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Seri al NovOD2R¢#91¥235062, filed June 19, 2008, which is ineocTase@adcher ei n by
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generally to the field of process equi pnment used in the sem conductor, data
storage, flat panel display, as well as allied or other industries. Mre
particularly, the present invention relates to a systemto efficiently
coupl e conmpl ex RF waveforns to a plasma | oad in plasna-based process

equi pnment. BACKGROUND Sem conductor device geonetries (i.e., integrated
circuit design rules) have decreased dramatically in size since integrated
circuit (1C) devices wer eMATCHINGCIRGQUIE W ORexar@MPigxades ago. | Cs have
general ly foll owed "Mor eRADIMVEREQUENTYWEI)SWAVEFGKM nunber of devices
fabricated on a single integrated circuit chip doubles every two years.
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fabrication process 1 nvolves enploying plasnma in process equipnent to
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seni conduct or waf er Theppigsent pplicrtian elpinsRmiorisy tond) or Biteit eAnpdigion SGpI y

generators areny @gelan db3edicl Duerd, 20md WHid@ris &RErpoRldSctdidby RifGSAR
processi ng equi pnent to generate the plasmas in a process chanber. Plasna

processing i s UsiEdnfitty-a wi de variety of applications includingetching of
materials fromsubstrates, deposition of materials onto substrates,
10 TECHNICAL FIELD

The present invention relates generally to the field of process equipment
used in the semiconductor, data storage, flat panel display, as well as allied or
other industries. More particularly, the present invention relates to a system to
efficiently couple complex RF waveforms to a plasma load in plasma-based

15  process equipment.
BACKGROUND

Semiconductor device geometries (i.e., integrated circuit design rules)
have decreased dramatically in size since integrated circuit (IC) devices were
first introduced several decades ago. ICs have generally followed “Moore’s

20  Law,” which means that the number of devices fabricated on a single integrated
circuit chip doubles every two years. Today’s IC fabrication facilities are
routinely producing 65 nm (0.065 um) feature size devices, and future fabs will

soon be producing devices having even smaller feature sizes.

In most IC fabrication facilities, part of the fabrication process involves
25  employing plasma in process equipment to either react or facilitate a reaction
with a substrate such as a semiconductor wafer. Radio frequency (RF) or
microwave power supply generators are widely used in semiconductor and
industrial plasma processing equipment to generate the plasmas in a process

chamber. Plasma processing is used for a wide variety of applications including



cl eaning of substrate surfaces, and nodification of substrate surfaces.
Wth reference to Fig. 1, a cross-sectional view of a portion of a prior
art pl asmeohamedspeocess system 100 i ncl udes a vacuum clramhseo020976havi ng a
chanmber wall 101. At least a portion of the chanber wall 101 includes a

wi ndow 103, typically formed of quartz or a simlar material which is
transparent to radio frequency (RF) waves at the operating frequencies of

the pl asma- baseghipg @Pﬁ%ﬂgﬁyﬁ&%%ﬂs@&es ﬁeﬁﬁltﬂon%@iiaieﬁalk ek si de of the
vacuum chanber 109 and surrounds the w ndow 103. An RF generator 119 is

connect ed acr o§1§aftlll*%0fc§’é‘i’ﬂtm@§5ff¥qq$a@H@hloélflﬁﬁto@mf ﬁﬁvsﬁ@@mfakesn? The mat chi ng
network 117 provides a neans of matching an output inpedance of the RF

generator 119 to anwiRRitrch@REHRNE R @dsstsOfioNAGHWRIGHRRRAIf 4 Bfor afhe Mat chi ng
network 117 may contain fixed elenents only, or it may contain el enents

such as vari abPlesieapxed pigeess axsteny Hi0 iagndes p vagemgthgmbgr [@@hHdanEY nam ¢
i npedance mat Cli el {6 @ﬁ1&%{@5&&&{of%ﬂ&chfaﬁab&h@aﬁgﬂonqndl&ﬁgacondl tions. The

RF generator 119 in the plasnma-based process system 100 1s the primary
pl asma gener at MiglopdOi twpicplydointd df Hearemep ginler mhigtiplvelgeteisi n t he vacuum

chanber 109.. ThephaaR-RHk S l0n PR ARDS AL G-, F-GRRARI Suke ©f ectrode

(not shown) i mmer int y an 1 nducttve coll (not shown)
i mmersed in thelaghabasadpﬂ@pﬁseﬁsmgwesA enikel 15 ng loodeso@dsidentfohet aeuuwnacuum

chanber 109 from,: %Pidér s1:[11¥0u% @8%%0%%51[0%“%' reﬁéﬁ{o‘r’? dise n%% PNty one is

shown). A vacuum punp con ure 0 esta caumT'ével " wit hin
t he vacuuml@handbess t]if(lgnlsluisﬂadnl@ afmn‘tclangmthmrkUﬂ'arThHmﬁelmgﬁeequllfbl asma etch

or deposition) bein erformagf n the pl.as oces em 100. The
Vacuum purp. 1075 8eru Pt et B ah SR ERRancy T Bk S T Tom ¢ e
vacuum chanber ad gut ifpsdahst sfalievathan Cleantber 169. S[éhmmamhdigmfe@vormf’er ) is
supported in the vacu uum

may contain fixed elements only, or it may contain elements such as variable

capacitors and variable inductors allowing dynamic impedance matching of the

15  RF generator 119 to changing load conditions.

The RF generator 119 in the plasma-based process system 100 is the
primary plasma generating portion provided to energize the plasma in the
vacuum chamber 109. The plasma could also be generated by a capacitive
electrode (not shown) immersed in the plasma or by an inductive coil (not

20 shown) immersed in the plasma.

Process gases are introduced into the vacuum chamber 109 from a
plurality of feed gas supply reservoirs 105 (only one is shown). A vacuum pump
107 is configured to establish a vacuum level within the vacuum chamber 109
suitable for a particular process (e.g., plasma etch or deposition) being
25  performed in the plasma-based process system 100. The vacuum pump 107 is

further configured to exhaust process gases from the vacuum chamber 109.

A substrate 113 (e.g., a semiconductor wafer) is supported in the vacuum
chamber 109 by a substrate support, typically an electrostatic chuck (ESC) 111.
The ESC 111 acts as a cathode within the plasma-based process system 100 and
30  develops an electrostatic potential to hold the substrate 113 in place during
processing, thus avoiding the problems of mechanical clamping by having

contact with only the back side of the substrate 113. The ESC 111 operates by



chanber 109 by a substrate support, typically an electrostatic chuck (ESC)
111. The ESC 11 1 acts as a cathode within the plasna-based process system
100 and owoeboyssan el ectrostatic potential to hol d t hePsuhseeoane76133 in
pl ace during processing, thus avoiding the problens of nmechanical clanping
by having contact with only the back side of the substrate 113. The ESC 11
1 operates byinduci ng opposi ng charges between the substrate 113 and the

ESC 11 1 theremﬂu£1§§bﬂﬁoblﬁ§cﬁﬂge@@e@e%&é@%ﬁ&tkQIﬁiﬂdrtﬂ@ES@mlp@f&l‘é@ﬁn the two
pi eces. Thus, a resulting capacitance exists between the ESC 11 1 and the

substrate 113. TeFHENg B qcaﬁ%%lcuagrapw@@wmlww&ﬁeq Hws.giesuligiggni f i cant
drop in RF vol tLaggfx Sdiss RELWR e Egitﬁﬁ%dlhe]suﬂstﬁ%dl 1%“%@9%%&&%}&@ 113

during processes perforned at the hi requenci es i nvol ve
pl asma- based pisdergs snoggh whwtlm@n fngugm%efmt dmllmaégome&m@ getvgon thshown

directly aré)hoﬂgé ltlbgn Qgﬁ)s eﬁyﬁdu(}i?%l%%ﬁoc%%és:ﬁﬁggﬁ ﬁlecfl mber wall 101

and/ or chanber top) MA In t e vacuu o proctess the substrate
113, a reacti vécgmsciesinpungled from one or nore of the plurality of feed gas
supply reservoirs 105 into the vacuum chanber 109. The anode and ESC 11 1

(acting as a cat hodg), sﬁla%%]e\&%?ocl%é’ss stSth 18 ﬁr&hﬂﬂéﬁ&é@% altlcfd%%‘jﬁogncy fromthe

RF generator 119 to excite the reactive gas into a plasna singl e
frequency is t yipivaalilegtlyldthe@hvizanode tshmgahly@mqﬂ@f fhleehwab%b’veﬁ 10F om 100 kHz

to 2.45 Gz ar nc%r il e??(gj%w%}nqhggacggrﬁgﬁén%%? Od’lsleo pqgcegst tﬁg u&%iréﬂ%:e

frequenci es. Ire speci signal is
generally aﬁplﬂéﬁav@wuhﬁyseanmﬁméﬁngmmptmpmcﬁﬁephhdnbef&alga relatively

M porer L evelon BT BB PR T ST S et o
to the substra&enﬁi&ahﬁmngﬂpnnﬁa@ﬁeﬁasﬁ@bsmhaﬁmmﬁemhanmhﬁnﬂeaqt!ve ion
process |5 compnl v STp|ouel, bn.sLeh and chepl coloyapor deposliion | e ce
excite typically 13.56 MHz, although single frequencies from 100 kHz to 2.45 GHz are
15  often used, with an occasional use of other single frequencies. More
specifically, a single frequency, sinusoidal RF signal is generally applied to the
reactive gas within the chamber at a relatively high-power level, for example, at
3 kilowatts. The RF power excites the reactive gas, producing the plasma within
the vacuum chamber 109 proximate to the substrate 113 being processed. The
20  plasma-enhanced reactive ion process is commonly employed in etch and

chemical vapor deposition processes.

More recently, multiple sinusoidal frequencies have been used to excite
the plasma within a vacuum chamber. In these systems, a cathode/anode bias
circuit is driven with a first RF frequency and an antenna or coil, proximate to

25  the vacuum chamber, is driven with a second RF frequency. Thus, each circuit
is coupled to a separate and distinct RF power delivery system consisting of
separate RF oscillators, preamplifiers, power amplifiers, transmission lines, and
matching networks that supply independent sinusoidal RF frequencies at high
power levels to each of the plasma excitation circuits. The redundant oscillators

30  and other associated circuitry are costly and complex. In other systems, both the
first and second frequencies are supplied to a single electrode but frequently
suffer from a reduction in power transfer since both frequencies cannot be

matched concurrently.



the plasma within a vacuum chanber. In these systens, a cathode/ anode bi as
circuit is driven with a first RF frequency and an antenna or coil,

pr oxi mat ewdaowdssisacuum chanber, is driven with a secon®CRUSRoguBNTYy .
Thus, each circuit is coupled to a separate and distinct RF power delivery
system consi sting of separate RF oscillators, preanplifiers, power
anplifiers, transmssion |lines, and matchi ng networks that supply

i ndependent si nUSO'I@ﬁhpe@&c&@ﬂﬁ@ﬁ&b&%o@&e?fi'l'dgllfbIQQY‘?E %\éﬁeh@nmu@@@h of the
pl asma excitation circuits. The redundant oscil ors and ot her associ ated

circuitry are &08¢ phsmyarewhpraehed, the powReupBiedite (as abssshed byhdefqadst  and
second {1 equengl efiilitnd ARl ARk LAs ARtRONS EhRRLEPTE LWL ARAURRL |y Suf fer

froma reduction in power transfer since frequencies cannot be matched
concurrently. | ﬁmpumeﬂmvt‘ﬁésbS@fbeﬂhéreﬂmb}sfb@lb@é isdmgortdne Addior@ilye. , the

el ement cou 'f’ﬁ%ﬁ'l@ g?mgédrﬁxz%?lanaﬁegieﬂ nﬂl‘ﬂoctﬁgﬁowér*g rE’é’éﬁ% Oﬁlglppl ied to (or

absor bed by ecte pomer rans I's therefore not
maxi m zed. ThusmmmmnMSGhmkﬂgoﬂheowﬁnnmmeohup®mgﬁe$msbmbadxﬂmuxefIected by

the load is i Qr tﬂ% rggedgmc%%? he%ilasﬁll {gﬁ é)chﬁeg’lemnt% ANGER d%@nl&l%? 0 the power

detrimental to'the s couple
source. In nDsh1£maessmhenho&@emhpeﬂaheamemranﬂﬂbhefﬁnph&maﬂp&ﬁamce of the

pl asma couplin eIe nt annot be detern.ned i ince it is
ependent on © R4S CORES B8 TEOarer i Gh TR iR T RIS coupl ed,
and the pl asmanshpplesnaBprosessiye didfeind gtififeatRastiingnetwek Piaiidedlbytwesmny pl asma

processi ng syste utiliz tchin tmnrk rovi ded hetween the RF
source and t he'§i §Wﬁm86ﬂ§@FHg%BT8ﬂ@ Wg?ﬁnﬁﬁﬁb ateh, BRpt AR QUBHt put

i npedances. Thﬁnﬁé&ﬁ&@é NEheRitoM dnhBork i Utiliz&Piniofded E@sxit e MRMENHuEE t he
anount of RF power supplied to the plasma, and to control the anplitude and

phase of the bPERF powgisuPHksd inhe plasrag. ged weontilithenplifydgand phasyph ng of i on
energy in a pl gsmsheRet or can be used advantageously in sem conduct or
waf er processing. Conplex radio

15 Recently, studies indicate that tailoring of ion energy in a plasma reactor
can be used advantageously in semiconductor wafer processing. Complex radio
frequency (RF) waveforms can be generated and delivered to a bias electrode of
the plasma reactor and used to produce desirable effects in the generated plasma.
The complex RF waveforms may contain ten or more harmonic frequencies or as

20  few as two (a fundamental frequency with a second phase-shifted harmonic).

However, the complex waveforms are difficult to match to the plasma
load due to the presence of the harmonic frequencies. Prior art matching
systems described above are only capable of matching a single frequency RF
waveform to a plasma chamber and are therefore incapable of providing

25  adequate bandwidth for a complex waveform comprised of various frequencies.
Moreover, an impedance of the apparent plasma load can be dependent on the
frequency of the input waveform. Therefore, a system for matching the complex
waveforms to the plasma reactor is required to efficiently match the impedance

of each of the harmonic frequencies to the plasma generator.



frequency (RF) waveforns can be generated and delivered to a bias el ectrode
of the plasnma reactor and used to produce desirable effects in the

gener at edwpl2aewEs3sThe conpl ex RF waveforns nay cont ai n PEm/USR0OEB®7Har moni ¢
frequencies or as few as two (a fundanental frequency with a second
phase-shifted harnonic). However, the conplex waveforns are difficult to
match to the plasma | oad due to the presence of the harnonic frequencies.
Prior art matching systens descri bed above are only capable of matching a
single frequency RF waveformto a plasma chanber and are therefore

i ncapabl e of prﬁéhgkgg?adequate bandw dth for a conpl ex waveform conpri sed
of various freﬁ Mor eover, an inpedance of the apparent plasma | oad
can be dependent on the frequency of the input waveform Therefore, a
system f or mat chi ngntahexaaripl embudinefitor oeniilex vinef@ndsaence actobingi s r equi r ed
to efficiently match the i dance of. each of. the. harnopic. frequencies to
the pl asna geng?%?6§q§£WW&g$E %mﬁﬁn%Q%WﬁngyngﬁﬁéﬁF%%%Pﬂaéoconplex wavef orm
frequency nat chtqgndescnetorsscodplst ingmediel Witeornsaicihem Eadesmibsuenmpe | ses a
plurality of ragdio frequency generators coupled. in parallel with one

anot her. Each gﬂ%gg&ﬁ@ﬂpﬁgﬂﬁog?mpﬂ@wgwﬂﬁgﬁwggo e & HOfYE4uency generat or s
islcpnrigured ?ﬁnﬁﬁﬁdﬂﬁ@n@ygﬁﬁag@tmiﬁkgﬂ?ﬁmmyk?@hﬁ%@ﬂn@anmﬁbmpﬁgrald_
multiple to a frequen produced by an ower - frequency producing radio
frequency geneﬁlatlaw,er-ff%é'ﬁwwr@délﬁ@sﬁ% CRCRI B EXOWRFELY ERCTANS Pur al ity of
frequency spli tdfpleCiviedirs A slufBHNre’ql@cibliavt drebitoh chdpiedrb i al i ty of
radi o frequency generators, and each o? a plurality of matching networks
has an i npd® cowprted theplypity gf 3dio fisrudge eeferateie ape gachiof ¢ PlusHity ofequency

splitter circuphghRBAc@driQUuhPM infRREHLLM ©nbephE oAUt Bty & asma
chanber. I n another "exenpl ary enmpodi nent, a conpl ex mave?orn1frequency

mat chi ng devi c&equeneli spbltysarguitspReé anputpicarfigiesd te b eowppdita aglagmp| ural ity of

chamber.

In another exemplary embodiment, a complex waveform frequency

15  matching device is disclosed. The matching device comprises a plurality of
radio frequency generators coupled in parallel with one another. Each
subsequent one of the plurality of radio frequency generators is configured to
produce a harmonic frequency related by an integral multiple to a frequency
produced by any lower-frequency producing radio frequency generator, thereby

20  generating a complex waveform. A frequency analyzer is coupled to an output
of the plurality of radio frequency generators, a plurality of frequency splitter
circuits is coupled to an output of the frequency analyzer, and each of a plurality
of matching networks has an input coupled to an output of one of the plurality of
frequency splitter circuits and an output configured to be coupled to a plasma

25  chamber.

In another exemplary embodiment, a complex waveform frequency
matching device is disclosed. The matching device comprises a radio frequency
generator configured to generate the complex waveform, a plurality of frequency
splitter circuits coupled to an output of the radio frequency generator, and a

30 plurality of matching networks. Each of the plurality of matching networks has
an input coupled to an output of one of the plurality of frequency splitter circuits

and an output configured to be coupled to a plasma chamber.



radi o frequency generators coupled in parallel with one another. Each
subsequent one of the plurality of radio frequency generators is configured
to produceoaoiarsaisni ¢ frequency related by an integral moruSpéos/087R
frequency produced by any | ower-frequency producing radi o frequency
generator, thereby generating a conplex waveform A frequency anal yzer is
coupled to an output of the plurality of radio frequency generators, a
plurality of frequency splitter circuits is coupled to an output of the
frequency anal yzer, and each of a plurality of matching networks has an

i nput coupl ed t é 0] ggéghﬁ§ lity of frequency splitter
circuits and ahﬁﬁﬁﬁﬁﬁﬁxgﬁkgi ﬁﬁgﬁTﬁﬁzé éd to a plasma chanber. In
anot her exenpl ary enbodi nent, a conpl ex waveform frequency matchi ng device
i s disclosed. The nrtechpangeddraivoes corgy illsgmtcexemdiary dntbedingme\of gener at or

configured to generate the conpl ex wavefor a.plurality of frequency
splitter circu%ﬁgm&%ﬁ%FSBaF§m§§“8ﬁFﬁﬁP“%?af%é“?§ %S$?%%uency gener at or,
and a plurality of matching networks. Each of the plurality of matching

net wor ks has an i npiig. towphgdictie camns-eestiputl violv ddagodiontoheppénartal i ty of
frequency spli r.gireuits and.an t. nfigured to be coupled to a
pl asma chanber%%%%ﬁasﬁééaﬁsﬁ%%ﬁeﬁggﬁéﬁgﬁ%@yngr}éeﬁfiended dr aw ngs

merely illustrate exenplary enbodi nents of the present invention and nust
not be consi dered asgl ?maspagral frequseoyplomai graphishpwingiretplivefmagditedes

cr oss- sect onaly i &80 1RAIEhE PGy R R Ayl 2o based or ocess

chanber with associ ated support’ equi pne I's a spectral frequency
domai n graph showing rel ative magni tudes of a fundanental frequency and
four harnoni c frequagad iesn eRinplargsdhsmatic exeirplibingludivhbadpiss fidrsa circuit

L uding BENRAS S S RRRRELP A TRl BL-06 Qe Rk, for @ coml ex

DETAILED DESCRIPTION

Various embodiments of the present invention are configured to allow
matching of an RF signal composed of a plurality of frequencies (i.e., a complex
waveform) to be matched to a plasma chamber with minimal signal reflections

15  and concomitant maximized power transfer. As a result, ion energy can be
specifically tailored through use of the complex waveform in plasma reactors

used for advanced semiconductor processing.

The present invention is therefore particularly well-suited for handling

bias voltages having a complex waveform. For example, a specifically tailored

20  complex waveform may include a pulse peak followed by a ramp down of
voltage from a first level, lower than the pulse peak, to a second lower voltage
level. A period of the complex waveform applied to a DC blocking capacitor
(not shown) and the ramp down of voltage in each cycle are selected to
compensate for and substantially cancel any effect of ion accumulation on a

25  substrate contained within the process chamber to maintain a substantially
constant DC self-bias voltage on the substrate between voltage pulse peaks. The
complex waveform at the substrate has a cycle comprised of a narrow pulse of
voltage, during which electrons are attracted from the plasma to the substrate,

followed by a substantially constant DC bias voltage level resulting from a self-



Various enbodi nents of the present invention are configured to allow

mat chi ng of an RF signal conposed of a plurality of frequencies (i.e., a
conpl ex waoehovisp3sto be matched to a plasma chanber w t RCEiUsS2onlo4BTHNal
reflections and concom tant naxi m zed power transfer. As a result, ion
energy can be specifically tailored through use of the conplex waveformin
pl asma reactors used for advanced sem conductor processing. The present

invention is tBasefaE gubR@dil mﬁfﬁtaa{eh%ywlbc51&;1&169cafp@&to?amlefengermsaas vol t ages
having a conpl ex waveform For example, a specifically tailored conplex

wavef orm may i fiegladarey pelfage pyesrcak Slloggd by byanyp ¢Oél‘f¥;3nd@%$eéﬂﬂ%l tage froma
first level, |opgr f/él@@ﬂh& Bs Pilage ape%ifenetr@  BaERGRAY Acaw@formktaﬂg@ level . A

period of t he conpl ex wavef orm appl i g capacitor (not
shown) and t heswrﬁinpomwbéﬂrate/mswgglq mﬂewmalcwte@d@tt@sq@t@clp@d to

conpensat e sor.af A %\;Lu&t? h\?cﬁ‘et 4fahd Mas%ﬂggé agﬁf‘érgotgftﬁe%é bR)Lklh%paﬁgglﬁ)g l%lg ation on a

substrate contaln I'n the proces er to malnt tantially
const ant DC sehﬂmbwaswwumﬂngﬂﬂbgemhersdbs@dabéomﬁﬂmeeamvdeagé pul se peaks.

The conpl ex Wavgl e M thé Vﬁ%ar%ﬁbSt It eeoepw en VOI%EPI?ISC?rTgr heqlcﬁj:lg?lﬁf harr ow

pul se of voltage durin rons are rac flomERe pl asma to
t he substrate, tlfe@blttge@dlsbyeaas sau&bﬁte&mlp ddvyofteitsgeanrtwddCpblsagcakodt age | evel
resulting from s of .t he substrate |nta1n bl ocki ng
Capac tor.  verdeepeiup Brofted bigs 5 AR S uBF bl v @Y phdiE sy oved by a
ranp down i@ vebdgacisiciengtieaCRelCial eolaged fiRobingsaci pulsaghichttRawoon ener gy

distribution f tion for ons at ) ace of the substrate has a single
narr ow peak ceH&éﬁ@H“@ﬁmﬁl EF@§P§HBE§ﬁ@EH%Pﬁ?ym@&éwg€95m§mﬁﬂythe bi as

vol tage appl i edistriButidiefub¥tiodlaoGK bitgtra BRACINEQEcsTRY pEAEBT jof Eluk \Wentdtad I OW
vol tage pul se peaks each fol|lowed by a ranmp domn of voltage, with the

separation in BitYe SHetsEien cysEieayEh WP%ﬂa&é&wn et ABPGAR 81%$e% he vol t age
pul se peaks, and the ranp down of voltage between pul se peaks are sel ected
to provide a bias vaktiageariantchereadiBsdnkRion tigdsihiatom@lek Wavstoht age pul ses

15  described above is comprised of a number of frequencies simultaneously
generated. In order to maintain the integrity of magnitude of each of the
individual frequencies, each frequency must be independently impedance-
matched to the plasma chamber. However, appropriate impedance matching

may only be determined once a spectral frequency domain is known.

20 With reference to Fig. 2, an exemplary spectral frequency domain graph
200 indicates a fundamental frequency 201 (i.e., first harmonic) of a generated
RF bias supply signal at 400 kHz. A 400 kHz fundamental frequency (fy) sine
wave is a common RF input signal used in plasma generation systems of the
prior art. However, the input complex waveform (not shown) in the exemplary

25  spectral frequency domain graph 200 also produces a second (1) 203, third (1)
205, fourth (f3) 207, and fifth (f4) 205 harmonic frequency of roughly equal
voltage magnitude levels. A skilled artisan will recognize that voltage
magnitude levels may also be varied as needed for a particular process. An
exemplary physical implementation of the importance of the spectral frequency

30  domain graph 200 is described with reference to Fig. 3, immediately below.

Referring now to Fig. 3, an exemplary filter circuit 300 utilizes a series of

filters to split the incoming complex waveform into constituent harmonic



during each cycle with DC sel f-bias voltages follow ng each pul se which are
two different substantially constant DC | evel s, thereby providing an ion
ener gy diworobutssisa function at the substrate that incl edearstev/opmsaks of
ion flux centered at two selected ion energies with substantially no ion
flux at other ion energies. A skilled artisan can readily envision that
such a conpl ex wavef orm as descri bed above is conprised of a nunber of

frequencies si %Jﬁteﬁawawogﬁ@@d@ﬁﬁ&thhl%darc@%qué&le@eamlal&the integrity of
magni tude of each of the individual frequencies, each frequency nust be

i ndependent | y indpédiaty ewishediedha masniadogsh A thaughhadrermplanoiibsrsirciiappr opri at e
| npedance mat CiqTRYs PREYs BaAFLE! MREY NG AARER HBbnfd EYeNCY domai n

is knowmn. Wth reference to Fig. 2, an exenplary spectr frequency donain
graph 200 i ndi eistuetdaging sindlaniiarialz abiliiepuanche fzmled(fron@a varfaty efifiltlsar noni ¢c) of a
gener at ed . i aiygptal frequency
(fo) sine vvaveb?ES lg}ég@r%’%{rg% a&ﬁ%pugf%ogl% e 16°w %“f%gérjrgggeneratl on
systens of theﬁberswﬂlicamaybbldimwérfrontmousmwSf@umml@nwwav@é@mmgnot shown)
in the exenpl ar‘y,,sseg cLr. ,,fre uen ¥ gps in graph 200 al so produces a second
(fi) 203, third ( t)? ?@) 07, and fifth (fit) 205 harnonic
frequency of roughly equal voI tage magni tude |l evels. A skilled artisan w !l
recogni ze that vol tﬁ@e:xnragaiytmtstecikoaiﬁéb@immylesadlslorabef of &fFigederatersneeded for a
particular pro s. An hys tation t.he. i nmportance
of the spectra?@]fs’ra% éoﬁlgl);f?glgenc %n%%r%&g@@lu%l%g%gru%ncﬁs lq{eﬁm uft%r ence to
Fig. 3, imed adxhyplbdltowt mﬂelﬁeg nemgrkmew aad H;c@emﬁw rapsreenmtm{ affay filter
circuit 300 utilizes a series . of filters to s t the incom conpl ex
wavef orminto 8116?}%1? H@Fﬁ Rar Howmicesoratid &sret sllga(Jl':%’cE‘F*fS "o i t uent

har moni ¢ fr equefatieise Catpohditt D21re andhicvistddabmportat xed to the plasma | oad.
Al t hough the exenplary fil ter ci rcui t 300 i ndi cates a series of bandpass

filters, askllledl%rtls @Ff%‘arcuulhavnlln nstlmlar
filtering abilities r?e?ﬁ?e%éc ‘?XS‘FI n?f“vél y! OF cpRaFyigy compone
323A of the plasma chamber 309 is 100 picofarads (pF) and a value of the
15  resistive component 323B is 50 ohms. The impedance of a capacitive

component, Z, is inversely related to the value of capacitance, C, by

1
Jjo,C

Z

c —

where ®, is a value of angular frequency of the incoming harmonic signal.

Since the value of the capacitive component 323A is quite small, the impedance
20 s strongly dependent upon both the value of the capacitive component 323A and
the angular frequency. Thus, the overall impedance of the plasma chamber 309
is dependent on the driving frequencies. As a result of the broad range of
frequencies employed, each of the plurality of matching networks 307 must
adjust for significantly differing impedance levels on both the input and output

25  side as described below.

The plurality of RF generators 301 may be comprised of any number of
individual generators (although only five are shown in this exemplary
embodiment), each producing a single RF bias voltage. Outputs of the plurality
of RF generators 301 may be combined by a summing device (not shown but

30  known in the art). Alternatively, the plurality of RF generators 301 may be



types known in the art

i ncl udi ng,

f

or exanpl e,

| ow pass,

hi gh pass,

or

notch filters which may be forned fromvarious filter sections known in the
art (e.g.wo"2009/158350i ons,
circuit 300 includes a plurality of RF generators 301, an optional
frequency anal yzer 303, a plurality of frequency splitter circuits 305, a

p

sect

plurality of matching networks 307,
pl asma chamber 303yt fsiRdle &3RAGIgAkI nér@t@%bmom)as@cﬁwﬁdr%&drﬁme Qf

general ly,

a capacitive co

nponent 323A and

i ons, and

ot hers).

TireTANRol0aTeysS fi |l t er

and a schematic representation of a

a resistive conponent 323B.

In a

speci fi ¢ exenphighyowpise dpyrisisign soraraler lopwppethe apaci ti ve conponent 323A of
the plasnma chanber 309 is 100 picofarads (pF) and a value of the resistive

ﬁﬁen@fth@plﬁlap@%mmg@n&ﬁwgomt

conponent 323B i s agaqE
inversely related to t

val ue of angul

ircapablseRf

Otic KoRipla
e val ue of capacitance,

Fraycing therggemplamp ey

angul ar frequency

dependent on f{
frequencies e
adj ust for si

out put side aj

C,

Zc, is

j WOC where w0 is a

@O@P’Qrgﬁlph 28Pfake the val ue

of the capagitigye) ﬁ%@tﬂ@ﬁfeq&%‘i& ihicAbd ferafaB! belovt he i npedance is strongly
dependent upon both the val ue of the capaC|t|ve conponent 323A and the

conprised of
shown in this

voltage. Qutp

Thus, the overal nce of the nlasna_ghanter 309 is
he driving|frequencias. ﬂ@"b.resulﬁnﬁﬂlth< broad rarjge of
pl oyed, each &fconfie pl Uraaptopis of hatediiqg | net hks 307 nust
;rfilflil%!amtiﬂy dibprmpRigg || ripegntye | efrequengy potharmpgici nput and
s fersmenrdybdd | bshiwency The pl udal i ty| of FF genefrigawnsy 301 nay be
any nunmbher of individdal generatiors (altholtigh only f| ve are
exdfdkiEs y ermb¥WiHnt )|, éadhHpr odudieoHe si ngt-@ M bilas
uits of the plurality of RF genergtors 301 ey be combi ned by a
sunmm ng devi ce (not shown but Known 1 frapfReg art). Alternatively, the
plurality of RF generators 301 may bereplaced by a single digital signal

gener at or

10

15

20

25

(not shown) such_as,

for

exanpl e

The optional frequency analyzer 303 analyzes the complex input

waveform and produces a frequency domain representation of the original input

waveform. The optional frequency analyzer 303 therefore breaks the input

waveform down into individual frequency representations or components of the

complex waveform.

For example, a square wave is a common non-sinusoidal waveform used

in various types of electronic circuits including digital signal processing

applications. Although the square wave itself is non-sinusoidal in nature, it is

actually comprised of an infinite series of odd-order integral harmonics of

sinusoidal waves. Similarly, a sawtooth waveform is comprised of an infinite

series of both odd-order and even-order integral harmonics of sinusoidal waves.

Regardless of the input waveform, the optional frequency analyzer 303 is

capable of discerning the individual frequency components that produce the

complex input waveform along with respective magnitudes of each of the

harmonic frequencies. In a specific exemplary embodiment, the optional

frequency analyzer 303 is produced based upon a fast Fourier transform (FFT)

algorithm, known independently in the art.

The optional frequency analyzer 303 may be configured to provide a

feed-forward loop (not shown) to each of the plurality of matching networks

307, described below. Further, the optional frequency analyzer 303 may be

9



hi gh- power ed Fourier signal generator known in the art. In a specific
exenpl ary enbodi nent, the plurality of RF generators 301 is capabl e of

pr oduci ngwoheosrsssspl ary spectral frequency domai n gr aph PROQSeF09BiTH7S 2

havi ng the frequencies indicated in Table I, below Table I The optional
frequency anal yzer 303 anal yzes the conpl ex input waveform and produces a
frequency domain representation of the original input waveform The
optional frequestuRld ¥éeide 33 dHBIVLRS 105LHBl @BKS) foR8cH STk pryaN§fser m down
into individual frequency representati ons or conponents of the conplex
wavef orm For &ggueptesplidersdigatss Opaywell dieeby prawisingrhoth dichit Sweowith wavef or m
used in vari oUsetv@oRiingh RO Gr EAdh Gl of BElcbitbRE Wl Gbihfthus T gnal

processi ng applications. ugh”the square wave | I'S non-sinusoi dal

in nature, it peovaorrdllytveehpriugedhofeediforivadilonpwoudéntilizs agiveodd- or der

i nt egral hatnogj i i - 3 , TS veformis
conpri sed o§ aﬁhﬁg{?\??%?@gms[bz?%nggétgwcg%ﬁac(?%\?%@?ﬁ er t?i c?%even?lgkg}é\? i ntegral
har noni cs of skavhsotwetlypeeiuek actRe didtrd land garpbletdiserciaqputpowansefror m  t he
optional frequgngy i%l%l Pfcfe%ﬁ %gtﬁe | s capable of discerning the individual
frequency conponents tha p’?o uce 'the conpl ex input waveformalong with
respective magni tudes of each of the harnonic frequencies. In a specific
exenpl ary enbodi nenin,a spérafiopremplnl enitrodigurmheficranadhyf ghe c8@Bitiest pr oduced based
upon a fast Fouyri 1 r.anst (FEET). al gor | kn i n ly in the
art. The opti 0#5 U%% cr1%s;1g£§%\§1{£aﬂﬁig{§ §;eﬂrle %@E%@%egc%%%%zaﬁﬁgﬁ? gl%géeovi de a

f eed-forwad@ | oapssaryot shown) to each of the plurality of matching networks
307, described below. Further, the optional frequency anal yzer 303 nay

beconfigured to pr OM&&P}C‘??@}Mmggﬁ@%@@@@?ﬁ@%{gﬁ%@%h of the

plurality of frequency sp circuit y providing both
circuit types W4 ... ,321A) and capacitors (313B, 315B, ... , 321B). Each pairing of

the plurality of inductors (313A, 315A, ... , 321A) and capacitors (313B,

315B, ..., 321B) provides one of the filters in the plurality of frequency

15  splitter circuits 305 for input to the plurality of matching networks 307. As will
be recognized by a skilled artisan, any number of resistors, capacitors, and
inductors may be used in various configurations to produce filter splitter circuits
having similar functions. Additionally, various types of transmission lines or
active filters (e.g., power-driven capacitors and similar components known

20  independently in the art) may also be used in particular filter arrangements.

Generally a high quality, or high-Q, matching network is utilized in order
to maximize power transfer and minimize reflections from the plurality of RF
generators 301 to the representation of the plasma chamber 309. A Q-rating of a
filter is based upon an ability of the filter to select or reject a range of

25  frequencies that is narrow in comparison to a center frequency. Thus, the Q-
rating of a filter is defined as the ratio of the center frequency to the frequency
bandwidth at -3 dB. Thus, the Q-rating of a series-connected RLC circuit is

determined by

~| =
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the actual constituent frequency of each portion of the conpl ex waveform
thus providing a fully tuned circuit. The feed-forward | oop would utilize
active fiwDep®/@&sd2or vari abl e i nductive and capaciti vePeTarseonw®41605 pr ovi de
tuning for each circuit type. Such active filters and variable discrete
conponents are known independently in the art. In a specific exenplary
enbodi nent where each of the constituent frequencies is known and fi xed,
the optional frLAGHRNISY vANALYRErRPRsiiBYccRAl LREa NAGESIRY KrialA resistor 311 is
pl aced in series wth a pl urallt%/ of inductors (3 13A, 315A, . . . , 32 IA
and capaci t or sindgctagg, Agnqiggfrom the governgegyatiopghighy& vafusgs eitialle plural ity
of i nduct ors (érgsﬁéd bgéleé'%tpon seiectinga%ﬁ)&l@%@s&ﬁpégi'sttaﬁcre.s h(g’g-[?é%’ﬁc?’lSB’ I
321B) provides one of the filters in the plurality of fredquency splitter
circuits 305 femnbedupent of theekempliny didet ¢iseuid fOGrheahsivier Heétisvskkied 8Ok As wi | |
be recogni zed i tlsan,. - i SO paci tors,
and i nduct o?s %9?1%%&0@33@?%5}\}%?@%H%%%g%ﬁ%%t%%%gﬁg%i 0 l?.ll(e:gl?fi | ter
splitter circubtlewhadicaies wiugh binddatance irslepaciauie s¢leried foyreswmnéeous t ypes of
transm ssion |jr r ive dilter e, wer - driyv a Ltors and

i m 1 ar - conponéhie st Mol feisahEhaiobE i 0 AR g PR EBRRE kY 8eq T
particul ar fil 0601 amangéneistos. CGenerally a high quality, or high-Q

mat ching network is utilized in order to maxim ze power transfer and
mnimze refl gctions f'UWeéoilllgnﬁi rat+tyoft RFgeneratrors—30ijtothe
representation 19(1; Itlhq pl na, apber 309. |A Qrating|of a filjter i|s based
upon an abi Iiiyf7 of"the f% 188l o $&l.& t or {ée' ectt a fange of frequenci es
that is narrow i fjL ?ﬁ) r r%gl?e“tc% n CEEEC £ aﬁfecéﬁw Thus,, t hsg g‘ tling of a
filter is define t He [P35 of t entler fiPEhuendy t8 thd | Ecuency

bandw dt h at 3—dB—Thuys—the O 1 f—& 1 —C Ot tet gircuit is
determined by 400 6.29EF05% | F13A7100° |7 313B: 1380 ~ ] 2.52E+05 |'1:59

Q

800 1.26E+06 | 315A:100 | 315B:396 | 503E+05 | 1.59
1200 1.88E+06 | 317A:100 | 317B: 176 | 7.54E+05 | 1.59
1600 2 51E+06 319A: 100 319B: 98.8 1.OIE+06 | 1.59
2000 3 14E+06 321A: 100 321B: 63.3 1.26E+06 | 1.59
Table 11
10 With continued reference to Fig. 3, the plurality of matching networks

307 may include various filter elements listed herein and may also include
various types of active matching filters. The plurality of matching networks 307
may include various passive filter types include “L” sections, “T” sections, “m”
sections, or any combination of these sections in either a direct or cascaded

15  arrangement. Each of the section types is known independently in the art. Also,
both active filters and amplifiers (e.g., such as tunable narrowband amplifiers)
may be used independently or in various combinations with discrete

components.

The present invention is described above with reference to specitic
20  embodiments thereof. It will, however, be evident to a skilled artisan that

various modifications and changes can be made thereto without departing from

11



-where Ris a value of the serial resistance and L is a value of the serial
i nductance. As noted fromthe governing equation, a high-Q value is

parti al | ywensuwiissskased upon sel ecting a snall val ue of PEEMISa009/0eBT7St ance.
In a specific enbodi mnent of the exenplary filter circuit 300, the resistor
3 11 is selected to be 0.001 ohms, thus ensuring a high-Q value of the

mat chi ng network. Table Il, below, indicates values of inductance and
capaci tance sehlRGt@ded Plrit LESRBANGERhMERNAinKnYiBRad R fHRRiC hE bfsuency al ong
with Qrating val ues and bandw dth for a 0.001 ohm serial resistor. Table
Il Wth continelétss eference to Fig. 3, the plurality of matching networks
307 may include various filter elenents |isted herein and nay al so i ncl ude
various types of actdrVgied, phtkibgafdnidofinsonts oG riBt Hha@hbdrYof Sfculfaigeli ng

net wor ks 307 may include various passive filter types include "L" sections,
"T" sections, ™ Ryrtculasarrangggenty A silledutinngll rwagtite thafdlese ¢t ons in

ei ther a disectyer an‘&%%ﬁé@%%n@"rﬂa?%g%%&tandﬁﬁa@@sh%fwn%@ﬁeirﬁa%?dr%& pRes 1s known

i ndependently i'n the art. Also, "both active filters and anplifiers (e.g.,

such as tunabl eurpesc emb anerdertpiljupirae Sip naeg) npferepd diy Rinklaspekidgnt |y or in
various conbi ngLins Whd:fs traGkehBle COMRRASAES:) wi BS ANt cdcRYLMLI 0N i
descri bed above v%iﬂt Cre_c%b(;trs't_anc_e toag’pesrcﬁlﬂgi C e%ygiﬁ][%n%_ ts ?ﬁe_? go}é. 't wll,
however, be evirdarhct plidersiclilsehydetcombimed weh theasjooutdodiif ¢fdlet i ons and
changes can be her i t rting, f.ronth r spirit and
scope of the pPg'gglnﬁkftﬁV&g%@f%\gﬁhgg%gﬁ Slﬁ)e%?]teéi 1?%({1??11%} lﬁgﬁgﬂlggg&é fai ms. For
i nstance, part wiufuatherendygdizerthat the tebroqueb endicirtuitbédascridfed bereoumdy heypes i n
particul ar arrangenents. A skilled artisa i 11l..recogni ze that these
circuit types % egforﬁﬁﬁ%s&%m’vserﬁﬁf“g%n%l}e&é%kE’ﬁta atcﬂ%ggxé%l\% herein are for
exenpl ary pur peaedomanis yequitedr Oerapplicatibl wstplata chiisbenaviédt nature of the RF
bi as vol t age . . . . .
semiconductor industry is purely used as an exemplar to aid one of skill in the

art in describing various embodiments of the present invention.

15 Moreover, the term semiconductor should be construed throughout the
description to include data storage, flat panel display, as well as allied or other
industries. These and various other embodiments are all within a scope of the
present invention. The specification and drawings are, accordingly, to be

regarded in an illustrative rather than a restrictive sense.
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mat chi ng concepts. For exanple, a skilled artisan will recognize that each
of the frequency splitter circuits may be conbined with the associ at ed
circuit ovoth@/meisehi ng network for each of the frequenecedS2idaiterdnal |y,
a skilled artisan will further recognize that the techniques and circuits
described herein may be applied to any system where a matchi ng network with
a conplex driving waveformis required. The application to a plasma chanber
in the sem congupt Riladqdustry is purely used as an exenplar to aid one of
skill in the art in describing various enbodi nents of the present

i nvention. I\’breoverA the term seniconductor should be construed throughout
the descriptioh to 4 SYPRIERe VARMEHeusRY matghife dsXise romsHigay, as wel | as

all'ied or otheppjuRdisdiith@s ﬁeadéﬁ@eg@&gtovwd%ﬁu&rpﬁa@re; ®ibesH apmts are al |
within a scope of the present invention. e specification and draw ngs

are, accordingly, t&chabseiyareagofthe alyrglity fspdiafirgeneygnertothan a

restrictive sense. VAakghed ol @diREa hirmoic fRqGATP Late VAT iRk BRaf F €quency
mat chi ng device conprising: a plurality of radio freduency generators
coupl ed in paral | el mpjtipls tomEcgusaeshiwpducedbhanyupgerdiicsency meodseing he plural ity

of radio frequency ggner nhd 94 ﬁfﬁgy JWpkc frequency
rel ated by an integrg@ ﬁﬂ%%&%?ggtéhh %ﬁgﬁ%%ﬁc§ r%%ﬂ%%d y any

| ower - f r equency plradiduet freguenssl splitfer eicpuénegpplyd hermoudput of the phimlityefher ati ng a
conpl ex waveform | | i f fre ncy splitter circuits coupled to an
out put of the pIurgﬁﬁ?gﬁﬁ?&%gﬁggn%¥§%ﬁ§ncy generators; and a plurality of
mat chi ng net won kbyalidactmathitdveetywodrs, @hdhtof tlefpluralitg lof mgtchag wetmioskshavi ng an

i nput coupled to an_out put of on f th | pral i f freguency splitter

Gl Foui ta and an_out ot eanitbePBfe BTl b B ik SRHERRIREE: 2% e
conpl ex wavef or m f r @tjuaniyuiraihd bh ogpaevhtgral to bk abuplel td bpiabes

chamber.

2. The complex waveform frequency matching device of claim 1 further
comprising a frequency analyzer coupled between the output of the
plurality of radio frequency generators and the input of the plurality of

frequency splitter circuits.

3. The complex waveform frequency matching device of claim 2 further
comprising a feed-forward loop coupled to the plurality of frequency
splitter circuits and configured to adjust a resonant frequency of each of
the plurality of frequency splitter circuits based upon a determination of

constituent frequencies of the complex waveform.

4. The complex waveform frequency matching device of claim 2 further
comprising a feed-forward loop coupled to the plurality of matching
networks and configured to adjust a resonant frequency of each of the
plurality of matching networks based upon a determination of constituent

frequencies of the complex waveform.
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conprising a frequency anal yzer coupled between the output of the plurality
of radio frequency generators and the input of the plurality of frequency
splitter worow/1553523. The conpl ex wavef orm frequency marchiusgoodeyicce of
claim2 further conprising a feed-forward | oop coupled to the plurality of
frequency splitter circuits and configured to adjust a resonant frequency
of each of the plurality of frequency splitter circuits based upon a

determ nation 6f COPRLdohipRRtwaNERHHERGIASy RhtchilEdSAERITeNiNBV@ERIM 4. The
conpl ex waveform frequency mat ching device of claim2 further conprising a

feed-forward | oop chafresneonalecrds eandieiey tagterfngm @ FshEouriet Ustesmand
conf i gured (0 ad) Uk acl.ASADBIkALATNERGY CODr GAGAL LhRcphural ity of

i
mat chi ng net wor ks based upon a determnation of constituent frequencies of
t he conpl ex waveform 5. The conpl ex wavef orm frequency matchi ng devi ce of

| ai wh ; h i i . . f
claim2 whereip t ;%rcgglki?&%yav%ﬁh% ent m&t@@%%ﬂélﬁc%%f%&n‘??"v{h%{em a Tast

Fourier transform ermne constituent quencies o e conpl ex
wavef orm 6. The cosmph efthwphmetitr shnatdungarrtyorkais chifizgredeyiveshef cl ai m

1Wh.er ein each of thi%l éia%c%l)tla;[é/en%¥ fre Jeﬁch!rgc%ivne thgn% olfﬁ}e%?r}gllltg#f ed to mat ch
an i npedance of a center Tfrequency received Tromone o e urality of
frequency splitter fé¢quendytsplitten cacuits pant inputrepkalace ob thetpamplchaner.chanber. 7.
The conpl ex waveform frequency matchi ng device of claim1 further
conprising a resistive elenment coupled between the output of the plurality
of radio frequency penemplarmavaiothn fibguenaypribtcihg theceplfulaah i ttyttef frequency
splitter circuits, the resistive gl enent %f ngyﬁsﬂel ect ed tf all ow a high

bﬁ 0 t];l

quality value to be PR EG &GSV e HERY Ot a!ﬂ}wtpﬁf “f'fequency splitter
c :qu cuits. 8. The complapyy ofeaief REqieldy@aAMENGY al@the Miigotaypleriligf ofcl ai m
1wherein

frequency splitter circuits, the resistive element being selected to allow a

high quality value to be achieved by each of the plurality of frequency

splitter circuits.

8. The complex waveform frequency matching device of claim 1 wherein
the plurality of matching networks is comprised of a plurality of

narrowband amplifiers.

0. A complex waveform frequency matching device comprising:

a plurality of radio frequency generators coupled in parallel with one another,
each subsequent one of the plurality of radio frequency generators
configured to produce a harmonic frequency related by an integral
multiple to a frequency produced by any lower-frequency producing
radio frequency generator, thereby generating a complex waveform;

a frequency analyzer coupled to an output of the plurality of radio frequency
generators,

a plurality of frequency splitter circuits coupled to an output of the frequency
analyzer; and

a plurality of matching networks, each of the plurality of matching networks
having an input coupled to an output of one of the plurality of frequency
splitter circuits and an output configured to be coupled to a plasma

chamber.
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the plurality of matching networks is conprised of a plurality of
narrowband anplifiers. 9. A conplex waveform frequency matchi ng device
conpri si NyO 2009pi5635al i ty of radi o frequency generators ceaplusdooonsTsas al | el
wi th one anot her, each subsequent one of the plurality of radio frequency
generators configured to produce a harnonic frequency related by an
integral multiple to a frequency produced by any | ower-frequency producing
radi o frequency generator, thereby generating a conplex waveform a
frequency anal yzer coupled to an output of the plurality of radio frequency
generators; a pd-uralhaspmptexpyaaegfigen Egquepey matehing flevigsiof slapp A piregr t o an out put
of the frequency anlntihy o« 30d-BrkyloBb bivhif, IRGERIIRGoMELNIRILS, each of
the plurality of matching networks having an I nput couplealto an out put of
one of the pluralitspligér dirceitpaan cyntiguredite adius  resonans frequdneyrof shyndt

configured to be Cotggbﬁgali%p?ﬁreah&%lﬁtgﬁ falts ﬂa@edﬂ%‘ﬁ.a%%ﬂh@g%o eform

frequency matching Ice of clal urther conprising a -forward | oop
coupl ed to the pl urainstityendfrequeagieraritle @piplaxtvaveformcui ts and configured to
adj ust a resonant frequency of each of the plurality of frequency splitter
circuits based upon a determ nation of constituent frequencies of the
conpl ex wavefoiim 1The chhplezomptiorm ayehoy muthiegdeneyfehaine hifinthedevi ce of

claim9 further conprisin f.eed- f or war d coupl.ed to the plurality of
mmth ng. net wor ke anPREsREs Srdareb i et F LESHEHE ol BuilBel) of each of
the plurality of nuaicthoRgariceiontiglsd tbagrst atponamd fdgicatydhati onhof

constituent frequencies of the conplex waveform 12. The fonplex wavef or m
frequency mat chi ng @Wﬁ%’é’f Wtc&n&i rWP@FeéiiuIRon a determination of constituent

frequencies of the complex waveform.

12. The complex waveform frequency matching device of claim 9 wherein
each of the plurality of matching networks is configured to match an
impedance of a center frequency received from one of the plurality of

frequency splitter circuits to an input impedance of the plasma chamber.

13. The complex waveform frequency matching device of claim 9 further
comprising a resistive element coupled between the output of the
plurality of radio frequency generators and the input of the plurality of
frequency splitter circuits, the resistive element being selected to allow a
high quality value to be achieved by each of the plurality of frequency

splitter circuits.

14. The complex waveform frequency matching device of claim 9 wherein
the plurality of matching networks is comprised of a plurality of

narrowband amplifiers.
15. The complex waveform frequency matching device of claim 9 wherein

the frequency analyzer is configured to perform a fast Fourier transform

and determine constituent frequencies of the complex waveform.
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each of the plurality of matching networks is configured to match an

i npedance of a center frequency received fromone of the plurality of
frequencywepbiwtsess2ci rcuits to an i nput inpedance of thecCplussmostsasber .
13. The conpl ex waveform frequency matching device of claim9 further
conprising a resistive elenent coupled between the output of the plurality
of radio frequency generators and the input of the plurality of frequency

splitter circuigs, Afaemm%;%ivvﬁ&éf%f%&f‘e&?tmm{i SRbeshsskide al low a high
quality value to be achieved by each of the plurality of frequency splitter

circuits. 14. Treichyrry spprrePotonfigiredieasegainarenplay vaesfper of claim 9
wherein the pl %&kdm)vofqgegﬁaif%gﬁmr a%wpé&@lepso SOSMS I SPMe i@ Pl urality of

narr owband anplifiers. cqgglex wavef orm frequency nat chi ng device
of claim9 wherein fr¢mefoyegustiey aathal yzer is configured to performa fast

Fourier transf ; -m It t =t conpl ex
waveform 16. Aggghp%g%q%gggﬂ%¥%$§?g%%%ﬁ%?ﬁﬂg%%ﬁ?ﬁgﬂﬁggﬁgg&gﬁﬂgrising: a
radi o frequency genevagen iqohédugled édart autge ntoeratod the phontgl ex froverdyor m a

plurality of frequen splitter circuits.coupl ut of the radio
frequency generator%ﬁﬁﬁéggm%fﬁggﬁP?é&éP&%%%%ﬁPﬁgC%&%@ﬁ?ggkggéch of the
plurality of matchic¢hgmhet wor ks havi ng an i nput coupled to an output of one
of the plurality of frequency splitter circuits and an output configured to
be coupled to a plasma chanber. 17. The conpl ex waveform frequency matchi ng
devi ce of claim.16 ThedohplexG@npiots fbguedcy medhias syvicrakphaenc aptipt ed bet ween

Lhe output of fe rad o L equency, QEneL Ao AR L0%, DR Pl i P ur @l T

frequency generator and the input of the plurality of frequency splitter

circuits.

18. The complex waveform frequency matching device of claim 17 further
comprising a feed-forward loop coupled to the plurality of frequency
splitter circuits and configured to adjust a resonant frequency of each of
the plurality of frequency splitter circuits based upon a determination of

constituent frequencies of the complex waveform.

19. The complex waveform frequency matching device of claim 17 further
comprising a feed-forward loop coupled to the plurality of matching
networks and configured to adjust a resonant frequency of each of the
plurality of matching networks based upon a determination of constituent

frequencies of the complex waveform.

20. The complex waveform frequency matching device of claim 17 wherein
the frequency analyzer is configured to perform a fast Fourier transform

and determine constituent frequencies of the complex waveform.

21. The complex waveform frequency matching device of claim 16 wherein
each of the plurality of matching networks is configured to match an
impedance of a center frequency received from one of the plurality of

frequency splitter circuits to an input impedance of the plasma chamber.
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18. The conpl ex waveform frequency matching device of claim17 further
conprising a feed-forward | oop coupled to the plurality of frequency
splitter woromw1ss3sand configured to adjust a resonant f regaseay/osfe7each of
the plurality of frequency splitter circuits based upon a determ nation of
constituent frequencies of the conplex waveform 19. The conpl ex waveform
frequency matching device of claim 17 further conprising a feed-forward

| oop coupled to the plurality of matching networks and configured to adjust
a resonant frequency of each of the plurality of matching networks based
upon a deterni Aatio eCﬁOH@lWié’TaiV?fﬁéﬁtﬁeﬂqeé@U@ﬁéglé%d?:)@cetq{élaé%ﬂrﬁf%%%vavef orm
20. The compl ex wavehfinh L SAUGACYIoRBY SO HEVLf reQlunfi 8 M hiquner ein t he
frequency analyzer 1s configured to performa fast Fourier transform and
det ermi ne consti t uefitquirerguesiatpranddlic inpw of taplueaditwelfefaveray splitter The conpl ex
wavef orm frequency i Al i iR - e
plurality of natchiﬁgﬁﬁgpﬁg$£§xkgﬁg%%#%%’ngﬁgg%ﬁgégﬁ%gﬁqﬁ%ggggﬁge of a
center frequency r eodcuddevied byeamhet 8f plinditpblfra]uetay spfittdrcequiency splitter
circuits to an input inpedance of the plasma chanber.22. The conpl ex
wavef orm frequency mat ching device of claim16 further conprising a
resistive el enght cDuploegldyetaneform fihqueocyt mparchiog dévie af adino 16 weepamncy
generator and the ipput.of the plurality of frequency splitter circuits,
The raststive el et s gty Betelot ¥ afrel P UGG 1y vl ue Lo be
achi eved by each of the plurality of frequency splitter circuits. 23. The
conpl ex mavefo?n1fr¥qyenc natégin devi ce of. ClalHI%G mhire'n the radio
frequency genefat or NISCORPEX gAY SO frgmisnoyyapiehiag devicesd clap L6 wheksinex wavef or m
frequency matching @epiuegitodf rhdt@ind rkbvoRek RbMpiifae oph plualittof of mat chi ng

networks is conprised of a plurality of narrowband anplifiers.
narrowband amplifiers.
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