APPARATUS AND METHODS FOR | MPROVI NG THE STABILITY OF
RF POAER DELI VERY TO A PLASMA LOAD BACKGROUND OF THE
I NVENTI ON [ 0001] The present invention relates to
nmet hods and apparatus for inproving the stability of
RF power delivery to a plasma load in a plasm
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[0004] The plasma can be generated and/or sustained using a variety ol plasma

generation methods, including inductively-coupled, ECR, microwave and
capacitively-coupled plasma methods. In an inductively-coupled plasma processing
chamber, for example, an inductive source is employed to generate the plasma. To
facilitate discussion, Fig. 1 illustrates a prior art inductive plasma processing chamber
100, which is configured for etching in this example. Plasma processing chamber 100
includes a substantially cylindrical chamber wall portion 102 and an antenna or
inductive coil 104 disposed above a dielectric window 106. Typically, antenna 104 is

operatively coupled to a first radio frequency (RF) power source 108, which may
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110 may operate at a frequency of, for exanple, 4Miz.
Cenerally speaking, the RF signals fromthe RF
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thepéigcess in order to obtain a satisfactory etch result.
Thus, paraneters such as the antenna RF voltage,
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hot edge rings, various gas injector nozzles, probes, chamber liners, etc., may also be
provided. To simplify the illustration, these well-known components are omitted
from Fig. 1.
[0008] Generally speaking, it is critical to maintain tight control of the etch
process in order to obtain a satisfactory etch result. Thus, parameters such as the
antenna RF voltage, antenna RF power, bias RF voltage, bias RF power, plasma

density, the amount of contamination in the chamber, and the like, must be carefully

controlled. Furthermore, it is important to maintain a tight control of the etch process
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2 over as wde a process w ndow as possible. In this
regard, the stability of the RF power delivery to the
plasma load is a particularly inportant issue. For a
given process recipe, it is crucial that the RF power

delivery remain.stable th haut th r
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inc gener a aving an gener at or

output, a first RF transmission line coupled to
receive RF current fromthe RF generator output

during operation, the first RF transm ssion |ine
having a characteristic inpedance, a matching network
havi ng an i nput inpedance substantially equal to the
characteristic inpedance of the first RF transm ssion
line, the matching network being configured to

receive the RF current fromthe RF generator through
the first RF transm ssion |line. The nmethod includes
coupling an RF power attenuator in a current path
between the RF generator and the matchi ng networKk.
[00111 In another enbodinent, the invention relates to
a plasma processing system which includes an RF
generator having an RF generator output. There is
included a first RF transm ssion line coupled to
receive RF current fromthe RF generator output, the
first RF transm ssion |line having a characteristic

i npedance. There is additionally included a matching
networ k having an input inpedance substantially equa
to the characteristic i npedance of the first RF
transm ssion |ine, the matching network being
configured to receive the RF current fromthe RF
generator through the first RF transm ssion |ine.
There is further included an RF power attenuator
coupled in a current path between the RF generator and
t he mat chi ng



network. [0012] In yet another enbodi nent, the
invention relates to a plasnma processing systemfor
processi ng sem conductor substrates, which includes an
"RF generator having an RF generator output. There is
included an RF transm ssion line coupled to the RF

gener at or outqmmrﬁgﬁﬁiﬁaﬁ i ne having a

characteristi* e 1S turther included a
mat ching circuit coupled to the RF transm ssion |ine,
the matching circuit having a first resistor and a

mat chi ng network, the matching network havin
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[dOil@]e' t hepn yet another embodiment, the invention relates to a plasma
processing system for processing semiconductor substrates, which includes an RF
generator having an RF generator output. There is included an RF transmission line
coupled to the RF generator output, the RF transmission line having a characteristic
impedance. There is further included a matching circuit coupled to the RF
transmission line, the matching circuit having a first resistor and a matching network,
the matching network having a plurality of impedance devices, wherein the first

resistor is coupled to at least one terminal of one of the plurality of impedance



mat chi ng network being configured to receive the RF
current fromthe RF generator through the RF
transm ssion |ine, wherein both the input inpedance of
the matching network and the characteristic i mpedance
of the RE tr.ansm ssion st an
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Iver ower into a |oad having the given val ue.
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glcawm@ed tIF&J g?lﬁé}ﬁvdlﬁ@ﬁéiﬁédésﬁgrﬁﬂ wberowe[r athhgjomﬂge RB giaaer
the source RF power systemof Fig. 2 in greater
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t hat
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m ssion of t | asma source RF delivered power
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donAL RO R neeh Bt AR Ry kIR e 2p PR Sibedinfs o
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matckidg nepedabeiag cadfigusedito receinee the RFequrfeatfrem thé\BE geherator

ener at or feedback
thr%ugh the RF transrrgssmn line, wherein both the input impedance of the matching

network and the characteristic impedance of the RF transmission line are substantially
equal to a given value, the given value being designed to be lower than 50€2, the RF
generator being configured to deliver RF power into a load having the given value.
[0015] These and other features of the present invention will be described in

more detail below in the detailed description of the invention and in conjunction with

the following figures.
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control bandw dth. [0025] Fig. 7B shows exenplary RF
power output contours as a function of |oad inpedance
ZLOAD for a hypothetical RF generator when changes in
the | oad inpedance ZLGAI occur for tine scales faster
than the generator feedback circuit response tine.
[0026] Figs 2 2

circuit oragfafrs 5
the present invention that utilize an extra
resi stance to reduce the inpedance derivatives and to

I nmprove plasma stability, 6 [0027] Fig. 9 shows
(0946} her eRboplicsan invghBeRisillesvated hyswariexampley ard Rt dy way

re..red i ntenti | | '
B N
niriBa RV EfePlodsiBlasdl ettt byd i WHZR] Fig. | OA shows

anot her enbodi mrent where the i npedance derivatives

(0818 r educEel fasilitatsidisgussiorREig diBvsteatas érgier 81t injugpoplasma
Fig..l hows. t he caqnfi ation of an exenpl ar
preeSipE REmBB Pkt PN ETO PER38] Fi g, 11 Shove
[08ngt her epposliERbciofiabiag i'llﬁlgt?zﬁfng(ﬂge Wi lelectrit@l components

i npedance derivatives are reduced by designing the RF
oftanaxsmipfsy BH poiwee dclwetuamemlem\mvolmhmabilym@ RE power to

i npedance Ro. [.00311 To further jllustrate t
o, BT B R Rgndyelop FRRp e ples GrocEisTng Hamber o e
[08To] mpl enggt ALARLS th 36urBEREpbwit SBteRRbEBigPPWEEreatBr AL
addi tional “resistor wthout conferring ghe benefit of
[0D2Qr ovi ngFiRF A dsrnar excbelpilarg gyaphtsh@@virigtawroc.pc@&)ﬂ@} effiegisnces
SRS BSPREE SEBPTY AT AL TF SO SELTFALpger st ponts
[Oléin‘ﬂbl i tyFig%?Q%wf the ob%ﬁ/}et raltéﬁﬁssci&{@f the $eRIa when

edances an L-matc k to facilitate the
soamke RE ddliveredglowdZbedontbdsinstable34] Fig. 15 shows the

(O3 | | 1 at BrerRBUgRT g paeth Do aBNn B or DiFs8] Pregance
thép %Jgééltrr]l%@&aﬂge Zh iR SROEIRPES: MMl pBREr BIRAGFBRE a9 TilddRGited
in Fig. 5.

[0023] The interdependence of Zt on Pg and of Pg on Z is illustrated
schematically in Fig, 6, wherein Pg is a real number and Zr is a complex number.
[0024] Fig. 7A models an RF generator having an RF voltage source with an
output impedance Zoyt and load impedance Z;oap in the case wherein changes in the
generator load impedance occurs at time scales faster than the generator feedback
control bandwidth.

[0025] Fig. 7B shows exemplary RF power output contours as a function of
load impedance Z; oap for a hypothetical RF generator when changes in the load
impedance Zioap occur for time scales faster than the generator feedback circuit
response time.

[0026] Figs. 8A, 8B, 8C, 8D, and 8E are exemplary circuit diagrams
illustrating various embodiments of the present invention that utilize an extra

resistance to reduce the impedance derivatives and to improve plasma stability.

60



i nvention, a technique for ascertaining the value of
the added resistance (e.g., Rx in Fig. 8a) in order
to make an unstable plasma nore stable. [0036] Fig.

17A represents a plasma as a plot, with the real part
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rator nera t put vver I
R8T § e S0 SPorts pT sl it Rl R EP bl rivatives
arE &ﬁfcéﬁ Wﬁmﬁéank'?%om@ﬁﬁerﬁfatdoe azT . ¢ Fig. 17D

Tor anh exenplary RF generator, val ues of
[O@Eﬁ]er at or Figul @i shqyasshe configrestiqu @mxempb@aﬂetepe RF power
derivative that are stable but can becone unstable for
atgnugiihnge i n phase of P. azT ¢ [0039] Fig. 17E shows,
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resu S I n unstapl e operati on,
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DESCRI PTI ON OF THE PREFERRED ENMBODI MENTS [0040] The

lopreeehanactsrislie impedangg Rb- now be described in detail with
[05? I erencerf ?urth%f Llﬁl\éﬁrgtre?lfxeeﬁé gb\ﬁg%ﬂgésr@%esmbgﬁfo of?lga§2

ustrated 1n € acco

illb&tkdt@vinnienplapeitatin s maelyanmt@mefr m:thd aﬂaﬂubﬁalaes&stor
set forth in order_ to provide a thoroug

witlis pgmfarrmgrfge benefin of mprosing Rm@mruct@hverlytsta\mlw be
t
o0t SRCH £ AR5 G ol e g e

de%lvbu&a‘hastomﬁep&pemeﬁﬂvé :;/ In other instances,
wel | known process steps and/or structures have not

[0B3Hn desckigbkbshomwsdbe aq»nsutwnbmedamces aben Linatelonelwerk tp

obscure the pr eserglJZ i nventi on.
facilitate the calculation of

N

[0034] Fig. 15 shows the constituent impedances of a T-match network to

facilitate the calculation of
S

[0035] Fig. 16 illustrates, in accordance with one embodiment of the present
invention, a technique for ascertaining the value of the added resistance (e.g., Rx in

Fig. 8a) in order to make an unstable plasma more stable.

[0036]

being plotted along the x-axis, and the imaginary part of F;
G

the y-axis.
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[00411 In order to discuss the effects that
derivatives of electrical |oad inpedance with respect
to delivered RF power exert on RF power stability, a
brief review of an exenplary RF power delivery

OBFENSCTeR PRY R R cur s Bph ke i

st&bie ,gﬁﬁggﬁﬁonpomer del i very arrangenent which is
I nvol ved T1n delivering RF power to the plasma in an
[083&3np! ar yFigndi(t shioves, foranepeplant BE mangyriote/gbien gf generator

chanber. It s be that a u

outpi BBy s BBTBR BPRREEderbPORELEY g "Dyl libfiudBatlss of
arbitraril chosen to facilitate discussion, the

the plesatof o lies equally well to capacitively
coupl ed pl@sma processing systens as well as to other
plasna processing systens that generate and/or

in r plas other 0
Figi /15 howsnor a0 BB RE e fiiPot St ohertiy b ghber
tirkQYRh&ish | ﬁrg)eaanc‘é%h(/&t\}e' thEt £OSRMEDut Efberbfe AnSABIE €6 RF
ant'enna 2 Controlling conputer 204 is a part of
the fg@ back C@Zurol | oop that enploys feedback from
10 and/or froma source RF generator
212 to control Source RF generator 212 and i npedance

hi t '
[Oﬁ?ﬂict gp?nﬁgg e dhoakHor 28 BRGhpI XQSR.F SheistSr, SIRNSI6T S th®fegion

paranmeters t hat the per f or mance of

sour ce & gen rator 2. Thus, r uch e
Lo R A T S R
the forw&rd RF power fromthe source RF generator t
t he i npedance matching network, the reflected RF
power fromthe inpedance natching network to the
source RF generator, and the |ike nmay be neasured by
sensor 208. The infornmation obtained by sensor 208 is
90 enpl oyed by controlling conputer 204 and source RF
generator 212 to adjust the RF power delivery from
source RF generator 212 during processing. [0043]
Sensor 210 include sensors for nonitoring paraneters
that reflect the performance of inpedance matching
network 214. Thus, paraneters such as the nmagnitude
and/ or phase of the RF current and vol tage, the
forward RF power fromthe source RF generator to the
i npedance matchi ng network, the reflected RF power
from the inpedance matching network to the source RF
generator, and the |ike may be neasured by sensor
210. During operation, source RF generator generates
RF power, which is delivered to source RF antenna 206
via a source RF transm ssion line 216 and inpedance
mat chi ng network 214 as shown.
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[0044] In Fig. 2, there is also shown a bias RF power
system 222 coupled to controlling conputer 204 and a
bi as RF el ectrode 226. Controlling conmputer 204
perfornms an anal ogous role in bias RF power system
222. That is, controlling conputer 204 is a part of

sons SETAREEDCARSCRp OR OP Y HETRENERIGED IMBOIIMENTS

232 to control bias RF generator 232 and inpedance
mat chi ng network 234. Sensors 228 and 230 perform
functions anal ogous to those performed by sensors 208
and 210 in the source RF power system 202. During
[Ofﬁe] ﬁt i onThdbprsenRingetien wilbnow 32 dgssmibed iredetmiwiibyelerence to
ich is delivered to hia F electrode 226 Vi .
a Frvemefared cabeimastioterphe’ Buarair b dumien it dpfiges I
hRL RNk « 23380 MR sQpdSlic Blils reSBOMEhlRBrdeot Hrovid
}Egﬁpoﬁgg s@g@eﬂygbgﬂ%?sgﬁg.l% inlzrgater éetgil, povices
thorsuigh dhdgstandia bfithefmesenainveumne lewtll beaparsat. depeEsrsto one
at various points in the _syste

Shlesbiahest. et prssereimenion Sios be prttirs P yifiseafie cpall of

a T_ A C M . . . .
o RN R 59 8 st s
hé@RRlot B&eniebdritet e detal tic bidagtonett wandcessapibsobssure ihepresent

_L-type or Il-type matching networks. [0046] Wth
invesiteence to Fig. 3, there is shown a plasma having a

lLasma i fpe . i RO
B oTBHORE el P CBREI B Ecs oo od
infRdaRNe Wikh REfect ReddiverdiR T powataxant @ndRitipowerdiabilitycebrief
respectively, j =, and w= 2rrf (f is the RE

emplaryRF. powrn delivsom pranegmephnay 85 4irfile Fig- 245 2

refv

i nductive. bl asnma .sour ¢ :
blpflc Gl R AR E g6 s} APl BiRorfAR otan oFBHpLACRAS
pAAr @R Fery SrrhREmddit wkgdhiis itopred|in delivesingRiepowdrtie the plasma
. plasna i pedance Zp is transforned into %n ffectjve )
ini ssmmsd@pbey zsiutr:]tmveé,jeecméedmlﬁsm PrOCENINgFRambety 3&@]0“£isb<’:kept in

, t h. X ' .

myghpr gt inue Oty Sl RGNl GER B i it
cHoséh 1ol 8 Hkke WRAIsSIol hS ifveatishihpiales eqahltweit® daphaithenty

I nductors LA and Lp. [0052] (This derivation can be

cdupledchlasimr prosessipiz systems A Well es toether plasma processing systems that

generate and/or sustain their plasmas using other methods.

[0042] In Fig. 2, there is shown a source RF power system 202 coupled to a
controlling computer 204 and a source RF antenna 206. Controlling computer 204 is
a part of the feedback control loop that employs feedback from sensors 208 and 210
and/or from a source RF generator 212 to control source RF generator 212 and
impedance matching network 214. Sensor 208 include sensors for monitoring
parameters that reflect the performance of source RF generator 212. Thus, parameters
such as the magnitude and/or phase of the RF current and voltage, the forward RF
power from the source RF generator to the impedance matching network, the reflected
RF power from the impedance matching network to the source RF generator, and the

like may be measured by sensor 208. The information obtained by sensor 208 is

90



"Observations O Standi ng Waves On An I nductive Pl asma
Cell Modeled As A Uniform Transm ssion Line," J. Vac.
Sci. Technol. A5, 2615 (1997), incorporated herein

by reference). [0053] Source RF antenna i nductance LA

exb By STyl B SR Bh G phBrd RE eefHor 81 1o AR

|ve
pdWdde AT ﬁokrf‘sd%ﬁ‘éESR F @Endrii6r QFBJdlﬁﬁxgﬁﬁoce@ﬂth nna. [0055]
Inpe ance matching network 214 of Fi which is
[0adbj trari Sgnsoxsm Ceintlade sensarsTor mpeltwaigetﬁ%st%rfkﬂqchthe

petlilfﬂ%@@n@;gfr (?agplég AL :{) {%WS@MCZF ru%@pra?%?ee V&]%%u%lp% the
mﬁ% G aHB¥r @?as& WRARIEF cdrfenfhfld volthge [ thE fdriRATIRA@BwWer from the

|ng ne rk 1s inplenmented by capacitors although
SOuPIURE gdfr&ratmrto&he:mnﬂmdaaﬂel oatchihg oefverk ttbe weflgaigd RF power from

d [
(he ApBesnes meishing nePuakLn i Pobipe Ryt peserp nd (18 kg mavde
m su?e'?itb%'ryéﬁs&r Bﬁi CTRBGE o Ck)é’atli)lp Qa6dce RF genErJator g&Berates RF; power

are t e capdcitive reactances, coca
w@:ﬁhs dﬂliVﬁredQé s@u&pﬁRFtammn@% Cla amodrceRF {r@t}lﬁﬂﬁiSl()(dlmﬂ 246
i s the capacitive reactanc in ohnms, of termnating

e
ang igwgdarice gratebing PEY9E] 2 Ads HAasiskopRe i nput inpedance of
[Osg?;] | rrpedl%rﬁg TR sncﬁsdqs%ﬂﬁ bias RP?'O §83tnb 822 coupled to
ective se Z

i'és plasna | npedance the source R
corftb BRI ohdpates LomaRrd a bhs RH‘Iﬁecttmale @a6¢c @@nﬁt{)llmg eomptich20r
net wor k conmponents Ca, Cbh, and ance
pemfonanyn pealpgavstpledn bigs BE R%Yf‘ééyfé%{n ﬁ*@fo@g‘]orr%&ﬂngM

&Y éékg%% oRfleTodiplle Bhespl 1938 tﬁa(t%mpm%?féec{b%@ﬁbmx

sensors 228 and 230 and/or from a bias RF generator 232 to control bias RF generator
232 and impedance matching network 234. Sensors 228 and 230 perform functions
analogous to those performed by sensors 208 and 210 in the source RF power system
202. During operation, bias RF generator 232 generates RF power, which is delivered
to bias RF electrode 226 via a bias RF transmission line 236 and impedance matching
network 234 as shown.

[0045] Fig. 3 shows the source RF power system 202 of Fig. 2 in greater
detail, including labeling for various electrical parameters at various points in the
system. In Fig. 2, the impedance matchiﬁg network is arbitrarily cﬁosen tobeaT-
type matching network to facilitate discussion. It should be noted, however, that the

invention also applies with other matching network types, such as L-type or I1-type

matching networks.

[0046] With reference to Fig. 3, there is shown a plasma having a plasma
impedance Zp, representing the complex impedance of the plasma.

[0047] Zp = Rp + joLp where Rp and Lp are the plasma resistance and

inductance, respectively, j =+/—1, and © = 2nf (fis the RF frequency, in Hz).
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\ Xb+X3 a [0062] where X3 = X ~ + Xs + XA + Xd [0063]
In normal operation of the inpedance matchi ng network,
capacitors C. and C. are generally adjusted so that
XM= 0 and RM = Ro, where Ro is the characteristic

I stan f. the so .RF t 1 SS] [ 0
0B it ar e e SkAE e SRR e dfpy i e
mOIARIkhd SecohdAN RloploTRdraR¥fothier HPWhith tRERFraafsafa Bthen

Ine into a transforned val ue ZT %ven by: [0065] Zr

prighazvloop; M thasmylell the plysniagupedanse Zp iRtransfarmetd apip 2 effegtive
) A.A [O%Ggl wher e Rg is the characteristic resistance
IMpedange 4R iﬁ”&ﬁ%ﬁhg YHMehe, L is the length of t he
[oﬁﬁécab' e,7a0fs ? jks M%R{%ﬂ&k@@ﬁ&&aﬁe) %mn B wave in

transmssion line ssum ng | ossi'ess cabl e).

(See, for exa Ie,( 5PM02tHPoli cs Engi negcswmd},ook,
6

[06¥0]rd Edition,RD=|F D. Chri&tiz ) itors,
MeGraw-Hi 1T, NY, Esb{” lade o-3) [00avke M el |
ed operation, ZM = Ro. and ZT .= Ro. . Paq
[Oéﬁg rese nt"%helr%&fwlﬁ éﬁ%’?’&t‘@f)m@wﬂﬁ‘i@ B 1|[1c§])19c\?§r% {¢ and L.
[OGMQZF eas RPhis/dRRVARRYaf bk Tour Wiexambléald Xegiliangned to
the plasma. PGis equal to the sumofaljg | us an
“OpsereationsQftsreting Meives OntArelnduetiredtlasmaell MogdelpdtAsiAi n
t.he matchi.ng circuyj el ts. 9 tigned
Uil BT RSO Ly 1 Ypooters Henie! Adoto aal T ar epgorated
heféiixgﬂ*)/efexjeﬁ'&?”am in achieving a satisfactory process
result. Fig: 4Ais an exenplary graph show ng a
[0pf3dcess tSoatceRdpantermndadudaweda @Fhpwies) isdetribuiable to the
instability Sé i‘art in source RF delivered power set
SOWEE Fantqnpa & ﬁ{% ¥r¢ Fig. 4A, the process is stable
n the-sourge: [ Y f i JuSceapVve
1085" sr t 2 B i s GRALYFE REACRRLE Tn Sl REIC sk
an@gha vered to the plasnma is no | onger stable and the

reflected RF power (as nmeasured by, for . exanpl.e, .
[0&Shsor s Jwgedsmegmgtchme Wé%’@ﬂ‘e%l“rﬂfé%g- % G@‘T‘gﬂ 1s gﬁ@t_rarhlg
¢ b . - ‘
B8 Tab RRRERRGLRE AT 351 0 Bk PErihes by

by $1866 exdislalycapabiing ©pT,0@), of dRichrl,emd @) maytlenshable. In Fig.
fluctuates widely, with the anplitude sw ng exceedi ng
3, e sngedanag matohing neswenk iF implepented by caBacigrs ghdough inductors

org %grrn%lcnlaggﬁ gf ga)f)aéipogg &n {(nldlu!:tgg rhgsf xgvgl‘f b& Eltnplo%g&.hA terminating
capacitor Cq is also shown in series with the source RF antenna inductance La.

[0056] X, = _—1; X, = -:—1—; X, = _Cl' are the capacitive reactances, in

aC oC, oC,

a

ohms, of capacitors C,, Cp and C..

[0057] X, = —1 is the capacitive reactance, in ohms, of terminating
d

capacitor Cq.

[0058] Za is the input impedance of the impedance matching network,
including the effective series plasma impedance Zs, the source RF antenna inductance
L, the impedances of the matching network components C,, Cp, and C;, and the

impedance of any terminating capacitance Cq.
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fluctuation severely degrades the process result and
needs to be rectified. [0071] In the past, the RF
power delivery instability problemis addressed by
trying out different RF generator/transm ssion cable
th cogbinatio until stable RF power delivery is
Hg%ﬁfeved 2@Fﬂgﬁgjgﬁbsen process recipe. Having
characterized an yexgenplary inductively coupled source
[0RBObower ®y,stem—ip> ical terms, the RF power
i nstability prfabtefntdn)any RF power system may now be
di scussed in é%?£40f t E,gggr cterization done wth
ect tq Fig8,R2+dned 38X, od7 n general, the |oad
K&ﬁggdanceaﬁt_(asRgeﬁcypyggﬁé nﬁ%é%ing net wor k)
i ncl udes Zs whi ch“depends 'on Pp, the power delivered

[0og2} he pl whére X; Hg, A eK ng Xgnet wor k transforms the
| oad i npedance ZL into the matching network input .
[006pk danc elnzmrmakopgratioaafithe inmedaraedhitang BEMSEk Ppasiiers Ca

I J;pedance ' f on_ the_ I; dt
and B et i D S B and ey B o 3 e
cHERICEH s rARANRE K ihs sbivde RF téMsindssionfireal |y (50 + §)

[0075] RF generator systens typically contain, an

[0864] ve fe'_éhﬁai@pkt impsganchalv ofrthe Fopg §eg ke Cé@ﬂé\e‘é’t’%}( 18
e SR o i S PRSI RA Aifen:
-sel ected ; in load i d ZT

Kgg% :geﬁcﬁs=1ESZ§§%§§§%%%222%55 ggcu?aon {ﬂggﬂﬁggﬁl

scal es sl ow conﬁaffe’ v P& esponse tine of the

f eedback cj it,.th tor. '
(0BEr "t 1 Wi et SheRERE- RS R S e RSB L
isglgeemghé’tﬁ of e T b&ble,b%_@tﬂﬁik tﬂr;eboo&o&e%qgtﬁ HEthe RSN Aledh gt put

r- PG does vary changes in |oad i npedance ZT ,
trdrsaiissionditre (assutnimglosdedseablep (Per, &1l exampleorElgettnmegs Enganeers

the response .tine of the feedback circuit, Thus,. .fQqr

HEpeolC HVEL b 1 die e Do B EDsT P HECH ELLY
| fo_t\he feedback circuit, the generator output

1§F§'ggga}g%|§éi s a function of the |oad inpedance ZT, or

[0D8Y77] PGnmoR&dl/ Tynefl 0p&AB oA e Roiaod&d =elds.1 i er, the
| oad i npedance ZL gas seen by the matchin getwo[;k)
[086%ends o Iopreseme theRasrats ot Ryt gaw?romtvy?ét%p‘fv IHE ror

reﬁé%ée}g? the ipgwte{]:?ctuﬁiﬂ%ﬁ@eljeﬁg@ ﬁﬁg)gfsnés I‘&@teq&’cﬁ Q(%‘ Ehé:%ﬂmaof Pp

scale sl ower “than t response tine of o
plumgg;ww réfRicedlibagk rethageheratoher dintipitedin the tvadehing eipavit
li npedance ZM = Ro, and 13
elements.

[0069] As mentioned earlier, the stability of the RF power delivery is highly
important in achieving a satisfactory process result. Fig. 4A is an exemplary graph
showing a process that experiences source RF power delivery instability at certain
source RF delivered power set points. In exemplary Fig. 4A, the process is stable
when the source RF delivered power set point is above 370 watts. Below 370 watts,
the source RF power delivered to the plasma is no longer stable and the reflected RF
power (as measured by, for example, sensors 208 of Fig. 2) becomes high.

[0070] Fig. 4B shows the observed optical emission of the plasma when

source RF delivered power becomes unstable. As can be seen, the broadband optical
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the matching network input inpedance ZM and the | oad

i npedance ZT do not depend on the power delivered to
the plasnma Pp or the generator output power PG [0079]
However, changes in the plasnma i npedance Zs that occur

enpipsign wersive Mistas mdbnatihs Rl PRk SOEDE RN Gfiine
th%gﬁmgrbﬁgg Péﬁkﬁ. | 28 Hstrhﬁgée&eed@ th&seaskilledGh irergbudbhe

- Ivered to e plasma Pp, or ZT = ZT(PP). If
fluchetior katerady dégraddseherpronesP@satidndpedds te hovgstifiehen t he

bR ot e v EF pHBeg iR 60 ER Al HEbs o P25y
tr}{?r?%%ﬁ%‘ffé R G RAG/RE1NRslonl AABKIeh iR esiaBR At until Bigble

_ i npedance”ZT, and the generator output power PG
RT Sowstrdetivérgad dchidvel disrtthatleden prockisgecipe. [la0ig@rharacterized an

bel jeved that th F del i . i L
exmpaR eI soBaF REOToN TSR eI e ek
pol Rl Bl o TR sl B0 P o

th®éhdritgeriton éne witle redpee noBigs.€ amif3.t he | oad i npedance
ZT and the generataqr output paower ribut.

PG
[0GTA et ant {1aikPyeral theqprd IRPeHRE L LdEt 1650 By e rapABE pEgork)
. [,008 H ' '
o5, s ST 1 T
nefleRRABANSENOhe ZJaddmpetigcg @péiitatty matchingtnepouminiRG can

_ be expressed as the derjivative ZT | %géch IS a )
impedasice vn diiseiesul g s maiching metwasl gunut ¥RBCAER A &t fngfion of

t he qgeper at ut PG on the | oad inpedance
theRowe gty é"rt% gag}“g?‘%‘g gradi ent OPG (Zr) , which

[04')733]al SO0 a conmgex Zypgyber. [0085] The interdependence
of "ZT on PG and of PG on ZT is illustrated )
[08jenat i Cihénythe mathjng Betwarkeis dunedpBuiis tyricely (54t A &P-

ZT i | .
088er " derfesprlorsyaiine oy Ak R R fbadilofhat
m@fdtrflﬁqg élrley SR G Brwdrd (i, ARlipRy fsiasitor delivated pdWERH¢., forward

_ re, it is hypothesized that when the val ue of
pojweT minB@eflectal power) equal to some pre-selected value. For changes in load

impedance Zr (as seen by the generator) that occur on the time scales slow compared
to the response time of the feedback circuit, the generator forward (or delivered)
power will remain constant due to the operation of the feedback circuit.

[0076] However, the generator output power Pg does vary with changes in
load impedance Zr that occur on time scales comparable to or faster than the response
time of the feedback circuit. Thus, for time scales comparable to or faster than the
response time of the feedback circuit, the generator output power Pg is a function of
the load impedance Zr, or

[0077] P = Pg(Z1)

[0078] As mentioned earlier, the load impedance Zy, (as seen by the matching
network) depends on Pp, the power delivered to the plasma. For changes in the
plasma impedance Zs that occur on a time scale slower than the response time of the

impedance matching network, the matching network input impedance Zy = Ro, and
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reduced, the RF power delivery to the plasma tends to
be nore stable. In accordance 140 with one aspect of
the present invention, the reduction in pT is achieved
by ¢ techniques that happen to "waste" a portion of

the RE {. t put P i ri
the  PreLS R oS TR A AP TER Iepl Kt d ZHS Aoxtpend
orf t@e g@%ﬁ’ @é’lﬁf@redﬁcé’ tiid}RaPhABE: thé"@&&\/eﬁbn odéputipi)weﬁB@S sary

scertaln that an |.ncrease |.n the R ener at or .
[0678@]put podeweRE chavgesnintheoplases impgdendersithatioceH DRGNS

scale capalg o AN THS SHONNSE HEE Ao mre e i etk
rel R84 }ZM\@R? acd'an qga["‘d 'hﬂ)e?gkﬁce Fene) Allioh 8RheipIRRA@IRRred to
occurs™at tine scales  faster than the generator

thé pRERAPK, rant= BL(PParifiedtlationship BREweamRy atdPy imkyowe, then

nodel ed as an RF vol tage source Wwi an. gut put
the tpsddmpedanzoean baerpresser # s%ofl %%}BHO i s rmodel

hsyshown in Fig._ 0088] For such a nodel, it is
[Ogg%]er ved t hat erégtIJ ist normalized power out put
[og®mt our's, TMeFdﬁoﬂs}gp getveenitieanatthing hetwoelnmpat mpedance Zy,
characteristics and have a general shape %%é&ﬁﬁ?%&y
thevadrimipgdanael épeand dhg gmraémqs'?ﬂut pewer Po isisym gijstrated
. %xe(rjgpl ary RF power output contours as a function of
MEYd" i npedance ZLOAD for a hypothetical RF generator

[0vkEn changgashdlibvdd@al thaRF pomed delbery Lsability degentioon the loop
tine scales faster than the generator feedback

gan ofthe feedbagkdaerbetivigen thergepgrgtor fpd im@@dar)ﬁg derand he generator

out put i ppedance Z i s..arbi ril +
ondyegyer B NERtE Sy ol Baln o (R e Wl e
ofRBVRad RhpdddAle 7NAR fe 28n&atoPBetputifteved P RUAtribawS substantially

120% into a 40 O | oad and 86%into a 60 O | oad. The

to llypRF Ipewecddlivgeniostabibity.can reasonabl y nodel a typi cal
enerator although.ip reality.the. [ 3
[0@5 3]g Or 581, © T élll tlB 1|rrf %xgg r?g%%n%}é ¥a19?5fz g?gs

typic e 1S not a

ar&iHd tﬁ@ Qalue Bk R?ﬁﬁé d&fenderic¥ R 22 on tiEsERERIGHOUTUD PO PG can be

I npedance is typically low, on the order of the few

ohms, in order . t@zopintain a.hi.gh | evel of
expresped asiths derpative Zg%az%on@é‘?‘dg?ﬁﬁﬁﬁpf%‘r%bﬁt Wil |
change the shape of °tHe p8wer contours somewhat but

[0§9fs not chan et%ﬁ)g ucfe?%éﬁhe?@ﬁ’ératbf‘@ﬁtﬁu%r PCRLRIToRd

exi'st. [0089] e noted at this point that
imipefartD @98 bt Bxpresdd hsmedgadient VP, (Z,), which is also a complex

number.
[0085] The interdependence of Zr on Pg and of Pg on Zt is illustrated
schematically in Fig, 6, wherein Pg is a real number and Ztis a complex number.

The tendency for the RF power delivery system to be stable or unstable depends

oz
on—— ® VP, where ® is a dot product.
G
oz, )
[0086] Furthermore, it is hypothesized that when the value of P e VF; is

G

reduced, the RF power delivery to the plasma tends to be more stable. In accordance
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ZLQOAD that occur nuch slower than the generator
feedback circuit response tinme, the generator
feedback circuit tends to keep the output power
approximately constant. Further, for changes in |oad
I npedance ZLOfo that occur on about thg,sane tine

Wit ¥ adpRcBSt thd Bred&rt 8 dnfibn fBe faactorcinr-CUL tis dchiiqved b¢
time, the output power depends on the oetails of the

feedback circuit, and the power contours nmay have nore
teckmpmsdhatémpm weastelh aportiassef thhRIVgeneretog 0utpp Pqvisn 8oy

he case

e ST e P oty 4 B ol sl ARG P tciitked

tof d;ﬁ@ g&@ﬁ'ﬁ tHo‘@%vert s RceR@Melo £6dHamihet APReRAsd i@ tREeRF
rmned by the specific characteristics of

gémegitorl alispdt pperePatioessncd nauseavdetringualahange isHakdZ, ), which
G ZLG D), which |s i ndependent of out put povver

Assumi ng that_t ener a¥pr .ou ut r i R
magy Pegaé%lg‘elbﬁﬁ"e%t & ps Tn Figfe 5 ?gwgl? ult p%)%he
for any other |oad |npe nce ZlLoad is glven by [ 0091
e{s P& Z[, oad) = PE RO) G ZLoaD), and VPG = PGOG

8092] Under this assunption, the stability of the RF
[008%Wer del Whenychamge shxethewn%mmrh@d ipedance 0OWiB] atdime Scales

VPG _=P ZT VG=PG VA
A A et ) ok e e
mbHaLAGS & Rﬁ‘tvbﬁu%@%%desmﬂg%‘@ﬁtﬁﬁtl ihpeddRPZROELMd BhRd ififedance

generator outp power The term PT depends on
Zﬂdxg C’H&Sﬁmﬁelnsshom1mﬂ’1gtm pl asma (defined by gas

BBbdancer mabhampdibiu ke B s Roia Erd ooyl
L%th ﬂ]o%f‘ %l&kﬂg Fet’oﬁnﬁ\%d @? 'tl%e% enbrato? Qﬁbﬂa&’teﬁﬁlcﬁ Qh&dave a

smssion line affects

gdélbﬁ:ll éhd}ﬁ@(lZ&(gdjS]qD) Jbwhich i intl&yeende oif butghet pdwdrh &i lg ﬁ‘ﬁe&ﬂl&W@ e

erivative ee Appendix A). [0095].. 1t .is ed

exerplary Rt Poy/esOVERT ReNtEWiE @ at Ctloﬁpﬁéﬂ%éémp \éowora
e |

RS T Bt 0 PP Ry in S NP L R o 8"%’3 Soime

scaled GistdraRgethe perleemtgt feedipdck Rirctit axsporiss sinen Ihiling 78h de

are plasmas with
generator output impedance Zoyr is arbitrarily chosen to be (5 + 0j) €, and the RF
generator has a nominal output power of 100% into a 50 Q load. The output power is
120% into a 40 Q load and 86% into a 60 Q load. The hypothetical generator can
reasonably model a typical RF generator although in reality the imaginary part of a
typical generator’s output impedance is not at zero but the real part of a typical
generator’s output impedance is typically low, on the order of the few ohms, in order
to maintain a high level of efficiency. Including a non-zero imaginary part will
change the shape of the power contours somewhat but does not change the premise
that these power contours exist.
[0089] It should be noted at this point that for changes in load impedance
Z1.0ap that occur much slower than the generator feedback circuit response time, the
generator feedback circuit tends to keep the output power approximately constant.

Further, for changes in load impedance Zi oap that occur on about the same time scale
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hi gh values of PGIPI . G [0096] Fromthese
observations and deductions, it is believed that RF
power delivery stability to the plasna | oad may be
i mproved by at |east two mechanisns: 160 [0097] 1)

edan mat chi ng..ne rk to edu
g Arhitie! BPAisER aTInt fefes Jof ek ouRi ol SRHE o S
détH SMBEIRRHDAR RirB8it, RAH Y PRer contdufsmANNaverhdit chEipREated
future RF generator; and [0098] 2) changing the

ﬂg@ﬂ%&@mdKSQdeunﬂﬁgdH&cter|stlcs to reduce the

(BB i e theiase, e chnass T th JASh iR e 4 enn pestr Byr

than A &ﬂ&ﬂaﬂ?%édﬁa&ﬁ'ﬁlfcﬁﬁ‘%%pﬁﬁs@ﬁﬁé tth@RF' oS LSS 8p earto be
series wth the I nput of 'the mat ch i ng” network an /o

deteuphetbyt the spreifid charertdristing ofindivafual generatqre dachbave a general
SHARS O Rosls TS CHEDF B OF G P e es AoTipdat I egughor
R e

arlyentiedriigpad 1ErQ>@dﬁ&]e Zﬁgad ts@vdrehsyn i s enpl oyed herein, the
mat chi ng net wo i nput term nal and an out put

[008Hni nal . PZF%oau)prBG(EOér Iﬁ@mADéfa“@tVé) afaPe¥Png net wor k
t
[Obsﬁgf:\fgrﬁn@ﬁrﬂ?ﬁﬂé% h1 uO{x,pu?Q@%ﬁg}{ ﬁ“ﬁ@iﬁ: ;;ol%ﬁ Icgigh er)ﬁma& be

dﬁgﬁ@@ﬁmnxepresents the term nal disposed tomard t he

| oad (e.g BZ the RF antenna). [3018%] The mat chi ng
circuit t f, I‘IS@Zt exj,s#hngdZmatchi ng_net wor k
Worafs ras 5 e &fﬁgd Equationgot

t he &Rl A T
m st uned, 9‘br this e dlnent ?ﬁ% termis

[O?‘S'Zﬂl oyed \}vlbe? e[h@t \%1 'ﬁ?é&ﬁs ] t@ ée%léfagmj c%ar%g{éﬁktg(graﬁg is

ed or une
substantlally equal s the characterlstlc |npqﬂgnce of
generellRindependont efshogenierater outpwt powen Bge Thos dengngs on

consi dered equal within industry-accepted toOFerance
th?s]lcl?a%z?(itérpstlgggfo tglg %Lalsx\e{}fg g!riéjﬁng?g%%ag 'gi?rlngos%(cﬁf %r&?\h&hdeﬂgeﬂea
power Pp, etc.), the impedance matching network, and the length of the RF
transmission line. As an aside, it should be noted that the length of the RF
transmission line affects the direction, but not the magnitude of the impedance
derivative (See Appendix A).
[0095] It is observed that, for a given RF generator, plasmas (defined by gas

Ll are
G

composition, pressure, delivered power Pp, etc.) that have low values of Pg

stable over a wider range of lengths of RF transmission line than are plasmas with

high values of Pg Oy
op,

[0096] From these observations and deductions, it is believed that RF power

delivery stability to the plasma load may be improved by at least two mechanisms:
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[00102] Fig. 8A is an exenplary circuit diagram
illustrating this enbodinent. In Fig. 8A a power
resistor Rx is inserted in series with the input of
T-mat ch network 802. For ease of discussion, assune

Rx h t he, val ue, of 25 T i1
% poved 250 RS E it BB el OtRD g he
mat chi ng nes rk 802 allows the nodified matching
nighitadet of B@%—qu , evathatetest 7% R§. oTlsis arypoveraenttoan 56 Qerforned
Zm = 50 + {170 Q even though the matchi ng network
802 itself now tunes to only 2552 (i.e, ZML = 25 + Q
with)any eyistipgox RuraRcsmagiaiedifor k 802 to ZM = 2552

ctive reduc { v RM %}5 £
[(g)fgggr di ngﬂo egﬁ%@n&tﬁ%&exgﬂ tgg%lgh‘él X ,tepgdé‘gsct 82 t c%the
I npedance derivative (dZs by half. s [00103] It can
nfa nﬁ@&mfﬂﬁéﬂ#h&?ﬂﬁ&khi ng network transforms Zs into
ZM = (25+ j)P(5 , and in the process nmagnifies the
I npedance derivatives by the rati sz _ 2552 But

since ZM_= 2552 + ZM. (the, 25 Al d t d
(BBf ne” oot JERERT o el BRGRE A D

[ 00104] fZ}z = azi,,,| _ 2552 * aZs9' which is only
gty hiRIR ARaln BT 4P, [Riiey BEdL ating

=

[
nétoioslt andd@rogpled to brd ofattie term@sboofsthb irepddance dryices of the

e b b 4SSl 5y 5 S e g

ol iyl B it sEus Rty RSl o0
whivh aR(]quc&sedleEr he@ih), dZM dZs dPO and aZs and VG

are the sane, so the net effect is tqQ.reduce the .
(09480 t udeAsthe tyem l%wlpw&egﬁpnthsyﬂ%&l%tlwoe? ﬂaﬁﬁn mput
., 'a .' - . t - - - t
e Rmbfddd A}g%ﬁ%ét@@hﬁa :’[Lﬂh?r}%h‘i‘?&mlﬁﬁ of IRUALERE g Gbfwotik
represents the terminal disposed toward the RF generator, while the output terminal of

the matching network represents the terminal disposed toward the load (e.g., the RF
antenna). |

[00101] The matching circuit that comprises the existing matching network and
the additional resistor remains tuned, i.e., not mistuned, for this embodiment. As the
term is employed therein, the matching circuit is considered tuned or in tune when its
input impedance substantially equals the characteristic impedance of the RF
transmission line, i.e., these two values are considered equal within industry-accepted
tolerance since in the real world, absolutely exact matching is not always possible or
practical.

[00102] Fig. 8A is an exemplary circuit diagram illustrating this embodiment.
In Fig. 8A, a power resistor Ry is inserted in series with the input of T-match network
802. For ease of discussion, assume that Rx has the value of 25Q. The addition of a
high-power 25Q RF resistor in series with input of matching network 802 allows the

modified matching circuit, which includes Ry, to stay tuned to 50Q (i.e, Zyz = 50 + 0
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network 802 and resistor Rx remains in tune to the
characteristic i npedance of the RF transm ssion |ine.
No RF power will be reflected fromthe natchi ng
network. Approximately half of the generator's pomer

Qé“é\'f%ﬁﬁqnaﬂt S PRy 205 AR tp Bl e = 25
@xP R rgglew&‘k%z 7 bcezs@i éﬁé&ive@%ddw the

%e reS| to han e a | arge anount of
vaRRVEIR By Bﬁf patiaceording 16 bouaitidn 0% «fel ppendidt Gcduges the

desi gned approprlately For exanple, in some cases,

|'i qui d-cqol ed |HZQ resi stive arrangenments may be
i dgrivaie @g?‘mﬁbte that in Fig. 8A although

the resistor i's"$hown disposed to the left of the

[0 HP6 hi ng plg%.]nv‘?e{]%?ﬁ %l?’a"il Eﬂquét@hlﬁg ReGHdR Eraﬁ?i'oﬁlhéylkglnt&EMl

cur ent throtgh variabl e capacitor C

(26+0;3Q, ahdir me?t&fegyma@uﬂeghe&apledaatmwanm WRRhe ratio
transm ssion [ine and the i nput term nal of the

{"‘mt g A BN ¢ g Ry Het Bphekfer BT
Jun%tl on |n Fi g 8A) of the matching network. In

9HQﬁJ oth the variable capacitor Cb of
) rmte(r: k 80 “and the terminating capaC| tor Cd

are cou t e bei ng coupl ed t
[0gt@&4Nnd. P @Q [;F%{m 2801 BZ% Eg@uch % quy alg%]@rgetqq he value
di

reS|stor Iong the current path
that flows through the eqU|vaIent i npedance that is

S56Qr by, capaci Ch .and i,h parallel and ground.
“RO0 ng ¥ the H’é‘i‘mé‘?{‘?glﬁ?aéc.m%?% K-t ch network is
ehpl'oyed as an exanple al t hough it should be noted

[szﬂgt anal ﬁ%&gfall [o?r)g Lr? bifdled r@p%ﬁsﬁl% foha 'n'iL@eﬂnIﬁtg is glven by

tch net wor ks " (see Appendi ces
hggein) . In an,. g&nayphazghe addi ti onal resistance nay

. nce

“’Ehb O B BT vt o T S
Fi 8C,

(0B URfon thetiasvBIRGR s ok ChRads MoF B HEas R =

d npedance el enents, ZLI and ZL2 in parallel and gpound
hasheagmitude Filg —8Dhas hmgrittdechal frmdig defog Rx =FO,g——8€0 5,

déy Fi g. 8D), t hedaddi tional resistance is consi der ed

to be in series wth the input of the nmatching

an]SH0L kg d(ggn%]tﬁ%:se{n'?e gg%n oFRHEL € R3EIR i hagfifudeThe

an@yb ogously in ditional resistance
may fal ternati vel y be provi ded at | ocations 840 or 842.
lod¥ gdinbgh fadtbeofdddi ti onal resistance is not considered

O e i, L s s macing
negvorwf!%b Ha %ms%ﬁ(x remains in tune to the characteristic impedance of the RF
transmission line. No RF power will be reflected from the matching network.
Approximately half of the generator’s power will be dissipated in the 25Q2 resistor Rx
so the generator output Pg should be twice as large to get the same power Pp delivered
to the plasma. Further, the resistor Rx needs to handle a large amount of power
dissipation and should be selected and/or designed appropriately. For example, in

some cases, liquid-cooled high power resistive arrangements may be employed.
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addi tional resistance at these |ocations al so reduces
t he i npedance derivatives and results in inproved

plasma stability.. [00111] In the Il-match case such as
that shown in Fig. 8E, the additional resistance may

e8] ne | iate LRl TR B G E dt S s U Bosct e et
of e th@siahi ABwoRek Gatifle BipatREECAN6R: thetheent§ath thitfbows
addi tional resistance may alternately be provided, for

themagtpyariablestapacior Ca él.4.i the resisterds dispessd broyee s BF t he
| | - mat.ch .and itor Z t he J.ocation . pdi
g g (8 duet ma of e g ALl P E8 G may

iRb1R\h €0ind £rafiaE80P@hEGOndtidA i
ae gg?&%ﬁ%@geg‘g%%q%jn%ctigﬁﬁggﬁof t he 17al- mat@ch gnd "

FizaBAQ iof te riZatéhih Getatork.hn dnotteer ewhodimting dothythgyariable capacitor
reference nunber 856.. The additional .resi stance
CaPt St oh JoIBTE BUpH NS s eAL e Bect B L 0Pt ecther
bR B | ' i in Hip. $t Gthandse, th ist
plelingt?tbr%(k) e-osplggl&%%{(}uggb?? %r{gg%élvnglfn f:l e |l-mt ch.Se © TesIsor
Reanachd disposedalahg tivecureanpdtb that flnws dategh thy eqeivelenhce

nunber 852. The point is that e. addi.t | onal
imﬁ%iagf%ﬁhéw f?rﬁledghylrﬁae%é%r%ab %’i“{ ﬁd ) H?ﬁﬁltlHn P%ggfr?é‘_{%r k
[d(ﬂg%l IS tgffflet fﬁtlﬂ | O] TN MenetWBH! { eRIpFGRAtas 'ah example
conbi nati on & pat chi ng circult havi ng an i'nput

altipgtangeukiizsiosnt thal dnleguatestits whndd atdoshreanbtainédsfor E-match

I npedance of the RF transm ssion_ line. [00 12]i‘)t§V\hﬁn
anchH-maigh meoyeaks (see AppenshicesiBsand g ihereint dyanl-peshithons

56 858, for. L
oG B e o B APl BB Wimission e
an RGNS Cerfifidl bR tHME Snalth, SudhetstsBbwn eFige BCagemppbeprovided

may differ fromthe value of the additiqnal
inr sesiies betmeen fae equiyalentnpeganeathalds former ydenppdance elements 7,

derivatives by the er cent age [

LS, B DGR e PRI SO IR AR R v o
Figh8D),| tAPHdili SR SRt e fis §i8ideRIdGH bath Sielewavith, the irput ofithe
["ocation 850. [00113] Furthernore, the variable

miatphegameteorkl enent s of the matching network (T-match

L- mat ch, | | - mat. be i npl '
(RGO or sTted-naBhspdh e b YAl er e dpae: fof T
addiGbEAtksistdnct Sna§ aReRiafdell BRipréviged £30catiohs §30 GE832bAlthough
positioned anal ogously in the manner di scussed above

theradditioRH rpsistencesiy sbeennsideiadte ibadn senige etidrthe ipugof the
conbi nati on of i pductors/capagjt.or t he. nat chi

R O s RDSE BreRion BT 341 o PR F e

adﬂiail '51?:1‘1‘ aRisemed al heS1BEATONE AlsBeduies thBlitBe@incteritives and

facilitate discussion, Rx can have any desired val ue.
rebultoinamprdved iphasnta, stdbilétyr esi st ance val ue

[00111] In the IT-match case such as that shown in Fig. 8E, the additional

resistance may be provided, for example, between input terminal 862 and the line-side
T-junction 860 of the [1-match at the location indicated by reference number 850.

The additional resistance may alternately be provided, for example, between the line-
side T-junction 860 of the IT-match and capacitor Z; at the location indicated by
reference number 858. The additional resistance may alternately be provided, for

example, between the electrode-side T-junction 864 of the IT-match and capacitor Z3
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of the additional resistor is between 10% and 90% of
the total input inpedance of the matching circuit
(e.g., 806 of Fig. 8A). In another enbodi nent, the
resi stance val ue of the resistor i s between 20% and

f.th
o155 oion Sped b ectPidbre AR 08, The aRRifA S8iEhos may
alfeﬁ?a!teﬁ? BE cgﬁinled’\'{f'('nl é?(a}r@[eg BEtwelA the IR-sided/Plj@dtioh 860 € tHe I1-

resi stance ‘along the sane current path in existing RF
mpelvand sigstraiesside THyndtien 8a# iof thesld- nasggch capaeithrdanbtherlocation

"waste" while furnishing the desired
1n§rtcgq§fi by z¢fargnes mg@berfSég.. egpq}gtnls [SIP*’(S ggsegidlttoggllrfgl]stance in
con uncplgﬁﬁ W mét@l‘ﬁ\ll\l?ggwoglg Rk id tﬁﬁédsfo%;lo&f %ﬂe %Vcﬁﬂ‘d PRsétin

e or a resistor

co&ﬂﬂhétidﬁrﬁha‘[&ﬁﬁig strodit vingyn hputimiedyadel sab:ttxmtlahly equal to the
resi stance to account for di fferent processes or

chedcterisiel irapadange afdhe REdgagmissiop lingxanpl e, some

[Oﬁgg:jesses}h@?x&? dgiﬂ?%ﬁ re {aﬁgéjfm ﬁf&%eﬁﬁerdgit %)Qﬁtlb'r?seSS@f 856, or

resi s IS case e resistor

893 fdrkAagleoiht vaRR Gf fyadd@idndl feeidtante &qhiyed/\ia;emducﬁrthé her
process recipe requires the extra plasma stabilizjn

lrreaﬁﬂmsienh?éws@by a St parcemag@mmtr way deler %@Fé@lﬂeé)fthe

unt . of
o SR R TR L. R S SRl & BTEhRY
per&aitazk %mv Aheg tHap additiSnad Wdidtai R Ry ik mpuamemeden tdries with the
desired plasma stabilizing effect for a given process

inpatrimipedance bf thednatcliigg natejorioeee. stidedationd?@ t hat
be a di

[Of) g@ﬂ:: 8: lg%gn[e S)(rgo S(gﬁ S?}rgi/)elz ceb%l nbt? oF &g%natchmg network
(T-RERR B8OOI %aﬁﬁpéncﬁ rRatt P& B SI8RERed ﬁﬁn@ mdutito@@@rf a

resi stance) material for ‘conponents such as fixed
conthinationrof idnotols/epatits insteadp [y expactedsbatahereasistvir iy can be
net wor ks), connectors such as e condugﬁ,or orS trap

PosHORES AN $ROURLY 1R FIETRRARNSE ASRUSPHRDOYGAN A
utg% ng]h@&:té}g to¥"9 Eﬁmbﬂfétl&lﬂ 5 ind OB HAL 5c1f2ﬁfs o E@n%hﬁf@e n

enen I ng netvvor and a term nal
netwierk & impeddresglenieaty. el evant current path (e.g.,

bet ween capacitor Ca and ternm nal 804
[06f14ﬂt| 2 Qﬁgtherrmrel @Wogglh a@@tlaﬁb@em Eﬁlhgwaplémleg@ﬁw%‘ﬂhme

g Roser T o) SRlrEd PREE ol Rlah RSl 3 Rance value

of $hd MRfitidHaPfcBitoR @gomw.eexﬁl 0%iand ISDD%Jch théreital imput @mp&dmd of the
may include, for exanple, 316 stainless steel

matp]zuhg gngnt (@lrg 0%06| of Fig. gSFﬂr); t ka angther egpodiment, ,tlp@eresm@gce value

oi nt. i st aI I

bRl i P4 P e i

cn@ﬁlt THR, eEetisEnddvatld! ¢ fAHE addirisnal [r&;%dﬂﬂx, Filgle lﬁrg&hﬂm the
anot her "al ternative enbodi ment wherein the i npedance

typical inherent resistance along the same current path in existing RF power systems,
may be varied so as to reduce power “waste” while furnishing the desired plasma
stabilizing effect for a given process.
[00115] Furthermore, the additional resistor Rx may even be a variable or a
switched resistor. That is, the additional resistor Rx may be made variable in

resistance to account for different processes or switched off if not needed. For

example, some processes may be stable without requiring the use of the resistor Rx.
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derivatives are reduced by intentionally adding
resistance Ry in series wwth the effective series
pl asma i npedance Zs. Wth reference to equation Co6of
Appendix C, the inplenentation of the exenplary

t . of F | | i
S S O VA i s
aribthRY procf¥sGedigé Rglites thbexti® ’\f!afsm@ dtaBﬂlizfﬁigl effectsbhdredf. Since a

Appendi x Cis: [00118] dz (Zs + RY) RS + RY In
latger gesistos Ewastest ceelapg,er pountfaf pewery atl may bepickrdie tq employ a

Rl HR5° B AR B B SR G bl
prbei%b %ﬁeodesﬁ% plafifa SESINL Y efettdMt O hiveRrocassd @hibertitibed. he
match s network input I'npedance ZMwith respect to

[00hh6]ser i eQnpitmuidnatathatiesster Ry may heweseessarily fe paliscete

th RY i
reBHOE BERBREL. § PAeonPIs TRPReBione G cBelfk AP Breoptfhsee
(egg,n heE> %Sls'iancé)smgtbﬁﬁ'ﬁla&ﬁl'i’pdn@nﬁs REcH &Sﬁ)&UQﬁdlfc)Y(;]rs &fuch BEthose

at or out put power nust be increased by t
enfiployatlrin BsiRe R}émhmgmedwprkfsb cotiretqrs sush a@@aﬂt@lnﬂu@p@@r stw@p

th t h
betviess e TaBOPISSyBAne SOL AN ot i MERERE NETU K T LGe
coé@g&%%%%bf@gﬁgﬁl yglalpnfjgfr th& &M RERoiand %@eﬁmﬂﬁ'\fherem

di ng resi stor Ry requires that
ald:'iﬁg thaedleamecinyenapith ¢.gx betfveRScapaRitor Rsandrtetminah894tin the

R B e e S R
re%l%‘é&c%rl(s_j E@ggrp thanh o§é@4s1)&5te9Wlﬁhﬁgplcﬁ%n?@&sﬂﬁgs BSPiRY.

aret e sane, So net e Is to
silvedplard cbgparpgdminuge oo theirtutlol9and may include, for example, 316

stainless steel, nichrome, chromel, graphite, SiC, or the like. The point is resistor Rx
would typically be larger than the inherent resistance of typical conductors and may be
implemented in various ways.

[00117] Fig. 9 shows another alternative embodiment wherein the impedance
derivatives are reduced by intentionally adding resistance Ry in series with the
effective series plasma impedance Zs. With reference to equation C6 of Appendix C,
the implementation of the exemplary circuit of Fig. 9 essentially replaces the
impedance Zs = Xs + Rs with the new impedance Zs + Ry = Xs + Rs + Ry.
Accordingly, the modified equation C6 for Appendix C is:

| dz, [=

[00118] 0@, + %)

In this case, since Ry is a fixed-value resistor, its value does not depend on

power delivered to the plasma Pp, and
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app gain by a factor of IRS R R Y [00122] Note that
the matching circuit that conprises the matching
network 902 and the additional resistor Ry is still
preferably tuned to the characteristic inpedance of
the RF transm ssion line, e.g., Q In the case
G bk L ditGdd LM | a@bh bF 8¢ ntch
B R B T o e
i npedance el enents of the matching network may be
ndtwoadinpafitnpeddree Zaoelith fespet to the sérsdsquiasRya impedatteds it lower
tune the input inpedance of the matching circuit to be
subs i aldsy e t. eristic inpedance of
b’f%gacifg%r@nsmys@#%nkv ?ﬁél}gn?ggﬁ%gﬁ If RS = Ry in our
exanpl e, the magnitude of loop gain of the instability
is only half as |large _as the ®ase when Ry is not
(01 E¥ent . Irdhisexampleapfnetion \/\W F! the gicEt o QURYRP WEL Po
hal f of the generator's powerr Wil be dissipated in
. the. resi. r
s 9 Sira R e TiaE Ry o PEREL Qip R foRh Gt TSR By the
del iR/Se;gg.to the plasnma. As in the exanple of Fig. 8A,
fagtoe —r%gi—sﬂlbﬁrdﬂ/fqii o wes Prglglivased to the plgema fpiFspaihthe same.

power “di ssi pati on and shoul d be sel ected accordingly.

her, i . i i 6y X
RNy P B UL B TPt o o
alkso note th e e acro the LC resonance
P&P—g@uiWGf:o‘?G o o gg-feﬁﬁ. CES C~-, and LZ of Fig. 9

Pl
n@{/)c be hi gh.gaihz%egﬁ s need to be taken into

consi deration when selecting the resistor Ry. [0 2+4
t hat p il hddistod Aot BGinEi 8 Yy falbr bB S

[Ogllﬁsgosed If‘%&ngke‘%\l%gr?ﬂ?gm%ét c%iﬂn&génet v?/or k' g vgri abRe
capacitor C, along the current path that flows

t hrough the inductive coil (regEgsented by soyrc, R
reli e e PG A SIS SR Y 1 st S BIASPIES e p Bas
di sposed at other |ocations alon§ the current |o0p.

For exanple, the resistor maypbe di sposed qgs any q
mégnitalé eanBtsemallochy thefact@10; Y 6s sm@le® by926->—6r, an

922 in Fig. 9. [00125] Fufitdl, ffFig. 9, a?ﬁﬁgt/ch
6£2tvvork is enpl oyed as an exanple although it should
he nat | Ui li{ & dhéheniAR1eVT iR 136
apporaﬁg-‘?r(gfl{:eﬁﬁégﬁgéﬁ@natct%ﬁggt:{vl\%rks seee Apglclelndieces B S

and C herein). In the L-match case, the

R
gain by a factor of ——=
s + Y
[00122] Note that the matching circuit that comprises the matching network

902 and the additional resistor Ry is still preferably tuned to the characteristic
impedance of the RF transmission line, e.g., 50 Q. In the case where an existing
matching circuit is retrofitted by adding the additional resistor Ry, for example, the
impedance elements of the matching network may be tuned, after the additional
resistor Ry is added, to tune the input impedance of the matching circuit to be
substantially equal to the characteristic impedance of the RF transmission line.
[00123] If Rs= Ry in our example, the magnitude of loop gain of the instability

is only half as large as the case when Ry is not present. For the example of Ry =Rs,
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capacitors C. and Cb of Fig. 9 may be thought of as
the two capacitors of the L-match (with capacitor Ca
bei ng absent fromthe figure and the capacitor Cb
being variable). In this case, the resistor may be

| ed | h
amoRBRirehbl B ErperiaR PR ISR e 3 q%g?ﬁ% B
th'cee %gﬁ'&@dopg 8t Pg SHOQAIZE atfedst m&m lﬁngettdﬂ Beti th eahagEver Pp

ments of the matching network g mat ch, or
ddliverdtdah Ihequaslnia s mht)le n@@m;tie of Fig: 8Awthe sepistersReneeds &9 handle
i nduct ors. i S ecte |st
a |sees amep af a?w&g n.aﬂ CLE st acdpdln é@/ g‘%@‘ep Ry
£ 1oWRF tHahe5Q. O
]lsrrgPaﬂq0 R s T HE D fiped %Hn%gﬁ % ‘hé‘[ryétr@%[s 8012t7] T
sholiRLA1Eh Bdts ehabthenoltage ddrads thd LE mes@haxmp cirsuit fiergred by sapacitors

h th I f | ent
cp%éim b onic it capay i Bish (et BT gref RobS e BT on. Ry
gkgﬁBHH?E ng§ QHeK%EHﬁI(“h'Ch of course changes

di ssi pat “ed thereby as well as the

0@?@4]6 e of Nﬁie&l%thh Fye. |9[r91|tkmughr&ret 1psistbnR @ meshemnotisposerd in
the " resistance value of the additjonal yesistor js
betweerda N0 RGEETY00 DT AHADLE GAPATIEOr Sn@loNgRS GUITERE Pyt hat

anot, he i ment
e e s P M e S rbte] b By B 4ficiha bifictance Lo
thBSeststbdRy Y Be disPEsddes bthealvestiomlalthgahe tireenaitaipt iFonal
resistor Ry, while larger than the typical .inh

el tanwsstiat Bugnotes &annsed ahanest alGAER lpGetiag 210, JibigH6
y be varied so as to reduce power
9ﬁ%§§§é“¥@%?4%§g urni shing the desired plasna
[081 24y | | Zi pgtfdeahiFiy o 8T-Rah vefvdek Mﬁ}ﬂoy{m%&}(ample
Furthermore, the additional resistor

be
alttengabiistowd ba notedithasiasalogeusiresuis wopkhelse be OP‘ﬁEled for L-match

aq%ﬁ}éét%%wp%%ﬁ%%m%ﬁa.amiE?l% N30 g o e

ca %ﬁo‘i‘p@darﬂ{ &b {)Fl@ RP6f asQKAFRR) SapaSifd¥e of the L-match
rocessés nay sta e Wltl%out requiring the use of

(viitiecapadiios (g beig absdnt fiohi the digare, andithe eapstitardys IRjngvayiabls)-
turned of f, .and_may he turn d. on onHégﬁﬂl anot her
Inghis cases thegesipar meyr COPRELRE PRI Pl PR

.effec [ e r
oA O IS Aol BGPTSR o Eio,

[0B124ar | athﬁtHeﬁﬁbﬁe'; fhie 1ﬁ1pediatmaé ehmeaﬁ;mf tiper inatching netwcarki (T-
resistor value that is sufficient to provjde

malehj arddnptcaswansn@tbh) nay h@n@lm@@meql Hstegd g‘?%hﬂ E%%s is
utili zed.

ex[pggteg th,ege%gr %6%91?? % g sgtécmefl an%léggusgpgﬁ?é F@I’mer discussed
aHo%8 P APRF ggf%r %ﬁ:ﬁp{xﬁ’hmhé 1ﬂdlﬁb’toi%€fopﬂfé$hﬁblﬁng @etwork’s

Intention enpl oy a | ow conduct ance
impedance elements

[00127] It should also be noted that although Ry is chosen to have the value of
Rs (i.e., the series equivalent plasma load resistance) to simplify the discussion, Ry
can have any desired value (which of course changes the amount of power dissipated
thereby as well as the degree of stability improvement). In one embodiment, the
resistance value of the additional resistor is between 10% and 90% of the resistance

Rs + Ry. In another embodiment, the resistance value of the resistor is between 20%
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material for conponents such as fixed inductors (such
as those enployed in sone matching networks),
connectors such as the conductor or strap between an
el enent of the natching network and a term na

al on .
e %8 PR AP Rt By 0 sy eail & e pqaid e
re§iStor £, while la%gla(il thdtHe Eﬁﬁca@ﬂ%cren@fesﬁ&ﬁﬁ@@lbﬂg thebaineeeartent
componénts along that Televant current path. The | ow

path dlexdistangdRF pewver systemy; ey ds eatied smasdpireduse @ﬁw% ‘waste” while
reS| st nc s her, t.han tho ass.ocl a
IB&F s ?ﬂﬂﬁg?%ﬁ@bl&%ﬁlu Iity(’fgrp%%lrven g}ol%gssr pl at ed
r.
[O?)or exaanHm tHeladlifiRnkl RSikOY R), nfykveRYe b Retiakleor a

6 Stainless steel, nichroneg, chronel ,
svgitchiet irdsistorSiTBat isy the hdditipka resfster I&o Ry brcsnadésfa@@hi? IRy

re?@%lpgq t@xr?gléglgllft | (%/r eg;ﬁar %5%?0% Egﬂtgﬁeaf (ﬁ;gge}'r 9% heeded. For
eﬂaHgJ NERE ﬁgocjg&es A5 R WBbYEY Fhout PQBR ¢ the Gse d0he shavs Ry.

er e nment “where the | rrpedance derivatives
Inahi dags]uhesksyor i’si may batuRkedoaffiend anayeetatmed on lonlyFvigen |

ar;?*a;e;@g%e?; ReIBS e B P APt T /B Rk eijnce 2
al? a‘fes&s@o% %ggg?,r %Iﬁ%etr amPaH! &F [RWRL, iPRapBE ?fe'ﬁﬁgblé @ erdphoy a

nunber o erent attenuator con |gurat|ons

vdgﬁ@}jd&égﬂgr &o thht ﬂﬁippwﬂﬂa@éfy gizedresisin valua nhdt inseiicient to a
ridge net wor etc 0131] In Fig. 1QOA .1h
Rl ghedesited eamE SREHGETE Aifal KR8 RETUFOGTSTFSd g7 ne

[Og)?gﬁ'lsar € bﬂg tu? ncitg 6%% l'rés 01%%} & ﬂoﬁﬁb@eﬁgn be adlscrete

n1SS|on I'ne t he I ng ne 10

reSiStos.NPuexaliples ittrh@yt bd pbs%ib& ¥ arplienablfy eRipioy am»w conductance
mat ching network 1008 is still tuned to 50 P ghere
Y&

mmrlgl ﬁO]? a%fgpm@aﬁu@]é agtixehigdpgiprssuchras fhpse cRPIQYER b} 301
0
tShmpe qe%og h%ogngav\f%su@é?é?ﬁfé%{)% A7 stk pﬁﬂ&t&@éﬁ& EIQﬁlent of

enera or out t to

the Mb%mf«g)ﬁaﬁmﬂ@@df@tenﬁﬁlal tﬂﬁb&dﬁﬂ@ﬁg it® relevant ennent paﬂaqe g .
power attenuator 1002 has essentially no_effect

albugitheenrreRogmithsoughattiable £epAcitot(> A Fale a5 inleeter Co)

edance ch
orgonpfiors FRGHERR camBRac e TRERInERCoadTIR S
cdnau&uﬁ&%étbm rbfiBsents TRSEAS Whake tebsmtehsrmgml thap@Rds82]
he val ues of resistors Rl, R2, and R3 may be nodifi ed

asa@cmted: withdypical RF esmdustars (sechissiopper, HbiEPaid GRS i on

|n respo
SPGB SRl BESRR 5 BBt
nitRRRRM HrémeD %aphite e! oﬁ'ﬁ@ likéll $Hé PEhER résﬁ‘%ﬂlky mumtyplcally

be larger than the inherent resistance of typical conductors and may be implemented in

various ways.

[00130] Fig. 10A shows another embodiment where the impedance derivatives
are reduced by using an RF power attenuator. In Fig. 10A, the attenuator consists of
three resistors arranged in a T-network although it should be noted that the same result
would also be obtained for any of a number of different attenuator configurations,

including a IT-network (Figure 10b), an L-network, a bridged-T network, etc.
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[00133] However, the attenuator reduces the nmagnitude
of dzr to 0.5, as will ns be shown below. Wth
reference to Fig. 10A, ZMis the input inpedance of
the matching network, Z4 is the inpedance of the

I Nng netwo [ i S.SI.OFL.:
(G 00 4 "] G e REHUG P iiBbgRY 1702 phd RSP Silsfifsion
1igd | 6Bt Hsert@Dh fied BetivBén ThB A trarisfiisitanioe W06 tahé the

attenuat or as transforned bK RF transm ssign |ine

rrmeih&;]g riteorknk§R ias slan. oNogzhairin thezample efdiigl 10 meiching
T BRI 3y, T IR 000
RF%?%&%&&%}'O @5 0:" Q[5§§lr~“] (pgﬁlgi" atféhudiol TB02 rdfR fofmédhe 185%5 Z4

the values of Rl, RZ2, R3

ifBpedancAR MERF £encratoPodBut to[50A13Gh offiee weedsans fanad impedance is
can be differentiated to give the variation of Z5
cavicetned sRP power astephatay B0 hes zasenfigbprgiicersHowryery RiRpower

R3 + Z - (RB + Z4. . XR2
afass 0 dofs iyt fsan Induppfitelinds bydndiafyhy the
ma %7 thelitdped il chandeQf bAOEndiAsofdd¥atio prior to outputting the
(T41.952. +8. 5552450522 2 [00141]° As such, the | oad

impedladieras ¢hadethéneadi ve as seen by the generator is

ed a |.as st.ability is idmroved

(RS 2R BUET BB . ol SR el ARl
obtHin! O Besited Power ARuMi G ta8shonsdtotd hat¥eRimPeddncEi If.RI=R;
OA, approximately half of the generator's power wll
=185 502 sisd Ratdd 1 90, them tRERP poever attenanioatiansmits $0e of power and
generator qutput PG should be at twice as large to
digeipater20% H4BOPEWer Pp delivered to the plasma. |t

shoul d be noted that although a T-type att pHat or
[0@9 B@Wgem%wese@fﬁela%@&ht&&e&h&g UfeSmidigtudé 6P nbodt 3, @8 will
o ig. | OA ofher types of attenuator nmay|dfei|l be

enpl oyed. For
be shown below. With reference to Fig. 10A, Zy is the input impedance of the

matching network, Z, is the impedance of the matching network as transformed by RF
transmission line 1004, Zs is the input impedance of the attenuator, and Zr is the input

impedance of the attenuator as transformed by RF transmission line 1006. The

Z Z . .
41 and |—X| are equal to 1.0 as shown in Appendix A. Attenuator

magnitudes of

M 5

1002 has input impedance Zs given by:

R, (R, +Z 1

[00134] Z, =R, + R;i ;3 " ;z =R +[R,(R, + Z,)[R, + R, + Z,]
[00135] For Z4 = 50 Q and the values of R, Ry, and R; given above, Zs = 50 Q.
[00136] The equation for Zs can be differentiated to give the variation of Zs
with respect to changes in Zs:

dz _ _
[00137] dZS =R, [(Rz +R,+Z,) - (Ry + Z, XR, + Ry + z,) 2]

4
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exanpl e, 50% attenuation can al so be achieved with a
Il-type RF power attenuator with R = R3 = 292.4
R2 =17.6 Q Fig. | OB shows the configuration of such
all- type RF power attenuator. In any RF power
attenuator configuration, the values of the
[(ﬁﬁ?gituent resi stors mayRbe nodified as necessary to
ob n the desired r(qa/gem Rgtﬁgggﬁti on in response to a
change in inpedance. [00143] The total |oop gain,

[d@qwﬁ_ved Eespasshire=Fon; the instability, is given by
P aZT OG = P dZT dZ5 dzZ4 dZM dPP aZs -O VG G aPG dZzZ5

dZz4 dzZM dZs dP 25 P [00144] In{ighig¢xanpl e for which
[00h40]at t enuat or %‘?si pa T 5 PG nust
vnrpr ddALFR % livered to

be twice as |la
the plasnma to be the sane as w thout the attenuator.

[0014Hd dZ4Abauak, thedoad waedance ded¥Bivesrs seTebydtr/gerraator is
ga%giatngd? = O.F?Z)El.dPP. = 0.5, and dZM aZs and VG are the
redugrd ang RIasma SR AT WROVeEpo dzs , app is to reduce
magni fi iga Ne iafch Work 3Xin tune, i.e.,
[OP(E;%Z]!%] \NoEanRin Wit 000G F%g.e8g\can§ S "the e Le
natatistahedy Inshevexdmpiléef BignlOvhyappheaimatetyHiealf of the generator’s
configurations (e.qg., L-match, Il-match, transforner
pagyes il BRAERRREHAN FiF RF Bewer sishpaipti-ihe stusayiPrauphiFa hguld
bé@‘t&wegg 1t ektﬂé%&nkﬁngpbﬁﬁankﬁé& tHShe Slatrs! UG A3 be
I nstead, or using a comnbination of inductors and
natépehei dlthosgh b AOGA6httdinbier ahvadgealenhisegipldied to dBeuss tiwns

. both RF transmssion |ines 1004 and 100ﬁ, it is gotF
impleraeniatianoftag d08a other PR okAtissratoRmay Mafidsieanigrgd. For

|ines.<n&0 I > LG
ol oA 1 1 s R BEBEREIT R
witPR4 = RS =wiodly QNRY =RF7.4 CANERIT 0B dwsithecoiGratibh of Such a I1-
the conbined Iength of 1004 and 1006 that determ nes

typBF phwseattsnuatos Inngeeddhpeveraitienuatoncesiiguratiendbe wjuestad the
RE. tor, d thi. nbi ned | h

cop ROy o Te i peeprene Pran IS et P Sies

att[eQQaTEig)ﬁ]in FlsBonskto 8 RANKEcANAhP&IangsTDOdi ment wherein the

I npedance derivatives are reduced by designing the RF
[00148)sni ssThertotal eptgairh heléevad respersibln doribe érstability, is given by
i npedance RO. In_the exanple of Fig. 11, the RF
Pt_@_?@gg W47 #s Po X hasla a%sh,ay@ct eristic inpedance
<R@PG0 Engpssgg4agzgfdgsh@p0/\/iajre;l y accepted 50 0. For

[00144] In this example for which the attenuator dissipates 7z of the RF power,

P; must be twice as large in order for the power delivered to the plasma to be the

az az ' .
same as without the attenuator. —~ and —=* have magnitude = 1, —= has
dz, » dz,
dz,, oz,

R and VG are the same, so the net effect
dz;, OoP,

‘P
magnitude = 0.5, @& _ 0.5, and
ap,

is to reduce the magnitude of the loop gain by a factor of 2x.

[00145] As in the case with Figs. 8A and 9, the matching network therein may

have other configurations (e.g., L-match, [T-match, transformer, etc.). Additionally,
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exanple, two 50 O RF lines in parallel may be enpl oyed
to provide an RF transm ssion |line having a a
characteristic i npedance RQ of 25 0. In that case, the
i npedance matchi ng network 1104 is tuned to a nom nal

val ue of 0 nte of t
th%%pqggnﬁ, g}cgf iflr cl}lgg o%@gﬁ k)g u%%lgl?lg %gu 8% Qndugz-ggrs
m# A@@ﬂumhé@&&ﬁ&nﬁﬁoﬂ beinthdlglsindegmieited. 50 S2. [00148]
e ’matching network transforns Zs into ZM = 25 0, and
[00m6]he  Naie s altagghffigsl %@ommdaﬁﬁ drapgpissign fipes 1004

Wi th respect t | asma deliyver
et O0seigroL o b upersk i b roub R FepBenff e 18r
exk@% %{F o%&%&&emﬂﬁ‘ﬁ’g beAmbPbe Mlm@@te@ w1{11Q911y4§F
n this case, the matching network is again
tranﬁmtssi’(’oﬁ 11nle 1604, aratith onily RiFrtessmigsionlimet1906 s Ittisitheicombated

engkB oLl 00p Sk eie i o G MR RG JREER g

se%lﬁf LiRE nglta f?iﬁ hﬁscéyg?%ﬁed lehRh AV beShrpRinhdritdd by one or

ernn osen to be the val ue

mmflplehﬁ?tr@rtsmlmxeﬁmstl c lrrpedance of the RF
transm ssion line to faciljtate di scussj on,

[0@Held act erilg1h loshPWé enehECe RO RN RERE T (i gpe fffgatives
arRdGaN lgr desg (‘gﬁﬁe i aFJﬁ).fm f‘s@ﬁ)'nrlﬁlg to }{%Leuflo(x)@? bldRa@éristic

course chan edance

impeddnéa RV BSthakRampRGIEEL )1 1, th% RH t@ﬂﬂsﬁﬁ&]mdrt 1111651 li02has & ant
fo realize that it is the reduction jn I mped

a
characteristia wmpedanegRoaaf @, instead jof theamidelyi aspented @%@e rFor

exigmpley 519 SERLRF HRe IJ%FH”S?B’&?’ i Engplq0 G anfie”
traﬂgtﬁf&loh Pinl Ratillp Q?%&%I%Qterg Qh&th SF B QV entHaY cdsB ahe

mentation~o ICh it is not necessary

lmb@dandé ﬁﬁtdhﬂ‘tg&ldﬁ@@&r 1 14dy tUan @ sleominal vaipe of/%S RFin}stcmbwf the
delivery stability. To further illustrate

widelyi-aotepled féri@sanddRF gpreratay bHIG is desigiag. to P?eIian ‘U%li* pgp & load
ation nmerely dissipates power in the
1nsé‘c’fél|‘%r¥p]63r1‘éﬂ eiye%"?%[?tﬁﬁigaﬁ hout conferring the benefit of
ovi ngp Rh i féﬂl?sbz into/Zy £ 5FD Gand A thean
[Oémgid regrlhgtr%ér%%él S gé%e | segrll es I%etwee%ant he RF
pré&RBeh rﬁﬁeslt&@ Zmpédhntd éerRl%tﬂve &nﬂm‘egﬁcm plasne defi@dred power Pp
whi ch the characteristic inpedance of 5052 in
t%;‘iﬁ exanpl e. [00184#],,The added resistor Rz is given
by e Tofe mdgnitudO62 T EF sisthérefore phly ondihelfias dargaas lTh\@UId
4 i npedance derivative in spite of

pfeof of no change

t he reduction
have been for Zy;= 50 Q.

[00149] Note that in this case, the matching network is again in tune, i.e., not
mistuned. Unlike the situation of Figs. 8A-8E, 9, and 10A-10B, however, a portion of
the generator power is not dissipated in the matching circuit in order to achieve
improved stability. Furthermore, although 25 Q is chosen to be the value of the
characteristic impedance of the RF transmission line to facilitate discussion, the
characteristic impedance of the RF transmission line Rq can be reduced by any desired

value (which of course changes the value by which the impedance derivatives are

reduced).
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in power delivery is show below [00152] L'2SLM-RQL?S
[00153] dz, = dzM [00154] dz6 =1 dZT [00155] Thus,
I dZzb Ro , which is no change. T S [00156] In other
words, for the additional resistor Rz = 50 0, half of
the generator output power Po is dissipated w thout
change in IdZb . In the P inplenentation of Fig. 12,

IS i epBanh LR RatlinNE tReRAG& I in }dBedance derivative
[d(dgggfgned 1énor ab5b0o0 Ioad)aaind the tot alml ogq
miappiewtienoe theveidadtidnsinpoweH del5Rry ¢fficieRey psGe.3hat idpeoves RF

should note_ that_jn the.case of Fi 12, ower . .
pefueT deivSFy StaRi Thispgtay tobgious R pged 1 b Bpffsized. This

' i8 SPOASLNiE (s AEHREESary
RS o B R g B POREE e RSy
distiphte poivgr Dedy ialosderhe impioee REDpomtee deliveey REbijieneF@afupther
runs into a different |oad, which c

. C fhan‘(%es t he val ue .
illystrai thernopeyhviouspess whihednvension] biga E71llugirgfes am ipplgmgntation
13B . : . i A8 |
e PRSP s A0 LR TRARBARE o beneit of
iniR5PRge RA sower delivdfstabiiity. elndfig. 125 hnwddddwesistor Rz is added in
exper | ment allluy det er mi ned regéj( ons of jnstabil iMéY]hSOZ
seaied bats@an therRE genesier 1203ra51 tBg RE fangnisgradng 14 ich has

P nd RE cabl e | h. J.n Fig.,.13, the inpedance
thé@ﬁ%r\?‘gtﬁlgg ‘P&’eaaé% gg&%}né%%ayngﬂa an RF power

sgnuat ofy, aheYor R, f5l venlNalucddithisd $UT (e di
Lo iinead tyé%%lg6 o Big T3B s substantially g‘ﬁgf’?@f
disdqwssionh@he pioof Bf go chdh@géin [ngetis®ie derivative inspitegbthe eduction
.every plasm roi)eﬂmeas some value of PG a 1r7PG
immovet delivery isppw,e er with magnitude Pc a pG and
phase 0 = arg( . To, inprove plasma stability,
‘{ﬁo ves,:if‘)@_

[ob'i‘§2i nventi on one enbodi nent,
asc]ertai ning 4. | resistgnce val ue that can be added

to the existing RFdfer systemin order to change

00153] r_

[ dz,,

00154 9Zq|

[ ] iz,

[00155] Thus, s _ R—O, which is no change.
dz, <

[00156] In other words, for the additional resistor Rz = 50 Q, half of the

Ze . In the

generator output power Pg is dissipated without change in
I4

implementation of Fig. 12, there is a mismatch between the generator 1202 (designed
for a 50 Q load) and the total load impedance, which is ~ 100 €, for Rz =50 Q2. One
should note that in the case of Fig. 12, RF power delivery stability can still be affected
as the degree of mismatch changes responsive to changes in the plasma impedance.
Likewise, RF power delivery stability can also be affected when the RF generator runs

into a different load, which changes the value at which VG is evaluated.
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the value of PG OZT for an unstable plasma to be
substantially identical and/or to ¢ approach nore
closely to that for a stable plasma. [00159] Fig. 16
illustrates, in accordance with one enbodinent of the

BURIE"S FRSCTLAR 1B GRIRMR n RRE
déx‘i‘va‘i’i'ifg ﬁas ORI RepBeles) ﬁmlﬁtyplwsmesgar t@o FigaldB &, thé e
starting point, the two values of PG aPT | , one for

skrwiutvet etpesmehallyrdeterinod eegiens of instability 1302.end 1304 for various

R BB O 0 5 R AL R Jnelh Rl e i dee
5@\%&% el By e?npl@flng hn REBoRRr ﬁ\ttéh%hté)? (&hasen id F@ml 0), and

in a range”of "val ues known to correspond to
tletragibe ofimambiiy 130feof FigelRBbissubshitially smaber thirethpsg wnd'ig.
of PGr-7T for the stable plasma ¢ can be obtained
134¢ any suitable process, enploying any gas at any
sui tabl e paraneter settings. Once the target val ugyP
[001p8] f or @riethercasmihet eiegbplesmd provess has sabe vilned! &; 9
0 plasma processing system the value Pc 1~azp-GT
the process of interest can be reduced to the tarjet

: 0@ r
TR S AR oS SPGB g, et 2 Lo

for the unstable plasma can be a asured ¢ val ue; or

n?go%(f)lraﬁﬁﬁ’ kabiid, Yl?é #Qent®ndnvolvél, GRGRSenbtRlifent, ascertaining the
asurenents may be difficult for unstable pI asmas.

reRistanex waipé that crsdtsaddad tit the okistiog RFppwen §ystam iraerderio change
par anet er settl ngs where the plasnas are known to be

ﬂ%tv%me%f JRABI IR ® bedubithfialBYddnaesleatio o

e extraﬁo&? te to obtai n extrapol ated val ues for Pc
rP-C7 aneter settings of interest. par
approach more closely to that for a stable plasma.

[00159] Fig. 16 illustrates, in accordance with one embodiment of the present
invention, a technique for ascertaining the value of the added resistance (e.g., Rx in

Fig. 8a) in order to make an unstable plasma more stable. As a starting point, the two

values of P,|~—~|, one for an unstable plasma and one for a stable plasma, are first

G

ascertained (step 1602 and step 1604).

[00160] The value of P, Oy for the stable plasma can be a measured value,

G

or it can be a value chosen from within a range of values known to correspond to

Z| for the stable plasma
G

stable plasmas. The inventors believe that the value of F;

can be obtained for any suitable process, employing any gas at any suitable parameter

oz,
settings. Once the target value P,|—- for one or more stable plasmas is obtained a

G
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[00162] The generator output power, PG is the known
out put power of the generator. In one enbodi nent, the
val ue of aPr is measured by tuning the nmatching c
network with the generator output power at its nom na
val ue. Once the matching network is so tuned, the
' t I I d,
DI BPR YR BUARG RSP s poaballchive
[00163] Using an appropriate sensor, such as sensor
red@ditd tife tatgeevalue fouad, thérepeabailtiag 7 a stable plasnmtfoothe piocess
Pc may then be neasured, and hence obtaining aZr aPc
ofjinteegsbt her enbodi rrent the value of Z is nmeasured by
tuning the matching network with generator output
r at 119 a k
O e A G P rnt o o e e Doz eabe
val ues are held fi xed and the generator output power
Vaﬂle bsart farapuhrddedluels) igr; dn esseapheepnéaauensatssay, besdifffeult for
sensor 210 in Figure 2, the |nput krpedance ZM of

%E@&W%Fﬁf%%‘éﬂ e O Rl ol RO BT Ul

300 according to Equation A4, Equati 0?1 A4 may be
p ét&ys%ﬂ%n(gg &h%j?eﬂﬁ% gfa@n%vﬁﬂe 'ktnewncio ba4thbRPind @E8skGfldastRERNts

val ues o ve been determ ned for the unst abl e

and c target stable plasnas, the matching ngt

may thexafterrhetexirapelatad te otainfexirapelated yabiea B?reP nﬁt thﬁy
be reduced (step 1606) by the ratio of P. p r the
unst abl e. asma to PGr'9zp-T for the stable plasm

Pa{%’éf‘éeresﬁﬁﬁlﬁ%ﬁ%‘ %'or B5). G [00165] As nmentioned
[O??@\Ag' er, e &Q'oﬁﬂm'ﬂ?&%&r k. MehigotRept PoRBY of the

t uni ng poi nt t he”’addi ti onal resistance

meki ng up the difference, to (gmal n a stable
generator. In one embodiment, the value of —L is measured by tuning the matching
G

network with the generator output power at its nominal value. Once the matching

network is so tuned, the matching network tuning element values are held fixed, and
the generator output power P; is then varied.

[00163] Using an appropriate sensor, such as sensor 208 in Figure 2, load

G

G
network with generator output power at its nominal value. Once the matching

network is so tuned, the matching network tuning element values are held fixed, and

the generator output power P, is then varied. Using an appropriate sensor, such as

sensor 210 in Figure 2, the input impedance Zy of the impedance matching network is

.. 0OZ .
then measured, and hence obtaining 6PM . Since dZ, and dZ,, are related
G

30°



pl asma. For exanple, in one enbodi nent, the matching
network i nput inpedance is tuned to about 552, which
results in approxi mately 90% of the power "wasted"
(assum ng a 5052 characteristic inpedance for the RF
transmssion line). As another exanple, tuninggsfhe
ad¥BidelY REREHENPAK, EqRidon ADREABE emEmyabaman@ﬁﬁﬁ W ihto
result in approximately 10% of the power "wasté@f" As
a further exanple, tuning the matching network input
ofppedance to about 1052 would result in approxi mately
5p0% of the power "wasted" while tuning the matching
nétwork i nput inpedance to about 4052 would result in
approxi mately 20% of %power "wast ed." Dependi ng on
[00h&4] pr ocOsS: vabedspd ,PGi thmtve heengdetertnimadkfor thewinstable and
i npedance can of cour $€dhe tuned down to any desired
value, with the additional resistance maki ng up_the
targiet $table plasmas, shemaiching nesvenkdpned ippyidmpedange g6 for the
Thereafter, add enough resistance (Rx in{:i gs. 8A-8E

e Cectstance (A 0 7
oS e g 5 B P00l i

addi tional resistor and the matchi ng networ back up

to the E%—%i nal value of the matching network, e.g.,
T

pl&hER.P, foisthe BBl plasnsd @pe dfiRBond AOBOBP).1 f desired,
the | engifp|of the RF transmission |line (216 or 236 in

Fi gure ZABmay.be modi fied, in_accordance wth
[08teidt i on Asmentionedicatlier ibe pratehinggretwarkimpy betuged to apy lower

oA AR e 5
pl&se SFor RRUNBYIR! in dre ehitRATREN] the deitchindKstwdrki inpsiialpkdance is

enough, the system may be stable for all values of
tupRbe@boutrb Whltibh cesslés i appendmatsty 9t ef e poatsr ewpsierht h

may .not _be necessary. 016 For articul.ar .RE
(ogBipRi S0 hiar D FAFAP<es e GARDUGH iy As another
| . i . ! i I\, .
o, S BB G et
appRIxuaseBf 1096 of e pohet “wigteds? 2 efipthetaisimid, eurdaptrd on

the c characteristics of the generator, so that a
matelting netwoplGInput ivpadanes taabewbl082 wepldgesult in approximately 80%

of the power “wasted” while tuning the matching network input impedance to about
40Q would result in approximately 20% of the power “wasted.” Depending on the
process recipe, the matching network input impedance can of course be tuned down to
any desired value, with the additional resistance making up the difference, to achieve
a stable plasma.

[00166] Thereafter, add enough resistance (R, in Figs. 8A-8E or Ry in Fig. 9)
to bring the input impedance of the “matching circuit” (which now comprises the
additional resistor and the matching network) back up to the original value of the
matching network, e.g., 50 Q. This is shown in step 1608.

[00167] If desired, the length of the RF transmission line (216 or 236 in Figure

Z;

2) may be modified, in accordance with equation A6, to match the phase of for

G
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G particular generator m ght be stable for a different
generator. [00169] In the past, it has been difficult
to communicate with RF generator nmanufacturers the
paraneters or characteristics required in order to
create an RF generator that produces st gle pl asmas

thé QhstabIb pRERE HRR SAQId feSIbOF &5 1). to BREpHasas0A—bf fot theStable
difficulpty I&Z’isi in the IacE§(of under st an@fug of the

under|yi ng cause of plasma instability. In fact, many

things are still not fully understood. by copt|@dpor ar
Pl 1630 SPIESHIES: IPVRYRB ALS MGRBITHs of —3pn‘015 St
relates to the fact that it is difficult to ‘quantify
th [ e j i e j
o FER iy 123853l T BT 85 Aange o

thé RIFefaBRtlendt® by @bt benctessarydance wi th one enbodi ment of
the present invention, a technique is _proposed to

[08668Tuni ¢ atas ametioaslas & genseateminebalioved tpt theyalugabthe
manuf acturers 50 that if those paraneters are

conffl&8quaRtley PhE2T esudriving wikheengvat plasts will bk slableton
produce st abf éPpl asmas for processes of interest.
[00171] For a fixed RF cable length, a particular

o e oh B et o v b Tyt Bpol o e

y-axis given by ¢ the imaginary part of P. azT , as

shown in Figure 17A. In accordanceggi.th one G
cherabtsdistiasaf theaganerstarssmibatd value ef &s F—mﬁ that is upstablgder & or

all processes of interest) are 327 ¢lotted simlarly,

so_that the cogrdin S poi nts
populad Bene g PR B ARRE P oBterely MpndhR, PO D0 o
[0D1¥RT est [Habe hifdt, a8 ibaedldifdlOR kodimuhigity aith REF generator

genérator also has a stable operating region, and a

myplufactirers the pasametgtsl ar chargrigrisissyeqtradan oifes ¢p create an RF
o SRR AT S R B0 e P sop
diffRultR leLHANPaRk B E\Ederﬁ&{tﬁ‘ﬁ%’ib%e uh@érlylity Cavgeoeplasios ,

pl asmas that have val ues of Pc aZT within the shaded .
ingi@tdlityr dyifat, novirlyl things srezstillenot Aillysnslsrsiaedibyrraptemperapg science
abglflt p?ésn?aF;;rl g%get:rgi. dgncﬁflertrggsofci I?ealgt%g to the fact that it is difficult to
quantify the parameters associate with RF generator design which affect plasma
stability for processes of interest.
[00170] In accordance with one embodiment of the present invention, a
technique is proposed to communicate and specify parameters to RF generator
manufacturers so that if those parameters are satisfied, the resultant RF generator is
likely to produce stable plasmas for processes of interest.
[00171] For a fixed RF cable length, a particular plasma can be represented as a

oZ .
point on a plot with an x-axis given by the real part of 7; ET— , and y-axis given by
G

the imaginary part of P -gi—T , as shown in Figure 17A. In accordance with one
G

embodiment, all plasmas of interest (i.e., plasmas for all processes of interest) are
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region will be unstable. In Fig. 17B, although the
stable region is shown as an oval, it may in fact
have any shape. In the case of Fig. 17B, the RF
generator stable operating region has a central part

plslag 0T B S LG chfidisiies i all o getdipls 18brglelyiBle HlBue of
poézn inside this region will be stable ¢ regardless

Ryf—héorfal padnhas off émtgtebt. maihee ofgaioedit or st abl e operating
reficon of Fig. 17B has another part (the

cr -hatched region in F 17D), that |.s stable for
[%Q}%éfv al ués8veR ﬁgrggngﬁtgg gfs&ha% S%lTle 838”‘#18% '$st%h F%‘I ¢ glot for
! ' iSERANALPELAIAS fronfthe RE t
ﬂ%t%% lo eBldHiay B2 AEashied Siprif S e S Eoerater
npauficsirar drueshpidre plot égshosinds §ig. df7 Bfhaareexeiasy RRF
generators may have anal ogous regions, alheit they nay

| bPthi ' VR ThiuBOSEe PS ithin Fh@haded
g%@;gop%%@g%%é;ﬁ%%ﬂp%@?n%gt he pl ot %fani g. 5178, ace
representing the stable operating region for the RF
generator and the plot of al| the dé@Za points
regeqir wikba stafe Rlasmas (at kave V@Lgea o€ forgr AitFidpPEdRsRads
interest, it is possible to predict whether the RF
r QG AE O ur%%ab‘l@ Ul &i P 198U S Rh oiloh RhEst 8 8dERSh s Qhowah hs an oval, it
ocesses of Interest. [0017 Further,” the plot of )
naklin fleehalatany phipet dn tiepraesefifignlyB, iee RB|generatbr Rebla Dperating
for all plasmas of interest can serye .
rogicinCARRg partdfhe srertched Foeiorhia Fies TS dhatisalpragmsiable
woul d be that the ggper at or have a stable region, as
rdgardfésg of thebhBse 6fhat —33 Dplanna ppias ivkleahis regdion hél bastable
poi nts representing®he value of Pc ZT for all plasnas
c interest. This_ informtion uld then be

regﬁr;sﬂ@y efithsyRT eablerengibn dihg gsherath sipE ORFEHNE Feioneifge 178
h%na[nlcr‘))ghreg g%’? gtﬁé erogg-ﬂi?t%l{lé’(\f)ﬂégft%p’?? g% ; g]jﬁ f@pls‘%’céﬂl@ml‘: Qhlues

Sses o ere necessary, the
RF manuf act may indicate that if the phases of the

ofithe @hpssiof tfs’a;g?r‘e apd ek weblefor othes valuph Linglinhe gengratordips a

changi ng the™lsength of the RF transmission line), the
| o I fifts 2ROMIShBA) regardl
AR SR BRLE o CEEIL 3 PEPRFRRITAL FHAG RIS rpeandless
oPphaRe. Offler RBrgentrhtopd mayrhavendnalogoas mgions, albeit they may differ in
shapes and sizes from those shown in Figs. 17B-17E.
[00173] By comparing the plot of Fig. 17B, representing the stable operating

region for the RF generator and the plot of all the data points representing the value of

P, Oy for all plasmas of interest, it is possible to predict whether the RF generator
G

would produce stable plasmas for all processes of interest.

[00174] Further, the plot of all the data points representing the value of

Z . I
P 0z for all plasmas of interest can serve as a specification for a generator. The
G

specification would be that the generator have a stable region, as in Figure 17B, that
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c (after the phase rotation). The exact value of the

phase rotation nay be determ ned mathematically or

enpirically. This information would then be enpl oyed

by the designer of the RF power systemin choosing

the correct length for the RF transm ssio |ne SO

eﬁd&ﬁ{pageél Bi1 &f RleRBsoiiB Ye2&eatind @ adludiof P, t farralli pldvachs of
generator for ‘all processes of mteresﬁ [00176]

Append| x A Calculation O |1 DZT/DZM For_ AN RF Cabl e

inTeyessh s iEfofmatiorovowH titibbecernplapechbyahe REezengggioy g tacturer

B3 B S R iy s o
ikg8g2' rL / A) [00179] Equation Al may be rewitten as

Equation A2: ZM+7R tan(2~rLlI A) [00180] Z R 229(*17!
[0D£R8] Ro +IanM:ssam(thﬁ le/manufaqtmm may Reslicaghthet if themhasespf the

R BOPIAR FESH By R S Drsdelo M RRT B

trﬁg&h&lérpﬁget){tﬁg §Hbl%% Bn bf #urnisBQIBBlseherdtbr wolka(iRPact
+ +JRotan O)( (j tan 8)(Ro +

m t an_0).- [ 00184]
ertcawpeasfhga%tppw msres?ﬁ@gihﬁ s é %’F{BE%SW @%tefe“
B) J R (1 +tan" 0) (Ro + JZMtan B‘? [00185] At the
t,
@ gfu‘glte Fﬂgiﬁ&A taa%z)‘ IE’&% exﬁ&q{a% AN ;[Jlge\g{éo%caﬁoglztjliai Bé\det&nined
mbhmiiicilyAl enidiricallpO Tﬁ&] 1nhrxyatmnw©ul)d thetTbavehpleyedigy the

Eguati on A6
designer of the RF power system in choosing the correct length for the RF

transmission line so that stable plasmas may be achieved with the furnished RF

generator for all processes of interest.

[00176] Appendix A. Calculation Of [DZ1/DZy| For AN RF Cable To Show

Effect Of RF Cable Length On The Impedance Derivatives:

[00177] From Equation 1:

[00178] z, = g, Zu* SR tanal /1) Equation Al
R, + jZ,, tan(2nL/ A)

[00179] Equation Al may be rewritten as Equation A2:

[00180] z, =R, Zut % @nQrLI2) _p (7 4 iR, an0)(R, + jZ,, tan6)”
R, + jZ,, tan(2nL/ A)

[00181] whered =272L/ A

[00182] L is the length of the transmission line, and A is the wavelength of the

RF in the transmission line.

az

L = R,(Ry +jZ,, tanB)" + Ry(Z,, + jR, tanO)(-1)(j tan O)(R, + jZ,, tan6)~

M

[00183]
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| J [00189] In other words, as shown by Equation A5,
the length of a lossless transm ssion |ine does not
change the magni tude of the inpedance derivatives,
when the termnating resistance RMis equal to the
transm ssion line characteristic resistance Ro. The
phase nay be changed at the two ends of the cable (ZM

vs. ZT across tig RF _Eablje@na(% ¢~biﬂomi@mjtu%e of the

[00h&hge (i =e: bt , Eguatiog
change t(o l&or‘g/% %aggi) a Egﬂjzn@rée;ﬁaaéz 0 (e4

decrease in

ZT wi t hout ck@agjtagzg e magni tude of the change).
[00190] Ap cul ation of L-match dZM dZs:
[001911 For'feHe/4u h network of Fig. 14 [00192] ZM
= Z3 Equati . Z2 [00193] where Z2 = j X2
[Opégﬁhe sh%ﬁ@eit%ee%éﬁtcgl“an ééd: Rs + | X3 is the sum of

several i dan tpeluding the effective series
[opl3&ima i n%aﬁcgm fferentiating gives: Egegipog4
dzH = z2%uz2 7890603 (72 + z3)-2 ] 3 z2 [00195] =
2 (Z]2 +2342¥[00196] ] 2 X2 = Equation B2 [Rs +j (X2
2 35 4¥dZM - dZM [00197] dZ3 dZ5 becaus e
[Op%g)]onl y 51 gilr Z3 that varies on the tine ggéazlldg?%f
interest (i.e., faster than the response tinme of the
match circuit and yharefore the match capacitors can
[0D&88]s sunmedrgwnde @=24 00198] The condi ti BasatiorAyM
to be equal to %md for XMto be equal to 0O are: X3

[0315 "t RMInFc\))Sthe?Swgrdé,%g %}?o%n by eq%'\t/{oﬁsAEqﬁeafeingtﬁ o%% lossless
transmission line does not change the magnitude of the impedance derivatives, when
the terminating resistance Ry is equal to the transmission line characteristic resistance
Ro. The phase may be changed at the two ends of the cable (Zm vs. Zt across the RF
cable) but the magnitude of the change (i.e., the derivative) is the same (e.g., a 1€2
change to Zy results in a 1Q increase or decrease in Zt without changing the

magnitude of the change).

[00190] Appendix B, Calculation of L-match dZ/dZs:
[00191] For the L-match network of Fig. 14
[00192] v = Lz Equation B1

Z,+272,
[00193] where Z, = jX; is the shunt impedance and Z3 = Rs + jXj is the sum of
several impedances, including the effective series plasma impedance Zs.
Differentiating gives:

dz,, -1 -2
[00194] =Z,(Z,+Z,)" —Z,(Z,+Z,)"]
3

ZZ

[00195] =2 —
(Z 2 + Z3 )
-2 y2 .

[00196] S Equation B2

R + (X, + )T
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XZ sgrt (RVR5 -RS) [00200] At the tune point, for
either + or - solution: R2 RR MS [00201] dZM RMRs -
Rs dZs rRS +, RMRs -R S )] ILL -R2 MRWRs -2R2 +2j R5
RVRs -Rs2. -r5+2rs +2jrs r5-rr ;rs -Rs/RM v
(rs 2rs)+dzsa(rs S)= -rs +2rs2 +2jrs r5 -r5 [00202] =
&)‘:quatl 0 Frecausd 24 & thé onlly pabtofiZ thet vEaesZin thbkime
[[00203]dAand d42+2i |Ir 11 [00 Op | ZM = sgrtR" 1
2 R+2)] RILIJ sssJl ssJ z sgrt~RM.-4R-"'
scalm'r SRinterest4i.¢. Qfagtesqhamglengsmgs@qmgtoif the mach pixgyikamdgherefore

6 Thus e sane nification factor that the
ﬁﬁ‘lﬁ“’@ eaaﬁﬂml%d;t% rf’ieﬁ real part of the
[Ogll@ﬁma ' ”’Pﬁéj&ﬂl‘aﬁlong%ra![ $9b i td Ry, Arefol XpaddR@Qual to 0

deri‘vatives by the same magnification factor. Any

arper cent age change in Rs wil | resul t
X, = +sqrt(R, R — R3)
[00199] B FR, R Equation B3
~ sqri(R, Rs — R?)
[00200] At the tune point, for either + or — solution:
— Ry Rs
dz R, R, — R}
[00201] M = M_S 3 5
dz 2
] R;
Rg+j ———
,/RMRS - Rg
“RA24

R, Rs — 2R +2jRs~[R, Rs — R
—r 422 4 2jrlrs — 12
Vgt arg oVl T ro = Ry /R,

T (g -2 )+ari(rg — 1)

—rg +2r +2jrg[rs — 1§ Equation B4

2
g

=—-1—+2+2j ’—1——1
Fs Fs

2B i [Ru 4
R

S S

[00202] =

[00203] and

dz R R R,
00204 Mi—sgre|| 2— M 427 [=M 1 2-2+25 [—=>-1
[ : dz 7 l:( s ’ R J( Ry Ry
2
=sqrt(—%—;’——4 4+4————4]
[00205] § § § Equation B5
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in the sane percentage change in the inpedance
derivative. [00207] Thus, to reduce dZM, one can
either reduce RMor increases Rs. s [00208] Appendi x
C, Calculation of T-match dZM dZs : [00209] Fig. 15 is

L T
or?‘ﬁ@ir@a?t 86k MR éﬂ iR aaldeon@ alsbwmehezﬁnpeba&zm
Ip + Z2Z3 Equation 3 [00211] where Z

deawdtlm b;q the saanmemagmﬁgatmrfectqat Ahy pquéageﬁlgngeandlsmjﬂiesult

mg&ﬁaéﬂ %ﬁﬁ?eﬂ&gsghglae'dgglq Wgﬁ%gﬁa” of the series

IViRCause we are

interested in hi gh-1;l gqlency instabilities, Z can be

[0020Ai der eThdsptdredudel adned dad eithexeredmierRy or increases Res.
Differentiating gi vgs“gquation C2: z z z [00212]

7=72[ (22 +Z3) _, -Z3(Z2 +Z3)-z]= Z +Z2 2 Z Z3)2 R + JX
[00308] 3 ( appndjx & Gglcgatiy of Faateh HanLo0213] dzs

1oPFFA" T b s SshinalieBPidre® o o A R hERRRs B
inélﬁﬂe%&to?secem i TP @610, dndlthe‘ddries egvﬁ&tt@ilashﬁi IGad
are: XZ -RSz [00215] Equati on X, = -XZ -

infRitiEEREs. 6] Substituting the above value of X3 into
equation C2 gives e [0021 derivative of the match

[Ob t inpgdange, wfisrespect to the series egghitidhart
p?gﬂma Ay A

[00211] where Z; =jX; and Z; = jX; are two of the match capacitors, and 73 =
Rs + jX3, where Rg is the real part of the series equivalent plasma load impedance.
Because we are interested in high-frequency instabilities, Z| can be considered to be
fixed at its tune point. Differentiating gives Equation C2:

dz A i*X;

00212 M =7 (Z,+Z,)" —Z(Z,+Z,)"]= =
1002121 | Al ) B G ) G T T R+ i, + KT
dZ, _dZ,
[00213] i, = because Zs is the only part of Z; that varies on the time
N
scales of interest.
[00214] " The conditions for Zy to be equal to Ry and for Xy to be equal to 0
are:
XIR
X,=-X,+ [=25-R]
R
[00215] M Equation C3
2
X, =-X,* X3 Ry - R},
R
S
[00216] Substituting the above value of X3 into equation C2 gives the

derivative of the match input impedance with respect to the series equivalent plasma

load impedance when Zy = Ry and Xy = 0:
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| oad i npedance when ZM = RM and XM = 0: 370 [00217]
dZM = - X 2 [x214 1 dZs Rs 2jRs XRRS Rs -R -X2 z
2Rsz. -XzRs 2jRs Rs V2 VRM RMz -x2 12R s -XzRs +
2jRs XzRs Rs | RM R~,, [00218] ( XZRz rX2 Rs
EquatlonC4 (2R5 z sl +4Rs zz- RMJ | RMs z z
-Xst+2|Rst RstRsIRMRMsz

0621

[ 7]2RM+dg RXz-l RS Xz 0021] dzM 2

4R 4 4R z, ~ XR2- RS Rs XZ
RVRs R2 [00220] 3 uzﬁM on C5 221] dZM RM

Equation C6 dZs Rs [00222] This is the sams result as
for the L-match, equa’cX@n B5. Again, the sane

magni fi cafion f r that @ M chi ng netvvork appl i es
on the real2piar b S+ D@R Rppedance, Rs, also

magni fi es the i mPedance derfvatives by the same | M|

one can either reduc)? II?M or in
X(2R2 Z2 S5 F2jRg / RS]
RM

Ry
00218 - 20 2 - N
[ : 2R§—£2_R_3 +4R§ Xst_R§ quation
Ry R,

_p2 2 X2
:.-_5_(21{2 XRRS¢2jRS -}z—RS——Rg]

M M

4 p2 2 2
22y Ry R X; |
XZ RS XZ RMRS

4z, [ _ 4Rl 4Ry R, R, 4R;;[ Xx? _1]

[00219] =
lazg|  x; X; Ry R X, \R,Rg

R2
[00220] =2 Equation C5

R

S
[00221] Zy|_ R Equation C6
dZs| R

[00222] This is the same result as for the L-match, equation BS. Again, the

same magnification factor that the matching network applies on the real part of the

plasma impedance, Rs, also magnifies the impedance derivatives by the same

magnification factor. Again, to reduce |—, one can either reduce Ry or increases

s
Rs.

[00223] It should be noted that the same result is also obtained for the IT-match
network. For brevity’s sake, the arithmetic is not repeated here.

[00224] Thus, while this invention has been described in terms of several
preferred embodiments, there are alterations, permutations, and equivalents which fall
within the scope of this invention. For example, although the impedance elements in

the match networks are shown to be capacitors, it should be understood that such
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magni fication factor. Again, to reduce 1-~Z-S R5.
[00223] It should be noted that the sanme result is

al so obtained for the Il-match network. For brevity's
sake, the arithnetic is not repeated here. [00224]

i@e@v@%gnt%%? éllspi)g n}@iﬁ%ﬂ tgf(;"ir(:“x 4 r% (énaa/rgg Q colbih§dFot
it ©FPHrldRABaciBe (BT AkéPHR vﬁﬁgle? QAb W FhEhur %xMﬁfiﬂ@ D éephiate

wi thin the scope of this invention. For exa
teahtdatmg bapabigor G éniah e that shoevit in Fige 9) ey neabe rﬁqﬁmsd\/gn R
ho t 0. be capacitors, it should be understood
}f rg IRuEiosS| npedance el ements may al so be

ment egls by dnBEidF LS8N 8higtPthe QSR PRl Has been

|nd ctors and capacitor (both fixed and vari abl e).
diacdssed d3ethe B abquirede i the paeraplary RE poweatysten, @tesba'ddtb@r

T e A A o T e i
s@ﬁmlb?as flctBa ﬁ&hﬁg]@(ft{oqig 110135 ¢ a%ﬁfvre upRa ﬂ?ﬁ:ﬁﬁ srs_gstem.

|scusse as t ectr n the exenplary R
Furdweinosy sdmétormporensuhay eeoptiondiearsitasivet optianal tahé/or

i nvention al so applies when the e%ectrode h rlnar|g¥
casypatiqnal WPO®HEW%§%%H%§ fromythe figyeeso A sdhe £PBRNEBt

shogvnaln%?c%?ecal bi %ﬁglllt%n%ﬁ up 'bagg Qgﬁg?@g%éﬁ%? 3 shoﬁfdrﬂenﬁl'a%fo%d

ot’her opti onal

thaﬂﬂéw conﬁﬂﬁ&‘xﬁﬁl hia@li\ﬂlsorﬁe opesnbe physimily benmecictls sdl if rother cases,
the figures. As the conponents are shown, |nd|cat%%
may simhy PoHethie same et eakiip e one GEMQET COMRONSRIS JLHO

begﬁ,ger{st ood that these conponents nmay in sone cases be
S|cally connected, and in other cases, my sinply

[Ob226]n t hergaEem6te! aleiughalidexewipldty RIFpdver ARRgements
conponent s dlsposed in between. [00226] Furthernore,

dlsmsmmm pes discdonsrl 40 havmrandbieransmissipr e fach RF transmission
lnije 1§§§ ugiy fequgcﬁ o Lﬁrﬁ&fﬁg%ﬁg gwgﬁ’u(;}@%r %Qiuﬁle some mtegrated

ransm SssSi on

REB§QEMrﬁingeﬁ1§&tbl a9Got ReqUiRhé G&: 1@ RINytamsmisyion Emer to couple
exanpl e, some int egFat ed RF power arrangements may
the matqheregmteoMe thes @pn%rntORFIQSFeaMh@Ss;gnf@ararqdr%F pawer

cou K t 0:d h n
arfebRnshis R TR I RE HO genb B B | AR Rl e petwork
andliih §&hé ¥aseQUR¢ Matdithgietwemaliftcly cotticpiel té thetReload (such as
mat ching network, and in some cases, the matching

they B wantdana or BEtellq@trgd@n elerespective mthm:thedﬁatrwguwl%cable is
pr%s%gt, g@ I{aqugﬁgmaaéig}t&ﬁglclglgxgt%%eggrle or plorv&e?% enua orfo \r/gauce ik load
impedance with respect to power and to achieve improved plasma stability would still
apply. Additionally, it is also possible to employ the present invention to
communicate the plama stability requirement to the manufacturer of such integrated
RF power arrangements and to furnish the manufacturer with an efficient way to
determine whether a particular RF generator and/or matching network would satisfy
the requirement with respect to plasma stability.

[00227] It should also be noted that there are many alternative ways of
implementing the methods and apparatuses of the present invention. It is therefore

intended that the following appended claims be interpreted as including all such
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present, the use of the additional resistance and/or
power attenuator to reduce the |load inpedance wth
respect to power and to achi eve inproved plasm
stability would still apply. Additionally, it is also

ossible to | oy .t he Nt N t] .

SRR Borbefis s T RRRER sl PR e firicong sgope of the
pfR&itiRchiber of such integrated RF power arrangenents
and to furnish the manufacturer with an efficient way
to determne whether a particular RF generator and/or

mat chi ng network woul d satisfy the requirenent with
respect to plasma stability. [00227] It should al so be
noted that there are many alternative ways of

i mpl ementing the nmet hods and apparatuses of the
present invention. It is therefore intended that the
foll owi ng appended clains be interpreted as including
all such 390 alterations, pernutations, and

equi valents as fall within the true spirit and scope
of the present invention. 400 CLAIMS Wat is clained
is: 1. A nethod of manufacturing a given radio
frequency (RF) generator configured for wuse to at

| east generate a plasma in a plasma processing system
the method conprising: receiving a plurality of data
points, said plurality of data points representing a
first set of values of Pc pT for a set of stable

pl asmas of interest and a given RF ¢ cable length
associated with said plasna processing system a term
PGin said first set of values of Pc aZT representing
out put power of a first RF generator, a termazT in
aPG aPG said first set of values of PG P
representing derivative of a |load i npedance with ¢
respect to said output power of said first RF
generator; obtaining a second set of values of PG azT
sai d second set of values of aPG Pc zT representing
val ues of PG aZT in a stable operating region of said
gi ven RF
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aPG OPG generator, a termPG in said second set of

values of PG a TT representing output G power of said

given RF generator, a termZT in said second set of

val ues of PG aZT aPG aPc representing derivative of a
cﬂﬂﬁ% i npedance with respect to said output power of

sal gi ven RF generator; changi ng desi gn paraneters

r. k jven RF generator to cause said second set
Vﬂﬁilgéﬁggg9§f PG ZT to substantially enconpass said

1.7A fstho8 @F nRhuftatudiag aQfivd radid frequéncydRE) dasirgod sopfigmad for
manuf acturi ng said given RF generator using said

usg éa igeast penezate & Plasmadn a plasnpEoGeEIRg éVS&ﬁm,dg%lmﬁ{th
further conprising: plotting said first set of val ues

COBIPTBE'CAPT on a pl ot wherein real parts of said c
firsbcs@he afpluality@F dafa pomtalishidpleralitydfidach pointerepreddmting a
of said pFot and i magi nary parts of aPo said first

set o al u ofZPc. pT ar l.otted on.a, y-axi s of sai
firdi 5t St vaf es T P renionst B SRTE Pl RS RE Pt EAT e B
set of values of °Pc a pT represents a first ¢ set of
cagl%q.%gﬂ? ts¥ahid8 Svitfsaid PashB ploReeksiy GhtehnTh lerth ) @i i Afsset
set of measured values is obtained by varying said
out put power of said first RF generator while tuninggz, .
of shkweof &, val-uspreasryingi catiad powet of afinshRE igergyatos iemk ‘agf‘ n
sai d pl asffaé processi ng systemis held fixed. 5. The ™ ¢
met hod of claiml erein said plasma processing
sarfsEI%t HEPNGSVTLE, ré gééﬁﬁh%&ér}’vaﬁ%l f £thaglidpedance with
processi ng systemdl. The nmethod of claiml erein
said plasma processing systemrepresents an
respagicto isaidwaippt powpl efcsasl ASHRE gertatosi ng syst em

oZ .
obtaining a second set of values of P # , said second set of values of
G

Z; . . . S
E; OZ; representing values of P, 9y in a stable operating region of said given RF
G G

Z;

generator, a term P, in said second set of values of P, representing output

G

oz,

Sy 0Z, . .
power of said given RF generator, a term —Z in said second set of values of Py
G G

representing derivative of a load impedance with respect to said output power of said

given RF generator;
changing design parameters for said given RF generator to cause said second

oz
set of values of F; %z; to substantially encompass said first set of values of F; 6PT ;

G G

and

designing and manufacturing said given RF generator using said design

parameters.
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7. The method of claim2 further conprising: plotting
sai d second set of values of P. apT on said plot
wherein real parts of ¢ said second set of val ues of
Pc ~PT are plotted on said x-axis of said plot and c
I magi nary parts of said second set of values of Pc PT
are plotted on said y-axis of ¢ said plot. 420 8.
The nethod of claim4 wherein said first set of val ues
of PG pT is obtained by c¢ neasuring input inpedance
2 Vidleusstha@idiaihe] dather compuiginggower of said first RF
generator is varied, therebyiigﬁaining val ues fora
and f.Qrm i I r i
2o DOERE BRGNS T . SRS an U R ofaid
transform ng said values for ZMto values UPc for
aPT is perfornegzusi ng an_equati on d = (.+ tan 20
Figet o ilnes & & 757 B9 WoUGh RS & oyt Sa RISl FRmPERGR oK of
of dzZM (I + jtan® 2 the transmission line, and said X
Is the wavel ength the RF signal in said
sald ARG56t 9 valued dMB, —L0 . ard plettadhay-axis af saidpldt. wher ei n
sai d second set of %alues of P. aZ' is considered c
to substantially enconpass said first set of val ues of
PG aPT when a first region on ¢ said plot that
contain plotted values of said second set gof val ues of

3.AGeadethodof claim | wherein said first set of values of F; aPT represents a first
G

set of measured values.

4. The method of claim 1 wherein said set of measured values is obtained by varying
said output power of said first RF generator while tuning elements values associated

with a matching network of said plasma processing system is held fixed.

5. The method of claim 1 wherein said plasma processing system represents an

inductively coupled plasma processing system.

6. The method of claim 1 wherein said plasma processing system represents an

capacitively coupled plasma processing system.

7. The method of claim 2 further comprising;:

oz . .
plotting said second set of values of F; —aFT— on said plot wherein real parts of
G

said second set of values of F; gir are plotted on said x-axis of said plot and
G

oz . .
imaginary parts of said second set of values of F; 6PT are plotted on said y-axis of
G

said plot.
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substantially enconpasses a second regi on on said plot
that contain plotted values of said first set of
val ues of P. &PT G 430 11. A nethod of obtaining
stabl e pl asma when using a given RF generator to
process a substrate in a plasma processi chanber of
| ' i hieedf Pc isobtiked b
8'3%}%&?%?.&%8{29‘3’??)ﬁ?fﬁ%?%ﬁ%g%ﬁms us?r@ij’ca first Rl%]
generator different from said given RF generator,
msasueing linpua irpadanée vites Zpivhile saié prputpewerplsaiflifirsitRIS et
of values of Pc azT for a set of, stable plasnmas of
gén%liaﬁéﬁ§ a2 t&réﬂ%rdﬁaiﬁﬁg GaRke fdrefyl An@ 6a@Fbaiifg saill values for
wth said first RF generator in 88jd plasma processing
system a termPGin said first set of values of PG a
0@l representioZdg out put power of said first RF
et ‘é‘“tlB?S,ng\g]%rm c aZT in said first set of values
of PG aZT repr@senting derivative of a |oad i npedance
(LPG aPG with respect to said output power of said
first RF generator; obtaining a second set of val ues

=] i d. al @3
9?1&-6::;8%18?%[ p%ﬁgﬁg \i e?egr? saryi ?rt oxl-r%%% 9%1? gg(ugs gopre—é——@?tﬁ-g(/alues

region of said given RF aPG aPG generator, a term PG
i rpsai d second set of values of PG PT representing

foo is f@rfoowmed usifig smpqiagionen RF generator, a term azT
i iPfsai d second set of values of P. 8ZT aPG aPG
representing derivative of a |oad i npedance with

respe tolsai d, qut put power of said given RF
genedror . U tahdgieingid @b ayi NGail IRFeprésents Mhesishgh of
l'i neddtf, a (begea®)RF cable | ength, RF signals from
said given RF generator when said given RF generator
the srapsmissipe tineviand saidali is thd wevalengtive @QingSlgwgﬂlémld sai d
secqond RE cable I ength being selected such that said
ANSERIRPISEC. of val ues of PG ZT substantially
enconpasses said first set of val ues

z . . .
L is considered

10. The method of claim 7 wherein said second set of values of F;
G

oz .
to substantially encompass said first set of values of F; Eol when a first region on
G

Z

said plot that contain plotted values of said second set of values of F;
G

substantially encompasses a second region on said plot that contain plotted values of
oz,

G

said first set of values of F;
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c O Pc aPT G 44 12. The nmethod of claim 11 further
conprising: plotting said first set of values of PG a
pr on a plot wherein real parts of said Gfirst set of
val ues of PG azT are plotted on a x-axis of said plot
and imaginary parts of ¢ said first set of values of
PG PZ-' are plotted on a y-axis of said plot. «c¢ 13.
11TREnBRLE BF oBhifA PRI hladAGRHeR uSiiaG %ii_/érﬁRF $eferfbr to process
val ues of PG azT represents a OPC irst set of
a sobasate éda plkme proctssingl¢hamber hbalplasme prdcassing sybleme the method
sai d.set of neasured values is obtained by varying
CHBREIBut put power of said first RF generator while
t uni : I i i i
et v o B B ol gt from
sald xi®eh RF kbnerdtog saiet plodlityf ofclatd poidfs represceting & firs sgslof yalues
processi ng systemrepresents an inductively coupl ed

ofeﬁ% B e geg %g thgle BTt iferestifd T8iHALE %bl@ieﬁétﬂ‘al%ciated

pEi N sal processing systemrepresents an
capacitively coupl ed plasnma processing system 17. The
wile k410 dir® R Cgeneritokdn balt iphemaqooqessisg systennlaoketn iy isadid first
seand set g; val ues of PG azT on said plot wherein
rea arts ogz. ¢ said second set qf .yvalu f P
seaia%vaéq?e@to@f it T SETEPCRUBE PP PO &? lg?lf%ﬁ’ff %ﬂera%f? aterm
i magi nary parts of said second set of values of PG a
Q@E are plotted on said yyaxis of ¢ said plot. 45 18.
€éin IBit Hiest sef ofolahiegiof £, adpneseating ddrivativsefia lokd impedance
ofal ues of Pc APT is obt dfhed by

with respect to said output power of said first RF generator;

- oz .
obtaining a second set of values of F; ——a?r— , said second set of values of
G

oz . oz, . . . iy .
P, —L representing values of Py L in a stable operating region of said given RF
G G

. oz .
generator, a term P, in said second set of values of F; 5—1{— representing output
G

oz,

iy 0Z, . .
power of said given RF generator, a term —_ in said second set of values of F;
G G

representing derivative of a load impedance with respect to said output power of said
given RF generator; and

conducting, employing a RF transmission line of a second RF cable length, RF
signals from said given RF generator when said given RF generator is employed with

said plasma processing system, said second RF cable length being selected such that

. oZ . .
said second set of values of P, —Z substantially encompasses said first set of values
G

of P, 4, .
oP,
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c measuring input inpedance values ZM while said
out put power of said first RF generator is varied,
t hereby obtai ni ng values for gip"' and transform ng
said values for ¢ azZMto values for aZ aPc aPc 19.
The nmet hod of claim 14 wherein said transform ng said
values fora® "' to values c¢ for azT is perforned
u fAsinstt an20) 'where said 0 =
12 ihfg’gf%d?ﬁ%*lﬁr‘rf@ﬁ?%%éﬁ Bkt Mongth of - dzv (1 + ;
tan the transm ss I n&Z,and s k i.s the .
wav g1l @HBg it firstiset girvalijes, HgIPG i3p 5% A pﬁ)(t PIRESR 5e§r%WS of said
line. 20. The nethod of claim i? wherei n said second
set of values of,P. a pT is ¢ considered to
firstudesd Bvahie ol Y enco apeqsstteinh kiakstof said phét and limagingy pRxs of
a pr when a fir@% ¢ region on said plot that contain
pl otted val ues of said second set of values of Pc ~PT

on said
Saﬁlfﬁ?p%kw cont a|}ge ott Sée(fmgg?%?gifglglgw?trst set of
vaI ues of Pc PT c Zf60

Z
13. The method of claim 11 wherein said first set of values of F; Z—Pl represents a
G

first set of measured values.

14. The method of claim 11 wherein said set of measured values is obtained by
varying said output power of said first RF generator while tuning elements values

associated with a matching network of said plasma processing system is held fixed.

15. The method of claim 11 wherein said plasma processing system represents an

inductively coupled plasma processing system.

16. The method of claim 11 wherein said plasma processing system represents an

capacitively coupled plasma processing system.

17. The method of claim 12 further comprising:

G

said second set of values of P, % are plotted on said x-axis of said plot and
G

axis of

G

said plot.
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18. The method of claim 14 wherein said first set of values of F; _a;r_ is obtained by
G

measuring input impedance values Zy while said output power of said first RF

. . . . oz . .
generator is varied, thereby obtaining values for 5 M_and transforming said values for
G

to values for 0Ly X

G G

%

0.
Zu to values

19. The method of claim 14 wherein said transforming said values for
G

oz, . . .
for —L is performed using an equation
G

dZ, (1+tan” 8)

7 (U1 tn0)’ , where said @ = 2zL/ A, said L represents the length of
M + jtan

the transmission line, and said A is the wavelength of the RF signal in said

transmission line.

20. The method of claim 17 wherein said second set of values of F; Z—}Z} is
G

. : . 0z
considered to substantially encompass said first set of values of 7; agr— when a first
G

Zy

region on said plot that contain plotted values of said second set of values of F;
G

substantially encompasses a second region on said plot that contain plotted values of

Zy

said first set of values of F;
G
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