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METHODS AND APPARATUS FOR AN INDUCTION COIL
ARRANGEMENT IN A PLASMA PROCESSING SYSTEM
BACKGROUND OF THE INVENTION

J0001] Advances 1 plasma processing have facilitated growth in the senuconductor
mdustry. The semiconductor mdustry 18 a highly competitive market. The ability for a
manufacturing company to be able to process sabstrate at higher vield and lower cost may
give (he manufacturing company an edge over the competitor. Thus, mamdacturing
companies have dedicated time and resources to identify methods andfor arrangements for
improving substrate processing.
10002} In general, plasma processing svstems mav be constructed from a plurahity of
configurations. For example, a plasma processing svstem may be configured as an
mductively-coupled plasma (ICP) processing svstem. A common [CP configuration, te.,
TCP™ (transformer coupled plasma). may be emploved by placing a planar coil, e.g.,
wduction cotl, on top of a plasma processing chamber. Basically, the planar induction coil
may be a flat antenna assembly.
j0003] As the term 13 emploved heremn, the induction coil is a device, similar in
purpose Lo a transformer, that induces 8 time-varving voltage and potential difference in the
plasma processing gases to create a plasma by successively turning the current on and offin
the poimary coil.
{00041 However, in recent vears, the lypes of electronic devices that mav be
processed have become more sophisticated and may required more process controt. T an
example, electronic devices being processed may be smalier and may require more precise
conirol of plasma parameters, such as plasma density and unilosmily across the substrate, for
better vield. Thus, the existing design of TCP™ induction coil for the plasma svstem may
fall short of delivering a plasma processiug solution with desired uaform plasma density
across the substrate to process next-generation substrates.
§0005] Consider the situation wherein, for example, a substrate is being processed in
the inductivelv-coupled plasma processing svstem. The sabstrate may be disposed above a
lower electrode. The lower electrode mav be grounded or may be powered with a first RF
generator. RF power to {ower electrode may be delivered through an RF match. Inan
example, RF match may be emploved to masimize power delivery to the plasma system,
{0006] DPuring plasma processing, a second RF generator may supply RF power to the

mductor cotl. The typical inductor coil being emploved in a TCP system may be a spiral coil
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with an air core being disposed above a dielectric window., The power from the second RF
generator lo the mductor cotl may generate an oscillating magnetic field around the cotl,
which penetrates into plasma and produces gn grimuthal electric field penetrating through the
dielectric window. The inductively coupled azimuthal electric field may generate electrical
current that may interact with gas to ighite and sustain plasma.

fO0G7] In an 1deal plasma processing system, the azimuthal electric field 1s zero on
the axis and zere on the periphery, thereby peaking in an annular region at roughly haif the
radiuns. Plasma denstly, in the ideal plasma processing syster, may be eniform in both the
azmuthal and/or radial directions. However, typical plasma processing svstem may be far
from ideal, and the inductor coil may be limited by various design constrainis.

10008] As mav be appreciated from the foregoing. the planar inductor col on top of
the TCP™ chamber may be emploved to induce a time-vasying electsic current in the plasma
processing gases to ignite andfor sustam plasma. Thus, any non-uniformity in the induction
cotl may contribute to non-uniform plasna density across the substrate, potentiglly affecting
vield.

fooow] The Gataxy ™ coil on the Kivo™ plasma processing svstem available from
Lam Research Corporation of Fremont, Califomia may be a TCP™ inductor coil
arrangement designed 1o address the aforementioned plasma density non-uniformity
problems. In an example. the Galaxy ™ coil design may employ two sets of double spiral coit
assermblies.

OO The two sets of double spiral coil assemblies may comprise of an inner double
spiral coil assambly and an owter double spirval coil assembly. The inner and outer coil
assemblies design may be emploved to address the plasma radial non-aniformity. Each set of
coil assembly may be independently powered andfor controtied to nuninize plasma density
non-uniformity in the radial direction,

J0011] By emploving the double spiral coil assemblies, the Galaxy ™ coil
arvangement may be dipole invanant, Le., the dipole moments may be symmetric to a 180
degree rotation in the azimuthal direction. However, the plasma density niay not be
guadrapole invaniant, i.e, the quadrupole moments may be asvmmelric o a 9 degree
rotation in the azimuthal direction. The amplitude of the quadrapole momaents may be as
high as about one percentage.

10012} In general, a spiral coill may be configured with at feast two ends, e.g., an inper
end and an outer end. The spiral coll may require RF feed to be supplied 1o aterminal point

at the inner end of the spiral coil and to a ternunal point at the outer end of the spiral cotl. To
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make the electrical connection, a bridge in the radial direction may be required between the
terminal points. Since the terminals poinis of the spival coit may not be close together, a
tooping magnetic field from the RF feed at the terminal points may induce additional non-
uniformity in plasma.
§0013] As mav be appreciated from the foregoing, plasma density non-unifornuty in
ICP processing system may be contributed by the inductor coil design. Although the
Galaxy™ coil arrangement may attempt 1o address some of the plasma density non-
unitformity in the azimuthal and/or radial divections, enhanced plasma density uniformity 1s
needed to process sabstrates with higher population density of smaller feature electronic
devices. Given the need to stay competitive in the semiconductor industry, enhancements to
the design of TCP inductor cotl

BRIEF DESCRIPTION OF THE DRAWINGS
JO014] The present invention is Hlustrated by way of example, and not by way of
hnutation, w the figures of the accompanying drawings and in which like reference numerals
refer lo similar elements and in which:
001 5] Fig. 1 shows, in accordance with an embodiment of the invention, a simplified
schematic of an isometric view from the bottom of the coil side of an arrangement of antenna
assemblies.
{0016} Fig. 2 shows, in accordance with an emboedinient of the invention, a simplified
schematic of an isometric view from the lop of the lerminal side of an arrangement of antenna
assemblies,
0171 Fig. 3A shows, in accordance with an embodiment of the invention, a
stmphified schematic of the bottom view of the coil side of an outer set of coils.
[0018] Fig. 3B showy, in accordance with an embodiment of the invention, a
simphified schematic of the top view of the ternunal side of an outer set of cotls.
{0015} Fig. 4A shows, i accordance with an embodiment of the invention, a
stplified schematic of the bottom view of the coil side of an iner set of coils.
{0020 Fig. 4B shows, i gccordance with an embodiment of the invention, a
simplified schematic of the top view of the termunal side of an inner set of coils.
§0021] Fig. 5 shows, 1n accordance with an embodiment of the invention, a simphiied
schentatic of a set of four non-civeular coils circularly intetlaced.
j0022 Fig. 6 shows, in accordance with an emboedinient of the invention, a simplified

schematic of the bottom view of a coil side of an arrangenient of antenna assemblies.
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§023] Fig. 7 shows, in accordance with an embodiment of the invention, a simphified
schematic of the top view of a terminal side of an arrangement of antenna assemblies.
{0024] Fig. 8A-C show, in accordance with embodimenis of the invention, three
different views of a ternunal block.

DETAILED DESCRIPTION OF EMBODIMENTS
{0025 The present invention will now be described i detail with relerence 1o a few
embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present wvention.  Hwill be apparent. however, to one skilled i the an.
that the present invention mayv be practiced without some or all of these specific details. In
other mstances, well known process steps and/or structures have not been described m detal
i order to not annecessantly obscure the present invention,
§0026] In accordance with embodiments of the invention, there are provided methods
and arrangements for configuring a plasma processing system with a circular antenna
assembly 1o enhance plasma aniformity across a sebstrate. Embodiments of the mvention
include a plurality of non-~circular coils being circularly interlaced by emploving PCB
fabrication technologies to implement the circular antenna assembly. Embodiments of the
invention enable circular antenna assembiy to be implemented with enhanced azinmwthal
svinmeiry, radial uniformity, capacitive coupling, multiple line teeds synunetry, andfor
manulacturability,
jO027] In an embodimeant, an arrangement with a plurality of circular antenna
assemblies may be contigured to improve radial uniformity of plasma. For example, at least
two completely separate crrcalar antenna assemblies, e.g., an nner circular anterma assembly
and/or an outer circular antenna assembly, mav be implemeated. In an embodiment, each
antennga assembiy may be independently driven o optimize plasma density in the radial
direction. Thus, plasma uniformity in the radial direction across a substrate mav be enhanced
through localized control.
{00281 In an embodiment, the circular antenna assembly may be configured with a
plurality of non-~circalar coils being ciradarly inleraced. In an example, the circular antenna
assembly mav be configured with a set of four non-~circudar coils. In an embodiment, the four
non~circutar cotls may be identical. In an embodiment, each non-civeular coil may be offset
from the other non-circular coif by a pre-determined angle in the arimuthal direction. In an
example, the pre-determined offset angle mayv be 9¢ degrees for a set of four non-circular

coils. In an embodiment, the circular antenna assembly may be guadrupole invariant
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resulting in enhanced aziomuthal svimmetry. Thus, plasma uniformity in the azinthal
direction across a substrate may be enhanced through improved indactor coils design.

{0029] I an embodiment, a cireular antenna assembly may be fabricated employing
PCB technologies. The PCB may be conligured with af least two sides, eg.. acoil sideand a
terminal side. In an embodument, each non-circutar coil mav be configured with a plurality
of segments. In an example, the non-circular cotl may be configured with at least four
segments. In an embodiment, each segment may be configured with a plurality of vias at
zach end of each segment. For example, the non-civealar coll may be implemented by
configuring at least two segments on the cotl side andfor at least two segments on the
terminal sides. A first segment on the coil side mav be coupled 1o a second segment on the
terminal side by emploving the vias. By emploving multiple layers PUB, inter-laver vias,
plurality of segment. a plurality of non-circular coils may be circudarty interlaced Lo form a
circular inductor coil arrangement.

{0030 By employving circular interlacing of a plurality of non-circular cotls offset by
a predetermined angle, the circolar antenna assembly may be implemented with azimuothal
sviumetry. In addition, the plurality of non-circalar coils circalarly interlaced may be
umplemented as to prevent the non-circular coils from having physical contact to prevent
causing a short. Furthermore, the pluraity of circular coils being circularly interlaced may
benafit from mutual flux coupling to achieve the behavior of higher inductance of muliiple-
turns coil.

jO031] In an embodiment, the surface area of the segments of the cotls on the coil side
of the PCB may be maximized 10 accentuate capacitive coupling with plasma. By mcreasing
surface area of the segments on the coil side of the PCB to enhance capacilive coupling,
circular antenna assembly may be employed to reliably ignite andfor sustain plasima in

conditions unfavorable o inductive coupling, & g.. low power and/or electro-negative gases,

0032] In an embodiment, RF feed may be implemented along any pomnt on the non-
circular coil through the terminals on the circular antenna assembly. The RF feed to the coils
may be separated and externally synchronized. in an embodiment. In another embodiment,
the RF feed to the coils may be operated in a balanced fashion, 1.e., push pull arrangement so
that the net capactlive current is zero. In an embodiment, the RF foed 1o the coils may be
operated in an unbalanced fashion to increase control at low power by emploving capacitive

coupling.
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{0033 The features and advaniages of the present invention mav be better understeod
with reference to the figures and discussions (with prior art mechanisms and embodiments of
the invention contrasted) that follow,

{0034] Fig. 1 shows, in accordance with an embodinment of the invention, a simphified
schematic of an isometric view {rom the bottom of the coif side of an arvangement of antenna
assemblies 100, As the terny is emploved herein, the coi side 18 the bottow side of the
antenna assemblies facing the plasma.

§0035] In an embodiment, arrangement of anienna assemblies 100 may be fabricated
emploving a printed civcuit board (PCB). The arrangement may be implemented with a
plurality of antenna assemblies. In the implementation of Fig. 1. arrangement of antenna
assemblies 100 mav include, but not limuted to. an outer antenna assembly 102, 1e, set of
cotls, andfor an nner antenna assembly 104, in an embodiment. In an embodiment, an inner
radins of mner antenna assembly 104 may be different from an inner radius of ovter antenna
assembly 102, An outer radius of inner antenna assembly 104 mav be different {rony an
outer radius of ouler antenna assembly 102, Quter antenna assembly/set of coils 102 and/or
mner antenna assembly 104 may be independently powered and/or controlied to be optimized
for plasma density uniformity in the radial direction.

j0036] Fig. 2 shows, in accordance with an embodiment of the invention, a simplhified
schematic of an 1sometric view {rom the top of the terminal side of an arrangement of antenna
assernblies 200, Ag the term is enployed herein, the terminal side i3 the top side of the
antenna assembly configured with ternunals to provide energy feed to the coils. Fig. 215
discussed in relation to Fig. 1 to facditate understanding.

§00371 In an embodiment, arrangement of antenna assemblies 200 may be fabricated
emploving a printed circuit board (PCB). As shown in Fig. 2, arrangement of antenna
assemblies 200 13 the top view of the termunal side of arrangement of antenna assemblies 10
of Fig. 1.

j0038] Arvangement of antenna assemblies 200 may clude, but not hnnted 1o, an
outer antenna assembly 202 andfor an ner antenna assembly 204, 1n an embodiment. Outer
set of colls/antenna assembly 202 of Fig. 2, showing the termunal side, is the top view of
outer set of coils 102 of Fig. 1. Analogously, inner set of coils 204 of Fig. 2, showing the
terminal side, is the top view of inner set of corls 104 of Fag. £ Quter set of coils 202 andfor
mner set of coils 204 may be independently powered andior controlied o be optimized for
plasma density nmformity in the radial direction, in an embodiment. Thus, radial plasma

uniformity may be enhanced through localized control to improve vield.
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{03491 Furthermore, these set of coils bestdes dilfering in the inner and puter radil
may be implement with different numbers of effective tums, mayv be powered at different
frequencies, may be powered to different degrees, and/or may be operated in sevies andior in

parallel with different splitting arrangements, in accordance with embodiments of the

mvention.
10046] As shown i Fig. 1 and Fig. 2, the PCB may be conligured with two stdes,

e.z.. the coul side and the ternunal side. The outer antenna assembly may be confligured with
four sets of pon~circalar coils circalarly interfaced. The inner antenna assembly may also be
configured with four sets of non~cirenlar cosls circnlasty imterfaced. Animplementation of
circularly interfacing four sets of non-circular coils will be discussed in detailed in Figs. 34,
3B 4A 4A and 5,

j0041] Fig. 3A shows, in accordance with an embodiment of the invention, a
stmplified schematic of the botiom view of the coil side of an outer set of coils. Fig. 38
shows, i accordance with an embodiment of the invention, a simphified schematic of the 1op
view of the terminal side of an outer set of coils. Fig 3B shows the traces of the segments
without any of the terminals to simplify tustration.

{0042] Fig. 4A shows, in accordance with an embodiment of the invention, a
sunphified schematic of the bottom view of the coil side of an inner set of coils. Fig. 4B
shows, in accordance with an embodiment of the invention, a simplified schematic of the top
view of the ternunal side of an inner set of catls. Fig. 4B shows the traces of the segments
without anv of the termnals to simplify illustration,

U043} An exanmple of circularly interacing a set of four non-civcular conls for the
ouler anterma assembly will be discussed below emploving Figs. 34, 3B and 5. The circudar
interlacing a set of four non-circular coils for the mner antenna assembly of Figs. 4A and 4B
may be performed in a sinular manner.

J0044] Fig. 3 shows, in accordance with an embodiment of the invention, a simplified
schematic of a set of four non-circular corls circularly interlaced. The view of the coils is
from the coil side of the antenna assembly.

{0045] As shown in Fig. 5, the set of four non-circular colds mav be derived at by
flipping and placing the termunal side of the outer set of coils of Fig. 3B on top of the coit
side of the outer set of corls of Fig 3A. A support material 302, e g PCB, mav be dissolved
away 1o leave behind copper traces 304 to form the set of four non-circular coils of Fig. 5.
0046] I anr embodiment, a non-circnlar coif may be configured as a plurality of

segments, 1.e. copper traces 304 of Figs. 3A and 3B, Refernng to Fig. 5, a first non-circular
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¢oil 302 may be implemented with at teast four segments 502a, S02h, 502¢, and 3024, in an
embodiment. Fach segment may be configured with a plurality of vias at each end of the
segment, | an embodiment. In an example, segment 302g may be conligured with a first set
of plurality of vias $12 at a first end and/or a second set of plurality of vias 514 at a second
end, i an embodiment. The vias may ba emploved to couple a first end of a first segment {o
a second end of a second segment.

{0047] As the term 1s emploved herein, vias are holes on the PCB that may allow a
fust conductive trace, Le., segment, on a first side of a PCB {o be comnected to a second
conductive trace on a second side of a PCB. In an embodiment, the segments may be
fabricated as conductive traces 304 on each sides of the PCB as shown in Fips 34, 38, 44,
and 4B

0048 Consider the situation wheremn, for example, first non~cireular coil 302 may be
circulariy miertaced by emploving four segments disposed on two different sides/planes of
the PCB, in an embodiment. Aforementioned, the PCB 15 not shown to simphify the
Hhustration of circutarly interlacing a set of four non-circular coits emploving a set of foer
segments for each non-cirealar coil. In an example, {irst segment 302a and third segment
302¢ may be disposed on the first side, e.g., the coil side, of the PCB. Second segment 502b
and fourth segment 302d may be disposed on the second side, e.g.. the terminal side, of the
PCB.

§0049) In an embodiment, [irst segent 502a disposed on the coil side of the PCB
may be coupled to second segment 502b disposed on the ternunal side of the PCB. Second
segment 3120 may be coupled to third segment 302¢ disposed on the coil side of the PCRH.
Third segment 302¢ may be coupled to fourth segment 5024 disposed on the ternunal side of
the PCB.

{0030 The coupling of the four segments 502a - 302d, disposed on two differant
planes of the PCB, may be accomplished through aligning and overfapping the plurality of
vias on the ends of each segment to circularly interlace the four segments between the two
planes of the PUB to form non-cireular cont 5302, in an embodiment. For example, the
coupling in the z-divection may be implemented by aligning and overlapping the plurality of
vias on a second end of first segment 502a with the plurality of vias on a first end of second
segment S02b. By emploving the vias to couple the segments in the z-direction between the
two planes of the PCB, the segments disposed and arranged on two different planes of the
PCB may be coupled in the z-direction and interlaced between the two planes o form the

non-cireuwdar conl,
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{0051 In the implamentation of Fig. 5, a second non-circular coil 3t condigured
with four segments 504a, S04b, 504¢, and 504d mav be stmularly circutarly interfaced, w an
embodiment. Second non-circular cotl 304 mav be offset at a 90 degree angle in the
azimuthal direction from first non-circular coil 5302, m an embodiment. A third non-cireular
coil 306 also configured with four segments 506a. 306b, 306¢, and 336d mav also be
circularhy interlaced, in an embodiment. Third non-cireular cotl 506 may be offset at a 90
degree angle in the grinwthal direction from second non-circular coil 304, in an embodiment.
In another embodiment, a fourth non-circalar coil 308 configured with four segments S08a,
SO8b. 308¢, and 508d may also be arcularly interlaced. Fourth non-~ciscular coif 508 mav be
offset at a 90 degree angle in the azimuthal direction from first non-~circular coil 306, 1n an
embodiment. Thus, the set of four non-circular cotls 502, 544, 506, and 308 may be
circularly mterlaced to form a circular anterma asserably 300, in an embodiment.

0052 The circular antenna assembly mav be smplemented by circularly interlacing a
plurality of non-circular cotls between the two planes of the PCB, m an embodiment. In the
implementation of Fig. 5, circular antenna assembly 300 may be configured with a set of four
tdentical non-circnlar coils circolarty interlaced. Each non-circular coil may be arranged
eccentrically 1o offset 90 degrees from the next non-circular coil in the gzimuthal direction to
form a refatively circular antenna assembly with quadrupole svimmetry, Thus, the lowest
asymumetric moments of antenna assembly 500 may be octapole.

0053] As can be appreciated from the foregoing, antenna assembly 300 may be
tmplemented with a plurality of non-circular couls eccentnically arranged to offset at a
predeternuned angle in the azinwuthal direction, mn an embodumant. In an embodiment, each
pon-circalar coil may be implemented with a phurality of segments disposed on a plurality of
planes. The segments may be circularly interlaced by emploving a plurality of vias at each
end of each segment mrranged to align and overlap (or the coupling a first segment on a first
plane with a second segment on a second plane, in an embodinent.

0054 In contrast to prior art, circular amenna assembly 500 with four non-circulay
coils circulartv interlaced may be quadrupole wvariant, 1¢., the quadrupole moments may be
svmmetric 1o a 90 degree rotation in the azimuthal direction with the fowest order of
asymmelry of octapole moments. The amplitude of the octapole moments mav be about one
halt (1/2) to one gquarter {(1/4) of a percent in contrast to the amplitude of the quadrupole
moments of about one percent. Thus, the azinuthal plasma density untformuty across the

subsstrate mav be significantly improved, translating into improved vield, by employing a
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guadrapole invartant TCP induclor coil assembly in contrast to the dipole invanant TCP
mductor coil assembly of prior art.

0035] As can be appreciated by those skilled in the art. the optinvzation of the TCP
wnductor coil assembly emploving a plurality of non-circular coifs to balance differing design
requirenients, e.¢., aamuthal asvmmetry, radial uniformity, capacitive coupling, multiple
feed lines asvnunetry, and/or manufacturability, may be a non-ttivial and non-obvious task.
jO056] Fig. 6 shows, in accordance with gn embodiment of the invention, a simplified
schematic of the bottom view of a coil side 600 of an arrangement of antenna assemblies.
Fig, 7 shows, it accordance with an embodiment of the invention, a simplified schematic of
the top view of a terminal side 700 of an arrangement of antenna assemblies. Figs 6 and 7
may be discussed together to facilitate understanding of the antenna assemblies.

J0057] Aforementioned, the PCB may compnse of two sides, e.g.. coil side 600 of
Fig. 6 and terminal side 700 of Fig. 7. in an embodiment. Refernng to Fig. 6, the
arrangement of antenma assemblies mav be configured with at feast two set of mductor coils,
e, an outer set of circular mductor coils/antenna assembly 680 and/or an inner sel of circular
inductor coils/antenna assembly 690, in an embodiment. Outer set of circular antenna
assembly 680 and/or inner set of circular antenna assembly 690 may be independently
powerad and/or controlled to optimuze for radial uniformity of plasma density, in an
embodiment.

0058 By emploving multilavers PCB andfor inter-laver vias, multiple turn coils,
2., spiral coil, mav be fabricated in a planar format. The basic shape of each coil winding
mav be a single turn distorfed arcle, e.g., an ovoid shape that mav be implamented
employing PCB fabrication technologies. Fuorthermore, the antenna assembly nay be sell
supporting without the need for an expensive ceramic support structure, in contrast to the
spiral coll design of prior art, which may require a lot of assembly. In an embodiment,
sunple stand offs and/or plastic support may be sufficient for supporting the arvangement of
antenma assembhies,

0059 In the implementation of Figs. 6 and 7, the segments may be fabricated from
silver-plated, copper traces with a protective conformable polymer coating on top to increase
breakdown voltages, in an embodiment. The traces may be designed to withstand up to about
10 Kilovolt (KV), in an embodiment. For example, the copper sheet for the conductor traces
may be sufficiently thicker than about 3 mil. The traces mayv be manuflactured emploving

convendional PCB fabrication techhiques.
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HEUSH The PCB [abrication technologies, ¢.g., photo hthography/masking,

elching/plating, and or computer numerical control machining, may enable muitiple layers,
mterlayer vigs, complex shapes in design of segments, and/or multiple arc segments coils 1o
be emploved in the design of the antenna assembly. By emploving PCB fabncation
technologies, the antenna assemblies may be manufactured mexpensively with more
consistency and accuracy i mechanical and electrical terms in contrast to the double spiral
atr core couls of prior art,

{061 As can be appreciated by those skilled in the art, the design of a circualar
antenna assembly comprising a set of non-cireutar coils may be problematic. First, the sel of
non-~circular coils may not touch each other because allowing the coils o touch may cause a
short. Second, the set of non-circular colls mav need 1o circularly interlace to form a circular
TCP inductor cotl assembly with minimal aximuthal asymmetry, Third. the set of non-
circular coils may be interwoven in the z-direction {0 nuningze no-uniformuty from the
plasma standpoint.

f0062] Aforementioned, each circular mductor cotl assembly may be implemented
with at least four circularly nterlaced non-circalar coils offset at a 90 degree angle to redace
azimuthal asynumetry, in an embodiment. In an example, each non-circular cotl may be
configured with a plurality of segments circularly interlaced between the two planes of the
PCB. Each segment may comprise of a plurality of vias at each end of the segment. The
segments may be coupled o each other by overlapping and/or ahgning the plurality of vias at
a first end of a {irst segment dispose on the first plane of the PUB with the plorality of vias at
the second end of a second segment dispose on the second plane of the PCB. The four
segments may be consecutively coupled in the z-direction between the two planes of the
PCB, e, circularly interfaced, to form a non-circular coil.

{0063] in the implementation of Figs. 6 and 7, outer circular antenna assembly 680
may be configured with at least a set of four non-circular coils, m an embodiment. For
example, a frst non-circudar coil 602 may implemented with at least four segments. On the
cotl side 600 of Fig. 6, outer circular antenna assembly 680 may be configured with at least
two segments 602a and 602¢ of first non-circular coif 602, in an embodiment. On the
terminal side 700 of Fig. 7, outer circular antenna assembly 780 may be configured with at
feast two segments 602b and 602d of first non-circular coit 602, in an embodiment. Thus, the
four segments of the non-circular conl may be disposed on two different sides of the PCB, in

an enibodiment.
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HEEY As shovwn in Figs. & and 7, each segment may be configured with at {east two
ends, in an embodument. In an example, segment 602¢ of Fig. 6 mayv be configured with a
first set of vias at the first end 630 and/or a second set of vias at the second end 652. To
circularly mnterlace the consecutive segments between the two sides of the PUB, the set of
vias at each ends of adjacent segments on the different sides of the PCB may be overlapped
and gligned to allow for coupling of the segment through the aligned set of vias.

{0065 For example, non-circular cotl 602 mav be circularly interfaced by
consecutively coupling in the z-direction a first end of segment 602a on coil side 600 (Fig. 6)
of the PCB with a second end of segment 602b on coil stde 700 (Fig. 7) of the PCB. Next, a
first end of segment 602b may be coupled with a second end of segment 602¢ on cond side
600 (Fig. 6) of the PCB. Then, a first end of segment 602¢ may be coupled with a second
end of segment 6024 on ternunal side 700 (Fig. 7) of the PCB. Finallv, a first end of segment
602d may be coupled with a second end of segment 602a to form a non-cireular coil, in an
embodiment,

HEUSY In the implamentation of Fig. ¢ and 7, a second non-circular cot] 604 may be
circularly interlaced in a similar method emploving four segments 604a, 604b, 604¢, and
604d on the PCB wiath the two sides. Furst non-circular coil 602 may be identical to second
non-circular coil 604, n an embodiment. Furthermore, non-gircular cod 604 mav be
eccentrically arranged to be offset by 90 degrees in the azimuthal direction from non-circular
cotl 602, in an emsbodimsent. For example, segment 604a may be arranged eccentrically on
the PUB board to be offset by 90 degrees in the aztmuthal direction from segment 6(2a.
Likewise, segments 604b, 604¢, and 6(4d may be arranged eccentuically on the PCB board to
be offset by 90 degrees in the aximuthal divection from segments 602b, 602¢, and 6024,
respectively. Thus, circularly interlaced. non-circular coit 604 may be offset by 90 degrees
from circularly interlaced, non-circular cotl 642,

0067] In an embodiment, the remamder of the non-circuiar cotls may be simifarly
offset and circutarly interlaced to form a circular antenna assembly,

[O06H] As may be appreciated from the foregoing, the antenna assenbly employing a
plurality of non-~circalar coils may be arranged, 1o offset by a predelermined angle. as to not
be m physical conlact to prevent shorting the circuil of each coil. The prevention of physical
contact between each coit may be accomplished by segmenting each non-circular coils mto a
plurality of segments. Each segment of the non-circular coll may be disposed on alternative
sides of the PCB and coupled in the z-direction by vias. Similardy, the next non-circular coil

may be circularly interfaced in a similar method but may be arranged eccentrically fo be
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offset by a predetermined angle i the azimmuthal divection from the first non-cireular coil,
an embodiment. The process may be repeated for all the coils i the set of non-circular coils
to form the circular antenna assembly. in an embodiment. Thus, all the non-circular coils
may be circulardy interfaced between the two sides of the PCB withowt any phyvsical contact
between each coil to cause a short.

0064 As the ternt 1s employed herein, the predetermined offset angle between each
coil in the geimuthal direction may be computed by dividing the number of cotls i the
circular anterma assembiv by 360 degrees. As may be appreciated by the foregoing, the
shape of the non~circular coils may be optinuzed 1o a predeternuned shape, e.g., an ovoid
shape, 1o be eccentrically arranged by a predeternuned offset angle in the aximuthal direction
to form the circular antenna assembly with mimmal azimuthal asvnumetry. By emploving
four non-cireutar coils with a 90 degree offset angle between each cotl, for example, the
circular antenna assembly as shown in Figs. 6 and 7 mav be quadrupole invariant with the
fowest asvmmetric moments of octapele. Thus. the aztmuthal non-untformity of the antenna
assembly may be minimized.

foa70] Furthermore, when muoltiple coils are significantly overlayed on the same
footprint area there may be considerable mutual flux coupling and hence mductance may be
maintained. For example, the cotls mav be driven in parallel from a common supply without
the excessive four-fold reduction in load impedance that nught be expected. {n practice a
reactance redoction of less than about 30% may be possible. Thus. the behavior of higher
imductance of a multiple-tuens cotl may be achieved with a plurality of single-turn cotls
through mutual fux coupling.

{0071 An advantage of arcularly interlacing a plurality of non-circular coils between
the two planes of the PCB may be the averaging effect of interweaving the coils in the #-
diraction between the two planes of the PUB, in an embodiment. Referning to Fig. 3, the fow
cotls 302, 504, 506 and 508 may be shown (o interweave m the z-divection {o form a civeular
anterma assermbly wherein the coils may be average from top to bottom for all coils, inan
embodiment. Aforementioned. TCP antenna assembly may typically be disposed on top of
the plasma processing chamber. From the plasma perspective, plasma in the processing
chamber may see an average vollage, 1.e., no hol spot or luctuation in voltage, from the coils
of the antenna assembly.

10072} Although TCP antenna assenibly mav be inductively coupled to plasma
through a quartz window, the coupling between the TCP antenna assembly and plasma may

not be g pure inductive mode. The coupling between the TCP antenna assembly and plasma
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mav have between about 10 to aboutl 30 percent capacitive coupling. The capaciiive coupling
between the TCP antenna assembly and plasma o a plasma processing system may be vital in
cases such as igniting and/or sustaming plasma

{0073] Consider the situation wherein, for example, slectronsgative gases such as 8Fg
and/or NF; mav be emiploved for plasma processing. The voltage from the inductive loop
may not provide sullicient energy to interact with the electronegative gas to rehably ignite
plasma. Capacitive coupling mav be more efficient at plasma ignition under the
aforementioned situation.

§0074] Consider another situation wherein. for example, electronegative gases such ag
SFq andior NF: mav be emploved for plasma processing at relatively low power. The
transition from g capacitive coupling o an inductive coupling may induce instability due to
high amount of low energy electrons being drawn from plasnma. Controlied capacitive
coupling to plasma may be desired to maintain stable operation.

[O075] In general capacitive coupling may be accentuated by increasing the surface
area. As shown in Fig, 6, coil side 600 of the PCB is the plasma facing side. Inan
ambodiment, the segments of the coils facing plasma on the antenna assembly may be
designed with notches, extensions, and/or curves to maximize surface area to capacitively
couple to plasma. Furthermore, the current flow on the coil side 600 of the PCB may be non-
existent. Thus, the effect of maximizing surlace ares of the segments of the coils facing
plasma may have minimal effect on inductive coupling while maximizing capacitive coupling
o plasma.

j1076] In contrast to the coil side 600 of the PCB of Fig. 6, the surface area of the
segments of the cotls on ternunal side 700 of the PCB of Fig. 7 may be nunimized fo
decrease capacitive couphng to reduce siray capacitance.,

{0077] Alternatively, a third PCB fayer may be emploved to inmplement an
electrostatic shield at the bottom of the PUB to deal with capacifive coupling, in an
embodiment. For example, the shield taver may be slotted to prevent excessive eddy currents
and/or either grounded or connected 1o 1ts own RF power source at a predeternuned
frequency. The predetermined frequency mav be either the same as and/or different from the
frequency of operation. Thas. capacitive coupling problem may be nuninuzed by emploving
a third PCB laver as electrostatic shield

{0078} Aforementioned, the basic shape of each coil winding mav be a single tum
distorted cirele, An advantage of the coil winding being a single turn may be in the

implementation of ternunation points for RF feed to the coils. As shown in Fig. 6 and Fig. 7,



WO 2011/133562 PCT/US2011/033067
15

outer antenna assembly mav be configured with four individusl non-cirewar coils. Each non-
cireudar col in the set of four coils may be supplied with lermunal points anvwhere along the
single turn of each distorted circle, in an embodinent,

{0079] In an example, RF feed to non-circular coil may be implemented as shown in
Frg. 7. Segmant 602b of first coal 602 may be configured with a first terminal 660 and a
second ternunal 662, in an embodiment. Simularly, segment 604b of second coil 604 may be
configurad with a third terminal 664 and a fourth ternunal 666, in an embodiment.
Farthermore, the remainder coils may similarly be implemented with terminal points for RF
feed. In an embodiment, each set of terminals on each single turn coil may be offset by a
predetermined angle, e.g., 90 degree angle. to nunintize azimuthal asymmetry. Thus, the
predetermined angular offset of each non-circular cotl provide placement of terminal poinis
on each coil to further improve azimuthal aniformity for the antenna assembly,

JO0RG] The RF feed to the coils may be separated and externally svnchronized, i an
embodiment. Alternatively, in another embodiment, the R¥ feed may be from a common RF
point via equal length lines of equal impedance. In an example, a single and/or multiple
paralle! feeds such as 30 Ohm transmission lines mav be emploved, e.g., two leeds in parallel
may give a 25 Ohm line. However, if the feeds are kept really shor, the charactenstic
impedance may be unimportant.

0081} Alternativelv, strip line type transnussion lines may be emploved, in an
embodiment. In an example, the transoussion hine may be implemented by sandwiching an
RF hot copper strap hetwean two wider ground siraps with dieleciric separators such as a
Teflon tape or foamed Tetion as the msulator. Thus, the transmission Hine may be able to
stand off the high voltage, carrv high current andfor resull in a very low impedance flexible
feed hine at low cost.

{0082] in an embodiment, the capacitive coupling may advantageously lower costs by
sunphfving termination arrangemients, e.g.. an unbalanced operation where one end of each
cotl winding may be grounded directly andfor by a fixed terminaling reactance, tvpically a
capacitor. Conversely, in an embodiment. a balanced operation may be employved to
mimnmize capactlive coupling and ensure no net carrent flow to the plasma.

FO083] Fig. § shows, 1n accordance with an embodiment of the invention, three
different views of a ternunal block. Fig 8A shows an isometric view of the terminal block.
Fig. 8B shows a top view of the terminal block. Fig. 8C shows a side view ol the {erminal
block. The terminal bock may be implemented by screwing oo the PCB ata

predeternuned position along the coll.
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{0084] In contrast to prioy art, the terminal points on each coil may be configured
relatively close to each other resulting lower looping magnetic field. Whareas, the prior ant
spiral coll may required R¥ feed to be supplied to a ternunal point mside of the spiral coil and
to a terminal point outside of the spiral cotl. To make the electrical connection, a bridge in
the radial duection may be requived. Since the termnals points of the prior art mav not be
close together, a relatively larger looping magnetic field may induce non-uniformity in
plasma.

{0085 As can be appreciated from the foregomyg. one or more embodiments of the
mvention provide for an antenna assembly emploving PCB fabncation technologies for lower
cost and higher manufacturability. By emploving multiple PCB lavers, inter-lavers vias, non-
circular cotls, and circularly imterlacing, & circular antenna assembly mav be timplemented
that may be guadrupole invariant with negligible octapole moments asymmetry in the
arimuthal direction. Advantageously. arrangement of antenna assemblies being configured
with a plurality of separate antenna assemblies may improve plasma unifornuty in the radial
direction across the substrate. By maximizing the serface area of the segments on the coil
side of the PCB, capacitive coupling with plasma may be increase to improve the reliability
of igniting andfor sustaining plasma. Thus, the plurality of benefits from the circular antenna
assemibly mav allow higher vield of electronic devices at lower operating cost.

10086] While this invention has been described in terms of sevaral embodiments,
there are alterations, permutations, and equivalents, which fall within the scope of this
mvention. Although vanous examples are provided herein, it is intended that these examples
be ustrative and nof limiting with respect to the invention. It should also be noted that there
are many alternative wavs of implementing the methods and apparatuses of the present
invention. Furthermore, embodiments of the present invention may find utilitv in other
applications.

JO087] Also, the title is provided herein tor convenience and should not be used to
construe the scope of the claims herein. If the term “set™ is emploved herein, such term i
mtended to have s commonly understood mathenatical meaning to cover zero, one, or more
than one member.  The abstract section is provided herein for convenience and, due to word
count limitation, is accordingly written for reading convenience and should not be emploved
to fimit the scope of the claims. 1t is therefore intended that the following appended claims be
interpreted as including all such alterations, permutations, and equivalents as fall within the

true spirti and scope of the present invention.



WO 2011/133562 PCT/US2011/033067

17
CLAIMS
What is claimed is:
i, An antenna arrangement in a plasma processing system for providing plasma

uniformity across a substrate during substrate processing, cOmMpPrising:

a plurality of circular antenna assemblies, wherein each circular antenna asserably of
sard plurality of circular antenna assemblies includes a set of non-circular cotls, wherein each
non-cireutar coil of said set of non-circular coils 1s offset at a predeternuned angle in an
azimuthal direction; and

a sel of power generators for powering smd plurality of circular antenna assemblies.

2. The arrangement of claim | wherein said each circular antemna assembly is fabricated
utihizing a printed cirowt board (PCB})

3 The arrangement of claim 2 wherein saxd PCB i3 configured with at least two sides,
wherein satd at least two sides include

a cotl side, and

a terminal side.

4, The arrangement of claim 3 wherein said plorality of cirenlar antenna assemblies
ncludes at least a first circular antenna assembly and a second circular antenna assembly,
wheremn sard second circular antenna assembly surrounds smd first eircular antenna assembly.
3, The arrangement of claim 4 wheramn an inner radius of said Orst circular antenna
assersbly is difTerent from an inner radius of said second circular antenna.

6. The arrangement of clatm 4 wherein an outer radius of said first circular antenna
assemblv i different from an outer radius of said second circular antenna.

7. The arrangement of claim 3 wherein said set of non-circular coils for smd each
circular antenna assembly includes at least four non-circular coils circularly iterlaced.

8. The arrangement of claim 7 wherem said offset between said each non-circular coil of
said set of non-circular coils 1s caleulated by dividing the number of coils in said each
circular antenna assenmbly by 360 degrees,

9, The arrangement of claim 8§ wherein said offset between said each non-circular coul of
said set of non-circular coils is at a 99 degree angle in said azimuthal direction.

16, The arrangement of claim § wherein said each non~circular cotl of said sel of non-
circular cotls includes a plurality of segments.

il The arrangement of claam 10 wherein said plurality of segments is a plurality of

conduciive fraces.
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12, The arrangement of ¢laim 11 wherein said plorality of conductive races includes a
plurality of silver-plated, copper traces.
13, The arrangement of claim 10 wherein said plurality of segments includes at least four
segments comprising

a first segment disposed on said coil side of said PCB,

a second segment disposed on said ternunal side of sand PCB,

a third segment disposed on said cotl side of said PCB. and

a fourth segment disposed on said terminal side of said PCB.
14, The arrangement of clatim 13 wherein each segment of sard al least four segments
includes two ends, wherein each end of said two ends includes plurality of vias and wherein
said each segment 1s circularly interlaced with one another by coupling said plurality of vias
on adjacent segments. wherein said adjacent segments are positioned on different side of said
PCR.
15, The arrangement of claim 13 wherein said each non-ctreular cotl is cireularly
mlerlaced in a z-direction wherein

a second end of said {irst segment is coupled with a first end of said second segment,

a second end of said second segment is coupled with a first end of said third segment,

a second end of said third segment 15 coupled with a first end of said fourth segment,

and

a second end of sard fourth segment 1s coupled with a first end of said first segment.
16, The mrrangement of claim 3 wherein smd cotf side of satd PCB is a plasma facing
side.
17, The arngement of clanm 16 wherein each segment of smd each non-circular coit that

is disposed on said coil side has a surface area greater than each segment of said each non-
circular cotl that ts disposed on said ternunatl side.

I8 The arrangement of clarm 3 wherein a third PCB laver 1s emploved to unplement an
electrostatic shield at the bottom of said PCB to handle capacitive coupling,

19, The arrangement of clatm 1 wherein said each non-circular coil of smd set of non-
cireular cotls s powerad by a separale power generator of said set of generator.

20, The arrangement of clam | wherein satd sel of non-circular coils is powerad by a

single power generator of said set of generators.
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