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[0004] The plasma can be generated and/or sustained using a variety of 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 include an RF generator 110 and an RF match network 112 as shown. RF generator
110 may operate at a frequency of, for example, 4AMHz. Generally speaking, the RF signals

from the RF generators may be sinusoidal, pulsed, or non-sinusoidal. Dielectric window 106 is
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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 over as wide a process window as
possible. In this regard, the stability of the RF power delivery to the plasma load is a
particularly important issue. For a given process recipe, it is crucial that the RF power

delivery remain stable throughout the process to obtain a reliable process result.
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generator through the first RF transm ssion
transmission line having a characteristic impedance. There is additionally included a matching
network having an input impedance substantially equal to the characteristic impedance of the
first RF transmission line, the matching network being configured to receive the RF current
from the RF generator through the first RF transmission line. There is further included an RF
power attenuator coupled in a current path between the RF generator and the matching

network.

[0012] In 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
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characteristic impedance. The ethod additionally includes providing a matching network
having an input impedance substantially equal to the characteristic impedance of the RF
transmission line, the matching network being configured to receive the RF current from the
RF generator through the RF transmission 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 50Q, the

RF generator being configured to deliver RF power into a load having the given value.
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[0021] Fig. 4B shows the observed optical emission of the plasma when source RF

delivered power becomes unstable.

[0022] The relationship between the matching network input impedance Zy, the load

impedance Zr, and the generator output power Pg is symbolically illustrated in Fig. 5.

[0023] The interdependence of Zy on Pg and of Pg on Zy 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 Zoyr and load impedance Zyoap in the case wherein changes in the generator load

impedance occurs at time scales faster than the generator feedback control bandwidth.



refer to simlar elenments and in which: [0017] To
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[0031] Tg further illustrate the non-obviousness of the invention, Fig. 12 illustrates an
implementation that merely dissipates power in the additional resistor without conferring the

benefit of improving RF power delivery stability.

[0032] Figs. 13A and 13B show the effects that reducing the impedance derivative has
on RF power delivery stability.

[0033] Fig. 14 shows the constituent impedances of an L-match network to facilitate

A
the calculation of —+-.

N

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

calculation of Zu .

N
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derivatives and to inprove plasnma stability. [0028]
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Fig. 17D shows, for an exemplary RF generator, values of generator output power times

plasma impedance derivative that are stable but can become unstable for a change in phase of

p o
oF;

[0039] Fig. 17E shows, for an exemplary RF generator, the plot of the region wherein

oz
P, 9z, results in unstable operation, , regardless of the phase of F; E;T— :
G G

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0040] The present invention will now be described in detail with reference to a few
preferred embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in the art,

that the present invention may be practiced without some or all of these specific details. In
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y-axis. dPG [0037] Fig. 17B shows, for an exenplary RF
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[004Bf OCESSIpStigPS tREADhoS il Aokt RT Have shsttmtdo2rvoupled to a controlling
described I'n detail in order to not unnecessari/l

complisfient heopree Fdnantenmaeiiti Gientrpltiog epmpprtes?erbls gt of the
e R 0 B 7 B T RS 9 4R R LA om a sure

RF g%ﬁ@r'éfor 010 R ROWLEoustARF lgbhetatof 1Y drfindpeddr @ nictang network 214.
exenplary RF power delivery arrangenent may be useful.

Sens6t 908 Rclusle serisbmclor tioaijoring partmeiersahatngtleh dhovearfosmance of source
RF B P42 O ameEE ST i (6 SPRDAAIC G DO 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 employed by controlling computer 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 monitoring parameters that reflect the
performance of impedance matching network 214. 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 210.

During operation, source RF generator generates RF power, which is delivered to source RF



delivering RF power to the plasma in an exenplary
i nductively coupl ed plasnma processi ng chanber. It
wab@alogh7ke kept in mnd that although an i nduce¢Tmek3005/037125
coupl ed plasma processing systemis arbitrarily chosen
to facilitate discussion, the invention applies
antenggy 386 via agenrceRd wansadssion/ ine 2 16 IBRedAnge MRtGh iRl wpk2 14 as
sho systens as well as to other plasna processing systemns
“Phat generate and/or sustain their plasmas using other
met hods. [0042] In Fig. 2, there is shown a source RF
[004QQ0over DiFien, 22 s alplshowha bias®RINpswdrl systgm@potipled 20 ontrolling
and a source RF antenna 206. Controlling conputer 204

compiuter 20 ard a bias ffecledogb R COREPIHNS CoBPUERAI4 RSHATEy gn analogous
f eedback f .
e (EHIE o O0LE5250" T oD Ao T i e

contréNdop MRESAPLSs FrrBAVLITEL A €&1b0Fsl028 kld 2S@ B8 or 201 d Bied RE@enerator
sensors for nonitoring paraneters that reflect the

232 tp epiiten] fiasdRE gAnerer25e 9Re igpadange Bratchie, nefwek 234. Sensors 228 and

ameters such as the nmagnitude. and/ .1
230 fRo RGeS BT kOO RN T AP EHeB JRNART 2T i i ource RE
powe? Qe 268 Dﬁﬂﬁ%@:ﬁé}ﬁﬁ&@ bIRRF FREHRCS2 HBh&hich B FRIWR, Khich is
the reflected power from the inpedance matching
delivered iwbies RE dldvtrodo 22 viarpigreRE tratswnissiom ing B26 didispedgnce
e neasu%gg Qy sensor 208. The informati on obtai ned by
matcligg aghw e yed by controlling conputer 204 and
source RF generator 212 to adjust the RF power
[004siel i veryiof 1 epvianE sQurbFRE POSeAsyRIen?A®2 GHUiEWin greater detail,
processi ng. [0043] Sensor 210 include sensors for
includingilsteling forparianetlestsical ipatameddrs ecvarione ppiatsiio thesystenof In Fig. 2,

g dance t chj ng, network.. 214. Thus, rameters such
the iR EHE s e aaev s BPTBACE 57 B NP URRDg Aotk t
faciliVd RARsiohn et SR uNEbEnEEd RRWR el fHaMHE M8yeabA §Ro BPplies with other
generator to the i1 npedance nmatching network, the

matchief lnettek tyges,povless E+typa driié-typepeaelnog nemstocks. ng net wor k
to the source RF generator, and the |i ke nmay be
neasured by sensor 210. During operation, source RF
generator generates RF power, which is delivered to
[0046jour ce Wrhntfrenae 20Bigy B aharesoshona RHatmalsiings plasmbiimpedance

216 and i npedance mat chi ng network 214 as shown.
Zp, representing the complex impedance of the plasma.

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

respectively, j = V=1, and © = 2xf (fis the RF frequency, in Hz).

[0048] For this example of an inductive plasma source, the plasma can be modeled as
the secondary loop of a transformer for which the RF antenna is the primary loop. In this
model, the plasma impedance Zp is transformed into an effective impedance Zs in seties with

the antenna.

[0049] Zs = Rg + jXs, with Rg and X (reactance) given by:



[0044] In Fig. 2, there is also shown a bias RF power
system 222 coupled to controlling conputer 204 and a
whr@s/0RF2el ect rode 226. Control | i ng conput er 2P@T/US2005/037125
perfornms an anal ogous role in bias RF power system
222. That is, controlling computer 204 s a part of
t he feedback_ cofitotl/*Reop that e L_ysw%@%@b ck from
[00504 cnsors 228 %nd 230, gngl or from<asbilag? Rpgérjer at or
232 to control iés‘%F”enerator 232" dnd inﬁ dance
mat chi ng network 234. Sensors 228 and 230 perform
wherd M tiORSANAHASAMS YetivdeRasducRRE f QuABU, DY sensors 208
and 210 1n the source RF power system 202. Duri ng
operation, bias RF generator 232 generates RF power,
[0051phi ch i(Bhidelkiivationctan be Hound, R expmpler inablbon §.aging “Ybgeryations Of
RF ansni sSi l.i ne. 236 I npedanc [ P T
Standipr Warwe O AraLourm o) MelBes 2R VROl o hgppisson Line” 1
Vac. S bl 213t 8614Q89Pf irfcbsporated RerGih@ireferedetyai | ,
including l'abeling fdor various electrical paraneters
at various points in the system In Fig. 2, the
[0052] npedarferceR i hitagnaieduataiceLa. @R bearies) isiajtridnisblero thy yource RF
a Tgéépﬁgqﬁtching network to facilitate discussion. It
anteng 4 “frot ed, however, that the invention also
applies with other matching network types, such as
005j|j' type of —Flr; Li¥ B NBEGRE RehcRAENGA KBms,[HWSIouWd RE antenna.
[ i
eference to Fig. 3, there is shown a plasma having a

pl asma i npedance Zp, representing the conplex
[0054]mpedariagedincehentching n@t_woflol)]lzmqf Ep 2% vmgclg-lsjavh;pfar\pb(ép]@cted asaT-
e ety n b 0SS o A vcmpiry

f.requency, ~i n a &0 ' Xamgl e tchi
coRREr 55 e MR Y ot BB Ea Sl o macting
netwbit8s SRFIERIAN ty R8P RbrstlthbAgSThAR¢TBYs ok @lcoidBirflioh BEcdpacitors and

antenna 1s the primary loop. In this nodel, the plasma
indudtoREEBANGEI EDemployedns frehiigdingrbpacttor €f iseadsd shewn in series with the

i npedance Zs in series with the antenna. [0049] Zs =
sourdesRF-aikXma indlediarRs Land Xs (reactance) given by:where M

is the nutual inductance between inductors LA and Lp.

-1 -1

[0055] X, = —C——; X, = ZJF; X, = a:é are the capacitive reactances, in ohms,
@ b

a

(4

of capacitors C,, Cp and Ce.

[0056] X, = -1 is the capacitive reactance, in ohms, of terminating capacitor Cqy.
d

[0057] Zw is the input impedance of the impedance matching network, including the

effective series piasma impedance Zs, the source RF antenna inductance La, the impedances of
the matching network components C,, Cp, and Ce, and the impedance of any terminating

capacitance Cy.

[0058] Zv =Ry + 1 Xwm
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[0051] (This derivation can be found, for exanple, in
Al bert Lamm "Qbservations O Standi ng Waves On An
WO pabaos4722 Pl asma Cel | Model ed As A Uniform  PCT/US2005/037125

Transm ssion Line,” J. Vac. Sci. Technol. Al5, 2615
(1997), incorporgted herein by reference). [0052]

(0059 ource RF ant enBiaRinductance LA (in henries) is
ttri butwabt ﬁzt_*_q‘)(t h_f_sﬁsyurce RF antenna 206 of Fig. 2.
[ 0053] XA GFA thé”i nductive reactance, in ohns, of
the source RF antenna. [0054] | npedance matching

network 214 pfpFl g 2(xWhixh is arbitrarily sel ected
[00603s a Tt)}(p,&&%%@iﬂﬁ g. 3 for discussion
pur poses, is r@p it €d by three exenplary

capacitors: Ca, Cb, Cc, of which Ca and Cc may be
tunable. In_Fi t edance matching network is

. 3 he i
[0061]npl enéﬁ]@eé@%yfg}étabgéﬁti‘régglthough i nductors or a

conFinagion of capacitors and inductors may well be

enpl oyed. A term nati capaci t or N | h '

100630t | o8 SRCAIEHeLB <R TR CRpiR P PSR AR gH Gy and C.
-1 0 = 3 b_= = RN o . .

e BRI sl = s e Nuhf FATPRE it rgtance of

the sé\ide RE trah@af6ionXind. = is the capacitive reactance, in

ohms, of terminating wCd capacitor Cd [0057] ZMs the
i nput i npedance of the inpedance natchi

[0063Inc| udi Reg npet iaredandeZa efdhs g@f&?ﬁ%é“ﬁﬂ%‘&&’g M%L%Efamfomed by
t he rce RF. [ [ d f
the syige REeRFm ioB S R B RAPE Fobe mppen bPECanTRG ©
g(hcl\e/l [ rr?edagcg of any term nating capacitance Cd.[0060]
+ ( t Z [ D0R{anyhEre) X3 = Xc + Xs + XA+, X
[006§D062] Ka ?1%6 P et ;L)f t he in’pedancgqﬁﬂfoé‘ﬂ]i ng

net wor k, capact ftofer g)
[0065] where Ry is the characteristic resistance of the RF transmission line, L is the

length of the RF cable, and X is the wavelength of the RF wave in the transmission line
(assuming lossless cable). (See, for example, Electronics Engineers’ Handbook, Third Edition,

D. Fink and D. Christiansen, editors, McGraw-Hill, NY, 1989, page 9-3)
[0066] In normal, tuned operation, Zy = Ry and Zr = Ry,

[0067] PG represents the generator output power in watts, whereas Pp represents the
power actually delivered to the plasma. Pg is equal to the sum of Pp plus any power reflected

back to the generator or dissipated in the matching circuit elements.

[0068] 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
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are general ly adjusted so that XM 0 and RM RQ where
RO is the characteristic resistance of the source RF
Wo e@as#d7esi on |ine. [0063] The input inpedanceP@Mos200$1e37125
mpedancF:; mat chi ng network is transformed by the
source transm ssion line into tran
longeZ Talie vad theyreflagted RF Rewenfps mggpured &/: frPg@S@Ef o}prkgt%g]isl\é?sl 208 of Fig. 2)
becoE&ﬁtlon 1 [0065] where RO is the characteristic B
eS8 ance of the RF transmission line, L is the
|l ength of the RF cable, and | is the wavel ength of the
[0069?': Wwav &Fi%.mﬂ R visitBe shietdwptitil Rei¢skasafithaplabms sthes source RF
able). (See, for exanple, Electronic

Engi '
delivétad ghweihecTnes unstatile.i Hf carbe seppidhe pirpa .al’gl%rﬂ%g? irez}ﬁésé'ﬁ\t} intensity

edi tars, aw- Hi.ll . NY . - . .
oG8 SHR b b g $R88n 250, i GOAGBhgios. 4
can b'é%gél‘%ﬁﬁféﬁ%yttﬁ&e GRITRA & the ot bydhtflyewEbn severely tisgrades the process

whereas Pp'represents the power actually delivered to
result 4vel rekdstodbe rédified. equal to the sum of Pp plus any

p(ﬁvver :ef! ected back to the generator or dissipated in

e matchi n i.f cyit el enents, . ti :
0070, MRS G NG BRI RIePBLREA by g ot
diffe}yngﬁr YehdRBF raiimikAomEdble }éhF‘tﬂ Rnbatatishaaittirsyabps RE @swer delivery
result. Fig. 4Ais an exe ary graph show ng a
is achievalebs thelthoseapersseresips. tvingechrRpcisHiargd anjeiemplary inductively

coung) a0t b ot s55LL 3L SO G B I5L L SRR S5 for any
RF pégfgpﬁ{étﬁisﬁgﬁgf\g VR Sakde §h CRWRSWRE clit@dctdtidiatidn tonalil eespect to

. _ w 370 watts, the source RF power
Figsdedid®Ered to the plasma is nolonger stable and the

refl ect egOgF power (as neasured by, for exanple,

se ' i
o075 hegeobbedan ShpRReT7s e ol PR g g s 2
whichlthéfds 8B P%‘ft!gle ?%%%f’d&ﬁz‘éf‘erd B VOB 4! EiteABh@hindSeB ATk lbansforms the

the oadband optical enission intensity
loadfilnpedanad Eginté thelryatching hetvvek fuppt innedancsvdangAe R cesilfi thg matching

25% durj ng the jnstabil i [
network input imp%dance Zyvisa nct&otny onEGr I')c?xgér d@ﬁvered to the plasma Pp, or

Zyn = Zn(Pr)
[0072] When the matching network is tuned, Zy is typically (50 + 0j) Q2.
[0073] RF generator systems typically contain an active feedback loop that maintains

the generator forward (i.e., output) power or delivered power (i.e., forward power minus
reflected 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.

[0074] However, the generator output power P does vary with changes in load

impedance Zr that occur on time scales comparable to or faster than the response time of the

12



can be appreciated by those skilled in the art, such
fluctuation severely degrades the process result and

woe@d®44702 be rectified. [0070] In the past, theCRES2005/037125
power delivery instability problemis addressed by

trying out different RF generator/transm ssion cab
feedbpelnejtduite Jritvis.far tlmﬁ§cale>ﬁ ¢qm@@f@é¢ t quagieniban Berespepse ffrge of the

feedb@%léggc\él?td];}{e%aérhﬁ) ox%rq% 158 € c?loff;tj)f gﬂgﬁl}é%upe%m%egﬁnce 7T, Or
RF power systemin electrlcal terns, the RF power
[ rp%tqapbdz;ﬁy probl em for any RF power system nmay now be
d| scussed in view of the char acterization done WI t h
espect to Figs. 2 and 3. 071 In gener al %
[0075]n'pedan%%lelm(U§§ egidieh tléfi,lop ém (6aﬁ é?%d?ykt e matc ing network)

v e e

that dcO@Cbnl dﬁi’l‘ﬁ@ 0@ sdet MHhd tHe"t@sme@hﬂnB of tetiwpedarica padiching network,
edance ZM AS a result, the matching network_ i nput
the ma%éWWOMBUtaWW@ &m oRo-2Ré thsoneiehine netyerls éFlﬁué impedance

2 BT BN YT Ol R, R B o e

generfor @&tpRE pbWEr mystens typically contain an active
f eedback | oop that maintains the generator forward

., output) power or delivered power (i.e., forward

[007éower rilenvever cdhapgaséel ﬂmmna igtpggance (Zsst,l&?@ccur on a time scale equal

-sel ect ed I d
o or B SR e Ui 00 FSPHER PR PRE PG Roand
the 1&9 Jélgédaﬁl'ce% SOPRALESh bOht POWECRIPQBRE td i 1&inat151>e or Zr = Zr(Pp). If
ack circuit, the generator forward (or del |vered)

the 1qdaimlsh1whehwear?@| andPernskenvn, dhen tho loa émpedanae fambedxpréseed as a
feedhack cjrcuit. [0074] However, the generator output
func oS8 %Wﬁ/ary wi th changes in | oad i npedance ZT
that occur on tinme scales conparable to or faster than
the pespanpg time of thefeedback circuit. Thus, for
time scales conparable to or faster than the response
tinme of the feedback circuit, the generator output
[007Hower Plhsretationstip betweot thetreatihing neteekl mpokinzedarge Zy, the load

impedance Zr, and the generator output power Pg is symbolically illustrated in Fig. 5.

[0078] It is believed that the RF power delivery instability depends on the loop gain of
the feedback loop between the generator load impedance Zr, and the generator output power
Ps. More specifically, the overall gain of the loop of interdependence of the load impedance
Zr and the generator output power Pg contributes substantially to the RF power delivery

instability.

[0079] For small changes in the load impedance Zr when the value of Zr is around the

value of Ry, the dependence of Zt on the generator output power P can be expressed as the

o .. O C
derivative —% , which is a complex number.
G |4r =1%o

13



PG = P ZT) [0075] As nentioned earlier, the |oad

i npedance ZL (as seen by the matchi ng network) depends
worookp4472he power delivered to the plasma. ForPCIERPET037125

in the plasma i npedance Zs that occur on a tinme scale

sl ower than the response tine of the inped

[0080mt ¢ hi Agherispemsionce oiifbe BeRcEHPTRIPRIERBICK b AP d° 10A% EasdaRce Zr can
ZM , d t.h [ . K i i
be exgtgerAb tRoHATE, Taaidrd- SRLE RS = sRREler TR honer

delivered to the plasma Pp or the generator output
ower RQ. . a bn . . .
0055 D3RR UENED P BB o APLPNARY shematcaly

Fig, 4, leRin Phavh teAEnuab@and € is aromplet hembepedheadency for the RF
mat chi ng network results in ZM Ro and the |oad

i npedance ZT is a function of th ivered .to
power Heliyerasistenpls beoﬁtatzifrowlﬁa(%ﬁ’péepeﬁs <?fl(%%‘ﬁf & VA¢ i"Bifsh P §s @ dot product.
between PG and Pp is known, then the |%ad i nmpedance
can be expressed as a function of PG as follows: Z =
ZT(PG [0077] The relationship between the rgtching

0087t Wor kp\jriHethodeR fhedbbd thhewheathe vaneddnree- ¥VF, an@duced,
[ @he generatorogutgﬁ?ﬁgomer PQ s synbglicallyﬂ% ¢ hee

illustrated in Fi?. 5. [0078] It is believed that_ the
the RRFpopewdelivkay to/te plasmettertsisito by mespunlle. Bnaccpulapesoity appaspect of
of the feedback |oop be% gen t he generator |oad
the pke@%?@%ﬁol The BchidiEin [hPlieved ‘bﬁ wchRRNBS thEChdpERto “waste” a
e

specifically, the overabF; gain of t | oop of
I nt er dependence of the | oad inpedance ZT and the

portigtﬁ oftha Rt genetapartougmpe Wi & drereliviraqeising gb éncagrse il Pyintagder to
.the RF power del

R R B AT B i
an intRa &Y BYRORT g@néﬁtloi" Suipht @Qwer@a%ogﬁﬂ&%@ﬁiéoﬁd&ﬁmgﬂiapéhahg@in

gener ator out put power can be expressed as the

derivative --t |, ich j ] .
VP.(Z,), whtlch may negate ‘Egg Ibgneﬁt%f ?ed%&ﬁgl% 'n fl1gn1§e fA and 7B show that this is

G

not the case.

[0083] When changes in the generator load impedance occurs at time scales faster than
the generator feedback control bandwidth, the RF generator may be modeled as an RF voltage

source with an output impedance Zoyr and load impedance Zi oap. This model is shown in

Fig. 7A.

[0084] For such a model, it is observed that there exist normalized power output
contours, which are determined by the generator characteristics and have a general shape
G(Zyoap), Which is independent of output power. 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 Z;0ap occur for time scales faster than the generator feedback circuit
response time. In Fig, 7B, the generator output impedance Zour is arbitrarily chosen to be (5 +

0j) Q, and the RF generator has a nominal output power of 100% into a 50 €2 load. The output
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dP,. Z =R(J 0080] The dependence of the generator
out put power PQon the | oad i npedance ZT can be
wezpopsser as the gradient VPG Zt ) , which i sPEl/E682085/037125
conpl ex nunber. [0081] The i nterdependence of ZT on PG
and of Pon ZT is illustrated schematically_in
powenhdR6%nin® a 40 & loedknd BoBdntoarff £2Toads Hleékyﬂﬁrhéucq% lgﬁlarér‘mf can

ressorgpmodt Btk G atcsppea nopeR LRy irghfiaty BEEbERypica
gener?ﬁtr S Qdf‘fntr ed[aﬁ&srghof MR ereall gart of ahypreﬁl@&eraeﬂ’s output

ent e value of -~ V is reduced, oPG the RF
impedmoets teeitalizeloy, bo teerdpt @fghefemrass imotsier mﬁ@nﬁqnab high level of

|
BTN
somek G W QY&Sndt RAdnd3aRP nﬁ& th¥BRLR podePEHid @R ek)I%t the RF
gener at or out put. po PQ, thereby requiring an

|ncrease in PGin order to mai ntain the same power
[0083]el i verleshoubd behnotptﬂ afsthes. polidg Weat £0r, changqssn Heddapadapce &LOAD that

OCCurgtgcer o gt(}ig tagréeé‘a’g)ré ?%F%E%c!tl{]qlfggﬁtr %?alﬁnéegtﬂ% gen%%d?&tfeedback

! Fafthére load
TR e LG TSPy MR Ut o

1mped@ﬁ:e dsz Q083] ocdheom altmrn glmsarm tinivescgleras tlzet ganeragerdfeedback circuit
I mpedance OoCcurs at_ti th
reSP@éﬁtémar the OPPEHBARR deBRRESAL tg%ﬁﬂ%fl gﬁﬁe f"ﬁg B ngﬁg»ragfig?e power

con I RS AR RL R e g elyan ol pu

is
shovvn in Fig. 7A. [0084] For such a nodel, it is
[0086bser Vel thhedse twierectexpst inrior load irzpsflapesniroan oegutfaster than the

Eenog il aeibesk GG RISh 6, He B RAPAeE CORIgS ABpot Ghps detormined by
the sge(c‘éﬁpp?}éﬁackeﬁgﬁ&(EMﬁwa@al géﬁepi‘ﬂ&s BRYMRAve & é&eraf %@E@ELOAD), which

power contours as a function

is indlpRaddnipesiapaeoileA\Rsfiming they fetdeatnatabutit g@wrarlall) GGRO) for load
when changes

impedance Ry, then the generator output power for any other load impedance Zj a4 is given by:

P6(Z1oad) = Pa(Ro) * G(Zoap), and VPg=PcVG

[0087] Under this assumption, the stability of the RF power delivery may be
determined by
aZT oz dP, 0Z
oVFP, =F, —LeVG= F; —L T oVG Equation 2
oP, % op, ¢ap, op, aueton

where the term VG depends on the generator characteristics and is generally independent of

oz
the generator output power Pg. The term a
P

depends on the characteristics of the plasma

(defined by gas composition, pressure, delivered power Py, etc.), the impedance matching

network, and the length of the RF transmission line. As an aside, it should be noted that the
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in the | oad i npedance ZLOAD occur for time scales
faster than the generator feedback circuit response
W0 2008/044722 Fi g. 7B, the generator output inpedaPCEUZIO0N037125
is arbitrarily chosen to be (5 + §) W and the RF
generator has a nom nal output power of 100%in%eo 50
lengtMf ha®RF msmassiqninscakéectsithe dipepsionniug ngt the MaePHY %\fﬁBe mmpedance
. 86% intq a 60 | oad. The hypot heti cal generator can
derivatiye ﬁ%\%@e‘}%’& “a typical RF generator although in
reality the imaginary part of a typical generator's
(008Ut PUt Tt {RALARNEEHAE 604 gidten RETgendrufor,plesntes ddefpmdtby ghs a
typi cal generator's output inpedance is typically |ow,

on the order of the few ohns, in order to ma.pt@n|a
compoRin) REQBITeo flelior Gl QYREFP: qifre rh?ab%vgqaw&ﬁ%eﬁ 8t B op. | 2o stable

i magi nary part will change the shape of the po r¢
contours, s t -;gx?mr B SR gh Dallies of
over § 1a%% l%r%%ﬁé’?rlr%l n oﬁ%%%ﬁgjt%s%lb 5 Ite;p%g d be not ed
Q?_L this point that for changes in | oad i npedance ZLOAD
at occur much slower than the generator feedback
OBilrcuit response time, the generator feedback circuit
tends to keep the output power approximately constant.
Further, for changes.in | I npedanc L t NPT
[008%ccur ohFoRbEETE %ng?lrég %“ﬁ??gd‘é@fﬂ% 1€1’§ %Fﬁ%"%g@ﬁaé‘?g{ pywer delivery
. Ko Ghd Ul bndy SRARPS el by 1dhbi@wl WhdRHAniBaYer
Stabl%@ggg%ﬁgﬁh%%ga&%’ai Igl%of e't t?g%f eedback circuit, and
the power contours may have nore conplicated shapes
than those showin Fig. 7B. [0086] In the case where
changes in the | oad inpedance ZLOAD occur fastedZthan
changing theiepedame masekiba ROk ELiedusedlp m%g@tﬁqer@i’ Fp |REYaluated at
power contours appear to be determ ned by the spéCific
_Gharacteristics of Jndividual r tor: and
Ze=onari mrasey o oY e ey R erator, an
out put power. Assunmi ng that the generator output power
is PERO for |oad inpedance R, then the genergﬁol
charQiiaRHE c@RWE: dutputatiradietisticslto aduberihedampniud oY Pk= };\VPG\.
gi ven %y: PoCZLoad) = PQRO * GZ LOA D), and VP ="p
VG [ 0087] Under this assunption, the stability of the
RF power delivery may be determ nej by Eq

Ps

o0z . .
[0090] In one embodiment, the value of P, —éP—T may be reduced by intentionally

G

introducing additional resistance in series with the input of the matching network and/or
coupled to one of the terminals of the impedance devices of the matching network such that the
current that flows into the input terminal also flows through the additional resistance (for

example in the cases shown in Figs. 8B and 8D, which are discussed later herein).

[0091] As the term is employed herein, the matching network has an input terminal and
an output terminal. The input terminal of the matching network 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).
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uation2 where the term VG depends on the generator
characteristics and is generally independent of the
wW@eoenat7or out put power PQ The term - - dependBCDNS1008037125
characteristics of the plasna oPp (defined by gas
conposi tion, pressure, delivered power Pp, etc.), the
[0092] npedaride mateking aicuibthaororprisayithe gaisting giakehaie nggworand the

transm.ssion.line.., As an asj ' . .
accicphESTET R BFed 18 AR FRLRE Gl iy Al pomm i
empl&yeltl YedréiaNthe RikktcHIRE cikdift RGN deetPtuaed biia tinPRB@NEEinput impedance

erivative (See Appendix A). [0088] It is observed
substaritiatly efeals thegheranteRptiqjomsaance of the Bl rassngiguen Hery iy these two

valuef RN s an (ARG Rkedird BB Rea e fidne
absolht%ﬂgéxlaét rﬁ&tcﬁ’ﬁgtﬁ ARSIV SEIpRBsibl e padashlar e pl asmas with

i gh val ues orf [0089] Fromthese observati ons and
deductions, it is believed that RF power deliver

[0093t abi | ifig. f4vistameexpmpbmpciredidliagrymiBustiaping e elmbOétr}ent- In Fig.
5. R R e S0 e 5P L o
of disbhiszidR0 assiieShat TR} RMEREMUEHDRE PRE ARG ot ﬁi@h—%@%er 25Q RF

exi strng or #uture RF generator; and changi ng the
resistgemesertowith i bf mashgtretweki8e2 atlows detuvedifibdématching circuit,

i tud f VG VP 0090Q] | di , .
whicly GRlided Rxri@ycneiae0i B Fri enl FORARISor Aidishies meiching
o] st . es Wit b, ! ;
o O TR S 2, ke
netwdiR802 Az, ef25herriiReld 2RS¥ VaRE 0P R\ BiEndMB b hdGrding to

network such that the'current that flows into the
input terminal also flows through the additi onal
equaties( 6 phApRendin £, teduersithe inppadprcedgeixativen ity belfys. 8B
and 8D, which are discussed |ater herei g?ﬁ [ 0091] As
the termis enployed herein, the matching network has
[0094ﬂ Nl npUItc cgnelgerréerf]:g ltha?ﬂlde matching network transforms Zg into Zyn = (25+0j) Q,

_250

S

ZMl

and in the process magnifies the impedance derivatives by the ratio . But since

S

Zye = 25 + Zyy (the 25Q part does not depend on the power delivered to the plasma Pp),

50Q |02
|aZM 2 | = |aZM 1‘ B0, IaZS I , which is only half as large as the value *—L of
|oP, | |oP,| Ry |0P, R, |oP,
the unmodified matching network.
[0095] The total loop gain, believed responsible for the instability, is given by
P, 0Z, eVG=P, dz, dz,, dP, 0Zy oV
oF; dz,, dzZg dF, OP,
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an output termnal. The input term nal of the matching
network represents the term nal disposed toward the RF
w@emenatez, while the output termnal of the ne€TB2995/037125
network represents the term nal disposed toward the
|l oad (e.g., the RF antenna).[0092] The matching iz
ircuit t rd . £%k g b ' K T
10098} Y " EERRIOF BRick I, YL B PR (REEE B GRMRLFO, 0 has
m stuned, for this enbodinent. As the termis enpl oyed
t herei n,gazhe matching circuit is consjdépPed tunedq af.
magnitde Grle %vl{ﬁ;rhaﬁ magnitpde halipsdug acior &;b:s?aaT’Te §|Q-§ aég l@is and
t he char eristic inpedance of the RF tré%nsm ssion”
VG p}%’safne esc? thE RESER ¥ ?é&tﬁ@? tlérrﬁadg%?cﬁ&é Semheds by a factor of 2x.
S wthin 1Thdustry-accepted tolerance since in the rea
wor | d, absolutely exact matching is not always '
[009Plossi bl Mowerthqriadiis case, thp A28 ind¢inuit@A6itkat anmpxriseshatclying network
circuit diagramillustrating tth,eanginené. InFig .. ..
802 apd resistpiolius FOpIBS Bt e tocthe gharpdenisticdmprdanse pethe i Hagsssion line.

' 11 T o E s ' ,
No 8t S e TR bl S Byl SNSRI
genefHt@ s AV fvil DWdRsigagsl if R 29D reédREdr & 34 thé gérvpatbr ftput Pg should
mat chi ng network 802 allows the nodified matchin

be tvdpe aslinge tavgetche pams¢ pelwer Badelivered taaihe plased- E@l“fb@lV\%(ei registor Rx

e G R SR P DA s
appropHdddg F&eex'iﬁ{plq:é] b g?rﬁg %/étl)kg& Eiglﬁffazcdo%d@i@h powéatiientd atRin¥ements

reduces the value o , and according to
may begaployad.C6 of Appendi x C, reduces the inpedance
derivative by half. [0094] It can be seen that the

0o oGk nﬁhﬁﬁf@u s i oaR PO o L 1 of the
e
capaﬁfgwa a(g el et adot R cﬁﬁ%s@ulze%g?enﬁﬁé RF’tra\P{gz:ngsFiggslinQ %hﬁ the input

farge as the‘va e unno mat chi ng
termffal WOhK matching network), the resistor may also be disposed between variable

capacitor C, and a terminal 804 (the T-junction in Fig. 8A) of the matching network. In
another embodiment, both the variable capacitor Cy, of the match network 802 and the

terminating capacitor C4 are coupled together prior to being coupled to ground. This is shown
in Fig. 8B. In this case, the resistor Rx may be disposed along the current path that flows
through the equivalent impedance that is formed by capacitors Cy, and Cq in parallel and

ground.

[0099] Further, in Fig. 8A, a T-match network is employed as an example although it
should be noted that analogous results would also be obtained for L-match and IT-match
networks (see Appendices B and C herein). In an L-match, the additional resistance may be
provided, for example, between the RF transmission line and the input terminal of the L-match,

such as shown in Fig. 8C, or may be provided in series between the equivalent impedance that
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[0095] The total |oop gain, believed responsible for

the instability, is given by PdnZ. . GPdzt dZM
walppon44725 mMVE 0096] I n this exanple for whi chP@US2085037125

W PGis twice as big as for Rx 0, - -has d Z

magni tude = 1, - - has magnitude_hal f as hi f -
is formeQ by impedanes elgmgnts Zupprfl Gzdn gl ﬁpd@{%]ng'@%@%é’ﬁﬁ@@(- §D). In

.. SO the t fegt bLsat 4 . i . . .

et ot C5u b 5Pl B3y AR BB A 1 B s v

the inp@66F thé R@tdMBigCh¥werkei rcuit 806 that conprises matching
network 802 and resistor Rx remains in tune to the

characteristic i d f the RF t 1 SSj '
00106 RF Enmmatq:h"%ée OB Fiee B 4 #BipEDIHGY g ien Pty the Aitional
. _hetwor k. [ OXI tel. f ' .
o0 S BB St ek B B0, 9B Btiona

resist@§dat abtQonSidbiea to B&isspiel dithahd ibpatofale matching retgertk when
the sane power Pp delivered to the plasma, Further, .
disposerbatipesition 840 Rk 8 dls proyistaarefite additigngbresistigne algthese locations

wer .di.ssipation.and sh | Qi1
olso UG B RSP s ArTa § ARbr W PR PLERE by
| i qui d-cool ed high power resistive arrangenents may be

[0016¢7P! oy el.thd PORBh adetsubhas thianshioing. in §fg. 8&], tHeauddItidnhleresistance may
resistor is shown disposed to the left of the matchi

be ot saple, abh<od s taronnab868 peshthetine-sidsr FBmelipR RO of the
t hat h i i i

Tlomfgh A OO PR P AR TRBOREE (T gl ol ignee may
an he i nput i I 0 i . .

aterfiidy SP BRI i SRBRL b @hucklihe TRe SIUCNOUBELUPRED of B EL-match and

capaéiﬁﬂ%{%ta%e (stafbfl irdlidREdbyn@ber&d nhinber §5§. Urtetddditional resistance may
Fig. 8A) of the matching network. In another
alterpattlg b peovidedp Giirfexampley betivatn the clastreda-side Tupstiqmis4 of the IT-match

mat ch network_ 802 and.the terpinating,c if.0r . ar .
and eapagiosdrs 8BE IRGApR inglicaged ‘tﬁferieﬁlaengg BB]%EEI‘%? élil-&ﬁ;'igﬂlonalercsmtance
This s sho i i . L S1:LAS : i
s L5 B B oS TP e
and electrode-side T-junction 864 of the IT-match capacitor Z, at the location indicated by

reference number 852. The point is that the additional resistance, in conjunction with a
matching network that is tuned to a lower value, would present in combination a matching
circuit having an input impedance substantially equal to the characteristic impedance of the RF

transmission line.

[00102] When the additional resistance is implemented at positions 852, 856, or 858, for
example, the value of the additional resistance required to reduce the impedance derivatives by
a certain percentage point may differ from the value of the additional resistance Rx required to
reduce the impedance derivatives by the same percentage point when that additional resistance
Ry is implemented in series with the input impedance of the matching network, e.g., at location

850.
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through the equival ent inpedance that is formed by
capacitors Cb and Cd in parallel and ground. [0099]

wo-oobloet722in Fig. 8A, a T-match network i s enpPOl/E82085037125
an exanpl e although it should be noted that anal ogous

results would al so be obt ained for L-ma
[0010B] - rrat Furthetyase idbe Yarisdlospned @FFC@ D@%‘bft Ee H@F“g#}% net‘f"ﬂrk (-

an tch [ on | st g

matcly %(}2 @ ,ﬁg?’t@h osg] ‘W@gﬂl gqneg mrgigugllr%q}{?&ﬁ%lg g?g gxﬁglnauon of
Uipab 85k adadO M 5B éetera&hahh fedfetor & @h®emokitiofédanalogous!

1nduc§%?/ dja IE%éaprovll dg%l in serlees betr\ﬁ(en tﬁ”301 ohednalogously
in the&?&hﬂéﬁﬂﬁﬁllssedmmmmm REqomesr systane utiliging duetarcd 2 combination of

el ements ZL and 7.2 in rallelad
1nducﬁqxs/pqt@c1tgq§))for the matg ne&\gg ?gnrbed L é&nfg%sngr ( gisg.shown

8D), the a%dltl onal resistance is considered to be in

ries t

o0 o5 R U8 ook ey, Gl AT s
dlscuEshéh RBan Hahea@ddhstred)mihe r hsor&tea[h:)élmﬂy ’fhb reststance \Yélfuy of the

ot
t
o5t e ), SRl b BanehETuen: it

t he
betwé’é%xdld% eRaB0Y.@F e PR tpat irhhedarcd afthd motrhing| douitedbusshe

t he i npedance d t d I
et Shoun L. pidijons SOCERo R it B 'BEY TSt ggistance
shown
alon%tgl e 5PB% calg%ﬁt ppth i 8 ee;g%ﬁng M"e}%e v \?\/é}é%&lﬁkﬁlé%?%télevr%}rhéﬂ g@ a{%)ireduce power
was@%mféefukmﬂﬁn@}@@eﬁre ?I%mmdﬁﬁﬂn@éffedtéoﬂ given pmcaﬁs

the location 1 ndicated by reference nunber 850. The
addi tional resistance may alternately be row

[00165arpl eFusemes, etidditioneLispder fy3aiFBR BB SBghE b Switched
tc
oy TGP A ORRE 0008 it Ao s s

dlffe?énk FRalsel ¥r Retde@¥ifdegot deadeds Fampkanplbeionmeprotdsges may be stable
el ectrode-side T-junction 864 of the Il-match and

withc@tpaqiitiog thense af thelvesistocRki brihisrape dhersiortss BaE ke tined off, and
may gg Q@gé&) glg gnlyfvg}en%)%gﬁ]ﬂﬁ% gr%%!‘ffé lree 3 eslle?ﬁ%‘:"s tH@thi?‘el ]%}%rﬂggtgﬂ)ﬂ'lzmg effects
therebT) 4IMek b QMo 868siGbr R8st 2 MRgearadeht 6F p@\fvé@ﬁ@ﬁa@l tbepreferable to

-junction 864 of the Il-match capacitor Z at the
emplogcatariableiradstonsostiatan appropriately sized resistor value that is sufficient to

provide the desired plasma stabilizing effect for a given process can be utilized.

[00106] One should note that resistor Rx may not necessarily be a discrete resistor. For
example, it may be possible to intentionally employ a low conductance (e.g., higher resistance)
material for components such as fixed inductors (such as those employed in some matching
networks), connectors such as the conductor or strap between the RF transmission line and the
input of the matching network, or the conductor or strap between an element of the matching
network and a terminal therein along the relevant current path (e.g., between capacitor C, and

terminal 804 in the example of Fig. 8A). The low conductance material represents materials

whose resistance is higher than those associated with typical conductors (such as copper, silver-
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ref erence nunber 852. The point is that the additiona
resistance, in conjunction with a matching network

W0 b@b/os422 uned to a | ower val ue, woul d presentPCTUS2005/037125
conmbi nation a matching circuit having an input

i npedance substantially equal to the characteristic
plateq pepnghadEnisrmy, B therr allpgn apdl gy dpelyde, for Wﬂﬁz? | qeailess steel,

. [.1q . S [ STyl : I 9t .
a5, At Q3B SHARE B VRSB RSB b g
than e GhHelr€id 2dsigt@kl S apicl cautioathrdansebtieeplémentedriedainas ways.

derivatives by a certain percentage point may differ
romthe value of the additional resistance Rx

f . ! . ( _—
[0017 qui r dtigt Dshoxrpethen alterniivg smbediet yahereye thegippedance derivatives
' ) ) .
e 0SS ASE, AU B P AL B8 RSB B
impe@dnct 7g. WWitICHiférgndbath \8tidtiondC@of, Adentixa@tthe imBethehfa3H 31 the
Furthernore, the vari abl e inpedance el enments of the

exemplery: BTGt ofdtiag? resentially ceplangs thegmpedange s = Bs + Rs-with bR ynew
. I pL ed @Isi [ t £ ' [ .
el 28 ST cabaereors i A, e mdad ERIRbT b8y Bondix €
is; resistor Rx can be positioned anal ogously in the

manner di scussed above in an RF power systemutilizing

i nductors or a conbination of inductors/capacitors for

th!e i, c hi hg nejwor k' s i npedance el ements. [00104]

Further mpre, Al f pough 25Wis chosen to be the val ue of

Rx’di(%sﬁz;rkg”i) itlgt-EeRHi scussi on, Rx can have any desired

val ue. I n one enbodi nent, the resistance val ue of the

diti BS] S ' 9 .

O P R S R S P R A Al och 86t depend on
poweB@6livfredoghe 8ymalPy, andot her enbodi nent, the resistance

value of the resistor is between 20% and 80% of the

total input inpedance of the matching circuit. Thus,

t he ﬂesdgxfandeﬁdgjw e of the additional resistor Rc;

whi | id{prggr)tﬂw Hhe typi cal inherent resistance

al ong tHe safe 'cufrent path in existing RF power

systens, may be varied so as to reduce |p r "waste"
[0010W)i | e fWithitBdaddtibmel @eisior B, the @ﬁgﬁitﬁda&%jzdm@e edrfagioh of the

for a given process. [00105] Furt her nor@Zgt|he

addi tional resistor Rx may even be a variable or a
match wetwesifle thput impedance Zy with respect to the series plasma impedance Zg is lower by

a factor of Ks than when Ry is not present.
Rg +R,
- - RY .
[00110] In this example, a fraction of the generator output power Pg is

5 + Y
dissipated in the resistor Ry, so the generator output power must be increased by the factor
Ry +R

—5 ¥ in order for the power Pp delivered to the plasma to remain the same.
s
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resistor. That is, the additional resistor Rx may be
made variable in resistance to account for different
wee@oosses or switched off if not needed. For PXEDPL085/037125
Some processes may be stable wi thout requiring the use
of the resistor In this case, resi stor .Rx. ma
00153 ¢ ur richs toed looargalrha9lled@d f%pmleﬁr&m gﬁswﬁ Hy-dh 8{Vﬁa¥>y
process reC|pe quj-t e extra plasm stablllzing
efj:e gof ERIQ; Mj@’ Egigev(;resn stor "wastes" a
| ar% 6P, armunt ofZ pali&r R ©Ppray be preferable to enpl oy
a vari abI e resistor so that an appropriately sized
resistor value that is suffici ent to prow de the

sired, pl.asna, zin f given BsocBss
o1 315" & iR TRt o B e bt e S REDE Foor ot gelative to
Rx may not necessarily be a discrete resistor. Fof
exanple, it may be poggible to intentiggally enploy
the chsowvithomdadsied nesest¢reR ¢. —hi hfsenagniedet énﬁ hag magxatudﬁ@]pat s
conmponents such as f|¢%@i |nductors (su sas those
enployed ins hi ng netwo connggtors such
smal%?b§ﬁfae g_c_gm; %tl 3pahst aRf T5aRsAiveS hikfhe same, so
ne and thda Hnput dBf the nat ChRpg Rpet wor®Z, or the
conductor or strap betvveen an el errent of t he mat chi ng

networ k an ermn enalo el.evait

the nEttﬁfgé)Hls t?)%f%ﬂ“( ﬁ“ednagnb § l 1o 5% kerm nal
804 in the exanple of Fig. 8A) The Iow conduct ante
materi al represents materials whose resistance is

[001f8j9her KbRAATRS BaRBERCIIRNR thatvtshpiides tiahaRigetwirk 902 and the
such as copper, silverplated copper, alumnum or

additidnal resiatolr Bysy stallh prqfayblwmmedd@ thefqharag’;@aﬁqm mnpeglagee of the RF
st ai nl ess st i ¢chrome, . chronel
s IqR s © Bl A\ T e Cundesh oRet ma%%f%‘%%%ﬂfw Ggfé’ﬁ“ed by
i
o280 08 o 6Pl ) BRAARE AU i
netwbfXOhy be tingd, #ftes ﬁmmldﬂmhlhemstai Reiseatled;ao ¢curfeatie mpat impedance of

wherein the i npedance derivatives are reduce
the maﬁe}eng PiEsTVED tp;laeéaastmjw#l@@ﬂg%l Sinine Rerprfe U BPedrR of e RE
Se;nhve series plasma i npedance Zs. Wth reference
0" equation C6 of Appendix C, the inplenentation of
the exenplary circuit of Fig. 9 essentially replaces
[001“1]6 i MpEdRrRCRy fs owr exampldRthenhigdnithieofievp igainedancimstdbility is only

= Xs + Rs + Ry. Accordingly, the m)dlflfelgeuatlon
half qglafggras Hsprase mheirRivds not presedt. For the example o s, approximately

half of the generator’s power will be dissipated in the resistor Ry so the generator output Pg

trans

should be at least twice as large to get the same power Pp delivered to the plasma. As in the
example of Fig. 8A, the resistor Ry needs to handle a large amount of power dissipation and
should be selected accordingly. Further, Ry is equal to Rg in the case of Fig. 9, which may be
substantially lower than 25Q. One should also note that the voltage across the LC resonance
circuit formed by capacitors Cy, Ce, and La of Fig. 9 may be high. These factors need to be

taken into consideration when selecting the resistor Ry.
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[00108] In this case, since Ry is a fixed-value

resistor, its value does not depend on power delivered
Wo ooble7pt asma Pp, and [00109] Wth the additiBerT/vs2005/037125

resistor Ry, the magnitude of the variation of the

o B G bl b e v
t.h

e LR, Bk b RISl L OO L IV AL

1nduc%'vé¢' t%l? ﬁu;grgs n[i]edtl%}fe soufs Iglf gﬁte@é 1n§&bt§rf&§ L% RIRS RERfor Rytrask be

Crease y the factor +RY in order
dlspofeéli’ attoltl%r M&ﬁbnﬁﬂo@ﬂhﬁ‘maﬂe{d loap. t e ephaplenthe gesisomR n nayde

same. R[00111] The total
dispopeskgi FRE pfaaléem%i? lqcrgrtém%réltoa%l‘ﬁ. tlgaéh% 9596\%?5&}1 E‘-gd%c; G
dZM dZs dPG 8PP R + R [00112] Addi ng resistor
[0011{6& qul reﬁlr{hla t1n Eg gCd @< a@cclp){et@/oﬁ@&teﬁ{plﬁfed as %ﬁleﬁéﬁl%ﬂ% altﬁough it

e case WI blde resi stor has magni

shoul@i benotedtB& dﬁamgbﬁmantsha@um alsd Bwloﬂtzmemfad 1-ematdtyartdd- match
factor and VGare the sane, so the net effect is to

netwérke (wee AppendiegB bndl€ hafelm)h dn Ithﬁdpﬂrga&thabgg the ¢apacitors 6% and Cy, of
RS +RY [00113] Note that the matching circuit that

Fig. £mapbe desighhel avthetwanepadtonnekthe damatehl (witk cappgites Gnbging absent
resistor Ry is still preferably tuned to the

from ct}hfaﬁgu‘e end thei capacitoe fabeimgapriaie). B thip aarenthe seshyion Ry aay be
e.

., 50 W In the case where an eX|st|n
couptsil o .excamglef aitiheosama legrtiops qHansied PrOTRRIRD ﬁa?henfgmamh case.
The{leSItﬁ% %%naflogouexarrpl e, the inpedance el ements of
[00117] Furthermore, the impedance elements of the matching network (T-match, or L~
match, or TI-match) may be implemented instead using inductors. It is expected that the
resistor Ry can be positioned analogously in the manner discussed above in an RF power

system utilizing inductors for the matching network’s impedance elements.

[00118] Tt 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 Rg + Ry. In another embodiment, the
resistance value of the resistor is between 20% and 80% of the resistance Rs + Ry. Thus, the
resistance value of the additional resistor Ry, while larger than the typical inherent resistance
along the same current path in existing RF power system, may be varied so as to reduce power

“waste” while furnishing the desired plasma stabilizing quality for a given process.

[00119] Furthermore, the additional resistor Ry may even be a variable or a switched
resistor. That is, the additional resistor Ry may be made variable in resistance to account for

different processes or switched off if not needed. For example, some processes may be stable
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network may be tuned, after the additional resistor Ry
is added, to tune the input inpedance of the matching
wermei4722 0 be substantially equal to the PCT/US2005/037125
Fharacterlstic i npedance of the RF transm ssion |ine.
. [00114] I1fRs = in our exanple, the magnitude of
withqubeguiiigthe fisg ‘Pifgﬁi? resistasiBy 1 this cgss) @%&Flgtoag{w‘%%@? tygned off, and
t he case when ' ;
may b BRI TR b oo teFRER s IR RUBIE Rbifine ffect
there®© Sthéesd lé.i’%e@ gesigtort ‘Reisteg’Sh Birger aRpusoftfosvegehmagpbe preferable to
output P should be at |east twce as,larg? tg get ﬁhe
emplenarmanabieresiiorge thaj an apprepriately siped sepistora@lye{hatg suthicient to

pov S b RIS LELEh APhreisni ot °
sel ected accordingly. Further, Ry is equal to Rs in

[0013d)€ Cas@n®Ehduldnot8 thankdsitorRaymbeneitesssamnily dklaydiscoste resistor. For
than 25W One should al so note that the voltage across

examptag it gyt %%msaibéeemdnﬁemi@rtaﬂv SPPIRY Blp VegopdBsitRtegngrial

and LA Fig...9 igh. T

et R e A 0 i s,
connEDels QAR A thblebfidchitor btfabedwedh arbdleent@if tich@atchinig sietwork and a

RY i's shown disposed in between the matching network' s |
terminal thatsirealonp thsirlovanteumens pgth (s - @lanedhe cyaanh lqopdfrough variable

AT TR AT T N ——

be di spos t her | [ .al : . .
relevigh SERRORTE, Ton B B PR RRD Pt EUAAL Mook ORBistance i
high&!th&{ hBseadsOGakd Wt t9dital FdondBdiBrs (Sulch as¥dPperpsilv@2Platedl copper,
: Fig. 9. [00116] Further, in Fig. 9, a T-match network
aluminﬁlm,rqy Itlmr?nedl(afs) and rexaimplude ot examtie.i X 6 sirdnlpss strel. mighseme,

t hat anal ogou Ul t | d. al bt ad
e BRenGeLS: G T Tut Biblis 800 hR! A58l s thon e
inhelféflf Rkidhancd b fPRalcoRBhGrs @A8 Braythl empRBRGtdIGH VafisusaRglsCh

of Fig. 9 may be thought of as the two capacitors of

the L-match (with capacitor Ca being absent fromthe
[00121gur e Eiwl 10 Ashowapanitharentiodiyednt gvhees the npgdangedariyiatves are

case, the resistor RY oupd.ed. for exanpl .
coof S e P e DB R RO s Bes it
arranged 8 & T-5AW6rk AfBubh 1t TREQH bE ASRA iifat BRRARBAUSL would also be
obtained for any of a number of different attenuator configurations, including a Il-network

(Figure 10b), an L-network, a bridged-T network, etc.

[00122] In Fig. 10A, the RF power attenuator 1002 and the RF transmission line 1004
are inserted in series between the RF transmission line 1006 and the matching network 1008 as
shown. Note that in the example of Fig. 10A, matching network 1008 is still tuned to 50 €.
There is a load impedance at the output of the RF generator 1010 of 50 Q2. RF power
attenuator 1002 transforms the load impedance at the RF generator output to 50 Q. In other
words, as far as impedance is concerned, RF power attenuator 1002 has essentially no effect.

However, RF power attenuator 1002 does have an effect on the impedance change by

24



[00117] Furthernore, the inpedance el enents of the

mat chi ng network (T-match, or Lmatch, or Fl-match) nmay
wheoospi7ezrent ed i nstead using inductors. |t i SPERPEIDET125

that the resistor RY can be positioned anal ogously in

the manner discussed above jn an RF rﬁgr %Kﬁstsm or 1o
magnifyingitle magnitwde of gresintrsdancs ehange @h?l?‘f‘gg N ROPE 1810 priot

i mpedance el e S 18] It should al so be noted
OUtP“ﬁﬂ%ttg%\FFB ﬁen%%? gth(%ﬁ%gsdén to have the value of Rs

(i.e., the series equivalent plasna |oad resistance) )
[0012t3‘])I si NPiHefWlded Of eHsieits R, A, aild Ramap b encalifjeddisgiecesdary to obtain
va

ue (which of course changes the anount of power
fhe dekirsd ppywtIenNEIOEL ESPOREH 1D 2AbaEFAN HBTFECH] kil Ty and Ry
i nprovenent). | n one enbodi nent. .t resi
- B e T o B S St A BB R ot pover

the resistance Rs + RY. In another enbodi nent, the
resi stance value of the resistor is betwjgg TO% and

[0018§% of HEReveesths bastatoRsedhcthe Fagsitudetrd fgé 40 Bces will be
val ue of the additional resistor Rg whil di g ger than

the typical inherent resistance al ong Ig?ge sar?e currgnt K
showpdkelow. nWatki referenge REFigo b, %y ittBerinpyainnsdaneeq dhe wgtchng network,
. to redyce p r" te" whl i.shi e
74 is gpea@wﬁg@}cg BEWezrpﬁt\é\ﬁ%g é)F’Wo);f{ F%rér%é?%@#@%%@%&%ﬁ%ﬁfﬁm 1004, Zs
is thd iggaijia%egéﬂcte RE IR R nudtie adfid} fsithaidlput giesitre dRYinmyttenuator as
even a variable or a switched resistor. That is,
the additional resistor RY may be, n?de drj blcgdZ} 1o
transfaggied baRdetransnigsasuine F496. dine Msgaitidss o8 geaspand - | are edua
switched off if not needed. For exanple, s% ?
rocesses_nay. be st.abl ew j L .
LoRHESTRE PR AL It L el
turned off, and may be turned on only when anot her

process recRpersreqmjyes the extra pl sfabi Liging
ef Zact s’althM€ & &%Zﬁs r+e§i4 ﬁ@?*‘ §t%$r a

| ar ger ano +01?3[5 r, it may be preferable to enpl oy
a variable resistor so that an appropriately sized

resistor, value, that . s suffigehe r Qv =
[OOIGg]s,i r ed%BT ‘STT§0§? and ﬁezvlafr%llﬁg lé@?'é gz, %nglr]i%a‘&*9 g%g‘h&’g%c a2
can be utilized. [00120] One should note that resistor
[0018%]amﬂy AL HeARRIBF 71 anhtR daffelbaiiial © giesthsvatiatidiosf Zs with respect
exanple, it may be possible to intentionally enploy a
to changescior®duct ance material for conponents such as fixed

i nductors (such as those enpl oyed in sonme matching
net Zrks), _2
dZS _ Rz[(Rz v R+ Z,) (R + Z, KRy, + Ry + Z,,) ]

4

_ R;
(R, +R,+2Z,)

[00127] Evaluated at Z4 = 50€2;
dZ _ (141.9Q) _1
AZy g, (141.9Q+8.55Q+ 50Q) 2
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connectors such as the conductor or strap between an

el ement of the matching network and a termnal therein
w@b@wag447E rel evant current path (e.g., al ong PEEUS2005/037125

current |oop through variable capacitors Cb and Cc,

Zs, LA, and inductor , _Qr.cannector etween, .
100 128Dy oSS i Bn ot NP EBp e SHEOEG 5 sk s it £E P fuced and
erial represents materials whose
plasm%&%ﬂgﬁg%ﬁrs I gher than those associated with

typi cal RF conductors (such as copper, silver-plated
[00126ppper Now that muhe caxe affég. 1 0AL theysgtchanginetsprk isah tutw, i.e., not
. for exanple, 316 _stajipless steel, ni one, chronel .
st o FORIBIRS OLF: FOA] TRE PRSI S ERSey Gpovy wilbe
issipyRidli ' Y, hiRf18r @BhlarRs] t
s 10 3L B L e LRGN PRSI REGSIae
get the 8 e pswevaBpsdeliy0@d 24 thefilggmal CAslohbie: rmned thet although a T-type

enbodi nent where the i npedance.derivatives_ are duced
attenygjor FSiARRPIAENt RFERIaETd 1idXHERpe imPIPReRagon SHAS 108, other types of

aen GG SUALAT o AREESHS, PGPS SR AR ARRE e Beca v
TI-tygeG8Updwarib il abSwith R 1 6bR 3i=19d.4f Qf R2RY1 706 Oa Fignios stofvs the

di fferent attenuator configurations, including a
configuratiet efukh & FI-tpe RELDBYsr adienuatore inemkRE @owier agrayatpr

net work, etc. 0122].In Fig. 10A .the ower .
coni it isor RO 08 e Ep o s R T3 g obtain the
desird dr §8erhAtiSF i RIpHRE V8L Bhdh! @irﬁ'ﬁgﬁeﬂ%&m ssion line

1006 and the matching network 1008 as shown. Note that

in the exanple of Fig. 10A, matching network 1008 is
[001300i | | tThedotat wob@alty balkeeéd réspomitle &u thepetabilde iagivehbéy

out put of the RE generator 1010 of 50 W RF power
at pedday, ¢/ ~ 19§)Zﬂﬂd‘a§fd@arﬁézwﬁ]&|agaq¢gpedance at the

RF @@aper ator “Suypuy -t 0] her "words, as far as
inpegpachce IS c%%egr%%g,Z%ng%g\Apér@Sttenuator 1002 has
essentially no effect. However, RF power attenuator

[00134902 dggshibayxanale f6ff WBich R utlcheato N SRes/; O #IRF power, Pg must
bymagni fyi ng the magni tude of the inpedance change at

be twinessdarde bryordenter theet payvey deldyeredtoghe plasmp kybe the same as without the
i npedance at Zt he other end. [00123] The val ues o

attenfi@Si, ST §dREA R aldnfRiiemy, 6 madidabmithds= 08céS8arys, and
to ohiAin tHe, desired power atZgnuation in respafse to
a change in inpedance. IfR 1 = R3 = 8.55Wand R2

dz,, 0Zs

and VG are the same, so the net effect is to reduce the magnitude of the loop gain

dz,’ oP,
by a factor of 2x.
[00132] 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, the impedance
devices in the matching network may be implemented using inductors instead, or using a

combination of inductors and capacitors.

[00133] Note that although Fig. 10A shows both RF transmission lines 1004 and 1006, it

is not absolutely necessary to have both RF transmission lines. For example, the RF power
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= 141. 9W then the RF power attenuator transmts 50%
of power and dissipates 50% of power. [00124] However,
w0 b@eat47enuat or reduces the to 0.5, as w |l bePCHUBIV05/037125
below. Wth reference to Fig. 10A, ZMs the input

systemg.ig glcg?gfgtrgéﬁ éﬁgsquqaré\é{tqelp@n\g et wggﬁag%?ﬁ Q&e i&ﬁe SAME only RF
transr{n{q%&ilml%ig@? ll} 1sncﬁe é&gﬁmeg?e JfMRok QQ&QOOG%@QM%@@S the phase

e I nput 1 npedance of
of theel @ME @érﬁa‘-’tlvbé Qéﬂ@%ﬁ) bindet Ry g&ferdton B.Bdrﬂlsscamblhedlbngth may be
. The magni tudes of are equal to 1.0 as shown in
1mpleA;¢p’®|deY>©nAOrmlﬂ@ﬂggfdranimﬁzloﬁ Wefnput i npedance Z

glElgglby =+ R+RRI1++ ZZA=+ + Z4) I R2 +R3+74]

[0013&& gi Véﬁé o\ﬁ/lgg?é ngtﬁg}f@{wgrf%g%v%f&ﬂr ﬁrg 1%13[%%11'08 r'?el%w@eﬁ/és are

reduc6@By B6sighihg ﬁfeqﬂt fratsedsdion Ijmafte Hahea\llmerarhaltantenﬁthEnmd@We Ro. In
respect to changes in Z4: R2[ (.2 +R3 +zI21]d

the @(aRﬂ)le—OfZElgR}Zl i tARymis§ion gnpl 102 has a characteristié 1 peédance Ro of 25

Q instead of the widely accepted 50 Q. For example, two 50 Q RF lines in parallel may be

employed to provide an RF transmission line having a a characteristic impedance Rg of 25 €.

In that case, the impedance matching network 1104 is tuned to a nominal value of 25 Q instead

of the widely accepted 50 Q, and RF generator 1106 is designed to operate with a 25 Q load
instead of the widely accepted 50 £2.

[00135] The matching network transforms Zg into Zy =25 €, and in the process
magnifies the impedance derivative with respect to plasma delivered power Pp by @ . The
S
dz,,
magnitude of JP is therefore only one-half as large as it would have been for Zy= 50 €2.
P
[00136] 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 Ry can be reduced by any desired value (which of course changes the value by which the

impedance derivatives are reduced).

[00137] Tt is important to realize that it is the reduction in ih’lpedance derivative
magnitude, not the reduction in power delivery efficiency per se, that improves RF power
delivery stability. This point is not obvious and needs to be emphasized. This point is proven

by the implementation of Fig. 11 in which it is not necessary to dissipate power away in order
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(R + R+ [00127] Evaluated at Z4 = 50W[00128] As
such, the |l oad i npedance derivative as seen by the
w@ewenat’er i s reduced and plasma stability i s POPUSWes037125
[00129] Note that in the case of Fig. 10A the
not. m st

to 1m1£rl‘an:§ec g_l‘fgq%p\{negtd\éﬁxgel;y éﬁblh}&&\tfj nglﬁthgg(ﬁlﬁg(aé? gleﬁlgpfo foutsy]eé;s S of the
1nven§?rt\ Sﬁ% VA lugtga% 1¥H Ilém%[ t%scﬁétﬁﬁérgg glgéﬁhtb% éBE/GPfhWﬁE additional

ner or out put
resistbNviEE A SohRArge: th@ baﬁit bhinmaniag M@Wd?pleﬂeéry wabiiy.t m Fig. 12, an

the plasma. It should be noted that aI
addedatesiston Ry 6 adderd dm gsirs betvesn SigpRb gererater @Méﬁ? ﬁ@ tebSimission

n hon of Fi. h enuat or
line 13‘% "a@mﬁ‘h Sﬁlﬁ{l’rgi;gr&%cﬁgllpe %?g‘}?pfgost%lg@ﬁ %{anﬂ;u%tl on can
al so be achieved with a p -type RF power attenuator
[Oﬂlﬂﬁlt h Rt Jd8edRisthr W, iRgiven & Valie OF alsb OQUOBIBHIOMSLE digcussion.
nfiguration of such a Fl-type RF power attenuator.
The proofarfynoRRapgaviaimaedaenederomative bf $piecd thegrdugtioa iy apyeidelivery is
of the constituent resistors may be nodified as
Showrh@@é%sary to obtain the desired power attenuation in
response to a change in inpedance. [00130] The total
| oop gai bel i eved responsible for the instability,
IS giveﬁ’%ﬂ; VG%__dtdZdZdZudedZs "VG G dPG
G dz5 dMSdZM dZngJPG dPP [00131] In this exanple for
whi ch the at¥@fuat or di ssi pates Vi of the RF power, P
must be twice as large in order for the power
deliver%io the plasnma to be the sane as w thout the

attenuatot’|-1-and - -have nagnitude = 1, - - has
magni tugkl,7 0.5, --= 0.5, and dZ dZM dZ dPG and VG are
the sane, so the net effect is to reduce the magnitude
of the | oop gain by a factor of 2x.

dZ ~1

dz,

dz,
dz,

= Ry , which is no change.
S

Thus, '

[00139] In other words, for the additional resistor Rz = 50 €, half of the generator output

8. Inthe implementation of Fig. 12, there is a
P

power Pg is dissipated without change in

mismatch between the generator 1202 (designed for a 50 Q load) and the total load impedance,
which is ~ 100 Q, for Rz =50 Q. 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.

[00140] Figs. 13A and 13B show the effects that reducing the impedance derivative has
on RF power delivery stability. With respect to Fig. 13A, there are shown two experimentally
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[00132] As in the case with Figs. 8A and 9, the

mat chi ng network therein may have other configurations
W@ 200g/044722 mat ch, Fl -match, transforner, etc.).PCT/US2005/037125

Addi tionally, the inpedance devices in the matching

network may be m‘gnerrent ed using inductaqrs jnstead, or
determmedgegsomfonmbll 1302 and d 34 fx yasions coaphinations ef plasma power (Py)

and R GRET R fo PR LL b B Bt R RMR 8L Bl pgop R

powel BERERE Yastsﬁoﬁﬁ\iﬁ‘thO'll ), Bird theaegom 68inemabilitn €306 &g, 13B is
exanpl e, the RF powersystemof Fig. 10A may be

substintisilp smaterthen thesom igRSAr ansmi ssion | i ne 1004, or
with only RF transm ssion |line 1006. It is the
conmbi ned I ength of 1004 and 1006 that determ nes,} he
[o014aase gf istthecdsaped anas plisa \paddeyEitasasmeaaluenyf 2] FThisis a
generator, and this conbined |ength nay be inpl e@l&nt ed
by one or multiple RF transm ssion lines. [00134] Fig.

Rt e G B
ay

transmission line to a |l ower characferistic
stabﬂ% fd mﬁtl(ﬁpl vbhel rllli 825 J)(ﬁm%& Eéo%rtaﬂﬂn thB Ges¥ance value that can
ANSMm SSIon 11 Ne as a c éracterl IC |n'pe ance
of 25 Winstead of the widely accepted 50 W FoZ,
be adé%bwh@ exisipe Bb PAMRESysfeRbiEL qrﬁerﬁa chaneg theyglugal @Gr‘%lp_oyfé’ﬂ an
to provide an RF transm ssion |ine having a a
t
unsta (L AEH S o bR M el s € ookl I bLRETTo thffor a sable
plasnval ue of 25 Winstead of the widely accepted 50 W and
RF generator 1106 is designed to operate with a 25 W

| pad instead_of the w dely accepted 50 00135

[00142d chi dgenk \Maﬁtkat@spah%qceﬂy%gcezglth ﬁ%elsz}zlvsle% éﬁai)reﬁent invention,

i

a tecﬁrﬁ@hepfrop 3&%&@%?1?’&1?%“1@ bféﬁxie %@@idelggﬁg%%ﬁs%ﬂﬁﬁg €) in order to
nagnltude of pis therefore only one-half as Iarge

make dn wstabltt flasen iesrstitde. Zbs sGEiNg/pdifith86ivo Natues bh & |+H
th| s case, the matching network is again in tune

not m stuned. Unlike the %lt%uatlon

an unsjablsiplasgna kpIEAL & sieble PiRSMLATR I W}I@ﬁ (5 {92 and step 1604)

gener at or

, one for

G

/
[00143] The value of P, 92y
G

for the stable plasma can be a measured value, or it can

be a value chosen from within a range of values known to correspond to stable plasmas. The

inventors believe that the value of P;|—-| for the stable plasma can be obtained for any

G

suitable process, employing any gas at any suitable parameter settings. Once the target

value P,|—- for one or more stable plasmas is obtained a plasma processing system, the value

G

p %
oP,

for the process of interest can be reduced to the target value found, thereby resulting

in a stable plasma for the process of interest.
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power is not dissipated in the matching circuit in

order to achieve inproved stability. Furthernore,
wa@bkdokowgh2 25 Wis chosen to be the val ue of theCT/US2005/037125

characteristic i npedance of the RF transm ssion |line

to facilitate discussion, the characteristic inpedance

of the RF transn s&Zgn_.|ine a C
[0014(5‘33_si red h\?a"ia[}@ O?f\%ﬂ &b, oforég%%%gabg qﬁ%@%gﬁdﬁé E\?/a eg%r%{/]‘yalue’ oran
whi ch the inpedance “derivatives are reduced). [00137]
extra#)(h:ﬂ&%?i VAITR Y 4 afttcabd WiRAE hkBsurélAéntd Mnay He UTEcHle €3¢ Gins@bleiplasmas.
npe agcle rivative magni tude, not the reduction in
power delivery effidpgncy per se, that inproves
For epample, measumeptmfa&jﬁéﬂ mayHjedn: iaﬁparuagle%tse%%% ‘gg%fe the plasmas
?Ed _neelds to be enp nged. This point is proven by
e. i enent ati.on of Fig. ' ' Iy :
are KigSge eS D 01 S8rp ata” bt sl s b et Sufbfied o obtain
RF power delivegy |stability. To further illustrate the
extrapélBre@ Y Iues fol &5 tihthe ipanaametelr oettings of integest.| | ust r at es
an inplenmentati of |t hat merely dissipates power in the
addi tional resistor wthout conferring the benefit of
i mproving RF power delivery stability. In Fig. 1? an
[0014fded Bl genetat@OUIE! REVEH ; ois G e eI @ VR el fhe 2enerator. In

generator 1202 and the RF transm ssion |ine 1204,

i ch has.th et arj st c.ji ' '
one e b 0TuE  The. SnSLEALTERADRE BT AL AR the
val ue of also 50Wto sinplify the discussion. The
geneRR&QfuRf ppRechangeniinalivahed Dnce tibanatobing vetviark spict tenat, the
the reduction in power delivery is show below. dZ n
matchmgsetwork tunihg elemiest yduestranbeld T apé @%@neqaﬁor&q%}t power P is
words, for the additional resistor Rz = 50 W hal f of
thentvhgedyener at or out put power P is dissipated w thout
change i nbl n the inplenentation of Fig. 12, there is a
mat ¢ et ween th [ j :
1001 oac) s < Repeb RS heh st AR Uit 200 fyidance,
W for Rz =50 W One should note that ingyhe case of
as a fin@tiod 8f PRmayalar be measured, and hence obtaining 6TT In another embodiment,

G

oz, . . . .
the value of —Z is measured by tuning the matching network with generator output power at
G

its nominal value. Once the matching network is so tuned, the matching network tuning

element values are held fixed, and the generator output power Py, is then varied. Using an

appropriate sensor, such as sensor 210 in Figure 2, the input impedance Zy of the impedance

. .. 0z .
matching network is then measured, and hence obtaining M . Since dZ, and dZ,, are
G

Z

related according to Equation A4, Equation A4 may be employed to transform into

G

o
aP,
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delivery stability can still be affected as the degree

of m smatch changes responsive to changes in the
w@b@siwi7enpedance. Li kewi se, RF power del i ver yPCT/US2005/037125

stability can also be affected when the RF generator

runs into a different | oad, which changes the val ue at

whi ch VG is eval yatiéd,| [ 00140] .Fi gs. A.and
[0014he. ot {nse 3elRapt Pelags! PEeired CrpaaaRE I kit B Mhpet sable
ability. Wth respect to Fig.

on RF power delivery $
13A, there ar : ' al ]
plasrif g e e Sy I SRR 37 R LR E Boma may be
conbi nati ons of plasna r (Pp) and RF cabl ¢z engt h.
reduck® (01 6053 by tHrGaiitpe G@% dearthy anstabde plasme e‘yfor the stable
enpl oyi ng" an RF power nuator (as shown in|Fg
10), and the region of instability 1306 of Fig. 13B is
plasnsu(pst cguaiiens| A6 enBb). er than those in Fig. 13A. [00141]

It is the case that every plasma process has sone
lue of PO - .. This ds j tuni
[001%39 nit mgﬂ%" nﬁﬂ ggrémq tfée T%tcﬁ& r 8\%"% ASe t\g“{l%cgtlol aln%, éc’)wer —
point! Wi HRVAI A teBi¥@h¥ESaking upfig: diffeeaternbbtain a stable plasma. For
ascertaining the resistance value that can be added to

examipleg ireoniesdni brglirRFntpihwenatehisg setwork mpaeimpedanch aniy@ed frabout 50,

. value of PO - - for an oPG unstable. plasma to .
wihich Sl PRI BF RO G RPRUBIT b ) charectristi
i ' Y i) 2 Sy thEntht twork
i 350 A oy Loy B DRI oty v
inputfrpe@diice kMRSt 46N, wauld eshiiigaprodmatedy 80%aif thagpvdréwasted.” As

value of the added resistance (e.g., Rx in Fi g 8a) ir& :
a furthedenantrde, rakiag the roaichiap netwoirs input enedargedpphout AYCpwould result in

oo R T e AR PO A AL OBt
impeﬁﬁt?c%rt{) Qira&lﬁ‘io &id 1‘&@1?( il Qﬁpr%&ﬁﬂhtél? 049 ofltROPSREr “Thisted.”
va or t e p d

ue o e stab asma cah be a neasure
Depétidirigeon 16 ptdcessancipe the matchingateosed ifipus impedaniacan ofzeyese be

of val ues known to caorrespond tq stable plasmas, T

tuned Aveh{AE dSEIFOVANG RA PRECPEPYE TR FF A SR él%fencea o
. Iasm% c obt ai ned for any suitable process,

achlé;\’ﬁﬁ] %%/ Ilen glgSIgg

any gas at any suitable paraneter settings.
Once the target

[00149] 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.

[00150] If desired, the length of the RF transmission line (216 or 236 in Figure 2) may

oz
be modified, in accordance with equation A6, to match the phase of —L for the unstable
G

oz
plasma (with added resistor R ) to the phase of —5]31 for the stable plasma (step 1610). In
G
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for one or nore stable plasmas is obtained a plasma
processi ng system the value for the process of

WO paoeese2 can be reduced to the target val ue fPURUS2005/037125
thereby resulting in a stable plasma for the process
of interest.[00144] The value of for the unstable

pl asma can be a neasure 0Zg,. or an extrapol ate

some GateBgHOVE g 1 A TGRS et opat et anSidn, B ey be sable
difficult for unstable pla . For exanple,

for alﬁag Seusrcg‘ﬁgl% ‘f’inoévhfzﬁ%a&eak&fﬁg SthPRFIBleQEngi® haly M@Bbe necessary.

e pfasmas are kno to be stable, and these
nmeasurenents nmay thereafter be extrapolated to obtain

[00133%t r apEoatagdrtiala®T denerasir, i kebehiavethibeethe yelue iofige complex
interest. [00145] The generator output power, PG is

the k__@%vwa R ﬁ‘ﬁ\ﬂﬁr Fent AISnIENar B Q4ble bPudle. The ranges of
quantétrsfbpédg}%ene%%%eév\v/a ue aﬁvapﬂ_?ifss neasur ed %y 1tluni n% t he ©

mat chi ng network with the dPG generator output power

at itgmom nal value. Once fhe matchi net.work .i.s so

values 9f &Y —};Zh @Wﬁh@omwwgﬁﬁww%t |ngféﬁ rl@’gﬁs&ééhea%eé‘“am 50
hel d f‘? %ed, and the generator output power PO is then
varied. [Q0146] Using an appropriate sensor, such as

that S@IIO6f ROS-T nhki ig ungable fdragrrtioute deneetoZ higladeatable for a different

function af; PO may then be neasured, and hence

obtaining -. In another enbodi nent, the value of -dZr-
genefagormeasur ed by tuning the nmatching network with

generator output power at oPGits nom nal value. Once

e matchi e Iy Sy; @ rk

00135 g AT U theh Tifeyl P Ca ERA IS Gt
man$BAefea BE patihiirs povREacRistiss fehaired/iardréet to tisategna}E generator that

appropriate sensor, such as sensor 210 in Fjgut P
produdes sianfanlaimasdanpit BroZRASeT Oﬁlﬁf@rqshp%’a%ﬁé@qﬁﬁbﬁ féh@m%ty lies in the
network is th BN <t- me e
ik BTl 50 TS5 L 0 AT S, s
still EStyaly eidefdos®ly bentatipdrayadichee dfoanphanmin gerierdl. 0 Another reason

relates to the fact that it is difficult to quantify the parameters associated with RF generator

design which affect plasma stability for processes of interest.

[00153] 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.

[00154] For a fixed RF cable length, a particular plasma can be represented as a point on

oz . o
a plot with an x-axis given by the real part of F; Bi , and y-axis given by the imaginary part

of P, -a—ZL , as shown in Figure 17A. In accordance with one embodiment, all plasmas of
oP;

interest (i.e., plasmas for all processes of interest) are plotted similarly, so that the coordinates
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dPr.[00147] Once val ues of P1 have been determ ned for
the unstabl e and target stable dPG plasmas, the
woradoslos41g2 net wor k tuned i nput i npedance Zu f orP€TES2005/037125
unstabl e plasnma may be reduced (step 1606) by the
ratio of for the stable plasmaé2 see equations A6 or
5)+...1.00148 ] [ 9%er ¢t ick
of all [ ggrap i erp o LR AR o % e S A M ierest oy be
the additional resistance making up the difference, to
obtairRBt ai n a stable plasma. For exanple, in one
enbodi nent, the nmatching network input inpedance is

tuned to .about 5W which results in approxinately. 90%
(00158} t he AgBViEt RF ggatald” ofoa bat RIS aPS8 Vb 175 8 AR P BIqf Lot the stable

e JREPISERER! ol B pSERER ANl ORI oA cnen A
exemplaryget sHdM ORI d] TR fuzlah ekemplayr RIR geree by Fob thiogerchutor,
power "wasted." A?Eg_further exanpl e, tuning the
maL,chi nq net IHput_ . .
pos L R AEASE ol RS SRAE L AP o LS it v
whil e tuning the nmatching network i nput inpedance to
about p20W woul d_resul t i n_ approxi mtely 20% of_the
valuepohnBy —“meattside of the shaster megioh wilhbe prsiaids sinldgi |7, ajtheueh the
mat cgﬁﬁfg networ k i nput i npedance can of course be
tuned. t | L e I ' [ L
s R S 0 " UL PR 170, e
genergoRthilc Phasting rdohldl]a cEhedlgafit i, cradhathed gigion in Fig. 17C) that
resistance (Rx in Figs. 8A-8E or Ry in Fig. 9) to

. bri t he ipput i dance ,0PZt he, " ing: Gi jtr .

s i R Rl B DB 5ot ) TR BRI dlson it
mat chi ng network) back up to T he original value of the

stablé]%%%meﬂgomﬁé ROTdgbledemihth. $he WnetbrSstdtte Spaming gidhep Fig. 17B has

[00135;;81]; If desired, the length of the RF
another park(fisapesnhatehed region inFig2 BED) thatis glgble foy sampg vadyes of the phase

of P, 0Zy and not stable for other values. Finally, the generator has a region (the cross
G

hatched area of Fig. 17E) for which all points are unstable, regardless of phase. Other RF
generators may have analogous regions, albeit they may differ in shapes and sizes from those

shown in Figs. 17B-17E.

[00156] 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 7 %y for all

’ G
plasmas of interest, it is possible to predict whether the RF generator would produce stable

plasmas for all processes of interest.

[00157] Further, the plot of all the data points representing the value of P ZZT for all
G

plasmas of interest can serve as a specification for a generator. The specification would be that
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be nodified, in accordance with equation A6, to match
t he phase of --for the unstable oPG plasma (wth added
WO e®@c®i4ee2 RX ) to the phase of -- for the stabPer/pbneses7125
(step 1610). In oPGsone cases, however, if the
magni tude of is small _enpugh, the systen1 be tgble.
the gemerateshave asiabls regioprasda Figupe Wﬁ dhat chempass tﬁ? qtp goints
RF cabl e | engt he%i/ not be necessary. [00151] For a

represléﬁﬁﬁ%ﬂié'v@[uel?ﬁ R, ab1041] plasmassofiieteiesty €fhig¢ inddrnatien wadulethen be
of the conplex o@fantity PO - - determne whether a
given plasma will be stable qor ,unstable. The ranges

emplaye;by ARRE goperpior manwap e o esidh @ RF ehrseighihat Heblérmoduce
stabld wg?%@aes &C agg@ggsrs%igf 68, Qf the generator, so oPG that a

I's unstable for a partl cul ar
generator m ght be stable for a different 9P0
[00158¢ner atllpfiecefsaB] B RF manbfachdatmayi indicais thee éfnthdiphfdes of the data
to communi cate with RF generator e(l;]:‘gfallgthurers t he

pointsyaie anigtedrby AeTaH-ABRINE 4 Bt PX ShaPEREILE o flageRF frgnsmission
RF
o, O DS, 8y o

difficulty lies 82' t he Iack of understanding of th
representiog thei radn u@;egg; for albplasthassefdpterast (ftey Wheﬂba@&e roﬁ\ﬁﬁp) The
I

things are stil t fully understood by contenporary

I . .
e i R I S
1nforﬁ1§ﬁo1{3@'6é‘lﬁ‘%h&ﬂ$e éﬁﬁ@%@ﬁﬁﬁeﬂei@n&ﬁf GRITY p6Wér s¥SBIngiA choosing the
which affect plasnma stability for processes of

correctritwtb $ar. th¢ BB 1B®3missioading e diné stablietplassrie maythsdichisiied with the
hn que is proposed to

ﬁlml@’& eseniorgnﬁaqgﬁré’eﬁsfls %ttdpg?ﬁeg ‘ers to RF generator

manuf acturers so that if those paraneters are

[00159t i sTi ghentikeAr e:%wutaal@h J¥DEeDTAFer ANRF UsBleYTd Show Effect Of
produce Stable plasmas for

RF Cable Length On The Impedance Derivatives:

From Equation 1:

7, = , 2 * IR, tanQ@aL/2) Equation Al
R, + jZ,, tan(27L/ A)

[00160] Equation A1 may be rewritten as Equation A2:

Zy + JR,tan(27L/ A)
* R, +jZ,, tan(27L/ )

Z, =R = R,(Z,, + jR, tanO)R, + jZ,, tan 6)™

where8 =2zL/ A

L is the length of the transmission line, and A is the wavelength of the RF in the transmission

line.
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processes of interest. [00154] For a fixed RF cable

| ength, a particular plasm can be represented as a
w@oinan4m a pl ot with an x-axis given by the repal/upans/037125

of PO --, and y-axis given by the inmaginary part oPG

of PO --, as shovvn in Fi gure 17A. In accordance with

F O Aptlbcote Eogh " R e by Re PR AETG Klp Bk, PR TR

o) t%at t he coord| nat esof all the data points
representing the value of PO - -for all plasmas of
interest may be OF Q obtai ned. [00155] A given RF
generator al so has a stabl e operati ng region, and a

pl ot forRhe st qblbtafl@@mﬁ"ﬁa\? asur edgquation A3
expeR| ment abhy) Oor obiRi-ned, faih t he RF gener at or
manuf act urer,. exenplary plot is showmn in Fig. 17B

for o &xdapl@ry RF generator. For this generator,
pl a§Ra$J‘zha{hnb§We val ues of PO - -within the shaded
regi on w M be’stable. Plasmas that have oPG val ues of
PG -outside of the shaded region wll be unstable. In
At thEighe pb#B, ZaFthoagh t he dPG stable region is shown as
an oval, it may in fact have any shape. In the case of
Fi g. 17B t he, RF generator stable operating region has
a cé?é’mtra‘ﬂﬁalfit OXthe cross-hatched region ipg fdtﬁ)nMC)
thaz dZ(1.15 ‘@nwpys stable regardl ess of the phase of
: []asma point inside this region will be dPG
st abI e regardl ess of the RF cable | ength. The
ge tor stable operating region of Fig. 17B has
an%qr-]part (the cross-hatched region in Efgationzs)
t het»Mls stable for sonme val ues of the phase of PG -
and not stable for other values. Finally, the
gener at or has)a region (the cross

Argument| —= | =-20 Equation A6
az

M

[00161] In other words, as shown by Equation A5, the length of a 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 (Zy vs. Z across the RF cable) but the magnitude of the
change (i.e., the derivative) is the same (e.g., a 12 change to Zyy results in a 1Q increase or

decrease in Z7 without changing the magnitude of the change).

[00162] Appendix B, Calculation of L-match dZ/dZs:
[00163] For the L-match network of Fig. 14
Zy = ZoZs Equation B1
Z,+7Z,
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dPG hatched area of Fig. 17E) for which all points are
unst abl e, regardl ess of phase. Ot her RF generators nay

whaowe/oat1at ogous regi ons, al beit they may di ff ePCT/HS2005/037125
shapes and sizes fromthose shown in Figs. 17B-17E
[00156] By conparing the plot of Fi

) B, .« -
[00164E pr es Beieit T 6 is thihenbimnedancR gnd %g.%ﬁzﬁ F5¥s i flae sy of several
. tor. t | ot . of : . o
e FEe R R B GG REadRE P Bpiatin gives

interest, it is possible to predict whether the RF
geperator woul d pr oduce stable plasmas for all
prodessBd(6f +Za) erealZ, +@0X5Y] Further, the plot of
al ¥t he data points representing the value of PO - -
for all oPo plasmas of interest can serve as a
specificatign for a generator. The specification would
be that__thﬁ_ganﬂator have a stable region, as in
Figure 17B, +th¥t enconpasses all of the data points
representing the value of PG -for all plasnmas of
interest. This informati on would then be oPG enpl oyed
by the RF gengtX&for manufacturer to design an %%uaﬁonBz
gener at Ok pt hai uf-dyipr oduce stable plasmas for al
processe R%?§Kﬁ¥g?€g¥. [00158] If necessary, the RF
manuf acturer may indicate that if the phases of the
data poppts gre rotated by a certain_anount . (e. .b
(0016Hang “g%ﬁy@@wm Zs éhienly pAR NS S HeTiqS s the ffg scales of
stabl e F@@io a furni shed RF generator would in
., faect enconpass th t i : i h
interes (s S PRL e "Dt of e SRURAR AL MOk e
capadiRk@édnWR)assuihed @F¥e fwedyt val ue of the phase rotation
may be determ ned mathematically or enpirically. This

i nformation would then be enpl oyed by fhe designer of i
[00166le RF Posemdifionsdes Lm te ﬂqg@gqlql,éo Ryjeand fto g(M tosbe%qual 10 0 are:

X, =+xsqri(R, R — RY)
uwR,, R Equation B3

X, =
P sqri(Ry Rs — Rg)
[00167] At the tune point, for either + or — solution:
~ Ry Rs
dZ, _ R, Rg — R}

dZS RZ ]}2
Ro+j| —mnt
S f
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correct length for the RF transm ssion |ine so that

stabl e plasnas may be achieved with the furni shed RF
w@eweiatrer for all processes of interest. [001BGj/US2005/037125

Appendi x A. Cal cul ation O | DZT/DZM For AN RF Cabl e

To Show Effect Of RF Cable Length On The | npedance

Derivatives FiR§m Equation 1: Zt = RO - -J- - -t R

Equ n Al UQe" m/ ) [00160] Equation Al
Sre\?mRStt #S fon A2: where g pL I | Lis

thele ,h+ﬂ,t;etansm33|on||ne and | is the

way M £ Rg/Ry ansmi ssi on

| | ne(rg{e@F@HZI’.&% t{7's)FRO(ZI\/HrJROt an q)(-1)(j

tanQ (ROt N:% ZMR jtan q(ZM-JROtanq) 1-

Equat |S(?Ln2 A3 189V % 7f# an q) (RO +j ZM an q) Ea@at{dngﬂ,tan
2 ) ~ (RO+j Z aan At the tune point, ZM= R, and dZT

(1 +tan 2 q tlonA4dZM(1+7tan q) dzT =1
Equat f om 45 ; ZM_2Q Equation A6
Ts

Vg

R Ry,

=22 425 |1
RS ‘RS
and
R,
Zy = sqrt (2-———+2] R 1){2—R—M+2j &—-1]
s R Rs R Ry
2
_Squ‘(%—ll‘]; +4+4%——4j
§ § § Equation B5
_Ry
RS
[00168] Thus, 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. Any percentage change in Rs will result in the same percentage change in

the impedance derivative.

[00169] Thus, to reduce |—= Dy , one can either reduce Ry or increases Rs.
S
[00170] Appendix C, Calculation of T-match dZy/dZs :
[00171] Fig. 15 is a schematic diagram of a T-match, the impedance Z; includes

capacitors C, and Cg, the TCP coil, and the series equivalent plasma load impedance Zs.
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[00161] In other words, as shown by Equation A5, the
l ength of a | ossless transm ssion |ine does not change
wo b@otowgmt t ude of the i npedance derivatives, WETUS105/037125
term nating resistance RMs equal to the transm ssion
I|ne characterlstl c resistance RO. The phase may be
(‘Zﬂ géZ:at the two ends of the cabl e HAMiYSC1ZT across
t'he BF+czabI e) but the magnitude of the change (i.
t he derlvatlve) is the sane (e.g., a 1Wchange to
ZMesults in a 1Wincrease or decrease in ZT wthout )
[00172hangi RehekdE; mig§nandite= oo arhéwe hﬁﬂngel)atcl{ OPaeRys, and Z3 = Rg +jXa,

e PRI PR L 20 L, U028 L AL e o
1ntere§@8 4 h%ﬂ t?@qn %n %ﬁﬁ%ﬁ JZ%&{ Be orisiddréd th Be R ﬁﬂ%ﬁme point.

I npedarrc Is the sum of several

Diffetefifigtfigngiess Equatibndi2ng t he effective series plasm

I npedance Zs. Differentiating gives: dZ - =721 (22

Z3)-1 - Z (Z2 +Z3T 2] dZ Equation B2 [00165] ,because

Zsd4,s the o artZ Z3 yhat VaZ2I es on thel e

(kNI AEC St

scapes of th@%#@ﬁpmn

tine’ of the match CII‘CUIt and there ore the matc

capacitors can be assuned to be fixed). [00166] The
dz,, copgditions for. ZMto be equal to RM and for XM o he
gé—eq beragsafeis the @111¥§6’ftt0? RERat varggs Oﬂ)tgﬁ\ﬁ“@e E&%T%% ‘i’fgﬁteé%?t

2 sqrt(RVRs - Rs

[00173] The conditions for Zy to be equal to Ry and for Xy to be equal to 0 are:
2
X,=-X,* XIERS ~R;
M Equation C3
2
X, ==X, % X5 Ry ~- R},
RS
[00174] Substituting the above value of X3 into equation C2 gives the derivative of the

match input impedance with respect to the seties equivalent plasma load impedance when Zy =

RM andXM=O:
az,, ~X?
dz. 2 2
* R2x2jR, XzRS-R;—(XZRS-jo
M M
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2) [00167] At the tune point, for either + or -
solution:- RMM-s ~s +2J]Rs JRRs - R- s + 2rs +V

WO 2006944722S (rs -2r s 2) + 4 s - r 2) >s R s/RMUIS2005/037125
Equati on B4 and Equation B5 _ MR [00168] Thus, the
same magni fication factor that the matchi ng network
appl i es on the Xpal part of the plasma i npedance, Rs |,

also zf es the ance derivatives by the sane
mngIszl 3 pret YRpercentage change in Rs wil|
resul t |nR1t,he sa pféucent age change in the inpedance
derivatjve. [00169] Th T uce , one can either
reduc Ri\f{m 3 l?{s Oﬁi

Cal cul & |o%1 ofR,, T-ﬁa?cﬁ dZy/ ds

0] Appendix C
sch

[00171] Fig. 15 is a
t he i npedance Z3

i ncl udes, calp%ajeg ors XAR the TCP coi Equatiod G4e
serie 21ésqu {h@ﬁ |rrpedance Zs.ZM =Z, +- 2
- Equati on 172] vvhere Z1 = JX1 and Z2 =
JX ar .t of X’hﬁ matc cito and ZS = Rs + JX3,

Le% - +hetrepl jR d tRe serl es eqw val ent
pl ashiR] oad i mfedance. BeBause are

2 2
(2 Re B [X
XZ RS XZ RM‘RS

|42, [ _ 4R, 4Ry R, R, 4R@( xX? q

azg| T xt xR R K\ ReRs
2
= R—A; Equation C5
RS
Py | Ry Equation C6
dZ Ry
[00175] This is the same result as for the L-match, equation B5. 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.

M\ one can either reduce Ry or increases Rs.
N

Again, to reduce

[00176] It should be noted that the same result is also obtained for the [T-match

network. For brevity’s sake, the arithmetic is not repeated here.

[00177] 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
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interested in high-frequency instabilities, Z1 can be
considered to be fixed at its tune point.

wndobesenz i ating gi ves Equation C2: dZM dZM bePE/E82085037125
|]§ _th;e only pgrtdof Z3 that varies on the tinme scales
of interest. dZ dZ [00173] The condjtions for ZMto b
showncstpjbﬂ capaciivs,dhshouls boanderstand thesaeh wgpegangecelepenis may HFSO be
) 174 ubst it uti L h 301
imleGakA s R S b MO 4 Spaol B0 ea and
variablBP SAPDERI: bkankSis RERbark thiddinsity @pacpuiCyalsectt asthaistrawn in
. oad i npedance when ZM RM and XM= 0 :Equation C4
Fig. Fanegtriophe GBjuRedqu atlicbambs coolawsfionshi s is the same
resul t as_]:or the L-match, equation B5. Again, the
me magni fication fact ' d
00r 35T ettt eRarpEg e Aplifid 6 KOPLERE AU fiscussed a the

RF eRESQTRUN el R paves sfigan deglionhd byeriehytoddihasthemnvention
magni fication factor. Again, to reduce , one can

also agiptibewherethe ctecRode isipvippasiy eapapiive syoh 7%3 biag egqqggqlﬁor@@ electrode

s e i RT3 e Bb i Qe B ool

other’ oﬁ)tigﬂeh _aﬁ@Bﬁ abRRAnhEAA comBIehtd mdy b omntdidl feorh esfigures. As the
invention has been described in ternms of several

compvnerfite areestioenpindicatadt ar mettemed as being eeunded tegether, it should be

pernmut atjons, and equival ents which.fall, W thi .
undelgiangdbgrth e icompRYERE Mo e wramin Ry Cigr gl efyfic in other

- 1 i ) : .
case o e e e T pa Ty wsed n
betweéedance el enents may al so be inplemented by
i nductors and/or a conbination of inductors and
capacitor (both f d variab

001 §5hmp! curdhespe alSiebrf sariaigy Apanf S afeodfit dflgisoggsed heren

are dtiélfbtseé H)%e .l RF transmission line, such RF transmission line is not absolutely
required to practice the invention. For example, some integrated RF power arrangements may
not require the use of an RF transmission line to couple the matching network to the RF
generator. Instead, these integrated RF power arrangements méy directly couple the RF
generator output to the matching network, and in some cases, the matching network directly
connected to the RF load (such as the RF antenna or RF electrode). Irrespective whether the
RF transmission cable is present, the use of the additional resistance and/or power attenuator to
reduce the 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.

[00180] Tt 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
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Fig. 9) may not be required on all chanber
configurations. [00178] As yet another exanple,
wa@bkdkowgk2 t he top RF el ectrode has been di scusBemUS®05/037125
the RF electrode in the exenplary RF power system it
shoul d be understood that the invention also applies
appenged glaima be inderpredeskas iaclydingwailisnch dligsations; Rﬁ@nugaueﬁs #1d gquivalents
as fal Wit netgs?rpg s@an Bt Bl S0pCLPRELRLEN! iy dhigRPact Li vel y
cou p rmore, sone conponents
may be optlonal and ot her optional and/or conventiona
conponents may be omtted fromthe figures. As the
conmponents are shown, indicated, or nentioned as being
coupl ed together, it should be understood that these
conmponents may in sonme cases be physically connected,
and in other cases, may sinply be in the sane current
path, with one or nore conponents disposed in between.
[00179] Furthernore, although the exenplary RF power
arrangenments di scussed herein are disclosed to have an
RF transm ssion line, such RF transm ssion line is not
absolutely required to practice the invention. For
exanpl e, some integrated RF power arrangenents nmay not
require the use of an RF transm ssion line to couple
the matching network to the RF generator. |nstead,
these integrated RF power arrangenents nay directly
coupl e the RF generator output to the matching
network, and in sone cases, the matching network
directly connected to the RF | oad (such as the RF
antenna or RF electrode). Irrespective whether the RF
transm ssion cable is present, the use of the
addi ti onal resistance and/or power attenuator to
reduce the | oad i npedance with respect to power and to
achi eve inproved plasma stability would still apply.
Additionally, it is also possible to enploy the
present invention to comunicate the plama stability
requi renent to the manufacturer of such integrated RF
power arrangenents and to furnish the manufacturer
with an efficient way to determ ne whether a
particul ar RF generator and/or matching network woul d
satisfy the requirenent with respect to
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plasma stability. [00180] It should al so be noted that
there are many alternative ways of inplenenting the

woredthods2and appar at uses of the present i nvent PORUS1005/037125
is therefore intended that the foll ow ngappended

clains be interpreted as iﬂclgﬂ%ng all such
al terations, pernutations, gui val ents as fall

i, LN he true spirit and scope of the present
Whatts b 0 s et i o el 1 med Le 1 A method of

1.  meufesieidwiinighusactiringra giaeh ndio eapency(RERBEnagatoecatigured for use
configured for use to at |east generate a plasma in a

~ toat brﬁgﬁaerpﬁe@démwg AR PTOEIS TR SESLFHY: CHMIBIRG ng a
pl.ural.i t [ 3 U r @yl :
Dottt § sl fiof B Rk, SRRl Fdhlabootls Bl ening  frt s
a set ofgpzstable plasmas of interest and a given RF
of valugppk P, epgt for et ofstablq plewmasglinferest andf gi¥emRE cable length
processing system a termPGin said first set of
val ues of PG - dPG psnr representing output power of a7z
assocfatéd with s&b ﬁﬁ?b@ssin@ SY<RnM) a ternh 1P, Sidisdidffirsisdet sBvalads of P, ——
val ues of % PG - representing derivative of a | oad oF%
ijnpedance with respect to said out p%tg power of said
PG first RE gener . LN econgd:
reprefiiige Ui B HTGORF oORLAUE o Mf oS BMGRE R values of
-in a stable operating region of said given RF
pgenerator, a term dPG PG in said second set of val ues )
P, 5;? Pesentiag ded eaiiviersd 2deadiitrpeganee it respgchtogiaifdeqptpyt power of said
G

first RF generator;

Z . oz
obtaining a second set of values of P, %};T— , said second set of values of P; —-
G G

Zy

representing values of P, in a stable operating region of said given RF generator, a term

G

oz . g
P, in said second set of values of F; a—PT— representing output power of said given RF
G

generator, a term —~

o oz . o
in said second set of values of P 6_PT representing derivative of a load
G : G

impedance with respect to said output power of said given RF generator; and

changing design parameters for said given RF generator to cause said second set of

Zy

values of P, a—ZPT— to substantially encompass said first set of values of F;
G G

2. The method of claim 1 further comprising:
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dPG generator, a term- -in said second set of val ues
of PG -representing derivative of a | oad oPG oPG

wo pedattee Wit h respect to said output power OPCEHEBZN05/037125
gi ven RF generator; and changi ng desi gn paraneters for
said given RF generator to cause sai d second set of

| f. .P t o
¥&}1§ 13% g?ldﬁr%fgrgevsaﬁlgfs%gr & ap pbl?hﬁo%é%%ﬁiﬂ?ﬁ%?ﬁmfgmd first set of
claim1l further conprising:plotting sai d first set of

val uesppf PO --on a plot wherein r parts of (fl
valuef jof &%, ?/-,pt agsfplofad enad krasisef said pth&flg Hﬁﬂ%{l%fwaﬁho said first set of
f

X- axi said plot and imginary parts of said first
set of Q values of PG -are plotted on a y-axis of
valueS @ P [:Q_é'l aftRffoted dhey-arishddaidilatl ai m 2 further

corrpr@l?gng plotting said second set of val ues of

PG -on said plot wherein real parts of said oPG second
3. se"fhedflethada’éélaﬁﬁZﬁuﬁheféip@PBFIBgt ed on said x-axis of

sal d pl ot and i magi nary partsazof sai d second set of

H&i%ie @hidReconddfeoPiadids Ign—gabﬁi syid akdtsviefeis adall parts of said
pI ot édPG4 The met hod of @ai m 3 wherein said

second set of v%ues of Pr --is considered to G dPO
ttlalle;oa f ]
oo BV e 5y By s o
G
. S 0z, . .
4, The method of claim 3 wherein said second set of values of F; R is considered to

G

substantially encompass said first set of values of F;

G

contain plotted values of said second set of val

G

second region on said plot tha
G

0z
5. The method of claim 1 wherein said first set of values of 7, ~a—P—T represents a first set
] .

of measured values.
6. 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.
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contain plotted values of said second set of val ues of
PO -- substantially enconpasses a r\7 second region on
wa@adod/opi7er t hat contain plotted val ues of sai dp€T/S1005/037125
set of values of PO -- or Q5. The nethod of claim1l
mherern said first set of val ues of PO - - resents a
St {,0
7. et ¢ SRR R MO e PTGy o oBlined by
obtalned by varying said output power of sald first RF
measSEEBhOmpshadce valugs g vellirnmait crtmalpoesr absat fiest 8F gehetmtor is
a mat chi ng network of sa| d plasma processing systemis

I .
el e FRSTPE 706 SO MARIR TR, T (o o
i nput i npedance val ues %Nhhlle sai d out put power of

oz, said first RF generator is varied, thereby obtaining
Bﬁ—values for - to values for dZ T dZ 8. The nethod of
Gclaim6 wherein said transform ng said values for -u-
to values for dPG Is perfornmed using an equati on where
sald q 2pL | , saig L represents the length of the
ransm ssi on and sai.d s .t he .wavel engt &

8. Rplksmethpd PEC@%WE whezgia ﬁrléé,taaﬁforrlﬁg saigf v %%@ﬁ‘gg ofiues for
claim1 wherein said plasnma processi ng system

oz, represents an i nductively coupled plasma processing

OF; processi ng system represents an

dZ, (1+tan’6)
dz,, (1+jtan@)?

, where said 6 = 22/ A, said L represents the length of the

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

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

coupled plasma processing system.

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

capacitively coupled plasma processing system.

11. A method of obtaining stable plasma when using a given RF generator to process a
substrate in a plasma processing chamber of a plasma processing system, comprising:
generating a plurality of data points using a first RF' generator different from said given
. . . oZ
RF generator, said plurality of data points representing a first set of values of Py TT for a set
G
of stable plasmas of interest and a first RF cable length associated with said first RF generator

o . o 0Z .
in said plasma processing system, a term P in said first set of values of F; a—P—T— representing
’ G
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capacitively coupled plasma processing system 11. A
nmet hod of obtaining stable plasm when using a given
WERRIogemIeat or to process a substrate in a pl asPET/US2005/037125
processi ng chanber of a plasma processing system
conprising: generating a plu%%Jity of data points 7
sin first r at iKter e ' ' T
outpuleBo e & s st 1 oBRARE P atbend 2o Iy (5500 SRV of°F, 2
representing a first set of values of P - - for a set
repre$tntm® fersiatibt of plagipeddnct Rithresictaodaid dutpus poter efdaldefirst RF
| ength associated with said first RF generator in said
generplogisma processi ng system a termPGin said first set
of val ues of PO --represent%ﬁg oPCGout put power of sa
f igbSdinitRh’ a G€IHRE AE10SE, vauek OF IR, ~=—Li, Raidabebrkdi sesdf wedlies@ff P, —=
val ues of PO -- representindgfderivative of a | oad OF;
i npedance with respect to said output power of said

first RF réfer.. obtai ning.a secon - | ues
repregplifp valte o T o bt Sty B0 B el bish At BRror, o tem
dPG representing values of PG - in a stable operating
_region of said given Rezgenerator, a term OPQ PO in
P; insmidisesenbsed oF valuesf ofy By reffresegting ovlppt Royew ol sgid @it RF
power of said given RFOPO generator, a term- -in
sai d seco set of values of P - -representin
o o
paf;

generd®k| M@t fn shid SRdn@ B I RGuEIBEH répiebentiag e vative of a load
said out power of said given RF gBperator; and

~enploying a second RF cable |ength for conducting RF
impedinge afith respoat toshid it PORET gfesaist giver Rigeneratardingi ven

E;:gﬁg&ﬁrrl%a ég%colna ﬁl@alb?é/ l%rqgtﬂdfct)rhcoﬁgﬁcqmglfﬁ*ssqgneﬁg fefosard' golven RF
generator when said given RF generator is employed with said plasma processing system, said

Zy

second RF cable length being selected such that said second set of values of P
G

. oz
substantially encompasses said first set of values of P, —~.

G

12.  The method of claim 11 further comprising:

plotting said first set of values of P, %Z};T— on a plot wherein real parts of said first set of
G

values of P, -Z%— are plotted on a x-axis of said plot and imaginary parts of said first set of
G

Zy

values of F; are plotted on a y-axis of said plot

G

13.  The method of claim 12 further comprising:
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second RF cable I ength being selected such that said
second set of values of PG - dPG substantially
wepwonpasses said first set of values of PO --PCT/USD05/037125
The method of claim 11 further conprising: plotting
sald first set of values of PO -- - on a plot wherein
gtt% A t(isecomf Qét%f (fél{.légofspt %%t o?lps%dvlﬁbé"\%ﬁer@lfn B8 partdbfsaid
axis o o ppot and i magi nary parts
of said first set of dPO values of PO --are plotted on

a y-axis of saipg plot 3PQ 13.. The .ne f i m.
scondschenliesnb o7 CRTB Dl g S G B EEAE BBt 25 YA RgPars of
of PO --on sai | ot V\,herel n real parts of said dPG
second set of vaI oi%—s-a P -- are plotted on said
said s¥coayisét ¢ffvafiis df (B, nd ploteedionasaid ypaxis of sdid gRG sai d
second set of val W% of PG - are plotted on said
y-axis of said plot. OPQ 14. The method of claim13
wherei n said second set of values of PG -is considered
to substantially enconpass said first set of (ygl ues of
14. POhemvdigsd &f dlainsi3 wheieinsathsesandsepbbraludsatl ‘e anterisidered to
pl otted val ues of said second set of values o =)
--substantially enconpasses a oPG_second regi on on

subst%jgljtaﬂg ghggépéjagggalg ?&5 @%trbfgfla%teg &€ pY %%Qev?héﬂ a Bk fegidd & said plot that

: . oz .
contain plotted values of said second set of values of F; —L substantially encompasses a
G

. . . oz
second region on said plot that contain plotted values of said first set of values of £ —L

G

15.  The method of claim 11 wherein said first set of values of 7 gjzgl represents a first set
G

of measured values.
16.  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.

17.

G

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

. - 0z . .
varied, thereby obtaining values for — and transforming said values for M 10 values for
G G

223
aP,
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15. The nmethod of claim 11 wherein said first set of
values of PO -- represents a first set of neasured
WO 20000847216. The nethod of claim 11 wherei n saPdI/E81009637125
nmeasured val ues is obtained by varying said out put
power of said first RF generator while tuning el enents
v
e BEUTE T W P TR AR N (S a0 values or
mst hod of claim 16 wherein said first set of val ues of
8z, PO -- i s _obtained by PO neasuring input inpedance
E—V%P%mminlg@nﬁpﬁl%t put power of said first RP
Ggenerator is rl7 r)7 varied, thereby obtaining val ues
for --and transformng said values for --to values for
3PQ.,3P0 E_ZFT18-,} EThe nmet hod of claim 16 wherein said
tr dwhateuatsl § er2z/11g saidlueprebants therlength of the
|sd5@rf@r1mtﬂm¢§| ng an equation oPG - -=- -, where said
Qz2pL Il saldLrepresentsthelentl*iofthed g :
transmls;uoadm)e and saich’ i the vewelength of e RIS giEReal|in pid fggsmission line.
wavel ength of the RF signal in said transm ssion |ine.
19. The method of claim 11 wherein said plasna
19. Prpsessthod of Yinis M RERf®S SAd 8121 a ipPsbessingy §lstenc ppdserts an
pl asma processing system 2 The nethod of claim 11
induaiivelysionpledipthsplaggneespngsgstan.ng syst em represents an
capacitively coupl ed plasm processing system

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

capacitively coupled plasma processing system.

47



