METHODS AND APPARATUS FOR A HYBRID CAPACITIVELY-
COUPLED AND AN INDUCTIVELY-COUPLED PLASMA
PROCESSING SYSTEM
BACKGROUND OF THE INVENTION
[0001) Advances in plasma processing have facilitated growth in the semiconductor
industry. The semiconductor industry is a highly competitive market. The ability for a
manufacturing company to be able to process substrate in different processing conditions may ‘
give the manufacturing company an edge over the competitor. Thus, manufacturing -
companies have dedicated time and resources to identify methods and/or arrangements for-
-improving substrate processing. .
{0002] » In general, plasma processing systems may be constructed from a plurality of
configurations. For example, a plasma processing system may be configured as a
capacitively-coupled plasma (CCP) processing system or an inductively-coupled plasnia
(ICP) processing system. Each plasria processing configuration is built to enable processing
in a range of process parameters. ) v
[0003] However, in recent years, the types of devices that are being processed have
become more sophisticated and may required more process control. In an example, devices
being processed are becoming smaller and may require more precise control of plasma
parameters, such as plasma density and uniformity across the substrate, for better yield.
Furihennore, device fabrication may be a multi-steps process. Each step in the process may
. require different process regimes achievable only on plasma processing system of a specific.
configuration. Thus, the range of process parameters of a plasma processing system from a
single configuration may fall short of delivering a total solution to process next-generation
substrates. .
[0004] To facilitate discussion, Fig. 1A illustrates a simplified representation of a
prior art capacitively-coupled plasma (CCP) processing system, Plasma processing system
100 may be a single, double (DFC), or triple frequency radio frequency (RF) capacitive
discharge system. In an example, radio frequencies imay include, but are not limited to, 2, 27
and 60 MHz. Capacitively-coupled plasma processing system 100 may be configured to
include a substrate 106 being disposed above a lower electrode 102.
[0005) Consider the situation wherein, for example, substrate 106 is being processed.
During plasma processing, an RF generator 108 with a path to ground may supply an RF
power to lower electrode 102 through an RF match 110. In an example, RF match 110 may

be used to maximize power delivery to the plasma system. The power from RF generator
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108 may interact with a gas (not shown to simplify illustration) to ignite plasma 114 in a gap
112 between an upper electrode 104 and substrate 106. In the example of Fig. 1A, upper
electrode 104 is shown as being grounded. However, upper electrode 104 may also be
powered. Plasma 114 may be used to etch and/or deposit materials onto substrate 106 to
create electronic devices. , '

[0006] " InCCP processing system such as plasma processing system 100 of Fig. 1A,
gap 112 may be configured to be a very narrow gap. The gap may be about 1:5 to about 1:15
the aspect ratio of gap 112 to the diameter of upper electrode 104. By having narrow gap;
processing steps requiring shorter gas resident time to minimize loading effect may be
employed to process substrate. As the term is employed herein, loading refers to a 4
measurable depletion of an active etchant cause by consumption in the etch process. Thus,
CCP processing system may accqmmoddte etching of electronic deviceé with very small
features fequiring very low gas resident time, |

{0007) In general, a limiting feature of CCP processing system 100, as illustrated in
Fig. 1A, may be the inability to decouple ion density and ion énergy. During plasma
processing, it may be difficult in CCP processing system to independently control the ion
density and the ion energy. For example, an attempt to increase ion energy by increasing RF
power may cause an increase in sheath potential leading to an increase in ion energy.
Another limiting feature of CCP processing system 100, as illustrated in Fig. 1A, may be the
ability to generate high plasma density as compared to inductively-coupled plasma .
processing system. Thus, CCP processing system may not be able to accommodate plasma
processing steps requiring high plasma density and/or independent control of the ion energy
and the ion density. |

[0008] Fig. 1B illustrates a simplified schematic representing a prior art inductively-
coupled plasma (ICP) processing system. Inductively-coupled plasma processing system 150
may be configured to include a substrate 156 being disposed above a lower electrode 152. As
shown in Fig. 1B, the lower electrode 152 may be grounded of may be powered with a first
RF generator 158. RF power to lower electrode 152 may be delivered through an RF match
160. Inan example, RF match 160 may be employed to maximize power delivery to the
plasma system, A ’ -

[0009)] Consider the situation wherein, for example, substrate 156 is being processed.
During plasma processing, a second RF generator 168 may supply RF power to an induc£or
coil 166. The cross section of inductor coil 166, as shown in Fig. 1B, may be a spiral coil

with an air core being disposed.above a dielectric window 154, The power from RF



generator 168 to inductor coil 166 may produce a magnetic field 172 penetrating through
dielectric window 154. The induced electric field may generate electrical current that may
interact with gas to ignite and maintain plasma 164. ’
[0010] - In contrast to ﬁxe CCP processing system of Fig. 1A, plasma vl64 being
generated by ICP processing system tends to have higher density at similar RF power levels.
One main difference between ICP processing systeh 150 and CCP processing system 100
may be the way RF power is coupled to plasma. Except for the low bias RF power from RF
generator 158 being applied to substrate 156, RF power may be coupled to plasma 164
through dielectric window 154 in ICP processing system 150. Thus, high ion density and low
plasma potential may be achieved in ICP processing system by employing efficient, non-
capacitive coupling of RF power to plasma. _
[ool1] “As shown in Fig. 1B, plasma 164 may have a toxroidal/doﬁghnut shape, where
the plasma doughnut may be formed between dielectric window 154 and substrate 156 in
between a gap 162. The magnetic field 172, as shown in Fig. 1B, may peaked off axis, i.e.,
half (1/2) the distance of the radius 170 of inductor spiral coil 166 with minima at the center
of the coi! and the walls. Thus, the plasma doughnut 164 may have the highest density at
about half (1/2) the distance of the radius 170 of inductor spiral coil 166 due to the magnetic
field 172 generated by inductor spiral coil 166.
[0012-] As may be appreciated by those skilled in the art, the gap 162 in ICP
processing system needs to be of a sufficient height, i.e., the height of gap 162 tends to be
about the radius of inductor coil 166, to accommodate the magnetic field 172 being generated
by inductor coil 166, Sufficient gap height may be necessary such that RF power induced
 through dielectric v@indow 154 may be absorbed in plasma 164. By having sufficient gap.
height for plasma to absorb RF power, damages to substrate 156 may be avoided. For
example, if the gap is too narrow, magnetic field 172 may interact with substrate 156 to
produce electric field inducing current and capacitive coupling instead of producing and/or
sustaining plasma. The capacitive coupling may lead to an arcing of the devices on the
substrate and/or an increased in temperature on the substrate, which might be undesirable for
plasma processing. Thus, ICP processing system may be limited to operating with relatively
large gap for plasma processing.
[0013] Another limitation. with ICP processing system 150, as shown by Fig. 1B, may
be in processing of very large substrate. In order to achieve a relatively good uniformity of
plasma, as affected by the magnetic field, over a very large substrate, inductor coil 166 may
need to be scaled up to the appropriate size. Therefore, the chamber may end up becoming



very large because the region of maximum plasma is about half the radius 170 of inductor
coil 166. To achieve good uniformity of plasma, the inductor coil 166 may need to be large
enough to cover the large substrate and not give rise to non-uniformity at the edges.

However, as the chamber becomes enlarged to compensate for the inductor coil, the design of
ICP processing system may pose a variety of mechanical and/or engineering chailenges. | For
example, the vacuum load may be very high in order to support the enlarged ICP processing
system. In addition, the gas may not be evacuated rapidly enough leading to undesirably long
resi'dent. time. Furthermore, a larger dielectric window 154 may be more difficult to handle,
[0014] - Even though ICP processing system may be able to deliver high density-
plasma and decoupling of ion density and.ion energy, ICP processing sy§tem may be limited
to relative large gap and design challenges resulting from compensating for plasma
uniformity when processing larger substrates.

[0015] Fig. 2 shows a simplified schematic of prior art i_nductor coils arrangement as
proposed by V. Godyak in “Distributed Fenomagnetic Inductively Coupled Plasma as an
Alternative Plasma Processing Tool”, Japanese Journal of Applied Physics Vol. 45, No. 10B,
2006, pp. 8035-8041. i

[0016] As shown in Fig. 2, a plurality of cores 202A, 202B, 202C, 202B, 202E,and
202F may be employed. .In contrast to the air core of Fig. 1B, each core may be constructed
of a magnetic material such as ferrite or powder iron. ‘Each core from the plurality of
magnetic cores (202 A - F)'may be configured with a coil from a plurality of coils 204A,
204B, 204C, 204D, 204E, and 204F to act as small inductor sources. For example, as shown
in Fig. 2, coil 204A corresponds to the winding for hxagnetic core 202A. The magnetic core
materials may be employed to confine the magnetic field to a region to improve coupling, in
contrast to Fig. 1B, where the coil may be a spiral arrangement 10 induce a torroidal/doughnut
shape magnetic field from the current from the coils. Thus, the ammangement of a plurality of
small inductor cores may address the spatial uniformity problem of a single, large spiral coil
of Fig. 1B. '

foo17] As shown in Fig. 2, the inductor cores (202 A ~ F) may be wound with coils
(204 A - F) and connected in series in a hexagonal close packing arrangement to improve
uniformity and increase efficiency of magnetic coupling. However, the hexagonal close
packing arrangement is employed as a space filling for the inductor coils without any attempt

to coordinate these core elements.



[0018) As xr;ay be appreciated from the foregoing, CCP processing system may be
limited to fow density plasma and/or inability to decouple the ion density and the ion energy.
Even though ICP processing system may be able to overcome the limitations of generating
high density plasma and/or decoupling of jon density and ion energy, ICP processing system
may be limited to relatively large gap and/or design challenges when processing larger
substrates.- Given the need 1o stay competitive in the semiconductor industry, enhancements
1o the capabilities of CCP and ICP processing systems are highly desirable. v
SUMMARY OF INVENTION
[0019] The invention relates, in an embodiment, to a capacitively-coupled plasma -
(CCP) processing system having a plasma processing chamber for processing a substrate. The
capacitively-coupled p}asina (CCP) processing system includes an upper electrode and a
lower electrode for processing the substrate, which is disposed on the lower electrode during
plasma processing, The capacitively-coupled Plasma (CCP) processing system also includes -
an array of inductor coils arrangement configured to inductively sustain plasma i a gap
between the upper electrode and the lower electrode.
[{0020) The above summary relates to only one of the many embodiments of the
invention disclosed herein and is not intended to limit the scope of the invention, which is set
forth is the claims herein. These and other features of the present invention will be described
in more detail below in the detailed description of the invention and in conjunction with the
following figures. ) '
BRIEF DESCRIPTION OF THE DRAWINGS
[o021] The present invention is illustrated by way of example, and not by, way of
limitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which: ) A
10022] Fig. 1A illustrates a simplified representation of a prior art capacitively-
coupled plasrria (CCP) processing system.
[0023] Fig. 1B illustrates a simplified schematic representing a prior art inductively-
- coupled plasma (ICP) processing system. : '
[0024] Fig. 2 shows a simplified schematic of prior art inductor coils arrangement as
proposed by V. Godyak.
[0025] Fig. 3A shows, in accordance with an embodiment of the invention, a
simplified schematic of a capacitively-coupled plasma processing system configured with an

array of inductor coils arrangement to enable inductive coupling of plasma.



[0026] Fig. 3B shows, in aceordance with an embodiment of the im"ention, a
simplified schematic of a capacitively coupled plasma processing system configured with an
array. of horseshoe inductor coils arrangement to enable inductive coupling of plasma.
[0027} Fig. 4 shows, in accordance with an embodiment of the invention, a simplified
schematic of a top view of a section of an upper electrode illustrating slits radial to the
inductor coils in the upper electrode.
{0028] Fig. 5A shows, in accordance with an embodiment of the ‘invention, a
simplified schematic of a top view of a representative checkered board array arrangement for
inductor coils. ' .
[0029] » Fig. 5B shows, in accordance with an embodiment of the invention, a
simplified of schematic.of a top view of a representative altemating concentric rings
arrangement for inductor coils simulating a spiral coil.

DETAILED DESCRIPTION OF EMBODIMENTS
[0030] The present invention will now be described in detail with reference to a-few
embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerons specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in the art,
that the present invention may be practiced without some or all of these specific details. In
other instances, well known process steps and/or structures have not been described in detail
in-order to not unnecessarily obscure the present invention,
[003 1] In accordance with embodiments of the invention, there are provided methods -
and arrangements for configuring capacitively-coupled plasma prbcessing systems with an ’
array éf inductor coils arrangement to enable the plasma procgssing system to operate as
either a capacitively-coupled and/or an inductively-coupled plasma processing system.
Embodiments of the invention may include employing the array of inductor coils
arrangement to provide high density plasma in a narrow gap of a plasma processing chamber.
With localized control of each inductor coil in the array of inductor coils arrangement,
plasma uniformity may be achieved to obtain higher yield in processing of electronic devices.
[0032]} In an embodiment, the plasma processing system may be configured with the
array of inductor coils arrangement. In an example, the amray of inductor coils arrangement
may be configured with a set of bobbins as the magnetic cores. In another example, the
magnetic cores may be a set of horseshoe magnets. In an embodiment, the magnetic cores

may be constructed from magnetic materials such as ferrite or powder iron. By employing



magnetic material as cores, magnetic field may be confined .to a region to improve coupling
in contrast to prior art ICP system employing air core in the spiral inductor coil.

[0033] In an embodiment, each magnetic core may be wound with a coil. The coil on
each inductor coil may be remoted from én upper electrode to minimize capacitive coupling
in contrast to prior art where a spiral coil is disposed on a dielectric window.

[0034] In the example of bobbins as magnetic cores, the bobbins adjacent to each
other may be arranged in alternating, opposite poles in nn embodiment. By coordinating
alternating, opposite poles arrangement, the magnetic flux from the pair of adjacent bobbins
with opposing poles are allowed to couple forming a looping magnetic field that may
penetrate into the plasma region to sustain plasma in an embodiment. In order to complete
the magnetic circuit for adjacént pair of bobbins, magnetic connectors may be employed to
connect across the set of bobbins. Magnetic connectors may be magnetic straps or a
magnetic plate. Magnetic straps and/or magnetic plate may be constructed from the same
magnetic materials as the cores. :

{0035] In the example of horseshoe magnets as magnetic cores, the horseshoe magnet
is curved in a “U” shape so that the two opposing poles lie on the same plane. Thus, each
horseshoe magnet is similar to a pair of opposing poles of adjacent bobbins with connecting
straps. However, in contrast to the bobbin, horseshoe magnet is forced to couple with
opposing poles on the same magnet. Whereas, the maghetic field of a pole on the bobbin
may loop around and couple with any opposing poles of adjacent bobbins.

[0036] In contrast to prior art, the poles of magnetic cores in the array of inductor
coils arraxigement are coordinated to enhance coupling of the magnetic flux instead of acting
as independent inductor sources of the prior art. The coordinated couplings with adjacém
pairs of opposing poles in the array of inductor coils arrangement aliow for the control of the
set of looping magnetic fields into the plasma region. Thus, plasma uniformity may be |
enhanced through localized control.

[0037] Inan einbodiment, the spacing of opposing magnetic poles may be optimized
with the plasma chamber gap to control the distance the loo;:ihg magnetfcﬂe]ds may
'penetrate into the plasma region without damaging a substrate during plasma processing. In
an embodiment, the spacing of opposing magnetic poles may range from about 25 percent of
the gap to the full gap. In contrast to prior art, the spacing of magunetic cores may bé ' |
optimized for plasma processing instead of being packed in space-filling arrangement.
Furthermore, ICP may be employed to process substrate with relatively narrow gap similar to
CCP process instead of the limitation of a wider gap of the prior art ICP process.



{0038} ‘ In an embodiment, the upper electrode may be configured with an electrostatic
shield to make a conductive material appears to be an insulator. In an example, electrostatic
_ shield may be formed by making slits, in an upper electrode, radial to inductor coils. By
employing the electrostatic shield, the upper electrode is configured to appear to be an
insulator in'the azimuthal direction. In contrast to prior art, a conductive material, i.e., the
upper electrode, may be employed in ICP process with minimal inductive coupling from the
inductor coils instead of being limited to employing a dielectric w.indéw.

[0039] Inan embodimeht, the set of inductor coils may be arranged in a self-similar
pattern for unifonnitir or in a predetermined pattern to simulate the magnetic field of a larger
inductor coil. In another embodiment, each inductor coil in a set of inductor coils may be
independerid'y controlled to vary frequency and/or RF power being delivered to the inductor '
coil to achieve local steering of the plasma.

[0040}) In an embodiment, during ICP processing employing inductor coils
arTangement, upper electrode may be configured to be grounded, RF Apowered or DC biased.
Alternatively or additionally, lower electrode may be powered by the same or different radio
frequency. .

[0041] " The features and advantages of the present invention may be better understood
with reference to the figures and discussions (with prior art mechanisms and embodiments of
the invention contrésted) that follow. '

[0042] Fig. 3A shows, in accordance with an embodiment of the invention, a
simplified schematic of a capacitively-coupled plasma processing system cohﬁgured with an
array of inductor coils arrangement to enable inductive coupling of plasma. As shown in Fig.
3A, plasma processing system 300 may be configured as a typical CCP processing system.
[0043] Consider the situation wherein, for example, a substrate 306 is being
processed in the capacitively-coupled mode in plasma.processing system 300. Plasma
_processing system 300 may be configured to include substrate 306 being disposed above a
lox#er electrode 302, During plasma processing, an RF generator 308 with a path to ground
may supply an RF power to lower electrode 302 through an RF match 310. In an example,
RF match 310 may be émployed to maximize power delivery to plasma system. The radio
frequency may include, but are not limited to 2, 27 and 60 MHz. The power from RF
genérator 308 tends to interact with a gas (not shown to simplify illustration) to ignite plasma
3‘14 between an upper electrode 304 and substrate 306. As shown in Fig. 3A, lower electrode

306 may be configured adjacent to a lower ground extension ring 316 with a lower ground



extension cover ring 318. Similarly, upper electrode 304 may be configured adjacent to an
upper ground extension ring 320 with an upper ground extension cover ring 322.
{0044) In the implementation of Fig. 3A, plasma 314 may be confined between a gap
312 by a set of confinement rings 324. As aforementioned, gap 312 may be a relatively
narrow gap in CCP processing system to facilitate processing parameters requiring shorter
gas resident time to minimize loading effect.
[0045} As can be appreciated from the foregoing, plasma processing system 300 as
shown in Fig. 3A may incorporate other additional features often employed in CCP
processing systems such as an adjustable electrode gap 312, adjustable gaps for confinement
rings 324, DC and/or RF powered upper electrode 304, and the like. In accordance with an
embodiment of the invention, plasma processing system 300, as shown in Fig. 3A, is shown
without limitations as a representation of a fully functional CCP processing system.

- [0046] However, consider a situation wherein, for example, a step in the process may
require processing parameters outside the capability of the CCP processing system. Plasma

_processing system 300 may be switched from the capacitively-couple mode to an inductively-
couple mode in accordance with an émbodiment of the invention, '
[0047) In an embodiment, plasma processing system 300 may be configured with an
array of inductor coils arrangement 340, as shown in Fig. 3A. The array of inductor coils
arrangement 340 is conﬁgured with a set of bobbins (326 A — L). The bobbins (326 A ~ L)
may be constructed of a magnetic material such as ferrite or powder iron,
[0048] ‘In accordance with an embodiment of the invention, each bobbin, for example
bobbin 326A of Fig. 3A, is essentially an individual rod magnet arranged in an array disposed
above upper electrode 304. Each rod magnet or bobbins, for example bobbin 326A, may be
configured with a North (N) magpetic pole and a South (S) magnetic pole on each end of the
rod.
[0049] " Inanembodiment, the set of bobbins (326 A — L) may be connected across the
top by a set of straps (332 A —H). The siraps may be constructed of high permeability
materials, such as ferrite or powder iron. These straps are made of the same kind of magnetic
material as the bobbins to complete the magnetic circuit between the set of bobbins (326 A -
L). Altemnatively, the straps may be a simple plate, also made of high permeability material
such as ferrite or powder iron, Thus, the magnetic circuit between an adjacent pair of
bobbins in a éet of bobbins (326 A ~ L) may be completed.
[0050] In an embodiment, each bobbin in a set of bobbins (326 A - L), for example
bobbin 326A, may be wound with a coil, for example coil 328A, in a set of coils (328 A - L).
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In accordance with an embodiment, the set of coils (328 A — L) as wound on the
corresponding set of bobbins (326 A - L) m:iy be remoted from upper electrode 304 to
minimize capacitive coupling in contrast to prior art spiral coil 166 disposed on dielectric
window 154 of Fig. 1B.
[0051] In accordance with an embodiment of the invention, the set of bobbins (326 A
— L) may be arranged in alternating opposite poles, adjacent to each other, in an embodiment.
For example, bobbin 326A is shown in Fig. 3A with a top view of the N pole on top 330A, .
and the adjacent bobbin 326B is shown with a top view of the S pole on top 330B. Thus, the
array of bobbins (326 A — L) may be arranged in alternating opposite ﬁoles to allow the
magnetic field of a pair of adjacent bobbins with opposing poles to couple forming the set of
looping magnetic fields (334 A — K) in an embodiment. V
[0052] In contrast to prior art, the poles of magnetic cores in the array of inductor
coils arrangement are coordinated to enhance coupling of the magnetic flux instead of acting
as independent inductor sources of the prior art. The coordinated couplings with adjacent
pairs of opposing poles in the array of inductor coils arrangement allow for the control of the
set of looping magnetic fields into the plasma region. Thus, plasma uniformity may be
-enhanced through localized control. '
[0053] In an embodiment, the spacing of the bobbins may be optimized with the gap
312 height to get the desired penetration of looping magnetic fields (334 A ~ X)) of adjacent
bobbins into the plasma region as shown in Fig. 3A., The Jooping magnetic fields (334 A —
K) of adjacent bobbins may penetrate gap 312 the distance of the separation of the adjacent
bobbins. It is desirable for the looping magnetic fields (334 A — K) to penetrate through the
upper electrode 304 to strike and maintain plasma in gap 312 without damaging substrate
306. Typically, the spacing may range from about 25 percent of the gap to the full height of
the gap. Thus, the spacing of adjacent bobbins may be optimized to the gap 312 height to
achieve the desired looping magnetic fields as required by the plasma proéessing parax;leters.
[0054]) ' In contrast to prior art, the spacing of magnetic cores may be optimized for
plaﬁma processing instead of being packed in hexagonal space-filling arrangement.
- Furthermore, ICP may be employed to process substrate with relatively narrow gap similar to
Ccp brocess instead of the limitation of a wider gap of the prior ant ICP process.
[0055] Altematively in another embodiment, horseshoe magnets may be employed
instead of rod magnets to provide an array of inductor coils arrangement. Fig. 3B shows, in

accordance with an embodiment of the invention, a simplified schematic of a capacitively-
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coupled plasma processing system configured with an array of horseshoe inductor coils
arrangement to enable inductive coupling of plasma.

[0056] . Plasma prbcessing system 300 may be configured with another array of
inductor coils arrangement 380, as shown in Fig. 3B. The aﬁay of inductor coils arrangement
380 may be configured with a set of horseshoe magnets (356 A — F). The horseshoe magn.ets
(356 A - F) may be constructed of a magnetic material such as ferrite or powder iron.

[0057] In an embodiment, each horseshoe magnet in a set of horseshoe magnets (356
A —F), for example horseshoe magnet 356A, may be wound with a g:.oil, for example coil
358A, in a set of coils (358 A ~F). Inaccordance with an embodiment, the set of coils (358
A ~F) as wound on the correspanding set of horseshoe magnets (356 A ~ L) may be remoted
from upper electrode 304 to minimize capacitive coupling in contrast to prior art spiral coil
166 disposed on dielectric window 154 of Fig. 1B. .

[0058] Each horseshoe magnet, for example horseshoe magnet 356A of Fig. 3B, is
also configured with a North (N) magnetic pole and a South (S) magnetic pele on each end
similar to the rod magnet. However, horseshoe magnet is curved in a “U” shape so that the
two opposing poles lie on the same plane. Thus, horseshoe magnet, for example horsgshé:e
magnet 356A of Fig. 3B, may be similar to a pair of opposing poles of adjacent rod magnets
with connecting strap of Fig. 3A.

{0059) =  However, in contrast to the bobbins of Fig. 3A, horseshoe magnet may be
forced to couple with opposing poles on the same magnet. Whereas, the magnetic field of a
polé on the bobbin in Fig. 3A may loop around and couple with any opposing poles of -
adjacent bobbins. .

(0060} . As can be appreciated by those skilled in the art, the spacing of the opposing
poles on each horseshoe magnet may also be optimized to the gap 332 height to achieve the
desired looping magnetic fields (360 A — F) as required by the plasma processing parameters.
fooé1} As may be appreciaxéd from the foregoing, the main difference between the
set of bobbin inductor coils arrangement of Fig. 3A and the set of horseshoe mégnets inductor
coils arrangement of Fig. 3B is in the forced coupling within a horseshoe magnet instead of
coupling with any opposing poles of adjacent bobbins. However, both bobbin arrangement
and horseshoe magnet employed predetermined, coordinated coupling of opposing poles to
arrange inductor coils instead of merely employing close-packing, space-filling of V.
.Godyak’s inductor coils arrangement. ’

{0062] As shown in Figs. 3A and 3B, the bobbins and/or horseshoe magnets may be

disposed above upper electrode 304 in an embodiment. In another embodiment, bobbins
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and/or horseshoe magnets may be disposed in other configurations with upper electrode 304.
For example, the upper electrode 304 may be counter-bored so that the bobbins and/or
horseshoe magnets may be partially buried in the upper electrode 304, in accordance with an
embodiment of the invention. In anoﬂ:er example, the bobbins and/or horseshoe magnets
may penetrate all the way tﬁrough upper electrode 304 to be flushed or protruded from
plasma facing surface of upper electrode 304. If the bobbins and/or horseshoe magnets
protrude or penetrate ali the way through, the exposed ends may need to be capped or
protected to ensure there are no adverse effects on the process.

[0063] In addition, to prevent inductive coupling, upper electrode 304 may need to be
constructed of a high resistive material, needs to be very thin or needs to be slitted. Fig. 4
shows, in accordance with an embodiment of the invention, a simplified schematic of a top
view of a section of an upper electrode illustrating slits radial to the inductor coils in the

A upper electrode, -

[0064] _ Asshown in Fig. 4,2 section 400 of upper electrode 304 of Figs. 3A and/or
3B may configured with a plurality of inductor coils 4024, 402B, 402C, and 402D. A
conductive material, such as upper electrode 304 of Fig. 3A, may be made to appear to be an
insulator by providing an electrostatic shield or Faraday shield. In an embodiment, the
electrostatic shield may be formed by making slits all the way through the surface of the
upper electrode radial to the inductor coils. For example, the slit 404A is radial from inductor
coil 402A to extend to 402D. Radial slit 404A does not necessarily touch or come to the
edge of inductor coils 402A or 402D. Hence, by employing the electrostatic shield, a
conductive material sﬁc;h as upper electrode 304 of Fig. 3A may be made to appear to be an.
insulator in the azimuthal direction.

[0065] By employing the electrostatic shield, the upper electrode is éonﬁguréd to
appear to be an insulator in the azimuthal direction. In contrast to prior ast, a conductive
material, i.., the upper electrode, may be employed in ICP process with minimal inductive
coupling from the inductor coils instead of being limited to employing a dielectric window.
[0066] As may be appreciated'by those skilled in the art, other techniques may be
employed to make a conductive material appears to be an insulator. For example in
accordance with an embodiment, upper electrode 304 may be selected to be a more resistive
materia} so the radial slits do not have to be cut all the way through the surface. For more
resistive materials, the upper electrode may be constructed as a thinner sheet in an
embodiment. Alternatively, another method to make the conductive material appears to be an

insulator is to create trenches with silicon oxide or quartz embedded as barrier in another
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embodiment. Thus, inductive coupling between the inductor coils and upper electrode may
be eliminated or minimized. ) ‘ _

[0067] . ~ In an embodiment, the set of inductor coils may be arranged in a self-similar
pattern for uniformity or in a specific pattern to simulate the magnetic field of a larger
inductor coil. :

[0068] Fig. 5A shows, in accordance with an embodiment of the invention, a
simplified schematic of a to§ view of a representative checkerboard array arrangement for
inductor coils. As shown in Fig. 5A, inductor coils with North poles (502 A — E) may be
arranged in an alternating checkerboard arrangement with inductor coils with opposing South
poles (504 A ~ D), The magnetic field may be very uniform i‘n-the checkerboard arrangement
because of the self-similar nature of the altemnating pattern. Thus, the uniformity of plasma
may be improved over that of prior art spiral coil 166 of Fig. 1B. For example, in processing
a large substrate, the coil does not need to be sized up-to improve plasma uniformity as
required by prior art ICP processing system.

[0069] Fig. 5B shows, in accordance with an embodiment of the invention, a
simplified of schematic of a top view of a representative alternating concentri¢ rings
arrangement for inductor coils S"imulating aspiral coil. In the implementation of Fig. 5B,
sets of inductor coils 552, 554 A — H, 556 A ~ P, and 558 A — P may be arranged in
concentric circles with alternating sets of opposing poles of ihductor coils. For example, in
the implementation of Fig: 5B, the pole for inductor coil set 552 is'N and the pole for
inductor coils set 554 A—H is S. As inay be appreciate from the foregoing, inductor coils

" may be arranged in a predetermined pattern to simulate a desired magne.tic field based on the
process parameters requirements.

[0070] In an embodiment, the inductor coils arrangement may be driven by a same
radio frequency globally or speéiﬁcally tune at a particular inductor coil to achieve local
control or steering of the plasma. In another embodiment, RF power~to the inductor coils
may be global through a matching network or through an amplifier from a distributed power
arrangement for local control. .

fo071) In an embodiment, during ICP processing employing inductor coils
arrangement, upper electrode may be configured to be grounded, RF powered or DC biased.
Alternatively or additionally, lower electrode may be powered by the same or different radio
frequency. As can be appreciated by those skilled in the art, the CCP processing system

employing inductor coils arrangement allows for hybridization of features from CCP
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processing systern in ICP processes. Thus, operating parameters for processing substrates
may advantageously be widened from such hybridization.

[0072] As can be appreciated from the foregoing, one or more embodiments of the
invention provide for a plasma processing system capable of both CCP and/or ICP. By
hybridizing a CCP processing system to include ICP capability, the processing range has
been widened. By achieving ICP in a CCP processing system, the plasma density has been
increased beyond what is possible with a capacitively-coupled plasma processing system. By
hybridizing the CCP processing system with inductive coils which may produce very uniform
plasma, substrate may be processed in ICP mode in a very narrow gap system resulting in
lower residence time for the gas species. By remoting the coils, strayed electrostatic fields

~ may be eliminated from plasma. By employin.g the upper electrode in the design, the
dielectric window may be eliminated resulting in simpler chamber design. Thus, device
manufacturer employing the hybridized CCP plasma processing system may switch on
demand between an inductive-coupled plasma mode and/or a capacitively-coupled plasma’
mode to take advantage of the features provide by both:technoiogiés. )

. [6073] While this invention has been described in terms of several embodiments,
there are alterations, pérmutations, and equivalents, which fall within the scope of this
ihvention. 1t should also be noted that there are many alternative ways of implementing the
methods and apparatuses of the present invention. Fdrthennofe, embodiments of the present
invention may find utility in other applications. The abstract section is provided herein for
convenience and, due to word count limitation, is accordingly written for reading
convenience and should not be employed to limit the scope of the claims. It is therefore
intended that the following appended claims be interpreted as including all such alterations,

permutations, and equivalents as fall within the true spirit and scope of the present invention.
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CLAIMS

1. A capacitively-coupled plasma (CCP) processing system having a plasma
processing chamber capable of both CCP processing and inductively coupled plasma
processing for processing a substrate, comprising:

at least an upper electrode and a lower electrode for processing said substrate,
said substrate being disposed on said lower electrode during plasma processing; wherein
the upper electrode has at least one slit extending through the upper electrode; and

an array of inductor coils arrangement having a plurality of inductor coils, said
array of inductor coils arrangement being disposed above and in contact with said upper
electrode, said array of inductor coils arrangement configured to inductively sustain
plasma in a gap between said upper electrode and said lower electrode, wherein
individual ones of at least a subset of said plurality of inductor coils are independently
controllable with respect to at least one of phase and RF power, wherein said array of
inductor coils arrangement includes at least

a set of magnetic cores, wherein each magnetic core is a single unitary magnetic
core,

and

a set of coils, each single unitary magnetic core is wound with a coil of said set
of coils, wherein a first magnetic core in said set of magnetic cores is separated from an
adjacent magnetic core by a distance of about 25 percent to 100 percent of said gap

between said upper electrode and said lower electrode.
2. The CCP processing system of claim 1 further comprising at least one radio
frequency (RF) power source, said RF power source being configured to capacitively

ignite and sustain plasma between said upper electrode and said lower electrode.

3. The CCP processing system of claim 2, wherein said RF power source has an

RF frequency of at least one of about 2 MHz, about 27 MHz, and about 60 MHz.
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4. The CCP processing system of claiml, wherein said each magnetic core of said
set of magnetic cores is a bobbin, said bobbin in a set of bobbins is magnetically
coupled by a set of magnetic connectors so that a magnetic field of each said bobbin in
said set of bobbins couples with any opposing magnetic poleof adjacent ones of said set

of bobbins.

5. The CCP processing system of claim 4, wherein said set of magnetic connectors
is disposed on said set of magnetic cores to complete magnetic circuits for adjacent

pairs of bobbins.

6. The CCP processing system of claim 4, wherein a first bobbin in said set of

bobbins is arranged in alternating, opposing magnetic pole to an adjacent bobbin.

7. The CCP processing system of claim 4, wherein said set of connectors is at least

one of a set of magnetic straps and a magnetic plate.

8. The CCP processing system of claim 1, wherein said each magnetic core of said

set of magnetic cores is a horseshoe magnet.

9. The CCP processing system of claim 1, wherein each magnetic core of said set
of magnetic cores is a magnetic material, said magnetic material is made of at least one

of ferrite and powder iron.

10.  The CCP processing system of claim 4, wherein each magnetic connector of said
set of magnetic connector is electrode magnetic material, said magnetic material is

made of at least one of ferrite and powder iron.

11.  The CCP processing system of claim 1, wherein said upper electrode is
configured with an electrostatic shield having slits all the way through the surface of the

upper electrode generally radial to said inductor coils.

12. The CCP processing system of claim 1, wherein inductor coils in said array of

inductor coils arrangement are arranged in a self-similar pattern.
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13.  The CCP processing system of claim 1, wherein said inductor coils in said array

of inductor coils arrangement are arranged in a predetermined pattern.

14. The plasma processing system of claim 7, wherein said set of magnetic
connectors includes at least said set of magnetic straps formed of at least one of ferrite

and powder iron.

15.  The CCP processing system of claim 1, wherein said upper electrode is counter-
bored to at least partially bury said individual ones of at least a subset of said plurality

of inductor coils in said upper electrode.

16.  The CCP processing system of claim 1, wherein inductor coils in said array of

inductor coils arrangement are arranged in an alternating concentric ring pattern.

17. A plasma processing system having a plasma processing chamber capable of
both CCP processing and inductively-coupled plasma processing for processing a
substrate, comprising:

at least an upper electrode and a lower electrode for processing said substrate,
said substrate being disposed on said lower electrode during plasma processings-wherein
the upper electrode has at least one slit extending through the upper electrode; and

an array of inductor coils arrangement having a plurality of inductor coils, said
array of inductor coils arrangement being disposed above and in contact with said upper
electrode, each inductor coil of said array of inductor coils arrangement employing a
single unitary magnetic core of magnetic material and configured to inductively sustain
plasma in a gap between said upper electrode and said lower electrode, wherein
individual ones of at least a subset of said plurality of inductor coils are independently
controllable with respect to and between phase and RF power and wherein magnetic
cores of adjacent ones of said a subset of said plurality of inductor coils are arranged in
an alternating pole Conﬁguration, wherein a first magnetic core in said magnetic cores is
separated from an adjacent magnetic core of said magnetic cores that is adjacent to said
first magnetic core by a distance of about 25 percent to 100 percent of said gap between

said upper electrode and said lower electrode.
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18.  The plasma processing system of claim 17 wherein said magnetic core material

is formed from ferrite.

19. The plasma processing system of claim 17, wherein said magnetic core material

is formed from powder iron.

18



