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TITLE: ELECTROSTATIC REMOTE PLASMA SOURCE

PRIORITY

[0001] The present application is a non-provisional patent claiming the benefit of U.S.
Patent Application No. 61/436,131 entitled “Electrostatic Remote Plasma Source” and
filed January 25, 2011 and U.S. Patent Application No. 61/554,536 entitled "Electrostatic
Remote Plasma Source and Enhancements” filed November 2, 2011, which are both

incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to remote plasma sources. In particular,
but not by way of limitation, the present invention relates to systems, methods and
apparatuses for dissociating, ionizing and/or energizing a processing gas using a remote

plasma source.

BACKGROUND OF THE INVENTION

[0003] Remote plasma sources (RPS) are used to produce activated gases containing
ions, free radicals, atoms and molecules by passing a gas through a plasma that excites
the gas.Activated gases and free radicals are used for numerous industrial and scientific
applications including processing solid materials and/or thin films such as those found on
semiconductor wafers, display panels, and other active device substrates. Activated or
energized gases containing ions, dissociated atoms and free radicals are also used to
remove deposited thin films from semiconductor processing chamber walls. One
additional use of an RPS is to ionize and reduce the gaseous waste in a pump stream such
that pumping is expedited by the plasma temperature and compound gases can be broken

down to safer elemental form by the plasma ionization of the stream.
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[0004] An RPS has been developed in which gases are introduced into a linear inductive
plasma chamber, and the gases are dissociated into reactive species that flow out of the
chamber and are used to perform work (e.g., on substrates) downstream of the source. In
these types of RPS, an inductive coil is typically disposed axially about the chamber to

inductively induce currents within the plasma.

[0005] Toroidal sources have also been developed in which currents are induced in a
toroidal plasma contained within a general toroidal chamber. These Toroidal sources
often use a ferrite based transformer arrangement to inductively couple fields produced
by a primary set of windings, concentrate the fields in the ferrite core and then induce

currents in the plasma which make up the secondary loop of the transformer.

[0006] These inductive linear and inductive toroidal remote sources have several
drawbacks. For example, they typically only operate optimally when the plasma is in a
high current state, which is referred to as an ICP state or sometimes as H-mode operation.
This state typically cannot be produced without reaching a critical threshold of field
strength and current density within the source. Consequently, low power, high pressure
operation can be difficult and often not possible. Similarly, operation in the ICP regime
requires adequate charge density in the plasma to be reached, and achieving this state
during plasma ignition can be difficult. For this reason, these sources often require
ignition to be accomplished using an easy-to-ionize gas, such as argon, before the

processing gas can be introduced.

[0007] In addition, toroidal sources are traditionally designed from electrically and

thermally conductive materials such as aluminum, which requires water cooling due to
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the high power densities that are required to operate these sources. To prevent current
from flowing through the chamber body instead of through the plasma, the design of
toroidal sources typically incorporates dielectric breaks in the body. These dielectric
breaks experience a high voltage drop (i.e. a high electric field) in their proximity that
results in ion acceleration to the walls of the source. This ion acceleration results in
erosion of the wall in these locations resulting in damage to the inner walls and shortened
operating lifetime of the device. This ionic bombardment of the wall also results in
particle generation. Particle generation in these sources can be particularly damaging to
thin film structures, semiconductor devices or to the downstream tools being cleaned by

these remote sources.

[0008] Linear inductive sources see non-uniform field distribution since the field strength
is greatest close to where the coils wrap around the linear source. The result is that
portions of the inside of the source etch faster via ion bombardment and thus linear

sources often have shortened lifetimes.

[0009] As seen, existing RPS sources are often unsatisfactory and improved RPS sources

will almost certainly be needed in the future.

SUMMARY OF THE DISCLOSURE

[0010] Exemplary embodiments of the present invention that are shown in the drawings
are summarized below. These and other embodiments are more fully described in the
Detailed Description section. It is to be understood, however, that there is no intention to
limit the invention to the forms described in this Summary of the Invention or in the

Detailed Description. One skilled in the art can recognize that there are numerous
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modifications, equivalents and alternative constructions that fall within the spirit and

scope of the invention as expressed in the claims.

[0011] Some embodiments of the disclosure may be characterized as a remote plasma
source comprising a first electrode, a second electrode, a chamber, and an RF power
source input. One of the first or second electrodes can at least partially surround the
other electrode. The chamber can be at least partially enclosed by a chamber wall and
configured for coupling to a processing chamber. The chamber wall can separate the first
and second electrodes. Furthermore, the chamber can include a first path for the entry of
a first fluid into the chamber and can further include a second path configured to provide
a second fluid into the processing chamber. The second fluid can include at least a
portion of disassociated fluid created from the first fluid. The RF power source input can
be configured to couple to an RF power source and provide RF power from the RF power
source to the first electrode. The RF power can electrostatically couple to the second
electrode so as to electrostatically sustain a plasma within at least a portion of the

chamber.

[0012] Other embodiments of the disclosure may also be characterized as a method of
sustaining a plasma in a capacitively coupled remote plasma. The method can include
passing RF power between two capacitively coupled electrodes separated by a chamber
wall at least partially enclosing a chamber of the capacitively coupled remote plasma
source. The method can also include sustaining a plasma within the chamber via the RF
power being capacitively coupled to the plasma. The method further can include
providing a first fluid into the chamber and dissociating at least a portion of the first fluid

via interaction with the plasma. The method can further include passing a second fluid to
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a processing chamber coupled to the capacitively coupled remote plasma source, wherein
the second fluid includes at least a portion of disassociated fluid created from the first

fluid.

[0013] Other embodiments of the disclosure can be characterized as a non-transitory,
tangible computer readable storage medium, encoded with processor readable
instructions to perform a method for remotely sustaining a capacitively coupled plasma.
The method can include passing RF power between two capacitively coupled electrodes
separated by a chamber wall at least partially enclosing a chamber of the capacitively
coupled remote plasma source. The method can also include sustaining a plasma within
the chamber via the RF power being capacitively coupled to the plasma. The method
further can include providing a first fluid into the chamber and dissociating at least a
portion of the first fluid via interaction with the plasma. The method can further include
passing a second fluid to a processing chamber coupled to the capacitively coupled
remote plasma source, wherein the second fluid includes at least a portion of

disassociated fluid created from the first fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Various objects and advantages and a more complete understanding of the present
invention are apparent and more readily appreciated by referring to the following detailed
description and to the appended claims when taken in conjunction with the accompanying

drawings:

[0015] FIG. 1 is a block diagram depicting the environment in which several
embodiments of the present invention may be realized.

5
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[0016] FIG. 2 illustrates a cross section of exemplary functional components of a remote
plasma source (RPS).

[0017] FIG. 3 illustrates another embodiment of an RPS.

[0018] FIG. 4 illustrates another embodiment of an RPS.

[0019] FIG. 5 illustrates yet another embodiment of an RPS.

[0020] FIG. 6 illustrates yet another embodiment of an RPS.

[0021] FIG. 7 illustrates yet another embodiment of an RPS.

[0022] FIG. 8 illustrates yet another embodiment of an RPS.

[0023] FIG. 9 illustrates yet another embodiment of an RPS.

[0024] FIG. 10 illustrates yet another embodiment of an RPS.

[0025] FIG. 11 illustrates a diagrammatic representation of one embodiment of a
machine in the exemplary form of a computer system within which a set of instructions
can execute for causing a device to perform or execute any one or more of the aspects

and/or methodologies of the present disclosure

DETAILED DESCRIPTION

[0026] The present disclosure relates generally to plasma processing. More specifically,
but without limitation, the present disclosure relates to plasma processing via a

capacitively-coupled remote plasma source.

[0027] Referring first to FIG. 1, shown is a block diagram depicting the environment in
which several embodiments of the present invention may be realized. As shown a remote
plasma source (RPS) 104, which generally operates to provide activated gases and free

radicals to a processing chamber 102, operates as a functional component that is separate
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from the processing chamber 102. Disclosed herein are several inventive variations of the
RPS 104 depicted in FIG. 1, which may include a power system 110, match network 108,
and source body 106. Although the match network 108 and power system 110 are
depicted as being integrated (e.g., within a same housing) with the source body 106, this
is certainly not required, and in many implementations, the power system 110 and match

network 108 may be separated from the source body 106.

[0028] The processing chamber 102 may be realized by a variety of different types of
processing chambers that effectuate differing types of processes (e.g., etch and deposition
processes). And depending upon the type of process that is carried out by the processing
chamber 102, the RPS 104 may be used for a variety of purposes (e.g., cleaning polymer
from a wafer after a dielectric etch process or cleaning the chamber 102 inner walls after
a deposition process). These processes can be effectuated by introducing activated gases

and/or free radicals from the source body 106 into the processing chamber 102.

[0029] The power system 110 can operate at a range of AC frequencies, for instance in
the VHF range, as well as pulsed DC and other time-varying waveforms. The power,
frequency, DC and/or AC bias, pulse width, and pulse modulation, along with other
electrical characteristics of the power system 110 can be controlled via the control
circuitry or logic 150, which can be embodied in hardware, software, firmware, or a
combination of these. One skilled in the art will recognize that even though the control
circuitry or logic 150 is not illustrated in other figures, it can still be used with any of the
embodiments that will be discussed later in this disclosure. Sensors for detecting plasma

density or field strength (e.g., within the processing chamber 102) can be in
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communication with the control circuitry or logic 150 such that the power system 110

operates as a feedback or feedforward system.

[0030] FIG. 2 illustrates a cross section of exemplary functional components of an RPS.
The RPS 202 includes an RPS chamber 203 at least partially enclosed by a chamber wall
and configured to couple to a processing chamber 206. The chamber wall can separate a
first electrode 210 and a second electrode 212, where the first electrode 210 isarranged
within the RPS chamber 203. The second electrode 212 can also be said to at least
partially oppose or at least partially surround (e.g., encircle) the first electrode 210. In
some embodiments, the RPS chamber 203 wall is an inner surface of the second electrode
212. An RF power source 204 provides RF power (e.g., any time-varying power) to an
RF power source input 205 and then to the first electrode 210 while the second electrode
212 is grounded, via optional grounding path 208, or floating. RF power is primarily
electrostatically (capacitively) coupled to the second electrode 212 (some inductive
coupling may also occur) and to a plasma 216 that is ignited and sustained within at least

a portion of the RPS chamber 203.

[0031] The RPS 202 can include a first dielectric component 220 (e.g., ceramic)
separating the first electrode 210 from the plasma 216 and DC isolating the first electrode
210 from the plasma 216 such that the plasma 216 and the first electrode 210 can operate
at different potentials. The first dielectric component 220 can also be arranged so as to
prevent the plasma 216 from interacting with the first electrode 210. The RPS 202 can
also include a second dielectric component 222 (e.g., ceramic) separating the second
electrode 212 from the plasma 216 and DC isolating the second electrode 212 from the

plasma 216 such that the plasma 216 and the second electrode 212 can operation at
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different potentials. The second dielectric component 222 can also be arranged so as to

prevent the plasma 216 from interacting with the second electrode 212.

[0032] At sufficient power densities, or when the electromagnetic field strength between
the two electrodes 210, 212 is high enough, fluid(gas, liquid, or combination of the two)
between the first and second dielectric components 220, 222 ionizes and formsthe plasma
216. Fluids are a subset of the phases of matter and include gases (of any viscosity),
liquids, and plasmas. The same RF power that ignites the plasma 216 can also
capacitively sustain the plasma 216. A first fluid (gas, liquid, or a combination of the
two), such as a non-activated gas, can be passed into the RPS 202 via a first path such as
an axial entry path 218a, inward-facing radial entry path 218b, or outward-facing radial
entry path 218c. The first path enablesthe first fluid to pass into the chamber 203 and
interact with the plasma 216 at an optimal position (e.g., an area of greatest plasma 216
density; an area between the first and second electrodes 210, 212; an area where there is
the greatest fluid-plasma interaction). The first fluid can interact with the plasma 216,
dissociate to form a second fluid (gas, liquid, or combination of the two), such as an
activated gas and/or free radicals, and be passed to the processing chamber 206 via a
second path. The second fluid can include at least a portion of dissociated fluid generated
from the first fluid. The second path can be implemented as, for instance, one or more

exit paths 219.

[0033] For purposes of this disclosure, a plasma is sustained by maintaining a desired
plasma density (also known as electron or ion density), or by maintaining a rate of

ionization that exceeds the rate of electron-ion recombination by a desired value. In an
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embodiment, a plasma is sustained when there is a plasma density of 10% to 10" free

3
electrons per cm’.

[0034] As the gas passes through the plasma 216 it disassociates to form an activated gas
and/or free radicals that can be provided to a processing chamber 206 in fluid
communication with the RPS 202. The activated gas and/or free radicals can interact
with surfaces within the processing chamber 206 (e.g., chamber walls or a chuck-

mounted wafer 224) to carry out various processes such as cleaning and etching.

[0035] The dielectric components 220, 222 can take a variety of forms. For instance, the
dielectric components 220, 222 can be chemical layers or a barrier fabricated onto the
electrodes 210, 212 (e.g., via epitaxial growth, oxidization, spray coating). They can also
be structures that are separate from but attached to the electrodes 210, 212 for instance
via connecting flanges (not illustrated). In some embodiments, the dielectric components
220, 222 can be coupled to each other, however, they are typically DC isolated from each

other.

[0036] The electrodes 210, 212 and the dielectric components 220, 222 can take a variety
of shapes that all involve the outer components (second electrode 212 and second
dielectric component 222) encircling the inner components (first electrode 210 and first
dielectric component 220). In one instance, the RPS 202 can have a tubular or cylindrical
shape. In other words, when viewed from the perspective of the wafer 224, the RPS 202
appears as a set of rings with the first electrode 210 in the center and the second electrode
212 forming an outer ring. In another embodiment, a rectangle having beveled edges can

be used (appearing to the wafer 224 as a set of squares with beveled corners). While

10
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these components can be coaxially aligned (e.g., concentric), in some embodiments the

two electrodes need not share an identical axis (need not be concentric).

[0037] While the first and second electrodes 210, 212 are illustrated as having sharp
edges, for instance where the first electrode 210 meets the processing chamber 206, in
many embodiments these sharp edges can be beveled or curved (see, for example,
element 811 in FIG. 8). This is because, sharp edges on a conductor tend to increase
electromagnetic field density near those edges or corners, and this leads to a non-uniform
field density in the RPS 202. Non-uniform field density leads to ‘hot spots’ or parts of
the RPS 202 that see greater ion bombardment from the plasma 216 and thus erode faster
than other portions of the RPS 202. By curving edges of the electrodes 210, 212 and thus
establishing more uniform field densities, the RPS 202 does not see hot spots and sees an
increased lifetime before replacement is required. In one embodiment, a radius of
curvature 240 for edges of the first electrode 210 is substantially equal to a radius 242 of
the first electrode, and a radius of curvature 244 for edges of the second electrode 212 is

substantially equal to a radius 246 of the second electrode 212.

[0038] The axial path 218a and the inward-facing and outward-facing radial paths 218b,
218c, respectively, illustrate relative directions of flow for the first fluid rather than an
absolutedirection, placement, number, or configuration of the first path. In some
embodiments, the first path can include openings in the electrodes 210, 212, the dielectric
components 220, 222, and/or the RPS 202 enabling the first fluid (e.g., a pressurized non-
activated gas) to enter the RPS 202 and interact with the plasma 216. In some

embodiments, the first fluid can include multiple fluidsthat pass through different paths
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into the chamber 203. As such, multiple fluids can interact with different portions of the

plasma 216.

[0039] While the paths 218a, 218b, 218c are illustrated as only entering an upper half of
the RPS 202, the omission of path indicators on the lower half of the RPS 202 was
merely to simplify the figure. One of skill in the art will recognize that the paths 218a,
218b, 218c can be arranged around the entire RPS 202 such that the first fluid is equally
distributed through the plasma 216. On the other hand, in some embodiments, the paths
218a, 218b, 218c can be arranged such that the first fluid is disbursed into the RPS
chamber 203 in a non-uniform way. For instance, the first fluid can be disbursed radially
around a center of the RPS chamber 203 while not being disbursed near ends of the RPS

chamber 203.

[0040] In some embodiments, the first fluid can include one or more fluids such as gases,
liquids, or combinations of the two. The second fluid can also include one or more fluids
such as gases, liquids, or combinations of the two. In some instances, some or all of the
first and second fluids can be the same fluids. For instance, a non-activated gas may
enter the chamber 203 as the first fluid andpartially disassociate in the plasma 216 to
form activated gas and/or free radicals. These can be passed to the processing chamber
206 along with some of the first fluid (e.g., non-activated gas) as a second fluid where the

second fluid comprises some of the first fluid and some activated gas and/or free radicals.

[0041] The plasma 216 boundary is designated by a dotted line since this boundary
position varies depending on its definition, and is not necessarily drawn to scale. The

plasma 216 boundary could be defined as a plasma density selected from the range 10° to
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10" free electrons per cm’. In other words, there may be at least 10° to 10" free

electrons per cm” at all locations within the plasma 216 boundary.

[0042] In many implementations, the power source 204 is realized by a VHF power
source (e.g., substantially higher than 13.6 MHz) providing alternating voltage that
ignites and sustains the plasma 216. It has been found that operating at relatively high
frequencies (e.g., substantially higher than 13.6 MHz) enables a voltage that is applied to
the first electrode 210 to be reduced, which may improve power efficiency and reduce
RPS chamber 203 wall erosion. A range of frequencies may be utilized (including for
example but not by way of limitation 60 MHz) and as discussed further herein, more than
one power source 204 may also be utilized to apply power to the first electrode 210. For
example, it has been found that applying additional power with an additional power
source (not illustrated) (e.g., 2 MHz power supply) to the first electrode 210 produces a
modified plasma 216 density distribution that may be more desirable than instances

where a single source or frequency is applied to the first electrode 210.

[0043] While the power source will sometimes be illustrated as supplying RF power to
an electrode that at least partially opposes or at least partially surrounds (e.g., encircles) a
non-powered electrode (FIGs. 3, 5, 7, 9) in other instances, coupling the power source to
the inner electrode may be preferable (e.g., FIGs. 2, 4, 6, 8) in order to avoid human
contact with the powered or non-grounded or non-floating electrode. In other words,
when RF power is supplied to the inner electrode, human contact with high voltage is less

likely.

13
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[0044] The plasma 216 can be ignited and sustained within a portion of, or within the
entire, RPS chamber 203. In some embodiments, the plasma 216 can even be sustained
outside of the RPS 202, for instance, where the plasma 216 expands into the processing

chamber 206.

[0045] The RPS 202 herein disclosed has a number of advantages when compared to
linear and toroidal sources. First is the longevity of the RPS 202 made possible by
avoiding ‘hot spots’ and achieving a more uniform distribution of fields within the RPS
chamber 203. This entails maintaining uniform field and power densities within the RPS
chamber 203. Use of curved edges on the electrodes 210, 212 as discussed earlier, is one
way to enhance field and power uniformity. Second, is reduced ion bombardment as
enabled by a floating plasma 216 potential relative to at least one of the electrodes 210,
212. The dielectric components 220, 222 create DC isolation between the plasma 216
and either or both electrodes 210, 212, thus enabling the plasma 216 potential to float
relative to one or both of the electrodes 210, 212. By floating the plasma 216 potential,
there is a lower sheath voltage and thus less damaging ion bombardment to the RPS
chamber 203 walls. Lower chamber 203 damage is also enabled by lower local power
(e.g., the same power is input into the system, but local high power regions are less-
severe than in the art). In other words, the electrostatic RPS 202 can sustain the same
plasma 216 density as inductively-coupled sources, but with less chamber 203 wall
damage. One other way to describe this advantage is that by isolating the DC potential
(which manifests as sheath potential) from the RF potential, more energy can be directed
to the plasma 216 density rather than into stronger sheath voltages and thus shorter

chamber 203 lifetimes.
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[0046] The one or more dielectric components 220, 222 also reduce activated gas and
free radical interaction with the chamber 203 walls as well as plasma 216 contamination.
Plasma 216 contamination can be caused in the prior art where plasma sputters metal
chamber walls releasing contaminants into the plasma. One cause of chamber sputtering
in the art are ground arcs, where current flows at the surface of a chamber wall between
two grounded potentials. The one or more dielectric components 220, 222 can help avoid

ground arcs.

[0047] The arrangement of the electrodes 210, 212 also enables non-activated gas to
enter the plasma 216 at positions and angles not possible in the art. For instance, toroidal
and linear inductive sources are unable to provide an outward-facing radial path 218c as
is possible with the RPS 202. The introduction of the first electrode 210 provides a new

route and placement for the passage of fluids as well as other functions such as cooling.

[0048] Another advantage of the RPS 202 is the avoidance of a transformer as is often
required in inductively coupled sources. The RPS 202 can also typically operate at
higher frequencies (e.g., > 30 MHz, > 160 MHz) than sources in the art. At these higher
frequencies, voltages used to ignite and sustain the plasma 216 are lower, which leads to
less chamber wall damage due to ion bombardment. In other words, for the capacitive
RPS 202 at higher frequencies, a greater percentage of power goes into increased plasma
216 density rather than sheath voltage. This same advantage does not occur with
inductive sources, and instead increased frequency merely adds greater power to the

sheath voltage and thus greater chamber erosion.
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[0049] The capacitively coupled RPS 202 operating at higher frequencies (e.g., > 30
MHz) enables the RPS 202 to have wider ignition and operating ranges than sources in
the art (e.g., wider range of acceptable parameters for pressure, flow, power, and/or
frequency). For instance, the RPS 202 can operate at the same pressure as prior art
sources, but at lower power, which can be advantageous in low power processing
applications. Prior art sources typically cannot sustain a plasma at the same power and

pressure as the RPS 202.

[0050] The capacitively coupled RPS 202 also has a smaller footprint than shower-head-
type in-situ sources, and has a similar footprint to inductive sources. However, the same
RPS 202 footprint can be used for a variety of processing chamber 206 sizes (e.g., where
the processing chamber 206 is increased to accommodate larger wafers), while inductive
remote sources and showerhead in-situ sources typically increase in size to accommodate
a larger processing chamber. The RPS 202 is also externally mounted to the processing

chamber 206, which can be advantageous for installation and maintenance.

[0051] The RPS 202 also enables a rack-mounted VHF power source 204 and integrated
match network circuitry (either fixed or selectable). The RPS 202 also can carry out
sweep frequency impedance matching and can include integrated ignition circuitry. This
advantageously compares to inductive remote sources that often have separate ignition

and operating procedures and circuitry.

[0052] Coatings and dielectrics within inductive sources are typically optimized to
maximize coupling efficiency to the plasma (e.g., via thinner dielectric layers). In

contrast, the RPS 202 does not see reduced coupling when the dielectric components 220,
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222 see modifications to the material type or thickness. This allows the dielectric
components 220, 222 to be modified in order to better produce a certain processing

outcome without degrading coupling efficiency.

[0053] Operating power for the RPS 202 can include, but is not limited to, the range 100
- 7000 Watts, and pressure ranges from 10 mTorr to over 200 Torr. The plasma 216
density can include the range 10'' — 10" /cm’and the plasma 216 can, and in an
embodiment, can be allowed to expand beyond or to be projected beyond the RPS source
chamber 203 and into the processing chamber 206 (also known as a remote projected
plasma source). The plasma 216 density can be a measure of the bulk of the plasma 216,
for instance as an average across a main discharge region. The main discharge region can
include at least a portion of the chamber 203, and in some embodiments can expand into

the processing chamber 206.

[0054] Another advantage of RPS 202 is that since one of the electrodes 210, 212 can be
grounded or floating, the wafer 224 need not be grounded thus enabling unique
processing (e.g., making nitride surfaces, low-energy etching, or surface modification).
In other words, using the RPS 202, the wafer 224 can float or be biased at any desired
potential (it need not be part of the RF circuit). This alleviates grounding concerns and
VHF chamber 203 compatibility, yet enables VHF plasma treatment of the wafer 224.
This technology is also backward compatible and can thus be used with older processing

chambers 206 without modification.

[0055] Although a wafer 224 is herein illustrated and described, one of skill in the art

will recognize that various other processing targets can be substituted for the wafer 224.
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For instance, sheets of glass (e.g., for LCD, LED, and plasma television production) can

be processed in the processing chamber 206.

[0056] The components depicted in FIG. 2 are intended to convey functional components
associated with many embodiments—a few of which are discussed further herein. The
depiction of these components in FIG. 2 is not intended to be a mechanical or electrical
hardware diagram; thus the depicted components may be rearranged and modified while
still providing the same functionality. Moreover, some components may be combined or
removed, and additional components may be added in various implementations. For
example, the geometrical aspects and relative positioning of the electrodes 210, 212 may
vary substantially from embodiment to embodiment. Also, the power source 204 is
illustrated without a match network (e.g., 108 in FIG. 1). However, one of skill in the art
will recognize that the power source 204 can be assumed to include impedance matching
circuitry. While the power source 204 is coupled to the first electrode 210, the power
source 204 can alternatively be coupled to the second electrode 212 and the first electrode
210 can be grounded or floating (see FIG. 3). Although two dielectric components 220,
222 are shown, in some embodiments, only a single dielectric component is used (see
FIGs. 4-7). Three entry paths 218a, 218b, 218c¢ are illustrated, yet in practice only one or
more of these paths can be used. The electrodes 210, 212 are illustrated as having the
same length, yet in some embodiments, the electrode receiving RF power from the power
source 204 (the powered electrode) is shorter than the grounded or floating electrode (see

FIGs. 8-9).

[0057] FIG. 3 illustrates an embodiment of an RPS 302 where RF power is provided to

an outer electrode 312 that at least partially surrounds an inner electrode 310, where the
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inner electrode 310 is grounded via an optional grounding connection 308 or can be
electrically floating. The RPS 302 also includes a first dielectric component 320
separating the inner electrode 310 from the plasma 316. The RPS 302 further includes a

second dielectric component 322 separating the outer electrode 312 from the plasma 316.

[0058] FIG. 4 illustrates an embodiment of an RPS 402 where RF power is provided to
an inner electrode 410 at least partially surrounded by an outer electrode 412, where the
outer electrode 412 is grounded via an optional grounding connection 408 or can be
electrically floating. The RPS 402 also includes a first dielectric component 420

separating the outer electrode 412 from the plasma 416.

[0059] FIG. 5 illustrates an embodiment of an RPS 502 where RF power is provided to
an outer electrode 512 encircling an inner electrode 510, where the inner electrode 510 is
grounded via an optional grounding connection 508 or can be electrically floating. The
RPS 502 also includes a first dielectric component 520 separating the outer electrode 512

from the plasma 516.

[0060] FIG. 6 illustrates an embodiment of an RPS 602 where RF power is provided to
an inner electrode 610 at least partially surrounded by an outer electrode 612, where the
outer electrode 612 is grounded via an optional grounding connection 608 or can be
electrically floating. The RPS 602 also includes a first dielectric component 620

separating the inner electrode 610 from the plasma 616.

[0061] FIG. 7 illustrates an embodiment of an RPS 702 where RF power is provided to
an outer electrode 712 encircling an inner electrode 710, where the inner electrode 710 is
grounded via an optional grounding connection 708 or can be electrically floating. The
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RPS 702 also includes a first dielectric component 720 separating the inner electrode 710

and the plasma 716.

[0062] FIG. 8 illustrates an embodiment of an RPS 802 where RF power is provided to a
first electrode 810 (inner electrode) at least partially surroundedby a second electrode 812
(outer electrode). The second electrode 812 is grounded via optional grounding
connection 808 or can be electrically floating. The RPS 802 also includes a first
dielectric component 820 separating the first electrode 810 from the plasma 816, and a
second dielectric component 822 separating the second electrode 812 from the plasma
816. The first electrode 810 is shorter (less elongated) than the second electrode 812. In
other words, the electrode that is powered via a power source 804 (the powered
electrode) is shorter than the non-powered (grounded or floating) electrode. Along these
same lines, the first dielectric component 820 wraps around a front of the first electrode
810—in other words, providing a dielectric barrier between all portions of the first

electrode 810 and the plasma 8§16.

[0063] The first electrode 810 is less elongated than the second electrode 812. For
instance, the first electrode 810 can be 90%, 80%, 50%, or 25% the length of the second
electrode 812, to name a few examples. In some instances, the first electrode 810 can
have a length that is shorter than its diameter or radius. In such cases, the plasma 816 is

shaped more like a tube rather than enclosing the first electrode §10.

[0064] As illustrated, the first electrode 810 has sharp edges proximal to a processing

chamber 806. However, in other embodiments, these edges can be curved or beveled (as
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indicated by the dotted line 811), and in particular can be curved so as to have a radius

substantially equal to half a diameter of the first electrode 810.

[0065] FIG. 9 illustrates an embodiment of an RPS 902 where RF power is provided to a
second electrode 912 (outer electrode) encircling a first electrode 910 (inner electrode).
The inner electrode 910 is grounded via optional grounding connection 908 or can be
electrically floating. The RPS 902 also includes a first dielectric component 920
separating the first electrode 910 from the plasma 916, and a second dielectric component
922 separating the second electrode 912 from the plasma 916. The second electrode 912
is shorter (less elongated) than the first electrode 910. In other words, the electrode that
is powered via a power source 904 (powered electrode) is shorter than the non-powered
(grounded or floating) electrode. The first and second dielectric components 920, 922 are
illustrated as having equivalent lengths, although in some embodiments these lengths

need not be equal.

[0066] The RPS 902 includes a chamber 903 that can be at least partially enclosed by the
first and second dielectric components 920, 922. The plasma 916 can be confined within
a portion of the chamber 903 surrounded by the second electrode 912. Part of the plasma
916 can expand beyond the confines of the second electrode 912, but does not typically

extend the length of the chamber 903 or into the processing chamber 906, for instance.

[0067] Confinement is typically as illustrated—the plasma 916 is confined to a region of
the RPS chamber 903 where the electrodes 910, 912 overlap. For instance, the plasma
916 of FIG. 9 is primarily confined to that region of the RPS chamber 903 where the

second electrode 912 overlaps the longer first electrode 910.
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[0068] In the various embodiments described above where the inner electrode is
grounded, the RPS has an additional benefit; non-activated gas entering via an outward-
facing radial entry path need not cross a potential difference at the introduction point

(e.g., between the powered electrode and the chamber).

[0069] In all illustrated embodiments a radial distance between the first and second
electrode is small enough that current primarily passes between the electrodes via the
plasma. In other words, the region between the electrodes (e.g., chamber 203) canbe the
preferred current path in a low power mode of operation. As the power or pressure is
increased, or various plasma characteristics are altered,any other conductor or electrode
at any potential can act as a tertiary electrode and can be used to create or expand an
“expansion zone” for the plasma between the electrodes and this third electrode. For
instance, a pumping plenum or walls of the chamber can be grounded and thus act as a
third electrode where the plasma expands towards this third electrode. By allowing the
plasma to expand outside of a region of high field strength, various advantages can be
achieved. For one, activated gases and free radicals can be formed in a plasma in an
expansion zone, where there are lower field strengths, that otherwise are difficult or
impossible to form in a typical plasma region. For another, plasma in an expansion zone
can be used to filter or remove unwanted activated gases and free radicals, for instance
where different species have different lifetimes. The expansion zone also expands the
volume through which the RF power is applies thus lowering local power densities and

simplifying cooling solutions.

[0070] While the electrodes in this disclosure have often been described as a first and

second electrode and illustrated where the first electrode is at least partially surrounded
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by the second electrode, these arrangements can be flipped such that the first electrode at

least partially surrounds the second electrode.

[0071] FIG. 10 illustrates a method of sustaining a plasma in a capacitively coupled
remote plasma source. This method will be described with parenthetical references to
figure elements of FIG. 2. The method includes passing an RF power between two
capacitively coupled electrodes (e.g., 210 and 212) in a first passing operation 1002. The
electrodes can be separated by a chamber wall defining a chamber (e.g., 203) of the
capacitively coupled remote plasma source. The method further comprises sustaining a
plasma (e.g., 216) within the chamber in a sustaining operation 1004. The plasma can be
sustained via the RF power being capacitively coupled to the plasma. A first fluid can be
provided into the chamber via a providing operation 1006 (e.g., radially or axially). As
the first fluid interacts with the plasma at least a portion of the first fluid can be
disassociated in a dissociation operation 1008 to form activated gas and/or free radicals.
A second fluid, comprising the activated gas and/or free radicals and sometimes a portion
of the first fluid, can then pass to a processing chamber coupled to the capacitively

coupled remote plasma source in a second passing operation 1010.

[0072] The systems and methods described herein can be implemented in a machine such
as a computer system in addition to the specific physical devices described herein. FIG.
11 shows a diagrammatic representation of one embodiment of a machine in the
exemplary form of a computer system 1100 within which a set of instructions can execute
for causing a device to perform or execute any one or more of the aspects and/or
methodologies of the present disclosure. The components in FIG. 11 are examples only

and do not limit the scope of use or functionality of any hardware, software, embedded
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logic component, or a combination of two or more such components implementing

particular embodiments.

[0073] Computer system 1100 may include a processor 1101, a memory 1103, and a
storage 1108 that communicate with each other, and with other components, via a bus
1140. The bus 1140 may also link a display 1132, one or more input devices 1133
(which may, for example, include a keypad, a keyboard, a mouse, a stylus, etc.), one or
more output devices 1134, one or more storage devices 1135, and various tangible
storage media 1136. All of these elements may interface directly or via one or more
interfaces or adaptors to the bus 1140. For instance, the various tangible storage media
1136 can interface with the bus 1140 via storage medium interface 1126. Computer
system 1100 may have any suitable physical form, including but not limited to one or
more integrated circuits (ICs), printed circuit boards (PCBs), mobile handheld devices
(such as mobile telephones or PDAs), laptop or notebook computers, distributed

computer systems, computing grids, or servers.

[0074] Processor(s) 1101 (e.g., central processing unit(s) (CPU(s))) optionally contains a
cache memory unit 1102 for temporary local storage of instructions, data, or computer
addresses. Processor(s) 1101 are configured to assist in execution of computer readable
instructions. Computer system 1100 may provide functionality as a result of the
processor(s) 1101 executing software embodied in one or more tangible computer-
readable storage media, such as memory 1103, storage 1108, storage devices 1135,
and/or storage medium 1136. The computer-readable media may store software that
implements particular embodiments, and processor(s) 1101 may execute the software.

Memory 1103 may read the software from one or more other computer-readable media
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(such as mass storage device(s) 1135, 1136) or from one or more other sources through a
suitable interface, such as network interface 1120. The software may cause processor(s)
1101 to carry out one or more processes or one or more steps of one or more processes
described or illustrated herein. Carrying out such processes or steps may include defining
data structures stored in memory 1103 and modifying the data structures as directed by

the software.

[0075] The memory 1103 may include various components (e.g., machine readable
media) including, but not limited to, a random access memory component (e.g., RAM
1104) (e.g., a static RAM "SRAM", a dynamic RAM "DRAM, etc.), a read-only
component (e.g., ROM 1105), and any combinations thereof. ROM 1105 may act to
communicate data and instructions unidirectionally to processor(s) 1101, and RAM 1104
may act to communicate data and instructions bidirectionally with processor(s) 1101.
ROM 1105 and RAM 1104 may include any suitable tangible computer-readable media
described below. In one example, a basic input/output system 1106 (BIOS), including
basic routines that help to transfer information between elements within computer system

1100, such as during start-up, may be stored in the memory 1103.

[0076] Fixed storage 1108 is connected bidirectionally to processor(s) 1101, optionally
through storage control unit 1107. Fixed storage 1108 provides additional data storage
capacity and may also include any suitable tangible computer-readable media described
herein. Storage 1108 may be used to store operating system 1109, EXECs 1110
(executables), data 1111, APV applications 1112 (application programs), and the like.
Often, although not always, storage 1108 is a secondary storage medium (such as a hard

disk) that is slower than primary storage (e.g., memory 1103). Storage 1108 can also
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include an optical disk drive, a solid-state memory device (e.g., flash-based systems), or a
combination of any of the above. Information in storage 1108 may, in appropriate cases,

be incorporated as virtual memory in memory 1103.

[0077] In one example, storage device(s) 1135 may be removably interfaced with
computer system 1100 (e.g., via an external port connector (not shown)) via a storage
device interface 1125. Particularly, storage device(s) 1135 and an associated machine-
readable medium may provide nonvolatile and/or volatile storage of machine-readable
instructions, data structures, program modules, and/or other data for the computer system
1100. In one example, software may reside, completely or partially, within a machine-
readable medium on storage device(s) 1135. In another example, software may reside,

completely or partially, within processor(s) 1101.

[0078] Bus 1140 connects a wide variety of subsystems. Herein, reference to a bus may
encompass one or more digital signal lines serving a common function, where
appropriate. Bus 1140 may be any of several types of bus structures including, but not
limited to, a memory bus, a memory controller, a peripheral bus, a local bus, and any
combinations thereof, using any of a variety of bus architectures. As an example and not
by way of limitation, such architectures include an Industry Standard Architecture (ISA)
bus, an Enhanced ISA (EISA) bus, a Micro Channel Architecture (MCA) bus, a Video
Electronics Standards Association local bus (VLB), a Peripheral Component Interconnect
(PCI) bus, a PCI-Express (PCI-X) bus, an Accelerated Graphics Port (AGP) bus,
HyperTransport (HTX) bus, serial advanced technology attachment (SATA) bus, and any

combinations thereof.
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[0079] Computer system 1100 may also include an input device 1133. In one example, a
user of computer system 1100 may enter commands and/or other information into
computer system 1100 via input device(s) 1133. Examples of an input device(s) 1133
include, but are not limited to, an alpha-numeric input device (e.g., a keyboard), a
pointing device (e.g., a mouse or touchpad), a touchpad, a joystick, a gamepad, an audio
input device (e.g., a microphone, a voice response system, etc.), an optical scanner, a
video or still image capture device (e.g., a camera), and any combinations thereof. Input
device(s) 1133 may be interfaced to bus 1140 via any of a variety of input interfaces 1123
(e.g., input interface 1123) including, but not limited to, serial, parallel, game port, USB,

FIREWIRE, THUNDERBOLT, or any combination of the above.

[0080] In particular embodiments, when computer system 1100 is connected to network
1130, computer system 1100 may communicate with other devices, specifically mobile
devices and enterprise systems, connected to network 1130. Communications to and
from computer system 1100 may be sent through network interface 1120. For example,
network interface 1120 may receive incoming communications (such as requests or
responses from other devices) in the form of one or more packets (such as Internet
Protocol (IP) packets) from network 1130, and computer system 1100 may store the
incoming communications in memory 1103 for processing. Computer system 1100 may
similarly store outgoing communications (such as requests or responses to other devices)
in the form of one or more packets in memory 1103 and communicated to network 1130
from network interface 1120. Processor(s) 1101 may access these communication

packets stored in memory 1103 for processing.
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[0081] Examples of the network interface 1120 include, but are not limited to, a network
interface card, a modem, and any combination thereof. Examples of a network 1130 or
network segment 1130 include, but are not limited to, a wide area network (WAN) (e.g.,
the Internet, an enterprise network), a local area network (LAN) (e.g., a network
associated with an office, a building, a campus or other relatively small geographic
space), a telephone network, a direct connection between two computing devices, and
any combinations thereof. A network, such as network 1130, may employ a wired and/or

a wireless mode of communication. In general, any network topology may be used.

[0082] Information and data can be displayed through a display 1132. Examples of a
display 1132 include, but are not limited to, a liquid crystal display (LCD), an organic
liquid crystal display (OLED), a cathode ray tube (CRT), a plasma display, and any
combinations thereof. The display 1132 can interface to the processor(s) 1101, memory
1103, and fixed storage 1108, as well as other devices, such as input device(s) 1133, via
the bus 1140. The display 1132 is linked to the bus 1140 via a video interface 1122, and
transport of data between the display 1132 and the bus 1140 can be controlled via the

graphics control 1121.

[0083] In addition to a display 1132, computer system 1100 may include one or more
other peripheral output devices 1134 including, but not limited to, an audio speaker, a
printer, and any combinations thereof. Such peripheral output devices may be connected
to the bus 1140 via an output interface 1124. Examples of an output interface 1124
include, but are not limited to, a serial port, a parallel connection, a USB port, a

FIREWIRE port, a THUNDERBOLT port, and any combinations thereof.
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[0084] In addition or as an alternative, computer system 1100 may provide functionality
as a result of logic hardwired or otherwise embodied in a circuit, which may operate in
place of or together with software to execute one or more processes or one or more steps
of one or more processes described or illustrated herein. Reference to software in this
disclosure may encompass logic, and reference to logic may encompass software.
Moreover, reference to a computer-readable medium may encompass a circuit (such as an
IC) storing software for execution, a circuit embodying logic for execution, or both,
where appropriate. The present disclosure encompasses any suitable combination of

hardware, software, or both.

[0085] In conclusion, the present invention provides, among other things, a method,
system, and apparatus for sustaining a capacitively coupled plasma within a remote
plasma source. Those skilled in the art can readily recognize that numerous variations and
substitutions may be made in the invention, its use, and its configuration to achieve
substantially the same results as achieved by the embodiments described herein.
Accordingly, there is no intention to limit the invention to the disclosed exemplary forms.
Many variations, modifications, and alternative constructions fall within the scope and

spirit of the disclosed invention.
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WHAT IS CLAIMED IS:

1. A remote plasma source comprising:
a first electrode;

a second electrode, one of the first or second electrodes at least partially

surrounding the other;

a chamber at least partially enclosed by a chamber wall and configured for
coupling to a processing chamber, the chamber wall separating the first and second

electrodes, and the chamber including:
a first path for the entry of a first fluid into the chamber; and

a second path configured to provide a second fluid to the
processing chamber,wherein the second fluid includes at least a portion of

disassociated fluid created from the first fluid; and

an RF power source input configured to couple to an RF power source and
provide RF power from the RF power source to the first electrode, the RF power
electrostatically coupling to the second electrode so as to electrostatically sustain a

plasma within at least a portion of the chamber.

2. The remote plasma source of Claim 1, further comprising a first dielectric
component separating at least one of the first or second electrodes from the plasma, and
DC isolating that electrode from the plasma and preventing the plasma from interacting

with that electrode.
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3. The remote plasma source of Claim 2, further comprising a second
dielectric component separating the plasma and the electrode that is not DC isolated via

the first dielectric component.

4. The remote plasma source of Claim 1, wherein the second electrode is

longer than the first electrode.

5. The remote plasma source of Claim 1, wherein the second electrode is
grounded.
6. The remote plasma source of Claim 1, wherein the first and second

electrodes have one or more beveled edges.

7. The remote plasma source of Claim 1, wherein the first path radially

provides the first fluid into the chamber.

8. The remote plasma source of Claim 1, wherein the first path axially

provides the first fluid into the chamber.

9. The remote plasma source of Claim 1, wherein the first and second

electrodes are concentrically aligned.

10. The remote plasma source of Claim 1, wherein the chamber wall is an

inner surface of one of the first or second electrodes.

11. A method of sustaining a plasma in a capacitively coupled remote plasma

source comprising:
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passing RF power between two capacitively coupled electrodes separated
by a chamber wall at least partially enclosinga chamber of the capacitively coupled

remote plasma source;

sustaining a plasma within the chamber via the RF power being

capacitively coupled to the plasma;

providing a first fluid into the chamber;

dissociating at least a portion of the first fluid via interaction with the

plasma; and

passingasecond fluid to a processing chamber coupled to the capacitively

coupled remote plasma source.

12. The method of Claim 11, further comprising DC isolating one of the first
or second electrodes from the plasma via a first dielectric component separating one of

the first or second electrodes from the plasma.

13. The method of Claim 12, further comprising DC isolating both of the first
and second electrodes from the plasma via the first dielectric component and a second
dielectric component, the first and second dielectric components separating the plasma

from the first and second dielectric components.

14. The method of Claim 11, further comprising grounding one of the first or

second electrodes.

15. The method of Claim 11, wherein the first fluid is provided axially into the

chamber.
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16. The method of Claim 11, wherein the first fluid is provided radially into

the chamber.

17. The method of Claim 11, further comprising concentrically arranging the

first and second electrodes.

18. The method of Claim 11, wherein the chamber wall is an inner surface of

one of the first or second electrodes.

19. A non-transitory, tangible computer readable storage medium, encoded
with processor readable instructions to perform a method for remotely sustaining a

capacitively coupled plasma, the method comprising:

passing RF power between two capacitively coupled electrodes separated

by a chamber wall defining a chamber of the capacitively coupled remote plasma source;

sustaining a plasma within the chamber via the RF power being

capacitively coupled to the plasma;

providing a first fluid into the chamber;

dissociating at least a portion of the first fluid via interaction with the

plasma; and

passingasecond fluid to a processing chamber coupled to the capacitively
coupled remote plasma source, wherein the second fluid includes at least a portion of

disassociated fluid created from the first fluid.
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