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ARALLEL RESONANCE ANTENNA FOR RADIAL Prasyia CONTROL
CROSS-REFERENCE TO RELATED APPLICATIONS

[Do01] This application claims the benefit of U.S. Non-Provisional Application No.
17/985,360 filed on November 11, 2022, which is incorporated herein by reference inits
endirety.

TECHNICAL FIELD
[ooo2]  The present disclosure generally relates to semiconductor processing technology
and, in particular embodiments, to an apparatus for radiating electromagnetic waves in a

plasma processing system.

BACKGROUND
foooa]  Plasma processing is extensively used in the manufacturing and fabrication of

high-density microscopic circuits within the semiconductor industry.

[o004]  In a plasma processing system, an electromagnetic wave radiated into a plasma
chamber generates an electromagnetic field. The generated electromagnetic field heats
glectrons in the chamber, The heated electrons ignite plasma that treats the substrate in a

process stich as etching, deposit, oxidation, sputtering, or the like.

[ooos] A non-tmiform electromagnetic field within the plasma processing chamber
results in a non-uniform treatment of the subsirate due to different portions of the substrate
being treated with varying densities of plasma. An apparatus and system that improves
uniformity and radial distribution (i.e., center-to-edge or edge-to-centar) control of the

electromagnetic field in a plasma processing system are, thus, desirable.
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SUMBMARY
foocob]  Technical advantages are generally achieved by embodiments of this disclosure
which describe an apparatus for radiating electromagnetic waves in a plasma processing

system.

foooy]  Afirst aspect relates to a radiating structure of a resonating structure used for
plasma processing. The radiating structure includes a set of first arms and a set of second
arms. Bach first arm has a first inductance and s coupled to a respective first capacitor and a
respactive second capacitor of the resonating structure 1o form a corresponding first
resenant circuit operating at a first resonance frequency. Each second arm has a second
inductance and is coupled to a respective third capacitor and a respective fourth capacitor of
the resonating structure to form a corresponding second resonant circuit operating at a
second resonance frequency. In a first mode of operation, the resonating structore operates
as a single resonance antenna. In a second mode of operation, the resonating structare

operates as a parallel resonance antenna.

foon8]  In afirst implementation form of the radiating structure according to the first
aspect as such, each first arm has a same first length, and each second arm has a same

second length different than the first length.

[ocog}l  In asecond implementation form of the radiating structure according to the first
aspect as such or any preceding imaplementation form of the fivst aspect, each first and each
second arm is a spiral.

{oo10] In a third implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, each first and each
second arro is an Archimedean, logarithmic, Fibonacei, involute of circle, or straight-fine

spiral.

foo11] In a fourth implementation form of the radiating structure according to the first

aspect as such or any preceding implementation form of the first aspect, the radiating

1o
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structure further includes an inner ring and an outer ring. The diameter of the Inner ring is
less than the diameter of the outer ring. The inner and the cuter ring have a same center
point. Bach first and each second arm has a first end point coupled to the inper ring. Each
first arm has a second end point coupled to the outer ring. Each second arm has a second

end point mechanically disconnected from the outer ring.

[oo12] In a fifth implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, the respective first
capacitor and the respective third capacitor are a same capacitor coupled to the inner ring via
a first conductive offset. The respective second capacitor is coupled to the outer ring via a
second conductive offset. The respective fourth capacitor is coupled to the second end point

of each second arm via a third conductive offset.

{0013} In a sixth implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, the radiating
structure further inchiudes an inner and an outer ring. The diameter of the inner ring is less
than the diameter of the outer ring. The inner and the outer ring have a same center point.
Each first and each second arm has a first end point coupled to the outer ring. Each first arm
has a second end point coupled to the inner ring. Each second arm has a second end point

mechanically disconnected from the inner ring.

[oo14] In a seventh implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, the respective first
capacitor and the respective third capacitor are a same capacitor coupled to the outer ring via
a first conductive offset. The respective second capacitor is coupled to the innerring via a
second conductive offset. The respective fourth capacitor is coupled to the second end point

of each second arm via a third conductive offset.

[oo1s] In an eighth implementation form of the radiating structure according to the first
aspect as such or any preceding inmplementation form of the first aspect, each first and each

second arm has a same length. The respective first capacitor is coupled 1o a first end of each
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first arm via a first conductive offset, The respective second capacitor is coupled 10 a second
end of each first arm via a second conductive offset. The respective third capacitor is coupled
o a first end of each second arm via a third conductive offset. The respective fourth capacitor

is coupled to a second end of each second arm via a fourth conductive offset.

foo16] In a ninth implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, each respective first
capacitor is coupled to every other respective first capacitor. Each respective second
capacitor is coupled to every other respective second capacitor. Each respective third
capacttor is coupled 1o every other respective third capacitor. Bach respective fourth

capactior is coupled to every other respective fourth capacitor.

[oo17] In a tenth implementation form of the radiating structure according to the first
aspect as such or any preceding implementation form of the first aspect, the radiatiog
struchure further inchides an inner ring and an outer ring. The diameter of the inner ring is
less than the diameter of the outer ring. The inner and outer ving have a same center point,
Each first and each second arm has a first end point coupled to the inner ring. Each first and

second arm has a second end point coupled to the outer ring.

[0018] In an eleventh implementation form of the radiating structure according to the
first aspect as such or any preceding implementation form of the first aspect, in the second
mode of gperation, a density profile of a plasma generated by the resonating structure is

radially controlled by adjusting RF waveforms corresponding to each resonant circuit.

[oo10] A second aspect relates to a radiating structure of a resonating structure used for
plasma processing. The radiating structure inchides a set of first arms and a set of second
arms. The set of first arms is coupled to a first capacitive plate of the resonating structure at a
first end and a second capacitive plate of the resonating structure at a second end to form a
set of first resonant circuits operating at a first resonance frequency. The set of second arms
is coupled 1o the first capacitive plate of the resonating structure at a first end and to a third

capacttive plate of the resonating structure at a second end to form a set of second resonant
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circuits operating at a second resonance frequency, In a first mode of operation, the
resenating siructure operates as a single resonance antenna. In a second mode of operation,

the resonating structure operates as a parallel resonance antenna.

[ooz0} In a first implementation form of the radiating structure according to the second
aspect as such, in the second mode of operation, a density profile of a plasma generated by
the resonating structure is radially controlled by adjusting RF waveforms corresponding with

the first resonance frequency and the second resonance frequency.

[oo21] In a second implementation form of the radiating structure according 1o the
second aspect as such or any preceding implementation form of the second aspect, the first
capacitive plate is formed by a first conductive plate, a first dielectric, and a bottom side of a
housing of the resonating structure. The second capacitive plate is formed by a second
conductive plate, a second dielectric, and the botiom side of the housing of the resonating
structure. The third capacitive plate is formed by a third conductive plate, a third dielectric,

and the bottom side of the resonating structure.

[oozz2]  Inathird implementation form of the radiating structure according to the second
aspect as such or any preceding implersentation form of the second aspect, the set of first

arms and the set of second arms are arranged in a repeating radial pattern.

[o023] In a fourth implementation form of the radiating structure according to the
second aspect as such or any preceding implementation form of the second aspect, each first
arro has a same first length, and each second arm has a same second length different than

the first length.

[ooz24] A third aspect relates 10 resonating strocture for plasma processing. The
resonating siructure includes a first, a second, a third, and a fourth capacitive plate; a set of
first arms coupled to the first capacitive plate at a first end and 1o the second capacitive plate
at a second end to form a set of fivst resonant circuits operating at a fivst resonance

frequency; and a set of second arms coupled to the third capacitive plate at a first end and to
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the fourth capacitive plate at a second end to form a set of second resonant circuits operating
at a second resonance frequency. In a first mode of operation, the resonating siructure
operates as a single resonance antenna. In a second mode of operation, the resonating

structure operates as a paraﬂei resonance andenna.

foozs] In a first implementation form of the resonating structure according to the third
aspect as such, in the second mode of operation, a density profile of plasma generated by the
resonating structure is radially controlled by adjusting RF waveforms corresponding with the

first resonance frequency and the second resonance frequency.

[oo26]  In asecond implementation form of the resonating structure according to the
third aspect as such or any preceding implementation form of the third aspect, the first
capacitive plate is formed by a first conductive plate, a first dielectric, and a bottom side of a
housing of the resonating structure. The second capacitive plate is formed by a second
conductive plate, a second dielectric, and the bottom side of the housing of the resonating
structure. The third capacitive plate is formed by a third conductive plate, a third dielectric,
and the bottom side of the resonating structure. The fourth capacitive plate is formed by a

fourth conductive plate, a fourth dielectric, and the bottom side of the resonating structure.

foo27] In a third implementation form of the resonating structure according to the third
aspect as such or any preceding implementation form of the third aspect, each first and each
second arm is an Archimedean spiral. Bach first arm has the same first length, and each

second arm has the same second length different than the first fength.

[ooz8]  Inafourth implementation form of the resonating structure according to the
third aspect as such or any preceding implementation form of the third aspect, each first and
each second arm is an Archimedean spiral, and each first arm and each second arm has the

same length.

[on20] HEmbodiments can be implemented in hardware, software, or in any combination

thereof.
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BRIEF DESCRIPTION OF THE DRAWINGS
foozol  For a more complete understanding of the present disclosure and the advantages
thereof, reference is now made to the following deseriptions taken in conjunction with the

accompanying drawings, in which:
fooai} Figure 1is a diagram of an embodiment plasma processing system;
[0032] Figure 2A is a hybrid schematic/drawing of an embodiment resonating structure;

{0033} Figure 2B is an A-A cross-sectional view of the embodiment resonating structure

of Figure 24;

[ooa4] Figuare 2C is a B-B cross-sectional view of the embodiment resonating structure of

Figure 24;

[o035 Figure 2D is an illustration of resonance regions corresponding to one or more

modes of the embodiment resonating struchire of Figure 24;
[0036] Figure 3A is a hybrid schematic/drawing of an embodiment resonating structure;

[oosy Figure 3B is an illustration of resonance regions corresponding to one or more

modes of the embodiment resonating structure of Figure 34;
[0038]  Figure 4 is a hybrid schematic/drawing of an embodiment resonating structure;

[0036] Figure 5A is a drawing of an embodiment first conductive plate of a capacitive
cuter ring of a resonating structure;

[oo40] Figure 5B is a drawing of an embodiment second conductive plate of a capacitive
outer ring of a resonating structure;

{oo41] Figure 5C is a drawing of an embodiment segmented cuter ring of a capacitive
outer of a resonating structure;

[o042] Figure 6A is a drawing of an embodiment first dielectric plate of an insulating

structure of a resonating structure;
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[0043] Figure 68 is a drawing of an embodiment second dielectric plate of an insulating

structure of a r“es(ma’iing structure; and

[oo44] Figure 6C is a drawing of an embodinient shared dielectric plate of an insulating

structure of a resonating structure,

,‘9..
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DETAILED DESCRIPTION OF ILLUSTRATIVE RMBODIMENTS

focg6l  This disclosure provides many applicable inventive concepts that can be
embodied in a wide variety of specific contexts. The particular embodiments are merely
iHustrative of specific configurations and do not imit the scope of the claimed embodiments.
Features from different embodiments may be combined to form further embodiments unless

noted otherwise.

[oo47] Variations or modifications described to one of the embodiments may also apply
to other embodiments, Further, it should be understood that varicus changes, substitutions,
and alterations can be made herein without departing from the spirit and scope of this

disclosure as defined by the appended claims.

[oo48]  While inventive aspects are described primarily in the context of treating
substrates, the inventive aspects may be similarly applicable to fields cutside the
semiconductor industry. Plasma can be used to treat and modify surface properties through
functional group addition. For example, to treat surfaces for paint deposits, plasma can
convert hydrophobic surfaces to hydrophilic surfaces. Further, the inventive aspacts are not
limited to plasma. For example, RF can be used to thaw frozen food or dry out textiles, food,
wood, or the like. In these various examples and across industries, radial distribution control

of an oscillating magnetic field, as disclosed herein, is advantageous.

[oogo] In various embodiments, a reference to magnetic fields refers to magnetic fields
oscillating at some frequency, for example, at one of RF or microwave frequencies. In these

embodiments, the magnetic fields do not refer to DC magnetic fields.

fooso]  Inembodiments, an antenna is proposed that allows radial distribution control of
plasma for semiconductor plasma processing, providing for a controlled center-to-edge
variation in the plasma density profile. In one mode of operation, the antenna is configured
to simultaneously resonate at different resonant frequencies with multiple resonant zones. In
a second mode of operation, the antenna is configured 1o resonate at a single resonant

frequency with a single resonant zone. In a third mode of operation, the antenna is

10~
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configured 1o resonate at a single resonant frequency but with multiple resonant zones.

Other configurations are contemplated as detailed below.

foosi] In various embodiments, radiating structures are proposed having a plurality of
spiral arms. The arms form a resonant circuit with capacitors of the resonating structare to
which the radiating structure belongs. The resonating circuits can be grouped into sets, and
within each set, the resonant circuits can have the same resonant frequencies. In
embodiments, the arms in each set are equal but different from the arms in the other sets. In
other embodiments, the arms are similar to the arms in the other sets. In such embodiments,
the resonating struchire capacitors provide for the resonant circuit variation that
differentiates each set's resonance. In embodiments, the arms are spiral arms. In other
embodiments, the arms are straight-line {(i.e., radial). These and further details are discussed

in greater detail below.

[oos2l Figuare 1 Hlustrates a diagram of an embodiment plasma processing system 100,
Plasma processing system 100 includes an RF souree 102, a resonating struchure 104, a
plasma chamber 106, and, optionally, a dielectric plate 114, which may (or may not} be
arranged as shown in Figure 1. Further, plasma processing system 100 may include

additional componenis not depicted in Figure 1.

[o053] In embodiments, RF source 102 includes an RF power supply, which may include
a generator circuit and a matching circutt {not shown). RF source 102 18 coupled to the
resonating structure 104 via a power transmission line, such as a coaxial cable or the like, RF
source provides forward RF waves to the resonating structure 104. Resonating structure 104
includes one or more radiating structures. The forward RF waves travel through the
resonating structure 104 and are transmitted (i.e., radiated} towards plasma chamber 106.
[oo54] Plasma chamber 106 includes a substrate holder 108. As shown, substrate 110 is
placed on substrate holder 108 to be procassed. Optionally, plasma chamber 106 may
inclide a hias power supply 118 coupled to substrate holder 108. The plasma chamber 106

may also include one or more pump outlets 116 to remove by-products from plasma chamber

=11
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106 through selective control of gas flow rates within. In embodiments, pumyp cutlets 116 are
placed near (e.g., below/around the perimeter of) substrate holder 108 and substrate 110. In
embodiments, plasma chamber 106 may include additional substrate holders (not shown}.
in embodiments, the placement of the substrate holder 108 may differ from that shown in

figure 1. Thus, the quantity and position of the substrate holder 108 are non-limiting.

[coss] In embodiments, resonating structure 104 is separated from plasma chamber 106
by the dielectric plate 114, which is typically made of a dielectric material. Dielectric plate 114
separates the low-pressure environment within the plasma chamber 106 from the external
atmosphere. [t should be appreciated that resonating struchure 104 can be placed directly
adjacent to the plasma chamber 106, or resonating structure 104 can be separated from
plasma chamber 106 by air. In emnbodiments, the diglectric plate 114 is selected to minimize
reflections of the RF wave from the plasma chamber 106, In other embodiments, the

resonating structure 104 is embedded within the dielectric plate 114.

[0056] In embodiments, resonating structure 104 radiates an electromagnetic field
towards the plasma chamber 106. The radiated electromagnetic field generates an

azimuthally symmetric, high-density plasma 112 with low capacitively coupled electric fields,

{00571 In an embodiment, the resonating structure 104 includes arms connected to
capacitive siructures that generate the azimuthal svmmetry, as disclosed herein. In
embodiments, the excitation frequency of the resonating struchure 104 is in the radio
frequency range {10-400 MHz}, which is not limiting, and other frequency ranges can
similarly be contemplated. For example, inventive aspects disclosed herein equally apply to

applications in the microwave frequency range.

[cos8] In embodiments, the resonating struchire 104 inchudes resonant elements. The
resonant elements can be arms that are electrically connected to capacitive structures of the
resonating structure 104. The arms and the capacitive structures are resonant with

electromagnetic waves fed from the RF source 102.

PCT/US2023/030344
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{00501 In embodiments, resonant elements sustain standing electromagnetic waves. The
standing eleciromagnetic waves have regions where the electric field is high and other
regions where the magunetic field is high. The regions where the magnetic fields are high
consist of conductive paths. The resonant elements are placed close to and parallel to the
dielectric plate 114 such that the oscillating magnetic field from the resonant elements
penetrates into the plasma chamber 106. The time-varying magnetic field induces a time-

varving electric field, which transfers energy to plasma electrons.

fooGo}l o embodiments, the resonating structure 104 includes regions where the electric
field is high (i.e., located away from the dielectric plate 114). In embodiments, such regions
consist of metal structures with a flat surface. Tn embodiments, the flat surfaces of two of the
metal pleces are opposed and separated by a dielectric. The volume between the two metal
pieces occupied by the dielectric is the location of the high electric fields in the respective

resonant cireuit of the resonating structure 104.

[0061] In other embodiments, the metal pieces may have cylindrical or other geometries.
1 all cases, two metal surfaces are separated by a region filled with a dielectric material,

which may also be air or vacuum.

[oo62]  The magnetic fields in the high magnetic field elements are due to currents that
flow along these elements. The electric fields in the high eleciric field elements are due to the
presence of charge. The elements with high electric fields are connected with other such
elements through the elements with high magnetic fields such that charge flows from one
region of a high electric field to another region of high electric fields by a current, which

produces the magnetic field in the high magnetic field elements.
[co63] In an embodiment, the high electric field elements may also be connected so that
the electric fields in the resonating structure 104 are in phase and have the same amplitudes.

However, this feature is non-limiting,.

=
&
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[0064] In embodiments, the high magnetic field elements and the high electric field

clements are all approximately identical to each other.

[0065] In embodiments, the elements of the resonating structure 104 are arranged about
a central axis of symuuetry. In an embodiment, the central axis of symmetry is perpendicular
to the dielectric plate 114. In an embodiment where the dielectric plate 114 is in the shape of

a disk, the central axis of symmetry passes through the disk's center.

fooG6] o embodiments, the RF source 102 couples energy to an interface of the
resonating structure 104 to generate the standing electromagnetic waves from the resonating
structure 104. The RF source 102 is coupled 1o the interface via a transmission line in
embodiments. It is desirable that the interface maintain the same or higher symmetry as the

slements of the resonating structure 104 under rotation about the axis of symmetry.

[o067] In embodiments, the interface couples energy to the portion of the resonating
structure 104 where the electric field is high—capacitive coupling. In embodiments, the
interface couples energy to the portion of the resonating structure 104 where the magnetic
field is high—inductive coupling. In both cases, it is possible to arrange the interface such
that eleciromagnetic fields produced by the resonating structure 104 moay peneirate into the

plasima chamber 106, thereby creating plasma 112 in their own right.

[0068] Int an embodiment, the resonating structure 104 couples RF power from RF
sotirce 102 to the plasma chamber 106 to treat substrate 110, In particular, resonating
structure 104 radiates an electromagnetic wave in response to being fed the forward RF
waves from the RF source 102. The radiated electromagnetic wave pepetrates from the
atmospheric side (1.e., resonating struchire 104 side) of the dielectric plate 114 into plasma
chamber 106. The radiated electromagnetic wave generates an electromagnetic field within
the plasma chamber 106. The generated electromagnetic field ignites and sustains plasma
112 by transferring energy to fres electrons within the plasma chamber 106. The plasma 112

cant be used to, for example, selectively etch or deposit material on substrate 110.
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[00649] In Figure 1, resonating structure 104 is external to the plasma chamber 106. In
embodiments, however, resonating structire 104 can be placed internal to the plasma

chamber 106.

[ooy0]l In embodiments, the operating frequency of resonating structure 104 is between
5 and 100 megahertz (MHz). In embodiments, the power delivered by resonating structure
104 ranges from 10 16 5000 Walts {W)—determined by various factors such as distance from

the resonating structure 104, impedance values, or the like.

[o071] Figure 24 illustrates a hybrid schematic/drawing of an embodiment resonating
structure 200. Figure 2B illustrates an A-A cross-sectional view of the resonating structure.

Figure 2C illustrates a B-B cross-sectional view of the resonating structure.

foora] In Figure 24, an embodiment radiating structure 221 of the resonating structure
200 is shown illustratively. Other portions of the resonating structure 200 that feed the

radiating structure 221 with RF power are shown in schematic form,

{oo73] The radiating structure 221 may also be referred to as an antenna plate or a
radiating element. The radiating structure 221 is shown as a unibody, conductive, planar,
ring-shaped, monolithic structure. The radiating strocture 221 inclades an inner ring 223, an
outer ring 225, a set of first arms 2224, and a set of second arms 222b. Bach arm 222a-b has
an n-fold symmetry about an axis, which passes through the center point of the radiating

structure 221.

[oo74] Although each arm of the set of first arms 2222 and set of second arms 222b, in
the radiating structure, is shown as a spiral arm, the spiral shape of the arm is non-limiting,
For example, in an embodiment, the arm can be a radial arm {e.g., a straight-line} without
any curvature. In embodiments where the arm is in the form of a spiral, the spiral can be, but
is not limited to, an Archimedean, a logarithmic, a Fibonacci, or an invohate of circle type of

spiral.
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[Do75] Radiating structure 221 is shown as a sclid conductive plate having cutouts to
form the arms 222a-b. However, it should be appreciated that the unibody design of the
radiating structure 221 is non-limiting, and structures formed by, for example, individual
components for the inner ring 223, outer ring 225, first and set of second arms 222a-b are
envisioned in other embodiments. Further, it should be appreciated that in embodiments,
the radiating structure 221 can include a plorality of wires arranged in a spiral configuration.
In these embodiments, each wire is connected to an inner ring on one end and an cuter ring

on the other.

{oo76] In embodiments, the radiating struchure 221 is formed by the first and set of
second aryns 222a-b without an inner ring 223 or the outer ring 225. In other embodiments,
the radiating strocture 221 is formed by the first and set of second arms 222a-b and only one

of the inner ring 223 or the outer ring 225.

[oo77] I embodiments, the arms 222a-b are formed using, for example, copper tubing,.
In embodiments, the arms 222a-b are formed by individually machined pieces made from,

for example, alumimm,.

[oo78]  Inembodiments, the radiating structure 221 is a conductive plate with a plurality
of axisymunetric spiral cutouts that form the arms 222a-b. In embodiments where the
radiating structure 221 is formed from a conductive plate, the assembly and mechanical
inconsistencies of the resonating structure are minimized due to the generally tight
tolerances in fabrication and manufacturing. Advantageously, such a structure provides for
more robust and repeatable electromagnetic waves. Furtherniore, the radiating structure 221
design provides for scaling to accormnmodate multiple radial zones with respect to the

generated electromagnetic fields.
foo7g] In embodiments, the endpoints of each arm 222a-b are disposed at different
angles measured from the center point of the radiating structure 221 {i.e., spiral arm

embodiments). In embodiments, the endpoints of each arm 222a-b are disposed at the same
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angle measured from the center point of the radiating structure 221 {i.e., radial arm

embodiments).

foo80]  Inembodiments, each arm 222a-b is additionally supported by one or more non-

conductive offsets along the arc of the arm 222a-b.

[ooB1] In embodiments, each first arm 222a has the same straight-line distance between
its ends. In embodiments, each second arm 222b has the same straight-line distance

between its end.

[0082] In embodiments, the straight-line distance between the ends of each first spiral
arm 222a is different from the straight-line distance between the ends of each second spiral
arm 222b. In embodiments, the straight-line distance between the ends of each first spiral
arm 222a is the same straight-line distance as that between the ends of each second spiral

arm 222b.

[o0o83] In embodiments, the arrangement of arms 222a-b includes arranging the arms
z22a-b such that the geometry of the arms 222a-b is unchanged during a rotation of the

radiating structure 221 about an axis of symmetry.

[oo84]  Each arm has an associated inductance value based on its physical dimensions
and material make-up. Thus, an inductor is formed by each arm along which there is a phase
shift in the propagating electromagnetic wave, consistent in sign with the phase change of an

ideal lumped circuit inductor.

[coB85] It should be appreciated that in embodiments, as further discussed below, a
conductive offset mechanically and conductively attaches the endpoints of each arm to
capacitive plates in the interface structure of the resonating structure. In such embodiments,
the use of the language, an inductor formed by the arms, is for ease and simplification of the
discussion and non-limiting. For example, it should be understood that the conductive
offsets in combination with the respective arms, in a general sense, form an inductor of a

reseﬂating structure.
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[0086]  Asshown, in the radiating strocture 221, a first end of each first arm 222a is
connected to the inner ring 223 and connected at the other end to the outer ring 225. The
inner ring 223 is coupled to the first terminal of the first capacitor 230 and the first terminal
of the second capacitor 232, The second terminal of the first capacitor 230 is coupled to the
RF souree 102. The second terminal of the second capacitor 232 is coupled to RF ground
238, The guter ring 225 is coupled to the first terminal of a third capacitor 234. The second

terminal of the third capacitor is coupled to R¥ ground 238.

{o087] In embodiments, where the radiating structure 221 does not include the inner
ring 223, the first end of each first arm 222a is connected to the first terminal of the first

capacitor 230 and the first terminal of the second capacitor 232.

[0088]  Although in Figure 24, the representation is that of a capacitive coupling
resonating structure, it should be appreciated that the present disclosure similarly
conternplates an induactive coupling resonating structure. Thus, the capacitive coupling

resonating structure in Figure 2A is non-limiting.

fcoBg]  Inembodiments, a first end of each arm 222h is connected to the inner ring 223.
The other end of each arm 222b is coupled to the first terminal of a fourth capacitor 236. The

second terminal of the fourth capacitor 236 is coupled to the RF ground 238.

[ooood In embodiments, where the radiating structure 221 does not include the inner
ring 223, the first end of sach arm 222b is connected to the first terminal of the first
capacitor 230 and the first terminal of the second capacitor 232 through conductive offsets

as discussed in further detail below.

[oogi] As shown, the second capacitor 232, the third capacitor 234, and each first arm
222a form a respective first resonant circuit {i.e., LC resonant circuit). The second capacitor
232, the fourth capacitor 236, and each second arm 222b form a respective second resonant

civeuit (1.e., LC resonant circuit).

18-
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[ooo2] In embodiments, the coupling o REF ground of the first terminal of the third
capacttor 234, the first terminal of the fourth capactior 236, or both terminals may be
electrically or mechanically adjusted. For example, a switch (not shown) with a first terminal
coupled to the first terminal of the third capacitor 234 or the first terminal of the fourth
capacitor 236 and a second terminal coupled to the RF ground 238 may act to alter the

coupling to RF ground 238.

foogs] As ancther example, the capacitive values associated with the third capacitor 23«
and the fourth capacitor 2:36 of resonant systera 200 may be chosen, such that the first and
second resonant circuits operate at the same frequency. In such embodiments, when the
capacitance of either the third capacitor 234 or the fourth capacitor 236 is altered,
respectively, the first or second resonant cireuit’s resonant frequency is shifted. In this mode
of operation, the shifted resonant circuit can be removed from operation because the new

resonant frequency is removed from the original single frequency.

[oou4] In ernbodiments, the shifted resonant cireiit coupled to RF ground remains
operational; however, the current distribution and the associated plasma generated
therefrom are shifted. In such embodiments, the resonating structure 200 can operate as a
single resonance antenna or a parallel resonance antenna based on the desired application

and configuration of the resonating structure 200,

{ooos] For clarity, parallel resonance, as used in the present disclosure, is not to be
interpreted in the usual technical electrical engineering sense where two or more circuit
elements have a common voltage across them. Generally, in RF applications, voltage is path-
dependent. Hence, a parallel circuit element concept defined in terms of voltage is not
strictly applicable. The term as used herein—in a looser, non-technical sense—is meant that
two RF elements, which are individually resonant, spatially adjoin, or adjacent to each other.
They can be temporarily excited at the same time, or each can be excited in a pulse separately

in time from the other.
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[0096] In embodiments, the second capacitor 232 and the third capacitor 234 provide a
low impedance path to the first resonant circuit and, specifically, to the radiating elements

(i.e., set of first arms 222a) of the radiating structure 221.

[ooy7] In embodiments, the second capacitor 232 and the fourth capacitor 236 provide a
low impedance path to the second resonant circuit and, specifically, to the radiating elements
{i.e., set of second arms 222b). In embodiments, the inner ring 223 and outer ring 225 of the

radiating structure 221 form low impedance paths at the frequencies of interest for each

resonant cireutt.

{0008}  Here, RF source 102 is shown as an AC power supply. In embodiments, the RF
source 102 is configured to provide a forward RF wave to each arm, which is radiated by the

first and second resonant circuits.

foogg]  The resonant frequency of each resonant circuit is based on the various electrical
and mechanical parameters of the structural compoenents of the associated capacitors and

the arms, respectively.

{0100] In embodiments, the difference in arm length in each set allows for a difference in
inductance at each resonant circuit. In some embodiments, the second capacitor 232, the
third capacitor 234, and the fourth capacitor 236 are variable capacitors. In such
embodiments, the resonant frequency of each resonant circuit can be adjusted by varying the

capacitance values of the variable capacitors.

[o101] I embodiments, the changing of the balance of power between the resonant
frequency of the set of first arms 222a and the resonant frequency of the set of second arms
222b, moves the radius of the maximum field of the azimuthally averaged fields, which
inchides both sets of arros, radially. Based on these arrangements, a variation of the power
ratic hetween the associated frequency of each resonance cireuit can vary the high field point
on the set of first arms 222a given the set of second arms 222b, which directly impacts the

density profile of the generated plasma by the resonating structure 200,
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[p1o2} Thus, in one operating mode, the resonating strocture 2006 is configured to
simultanecusly resonate at different resonant frequencies through the first and second
resonant circuits, allowing for a center-to-edge variation of the plasma density profile. The
resonating structure 200, in a second operating mode, can resonate at a single frequency
with a single resonant zone by adjusting the capacitive values of the resonant circuits to
operate at the same resonant frequency. The resonating structure 200, in a third operating
maode, can resonate at a single resonant frequency but with multiple resonant zones. In
embodiments where the resonating struchire can operate in more than two resonances,

different combinations of active resonant frequencies are similarly contempiated.

[o103] Although the set of arms in the radiating structure 221 is shown to have four
arms, this nomber is non-limiting, and different arm numbers are contemplated. Further,

although the radiating structure 221 is shown to have two resonating circuits due to the two

sets of arras 222a-b, it should be appreciated that a radiating structure having more than two

sets of arms is similarly contemplated. In such embodiments, each set of arms allows for a

separate resonating structure.

[o104] Thus, in an embodiment with N set of arms and with M arms in each set, the
radiating structure has M number of resonating circuits that operate at the same resonance,
of which there are N different types of resonant circuits—M and N ave positive integer

nurnbers. [n a different embodiment, each N set may have a different number of arms.

{0105} Referring to Figure 2B, which is an A-A cross-sectional view of the resonating
structure 200, two arms of the set of first arms 222a are shown. Referring to Figure 2C,
which is a B-B cross-sectional view of the resonating structure 200, two arms of the set of
second arms 222b are shown, Bach first arm 2222 and second arm 2z2b is coupled to an
interface structure 206 of the resonating structure 2006 via respective conductive offsets

224a-d.

[o106]  Although the resonating structure 200 is shown to be coupled to the RF source

102 using capacitive coupling, other arrangements, such as inductive coupling, are similarly

R
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contempiated. The capacitive and inductive coupling arrangements are discussed in detail in
U.S. Application No. 17/664,607, 1.8, Application No. 17/649,823, and U.S. Application No.

17/748,737, which are hereby incorporated herein by reference in their entirety.

[o107] Additionally shown is housing 226a-¢, which surrounds the resonating structure
200. Housing 226a-¢ inchides a housing sidewall 2264, a housing botiom side 226b, and a
housing top side 226¢. Housing sidewall 226a and housing bottom side 226b are conductive
structures. The housing top side 226c¢ is illustrated with a dashed line representing an open

surface of housing 226a-c.

[0108] The housing bottom side 226b is electrically coupled to the RF ground 238 of RF
source 102. As such, the entirety of housing 226a-c¢ is RF grounded. The housing bottom side
226b includes an opening to couple an RF feed path from RF sourcs 102 to interface

structure 206.

[c100] In an embodiment, the housing top side 226¢ is positioned adjacent to the bottom
of the plasma chamber 106. In reference to Figure 1, the resonating structure 200 is flipped
upside down, and the housing top side 226¢ of resonating structure 200 is positioned such
that the dielectric plate 114 is flush with the housing top side 226¢. In such an embodiment,
the dielectric plate 114 is located above the radiating structure 221 in the direction of the
housing top side 226¢. The resonating structure 200 generates eleciromagnetic waves that
radiate through the dielectric plate 114 towards the plasma chamber 106 in a direction from

the housing bottom side 226b to the housing top side 226¢.

fo110] Resonating struchire 200 may operate as the resonating structure 104 in the
plasma processing system 100 in Figure 1. It is noted that the resonating structure 200 is not
limited to an application in plasma processing, and other applications are contemplated.
Further, the resonating structuire 200 may include additional components not depicted in
Figures 2A-C, such as non-conductive offsets to provide extra structural rigidity to the
resonating structure 200 by mechaunically connecting radiating structure 221 to interface

structure 200.
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[o111] Interface structure 206 includes a drive disk 202, a capacitive inner ring 210a-b, a
capacttive outer ring 212a-b, and an insulating structure 214. The drive disk 20z is a
conductive, circular structure couplable to the RF souree 102 and used to provide RF waves
to the radiating structure 221, In embodiments, the drive disk 202 is coupled to the RF
souree 102 via a rigid, semi-rigid, or flexible coaxial cable. In other embodiments, the drive
disk 202 is coupled 10 an RF or microwave generator via any one of a variety of types of
transmission lines, such as a rectangudar waveguide, two paraliel conductive ribbons (e.g.,

triax) with two cylindrical conductors contained within a larger hollow cylinder, or the like,

[o112] Capacitive inner ring 210a-b and capacitive cuter ring 212a-b are conductive
structures. As shown, the capacitive outer ring 212a-b is arranged adjacent to the capacitive
inner ring 210a-b and substantially on the same plane. In embodiments, however, the
capacitive outer ring 212a-b may be on a different plane than the capacitive inner ring 210a-
b. Regardless, the surface areas and the insulating structure 214 forming the respective

capacitive plates may be adjusted to have the same or different capacitances.

fo113] The capacitive outer ring 212a-b and capacitive inner ring 210a-b are conductive,
ring-shaped plates with an inner and cuter radius. In emnbodiments, the capacitive outer ring
212a-b and capacitive inner ring 210a-b have the same center point as the drive disk 202.
And the inner radius of the capacitive outer ring 212a-b is greater than the outer radius of
the capacitive inner ring 210a-b. The inner radius of the capacitive inner ring 210a-b is less

than the outer radius of the drive disk 202.

[0114] In embodiments, capacitive inner ring 210a-b is a single conductive structure,
effectively forming a single capacitive inner ring. Tn other embodiments, each capacitive
inner ring 210a-b is a single conductive structure. In such embodiments, the multiple
conductive structures may be electrically isolated from each other (e.g. 210a and 210b). In
embodiments, capacitive outer ring 212a3-b is a single conductive structure, effectively

forming a single capacitive outer ring. In other embodiments, each capacitive outer ring
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212a-b is a single conductive structure. In such embodiments, the multiple conductive

structures may be electrically isolated from each other (e.g. 2124 and 212b).

[o115] For example, in emnbodiments, each first arm 222a is coupled at one end to a first
conductive structure of capacitive fnner ring 210a, and each second arm 222b is coupled at
one end 1o a second conductive structure of capacitive inner ring 210a. The first and second
conductive structures of capacitive inner ring 210a-b may be electrically coupled to each
other in one set of embodiments, and they may be electrically isclated from sach otherin a

different set of embodiments.

[0116] Likewise, in embodiments, each first arm 2222 is coupled at one end to a first
conductive structure of capacitive cuter ring 2124, and each second arm 222b is coupled at
one end to a second conductive structure of capacitive inner ring 212b. The first and second
conductive structures of capacitive outer ring 212a-b may be electrically coupled to each
other in one set of embodiments, and they may be electrically isclated from each otherina

different set of embodiments.

[o117] In embodiments, RF source 102 is electromagnetically coupled to capacitive inner
ring 210a-b via drive disk 202. Although not shown, and as previously mentioned, the RF
source 102 can be coupled to the resonant structure using inductive coupling. Thus, the

method of coupling of the RF soures 102 is non-limiting.

[0118] Because Figures 2B-C illustrate cross-sectional views of the resonating structure
200, it should be appreciated that in embodiments, there is an axis of symmetry at the center
of the resonating structure 200. In embodiments, the resonating struchure 200 has a
cyvlindrical structure. Tn these embodiments, for example, the portion of the capacitive outer
ring 212a-b shown on the left side of the drive disk 202 and the portion of the capacitive
outer ring 212a-b shown on the right side of the drive disk 202 are part of the same
conductive ring structure. Further, similar symmetry exists with other components of the
resonating structure 200 with respect to the center of the resonating structure, such as the

capacttive inner ring 210a-b, radiating structure 221, ete.

,.24 -
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{o119] Insulating struchure 214 consists of an electrically insulating material such as a
dielectric material or the like. In embodiments, the insulating structure 214 consists of air or
vacuum. The insulating structure 214 is arranged betwesn drive disk 202, capacitive inner

ring 210a-b, capacitive outer ring 212a-h, and bousing botton side 220b.

[oizo} In embodiments, the interface strocture 206 is embedded in an insulating
medium, such as air or dislectric (1.e., insulating structure 214), Although the arrow
designating the insulating structure 214 is shown to point to an area—more appropriately, a
volume of the interface structure 206 in Figure 2A—it should be appreciated that the arrow is
meant to imply that the insulating structure 214 covers the area or volume surrounding the

different conductive and non-conductive material of the resonating structure 200.

[D121] In embodiments, insulating structure 214 may include multiple insulating
structures with, for example, different dielectric parameters, effectively forming a single
insulating structure between the various conductive components of interface structure 206.
In other embodiments, insulating structure 214 may be a single insulating structure formed

between the various conductive components of interface struchire 206.

{o122] Conductive offsets 224a-d include a set of first inner conductive offsets 224a, a set
of second inner conductive offsets 224b, a set of first outer conductive offsets 224¢, and a set

of second outer conductive offsets 224d.

[o123] As shown, conductive offsets 224a-d are arranged perpendicular to capacitive
inner ring 210a-b, capacitive outer ring 212a-b, and radiating structure 221. However,
conductive offsets 224a-d can also be arranged to vertically connect capacitive inner ring
210a-b and capacitive outer ring 212a-b to radiating structure 221 without being

perpendicular 1o these surfaces.

{o124] In embodiments, the set of first inner conductive offsets 224a electrically couple

the capacitive inner ring 210a to the inner ring 223 of the radiating structure 221. The outer
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set of conductive offsets 224¢ electrically couple the capacitive outer ring 212a to the outer

ring 225 of the radiating structure 221.

[o125] Herein, for simplicity of discussion, each capacitive inner ring 210a-b and each
capacitive outer ring 212a-b, respectively, is considered a single conductive structure. Thus,
the capacitive plates forming a capacitor, as disclosed herein, is discussed in terms of a single
corresponding structure. Howsver, it should be understood that in embodiments, a capacitor
can be formed separately with one of the capacitor inner ring 2163, one of the capacitor inner
ring 210b, or both, as one side of a parallel capacitive plate, respectively. Likewise, a
capacttor can be formed separately with one of the capacitor outer ring 2124, one of the

capactor outer ring 212b, or both, as one side of a parallel capacitive plate, respectively.

[0126] First capacitor 230 {Cyyo) is formed by drive disk 202, insulating structare 214,
and the capacitive inner ring 210a-b. The drive disk 202 and capacitive inner ring 210a are
conductive plates arranged in parallel to the other, sandwiching insulating structure 214 in-
between, forming a parallel plate capacitor. The drive disk 202 is capacitively coupled to the

capacitive inner ring 210a-b, as iHlustrated by the first capacitor 230.

{o127] Second capacitor 232 {Cas.) is formed by housing bottom side 226b, insulating
structure 214, and the capacitive inner ring 210a-b. The housing bottom side 226b and
capacitive inner ring 210a-b are conductive plates arranged in parallel, sandwiching
insulating structure 214 in-between, forming a parallel plate capacitor. In embodiments, the
capacttance value of the second capacitor 232 is greater than 10 picofarads (pF). The

capacitance value is substantially the same at each location of the parallel plate capacitor.

[0128] Third capacitor 234 (Caaa) is formed by housing bottom side 226b, insulating
structure 214, and the capacitive outer ring 212a-b. The housing bottom side 226b and
capacitive outer ring 212a are conductive plates arranged in parallel, sandwiching insulating
structurs 214 in-between, forming a parallel plate capacitor. In embodiments, the
capacitance value of the third capacitor 234 is greater than 10 picofarads (pF). The

capacttance value is substantially the same at each location of the parallel plate capacitor,

285~



(5]

10

20

25

WO 2024/102184

[0120] Fourth capacitor 236 {Case) is formed by housing bottom side 226bh, inselating
structure 214, and the capacitive cuter ring 212a-b. The housing bottom side 226b and
capacitive outer ring 212a-b are conductive plates arranged in paralliel, sandwiching
insulating structure 214 in-hetween, forming a parallel plate capacitor. In embodiments, the
capacitance value of the second capacitor 232 is greater than 16 picotarads {(pF). The

capacitance value is substantially the same at each location of the parallel plate capacitor.

{o130] In embodiments, the second terminal of the second capacitor 232, the third
capacitor 234, and the fourth capacitor 236 is a plate different than the housing bottom side
226b. For example, a separate capacitive plate may be positioned between the housing
bottom side 226b and the capacitive outer ring 212b or capacitive inner ring 212a to form a

parallel plate capacitor (not shown).

o131} In some emhodiments, the capacitance value of the third capacitor 234 is equal to
the fourth capacitor 236, In other embodiments, the capacitance value of the third capacitor

234 is not equial to the fourth capacitor 236.

{o132] In an embodiment, an end of each of the inner set of conductive offsets 224a-b is
arranged at an equal distance from each other along the surface of the capacitive inner ring

2104-b.

{0133} In an embodiment, an end of each of the outer set of conductive offsets 224¢-d is
arranged at an equal distance from each other along the surface of the capacitive outer ring

212a-b.

{o134] Figure 2D ilhustrates a first resonance region 250 from the first resonant circuit
operating in isolation, a second resonance region 26¢ from the second resonant circuit
operating in isolation, and an overlapping resonance region 270 from the first and second
resonant circuits operating simultaneously. A resonance region, as used herein, is to convey
a tield or fields produced by the associated resonating structures in isolation or in

combination.

PCT/US2023/030344
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[0135] As shown, in the combined resonance region 27¢ (1.e., when the resonant
structure 200 is operating simubtaneously at multiple resonances}, the plasma generation in
the overlapping region 272 has contributions from both the first and second resonant
circuits. In contrast, the non-overlapping region 274 is the product of the first resonant
circuit only. Thus, modifying the varicus adjustable parameters of the resonating structure
200 or adjusting a power ratio between the resonant frequencies allows control of the center-

to-edge density profile of the plasma generated by the resonating structure 200,

{0136] Figure 34 illustrates a hybrid schematic/drawing of an embodiment resonating
structure 300. Resonating struchiure 300 may operate as the resonating structure 104 in the
plasma processing system 100 in Figure 1. It is noted that the resonating structure 300 is not

limited to an application in plasma processing, and other applications are contemplated.

[0137] Resonating structure 300 shares several features with resonating structure 200.
The resonating structure 300 inchides a radiating structure 321, which is shown as a
unibody, conductive, planar, and ring-shaped structure. The radiating structure 321 includes
an inner ring 223, an cuter ring 225, a set of first arms 322a, and a set of second arms 322b.
Each arm of each set of arms 322a-b has an n-fold symumetry about an axis, which passes

through the center point of the radiating structure 321.

[0138] I resonating strocture 200, similar to resonating structure 300, the RF forward
wave can be capacitively coupled from the R¥ source 102 through either the inner ring 223

or the outer ring 225.

<.

[0139] Each first arm 322a is connected at one end 1o the inner ring 223 and connected
at the other end 1o the outer ring 225. The outer ring 225 is coupled 1o a first terminal of the
first capacitor 23¢ and the first terminal of the second capacitor 232. The second terminal of
the first capacitor 230 is coupled 1o the RF source 102. The second terminal of the second
capacitor 232 is coupled to RF ground 238. The inner ring 223 is coupled to the first
terndinal of a third capacitor 234. The second terminal of the third capacitor 234 is coupled

to RF ground 238.
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(0140} Rach second arm 322b is connected at one end to the outer ring 225. The other
end of each second arm 322bis coupled to the first terminal of a fourth capacitor 236, The

second terminal of the fourth capacitor 236 is coupled to the RF ground 238.

[Oo141] The second capacitor 232, the third capacitor 234, and each first arm 322a form a
respective first resonant circuit {ie., LC resonant circuit), The second capacitor 232, the
fourth capacitor 236, and each second arm 322b form a respective second resonant cireuit

{i.e., LC resonant circuit).

[0142] Figure 3B illustrates a first resonance region 350 from the fivst resonant circuit
operating in isolation, a second resonance region 360 from the second resonant cireuit
operating in isolation, and an overlapping resonance region 370 from the first and second

resonant circuits operating simultansousty.

[o143] As shown, in the overlapping resonance region 370 (1.e., when the resonant
struecture 300 is operating simultaneousiy at multiple resonances), the overlapping region
374 is the product of both the first and second resonant circuits. In contrast, the non-
overlapping region 372 is the product of the first resonant circuit only. Thus, operating the
first and second resonant circuits of the resonating structure 300 at different frequencies
allows control of the edge-to-center denstty profile of the plasma generated by the resonating

siructure 300.

[0144] Figure 4 illustrates a hybrid schematic/drawing of an embodiment resonating
structure 400. Resonating siructure 400 may operate as the resonating structure 104 in the
plasma processing system 100 in Figure 1. 1t is noted that the resonating struchire 400 is not
limited to an application in plasma processing, and other applications are contemplated.
{01451 Resonating structiire 400 shares several featires with resonating structure 200,
The resonating structure 400 includes a radiating structure 421, which is shown as a

unibody, conductive, planar, and ring-shaped struacture. The radiating structire 421 includes

an inner ring 223, a set of first arms 422a, and a set of second arms 422h. Each arm of each

,.29_.
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set of arms 422a-b has an n-fold symmetry about an axis, which passes through the center

point of the radiating stracture 421.

[0146] Each first arm 422a is connected at one end to the inner ring 223 and connecied
at the other end 1o the first terminal of the third capacitor 234. The inper ring 223 is coupled
to the first terminal of the first capacitor 230 and the first terminal of the second capacitor
232, The second terminal of the first capacitor 230 is coupled 1o the RF source 102, The
second terminal of the second capacitor 232 is coupled to RF ground 238. The second

terminal of the third capacitor 234 is coupled to RF ground 238.

{0147} Rach second arm 422b is connected at one end to the inner ring 223, The other
end of each second arm 422b is coupled to the first terminal of the fourth capacitor 236. The
second terminal of the fourth capacitor 236 is coupled to the RF ground 238. As shown, the
physical dimensions of the arms of the set of first arms 422a are identical to the physical
dimensions of the arms of the set of second arms 422b. Thus, the inductance of each arm is

the same for the set of fivst arios 422a and the set of second arms 422b.

{0148} The second capacitor 232, the third capacitor 234, and each first arm q22a form a
respective first resonant cireuit (i.e., LC resonant circuit). The second capaciior 232, the
fourth capacitor 236, and each second arm g22b form a respective second resonant circuit

(i.e., LC resonant circuit).

[D140] Figure 5A illustrates an embodiment of a first conductive plate 500 of a capacitive
outer ring 212a—in reference to Figures 2B-C—to which the first arms 4223 are coupled.
Figure 3B illustrates an embodiment of a second conductive plate 520 of the capacitive outer

ring 212b—in reference to Figures 2B-C—to which the second arms 422b are coupled.

{oi50] In embodiments, sach first arm 422a is coupled to the first conductive plate 500
of the outer ring 212a via conductive offsets 224¢ at connection point 504. In enibodiments,
each second arm 422b is coupled 10 the second conductive plate 520 of the outer ring 212b

via conductive offsets 224d at connection point 524.
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[Di51] The first conductive plate 500 is positioned within the inner ring cotout of the
second conductive plate 520 without overlapping regions (1L.e,, electrically isolated from each
other). Thus, in combination, the first conductive plate 500 and the second conductive plate
520 shown in Figures 54-~B form the outer ring 212a-b. The capacitance of the third capacitor
234 in the first resonant circuit depends on the material and dimensional parameters of the
first conductive plate 500. Similarly, the capacitance of the fourth capacitor 236 in the
second resonant circuit depends on the material and dimensional parameters of the second

conductive plate 520.

{0152} In embodiments, the first conductive plate 500 is on the same plane as the second
conductive plate 520 with respect to a vertical arrangement of the resonating structure 400,
while in other embodiments, the plates may be arranged on different planes but parallel to

each other.

[oi53] Itis noted that one factor governing the capacitance of each of the third capacitor
234 and the fourth capacitor 236 is, respectively, the dieleciric parameters of the insulating
structure 214 between the first conductive plate 500 and the housing bottom side 226b and
the insulating structure 214 betwesn the second conductive plate 520 and the housing
bottor side 226b. As further detailed below, in embodiments, the insulating structure 214

may be different for each of these capacitors.

[0154] It should be appreciated that although the first conductive plate 500 and second
conductive plate 520 are dimensioned for two sets of arms, each having four arms, additional
capacitive or conductive plates that can connect to a different number of arms ave stmilarly

conternplated.
[o155] In embodiments, the various conductive plates allow shorter antenna segments
and axisymmetry,

[o156] Figure 5C ilhustrates an embodiment of a segmented outer ring 540, which may

represent, for example, the capacitive cuter ring 212a-b in Figures 2B-C. The segmented

03
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cuter ring 540 shows two sets of first segments 542a and second segments 542b, each having
four segments. Each first arm 422a is coupled to a respective first segment 542a via
conductive offsets 224¢. Each second arm is coupled to a respective second segment 542b via

conductive offsets 224d.

[ois7 In embodiments, each segment in each set of first segments 542a and second
segments 542b may have a different dimension or be of a different material. In some
embodiments, each of the segments 542a has the same dimension and is of the same
material. In some embodiments, each of the segments 542b has the same dimension and the
same material. In some embodiments, each of the segments 542a-b has the same dimension

and the same material.

[0158] In embodiments, one or more segmentis are coupled to one or more segments
542a-b via capacitors to create shared capaciiors. In such emabodiments, the shared
capacitors may be within the first resonant circuit, the second resonant cireuit, or both the

first and second resonant circuits,

[o159] Figure 6A illustrates an embodiment of a first dielectric plate 600 of the
insulating structure 214—in reference to Figures 2B-C. Figure 6B illustrates an embodiment

of a second dielectric plate 620 of the insulating struchire 214—in reference 1o Figures 2B-C.

[0160] In embodiments, the first dielectric plate 600 is positicned within the inner ring
cutout of the second dielectric plate 620 without overlapping regions. In other embodiments,
the first dielectric plate 600 is positioned within the inner ring cutout of the second dielectric

plate 620 with overlapping regions.

[0161] In combination, the first dielectric plate 600 and the second dieleciric plate 620
shown, respectively, in Figures 6A-B form part of the insulating structure 214. In
enbodinents, the first dislectric plate 600 is on the same plane as the second dielectric plate
620 with respect to a vertical arrangement of the resonating structure 400, while in other

embodiments, the plates may be arranged on different planes but parailel to each other.

)
[
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[0162] In embodiments, the first conductive plate 500 and the second conductive plate
520 are positioned vertically above the first dielectric plate 600 and the second dielectric
plate 620. In such embodiments, the housing bottom side 226b is positioned vertically below
the first dielectric plate 600 and the second dieleciric plate 620. The third capacitor 234 is
formed by the first conductive plate 500, the first dielectric plate 600, and the housing
bottom side 226b. The fourth capacitor is formed by the second conductive plate 520, the

second dielectric plate 620, and the housing bottom side 226b.

f0163] In embodiments, the segmented outer ring 540 is positioned vertically above the
first dielectric plate 600 and the second dislectric plate 620. Tn such embodiments, the
housing bottom side 226b is positioned vertically below the first dielectric plate 500 and the

second dielectric plate 620.

[0164] Each respective third capacitor 234 of a first resonant circuit is formed by a first
segment 542a, the first dielectric plate 600, and the housing bottom side 226b. Each
respective fourth capacitor 236 of a second resonant cireuit is formed by a second segment

542b, the second dielectric plate 620, and the housing bottom side 226b.

{01651 Figure 6C illustrates an embodiment of a shared dielectric plate 640 as
represented by the insulating stricture 214 in reference to Figures 2B-C, Tnsuch an
embodiment, the same insulating structure 214 is shared between the third capacitor 234

and the fourth capacitor 236.

[0166] In an emnbodiment, where the resonating structure 400 is used in combination
with the shared diglectric plate 640, the selection of the materials and dimensions of the first
conductive plate 500 and the second conductive plate 520 or the material and dimensions
{or connectivity between the segments) of the segmented outer ring 540 controls the

resonant frequencies of the first resonant cireuit and the second rescnant circuit.

[0167] In embodiments, the insulating struchure 214 between each segment and the

housing bottom side 226b is equal in value. In some embodiments, the insulating structurs
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214 between each segment and the bousing bottom side 226b is of a different value. In other
embodiments, the insulating structure 214 of the first segments 542a is equal in value and
the insulating structure 214 of the second segments 542b is equal in value, but different in

value from the insulating structure 214 associated with the first segments 542a.

[0168] In embodiments, not only is the capacitance of the third capacitor 234 and the
fourth capacitor 236 different, but the capacitance of each third capacitor 234 and fourth

capacitor of each previously designated resonant circuit is different in value.

[0160] Thus, it shoudd be appreciated that each of the third capacitor 234 and the fourth
capacttor 236 can be adjusted or controlled by varying each segment, varying the underlying

dieleciric, or a combination thereof,

[o170] As disclosed herein, various dielectric and conductive plate combinations provide
for different resonating struchures that can operate as a single or a parallel resonance
antenna, Thus, the embodiments explicitly disclosed herein are non-limiting. For brevity, it
should be appreciated that other combinations based on the disclosure material may also be
contemplated that provide for advantageous single or parallel resonance operations in a

single resonating structure,

[o171] It shotld be noted that while the embodiments deseribed utilize the structures
deseribed in figures 5 and 6 for outer capacitor ring 212a-b , those structures can also apply

to inner capacitor ring 210a-b.

[o172] For example, although each of the arms in the radiating structure 421 of Figure 4
is shown to have been coupled to an inner ring 223 at one end and coupled to the capacitive
outer ring 212a-b via the conductive offsets 224b at the other end, a radiating structure
where each arm is coupled to an outer ring 225 at one end and coupled to the inner ring
210a-b 210a-b via the conductive offsets 224a with equal length arms throughout ave also

contemplated.
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{o173] As another example, an embodiment where the radiating structure has arms of
equal length and each arm is coupled at one end to an outer ring of the radiating structure

and coupled on the other end to an inner ring of the radiating structure is also contemplated.

[o174] As yet another example, an embodiment where the radiating structure does not
have an inner ring 223 or an outer ring 225 but has arms of equal length, and each armis
coupled at one end 1o the cuter capacitive ring of the radiating structure via conductive
offsets 224c-d and coupled at the other end to the inner capacitive ring via conductive offsets

224a-b is also contemplated.

[0175] As to each, the radiating structure can be used in combination with any of the (i)
first conductive plate 500 and second conductive plate 520 or (ii) segmented outer ring 540
and one of {1} first dielectric plate 600 and second dielectric plate 620 or (ii) the shared
dielectric plate 640 is contemplated o control the capacitance values of the third capacitor

234 or the fourth capacitor 236.

[o176] It should be appreciated that embodiments with an inner ring 210a-b 210a-b that
has the form as described with the conductive plate 500 and second conductive plate 520 or
the segroented outer ring 540 may also be contemplated. In such embodiments, the general
shape and struchure of the conductive plate is preserved but the dimensions are reduced to
account for the smaller dimension of the inner ring 210a-b. Similarly, the dielectric material
between these conductive plates for the inner ring 210a-b 210a-b and the housing bottom
side 226b may have the same general shape and structure as the first dielectric plate 600 and
the second dielectric plate 620 or the shared dieleciric plate 640. In these embodiments, the
second capacitor 232 for each resonant civcuit may have the same or different capacitance
value based on the combination of the conductive plate or the dielectric plate used to form
the resonant structure. Further, any combination of the outer ring 212a-b and the inner ring
21¢a-b based on the above conductive plates and dielectric plates and any of the resonating
structures detailed above to form a resonating structure may be contemplated. Finally, any

corabination without the outer ring 225 and the jnner ring 223 is similarly contemplated. In
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such an example, the arms are coupled to the interface structure 206 via conductive offsets

224a-d,

[o177] Although the description has been described in detail, it should be understood
that various changes, substitutions, and alterations may be made without departing from the
spirit and scope of this disclosure as defined by the appended claims. The same elements are
designated with the same reference numbers in the various figures. Morsover, the scope of
the disclosure is not intended to be limited to the particular embodiments deseribed herein,
as one of ordinary skill in the art will readily appreciate from this disclosure that processes,
machines, manufacture, compositions of matter, means, methods, or steps, presently
existing or later 1o be developed, may perform substantially the same fimction or achieve
substantially the same result as the corresponding embodiments deseribed herein,
Accordingly, the appended claims are intended to include within their scope such processes,

machines, manufacture, compositions of matter, means, methods, or steps.

[0178] The specification and drawings are, accordingly, to be regarded simply as an
ilhustration of the disclosure as defined by the appended claims, and are contemplated to
cover any and all modifications, variations, combinations, or equivalents that fall within the
scope of the present disclosure. It should be appreciated that the physical arrangement and
disposttion of the components in the various embodiments of, for example, the plasma
processing system or the resonating structures are non-limiting, For example, although the
resonating structure is arranged betwesn the RF source and the plasma processing system in
the various illustrations, this arrangement is non-limiting, and these components may be
arranged adjacent, above, or below the other components while within the scope of the

present disclosure.
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WHAT IS CLAIMED IS8:
1. A radiating structure of a resonating structure used for plasma processing, the
radiating structure comprising:

a set of first arms, each first arm having a first inductance and coupled 1o a respective
first capacitor and a respective second capacitor of the resonating structure to form a
corresponding first resonant circuit operating at a first resonance frequency; and

a set of second arms, each second arm having a second inductance and coupledioa
respective third capacitor and a respective fourth capacitor of the resonating structure to
form a corresponding second resonant circuit operating at a second resonance frequency,
wherein in a first mode of operation, the resonating structure operates as a single resonance
antenna, and wherein in a second mode of operation, the resonating structure operates as a

parallel resonance antenna.

2, The radiating structure of claim 1, wherein each first arm has a same first length, and

each second arm has a same second length different than the first length,

C:»J

The radiating structure of claim 1, whersin each first arm and second arm is a spiral.

4. The radiating structure of claim 3, wherein each first arm and each second arm is an

Archimedean, logarithmic, Fibonacei, involute of circle, or straight-line spiral.

5. The radiating structure of claim 1, wherein the radiating structure further comprises
an inner ring and an outer ring, a diameter of the inner ring being less than a diameter of the
outer ring, the inner ring and the outer ring having a same center point, each first arm and
each second arm having a first end point coupled to the inner ring, each first arm having a
second end point coupled to the outer ring, and each second arm having a second end point

mechanically disconnected from the cuter ring.

6. The radiating structure of claim 5, wherein the respective first capacitor and the

respective third capacitor are a same capacitor coupled to the inner ring via a first conductive
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offset, wherein the respective second capacitor is coupled to the outer ring via a second
conductive offset, and wherein the respective fourth capacitor is coupled to the second end

point of each second arm via a third conductive offset.

7, The radiating structure of claim 1, wherein the radiating structure further comprises
an inner ring and an outer ring, a diameter of the inner ring being less than a diameter of the
outer ring, the inner ring and the outer ring having a same center point, each first arm and
each second arm having a first end point coupled to the outer ring, each first arm having a

second end point coupled to the inner ring, and each second arm having a second end point

mechanically disconnected from the inner ring.

8. The radiating structure of claim 7, wherein the respective first capacitor and the
respective third capacitor are a same capacitor coupled 1o the outer ring via a first conductive
offset, wherein the respective second capacitor is coupled to the inner ring via a second
conductive offset, and wherein the respective fourth capacitor is coupled to the second end

point of each second arm via a third conductive offset.

9. The radiating structure of claim 1, wherein each first arm and each second arm has a
same length, the respective first capacitor is coupled to a first end of each first arm via a first
conductive offset, the respective second capacitor is coupled to a second end of each first arm
via a second conductive offset, the respective third capacitor is coupled to a first end of each
second arm via a third conductive offset, and the respective fourth capacitor is coupled to a

second end of each second arm via a fourth conductive offsat.

10, The radiating structure of claim 1, wherein each respective first capacitor is coupled
to every other respective first capacitor, wherein each respective second capacitor is coupled
to every other respective second capacitor, wherein each respective third capacitor is coupled
to every other respective third capacitor, and wherein each respective fourth capacitor is

coupled to every other respective fourth capacitor.
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1. The radiating structure of claim 1, wherein the radiating structure further comprises
an inner ring and an outer ring, a diameter of the inner ring being less than a diameter of the
outer ring, the inner ring and the outer ring having a same center point, each first arm and
each second arm having a first end point coupled to the inner ring, each first arm and each

second arm having a second end point coupled 1o the outer ring.

12. The radiating structure of claim 1, wherein in the second mode of operation, a density
profile of a plasma generated by the resonating structure is radially controlled by adjusting

RF waveforms corresponding to each resonant circuit.

13. A radiating structure of a resonating structure used for plasma processing, the
radiating structure comprising:

a set of first arms coupled 1o a first capacitive plate of the resonating structure at a
first end and a second capacitive plate of the resonating structure at a second end to form a
set of first resonant circuits operating at a first resonance frequency; and

a set of second arms coupled to the first capacitive plate of the resonating structure at
a first end and o a third capacitive plate of the resonating structure at a second end to form a
set of second resonant cireuits operating at a second resonance frequency, wherein in a first
mode of gperation, the resonating structure operates as a single resonance antenna, and
wherein in a second mode of operation, the resonating structure operates as a parailel

rescnance antenna.

14. The radiating structure of claim 13, wherein in the second mode of operation, a
density profile of a plasma generated by the resonating structure is radially controlled by
adjusting RF waveforms corresponding with the first resonance frequency and the second

resonance frequency.

15. The radiating structure of claim 13, wherein the first capacitive plate is formed by a
first conductive plate, a first dielectric, and a botton side of a housing of the resonating

structure, wherein the second capacitive plate is formed by a second conductive plate, a
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second dislectric, and the bottom side of the housing of the resonating strocture, and
wherein the third capacitive plate is formed by a third conductive plate, a third dielectric,

and the bottom side of the resonating structure.

16. The radiating structure of claim 13, wherein the set of first arms and the set of second

arms are arranged in a repeating radial pattern.

17. The radiating structure of claim 13, wherein each first arm has a same first length,

and each second arm has a same second length different than the first length.

18, Aresonating structure for plasma processing, the resonating structure comprising:

a first capacitive plate, a second capacitive plate, a third capacitive plate, and a fourth
capacitive plate;

a set of first arms coupled to the first capacitive plate at a first end and to the second
capacttive plate at a second end to form a set of first resonant circuils operating at a fivst
resonance frequency; and

a set of second arms coupled to the third capacitive plate at a first end and to the
fourth capacitive plate at a second end to form a set of second resonant circuits operating at
a second resonance frequency, wheregin in a first mode of operation, the resonating structure
operates as a single resonance antenna, and wherein in a second mode of operation, the

resonating structure operates as a parallel resonance antenna.

19, The resonating structure of claim 18, wherein in the second mode of operation, a
density profile of plasma generated by the resonating structure is radially controlled by
adjusting R¥ waveforms corresponding with the first resonance frequency and the second

resenance frequency.

20.  The resonating stricture of claim 18, wherein the first capacitive plate is formed by a
first conductive plate, a first dielectric, and a bottom side of a housing of the resonating

structure, wherein the second capacitive plate is formed by a second conductive plate, a
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second dielectric, and the bottom side of the housing of the resonating structure, wherein the
third capacitive plate is formed by a third conductive plate, a third dielectric, and the bottom
side of the resonating structure, and wherein the fourth capacitive plate is formed by a fourth

conductive plate, a fourth dielectric, and the bottom side of the resonating structure.

21. The resonating structure of claim 18, wherein each first arm and each second arm is
an Archimedean spiral, each first arm having a same first length, and each second arm

having a same second length different than the first length.

22.  The resonating structure of claim 18, wherein each first and second arm is an

Archimnedean spiral, and each first arm and each second arm having a same length.
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