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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 substéntially 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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el ements and possibly the plasma to obtain
Sl varfable processaogditionarisdiede fechamges 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 chm
- impedance. Because of the often unpredictable changes in the plasma self

inductance, effective resistance, and mutual inductance to the antenna,
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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
conductivify, 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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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 By-fields, which are easily and economically produced using

inexpensive components.

Significant plasma density (Ny) enhancement and uniformity may be

achieved by excitation of a low-field m = +1 helicon R-wave in a relatively
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anplifier. Typical RF anplifiers are designed to

present a standard output _ _
RF power sources typically receive an external RF signal as input or

include an RF signal generating circuit. In many processing applications, this
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 produétion of plasma.

Amplifiers, including RF arﬁpliﬁers 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 ampilification, 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
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the signal to be amplified. By suitably shaping the signals, for instance with a
matching load network, it is possible fo 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
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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
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a transformer like design in which the secondary and the primary are relatively

weakiy 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

Where My, is the mutual inductance between the

parameter & = J__
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| NVENTI ON An i nproved design for efficiently coupling

one or nore RF sources to a plasma is disclosed. Also
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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.
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13.56 MHz. The descri bed nethod is also applicable
for e Pheynasmie impedangecmatohingnetwarly o leagtivanostwerk
other than 13.56 MHz. In addition to the plasm
conplegdne RF pawerr sasess tocttbe sanitente-plagmal coontiirationt. aken
into account in the design of the reactive circuit.

réagtivemetworkds selectalysdthat de@bonefirss pladtnd mﬂ&d%ﬁéé‘\lalﬁe a
phase difference at the sw tched power supply, the RE

LR B I Borrt i Rt
B MR ERaRcd Vb ol Bl GERTR Ay
.n&re reactance el enents to be

| f h
ot dfs cReattel AR BrSo T Aectanss ra9e itsppstance seen by

the RF power source is about the same 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

13.66 MHz.

in addition to the plasma impedance, other considerations ma'y 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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An illustrative plasma generator system conprises at
| east one plasma source, the at |east one plasma

- wBQuega4favi ng an antenna including a pluralipyraeioodn19931
| oops, each | oop having a | oop axis, the plurality of
Ibwpéucalng B&Bﬁnvealmﬁﬂs at the swnmesa@scrsamudn’mmamms may,
| oop axis is substantially orthogonal to the common

ixgeneral reais thenaluea of tiréé BEHRING YeRe S8HREs fole
driving the plurality of | oops substantially in

Géﬁ‘?ﬁlﬁﬁé&%rgﬂﬂn&%ﬂﬁf&%@d prg?ﬁﬂa load driven in a

circularly polar erably a helicon node,
via the antenna; a static magnetic field

subst gpt: 4 is: and a.,reactiv

netvor | ['!:%a“srvéb%&e QR RUs B arp ety 3 e lasma

ant enn The,radi o frequenc ower source .

e e 4 1 6P s Spwh haging =i @nisens fcking.a pluraity
group consisting of a substantially Cass A anplifier,

af logp® Raghtloep h§wt19 adgopaXisnihie plueiity of leopsanarged aout a

Class B anplifier, a substantially Cass C anplifier,

cormost axig suth tynatlaashslopaaxm isfsubstandallysodiségorial & the
Class E anplifier, and a substantially Cass F

@umiiohibds; at feadhene eadio feBBAcy hdWSEsAIrEe fitHitvfHgaRe! O
the primary of a transformer to reduce the drive

HORMEAONASoPL s@hdtMNial ||ﬁ‘§uat§‘éﬁﬂe %ﬁ?gﬁé@é%s@%ﬁoad

radio frequency po our ce |n

FiRnin ol B R e AR R P ot ey
g selatioriagnefi SSivES RTDaly Piopedhn samyapn axis; and a
significantly less than the standard inpedance of 50
repetiveTriwent eeiplingiesi awiehing appdifier ttthe anitentianioapsl WO

2004/ 114461 PCT/ US2004/ 019931 range selected fromthe
set consisting of |ess than about 0.5 Ohns, |ess than

aboutThe radicsfreduency poaer sborce [Sefdnalsly chagsisedat lcalsbube

5 Ohns, less than about 8 Chms, | ess than about 10
nkbrber frowh the SfodiiesnsidiPigiof 20siB¥@ntially Class A amplifier, a
substantially Class AB ampilifier, 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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Preferably the output inpedance is |ess than 5 Chns,
even nore preferably the output inpedance is between

wo R0d/Pufs1Oms, and nost preferably the out puperysaoesse19931
i npedance is less than 1 Chm In a preferred

enbodi,nent,,. the output _.inpedance,l

riRte o CF i e M =it PRI ol Rk 0.5 OpmY fess than
di scl osed circuit for connecting the driver. to the

abavt ¢ AINras fags han abouh SAinESeloskithan abowles RBEE. JoRs than
mat ch box, thus reducing circuit conplexity and

abbuhd Rl dess thanraboubf OfQhmar andilesstihamebouiozd Ohims.

pl asma processing systens. A further advantage of the

Peiferdtiy trie sytplieimpetidnaatis 1438 thah 5aQkemapevérethore préfeeably
antenna can be made quite large prior to plasmm

ti'{eﬁgt'ﬂﬁlhf Phpeddiidd is bBRIRADO BYotOhAfY, bhEnést preferaly S%e

asma in a variety of working conditions.

p _ f
o PG Bhia ATl 4 Bfot o SBRIE M ERTinpl, WS butpu

0 pending upon

. phasi ng .bet we t enng el nts and the value,L of, Bp, .

AT BB APEUN LT 050! HAF QniBetaice Griyer sodetnel with
magneti zed, inductively coupled plasma (M CP) source,

therdiggloged ricruitlen ceanegtingothe dyiver ke theneurrait siraptofian
observed to operate efficiently and robustly in

apeana whiminatedhensed dorga matkch boRothap peduding cistyit c@ddplexity
mlforr) that are very difficult to access and/or nake

apelimitsingfa sGurog opfdileie antl higiaoesBOnpiasma Prdcessing
currents in the antenna el enents appear to abruptly

syslt " into a quadrature excitation node when the
conditions on neutral pressure PO, input power PRF,

and 12 WO 20041114461 PCT/ US2004/ 019931 externally

¥ : i e .
oo I6rE FiveFRARSC e i fbecrloydnd i Wkt tne WBF8p¢ Spflied
b imatel y . uniformn h I di h
todb6 AR bt s it o g PleY e R TedhiTefan dnie
increasing 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 difficuit 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 Pgr, and

12



Addi tionally, the conbination of antenna system pl us
RF generator can create and nmaintain a plasma under

wooieli/ilugis Where the plasma paranmeters vary eg@fusbieshiioes:
| arger ranges than have been reported for other

R otelof i Fg TR B el Wfeh e ?1%%‘99'100
o)A eO P ' BeameAoRdrEs TafTh Bt e SORYTARDL

mat chi ng networ k conponents. Anot her advanta e of the
uaiferaivstbus pyevidingitee ability tm@roﬂupmuaﬁ@m .ﬁ)rQﬁesssmg conditions.
dynam ¢ matchi ng network allows an "instant-on" type

of operation for the plasma source. This

char Addiéiohsly, the enmbinalioadftantemnmey syhiemplas R gemarator can
control for the process being used. In particular, it
cleatd aad iniataira plamhaiuadeneonditiond whde: e ;ilbanali)a@mters
generating the plasma, between two (or nore) |evels

YRt AAGES 1R RAVOE bRl PS8R e o

atl1on can occur rapl
n@é&ﬁgﬁz&%@é SN S ATEE S e

can be ced with nse uent, uction. i
GRS O0E TR 55 N EyOIs 14Sna APRGTBRAY e SRinlRy. Wihodhe
generate plasma with an average RF input power of as
need fardhe adpistinent &f any divraroic patchingdieiworkcompPnes,
nodul ati on can be used to control the spati al
distribution of the working gas within the reaction
chanbrotheThdvantagewf theldisclosed isystedn ist thabing elimioatiomef the
wor ki ng gas, thus, contributing to the non-uniformty
d)@famiHma(t@hlr@fnétWerlﬁﬁNdvv@aﬁ Migstaralon” oypa efchpehtion By the
nodul ating the duty cycle of 13 WO 2004/ 114461

p|5’g%1é%%96&” PRR {aﬁbﬁ%@cé’r‘i g{é%bu%prémeé Yditional

acteristics of the neutral gas urlngt e pl asma
oL TR TR B TR SR i o

| anﬁpﬂugg of ﬂ'ne h tﬁo%ert g';erﬁeeréts néJ a\ual Ila ma, {ween two (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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20 m croseconds of the application of the RF, the duty
cycle may be controlled at frequencies as high as tens

wol20ig4egds of kHz. These and other features péT,tUgﬁmmlg%l
i nvention are described next with the help of the

1
pleRp e epetion 156 %r%%@ﬁ%lf&s?f .VePF?‘%‘% daniyt
OVI to be Ial var e
B4 1 B 6F e bRl B e G B @il leqyrol e
I|mt t he scope of_the clains. FIGURE lillustrates a
upifersiity of dbe proGassntSiRcahenplasimadaitistion time isiyally within 10-
elenments; FIGURE 2 illustrates a tunable circuit with
2amiaféspomﬂs eithecappticajidredf the Rin, thatdewwy ayclé in@yREe 3
illustrates a second tunable circuit with an RF power
cofiFslied A frejuericies sdThighiaenens oFhGhdiedd of kHzst rates a
third tunable circuit with an RF power source coupl ed
to an antenna; FIGURE 5 illustrates a circuit with an

RF PPM&de ARPbiter9 ?atﬁ%ﬁ’bﬁﬂetu‘i\/@ﬁloﬁrﬁr@% chbéd ﬁ@kt w:th the
strap; 14 WO 20047114461 PCT/US20047 019931 FI GU

el i AR AREERRS L, o oo ont strap: F1 URE

7 illustrates a third circuit with an RF power

(/)

anplifier coupled to an antenna current strap; FlGURE
8 i |1 ustrat e BRIEEDESCRIBHON @5 THE RIGURES pover
anplifier, antenna current strap, and pl asng;

The following illustrative figures are provided to better explain 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 9 illustrates a lunped circuit equival ent of
the nodel depicted in FIGURE 8; FIGURE 10 illustrates

woRod/{@4ency response of a plasma source Wit Beysisn10031
plasma; FIGURE 11 illustrates the frequency response

Of 2 FiAREG YIRS L PLASTRY A 539 pollePRRhe:

illustrates a arrangenen or c rolli'rng a
GF#R %3 illustrates a reactive

| . Fl
Cﬁ@ﬁ@gﬁ?%r&gﬂ%w §oH88 power source to a plasng;

and FI GURE 14 shows an illustrative enbodi mrent of the

[ nvenﬁéﬁ?{?vw t_r el ement s selected in a reactive

net wh Gillusiratasea thied eiecdt widh ag Ry pawee amplifieneaupled
network. 15 WO 2004/ 114461 PCT/ US2004/ 019931 DETAI LED
tosserigrmacuremt BHEPI NVENTI ON Turning to the figures,
FIGURE 1 illustrates a plasnma source chanber wth two
sets of antenna el enents. The antenna desi gn incl udes
two FIGURED®ilkistratasgd simglifieduhddeltofitheé RFp@bemanplifier,
105, 110, 115, and 120, arranged about a commopn axis.

antepnariuprene sehe B pladffm; 110, 115, and 120 are each

driven by RF power sources, A 125 or B 130 as shown.
Each antenna | oop may be coupled to the same RF power

sour eRsMREN glu.@{i‘éf%% a Eﬁmé& Eifcui e%%léﬁ%ﬁtﬂ&%%feé{&% fCted

sources, to drive the antenna e S In qua

iplflg_{%eg%y the loops in the antenna are constructed
r t (8) gauge teflon coated wire although bare

copper wire or other conductors may also be used.
FIGURE 10 illustrates 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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FIGQURE 1 shows two orthogonal sets of two-el enent
Hel mhol tz-coil - like | oop antennas, with | oop el enents

Wb%?‘ﬁ{el 15 in one set and loop elenments 110, é’f’ﬂsﬂo%g’ol%sl

sécond set. The | oop elenents are w appe
azinut hal ly around an insulating cylinder 135 such

that the npgRali nfq”oughp’r OF FHERYENerlON1en a

current is passe em are approxi mately
trangverse. t e axi | i.nder. The opposi,n
ol ontHriG o heuses, FIBURE Jikidliates frpladie sobRerdiHinber
Hel mhol tz configuration. The wires interconnecting
with paeisets obapesna eistoentss dherastennagsigninelades e h
t hat adjacent segnents carry currents flowing in
ool sirdjle-aartrnoltigurmlocopddementset0i ido, ¢ dScand d20,0n
of stray fields associated with them although this is
amQhgeE S8 Yornfhdrgxis dThe GRMERR alehidhts 108, #10,e1%2and
are energi zed such that the currents in both

1 %de LROGLR bri c%ﬁ”‘?g @@5?5\8& OSRELY, £9 Eﬁlor@%@ QQ%ﬁgwﬂo Each

grees apar uce an a proxi mat |

rotating tra vers etic figld. 16V\D OO/ 46
A T e%?gn%@ Rowe sings o d pfiese
node Iasma a static axial Bo field 140 is groduced
sgliger, .qrsw shigtinct B ROVRAUECRS, de drivadim antennai dempplsdn
runs along the axis of the cylinder. The direction of
quddratuse.aPreferaldy the opadmthehantenhs are coasirugied from eight (8)
transverse field mmcs that of the m= +1 helicon

gawrjeeteflbn cobtee! wike althbbgh bard coppir wirdodothee tonductbrd imay
current producing the external field may be adjusted

al&r‘ﬂ BQfiglqat e the performance of the plasma generator.
e overall anplitude of the necessary field is
typically |n the range 10-100 Gauss for the

par FHphAR Iﬁt%??ﬁﬁéjoﬁﬁég%nﬁ Wotd @F twd- él[eﬁfe‘?ﬂh%qﬂ@ltz—coﬂ-

sources alte Ive ran

B8 . P T B 8 R 5 38 Ao
efé%gggﬁéggqé%& ?ﬁg ts.!sgorfdl seelztd Fh%dloggzignﬁeatlseérg \Acf)rfaptpgg
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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produce the m= +1 helicon node in the plasnma inside
the insulating cylinder, which sustains the plasma

woinehaLge. |t should be noted that it is al sopepgsidehBioesi
to vary, and thus de-tune the static magnetic field,

mode @gteﬁﬂﬂﬁw g%?? of 2 Eiifef méle wafe: E%?a&‘ncha%‘rs%"od{ﬁ%@

| a but  typi.cal l t as e
130, RotPedd, 1o imstance; by Anitle PieiorBenet Sneﬁégyuns
then be applied to inprove the operation of t e
alpnagdhe axisnfdee gnlmeafg‘ he difeciing of thiastasicdigldis suehtthat the
it is possible to achieve the sanme overall conditions
rotditirtg Ehivetseifieldgnintics threttoditioe s btii helicon wavep In practice,
antennas instead of single |loop, and/or a squat bell

thleadmplﬁh&@ awneirketioof Mw?émfﬁroduémg the extefredl fielemiagbe
the Bell jar to fit within the antenna frame with no

ST pt%%ﬁgmlélég%ﬁf B st Wherater T e
arfet e e acbrb Rt f8ds b Gy AT EPRIG A F06 S for e

consi sting of a stral ht-cylindrical section
pq;gmq_t,grsr{m@;syeq%e@ﬂ hut fer diferert size squieps glternative ranges

hem spherical top. The jar rests atop a vacuum chamber
map pecxnplayed.y Oree the gtatic f21d optimuwmemppiude aid dinection are
pl asma source). The antennas consist of two sets of

chereasihay. typicaibheneat ke durthenuidjustrint! y rect angul ar,
two- turn continuous |oop antenna el enents that

surround the bell jar, with approxinmately 1/8" to

1/ 2" InSiRnstingticts the Statit T IR Ah € e RFERd bhthedattenha klethents
every point. The turns W|th| n each element are

pr88 &?fﬁeeﬁll 1 015it&F m -tHS éé’l‘ﬁa ﬁ*s‘?c??ff’%sltn Eﬂh? cfftdbr,

are al so connecte n se
flelds are, additive ch.set
wich SRl ?Wi&'8%859%¢m08? '?%59%% Rt S8
t he mutual inductance between the
possible to vary, and thus de-tune the static magnetlc 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 mulii-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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sets is less than 1 m croHenry. Vertical and
hori zontal antenna | oop sections approximately 25cm

W@r}? AakeD | ong, respectively, consist of 8- gu?@fmszoo«tmm%i
e ?on- coated wire. In alternative enbodi nents single

turng of rigid copper conductors be.enpl.oyed .i

ol nc NG HEDIS PR Fo St B PTG ua AR N iyfhes
particul ar enbodi nents described herein for produycin
approximalohy 2 Ingra ATt éuEhas aIsEndard el Lskep eot)
tolimt the scope of the clainmed invention in the
censsstingsofaf steaightedindnidalcsaictionapproximataly tlbama talRwrith a 6"
power source and dynam c matchi ng schene, see FlIGURES

radidsPhdmisphigribs top e Thedaexstd atophe vaaignehamiberents in
the antenna descri bed above. Mdyreover, the circuits

a‘gérggfrﬁésﬂ%%n%tiﬁgé?“qégwm fg}slg prlrde%rﬁggs in?:'log-gglﬁg]tt%npnsas
royi gd . t [ n

o oF Bt S8l LA RNE UL BRETRER bl AR, tro-
RF th t h t hat WO .

s BRI 1oPE FrlsBrecPGEoE et SHEowed Bie BRI Wiency
in the absence of a plasma is the desired RF _

appreyimaiely. 1/&" 1001420 §paking ibepeeemthe arignpas and dhe bet iprisa}
reference to the quality factor ("Q') for the circuit

every poand Thietthst withie gaichsslememthare’ ¢@nnectdd inserigisaand the
present should be five to ten-fold or even higher than

two'elbhnbs RRBRCEachOSetidre aldoasdTecté mdatiesuBlicHk that fisain
circuits, such a conbination of the RF power source

ﬁeﬁa@a@é&a\g?e.%é seﬁlina\raﬁné@o#v@aérﬁg@urig g@pfb;&imafém 0

presence asma by changing t ance In
response tq, cha i e pl [

i RlpRSs PSRt tRie, e 06 R B Rmeng o
0-1 kW generator, conpect e(il to the ﬁuqid raturel hybrj d
sels jsclges than E)é‘i“f’m"}@"ri-z erii¢ah anp hofgonta) apieBnRECP $egtions

50 ohm coax. The "+45 degree" and "- 45 degree" | eg?_s
apgfroximately 25cm and 20 cm long, respectively, consist of 8-guage Teflon-
 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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the quadrature/ hybrid circuit are connected to
i ndi vi dual L-type capacitative matching networks

w?%gwﬁ @1 0f adj ustable capacitors 205, 210, 2%5T[U§5b‘34/019931
as shovvn The reactance of capamtors 22

@ SpaaRte eaiericyan thie AbBSnes B Plashta s BE MR 585, ¢

about 100 ohns with the other side open, As shown in
freneengy. A loy suipgt gnpﬂﬂawa,‘rebquodﬂ@o%bmg%fgreme to the
together with a passive power splitter (the

qugziiy fadtor EQMYfor thie cireuituwvith and avithout thedplasmabl Ehe Q1 wigh no
el ements 205, 210, 215, and 220 to match to the two

PSR freSeMErRUNADLE il ¢ 2a1-Rsd 28 aven Aightd than it therpresence
enbodi nent, illustrated in FIGJURE 3, enploys two

ofthBHIaERa. %té’tﬂ?’eu {iﬁq{rfb% ARuIRNEUHLE corMinatliof the RF

entlr y Separate e two antenha power circuits

ESBRERIES ohd snleHisE B a5 ibin L Zeduth b RN Boenps of

an arrangenent i s advantageous in that each RF sour ce
plagmagy Qatﬁ‘eafteaﬂﬂflcedgmpo"tsﬁdg HBnees ytharagganp
20041114461 PCT/ US2004/ 019931 anount of input power
impedasepared to that of a single RF source, and the
phasi ng and anplitude ratio may be adjusted between
the antennas. Typically, sources 305 and 310 are
operlatGURE 2dhg Ry sotree200ecmanble a cdmmeroil 2tMED, 0-1 kW
degrees out of phase, although the anplitude and/or

gaHerser, cbrfnte@fmethmcglwr&aremymﬂcmummﬂ A tisastrated

the nature of the excited node. For exanple, by

mgﬁﬁifﬁE ‘ig.nriﬁ Bg 'Hh"f‘ﬁ c8hkf ?h@”%g%gl'%é@ﬁﬁi X | degre " Iegs of

I ptical pol ar1 zed pl asma I con node rat

o R GV PR b
b 53 L SADRS iy BTG 28, 22

capacitor 410 on one |leg, and drives the other
asphawmnThe reasiages q{)gamqmsrﬁzzs is about 100 ohms each al the

operating frequency, and the reactance of either side of the transformer 230 is
about 100 chms 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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dynam ¢ matching circuit having tunabl e capacitors 415
and 420 connected to antenna inductance 425. This

waJ foapgREeINt tends to excite the sanme sort of pepus2004/019931
elliptical helicon node in the plasma, with the

W%?l@ﬁ?ﬁ%&f%@ffoﬂ&e%@@%mﬂt %?s%mfgaacmdgsm%ssaa&&he

ase 'w thus
d F s
AR B8Rl P 3 B R e,
exa | e se s Ar with pressure ranging from 10
GARY tPUH 39@@”%%6Prareﬁp§€%¥?ﬁ ataeughly ﬁh@ﬁ@mpgamphtude

rranual Isi/esettabl e to 0 150G and is produced by a coil
asidtal 80t grees outof phasee blthdugh thet amphiudesadidnphaset h a
radi us of about 9". Plasma operation at a pressure of

diffepesee midietbe VarigdTarardexia didngedhe daﬁ&?@toﬂthé eﬁmted mode.
di stinct m)des First, a bright node in which

FBI 8R&MpleS b 8f1g Blepf anae ér\fli\%gﬁﬂﬁﬁ?:ég @R{%.araalnyj ar

I's observed for BoO < Bcri uca

e e

while Bcrit;cal is a critical value for the

C%'*'Szi‘]e sUstelieflor exciting a plasma using a helicon
node. Simlarly, power |evels PRF and Pthreshold
denote the RF power supplied _to the antenna and a
t hr eArbird imges dlusbatechi HEURR 4 acegspasyiveregonant
antenna currents tend to not be in quadrature, instead
citalith gosprisinghinductog@ntesegrindsctance 405 sindsardjusablerchpagitor
dul | - gl owdi scharge-1i ke node, with uniform

41 0naidny Iggosnddribégtiey otheniig With aniRF sapRet00wite by
1-2cmthick dark space along the wall of the bell jar

dﬁ{ad'ni@\’#ﬁétcﬁmgeé:ﬁaunt' I%ﬁibsﬁ{n\éﬁié E%F ac#Brs"a £9 8hd 92d RnelR¥a to

Pt hr eshol nthis caset e currents are in
S RO 485 TP BREAGKRR B Ble 1 Eafl sor of
el&;{i}fﬁaibﬁﬁqqp Ig'ps%ife\% dB@LB%J %thathehﬂa%gﬁr% SF;(I;%E oBerating
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 bel! jar/antenna

assembly, with a radius of about 9°,

Piasma 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 By < Bgriiea When Pre
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Bo,;fical, a bright plasma is forned that appears to
be nore evenly radially distributed than that of node

Wb]i,),%,ﬂgﬂﬂt he antenna currents again tend to |Fé¥ms£(ﬁﬁfﬁl9931
quadrature phasing. The third regi ne represents an

5 AP Bl R R o ISP B B e

difficult to access for#?ﬁ own_ pl asna soqrces, al t hough
Bouot!s & Criticalalus &5 el felioe expiing erlpeme using abglicon
processing. In an aspect, the conventional RF power
moder cimilatly tpovedn levelaRrriang Priahsodenale she Riaepwer supplied
FIGURES 2 to 4may be elimnated in favor of a
tostheemiténme dng @vibreshioid power desaribptidietow e dh thibawidee the RF
an RF power circuit drives the antenna current strap

aitehfs uirentiSieRd 18MoR bean GRABMAIURY fstéRd bEb £YAUeh &8 180
FIGURE 5. The RF anplifier illustrated in FIGURE 5 is

R BEE ! R B L D afirg BTG TR, T o

w out pu
t 21 2004/ 114461 .PCTI US2004/.,019931 .. t
dgnitlow 5t NaHer dower B naharprogaely dozarmahick 0aiR spare

in a push-pull arrangement by appropriate circuitry
algog theywall of ko ball faF a8 Hwer PeYersnigrgPserYad for Bot™hBergetbut
In this arrangenent typically one transistor is
Psron Pyetiong Irathisoase thenBF aurrentsbie/inicbbstquadraturecl e
of or less than 50% The output of the the

appeiivig3b Absupthy 0okt Bﬁﬂrdxﬂn@l@‘}eg@ﬁegtd& shesel sHife shortly
signal. Preferably, the power sem conductors, e.g.,

[ ; d , Al tmut . st
ot A0S PRI 1Bl Thi, gL Mopbh e M IR B>
are . s
B gieer POON b s B S Foned Hies pBBRIBE ROE et Piptialy o
.any other suitable anplifying device. An exanple of
AP I parat b ALtiES sRERGEyEAGED tand o lock
anplifier operation. In this node alternate output
inigequasisstuse @hagivigd | Thesthirdoagime repaasenis angeffigigpbeiode of
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 amplifier illustrated in FIGURE 5 is preferably one of the many types

of RF amplifiers having a low output impedance (i.e. a push-puli output stage)
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hal f-cycles of the RF waveform Ideally since the
out put devices are either conpletely ONwth zero

wPlobap@sdr op, or conpletely OFF with no currep
there s%oul d be no power dissipation. Consequen%r s20841019931

tf%'i%?% Kantp T s e, TrantSes FoRERE @A Rotin agysn-pu

npedance switches with infinitely fast sw tching
afrane@ment:bsa appraprigte-RiEGHItY S8Asas {soknayn tp mpﬁpfdmaw skill
efficiencies approaching 90% Preferabl y, the RF
indthievaet.  insthisoanpdrgknoemtdypically one transistarris sondustingt at any
strap 520 through a fixed or variable reactance 515,

timeg typicaly ywith & AnBCeyos of orfleiss teav BOYIJT ieeaatpab obthethee
is preferably such *that the resonant frequency of

tréﬁﬁsﬁiré Fs”t':dm A té P‘éné%ﬂ@ kh& o é% rand the

ant enna, Wlt no plrasma prese I's apprOX| mat el y
equal to the RF operating frequency An alternative

1| CERGRY. the EP%EEBEH'% W. ot ged oGz g5 ang 510, in
P e oS Ber9ho i %ﬁhﬁ%gééﬁ&Eva these
driver 600 and transistors 605 and 610, to provide

arg denieted s FEbs, Lt dhey gan alsoderder mﬂayb@mardmﬂmm

be configured to transformthe out put inpedance of the
|GRiE) -vacLilmstubgs,, ori dnyt athehsgitable @naplifying dewiged #rcexample of
Capacitor 615 is arranged to be in resonance at the

swiﬁﬂ'hrﬁ@ﬁwﬁel dseraficeliserovidedtdy ChesiDndiplifisreoparaton.t In this
formed by transformer 620 and antenna current strap

Wﬁé alt@n?ét@‘du?ﬁutm%b@?@trabﬁi)ﬁé\ﬁm’fhéd}rf hV8k & gbposﬂe

ere capacitor 615 is use I mnation,
“ﬁ‘iﬁgﬁ@% §§“\%3‘§Eér§a efaih ool sifte, "PEE’&?@?#@P"%@W Sither
6
camplaty abuthaiers yoitaes Ares, o RBMHCIaVOIC E it o cHERDt flow

strap configuration. A center-tapped inductor 725
therecshgidd begtd pewendissipagiene Consequently class D operation is

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’ thet 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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feed is connected to the output stage having push-pull
driver 700 and transistors 705 and 710. Isolation is

w2V Adgf by transformer 720. Agaln only onepéi‘mﬁﬂﬁmw%l
other transistor is conducting at any tinme, typically

pbthBuft sfile) Wit Hrfjer 809 et il s 08 670; fbibRict
elBicaL IO A BUNG: Ba0 By snely Do PR aeCEtoay

be used in their place. The RF power source may al so
traesfoga dhevoutpubinpedancsodf thepushapull siage, ibloodiighdp alow
symmetric (Nagoya Type Il or variation thereof, e.g.,
iniesisgice - (Capacitad6t 8 isstrapegkditu ise rmjesonancy atitier dasired drive
(e.g., right-hand helical, tw sted-Nagoya-II]I

frécﬁls&iwafhtrameﬁﬁaacm;rcwfakmé@ bnyar@fwm@rm and antenna

non- héli con inductively coupled confi guratl on. The RF

clPft’ tr%@%dﬁf AEMil Fe ld'iﬁ\é‘ﬁﬁ %?BWn%gﬂ d@ g%) where

vari a ty cyc O prov I nes

sk eis & %%G%%&ﬁvﬁi%@@isﬁ ﬁé“§5%4°f%3§ﬁgfe§?w the

density, Thi s nmodul ation of the PI asma density can be
seriescichitdpmard by irakaogindyeianee of HARSIOANeLPER 8Pdof t he
wor ki ng gas, and consequently the uniformty of the
inguciapes of encureerd sieipd25, uni form distribution
conprising plasma nmay therefore be generated by a
pl asma generator system by a suitable choice of a

nmod FIGUREB 7sitlbstrates ot geotbenRF powdreamthagtenaa aiuoent strap
system may use radi o frequency power sources based on

coMABLAtioRN Asertefidlsicdihdatloy 785a8corport®d irf iR DCower
substantially Cass AB anplifier, a substantially -

ier,

R beloudu SHLBYAN RIS RS AP |

da r,.a subst nt| al |l ass
iR 15 B 3&9 beich RERY S b2y paaig, only

sources in further_ conbjnation with the
one or the other transistor is conducting at any trme typlcally 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 lil or variation thereof, e.g.,
Boswell-type paddie-shaped antenna) or asymmedric (e.qg., right-hand helical,
twisted-Nagoya-lI 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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antennas for exciting helicon node are suitable for
generating high density plasms. Moreover, for

wBOHoSMilsghi ng anplifiers, such as those shovvn
E%Mﬁg 4, an internedi ate stage to transf oFmﬂtUﬁmO%IQ-w%l

RSt seF s et of ke Filon FRRC RS fy can b

the switchin l'ifier based enbodi ments, descri bed

usrd to affeqt the ﬁawﬁ) n@é?"}s apd yn@amwtya@fﬁaew kihgsgas; ged
antenna current strap is located in proximty to the

coregiqoentih theeupifermity afdhe proness. dsmnard gpatiallyi urifoom  an
insulating vessel. Froma circuit point of view the

dist¥befion cohfptisirig plasne mapthareforabe giéneratedrby desma
transforner, with the plasma being the secondary. An

g?rﬁﬁhtéﬁ"s?gfen? b?%dltdbfﬁ éﬁkﬁ&‘@ of 8 nid rBschdinghi ch

uct 810 fepresents | unped- el ement
representation of the current strap and any i nductance

T, it g or i 520 g
nb dj t led .P 24 WO
SOt basFs 21 GBS AP0 A AYREBITaY ClAB L AT IE” ) asma:
i nductor 820 is the plasma self inductance, and
sybstrniialy ClassABasnpiifian: 3 substaptialnglags &apwlifien a
nodel ed as an effective resistance. Mrepresents the

substardially Giass @ramsplifierve substastiaiiy Glasa hampliieaana.
Transi stor driver 800 is represented as a square-wave

substdraigfly D1 E . amplifietagres slisstastiYTlass Fdamplifiat crtanystib-
time the systemis installed to nake the resonant

cdcnﬁﬁﬂgﬁtg? herbof NSud P&\Hélt sARBES I fRthel Yormitdtion\Rith the

desi operating frequency. In an alternate

o 5L BBt befgbh AR Bl fo BplinkfoH BBhdy
plapS RGOt Hrst %@‘tqw‘w‘g RERRltor. el AR 805e FHGMElke
9 all inductors have been unped into |nductance 905,
FIGURES 224 aninjeimedateaiage tcatra@sfgztru the RF spurce impedance

to a low output impedance 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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di ssipating elenments into resistor 915, and the
anplifier should ideally operate as an RF voltage

Wik e., having zero output inpedance). Yy
pI ag‘ﬁgl %)dr esent, Ris small SI nce there is Ii t?f:&‘HJS%MOI%BI

i SSi Lon and. e _Ghicu f Fl QU xhibits
reprEsefl the dherie: IndtG 820 F e dhs S ‘??@aﬁ%%a/”d .
shown in FIGURE 10. This provides one of th
irapdanceRtd mpresents ghe elasmesdr@ﬁeata@n dﬁ0d$|{3d|a§ Hpeltedtive
to drive the voltage on the antenna to a high val ue

redistancel M ropeesents the mubuslénduatanae betwesnfthe ianteraa angd
the initial breakdown of the gas in the reaction

pRIBEAR) ET raneifsr driver 80098 Peprosamted tdtea sqadneiwave Yoltaie

system consi derably broadens the resonant peak, as

SSYREN T c@aﬁ\@ﬁﬁééﬂs r.seaa éthﬁe@nﬂi tHehs%/s&ﬁﬁﬁ@Hstaﬂed to

circuit. e ce requency of

ra?%qﬁégﬁ%eﬁff @Bﬁ%ﬁ%“ &Fpé'%ﬁﬁ%ﬁﬁﬁé‘ﬁh% K ety ‘Z%%'Fed

res e when the pl d.,is ent, Theref
RS aaberRy I ok aloRRLe pEBOGReRNTE A fieh capeckar. e
2004/ 114461 PCT/ US2004/019931 relatively insensitive
RF drequenay inoasbe adiyséecita achiewnthe sams effgfll requires no
retuning. This is illustrated in FIGURE 11, where the

overal | system resonance has shifted its frequency
sl i ghot fusteatingoihghopenatiap okthesyktam dheloveralbsisterd rapnbe
the operation of the systemrenmains efficient. Wth

mioleledeshisiesivn & BIGURE i IrcPIGURE®al pidueti®s &BPE ibednt 0
the plasnma self-adjusts to be considerably reduced

|ugrgfés O.hetbe ROcRinde TB5C aff fapaditcr® Mo %%Bsé.'tgﬂ'aétm 'atnd 21120%

at advant ageous to actually detune t

og9Eho Bmari ARy oS s e aluniyt @‘{iﬁnd'é‘ 'J%ﬁ"l opdfate

on the hlf aof the resonant frequency vvhen
a5 1B ) YAlFAg® QTGS UL 6rBang P, pupURERDR A o 1 he
pl asma may be controlled by a variety of

With no plasma present, R is small since there is little dissipation, and
‘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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techni ques, such as adjusting the DC supply |evel on
the RF output stage. In one enbodi nent, the supply

wbMohABS.dBY be in response to sensed variatio
goiasfeng1 ['oading to naintain a relatively const gﬁ'trfdggov%/rowm

into.the plas source. .As il|ustrat in FIL.GURE 12
relfVaL MR TEF o VatAiTs aimsge i Sotdifions AbHEouyegeo
supply _regul ator 1230 _may be achi eved, for exanple, by
retGor iy s TlesTiased i EIGVBR, 1 havingredhp voraliaysta

vol tage sensor 1200 and the DC current into the
reRiehBhas inas shifteshitbirequenoyralightipsalthougbihe &hig aufficiently
their product together with a previously neasured

reRRREQthaBthe Wpertidrnsf theasyBldnh iréhapisfafficientc YWith the deduced
1210 to estimate the net power into the plasma 1225

f b - el LAl rgain
Q43 Srogfing oRbgd pfiedid b SaSHa R Ad S o BEY

| evel for, in n b nitorin e . .
oqrieraon el bPEE e N BRI G e BRERefbyts. €,

that variations in efficiency with output |evel are
‘may bsusareewnat ?SV/Q'F%Q‘?R.H% pagu 'Mw%etﬁﬂew PB@'@?'QQ figguency

2004/ 114461 PCT/ US2004/ 019931 and current can be
ofntbaRIr diive slighthrfsom the exrekro-plasma resovanceteane side or the

estimate the real power being dissipated in the
otheastependie cretrs stuftof the rsonanbireqllawyexhemthd plasma

sensing spatial uniformty by either direct sensing
foRhs! Ndirect sensing by way of variations in the

voltage or current. Changing the duty cycle in

response to such variations can then control the

spat . . . | o )

e Iéi’)e%@&Hér‘ APpullo tﬁbﬁﬁé@n? ll}ﬁ‘?yﬁgg cbWBHed by a variety of

nodul ating the duty cycle can er allow co

tef¥FhubEraPY S st e BTl TRLSY B BE qutput stage. 1n

Ot BBRTEGE: Ble SRR Poige Ty e deopeats Rrarsed variations
previously. "Low' inpedance, as used herein, neans

intplagma H@%@ temaintgiora relatively constant power into the 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 Ampilifier 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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circuit shown in FIGURE 9 has a "Q' that should be
five to ten-fold or even higher with no plasm

r han with plasnma present. That is, th
Wgﬁgﬁ“?ﬁ“‘e“? out put i npedance should be suffi cig(r% 'rIU)S/mW019931

smal | that the ener dissipated in a  half- | g, Of
agdeutrent S be ek s FB i Shas fody i pvalibed il

conponents. This condition is mathematically defined
egtinaigithe realpowyer heinghdissinated imibe plagrea. val ues shown

in FIGURE 9. The RF anplifier wll approach operation

as a voltage source when this condition holds. A | ow

r esi Shasersing of plasima mayalsw eptendi imseosingsspatiat trifarmity by

source, generally refers to a resistance of |ess than
eitirWiretOseiging pr Bidireabsending by widest vaiviatibn$ irfdhesvoltaigedr

preferably |l ess than about 4 Chns, and npst

clF a%ﬁ}ﬂgggsdlﬁggyﬁg%%épﬁ%@}tP%ﬂcWaﬁg%ﬁslééWﬁﬂeﬁ

t
PCT Wwever, not al enbodi nents of the

' ' Ig [ el S d [
oS e Sl P lel g admar " 3RPlEn, BrobiBehG R Wty
ant enna/ Iasqa be ?eiecte based on tFe respnant .
oyl Gl Rhes ADNEEoETPL BYer theigveGeee AU BOWE foiryove the
resent. |Indeed several, alternative conditions are
efg@ugsc!opfeplaﬁma agnesalion. s Tihe sepdbagkarrangement of FIGURE 12
reactive circuit such that there is no need for a
cagyalaoiatiowstwitching betneenttiwoto! roesf powerlevelsaspdesogbed
possible with the dynam c i npedance of a plasma. Wile
previeeisRt i Ng a variabl e inpedance, it is possible to
describe the plasna reactance as bei ng expected to be
confined between a high and a low Ilimt. Thus, a high

expeghgd irﬁ‘a@&éwcer, %@%@B%r&ﬁ?ﬁ%ﬁﬁtthéﬂﬁeasgr@é’g?sonant

expected plasna reactance may be specified.

st ; i fical : )
e SBREE GURE PR ot ol i EenoR duen
higher with no plasma present 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 Zyy << Jg ,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 Chms, more preferably less than about 4 Ohms, and most

preferably less than about 1 Ohm.
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val ue. Many other simlar specifications are possible
to indicate the likelihood of the plasm inpedance

Wﬂb’ﬂh{g%lf alling outside the specified lim tsFFJr@g%gm”Sl

instead of a high expected plasna reactance,

possiple to specify a.val ue hat is. not s trically
D1 5 beWeypE T £l e b uEsly asehe dhwirtion denlire ML cbEnce
Mor eover, while a particul ar ﬁlasna i npedance may fai
elegnents in Hierreastive aisruibrounliagthe iF pewerseuredethen of
several plasmas is likely to collectively present a

antenmalplasma belssi¢aied hased be the nésoreut fregueneicef the circuit
Simlarly, a collection of several RF power sources

uﬁﬁﬁﬂﬁ@ﬁ%@n’i&p@@ihb resart. lihdedd/séveralx bitbrinatife @ohditions are
di stribution, both with respect to frequency and

pbsdible tﬂﬁ'ﬁf]‘o%v a ‘éh?té@lb%ﬁ%?ﬁictéﬁ%ﬁé; t;hler r%‘éfi\?é‘&i?ctflteéw that

may actually ensure t ation 1n plasm

r t ' I C 0. f.he . .variaf i kn.t RE
s (R REBBs) T e SR Ekh HREUNTFILEERn Babbind s,
mat.chi n hem at two val ues of fhe expected plasma
poSle bR SRPEdaRtE 91 BIaSEh of t he pl aarm
reactance and a know edge or estimate of the | owest
or likely Iow plasma resistance, a value at which the
var | Whilepresenting gvarahle impedantss itiis pppiible/toydesseibertae
greatest, it is possible to arrive at a nmethod of

plapmai regctagce las beimp expected itm belvenfieed betveeart a high andrarlow
exanple, in the illustrative circuit of FIGURE 13,

lirhit. OThu.ea hightd)peatddplasiiaveatthnze dhifinenb thd gelow
Cl ass-D RF Generators at 13.56MHz with 89% Effi ci ency

oI LTSIV s T s 3o
s Y P Ser iSfangel AR i 8, e
Vel MRy oGl Sifilar SOciiations 4 SRos I & ingicate the KeliRdod
of the plasma impedance 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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I npedance at the RF jack is 50 Ohns, Ca=C +C2, and
Cb=C3+C4, the series inpedance is Z1=1 +sLl1l =1 + 1Ca

Wgﬁf@‘é%{fﬂ:ﬂt | ?ﬁid?ﬂﬁidaﬁi‘e:ie?at *the ﬁ‘?ut “FRey g0
W L1 qi
PPl P iR TiginB aliodriiL ot e RogsieiaSge

Ohis by adjusting Ca to be about 81.6 pF and Cb at
reastANCce376 pF. In a capacitively coupled system e.g.

for use at 13.56 MHz to provide an RF bias for a
substrate in a sem conduct or processi ng chanber, an 29
WO 20y suichs speudfivatisncf4he pesia radctarserand adsnpwmm or
ant enna conbi nati on may, for exanple, present a

estirpatetainge idwegtior ikelytlow plasma istanos, avaleacit avideh e
of about -8 to -25 Ohns. Thus, hooking the circuit of

vé: ﬁﬁﬂéheof Jtl:"fe bRisPite ﬂnﬁéhai%bqg 'I]ﬁél? 'té‘%@%e GREREEE i Pobsible to

fficul't in general. Wth 't [ arge i"'magi nary

af{?'?g%i Adfeyey driBecid ?'?%ﬁ??’?’&ﬁ%?fs 0 JoachlE slrsul ¢

a supply voltage that is a fraction of the deS|red

QSZ‘?S“ 'r#'%%ﬁtﬁg‘?’m%ir@ﬁé’%%ywz SPEIRE ol e Coge

given Vs IH], where 11-11 is the
pqﬁi@gh@r@] d%vgfangr% éﬁg-ftgwgp&:{gw -bDLRF Generators at 13.56MHz

with 89% Efficiency and and Limited Frequency Agility”, Directed Energy Inc.

© 2002, document humber 9300-0008 Rev.‘ 1,” retrieved on June 10, 2004
from the web address
hitp:/iwww.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,=C4+C,, and C,=C3+C,, the series

~ 1+s5*LC .
impedance is Z{= A, sL, = -8 2% and shunt impedance

sC, sC,

ZL
sC, Z, . . , .
Zo= = . The impedance seen at the input is Z4+Z,. With L1
7 1 1+sZ,C,
LsC,

given as 2.1 pH, this complex value may be adjusted with suitable

components to be 14 +i12.6 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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of the system and in the 250 V case will range from
welour112&1to 83 V for the various plasnma conddrge?804/019931

when operating at a given frequency, a total inpedance

ilstraiive plasmataptering estabingtiomaydisHexan{dia \iraserdt a

positive reactance) or a capacitor (having a negative

Fe%f%?érﬂ%cﬁ,l} ?f a?ﬂgw ®34 it 4Rea !r&%ﬁgﬁéw- ofa%ﬁﬁe} 1028

exarrpl e, _ re 1s a stra?/ | n ucganc% 0

OB TIOR8l o e LLBEARR T B

S MENT S 34, A0 eSSkt s o
0

=ioL- 1z 0 . Simlarly, in driver circuits using
impegance thet ithegsc the trandister gwitchingorcwtiwihaafely operate with
capaci tance, such as transistors or nosfets,
alsuppilpeoliage thae is @ frabtoroof thetdesipd PeaRrepplyealtagéobabout
on sone specification sheets) nmay be reduced

by
om g . . oo
700Q8igHONg, &gs 4t @bbbvzsmvt{ﬁtdra Ak&192%0). Fie pbak o%@?W&ge

of the charge stored in the capacCitance: a pro

i uc NSCi .

1§ POVEA o Va2 R . Fert 1A e oo 8P e b3R8 fynction
0 nillystrati eneral reactive cirguit

of e S5t ppd 3 235 vIEEIR U sl omiastavk 28sh 54 orgee

tQ a capacitively driven 30 WO 2004/ 114461

vRHaUs RIS eAslions. p| asma or an ant enna- pl asna

conmbi nation. Although, this circuit relates to a

capacitively coupled driver, e.g., for the RF biasing

of awbepnesating at agivesfraspienay.tatotariopedance maydsaa,

but the principle for determ ning the values of the

adjusteshiey bddiagpn induttor gmvingla pokitiet Yeastantebray capatites
well. The illustrative general reactive circuit 1400

O e R et R Mpoirbos s e ibie, i
thkfd B é@ﬁagﬁﬁcﬁ,d%aﬂceb@ dBB 3§ Mo [ éadiEatP MR R lotalt NE
sane as the m nli num

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 Ziy = Z1+Z¢ =iwL—% ~ 0. Similarly, in driver circuits using output
i

devices with significant output capacitance, such as transistors or mosfets,
dissipation due to the dutput 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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pl asma reactive conponent, at about 500 pF each.

wobuginie 1410 and 1420 are then tuned to satpquszgmlggsl
conditions: a) at the | argest magnitude of plasnma

p a%?ﬁé BP?ﬁ ierﬁra*—plgsﬁl'a%rﬁﬁﬁgﬁﬁ&f dAﬂh&?@ﬁ'ﬁEl oagﬁ ‘FEIatesbt? a

I maginary part he ove seen

nS| st.or ut s nmal | b t .the
capas iy SnleRe iveP s o Foidhe R BiERingtof ¥ Pulbrdts i g1,
exp ected Iasma reactance limt, the imaginary part
SQWIQQMUP’E%M %%%ﬁﬁ‘"’!ﬂlp‘ﬁﬁ@a@ Gubthe F@ﬂ%e ifQr d gm@mgjthpovalues
optim ze operation of the radio frequency power
obther cenpenants applies tohars inakictively lcoupledcyisterd @sovélbethe n
the above Directed Energy reference. The inpedance

ilisseatiaygendraPreiciVe tireliit 1400 si/dse tuhed oitier Riging thad =
71410 A 21415 + V1420 + Z1425)1'1Zp. Here Z1410

ﬁé’cﬁﬁ@%ﬁ]dhﬁ rs WEQE’H‘ CEodhstantd Uﬁl‘e%aél%@e'o? cEPQ:i'%?s

4 and t e whi'lTe Zp represents one value o

1418281428 30 Ee c@%&ﬁ@@%aﬁ%ﬁ&'h%u%{'?fe Sl ¥s fhEfHnimum
PR RACvE S0 PSRANG 2baboviorbl BB sadh; Nt SR Tatspand 1420
series conbination. For a radio fre uency power

arsoiienduneghia satishe fwe senditiensiat the largestraagnibute of plasma
a wth an output reactance of +12 Chns, case "a"

reactarespoads high exp&cied @iasrha abactanfe ﬁlmitstrm imeagitay part of
react ance; Xp, of about 31 WD 2004/ 114461

theGherSiR R4 k99 the-tPanSidtoF oufpad Stagl. is shidiNand b) at the
corresponds to I'm(Z, oad) being about 12 Chns at Xp of

srftafiést st of BisSip FOAahES 1. {%%Eé%%bté? P!
I
robElrEe it fﬁ%guﬁgi‘amg%% BiiorH et ine edt a8 s
een b the RF driver. hes qgquati ons can be
@Hﬂ@éd optimizeopatatieme! \V%F Cﬁide%FfequBUH RAWBE SOYIEeRe Gagt12
1420. Under the described conditions, in this

Obwsmas iarthe cireuis deseihed indhe@bove Diranted Enetgyieferense.
about 345 nH and i nductance 1415

The impedance seen by a transistor driver stage is given by Zipaq =
Ziato + Zaars + (Zrazo + Zaazs))|Zp. Here Zy410 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(Zj..q) of about 0 Ohms at a plasma reactance, X, of about
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is about 185 nH resulting in Inm(Zl oad) of about 0 Chns

woingamition "a" and 1n(Zl oad) of about 11.BctRRE004/019931
for condition "b"' respectively. Mire sophisticated

SO GARE PR A alpbAIS I MZ, SRR pBbURHE Onms !
X Eeiaeuf’%obﬁea' eIt et bt € p‘%'?{%é%%gﬂﬁgf‘{ag%t may

by electing smaller values to ove
be splvkdmith Rs Setaita lonevalHg, sabaktp b@ﬁm @'nwb@r lgvelof
resulting in large errors. Additionally, instead of
plaswiamgsistanceaiesults indargemyariatiomssn the badragendpsthednd driver.
adjusting the values for inductors 1415 and 1420, it

Thésehieqastiingl cantise solved fier thalumknban valudoindustahéés
and 1420 and adjust the value of capacitors 1410 and

14’@51&d 1|4§0V"'Ur{dePﬁ1é 86QHNARhd AR In Hhaéxérﬁﬁlaﬁ'@t al

I npedance is the I nportant quantity for any series or

oEaE 7. BB R PO P
oSt 85 1B B e S SR T B A
have a reactance of about 5.9 ohns when L=345 nH and
Im¢Zba0 op ebodt 11.@Kxrms forgzmmditianbaigspactively Motese
val ues can be adjusted to satisfy other constraints

sdplniﬂlmatec&@!autatimprdsrabhetakeémtotan:cbanbsteaywﬁnghc’(amces, coil
| ow) inpedance at a 2"d harnonic. 32 WD 2004/ 114461

infGdtakEZO A4 AP RdblaloAl At Gthiey RoRud éul tleffeERyISi st or

stages may be operated at different inpedances in the
reactive load, including a slightly capacitive |oad.

Thery erhgﬁvé:&mbéé m&glug it foi” T PAUE 16 QPRitBRY1410

speC| at sone mdpoint value rat her than for the

riq‘ii‘é?%ped-g?r%ﬁe"c‘j@gﬁsﬁ@@%@&eﬁﬁgﬁﬁ@ R
asima . reactance |1

I A L AR SN

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 geomeiries 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 cdnstraints in the system, such as the need to have a higﬁ (or low)

impedance at a 2" harmonic.
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out put stage is small. Further, the specified plasm
woeRGianga nay be a value outside the range ObCT/US2004/019931
expect ed operation. However, such a specification my

res UAiteH%atl%%hu?ﬁthi‘grﬁl&?l‘:#ééw trhay' Be%ga%'rétbe%t diftbRY @

resistive path i n paral capaci tor 1425

RRRAEES i Wi BN R RRY Tl SRRy Py g, Then.

el emept s as,_wel | her aspec i nea
theesq '%'f%ﬁzlopcéé%?b%a‘g %ﬁwﬂ%@&%‘? riggoint
pur pose of reducing the |npedance vari ation seen by
value rather garctor dfagi laveor highyexpesgiest plasmagpactance tigit. Thus
i nductors 1415 and 1420 may be arranged to have a
atsthid $pevifiadhinaghitude vbplasnauehstaree, bl alspesiiiedelasmaer
positive or negative. A positive nutual inductance

ré\élefa"r%e]mﬁi@ thé nﬁagm'aﬂl b&R of atsverill ol d¢edb il‘f’éﬁahéé’t%g

be uSed to reduce the sensitivity of the

out@gﬁsﬁas VR P B Aol 57 o o
oG e B BT S e

advanta S in addition to renoving the need for a

regyidmn @g\ler putnph sbreR irAddition. @dding a pevistiseapahdn parallel
since the tuning at one plasm reactance in the range

withh capagitaarid@Simipreesdhpasrisdmiaoce af thearaastivacirbeit  Thas,
for the 33 WD 2004/ 114461 PCTI US2004/ 019931 operation

thefreaside dirceiit may invlwde csistiveeléments ag well. with the
reacti ve i npedance needed for efficiently operating
at a high voltage. Further, although at the other end

of t|hegrmtﬁér%;{e%ﬂ GHonlihESr rre%ﬁsﬁvaw PeSRRB é?é’mbh% Pl et

stage is , the total load is al so snal

s\'/é[ﬂ);ﬂ*&'r 'tt@ﬁ@%%?tdf ?é‘du?émgﬂ’ﬂ%“n dafriek \éﬁgtn'ar?‘é’egﬁ;bgzﬂbﬁ RF

tage ing 1n the re ance presenté
pguﬂee}'nsso'usﬁt:egr i yeet another aspect, the inductors 1415 and 1420 may be

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

positive or hegative. A positive mutual inductance Mys15,1420, €.9., in the range

M
M0 < 0.02, may be used to reduce the sensitivity of the response

V LI4ISLI420

transfer function H to changes in plasma reactance, while negative mutua!

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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| ess inportant. Mreover, this specification ensures
wombsy/pMeg1 @ broad range of plasma reactance, parus2004/019931
reasonabl e amount of power nmay be delivered from the

ot Subneh L B RES np BABRE BB etld nfdihee
t hat i f i.nst j Lel.

b RGpa praaing At pAT vaRGh EftaBRRtyoRan afthe
out put voltage for application to the antenna .

other endafdhe plasma Frnge- '?Ql[ﬁﬁdanﬂet%ﬁfé‘ byethe Olﬂapt@age 1S
adj usted to produce this desired output voltage

smal othei tata! taadisatlse small ceratdiagyoplesatiornat/high quirrestrand low
operating conditions. Exami nation of the transfer

sﬂimﬂf vbltagdiresuingiidithe redttant € pesientdd i) thehttarmistb&being

uvol tage transfer function,” or the ratio of output

§S18HRah, Mo o it oriEh et blor broa range

i s 0
oﬁrﬁéﬁﬂér@?%%?taﬁﬂﬁit ai%%@;%éﬁ?@hﬁ%@% @e@h@%&%ﬁgﬂm
0 over substanti a [ not the tire ange
G S0rtss tordg RIgsaS Il AoheR AsesstnwliB s Hesldh e use
about -25 COhns (case "a" above, with Rp of about |
ofcnkyrge swmtes of gpinu stagesdhat mag he corpbinedgfopinsiapesda
"b" above, with Rp still at about 1 Cm. For the
pdmatibler pl asma resi stance, for instance, Rp of about 4

Chns, | H varies fromapproximately 21 to 1.6.
Therefore, selecting a reactance 34 WO 2004/ 114461

PCT/ OfteA @i4¢ 8p8QhdatiorefonarRF pelver suppigds haroudpanaitage for

at the | owest expected plasna resistance ensures with
RS R i  ulla LA L R A S R
203 R etter PR (vPBs P o P R
n%gggaﬁﬁgsgaﬁﬁ p{ggemar 3;?&%%’5 cgr?ctii |0|r1é<.’ Eix%niigat%cnt gﬂhe
transfer function H = Vpiasma / Vin reveals that the system “voltage transfer

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

(Z1a10 + Z1a15)|Zp 1/ Zivac-

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
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 radi o frequency power source at a frequency that
woeeosatesisonewhat from the resonant frequencycristiogo199ss
absence of a plasma in the direction of the frequency

néﬂ'ﬁcﬁ'ﬂ‘dvéﬂ% ifed beSp@n‘aﬁéﬁ 3 hePfowdit eRPERED pladhh® réﬁ"s?ﬁﬁ@é

stable and efficient operation over frequencies of

Y
eh%ﬁ%%?ﬂg“eh%“%?@&Bf’%%?a'ﬁ%ﬁ%ﬁg%ﬁ%%ﬁmﬁ“?fﬂ R ifegBhoe
i ate Vi rt thefa t that the
wapls & EeliBF el Aidtier tHlueiot e Blestbrestiiongs ni gh
vol tages to be induced on the antenna elenent with
relatively | ow requi rements. This no-plasm
vol t bbousbeBotedrihpbaitwanGae 6f thedisgusaife s in terms of
breakdown of the working gas; once the plasnma forns,
thengsonanidrequencies for theereaictivernebrarkgit isoofteradesitable to drive
~system and | ower the high voltages for inducing the
ther radiofeeduertsybdwarsoureey ai 8 freuensy that deeiatess@ewhstEfrom
described circuit arrangenents do not require a

th\ggﬁebéﬁérﬂ frabtichdy uﬂf%r@@éenc‘éltﬁré\ 6‘I§?ﬁ|)?g§‘iﬁélﬂir€éﬂldr¥of the _

ust abl e capaci tor St nce on capacl tance

ff%fiﬁ%&%??%%ng"feﬁ?ﬁ(eﬁé"%%g? BEk|<0BRsfiz. hip Skt Hable and

dj usted, .for ex le, for . matching of the system
efﬁ%”?ﬂﬁ%ﬂ%’é‘"?@ otv%ﬁ'ggg?r?g@s Bhitereshg frequency, in a
preferred enbodi nent, and is not needed for real-tine

I npedance mat chi ntg%%vvl th the plasnma operating point
suchliadlisalasgdisystese and nBQIh@@%I previde BE aglyapigge in being able

2004/ 114461 PCTf US2004/ 019931 effects of mechani cal
tovirbalatlown this gag and tritéate disg plasoeeby kistue- the $actdnat the
frequency to drift. In one enbodi nent, the operating

high Enotthecitciitaddthing pthshea alfiowes hizt woltalges t6 selihduced on the
devi ations fromresonance, while mechanically tuning

aﬁtaﬁn§ BRATAtNith FASRRNFRWSoWEr rejq%l'ir‘é%éi’ﬁé” FhisHbiplabaan
alternative enbodi nent, adj ustnen

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 arangements 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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are made by tuning the capacitor. In the preferred

Wg%@;;ﬁ)“ﬁqnbodi ment, this tuning is autonmatedpafais2004/019931
takes place during periods when the source is off-

ine. [n another. C ' j )
offp5 PGS VPR hrodhb né e Bafie BRLE-CPleskent
to the Progess condi tions, the disclosed arrangenent
fregueR@st HEt nunber of adj ustabl e el ements to as few as
one in enbodinents wth adjustable tuning el enents.
As one skilled in the art will appreciate, the
di sclmere embpgimenta thesoperatipg fraayeacy i aiHgted dpicamnsnsate
and alternative inplenentations w thout departing
fdrrsonall devidtioshrorgsesonanme; while Snethanichllyituaingdhe capacitor
intended to be wthin the scope of the clains

caPPRAGSsITE! BYse FoVialidiss. aRcEn alev@alivey enfbodiment, adjustments
i npedance matching for a | ow i npedance with a

; g . i : : ) _
alg, ARt i he CRRRERT, | IATngioreYoRea e ohitdiment, this
need. f or, dynam ' i LCMI
i Sltomiahn g THeRdURee AHEgRBagt Mt e Ropf'® of
reactive circuits disclosed hereip to reduc e .
it bt AL ASRIRICMN RS PSR & B 2EReP S5 Fayab g nstance
mat ching networks is intended to be included within
ta providsopmabh twealks torthe proesssaeonditionse thesdisclpred efrgngement
the clainms nust be read to cover such nodifications
ratiutesdhé aumes ofadjustable elentsite as fewMs aueyisyembbdiments
references cited herein are incorporated by reference
Mstﬁ mtéb[@qghihgté{eﬁ-,@ﬁtst_ heir discl osure and teachings.
6 V\b 2004/ 114461 PCT[ US2004/019931 CLAIMS | - A
met hod for reducing the need for a dynam c matching
ci r chistorfecskillicrindhe prt witliappreciates headiseloped dmention 1s
i npedance, the nmethod conprising the steps of:
sPscnptidie® manpdadatioracarehaljermaties inplermentatians withauwy
out put inpedance; providing a reactive network
dEPAMNGSAM it8 téadhmigPHiisSRE 0BGcH ARlifiatiens 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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bet ween the radi o frequency power source and the

weo RddPeétherein the first reactance and the seeRRS004/019931
reactance are selected such that at a first plasm

reactance, a substantially resistive load is presented
to the RF power source, @hAIMS a second pl asma
reactance a specified reactance seen by the RF power
source; and controlling an average input power. 2. The
1Theh mgthed fon reducing the eeed fona dyramist matohing ciscuiifoadiractly

o R B e, BB o bR NEe BB ARG, S B PHisho thersleps o
pl asma reactance. 3. The nethod of claim1, wherein

t herobidirgy a sadlo $reqesAcypewsRstGraetvitits low alttRa impedance;
correspond to a high expected plasma reactance |imt

and a | ow expected plasma reactgnce Iimt
& b

r SIBYEING, R gACtYS nehuoTeRoRRrISiRg 8 fistand segosderacianee
R A S s e

t fisstpeaskance @pddheasecond reaatamdecarecselédted saeh that at a first
consi.sti f about to,5 Chns, and.less than 1

o iBrts LEhifined 5 sty rniBtve. BRgds Brosanischioie KE

f Wole S0t Bhdil & seRShi T 4ME rédQahea WpRERIEEJeRtRRER
reactance limt and the high expected plasm

r 660 Aydbe RmpewerserIgs; 3w 2004/ 114461
PCT/ US2004/ 019931 estimating a | ow pl asma resistance

a | 5?%@ rk is. required to be
e#:g)ié@{)llﬁegtaﬁ'\%\[ ?T‘IEB?EEQS%PDG aim1, wherein the
speci fied reactance seen by the RF power source is

2. 2R R mLIRY'G RIB1, 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
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8. The nmethod of claim1l, wherein the step of

woPAbd/Alilglg the duty cycle of the radio frequm@mzoomlgm
power source further provides for neutral gas fl ow .

S RN Bl igBi oslotrhcatat R ot iy

r eepaeed beefbativexdul ating the duty cycle. 10. The
nmet hod of claim9 further conprising the step of

sensing a spatial distribution of the plasma, and in
7! ERROMBEId N Ghien MDAHB RN e Spebifiad ryuetance! sedi owingeRF
tinmes of neutral gas flow thereby nodulating the

s frevveri sougtesisrabnut twelveOesct i ve el enent s conpri si ng
the plasma or neutral gas. 11. The mst hod of claim 1,
wherein the avera%e i nput power is applied at an

8av'Eheaglethmh@f ngim awheeein theastep of Ldmthp digty cyglerof

\}\ﬁgl? Iéﬁt"ﬁg? e\égy 5ﬁ@eg$§p[§§hfﬁpﬁgrt ;Fl%gla%f {M 'gas flow.

sel ection betvveen several output power Ievels 13. The

o et metodC st & e o Bind e B sEH5MY:a, SARtRL
"‘@flétﬁbulﬂlpé'ff thébldehbsan@hp {)Snsé thekBtommbtialating thié diy
to 50 watts, and about 5 watts to about 25 W 14. The

meyhled of cI aim 13, wherein a plasna power is rapidly
"switched between two or nore | evels. 15. The nethod
of claim 14, wherein pl asma power is switched from

1885het meBwdefaaim 9tfwﬂwcﬁqmgw theceigp absensing Hepwtial

C Htpton e i Qérffffnope%ggé?eiﬁﬂe @y mpfeEG sty cycle

t B6 pro\idy tiesl of ne@t@ebag flod, tHepoby hmdsﬁtmgdhelsphtlalg of
at [ east about at |east about 10 Hz, at |east

alstisteibutinm efzreagtw @mergs@efnps@mgﬁbe piasma 25 neulfghyms-
1000 Hz, at |east about 5000 Hz, at |east about 10, 000

Hz and at . . .
11.The methad 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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| east about 100,000 Hz. 17. The nethod of claim1

woiLisdihe average i nput power is control | edpfyys@idfo19931
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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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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 smali total reactance
when the plasma reactance is at a first plasma reactance and presenis a
~ reactance that does not exceed a specified limit at a second plasma

reactance.
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claim 32 further cor¥pri sing the steps of regul ating,
viptasma reactance is at a first plasma reactance 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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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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