A METHOD OF PROCESSI NG A WORKPI ECE | N A PLASMA REACTOR W TH VARI ABLE HEI GHT
GROUND RETURN PATH TO CONTROL PLASMA | ON DENSITY UNI FORM TY CROSS- REFERENCE
TO RELATED APPLI CATIONS [001] 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 [ 002] Enbodi nents of the present invention concern a
capacitively coupled plasnma 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
vol tage. A capacitively coupled plasnma source can further produce a | ow

el ectrode potential for low electrode 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 plasma density (very low to very high

pl asma i on density). One probleminherent in such a plasma 1 source is that
the ceiling electrode exhibits radial transmssion |line effects and | oading

due to thepefkefdd V6r BRECESIING £ WoRrkdTECR kD PLASHR- Rfﬂé'_rélﬁaﬁﬁ@, at 150

Mz, a free\&ﬁﬁ?\%:.‘i:“%&%hr"‘%ﬁe RDORBriRn DL =9 iy pr) on the
e (about 15 i1nches).
Therefore, the RF field varies significantly across the surface of the

order of th rameter of the cgilikpgy
ceiling electrode, giving rise to process non-uniformties at the
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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



waf er surface. For a plasma with an effective dielectric constant greater
than 1, the effective wavelength is reduced to less than the ceiling

el ectrode dianeter, worsening the non-uniformty of the RF field, naking
processing non-uniformties across the wafer surface worse. For an etch
process, this may produce a non-uniformedge |ow etch rate distribution
across the wafer surface. [003] Various approaches are enployed to reduce
such undesirable effects. In one approach, magnetic steering my be

enpl oyed to alter the plasma ion distribution, e.g., to reduce its
center-high non-uniformty to produce a sonewhat flatter distribution. One
problemwi th this approach is that a center-high non-uniformty of the
source nmay be beyond the corrective capability of nagnetic steering.

Anot her problers vis Lhati $hepoedddhgcaneberoes eexlriledls chadigiing damage of the

wor kpi ece jf_ the magneti.c flux density.is.too high. |n another .approach,
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reci pes i sereimadddl & iwitlyy thise kat bébcess non-uniformities at the
wafer surface. For a plasma with an effective dielectric
constant greater than 1, the effective wavelength 1is
reduced to less than the ceiling electrode diameter,
worsening the non-uniformity of the RF field, making
processing non-uniformities across the wafer surface worse.
For an 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-



approach. However, a high plasma bias voltage is not desirable in sone

ot her types of plasma processes. The worst non-uniformties appear in
processes enploying the |owest plasnma bias voltage. [004] Such approaches
are conplicated by the fact that other process conditions dictated by the
process recipe have as great an effect upon plasnma distribution as either
magneti c steering or bias (sheath) voltage. For exanple, increasing chanber
pressure produces a |less center high and a nore center |ow plasnma ion

di stribution, while decreasing the chanber pressure produces a nore center
high distribution. Qther changes in plasma distribution are caused by
source power (plasma density), gas chem stry, electronegativity of the gas
m xture, punping rate, gas flow rate and other paranmeters dictated by the
process red e ﬁ@MWRYt@éwbIE fNVEM@@hI{@@B:]apﬂacrﬁettdrcﬁd iins serdeisded f or
processi ng. [feact or chanber haV| s | east a
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el ectrodes of t he chanber, and 3 rOV|d|ng a centezg%{ound return path for
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approach. However, a high plasma bias voltage is not
desirable in some other types of plasma processes. The
worst non-uniformities appear in processes employing the
lowest plasma bias voltage.

[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



density distribution by controlling the distance between the variable

hei ght edge ground annul ar el enent and one of: (a) height of ceiling

el ectrode or (b) height of workpiece support electrode. [006] In one

enbodi ment, the nethod further 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 plasnma ion density distribution. [007] In a
rel ated enbodi nent, the method further includes coupling RF power at a
second VHF frequency f2 to the plasma via at |east one of the el ectrodes of
the chanber, and providing a center ground return path for RF current
passing directly between the ceiling el ectrode and the workpi ece support

el ect r ode gmavithiedf regeahey PROUTH| 5 terbhorf HerftoF ditt e Hemd udes provi di ng
a ground retur.n t.h hro e el for the
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as to control plasma_ ion density distribution,,tQ%1RF aranet er bei ng one
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enbodi ment, the adjusting includes reducing a center-high plasna ion
density ditgtudught ithve leplgedespeadi agneher rad¢eenf fdie RR gaesveney at the fl

frequency gle.l at’IihVee mte%hyaecgﬁtggignﬂﬂgrug{fér}}&g}? Jf.r epql%esr?n%y'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



I n anot her enbodi nent, the adjusting includes reducing an edge-high plasma
ion density distribution nonuniformty by decreasing the ratio of the RF
paranmeter at the f2 frequency relative to the RF paraneter at the fl
frequency. [009] In a further enbodi nent, the method includes adjusting

t he i 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. In a related enbodi nent, the nmethod includes 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

di stri but i;reatBRl ER2aDESCRUPTEON WFz THED DRAWNGS J0016n Sattat?0t he nmanner in
whi ch thebﬁgpve recited enbodinments of the invention are attained and can
be understood in detail, a nore particular description of the invention,
briefly suroomsli zed ahovee BRpobembad, byhe red pramnoey timdlheleanbodi ment s

t hereof which are illustrated in_the appended draw ngs. is to be noted,
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of this lra&qrela%an@n@h@r%aw@rsk%ﬁen@t por e cansidearied sl initing of its
scope, for the invention nay admt to other equally effective enbodi nents.

[ 0011] FI (;relqmemldyugierlatceyeatpl dbeaRF epet ore ttraviaty theulfid FlreauedRcsour ce

power fre%ye%%o -%gikgn%,cgkgingjuelf§§rf§giudes 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



[0012] FIG 1B depicts elenents of a variable reactance or bandpass filter
controlling the inpedance of an RF ground return path in the reactor of
FIG IA [0013] FIG 2 illustrates a plasma reactor having different VHF
frequenci es 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 plasm
reactor with different VHF frequencies applied to the cathode el ectrode.
[0016] FIG 5 illustrates a plasma reactor with two VHF source power

frequencies, in which the high VHF source power frequency is produced using
a |low VHF frequency generator and a third harnonic resonator. [0017] FIG 6
illustrates a plasma reactor with a single VHF variable frequency generator
in the | owfpéhtisoanyengion spdeardHe)eit Atfe NHIF H9akd WoNE 18°ERFr d har noni ¢
resonator .. duce;a.V eq o "PPFH}Pct [ 1:gh +pORt | (e.g.,
over 100 tr@tg?gt %g %/%iﬂE Ea%%éht H(gpp%hvé?l eveporfd&atg?%dﬁég 63 \E/)gpgi@ng t he
gener at or coptplty Eféqueney. empOQIB¢ntd G 7 illustrates a process that can be

carried t i ng react of FIG 1. [0019] FI B.ill.ustrates a
process tﬁ;’t(’lgjn begg§rr?§dl?i}ﬁ?{ﬁ%%ﬁ %rPelarsé“aactrc?racc%forFIhéVlQ. 6 [0020] FIG
9 illustrafasiplpr ogessotibat ganeber cadudath e OWpplSicng tioha reactay of FIG

3A. [0021] FIG 10 illustrates a process that can be carried out in the
react or ofelEcGrogepy setting the two VHF frequencies fl and f2 of FIG 2

equal to q@%lquthe%IG. 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.



[0022] FIG 11 illustrates a process that nmay be carried out using the
reactor of FIG 5. [0023] FIG 12 illustrates a process that can be carried
out in a nodification of the reactor of FIG 5 in which the |ocations 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 I ower VHF frequency generator.
[0025] To facilitate understanding, identical reference nunerals have been
used, where possible, to designate identical elenents that are conmon to
the figures. The drawings in the figures are all schematic and not to
scal e. DETAI LED DESCRI PTI ON OF THE I NVENTION [0026] FIG IAis a sinplified
schematic diagramof a plasm reactor capable of controlling radial

di stributipB®20df pl ﬁﬁa i9orhldieﬁ$i:ayebya appore s vriilvay capadiea iogglry ecoupl ed

pl asma sourceéﬁgmer dlffergnk gougce power frequenci es. The reactor
has a vacult diddfer 506 TEPEs8 By a“cylindrical side wall 202 and a

di sk-shapephozai]l i ngr12Q4.10The 10ekkbbgs 284p1t Scdxd htreatc aaducid o ragieldi ng

el ectrode as well as a gas distribution shower head or plate and wi ||l be
referred t¥thedreitheagepké el RGC - ef eBY r 00E" D0, tith e 1iiHEng el ect rode may

optional | Veg en%%%r%q Wniih ra G@NERELI NOs o $8M CONIUCTI NG 11y T NSl ati ng

mat eri al . e ceiling electrode 204 |ncludes i nner and outer zones 206, 208
of gas inj Bmazdn or ifflicGced lon lilbist rbbes oin swdace 204c Imurblleectatrdlle@lspectl ve
i nner and oq} . int rnaI gas na ip?&ds 210, 212. Inner and outer zone
using t reactor O . 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



process gas supplies 214, 216 furnish process gases to the inner and outer
mani fol ds 210, 212. A wafer support pedestal 218 can support a workpiece
such as a sem conductor wafer 220. The pedestal 218 may have the features
of an electrostatic chuck, including a conductive base |ayer 222 and an
insulating top layer 224 that encloses an internal electrode 226. A vacuum
punp 228 is coupled through the floor 230 of the chanber 200. The pedestal
218 is supported on a leg 232 that is coupled to a lift mechani sm 234 that
can el evate or depress the |level of the pedestal 218. In one

i npl enentation, the Iift mechanism 234 provides a wafer-to-ceiling gap
range from about 0.3 inch to about 6 inches. The wafer is clanped onto the
pedestal by applying a D.C. clanping voltage from a D.C. supply 236 to the
eIectrode<2%6¥EQY@At§u9pF9nQBGtlﬂ?pi%%W+903¢R9QkﬂﬁsQ%Ikﬂﬁ%ﬁ%§§nﬁiIter to
isolate t . _supp fraomt sent t; rode 226. RF
bi as pomepr?anta%%lgzl 'cogéleeggg}l?ggt F{getggh%ﬁ‘ge%% Slr na uoc%l é&%regjdg‘% 26, or

i ndi rect | youteroughetshe 06ond0ét b¥egbaseni¢ayrsrn 222 f iRedestrali t218 typically

i ncludes a conductive ground housing 217 that is typically isolated from
conduct | v [Fy&f 52304 CPRELPHaF O of SRR/ 226015 400 (HeGFat i ng

material sygah 3% 106kt ant€baRkC20h, Phast i Cinnd¥ taldhatined yoneonductive base
| ayer 218 may be grounded. 8 [0027] The uniformty of the plasma ion radial

di st ri but iR ESE0ge st kePehaRber 1200216 Eom iyl IRPIRES rRGAENiteg thepai r of
VHF p'asfﬁgl Y GR PR %rgﬁgﬁﬁ%59&§t%69; 2242 AN, 0Ne ﬁg&$ the RF

generat o has a frequency in the upper portion of HF range, on the
order of 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.



between 110 and 250 MHz, and nomi nally about 162 MHz, while the other RF
generator has a frequency in the |Iower portion of the VHF range, on the
order of about 40-90 MHz, and nom nally about 60 MHz. W have di scovered
that the higher VHF frequency fromthe generator 240 (if applied al one)
tends to produce a plasma ion density radial distribution that is center
hi gh and edge | ow, while the Iower VHF frequency fromthe generator 242 (if
applied alone) tends to produce a plasma ion density radial distribution
that is center |Iow and edge high. In this respect, the two generators
conpl ement one anot her when used sinultaneously. |In one enbodinent, the

out put power of one of the generators 240, 242 are adjusted with respect to
the one another to change the plasma ion density radial distribution

bet ween a [®®2(7dr | oBhpatnefarantly acterherp g Hﬁﬂtﬂ@diaLA sel ection of the

ratio of t wer (ar _yo e or gur t) Iev t two generators
240, 242 tﬁagg Fﬁ?%ekﬁﬁeccen ey:%ﬁgh an céﬁ?er @% non-

uni form t l;ﬁ@v@@dn@staabbnshoa WRF epD&&tid ys st deprgowal rasyd dran ordi S40j, but i on
that is approximately free of both types of non- unlfornltles and therefore
nearly or @bst&ﬁtP§?I§SpﬁﬁFfth? %ﬁc%ﬁ%ﬁﬁ%QQQn%%P PP e [dECERRCHed by

measuring ; f heradial Bb%EbPUBEOE‘hé’fv#ﬁE %r{gaetde RLNISS A dwaf g or

morkpiece. The variance of this distributio ecreases as uniformty
increasesbéﬂmeemaﬂﬂ@naedfaﬁoaMHDream@|QOxn&ﬂkxuﬁbﬂuUﬁhﬁﬁrM@ubiMhiéé etch

{ﬁgehrgﬁeB%@Hﬁt eéqu2n4ghgéaﬁeFa$%sf§L g%a Jbl q%%JGL@eggellgg%g:gg?ﬁode

204 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



t hrough an i npedance match network 244 that may be either fixed or dynamc
and may be either fornmed of |unped or distributed elenents. The | ower VHF
frequency generator 242 is coupled to the ceiling el ectrode 204 through an
i npedance match network 246 that is forned of either lunped or distributed
el ements and may be either fixed or dynamc. The output 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 low VHF generator 242. The out put of
the low VHF match 246 is protected fromthe output of the high VHF
generator 240 by a notch filter 250 tuned to bl ock a narrow band centered
around t heafddedudaeyribubtonhef he ghh VHIEQaiet &2 52407 66 4al Pérnativel y by
a lowpass filter t bl ock the frequency fl of the high VHF generator
240. The ?ﬁﬁfér%ogigggﬁngare desi gned in accordance with conventi onal
practice ifoo@8n uncthonnai ehbbdblemenmt chilg Miegheor RS ES d rasiueacyachi eve t he

desired matching range with the required frequency isolatian. [0029] Two RF
ground r etdfNFIHACHS 2 pe15r89Fagﬁde? e ot iheé o P@q&@gcies fl, f2. A

pat h al ongthesi dg QhpetiBgcehagber 200,45 pravided Mayoreurdichgrt he side
wal | 202, as indicated in the drawing. VHF current along this path

pronot es drixedgerhdghanént end| vaw phastithon freadieal ofo lmed Bdti on, or at

e bR RIREAE S 148, 0P s S i Lo o
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

10



center of the chanber 200 is optionally provided by coupling the pedestal

el ectrode 226 (or the base layer 222) to ground through respective tunable
(vari abl e) bandpass filters 252, 254 which are controll ed i ndependently of
one another. The variabl e bandpass filter 252 has a narrow pass band that
includes (or is centered at |east approximately on) the frequency fl of the
hi gher VHF generator 240. The vari abl e bandpass filter 254 has a narrow
pass band that includes (or is centered at |east approximately on) the
frequency f2 of the lower VHF generator 242. Both bandpass filters 252, 254
provi de respective inpedances to ground at their respective bandpass
frequencies fl, f2. These inpedances are varied by a controller 270 to
determine the division of RF current from each generator 240, 242 between

t he pedestdilstalibetiofe ©2268tahgashed si@es vegnt 1Ith@ lasPer ticdnnent of this

current i s cniy olilked by VaRyL0g. L. reactance ol gactodhandpass filter 252

254. Conventi onal ter circurts capacitive an tive conponents
may be enpimyedht ahel ephesenbft hbevahamid . bandpass thidcuerhs t282, 254. In

accordance with caonventional pr ice, these filters . e inplenented as
| unped el €fAHEE GF égﬁaEPFWQEEaﬁﬁbihﬂu%??b%?a%BhﬁHﬁ%’Qg%%?“hs di stri but ed

el ements, ¢ 3% ¢0aXbahestHNi BYcEl HBOt S OF (St U Hade @xaRR! ecofl G 13 is
a sinplified schematic diagram of a variable bandpass filter of the type

t hat can be ansuogedhirrughereeneebi vef tyakle A varfsd hedr icaplo@asgndpaass
‘;i : g:{j g‘; ) er]SB2§gg bag! ﬁﬂ‘i’cﬁ‘ %esﬁgr%r PR iitn%gesc%%%%grla} ngugpar 258 and
pacitor , el ther or both capacitors : eing variable. In
another. The variable bandpass filter 252 has a narrow
pass band that includes (or is centered at least
approximately on) the freguency fl of the higher VHF
generator 240. The variable bandpass filter 254 has a
narrow pass band that includes (or is centered at least
approximately 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
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accordance wth 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 RF ground return path

t hrough the center of the chanber 200 may be provided by grounding the
pedestal electrode 226. This may be through a high-pass filter to permt
effective isolation of the RF bias. [00301 RE bias power is applied to the
ESC el ectrode 226, including LF power (e.g., about 2 MHiz) froma | ow
frequency RF power generator 262 through an LF inpedance match 264, and HF
power (e.g., about 13.56 MHz) froma high frequency RF power generator 266
t hrough arshdEti opedanter aﬁﬁchaQGBqu@ﬁﬂRxﬂﬂ%/anﬁh@ RRali gappcegasnci es are

I d h th h I whi |
selected sych LRl b Ko RowEr,Level conty s, Lhe ped g snerqy, vl e

cén Wi dt B of tThé&?® i'6n-én

di stributiz@or8anBE @UEheshegaspact patthe Nkl teers Eroayi ¢ed fnary each of the RF
bi as sources applied to the ESC electrode 226. A path through the ceiling
204 is o@ﬁqﬁﬁépFﬁlﬁréﬁlH@HdB§S%oﬁtﬁ??ﬁFtQﬁahﬁ¥q|9ﬂf HEGYGRY  bandpass or

| ow-pass fiddeh k0o QrQUBQndEHEEhﬁif@é@: oV akiaR 1R, eaGt dRCeoRRY obe
inserted in the path to allow control of the bias return current to the

cei ling relhatifudtere BPas P&dumaycherentido msrert idiefracgs 2 Agiel y current

to the wall nd ring_219. The insertion react an ance may be
|ncreasedFF55f%F& Shor 8" bfabSrettrh I &Rt on&&ecngﬁg 219 or wal |

202), whi hlyrtieddsot @unction as any type of filter. Alternatlvely,
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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favor an edge high plasma ion density uniformty condition. Alternatively,
the insertion reactance or inpedance may be decreased to force |ess bias
return current to the edge (ring 219 or wall 202), which tends to favor a
center high plasma ion density uniformty condition. [0031] The two VHF
source power generators 240, 242 may be operated in continuous wave (CW
node or they may be pul sed synchronously or asynchronously with respect to
one another. Mreover, either or both of the bias power generators 262,
266 may be operated in CWnode or in a pulsed node. In the pul sed node,
their duty cycles may be controlled to control the tinme-averaged RF bias
power or voltage (and therefore the ion energy) at the wafer surface. The

pul sing of the bias generators 262, 266 may be synchronous or asynchronous
Wi th respestriesteachtbehedgeandiog WP hoy evwelct%c?d it h@l%uﬁ@eldﬁomr

gener at or 280 ap28hgel i bhCoRULASd, IRAS. AN BRI AF Lhe Laradeing

generators hat "are ronously anoth ave their RF
envel opes rdaienciadent liyn th§E1DBebfi6ﬁtrertdndE3dﬂuimpﬂddm&eowew|hpplng or

non-over |l appin %0032% Uniformty, as flow across th%@ surface of the
Nt or 220 S ShieFob i E9T0F TRESHELFT ol e e ntet LEd6E%an be

i mproved by i0vihdi BE @abel ovonafl gF i GF Otdhs el WavAlS @dnerdi pgghadi al |y
outwardly fromthe side of the pedestal 218 at a level that is beIOM/the

vaf er supp@h%ﬂMSuﬁmaéeneﬂtwhenpéeeetey QQ&ﬁlqmelbeIOMFmafer ground return

o IR, 0 Y PR 20 AR 2 I ST

fromthe poegssated an &3ntinuous wave mode or they may be
pulsed synchronously or asynchronously with respect to one
another. Moreover, either or both of the bias power
generators 262, 266 may be operated in CW mode or in a
pulsed mode. In the pulsed mode, their duty cycles may be
controlled to control the time-averaged RF bias power or
voltage (and therefore the ion energy) at the wafer
surface. The pulsing of the bias generators 262, 266 may
be synchronous or asynchronous with respect to each other
and/or with respect to the source power generators 240,
242. In the pulsed mode, any pair of the foregoing
generators that are pulsed synchronously to one another may
have their RF envelopes coincident in time or offset in
time and may be overlapping or non-overlapping.
[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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above the wafer into the punping annul us bel ow the wafer evacuated by the
vacuum punp 228. The |evel of the below wafer ground return is above
features such as the wafer slit valve 229 or punping port that produces
undesirable asymmetries in the plasma distribution arising from
asymmetries 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 region

above the wafer 220 is fairly imune to such asynmetries, thereby inproving
process uniformty. In one inplenmentation, the bel owwafer ground plane 219
is formed of a conductive material and is connected to ground. It

therefore provides a nore uniformground reference at the wafer edge that

renders thgoekechéiGaféel thwrendnhdnying theneuandelesstsysaepeibl e to
asymmetries in the distribution of conductive surfaces in the_ chanber
interior. €YTREURLAG DIothayvateyn suiike %S -a preshevBéuRdar)e PBLABTp confine

the plasmg,yal uge tQqt herghanber g el oL, aheve g Lkngn2lYarkp an

alternative inpfenentation, the ring 219 does not serve as a ground pl ane,
and is |nsﬂeadvaimenﬁﬂ9o®rapwmp&mgnnhnn|nhatwwwedmabs bndenothkte alternative

|nplenentat| the groug% re%urn r ?{ Ilnder% 2 9 |s at the
wor kpi ece SV FEFCP bRl oF Rbbve dl eTeder S Mh§™be at or near the

ceiling I@\é@hlmtzle@llegome?wgp&bypwer&ur& teh@c%@b'slt@@1@| getrode 204. In
anot her enbodi ment, the level of the ground return ring 219 may be

sel ecti velyeadfoseeact if af i 93 0 tHee Worisivesar &psrecqi theastfiet mechani sm

ror examplgy ) DY at tRENL RO NEadd N A1 JANGaULsHE8uAL thepRdestal 218,
the ring IS

219 partially constricts gas flow, such that the region
above the wafer 220 is fairly immune to such asymmetries,
thereby 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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14 lifted up and down by the pedestal Iift mechanism The ground return
ring 219 nmay be insulated fromother grounded surfaces in the chanber (such
as the ESC base | ayer 224) so as to not be directly coupled to ground, and
instead be coupled to ground through a variable reactive elenent (e.g.,
the variable filter 252). In 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
adj ust abl e paraneters of the reactor. [0033] A uniformty controller 270
controls the relative power output |evels of the two VHF generators 240,
242 and optionally of the inpedances of the variable bandpass filters 252,
254. The controller 270 can set the inpedance of the high VHF frequency
(f1) bandpéisised [upernslodasnt by phevPedeatdbweki i mrdwidem-et die path to
ground thr h fer 22 h t ' I t he

hi gher V ré%&gﬁ%§%f%}néogg%a?Qthgp%ﬂégﬂggﬁ%pﬁﬁ%kgﬁjgg% ﬁ§%§9%5240
produces asurficpr Amotheedhaebter (hugh sadiled EI daddudtayewr. 2Runt lser nor e,

the controller 270 can set the ingedance of the | ow VHF frequency (f2)
bandpass 33 t'& "§¢ Pgs digeptavi §8URLAT gher It pttarfc® rétihSiDh&h to ground

through thewafel 220 han threugh Lheasige vatda 202 Ate i ntd ower VHF

frequency f2, so that power fromthe f2 generator 242 produces a nore
pr onounced(&ent.erttheowagiabddgéihitgh 2pPadi al Inli €h¥s rason. tiehagreomdr ol | er 270

apmor L1 015, LS 419 Mg, ouLPURe) sYeLs sl A Juh, iy ou e

non- uni f orttid WHEN fetecluenatye fdi.st Thbuheboh€ byf 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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i ncreasing the power output of the | ower VHF frequency 15 generator 242) or
suppress an edge high non-uniformty in etch rate distribution (by

i ncreasi ng the power outer of the higher VHF frequency generator 240). The
controller 270 may make such adjustnents in response to non-uniformty
patterns neasured on a previously-processed wafer by a downstream or
in-line nmetrology tool 272. During the processing of successive wafers,
standard feedback control corrective techniques, inplenmented as progranmed
algorithns in the controller 270, may be enployed to enact successive
corrections by the uniformty controller 270 to mnimze non-uniformties
in etch rate distribution sensed by the netrology tool 272. The netrol ogy
tool 272 may be progranmmed to informthe controller 270 whether plasma ion
density digneirbgibirod 4Rasoca predoss nadt | sdaedtierh Mioghr unddoriitioim ty or a

o sdom nant . ede gD DensUOLTOLIT Lo, ALS 1A ¥y, Lhg Lol o0y too

272 may e -t1ifme signal's to the

control | erche2 71 ghQESVEEPTFIreglic 881 S§é 08 SPEETTABCOPYDhes ts@r® 1My be pl aced
on the ceiling 204 at various radii, providing an indication of radial
pl asma excl tedaypBéikés SHERsREYUSTRENt bl HE e SRYWS Ghay Be Uidd@rad the | ght

isﬁ'tj;(r:l?’ergr aft;%teetrn@aklealshggﬁ 5@“5(:1??@5@%1 f}{—#?zec%es@etaerv%afteirvgyya _ .
y sensors may be placed on e celling 204 at “various radii,
provi di ng cenwrisiidtieeat oon iof lwoekpeecel 69y madil ckivess Duatimgofthechange as a
uncton ol (245 A SUOBLLYELL B0 L1 Uy RO TS e L3686 o the
density. Atreictatievekyhnygltageispnens st dlya e fiacathedn atllye réehkisng
in the controller 270, may be employed to enact successive
corrections by the uniformity controller 270 to minimize
non-uniformities in etch rate distribution sensed by the
metrology tool 272. The metrology tool 272 may be
programmed to inform the controller 270 whether plasma ion
density distribution has a predominantly center-high non-
uniformity or a predominantly edge-high non-uniformity.
Alternatively, the metrology tool 272 may embody in-situ
sensors may provide real-time signals to the controller
270. OES (optical emission spectroscopy) sensors may be
placed on the ceiling 204 at various radii, providing an
indication of radial plasma excited species density. The
plasma itself may be used as the light source, or external
light sources may be used. Alternatively, interferometry
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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204 at various radii, providing an indication of radial electrode voltage.
Alternatively, isolated voltage sensors 16 may be placed on the ceiling 204
at various radii, providing an indication of radial plasma floating
potential. Real-tine control of plasma uniformty nmay be perfornmed by
controll er 270 using sensor input and conventional techniques. [00341 The
uniformty controller can also control the [lift nmechanism 234, in order to
provi de another control dinension for inproving uniformty of plasma ion
di stribution (or uniformty of etch rate distribution). By raising the
pedestal 218 toward the ceiling electrode 204, the wafer-to-ceiling gap is
decreased, which suppresses plasma ion density near the center of the wafer
and pronotes plasma ion density near the wafer edge. Conversely, by

| owner i ng ity pedediegled298 ahayceibing hel4 cali IValg ®lectaddde 204, the

waf er -t o-cej lj.n ap i I, 2ase i e ion density over
the wafer prlcoé'lnltdgrn%vﬁfll gngé?%g??ngff}rﬂ%%f% gﬁgs%;%l}ao?\fl earaiti'l at the wafer
edge. Thuszotdne ipllasmeadi-stimebubhono eyt bel & e erreid o mimirtey eyt @k- hi gh or
nore center-low by raising or |lowering ,the pedestal 218, respectively. As
di scussed REFREMEG Y 6P§gﬁﬁléﬁ§r§FBug?b%gn%. B r re center-high

or nore cepRntioWalY tkRehe¢gskng or decreasing, respectively, the ratio of
t he hi gher VHF frequency power to | ower VHF frequency power. Thus, the

pedest al h0P%] and Thise UWEECrpotEr ceoatfol ke daw alifd exaaritrdoriyeol s t hat
foeCt th%ﬁjﬂ#%%%%ahqgmd-%%tiQHFggﬁ?ergdgﬁ&Jigéﬁg oé%gyrégdﬁ¥6127o can

npl oy both o hese “control s”si nul'taneo y 10 optimze
dimension for improving uniformity of plasma ion
distribution (or uniformity of etch rate distribution). By
raising the pedestal 218 toward the ceiling electrode 204,
the wafer-to-ceiling gap is decreased, which suppresses
plasma ion density near the center of the wafer and
promotes plasma ion density near the wafer edge.
Conversely, by lowering the pedestal 218 away 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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pl asma ion distribution uniformty. For exanple, an edge- high plasm
non-uni formty nmay be reduced by increasing the output power of the higher
VHF frequency generator 240, 17 which may tend to increase a center-high
peak in plasma ion distribution. This increase in the center-high peak may
be suppressed, without requiring further change in the VHF power
apportionnent, by raising the pedestal 218 to decrease the wafer-ceiling
gap until an optimmplasnma distribution is realized. This nay be useful
for process recipes calling for a low RF bias and a | ow chanber pressure,
in which case the center-high peak in plasma ion distribution is

particul arly pronounced. The control of both VHF frequency apporti onnent
together with control of the wafer-ceiling gap extends the range of

non- uni f omfiitch melatehHeteohhevédee 27Centewdpalll eweefk doumtlesaet iny. For a
severe cenf.er-high.nonuniformt for ex | e, the .caontroller 270 may cal
for both Sﬁﬁ&%g§§8nrn ?hésh?ﬁég?qs%e$%3gﬁgcﬁ&ﬁtgﬁﬂglﬁpegﬁgﬁc?a50§8r

appor ti onmeiorasseal, | washaut naegene! nyvaf ef o Idngggamn [tB@3¥HEThe vari abl e
wafer-to-ceiling gap affects where a particular VHF frequency (e.g., fl or
f2) has aP@sk PRPOAGACOREREr PPl Bahal 1Dt hfemidsp tdilst2i®p&Ci on. Therefore,

the controldcer:,2L0-68N. el LhE: 980, L QaoRIAN Z et b ahohoen afl | to produce

t
a predom nantly center- h non-uniform plasma ion density distribution and
t he choi celisftrfi2utdonpiedueel azpd eddhi amd y bed ges<fivgh fioan pawickesm pl asma

ion density .distri Etion JFor exanpl ¢ .gggac Q}rolle% 27Q sets t he

waf er - cei I557¢P§&p SRS L 6BEi AP Ze tﬁ% g@%ﬁ% of* 1 and" 2 ¥E 8 oduce t he

di fferent giersunrif OLA WyipAt tes@Stha@nceit®r-high peak in plasma ion
distribution is particularly pronounced. The control of
both VHF frequency apportionment together with control of
the wafer-ceiling gap extends the range of non-uniformity
that the controller 270 is capable of counteracting. For a
severe center-high nonuniformity, for example, the
controller 270 may call for both an increase in the higher-
versus-lower VHF frequency power apportionment as well as a
narrower wafer-ceiling 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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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-uniformties. 18 [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 plasma ion density distribution by neasuring and
controlling (changing) any one of the following so as to tend to reduce
that non- uniformty: (a) the ratio of RF voltages at the frequencies fl,
f2; (b) the ratio of RF currents at the frequencies fl, f2; or (c) the
ratio of RF power at the frequencies fl, f2. Such neasurenents may be nade
at the respective electrodes, for exanple, or another suitable |ocation.

[0037] In one alternate node, the controller 270 varies  plasma ion density
di stribut i[@93flt houFhReEEBEAPLEGE €hAME Mg TIROTEhFGH talnoﬁﬁéiﬁtcaéfloﬁomer anong

the h'ghe%rQﬁékhea gtE8T@P¥(£gblV%ﬁﬁggpegegfg&%ﬁ¥%%nt%@2cenQ%Eeﬂq hpl asma

ion density stri utlon changed by the controller by varying the
|npedanceswt@d@hehaehtepngnouﬁdrmetﬂrxmrpﬂdﬁﬂm pKHS@Wm@dtby the fl and f2
vari abl e b %% rs 252 d or exaqﬂ]e d%a endenc% of t he hi gher
frequency ﬁﬁOBo m?SSEFéggea% ce 8 o-PEliSPEes BN edge  peak
in plasm cﬁh%n%lft ¥ hei sbnubu&h@nsmsbeoIM@&&ectecHucedamraaa&w -by changi ng

t he i npedance presented to the fl power by the variable bandpass filter

252. Li keMsOTiRéY t dAdehk§ éﬁt%ﬁeofo%%rVQ#%ﬁﬁﬁhéyiCﬁ?ﬁfvﬁﬂuﬁﬁﬁéﬁsto create
an ~edge nAak (. SUPRLASS 3 CENLEM R POAK: LI Al ARTAHON ARNRY ooOirgl 11 DULT O

may be incréased or decreased by c angi ng t I npedance presented to the f2

power by tfite vari(abl €éhe ratio of RF power at the frequencies f1l, 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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bandpass filter 254. Such changes affect the apportionnment 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 19 directing nore of the fl power to the center ground return

path, the tendency 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

gener at or d24@rtpngovindes &F posef] pde ottherthgemendeor groeng. rethengener at or
242) not being used or el se bei elimn . The uniformty controller 270
changes tﬁ@tgplﬁgﬁat?ﬁﬂe?%ﬁi%fé{ﬁétqﬁ%ﬂﬁﬁg%&gfi€§Pﬁpﬁa 3ﬁghfﬁoggﬁdpass
filter 252.Serastb0aCeahtol-thhen i dpedanas iofh tike igeewadedr.et Byn path through
the ESC el ectrode 226. This apportions the ground return currents between
the cent edipgchiflr BAgA Of hENESE H@RT dde P26 SdRG OREUSAdESHEER t hr ough t he
side wall, 202. (A3 @e58§H§ﬁ1o%htﬁeff%%é¥fWH#.ﬁﬂ@ﬁd@%%&qub$fp%%9r,Y@r!eS the
cent er-hi gh ‘ahd center-Tow non-uniformties in plasm ion distribution (or
equi val entdrgaite etchdgatikigii gt sibikbuoidn tis aptargiazeduni ffor gemg. [ 0039]

Wiile only two VHE generatgis 240, 242 ar iIIus%raE% i% F'%h 1A, nore VHF
gener at or $358F ' b&E"ENHPBYEATLOF BTY FEEHC s FETeines FoESF feRaMBl e, a third
VHF apportionment for only one of the two freguencies fl, 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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generator may be enpl oyed having a frequency 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 |ower frequency generator 242 (60 MHz) produces an edge 20 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 inthe mnima in the plasma ion density radial distribution. [0040]
The reactor of FIG 1A may be used to reproduce plasnma process conditions
characteristic of a very low density bias-only plasnma conventionally
produced with a single HF (13.56 MHz) frequency source to both generate

pl asma ions and control the bias voltage on the wafer. This sinmulation may
be realizegeby. apml yidrgnicny ynaan deF imfpeoged ByMHz} rbdasipowertiiiodn t he
generator 264, and setting the output power ?f each of the two VHF

gener at or sV D4PLNSAL QT A, Ao F@v@FgﬁgFg.Feﬁ6e9@¥t5§aTcPE£9%ﬁﬁﬁsh t he

| ow pl asmapd 9ps dedsidon dasd retht eth@rdeagtaggaef fihisini sné hatnihe two
generators 240, 242 may be adjusted with very fine changes in output power

to maint ai fnptenwl aurd fiomridensaer radial dideripahgenof changi ng process

condi 11 onsy4 gy voul ¢, b AGt eval & thoa i ngl e,y (13 6, MiR), T equency

source. [O depicts a nodification’o e reactor o G 1A in

whi ch the posetfia \Hodaequsieyi tifod)s genenateris242 andai tesrymmieh 246 and
notch filter 250 are coupled to the ESC el ectrode 226 rather than the
cei ling el 88RFbEe PHIRCONLY HidsMEasENVERE 1PBAG BURBCTRERT W hEE P i s t hr ough

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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the ceiling electrode 204. Therefore, the f2 variable bandpass filter 254
is coupled to the ceiling electrode 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.

Li kewi se, a notch filter 253 tuned to block RF 21 current fromthe | ower VHF
frequency (f2) generator 242 nmay be connected to the fl bandpass filter

252. [0042] In one alternative node of the reactor of FIG 2, the VHF
frequencies fl and f2 applied to the top (ceiling electrode 204) and bottom
(ESC el ectrode 226) respectively are the sane frequency (fl =1f2). In this
case, the controller 270 varies radial distribution of ion density (or etch
rate) by varying the phase between the voltages gor currents) at the
ceiling el eetrode Doan gk tweEsAHke|fdaqsaeY2262) THENpRASRT betf HiedY t he

currents agetggnngg{é#nggghggtqugngghS@nqlﬁQgrE§géelectrode 226 may be

controll ed, for € reactance of the bandpass filters
252, 254. ADDQZhatIVBmyOnéfEﬂKﬂEﬁﬁtﬂnQIMmﬁe odnthel kedcabroné BEGbol h

enerators 240, 242. For exa e, |f_the reactance t he bandpass filters
Jen S5a “she VHE Crseotarit el ik o Atmatath Br Bhe bobntes [ hen |t he

phase angl e1bet wegn 16 RmEWdeiHs @fsd kaeeeirbbagrand rk @t@@éi_@des 204,
226 is zero. At a phase of 180 degrees, essentially all of the current

fl ows betwesf the saee | freawdnet r =02 )and Inh&hESCCab8ct Eblle 226,
generatlngcoﬁtggpigf Mgh, gl s1L1 8y ”dﬂ%t&&%@@?ohode§Bﬁ'&¥?$£ tch rate.

At a phase of zero degrees, essentia the current from

elther t he (oei étoly edect rioder 204 ray uHaaphase between the voltages
(or currents) at the ceiling electrode 204 and the ESC
electrode 226. The phase between the currents at the
ceiling electrode 204 and the ESC electrode 226 may be
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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ESC el ectrode 226 to the side wall 202, generating a center-I|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

anot her alternate node 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 22 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 wall 202. This apportions the ground return current between the center
pat h t hr ought thheel eeiusesy oreledster bgéng04landnahed si dehgathi fdnroiigh t he si de

wal | 202. As resug$y%this feaE%re f the. ontrgigfr 270 var.i.es the

a
center-hig%P%ﬁﬁP%%ﬁﬁ (%ﬁ%%gﬁﬁunl ofPmitigs'Ph % asna.?%%trll%%¥?bution (or

equi val enthy varetreh vrat & dissindidagisi an)teo 20pt a1 € tmi doitidly.tH0044] I n
yet another alternate node of the reactor of FIG 2, only one of the VHF
gener at or sife@ncoMly Hhife FOUNGeAEFHEBr P24D) ERF VT S REDOWETS t he ot her

generator 242-+ NQte BRING 456691 ;¢ Sachehbgsebi mbatedse ThesunifRrmty
controller 270 changes the plasma ion radial distribution by varying the f2

bandpass fidtigre 262 xxui)asinredeoiser oif the grapedanceunt paieh grioumwy et urn
pat h throug%bthe ESCJ%]gﬁﬂgpd 226, 2S§S Q% gecreases

relative t?ﬁg?fwaed) I"Mpe gﬁgeagigfkggé?gé%%n§%$urn %Elhr%hrough
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-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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the side wall 202. This apportions the ground return current between the
center path through the ESC el ectrode 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-uniformties in plasma ion distribution (or
equivalently in etch rate distribution) to optimze uniformty. 23 (0045]
FIGS. 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 either
generator nmay be selected to drive the inner electrode 204a | eaving the
other to drive the outer electrode 204b, it is preferred that the higher
VHF frequéR@¢ShenerBi®y - 2 ded cBupledd ato at RedithnertépBcPFfoli@® 204a and the

ower VHE LLeauepcy: gener al of, 242 & (GAURLED b0 L e BULEr o6k LT ode 204D,

in order toO enhance t t endency e highe requency to develop a
cent er - hi ghividaddistei badionl wnichrenhance cultert eadenoysofOtthe P odier

frequency to develop.a center-low ion djstribution. 046] FI.G 4 depicts a
nDdificatiEHanafﬁeg}%%E¥%ﬁa%ﬁy HBAEY F A 8Heb8PﬁLgﬁ§’V¢ﬁdgenerators 240,

242 drive thgarESC ¢l @e1vodle; 226 yide henaisowndthet HeRcbandpassafj I ters
252, 254 are coupled to the ceiling electrode 204. [0047] FIG 5 depicts a

modi fi cati 6A2ef Wheleeattlrr ofenquagon mavn bghisehechedt Wo fréftehtfes f1 and
‘;r; are bot %Qr %i‘%%{%é POLA T o0, pf %*{ VidEnRand,, Bot exafpl guell and 12
y be 54 an , respectively. This represents a

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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significant cost savings by elimnating the need for a high VHF frequency
gener ator having an out put frequency near 200 WMHz or over 150 MHz. In the
reactor of FIG 5, the missing high VHF frequency (e.g., 162 MHz), that
provi des 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 24 resonate at an odd harnmonic of fl, such as the
third harnonic. For exanple, if fl = 54 MHz, then the third harnonic
generated in the resonator 274 would be 162 MHZ. Production of the higher
harnonic is facilitated by the non-linear response of the plasnma in the
reactor chanber that functions as a frequency nultiplier in cooperation
with the resserator 2740 A8 Varigblie Bandpassueh|dertE2thixdtuned to the

third harngggﬁéég%fl ﬁ%%t%%%ﬁgg%nei?ffﬁhg EEfVBQFggﬁ§§ %Aefg@?%§he gener at or

240 i s conver ‘0 the Harmonic o n another alternate
node of t hieareactorgefeddt@d im, thrl yesneaobrt hed idbu bhénes at@2 MH4.. e., only

t he generator  240) provides RFE power, the other nerat or. 242 not being
used o el BEHT e i i B CPFie TGRPB A €5 EBRET LTS 270 thanges. e
pl asma i ompadi pledll tsddBIOND DY neabYbBEa thetht bandpassciddder 252 so as
to control the inpedance of the ground return path through the ceiling

el ectrode tRa4, fwrrtinas ias indreasescor ndéEiehtes el @@PReriiethe (fixed)

edance 914 g S g P Lo berpridenat G0 g s

ceiling el esttwted 28 the third harmonic of fl1 so that some of the RF
power at fl from the generator 240 is converted to the
third harmonic of f1l.
[0048] In another alternate mode of the reactor of FIG.
5, only one of the 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

25



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 rate distribution) to
optimze wuniformty. [0049] FIG 6 depicts a nodification of the reactor
enpl oyi ng si nul taneous high and | ow VHF frequencies but enploying only a
single | ow VHF frequency generator to achieve a great cost savings. The | ow
VHF generator 240 is 25 a variable frequency oscillator (VFO whose
frequency is varied by the controller 270 between a fundamental frequency
f and f + of, where O is a small deviation from f. The resonator 274 is
tuned to the third harnmonic, F = 3f, of the fundanental frequency f. By
changi ng the frequency of the generator 240, the proportion of the output
power of thevayeimra drradvendys osenvepted (BEPhewhede r or¢@wewIy i is

i ncreased or_decreased i _invers [0 tion to I ence between the
gener at or %?fflpeucf b% ftglqeué:n%élfrfoi&e%‘ Zggdgtg%‘éqégﬁn%aﬁ%ﬂ?%rﬁé%a:%uency f whose
third har mbnéguérscyt hfe argsdnanta ff,r etieercyfol st hesnesbnadorat 7. fridwe resul t

is that both frequencies, i.e ener at or outﬁithfre uency_f + of and

., .the
the harnmonfc TheqURIRAATOT /¢ é&uﬁp§gdt6°tﬁﬁepF%% PR Hei 1 rel ati ve
power | evebsearer Gomd rQld fehddt Maryeagehbé @ut@ytcfﬁéﬁgﬁe@cfyhe of the

generator 240. By decreasing the difference between the generator output
frequency ameludrecy uriddrentaginerfatequédfy fhet heoponerorobpldteto t he pl asma
at the third__ harnonic qu{eases whi. | e EE oyer at the fggdaﬂgntal, f,

decr eases, Oltl%lf’t:e@owe Cl’oeaSIhneg gter?éerggr? er - %ths n%% erted
third harmonic F is increased or decreased in inverse
proportion to the difference between the generator output
frequency f + Af and the fundamental frequency f whose
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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uniformty or decreasing the edge-high non-uniformty. Conversely, by
increasing the difference between the generator output frequency and the
fundanmental frequency f, the power coupled to the plasma at the third

har nmoni ¢ decreases while the power at the fundanental, f, increases,

t hereby increasing the edge-high non-uniformty or decreasing the
center-high non-uniformty. Therefore, plasma uniformty is regulated by
the controller 270 by varying the frequency of the VFO or generator 240.
The two variabl e bandpass filters 252, 254 have passbands centered 26 at,
respectively, the fundanental, f, and the third harnonic, F. [0050] In one
aspect, the interior chanber elenents are forned of a netal such as
aluminum In order to prevent or mnimze netal contam nation during plasm
processi ngati heespertfiacelsy ofthehd unsiealenchdnbér ehdnthesthhad can be exposed
to plasma,, such as t$e interior surface of the side wall 202 and the
exposed sup?ﬁ%%%l%T he pedestal 218, are coated with a filmof a
process-compasopl e nat efricalased) tde Yhtetaorf ohagkanpt eemdites faten may be a
pl asma-spray- coated yttria. Alternatively, bulk ceramc material such as
yttria myipenedmied t tdetiGi iF FetEE PRt er £Br OTeRANBRIPEPETRNtRE  For

exanpl e, t#a§?ﬁﬁiéér}%%0ﬂsﬁgtm \ﬁ%ztalonb%@gﬂg%ggg?ng pLates9md he sl de

exposed to pl asna. 02 may include a bonded ceram c cylinder
on the sideréxposedf ttthelmestrl, drartdee eillpgef2l9 thyti oghude expdoedied

o ot her wi 8 FLETToar it ek Tiat " ArE SPECEFPCar Foei SHTGi %11 e in the

sem conduchpNdak@nNGee exposed surfaces of the pedestal 218, are
coated with a film of a process-compatible material, such
as yttira, for example. The film may be a plasma-spray-
coated yttria. Alternatively, bulk ceramic material such
as yttria may be bonded to underlying metal interior
chamber elements. For example, the ceiling 204 may have a
bonded ceramic plate on the side exposed to plasma. The
sidewall 202 may include a bonded ceramic c¢ylinder 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 otherwise fabricated such that
their electrical resistivity is in the semiconducting range
(e.g., resistivity in the range 1078 to 10712 ohm*cm) to
provide a DC current 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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(e.g., resistivity in the range 108 to 10712 ohnfcn) to provide a DC
current return path for the ESC clanping voltage applied to the ESC

el ectrode 226. These chanber surfaces may be heated in order to mnimze
undesired deposition or accunulation of materials such as polyners, for
exanple, or cooled to mnimze or elimnate etching, or tenperature
control |l ed enpl oying both heating and cooling. The interior surfaces of the
chanber may be cleaned in a plasma etch process by enpl oying an appropriate
chem stry. For exanple, in a dry cleaning step, oxygen or oxygen-

contai ning, or chlorine or chlorine-containing gas may be 27 introduced into
the chanber and a plasma may generated wusing the VHF source power
generators 240, 242 and/or the bias power generators 262, 266. [0051] FIG
7 iIIustraﬁeSradpce@eSSt¢rmnecmhamnemamki@dpl@Qmaumhmggeheraea@tor of FIG

1. In block 300 of asim. source po apa |v I coupl ed

t hrough anUS&8ctPodé ﬁ%c%$???ﬁyg§w%&ﬁ%§9frgtOFWOQQ ffZﬁg F @ fgequenC|es fl
and f2 singkbangeustygenbeseofd 162 made higher range of the VHF band
(e.g., 162 Miz) and f2 is in _the | ower region of the VHF band (e.g., 50-60
MHz). In 15985 1302, FHA- i hdt Vi Hulal 2 Ghte PIQI6GAd tPELuFANpAEhCREL L ovi ded

through a Hnﬁsingd%rgﬁa}{e@gﬁ% ©rc cai | i ng) phetk gashoef pthe #1equencies

fl and f2, pr ov ass filters 252, 254 to ground as shown in
FIG 1. InRbemekmSOéomfc§lmbwér zﬂlaﬂgyauuamadw paupleg phoviidedant hr ough

t he side mall for ea the fre ci es oundi ng t he side
wal | 202 a§!&R6LA ?n% ing R W %HI %%) é%fﬁﬁga ngg%of thegfl center

return pat@rb%uenc1es fl1 and £2 51multaneously, where f1 is 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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relative to the inpedance of the fl edge return path to pronote
|l ow at the fl frequency to the center return path, by adjusting
ass filter 252. In block 308, the inpedance of the f2 edge return

adjusted relative to the inpedance of the f2 center return

path to

urrent flow at the f2 frequency to the side wall, by adjusting the
filter 254. In block 310, the uniformty controller 270 inproves
rmty of the radial plasma ion density distribution by selecting

f VHF power at the fl frequency to VHF power at the f2 frequency.
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density distribution by 28 decreasing the ratio of VHF power at the fl
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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 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 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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or is equivalent to etch rate radial distribution that can be nmeasured
across the surface of a wafer that has been processed by a plasma etch
process in the reactor. [0053] FIG 8 illustrates a process that can be
carried out using the reactor of FIG 2. In the step of block 318 of FIG
8, RF plasma source power is capacitively coupled through one el ectrode
(ceiling or wafer) at an upper VHF frequency fl (e.g., about 162 MHz) while
RF plasma source power is capacitively coupled through the counterel ectrode
(wafer or ceiling) at a | ower VHF frequency f2 (e.g., about 50-60 MHz). In
bl ock 320, a center return path is provided through the counterelectrode
for the frequency fl. In block 322, a center return path is provided
through the 29 electrode for the frequency f2. In the step of block 324, an
edge returalpettpdéwﬁnnﬂthdufnﬁqﬂgnmﬂ ﬁ2foﬁneabh efephef Plegkieheies fl and

f2. In th t f bl ock 3 d f fl { th
adjus?ed ?%ﬁa%&%o r?%ﬁf%é”i éﬁgﬁ hn% an O 526F8Fu%%n%3%% %Bugpoggte 'S

current flewgteddeed!ffraguency o twée sct@pt @lf bebukn3paf hthe by adj usting
the variabl e bandpass filter 252. In the step of block 328, the inpedance
of the f2 sfEedaeearal pdth ik cedjarstied sl Rethelforthest AperRirel W the f2

center Telbbn,palibdds PIOMBY & el Hl owalal fech2cbrgaUROLY Lo the st de

wal |, by a jUStIn e varia andpass |Iter e step of bl ock
330, the contreht ef 1@Vt npreoviels firkgiuencyf 6pnichy oénthe raduam Lpiids,rra ion

fo VHE pobr Gt 1 R 21 Sty s PRTERaten iy Bootarr| b8 OUF TE 1 oduce

center - hi gbrpbasem 328, densiinpadissidd kit it BY side 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 variable bandpass filter 254.
In the step of block 330, the 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. This step may be carried out to
reduce center-high plasma ion density distribution by
decreasing the ratio of VHF power at the fl frequency
relative to VHF power at the f2 frequency (block 332).
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 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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decreasing the ratio of VHF power at the fl frequency relative to VHF power
at the f2 frequency (block 332). This step nay be carried out to reduce
edge-high plasna ion density distribution nonuniformty 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 inprove wuniformty by adjusting 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-uni formty or (b) channel nore current toward the center to suppress an
edge- hi gh non-uniformty (block 336 of FIG 8). 30 [0054] FIG 9

il lustratef0854}ocesBIGhat ddiBeaadasr re@ro6a86Sushay tae Peacd®fidst FIG 3A

0 Lhe brogess,ofuFl Gie q o PlasT sousee pauer. ! Brougbsag: | pner celling

el ectrode at an upper requency fl pl asnma source power 1S

capaci tiveby rbuplethd hougie gowett ehroeghi ag ieheet cotleiag | ower VHF

frequency %f%éblock 338 of FIG 9). _In bIockf$40 a.center return path is
I

provi ded t gRodner t vt etPRGr e frediaendy fE1 RByPpRove dF At the bandpass

filter 252,50upl 8d-40, G OURdy IdbUY10eK t348ugh GBNbEEcFELHINDiR@th through
the wafer 1s provided for the frequency f2 by grOV|d|ng t he bandpass filter

254 coupl edlectyedmmal Iawen|\Gtk Japushcyl & 9blarkedgd pettFm- pAth through

(e Shoe, bha0e 18T, Rel e g pmaEln o9 ELoood L2 ogueii e the

of the fl vefAterfoetthe Paddudrsey f1 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. 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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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 block 348, the

i npedance of the f2 edge return path is adjusted relative to the inpedance
of the f2 center return path to pronote |larger current flow at the f2
frequency to the side wall, by adjusting the reactance of the bandpass
filter 254. In block 350, the controller 270 inproves the uniformty 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 plasnma ion density distribution by decreasing the ratio of VHF
power at theequernareqldmek Béllati vert otVHE posrnay khecdr 3 feudgiency

(bl ock 352}e%u%% CB%etl g%pﬁqg%mgelgargegg Ut 410 1§ Lgltu][enedge hi gh pl asma

ion density ofuni f or m ecreasing the ratio of VHF power

at the f2n<51ﬁL&Q]LlBﬂ@f}&‘d’§B|b@t idee rie@ sYig pbwefaaiotdsne Wmeps@mnermty tHebl ock 354).
Al ternatively in addition to the step of block 350, the controller 270
may i mpr ove? ulﬁi@fcﬁ%erﬁctyy rsrlatiives kg VoA H@H%Fti'rtdf—}%? rFbut i Y et ch rate

di stributigme,an 4918 Waqurr)er%tq%q%tl BY the dapedances afe thecenter and

edge return pat hs of ‘either or both fl and f2 to either: (a) channel nore
current towerak tHe edde |q®r@rr@érletro27§uppyes@p90‘c@nmrexﬁ¢mr‘glht§nmﬁ uniformty

or (D) shannela s, SIS L QRIS LheCRULCL,LP, FUPBLERS, AL A oh, o

can be carémethe wafer) by adjusting the impedances of the center and
edge return paths of either or both fl 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 356 of FIG. 9).
[0055] FIG. 10 illustrates a process that can be carried
out in the reactor of FIG. 2 by setting the two VHF
frequencies f1 and f2 of FIG. 2 equal to one another (or at
least nearly equal to one another). The bandpass filters
252, 254 are used in this case as variable reactances that
can control or vary the phase between the VHF voltages {(or
currents) at the ceiling and wafer. 1In the step of block
358 of FIG. 10, RF plasma source power is capacitively
coupled through one electrode (ceiling or wafer) at a VHF
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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out in the reactor of FIG 2 by setting the two VHF frequencies fl and f2
of FIG 2 equal to one another (or at |east nearly equal to one another).
The bandpass filters 252, 254 are used in this case as vari abl e reactances
that can control or vary the phase between the VHF voltages (or currents)
at the ceiling and wafer. In the step of block 358 of FIG 10, RF plasna
source power is capacitively coupled through one electrode (ceiling or
wafer) at a VHF frequency while capacitively coupling RF plasm source
power through the counterel ectrode (wafer or ceiling) at the sane VHF
frequency. In block 360, a control elenent such as a variable reactance
(e.g., the variable bandpass filter 252) is provided at the

counterel ectrode 226 of FIG 2 for controlling phase. In block 362, a
control el epphiolkinh v se varirabihe &gt fhcklpekg364t hanvadyabl e bandpass

filter 254) | rovi,de ) I f 32: 60N | 4 p e. In
the step o%eEﬁgﬁﬁg%gg,ﬂ%ﬁ%géggkgig@tﬁﬁgggﬁgﬁﬁsgé?o%f%gd&%gig%g%hd?ﬂz t he
side wal |l 202.step dheolsddp 3F6,bltoek 3G roflhercandr ohpesv@7Othapr oves t he

uniformty of the radial plas ion density distribution b controlling the
phase. di ff BFGFRETHEY vkt The: AR I GHecHEs (OBt SRS 6 eBLF bELARtPE HY

count er el egbrefs1 1l St1sd g dBY 4 ie Lancede@UbehOtheduge aueeahes - hi gh
pl asma ion density distribution by noving the phase difference toward 180

degrees (bRbckn86TlVFLIAG aAB) LG cauméesEdfCoroBFockTBES Shealy MRV carri ed

out Lo | sdHiecgn: RAGRIL A AR {00 EBstn oL S L gndeaY for T 0

process thdistaybbei @arsy etbving the phase difference toward 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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out using the reactor of FIG 5. In block 370 of FIG 11, RF plasma source
power at two simlar VHF frequencies fl and f2, both in the | ower region of
the VHF band, to an electrode (204 of FIG 5) and to a counterel ectrode
(226 of FIG 5), respectively. This represents a significant cost savings
by elimnating 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) harnonic of fl, and lies in the higher region of the VHF
band, so as to produce VHF power at the odd (e.g., third) harnonic (e.g.,
162 MHz). In block 374, an individual center return path is provided

t hrough the counter electrode (266 of FIG 5% for the third harnonic of fl,
for exanpPeeBydigrovilg hgndipe sbafidpass £rfter252lo¢h bibclken FEIE an

i ndi vi dual er_return I |.ded r 204 for the
VHF freque%%tgj.%rb,paftglr Liesx W%nggé %g%lrjggl Ei%l%gg%l(%% %%iirlgp%slg%jl Fatqlgir 254. In
bl ock 378, fan tgdgedd étautmondat bfi $1prbyi deduthdtoygthd hei s dea Mal (2020r f2 and

for the odd_harnonic of_ fl, by groundj h ide wall (202 of FIG 5). In
the step d?fH?%%kE§80,]¥h§h€oﬁF%BIPérbggG£ g%?us?%etqﬁp'ﬂ%ﬁﬁﬁhé@ﬁbf the f
harmoni ¢ ceq et 4 ety N Rl nckebat kve €0 hhenbApedadces of rdderd lpdtar moni ¢
edge return ~path to pronote current flow at the fl harnmonic to the center

return patheldnivrjtupsttingg itipedeaget adcehef £ hkarpamdpasddd i7aterm52. In the

sLeb, o DLogl o e AL ICROLUELE LABARAAp Sy the 12 cdae

pronot e cutéeeidr fdeowrat pahe,f Byf pequentygt ohé heesttdence of the
bandpass filter 252. 1In the step of block 382, 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 fregquency to the side
wall, by adjusting the reactance of the bandpass filter
254. The controller 270 improves the uniformity of the
radial plasma ion density distribution by selecting a ratio
of VHF power between the fl and f2 generators to control
the ratio between the fl harmonic power and f2 power
coupled to the plasma {block 384). This step may be
carried out to reduce a center-high plasma ion density
distribution by decreasing the ratio of VHF power generated
at the fl frequency relative to VHF power at the £f2
freguency (block 386). 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 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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wal I, by adjusting the reactance of the bandpass filter 254. The controller
270 inproves the uniformty of the radial plasma 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 (block 384). This step may be carried out to reduce a
center-high plasnma ion density distribution by decreasing the ratio of VHF
power generated at the fl frequency relative to VHF power at the f2
frequency (block 386). O, this step nmay be carried out to reduce edge-high
pl asma ion density distribution nonuniformty by decreasing the ratio of
VHF power at the f2 frequency relative to VHF power generated at the fl
frequency (block 388 of FIG 11). Alternatively or in addition to the step
of bl ock 38dth¢he Contcloddrerl 200 qrenpr riempr dewaudi £benttgeofnpbade® i on

density distributi b justing the i d f t d ed
roturn’ palRs GRrThel G HTT 19 ARG LG NAPRORI G- of 1 CLBISH ai ther - (a)

channel nDRErEUEELRént OMRILkd hhedga ter @ldelipptk@sSUPPr e8§eanh gt er - hi gh
non-uniformty or (b) channel nore current toward the center to suppress an

edge- hi gh naBnuhf¢BRHY y(RINDEIBHI0). [0057] FIG 12 illustrates a process
that can b i ed t 4 ifi.cati.o e C . 571 n which
R T

the |ocations of ter generator and natch
242, 246 avetexchangedifsmtimt dbtthe frrequiemcbésFLG, H2idrwhich heheeil i ng

GE frequeErBERE Sha TS o it tHeouary 5 o ierott Foette .\
generator and match 242, 246 are exchanged, so 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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the ceiling electrode 204 of FIG 5). At block 394, a resonator (274 of

FIG 5) is coupled the el ectrode 204, the resonator having a resonant
frequency which is an odd harnonic of fl, so as to produce VHF power at the
odd harnonic. This frequency up-conversion is facilitated by the
non-1|inear response of the plasma that provides a frequency-nultiplying
effect. In block 396 of FIG 12, an individual center return path is

provi ded through a counter electrode (226 of FIG 5) for the harnonic of

fl, by providing the bandpass filter 252 coupled to ground. In block 398
of FIG 12, an individual center ground return path is provided through the
counterel ectrode for the VHF frequency f2 by providing the bandpass filter
254 of FIG 5 coupled to ground. In block 400, edge return paths are

provi ded tHreugh hdwnaiige dugthorthie2 cgpderheeha¥ rokd Eh of Y 1, by groundi ng

t he side L1 20 f, Fl I . , Eh ontroller justs the
i rrpedancem%fljlﬁtel%}qo t}hea%r%%pc?Sc%e%{lg?lérreégrgno%)a ﬁgiei% ati %/Iﬁ kf%g%?jdl#rpedance
of the floharmeni @ edge reintmvlpatrh 20 poguste ther enpeddove atf 35 he fl

harnoni ¢ through the center return path, b adj usting the bandpass filter
252 of FI 25299 159tk Apfh c?felr@FGQ’eléP Fﬁ% B ?3%??%057@‘%%&5 the

i npedance ofnthe 42,8098 drety BrRabher elatbMe E0of hee i ipedance of the f2
center return path to pronote current flow at the f2 frequency to the side

wal |, by afifestémgy tthe theactigieceadfl, bheaBandparss theteeadbaned (1 G 5. In
bl ock 406, .t he . contsolder. 57 5i4”%rf°‘é‘%c;t.h%.9”&£%w PhetheLadial plasma
ion density di 231Ut on y sel’ecting a‘ratio of powet etween the fl
and f2 genesat os5140 TONtin@rdvee that iudiformity 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 fl1 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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between the fl harnonic 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 harnonic relative to VHF power
at the f2 frequency (block 408). O, this step may be carried out to
reduce 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 harnmonic (block 410). Alternatively or in addition to the process
at block 408, the controller 270 may inprove uniformty by adjusting the

i npedances of the center and edge return paths of either or both the fl
harnonic and f2, to either: (a) channel nore current toward the edge in
order to suppress a center-high non-uniformty or (b) channel nore current
toward theresrtars tde ssupprespraviedgéyhhghenon- Imilova t414 biodkd 12 of

FIG 12). 0 FIG 13 illustrates.a process carrie out in
t he react oi of FIRG 2 %62 ﬁé}uﬁﬁeoﬁ’loyeé $Fn f‘%aTbFI\bYe%FCO%FQ t?Pcrfugqg‘nerator
(between aboutl &-6ieM). ot.0 real czelihbecfanetdbnatas yot MG reguires two
generators in the 36 reactors descri bed FEVIOUS|% herein. In block 414 of

FIG 13, Romlasid isbired fsanencys VEApaeRer¥ePy ebuptat thrbugh an
el ectrode {6 9 en gheracﬁ%'el 't'?]%tellﬁgtlﬁggg 208y Q83 2 B)10dd0Nier vari abl e

frequency VHF generator 240 having a frequency range that includes a
fundanent afrépwercWHE  fimedplerdy 46,1 B bbeckadds, 28l resonatmre7 i s coupl ed
to the el ctr de 204 onat or gvin r esonant quency F which is

an odd har IS @&ﬁda ﬁt&FSOP? 8Eeﬁ%Vl?g %or%%oQ%'groduce VHF power

at the Oddfrequency 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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harmoni ¢, using the plasma in the chanber as a non-linear mxing elenent.
In block 418, an individual 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 the bandpass filter 252 coupled to ground. In
bl ock 420, an individual center return path is provided through the
counterel ectrode (226 of FIG 6) for the fundanental VHF frequency f, by
provi di ng 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 inpedance of the F center return path relative
to the inpedance of the F edge return path to pronote current flow at F to
the cent erumietanmi that fpy lbpnadicddtnggthheryai o abf evibampassatfildaer 252, In

bl ock 426, the controller 270 dj us t he i npedance of. t f edge return
path rel atr?‘?faere)t ot%et r‘lfgmidﬁ'ﬂlgaéﬁée%okot &EFfpgxg%{ et r %m%mpcaﬁﬁ' t oT%plr%ormt e
current flowatcdpa ifsheieayereyittolthagstde pabportbyon aslf ustwarg ddhe vari abl e

bandpass filter 254. In block 428, the controller 270 inprove plasma ion
density di QM BHIDE IR dnitPofmi t yRIByPEBRPF b PR nbS t RN Y ER I G DPWHFE power at

(or neal’)Ccl;rhﬁfc]cll{rim{ﬁtealdifffte?e}'@g BeVRL AL tharyDpf &ofe Jhighte 1S

acconpl i shed by controlling the proportion of power up- converted fromf to
F. This proportdaroy iof ¢owet VolFl génbyatoongndl thegtumheardiifalr ence bet ween t he
ator_and the fundanent al

¥ariab|e Qﬁ&?“ﬁay%{?gue %ytg% égs VHE gege urt frequern approaches

requency f- e 'denerator pat “Prequency apptoaches P oser to the

f undanent al1oddre Hy apes tiveiaaiknYHE, pewer 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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produced by the variable frequency generator 240 converted to the (third)
harnoni ¢ F i ncreases, for exanple. The maxinmumratio VHF power at F to VHF
power at f is attained when the generator frequency equals the fundanental
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). O, the step
of block 428 may be <carried out to reduce an edge-hi gh plasma ion density
di stribution nonuniformty 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 nmay i nprove
uniformty by adjusting the inpedances of the center and edge return paths
of either psobotitHowndrf dheaﬂrbheati¢a¢huhanneThh®rﬁeatumeeﬁnauhmmard t he

edge in order to suppress C r-hi non- un channel nore
cu?rent to ?(Y%qﬁ¥ p @%@ % %Srés ©4H Baﬁ%rﬁ?g # Brifl ¢y by

adj usting éﬂﬂﬁnﬂeersrl%(‘ctﬂ Q%ud%%s fbirl tRESeROZy 2654 c}ﬁé)ﬁ)&@ﬂ The use of an
el ectrostatic chuck 218 facilitates high rates of heat transfer to or from

the waf er PRESSWRS dthaser HRENIEAT) 1ehanbernpF a3 ur &M viliet &'ifeat transfer
Is 38 pogr wiihoyt an elgct st ai ‘E EQHCEroJQJ:é f%ﬁ%” &detr@b‘}eef}s the vacuum

punp 228 to e a very powerful tur to run reci calling
for extremﬁighlgWMSMBamhﬂTcﬁmxﬁyiu@es eTbeseloeatuoesoAlh rmnﬂﬂanabion with the

VHF power sources 240, 242 tha .can duce very low to ver hi gh pl asna
i on densi tPERVYE & nofsg Cta(?af(} $1Yi 8%5 ge) ?harﬁl?%%%e%s%?/e indg%ility of
|0“’ChanbeﬁTpféﬁﬁ%AHGI{ﬂdhtﬂvésma 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

39



ml range), high plasnma ion density (in the 10710 to 10711 ion/cc range) at
hi gh bias or high heat | oad while naintaining conplete control of wafer
tenperature and plasna 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

pl asma i mrersion ion inplantation processes that inpose high heat | oad
while requiring low chanber pressure and high plasm ion density. However,
these reactors are capable of perform ng across a wide range of chanber
pressure (ml to Torr), a wi de range of wafer heat |oad and a w de range of
pl asma ion density (e.g., 1079 to 10711 ions/cc). Therefore, the reactors
of FIGS. 1-6 nay al so be enployed in carrying out other processes at
ei t her hi ghcope| ove chahberngrigss wepend hatreoéi t hedeheghined|low phasma i on
density, SUﬁh.aS fgagng lenhanced chem cal vapor deposition (PECVD), plasm
enhanced physTeat’'Yapot! deposition (PEPVD), plasma doping and pl asma
enhanced materials nodification. [0060] Wile the foregoing is directed to
enbodi nents of the invention, other and further enbodi nents of the
invention may be devised wi thout departing fromthe basic 39 scope thereof,
and the scope thereof is determned by the clains that follow 40 Wat is
claimed is: 1. A nethod of processing a workpiece in a plasma reactor
chanber having at least a ceiling electrode and a workpiece support

el ectrode, conpri sing:
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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 electrode and the workpiece
support electrode for the frequency fl; providing a variable hei ght edge
ground annul ar el ement and providing a ground return path through said edge
ground annul ar elenent for the frequency fl; and controlling the distance
bet ween said vari abl e hei ght edge ground annul ar el emrent and one of: (a)

hei ght of ceiling electrode or (b) height of workpiece support el ectrode
so as to control the uniformty of the radial plasma ion density
distribution. 2. The nethod of Claiml further conprising: adjusting the

i npedance of the center ground return path corresponding to the frequency
fl so as tW®hat ricr edsdmed déérease the tendency of the RF power at fl to
produce a center-high non-uniformty in plasma ion density distribution. 3.
The nmethod of Caiml further conprising: coupling RF power at a second VHF
frequency f2 td. theé pleasmal wifapabckeashgoaewofkphecel octa qdlessmef t he

chanber; 41 providing. a center ground return th for RF current passing
directly bet %ﬂthﬂéﬁ9§q %ﬁﬁlgﬁeEFr&ﬁésﬁnﬂ c?ﬁ l%%r%iﬁ%e Oéﬁj t* el ectrode

for the freauened Zudd tPravicdirdged gb@gﬁﬂsm@urn path through said edge
ground annul ar elenment for the frequency f2. 4. The nmethod of Claim3
further conprising: coupling RF power at a first VHF frequency 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 fl;
providing a variable height edge ground annular
element and providing a ground return path through said
edge ground annular element for the frequency fl; and
controlling the distance between said variable
height edge ground annular element and one of: (a) height
of ceiling electrode or (b) height of workpiece support

electrode so as to control the uniformity of the radial

plasma ion density distribution.

2. The method of Claim 1 further comprising:
adjusting the impedance of the center ground
return path corresponding to the frequency f1l 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.

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;
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adjusting a ratio of an RF paraneter at the fl frequency to the RF
paraneter at the f2 frequency so as to control plasna ion density
distribution, said RF paranmeter being one of: (a) RF power, (b) RF voltage,
(c) RF current. 5. The nethod of Claim3 wherein fl is greater than about
110 MHz and f2 is |less than about 90 MHz. 6. The nethod of C aim4 wherein
said adjusting conprises: 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. 7. The nethod
of Claim4 wherein said adjusting conprises: reducing an edge-high plasm
ion density distribution nonuniformty by decreasing the ratio of the RF
paranmeter at the f2 frequency relative to the RF paraneter at the fl
frequency. 8. The neirwed dihgCaaicendetugtbend cospuisipwgth #ZX &df usting the
i npedance of the center graqund &e%urn gﬁth corresponding to the frequency

fl so as tOPLEHYr ERSS 109 edresdd PREVEBRJERR DT 1THE RFE &% to

produce a gent &y iGh N0ty rbAe PEGSNBRA OPr d@nsidy sl sidd bution. 9.
The nmethod of Claim4 further conprising: adjusting the inpedance of the
center ground retumrqyatdingoer gspondi ngtvontbetlf rdeirdy fREEde to
i ncrease or_decrease .the tendency of the_ RF power f2 to produce a
cent or | ov/BIS GUGETGH . ROt oFi E0o) A pPaehey £+
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 ion density distribution, sald RF parameter

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

5. The method of Claim 3 wherein fl is greater than

about 110 MHz and f2 is less than about 90 MHz.

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 f1 frequency relative to The RF parameter at the f2

frequency.

7. The method of Claim 4 wherein said adjusting
comprises:
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 fl1 frequency.

8. The method of Claim 4 further comprising:
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ion density distribution. 10. The nethod of Caim4 further conprising:

adj usting the inpedance of at |east one of the center ground return paths
so as to control plasma ion density distribution. 11. The nmethod of C aim
10 wherein said adjusting the inpedance is performed so as to increase the
current in the edge ground return path to suppress a center-high non-
uniformty. 12. The nethod of C aim 10 wherein said adjusting the inpedance
is perforned so as to increase the current in the center ground return path
to suppress an edge-high non- uniformty. 43 13. The nethod of Claim3
wherein the RF power sources are one of: (a) continuous, (b) pulsed, (c)

si mul t aneous, (d) sequential. 14. A nethod of processing a workpiece on a
wor kpi ece support in a plasna reactor chanber having at least a ceiling

el ectrode, a morkpléﬁ@t§ﬁp@®r¢hélé@Pﬁdéécan@fath%oﬁﬁmt#Ieﬂﬂ%ﬁ@%p bet ween t he

ceiling el fgé\&%}_'%af%d dd16 e n‘&%%c‘%os'ERBOEEeﬁ % ﬂf‘ gopprising: coupling

RF power requency a plasnma i nber®via at |east one
of the el ei:rﬁdfmlme afr derercchs@anhér; tphdendiyngf atlge ommcbaswaémrat pet td or the
frequency substantial ly confining_the Qlasna within an axially

symret r i cal?r‘b‘?il S JreodEssiig é@l“oH“waHi“h ¥aid PEOHE? of Pasigdp by
provi di ng general s around a periphery

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.

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.

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.

12. The method of Claim 10 wherein said adjusting the
impedance is performed so as to increase the current in the
center ground return path to suppress an edge-high non-

uniformity.
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of the workpiece support an annul ar confi nenent el ement conprising one of:
(a) aring, (b) a cylinder; and selecting the size of the gap between the
ceiling electrode and workpi ece support electrode so as to control the
uniformty of the radial plasma ion density distribution. 15. The nethod of
Claim 14 further conprising defining a restricted passage between a

peri pheral edge of the annular confinenent elenment and a side wall of the
chanmber. 44

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

simultaneous, (d) sequential.

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 support 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
f1;

substantially confining the plasma within an
axially symmetrical plasma processing region within said
controllable gap by providing generally around a periphery
of the workpiece support an annular confinement element
comprising one of: (a) a ring, (b) a cylinder; 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.

15. The method of Claim 14 further comprising
defining a restricted passage between a peripheral edge of
the annular confinement element and a side wall of the

chamber.
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