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

0001 Advances in plasma processing have facilitated growth in the senuconductor
industry. The semiconductor mdustry is a highly competitive market. The ability for a
manufacturing company to be able to process substrate at higher vield and lower cost may
give the manufacturing company an edge over the competitor. Thus, manufacturing
companies have dedicated time and resources 1o identify methods and/or arrangements for
improving substrate processing.
§0002] In general, plasma processing svstems may be constructed from a plurality 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.,
wnduction cotl, on top of a plasma processing chamber. Basically, the planar induction coil
may be a flat antenna assembly.
{0003] As the term 1s emploved heremn, the induction coil is a device, similar in
purpose Lo a transformer, that induces a time-varving voltage and potential difference in the
plasma processing gases to create a plasma by successively turning the curvent on and offin
the poimary coil.
§0004] However, in recent vears, the tvpes of electronic devices that may be
processed have become more sophisticated and may required miore process control. 1o an
exammple, electronic devices being processed may be snialier and may require more precise
control of plasma parametars, such as plasma density and unifosmily across the substrate, for
better vield. Thus, the existing design of TCP™ induction coil for the plasma system may
{all short of delivering a plasma processing solution with desired umiform plasma density
across the substrate to process next-generation substrates.
F0005] Consider the situation wherein, for example, a substrate is being processed in
the inductively -coupled plasma processing system. The substrate may be disposed above a
fower electrode. The lower electrode mav be grounded or may be powered with a first RF
generator. RF power to fower electrode may be delivered through an RF maich. Inan
example, RF match may be emploved to raximize power delivery o the plagma system,
0006] During plasma processing, a second RF generator may supply RF power to the

mductor cotl. The typical inductor coil betng emploved in a TCP svstem may be a spiral coil



WO 2011/133562 PCT/US2011/033067

with an air corg baing disposed above a dielectric window. The power from the second RF
generalor to the mductor coll may generate an oscillating magnetic field around the coil,
which penetrates into plasma and produces an gzimuthal electric field penetrating through the
dielectric window. The inductively coupled azimuthal electric field may generate elecirical
current that may interact with gas to ighite and sustain plasma.

10007 In an ideal plasma processing system, the azimuthal electric field is zero on
the axis and zere on the periphery, thereby peaking in an annular region at roughly half the
radins. Plasma density, in the ideal plasma processing system, may be eniform in both the
azimuthal andfor radial directions. However, typical plasma processing systern may be far
from ideal, and the inductor coil may be limited by various design constrainis.

{0008] As may be appreciated from the foregoing, the planar inductor cotl on top of
the TCP™ chamber may be emploved to induce a time-varving electric current in the plasnwa
processing gases o ignite and/or sustain plasma. Thus, any non-uniformity in the induction
cotl may contribute {o non~-umiform plasma density across the substrate, potentiglly affecting
vield.

{0009 The Gataxy ™ coil on the Kivo™ plasma processing system available from
Lam Research Corporation of Fremont, California may be a TCP™ inductor coil
arrangement designed to address the aforementioned plasma density non-uniformity
problems. In an example. the Galaxy™ coil design may employ two sets of double spiral coit
assernblies.

jO014] The two sets of double spiral cotl assemblies may comprize of an inner double
spital coil assembly and an outer double spiral coil assembly. The mnner and outey coil
assemblies design may be emploved to address the plasma radial non-aniformity. Each set of
coil assembly may be independently powered and/or controlied to nunimize plasma density
non-uniformity in the radial direction.

J0011] By emploving the double spiral coil assembties, the Galaxy ™ coil
arvangement may be dipole invaniant, 1.e., the dipole moments mayv be symmetnic (o a 180
degree rotation in the azimuthal divection. However, the plasma density may not be
gquadrapole invarniant, Le., the quadrupole moments may be asvmmetric fo a 9 degree
rotation in the azinuthal direction. The amplitude of the quadrupole moments may be as
high as about one percentage.

j0012] In general, a spiral coil may be configured with at least two ends, e.g.. an inner
end and an outer end. The spirat coll may require RF feed to be supplied {0 a terminal point

at the inner end of the spiral coil and to a ternunal point at the outer end of the spiral coil. To
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make the elactrical connection, a bridge in the radial direction may be required between the
terminal points. Since the terminals points of the spival coif may not be close together, a
tooping magnetic field from the RF feed at the terminal points may induce additional non-
uniformity in plasma.
j0013] As mav be appreciated from the foregomg, plasma density non-unifornuty in
ICP processing systenm may be contributed by the inductor coil design. Although the
Galaxy™ coil arrangement may attempt to address some of the plasma density non-
unformity in the azimuthal and/or radial directions, enhanced plasma density uniformity 18
needed to process substrates with higher population density of smaller feature electronic
devices. (iven the need to stay competitive in the semiconductor industry, enhancements to
the design of TCP inductor cotl

BRIEF DESCRIPTION OF THE DRAWINGS
§0014] The present invention is lustrated by way of example. and not by way of
Howtation, i the figures of the accompanying drawings and in which like reference numerals
refer Lo sumilar elements and in which:
§0015] Fig. 1 shows, in accordance with an embodiment of the invention, a sirplified
schematic of an isometric view from the bottom of the coil side of an arrangement of antenna
assenibrlies.
10016] Fig. 2 shows, in accordance with an embodiment of the invention, a sinplified
schematic of an isometric view from the top of the terminal side of an arrangement of antenna
assemblies,
0171 Fig. 3 A shows, in accordance with an embodiment of the invention, a
stmphified schematic of the botton view of the coil side of an outer set of cotls.
[0018] Fig. 3B shows, in accordance with an embodiment of the invention, a
stmpiified schematic of the top view of the ternunal side of an outer set of couls.
{0019] Fig. 4A shows, in accordance with an embodiment of the invention, a
stmplified schematic of the bottom view of the coi side of an faner set of cotls.
0020 Fig. 4B shows, in gccordance with an embodiment of the invention, &
simplified schematic of the top view of the termunal side of an inner set of coils.
{0021 Fig. S shows, in accordance with an embodiment of the invention, a simplified
schematic of a set of four non-~civeular coils cireulardy intedaced.
0022 Fig. 6 shows, in accordance with an embodiment of the invention, a simplified

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

DETAILED DESCRIPTION OF EMBODIMENTS
{0025] The present invention will now be described in detail with reference 1o a few
embodiments thereof as Hustrated 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. 1 will be apparent. however, to one skilled in the arnt,
that the present invention mav be practiced without some or all of these speailic details. In
other mstances, well known process steps and/or structures have not been described in detail
i order to not unnecessarily obscure the present invention.
§0026] In accordance with embodiments of the invertion, there are provided methods
and arrangements for configuring a plasma processing system with a circular antenng
assembly 1o enhance plasma uniformity across a sebstrate. Embodiments of the mvention
include a plarality of non-cireular coils being circularly interlaced by amploving PCB
fabrication technologies to implement the circular antenna assembly. Embodiments of the
mvention enable circular antenna assembiy o be implemented with enhanced azimuthal
svinmeiry, radial uniformity, capacitive coupling, multiple line feeds symumetry, andfor
manulacturability.
o027 In an embodiment, an arrangement with a plurality of circular anlenna
assemblies mav be configured to improve radial anitormity of plasma. For example, at least
two completely separate circolar antenna assemblies, e.g., an inner circutar antenna assembly
and/or an outer circular anterma assembly, may be timplemented. In an embodiment, each
antenna assembly may be ndependently driven to optimize plasma density in the radial
direction. Thus, plasma uniformity in the radial direction across a substrate mav be enhanced
through localized control,
0028] In an embodiment, the circular antenna assembly may be configured with a
plurality of non-circalar coils betng ciradarty intedaced. In an example, the circolar antenna
assembly may be configured with a set of four non~circudar coils. In an ervbodiment, the four
non~cireular coils may be identical. Ty an embodiment, each non-circular cotl may be offset
from the other non-circular coif by a pre-determined angle in the arimuthal direction. n an
examnple, the pre-determined offset angle may be 90 degrees for a set of four non-circular

cotls. In an embodiment, the circular antenna assembly may be guadrupole invariant
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resulting in enhanced azimuthal symmetry. Thus, plasma uniformily in the azirmghal
direction across a substrate may be enhanced through improved inductor coils design.

{0029] I an embodiment, a circular anterma assembly may be fabricated employing
PUB technologies. The PCB may be confligured with at least two sides, 2. acoil sideand a
terminal side. In an embodument, each non-circufar coil mav be configured with a plurality
of segments. In an example, the non-circular cotl nay be configured with at least four
segments. In an embodiment, each segment may be configured with a plurahity of vias at
zach end of each segment. For example, the non-circular coil may be implemented by
configuring at least two segments on the coil side andfor at least two segments on the
terminal sides. A first segment on the coil side may be coupled to a second sepment on the
terminat side by emploving the vias. By emploving multiple lavers PCB, inter-laver vias,
plurality of segment. a plurality of non-circular coils nuay be ciradarty interlaced Lo forny a
circular inductor coil arrangement.

{0030 By employing circular interlacing of a plurality of non-cizcudar cotls offset by
a predetermined angle, the arcalar antenna assembly may be implemented with azimuthal
sviametry. o addition, the plurality of non-cireular coils civeolarty interlaced may be
implemented as 1o prevent the non-circular cotls from having physical contact to prevent
causing a short. Furthermore, the plurality of circular cotls heing circularly interlaced may
benafit from mutual flux coupling to achieve the behavior of higher inductance of multiple-
turns coil.

jO031] In an entbodiment, the surface area of the segments of the cotls on the coul side
of the PCB may be maximized to accentuate capacitive coupling wath plasma. By increasing
surface area of the segments on the coil side of the PCB to enhance capacitive coupling,
circular antemna assembly may be employed to rehiably 1gnite andfor sustain plasima in
conditions unfavorable to inductive coupling, e.g., low power and/or electro-negative gases.

§0032] In an embodiment, RF feed mav be implemented along any point on the hon-
arcular coil through the lerminals on the circulay antenma 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, i.e., push pull arrangerent so
that the net capacilive carrent is zero. In an embodiment, the RF feed 1o the cotls may be
operated in an unbalanced faghion to increase control at low power by employing capacitive

coupling.
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{033 The features and advaniages of the present invention may be betier understood
with reference to the figures and dizcussions (with prior art mechanizms and embodimenis of
the invention contrasted} that follow.

{0034} Fig. 1 shows, in accordance with an embodiment of the invention, a simphified
schematic of an 1sometsic view fron the boftom of the coif side of an arrangement of antenna
assemblies 100, As the term is enploved herein, the coil side 1s the bottom side of the
antenna assemblies facing the plasma.

{1035 In an embodiment, arrangement of antenna assemblies 100 may be fabricated
amploving a printed civcuit board (PCB). The arrangement may be tmplemented with a
plurality of antenna assemblies. In the implementation of Fig. 1, arrangement of antenna
assemblies 100 may include, but not limited to, an outer antenna assembly 102, e, set of
cotls, andfor an inner antenna asserably 104, i an ersbodiment. In an erabodiment, an inner
radins of inner antenna assembly 104 may be different from an inner radius of outer antenna
assembly 102, An outer radius of inner antenna assembly 104 mav be different from an
outer radius of ouler antenna assembly 102, Quter antenna assemblyset of coils 102 andfor
mnner antenna assembly 104 mav be independently powerad 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 simphified
schematic of an 1sometiic view from the top of the terminal side of an arrangement of antenna
assernblies 200, As the ternt is emploved herein, the terminal side 15 the top side of the
antenna assembiy configured with ternunals to provide energy feed to the coils. Fig. 21s
discussed in relation {o Fig. 1 to facilitate 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 20013 the top view of the ternunal side of arrangement of antenna assermblies 100
of Fig. 1.

0038 Arrangement of antenna assemblies 200 may include, but not hinuted 1o, an
outer antenna assembly 202 andfor an inner antenna assembly 204, in gn embodiment. Outer
set of colls/antenna assembly 202 of Fig. 2, showing the lerminal stde, is the top view of
outer set of coils 102 of Fig. 1. Analogoasty, inver set of cotls 204 of Fig. 2, showing the
termainal side, s the top view of inner set of corls 104 of Fig. 1. Outer set of coils 202 andfor
inner set of coils 204 may be independently powered and/or controlied to be optimized for
plasma density uniformity in the radial direction, in an embodiment. Thus, radial plasma

uniformity may be enhanced through localized control to 1mprove vield,
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{0391 Farthermore, these set of coils bestdes differing in the nner and outer radil
may be implement with different numbers of effective turns, mayv be powerad at different
frequencies, may be powerad to different degrees, and/or may be operated in series and/or in

pargliel with different splitting arrangements, m accordance with embodiments of the

mvention.
{0040 As shown in Fig. 1 and Fig. 2, the PCB may be conligured with two stdes,

e.g., the coul side and the ternunal side. The outer antenna assembly may be conligured with
four sets of non~circular coils circularly interlaced. The inner antenna assembly may also be
configured with four sets of non~cireular coils circulasty interfaced. An implementation of
circularly interfacing four sets of non-circular coils will be discussed in detailed in Figs. 3A,
IB. 4A, 4A, and 5.

0041 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, in accordance with an embodinent of the mvention, a simplified schematic of the top
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 simplily Hlustration.

{0042] Fig. 4A shows, in accordance with an embodiment of the invention, a
sunplified 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 mvention, a simplified schematic of the {op
view of the ternmunal side of an inner set of coails. Fig. 4B shows the traces of the segments
without any of the terminals to simplify illustration.

U043 An example of circularly interacing a set of four non-civeular conls for the
outer anterna assembly will be discugsed below emploving Figs. 34, 38 and 5. The circudar
interlacing a set of four non-circular coils for the inner antenna assembly of Figs. 4A and 4B
may be performed in a sinular manner.

0044 Fig. 5 shows, in accordance with an embodiment of the invention, a sunphified
schematic of a set of four non-circular coifs cireularly interlaced. The view of the coils is
from the coil side of the antenna assembly.

00451 As shown in Fig. 5, the set of four non-circular coils may be derived at by
flipping and placing the termunal side of the outer set of coils of Fig. 3B on top of the coil
side of the outer set of coils of Fig. 3A. A support material 302, e.g., PCB, may be dissolved
awav to leave behind copper traces 304 1o form the set of four non-circular cols of Fig. 5.
§0046] Iy anr embodiment, a non-circular coil may be configured as a plurality of

segments, 1.e. copper traces 304 of Figs. 3A and 3B. Refernng to Fig. §, a first non-circular
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¢oil 302 may be implemented with at feast four segmenis 502a, 502b, 502¢, and 53024, i an
embodiment. Each segment may be configured with a plurality of vias at each end of the
segment, m an embodiment. In an example, segment 3023 may be conligured with a first sat
of plurality of vias 512 at a first end and/or a second set of plurality of vias 514 at a second
end, i an ambodiment. The vias may be emploved to couple a first end of a first segment {o
a second end of a second segment.

{0047] Ag the term is employed herein, vias are holes on the PCB that may allow a
first conductive trace, i.e., segment, on a first side of a PCB to be connected 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 Figs 34, 38, 44,
and 48.

0048 Consider the situation wherein, for example, first non~circular coil 502 may be
circularty mterlaced by emploving four segments disposed on two different sides/planes of
the PCB, 1n an embodiment. Aforementioned, the PCB s not shown to simphify the
Hhustration of crcudarty imterlacing a set of four non-circular coils emploving a set of four
segments for each non-circular coil. In an example, first segment 502a 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.

j0049) In an embodiment, [irst segment 53024 disposed on the coil side of the PCB
may be coupled to second segment S02b disposed on the ternunal side of the PCB. Second
segment M12h may be couplad to third segment 502c¢ disposed on the coil side of the PCB.
Third segment 302¢ may be coupled to fourth segment 302d disposed on the terounal side of
the PCR.

{0030 The coupling of the four segments 5302a - 302d, disposed on two different
planes of the PCB, may be accomplished through aligning and overlapping the pluralitv of
vias on the ends of each segment to circularly interlace the four segments between the two
planes of the PUB to form non-circular coit 502, in an embodiment. For example, the
coapling in the z-divection mayv be implemented by aligning and overfapping the plurality of
vias on asecond end of Tirst segment 5302a with the plosality of vias on a first end of second
segment 502b. 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-cirewdar ¢otl,
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0051 In the ymplamentation of Fig. 3, a second non-circular coil 344 configured
with four segments S04a, S04b, 504c, and 504d may be stmilarly circularly interfaced, v an
embodiment. Second non-circular ¢oil 304 mav be offset at g 90 degree angle in the
aziuthal direction from first non-circular coil 542, in an embodiment. A third non-cireular
cotl 306 also configured with four segments 506a, 3(6b, 506¢, and 506d may also be
circularly mterlaced, in an embodiment. Third non-cirendar cotl 506 may be offset at a 90
degree angle in the grimuthal divection from second non-circular cotl 304, in an embodiment.
In another embodiment, a fourth non-~circular coil SO8 configured with four segments (83,
S08b. 308¢, and S08d mav also be cireulardy interlaced. Fourth non-circular coit S08 mayv be
offset al a 90 degree angle in the azimuthal direction from first non~circular coil 506, in an
embodiment. Thus, the sat of four non-circular coils 502, 504, 506, and 308 may be
circularly mterfaced to form a circular antenma assernbly 300, in an ersbodiment.

0052 The circular antenna assembly may be nmplemented by ciredarly interlacing a
pluralitv of non-circular cotls between the two planes of the PCB, in an embodiment. In the
implementation of Fig. 3, circular antenna assembly 300 may be configured with a set of four
tdentical non-circular coils circalarly interlaced. Each non-circudar cotl may be arranged
eccentrically 1o offset 90 degrees from the next non-circular coll in the grimuthat direction 1o
form a relatively circular antenna assembly with quadrupole symnietrv. Thus, the lowest
asymmetric moments of antenna assembly 300 may be octapola.

{0053] As can be appreciated from the foregoing, antenia assembly 300 may be
tmplemented with a plurality of non-ctreular cotls eccentrically mrranged to offset at a
predeternuned angle in the azimuthal direction, in an embodunent. In an embodiment, each
pon-circular coil may be implemenied with a phurality of segments disposed on a plorality of
planes. The segments may be circularly interlaced by emploving a plurality of viag at each
end of each segment arranged to align and overlap for the coupling a first segment on & first
plane with a second segnient on a second plane, in an embodiment.

j0054] In contrast to prior art, circular antenna assersbly 500 with four non-circular
coils circularly interlaced may be quadrupole wnvariant, 1.¢., the quadrupole moments may be
svmmetric to a 90 degree rotation in the azimuthal direction with the fowest order of
asymmetry of octapole moments, The amplitude of the octapole moments may be about one
half (1/2) 10 one guarter {1/4) of a percent in contrast fo the amphitude of the quadrupole
moments of about ong percent. Thus, the azinuthal plasma density uniformity across the

subsstrate mav be significantly improved, ranslating into improved vield, by employving a
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qguadrapole invariant TCP inductor coil assembly in contrast to the dipole invarnant TCP
mductor coil assembly of prior art.

0035] As can be appreciated by those skilled in the art, the optinuzation of the TCP
mduetor coil assembly emploving a plurality of non-civcular cois to balance differing design
requirements, e.¢.. azimuthal asvmmetry, radial vaiformity, capacitive coupling, multiple
feed lines asvaumetry. and/or manufacturability, may be a non-trivial and non-obvious task.
[00356] Fig. 6 shows, in accordance with an 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, in 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 1o 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, m an embodiment. Refernng to Fig. 6, the
arrangement of antenna assemblies mav be configured with at least two set of mducior cotls,
e, an outer sel of circular mductor coils/antenna assembly 680 andfor an ner sel of cireular
indactor coils/antenna assembly 690, in an embodiment. Outer set of circular antenna
assembly 680 and/or mner set of circular antenna assembly 690 may be mdependently
powered and/or controlled to optinuze for radial uniformity of plasma density, in an
embodiment.

J0058] By emploving multilavers PCB and/or inter-laver vias, maltiple turn coils,
2.4, spiral cotl, may be fabricated in a planar format. The basic shape of each coil winding
mav be a single tum distorted arcle, e.g., an ovoid shape that may be implemented
employing PCB fabrication technologies. Furthermore, the antenna assembly mav be sell
supporting without the need for an expensive ceramic support structure, 1n contrast to the
spiral col design of prior art, which may require a lot of assembly. In an embodiment,
sunple stand offx andfor plastic support may be sufficient for supporting the arrangement of
anterma assemblies,

{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 embodinent. For example, the copper sheet for the conductor traces
may be sufficientlv thicker than about 3 mil. The traces mav be manufactured emploving

conventional PUB fabrication techhiguas.
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HEISH The PCB [abrication technologies, e.g., photo hthography fmasking,

alching/plating, and or computer numerical control machining, mav enable muitiple layvers,
mterlayer vigs, complex shapes i design of segments, and/or multiple arc segments coils to
be emploved in the design of the antenna assembly. By emploving PCB fabrication
technologies, the antenna assemblies may be manufactured mexpensively with more
consistency and accuracy in mechanical and electrical terms i confrast to the double spiral
alr core coils of prior art,

0061 As can be appreciated by those skilled in the art, the design of a cireelar
antenna assembly comprising a set of non-circudar coils mayv be problematic. First, the set of
non~circular coils may not touch each other because allowing the coils to touch may cause a
short. Second, the set of non-circular cotls may need to circularly interlace to form a circular
TCP inductor coit assembly with nunivoal azdmuthal asymmetry, Third, the set of non-
circular coils may be interwoven in the z-direction to muninmize no-unifornuty from the
plasma standpoint.

foo62] Aforementioned, each circular mductor coil assembly may be implemented
with at least four circularly interlaced non-circular coils offset at a 90 degree angle to reduce
azimuthal asynumetry. in an embodiment. In an example. each non-circular coil 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 al each end of the segment. The
segments may be coupled Lo each other by overlapping and/or aligning the plurality of vias at
a first end of a first segment dispose on the first plane of the PUB with the plurality of vias at
the second end of a second segment dispose on the second plane of the PCB. The fowr
segments may be consecutively coupled in the 2-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, n an embodiment. For
example, a [ivst non-circutar 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 coit 602, 1n 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 cotl may be disposed on two different sides of the PCB, in

an enbodiment.
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HEIEY As shown in Figs. 6 and 7, each segment mayv be configured with at least two
ends, in an embodiment. In an example, segment 602¢ of Fig. 6 may be configwed 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 interlace 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 PUB 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 may be circularly interfaced by
consecutively coupling in the z-direction a {irst end of segment 602a on coil side 60O (Fig. 6}
of the PCB with a second end of segment 602b on coil side 700 (Fig. 7) of the PCB. Next, a
first end of segment 602b may be coupled with a second end of segment 602¢ on el side
600 (Fig. 6) of the PCB. Then, a first end of segment 602¢ may be coupled with a second
end of segment 602d on termmnal side 700 (Fig. 7) of the PCB. Finally, a first end of segment
602d may be coupled with a second end of segment 602a to form a non-circular conl, m an
embodiment.

{H066] In the implementation of Fig. 6 and 7, a second non-circular cotl 604 mav be
circularly interlaced in a similar method emploving four segments 6044, 604b, 604¢, and
604d on the PCB with the two sides. First non-circular cotl 602 may be identical to second
non-cirendar cotl 64, in an embodiment. Furthermore, non-circular cotl 604 mav be
eccentrically arranged to be offset by 80 degrees in the azimuthal dirsction from non-circular
cotl 602, in an embodiment. 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, 604c, and 604d may be arranged eccentricallv on the PCB board to
be offset by 90 degrees in the aximuthal divection from segments 602, 602¢, and 6024,
respectively. Thus, circularly interlaced, non-~circular coil 604 nway be offset by 90 degrees
from circularly interlaced, non-circular cotl 602,

§0007] In an embodiment, the remamder of the non-circutar coils may be simifarly
offset and circudarly interlaced to form a circular antenna assemblv.

{0068] As may be appreciated from the foregoing, the antenna assembly emploving a
plurality of non-~circolar cotls may be arvanged, Le. offset by a predelermimad angle, as to not
be n physical contact to prevent shorting the circuit of each coil. The prevention of physical
contact between each coif may be accomplished by segmenting each non-cireular coils o a
plurality of segments. Each segment of the non-circular cotl may be disposed on alternative
sides of the PCB and coupled in the z-direction by vias. Simuladdy, the next non-circular ¢oil

may be circularly interfaced in a similar method but may be arvanged eccentrically to be
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offset by a predetermined angle in the azimuthal direction from the first non-circular cotl, n
an embodiment. The process may be repeated for all the codls m the set of non-~circular coils
to form the circular antenna assembly, in an embodiment. Thus, all the non-circular coils
may be arculardy interfaced between the two sides of the PCB without any phvsical contact
between each coif to cause a short.

{0069 As the term is employed herein, the predetermined offset angle between each
cotl in the grimuthal direction may be computed by dividing the number of coils in the
circular antenna assembly by 360 degrees. As may be appreciated by the foregoing, the
shape of the non~tircalar cotls may be optimzed to a predetermined 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 minmmal azimuthal asynunetry, By employving
four non-~cireular coils with a 90 degree offset angle between each coil, for example, the
gircular antenna assembly as shown in Figs. 6 and 7 mav be quadrupole invariant with the
fowest asvmmetric moments of octapole. Thus, the azimuthal non-untformity of the antenna
assembly may be minimized.

{0070] Farthermore, when muoltiple coils are significantly overlaved on the same
footprint area there may be considerable mutnal flux coupling and hence inductance 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. in practice a
reactance reduction of less than about 30% may be possible. Thus. the behavior of higher
imductance of a multiple-turns coil may be achteved with a plurality of single-turn coils
through mutual flux coupling.

{0071 An advantage of airenlardy 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 -
direction between the two planes of the PUB, in an embodiment. Referring to Fig. 3, the fouwr
cotls 312, 304, 506 and 508 may be shown o interweave i the z-divection to form a circular
anterma assemblyv wheren the coils may be average from top 1o bottom for all coils, fn an
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 Ductuation in voltage. from the cotls
of the antenna assembly.

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

not be a pure mductive mode. The coupling between the TCP antenna assembly and plasma
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mav have between aboul 10 to aboul 3¢ parcent capacitive coupling.  The capacitive couphing
between the TCP antenna assembly and plasma in a plasma processing system may be vital i
cases such as igniting and/or sustainming plasma.

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

aforementioned situation.

{0074] Congider another situation wherein. for example. electronegative gases such as

SF and/or NF; mav be emploved for plasma processing at refatively low power. The
transition from g capacitive coupling 1o an inductive coupling may induce mstability due to
high amount of low energy electrons being drawn from plasma. Controlied capacibive
coupling to plagma may be desired to maintain stable operation.

{0075 In general capacitive couphing may be accentuated by increasing the surface
area. As shown in Fig. 6, coil side 600 of the PCB 1s the plasma facing side. Inan
ambodiment, the segments of the coils facing plasma on the antenna assembly may be
designed with notches, extensions, andfor 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 surface area of the segments of the coils facing
plasma may have minimal effect on inductive coupling while maximizing capacitive coupling
o plasma.

{1076] 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 sunimized to
decrease capacitive coupling to reduce stray capacitance.

{0077] Alternatively, a third PCB fayver may be emploved fo implement an
electrostatic shield af the bottom of the PUB to deal with capacitive coupling, ih an
embodiment, For example. the shield faver may be slotted to prevent excessive eddy currents
and/or either grounded or connected 1o its own RF power source at a predeternuned
frequency. The predetermined frequency mayv be either the same as and/or different from the
frequency of operation. Thas. capacttive coupling problem mayv be mininuzed by emploving
a third PCB laver as electrostatic shield.

§0078] Aforementioned, the basic shape of each coil winding mav be a single turn
distorted circle. An advantage of the coil winding being a single turh may be in the

nmplementation of ternunation points for RF feed to the coils, As shown i Fig. 6 and Fig. 7,
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outer antenna assembly mav be configured with four individual non-cirewlar coils. Each non-
circutar cotl in the set of four coils may be supplied with ternunal pomts anvwhere along the
single tum of each distorted circle, in an embodiment.

{0079] In an example, RF feed to non-cireular coil mav be inplermented as shown in
Fig. 7. Segment 602b of first cot] 602 mav be configured with a first terminal 660 and a
second ternunal 662, in an embodiment. Similarly, segment 604b of second coit 604 may be
configurad with a third terminal 664 and a fourth ternunal 666, in an embodiment.
Furthermore, the remainder cotls may similardy 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., %0 degree angle. to munimize azimuthal asymmetry. Thus, the
predetermined angular offset of each non-cireniar cotl provide placement of terminal points
on each coil to further improve azimuthal uniformity for the antenna assembly,

FO0REG] The RF feed to the coils may be separated and exterally svnchronized, m an
embodiment. Altematively, in another embodiment, the R¥F feed may be from a common R¥
point via equal length lines of equal impedance. In an example, a single and/or multiple
parallel feeds such as 30 Ohm ransmussion lines may be emploved, e.g., two feeds i parallel
may give a 25 Ohm line. However, if the feeds are kept really short, the charactenstic
impedance may be unimportant.

{0081} Alternatively, strip line tvpe fransnussion lines may be emploved. in an
embodiment. In an example, the transnussion line may be implemented by sandwiching an
RF hot copper strap batween two wider ground straps with dielectric separators such as a
Teflon tape or foamed Tefion as the insulator. Thus, the transmission line mayv be able to
stand off the high voltage, carrv high current andfor resull in a8 very low impedance flexable
feed hine at low cost.

{0082] in an embodiment, the capacitive couphing may advantageously lower costs by
sunphfving ternunation arrangements, €., an unbalanced operation where one end of each
cotl winding may be grounded directly and/or by a fixed terminating reactance, tvpically a
capacitor, Conversely, in an embodiment, a balanced operation may be emploved to
minimize capactlive coupling and ensure no net current flow to the plasma.

§O083] Fig. § shows, in accordance with an embodiment of the invention, three
different views of a ternunal block. Fig. 8A shows an isometnie view of the terminal block.
Fig. 8B shows a top view of the terminal block. Fig. 8C shows a side view of the tenminal
block. The terminal block may be implemented by screwing onto the PCB at a

predeternuned position along the coil.
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§084] In contrasl to prior art, the terminal points on each coil may be configured
relatively close to each other resulting lower looping magnetic field. Whareas, the prior art
spiral coll may required R¥ feed to be supplied to a ternunal point inside of the spiral coil and
to a terminal point outside of the spiral cotl. To make the slectrical connection, a bridge in
the radial dwrection may be requived. Since the terrmnals points of the prior art may not be
close together, a relatively larger looping magnetic field may mduce non-umformity in
plasma.

{085 As can be appreciated from the foregoing, one or more embodiments of the
wnvention 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 interlacing, a circular antenna assembly mav be tmplemented
that may be quadrupole invariant with negligible octapole moments asymmelry in the
arimuthal direction. Advamtageously. arrangement of anlenna assemblies being configured
with a plurality of separate antenna assemblies may improve plasma unifornuty in the radial
direction across the substrate. By maximizing the sorface 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 plurahitv of benefits from the circular antenna
assemibly may aflow higher vield of electronic devices at lower operating cost.

10086] While this invention has been described in terms of several embodimenis,
there are alterations. permstations, and equivalents, which fall within the scope of thas
mvention. Although vartous examples are provided herein, it is intended that these examples
be ilustrative and not Himiting 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, embodimernts of the present invention may find wility in other
applications.

JO087] Also, the fitle is provided heremn for convenience and should not be used to
construe the scope of the claims herein, If the term “set™ is emploved herein, such term is
mtended o have its conwnonly understood mathematical meaning to cover zero, oneg, or More
than one member.  The abstract section 1s provided herein for convenience and, due to word
coant hmitation, 1s 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 mcluding all such alterations, permutations, and equivalents as falf within the

true spirii and scope of the present invention.
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CLAIMS
What 1s claimed is:
i. An antenna arrangement in a plasma processing system for providing plasma

untformity across a substrate during substrate processing, comprising:

a pluralitv of circular antenna assemblies, wherein each circutar antenna asserably of
said plurality of circular antenna assemblies includes a set of non-circular cotls, wherein each
non-cireuwtar 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 anterna assemblyv is fabricated
utthizing a printed circutt board (PCB)

3. The arrangement of claim 2 wherein sard PCB 15 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 circular antenna assemblies
ncludes at least a first circular antenmna assembly and a second circular antenng assembly,
wheretn said second circalar antenna assembly swrrounds smd first eircalar antenna assembly.
3, The arrangement of claim 4 wheramn an mner radius of said first circular antenna
assersbly is different from an inner radias of said second circular antenna.

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

7. The arrangement of clanm 3 wherein said el of non-civcular coils for smd each
circular antemna assembly includes at least four non-~circular coils circularly interlaced.

8. The arrangement of clmm 7 wherein said offset between said each non-circular coil of
said set of non-circular coils 15 calculated by dividing the numiber of cods in said each
circular antenna assembly by 360 degrees.

9. The arrangement of claim 8 wheremn said offset between said each non-circular coil of
said set of non-cireular cotls is at a 90 degree angle in satd azimuthal direction.

10, The arrangement of claim ¥ wherein said each non~-civcular coil of said setl of non-
circular cotls includes a plurality of segments.

i1, The arrangement of claim 10 wherein said plurality of segments is a plurality of

conductive traces.



WO 2011/133562 PCT/US2011/033067
18

12, The arrangement of clazm 11 wherain said plurality of conductive Iraces includes &
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 said PCB,

a third segment disposed on said coil side of satd PCB. and

a fourth segment disposed on said terminal side of said PCB.
14, The arrangement of claim 13 wherein each segment of sard at 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 sard adjacent segments are positioned on different side of said
PCR.
15, The arrangement of claim 13 wherein said each non-circudar coil is cireularly
mnterlaced in a z-direction wherein

a second end of said lirst 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 saud third segment,

a second end of satd third segment 1s 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.
{6, The arrangement of clatm 3 wherein said cotf side of satd PCB is a plasma lacing
side.
17, The arrangement of clanm 16 wherein each segment of smid each non-circular coif that

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

I8 The arrangement of claim 3 wherein a third PCB laver 18 emploved to umplenient an
electrostatic shield at the bottom of said PCB to handle capacitive coupling,

19, The arrangement of clatm 1 wherein said each non-circular cotl of said set of non-
circular coils is powered by a separale power generator of said set of generator.

20, The arrangement of claim | wherein satd set of non-circular coils is powered by a

single power generator of said set of generators.
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