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Pl asma generators are routinely used in the

manuf acture of el FIELDOETHE INVENTION

The present invention relates generally to the design and
implementation of a plasma generation system. More particularly, it relates to
radio frequency amplifiers, antennas and effective circuit connections for

interfacing the amplifiers and antennas for generating plasma.

BACKGROUND OF THE INVENTION

Plasma is generally considered to be one of the four states of matter,
the others being solid, liquid and gas states. In the plasma state the
elementary constituents of a substance are substantially in an ionized form.
This form is useful for many applications due to, inter alia, its enhanced

reactivity, energy, and suitability for the formation of directed beams.
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Such variable process conditions include, changes in working gas and
pressure, which affect the amount of loading seen at the antenna terminals.
In addition, the amplitude of the RF drive waveform itself affects the plasma
temperature and density, which in turn also affects the antenna loading.

Thus, for the RF power source the antenna/plasma combination is a non-

constant and nonlinear load.

A typical RF source has an output impedance of about 50 ohm, and as
a result couples most efficiently to a load that presents a matching 50 ohm
impedance. Because of the often unpredictable changes in the plasma self

inductance, effective resistance, and mutual inductance to the antenna,
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rather limited degree of automation possible.

It is well known that the application of a sufficiently large electric field to
a gas separates electrons from the positively charged nuclei within the gas
atoms, thus ionizing the gas and forming the electrically conductive fluid-like
substance known as plasma. Coupling radio frequency electric and magnetic
fields to the gas, via an antenna, induces currents within this ionized gas.
This, in turn, causes the gas to further ionize, thereby increasing its electrical
conductivity, which then increases the efficiency with which the antenna fields
couple to the charged particles within the gas. This leads to a further increase

in the induced currents, resulting in the progressive electrical breakdown and
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RF plasma production techniques, (2) plasma densities of up to Np ~ 10"
particles per cubic centimeter in relatively small devices with only a few kW of
RF input power, (3) stable and relatively quiescent plasmas in most cases, (4)
high degree of plasma uniformity, and (5) plasma production over a wide
pressure range, from a fraction of a mTorr to many tens of mTorr. Significant
plasma enhancement associated with helicon mode excitation is observed at

relatively low Bo-fields, which are easily and economically produced using

inexpensive components.

Significant plasma density (N,) enhancement and uniformity may be

achieved by excitation of a low-field m = +1 helicon R-wave in a relatively
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RF signal is at a frequency of about 13.56 MHz. The RF signal is amplified
by a power output stage and then coupled via an antenna to a gas/ plasma in

a plasma generator for the production of plasma.

Amplifiers, including RF amplifiers suitable for RF power sources, are
conventionally divided into various classes based on their performance
characteristics such as efficiency, linearity, amplification, impedance, and the
like, and intended applications. In power amplification, an important concern
is the amount of power wasted as heat, since heat sinks must be provided to
dissipate the heat and, in turn, increase the size of devices using an inefficient

amplifier. A characteristic of interest is the output impedance presented by



anplifier. Typical RF anplifiers are designed to
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the signal to be amplified. By suitably shaping the signals, for instance with a
matching load network, it is possible to introduce a phase difference between
the current and the voltage such that they are out of phase to minimize the
power dissipation in the switch element. In other words, if the current is high,
the voltage is low or even zero and vice versa. United States Patents Nos.
3,919,656 and 5,187,580 disclose various voltage/current relationships for

reducing or even minimizing the power dissipated in a switched mode

amplifier.

United States Patent No. 5,747,935 discloses switched mode RF
amplifiers and matching load networks in which the impedance presented at

the desired frequency is high while harmonics of the fundamental are short



vari ations. These matchi ng networks add to the

conplexity for operation with a sw tched node power
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When plasma impedance is a small fraction of the impedance seen by

the RF source, variations in plasma impedance are a relatively less
significant. Thus, it is possible to drive a plasma with an RF power supply
without an intervening dynamic matching network if the range of plasma
impedance variations is a small fraction of the total impedance seen by the
source. Overwhelming the plasma inductance with a sufficiently high power
driver results in compromising efficiency to some extent. As a result, a
matching network is required when the dynamic plasma impedance is a

significant fraction of the total impedance seen by the RF power source.

United States Patent Nos. 6,150,628, 6,388,226, 6,486,431, and

6,552,296 disclose constant current switching mode RF power supply



primarily driven as the secondary of a iron- or
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weakly coupled via a shared core. R. J. Taylor invented a plasma production
technique for cleaning the inside of a toroidal vacuum chamber using a
process plasma, and had built such a device in 1973. The circuit as its
transformer primary used the air-core Ohmic Heating (OH) winding of a
tokamak, and a matching network consisting of fixed C1 and C2. Similar

designs operating on other tokamaks, some having iron-core transformers,

are known. These designs typically operate in the frequency range 1-50 kHz.

In designs similar to those of R. J. Taylor, the changes in the plasma

impedance do not significantly affect the loading of the driver because the

parameter ¢ = Where My is the mutual inductance between the

M,p
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transfornmer primary is smaller. In contrast, when the
plasma i s substantially directly driven, e.g., via
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efficiently nodul ated and are frequency agile. 9 WO

2004/ 114461 PCT/ US2004/ 019931 SUMVARY OF THE .
| NviNireimRlasma is driven directly, i.e., without a core for substantially

coupling a plasma secondary to a primary winding connected to the RF
source, changes in plasma impedance are significant at the leads of the
antenna or at the primary winding of a coupling transformer. This
configuration has been coupled to a plasma or plasma/antenna combination
via a dynamic matching network to continually adjust in response to the

changing plasma impedance.

The problems faced in efficient plasma generator design include the
need for a low maintenance and easily configured antenna, the elimination of
expensive dynamic matching networks for directly coupling the RF power
source to the non-linear dynamic impedance presented by a plasma, and the
need for RF power sources that can be efficiently modulated and are

frequency agile.



An i nproved design for efficiently coupling one or
nore RF sources to a plasma is disclosed. Also
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a mleamai with thet aidraf ansRE glosvar sgusee whhoutaequimgtthe Usierafta
pl asma i npedance value, a substantially resistive

dyhaniic hatehing eetweorkito dolupleRheRMBOWEP $otRse mefmésmé #
second pl asma i npedance val ue, preferably, selected so

thid Tohfex@ latdyridntia M Atthing Hetvo DR oS %B@dgﬁwgﬁﬁs%@rﬁ%

react ance range, the reactance seen by power

re oursggoltﬁselk}ﬁé”;n érﬁﬁg@%& SSQ'@%HZJ e"TS Hﬁaf _gov\n/:{ hod of

designing a reactive circuit to elimnate the need
for 1,c_mat ching, circuit, bet a and
'@%%é BEhipdBl Wit fratogs OFe AteReve PR
Rle for pl asma generator operating at about
Come fABF pqwer a%%r@felteé*ae aBtenGa- plgsraawm@pfawra: abhe
for de3|gn|ng reactive circuits for many frequencies
reaativernatiyark isis@lageq/s thatatddaistia finst plasnieinppedamee value, a
i npedance, other considerations may al so be taken

substaatialycmsidgtiveoad s presegiedad theRA pewki ¥6uree! Firther at a
For instance, it may be designed so as to present a

scB6RS Bladhid pAgtmcalivalile prfershg dsdB¥RE HURPIY si nfﬂ@?nt@':

power source, since thi's i nproves the eff|C|en
oSO RO R
the ﬂg" ;%V\(/) r sour g (ljsl 5l|)c(>)uqsfhe Sime as that of the RF power source itself.
Thus, disclosed herein are a method of designing a reactive circuit to
eliminate the need for a dynamic matching circuit between a plasma and a RF
power source. Also disclosed is a reactive circuit suitable for a plasma
generator operating at about 13.56 MHz. The described method is also

applicable for designing reactive circuits for many frequencies other than

13.56 MHz.

In addition to the plasma impedance, other considerations may also be
taken into account in the design of the reactive circuit. For instance, it may be
designed so as to present a phase difference at the switched power supply,

the RF power source, since this improves the efficiency of the power supply
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in general require the values of three or nore
reactance elenents to be determ ned for providing the
WO giegiit4ael behavior. An illustrative plasma genstEUS2004/019931

system conprises at |east one plasma source, the at

by Eegiicinsheesistiye fessasiatdbe switches.af ughedditignaheonditions ay,
plurality of |oops, each |oop having a | oop axis, the

ingeamesdlireguioé theowalseaof trge dr alretreactancemmtemeanisstotiec h
that each | oop axis is substantially orthogonal to the

détermmedasi piovatding B8RS HeSIRR) balghdor. r equency power source
for driving the plurality of |oops substantially in
quadrature and coupled to a plasma load driven in a

CI T A ffisiaftfd PleishRslgeiBtoryyRldth BBbriel ol 1A oRBHasma

via the antenna; a Static gnetic ti1e

t.ant | .axi_s; . Feactiv .
SR oPR s St o Wi hd Rt R RO 6 a1 R el G & ity
nt enna ops, The radi o frequency power source
o et SR OBS HEY gL oap B dbe ShaditiotRaps piswrasskabout a
group consisting of a substantially Class A anplifier,
canmeprRdssEehiney eerh deppaxiaipsubstantially arthagomnat fathey
Class B anplifier, a substantially Cass C anplifier,
canmohsixés) tat dddsy oBeaadiodrequanclyipawer aouseebfalr alnivirgy thye
Class E anplifier, and a substantially Cass F

plasamty &1 16bps kubstaatialBpaslidkature bR OuUpled t6aNPRShHRACLE
the primary of a transformer to reduce the drive

dri\}éﬂﬁﬁ%“@?cdlé’rgpélngé’@%e, EYéfBrd;@f & HiESR E?&gséé’ \@”fﬁe

radi o requency power source | udes a
|.fi | - f fguration with a .

g4 Sy b BIETHY s aBiab s R s Eagenage -

ower source preferably exhibits_ a | ow output
reppiieRRRErk ephiaing 1he TWiishina Buwlfisredhe aateana loops.

significantly less than the standard inpedance of 50

Ohm_ The output inpedance is preferably within a 11 WO

2004V her ragtia freayengpeweDIRYse Preferyly semarises at lenast one

set consisting of |less than about 0.5 Chns, | ess than
member from the group consisting of a substantially Class A amplifier, a

substantially Class AB amplifier, a substantially Class B amplifier, a
substantially Class C amplifier, a substantially Class D amplifier, a
substantially Class E amplifier, and a substantially Class F amplifier. In one
embodiment, these are connected to the primary of a transformer to reduce
the drive impedance to a low value. Even more preferably the radio
frequency power source includes a Class D amplifier in a push-pull

configuration with a relatively low output impedance.

The radio frequency power source preferably exhibits a low output
impedance. Often the low output impedance is significantly less than the

standard impedance of 50 Ohm. The output impedance is preferably within a
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about 2 Chns, | ess than about 3 Chns, | ess than about

5 Ohns, |less than about 8 Ohns, | ess than about 10
wamow114a6id | ess t han about 20 Chns.  Pref er ablBCT/6$2004/019931

out put inpedance is less than 5 Chns, even nore

rau?%@%éf Rld/frofife @t @@ﬁsusmeﬂﬁgg than BESVEERH Ghrds!lese than
, nost preferably the output inpedance is

abo%%ﬁ déﬁme BsSHln %&1@ %g;%frﬁg [ugéé ?ﬁoﬁoﬁ?ﬁto%@el QYA

ance’ 1's abou s low i npedance

t oget h i scl irc r
abeahﬁ?é@mﬁg'e?ﬁihm bhant 1B BR3ER: fevalipusZtignms.
antenna elimnate the need for a nmatch box, thus
Pretarablyige eutrulimpedapteis legs thangd &hms. rﬁa/teinrf@%e Besiier@bly
of failure and higher costs in plasma processing
the peitpismpadance isdretegenrit ate2ddhmbaecant] swisb peaferahdy the
is that the voltage applied to the antenna can be

outetempedbAce & iges iaron Qiempliasrefarratbéinbodinidntsthe output
increasing the ability to initiate the plasma in a

m}ﬁ@ﬁbﬁ&é’ i bdﬁiﬁ”lﬁ' OBNsONdsd bOIRTs lowhssedditeR]Aeffodether with

or med evotagereducestoalovver level to

g B R TeP e W2 &'“9%*;@32 s egaBey

s stem.can. b a helicon urce as
ehpate Mhfieed @mé&rb?% Vs g @ﬁju'g%qmel&ﬂtv

or as an I CP source at BO = FurthernDre it is
anehRlisrinating 8 seperaptiadire ane htgh)er sastsrB Ry processing

pressure reginmes (e.g., wth Po approximtely 100
sysfBons.) that are very difficult to access and/or nake

good use of using prior art plasm sources. The

currents in the antenna el ements appear to abruptly

" | ok further @deantsaer afttbe eissiasedagyistem isrtids thd ealtadgeeapplied

conditions on neutral pressure PO, input power PRF,

to MR aﬂa?en\(’@ cd0de Wfreddui BAGMoIN89R fommatesM ahly

applied axial nmagnetic field Bo, are right. When t hi s
|n<9‘é‘é§fn§ the ability to initiate the plasma in a variety of working conditions.

Once the plasma is formed, the voltage reduces to a lower level to sustain the

plasma.

Depending upon the phasing between antenna elements and the value
of B,, the system can be run as a helicon source, or as a magnetized
inductively coupled plasma (MICP) source, or as an ICP source at By = 0.
Furthermore, it is observed to operate efficiently and robustly in pressure
regimes (e.g., with P, approximately 100 mTorr) that are very difficult to
access and/or make good use of using prior art plasma sources. The currents
in the antenna elements appear to abruptly "lock" into a quadrature excitation

mode when the conditions on neutral pressure Py, input power Pgrr, and

12



advant ageously the plasma appears to fill the chanber
approximately wuniformy, thus providing the ability

wda mopndeice uni f orm processi ng conditions. PCT/US2004/019931
Addi tionally, the combination of antenna system pl us

exRIramNapRtes aﬁéﬁna%h@tﬂi fieldB), AP A§RE. NWaeBltAiS B cURsler
conditi ons where the plasnma paraneters vary over nuch

ol G5 962 oy B RO GOSE e oty
A I R Y R

wi thout the need for the adjustnent of any dynam c

mat chi ng net wor k con_Bonentﬁ. Anot her adv?ntlg e of the

di s dskitanallyche-Ranabinaken b anienna SYataTB RIS RE enerator can

dynam ¢ matching network allows an "instant-on" type
credte @nel maintainfaoplasma unslexendgionsohergihe plasma parameters

characteristic can be used to provide an additi onal

vappoverahutiolargbergrngesdhan beve peesadpolted fardtheusaurces (e.g.
is possible to nodul ate the anplitude of the RF power

nedEAepRIssOE: PDOafb@FER 106 RS dbWA t6® mTeFehnd lte¥eback up
such as 30% and 100% or in a fully on-off manner (0%

aggh ‘30243?)@%%8@35? i@é&?ﬁ%ﬁﬁ%&é?@?ﬁéﬁe' IR it i he
. For :
neBd{of e FluRRa g’ v MOBEE HiA G SRR R TR age
pl asma density. The "instant-on" operation can

generate plasnma with an average RF input, power . of as
T Aretse s annssot e Hederedsvatpriihey Heiminftarof the
nmodul ati on can be used to control the spatial
dyoastie maichiog networkrallows 2 rigsigason tmerpfiaperatiarcior the
chanber: The plasma nodifies the distribution of the
plagmé isogragasThis icharaatenidtici dant bergsed ta provideanadtigiomat y
of fluxes of the active chem cals or radicals. By
comigiortthé BrodessBding ayed.elrppartiduldp) iLRAskidd €l modulate the

PCT/ US2004/ 019931 pl asma production, the flow
antPIRLAE bEHSRF Govir deliferatity ! plddmadeiwien &\ (or more)
levels such as 30% and 100%, or in a fully on-off manner (0% to 100%). This
modulation can occur rapidly, e.g. at a frequency of several kilohertz, and can
accomplish several purposes. For instance, the average RF power can be
reduced with a consequent reduction in average plasma density. The

“instant-on” operation can generate plasma with an average RF input power

of as little as 5 W in a volume of 50 liters.

In addition, modulation can be used to control the spatial distribution of
the working gas within the reaction chamber: The plasma modifies the
distribution of the working gas, thus, contributing to the non-uniformity of

fluxes of the active chemicals or radicals. By modulating the duty cycle of
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plasma off tinme (or reduced-power-level tine) can be

adjusted to control the wuniformty of the process.
wEReeldaéle plasma initiation time i s usually vamuszoddn19931

20 m croseconds of the application of the RF, the duty

pl&3Ra ProdctiBa, theomiw ehheitaistits efitenaeasalaasd@ihgtbe
tens or hundreds of kHz. These and ot her features of

plzé%‘ﬁ? DRMERS kcf’r{’?e@ﬁ@e@-%ﬁfek—ﬁ’@x%l e gg}'\tggz %&ég&é&%%&ir&w\%

owng Illustratrve figures. | PTI

THE FI ES The foLl ow il rative,.fi [ e, .
Pl e P Beste SR AP sk BTk LT Furig to-
the invention w thout jntendi for the figures to
20 migreseqongs & Hb%aepl'qaﬁ@ncqfé'ﬂ%gﬁ%  BNEORY Ayl Mdthat es a
pl asma source chanber with two sets of antenna
coatrohethatfrequengies as highias tetsedy hundiedsbekidzr cuit with
an RF power source coupled to an antenna; FIGURE 3
illustrates a second tunable circuit with an RF power
sourTheseamagpdtbdr featanesafties imvenkb BaREdéscrhiibednexttvath the
third tunable circuit with an RF power source coupled

heﬂFspoﬂtmneafan&nm?;imﬁtQt%f@uiréé.ustrat es acircuit with an
F power anplifier coupled to an antenna current

strap; 14 WD 2004/ 114461 PCT/ US2004/ 019931 FIGURE 6

illustrates j ' | r

anplifier cgﬁﬁgﬁﬁégwmwﬁamg?ﬂgw% FI GURE

7 illustrates a third circuit with an RF power

anplTihei fellowingpllesirative fiayres aenpepvidad toretiarexplain the
various embodiments of the invention without intending for the figures to limit

the scope of the claims.

FIGURE 1 illustrates a plasma source chamber with two sets of

antenna elements;

FIGURE 2 illustrates a tunable circuit with an RF power source coupled

to an antenna;

FIGURE 3 illustrates a second tunable circuit with an RF power source

coupled to an antenna;

FIGURE 4 illustrates a third tunable circuit with an RF power source

coupled to an antenna;

FIGURE 5 illustrates a circuit with an RF power amplifier coupled to an

antenna current strap;
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FIGURE 8 illustrates a sinplified nodel of the RF

power anplifier, antenna current strap, and plasnm;
WOH0GURE4A i |l ustrates a lunped circuit equi valremuseho4/019931

t he nodel depicted in FIGURE 8; FIGURE 10 illustrates

t he FIGURE Bdllustetes asecohd aigLin with SoRFasowen drhplifiera

plasma; FIGURE 11 illustrates the frequency response

COQIF)IGE 1 5 BRtehAH cefrent gﬂap,a plasma present; FIGURE 12
illustrates a feedback arrangenent for controlling a

plasma source. FIGURE 13 illustrates a reactive

ona TAPHRRT [fRR1EEd 1 SelP Wih, artRE v fipic eBpled
toiﬁnvﬁ?ﬁqti on with .elenents selected in a reactive

PRNY BUQ?PWtF%;e the need for a dynam c matching
network. 15 WO 2004/ 114461 PCT/ US2004/ 019931 DETAILED

DES ) THE | NVENT] Tur ni to the figures,
Fi GIHEURE Biillstreiee.a SIpllishmodeLbbedRaRBBIer SBRRIctuo
sets of antenna el enents. The antenna desi gn incl udes
antemna evretgdien, asdmi@smaor nulti-turn | oop el ements
105, 110, 115, and 120, arranged about a conmon axis.
The antenna el enents 105, 110, 115, and 120 are each
dr i VWAGURE BHlIystrsdes sdumped cirduit 2Guivaledt b8 theamoslleddepicted
Each antenna | oop may be coupled to the same RF power
iNnFIGURE 8 th a phase splitter, or to distinct RF power
sources, to drive the antenna elenents in quadrature.
Preferably the I oops in the antenna are constructed
f r oRIGURE 10%)ustrates the frequency response of a plasma source

without a plasma;

FIGURE 11 illustrates the frequency response of a plasma source with

a plasma present;

FIGURE 12 illustrates a feedback arrangement for controlling a plasma

source.

FIGURE 13 illustrates a reactive network for coupling an RF power

source to a plasma; and

FIGURE 14 shows an illustrative embodiment of the invention with
elements selected in a reactive network to eliminate the need for a dynamic

matching network.
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gauge teflon coated wire although bare copper wire or

ot her conductors may also be used. FIGURE 1 shows two
wowkhogesial sets of two-el enent Hel mhol t z- coi |PCT/U$®04/019931

| oop antennas, with | oop elenments 105 and 115 in one

set and loop elenents 110 and 120 in the second set.

The | oop SEMALED BESGRIEINON OEAHEINVENTIQNound an

i nsulating cylinder 135 such that the magnetic fields

t hatr ahifgR6 ABIESGre FIGBREU [IRRErates PBRSATH Soirel Thamber
them are approximately transverse to the axis of the

DG o R RRPRRH N PEERLR P S5 Pl 1

ires interconnectin 0 si ng L.aagp e ts a
OrgPSP@?'a%W‘Q)eaPF Hﬁ’g"é'h“gd%‘?‘f?gﬁﬂi’e’gﬁj@geﬁb's%ﬁps{ﬁc arry
currents flowng in opposite directions in order to
aranged aboghaceimmen &xis. of he aptepng; elementss i Hile d 10i aRd
them although this is not necessary to the device
120ere aachrdrivehebyaRF gnovess sauecas) év 125 edBsiBfhas khownhé&ach
currents in both orthogonal branches are nearly equal

anbthaPidap &fay Be EoapREStoaR8 isantedRFowWkasd uRde with a phase
approximation to a rotating transverse magnetic field.

spifter'B) f@géﬁéﬁf‘%g#om/sg§ﬁ%§%&éﬁ\%gﬁwe aftehR§ eferABRIsSn

.
casé o node p a static axial Bo field

140 .i s psoguc far i C ' .
et e e iedbrb S AR Hueris BrobiRufusted rom pight @)

cylinﬁjer. The direﬁtio of this static f'beld [ Cguch
gauiggtetion coatgt wiregtheugn BaresoRnes MR P tRer conguAers ay

m = +1 helicon wave. In practice, the anplitude and
alsti bettsedn of the current producing the external field

may be adjusted to nodul ate the performance of the

pl asma generator. The overall anplitude of the

nec FGURE fli shlosvs va giihvegana) sets eftworelagen blelobolxasid:-

for the paranmeters discussed here, but for different
likéilgsp aneheas, with esompeleventsings andnets incorepdtareidoopnce

the static field opti mum anplitude and direction are
elements 110 and 120 in the second set. The loop elements are wrapped
azimuthally around an insulating cylinder 135 such that the magnetic fields
that are produced when a current is passed through them are approximately
transverse to the axis of the cylinder. The opposing elements of each set are
connected in series, in a Helmholtz configuration. The wires interconnecting
opposing loop elements are preferably arranged such that adjacent segments
carry currents flowing in opposite directions in order to enhance cancellation
of stray fields associated with them, although this is not necessary to the
device operation. The antennas are energized such that the currents in both

orthogonal branches are nearly equal and phased 90 degrees apart to

produce an approximation to a rotating transverse magnetic field.
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chosen, they typically need no further adjustnent. In
conbi nation, the static field and the RF field of the
warwennaciel enents produce the m = +1 hel i con raues2004/019931
the plasma inside the insulating cylinder, which
Suswltﬁé%eiélﬁpl@ @5 RG0S IplSdtrall &l static i B, tiwnd

is also possible to vary, and thus de-tune the

146t|€b'r aﬁfr |ﬁst5h8+, %JOQ 'sithB! g@éct?&%%néth erhid 'fl@l'dquﬂts

'S not ect y excit

Thi er a RL od

e B P2 e AR IRE sl D Mg thayne
course, the static field then be applied to

rotatipg srpasversed [edd mimigs that Pﬁé‘e fBIaﬂnﬁ‘%%‘Bﬁ waVge R PEGICE
It should also be noted that it is possible to achieve

the hmpditude anvddinédtioncafitbietdunrent pfoduiciigRibelexisina fieldrmay be
instance nulti-turn | oop antennas instead of single

adjuaesd tamddalata tissipaiforeanhcd af the/dlasraagieneiton The overall
requirenent, it is preferable for the Bell jar to fit

n&ﬁlft@dé‘gf% ﬁ"’éHe%QQ fdi@ e typiddiy nr‘PtH@fa?IgTehﬁm@O Gduds forthe
WO 2004/ 114461 PCT/ US2004/ 019931 One exarrp e

paﬁa@égggﬁgs;@%g@ﬁéw.f@,;r:c.nﬁé B 58 DR AR hoes
acplovs s acs s s &Xﬂei‘ﬁ%awaﬁﬁﬂ?'ﬁ[@*@w@ﬁ?%mare
V\ntha6 radi us hemispherical to The jar rests
chasem. they dnicalycrradee f urg’w Fy 12" W x 8" tall

(not part of the plasna source) The antennas consi st

of two sets of opposi n% cl ose- packed, approxi mtely

r ectlagguibamgtionnthe statia lebiqanmrmBFlf@dﬁaoameeamanna elements

el ements that surround the bell jar, with
prédutethermt=eky heliésn modd ia'"the plasnng insidertheninstlating cylinder,

antennas and the bell jar at every point. The turns
wHiER BUStafRCtRePIS4RA WistHaré® N Rekbar hénskid that it @gisbhe

two el ements within each set are al so connected in
po§§{bleeﬁ) vaSrVFQna bils 488k the static magnetic field, or to not apply the
field at all, so that the helicon mode is not directly excited. This operation
produces a plasma as well, but typically not as efficiently as the helicon mode.

Of course, the static field may then be applied to improve the operation of the

plasma source/generator.

It should also be noted that it is possible to achieve the same overall
conditions of FIGURE 1 using for instance multi-turn loop antennas instead of
single loop, and/or a squat bell jar. Although not a requirement, it is
preferable for the Bell jar to fit within the antenna frame with no more than a

1/2" gap.
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fields are additive. The self-inductance of each set

is approximately 10 mcroHenries in this exanple, and
wa te4/materal i nduct ance between the two sets iBECTH/ER904/019931

than 1 microHenry. Vertical and horizontal antenna

| corieskampre plaBma®dures sétupds e fensive A a2 bell jar has
respectively, consist of 8-guage Teflon- coated wre.

aprb)&Hafél qbi m.ﬁ@%mé{sp@%cﬁ'a[ggé StehdaR? <o), LeRb12 x 12),
¥oAductor s may b nployed 1n p ace of one or
two,..tur n-co ted W Ie, The a u "
cobRtid REATidE PRI sEion PR axBRERY g e with a 6
transverse [otatln% field should not be interpreted to
ragip e iSRG OR| THAET P10 & VAR BRATTRCE he
absence of express indications. A conventional RF
appomematadyi i 2&i.erxi 8d tallmot pamiof thenglasoteesayrce ke The-nTIRESS
2 to 4, may be used to excite the antenna currents in

cohbiet antwensets ol epposingclabemckdtls sppreximatbly rectanigutas, two-
of FIGURES 2 to 4 are conpatible wth many of the

turf c‘fﬁlhﬂﬁ@gs iﬁiidﬂmﬁnn%i@neﬁtstth%@mﬁmﬁ bl d/ﬂtrﬁt eps

as providing a | ow output inpedance to ‘an

A B . LS SRS O %ﬂeﬁ i
2004/.1&[4ﬁ61 PCT/ U 2004/ 019931 ., the reso reagency
VBRY BOIBL abBE AUESINTH GAES HETEN 18 CABCRRE yperioS BT fe

frequency. A | ow out put i|inpedance can be understood by
twp eleinentsewithintaaeh sgliare elporcanngetad igyseriesr sygtethat thels t

with and without the plasma. The "Q' with no plasna
fiefuscareradditiveu | Thé eelf-inductanaecoi-daghdsatris approximatedy 10 han

in the presence of the plasma. Notably, unlike known

miéfdHehries indbighexangsigbamdtheomuafal tridudiincepostaicendhe two
and antenna will not need to be readjusted in the

seld RIBES thaff 1 nﬂb%r@ywm HAg hblﬂlﬁoht%@éhﬁarhﬁﬁ Ib@p sections

response to changes i1n the plasna inpedance. In
apglrci;fg\%&yb%nﬁgné% 10 rd@ecliferd, SHREIEY SHehuggdirsion-
coated wire. In alternative embodiments single turns of rigid copper
conductors may be employed in place of one or two turns of Teflon-coated
wire. The particular embodiments described herein for producing a

transverse rotating field should not be interpreted to limit the scope of the

claimed invention in the absence of express indications.

A conventional RF power source and dynamic matching scheme, see
FIGURES 2 to 4, may be used to excite the antenna currents in the antenna
described above. Moreover, the circuits of FIGURES 2 to 4 are compatible
with many of the disclosed methods. Some of these methods include steps
such as providing a low output impedance to an RF power source; and

adjusting a reactance coupling the RF power source to the antenna such that
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generator, connected to the quadrature/hybrid circuit

at port "A" 125 illustrated in FIGJRE 1 via 50 ohm
wanmaxiidkie " +45 degree” and "- 45 degree" | egsP@f/uSHimz019931

quadrature/ hybrid circuit are connected to individual

thérééﬁ?%n%éﬁ@"dubﬁ&y Wethe B SEMcB DR eMkSs SRTEesiEs RF
adj ust abl e capacitors 205, 210, 215, and 220 as

fre%{q;%WB%a&\S cﬁfﬁﬁuﬂﬂgfed%fncg%%ﬂ%é R erétond dﬂe‘?ﬁ%ﬁcé% the

rati ng frequency, a

ance, qf .either side, of sf d :
auzfiecss thw ol igtand EnberBE e ﬁﬁ%ﬁ-thh no
FIGQURE 2, a single. RF source 200 may be use
plassge Preseniishauld haxfive {retepoipict ospYen hl@he( thag the presence
quadrature/ hybrid circuit) and four adjustable tuning
of ¢he plastrsa. 286tabil @nlika knowaraircdity, sushrencembinatiohef the RF
separate antenna i nductances 235 and 240. Anot her
poWErGdURRNARd Bhiensiarwill @bt need itéUBEreddjustenl inthe presence of
separate RF power sources 305 and 310, and thus

pl&dtha b§oh gﬁ?ﬁ@&ﬁb%a&t‘éﬁcé‘ﬂ?r@ﬁo‘h@@@o cRaMEEs i t'h‘étblé§ma

connect 0 I hduct ances 335 and 340 via tunab
"n§§8§§¢éors 315, 320, 325, and 330 respectlvely. Such
dngenent is advantageous in that each RF source
can be operated at full power, thus doubling the 19 WO

s Ao FIGHRE o K SqiloR 2007y B BnRlart BER MRS 1w

phasi ng and anplitude ratio be adj usted be{vve?

getrﬁéataht@ﬁwsgtedﬁ%h% zswﬁyratgtﬁm%y @wé@{d’%& lustrated
operated at roughly the same anplitude and at 90

in (FRGUREs 1 0zt 500hphasax. Ehe fivdyHegres” andl ' Hddtegied] legs of
phase difference mght be varied in order to change

thé lag@adaiturethyiiridt dicuibtaretcotneotdel. to ifdividerabbytyme chyacitative
operating themat different anplitudes, an

msﬂchlrﬁ} hAoris cRbasd BHaBLSEBRe BabacHoRs T0SE2TRIAS. and 220
than™a strictly circularly polarized node coul d be

fﬁ{\{?ﬁ Nefe r@aétghééjofa?%%dﬁtgﬁ%‘ﬂs id SHGE AIEGhhS kR dRhe

dces passi ve
operating frequency, and the reactance of either side of the transformer 230 is

about 100 ohms with the other side open. As shown in FIGURE 2, a single
RF source 200 may be used, together with a passive power splitter (the
quadrature/hybrid circuit) and four adjustable tuning elements 205, 210, 215,

and 220 to match to the two separate antenna inductances 235 and 240.

Another embodiment, illustrated in FIGURE 3, employs two separate
RF power sources 305 and 310, and thus entirely separates the two antenna
power circuits connected to inductances 335 and 340 via tunable capacitors
315, 320, 325, and 330 respectively. Such an arrangement is advantageous

in that each RF source can be operated at full power, thus doubling the
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circuit, conprising inductor/antenna inductance 405
and adj ustabl e capacitor 410 on one |eg, and drives

wa ted/otsher | eg with an RF source 400 with a dyrG@EmUI$2004/019931
mat ching circuit having tunabl e capacitors 415 and 420

anteUHef irgslit ipo wer Hisedtmdparad U6 tiedatast aé@la?lemr soardeaRgdhst
tends to excite the sanme sort of elliptical helicon

phgg Ay 55@%}1@3@30 nihy Be fah@sggéghweeﬂ (e AReRRdd NY

pproxi ma O degrees ou ase W th the driven
B SR 5B o LR AR e U S8t

working gas in this exanple setup is Argon, with
angrat ) dedregs guh gt PRassmalboHgB e ?mpi&ge aRHoRfaase A
static axial field is manually settable to 0 - 150G
differénte nmigbldoe garieyy insorger ko shange the mafuse aktherrxcjed Imode.
jar/antenna assenbly, with a radius of about 9".
Forlexample sy apérating them @t eiffarent arhphitudes xamretliptiyal k5
nmrorr exhibits at |east three distinct nodes. First,

pofareddilhsmadralicon Wb derdthér tRhAS @ity cie@N&Sy pbRYieéd mode

near the edge of the bell jar is observed for Bo <
i1 iffen PRF 20 WO 2004/ 114461 PCT/ US2004/ 019931

COE@*%ég%ahan'or approxi mately 200W Here, Bo is the

axial magnetic field while Bcritical is a critical

val ye, f.or the axial.f] f. EA . US]
2l e BRI iy R FIGERE 40BpRe bRl HeRthan
. Pthreshol d denpte the RF power supplied, to :
CTEHCATBP IR0 AT n s B anes 0%, 800 giiistable sapgitor
mode, the RF antenna currents tend to not be in
41§erioae lee anddivesdhp ether lag wilican BE s@ace 48§mdtisaout
of phase. Second, a dull-glowdischarge-I|ike node,
dynatrtic orEtékingicirdeit davingglnablatcapagiiens 4tbnend 820 cantacted to
approximately 1-2cmthick dark space along the wall
anfénidmdoetdnceaf2 R Thiaeangamenttents tokseite/ 8@ dame Bortof

Beritical but PRF < Pthreshold. In this case the RF
elifptichPRLIROA Rob8 i HYSasMA2WithitHE Dassive side operating
approximately 90 degrees out of phase with the driven side, thus providing

many advantages but with only a single RF source and dynamic matching

network.

The working gas in this example setup is Argon, with pressure ranging
from 10 mTorr to over 100 mTorr. A static axial field is manually settable to 0
- 150G and is produced by a coil situated outside the bell jar/antenna

assembly, with a radius of about 9”.

Plasma operation at a pressure of approximately 75 mTorr exhibits at
least three distinct modes. First, a bright mode in which the plasma is

concentrated near the edge of the bell jar is observed for B, < Beriticat When Pre
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appearing to abruptly | ock at approximately 90 degrees

phase shift shortly after the plasma is forned.
wortos/di44@t hi gher PRF > Pt hreshol d and wi t h BaCI/US2004/019931

Bcriticai, a bright plasma is forned that appears to

is fé%sﬂﬁér@o?éﬁﬁ&dkwhé@lyalzbaw diHete, IBRUS Btk dxianmiagaktiofielandsile
, and the antenna currents again tend to lock into

Bc,il %@‘EH{K‘%IQ ﬂ%@gthe—rgfa‘ f‘élﬂ%rr ﬁ@né‘gﬂ’é ﬁl eVé_;?]hellcon

operat i on,

res hat I prov.
31 Dl pBiBE BT bR aﬂ%ﬁremoagﬁﬁc’i ihecSE Poler sypglied
each of these regines nmay have appljcatjon. in plasm
to fre8SBNAGING  IRERHRAWEr ARBCTR) BRIVl EFMBReIne RF
source and tunable matching network described in
ankerEdRESrents derihtoy nbkbe in guadratude; insteaddreing ag much as 180
stream i ned power circuit. In a preferred enbodi nent,
degi‘eé%':oma@'er Sadondr, b\Ral-dlbw-disdrenge-like imades twitt uraitnrm
irectly, using an arrangenent such as that shown in

oSBT e BT ey anor R g, oo

ul gout pyik
a%ﬁ*%i%e%%@%&fhW&%ﬁﬁ%&f%ﬂ%ﬁ STARR N
kno inthefield Tr S|st03505ad510 re driven
eI Ban- BUIYS S teyRherrenl R opprsaadtolit v
500, as is known to one of ordinary skill in the art.
appgafing 0 abruiidaghat @Wpémtﬁly&%degr&%ma@@ shift shortly
conducting at any tinme, typically with a duty cycle
aftef the plass= isHanns@.%ThTrdeabmigbalt Prdf > Phagestolreand with B, >
transistors is conbined to generate the conplete
B8 ebrigitrmhsmalis Yornidiethatappessito bensoed evenly eadially
transistors 505 and 510, in the output stage are

diéiﬁsﬁl%e HaHah @hét%ftrﬁé%é‘@ )”BPI& thé %féﬁﬁa%tﬁéﬁ?@aéam teRE %6 lock

are pi cted as FETs, but they can al so be,
R B, T R ey

operation, and can be achieved at a neutral gas pressure that has proven to

be very difficult to access for known plasma sources, although each of these

regimes may have application in plasma processing.

In an aspect, the conventional RF power source and tunable matching
network described in FIGURES 2 to 4may be eliminated in favor of a

streamlined power circuit.

In a preferred embodiment, an RF power circuit drives the antenna
current strap directly, using an arrangement such as that shown in FIGURE 5.
The RF ampilifier illustrated in FIGURE 5 is preferably one of the many types

of RF amplifiers having a low output impedance (i.e. a push-pull output stage)
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swi tching node operations is provided by Cass D
anplifier operation. In this node alternate output

walawi/tagelar e rapi dly switched on and of f on omEBU$2004/019931
hal f-cycl es of the RF waveform Ideally since the

thﬁ%r@%o%\fthﬁé figlce Wahg%lorsmﬁ sio a@bMﬂléMﬂ@?ﬁsh pull
vol tage drop, or conpletely OFF with no current

arr‘a:ﬂg e%tl’%g ?)gyf%iﬁ?gﬂ%@rg‘#@; aggl%ggpvgngg%gg%%%&n&ry skill

: h

SRS BRSBTS AR Bt R
times. Actual inplenentations typically exhibit

timg, tyRicallyc il aZyty sa@lﬁm@rmthanﬁe@ abhg outpid Cri#he the

driver is coupled directly to the antenna current
tramsisiqrs 52 Gombirmayto gerfaratedthercomapletebsignaleact ance 515,
preferably a capacitor. This coupling reactance val ue
is preferably such that the resonant frequency of the
Cci r Ruiferably hthehmweriggmicgndectotsarog, tradsistoes 805 amda510, in
wWth no plasma present, is approximately equal to the

th&GuPRR 5Bidedrel SRALRRICH swithild r%aét IIN%@FIGGRESEB-W Pkse
the output stage of this circuit, illustrated in

arlg Irqc pora% E hpﬁ f{l‘%&scag‘nzél%%% gﬁ%%ﬂ%% HifblaPWaRGisirs,

/U82004/ 19931 with driv 600
IGETR. vecnan s of aaV alneeatitact puvie de g e B Xgle of
i sol ation. Transformer 620 may tional |
sWil§AMdgnPea opsratioNsJs Greided bw& agﬁ D; ame'&f%a@@%@t'% eln this
push-pull stage, if too high, to a |ow inpedance.
ma@tip attermnate 6atpul Qeuceaag@damdlywnmed @soanthel oatoppesite
desired drive frequency with the inductive circuit

haffayatss dhthe IRMakeeform. dgeaky dingattiea batput deviess asé either
625. A simlar enbodinent is shown in Fl GURE 6(B),

coMpiERly ONREh 28Fo GdifadeSdiepedr Eoipltelp! OPF Dathi s curast flow
capaC|tor 630 is resonant in the series circuit

thér% BidBe o dlgg Sfl .gt@rog%e%li%ﬂ@fc%é?b Srfattlis

uctance of e cur

ideally capable of 100% efficiency. However, this estimate assumes zero ON-
impedance switches with infinitely fast switching times. Actual

implementations typically exhibit efficiencies approaching 90%.

Preferably, the RF driver is coupled directly to the antenna current
strap 520 through a fixed or variable reactance 515, preferably a capacitor.
This coupling reactance value is preferably such that the resonant frequency
of the circuit with the coupling reactance and the antenna, with no plasma

present, is approximately equal to the RF operating frequency.

An alternative arrangement of the output stage of this circuit, illustrated

in FIGURE 6 (A), includes a transformer 620 following or incorporated into the
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FIGURE 7 illustrates yet another RF power and antenna
current strap configuration. A center-tapped inductor
worab4/iraser porated in the DC power feed is corm@ErUR€04/@9931
t he out put stage having push-pull driver 700 and
pukhaiifli sth§e SwittD8ride1b0018nd trapkiaidre Bo5<ary €10 d@qbr@\wde

transforner 720. Agaln onIy one or the other

eléd,ﬁﬁéh?'(l:sct%:l eoﬁ.s %g/?%%ﬁﬂbhg}’y bd XBhf rlaﬁl ith a

e clrcuits RES

v ded rative nly.
waiafotl Bﬁts'mpﬁﬁﬁpcgpﬁﬁze ey B SR e gn g w
provi d| _rF& a | ow output inpedance may be used in their
mpe@@r@pe apﬂwt%&ﬂéw@ém@dﬁawedng BSpRANESRL tﬁﬁt‘i@ﬁﬂ? dnve
hel i con antenna, such as either a symetric (Nagoya
frequpacy Withdhe Wrechiclive eircui éorewed byetrgnsfores @0 landyardenna
paddl e- shaped antenna) or asynmetric (e.g., right-hand

cufreht stthp 625WA SirallaNapbydinidrit isishewnd) FIGURENS(B), where
configuration, or any other non-helicon inductively

caBQHRﬁr@I |§rif§e9l$bfiDC’é1|mfﬁ%ﬁoﬁ':alﬂ?wﬁaé@ﬁ 639 |§f?é/soth%nt in the

e nodul ated wth a variable duty cycle

Seﬁégé'rfgﬁéf%re AT LB g%@%%%@oﬁ'}{%wgsl

nes of ensity. This nodul ation of the
'n‘i}l%%'?% o § e@iﬁﬁﬁg%zgsed to affect the flow
dynam cs and unlformty of the working gas, and
consequently the uniformty of the process.

spatfilgURE drillystiates yetangther RE rP%’!ﬁﬁﬁﬂds?’i‘F&”BP &EFF&”hﬁfyap

therefore be generated by a plasma generator system
cobfigaratiant #btententsppeddnductandab incasporated iethel [pC power

general, a plasma generator systemmnay use radio

fedd Botormectaabisethe cdputcstagd aaeithgqushepulbdriver 709 and
substantially Class A anplifier, a substantially

trafs RS D 2amd 710 eﬂsolé’tlcﬁﬂﬁsﬁr@{)ﬁb@ﬂy}’trﬂlﬁéﬁn@r 220 A{)élﬂr only
a substantially Class C anplifier, a substanti al

ond Gt3Re BiidMtAddi&br istconducting at any time, typically with a duty cycle

of less than 50%. The circuits of FIGURES 5-7 are provided as illustrative

examples only. Any well-known push-pull stage or other configurations

providing a low output impedance may be used in their place.

The RF power source may also be used with any helicon antenna,
such as either a symmetric (Nagoya Type |ll or variation thereof, e.g.,
Boswell-type paddle-shaped antenna) or asymmetric (e.g., right-hand helical,
twisted-Nagoya-lll antenna) antenna configuration, or any other non-helicon

inductively coupled configuration.

The RF power source may be amplitude modulated with a variable duty

cycle to provide times of reduced or zero plasma density interspersed with
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substantially Cass E anplifier, or a substantially

Class F anplifier or any sub conbination thereof. Such
w@moetidgeur ces in further conbination wth thePCT/US2004/019931

antennas for exciting helicon node are suitable for

iYW RGhEgBESR 8RR ThiddhmasiRsionIte® pRIsmd @énsity can be
non-switching anplifiers, such as those shown in

, ! . RF

sk S et I U AR BT BT RY or o WKL Tl phe
enpl o 0 approxi e the efficient ration of

conga BRIy PTise fiess o Aina end B ZiPipea

“herein. In inductively coupled plasma sources, the

ditripliTaCcRPFiSRg Plasap May therigrebe genpralgd mytd PlagMahe
regi on where plasma is formed, usually outside of an

genemtbasystgmvieys g suitalflemoicecofra niadutationt saleme.ew, t he
antenna elenment forns the primary of a non-idea
transforner, with the plasm being the secondary. An
equiliy geastalca ptasnta generatomrsyisterrintayREseradio freiguehcy power
i nductor 810 represents a |unped-el enent

solIRI¥sasRdedh 8pefioht’s £ SubsahtiAly @Rs8Aampyfiemauct ance
in the wiring, including any inductance added by

hih i NI : r ad B SONME

suBsntphy SI8% A8 it M hubo AR RS B SR8 Lo

004/.114461 PCT/ US2004/ 019931.. r lLasna:
supRaERY Cles ¢ ammltep) asveaialh g Bhmbifeha

i npedance 815 represents the pla di ssi pat . on,
supstaatiatly SdassE enRidier\ar a st Wt@g&'aﬁﬁ @'Iéf@rﬁtoé ) Sub-

mut ual inductance between the antenna and pl asma.
comtanaticrt therepfi \Guchepoverssquipes Befivriaer aembinaioarwitmwige

vol tage source. The capacitance 805 is adjusted at the

anténrad foe exyiting Melison neidel dredsuitablenfak gehamtingsogladensity
frequency of the circuit approximately nmatch the

pl&hs eMoredRsratdrimbriSWitdHng ¥mplifle®) sath 86 MRdse shown in
enbodi nent with a fixed capacitor, the RF frequency

a4l] idehd f e
FIGHRIZS 28] 4T hdm Qs RaE o PapReRm e K8~ Sopceimpedppoe
to %»‘/l%\t/veo%gﬁ%’ imbpeedance may be employed to approximate the efficient

operation of the switching amplifier based embodiments described herein.

In inductively coupled plasma sources, the antenna current strap is
located in proximity to the region where plasma is formed, usually outside of
an insulating vessel. From a circuit point of view, the antenna element forms
the primary of a non-ideal transformer, with the plasma being the secondary.
An equivalent circuit is shown in FIGURE 8, in which inductor 810 represents
a lumped-element representation of the current strap and any inductance in
the wiring, including any inductance added by e.g., the driver's output

transformer present in some embodiments. Components in the box labeled P
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nodel ed as shown in FIGURE 9. In FIGURE 9 all

i nductors have been |unped into inductance 905, all
waHpaciduers i nto capacitance 910, and all di STE$200M019931

elements into resistor 915, and the anplifier should

repié@aht bheQﬂQérﬂbelndﬂﬁtoafBZBﬁsmé bR@MSSeIf Butiante, ahavi ng
zero out put inpedance). Wth no plasma present, Ris

m?%&ﬁc?h‘i‘? ?%;%r%é@s' the )?tl]elﬁs{) £ dflisiitBAl hYelcd s ah Retfective

I rcul Its a narrow resonant

response to chan u
Sicue 245%9%@%%@%“%8 FRUER0R oRBuESEI eehhd o
circuit's operation: possjble to drlvethff
plassna aaéa'%ﬁﬁStPhgr"éﬁﬁ%'é rfeBreée”Fﬁ@bﬁS faiayareunaye voltage
relatively little power input, thus facilitating the
sounde. i Hhe capacitancarBQst istadiusied at the tirseteasystem ishastadied to
Once the plasma fornms, the danping in the system
maKethedesahant fbéqnﬁimysaﬂth@ ciresibapproximeately matchhibierdesired
FI GURE 11, reducing the Q of the overall circuit.

opRlat Wﬁéh&éfﬁ;yCQHta?{altérh%@ﬂﬁbfdlﬁferﬂ Rt £ALORBESadRY, the
shi ft with pllasma conditions, that shift is

REFILENY eI BPAIEY R ehE Bfnd Bfogiesonan:

r espons asma present. Therefore,
when operati ng vvlth a plasma | oad the circuit is 25 WD

200 1 44 PCT/ U
st ann e SRt S sy ErE e Sl TSR g

retum ng Thi s F GURE 11, where
medalpd i Ui, ﬁl@bﬁ%%éﬂﬂ%@ SLaNAGIors BAVOREsN

slightly, although the Qis suffl ciently reduced that
lumped dpterinduaianeg 90hcalsgapaditoreinde aapagitance&H0, andal

the reduced Q of the circuit, the voltage applied to
digdieatirigpelements intadgsistos 916, P treoamptiteradilopld edady dperate

over the no-plasna case. In sone enbodinments, it my

asPéh RENRIMAGE swfw(.@ewaxﬁn%@emmht anhiiaﬂ&@?t he
operating frequency of the RF drive slightly fromthe

exact no-plasnma resonance to one side or the other,

?egqgﬁg 7o | ABshArEbbt A6 shi diRsONRAE id Fias WaYatdIeand
the circuit of FIGURE 9 exhibits a narrow resonant response to changes in
frequency, as shown in FIGURE 10. This provides one of the advantages of
the circuit’s operation: it is possible to drive the voltage on the antenna to a
high value with relatively little power input, thus facilitating the initial
breakdown of the gas in the reaction chamber. Once the plasma forms, the
damping in the system considerably broadens the resonant peak, as shown in
FIGURE 11, reducing the Q of the overall circuit. Although the center
frequency of the resonance may shift with plasma conditions, that shift is

negligible compared to the width of the resonant response when the plasma

load is present. Therefore, when operating with a plasma load the circuit is
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forms. The | evel of power input to the plasma may be
controlled by a variety of techniques, such as
wazjowstdelg t he DC supply | evel on the RF out purCBUSN®L/019931
In one enbodi nent, the supply voltage nay be in
rela89619 MsseristiveaBsediatiens al bperating kopdrisA®, Arhriduiresmo
maintain a relatively constant power into the plasma

re%lﬁg{@ hiSSs illhéﬂ?fg{dﬁhﬂdﬁfh%ﬁeﬂégg 6\%r§|ﬁ3§§étﬁﬁq |°f

I'0adi'ng 1 justnents by suppl y” regul at or
e Sisgd Ay SHtEn LS HecapRY T35 Rhowh 1aEd 1 SHEsrt,

and the DC current .into the RF/PI asEa, S SWT‘
regygackingt frenapprationsf the aysiemigmainep 'cgﬁ%d if %@dweed

with a previously nmeasured approximation to the
Q afiie dirauit, Hef valiagecgppliedrtodoe plasmaselbadiisisnta ke t he

net power into the plasma 1225 from RF Anplifier
cohgid@ralfly réducsicyventhé nptplasmb@asgailm sonrueraba@idterta it

be neasured for different output levels, for instance

m&Y bERBINH N Bdv8AtadeBadIo ajtualydeitte PRI dictatihg fre§uency
system and stored digitally, So that variations in

o .

of ¢ B SR et sRh B ol To AR igeSH B3 e side or the
PCT/,US2004/ 019931 , . angd.. curr ent n be negsured, ,and

ot FEPRRAIAALAN R SOUEOL e B R ey R b IR B
power being dissipated in the plasm. The sensing of

forasma may al so extend to sensing spatial uniformty
by either direct sensing or indirect sensing by way
of variations in the voltage or current. Changing the
dut yrheylevel ofpaveaspopigidottbe plasma arayde eentrelled byharyariety of
control the spatial distribution of plasma. In

tecttdgtiesy suchwdaditsting thieeD Gusupplyclgeeleorc e REautput sihgawin
control over the average input power to inprove the

orifdrhBb@intant otheld VAR bl ®. in TBSpdreedbasdnsed variations
arrangement of FIGURE 12 can also allow sw tching
in PRISHRS Ddy & mBRItSinRPVEBAtIVRY BbSstst SRRET ihRSthe plasma
source. As illustrated in FIGURE 12, the sensing of plasma loading for
adjustments by DC supply regulator 1230 may be achieved, for example, by
monitoring the voltage from the DC supply 1215 by voltage sensor 1200 and
the DC current into the RF/Plasma system by current sensor 1205, and using
their product together with a previously measured approximation to the
amplifier efficiency in module 1210 to estimate the net power into the plasma
1225 from RF Amplifier 1220. Efficiency multiplier for gain module 1235 can
be measured for different output levels, for instance by monitoring heat loads

at various points of the system, and stored digitally, so that variations in

efficiency with output level are accounted for. Alternatively, the RF voltage
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previously. "Low' inpedance, as used herein, neans

that the series resonant <circuit shown in FI GURE 9
wahzw4/a144€)" t hat should be five to ten-fold or BMVRUS2004/019931

hi gher with no plasma present than with plasm

andl RFRIM cam bt messurede apdwhéif irephassipdduct svsidatedeao
shoul d be sufficiently small that the energy

esfitnté i o1 pBur bBHfdisyiphieddh 1RYDRAmA S mich | ess

stored In°t eactlve conmponents. This
condition is mathematically defined as Zo"t << F-:CL ,

where L C I e LA F ;
o. - e Mo fpamaltfiny UERGPO 15 3pReI Rpaal ity by
.vol t age source when this condition_holds. A low
eithgs fieelReBSINg o7 INdrest SaRsnGLRpYAVIOTYEERS Brihergltage or
source, generally refers to a resistance of |ess than
cugientit Chenging the detyeeyme jn response i@ gueih vatiateorerean thepr e
preferably | ess than about 4 Chns, and nost
coptrof theadpafial distritiutian oliptagmd. Ehaddifi@n \Wood0RaNg tHel 8ty
PCT/ US2004/ 019931 However, not all enbodi nents of the

cybRVE@M fuPtheF QMW 'cdntrBPévéritRe @veraiy mplNp&Rer fosafPrbve the
circuit coupling the RF power source to the

- C
e e S AR £ 6 (BB oA B FIGURE 12
resent. | ndeed several, alterpatjive c i.tio
o AST Blew IRt e co B o Bhife 8P s s kg
reactive circuit such that there is no need for a
preNjadsc matching circuit while efficient coupling is
possible with the dynam c i npedance of a plasma. Wile
presenting a variable inpedance, it is possible to
desckpweirmprdansiea afwised diaraine Meansibatijesepiestesrnantpe
confined between a high and a low Ilimt. Thus, a high
cireypshowd ipl[FASHIRE 8dwasan @’ thetrpboedtbeafing to teovfold or even
expected plasma reactance may be specified. For
highsrivficBo plasiiia Bresent than with plasma present. That is, the amplifier
output impedance should be sufficiently small that the energy dissipated in a

half-cycle of output is much less than that stored in the reactive components.
This condition is mathematically defined as Zout << \/% where L and C are

the lumped values shown in FIGURE 9. The RF amplifier will approach

operation as a voltage source when this condition holds.

A low resistance, e.g., for the output impedance of the RF source,
generally refers to a resistance of less than about 10 ohm, preferably less
than about 6 Ohms, more preferably less than about 4 Ohms, and most

preferably less than about 1 Ohm.
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specification may reflect a one-a distance away from

t he expected nean value. Many other simlar
woepmevifss€iat i ons are possible to indicate the Ird&eU$AowdIsl

of the plasma i npedance actually falling outside the

speddweésér! hét dIfembbdReshts of fifd RaEntdn Peduirgthaxfrct ed

pl asma reactance, it is possible to specify a val ue

i | M ; I [ | ow
ol i3s3 8 IR ERLYIR fERRE PR oo o
articular plasma i npedance,. may fail, to confqgrmto
anfialbage: b7 BUEFIsH Dasegart L ron ot ewsy itk sfadt
is likely to collectively present a norpnal -
witiiostt piplagMa peing Piasent olngerd sevaisbalicrrativg eonditions arg
col l ection of several RF power sources connected
poseitpe that allow d switdbje speaficatioint ofdhe seastivedtieouiti smehitbat
both with respect to frequency and tine. Then a
thérei it abl rreaehfor aed yofansic heatehiagaircnit wimlelkeffizignbeduingyis
ensure that the variation in plasm reactance is well

#fth tRe bRamR! infidddimck bt fakiha28 WO 2004/ 114461
po%%f%%szom 099%31 ng%wer souraggs by mat chi ng t hem at

two val ues of the expected plasma reactance. Wth

suchas,a: i fi. i . . . .
noul BIEBREENIEGE Aheble ImfdirPiR i PESSIRRIS BaknBe the
| asma_resi stance, a value at whigch e varjiatio
PISTES raAacs Ap Lot At icibs Uafited PRwestafldiEnds tow
_1s possible to arrive at a method of specif |agg t he
limity rﬂ@lghrﬁxpﬁéterde%l%’u’"@ée@i?ﬁaee‘?PP”WGQ@H%I OWi n
the illustrative circuit of FIGJRE 13, fromthe
expebledozlasma reartanaadnay ke\spacifietr Foginstangss spckrR
Generators at 13.56MHz wth 89% Efficiency and and
splecifichtich Frasge@ioclya Ageld Higtanchiaveay fdmBherexpelcterd me@n)
2002, docunent numnber 9300-0008 Rev. 1," retrieved on

vajulevbBy ofiéHsimilaPEpédificamdbs ae BSSible to indicate the likelihood
http://ww. ixysrf.conl pdf/sw tch_node/ appnotes/3ap_3 5
of i Bl dlince actually falling outside the specified limits. Indeed,
instead of a high expected plasma reactance, it is possible to specify a value
that is not symmetrically placed relative to the low expected plasma
reactance. Moreover, while a particular plasma impedance may fail to

conform to a normal distribution, a collection of several plasmas is likely to

collectively present a normal distribution for the combined impedance.

Similarly, a collection of several RF power sources connected together
is likely to exhibit a normal distribution, both with respect to frequency and
time. Then a suitable choice of a reactance network may actually ensure that

the variation in plasma reactance is well matched to the variation in the RF
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pdf, which is incorporated herein by reference, wth

the specification that the inpedance at the RF jack
w0 305014@ s, Ca=Cl+C2, and Cb=C3+C4, the seri exT/US2004/019931

i mpedance is Z1= 1 +sL, =1+S2L,Ca and shunt i npedance
poed sOlifceslly MATchRSd thelm at Te valiee bAtise expedtediplddiva

input is ZI+Z2. Wth L1 ZL+ 1+SZLCb SCb given as 2.1
reé’é’t‘an&é‘i s conpl ex value may be adjusted with suitable

conponents to be 14 +112.6 Chns by adjusting Ca to be

about 81.6 pF and Cb at about 376 pF. In a

capagitiv | ook t

o STbhisteh % FRcB T oT b heSuBuerBlrtpria kowRddeor

sem conduct or processjng chanber, an 29 2004/ 114461
eSHORCSDISPBESHETIKETY (YLD ESitatsth ARG AL which e

conbi nation may, for exanple, present a resistance Rp
vagatiemofithelplasma impeslanae islikehnia be dhe Sreadestalb supossbledo

-25 Ohms. Thus, hooking the circuit of Figure 13 to
ardvwe it amethbe ohspetibdmpthecaorhporéntsiin the whdctive aircuit.n

general. Wth the large i magi nary conponent of the

i npedance that it sees, the transistor swtching

ci r Ryriexairple Satted Miusrativs eiravit &6f FIGURBMAI3Y froad trege

that is a fraction of the desired peak supply voltage

puﬂn&%@#?&{\z ggg}théék\)gggﬁlﬁb ri@g@ -GIa?ﬁ—DaﬁP Werrer8toYs (aFE?%GMHz

) out put voltage 1is given

. V2 X I H Yy ]

wit e riefit ey oM e oo BBy ABANY BpReBh iy ine

o S AT Gl BB ! 33 %t 1072005
frequency, a total inpedance may be

from the web address

http://www.ixysrf.com/pdf/switch_mode/appnotes/3ap_3_5kw13_56mhz_gen.

pdf, which is incorporated herein by reference, with the specification that the

impedance at the RF jack is 50 Ohms, C,=C1+C,, and Cy=C3+C,4, the series

1+s*L,C .
impedance is Z1=L+SL] :#—“—, and shunt impedance
sC, sC,
ZL
sC, Z, . . . .
Z= = . The impedance seen at the input is Z4+Z,. With L1
1 1+sZ,C,
Z, +——
sC,

given as 2.1 uH, this complex value may be adjusted with suitable
components to be 14 +112.6 Ohms by adjusting C, to be about 81.6 pF and C,

at about 376 pF.

In a capacitively coupled system, e.g. for use at 13.56 MHz to provide

an RF bias for a substrate in a semiconductor processing chamber, an
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adj usted by addi ng an inductor (having a positive
reactance) or a capacitor (having a negative
woneactiadece) in series with the i npedance. As &QT/US2004/019931
exanple, if there is a stray inductance L due e.g. to
ilusteativegpldsibearitetea comeirtatibalmay, foedennpleypyedent a
adj usted to a level at or near zero for a given

re@%?érﬂie' R of BhSGUERSY Ghima Al Qﬂre%ct?a@ﬁ%('xt@fr abdhtsg"té 9§5
with the capacitance adjusted so that Ztot =

Ot THhsD noSiiPl ik oyt By ?ﬁgﬁ@p b LAY @\gs%g

I coC Vi Ces capac
such tors or dISSI ation due t
odihiafisn s SR canstal( Er ReaEse mad e component of the
specification sheets) may be reduced by providing a
imaedgnee yhatibisees. vae frgagistorivitching gesetuyitl sgfely pperate with
charge stored in the capacitance: a properly tuned

a suapjply tvoltage lthuatds ai fsattiangd she Hesicerp peak aapplywolthgebf about
having to dissipate this charge. FI GURE 14 shows an

700 {0US0H0 ¥ Vg, gedisgal2s0eadinbrelikdly 2005 ﬁ@@e@@wt@b{ @oltage
for coupllng radi of requency power source 1405 t

SEBIERL S g ¥ 048Rl o o e i
R e

ubstrate.in a sen conductor processing plasns,

Va&@PstQi%s’B?iQQESBPQSfor deternining the values of the
conponents applies to an inductively coupled system as
well. The il]ustrative general reactive circuit 1400
may WeeR QREEAtEt: 3tar given A@AHRRCY. caleirlimpesanee Manke or s
or both. For instance, the reactance of capacitors

adjusitsd dycadding anﬂlydtmtocﬂwe/m & pobiive ppacianoe) @l capacitor
same as the mininmum plasna reactive conponent, at

(habingta héGatple eactance) ihusénesswitd e mskedatite. Asran éxmnple, if
tuned to satisfy two conditions: a) at the | argest

th@ﬁgi@'é Y98y fiduetries. dOé@“(?]QBCF@adsJ afd thelily, Qr'ib fotgect ed
pl asma reactance limt e i magi nary part of
impedance may be adjusted to a level at or near zero for a given operating

frequency by adding a capacitor in series, with the capacitance adjusted so

that Ziot = Z,+2c —za)L——l—é ~ 0. Similarly, in driver circuits using output
io

devices with significant output capacitance, such as transistors or mosfets,
dissipation due to the output capacitance (e.g. Coss On some specification
sheets) may be reduced by providing a slightly inductive load. This is
because of the charge stored in the capacitance: a properly tuned inductive

load discharges the capacitance without having to dissipate this charge.

FIGURE 14 shows an illustrative general reactive circuit 1400 suitable

for coupling radiofrequency power source 1405 to a capacitively driven
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the overall | oad seen by the transistor output stage

is small, and b) at the smallest magnitude of plasna
womaviamee, i.e., a |low expected plasma reactBITES2004/019931

limt, the imaginary part of the |oad seen by the

plé’éht\é’ BF aﬁta%@@rmaspla@ﬁwéérﬂambﬂoﬁpwtﬁbagh ofpRy GitdutteRited fea

radi o frequency power source, ¥12 Ohns as in
caﬁng‘@tl%l %Bbblﬁ%eosrf\fér,bgg 1£8r {HERP kb‘i’é{ﬁn F SGLBdirsRen Y
ere ddricé seen ransi st or drlver

sezu&%%'foz%%&%%x%ke%iﬁ@w 1%1%{'@0'9@%@-%6&%%1' évalues

i nductor 1410 in FIGURE 14 and the |Iike while ZP
of thereempanentsAPPligs te apfindustivelt cynpdsyaiemag wellcd he
That is, the driver sees capacitor 1410 in series
illusitrativé gdnetabredetive cincditild408emaybevimed elikepasing ths
conmbi nation of plasma i npedance 1440 and capacitor

cag;éaifow or titers crdtiih s Eor GRstamte) tha téamtandeof capaitors
requency power source, which operates best when it

14%{?1»' atfef1 423"‘5’132" Beciosdn B @aﬁ%&%atb%ﬁb%@e ak tﬁéﬁwmlmum

, case corresponds to I n(Z, oad) of about

b
p%“%f%‘a&cﬁe%%%%ﬁ%ﬁé&? Z5 f&fﬁ%c@ 8and 1420
en corresponds to | oad) . b about
ars e CsaD SRS CoEIRC bhal Al E&ﬂqmﬁgﬁe&f&iﬁw
of equations that may be solved with Rp set at a | ow
regetanee, iaya Bighuexpectemrplasmaceackinge lsib| theimaginggymart of
resistance results in large variations in the | oad
the egerdiiyload se®f bgrthe dransistdrendputaiage imsmahsandhh) skthe

sol ved for the unknown val ue of i nductances 1415 and

smiZ8t mdaArnudé e pirsed rd2Rtarre)det, izoios expectdd plasma
exenpl ary enbodi nent, val ues of inductance 1420 is

reéé’(%Hf:e fithn, thd ri?ﬁnk%bz A9 g?érﬁﬁpﬁejlééé sebf byRAELULSR Stdde is

resulti ng I'n of about ms for condition

R i B B U S . 12

Oﬁ%gfa%rlra} ?hg c}rglhﬁ (Iegér%e% (%Hg tab%% @frecpedou Ehgr%ﬁ/er%ferencé

The impedance seen by a transistor driver stage is given by Zipaq =
Z1410 + Z1a15 + (Z1a20 + Z1425)||Zp. Here Zq410 represents the impedance of
inductor 1410 in FIGURE 14 and the like while Z, represents one value of
expected plasma reactance. That is, the driver sees capacitor 1410 in series
with inductor 1415 and in series with the parallel combination of plasma

impedance 1440 and capacitor 1425 + inductor 1420 series combination.

For a radio frequency power source, which operates best when it
drives load with a with an output reactance of +12 Ohms, case “a”

corresponds to Im(Z,,aq) of about 0 Ohms at a plasma reactance, X,, of about
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i nductances and the |ike along with other non-ideal
effects. Alternative choices may be elected for the

wo/abweldier capacitors 1410 and 1425, e.g., byr@E/esi4g993l
smal l er values to inprove the tolerance if

-25 GHm&C UaRE “b\n@h@roa@ﬁégmrﬁisrmmz.gado BelhgSalldutn@ Ohms at
| arge errors. Additionally instead of fixing the

Xp'&f dssut-8OMAREFhESE %9.3{%8 g&ﬂﬁg% pfﬁpigf égyéﬁadsﬁaai Rtay

vaI ues for | nducbors
befiRivesy oot 8 i B spfanaf I Gt &sz#é’t%ﬂ%?e']q‘*zo

will be recognized further that the total P‘ r_e
plasiea regigianaaregliizdbilarge vesiatighy inste; lgad é@eaﬁfai Bt driver
conbi nation of reactive conmponents, and that specific
Theakudes esfuatioas dacbersadyrstforitice gebmwn iveklecefrindectapees

in the above circuit. As an exanple, a series
14988420 nUnleathel debieeibed conditidns, inathscdxemplafy can
have a reactance of about 5.9 ohnms when L=345 nH and

n\ib‘cf&?@meﬂf: wvalies dMBAudtanb29420 ihBHG 357289 aMd indbEBAce 1415

al ues can be adjusted to satisfy other constraints

t
s byt Fo M B AR AT ez R DR Tof s 2 e
004/09 erntJve Qut put tr I,St or
'n@f;g)se At -8 D s Sanatoy by rebseiERAmBE 0 ¢ he
reactive |load, including a sli ht |y capacitjve | oad.
sophisticatedialadatinns raﬁ@ferr ktalaa) péoseemsttﬁmﬁﬂcmyeﬁeco"
specified at some mdpoint value rather than for the
induwstanceshanhthexlecalodg withsother pantideal effiecis. t . Thus, at
this specified nmagnitude of plasnma reactance, i.e., a
specified plasma reactance limt, the imaginary part

of tAieroatireathoitemanhaydenelbytedhor theavalus far capacitprs 1410
stage is small. Further, the specified plasnma

arldef2RCE | BRYIdEIng Sl valdssbd@ptde thansrerafce if
expect'ed operation. However, such a specification nmay

su'bg‘éH{S 29 W Wo Eb %Faﬂéi@!\ﬂ?é@#ré RAYuiting in3sk et drirs. axtfliitishay,
instead of fixing the values for capacitors 1410 and 1425, and adjusting the
values for inductors 1415 and 1420, it is also possible to fix the value for
inductors 1415 and 1420 and adjust the value of capacitors 1410 and 1425.

It will be recognized further that the total impedance is the important quantity
for any series or parallel combination of reactive components, and that
specific values of L and C or specific geometries can be used in the above
circuit. As an example, a series combination of an inductor L and a capacitor
C can have a reactance of about 5.9 ohms when L=345 nH and C=500 pF, or
when L= 620.5 nH and C=250 pF. These values can be adjusted to satisfy

other constraints in the system, such as the need to have a high (or low)

impedance at a 2"* harmonic.
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wi th capacitor 1425 inproves the performance of the
reactive circuit. Thus, the reactive circuit may

WO mol/udectr esi stive el ements as well. | n anot harCTas$ee4/(19931
nonl i near resistive or reactive elenents may be used

for Alfeeniverastpubiranfsto st@ekhifay reopaeted at diferam
seen by the RF power source. In yet another aspect,

mpREah O Rb Te gt 1880, hEERY s PApRARE 1Rt
osi ti.ve or_negative ositlv tual i apce .

th paa850 532 e Aneit prORTS b g Bkt of SUF1eEB oy
be used to reduce the sensitivity of the respopse

valueyrpdhertyan for Bedpw O IAH SXeRFIR PIASTA FRASIANGE Pniks Tpus.
reactance, while negative nutual inductance nma

at this ispasified meagrituietaf\plagma Terctianemtiltoos speeified plasgar
setting up of a reactive network provide several

re@ctanoé HOMS thainsatsinaryqart of theraveralploadesereds) thertransistor
dynam cally tuned matching circuit. For exanpl e,

outhtGRadd B B NBuRhe©Mife BbESHIBY PRAMARGR tArte MAY erd USlue
react ance val ues expected for a plasm matches that

of I
4671 .. vlejera] 9 '

°“&§H%ﬁ’g‘$ [%fgeel\r/& ]g)%%éﬁ%d\llép estlgﬂwr ans?’s%gc?’sg\%\f’ ?ﬂﬁﬁ;@d gy

reacti.ve inpedance .needed.for efficiently 0O atin
regult 1 o GRpREguTent; ifRdAtor} efdingia Ho'stive RAthdD Pefye

of the plasma range, the reactance_seen by the o_ut*gut
with eapaqiter 143aiimpraves theperforpance of Hl%’@%ﬁ’ﬂ@ pircuit. Thus,

enabl i ng operation at high current and | ow supply
the odactiye airesitimaynimciudet nesistivaclemerts@scaeht ed to t he

transi stors being |ess inportant. Mreover, this

specification ensures that over a broad range of

pl agmanotertaspeet, nenlirseraeaistiee anteattivefelgroeats mmay biee

delivered from the RF source to the plasma. In

useddbPee AEPBSE of YédUtindiHe iHgRidancenvabhisn ¥8én byfthe RF
| ar ge nunber of output stages that may be conbi ned,

poWdr dolFdNeyet!dhother aspect, the inductors 1415 and 1420 may be

arranged to have a small amount of mutual inductance, which can be either

positive or negative. A positive mutual inductance Mia1s,1420, €.9., in the range

M1415,]420

\/LI415L1420

transfer function H to changes in plasma reactance, while negative mutual

< 0.02, may be used to reduce the sensitivity of the response

inductance may increase the sensitivity.

These methods for tuning or setting up of a reactive network provide
several advantages in addition to removing the need for a dynamically tuned
matching circuit. For example, since the tuning at one plasma reactance in

the range of reactance values expected for a plasma matches that for the
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parallel. Oten the specification for a RF power

supply is an output voltage for application to the
warwennactt erminals, with the RF input voltage r@EvE$2004/019931

being adjusted to produce this desired output voltage

0 @Félfc’fndcbfrhqnblﬁlémfilbrd\ﬁdesnfﬁéet%éfcof@wltwﬂﬁé’I’étﬂ:tlpé%fﬁ[’fédance
operating conditions. Exam nation of the transfer

ne.feHQ tfépéﬁlﬂpgﬂgpgémg at¥ ﬁ‘iﬁﬁ,‘% b?hgﬂ?tgtef gﬁth@ﬁgh%ﬂhe
voI t age ut volt

Ot EEEOT AN P ?r%@q%ﬁem@ani%ﬁe?ﬂ@v ﬁ%PHM%tage s
described, this transfer function has a resonant

smeilathectosal load iy alge small, eaghing.erergtion at High eyrent anddaw
one over a substantial, if not the entire, range of

supplynattage.resiting i trmsrdactancamiesamtadtte ftye Vranaisto)qa being
about -25 Chns (case "a" above, with Rp of about 1

leddiMpaiint. Moreavwdt, this Bpééitiyatiorbersdure® tivat-ovePartrobd asmge
“b" "above, with Rp still at about 1 GChm). For the

of @13%“% r%ﬁaﬁ‘i% raer%'a bRAGE arﬁélint'd?%b@)é‘?%a@e @%ll@é}@bltfrcﬁn

varies rom approximately 21

B L0581 BGOSR PP U ey o

at the lo expect ed si stance, ensures wt
of RilaiaecryPBeT 6 SBit Seaes tatanay RE COuTed JAr iIcss
i npedance would be smaller at a higher values of the
papdldma resistance. It should be noted that although
some of the discussionis in terns of the resonant
frequencies for the reactive network, it is often
desiOftdr thet spatifioationtitiea Ridpower @t@pmy] tsyampoutnut yoliage: for
at a frequency that deviates sonmewhat from the
apphisstivinto theemtemey termiridls, witls tecRFahpat \oitagedevel Helireg
direction of the frequency spread due to the presence

adflistédfo BHRRIER- thiEesiRBYUSS voitabkaceBriing td Wwpae Rt
operation over frequencies of interest.
necessary for varying plasma operating conditions. Examination of the
transfer function H = Vpasma / Vin reveals that the system “voltage transfer

function,” or the ratio of output voltage to input voltage, H = Vpiasma / Vin = [

(Z1a10 + Z1415)1Zp 1/ Zioac-

For the tuning as described, this transfer function has a resonant
character, in that the magnitude of H is greater than one over a substantial, if
not the entire, range of operation. |H| varies from approximately 75 at X, of

[{ s 1)

about -25 Ohms (case “a” above, with R, of about 1 Ohm) down to
approximately 1.5 at X, = -8 Ohms (case “b” above, with R;, still at about 1
Ohm). For the higher plasma resistance, for instance, R, of about 4 Ohms,

|H| varies from approximately 21 to 1.6. Therefore, selecting a reactance
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The di scl osed system and net hods provi de an advant age

in being able to break down this gas and initiate the
wptoagma4dty virtue of the fact that the high Qafiusze/019931

circuit with no plasma allows high voltages to be

nebREGREl Siiitdd R opetfidiratehe BNéEstdxpRcter] plabivel reslstce
power requirenents. This no-plasma voltage can be

' r
ers s Aith Al dedfel o eRarf BT VERAKHONTIE ma Ifpedance
in,the plas erve to |oad th system.and | ower the
waile e g 35 28 oot eiliues B e B BARAS AT S t hus,
avoi d stressing the system The described circuit
arrangenments do ngt require a varjable tunjng .

ol eestioud hemoled hataliRgio somp oldfig isayssionsip e fargs of
since only fixed capacitance Cis necessary. However,
the resonant fraquencies fardhe aaactiveonetwortks dhistafignt dasirablenly drive
vari abl e capacitor that is adjusted, for exanple, for

thereddibifreguehcy pewsy st erver at soffrequendychahdedeteisrsamnewhat from
operating frequency, in a preferred enbodi nent, and

thé PedtMant fed8enépin thedbskhB® of BRSNS o IR giRédtbn ofithe
t he pl asma operating point. Such matching is useful to

fre@?u#ﬁéf%p@fé% n@%}%@gﬁ%&&%&@%@%&%@%&%g% ystable and

vibration or aging t
ause th cy todrift. In one

L- i
efiarmaton ke RRas TR cy i S o ust 0 T o

conpensate for small deviations fromresonance, while

nmechani cal | uni .ng the cagpacitor . conpensates .for.
o deariabed SUStetans risthadebra s SRBoUR g, n Being able
adjustnments are made by tuning the capacitor. In the

to predledowa this gasdnciniisde thenplasha Ry virtugiafdhe fact that the
aut omat ed and takes place during periods when the

higlo @ efetheirebit withi me plasmanalivee highsypdtages wh bk indudedgporathe
part of the process control, for instance to provide

antéimd elewsstt svithoreldtively I0ASsOWEORGLIreATEits.t MRistcs plasard
arr angenent

voltage can be controlled to give a programmed breakdown of the working

gas; once the plasma forms, induced currents in the plasma serve to load the

system and lower the high voltages for inducing the breakdown, and thus,

avoid stressing the system.

The described circuit arrangements do not require a variable tuning
element, such as a mechanically adjustable capacitor, since only fixed
capacitance C is necessary. However, the various circuits can also be
constructed using a variable capacitor that is adjusted, for example, for
matching of the system resonance to the desired operating frequency, in a
preferred embodiment, and is not needed for real-time impedance matching

with the plasma operating point. Such matching is useful to counter the
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reduces the nunber of adjustable elenents to as few as
one in enbodinents wth adjustable tuning el enents.
wormoeme4eki | led in the art will appreciate, tHECT/US2004/019931
di scl osed invention is susceptible to many variations
effRREs & rheERAMitHQibraBb s GR AhRY tABS malytdiidt théeprarbsatant
fromits teachlngs or spirit. Such nodifications are

fre' uteﬂgg%jd{) within the scope of the clains
éﬂpen ed bel ow For instance, one may provide

i npedance matching for a | ow i npedance with a

i foﬁéi@%%cﬁ@enﬁ“f*' %@%ﬁwﬁ%%@w&qgégm&ﬁﬁq EpRsee

need for dynam c matching cj rcwts use of so
fowmawewaﬁa@%ﬁpﬁbre@w\en?% Wh! ecm%hﬁ%? t%"ﬂ%tﬁ%‘éapac'tor
reactive circuits disclosed herein to reduce the
coopensatessfos large geniatiopguiln snattesnglivecrbedimentaadjgstments
mat ching networks is intended to be included within
aré Infade by eurihg tHeecapacttot.i tmthesprefertbd@tieed) drnboeihwar, this
the clains nmust be read to cover such nodifications

tuﬁﬂ i thoﬁﬁéteﬂ%n@ﬁgkéQ BidcefUHingdds widr 8vesurcalid off-
erences cited herein are incorporated by reference

i A, Y A TP o

d for .red t he need na
T mw&e sk hgRRElq The PReRSE fgnd! 'a%f}ﬁ? i qu?%ss%éa"ané’emem
npedance, the nethod conpri si st eps
fe@'#%ﬁﬁr thernyinaber-efi %’M%@E@&@V‘eﬁéﬁ/\% ge O\Niet'ﬂ eghagdjments
out put inpedance; providing a reactive network
withoagjustibleytunirfg elememsl second react ance between the
radi o frequency power source and the plasm, wherein

sel &3 i SglRE i 0R 4 Bl éﬁ?%f:'a?%‘*ﬁga:@seq?é%%?‘éﬁs@ﬁoews
substantlallyre5|st|vel ad is presented.to th
SUSGRRIBIS GRSy A UaDS And et HeRETR T aRE AMRout

specified reactance
departing from its teachings or spirit. Such modifications are intended to be

within the scope of the claims appended below. For instance, one may
provide impedance matching for a low impedance with a transformer in
combination with a conventional amplifier. Also, although the invention
obviates the need for dynamic matching circuits, the use of some dynamic
matching circuit in combination with the reactive circuits disclosed herein to
reduce the otherwise stringent requirements placed on dynamic matching
networks is intended to be included within the scope of the invention as
indicated. Therefore, the claims must be read to cover such modifications
and variations and their equivalents. Moreover, all references cited herein are

incorporated by reference in their entirety for their disclosure and teachings.
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seen by the RF power source; and controlling an

average input power. 2. The nethod of claim1, wherein
wovmbuesd@f the first plasma reactance and Sed@mdUS2004/019931

pl asma reactance span a substantial fraction of an

expected range the dynam c plasma reactance. 3. The

met hod of claim31, whereChAIMS first and second pl asma

reactance values correspond to a high expected plasma

reactance linmt and a |l o expect ed pl.asma reactance

1.1 R eREdpb it Meieciior febiRai Mateane oo rasty
 HYIRG BB RIMORL i@l thel ot comfbrisPloaRERteps of
the plasma resistance is a menber of the set
coigyiding agadio fagqueancy powes souings withd loussutpubimpedanee;
and less than 10 GChns. 6. The nmethod of claim1l

+ it SIBBERY Dby BOMBILIG  If aY SR LSuEnEE ™
r etotemnctdel radiot frecuathcd HoWer 2004deldrd tHe plasma, wherein the

PCT/ US2004/ 019931 estimating a | ow pl asma resi stance
airshraciangrane ia serondieagisneeiase se 4 gch thapat a first

e;Bl%%frH r’eé%cta?wceTQ%u%ﬂ@%ll%@eﬁ@b%&d lioégﬁgséhﬂeo*t%%e RF

spec reactance se I source I's
apower sawteecar@hata secoithplasetchmshotdnad aspedifiedvneactamce

t he séegno dul ating the duty cycle of the radio
f FRRLBREIE ROV AULEE NI her ~ provi des for neutral

gas flow. 9. The nethod of claim21 further conprising

t bentRdlimiy ah averjendpat si@éd. al di stribution of the
pl asma, and in response thereto nodul ati ng the duty

2. The method of claim 1, wherein values of the first plasma reactance and
second plasma reactance span a substantial fraction of an expected range

the dynamic plasma reactance.

3. The method of claim 1, wherein the first and second plasma reactance
values correspond to a high expected plasma reactance limit and a low

expected plasma reactance limit respectively.

4. The method of claim 1, wherein the reactive network is effective when the

plasma resistance is low.

5. The method of claim 1, wherein the plasma resistance is a member of the
set consisting of about 1 to 5 Ohms, and less than 1 Ohm and less than 10
Ohms.

6. The method of claim 1 further comprising:

estimating the low expected plasma reactance limit and the high expected

plasma reactance limit; and

38



cycle. 10. The nethod of claim9 further conprising

the step of sensing a spatial distribution of the
wptoagmagseiand i n response thereto nodul ati ng a RIWYS2004/019931

cycle to provide tinmes of neutral gas flow, thereby

"@Q%éﬁﬁ@ﬁ R 'ré’élstaﬁbé*af vBibH tpe rebctapas tnevgork is

el ements conprising the plasma or neutral gas. 11. The
ntegliyed ¢6 beleffeetive. wherein the average input power is
applied at an average density that is greater than
about 1 watt per 10 liters of volune. 12. The nethod
7. oThe mnthod of slaémdii, whezeipi thg spreified seaciance saen pyee RF
sel ectb n beLV\eﬁﬁE several output power |evels.
1%°W€frh%°%§?ﬁ%a Ot NGNS wherein at | east one
out put power level is selected fromthe set
nsi stjn f about 5 wat aboyt ft a out 5
ﬁhq@n 64 of a8 h wheeh B sidk phmohhirtRa e R or
el fréqudicylsbwerured fitthe? foréliaestdrhe it gas Row.

p asma power IS rapidly switched between two Or nore
| evel s. 15. The nethod of claim 14, wherein a plasma

9. Sg?rﬁ‘%@?]éttﬁ% W¥ Eﬁhﬁd'of/\dg?'m @Qﬁ‘\‘rbhsmégz/@%ﬁ;zaf séisiRd aWpatial

mtrlb@ﬁmzuf 01®9tasmal.andhe respadnse tberald anedulatinghtheeduty
| east one frequency for nodul ating the duty cycle

|%C§ @l ected fromthe set consisting of at |east about

1 Hz, at |east about 10 Hz, at | east about 100 Hz, at

500 I 100
B mB0Y o122 S ey SR AP0 st el
a@l@’eﬂbull@ﬂ R W Prasma] -anblA reghdiae kratb ahdddlatie b &iuty cycle
the average |n?ut power is controlled b one or nore

ofo rpr@Nsi@twmm Bt rediialaasoipw.dhetaivynagulelieg tiee peakal
SHI@Rl%tloWotfl?éQctm Igﬁeﬂ@‘@émﬁﬁé‘fﬁﬁ%e plasma or neutral gas.

11.The method of claim 1, wherein the average input power is applied at an

average density that is greater than about 1 watt per 10 liters of volume.

12.The method of claim 1, wherein varying the average input power allows

selection between several output power levels.

13. The method of claim 12, wherein at least one output power level is
selected from the set consisting of about 5 watts, about 10 watts, about 5
to 10 watts, about 10 to 50 watts, and about 5 watts to about 25 kW.

14. The method of claim 13, wherein a plasma power is rapidly switched

between two or more levels.

15.The method of claim 14, wherein a plasma power is switched from about

30 percent to about 100 percent of full power.
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18. A pl asna generator systemconprising: a radio

frequency power neans for providing radio frequency
wpmeeti#and at | east one reactive circuit forPCT/US2004/019931

interfacing the radi o frequency power neans to a

16I0Tﬁé vaethé@ ®f BlafinB wiidhéini étu@@sta;rreoreéqamﬂylfar fldANGitRG the

I npedance; wherein, at a | ow expected E@ﬁ
r dstysyslece selented fropethersatspssisting of pbleast akowt T Hai et

RSB Al A360ESIBSE o 80 R, ates

| alsdt 000 7 eseoast aaadueaooamze at lwst aboets1Mm000 Q-lecaredll ah
speci fied reactance. 19. The system of claim 18

\/\!ﬁé‘ﬁb@bplith"@os%%ﬁﬁ ed lint is simlar to the
react ance of the radio frequency power neans. 20. The
stem of claim 18, wherein the specified limt is
17 beimethod gh g@'ms1eWB@[9é®l the avierage iRRMt RQYYRSiIS CPRKO by

838 of e 2ROt e BRI a5 ok VBRI pERE oty

t Wahin tabRE p8wehssurdeess t han about 10 Chns, Iess t han
about 20 Ohns, and about twelve Ohns. 21. The system
of claim 18, wherein the reactive circuit further

18CAMEdrAg Yererdtoagydtomnaumpndiageby provi di ng DC
i sol ati on between the power source and the antenna.

39 WO §004/ 114461 PCT/ US2004/ 019931 The syst em of
cP &PHP JRAURREY SOl REFNSH0h PO 'usr{e?'ogf NGy pewer, and

conprises at | east one nenber fromthe set consisting

C{at |@a§p&$é ?égdueé lorcuitkSiteffaRiAy thkiradio We@.\&ﬁ;quweal l'y

ass AB anplifier, a substantially C ass
amﬂanslt@ra plasmabtheapiasmal gxhibiting acoatipHally @hanmng
substantially Cass D anplifier, a substantially
dn}%%aaa@cgnpl ifier, and a subst antl ally dass F

wherein, at a low expected plasma resistance limit, the at least one
reactive circuit presents a small total reactance when a plasma reactance
is at a high expected plasma reactance limit and presents a reactance that

does not exceed a specified reactance.

19.The system of claim 18 wherein the specified limit is similar to the

reactance of the radio frequency power means.

20.The system of claim 18, wherein the specified limit is within a range
selected from the set consisting of less than about 0.5 Ohms, less than
about 2 Ohms, less than about 3 Ohms, less than about 5 Ohms, less than
about 8 Ohms, less than about 10 Ohms, less than about 20 Ohms, and

about twelve Ohms.

21.The system of claim 18, wherein the reactive circuit further comprises a

transformer, whereby providing DC isolation between the power source

and the antenna.
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anplifier. 23. The system of claim 22, wherein the

radi o frequency power neans conprises a push-pull
waroeuidsel 24. The system of claim 23, wherei n RA®US2004/019931

push-pul | circuit conprises at |east one transistor

22 MR siysteRPST @hisl 2H NWABESR Hee ER1igiequeney pbwer means
substantially Cdass D, Oass E and O ass F nodes. 25.

Teemagsesal lepsions memsdenirandhe seheongistiienofyr adbsiatially
DERLAGE S iEas ARty K 88 RO, BBy gl

aB hpIHiRA2a s@manﬁalngcrabs C amfnewa wUstanttally@IamD
pl asma having at | east one | ogp current str

| @m@u@%r aﬁqbﬁ&ntlﬁily {lass %mrailﬁa %’tﬂﬁ substaptialy Class F

Tﬁ p stemof claim26 wherein the current strap is
e nal n coupler of power into the plasna. 28. A

nmet hod for powering a plasma, the plasm presenting a

25418 BuStenPhrion 2P RABRAE toYadi, frRUUBEY BOHEP Mecpiger

conprrsing teps coup era
f conpasey a pushrputiagirctd. t o at | east one antenna Vi a at
| east one reactive circuit; wherein the at |east one
reactive circuit presents a small total reactance

24MTRS siftenpbhsiaim Reagharsie the pash-puflicirstit pbapniges at least
reactance and presents a reactance that

does not .
eQR@ éranalsgcrséeatr is @peratedtin aeCerdapes Hﬁt"b‘P%%ﬁ’gSUbStant'a”y
ﬁ q?ﬁ@'gséﬁ 0y 2004 ¢ PCT/ US2004/ 019931 29.
(0]

cl ai m 28, erein values of the first
pl asma reactance and second pl asnma reactance span a

255 ¥R 5PSehRbt Halnh 38t WABr&h tRE pRISAEE bERerator produces

capacitatively coupled mode (“E-mode”) plasma.

26.The system of claim 18 further comprising an antenna connecting the
reactive circuit to the plasma having at least one loop of a current strap

located in proximity to a plasma source chamber.

27.The system of claim 26 wherein the current strap is the main coupler of

power into the plasma.

28.A method for powering a plasma, the plasma presenting a dynamic
plasma impedance, by a radio frequency power source, comprising the

steps of:

coupling the radio frequency power source to at least one antenna via at

least one reactive circuit;

wherein the at least one reactive circuit presents a small total reactance
when the plasma reactance is at a first plasma reactance and presents a
reactance that does not exceed a specified limit at a second plasma

reactance.
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dynam c plasma reactance range. 30. The net hod of

claim 28, wherein the first plasm reactance and
woesmoond461pl asnma react ance correspond to a hi glrcaxyszoadend 993l

pl asma reactance Iimt and a | ow expected plasma

29 The naethed lof &ldimrass petréinelafues3df thélfestbbmd reticahae mnd
28, wherein the first plasm reactance corresponds to

afeeand plgemavpactange sPan msyksiantiglly d raction of ag ginectad
dG% c;tlﬂaénéer@ﬁ&tbﬁ@e?éﬁ _|t to elimnate the need for
a yna

c matching circuit between a plasma and a RF
power source, the nethod conprising the steps of:

3004TR¥ 'rr‘f’étﬂgd Of R Wﬁerelﬁﬁﬁg?igsﬁﬁ)l%%gé I?Saét?ﬂbé’ and second

POWEr source reactive Ccirc

pplesmfa ma@tam:al dortespehd teadiighegpadted pldsma péactance limit
reactance i s at first plasm reactance and presents

a2 adewrRpeciadplagadensiansg disttrespepalY.ied Iimt at
a second pl asma reactance. 33. The nethod of claim 32,
ein values of the first plasnma reactance and

31 Eop mebpA hEIAB 28 sheeciophn 5t ABYDA fop ipRGe PHEspans
{1 a@ﬁ;%‘g%t c@eﬁ%ﬁ}a%gggcéeact ance range. 34.
The net hod of "cl ai

whereirn the first and second
pl asma reactance values correspond to a high expected

32PhaH oHQﬂ‘ife%E{hﬂwdeé 'Féé |ﬁ:.u|itg§'. eli@ﬁ@&%ﬁ% QEEG%HP

I 'eac nce Sp ec |ve of "claim
Sayna/mxerreatmhidgeclfowtshetwbaa raapleemtmd:a Rfopowepsouise, the

an y(gdﬁge ex. % | asima reactance. 36. The net hod
ofned Bprisingthe st rising the steps of
regul ating, via feedback, power coupled to the

pb@%@n%c%\ﬁrdi]t;ﬁhtﬂ&péﬂaﬁéé By the/Rldicfieqassty soWweesdurce,
froma supply to the radi o frequency power source;

awbergin ithe) rea‘f:@ve eEadil pEasepts 8 smaiciptal reactaneewihen the
fﬁlggH]%{]l%\éc%%\@Erls aPH kst plé”'s}qa%actance and presents a reactance

that does not exceed a specified limit at a second plasma reactance.

33. The method of claim 32, wherein values of the first plasma reactance and
second plasma reactance span a substantially fraction of an expected

dynamic plasma reactance range.

34.The method of claim 32, wherein the first and second plasma reactance
values correspond to a high expected plasma reactance limit and a low

expected plasma reactance limit respectively.

35. The method of claim 32, wherein the first plasma reactance corresponds

to an average expected plasma reactance.

36. The method of claim 32 further comprising the steps of regulating, via
feedback, power coupled to the plasma; determining an output voltage and
current from a DC supply to the radio frequency power source; accounting

for measured efficiency of the radio frequency power source; and
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WO 2004/ 114461 PCT/ US2004/ 019931 changi ng t he out put

of the DC supply in response to a product of the
waowput44sol t age and the output current from t eCTI52004/019931

suppl y. 37.A reactive circuit, wherein for interfacing

iy fHeeéih’tﬁ[]Pdf hRVIBC s'[ﬁﬁéﬂﬁm rBgyoie @ 4 produidt bfithe
ance to a plasma wit nam c i npedance, the

r@latput vatager and thqméiﬁéh@!éﬂ@téf@m the BXGaBURPRI%Ct ance when

the plasma reactance is at a first plasma reactance

and presents a reactance that does not exceed a
37sheeadtiveccitauiti wheteia f@éOtﬂﬁ@CMgaa nadip deeguency pewer means

Fagd i bhimedande I A HatB W UFne Pl Bnddifce.
Stlﬁér}eﬁcﬁ\@éhﬁﬁtt prakbitsfd @il dstaPfeactdhcexnBEh &tk PlagaIE C
pl asma reactance range. 39. The reactive circuit of

C'I@Ctar@ is wh erfisstrplagmaireactangs @nddyesentgiaagagtance that
; %gqt rg?] & q\é%%ﬁgpégc:i@cgﬁ’rﬂﬂw até%c%pg dﬂ%rﬁé RESLEAP! asma

OW ex asnma react ance
[imt respectively. 40. The reactive circuit of claim

wh he fi d
se3fre G kol 2 WS Sepe st AaBRacs to
reactance and second plasma reactance span a substantially fraction of

an expected dynamic plasma reactance range.

39.The reactive circuit of claim 37, wherein the first and second plasma
reactance values correspond to a high expected plasma reactance limit

and a low expected plasma reactance limit respectively.

40.The reactive circuit of claim 37, wherein the first plasma reactance

corresponds to an average expected plasma reactance
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