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FI ELD OF THE | NVENTI ON [ 0002] The present enbodi nents relate to wafer
~ processing apparatus, and nore particularly, 15 apparatus and net hods for
processing a wafer in a pheswusefhigingd rehandbric Hadsdbescri ption of the

Rel ated Art [0003] The manufacturing of integrated circuits includes

exposi ng substrates (Ergss REFERENCE TO REIATED APPLECATIONS pl asmas to etch
features. The features are then processed to define transistors,
capacist or ooy i appli€Meh Rimepority RLandibdeARE vhi&ISNES. Caf§?19€é)eﬂ> for placing
t he ZOConductlng | Nt er connect ors.

13/594,768, filed on August 24, 2012, which is related to U.S. Patent Application No.

13/420,949, filed March 15, 2012, entitled “Dual Zone Temperature Control of Upper

Electrodes,” U.S. Patent Application No. 13/438,473, filed April 3, 2012, entitled “Multi

Zone Gas Injection Upper Electrode System,” and to U.S. Patent Application No. 13/403,760,

10  filed February 23, 2012, entitled “Peripheral RF Feed and Symmetric RF Return for

Symmetric RF Delivery,” the disclosures of which are incorporated herein by reference.

BACKGROUND

1. FIELD OF THE INVENTION

[0002] The present embodiments relate to wafer processing apparatus, and more particularly,

15  apparatus and methods for processing a wafer in a plasma etching chamber.

2. Description of the Related Art

[0003] The manufacturing of integrated circuits includes exposing substrates (e.g., wafers) to
chemically-reactive plasmas to etch features. The features are then processed to define
transistors, capacitors, vias, trenches, etc. The vias and trenches are used for placing the

20  conducting interconnectors.

| [0004] Non-uniform etching can adversely impact wafer yieid. The non-uniform etching can
be attributed to electromagnetic standing wave effect that has been observed in the plasma
reactor caused by the radio frequency (RF) electromagnetic waves used during the etching
process. The electromagnetic standing wave effect has been noticed to result in the formation

25  of strong center-high etch rate pattern within a plasma reactor, particularly at very high

frequency of 30 MHz and above. The standing wave effect and, hence, the center-high etch
rate pattern is found, in at least some cases, to be significant when the reactor diameter is
comparable to half of the effective RF wavelength provided in the plasma reactor. It would

be beneficial to control the non-uniformity in the etching process by addressing the standing
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[ 0004] Non-uni form etching can adversely inpact wafer yield. The

non-uni formetching can be attributed to el ectronagneti c standi ng wave
effect that has been observed in the plasma reactor caused by the radio
frequency (RF) el ectromagnetic waves used during the etching process. The
el ectromagneti c standi ng wave effect ,has been noticed to result in the
f-ormati on 250f strong center-high etCh rate pattern within a plasma
reactor, particularly at very high frequency of 30 MHz and above. The
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ef f ec h?#athe | asma reactor, particularly as the size of the critical
Si o SEH9H Fi each new generatlon of devices, and as wafer sizes

i ncr ease rod her nunber of devices from

t he samamagﬂé Ris Con eéh{h?'iﬁni’ tﬁﬁ‘? ’I’%?'ﬁ\ogﬁm?s crucial to enabling

- nore advanced technology nodes to Ee mass produced in a 5cost-effective
manner. [0005] It is in this cont Y embodi ments of the invention

ari se. SUMVARY [0006] Enbodi nents of the discl osurecgrow de apparatus and
met hods 10806] ginoendérnénigotathadisdpsune breyidrRApRseAtes andymathadds doreprocesiinbi watsapaci t or

at a RF g | 0 d F terface
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t hat 1&t heinpodgedat tbesrimmﬂfanehtttwe@am bmtchrapdi plmna pobcessingapparaius Iwhyomld uch as a
appreciated that the present embodiments can be implemented in numerous ways, such as a
process, an apparatus, a system, a device, or a method on a computer readable medium.

Several embodiments are described below.

[0007] In one embodiment, a method for processing a wafer is provided. The method

15  includes providing a chamber for plasma processing of the wafer. The chamber includes an
electrode having a support surface and an outer edge region defined thereon. A radio
frequency power is applied to the electrode of the chamber. The RF power is communicated
to the electrode via a conductive delivery connection and a conductive return connection.
The conductive delivery connection is sized to an effective electrical length that causes an

20  impedance transformation at operating frequency. A capacitance is applied to a first end of
the conductive delivery connection. The applied capacitance is adjustable so as to cause an
opposite impedance adjustment at a second end of the conductive delivery connection. The
second end is coupled to a dielectric surround structure that surrounds the electrode. The
dielectric surround structure presents the opposite impedance adjustment near the outer edge

25  region of the electrode, such that increasing the capacitance at the first end causes a decrease
of capacitance and a corresponding increase of impedance at the second end. Increasing the
impedance at the second end increases a voltage distribution near the outer edge region of the

electrode that decreases toward a center of the support surface of the electrode. -

[0008] In another embodiment, an apparatus for processing a wafer is disclosed. The
30 apparatus includes a chamber for plasma processing of the wafer. The chamber is equipped
with an electrode having a support surface and an outer edge region defined thereon. The

apparatus also includes a radio frequency (RF) power source to provide RF power to the



process, an apparatus, a system a device, or a method on a conputer

r eadabl e nmedi um Several enbodi nents are described bel ow. [0007] In one
enbodi ment, a nmethod for processing a wafer is provided. The nethod 15
includes providing a chanber for plasma processing of the wafer. The
chanmber includes an el ectrode having ajssupport surface and an outer edge
regi on defined thereon. A radio frequency power is applied to the el ectrode
of the chanber. The RF power is conmunicated to the electrode via a
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an embodiment of the invention.

[0012] Figure 1B illustrates a cross section of a plasma reactor chamber equipped with a

variable capacitor, in one embodiment of the invention.

25 [0013] Figure 2 illustrates an overall system identifying different components used for
processing a wafer within a plasma processing chamber, in accordance with an embodiment

of the invention.

[0014] Figure 3 illustrates schematic representation of an electric circuit identifying the
~ various electrical components involved in the wafer processing using very high frequency RF

30  power, in accordance with an embodiment of the invention.



near the outer edge region of the ‘el ectrode that decreases toward a center

Of- the support 15surface of the el ectrode. [0009] Ot her aspects wll becone
apparent fromthe foll owi ng detail ed description, taken in conjunction with
t he acconpanyi ng drawi ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010]

The enbodi nents may best be understood by reference to the follow ng
description 20 taken in conjunction with the acconpanyi ng draw ngs. [0011]
Figure Aillustrates a schematic cross section of a plasma reactor, in
accor danc@oyd]tHiguas 4 lidsadiesr® ttosdectidreofi aplesnial edching d@ibir dongeotel 10 B

illustrates a .cross sgcti.on. of | a . reagt qr chanber, equi pped with a
vari abl e CIPYENG Bysten 10T g BStH‘ﬁﬂggﬁ’q%éeﬁ?hggfs *Fﬁg‘ﬁﬁ%%‘h%?%de%%%%ﬁﬁna Figure 2
i ['1 ustr at QehiRd\cHaUBEA kN act YRR witket dnibodiiert bf the ikBhtisonponent s used for
processing a wafer within a plasma processing chanber, in accordance with
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representation of an electric circuit identifying the various el ectrical
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pover, i N RESOLABRGE ok healh Sak0di ment of the invention. 4 [0015] Figure
4 illustrates a cross section of a plasma etching chanber connected to a

conputi ng t r; | ' : . ' : ode in
he pl asm L B o o kPR G TP
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insul_atioinv%}lfilok_withi n the plasma 5reactor that correspond to the _
conponentg Phe electrical circuit of Figure 3, in accordance with an

errbodid“re nItDOi)gl giglﬁesl ‘Pa\{?ﬂ}hllsgr%te electric field pattern at wafer level as a result of capacitance

tuning, in one embodiment of the invention.

[0019] Figure 8 represents a graph of radial dependence of electric field as a result of tunable

capacitance, in one embodiment of the invention.

[0020] Figure 9 is a simplified schematic diagram of a computer system for implementing

15 embodiments described herein.

[0021] Figure 10 illustrates a flow chart of various operations involved in providing optimal
distribution of vdltage across the wafer within a plasma chamber, in one embodiment of the

invention.

DETAILED DESCRIPTION

20  [0022] The following embodiments describe apparatus and methods for processing a wafer in
a plasma etching chamber supplied with RF power from an RF generator. It will be apparent
that the present embodiments may be practiced without some or all of these specific details.
In other instances, well known process operations have not been described in detail in order

not to unnecessarily obscure the present embodiments.

25  [0023] Exciting an electric field between two electrodes is one of the methods to obtain RF
gas discharge in an etching chamber. When an oscillating voltage is applied between the
electrodes, the discharge obtained is referred to as a capacitive coupled plasma (CCP)

discharge.

[0024] Plasma can be created utilizing stable feedstock gases to obtain a wide variety of

30 chemically reactive by-products created by the dissociation of the various molecules caused
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[0017] Figure 6 illustrates effective transformati on of inpedance and
capaci t ance/ i npedance value for optimal distribution of voltage across the
waf er, in one enbodi ment of the invention. 10[0018] Fi gures 7a- 7f
illustrate electric field pattern at wafer level as a result of capacitance
tuning, in one enbodi nent. of the invention. [0019] Figure 8 represents a
graph of radial dependence of electric’'field as a result of tunable

capaci tance, in one enbodi nent .of the invention. [0020] Figure 9 is a
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el ectrodes is one of the nethods to obtain RF gas discharge in an etching
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creat ed, bLhBIQUS fdrilme-kidenmgear e accel erated fromthe plasma across a
space-charge sheath 5separating the plasma fromthe walls and the surface

of the wafi@026] Béie8§ speking 2@ RIogeEradtbfdides the necessary RF power for the plasma

etching chamber. The RF power from the RF generator is transmitted to a RF match circuit

15  to cause an impedance that matches with the input impedance of the plasma chamber. The
RF power output from the RF match circuit is applied to the wafer through a conductive
delivery connection (otherwise termed RF'.delivery transmission line) and returned via a
conductive return connection (otherwise termed RF oﬁter return transmission line). In one
embodiment, a variable capacitor is added at_ the RF match output at an input end of the RF

20  delivery transmission line that causes the RF delivery transmission line to act as an
impedance transformer. The variable capacitor is adjustable at the input end of the RF
transmission line so as to cause an opposite impedance adjustment at a delivery end of the RF
delivery transmission line. The tuning of the variable capacitor also causes variation in the
impedance at the wafer level from high to low or from low to high and variation of the RF

25  current phase at the wafer depending on the tuning. The transformation of the impedance and
the current phase at the wafer level allows for formation of different electric field patterns
over the wafer and control, e.g., shaping, or elimination of the center-high standing wave
pattern. This control can be effectuated by providing a type of knob, which can electrically
adjust the center-high standing wave pattern by adjusting the capacitance value. The

30 electrical field patterns formed on the wafer play a critical role in determining ion flux
distribution and the etch rate pattern on the wafer. The variable capacitor is, therefore,
adjusted to enable formation of a more uniform electric field pattern over the wafer surface

thereby defining an even ion flux distribution over the wafer surface.



wi th enough energy to renove exposed material fromthe surface of the

waf er. [0025] I n one enbodi nent, Fluorocarbon gases, such as CF4 and
C-CAF8, are used in the dielectric etch process for their anisotropic and
sel ective etching capabilities, but the principles described herein can be
applied to other plasma-creating gases6 The Fl uorocarbon 10gases are
readily dissociated into smaller nolecular and atom c radi cals. These

chem cally reactive by-products etch away the dielectric material, which in
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flux distribution over ace.
electrostatic clamping of a substrate to its substrate support surface and an outer edge region

(or simply “outer region”) defined at an outer perimetér of the substrate support surface. The
20 ESC 20 is defined by a chuck assembly wall 30. Various facility components, such as
components relating to heating, cooling, control of lift pins, and electrostatic clamping, are
coupled to a facility plate (not shown), which, in turn, is coupled to the ESC 20 on a éide
opposite the substrate support surface. The bottom portion of the ESC is in the shape of a

bowl.

25 [0029] As shown, the top electrode assembly 16 includes a showerhead 11 for feeding
process gas into the plasma confinement chamber 14. The top electrode assembly also
includes a shroud 13, which engages with the chuck assembly 18 to define the plasma
confinement chamber 14. Perforations 15 are defined in the shroud 13 for gas flow exiting

the plasma confinement chamber 14.

30  [0030] A hollow RF feed 24 is defined to provide RF power from a RF source to the
substrate clamped to the substrate support surface. Accordingly, the hollow RF feed 24
includes a tubular portion extending from the RF source to a bottom end of the ESC assembly

and a bowl-shaped portion extending upward from the tubular portion. The bowl-shaped



[ 0027] The various enbodi ments, as will be described in greater detail,
uses ‘the existing RF circuitry and transmission line to provide a sinple
and effective electrical approach to assist in resolving possible
non-uniformity etch pattern issues. In one enbodi nent, the change to a
system-can be small and can easily be,integrated into an existing system .
Al t ernat e 5approaches of introducing gxternal resonant i nductor and
capacitor circuit elenents to address the non-uniformetch pattern issue
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;
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a bow . 25[0029] As shown, the top_electrode assenbl %f 16 includes a
(&
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14. The tQpeR! &HHbAIE wASSEEM %t RBINAZI TR HAESE the RETQET arks wmmpi#gngages
with the chuck assenbly 18 to define the plasma confinement chanBer 14.

Per f or at | Bemeney. dhe igpsdapesdranpfofrpationts Brpgmitedste thegter ring@redxi t i ng t he

pl asma confinement chanber 14. 30 [0030] A hollow RF feed 24 is defined to
provi de R003Hwe eroupd shield RR ispravided todaciliates sybstantially syramplieid Rforetune Elgbst r at e
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bow! - s hapt%g bowl-shaped portion. The ground shield 28 is connected to ground circuitry through the

ESC assembly wall 30.

[0033] Figure 1B illustrates a cross-section of the plasma reactor equipped with a variable
capacitor for providing an adjustable capacitance at the first end of the RF feed 24 to cause an
25  opposite capacitive adjustment at the second end of the RF feed 24, in one embodiment of the
invention. As mentioned earlier, the RF feed 24 includes an inner transmission line and an
outer return line for the RF power supplied by the RF source. The inner transmission line
transmitting the RF power is termed “RF hot rod.” The dielectric surround structure
surrounding the bowl-shaped portion of the ESC assembly is composed of both ceramic and
30 quartz components. For example, a quartz focus ring (not shown) is defined adjaéénf to the
outer edge region (otherwise termed “outer ring”) of the ESC 20 and coupled to the
underlying quartz components. The underlying qﬁartz components are, in turn, coupled to

one or more ceramic components. The dielectric surround structure is connected to ground



7. portion of the RF feed 24 surrounds and conforns to the shape of the

bow - shaped portion of the ESC assenbly. The first end of the tubular
portion of the RF feed 24 is coupled to an RF match circuit of the RF
source. A second end 102 defined in the bow -shaped portion is coupled to
the dielectric surround structure surrgunding the ESC 20 so as to deliver
RF power 5 to wafer through the outer region of the ESC 20. For nore
information on providing RF power to the periphery of the ESC 20, reference
can be nadicuiy hraighApmihambern wall 3p. AddtiqrpBgrpending istprevidad to tipaldchds al RF
Feed and tré t . rj i a2 . ebruary
23, 2012, ﬁ%ﬁ%har‘lt'gtriffg‘é‘cgair?epﬁcg{‘%‘%ﬂ%%ﬁ%‘I‘Ib%‘ﬁlr‘elgg 8‘8’2’%%:83% }r‘%e\’/%&c’i‘!“%%“%ﬁ}ég% power
t 0o t he subkttraéieqo thegpmindeirpétryphery of the ESC enabl es bypassing the
interior 10 portion of the facility plate of the ESC, thereby insulating

t he conpoe3up Agdasplaadgivwistdefinddaeithin b plagsmatcenfifemem dhhmbéH 43ewvesen the '

Addi tiognal |y, such, for del i.v . to the substrate situated on the
Chuick 00 wnbr s RF Gt Pl T Sheaty TR it Bebiiar s plavish nd e ShuBate] " The
| engt h" L™ sﬂspoh&alfﬁlé ert%s@/g?e} gBéttodg. wemtkd rihble Shpaeiist id Ahed & thdrst

bow - shaped portion of the RF feed 24 is sized to cause an | npedance
transfor m&hdsdhe ‘gperaringpetien P’Ff‘gaciséﬂﬁera.@(ﬂlﬂé?ﬂ??“atfantsf?ém?éﬁﬁrﬁﬁngﬁ'a‘.ls In one
enbodi Mentmpddafecsit 4R Wiferl1B&] Bom{166€ %0 high 3P 8B higt?te 16%bfd fhe RI cufRBiPhadd 4
wavel ength at 60 MHz. The 'size of the RF feed varies with varying

f r equency at thhevafarbeastd oo ¢het qapapithmnervatue get at thetveriptdercapaeitbrt & pareofaugtadr ring
area. .00 i el i r OV] Ryt Aathsgantially
syrmetlﬁ)i c%é%pbrdheeg %%g&f?dﬁ?& nglrltg%lﬁ& esqr?ite c@%&%?ﬂpﬁﬁ%&@t‘ﬁé%%%eﬁgﬁg | zlhdef med to
surround ttracture @f quurafand berai@l dlonenkidetiae theAtdedvesltmadilng from the first
end of the tubular portion of the RF feed 24 to the bottomend of the

bow - shap4¢eb3spFiguee? ilMkteatayrin trotk ddtaibthe RFRleligerg amheatre gath do/fomuhelplasmecui t ry

t hrough th SC .assenb] y,.wal | .30.. [0033] Figure 1B illustrates
o bos b e P preeprmE oL Beimienton) AsiliiFied it DARPLBRNIBARE  or for
provi di ng saitc@fbir povalmMERE owE th sea chiv@bdri Tht RENGuet idch@eRFRFeed 24 to

cause an 25 opposite capacitive adjustnent at the second end of the RF feed
24, i oongramyen] Wewd adi mafehipg gisont ow. 1 2Adorrasei vingbg Répomiepand topeovige 4 eed
24 i ncl ud%t%gg%@aanbé AT §3AM ik MR 1RO P0ddt 0 tHeSharbrPnthdsubline fippok Ne RF
power. supplied by the RF source. The inner transmission line transmtting

t he RF powatfades Thematsl cir@At baxt 1 20aekludey hanagiihedinsuit 1 2@-a aud 2 bwalkle sapagisarur e
surroundi - L -t i ed of both
cor ani ¢ andCB0Tae i SaRREH AR ARl biG DB IRAR IS FAIRRE S O
shown) i s vdedtlaegactneca e first énd @rioutogransdiing thg REpovet thenugh e RIeferdd

comonnt &+ FrEmalkiairy g S w5 oBe Simirhor 120 B FmbrioC Bl bfetescts one

Or nore CefitafihiCinpeddos 6Mths pladihe citinteL ot ahiitpsdihtOolithHe RF lghtdratoe THe RFonnect ed

to ground
d power is transmitted to the wafer 200 disposed on the substrate support surface of the ESC

210 in the plasma chamber through the inner transmission line 140-a of the RF feed 24. The
RF power is returned through an outer-return line 140-b that is coupled to the matching

25  circuit box 120, which is connected to the ground circuitry to complete the return path circuit.
The system also includes a computing device with a user interface 150, having a plurality of
sub-interfaces. One of the sub-interfaces is a RF power input sub-interface 150a that controls
the amount of RF power that is to be transmitted to the plasma chamber. Another sub-
interface is a capacitance input interface 150b for adjusting the variable capacitor’s

30  parameters (for e.g., setting capacitance value). In one embodiment, the computing device is
connected to a capacitance set control module 130, which, in turn, is coupled to the variable
capacitor so as to adjust the capacitance value of the variable capacitor based_on the input

provided at the sub-interface 150b. The capacitance value on the variable capacitor may be



8 circuitry through the chanber wall 30. Additional grounding is provided
- t"q_‘_the el ectrode through a G strap nmade of conductive material, such as
copper or the like, connecting the electrode to the ground circuitry.
[0034] A plasnma region is defined within a plasma confi nenent chanber 14
between the 5 upper electrode and the gSC. A sheath 152 is forned between
t-he plasnma and the substrate support surface of the ESC/ upper el ectrode.
When the variabl e capacitor .is tuned at the first end, the inner

transm ssjgisidd Mechamtaly drie®cBbnibdIRE JRRERnipI NS ERE BRMedtARall ddRREDDE, The

| npedance at the wafer level fromlowto high or fromhigh to |ow and the
RF cur r enset gopied medule 30 ypay drclysdedarsharismfuclzaginetot meehanisay peatdedst at t he
vari abl e i ' ravi idder side
of the quitaf SnucfuitbatindRitl of he ARRICERLGAY BAKRRABUBATCE ¥, Tand
~ ceram ¢ epevenmmsit sef-merfabe 0acud thevepawitamenput bub-inGefag4 1 Fbgardjug the
illustrates.ip nore detail the. RFE del.iver nd return th.to/fromthe

ol asne chiRisLl® cApiTish EPanpenbg s imptarelt 10 My inideAdtiipnn sy I fecs o
syst em i ntf0¢drsugh RFOfs Th¢ addificnal gubduietthdeg nfdly bp avelrto conttdlenpbadom chanber .
The RF source includes a RF 15generator 11 RF mat ching circuit box
120 for rB@%@Wﬁg‘sﬁoﬁ@“ﬁﬁ“ﬂb%ngﬁﬂrqcﬁssﬂﬁd%q ‘ﬁ‘h?‘@ﬁ??f@mie'f‘?ﬁe‘%fél?’f‘ce prior to
transm tt fdagstddheakls tRAMR usk®td feBeMRipBsmAnin HROIEHRAThAASS aBdBPREndHkeace.
The match circuit box 120 includes a match circuit 120-a and a tunable
capaci t or one@-more phthesepappnriaet ed bet ween the match circuit 120-a and the
RF feed 24 to apply a variable capacitance at the first end prior_to
transhf t t [0936k Rlee Iﬁ}égmr TeRives Pyt Halugirom dheRB povper inpr subipteaface 1 3Qay t

within th ' ol | 'lmelgﬁré : t he
I nt er nal ?nrgpﬁga %é:d;ﬂg?d p;h E{égl%ﬁ %gérrraag%ﬁnaﬁgrr@? %ﬂean | rrpg 5#@2&%&} {t)lﬁ%%ﬁR?:
gener at or plafthechambenvBre matching cisqvitthos gpravades etaharfgampedidceliospasletheon t he

nd
ngia

L S;?uﬁﬁ et BEHLRGE 83; $d1%0 BoG b Suiz 0 nd 8 r@tﬁﬁ%ﬁga %Qarﬁt%?fe &hugqugh the
i nner t r aleR 8 IR EPHE™E 402808 F° fhe RETEelE e R “hower i€P7EUr ned

t hr ough am@bissgoupled w the afh cirdbit. bThe@paditan@fphecdiriable chpchat IQ0itng
25circuit box 120, which is connected to He ound circuitr 0 npl et e
Che 1 68 ur HTBAGRSSE 4PEL FESPorince g0 Bl 217804 oMU BREPAC BBRET FRFOUBIREE w th a
user i nt eq$@CEheldaPacithiéisBioatrPll Hodld 130 reéeivdd bﬂﬁuﬂfr@ﬁﬁtﬁ&@}%aci@ﬁ& @putt he
sub-interfaces is a RF power input sub-interface 150a that controls

interface 150b of the computing device to generate the capacitance set value. The

~ capacitance value to be set for the variable capacitor 120-b is computed based on the RF
power and the geometry of the RF feed 24, which is discussed in more detail with reference
20  to Figure 4. The adjusting of the capacitance at the first end results in corresponding

adjustment to the capacitance and impedance at the second end. The adjusted impedance is

transmitted to the outer edge region of the ESC. The impedance at the outer edge region

causes voltage increase at the outer edge and the voltage reduces as the RF current moves

through the plasma back to ground following two different RF return paths that encompasses

25  the upper electrode, chamber wall, transmission line and the matching circuit.

[0037] Figure 3 illustrates a simplified electrical circuit 300, which is a representation of the
system illustrated in Figure 2. Various elements of electrical circuit 300 will further be
described with reference to Figure 5. The variable capacitor 120-b of Figure 2, is represented
as a capacitive element Cy of the electrical circuit 300. The capacitive element C; is

30 representative of the opposite capacitive adjustment caused by adjusting the capacitance
value Cy of the variable capacitor 120-b. The inductive element L, is representative of
inductance of the RF delivery and ground metal surface. Capacitive element Cg, is

representative of the capacitance exhibited by the sheath defined in the plasma chamber.



the amount of RF power that is'to be transmtted to the plasma chanber.

Anot her sub-interface is a capacitance input interface 150b for adjusting
the variable capacitor's 30paraneters (for e.g., setting capacitance

val ue). In one enbodi nent, the conputing device is connected to a

capaci tance set control nodul e 130, ich, in turn, is coupled to the

vari abl e capacitor so as to adjust t capaci tance value of the variable
capacitor based on the input provided at the sub-interface 150b. The

capaci  anGasl dEmAHIRL Re@ld AR EoFPRSIskite SRihoREn of uRfidtiheflagaRRani cal Iy
or electronically. Fof exanple, in case of mecHanrcal adjustient, the set
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par anet ergudeg achaied e febultshS a Wal Bhpdahe s ot e fird chdl A B epdhdiag W
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15vari ed b?sed u on(g cagﬁcitance set val ue received fromthe capacitance
set cont (e QUAGHUCHe capacitance set control nodul e 130 receives

i nput fr t capacj.tance_.input interface 150b of the copputing device to
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of the RF feed 24, which is discussed in nore detail with reference
15  existing electrical circuit to introduce a variable capacitor at the output end of the match

~ circuit. In one embodiment, in addition to introducing the variable capacitor to the output

end of the match circuit, the length df the transmission line may be sized to an effective
electrical length so as to cause impedance transformation at an operating frequency at the
wafer level. The effective electric length “L”, in one embodiment, depends on the RF

20 frequency provided to the transmission line. For example, in one embodiment, optimal result
has been observed when the tubular portion of the transmission line is curved/adjusted to
about ¥4 wavelength when the RF power provided at the transmission line is about 60 MHz.
In one embodiment, the length of the tubular portion is about 1 meter and the size of the
vertical portion surrounding the bowl-shaped portion is about 0.25 meters, for 60 MHz RF

25 powér. In another embodiment, the total length of the transmission line is about 1.25 meters
for 60 MHz RF power. As mentioned earlier, the effective electrical length may vary
depending on the RF frequency supplied through the transmission line.

[0039] Figure 4 illustrates the various components of a system with a cross section of a
plasma reactor contained therein that is used to provide high capacitance at a first end to

30  cause high impedance at a second end and high voltage distribution near an outer edge of an
electrode of the plasma reactor. As depicted, the plasma reactor is enclosed within a
chamber. The plasma reactor is surrounded by a chamber wall of the chamber. A plasma

confinement chamber is defined in the plasma reactor by a top electrode assembly and a



20to Figure 4. The adjusting of the capacitance at the first end results in
torrespondi ng adjustment to the capacitance and i npedance at the second
end. The adjusted inpedance is transnmtted to the outer edge region of the
ESC. ' Thé i npedance at the outer edge region causes voltage increase at the
outer edge and the voltage reduces as;jthe RF current noves through the

pl asma back to ground following two different RF return paths that .
enconpasses 25t he upper el ectrode, chanber wall, transm ssion |ine and the
mat chi ngé}ggémm%dno;tbm&ﬁbk Edsemible. STtiel tbpl sléc]gtaidﬁ &ssambiyrml:lh{ieisaobhewa@gdd fol
circuit i ich is a representation of the systemillustrated in Figure
> Vari ouedingprRRESs B8Yinlthsonbiagmentichanlher andip P oreeassdhe guckiasepbled

with ref ghQpRR tBQpﬁErH&'E&l_fﬁem&'ﬂ%hélxﬁﬁéra%@slﬁ@aﬁlﬁﬁkﬁx@és peffdrdtioR foFpAIER g8s 1 S
represented as a capacitive elenent Co of the electrical circuit 300. The
capaci t i vitovepxitipgthe plasing codinepericbamben ve of the opposite capacitive

adj ust nent caused by adjusti ngldt he capacitance value Co of the variable

capaci or{0940-The cirpek dsspmidy ingluded anmbgetrostatiq chuele progiieng sgubsteatosuppaduct ance

f the RF ' . I _ it iy
Pepr osent itk oilF ifd SR R oR Wit BEEvarkBPRThILS, FORTRIE e, |
pl asma chappbste.the 4bstRes suppon surfice vbthe HIE. iTheroafer asg rstdafinedarofind the

resi stance c onent of the plasma. Inductive elenent Lp.is.representative
of i nductPERBRTEPT (g subsirate, saprostSHEACS: T NAriayS ComRORSRL/BAY ncRde FPIRARERIS |y
descL i b?d,elatéﬂl’ty gélﬂinlg,rtﬁoﬁ@g)aﬁﬂﬁoaﬂﬁﬁft yitls Lt dtiostafic élﬁlﬁpl‘ﬂg,l’tb.&gﬂne aGapaThd olr 120-b.
at the first end wi resu I.n an opposite capacitive adjustment value Cl
at thé oubptt h%ésp%m@é@ﬁé@%%?g@&gb@ ‘TOH_SlfSi?fég LEEHY ek E¥orsserbifit e, tuning
the vari abl@usRBdS diMcriGufroth D ARSGLL G Hale tép?lbﬁ?ne@nﬁire bfRiafti r st end

results in a |l ow inpedance Zo at the first _end, a correspondi ng | ow
capaci t andemeys, geramic derents i alymiag slsmenty.1 The dieleetris sesonndsdcturpialso

el ectric | CUIL, LS, - .1 ef. ath to the ground
circuit r?en%eq%hfaggﬁg?lk}%ﬁ?%&%% t?%%’tﬁp‘ﬁd‘%ﬁ‘%% the ground circuitry.
The first u IS, 4t ﬁﬁ Ogr ound
shield 28[021??(] éﬁ%ﬂp"g’% gﬁrg%dé?%og%%{a rt{’/gs e%gdggglﬁlgggg{hﬁ E\lggl e{sﬁe?rgutlj}é%]g]%ﬁé pl asma
to the deliver RF power to the outer ring of the ESC through the dielectric surround structure. The -

'RF feed includes a bowl-shaped portion 122 and a tubular portion 124. The bowl-shaped
portion 122 surrounds the ESC assembly conforming to the shape of the ESC assembly and
the tubular portion is connected to the bottom of the bowl-shaped portion and extends
laterally away from the ESC assembly to the chamber wall 30 of the plasma reactor. A first

20 end 101 defined in the tubular portion 124 of the RF feed extending outside the chamber wall .
30 is connected to a match circuit box 120 and the match circuit box 120 is coupled to a RF
generator 132 such that the match circuit box 120 is between the RF generator 132 and the
RF feed. The match circuit box 120 is connected up to the mechanical wall of the chamber
30 and is grounded by connecting to ground circuitry. The match circuit box houses a

25  matching circuit 120-a and a tunable capacitor 120-b. The RF feed includes an inner
transmission line and an outer wall. The inner transmission line is connected to the output
from the match circuit box 120. The outer wall of the RF feed is connected to the ground

circuitry to complete the RF return path.

[0042] A computer system is connected to the RF generator 132 to control and manage the
30  RF power that is provided to the plasma reactor. The computer system is also connected to

the match circuit box 120 through a capacitance set control module 126 to control tuning of

the variable capacitor 120-b connected to the output end of the match circuit 120-a. The

tuning may be mechanical (i.e. motor driven) or electronic and is based on the capacitance



upper el ectrode, C shroud and the ground circuitry through the insulation
bul k' of the dielectric surround structure. [0038] The enbodi nents of the

i nvention provide a way to adjust the inpedance at the wafer | evel so as to
cause uniformty or adjustnment in the ion flux by mnimally nodifying the
15exi sting electrical circuit to introduce a variable capacitor at the

out put end of the match circuit. In pne-enbodinent, in addition to

i ntroduci ng the variable capacitor to the output end of the match circuit,
the I'ength of the transmi ssion |line may be sized to an effective electrical
| engt h salupsinpus foguhe competersysiem: theongh the gapaciianca setzantopencdulen@6f Thguency at
t he wafe I : i | &l Ch o d . | ment,
depends %ﬁh%#§Sﬁﬁ;gg?§&%ﬁg%€¥§%ﬁg§ﬁ%% Pgap%%HF?gﬂgﬁkg%ﬁ%%nﬁgﬁggéFor

exanpl e, 150a-160£foe odomahilingreng oopibreatribntes uf the hib pheess pelferoddd thetpdasntahe

t ubul ar portion of e transm ssion |line is curved/ adj usted about 1/4
wavel angleReEATDFe TR B % FORT S 2K 6 e PIOEECHEGHon § SRR about 60
MHz. 3§ n Rbige. eR&asthmBR! subluder ihRffEéd J0b nidydetuskitoProvi® dabsiitahde sefti@pt 1 neter
and the size of the vertical partion surroundi quthe bow - shaped portion is

about 0.¥UssEe Wi sapaciiancg getppirakmosisiso\e8 that drves s mator inyBshmYAE2bE he t ot al

| engt h ofaphdifr bl BERAIHTIEMt bdxD 8t §FDufiRUotel: tRR 0B AF bl sdthgMadfucRE pover .
As mentioned earlier, the effective electrical Iength nay vary dependi ng on

t he RF ffounditondhe vauphle camdcitary Galgiptinabsattingiptieds issd duripgthe MdOBOYchFi gure 4
Il lustr | e ] . . | of a
pl asma f@§§?%?£%%ﬂ%%?ﬂ§% t eggi%H?H%%wﬁgﬁﬁéggﬁ%gﬁggﬁ@wﬁgﬁﬁﬁaﬁggg%ggitance
at al( i refclegredodical 30 oxca dséerent phasespittiaptck patcess. second end and hi gh vol t age
di stribution near an outer edge of an electrode of the plasma reactor. As
depi ct ed[0043]eln gbaentonabaystenr wheare ¢hecd Do daniatlhicapacitos peovidied .in theenagpihas ma

LS80 Lt SHRR R ARkl S AL B QOB TReet o
assenbl ythaRE faed is high and the impedance across the insulation bulk represented by the dielectric
surround structure is low. Due to the presence of low impedance at the exit area near the
15  outer ring, there is low impedancé to the current exiting the insulation bulk thereby causing
the current to flow easily toward the chamber wall. This boundary condition effectively
establishes a center-high elef:tric field profile described by the 0™ order Bessel function of
first kind [1] across thé wafer, as shown by curve 1 of Figure 8. The variation in the electric
field pattern affects the etch rate pattern. Adjusting the RF power in order to provide a more
20  even etch rate pattern would result in a modest reduction of the center-high electric field
pattern, as illustrated by curve 2 of Figure 8, but does not fully address the non-uniform etch

rate pattern.

[0044] In order to control this non-uniformity in the etch rate, the impedance has to be
increased across the insulation bulk to force an increase in the electric field and voltage at the
25  edges. Since the insulation bulk is not an isolated insulator but an integrated part of the RF
transmission line system, impedance can be adjusted at the second end by adjusting the
capacitance at the first end of the RF feed. Adjusting the capacitance would cause the RF
transmission line to behave like an impedance transformer transferring the low impedance at
first end to high impedance at the second end and vice versa. A variable capacitor is added to
30 the RF match circuit so as to adjust the capacitance at the first end prior to transmitting the
RF power through the inner transmission line of the RF feed. The capacitance value Cy of the
variable capacitor at the first end 101 of the RF feed is increased using the user interface

150b. In one embodiment illustrated in Figure 4, Cyis increased from 0 pico Farads (pF) to



11 lower electrostatic chuck assenbly. The top el ectrode assenbly includes
-4 shower head for feeding process gas into the confinenent chanber and a
shroud to engage the chuck assenbly to define the plasma confinenent
chanmber. The shroud includes perforations for process gas flow exiting the
pl asma confi nenent chanber. 5[0040] The3chuck assenbly includes an

el ectrostatic chuck providing a substrate support surface and an outer ring
defined on the top side and various c onents coupled to the side opposite
t he substr atbeutééﬁ pbr Thisgaysag the @fansrméﬂ@%e tPigenvsftiato apjimpedagcedednsioaderar ound
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and the tubular portionis conn ed to the bottom of the bow - shaped

portionaan I

wal | 3 0 q?ﬁ@] mgirﬁ%e%%@tﬂé rgﬁﬂ%ﬁl rs@mi%hgu §¥)ﬁf§§§§ﬁ§ %]%%}e?%&{l uI ar :
portion 124§om‘e df Iﬂf}: dRfmdreeaf th¢lendeah giraut ¥i0dealltbh explhinabarrelaadd toEIfoersnt
connect ed t a t he tch ¢

o ea o Sereati . it bR ¥or SAnBS ik Lo pRAich o chfifielipd RéibGerg 720
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circui t1512Qip§lléiﬂg thi¢ ﬁrb{rkﬁﬁlcﬁusgﬁﬁ% F&rltaﬂc%(t Land hieRmpe@alde Zlﬂé‘tlth@ﬁ&,ll@t[bn' nner
transnission |ine and an outer wal he inner transmssion line is

connect ed thylk thet cstriesdn the oier regonpdtherEXG euélectiodr). Ihe vollre eaiiingoutefithe of
the RF fee jﬁuia\ltl%ﬂ @ﬂﬁ(catt ﬂlq otuﬂ:r }e%?ong('i Qgﬁ%gg%é[rg) dﬂ"tﬁer %ﬁé&h&_ﬂﬁ% S{c%uﬁtgr@ 1@911%1% urn

path. [004 conputer systemis C to t gener at or
control. andmpedmgeattthmomﬁ r&iom(ﬂervottmtand,shepca;the(tmutctﬁdldfs h[ighasemathe eutet or .

The conputer, s is.also. c nnec 0 tch ¢ it ﬁ 120 t hr ough
2 capact tarfes BOS R B R g S BT Ry oy RECyEr Pt
capaci taor 1BOcdntes @nﬂﬁ@hadbetromelmlt@ga disttibetios 1oﬂlu§ﬂreﬁedw o veticduirbwi 2Gha. The
tuning may be mechatnl cal not or. dri.ven) or _electronic %nd i.s based on
the capaci ttqp pertion of Figure 5 The reduction in the intensity of the voltage across the wafer surface

is represented by the reduction in the height of the vertical arrows from the edge toward the

center of the chamber. The voltage distribution defined in this embodiment is represented by

curve 3 in Figure 8. The ideal goal is to attain a balanced voltage distribution in order to

25  effectuate a more even electric field pattern at the wafer level, as illustrated by curve 4 in

Figure 8. The electrical field pattern, as mentioned earlier, drives the ion flux distribution

and the etch rate pattern on the wafer surface.

[0046] In order to attain more balanced voltage distribution across the wafer surface, the
variable capacitor is tuned at the first end. Balanced distribution of voltage would result in
30 the formation of a more leveled electrical field pattern over the wafer surface, as shown by
curve 4 in Figure 8. In order to achieve the balanced distribution, in one embodiment,
variable capacitor is tuned based on the RF power provided at the transmission line and on

the effective electrical length of the transmission line. The effective electrical length, in one



val ue input fromthe conputer systemthrough the capacitance set contro
nodul’'e 126. The conputer system may include a user interface 150 with a
plurality of sub-user interfaces 150a-150f for controlling one or nore
attributes of the etch process perfornmed in the plasma reactor chanber. The
data for the interface may al so be ppggranned based on a defined 5 recipe.
For exanple, sub-user interface 150b y be used to provide capacitance
setting values to the capacitance set control nodule 126 that drives the

- Mot or t QpidyAfnddigs YeHdea Rt & suA BRMk hofizdntal 1dAG TR € Andihk Gbiticall@hgth ¢1t2~dfoul d be
noted that once an opti nal setting value is found for the variable

capaci t ohe RFHead. djor example dhe honigontal lersth of the RY fengris ﬁgﬁqeﬂ@s mfmimém@@ &h process
conducte iwel L during
o et oh oS bl S REER e ol DR ik hERRRELM €8 GAYRTARlelRES U

[ 0043] |A mdiigeat) ohat tleysnhenisvibetiee sloewped ® thmmvmh cmcbhteboma\qaamglt@r provi ded

int natc circuit bo t he capacitan t the L AsS a

esult, THEBe R R R e oo e L i oo e g 1 B GRCaier Rt P pedance
across tn’e TRSWridal pottibubRihe RPTiesias iefhed s te@erdttel B abiithe BotfonDoMHe St r uct ur e
is low. Due to the presence %ﬁélow | anqe

F the exit are ?i; t he
150ut er BaWlghared prionof thoRE d’él?{ﬁsén e ©gRs RoRt 1 teprrgentarPy Bisul at i on
bul k t hej ehyur€ auderRAnd RE p GWEIr@l'fktrs {he lﬁshewo@eakl Yo 4RVIRF Bmb&iEmenamper wal | .
Thi s boundary condition e fectively establishes a center-hugh electric
field prdfactiee de@ccral tﬂeethbgldqfhedes the dengthr offfessisansmisgien ding frowrthe inpytendi nd [ 1]
acro r in the
el ectri c(hg |f‘§?tf er n aw 5@%/5518}1] }e{gles'gc 8@1?@[03%%? (t%grc l-rgaﬁt Béﬁuﬂsatl gg&t he RF
power i nvamabllercapamtmtowhmc@dmndewhE&etheRanbwhr is spplipditot tbe msu\lawrdbtdleslml t ina
nodest reductiqQn t he center-high.electric.field pattern, .as, jl]ustrated
by o v S cgbodimdh dheseop Y Eid niher pifioh of s Sadn Bt fiss i buthd o ch
rate paE1 tisef mter{ge@ﬂéxlghmh ﬁfe(jﬁdipots@i Rprwm ant ﬂle&oﬁ@ﬁﬁ@dd‘vﬂ{erﬁotnpuleﬁltlfeﬂe et fch
rate, the jnpedance has t |ncr 0 e insu u to force
an i ncr eHBRECAPACHY %qaegﬁw?le thatyqyidysg Vaab@%a lste‘wélozeéﬁlj ﬂaggf fBe the
I nsuj At | SRHHEKbOEmMBRAL th@@ftbe‘iﬁle%te@ﬁhc'léh%%ﬂ SR triidnisRdni1Mb RGhALes tHRakér of the
RF transm ssion |ine systen] ﬂge ance can be adjusted at the second end by
adj ust i nigterfaec depsvith hepsonesed Rlg pewergnd &Woemutwedqwefceeautemmmmgwg t he
capacit

&% ci gltrgltgg@hllﬁg tﬁap@]pﬁﬁ résﬁlﬁnﬁﬁaﬁﬁ%&) Bistriolfor & tpgbéilagr e hi thg‘rﬁﬁt o high

i npedance*transforimer transferring t ow | npedance at st e

i npedanclevelt It dre swodimkeng fdr G Hziof &F\wmadesmah,ladlsatblueomaﬁihcwltalge hss added
to 30th tc ircuit so lj ust aC|t flrst end
bri ot o< SHer i 4 cemfikah ool Pt Sty SFREP ARE R oot Pt P of
t he RF f st 500 ﬂileo Eapd(pF proc®owtel00 @F CA mbretdesirable dlstrlbutlon of the Voltage has

been observed when capacitance value is between about 75 pF to about 300 pF and an

optimal distribution of voltage has been observed when the capacitance value is set between

about 100 pF to about 200 pF.

[0047] Figure 6 illustrates effective transformation of capacitanee/ irhpedance value that

25  provides optimal distribution of electric field/voltage across the wafer under the plaéma. The
boxed section represents the value of capacitance and the corresponding impedance used
during processing of the wafer using conventional methods. The optimal value, in one

embodiment of the invention, is illustrated by the curve segment between points A and B.

[0048] Figures 7a-7f illustrate the electric field pattern on the wafer level when the

30  capacitance value ranges from O pF to about 200 pF. As can be seen from Figures 7a-7f, in
one embodiment, the optimal electric field pattern and hence a uniform ion flux is achieved
when the capacitance value is set at 150 pF when 60 MHz RF power is used. It should be

noted that the optimal capacitance value is based on characteristics of the RF power used, the



vari abl e capacitor at the first end 101 of the RF feed is increased using
t'he user interface 150b. In one enbodinent illustrated in Figure 4, Co is

i ncreased fromO pico Farads (pF) to 13 about 150 pF. This causes the
transmission line to convert into an inpedance transforner resulting in |ow
i npedance Zo at the first end, corresponding | ow capacitance ClL and high
i-npedance Z1 at the second end 102. THhe | ow capacitance Cl and the high

i npedance Z1 is carried across ‘the insulation bulk to the exit point 104 at
the outer ring. In one enbodiment, the outer rimng is essentially a focus -
ring thatirasspissentire anddhesplpssna piprertigse Aysiagasult &gidfereyt REmowenadr . Due to

the high ehﬁ&ﬁg%ﬁ% ichNehdtf o hiraﬁsﬁfﬁ?si&qﬁﬁ@/,e Qohﬁ%al%b&cﬁt%e%lu%%‘a the outer
t the vo the e

ring and e chanper wall, tage and, hence, lectri¢ field at
" the edge differedie wafer is high and reduces as it spreads toward the center. -
The distribution of the voltage across the wafer surface is illustrated in

Fi.gure 5.[0049] I Gfxmibodiouwent,eften thengedimicaFleggthdalls, shotter isdengenthemthebul k 500 of

t he pl.as reactor.is s . .Sone.of the elenpnts .of the electrical. circuit
500 w1 Re B s iraeri s oFa feth iy pEpaRTRL e v FRTHE pRBERL [ on |
bul k. Foror éxail the pithe FeosxampRt inihe @mbodin@ug ivbee theelatrichiblyegts oflh® and 106 -
with the insulation bulk ip-between are part of the capacitive el enent Cl.
The i nduc®AHRISSOf ﬁ%lé?cwgfrarga 5 gfiective el_ﬁaﬁ%tﬁald?ngfméhqnﬁﬁ 19R3ENE RNt LI, The
hi gh Cap%ﬁﬂé@tﬂ?ﬁlu@@th%%?e@@ichﬁ%g@ﬁ of the trhrshfitsiditheC BURRALlY, Aher R aktiRACEe C

and hi gher inpedance Z1 at the insulation bulk that carries to the outer
regi on oflengeoftiatragsmissiog|ling is haeqr. thaprbe ¢ifectiye eleetyiralilongths then gppropgate

| nsulit ! kiitd 1aallfo et BRI lefixh BRhE RARHAsi@f lideNe Support surface
encounters the~ higher 1 npedance at the outer region. The voltage and,

hence, t : 1 §:.fl o i : . age
exits th ﬁ?sﬁiﬁ%‘ﬁ %lns absﬁ#gmgeﬁcf%eg%ﬁlgggargfa%bﬁét)en |utt1§gg§ste}g@ﬁ)rrrro%\l}élgﬁf I\(gtm rd 20

t he cent emboflimecnts dekmibbéhereifthdt shohld bgepieaited that tho meilwds fi¢sosbaddtesun by t he
verti cal ar rows t the tog. B%lrtion.of Fti ure. 5. The redugtion 1i n_the

i nt ensi t yRBFOSRREOTRIG L AP PLOEHIERTED- WP AR SOTETUBE SLTHRE RN t he
reduct i oroimputehsysteai. Bpecial purpse vanputera) wiith arasledigmador Pogenlgited 10\parfomi he
center. of the chanber. The \F/A)It ge distrihution defi ned,iOF t hi s enpodi nment
i's rdpr eSaht g fetiepmgay bg ys ﬁtgwléer@twerh § CREUIG Syitemp incfydest pepal o

bal anced pr@lelsitpturi €PU) 2004, Whidhfs SR thidudbbii 1086 ididhfonadteistnéNGy
electric'field pattern at the wafer level, as illustrated by curve 4 in

Fi gure 8.(RHM 18R8gead-enly nemendi(RSM 6013, andkmpss storags davien 014 iCapanitaness t he
ion flux cgh&gg)'rr&[ﬁrh%osa&qﬁélﬂ% lﬂtﬁﬁeﬁr@éﬁm\?gf E gn2re3ﬂe§ G MR LccSN

[ 0046] In or o attaln nore ba Istribution across the
waf er sunRadd), 102B.eub eani Aty residaandss otorages 10 LhaRQM H0h2. first end. Bal anced
distribution of voltage would result in 30 the formation of a nore |eveled
el ect20i cd0051] Mais patage devicevidi 4 répaesantt @ pesistehbidaty starmgs ot sbgh asur fleppg | n

Figure 8..1n, order .to, achi eve the bhal anced distri i O i p_one, enbodi nent,
Vs b o Atk PER ik QT ¢k mi oF RESEar SiBliks RebOR insdrs? T
t ransm sgiréiddsicofneafichsofa fidt@oki108Z, tally@ingl ceminuniationsenigi dthafdetioes. It

i ne. The l.ength, in one 14 enbodi nent,

transm ssjo ff i el ectrical.

i s definé O‘QQ Ibﬁa%?ﬁ‘%?d '?‘Hte&ﬁgrlﬁ(g“o‘i‘??% © erahRgiqd in pigencralcPummAse PRFES¥al | engt h

"L2" of tspeidpufRedprob@Sorrdpl&allyl 16 graMired Wi ddeviRN Wight/Outpubg/d- feed is

defined as the distance Li of the tubular portion of the transm ssion |ine

f r om2he iptagese peoddgsicommunicption witkydiffeesnt perwherels apgd iseonnestad; with €PU) wher e

the transgossta lohBROS B8Pl hasOstbiEe HREGN 0%k itdhbn BRX 078 sagpik he
peripherals include display 1018, keyboard 1022, cursor control 1024, removable media

device 1034, etc.

[0052] Display 1018 is configured to display the user interfaces described herein. Keyboard
30 1022, cursor control 1024, removable media device 1034, and other peripherals are coupled
to I/O interface 1020 in order to communicate information in command selections to CPU

1004. It should be appreciated that data to and from external devices may be communicated



Svariabl e capacitor up to the bottom of the bow -shaped portion of the RF
Teed, represented by A'. The vertical portion of the RF feed is defined as
the length L2 fromthe bottom of the bow -shaped portion of the RF feed,
represented by A", to the point 102, represented by B', in Figure 4 where
t he RF power enters the insulation bylk. In another enbodlnent t he
effective electrical length is defindfl as the | ength of the transn155|on
line fromthe input end 10(i.e. first end) where the transmssion line is
coupl ed i

cecond el IR ReRLOAL theibodiinitah o bR RLANA f ARAEM oo Dbl
enbodi rreaﬁwrohfmentgemmé rtaysksfards hnerfbnmhndl by rp@otei pocasding evicea s assiliaked | ne 1S
i nput to the user rfac along with the proposed RF power and the

conput i n§* |6@“%% E?%g“?ﬁﬁr?ﬂﬁ1 frg capacitor's range val ue that woul d

result di st i,on af the volta 15 .anot her enbodl ment ,
the eff eE‘{‘)?@LE@ﬁ%@Wm& desithen B ol bhRAAEER ot VO CRIE BOhe. s er
i nt er § ac gorHeiiiold Bl HhemeRIedtvdks, NaRIpravashol BRstGRATRMEIoPIEBY-Biled )
conputes the tuni n% cap acutor s range . value that would result in baI anced

di st ri buPT BIRSHMRk mswaaee legtropice, REMcOmPUEse Maitfrnmeonaisy prb e likeor 60
MHz of Rirpewesdifiests caPhgo @E: %Hch@éﬂt inQistRbuttd €orﬂﬁltﬁl§9:ﬁv1%}ﬁnéﬁ?se»0hé?9 $Rkyed
when the capacitance set value conputed by the conputing device is between
20 about as@eppuecdyremiste pprcessing dejises thage prked shnouglea nitwprkabl e di st ri buti on
of the voltage has been observed when capacitance val ue is between about 75
pF -t o abi¥54BBhthhe aﬁmermntiomd dediledidssaripbon pHwmarisius eoibpdigwnisas nisthed fobser ved
whent he it F.
To0a 1 PERRag P I taulod: PALpRT LU RRBRE I Jotirehls b RO .

capaci t ant dhistrmedthncarivial preceshaperafops awobes iroplocessing i vedfer i wt plasinaddtch
electric field/volta 0SS t waf er_under the.plasma. . T oxed.section
Fepr esenflTiEuySs v Bied ety At AT gotst PeiBah paEiTI S Teod
during phQREAHH KGthQn ddtod@hBings bupgokt @IYARB ah® B buteBfcbidd Yefiddiethpénd, 3l

val ue, in one _enbodi nent of the invention, is illustrated by the curve

segnent BEWVigsdn Iperhwmbenisssfingd fon plgsma propessing of 7 wafer. ARRISRv és @mﬁhe
el ecysi cf inglcibcRadd & egﬂaﬁm yﬁilﬁ&rake%vl‘ﬁ'o ¥f360n § IR, 3Phe aRAICH gl ue

ranges from O pF to about can De seen from Fidures |n one
enbodi mepemmuhigatexbtoi thachambscthmughfaucen@cpm d@wnryaqqdnd@emenct\reulmeﬂdhnwglon f1 ux

is achie
power i s\éggréaéﬁﬁﬁ }ep'ﬁ% @ﬁl%gﬁo%ﬁﬂg%e ?én an%l ‘fe‘?ge'g 1 aﬁ%negva 0& s
based onaddngthathitenises bpxsnajfimphhnfaftrmfmnatumeman b;lsmatmgﬁrdquamsm ssion line

and the plasma properties. As a result, for different RF power and/or
ef fecti v§oosBpAt asapaaiianéeersgaﬁphed at hefirstr anlsoﬁ thei ndidtivne delivtey @phnectdn and

capacz‘bt a

&]Sstg(? Isouaes to éalluse andcl)gp]:)glte caE)acmve adjustment at a second end of the conductive
delivery connection, as illustrated in operation 1130. The second end of the conductive
delivery connection is coupled to a dielectric surround structure that surrounds the electrode.
The opposite capacitive adjustment provided at the second end is presented by the dielectric
surround structure near the outer region of the electrode. The opposite capacitive adjustment
25  at the second end and the outer region causes a decrease of capacitance and a corresponding
increase of impedance at the wafer level when capacitance is increased at the first end.
Increasing the impedance at the second end and, hence, at the outer region causes increase in
voltage distribution near the outer region. The voltage distribution decreases toward the
center of the support surface of the electrode as the voltage moves away from the outer

30  region/chamber wall due to the impedance.

[0056] Thus, the various embodiments of the invention provides an easy and efficient way of

controlling the current phase at the wafer by introducing a variable capacitor to the system



[ 0049] In one enbodi nent, when the electrical length falls short or is
I'onger then the effective electrical length, the electrical length is

adj usted by adding either dielectric material or netal in the path. For
exanpl e, in one enbodi ment, when the electrical length of the transnmi ssion
line is longer than the effective electrical length, then dielectric
material is added to reduce the el ecyyical |ength of the transmi ssion line.
Simlarly, when the electrical length of the transmssion |ine is shorter
than the effective electrical |ength, then appropriate 10nmetal nay be added
t 0 i ncr eask ntakimgehsecofi exastingl BRgiransmissioh elirter fromnths smatoh |autpat t§ GBS Gafdsi gure 9
is asinmlified_schematic diagramof .a conputi.ng,system for inplepenting
enbodi meRfiSHES 0 Bt Farastch PalseR, dhe TARTIARIOE U8 10 At S 1 HEPFIEPROas
descri begaly@dreien TRYcHiBsdPRIthOExBthgWyktBmas shhall bl cdMpaGBIe SHithths Ysstednd uch as
a conventional , g}gner al - pur pose conputer system Special purpgse conputers,

whi ch ar HedBIYGn s dluepioo freamitedfaielt 98 ther Yarieklsnrapagiics Bubralistie: ndlF be

used ¢n &Q%{%@tzﬁwaf {h¥ Smpdd3Bc CHDUERE, ﬁx}é%hﬁ@ﬂtiﬁﬁgie%% Rafef MVERIIONsGELSSI NY

unit (CPU) , Which is coupled through bus 1010 to random access nenory

(RAM) 108, formatipncef] differsnio elpctfirdiv)d partens atnthe ieafer lsvelrangecadestinipatg oher.
-.Capacita GORt . 8 el r | 4pr

o des ter Bl ARl QAUE S IR Nty oyl RS, R R B

st orage fd@ttdn dne ROMelfofrRatiadO¢fOdi HtjentVelsstris tfwtd g@tedevicadts1i Ishbstapnbyeht s a -
persi stent .da stgrage device such as a floppy disc drive or a fixed disc
drive, wii'éi® et ocal or rempte. Network interface 1030 provi des

connegct i Vi a, ne rk 103 al l-owi ng conmuni cati ons..with other devices.

e orGut 05 AR B ettt or R o HEYIBEY omonat iater yerort Your pose
pr ocess Otindedst&ddeatadthd? Hop ke OSRSAdhs nAf b3 peffemhal ih\bepwdf loperatichs| 6gi C

devi ce. | nput/ Qut p§t S,I 1%& 2% i Ht erface provi des comruni cation w.th

di f f er enPPREHIPH Y BF adigsted F&tBIGAMERICHAL S EMIYSRIPreg Gunes rnmpayPralistrepd 01 2,
and messish QAR wifM SfowOhE octiLOBr BiESprdlkling SpBRIiShsPR VaRB&' Rbegvdiic! ude
di splay 1018, keyboard 1022, cursor control 102%, renovabl e nedi a device
1034, et assogiged HithDtheppragessing.say dongoast thgupreerssing ¢f Ib¢ gyerldyeopesations mrer f aces

desck i be j 30 1022, cursor control 1024, renovabl e nedi a
devrg% 1 %ﬁ?ﬁgﬁgﬂggﬁégggégybherals are coupled to 110 interface 1020 in-

der t ' At ti i ' 4 |t
Shoul . DISOSETRINGE Sy BT BB R IEIE A S ABE Ak Al roriilsed
comuni caf darity bf uhderstargting] itOwillriecappaent tht2@rtaif lvbareb adi modifisatoan cal so be
ticed in di .1 hut ed ti i ts,. t ask f d
D 27 ot Brafiiest o2 B E0pe SERE b habl et o fors Bl B R SSouliRi ™
W r el essamabwerdonsil&od 3} ilkixhahienaidt fot destidtiveeshdhe @nibodimyenfiearpmactd 6&€d Wit h

vari Qus conputer system , . L .
20  limited to the details given herein, but may be modified within the scope and equivalents of

the appended claims.

What is claimed is:



5 configurations including hand-hel d devi ces, m croprocessor systens,

M cr opr ocessor - based or progranmabl e consuner el ectronics, m niconputers,
mai nframe conputers and the |ike. The enbodi nents can al so be practiced in
di stri buted conputing environnments where tasks are perfornmed by renote
processi ng devices that are |linked through a network. [0054] Wth the

af orenenti oned detail ed description of various enbodi nents, a nmethod for 10
processing a wafer in a chanber will now be described with reference to
Figure 10. Figure 10 illustrates the various process operations involved in
- processing a wafer in a plasma etch thanber using very high frequency RF
power. The process begins at operation 1110 wherein a chanber with an

el ectrode having a support surface and an outer region defined thereon, is
provi ded. The chanber is defined forCpAmasm processing of a wafer. An RF
power is applied 15 to the electrode of the chanber, as illustrated in

oper at i onl-112@ methed fo5 procesginge WIKRESOMPESIBE muni cated to the chanber through
a conductive QdeliMdEs ¥ HaRBReFt fleidrddd 1Bz RREpIoRrBHIR afd PREHMCIEY Relogt Ur N
connection of a RF teed. The conductive delivery connection is Sized to a

| engt h t Hiefinedtherein, Hp chamer dqfwé@’gﬁe@srp%arﬁngsra{%wa%f; an operating .
frequency. [O0Qpalinga¢ARAELfRMGARFFpARP I BElclBétrale bf thé thadiler, e dppeda@nduct i ve
del ivery connection and 20 adjusted so as to cause an opposite capacitive
adj ust mermowst bengeoounehicated tothe elsetredsyirceonductigie iglivemcorrnetietandgn, as

{11ustr ?t&ﬁddcﬂvé’i%ﬁ{r@ma&ﬁ%ﬁﬁﬁe oHdfctHE GARER ARG iof RF/ 0N EMERiohGo BRIVIdET Y
connection 1s coupled to a dlefectrlp surround structure that surrounds the
el ect r odean effaetivgsipeisiceldengtipthat cepsgeanigjpgdanse Hansfrgtiaded ameperdiag Sisgemel:end i s
presented by t I i k of the
Gl cctrode, e Snbh ERablao Rk OHIGE AL EHEhaE JBRRLY ROl e PERIARCT ( he
out er r egheing adprspbls tacaiecanaappesite impaiprosiatimsoentatd second endef plmadndustiveicr ease

of i npeda . I it S G the first
end. Inc#%gg?ﬂém%ﬁgmwﬁ%gégﬁgﬁggﬁ%ﬁﬁgogeco%&d%%%ﬁgﬁﬁv&ﬁgﬁggéﬁ%{ﬁ%he out er
regi on causesndsterebagedd, thevidldcageutowidrsirhettie presergiag thervpporite @npedegieon.  The
I e T e
wal | due first dntl eadseqectaraending @fstdaseldfimpedatie av the iseosd emb) deiimesusing of the he

i nvention. provides an easy.and efficient.. .of coptrolli t he rrent
phase at IREIRRET BAhyeqAiePd B seg 2 4OURe dishibho opsag e gt st e tien, 17
and maki ngectroée hifit dxieades togvafda deh@nsiths sipport birface dffthereledwderat ch out put to
the wafer, Adjysti t he variahl e.capacitor causes. the tr ission line to
act as an®i npé'g’ﬁﬁl?g%filogﬁlglf’b{’rf@ﬁ?}fer W@B@ﬁgﬁg"ﬁtr{%ﬂ?'f‘f&dé})ﬁ%ﬂh %’gisng%/éf {?Fn is small
and conpagonBhdtiviiiéliveitytOnfe¢ G140 a3 fsiretling tipaEnsiddsHt tibudnduetivdéeliveryegr at i on of
the variabl e capacjtor. i.s negligjble. The 5 transfarmtion.of_ the inpedance
and, henc“é’,““?"i‘i@‘?ﬂodb? %{ﬁ?tl‘b%‘g%cg““&?fe?ﬁg W &pe q‘@%f‘m&?lﬂﬁ\ﬁgn‘?"(ﬁpveﬁ# V¢¥r mat i on
of di ffer gphecib® Blgrdater fag it dBREARINSIrRAI 143h, Waf er | evel and can elininate
the center-high standing wave pattern. The ion flux distribution and,

therefore, thevhsraminelydiag ferdideciricmaena ta the p3th eiakies gptpYl ipsdareent el ectric

fiel d pat{gkRsmiRaut the ob&aiisindgadicy 8t ¥ t&lddchR\tei@rPéonhfigionaf er . 10100571
Al t hough the nethod operations were described in a specific order, it

shoul dbe3-undefhsmessipdiof sleinpl Husthen bigding eprdugtivssialite s pah delneB &y sr f or med i n
bet ween Ogﬁggéﬂveaaive&rco&pe%ﬁ@ﬁ IR %, B RehAfbRiRbraR bhdlttd&yivageur at

slightly erent ti'mes, or may be distributed in a system which allows
t he occur caanetionfo thteffestivedewiicaglcoghy ehen dhresdimensiaardf therondnctveddliseris soci at ed
with the grogc%ggﬁsqgs,s ﬂ%% dh o&gct%% e‘iéﬁﬁicgrl&(‘gﬂﬁs' ng of the overlay operations
are 15 perforned int e desire way. :
wherein including the conductive metal to the path enables optimal impedance
transformation at the operating frequency of the conductive delivery connection.
4. The method of claim 1,. wherein the effective electrical length of the conductive delivery

connection is about ¥4 wavelength for RF power of 60 MHz.



100581 Al though the foregoing enbodi nents have been described in sone
detail for purposes of clarity of understanding, it will be apparent that
certain changes and nodifications can be practiced within the scope of ‘the
appended cl ai ms. Accordingly, the present enbodi nents are to be consi dered
as illustrative and not restrictive, and the enbodi ments are not to be 20
l-imted to the details given herein, but may be nodified within the scope
and equi val ents of the appended clains. Wiat is clained is: 18 CLAIMS 1.
A nmet hod for processing a wafer, copprising: provi ding a chanber with
an el ectrode having a support surfaCe and an outer edge region defined
therein, the chanber defined for plasnma processing of the wafer;

appl yi N, a r gt hefto8 GHQRAY1, WREDeiPR¥EIpatifné @ £1IRCAL QAR iHerddAR abdlRAPEr . the
appl i ed RF power being comunicated to the el ectrode via a conductive

del i ver ypi (PR andehoubS®akduct i ve return connection, the conductive
del i veryg, con I | e i : rovide an effective electrical
angt b thiat caiBRaRunRY bReSul s VART, Qterint:

setting a capabimbenés plasma pfocessing efthe yfafarithe ehamberchaving adelertyasiepssemhlyect i on,
the cap 'Eﬁﬂﬁﬁ [0 } ' A4 j I dapge adj ust ment
at. a se?%% én S%ﬁb?ﬁggg%ﬁgégg#SQkﬁg 32 3 congggﬁ %ﬁ?ﬁ#ﬁg sec%nd end bei ng
coupl ed to aadadi¢d Gequenay (Bl) povandousea forprovidingRdt poswer roghaelscitodeassémblyr ode,
the dielectri r . [ ' ' '

ad; ust ment AR HRaeLnfnd b EhiL S PLEREBLARE P BcARRa L R IRFARES

- i ncr easipoyet $arceathaBF pawercoanectibrestfuctugt indnding a uereluctiveclelivees gumnelitiog td ncr ease
of | Mhedancs dlrf NE FECRILEL. ffdIPcd AR SERNY Okl A IBSHAANCE. R Lhe
second end i ncreaSes a vof?age At FUbut on near the out'er edye regi on of

t he el egtowedfrom tiat sublerreoths ®F pfoomacwinectionr swerurehaviripe lsngpthat exsand$ ace of t he
el ectrode 2. ~-The h of claim, further. including dielectric materi al
Co’a pachist e A End R URASE i PRy FbI P smitatilae ST Tetce. t he
di mensi dengi istséteforcamngerating/ feqhendyy@icl thaotha &apih@natiles inpedaaéd eabiovaatishect ri cal

| engt h, when the. di nensjon of fhe canductive delivery connection is greater

t han thebeé"'l{ere&g}eﬁvg eg&gﬁtﬁ? Eeﬁf’mf%ﬁg?rﬁ, wherei n including the

dielectric material t oatdii@blpaigaciesabipdsd 4 Heifiidtlend op@eRACe transformation at

t he operating frequency of . the condugti.ve del i.v%F% cobqnecti on. 3. The
Defegp

met hod of cl ai m 1POYGFPHEFINTEPCIie Ny R dhaners/a to a path-defined by
the conductive detdpdéifoy aBORREEHdPRoduGesASchhkelif GhRdaRe bithe di Mensi on of the
conductive delivery connﬁcti on to the effective: %I ectrical |ength, when the
di mensi on of the EGhETAS §RORROPHS/DRYSID AARRIETGA! 108 stegadendhan t he ef fective
el ectrical |ength, wherein including the conductive netal to the path
-enabl es bpt i rihk apprrpddari clim bansion thetléngth iaabduh & wryeleagth nfjthe ppgatengcy of t he
conductitx{eeu?nec%i very connection. 4. The nethod of claim1, wherein the

ef fective erectrical | ength of the conductive delivery connection is about
1/ 4 waved.engtThe appardRis qf olagm 70¥heéin Meloperating frequency is 60 MHz. :

9. The apparatus of claim 6, wherein the RF power source includes,

a RF generator for generating the RF power; and

a matching circuit coupled to the RF generator to optimize delivery of the RF power to
the substrate, an output of the matching circuit of the RF power source is coupled to the variable
capacitor.
10. The apparatus of claim 6, further includes a capacitor set control module coupled to the
variable capacitor to control tuning of the variable capacitor.
11.  The apparatus of claim 10, wherein the capacitor set control module is coupled to a
capacitance-setting user interface of a computing system to electronically adjust the tuning of the

capacitance at the first end.

e transformalion at an operating frequency; . .- -



19 5. The nethod of claim1, wherein the capacitance set at the first end
i's between about 50 pico Farads (pF) and about 500 pF. 6. An apparatus for
processing a wafer, conpri sing: a chanber for plasnma processing of the
waf er, the chanber having an el ectrode assenbly that includes a support
surface and an outer edge region surrounding the support surface; a radio
frequency (RF) power source for providing RF power to the el ectrode

assenbl y; an RF power connection structure coupl ed between the

el ectrode assenbly and the RF power jgource, the RF power connection
structure including a conductive delivery connection to deliver the RF
power to the substrate and a conductive return connection for returning the
RF power 1Z.r om tigthod iy pracasseng atvederRi-a plangher woh ae ele¢toxde bavinged supporhawfacg a

length t hac’itanI ecfn%% %n\’\&?’n?@thgrlerﬁs ttlre clﬂglinﬁer d%Pmed'?F e or (?C%éjs{n%teof %}nd a second L

end at the @ 'S Set for an oper
frequencya&sﬂmmnwmwwommamhgngth enables i npedance transfornatlon between
the first .end

nd the..second end. and.a,variabl e.capacitor, cou at the
frst end of PRING RGREESRERTAE ORTaf e BlepPale R RERRmR S Gl B The °
vari abl epwaipaeing commatinicduel tb itHe&llec&ﬂdﬂ: i1 o chrclediva delﬁn&rgg&mnanbmeﬁance at t he
first end posi t i.n inpedance he s d .end
appar at (gt B RSBk ionc R SRt e RRY EaeSioe My RESEMETbishond e
operatingmhm&qmeﬂ&quiﬁnwmhﬁlapparatus of claim7, wherein the operating
frequency is 60 MHz. 9. The aratus of rein the RF power
Source | hel udBEm B O PR oheal PAg Tog st RAFE RO Asggaustan 5
mat chi nQingedanidé hdjGsdmprt @ekthe @rst bl 4nf af Gﬂﬁi’sﬁé iﬂipeﬂzﬁlc@ Bdjistingd afl@b kacehid/erdfat t he RF
power to the subgﬁrate n o th of the matching circuit of the RF power
sour ce |§’%EH$P% equsnexe t B ®™pacitor. 10. The apparatus of claim6

further incl udgsg the@@RARInbPEpBEiance the First FRESH tBe ERUINRE bR ely@niRfibAD! €
capacit otrhe tCE(l)pa((‘.:l(t)arI]lE:er ((:)alusglgl tnhle rc])gpc?s]:te }rrrllp%d;l/naécre Iac%gétr%er(l:taé?taﬁg Isc:[:cond end of the conductive

delivery connection, the opposite impedance adjustment from the second end presented to the
outer edge region of the electrode through a dielectric surround structure that surrounds the
electrode, such that increasing the capacitance at the first end causes a decrease of impedance at
the first end and an increase of impedance at the second end and a corresponding increase in a
voltage distribution near the outer edge region of the electrode that decreases toward a center of
the support surface of the electrode,

wherein the dielectric surround structure surrounding the electrode is coupled to the
second end. - |
13. The method of claim 12, wherein the operating frequency is about 60 MHz.
14. The method of claim 12, further includes,

when the dimension of the conductive delivery connection is greater than an effective
electrical length that enables optimal impedance transformation between the first end and the
second end at the operating frequency, adjusting the dimension of the conductive delivery
connection to conform to the effective electrical length by including dielectric rriaterial to a path
defined by the conductive delivery connection .
15. The method of claim 12, further includes,

when the dimension of the conductive delivery connection is less than an effective
electrical length that enables optimal impedance transformation between the first end and the

second end at the operating frequency, adjusting the dimension of the conductive delivery



11. The apparatus of claim 10, wherein the capacitor set.-control nodule is
cdoupl'ed to a capacitance-setting user interface of a conputing systemto

el ectronically adjust the tuning of the capacitance at the first end. 20
12. A nethod for processing a wafer in a chanber with an el ectrode having a
support surface and an outer edge region defined thereon, the chanber
defined for plasma processing of the wafer, the nmethod conpri sing:

applying a radi o frequency (RF) power to the el ectrode of the chanber, the
appl i ed RF power being communi catedsfo the el ectrode via a conductive
del i very connection and a .conductive return connection, the conductive
del i very connection having a first. end, a second end and an associ at ed

di mensi aopnection to cdafoen td the effectimpeleétticah teagth by lmelslatg canduchee metaktb agadh based
on the Qﬁﬁgg yﬂwcmm gwggd%%%, é&ﬂ@pedance adjustnment at the first end
and an opposi I npedance a nent ‘at the second end at an operating
frequency of the RF power; and - setting the determ ned capacitance at
the first end of the conductive delivery connection, the capacitance
causi ng the opposite inpedance adjustnent at the second end of the :
conductive delivery connection, the opposite inpedance adjustnent fron1the
second end presented to the outer edge region of the electrode through a
dielectric surround structure that surrounds the el ectrode, such that

i ncreasi ng the capacitance at the first end causes a decrease of inpedance
at the first end and an increase of inpedance at the second end and a
corresponding increase in a voltage distribution near the outer edge region
of the electrode that decreases toward a center of the support surface of

t he el ectrode, wherein the dielectric surround structure surrounding
the electrode is coupled to the second end. 13. The nethod of claim 12,
wherein the operating frequency is about 60 MHz. 14. The nmethod of claim
12, further includes, when the di nension of the conductive delivery
connection is greater than an effective electrical l'ength that enables

opti mal inpedance transformation between the first end and the second end
at the operating frequency, adjusting the dinension of the conductive
delivery connection to conformto the effective electrical |ength by
including dielectric material to a path defined by the conductive delivery
connection. 15. The nethod of claim 12, further includes, when t he
di mensi on of the conductive delivery connection is |less than an effective
el ectrical length that enables optinmal inpedance transformation between the
first end and the second end at the operating frequency, adjusting the

di rensi on of the conductive delivery 21 connection to conformto the
effective electrical length by including conductive netal to a path defined
by the conductive delivery connection. :



