A METHOD OF PROCESSI NG A WORKPI ECE | N A PLASVA REACTOR W TH VARI ABLE HEI GHT
GROUND RETURN PATH TO CONTRCOL PLASMA | ON DENSI TY UNI FORM TY CROSS- REFERENCE
TO RELATED APPLI CATIONS [1] This application clains priority of both U S
Provi sional Application Serial No. 60/898,632, filed January 30, 2007 and
US Uility Application Serial No. 11/733,984, filed April 11, 2007.
BACKGROUND

A METHOD OF PROCESSING A WORKPIECE IN A PLASMA REACTOR WITH
VARIABLE HEIGHT GROUND RETURN PATH TO CONTROL PLASMA ION
DENSITY UNIFORMITY

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims priority of both U.S.
Provisional Application Serial No. 60/898,632, filed
January 30, 2007 and U.S. Utility Application Serial No.
11/733,984, filed April 11, 2007.

BACKGROUND
[002] Embodiments of the present invention concern a
capacitively coupled plasma source for processing a
workpiece such as a semiconductor wafer. A capacitively
coupled plasma source comprises a ceiling electrode that is
driven at a very high frequency (VHF) frequency over 110
MHz which can produce a high density plasma at a relatively
low voltage. A capacitively coupled plasma source can
further produce a low electrode potential for low electrode
erosion, and permits the ion energy at the wafer surface to
be limited to a low level if desired, while operating over
a wide range of plasma density (very low to very high

plasma ion density). One problem inherent in such a plasma



[2] Enbodi ments of the present invention concern a capacitively coupled

pl asma source for processing a workpiece such as a sem conductor wafer. A
capacitively coupled plasna source conprises a ceiling electrode that is
driven at a very high frequency (VHF) frequency over 110 MHz which can
produce a high density plasma at a relatively | ow voltage. A capacitively
coupl ed plasma source can further produce a | ow el ectrode potential for |ow
el ectrode erosion, and permts the ion energy at the wafer surface to be
limted to a low level if desired, while operating over a w de range of

pl asma density (very low to very high plasma ion density). One probl em

i nherent in such a plasma source is that the ceiling el ectrode exhibits
radial transmission |ine effects and | oading due to the effective dielectric
const ant ofoutee plagiet Ede eeddphe, caectisoddHxh b freecaplacle quarter

wavel ength_is about. 20 .i.nches,. which i.s.on.the order of, the di er of the
cei ling el Bcitdde Yabodt "5 e&ﬁ@ﬁég) ?n?h%?%?%?%,g%%et%ﬁqel el ¢ evcgt%s

si gni fi cangd & @er0ss ddwe taunf ace tek pheseei | | hgr ed eptig Dsle,atginvdng rise to
process non-uniformties at the wafer surface. For a plasma with an

ef fecti ve ¥iel ecthies cHistasiiagteat ¥AVERGRTEN thertectd V&SRl ength is

reduced tqql £55 {han, the chidding ek aet Bodge dh ANBE efne WL SENAY the
non-uni formty of the RF field, making processing non-uniformties across

t he waf er silrdtacelawira@utFdrs dmcbesh . pr 8bessfotrdi stimmyRprividulce a non- uni f or m

dge | tch rate distributi the waf face. . {003] Vari
aphr onChesy 4 LripiByad 0 Pe0dEs ceaeh  bnaberabl & erTeci %14 one. appr oach,

magnet i C sé B&f i AeHdTRY kA rRfTplicked ot @rakbeks hbe-ph asdEmi e dlisd rddeut i on,

e.g., toreduce its center-high non-uniformty to produce a sonewhat flatter
di stri but i $hfeORIGHEIH -emiwitt B PRRsSTapPLbachn i of f et % it &icHilgh

non-uni for mi ty: Of ¢ the SQUr ¢ iRy  benbexerd 1 hee correcdiye, capability of
magneti c steering. Another problemwth this approach can be el ectri cal
char gi ng desdgeedfta hessordipinecdei tetthéngaghettcodie ukideeisdty is too high.

PPl yi ng. M e A N ST Ee TGRRT LY PheClarer, TIR & HRUTHe ef foct of
i ncreasi ngptdiee P By heatif driiickeesacwbb shthe wafér tipt £add Wwalees.eases the
capaci tance across the ceiling-plasma sheath as well as the capacitance
across t hef'@¥afay -etch process, this may produce a non-uniform edge

low etch rate distribution across the wafer surface.

[003] Various approaches are employed to reduce such

undesirable effects. In one approach, magnetic steering

may be employed to alter the plasma ion distribution, e.g.,

to reduce its center-high non-uniformity to produce a

somewhat flatter distribution. One problem with this

approach is that a center-high non-uniformity of the source

may be beyond the corrective capability of magnetic

steering. Another problem with this approach can be

electrical charging damage of the workpiece if the magnetic

flux density is too high. 1In another approach, the plasma

sheath (or bias) voltage is increased by applying more

plasma RF bias power to the wafer. This has the effect of

increasing the plasma sheath thickness which in turn

typically decreases the capacitance across the ceiling-

plasma sheath as well as the capacitance across the wafer-



pl asma sheath, thereby formng three capacitors in series, including the
ceiling sheath capacitance, the plasma capacitance and the wafer sheath
capaci tance. The net effect is to reduce the effect of the dielectric
constant of the plasma, thereby reducing the non-uniformty of the RF field.
The high bias voltage required in some oxide etch plasma process recipes is
conpatible with this latter approach. However, a high plasna bias voltage is
not desirable in some other types of plasma processes. The wor st

non-uni formties appear in processes enploying the | owest plasma bias
voltage. [4] Such approaches are conplicated by the fact that other process
conditions dictated by the process reci pe have as great an effect upon

pl asma di stribution as either magnetic steering or bias (sheath) voltage.
For exanpl@ladmecrséasitihg ¢chambby prewsug etlpreotuvasadl tass igemegrielsi.gh and a
nore center_ low.plasma ion.distributjon, while decreasi t he chamber
pressure p*?ﬁﬁﬂﬁi?gaﬁﬁﬁrge&éﬁpgrs F@%hd?%???iﬁﬁ?%ﬁi éﬁﬁuﬁy%gwghges in plasm
di stri buti&paria cadsaahdby hsouwaEerponestf ptasami ansd L y)Thegastchem stry,

el ectronegativity of the gas m xture, ugPing rate, gas flow rate and ot her

par anet er € ifigttatied toy FeRECHr S88s8LFREF pRl BB KF e QAWERTITON [5] A

met hod i s CP{Oc\ﬂed%qafsﬁ{a,,prt%%%%b,ngeauw@ﬁgp't@&enw@upémy eAct:gle Chamber
having at least a celling electrode and a workpi ece support el ectrode. The

met hod i ndklideis lcbuplTiheg hREhpbowers #@blaaferseqvHred reguemey ddideo a pl asma
via one of the | ect rodes, of the.chan?er andt. gwiq%qu%_c%gﬁﬁkrground
return pal% Yo ”@uPFSEF56a§§FﬁBeair%c??ﬁp%e% en e cei'ling €electrode
and the woiggpiees suppeityeel, eat hade Hoashhep f4equencygd lis Hex nmet hod furt her
i ncludes providing a vari abl e hei ght edge ground annul ar el enent and
provi di ng € YHroE rfét FORSpRERSENFERER PheP bAYRA FIRARP Hihul d %l ement f or

the frequem&ysbé lronth i FRIRAd 1€QNEERES rt e HRGEOL 4L Yeril1 B} BRMBHON density

distribution by controlling the distance between the variable hei ght edge
ground annubwgstelpdmsma anidsovelshge.

[004] Such approaches are complicated by the fact that
other process conditions dictated by the process recipe
have as great an effect upon plasma distribution as either
magnetic steering or bias (sheath) voltage. For example,
increasing chamber pressure produces a less center high and
a more center low plasma ion distribution, while decreasing
the chamber pressure produces a more center high
distribution. Other changes in plasma distribution are
caused by source power (plasma density), gas chemistry,
electronegativity of the gas mixture, pumping rate, gas
flow rate and other parameters dictated by the process

recipe.

SUMMARY OF THE INVENTION
[005] A method is provided for processing a workpiece
in a plasma reactor chamber having at least a ceiling
electrode and a workpiece support electrode. The method
includes coupling RF power at a first VHF frequency fl to a

plasma via one of the electrodes of the chamber, and



(a) height of ceiling electrode or (b) height of workpiece support

el ectrode. [6] In one enbodinent, the nmethod further includes adjusting the
i npedance of the center ground return path corresponding to the frequency fl
SO0 as to increase or decrease the tendency of the RF power at fl to produce
a center-high non-uniformty in plasma ion density distribution. [7] In a
rel ated enbodi nent, the nethod further includes coupling RF power at a
second VHF frequency f2 to the plasma via at | east one of the el ectrodes of
t he chanber, and providing a center ground return path for RF current
passing directly between the ceiling el ectrode and the workpi ece support

el ectrode for the frequency f2. This enbodi ment further includes providing a
ground return path through the edge ground annul ar el enent for the frequency
f2. Anot he:rcefri@d@ign@npeﬁ@etfh@roungl peesradpaist ify R &UTFSHT an RE

Par oot ot i, s SOUCIEY B! P TR PANETBLEL, Al M By vency 50

(a) RE pawarkpiEh) BEppvekt agecttode REOT ctite ehtequemayne lenbddhienent, fl is

greater tQ%nggp%%r%%%rw?%c?ggeg2p28v£§f§gtgmggf¥§gfeS%%fgﬁ%'edge
ground annular element and providing a ground return path
through the edge ground annular element for the frequency
f1. The method controls the uniformity of plasma ion
density distribution by controlling the distance between
the variable height edge ground annular element and one of:
(a) height of ceiling electrode or (b) height of workpiece
support electrode.
[006] In one embodiment, the method further includes
adjusting the impedance of the center ground return path
corresponding to the frequency fl so as to increase or
decrease the tendency of the RF power at fl to produce a
center-high non-uniformity in plasma ion density
distribution.
[007] In a related embodiment, the method further
includes coupling RF power at a second VHF frequency f2 to
the plasma via at least one of the electrodes of the
chamber, and providing a center ground return path for RF
current passing directly between the ceiling electrode and
the workpiece support electrode for the frequency f2. This
embodiment further includes providing a ground return path
through the edge ground annular element for the frequency
f2. Another embodiment further includes adjusting a ratio
of an RF parameter at the fl1 frequency to the RF parameter
at the f2 frequency s0 as to control plasma ion density
distribution, the RF parameter being one of: (a) RF power,

(b) RF voltage, (c) RF current. 1In one embodiment, fl is



[8] In one enbodi ment, the adjusting includes reducing a center-high plasm
ion density distribution by decreasing the ratio of the RF paraneter at the
fl frequency relative to The RF paranmeter at the f2 frequency. |In another
enbodi ment, the adjusting includes reducing an edge-high plasma ion density
di stribution nonuniformty by decreasing the ratio of the RF paraneter at
the f2 frequency relative to the RF paraneter at the fl frequency. [9] In a
further enbodi ment, the nethod includes adjusting the inpedance of the
center ground return path corresponding to the frequency fl so as to

i ncrease or decrease the tendency of the RF power at fl to produce a
center-high non-uniformty in plasma ion density distribution. In a related
enbodi ment, the nethod includes adjusting the inpedance of the center ground
return patdresdrerespendihgutoliReMireguenty 2 s ashan iakorgad® or decrease
t he tende of the RF power at f2 to produce a center-|low or edge-high
non-unifornffy in plasma ion density distribution. BRI EF DESCRI PTI ON OF THE
DRAW NGS [[@®@B]] So t hat ohheembnaeneht, whh€ had hestabay e ndaidead enbodi ment s of
the invention are attained and can be understood in_detail, a nore

parti cul arr S 6RNGFIT R INND AT AN OBrI TV % hidri PoE 188o%¥, may be

had by refgrenceitg the eabodi gentgetRergofaioh Arayid lsystrated in the
appended drawings. It is to be noted, however, that the appended draw ngs

i |l ustrate&myuenoypiredktenpotiPnBhesRE parameter at the f2 frequency.

In another embodiment, the adjusting includes reducing an
edge-high plasma ion density distribution nonuniformity by
decreasing the ratio of the RF parameter at the £f2
frequency relative to the RF parameter at the fl frequency.
[009] In a further embodiment, the method includes
adjusting the impedance of the center ground return path
corresponding to the frequency fl so as to increase or
decrease the tendency of the RF power at fl to produce a
center-high non-uniformity in plasma ion density
distribution. In a related embodiment, the method includes
adjusting the impedance of the center ground return path
corresponding to the frequency f2 so as to increase or
decrease the tendency of the RF power at f2 to produce a
center-low or edge-high non-uniformity in plasma ion

density distribution.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] So that the manner in which the above recited
embodiments of the invention are attained and can be
understood in detail, a more particular description of the
invention, briefly summarized above, may be had by
reference to the embodiments thereof which are illustrated
in the appended drawings. It is to be noted, however, that

the appended drawings illustrate only typical embodiments



of this invention and are therefore not to be considered limting of its
scope, for the invention may admt to other equally effective enbodi nents.
[0011]FIG | A illustrates a plasma reactor having nmultiple VHF source power
frequencies applied to a ceiling electrode. [0012]FIG 1B depicts el enments
of a variable reactance or bandpass filter controlling the inpedance of an
RF ground return path in the reactor of FIG 1A [O0013]FIG 2 illustrates a
pl asma react or having

of this invention and are therefore not to be considered
limiting of its scope, for the invention may admit to other
equally effective embodiments.

[0011] FIG. 1A illustrates a plasma reactor having
multiple VHF source power frequencies applied to a ceiling
electrode.

[0012] FIG. 1B depicts elements of a variable reactance
or bandpass filter controlling the impedance of an RF
ground return path in the reactor of FIG. 1A.

[0013] FIG. 2 illustrates a plasma reactor having
different VHF frequencies applied to opposing electrodes.
[0014] FIGS. 3A and 3B illustrate a plasma reactor with
different VHF frequencies applied to respective concentric
electrodes.

[0015] FIG. 4 illustrates a plasma reactor with
different VHF frequencies applied to the cathode electrode.
[0016] FIG. 5 illustrates a plasma reactor with two VHF
source power frequencies, in which the high VHF source
power frequency 1is produced using a low VHF frequency
generator and a third harmonic resonator.

[0017] FIG. 6 illustrates a plasma reactor with a single
VHF variable frequency generator in the low portion (e.g.,
50-60 MHz) of the VHF band with a third harmonic resonator
to produce a VHF frequency component in the high portion
(e.g., over 100 MHz) of the VHF band at a power level
determined by varying the generator output frequency.
[0018] FIG. 7 illustrates a process that can be carried
out using the reactor of FIG. 1.

[0019] FIG. 8 illustrates a process that can be carried

out using the reactor of FIG. 2.



different VHF frequencies applied to opposing el ectrodes. [0014] FIGS. 3A
and 3B illustrate a plasma reactor with different VHF frequencies applied to
respective concentric electrodes. [0015]FIG 4 illustrates a plasma reactor
with different VHF frequencies applied to the cathode el ectrode. [0016]FI G
5 illustrates a plasma reactor with two VHF source power frequencies, in

whi ch the high VHF source power frequency is produced using a | ow VHF
frequency generator and a third harnonic resonator. [0017]FIG 6 illustrates
a plasma reactor with a single

[0020] FIG. 9 i1llustrates a process that can be carried
out using the reactor of FIG. 3A.

[0021] FIG. 10 illustrates a process that can be carried
out in the reactor of FIG. 2 by setting the two VHF
fregquencies fl1 and f2 of FIG. 2 equal to one another.

[0022] FIG. 11 illustrates a process that may be carried
out using the reactor of FIG. 5.

[0023] FIG. 12 illustrates a process that can be carried
out in a modification of the reactor of FIG. 5 in which the
locations of the f2 bandpass filter 254 and the £2
generator and match 242, 246 are exchanged.

[0024] FIG. 13 illustrates a process that may be carried
out in the reactor of FIG. 6, using only a single lower VHF
freguency generator.

[0025] To facilitate understanding, identical reference
numerals have been used, where possible, to designate
identical elements that are common to the figures. The

drawings in the figures are all schematic and not to scale.

DETAILED DESCRIPTION OF THE INVENTION
[0026] FIG. 1A is a simplified schematic diagram of a
plasma reactor capable of controlling radial distribution
of plasma ion density by apportioning capacitively coupled
plasma source power among different source power
frequencies. The reactor has a vacuum chamber 200 enclosed
by a cylindrical side wall 202 and a disk-shaped ceiling
204. The ceiling 204 is both a conductive ceiling
electrode as well as a gas distribution showerhead or
plate, and will be referred to herein as the ceiling

electrode 204. The ceiling electrode may optionally be



VHF vari abl e frequency generator in the |low portion (e.g., 50-60 MHz) of the
VHF band with a third harnonic resonator to produce a VHF frequency
conponent in the high portion (e.g., over 100 MHz) of the VHF band at a
power |evel determ ned by varying the generator output frequency. [0018]FI G

7 illustrates a process that can be carried out using the reactor of FIG 1
[0O019]FIG 8 illustrates a process that can be carried out using the reactor
of FIG 2.

covered with a conducting, semiconducting or insulating
material. The ceiling electrode 204 includes inner and
outer zones 206, 208 of gas injection orifices on its
bottom surface 204c coupled to respective inner and outer
internal gas manifolds 210, 212. 1Inner and outer zone
process gas supplies 214, 216 furnish process gases to the
inner and outer manifolds 210, 212. A wafer support
pedestal 218 can support a workpiece such as a
semiconductor wafer 220. The pedestal 218 may have the
features of an electrostatic chuck, including a conductive
base layer 222 and an insulating top layer 224 that
encloses an internal electrode 226. A vacuum pump 228 1is
coupled through the floor 230 of the chamber 200. The
pedestal 218 is supported on a leg 232 that is coupled to a
lift mechanism 234 that can elevate or depress the level of
the pedestal 218. In one implementation, the 1lift
mechanism 234 provides a wafer-to-ceiling gap range from
about 0.3 inch to about 6 inches. The wafer is clamped
onto the pedestal by applying a D.C. clamping voltage from
a D.C. supply 236 to the electrode 226. D.C. supply 236
typically includes a low-pass filter to isolate the DC
supply from the RF voltage present on the electrode 226, RF
bias power may be coupled directly to the internal
electrode 226, or indirectly through the conductive base
layer 222. Pedestal 218 typically includes a conductive
ground housing 217 that is typically isolated from
conductive base layer 222 and internal electrode 226 by an
insulating material such as quartz, ceramic or plastic.

Alternatively, conductive base layer 218 may be grounded.



[0020]FIG 9 illustrates a process that can be carried out using the reactor
of FIG 37k. [0021]FIG 10 illustrates a process that can be carried out in
the reactor of FIG 2 by setting the two VHF frequencies fl and f2 of FIG 2
equal to one another. [0022]FIG 11 illustrates a process that my be
carried out using the reactor of FIG 5.

[0027] The uniformity of the plasma ion radial
distribution across the chamber 200 is controlled by
providing a pair of VHF plasma source power generators 240,
242. In one aspect, the RF generator 240 has a frequency
in the upper portion of the VHF range, on the order of
between 110 and 250 MHz, and nominally about 162 MHz, while
the other RF generator has a frequency in the lower portion
of the VHF range, on the order of about 40-90 MHz, and
nominally about 60 MHz. We have discovered that the higher
VHF frequency from the generator 240 (if applied alone)
tends to produce a plasma ion density radial distribution
that is center high and edge low, while the lower VHF
frequency from the generator 242 (if applied alone) tends
to produce a plasma ion density radial distribution that is
center low and edge high. 1In this respect, the two
generators complement one another when used simultaneously.
In one embodiment, the output power of one of the
generators 240, 242 are adjusted with respect to the one
another to change the plasma ion density radial
distribution between a center low pattern and a center high
pattern. A selection of the ratio of the RF power (or
voltage or current) levels of the two generators 240, 242
is made to minimize the center high and center low non-
uniformities and establish a more nearly uniform plasma ion
distribution that is approximately free of both types of
non-uniformities, and therefore nearly or substantially
uniform. Such uniformity may be determined by measuring
the radial distribution of etch rate across a wafer or
workpiece. The variance of this distribution decreases as

uniformity increases. The variance for a more uniform



[0023]FIG 12 illustrates a process that can be carried out in a

nodi fication of the reactor of FIG 5 in which the |locations of the f2
bandpass filter 254 and the f2 generator and match 242, 246 are exchanged.
[0024]FIG 13 illustrates a process that may be carried out in the reactor
of FIG 6, using only a single | ower VHF frequency generator. [0025]To
facilitate understanding, identical reference nunerals have been used, where
possi ble, to designate identical elenents that are common to the figures.
The drawings in the figures are all schematic and not to scale.

radial distribution of etch rate may be as low as 4% or
less, for example.

[0028] In one embodiment, the higher VHF frequency
generator 240 is coupled to the ceiling electrode 204
through an impedance match network 244 that may be either
fixed or dynamic and may be either formed of lumped or
distributed elements. The lower VHF frequency generator
242 1is coupled to the ceiling electrode 204 through an
impedance match network 246 that is formed of either lumped
or distributed elements and may be either fixed or dynamic.
The output of the high VHF match 244 is protected from the
output of the low VHF generator 242 by a notch filter 248
tuned to block a narrow band centered around the frequency
f2 of the low VHF generator 242, or alternatively by a
high-pass filter tuned to block the frequency f2 of the low
VHF generator 242. The output of the low VHF match 246 is
protected from the output of the high VHF generator 240 by
a notch filter 250 tuned to block a narrow band centered
around the frequency fl of the high VHF generator 240, or
alternatively by a low-pass filter tuned to block the
frequency f1 of the high VHF generator 240. The filter
circuits are designed in accordance with conventional
practice in conjunction with the matching networks so as to
achieve the desired matching range with the required
frequency isolation.

[0029] Two RF ground return paths are provided for each
of the VHF frequencies f1, f2. A path along the side of
the chamber 200 is provided by grounding the side wall 202,
as indicated in the drawing. VHF current along this path

promotes an edge-high center low plasma ion radial
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON [0026]FIG 1A is a sinplified
schematic diagram of a plasnma reactor capable of controlling radial
distribution of plasma ion density by apportioning capacitively coupled

pl asma source power anong different source power frequencies. The reactor
has a vacuum chanber 200 encl osed by a cylindrical side wall 202 and a

di sk-shaped ceiling 204. The ceiling 204 is both a conductive ceiling

el ectrode as well as a gas distribution showerhead or plate, and will be
referred to herein as the ceiling el ectrode 204. The ceiling el ectrode may
optionally be covered with a conducting, sem conducting or insulating
material. The ceiling electrode 204 includes inner and outer zones 206, 208
of gas injection orifices on its bottomsurface 204c coupled to respective
i nner and duterbupiennabrgas khaast o dse o cergiex ~Nighe P lamiaodC8r zone

process 9as, SUADLESS a4y 1840, LULPLSD DL OALSS: 0ASERd G ddiey ARk and outer

mani f ol ds er support pedestal n support "a wor kpi ece
such as a sguwgonduet eenwateof22Be dhemipedestzalparis utaypuyave hiche f eat ures of
an electrostatic chuck, includin conducti ve base Hé%¥{ 222 and an

: a
insulating*¥ﬁﬁrlégéF%QZEhFWQFre%aPo%%sogﬁﬂ?9ﬁ¥%¥uﬂr &de 226. A vacuum
punmp 228 lC%Lﬁﬁ%lge@h%hF@uggggmeeié@@foé’é’:ozpé tdie whamele A09erTheopedest al

218 is supported on a that is coupled to a |ift nechanism 234 that
can eIevaﬂé)@ﬂC@@@ré@gophé Fegekbcoive hewpddest ala 2B®19)n bemelniamsl enent at i on,

the lift ng?gnl5@%%342g%0vhggﬁerrg@éggtégh Qi' Iﬁ% pegﬁ e %r%glabout 0.3

inch to about 6 i ACHE I's clanpe t &l by applylng a
D. C. cl anpimgheal.t ageef ramiabDe Coasapps y QBBtetIO Zsme reled madeo226. D. C.
supply 236 typlcally |ncludes a lowpass filter to isolate the DC supply

fromthe BRSFo2age présdnf! BHthéOEI et O ZH. A R 5iSEs power may be

coupl ed digpﬁﬁtdxxmta%weohnt %ﬁeakr%@@ﬁépdﬁ 226,10 HingHdreetdey through the
conductive base | ayer 222. Pedestal 218 typically includes a conductive

ground housingyazbr LKAt |§hﬁypﬁéaﬁb¥e|@@nén%ﬁﬁfﬁkﬁﬁ&ﬁ)@&dc@@Weabase | ayer 222
and |nternal ele %E%d%aﬁ%6tRXtaTn%T§Hé% L@g_ﬂgt %?%féﬁﬂ% s Quartz, ceramc

ar
or plastlc LAY ernati ve conductive |'ayer € grounded.
approx1mately on) the frequency f2 of the lower VHF

generator 242. Both bandpass filters 252, 254 provide
respective impedances to ground at their respective
bandpass frequencies fl, f2. These impedances are varied
by a controller 270 to determine the division of RF current
from each generator 240, 242 between the pedestal electrode
226 and the side wall 202. The apportionment of this
current is controlled by varying the reactance of each
bandpass filter 252, 254. Conventional RF filter circuits
of capacitive and inductive components may be employed to
implement the variable bandpass filters 252, 254. 1In
accordance with conventional practice, these filters may be
implemented as lumped elements of capacitive and inductive
components or as distributed elements, such as coaxial
tuning elements or stubs. For example, FIG. 1B is a
simplified schematic diagram of a variable bandpass filter
of the type that can be employed in the reactor of FIG. 1A.

The variable bandpaass filter of FIG. 1B can include a

11



[0027] The uniformty of the plasma ion radial distribution across the
chanber 200 is controlled by providing a pair of VHF plasma source power
generators 240, 242. In one aspect, the RF generator 240 has a frequency in
t he upper portion of the VHF range, on the order of between 110 and 250 MHz,
and nom nal ly about 162 MHz, while the other RF generator has a frequency in
the I ower portion of the VHF range, on the order of about 40-90 MHz, and

nom nal |y about 60 MHz. W have di scovered that the higher VHF frequency
fromthe generator 240 (if applied alone) tends to produce a plasna ion
density radial distribution that is center high and edge |ow, while the

| ower VHF frequency fromthe generator 242 (if applied alone) tends to
produce a plasma ion density radial distribution that is center |ow and edge
hi gh. |In tshiustr espect forha56woagyehrd et ors dhpinsirentl coade carechéPrwhen used

si mul t ane ly. .ln one_e iment,.th ut, power. of f, the.generators
240, 242 g&@’a&fﬁ@?édoaﬁgﬁgrega %%l$%f%ﬁ%&§nénghggﬁg qug g%Sé tﬁg pl asma

i on densi ta¢doadihakedivsthi buti appbet weere of identrer Jdsaw patit emy and a center
hi gh pattern. A selection of the ratio of the RF power (or voltage or
current) INGFEISsast lyhBet Rangenes at bt seBUET WS Fhradd SEHGSRHi ni ze the

center highapdscepker Lowapensunifosn tigs andngilablinshoa weke Bearly
uni form plasm ion distribution that is approxinmately free of both types of

non- uni f orthiet iféed feand26Rer @b dreancae | y lorghs westsarftiilaldry agniaf dem  Such

uniformty may be _determ ned by neasuring .the radial distributiqon of etch
rate acroé?sg &éﬁéFrOroﬁo?kﬁ?%§%}v%H% I%fl%ﬂﬁﬁ?%% ﬁﬁﬁggnﬁfsfgﬁbhgion
decr eases ‘ag i ter muhytioar gasesy d\iee vaf ifiaef.or A4 tRehaturiefiorm radi al

distribution of etch rate may be as |ow as 4% or |ess, for exangle.
an RF ground return path through the center of the chamber
200 may be provided by grounding the pedestal electrode
226. This may be through a high-pass filter to permit
effective isolation of the RF bias.
[0030] RF bias power is applied to the ESC electrode
226, including LF power (e.g., about 2 MHz) from a low
frequency RF power generator 262 through an LF impedance
match 264, and HF power (e.g., about 13.56 MHz) from a high
frequency RF power generator 266 through an HF impedance
match 268. Typically, the RF bias frequencies are selected
such that the LF power level controls the peak ion energy,
while the HF power level controls the central width of the
ion energy distribution. An RF current ground path may be
provided for each of the RF bias sources applied to the ESC
electrode 226. A path through the ceiling 204 is
optionally provided by coupling the ceiling through a
bandpass or low-pass filter to ground. Furthermore, a
variable reactance may be inserted in the path to allow
control of the bias return current to the ceiling relative
to bias return current to other surfaces, namely current to
the wall 202 and ring 219. The insertion reactance or

impedance may be increased to force more bias return
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[0028] I n one enbodi ment, the higher VHF frequency generator 240 is coupled
to the ceiling electrode 204 through an i npedance match network 244 that may
be either fixed or dynami c and nay be either formed of |unped or distributed
el enents. The | ower VHF frequency generator 242 is coupled to the ceiling

el ectrode 204 through an inpedance match network 246 that is formed of
either lunped or distributed elenents and may be either fixed or dynam c.
The out put of the high VHF match 244 is protected fromthe output of the | ow
VHF generator 242 by a notch filter 248 tuned to block a narrow band
centered around the frequency f2 of the | ow VHF generator 242, or
alternatively by a high-pass filter tuned to block the frequency f2 of the

| ow VHF generator 242. The output of the | ow VHF match 246 is protected from
t he out putcusfremtte thi §heVERggenetag 0?1 240r byaldl di2oh filitcdr t25aist red to

bl ock a narro n ntered d. t he : f I HF

gener ator Z10L O SPEer ASPIVBIooDS BT ol bans At s ted S BSEK the
frequency HllteathattheehiyghtWEFigeaet aborrdétanidee dr limgredainceuintty @ee desi gned
in accordance with conventional practice in conjunction with the matching
net wor ks €5 S50 ER SURCEhCdasPTen TR g 15iite WA (% RE%Fequi r od
frequency iselabhoner[ Q829] 3v0) RFwELoknce k@ W Ratdls Ar@nilevindgd for each
of the VHF frequencies fl, f2. A path along the side of the chanber 200 is
provi ded WBiagmauddinngenkétyi deifarnippconsditimiicated in the drawi ng. VHF
current al t.hi s h. pro e - hj cent.er. | I i,on radia
distributﬂgﬁglar atgﬁ%ag oagﬁgsgogg% 3%$ﬁg5%ﬂ%éﬁgﬁﬁnfbgﬂggd?ggagfgtribution
rel ative tue apeRktgdoundcbatiunnopat hatdr qugh ride cantw@reyofnatyh®@echanber. A
path through the center of the chanber 200 is opthggally provi ded by

coupl i ng the SFEUSSPEPTEPEEPL §dBT 22BY O T PRI DS &' I dy * PEH) (16 §F6und

through respatlidve iunabher(variable)r bandpass fid tBrs 23%er254 which are
controll ed i ndependently of one another. The variabl e bandpass filter 252

has a nar rapesFadorisar@2y habbi heludesoperated cent@t et dredst aapproxi matel y
on) the fr‘?ﬂﬂé‘%’&l"¥nofol'e.0‘c Thngy i gﬁgEﬁY]gFo@ee,”e{ tor 49, 8 darlaphe bandpass

filter 254 has a narrow pass b i hcl udes (or “i s‘centered at | east
appr oxi mateint ren)l edhe of cequentyth@ oimé-hevd overd \WF Igenewatwerr 242. Bot h
bandpass filters 252, 254 provide respective inpedances to ground at their

p e
respect i v&/ PdridFasenfr é§68REPES FPe %59 THSE | deddifcét&te varied by a

control | erg 270 4.0 deher pagihheodi visi 9n, of g dife clird.ants f omggagh ,gener at or
240, 242 between the pedestal "el ectrode 226 and the side wall 202. The

appor t i onrentsyoichtriinousupireas yihshconowd| weldh byesrmati rigp tefaehy @dbeance of each

bandpass fjlter. 2 . nyengion RE filter circujits of,,capacitive and
inductiveé%%%%ghgﬁ%g %gépgngﬁgl%bgdg%%F??ﬂ#éﬁﬁﬁng%W%§%ﬁ§%§agﬁ§’bandpass
filters 2522.254n ktheapadsddnnedw) t ingopwentd Onale Pacigade,g t hese filters

may be inplenented as | unped el enents of C%Pacitive and i nductive conponents

np
or as di st¥SN5FEERTEl EReht €XesHEASEE FVRKFE P hd B IR O o IsMaBs.  For

exanpl e, HGe IBJis arseRpbibhbed s6heARELCr diaqram ofr & MMaldralle bandpass
filter of the type that can be enployed in the reactor of FIG 1A The

vari abl e bamgpaass npiyl ber ogbrFREPin@ eamemcdvfie apping.

[0032] Uniformity of gas flow across the surface of the
wafer 220 and uniformity of the RF field near the wafer
edge can be improved by providing a below-wafer ground
return 219 extending radially outwardly from the side of
the pedestal 218 at a level that is below the wafer support
surface of the pedestal 218. The below-wafer ground return
219 is typically shaped as a cylinder or a flat annular
ring that extends toward the side wall 202 to form a gap

203 that partly constricts gas flow from the process region
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shunt capacitor 256, an inductor 258 and a | oad capacitor 260, either or
both capacitors 256, 260 being variable. In accordance with one aspect, the
filters 252, 254 may not necessarily be bandpass filters or have the
frequency response of a bandpass filter. For exanple, one or both of the
filters 252, 254 may be a high pass filter or a |low pass filter, or a
reactive el enent whose response can be varied to function as any type of
filter. Alternatively, an RE ground return path through the center of the
chanber 200 nay be provided by grounding the pedestal electrode 226. This
may be through a high-pass filter to permt effective isolation of the RF
bi as. [0030] RE bias power is applied to the ESC el ectrode 226, including LE
power (e.g., about 2 MHz) froma | ow frequency RE power generator 262

t hrough ampbbei opedancer nat e 264, puaipd idF apeves( Beow 8heulaidr56 MHz) from
a high frequenCéFRE power generator 266 through _an HF inpedance match 268.
Typi cal | yeveRBaREApPAst e elp@nel 1R & el edted LSHER PRathEhBELEpover | evel

control s aQ%eEegkow& f—‘é‘@xﬁﬂ%i%’@ﬂ&é he i eaver, chevel crani,nels the central

wi dth of the ion energy distribution. An RF current ground path may be
provi ded fddtesehvef 22 heoREWimsns ues happbiredure st hedESCrebéet r ode 226. A

path through the ceiling 204 js optional.ly provided.b oupling the ceiling
t hr ough aaggﬁaﬁg§§e8rl?oﬁp%a%La§T$%éﬁs ﬁf%éﬁ&ﬁﬁd?rﬁﬁﬁpéeEESEe, a variabl e
react ance ;@gymberiaseit egas nride madtedro Al leqweeenkiak iof okhe bias return

current to the ceiling relative to bias return current to other surfaces,
nanel y cucteptrevaghet @l fiobds and'hs Mg r2ry. Ifke Pehyerh| bRer ed®ance or

i npedance i e t r i.as . r r r t he edge
(ring 219wggxmgﬁF ggé)?§§§¥cﬁd%%ﬁ§§'@gggggégﬁgﬁ%%gggrﬁ?gﬁ g?%%%g ion density
uni form tyleopdrtiahly Atdtestatdcvel ygs thew,nserchi ahateabkanegion i npedance

may be decreased to force ss bjas return current to the edge (ring 219 or
wal | 202)Fgﬂﬁﬁcﬁh?eﬁﬂ efo2#§vb? %ﬁ%ﬁeﬁmmﬂnﬁhtﬁlé§ﬁé ?éﬁmﬂgﬁgF?§’unifornity

condi tiONthereby improving process uniformity. In one
implementation, the below-wafer ground plane 219 is formed
of a conductive material and is connected to ground. It
therefore provides a more uniform ground reference at the
wafer edge that renders the electric field more uniform
there and less susceptible to asymmetries in the
distribution of conductive surfaces in the chamber
interior. The ring 219 may also serve as a plasma boundary
to help confine the plasma volume to the chamber region
above the ring 219. In an alternative implementation, the
ring 219 does not serve as a ground plane, and is instead
formed of a non-conductive material. In another
alternative implementation, the ground return ring (or
cylinder) 219 is at the workpiece or wafer level or above
workpiece level. It may be at or near the ceiling level and
concentrically surround the ceiling electrode 204. In
another embodiment, the level of the ground return ring 219
may be selectively adjusted relative to the workpiece level
with a lift mechanism. For example, by attaching the ring

219 to the outside of the pedestal 218, the ring 219 is
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[ 0031] The two VHF source power generators 240, 242 may be operated in

conti nuous wave (CW node or they may be pul sed synchronously or
asynchronously with respect to one another. Moreover, either or both of the

bi as power generators 262, 266 nay be operated in ONnobde or in a pul sed
he pul sed node, their duty cycles may be controlled to control

node. In t

t he

ti me-averaged RF bias power or voltage (and therefore the ion energy) at the

waf er surf

ace. The pulsing of the bias generators 262, 266 nay be

synchronous or asynchronous with respect to each other and/or with respect
to the source power generators 240, 242. In the pul sed node, any pair of the
generators that are pul sed synchronously to one another may have
their RF envel opes coincident in time or offset in tinme and may be

f or egoi ng

over | appi nigi fdrechom aner Bappi hy. theosejemtdbr i ity nfchpasi m-owTdEr oss t he

surface of

can be i W&}&% rfe%r%Z:g&? doygi }‘nggnggy-qufggeggfggngloq%%gqgo%d fer edge

oved by prov g a beldow wafér ground return

radi al | y asutnfaradlsy ifr amet baasbde obutheapedestEdC B atlaydreveld )t kat
waf er support surface of the pedestal 218. The bel ow wafer ground

bel ow t he

return 2125 £& yioitc & PigREHEd S8URBLETI FRdErOHda F1hti AP i ng t hat
extends touard dhe Sigdeuial kh202gh0af 04 M S Bapr 03 thate RAddIy constricts

gas flow f

romthe process region
(e.g., the variable filter 252). 1In this case, the ground

return ring 219 serves as the edge ground return path for
the VHF frequency f2. The height of this edge ground
return path is therefore variable and serves as one of the
adjustable parameters of the reactor.

[0033] A uniformity controller 270 controls the relative
power output levels of the two VHF generators 240, 242 and
optionally of the impedances of the variable bandpass
filters 252, 254. The controller 270 can set the impedance
of the high VHF frequency (fl}) bandpass filter so as to
provide a lower impedance return path to ground through the
wafer 220 than the through the side wall 202 at the higher
VHF frequency f1, so that the power from the fl generator
240 produces a more pronounced center high radial
distribution. Furthermore, the controller 270 can set the
impedance of the low VHF frequency (f2) bandpass filter so
as to provide a higher impedance return path to ground
through the wafer 220 than through the side wall 202 at the
lower VHF frequency f2, so that power from the f2 generator
242 produces a more pronounced center low and edge high
radial distribution. The controller 270 apportions the
relative power output levels of the high and low VHF
frequency generators 240, 242 to either suppress a center
high non-uniformity in etch rate distribution (by

increasing the power output of the lower VHF frequency
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above the wafer into the punping annul us bel ow t he waf er evacuated by the
vacuum punp 228. The | evel of the bel owwafer ground return is above
features such as the wafer slit valve 229 or punping port that produces
undesi rabl e asymmetries in the plasma distribution arising fromasymetries
in gas flow pattern or electrostatic or electromagnetic fields. The narrow
gap between the side wall and the outer edge of the bel ow wafer ground
return 219 partially constricts gas flow, such that the regi on above the
wafer 220 is fairly imune to such asymetries, thereby inproving process
uniformty. In one inplenentation, the bel owwafer ground plane 219 is
formed of a conductive material and is connected to ground. It therefore
provi des a nore uniformground reference at the wafer edge that renders the
electrlc:fgaﬂaiaMDme2éﬁ|fornﬁuhpresandhl@kya§u&temmddu@nﬁ@nm$¢wnenrles in the
dlstrlbutl gong glég gurfa es In the cha |Jw€?w Ol e he ring 219
may al so s e T3$Ca%plad ORIy tECHEA B thnfinE Y ve S'4Sta Vol ume to the
chamber rQﬂieOIhl@lh@\teVHFefﬁergeQ&Q gérﬁleﬁé\tcaﬂrtzeffmatl vind mingrentiati on, the
ring 219 does not serve as a ground plane, and is instead formed of a

non- conduc&7%@aﬁaﬁ@ﬁ<ﬁaﬁuchna§hﬁﬁFfé?ng?thP et FRA S Sl e AR AR ML A gr ound
return ri t(t%rm%ywee@%ttd%ﬁ LSpBLy 1O VRN Ras Of Jatar Jyevel or above
wor kpi ece “1evel be at or near t el ling level concentrically
surround Khancﬁmbamgoeleotﬂode @eﬂIOl@gﬁmmmhbﬂféhbodhnam@ tihikke | evel of the
ground return ring 21 be sel ect] ver dj ust e el ative to.the workpiece
| evel vmtt?ﬁ?qesﬁﬁ%ﬁeeﬁaﬁl ﬁ?sﬁéyeexah% b IgflﬁgﬁinéﬁFﬁé Fpnérfi9 to the
out si de ofcdﬂ}%cmaet@stt@bhalauetshelmpngm&wed Sas lgfdpdiniedand dewnhby t he
pedestal |ift nechanism The_ground return ri 219 may be insulated from

ot her grouddddes GPn&Ees el £ihE, cRanbes ?W%{g ttq1é%q:_9§(§ FASESYEE 224) so

as to not he dideghlsy LGoupked 39091599 st eath be, qoupledeto ground

through a variable reacCtive el enent e.g., the variable filter 252). In
t hi s case,ndrheingrfound tiesurn etng 240e sét viesilag itdre sedgedglooundier et urn pat h

for the VHE frequency f2 he ght of . this e ound return path is
thereforerV%Figgpg iﬁ&lséﬁées 2 oﬂ%t l?%%'%d?h?t%% &faneters of the
reactor. [fQ3g3lammeai for AhtyrRophEeobbet r 2Vl € oty @trﬁettms& g lagiiav e opower

out put levels of the two VHF generators 240, 242 and optionally of the
i npedances ¥ itte di&rablré 1BaNEpasS Pred@r iy zswtetrﬁéll@@ntw@n er 270 can

set the i mpadance gf the blahoMifaht eguensy () Dandpass.dilter so as to

provi de a | ower | nmpe ance return pat to groun the mafer 220 t han
t he througﬁimh@a$udelmalthéOﬁearoth@yhvghbﬂTMHﬁwﬁremmﬁmby1mF§1$0 t hat the

f t he fl t 240 d t hi gh
adial | o ATIROT] BAY PEPUREPROFEL LW corONa & 370 AR <at e | pedance

of the Iovw\eHFofErseq@E@wa(tf ehibangdpagseditd fiosn aerdd 4 aviydeea hi gher
i npedance return round through the wafer 220 than through the side

wal | 202 &laage IO@V\élheVFFlﬁFEQUéﬁéya‘F zva%tpltfhattaqddwerprfqvmlmeaﬂz gener at or
242 pfo"“gﬁ%l%afzﬂ;g% Bopaynged E&Qﬂh&f QV\Eeadqu\)‘oge%eeshlc%msﬁc akpdi stribution.

The contr apportions e relative po out put I"'eVel s 'of the high
and | ow VHR sfsmequerey fgeagratonse@489s 242 tighai tdwerrcsuppresstaraant er hi gh

non-uni fonity Lo,eteh ratend SLLLbUL] en(hy gy easing e pogsr output of
sensors may be placed on the ceiling 204 at various radii,
providing an indication of workpiece film thickness rate of
change as a function of radius. Alternatively, ion flux
sensors may be placed on the ceiling 204 at various radii,
providing an indication of radial plasma ion density.
Alternatively, voltage sensors may be placed on the ceiling
204 at wvarious radii, providing an indication of radial

electrode voltage. Alternatively, isolated voltage sensors
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generator 242) or suppress an edge high non-uniformty in etch rate
distribution (by increasing the power outer of the higher VHF frequency
generator 240). The controller 270 may make such adjustments in response to
non-uniformty patterns neasured on a previously-processed wafer by a
downstreamor in-line netrology tool 272. During the processing of
successive wafers, standard feedback control corrective techniques,

i npl enented as programred al gorithns in the controller 270, nay be enpl oyed
to enact successive corrections by the uniformty controller 270 to mnim ze
non-uniformties in etch rate distribution sensed by the netrol ogy tool 272.
The nmetrol ogy tool 272 nay be programred to informthe controller 270

whet her plasma ion density distribution has a predom nantly center-high

non- uni f oY peoplacgde@dmthanteyledgel ¢ ght MFEIMIT graditly. Al ternati vel y,
the netrol ogy .tool 272. Yy _kN-Si S rovide real -tine
signal s t& édggﬁtéglﬁggxﬁsggggE%E(5%#%%%ﬁ§g%§%%F%%%§%él roscopy) sensors
may be pl geednanatihe Reeill-tige204natoVvast qukagradiuni farrenditdi m@yael ndi cati on
of radial plasma excited sgecies ensity. The plasma itself may be used as

the |ight REGrE@edPYesPerRal P ght O sotittess he! TREd. 27 ter nat i vel v,

i nterferonyfibnseRsans c@Bynkgupkaced on the ceiling 204 at various radii,
provi ding an indication of workpiece filmthickness rate of change as a

function of0G34di us. TAkt enadprmely, cPBRr ¢l lse sesoriseprie Bl &ded on the
cel 11ng 204 At yarlous,fadil. ;proviiding, an. i adical| an of Jadi.ah plasm ion
y y be place t

density. ernatively, voltfage sensors on e ceiling 204 at
vari ous r aflinignsiroovifdirngmasokiidgcahi 6ormof ty asf g1 adrectiraatde vol t age.

Al ternatively, isolated voltage Sensors nm beefl ced on the ceiling 204 at
vari ous r&tHI5TIHR0VOH ngTak i SF@éFYoﬂfo?t?%dW%ﬁ ;ﬁiﬁﬁﬁ%qqgﬁﬂﬁ)ng Pt enti al .
Real - time contin@ ok pkasaRaynbhor pblyraeynde-eri e ned by eenbnal,l er 270

using sensor input and conventional techniques. [0034] The uniformty
cont r ol | erthsawadleso tooneddingheabi 15 dechedisi 284 cli muprd@s stes provi de

anot her cantrol_di ion_for i i i forni.t f ion

di stributi onas?“c?r q&ﬁtﬁ%lrn%ltt& BFagP%ﬁgrggréy%? s?fr ir@bhue%/i"gangel.q‘J %?/{Hraai sing the
pedest al Zhricawar @ 1blkeacebhi dgneli egt nede 204, wd fver wafgr.-to-ceiling gap is
decreased, whi ch suppres llasma i on density near the center of the wafer

es
and promotELVRIESHY /i & §8H§'999n35? PRES et brd Btgeray from the

ceiling electrode 204, the wafer-to-ceiling gap is
increased, which promotes plasma ion density over the wafer
center while detracting from plasma ion density at the
wafer edge. Thus, the plasma distribution may be rendered
more center-high or more center-low by raising or lowering
the pedestal 218, respectively. As discussed above, the
plasma distribution may be rendered more center-high or
more center-low by increasing or decreasing, respectively,
the ratio of the higher VHF frequency power to lower VHF
frequency power. Thus, the pedestal height and the VHF
power ratio are two different controls that affect the
plasma ion distribution. The uniformity controller 270 can
employ both of these controls simultaneously to optimize
plasma ion distribution uniformity. For example, an edge-
high plasma non-uniformity may be reduced by increasing the

output power of the higher VHF frequency generator 240,
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Conversely, by lowering the pedestal 218 away fromthe ceiling el ectrode
204, the wafer-to-ceiling gap is increased, which pronotes plasma ion
density over the wafer center while detracting fromplasna ion density at
the wafer edge. Thus, the plasna distribution my be rendered nore
center-high or nore center-low by raising or |owering the pedestal 218,
respectively. As discussed above, the plasma distribution nmay be rendered
nore center-high or nore center-low by increasing or decreasing,
respectively, the ratio of the higher VHF frequency power to | ower VHF
frequency power. Thus, the pedestal height and the VHF power ratio are two
different controls that affect the plasma ion distribution. The uniformty
controller 270 can enpl oy both of these controls sinultaneously to optim ze
pl asma i owhdicst mauteod Gai foenedye Forersbeanyligh @eadddge- bilghmpl asha
non-uniformty . .be reduced, by_increasi t he .out put . power of t hi gher
VHF frequéﬁ(,s);%dgﬁétlgpm gﬁbs lﬂ%f%ﬂs?nﬁf] t'ehd T8 55cré gep\aggée%fagr B%I gh peak
in plasma 5@ rdisskdi but tabut The§ui ACi¢asertited g et amn- kinghvpeak may be
suppressed, w thout requiring further change in the VHF power apportionnent,
by rai si nHIeE pEBESEAPNPEBTt 0P YeER BRI tHE Wdastedi 1418 tgap until an

opt i mum plasng dist pkbybikep-ks; 681 288y S SRS iselulashar process
recipes calling for a low RF bias and 'a | ow chanber pressure, in which case
t he cent erdilitghbpéakni aspkashbzédn diisis ity iken uss fpdr tliogulparicg spr onounced.
The contral aof both ¥HF f%eguengﬁ a£§ogtionn§pt t,0 etherggrth control of the
waf er - cei I557gP§ap Cext éRds TPhe r aRGe™ of ° Hoh-Uit o VERRE ™ he control | er
270 is capaklseuek,ceuntarant tAge F0¢ GeBEMEIE FEMLK Ninghlaemunibarmty, for
exampl e, the controller 270 may call for both an increase in _the

hi gher ver slisHrdket I9RAF1er BgtEheY! poherPEppottisshnefiteas e lagta narr over
waf er - cei | . e | = il g fiects where a
particuIafk%%Fg??eéggaggkgg.a¥?5%€9%@m%g§qﬁggggﬁﬁggkqghgﬁﬁﬁ?géi?grn1pIasna

i on densi thhediwstfeirbotidnngThepeértends hiehe arstrgd logr @G- ucdd ogeti tiyhe gap to
optim ze Hhe choi ce of fﬁ to gz8duce a predo 'nantk% ceqper-hi h_non-uni form
pl asma i ot "@éndfy CaNSEPTBEFi oA aht PR tHoi Te GHYZ RS 'prGducé©F 2

predom nanddw redgenfRicghhNR- HBLHHT > PhaSyTA 1N dergiltey @nstri bution. For
exanple, the controller 270 sets the wafer-ceiling gap to optim ze the

choi ce of FIntgrd1eF £40phaducelt hECHi Rt et HWoamsicf dinmithy pasterns, and

the ai 11 orene r aquenci og f1o075"¢8 QohTr ol pe ST RSHe. Fan"aat bt | oh and

reduce it saxoewemn vefartcesling gap.
[0035] The variable wafer-to-ceiling gap affects where a
particular VHF frequency (e.g., fl or f2) has a peak in
non-uniform plasma ion density distribution. Therefore,
the controller 270 can set the gap to optimize the choice
of fl to produce a predominantly center-high non-uniform
plasma ion density distribution and the choice of £f2 to
produce a predominantly edge-high non-uniform plasma ion
density distribution. For example, the controller 270 sets
the wafer-ceiling gap to optimize the choice of fl and f£2
to produce the different non-uniformity patterns, and the
controller 270 varies the ratio of RF power (or current or

voltage) at the different frequencies fl, f2 to control the

plasma ion distribution and reduce its non-uniformities.
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[ 0036] The controller 270 may respond to an indication fromthe netrol ogy
tool 272 of a predom nantly center-high or edge-high non-uniformty in

pl asma ion density distribution by measuring and controlling (changing) any
one of the followng so as to tend to reduce that non-uniformty: (a) the
ratio of RE voltages at the frequencies fl, f2; (b) the ratio of RF currents
at the frequencies fl, f2; or (c) the ratio of RE power at the frequencies
fl, f2. Such neasurenents nay be made at the respective el ectrodes, for
exanpl e, or another suitable [ocation. [0037]In one alternate node, the
controller 270 varies plasma ion density distribution w thout necessarily
changi ng the apportionnent of power anong the higher (fl) and lower (f2) VHF
generators 240, 242. Instead, plasnma ion density distribution is changed by
the contrdi90861270 B?evép9Fﬁ@lEﬁé P etBNCEsRBIG RE @ééntidri§AsdRa return

paths pr etsfﬁ%trneq}u%ym%@?o;tlaggngo{)g yosi apl £ bandpass, filll el 12325 1gR4.  For

exanpl e, e tendency o e higher frequency (fl) VHF power to'create a
center peak edgstppoéssoanurdferpedk im mplasma idensiensidivst ri buti on may be

i ncreased ar decreased, by changing the inpedance presented to_the fl power
by the variabi'é B§ﬁ88a5¥ PFF?8915§2?n§iiégé%éghwﬁg %%ﬁ@ e T)of:’mtyhe | over
frequency dife2b fVidhep@WRLolvOngr eat s ato eggel prak fucsUpp@ssca-cent er peak in
pl asma ion density distribution may be increased or decreased by changing

t he i mpedaidd ogrédant déd)t shensat 20 pofehl rktrgsmrdtabine BasdyesSiesl ter 254,

Freduencl aa/f 12t 3°ber uBoRTThe. Sontor®Gr SN rat i path (o6 TG { o- vaf er)

and t he sifite grourmd rteeuratpat hf(RAropughr tdie Side nealderz02)s. fBy f2.
Such measurements may be made at the respective electrodes,
for example, or another suitable location.
[0037] In one alternate mode, the controller 270 varies
plasma ion density distribution without necessarily
changing the apportionment of power among the higher (f1l)
and lower (f2) VHF generators 240, 242. 1Instead, plasma
ion density distribution is changed by the controller 270
by varying the impedances to the center ground return paths
presented by the fl and f2 variable bandpass filters 252,
254. For example, the tendency of the higher frequency
(f1) VHF power to create a center peak or suppress an edge
peak in plasma density distribution may be increased or
decreased by changing the impedance presented to the fl
power by the variable bandpass filter 252. Likewise, the
tendency of the lower frequency (f2) VHF power to create an
edge peak or suppress a center peak in plasma ion density
distribution may be increased or decreased by changing the
impedance presented to the f2 power by the variable
bandpass filter 254. Such changes affect the apportionment
of VHF current at each of the frequencies fl, f2 between
the center ground return path (ceiling-to-wafer) and the

side ground return path (through the side wall 202). By
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directing nore of the fl power to the center ground return path, the

t endency of the higher VHF frequency (fl) power to create a center-high
distribution is increased. By directing nore of the f2 power to the side
ground return path, the tendency of the | ower VHF frequency (f2) power to
create an edge-high distribution is increased. In sone cases, the controller
may change the ground return path apportionnment for only one of the two
frequencies fl, f2. [0038]In a further alternate node of the reactor of FIG
1, only one of the VHF generators (e.g., only the generator 240) provides RF
power, the other generator (e.g., the generator 242) not being used or else
being elimnated. The uniformty controller 270 changes the plasna ion
radi al distribution by varying the fl bandpass filter 252 so as to control

t he i npedancecofnghroge oofidthet Lt nopaith tchrtdwegltentierESCoshdctedden226. Thi s

apportions the ound return currents bet he center th_through the
ESC el ect PS&E'Z%eaﬁangﬁgcgi ‘Elg it H”tq{}eorugﬁ&?ﬁtéegiu&élc\)(/al(Ifegogf)wig a result,
this featuybecotatbeacoshtobtelgR7di varims itdie icenher<hisgd .andycent er -1 ow

non-uniformties in plasma ion distribution (or equivalently in etch rate
di st ri but idéApctédnephPae zef ublin® of fi RYWeq COB I EISILE Co ALY G0 TPHR Bener at or s

240, 242 qpey | LHSLEBREONLD Bt Gnd Ao &fHE :en8NAL 0N JNBpohe el oyed of

di fferent “treduenci es. exanple, a third VHF generator may be enpl oyed
havi ng a farequeney hilghehighadi e thertiofn tike inwr evidEdgenénatoms 240, 242. As

cont cr ped 34 pASmEOTOROH SF rTB0 T e 116 (16 Tonsr PFEqfanty generat or

242 (60 MdghopredHRestaRoedgely one of the two freguencies f1l, f2.
[0038] In a further alternate mode of the reactor of
FIG. 1, only one of the VHF generators (e.g., only the
generator 240) provides RF power, the other generator
(e.g., the generator 242) not being used or else being
eliminated. The uniformity controller 270 changes the
plasma ion radial distribution by varying the f1 bandpass
filter 252 so as to control the impedance of the ground
return path through the ESC electrode 226. This apportions
the ground return currents between the center path through
the ESC electrode 226 and the side path through the side
wall 202. As a result, this feature of the controller 270
varies the center-high and center-low non-uniformities in
plasma ion distribution (or equivalently in etch rate
distribution) to optimize uniformity.
[0039] While only two VHF generators 240, 242 are
illustrated in FIG. 1A, more VHF generators may be employed
of different frequencies. For example, a third VHF
generator may be employed having a fregquency higher than
either of the two VHF generators 240, 242. As described
above, the high VHF frequency generator (e.g., 162 MHz)
produces a center peak in plasma ion distribution while the

lower frequency generator 242 (60 MHz) produces an edge
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peak. Uniformty may be inproved by introducing a third VHF generator having
an even hi gher frequency that produces peaks between the center and edge
that fill in the minina in the plasma ion density radial distribution.

[ 0040] The reactor of FIG | A my be used to reproduce plasnma process
conditions characteristic of a very |ow density bias-only plasnma
conventionally produced with a single HF (13.56 MHz) frequency source to
bot h generate plasna ions and control the bias voltage on the wafer. This
sinmulation may be realized by applying only an LF (e.g., 2 MHz) bias power
fromthe generator 264, and setting the output power of each of the two VHF
generators 240, 242 to a very low level (e.g., 10 Watts) to establish the

| ow plasma ion density desired. The advantage of this is that the two
gener at or sp24l, 242 fmeymiley adjysieed mpirblredeby thheodhangesa i thiond put power

to maintain plasma uniformty over a far w der range of changi ng process

condi ti ons'¥ a%el%ﬁ)‘iﬁttfrbglaé’ % \Ab I SR ?‘Flggle& ﬁlj?gugﬁq( 18%6 E%i—i%‘%“éf)ersequency

source. [094d1 &1t ledeRid cet@dighiccatyentphtt he1 1 eagt Ofic Ghinima
in the plasma ion density radial distribution.
[0040] The reactor of FIG. 1A may be used to reproduce
plasma process conditions characteristic of a very low
density bias-only plasma conventionally produced with a
single HF (13.56 MHz) frequency source to both generate
plasma ions and control the bias voltage on the wafer.
This simulation may be realized by applying only an LF
(e.g., 2 MHz) bias power from the generator 264, and
setting the output power of each of the two VHF generators
240, 242 to a very low level (e.g., 10 Watts) to establish
the low plasma ion density desired. The advantage of this
is that the two generators 240, 242 may be adjusted with
very fine changes in output power to maintain plasma
uniformity over a far wider range of changing process
conditions than would be achievable with a single HF (13.56
MHz) frequency source.
[0041] FIG. 2 depicts a modification of the reactor of
FIG. 1A, in which the lower VHF frequency (f2) generator
242 and its match 246 and notch filter 250 are coupled to
the ESC electrode 226 rather than the ceiling electrode
204. 1In this case, the f2 ground return path is through
the ceiling electrode 204. Therefore, the f2 variable
bandpass filter 254 is coupled to the ceiling electrode 204
rather than the ESC electrode 226. A notch filter 255
tuned to block RF current from the higher VHF frequency
(fl) generator 240 may be connected to the f2 bandpass
filter 254, Likewise, a notch filter 253 tuned to block RF
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FIG 1A, in which the |ower VHF frequency (f2) generator 242 and its match
246 and notch filter 250 are coupled to the ESC el ectrode 226 rather than
the ceiling electrode 204. In this case, the f2 ground return path is

t hrough the ceiling el ectrode 204. Therefore, the f2 variabl e bandpass
filter 254 is coupled to the ceiling el ectrode 204 rather than the ESC

el ectrode 226. A notch filter 255 tuned to block RF current fromthe higher
VHF frequency (fl) generator 240 may be connected to the f2 bandpass filter
254. Likewi se, a notch filter 253 tuned to block RF current fromthe | ower
VHF frequency (f2) generator 242 may be connected to the fl bandpass filter
252. [0042]1n one alternative node of the reactor of FIG 2, the VHF

frequencies fl and f2 applied to the top (ceiling el ectrode 204) and bottom
(ESC el ect Fogeenpairemspetiongy Yite figausasy f(féqueRererPr=2¢2)mayn this

case, the Bgngggk%§¥e§7ggégkgqﬁ_Qggj as@i§gﬁkggt%95_of ion density (or etch

rate) by varyrng e phas etween the voltages (or currents) at the ceiling
el ectrode 20842hd t hen ESCG: e et rrodel 22 GodEhe fphaserbetweenof hEIGurz ent s at

the ceiling electrode 204 and fhe ESC el ectrode 226 nmay be controlled, for
exanpl e, by Gal it ntt THEHELt Ao @ 6T i@ BBANARatS FRFL BPE 26951 b3

Al ternativeh¥cttbge PH@sE dRy he: ont rrdd ed cat rene orshotbsgeneiaépys 240,
242. For exanple, if the reactances of the bandpass filters 252, 254 are the

sane (and PFetheeesare Ree@HHERY diflf er é@des) Int hBASt R@SPhaseeangl e bet ween
the RF C”rfg-gﬂg%ﬂe{hﬁ&e&éf{@ﬁ %"%%Cc@s‘%gi%%@?%nzgf" 16a04b3s 7€y 0. Al a
al l'y all o ﬁo

phase of 1 egrees, essentl the current flows between the
cei ling el éotredeh 20dtandoy hea IESQ el tdct mhdee2R6twgenethti mglhagest er - hi gh

distribution of plasma ion density or etch rate. At a phase zero degrees,
eggen;igli OﬁlFugFeghﬁ)Lﬁ?r Ii ??%%ﬁpqr9$%9§rpﬁ§r2pﬁea8§iEﬁﬁggé?ectrodegzo4

or the ESCegbeectbQ6€2226 tthd hensddealden2@2e gapebatkngracgenter-1ow
edge-high distribution. Therefore, the controller 270 can vary the phase

angl e bet weenlonandldSor odgreds any dihaaififCa ekiegé rpdaga26f MpBshEt s.

controlled, for example, by varying the reactance of the
bandpass filters 252, 254. Alternatively, the phase may be
controlled at one or both generators 240, 242. For
example, if the reactances of the bandpass filters 252, 254
are the same (and 1f there are no other differences), then
the phase angle between the RF currents at the ceiling and
ESC electrodes 204, 226 is zero. At a phase of 180
degrees, essentially all of the current flows between the
ceiling electrode 204 and the ESC electrode 226, generating
a center~high distribution of plasma ion density or etch
rate. At a phase of zero degrees, essentially all of the
current flows from either the ceiling electrode 204 or the
ESC electrode 226 to the side wall 202, generating a
center-low edge-high distribution. Therefore, the
controller 270 can vary the phase angle between 0 and 180
degrees to attain a wide range of results.

[0043] In another alternate mode of the reactor of FIG.
2, only one of the VHF generators (i.e., only the f2

generator 242) provides RF power, the other generator 240
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[0043] I n another alternate node of the reactor of FIG 2, only one of the
VHF generators (i.e., only the f2 generator 242) provides RE power, the

ot her generator 240 not being used or else being elimnated. The uniformty
controller 270 changes the plasma ion radial distribution by varying the f2
bandpass filter 254 so as to control the inpedance of the ground return path
through the ceiling electrode 204, so that it increases or decreases
relative to the (fixed) inpedance of the ground return path through the side
wal | 202. This apportions the ground return current between the center path
through the ceiling electrode 204 and the side path through the side wall
202. As a result, this feature of the controller 270 varies the center-high
and center-low non-uniformties in plasma ion distribution (or equivalently
in etch ratet disitng o ted sepbedngecupnioehedy. TO944}i foxreittanot her
alternate node of, th eactor of FIG .2, only one.of,the VHE generators
(i.e., onI@p??ﬁ§;%e@gﬁg%aﬁgpgffofﬁﬁr8&? R %%&%ﬁ% ??&f%ﬁQéﬁugénerator
242 not beppgvarseichPreel s@ beinagaelsi minated2sdTheo uns fos ddryt wontyred [ er 270
changes the plasma ion radial distribution by varying the f2 bandpass filter
252 so as tBPRGHGOICh e HFedanc & 6P TRhRaER obiMBEC 1 &R ub e P2 ht ¥ ough the ESC

el ectrode 228, 50id Naly | tsd NG8258S 1AL rd§cEsagESaE Lt aldve L0 4t d Tixed)
i npedance of the ground return path through the side wall 202. This

appor t i onst¢ hehgr durke d)etimoedaumceentt beeweenunfiereenteredat hthtougigh t he ESC
Feat ur o of (U6 RBRUTOI G 2270 APt GELERG oaht VS HTOR Mad Semibr -1 ow
non- uni f or gh st ive tplasim Heor editstr phuhi ORr6ash et vedenihy in etch rate
distribution) to optimze uniformty. ,

eléctrode 204 and the side path through the side wall 202.

As a result, this feature of the controller 270 varies the

center-high and center-low non-uniformities in plasma ion

distribution (or equivalently in etch rate distribution) to

optimize uniformity.

[0044] In yet another alternate mode of the reactor of

FIG. 2, only one of the VHF generators (i.e., only the f1l

generator 240) provides RF power, the other generator 242

not being used or else being eliminated. The uniformity

controller 270 changes the plasma ion radial distribution

by varying the f2 bandpass filter 252 so as to control the

impedance of the ground return path through the ESC

electrode 226, so that it increases or decreases relative

to the (fixed) impedance of the ground return path through

the side wall 202. This apportions the ground return

current between the center path through the ESC electrode

226 and the side path through the side wall 202. As a

result, this feature of the controller 270 varies the

center-high and center-low non-uniformities in plasma ion

distribution (or equivalently in etch rate distribution) to

optimize uniformity.
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[ 0045] FI GS. 3A and 3B depict a nodification of the reactor of FIG 1 in
which the ceiling electrode 204 is divided into radially inner and outer
sections 204a, 204b that are electrically isolated fromone another, and
separately driven by respective ones of the generators 240, 242. Wile

ei ther generator may be selected to drive the inner el ectrode 204a | eaving
the other to drive the outer electrode 204b, it is preferred that the higher
VHF frequency generator 240 be coupled to the inner electrode 204a and the

| ower VHF frequency generator 242 be coupled to the outer el ectrode 204b, in
order to enhance the tendency of the higher frequency to develop a
center-high ion distribution and enhance the tendency of the | ower frequency

to develop a center-low ion distribution. [0046]FIG 4 depicts a
nodi fi cati 6A08F]t he FEGTt of2 GANFIB deRiftwhi eRdbSLR2EhenVAE BRBerat ors 240,

242 orLve VRRCESE sheplaons 2ZG Ml miETS ol nebuLbantags |11 1ers,

nodi fi cati anvofletihenteacddralfy inner and outer sections 204a, 204b
that are electrically isolated from one another, and
separately driven by respective ones of the generators 240,
242. While either generator may be selected to drive the
inner electrode 204a leaving the other to drive the outer
electrode 204b, it is preferred that the higher VHF
frequency generator 240 be coupled to the inner electrode
204a and the lower VHF frequency generator 242 be coupled
to the outer electrode 204b, in order to enhance the
tendency of the higher frequency to develop a center-high
ion distribution and enhance the tendency of the lower
frequency to develop a center-low ion distribution.
[0046] FIG. 4 depicts a modification of the reactor of
FIG. 1 in which both the VHF generators 240, 242 drive the
ESC electrode 226 while the ground return bandpass filters
252, 254 are coupled to the ceiling electrode 204.
[0047] FIG. 5 depicts a modification of the reactor of
FIG. 2, in which the two frequencies fl and f2 are both in
the lower portion of the VHF band. For example, fl and f2
may be 54 MHz and 60 MHz, respectively. This represents a
significant cost savings by eliminating the need for a high
VHF frequency generator having an output frequency near 200
MHz or over 150 MHz. 1In the reactor of FIG. 5, the missing
high VHF frequency (e.g., 162 MHz), that provides the
center-high response, is produced with a high VHF frequency
(e.g., 162 MHz) resonator 274 coupled to the ceiling
electrode 204 (or alternatively to the output of the fl

generator 240). Preferably, the resonator 274 is tuned to
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FIG 2, in which the two frequencies fl and f2 are both in the |ower portion
of the VHF band. For exanple, fl and f2 may be 54 MHz and 60 MHz,
respectively. This represents a significant cost savings by elimnating the
need for a high VHF frequency generator having an output frequency near 200
MHz or over 150 MHz. In the reactor of FIG 5, the m ssing high VHF
frequency (e.g., 162 MHz), that provides the center-high response, is
produced with a high VHF frequency (e.g., 162 MHz) resonator 274 coupled to
the ceiling electrode 204 (or alternatively to the output of the fl
generator 240). Preferably, the resonator 274 is tuned to resonate at an
odd harnonic of f1, such as the third harnonic. For exanple, if fl = 54 Mz,
then the third harnonic generated in the resonator 274 woul d be 162 MHZ.
Product i onrefondee Hitgher assr heaienis Paciflit aveld »y the Hohcdi near response

of the pl in the r a r that -fu i 0 S f ncy
nultipIie?ﬁgﬁﬂ%@%%éré%ﬁgﬁgﬁfgﬁg?ﬂg%rggona?grgg%ﬂ.9@%@ %@?igﬁﬁgfbandpass
filter 25Zhasméninedydreetdted Hinr dhearesohetot 274 swot hatbson® dfHz.he RF power

at fl fromth enerator 240 is converted to the third harnonic of fl.
00481 | n* aRGTREE AT GHnat e MoURedt TEREOROSct Br J57 L B8 hl Y one of the
VHF gener at 9% 5] {le & ,rHPohdh@ rgener aliakmd40) PhOVIdest&F @owier t he ot her
generator 242 not being used or else belng elimnated. The uniformty

11

control | erty0 tniges s ke [l dswaviconyr adil aFPHLSTributP@PrBItVAtying the f1
bandpass fd«l%}??tir?e52re5°on%5c&r° ez‘%%”t Fh ot E}Egggﬁﬁg%gﬁdg&é h@iﬂédée’y%i eturn path

t hrough the ceilihg electrod 04, "so i NCr eases or creases
relative tosthendd ivcedhd mpedantea rabntheodr 6undor ehart ns e hof hrtoudtr t he si de

wal I 202. This apportions the ground return currents between the center path
t hr ough th%o‘ﬁ%ﬂ%)'ggﬂelf&ﬁ“l'&f? @@Eeéﬁéofhg‘lgi 48 pafhethFduyh the side wall
202. As a fesththaddisid eat une of the controller 270 varies the center-high
and center-low non-uniformties in plasma ion distribution (or equivalently
in etch rat@48kt ri but iagwthey @gttiernzéeunptior aft yhe [ D00 @f G depicts a

nDdificatiQP 5Hl§rg%éw%%néﬂé VHF generators (i.e., only the generator
240) provides RF power, the other generator 242 not being
used or else being eliminated. The uniformity controller
270 changes the plasma ion radial distribution by varying
the fl bandpass filter 252 so as to control the impedance
of the ground return path through the ceiling electrode
204, so that it increases or decreases relative to the
(fixed) impedance of the ground return path through the
side wall 202. This apportions the ground return currents
between the center path through the ceiling electrode 204
and the side path through the side wall 202. As a result,
this feature of the controller 270 varies the center-high
and center-low non-uniformities in plasma ion distribution
(or equivalently in etch rate distribution) to optimize
uniformity.
[0049] FIG. 6 depicts a modification of the reactor
employing simultaneous high and low VHF frequencies but
employing only a single low VHF frequency generator to

achieve a great cost savings. The low VHF generator 240 is
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enpl oyi ng si nul taneous high and | ow VHF frequenci es but enploying only a
single | ow VHF frequency generator to achieve a great cost savings. The | ow
VHF generator 240 is a variable frequency oscillator (VFO whose frequency
is varied by the controller 270 between a fundamental frequency f and f +
of, where of is a small deviation fromf. The resonator 274 is tuned to the
third harnmonic, F = 3f, of the fundanental frequency f. By changing the
frequency of the generator 240, the proportion of the output power of the
generator that is converted to the third harnonic F is increased or
decreased in inverse proportion to the difference between the generator
output frequency f + of and the fundamental frequency f whose third harnonic
is the resonant frequency of the resonator 274. The result is that both
frequenci es,vdrimble We@emm oscéutlptorf fBaeneyose +FIFIRRREY HeS har noni ¢

frequency.g rfgéigy (%oﬁ%roq%egla%%abe% geﬁh?hfun§g£%n¥§lpomer | evels are

control |l ed by var S he out put f requenc e generator 240. By

decr easi ngf tdgueh dyf eﬁ' ence et \Affen whleeegelﬁetat @rsmltpttﬂe\tiaqtmncgfrcamd t he
fundanmental frequency f, the _power coupled to thehggqena at. the third

har noni ¢ |ﬁcreHE%sr%ﬂﬁWQ§CFh@7ﬁo%§rt&PtheofEH%aﬁﬁ aymonger dades, ther eby

i ncreasi ng3t he centier -Mi g eR-UNifQLbhy yOF . dBGT 8RSHHON G henedge- hi gh
non-uni formity. Conversely, by increasing the difference between the

gener at or ﬁu@gm&ndyeumeﬂeyQﬁmﬁr@h@rfQﬁ@anehEaPr®PeqUE®@yOf thee power
coupled to_t | asma ate the third har Lc decrease Ie the power at the
f undanent af'" t?ug) O%%%ses rF%@t@by Fﬁgpggsgnggt gg%%ét % % non uni formty

or decreasmgrct hea et iey Ehng;h imeitredBiebobr aycra'@eé@fpmem@éma uniformty
is regulated by the controller 270 by varying the frequency of the VFO or
gener at or QHQPOQ?kP%\ﬁ?\Eﬂq §B¢é95§ﬁ§6a§§tWF?FeF§eZg?neQ%ﬁQ%dﬁeqﬁﬁésbands

cent er ed eql GHRECH '+V€ny1ant&1%hfeu&@§t@%%ﬁ£alffr@@QerE&‘? ghggsharmonic, F.
[ 0050] I n one aspect the interior chanb el enents are
third harmonic is the resonant frequency of the resonator

274. The result is that both frequencies, i.e., the
generator output frequency f + Af and the harmonic
frequency F, are coupled to the plasma, and their relative
power levels are controlled by varying the output frequency
of the generator 240. By decreasing the difference between
the generator output frequency and the fundamental
frequency f, the power coupled to the plasma at the third
harmonic increases while the power at the fundamental, £,
decreases, thereby increasing the center-high non-
uniformity or decreasing the edge-high non-uniformity.
Conversely, by increasing the difference between the
generator output frequency and the fundamental frequency f£,
the power coupled to the plasma at the third harmonic
decreases while the power at the fundamental, £, increases,
thereby increasing the edge-high non-uniformity or
decreasing the center-high non-uniformity. Therefore,
plasma uniformity is regulated by the controller 270 by
varying the frequency of the VFO or generator 240. The two

variable bandpass filters 252, 254 have passbands centered
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formed of a netal such as aluminum In order to prevent or mnimze neta
contam nation during plasnma processing, the surfaces of the netal chanber

el enents that can be exposed to plasnma, such as the interior surface of the
side wall 202 and the exposed surfaces of the pedestal 218, are coated with
a filmof a process-conpatible material, such as yttira, for exanple. The
filmmay be a plasma-spraycoated yttria. Alternatively, bulk ceramc
material such as yttria nay be bonded to underlying nmetal interior chanber
el enents. For exanple, the ceiling 204 may have a bonded ceram c plate on

t he side exposed to plasma. The sidewall 202 may include a bonded ceramc
cylinder on the side exposed to plasma, or the ring 219 may include a bonded
ceramic ring on the side exposed to plasma. Ceramic materials may be doped
or ot herwi s, f ebspeatiet such ehdtundaaentellectri eafl tesishivity is in the
seniconduc%iQ%aganget(e.g., resistivity in the range 10'8 to 10' 12 ohntcm
to provide 3 turrent return path for the ESC cl anping voltage applied to
the ESC el god507e 226h dhesspdbenhesintacesrnayabiee heal @flehtns cigler to

m nim ze undesired deposition or accunul ation of materials such as pol yners,
for exanpl €0TB?d cdol 2d"¥'F NiTHIM 26 @ﬁu@PPHPnaténePEﬁ?ﬁgFoo?r?%%%%ﬂ%ﬁure

control | edﬁgﬁkP{é% th:cnﬁaaﬁtnii%t%% 600k hB9p11BRaT PEEEL L1 SYT fages of the
chanber may be cleaned in a plasnma etch process by enpl oyl ng an appropriate
chem stry. skofaexanpf e;he metadr ychalmbeni B esteps bRygenanrbexggersabnt ai ni ng,
or chlorine or.chlorine-containin as may b i ntroduced. into e chanber
o’ pl aoh WhSS et Sbd Ly e YA SUGF 6t pober T eRbIAr BT 540, 045
and/ or thezbpasndpowes Qe al ofis f2k2s 266:hb0P6aEEL&EL 718 lusérates a
process that can be carried out using the reactor of FIG 1. In block 300 of

FIG 7, RECpPBSHersBurde Panedf i esasisrcoBPytéblpl BAteht dughS#H el ect r ode

(ceiling o mg{ at ' entp MHE freguengies £ d_ -
sinultaneo%%l ,E{ %ﬁef%%M%é?ﬁéﬁ%hehﬁﬁghé% range %f§t%ea%ﬂF %%%ﬁy(e.g., 162
MHz) and f 2oased nyttweid owexl treagiagn vefl i, heuVKFcbaadi Cemgter 58 6QudtHz) . I n

bl ock 302, an jndjvidual cente round return path |s.provided through a
oot ool Bty be Y v oo B A g e Ao R A BE e es T 1 and 2,

by provi di pgahiber bandpasss fidderckadplde, 284t 01 9HRd2 a8 sheoWavd £IG 1. In
bl ock 304 of FIG 7, an edge return path is provided through the side wall

for each oPortied feeuamiirs? ¥4 Ande siylegrsnndrAgtehel afme. wat¢ 202 as
shoun 11 FLGiods1d ™0 98k, 306, khe J mRedanceeolal Dechls oat et raturn path is

adjusted r Ive to ance of the f e return p to pronote
current flewdatetesdd o qgueney toaxr tthe centeblPemnaynipatbde by adjusting the

bandpass fjlter 252. In block 308, the inpedance of the f2 edge return path
s ad] ust eBOPRRT SHEAT I '] fiedfcd 10F PREOFSUcEnt Bra FES ur rERARIF t 0

promote cupsestidlowmal gheidped requeneywtiget Bgnsi det¥@l Luchyrigdi usting the
bandpass filter 254. I'n block 310, the uniformty controller 270 inproves

the uniforbireyr oflediter ¥eadi ale plsdsiva tivod sdénsthy demicobde¢oindyraeiecting a
tep of bl BEKI310 Fay® B Kt Fitbd Thut SH8% SHuke d LBt br oM G pl Hena fon
density digtovbik i@rodycurrent return path for the ESC clamping

voltage applied to the ESC electrode 226. These chamber

surfaces may be heated in order to minimize undesired

deposition or accumulation of materials such as polymers,

for example, or cooled to minimize or eliminate etching, or

temperature controlled employing both heating and cooling.

The interior surfaces of the chamber may be cleaned in a

plasma etch process by employing an appropriate chemistry.

For example, in a dry cleaning step, oxygen or oxygen-

containing, or chlorine or chlorine-containing gas may be
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decreasing the ratio of VHF power at the fl frequency relative to VHF power
at the f2 frequency (block 312). O, the step of block 310 nay be carried
out to reduce an edge-high plasma ion density distribution nonuniformty by
decreasing the ratio of VHF power at the f2 frequency relative to VHF power
at the fl frequency (block 314). As another way of affecting or inproving
ion density distribution, the controller 270 may adjust the inpedances of
the center and edge return paths of either or both fl and f2 (by adjusting
the respective bandpass filters 252, 254) to either: (a) channel nore
current toward the edge in order to suppress a center-high non-uniformty or
(b) channel nore current toward the center to suppress an edge-high

non-uni formty (block 316). [0052]1In this description, uniformty nay be
referred t onwirbliucegperto tiche adiaibey agwh & piadeasinty dieserdbeadion. It is

under st ood t hat uc distribution is inferred.fro LS ui v lent to
etch rate P3dl4l ?QYﬁ?b%?TEﬁFtQI éﬁ”ﬁg‘ﬁgggu?ég ggggs%“?zg suﬁ?ace of a
waf er that phas E@ﬁ@rp@@ﬁ@ﬁ§tﬁk§U@6@JﬂZﬂﬂﬂi etch process in the reactor.

[0053]FIG 8 illustrates a process that can be carried out using. the reactor
of FIG 2. [PASLhe stBHCof 7 bl bleks 398 ¥ FIPECCESSRENBIEaSAR SBuFeel pover is

capaciti VeloMtC?F'P\%gdfgﬂQrP%Q@t@f'eo@l rqde Crebhbrg gbowsker}gat7an upper

VHF frequency out 162 MHz |l e RE' plasna source power is
capaci ti veRy p®upheds®hr©egMowme n@unnEKBNaWEdeeoewaéertbrouehlang) at a

roturn pat ALFOLPORI edt L HT\Rh THE Hodth &P @) B f 888" ol "t he 1 requency f1.

I'n bl ock 3%2eqae§@mé§rf1e&mnfzaaélhnulscaafetwsd@d Wheeugliit e in the
higher range of the VHF band (e.g., 162 MHz) and f2 is in
the lower region of the VHF band (e.g., 50-60 MHz). In
block 302, an individual center ground return path is
provided through a counter electrode (wafer or ceiling) for
each of the frequencies fl and f2, by providing the
bandpass filters 252, 254 to ground as shown in FIG. 1. In
block 304 of FIG. 7, an edge return path is provided
through the side wall for each of the frequencies fl and f2
by grounding the side wall 202 as shown in FIG. 1. 1In
block 306, the impedance of the fl center return path is
adjusted relative to the impedance of the fl edge return
path to promote current flow at the fl frequency to the
center return path, by adjusting the bandpass filter 252.
In block 308, the impedance of the f2 edge return path is
adjusted relative to the impedance of the f2 center return
path to promote current flow at the f2 frequency to the
side wall, by adjusting the bandpass filter 254. 1In block
310, the uniformity controller 270 improves the uniformity
of the radial plasma ion density distribution by selecting
a ratio of VHF power at the fl frequency to VHF power at
the f2 frequency. The step of block 310 may be carried out

to reduce a center-high plasma ion density distribution by
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el ectrode for the frequency f2. In the step of block 324, an edge return
path through the side wall for each of the frequencies fl and f2. In the
step of block 326, the inpedance of the fl center return path is adjusted
relative to the inpedance of the fl edge return path to pronote current flow
at the fl frequency to the center return path, by adjusting the variable
bandpass filter 252. In the step of bl ock 328, the inpedance of the f2 side
return path is adjusted relative to the inpedance of the f2 center return
path to pronote current flow at the f2 frequency to the side wall, by
adjusting the variabl e bandpass filter 254. In the step of block 330, the
controller 270 inproves the uniformty of the radial plasm ion density

di stribution by selecting a ratio of VHF power at the fl frequency to VHF
power at tf@ecfeasirgueryratif Litel Ry eBeatathPredlobtctdchreduce

center-hig i i i Strhi byt r I he, ratho of VHF
power at tE%Q%?§€€é%ggﬁ§§q$%Q%iggzt?g $EF%38%EFQ§? ?ﬁzb?g ?rgaheﬁa§'(block
332). Thi steteptomyobeobark i D oty toe rcaducededge- hbghephasnani edgelensi ty

di stribution nonuniformty, by decreasing the ratio of VHF power at the f2
frequency PAFALPYETTD VI GOtt At tHe 1 P8 HBREY L FBF Bk 35%)

Al ternativgbyr8fsifg aged tiond ot heistrmeef albl eek 330rrthgegeptrol ler 270
may i nprove uniformty by adjusting the inpedances of the center and edge

return pat hslafieetherVioh mpter fat & ff2 (Bpaadnast ilhgothedtéspectsve
bandpass féé%?}ﬁérzx? ’ 3§4foe°ctei'r¥e$?{]rl' gi%r@ro%@ﬂﬁ??%n”ﬁéﬁs%{/rem toward the

edge in or 0 suppress a cent non- u ormty or (b) channel nore
current todasdribet cemt ethd ccauppridss a7 ledgg- bdghsnonhenifhpedatye$ bl ock 336

of FIG 8). 0054]FIG 9 illustrates a process th can be carrjed out
usi ng the)P£a£?%rc ?t?ﬂcinéuféa§139ﬁ¥$ﬁé%%3§ 8? ﬁﬂg£e§,o SBHsha source

power throggh ap iBpesdpeiding @lectdde tatcaBadppass VEE1 teeguengy fl RF
pl asma source power is capacitively coupled through an outer ceiling

el ectrode ab4)otereiHFET 1 eblerriprine]( Blogek c838esft FpEard) thenedyockn 340, a
center retBEQePaEQ é&pﬁ%é@!chkégyé¥5ﬂlg%h%on—uniformity or (b)

channel more current toward the center to suppress an edge-
high non-uniformity (block 316).

[0052] In this description, uniformity may be referred
to with respect to radial plasma ion density distribution.
It is understood that such a distribution is inferred from
or is equivalent to etch rate radial distribution that can
be measured across the surface of a wafer that has been
processed by a plasma etch process in the reactor.

[0053] FIG. 8 i1llustrates a process that can be carried
out using the reactor of FIG. 2. 1In the step of block 318
of FIG. 8, RF plasma source power 1is capacitively coupled
through one electrode (ceiling or wafer) at an upper VHF
frequency fl1 (e.g., about 162 MHz) while RF plasma source
power is capacitively coupled through the counterelectrode
(wafer or ceiling) at a lower VHF frequency f2 (e.g., about
50-60 MHz). 1In block 320, a center return path is provided
through the counterelectrode for the frequency fl. 1In

block 322, a center return path is provided through the
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wafer for the frequency fl by providing the bandpass filter 252 coupled to
ground. In block 342, a center return path through the wafer is provided for
the frequency f2 by providing the bandpass filter 254 coupled to ground. In
bl ock 344 of FIG 9, an edge return path through the side wall 202 for each
of the frequencies fl and f2 by grounding the side wall 202, as shown in
FIG 3A In the step of block 346, the inpedance of the fl center return
path is adjusted relative to the inpedance of the fl edge return path to
pronote current flow at the fl frequency to the center return path, by
adjusting the reactance of the bandpass filter 252. In the step of bl ock
348, the inpedance of the f2 edge return path is adjusted relative to the

i npedance of the f2 center return path to pronote |larger current flow at the
f2 frequeneyetoreode Sidehmaliredueradj dgt.i Ag the seaptahckelotktdzd bandpass

filter 254, In. block 350, the controller 27Q i ves the uniformty of the
radi al pl ag8ha®fon Eﬁﬁ%ﬁQQyﬂgbt lﬁﬁ¥§bﬁ%FoFlgF ggig fgfeea?gt?%tﬁE?o% on the
waf er) by sebtgethdpea fatimy of2 VHn powertab blepbibckregegneyet o VHFE power at

the f2 frequency. This step may be carried out to reduce a center-high

pl asma i onidepdrrge M isttinut] sieherdecteasi Rgthhesr atd BSbRd VHE poWET at t he
fl frequen ' \Y reate e £2u-hr egHeNeyY £PLRGK: 352). O,
this step g%y£§%a%g%%F%gx%EﬁfBgﬂfeJUCebédée-ﬁfghSplasna éon density

di stri buti onrnemunf oy Mt ey dedreagiengyt e thei oeonfe¥HFepawerpathit he 2

frequency relative to VHF power at the fl frequency | ock_354).

Al ternati véYy?é%?sﬁhn%dﬂﬁ ivoarfjta@%teh(i)a&dé’ﬁsgf ?E)ITEEE %é : tﬁé %5%]»[?%?3 er 270
may i nproverupidek miy, afhdliagieidnde dgnshey fdi stakbuétenn (patietch rate

di stribution on the wafer) by adjusting the inpedances of the center and
edge returadpashed ofeithes tor Wt HPedanger 25t shei fhefenten) IeHAhel nore

current touard {86 a0gs d N ALIRY: 119 SHBRM @R8 2xCepLaneALghe popauni form ty or

(b) channel nore current toward the center to suppréess an edge-hig
non- uni f or pitly Yol becko B pisthHng e va@QBB]LEl GandPakskl fisttat ez54a. process

that can be carried out_in the reactor of Fl 2 b etting the two VHF
frequenci e nf}%%nﬂteﬂi uf %1(@}1( 23r3é3quél%et 808?'—[&%2\918%%?8(6?535 V?%f{s}ﬂe nearly
equal to oggiapphhey)er He handpaspifdshiaeisn288ns28¢ At etpswdtidn tdy s case
as variabl e reactances that can control or vary the phase between the VHF

vol tages (&fleakientas)rafiq e cdifl insyeand twaher £11 Aremecseeptof VIl ock 358 of
FI'G 10, Pﬁo»%fsé‘@ SPUr ercy .CaRaglst 's\fgkym\%\,ﬂypéega}m&?g@ufn@o .
el y I i vel y coupling

el ectrode (c ing or wafer t a’VHF frequen e capaci
RF pl asma seduce pawerr-tthrggugh ddre domntieneliegt doder{wat eonavy cei |l i ng) at

the sanme VHF frequency. In bloc a control elenment such as a variable
react ance {eCHEStHe Wt i e 6§h§§§§§OWFFt8F EQQ)??Sfﬁ?%Q?H%H at the

count er el egt1 968,226 OfHF|Bwed " teNEnokkiagephasen oy bl osk 362, a
control elenment such as a variable reactance (e.g., the variabl e bandpass

filter 254Yhis pravitead ke qdeiddecttode 2eduferedge-high plasma ion

density distribution nonuniformity by decreasing the ratio
of VHF power at the f2 frequency relative to VHF power at
the fl frequency (block 334). Alternatively or in addition
to the step of block 330, the controller 270 may improve
uniformity by adjusting the impedances of the center and
edge return paths of either or both f1 and f2 (by adjusting
the respective bandpass filters 252, 254) to either: (a)
channel more current toward the edge in order to suppress a
center-high non-uniformity or (b) channel more current
toward the center to suppress an edge-high non-uniformity

(block 336 of FIG. 8).
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controlling phase. In the step of block 364, an edge return path is provided
by grounding the side wall 202. In the step of block 366, the controller 270
i nproves the uniformty of the radial plasnma ion density distribution by
controlling the phase difference between the VHF currents at the el ectrode
and the counterelectrode. This step nmay be carried out to reduce a
center-high plasma ion density distribution by noving the phase difference
toward 180 degrees (block 367 of FIG 10). O, the step of block 368 may be
carried out to reduce an edge-high plasm ion density distribution

nonuni formty by noving the phase difference towards 0 degrees. [0056]Fl G
11 illustrates a process that nay be carried out using the reactor of FIG

5. In block 370 of FIG 11, RF plasma source power at two simlar VHF
frequenci e§99$4hnd fEﬂG{xﬁtﬂhhﬂ%ﬂﬁQUQﬁmérpﬁégﬁéﬁ bhat heaWHre bader 18d an

el ectr Ode i(>§194ﬂ_%1mflt%e Sr)e rt Y E%%untB%r el eht ERQEEJQ@@QS fofl &G 5),

respectively I'srepresents a significant cost savings by elimhating the
cost of a hj gRr \iFadmepmnoie (@uweer, th&@u@ﬁOathhngeneeaIDmgIn bl ock 372 of
FIG 11, the electrode 204 is co%ﬁled to a reﬁgnator %274 of FIG 5) having

a resonant °f FEETRMR Y2 W B HERE LY Hddd ZEEUGPCYt Ailr 8 RARFBAI €OBFCFI, and |ies

in the highgreregsonyofcids, \MF &ﬁfm,edscah@%utgﬁ Rhoducer VEE: poer at the odd
(e.g., third) harnonic (e.g., . I'n block 374, an individual center

return_patﬁlﬁ@tp®®@|@@dLQWﬁﬁnKﬂFtﬂﬁ?QH9@@Weﬁ2elbé@ﬁ&dé3?266 BIGFI® - 5) for
the third ?@rﬂPQ&ﬁ §qof|ué%9@é§§%gﬂh%nb aQBOYhdF?QvEQSdb EPQﬁ?ﬁ filter 252.

In block 3 ndi Vi return pat S provide ough the

el ectrode Q04etfofot hend/Hrdqegquendyl o3, providxapgpkkeblyandpass filter
252 coupled to ground. In block 342, a center return path
through the wafer is provided for the frequency £f2 by
providing the bandpass filter 254 coupled to ground. 1In
block 344 of FIG. 9, an edge return path through the side
wall 202 for each of the frequencies fl and f2 by grounding
the side wall 202, as shown in FIG. 3A. In the step of
block 346, the impedance of the fl center return path is
adjusted relative to the impedance of the fl edge return
path to promote current flow at the fl frequency to the
center return path, by adjusting the reactance of the
bandpass filter 252. In the step of block 348, the
impedance of the f2 edge return path is adjusted relative
to the impedance of the f2 center return path to promote
larger current flow at the f2 frequency to the side wall,
by adjusting the reactance of the bandpass filter 254. 1In
block 350, the controller 270 improves the uniformity of
the radial plasma ion density distribution (or of etch rate
distribution on the wafer) by selecting a ratio of VHF
power at the fl frequency to VHF power at the f2 frequency.
This step may be carried out to reduce a center-high plasma
ion density distribution by decreasing the ratio of VHF

power at the fl frequency relative to VHF power at the f£2
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provi di ng the bandpass filter 254. In block 378, an edge return path is
provi ded through the side wall for f2 and for the odd harnmonic of fl, by
grounding the side wall (202 of FIG 5). In the step of block 380, the
controller 270 adjusts the inpedance of the fl harnonic center return path
relative to the inpedance of the fl harnonic edge return path to pronote
current flow at the fl harnonic to the center return path, by adjusting the
react ance of the bandpass filter 252. In the step of block 382, the
controller 270 adjusts the inpedance of the f2 edge return path relative to
t he i npedance of the f2 center return path to pronote current flow at the f2
frequency to the side wall, by adjusting the reactance of the bandpass
filter 254. The controller 270 inproves the uniformty of the radial plasm
i on densi t {refiwtndbutdloskoySgel.ecOirngthisastep ofa WHFE poweridsbtavderta he fl
and f2 generators to cantral, the rati en. [ he. noni ¢ power and f2
power coupf%é?%%)%Q%f %ﬁgé' lﬁgﬁgc%%§8§§Bg%%?s@§%%£?ééﬁgj e carried out to
reduce a cemtertfvghtpl asmaldcaradensi tyedirat o bof | ONF hyowlecraasineg the ratio
of VHF power generated at the fl frequency relative to VHF power at the f2
frequency 4l e, Ielatiies tor dPEnBGWEE RErthedi butr 38§ dlce edge- high
pl asma lonﬁﬂmu t36 A .StrA'lQlétr‘n%'E_iR}%'I?r,“ bor mt yaly: fegreasing dhg ratio of VHF
power at the f2 frequency relative to VHF power generated at the fl
frequency ¥bdock3BB8 tdfe FloBtrol)lerAREr mayi vepyove Wmi pekdiitivrrfo the step

of block 384, the conirol.ler 27 Lmprove upiformty,of plasma ion

density di%ﬁ‘?%%tjioc% efsédﬁyus lisgéq?ﬁélggnpgaﬁn% %ho?—’”f edlcsetn lek?utglﬁodl edge
return patés €fe aidthan oy ketilsft2ngndhthémpatapoés of fheteentwdd herd (a)
channel nore current toward the edge in order to suppress a center-high

non- uni f or 39§ GItYB) RHAMAT RorESCuPFeRPtlofar 3¢ he? cehter™ Y suppress an
edge- hi gh pon- 4y FonMgdal o LGk n39Q)hwalkQ08KE FEGye 12n 1 dtdist ral es a process
that can be carried out in a nodification of the reactor of FIG 5 in which
the | ocati smgpfss e de trandgads nbintuad £2541 andot heb f 2chyeg latierreand nmat ch
242, 246 are_ exchanged that both frequencies fl, 2 drive the ceiling
el ectrode SOZ A" gﬁogvcalf%g%e ﬁﬁ“&eésﬁ%ﬁ g0 PE%S%O%\%re% e&\/\bghsinn? ar | ower VHF
frequenci egn{fomamic f 2(islidak BaweodsiFyctooan el ectrode (e.g., the ceiling

el ectrode 204 of FIG_5). At block 394, a resonator (274 of FIG 5) is
coupl ed t hEORIRkt r ode 2040 tiHed UsESEh&F0F REITRYS ath@'s ofdntP s rguericy whi ch

(5 an odd 5as i & Of:ddor 10 S i PLOBYCEe L pOUEE @llo titey odd har foni c.

This frequency up-conversion is facilitated by the non-linear response of

t he pl asnaftéaterprimd dés aad rféquéenéyGrult eahgl ngo edfecanothe bl ook 8396 of

FIG 12, ap_individual center return h is provided, through a counter
el ectrode 1926 onfeaﬁtﬁd N30 ﬁg%gp%h?ém r?}Ile BB d%rr:lgtetﬁ?e bandpass

filter 2522spupl®d 4@ giseundn khikl eake398 Gir FAlE e 12ea@taridul Wirdutal center
ground return path is provided through the counterel ectrode for the VHF
frequency 2" BPHIRA dithg ate then®pass PEREveen 25e of HF I @l esuplad to

ground. | nobl ok 400, adge cgeﬁfm[r)@ aathaaate bl oyl ded Lirough dles: de val |

for f2 and t rmoni ¢ of groundi ng the side wa IG 5. In
bl ock 402,3%thecftdfi@.olliler REF7®ladmastssutrhe popedansecabadinel ¥dlhar moni c

center ret yrk R relahi ve Lo the Lopedance; of $he,[h framni g pdge return

frequency while capacitively coupling RF plasma source

power through the counterelectrode (wafer or ceiling) at

the same VHF frequency. In block 360, a control element

such as a variable reactance (e.g., the variable bandpass

filter 252) is provided at the counterelectrode 226 of FIG.

2 for controlling phase. In block 362, a control element

such as a variable reactance (e.g., the variable bandpass

filter 254) is provided at the electrode 204 for
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the fl harnonic through the center return path, by adjusting the bandpass
filter 252 of FIG 5. In block 404 of FIG 12, the controller 270 adjusts

t he i npedance of the f2 edge return path relative to the inpedance of the f2
center return path to pronote current flow at the f2 frequency to the side
wal |, by adjusting the reactance of the bandpass filter 254 of FIG 5. In
bl ock 406, the controller 270 inprove the uniformty of the radial plasm
ion density distribution by selecting a ratio of VHF power between the fl
and f2 generators to control the ratio between the fl harnonic power and f2
power coupled to the plasma. This step may be carried out to reduce
center-high plasnma ion density distribution by decreasing the ratio of VHF
power at the fl harnonic relative to VHF power at the f2 frequency (bl ock
408). O, ehnbretkpngmgnaee carli édeoditePoofelleekedfe  hagheP¥asm i on

density di i pbut i o) i f.orm r i t LDy 0 HF power at
the 12 frehuohey Yorhr va i VIEE Bousr SioERY Plenarabnrettof G2k ko).
Al ternativehy sotep oaddiddloBd® tthe poocessdlatrbbkdtkidpB8ovehetivontrol ler 270

may inprove uniformty_ by adjusting the inpedances of the center and edge
feturn pat K81 6PTEH Thel GrobdiH e YA Hgr ORI CoRRATF 291 F 67 Lt her® (%)

channel nDEgLEHET EMg taRrghddte BAGR HehcRr dek wbenSHRRI €88 Bufedhes - hi gh
non-uni formty or (b) channel nore current toward the center to suppress an

edge- hi gh Abntimi ¢be @t xydq bisticp Z oM tRrelec2y 0dpeO58NFFGtaB M4Y ustrates a

b ocess, LUgh OB DRyCaUl o8 i J L DBERIOEIR L, S alan e 8

the functianatriyuthat equiviesy thie gereratidf$eranthetoward 180
degrees (block 367 of FIG. 10). Or, the step of block 368
may be carried out to reduce an edge-high plasma ion
density distribution nonuniformity by moving the phase
difference towards 0 degrees.
[0056] FIG. 11 illustrates a process that may be carried
out using the reactor of FIG. 5. 1In block 370 of FIG. 11,
RF plasma source power at two similar VHF frequencies fl
and f2, both in the lower region of the VHF band, to an
electrode (204 of FIG. 5) and to a counterelectrode (226 of
FIG. 5), respectively. This represents a significant cost
savings by eliminating the cost of a high VHF frequency
(e.g., 160-200 MHz) generator. In block 372 of FIG. 11,
the electrode 204 is coupled to a resonator (274 of FIG. 5)
having a resonant frequency which is an odd (e.g., third)
harmonic of f1l, and lies in the higher region of the VHF
band, so as to produce VHF power at the odd (e.g., third)
harmonic (e.g., 162 MHz). 1In block 374, an individual
center return path is provided through the counter
electrode (266 of FIG. 5) for the third harmonic of fl, for
example by providing the bandpass filter 252. 1In block
376, an individual center return path is provided through

the electrode 204 for the VHF frequency f2, for example by
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reactors described previously herein. In block 414 of FIG 13, RF plasma
source power is capacitively coupled through an electrode (e.g., the ceiling
el ectrode 204 of FIG 6) froma variable frequency VHF generator 240 havi ng
a frequency range that includes a fundanental |ower VHF frequency f. In

bl ock 416, a resonator 274 is coupled to the el ectrode 204, the resonator
havi ng a resonant frequency F which is an odd harnonic of the fundanental
frequency f, so as to produce VHF power at the odd harnonic, using the
plasma in the chanber as a non-linear mxing elenment. In block 418, an

i ndi vidual center return path is provided through a counterel ectrode (e.g.,
the ESC el ectrode 226 of FIG 6) for the harnonic frequency F, by providing

t he bandpass filter 252 coupled to ground In bl ock 420, an i ndivi dual

center retREQVIgHTY |t§1eprb(§i\ylld@é(§5t hrotgh £hé- colimteletiect tode %%f FIG 6)
for the fup |, VHE p i band dlter 254
coupl ed to gr ounif>aa %qu’t@% OFREnghlgﬁgeggéegr%{]ﬁlrn pat rough t he
side wal |l far ttmatfbd‘d emuemniles off d&n¢d Bybyrguodid nghd hei dd d@MﬁI(IZC@OZ of
FIG 6. In block 424 of  FIG 12, the controller 270 adjusts the jnpedance of
the F cent®F Fdturh patlh récatited £5 Pﬁ@ci‘nﬁ%lanéé © of° th]eO]Fleéi]lgzejor eturn path
to pronot & gdE@nttHd q\mp@da%cteootfheheemeﬁafﬁ&uw ot e r byeAdidigddang the
vari abl e bandpass filter 252. In block 426, the controller 270 adjusts the

i npedance vflatierd tedgdier émpediapaeh ofelAei Gt hormoric r@fe@l%nltfettmn the f
center retur t ro re o] o the side
wal |, a%a{l}‘s&?ongj t%ﬁva@gglegl%bgﬁg%aég &?t% hrg%%n&? q%:neilZS t he

cont roI I erceven nprtame @Iaamablyoadc]eesnhg dhst rédart &0 cnmnﬂmr mty, by
controlling the ratio of VHE power at %or nea %}]t he fundanmental f to VHF

power at HEGMARAT E1lffHSs 458+ acé&nﬁr‘?s EBPLYL cohe oI $54rg t'He proportion of

pover —up- converded f rom fadsQ sk -E|H'e5 19?8895&&0&'%&0@2 rabded-dugontrol Iing
the difference between the varl abl e out put frequency of the VHF generator

and t he fm@mﬂlaﬂtlfweeq@em flmpadanhe génelnetfﬁ @Qntwt lfertequerma;ﬁh
appr oaches cI oser nyfote J}%en‘*{”%%”t %I Eﬂéhenggg %o%] \Q_(tfh r produced
T

by the varl Pl requency generat or conver harnonic F
i ncreases,wdlr, exanmljestihe e reacrahce &'HFt}p@Weamdﬁaﬁ tol MHr power at f
is attai ned when t he gener ator _frequency equal s the fundarrent al f. The step

of bl ock 428 may We Ca%dd Sgut P nlB‘PHQ%;eFOt?%d%e Lor et L Hifth pl asma i on

density d'lsécﬁiatlu'fﬁl%n%y Q)%Crd%%%'ﬂﬂg BB%tE%hE’l&ﬁ B&HFsé’Pé/\@ilr?i I fR/l@pive to
VHF power at f (block 430 of FIG O, the step of bl 428 may be

carried ouwf t\Gii vy &etedge- fihgh fpl asani? openlensieys di stadrthndlon

nonuni formty by .decreasing. the iLo_of . VHF pover at hef frequency
relative ttbh%lll—ﬁf%plo reecé’tqteelJEI (t%‘leog bﬁﬁm Plﬁlﬁj iﬁ)am&ﬁ% hatSvel y or in

addi tion teoigiestep wfe Pleckat?BlothReseont rothes 27& meyy ivgrove uniformty
by adjusting the inpedances of the center and edge return paths of either or

both F and*¥ 1 %iddferte (&AUCRamnEFNEBF el &R reht STowee ™ qwlédzge in order to
Suppr ess 3y Lo a1 B PEBLEAT Va0t 1Lblo channek GHEF &N ovar dt he

center to suppress an edge-h non-uniformty, by a jUStI ng the respective
bandpass fatttte“res QISZreZﬁwnC[yOGEQ]aTheeuse VRF apowt ecdr ostatiz chuck 218

facilitate hrat t ransf to or fromthe wafer, 22 even at
very |ow ( ﬁ a%e ré%gﬁ%és wﬁér‘e%héatsﬁ%r@?%rb? cafticd T

reduce edge-high plasma ion density distribution
nonuniformity by decreasing the ratio of VHF power at the
f2 frequency relative to VHF power generated at the f1
frequency (block 388 of FIG. 11). Alternatively or in
addition to the step of block 384, the controller 270 may
improve uniformity of plasma ion density distribution by
adjusting the impedances of the center and edge return

paths of either or both f2 and the harmonic of fl to
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poor wi thout an electrostatic chuck. This feature enables the vacuum punp
228 to be a very powerful turbo punp to run chanber recipes calling for
extrenely | ow chanber pressures. These features, in conbination with the VHF
power sources 240, 242 that can produce very low to very high plasnma ion
densities (e.g., 10A9 to 10'11 ions/cc), provide a novel capability of |ow
chanber pressure (in the nil range), high plasma ion density (in the 101' 10
to 10'11 ion/cc range) at high bias or high heat | oad while naintaining
conpl ete control of wafer tenperature and plasnma ion density distribution
uniformty. These features, which are contained in the reactors of FIGS
1-6, fulfill the needs of certain processes such as dielectric etch plasnma
processes and plasnma inmmersion ion inplantation processes that inpose high
heat |oad whtherretui rénnow wharyer pnéssorerdntdhhi gigel asnarden density.

Ho , t t abl f f d f
Chanber ' pr 6saPRSTAS (5 FOT. 4l 02 ARgeCor ha BF RBLt CTOMEANG 3 w de

range of phasabchpredlensdhyrd itk ceHAS o 10Pptesonshcegge Thegiefore, the
reactors of FIGS 1-6 may also be enployed in carrying out other processes

at either ﬁPghu©¥f@%m@%haﬁﬁb¥3$ﬁ%§§ure and at either high or |ow plasnma ion
density. Sy6Qsdp P\ apfE. dﬁgaﬂﬁ%&% D}%@e@gsd@f? 81 LhONS EQIADQed pl asma

enhanced physical vapor osition pl'asma dopi ng and pl asna
enhanced materials mmmhflmzﬂlqn1oﬂ(ﬂwﬁﬂﬁdmctertbé FdGegbi ny WSld@FE@QEd to

ool et 520 ey A SAPR A% Lot cobadl ey of the inventi on

scope ther@eﬁewt@l@t@ﬁ(ﬂnrﬁ@azmyzme X AldFe tett@hahgéhpwso that both
frequencies fl, f2 drive the ceiling electrode 204. At
block 392, RF plasma source power at two similar lower VHF
frequencies f1 and f2 simultaneously to an electrode (e.g.,
the ceiling electrode 204 of FIG. 5). At block 394, a
resonator (274 of FIG. 5) is coupled the electrode 204, the
resonator having a resonant frequency which is an odd
harmonic of fl, so as to produce VHF power at the odd
harmonic. This frequency up-conversion is facilitated by
the non-linear response of the plasma that provides a
frequency-multiplying effect. In block 396 of FIG. 12, an
individual center return path is provided through a counter
electrode (226 of FIG. 5) for the harmonic of fl, by
providing the bandpass filter 252 coupled to ground. 1In
block 398 of FIG. 12, an individual center ground return
path is provided through the counterelectrode for the VHF
frequency f2 by providing the bandpass filter 254 of FIG. 5
coupled to ground. In block 400, edge return paths are
provided through the side wall for f2 and the harmonic of
fl, by grounding the side wall 202 of FIG. 5. In block
402, the controller 270 adjusts the impedance of the f1l
harmonic center return path relative to the impedance of

the fl1 harmonic edge return path to promote current flow at
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VWhat is clainmed is: Claim1: A method of processing a workpiece in a
pl asma reactor chanber having at |l east a ceiling electrode and a workpi ece
support el ectrode, conprising: coupling RF power at a first VHF
frequency fl to a plasma via one of the el ectrodes of the chanber;
providing a center ground return path for RF current passing directly
between the ceiling el ectrode and the workpi ece support el ectrode for the

frequency fl; provi ding a variabl e hei ght edge ground annul ar
el enent separate fromsaid ceiling el ectrode, and providing a ground return
path from said edge ground annul ar el enent; and controlling

distribution of plasma ion density in said chanber by controlling a distance
bet ween sai d vari abl e hei ght edge ground annul ar el ement and one of: (a)
sai d ceil i fge ef edrawdsior (o usdi dhgockpreterstipporpael ec?y ode.

adjusting the bandpass filter 252 of FIG. 5. 1In block 404
of FIG. 12, the controller 270 adjusts the impedance of the
f2 edge return path relative to the impedance of the f2
center return path to promote current flow at the £f2
frequency to the side wall, by adjusting the reactance of
the bandpass filter 254 of FIG. 5. 1In block 406, the
controller 270 improve the uniformity of the radial plasma
ion density distribution by selecting a ratio of VHF power
between the fl1 and f2 generators to control the ratio
between the fl harmonic power and f2 power coupled to the
plasma. This step may be carried out to reduce center-high
plasma ion density distribution by decreasing the ratio of
VHF power at the fl harmonic relative to VHF power at the
f2 frequency (block 408). Or, this step may be carried out
to reduce edge-high plasma ion density distribution
nonuniformity by decreasing the ratio of VHF power at the
f2 frequency relative to VHF power at the fl harmonic
(block 410). Alternatively or in addition to the process
at block 408, the controller 270 may improve uniformity
by adjusting the impedances of the center and edge return
paths of either or both the f1 harmonic and f2, to either:
{a) channel more current toward the edge in order to
suppress a center-high non-uniformity or (b) channel more
current toward the center to suppress an edge-high non-
uniformity (block 412 of FIG. 12).

[0058] FIG. 13 illustrates a process that may be carried
out in the reactor of FIG. 6, using only a single lower VHF
frequency generator (between about 50-60 MHz) to realize

the functionality that requires two generators in the
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Claim2: The method of Caim1l further conprising: adj usting the

| npedance of the center ground return path corresponding to the frequency fl
so as to increase or decrease the tendency of the RF power at fl to produce
a center-high non-uniformty in plasma ion density distribution. daim3:
The nethod of Caim1 further conprising: coupling RF power at a
second VHF frequency f2 to the plasma via at | east one of the el ectrodes of
t he chanber;

reactors described previously herein. In block 414 of FIG.
13, RF plasma source power is capacitively coupled through
an electrode (e.g., the ceiling electrode 204 of FIG. 6)
from a variable frequency VHF generator 240 having a
frequency range that includes a fundamental lower VHF
frequency f. 1In block 416, a resonator 274 is coupled to
the electrode 204, the resonator having a resonant
frequency F which is an odd harmonic of the fundamental
frequency f, so as to produce VHF power at the odd
harmonic, using the plasma in the chamber as a non-linear
mixing element. In block 418, an individual center return
path is provided through a counterelectrode (e.g., the ESC
electrode 226 of FIG. 6) for the harmonic frequency F, by
providing the bandpass filter 252 coupled to ground. 1In
block 420, an individual center return path is provided
through the counterelectrode (226 of FIG. 6) for the
fundamental VHF frequency f, by providing the bandpass
filter 254 coupled to ground. In block 422 of FIG. 12,
edge return paths through the side wall for both
frequencies f and F by grounding the side wall 202 of FIG.
6. In block 424 of FIG. 12, the controller 270 adjusts the
impedance of the F center return path relative to the
impedance of the F edge return path to promote current flow
at F to the center return path, by adijusting the wvariable
bandpass filter 252. 1In block 426, the controller 270
adjusts the impedance of the f edge return path relative to
the impedance of the f center return path to promote
current flow at the f frequency to the side wall, by
adjusting the variable bandpass filter 254. 1In block 428,

the controller 270 improve plasma ion density distribution
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providing a center ground return path for RF current passing directly
between the ceiling el ectrode and the workpi ece support el ectrode for the

frequency f2; and providing a ground return path through said
edge. ground annul ar elenent for the frequency f2. C aim4: The method of
Claim3 further conprising: adjusting a ratio of an RF paraneter

at the fl frequency to the RF paraneter at the f2 frequency so as to contro
pl asma ion density distribution, said RF paraneter being one of: (a) RF
power, (b) RF voltage, (c) RF current. Claimb5: The method of Caim3
wherein fl is greater than about 110 MHz and f2 is | ess than about 90 MHz.
Claim6: The nethod of Claim4 wherein said adjusting conprises:

uniformity, by controlling the ratio of VHF power at (or
near) the fundamental f to VHF power at harmonic F. This
is accomplished by controlling the proportion of power up-
converted from f to F. This proportion is controlled by
controlling the difference between the variable output
frequency of the VHF generator and the fundamental
frequency f. As the generator output frequency approaches
closer to the fundamental, the proportion of VHF power
produced by the variable frequency generator 240 converted
to the (third) harmonic F increases, for example. The
maximum ratio VHF power at F to VHF power at f is attained
when the generator frequency equals the fundamental f. The
step of block 428 may be carried out in order to reduce a
center-high plasma ion density distribution by decreasing
the ratio of VHF power at F relative to VHF power at f
{(block 430 of FIG. 13). Or, the step of block 428 may be
carried out to reduce an edge-high plasma ion density
distribution nonuniformity by decreasing the ratio of VHF
power at the f frequency relative to VHF power at F (block
432 of FIG. 13). Alternatively or in addition to the step
of block 428, the controller 270 may improve uniformity by
adjusting the impedances of the center and edge return
paths of either or both F and f to either: (a) channel more
current toward the edge in order to suppress a center-high
non-uniformity or (b) channel more current toward the
center to suppress an edge-high non-uniformity, by
adjusting the respective bandpass filters 252, 254.

[0059] The use of an electrostatic chuck 218 facilitates
high rates of heat transfer to or from the wafer 220, even

at very low (mT) chamber pressures where heat transfer is
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reducing a center-high plasma ion density distribution by decreasing the
ratio of the RF paraneter at the fl frequency relative to The RF paraneter
at the f2 frequency. Claim7: The method of Caim4 wherein said

adj usting conpri ses: reduci ng an edge-hi gh plasma ion density
di stribution nonuniformty by decreasing the ratio of the RF paraneter at
the f2 frequency relative to the RF paraneter at the fl frequency. Caim8:
The nethod of Claim4 further conpri sing: adj usting the inpedance
of the center ground return path corresponding to the frequency fl so as to
I ncrease or decrease the tendency of the RF power at fl to produce a
center-high non-uniformty in plasma ion density is

poor without an electrostatic chuck. This feature enables
the vacuum pump 228 to be a very powerful turbo pump to run
chamber recipes calling for extremely low chamber
pressures. These features, in combination with the VHF
power sources 240, 242 that can produce very low to very
high plasma ion densities (e.g., 1079 to 10711 ions/cc),
provide a novel capability of low chamber pressure (in the
mT range), high plasma ion density (in the 10710 to 10711
ion/cc range) at high bias or high heat load while
maintaining complete control of wafer temperature and
plasma ion density distribution uniformity. These
features, which are contained in the reactors of FIGS. 1-6,
fulfill the needs of certain processes such as dielectric
etch plasma processes and plasma immersion ion implantation
processes that impose high heat load while requiring low
chamber pressure and high plasma ion density. However,
these reactors are capable of performing across a wide
range of chamber pressure (mT to Torr), a wide range of
wafer heat load and a wide range of plasma ion density
(e.g., 107”9 to 10711 ions/cc). Therefore, the reactors of
FIGS. 1-6 may also be employed in carrying out other
processes at either high or low chamber pressure and at
either high or low plasma ion density, such as plasma
enhanced chemical vapor deposition (PECVD), plasma enhanced
physical vapor deposition (PEPVD), plasma doping and plasma
enhanced materials modification.

[0060] While the foregoing is directed to embodiments of
the invention, other and further embodiments of the

invention may be devised without departing from the basic
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Caim9: The nethod of Caim4 further conprising: adjusting the
i npedance of the center ground return path corresponding to the frequency f2
so as to increase or decrease the tendency of the RF power at f2 to produce
a center-low or edge-high non-uniformty in plasma ion density distribution.

Claim10: The nmethod of Caim4 further conprising: adj usting
t he i npedance of at |east one of the center ground return paths so as to
control plasnma ion density distribution. Claim 11: The nethod of Caim

10 wherein said adjusting the inpedance is perfornmed so as to increase the
current in the edge ground return path to suppress a center-high
non-uni formty. Claim12: The nethod of C aim 10 wherein said

adjusting the inpedance is performed so as to dncrease the
scope thereof, and the scope thereof is determined by the

claims that follow.

40



current in the center ground return path to suppress an edge-high

non-uniformty. Caim13: The nmethod of aim 3 wherein _the
RF power sources are one of: (a) continuous, (b) pulsed, (c) .
si mul t aneous, (d) sequenti al . Claim 14: A nethod of processing

a wor kpi ece on a workpi ece support in a plasnma reactor chanber having
at least a ceiling electrode, a workpiece support el ectrode and, a
control | abl e gap between the ceiling el ectrode and the workpi ece
support &hest A6dE12éBRPr L8 ng: coupling RF power at a VHF
frequency fl to a plasma in the chanber via at | east one of the

el ectrodes of the chanber; providing a ground return path for the
frequency :

Claim 1: A method of processing a workpiece in a
plasma reactor chamber having at least a ceiling electrode
and a workpiece support electrode, comprising: '

coupling RF power at a first VHF freguency fl to
a plasma via one of the electrodes of the chamber;

providing a center ground return path for RF
current passing directly between the ceiling electrode and
the workpiece support electrode for the frequency fi;

providing a variable height edge ground annular
element separate from said ceiling electrode, and providing
a ground return path from said edge ground annular element;
and

controlling distribution of plasma ion density in
said chamber by controlling a distance between said
variable height edge ground annular element and one of: {(a)
said ceiling electrecde or (b) said workpiece support

electrode.

Claim 2: The method of Claim 1 further comprising:
adjusting the impedance ¢f the center ground
return path corresponding to the frequency fl so as to

increase or decrease the tendency of the RF power at fl to
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fl; substantially confining the plasma within an axially
symmetrical plasma processing region within said controll able gap by
provi di ng generally around a periphery of the workpiece support an
annul ar confinenment el enent conprising one of: (a) aring, (b) a
cylinder, said annul ar confinenment el enent being conductive and
separate fromsaid ceiling el ectrode; and sel ecting the
size of the gap between the ceiling el ectrode and wor kpi ece support
el ectrode so as to control the uniformty of the_radial plasma ion

density diREqqUsist PoRENter-high PR 151 EOHE et RoB ! 8F1 @ mIEASEBY t her
conpri si nggdefiinRgea. restricted passage between a peripheral edge of
t he annul ar confinenent el ement and a side wall of the chanber.
Claim 3: The method of Claim 1 further comprising:
coupling RF power at a second VHF frequency f2 to
the plasma via at least one of the electrodes of the
chamber;
providing a center ground return path for RF
current passing directly between the ceiling electrode and
the workpiece support electrode for the freguency £2; and
providing a ground return path through said edge

ground annular element for the frequency f2.

Claim 4: The method of Claim 3 further comprising:
adjusting a ratio of an RF parameter at the fl
frequency to the RF parameter at the f2 frequency so as to
control plasma lon density distribution, ssid RF parameter

being one of: (a) RF power, (b) RF voltage, (c) RF current.

Claim 5: The method of Claim 3 wherein fl1 is greater

than about 110 MHz and £2 is less than about %0 MH=z.

Claim 6: The method of Claim 4 wherein said adjusting
comprises:
reducing a center-high plasma ion density
distribution by decreasing the ratio of the RF parameter at
the fl1 frequency relative to The RF parameter at the £f2

frequency.

Claim 7: The method of Claim 4 wherein said adjusting

comprises:
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Claim 16: The nethod of C aim 14 wherein said providing a ground path
conprises providing a center ground path for current flow between
said ceiling el ectrode and sai d workpi ece support el ectrode, said

met hod further conpri sing: provi ding an edge ground return
path for RF current at the frequency fl through said annul ar
confinement el enment by coupling said annul ar confinenent elenent to
RF ground. Caim17: The nethod of Caim 16 further conprising:

adj usting the inpedance of the center rqynd retur at h
corresponding to thée??%ﬂﬁkﬁ@yegﬂegﬁuggFiSSFﬁc?gﬁsEH%Ptﬁécrease t he

t endency aofi dthebREipoWesnati folmli oy pswdieecascagt eie hiagho of the
non-uni formty in Elasna ion densit¥ di stribution. C aim_18: The
met hod of Bl &eFrIatehird hdhecdapfreEHpcy relative tod ng RF. power

at a secondMhEcEreauency f12 stegtitecpl asnma via at | east one of the
el ectrodes of the chanber;
Claim 8: The method of Claim 4 further comprising:
adjusting the impedance of the center ground
return path corresponding to the frequency fl so as to
increase or decrease the tendency of the RF power at f1 to
produce a center-high non-uniformity in plasma ion density

distribution.

Claim 9: The method of Claim 4 further comprising:
adjusting the impedance of the center ground
return path corresponding to the frequency f2 so as to
increase or decrease the tendency of the RF power at f2 to
produce- a center-low or edge-high non-uniformity in plasma

ion density distribution.

Claim 10: The method of Claim 4 further comprising:
adjusting the impedance of at least one of the
center ground return paths so as to control plasma ion

density distribution.

Claim 11: The method of Claim 10 wherein said
adjusting the impedance is performed so as to increase the
current in the edge ground return path to suppress a

center-high non-uniformity.

Claim 12: The method of Claim 10 wherein said

adjusting the impedance is. performed so as to -increase the
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providing a center ground return path for RF current passing directly
between the ceiling el ectrode and the workpi ece support el ectrode for
the frequency f2; providing a ground return path through

sai d edge ground annul ar el enment for the frequency f2.

Claim19: The

met hod of Claim 18 further conprising: adjusting a ratio
of an RF paraneter at the fl frequency to the RF paraneter at the f2
frequency so as to control plasma ion density distribution, said RF

par anet er

bei ng one of: ea}?t RF power (meR';,a\éﬁl %ggsedpp(r%)sngncurrent.

current in the er ground’'ret

edge-high non-uniformity.

Claim 13: The method of Claim 3 wherein.the RF power
sources are one of: (a) continuous, (b)) pulsed, (c)

simultaneous, (d) sequential.

Claim 14: A method of processing a workpiece on a
workpiece support in a plasma reactor chamber having at
least a ceiling electrode, a workpiece support electrode
and, a controllable gap between the ceiling electrode and
the workpiece suppeort electrode, comprising:

_ coupling RF power at a VHF frequency fl to a
plasma in the chamber via at least one of the electrodes of
the chamber;

providing a ground return path for the frequency
£l;

substantially confining the plasma within an
axially symmetrical plasma processing region within said
controllable gap by providing generally arcund a periphery
of the workpiece support an annular confinement element
comprising one of: {a) a ring, (b) a cylinder, said annular
confinement element being conductive and separate from said

celling electrode; and

selecting the size of the gap between the ceiling
electrode and workpiece support electrode so as to control
the uniformity of the radial plasma ion density

distribution.

Claim 15: The method of Claim 14 further comprising

defining a restricted passage between a peripheral edge of
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Claim 20: The nethod of Claim18 wherein fl is greater than about 110
MAz and f2 is | ess than about 90 MHz. Claim21: The nmet hod of
Claim 19 wherein said adjusting, conprises: reduci ng a
center-high plasnma ion density distribution by decreasing the ratio
of the RF paraneter at the fl frequency relative to The RF paraneter
at the f2 frequency. Claim 22: The nethod of C aim 19 wherein
sai d adjusting conpri ses: reduci ng an edge- hi gh plasma

ion density distribution nonuniformty b ecreasing the ratio of the
RF par amet €t® foar $oR HErfisidy © 8W%¥?v%“f@ Fﬁgeﬁﬁg ﬁg%éﬁgr at the
fl frequengyamderai m 23: The nethod of C aim 18 further conprising:

Claim 16: The method of Claim 14 wherein said
providing a ground path comprises providing a center ground
path for current flow between said ceiling electrode and
said workpiece support electrode, sald method further
comprising:

providing an edge greound return path for RF
current at the frequency f1 through said annular
confinement element by coupling said annular confinement

element to RF ground.

Claim 17: The method of Claim 16 further comprising:
adjusting the impedance of the center ground
return path corresponding to the frequency fl so as to
increase or decrease the tendency of the RF power at f1l to
produce a center-high non-uniformity in plasma ion density

distribution.

Claim 18: The method of Claim 14 further comprising:

coupling RF ‘power at a second VHF frequency f2 to
the plasma via at least one of the electrodes of the
chamber;

providing a center ground return path for RF
current passing directly between the ceiling electrode and
the workpilece support electrode for the frequency £2;

providing a ground return path through said edge

ground annular element for the frequency f2.

Claim 19: The method of Claim 18 further comprising:
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adj usting the inpedance of the center ground return path
corresponding to the frequency fl so as to increase or decrease the
tendency of the RF power at fl to produce a center-high
non-uniformty in plasnma ion density distribution. Caim24:. The
met hod of Claim 18 further conprising: adjusting the

i npedance of the center ground return path corresponding to the
frequency f2 so as to increase or decrease the tendency of the RF
power at f2 to produge a center-|ow o edge:high non-unifaqrm in
pl asma ion density 8&%&1??3&‘& iaoﬁ.at&fa?% %%Tﬁgg% 24 Of " earf%yw
further cofduw®nrRg: to the RF paraadpestangHeh&2i mpeganoey afo at Lteast
ooty Mol pERIRR L Sr L Y1 0P 2004102, O9R1A Ye RA3MRLON

being one of: (a) RF power, {b} RF voltage, {(c) RF current.

Claim 20: The method of Claim 18 wherein f1 is
greater than about 110 MHz and £2 is less than about 20

MHz.

Claim 21: The method of Claim 19 wherein said
adjusting, comprises:
reducing a center-high plasma ion density
distribution by decreasing the ratio of the RF parameter at
the £1 fréquency relative to The RF parameter at the f2

fregquency.

Claim 22: The method of Claim 19 wherein said
adjusting comprises:
reducing an edge-high plasma ion density
distribution nonuniformity by decreasing the ratic of the
RF parameter at the £2 frequency relative to the RF

parameter at the fl frequency.

Claim 23: The method of Claim 18 further comprising:
adjusting the impedance of the center ground
return path corresponding to the frequency fl so as to
increase or decrease the tendency of the RF peower at fl to
produce a center-high non-uniformity in plasma ion density

distribution.

Claim 24: The method of Claim 18 further comprising:
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Claim 26: The nethod of C aim 18 wherein the RF power sources are one
of : (a) continuous, (b) pulsed, (c) simultaneous, (d) sequential.

adjusting the impedance of the center ground
return path corresponding to the frequency f2 so as to
increase or decrease the tendency of the RF power at £f2 to
produce a center-low or edge-high non-uniformity in plasma

ion density distribution.

Claim 25: The method of Claim 18 further comprising:
adjusting the impedance of at least one of the
center ground return paths so as to control plasma ion

density distribution.

Claim 26: The method of Claim 18 wherein the RF power
sources are one of: (a) continuous, (b) pulsed, (c)

simultanecus, (d) sequentizl.
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