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| NCLUDI NG CURRENT SENSCR FOR PLASMA EXCI TATI ON CO L sbisghteknd 20g3vent i on The

. present invention relates generally to inductive plasnma processors
including an RF excitation coil and nore particularly to such a processor
including a shielded current sensor coupled to a | ow voltage portion of a

branch i‘p&{?zzb?&%lgea wi ndi ng of the coil. Backgroungcﬁs%%ti%ﬁ& type of

pr ocessor ating workpieces with an RF pl asna vacuum chanber
includes a coil responsive to an RF source. The coil responds to the RF
source to produce el ectromagnetic fields that excite ionizable gas in the
10 chanber to produce a plasma. Usually the coil is on or adjacent to a
dielectric window that extends in d direction generally parallel to a
pl anar horizontally extending surface of the processed workpi ece. The
excited plasma interacts with the workpiece in the chanber to etch the
wor kpi ece or to deposit material on it. The workpiece is typically a
sem conduct or wafer having a planar circular surface or a 15 solid
dielectric plate, e.qg., a rectangular gl ass substrate used in flat panel
di spl ays, or a netéﬁDEF%ﬁﬁﬁPkéﬁﬁiiﬁB ESPORINELYDING 458 di scl oses a
multi-turn spiral planar coil for 22 Septenber 2005 WD 02/ 080220

PCTI US02/ 09564  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



2 achieving the above results. The spiral, which is generally of the

Archimedes type, extends radially and circunferentigld.y.RELWeeN 1S

interior and exterior termnals connected to the RF source via an

i npedance matchi ng network. Coils produce oscillating RF fields having

magnetic and electric field conponents that penetrate 5 through the

di el ectry i w to accel erate electrons and ions i grtion of the

pl asma cﬁgﬂ%desélgﬂgl ose to the wi ndow. The spatial di EFF[P%%?S% of the

magnetic field in the plasma portion close to the windowis a function of

the sum of individual magnetic field conponents produced by the current at

each point of the coils. The inductive conponent of the electric field is

produced by the time varying magneti< 10 field, while the capacitive

conponent of the electric field is produced by the RF voltage in the

coi | s. The i #Higdeg theatsyesetuts. cThe ispiral whish isgeperaili af thovirchimeddsdypeapaci ti ve

electric field is vertical downward to the workpiece. The current and

vol t age di f f efendsgradigfiyr fnd rcisppmipreritinysbelyecem éfs éntegior pndagxéenprstsimonaly | ne ef fects of

the coil at the frequency of the RF source. 15 For spiral designs as

di scl osed bycoarrdted fsiel RErsourprevigy) inpedp8@ maiehingtnetwode QFils predueeent s in t he

spiral coil are distributed to produce a ring shaped electric-field

resul ting i nosgillativg &Fcfiglds hhvangrrapgedtio sed elestricHield gompenents Wiat pdnetiate wher e power i s

absorbed by the gas to excite the gas to a plasna. At |ow pressures, in the

1.0 to5 10 nimengh thediglestricivinfers focagcalefate destrpiisaadrionf frompartiam ofithey shaped regi on

where plasma 20 density is greatest tends to snmear out plasma

non- uni f or ni plgsmapkmberlasaiods windewndhe et distybytion pfthe wigmetisdicldcent er | ust

above the center of the workpiece. However, the -diffusion alone generally

can not suf findheeplasing poapelpssde the Wimlowas & bwetes of thetshw of liradivbdi! wal | s and

pl asma density around the workpi ece periphery can not be 22 Septenber 2005
magnetic field components produced by the current at each point of the coils. The

inductive component of the clectric field is produced by the time varying 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



WO 02/ 080220 PCTI US02/ 09554 3 changed i ndependently. At internediate
pressure ranges, in the 10 to 100 nmlorr range, gas DRsEmEQ@LbdsI ons of

el ectrons, ions, and neutrals in the plasma further prevent substanti al
di ffusion of the plasma charged particles fromthe toroidal region. As a
result, there is a relatively high plasma density in a ring |like region of

5 the Woukpidis, but | ow plasma densities in the cegkﬁﬁsﬂ%&g&‘peri pher al
wor kpi ece. portions. These different operating conditions result in

‘substantially large plasma flux (i.e., plasma density) variations between
inside the toroid and outside the toroid, as well as at different

azi mut hal angles with respect to a center line of the chanber that 10 is at
right angles to the plane of the workpiece holder (i.e., chanber axis).
These plasma flux variations result in a substantial standard deviati on,

i .e., in exc@augedindegendentlye r flaiptermeginte PrEsUIS| ranges it the k0 fonkM0aeloer on t he

wor kpi ece. The substantial standard _deviation of the plasma flux incident
on t he wor kpitegsezasphasy collisiens vf wlegtyns; davs.cang geptraly ip therplaswe fkdetece processi ng,
i.e., different portions of the workpiece are etched to 15 different

ext ents and/Bpvepfaspbstantil diffesion of (fpuplessnaothanged partickissfrate hestproidl on t hem  Cur
co- pendi ng, comonly assigned application entitled "I NDUCTI VE PLASVA
PROCESSOR HAWHING 4501 tesuliy e PR LdtivelhBlopIpes depsity invEngdie @gooaNTROLLI NG
PLASMA DENSITY," (Lowe Hauptman G | man and Berner Docket No. 2328-050)

di scl oses artheogknigentu tov glasmsr depsitiis i thyr eenferomd 2Bripheial workpiese of pl asma f 1 ux
incident on the workpiece. In a preferred arrangenent disclosed in the

co- pendi ng dppionsati on, the coil current anplitude is neasured to verify

that the correct current is flowing in the coil and to assist in providing
control, These different operating conditions result in substantially large 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 amoﬁnts 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 i; measured to
verify that the correct current is flowing in the coil and to assist in providing control,

if necessary, for the plasma density.




if necessary, for the plasma density. 22 Septenber 2005 WD 02/080220 PCTIIJ
S02/ 09564 4 In the past, electrical parameters to a3Segsbmbét200ntrol|ing
the operation of RF coil-excited plasnma processors have invol ved neasuring
paranmeters, such as coil current anplitude, voltage anplitude and the
phase angl e between the voltage and the current. O her paraneters have

al so begpg fRb.bPr €d, such as the forward and 5 refbegtgsopawers. These

par anmet ers have been neasured at high vol tage portl ons ? circuitry
driving the matching network or coil. As a result, the current sensors,
which typically include a toroidal coil surrounding a lead in a branch
including a coil wnding, are usual4l y coupled to noise-inducing RF fields-
As a result, the sensors are affected by the anmbient RF fields and tend to
‘derive |naccurat i ndj cat i ons c0|I urrent. . ShielL.ding of the

coi | toroidal ﬁ‘dﬁ“‘r?ds‘i %ec{nﬁ%%mﬂ? ;" %’H‘FOI jH i P EReny ogﬁi:r educe or
substanti al ls% eI L %ate t he el EC'[I’I G %]Gﬁl se coupled to the sansor t or oi dal
coil has usHkP¥de ?smﬁé’éoﬁesfc’é% BI"E"C'V F“éas?rglg ZARGHEES P Hlel d, in order

to be effective st b i n t he sensor
toroi dal coi %h?‘& tydg, vo Pﬁ‘ﬁ tSQSB‘P ?Y‘?“Sgesangf t he
.Circuitry. Teh| hvoltae d r oxi ire ts are likely
to result i cﬁg'reb@rbgﬂeﬁg@ eE’h @‘tareg]ﬁ&g}bﬁ qlg Jg%gmeen the shield
and ot her f the_circuitry driving the coi In addition, the
grounded shif Et{"’ﬁf E’BETEEP‘T‘W"V%&’BW ?aﬂ“?ﬁlr"’éﬁﬁgéﬁ’ql"ﬁgetpélmf’??ethl gh vol t age

and can greatly pertu e electric fle d distribution. 20 It is,

accor di ngl y STl Eet "b‘F‘at‘E nepvendle A% cqiln At FOH 15 YRS FEEOS new and

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




i nproved inductive plasma processor having an RF excitation coil wth an

i nproved sensor for the current flowi ng in the coil .2nMARpRgdétlioonal object
of the invention is to provide an inductive plasma 22 Septenber 2005 5
processor including an RF plasma excitation coil with an inproved high
accuracy current sensor. Another object of the invention is to provide an
i nductive plasma processor including an RF plasma excitation coil with a
current sensor that is shielded from electronmagnetic fields and which is
arranged so that the shield is not particularly subject to inducing a
breakdown, even though it is grounded. Sunnary of the Invention According
to an aspect Riw&pﬁmﬁé se fvention, 1her. FO%Id d .an i nductive
processor co ﬁFLbPagﬁ%?%&éfic |onz?dP VS FLARGR wi ndi ng
havi ng an |nput ternlnal and an output termnal, the mnndlng havi ng one end
connected i n & BrER%h in series with a matching network and an RF source
and a second end having a | ead ground_so the same current which flows
t hr ough t he mnndfﬁﬂmﬁﬁ%ﬁhff?%?WWWEﬂ“quﬁﬁ?ePﬁFﬂﬂﬁﬂF?Wﬂ?aPﬁﬁ ST 3 current
sensor coupled to the |ead, and a_grounded shield coupled with the current
sensor for sHeEfipg pRF @ia%tﬁxaﬁﬁah@tlﬂﬂ i anfeErt aqoes et s Bldethf i ent RF

envi ronment . Preferabuy the coil includes plural w ndings, each in a
separate br afefrompgctici flds gp ot et se é‘Ftrﬁh%ahleI‘hF?dﬂoaﬁafﬁﬂiaﬂht term nal .
Each of the input termnals is connected to be driven in parallel by the
RF source an@bierido hdicent breekéurmywypikthouginit i sopnded- he out put terminals is
connected by a separate lead to ground. A separate current sensor is

coupl ed to e&nhmaf of thelnyentiomd | eads and a shield arrangenent coupled with

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



|

each sensor decouples RF fields fromthe sensors. In a preferred
configuration, each branch includes a capacitor connegksdmbdebyeen the coil
output term nal 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 capacitor and the ground |ead, such that the RF voltage, as well as
the RF fy are substantially close to zero, re n mninmm

el ect ron‘%(g#l@?{%o interference (EM) to the current ﬁs@rﬁ@o{r& g‘fypi cally, the
sensor includes a toroidal structure, e.g., a toroidal coil, a 5 toroidal
magnetic core, as well as rectifying and filtering circuitry, and the
grounded shield substantially surrounds the toroidal structure. Brief
Description of the Drawing Fig. 1 is®a schematic di agram of a vacuum pl asna
processor of the type enployed in connection with the present invention;
10 Fig. 2 i sSarsredrabhocedkefienmibe eetergnd fic groved Ie%*ﬂucmetlt%rded in the
processor of Fig. 1 in conbination wth an RF source, a matchi ng network,
and el ectronRE Vo@éﬁtaﬁ Btell @3 e (Rt fejdss asp supptanginliygcless do e Iesgliae for control | i ng
(1) the capacitances of variable Caﬁi’ﬂCI tors connected to the coil and (2)
the total pomEFmuypertpragnety interiereaes(EMD g e cumreptisenseides pl ot s of cal cul at ed
anpl i tudes of standing wave currents in 15 the w ndings of the coil
illustrated in FiTypicalys e seugesiipchdpson toroidal stgicw, kBl a deveidd collHz; Fig. 4 is a
circuit diagramof a preferred enbodi nent of the matching network of Fi g.
2 Wi t h? sensotoidabipagneiis cergras well asaectifying gnd flisrirgyiincuitsy, amd the grounded

shiekd substantially surrounds the toroidal structure.

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. 5 is a schematic diagramof a current sensor used in the circuit of
Fig. 4 20 and its circuitry; Fig. 6 is a circuit_(ﬁzgg%%ghggzg@;ecting
circuitry driven by the current sensor of Fig. 5; and 22 Septenber 2005.
WO 02/ 080220 PCTIUS02/09564 7 Fig. 7 is a schematic diagramof a preferred
enbodi ment of a nechanical rmounting structure for the current sensor.
Detaile t|on of the Drawi ng The vacuum pl asma mnrk i ece processor
of Fig. qﬂgﬁﬁg e drawi ng includes 5 vacuum chanmbeFC B8R ped as a
cylinder having grounded netal wall 12, netal bottomend plate 14, and
circular top plate structure 18, consisting of a dielectric mﬁndow
structure 19, having the sane thickness fromits center to its periphery.
Seal i ng of vacuum chanmber 10 is provided by conventional gaskets (not
shown). The processor of Fig. | can be used for etching a sem conductor,
dielectric or netlEg 70 sseipgicrdegrmor af poefertd pobidineng ofwinesharada on such
substrates. A suitable gas that can be excited to a plasm state is
suppl i ed to tiventingsterciugfor thefcurdmbsewor. 10 from a gas source (not shown) via
port 20 in side wall 12 and further distributed uniformy through a gas
di stribution nechanlsn1(not shomn) The interior of the chanber is

mai nt ai ned i RewilgbBescriptiop pfthe Drawingat 3 pressure that can 15 vary in the
range of 1-1000 nllllTorr by a vacuum punp (not shown) connected to port

.22 in end plate 11%vmemgﬁm\oorﬁdﬂ@gpﬁaeséegofﬁngﬂ{e%m@a&d&étab' e electric
source to a plasnma

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 _




having a controll ed spatial density. The electric source includes a planar
or spherical or dome like coil 24, nounted i mredi at@lgs,@boyeow ndow 19 and
excited 20 by variable power RF generator 26, typically having a fixed
frequency of 13.56 |npedance matching network 28, connected between out put
term nals of RF 22 Septenber 2005 WO 02/ 080220 PCTI US02109564 8 gener at or

26 and e%,ﬁiﬂb&yﬁ‘s)n termnals of coil 24, couples RFEQ%IY}%@P{?romthe

generator to e coil. Inpedance nmatchi ng network fes variabl e
reactances which controller 29 varies in a known manner in response to

i ndi cations of the anplitude and phase angle of the voltage reflected to
the input termnals of the 5 matching network, as sensed by detector 43.
Controller 29 varies the values of the reactances in network 28 to achi eve
i npedance mat.chi ng between source 26 and a |oad including coil 24 and the
pl asma | oad fREateioP andr ¢xgitation Eoninaly|of epil 26 wrrles REgpwerdlom dhd nput devi ce 41
to control variable reactances coupled to coil 24. Input device 41 can be
a manual devicagatody dn calk Impesiance maichingaawork 2ingpdey syrigblo feagtaricesy pad, or a

m croprocessor. responsive to signals stored in a conputer nmenory for

di fferent prukidsenfigller 2% yagiessingf knpwnlapineesdn 3ponyie] inditabensaff thehe reci pes
include (1) species of gases flow ng through port 20 into chanmber 10, (2)
pressure in angpfiigband phesecogle pb ik evdltdgy refleeted/dbmimpyp uerpirebrofidict ed to port 22,
(3) the total output power of RF source 26, which is substantially equal
to thed powermathingpeived:. asgensadbbyalsiestord; Canteplendd viating theadalyesofdlie capaci t ors
connected to coil 24. Wrkpiece 32 is fixedly nounted in chanber 10 to a
surface of vieackapiceienetwork 28de aghieveimpessneet matching betwgerkyougH?6 4nde sur f ace of

hol der 30 carrying workpiece 32 is
load including coil 24 and 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




parallel to the surface of w ndow 19. Wrkpiece 32 is usually
electrostatically clanmped to the surface of hol der 3G.h¥mBerPGoPot enti al
that a DC power supply (not 20 shown) applies to a chuck el ectrode (not
shown) of holder 30. RF. source 45 supplies a radio frequency

el ectromagneti c wave to i npedance matching network 47, that includes

vari abl ces (not shown). WMatching network s the output of
source j‘fgéﬁ%%%%{]der 30. Controller 29 responds to §¥Hﬁ§"?’§45?‘hat anpl i tude WO
02/ 080220 PCT/ US02/ 09564 9 and phase detector 49 derives to control the
vari abl e reactances of matching network 47 to match the inpedance of
source 45 to the inpedance of an el ectrode (not shown) of holder 30. The
load coupled to the el ectrode in holYer 30 is primarily the plasma in
chanmber 10. As is well known the RF voltage source 45 applies to the 5

el ectrode of a@hagedetestor 43derves bxcantgl thp vasiable rectapens of mitehinginetworle pl asma to
produce a DC _bias on workpiece 32. Surrounding coil 24 and extendi ng above
top end pl at# tpgmateh e irapedince phwuise 45 tnthe impedansh pbidelgdrofiialiong an i nner

di ameter sonewhat greater than the inner dianmeter of wall 12. Shield 34
decoupl es el %W)%g@%@?-cﬂlpil@ﬂ epupled fodhersleetrodg inihalderciOlis primagily the om t he
surroundi ng environment. The diameter of cylindrically shaped chanber 10
defi nes t he HestmdarhunberlO; Be issvalldnpvwntig REtvpltees saaicd 45 grplies atteed by coil  24.
The di anmeter of dielectric window structure 19 is greater than the di aneter
of chanber d@teds of halder Ahinteracts with ehisege prriddes@mthe plasmayppreducs aDCace of chanber
10 is conprised of dielectric window structure 19. i5 The di stance between
t he treated Waoraedriste 3qor kpi ece 32 and the bottom surface of dielectric

w ndow structure 19 is chosen to provide the nost uniform
Surrounding coil 24 and extending above top end plate 18 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



pl asma flux on the exposed, processed surface of the workpiece. For a
preferred enbodiment of the invention, the distancesheiugen bdse wor kpi ece

processed surface and the bottom of the dielectric wi ndow is approximately

0.2 to 0.4 tinmes the 20 dianeter of chanber 10. Coil 24 includes plural
paral |l el wi ndings each of which is electrically long enough at the 13.56
MHz fre f source 26 to function as a transn}ssi jne having a

t ot al eﬁg‘g@&xoé%l ength of about 30 to 45 to producg}gl?{és(rglg?g#é wave patterns
22 Septenber 2005 WO 02/080220 PCT/ 11S02109564 10 along the length of the
wi ndi ng. The standi ng wave patterns result in variations in the magnitude
of standing wave RF voltages and currents along the | engths of the

wi ndi ngs. The dependence of the magﬁbti c fluxes generated by the w ndings
on the magnitude of these RF currents results in different, plasma density
bei ng pr oduciasihs lenedyiof the Misdingp dhe fapeias Wave PRARASATsUl (7 BEHEEX IR di f f er ent

wi ndi ngs -of coil 24. The variations in the RF current magnitude flowng in

di fferent withompggiudsof stending gyg REyoltages and chrpts dlongrthifenpths §F B6si st i n

controlling plasma density spatial _distribution. Spatially averaging these

di fferent cuvipdiegs. Thadgecadange of the mapnetieliuxag seneratetiyibpovindings gethe oi | can
substantially prevent azinmuthal asymretries in the plasma 10 density, .
par ti cul ar | ynagnityde f tiaseRippurrersnyesits ig diffeesptiplasma dengity hevigpradpscd il t er nat i vel vy,
the frequency of generator 26 is 4.0 MHz, in which case the w ndings of
coi | 24 ar e diffgratportossefichambeioiObeneath differentovindingg 6f cok &bisi ng t he standi ng wave
currents and voltages in the wi ndings to be substantially constant.
Control |l er 29 i nEhangaations ip the BF surestmzgnitgle fimyvigg indiffespst windingssghonds to 15 (1)

i nput device 41, (2) voltage anplitude and lﬂgase angl e signals that
det ect or 31 the coil are spatially averaged fo assist in controlling plasma density spatial

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.



derives, and (3) nenory system 35 that stores prograns for controlling

m croprocessor 33 as well as signals controlling theswalues.ohovari abl e
capacitors connected to coil 24 and the output power of RF generator 26.
Anong the prograns nenory system 35 stores are control prograns for the
val ues of the 20 variable reactances of matching networks 28 and 47. The
out put $6fusibe SOUrce 26 and the val ues of capac%%ﬁz&ganect ed to coil
24 can al so qbe pre-set at the time the processor IS nmade or installed, -
particularly if the processor is dedicated to a single recipe. 22

Sept ember 2005 WO 02/ 080220 PCTI US02/09564 |i As illustrated in Fig. 2,
coil 24 includes two parallel w ndings 40 and 42, both of which are
generally concentric with center cot? axis 44 and include multi pl e
spiral-like turns that extend radially and circunferentially with respect
to axis 44. | nt 8FileraigdirFige?. g0l 24 ingdas N0 paralisd vindingsei0iapd 4¥wi ndi ng 42, such
that winding 42 5 conpletely surrounds w ndi ng 40. Wnding 40 includes
interior ter MMBM&WWB&?O@@@P“%FW%HII%f*“mﬁm@dwgmhg 42 incl udes
exterior termnal 50 and interior termnal 52. Interior w nding 40

i ncl udes t hregisaldibe fes that extand, pdialisend cygnmfpreptislly with fespgct ¥4k ent radii, as
wel |l as two straight segments 60 and 62. Each of turns 54, 56 and 10 58 is
a segnent ofntgigs wigding 4% istvéoly willin gxtpror avinding2n sueh Mgt windme ! ar extent of
about 340. Adjacent ends of turns 54 and 56 are connected to each other by
strai ght segmelkelyeomouny Viadiag #hj Winding&griwcldesoptedesriprampkitfidacent ends of
turns 56 and 58 to each other. Straight segnents 60 and 62 extend radially
and ci r cunf egxtsren tenminal 48, afge winding 42 includes exterior terminal 50 and interior

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 PCTI 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. )
MHz) frequency of generator 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



Wndi ngs 40 and 42 are respectively in separate parallel circuit branches S

1 and 83. Branch 81. includes series connected w ndhrg,4@,anghsvariabl e
capacitors 80 and 84, while branch 83 includes series connected w nding 42
and vari able 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 by power fromthe output term nal i ng network 28,
are on %{’)g{s"# 20 sides of coil axis 44 so current F?’%ﬂ\/\iﬂ%ﬁ&[ he same :

direction fromtermnals 46 and 50 into the renmai nder of w ndings 40 and
42. Termnal 46 is on the smallest radius turn 54 of coil 24 and 20
termnal 58 is on the largest radius turn 66. Termnals 46 and 50 are
respectively connected by series vBriable capacitors 80 and 82 to the
output term nal of matching network 28. Qutput terminals 48 and 52 of coil
24, whi ch areechdthsrmelativedaixisfdopqrosietied to o caPnGegueuad teonind 005e® 02/ 080220
PCT/ US02/ 09564 13 each other relative to axis 44, are connected to a
comon gr ourvdrisblerceriaciters 84iaad 8er i es  vari abl e capacitors 84 and 86. For the
hi gh frequency output of source 26, the values of capacitors 84 and 86 are
set such that t hEorditedwulifregueney\cutpetnf seree 26,ite waluackfivgmcittds #naid42 have 5
m ni mum anpl i tudes at the input and output termnals 46 and 48 of w nding
40 and at t eB6rrranset sudhOthatnttle S2ndgfy wive dimmayts4if, windiegsed®t fvd 42 bavdi ng wave
voltages are at naxi ma. The standi ng wave currents in w ndings 40 and 42
have maxi muminskmesplitades ptal isdul 3nd optpo sanhiealpéi and 98 of windingldngd 40 and 42,
where the standi ng wave voltages are maxinma, a result achieved by
adj usting t hetewahakes0 afd Yagfawndiny 42, 8derattie s8Gdind hveve voltages are at
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 current 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 impedance of each of
* windings 40 and 42 tuned to matching network 28. The maximum amplitudes of
the standing 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 iﬁwindings 40 and 42.
Proper control of the values of capacitors 80, 82, 84 and 86, as 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



10 standi ng wave current maxi ma can be | ocated by nonitoring the standing
wave voltages. The current maximum occurs at a pl ace quhgr& bh® vol tage is
a mnimum (close to zero volt). Locating the standi ng wave current maxim
in windings 40 and 42 to be radially opposite to each other assists in
providing azimuthally symmetric plasma density. 15 The val ues of

capacit d 82 help keep the inpedance of ea i.ndi ngs 40 and 42
t uned tgﬁ(?r% g%z%g network 28. The maxi num anpl i tudggwgéumg}t%e st andi ng wave

currents in windings 40 and 42 are respectively controlled by the values
of capacitors 80 and 82. The physical configuration of w ndings 40 and 42
and the location of termnals 46, 48, 50 and 52 affect the positions of the
maxi rum 20 standi ng wave currents ¥ wi ndi ngs 40 and 42. Proper control of
t he val ues of capacitors 80, 82, 84 and 86, as well as the total output
power of geR&teHt Wpstapgallyj copstant, pyhde prEvidipe plRages gb e cureat nale offs| j es i n
parallel to w ndings 40 and 42, enables _the current in one of w ndings 40
or 42 to 22Vguee ilgoio sarpdedessl puvey bilepsntriniag the ogwaiin gue of r emai n
substantially constant, while providing changes of the current in the other
wi ndi ng. Th&ingdiies 4P yor 148 sphtantialiy cconstant propigetse subsiantiplecontsd! rrveri P ng t he current
in one of w ndings 40 or 42 substantially constant provides substanti al
control ovefleptiaagnsticohiyld dinEben reeulingdiom encegization of therwindings| B¥ng fr om

energi zation of the w ndings. B¥ 5 maintaining the current in one of

wi ndi Ags 40 mamntagnasthe siceent ANE ! piNinga A or tHheubsiantially capsfainéei ¢ fi el d
produced by that w ndi ng and supplied to the plasma in chanber 10 remains

rel atively elsrismagnetic fisldmpepdprgd by dhag (winding: andysupplied de 1erplasinadi ng

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 desi:a;ble 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
proce_ssof is manufactured, or during installation of the processor.

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



40 or 42 causes the electromagnetic field that wi nding supplies to the
plasma in chanber 10 to vary. As described previough¥.,dhdf ef@nt workpi ece
processing 10 recipes require the el ectromagneti c power deposited by

wi nding 40 to remain substantially constant and the power that w nding 42
couples to the plasma to be varied. For other recipes, it is desirable for
the po J j bution that winding 42 supplies t sma i n chanber
10 to \rlvgwn%lsy{?%%(&)dnstant and. the power that branch g‘(@@%ﬁ@ﬁ?‘es to the plasm
in chanber 10 to be varied. 15 The val ues of capacitors 80, 82, 84 and 86,
as well as the output power of generator 26, are controlled for different
reci pes by manual adjustnent of these parts or by automatic adj ustnent
thereof in response to signals stor¥d in menory system 35 being read out
by m croprocessor 33 in response to recipe signals frominput controller
41. Al t er nafibirgegables the RMS droptimeg sguared) cprrepy ing pifode eginfaiped onnecti on with
a 20 processor having the sane recipe, the values of capacitors 80, 82, 84
and 86, as wWbstantiafycaonsfant gngkthr RMP giespt ip vindimg 4P ko hsvankd by eédipstiss set at t he
factory, at the tinme the processor is nmanufactured, or during installation
of the proc&syiput payer phgensmion2tmd ierdelnl riegstances Gndnd (K.} gfbranghies y has a

resi stance of 6 ohns, 22 Septenber 2005 WO 02/080220 PCTI US02109564 15

whi ch enabl &5ard{a e feeasdmncatatiiatlgliar ed) current in wnding 42 to be

mai nt ai ned substantially constant and the RVS current in winding 40 to be
varied by adjustin t he output power of generator 26 and the total

react ances X‘?l)‘flar{g::(BQZﬁ%} branches 81 and 83 to be in accordance with
Table |: 5 Table | (R =R2= 6Q) ~ CasesPro, (X (92)X2(1))I.(A)I2(A

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




a) Equal currents100040409. 139.13 in 40 and 42 b) Larger

current 1570203013. 369. 12 in 40 than 42 c) Lower curheRL 33000585 639.14 in
40 than 42 Simlarly, if it is desired to maintain a substantially constant
current in interior winding 40 and a variable current in outer w nding 42,
the reactances of branch 81 (X,) and branch 82 (X2) and the out put power
of gener, r are adjusted in accordance with T .22 Septenber
2005 V\o‘g‘wﬁ’ﬁ‘@zo PCTf US02109564 16 Table I1 (R f&ﬁ@f@éﬂz ) |
CasesPror (J4JX101) XZM 11(A) 1 2(A) a) Equal currents100040409.139.13 in 40
and 42 b) Larger current157030209. 1213.36 in 40 than 42 c) Lower

current 85050609. 147.63 in 40 than 42 By varying the values of capacitors
80, 82, 84 and 86, as well as the péwer of 5 source 26, control of the

pl asma density incident on workpiece in both the azinuthal and radial
coordi nate directions is achieved.

TableII (R,=R,=6Q)

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



Assune the currents and the inpedances are respectively I, and z" for
branch 81, "and are respectively IZ and z2 for braneh s83emii:-p® €ach branch
consists of the series conbination of an input capacitor, a w nding and an
out put 10 capacitor, the inpedance z, or z2 is the lunp. sumof all the
i npedances fromthe input (C, or C2) and the output (C3 or C4) capacitors,
and t he wi ndi (L, or L) for branch 81 or branch Thus z, = R +
i (o)L, ‘Y‘%’%“%&& -1/(c)C3)] = R + X where R aﬁ§%%02£’5§4oL, - 1/ (caC,)
-- 11(c)C3) respectively represent the real (resistive) and inaginary
(reactive) parts of inpedance z,. Simlarly, z2 = R2 + 15 j XZ, where R and
X2 = (aL2 - 1/(0)C2) - 1/(coCA4) respectively represent the resistive 22
Sept erber 2005 WO 02/ 080220 PCTI USOPY 09564 17 and reactive parts of
i npedance z2. The quantitative analysis for the results shown in Tables I
and Il are ghdmetivepantsof impedamed). e applitativatanalysisdortthe tesndis SHONDUCTI VE  PLASMA
PROCESSOR HAVI NG CO L W TH PLURAL W NDI NGS AND METHOD OF CONTROLLI NG
PLASVA DENSIinF¥ables ( aodg atdagingt iraour So-@Bindina appdindioBentiilsd "DEBKEEIVREo. 2328- 050) .
For sinmplicity, assune the frequency of RF source 26 is 13.56 MHz and the
el ectrical [PEA§MA BROECESIOROHANMNGE CHEE WIIHaAdURAL | WINDINGS ABD56 MHz and t he
val ues 'of capacitors 80, 82,- 84 and 86 are properly adjusted so there are
equal curreMETHGD OF nCONBROUUINGNRLASMAFGENSIDN" (Lewe uddupmren t he st andi ng
wave current anplitudes 10 along the | engths of each of w ndings 40 and 42
are as depi ¢ilecin byd Bomey Bod6t Nd-2398-080). Curve 90 has a sinusoidal -1i ke
vari ation between the input and output termnals of each of w ndings 40
and 42. Curve 9(FdnsimpHhcitpeadume dediequehcyaPpRF souraedd &l 13.56 M andtheer es RVS at t he
m dpoint of the curve , i.e., at 38, and m ni num equal val ues

" electrical length of each of branches 40 and 42 is 77° at 13.56 Mz 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



of about 10.7 anperes RVMS at the input and output term nals of w ndings 40
and 15 42. Thus, the maximum standing wave current iR sgaghhehood ndi ngs 40
and 42 -exceeds the m ni num standi ng wave current by approximately 3.8
anperes RM5, i.e., by about 21 A possible problemw th operating the
arrangenment of Fig. 2 at a frequency of 13.56 Mz is that capacitors 80,

82, 84 1 ght have to be adjusted 20 sinult or in an
‘iterati \%@%@%ﬁ& to maintain the desired rel ati onsﬁ?ﬁg#%br%?he

el ectromagnetic field distributions derived fromw ndings 40 and 42. For
exanple, to maintain an azimuthally symretric density on the workpiece,
requires the maxinmumcurrents in each coil to be located radially opposite
to each other relative 22 Septenberl®005 WO 02/ 080220 PCTI US02109564 18 to
axis 44. This is achieved by adjusting the values of capacitors 84 and 86
connect ed bét deeA4t HEisgaephitved bt adivting thervalipnel srpasiters 84%ad 86 and gr ound.

Adj usting the val ues of capacitors 84 and 86 may require adjustnent of
capaci tors °goegEdbegeen shg pumt demingls efewindiags 4himb 42 @rd stoardli ng wave
current to achieve the 5 values indicated in Tables | and Il. However,

adj usti ng t Hdiugtieesvalyes efspmeilopsgléan® 86 maypaWe adinpment gEw@papitemr t her shift in
the current standing wave patterns in w ndings 40 and 42, whereby the

maxi ma of t {8 2adi% terprovidea g idepiedealuss phgtanding svayg @urens 19 aphiges thedi anmetrical |y
opposed relative to coil axis 44. If the current standing wave maxima are
shiftéd in vpres indicatedn Taplay kand . Aepever.pdingting the vplaes\phifapesifors 80 capaci t or s 84
and 86 10 nmay be necessary. To overcone this problem we have realized
that if the aedf2reameausgadurthes shifign the Pusient siondial viays pafoma mgvindings 46 be

substantially reduced, such that the |ocation of the
and 42, whereby the maxima of the current standing wave patterns are no longer

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




standi ng wave current maxima in w ndings 40 and 42 is not critical, i.e.,
the maxima do not have to be on dianetrically opposh kg shidesogdl coil axis
44, that only a single 15 variabl e capacitor need be connected to each of
wi ndi ngs 40 and 42. In other words, the necessity to simultaneously or
iteratively adjust all four capacitors 80, 82, 84 and 86 would be

obviateqw)a%mhﬂpse ends, the frequency of RF sourcgggﬁobaﬁ&educed so t hat

the transmssion line effects of w ndings 40 and S Substantial ly

reduced. If the 20 electrical length of each of windings 40 and 42 is
substantially | ess than about 45, the percent change between the maxi num
and. m ninum val ues of the standing wave current is reduced sufficiently
to enable only a single variable cdfacitor 84 and 86 to be connected in
series with windings 40 and 42, respectively, and the need for 22 Septenber
2005 WO 021e8Uapgitedrhe ssuzgiebbrgucen gach sunding aspictenmaral engl thepeishnect ed bet ween
each winding input termnal and the power output term nal of matching
net wor k 28 P&y ippniagl ebmatghingmetivoik @R éspbyinted;i ousl y, the frequency of RF source
26 is reduced to 4.0 Mz from 13.56 MHz, resulting in a decrease in the
el ectrical | engths ramtigiedprcviepslyate fquaney of BF [sgures 264 tedecedto 804, Curve 92,
Fig. 3, represents the situation of capacitors 84 and 86 being adjusted so
equal st andMi¥ figen/18-56 MHzaptuliing e degreagd in dicslgeiricpblergtiofadndingfHe sane physi cal
wi ndi ngs that are analyzed at 13.56 MHz (shown in curve 90) are
r e- anal yzedanitd2 by @ fakerof 3<h @mwrve P2 Fog B.repr@ents thefdituation efeapicttars 84 engt h of each
of branches 40 and 42 becones 22.6 (i.e., 77 divided by 3.4). Curve 92 has
st andi ng 10andi¢deipgiadiusied smequalisandifis wayp rwsentrare él yin@Bps74leampd2.es RVS at t he
i nput and out put :

The same physical windings that are analyzed at 13.56 MHz {shown in curve 90)

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




term nal s of windings 40 and 42 and a maxi num st andi ng wave current of

approxi mately 26 anperes RMS at the centers of the whRgifgs.2ddgspite the
fact that substantially larger currents flow in w ndings 40 and 42 for the
short transmission |ine situation of curve 92 than for the |ong

transm ssion line situation of curve 90, 15 - the output power of source 24

is the 400 watts, for both situations. For npl ary equal
current S‘?ﬁ?@gé%o and 92 of Fig. 3, the capaci tancg&%ﬁﬁ@g facitors 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 The percentage
change between the maxi ma and nmaxi n# standi ng wave currents of curve 92
is about 2% in contrast with the 21% change of curve 90. Because a

rel atively |voudidgs 46 aechéd thsfe iea etlatisely srifosm grinwthalelecoandendicifislda rel ati vel y
smal | change between the m nima and maxi num standi ng wave currents of 22
Sept enber 2 oBiusadbY Sach gOPiIRdngeAT pdI3 2n09BRlied K0the plisnaitmgembd® 16nd 42, there is
a relatively uniform azinuthal electromagnetic field produced by each of

wi ndi ngs 40 Gedeqaentinilt nseddp inclade capreitdre8Qngd 82vio ddjustthegebiion cfChe  Consequent |y,
the need to include capacitors 80 and 82, to adjust the position of the
maxi mum st amiximgmaganding wayeequtrents in windings A¢endM2 depnot Bxilodeblesdt exi st. Tabl es
| 5 and Ii provide the information necessary for the | ow frequency
excitation tad Hajouile thetiformgtigransiesarydesthofowdgeaniyt oritti@dtoadists6 and t he

out put power of RF source 26 to achieve constant currents in coils 40 and
42, respect ithecdapacitafiees of eapratiors 84 and) 86crind theeutputiomenef RFasadica2p wave currents in
wi ndi ngs 40 and 42 can be varied continuously from=20:1 to 1:1, then from
1:1 to 1:10,acHieye canstant gurgents 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)




10 MHz excitation power of source 26, by adjusting the value of capacitor

84, while maintaining the value of capacitor 86 conshagl.mgndogshen by
adjusting the value of capacitor 86, while maintaining the val ue of
capacitor 84 constant, where |, is the nmaxi num standing wave current in
wi nding 40 and 12 is the maxi mum standing wave current in winding 42. As

t he val pacitors 84 and 86 are varied, the t power of
source g‘gafﬂsﬁs{\]/zg‘fi ed to provide the sanme effects as P%ﬁlgl&g’é & by Tables:|

and Il. To control the values of capacitors 80, 82, 84 and 86, in response
to output signals of mcroprocessor 33, each of the capacitors is driven
by a different one of DC notors 87, Each of notors 87 responds to a

di fferent output signal of 20 m'cro%lrocessor 33. The signals m croprocessor
33 supplies to notors 87 have values commensurate with the anmount that the
out put shaf t'¥ugy aendiveptbyr olrsedd o Meatorsy 3 mespondotoa diicsyle sighls desi r ed

capaci tance val ues of capacitors 80, 82, 84 and 86. WMatching network 28

i ncl udes varMisIOPIECeswaS? deTtessin (FPerele SiEnsls duatyet bt o program; gpredd)y 22 Sept enber
2005 WO 02/ 080220 PCTI US02/ 09564 21 which are driven by notors 88. Mtors
88 respond tBeRY PEEBAE aidgireierdd. Retectos i deisessigpalgmpigsntingd then r esponse to
signals derived by a programstored by nenory system 35 and detector 43.
Det ect or 43 Wpgegaplitade ﬁgftsdhy@p#&é@émﬁlyw)wms@wr%llﬁ adéDdhepl i t ude
reflected by matching network 28 toward generator 26 and (2) the 5

di ffer®nce idigsmssin mhase heween; therefestefl deltagelandshrent e Magrepresesseretit .

M croprocessor 33 supplies a suitable DC signal to generator 26 to control
t he gener at cEPREgE pivita signal tyeeneior Hrle saye! BazepuapoMIPSt Rowes i gnal s
i ndi cative of the voltage applied in parallel to
Microprocessor 33 responds to signals indicative of the voltage applied in parallel to
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 circnit 28 is coupled in paralle! 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



branches 81 and 83 and by RF source 26 and matching network 28, as well as

.signals indicative of the standing wave currents at termnals
48 and 52 of 10 branches 81 and 83, as derived by c?%§9??9§&%§§cribed in
connection with Fig. 4. Reference is now nmade to Fig. 4 of the drawing, a
circuit diagramof a preferred enbodi ment of electronic circuitry

associ at i 4.0 MHz drive of coil 24. RF sourcge 26 drives matching

ci rcui t‘ggﬂ%%sgg%phase and magni t ude detectors 43 ahd" % & ser i es capaci tor
100, preferably having a capacitance of 2000 pF. 15 Matching network 28

i ncl udes variabl e shunt capacitor 102 and variable series capacitor 104
havi ng capaci tance val ues which are varied by notors 88. The out put power
of matching circuit 28 is coupled i#¥ parallel to branches 81 and 83 via
series inductor 106, RF voltage detector 108 and phase detector 109. RF
vol t age det eertils may®s geayd feoupupevgntsenseatar 4é foashipkpdhegrevigyaly peak anpl it ude
of 20 the RF voltage at the joint input termnals of branches 81 and 83,

whi | e phase disgussed gesulfs. Tipgurgaisiflpwiag firqugh bignchesfd apdiEh asarespedively t he di ff erence
in phase between the RF voltage and current at the joint input termnals
of branches cgupledriigramd vipyariable gappifess 8 andRét ect or s 108 and 109 are fed back
to mcroprocessor 33 which in turn WO 02/.080220 22 controls notors 87 and

t he out put power of generator 26 to achieve the previously discussed

resul ts. The curTienhsgniddevtsgndidpreivg burethanc gt &imiandefSdanglice respecti vely
coupled to ground via variable capacitors 84 and 86. The nmagnitudes of

st andisng wa\se aadiigss art espadtively dgetted thgT ditram lasmplixhddeawnahas and 181, and 83 are
respectively detected by current anplitude sensors 110 and 112,

respect i vel Yespaathedt ind@ktiyel€ canpleth iire Weati€ 111ea@s118/ that aRdeohd®tetihat are
connected between the |ow voltage ends of capacitors 84 and 86 and ground.
As shown i n bktwgen the low voltage ends of capacitors 84 and 86 and ground. As shown in Fig.

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

' toroidal winding 214 wound around a foroidal core 216. The RF curment 1(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 current I(t) flowing through lead 111 or 113 increases

15 with time, ie., 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




5, each of current sensors 110 and 112 includes a current transfornmer nmade
of a toroidal w nding 214 wound around a toroidal ggrsgptgﬁt@rzﬁge RF current
1(t) 10 flowi ng through lead 111 or 113 produces a tine-varylng nagnetic
field B(t) (indicated as |oop 126) in core 216. The magnetic field B(t)

i nduces a time-varying electric field or equivalently the induced current

i(t) in n 124 of the toroidal w nding 214 [ rection of
i nduced ‘gﬁ(ﬁ?‘g@#{i (t) illustrated in Fig. 5 assunesPFﬁﬂgm’%{sﬁe magni t ude of

the driving current 1(t) flow ng through [ead 111 or 113 increases tt) ,
which is also |5 with tine, i.e., dli(t)/dt>0, since i(t) is proportional
to - dB( proportional to - (-t) . Core 216 can be nade of ferrinmagnetic
material (known as ferrite) or ferréhagnetic material (e.g., iron) to
further enhance nutual inductive coupling between a driving current
f1 owi ng t hr owattor 28.d This sinusgidaliviayelamu istrprifigdnbiudieds 224 srehethat @?YOWi ng through
w nding 214. 20 Induced current i(t) flows through resistor 220 between the
two input teositiveedlisges Rreaterrfpntdiede thieshold ivoltag® Gymsatly §6cblyt ean a si nusoi dal
wavef orm across 22 Septenber 2005 WD 02/ 080220 PCT1US02109564 23 resistor
220. This siprestbiouhltheiéndef Capenitbr226,arciuétive ehdkdi2R8 dind chpadipr23@darin t hat onl y
positive voltages greater than the diode threshold voltage (typically
0. 6-0. 7v) cariowpas §ltdr whish gioduchsn RIT odtege, Capasitiegirc@Répul taghucds ve choke 228,
and capacitor 230 form a |ow pass filter which produces a DC voltage, V,
acrosss t he ci33cumid 236 uVpltsge Veram baahpli&l @3Bicaprdee®dn 33 Woindmgte thé can be
supplied to mcroprocessor 33 to indicate the currents respectively
fl ow ng t hr ougknts respedtinely Sowi@: throgghB3@mindleds amdéhani cal nounting for the
current sensor 110 or 112 in a preferred

The mechanical mounting for the current sensor 110 or 112 in a preferred

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 eiectromﬁgnetic shields 114 and 116 are respectively interposed

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



enbodiment is illustrated schematically in Fig. 7. Capacitor 84 or 86 has
one end plate 140 connected to termnal 48 or 52 andga.sRkpishsend plate
142 connected to 10 shield 119. Lead Ill or 113 is made of an electrically
conducting netal, preferably silver plated copper, and nachined to a
cylinder with a threaded center bore. Lead 111 or 113 is inserted in a

central i of current sensor 110 or 112, which_ i | so supported by
and nouﬁ?@g gﬁgﬁnsulating di sk 148. The electricalpggﬁwa@?%On is made by

tightening nmetal screws 144 and 145 into the threaded hole in | ead 111 or
15 113 such that the sanme current fromtermnal 48 or 52 flows through
capacitor 84 or 86, shield 119, lead 111 or 113, and eventually to ground
plate 115 in housing 117. As previ%ﬁsly descri bed, the current flow ng

t hrough | ead 111 or 113 produces- a _tine-varying nagnhetic field, which in
turn pr oduce%wwqmmpe@w@mm filds gt the rempiningppparaiyg padigulariyhe | ead wires
of sensors 110 or 112 are connected to an el ectrical 20 connector (not
shown), nourfieatwbgingr4Oumad 4P| Hicd Hdmr {16 cansisspl gingphepeigrsielplpte cyl i ndri cal
shield 121. Gounded el ectromagnetic shields 114 and 116 are respectively

i nt er posed b’é?m@hw@dﬁl-eﬁwléblﬁgesr@ opergg derdead 1 b1 orrd3 toawntdiongy s 84 and 86 to
m nimze 22 Septenber 2005 WO 021080220 PCT1U502109564 24 el ectromagnetic
i nt er f er encShigido}Al RFa frictel eydindss whipfehquaentallyiepgdosespisasent 9or 1phandi cul arly  from
wi ndi ngs 40 and 42. Shield 114 or 116 consists of a ring-shaped netal plate
119 and shi dead 11bar 1 15hTagpther with shicdd 11Qandipetn | ydgwhiel vertisally sandwidhr 113 to run
through. Shield 121 is a netal cylinder which horizontally encl oses sensor
110 or 112 dhasessof, sepdorillq awsk 112 aed lebydtoh &3 ang edmpletalieshiplded romnd pl ate 115,
whi ch vertically sandwi ch the sensor, sensor 110 and 112 and | ead 111 or
113 are conpirdica] RF S¢liise thdeebly greaglpnimproving the accuracy 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



anbient RF fields, thereby greatly inproving the accuracy of the current

sensor. Shields 119 and 121 are preferably made of )sikly&hs-Pbafsed copper .
Shield 121 is mechanically and electrically connected only to plate 115.
Al'l the voltages at the 10 output term nals of w ndings 40 and 42 are
across capacitors 84 and 86 so end plates 142 of the capacitors connected

to Iead d&@u@ d 113 are virtually at ground. Shi ?éﬂﬁ"?{&’éﬁaand 116 and
ecto ,

current rs 110 and 112 are arranged togethe etector 43,
capacitors 100, 102 and 104, coil 106 and detectors 108 and 109 in netal
housi ng 117. 15 Referring back to Fig. 4 of the drawi ng, each of capacitors
84, 86, 100, 102 and 104 is a vacuum capacitor capabl e of handling
relatively large currents which fl&w from RF source 26 to w ndings 40 and
42. Because of the relatively short electrical |ength of each of w ndings
40 and 42 at®4 MHz, relatively large capacitance values are required for
capacitors 84 and 86 with typical maxinum 20 val ues of the capacitors

bei ng 2500 pF. SHixed mpuiasgne@azgmeqtqdmapazw 1qGspreferaldy hevinged yalud efr ge maxi num

val ue of 1400 pF to match the | ow i npedance of parallel branches 40 and
42. Series cdfapk. providesart pithaimpedapgeitspusfopmation Getweenrawie Hrandiizevi ng a maxi num
val ue of 1500 pF to tune the | ow inductive reactances of parallel branches
81 and 22 Sapradpltydndings @ and\ADoOIF30 LagciRCTIUSORIGEEIB 4npE BB, Fi xed i nput
series connected capacitor 100, preferably having a value of 200 pF,

provi des parlpadgfapacins Whpédfan@’eretmamlﬂovamwthﬂmwib@bmmr HBuwraoll 26 and t he
paral l el w ndings 40 and 42 of coil 24. Capacitor 100 is included to enable
shunt, 5 | oduveapasideskly bihertcapatitive wludhe the agdenalslogatedivith;a ot her wi se,

capaC|tor 102 woul d
capacitor having a maximum value of 1400 pF. Fixed capacitor 100 also provides

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




have a consi derably hi gher capacitance value than the val ues associ at ed
with a capacitor having a maxi mum val ue of 1400 pFa;kix&gh.cagpaci tor 100

al so provides better tuning resolution, to attain better resonant tuning
of matching circuit 28 with parallel w ndings 40 and 42 of coil 24. 10

"~ Fi xed inductor 106, preferably having a relatively large value of 3.5
mcrOhe%J&ﬁﬁa& %xtends the tuni ng range of matchi ng_network 28. |nductor
110, P%%ut si de housi ng 117 and is optional TV’%%H%@S& ed to interior
wi ndi ng 40, can be enployed to provide substantially equal inpedances for
the parallel branches 81 and 83 associated with w ndings 40 and 42.

I nductor 110 is used if winding 42 has 15 an inductance substantially
greater than the inductance of wi nd#hg 40. Voltage detector 108 and current
sensors 110 and 112 supply signals to mcroprocessor 33. M croprocessor 33
responds t o @ppeitass Sl §6 forasteratbit thegergbevmentyare flopae ingvindiegitddsensors 110 and
112 and the phase indication detector 109 and derives an indication of the
total out putanpéiverachiRme thecnmees specificiheTabled] addl on of total power 20 controls
t he out put power of RF generator 26 to enable the powers indicated by

Tabl es | and || Wihebibe prodbserie beinginedesintgner| vandidgaA0 icumedrelatigetnsors 110 and
112 derive are used by mcroprocessor 33 to control the notors which vary
t he capaci t antcter wifdi23e pesietrih eentRios the\@riamhd SBRAO i TisUBBRN09564 26
capacitors 84 and 86 to assure that the correct currents are flowing in

wi ndi rigs 40 anditd ad@uthed phehd deusity diswibetionr indingsifacivfaeddoitaxifaddl es | and H.
When the processor is being nmade, interior wwnding 40 is turned relative to
exterior w redilemginal244 ad 48 san be afiloratanm tiffelentifrog thdseillastiatedi tohiag. 2el ectric field

di stribution
' Winding 40 can be turned 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.



5 and the azinuthal plasma density distribution. Wnding 40 is turned about
axis 44 so termnals 46 and 48 can be at |ocations dhigkgt 2hdsom t hose
illustrated in Fig. 2. Wnding 40 can be turned to a predeterm ned
position if the processors of the sane type have consistent azi nuthal
electric field and plasma density distributions from processor to
processor. |f, however, different processors of the sane type have 10
differing azinuthal electric field &% plasma density distributions from
processor to processor, winding 40 is turned relative to winding 42 until
tests indicate optinmum uniformplasma distribution is achieved in each
particul ar peEATIHCLAIMEDASE her e have been described and illustrated

speci fic enbodiments of the invention, it will be clear that variations in
the details of the. enbodimedivsplasiia phpeer dnpadidgyan IRFlplashd akdiomnd descri bed
may be nmade wi thout departing fromthe true spirit and scope of the

i nvention as céietdcheidg ianvihdity BP@naedot s anffeh panphanal, s@ny of the
principles of the invention are not limted to coils having two concentric
wi ndi ngs but vaddhgaRiahd GRRhE cdnBectiih § bRANI N iy WWit04 mPlKiS: Wridk Nngs. 22

Sept enber 2005 27 WHAT IS CLAIMED I'S: 1 . An inductive plasnma processor
conpri sing apndin BF SRR aRKE kdodtldl QB haviid d 1edd6 lhh S Be WhRRALRG: havi ng an
input termnal and an output termnal, the w nding having one end
connect ed i nyAickaaRCHrohh HEWNARe Yhthll AnARYGHL BLuREHMRLY 2 BRdyan RF source
and a second end having a | ead %o ground so the sane current which flows

t hrough t he w pdi t t 1 t current
sensor couplg%Q?ga?ﬁggfgggﬁﬁgﬁgkgﬁ%%%%ﬁﬁgﬁﬁgﬁﬁgﬁgwg%%E}e mffh the current
sensor for ' ' r. iG] f an anbi ent RF

i ronment . TS EE0E0 S BRI AURRAEE b bl BEERSRerkfell n 3 capaci t or
connect ed

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.



g

in series between the coil output termnal and the | ead for coupling
current from the winding through the lead to groun ocessor of
claim 2 wherein the sensor includes a toroidal strgggﬁgg%%%a&Fs bet ween

t he capacitor and ground, the sensor having an RF voltage and RF fields
substantially at zero. 4. The processor of claim3 wherein the toroidal
structure includes a toroidal core. 5. The processor of claim2 wherein the
sensor includes a toroidal structurd surrounding the |ead, the grounded
shield substantially surrounding the toroidal structure. . 6. The
processor of claiml wherein the sensor includes a toroidal structure
surroundi ng the | gad, ahdprbhessogsfalaindedhakbih Medorsiddlstnanid i@dlhdgs a Surrounds t he
toroidal structure. 22 Septenber 2005 28 7. The processor of claim®6
wherein the toasi@il éaé. structure includes a toroidal core. 8. The processor
of claim1l wherein the coil includes plural w ndings, each of the plural

w ndi ngs being in a separate branch and including an input termnal and an
output termnal, each Ofhe grit@ssbrtpuihimt IOyHEemahScoh @ichdesprnNeBitiag,t o be driven
in parallel by the RF source, each of the output term nals being connected

by a separakgnloead fl@a0nREHL:, bohgSERMWeirRe GiAHEM iSRIUHQ anGawpl €d to each of
the separate |eads, and a grounged shi el d arrangenent coupled with each

current sens@fmihffand SE5@MPIeiRG] REcH dréledspuf R AR MWk RRL s8OSOrs. 9. The
processor claim8 wherein each branch includes a capacitor

driven in parallel by the RF source, each of the output terminals being connected by a

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.



f

connected between the output term nal of the w nding of the respective
branch and the |ead of the respective branch for c L1 nt fromthe
wi ndi ng of the respective branch to the |ead of thggggg%ggggggpbranch. 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. 11. The processor of claim 10 wherein
each of the toroidal structures incl29des a toroidal coil. 12. The processor
of claim8 wherein each of the sensors includes a toroidal structure
surroundi ng the | ead, and each of the grounded shields substantially
surrounds its assoxi at Ehk greve@bdiFlclatit 121whdiie cack 3f Bept@mEDaFucRRO5 29 13. The
processor of claim 12 wherein each of the toroidal structures includes a
toroi dal coi {nclud4 a tobhigai psincessor of claim 9 wherein each of the sensors
includes a toroidal structure surrounding the |ead, and each of the
grounded shields substantially surrounds its associated toroidal

structure. : 14. The processor of claim 9 wherein each of the sensors includes a
toroidal structure surrounding the lead, and each of the grounded shields

substantially surrounds its associated toroidal structure.





