METHOD OF AND APPARATUS FOR | NDEPENDENT.
OF AN | MPEDANCE MATCHI NG NET

LI NG ELECTRI C PARAMETERS
ENTI ON The present

i nvention mebedrErs4d o the field : yst ens, andPRBUSIT23716
particularly, to the field of | | i rk control systens-for~-
match networks of r.f . power delivery systens. BA

pl asnma processMETH M&@M@éﬂ@%@@@@%ﬁé@gﬁw
typically glass, sem conductor or netal substrates, so the workpiece is

etched and/or_has_materials sited thereon. Significant amounts of r.f
power must E@LR@EIR%WS% vacuum pl asma processi ng chanber to

ite | ' in th mber | ini ai
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non-1linearly an n | bly. For exanple, the quality factor (Q of an
excitation PX?&@FQBEY%&S?%& %ni tion of the plasma is typically 15 quite

hi gh, aRout 100400. After ignition, the Qof the coil and its plasma | oad
drops td about 10-20. Properties of the plasnma al so cause the reactive

i npedance sgeARIAASUND AR the matching network to decrease as*a power

mat ched condition 1s approached and reached. The resistive inpedance
results, to a | apgfuexilaima Prestsdig chaaiberd arnreniptoyed fort procpssisgravorkpieces,
mat ching to a plasma presents, particular problens due to these variations

i n the resitgpicyly 2ass,( sepsiconduotbrrorametal sukstratas] sarthy warkpidem i etcbog andfor has
of the | oad seen |ooking into;the matching network driving the excitation
circuit el enmetialandkppbiteinthendona Significanp|aaovats pbeds power anshiber supplied to the
mat chi ng network is intended to (1) maximnmze power supplied to the_ load,

for ef fl0ci emeyymaplantepyron¢ssingi champerforexcite ianstin g o an e phambsr tq  plpsma dnd to
relatively high power r.f. 25, excitatiqp source, fo fficlency and
prevent i on ToaintEe S plswsn e digehmge state, MW&{ %\3949 ‘r’é ﬁ'@oﬁ%@g{nealasma
gg} \é\$226t hepr(oaéecslsitngtclhgtrr]lbgtl, rlx({clilllémg %@glrz]\ggta%is%ﬁgrgggng %%I)Jctcitgt%éq}iinél' O%f Shnent yc\)’i)
rel atiwvely il o‘gs%éﬁabl e ﬁe’. g. great er .t E%ﬁ 10vf%§t ond H:%gg e@fl i &g%gg. Fo
The sour ce thatsoglly 7 Epil ;g1 (ot BT, THOTF Slecitoqes, Varles Jions hiTs ’EEI SErve” and
zero ohns regactive. The s ; iR FERL i icall
char act or | STREIRIS R G S 0T BE Bl ol BB REA B Pighidon bR pfRsma s ypically

netwo

j~d

15  quite high, about 100-400. After ignition, the Q of the coil and it_s plasma load drops to about

| 10-20. Properties of the plasma also cause the reactive impedance seen looking into the

" matching network to decrease as a poWé'r matched condition is approached and reached. The

resistive impedance results, to a large extent, from the charged carriers- in the plasma. Hence,

' matching to a plasma pr_eseﬁts ﬁarticulér_problems due to these variations in the resistive

20 (real) aﬁd reactive (imaginary) impeﬂance components of the load seen looking into the

- matching network driving the éxcitatién circuit element and plasma of a vacuum plasma
processing chamber. | | |

The matching network is int_ende& to (1) maximize pbwer supplied to the load, for

efficiency, and (2) minimizej:oﬁver reflected fr_oiﬁ the load to a relatively high power r.f.

25 excitation source, for efficiency and prevehtion of possible source damage. The matching

network is connected between the excitation circuit components and an output terminal of a
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supposed to match the i npedance of the load to that of the source by

adj usting the inpedance 5 seen by the source so it equals the source
resistive iywpegangg. Typically, the matching network incl udegchyesoyasiigbl e
reactances, one for primarily controlling the resi-stive inpedance conponent
(z) seen looking into the matching network and a second for primarily

cont rol | i noreldtivelye unigi sablé (@0 Freatercthag d0efett) (driven] By HeesourceokiThg soutee hisea
mat chi ng network. In one prior art arrangenent, the variable reactances are
10  aut onaspecHiedyousputipadasassuchadjS0sthas fesistive, antlenemt oliros néacting.z Fhe source
reflected power. The nost commonly used technique for controlling the .
val ues of tébutputaimptslapce @qualartbe Lablevehayasteristic cimnpedgnach e Thisametching network is
magni t ude of the inpedance seen looking into the input termnals of .the

mat chi ng nesuppesed toimaately thempedanse of fhedaad tecthalapfitbe seree by adinsting the dmppdance
prior art, hom%yb/’er, Is inprecise and relatively s|lowto achieve a matched
conditi dn, 6P byrhe SQUISS IR equals the spyree BFIsti¥e BPeda¥Cqener al , the control
surfaces of (z) and [err] in the space of .the match network variables are.
complt cat od Syt PR ifop aethine PESoRh R 4B ALl FEHUENES G SRRy
and [err] and .the t mat ch variables. In other words,. changjn e of the
mat ch net wotdREPARE RedEsisiiveg mefia‘?%rc"mﬁx by Igglﬂﬁ%énatpgh‘ég"@g‘lr’]‘% ngyark
will also have an effgct on the val.ue of [err]. .20 The sane ds true .
when changi Fif 3 et SR e R ey Pollife Yhe, ke jipedand, ForfPifienb 10 feen 165iiog
there is no - e [espon : e a . t
mat ch vari a]%’fogstﬁg ntg%l Ba eﬁplgi IrcligI gﬁc;&g’gﬁogs%één% é,hﬁ%a&%%l%l%gﬂgctm%s 48
si mul t ou ' e DI : isf ' [ e

var abi S ot epRe AR Rl icctbly s hshiiolopt B il AR povRE . TRB AL
cor r espondeggRmbBRdfsddOtethyie For icontfBllifg ithe vanis ff k! viiiableOrdiBlatifesditfols
25 anbiguities in the surfiace shapes of (2) and [err]. 2 WO 98/ 27646
PCT/ US97/ 23detéctingivé\BiaserandhiradritEdIoT (Y ifdpetdshceSeen Ivokihgiiato theidpitackndinals of
apparatus for independently adjusting the match variables of a match

net wor k so thbahatphiagimetwarkd Ths utvatatibi shgultdnebhe adjastnednt @c¢opdicigi to the prior art,
~acconplished. 5 This and ot her needs are net by enbodi nents of the
present i nveoweéven, isviipreciser and thlativgly slowateganhisve 4 onatched ciondigion, ferathetrcaspns
power- source. The arrangenent includes a match network coupl ed between a
power sidur cdiseissedbslowd, the match network having at |east. two controllably
vari-abl e electrical characteristics. A sensor is provided that senses at

| east two par anefegenesal, the consen) supfaepsi ofe FZdnend ¥ iy theespaem af the maich getmensk

paraneters of the load .
" - variables are complicated such that there is not a one-to-one correspondence between (|ZI) and

¢ and the two match variables. In other words, changing one of the match network variables
£ .

~ so that, for example, (IZI) is made to equal 50 ohms, will also have an effect on the value of ¢.

| 20 | ‘The same holds true when changing a match network variable to make $ ‘equal to 0°, since -
. there is not a one-to-one corresl-)ond'ence' between (IZ]) and ¢ and the two match variables.
Hence, attempting to adjust both match \'rariébles simultaneously in the ptior art was difficult,
since a change in one match variable would have an effect on the other match variable. This

' lack  of correspondence leads to slowness in matching and a failure to match due to

25 ambiguities in the surface shapes of (ZI) and ¢.



10 fo I ndependently control varying a first one of the electrical
characteristics of the match network as a function of one of the paraneters
of the | oadvwapogsyesecond one of the el ectrical characteristicecafusdtrgsmat ch
network as a function of another one of the paraneters of the |oad until -

t he power source and the load are matched. Since the drive controller

i ndependent ISUNDAARY OFtTHE BIVENTJON first and second 15 el ectrical
characteristics as respective functions of first and second | oad '
paraneters, fast TFhee ps eciesé foneahethgd iand sapparapisi fondodepehdentlysadjustingvthntmateh
over the prior art in which the match variables (the variable electrical i
char act er i stvatighlepfoft hanatel gigtwarkwes khay precise aad fast matching opibe variable load is
correspondence with the | oad paraneters, which nmakes matching relatively

sl ow and antfceemsplishedo ~ The earlier stated needs are also met by

anot her enbodi nent .of the_ present inventjon I.ch provi des a nethod of )
mat chi ng2a | oad t B8 Fdwether Aeeds: ats t“FFtaerﬁng?d% € ﬁ'ﬁvli’rﬁ@ené igventign, which

Gt abl | shi ngra BB ATIRGEETREE FrJehRIIORY 1A PYVET FORPE CH ATRERGAFRt gclpdes o
I f A I | abl e 4 s l,cul fr

| cast one o PR npRrR aplgli bBeen £ bRt ibioR A £ iRl 4 R Bt hTons
Val u of 1t ndVBGARRRTAY aabl gl lafioetbics, IPERISL) RpiPIN e e

15 adj usted g8 J%}n\(&efsﬁﬁtﬁ?iﬁaﬁ% 3vd & lléﬁfégg&mtto_ttﬂ@s%i’s&fga#aﬂféi’ers of the load
parameter is equal to the first specitied value. It is then determned
whet her 18 SqgGRfepengertly E&ﬁrdlw%iﬂgr@mslt%xﬁ of tiRObRELTCA SharRtaitics REFCGhE i Rstch
val ue. 3 A second match variable of the match network is adjusted to

drive the nafepdiorkadsi arfulnetion 6folidef thepardesters dfltealbaf anhd Axicténd oneoflihk cléttrical
the second specified value, wherein the first match variable has a

one-t 0- one aharactepstickofithe miatdh rietveork asst fuhctih glcanathetr ene afithetplaeanseters wd the load
mat ch vari abl e has a one-to-one correspondence with the second | oad '
par aret er . Smtil the poweTheourcaand the loadaneanateheds are al so net by anot her

enbodi ment of the present .invention which .provides a nmethod of matching

‘load to a power sHbee thedrive coptroller indepmndrntiy ropgols thei varyipg of 5mttanénepacand

pr arr il 4yl e ot o G2t TS s
i o iGN brally 6 i AR A LT
FE; gthl '\c/)ﬁr ![ gﬁ'rilé‘% @}g vﬁé?cﬁ_?%efﬁv%? Eﬂéﬂg&g? ﬁv%gjf:-?ﬁe Srg%(u% gpm{ géioslé%g}? © a one-to-

0 gecoﬁ%%ae}fsﬁeo‘%e%&x fd 1¥ad 'l]ﬁranig@&s %%%?ﬂe@ﬂ%ﬂﬂé%ﬂtﬁ%if Sfow and

Ao

aspects and advant the present | nventlion
£, .
ambiguous.
20 The earlier stated needs are also met by another embodiment of the present invention

which provides a method of matching a load to a power source with a match network having
a primary circuit and a secondary 'ci'.rcu.it._ This method comprises th;e steps of establishing a
resonant condition in the primary circuit and measuring at least two parameters of the load. A
control variable is calculated from at least one of the two parameters. It is then determined
.25  whether a first 6ne of the load parametérs is eqﬁal to a first specified valué based on the value
of the- conﬁol variable. A first match variable of the} match network is adjusted to drive the
control variable such that the first load paramefer is equal to the first specified value. It is then

determined whether a second one of the load parameters is equal to a second specified value.
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_beCorre_ more apparent fromthe fol | owi hg_det-aj | ed description of the pre;ent
I nvention when 15 taken in conj ISPREHAS 2FE®\ pcconpanyi ng draw ngs.

BRI EF DES THE DRAW N | Ogbld hS a sthematic depeetusomaris a
mat ch net ﬁl‘gbﬁgguct ed in ac L A PLAEE %odi ment of the present

i nvention. 20 Figure 2 is a flow chart of a nethod of matching a

| oad in accordan@emiich vadbleBIoket ARRh mtwbikeisdfuseandt toi driventhi anatclFivatiatde Su¢hs
a schematic gepl ction of a control systemfor the match network of Figure
1. Figure A4hitshe sédodd 16dibpdramétenisnaubbm thé secand spengfied Valael whereingbe fizsh aeatch
wi th anot her 25 embodi ment of the present invention. Figure 5 is a
schemat i ¢ depiablei Ha® adneatosomt chresgondencewits thefosteload p saddbe poopd match
anot her enbodi nent of the present invention. 4 Fi gures 6A and 6B are

pl ots of t heriablethas aonedo-opZ porespondance withthe sacond iead PIERVREL of Figure 5.
Figures 7A and 7B are enlarged views of Figure 6 in the matghing region. .5
Fi gur es 58A and SBhexeaslign mtgg secdsae plso snatiby joather erphediment 0?513 Ig'ﬁ veption
network of Figure 5 generated according to enbodi nents af the present .

i nventi on. whighpsowdessa Hleﬂ'Pé\Hfé!‘Pé?}!m%Pq%a : W@fmﬁ’é:?éwhh@ ngt&b%%wpf}( having
accordance w th anot her enbodi nent of the present .inventi .

DFSCRI PTI ON? MCE%EW{OW%RE&Y W%Qﬁ‘g eRsing the Stgpés Sﬁg’ﬁ%aéﬁ%n% 3%?4. g"hﬁp
of a power deliver st it h.a _nat I ' '

exempl ary RPN 51 oo P EEmRe i 854 PRlstheRtb R HiC 108 £ utand, sccond
oad. In other Ofl| S o 5’?7& & £ ihatbl variabl
Figure 1 arﬁoﬁﬁg&oﬂhé@ﬁha%dggg%%?éﬁﬁt tdgg%raélggfﬂ}?r%?i on. aI'n ?r?]réa ©

exenpl glgy 33@%? ?%agéeh E%tgzgﬂ@tojdﬁ’v% thb Satue fof GUCRRE Alnefiod B ther sl gpRsifiel valuepindg

current an transfers the vol tage and :
' second match variable of the match network to drive the value of the second function to the

second specified value.
The foregoing and other features, aspects and advantages of the present invention will
-+ become more apparent from the following detailed description of the present invention when

15 taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic depiction of a match network constructed in accordance with
an émbodiment of the present invention. |
20 Figure 2 is a flow chart of a methéd of matching a load in accordance with an
embodiment of the present invention. |

Figure 3 is a schematic depiction of a control system for the match network of Figure

Figure 4 is a flow chart of a method of matchiﬁg a load in accordance with another
» 25 B émbodixnent of the present invention.” o
o Figure 5is a schematic; depiction of a match network constructed in accordance with
lanother embodiment of the present inventx”oﬁ;

Figure 6 is a plot of the contours for (IZI) and ¢ for the match network of Figure 5.
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' 0 . : : . :
current via a primary circuit 104, a match he rk 100, and a secondary
circuit 120 to a load 130. Th iﬁ d gEeNd vacuum processi ng chanber,
for exanpl ewolda7846 NMary circu { %m@g‘%es the rf generat opct/0B97/28716
capacitance C[err] 106, a resiptanc }—1088~ and an inductance L[err}
110 that serves as the primary Stde of a transfornmer lo  112. The
capagci t ance ([ erFlgur©s is areeilanged viswRpidigire ¥0i9 theimatdhingi kegigmee L[err] 110,
are neasurable quantities. The transforner 112 has a controll abl e nutual
i nduct ance M 114Figwee § is srplebpf aearly erthogenalr funptionscios teeematcd ngtworo of Frgure 5

control | abl e secondary_i nduct ance I&err] 122 is part of a secondary circuit
120, and i sgeeraied pecerdipg fo embedimentsof theprseent HWEBUY.err] 124 and a | oad

' d ZL of a, | h d t h d
ciTouit 15 120FISHERD B RO ¥ oba POl EIERA 1 ShserordiR Wag0Ayhe

the ar :fnge n‘i. o{ E'Ei gure 1 includes a voltage and current

represe ed“BYOHHRET P PreEtysiion (where Zin = Yin and Zin = Rin
+ jXin, where Rn = 1Zlcos[err]in lin 20 and Xin = IZlsin[err]in)
and a phase angle [err]. A phase/ magni tude sensor (described |ater)
measures Zi [ ' FRRGEXEMD @EgytﬂmB@mE rjin are

det er m ned %ﬁ%hﬁ)ggsw'?ﬁ%]?gen stics, 1‘[ e primary cml{{g(s:i tance (Jerr]
106, the primarygj hngi ' s j+ B

i nductance L[er rfiéflsl.%?q?hagsc? %ﬁﬁﬁ%%ﬂﬁ%bg@@@d%ﬁ%ﬂ%&éﬁﬁ {#'3 match network
PCT/ US97/ 234hployed Gadeeriai mﬁ?lﬂcﬁrlﬁ?diﬂagﬂts 6 ¢hdNprebaht iimvEaGbANfR Mafchthg a
and the secondary inductance L[err] 122. The nutual inductance M 114 and

t he secihda¢apatifire doai0Cln dther eshbddidentschowigwest systemsi othérethin thatshéwn \inFygure 1
Z[err] and [err] while the other values of the circuit are constant over

ti me. Exenpirarcenivelledsa astordancecwitip thegresent imventions dncheexemplaryrsygtermeofl Figuee 1,
L[err] = 1.27 [err]H, C, =5 160 pF, Rerr] = 0.4 [err]; L[err]= 1.8 -
2.8 [ err] H, thefrdr ginerator h02 priduces] altegnaingeourrent andevoliage 106l fransfgrs ththwoltageand
i nductance M and the variabl e inductance L2 are adjusted using, drive notors
that vary tGHTeng¥iAca PARAELY citgwt 144 amateh network, 100, #ad grseronglany Clicuib 20 ta g load

error signa the deyiation of IZin | from 50 ohns)_and t phase error
signal ' (t hé.{%&vﬂ‘ﬁ]i"ﬁﬁ{1%@@”‘?“&*23\“3%%‘@?@5&?@@ t%eﬁm&e art, the error

Fence, W change TH ey pRgn Ak BERSG R 1 Bnttnoki i, &L iR cndle. o

Thi's lack Ofgistance R, 108, and an inductance L, 110 that serves as the primary side of a transformer

112. The capacitancé C, 106, resistance R, 108, and inductance L, 110, are measurable

quantities. The transformer 112 has a controllable mutual inductance M 114 and a

coﬁtrollable s_econdary inductance 1, 122. Thé controllable secondary inductance L, 122 is

20  part of a secondary circuit 120, and is in series with a secoﬁdary capacitance C, 124 and a

' load impedance Z, of a vacuum plasma processing chamber coupled to the secondary circuit
120. | |

The complex powér pfovidéd to the load 130 and match network 100 by the

arrangement of Figure 1 includes a vol:taige and current in a ratio Z;, and a phase angle of ¢;,.

25 A phase/ magnitude sensor (descﬁbéd laxer) nieaSures Z, and ¢;, The impedance Z,, and the

phase ¢;, are determined by the loéd 130 characteristics, the primary capacitance C, 106, the

primafy intrinsic resistance R; 108, the primary inductance L, 110, the frequency ®, the

{This -Has.Been..Replaced
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orthogonality resulted in extensive searching of Mand L2 to obtain a

mat ched condition and may extend the natching time required to several
seconds. The, pg/PRgdt i nvention mitigates this probl em by nmakPeDnUsI23716
measured error signals have a nearly one-to-one correspondence with-the-
mat ch vari abl es, as descri bed below. The 15 changes in I1Zi.|l or [err] then
require CoOgpRMaall apaditantd€, kY, tietmetual inductange Mkl 4oand the speandaryindnetpness.,
each, thereby achieving precise ‘and rapid matching. A first exenplary ]
enbodi nent 1p2oVittasutmahinductdnéeoM & thendihe segondasy faductanga Li, e pARble in
L[err] to drive 1Zin | to 50 ohns and to drive [efr] to zero degrees. The
first stepréal tithe $o amenBlL,angd haiydilenthstother values afjthe ?l%uto#fet%é‘g‘eﬂft Oygr tume.
equations as described bel ow. 20

2 e B U BT SR S e
P e io bl iR 55 ek AL AP, Aot il
Pl TPCGERE R BFE oy HSE HAE DRSS W 5y BB e alon of
£ A M O S B B
rents on, g For WA R0 APy I B e P ot e
cert) W deeichalibi o) S 4 oo s W f 350 Beb e B0
om e cbogipabiiminth inirivavio il L s Gl
gtngerl_ \gﬂ d@@iTXtﬁiﬁﬁﬁqt?;H? rf‘é‘}“ﬁ% sﬁﬁ%ﬁé% & to change, then bo]E h M
i nven'E i on] sol veh%%ﬁdﬂ?@ﬁ%ﬁ%&fe%gﬁ $ ééﬁkmeﬁiﬁ%cﬁ{gymﬁfm%h%%& s1§ﬁ’£s
" have a nearly one-to-one correspondence with the match variables, as described below. The

15 cﬁmges in |Z;, | or ¢ then require compensation by the adjustment of only one of the match
. variables each, thereby achieving émiée and rapid matching. |
A first exemplary embodiment provides a method for contfolling the match variables
M gnd L, to drive [Z;, | to 50 ohms and to drive $in t6 zero degrees. The first step in this
. exemplary embodiment is the reduction of the set of equations as dgscribed _I:elow.
20 Equations 1 and 2 provide the real and imaginary pgrts-of the input impedance of the
" match connected to a load ZL =Ry +j + X;, where Ry is the sum of the load impedance R, _

" plus the residual match resistance R,:

- (@ -My* R, |

Re(Z,) =R, + RT2.+0L2 : 1)
1) (0-M) -«

’Im(Z,.")—[co-Ll co-C,)- R} +a? @



20 'prinary circuit 104 resonant. Ordinarily, resonance in the primary is
avoi ded, since resonant circuit elenents store and return power in a way
that causesyguWghedds 10 increase rapidly, potentially damagi ngpedineseansris t
el enents. However, nodemr.f. generators are able to detect an overcurrent
condition and prevent damage to sensitive circuit elenments, so that
resonance 7 WihedB/ 27646

PCT/ US97/ 23716 no | onger presents a S|gn|f|cant danger If CJerr] 106 in
the circuit of Flgure 1 |s changed from 160 pF to 108.5 pF, as in certain
exenpl ary enbodi dL $n Y invention, a resonant conditlgg
reached in the depi cte tirguiC histis exenplary only, however @} ot her
val ues for the circuit eIenentsAm |1 also create a resonant condition. The

E g)ngegtndoz 4; he[ @?‘?] kl on’ E%JI‘IS?I‘ a#‘)é%g‘#r%gt t Q[rﬁgﬂ?ﬁdéjgéteéto} 1

cont our et Y dependent on both match vari abl es M and L[err] (through
a). Howeverg according to-the present invention, the primary circuit is

made to be resonant. As resulty tan [err] =0 is then independent of M and
L2 10 since: [err] angrzdmﬂzm)! (8) 15 Accordingly,
1\

U

the matgh vari abii,-,e%'\mf g¢d solely by the condition that -l ggpl =50
ohnms. From equation (1), indads to the condition: [err] By making the
primary circuit resonant, the [err] = 0 contour is nade independent of

mat ch var i abd thevhaghitude of the inputdtnpddancadl:t i on can be reached by varyi ng
L[err] alone to make 20 [err] =0, and then varying M al one to make | Zinl

=50 ohns. Since ,both L[err] have a one-to-one
correspondeuce \4&;";[: rReQZd ZI-FI Im(tZ:h g is acconplished very (gyickly
and reliably. A nt o t hod '0f/ adj usting the match network

according to the present |nvent|on I n accordance with the equations
described above is depicted in Figure 2. In step

These equations define two components (either Re(Z;, ) and In(Z;, ), or [Z;;| and ¢, )
10  of input impedance and an intermediate variable o that are denendent on various constants

(l{l, o, L;, C,, and C,) and four variables (M, Ry, L,, and X).
Thus, in the first step of the exemplary embodiment of the invention, equation (1) and
. equation (2) are reduced to a set of two eduations in four unknowns (M, L,, R;, and o).
Since a is a function of L, and X;, equations (1) and (2) can be reduced to a set of two
15 equdtions in four variables (M, L,, Ry, and.X,_). However, as is evident from the reduced
o equations, the quantities {[Z; | - .50 ohms} and {¢;, - zero degrees} are not orthogonal to the
o 'match variables M ansz In other words, if either |Z; | or ¢;n ‘alone were to change, then

- both M and l'.,2 would require ad_]ustment

‘The ﬁrst exemplary embodlment of the invention solves this problem by making the
20:. primary circuit 104 resonant. Ordlnanly, resonance in the pnmary is avoided, since resonant
. ..circuit elements stot:e and return power in a way that cauSes current to increase rapidly,
. potennally damaging the cxrcult elements However, modem r.f. generators are able to detect

~ an overcurrent condttlon and prevent damage to sensitive circuit elements so that resonance



5 200, a resonant condition in the primary circuit of a match network is
established. This step involves providing conponents whose val ues establish
a resonant W;ﬂ drsfn. Once the-resonant. condition is establi speflukdyishfs
primary circuit, the match:variable$ are adjusted to match the resistive-
and reactive |rrpedances of the'input as the output. First, in step 202, the
val ue of a s IsHReeprosams a significantdager.ali€, $06:1h maaﬁrcﬁxebfhgm ndt clmigbkiﬁ'dm
zero, as determned in 10 step 204, then L[err] (the secondary inductance)
i s adj ust ed160pE o VE8.5 @F 3s incertaincexentpiary 2M0bpdindintssof the gresent invention)ptaapyant
embodi ments, by driving a notor. that adjusts L[err]. Once L[err] has been
adj ust ed, t éenditidn mseabheémrtheel&pnctn@mwpltzd&wm@xmmanzoniy, howpeyepasmtharfvalues
not, then the mitual inductance Mis adjusted (by driving another notor,

for exanpl efortihe cirduitelements will B9 erhate 2 respnentegongitipn. \Wherfangant pf thesphage aagle
then the match condition i s achieved. Control returns to 15 step 202 and
the prodesséy, is giwpeby eombiningequetions)ehead X he mat ched condi ti on.

Anot her exenpl ary enbodi ment of the match network and control systemis
depicted in Figure 3. Ingzaddi t| o] tZe zggonents al ready depicted in
Figure 1, the control sy %e % ®310 and a drive inpedance
controller 320. 20 gni Ryder@énsor 310 determines the
magni t ude of t he tanfpgdance—seem ook e geENerator 102 into thg)

mat chi ng network 100, 1Zinl, E wils u.i- angl e between the vol tage and
current flowing into the mat ¢ t ng mg?\qu [err]. These val ues are provided
to the drive inpedance controller 320, which drives the notors
to adjust the E tib’ﬁ' GRfHéﬁfdr@mes WadiEe tdhed Se oy it RIbagladpendedit oaOboth
that 1Zinl is made equal to 50 ohns and [err] is nade equal to zero. 9
Anot her enbmdichevdriablestMeand ES éhioughve)t Howeskis aceoriingyte thberedens i@htion, the
structure of Figure 3 to adjust and match the-resistive and reactive

i mpedances. piinagvarcuitiismakde $o hé tesonat.c Asmtresiiltytan ¢ =tChis theni independentrofiMmnd &,
resonant as in the enbodi nent of Figure 2. |Instead, the neasured phase and
magni t ude vsinems are converted by a transformation into quantities 5

whi ch have a one-to-one correspondence vmth mat ch vari abl es. An advant age

of this 9a* 1 _
_(D'Ll_m-C,:O o | M

and |
- o=w-L, - ! £ X -
‘i 2 w-C, L 3

A _

15 Accordingly, the match variable M is determined solely by the condition that |Z; | = 50 ohms.
From equation (1), this leads to the condition:

By making the pnmary circuit resonant, the ¢ = 0 contour is made independent of

" match variable M. Thus, the rﬁétchéd'ébndiﬁon can be reached by varying L, alone to make

20 =0, and then varying M alone to make |Z,| = 50 obms. Since both match variables M and
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enbodi nent, described nore fully )JN)S\/,SHF-ETW?&BE&% two match vari abl es may
be changed wiosshesseously to reach the RERLAGER cond{tion. ThiBCtAsITRI716
contrast to the first enbodinent of Figure 2, 1n ch one match vari-abl e
I's adjusted, and only then is the other match vari abl e adj usted. Hence,
since bot h Dphsk aare-hiresconespadience with i and[Zgh emtcing isracttimplisiederena taickly
enbodi nent, an even faster matching is achieved. In the enbodi nent of the
met hod depi giaadliablyFi gure 4, the neasured variables of 1Zinl and [err] and
other fixed attributes of the match network are used to generate two

ort hogonal functifmembbdiedent aha hethaldodfi adfusting tiemarhartwdrkMceordintoathe present
follows. Equations (1) and (2) are.-witten as: [err] The quantities B and y
are t her ef cineentiasin &donjance withahe eqiations describbd ahovdis depicted anEiguse 2f In step
magni tude and phase: [err] The quantities Rerr] and Xerr] are network
const antss wHIG; la resamaptc | nethe primaryl elreyikpfHa anatathaetorn isi established. t This step
left sides of equations (10) and (11) are therefore known 20 during the

mat chi ng prig¥elyss praviding eergnenents) ¥diogg yakies 1estabdish A resepant ccanditiRiwn Onge the

and err]. However, .i.n this rticular gase, there are gnly, .
i ndeEEande]ntremain&BP%@ugP ¢ gstablished dn the pggn) sireit the match vaiables aro adjusted to

Ci mul  anco RBh R FeiRtvP AR HpcHk ABRekcd Shibe mentar i b, XasdRalshcp, te
I d h | abl M,and ' { h P
ragni t: e’ VR AERES RBP4 A fon A €1y M0 RSN Blermingg in
(18) "1 o p o2 SR ftn oS nddate) B aalfiolo dirve o 4o (200 i e
q fromthe ggasy %ﬂeﬂﬂ%ﬁ% lehib®Riméhte Y Hrivﬁ’x%ea tidtor fifaR ahfﬁ@&pﬁzﬂd%e}’l%ﬁikt bé&in

M and a for any given ad. VWhen the"systemis in a matched ‘conditi

(e v SRk s i i TnOy B, 1L b WA PR

inductance M is adjusted (by driving another motor, for example) to drive |Z;,| to 50 ohms, in

:{step 210. When [Z; | = 50 ohms, then the match condition is achieved. Control returns to

15 step 202 and the process is repeated, in order to maintain the matched condition.
An exemplary embodiment of the match network and control system is depicted in
Figure 3. In addition to the compdn’ents already depicted in Figure 1, the control system
includes a sensor 310 and a drive impedaﬁce bontroiler 320. The phase/magnitude sensor 310
~ determines the values of the resistive and reactive impedances; |Z;z) and ¢._. These values are .
20 provided to the .dr.ive impedance contréller 320, which drive§ the motors to adjust the mutual
inductance M and the secondary inductance L,, so that |Z; | is made equal to 50 ohms and ¢ is

made equal to zero. | | | | | |

| ~Another embodiment of the present invention a.tlso employs the physical structure of
Figure 3 tb'adjust and mé.féh .the:.resis'ﬁ;l"e and reactive impedances. However, in this alternate
| 25 " ¢ﬁ1bodirnent; the pnmary is ndt"m.ade- resonant as in the embodiment of F ighre 2. Instead, the
Iﬂeasured phése and magnitude values are cdnverted by a transformation into quantities

which have a one-to-one correspondence with match variables. An advantage of this

This Sheet Has Been Replaced 9

AR
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[err] The nunerical values of (23) and (24) can be arbitrarily subtracted

f rom equat i @igsoglakés and (20) to yield zero values of the funaidmosymses

mat ching is achi eved. The new, orthogonal functions are thus given by:

[err] and: [err] Thus, the controller 320 of Figure 3 is enployed in this
enbodi nent ¢émbeiimeny tdeseritied emoref fully 2retbve it rthat the dwo ahatoh yadables may be changed
phase/ magni tude detector signals | Zinl and [err] and the match 10 X

const ant s Rienilthneovdlytpeeach thamatched erdition.FThisds @ eoniragitodhelfrat eabodiangnt of
one of the match variables (Mor L[err]) so that a zero value of F can he
reached by Figurey2.rig whish ope match uarablesis\adiustedy andsoply them ifgths pther maicly vampile
mat ched condition i.s reached, when F_and, G are bqQth zero..  The i.nputs, of
Rerr], X ohdimsted.ziHnog,gings both Halch Yawables o6 astofl SUTpjianceREyin Bis altoppae
resi dual_ 15 Jmary resistance, R.err] can pe nmeasured along with X err]
at 13.56 Nkﬁmh‘g‘ilﬁ’&nha{i(?ﬁ%%ﬁ%ﬁﬁc V%F}P(‘e% | yzer and 1Zinl and [err] are
calibrated as in_the priqr art. |In the_ enhodinent of the nethod of .Fi

T Ehe val ues f o e ehiteblmeitier g metis Srnipied 5 Faufe  iE niFaputag yeriabies By (2,
calibrated, in step 250, In step 252, the values of |Zi nl and a‘Qerr are

measur ed byanché aadrpther fined atihytes: of, the dwatel netieork ars, Bsed tongsnsrate. twa sathogepal
nmeasur ed val ueg of inl and [ert] . are 20 .. transfor by the driver
control | er %n?%@%&ﬁ%s?ﬂ%ﬂé‘l@%%%@aﬂgz’hasé?ﬂ@?’ﬁ] in step 254. The
val ues of both og t hese {u%?ts('bgns, btgsed. on the measured quantities |Znl
[err] and the kn Wﬁa{%‘ﬁg )a HHCHE FFrui t conponents, are then conpared
to specified values, -in steps 256, 258. 12 WO 98/ 27646 .

PCT/ US97/ 23716 In preferred erﬁmdi]bé)‘?t-sR and as depicted in Figure 4, the
speci figd val ue iRe@dy9+d +¢ G- ®Yen the. val ue of eitheridy or G

~deviates fromzero (or anot heff ecitf®ed value), the drive controllér 320
drives a notor to adjust one or both of the match variables Mand L2, in 5

steps 260, 262. Since both F and@ aﬂﬁﬂegendent on only one match variabl e
(Mor L[err]), t tgh_wvari_a “¥an b@ changed sinultaneqgusly to
I ts dhe =5 an

h th tch P W 2,02
reach the ma che .enRT +o
where
X, =0 L ——
=®-L ——— S 12
I ®-C _ (12)
'The quantities B and y are therefore measured quantities.
£/ . . )
15 From the measurements of magnitude and phase: |
. ' L
Re(Zl.n)_= Z, -c_os(d)) | o (13)
m(Z,,) =|Z,|-sin(¢) | D)

The quantities Ry and X, are network constants which can be _exﬁerimentaliy
determjhed_'. ‘The quantities on the left sides of equations (10) and (1 1) are therefore known
20 . during the matching process and the right sides appear to contain three unknowns M, o and

R;. However, in this particular case, there are only two independent variables since, if:

10



the values of F and G are both zero (or.anot her specified value), the

mat ched condjtion has been achi eved and the process returns to step 252 to
-nmoni tor thewoalsreeese6of | Zinl and [err]. The enbodi nent of the ROHESIT23716
invention depicted in Figure 4 may al so be applied to 10 ot her match
networks that enploy different match variabl es. For exanple, in another

mat ch network, the tc ariables-are M gnd C{wee], instead of M and
L[err]. However, ,sil - ] and C[epr:L e both contained in b@e ari abl e
a, the transfor I on i}@T essent iaéfily he Rﬁrre as descri bed above“>HEnce, a
separation of variables ‘occurs and the orthogonal control functions F and
G are genepated. fromknown and measured quantities. 15 Anot her
enbodi ment of a match network is depicted in Figure 5, this network being
used to match inductive loads. In conparison to Figure 1, the

resi stor-inductor:capagitoy. (RL@ arrangenent is replaced by four
capacitors C[err]rRﬁﬁa]_ paci_tﬁﬁz; Tfferr] and (err] are variabl €17)
capacitors in this enbodi nent. capacitances are varied by drive notors
in response to signals fromthe drive controller 320. In the exenplary.
enbodi ment of Figure 5 Cerr] and. Slerr] 20 can be varied in capacitance
from20 to 200 pFIn(gZ Qa.sx val 20Q0@RpF and C[err] has a vaI~uZl8§f 151
pF. The change of varfabl es? dest#idped fol the enbodi nent of Figur may
al so be performed for the enbodi nent of the match network of Figure 5.
However ;s t ' ' : : [l

ot occdr 1 EARPHE L7 and 19y taf B HRARN BB AR HRdrk 1 o nfivish Ban
I nput | ”Ded@'%ﬂﬁcpﬁretiﬁﬁeﬁ%ﬁaédﬁy réfeed 8 Ihe Mmatch vatiables Manﬁﬂﬂg’%‘?ﬂﬂf&?ﬁﬁ%@%&a@ﬁmd
the real and imaginary parts of the input inpedance containing three
unknown quambgrdituds anf Phaid e tRinsformed voittol Satiasiesp ahd @f cahit@Uised Yo irtieperdently
the match vari abl es nust be neasured. In exenplary enbodi nents, this

measur enentcontrohtheanatch vidablessMrmdIomSolving(173 and (MY 568 anibd Fields:

PCT/ US97/ 23716 of encoder and capacitance calibration. The capacitors
Cerr] and (err] argzt he ioag agﬂl aine conponents control | ed by the

magni t ude and ph?g rrér Sig D sMrhe matchi ng range capability using the
conponent val ues#shown Y’-s ap'f)roer’rater 1 to 10 ohms (real) and 20t o 500
ohms (inductive). 5. Despi te the need to neasure C, or C3,
considerable sinplification can be derived by transform ng the neasured
vari.ables, as wl|l bﬁ se®h. Typical match response contours are shown in

Fi gured06 and 7 go??’l:ogi nmpedance of R=5 + j 240 ohms. Here the(20®gnitude
error -and phase error- sigffal s control Clerr] and Cerr] respectively. The

response surface is conplicated, _%arti cularly for the magnitude, which is
al so dual V2Y genptrusHng the cantrol yaudables p and q from the measured quantities, f and vy, one can

then independently control M and o for any given load. |

When the system is in a matched condition, these two solutions (19,20) have definite
_ _ A

numerical values which depend on the network’s component values. Specifically, when

15 matched: - -‘

. B=X, ad y=50-R, 21,22)
"_al.xdhenc.e:_ ' _ | ' ' ' o
;(Bz: +72) X2 +(50-Rr) |

. Fe T Y B - 50-R, | - | -(2_3)‘

and: | | |

11



10 search for a 50 ohmcontour at high values of CJerr] rather than at

| ower. val ues where the match condition occurs. Figure 7 is a view of the
mat ch regi omoosrteugure 6 expanded for clarity. Note that thePEU/USAMRITEGIEe i N
Figure 7 does not appear in Figure 6 as a result of the nature of the
plotting algorithm The conplexity of Figure 6 may be conpared to the
sinplicity of Figure whi cthe_pi cts the response contours after the
transformation apd whikh corredponds 15 to the sane |oad. The coordi nates
of Jerr], C[err?oé't‘ t jﬁaSQh_e condition are the same in Figur d24%-8
(err]= 97.8 pF and 96.6 pF)l. The input inpedance of the match network
200 oad. " Fhe migpeany iR @5) M can bR bty bk ed ol 8ifiichS (19) and

Fquat i on (P9 P RBetE kel 8 SHRE vtttk is KR FChbv. orospa

and the lo : | Zin) rather than | Zinl as one control signal
woul d | ead oml-gpﬁgraerﬁéa@i 8n n the (Jerr], Cerr] space. However, sol utions
for (Jerr] would again be dual 5 al ued due to the guadratic nature of
equation 27 leading to possE' blﬁzsea chihg goo.nRI)e . Equations (27) and
(28) may again bpérﬁatﬁd= e term-(x, +&a I n
equation (28). Althbugh x[errly is f[xed 50e Rpown, |the match varianl e
x[err] is usually not known. This termprevents t reduction to two

vari ables and the sinplicity -of the enbodi ment of Figure 3 becones

unavai | abl 8%However, in the enbodi nent of Figure 5, an independent 10
measurenent of C, is nade by an encoder 350. Because of this, the -(x[err]
+ x[err]) termcan be joi necBwith)ﬁ e neasured value of Im(Zin) and the
equat i ons sol ved@ Bapet gpo- —Rznﬂgfiélrr) and 1Z=lm(Zin)+Xerr] 4(&)3”]
(31,32) then: [err] 15 fr omiYwhi @ :"ﬂqrr] and: [err]

Thus, the controller 320 of Figure 3 is employed in this embodiment to generate values of F

. gnd G from the calibrated _phase/magnitude detector signals |Z,] and ¢ and the match
10 éqnstants R; and X,
The values of F and G are dependent on only one of the match variables (M or L,) so
that a zero value of F can be reached by changing M only, and a zero vaiue of G by changing
L, only. The matched condition is 'rg:aéhed when F and G are both zero.
. The inputs of R, X,,, |Z;,| and ¢ must be _calibrated in this embodiment. The residual
15 primary resistance R, éan be measured ﬂbng with X, at 13.56 MHz using a conventional
network a'nalyzer and |Z,] and ¢ are calibrated as in the prior art. i
' In the embodiment of the;, method of Figufe 4, the values for the inputs R,, X,, |Z;} and
- ¢ are cglib’ratéd, in step 250. In sfep 252, the values of |Z,| and ¢ are measured by the sensor
310, and provided to the driver controller 320. The measured values of |Z,] and ¢ are
20 transformed by the driver controller 320 into two orthogonal functions F and G, in step 254.
' The.va_h_l.es of both of these functions, based on the measured quantiﬁes_ IZ., & and the known

constants of the circuit components, are then compared to specified values, in steps 256, 258.

12



15 , WD 98/ 27646

PCT/ US97/- 23716 Equatlons (35) and (36) formthe basis of the new control
variabl es but must first be corrected for their values when a match is

achi eved t owsssi2ged6a val ue of zero to those contour |ines. WRCI/HSHHATES | S
made RZ is equal to 50 ohns and In(Zin) is zero so IZ equals x[err] oo
x[err]. The new control variables can thus be defined as: [err]

maki ng an dadreferrdembedinmisyend a5 depipied ip Figure 4, they pegifipd VPH@HS&PIO @rbp F
quantities _10§rn the right hand side of equations (37) and (38) are known
and F-and be conputed as control variables. Figure 8 depicts the

The. Egrnf ﬁﬁﬁ S of %éﬂmﬁuﬁa&’gﬁ? ot wl%%:%ﬁar%%?? Sl wpisd o oo
Fovever, AT C‘%’éﬁfﬂ%“f”;%%‘d“ G R o Db el Aot BE P AR SRHBREEM g fon
of the Ont&%ﬁ 2687543 084125001 5o (4R WebbrlaBd 1 ol e hd eaﬁmﬁgogem@ the

anb|QU| y renains anges In the rea I 'magli nary co

the load | eggch %ﬁmwgg 'eaﬁ Be cﬁﬂk’e@%fn?ul%e&s‘?}“%o@a&?ﬁﬁ%ﬁ&tbﬂai YondXidy. "When

bot h. For exanple I'ncr eases,” the contour’s nove to the right

those of G theRmuls bPFhaia06hre BbH 26 (Or amdtheX FG&ﬁé\ﬂ@ﬁlu@P lte irtaecHRAHoRHTtRNAas
G change. This separation of variables |leads to a sinpl'e and unanbi guous

mat chi ng priees defiieved4hd the processABtueiEX0 GtefeasR t6 imchitde tHeorhlwds offZ.glaha . f or
the network of Figure 5 is depicted in Figure 9. In step 270, an

i ndependent measThieembbdintent bfthe presentoihvédtivnrdepictedimy Figureetimayialy beapplied to
encoder, for exanple. The values of |Zinl and [err] are neasured in step
272 by 10he othersmatch betwarksl that ompltaddlffarmhmaehﬁ variablesn tHoo lekempl3? (h adberdmatch
this neasured value of Clerr]:a pair of 16 WD 98/ 27646

PCT/ US97/ 23mtworke ther match variables sre(M, and) CainstesdrafiMiand las Hewevsy, sinchibgendiC,
functions by the drive controller 320 in step 274. The val ues of both of

t hese cont rase boty eamptained iy theyvyrgigb b%ﬁb@@anﬁfenaatsqs’eléuqsswaw%smﬁ ag dggezibed

276, 278. | d enbod h fied val th

value of  citRgr Hepe,a séav%s%é@?vmﬁef&c% S EHe 7 PRAPEABAI GaTob AngROn |GG
5 tor to adi h f _th h bl d

' steg‘é 0ot SofishsdfroRlnchin, Al oo el T\ “Gependent on-only one.

mat ch \igr' abl e (gloecﬁ&] erﬂf)oﬂn%ﬁ{ Ma r&a&% ﬁ%&q{e@ d’eﬁfc&&ﬁ e§1gure S, this network being

used to match inductive loads. In comparison to Figure 1, the resistor-inductor-capacitor

(RLC) arrangement is réplaced by four capacitors C,-C,. Capacitors C, and C, are variable

' cap?citors in this embodiment. The capacitances are varied by drive motors in response to

. signals from the drive controller 320. In the exemplary embodiment of Figure 5, C, and C,

_ .20 B can be varied in capaéitance from 20 to 200 pF, C, has a value of 200 pF and C, has a value

of 151 pF. o ' |

The change of variables’ described for the embodiment of Figure 3 may also bé

performed for the embodiment of the match network of Figure 5. However, the reduction of

~ three apparently unknown .quantities to two does not occur in this case due to the structure of

25 - the equations for the input impedance of the match. The result is that two equations emerge
. forthe feal and imaginary parts of the input impedance containing three unknown quantities.

For the match network embodiment of Figure 5, one of the match variables must be

- measured. In exemplary embodiments, this measurement is accomplished using some form

13



can be changed sinmultaneously to reach the matched condition. Wen the .
values of F and G are both zero, the matched condition has been achieved
and the process returns to step 270. Anot her enbodi ment of the present

i nventi on ewplasgged6a power and inpedance sensor, 10 such as ROTAISI7/23716
commercially avail abl e, between the match network and the plasma chanber-
Such a sensor could be used in several ways to assist the matchi ngg@rocess

i f an appr oyt ¢needern andiBanacitarae: sabibrationy Be £ARASIPRHNCe #htledare e [9ad jand tune
nmet hod uses the sensor and.feedback |0op to intain the po to the

pl asma | oacORIPoReRl§ ed é\yeﬂ’edmagwg“@hén%gﬁm GO F 5. Thfaatghung yange
mai ntain the | qad i npedance at nearly constant .|l evel i wa su i,n
The 10 ool ceapsimate fatommansraaios slovi Rerogroxigtefyt LIS dnotS B 20200 40

uses the s or, to.constantly nonitor the real and inmaginary parts of the
| oad i nped eohﬂfo(ltffg'ggv%hei r values to deternine the desired settings of

coul 0 aPeo be orprRiBHEREA! to hidaRfeCTLE 3, CRGIARIC BiRELAn SAEEE ABRVIPS
control al Q%n?fo@ﬂ% {Iﬁaﬂ&sﬁiﬁaﬁc@rﬁﬁﬁs £0will be seen. ATRMEAGhateh rgd\'ﬁfeo Edtltours are
s of a c as [T as

enbodi nent networ k have been descri bed above,

et hods  f orghaGmi i VRipkek Beariey FHeS 16ud EifedMtevdfliR=3 220 RAMO I HEréthe magnitude

i ndependent control “of two control variables. As will be appreciated by one
of ordi nar yerffi dd phasehérrat kignls econtrod (,naitl €, despuctivelsl. alThe eresychse caba iy
only. The present i.nvention is applicable to other types of match networks,
such as netoomipiicated; pintichladyhfor tiontagnitudeawhidh esalso eludbvalued.ovileenhatch could
Al t hough the present invention has been described and illustrated in

det ai | ,10i t searchdoba 5Q lobar ¢ontenydié highowadues odtC; ratbersthan at lowey valugs wthere the match
illustration and exanple only;and is not to be 17 WD 98/ 27646 .
PCT/ US97/ 2Fpaditioniassutsy Kigyxst7 i9 aiview pbfhe matchgpgipntof Figurs Soprepassed fior clarity.
present invention being limted_only hy the terns gof the appended, cl ai ns.
18 AT Nefe dhat the=pp opm fin %R?Qir‘nqtr&??ﬁf# Hblgkg‘lreo @s &d b?mglP nature of

source.  CORLLSlNg, oMk AR MRhioSRY B RERE BB 18 BRI B Bty of

lgigure 8, which depicts the response contours after the transformation and which corresponds

15  to the same load. The coordinates of C,, C, at the matched condition are the same in Figures
6-8 (C, = 97.8 pF and C, = 96.6 pF). ‘
The input impedance of the match network and load for the embodiment of Figure 5 is

giv-e!:nby:'
2
| | X, |
o W(Z)=(nen)-gar e
. where: | | e | | _
o= Xy --x; ~X3-%X4 | | | (29).
and: |
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[} B
| oad, the match network having at |east two controllable 5
vari abl e electrical characteristics; a sensor for sensing at |east two
el ectric pNwenssi2gé46 det er mi ned by i npedances of the | oad and BERGSINSTIGOr K,
a drive controller responsive to the sensed paraneters of the |oad for
i ndependently controlling a first one of 10 the el ectrical
characteristics of the mptch network as a function of only one of the
parangters of thacml pad _and a second one of the electrical characteristics
of the match netWerk %,acf unction of only another one of the par@®ters of
the load until the power SBurce and the | oad are 15 mat ched. 2.

0 P o e A0 LSRRG 25 Y34 i C Sl
oM o T B e BRSO 5P o ot ABRE RS
orirery gt TRGrRalfF R B gl SRR BRGNP b ol 48 g0
second 8 Cohiluiohy URREGRBERL et STOREHINCHY ILHEIANY k) oL i

5 oot or s FAISEEENY s ts8) By oin bellEuaPRRAEnnly heliF e (HHPLE, & 4

e | npedance seen | odoking fromthe Sour

into the Ml GldE{8Y" AldHdgR kA RCARIDAR] IGRAME e IARh\WIraBIESx, i§ WEEARY nétdkHMAL

between the 'source and match network, and the drive controller includes

means for deiie teFinpiRyerits IRAsdubtic toltve Rbrtidblesdind the simblicity bfi the tmb6@iment of

solely as a function of the magnitude of the inpedance and a neasure of

devi ati on dfigiree3 beaomusanyaviailshlet diwweven) ial the embodiment of Figure 5, an independent
10 measurement of C, is made by an encdder 350. Because of this, the -(x, + x,) term can be

joined with the measured value of Im(Zi,,) and the equations solved. Denoting:

RZ = Re(Z,.n) and IZ= Im(an) +x, +Xx, (31,32)
then: ' ' |

RZ. _ RL 1z __. 04

x22 = RLz +o.2 and x22 = RLz +0,2 (33,34)

15 frohfa which:

R _xz2 1 3
1"\ &z | | .
~ and: o |
oz o, 1 |
_ (;L._.--RZZ..JC2 .- (12)2 o _ . (36)
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as a function of the phase angle. 5. The apparatus of Claim1, wherein
the match network includes a primary circuit and a secondary circuit, the
primary ci reoigsn2iéssl uding a first inductor, the secondary ci PeOvasoimzitadi ng
a second inductor, and the 5 _ controll able variable electrical
characteristics include the inductance of the second inductor and nutual

i nduct ance Espatiens(36hand (363 formritie basio afithe maweooirel vasiables Prbmapifnstbe corprcted
Caimb5, wherein the paraneters inclyde magnitude of the inpedance | ooking
fromthe sdow theirogplues whemaapatchyig achiowed ip assign @ Yakugsef 2659 te these fantourjimes.

vol tage and_current coupl etweep t ource_angd match nefwork, and t
drive contr ?rem%mde%de ﬁgequ&?tq g‘iﬂé‘?‘ﬁ?ﬂ&k@%ﬂésﬁ%w& (ﬁqglé‘sﬁ‘tlé‘"&'r P@le
and second control . variables.. the . first control variable having
a one-to-M&%‘i?ﬂl%@%}ﬁ%?%@%&éﬂ&&?‘{sn’%%é%%a| i nduct ance and t he second
control variabl e having a one-to-one correspondence with the inductance of
the second inductor.xf. Thel appar at s of Claiipl, wherein the match

net wor k .i ncl udesfa= uit, the Lyrary
ci rcui t2i ncl udi ng 2 RZ S i i) clit incl udﬂﬁﬁ
second inductor and a 5 [1+| %5 , cpntrol |l abl e

vari abl e el ectrical chhrac @% ing e“capaci tance -of the
second capacitor and nutual inductance between the first and second

i nductors. 8. The apparatus of Claim7, wherein the paraneters of the

| oad i nclude nmagni tude of the.inpedance seen |ooking fromthe source into
the match network, and phase angle be( vve_En Dhe vol t age Tnd current coupl ed
bet ween t he~sourée § Ysh" Hedwork, _the dlive controller

:and
i ncl udi ng a’nsRZGr"‘E;é sf op H}; pappet €2 s [ nt figgiyand s«ssnd
contr ol h|:1+(%72j - [1_‘_(_'_5_0_2_) ] _

_ . Hence, by making an additibnal measurement of x, (i.e., C)), then all of the quantities

10 61_1 the right hand side of equations (37) and (38) are known and F and G can be computed as

control variables. Figure 8 depicts the contours of F and G in the space of the match

variables C, and C,. The cor.lt_ours of G are not paréllel to the C, axis due to the zeroing out of

the function which introduces an x, (C,) dependence. However, the linearization is 'much

improved over Figure 6. Thé dual values of the control function have been removed. in this

15 formulation and no ambiguity remains. Finally, changes in the real and imaginary

components of the load lead to changes in the contours of F and G reépecﬁw;ely, but not both.

For example, as Ry increases; the cohtours of F move to 'the right and those of G remain

unchanged. Similarly, as X; changes only the contours of G change. This separation of
variables leads to a simple and unambiguous matching procedure.

20 - An embodiment of a method of matching for the network of Figure 5 is depicted in

'_ Figufe 9. In step 270, an independent measurement of the value of C, is performed using an

_; encoder, for example. The values of IZinI and ¢ are measured in step 272 by the sensor 310, |
and provided to the driver controller 320. Based on this measured value of C,, a pair of

16



variébles,ﬂthe first control variable having a one-to-one correspondence
with the nutual inductance and the second 21 control variable having a
one-t o0- one waresegepsndence with the capacitance of the second REPHSIW2AINI6 O.
The apparatus of Claim1, wherein the match network includes a | oad -
capacitor and a tune capacitor, and the controllable varjiable electrical
char act er | stoniel vams D ara gansrated @8 nearly pthpgonal fuetions by the drive gonfroller

HRGRAARYC BRGNS Y ol AAPRE U I TR SR R ST S5
(et orm oo e A RGP Sl U2 8RR e e

i abl es, the fyrst .control .vari abl | -10- .
Cor respondence W (REVAIHE of PR o G Rl AomRio dnd s formBflier 220 sves =
cor’ ce v . .
Cpnet 3 R A U S PSR plb iSRG S0 282 S o »
net work havjy ArptiflBfily Sldefitirs oRBhIR o6 ﬁ&'?éiﬁ&é(—i]a%lé @i dr-C.50MR W ALHMA VBibles
steps of: establishing résonant condition in the primary 5

circuit; Neaflye dHingéd ifRKandobRlyPRIBHG 86 SnhodOntRRA, Wik a1ue8 of F and G

control variable fromat |east One of 2 the paraneters; determ ning

whet her a f4re 5bthOseeo, dhe fnlatchb@ aehdiG6a R eh atliersilald the pidockisretursdRGitdy ZT.
val ue based on the val ue of

Amnother embodiment of the present invention employs a power and impedance sensor,

10  such as are commercially évailable, between the match network and the plasma chamber.
Such a sensor could be uséd in several ways to assist the matching process if an appropriate
feedback control loop is a;:lso implemented. One such method uses the sensor and feedback
loop to maintain the ?ower to the plasma load at a constant level during the matching process.
;I‘his would maintain the load impeda;nce at a nearly constant level which was assumed in the

15 calculations, for example, of Figui‘e 8. An alternate embodiment uses the sensor to constantly
monitor the real and imaginary parts of the load impedance and uses their values to determine

- the desired settings of the match variables necessary to achieve a matched condition. These
methods could also be employed to enhance the other embodiments of the match control
 algérithm already described.

20 | A nurnber of different embodiments of a match network have been described above,

| as well as methods for achieVi_ng the matchcd condition with these networks by independent
control of two control variables. As will Be appreciated by one of ordinary skill in the art, the

~ embodiments’ described above are eicmplary only. The present invention is applicable to
other types of match networks, '_such as networks m which other cpntrol variables are

25 provided. | -

| | Although the present invention has been described and illustrated in detail, it is to be

clearly understood that the same is by way of illustration and example only and is not to be

17



the control variable; 5 adjusting a first match variabl e of
the Tatch network to drive the control variable such that the first |oad
paraneter iwoegamisto the first specified val ue; deternini ngPGIAISAL3Ta6
second one of the |oad paraneters is equal to a second specified val ue; ~and
10 o adjustlng a second match variable of the match network to
drive the takek byway ofiinsitation)ithelspirittehd seapeaidbe presend inrvention being lismitad only b y
t he second specifi‘ed value, wherein the first match variable has a

one-to- oneﬂmﬂmma&ﬂhhdqmmmhﬂGhnnme first | oad paraneter and the second

mat ch vari able 15 has a one-to-one correspondence with the second
| oad paranmeter. 12. The nethod of Caim1l, wherein the first | oad
paramnmeter is the reactive inpedance of the |oad, the second | oad paraneter
is the resistive inpedance of the load, the first match variable is a
secondary inductance in the match 5 network and the second
match variable is a mutual inductance in the match network. 13. A

met hod of matching a load to a power source with-a match network having a
primary circuit and a 23 secondary circuit, conprising the steps of:
measuring at |east two paraneters of the |load; transformng the two
paraneters of the load into first and second nearly orthogonal fsunctions;
and 5 si mul taneously and independently adjusting a
first match variable of the match network to drive the value of the first
ort hogonal- function to a first specified value, and a second match vari abl e
.of the match network to drive the value of the second orthogonal function
to a 10 second speC|hled val ue. 14. The nethod of C aim 13,
wherein the first |oad :

18



parérreter I's the resi gty i the | oad, the second | oad paraneter
is the reactive inpedgmnimmménmagilthe first match variable is nutual

I nduct ance wa 98/2m546 * ¢ ematchsnetwork and the second nmaPET/USMRIMbe | S
secondary inductance in the match network. 15. The nethod_of Cl aim 13,
wherein the first load paranmeter is theCLAIMS: i ve i npeda
the second | oad paraneter is the reactive inpedance of t
mat ch var WIBbAE I8 CLAIMED ISnduct ance in the 5 nate o
the second mtch variable is _a capacitance of a capacitor in the maten
network. 16. TheAmmempntépamﬁcbmg4ﬁaéﬁseape&¥ﬁsﬁqu§¢emgomnsmgheasuri ng a

whet hor (2). 1 n BgiaeRporkcpibled beEet b DOMY Fofes A8 104 So ABIeL Gt i
Sual o o it Briccagiatebyerile Heckiod sRARBR G 1 ho measur cd val ue of

whorei n the 11§ Sosprit: ietper i P SRt OBl (00 e of “the 1oad,
et ch Svar | abl o& A0y RORls eepoied B0} hofed FREREALF oMy W & Miftprhdily dofo

mat ch net%fghagﬁ&t Bﬂﬁ o?ﬁ‘fé’é!@itﬁﬁél‘%hai’a%{érﬁﬁéseof | e.trﬂéic% ﬁ@&?drfc%@%heilﬁﬁégﬁ% ?ggxgé‘ﬂf

capaci tor ! match network. 18. A method of inpedance natchi

t0 a Sourgg patdnibtérs SR ToRd af b W6ddad bRY ol thef diédthicAl RMaaBeABtks\G¥ théRlatch network

el ectric characteristics, the.mtchi ng network being connected between the

sour ce angs d fudetion bLantihdiUhe OIMY pfrhmbteiidt the [daddinkil fl podvd s6@eeafd thelvad iage

paraneters determ ned by inpedances of the | oad and mat chi ng network,
matched. '

2. The arrangement of Claim 1, wherein the match network includes a primary circuit
and a secondary circuit, and the primary circuit is in a resonant condition at an operating

i
bl

frequency of the power source.

3. The arrangement of Claim 2, whei'ein, the match network includes a first inductor in
~ the primary circuit and a second inductor in the secondary circuit, and the controllably variable
'électx;ilcal characteristics include the mutual inductance between the first and second inductors

#nd the. inductance of the second inductor.
_ . .

4. The arrangement of Claim 3, wherein the paiameters of the load include magnitude
-and phase, and the drive controller inchideé means for determining an amount of variance of ,the'
“mutual inductance solely as a function 6f the magnifude and an amount of variance of the

- secondary inductance solely as a function of the phase.
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mani pul ating the first aﬂ m" fjic paraneters to derive first and
second control functi onsr Ilmﬂmg ﬂﬂﬂ”m " and second vari abl e

el ectric cheoessredésti cs, *thé first -Cont'rol function bei.ng orMGIO%e7287T16
first variable electric 25 characteristic, the,sgcond confrol -function
bei ng only for $h&heeurmgementi cfClaim|le stherain dheamstahendiworkiinthdgs elnritharny ejreuit
an i npedance match betweep the |oad, and source hy.copfrdl4ing (a) the first
vari abl e cangrasscondaryicircit, with a first inductprB) g peingasy cieuif ard a sgemiid, iductor in the

function independently of the second_ vari,ahle characteristjg, and (b) the
second vargesendary iiicuits and dhe contiollably, yarable clegidcal ceharsteristics ancludg, fhg sptual

| ndependent | y of t he firs vari abl e characterjstic, the .

mani pul at i Bfuctancehebvesn fhe first ap ée“é’f’gb“@@wrs and the m:fug £¢ Phibesreenddpdyster,

be obtained by the controlling step. 19. The nethod of C aim 18 wherein the
first and second electric paraneters are respectively (a) the magnitude of

I npedance seen Logki SRYHE | e RS t .

t he phase angl ek'bgtilﬁen%l&ggﬁk&t%% v§?t“} aghgée?%&l% %urrgﬁwg%g%ll&%%lﬁbc%@g& tude

source to mr  GildHe BV CdtrolePinciddes Ofbr Hanifoith Iu%ﬁﬁ%ﬁﬁt% E{ES first and

mat ching n includes a transtormer having a vari ablFe ctance

and a var | @bbfd baRd VafiSbicd, 1o FikticBikeSt FaRABIAMA MR RS 1d-Bife Edrketiiolidiiod bih the

electric characteristic, _ variable nutual inductance
bei ng t hemufaCiiddctinéd atd Mo bcid doptroNMdridlEhidviiig & onélo-ord So@ipbadenet with the
Claim20 further including . establishing a resonant condition in a

ci rcui t5 i niauetamg of ti sseand inducdi.ng connected to be responsive to the
source ;o : :

7. The arrangemenf; of Claim 1, wherein the match network includes a primary circuit
and a se;::ondary circuit, with a first inductor in the primary circuit and a second inductor and a
.capacitor in the secondary circuit, and the controllably variable electrical characteristics include
tﬁe mutual inductance between the ﬁf;t and second inductors and the capacitance of the second

5  capacitor.

8. The arrangement of Claim 7, ‘wherein the parameters of the load include mégnitude
and Phase, and the drive controller includes means for transforming the parameters into first and
second control vé.riables, the first confrol variable having a one-to-one correspondence with the )
mutual inductance and the second cbntrol vafiabie having a one-to-one cbrr;spondence with the

5  capacitance of the second capacitor.

9. The arrangement of Claim 1, wherein the match network includes a load capacitoi' and
_ atune capacitor, and the controllably variable electrical characteristics include the capacitance of

the load capacitor and the capacitance of the tune capacitor.
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first control function by adj | vari abl e reactance so

t he currentwarss/2redét age suppllied ourcejto the pri mar yPEIHEIWRF7Hr e
substantially in phase, .and perform ng the second control function by . --
varyi ng the nutlfal Thedarangegmentuof Olaimh®, whersite fheeamengementiénaludas ap encoder that
| ooking fromthe source into-a-circuit including the transformer primary

wi ndi ng hageaguies paramaters of the,lopd dncledeempgnitnde 208 phass dad dimdrive contrpller irdudes
bei ng perforned, sequenti al Iﬂv1 and in such manner that the spg{ ce anfgrlsl oad
are mat chdweags dey trapionming the, Raramstsss dnte it d soeARY comfzol epriables, the fxst, control

22 The. mIEHEMe GRVEIEGh HrSty ST erie (OePTRRCRRP B DaRY FRYeal AAqiitanse 4 (e Sscond
W ndi g o oRRE NRARIP RS o opRSiahe, ol Sabhod Wiy S clPofe B BRC Yorpna

and adjustgﬁgi he magni tude to a predeterm ned val ue, then neasuring the
. capacitor. : , - : . :
magni t ude I mpedance seen | ooking fromthe source into the circuit
including the transfornmer primary w nding and t he phase angl e between: .
“current and voltage applied by the source to the circuit including the 27

transformer priyjary effbdNSf makiBihg & 36f & Fpdtrel BOureB adt 8Gmdeh 4Rewék having a
i npedance magni tude and phase angle into first and second nearly orthogona

functi ons gringarl iclr&hit G6dA 6&onliaty@iicon, dogipHdingahé slep®ef: by adj usting the val ue
of the 5 mut ual i nductance. until the first function has a
predet erm ned wstablishifig aeesdbnastrdonditioh wn tHel primargicirguiper f or med by adj usting
the variabl e reactance until tihe second function has a predeterm ned val ue.
23. The met hod méastiing at I22st\wive peramstére of thedoadand -

pridr to pérform’ngthefirst_ _ | functions, performng the
T
d bV=

5 calculating a control ilariable from at least one of the two parameters;
| determining whether a first one of the load parameters is equal to a first specified value
based on the value of the control variable;
: adjusting a first match \./ariable of the match network to drive the coﬁtrol variable such
that the first load parameter is equal to the first specified value; |
10 : determining whether a second IOne of the load parameters is equal to é second specified
value; and
. ',_ adjusting a second match variable of the match network to drive the match variable such
that the second load pafameter is equal to the second specified value, wherein the first match ‘

variable has a one-to-one correspondence with the first load parameter and the second match

15  variable has a one-to-one correspondence with the second load parameter.

12. The method of Claim 11, wherein the first load parameter is the reactive impedance
- of the load, the second load parameter is the resistive impedance of the load, the first match

variable is a secondary inductance in the match network, and the second match variable is a

* [ L M s *

mutual inductance in the match network.

21
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second control functions are pej 2d.. syl t aneously. 24. The net hod of
Clai m 23 wherein the first and pdHiS\@HEERY JTpgonal functions F and G
are respectwosisgp7elsst f erent funcfions PLAQ$ desi red val RCTUSITREHG
magni t ude of inpedance seen | OORTTIg—f+64A-l sourfce into 5 the -
mat ching network, (l1zinl), (2) the values of the reactance (X err]) and
resi stance (Rlerr]) seen looking fromthe source into the matching network,
(3) the real cdBpoAemethod dfnpaidhingea taadriol »prwerysquresrvithea sateh network haviag a
mat chi ng network (Re(Zin)) mnus the resistance of the primary 10 '
wi ndi ng cipriory cigeyieand 9 segardary pirewib compeisingthe sepfrfhent - of i npedance seen

| ooking fromthe source into the matchi nt% network (Im(Zin)) mnus the
reactance of t mecaswring:atjeast e nyametesoktheloadi 1) 28 25. The met hod of

Claim24 wherein [err] 5 where:; = Re(Zin)-Rerr 0 B = Xerr .
2 . 56, mrakppnisdng PeemarmTs SR load Bl first and seeond: ioeonalciinhses
first gnd sgcond vari abl e reactances respectively conprising the first and
second’ vafP®bl e el ectric characteristics, the first and second variable 5

reactances, b Ul ARAGH YA BAUBSHE Loyt R SRRl e FLAha0or
the secon go Pﬁ?‘? AN PO tHE st %rﬁegéﬂa‘i"f&dcﬁgn tt+ fﬂerﬁ}s# Q%g%ﬁ&&%flug, L s SQhE Saatch

t he net ho her conprising detérmning val ues o at

| east one yofia 8 iRAGAERA Befwork (P drivd the R SRIHE s@lontl RENbERAY Ritfcfiof 96 the second
| ooking fromthe source into the matching network and (c) the phase angle

bet ween t Bfeciéd vdge.and

14. The method of CIalm 13, wherein the first load parameter is the resistive tmpedance
of the load, the second load parameter is the reactive impedance of the load, the first match
variable is mutual inductance in the match network, and the second match variable is secondary

inductance in the match network.

15. The method of Claim 13, wherein the first load parameter is fhe resistive impedance
of thé load, the second load parameter is the reactive impedance of the load, the first match
variai;le is mutual inductance in the match network, and the second match variable is a

" capacitance of a capacitor in the match network.
_ o A\

16. The method of Claim 13, further corhpﬁsing meésuring a value of a first capacitor in

the match network, the steps of defenhining wheﬂxer the value of a first one of the orthogonal
" ﬁmctions is equal to a first specified value and determining whether the value of a second oﬁe of

the orthogonal functions is equal to a second specified value incorporating the measured value of

N RO R oy
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5 . the first capacitor in the match network, -



current suﬁplied by the source to the_napching.hetmbrk, deriving the first
and second control functions in reéesponse 15 to the determi ned

val ues, thewO987646nd second control functions being at |eastPAEAISPY23716
orthogonal, the first and second control functions respectively controlling
the val ues of thk The siethaddbf{deiond6, whereinrtbe firstigad parameter fhiherresistine ipipedance
Claim 26 wherein the first and second control functions are_ perforned

si mul t anec¥fsthg load therisecand: lead) perantteri is the regedivejimpedanceafsthe dped, sthe dirgt match
ort hogonal - control functions are differen{ functions_ of the real conponent

of i npedari@giableds the GRpacgansn of theelinsh CRRACHET Heflitomatehy Wp%gﬁrﬁathy second match
conponent of, j hrpedance seen 5. | goki in t he t chi ng network,

t he desi revdmia%gﬁ c,"@p?ﬁi'@ﬁ???l%eese§8%¢|°?ﬁ98£?rﬂﬁqgﬁné&?‘m§%ghi ng network, and

t he i npedance val ues of the first and second reactances. 30
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