MATCHING CIRCUIT FOR A COMPLEX RADIO FREQUENCY (RE) WAVEFORM CLAIM OF
PRIORITY  The present application claims priority to U.S. Patent Application Serial No. 12/142,062,
filed June 1Q:20814¥kHen is incorporated herein by reference in its entisety/tkQodda@riI CAL 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 15process 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 deviceg fakrispledapasndeinica@iesgiscuit chip doubles every two
years. Today's IC fabrication facilitiosiey e@dinevcy erpciwa 68rorM@.065 itm) 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 25employing plasma in process equipment
to either react or facilitate a reaction with a substrate such as a semiconductor wafer. Radio frequency
(RP) or microwave @oaiM SIppRIQ&EERators 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 applicationsdnpetudingrptitahivagcbimeatesiadstirans stivstratesjcdepoSitivh of materials onto

substrates, cleaning,of systale ahfages: A ROUHIGRIION. Ok SHRSY ALk AUAGRSth reference o

Fig. 1, a cross-sectional view of ‘a. portion of a prior art plasma-based process system 100 includes a
vacuum chamber 109theifift§a Schamber wall 101. At least a portion of the chamber wall 101 includes
a window 103, typically formed of quartz or a similar material which is transparent to radio frequency
(RF) waves atlthe operativig fkedU&hdles of the plasma-based process system 100. A coil 115 is
located outside of the vacuum chamber 109 and surrounds the window 103. An Rl generator 119 is
connected 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. 1Cs 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




10across the coil 115 through a matching network 117. The matching network 117 provides a means
of matching an output impedance of the RF generator 119 to an input impedance of the vacuum
chamber 10QoHagomatehing network 117 may contain fixed elements onbyiagdtomayseontain elements
such as variable capacitors and variable inductors allowing dynamic impedance matching of the 15RF
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 glasmafcoattdidisoobegenaratdebbytmcapaceitivasaieiotsotigr{itot shown) immersed in

the plasma o by an,indctive eqil(Nal-2Q.shawRLimarseg ndhe.plasma;  Process gases arc

introduced into the vacuum chamber 109 from a plurality of feed gas supply reservoirs 105 (only one is

shown). A vacuum pump.JQF s sonfiured 0.6SablED, RTINS UILND g ypcuum chamber

109 suitable for a particular %roéeéesns?e(e(?g.1 plasma etc eposition) being 25performed in the

plasma-based procelsssykseahrigossThgera e ldenp o7 fhpmes dORfigURsd to exhaust process

gases from thesvacyismehaaben 189icast Apskstaineldhdnsegwal semiconduetor wafer) is supported
in the vacuum chamber 10 a.s rate support, typically an electrostatic chuck (ESC) 111. The
ESC 111 acts as a‘@ﬁ?ﬁo&ig& v%%ﬁi’%? % @%ngﬂnﬁ. %gg§ };)gglcnélsé gﬁgﬁ%%%@ésnd 30 develops an
electrostatic potentizdntdioitittredsubistrateyl RE ivplece Barnepvisciesipryithoisiioiding the problems

of mechanical clamping hy.baving GoNashih. onboine baaksisenisthesulsitatend 13. The ESC 111
operates by inducinﬁﬁ%gposing charges b\seé}twee%theiﬁjbgtr 113 an 1t e ESC éLdl thereby resulting
in an electrostatic attPRRBA BetileBRTHE TS BIBAYE, " Acitance exi

us, a regfﬂftri%tarcapam ance exists between the
ESC 1.11 andlhe subsirétechi3 ] THeooapacitive: isclaglk Eroddgh machitharayeikdignificant drop in RF

voltage exists betwgenthe BESC 1d1.an¢the sipsHiaie.dk3.durinaprosessesiperformed at the high

frequencies involved. . The plasma-based process system_100 further incl daﬁsaan anode (not
shown directly althGtighPHhdRAGHSSS TSI AR PrER S the CRARBEYWATTO ahd/or chamber top)
within the vacuum chambenii 3T dqpracessithe substrateai0d 4#8smsreabtiveqgaslis pumped from one

or ;“gsecof the plurgity, of feed aS AHPRIY.LRSEIMAHS: § ARINR: th vacuUmLERAMDERA09. The anod.e
an 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
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(acting as a cathode) are driven by a single sinusoidal frequency from the RP generator 119 to excite
the reactive gas into a plasma. The single frequency is typically 13.56 MHz, although single

frequencies{rgmhHQskkiz to 2.45 GHz are 150ften used, with an occasigalyshefibear single
frequencies. More specifically, a single frequency, sinusoidal RI' signal i.s generally applied to the

reactive gas within the chamber at a relatively high-power level, for example, at 3 kilowatts. The RE
power excites the reactive gas, producing the plasma within the vacuum chamber 109 proximate to the
substrate 113 bein@@r@ﬁgs;smin’ghﬁﬁ@pﬂ)aﬁvm&mmeﬂeremimﬂemmdaesheishyommonly employed

in etch and chemlcal vlzglgorndepF Si gsr%apr )GESS8S Dot tﬁae rBV m[‘ﬁ'&splae gg\m,!ﬁgldal frequencies
have been used to excite t asma Within a vacuum ¢ er’in t ese systems, a cathode/anod.e

bias circuit is drlveﬁﬂmfﬁaaq?r@tlmiﬁté@%ﬂiéﬁ%d ﬁﬁ%t@ﬁ@sﬁa@dﬂmprﬁﬁﬁ?ﬁélf@%the vacuum
chamber, is driven m&hga&aﬁanﬂﬁltﬁaegu@ﬁgmfwm&hgaﬁmrmmgs souplediaiseparate and distinct

RF power delivery system ¢ |st|n ate RF oscnlato rs, power amplifiers,
transmission Ilrfes I?"ﬂgnaol‘fr?:a ci?nasﬁg Waorks ha 11sl. §/efﬁecfé)§§n8£ (?asﬁ%so%al RF frequencies at high

power levels to eadteofetiseeplagnyadexcitation CII’CUItS The redundant oscillators 30and other
associated circuitry are costly and complex. In other systems, both the first and second frequencies
are supplied to a single eléectrbdedutstenuent yysteifet fdmtzeradiicteonnnmpdn@rtransfer since both

frequencies cannotpe,matchad, AONEHTIRMLEN. i 1ypitimpedancesal thepawensgyrce and the load

(i.e., the element coupled to the plasma) are not matched, the power supplied to (or absorbed by) the
load is reflected aneMOWEFHATIARE) TS HHE FRT SRS THARATIZEY. Thao eSOt tfe amount of power
absorbed or reflecteth by thaileagdssipnpprantnfcditio naly obtinpiatdive dfifagegances can be

detrimental o the paues sQuiceof do AINBLCAMARNENS, SouRIe 0 hangues sqyice. In most cases

the load impedance (lf étgu Impedance of the plasma coupling element) cannot be determined
in advance, since |t(i’§tt11’§ﬁéﬁél 5 ATl ErStD B R SBIERTBH O tHd pISHRR e WHICRTt is coupled, and the
plasma state can vagycgiising Procassing. 1ém1®|scymglxytpmﬂaaﬂy M%mwmgsﬁmgssystems utilize a

matching network RIgyided beheen IRJSE spuice andihe RlasTe cayRlina elamep to match input
and output |mpeda he matching networkis utiized in order to maximize the amount of RF

power suppliedto tﬁ@eplwﬁaa"élhé{ﬂtéc%wﬂ& ?P%Oéﬁﬁb?ﬁ%@%%qbﬁ&éeé of'ie bias power. 15Recently,

studies indicate thajJjailgsing, Qfsiggleeﬂagj@yldpl @ﬁaﬁﬂﬁame@@m ﬁagé&%mﬁ@ﬁam&kamﬁageously in
semiconductor wafer rocessm nt(ﬁm Iexbrad 0 fr é.RE w; ve rms can be Eenerated and
o

delivered to a bias effecfvgée of'the aslr%% Fégc or anof3 Use ?Jvceef ésel}%ﬁlfe eaf ects in the

generated plasma. Thl@@@ﬁﬁpf@i@REma‘@eféﬁﬁ% MWNWMETP@F%Qﬁéeméﬁﬁ%méfﬁiéquenmes or as

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.



20few 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
frequenciesyRrgoasaaatching systems described above are only capablegt saaigbinga single
frequency RF waveform to a plasma chamber and are therefore incapable of providing 25adequate
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 complexfwaveforms foltheptasmeceeadtte lvad uirelt Weeffidiemiednatch the
impedance of eaCho%&'b?aaﬂam{ﬁ%tfﬁ%ﬂa—%aﬂﬁgp%%@ﬁ%@@% dEnBaioly byHMMARY  Inan

exemplary embodiment, a complex waveform frequency matching device is disclosed. The matching
device comprises & BiIFSIRY S RRTE Shettidh L e Pt dre s d b aPalTel g one another. Each
subsequent one ofathalpt!ut‘@l&ye@ﬁba@{&dreqaﬂmwg@nmmw%iSrz;mrtﬁgune@l:ltt'nopatbyi,uce a harmoni(_:
frequency relaied by AP HALIMILPLE (B2 iAURRCY RIoAIad Ry iRy requency producing

radio frequency generator, >1/ generating a complex waveform. A plurality of frequency splitter
circuits is coupled &STEPPIEMEGETOEAUE BRIVATIEY B Falic e gasady PR%SI@CaNd each of a plurality
of matching networks. has iasuinppticodpieddplamautpuliaf anealtbepisatiseohfieuency splitter
circuits and an outpul gonfioured fo.be coupled .2 plasma hamen,p analher exgmplary
embodiment, a compalex wavetorm fre uency (iSmatcahlng evice Is |sc1fosed. The matching device
comprises a pluralityiofoie. frebiie REyaeHRIABITEH IPTEE Mqsardne! Ha6ieanother. Each

subsequent ong of theyliuEalityetsadio ffeaneneygansirions iscenfliguieddogirdiice a harmonic
frequency related %, integral E]t'ﬂg' le toa ';reh uequrXeP{?cgrlfx%%g% u%%lou eurt-frequency producing
radio frequency gen§ra or, efe y gaesrrrllera%ﬁg 4 comp]Iex waveform. f?(va\(&uency analyzer is
coupled. to an outpamedahesspliibalingohirediorfretircHtizebinaraes s it ePfretuency splitter
circuits is coupled tgr R QutRHERhtRE Leguancy.analyzeshandeaaty elhide Rl shitye 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 cotﬂf)f’éﬁsf’é’\ger{?lasma 25chamber.  In another exemplary embodiment, a complex
waveform frequency matching device is disclosed. The matching device comprises a radio frequency
generator configured to geifértte WHeicorialk haiatsrine of MR orfefIBAC STitter circuits
coupled to an outputiobihe:tadieufteguenyg yngenerator; andad 3 plewality Obmpatchitig networks. Each of
the pluralty of matching,netyaike.0aR AR LARYL Gaipied (8 A0 AURYLL B fldhaplyrallty of frequency
con e couple hamb

splitter circuits and an outpu igured to ‘to a plasma chamber.
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.



BRIEF DESCRIPTION OF THE DRAWINGS The appended drawings merely illustrate exemplary
embodiments of the present invention and must not be considered as limiting its scope. 5Fig. | is

simplified agyesspacignal view of a portion of a prior a plasma-based pigeggs6hannizes with
associated support equipment.  Fig. 2 is a spectral frequency domain graph showing relative

magnitudes of a fundamental frequency and four harmonic frequencies. Fig. 3 is an exemplary
schematic of a circuit including bandpass filters 10and associated matching networks for a complex
bias-voltage waveform. 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 waveformgtovbeAratched to a plasma chamber with minimal signal reflections 15and
concomitant maximized power transfer. As a result, ion energy can be specifically tailored through use

of the complex waveformiinplasmaareastiersinseddosasvaneedeamiepptticiorgiocessing.  The

present invention |%eth,e£ei£%ritsac ar .c#%rll %ﬁll-%%gefgg?gp%%lygpg% voq_ll'gg&e)s having a complex

wavefoiin. For examallec, a. specifically tailore complex waveform may include a pulse peak
followed by a rampitevecotegotaies fomied firsrrale vidhae thamthebpthseiserrnt™s second lower

voltage level. A peripd.oftheaicosrplex wayeirinappliadiieafe-hleckivg.eapacitor (not shown) and

the ramp domm of voltage in each cycle are selected to compensate for and. substantially cancel any
effect of ion accum%a[gﬂ%%co%%u%gu?é% Féﬁ{’ey &n é?ﬁréij%“ﬁ?ﬁ%g?ﬂé %?%%eélscé %ﬁ%)g%%%?yto maintain a

substantially constany D@esétédvs wpledgermratie Sebstatabenischodiagagiisepeaks. The

complex waveform ahthesihstate hasidausler semprisegiafadanaws ulsrehvaltage, during which
electrons are attracted from the pl?sma to the substrate, followe(a %ay a sub tantiall%/ constant DC bias
e By e

voltage level rESultiiPHoPh'ae S5 BT 24 B ih & S A1 FirkT Rttt E¥ictking capacitor.
Where them is a singlehhayretwwiithgeapilset peakdbiiowedthy of g thowhuirityolfage during each

cycle of the bias volage., the an.earrgy gilgtg';pb{%?& fungtionder donsstthe syrfage of the substrate has
e

a single narrow peak centered at a selected ion 5energy. Each cycle of the bias voltage applied to the
DC blocking capacftF sy
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.



comprise two narrow voltage pulse peaks each followed by a ramp down of voltage, with the
separation in time between voltage pulse peaks, the heights of the voltage pulse peaks, and the ramp
down of vokpgedaghwaen pulse peaks are selected to provide a bias voltagewtiheosubstrate
comprising two voltage pulses 10during each cycle with DC self-bias voltages following each pulse
which are two different substantially constant DC levels, thereby providing an ion energy distribution
function at the substrate that includes two peaks 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
complex waveform as ISdescribed above is comprised of a number of frequencies simultaneously
generated. In ordegPADESTRTEMIGRD )y TBRAWDEGH each of the individual frequencies, each
frequency must be independently impedance-matched to the plasma chamber. However, appropriate
impedance matching mayenppbeisieiermine thatigalrspectkahispauensydomait iscknown. 20With
reference to Fig. 2, an exemg%%r %gectr?ll(f){%guengg(%@s in %@9@3&8 indicates a fundamental

frequency 201 (i.e.?xi‘?rsg?tﬁgxﬁnonlca) fl%usgenerafgas ias supply S|gna?'at 400 kHz. A 400 kHz
%?al.use in plasma generation systems

fundamental frequency (E) sine wave is a common RF input signa ;

of the prior art. However,tfe ]idbﬂf“@%ﬁ%éiﬁﬂ?ﬁ?&%?ﬁ@(ﬂﬁ”ﬁ% DAY hé BY&Mplary 25spectral
frequency domain graph-B80diss pratianbs: avseesndatfiy 2@Bothirdifd2)205, fourth (E) 207, and fifth
(ft) 205 harmonic frequency of roughly equal voltage magnitude levels. A skilled artisan will recognize
that voltage magnitude levgls2maysgiseabgedasied asnaradath tooaipartistlampodeds: An exemplary

physical implementation of the importance of the spe tﬁglér guency 30domain graph 200 is described
with reference to F.‘?@‘?mﬁ%‘%“ fgtjgfg egfgvell,df{rwguéuenges. Eegch of the constituent harmonic

frequencies can then be individually matched to the gt}asma Joad. AIth%g% th%%_(samplary filter circuit

300 indicates a series of bandFAHEPL, SRARH S ST Wi PSCSESiZE AT A Gircuit having similar

filtering abilitie® magnbestocimed frochisguaiietykofdilisotypes tkrovehdge thievelfrrincluding, for example,
low pass, high pass, or notch filters which may be formed from various filter sections known in the art
(e.g., "T" sections, ‘i BEMEPHBSCKIPEION  The exemplary filter circuit 300 includes a plurality of
RE generators 301, an optional frequency analyzer 303, a plurality of frequency splitter circuits 10 305,

a plurality of matching netwarss 37@ncha schemaliarapeseniation hfreplasimachamber 309 with
an associated reactive oad consistng of generglly, a capacitye gemponct 323 and a resistive
component 323B. I & SPECHiC exem ary embodime , a value of the capacitive component
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-



323A of the plasma chamber 309 is 100 picofarads (pE) and a value of the 15resistive component
323B is 50 ohms. The impedance of a capacitive component, 4, is inversely related to the value of

capacitanceg 46154449 C where wl, is a value of angular frequency ofdhe iReq¥)ig;Rarmonic signal.
Since the value of the capacitive component 323A is quite small, the impedance 20is 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 wifigqguentiesemgloyec] eath D thieqiupalify dfomattteinghaetiverks 307 must

adjust for significang}}/ %’(I%%%% g@eggghatllgl%égﬁ%;?qgg &%@%&%ide as described

pifferjr{g irr11 edan
below. The plurg |§/601}aﬁ% gveong%g%lrs 1 may be compri any number of individual

generators (althoughcBske v hedishuoliagn tidoncamsisiyambdiviei), feniersstdbucing a single RE
bias voltage. OutpuisfeédbemiumlituiohRi generatess ek payrbecominediby a summing device

(not shown but 30known in the art). Alternativ the plurali F generators 301 may be replaced
by a single digiél seflg]%rgf’g%ﬁce]racﬁlgg&f(ﬁ]%ﬁg%\ynell[s%ec %?ée,%fgor %&?r%}g?%ﬁigﬁﬁﬁlo%é?%. Fourier signal
generator known ircefipase. two naries speetfivnbgepaptapgtetoiboditteriratie ¢uratity; of RF generators

301 is capable of pradugingtheexpmplasrspecyalbanusngy Hamaingrapn20@ of SFig. 2 having the

frequencies indicated in Table 1, below. fundamental frequen harmoni
g Ele voltage pul:léé peaks, an(&J the ramp down 0 ﬁta‘é@’@%ﬁw%%?%&ge p?fa sce)u*elc

selected to provide a bias voltage at the substrate comprising two voltage pulses
10 during each cycle with DC self-bias voltages following each pulse which are two

different substantially constant DC levels, thereby providing an ion energy

distribution function at the substrate that includes two peaks 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 complex waveform as
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 (f;) 203, third (f;)
203, fourth (f3) 207, and fifth (f;) 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



frequencyfi third harmonic frequency f2 fourth harmonic frequency f3  fifth harmonic frequencyfi. 400
kHz 800 kHz 1.2 MHz 1.6 MHz 2.0 MHz Table 1

WO 2009/155352 PCT/US2009/047675

frequencies. Each of the constituent harmonic frequencies can then be
individually matched to the plasma load. Although the exemplary filter circuit
300 indicates a series of bandpass filters, a skilled artisan will recognize that a
circuit having similar filtering abilities may be formed from a variety of filter
5  types known in the art including, for example, low pass, high pass, or notch
filters which may be formed from various filter sections known in the art (e.g.,

“T” sections, “ 7 sections, and others).

The exemplary filter circuit 300 includes a plurality of RF generators
301, an optional frequency analyzer 303, a plurality of frequency splitter circuits
10 305, a plurality of matching networks 307, and a schematic representation of a
plasma chamber 309 with an associated reactive load consisting of, generally, a

capacitive component 323A and a resistive component 323B.

In a specific exemplary embodiment, a value of the capacitive component
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

Z, =-
Jo,C

C

where w, 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 summin/g device (not shown but

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



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 igpulydfvayeform down into individual frequency representagionsonesmmoenents 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 15actually comprised of an infinite series of odd-order
integral harmonicsrofisiadisp idahgkadiesa Sigmitd dyy aegavinagctivwavetbas fsreomprised of an infinite
series of both odd-grder and evanarderinietalhameniesiehainusoidal waves. Regardless of the

input waveform, the optional frequency analyzer 303 is capable of discerning the individual frequency
components hat produce, e, 29eomplex nPutuayelarm alond With kespegtiys magnitudes of each of
the harmonic frequencies. A Specific BXe &ary embo %ent, the optional frequency analyzer 303 is
produced based uréb?ﬂlallf&sqfmﬂ*ﬂ@@%&@ﬁ&%ﬂ@%ﬁ?@bﬁ?ﬁhﬁ?%ﬁ@%ﬁ%@‘@B‘éﬁ&éﬁ*ﬁly in the art.

The optional frequency anahwzet 30dmaydedcaniiguresito pawde a 75feed-forward loop (not shown)
to each of the plurality of matching networks 307, described below. Further, the optional frequency
analyzer 303 maybe configured to provide a feed=fgward {oopgefShown) 1o each of the plurality of
frequency splitter icircuits 305 as well thareby previdingiPoth cigwihiees with fip@ actual constituent
frequency of each patirmeithe| compiesnwavefaredbus, providisageadully tunsaneiruit) The
feed-forward loop|wesddenitilize adtivgubiitiers, andlor fyariable indudtive andicepanitivé: elements to
provide tuning for\each circuit type. Such active filters and variable discrete components are known
independently in the &0 kHz 1na. $98&H& exempladmbodiréltihere eadhNithe constituent
frequencies is kngqwn and fixed, the optional frequency analyzer 303 may not be 10necessary. A
resistor 311 is placed in series with a plurality of ifielletors (3I13A, 315A, ., 32IA) and capacitors (313B,
315B,321B). Each pairing of

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
10 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

15  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
20 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
25  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



the plurality of inductors (313A, 315A, .321A) and capacitors (313B, 315B, 321B) provides one of the
filters in the plurality of frequency 15splitter circuits 305 for input to the plurality of matching networks
307. As willlag Jfeagsyzed by a skilled, artisan, any number of resistors, igapggitossand 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 20independently in the art) may also be used in particular filter arrangements.
Generally a high qualityyred highrQ@damdtctifagmetivork(is ttitized incertlef to maxifizé power transfer
and minimize refleﬁg%&%@%@mgc@wgg%ﬁgs%l%ggggﬁr&%ggg%ﬁhg@g@ﬁgy\m@on of the plasma

ity o

chamber 309. A Q-rating of a filter is based upon an abi the filter to select or reject. a range of 25
frequencies that is PRtrBR FEHMEEISORRS oL R PIFURR ¥HES CTNBEX HE' PR of a filter is defined
as the ratio of the gantamfrequencydo dthe:fregueiey-banddidip avuBidBlizEhusythe Q-rating of a

seres-connected FLE Sl 1 SREHNIES DY WIETR S 545048 SR st esisance and Lisa

value of the serial inductance. As noted from the governing equation, a high-Q value is partially
ensured based up&treiEstiiPa stehaFEIGd 1B arhl TR ARSE P ORI mbodiment of the
exemplary filter cirenit:300:dhedesistarddaris selected to be 50.001 ohms, thus ensuring a high-Q
value of the matching network. Table Il, below, indicates values of inductance and capacitance

selected for resonance with %QJM%HE@{BM}EJi&ﬁB%&li‘ﬁ%ﬂ%@fé%cWi&th-éaﬁHﬁiﬂleUeS and bandwidth for

a 0.001 ohm serial resistor. Resonant Frequency [kHz] Resonant Angular Fre '
Inductance frequencies is known and ﬁ)ged, the%p ional freequency analyZer %3 magg(?tnb%y [ratisec]

10 necessary.

A resistor 311 is placed in series with a plurality of inductors (313A,

3154, ... ,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 18

determined by

"=
Ol

10




ilalli Capacitance holl 0" A f [Hz] 400 6.29E+05 313A: 100 31311: 1580 2.52E+05 1.59 800 1.26E+06

315A: 100 315B: 396 5.03E-05 1.59 1200 1.88E+06
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where R is a value of the serial resistance and L is a value of the serial

inductance. As noted from the governing equation, a high-Q value is partially

ensured based upon selecting a small value of serial resistance. In a specific

embodiment of the exemplary filter circuit 300, the resistor 311 is selected to be

0.001 ohms, thus ensuring a high-Q value of the matching network. Table I,

below, indicates values of inductance and capacitance selected for resonance

with a given harmonic frequency along with Q-rating values and bandwidth for a

0.001 ohm serial resistor,

Resonant

Resonant Angular
Frequency | Frequency | Inductance | Capacitance Af
[kHz] [rad/sec] [nH] [PF] Q [Hz]
400 6.29E+05 313A: 100 313B: 1580 | 2.52E+05 | 1.59
800 126B+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 | 319A1100 | 319B:98.8 | 1 01E+06 | 1.59
2000 3.14E+06 321A: 100 321B:63.3 1.26B+06 | 1.59

Table H

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, “ 71>

sections, or any combination of these sections in either a direct or cascaded

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 specific
embodiments thereof. 1t will, however, be evident to a skilled artisan that

various modifications and changes can be made thereto without departing from

11



317A: 100 3178: 176 7.54E+05 1.59 1600 1.51E706 319A: 100 3198: 98.8 1.01E-06 1.59 2000
3,14E+06 321A: 100 32111:63.3 1.26E+06 1.59 Table H 10With continued reference to Fig. 3, the

plurality of RgjchiegReHvorks PCT/US2009/047675

the broader spirit and scope of the present invention as set forth in the appended

claims.

For instance, particular embodiments describe a number of circuit types
in particular arrangements. A skilled artisan will recognize that these circuit
5 types and arrangements may be varied and those shown herein are for exemplary

purposes only in order to illustrate the novel nature of the RF bias voltage
matching concepts. For example, a skilled artisan will recognize that each of the
frequency splitter circuits may be combined with the associated circuit of the
matching network for each of the frequencies. Additionally, a skilled artisan

10 will further recognize that the techniques and circuits described herein may be
applied to any system where a matching network with a complex driving
waveform is required. The application to a plasma chamber in the
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.

12



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, " sections; or any combination of these sections in either a direct or
cascaded 15arrangement. Each of the section types is known independently in the artyialspi. poth
active filters and amplifiers (e.g., such as tunable narrowband amplifiers) may be used independently
or in various cemhjnatipgs Jyith. discrete components. The present invention is described above
with reference to specific 20embodiments thereof. It will, however, be evident to a skilled artisan that
various modifications and changes can be made thereto without departing from the broader spirit and

scope of the present inugaR. asetdAfh I AIRRRASH qevFQDiaRgS, particular embodiments

describe a number of circuit types in particular arfangements. A ski rtisan will recognize that these

circuit 5 types AP ERfeAtbA i s Be sanceicipdaniled khiowallbkevdth ane foptempthry purposes
only in order to illustraigthanevakRatyre }Q?L}R!:f piag ! ﬁ&gé%ﬁ%giggﬁ%%@qr example, a
e co

skilled artisan will recognize that each of the frequency splitter cifctits may ned with the
associated circuit of tHedvraHiAgIea Siarsnenspl dedy fraduisawbnuléinitibnalficaskiiled artisan

10will further recognige dhaddhg ieshniguRs-ank s pitideserings I?@cﬁl@n@?é%gg_lr_ 'i%%ﬁ%%ﬁny

system where a matching network with a complex driving waveform is requir e application to a
plasma chamber in tRENEEHIRDM ADBBICTHHGRE 18purely used as an exemplar to aid one of skill in the

art in describing,uatRtsoe MEQiReNIS ALng: BEASLBLAIME NN outp MOTEAYSiuiRE JesFL R Miconductor

should be construed throughout the description to include data storage, fiat panel’display, as well as
allied or Qher industffE§HIsEANA05H 304 other embodiments are all within a scope of the present

invention. TheaspeeificatiomaReidEaningsiaR.er e dinghr i Perraaisied iRAnHuSRtyespther than
a restrictive sense. M CS What is claimed is: 1. A complex waveform frequency matching device
comprising: 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, the plurality of

matching networks being configured to provide multiple frequencies of the

15 complex waveform to the plasma chamber concurrently.

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.

20
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

25  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

30 based upon a determination of constituent frequencies of the complex waveform.

13




a plurality of radio frequency generators coupled in parallel with one another, each 5subsequent 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 figegigrey generator,
thereby generating a complex waveform;  a plurality of frequency splitter circuits coupled to an
output of the plurality of radio 10frequency generators; and a plurality of matching networks, each of

the plurality of qnatchipg, netwarks havi input coupled.to an output of. one of the plurality of
frequency splitter circuits ar%g}q arl% c\)%%)eug%n?r? rﬁ&%%%ytg%tggég p evdct%()a¥ %ﬁ%@nﬁ“&%‘%ﬁéﬁ%‘?the plurality of
matching netwd¢ksdbeingnebifiy i edrtbgveditrepentitiple frstienciesehshehSooniplesmivaveform to the

plasma chamhey concuie lyengi.eg'g?tﬁgw@ew@yqjgm.requency 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. 20 3. The complex waveform

irequencysmatghing deyics,af i eckar SORASIAACA IRRSIRRAIY RRP caHpled o the pluraliy o

frequency splitter circuits and configured to adjust a resonant frequency of each of the plurality of

frequency spliths Rieality phgwichpsnnstekmnisandsweeimsrtedramismednoieodhtbmcomplex
2owaveform. feJ0BCPRRIRKNRYSINIT TEAUSIRHMAINIRG AaYCe phERm el spmprising a

feed-forward loop coupled to the plurality of matching networks and configured to adjust a resonant
frequency of é@éﬁ?ﬁ@?‘%ﬁ%‘}ﬂ%lﬁ’ﬂﬁ%ﬁmﬁh@-networks 30based upon a determination of constituent
‘frequencies of the complex waveform. MCSLLP 5.The complex waveform frequency matching device
of claim 2 wherein the frequency analyzer is configured to perform a fast Fourier transform and

determin& con&tituent HE GBS GHiRe Eo Miptsnra v Tise ebetriex wiateform frequency
matching deviggrefelainakuvhereinBarildhn RlwaliReaf Mg PaW Rlks iR copfigied to match

an impedance of a center frequency received from one of the plurality of frequericy splitter circuits to
an input impe&%ﬁ%%ﬁ’tﬁ@lﬁé B dhsgaput 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.

15
8. The complex waveform frequency matching device of claim 1 wherein the

plurality of matching networks is comprised of a plurality of narrowband amplifiers.

9. A complex waveform frequency matching device comprising:

20 aplurality 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;

25 afrequency 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

30 and an output configured to be coupled to a plasma chamber, the plurality of
matching networks being configured to provide multiple frequencies of the

complex waveform to the plasma chamber concurrently.
14




107.The complex waveform frequency matching device of claim 1 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 kighlqurality value
to be achieved by each of the plurality of frequency splitter circuits. 15 8. The complex waveform
frequency matching device of claim | wherein the plurality of matching networks is comprised of a
plurality or narrowband amplifiers. 9. A complex waveform frequency matching device comprising:
20a plurality of radio frequency generators coupled in parallel with one another, each subsequent one
of the plurality I6F radidheaguaricy yenelators cpriigunadithipgothvie: a helainoRicuitdgriency related by
an integral multiple tQ:a fregquer loyver-frequen roducing radio frequency
generator, the%g%{ é%r%r%tl?nggggg c%((‘)f%[p elé(%\%%\% 3?%02%13 %&%@?’18?%%%‘115?9 c 115%?55 6K output of
the plurality ofaztifotifecehty abngratesspanplieglinnof frécpobrdytisphittenidiponlitdapeptsd to an output
of the frequen | : rali tchi each of the plurality of matching
networksqﬁlrljavir%hg{r%l?ir%f1 gﬁ%%ggﬁgﬂg@n%ﬁﬁ%}@ 0 oiﬁg gﬁﬁ@%ﬁr@a |t§re(%récqlﬁgé(r)1§/h§5ﬁt?le@ Grcuits 30and
an output confiéAlikie8-be coupled to a plasma chamber, the plurality of matching networks being
configured to provide multiple frequencies of the complex waveform to the plasma chamber
concurrently. 10. The complex waveform frequency matching device of claim 9 further comprising a
feed-forward 16dp colpretPBRrIsE piavsfieyrofieanerayoyaiphing dardeite fridimohfigtired to adjust a

e RSl RACTLOL e A RN ALIRIIRY SR RaSR0R A eterminaton of

constituent frequencies of the complex waveform. 11. The comiplex wavefor guency matching

device of'Blainf@ figrrsl ettt soraati feaneneyiobpreboplidd rdutaditylofatinpebinpakewngknetworks
and configureddg.adiyst 2 sereramhfterbienaxaleRdhalie LAl Slmalching fshiorks based

upon a determination of constituent frequencies of the complex wave . 12. The complex waveform
frequency matching device of claim 9 wherein each of the plurality of matching networks is configured

to match an impedangg.Qf apRALST NERHENEYESRIV S IEAM LG REDERIMIAIY RS sauen gy splitter
circuits to an input impedance of the plasma chamber.
the plurality of matching networks is configured to match an impedance of a center
15 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

20 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

25 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.

30

16. A complex waveform frequency matching device comprising:

15




13. The complex waveform frequency matching device of claim 9 further comprising a resistive
clement coupled between the output of the plurality of radio 20frequency generators and the input of
the plurality of frequency splitter circuits, the resistive element being selected to allow gdigh guality
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 25plurality of matching networks is comprised of a

plurality of narrowband amplifiers. 15. The complex waveform frequency matching device of claim 9
it e et T T

wherein the frequency a IS con |gurebgflo .
constituent frequenciesaffthe demplexyaisefosfra BrdBy Afdbegptexis@veform frequency matching

device comprising:. MOSE P a radio frequency generator configured tg. generate.a complex waveform,
the complex w%a g%ﬁgy boeFigrge Tompris e% o ‘é“gfhgé%ﬁf)yug#éé%%ﬁ&@é% 8 aﬁeréﬁ Ooffrﬁge%‘fﬁg?ﬁcy splitter
circuits coupled to argewtpionfaik radio frequency generator; and 5a plurality of matching networks,
each of the plyrali Ing:networks having ap jnput coupled to an output of one af the pIuraIity
of frequen%y s%r%(lt%yragl; cu?’fg%l{r%g 1§§ %%%”B%‘%kéb% Fggu?gtt}x ?gp ueraglggﬁ) ed toca}éwbgfangr?]\%o(r: rafibele He plurality
of matching networkstsingp eplsfigarad dotprovidethd faralitplaf foé degneiey @pmero_t:impiax_ waveform
to the plasma chamb { c m§ie waveform frequency matching device of
claim 16 further com%ﬁ%&%ﬁgggﬁ%ﬁc u%rfr:l%-k?z%eer%cl)l p?e&qbae \(?vaesglr\at%eaggug%uﬁ]gﬁ uéa;é i8ﬁrequency
generator and the inpugtehthe sitwatiy wlﬂquaﬁgyrsib!iq@r@idanbe pht8lifhe bempleciavateform
frequency matching dyics:0f iy o IS YRS DA KeedLionyRrgipop coupled to the pluralit
of frequency splitter circuits
10
17.  The complex waveform frequency matching device of claim 16 further
comprising a frequency analyzer coupled between the output of the radio frequency

generator and the input of the plurality of frequency splitter circuits.

15 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.

20
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.

25
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.

30 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

16



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. 20 18; djhemcomplex
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.

25 20. The co form,f ency matching,device of claim 17 wherein the frequency analyzer
is configured tmﬁ%%}g%éggig%ﬁﬁ%%ﬁg?ﬁ %rr%lﬁgeotﬁfrr%%gng nsé)tlzb){\e,ern(fl Fé%f&é%@fé Bithe complex
waveform. 302mFskesmpiéz plavetochatrbeuency matching device of claim 16 wherein each of the
plurality of matching networks is configured to match an impedance of a center MCSLLP frequency
received from one of the plurality of frequency splitter circuits to an input impedance of the plasma

chamber. 22. THe complesovaNeforay tlegudneyumeichiagldeyidevafeatdic it férfheheomprising a
resistive ejemephaaHRIed pRlRRNm AHBUL AL IRUIR RN IRCTAIR! AN e nput of the
v d'toal qa%lg% guality value

plurality of frequency splitter circuits, the resistive element being selected to allow
to be achieved#iceraenavfite plardlit tbe haakiycyf disittsneirepitter] Gi28iBhthecomipléevewaveform

frequency maighingdeise Gf ElAGVREIaIRIIG AR IRGYE e aRberatey IS a il sional

generator. 24. The complex waveform frequency matching device of claim 16 wherein the plurality of
matching netwHealisy ﬁ?ﬁﬁ%@@?bﬁﬁlmméiﬁwﬁﬁnarrowband amplifiers. 15 25. A complex waveform
frequency matching device, the device comprising: a radio frequency generator configured to generate
a complex waveform; a plurality of fr%%uenc splitter circuits coupled to an output of the radio

frequencigentiator; BEcraglenep wharyy Seavensismbtehies dcticar afidaimdentyrgarbeator and the

plurality of  radio frequency generator is a digital signal generator.

24.  The complex waveform frequency matching device of claim 16 wherein the
plurality of matching networks is comprised of a plurality of narrowband amplifiers.

15

25. A complex waveform frequency matching device, the device comprising:

a radio frequency generator configured to generate a complex waveform;

a plurality of frequency splitter circuits coupled to an output of the radio frequency
generator;

20 afrequency analyzer coupled between the radio frequency generator and the plurality of
frequency splitter circuits, the frequency analyzer being configured to perform a
fast Fourier transform and determine constituent frequencies of the complex
waveform; and

a plurality of matching networks, each of the plurality of matching networks having an

25 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.

26.  The complex waveform frequency matching device of claim 25 further
comprising a resistive element coupled between the radio frequency generator and the
30 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.

17



frequency splitter circuits, the frequency analyzer being configured to perform a fast Fourier transform
and determine constituent frequencies of the complex waveform; and a plurality of matching networks,
each of the plurality of matching networks having an 25input coupled to an outpud 666h€ of the
plurality of frequency splitter circuits and an output configured to be coupled to a plasma chamber. 26.
The complex waveform frequency matching device of claim 25 further comprising a resistive element
coupled betwegn the xadio freq enerator and the 30plurality of frequency splitter circuits, the
resistive element being selécte(ﬁo a?gw a%ﬁ{glﬁngﬁg[ﬁ%/%%%% 0 Cg’atlg i(cl:-if\:/%aebcf}él ch'ofthe plurality of
frequency spligéréipdivgent s narFopTorigurep lexaavatorrnoirgderemay ohatohing device, the device
comprising: a gl RAUPACY AERGTalRKGontanIed R RANGIAIS A GAIPIRY waeToI. g plurallty of
frequency splittér circuits coupled to an output of the radio frequency generator; 5a resistive element
coupled between theggdigiftéquency generator and the plurality of frequency splitter circuits, the
resistive ejlementheing éfékﬁ%%ﬁ@!!&%%&btﬁg?Aﬁ}’o‘@éﬂﬁe‘i&’c9%&&‘?5‘?%@81?3{}%@&?{1{9%1]*1’ lurality of
frequency splitter circuits; and a plurality of matching networks, each of the plurality of matching
networks having an TOiApeRQCTBIEEr o sHiButheresivive efethenphaiaigtydedred irenityveplitieh circuits and
an output configured fo.ig comIad KR BoRIEsa, AR EhfiG SPRRIRXWABIAR freduency
matching device of claim 27 further comprising a frequency analyzer coupled between the radio
frequency generator %ﬁﬂl{ﬁéai@plurality of frequency splitter circuits. 29. The complex waveform
frequency matghing:dgvige.pidiainR8whersinherfirapenaAoazRh IS sanfiaied i Rgrigrm a fast
Fourier transform and determine constituent frequencies of thé complex waveform.

10 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.

28.  The complex waveform frequency matching device of claim 27 further
comprising a frequency analyzer coupled between the radio frequency generator and the

15 plurality of frequency splitter circuits.
29. The complex waveform frequency matching device of claim 28 wherein the

frequency analyzer is configured to perform a fast Fourier transform and determine

constituent frequencies of the complex waveform.
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