhacis@se t hat face the plasma. Preferably, thi ®Crasdossoby
anodi zi ng such el ectrode surfaces, particularly the interior surfaces of
the gas injection ports in the electrode. This feature helps to obviate

bl asia arcing i 1he 928 JMECIMLANIS JaLlhe prerheadiel eqtrgde. e

reason 20 for thi s i apaci tanc d el'ectrode
surfaces prow des:eharges Stiorage capati 1y W Ppemtiags ssemeoughasge of the

RF current &kaa PRRL rl?c?‘@@eé&&es stared, ¢ %nf{]u {han, %scs' o %Q’e%R eLhe

el ectrode SuUrtaces. To the extent’ ¢ arge is S d|ve e surfaces
of the gaseledtogmrats 3 nf kdwrimb bver rrem:brejz@dt rmd@apralca,gmellgnusod)atlng

her iy | s, auol e od gty Lon, L. voldi s o] SR ALSAG L DD LG 0gs

|nject|on por e over
i sol ating dimlmterntreaﬁlhm é?&‘ttmm?en exttee nosa iked 3®1r1131e3alslte1bl iahel ahet heerhead

el ectrode t rgsult t D.C rrent. between t.he plasnma and
the el ectrggE %oqs% gni J fé&#a aegvee%t\%% /S%aé’éﬁfﬁ&ﬂ %58?/ 30399 In
order to fwmhanrrgaohrc:emd’re theskwiirg) asmp ariad nge rmvHIéneaglaslenpectieon
ports, another_feature | intro uced el y neta .Qr

| ayer bet V\%réfg FHe TR FU St And 4 Welnﬁ%la{lpé:met S 1A éErCtllﬁl ng gg?mé@ﬂkpﬁe
el ect rotle arskrHdwed chlaedtatod® .t uni ng stub. I n one errbodl ment, the netal foam
| ayer is of a dianeter that is generally coextensive with the overhead

el ectrode. The netal foamlayer is of the commercially available type

wel | -known in tAwotedr afehdurd caldy onsded S rfimy ial e pusvider i X having a

{andom col | SLILCIULE e 40 Advantage of fhs metal, Loamlaver b that it
the overhaats elesidde) @rd ddwerieby Jeduces fidiamddendenrty ef epkasaa
' 15 surfaces of the overhead electrode that face the plasma.
Preferably, this is done by anodizing such electrode surfaces,
particularly the interior surfaces of the gas injection ports in
the electrode. This feature helps to obviate plasma arcing in
the gas injection ports in the overhead electrode. One reason
20 for this is that the capacitance of the anodized electrode

surfaces provides charge storage capacity which permits some
charge of the RF current from the plasma to be stored 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 avoiding plasma arcing within the gas
injection ports of the overhead electrode, the feature of
capacitively isolatihg the overhead electrode extends the

30 useable 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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to arc inside the gas injection ports in the overhead el ectrode. 15 A netal
foam |l ayer is also enployed to baffle the incomng process gas in order to
achi eve awoam@sreg@s di stribution across the array of gasPCEjuS02/8im9 port s
in the overhead el ectrode. Preferably, the gas injection holes or ports in
the overhead 20 ceiling are divided into a radially inner group and a

radially outerrgroup. Qe fBta J%Hdc%y%lelbqjifgl@%fg%%_a%ﬁltavﬁQEiﬂ FlifSt e
gas supply and the outer group i ports, Il e anot her netal oaﬁ1rayer
baf f| es gagapet et o arorte ganosingy feandirehd si aingrodgcedp okmpbyts. The

radi al distributi r0Gess, gas fJ.aw adj : L.n e ntly
adj usting %‘%}%anéspﬁeggv?nflacges 0 tﬁg e%mg%g}é'g%gug&ei gggikqug)ségh ggg ?ﬁgt he
above- r ef es@&meedt peg etyeapplviicat icetwearhe heogdiealt rodei nagdstub andxowér head

el ectrode e 30 | E return_p t,0 -gr.ou faor .the HF bias
power a%pl?\ge'g“{% %t'[‘ﬁég m&de%g%g%%tﬁggggétgﬁe &tg\%@\}erf,%a?‘t ri%ggrbégn()f @
di scover eddiamette t Henatevi TaFasita My dicelxéensiivel ayéh now onsehted bet ween

40 VO 03/ 036680, PCT/ LSl 30399 the cqaeial Luning st uband the, over head
(0]

u
el ectrode tan be used une the reéetudrn pat h througﬁrfﬁg Ver head
el ectrode dcailaipar tiynd are IHF noequemnc yheOae tadvantage cefl l1yheocokhosce of a

VHF source power. fre ens .t he over d electrode) is that,the 5
capacitivéﬂTé@é¥ni%éRa%%n x%g%§VErh§a§%gﬁ§@tF%&§ gﬁéufﬁngUninghestub), if
tuned for dHvdntegend ehe degs indioaaf fleayert he YHEL sitgsapbpappkeedelecthec

over head e eq%iode bec%?se ittks n(.electriﬁgL'shor& for a broadhband of
VHE frequend &% 50 mis Q487 8 Nar o b HH8deAc P LFREE BRRYSt 6RGhi ch t he
RF  retur nopattedds diamddae)t hedaddedebgpaeduicee kagerendsnegnberptasak t he

frequency of the HF bja ource .paower .applied to the wafer ort
odaara” TodAtrisits Henin JPIarich PhEne: SredRarHeRree B aheBEredf ved

by instead selecting this
15
A metal foam layer is also employed to baffle the incoming

process gas in order to achieve an even gas distribution across
the array of gas injection ports in the overhead electrode.
Preferably, the gas injection holes or ports in the overhead

20 ceiling are divided into a radially inner group and a radially
outer group. One metal foam layer baffles 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 gas 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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15 capacitance to tune the HF return path through the overhead el ectrode to
the second harnonic of the HF bias power signal. The result of this

sel ecti orwD30B@®B0 t he HF second harnmonic generated in thecpluwsssnigheat h
near the overhead electrode is shunted to ground through the overhead

el ectrode before it can 20 significantly affect the bulk plasma. The etch

rate was fgundod:0 e dumreyed By i ¢ nkeatdigly 0%t oode%in @@eu
embodinent. In this case, 1t is believed the fundanental of the %las

signal is fetiifedt RO HEhPedgh torkes hatael aﬁﬁéheﬁdpemetro%cqrp @ the
chanber siglg wwald1a 2% AS Midde RS desekl la%%taelaa\é/ bR Q%aakméﬁeo?% &g On

of the capacitance of this added capacitive |ayer (between fhe overhead
electrode%ﬂH¥QQNquﬁﬁrﬁf%&%ﬁﬁaﬁdP“ré@@nQﬁ@éhéﬁdtﬁée§éF@@¢Edl$Fth4¢eﬁUéncy

nmust take t e p O, thi
sheathaitC%ﬁgggégﬁﬁggg”&?éégggﬁggguEﬁg ggbgagggaggg%?gﬁgg o%g e g

pl asma she&dtdp)at ithhé ugicerfogupidorfiredpeaedeal . d@esmmoesﬁc)g%emhe VHF
PCT/ US02/ 3039 ;Thy ;Jh%i %oeftfﬂeclo%trhwﬁ eh%é% Ea%et?@ P%e nt

invention 1S capable mai nt ai ni ng asma o I cl ent density
so t hat |ﬁhm@¢ﬂ@§auséﬂmﬂ6-ﬁﬁ@r@u@ﬁp?ddgﬁndléénvﬁﬁefrehaﬁﬁexe$nter|or
periodically. As enployed in this 5 specification, the term"dry-clean”
refers to a cleaning procedure requiring no application of |iquid chem cal
agent stut  onlhpittHe ldppl iec adrawwotiFa fpegesacyspashabantiet v acuimh erivd oRHr e

need not gegggggggthSugC%un%dt% naseeghea gafberecan, op L 10oraHan

cl eaned o residue, i1ts-surtaces ur| processi ng  may be
kept at aagufthieciferrquenidygleft simgeHat biest eoucoat pnuerl yrRlepdriat ectany

pol yer RIS SuARLE0BectecIal LBGevERITRRE biokeh & Lfgstynearly free
generated harmonics can be solved by instead selecting this

15 capacitance to tune the HF return path through the overhead
electrode to the second harmonic of the HF bias power signal.
The result of this selection is that the HF second harmonic
generated in the plasma sheath near the overhead electrode 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 Wall.

25

As will be described below in detail, the selection of the

capacitance of this added capacitive layer (between the overhead
electrode and the tuning stub) for resonance at the selected HF
frequency must take into account not only the capacitance of the

30 thin plésma sheath at the overhead electrode but also the
capacitance of the thick plasma sheath at the Qafer support

pedestal.
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t hr oughout processing. (In contrast, for a reactor that cannot be

t horoughly cl eaned, plasma conditions nust be controlled so 15 that polyner
deposits wo shassBer wal |l surfaces continue to adhere rat Per/usozsospei ng
renoved, to avoid contam nation of the process.) For this purpose, the
over head el ectrode assenbly includes |iquid passages for introducing fluid

for heating or 7,Q0Ql; 'g'f&qﬁ} he QY "ema%%l Bcﬂa%fﬂgesogﬂé@'ngtﬁgnpﬁé@éMEe
control of 20 the external sur aces thereof. Preferably, the plasm

condi t i ong nvieort iomergy Camabllet eFpBRARGAEEINGt . PLAFBa sREhSEhEYCLFRE bol yner

accunul at g nd%%%l%gagBeEhagrf%Cﬁﬁ dHE'BQedpEQC§§§k@gghf9YdP?f@Wean the
accumul at i ofs are th roughly rennveg during cl eaning. 25 One advant age of

such a feathardeirs inkgrian opriicdlcaladow ARra§TBeCpedvidetnidh or adj acent
the ovesh %%cqlf":i%ta Qde, Begausey '"hrgtkhesﬁrmk@fgkgaﬁooa f£18gn 0f g pol yner

deposi t’s ring processing. Thus, reactor perfornmance nmay be optically
30 nnnltom&@ceﬁ@a@rdﬁmghylngh@Oo@@PhéaétépécPfoééQBp@|@%%m+931|®@¢®ﬁ%sb%ﬁ

tical h t t i
cabl o ext GG BoREPy TP a3 Wb B57038085° Pt S0 30353 Romnact] on 1 o

Sensors om@add@oafb@h@p@h@@berslnﬁé opt tbak MADARFOENAQCBRAMPRE BRASHA
process m}obr%bem' O%%a%%dp%gegr ggﬁ@@ rBQiAhe el eCt 5QPFaEQE @XAIMY Swatdie

opti cal tor neasur e sing layer thickness in a plasna etch
pr ocesls) orp rodascrieds nay tay&ﬁpthﬁ@kﬁe§§fﬁmcaepté§nﬁl9§st@m@ﬁr%ﬁ@ﬁ¢cé@ vapor

deposi tion rO%%% lgrovg%o%%?%egklo 88&'8?Fog?9 uEﬁQFQ&n,tggh@ﬁﬂge§heln

order to § con t|on 0 mat eri al
exposed swHaates dfs &h@towﬁrhea@teheatﬂgdéreateﬁlnglvmerpﬁesﬂﬁlhﬁd

eventual |y reaching the walernor 4arkBheegs:an-addht LonatopuERL: | @yskot S

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 avoid contamination of the
process.) For this purpose, the overhead electrode assembly
includes liquid passages for introducing fluid for heating or
cooling the overhead electrode, enabling 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 is 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 overhead electrode opticnally
includes an optical window near its center, with a light

transmitting optical fiber cable extending upwardly for
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bottom (pl asma-facing) surface of the overhead el ectrode. This additional
outer layer is forned of a material conpatible with 15 the particular
process b&Drg/os@sei ed out. For exanple, in a silicon di orpcadaser/aisoprocess,
the outer l|ayer on the overhead electrode would be silicon or silicon
carbide. Optionally, prior to the placenent of this outer |ayer, the

overhead &Je@ldrade RlAasRslagl BYrsyntace Lacappdhged, asndenidonad 20
her ei nabove. Anot her discovery of the present invention is that the plasm

can exhi biftona tgrddder fr é§ics Pilp6™RoRICFRPEJBAL LT ar PR PYPd amdoSr Tl a0 -

reactive | padd nRedRRGONVAriFald QR HBAR WaBeCapt 1 851 ZRc RXPSFIRA, neasure
Specifically, the resistive |oad |npedance may vary by as much as 100:1

(i nst ead GESEEERNghilEYerhéhiekaerve NoadPl APRdARER PESCYSS Oy only 20%
(i nst ead QEc%ééklnEhU§yeQ'EE@EﬁﬂggseﬁﬁbheélégﬁaC§§§§§E 'éﬁéﬁcﬁﬁﬁ%gﬁﬂﬁ? of

the coaxial tuning stub to be reduced from 65 Ohns (above t

gener at or '9€P9G 150 CChMreGESSt HApBEaReBYedBRhANE D @@tEhﬁ% s pienerd RF
generatort%cg%taggstnpedance) This reduction achieves a proportional
increase in tuning space with a very small 43 WD 03/036680 PCT/ US02/ 30399
conprom se in efficiency. Specifically, the range of variations in plasna

tive | oad b b
resistive | oad fimpedance Jugiahecanshe BBt Eheds éfoﬁ;eg%ﬂéllgio&g Sidp s

i ncreased fron160 1 (as in the paren application
r eductlifonmafegdati af shebeBrehadastcfasescof n’p@@iacm@rhéﬁht eletacider i stic

i mpedance X S d [ ts i nner and
outer com uc%ggg %gg ?g%s ortQRa eg?h gkfgerg% T'ere Sagéparen ot
appl i cati enrkplekr,orderdtddtiedateotiher vering Tt amdhxaredo toi@ ng

i Q derdd dat berf ba of € tdu red j

S, SRACKR SR BLOLRL 108 ChLpuLLe o E et TS e hend e
as the nehdblhudnaappungrthayeeamsoformhdlﬁf a material compatlble with
15 the particular process being carried out. For example, in a
silicon dioxide etch process, the outer layer on the overhead
electrode would be silicon or silicon carbide. Optionally,
prior to the placement of this outer layer, the overhead
electrode plasma-facing surface is anodized, as mentioned

20 hereinabove.

Another discovery of the present invention is that the
plasma can exhibit a greatef resistive load 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 impedance 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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t he center conductor of the coaxial tuning stub becones the 15 strip line
conductor. The characteristic i npedance of the strip |ine conductor is

adj ust ed W9 0a@passi i ng t he spaci ng between the strip |inePconsorsse and t he
ground plane (the lid). The footprint of the tuning device is reduced
because, while the coaxial tuning stub extends along a straight line, the

strip 20 mdmpﬁmmn@@ch@re@&ﬁcW@ﬂdyarospec@fﬁ@uhaplyth@StQ@%éh@fI@é&iaébﬁﬁﬁby
reduci ng the area or fqot rlné Al'l of the features of the coaxial tuning

stub are rét &miEdd TR SSUFi pOPANEMBRPFRNFE. “DFRDsCaR he | BAGEREDHIPY He'St ri p

l'ine conduﬁkgmgl%tﬁgta@nuﬁeaeb@edtheoﬁaae menaer iasthBepheagt h-of the
coaxi al tuning stub as 25 _descri bed above. Also, the |ocation along the

| ength of %K1 GAPH) | ithe 1@8nductBE FBr LhRer FEBAL BT niNoFOR &R £ ted to

the VH- Qﬁ@&%@k@&lb&lbhﬁmgéaﬁn@§ thaheOtnbhectapi§0it hensoaxi &l oﬁLHHJ@
stub as described in the above-referenced parent application. Al so, th

strip |in€ECsHddct&Hb 4 ShoPFEWRaRET3BY uEfi FRes1art +BE %%@%ﬂgﬁPQr@#%ﬁ?lp

line condugh@iuctiolst hassase rBREACEnt At Hbblitiesepg-E@d4upugh the
coaxi al tuning stub 44 WO 03/036680 PCT/ US02/ 30399 center conductor as

descri bed 3PR1LREt4BBve-r ef erenced parent application. Structure of the VHF
Capacitively Coupled Reactor with MERIE 5 Magnets: Referring to FIGS. 8
and 9, a VHF capacitively coupled plasma reactor includes the follow ng

el enertds found IPnorRer cea&eerCef thpGioatralrbaet obhehapeialonuming a

wef er suppeif,, éﬁSeahlwﬁeHetsemgflms eb%@fﬁeﬁgpﬁ%éw&@eé% cqnduct or

10 wafer 110. A process kit in the illustrated enbodi ment consists of a
semi - cond@@ﬁﬁ@e ofheordteri vendingor 16 stpporpedidy Bunihel sowl ikegimrs 20

on the g gﬁgvg %megu%gxelgz cdBene€0RMPE 100,184 Pornded, at, f he, i o by

a disc sh
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 tuning 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 1lid,
thereby reducing the area or footprint. All of the features of
the coaxial tuning stub are retained in the strip line circuit.
Thus, the length of the strip line conductor is determined in
the same manner as the length of the coaxial tuning stub as

25 described above. Also, the location along the length of the
strip line conductor for the feed point or tap connected to the
VHF generator is the same as that of the tap to the coaxial
tuning stub as described in the above-referenced parent
application. 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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al um num el ectrode 125 supported at a predeterm ned gap | ength 15 above the
wafer 110 on grounded chanber body 127 by a dielectric seal 130. The

over head wibastsade 125 al so may be a netal (e.g., al um neqgr/ugo2/adsomay be
covered with a sem -nmetal material (e.g., Si or SiC) on its interior
surface, or it may be itself a sem- nmetal material. An RF generator 150
appl i es REfpowsr dodile 020 sel eekeedped2bn Rite paweief rofe thecqgenanairar 150
is coupled through a coaxial cable 162 natched to the generator 150 and
into a coaARA1P™ 35 connected to the el ectrode 125. The stub 135 has a
characteristic inpedance, resonance frequency, and provides an inpedance
mat ch between the el ectrode 125 and 25 the coaxial cable 162/ RF pows
gener at or SBBICtaLayafl the oCapacitivaly. Caunled) Beac L,

connect£d M0, ddhe .RF
path from™ the overhead el ectrode 125 tqQ RF ground is affected by the
capaci t ance of RHfe5Hioeds ﬁﬂﬁsdiéléegrgc PigBFlﬁép%ﬁﬁtfﬁ%lgocﬂ? eltric
seal 130 ., TGNl tS4PROIC ul@S, thie rual ekiddOe aafentier pioeess kid

sem conductive (or conductive) ring 115 provide 45 WO 03/ 036680

PCT/ US02/ 38395 athe ppifilfar  ‘RE FERGFRLpSRATPEF KRRV pBhel 2pptfed TPRIE

el ectrode ;gk25.+ TR RSN N cRhASER g@?ﬁbwiﬁgsars&uu&mm&orm ty
5 is achieved by the introduction of a set of MERIE el ectromagnets 901,
903, 905, wFErpdded EqEaOcEsabddt ERetper iphefyrated e odi e s uppfoTsts
pedestal and outsi:de ofy {8 veeaet ebnalarbeL. r Theser s Mk o Faaned s are
adapted to produce a magnetic field that slowy rotates about the axis of
symet ry ofialvectoyild mdmigc dl2010nckarberoygafedafhgmager oredy hk? Sur fHeR® of t he
waf er suppgar.t tal. i ‘1.bi u sS4l Fzeos by the
VERI E rragncg-tasf“rbe%i,q%éog,s 58@,“%@7%%3%3%(@%% r%ngg%%tgl\?\?%ﬁ?ngi&mund about
respect i ves laxeisurarejedtt rnogtet @ Scistppatéeenat of Pradetormbned yFippriength

pedestf%. Aﬂ%&éﬂé%énw%fgybqu”%%t%ro@ﬂd&EREﬁamber body 127 by a dielectric

seal 130. The overhead electrode 125 also may be a metal (e.g.,

= ad = I Yy e at

return (RF ground) of the RF genérator 150. The RF

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-
metal material. An RF generator 150 applies 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 frequency,
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 1is connected to the RF
return (RF ground) of the RF generator 150. The RF path from
the overhead 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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15 current controller 910 controls the individual current to each MR E
magnet. A circulating magnetic field is generated in the plane of the

wor kpi ecewouwpfpaisso by t he controller 910 providing indivi @CaIUSMI3GHT rent s
to each of the individual magnet wi ndings of the sane frequency but offset
in phase by 90 degrees (or by 20 360 degrees divided by the nunber of MERI E

magnet s) . . nal-t, erpat.i | , rFhe,f eat i tic
frald 1o raar soa by e asrt Frame 1030 (dasher T ne) Supmor g AT of
the MERI Elggnets that is rotated about the axis of symetry by a rotor
1025 (dashed line). In this alternative enbodinent, 25 the MERI E magnets
are pernmanent nmagnets. A second array of MERIE magnets 912, 914, 916, 918
equal |y spacedhgbourroNengpEkphepéashaneders sy ppos tr idedeistiralunifio nmi ty

hi gher spl ggeat:néelvg%aeg itEﬁe §ﬁ£r§&uy€&ﬁ gfggeéét 994 B0 egl%%tr%%a%%étgay

be provid as well. sets of magnets [ie Iin respective planes “t hat
are near PRé,pPade 85t h80VosRpredecasappyrebods R Q3#103868Y of the

PCT/ US02/ t 1 pRJ. i . 5.-.10 AC
current tisach opeERE BPSeFte TandrBheBiag s e HENR: (e Bkl
appl i ed t YERéEghbonehg augnedspbedngoopfsetcasa deswrd thied sk tihna t90

degr ees. S Ls.a efi Leld aut, .t .axi,s of
cogrees.  1hgyigoubkata; 2aBR00CtLE Liebiop Limletsl alpa aba Lo gl of
The magnethembeel| denernasey &heopé asna sorbecerafnthowsr et ppagetic fiel d

near the rkpLece r e Lreucla ' the field.. This stirs
t he plasnﬁgggs?hgf i?g g%s?ﬁgg%%ﬁ?ﬁtbggf%n£ %%%%%sl%nﬁaf %Jn;?b?§F As a
result, rHBEBIBrmpenébsnBfte PG3si Gndfi 8@t hyvingmr st drecaese windd ngsi f or m

etch results are ob%ainggsa r 0SS %ge entire surface .of tg%f@%%%rbf fhe

| nt r oduct I'GA" faB?B ess &°T ?o%ﬁ t%%n%i%ﬁrﬁﬁuF¢§eﬁﬁﬁQ¥

wafer support pedestal. 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 to each of the individual magnet windings
of the same frequency but offset in phase 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). 1In this alternative embodiment,

25 the MERIE magnets are permanent magnets.

A second array of MERIE magnets 912, 914, 916, 918 equally
spaced about the workpiece or wafer support pedestal but in a
higher plane than the first set of MERIE magnets 901, 903, 905,
30 907 may be provided as well. Both sets of magnets lie in
respective planes that are near the plane of the workpiece

support.
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15 As referred to previously herein, an MERI E reactor is best inplenented
by feeding the processes gas fromthe overhead ceiling. In the present

i nvent i onwotoiosessequi res feedi ng the process gases throu@aTiuse2/snsey head

el ectrode 125. For this purpose, the overhead el ectrode 125 in the

enbodi mrent of FIGS. 8 20 and 9 is a gas distribution showerhead, and
therefore has gy acge,aunberond 4asiidy ePUON AU SRy STRIY halge$:,30Q.4 n
its bottom surface 1253 faci ng t wor kpi ece support fl an exenpl ary
embodi mentyrtéet pmtsa®mmﬁ\e¢fee bretameiP R OE tend 0. TP 7 /i r?é‘l‘? |Pﬁ‘aé|e§m§>tfert“§nd

embodi mont CF FPLET rAMBH 10 1 Qg e i a3 oy 5908 o Goni cal et a

housi ng 286ssuppedt @bd e bbne%ﬁ dFarDa oihe Hee seddxils astﬂlﬁﬂflerm@r fderdduct or

140 an ap b 90b, r est imﬁ] Ve L GhRde
125. ‘?‘he%%ﬁ Eggé@%ap%?(%fg %g hagﬁlsslsncgng ﬂ‘f%‘??ﬁ pen pI en%m §0
over the evethealloel Ecequelecyl 255 Wilthi AT whidentar i dins maqrietﬁl@s figdyd be fed

fromthe hoIIowco I 25.
ne i |1 B aegs, RS et e (e I R i B e e e
t he coni cabrkpistagsbasac® o it r@aﬂcwdﬂ@mtverth @hGCLfm‘@eﬁencé"hGiS tShvd r's

over head ectrode 12 % v, fo ge of the
over head g%‘%c? %%f&a 15% %}lé‘%gsisl% &]eer?%lﬁ Sltsﬂeﬁ{;ch‘gz ment e ports 300
consi g0 ofinafeadi al Ay aomsnltg,r orga@fon. qummsersmltfstc@mlafnd a
radi ally inne roup_of O, 10|n met.e 04, Th ry ar

ports 30?mﬁﬁ9"%§t%%§%u%%%?ﬁuet & tg?‘?% Gt éehr g‘%(’:seﬁo :gnree t%%%%ldn%g% to
ensure unither ghgasef borcate tde wed evafperi phery. One 10 advant age of th| S
feature is that the radial distribution of process gas flow can be
adjusted in such a manner as to conpensate for the tendency of the VHF
capaci tivehyreQupt e6n seapt®fe o & EIhdovh i thxmemefiaoblmmﬂﬁitwi ty that

is greater over the center of the wafer and Iess fer er.i pher
J 15 As referred to previously herein, %ﬁﬁilé rea or p EPQ y

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 a 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. 1In an
exemplary embodiment, the ports 300 were between 0.01 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 290a of a conical metal housing 290 supports the
near end 140a of the coaxial stub inner conductor 140 and its
annular base 290b rests on the aluminum overhead electrode 125.
The conical shape of the housing 290 defines a large open plenum
30 over the overhead electrode 125 within which various utilities
may be fed from the hollow coaxial inner conductor 140 to the

overhead electrode 125. As will be described in more detail
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15 Aradially outer alum numfoam|layer 310 within the overhead el ectrode
125 overlies the ports 302. Aradially outer gas distribution manifold or
pl enum 31WoasmBdegd ng t he outer foam |ayer 310 is coupl edPchrusoybosan axi al
gas passageway 320 to a gas supply line 325 passing through the interior

conductor 140 20 of the coaxial tuning stub 135. A radially inner alum num

foam |ayee133) whthiBnthelonenbead wiestrzoge d2hamerddesdke ports 304.
A radially inner gas distribution nmanifold or(g%enun1335 overlying the

i nner  f oaft FayBF ©380°F s EobipF ed” ¢ A BifgH o 53 l529daGe &y 3402t a

gas suppl ¥zl the ﬁﬁgeeagatﬂgcéh@@ugﬂﬂet@@eﬁﬁea@t@rééﬁr&@qw Qlcct4@ 1 0f et he
coaxi al tuning stub 135. The alum num foam | ayers 310 and 330 baffle the

i ncom ng process gases. The radial distribution of process gas flow rate

is adjsusted byni pdepeadBplifehesrt £ 98 ©br s 0TESScgas: Id Q¥ ratas i awiithi n
each one of the gas su Iy | i nes 325 and 345. 30 Suppre55|on of Arcing in

the Gas | APBEE| BROFBr P5: 0482 W0 037 oXBBBYT FRST LBS0HBGITL 3 Fagiddd vt ¢"Bfévi de

sorre capagibapcerbet W@@nlﬁ hei BhasaR Bk s t hey overhead 1@l e GiiRge o3s a rAeans
redUC|n8?arC|n the overhead el ectrode bottom surface 125a is coated

vvlth a dBBRe®eY| eXFayes. PEBPRExENDI el TEHRE RN e Rf dectiddas 139 cgdse

al um num apd.hBgdi gheebrhCoe9ating 4 fis npdedy anodird Mg thege el ectrode
bottom surface 125a. Such anhodi zation forns a ver thin-dielectric coating

not oAly aAvenEageapfhbbidntsufrERel 12522 bife et adn dited HifusiPer our f aces
of the J95rbBLES 588, B9k ScasWe . ésri&ﬂtic}l{ SUANDS fARYPRICEY arci ng

within the gas 1071 njection ports providing a charge storage capability
that canccoppensteelfortiRF peademcye Wt ems YHDOwarpaid itvied voverbéad

O Poet v raasal! S dPeb> i o0L A0SR, PATS | Ao L UerBATPRARILII R ELE 8

|IIustrat|ng e Fest fine ure near I"et” ports
300. In parércuhargenter of the wafer and less over the wafer periphery.

15 A 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 interior conductor 140

20 of the coaxial tuning stub 135. A radially inner aluminum 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 conductor 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 Injection Ports:
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15 an al um num oxi de | ayer 350 fornmed by anodi zation covers the electrode
bottom surface 125a and covers the interior surface of the gas injection
port 300.wbhro3msaesr to suppress electric fields near the owrerhsaz30329

el ectrode 125, the top surface 125b of the overhead el ectrode 125 is
covered with a relatively thick (0.25 in) layer of alum numfoam 355. The

thick al um nuntfoapudbStbepesvi@e keae ddieael efidd Gl idle RRAGMENG NG
overhead el ectrode constant in the axial (vertical) direction, thereby

suppr essi FgE ePBEFRE2d 281 T RIQRS 35 that3ATIH 5P IO \idiAid%t Keewi se

contri but gy phe Ph ASIBCBF SHO DN L dHh Ns i e GBS A9Y elcg I RS L5 t30@. I n order
to block D.C. plasma currents fronlflomﬁnqlthrou t he over head el ectrode

to the co%k?%?c%¥h% taveer cotRIBIP %0, P daas isdaataodee LIRyés 360
i's plaged;behween dhe overhead el ecd rods ik2p anddhe Pase 2208 ,9hgt *aﬁe

conductive housing 290 that connects the overhead el ectrode 125 to

coaxi al c%h‘?‘é?r%@e V> B39 3568 FRCTY 433502/ 08P adWiftifcttaon £@ImFhias Vféééxt ur e
al l ows thenf Cdlaopé@@ﬂ@c&sutrrge névesread £led rode . &oﬁ@%ur’%agép@féggor

is thereby formed between the overhead ‘el ectrode 125 an he conductive
housi ng Pésea POON THeS cHpeRT tdhce 0f2aes L cdiecidasr ing sgatiennprsdsby 5

the area giptherpaser90b-ascpld @s ﬁ}épémaesst 'H:“CK_%S%%% gl g‘éts“ ¢

constant of the thin insulative |ayer Preferably, the capacitance of
this t@patiiaftien ebeks del tRroprbvide £hadideow resgrareéeadi liow thpedance

h a: h
Bt o R e 0L S S ML RIRY a1R 28 B s306k2Eg8s e
return patéctfordedFldd as poler Jébpﬂ&e%‘lt@ltah@ambfwrrtsadpdmemedestal 105,
but does é‘c?é 5&9&1&%‘%%%&% gl&%ﬁa%"i%rghec%% el 94 renfxé at the VHF

source power  frequenc I"asma ¢cu t hat woul d
ot her wi sestftwat e tries 0 verd eall tﬂr& ejae&:tmd(m: gmlrasrm’%OéJr ci Ao weatrhinuflbe, gas

InjeC£éOnIpqgf&hfgﬁhlgklde layer 350 formed by anocdization covers the
electrode bottom surface 125a and covers the interior surface of

the gas injection port 300.

In order to suppress electric fields near the overhead
20 electrode 125, the top surface 125b of the overhead electrode
125 is covered with a relatively thick (0.25 in) layer of
aluminum foam 355. The thick aluminum foam 355 tends to 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 arcing 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 140,
30 a thin insulative layer 360 is placed between the overhead
electrode 125 and the base 290b of the conductive housing 290

that connects the overhead electrode 125 to the coaxial center
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suppressed because such D.C. currents would contribute to arcing. In
summary, plasma arcing within the gas injection ports 20 300 is suppressed
by one orwopwms@3@io t he foll owi ng features: (a) form ng a diPeramspz/a@9coati ng
350 on the bottom of the overhead electrode 125 and on the interior
surfaces of the gas injection ports 300, (b) providing a netallic alum num
f oam | ayeco88bconr fldf.of Thhe 6eetheadaklectroge 025, workr)alploacitng a

thin 25 i | ative | r 360, be en the overhead e] ectrode 1 and, t he
conductivg%ﬁggékége%%é%rgéﬁpF§s§¥§%QOf I%%%%F%%%ﬁth§(§ﬁﬁﬁéh¥a YHEfoni cs:
The thin brsukati tbel ayerh860 playsrade o125 iand upps essidiget PleasiBs ing
sheat h- gener.at g ar ics_of the HF biLas,_signal applied 0 to the wafer
suppor t pggégt590E05h9$ﬁeC6P%§éE%8c%fo u%%l%a?%%%?£§°ﬁeﬁﬁégﬁ§”ﬁP6@€%§Y
perfor sancee amdaspécihicabby 2ednces wellhasabesthdBycisedigeddNaidde

capaci t ange-det erm._nin 0 WD 03/036680 PCT/ US02/ 30399 characteristics of
thg insul§3F3§C?5§8rcggaéf?Fe9? é?%l%%{?i%ns% st Ghil BRF (Hi%kness), the

return pabPhefeoabliie phascaptbivagbe ¢hetloverdmsd: el@ctirode 1525 «and coaxi al
i nner conducto& 140 is_ tuned to resona%e (and therefore have a very high
admi tt ancBY °4t°8 4 PartPeuf ar ™" FT eQuerty. Wi T ThPdHoidde ¥ SRLtHiceLar
resonant HEr égequeycywpukdibe phevidnsdarentpt ofothediody anheSignal-applF ed
to thﬁ maLer support gedestal 105, it is ,a discovery of the  invention that
the etlh PaP8-is ?n%? veti?By 108 Y BeABRADYS LT 1RAS g 1 MO EEsnanEe g Nbe
the secongabar Boni Brobisbepbias dfosianale Such fEd AR A RSk ailS

achi eved bggause har noni cs ?enerated by the non-linear | oad presented by

the pl asma’shelth 93F2 BRF ck FPret thhetFia Hoifd &1 Qg aRe réRCtrpegance
path presgpt gd @NethﬁEO;&'@tﬁP@@dp&b@Etf%tgA&@.coae@) alheenta &apdust er. 140
by virtue of the capacitive |ayer 360. 15
plasma current that wdéuld otherwise flow to the overhead
15 electrode, plasma arcing within the gas injection ports 300 is
suppressed because such D.C. currents would contribute to

arcing.

In summary, plasma arcing within the gas injection ports
20 300 is suppressed by one or more of the following features: (a)
forming a dielectric coating 350 on the bottom of 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 overhead electrode 125, and (c¢) placing a thin
25 insulative layer 360 between the overhead electrode 125 and the
conductive housing 290.
Suppression of Plasma Sheath-Generated Harmonics:
The thin insulative layer 360 plays a role in suppressing
plasma sheath-generated harmonics of the HF bias signal applied
30 to the wafer support pedestal 105. The presence of such
harmonics degrades process performance, and specifically reduces

etch rates. By selecting the capacitance-determining
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Sel ection of the thickness of the capacitor layer 360 to tune the return
path through the overhead el ectrode 125 to a particular HF frequency-is
af f ect ed W9 oaosissber of factors, including the capacitan®eTafSor/sms9e hin
pl asma sheath at the 20 overhead el ectrode 125, the capacitance of the
thick plasma sheath at the wafer support pedestal 105 as well as the
capaci t ancraekctbeiptaspnoit sRef inDUDBRE OUS ToOpvEeNntc®nal . e I echid iges iy be
readily enBIo¥edhb¥ theh.sﬁille wor ker to find the correct thickness of
FPer-raye to

t he capac ng66 BEAFLve 95 FEYDNARRE at TRt eI RI@EE i rough
frequencytgkveretheapaet beykate phasandopesal i ngi cesndi d&donsstdnalaodiing

trial and errﬁé. El ect rode ?urface Tepperature Control:. In an oxi de etch
reactor, pBP§AeFCdEpd8rEsCala™d SRFFBESIE 307 Pt obl &t bt s & THe hrtdds £ tgas
nust be ahl pateitararpaFyFeequbay@r s BNEIe NONe OXhSIR- £ Oft Al tH Y sydracaes on
t he wor kpi_ece in ordegdto achie¥§6§ suita etch selectivity between

|l e
silicon 5i"@FBAFY36886<PRS/ B2 @!@efa‘f%ﬁi% it &t dt @ andd Grerapplied
mat eri al stbhaheakg@rBot shppbet epehiestal DUOS NYL Pl BSMR PI HESESHNG USTHY
fl ourocar bon gases, t he s%npler fluorine, ions an raq£§ajs performthe
et chi ng whi'F8ER8cARBbnt ?i%Ecgp§%?%slﬂeﬁ%%??vﬁ%l%%E* oveét % by
non- oxygepeCoAtahgi BPi6 PBbERAALS ©F HOENOrkpieee msrw@lilc as alHe igitaey i or
surfaces of the reactor chanber, In orfer,to voi d contam nation of the

wor kpiteceShynpot ynercpatt ﬁY%Ea?%?IFﬁﬁu ¥ oht cHamiered MEd e PEFTRAdES into

the plas ”’?enéb@@@dsblyf a6E8SnoMISt i Hea Kepbadtp fesSifdd yenitley di1owniepriatur e
and the plasma el ectron energy must 10 be kept sufficiently |owto avoid
tearing sBER GBPEELY sTBFFIBFI ERIENEMDFNTRER | GI€ SR ddredancse Bty vel y,

the chanbgpes¥AEHHNb YUSKHe bEvd AL &L d UPT &6k Ad\k aa thedBLala 1C| RN ShRRictor
performed to renove such _deposits, a step that ggfatly reduces

producti vity BY vhetreaefokhe1Gapacitive layer
15
Selection of the thickness of the capacitor layer 360 to

tune the return path through the overhead 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 plaéma
sheath at the wafer support pedestal 105 as well as the
capacitance of the plasma itself. Numerous conventional
techniques 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 particular

plasma operating conditions, including trial and error.

Electrode Surface Temperature Control:
In an oxide etch reactor, polymer deposits are a serious

30 problem because the process gas must be able to form polymer
layers over non-oxide containing surfaces on the workpiece in

order to achieve a suitable etch seléctivity between silicon
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The capacitively coupled VHF source described with reference to FIG 1 is
highly efficient and therefore capable of producing, during a non-chem cal
cl eani ng woep/o3@ssuf ficiently high plasna density to thoPougishy3amenove
fromthe chanber 20 interior surfaces any polynmer residue deposited during
waf er processing. During such a cleaning step, the usual plasma process

gases mayabExi e8] AEO- b1 @ IR S Al AL & 008 &G ° pdiendl Bg Lo Rrgduce
a plasma wth a very Jan free uorine - content).  Simcé o |OIQUI8
cheni cal sPrEeAIbRL & PG cRiteeRs $ M thie @5 lchetwerrparhg aclkanbeher emapns r

cl osed so 1 he, I .St e erfaorned . qui ckly .and frequently
to keep tﬁgbgﬁ%ﬂ%e%g %2&2&5‘01]@%10 ylrr%%yedeporg(} ttsh% m%ecrh(@a‘ifn PR gB?r Sgirﬁanm)de
of the reackofrofies Gle@o$st amel yme mhiver taid clavery geur-faceaihenger at ur es

and the pllngtggpi%]pg_&pegrgé CER fn%o%;g faisciwerltll %Sgrgga}\t/\bB t 0 avoi d _accunul_ation

of polymer on the interior ¢ surfaces. Fd9668grtaces of
PCT/ US02/ B0890e&Fotox htlsame poseln tdmdaredact avodld oGt athiinaclivedes fpagsages

670 (for | - Ccon [ ' . t.he qverhead el ectrode 125. In the

i mpl (errent g‘??%%f%fg%%&gl,H%eq%ﬁ%lcflﬁasssgg $P876 I8 e c@B‘%ﬁédlBEFﬁé@ﬁ t he
upper al usinimcd Damiaysre w&mhtms{epwrfacmr fbme;e ok gb@toa:artae?d

el ectrode . rnat i su assages e rmed co etely

i nternal | ?/&Jvzmgjf%fgnﬁﬁfeaio&v%%e\e{nﬁfrae uer(‘:‘b‘tpra&ﬁieQ%Sg%éSf“énﬁgF&FﬁPE- ggﬁf?%l iag
flui dlor askémst fedf ficidde f [ldwd passades t63@ ihyoguahf h@'ﬁdsswﬁbffl %Be 675
assi ng through the hallow inner coaxi al nductor 140. Thus, the 1
ltoerrpergt u&?aeo %r%%eroﬁé}%eeralc?relséld‘:tft%c?&é'12§(‘lﬁﬁ§“5‘§l§?i¥i’sép§ CRaRP®BI | ed. By
thus contvatihimgnidte sl dotraadegtenpanat 4r.ehandchY e0akhohbi Bgept her plasma

rocess par ters such plasnma ion energy, the reactor may be operated in
gi t her de%%%a{?eﬁ%%js ch?defe“%Vr? WhicEh d@lﬁ’@%&%fr aéeSt8PetBAFf HERBRLY yrederes o

accunul aterddudol Wirer JoforcHen rdadepiet i on nmode (in which the surfaces are
15
The capacitively coupled VHF source described with

reference to FIG. 1 is highly efficient and therefore capable of
producing, during a non-chemical cleaning step, a sufficiently
high plasma density to thoroughly remove from the chamber

20 interior surfaces any polymer residue deposited during wafer
processing. During such a cleaning step, the usual plasma
process gases may be replaced by a more volatile gas (e.g., one
tending to produce a plasma with a very high free fluorine
content). Since no liquid 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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sufficiently hot to allow plasma ions to tear away polyner from the
surfaces and thereby avoid accunul ati on of polyner). The depletion node is
ef fecti vewbes@sseo t hi s node better avoids particle conta®CRASODNIIR0
Optical Mnitoring of the Plasma Process: Since the reactor of FIG 8 can
be operated so as to be free of polyner deposits on the chanber interior

surfaces, an {5 %&P&d‘é@sock{@yfe%%n@p\ﬁfd%qd ngt EQCQQBE9%§§§£$§§ of

t he 25 overhead electrode 125." An optical channel such as an optical fiber

or |ight plhe( B85 heptcummrdidding Gnednent ¢ehevepteadl el@ma@@@ 689° and
passes t hyough, tihg, Nald o d Mero £gad alg cwéucftl% o 348s ﬁgta_@ bhght  pi be 685

is connected to a convention optical det ect or outer end.
W th thi stdmeadirestwarh gointurie@lusd nand f@taWerlaYﬁéa§ﬁ5eﬁEﬂt shemypper

per f or 4re %#&;ﬂi&h%@ A QRLLGAly deteGhYge 33 VO &Q%ﬁ@??;??g’ U024 30399

Specific e detector 687 neasures the thickness o el ected | ayer
on t he wopddgsiaass cmrassém cﬁnmmct cromgalfedie 11 G ntegairdg ywel Ehknotne opy ¢ clagad

Lechn! ques o 0 At et of tge;noggeexsﬁﬁcure-%n%mﬁ 180" 86Ca3s VEL! febero

hal t ed af mat er i al bel etc reduced to a
pr edet er nilreletl uitchipdaressss s’ hefasur ed fliyuudhew@@tlefctl@ne%?S Pregengi on of

Cont ari nat on;  Siuice ddie Shanher, ILeri0r Sulaces qap be ) 0tained free

10 of polyrer p03|ts ey remain exposed to the plasnma. parti cul ar,
the bbdt marmﬂn‘aama:a)foft rtélalqmnhﬁmb\ﬁé_rem@deelléét madebQZEréslwhm nual | y

T T T L R S S S Rtk

wor kpi ecepyantbriterlel ithy mtﬂ&asq:lfaaardajrperoderssorpdenamemepsevenh sletma poobl em

the bOtt(gRergy, the reactor may be operated in either deposition mode
(in which the surfaces are sufficiently cool to accumulate

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

particle contamination.

Optical Monitoring of the Plasma Process:

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

25 overhéad electrode 125. An optical channel such as an optical
fiber or light pipe 685 is connected at one end to the optical
window 680 and passes through the hollow inner coaxial conductor
140. The light pipe 685 is connected 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 detector.
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surface of the overhead el ectrode 125, which may be anodi zed, is coated

W th a process-conpatible material such as silicon or silicon carbide.
Thus, as wbasn3déero FI GS. 10 and 11A, a thin silicon carbi eéeTfiSozs@99 covers
t he bottom anodi zed surface of 20 the al um num over head el ectrode 125. The
thin silicon or silicon carbide film690 prevents the plasma from

at t acki ngSpéei £ iataii ynumiratdrticaltcaf dsive melectreede ht25hiFkniRe ext gand t he

pl asma rgyeq§§tq?terial frqggthe siLicon-contaLnin% film®690, the species
thus i nt roduced 4 md $hé bl ASm ARG Ot SFHECES toRe “Brscedd Opecause
such speciend sidlbkrmowandprardaan)c sahé i calelsead puphegenh ek chhgrpbaggn and/ o
r morkpig&; %QQ t eren:re are cogpa%%ﬁle $ﬁth the process. Silicon is
present im1he Piasta SEETT Yo 16k iPFe AL 58 A CELCBE. tRAFKBRSPSOLN

t he pl@asnehe wheareadin if lnedmer caydrer gasesdacedenp Qyedeas tpragassqet ch gases.
30 In an native enbodi nent over head elg trode is not anodized

| ter . th
and t he s‘i’e}]licc ¥ Car B FTINS696Yi $PFoPfEGSEP&r 68 'pure 54 WD 03/ 036680
PCT/ US02/ 30399 al um num surface of the electrode 125. |In anot her

alternatiyve enbodinent illustrated in FIG 11B, the gas injection holes
300 are %@meﬁ%ht -angle turns) and their openings into
t he chanber ars iy chdt@cannultarieperitdaets 2anach haliar30Qcheirnge
defined by a solid djsk 300a bl ocking the center of each opening. Results:
The itRefthi GPLMEE FREPSAES  a thrys FETRdRc ESPORRACRCI EheaPlagmpessIsensiti ve

to changes it Operat ikhe eeRdk ans rakd/ 8F tMar halh9ASm| eygﬁlﬂegacturi ng
tolerances. It is believed that these great advant ages i ncluding | ack of

sensi ti vistlpatdodgpdrat ilfg cesRdPtréhy subdecthigadttafkngron theqpbasyaspace
for inpeanGe mechirdge ah8nhRe teoRbRLPYLLPES 2 0fimdhuh®88Lc08E Phto the
plasma, leading to contamination of the workpiece and hence
15 process failure. In order to prevent such a 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 112, a thin
silicon carbide film 690 covers the bottom anodized surface of
20 the aluminum overhead electrode 125. The thin silicon or
silicon carbide film 690 pfevents the plasma from attacking the
aluminum material of the electrode 125. To the extend the
plasma removes material from the silicon-containing film 690,
the species thus introduced into the plasma cannot contaminate
25 the process because such species (silicon and carbon) are
already present in the plasma and/or workpiece and therefore are
compatible with the process. Silicon 1is present in the plasma
where silicon oxide is being etched. <Carbon is in the plasma
wherein fluoro-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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15 nore of a nunmber of reactor features. These features include an
overhead reactor el ectrode having a capacitance matching or nearly

mat chi ng wbe3fsagri t ude of the negative capacitance of theprcphasesn3as t he
nost desired processing plasma ion densities, use of a VHF source power
frequency matching or nearly matching the 20 pl asna-el ectrode resonance

frequency;the,Ghoser f£Lationsid o fce e HE sourcanpewer kleguaacyyet he
pl asma- el ect rode resonance frequen%%hand t he stub resaonance freguengﬁ'
&5 §3nahle

of f set t i ngmphdimgnasival e$ e Fetie andé f reGueRcy 1PRE “4 P P

frequency, andp L bg. SOUT CE, POVEI nd reaIenGhdremiene wanel hahy ardia5 the use
of a resonant stu% mat ch to coupl e source power to the _overhead ele%trode,

pr ef er abl go@nihgs hensoukke POIRRST MR aHP L1260 HorF SENUdRrgRPE} L Pofitt he

| deal gmt %Qchoﬁéi% 080 | be 19y PELE aved dhat offisetding Johe phasmngstue and
source” 30 power frequencies broadens the tuning space of the systemby, in
ef fect, deentaingftéechyspemindising a stub match broadens the tuning space
by matchi ng across a broader frequency range. 55 WD 03/ 036680

PCT/ US02/ 30399 O fsetting the stub tap point 160 fromthe ideal nmatch point
further opebnigzes the systemto broaden the tuning space, because this

feature has thengf{gel,loaddhng %&g&s%%a% | NRIAD PR Gar

ot herw se decliné and of subtractt n current when delivered power would
ot her woselensr easeit Use ngo achangher i \4R) r S0UTE € P6lidr Mse gREMOF provi des a
decrease in_.system Q or_an.ingcr ' ' spage ;¥ @rantiepak e the

i ncrease 'A*43 ?8%Sp%§e?a r%%€§%§€$§ é%éﬁ%%%%?an?ﬁy}.thisl sel ection
al | ows t hehekecyrede- plinaneagesohanbed iny ble giatchednss tLY ithye t9our ce power

reauency. ol SPhITEAEIELLY [P shlende slah s sestsendiecize oe
condi t i onsgmp¥eknae braadeingr oges stiné nclow; ribut imreviafea tt Heaslhyr eaef eitd
advan&%gemgreao%egc%g&bg?agfi%e Qlor 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 most desired processing plasma ion densities, use
of a VHF source power frequency matching or nearly matching the
20 plasma-electrode resonance frequency; the close relationship of
the VHF source power frequency, the plasma-electrode resonance
frequency and the stub resonance frequency; offsetting the
plasma-electrode resonance frequency, the stub resonance
frequency and the source power frequency from one another; and
25 the use of a resonant stub match to couple source power to the
overhead electrode, preferably with the source power inpu; tap

160 offset slightly from the ideal match location.

It is believed that offsetting the plasma, stub and source
30 power frequencies 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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15 wor kabl e over a w der range of process condition deviations, (b) useful
over a broader range of applications (different process recipes) and (c)
whose perworoamsweo i s virtually unaffected over a w der r&0FaS01/30399

manuf acturing tol erances, so that reactor-to- reactor characteristics are
uniform 20 Consequently, superior results have been attai ned.

Speci fi C%ﬂﬁ/settt}l%gQ@{e t%b”ﬁ%p“ﬁdl@ﬁ: Q.%%n FAJH mhéengglaRQHEhSEOthsone

cases to retain a superior degreé of uniformty of “chafacteristics and
perfor mrﬁ#%ﬁn@&ﬁml@@ntth%mw 6 theadseamshgodeningndreeeenhance

process "Mévlgag)’% Hiygh pé a%ermet 'e‘?ﬁ‘e%’% Ufea%‘i‘?m% %r}%ﬁem@ﬁlcc have

been achi e conS|stent only 2kW of source power. system
sust ai nediqﬂlafsﬁmsi Reie R W@%@rtélerram@@ cfecldnerTand 200snhtupchingo

transidi Qg W atl @%%ﬁeﬂ@@ecﬂ g;\é‘%)esc AWy %%gégl % Iﬁgre 8”68'515@696‘“‘36

mat chi ng coaxi resonating near the VH sour ce powe
f r equencihtdsghstyor (V& ) o O Yrarea iomied WHEQUﬁmgyWQrQNeaEh hadauneesemhmle

realizin sl fici c at ed

bl asma 1 VY (g S 6B 65 0dtb00 PEH OS5F 8305 5 PAFE oS BFo60: 1 and
reactive ingagasar iiat isovsrasf pbwrt ¢ rer8engli. | eMopaentappirhgnt hg, souise power
SWR at t I bel,i hat LS d_capabilijt 0
2cComDUS S T 090 VA S o SAT eSS Btpandod srBanse hndsuts ‘¥l e
in | drige thar tscug qea o dweer rfate(qhuengyofatt Iaepélaemar ddesangl paasmabtapaci ¢asices
under the deS|S%n operating conditions, acconplished as above described by
approprlé%e choice of dielectric values between the el ectrode 125 and its
conductive s&ﬁmmnmeashﬂﬂﬂnwmmtﬁba aﬁpd@msiahe mbabcerobiV%EaBDprnﬂm@mmer
10 frequ h) the speci W t

opti mal 20 SBERHE o i RO R O S Ge nbCABREA PBSCFRE LY
current urtd@rrolvti\delsoa@hecmmmetel—cm&daladlvsubtargacbedaf Eefttor that is (a)

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

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

25 densities on the order of 10'? ions/cc have been achieved
consistently with only 2kW 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 coaxial stub resonating near the VHF

30 plasma 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 load
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it under high load conditions. It is believed the very high power
efficiency is due in large part to the inpedance 15 transformati on provi ded
by the coawilod&Bub, which mnimzes reflection | osses beCh/Esn2/B(309
generator connection as well as at the electrode connection, due to
obtaining a match between stub resonant frequency and el ectrode-pl asnma

resonant “frequency,. gl0ng Wi LhqopLLel ,Lapopasitiontngat opereal g ngya | ow
current 267an hi gh "vol'tage i'n the coaxial stub where resistive |osses
doni nat e and la hiaghteundient thewsvoktagecsert AdRepbcleddel phashal - wher e

capacitive | ossgs .dom '].%te%'edz%g\a?glljchtJLge%%Cl}.@Q@EFt SaBEBi1PEgvided while

avoi di ng or n1n|n12|n§ the nee conventi ona I pedance match
appar at us.a2snthidae eextenpl aryienbodsnennd bEncheckRFRASH oRr aERpt dl WS/

dielectric and canductor etchi e bhee shEbed LRodetakt yroqd Neng
reactor i SIS a v;r‘?trﬁgeegﬁg@f 5 gﬁgl 5@% @Fqgf’géﬁa gpergt ?%g ]_(r:%%di tions
ot her t hampltdwse descriithedeabanderi nekuderngadi PPerentn3d0CPoAl deprst i es,

different plasma .source_power | s, di.ffer r S. These
vari ati onfp%qn\p*ﬁ“rs &ﬁlcgsdfaﬁeé’ree(raﬁ%gCgﬁggﬁaggagggf%}ggggﬁ,&! ?@ég‘%r“?}g di f f erent
el ect r ode diaylacittrdnc s 102 s\WOe083£886686 PCELUS02£303592nddidEf¢er@nttive

el ectrode- pl asna resonant frequencies. _an t 2farecr i i ff

pl asma souTER Powér Wﬁggu ﬁc?gg gﬁgrgggﬁ tFeggég%E Fegggn%?%gé%r§%§€%ose
described mhoyendi;send dichf ehenspeafied 1¢i avefégsraddcdakiat entupl asha
processes such as 5 chem cal .vapor. depgsition LL h L f t
operating‘jF%éﬂﬁégmﬂoFa§b§P§é¥ﬁgﬂéPgan§ycHgﬁﬁgg%éFggg rga¥$%€ti%§§§g £o
bel i eved tdat ngercuhese varieeus oappbiheatbadstibhe apdctobtmittedgénemnal |y

enhance the process wi ndow and stability i.n the. enbodinment_descri bed
above. 10 Corpgar WieIrilead fﬁﬁﬁﬁélﬁpénen?:% 13 1491.508°8hE=0L - feR g

power efficiency is due in large part to the impedance

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

20 and high voltage 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 also advantageous for choices of 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, requiring different electrode capacitances
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The coaxial tuning stub of FIGS. 1 and 8 is a tuning elenent that provides
an i npedance nmatch over a large tuning space, as described wth reference
to FI GS. wod3/okissever, 15 because of its elongate |inear ®€TIUPN2/3(30S
footprint is actually larger than that of the plasma reactor chanber. In
those situations where this aspect is found to be inconvenient, the

coaxi al tuaningisEgbent Elgﬁtrédélﬁl§srh§ Fephacod é%'eﬁé Q valent strip

i ne CIrCUIt as illustrated in , 13 20 and The center
conduct or B‘Fr?ﬁ%r?/HFe@‘éhé?a’fibﬁf%ﬁe%n?l%%&%%FPU-’ZRR RAvEfrresuencies and

connect edst@barss6hBnt i PLe§ORAUCLOT £ r FRO: h Wl | & e Ul e, sRnductgr; of the
VHF generator 50 Chm _coaxi al output connector is connected to the netal

ceiling 736t LBreat hoasPhgd7aBeedverdty dhef o lofpidrma eaoesseFheuzs as

conducti ven&gi & 00vIA0r f HESE§ OPSoRSHA, Qotnd, plang he, SLiiR4 1 Ne
conductor 700 faces. E'erhe glfl’l p line %é)nduct or 70% sf}%eélﬁlter ge%tat val in

Cross- sec%?%hmeﬁﬁf%rl%%Uﬁg%aﬂ%weél%ﬁﬂf%ﬁﬁwﬁfftnﬂ?%ﬁuﬁﬁnd ﬂkanetceﬁllng 710.
The char agd eristd Ccohapedanse Ofesd heasidid Adﬂ%&%%g Orth]' r‘l%tc‘?: n§q 1by

its spacing fromthe 30 ground plane ceili 710 str|
li ne cond%n%rﬁ%?allmoen%awmwwr%%%%dvmdm tate @rt@md.myane ael rthag 710

along i tsnedifénd et e i R8P, N3 036680 PCT/ US02/ 30399 In an exenpl ary
embodi nent, the strip Iine conductor was 0.125 inch in height, 2.5 inches

wi de B%d is displaced bel ow the ground plane ceiling 710 by 0.5 inch. By
havi ng tl*@o%bg_g $1r 5pi kA6 @,”%iﬁ Dl efddlg Strip I'ine conductor 700 facing
t he groun plrane cerring . ow is nore distributed across the
entire 2.5 incﬁhﬁw@m¢wxﬂlt¢mn3nqi§tdblnﬁfddﬁ&UCﬂoman@ 15har&hylnqedu0|ng
resistive I #ﬁgiqf S arfﬁh ere ! %%Oove 3 current flow
occurs. engt He r|p conduct’sy-“rod dé?éﬁﬁlﬁéalpﬁ t he
sane nannmatass, tde d@rglilfb&ﬂ wihen mgraalncho toumIeg .Sl . 138owasedescri bed
abovelérlég%§ﬂéé g¥tfkgegfgﬁgu¥%tf{near 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 stub 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 output connector is connected to the metal ceiling 710
of a housing 715 covering the top of 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 its broader side facing
the ground plane ceiling 710. The characteristic impedance 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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FIG 1. Furthernore, the placenent of the RF tap 160 along the |ength of
the strip line conductor 700 is also determned in the same manner as the
pl acementwofo3b@siRF t ap al ong the length of the coaxial $CEWSEBHN39IBS
described with reference to FIG 1. 15 Finally, the end-of the strip line
conductor 700 of FIG 12 furthest fromthe overhead el ectrode 125 is, |ike

the correspondinngneadefb1bbe 6RABXdSHER: | NTRE SONTICE Die 1dhRicdd G wasl,
shorted taq g&gund. In the case gf the strip. |ine éonductor 700, the short

to groundYi-223chPERedb)adRbnnecti HRCRES t'HET AN20" it SHIEFED RS griditnd
pl ane cei 4irBgndlPians 88OWINGNTED Goy 1. 5 Liken I hes g odxd g tiHd RE et 2135 of
FIGS. 1-8, the strip _line conductor 700 has a length equal to a quarter

wavel engt kP67 Eheer 85ohaRt SEFEguenty oPNTYeE 3T xEW thAF P didesoinich this

case 25 theaskrcpiling CLOCULLr EOAPY FBbiNGid heo Sd rd Psd 4 NSy canduGiyys 7@ and
t he ground pl ane_ceil | ng. Therefore, the selection of the 1length of the
strip |in8"EoR8uétor 1760 FEleRatt| {RasSthP SErRctIMH OOt M erfdiaf s t he

coaxi al tuyBHOgigEUbed 35t Whk ChokSes descEibeg, @bova, W dde reference d o FItGs
1-7. In one enbodinent, 30 this |Iength was about 29 inches. The RF tap 160
of FIG 1ZUrEBRAELSVt ABCWHE: geh? al 9ot dhet ke ritr iR nelng reauiducgiora 700

particul ag spgkbtrat 989 {He:hengide Ohadhler Sid ithd | N FANAC e SQ MO 1
03/ 036680 PCT/ US02/ 30399 700, just as the RF tap 160 of FIG 1 makes the

corredfon8HRgNgcodhrect Pon af oRPSEhELE@mfrdvofin Héetevllxival th urfi e estagh t35.
In the casg of FI ;Euré@erﬁwﬁe9%&@%@5@!&’&&@%@%%{%?’%&%@ ai¥ng Pt

coaxi al connector Is connected at the tap 160 to the 5 strip |ine conductor
whil e thelengeh ebntuet dkrop ihee \Gndyrier atlt sutgplao drbarlineshdactide i s

connect | o 1s Tratef s i BB e REYD G BINRERE
160 in Fl Ghelgoakbay sheb 135, as described with reference to FIG. 1.

15 Finally, the end .of the strip line conductor 700 of FIG. 12
furthest from the overhead electrode 125 is, like the
corresponding end of the coax stub inner conductor 140 of FIG
.1, shorted to ground. In the case of the strip line conductor
700, the short to ground is achieved by a connection 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 700 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 of 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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| ength of the strip line conductor 700 is determned in the same manner as
the location of the tap in FIG 1 along the |length of the coaxial stub, as
descri bedwelwemsseBin detail with respect to FIG 1. Wth tRCIfSeaswve, the
strip line circuit conprising 15 the strip line conductor 700 and the
ground plane ceiling perfornms in the same manner as the coaxial tuning
stub 135 ofo, FiGstlasi Bakudingaphesd eat ur ec desahd bed wid eoresgendiogrl G 1
in which the ingedance natcgesgace can_accommodat e as nmuch as a %00:

b :

vari ati on“PRNPERHCFes i SPEnE SRPFYRRE v IE f A T g THE 0 TP goint %@0

froma thegeetheal ceptriigum 2Astdeseshbet abave-tyd tde refenergdne klkGr 1,
the theoretical optimmlocation of the tap 160 is at a paint along the
| engt h of BRBUEURPAGEEuBONASEERHr 15 cRANET it 135 HioridR HEA &gttt t he

strip kingreopducher céQQuetof! fhild)cidd teh ddieiuddd 0 dretoprevishe 25
standi ng wave voltage and current equals the output inpedance of the VHF

gener at or 9BREFRABCENSFAEYEr FeRFE T np U bf 1§ HeP ot o dbite IXONMELt ed
ther ebet wggRne ThE; Ui 8§OYET Ynaes6ihbesvav 1 ind ef s eftge dohrd@ich it tat the
i npedance match_space’ is surprisingly expanded by offsetting the tap 160
by about 5U&iPokiB® FABIHAE®Feti cal optinumlocation. Thus, the strip line
conductor circuit of FIG 12 provides all the advantages and 60 WD

03/ 036680 PCT/ US02/ 30399 functions of the coaxial tuning stub of FIG 1 but
furthéP adds The a8¢ariagecsftienpartpesst 1okeld HelG nner TG 140 of

the coaxi ﬂ?!eng{:HbOthEéGstgip Ditbecshahdr i Mo E NI QU AR Ofi FlGe L2reS
hol |l ow in order to accommbdate the utility lines connected to the el ectrode

125, andmksnesnAgctle Loc@heor opf stne aeaP 200 B - thea kit ddiIe Hawsitiy ©£290.
Too o PhRGocQL B SELEP plneogORahcd olpdl LOVRIEIG uid2p lpdcindag

stub of F at the strip Iitne 10 conductor 700 can extend
in a circal@ fashWohhwihhsnfeavurdépushegs 748 sbinhatliiqwl ty rpripsiitse Ndengt h

can b?Sre%kgzggrwﬁtTQHg conductor 700 and 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 (or, 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 characteristic impedance of the coaxial
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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extendi ng beyond the "footprint™ of the reactor chanber. The length of the
strip line conductor is determined in the 15 sanme manner that the |l ength

of the coawioalo3¢eemi ng stub is determ ned, as descri bed abece/usnt/bn3pef erence
to FIG 1. The inpedance of the strip line conductor 700 is determ ned by
adjusting its displacenent fromthe ground plane ceiling 710. As descri bed

above, this,ddpgpa i sel 0.3 r le t han
t he VHF gfelflneéf at or gﬁt?pdurt?e itB?rospateX :a(r?cgcg@%leqt %%%aﬁ%#ﬁ# tlh%utg;gﬁfégeﬂ(a)rang?he
VHF gener®®radsmtagne it ondagrigigssof the strip |ine conductor 700 i s made
in the sane 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

conduct or 700 hkikediflst natricon adinduatve dgridured plheneoceeiilailng tublo fp&iGor A

the s Clid - jal .t f, .EIGS., .. or. 8, _and provides
t he sgérrrg %%f”o%%&n?ggfg\efggit%?gggras-}wde%gfcfEith%gdng&\?eg\%ltlﬁwr éPePéﬁSé {98 FIG
1. 30 Wideaimodsss \ihew Ui IRIEG. 113 eshomsnac tenbadi meet silpcabbal 12Be Strip

l i ne con r.7 i l.an rdy s re pa 61 WO 03/036680
PO USo  ABb08 (TS e A T o, Ml 0 oty B ghatngr s oha
enbodi nert90 . n Thid cldvang agter iof Itiee scarigudtioe 7#@Adustoir dolanbyewound.

Uilities hr, unjin l.enent_:. 5 .As .describ above with respect
to F|Gs_(§E§%€E1f%%%%§t%§8§x?§|%gEEbnﬁnRQF g&né&cﬁg?tlggeofgﬁﬁerﬁénﬁnd t he
stripldi mencdeatguct/O0 700 ektEhG ib2aare rbatthrhdbkawonnwarden the

accorrrmdeht St @%t tglar r)iﬁvarl ous Uél lities . to thgeover gead el ectr ode.

A
Thus, a3|4ﬁ%i§@pated °n D5th TEPGS SR 3 elé?“ﬁﬁ@ 58PePeghg2tb2&dpht FNPEhe

325 i s cexecidadg beyondutee fdsotbewnconbirokher re8000rt BRaipBE! gas supply
line 345 is connected to an inner gas flow controller 810, the opti cal
fiber or light pipe 685 is connected to the optical detector 687, and the
heating/ cool i Mhe length of the strip line conductor is determined in the

15 same manner that the length of the coaxial tuning stub is
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 above, this impedance is best selected to be about

20 30 Ohms, or less than the VHF generator output impedance. The
location of the tap 160 from the VHF generator 150 along the
length of the strip line conductor 700 is made in the same
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 performs the same function as the coaxial tuning stub of
FIGS. 1 or 8, and provides the same performance advantages 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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line 675 is connected to a heating/cooling source controller 15 830. The
fixed tuning elenment 135 is either a coaxial tuning stub (as in the
enbodi nerwe 000346BGS. 1 and 8) or a strip line circuit (a®Crmusniiz3g9
enbodi nents of FIGS. 12 and 14). Antenna 20 designers w |l recognize the
equi val ent function performed by both enbodiments of the fixed tuning

el ement | Ry PERVEEL 0820 LIMEdanGa JiGh DatiRen dLhe RATAG! B Skl fout put

|npedance 0 gener a ‘he | npedance © *he el ectro pl asma
conbi nat i on. wiBotin em®oﬁ¢mmpnb;&ﬁ anﬁdqbqni%Qﬂuuﬁ;qynﬂn&mrl&owpuzg

equi valently, fixed inpedance match el enent) share structural feature in
comon, including the use of a center conductor (either a strip line
conduct orUt il £ gmandt:or in FIG 8) and a

grounded condu {or o] A e _ f 1 Qi ke grunded
out er goaX|aI % n %rfhéﬁ éﬁ%aﬁ$@§{§% éﬁ%ﬁ%§ggﬁ9%§§2é§ %hégb a?ﬁc?@rlstlc

i npedancecoéxthk stmq»erkm&:]e mmm}rer'm‘lrﬁ dfs Fét-eBniamed ting tsite ippddinegg
between the .two co C h edan e i

mat ch 62 VEREL 38080, el kD2l H0359 A e O et s By AR TG Fon
al ong thelﬂ&aﬁethaondmcrprvaxﬁoudunumﬂmuaas(h@tumalmyd%%e@@nedatamodélso
the cente conduct i s_hol or a i_el ded
condui t f@?uﬁasa?eégiT?%%%t% diheé% conéﬁitﬁge ﬁ?@ 3%§H%P5Eésg And t he
nost hﬂpoébﬁplyCDﬁM®n3i@aimr@DnmedﬂEﬁ dnndneﬂdnaﬁ m@mtilowaDmarDﬁﬂedance
match el e t hysical ly ed j.n ctur t her ef or U|re no
novi ng pa%@ %‘? n?’éx?}fg%ﬁ S‘ﬁﬁxljtyr ollllréer a lssi gcnlr\‘ni can dh%(?vz?r?t 285%%

rel ated agdvantagesrohpye @10 eathe bﬁﬁﬂcdﬁS(ﬂJJhkmd orThaantX@dpem&S&amee mat ch
el enent 10 of both enbodi nents y, therefor e ref rre t raI as a
fixed twoCeBRBGEESE? nﬁé%a%@?ﬁ&?@%t%t ﬁ”ﬁi g\ﬁ géﬁ‘tqé 3811hg
conductoriine 675 is connected to a heating/cooling source controller

15 830.

The fixed tuning element 135 is either a coaxial tuning
stub (as in the embodiments of FIGS. 1 and 8) or a strip line
circuit (as in the embodiments of FIGS. 12 and 14). Antenna

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

25 equivalently, fixed impedance match element) share structural
feature in common, including the use of 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). 1In both cases, the characteristic impedance of the
impedance match element is determined by the spacing between the

two conductors, while the input impedance to the impedance match
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Wil e the invention has been described in detail by reference to various
enbodi nents, it is understood that 15 variations and nodifications thereof
may be neade oziosdeewut departing fromthe true spirit and scooa/ 280309

i nvention. 63 WD 03/036680 PCT/ US02/ 30399 What is clained is: 1. A plasm
reactor for processing a sem conductor workpiece, conprising: a reactor

chamber haying a f?gﬁ@\férﬁ{%é%%kg GONtAIIY NG 213NN ee +SWPROREUERE
conduc pI I

hol di ng t%leesem or wor ce; an overhead el’ectrode overlying said
wor kpi eceof stupporennaat torel eet theleRE oIpreBitRE a Fordd orthef ceait@chanber

val | an B, BQUEL, 9e06L81 0L, [ oo SURAL Y de ROVRIeAlach anl Ae-QueREy Of said

gener at or“?d“'said" overhead el ectrode an capabl e of maintaining a pl asna
Wi thi n satdndhambisr agas Tesd rkine ol axten§ 0T GurbBiatt veevidluids gegdovéPREad
el ectrode, having a reac - W t sagcat an
el ectr deé“b as r?%%%n%‘%ﬁgﬁ’gaé?g%%@ﬁéﬁv%%c Ieﬁsglnbgtn&l %rt r%?grh %ng%B? requency
of sai d gehetia¢ ormpedundte 4Rt Eh nalgretnt FielphyEmaldtyort ifked ginoduci ng a

magnetic field that rotates t] - ce, of. i

workpi eoes 56 T n et Phatt o b A T a2 P8l eneRardorse
suffici entbycsomlérs n amghgt uflecso: tadtanteyel edutmr oydlastedordvenéggency
associated with said magnetic field . is J.ess-t h freq f id RF
power gendf%EotlroRIB PIRHE Feit g?e%f f}flsn?it%elr ?er?asrgﬁeed%g&(e&glt r%(%r?ﬁl%lnq
cycl ot ponof f pecueatyod smatt § casy S8 tebsrd Hen seiar RE gowemn generatloss a

frequencyfiﬁédngoiggg gétg}; gngécﬂr%cgmrggteéﬁ esfei‘nger}ctr AU Y h%fll%%i @enter
conductor.
While the invention has been described in detail by
reference to various embodiments, it is understood that
15 variations and modifications thereof may be made without

departing from the true spirit and scope of the invention.
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30 RF power generator is a VHF frequency. 5. The reactor of Claim1 further
conprising: 64 WO 03/036680 PCT/US02/ 30399 an insul ating |layer fornmed on a
surface oWOgaisbesover head el ectrode facing said workpi ece PSIfi[$02/039% 6. The
reactor of Claimb5 further conprising: a capacitive insulating |ayer
bet ween said RF power generator and said overhead el ectrode. 7. The

reactor of Cajm,6 further eqnpsising. a netal foamlayer overlying and
contacting a sug%ace 10 o? sgPd over head el ectrode that faces away from

sai d wor kpi ecel.suppoptasBa Thackeacter BFOCPaFM'S § UFEREFORGHIPIGSI ng a
silicon- ggg}gkg&ggmggﬂékpgigeyering said insulating layer. 15 9. The
o Im

react or erein said silicon-containing coating conprises one
of silicon or siliceéenreacbPdechapberhaayeagt drCoENTERI R 7L et &5 SHi g

i nsul atin Yer . Ldeseca, C | fancee ssdf i cdent SHPRY, \r Ci ng
mﬁthin%sa?duaégél$§?eg%?%%ggog?§.ﬁﬁﬁgiﬁﬁe rea%%or of (ﬁ%ﬁﬁn lolﬁﬁﬁﬁﬁ?n sai d
capacitive insul at engoraybrafiaslacsaupfiecPentlcapaciiahcecriPiiek D. C. 25

current f rgg@grﬂ?' a§g§3%§r§£&§&i dc&nagpﬁms rom & Lo ng, £ hrough.p Said

over head & ode: e reactor of daim11 wherein: said el ectrode has
pl ural gasallhjection orifices 30 therein generally facing said workpiece

support; and 65 V[)gﬁlQ§6B§9egcaé9§9§£§93ggr supplying power at a

10 frequency of said generator to said overhead electrode and
capable of maintaining a plasma within said chamber at a desired
plasma ion density level;

said overhead electrode having a reactance that forms
a resonance with the plasma at an electrode-plasma resonant
15 frequency which is at or near said frequency of said generator;
an MERIE magnetic field generator for producing a
magnetic field that rotates over time across a top surface of

said workpiece.

20 2. The reactor of Claim 1 wherein said magnetic field is
sufficiently small in magnitude so that the electron cyclotron
frequency associated with said magnetic field is less than the

frequency of said RF power generator.

Z5 3. The reactor of Claim 2 wherein said electron cyclotron
frequency is at least 5% less than said RF power generator

frequency.

4. The reactor of Claim 2 wherein said frequency of said

30 RF power generator is a VHF frequency.
5. The reactor of Claim 1 further comprising:
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said netal foamlayer is of a sufficient thickness to suppress an axial
electric field within said gas injection orifices. 5 13. The reactor of
Claimb5 wwerosiosees@i d sai d overhead el ectrode conprises alpamusoms@peg sai d
insulating layer is forned by anodization. 14. The reactor of Claim6®6
wherein said capacitive 10 insulating |ayer forns a capacitance that

provi des a | ow inp%QQQ%%ngﬁgpﬁglg@ggn%ggﬁégugh sakd-eyesheads gl @ct rode

for plasma sheath generate ni cs. ~The reactor of aimé6
further comwprhsiedgelestgasiei deeingossafddvovkphead &leR®¥ode; a gas baffling
| ayer within said overhead el ectrode between said gas inlet and at |east a
first set of said gas injection orifices. 20 16. The reactor of Caim15
wherein said g&s baflfihe mypadtayeoicGhpiinsés tarkagsr conPresangf oam 25 30 17:

The reactorof Cai m13 furt.her, c hskag.th I o] Ug ges
wi t hi n%sai d overhead é3:|a (L:ét%lg:géf.e %g‘g%%%glggaétggrg?o?e%&?g%{ln %L%i#iuﬂr{}?h%?@é@
conpri si ngeaerapbircand waidowvenheaddebeerhedd- el ectrode general ly facing
said wafer support and a light carrying nedium coupled to said w ndow and
extendi ng through said overhead el ectrode. 66 WO 03/ 036680 PCT/ US02/ 30399
19. The reactor7.of Qs mexasver eifn Caila pl dswahRascampréatnance and the

react ance of said electrode r d h gacLapee-pPisaidsplasgr. 5
20. The reactor of @Ig(}er% %g{g“%&%?hgv%gégﬁgﬁcé gf sa?%c n§%fslir?
10 of said overhead electrode that faces away from said workpiece

support.

8. The reactor of Claim 5 further comprising a silicon-
containing coating covering said insulating layer.

15
9. The reactor of Claim 8 wherein said silicon-containing

coating comprises one of silicon or silicon carbide.

10. The reactor of Claim 7 wherein said insulating layer
20 provides a capacitance sufficient to suppress arcing within said

gas injection ports.

11. The reactor of Claim 10 wherein said capacitive
insulating layer has a sufficient capacitance to block D.C.
25 current from a plasma within said chamber from flowing through

said overhead electrode.
12. The reactor of Claim 11 wherein:

said electrode has plural gas injection orifices

30 therein generally facing said workpiece support; and
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el ectrode is a conjugate of the reactance of said plasma. 21. The reactor
of Claim19 wherein the reactance of said plasm conprises a negative
capaci t arwe,03as@swher ein t he 10 capacitance of said el ect PCEASVT3EBIE sane
magni tude as the magnitude of said negative capacitance of said pl asna.
22. The reactor of Claim1l wherein the frequency of said RF generator and

the el ectrode-pl asma,fgsppant f5SAUBNEYr af€ MR hir f I EQUANGIATkNESs the
reactor of Claim 22 wherein said plasna reactance is a function of said

pl asnma i ORUBRAST F yaRndk s} ot ki Hsrier | O LHHG Y SFHipbaes a"9&CELPBd pl asma
process of sajd.geactor. 20 24. The reactor of Caim23 wherein said plasnma
process is a plasma etch process and wherein said plasna ion density |ies
in a range from about 109 ions/cubic centineter to about 1012 ions/cubic

centimpter. 25:25. Jhe reactoF of Haimd fiuidel LOMPrdsiddh @ dfhewed
i npedance mat ching el ement connected between said generator and said

over head electrode, cemp el ¢ el ihigetamnd matich & inchad@ysg asSmaenRed
el ement rﬁiogggaigggggﬁncy. 30 26. The reactor of Caim25 wherein the
mat ch el enent resonant frequency and said el ectrode-pl asna resonant
frequency 67 WD 03/036680 PCT/US02/ 30399 are offset from one another and

the frequency of saif.0gDgLRLPor ! LS RES Wosk Sl &£l ectdnderdlasm
resonant frequency an% sald match el ement resonant frequency. 5 27. The
react bd ofnSihaning Wheeei fomed i feaRpRHENGT WHitd Prpahieiest 6r 1o%ai d pl asma

frequency; and,sald PREGH: & SIBMA rESNAN sdIEBIRNPL AT @138t ¥ for

frequenci €s’
plasma sheath generated harmonics.

15. The reactor of Claim 6 further comprising:
15 a gas inlet to said overhead electrode;
a gas baffling layer within said overhead electrode
between said gas inlet and at least a first set of said gas

injection orifices.

20 16. The reactor of Claim 15 wherein said gas baffling

layer comprises a layer of metal foam.

17. The reactor of Claim 13 further comprising thermal
control fluid passages within said overhead electrode.
25
18. The reactor of Claim 17 further comprising an optical
window in said overhead electrode generally facing said wafer
support and a light carrying medium coupled to said window and
extending through said overhead electrode.

30
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28. The reactor of Claim25 wherein said fixed i npedance 10 match el enent
conprises: a strip line circuit having a near end thereof adjacent said
over head wbhasws@ese for coupling power fromsaid RF power Pgespasmeo t o sai d
over head el ectrode and providing an inpedance transformation therebetween,
said strip line circuit 15 conprising: a strip |line conductor generally

above said overheag gl erf‘etarcg% ardcegnnest gHeatia 9888 shdshdefeofato said
over head el ectrode, a ground pl ane conductor above sai d over head 20

el ect r ode raadtepacedntlr GHesAPACFARER ebndELE of LoF BFRFS HeP T RPN Heét &1

and conneggggt%gcgno@Fsgghub@agggentiaI of said RF power generator, a tap
at a selecte ocation along the length of said strip |ine conductor, said

tap conprising a connection 25 between said strip |line conductor and an

output o ermi naboof s@i.d  BEREWRIE §80¢HALON whdDeidhent €AELOE 2l 28r Vher @i N
sai d ground pl ane conductor conprises a ceiling of a housing overlying
sai d over ledadt30del é6t podenisardesefi phei heachracetof FardeRlad®hg a

wi nding path wthin said housing and beneath said ceiling. 68 WD 03/ 036680
PCT/ US02/ 30399 30. The reactor of Claim29 wherein said strip |line .
conduct or i s héll.owThsair¢acsast of Ffdathel Scuhpresnngheargastined] 9§ neald

eXtending.ggg%gggoﬁgggsggl50%@?5?&98 ££§§CQPQ§H§}O nd OFhSHPRH WHG process
gas to saf gas njecfion 5 orifices in said overhead el ectrode. 69
10 capacitance of said electrode is the same magnitude as the

magnitude of said negative capacitance of said plasma.

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

15 frequencies.

23. The reactor of Claim 22 wherein said plasma reactance
is a function of said plasma ion density and said plasma ion
density supports a selected plasma process of said reactor.

20

24. The reactor of Claim 23 wherein said plasma process 1is
a plasma etch process and wherein said plasma ion density lies
in a range from about 10° ions/cubic centimeter to about 102
ions/cubic centimeter.

25

25. The reactor of Claim 1 further comprising a fixed
impedance matching element connected between said generator and
said overhead electrode, said fixed impedance match element
having a match element resonant frequency.

30
26. The reactor of Claim 25 wherein the match element

resonant frequency and said electrode-plasma resonant frequency
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are offset from one another and the frequency of said generator
lies between said electrode-plasma resonant frequency and said

match element resonant frequency.

27. The reactor of Claim 26 wherein said frequency of said
generator, said plasma frequency and said match element resonant

frequency are all VHF frequencies.

28. The reactor of Claim 25 wherein said fixed impedance
match element comprises:

a strip line circuit having a near end thereof
adjacent said overhead electrode for coupling power from said RF
power generator to said overhead electrode and providing an
impedance transformation therebetween, said strip line circuit
comprising:

a strip line conductor generally above said
overhead electrode and connected at a near end thereof to said
ovarhead electrode,

a ground plane conductor above said overhead
electrode and spaced from said inner conductor along the length
thereof and connected to an RF return potential of said RF power
generator,

a tap at a selected location along the length of
said strip line conductor, said tap comprising a connection
petween said strip line conductor and an output terminal of said

RE power generator.

29. The reactor of 28 wherein said ground plane conductor
comprises a ceiling of a housing overlying said overhead
electrode, said strip line conductor formed along a winding path

within said housing and beneath said ceiling.
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30. The reactor of Claim 29 wherein said strip line
conductor is hollow, said reactor further comprising:
a gas feed line extending through said hollow strip

line conductor for supplying process gas to said gas injection
orifices in said overhead electrode.
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