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BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION
[0001] The invention relates to plasma generation systems that are controlled

using Gravity-Induced Gas-Diffusion Separation (GIGDS) techniques.

DESCRIPTION OF RELATED ART

[0002] Typically, during semiconductor processing, a plasma etch process is
utilized to remove or etch material along fine lines or within vias or contacts
patterned on a semiconductor substrate. The plasma etch process generally
involves positioning a semiconductor substrate with an overlying patterned,
protective layer, for example a photoresist layer, into a process chamber. In
addition, during semiconductor processing, a plasma enhanced chemical vapor
deposition (PECVD) process can be utilized to deposit material to fill trenches,
vias, and/or contacts patterned on the semiconductor substrate.

[0003] For example, in plasma etch processes, once the substrate is positioned
within the chamber, an ionizable, dissociative gas mixture is introduced within the
chamber at a pre-specified flow rate, while a vacuum pump is throttled to achieve
an ambient process pressure. Thereafter, a plasma is formed when a portion of the
gas species present is ionized following collisions with energetic electrons.
Moreover, the heated electrons serve to dissociate some species of the mixture of
gas species and create reactant specie(s) suitable for the exposed-surface etch
chemistry. Once the plasma is formed, any exposed surfaces of the substrate are
ctched by the plasma. The process is adjusted to achieve optimal conditions,
including an appropriate concentration of desirable reactant and ion populations to
etch various features (e.g., trenches, vias, contacts, etc.) in the exposed regions of
substrate. Such substrate materials where etching is required include silicon
dioxide (Si0,), poly-silicon, and silicon nitride, for example.

[0004] Conventionally, various techniques have been implemented for
exciting a gas into plasma for the treatment of a substrate during semiconductor

device fabrication, as described above. In particular, (“parallel plate™)
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capacitively coupled plasma (CCP) processing systems, or inductively coupled
plasma (ICP) processing systems have been utilized commonly for plasma
excitation. Among other types of plasma sources, there are microwave plasma
sources (including those utilizing electron-cyclotron resonance (ECR)), surface
wave plasma (SWP) sources, and helicon plasma sources.

[0005] SWP sources are known to offer improved plasma processing
performance, particularly for etching processes, over CCP systems, ICP systems
and resonantly heated systems. SWP sources produce a high degree of ionization
at a relatively lower Boltzmann electron temperature (T.). In addition, SWP
sources generally produce plasma richer in electronically excited molecular
species with reduced molecular dissociation. However, the practical
implementation of SWP sources still suffers from several deficiencies including,
for example, plasma stability and uniformity.

[0006] In current semiconductor process, electronegative gases (e.g. O, NO,
N>O, Cly, HBr, F,, SiFy, CFy, CiFyH,, or their mixtures, etc.) are often added into
electropositive gases such as N, or inert gases (e.g. Ar) for etch, deposition, and
cleaning. Due to the interaction between electropositive ionization (produce
positive ions and electrons) and electronegative ionization (produce positive ions
and negative ions along with small amount electrons), the balance between
electron attachment and electron detachment may not continue. Together with
other known or unknown reasons, plasma generation using mixtures of
electronegative gas and electropositive gas have many kinds of problems and
issues related to process control and quality.

[0007] Instability can be a problem in a plasma source. For example, plasma
generation can be unstable and this instability may manifest as plasma
“flickering”, or the plasma source may not be tuned at certain process conditions
when using a mixture of clectronegative gas and electropositive gas. The
instability problem can influence the process performance by restricting the
process window, affecting plasma uniformity, reducing productivity by adding

stabilization time, or may even cause device failure, etc.

20f 115



WO 2011/019790 PCT/US2010/045124

[0008] Electromagnetic (EM) radiation can be a problem in a plasma source.
For example, the electron density in the plasma is lower when one or more
electronegative gases are added. As a result, the EM wave would not be blocked
(absorbed) by plasma (plasma electrons), and the EM wave would propagate to
the wafer area, or areas with sensitive devices attached to the plasma chamber.
Such EM radiation could damage the wafer thereby causing device and process
failure, or adversely affect the sensitive devices attached to the plasma chamber.
Therefore, the plasma process has to be restricted to electron over-dense
conditions, such as higher power or specific ranges of pressure, and this limits the
process window and adds energy cost.

[0009] Uniformity can be another exemplary problem in a plasma source. In
some cases, the electron density and ion density may not be uniform because the
electronegative discharge is strongly dependant on the electrical field intensity.
For example, there can be strong electronegative discharge with very low electron
density, or there can be totally electropositive discharge with very low negative
ion density, or there can be other types of discharges that can be between the two
extreme conditions, depending on pressure, partial pressure (or flow rate ratio) of
electronegative gas to electropositive gas, and power. If, at the plasma generation
region, the electric field is not uniformly distributed, then a non-uniformly
distributed electronegative discharge region and electropositive discharge region
can cause a non-uniform electron density and ion density. This non-uniformity
may also affect plasma stability.

[0010] Erosion and contamination problems can also exist in a plasma source
when the plasma is generated near the plasma-dielectric interface. The reactive
and corrosive electronegative gas or other process gas cause dielectric plate
erosion by chemical reaction and/or by physical sputtering and contamination.
This induces not only plasma generation and control problems, but also reduces
the lifetime of the diclectric plate, and requires extra plate cleaning processes
and/or replacement. In addition, this erosion and contamination would increase

particle density that may cause device/wafer failure.
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[0011] The above are only several examples that would be induced by adding
electronegative gas or other process gases in the plasma process chamber. The
problems are not limited to those examples and are not limited to microwave
plasma source, meaning that those problems can be associated to any plasma
source and processes.

SUMMARY OF THE INVENTION
[0012] The invention relates to plasma generation systems that are controlled
using Gravity-Induced Gas-Diffusion Separation (GIGDS) techniques.
[0013] The basic concept is to control plasma generation by gravity-induced
gas-diffusion separation techniques. By adding or using gases including inert and
process gases with different gravities (i.e., ratio between the molecular weight of a
gaseous constituent and a reference molecular weight), a two-zone or multiple-
zone plasma can be formed, in which one kind of gas can be highly constrained
near a plasma generation region and another kind of gas can be largely separated
from the aforementioned gas due to differential gravity induced diffusion and is
constrained more closer to a wafer process region than the aforementioned gas.
Here, one kind of gas not only means one gas, but also means a mixture of several
gases, and the mixture can include either electropositive discharge gas or
electronegative discharge gas. The same meaning also applies to another kind of
gas. When the mixing occurs, the same gases can be used or different gases can
be used. In addition, there is often no clear boundary between the different kinds
of gases, and the mixing can occur at one or more different regions. In many
examples, electropositive gases are often preferred to be constrained near the
plasma generation (power source) region for most applications, which therefore
can efficiently block (absorb) EM radiation due to high electron density in
clectropositive plasma as in microwave plasma sources.
[0014] The Gravity-Induced Gas-Diffusion Separation-Controlled (GIGDSC)
plasma processing system and the Gravity-Induced Gas-Diffusion Separation
(GIGDS) techniques associated therewith can be applied to any kind of plasma
generation methods, any kind of plasma sources, and any kind of plasma

processes. For example, the GIGDSC plasma processing system can include radio
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frequency (RF) sources, CCP sources, ICP sources, microwave radial line slotted
antenna (RLSA) plasma sources, surface wave plasma sources, microwave
electron cyclotron resonance (ECR) sources, etc, as some examples. In the
following, one or more surface wave plasmas are presented to address the novelty
and concept of the invention. However, the invention should cover any kind of
plasma sources, plasma generation methods, and plasma processes using the
method and concept addressed herein.

[0015] The GIGDSC plasma processing systems that use plasma generation
controlled by gravity-induced gas-diffusion separation techniques are presented
herein as exemplary semiconductor processing systems. In addition, GIGDS
techniques can be applied to any kind of plasma sources, to any kind of plasma
generation methods, to any kind of plasma processes including those used for
semiconductor process, such as RF CCP, ICP, microwave RLSA plasma, surface
wave plasma, microwave ECR plasma, etc, as some examples. In the following,
surface wave plasmas are described and discussed to address the novelty and
concept of the invention. However, the invention can cover any kind of plasma
sources, plasma generation methods, and plasma processes using the GIGDSC
plasma processing system and methods addressed herein. The basic concept is to
control plasma generation by gravity-induced gas-diffusion separation techniques.
By adding or using gases including inert and process gases with different
gravities, a two-zone or multiple-zone plasma can be formed, in which one kind of
gas can be highly constrained near a plasma generation region and another kind of
gas would be largely separated from the aforementioned gas due to differential
gravity induced diffusion and is constrained more closer to a wafer process region
than the aforementioned gas. Here, one kind of gas not only means one gas, but
also means a mixture of several gases, and the mixture can include either
electropositive discharge gas or electronegative discharge gas. The same meaning
also applies to another kind of gas. When the mixing occurs, the same gases can
be used or different gases can be used. In addition, there is often no clear
boundary between the different kinds of gases, and the mixing can occur at one or

more different regions. In many examples, electropositive gases are often
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preferred to be constrained near the plasma generation (power source) region for
most applications, which therefore can efficiently block (absorb) EM radiation
due to high electron density in electropositive plasma as in microwave plasma
source.

[0016] In some embodiments, surface wave plasma (SWP) sources are used.
The SWP source comprises an electromagnetic (EM) wave launcher configured to
couple EM energy in a desired EM wave mode to a plasma by generating a
surface wave on a plasma-facing surface of the EM wave launcher adjacent the
plasma. The EM wave launcher comprises a slotted antenna having a plurality of
slots. The plurality of slots is configured to couple the EM energy from a first
region above the slotted antenna to a second region below the slotted antenna. A
dielectric plate or resonator plate is positioned in the second region and has a
lower surface that includes the plasma-facing surface of the EM wave launcher.
The SWP source further comprises a first recess configuration formed in the
plasma-facing surface, wherein the first recess configuration is substantially
aligned with a first arrangement of slots in the plurality of slots, and a second
recess configuration formed in the plasma-facing surface, wherein the second
recess configuration is either partly aligned with a second arrangement of slots in
the plurality of slots or not aligned with the second arrangement of slots in the
plurality of slots. A power coupling system is coupled to the EM wave launcher
and configured to provide the EM energy to the EM wave launcher for forming
the plasma.

[0017] According to other embodiments, other surface wave plasma (SWP)
sources are used. The SWP source comprises an electromagnetic (EM) wave
launcher configured to couple EM energy in a desired EM wave mode to plasma
by generating a surface wave on a plasma-facing surface of the EM wave launcher
adjacent said plasma. The EM wave launcher comprises a slotted antenna having
a plurality of slots formed therethrough configured to couple the EM energy from
a first region above the slotted antenna to a second region below the slotted
antenna, and a resonator plate positioned in the second region and having a lower

surface including the plasma-facing surface of the EM wave launcher. A first
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recess configuration is formed in the plasma-facing surface, wherein the first
recess configuration is substantially aligned with a first arrangement of slots in the
plurality of slots. Additionally, means for stabilizing the plasma for a pressure in
the process space ranging from about 10 mtorr to about one torr is provided,
wherein the means for stabilizing the plasma is formed in the plasma-facing
surface of the resonator plate. Furthermore, the SWP source comprises a power
coupling system coupled to the EM wave launcher and configured to provide the

EM energy to the EM wave launcher for forming the plasma.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] In the accompanying drawings:
[0019] FIG. 1 illustrates a simplified schematic representation of a Gravity-
Induced Gas-Diffusion Separation-Controlled (GIGDSC) plasma processing
system in accordance with embodiments of the invention;
[0020] FIG. 2 illustrates a simplified schematic representation of another
GIGDSC plasma processing system in accordance with embodiments of the
invention;
[0021] FIG. 3 illustrates a simplified schematic representation of a surface
wave plasma (SWP) source that can be used in the GIGDSC plasma processing
system in accordance with embodiments of the invention;
[0022] FIG. 4 illustrates a schematic cross-sectional view of an
electromagnetic (EM) wave launcher in accordance with embodiments of the
invention;
[0023] FIG. 5A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention;
[0024] FIG. 5B illustrates a schematic cross-sectional view of a portion of the
EM wave launcher depicted in FIG. 5A;
[0025] FIG. 6A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention;
[0026] FIG. 6B illustrates a schematic cross-sectional view of a portion of the

EM wave launcher depicted in FIG. 6A;
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[0027] FIG. 7A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention;

[0028] FIG. 7B illustrates a schematic cross-sectional view of a portion of the
EM wave launcher depicted in FIG. 7A;

[0029] FIG. 8A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention;

[0030] FIG. 8B illustrates a schematic cross-sectional view of a portion of the
EM wave launcher depicted in FIG. 8A;

[0031] FIG. 9A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention;

[0032] FIG. 9B illustrates a schematic cross-sectional view of a portion of the
EM wave launcher depicted in FIG. 9A;

[0033] FIG. 10A illustrates a bottom view of an EM wave launcher in
accordance with additional embodiments of the invention;

[0034] FIG. 10B illustrates a schematic cross-sectional view of a portion of
the EM wave launcher depicted in FIG. 10A;

[0035] FIG. 11A illustrates a bottom view of an EM wave launcher in
accordance with additional embodiments of the invention;

[0036] FIG. 11B illustrates a schematic cross-sectional view of a portion of
the EM wave launcher depicted in FIG. 11A;

[0037] FIG. 12A illustrates a bottom view of an EM wave launcher in
accordance with additional embodiments of the invention;

[0038] FIG. 12B illustrates a schematic cross-sectional view of a portion of
the EM wave launcher depicted in FIG. 11A;

[0039] FIG. 13A illustrates exemplary process data in accordance with
embodiments of the invention, and FIG 13B illustrates a set of process conditions
and process results associated with FIG. 13A;

[0040] FIG. 14A illustrates exemplary flicker suppression data in accordance
with embodiments of the invention, and FIG 14B illustrates a set of process

conditions and process results associated with FIG. 14A;
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[0041] FIG. 15A illustrates exemplary stabilization data in accordance with
embodiments of the invention, and FIG 15B illustrates a set of process conditions
and process results associated with FIG. 15A;

[0042] FIG. 16A illustrates additional exemplary stabilization data in
accordance with embodiments of the invention, and FIG 16B illustrates a set of
process conditions and process results associated with FIG. 16A;

[0043] FIG. 17A illustrates additional exemplary stabilization data in
accordance with embodiments of the invention, and FIG 17B illustrates a set of
process conditions and process results associated with FIG. 17A;

[0044] FIG. 18A illustrates additional exemplary flicker suppression data in
accordance with embodiments of the invention, and FIG 18B illustrates a set of
process conditions and process results associated with FIG. 18A;

[0045] FIG. 19A illustrates exemplary blocking data in accordance with
embodiments of the invention, and FIG 14B illustrates a set of process conditions
and process results associated with FIG. 19A;

[0046] FIG. 20A illustrates additional uniformity data in accordance with
embodiments of the invention, and FIG 20B illustrates a set of process conditions
and process results associated with FIG. 20A;

[0047] FIG. 21 illustrates an exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention;

[0048] FIG. 22 illustrates another exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention;

[0049] FIG. 23 illustrates another exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention; and

[0050] FIG. 24 illustrates another exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with

embodiments of the invention.
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0051] Gravity-Induced Gas-Diffusion Separation-Controlled (GIGDSC)
plasma processing systems and techniques for controlling plasma generation are
disclosed in various embodiments. However, one skilled in the relevant art will
recognize that the various embodiments may be practiced without one or more of
the specific details, or with other replacement and/or additional methods,
materials, or components. In other instances, well-known structures, materials, or
operations are not shown or described in detail to avoid obscuring aspects of
various embodiments of the invention.

[0052] Similarly, for purposes of explanation, specific numbers, materials, and
configurations are set forth in order to provide a thorough understanding of the
invention. Nevertheless, the invention may be practiced without specific details.
Furthermore, it is understood that the various embodiments shown in the figures
are illustrative representations and are not necessarily drawn to scale.

[0053] Reference throughout this specification to “one embodiment” or “an
embodiment” or variation thereof means that a particular feature, structure,
material, or characteristic described in connection with the embodiment is
included in at least one embodiment of the invention, but do not denote that they
are present in every embodiment. Thus, the appearances of the phrases such as
“in one embodiment” or “in an embodiment” in various places throughout this
specification are not necessarily referring to the same embodiment of the
invention. Furthermore, the particular features, structures, materials, or
characteristics may be combined in any suitable manner in one or more
embodiments.

[0054] Nonetheless, it should be appreciated that, contained within the
description are features that, notwithstanding the inventive nature of the general
concepts being explained, are also of an inventive nature.

[0055] Referring now to the drawings, wherein like reference numerals
designate identical or corresponding parts throughout the several views. FIG. 1

illustrates a simplified schematic representation of a first Gravity-Induced Gas-
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Diffusion Separation-Controlled (GIGDSC) plasma processing system in
accordance with embodiments of the invention. The first GIGDSC plasma
processing system 100 can comprise a dry plasma etching system or a plasma
enhanced deposition system or any other plasma processing system. The first
GIGDSC plasma processing system 100 can include a first GIGDSC plasma
processing subsystem 105, a first gas supply system 130 coupled to the GIGDSC
plasma processing subsystem 105, a second gas supply system 140 coupled to the
first GIGDSC plasma processing subsystem 105, a third gas supply system 150
coupled to the first GIGDSC plasma processing subsystem 105, a fourth gas
supply system 160 coupled to the first GIGDSC plasma processing subsystem
105, a first pumping system 180 coupled the first GIGDSC plasma processing
subsystem 105, and a first control system 190 coupled to the first GIGDSC plasma
processing subsystem 105, coupled to the first gas supply system 130, coupled to
the second gas supply system 140, coupled to the third gas supply system 150,
coupled to first pumping system 180, and coupled to a first pressure control
system 181. For example, control bus 191 can be used to couple the first control
system 190 to the required elements in the first GIGDSC plasma processing
system 100 as shown in FIG. 1. Alternatively, one or more of the gas supply
systems (130, 140, 150, and 160) may not be required.

[0056] The first GIGDSC plasma processing subsystem 105 can include a first
process chamber 110 configured to define a plurality of plasma/processing spaces
(125a and 125b). Alternatively, one or more of the plasma/processing spaces
(125a and 125b) may be configured differently or may not be required. The first
process chamber 110 can include a first substrate holder 120 configured to support
a first substrate 121. The first substrate 121 can be exposed to plasma or process
chemistry in the plasma processing space 125b when the first process chamber
includes a plurality of plasma/processing spaces (125a and 125b).

[0057] In some embodiments, the first substrate holder 120 can be coupled to
ground. For example, when the first substrate 121 is clamped to substrate holder
120, a ceramic electrostatic clamp (ESC) layer may insulate the first substrate 121

from the grounded substrate holder 120.
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[0058] The first GIGDSC plasma processing subsystem 105 can include a
substrate temperature control system 128 coupled to temperature control elements
129 in the first substrate holder 120 and configured to adjust and control the
temperature of first substrate 121. Alternatively, the first GIGDSC plasma
processing subsystem 105 can include temperature control elements (not shown)
in one or more of the walls of the first process chamber 110 and/or any other
component within the first GIGDSC plasma processing subsystem 105.

[0059] In order to improve the thermal transfer between the first substrate 121
and first substrate holder 120, the first substrate holder 120 can include one or
more thermal transfer elements 122 that can be coupled to a thermal control
system 124, For example, the thermal transfer elements 122 can include an
electrostatic clamping (ESC) electrode (not shown) that can be coupled to a
clamping supply in the thermal control system 124 and that can be used to affix
the first substrate 121 to an upper surface of first substrate holder 120. In some
embodiments, one or more of the thermal transfer elements 122 can be used to
isolate the first substrate 121 from the first substrate holder 120 when it is
grounded. In addition, the thermal transfer elements 122 can further include
backside gas elements (not shown) that can be coupled to a backside gas delivery
system in the thermal control system 124. One or more of the thermal transfer
elements 122 can be configured to introduce gas to the backside of the first
substrate 121 in order to improve the gas-gap thermal conductance between the
first substrate 121 and first substrate holder 120, and temperature control of the
first substrate 121 is required at clevated or reduced temperatures. For example,
the thermal transfer elements 122 can include two-zone (center/edge) backside gas
elements, and the helium gas gap pressure can be independently varied between
the center and the edge of the first substrate 121.

[0060] In some embodiments, the first substrate holder 120 can comprise an
electrode 127 through which RF power is coupled to the processing plasma in
plasma processing space 125b. For example, the first substrate holder 120 can be
electrically biased at a RF voltage via the transmission of RF power from a RF

generator 126 to the electrode 127 in the first substrate holder 120. When the RF
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bias is used, the RF bias can serve to heat electrons to form and maintain the
processing plasma in plasma processing space 125b. The operating frequency for
the RF generator 126 can range from about 0.1 MHz to about 100 MHz. RF
systems for plasma processing are well known to those skilled in the art.
Alternatively, RF power may be applied to the substrate holder electrode at
multiple frequencies or may not be required. In other embodiments, DC power
can be provided to the electrode 127.

[0061] In addition, the first substrate holder 120 may be surrounded by a first
baffle member 123 that extends beyond a peripheral edge of the first substrate
holder 120. The baffle member 123 may serve to homogencously distribute the
pumping speed delivered by the pressure control system 181 to the interior of the
first process chamber 110. The baffle member 123 may be fabricated from a
dielectric material, such as quartz, or alumina. The baffle member 123 may
provide a high RF impedance to ground for the plasma in the interior of the first
process chamber 110.

[0062] In some embodiments, a first conductive focus ring 106 can be used,
and the first conductive focus ring 106 can include a silicon-containing material
and can be disposed on the top of the first substrate holder 120. In some
examples, first conductive focus ring 106 can be configured to surround the
clectrode 127, the thermal transfer elements 122, and the first substrate 121 to
improve uniformity at the edge of the substrate. In other examples, the conductive
focus ring 106 can include a correction ring portion (not shown) that can be used
to modify the edge temperature of the first substrate 121. Alternatively, a non-
conductive focus ring may be used.

[0063] Furthermore, the first GIGDSC plasma processing subsystem 105 can
include one or more first process sensors 132 coupled to the first process chamber
110. Alternatively, the number and position of the first process sensors 132 may
be different. In various embodiments, the first process sensors 132 can include
one or more optical devices for monitoring the light emitted from the plasma in

the first process chamber 110. For example, one or more Optical Emission
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Spectroscopy (OES) sensors may be used, and the OES data can be used as
ignition data, operational data, or endpoint data.

[0064] The first process sensors 132 can include gas-sensing devices for
monitoring and/or controlling input gasses, process gasses, and/or exhaust gasses.
In addition, the first process sensors 132 can include pressure sensors, temperature
sensors, current and/or voltage probes, power meters, spectrum analyzers, or an
RF impedance analyzer, or any combination thereof. Furthermore, the first
process sensors 132 can include sensors pertaining to the helium backside gas
pressure, the helium backside flow, electrostatic clamping (ESC) voltage, ESC
current, substrate holder temperature (or lower electrode (LEL) temperature),
coolant temperature, DC conductive bias electrode temperature, forward RF
power, reflected RF power, electrode DC bias, RF peak-to-peak voltage, chamber
wall temperature, process gas flow rates, process gas partial pressures, matching
network settings, a focus ring thickness, RF hours, focus ring RF hours, and any
statistic thereof.

[0065] In addition, the first GIGDSC plasma processing subsystem 105 can
include a first plasma source 115 that is coupled to the first process chamber 110,
and is configured to form first plasma in the plasma generation space 125a, to
form second plasma in the plasma processing space 125b, or any combination
thereof. The first plasma source 115 can include a plasma-facing surface 116
having a plurality of recesses 117 therein. The first plasma source 115 can
include a surface wave plasma (SWP) source that can include a radial line slotted
antenna (RLSA) as shown herein. In alternate embodiments, an ICP plasma
source, a CCP plasma source, or any other plasma sources may be used.

[0066] In some embodiments, the first GIGDSC plasma processing subsystem
105 can include one or more first gas supply elements 135 that can be coupled to
the first gas supply system 130 using at least one first gas supply lines 131.
Alternatively, the first gas supply system 130, the first gas supply lines 131,
and/or the first gas supply element 135 may be configured differently. The first
gas supply element 135 can be coupled to the first process chamber 110 and can

be configured as a ring structure to introduce a first process gas into the first
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process chamber 110 in a first direction 136, and/or in a second direction 137,
and/or in a third direction 138, or in any combination thereof. In addition, the first
gas supply element 135 can be configured to introduce the first process gas to the
plasma generation space 125a and/or to the plasma processing space 125b.

[0067] In other embodiments, the first GIGDSC plasma processing subsystem
105 can include one or more second gas supply elements 145 that can be coupled
to the second gas supply system 140 using at least one second gas supply lines
141. Alternatively, the second gas supply system 140, the second gas supply lines
141, and/or the second gas supply element 145 may be configured differently.
The second gas supply element 145 can be coupled to the first process chamber
110 and can be configured as a ring structure to introduce a second process gas
into the first process chamber 110 in a first direction 146, and/or in a second
direction 147 and/or in a third direction 148, or in any combination thereof. In
addition, the second gas supply element 145 can be configured to introduce the
second process gas to plasma generation space 125a and/or to the plasma
processing space 125b.

[0068] In additional embodiments, the first GIGDSC plasma processing
subsystem 105 can include one or more third gas supply elements 155 that can be
coupled to the third gas supply system 150 using at least one third gas supply lines
151. Alternatively, the third gas supply system 150, the third gas supply lines
151, and/or the third gas supply element 155 may be configured differently. The
third gas supply element 155 can be coupled to the first process chamber 110 and
can be configured to introduce a third process gas into the first process chamber
110 in a first direction 156, in a second direction 157, or in a third direction 158,
or in any combination thereof. In addition, the third gas supply element 155 can
be configured to introduce the third process gas to plasma generation space 125a
and/or to the plasma processing space 125b.

[0069] In still additional embodiments, the first GIGDSC plasma processing
subsystem 105 can include one or more fourth gas supply elements 165 that can
be coupled to the fourth gas supply system 160 using at least one fourth gas
supply lines 161. Alternatively, the fourth gas supply system 160, the fourth gas
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supply lines 161, and/or the fourth gas supply element 155 may be configured
differently. The fourth gas supply element 165 can be coupled to the bottom of
the first process chamber 110 and can be configured to introduce a fourth process
gas into the first process chamber 110 in a first direction 166, or in any other
direction. In addition, the fourth gas supply element 165 can be configured to
introduce the fourth process gas to plasma generation space 125a, to the plasma
processing space 125b, or to any combination thercof.

[0070] During dry plasma etching, the first and/or the second process gas may
comprise an etchant, a passivant, or an inert gas, or a combination of two or more
thereof. For example, when plasma etching a dielectric film such as silicon oxide
(SiOy) or silicon nitride (SixNy), the plasma etch gas composition generally
includes a fluorocarbon-based chemistry (CFy) such as at least one of C4Fg, CsFg,
CsFs, C4F¢, CF4, etc., and/or may include a fluorohydrocarbon-based chemistry
(CiHyF,) such as at least one of CH3F, CHF3, CH,F», etc., and can have at least
one of an inert gas, oxygen, CO or CO,. Additionally, for example, when etching
polycrystalline silicon (polysilicon), the plasma etch gas composition generally
includes a halogen-containing gas such as HBr, Cl,, NF3, or SF6 or a combination
of two or more thereof, and may include fluorohydrocarbon-based chemistry
(CiHyF,) such as at least one of CHF3, CH,F>, etc., and at least one of an inert gas,
oxygen, CO or CO,, or two or more thereof. During plasma-enhanced deposition,
the process gas may comprise a film forming precursor, a reduction gas, or an
inert gas, or a combination of two or more thereof.

[0071] In addition, the first pressure control system 181 can be used to couple
the first pumping system 180 to the first process chamber 110, and can be
configured to evacuate the first process chamber 110, as well as control the
pressure within the first process chamber 110. Furthermore, the first control
system 190 can be coupled to the first process chamber 110, the first substrate
holder 120, and the first plasma source 115. The first control system 190 can be
configured to execute a GIGDSC-related process recipe for performing at least
one of an etch process and a deposition process in the GIGDSC plasma processing

system 100 using one or more GIGDSC-related procedures or models.
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[0072] Referring still to FIG. 1, the first GIGDSC plasma processing system
100 may be configured to process 200 mm substrates, 300 mm substrates, or
larger-sized substrates. In fact, it is contemplated that the GIGDSC plasma
processing system may be configured to process substrates, wafers, solar panels,
video screens, or LCDs regardless of their size, as would be appreciated by those
skilled in the art. Therefore, while aspects of the invention will be described in
connection with the processing of a semiconductor substrate, the invention is not
limited solely thereto.

[0073] As described above, the first process chamber 110 can be configured to
facilitate the generation and stabilization of plasma in the plasma/processing
spaces (125a and 125b) and to generate a stable process chemistry plasma in
plasma processing space 125b adjacent a surface of the first substrate 121. For
example, in an etch process, the process gas can include molecular constituents
that when dissociated are reactive with the material being etched on the substrate
surface. For example, when one or more plasmas are formed in one or more of
the plasma/processing spaces (125a and/or 125b) heated electrons can collide with
molecules in the plasma-forming gases causing dissociation and the formation of
reactive radicals for performing an etch process.

[0074] While FIG. 1 shows the first gas supply element 135 at a first position
in the upper portion of the first process chamber 110 and within the plasma
generation space 125a, the invention is not limited to this configuration. In other
configurations, the first gas supply element 135 may be positioned below the
plasma generation space 125a. For example, the first gas supply element 135 can
be located within 200 mm from the plasma-facing (outer) surface 116 of the first
plasma source 115 and, desirably, the first gas supply element 135 can be
positioned within a range of approximately 10 mm to approximately 150 mm from
the plasma-facing (outer) surface 116 of the first plasma source 115.

[0075] While FIG. 1 shows the second gas supply element 145 at a second
position in the lower portion of the first process chamber 110 within the plasma
processing space 125b, the invention is not limited to this configuration. For

example, the second gas supply element 145 can be located within 200 mm from
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the bottom of the first process chamber 110 and, desirably, the second gas supply
element 145 can be positioned within a range of approximately 10 mm to
approximately 150 mm from the bottom of the first process chamber 110.

[0076] When the first process chamber 110 is configured to use the GIGDS-
related procedures or techniques, separate plasma generation spaces 125a and
plasma processing spaces 125b, such as that shown in the first GIGDSC plasma
processing system 100 of FIG. 1 can provide improved process control and
improved stability control over conventional plasma processing systems. In some
examples, one or more gas mixtures can be provided by one or more of the gas
supply elements (135, 145, 155, and 165), to control the formation of a dense
plasma with a high population of high energy electrons in the plasma generation
space 125a, while producing a less dense, lower temperature stable plasma in the
plasma processing space 125b. When the gas mixture includes at least one light
gas and at least one heavy-gas, the at least one light gas can separate from the at
least one heavy-gas due to differences in their respective molecular weight or
differences in gravity (i.e., ratio between the molecular weight of a gaseous
constituent and a reference molecular weight). In other examples, separate
injection schemes can also be used for the light-gas and the heavy-gas. The gas
separation techniques, described herein, provide greater control over the process at
both the plasma generation region and the substrate surface region by
concentrating gases of different gravities at different regions. By using this
approach, plasma generation (including stability, uniformity, etc.), gas chemistry,
and plasma chemistry at the substrate surface can be controlled.

[0077] Additionally, the configuration of exemplary GIGDSC plasma
processing system 100 shown in FIG. 1 can reduce damage to chamber
components such as the first substrate holder 120, by preventing high energy
plasma species from passing through the plasma processing space (125b). Still
referring to FIG. 1, the plasma generation space 125a can be defined as a “light-
gas” region that can include a high concentration of one or more “light-gases”;
one portion of the second process space can be defined as a “mixed-gas” region

that can include a combination of one or more “light-gases” and one or more
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“heavy-gases”; and a second portion of the second process space can be defined as
a “heavy-gas” region that can include a high concentration of one or more “heavy-
gases”.

[0078] In some examples, when a pure O, or Ar/O, mixture is used to create
plasma in a SWP source, stability control can present a problem. When stability
control becomes a problem, one or more “light-gases” such as H,, He, or Ne gases
can be added into the pure O, or Ar/O, mixture in the plasma in the SWP source if
the plasma generation region is on the top. The “light-gas” can be injected into
the first process chamber 110 from the side, from the bottom, or from the top of
first process chamber 110 using one or more of the gas supply elements (135, 145,
155, and 165). Alternatively, one or more of the gas supply elements (135, 145,
155, and 165) may not be required. The light-gases and heavy-gases can be
injected separately or can be injected as a mixture, and the light-gases can quickly
separate from other heavy-gas and be concentrated near the top of plasma
generation region (e.g., the plasma generation space 125a). Therefore, plasma
generation would be mainly sustained by the light-gases in the plasma generation
space 125a which would only have positive discharge and would be more stable
than plasma generated by the mixture of electropositive and electronegative gases.
At very low pressure, the separation between light-gas and heavy-gases may not
be very apparent due to increased inter-diffusion. In this case, light-gases would
still be highly concentrated near the top plasma generation region due to the
gravity difference, and the light-gases would co-exist with the process gases of a
reduced/diluted concentration. Depending on the balance situation between the
clectron attachment and the electron detachment, an easily ionized light-gas, such
as Hy, or a “not easily ionized” light-gas, such as He or Ne, may be added to
balance the electron attachment and electron detachment processes that can be
originally broken by just using common process gases such as Ar/O, mixture as
an example. At the substrate/wafer level, process gas ionization can be initiated at
least partly by the plasma electrons generated at the top plasma. In such way, a
two-zone plasma can be formed. The top electropositive plasma zone (plasma

generation space 125a) can control the stability, and the bottom electronegative
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plasma zone (plasma processing space 125b) can control the wafer process
(process chemistry). It is well known that H,, He, and Ne have different
ionization potentials that can be advantageously used during processing.
Depending on process conditions and the process purposes, casily discharged H,
or relatively difficult discharged He or Ne can be used and mixed during the
process to stabilize the plasma and enable a wider process operating condition
window. The flow rate ratio or partial pressure of light-gases to heavy-gases can
be adjusted depending on process. When an Ar/O, mixture is used by itself, for
example the Ar/O, mixture can cause a stability problem. Because Ar and O,
have similar molecular weights, they would be mixed evenly in the first process
chamber 110, as an example. In this case, there can be a high population
electronegative gas near plasma generation region, and this can cause a stability
problem. In addition, after plasma is generated, additional O, molecules can be
dissociated into O atoms or radicals that would be lighter than Ar atoms, and the
O atoms would diffuse up more easily to the plasma generation region and may
cause a more serious stability problem.

[0079] In other examples, when a pure O, or Ar/O, mixture is used to create
plasma in a SWP source, EM radiation may be a problem that may depend on the
discharge conditions. When EM radiation becomes a problem, one or more
“light-gases” such as H», He, or Ne gases can be added into the pure O, or Ar/O,
mixture in the plasma in the SWP source if the plasma generation region (e.g., the
plasma generation space 125a) is on the top. The “light gas” can be injected into
the first process chamber 110 from the side, from the bottom, or from the top of
first process chamber 110 using one or more of the gas supply elements (135, 145,
155, and 165). Alternatively, one or more of the gas supply elements (135, 145,
155, and 165) may not be required. These light-gases would be quickly separated
from heavy-gases and be concentrated near the top of plasma generation region
(e.g., the plasma generation space 125a). Therefore, plasma generation would be
mainly sustained by the light-gases in the plasma generation space 125a which
would only have positive discharge and would be more stable than plasma

generated by the mixture of electropositive and electronegative gases. Because
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the plasma generation region (plasma generation space 125a) contains mainly
positive discharged light-gases, such as He, H,, Neg, the clectron density near that
region is much higher than the electron density established using only the O, or
Ar/O; mixture as an example. As a result, EM radiation can be more casily
blocked by plasma electrons near that region (plasma generation space 125a)
giving a cleaner process space (plasma processing space 125b) for the
substrate/wafer area. Experimental results attached to verify this procedure.
[0080] In still other examples, when a pure O, or Ar/O, mixture is used to
create plasma in a SWP source, the size of the process window can present a
problem. When the size of the process window becomes a problem, one or more
“light-gases” such as H», He, or Ne gases can be added into the pure O, or Ar/O,
mixture in the plasma in the SWP source if the plasma generation region (e.g., the
plasma generation space 125a) is on the top. The “light gas” can be injected into
the first process chamber 110 from the side, from the bottom, or from the top of
first process chamber 110 using one or more of the gas supply elements (135, 145,
and 155). Alternatively, one or more of the gas supply elements (135, 145, and
155) may not be required. These light-gases would be quickly separated from
heavy-gases and be concentrated near the top of plasma generation region (e.g.,
the plasma generation space 125a). For example, when the “light-gases” are used
to stabilize the plasma, more process conditions such as power and pressure can
be used. In addition, by blocking EM radiation using the high electron density
established in the local plasma created near the plasma generation region using the
“light-gases”, the under-dense plasma problem can be eliminated or reduced.
Without EM blocking by light-gases, certain under-dense plasma conditions such
as low power high pressure can put limits for the process window. However, with
the blocking of EM radiation, such under-dense plasma conditions can be used
without concern of EM radiation. In this manner, the power efficient can be
increased for the SWP source.

[0081] In additional examples, when a pure O, or Ar/O, mixture is used to
create plasma in a SWP source, the amount of contamination and/or erosion to the

top dielectric plate and/or chamber wall can present a problem. When the amount
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of contamination and/or erosion to the top dielectric plate and/or chamber wall
becomes a problem, one or more “light-gases” such as H,, He, or Ne gases can be
added into the pure O, or A1/O; mixture in the plasma in the SWP source if the
plasma generation region (e.g., the plasma generation space 125a) is on the top.
The “light gas” can be injected into the first process chamber 110 from the side,
from the bottom, or from the top of first process chamber 110 using one or more
of the gas supply elements (135, 145, 155, and 165). Alternatively, one or more
of the gas supply elements (135, 145, 155, and 165) may not be required. These
light-gases would be quickly separated from heavy-gases and be concentrated near
the top of plasma generation region (e.g., the plasma generation space 125a). For
example, when the “light-gases” are concentrated near the top, both the chemical
erosion and the physical sputtering to the dielectric plate would be dramatically
reduced. The GIGDSC techniques can increase the lifetime of the dielectric plate,
can reduce the contamination to the dielectric plate that will reduce the dielectric
plate cleaning burden, and can reduce particle density in the plasma volume and
on the substrate/wafer.

[0082] In some additional examples, when a pure O, or Ar/O, mixture is used
to create plasma in a SWP source, the plasma uniformity can present a problem.
When the plasma uniformity becomes a problem, one or more “light-gases” such
as H,, He, or Ne gases can be added into the pure O, or Ar/O, mixture in the
plasma in the SWP source if the plasma generation region (e.g., the plasma
generation space 125a) is on the top. The “light gas™ can be injected into the first
process chamber 110 from the side, from the bottom, or from the top of first
process chamber 110 using one or more of the gas supply elements (135, 145,
155, and 165). Alternatively, one or more of the gas supply elements (135, 145,
155, and 165) may not be required. These light-gases would be quickly separated
from heavy gases and be concentrated near the top of plasma generation region
(e.g., the plasma generation space 125a). For example, when the “light-gases™ are
used in the plasma, the plasma uniformity can be improved because the
substantially pure electropositive discharge gas can be concentrated near plasma

generation space 125a in process chamber 110. This can simplify the dielectric
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plate design because the design and machining of the recesses (cavities) can
become simpler. A simpler pattern of recesses (cavities) can be used to obtain a
more uniform plasma because the problems associated with the electronegative
gases can be reduced.

[0083] In some plasma uniformity control examples, one or more of the gas
supply elements (135, 145, 155, and 165) can be used to pulse one or more of the
“light-gases” to control the plasma uniformity. For example, “light-gases”, such
as He, can be injected at a first frequency that can vary from about 1 Hz to about
100 Hz, and the first frequency can be based on the gas diffusion rate for the given
pressure, and a variable duty cycle (on/off) can be used to control the ionization
and the plasma uniformity near the dielectric plate.

[0084] In some additional plasma uniformity control examples, one or more of
the gas supply elements (135, 145, 155, and 165) can be configured at the top of
the process chamber 110 and can be used to inject and/or pulse at least one of the
“light-gases”, such as He, to the outer region close to the bottom portion of the
first plasma source 115, and this can be proximate to dielectric plate in the first
plasma source 115. In this manner, the plasma uniformity can be controlled from
the edge to the center.

[0085] In some other examples, one or more of the gas supply elements (135,
145, 155, and 165) can be configured at the top and/or the bottom of the process
chamber 110, and one or more of the gas supply elements (135, 145, 155, and
165) can be used to pulse two or more “light-gases”, such as He and H,. For
example, the duty cycle can be for the two different gases when one of the gasses
has low ionization energy, such as H, at 13.6eV, and the other gas has high
ionization energy, such as He, at 24.6eV. In addition, the injection can be
maintained at a constant flow, but different duty cycles can be used for the
different gases. The duration of each gas pulse can be calculated based on the gas
diffusion rate at the given chamber pressure. For example, gas supply elements
(135, 145, 155, and/or 165) can have different pulse rates, different flow rates, or

different directions, or any combination thereof.
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[0086] In still other examples for plasma uniformity control, two or more
“light-gases”, such as He and H; can be pulsed to control the plasma density at the
top of the first process chamber 110. For example, gas supply elements (135, 145,
and/or 155) can have different pulse rates, different flow rates, or different
directions, or any combination thereof.

[0087] In some contamination examples, the first gas supply element 135 can
be configured in the process chamber 110 and the first gas supply element 135 can
be used to inject and/or pulse one or more low ionization energy light-gases, such
as He and H,, in a first (downward) direction 136 to create a protective wall of
plasma near the outer regions of the first process chamber 110. For example, the
protective wall of low ionization energy light-gas plasma can be used to reduce
the amount of deposited contamination on the walls of the first process chamber
110 and reduce the cleaning time required to remove the contamination from the
walls.

[0088] In some uniformity examples, the first gas supply element 135 and the
second gas supply element 145 can be configured within the first process chamber
110 and the gas supply elements (135 and 145) can be used to pulse two or more
“light-gases”, such as He and H», to create a wall of highly ionized plasma near
the outer regions of the first process chamber 110. For example, the gas supply
elements (135 and/or 145) can be configured to introduce one or more of the
“light-gases™ in a first direction (136 and/or 146), and/or a second direction (137
and/or 147) to create the wall of highly ionized plasma to balance the plasma
density in the center region outer region proximate the first substrate holder 120
for certain types of plasma chambers.

[0089] In another example, when the second process chamber 110 is
configured to use the GIGDSC techniques, the electropositive discharged light gas
will be concentrated near the plasma generation region (e.g., the plasma
generation space 125a), and the heavy electronegative discharged gas would be
more concentrated below the plasma generation region. Because clectrons in the

region where electronegative discharged gas is concentrated is much lower, more
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negative ions and more dissociated radicals can be produced than common plasma
generation method.

[0090] In some alternate plasma control examples, the plasma source may
include a capacitively-coupled plasma source or an inductively-coupled plasma
source, or any other type plasma sources such as microwave ECR plasma source.
The basic concept uses gravity-induced gas-diffusion separation techniques to
control plasma generation, which are also applicable to these plasma sources.
Plasma stability, plasma uniformity, plasma density, process window,
contamination and erosion, EM radiation, gas plasma chemistry, and wafer plasma
chemistry can be controlled using the methods and techniques described herein.
[0091] FIG. 2 illustrates a simplified schematic representation of a second
Gravity-Induced Gas-Diffusion (GIGDSC) plasma processing system in
accordance with embodiments of the invention. The second GIGDSC plasma
processing system 200 can comprise a dry plasma etching system or a plasma
enhanced deposition system or any plasma processing systems. The second
GIGDSC plasma system 200 can include a second GIGDSC plasma processing
subsystem 205, a first gas supply system 230 coupled to the GIGDSC plasma
processing subsystem 205, a second gas supply system 240 coupled to the second
GIGDSC plasma processing subsystem 205, a third gas supply system 250
coupled to the second GIGDSC plasma processing subsystem 205, a fourth gas
supply system 260 coupled to the second GIGDSC plasma processing subsystem
205, a second pumping system 280 coupled the second GIGDSC plasma
processing subsystem 205, and a second controller 290 coupled to the second
GIGDSC plasma processing subsystem 205, coupled to the first gas supply system
230, coupled to the second gas supply system 240, coupled to the third gas supply
system 250, coupled to the fourth gas supply system 260, coupled to the second
pumping system 280, and coupled to a second pressure control system 281. For
example, second control bus 291 can be used to couple the second controller 290
to the required elements in the second GIGDSC plasma processing system 200 as

shown in FIG. 2.
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[0092] The second GIGDSC plasma processing subsystem 205 can include a
second process chamber 210 configured to define a plurality of plasma/processing
spaces (225a and 225b). The second process chamber 210 can include a second
substrate holder 220 configured to support a second substrate 221. The second
substrate 221 can be exposed to plasma or process chemistry in the plasma
processing space 225b when the second process chamber 210 includes a plurality
of plasma/processing spaces (225a and 225b). In addition, the second GIGDSC
plasma processing subsystem 205 can include a second plasma source 215 that is
coupled to the second process chamber 210, and is configured to form
stabilization plasma in the plasma generation space 225a and/or form process
plasma in the plasma processing space 225b. The second plasma source 215 can
include a plasma-facing surface 216 having a plurality of recesses 217 therein.
The second plasma source 225 can include a surface wave plasma (SWP) source
that can include a radial line slotted antenna (RLSA), to be discussed below. In
alternate embodiments, an ICP plasma source, a CCP plasma source, or any other
plasma sources may be used.

[0093] In some embodiments, the second substrate holder 220 can be coupled
to ground. Alternatively, the second substrate holder 220 can be isolated from
ground. For example, when the second substrate 220 can be clamped to substrate
holder 220, a ceramic electrostatic clamp (ESC) layer may insulate the second
substrate 221 from the grounded substrate holder 220.

[0094] The second GIGDSC plasma processing subsystem 205 can include a
substrate temperature control system 228 coupled to the temperature control
clements 229 in the second substrate holder 220 and configured to adjust and
control the temperature of second substrate 221. Alternatively, the second plasma
processing subsystem 205 can include temperature control elements (not shown)
in one or more of the walls of the second process chamber 210 and/Or any other
component within the second plasma processing subsystem 205.

[0095] In order to improve the thermal transfer between the second substrate
221 and second substrate holder 220, the second substrate holder 220 can include

one or more thermal transfer elements 222 that can be coupled to a thermal control
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system 224, For example, the thermal transfer elements 222 can include an
electrostatic clamping (ESC) electrode (not shown) that can be coupled to a
clamping supply in the thermal control system 224 and that can be used to affix
the second substrate 221 to an upper surface of second substrate holder 220. In
some embodiments, one or more of the thermal transfer elements 222 can be used
to isolate the second substrate 221 from the second substrate holder 220 when it is
grounded. In addition, the thermal transfer elements 222 can include can further
include backside gas elements (not shown) that can be coupled to a backside gas
delivery system in the thermal control system 224. One or more of the thermal
transfer elements 222 can be configured to introduce gas to the backside of the
second substrate 221 in order to improve the gas-gap thermal conductance
between the second substrate 221 and second substrate holder 220, and
temperature control of the second substrate 221 is required at elevated or reduced
temperatures. For example, the thermal transfer elements 222 can include two-
zone (center/edge) backside gas elements, and the helium gas gap pressure can be
independently varied between the center and the edge of the second substrate 221.
[0096] In some embodiments, the second substrate holder 220 can comprise
an electrode 227 through which RF power is coupled to the processing plasma in
plasma processing space 225b. For example, second substrate holder 220 can be
electrically biased at a RF voltage via the transmission of RF power from a RF
generator 226 to the electrode 227 in the second substrate holder 220. When the
RF bias is used, the RF bias can serve to heat electrons to form and maintain the
processing plasma in plasma processing space 225b. The operating frequency for
the RF generator 226 can range from about 0.1 MHz to about 100 MHz. RF
systems for plasma processing are well known to those skilled in the art.
Alternatively, RF power may be applied to the substrate holder electrode at
multiple frequencies or may not be required. In other embodiments, DC power
can be provided to the electrode 227.

[0097] In addition, the second substrate holder 220 may be surrounded by a
second baffle member 223 that extends beyond a peripheral edge of the second

substrate holder 220. The baffle member 223 may serve to homogeneously
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distribute the pumping speed delivered by the pressure control system 281 to the
interior of the second process chamber 210. The baffle member 223 may be
fabricated from a dielectric material, such as quartz, or alumina. The baffle
member 223 may provide a high RF impedance to ground for the plasma in the
interior of the second process chamber 210.

[0098] In some embodiments, a second conductive focus ring 206 can be
used, and the second conductive focus ring 206 can include a silicon-containing
material and can be disposed on the top of the second substrate holder 220. In
some examples, second conductive focus ring 206 can be configured to surround
the electrode 227, the thermal transfer elements 222, and the second substrate 221
to improve uniformity at the edge of the substrate. In other examples, the
conductive focus ring 206 can include a correction ring portion (not shown) that
can be used to modify the edge temperature of the second substrate 221.
Alternatively, a non-conductive focus ring may be used.

[0099] Furthermore, the second GIGDSC plasma processing subsystem 205
can include one or more second process sensors 232 coupled to the second process
chamber 210. Alternatively, the number and position of the second process
sensors 232 may be different. In various embodiments, the second process
sensors 232 can include one or more optical devices for monitoring the light
emitted from the plasma in the second process chamber 210. For example, one or
more Optical Emission Spectroscopy (OES) sensors may be used, and the OES
data can be used as ignition data, operational data, or endpoint data.

[00100] The second process sensors 232 can include gas sensing devices for
monitoring and/or controlling input gasses, process gasses, and/or exhaust gasses.
In addition, the second process sensors 232 can include pressure sensors,
temperature sensors, current and/or voltage probes, power meters, spectrum
analyzers, or an RF Impedance analyzer, or any combination thereof.
Furthermore, the second process sensors 232 can include sensors pertaining to the
Helium backside gas pressure, the Helium backside flow, electrostatic clamping
(ESC) voltage, ESC current, substrate holder temperature (or lower electrode

(LEL) temperature), coolant temperature, DC conductive bias electrode
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temperature, forward RF power, reflected RF power, electrode DC bias, RF peak-
to-peak voltage, chamber wall temperature, process gas flow rates, process gas
partial pressures, matching network settings, a focus ring thickness, RF hours,
focus ring RF hours, and any statistic thereof.

[00101] In addition, the second GIGDSC plasma processing subsystem 205 can
include a second plasma source 215 that is coupled to the second process chamber
210, and is configured to form a stabilization plasma in the plasma generation
space 225a and/or to form a process plasma in the plasma processing space 225Db.
The second plasma source 225 can include a surface wave plasma (SWP) source
that can include a radial line slotted antenna (RLSA), as shown and described
herein. Alternatively, the second plasma source 225 may include other plasma
sources such as RF CCP, ICP, microwave ECR, etc.

[00102] In some embodiments, the second GIGDSC plasma processing
subsystem 205 can include one or more first gas supply elements 235 that can be
coupled to the first gas supply system 230 using at least one first gas supply lines
231. Alternatively, the first gas supply system 230, the first gas supply lines 231,
and/or the first gas supply element 235 may be configured differently. The first
gas supply element 235 can be coupled to the second process chamber 210 and
can be configured to introduce a first process gas into the second process chamber
210 in a first direction 236, and/or in a second direction 237 and/or in a third
direction 238, or in any combination thereof. In addition, the first gas supply
element 235 can be configured to introduce the first process gas to the plasma
generation space 225a and/or to the plasma processing space 225b.

[00103] In other embodiments, the second GIGDSC plasma processing
subsystem 205 can include one or more second gas supply elements 245 that can
be coupled to the second gas supply system 240 using at least one second gas
supply lines 241. Alternatively, the second gas supply system 240, the second gas
supply lines 241, and/or the second gas supply element 245 may be configured
differently. The second gas supply element 245 can be coupled to the second
process chamber 210 and can be configured to introduce a second process gas into

the second process chamber 210 in a first direction 246, and/or in a second
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direction 247 and/or in a third direction 248, or in any combination thereof. In
addition, the second gas supply element 245 can be configured to introduce the
second process gas to plasma generation space 225a and/or to the plasma
processing space 225b.

[00104] In additional embodiments, the second GIGDSC plasma processing
subsystem 205 can include one or more third gas supply elements 255 that can be
coupled to the third gas supply system 250 using at least one third gas supply lines
251. Alternatively, the third gas supply system 250, the third gas supply lines
251, and/or the third gas supply element 255 may be configured differently. The
third gas supply element 255 can be coupled to the second process chamber 210
and can be configured to introduce a third process gas into the second process
chamber 210 in a first direction 256, in a second direction 257, or in a third
direction 258, or in any combination thereof. In addition, the third gas supply
element 255 can be configured to introduce the third process gas to the plasma
generation space 225a and/or to the plasma processing space 225b.

[00105] In still additional embodiments, the second GIGDSC plasma
processing subsystem 205 can include one or more fourth gas supply elements 265
that can be coupled to the fourth gas supply system 260 using at least one fourth
gas supply lines 261. Alternatively, the fourth gas supply system 260, the fourth
gas supply lines 261, and/or the fourth gas supply element 255 may be configured
differently. The fourth gas supply element 265 can be coupled to the top of the
second process chamber 210 and can be configured to introduce a fourth process
gas into the second process chamber 210 in a first direction 266, or in any other
direction. In addition, the fourth gas supply element 265 can be configured to
introduce the fourth process gas to the plasma generation space 225a and/or to the
plasma processing space 225b.

[00106] During plasma etching, the first and/or the second process gas may
comprise an etchant, a passivant, or an inert gas, or a combination of two or more
thereof. For example, when plasma etching a dielectric film such as silicon oxide
(SiOy) or silicon nitride (Si,Ny), the plasma etch gas composition generally

includes a fluorocarbon-based chemistry (CFy) such as at least one of C4Fg, CsFg,
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CsFs, C4F¢, CF4, etc., and/or may include a fluorohydrocarbon-based chemistry
(CiHyF,) such as at least one of CH3F, CHF3, CH,F», etc., and can have at least
one of an inert gas, oxygen, CO or CO,. Additionally, for example, when etching
polycrystalline silicon (polysilicon), the plasma etch gas composition generally
includes a halogen-containing gas such as HBr, Cl,, NF3, or SFgor a combination
of two or more thereof, and may include fluorohydrocarbon-based chemistry
(CiHyF,) such as at least one of CHF3, CH,F>, etc., and at least one of an inert gas,
oxygen, CO or CO,, or two or more thereof. During plasma enhanced deposition,
the process gas may comprise a film forming precursor, a reduction gas, or an
inert gas, or a combination of two or more thereof.

[00107] In addition, the second pressure control system 281 can be used to
couple the second pumping system 280 to the second process chamber 210, and
can be configured to evacuate the second process chamber 210, as well as control
the pressure within the second process chamber 210. Furthermore, the second
control system 290 can be coupled to the second process chamber 210, the second
substrate holder 220, and the second plasma source 225. The second control
system 290 can be configured to execute a process recipe for performing at least
one of an etch process and a deposition process in the GIGDSC plasma processing
system 200.

[00108] Referring still to FIG. 2, the second GIGDSC plasma processing
system 200 may be configured to process 200 mm substrates, 300 mm substrates,
or larger-sized substrates. In fact, it is contemplated that the GIGDSC plasma
processing system may be configured to process substrates, wafers, solar panels,
video screens, or LCDs regardless of their size, as would be appreciated by those
skilled in the art. Therefore, while aspects of the invention will be described in
connection with the processing of a semiconductor substrate, the invention is not
limited solely thereto.

[00109]  As described above, the second process chamber 210 can be
configured to facilitate the generation of stabilization plasma in a plasma
generation space 225a and to generate process chemistry plasma in the plasma

processing space 225b adjacent a surface of the second substrate 221. For
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example, in an etch process, the process gas can include molecular constituents
that when dissociated are reactive with the material being etched on the substrate
surface. For example, when one or more plasmas are formed in one or more of
the plasma/processing spaces (225a and/or 225b) heated electrons can collide with
molecules in the plasma-forming gases causing dissociation and the formation of
reactive radicals for performing an etch process.

[00110] While FIG.2 shows the first gas supply element 235 at a first position
in the lower portion of the second process chamber 210, the invention is not
limited to this configuration. For example, the first gas supply element 235 can be
located within 200 mm from the plasma-facing (outer) surface 216 of the second
plasma source 215 and, desirably, the first gas supply element 235 can be
positioned within a range of approximately 10 mm to approximately 150 mm from
the plasma-facing (outer) surface 216 of the second plasma source 215.

[00111] While FIG.2 shows the second gas supply element 245 at a second
position in the upper portion of the second process chamber 210 within the plasma
processing space 225b, the invention is not limited to this configuration. For
example, the second gas supply element 245 can be located within 200 mm from
the upper surface of the second substrate 220 and, desirably, the second gas
supply element 245 can be positioned within a range of approximately 10 mm to
approximately 150 mm from the upper surface of the second substrate 221.
[00112] When the second process chamber 210 is configured to perform the
GIGDS-related procedures or techniques, separate plasma generation spaces 225a
and plasma processing spaces 225b such as that shown in the second exemplary
plasma processing system 200 of FIG. 2 can provide improved process control
and improved stability control over conventional plasma processing systems. In
some examples, one or more gas mixtures can be provided by one or more of the
gas supply elements (235, 245, 255, and 265) to control the formation of a dense
plasma with a high population of high energy electrons in the plasma generation
space 225a, while producing a less dense, lower temperature plasma in the plasma
processing space 225b. When the gas mixture includes at least one light-gas and

at least one heavy-gas, the at least one light-gas will separate from the at least one
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heavy-gas due to the molecular weight or gravity differences. In other examples,
separate injection schemes can also be used for light gas and the heavy-gas. The
gas separation techniques, described herein, provide greater control over the
process at both plasma generation region and the substrate surface region by
concentrating gases of different gravities at different regions. By using this
approach, plasma generation (including stability, uniformity, etc.), gas chemistry,
and plasma chemistry at substrate surface can be controlled.

[00113] Additionally, the second exemplary GIGDSC plasma processing
system 200 shown in FIG. 2 can reduce damage to chamber components such as
the second substrate holder 220, by preventing high energy plasma species from
passing through the plasma processing space (225b) when GIGDSC-related
procedures are performed.

[00114]  Still referring to FIG. 2, the plasma generation space 225a can be
defined as a “heavy-gas” region that can include a high concentration of one or
more “heavy-gases”; a first portion of the plasma process space 225b can be
defined as a “mixed-gas” region that can include a combination of one or more
“heavy-gases” and one or more “light-gases”; and a second portion of the plasma
process space 225b can be defined as a “light-gas”™ region that can include a high
concentration of one or more “light-gases”.

[00115] When the second GIGDSC plasma processing system 200 is used,
additional gravity-dependent procedures can be performed. When the plasma
generation space 225a is below the plasma process space 225b (wafer process
region) as shown in the second process chamber 210, heavy-gases, such as Xe,
which is heavier than other process gases can be used. The second GIGDSC
plasma processing system 200 can be used to solve the same problems that were
described above with respect to the first GIGDSC plasma processing system 100.
[00116] In the second GIGDSC plasma processing system 200, the
substrate/wafer process chemistry can be controlled during certain processes.
When the second plasma processing system 200 is used, the light-gas will

chemically react with the dissociated process gases near the wafer level. For
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example, when H, is used with HBr, the dissociated Br atom can combine with the
H atom to reform HBr near wafer level.

[00117] When the second GIGDSC plasma processing system 200 is
configured to use the GIGDS techniques and is configured to use a “heavy-gas”,
such as Xe, a wider process window (pressure and power range) that is also larger
than Ar process window can be obtained by flowing the “heavy-gas™ at the bottom
portion of the second process chamber 210 near the outer surface of the second
plasma source 225. For example, the process window difference can be because
Xe has a lower ionization energy and a wider gas breakdown window than Ar, and
a stable plasma can be created and/or operated over a large process window with
Xe.

[00118] Ina CVD example, when the plasma source 225 is controlled during
GIGDS-related procedures and the processing is performed with the
substrate/wafer upside down as shown in FIG.2, the Xe gas can flow to the bottom
of the chamber and can create a very stable plasma operating over a large process
window for a CVD process, and the second gas supply element 245 is used to
inject the material gas just below the substrate.

[00119] The second plasma source 225 can be used to create plasma, and the
second plasma source 225 can include surface wave plasma sources, microwave
ECR plasma sources, RF CCP sources, or ICP sources, or any other kind of
plasma source. The technique can be applied to any processes using plasma.
[00120] In process, these light-gases or heavy-gases can be introduced into
process chamber before or after other process gas and before or after plasma is
ignited.

[00121] In the gravity-induced gas-diffusion separation controlled plasma
generation systems (100, 200), the light-gases are not restricted to H,, He, and Ne
and the heavy-gases are not restricted to Kr, Xe. They can be all kinds of gases
that can be injected into the plasma process chamber with differences in gaseous
gravity (i.e., differences in their relative molecular weight) to facilitate the gas
separation. That is, light and heavy is relative and it is the gravity difference that

causes the gas-diffusion separation.

34 of 115



WO 2011/019790 PCT/US2010/045124

[00122] The processing systems controlled by gravity-induced gas-diffusion
separation that have been addressed in the above are only examples to address the
novelty and method of the invention. That means, the potential process systems
are not restricted to the systems addressed above. Moreover, gravity-induced gas-
diffusion separation is also a method and technique that can be used for
controlling any kind of plasma generations, plasma sources, and plasma processes.
That also means it is more than a process system.

[00123] The plasma generation controlled by gravity-induced gas-diffusion
separation that has been described in FIG. 2 is a general method and concept that
can be applied to any kind of plasma generation methods and any kinds of plasma
sources and any kinds of plasma process including those used for semiconductor
process such as RF CCP, ICP, microwave RLSA plasma, surface wave plasma,
microwave ECR plasma, etc, as some examples. In the following, several
exemplary resonant plate or dielectric plate configurations that can be used in
surface wave plasma, particularly in microwave RLSA plasma, will be addressed.
However, the invention should cover any kinds of plasma sources, plasma
generation methods, and plasma processes using the method and concept
addressed above. In addition, the resonant plate or dielectric plate configuration is
not restricted to the following examples.

[00124] Referring now to FIG. 3, a schematic representation of a SWP source
330 is provided according to an embodiment. The SWP source 330 can comprise
an electromagnetic (EM) wave launcher 332 configured to couple EM energy in a
desired EM wave mode to a plasma by generating a surface wave on a plasma-
facing surface 360 of the EM wave launcher 332 adjacent to the plasma.
Furthermore, the SWP source 330 comprises a power coupling system 390
coupled to the EM wave launcher 332, and configured to provide the EM energy
to the EM wave launcher 332 for forming the plasma.

[00125] The EM wave launcher 332 includes a microwave launcher configured
to radiate microwave power into plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). The EM wave launcher 332 can be
coupled to the power coupling system 390 via coaxial feed 338 through which
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microwave energy is transferred. Alternatively, a waveguide feed may be used.
The power coupling system 390 can include a microwave source 392, such as a
2.45 GHz microwave power source. Microwave energy generated by the
microwave source 392 can be guided through a waveguide 394 to an isolator 396
for absorbing microwave energy reflected back to the microwave source 392.
Alternatively, a circulator may be used. For example, the microwave energy can
be converted to a coaxial TEM (transverse electromagnetic) mode via a coaxial
converter 398. Alternatively, a waveguide converter may be used. A tuner (not
shown) may be employed for impedance matching, and improved power transfer.
When the microwave energy is coupled to the EM wave launcher 332 via the
coaxial feed 338, another mode change can occur from the TEM mode in the
coaxial feed 338 to a TM (transverse magnetic) mode. Additional details
regarding the design of the coaxial feed 338 and the EM wave launcher 332 can
be found in US Patent No. 5,024,716, entitled “Plasma processing apparatus for
etching, ashing, and film-formation”; the content of which is herein incorporated
by reference in its entirety.

[00126] FIG. 4 illustrates a schematic cross-sectional view of EM wave
launcher 432 in accordance with embodiments of the invention. The EM wave
launcher 432 can comprise a coaxial feed 438 having an inner conductor 440, an
outer conductor 442, and insulator 441, and a slotted antenna 446 having a
plurality of slots (448 and 449) coupled between the inner conductor 440 and the
outer conductor 442 as shown in FIG. 4. The plurality of slots (448 and 449)
permits the coupling of EM energy from a first region above the slotted antenna
446 to a second region below the slotted antenna 446. The EM wave launcher 432
may further comprise a slow wave plate 444, and a resonator plate 450.

[00127] The number, geometry, size, and distribution of the slots (448 and 449)
can contribute to the spatial uniformity and stability of the plasma formed in
plasma generation space (125a, FIG. 1 and/or 225a, FIG. 2). Thus, the design of
the slotted antenna 446 may be used to control the spatial uniformity and stability
of the plasmas in the plasma/processing spaces (125a and/or 125b, FIG. 1) or in
the plasma/processing spaces (225a and/or 225b, FIG. 2).
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[00128] As shown in FIG. 4, the EM wave launcher 432 may comprise a fluid
channel 443 that is configured to flow a temperature control fluid for temperature
control of the EM wave launcher 432. Alternatively, the EM wave launcher 432
may further be configured to introduce a process gas through a plasma-facing
surface 460 to the plasma.

[00129] Referring still to FIG. 4, the EM wave launcher 432 may be coupled to
an upper chamber portion of a plasma processing system, wherein a vacuum seal
can be formed between an upper chamber wall 452 and the EM wave launcher
432 using a sealing device 454. The sealing device 454 can include an
clastomeric O-ring; however, other known sealing mechanisms may be used.
[00130] In general, the inner conductor 440 and the outer conductor 442 of the
coaxial feed 438 can comprise a conductive material, such as a metal, while the
slow wave plate 444 and the resonator plate 450 can comprise one or more
dielectric materials. In some embodiments, the slow wave plate 444 and the
resonator plate 450 can comprise the same material; however, different materials
may be used. The material selected for fabrication of the slow wave plate 444 and
the resonator plate 450 can be chosen to reduce the wavelength of the propagating
electromagnetic (EM) wave relative to the corresponding free-space wavelength,
and the dimensions of the slow wave plate 444 and the resonator plate 450 are
chosen to ensure the formation of a standing wave effective for radiating EM
energy into plasma generation space (125a, FIG. 1 and/or 225a, FIG. 2).

[00131] The slow wave plate 444 and the resonator plate 450 can be fabricated
from silicon-containing materials such as quartz (silicon dioxide), or a high
dielectric constant (high-k) materials. For example, the high-k material may
possess a dielectric constant greater than a value of four. In particular, when the
plasma processing system is utilized for etch process applications, quartz is often
chosen for compatibility with the etch process.

[00132] For example, the high-k material can include intrinsic crystal silicon,
alumina ceramic, aluminum nitride, and sapphire. However, other high-k
materials may be used. Moreover, a particular high-k material may be selected in

accordance with the parameters of a particular process. For example, when the
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resonator plate 450 is fabricated from intrinsic crystal silicon, the plasma
frequency exceeds 2.45 GHz at a temperature of 45 degrees C. Therefore,
intrinsic crystal silicon is appropriate for low temperature processes (i.e., less than
45 degrees C). For higher temperature processes, the resonator plate 450 can be
fabricated from alumina (Al,O3), or sapphire.

[00133] The inventors have observed that plasma uniformity and plasma
stability remain as challenges for the practical implementation of a SWP source as
described above. In the latter, the standing wave at the resonator plate-plasma
interface, i.e., at the plasma-facing surface 460, may be prone to mode jumps as
plasma parameters shift.

[00134] In various embodiments, the EM wave launcher 432 can be fabricated
with a plurality of first recesses 455 configured in a first pattern formed in the
plasma-facing surface 460 and a plurality of second recesses 465 configured in a
second pattern formed in the plasma-facing surface 460.

[00135] Each of the first recesses 455 may comprise a unique indentation or
dimple formed within the plasma-facing surface 460. For example, one or more
of the first recesses 455 may comprise a cylindrical geometry, a spherical
geometry, an aspherical geometry, a rectangular geometry, or any arbitrary shape.
The first recesses 455 may include recesses characterized by a first size (e.g.,
latitudinal dimension (or width), and/or longitudinal dimension (or depth)).
[00136] Each of the second recesses 465 may also comprise a unique
indentation or dimple formed within the plasma-facing surface 460. For example,
one or more of the second recesses 465 may comprise a cylindrical geometry, a
spherical geometry, an aspherical geometry, a rectangular geometry, or any
arbitrary shape. The second recesses 465 may include recesses characterized by a
second size (e.g., latitudinal dimension (or width), and/or longitudinal dimension
(or depth)). The first size may or may not be the same as the second size. For
instance, the second size may be smaller than the first size.

[00137] The number, geometry, size, and distribution of the recesses (455 and
465) can contribute to the spatial uniformity and stability of the plasma formed in

plasma generation spaces (125a, FIG. 1 and/or 225a, FIG. 2). Thus, the design of
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the recesses (455 and 465) may be used to control the spatial uniformity and
stability of the plasmas in the plasma/processing spaces (125a and/or 125b, FIG.
1) or in the plasma/processing spaces (225a and/or 225b, FIG. 2).

[00138] As shown in FIG. 4, the resonator plate 450 comprises a dielectric
plate having a plate thickness 451 and a plate radius 451a. In addition, the
plasma-facing surface 460 on resonator plate 450 can comprise a planar surface
459 within which the plurality of first recesses 455 and the plurality of second
recesses 465 are formed. Alternatively, the resonator plate 450 may comprise an
arbitrary geometry that may include concave, and/or convex surfaces.

[00139] The propagation of EM energy in the resonator plate 450 may be
characterized by an effective wavelength (A) for a given frequency of EM energy
and dielectric constant for the resonator plate 450. The plate thickness may be an
integer number of quarter wavelengths (n A /4), where n is an integer greater than
zero) or an integer number of half wavelengths (m A /2), where m is an integer
greater than zero). For instance, the plate thickness 451 may be about half the
effective wavelength (A /2) or greater than half the effective wavelength (>4 /2).
Alternatively, the plate thickness 451 may range from about 25 mm (millimeters)
to about 45 mm.

[00140] As an example, the first recesses 455 can comprise one or more
cylindrical recesses, and each of the first recesses 455 can be characterized by a
first depth 456 and a first diameter 457. As shown in FIG. 4, one or more of the
second recesses 465 can be located near an inner region of the plasma-facing
surface 460.

[00141] The first diameter 457 may be an integer number of quarter
wavelengths (nA/4, where n is an integer greater than zero) or an integer number
of half wavelengths (m2/2, where m is an integer greater than zero). Additionally,
a first difference 453 between the plate thickness 451 and the first depth 456 may
be an integer number of quarter wavelengths (nA/4, where n is an integer greater
than zero) or an integer number of half wavelengths (mA/2, where m is an integer

greater than zero). For instance, the first diameter 457 may be about half the
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effective wavelength (A/2), and the first difference 453 between the plate
thickness 451 and the first depth 456 may be about half the effective wavelength
(W/2) or about quarter the effective wavelength (A/4). The plate thickness 451
may be about half the effective wavelength (A/2) or greater than half the effective
wavelength (>A/2).

[00142]  Alternatively, the first diameter 457 may range from about 25 mm to
about 35 mm, and the first difference 453 between the plate thickness 451 and the
first depth 456 may range from about 10 mm to about 35 mm. Alternatively yet,
the first diameter 457 may range from about 30 mm to about 35 mm, and the first
difference 453 may range from about 10 mm to about 20 mm.

[00143] In the first recesses 455, rounds and/or fillets (i.e., surface/corner
radius) may be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 460. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00144] In addition, the second recesses 465 may comprise a second plurality
of cylindrical recesses, each of the second plurality of cylindrical recesses being
characterized by a second depth 466 and a second diameter 467. As shown in
FIG. 4, one or more of the second recesses 465 can be located near an outer region
of the plasma-facing surface 460.

[00145] The second diameter 467 may be an integer number of quarter
wavelengths (nA/4, where n is an integer greater than zero) or an integer number
of half wavelengths (m2/2, where m is an integer greater than zero). Additionally,
a second difference 463 between the plate thickness 451 and the second depth 466
may be an integer number of quarter wavelengths (nA/4, where n is an integer
greater than zero) or an integer number of half wavelengths (mA/2, where m is an
integer greater than zero). For instance, the second diameter 467 may be about

half the effective wavelength (A/2) or quarter the effective wavelength (A/4), and a
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second difference 463 between the plate thickness 451 and the second depth 466
may be about half the effective wavelength (A/2) or about quarter the effective
wavelength (3/4).

[00146] Alternatively, the second diameter 467 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 463 between the plate
thickness and the second depth 466 may range from about 10 mm to about 35 mm.
Alternatively yet, the second diameter 467 may range from about 30 mm to about
35 mm, and the second difference 463 may range from about 10 mm to about 20
mm.

[00147] In the second recesses 465, rounds and/or fillets (i.e., surface/corner
radius) may be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 460. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00148] FIG. 5A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 5B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 5A. FIG. 5A illustrates a bottom view of an exemplary EM wave launcher
532, and a plurality of slots (548 and 549) in the slotted antenna 546 are illustrated
as if one can see through resonator plate 550 to the slotted antenna 546. As shown
in FIG. 5A, the plurality of slots (548 and 549) can be arranged in pairs, and each
of the pair of slots comprises a first slot oriented orthogonal to a second slot.
However, the orientation of slots in the plurality of slots (548 and 549) can be
arbitrary. For example, the orientation of slots in the plurality of slots (548 and
549) can be according to a pre-determined pattern for plasma uniformity and/or
plasma stability.

[00149]  On a planar surface 561 of resonator plate 550, first recesses 555 and

second recesses 565 may be formed. In some embodiments, the first recesses 555
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can be either aligned or partly aligned with the first slots 548 in the slotted
antenna 546 or not aligned with the first slots 548 in the slotted antenna 546. For
example, one or more of the first recesses 555 can be either aligned or partly
aligned with a first slot 548 in the slotted antenna 546. In addition, one or more of
the second recesses 565 can be aligned with one or more of second slots 549 in the
slotted antenna 546.

[00150] The inventors have observed that when one or more of the first
recesses 555 are not aligned with one or more of the first slots 548, the second
recesses 565 can be used to control the plasma generation and plasma stability.
For example, when optical monitoring is used, the plasma exhibits a relatively
“full bright” glow across a range of power coupled to the EM wave launcher 532
and a range of pressure in the space where plasma is formed adjacent the plasma-
facing surface 560. Further, the inventors have observed that the plurality of first
recess 555 variably contribute to plasma generation and plasma stability, and
exhibit a variation from a relatively “dim” glow to a “bright” glow depending on
the power and/or pressure. The regions adjacent the planar surface 561 receive
less power and remain relatively “dark™ except at relatively high power.

[00151] Moreover, the inventors have observed that when one or more of the
second recesses 565 are aligned with one or more of second slots 549 in the
slotted antenna 546, stable plasma can be established at low power levels. Plasma
is formed via ionization proximate these (larger) dimples, and flows from the
second recesses 565 to the first recesses 555 (i.e., not aligned/partly aligned with
the plurality of first slots 548). As a result, the plasma formed proximate these
second recesses 565 is stable over a wide range of power and pressure, as the first
recesses 555 receive an “overflow” of plasma from the second recesses 565 and
compensate for fluctuations in the plasma generation proximate the second
recesses 565.

[00152] For improved control of plasma uniformity, the inventors believe that
the regions adjacent the planar surface 561 should remain relatively “dark™ so that
the risk for development of a mode-pattern is reduced. Therefore, as illustrated in

FIG. 5A and FIG. 5B, the optimal placement of the first recesses 555 and the
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second recesses 565 may be such that a relatively large number of first recesses
555 are not aligned with the plurality of first slots 548 in slotted antenna 546, and
a relatively large number of the second recesses 565 are aligned with the plurality
of second slots 549. Although, the arrangement of recesses (555 and 565) may be
chosen to achieve plasma uniformity, it may also be desirable to achieve a non-
uniform plasma that cooperates with other process parameters to achieve a
uniform process at a surface of a substrate being processed by the plasma.

[00153] Referring still to FIG. 5A and FIG. 5B, an exemplary EM wave
launcher 532 is illustrated that can include a resonator plate 550 with plasma-
facing surface 560. The EM wave launcher 532 further comprises a slotted
antenna 546 having a plurality of first slots 548 and a plurality of second slots
549. The first slots 548 and the second slots 549 permit the coupling of EM
energy from a first region above the slotted antenna 546 to a second region below
the slotted antenna wherein the resonator plate 550 is located.

[00154] The number, geometry, size, and distribution of the first slots 548 and
second slots 549 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation spaces (125a, FIG. 1 and/or
225a, FIG. 2). Thus, the design of the slotted antenna 546 may be used to control
the spatial uniformity and stability of the plasmas in the plasma/processing spaces
(125a and/or 125b, FIG. 1) or in the plasma/processing spaces (225a and/or 225D,
FIG. 2).

[00155] In various embodiments, the first recesses 555 can comprise a unique
indentation or dimple formed within the plasma-facing surface 560. For example,
a first recess 555 can comprise a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The first
recess 555 can be characterized by a first depth 556 and a first diameter 557.
[00156] In addition, each of the second recesses 565 can include a unique
indentation or dimple formed within the plasma-facing surface 560. For example,
a second recess 565 can comprise a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The second

recess 565 can be characterized by a second depth 566 and a second diameter 567.
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The dimensions of the first recesses 555 may or may not be the same as the
dimensions of the second recesses 565. For instance, the first recesses 555 can be
smaller than the second recesses 565.

[00157]  Still referring to FIG. 5A and FIG. 5B, the resonator plate 550
comprises a dielectric plate having a plate thickness 551 and a plate diameter 552.
For example, the plasma-facing surface 560 on resonator plate 550 can comprise a
planar surface 561 within which the first recesses 555 and the second recesses 565
can be formed. Alternatively, the resonator plate 550 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00158] The propagation of EM energy in the resonator plate 550 may be
characterized by an effective wavelength (A) for a given frequency of EM energy
and dielectric constant for the resonator plate 550. The plate thickness 551 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 551 may be about a
half wavelength thick (A /2) or greater than about half the effective wavelength
(>A\ /2). Alternatively, the plate thickness 551 may range from about 25 mm
(millimeters) to about 45 mm.

[00159] As an example, the first recesses 555 can be configured as cylindrical
recesses, with first depths 556 and first diameters 557, and the first recesses can be
located near an inner region of the plasma-facing surface 560.

[00160] The first diameter 567 may be an integer number of quarter
wavelengths (nA/4, where n is an integer greater than zero) or an integer number
of half wavelengths (m2/2, where m is an integer greater than zero). Additionally,
a first difference 553 between the plate thickness 551 and the first depth 556 may
be an integer number of quarter wavelengths (nA/4, where n is an integer greater
than zero) or an integer number of half wavelengths (mA/2, where m is an integer
greater than zero). For instance, the first diameter 557 may be about half the
effective wavelength (A/2), and a first difference 553 between the plate thickness
551 and the first depth 556 may be about half the effective wavelength (A/2) or
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about quarter the effective wavelength (A/4). The plate thickness 551 may be
about half the effective wavelength (2/2) or greater than half the effective
wavelength (>A/2).

[00161] Alternatively, the first diameter 557 may range from about 25 mm to
about 35 mm, and the first difference 553 between the plate thickness 551 and the
first depth 556 may range from about 10 mm to about 35 mm. Alternatively yet,
the first diameter may range from about 30 mm to about 35 mm, and the first
difference may range from about 10 mm to about 20 mm.

[00162] In the first recesses 555, rounds and/or fillets (i.e., surface/corner
radius) can be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 360. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00163] In addition, the second recesses 565 can also be configured as
cylindrical recesses with a second depth 566 and a second diameter 567, and the
second recesses can be located near an outer region of the plasma-facing surface
560.

[00164] The second diameter 567 may be an integer number of quarter
wavelengths (nA/4, where n is an integer greater than zero) or an integer number
of half wavelengths (m2/2, where m is an integer greater than zero). Additionally,
a second difference 563 between the plate thickness 551 and the second depth 566
may be an integer number of quarter wavelengths (nA/4, where n is an integer
greater than zero) or an integer number of half wavelengths (mA/2, where m is an
integer greater than zero). For instance, the second diameter 567 may be about
half the effective wavelength (A/2), and a second difference 563 between the plate
thickness 551 and the second depth 566 may be about half the effective
wavelength (A/2) or about quarter the effective wavelength (A/4).
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[00165]  Alternatively, the second diameter 567 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 563 between the plate
thickness 551 and the second depth 566 may range from about 10 mm to about 35
mm. Alternatively yet, the second diameter may range from about 30 mm to
about 35 mm, and the second difference may range from about 10 mm to about 20
mm.

[00166] In the second recesses 565, rounds and/or fillets (i.e., surface/corner
radius) may be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 560. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00167] FIG. 6A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 6B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 6A. FIG. 6A illustrates a bottom view of an exemplary EM wave launcher
632, and a plurality of slots (648 and 649) in the slotted antenna 646 are illustrated
as if one can see through resonator plate 650 to the slotted antenna 646. As shown
in FIG. 6A, the plurality of slots (648 and 649) can be arranged in pairs, and each
of the pair of slots comprises a first slot oriented orthogonal to a second slot.
However, the orientation of slots in the plurality of slots (648 and 649) can be
arbitrary. For example, the orientation of slots in the plurality of slots (648 and
649) can be according to a pre-determined pattern for plasma uniformity and/or
plasma stability.

[00168] In some embodiments, a plurality of first recesses 655 can be
configured in the resonator plate 650 and one or more of the first recesses 655 are
not aligned with one or more of the first slots 648 in the slotted antenna 646.
Alternatively, one or more of the first recesses 655 may not be aligned with the
first slots 648 in the slotted antenna 646. In addition, a shelf recess 665 can be

configured in the resonator plate 650, and the shelf recess 665 can comprise an
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arbitrary geometry including, for example, a cylindrical geometry, a spherical
geometry, an aspherical geometry, a rectangular geometry, or any arbitrary shape.
The shelf recess 665 can include a shelf depth 666 and a shelf width 667.

[00169] Referring still to FIG. 6A and FIG. 6B, an exemplary EM wave
launcher 632 is illustrated that can include a resonator plate 650 with plasma-
facing surface 660. The EM wave launcher 632 further comprises a slotted
antenna 646 having a plurality of first slots 648 and a plurality of second slots
649. The first slots 648 and the second slots 649 permit the coupling of EM
energy from a first region above the slotted antenna 646 to a second region below
the slotted antenna wherein the resonator plate 650 is located.

[00170] The number, geometry, size, and distribution of the first slots 648 and
second slots 649 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
646 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00171] In various embodiments, the first recesses 655 can comprise a unique
indentation or dimple formed within the plasma-facing surface 660. For example,
a first recess 655 can comprise a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The first
recess 655 can be characterized by a first depth 656 and a first diameter 657.
[00172] In addition, the shelf recess 665 can include a unique indentation or
dimple formed within the plasma-facing surface 660. For example, a shelf recess
665 can comprise a cylindrical geometry, a spherical geometry, an aspherical
geometry, a rectangular geometry, or any arbitrary shape.

[00173]  Still referring to FIG. 6A and FIG. 6B, the resonator plate 650
comprises a dielectric plate having a plate thickness 651 and a plate diameter 652.
For example, the plasma-facing surface 660 on resonator plate 650 can comprise a

planar surface 661 within which the first recesses 655 and the shelf recess 665 can
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be formed. Alternatively, the resonator plate 650 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00174] The propagation of EM energy in the resonator plate 650 may be
characterized by an effective wavelength (A) for a given frequency of EM energy
and dielectric constant for the resonator plate 650. The plate thickness 651 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 651 may be about a
half wavelength thick (A /2) or greater than about half the effective wavelength
(>1 /2). Alternatively, the plate thickness 651 may range from about 25 mm
(millimeters) to about 45 mm.

[00175] As an example, the first recesses 655 can be configured as cylindrical
recesses, with first depths 656 and first diameters 657, and the first recesses can be
located near an inner region of the plasma-facing surface 660.

[00176] The first diameter 657 may be an integer number of quarter
wavelengths (nA/4, where n is an integer greater than zero) or an integer number
of half wavelengths (m2/2, where m is an integer greater than zero). Additionally,
a first difference 653 between the plate thickness 651 and the first depth 656 may
be an integer number of quarter wavelengths (nA/4, where n is an integer greater
than zero) or an integer number of half wavelengths (mA/2, where m is an integer
greater than zero). For instance, the first diameter 657 may be about half the
effective wavelength (A/2), and a first difference 653 between the plate thickness
651 and the first depth 656 may be about half the effective wavelength (3/2) or
about quarter the effective wavelength (A/4). The plate thickness 651 may be
about half the effective wavelength (2/2) or greater than half the effective
wavelength (>A/2).

[00177] Alternatively, the first diameter 657 may range from about 25 mm to
about 35 mm, and the first difference 653 between the plate thickness 651 and the

first depth 656 may range from about 10 mm to about 35 mm. Alternatively yet,
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the first diameter may range from about 30 mm to about 35 mm, and the first
difference may range from about 10 mm to about 20 mm.

[00178] In the first recesses 655, rounds and/or fillets (i.e., surface/corner
radius) can be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 360. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00179] In addition, the shelf recess 665 can be configured as cylindrical ring
with a shelf depth 666 and a shelf width 667, and the shelf recess can be located
near an outer region of the plasma-facing surface 660.

[00180] The shelf width 667 may be an integer number of quarter wavelengths
(n)/4, where n is an integer greater than zero) or an integer number of half
wavelengths (mA/2, where m is an integer greater than zero). Additionally, a
second difference 663 between the plate thickness 651 and the shelf depth 666
may be an integer number of quarter wavelengths (nA/4, where n is an integer
greater than zero) or an integer number of half wavelengths (mA/2, where m is an
integer greater than zero). For instance, the shelf width 667 may be about half the
effective wavelength (A/2), and a second difference 663 between the plate
thickness 651 and the shelf depth 666 may be about half the effective wavelength
(W/2) or about quarter the effective wavelength (A/4).

[00181] Alternatively, the shelf width 667 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 663 between the plate
thickness 651 and the shelf depth 666 may range from about 10 mm to about 35
mm. Alternatively yet, the shelf width may range from about 30 mm to about 35
mm, and the second difference may range from about 10 mm to about 20 mm.
[00182] In the shelf recess 665, rounds and/or fillets (i.e., surface/comer radius)
may be utilized to affect smooth surface transitions between adjacent surfaces. In

a cylindrical recess, a surface radius may be disposed at the corner between the
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cylindrical sidewall and the bottom of the recess. Additionally, in a cylindrical
recess, a surface radius may be disposed at the corner between the cylindrical
sidewall and the plasma-facing surface 660. For example, the surface radius may
range from about 1 mm to about 3 mm.

[00183] FIG. 7A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 7B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 7A. FIG. 7A illustrates a bottom view of an exemplary EM wave launcher
732, and a plurality of slots (748 and 749) in the slotted antenna 746 are illustrated
as if one can see through resonator plate 750 to the slotted antenna 746. As shown
in FIG. 7A, the plurality of slots (748 and 749) can be arranged in pairs, and each
of the pair of slots comprises a first slot oriented orthogonal to a second slot.
However, the orientation of slots in the plurality of slots (748 and 749) can be
arbitrary. For example, the orientation of slots in the plurality of slots (748 and
749) can be according to a pre-determined pattern for plasma uniformity and/or
plasma stability.

[00184] In some embodiments, a plurality of first recesses 755 can be
configured in the resonator plate 750 and one or more of the first recesses 755 can
be substantially aligned with the first slots 748 in the slotted antenna 746.
Alternatively, one or more of the first recesses 755 may not be aligned with one or
more of the first slots 748 in the slotted antenna 746. In addition, a shelf recess
765 can be configured in the resonator plate 750, and the shelf recess 765 can
comprise an arbitrary geometry including, for example, a cylindrical geometry, a
spherical geometry, an aspherical geometry, a rectangular geometry, or any
arbitrary shape. The shelf recess 765 can include a shelf depth 766 and a shelf
width 767. For example, the shelf recess 765 can be substantially aligned with the
plurality of second 749. Alternatively, the shelf recess 765 may be aligned, partly
aligned, or not aligned with the plurality of second slots 749.

[00185] Referring still to FIG. 7A and FIG. 7B, an exemplary EM wave
launcher 732 is illustrated that can include a resonator plate 750 with plasma-

facing surface 760. The EM wave launcher 732 further comprises a slotted
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antenna 746 having a plurality of first slots 748 and a plurality of second slots
749. The first slots 748 and the second slots 749 permit the coupling of EM
energy from a first region above the slotted antenna 746 to a second region below
the slotted antenna wherein the resonator plate 750 is located.

[00186] The number, geometry, size, and distribution of the first slots 748 and
second slots 749 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
746 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00187] In various embodiments, the first recesses 755 can comprise a unique
indentation or dimple formed within the plasma-facing surface 760. For example,
a first recess 755 can comprise a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The first
recess 755 can be characterized by a first depth 756 and a first diameter 757.
[00188] In addition, the shelf recess 765 can include a unique indentation or
dimple formed within the plasma-facing surface 760. For example, a shelf recess
765 can comprise a cylindrical geometry, a spherical geometry, an aspherical
geometry, a rectangular geometry, or any arbitrary shape.

[00189]  Still referring to FIG. 7A and FIG. 7B, the resonator plate 750
comprises a dielectric plate having a plate thickness 751 and a plate diameter 752.
For example, the plasma-facing surface 760 on resonator plate 750 can comprise a
planar surface 761 within which the first recesses 755 and the shelf recess 765 can
be formed. Alternatively, the resonator plate 750 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00190] The propagation of EM energy in the resonator plate 750 may be
characterized by an effective wavelength (A) for a given frequency of EM energy
and dielectric constant for the resonator plate 750. The plate thickness 751 may

be an integer number of quarter wavelengths (n A /4, where n is an integer greater
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than zero) or an integer number of half wavelengths (m A /2, where m is an integer
greater than zero). For instance, the plate thickness 751 may be about a half
wavelength thick (A /2) or greater than about half the effective wavelength (>4 /2).
Alternatively, the plate thickness 751 may range from about 25 mm (millimeters)
to about 45 mm.

[00191] As an example, the first recesses 755 can be configured as cylindrical
recesses, with first depths 756 and first diameters 757, and the first recesses can be
located near an inner region of the plasma-facing surface 760.

[00192] The first diameter 757 may be an integer number of quarter
wavelengths (n A /4, where n is an integer greater than zero) or an integer number
of half wavelengths (m A /2, where m is an integer greater than zero).
Additionally, a first difference 753 between the plate thickness 751 and the first
depth 756 may be an integer number of quarter wavelengths (n A /4, where n is an
integer greater than zero) or an integer number of half wavelengths (m A /2, where
m is an integer greater than zero). For instance, the first diameter 757 may be
about half the effective wavelength (% /2), and a first difference 753 between the
plate thickness 751 and the first depth 756 may be about half the effective
wavelength (A /2) or about quarter the effective wavelength (A /4). The plate
thickness 751 may be about half the effective wavelength (A /2) or greater than
half the effective wavelength (>A/2).

[00193] Alternatively, the first diameter 757 may range from about 25 mm to
about 35 mm, and the first difference 753 between the plate thickness 751 and the
first depth 756 may range from about 10 mm to about 35 mm. Alternatively yet,
the first diameter may range from about 30 mm to about 35 mm, and the first
difference may range from about 10 mm to about 20 mm.

[00194] In the first recesses 755, rounds and/or fillets (i.e., surface/corner
radius) can be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a

cylindrical recess, a surface radius may be disposed at the corner between the
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cylindrical sidewall and the plasma-facing surface 360. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00195] In addition, the shelf recess 765 can be configured as cylindrical ring
with a shelf depth 766 and a shelf width 767, and the shelf recess can be located
near an outer region of the plasma-facing surface 760.

[00196] The shelf width 767 may be an integer number of quarter wavelengths
(n)/4, where n is an integer greater than zero) or an integer number of half
wavelengths (mA/2, where m is an integer greater than zero). Additionally, a
second difference 763 between the plate thickness 751 and the shelf depth 766
may be an integer number of quarter wavelengths (nA/4, where n is an integer
greater than zero) or an integer number of half wavelengths (mA/2, where m is an
integer greater than zero). For instance, the shelf width 767 may be about half the
effective wavelength (A/2), and a second difference 763 between the plate
thickness 751 and the shelf depth 766 may be about half the effective wavelength
(W/2) or about quarter the effective wavelength (A/4).

[00197]  Alternatively, the shelf width 767 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 763 between the plate
thickness 751 and the shelf depth 766 may range from about 10 mm to about 35
mm. Alternatively yet, the shelf width may range from about 30 mm to about 35
mm, and the second difference may range from about 10 mm to about 20 mm.
[00198] In the shelf recess 765, rounds and/or fillets (i.e., surface/comer radius)
may be utilized to affect smooth surface transitions between adjacent surfaces. In
a cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the bottom of the recess. Additionally, in a cylindrical
recess, a surface radius may be disposed at the corner between the cylindrical
sidewall and the plasma-facing surface 760. For example, the surface radius may
range from about 1 mm to about 3 mm.

[00199] FIG. 8A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 8B illustrates a

schematic cross-sectional view of a portion of the EM wave launcher depicted in
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FIG. 8A. FIG. 8A illustrates a bottom view of an exemplary EM wave launcher
832, and a plurality of slots (848 and 849) in the slotted antenna 846 are illustrated
as if one can see through resonator plate 850 to the slotted antenna 846. As shown
in FIG. 8A, the plurality of slots (848 and 849) can be arranged in pairs, and each
of the pair of slots comprises a first slot oriented orthogonal to a second slot.
However, the orientation of slots in the plurality of slots (848 and 849) can be
arbitrary. For example, the orientation of slots in the plurality of slots (848 and
849) can be according to a pre-determined pattern for plasma uniformity and/or
plasma stability.

[00200] In some embodiments, a plurality of first recesses 855 can be
configured in the resonator plate 850 and one or more of the first recesses 855 can
be substantially non-aligned with the first slots 848 in the slotted antenna 846.
Alternatively, one or more of the first recesses 855 may be aligned or partially
aligned with one or more of the first slots 848 in the slotted antenna 846. In
addition, a slot recess 865 can be configured in the resonator plate 850, and the
slot recess 865 can comprise an arbitrary geometry including, for example, a
cylindrical geometry, a spherical geometry, an aspherical geometry, a rectangular
geometry, or any arbitrary shape. The slot recess 865 can include a slot depth 866
and a slot width 867. For example, the slot recess 865 can be substantially aligned
with the plurality of second slots 849. Alternatively, the slot recess 865 may be
either aligned, partly aligned, or not aligned with the plurality of second slots 849.
[00201] Referring still to FIG. 8A and FIG. 8B, an exemplary EM wave
launcher 832 is illustrated that can include a resonator plate 850 with plasma-
facing surface 860. The EM wave launcher 832 further comprises a slotted
antenna 846 having a plurality of first slots 848 and a plurality of second slots
849. The first slots 848 and the second slots 849 permit the coupling of EM
energy from a first region above the slotted antenna 846 to a second region below
the slotted antenna wherein the resonator plate 850 is located.

[00202] The number, geometry, size, and distribution of the first slots 848 and
second slots 849 can be factors that can contribute to the spatial uniformity and

stability of the plasma formed in plasma generation space (125a, FIG. 1) or
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plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
846 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00203] In various embodiments, the first recesses 855 can comprise a unique
indentation or dimple formed within the plasma-facing surface 860. For example,
a first recess 855 can comprise a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The first
recess 855 can be characterized by a first depth 856 and a first diameter 857.
[00204] In addition, the slot recess 865 can include a unique indentation or
dimple formed within the plasma-facing surface 860. For example, a slot recess
865 can comprise a cylindrical geometry, a spherical geometry, an aspherical
geometry, a rectangular geometry, or any arbitrary shape.

[00205]  Still referring to FIG. 8A and FIG. 8B, the resonator plate 850
comprises a dielectric plate having a plate thickness 851 and a plate diameter 852.
For example, the plasma-facing surface 860 on resonator plate 850 can comprise a
planar surface 861 within which the first recesses 855 and the slot recess 865 can
be formed. Alternatively, the resonator plate 850 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00206] The propagation of EM energy in the resonator plate 850 may be
characterized by an effective wavelength (&) for a given frequency of EM energy
and dielectric constant for the resonator plate 850. The plate thickness 851 may
be an integer number of quarter wavelengths (n A /4, where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2, where m is an integer
greater than zero). For instance, the plate thickness 851 may be about a half
wavelength thick (A /2) or greater than about half the effective wavelength (> /2).
Alternatively, the plate thickness 851 may range from about 25 mm (millimeters)
to about 45 mm.

[00207] As an example, the first recesses 855 can be configured as cylindrical
recesses, with first depths 856 and first diameters 857, and the first recesses can be

located near an inner region of the plasma-facing surface 860.
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[00208] The first diameter 857 may be an integer number of quarter
wavelengths (n A /4, where n is an integer greater than zero) or an integer number
of half wavelengths (m A /2, where m is an integer greater than zero).
Additionally, a first difference 853 between the plate thickness 851 and the first
depth 856 may be an integer number of quarter wavelengths (n A /4, where n is an
integer greater than zero) or an integer number of half wavelengths (m A /2, where
m is an integer greater than zero). For instance, the first diameter 857 may be
about half the effective wavelength (A /2), and a first difference 853 between the
plate thickness 851 and the first depth 856 may be about half the effective
wavelength (& /2) or about quarter the effective wavelength (A /4). The plate
thickness 851 may be about half the effective wavelength (A /2) or greater than
half the effective wavelength (> /2).

[00209] Alternatively, the first diameter 857 may range from about 25 mm to
about 35 mm, and the first difference 853 between the plate thickness 851 and the
first depth 856 may range from about 10 mm to about 35 mm. Alternatively yet,
the first diameter may range from about 30 mm to about 35 mm, and the first
difference may range from about 10 mm to about 20 mm.

[00210] In the first recesses 855, rounds and/or fillets (i.e., surface/corner
radius) can be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 360. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00211] In addition, the slot recess 865 can be configured as cylindrical ring
with a slot depth 866 and a slot width 867, and the slot recess can be located near
an outer region of the plasma-facing surface 860.

[00212] The slot width 867 may be an integer number of quarter wavelengths

(n A /4, where n is an integer greater than zero) or an integer number of half

wavelengths (m A /2, where m is an integer greater than zero). Additionally, a
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second difference 863 between the plate thickness 851 and the slot depth 866 may
be an integer number of quarter wavelengths (n A /4, where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2, where m is an integer
greater than zero). For instance, the slot width 867 may be about half the effective
wavelength (A /2), and a second difference 863 between the plate thickness 851
and the slot depth 866 may be about half the effective wavelength (A /2) or about
quarter the effective wavelength (i /4).

[00213]  Alternatively, the slot width 867 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 863 between the plate
thickness 851 and the slot depth 866 may range from about 10 mm to about 35
mm. Alternatively yet, the slot width may range from about 30 mm to about 35
mm, and the second difference may range from about 10 mm to about 20 mm.
[00214] In the slot recess 865, rounds and/or fillets (i.e., surface/corner radius)
may be utilized to affect smooth surface transitions between adjacent surfaces. In
a cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the bottom of the recess. Additionally, in a cylindrical
recess, a surface radius may be disposed at the corner between the cylindrical
sidewall and the plasma-facing surface 860. For example, the surface radius may
range from about 1 mm to about 3 mm.

[00215] FIG. 9A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 9B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 9A. FIG. 9A illustrates a bottom view of an exemplary EM wave launcher
932, and a plurality of slots (948 and 949) in the slotted antenna 946 are illustrated
as if one can see through resonator plate 950 to the slotted antenna 946. As shown
in FIG. 9A, the plurality of slots (948 and 949) can be arranged in pairs, and each
of the pair of slots comprises a first slot oriented orthogonal to a second slot.
However, the orientation of slots in the plurality of slots (948 and 949) can be
arbitrary. For example, the orientation of slots in the plurality of slots (948 and
949) can be according to a pre-determined pattern for plasma uniformity and/or

plasma stability.
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[00216] In some embodiments, a plurality of first recesses 955 can be
configured in the resonator plate 950 and one or more of the first recesses 955 can
be substantially non-aligned with the first slots 948 in the slotted antenna 946.
Alternatively, one or more of the first recesses 955 may be aligned or partially
aligned with one or more of the first slots 948 in the slotted antenna 946. In
addition, a slot recess 965 can be configured in the resonator plate 950, and the
slot recess 965 can comprise an arbitrary geometry including, for example, a
cylindrical geometry, a spherical geometry, an aspherical geometry, a rectangular
geometry, or any arbitrary shape. The slot recess 965 can include a slot depth 966
and a slot width 967. For example, the slot recess 965 can be substantially aligned
with the plurality of second slots 949. Alternatively, the slot recess 965 may be
either aligned, partly aligned, or not aligned with the plurality of second slots 949.
Furthermore, a plurality of second recesses 975 can be configured in the slot
recess 965, and the second recesses 975 can comprise an arbitrary geometry
including, for example, a cylindrical geometry, a spherical geometry, an
aspherical geometry, a rectangular geometry, or any arbitrary shape. The second
recesses 975 can include a second depths 976 and second widths 977. For
example, the second recesses 975 can be substantially aligned with the plurality of
second slots 949. Alternatively, the second recesses 975 may be either aligned,
partly aligned, or not aligned with the plurality of second slots 949.

[00217] Referring still to FIG. 9A and FIG. 9B, an exemplary EM wave
launcher 932 is illustrated that can include a resonator plate 950 with plasma-
facing surface 960. The EM wave launcher 932 further comprises a slotted
antenna 946 having a plurality of first slots 948 and a plurality of second slots
949. The first slots 948 and the second slots 949 permit the coupling of EM
energy from a first region above the slotted antenna 946 to a second region below
the slotted antenna wherein the resonator plate 950 is located.

[00218] The number, geometry, size, and distribution of the first slots 948 and
second slots 949 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation space (125a, FIG. 1) or

plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
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946 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00219] In various embodiments, the first recesses 955 and the second recesses
975 can comprise a unique indentation or dimple formed within the plasma-facing
surface 960. For example, a first recess 955 or a second recess 975 can comprise
a cylindrical geometry, a spherical geometry, an aspherical geometry, a
rectangular geometry, or any arbitrary shape. The first recess 955 can be
characterized by a first depth 956 and a first diameter 957. The second recess 975
can be characterized by a second depth 976 and a second diameter 977.

[00220] In addition, the slot recess 965 can include a unique indentation or
dimple formed within the plasma-facing surface 960. For example, a slot recess
965 can comprise a cylindrical geometry, a spherical geometry, an aspherical
geometry, a rectangular geometry, or any arbitrary shape.

[00221]  Still referring to FIG. 9A and FIG. 9B, the resonator plate 950
comprises a dielectric plate having a plate thickness 951 and a plate diameter 952.
For example, the plasma-facing surface 960 on resonator plate 950 can comprise a
planar surface 961 within which the first recesses 955 and the slot recess 965 can
be formed. Alternatively, the resonator plate 950 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00222] The propagation of EM energy in the resonator plate 950 may be
characterized by an effective wavelength (&) for a given frequency of EM energy
and dielectric constant for the resonator plate 950. The plate thickness 951 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 951 may be about a
half wavelength thick (A /2) or greater than about half the effective wavelength
(>, /2). Alternatively, the plate thickness 951 may range from about 25 mm
(millimeters) to about 45 mm.

[00223] As an example, the first recesses 955 can be configured as cylindrical

recesses, with first depths 956 and first diameters 957, and the first recesses can be
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located near an inner region of the plasma-facing surface 960. In addition, the
second recesses 975 can be configured as cylindrical recesses, with second depths
976 and second diameters 977, and the second recesses 975 can be located near an
outer region of the plasma-facing surface 960.

[00224] The first diameter 957 and the second diameter 977 can be an integer
number of quarter wavelengths (n A /4), where n is an integer greater than zero) or
an integer number of half wavelengths (m A /2), where m is an integer greater than
zero). Additionally, a first difference 953 between the plate thickness 951 and the
first depth 956 may be an integer number of quarter wavelengths (n A /4), where n
is an integer greater than zero) or an integer number of half wavelengths (m A /2),
where m is an integer greater than zero). For instance, the first diameter 957 and
the second diameter 977 can be about one half the effective wavelength (A /2), and
a first difference 953 between the plate thickness 951 and the first depth 956 may
be about half the effective wavelength (A /2) or about quarter the effective
wavelength (A /4). The plate thickness 951 may be about half the effective
wavelength (& /2) or greater than half the effective wavelength (> /2).

[00225] Alternatively, the first diameter 957 may range from about 25 mm to
about 35 mm, and the first difference 953 between the plate thickness 951 and the
first depth 956 may range from about 10 mm to about 35 mm. Alternatively yet,
the first diameter may range from about 30 mm to about 35 mm, and the first
difference may range from about 10 mm to about 20 mm.

[00226] In the first recesses 955 and the second recesses 975, rounds and/or
fillets (i.e., surface/corner radius) can be utilized to affect smooth surface
transitions between adjacent surfaces. In a cylindrical recess, a surface radius may
be disposed at the corner between the cylindrical sidewall and the bottom of the
recess. Additionally, in a cylindrical recess, a surface radius may be disposed at
the corner between the cylindrical sidewall and the plasma-facing surface 360.
For example, the surface radius may range from about 1 mm to about 3 mm.
[00227] In addition, the slot recess 965 can be configured as cylindrical ring
with a slot depth 966 and a slot width 967, and the slot recess can be located near

an outer region of the plasma-facing surface 960.
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[00228] The slot width 967 may be an integer number of quarter wavelengths
(n A /4), where n is an integer greater than zero) or an integer number of half
wavelengths (m A /2), where m is an integer greater than zero). Additionally, a
second difference 963 between the plate thickness 951 and the slot depth 966 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the slot width 967 may be about half the
effective wavelength (& /2), and a second difference 963 between the plate
thickness 951 and the slot depth 966 may be about half the effective wavelength
(. /2) or about quarter the effective wavelength (A /4).

[00229]  Alternatively, the slot width 967 may range from about 25 mm
(millimeters) to about 35 mm, and the second difference 963 between the plate
thickness 951 and the slot depth 966 may range from about 10 mm to about 35
mm. Alternatively yet, the slot width may range from about 30 mm to about 35
mm, and the second difference may range from about 10 mm to about 20 mm.
[00230] In the slot recess 965, rounds and/or fillets (i.e., surface/corner radius)
may be utilized to affect smooth surface transitions between adjacent surfaces. In
a cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the bottom of the recess. Additionally, in a cylindrical
recess, a surface radius may be disposed at the corner between the cylindrical
sidewall and the plasma-facing surface 960. For example, the surface radius may
range from about 1 mm to about 3 mm.

[00231] FIG. 10A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 10B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 10A. FIG. 10A illustrates a bottom view of an exemplary EM wave launcher
1032, and a plurality of slots (1048 and 1049) in the slotted antenna 1046 are
illustrated as if one can see through resonator plate 1050 to the slotted antenna
1046. As shown in FIG. 10A, the plurality of slots (1048 and 1049) can be
arranged in pairs, and each of the pair of slots comprises a first slot oriented

orthogonal to a second slot. However, the orientation of slots in the plurality of
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slots (1048 and 1049) can be arbitrary. For example, the orientation of slots in the
plurality of slots (1048 and 1049) can be according to a pre-determined pattern for
plasma uniformity and/or plasma stability.

[00232] In some embodiments, a plurality of first recesses 1055 can be
configured in the resonator plate 1050 and one or more of the first recesses 1055
can be substantially non-aligned with the first slots 1048 in the slotted antenna
1046. Alternatively, one or more of the first recesses 1055 may be aligned or
partially aligned with one or more of the first slots 1048 in the slotted antenna
1046. In addition, a channel recess 1065 can be configured in the resonator plate
1050, and the channel recess 1065 can comprise an arbitrary geometry including,
for example, a cylindrical geometry, a spherical geometry, an aspherical
geometry, a rectangular geometry, or any arbitrary shape. The channel recess
1065 can include a channel depth 1066 and a channel width 1067. For example,
the channel recess 1065 can be substantially aligned with the plurality of second
slots 1049. Alternatively, the channel recess 1065 may be either aligned, partly
aligned, or not aligned with the plurality of second slots 1049.

[00233] In some embodiments, opening 1090 can include an opening depth
1091 and an opening width 1092, and the gas passage 1095 can include a passage
length 1096 and a passage width 1097. For example, the opening 1090 and the
gas passage 1095 can be substantially aligned with the center of the resonator
plate 1050. Alternatively, the opening 1090 and the gas passage 1095 may be
aligned differently.

[00234] Referring still to FIG. 10A and FIG. 10B, an exemplary EM wave
launcher 1032 is illustrated that can include a resonator plate 1050 with plasma-
facing surface 1060. The EM wave launcher 1032 further comprises a slotted
antenna 1046 having a plurality of first slots 1048 and a plurality of second slots
1049. The first slots 1048 and the second slots 1049 permit the coupling of EM
energy from a first region above the slotted antenna 1046 to a second region
below the slotted antenna wherein the resonator plate 1050 is located.

[00235] The number, geometry, size, and distribution of the first slots 1048 and

second slots 1049 can be factors that can contribute to the spatial uniformity and
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stability of the plasma formed in plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
1046 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00236] In various embodiments, the first recesses 1055 and the second
recesses 1065 can comprise a unique indentation or dimple formed within the
plasma-facing surface 1060. For example, a first recess 1055 can comprise a
cylindrical geometry, a spherical geometry, an aspherical geometry, a rectangular
geometry, or any arbitrary shape. The first recess 1055 can be characterized by a
first depth 1056 and a first diameter 1057.

[00237] In addition, the second recess 1065 can comprise a channel having a
trapezoidal or frusto-triangular cross-section. However, the channel in the second
recess 1065 may comprise an arbitrary geometry including, for example, a
cylindrical geometry, a conical geometry, a frusto-conical geometry, a spherical
geometry, an aspherical geometry, a rectangular geometry, a pyramidal geometry,
or any arbitrary shape. The second recess 1065 may comprise a channel depth
1066, a first channel width 1066, and a second channel width 1068.

[00238]  Still referring to FIG. 10A and FIG. 10B, the resonator plate 1050
comprises a dielectric plate having a plate thickness 1051 and a plate diameter
1052. For example, the plasma-facing surface 1060 on resonator plate 1050 can
comprise a planar surface 1061 within which the first recesses 1055 and the
channel recess 1065 can be formed. Alternatively, the resonator plate 1050 may
comprise an arbitrary geometry that can include concave, and/or convex surfaces.
[00239] The propagation of EM energy in the resonator plate 1050 may be
characterized by an effective wavelength (&) for a given frequency of EM energy
and dielectric constant for the resonator plate 1050. The plate thickness 1051 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 1051 may be about a

half wavelength thick (A /2) or greater than about half the effective wavelength
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(>A/2). Alternatively, the plate thickness 1051 may range from about 25 mm
(millimeters) to about 45 mm.

[00240]  As an example, the first recesses 1055 can be located near an inner
region of the plasma-facing surface 1060. In addition, the channel recesses 1065
can be located near an outer region of the plasma-facing surface 1060.

[00241] The first diameter 1057, the first channel width 1067, the second
channel width 1068, the opening width 1092, and the passage width 1097 can be
an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). Additionally, a first difference 1053 between the plate
thickness 1051 and the first depth 1056 may be an integer number of quarter
wavelengths (n A /4), where n is an integer greater than zero) or an integer number
of half wavelengths (m A /2, where m is an integer greater than zero). For
instance, the first diameter 1057, the first channel width 1067, the second channel
width 1068, and the opening width 1092, and the passage width 1097 can be about
one half the effective wavelength (A /2), and a first difference 1053 between the
plate thickness 1051 and the first depth 1056 may be about half the effective
wavelength (& /2) or about quarter the effective wavelength (A /4). The plate
thickness 1051 may be about half the effective wavelength (A /2) or greater than
half the effective wavelength (> /2).

[00242]  Alternatively, the first diameter 1057, the first channel width 1067, the
second channel width 1068, the opening width 1092, and the passage width 1097
may range from about 10 mm to about 35 mm, and the first difference 1053
between the plate thickness 1051 and the depths (1056, 1066, 1091, and 1096)
may range from about 10 mm to about 35 mm.

[00243] In the first recesses 1055, the channels recesses 1065, the openings
1090, and/or the gas passages 1095, rounds and/or fillets (i.e., surface/corner
radius) can be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a

cylindrical recess, a surface radius may be disposed at the corner between the
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cylindrical sidewall and the plasma-facing surface 1060. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00244] In addition, as shown in FIG. 10, the EM wave launcher 1032 can be
fabricated with a mating element 1062 having a first mating length 1062a and a
first mating width. The mating element 1062 may comprise an edge wall
extension located at or near a periphery of the resonator plate 1150 and can be
configured to couple with the process chamber wall.

[00245] Furthermore, the EM wave launcher may comprise an opening 1090
and a gas passage 1095. The opening 1090 may be configured to receive
fastening devices for securing a gas line through the inner portion of the antenna
1046 to the gas passage 1095 in resonator plate 1050.

[00246] Although only one gas passage is shown, additional gas passages may
be fabricated in the resonator plate 1050. Moreover, although the shape of the gas
passage is straight having a cylindrical cross-section, it may be arbitrary, e.g.,
helical having an arbitrary cross-section. Any one or more of these features
described in FIG. 10 may be implemented in any one of the embodiments
described in FIGs. 3 through 9.

[00247] The channel widths (1067 and 1068) can be an integer number of
quarter wavelengths (n A /4), where n is an integer greater than zero) or an integer
number of half wavelengths (m % /2), where m is an integer greater than zero).
Additionally, a second difference 1063 between the plate thickness 1051 and the
channel depth 1066 may be an integer number of quarter wavelengths (n & /4),
where n is an integer greater than zero) or an integer number of half wavelengths
(m A /2), where m is an integer greater than zero). For instance, the channel
widths (1067 and 1068) may be about half the effective wavelength (A /2), and a
second difference 1063 between the plate thickness 1051 and the channel depth
1066 may be about half the effective wavelength (A /2) or about quarter the
effective wavelength (& /4).

[00248]  Alternatively, the channel widths (1067 and 1068) may range from
about 25 mm (millimeters) to about 35 mm, and the second difference 1063

between the plate thickness 1051 and the channel depth 1066 may range from
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about 10 mm to about 35 mm. Alternatively yet, the channel widths (1067 and
1068) may range from about 30 mm to about 35 mm, and the second difference
may range from about 10 mm to about 20 mm.

[00249]  In the channel recess 1065, rounds and/or fillets (i.e., surface/corner
radius) may be utilized to affect smooth surface transitions between adjacent
surfaces. In a cylindrical recess, a surface radius may be disposed at the corner
between the cylindrical sidewall and the bottom of the recess. Additionally, in a
cylindrical recess, a surface radius may be disposed at the corner between the
cylindrical sidewall and the plasma-facing surface 1060. For example, the surface
radius may range from about 1 mm to about 3 mm.

[00250] FIG. 11A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 11B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 11A. FIG. 11A illustrates a bottom view of an exemplary EM wave launcher
1132, and a plurality of slots (1148 and 1149) in the slotted antenna 1146 are
illustrated as if one can see through resonator plate 1150 to the slotted antenna
1146. As shown in FIG. 11A, the plurality of slots (1148 and 1149) can be
arranged in pairs, and each of the pair of slots comprises a first slot oriented
orthogonal to a second slot. However, the orientation of slots in the plurality of
slots (1148 and 1149) can be arbitrary. For example, the orientation of slots in the
plurality of slots (1148 and 1149) can be according to a pre-determined pattern for
plasma uniformity and/or plasma stability.

[00251] In some embodiments, a first recess 1155 can be configured in the
resonator plate 1150, and the outer edge of the first recess 1155 can be
substantially aligned with the second slots 1149 in the slotted antenna 1146.
Alternatively, the first recess 1155 may be smaller and may be aligned or partially
aligned with one or more of the first slots 1148 in the slotted antenna 1146. In
addition, the first recess 1155 can have a trapezoidal or frusto-triangular cross-
section. However, the first recess 1155 may comprise an arbitrary geometry
including, for example, a cylindrical geometry, a conical geometry, a frusto-

conical geometry, a spherical geometry, an aspherical geometry, a rectangular
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geometry, a pyramidal geometry, or any arbitrary shape. The first recess 1155
may comprise a recess depth 1156, a first recess width 1157, and a second recess
width 1158.

[00252] In addition, as shown in FIG. 11B, the EM wave launcher 1132 can be
fabricated with a mating element 1162 having a first mating length 1062a and a
first mating width. The mating element 1162 may comprise an edge wall
extension located at or near a periphery of the resonator plate 1150 and can be
configured to couple with the process chamber wall. Furthermore, the EM wave
launcher may comprise an opening 1190 and a gas passage 1195. The opening
1190 may be configured to receive fastening devices for securing a gas line
through the inner portion of the antenna 1146 to the gas passage 1195 in resonator
plate 1150.

[00253] Although only one gas passage is shown, additional gas passages may
be fabricated in the resonator plate 1150. Moreover, although the shape of the gas
passage is straight having a cylindrical cross-section, it may be arbitrary, e.g.,
helical having an arbitrary cross-section. Any one or more of these features
described in FIGs. 11A and 11B may be implemented in any one of the
embodiments described in FIGs. 3 through 9.

[00254] In some embodiments, opening 1190 can include an opening depth
1191 and an opening width 1192, and the gas passage 1195 can include a passage
length 1196 and passage width 1197. For example, the opening 1190 and the gas
passage 1195 can be substantially aligned with the center of the resonator plate
1150. Alternatively, the opening 1190 and the gas passage 1195 may be aligned
differently.

[00255] Referring still to FIG. 11A and FIG. 11B, an exemplary EM wave
launcher 1132 is illustrated that can include a resonator plate 1150 with plasma-
facing surface 1160. The EM wave launcher 1132 further comprises a slotted
antenna 1146 having a plurality of first slots 1148 and a plurality of second slots
1149. The first slots 1148 and the second slots 1149 permit the coupling of EM
energy from a first region above the slotted antenna 1146 to a second region

below the slotted antenna wherein the resonator plate 1150 is located.
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[00256] The number, geometry, size, and distribution of the first slots 1148 and
second slots 1149 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
1146 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00257]  Still referring to FIG. 11A and FIG. 11B, the resonator plate 1150
comprises a dielectric plate having a plate thickness 1151 and a plate diameter
1152. For example, the plasma-facing surface 1160 on resonator plate 1150 can
comprise a planar surface 1161 within which the first recess 1155 can be formed.
Alternatively, the resonator plate 1150 may comprise an arbitrary geometry that
can include concave, and/or convex surfaces.

[00258] The propagation of EM energy in the resonator plate 1150 may be
characterized by an effective wavelength (&) for a given frequency of EM energy
and dielectric constant for the resonator plate 1150. The plate thickness 1151 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 1151 may be about a
half wavelength thick (A /2) or greater than about half the effective wavelength
(>A /2). Alternatively, the plate thickness 1151 may range from about 25 mm
(millimeters) to about 45 mm.

[00259]  The first recess width 1157, the second recess width 1168, the opening
width 1192, and the gas passage width 1197 can be an integer number of quarter
wavelengths (n A /4), where n is an integer greater than zero) or an integer number
of half wavelengths (m A /2), where m is an integer greater than zero).
Additionally, a first difference 1153 between the plate thickness 1151 and the first
depth 1156 may be an integer number of quarter wavelengths (n A /4), where n is
an integer greater than zero) or an integer number of half wavelengths (m A /2),
where m is an integer greater than zero). For instance, the first recess width 1157,

the second recess width 1168, the opening width 1192, and the gas passage width
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1197 can be about one half the effective wavelength (& /2), and a first difference
1153 between the plate thickness 1151 and the first depth 1156 may be about half
the effective wavelength (A /2) or about quarter the effective wavelength (A /4).
The plate thickness 1151 may be about half the effective wavelength (A /2) or
greater than half the effective wavelength (> /2).

[00260]  Alternatively, the first recess width 1157, the second recess width
1168, the opening width 1192, and the gas passage width 1197 may range from
about 2 mm to about 35 mm, and the first difference 1153 between the plate
thickness 1151 and the depths (1156, 1166, and 1196) may range from about 2
mm to about 35 mm.

[00261] In the first recess 1155, the opening 1190, and/or the gas passage 1195,
rounds and/or fillets (i.e., surface/corner radius) can be utilized to affect smooth
surface transitions between adjacent surfaces. In a cylindrical recess, a surface
radius may be disposed at the corner between the cylindrical sidewall and the
bottom of the recess. Additionally, in a cylindrical recess, a surface radius may be
disposed at the corner between the cylindrical sidewall and the plasma-facing
surface 1160. For example, the surface radius may range from about 1 mm to
about 3 mm.

[00262] FIG. 12A illustrates a bottom view of an EM wave launcher in
accordance with embodiments of the invention, and FIG. 12B illustrates a
schematic cross-sectional view of a portion of the EM wave launcher depicted in
FIG. 12A. FIG. 12A illustrates a bottom view of an exemplary EM wave launcher
1232, and a plurality of slots (1248 and 1249) in the slotted antenna 1246 are
illustrated as if one can see through resonator plate 1250 to the slotted antenna
1246. As shown in FIG. 12A, the plurality of slots (1248 and 1249) can be
arranged in pairs, and each of the pair of slots comprises a first slot oriented
orthogonal to a second slot. However, the orientation of slots in the plurality of
slots (1248 and 1249) can be arbitrary. For example, the orientation of slots in the
plurality of slots (1248 and 1249) can be according to a pre-determined pattern for

plasma uniformity and/or plasma stability.
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[00263] In some embodiments, a channel recess 1255 can be configured in the
resonator plate 1250, and the channel recess 1255 can be substantially aligned
with the second slots 1249 in the slotted antenna 1246. Alternatively, the channel
recess 1255 may be smaller and may be aligned or partially aligned with one or
more of the first slots 1248 in the slotted antenna 1246. In addition, the channel
recess 1255 can comprise an arbitrary geometry including, for example, a
cylindrical geometry, a conical geometry, a frusto-conical geometry, a spherical
geometry, an aspherical geometry, a rectangular geometry, a pyramidal geometry,
or any arbitrary shape. The channel recess 1255 may comprise a channel depth
1256, a first channel width 1257, and a second channel width 1258.

[00264] In addition, as shown in FIG. 12B, the EM wave launcher 1232 can be
fabricated with an opening 1290 and a gas passage 1295. The opening 1290 may
be configured to receive fastening devices for securing a gas line through the inner
portion of the antenna 1246 to the gas passage 1295 in resonator plate 1250.
[00265] Although only one gas passage is shown, additional gas passages may
be fabricated in the resonator plate 1250. Moreover, although the shape of the gas
passage is straight having a cylindrical cross-section, it may be arbitrary, e.g.,
helical having an arbitrary cross-section. Any one or more of these features
described in FIGs. 12A and 12B may be implemented in any one of the
embodiments described in FIGs. 3 through 9.

[00266] In some embodiments, opening 1290 can include an opening depth
1291 and an opening width 1292, and the gas passage 1295 can include a passage
length 1296 and passage width 1297. For example, the opening 1290 and the gas
passage 1295 can be substantially aligned with the center of the resonator plate
1250. Alternatively, the opening 1290 and the gas passage 1295 may be aligned
differently.

[00267] Referring still to FIG. 12A and FIG. 12B, an exemplary EM wave
launcher 1232 is illustrated that can include a resonator plate 1250 with plasma-
facing surface 1260. The EM wave launcher 1232 further comprises a slotted
antenna 1246 having a plurality of first slots 1248 and a plurality of second slots
1249. The first slots 1248 and the second slots 1249 permit the coupling of EM
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energy from a first region above the slotted antenna 1246 to a second region
below the slotted antenna wherein the resonator plate 1250 is located.

[00268] The number, geometry, size, and distribution of the first slots 1248 and
second slots 1249 can be factors that can contribute to the spatial uniformity and
stability of the plasma formed in plasma generation space (125a, FIG. 1) or
plasma generation space (225a, FIG. 2). Thus, the design of the slotted antenna
1246 may be used to control the spatial uniformity and stability of the plasmas in
the plasma/processing spaces (125a and/or 125b, FIG. 1) or in the
plasma/processing spaces (225a and/or 225b, FIG. 2).

[00269]  Still referring to FIG. 12A and FIG. 12B, the resonator plate 1250
comprises a dielectric plate having a plate thickness 1251 and a plate diameter
1252. For example, the plasma-facing surface 1260 on resonator plate 1250 can
comprise a planar surface 1261 within which the channel recess 1255 can be
formed. Alternatively, the resonator plate 1250 may comprise an arbitrary
geometry that can include concave, and/or convex surfaces.

[00270] The propagation of EM energy in the resonator plate 1250 may be
characterized by an effective wavelength (&) for a given frequency of EM energy
and dielectric constant for the resonator plate 1250. The plate thickness 1251 may
be an integer number of quarter wavelengths (n A /4), where n is an integer greater
than zero) or an integer number of half wavelengths (m A /2), where m is an
integer greater than zero). For instance, the plate thickness 1251 may be about a
half wavelength thick (A /2) or greater than about half the effective wavelength
(>, /2). Alternatively, the plate thickness 1251 may range from about 25 mm
(millimeters) to about 45 mm.

[00271]  The first channel width 1257, the second channel width 1258, the
opening width 1292, and the gas passage width 1297 can be an integer number of
quarter wavelengths (n A /4), where n is an integer greater than zero) or an integer
number of half wavelengths (m 4 /2), where m is an integer greater than zero).
Additionally, a first difference 1253 between the plate thickness 1251 and the first
depth 1256 may be an integer number of quarter wavelengths (n A /4), where n is

an integer greater than zero) or an integer number of half wavelengths (m A /2),
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where m is an integer greater than zero). For instance, the channel width, the
opening width 1292, and the gas passage width 1297 can be about one half the
effective wavelength (A /2). Alternatively, the opening width 1292, and the gas
passage width 1297 may range from about 2 mm to about 15 mm, and the first
difference 1253 between the plate thickness 1251 and the depths (1256, 1291, and
1296) may range from about 1 mm to about 35 mm.

[00272] In the channel recess 1255, the opening 1290, and/or the gas passage
1295, rounds and/or fillets (i.e., surface/corner radius) can be utilized to affect
smooth surface transitions between adjacent surfaces. In a cylindrical recess, a
surface radius may be disposed at the corner between the cylindrical sidewall and
the bottom of the recess. Additionally, in a cylindrical recess, a surface radius
may be disposed at the corner between the cylindrical sidewall and the plasma-
facing surface 1160. For example, the surface radius may range from about 1 mm
to about 3 mm.

[00273] Although not shown in any one of the embodiments provided in FIGs.
3 through 12, one or more recesses may be interconnected. Additionally, one or
more recesses of one recess configuration may be interconnected with one or more
recesses of another recess configuration. For example, one or more recesses may
be interconnected or linked by a groove or channel.

[00274] Regarding the data shown in FIGs. 13A, 13B, 14A, 14B, 15A, 15B,
16A, 16B, 17A, 17B, 18A, 18B, 19A, 19B, and 20A, 20B, the following
generalized conditions were used in these experiments. The microwave surface
wave plasma was generated using a radial-line-slot-antenna (RLSA). The total
plasma chamber pressure is about 150mT (mTorr, milli-Torr). The microwave
power used for plasma generation was about 2500W (Watts). The exemplary
label shows: He/Ar/O,: 100/100/600 which corresponds to gas flow rate in sccm
(standard cubic centimeters per minute) for the He, Ar, and O, gases that were
injected into the plasma chamber (100 sccm He, 100 sccm Ar, and 600 sccm O,).
In addition, in these experiments, the gases were pre-mixed before injecting into
the plasma chamber, and the gases were injected from two injectors located at the

bottom of plasma chamber. In addition, 0.02 mW/cm? (milli-Watts per square
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centimeter) is the EM radiation intensity measured at the plasma chamber bottom.
Furthermore, “not tuned” means that the impedance matcher was continuously
moving.

[00275] FIG. 13A illustrates exemplary process data in accordance with
embodiments of the invention, and FIG 13B illustrates a set of process conditions
and process results associated with FIG. 13A. For example, when experiments
were performed at (150mT and 2500W), the process results show that helium can
be added to tune and stabilize the plasma. In addition, the EM radiation at the
bottom of the chamber decreases when helium is added to an Ar/O, mixture.
[00276] FIG. 14A illustrates exemplary flicker suppression data in accordance
with embodiments of the invention, and FIG 14B illustrates a set of process
conditions and process results associated with FIG. 14A. For example, when
experiments were performed at (80mT and 2500W), the process results show that
helium can added to suppress the plasma flickering and make the plasma more
symmetrical.

[00277] FIG. 15A illustrates exemplary stabilization data in accordance with
embodiments of the invention, and FIG 15B illustrates a set of process conditions
and process results associated with FIG. 15A. For example, when experiments
were performed at (20mT and 3500W), the process results show that helium can
be added to suppress the plasma flickering at low pressure and high power.
[00278] FIG. 16A illustrates additional exemplary stabilization data in
accordance with embodiments of the invention, and FIG 16B illustrates a set of
process conditions and process results associated with FIG. 16A. For example,
when experiments were performed at (20mT and 2000W), the process results
show that helium can be added to suppress the plasma flickering at low pressure
and middle power.

[00279] FIG. 17A illustrates additional exemplary stabilization data in
accordance with embodiments of the invention, and FIG 17B illustrates a set of
process conditions and process results associated with FIG. 17A. For example,

when experiments were performed at (20mT and 1500W), the process results
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show that helium can be added to suppress the plasma flickering at low pressure
and low power.

[00280] FIG. 18A illustrates additional exemplary flicker suppression data in
accordance with embodiments of the invention, and FIG 18B illustrates a set of
process conditions and process results associated with FIG. 18A. For example,
when experiments were performed at (10mT and 2500W), the process results
show that helium can be added to suppress the plasma flickering at very low
pressure and middle power.

[00281] FIG. 19A illustrates exemplary EM blocking data in accordance with
embodiments of the invention, and FIG 19B illustrates a set of process conditions
and process results associated with FIG. 19A. For example, when experiments
were performed at (150mT and 1000W), the process results show that the EM
radiation at the bottom of the chamber decreases when helium is added to an
Ar/O, mixture.

[00282]  Although only certain embodiments of this invention have been
described in detail above, those skilled in the art will readily appreciate that many
modifications are possible in the embodiments without materially departing from
the novel teachings and advantages of this invention. Accordingly, all such
modifications are intended to be included within the scope of this invention.
[00283] FIG. 20A illustrates additional exemplary process data in accordance
with embodiments of the invention and FIG 20B illustrates a set of process
conditions and process results associated with FIG. 20A.

[00284] During various GIGDSC procedures, the plasma sources (115, FIG. 1,
and 215, FIG. 2) can comprise an electromagnetic (EM) wave launcher (332, FIG.
3), or the EM wave launcher (432, FIG. 4), or the EM wave launcher (532, FIG.
5), or the EM wave launcher (632, FIG. 6), or the EM wave launcher (732, FIG.
7), or the EM wave launcher (832, FIG. 8), or the EM wave launcher (932, FIG.
9), or the EM wave launcher 1032, FIG. 10), or the EM wave launcher (1132,
FIG. 11), or the EM wave launcher (1232, FIG. 12), or any combination thereof.
In addition, the plasma-facing surfaces (116, FIG. 1 and 216, FIG. 2) of the

plasma sources (115, FIG. 1, and 215, FIG. 2) can comprise plasma-facing surface
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(360, FIG. 3), or the plasma-facing surface (460, FIG. 4), or the plasma-facing
surface (560, FIG. 5), or the plasma-facing surface (660, FIG. 6), or the plasma-
facing surface (760, FIG. 7), or the plasma-facing surface (860, FIG. 8), or the
plasma-facing surface (960, FIG. 9), or the plasma-facing surface (1060, FIG. 10),
or the plasma-facing surface (1160, FIG. 11), or the plasma-facing surface (1260,
FIG. 12), or any combination thereof. Furthermore, the recesses (117, FIG. 1 and
217, FIG. 2) in the plasma-facing surfaces (116, FIG. 1, and 216, FIG. 2) can
comprise the recesses (455 and/or 465, FI1G. 4), or the recesses (555 and/or 565,
FIG. 5), or the recesses (655 and/or 665, FIG. 6), or the recesses (755 and/or 765,
FIG. 7), or the recesses (855 and/or 865, FIG. 8), or the recesses (955 and/or 965,
FIG. 9), or the recesses (1055 and/or 1065, FIG. 10), or the recesses (1155 and/or
1165, FIG. 11), or the recesses (1255 and/or 1265, FIG. 12), or any combination
thereof.

[00285] FIG. 21 illustrates an exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention. FIG. 21 illustrates a procedure 2100 for processing
a substrate using a GIGDSC plasma processing subsystem (105, FIG. 1).
Procedure 2100 can include a number of processing steps. During some GIGDSC
procedures, different chamber pressures can be established using the first pumping
system (180, FIG. 1) and the first pressure control system (181, FIG. 1). For
example, the chamber pressures can vary from about 1 mTorr to about 1000
mTorr. In addition, different substrate temperatures can be established using the
substrate temperature control system (128, FIG. 1) and the temperature control
elements (129, FIG. 1). For example, the substrate temperatures can vary from
about -10 °C to about 250°C.

[00286] In 2110, a substrate (121, FIG. 1) can be positioned on a substrate
holder (120, FIG. 1) in a process chamber (110, FIG. 1) that is configured to
create a GIGDSC plasma during a GIGDS procedure, and the processing time for
the GIGDSC procedure can vary from about 2 seconds to about 2 minutes. A
plasma source (115, FIG. 1) can be coupled to the top of the process chamber
(110, FIG. 1), and the plasma source (115, FIG. 1) can comprise a plasma-facing
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surface (116, FIG. 1) having a plurality of recesses (117, FIG. 1) that forms the
top wall of the process chamber (110, FIG. 1).

[00287] In 2115, first “light-gas™ stabilization plasma can be created during a
first pre-processing time associated with the GIGDSC procedure. In some
embodiments, a first gas mixture can be provided to the top portion and/or the
bottom portion of the process chamber (110, FIG. 1) during the first pre-
processing time associated with the GIGDSC procedure, and the first gas mixture
can include a light plasma generation gas and a heavy process gas. A gravity
separation effect can be used to allow the light plasma generation gas to move
(diffuse) into a plasma generation space (125a, FIG. 1) at the top of the process
chamber (110, FIG. 1) during the first pre-processing time. In addition, one or
more gas supply elements (135, 145, 155, and/or 165, FIG. 1) can be coupled to
the process chamber (110, FIG. 1), and one or more of the gas supply elements
(135, 145, 155, and/or 165, FIG. 1) can be configured to provide the first gas
mixture, can be configured to control the first gas mixture components, the first
gas mixture flow rates and the first gas mixture flow directions.

[00288] In other embodiments, light plasma generation gas can flow into a
plasma generation space (125a, FIG. 1) at the top of the process chamber (110,
FIG. 1) during the first pre-processing time associated with the GIGDSC
procedure. For example, one or more gas supply elements (135 and/or 155, FIG.
1) can be coupled to the process chamber (110, FIG. 1) proximate to the top
portion of the process chamber, and one or more of the gas supply elements (135
and/or 155, FIG. 1) can be configured to provide the light plasma generation gas
to a plasma generation space (125a, FIG. 1) proximate to the plasma-facing
surface (116, FIG. 1) during the first pre-processing time.

[00289] In addition, the plasma source (115, FIG. 1) can be configured to
provide a first pre-processing power through the plasma-facing surface (116, FIG.
1) to the light plasma generation gas during the first pre-processing time, thereby
creating the first “light-gas™ stabilization plasma in the plasma generation space
proximate to the plasma-facing surface (116, FIG. 1) during the first pre-

processing time. In various embodiments, the first pre-processing power can be
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provided by a surface wave plasma (SWP) source, a microwave source, and/or a
radio frequency (RF) source, and the first pre-processing power can vary from
about 100 watts to about 10000 watts.

[00290] In 2120, a first “light-gas™ stabilization value can be determined for the
first “light-gas™ stabilization plasma and can be compared to first “light-gas”
stabilization limits during a first pre-processing time. A first query can be
performed to determine if the first “light-gas™ stabilization value exceeds the first
“light-gas” stabilization limits. When the first “light-gas™ stabilization value
exceeds one or more of the first “light-gas” stabilization limits, procedure 2100
can branch to 2125 and continue as shown in FIG. 21. When the first “light-gas”
stabilization value does not exceed at least one of the first “light-gas”™ stabilization
limits, procedure 2100 can branch to 2130 and continue as shown in FIG. 21. One
or more of the process sensors coupled to the process chamber can be used to
determine the first “light-gas” stabilization values. The intensity and
intermittency of light intensity emanating from the plasma may be used to
evaluate the stability of the plasma. For example, an unstable plasma can create
intermittent optical signals.

[00291] In 2125, at least one corrective action can be performed to improve the
first “light-gas” stabilization value. For example, the first gas mixture
components, the first gas mixture flow rates, the first gas mixture directions, the
number of light-gases, the light-gas flow rate, the light-gas flow direction, the
chamber pressure, the chamber temperature, the pre-processing power, or the
substrate temperature, or any combination thereof can be updated during
corrective action.

[00292] In 2130, second “light-gas™ stabilization plasma can be created during
a second pre-processing time associated with the GIGDSC procedure. In some
embodiments, the first gas mixture can be provided to the top portion and/or the
bottom portion of the process chamber (110, FIG. 1) during the second pre-
processing time, and the gravity separation effect can be used to allow the light

plasma generation gas to move (diffuse) into a plasma generation space (125a,
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FIG. 1) at the top of the process chamber (110, FIG. 1) during the second pre-
processing time.

[00293] In other embodiments, the light plasma generation gas can continue to
flow and diffuse into the first plasma-generation space (125a, FIG. 1) located at
the top portion of the process chamber (110, FIG. 1) during a second pre-
processing time associated with the GIGDSC procedure. For example, the light
plasma generation gas can diffuse into at least one of the recesses (117, FIG. 1) in
the plasma-facing surface (116, FIG. 1) at the top of the process chamber (110,
FIG. 1) during a second pre-processing time.

[00294] In addition, the plasma source (115, FIG. 1) can be configured to
provide a second pre-processing power through the plasma-facing surface (116,
FIG. 1) to the light plasma generation gas proximate to the plasma-facing surface
(116, FIG. 1) during the second pre-processing time, thereby creating the second
“light-gas™ stabilization plasma in the plasma generation space proximate to the
plasma-facing surface during the second pre-processing time. In other
embodiments, the second pre-processing power may not be provided during the
second pre-processing time. For example, the second pre-processing times for
these GIGDSC plasma processes can vary from about one millisecond to about 10
seconds. In various embodiments, the second pre-processing power can be
provided by a surface wave plasma (SWP) source, a microwave source, and/or a
radio frequency (RF) source, and the second pre-processing power can vary from
about 100 watts to about 10000 watts.

[00295] In 2135, initial “heavy process gas” pre-processing plasma can be
created during the second pre-processing time associated with the GIGDSC
procedure. In some embodiments, a second gas mixture can be provided to the
top portion and/or the bottom portion of the process chamber (110, FIG. 1) during
the second pre-processing time, and the second gas mixture can include a second
light plasma generation gas and a heavy process gas. For example, the gravity
separation effect can be used to allow the heavy process gas to move (diffuse) into
a plasma processing space (125b, FIG. 1) at the bottom of the process chamber
(110, FIG. 1) during the second pre-processing time.
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[00296] In other embodiments, a heavy process gas can flow and/or diffuse into
at least one portion of the plasma processing space (125b, FIG. 1) at the bottom of
the process chamber (110, FIG. 1) during the second pre-processing time of the
GIGDSC procedure. For example, one or more additional gas supply elements
(145 and/or 165, FI1G. 1) can be coupled to the process chamber (110, FIG. 1)
proximate to the lower portion of the process chamber, and one or more of the
additional gas supply elements (145 and/or 165, FIG. 1) can be configured to
provide the heavy process gas to at least one portion of the plasma processing
space (125b, FIG. 1) during the second pre-processing time.

[00297] In addition, the plasma source (115, FIG. 1) can be configured to
provide additional pre-processing power to the heavy process gas as it flows
and/or diffuses into the plasma processing space (125b, FIG. 1) during the second
pre-processing time, thereby creating the initial “heavy-gas” pre-processing
plasma in the plasma processing space (125b, FIG. 1) proximate to the substrate
(121, FIG. 1) during the second pre-processing time. In other embodiments, the
second pre-processing power may not be provided during the second pre-
processing time. In various embodiments, the additional pre-processing power
can be provided by a surface wave plasma (SWP) source, a microwave source,
and/or a radio frequency (RF) source, and the additional pre-processing power can
vary from about 100 watts to about 10000 watts.

[00298] In 2140, an initial “heavy process gas” stabilization value can be
determined for the first “heavy process gas” pre-processing plasma and can be
compared to initial “heavy process gas” limits during a second pre-processing
time. A second query can be performed to determine if the initial “heavy process
gas” stabilization value exceeds the initial “heavy process gas” stabilization limits
during a second pre-processing time. When the initial “heavy process gas”
stabilization value exceeds the initial “heavy process gas” stabilization limits,
procedure 2100 can branch to 2145 and continue as shown in FIG. 21. When the
initial “heavy process gas” stabilization value does not exceed the initial “heavy
process gas” stabilization limits, procedure 2100 can branch to 2150 and continue

as shown in FIG. 21. For example, one or more of the process sensors can be used
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to determine the first “heavy process gas” stabilization values. The intensity and
intermittency of light intensity emanating from the plasma may be used to
evaluate the stability of the plasma. For example, an unstable plasma can create
intermittent optical signals.

[00299] In other GIGDSC procedures, a second “light-gas” stabilization value
can be determined for the second “light-gas™ stabilization plasma and can be
compared to second “light-gas™ stabilization limits during the second pre-
processing time. An additional query can be performed to determine if the second
“light-gas™ stabilization value exceeds the second “light-gas” stabilization limits.
When the second “light-gas™ stabilization value exceeds one or more of the
second “light-gas” stabilization limits, procedure 2100 can branch to 2145 and
continue as shown in FIG. 21. When the second “light-gas” stabilization value
does not exceed at least one of the second “light-gas” stabilization limits,
procedure 2100 can branch to 2150 and continue as shown in FIG. 21. One or
more of the process sensors coupled to the process chamber can be used to
determine the second “light-gas” stabilization values. The intensity and
intermittency of light intensity emanating from the plasma may be used to
evaluate the stability of the plasma. For example, an unstable plasma can create
intermittent optical signals.

[00300] In 2145, at least one corrective action can be performed to improve the
initial “heavy process gas” stabilization values and/or the second “light-gas”
stabilization values during the second pre-processing time. For example, the first
gas mixture components, the first gas mixture flow rates, the first gas mixture
directions, the number of “heavy process gas” gases, the “heavy process gas” flow
rates, the “heavy process gas” flow directions, the number of light-gases, the light-
gas flow rate, the light-gas flow direction, the chamber pressure, the chamber
temperature, the first and/or second pre-processing power, or the substrate
temperature, or any combination thereof can be updated during the corrective

actions.
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[00301] In 2150, new “light-gas™ stabilization plasma and new heavy-gas
processing plasma can be created during the processing time associated with the
GIGDSC procedure.

[00302] In some embodiments, a new gas mixture can be provided to the top
portion and/or the bottom portion of the process chamber (110, FIG. 1) during the
processing time and the new gas mixture can include new light plasma generation
gas and new heavy process gas. For example, the gravity separation effect can be
used to allow the new light plasma generation gas to move (diffuse) into the
plasma generation space (125a, FIG. 1) at the top of the process chamber (110,
FIG. 1) during the processing time. In addition, the gravity separation effect can
be used to allow the new heavy process gas to move (diffuse) into the plasma
processing space (125b, FIG. 1) at the bottom of the process chamber (110, FIG.
1) during the processing time.

[00303] In other embodiments, the new light plasma generation gas can be
provided to the top portion of the process chamber (110, FIG. 1), and the new
heavy process gas can be provided to the bottom portion of the process chamber
(110, FIG. 1) during the processing time. For example, the gravity separation
effect can be used to allow the new light plasma generation gas to move in and/or
near the plasma generation space (125a, FIG. 1) at the top of the process chamber
(110, FIG. 1) during the processing time. In addition, the gravity separation effect
can be used to allow the new heavy process gas to move in and/or near the plasma
processing space (125b, FIG. 1) at the bottom of the process chamber (110, FIG.
1) during the processing time.

[00304] In some embodiments, first processing power can be applied to the
new light plasma generation gas as it flows into the plasma generation space
(125a, FIG. 1) thereby creating a new light-gas stabilization plasma in the plasma
generation space (125a, FIG. 1) during the processing times associated with the
GIGDSC procedure being performed. In various embodiments, the first
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the first processing

power can vary from about 100 watts to about 10000 watts. For example, the first
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processing power can be applied through the plasma-facing surface (116, FIG. 1)
to create new light-gas stabilization plasma in at least one of the recesses (117,
FIG. 1) and/or the plasma generation space (125a, FIG. 1) during the processing
time. In addition, high-energy electrons and/or ions can generated and transferred
from the plasma generation space (125a, FIG. 1) to the plasma processing space
(125b, FIG. 1) during the processing time.

[00305] The new heavy plasma process gas can be flowed into at least one
portion of the plasma processing space (125b, FIG. 1) in the process chamber
(110, FIG. 1) during the processing time. For example, one or more additional gas
supply elements (145 and/or 165, FIG. 1) can be coupled to the process chamber
(110, FIG. 1) proximate to the lower portion of the process chamber, and one or
more of the additional gas supply elements (145 and/or 165, FIG. 1) can be
configured to provide the heavy plasma process gas to at least one portion of the
plasma processing space (125b, FIG. 1) during the processing time associated
with the GIGDSC procedure being performed.

[00306] For example, the new heavy-gas processing plasma can be created in at
least one portion of the plasma processing space (125b, FIG. 1) using the applied
microwave power and/or high energy electrons generated in the plasma generation
space (125a, FIG. 1) and the heavy process gas during the processing time. In
addition, the plasma source (115, FIG. 1) can be configured to provide additional
processing power to the heavy process gas as flows and/or diffuses into the
plasma processing space (125b, FIG. 1) during the processing time, thereby
creating the new heavy-gas processing plasma in the plasma processing space
(125b, FIG. 1) proximate to the substrate (121, FIG. 1) during the processing time.
In various embodiments, the additional processing power can be provided by a
surface wave plasma (SWP) source, a microwave source, and/or a radio frequency
(RF) source, and the additional processing power can vary from about 100 watts
to about 10000 watts.

[00307] In 2155, a new “light-gas” stabilization value can be determined for the
new light-gas stabilization plasma and can be compared to new “light-gas”

stabilization limits during the processing time. A new query can be performed to
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determine if the new “light-gas™ stabilization value exceeds the new “light-gas™
stabilization limits. When the new “light-gas” stabilization value exceeds one or
more of the new “light-gas” stabilization limits, procedure 2100 can branch to
2160 and continue as shown in FIG. 21. When the new “light-gas” stabilization
value does not exceed at least one of the new “light-gas™ stabilization limits,
procedure 2100 can branch to 2165 and continue as shown in FIG. 21. One or
more of the process sensors coupled to the process chamber can be used to
determine the new “light-gas™ stabilization values. The intensity and
intermittency of light intensity emanating from the plasma may be used to
evaluate the stability of the plasma. For example, an unstable plasma can create
intermittent optical signals.

[00308] In addition, new “heavy process gas” stabilization values can be
determined for the heavy-gas processing plasma and can be compared to new
“heavy process gas” limits during the processing time. A new additional query
can be performed to determine if the new “heavy process gas” stabilization value
exceeds the new “heavy process gas” stabilization limits during the processing
time. When the new “heavy process gas” stabilization value exceeds the new
“heavy process gas” stabilization limits, procedure 2100 can branch to 2160 and
continue as shown in FIG. 21. When the new “heavy process gas” stabilization
value does not exceed the new “heavy process gas” stabilization limits, procedure
2100 can branch to 2165 and continue as shown in FIG. 21. For example, one or
more of the process sensors can be used to determine the first “heavy process gas”
stabilization values, and unstable plasma can create intermittent optical signals.
[00309] In 2160, at least one new corrective action can be performed to
improve the new “heavy process gas” stabilization values and/or the new “light-
gas” stabilization values. For example, the new gas mixture components, the new
gas mixture flow rates, the new gas mixture flow directions, the number of new
“heavy process gas” gases, the new “heavy process gas” flow rates, the new
“heavy process gas” flow directions, the number of new light-gases, the new light-
gas flow rate, the new light-gas flow direction, the chamber pressure, the chamber

temperature, the processing power, the additional processing power, or the
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substrate temperature, or any combination thereof can be updated during new
corrective actions.

[00310] In 2165, the substrate (121, FIG. 1) can be processed during the
processing time using the heavy-gas processing plasma.

[00311] FIG. 22 illustrates an exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention. FIG. 22 illustrates a procedure 2200 for processing
a substrate using a GIGDSC plasma processing subsystem (205, FIG. 2).
Procedure 2200 can include a number of processing steps. During some GIGDSC
procedures, different chamber pressures can be established using the second
pumping system (280, FIG. 2) and the second pressure control system (281, FIG.
2). For example, the chamber pressures can vary from about one mTorr to about
1000 mTorr. In addition, different substrate temperatures can be established using
the second substrate temperature control system (228, FIG. 2) and the second
temperature control elements (229, FIG. 2). For example, the substrate
temperatures can vary from about -10 °C to about 250 °C.

[00312] In 2210, a second substrate (221, FIG. 2) can be positioned on a second
substrate holder (220, FIG. 2) at the top of the second process chamber (210, FIG.
2) that is configured to create a second GIGDSC plasma during a second GIGDSC
procedure (2200), and the processing time for the second GIGDSC procedure
(2200) can vary from about 2 seconds to about 2 minutes. A second plasma
source (215, FIG. 2) can be coupled to the bottom of the second process chamber
(210, FIG. 2), and the plasma source (215, FIG. 2) can comprise a plasma-facing
surface (216, FIG. 2) having a plurality of recesses (217, FIG. 2) that forms the
top wall of the process chamber (210, FIG. 2).

[00313] In 2215, first “heavy-gas” stabilization plasma can be created during a
first pre-processing time associated with the second GIGDSC procedure (2200).
In some embodiments, a first gas mixture can be provided to the top portion
and/or the bottom portion of the process chamber (210, FIG. 2) during the first
pre-processing time associated with the GIGDSC procedure, and the first gas

mixture can include a heavy plasma generation gas and a light process gas. A
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gravity separation effect can be used to allow the heavy plasma generation gas to
move (diffuse) into a plasma generation space (225a, FIG. 2) at the bottom of the
process chamber (210, FIG. 2) during the first pre-processing time. In addition,
one or more gas supply elements (235, 245, 255, and/or 265, FIG. 2) can be
coupled to the process chamber (210, FIG. 2), and one or more of the gas supply
clements (235, 245, 255, and/or 265, FIG. 2) can be configured to provide the first
gas mixture, can be configured to control the first gas mixture components, the
first gas mixture flow rates and the first gas mixture flow directions

[00314] In other embodiments, heavy plasma stabilization gas can flow into a
plasma generation space (225a, FIG. 2) at the bottom of the process chamber (210,
FIG. 2) during the first pre-processing time associated with the second GIGDSC
procedure. For example, one or more gas supply elements (235 and/or 255, FIG.
2) can be coupled to the process chamber (210, FIG. 2) proximate to the bottom
portion of the process chamber, and one or more of the gas supply elements (235
and/or 255, FIG. 2) can be configured to provide the heavy plasma stabilization
gas to a plasma generation space (225a, FIG. 2) proximate to the plasma-facing
surface (216, FIG. 2) during the first pre-processing time.

[00315] In some embodiments, the plasma source (215, FIG. 2) can be
configured to provide a first pre-processing power through the plasma-facing
surface (216, FIG. 2) to the heavy plasma stabilization gas during the first pre-
processing time, thereby creating the first “heavy-gas” stabilization plasma in the
plasma generation space proximate to the plasma-facing surface (216, FIG. 2)
during the first pre-processing time. In various embodiments, the first pre-
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the first pre-
processing power can vary from about 100 watts to about 10000 watts.

[00316] In 2220, a first “heavy-gas™ stabilization value can be determined for
the first “heavy-gas” stabilization plasma and can be compared to first “heavy-
gas” stabilization limits during a first pre-processing time. A first query can be
performed to determine if the first “heavy-gas” stabilization value exceeds the

first “heavy-gas” stabilization limits. When the first “heavy-gas” stabilization
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value exceeds one or more of the first “heavy-gas” stabilization limits, procedure
2200 can branch to 2225 and continue as shown in FIG.22. When the first
“heavy-gas” stabilization value does not exceed at least one of the first “heavy-
gas” stabilization limits, procedure 2200 can branch to 2230 and continue as
shown in FIG.22. One or more of the process sensors coupled to the process
chamber can be used to determine the first “heavy-gas” stabilization values, and
unstable plasma can create intermittent optical signals.

[00317] In 2225, at least one corrective action can be performed to improve the
first “heavy-gas” stabilization value. For example, the first gas mixture
components, the first gas mixture flow rates, the first gas mixture flow directions,
the number of heavy-gases, the heavy-gas flow rate, the heavy-gas flow direction,
the chamber pressure, the chamber temperature, the pre-processing power, or the
substrate temperature, or any combination thereof can be updated during
corrective action.

[00318] In 2230, second “heavy-gas” pre-processing plasma can be created
during a second pre-processing time associated with the second GIGDSC
procedure (2200). In some embodiments, a second gas mixture can be provided to
the top portion and/or the bottom portion of the process chamber (210, FIG. 2)
during the second pre-processing time, and the gravity separation effect can be
used to allow the heavy plasma generation gas to move (diffuse) into a plasma
generation space (225a, FIG. 2) at the bottom of the process chamber (210, FIG.
2) during the second pre-processing time. In addition, one or more gas supply
clements (235, 245, 255, and/or 265, FIG. 2) can be coupled to the process
chamber (210, FIG. 2), and one or more of the gas supply elements (235, 245,
255, and/or 265, FIG. 2) can be configured to provide the second gas mixture, can
be configured to control the second gas mixture components, the second gas
mixture flow rates and the second gas mixture flow directions

[00319] In other embodiments, the heavy plasma generation gas can continue
to flow and diffuse into the plasma-generation space (225a, FIG. 2) located at the
top portion of the process chamber (210, FIG. 2) during a second pre-processing
time associated with the GIGDSC procedure.
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[00320] In some examples, the heavy plasma generation gas can diffuse into at
least one of the recesses (217, FIG. 2) in the plasma-facing surface (216, FIG. 2)
at the top of the process chamber (210, FIG. 2) during a second pre-processing
time. In addition, the plasma source (215, FIG. 2) can be configured to provide a
second pre-processing power through the plasma-facing surface (216, FI1G. 2) to
the heavy plasma generation gas proximate to the plasma-facing surface (216,
FIG. 2) during the second pre-processing time, thereby creating the second
“heavy-gas” pre-processing plasma in the plasma generation space proximate to
the plasma-facing surface during the second pre-processing time. In other
examples, the second pre-processing power may not be provided during the
second pre-processing time. For example, the second pre-processing times for the
GIGDSC plasma processes can vary from about one millisecond to about 10
seconds. In various embodiments, the second pre-processing power can be
provided by a surface wave plasma (SWP) source, a microwave source, and/or a
radio frequency (RF) source, and the second pre-processing power can vary from
about 100 watts to about 10000 watts.

[00321] In 2235, initial “light process gas” pre-processing plasma can be
created during the second pre-processing time associated with the GIGDSC
procedure (2200). In some embodiments, a light process gas can flow and/or
diffuse into at least one portion of the plasma processing space (225b, FIG. 2) at
the top of the process chamber (210, FIG. 2) during the second pre-processing
time. For example, one or more additional gas supply elements (245 and/or 265,
FIG. 2) can be coupled to the process chamber (210, FIG. 2) proximate to the
upper portion of the process chamber, and one or more of the additional gas
supply elements (245 and/or 265, FIG. 2) can be configured to provide the light
process gas to at least one portion of the plasma processing space (225b, FIG. 2)
during the second pre-processing time.

[00322] In addition, the plasma source (215, FIG. 2) can be configured to
provide additional pre-processing power to the light process gas as it flows and/or
diffuses into the plasma processing space (225b, FIG. 2) during the second pre-

processing time, thereby creating the initial “light-gas” pre-processing plasma in
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the plasma processing space (225b, FIG. 2) proximate to the substrate (221, FIG.
2) during the second pre-processing time. In other embodiments, the second pre-
processing power may not be provided during the second pre-processing time. In
various embodiments, the additional pre-processing power can be provided by a
surface wave plasma (SWP) source, a microwave source, and/or a radio frequency
(RF) source, and the additional pre-processing power can vary from about 100
watts to about 10000 watts.

[00323] In 2240, an initial “light process gas” stabilization value can be
determined for the initial “light process gas” pre-processing plasma and can be
compared to initial “light process gas” limits during a second pre-processing time.
A second query can be performed to determine if the initial “light process gas”
stabilization value exceeds the initial “light process gas” stabilization limits during
a second pre-processing time. When the initial “light process gas” stabilization
value exceeds the initial “light process gas” stabilization limits, procedure 2200
can branch to 2245 and continue as shown in FIG. 22. When the initial “light
process gas” stabilization value does not exceed the initial “light process gas”
stabilization limits, procedure 2200 can branch to 2250 and continue as shown in
FIG. 22. For example, one or more of the process sensors can be used to
determine the first “light process gas” stabilization values.

[00324] In other GIGDSC procedures, a second “heavy-gas” stabilization value
can be determined for the second “heavy-gas” stabilization plasma and can be
compared to second “heavy-gas” stabilization limits during the second pre-
processing time. An additional query can be performed to determine if the second
“heavy-gas” stabilization value exceeds the second “heavy-gas” stabilization
limits. When the second “heavy-gas” stabilization value exceeds one or more of
the second “heavy-gas” stabilization limits, procedure 2200 can branch to 2245
and continue as shown in FIG. 22. When the second “heavy-gas” stabilization
value does not exceed at least one of the second “heavy-gas™ stabilization limits,
procedure 2200 can branch to 2250 and continue as shown in FIG. 22. One or
more of the process sensors coupled to the process chamber can be used to

determine the second “heavy-gas” stabilization values.
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[00325] In 2245, at least one corrective action can be performed to improve the
first “heavy process gas” stabilization values and/or the second “light-gas”
stabilization values. For example, the first gas mixture components, the first gas
mixture flow rates, the first gas mixture flow directions, the number of “heavy
process gas” gases, the “heavy process gas” flow rates, the “heavy process gas”
flow directions, the number of light-gases, the light-gas flow rate, the light-gas
flow direction, the chamber pressure, the chamber temperature, the pre-processing
power, or the substrate temperature, or any combination thereof can be updated
during corrective action.

[00326] In 2250, new “heavy-gas” stabilization plasma and new light-gas
processing plasma can be created during the processing time associated with the
GIGDSC procedure.

[00327] In some embodiments, a new gas mixture can be provided to the top
portion and/or the bottom portion of the process chamber (210, FIG. 2) during the
processing time, and the new gas mixture can include a new heavy plasma
generation gas and a new light process gas. For example, the gravity separation
effect can be used to allow the new heavy plasma generation gas to move (diffuse)
into the plasma generation space (225a, FIG. 2) at the bottom of the process
chamber (210, FIG. 2) during the processing time. In addition, the gravity
separation effect can be used to allow the new light process gas to move (diffuse)
into the plasma processing space (225b, FIG. 2) at the top of the process chamber
(210, FIG. 2) during the processing time. In addition, one or more gas supply
clements (235, 245, 255, and/or 265, FIG. 2) can be coupled to the process
chamber (210, FIG. 2), and one or more of the gas supply elements (235, 245,
255, and/or 265, FIG. 2) can be configured to provide the new gas mixture, can be
configured to control the new gas mixture components, the new gas mixture flow
rates and the new gas mixture flow directions.

[00328] In other embodiments, the heavy plasma generation gas can be
provided to the bottom portion of the process chamber (210, FIG. 2), and the light
process gas can be provided to the top portion of the process chamber (210, FIG.

2) during the processing time. For example, the gravity separation effect can be
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used to allow the heavy plasma generation gas to move in and/or near the plasma
generation space (225a, FIG. 2) at the bottom of the process chamber (210, FIG.
2) during the processing time. In addition, the gravity separation effect can be
used to allow the light process gas to move in and/or near the plasma processing
space (225b, FIG. 2) at the top of the process chamber (110, FIG. 1) during the
processing time.

[00329] In 2250, new light-gas process plasma can be created in at least one
portion of the plasma processing space (225b, FIG. 2) using the applied
microwave power and/or high energy electrons generated in the plasma generation
space (225a, FIG. 2) and the light process gas during the processing time
associated with the GIGDSC procedure being performed.

[00330] In some embodiments, first processing power can be applied to the
heavy plasma generation gas as it flows into the plasma generation space (225a,
FIG. 2) thereby creating new heavy-gas stabilization plasma in the plasma
generation space (225a, FIG. 2) during the processing times associated with the
GIGDSC procedure being performed. In various embodiments, the first
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the first processing
power can vary from about 100 watts to about 10000 watts. For example, the first
processing power can be applied through the plasma-facing surface (216, FIG. 2)
to create new light-gas stabilization plasma in at least one of the recesses (217,
FIG. 2) and/or the plasma generation space (225a, FIG. 2) during the processing
time. In addition, high-energy electrons and/or ions can generated and transferred
from the plasma generation space (225a, FIG. 2) to the plasma processing space
(225b, FIG. 2) during the processing time.

[00331] The light plasma process gas can be flowed into at least one portion of
the plasma processing space (225b, FIG. 2) in the process chamber (210, FIG. 2)
during the processing time. For example, one or more additional gas supply
clements (245 and/or 265, FIG. 2) can be coupled to the process chamber (210,
FIG. 2) proximate to the upper portion of the process chamber, and one or more of

the additional gas supply elements (245 and/or 265, FIG. 2) can be configured to
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provide the heavy plasma process gas to at least one portion of the plasma
processing space (225b, FIG. 2) during the processing time associated with the
GIGDSC procedure being performed.

[00332] For example, the new light-gas processing plasma can be created in at
least one portion of the plasma processing space (225b, FIG. 2) using the applied
microwave power and/or high energy electrons generated in the plasma generation
space (225a, FIG. 2) and the light process gas during the processing time. In
addition, the plasma source (215, FIG. 2) can be configured to provide additional
processing power to the heavy process gas as flows and/or diffuses into the
plasma processing space (225b, FIG. 2) during the processing time, thereby
creating the heavy-gas processing plasma in the plasma processing space (225b,
FIG. 2) proximate to the substrate (221, FIG. 2) during the processing time. In
various embodiments, the additional processing power can be provided by a
surface wave plasma (SWP) source, a microwave source, and/or a radio frequency
(RF) source, and the additional processing power can vary from about 100 watts
to about 10000 watts.

[00333] In 2255, a new “heavy-gas” stabilization value can be determined for
the new heavy-gas stabilization plasma and can be compared to new “heavy-gas”
stabilization limits during the processing time. A new query can be performed to
determine if the new “heavy-gas” stabilization value exceeds the new “heavy-gas”
stabilization limits. When the new “heavy-gas” stabilization value exceeds one or
more of the new “heavy-gas” stabilization limits, procedure 2200 can branch to
2260 and continue as shown in FIG.22. When the new “heavy-gas” stabilization
value does not exceed at least one of the new “heavy-gas” stabilization limits,
procedure 2200 can branch to 2265 and continue as shown in FIG. 22. One or
more of the process sensors coupled to the process chamber can be used to
determine the new “heavy-gas” stabilization values.

[00334] In addition, new “light process gas” stabilization values can be
determined for the new light-gas processing plasma and can be compared to new
“light process gas” limits during the processing time. A new additional query can

be performed to determine if the new “light process gas™ stabilization value
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exceeds the new “light process gas” stabilization limits during the processing
time. When the new “light process gas” stabilization value exceeds the new “light
process gas” stabilization limits, procedure 2200 can branch to 2260 and continue
as shown in FIG. 22. When the new “light process gas” stabilization value does
not exceed the new “light process gas” stabilization limits, procedure 2200 can
branch to 2265 and continue as shown in FIG. 22. For example, one or more of
the process sensors can be used to determine the first “light process gas”
stabilization values.

[00335] In 2260, at least one new corrective action can be performed to
improve the new “light process gas” stabilization values and/or the new “heavy-
gas” stabilization values. For example, the new gas mixture components, the new
gas mixture flow rates, the new gas mixture flow directions, the number of new
“light process gas” gases, the new “light process gas” flow rates, the new “light
process gas” flow directions, the number of new heavy-gases, the new heavy-gas
flow rate, the new heavy-gas flow direction, the chamber pressure, the chamber
temperature, the pre-processing power, or the substrate temperature, or any
combination thereof can be updated during corrective action.

[00336] In 2265, the substrate (221, FIG. 2) can be processed during the
processing time using the light-gas processing plasma.

[00337] FIG. 23 illustrates an exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention. FIG. 23 illustrates a procedure 2300 for processing
a substrate using a GIGDSC plasma processing subsystem (105, FIG. 1).
Procedure 2300 can include a number of processing steps. During some GIGDSC
procedures, different chamber pressures can be established using the first pumping
system (180, FIG. 1) and the first pressure control system (181, FIG. 1). For
example, the chamber pressures can vary from about one mTorr to about one Torr.
In addition, different substrate temperatures can be established using the substrate
temperature control system (128, FIG. 1) and the temperature control elements
(129, FIG. 1). For example, the substrate temperatures can vary from about -10

°C to about 250 °C.
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[00338] In 2310, a substrate (121, FIG. 1) can be positioned on a substrate
holder (120, FIG. 1) in a process chamber (110, FIG. 1) that is configured to
create a GIGDSC plasma during a GIGDSC procedure (2300), and the processing
time for the GIGDSC procedure can vary from about 2 seconds to about 2
minutes. A plasma source (115, FIG. 1) can be coupled to the top of the process
chamber (110, FIG. 1), and the plasma source (115, FIG. 1) can comprise a
plasma-facing surface (116, FIG. 1) having a plurality of recesses (117, FIG. 1)
that forms the top wall of the process chamber (110, FIG. 1).

[00339] In 2315, an initial “light-gas™ stabilization plasma and an initial
“heavy-gas” pre-processing plasma can be created during a first pre-processing
time associated with the GIGDSC procedure. In some embodiments, a first gas
mixture can be provided to the top portion and/or the bottom portion of the
process chamber (110, FIG. 1) during the first pre-processing time associated with
the GIGDSC procedure, and the first gas mixture can include a light plasma
generation gas and a heavy process gas. A gravity separation effect can be used to
allow the light plasma generation gas to move (diffuse) into a plasma generation
space (125a, FIG. 1) at the top of the process chamber (110, FIG. 1) during the
first pre-processing time. In addition, one or more gas supply elements (135, 145,
155, and/or 165, FIG. 1) can be coupled to the process chamber (110, FIG. 1), and
one or more of the gas supply elements (135, 145, 155, and/or 165, FIG. 1) can be
configured to provide the first gas mixture, can be configured to control the first
gas mixture components, the first gas mixture flow rates and the first gas mixture
flow directions.

[00340] In other embodiments, one or more light plasma generation gas can
flow and/or diffuse into a plasma generation space (125a, FIG. 1) at the top of the
process chamber (110, FIG. 1) and one or more heavy process gases can flow
and/or diffuse into a plasma processing space (125b, FIG. 1) at the bottom of the
process chamber (110, FIG. 1) during the first pre-processing time associated with
the GIGDSC procedure. For example, one or more gas supply elements (135
and/or 155, FI1G. 1) can be coupled to the process chamber (110, FIG. 1)

proximate to the top portion of the process chamber, and one or more of the gas
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supply elements (135 and/or 155, FIG. 1) can be configured to provide the light
plasma generation gas to a plasma generation space (125a, FIG. 1) proximate to
the plasma-facing surface (116, FIG. 1) during the first pre-processing time. One
or more additional gas supply elements (145 and/or 165, FIG. 1) can be coupled to
the process chamber (110, FIG. 1) proximate to the bottom portion of the process
chamber, and one or more of the additional gas supply elements (145 and/or 165,
FIG. 1) can be configured to provide the heavy plasma process gas to a plasma
processing space (125b, FIG. 1) proximate to the surface of the substrate (121,
FIG. 1) during the first pre-processing time.

[00341] During some GIGDSC procedures, the plasma source (115, FIG. 1)
can be configured to provide a first pre-processing power through the plasma-
facing surface (116, FIG. 1) to the light plasma generation gas during the first pre-
processing time, thereby creating the initial “light-gas” stabilization plasma in the
plasma generation space proximate to the plasma-facing surface (116, FIG. 1)
during the first pre-processing time. In various embodiments, the first pre-
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the first pre-
processing power can vary from about 100 watts to about 10000 watts.

[00342] In addition, the plasma source (115, FIG. 1) can be configured to
provide additional pre-processing power to the heavy process gas as it flows
and/or diffuses into the plasma processing space (125b, FIG. 1) during the first
pre-processing time, thereby creating the initial “heavy-gas” pre-processing
plasma in the plasma processing space (125b, FIG. 1) proximate to the substrate
(121, FIG. 1) during the first pre-processing time. In other embodiments, the
additional pre-processing power may not be provided during the first pre-
processing time. In various embodiments, the additional pre-processing power
can be provided by a surface wave plasma (SWP) source, a microwave source,
and/or a radio frequency (RF) source, and the additional pre-processing power can
vary from about 100 watts to about 10000 watts.

[00343] In 2320, an initial “light-gas™ stabilization value can be determined for

the initial “light-gas” stabilization plasma and can be compared to initial “light-
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gas” stabilization limits during a first pre-processing time. A first query can be
performed to determine if the initial “light-gas™ stabilization value exceeds the
initial “light-gas” stabilization limits. When the initial “light-gas” stabilization
value exceeds one or more of the initial “light-gas” stabilization limits, procedure
2300 can branch to 2325 and continue as shown in FIG. 23. When the initial
“light-gas” stabilization value does not exceed at least one of the initial “light-gas”
stabilization limits, procedure 2300 can branch to 2330 and continue as shown in
FIG. 23. One or more of the process sensors coupled to the process chamber can
be used to determine the first “light-gas™ stabilization values.

[00344] In 2325, at least one first corrective action can be performed to
improve the initial “light-gas™ stabilization value. For example, the first gas
mixture components, the first gas mixture flow rates, the first gas mixture flow
directions, the number of light-gases, the light-gas flow rate, the light-gas flow
direction, the chamber pressure, the chamber temperature, the pre-processing
power, or the substrate temperature, or any combination thereof can be updated
during first corrective actions.

[00345] In 2330, an initial “heavy process gas” stabilization value can be
determined for the initial “heavy process gas” pre-processing plasma and can be
compared to initial “heavy process gas” limits during the first pre-processing time.
A second query can be performed to determine if the initial “heavy process gas”
stabilization value exceeds the initial “heavy process gas” stabilization limits
during the first pre-processing time. When the initial “heavy process gas”
stabilization value exceeds the initial “heavy process gas” stabilization limits,
procedure 2300 can branch to 2335 and continue as shown in FIG. 23. When the
initial “heavy process gas” stabilization value does not exceed the initial “heavy
process gas” stabilization limits, procedure 2300 can branch to 2340 and continue
as shown in FIG. 23. For example, one or more of the process sensors can be used
to determine the initial “heavy process gas” stabilization values.

[00346] In 2335, at least one second corrective action can be performed to
improve the initial “heavy process gas” stabilization values. For example, the first

gas mixture components, the first gas mixture flow rates, the first gas mixture
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flow directions, the number of “heavy process gas” gases, the “heavy process gas”
flow rates, the “heavy process gas” flow directions, the chamber pressure, the
chamber temperature, the pre-processing power, or the substrate temperature, or
any combination thereof can be updated during the second corrective actions.
[00347] In 2340, new “light-gas™ stabilization plasma and new heavy-gas
processing plasma can be created during the processing time associated with the
GIGDSC procedure.

[00348] In some embodiments, a new gas mixture can be provided to the top
portion and/or the bottom portion of the process chamber (110, FIG. 1) during the
processing time, and the new gas mixture can include new light plasma generation
gas and new heavy process gas. In addition, one or more gas supply elements
(135, 145, 155, and/or 165, FIG. 1) can be coupled to the process chamber (110,
FIG. 1), and one or more of the gas supply elements (135, 145, 155, and/or 165,
FIG. 1) can be configured to provide the first gas mixture, can be configured to
control the first gas mixture components, the first gas mixture flow rates and the
first gas mixture flow directions. For example, the gravity separation effect can
be used to allow the new light plasma generation gas to move (diffuse) into the
plasma generation space (125a, FIG. 1) at the top of the process chamber (110,
FIG. 1) during the processing time. In addition, the gravity separation effect can
be used to allow the new heavy process gas to move (diffuse) into the plasma
processing space (125b, FIG. 1) at the bottom of the process chamber (110, FIG.
1) during the processing time.

[00349] In other embodiments, the new light plasma generation gas can be
provided to the top portion of the process chamber (110, FIG. 1), and the new
heavy process gas can be provided to the bottom portion of the process chamber
(110, FIG. 1) during the processing time. One or more gas supply elements (135
and/or 155, FI1G. 1) can be coupled to the process chamber (110, FIG. 1)
proximate to the top portion of the process chamber, and one or more of the gas
supply elements (135 and/or 155, FIG. 1) can be configured to provide the light
plasma generation gas to a plasma generation space (125a, FIG. 1) proximate to

the plasma-facing surface (116, FIG. 1) during the first processing time. For
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example, the gravity separation effect can be used to allow the new light plasma
generation gas to remain in and/or near the plasma generation space (125a, FIG.
1) at the top of the process chamber (110, FIG. 1) during the processing time.
One or more additional gas supply elements (145 and/or 165, FIG. 1) can be
coupled to the process chamber (110, FIG. 1) proximate to the bottom portion of
the process chamber, and one or more of the additional gas supply elements (145
and/or 165, FIG. 1) can be configured to provide the heavy plasma process gas to
a plasma processing space (125b, FIG. 1) proximate to the surface of the substrate
(121, FIG. 1) during the first processing time. In addition, the gravity separation
cffect can be used to allow the new heavy process gas to move in and/or near the
plasma processing space (125b, FIG. 1) at the bottom of the process chamber
(110, FIG. 1) during the processing time.

[00350] During some GIGDSC procedures, the plasma source (115, FIG. 1)
can be configured to provide new processing power through the plasma-facing
surface (116, FIG. 1) to the light plasma generation gas during the first processing
time, thereby creating the new “light-gas” stabilization plasma in the plasma
generation space proximate to the plasma-facing surface (116, FIG. 1) during the
first processing time. In various embodiments, the new processing power can be
provided by a surface wave plasma (SWP) source, a microwave source, and/or a
radio frequency (RF) source, and the new processing power can vary from about
100 watts to about 10000 watts.

[00351] In addition, the plasma source (115, FIG. 1) can be configured to
provide new processing power to the heavy process gas as it flows and/or diffuses
into the plasma processing space (125b, FIG. 1) during the first processing time,
thereby creating the new “heavy-gas” processing plasma in the plasma processing
space (125b, FIG. 1) proximate to the substrate (121, FIG. 1) during the first
processing time. In various embodiments, the new processing power can be
provided by a surface wave plasma (SWP) source, a microwave source, and/or a
radio frequency (RF) source, and the new processing power can vary from about

100 watts to about 10000 watts.
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[00352] When the new “light-gas™ stabilization plasma is created, high-energy
electrons and/or ions can be created in the plasma generation space (125a, FIG. 1)
and can be transferred to the new “heavy-gas” processing plasma in the plasma
processing space (125b, FIG. 1) during the processing time. For example, the
flow rates for the “light-gas™ can vary from about zero sccm to about 400 sccm,
and the flow rates for the “heavy process gas” can vary from about 0 sccm to
about 400 sccm during the pre-processing time and/or the processing time.
[00353] In 2345, a new “light-gas” stabilization value can be determined for the
new light-gas stabilization plasma and can be compared to new “light-gas”
stabilization limits during the processing time. A new query can be performed to
determine if the new “light-gas™ stabilization value exceeds the new “light-gas”
stabilization limits. When the new “light-gas” stabilization value exceeds one or
more of the new “light-gas” stabilization limits, procedure 2300 can branch to
2350 and continue as shown in FIG. 23. When the new “light-gas” stabilization
value does not exceed at least one of the new “light-gas™ stabilization limits,
procedure 2300 can branch to 2355 and continue as shown in FIG. 23. One or
more of the process sensors coupled to the process chamber can be used to
determine the new “light-gas™ stabilization values.

[00354] In addition, new “heavy process gas” stabilization values can be
determined for the heavy-gas processing plasma and can be compared to new
“heavy process gas” limits during the processing time. A new additional query
can be performed to determine if the new “heavy process gas” stabilization value
exceeds the new “heavy process gas” stabilization limits during the processing
time. When the new “heavy process gas” stabilization value exceeds the new
“heavy process gas” stabilization limits, procedure 2300 can branch to 2350 and
continue as shown in FIG. 23. When the new “heavy process gas” stabilization
value does not exceed the new “heavy process gas” stabilization limits, procedure
2300 can branch to 2355 and continue as shown in FIG. 23. For example, one or
more of the process sensors can be used to determine the first “heavy process gas”

stabilization values.
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[00355] In 2350, at least one new corrective action can be performed to
improve the new “heavy process gas” stabilization values and/or the new “light-
gas” stabilization values during the processing time. For example, the new gas
mixture components, the new gas mixture flow rates, the new gas mixture flow
directions, the number of new “heavy process gas” gases, the new “heavy process
gas” flow rates, the new “heavy process gas” flow directions, the number of new
light-gases, the new light-gas flow rate, the new light-gas flow direction, the
chamber pressure, the chamber temperature, the pre-processing power, or the
substrate temperature, or any combination thereof can be updated during the new
corrective actions.

[00356] In 2355, the substrate can be processed using the first “heavy-gas”
processing plasma during the processing times associated with the GIGDSC
procedure being performed.

[00357] FIG. 24 illustrates an exemplary flow diagram of a method for
processing a wafer using a GIGDSC plasma processing system in accordance with
embodiments of the invention. FIG. 24 illustrates a procedure 2400 for processing
a substrate using a GIGDSC plasma processing subsystem (205, FIG. 2).
Procedure 2400 can include a number of processing steps. During some GIGDSC
procedures, different chamber pressures can be established using the second
pumping system (280, FIG. 2) and the second pressure control system (281, FIG.
2). For example, the chamber pressures can vary from about one mTorr to about
one Torr. In addition, different substrate temperatures can be established using
the second substrate temperature control system (228, FIG. 2) and the second
temperature control elements (229, FIG. 2). For example, the substrate
temperatures can vary from about -10 °C to about °C.

[00358] In 2410, a second substrate (221, FIG. 2) can be positioned on a second
substrate holder (220, FIG. 2) in a second process chamber (210, FIG. 2) that is
configured to create a second GIGDSC plasma during a GIGDSC procedure
(2400), and the processing time for the GIGDSC procedure can vary from about 2
seconds to about 2 minutes. A second plasma source (215, FIG. 2) can be coupled

to the top of the second process chamber (210, FIG. 2), and the second plasma
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source (215, FIG. 2) can comprise a plasma-facing surface (216, FIG. 2) having a
plurality of recesses (217, FIG. 2) that forms the top wall of the second process
chamber (210, FIG. 2).

[00359] In 2415, an initial “heavy-gas” stabilization plasma and an initial
“light-gas™ pre-processing plasma can be created during a first pre-processing
time associated with the GIGDSC procedure. In some embodiments, a first gas
mixture can be provided to the top portion and/or the bottom portion of the
process chamber (210, FIG. 2) during the first pre-processing time associated with
the GIGDSC procedure, and the first gas mixture can include a heavy plasma
generation gas and a light process gas. A gravity separation effect can be used to
allow the heavy plasma generation gas to move (diffuse) into a plasma generation
space (225a, FIG. 2) at the bottom of the process chamber (210, FIG. 2) during the
first pre-processing time. In addition, one or more gas supply elements (235, 245,
255, and/or 265, FIG. 2) can be coupled to the process chamber (210, FIG. 2), and
one or more of the gas supply elements (235, 245, 255, and/or 265, FIG. 2) can be
configured to provide the first gas mixture, can be configured to control the first
gas mixture components, the first gas mixture flow rates and the first gas mixture
flow directions.

[00360] In other embodiments, one or more heavy plasma generation gases can
flow and/or diffuse into a plasma generation space (225a, FIG. 2) at the bottom of
the process chamber (210, FIG. 2) and one or more light process gases can flow
and/or diffuse into a plasma processing space (225b, FIG. 2) at the top of the
process chamber (210, FIG. 2) during the first pre-processing time associated with
the GIGDSC procedure. For example, one or more gas supply elements (235
and/or 255, FIG. 2) can be coupled to the process chamber (210, FIG. 2)
proximate to the bottom portion of the process chamber, and one or more of the
gas supply elements (235 and/or 255, FIG. 2) can be configured to provide the
heavy plasma generation gas to a plasma generation space (225a, FIG. 2)
proximate to the plasma-facing surface (216, FIG. 2) during the first pre-
processing time. One or more additional gas supply elements (245 and/or 265,

FIG. 2) can be coupled to the process chamber (210, FIG. 2) proximate to the top
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portion of the process chamber, and one or more of the additional gas supply
elements (245 and/or 265, FIG. 2) can be configured to provide the light plasma
process gas to a plasma processing space (225b, FIG. 2) proximate to the surface
of the substrate (221, FIG. 2) during the first pre-processing time.

[00361] During some GIGDSC procedures, the plasma source (215, FIG. 2)
can be configured to provide a first pre-processing power through the plasma-
facing surface (216, FIG. 2) to the heavy plasma generation gas during the first
pre-processing time, thereby creating the initial “heavy-gas” stabilization plasma
in the plasma generation space proximate to the plasma-facing surface (216, FIG.
2) during the first pre-processing time. In various embodiments, the first pre-
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the first pre-
processing power can vary from about 100 watts to about 10000 watts.

[00362] In addition, the plasma source (215, FIG. 2) can be configured to
provide additional pre-processing power to the light process gas as it flows and/or
diffuses into the plasma processing space (225b, FIG. 2) during the first pre-
processing time, thereby creating the initial “light-gas” pre-processing plasma in
the plasma processing space (225b, FIG. 2) proximate to the substrate (221, FIG.
2) during the first pre-processing time. In other embodiments, the additional pre-
processing power may not be provided during the first pre-processing time. In
various embodiments, the additional pre-processing power can be provided by a
surface wave plasma (SWP) source, a microwave source, and/or a radio frequency
(RF) source, and the additional pre-processing power can vary from about 100
watts to about 10000 watts.

[00363] In 2420, an initial “heavy-gas” stabilization value can be determined
for the initial “heavy-gas” stabilization plasma and can be compared to initial
“heavy-gas” stabilization limits during a first pre-processing time. A first query
can be performed to determine if the initial “heavy-gas” stabilization value
exceeds the initial “heavy-gas” stabilization limits. When the initial “heavy-gas”
stabilization value exceeds one or more of the initial “heavy-gas” stabilization

limits, procedure 2400 can branch to 2425 and continue as shown in FIG. 24.
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When the initial “heavy-gas” stabilization value does not exceed at least one of
the initial “heavy-gas” stabilization limits, procedure 2400 can branch to 2430 and
continue as shown in FIG. 24. One or more of the process sensors coupled to the
process chamber can be used to determine the first “heavy-gas” stabilization
values.

[00364] In 2425, at least one first corrective action can be performed to
improve the initial “heavy-gas” stabilization value. For example, the first gas
mixture components, the first gas mixture flow rates, the first gas mixture flow
directions, the number of heavy-gases, the heavy-gas flow rate, the heavy-gas
flow direction, the chamber pressure, the chamber temperature, the pre-processing
power, or the substrate temperature, or any combination thereof can be updated
during corrective action.

[00365] In 2430, an initial “light process gas” stabilization value can be
determined for the initial “light process gas” pre-processing plasma and can be
compared to initial “light process gas” limits during the first pre-processing time.
A second query can be performed to determine if the initial “light process gas”
stabilization value exceeds the initial “light process gas” stabilization limits during
the first pre-processing time. When the initial “light process gas” stabilization
value exceeds the initial “light process gas” stabilization limits, procedure 2400
can branch to 2435 and continue as shown in FIG. 24. When the initial “light
process gas” stabilization value does not exceed the initial “light process gas”
stabilization limits, procedure 2400 can branch to 2440 and continue as shown in
FIG. 24. For example, one or more of the process sensors can be used to
determine the initial “light process gas” stabilization values.

[00366] In 2435, at least one second corrective action can be performed to
improve the initial “light process gas” stabilization values. For example, the first
gas mixture components, the first gas mixture flow rates, the first gas mixture
flow directions, the number of “light process gas” gases, the “light process gas”
flow rates, the “light process gas” flow directions, the chamber pressure, the
chamber temperature, the pre-processing power, or the substrate temperature, or

any combination thereof can be updated during the second corrective actions.
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[00367] In 2440, new “heavy-gas” stabilization plasma and new light-gas
processing plasma can be created during the processing time associated with the
GIGDSC procedure.

[00368] In some embodiments, a new gas mixture can be provided to the top
portion and/or the bottom portion of the process chamber (210, FIG. 2) during the
processing time, and the new gas mixture can include new heavy plasma
generation gas and new light process gas. In addition, one or more gas supply
clements (235, 245, 255, and/or 265, FIG. 2) can be coupled to the process
chamber (210, FIG. 2), and one or more of the gas supply elements (235, 245,
255, and/or 265, FIG. 2) can be configured to provide the new gas mixture, can be
configured to control the new gas mixture components, the new gas mixture flow
rates and the new gas mixture flow directions. For example, the gravity
separation effect can be used to allow the new heavy plasma generation gas to
move (diffuse) into the plasma generation space (225a, FIG. 2) at the bottom of
the process chamber (210, FIG. 2) during the processing time. In addition, the
gravity separation effect can be used to allow the new light process gas to move
(diffuse) into the plasma processing space (225b, FIG. 2) at the top of the process
chamber (210, FIG. 2) during the processing time.

[00369] In other embodiments, the new heavy plasma generation gas can be
provided to the bottom portion of the process chamber (210, FIG. 2), and the new
light process gas can be provided to the top portion of the process chamber (210,
FIG. 2) during the processing time. One or more gas supply elements (235 and/or
255, FIG. 2) can be coupled to the process chamber (210, FIG. 2) proximate to the
top portion of the process chamber, and one or more of the gas supply elements
(235 and/or 255, FIG. 2) can be configured to provide the light process gas to a
plasma processing space (225b, FIG. 2) proximate to the surface of the substrate
(221, FIG. 2) during the first processing time. For example, the gravity separation
effect can be used to allow the new light process gas to remain in and/or near the
plasma processing space (225b, FIG. 2) at the top of the process chamber (210,
FIG. 2) during the processing time. One or more additional gas supply elements

(245 and/or 265, F1G. 2) can be coupled to the process chamber (210, FIG. 2)
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proximate to the bottom portion of the process chamber, and one or more of the
additional gas supply elements (245 and/or 265, FIG. 2) can be configured to
provide the heavy plasma generation gas to a plasma generation space (225a, FIG.
2) proximate to the to the plasma-facing surface (216, FIG. 2) during the first
processing time. In addition, the gravity separation effect can be used to allow the
new heavy plasma generation gas to move in and/or near the plasma generation
space (225a, FIG. 2) at the bottom of the process chamber (210, FIG. 2) during the
processing time.

[00370] During some GIGDSC procedures, the plasma source (215, FIG. 2)
can be configured to provide new processing power through the plasma-facing
surface (216, FIG. 2) to the heavy plasma generation gas during the first
processing time, thereby creating the new “heavy-gas” stabilization plasma in the
plasma generation space proximate to the plasma-facing surface (216, FIG. 2)
during the first processing time. In various embodiments, the new processing
power can be provided by a surface wave plasma (SWP) source, a microwave
source, and/or a radio frequency (RF) source, and the new processing power can
vary from about 100 watts to about 10000 watts.

[00371] In addition, the plasma source (215, FIG. 2) can be configured to
provide new additional processing power to the light process gas as it flows and/or
diffuses into the plasma processing space (225b, FIG. 2) during the first
processing time, thereby creating the new “light gas” processing plasma in the
plasma processing space (225b, FIG. 2) proximate to the substrate (221, FIG. 2)
during the first processing time. In various embodiments, the new additional
processing power can be provided by a surface wave plasma (SWP) source, a
microwave source, and/or a radio frequency (RF) source, and the new additional
processing power can vary from about 100 watts to about 10000 watts.

[00372] When the new “heavy-gas” stabilization plasma is created, high-energy
electrons and/or ions can be created in the plasma generation space (225a, FIG. 2)
and can be transferred to the new “light gas™ processing plasma in the plasma
processing space (225b, FIG. 2) during the processing time. For example, the

flow rates for the “light gas” can vary from about zero sccm to about 400 sccm,
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and the flow rates for the “heavy process gas” can vary from about 0 sccm to
about 400 sccm during the pre-processing time and/or the processing time.
[00373] In 2445, a new “heavy-gas” stabilization value can be determined for
the new heavy-gas stabilization plasma and can be compared to new “heavy-gas”
stabilization limits during the processing time. A new query can be performed to
determine if the new “heavy-gas” stabilization value exceeds the new “heavy-gas”
stabilization limits. When the new “heavy-gas” stabilization value exceeds one or
more of the new “heavy-gas” stabilization limits, procedure 2400 can branch to
2450 and continue as shown in FIG. 24. When the new “heavy-gas” stabilization
value does not exceed at least one of the new “heavy-gas™ stabilization limits,
procedure 2400 can branch to 2455 and continue as shown in FIG. 24. One or
more of the process sensors coupled to the process chamber can be used to
determine the new “heavy-gas” stabilization values.

[00374] In addition, new “light process gas” stabilization values can be
determined for the new light gas processing plasma and can be compared to new
“light process gas” limits during the processing time. A new additional query can
be performed to determine if the new “light process gas™ stabilization value
exceeds the new “light process gas” stabilization limits during the processing
time. When the new “light process gas” stabilization value exceeds the new “light
process gas” stabilization limits, procedure 2400 can branch to 2450 and continue
as shown in FIG. 24. When the new “light process gas” stabilization value does
not exceed the new “light process gas™ stabilization limits, procedure 2400 can
branch to 2455 and continue as shown in FIG.21. For example, one or more of
the process sensors can be used to determine the first “heavy process gas”
stabilization values.

[00375] In 2450, at least one new corrective action can be performed to
improve the new “light process gas” stabilization values and/or the new “light-
gas” stabilization values during the processing time. For example, the new gas
mixture components, the new gas mixture flow rates, the new gas mixture flow
directions, the number of new “light process gas” gases, the new “light process

gas” flow rates, the new “light process gas” flow directions, the number of new
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heavy-gases, the new heavy-gas flow rate, the new heavy-gas flow direction, the
chamber pressure, the chamber temperature, the processing power, or the substrate
temperature, or any combination thereof can be updated during the new corrective
actions.

[00376] In 2455, the substrate can be processed using the first “light gas”
processing plasma during the processing times associated with the GIGDSC
procedure being performed.

[00377] In some embodiments, the GIGDSC plasma processing system (100 or
200), can comprise: a GIGDSC plasma processing subsystem (105 or 205)
configured to perform a GIGDSC etching procedure, a non-GIGDSC etching
procedure, a GIGDSC deposition procedure, or a non-GIGDSC deposition
procedure, or any combination thereof.

[00378]  Although only certain embodiments of this invention have been
described in detail above, those skilled in the art will readily appreciate that many
modifications are possible in the embodiments without materially departing from
the novel teachings and advantages of this invention. Accordingly, all such

modifications are intended to be included within the scope of this invention.
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WHAT IS CLAIMED I8S:

1. A method for processing a substrate using a Gravity-Induced Gas-
Diffusion Separation-Controlled (GIGDSC) plasma processing subsystem, the
method comprising:

positioning a substrate on a substrate holder in a lower portion of a process
chamber configured to perform a GIGDSC procedure;

creating a first light-gas stabilization plasma in a plasma generation space
in an upper portion of the process chamber during a first pre-processing time
using a light plasma generation gas;

determining a first light gas stabilization value during the first pre-
processing time;

comparing the first light gas stabilization value to first stabilization limits
during the first pre-processing time;

performing at least one corrective action to improve the first light gas
stabilization value when the first light gas stabilization value exceeds one or more
of the stabilization limits during the first pre-processing time; and

creating a second light-gas stabilization plasma and an initial heavy-gas
pre-processing plasma during a second pre-processing time when the first light
gas stabilization value does not exceed at least one of the stabilization limits
during the first pre-processing time, wherein the initial heavy-gas pre-processing
plasma is created using at least one heavy process gas in a plasma processing

space proximate the substrate.

2. The method of claim 1, further comprising:

determining an initial heavy-gas stabilization value during the second pre-
processing time;

comparing the initial heavy-gas stabilization value to initial heavy-gas
stabilization limits during the second pre-processing time;

performing at least one second corrective action to improve the initial

heavy-gas stabilization value when the initial heavy-gas stabilization value
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exceeds one or more of the initial heavy-gas stabilization limits during the second
pre-processing time; and

creating a new light-gas stabilization plasma and a new heavy-gas
processing plasma during a processing time when the initial heavy-gas
stabilization value does not exceed at least one of the initial heavy-gas
stabilization limits during the second pre-processing time, wherein the substrate is

processed using the new heavy-gas processing plasma during the processing time.

3. The method of claim 1, wherein the light plasma generation gas
comprises Helium (He), Hydrogen (H,), or Neon (Ne), or any combination thercof
and wherein the at least one heavy process gas comprises Argon (Ar), an Oxygen-
containing gas, a Fluorocarbon gas, a Hydrofluorocarbon gas, or a Halogen-
containing gas, or any combination thereof, the Fluorocarbon gas having a form
C«Fy, wherein x and y are equal to 1 or more, the Hydrofluorocarbon gas having a
form C FyH,, wherein x, y and z are equal to 1 or more, and the ) Halogen-
containing gas having a halogen atom selected from the group consisting of Cl,

Br, and F.

4. The method of claim 1, wherein a first gas mixture is provided to the
process chamber using at least one gas supply element coupled to the process
chamber, the first gas mixture including one or more lighter gaseous constituents
that diffuse into the plasma generation space and one or more heavier gaseous
constituents that diffuse into the plasma processing space, the lighter gaseous
constituents including the light plasma generation gas and the heavier gaseous

constituents including the at least one heavy process gas.

5. The method of claim 1, wherein the light plasma generation gas is
provided to the process chamber using a first gas supply element coupled to the
upper portion of the process chamber and the at least one heavy process gas is
provided to the process chamber using a second gas supply element coupled to the

lower portion of the process chamber.
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6. The method of claim 1, wherein a plasma source is coupled to the
plasma generation space and is configured to generate the GIGDSC plasma using
at least one lighter gaseous constituent of the light plasma generation gas that
diffuse into the plasma generation space, wherein the plasma source includes a
plasma-facing surface configured to form a top wall in the process chamber, and

the plasma-facing surface has a first recess therein.

7. A method for processing a substrate using a Gravity-Induced Gas-
Diffusion Separation-Controlled (GIGDSC) plasma processing subsystem, the
method comprising:

positioning a substrate on a substrate holder in a lower portion of a process
chamber configured to perform a GIGDSC procedure;

creating an initial light-gas stabilization plasma in a plasma generation
space in an upper portion of the process chamber during a first pre-processing
time using a light plasma generation gas;

creating an initial heavy-gas pre-processing plasma in a plasma processing
space in the lower portion of the process chamber during the first pre-processing
time using at least one heavy process gas;

determining an initial heavy-gas stabilization value during the first pre-
processing time;

comparing the initial heavy-gas stabilization value to initial heavy-gas
stabilization limits during the first pre-processing time;

performing at least one corrective action to improve the initial heavy-gas
stabilization value when the initial heavy-gas stabilization value exceeds one or
more of the initial heavy-gas stabilization limits during the first pre-processing
time; and

creating a new light-gas stabilization plasma and a new heavy-gas
processing plasma during a processing time when the initial heavy-gas
stabilization value does not exceed at least one of the initial heavy-gas

stabilization limits during the first pre-processing time, wherein the new heavy-
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gas pre-processing plasma is created using at least one new heavy process gas in

the plasma processing space proximate the substrate during the processing time.

8. The method of claim 7, further comprising:

determining an initial light-gas stabilization value during the first pre-
processing time;

comparing the initial light-gas stabilization value to initial light-gas
stabilization limits during the first pre-processing time; and

performing at least one additional corrective action to improve the initial
light-gas stabilization value when the initial light-gas stabilization value exceeds
one or more of the initial light-gas stabilization limits during the first pre-

processing time.

9. The method of claim 7, further comprising:

determining a new heavy-gas stabilization value during the processing
time;

comparing the new heavy-gas stabilization value to new heavy-gas
stabilization limits during the processing time; and

performing at least one new corrective action to improve the new heavy-
gas stabilization value when the new heavy-gas stabilization value exceeds one or

more of the new heavy-gas stabilization limits during the processing time.

10. The method of claim 7, further comprising:

determining a new light-gas stabilization value during the processing time;

comparing the new light-gas stabilization value to new light-gas
stabilization limits during the processing time; and

performing at least one new corrective action to improve the new light-gas
stabilization value when the new light-gas stabilization value exceeds one or more

of the new light-gas stabilization limits during the processing time.
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11. The method of claim 7, wherein the light plasma generation gas
comprises Helium (He), Hydrogen (H;), or Neon (Ne), or any combination thereof
and wherein the at least one heavy process gas comprises Argon (Ar), an Oxygen-
containing gas, a Fluorocarbon gas, a Hydrofluorocarbon gas, or a Halogen-
containing gas, or any combination thereof, the Fluorocarbon gas having a form
C«Fy, wherein x and y are equal to 1 or more, the Hydrofluorocarbon gas having a
form C FyH,, wherein x, y and z are equal to 1 or more, and the ) Halogen-
containing gas having a halogen atom selected from the group consisting of Cl,

Br, and F.

12. The method of claim 7, wherein a first gas mixture is provided to the
process chamber using at least one gas supply element coupled to the process
chamber, the first gas mixture including one or more lighter gaseous constituents
that diffuse into the plasma generation space and one or more heavier gaseous
constituents that diffuse into the plasma processing space, the lighter gaseous
constituents including the light plasma generation gas and the heavier gaseous

constituents including the at least one heavy process gas.

13. The method of claim 7, wherein the light plasma generation gas is
provided to the process chamber using a first gas supply element coupled to the
upper portion of the process chamber and the at least one heavy process gas is
provided to the process chamber using a second gas supply element coupled to the

lower portion of the process chamber.

14. The method of claim 7, wherein a plasma source is coupled to the
plasma generation space and is configured to generate the GIGDSC plasma using
at least one lighter gaseous constituent of the light plasma generation gas that
diffuse into the plasma generation space, wherein the plasma source includes a
plasma-facing surface configured to form a top wall in the process chamber, and

the plasma-facing surface has a first recess therein.
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15. A method for processing a substrate using a Gravity-Induced Gas-
Diffusion Separation-Controlled (GIGDSC) plasma processing subsystem, the
method comprising:

positioning a substrate on a substrate holder in an upper portion of a
process chamber configured to perform a GIGDSC procedure;

creating an initial heavy-gas stabilization plasma in a plasma generation
space in an lower portion of the process chamber during a first pre-processing
time using a heavy plasma generation gas;

creating an initial light-gas pre-processing plasma in a plasma processing
space in the upper portion of the process chamber during the first pre-processing
time using at least one light process gas;

determining an initial light-gas stabilization value during the first pre-
processing time;

comparing the initial light-gas stabilization value to initial light-gas
stabilization limits during the first pre-processing time;

performing at least one corrective action to improve the initial light-gas
stabilization value when the initial light-gas stabilization value exceeds one or
more of the initial light-gas stabilization limits during the first pre-processing
time; and

creating a new heavy-gas stabilization plasma and a new light-gas
processing plasma during a processing time when the initial light-gas stabilization
value does not exceed at least one of the initial light-gas stabilization limits during
the first pre-processing time, wherein the new light-gas processing plasma is
created using at least one new light process gas in the plasma processing space

proximate the substrate during the processing time.

16. The method of claim 15, further comprising:

determining an initial heavy-gas stabilization value during the first pre-
processing time;

comparing the initial heavy-gas stabilization value to initial heavy-gas

stabilization limits during the first pre-processing time; and
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performing at least one additional corrective action to improve the initial
heavy-gas stabilization value when the initial heavy-gas stabilization value
exceeds one or more of the initial heavy-gas stabilization limits during the first

pre-processing time.

17. The method of claim 15, further comprising:

determining a new light-gas stabilization value during the processing time;

comparing the new light-gas stabilization value to new light-gas
stabilization limits during the processing time; and

performing at least one new corrective action to improve the new light-gas
stabilization value when the new light-gas stabilization value exceeds one or more

of the new light-gas stabilization limits during the processing time.

18. The method of claim 15, further comprising:

determining a new heavy-gas stabilization value during the processing
time;

comparing the new heavy-gas stabilization value to new heavy-gas
stabilization limits during the processing time; and

performing at least one new corrective action to improve the new heavy-
gas stabilization value when the new heavy-gas stabilization value exceeds one or

more of the new heavy-gas stabilization limits during the processing time.

19. The method of claim 15, wherein the heavy plasma generation gas
comprises Xeon (Xe), or Krypton (Kr), or any combination thercof and the at least
one light process gas comprises Argon (Ar), an Oxygen-containing gas, a
Fluorocarbon gas, a Hydrofluorocarbon gas, or a Halogen-containing gas, or any
combination thereof, the Fluorocarbon gas having a form CFy, wherein x and y
are equal to 1 or more, the Hydrofluorocarbon gas having a form C,F,H,, wherein
X,y and z are equal to 1 or more, and the ) Halogen-containing gas having a

halogen atom selected from the group consisting of Cl, Br, and F.
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20. The method of claim 15, wherein a first gas mixture is provided to the
process chamber using at least one gas supply element coupled to the process
chamber, the first gas mixture including one or more lighter gaseous constituents
that diffuse into the plasma processing space and one or more heavier gaseous
constituents that diffuse into the plasma generation space, the lighter gaseous
constituents including the new light process gas and the heavier gaseous

constituents including at least one heavy plasma generation gas.
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