| MPROVI NG PLASVA PROCESS UNI FORM TY ACRCSS A WAFER BY APPORTI ONI NG POVER
AMONG PLURAL VHF SOURCES CROSS- REFERENCE TO RELATED APPLI CATIONS [001] This
application clains priority of both U S. Provisional Application Serial No.
60/ 898, 632, filed January 30, 2007 and U.S. Utility Application Serial No.
11/ 733,764, filed April 11, 2007. BACKGROUND [002] Enbodinents of the
present invention concern a capacitively coupled plasma source for
processing a workpiece such as a sem conductor wafer. A capacitively
coupl ed plasnma source conprises a ceiling electrode that is driven at a
very high frequency (VHF) frequency over 110 M1z which can produce a high
density plasma at a relatively |ow voltage. A capacitively coupled plasm
source can further produce a |ow el ectrode potential for |ow el ectrode
erosion, and permts the ion energy at the wafer surface to be limted to a
| ow I evel if desired, while operating over a w de range of plasm density
(very lowto very high plasnma ion density). One probleminherent in such a
plasma 1 source is that the ceiling electrode exhibits radial transm ssion
line effects and | oading due to the effective dielectric constant of the

pl asma. For exmprovINGt PAASMA MROCESS NRIFORMITY]ACSROSS RAWAFERQBY i s about

20 inches, which hspORTIORTINE CedWEX AMoNGiruvRires vaF tbercesl i ng el ectrode
(about 15 inches). Therefore, the RF field varies significantly across the

surface of the ceiling electrode, giving rise to process non-uniformties
at the wafer surface. For a plasma with an effective dielectric

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims priority of both U.S.
Provisional Application Serial No. 60/898,632, filed
January 30, 2007 and U.S. Utility Application Serial No.
11/733,764, filed April 11, 2007.

BACKGROUND
[002] Embodiments of the present invention concern a
capacitively coupled plasma source for processing a
workpiece such as a semiconductor wafer. A capacitively
coupled plasma source comprises a ceiling electrode that is
driven at a very high frequency (VHF) frequency over 110
MHz which can produce a high density plasma at a relatively
low voltage. A capacitively coupled plasma source can
further produce a low electrode potential for low electrode
erosion, and permits the lon 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



constant greater than 1, the effective wavelength is reduced to | ess than
the ceiling electrode dianeter, worsening the non-uniformty of the RF
field, making processing non-uniformties across the wafer surface worse.
For an etch process, this nmay produce a non-uniformedge |ow etch rate

di stribution across the wafer surface. [0031 Various approaches are enpl oyed
to reduce such wundesirable effects. I n one approach, magnetic steering may
be enployed to alter the plasna ion distribution, e.g., to reduce its
center-high non-uniformty to produce a sonewhat flatter distribution. One
problemw th this approach is that a center-high non-uniformty of the
source nmay be beyond the corrective capability of magnetic steering.

Anot her problemw th this approach can be electrical charging danage of the
wor kpi ece &iukheimaQMeti¢hefbax1degsé1yct50d@xﬁXﬁxﬁitﬂrr%ﬂﬁﬂher approach
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const ant afedtheds dam@utthérebyheeMUC|ﬂgetaéormwlmhﬂfRﬁrﬁHQﬂbe the RF

field. Thg}hi h bi,as volta% required hn OXId q;qﬂﬂﬂ]a process

recipes is %ﬁ#ﬁﬁnﬁ%ﬂﬂ%ghcﬁﬁ ﬁH Fefter a%%?g%%% Wevers q#ﬂah pl asnma

bi as voltage-dtsrd¥d, giving rise to process non-uniformities at the
wafer surface. For a plasma with an effective dielectric
constant greater than 1, the effective wavelength is
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. 1In 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 1is 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-



desirable in sonme other types of plasma processes. The worst

non-uni formties appear in processes enploying the |owest plasna bias

vol tage. [004] Such approaches are conplicated 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)

vol tage. For exanple, increasing chanber pressure produces a | ess center
high and a nore center |ow plasma ion distribution, while decreasing the
chanber pressure produces a nore center high distribution. Oher changes in
pl asma distribution are caused by source power (plasma density), gas

chem stry, electronegativity of the gas m xture, punping rate, gas flow
rate and ot her paraneters dictated by the process recipe. SUWARY OF THE
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non-uni form plasma ion distribution. The nethod further includes adjusting
a ratio ofRBNfIRA dar et &gkt PipKevPLtRrgRqhRAE) ed theS T putidifeter at the

F2 frequency.15q1 Asd @ oUUO0l Rl BETR; LOPHENSI L Ve Al SLH 1 Oy die RF
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.

[o04] 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 electrodes including at
least a ceiling electrode and a workpiece support
electrode. The method includes coupling respective RF

power sources of respective VHF frequencies fl and f2 to



par anmeter being any one of RF power, RF voltage or RF current. [006] In one
enbodi nent, fl is greater than about 110 MHz and f2 is |ess than about 90
MHz. In a related enbodinment, the adjusting includes reducing a center-high
pl asma ion density distribution by decreasing the ratio of the RF paraneter
at the fl frequency relative to the RF paraneter at the f2 frequency. In
another related enbodinent, the adjusting includes reducing an edge- hi gh

pl asma ion density distribution nonuniformty by decreasing the ratio of
the RF paraneter at the f2 frequency relative to the RF paraneter at the fl
frequency. [007] In one enbodi nent, the method further includes providing
respective center ground return paths for RF current passing directly
between the ceiling electrode and the workpi ece support electrode for the
frequenci ed thkrand) faspéenﬁmésoneﬂubﬁnuhd(ﬁh@ytandedgergdbmnd return pat h
for each of the frquen0|es fl | n anaqt her enhodi.men met hod

further i FOFE@8sCRA;j 65t FRg Ehect é%ﬁﬂuﬂpqﬁe et5%é& FCéFBGEH P& ﬁrn pat h

CorreSpon(%'on?)rB@uEQeafE@ﬁl’e‘@iﬁch{lc{lﬂl né-86i fdrnd RARease ieh decrease the
tendency of the RF power 4 at produce a center-high non-uniformty in

pl asma |omlSdémbutyOdl@D@l6&ti®nsuffmﬁﬂeﬂﬁi%1H%Wﬁﬁepr@ﬁﬁ€élﬁent t he met hod
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corresponé) requency f SO as ncrease or decrease t
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non- unlfor%gt%llgrggggggylgg dgnSItgéégﬁgggrb%kl%%e f2 frequency so
as to control plasma ion density distribution, the RF
parameter being any one of RF power, RF voltage or RF
current.
[006] In one embodiment, fl is greater than about 110
MHz and f2 is less than about 90 MHz. In a related
embodiment, the adjusting includes reducing a center-high
plasma ion density distribution by decreasing the ratio of
the RF parameter at the fl1 frequency relative to the RF
parameter at the f2 frequency. In another related
embodiment, the adjusting includes reducing an edge-high
plasma ilon density distribution nonuniformity by decreasing
the ratio of the RF parameter at the f2 frequency relative
to the RF parameter at the fl1 frequency.
[007] In one embodiment, the method further includes
providing respective center ground return paths for RF
current passing directly between the ceiling electrode and
the workpiece support electrode for the frequencies fl and
f2 elements, and providing an edge ground return path for
each of the frequencies fl and f2. 1In another embodiment,
the method further includes adjusting the impedance of the

center ground return path cocrresponding to the frequency fl

so as to increase or decrease the tendency of the RF power



BRI EF DESCRI PTI ON OF THE DRAW NGS [009] So that the manner in which the
above recited enbodinents of the invention are attained and can be

understood in detail, a nore particular description of the invention,
briefly sumrmari zed above, may be had by reference to the enbodi nents

t hereof which are illustrated in the appended drawings. It is to be noted,
however, that the appended drawings illustrate only typical enbodi nents of
this invention and are therefore not to be considered limting of its
scope, for the invention nay admt to other equally effective enbodi nents.
[0010] FIG IAillustrates a plasma reactor having multiple VHF source

power frequencies applied to a ceiling electrode. [0011]] FIG 1S depicts
el ements of a variable reactance or bandpass filter controlling the
|npedanceénfféntRFprgd@gﬁdar@@Gtﬁrpﬁﬁwh|RPQ1R9hﬁ§£ﬂﬂéﬂ df PLESTRALCR0012]
FIG 2 |Ikystr§te st? reactor having different VHF frequencies
applied to Sﬁd d] é ec Proaes 5 [0013] FIGS. 3A and 3B illustrate a

pl asma regmto®] Wit hindif Ferener VERbdd prencites applhiced it luespect | ve
concentric electrodes. [0014] FIG 4 illustrates a pl asna rea% or with

di f ferent agHESEASGuEREI dBPSERNFRACT othhiet TrltHodd ¥ tedde™ PROB15] FIG 5

i I'lustrates, abasm@nbeast @heWe bbb ¥R YHR SOWLa pPawrirdisequencies, in
whi ch the high VHF sodrce power ?requency is produced using a | ow VHF

frequencyckgeweﬁatcheahdndenthdfhébﬂD&Fdxwégbﬁﬁldﬁ JOPEEHUFRG2 6
|||ustrates %e@ SRR o&eag grhlgﬁhngnsﬁﬁg%gkmlty in plasma ion

density distribution.

BRIEF DESCRIPTION OF THE DRAWINGS
[009] So that the manner in which the above recited
empodiments of the invention are attained and can be
understood in detail, a more particular description of the
invention, briefly summarized above, may be had by
reference to the embodiments thereof which are illustrated
in the appended drawings. It is to be noted, however, that
the appended drawings illustrate only typical embodiments
of this invention and are therefore not to be considered
limiting of its scope, for the invention may admit to other
equally effective embodiments.
[0010] FIG. 1A illustrates a plasma reactor having
multiple VHF source power frequencies applied to a ceiling
electrode.
[0011] FIG. 1B depicts elements of a variable reactance
or bandpass filter controlling the impedance of an RF
ground return path in the reactor of FIG. 1A.
[0012] FIG. 2 illustrates a plasma reactor having

different VHF frequencies applied to opposing electrodes.



VHF vari abl e frequency generator in the |low portion (e.g., 50-60 MHz) of
the VHF band with a third harnonic resonator to produce a VHF frequency
conponent in the high portion (e.g., over 100 WMHz) of the VHF band at a
power |evel determ ned by varying the generator output frequency. [0017]
FIG 7 illustrates a process that can be carried out using the reactor of
FIG 1. [0018] FIG 8 illustrates a process that can be carried out using
the reactor of FIG 2. [0019] FIG 9 illustrates a process that can be
carried out using the reactor of FIG 3A [0020] FIG 10 illustrates a
process that can be carried out in the reactor of FIG 2 by setting the two
VHF frequencies fl and f2 of FIG 2 equal to one another. [0021] FIG 11
illustrates a process that nay be carried out using the reactor of FIG 5.
[ 0022] FI J0013] | | u§tllﬁ'£t eShaapdog8ss lihatrebd depbagmd ecka@iar iwita

nodi ficati on_of Gtar of FLG the | ocat i ons_ aqf t e f2
bandpass f(?ﬁ]g zﬁg rﬁgufef(:l Snegggleda{ﬁ% %%%Ctzliée %Ozfgc a?te exchanged
6 [ 0023] Fé@ct];?oddg,ustrat es a process that may be carried out in the
reactor of FIG_ 6, using onlé a single lower VHF frequency generator.

[0024] To F2R14) tat@ltfhdélr stk hlﬁltﬁﬁteﬁdénﬂéérpar%?fe?‘e%e“’l%rrer al s have been
used, wherg; pASSI &ui %r%%ﬁ'e%%%% abgentical ehemnentis.ddal; are-Lmon to

t he flgures The drawi ngs in e figures are all schematic and not to
scal e. DETHQ¥] DES@IQIGDTImlGFSTHEtEN\/EI\EﬂL@m% 00253t ¢ GritlhA v &/H npli fi ed
schematic gg&%%é”gé%efifrequenc1es, in which the high VHF source
power frequency 1s produced using a low VHF frequency
generator and a third harmonic resonator.
[0016] 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.
[0017] FIG. 7 illustrates a process that can be carried
out using the reactor of FIG. 1.
[0018] FIG. 8 illustrates a process that can be carried
out using the reactor of FIG. 2.
[0019] FIG. 9 illustrates a process that can be carried
out using the reactor of FIG. 3A.
[0020] FIG. 10 illustrates a process that can be carried
out in the reactor of FIG. 2 by setting the two VHF
frequencies fl and f2 of FIG. 2 equal to one another.
[0021] FIG. 11 illustrates a process that may be carried
out using the reactor of FIG. 5.
[0022] 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 f2

generator and match 242, 246 are exchanged.



pl asma reactor capable of controlling radial distribution of plasm ion
density by apportioning capacitively coupled plasnma source power anong

di fferent source power frequencies. The reactor has a vacuum chanber 200
enclosed by a cylindrical side wall 202 and a di sk-shaped ceiling 204. The
ceiling 204 is both a conductive ceiling electrode as well as a gas

di stribution showerhead or plate, and wll be referred to herein as the
ceiling electrode 204. The ceiling electrode may optionally be covered

wi th a conducting, sem conducting or insulating material. The ceiling

el ectrode 204 includes inner and outer zones 206, 208 of gas injection
orifices on its bottom surface 204c coupled to respective inner and outer
internal gas mani folds 210, 212. Inner and outer zone process gas supplies
214, 216 fLOGRZh pr dUéss lgaged ussrakies RnREPCand oid erndame cfals B0, 212, A

mafer supggrte peglstagé%f %%nF%%pp%rtuglﬁgatur S O%fﬁé?éﬁﬁéheﬁgﬁhcondUCtOr

waf er 220. esta may have f he el ectrostatic

chuck, inctushuehay epiducitiore base |ayer 222 and an insulating top |ayer

224 that 7_encloses an internal el ectrode 226. A acuun1§u%3q228 is coupled
ik
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236
DETAILED DESCRIPTION OF THE INVENTION

[0025] 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
covered with a conducting, semiconducting or insulating
material. The ceiling electrode 204 includes inner and
outer zones 206, 208 of gas injection orifices on its
bottom surface 204c coupled to respective inner and outer
internal gas manifolds 210, 212. 1Inner and outer zone
process gas supplies 214, 216 furnish process gases to the
inner and outer manifolds 210, 212. A wafer support
pedestal 218 can support a workpiece such as a
semiconductor wafer 220. The pedestal 218 may have the
features of an electrostatic chuck, including a conductive

base layer 222 and an insulating top layer 224 that



typically includes a lowpass filter to isolate the DC supply fromthe RF
vol tage present on the electrode 226. RF bias power nmay be coupled directly
to the internal electrode 226, or indirectly through the conductive base

| ayer 222. Pedestal 218 typically includes a conductive ground housing 217
that is typically isolated from conductive base |layer 222 and interna

el ectrode 226 by an insulating material such as quartz, ceram c or plastic.
Al ternatively, conductive base |layer 218 nay be grounded. [0026] The
uniformty of the plasma ion radial distribution across the chanber 200 is
controlled by providing a pair of VHF plasnma source power generators 240,
242. I n one aspect, the RF generator 240 has a frequency in the upper
portion of the VHF range, on the order of between 110 and 250 MHz, and

noni nal | y elsowses62nMintephfleclefbrothe?l RF goritrHtWt IMEY £ 4% dfuency in

t he | ower [t on f e F 528N r t -90 MHz, and
noninalIy(%%gﬂf£%6h%ﬁ?5ﬂv£yﬁagggggs%%@e?%ggﬁﬁégﬁ%ﬁthighér %®ﬁﬁ frequency
fromthe genersatadr 2240 i6i Suappkted ahoame)egtZIWstiar produsw l@dltasma i on

density radial distributi hat is center high,and ed | qw, ile the
e VHE 5 Fr alsicy 3 ook b beraR bt ate (R T d e dset s o
produce a flagymydsanidensi.ty thadhal idpsémébtdt ooh t hate ilsifcenter [ow and

edge high. In'this respect, the two generators conplenment one another when
used si nulnediedusiny 234 proné degbadrabAE T Lo hee bl puUtI POV ST 618 of t he
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a center higfo 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.
[0026] The uniformity of the plasma ion radial
distribution across the chamber 200 is controlled by
providing a pair of VHF plasma source power generators 240,
242. In one aspect, the RF generator 240 has a frequency
in the upper portion of the VHF range, on the order of
between 110 and 250 MHz, and nominally about 162 MHz, while
the other RF generator has a frequency in the lower portion
of the VHF range, on the order of about 40-90 MHz, and
nominally about 60 MHz. We have discovered that the higher
VHF frequency from the generator 240 (if applied alone)
tends to produce a plasma ion density radial distribution

that is center high and edge low, while the lower VHF



pattern. A selection of the ratio of the RF power (or voltage or current)

| evel s of the two generators 240, 242 is nade to mnimze the center high
and center |l ow non- uniformties and establish a nore nearly uniform plasna
ion distribution that is approximately free of both types of
non-uniformties, and therefore nearly or substantially wuniform Such
uniformty may be determ ned by neasuring the radial distribution of etch
rate across a wafer or workpiece. The variance of this distribution
decreases as uniformty increases. The variance for a nore uniform radial
di stribution of etch rate may be as low as 4% or |ess, for exanple. [0027]
I n one enbodi nent, the higher VHF frequency generator 240 is coupled to the
ceiling electrode 204 through an inpedance match network 244 that nay be
ei ther fiXkesuwnaly faanc tded geag rbsosi ERér (£ 6ramll b¥d | abhper) drendd st ri but ed

el ements. T 0 HE .f_requency t 2421 QHﬂ!e t.q { ceiling
el ectrode E(g?to{%%cfjeg?]é %asﬁ%pgggnggﬁ%gggh%%%%\grii %Efgl t a%téjr} S aotjrﬁesd of
ei ther | unpettewrliah strd kudiged helg@nents ahds mayspectke) ttter fwxed or dynami c.

The output of the high VHF match 244 i rotected fromthe output of the
o VHE o Ao B Sy LBt F: ArBEhBAS BoE natt Lo L b Pt ow band

centered afQuiKk tdibddie@ueNCYhef Juebuthgoliew YHFogeNer atis 242, or
alternatively by a high-pass filter tuned to block the frequency f2 of the

|l ow VHF geensiatorr 2420, TR 2oatrpuedopsthe VoW VHSPREEh 248'¢ n9r ot ect ed

0T e SHLibeled G M OS0gLeLSt, 800, by modsfen 1) fer 250 Luned

gener at or 24&kridution 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
radial distribution of etch rate may be as low as 4% or
less, for example.
[0027] In one embodiment, the higher VHF frequency
generator 240 is coupled to the ceiling electrode 204
through an impedance match network 244 that may be either
fixed or dynamic and may be either formed of lumped or
distributed elements. The lower VHF frequency generator
242 is 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



alternatively by a lowpass filter tuned to block the frequency fl of the
hi gh VHF generator 240. The filter <circuits are designed in accordance with
conventional practice in conjunction with the nmatching networks so as to
achi eve the desired matching range with the required frequency isolation
(0028] Two RF ground return paths are provided for each of the VHF
frequencies fl, f2. A path along the side of the chanber 200 is provided by
grounding the side wall 202, as indicated in the drawing. VHF current al ong
this path pronotes an edge-high center |low plasma ion radial distribution,
or at least a |less center-high plasma ion radial distribution relative to
an RF ground return path through the center of the chanmber. A path through

the center of the chanber 200 is optionally provided by coupling the
pedest al etWaY dcfe PAPEK( Gr NERECHaBBNHaGer t DY AXYRYH dutfd HHFDIRRT Y espect i ve

tunable (vgyiablg). hapdRass gehickbehs 222, 2pda Wi tlh@r g 6pMy of | ed

i ndependently of one another. The variabl e bandpass filter 252 has a narrow
pass band higt-dass fddgeortunsdcent biedkathé ebsequappy o5d it élhe di9y t he

frequency of the hi r, V eper at 40.. Th ri e ass filter
254 has a \;ﬁn%rgredwrﬁéls?srg gg}r%d ? Egt %PEEPgdgé %%? tev gvelynkﬁenrlaedé hatzb%gg%t 10

appr oxi matgetot f)ed e o egeenay phi2 of the howervifHgergensyat 4 @4%. Both
bandpass filters 252, 254 provide respective inpedances to ground at their

P
respective? Hafdpddd redddndit@sds 10 P2OCHhasRe T PR RARELHI'E Astied by a

control | er, 2704 q fdetern 2 e 1diyi $heNh ofn RineugdeatacdF omeady generator
240, 242 between the pedestal el ectrode
alternatively by a low-pass filter tuned to block the

frequency fl 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.

[0028] Two RF ground return paths are provided for each
of the VHF frequencies fl, 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
distribution, or at least a less center-high plasma ion
radial distribution relative to an RF ground return path
through the center of the chamber. A path through the
center of the chamber 200 is optionally provided by
coupling the pedestal electrode 226 (or the base layer 222)
to ground through respective tunable (variable) bandpass
filters 252, 254 which are controlled independently of one
another. The variable bandpass filter 252 has a narrow
pass band that includes (or is centered at least
approximately on) the frequency f1 of the higher VHF
generator 240. The variable bandpass filter 254 has a

narrow pass band that includes (or is centered at least

10



226 and the side wall 202. The apportionnent of this current is controlled
by varying the reactance of each bandpass filter 252, 254. Conventional RF
filter circuits of capacitive and inductive conponents nay be enpl oyed to
i npl ement the variabl e bandpass filters 252, 254. In accordance wth
conventional practice, these filters may be inplenented as |unped el enents
of capacitive and inductive conponents or as distributed elenents, such as
coaxial tuning elenents or stubs. For exanple, FIG 1Bis a sinplified
schematic di agram of a variable bandpass filter of the type that can be
enployed in the reactor of FIG 1A. The variabl e bandpaass filter of FIG
1B can include a shunt capacitor 256, an inductor 258 and a | oad capacitor
260, either or both capacitors 256, 260 being variable. In accordance with
one aspectapphexiridttedns 262 th2as54 reqypency fhAeekstlaei lgwdpe Windpass filters or

h he f . ' , F bot h
o the 11 FEaTE g I B50 TR rop R BRI ke PR P AT AP RS T e o

a reacti veresesenivanogedeseense ¢abuhd avathetirtoefpection as any type of
filter. Alternatively, an RF ground return path through t he cenafr of the
chanber 200735 e [HBATFEE by lgr déndi hGeERe PREBITETS ef 6Tt Yde" 226. Thi s

may be thr@ggén Gt A RASS 70 ItlLluek@ rRERAT the€hi pelivg bBRAII QN &ft the RF

bias. 11 [0029] RF bias power is applied to the ESC el ectrode 226,

i ncl udi ng LFopowerh (Enpratabodtd 02 WH2) Peroara tow Pédeguehcy!l R puitker

1556 M) 1 ot TG T Gidancy RE Bbderoshor SEPRoast hrotgh an

i npedance 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
shunt capacitor 256, an inductor 258 and a load capacitor
260, either or both capacitors 256, 260 being variable. 1In
accordance with one aspect, the filters 252, 254 may not
necessarily be bandpass filters or have the frequency
response of a bandpass filter. For example, one or both of
the filters 252, 254 may be a high pass filter or a low
pass filter, or a reactive element whose response can be
varied to function as any type of filter. Alternatively,
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.
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mat ch 268. Typically, the RF bias frequencies are selected such that the LF
power |evel controls the peak ion energy, while the HF power |evel 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

el ectrode 226. A path through the ceiling 204 is optionally provided by
coupling the ceiling through a bandpass or |ow pass filter to ground.
Furthernore, a variable reactance nay be inserted in the path to all ow
control of the bias return current to the ceiling relative to bias return
current to other surfaces, nanely current to the wall 202 and ring 219. The
i nsertion reactance or inpedance nmay be increased to force nore bias return
current to the edge (ring 219 or wall 202), which tends to favor an edge

hi gh pl asnP92H denift Pigsi POFRTt yScBRBT t$dntC 1% dritats VRIS °%he inserti on

react ance i €My beycdecreased, 9, f 05 |yl ess - as gt urn current
to the edﬁ%ﬂb(gﬁﬁg%%%ggor |Vezo§),emhi%h t ends ta favor a center high

pl asma i onf mensirtay R Pomeirt geoendior oho2 [ 00B9}gITHN tiv MHEREGWece power

generators 24Q, 242 may e gperated in contin ( no r they
may be pdVééglééﬁthﬁgﬁoﬁgl§o Fraéﬁnghfoﬁ%ﬁgTyfgﬁ %W@§§p85¥%%§'%ﬁg% anot her
Moreover, gidfigin@f RIOhwelr LhaeckbasrpP@er th geugH adorse 2Gihe ey be

operated in CWnode or in a__pulsed node. In the pul sed node, their duty
cycl es maynden 2 &ont foPiied 18y cSAEr BF Phas t f redusar e 49 35188558 wer or

vol tage (anghd heref e the JoR Lenergy) caht Fes Walerpe sUrfacenckhsy pul sing of

the bias generators 262, 286 may be synchronous or asynchronous wth

respect tovtedch tdtehélf 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
current to the edge (ring 219 or wall 202), which tends to
favor an edge high plasma ion density uniformity condition.
Alternatively, the insertion reactance or impedance may be
decreased to force less bias return current to the edge
(ring 219 or wall 202), which tends to favor a center high
plasma ion density uniformity condition.
[0030] The two VHF source power generators 240, 242 may
be operated in continuous wave (CW) 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
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and/or with respect to the source power generators 240, 242. In the pul sed
node, any pair of the foregoing generators that are pul sed synchronously to
one another nmay have their RF envel opes coincident in time or offset in
time and may be overl apping or non-overl apping. [0031] Uniformty of gas
flow across the surface of the wafer 220 and uniformty of the RF field
near the wafer edge can be inproved by providing a bel owwafer ground
return 219 extending radially outwardly fromthe side of the pedestal 218
at a level that is below the wafer support surface of the pedestal 218. The
bel ow-wafer ground return 219 is typically shaped as a cylinder or a flat
annular ring that extends toward the side wall 202 to forma gap 203 that
partly constricts gas flow fromthe process region above the wafer into the
punpi ng anfeluBo b dvEQ Heonteicdr they adtgradebyIeheRyaetdin PRIFDE 228. The | evel

of the bel gutc @I efa fl QUL BRI RrlcS :BR0URLLER] UEESeaUCH AS, Lhe wafer sl

val ve 229 or punpi ng port that produces un asymmetries in the
pl asma di ssuibate on Erd sivig ifrgpomf aspmbetsi gsnenagass f 2o patt eray or

el ectrostatic or electromagnetic fields. The narrow gap between the side
RalT and (HE BUAGHUUGE G GRS OGROA Bi LBy RREET bt i he DA BT | al Ty

constricts;gasof | p¥eh sticdpddatt d g egueBe pbRYe tBgevaters224pjs fairly
i mmune to such asynmetries, thereby |nprOV|ng process uniformty. In one
1

i npl enent ag#dn, Ihethrelwwsssd srodgroand pranec219hestPbr@@ENd3 of a

conduct VoG TLEILAl; AL S APnpeiel AR Bl ol bpe el g ges =

field norehanéforenr RF envelopes coincident in time or offset in
time and may be overlapping or non-overlapping.
[0031] 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
above the wafer into the pumping annulus below the wafer
evacuated by the vacuum pump 228. The level of the below-
wafer ground return is above features such as the wafer
slit valve 229 or pumping 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 below-wafer ground return
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
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there and | ess susceptible to asymmetries in the distribution of conductive
surfaces in the chanber interior. The ring 219 may al so serve as a plasm
boundary to help confine the plasma volunme to the chanber region above the
ring 219. In an alternative inplementation, the ring 219 does not serve as

a ground plane, and is instead fornmed of a non-conductive material. In
another alternative inplenentation, the ground return ring (or cylinder)
219 is at the workpiece or wafer |evel or above workpiece level. It may be

at or near the ceiling level and concentrically surround the ceiling

el ectrode 204. In another enbodinent, the |level of the ground return ring
219 may be selectively adjusted relative to the workpiece level wth a
lift mechanism For exanple, by attaching the ring 219 to the outside of
the pedestaf 2i®ndue iniengazegibd ahif tedcopnedeedovh BSOwHe pedestal |ift

mechani sm _The ound JiEhUr n r|n 219 u t gr ounded
surfaces i M VIESTcR S the §g?% (g?o?rg@e%%%dﬁrweorgg é]}o not be
directly C@éfmalxe(bdgé &mltn(i,enai@dsl nateadebericofipd Bdl mergrauintbinhr ough a

vari abl e reactive el enent (eégf the variable filter 252). In this case,
t he groundthexd @i riefg Zigcs 9@§ea§otﬁ§Y@E%Erb?%uh% ¥ ur n path for the

VHF ffequa%ytrfl%ut ing, e %tndca k}'es gsgggcegoyﬁldthé el Path is therefore

vari abl e serves as one of justabl e paraneters of the reactor.
[ 0032] A umferidzty Thentrigld éﬂ92m©ycemspoberﬁea$e¢aml&&maFﬁﬂuﬂd&nM[nn

| | f th t VHE t 240 42 d | f th
|ﬁ¥:d2nges f %ﬁg‘VHPFgﬁyﬁ&%a%ﬁéégé vP&PFS? 2%56 %&gna.} O(%roltaer 270

can set thgdéypedanceing 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
lifted up and down by the pedestal 1ift mechanism. The
ground return ring 219 may be insulated from other grounded
surfaces in the chamber (such as the ESC base layer 224) so
as to not be directly coupled to ground, and instead be
coupled to ground through a variable reactive element
(e.g., the variable filter 252). 1In this case, the ground
return ring 219 serves as the edge ground return path for
the VHF frequency f2. The height of this edge ground
return path is therefore variable and serves as one of the
adjustable parameters of the reactor.
[0032] A uniformity controller 270 controls the relative
power output levels of the two VHF generators 240, 242 and
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of the high VHF frequency (f1l) bandpass filter so as to provide a | ower

i npedance return path to ground through the wafer 220 than the through the
side wall 202 at the higher VHF frequency fl, so that the power fromthe f1
generator 240 produces a nore pronounced center high radial distribution.
Furthernore, the controller 270 can set the inpedance of the | ow VHF
frequency (f2) bandpass filter so as to provide a higher inpedance return
path to ground through the wafer 220 than through the side wall 202 at the
| ower VHF frequency f2, so that power fromthe f2 generator 242 produces a
nore pronounced center |ow and edge high radial distribution. The
controller 270 apportions the relative power output |evels of the high and
| ow VHF frequency generators 240, 242 to either suppress a center high

non- uni f oreREAeTIaT let OF 1thEe 18PSERNEEEI B8R EBHY V??&ﬁQﬁﬁﬂqﬁfqﬂﬁffpomer out put of
the | ower M JILquencys.geneqal 8bngdgl10r SUPRISSSSAN @AOC rfpedince

non-uniformty in ‘etch rate distribution (by increasing the power outer of
t he hi gherotVHhd tegie ey dgererenoy 240) . bahdpezohtfolier s@7F ey nmake such

adj ustnments in respanse tq non-uniform:t tterns nmeasured o

pr evi ous| YR §b§‘“ﬁ?éﬁ”§§g§ncﬁoﬁﬁg¥F§a g? ?%-?5?&9#;3@5)u Q§%¥§%I 272.
During theys fuocessiviafneuetessipre twal eige siandaod 4eedhaak gt rol
corrective techniques, inplenmented as programmed algorithnms in the

control | erVB7(Cramiensy drpl GPedhed ERACPOYRECESIT Ve chok retta by the

st 11 but ) Sh SERRT By 1 R B PBlbay Fool 575, "The Hetrel ogy tool 272 may

be 15 progtasmmeidbutd dmf orfmrtthe roomer okher c@70r ehkthe? 7 pl @mesdtorthe
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
freguency 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
generator 242) or suppress an edge high non-uniformity in
etch rate distribution (by increasing the power outer of
the higher VHF frequency generator 240). The controller
270 may make such adjustments in response to non-uniformity
patterns measured on a previously-processed wafer by a
downstream or in-line metrology tool 272. During the
processing of successive wafers, standard feedback control
corrective techniques, implemented as programmed algorithms
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
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density distribution has a predom nantly center-high non- uniformty or a
predom nantly edge-high non-uniformty. Alternatively, the netrology tool
272 may enbody in-situ sensors may provide real-tine signals to the
controller 270. CES (optical em ssion spectroscopy) sensors may be placed

on the ceiling 204 at various radii, providing an indication of radial
pl asma excited species density. The plasma itself may be used as the |ight
source, or external |ight sources may be used. Alternatively,

interferonetry sensors may be placed on the ceiling 204 at various radii,
provi ding an indication of workpiece filmthickness rate of change as a
function of radius. Alternatively, ion flux sensors nay be placed on the
ceiling 204 at various radii, roviding an indication of radial plasnma ion
density. mrqgenamartad/émy,in\f@lrmaggeséﬁgérglhw HE0 et Pt 9 ng 204
at various,radili rQvi.di n.i.ndicat] I I al t age.
Alternativ%ﬁ%ﬁlﬁ%ﬁﬂ%ﬁ%ﬁfg&ggfgggagehs§%§88ﬂg§a%€ ?%%%i%éﬁ?ﬁ: e%gﬁiling 204 at
vari ous raghiformirviodi g pardondneatilpnedfe rlatilal nqh-asmief ¢ty -.ng

potential. Real-tinme control of plasma _unif ity may be perfaqrmed by

cont r ol | erA PRI i iVg Iendde MEsae1aAd tEBLVZzg}%%%JQ%éﬁékﬂ%ﬂuf 3110033] The
uni for m t ys SO SOl B £ 1@eSeaenthiRk thenals fto Mechandsir234r in order to
provi de anot her control dinension for inproving uniformty of plasma ion

di st ri but i 20 { FELUNidrdriviatly egfi seten FREELAPSEPPHUL FINIOL Bynay Asi ng the

focr oaced. i1 oh CLptrosead i 2Ee o At aer s Angs T et "Pne et or

and 16 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 various radii, providing an indication of radial
electrode voltage. Alternatively, isolated voltage sensors
may be placed on the ceiling 204 at various radii,
providing an indication of radial plasma floating
potential. Real-time control of plasma uniformity may be
performed by controller 270 using sensor input and
conventional techniques.
[0033] The uniformity controller can also control the
lift mechanism 234, in order to provide another control
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

16



pronotes plasma ion density near the wafer edge. Conversely, by |owering
the pedestal 218 away fromthe <ceiling electrode 204, the wafer-to-ceiling
gap is increased, which pronotes plasna ion density over the wafer center
while detracting fromplasnma ion density at the wafer edge. Thus, the

pl asma di stribution may be rendered nore center-high or nore center-|ow by
raising or lowering the pedestal 218, respectively. As discussed above, the
pl asma di stribution nay be rendered nore center-high or nore center-|ow by
i ncreasi ng or decreasing, respectively, the ratio of the higher VHF
frequency power to |ower VHF frequency power. Thus, the pedestal height and
the VHF power ratio are two different controls that affect the plasm ion
distribution. The uniformty controller 270 can _enpl bot h of these
control s s@?ﬁWQ%ﬁﬁuﬂkQSWatdoépgﬁﬁﬁiéy BFégnﬁh?o%a%ﬁ%t§$gﬁnion uni fornity. For

exanpl e, elgl ghy,phsme iReNtyAi HeraLt Y1 MRys baydeducad dne i ncreasi ng
t he output power of the higher "VHF frequency generator 240, which may tend

to |ncreaSQEEﬂIKgn&ﬁedﬂqydepé@M,|ﬁhslasﬁarrbﬁ C@i%%m@tﬂﬂﬁ(ﬂﬁ This increase in
the center;:hi re o) e, hange in
FURRECRI S 4 ROYLAL LONT L1010 S Ll

the VHF pOwWe i%E%drtlonneﬁFo y rafsiig the pe rease the
mafer-cel|¢éﬁkéﬁﬂhhﬂﬂd|ddﬂTdmﬁMn@uﬁmbha§masmdiSme&RM$IMV|&¢rﬁhﬂ| zed. This
may be useful for process recipes calli for a low RF bias and a, | ow

chanber pfes¥ureldsn wWhiveh 55§ep@ﬁéméeﬂngrh?ﬁﬂl%%dﬂaYrP?ﬂE1 £ 5h

di stributign.ds-dardi Gilar lor proerodreedr- IB@ 5Nt 5081 8f obotdwdHmd requency
apportionnent together wth control of the water-ceiling gap extends the

range of nome wedertdl R1&hatespestdgntivel | 8¢ 2FOCigsedpapdes ofthe

CounteraCtﬁfggmgz&1§%r1butlon 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,
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 apportionment, by raising the pedestal 218 to
decrease the wafer-ceiling gap until an optimum plasma
distribution is realized. This may be useful for process
recipes calling for a low RF bias and a low chamber
pressure, in which case the center-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
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17 severe center-high nonuniformty, for exanple, 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. [0034] The variable
wafer-to-ceiling gap affects where a particular VHF frequency (e.g., fl or
f2) has a peak in non-uniformplasma ion density distribution. Therefore,
the controller 270 can set the gap to optimze the choice of fl to produce
a predom nantly center-high non-uniform plasnma ion density distribution and
the choice of f2 to produce a predom nantly edge-hi gh non-uniform plasnma
ion density distribution. For exanple, the controller 270 sets the
wafer-ceiling gap to optimze the choice of fl and f2 to produce the
different non-uniformty patterns, and the controller 270 varies the ratio
of RF poweseYare quamtent-hdigh wohvagépraityhefdi fé¢xaremie f ridtpiencies fl, f2 to

trol th | [ di_stributi i n- uni mtd.es.
[0035] The B ol rer’ 270 ¥ay *r s paRIEE 0" A | WA K5 D 1 Fbm LIS Tt f of ogy

tool 272 ofe@suy-adeEmname ¥ reeftacyhpgher ospedge: drimggdn thons un florasd tay i n
pl asma ion density distribution by nmeasuring and controlling (changing) any
one of theFOTAH ritf f$3 48 1tld "BeA@Pt 0 reduce that non- uniformity: (a) the

ratio of Ry agesal 1he Aneaygrereso-Ehilfge dfeed @ ivnde BF
currents gfbfﬁé frequencﬁésafl, f2; oro(c)lthigr%%%o of RF power at the
frequenci gsafticflar VBUICH nesgemcemdnt § - mayl ber nhde s theogadspietti ve

el ectrodes for

alternate %&Qﬁﬁn¥§égggﬁg¥3%{&%%g%ggéégu;§§g%$%%§§fé%gnagﬁggggkﬁ*gt??Sution

W t hout neg@ssadrdtdpbller 270 can set the gap to optimize the choice
of f1 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 f1 and f2
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 f1, f2 to control the
plasma ilon distribution and reduce its non-uniformities.
[0035] The controller 270 may respond to an indication
from the metrology tool 272 of a predominantly center-high
or edge-high non-uniformity in plasma ion density
distribution by measuring and controlling {(changing) any
one of the following so as to tend to reduce that non-
uniformity: (a) the ratio of RF voltages at the frequencies
f1, £2; (b) the ratio of RF currents at the frequencies f1,
f2; or {(c) the ratio of RF power at the frequencies f1, f2.
Such measurements may be made at the respective electrodes,
for example, or another suitable location.
[0036] In one alternate mode, the controller 270 varies
plasma ion density distribution without necessarily

changing the apportionment of power among the higher (f1)
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changi ng the apportionnment of power anong the higher (fl) 18 and | ower (f2)
VHF generators 240, 242. Instead, plasnma ion density distribution is
changed by the controller 270 by varying the inpedances to the center
ground return paths presented by the fl and f2 variabl e bandpass filters
252, 254. For exanple, the tendency of the higher frequency (fl) VHF power
to create a center peak or suppress an edge peak in plasm density
distribution may be increased or decreased by changing the inpedance
presented to the fl power by the variable bandpass filter 252. Likew se,
the tendency of the |ower frequency (f2) VHF power to create an edge peak
or suppress a center peak in plasma ion density distribution may be

i ncreased or decreased by changing the inpedance presented to the f2 power
by the vardmblleovwdrand@ds YHE Igeacr252rsSaéh, chhhgesi a3 §ead: tthieHpporti onment

of VHF current. at_. .Qf _t:he f.requengi b tween..the. cemer ground
return paI?P?(gﬁqﬁ%% -?Hgﬁﬁ%gﬁflgﬁdgghghgggéé %¥§Bﬁ% retuf% path (through the
side wal | R2PXarBynhg dineediprglamore b the £énpenegrdwnd heetoent eratgrsound

return path, the tendency of the higher VHF frequency_ (fl to create
a cent er_-ri?ﬁffﬁed?tﬁdr i%d’uttiht‘fn fils ainﬁcrfgagéa.la]% € k&??‘g%??%gfh]oﬁ'%‘%%e f2 power
to the sidgsgroundt r8lddigle Patl, tthaehendencynefnidieet omesqudicyf requency
(f2) power to create an edge-hlgh distribution is increased. In sone

cases, thel(Ebnt¥HH Irawarayt clvgegé st Be C§R6BRAPERE UPH PaRIre Bppot tSWfrent f or

oY e b PAABIGES ety L9030y B 2 fur i, st ernare moae

gener at or 2dé)eqyayidesHinqiomerthet hepetiheregenesatved 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
directing more 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 more of the f2 power to the side ground return
path, the tendency of the lower VHF fregquency (f2) power to
create an edge-high distribution is increased. 1In some
cases, the controller may change the ground return path
apportionment for only one of the two frequencies fl, f2.
[0037] 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
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(e.g., the generator 242) not being used or else being elimnated. The
uniformty controller 270 changes the 19 plasma ion radial distribution by
varying the fl bandpass filter 252 so as to control the inpedance of the
ground return path through the ESC el ectrode 226. This apportions the
ground return currents 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-1|ow
non-uniformties in plasm ion distribution (or equivalently in etch rate
distribution) to optimze uniformty. [0038] Wile only two VHF generators
240, 242 are illustrated in FIG 1A nore VHF generators nmay be enpl oyed
of different frequencies. For exanple, a third VHF generator may be

enpl oyed halasig aidrr etpgdrdy ddisglrdbuthan bgi VheYlI@ﬁ '@fh% flwdadP agener at or s

240 242. €%%desqu}x§% d%b vebO%hrollgnthﬁ % |on %;ﬁfg (e.g., 162

prod a ‘center peak in plasna Iron e | ower

frequency senefatrt R4l (ByhVidhe ﬂlsadec‘.eswndedg% pehtkls La!rppfcm’tmdms may be
i nproved b |ntroduc363’a third VHF generator having an even higher
frequency %%Ig%ﬂ UIEE&¥§r8§Fﬁe§ﬁtWﬁ%“cE%?e?e%hﬂréﬂﬁ%bt?ﬂﬂo 91 in the

m ni . tﬂ%e R oy r@cer%edez@% o adiak Qb%é’cl@%h?@u%r{ 0039]s{khe reactor of

FI G to reproduce plasma process conditions characteristic
of a very Wawm ZQ&BIU¥SblaS§mﬁKy phasmiestnyentf oblat | goprieued WG h a

oLl S 88 ARy SR e e o), Asperalgo sl aurm fons and

appl yi ng Oﬁiabﬁﬁlidi dlstrlbutlon (or equivalently in etch rate
distribution) to optimize uniformity.
[0038] 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 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
lower frequency generator 242 (60 MHz) produces an edge
peak. Uniformity may be improved by introducing a third
VHF generator having an even higher frequency that produces
peaks between the center and edge that fill in the minima
in the plasma ion density radial distribution.
[0039] The reactor of FIG. 1A may be used to reproduce
plasma process conditions characteristic of a very low
density bias-only plasma conventionally produced with a
single HF (13.56 MHz) frequency source to both generate
plasma ions and control the bias voltage on the wafer.
This simulation may be realized by applying only an LF
(e.g., 2 MHz) bias power from the generator 264, and
setting the output power of each of the two VHF generators

240, 242 to a very low level (e.g., 10 Watts) to establish
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(e.g., 2 Miz) bias power fromthe generator 264, and setting the output
power of each of the two VHF generators 240, 242 to a very low |level (e.g.,
10 Watts) to establish 20 the I ow plasma ion density desired. The advant age
of this 1is that the two generators 240, 242 may be adjusted with very fine
changes in output power to maintain plasma wuniformty over a far w der
range of changi ng process conditions than would be achievable with a single
HF (13.56 WMHz) frequency source. [0040] FIG 2 depicts a nodification of
the reactor of FIG 1A in which the | ower VHF frequency (f2) generator

242 and its match 246 and notch filter 250 are coupled to the ESC el ectrode
226 rather than the ceiling electrode 204. In this case, the f2 ground
return path is through the ceiling electrode 204. Therefore, the f2

vari abl e bBAdpaYsP#sneriobHsns idouplesd red -t héheerfivAgterecef ol 204

h hac I Hi 5544 | ock RF
Lﬁﬁrgﬁ tt ffgﬁ} t@ﬁggﬁ%ﬁﬁ@@&%%rﬁﬂww hL6" pe %%esg §;9cil oc

requency (fl) “genérator may be connected
to the f2 bandpasse ¢héngss 264, odlitkewirseiera teotmehntalinepla5B8at uned to bl ock

RF t f the | VHF fr. f2 tor 242 b
Conneot ed 18 FRER 15 baRtbaRer 11 |- ogg F0gi 1 PUoRe BF CEPRALi ve. mode of

the react okoRfiFl&ns 2enat heoMHE dd equgRGiaes of liaRdaf 2iagpki e to3the top
(ceiling electrode 204) and bottom (ESC el ectrode 226) respectively are

the sane fMBEUeREFILENCYE $RJLC%n this case, the controller 270 varies radial

O ot Th0Rb), o1 2054 Ve ql UL el DY HaGY, P P B0BEEp et ween the
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. In this case, the f2 ground return path is through
the ceiling electrode 204. Therefore, the f2 variable
bandpass filter 254 1is 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
current from the lower VHF frequency (f2) generator 242 may
be connected to the fl bandpass filter 252.
[0041] In one alternative mode of the reactor of FIG. 2,
the VHF frequencies fl and f2 applied to the top (ceiling
electrode 204) and bottom (ESC electrode 226) respectively
are the same frequency (fl = £f2). 1In this case, the
controller 270 varies radial distribution of ion density
(or etch rate) by varying the phase 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
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el ectrode 226. The phase between the currents at the ceiling electrode 204
and the ESC el ectrode 226 may be <controlled, for exanple, by varying the
react ance of the bandpass filters 252, 254. Alternatively, the phase nay be
21 controlled at one or both generators 240, 242. For exanple, if the

react ances of the bandpass filters 252, 254 are the sane (and if there are
no other differences), then the phase angle between the RF currents at the
ceiling and ESC el ectrodes 204, 226 is zero. At a phase of 180 degrees,
essentially all of the current flows between the ceiling electrode 204 and
the ESC el ectrode 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 fromeither the &g{lin% electrodg 604 % the ESC el ectrode
226 to theCSPHEOWRT Do YeHePRihG RETEEREEr < 8w & ée- high distribution.
Therefore, okhgy) €0nif ol derr &/ Q LA &V >IFY th@ebahaggsgngh@t@% veen, Gxand 180
degrees to attain a wide range of results. [0042] In another alternate node

of the reastertit F&@ (and o ythere airet he VHPegeAefheoeBCcéd) e.thetnly the 2
generator 242) provides. RE power, .the her rato 4 of bei ng used or
%h %ﬁ%%%e%ﬂgaﬁlbé{w%ed thyR%Ic gggﬁ@g gg7ghg Qelflﬁ? crtel

el se being ef | e uni form con I"er changes the plasma ion
radi al di sEsCbatéetrodys vary, mpd hes fz22rvandpass phhtero254880 as to control

the inpedance of the ground returggpath through t he ceiling el ectrode 204,
so that itIPAERRAseRSHN detrBatds 1 atitvEUTEENEnEL PYPxRAYWFFPefafice of the

ground ret eémp@%hei@&w&% dde Sldenealesc2@2ecThbgeapper t yonsriHenground

return current between the center path through the ceiling
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.
[0042] 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
not being used or else being eliminated. The uniformity
controller 270 changes the plasma ion radial distribution
by varying the f2 bandpass filter 254 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
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.
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el ectrode 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-I|ow
non-uniformties in plasnma ion distribution (or equivalently in etch rate
distribution) to optimze uniformty. 22 [0043] In yet another alternate
node of the reactor of FIG 2, only one of the VHF generators (i.e., only
the fl generator 240) provides RF power, the other generator 242 not being
used or else being elimnated. The uniformty controller 270 changes the
pl asma ion radial distribution by varying the f2 bandpass filter 252 so as
to control the inpedance of the ground return path through the ESC

el ectrode 226, so that it increases or decreases relative to the (fixed)

i npedance of the ground return path through the side wall 202. This
apporti ons[Q(h@]gr ouda etupnoteair éﬂateb@@\?\%éﬁpcﬁ@le@%eﬁfﬁ%rrwwr’[ H>rfough t he

ESC el ect d th
resuFt?CtL's 1] dturgnop tﬁg%ggﬁfngFeéQé%ggg%é?2g§{%e’ ce ég%%igh and

cent er - | owydYdvrdbyd Qram)t ipesviidepl aSnpowen, distotlout igmdwortaguidzal ently in
etch rate distribution) to optimze unlfornlt 4 [0 44] FI 3A and 3B
depi ct a.rﬁﬁﬁfQQ%ﬁQ(ﬂ§Q§fOFh§lsﬁe5€ﬂ89 8#1?+Q§t i f R Y i ng

el ectrode g1 vme@hlarﬁtg%sr@@lbabwsﬂnan%namﬂdpwedlss@@ltumsmzozla 204b
that are electrically isolatéd fromone another, and separately driven by

respecti veoynes ywofng hélegefﬂerbatndp@SMGlthnﬂ52N‘1$<1> e therorfertdr 6 may be

selected, Loy A IS SLECLLPNeZRIR ERMG, L, e to orive che
electrode 226, so that 1t 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.
[0044] FIGS. 3A and 3B depict a modification 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 from one another, and
separately driven by respective ones of the generators 240,
242. While either generator may be selected to drive the
inner electrode 204a leaving the other to drive the outer
electrode 204b, it is preferred that the higher VHF
frequency generator 240 be coupled to the inner electrode
204a and the lower VHF frequency generator 242 be coupled
to the outer electrode 204b, in order to enhance the
tendency of the higher frequency to develop a center-high
ion distribution and enhance the tendency of the lower

frequency to develop a center-low ion distribution.
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frequency generator 240 be coupled to the inner electrode 204a and the

| ower VHF frequency generator 242 be coupled to the outer el ectrode 204b,
in order to enhance the tendency of the higher frequency to develop a
center-high ion distribution and enhance the tendency of the | ower
frequency to develop a center-low ion distribution. 23 [0045] FIG 4 depicts
a nodification of the reactor of FIG 1 in which both the VHF generators
240, 242 drive the ESC el ectrode 226 while the ground return bandpass
filters 252, 254 are coupled to the ceiling electrode 204. [0046] FIG 5
depicts a nodification 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

exanple, fl and f2 may be 54 Miz and 60 MHz, respectively. This represents
a signifit@@M5lost F&vi gslepy cébi fi Radihgce hkomerl T ZEARGH VHF
frequency erat. Vin put, f [ esd g 200, > Miz; r quer 150
MHz. In th%ﬁgéégfg{V@?‘%I%P%g,qﬁﬁevﬁfs ?ﬂg Qﬁ?@ﬁ VHF frequeﬁ%y (e.g., 162
MHz) , thatE$C evliedes ddwe 2@éntbri-llei gher gspongdere tsripriodudeas s il teds gh VHF

frequency : 162 MHz) resonator 274 coupled to the iling electrode
204 (or al %%f’n%qé\/@rf tcé’“%?’r]rgdo?nop%?‘eof:efhémﬁl ef%%‘h%? ?o%&g'zm) . Preferably,
the resonat@saéy’4 i stdined de@ i ct@sanabaiat cani @ddo hati®niga &forf lof such as

the third harnmonic. For exanple, if fl = 54 MHz, then the third harnonic

generat ed THot o rigsofetdy T4 twsulfgepeenee vyl amd obficti® P tife hi gher

raactor  chaber That T ingt Fand 5e A r Pantency mul {T T I S T h Heomer ati on

Wi th the resprsd drd 2. aflte 6WaMHabl ecbpadpasslyi | tBrifP52%presents 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 f1l
generator 240). Preferably, the resonator 274 is tuned to
resonate at an odd harmonic of f1, such as the third
harmonic. For example, if f1 = 54 MHz, then the third
harmonic generated in the resonator 274 would be 162 MHZ.
Production of the higher harmonic is facilitated by the
non-linear response of the plasma in the reactor chamber
that functions as a frequency multiplier in cooperation
with the resonator 274. The variable bandpass filter 252
is tuned to the third harmonic of f1 so that some of the RF
power at fl from the generator 240 is converted to the
third harmonic of f1.
[0047] 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
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is tuned to the third harnonic of fl so that some of the RF power at fl
fromthe generator 240 is converted to the third harnonic of fl. [0047] In
anot her alternate node 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 elimnated. The uniformty
controller 24 270 changes the plasnma ion radial distribution by varying
the fl bandpass filter 252 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 currents

bet ween the center path through the ceiling electrode 204 and the side path
t hrough t he7&ideangdld t262plasma desukpdial hilss Feltff eBfPY HE IO ol | er 270

varies the_center:-hi a t gk~ Ng Yni 1{i I gl asim ion
di stributigk élorbag‘é‘gﬁ 5 ggtlft%@i 252, 88 751 %gd{:éﬁ%%tﬁen)l uf? optini ze
uni form tyof [ rdidr@ & tadepi phshathmwdiufhcabe one df indes Yeactade enpl oyi ng

i mul t hi gh and |.ow VHF f i.es but ' | ingle |
VHE 1 auelitl GEeTiRort & 0" e g0 B OFSAE Lot SHt e, ST T ow Ve

generator 240.d®$) anpefdl & requereynasekbthah opaf VR ragsecHa equency is
varied by the controller 270 between a fundanental frequency f and f + Af,
where Af isice small 208 atlihgs PPt onThehe eSHAaRdrrO7A R SCHIHREY S 0 t he

third harmpgee F che Hon @l LS URIBNEA! Bho f LEAULOEY, foc BodhANG N the

guency 0 € geherator 240, the proportion of the
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.
[0048] 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
a variable frequency oscillator (VFO) whose frequency is
varied by the controller 270 between a fundamental
frequency f and f + Af, where Af is a small deviation from
f. The resonator 274 is tuned to the third harmonic, F =
3+f, of the fundamental frequency f. By changing the
frequency of the generator 240, the proportion of the
output power of the generator that is converted to the
third harmonic F is increased or decreased in inverse
proportion to the difference between the generator output
frequency £ + 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
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out put power of the generator that is converted to the third harnonic F is
i ncreased or decreased in inverse proportion to the difference between the
generator output frequency f + Af and the fundanental frequency f whose
third harnonic is the resonant frequency of the resonator 274. The result
is that both frequencies, i.e., the generator output frequency f + Af and
the harnonic frequency F, are coupled to the plasnma, and their relative 25
power |levels are controlled by varying the output frequency of the
generator 240. By decreasing the difference between the generator out put
frequency and the fundanental frequency f, the power coupled to the plasm
at the third harnonic increases while the power at the fundanental, f,
decreases, thereby increasing the center-high non uniformty or decreasing
t he edge-hP@Heﬁohenﬁl$cﬁ?ﬁt%@ntﬁﬁid¢é¥§@lWﬁrﬁ9n9néhéa§Pﬁ@uFhérﬂﬂF$%?%nce

between thee eﬁge&@ﬁgf%pw Pt f regpencyand sishentundareptatef peaueney f,

the power coupled™to the plasna at” the third harnonic decreases while the
power at théefgedarentaloufput ntrepsesy anldertély fundemastad t he edge- hi gh

non-uni formty or decreasing the center-hi non-uni_f i . . Ther ef or e,
pl asma uni ?5?%??90}%?? e‘gﬁ‘ﬁ a?‘gel”aelbycq enleconttor %Fllee l??@%%%%yf%%he
frequency ehkrinbei¥FOOregeneraiore 2 pthert wa thar fahbembandpass, filters

252, 254 have passbands centered at, respectively, the fundanental, f, and
the third JREFABARE, FLeTVOUNNIIETHE BdpecCeNEREPAEEr NBR chanber el enent s

are formed,otqan ) ab - SHCh: 85s Al JIHWBL 1 HAGHEL ohouRL e¥eRt LT M ni m ze

nmetal contam nation during plasma processing, the
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
at, respectively, the fundamental, f, and the third
harmonic, F.
[0049] In one aspect, the interior chamber elements are
formed of a metal such as aluminum. In order to prevent or
minimize metal contamination during plasma processing, the
surfaces of the metal chamber elements that can be exposed
to plasma, such as the interior surface of the side wall
202 and the 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
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surfaces of the netal chanber elenments that can be exposed to plasma, such
as the interior surface of the side wall 202 and the exposed surfaces of

t he pedestal 218, are coated with a filmof a process-conpatible materi al
such as yttira, for exanple. The filmmy be a plasma-spray- coated yttria.
Alternatively, bulk ceramc material such as yttria may be bonded to
underlying netal interior chanber elenents. For exanple, the ceiling 204
may have a bonded ceramic plate on the side exposed to plasma. The 26
sidewal | 202 may include a bonded cerami c cylinder on the side exposed to
pl asma, or the ring 219 may include a bonded ceramc ring on the side
exposed to plasma. Ceramic materials nmay be doped or otherw se fabricated
such that their electrical resistivity is in the sem conducting range

(e.qg., ressi@temﬁltly 208 fRY FaAgEIE028PPRAID A Bhif WL 1S prdvithé a DC
current ! el B LON of BELERE, CLATPHO0:; ¥O! S AN APRldAtide o he £SC
el ectrode ese cha surtaces my heated 1n order to mnim ze

undesi r ed bcdemsldelr@mlor racgunrul aheonidé m@ffethltso Rictsmes feingmecs, for

exanpl e, or_ coal d to nimze 40r € nate etchin rature
cont rol | ed"&fi @agnkﬁ HQBFlnBraﬂhH% ot Fhg-° B éht@{é?%%ggghﬁfaces of the
chamber mahdie @iearedchan a2espkastaretch prﬁoaeessSémylmrmlmmn@ a:ran@laproprl ate
chemi stry. For exanple, in a drz cleanin?%step, en or oxyge

i

contalnlng<361fcﬁﬁ§ﬂ§ﬁévéﬁycﬁpoﬁ erabfta |%gt@a% Hun* Gkt uced into

t he chanb A Ppls g e S ower
gener at or éﬁg' ib gﬁgggﬁtegegFgé g%&grfggﬁgggfgggc§%%&ﬁ2 6. (0050] FIG

7 iIIustraﬁm%tagqom@@dssdth@tt@anEﬁé eadectedde 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
introduced into the chamber and a plasma may generated
using the VHF source power generators 240, 242 and/or the
bias power generators 262, 266.

[0050] FIG. 7 illustrates a process that can be carried
out using the reactor of FIG. 1. 1In block 300 of FIG. 7,
RF plasma source power is capacitively coupled through an
electrode (ceiling or wafer) at two different VHF
frequencies f1 and f2 simultaneously, where fl 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). 1In
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. 1In
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two different VHF frequencies fl and f2 sinultaneously, where fl is in the

the reactor of FIG 1. In block 300 of FIG 7, RF plasma source
el ectrode (ceiling or wafer) at

hi gher range of the VHF band (e.g., 162 MHiz) and f2 is in the |ower region

of the VHF band (e.g.,
ground return path is

50-60 MHz). In block 302, an individual center
provi ded through a counter el ectrode (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.

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
t he i npedance of the fl center return path is adjusted relative
to the inpeberica3®f athd'¥d. ddgarnr eddenreparh PathrbimRECEF9%nt flow at the
fl frequen

bl ock 306,

252.

he I npedance o

fl t the f2 f to the si I, by adjusting the band filt
2" T bilokicx S5 T RPRSERCEy “Corl Fof Fer 270" | Hpr DYes THo Ui form ty

254. I n bl

of the radial,plasmmian deny thediiabethHELOBE byhSef eCdddy rexumii 0 of VHF

In 27 bl ock 304 of FIG

7,

to.t er et yr ' oBYd] Bt bandpassf il ter
I'n b?O%]ﬂabgsm%%ﬁ%k waéﬁ tet EQ%EeoFZtggggF% %%h%#%?ﬁth is adjusted
relative tioy tdheumpedande afideheafl2 ¢@At es skedwmnin pBi®. t. prlonot e current

power at the fl frequency to VHF power at the f2 frequency. The step of
bl ock 310 payh beo caranicsd ewrrens fadgucatatkenferfmegreptasha §¥h density

el ative 1OV pour At R 1 FroHaSaey (o7 ook 21 G- T et ep. of

bl ock 310

mayb beclc a3 0d ,ed heuti nfpedaedecefanhedf@- 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
decreasing the ratio of VHF power at the fl frequency
relative to VHF power at the f2 frequency (block 312). Or,
the step of block 310 may be carried out to reduce an 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 314). As
another way of affecting or improving ion density
distribution, the controller 270 may adjust the impedances
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).

28

an

In



hi gh plasma ion density distribution nonuniformty by decreasing the ratio
of VHF power at the f2 frequency relative to VHF power at the fl frequency
(bl ock 314). As another way of affecting or inproving ion density
distribution, the controller 270 may adjust the inpedances of the center
and edge return paths of either or both fl and f2 (by adjusting the
respective bandpass filters 252, 254) to either: (a) channel nore current
toward the edge in order to suppress a center-high non-uniformty or (b)
channel nore current toward the center to suppress an edge- high
non-uniformty (block 316). 28 [0051] In this description, uniformty 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 FREPH] di stHitduits SIe AP LdRR, BBLARERLF BRI ALY ros st e Her it f ace of a
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ceiling) at a | ower VHF frequency f2 (e.g., about 50-60 MHz). In block 320,
a center r%%%??ﬁ?ﬁﬁrpﬂsaﬁﬂdvmﬁbﬁtcﬁhpéﬁﬁﬁSﬁhé“c%ﬁﬂté?%?%%%rode for the

frequency ;bosiﬂe bl PCK, 3822111%5‘%%&% ebybBepat Bhé’é piovbded, through the

el ectrode fTor t frequency f2. Inth e s ep of block 324, an edge return
pat h t hr ought t el déravaddadtorr edclrI6f. €he In the step of block 318

of FIG. 8, RF plasma source power is 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 f1. 1In
block 322, a center return path is provided through the
electrode for the frequency f2. In the step of block 324,
an edge return path through the side wall for each of the
frequencies fl and f2. In the step of block 326, the
impedance of the f1 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 variable bandpass filter 252. 1In the step
of block 328, the impedance of the f2 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
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frequencies fl and f2. In the step of block 326, the inpedance of the fl
center return path is adjusted relative to the inpedance of the fl edge
return path to pronote current flow at the fl frequency to the center
return path, by adjusting the variable bandpass filter 252. In the step of
bl ock 328, the inpedance of the f2 side return path is adjusted relative to
the i npedance of the f2 center return path to pronpbte 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 inproves the wuniformty
of the radial plasma ion density distribution by selecting a ratio of VHF
power at the fl frequency to VHF 29 power at the f2 frequency. This step nmay
be carried out to reduce center-high plasnma ion density distribution by
decr easi ngeewer rat i tdeoff VHE eomecyat Thesf ptep epaeney caeliad valt FOVHF power

at the f2 frequenc bl ock,332)... Thi.s_s e ied to reduce
edge- hi gh Jb?%%nea Clélonnt(erdglr%sgiht %21 i°5) ril%lrjt ?gﬁsho u(% %ﬁnﬁ%@l%ﬂ;%dyecreasi ng the

ratio of Miremwerg athd hatfid fofequeneyweel ati vieet 1 ViFeposvery at  the fl
frequency (block 334). Alternatively or in addition to the step of block
330, the cbtdolVert @ MikdPrietprdvéneuhit SFRTEGNBY He} @&t i it khe i npedances

of the Centiels ahhy, §l0e JLtn iRat B0k oekLAgEe Okaboth: §ih @ndkd2 (dy
the respecti 4)

adj usti ng i ve bandpass filters 252, 25 to either: (a) channe
nmor e cur r edns dwardi tthel bedgen moonder ornisypby edgscacasend ethdixggtio

non 01 O Bl SIES! S (RMCLED!peLGUELS LUy RRILET, Q supproso an

process theate can hegaiddyedblock 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 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 336 of FIG. 8).
[{0053] FIG. 9 illustrates a process that can be carried
out using the reactor of FIG. 3A. In the process of FIG.
9, RF plasma source power through an inner ceiling
electrode at an upper VHF frequency fl RF plasma source
power is capacitively coupled through an outer ceiling
electrode at lower VHF frequency f2 (block 338 of FIG. 9).
In block 340, a center return path is provided through the
wafer for the frequency fl by providing the bandpass filter
252 coupled to ground. In block 342, a center return path
through the wafer is provided for the frequency f2 by
providing the bandpass filter 254 coupled to ground. 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
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out using the reactor of FIG 3A. In the process of FIG 9, RF plasma
source power through an inner ceiling electrode at an upper VHF frequency fl
RF plasma source power is capacitively coupled through an outer ceiling

el ectrode at |ower VHF frequency f2 (block 338 of FIG 9). In block 340, a
center return path is provided through the wafer for the frequency fl by
provi di ng the bandpass filter 252 coupled to ground. In block 342, a center
return path through the wafer is provided for the frequency f2 by
provi di ng the bandpass filter 254 coupled to ground. In 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 30 block 346, the inpedance of the fl center return path is
adj ust ed rlelegh v &0 thise iMpseaance oéf thReft | coryRr rettd M Jftth 4t pronote

current flow t fil_ f.requency .t nt er t ey Adj usting
t he react a%%vje@% ec?ﬁreel talrﬁpggsct?‘iel ?gkggg%é}% %gt%}ggst egeog(fé Eﬁeoéé{r 348, the
i npedance with he fredge retrurentpdtibwi statdhesf edfred@aiave te acitehe i npedance

of the f2 center return path to pronote larger current flow at the f2
frequency %%Pﬁ?ﬁa%ﬁﬁﬂgqmﬂﬁth %Y A6 4SERY ?Rg FeactHhce %# tHe bandpass

filter 254, ddpadd gk +350,25bhe 1¢orheokkep 370bispk oves, thee uniformity of
the radial plasma ion density distribution (or of etch rate _distribution on
t he waf er)imgedmiactdiighe rfat ieslosf ryHFrnppaek &8 a¢eusted rerfancie to VHF

D b o o EETEE, o3 SRR e cars S tpragtee 2

power at therddr fawequencyt lrel atti veet d2ViHEepowercy atot tiee f2ide 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 f2
frequency (block 352). 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 frequency
(block 354). Alternatively, or in addition to the step of
block 350, the controller 270 may improve uniformity of
plasma ion density distribution (or etch rate distribution
on the 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).
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frequency (block 352). O, this step may 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 at the fl frequency
(block 354). Alternatively, or in addition to the step of block 350, the
controller 270 may inprove uniformty of plasnma ion density distribution
(or etch rate distribution on the wafer) by adjusting the inpedances of the
center and edge return paths of either or both fl 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 the center to suppress an
edge-hi gh non- uniformty (block 356 of FIG 9). 31 [0054] FIG 10
illustrates a process that can be carried out in the reactor of FIG 2 hy
setting t hEOQSdl VHF FHG. ed@endlle@tfrlatéﬁdaflzr@?ieﬁ Ghiﬂt e?fialbe cagre eghot her

(or at |east neat&gere%uce%ort%forﬁ(;angt? },et h%t andpass \;]%ELters 252, 254

are used i At i’ s variabl e redactances Tan control or vary the

phase bet V\@@ékl,llléhﬁil\é'é’: A0ldnaQ &S (OFr FIGUr reaysal ato tdige candig apd wafer. In
the step of block 358 of FIG 10, RF plaspma source 1gower |s ca acitively
coupl ed t ht®aiRth ‘ARE 81 &t4eddé o OBk Pﬁ@tB?r?Naf eflye dpand cy while

capaci tiveby, C%Oz{ 1% R AT 3AULER, ngegrmkmgpes@@awt@{aed ectrode

(wafer or ceiling) at the sane VHF frequency. In block 360, a control
el enent  scah wtarwlarqrabilaefyrm@t ahese( begween h‘eh@'a‘r’lilﬁb‘r@lma@sf filter

252) is provided at &, count, arel ectrode 226 of F| G 0 nt r.ol ling
phase. |n Brotk''ss a) InH o€l e GONLO

dhontr éjl er%‘ﬁlt SUCh as a varl apl e reaccf ance (e g.
t he Varlabﬁ?8bﬁ@dpﬁ§§ 10, RF plasma source power 1is 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
controlling phase. In the step of block 364, an edge
return path is provided by grounding the side wall 202. In
the step of block 366, the controller 270 improves the
uniformity of the radial plasma ion density distribution by
controlling the phase difference between the VHF currents
at the electrode and the counterelectrode. This step may
be carried out to reduce a center-high plasma ion density
distribution by moving 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.
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filter 254) is provided at the electrode 204 for controlling phase. In the
step of block 364, an edge return path is provided by groundi ng the side
wal | 202. In the step of block 366, the controller 270 inproves the
uniformty of the radial plasma ion density distribution by controlling the
phase difference between the VHF currents at the electrode and the
counterel ectrode. This step may be carried out to reduce a center-high

pl asma ion density distribution by noving the phase difference toward 180
degrees (block 367 of FIG 10). O, the step of block 368 may be carried
out to reduce an edge-high plasma ion density distribution nonuniformty by
novi ng the phase difference towards O degrees. 32 [0055] FIG 11
illustrates a process that nmay be carried out using the reactor of FIG 5.
In bl ock 3MPEH] FI GFIGE, 11RF16P§§ﬁﬁt§éu?cEr‘b%‘9®? ERA% IR %iNA |HT BHge

frequencies fl .. f i.n ft-heloner [ of ihe MHrhand,, to an
el ectrode fﬁ%in%ﬁﬂgfgﬁ? )%an rtg%a%gguﬁ?erefgcgy%de (226 of "FIG '5),
respecti very.pIlldinm rseprrese mos ea smgmwblsamil@DsVHFsﬁm@q@ﬁmdmesﬂﬁhn nating the

t of hi gh. VHF f . g., 160-2 I bl k 372 of
e 02 P e I g et otk redtrn ol BB JuHE TR e 4 2 08y 72 °

having a resonamqd requengy ra.chh)i snantedd &@hﬁkeréiﬁéiﬁoddumznﬂﬂdf of fl,
and lies in the hlgher regi on of the VHF band, so as to_ produce VHF power
at the oddFi@. @),/ tufsE®Cctivadaoni dhie. gepr§69nkmt§ sign b e B 7L S tan

DS SEILET SRR S BXLGeO br gt 1he satG o ectr e

bandpass fiétigr, 2580-200 bMHzok 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 fl, 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 f1l, 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
providing the bandpass filter 254. 1In block 378, an edge
return path is provided through the side wall for f2 and
for the odd harmonic of fl, by grounding the side wall (202
of FIG. 5). 1In the step of block 380, the controller 270
adjusts the impedance of the fl harmonic center return path
relative to the impedance of the fl harmonic edge return
path to promote current flow at the fl harmonic to the
center return path, by adjusting the reactance 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 frequency to the side
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376, an individual center return path is provided through the el ectrode 204
for the VHF frequency f2, for exanple by providing the bandpass filter 254.
In block 378, an edge return path is provided through the side wall for f2
and for the odd harnonic of fl, by grounding the side wall (202 of FIG

5). In the step of block 380, the controller 270 adjusts the inpedance of
the fl harnonic center return path relative to the inpedance of the fl

har moni ¢ edge return path to pronote current flow at the fl harnonic to the
center return path, by adjusting the reactance of the bandpass filter 252.
In the step of block 382, the controller 270 adjusts the inpedance of the
f2 edge return path relative to the inpedance of the f2 center return path

to pronote current flow at the f2 frequency to the side 33 wall, by
adj usti ng vaklr cactahidesoina Hd v awdsasscei Pfefhe2Bandapes cbhttof | er 270

i nproves t uni ' t ial S I On- | Esiy i bution by
sel ecting E;?? at i@% or%éri/;lﬁlploetv}vgr27rb02'(t1Im gr?g!te%eg?f gﬂéJ@I?gﬁ&a e(?gt%rﬁés to control
the rati o batinekrpldwnd |idrardwrsic ypoliert rabdtfignpoyweseleoupheda tatie pl asma

(bl ock 384é This ste be carried qut . to reduce a center-high plasm

i on densityf %%Et??%ﬁéﬁ%§$%5V”ﬂé: e&giﬁﬁgtﬁé gﬁP?ﬁaB?r@Hﬁoﬁaﬂ%Frﬁgnerated at
the fl fregueney: 1€lddwed andHE1peMeRoat ct PewkZ2 afinegrepsyef bl ock 386). O,
this step may be carried out to reduce edge-high plasma ion density

di stri but i epUPhRMUIR fidrMiRh2 e dédioeksiPig) theThasi 8E 8P WHF Rower at the f2

a1 RadnTe Y ot A ratne ey s oot ea, the

control | erd290raytion by decreasing the ratio of VHF power generated
at the fl frequency relative to VHF power at the f2
frequency (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 fl
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
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 390).
[0056] 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 f2
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 fl and f2 simultaneously to an electrode (e.g.,

the ceiling electrode 204 of FIG. 5). At block 394, a
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inmprove uniformty of plasma ion density distribution by adjusting the

i npedances of the center and edge return paths of either or both f2 and the
harrmonic of fl to either: (a) channel nore current toward the edge in order
to suppress a center-high non-uniformty or (b) channel nore current toward
the center to suppress an edge-high non-uniformty (block 390). [0056] FIG
12 illustrates a process that can be carried out in a nodification of the
reactor of FIG 5 in which the |1locations of the f2 bandpass filter 254 and
the f2 generator and match 242, 246 are exchanged, so that both frequencies
fl, f2 drive the ceiling electrode 204. At Dblock 392, RF plasma source
power at two simlar lower VHF frequencies fl and f2 sinultaneously to an
el ectrode (e.g., the ceiling electrode 204 of FIG 5). At block 394, a 34
resonat or teFanafor| @7%6)of Fidoupled st keupledt tbeecoatrothe 2¢esor or

havi ng a resonant frequency which i n_od har noni c. of _f1 0o as to
pr oduce Vl—ﬁef)%%?oﬁthéf e odd © Séjrnr%%i %.re% gECYrvégg%hc§gu%6c%%€ersi on is

facilitatedabyoniheshofi,| igwears respansiecel vilepplhasmat t biaé @pddvi des a
frequency-multiplying effect. In block 396 of FIG 12, an, _individual center
return patR2FBOptovi % Hr T Yo SRACER Ve EPAREr b8l 1226 b1 C#Y ®Y 5) for the

har moni ¢ ofnfl oy i providi b dhe Jrandpags abnht eha25gr60upbedato ground. In
bl ock 398 of FIG 12, an individual center ground return path is provided

t hr ough t héreousn ey ehektimlda fore fiftee tVHF Inf béqakné§6f 2f b Ier old diary t he

bandpass T SLiGER LoD U BETie FEBYeq) 0o oSk 400, poe roturr
electrode (226 of FIG. 5) for the harmonic 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 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. 1In block
402, the controller 270 adjusts the impedance of the f1l
harmonic center return path relative to the impedance of
the f1 harmonic edge return path to promote current flow at
the fl harmonic through the center return path, by
adjusting the bandpass filter 252 of FIG. 5. 1In block 404
of FIG. 12, the controller 270 adjusts the impedance of the
f2 edge return path relative to the impedance of the f2
center return path to promote current flow at the f2
frequency to the side wall, by adjusting the reactance of
the bandpass filter 254 of FIG. 5. 1In block 406, the
controller 270 improve the uniformity of the radial plasma
ion density distribution by selecting a ratio of VHF power
between the fl 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
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fl, by grounding the side wall 202 of FIG 5. In block 402, the controller
270 adjusts the inpedance of the fl harnonic center return path relative to
t he i npedance of the fl harnonic edge return path to pronote current flow
at the fl harnmonic through the center return path, by adjusting the
bandpass filter 252 of FIG 5. In block 404 of FIG 12, the controller 270
adj usts the inpedance of the f2 edge return path relative to the inpedance
of the f2 center return path to pronote current flow at the f2 frequency
to the side wall, by adjusting the reactance of the bandpass filter 254 of
FIG S. In block 406, the controller 270 inprove 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

har noni ¢ peWwesnanid Agyeddry cégplradutdonhby peasedsimhisheter imyte carried
out to re cent er-hi |_a .1.00n sj Ly, di [ ' y.,decr easi ng
the ratio olgs IQﬁ—‘ﬂ"—erpoavtvertgla %ﬁhglafr?‘%aalfnﬁﬁlggg?{é%atf?viﬁ%o‘pwgaoév)vetrh%at the f2
frequency {bl oekgudB)y @lodkhid®sst.epompytheéscatep edapute ¢arreshiceitedge- hi gh
pl asma i on density distribution nonuniform decr easi the ratio of VHF

ty by n
power at the r§dds SHESTAL FePIETE 80 nﬁg%rdhftﬂll%uﬂgrhar nmoni c (bl ock

410) . Al tefhatd V&l iy igy alddiddaannbothBerpEpsess vk pbpek H0&nd he
controller 270 may inprove uniformty Dby adjusting the inpedances of the
cent er andfediffeequanaih redatthigycoftceiViilepoperbet hthhel ¥ | haeremiic and f2, to

g;}thgihi( 1 S0 ).mrAt%tCel{rnraecq)t\/etlﬁ/V\%lid'Ehgdgggfoﬁntgrgﬁé V%P%ces press a

gn non-unittormty oOr (b channel nbre current towar the center to

suppr ess aat edgerdilighi0®n-the controller 270 may improve uniformity
by adjusting the impedances of the center and edge return
paths of either or both the fl1 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).
[0057] 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
reactors described previously herein. In block 414 of FIG.
13, RF plasma source power is capacitively coupled through
an electrode (e.g., the ceiling electrode 204 of FIG. 6)
from a variable frequency VHF generator 240 having a
frequency range that includes a fundamental lower VHF
frequency f. 1In block 416, a resonator 274 is coupled to
the electrode 204, the resonator having a resonant
frequency F which is an odd harmonic of the fundamental
frequency f, so as to produce VHF power at the odd
harmonic, using the plasma in the chamber as a non-linear
mixing element. In block 418, an individual center return

path is provided through a counterelectrode (e.g., the ESC
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uniformty (block 412 of FIG 12). [0057] FIG 13 illustrates a process that
may be carried out in the reactor of FIG 6, using only a single | ower VHF
frequency generator (between about 50-60 MHz) to realize the functionality
that requires two generators in the reactors described previously herein.
In block 414 of FIG 13, RF plasma source power is capacitively coupled
through an electrode (e.g., the ceiling electrode 204 of FIG 6) froma
vari abl e frequency VHF generator 240 having a frequency range that includes
a fundanmental |ower VHF frequency f. In block 416, a resonator 274 is
coupled to the electrode 204, the resonator having a resonant frequency F
which is an odd harnonic of the fundanental frequency f, so as to produce
VHF power at the odd harnonic, using the plasma in the chanber as a

non-| i neareledtxianye elZmerit FIGh bl odkr4iBe harnewivi Bredueesit & tsturn  path

is provided through count erel ect.rode g. e ESC e| ectrode 226 of
FIG 6) fo?r?Ykéaégrﬁhﬁ % nﬁgﬁﬁgngﬁl ?rbégzp?%%ég?%gi?Hég%gkgbaéglfiIter 252

coupl ed tops®uUMDO,l ran Hineck i42@,1 aBnikbdi vetuah £t els nedaridgeath i s
provi ded through the counterel ectrode é226 0 for the fundamental

f FIG 6
VHFE fr equeReseddh By rcindied§ 1ers rrdfdpass ofi Fter @BLf%%dﬂF%d to ground. In
bl ock 422 gip KA viBdas JRLWEY Bat B gbew&bn%h@uéi@@na@as!sfor bot h
i nJlF%w gnulgﬁ "si [T 20 6.

frequenci es a ndi ng the side wa of FIG In bl ock 424
of FIG 12fitter M raslupdre70@ adjcusts t he biepedéneecbfFithe R.center return

pauh ol aLle Lo e dHSIaReR. o LU, F1GH05,LPMLP gD 1o promote curren
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 adjusting the variable
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
uniformity, by controlling the ratio of VHF power at (or
near) the fundamental f to VHF power at harmonic F. This
is accomplished by controlling the proportion of power up-
converted from f to F. This proportion is controlled by
controlling the difference between the variable output
frequency of the VHF generator and the fundamental
frequency f. As the generator output frequency approaches
closer to the fundamental, the proportion of VHF power
produced by the variable frequency generator 240 converted
to the (third) harmonic F increases, for example. The
maximum ratio VHF power at F to VHF power at f is attained

when the generator frequency equals the fundamental f. The
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bandpass filter 252. In block 426, the controller 270 adjusts the inpedance
of the f edge return path relative to the inpedance of the f center return
path to pronote current flow at the f frequency to the side wall, by
adjusting the variabl e bandpass filter 254. In block 428, the controller
270 inprove plasma ion density distribution uniformty, by controlling the
rati o of VHF power at (or near) the fundanental f to VHF power at harnonic
F. This is acconplished by controlling the proportion of power up-
converted fromf to F. This proportion is controlled by controlling the

di fference between the variable output frequency of the VHF generator and
the fundanental frequency f. As the generator output frequency approaches
closer to the fundanental, the proportion of VHF power produced by the
vari abl e fseepent\olgarieridtomayi®@ec saveieddout olpherdehive)reitdom ¢ F

i ncreases, for_ exanple., The .naxi ratio_V VHF. power at f
is attai ned™"y %EP% e%ﬁgﬁthfé¥lf¥%%%g c998855?§9¥§é ?%H5%%é§1%3n . The 37
step of bl oek AX8idmyf baiadwead aautr relardee to VYeHusewar &ent er-high

pl asma ion density distribution by decreasin%P the ratio of VHF power at F
relative t PWE pbierchatf 16+ (Illock C230t8f BFEP 28)Plexk 4% B3ePof Dbl ock

428 may be., FA1Ld &4 0Ul, LR SRAUGE dgRdaeyhi ghabhasiEn i andengi ty
di stribution nonuniformty by decreasing fhe ratio of VHF power at the f
frequency destarilmet ton VHRyoWeIrmdtt YFbybleckead8eg ot hel t1g)ef AlHEer nati vel y

i or i 1y BYT a8 U9 g T I HRAaSRAEE P £Re” Rank 8Y4 Sri el T pat hs

of either 932 het ks and)f. t qlaidrieriveay ehannehdadteon 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.
[0058] 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
poor without an electrostatic chuck. This feature enables
the vacuum pump 228 to be a very powerful turbo pump to run
chamber recipes calling for extremely low chamber
pressures. These features, in combination with the VHF
power sources 240, 242 that can produce very low to very
high plasma ion densities (e.g., 1079 to 10~11 ions/cc),
provide a novel capability of low chamber pressure (in the
mT range), high plasma ion density (in the 10710 to 10711
ion/cc range) at high bias or high heat load while
maintaining complete control of wafer temperature and
plasma ion density distribution uniformity. These

features, which are contained in the reactors of FIGS. 1-6,
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current toward the edge in order to suppress a center-high non-uniformty
or (b) channel nore current toward the center to suppress an edge-high
non-uni formty, by adjusting the respective bandpass filters 252, 254.

[ 0058] The use of an electrostatic chuck 218 facilitates high rates of heat
transfer to or fromthe wafer 220, even at very low (nl) chanber pressures
where heat transfer is poor wthout an electrostatic chuck. This feature
enabl es the vacuum punp 228 to be a very powerful turbo punp to run
chanber recipes calling for extrenely | ow chanber pressures. These features,
in conbination with the VHF power sources 240, 242 that can produce very

|l ow to very high plasma ion densities (e.g., 109 to 10711 ions/cc),

provi de a novel capability of |ow chanmber pressure (in the nil range), high
pl asma i onfwkhishk yehe m PO TG I 1NOPIRCE S BRP cRUFamye) L9 gH Di as or

hi gh heat | i ntaini o e. o} f ﬁ;g)agr ture and
pl asnma i onégﬁsél@ygngal sptr% Gt ie%ngglﬁii ?grgﬁﬁ%y.lmﬁ{égégénf%%ﬁ sl,at I C Oqllare

cont ai ned proddesaseadtaor Snposkel BSghlh6at3Boddl dhile t hequieedsy dfovcert ai n
processes such as dielectric t.ch %Iasna rocesses_and pl asma i mrersion ion
rpl ant at | ST o GAESEL A AN i G0e PHPGRANEAY OB Whi | & PEGUTT ng | ow
chamber pressik e-and JVgh Rl aspapiencgepsktyrmHoyeyeFoss thesaid eactors are
capabl e of performing across a wide range of chanber pressure (nl to Torr),
a W de rantrned ofwafhambesatonessdrandmd ®WPdEoFahgea of 1¢¢ asags oif density
(e:9., 107910 J0CIL [ ONS/60) o THELELArGe LRE [2aRL OIS, Ofen 6B, 1-6 may

al so be errp?oye in carrying out other proce}gses at @i ther hi gh or | ow
chanber pressare 1207d ato 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.

[0059] 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
scope thereof, and the scope thereof is determined by the

claims that follow.
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either high or low plasma ion density, such as plasma enhanced chem cal
vapor deposition (PECVD), plasma enhanced physical vapor deposition
(PEPVD), plasma doping and plasna enhanced materials nodification. [0059]
While the foregoing is directed to enbodi nents of the invention, other and
further enbodinents of the invention may be devised w thout departing from
the basic scope thereof, and the scope thereof is determned by the clains
that follow 39 What is clained is: 1. A nethod of processing a workpiece in
a plasma reactor chanmber having electrodes including at |least a ceiling

el ectrode and a workpi ece support electrode, said nethod conpri sing:
coupling respective RF power sources of respective VHF frequencies fl and
f2 to one of: (a) respective ones of the electrodes, and (b) a comopn one
of the el edhabdes,clwiarad fis:is sufficiently high to produce a center-high
non-uni form plasma ion distribution and f2 is sufficiently low to produce a
center-low non-uniformplasma ion distribution; adjusting a ratio of an RF
paraneter at the.fl Afmeguehef tprddesRhgpar asekpieat iheafRldseguency so as
to control plasma ion density distribution, said RF garaneter bei ng one
of : (a) RFIPeWEPT ¢S Vi tide o l&Ft TCEF SRENCLUFFRAt 2t 21€a%e Fret hod of

Aaiml whepei el ScOF&A &nd AN o raAWLe110p M2 208 E2rbge | €88id han about
90 MHz. 3. The nethod of Caim 1l wherein said adjusting

method comprising:

coupling respective RF power sources of
respective VHF frequencies fl and f2 to one of: (a)
respective ones 0of the electrodes, and (b) a common one of
the electrodes, where fl1 is sufficiently high to produce a
center-high non-uniform plasma ion distribution and f2 is
sufficiently low to produce a center-low non-uniform plasma
ion distribution;

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, said RF parameter
being one of: (a) RF power, (b) RF voltage, and (c) RF

current.

2. The method of Claim 1 wherein fl is greater than

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

3. The method of Claim 1 wherein said adjusting
comprises:
reducing a center-high plasma ion density
distribution by decreasing the ratio of the RF parameter at
the fl1 frequency relative to the RF parameter at the f2

frequency.
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conprises: reducing a center-high plasma ion density dis
decreasing the ratio of the RF paraneter at the fl frequ
the RF paraneter at the f2 frequency. 40 4. The method o
said adjusting conprises: reducing an edge-high plasma i
di stribution nonuniformty by decreasing the ratio of the
the f2 frequency relative to the RF paraneter at the fl

met hod of Claim1 further conprising: providing respecti
return paths for RF current passing directly between the
and the workpi ece support electrode for the frequencies

provi ding an edge ground return path for each of the fre
6. The nethod of Claimb5 further conprising: adjustingt

tribution by
ency relative to
f daim1l wherein
on density
RF paraneter at

frequency. 5. The
ve center ground
ceiling electrode
fl and f2 el enents;
quencies fl and f2.
he i npedance of the

center ground ¢eturtheatdthest odsFdading vberaenf regiemeyl¥stsiy as to

i ncrease orogeg{gggg the tendency of the RF power at fl t
center-hig% H%n-uanornity in plasma ion density distrib

0 produce a
ution. 7. The

met hod of Claim5 fuwdderirepnpr iesigeghigadplatnagidhedéempedance of the center
ground return path corresponding to the frequency f2 so as t i ncrease or

decrease t RESHeMIENGQP SO IRETIEWe PYafeF 52881 " Pr bakick? &t Tett €129 ow or

edge- hi gh RENs MUY Ty IidhPIBSTRequency relative to the

parameter at the fl frequency.

RF

5. The method of Claim 1 further comprising:

providing respective center ground return paths

for RF current passing directly between the ceiling

electrode and the workpiece support electrode for the

fregquencies fl and fZ2 elements;

providing an edge ground return path for each of

the frequencies f1 and f2.

6. The method of Claim 5 further comprising:

adjusting the impedance of the center ground

return path corresponding to the frequency fl so

as to

increase or decrease the tendency of the RF power at fl to

produce a center-high non-uniformity in plasma ion density

distribution.

7. The method of Claim 5 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

ion density distribution.

in plasma

8. The method of Claim 5 further comprising:
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ion density distribution. 8. The nmethod of Claim5 further conprising: 41
adj usting the inpedance of at |east one of the center ground return paths
so as to control plasma ion density distribution. 9. The nethod of Claim8
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. 10. The nethod of Caim8 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. 11. The nethod of Caim1 wherein:
said coupling conprises coupling the RF power source of the frequency fl to
the ceiling electrode of the chanber while coupling the RF power source of
the frequency f2 to the workpi ece support electrode. 12. The net hod of
Claim 1 wherein: saiadljssdgniongheorppedasceonpl #hgledet RMaerthSour ce of

t he frequency, fl t RFE _po oyrce_.of .t NGy, &40 the ceiling
eIectrode.C%%?ﬂ%ﬁéQ%%Fﬂggtgfgcﬁgﬁﬁglgﬁhgﬁe?% gg?%E%§ p |ndi:éonprises
coupl i ng tdrenfRK Ppakiesrt rseurtdenaf the frequency fl to a first ceiling

el ectrode and coupling the RF power source of the frequency f2 to a second

ceiling electrode that is concentric with the first ceiling electrode. 42
14. The nethod ©f C@idngkwMer eifncsalifd 6OWRLEAOn 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.

10. The method of Claim 8 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.

11. The method of Claim 1 wherein:
said coupling comprises coupling the RF power
source of the frequency fl to the ceiling electrode of the
champer while coupling the RF power source of the frequency

f2 to the workpiece support electrode.

12. The method of Claim 1 wherein:
said coupling comprises coupling the RF power
source of the frequency fl and the RF power source of the

frequency f2 to the ceiling electrode.

13. The method of Claim 1 wherein said coupling
comprises coupling the RF power source of the frequency fl
to a first ceiling electrode and coupling the RF power
source of the frequency f2 to a second ceiling electrode

that is concentric with the first ceiling electrode.
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conprises: generating the RF power of frequency f1 froma fundanental
frequency fO for which fl is an harnonic using a resonator tuned to f1 and
using the plasma in the chanber as a non-linear m xer. 15. The net hod of
Claim1 further conprising: adjusting the plasma ion density distribution
by adjusting a gap between the workpiece and the ceiling electrode. 43

14. The method of Claim 1 wherein said coupling
comprises:
generating the RF power of frequency fl from a
fundamental frequency f0 for which fl is an harmonic using
a resonator tuned to fl and using the plasma in the chamber

as a non-linear mixer.

15. The method of Claim 1 further comprising:
adjusting the plasma ion density distribution by
adjusting a gap between the workpiece and the ceiling

electrode.
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