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02/ 080220 PCT/ US02/ 09564 1 | NDUCTI VE PLASMA PROCESSOR | NCLUDI NG CURRENT
SENSOR FOR PLASMA EXCI TATION CO L Field of Invention The present invention
rel ates generally to inductive plasra processors including an RF
excitation coil and nore particularly to such a processor including a
shi el ded current sensor coupled to a | ow voltage portion of a branch
including a wnding of the coil. Background Art One type of processor for
treati ng workpieces with an RF plasma in a vacuum chanber includes a coi
responsive to an RF source. The coil resgonds to the RF source to produce

el ectromagnetic fi elBUCREYE BLATMA PROGESRORINGEYDINGt he 10 chamber to

produce a plasma. Usually the coil is on or adjacent to a dielectric
CURRENT SENSOR FOR PLASMA EXCITATION COIL

Field of Invention

The present invention relates generally to inductive plasma processors
including an RF excitation coil and more particularly to such a processor including a
shielded current sensor coupled to a low voltage portion of a branch including a

5 winding of the coil.

Background Art

One type of processor for treating workpieces with an RF plasma in a
vacuum chamber includes a coil responsive to an RF source. The coil responds to
the RF source to produce electromagnetic fields that excite ionizable gas in the

.10 . chamber to produce a plasma. Usually the coil is on or adjacent to a dielectric
window that extends in a direction generally parallel to a planar horizontally
extending surface of the processed workpiece. The excited plasma interacts with the
workpiece in the chamber to eich .the workpiece or to deposit material on it. The
workpiece is typically a semiconductor wafer having a planar circular surface or a

15 solid diclectric plate, e.g., a rectangular glass substrate used in ﬂat.panél displays, or
ametal plate.

Ogle, U.S. Patent 4,948,458 discloses a multi-tumn spiral planar coil for



wi ndow that extends in a direction generally parallel to a planar
horizontally extending surface of the processed workpi.Ge@ne bhes €xcited
plasma interacts with the workpiece in the chanber to etch the workpi ece
or to deposit material on it. The workpiece is typically a sem conductor
waf er having a planar circular surface or a 15 solid dielectric plate,
e.g., a | ar gl ass substrate used in flat p di spl ays, or a

nmet al p|‘§§§§.’°§@g%e, U. S. Patent 4,948,458 di scl oses§§$’#ﬁflz}fl?sg4t urn spiral

pl anar coil for 22 Septenber 2005 WD 02/ 080220 PCT/ US02/ 09564 2 achi eving
t he above results. The spiral, which is generally of the Archinedes type,
extends radially and circunferentially between its interior and exterior
termnals connected to the RF sourd via an inpedance matchi ng network.
Coils produce  oscillating RF fields having magnetic and electric field
conponent s t #aievipethe shoxg resulls. t He sritgh whish is giprsrally of the Aphimeaen tYps, accel erate

el ectrons and ions in a portion of the plasm chanber close to the w ndow.
The spatial etiendy jadighy ad cheumiprentinhyebreere 1t intirigr andnexterier sfmzmala portion cl ose
to the windowis a function of the sumof individual magnetic field
conmponent s peooriged & by RErseurea iz amimpadanesausiching netwodé.  Coils masfuges. The

i nductive conponent of the electric field is produced by the tinme varying
magnetic 10 ¢scillatig REHficlde having roagpeiiciand elestricdieisiorempencofs thahpenettatect ric field is
produced by the RF voltage in the coils. The inductive electric field is
azi muthal whihfongh the diclagiae Winjeveto astadepta ¢lestrpisaing] idns injeparfianadf tilownward to t he
wor kpi ece. The current and voltage differ at different points because of

t ransmi ssi onplision chagfberesdasstodife wihdowe dhé spatial disigbiftior o fbewwsgneifc fickdhe RF sour ce.
15 For spiral designs as disclosed by and based on the Ogl e 458 patent, the
RF in the plasma portion close to the window is a function of the sum of individual

magnetic field components produced by the current at each point of the coils. The
inductive component of the clectric field is produced by the l:imelvatying magnetic
10 field, while the capacitive compenent of the electric field is produced by the RF
voltage in the coils. The inductive electric field is azimuthal while the capacitive
clectric field is vertical downward to the workpiece. The curmrent and voltage differ
at different points because of transmission line effects of the coil at the frequency of
the RF source.
| 15 For spiral designs as disclosed by and based on the Ogle 458 patent, the RF
currents in the spiral coil are distributed to produce a ring shaped electric- field
resulfing in a toroidal plasma close to the window, which is where power is
absorbed by the gas to excite the gas to a plasma. At low pressures, in the 1.0 to 10
mTorr range, diffusion of the plasma from the ring shaped region where plasma
20 density is greatest tends to smear out plasma non-uniformity and increases plasma
density in the chamber center just above the center of the workpiece. .However, the
diffusion alone generally can not sufficiently compensate plasma losses to the

“chamber walls and plasma density around the workpiece periphery can not be



currents in the spiral coil are distributed to produce a ring shaped
electric-field resulting in a toroidal plasnma closestRptheerdbgxdow, which
is where power is absorbed by the gas to excite the gas to a plasma. At

| ow pressures, in the 1.0 to 10 niforr range, diffusion of the plasma from
the ring shaped region where plasma 20 density is greatest tends to snear
out pla sdni formty and increases plasma depsi it he chanber
center ﬁﬁg?ﬂgggte the center of the workpiece. Fbmgégp¥m®ﬁg' di ffusion

‘al one generally can not sufficiently conpensate plasma | osses to the
chanber walls and plasnma density around the workpi ece periphery can not be
22 Septenber 2005 WO 02/ 080220 PCT/ US02/ 09554 3 changed i ndependently. At
intermedi ate pressure ranges, in thed 10 to 100 niforr range, gas phase
collisions of electrons, ions, and neutrals in_the plasma further prevent
subst anti al ﬁm&ewdmn@mbt-h@lﬂw-a@#ﬁeewaiu@é@gﬁ%#q%llg@ HPgrdamhe t or oi dal
region. As a result, there is a relatively high plasma density in a ring

| i ke regi on Bhgepzaspbasgspikiyions of eloeirons, dans,ping spuirald dp dhet ilaswa ifigthehe cent er and

peri pheral workpiece portions. These different operating conditions result ~

i n subst ant i Epveyt substandalpditiesion of|tpcplagia, ehargedypastiies fan diet tpipidelar i at i ons
between inside the toroid and outside the toroid, as well as at different
azi mut hal anigkieis Ay & tesultdhqseis @ relatively bighplesmaldensisy isfa ringdikeisgiobef t hat 10 is at
right angles to the plane of the workpi ece holder (i.e., chanber axis).
These 3 pl asrthe Morkpiegeabut daw lasma depsifias i theacenferadaperipheral yokpidesr d devi at i on,
i.e., in excess of six percent, of the plasma flux incident on the
wor kpi ece. THeEhossbst anti al standard deviation of the plasma flux incident
on the workpi ece has a tendency to cause non- uniform workpi ece processing,
i.e., different @Jbasedifferent operating conditipsiresulbingubstantialiy lacge plasma flux
(i.e., plasma density) variations between inside the foroid and outside the toroid, as
well as at different azimuthal angles with respect to a center line of the chamber that
10 is at right angles to the plane of the workpiece holder (i.c., chamber axis). These
plasma flux variations resulf in a substantial standard deviation, i.e., in excess of six
percent, of the plasma flux incident on the workpiece. The substantial standard
deviation of the plasma flux incident on the workpiece has a tendency to cause non-
uniform workpiece processing, i.c., different portions of the workpiece are etched to
15 different extents and/or have different amounts of materials deposited on them.
Our co-pending, commonly assigned application entitled "INDUCTIVE
PLASMA PROCESSOR HAVING COIL WITH PLURAL WINDINGS AND
METHOD OF CONTROLLING PLASMA DENSITY," (Lowe Hauptman Gilman
and Bemer Docket No. 2328-050) discloses an arrangement for providing greater
20 uniformity of plasma flux incident on the workpiece. In a preferred arrangement
disclosed in the co-pending application, the coil current amplitude is measured to

verify that the correct current is flowing in the coil and to assist in providing control,

if necessary, for the plasma density.




15 different extents and/or have different anounts of materials deposited

on them OQur co-pending, comonly assigned appli cati2omegshbdri2ecs "1 NDUCTI VE
PLASMVA PROCESSOR HAVI NG CO L W TH PLURAL W NDI NGS AND METHOD OF

CONTROLLI NG PLASVA DENSI TY," (Lowe Hauptman G | man and Berner Docket No.
2328-050) discloses an arrangenent for providing greater 20 uniformty of

pl asma fyglkekisd dent on the workpiece. In a preferpedu@srnoenent
di sclosed in the co-pending application, the coil current anplitude is

nmeasured to verify that the correct current is flowng in the coil and to
assist in providing control, if necessary, for the plasma density. 22

Sept enber 2005 WD 02/ 080220 PCT/ USO%/ 09564 4 In the past, electrical
parameters to assist in controlling the operation of RF coil-excited plasna

‘processors have jnvolve sur i araneters ..suych as. coi current
anpl i tude, vol tatﬁl R ‘iq?cg’g p&fﬁfaagfhg’ aﬁ%%?emgtﬁd&mé%%&p\%@ﬂ thg vol t age and
the current. ¢ he%{,\@ararreters Eave alltgcf been noni ttored such as the forward
and 5 refl ecPLEFB R pragessors payp Iyalved WOaURPg BBRBHCHEIA #c®!lat hi gh vol t age
portions of circuitry driving.the tchin twork or coil. As a result,
the current °§%ﬂ%6‘?l§}“d¥wﬂ[%ﬁ“¥@m‘gﬂﬁe'ﬂﬁ %’@geenim‘@g’rt&?&‘aﬁagecﬂdl surroundi ng a
.lead in a branch ingluding a coil wnding, are usual coupled to
noi se- i nducitﬁegcuﬁ?mf ﬁgﬁeﬁgﬁfa%ﬁf‘sd‘a‘feeﬁi?l °n p t°'e§’esr‘f§tb’?sﬁa‘{°é"aﬁdfo?"§ct ed by the
anbi ent RF f[étled and tend to derive inaccurate 1q i ndi cations of the coil
current. Shif WEP- {hEC RagetepS s m%?‘f’i‘iﬂg‘ "tﬁg‘g’i‘wtﬁﬁé’é‘@oﬁr?for art
configurations.to,. reduce qr substantially elimnate the el ectric noise
feds Attt e

coupl ed to tHEERHVEE thomyrehing negyrs or y 5 FTHE S Basi bl e. This is

because the shield, in order to be effective, . . .
which typically include a toroidal coil surrounding a lead in a branch including a

coil winding, are usually coupled to noise-inducing RF fields. As a result, the
sensors are affected by the ambient RF fields and tend to derive inaccurate
10 indications of the coil current.

Shielding of the coil toroidal winding in these prior art configurations fo
reduce or substantiaily eliminate the electric noise coupled fo the sensor toroidal coil
has usually not been feasible. This is because the shield, in order to be effective,
must be grounded and in close proximity to the sensor toroidal coil which is coupled

15 to high voltage portions of the circuitry. The high voltage and shield proximity
requirements are likely to result in a discharge between the shield and coil or
between the shield and other parts of the circuitry driving the coil. In addition, the
grounded shield can be strongly coupled in proximity to the high voltage and can
greatly perturb the electric field distribution.

20 It i;,' accordingly, an object of the present invention fo provide a new and
improved inducfive plasma processor having an RF excitation .coil with an
improved sensor for the current flowing in the coil.

‘An additional object of the invention is to provide an inductive plasma




must be grounded and in close proximty to the sensor toroidal coil which
is coupled 15 to high voltage portions of the circuikrsepehba 2000h vol tage
and shield proximty requirenments are likely to result in a discharge

bet ween the shield and coil or between the shield and other parts of the
circuitry driving the coil. In addition, the grounded shield can be
strongly coupled in proximty to the high voltage and can greatly perturb
the electric field distribution. 20 It is, accordingly, an object of the
present invention to provide a new ahd inproved inductive plasma processor
having an RF excitation coil with an inproved sensor for the current
flowing in thgmggilb%ﬁg %ﬁgﬁtional EPLGCH o& t he in% n%ion isS to provide an
i nductive pl 3Sha 22°5ept Ehbef “THoB 8" 6E8SaF TREIUd g “af“RF pl asma
excitation coil with an inproved high accuracy current sensor. Another

obj ect of th&TAVERYion is to provide an inductive plasma processor

i ncludi ng an RF pl as excitation coil with a current sensor that is

shi el ded from el &B2HDAYULHE PEIFPEPGS MY IRAT DHOFIE° BPFAREEN %0 t hat t he
shield is not particularly subject to inducing a breakdown, even though it
i's grounded.“gﬁﬁﬁh?yR%PhWWéEPHV%h?Wdﬂmﬁh%%?ﬂF%ﬂ”@ﬁ‘&ﬁmﬁgﬁkﬁ?mof t he present
invention, there is provided an inductive processor conprising an RF

pl asma exci t &estgracaeic| fieldn erdiarhiply saerippesdl sh et havrsd sapet PHPEY er m nal and an
output term nal, the wi nding having one end connected in a branch in

series with &biesttehdusige nee - piethepeh IR evpidede and a  second end having a
| ead to ground so the sane current which flows through the w nding output
term nal fl ofsmpgyelheinvessiohead, a current sensor coupled to the [|ead, and

a grounded shield coupled with the current sensor for shielding
According to an aspect of the present invention, there is provided an

inductive processor comprising an RF plasma excitation coil including a winding
having an input terminal and an output terminal, the winding having one end
connected in a branch in series with a matching network and an RF source and a
second end having a lead to ground so the same current which flows through the
winding output terminal flows through the lead, a current sensor coupled to the
lead, and a grounded shield coupled with the current sensor for shielding
electromagnetic interference from an ambient RF environmept.

Preferably, the coil includes plural windihgs, éach in a separate branch and
mcluding an input terminat and an output.terminal. Each of the input terminals is
connected to be driven in parallel by the RF source and the matching network. Each of
the output terminals is connected by a separate lead to ground. A separate current
sensor is coupled to each of the ground leads and a shield arrangement coupled with
each sensor decouples RF fields from the sensors.

In a preferred configuration, each branch includes a capacitor connected

between the coil output terminal of the branch and the ground lead. The current



el ectromagnetic interference froman anbient RF environment. Preferably,
the coil includes plural w ndings, each in a separat® dppafsd2e03d i ncluding
an input termnal and an output termnal. Each of the input termnals is
connected to be driven in parallel by the RF source and the matching

networ k. Each of the output termnals is connected by a separate lead to
gr ound. ate current sensor is coupled to e e ground | eads
and a skﬁ%‘%@gg%or angenment coupled with each sensorgﬁg%sg%%%%s RF fields from
the sensors. In a preferred configuration, each branch includes a capacitor
connected between the coil output termnal of the branch and the ground

| ead. The current 22 Septenber 2005 WO 02/ 080220 PCT/ U502/ 09564 6 . sensor
is preferably placed between the capcitor and the ground | ead, such that
the RF voltage, as well as the RF fields, are substantially close to zero,
resul ting i nSeoseF Hiprlaab Raced bsteeghbe Fapaditer aad fhe geonedtleadmrh thatdbes he current
sensor. Typi cal Ily, t he sensor includes a toroidal structure, e.g., a

t or oi dal coi RF valtage ap gvelhjagi e Riplipifs: 3re subgipntiallypalosgde pergygespliing jf yi ng and
filtering circuitry, and the grounded shield substantially surrounds the
toroi dal st r GéERcleqgphagetpanerforepee (BMD ¢ the pparemdsens¢ing Fig. 1 is a schematic
di agram of a vacuum pl asma processor of the type enployed in connection

wi th the present Typigablt the gensor Gnofydes a terqidgl gircifceegs pdapidd chidriat i ¢ di agr am of
a coil included in the processor of Fig. 1 in conbination with an RF
source? a natostidahgagnetiowereies walhw resfifying pesflieringcianiing anddthe gresiededy f or  dri vi ng
the coil and for controlling (1) the capacitances of variable capacitors
connect ed t oshidirsubstantiallygerropmds thefiusoidad staictussower supplied to the coil;

Brief Description of the Drawing

Fig. 1 is a schematic diagram of a vacuum plasma processor of the type
employed in connection with the present invention;

10 Fig. 2 is an electrical schematic diagram of a coil included in the processor
of Fig, 1 in combination with an RF source, a matching network, and electronic
control circuitry for driving the coil and for controlling (1) the capacitances of
variable capacitors connected to the coil and (2) the total power supplied to the coil;

Fig. 3 includes plots of calculated amplifudes of standing wave currents in

15 the windings of the coil illustrated in Fig. 2 for excitations at 13.56 MHz and 4.0

| | MHz;

Fig. 4 is a circuit diagram of a preferred embodiment of the matching
network of Fig. 2 with sensors for the current driving the coil of Fig. 2;
Fig.5isa schemaﬁc diagram of a current sensor used in the circuit of Fig. 4

20 and its circuifry;. |

Fig. 6 is a circuit diagram of detecting circuitry driven by the current SGI-ISOI'

of Fig. 5; and




Fig. 3 includes plots of cal cul ated anplitudes of standing wave currents in
15 the windings of the coil illustrated in Fig. 2.fohsexehtabb@ns at 13.56
MHz and 4.0 MHz; Fig. 4 is a circuit diagramof a preferred enbodi nent of
the matching network of Fig. 2 with sensors for the current driving the
coil of Fig. 2; Fig. 5is a schematic diagramof a current sensor used in
the cirqyj ig. 4 20 and its circuitry; Fig. 6. is a circuit diagram of
detectiﬁgbgyg%ﬁ try driven by the current sensor B?Uﬁwa?ﬂé; and 22
Sept enber - 2005. WD 02/ 080220 PCT/ US02/09564 7 Fig. 7 is a schematic
di agram of a preferred enbodi nent of a nmechanical nounting structure for
the current sensor. Detailed Description of the Drawi ng The vacuum pl asna
wor kpi ece processor of Fig. 1 of the7drawing includes 5 vacuum chanmber 10,
shaped as a cylinder having grounded netal wall 12, netal bottomend plate
14, and circul ar Fipp pleathemgicrdipgtaoy & alfsfored mmbslimang off mechehial ectri ¢ wi ndow
structure 19, having the sane thickness fromits center to its periphery.
Seal i ng of vavutingsihsizder tie@uret snsovi ded by conventional gaskets (not
shown). The processor of Fig. | can be used for etching a sem conductor,
dielectric or netal 10 substrate or for depositing materials on such

Retpiled Be gnef theBrawign pe excited to a plasma state is
supplied to the interior of chanber 10 froma gas source (not shown) via
port 20 in side vr@lelvaeham%%afmrkﬂ%&epr%ﬁésﬂBfﬁagtﬁﬁuﬁmgfmu&@r ough a gas

e

di stribution nmechani sm (not shown).
5 vacuum chamber 10, shaped as a cylinder having grounded metal wall 12, metal

bottom end plate 14, and circular top plate structure 18, consisting of a dielectric

window structure 19, having the same thickness from its center to its periphery.

Sealing of vacuum chamber 10 is provided by conventional gaskets (not shown).

The processor of Fig. 1 can be used for etching a semiconductor, dielectric or metal
10 substrate or for depositing materials on such substrates.

A suitable pas that can be excited to a plasma state is supplied to the intetior
of chamber 10 from a gas source (not shown) via port 20 in side wall 12 and further
distributed uniformly through a gas distribution mechanism (not shown). The
interior of the chamber is maintained in a vacuum condition, at a pressure that can

15 vary in the range of 1-1000 milliTorr, by a vacuum pump (not shown) connected to
port 22 in cn:d plate 14,
The gas in chamber 10 is excited by a suitable electric source to a plasma
_having a controlled spatial density. The electric source includes a planar or
spherical or dome like coil 24, mounted immediately above window 19 and excited
20 by variable power RF generator 26, typically having a ﬁxcd ﬁeqdency of 13.56
MHz.

. Impedance matching network 28, connected between output terminals of RF _




interior of the chanber is maintained in a vacuumcondition, at a pressure
that can 15 vary in the range of 1-1000 mlliTorr, by @nuaciugapunp (not
shown) connected to port 22 in end plate 14. The gas in chanber 10 is
excited by a suitable electric source to a plasma having a controlled
spatial density. The electric source includes a planar or spherical or

done |i i 4, nmounted i medi ately above w ndo excited 20 by
vari abl E&B%@r’”& generator 26, typically having aWFf’gﬁogﬂg?"equency of 13.56

1 npedance mat chi ng network 28, connected between output term nals of RF 22
Sept enber 2005 WD 02/ 080220 PCT/ US02/ 09564 8 generator 26 and excitation
termnals of coil 24, couples RF power fromthe generator to the coil.

| npedance mat chi ng network 28 includes variable reactances which
controller 29 varies . in a known manner in response to indications of the
anpl i t ude angEnfiMarsd andgexeitaypn tegeingls of seb 2f.cfonples BY pewert fim ithgput termi nal s
of the 5 matching network, as sensed by detector 43. Controller 29 varies
t he val ues ofcnerper to the seik dmpeslance matshipguagtycork 38 ingludgs Mgriable rdaetpseiance mat chi ng
bet ween source 26 and a load including coil 24 and the plasnma |oad the
coi | drives. witgneonisolien?d pagiehinsoknows pompe in espaaprute indisalions of thet 0 cont r ol

vari abl e reactances coupled to coil 24. |nput device 41 can be a manual
devi ce, suchampdituge pust mhatei2pgieobhe valtge refledisdstodhe mpidgmirald of dire a

m croprocessor responsive to signals stored in a conputer nenory for

di fferent proddunginigorkesispegl Widereionddi Eveirgdier 29\varids dlisl velwesodf thehe r eci pes
include (1) species of gases flowi ng through port 20 into chanber 10, (2)
pressure in reaskngeh synepQrkcirie pabieve tinplogancdmatshingbgtwegnopree dhadat ed to port 22,
(3) the total output power of RF source 26, which is substantially equal
to the powerloadgughiding eefl 24@nd the plasma load the coil drives.

Controller 29 also responds to input device 41 fo control variable reactances
coupled to coil 24. Input device 41 can be a manual device, such as a potentiometer
10 or keys of a key pad, or a microprocessor responsive to signals stored in a computer
memory for different processing recipes of workpiece 32. Variables of the recipes
include (1) speci&é of gases flowing through port 20 into chamber 10, (2) pressure in
chamber 10 controlled by the vacunm pump connected to port 22, (3) the total
output power of RF source 26, which is substantially equal to the power, supplied to
15 coil 24, and (4} the values of capacitors connected to coil 24. |
Workpiece 32 is fixedly mounted in chamber 10 to a surface of workpiece
holder {i.e., platen or chuck) 30; the surface of holder 30 carrying workpiece 32 is
parallel to the surface of window 19. Workpiece 32 is usually electrostatically
clamped to the surface of holder 30 by a DC potential that a DC power supply (not
20 shown) applies to a chuck electrode (not sho%) of holder 30. RF source 45
supplies a radio frequency electromagnetic wave to impedance matéhing network
47, that includes variable reactances (not shown). Matching network 47 couples the

output of source 45 to holder 30. Controller 29 responds to signals that amplitude




15 coil 24, and (4) the values of capacitors connected to coil 24.

Wor kpi ece 32 is fixedly mounted in chanber 10 to a syrd.gegn@hoydr kpi ece

hol der (i.e., platen or chuck) 30; the surface of holder 30 carrying

wor kpi ece 32 is parallel to the surface of wi ndow 19. Wrkpiece 32 is
usually electrostatically clanped to the surface of holder 30 by a DC

pot ent i DC power supply (not 20 shown) appl.li a chuck
electroégokﬁgﬁughomm) of holder 30. RF. source 45 Béhﬁ%?@%@'a radi o
frequency -el ectronagneti c wave to i npedance matchi ng network 47, that

i ncl udes vari abl e reactances (not shown). Matching network 47 couples the
out put of source 45 to holder 30. Controller 29 responds to signals that
anpl i t ude WD 02/ 080220 PCT/ US02/ 0956% 9 and phase detector 49 derives to
control the variable reactances of matching network 47 to match the

i npedance of ad@lwse detegtor $derives tq cafecd thp asialle repptaneds eEmatehéng retwotk  shown) of

hol der 30. The | oad coupled to the electrode in holder 30 is primarily the
pl asma i n chéhigepatahpthe mapedancyaf Jousep divte thidmirtange bf argelectrode et 45 applies to
the 5 electrode of holder 30 interacts with charge particles in the plasm
to produce ashoen) obhalder 3 Theldadraupled Bhe eligirade inddidergdOdsririmagily tend ext endi ng
above top end plate 18 is a netal tube or can-like shield 34 having an

i nner di anet@sngénehiber 1§r Asisovellihnamn th BFjvaltage sourti Afrappdies ofthenal | 12. Shi el d
34 decoupl es el ectromagnetic fields originating in coil 10 24 fromthe

sur r ouhdi ng derirpdedh hadder 30 ntsrctd withrehatze paticlesyy heplrdnedd bpdwhaP€d  chanber 10
defines the boundary for the el ectromagnetic fields generated by coil 24.
The di anet erbigfongiodpisetd2i ¢ wi ndow structure 19 is greater than the dianeter
of chanmber 10 to such an extent that the entire, upper surface of chanber
10 is conpri sedSeroupding eod 2f prd eyfendingebevetapend plete 19)is a metal tube or

can-like shield 34 having an inner diameter somewhat greater than the inner
diameter of wall 12. Shield 34 decouples electromagnetic fields originating in coil

10 24 from the sumrounding environment. The diameter of cylindrically shaped
chamber 10 defines the boundary for the electromagnetic fields generated by coil
24. The diamet.er of dielectric window structure 19 is greater than the diameter of
chamber 10 to such an extent that the entire upper surface of chamber 10 is
comprised of dielectric window structure 19.

15 The distance between the treated surface of wbdcpieée 32 and the bottom
surface of dielectric window structure 19 is chosen to provide the most uniform
plasma flux on the exposed, processed surface of the workpiece. Fora preferred
émbodiment of the invention, the distance between the workpiece processed surface
and the bottom of the dielectric window is approximately 0.2 to 0.4 times the

20 diameter of chamber 10. |
Coil 24 inciudes plural parallel windings each of which is ele;ctrically long
enough at the 13.56 MHz frequency of source 26 to function as a transmission line

having a total electric length of about 30 to 45° to produce standing wave patterns



i5 The di stance between the treated surface of workpiece 32 and the bottom
surface of dielectric window structure 19 is chosen bR ptav-96ost he nost
uniform plasma flux on the exposed, processed surface of the workpiece.
For a preferred enbodinent of the invention, the distance between the

wor kpi ece processed surface and the bottom of the dielectric windowis

appr oxi I .2 to 0.4 tines the 20 dianeter of glt)ﬁg? 10. Coil 24
i ncl uders{%p {J‘%& paral |l el wi ndi ngs each of which i sTel & (fglgﬁéal ly | ong

enough at the 13.56 MHz frequency of source 26 to function as a

transm ssion line having a total electric length of about 30 to 45 to
produce standi ng wave patterns 22 Septenber 2005 WO 02/ 080220

PCT/ US02/ 09564 10 al ong the | engt ht%f the windi ng. The standi ng wave
patterns result in variations in the nmagnitude of standing wave RF

vol t ages andilengthedened of the indinge Thegding waye pattens reiplh i WERionsTIRe  dependence of
the magnetic fluxes generated by the w ndings on the magnitude of these RF

currents redbn magnjtyde of stpnding tave R ¥oltages anksurgnthdongdhafenstis O6tei n 5 di fferent
portions of chanmber 10 beneath different w ndings of coil 24. The

vari ati ons iindiegs. Fe depandeapp of the gianeticiixey gongratel tythegvindings ghthewi ndi ngs of
the coil are spatially averaged to assist in controlling plasma density.
spatial di JeagniBige pighese Ripenrrens 1esplisip diffsrgntpdpsmp depeity e ip@ised iBur r ent  val ues
inthe different wndings of the coil can substantially prevent azi nuthal
asymmet ri es differanhportiongef 1@denenth differontwindings ofcp 24t regi ons of | ow RF
current in the windings. Alternatively, the frequency of generator 26 is
4.0 MHz, in whi cBhecygaadiontin thpRE¢hrrgbmegmitydgiflowing ingiiferengwindingsofal |y short,
about 10 to 15, causing the standing wave currents and voltages in the
wi ndi ngs t o thee cailipret spritally lavepaged tes pist in cosireliieg plasma denpifyc PRatind s

m croprocessor 33 (Fig. 2) which responds to
distribution. Spatially averaging these different current values in the different

windings of the coil can spbstantially prevent azimuthal asymmetries in the plasma
10 - density, particularly at regions of low RF current in the windings. Altematively, the
frequency of generator 26 is 4.0 MHz, in which case the windings of coil 24 are
electrically short, about 10° fo 15° causing the standing wave currents and voltages

in the windings to be substantially constant.
Controller 29 includes microprocessor 33 (Fig. 2} which responds to
15 (1) input device 41, (2) voltage amplitude and phase angle signals that detector 31
derives, and (3) memorj system 35 that stores programs for controlling
microprocessor 33 as well as signals controlling the Qalues of variable capacitors
- connected to coil 24 and the output power of RF generator 26. Among the
programs memory system 35 stores are control programs for the values of the
20 variable reactances of matching networks 28 and 47. The oufput power of source 26
and the values of capacitors connected fo coil 24 can also be pre-set a.t the time the
processor is made or installed, particularly if the processor is dedicated to a single

recipe.



15 (1) input device 41, (2) voltage anplitude and phase angle signals that
detector 31 derives, and (3) menory system 35 that Steh&s,pbe8 ams for
controlling mcroprocessor 33 as well as signals controlling the val ues of
vari abl e capacitors connected to coil 24 and the output power of RF
generator 26. Anpng the prograns nenory system 35 stores are control

progra J val ues of the 20 vari abl e reactan tchi ng networks
28 and%‘f)%eﬂgut put power of source 26 and the ga usggmavg‘? capacitors -

connected to coil 24 can also be pre-set at the tinme the processor is nade
or installed, particularly if the processor is dedicated to a single

reci pe. 22 Septenber 2005 WO 02/ 080220 PCT/ US02/09564 |i As illustrated in
Fig. 2, coil 24 includes two parall & wi ndi ngs 40 and 42, both of which are
generally concentric with center_coil axis 44 and include nultiple

spiral -1i ke turnéstlisratedin Eigg2, cailizhinekpdes fee paratlelyipdings #0iaad # wi t h r espect
to axis 44. Interior winding 40 is wholly within exterior w nding 42, such
that wi ndi ndotirofsvhich ass|eenceaily cogerniris With Senitf FRY it 44 end iglyde mylipke0 i ncl udes:
interior termnal 46 and exterior termnal 48, while wi nding 42 includes
exterior terstigidike wms hatiextend pdially andrcirpymfprentiallyywith tegpedt fogxisd4ndi ng 40
includes three concentric turns 54, 56 and 58 having different radii, as
wel | as two Bl widing&yirerioly gihinsxemy winding 2o fuch fah¥iding 426 and 10 58 i s
a segnent of a circle centered on axis 44 and havi ng an angul ar extent of
about 5340. Adraleehtsuseiads winding fthsWaWing 1§ imbiday iatedesieiaipletp 209 each ot her by
straight segnent 60, while straight segnent 62 connects adjacent ends of
turns 56 andx&gor tgminshé whilp winding4? anches aicgprcamminab 60 anddntgdorext end radi al |y

and circunferentially al ong
terminal 52.

Tnterior winding 40 includes three concentric tums 54, 56 and 58 having
different radii, as well as two straight segments 66 and 62. Each of tums 54, 56 and

10 58 is a segment of a circle centered on axis 44 and having an angular extent of about
340°. Adjacent ends of tums 54 and 56 are connected to each other by straight
segment 60, while straight segment 62 connects adjacent ends of tums 56 and 58 to
each oﬂler. Straight segments 60 and 62 extend radially and circumferentially along
substantially parallel paths..

135 Exterior winding 42 includes two concentric fums 64 and 66 having
different radii, as well as straight segment 68. Each of turns 64 and 66 is a segment
of a circle centered on axis 44 and having an angular extent of about 340°. Straight
segment 08 extends radially and circumferentially to connect adjacent ends of turns
64 and 66 to each other.

20 © Tho sum of tho lengths of tums 54, 56 and 58 and seofors 60 and 62 of
winding 40 is about equal to the sum of the lengths of turns 64 and 66, as well as
sector 68 of winding 42. Becanse windings 40 and 42 have substantially equal

lengthé, they have standing wave voltage and current variations along their length




substantially parallel paths.. 15 Exterior w nding 42 includes two
concentric turns 64 and 66 having different radii, ,3% M@M 3gpssSt r ai ght
segnent 68. Each of turns 64 and 66 is a segment of2 aircle centered on
axi s 44 and having an angul ar extent of about 340. Straight segnent 68
extends radially and circunferentially to connect adjacent ends of turns

64 and ch other. 20 The sum of the |engths r 54, 56 and 58
and sec?&@a’%ﬂgﬁand 62 of w nding 40 is about equall’é)ljfugw%%§sum of the

| engths of turns 64 and 66, as well as. sector 68 of w nding 42. Because
wi ndi ngs 40 and 42 have substantially equal |engths, they have standing
wave voltage and current variations_along their |length 22 Septenber 2005 WO
02/ 080220 PCT/ US02/ 09564 12 which 2re substantiall y the sane, regardless
of the frequency that generator 26 _supplies to them Wndings 40 and 42 of
coi | 24 ar eV8ich yersubspoiially fhq @mewg#esea’fﬁ@nffeq%w thalgeengsgtor 26 ngl e fi xed
frequency RF generator 26, having a controlled variable output 5 power. As
descri bed i FHPPis togbemki t her the low (e.g. 4.0 M) or high (e.g. 13.56 Miz)
frequency of generator 26, there is a _single current maxi rumin each of

wi ndi ngs” 40 and Windingsi40anka2ofgpil 24 wedrisien \p parallel by RErcamgot deixpdra. are at

| ocations that are about half-way between the term nals of each w nding.
The curr ent birasinge fixedcircgyeney RF gecrior 9o.dupns s eantrplisd ryedablsfoutpie wi ndi ngs 40
and 42 relative to axis 44 to 10 provide aJ)roxi mat e azi nut hal symetry to
t he tor oi daPover-edf dpsentred énfug, P@mrtqlmlgwf(ﬁ-én‘f Mz achighafeigom3-8f Wi ndi ngs 40
and 42 by generator 26. W ndi ngs 40_and 42 are respectively in separate
paral | el ci M freqyensh ©f genpematoy 26, there is a single current maximum in each of -

windings 40 and 42. At the high frequency, the current maxima are at locations that
are about half-way between the terminals of each winding. The current maxima
occur at radially opposite points of the windings 40 and 42 relative fo axis 44 to
- 10 provide approximate azimuthal symmetry to the toroidal electric field resulting from
RF excitation of windings 40 and 42 by generator 26.
Windings 40 and 42 are respectively in separate parallel circpit branches 81
and 83. Branch 81 includes series connected winding 40 and variable capacitors 80
and 84, while branch 83 includes series connected winding 42 and variable
15 . capacitors 82 and 86. The turns of windings 40 and 42 of coil 24 are arranged so
that input terminals 46 and 50, which are driven in the parallel by power from the
output terminal of matching network 28, are on opposite sides of coil axis 44 so
~ current flows in the same direction from terminals 46 and 50 into the remainder of "
| windings 40 and 42. Terminal 46 is on the smallest radius turn 54 of coil 24 and
20 terminal 58 is on the largest' radius turn 66. Terminals 46 and_ 50 are respectively
connected by series vatiable capacitors 80 and 82 to the output tenninai of matching
_network QS.

Output terminals 48 and 52 of coil 24, which are diametrically opposite to



and 83. Branch 81. includes series connected wi nding 40 and vari abl e
capacitors 80 and 84, while branch 83 includes serigg.GopResspd W nding 42
and variable 15 capacitors 82 and 86. The turns of w ndings 40 and 42 of
coil 24 are arranged so that input termnals 46 and 50, which are driven
in the parallel by power fromthe output termnal of matching network 28,
are on | sides of coil axis 44 so current in the sanme
directi 8‘?18?2?(13%% ermnals 46 and 50 into the renai ngléf%%"%/bgg% ndi ngs 40 and
42. Terminal 46 is on the smallest radius turn 54 of coil 24 and 20
terminal 58 is on the largest radius turn 66. Termnals 46 and 50 are
respectively connected by series variable capacitors 80 and 82 to the
output termnal of matching network 28. Qutput terninals 48 and 52 of coil
24, which are dianetrically opposite to 22 Septenber 2005 WO 02/ 080220
PCT/ US02/ 0958¢h otf@r relatinslio axisHidrary eohuerted/te a coymmon ousd ferming viesmirect ed to a
common ground termnal via series variable capacitors 84 and 86. For the
hi gh fr equerieseblsgepsecitorsd® aabifr ce 26, the val ues of capacitors 84 and 86 are
set such that the standing wave currents in w ndings 40 and 42 have 5
m ni mum anpl i t udtes tethighfeqiengyuoutpatrd soure Boitthe valued ofhmcitbis #nakd48 of wi ndi ng
40 and at termnals 50 and 52 of wi nding 42, where the standing wave
vol t ages ar eB6aire setrmdhnthat Oiéh etasling eldve gunvatsein cvindiggst 49 and 48 hoengs 40 and 42
have maxi num values at radially opposite points of w ndings 40 and 42,
wher e 5t he stamgimgmpkivdes vidhe isgyesid ovipw taominalsdt and 43 efwihding4lhindved by
adj usting the values of capacitors 84 and 86. The 10 standi ng wave current
maxi ma can betenopat tlardyS2nafrwitdiug 4%y whire tietstanding yawavodtagey atet ges. The
current-maxi mum occurs at a place where the voltage is a mni num

maxima. The standing wave currents in windings 40 and 42 have maximum values

at radially opposite points of windings 40 and 42, where the standing wave voltages
are maxima, a result achieved by adjusting the values of capacitors 84 and 86. The
10 standing wave cu:rent.maxima can be located by monitoring the standing wave
voltages. The current-maximum occurs at a place where the voltage is a minimum
(close to zero volt), Locating the standing wave current maxima in windings 40 and
42 to be radially opposite to each other assists in providing azimuthally symmetric

plasma ;iensity.
15 The values of capacitors 80 and 82 help keep the unpedance of each of
| * windings 40 and 42 tuned to matching network 28. The maximum amplitudes of
themstanding wave currents in windings 40 and 42 are respectively controlled by the
values of capacitors 80 and 82. The physical configuration of windings 40 and 42
and the location of terminals 46, 48, 50 and 52 affect the positions of the maximum

.20 standing wave currents in windings 40 and 42. |

Proper control of the values of capacitors 80, 82, 84 and 86, e-ls well as the
fotal output power of generator 26, i.¢., the power that generator 26 applies in

paraliel to windings 40 and 42, enables the current in one of windings 40 or 42 to



(close to zero volt). Locating the standing wave current maxi ma i n w ndi ngs
40 and 42 to be radially opposite to each other asshsl§ediut-Bo@vi di ng
azinmuthally synmmetric plasna density. 15 The val ues of capacitors 80 and
82 hel p keep the inpedance of each of w ndings 40 and 42 tuned to matching
network 28. The maxi num anplitudes of the standing wave currents in

wi ndi ng 42 are respectively controlled by es of capacitors
e 3bFust |

80 and physi cal configuration of w ndings and the

| ocation of termnals 46, 48, 50 and 52 affect the positions of the maxi num
20 standing wave currents in windings 40 and 42. Proper control of the

val ues of capacitors 80, 82, 84 and 86, as well as the total output power
of generator 26, i.e., the power t hik generator 26 applies in parallel to
wi ndi ngs 40 and 42, enables the_current in one of w ndings 40 or 42 to 22

Sept enber 20@BNPPHRighPontrnpEhilUBeding ssuses of te swrgnhindeprdheant i al |y
constant, while providing changes of the current in the other w nding. The
abi lity to vaiding fhe abditaio vy fiefotahpeyes Whils milatrining Ge cyentduenedit i n one of
wi ndi ngs 40 or_42 substantia[l% constant provi des substantial control over
the el ectr Stsiged or 142 eubptagtially qontant arevidess spbstanty gonkseh averethgi zat i on of the
wi ndings. By 5 maintaining the current in one of w ndings 40 or 42
subst ant i al Elpcopngetnticld difEbutien paylingfpghecigzationgf deprimings eBy by t hat
w ndi ng, and supplied to the plasma in chanber 10 remains relatively
const &nt . CRuRgnRg theeueny e of windings 49 meA2 wibsiantisly copefandy tha2 causes t he
el ectromagnetic field that w nding supplies to the plasma in chanber 10 to
vary. As de§@¢@§@§wﬁﬁﬁﬂﬂ@ﬂ§WV@*ﬁﬁh#é@@ﬁg,Wm#ﬂwﬂéééoﬁmnﬁﬁgghmg 10 reci pes
require the el ectromagnetic power deEosited by winding 40 to remain
chamber 10 remains relatively constant. Changing the current in the other winding
40 or 42 causes the electromagnetic field that winding supplies to the plasma in
chamber 10 to vary. As described previously, different workpiece processing
_10 recipes requite the electromagnetic power deposited by winding 40 to remain
substantially constant and the power that winding 42 couples to the plasma to be
varied. For other recipes, it is desirable for the power distribution that winding 42
supplies to the plasma in chamber 10 to remain constant and, the power that branch
40 supplies to the plasma in chamber 10 fo be varied.
15 The values of capacitors 80, 82, 84 and 86, as well as the output power of
generator 26, are confrolled for different recipes by manual adjustment of these parts
or by automatic adjustment thereof in response to signals stored in memory system
35 being read out by microprocessor 33 in response to recipe signals from input
controller 41. Alternatively, if a particular coil always operates in connection with a
20 processor having the same recipe, the values of capacitors 80, 82, 84 and 86, as well
as the output power of generator 26, can be set at the factory, at the time the

processor is manufactured, or during instaliation of the processor.

Assume each of windings 40 and 42 typically has a resistance of 6 ohms,



substantially constant and the power that wi nding 42 couples to the plasm
to be wvaried. For other recipes, it is desirable fasglhg.Re¥&Is
distribution that winding 42 supplies to the plasma in chanber 10 to
remai n constant and. the power that branch 40 supplies to the plasma in
chanber 10 to be varied. 15 The values of capacitors 80, 82, 84 and 86, as
wel | as Jhe@ibput power of generator 26, are CONLE s%%ﬂs&or di fferent
reci pes by nmanual adjustnent of these parts or by autonafic adjustnent.
thereof in response to signals stored in nenory system 35 being read out
by m croprocessor 33 in response to recipe signals frominput controller
41. Alternatively, if a particular coil always operates in connection with
a 20 processor having the sane reciﬁh, t he val ues of capacitors 80, 82, 84
and 86, as well as the output power of generator 26, can_be set at the
factory, at Vel epaplepthe RMS (rgptaneas sqypred) surrpatip viding Aot be aingdinelng i nstal | ati on
of the processor. Assume each of w ndings 40 and 42 typically has a

resi stance &fbs@ntighygonsten anddhy RIMP eprreptip s/indine 39 fodg yaid bpedinatisp2/ 09564 15

whi ch enabl es the RMVS &root mean squared) current in winding 42 to be

mai nt ai ned S PHPRDIWPAL peperaigh 2t wd thedote] reapfanceEDend Pt brasches ndi ng 40 to be
varied by adjusting the output power of generator 26 and the total

react ances @kand & fpeinayordcayyitieble 81 and 83 to be in accordance with
Table I: 5 Table |I (R =R2= 60) ~ CasesPro, (X (92)X2(1))I,(AI12(A a) Equal
currents100040409. 139. 13 in 40 and 42 b) Larger current1570203013. 369.12 in
40 t han 42 Tablel (R, =R,=6Q)

4 Cases PuW) | X(Q) X:(2) Li(4) I:(4)

a} Equal currents 1600 40 40 9.13 9.13
in 40 and 42

b) Larger current 1570 20 30 1336 | 9.2
in 40 than 42

¢) Lower current 850 60 50 ' 7.63 9.14
n 40 than 42

Similarly, if it is desired to maintain a substantially constant cumrent in
interior winding 40 and a variable current in oufer winding 42, the reactances of
branch 81 (X,) and branch 82 (X,} and the output power of generator 26 are adjusted

1n accordance with Table IL




c) Lower current85060507.639.14 in 40 than 42 Simlarly, if it is desired
to maintain a substantially constant current in inbg@%&g M&@&%ng 40 and a
variable current in outer wi nding 42, the reactances o Branch 81 (X,) and
branch 82 (X2) and the output power of generator 26 are adjusted in
accordance with Table Il1. 22 Septenber 2005 WD 02/ 080220 PCT/ US02/ 09564 16
Tabl e |1 = R2 = 6SZ ) CasesPror(J4JX101) X2ZM 11 a) Equal
currents ‘%@85“6%{’09. 139.13"in 40 and 42 b) Larger cu?@éﬁ@%’@%ﬁsozog. 1213.36 in
40 than 42 c) Lower current85050609. 147.63 in 40 than 42 By varying the

val ues of capacitors 80, 82, 84 and 86, as well as the power of 5 source
26, control of the plasma density incident on workpiece in both the

azi muthal and radi al coordinate dirléctions is achieved. Assune the currents
and the inpedances are respectively I, and z" for branch 81, "and are
respectively 1Z and z2 for branch 83. Since each branch consists of the
series conbination of an input capacitor, a w nding and an output 10
capacitor, the inpedance z, or z2 is the lunp. sumof all the inpedances
fromthe inpmtn(Gr, ok, £8h)and the output (C3 or C4) capacitors, and the

wi nding (L, or L)

Jr_ Cases P (W) Xi(Q) X(Q2) I;(4) I:(4)

a} Equal currents 1000 40 40 9.13 9.13
in 40 and 42

b) Larger curent 1570 30 20 9.12 13.36
in 40 than 42

¢) Lower current 850 50 60 9.14 7.63
in 40 than 42

By varying the values of capacitors 80, 82, 84 and 86, as well as the power of
5 source 26, control of the plasma denéity incident on workpiece in both the
azimuthal and radial coordinate directions is achieved,

Assume the currents and the impedances are respectively I, and z,, for
branch 81, ‘and are respectively I, and z, for branch 83. Since each branch
consists of the series combination of an input capacitor, a2 winding and an output

10 capacitor, the impedance z, or 2, is the tump.sum of all the impedances from the
input (C, or C,) and the output (C, or C,) capacitors, and the winding (L, or L))
for branch 81 or branch 83. Thus z, =R, +j[aL, - {aC,) - 1/@C)] =R, +jX,
where R, and X, = oL, - 1/(aC,) - ll(tbC,)_ respectively represent the real -
(resistive) and imaginary (reactive) parts of impedance z,. Similarly, z, = R, +

. 15 jX,, where R, and X, = @L, - 1/{0C,) - 1/(wC,) respectively represent the resistive



for branch 81 or branch 83. Thus z, = R + j(o)L, -1/(a)C) -1/(c)C)] =R
+ ] X, where R and X, = colL, - 1/(caC) -- 11(c) Cholespatd-by®l y represent
the real (resistive) and imaginary (reactive) parts of I npedance z,.
Simlarly, z2 = R + 15 jXZ, where R and X2 = (aL2 -* 1/(0)C2) - 1/(coC4)
respectively represent the resistive 22 Septenber 2005 WO 02/ 080220

PCT/ USO 17 and reactive parts of inpedance . The quantitative
anal ysi g‘("?%?ogﬁﬁoe results shown in Tables | and I Pé’ffgso & in our

co-pendi ng application entitled "I NDUCTI VE PLASMA PROCESSOR HAVI NG CO L

W TH PLURAL W NDI NGS AND ~ METHOD OF CONTROLLI NG PLASMA DENSI TY, " (Lowe
Hauptman 5 G | man and Berner Docket No. 2328-050). For sinplicity, assune
the frequency of RF source 26 is 13156 MHz and the electrical |ength of
each of branches 40 and 42 is 77 at 13.56 Mz and the values of capacitors
80, 82, 84 antre8fivepasts pfimpelahop zadjheguapiiative apdiysisdordheresdfssiowour rent s in

wi ndi ngs 40 and 42, For such a situation, the standing wave current

anpl i t udes 10Talesfignd Herel giveg itheur oé-pendioh application dititlgd "BDUEAVE2 are as
depicted by curve 90, Fig. 3. Curve 90 has a sinusoidal-like variation

bet ween t he PLABMA BRACBSRORHAVENG CRIL SWITH PEERAL SV INRINGSnND40 and 42.
Curve 90 has a peak val ue of .approximately 14.5 anperes RVS at the

m dpoi nt of MEBHQ@uroR CONTROLLING PBASHAd DENSITI(IN @qweal Hangimaes of about

10. 7 anperes RVB at the input and output termi nals of w ndings 40 and 15
42. TBus, t la#lnemndBemes DadkeliNvg 2328wW80)current in each of w ndings 40 and 42
-exceeds the m ni num standi ng wave current by approximtely 3.8 anperes
RVS, i.e., by &lfositnpBdtyAspos diclilequepryobRE souwe 26 isd3S6 MHmd thee ar r angenent
of Fig. 2 at a frequency of 13.56 MHz is that capacitors 80, 82, 84 and 86
m ght have felctiel Rt st cach of branches 40 and 42 is 77° at 13.56 MHz and the values

of capacitors 80, 82, 84 and 86 are properly adjusted so there are equél currents in
windings 40 and 42, For such a situation, the standing wave current amplitudes
10 along the lengths of each of windings 40 and 42 are as depicted by curve 90, Fig. 3.
Curve 90 has a sinusoidal-like variation between the input and output terminals of
‘each of windings 40 and 42. Curve 90 has a peak value of approximately 14.5
amperes RMS at the midpoint of the curve , i.e., at 38°, and minimum equal values
of about 10.7 amperes RMS at the input and output terminals of windings 40 and
.15 .42. Thus, the maximum standing wave current in each of windings 40 and 42
exceeds the minimum standing wave current by approximately 3.8 amperes RMS,
i.e., by about 21%.
A possible problem with operating the amrangement of Fig. 2 at a frequency
of 13.56 MHz is that capacitors 80, 82, 84 and 86 might have to be adjusted
20 simultaneously or in an iterative manner to maintain the desired relationship for the
- electromagnetic field distributions derived from windings 40 and 42. .For example,
to maintain an azimuthally symmetric density on the workpiece, requires the

maximum currents in each coil to be located radially opposite to each other relative



20 simul taneously or in an iterative manner to maintain the desired
relationship for the electromagnetic field distribubh@ps.gerbygd from

wi ndi ngs 40 and 42. For exanple, to maintain an azinmuthally symetric
density on the workpiece, requires the nmaximumcurrents in each coil to be
| ocated radially opposite to each other relative 22 Septenber 2005 WO

02/ 0802 S02/ 09564 18 to axis 44. This is aghi y adjusting the
“val ues é?"@g%‘% tors 84 and 86 connected between ? e[ﬁgé%&a‘%t term nal s of

wi ndi ngs 40 and 42 and ground. Adjusting the values of capacitors 84 and
86 may require adjustnent of capacitors 80 and 82 to provide the desired
val ues of standing wave current to achieve the 5 values indicated in Tables
| and I1. However, adjusting the valdues of capacitors 80 and 82 can cause
a further shift in the current standing wave patterns in w ndings 40 and
42, wher eby ¢ pEs AhxiTH prchigved by pdietiee glea%F‘Sn@f GaarEomp &¢ t26¢ 88 are no | onger
diametrically opposed relative to coil axis 44. |f the current standing
wave nexi ma Somedcds btyeca dhg Autpu i termipals el windingst e anda 47 aad geHed. of t he val ues
of capacitors 84 and 86 10 mamy be necessary. To overcone this problem we
have real i zd@ivstingithe valupgef cangeifopfit 2pd B¢ By tsAwre adjugment af ¢pgacers 40 and 42 can
be substantially reduced, such that the |ocation of the standing wave
current maxisPrﬂm%/W i nRYids g e depiredhypluey of Handipg weyq eurent|to achiege thet he maxi ma do
not have to be on dianmetrically opposite sides of coil axis 44, that only a
singl & 15 vaﬁlpﬁmd@a@%wé@bwmﬁﬁedﬁwevewﬁmwg8@V@IGGS@éeﬂnacctﬁrsm ndi ngs 40 and
42. In other words, the necessity to sinultaneously or iteratively adjust
al | four capatiZtcarquge further shifn the ehregiatapding Wavh eatistyy inatiedings 30 t hese ends,
the frequency of ‘RF source 26 is reduced so that the transm ssion line

ef fects of Wi mhaebyohamaxing obthe cugnistanding whtepaitesaiacenh longert he

diametrically opposed relative to coil axis 44. If the current standing wave maxima
are shifted in this manner, further adjustment of the values of capacitors 84 and 86
10 may be necessary.

To overcome this problem, we have realized that if the current vadations
along windings 40 and 42 can be substantiaily reduced, such that the location of the
standing wave current maxima in windings 40 and 42 is not critical, i.c., the maxima
do not have to be on diametrically opposife sides of coil axis 44, that only a single

15 | variable capacitor need be connected to each of windings 40 and 42. In other words,
the neccssity: to simultaneously or iteratively adjust all four capacitors 80, 82, 84 and
36 would be obv_iated.
To these ends, the frequency of RF source 26 ié reduced so that the
. transmission line effects of windings 40 and 42 are substantially reduced. If the
20 electrical length of each of windings 40 and 42 is substantially less than about 45°,
the percent change between the maximum and minimam values of the standing
“wave current is reduced sufficiently to enable only a single variable capacitor 84 and

86 to be connected in series with windings 40 and 42, respectively, and the need for




20 electrical length of each of wi ndings 40 and 42 is substantially |ess
than about 45, the percent change between the naxi ”Fﬁnséiﬂgnbe@ jsmum val ues
of the standing wave current is reduced sufficiently to enable only a
single variable capacitor 84 and 86 to be connected in series with
wi ndi ngs 40 and 42, respectively, and the need for 22 Septenber 2005 WO
0210802 S02/ 09564 19 any capacitor to be c bet ween each
wi ndi ng%?%{))z%({z%derm nal and the power out put termg@ﬁ%wggr%‘tchi ng network
28 is obviated. As nentioned previously, the frequency of RF source 26 is
reduced to 4.0 Mz from 13.56 MHz, resulting in a decrease in the
electrical length of windings 40 5 and 42 by a factor of 3.4. Curve 92,
Fig. 3, represents the situation ofl%apacitors 84 and 86 being adjusted so
equal standing wave currents are in windings 40 and 42. The sanme physi cal
wi ndi ngs t haty capasiterfnbecpangcted between gacl/ppnding irpinteinminat ndibe poYer ar e
re-analyzed at 4.0 MHz (shown in curve 92). The electrical l[ength of each
of  br anchegum tegpgal abmaiehing peiyrork 28 @ opyiated. | 77 di vi ded by 3.4). Curve 92 has
standi ng 10 wave current m nima of approximately 25.7 anperes RVS at the
i nput and out putAs mestiorictpiegousty, the fraquaryy of BF sewece28 imreducad trek® num st andi ng
wave current of approxinmately 26 anperes RVS at the centers of the
wi ndi ngs. DbEhifom Ble Mbgaesulting in 2 deeurgase i heielgftiical lengtiyefiwindings ddit s 1 ow i n
wi ndi ngs 40 and 42 for the short transmission |ine situation of curve 92
t han for t h&nd43ihyafacanefidids Sua 92, 3 erresents thywitudtiop of eapacB@rs 845 - the out put
power of source 24 is the sane, 2400 watts, for both situations. For the
exenpl ary e#W6 being adiusted supqual stagiingwate ORtrents afiingwingings 4deand 4paci t ances of
capacitors 84 and 86 are equal to each other and have a val ue of 137
pi cof ar ads TiyPpme physicH avindirgs 8@t Ju-analyradcpt &6/ MBiz (shoem @@ 90Whi | e t he val ues
of capacitors 84 and 86 are :

are re-analyzed at 4.0 MHz (shown in curve 92). The electrical length of each of

branches 40 and 42 becomes 22.6° (i.e., 77° divided by 3.4). Curve 92 has standing
10 wave current minima of approximately 25.7 amperes RMS at the input and output
terminals of windings 40 and 42 and a maximum standing wave current of
approximately 26 amperes RMS at the centers of the windings. Despite the fact that
substantially larger currents flow in windings 40 and 42 for the short transmission
line situation of curve 92 than for the long transmission line situation of curve 90,
15 - the output power of source 24 is the same, 2400 wattg, for both situations. For the
exemplary equal current curves 90 and 92 of Fig. 3, the capacitancps of capacitors
84 and 86 are equal to each other and have a value of 137 picofarads (pF) for the
13.56 MHz frequency of source 26, while the values of capacitors 84 and 86 are
1808 pF for the 4.0 MHz excitation of source 26.
20 T!w percentage change between the maxima and maximum standing wave
currents of curve 92 is about 2%, in contrast with the 21% change cﬁ" curve 90.
_ Because a relatively low frequency of excitation source 26 resulis in a rél_atively

small change between the minima and maximum standing wave curents of




1808 pF for the 4.0 Mz excitation of source 26. 20 The percentage change

between the. maxi ma and maxi mum standi ng wave currenb 8. Qimkpbns 92 is about
2% in contrast with the 21% change of curve 90. Because a relatively |ow
frequency of excitation source 26 results in a relatively small change

bet ween the m ni ma and maxi num standi ng wave currents of 22 Septenber 2005

WO 02/ 0 / US02/ 09564 20 w ndings 40 and 42 re is arelatively
uni f or m&géﬁgn% Z%I el ectromagnetic field produced Bgﬁ‘/ﬂ%&@sgﬁ wi ndi ngs 40

and 42 and supplied to the plasma in chanber 10. Consequently, the need to
i ncl ude capacitors 80 and 82, to adjust the position of the maxinmum

standi ng wave currents in windings 40 and 42 does not exist. Tables I 5 and
li provide the information necessar¥0for the | ow frequency excitation to
adj ust the capacitances of capacitors 84 and 86 and the output power of RF
source 26 t ovindigghidewed €k ithstednp reatively priforn azimoihhlsele¢Goraaguketia Sieldr espect i vel y.
The ratio (I,/1) of the maxi num standi ng wave currents in w ndings 40 and
42 can be varddeetd bpeach plroindings 40 pusiA220d supplisd Yo the plasimenn ¢hember10.1 to 1: 10, for
the 4.0 10 MHz excitation power of source 26, by adjusting the val ue of
capaci t or 84Congkguéndy, it neecttd mickide dapreitaradQand 82, tcalpiaidhe positi@of¢tenst ant , and
then by adjusting the value of capacitor 86, while nmaintaining the val ue
of capaci t orma3unuwyotandiag wavedueents in windings Ke andnixdopanmt stisindetdey lwave current in
wi nding 40 and 12 is the maxi mum standing wave current in winding 42. As
the val ues cfid 8 apaide thengogitianmgcegBrydrethy lawi fedpenthecitBonwtadmst power  of
source 26 is varied to provide the sane effects as indicated by Tables |
and ||. To dksrrapagitancdsof caphaiters 86 ndc8pmd itteonput@Owessd RFSguran2b ®6, i n response
to output signals of mcroprocessor 33, each of the capacitors is driven
by a diff er eftieveprmsterft currents in coils 40 and 42, respectively.

The ratio (I,/I,) of the maximum standing wave currents in windings 40 and
42 can be varied continuously from 20:1 to 1:1, then from 1:1 to 1:10, for the 4.0
10 MHz excitation power of source 26, by adjusting the value of capacitor 84, while
maintaining the value of capacitor 86 constant, and then by adjusting the value of
capacitor 86, while maintaining the value of capacitor 84 constant, where 1, is the
maximum standing wave current in winding 40 and I, is fhe maximum standing
wave current in winding 42. As the values of capacitors 84 and 86 are varied, the
15 . output power of source 26 is varied to provide the same effects as indicated by
Tables I and I1.
To control the values of capacitors 80, 82, 84 and 86, in response to output ‘
signals of microprocessor 33, each of the capacitors is driven by a different one of
DC motors 87. BEach of motors 87 responds to a different output signal of
20 microprocessor 33. The signals microprocessor 33 supplies to motors 87 have
values commensurate with the amount that the output shafts of the mt.)tors are to be
turned to achieve the desired capacitance values of capacitors 80, 82, 84 and 86.

- Matching network 28 includes variable reactances (preferably capacitors, Fig. 4)




DC notors 87. Each of motors 87 responds to a different output signal of 20
m croprocessor 33. The signals mcroprocessor 33 sugglsie?angepm@tors 87 have
val ues comensurate with the anount that the output shafts of the notors
are to be turned to achieve the desired capacitance val ues of capacitors
80, 82, 84 and 86. Matching network 28 includes variabl e reactances
(prefer citors, Fig. 4) 22 Septenber 2005 20

PCT/ Usog‘%g%%%&gl which are driven by notors 88. xg{@%{sﬁ respond to -
different signals mcroprocessor 33 derives in response to signals derived
by a program stored by nmenory system 35 and detector 43. Detector 43
derives signals representing (1) the voltage anplitude reflected by

mat chi ng network 28 toward generat ofl 26 and (2) the 5 difference in phase
between the reflected voltage and current. M croprocessor 33 supplies a
sui t abl e DC ¥ighate f@vegdiyemaiorr 896 Mpogodh respondny gidfsspiasignalsout put power .

M cr oprocessor 33 responds to signals indicative of the voltage applied in
paral | el to MBORIREIVS 3B feriyprin gpapritoFiEnts-desiyed Bea pogamPtaddhi ng net wor k
28, as well as .signals indicative of the standing wave currents at the
out put t er miTREREY sy A aidleisortd Beteotos hbdenge signs maresentingdBrtheved by
circuitry described in connection with Fig. 4. Reference is now rmade to
Fig. 4 of thetgeanplifyde refleetpdbyamatchigg Bﬂﬁ‘rﬁmgwwafdgﬁ}e@foé?ﬁ@é(@m@odi ment of
electronic circuitry associated with 4.0 M4z drive of coil 24. RF source
26 drives neidgsinggingihase brtveenghe reflecish yaltazaipnd ctmenhi Misterrefessercilor s 43 and
fixed series capacitor 100, Preferabl havi ng a capacitance of 2000 pF. 15
Mat chi ng netsRiliRs 2Witable PG igng tva?riela@r%gtgmmpl SEFRRHPTONPEORWaRd vari abl e
series capacjtor 104 having capacitance val ues which are varied by notors
88. The out pdicropiegassor 3% respands i siggalgindieative of ig voliage appbipdid pirallebtar al | el to
branches

branches 81 and 83 and by RF source 26 and matching network 28, as wgll as
signals indicative of the standing wave currents at the output terminals 48 and 52 of
10 branches 81 and 83, as derived by circuitry described in connection with Fig, 4.
Reference is now made to Fig. 4 of the drawing, a circuit diagram of a
preferred embodiment of electronic circuitry associated with 4.0 MHz drive of coil
24. RF source 26 drives matching circuit 28 via phase and magnitude detectors 43
and fixed series capacitor 100, preferably having a capacitance of 2000 pF.
15 Matching network 28 includes variable shunt capacitor 102 and variable series
.capacitor 104 having capacitance values which are varied by motors 88.
The output power of matchin[g circuit 28 is coupled in parallel to branches
81 and 83 via series inductor 106, RF voltage detector 108 and phase detector 109.
RF voltage detector 108 derives a DC voltage indicative of the peak amplitude of
20 the RF voltage at the joint input terminals of branches 81 and 83, while phase
detector 109 derives a DC voltage indicative of the difference in phasé between the
RF voltage and current at‘ the joint input terminals of branches 81 and 83. The

outputs of detectors 108 and 109 are fed back to microprocessor 33 which in turn



81 and 83 via series inductor 106, RF voltage detector 108 and phase
detector 109. RF voltage detector 108 derives a DC,yqlLtage b cative of
t he peak anplitude of 20 the RF voltage at the joint input term nals of
branches 81 and 83, while phase detector 109 derives a DC voltage
indicative of the difference in phase between the RF voltage and current
at the j.gi i.nput termnals of branches 81 and 83, The outputs of
detectoﬂgb%%ghgﬁd 109 are fed back to nicroprocessg?nggﬂﬁﬁﬁbh in turn WO
02/ 080220 22 controls notors 87 and the out put power of generator 26 to
achieve the previously discussed results. The currents flow ng through
branches 81 and 83 are respectively coupled to ground via variable
capacitors 84 and 86. The magnitude¥ of standing wave currents at out put
termnals of branches 5 81 and 83 are respectively detected by current
anpl i t ude sépdEksInolarpB8hd teratputReWprRiEPREELY 26 fncrghieveis pjeviaysibl ed to wire
| eads Il and 113 that are connected between the |ow voltage ends of
capaci t ors 8ipcuprd realisafs careptsdlgvingguaigh Wiandhes §tiapd 83 & rewpgetivelyt current
sensors 110 and 112 includes a current transforner nade of a toroidal
wi ndi ng 214 corplpdde gpvnd i veriable cappaitats 8¢ endR6216. The RF current 1(t) 10
flowing through I ead 111 or 113 produces a tine-varying nagnetic field B(t)
(indicated as loop 126) in core 216. The magnetic field B(t) induces a
ti me-varying el Betmdpsinkesadf dtamtingaspivt eatead tal yutpuld @rmhinduicftdanchsr ent i (t) in
each turn 124 of the toroidal w nding 214. The direction of induced
curremnt i (t)stiahd 83 hreakesectivily Héterted DyaumremiRmplitidd sendoldel 10mgMiti2)jde of the
driving current 1(t) flowi ng through lead 111 or 113 increases tt) , which
is also |5 rapdclivelyi fBuctivele coupldd ¢d WireltieaBs 151 mdel 1B (that ateScopfifarti onal to -
dB( proportional to - (-t) . Core 216 can be nade of ferrinmagnetic materia
(known as f @etwedngic IoW vblREd @B IHhtiGrsBALAT §6ahd four@. As shéva Fig f urt her
enhance nutual inductive

5, each of current sensors 110 and 112 includes a cumrent transformer made of a

' toroidal winding 214 wound around a toroidal core 216. The RF curment I{t)

10 flowing through lead 111 or 113 produces a time-varying magnet_ic field B(t)
(indicated as loop 126) in core 216. The magnetic field B(t) induces a time-varying

electric ficld or equivalently the induced current i(t} in each tumn 124 of the toroidal

winding 214. The direction of induced current i(t) illustrated in Fig. 5 assumes that

the magnitude of the driving cufrent I(t) flowing through lead 111 or 113 increases

15 with time, i.e., dI(t)/dt>0, since i(t) is proportional to - %Q, which is also

proportional to - j‘fd%) Core 216 can be made of ferrimagnetic material (known as

ferrite) or ferromagnetic material (e.g., iron) to further enhance mutual inductive
coupling between a driving current flowing through lead 111 or 113 and the induced
current flowing through winding 214, |

20 Induced current i(t) flows through resistor 220 between the two input-

terminals 221 and 222 of circuit 130 and produces a sinusoidal waveform across




coupl i ng between a dr| ving current flow ng through lead 11 I or 113 and the
induced current flow ng through wi nding 214. 20 |ngyg exﬁ%;g@gt i(t) flows
through resistor 220 between the two input terminals 221 and 222 of
circuit 130 and produces a sinusoidal waveform across 22 Septenber 2005 WO
02/ 080220 PCT/ US02/ 09564 23 resistor 220. This sinusoidal waveformis
rectifi de 224 such that only positive vo reater than the
di ode tﬁ‘?glg 08f;yélé)vol tage (typically 0.6-0.7v) can %(té@'g&?’ﬂs%%"ugh t he di ode.
Capaci tor 226, inductive choke 228, and capacitor 230 form a | ow pass
filter which produces a DC voltage, V, across the circuit output termnals
5 233 and 234. Voltage V can be supplied to m croprocessor 33 to indicate
the currents respectively flow ng #hrough termnals 48 and 52. The
mechani cal mounting for the current sensor 110 or 112 in a preferred
enmbodi nent i &sister| 338t This sidussidhlevareformis| retified B3 ¢jode7224 Gaghalbittasly 84 or 86 has
one end plate 140 connected to termnal 48 or 52 and a second end plate
142 connect ewpsitive doliagsh guedter thanghe diedgdhredhpld ypltagd Bynically@de)-B) can el ectrical |y
conducting netal, preferably silver plated copper, and nmachined to a
cyl i nder wi tessthipighdimdide. céapciter 286 imluctive ke 228,Jand papaciter 339 fommserted in a
central opening of current sensor 110 or 112, which is also supported by
and nount ed ©awipes filtawhisy poilwks AIByolFireV ghmssttird coalit wpnitemtinabn i s  nade by
tightening netal screws 144 and 145 into the threaded hole in lead 111 or
15 1135 such 23[and 2l Yaltage dusancbatsufpliahtot micioprogesson 83 dr indRatk [tiens t hr ough
capacitor 84 or 86, shield 119, lead 111 or 113, and eventually to ground
pl ate 115 i nculrenistespeptitely flowidgsthougbvérowslk ¥8 abdSZri bed, the current fl ow ng
t hrough | ead 111 or 113 produces a tine-varying nagnetic field, which in
turn produces anThawesbaitatmoumtng for the twreot shasbr 11iondihiy Rirdferrethe Iead W res
of sensors 110 or 112 are connected to an el ectrical

embodiment is illustrated schermatically in Fig. 7. Capacitor 84 or 86 has one end

plate 140 connected to terminal 48 or 52 and a second end plate 142 connected to

10 - shield 119. Lead 111 or 113 is made of an electrically conducting metal, preferably
silver plated copper, and machined to a cylinder with a threaded center bore. Lead

111 or 113 is inserted in a central opening of current sensor 110 or 112,'which is

also supported by and mounted on insulating disk 148. The electrical connection is

made by tightening metal screws 144 and 145 into the threaded hole in lead 111 or

15 113 such that the same current from terminal 48 or 52 flows through capacitor 84 or
86, shield 119, lead 111 or 113, and evenﬁﬂly to ground plate 115 in housing 117.

As previously described, the current flowing through lead 111 or llé produces a

- time-varying magnetic ficld, which in furn produces an induced current in toroidal
winding 214. The lead wires of sensors 110 or 112 are connected to an electrical

20 connector (not shown), mounted on ground piate 115 in a region enclosed by

cylindrical shield 1%1. |
Grounded eiectromegnetic shields 114 and 116 are respectively interposed

between cument sensors 110 and 112 and capacitors 84 and 86 to minimize



20 connector (not shown), nmounted on ground plate 115 in a region encl osed
by cylindrical shield 121. G ounded el ectronmagneti ¢;shiglsls g4 and 116
are respectively interposed between current sensors 110 and 112 and
capacitors 84 and 86 to mnimze 22 Septenber 2005 WO 021080220

PCT/ U502/ 09564 24 el ectromagnetic interference fromRF fields of the

remai ni atus, particularly fromw ndings 40 42 Shield 114 or
116 cong?%ﬁ%ﬁ@@ a ring-shaped netal plate 119 andpgﬁﬁgyﬂs%Zl. Shield 119

has an opening for lead 111 or 113 to run through. 'Shield 121 is a netal
cylinder which horizontally encloses sensor 110 or 112 and 5 | ead 111 or
113. Together with shield 119 and plate 115, which vertically sandwi ch the
sensor, sensor 110 and 112 and | ead?411 or 113 are conpl etely shielded from
anbient RF fields, thereby greatly inproving the accuracy of the current
sensor. Shisqctignagndic infuferpper fig ef thprernaining aprsriusippiigiiary) at ed copper .
Shield 121 is nechanically and electrically connected only to plate 115.
Al the vol t%f@é‘é’mélﬂgﬂt‘}‘)@mi@zo‘iﬁ%lmtoéﬂﬁcﬁ&ﬁl%s S ripg-Aupegeetd plagnd 42 are
across capacitors 84 and 86 so end plates 142 of the capacitors connected
to | eads 111118awl shipld 13}.eShigld 119 ARy ap opening ferdesd 111 wHil lodun throngland 116 and
current detectors 110 and 112 are arranged together with detector 43,
capaci t ors 13hixid 12025 mgtal gylindeg whirh haygo: egpdasercrepies 11008 18had109 in netal
housi ng 117. 15 Referring back to Fig. 4 of the drawi ng, each of capacitors
84, 86> 100,leatid?l ordhd Tagather svith shicld LiGrendpipeatis whickegishlysangdwidhandl i ng
relatively large currents which flow from RF source 26 to w ndi ngs 40 and
42. Because the sendon sensoralfl§ ved 312 aivblead 11élop 13 4re edmplatahpshfeldsf fiemch of wi ndi ngs
40 and 42 at 4 MHz, relatively large capacitance values are required for
capaci t or s 8SunbignigRIS Geldsyiheigby grpitly alnpraving the pagcuracy of the current sensor.

Shields 119 and 121 are preferably made of silver-plated copper. Shield 121 is
mechanically and electrically connected only fo plate 115. All the voltages at the

10 output terminals of windings 40 and 42 are across capacitors 84 and 86 so end plates
142 of the capacitors connected to leads 111 and 113 are virtually at ground.
Shields 114 and 116 and current detectors 110 and 112 are arranged together with
detector 43, capacitors 100, 102 and 104, coil 106 and detectors 108 and 109 in
metal housing 117.

15 Referring back to Fig. 4 of the drawing, each of capacifors 84, 86, 100, 102
and 104 is a vacuum capacitor capable of handling relatively large currents which
flow from RF source 26 to windings 40 and 42. Because of the relatively short
electrical length of each of windings 40 and 42 at 4 MHz, relatively large
capacitance values are required for capacitors 84 and 86, with typical maximum

20 values of the capacitors being 2500 pF. Shunt load capacitor 102 has a relatively
| farge maximum value of 1400 pF to match the low impedance of paﬁllel branches
40 and 42. Series capacitor 104 is a relatively large capacitbr, having a maximum

‘value of 1500 pF to tune the low inductive reactances of parallel branches 81 and



20 val ues of the capacitors being 2500 pF. Shunt |oad capacitor 102 has a

relatively [large maxi mumvalue of 1400 pF to matchybRel bggsedance of
paral |l el branches 40 and 42. Series capacitor 104 is a relatively large
capaci tor, having a maxi num value of 1500 pF to tune the | ow inductive
reactances of parallel branches 81 and 22 Septenber 2005 WD 02/080220

PCT/ USO?\fJ(Q?zzogﬁmZS 83. Fixed input series connect edfg'@‘%?’%& 100,
y

pref erab aving a value of 200 pF, provides par i npedance
transformati on between source 26 and the parallel w ndings 40 and 42 of
coil 24. Capacitor 100 is included to enable shunt, 5 |oad capacitor 102 to
have a nore reasonabl e val ue; otherw se, capacitor 102 would have a

consi derably hi gher capacitance val & than the val ues associated with a
capaci tor having a maxi nrum val ue of 1400 pF. Fixed capacitor 100 al so

provi des befker tuning resolution, to attain better resonant tuning of
matching circuit 28 with parallel w ndings 40 and 42 of coil 24. 10 Fi xed
i nductor 106, pr &ixet inputysetieg\epingeted qapaciari 9@ preferally) daving| 2 walef of3, 5

m crohenries, extends the tuning range of matching network 28. | nductor
110, which 308 gupsiide pad olsthagppadeitce dranpfanmatiop betwyeen soyrcerandditeed to i nteri or
wi ndi ng 40, can be enployed to provide substantially equal inpedances for
t he par al | el pamllglvandings 80 and3 ¢f 8 24s Samritor 20D Winchvded n@nablpshw® and 42.

I nductor 110 is used if winding 42 has 15 an inductance substantially

gr eat ¥ t hanloadrepacitad 112 ta have 2 oforevigapatiabie)vall®; othvinlisa gapadiet HR2tvemld108 and current
sensors 110 and 112 supply signals to mcroprocessor 33. M croprocessor 33
responds t o haveaspusidaiably higben comatitanegevathe ttot the valddd issociated sith asensors 110 and
112 and the phase indication detector 109 and derives an indication of the
total out putcaprsigarharRig oy BBie of S0 ipld Foed taparitarf 100 elsapropideser

better tuning resolution, fo attain better resonant tuning of matching circuit 28 with
parallel windings 40 and 42 of coil 24.

10 Fixed inductor 106, preferably having a relatively large value of 3.5
microhenries, extends the tuning range of matching nétwark 28. Inductor 110,
which is outside housing 117 and is optionally connected to interior winding 40, can
be employed to provide substantially equal impedances for the parallel branches 81
and 83 associated with windings 40 and 42. Inductor 110 is used if winding 42 has

15 an inductance substantially greater than the inductance of winding 40,

Voltage detector 108 and current sensors 110 and 112 supply signals to
microprocessor 33. Microprocessor 33 responds to the signals from voltage detector
108, current sensors 110 and 112 and the phase indication detector 109 and derives
an indication of the total output power RF source 26. The indication of total power

20 controls the output power of RF generator 26 to enable the powers indicated by .
Tables I and I to be achieved. The signals that current sensors 110 aﬁd 112 derive

are used by microprocessor 33 to control the motors which vary the capacitances of




20 controls the out put power of RF generator 26 to enable the powers
indicated by Tables | and Il to be achieved. The sbgRghksndchaoscurrent
sensors 110 and 112 derive are used by mcroprocessor 33 to control the
notors which vary the capacitances of 22 Septenber 2005 WO 02/ 080220

- PCT/ US02/ 09564 26 capacitors 84 and 86 to assure that the correct currents
are rov&@% isnovm' ndings 40 and 42 to achieve the currents specified in
Tabl es | {3490 \Waen t he processor is being made, YAEPYE W ndi ng 40 is
turned relative to exterior winding 42 to assist in controlling the
azinmuthal electric field distribution 5 and the azinmuthal plasm density
distribution. Wnding 40 is turned about axis 44 so termnals 46 and 48 can
be at locations different fromthos®illustrated in Fig. 2. Wnding 40 can
be turned to a predetermned position if the processors of the same type
have consi staprcitay$4and Bé o asqueecthatithe chirest ehrrgmigiarp flepgngingrendings\#0di st ri but i ons
from processor to processor. |If, however, different processors of the sane
type have 10ndi#3 oaehiavetheoumamis spadificdimEables banfillel d and pl asma density

di stributions fromprocessor to processor, winding 40 is turned relative
to wi ndi ng 42 unWhen thepoessionid beag madspinienerwinding 406t mnpd whiree i stri bution is
achi eved in each particular processor. Wile there have been described and
i |l ustrated e findinget?so aisistein centofling thi @zimpthe wleptae field distibitionbe cl ear t hat
variations in the details of the enbodi nents 15 specifically illustrated
and déscri beud thayzilpethahptismaendity distrietipar Windingf40ontutabdabontagissidi rit and scope
of the invention as defined in the appended clains. For exanple, many of

t he princi plseserminals #eanil AY emibe etrfocatians didkredtifromt thade Hlosteied tosFigidvi ng t wo
concentric w ndings but are applicable to coils having one or nore

wi ndi ngs. 22Vigdipt ¢hdae be RGO&to a predetermined position if the processors of the same

type have consistent azimuﬁlal electric field and plasma density distributions from
processor to processor. If, however, different processors of the same type have
10 differing azimuthal electric field and plasma density distributions from processor to
processor, winding 40 is turned relative to winding 42 until tests indicate optimum
uniform plasma distribution is achieved in each particular processor.
While there have been described and illustrated specific embodiments of
_ the invention, it will be clear that variations in the details of the embodiments
15 . specifically illustrated and described may be made without departing from the true
spirit and scope of the invention as defined in the appended claims. For example,
many of the principles of the invention are not limited to coils having two

concentric windings but are applicable to coils having one or more windings.



27 WHAT |1S CLAIMED IS: 1 . An inductive plasma processor conprising an RF
plasma excitation coil including a winding having ap g.niBHbe bFsM nal and an
output termnal, the w nding having one end connecteg In a branch in
series with a matching network and an RF source and a second end having a
| ead to ground so the sane current which flows through the w nding out put
termnal flows through the lead, a current sensor coupled to the |ead, and
a grounded shield coupled with the c@itrent sensor for shielding

el ectromagnetic interference froman anbi ent RF environnment. 2. The
processor of claiml further including a capacitor connected in series

bet ween t he GBHATARUCPAIMEBARI nal and the |lead for coupling current from
the wi nding through the lead to ground. 3. The processor of claim2 wherein
t he sensor includés a Wanehdiat plaskizbrocdsior Snpridng 28 RiFglweeskcitdtion capaci t or and
ground, the sensor having an RF voltage and RF fields substantially at

zero. 4. Thecqil ock&is9h wifidied RivilgSnWhgit @dnfinkin@d taarQipdedersibdl,u@t ur e i ncl udes a
toroidal core. 5. The processor of claim2 wherein the sensor includes a

toroidal st rudidgmeviSiéd-QuiBinigdiiea bRad in tdies GifoanaedhShinedd substantial 'y
surrounding the toroidal structure. . 6. The processor of claiml| wherein

the sensor i ngd 4@SsoRArck QhdPh S3bnd el hiGlgl 1BadSth i RMNE BYsdfd@ui-§Rd, and the
grounded shield substantially. surrounds the toroidal structure. 22
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structure includes a
sensor coupled fo the lead, and a grounded shield coupled with the current sensor for

shielding electromagnetic interference from an ambient RF environment.

2. The processor of claim 1 further including a capacitor connected
in series between the coil output terminal and the lead for coupling current from

the winding through the lead to ground.

3. ‘The processor of claim 2 wherein the sensor includes a toroidal
structure and is between the capacitor and ground, the sensor having an RF voltage

.and RF fields substantially at zero.

4, The processor of claim 3 wherein the toroidal structure includes a

toroidal core.

5. The processor of claim 2 wherein the sensor includes a toroidal
structure surrounding the lead, the grounded shield substantially surrounding the

toroidal structure.

6. The processor of claim 1 wherein the sensor includes a toroidal
structure surrounding the lead, and the grounded shield substantially surrounds the

toroidal structure.
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toroidal core. 8 The processor of claim1l wherein the coil includes plural
wi ndi ngs, each of the plural w ndings being in a s%E%r hﬁm$5&%Ch and
including an input termnal and an output termnal, e i nput
term nal s being connected to be driven in parall el by the RF source, each
of the output term nals being connected by a separate lead to ground, a
separate current sensor coupled to each of the separate |eads, and a
grounded shi el d arrangenent coupled 28 th each current sensor for
decoupling RF fields fromthe current sensors. 9. The processor cla|n18
wherein each branch includes a capacitor connected between the output
term nal of the wrndi nGhogfrodelor sfempee6 tvhatein Headieilal ameturd indludeead of t he
respective branch for coupling current fromthe wi nding of the respective
branch to therdi@hebr@f the respective branch. 10. The processor of claim9
wherein the sensor includes a toroidal structure and is between the
capacitor and the |ead, the sensor having an RF voltage and RF fields
substantially at zero. Thdprockiag dpEIGEBEISHIRFcinOhe il ichrid Qwhemeings, each of t he
toroidal structures includes a toroidal coil. 12. The processor of claim$8
wher ei n eachefh of iR H@HSVMGingGAri¢dR S Rpardtd bRhGadnd ShdludigUmansur roundi ng the
| ead, and each of the grounded shields substantially surrounds its

associ at ed t Rimhslahd 81 St 1FnSnal 28chI2 RicOARElermdfRObed3 cdrdrectddt6 bR OCESSOr  Of

claim12 wherein each of the toroidal structures includes a toroidal coi

14. The pr00&%@9&4ﬁéﬂ&5@&9k9s&@%QE&%fﬁ@Gﬂm@Em&Rﬁnéﬁg&ﬂ&%mhBF&Udes a
toroi dal structure surrounding the | ead, and each of the grounded shiel ds

separate lead to ground, a separate current sensor coupled to each of the separate
leads, and a grounded shield arrangement coupled with ¢ach current sensor for

decoupling RF fields from the current sensors.

9. The processor claim & wherein each branch includes a capacitor
connected between the output terminal of the winding of the respective branch and
the lead of the respective branch for coupling current from the winding of the

respective branch to the lead of the respective branch.

10. The processor of claim 9 wherein the sensor includes a toroidal
structure and is between the capacitor and the lead, the sensor having an RF

voltage and RF fields substantially at zero.

11. The processor of claim 10 wherein each of the toroidal structures

includes a toroidal coil.

12. The processor of claim 8 wherein each of the sensors includes a
toroidal structure surrounding the lead, and each of the grounded shields

" substantially surrounds its associated toroidal structure.
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substantially surrounds its associated toroidal structure.
22 September 2005
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13. The processor of claim 12 wherein each of the toroidal structures
includes a toroidal coil.
14. The processor of claim 9 wherein each of the sensors includes 2

toroidal structure surrounding the lead, and each of the grounded shields

substantially surrounds its associated toroidal structure.



