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Immersible Plasma Coil Assembly and Method for Operating the Same

by Inventor
Matthew Davis

Background of the Invention

[0001] Conventional transformer coupled plasma (TCP) processing chambers utilize a source
coil disposed outside of the chamber and above an upper window of the chamber. In this
configuration, the source coil is separated from the plasma processing environment within the
chamber. Also in this configuration, radiofrequency (RF) power is supplied to the source coil
to generate an RF electromagnetic field that must extend through the window and into the
chamber to strike and sustain a plasma within the chamber. A large RF current must be
supplied to the source coil above the window in order to generate an RF electromagnetic field
within the chamber that is sufficient to strike and sustain the plasma. However, use of such
large RF currents can have side-effects such as creation of high-intensity electric fields,
capacitive coupling, and corresponding ion bombardment on the window, which can cause
erosion of the window.

[0002] Also, the position of the source coil outside of the chamber and above the window
causes the source coil to be positioned at a relatively remote location from the substrate to be
processed. The remote location of the source coil from the substrate can cause a reduction in
the achievable plasma density at the substrate level due to the relatively large diffusion distance
for neutral species and ions within the plasma. Also, the window configuration can cause a
reduction/limitation of the anode area of the chamber, which can cause a decrease in the anode-
to-cathode area ratio of the chamber, which in turn can result in higher than desirable plasma
potential. Additionally, use of the window itself introduces complexity to the chamber in that
the window needs to achieve a high temperature through direct heating or through process-
induced heating in order to keep the chamber in equilibrium, so as to avoid "first wafer
effects."”

[0003] In addition to the above, as the substrate size increases, the plasma chamber size is
required to increase in a corresponding manner. Increasing the chamber size requires an
increase in the window size. Because the window must be capable of withstanding a high
pressure differential between the inside of the chamber at vacuum pressure and the outside of
the chamber at atmospheric pressure, an increase in the window size requires an increase in the

window thickness. The increased window thickness will require the source coil positioned
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outside of the chamber and above the window to be excited with even higher RF currents and
power levels to obtain a sufficient energy transfer to the plasma within the increased size
chamber. Thus, the issues noted above with regard to high RF currents may become even more

pronounced with the increased size chamber.

Summary of the Invention

[0004] In one embodiment, a coil assembly for plasma generation is disclosed. The coil
assembly includes an encapsulation structure having a coil placement region formed therein.
One or more access ports are formed through the encapsulation structure to the coil placement
region. The coil placement region is hermetically sealed by the encapsulation structure outside
of the one or more access ports. The coil assembly also includes a coil device disposed within
the coil placement region within the encapsulation structure. Terminals of the coil device are
accessible through the one or more access ports formed through the encapsulation structure.
The encapsulation structure is formed of a material suitable for exposure to a plasma to be
generated by the coil device.

[0005] In another embodiment, a system is disclosed for plasma processing of a substrate. The
system includes a chamber having a bottom structure, a top structure, and an enclosing side
structure between the bottom and the top structures, so as to form an interior volume within the
chamber. The system also includes a support structure disposed within the interior volume of
the chamber. The support structure is defined to support a substrate during plasma processing
of the substrate. The system further includes a coil assembly positioned within the interior
volume of the chamber and above the support structure. The coil assembly includes a coil
device disposed within an hermetically sealed region within an encapsulation structure. The
encapsulation structure is formed of a material suitable for exposure to a plasma to be
generated within the interior volume of the chamber between the coil assembly and the support
structure.

[0006] In another embodiment, a method is disclosed for plasma processing of a substrate. The
method includes placing a substrate on a support structure within a plasma processing
chamber. The method also includes positioning a coil assembly within the plasma processing
chamber above the support structure. The coil assembly includes a coil device disposed within
an hermetically sealed region within an encapsulation structure. The encapsulation structure is
formed of a material suitable for exposure to a plasma to be generated by the coil device within

the plasma processing chamber. The method also includes flowing a reactant gas to a plasma
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generation region within the plasma processing chamber between the coil assembly and the
support structure. The method further includes transmitting radiofrequency (RF) power to the
coil device within the coil assembly. The RF power transforms the reactant gas into a plasma
within the plasma generation region, such that the coil assembly is in direct exposure to the
plasma.

[0007] Other aspects and advantages of the invention will become more apparent from the
following detailed description, taken in conjunction with the accompanying drawings,
illustrating by way of example the present invention.

Brief Description of the Drawings

Figure 1A shows a system for plasma processing of a substrate, in accordance with one
embodiment of the present invention;

Figure 1B shows a top view of the cantilevered support relative to the coil assembly, as
referenced by View A-A of Figure 1A, in accordance with one embodiment of the present
invention;

Figure 1C shows a horizontal cut view through the coil device, as referenced by View
B-B of Figure 1A, in accordance with one embodiment of the present invention;

Figure 2A shows an example coil assembly in which two interleaved coil devices are
disposed within a single zone, in accordance with one embodiment of the present invention;

Figure 2B shows an example coil assembly in which separate coil devices are disposed
within separate zones, in accordance with one embodiment of the present invention;

Figure 2C shows an example coil assembly in which multiple interleaved coil devices
are respectively disposed within separate zones, in accordance with one embodiment of the
present invention;

Figure 2D shows an example coil assembly in which a combination of interleaved and
non-interleaved coil devices are disposed within separate zones, in accordance with one
embodiment of the present invention;

Figure 3 shows a vertical half cross-section of an alternative coil assembly including a
stacked arrangement of coil devices, in accordance with one embodiment of the present
invention;

Figure 4 shows an alternate configuration of the chamber of Figure 1A, in which the
cantilevered support is replaced by a central axial support, in accordance with one embodiment

of the present invention; and
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Figure 5 shows a flowchart of a method for plasma processing of a substrate, in

accordance with one embodiment of the present invention.

Detailed Description

[0008] In the following description, numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be apparent, however, to one skilled in
the art that the present invention may be practiced without some or all of these specific details.
In other instances, well known process operations have not been described in detail in order not
to unnecessarily obscure the present invention.

[0009] Figure 1A shows a system 10 for plasma processing of a substrate 103, in accordance
with one embodiment of the present invention. The system 10 includes a chamber 100 having a
bottom structure 100B, a top structure 100A, and an enclosing side structure 100C disposed
between the bottom structure 100B and the top structure 100A. For reference, a centerline 102
of the chamber 100 is shown. In one embodiment, the chamber 100 structure is formed of a
metallic material having a high thermal conductivity. In this embodiment, the chamber 100 can
be operated at a desired setpoint temperature without regard for process induced heating.

[0010] An interior volume of the chamber 100 is delineated into a lower region 160 and an
upper region 162, demarcated by a coil assembly 105 for plasma generation. The lower region
160 of the chamber exists between a substrate support structure 101 and the coil assembly 105.
The upper region 162 of the chamber exists between the coil assembly 105 and the top
structure 100A of the chamber 100. The coil assembly 105 is sized to allow an outer peripheral
gas flow region between the coil assembly 105 and the enclosing side structure 100C of the
chamber 100 over the distance extending between the lower 160 and upper 162 regions of the
chamber 100. Also, as discussed further below, the coil assembly 105 includes a number of
through holes/slots 121 to provide for gas flow through the coil assembly 105 from the lower
region 160 to the upper region 162 within the chamber 100.

[0011] The substrate support structure 101 is disposed within the interior volume of the
chamber 100 and is defined to support the substrate 103 during performance of plasma
processing thereon. In one embodiment, the substrate support structure 101 is a pedestal
defined to hold the substrate 103 securely during plasma processing. In another embodiment,
the substrate support structure 101 is an electrostatic chuck defined to hold the substrate 103 by
generating electrostatic attraction forces. It should be understood that the substrate support

structure 101 can be defined in essentially any manner so long as the substrate support structure
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101 provides for secure holding of the substrate 103 during plasma processing thereof. Also, in
one embodiment, the substrate support structure 101 can be defined to include cooling fluid
flow channels for temperature control of the substrate 103. And, in one embodiment, the
substrate support structure 101 can be defined to include bias voltage generation devices that
can be operated to attract charged particles within the plasma toward the substrate 103, and/or
repel charged particles within the plasma away from the substrate 103.

[0012] The substrate support structure 101 and chamber 100 are defined to receive and process
substrates 103 of various size diameter, such as 300 mm (millimeter) or 450 mm, among
others. As described herein, the coil assembly 105 is defined to be scalable in size, such that
the chamber 100, substrate support structure 101, and coil assembly 105 can be either increased
or decreased in size as necessary to accommodate substrates 103 of essentially any size
diameter.

[0013] In the embodiment of Figure 1A, the upper region 162 of the chamber 100 is fluidly
connected to an exhaust pumping port 111 formed in a central location in the top structure
100A of the chamber 100. An exhaust pump 112 is disposed outside of the chamber 100 and is
fluidly connected to the exhaust pumping port 111. The exhaust pump 112 is defined to
remove gases from the interior volume of the chamber 100, as indicated by arrows 141.

[0014] The coil assembly 105 is positioned within the interior volume of the chamber 100,
above the substrate support structure 101. In this manner, the coil assembly 105 is disposed in
direct exposure to a plasma 150 generated within the interior of the chamber 100 between the
coil assembly 105 and the substrate support structure 101. The coil assembly 105 includes a
coil device 115 disposed within an hermetically sealed region 113 within an encapsulation
structure 104. The encapsulation structure 104 is formed of a material suitable for exposure to
the plasma 150 to be generated within the interior volume of the chamber 100 between the coil
assembly 105 and the substrate support structure 101, i.e., between the coil assembly 105 and
the substrate 103 when present on the substrate support structure 101,

[0015] The hermetically sealed coil placement region 113 formed within the encapsulation
structure 104 includes one or more access ports 135A, 135C formed through the encapsulation
structure 104 to the coil placement region 113. The coil placement region 113 is hermetically
sealed by the encapsulation structure 104 outside of the one or more access ports 135A, 135C.
Terminals 129, 125 of the coil device 115 are accessible through the one or more access ports
135A, 135C formed through the encapsulation structure 104. It should also be understood that

the coil assembly 105 can include internal passages for process gas flow, cooling gas/fluid
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[0016] Because the coil assembly 105 is placed within the chamber 100, i.e., immersed in the
plasma generation environment, the coil assembly 105 can be placed in much closer proximity
to the substrate 103, as compared to conventional coils that are disposed outside the chamber
above a window. Also, a vertical position of the coil assembly 105 relative to the substrate
support structure 101 can be adjustable, such that a separation distance 152 between the coil
assembly 105 and the substrate 103 can be adjusted.

[0017] By immersing the coil assembly 105 within the chamber 100, the separation distance
152 can be made very small, e.g., 1 cm or less. The small separation distance 152 allows for
use of a lower RF current on the coil device 115 to obtain an adequate plasma density over the
substrate 103. Therefore, the small separation distance 152 allows for use of a lower RF power
to sustain the plasma 150. Use of a lower RF current in turn reduces a heating of the coil
device 115 and coil assembly 105.

[0018] Also, use of a lower RF current provides for a reduction in induced RF voltage and
correspondingly lower capacitive coupling between the coil device 115 and the plasma 150.
The capacitive coupling between the coil device 115 and the plasma 150 drives ion
bombardment of the coil assembly 105, which can result in sputtering of contaminants onto the
substrate 103. Therefore, the small separation distance 152 achievable between the coil
assembly 105 and the substrate 103 allows for use of a reduced RF current, which in turn
reduces capacitive coupling between the coil assembly 105 and plasma 150, and
correspondingly reduces sputtering of contaminants from the coil assembly 105 onto the
substrate 103. Thus, the immersed coil assembly 105 provides for reduced substrate 103
contamination and improved defectivity control on the substrate 103.

[0019] Additionally, it should be understood that the immersible coil assembly 105 eliminates
the need to couple electromagnetic fields through a physical structure, such as a quartz window
of a chamber. Therefore, with the immersible coil assembly 105, the plasma excitation can be
run in a lower impedance mode with lower RF currents and correspondingly lower RF
voltages, thereby providing higher plasma density in closer proximity to the substrate 103.
Generation of higher plasma density in closer proximity to the substrate 103 in turn provides
for increased etch rates and improved control of plasma processing parameters associated with
the precision of critical dimension (CD) control of features formed on the substrate 103.

[0020] Because the coil assembly 105 is disposed inside of the chamber 100, it is not restricted

in size by a chamber window structure. Therefore, the size of the coil assembly 105 can be
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increased relative to the size of the substrate support structure 101. In this configuration, the
sides and top of the chamber 100 represent the anode, and the substrate support structure 101
represents the cathode. So, with the immersed coil assembly 105, the anode-to-cathode surface
area ratio can be increased, relative to chambers that required placement of a coil outside of the
chamber opposite a window structure. Because plasma potential is inversely proportional to the
anode-to-cathode area, the increase in anode-to-cathode area afforded by the immersed coil
assembly 105 provides for a reduced plasma potential. This reduced plasma potential provides
a reduction in ion bombardment on the coil assembly 105, which reduces material sputtering
from the coil assembly 105 and correspondingly reduces contamination of the substrate 103.
[0021] With reference to Figure 1A, in one embodiment, the coil assembly 105 is held by a
cantilevered support 107 above and substantially parallel to the support structure 101 within
the chamber 100. The cantilevered support 107 is defined to extend through the enclosing side
structure 100C of the chamber 100. The cantilevered support 107 is affixed to a portion of the
top surface of the encapsulation structure 104 of the coil assembly 105. Figure 1B shows a top
view of the cantilevered support 107 relative to the coil assembly 105, as referenced by View
A-A of Figure 1A, in accordance with one embodiment of the present invention.

[0022] The cantilevered support 107 is connected to the coil assembly 105 in a sealed manner,
as indicated by seals 123. This allows an interior volume 108 of the cantilevered support 107
and a sealed interior volume of the coil assembly 105, e.g., the hermetically sealed coil
placement region 113, to be isolated from the interior of the chamber 100 in which plasma
processing occurs. In one embodiment, the cantilevered support 107 is defined to withstand a
pressure differential between its interior volume 108 and the interior volume of the chamber
100, when the interior volume 108 of the cantilevered support 107 is exposed to an
atmospheric pressure as a pressure within the interior volume of the chamber 100 is raised or
lowered relative to the atmospheric pressure.

[0023] A portion of a top surface 105B of the encapsulation structure 104 includes a number of
access ports 135A-C to interior regions of the encapsulation structure 104. Each of the access
ports 135A-C is in open communication with the interior volume 108 of the cantilevered
support 107 through corresponding holes formed within the cantilevered support 107. The
cantilevered support 107 is hermetically sealed with the encapsulation structure 104 around
each of the number of access ports 135A-C, as indicated by seals 123, such that the interior
volume 108 of the cantilevered support 107 and the interior regions of the encapsulation

structure 104 are isolated from the interior volume of the chamber 100.
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[0024] The sealed pressure boundary provided by the cantilevered support 107 allows for
various connections to the coil assembly 105 to be maintained within an atmospheric pressure
environment that is isolated from the plasma processing environment within the chamber 100.
This configuration provides for easy atmospheric pressure region access through the
cantilevered support 107 to the various coil assembly 105 connections. Additionally,
maintaining the higher atmospheric pressure within the hermetically sealed coil placement
region 113 of the coil assembly 105, relative to the lower interior pressure of the chamber 100,
serves to suppress undesirable discharge from the coil device 115 within the hermetically
sealed coil placement region 113.

[0025] In one embodiment, a section 109, e.g., access plate, of the enclosing side structure
100C of the chamber is movable to enable removal/insertion of the cantilevered support 107
and coil assembly 105 affixed thereto from/into the chamber 100, and indicated by arrows
139A and 139B, respectively. This enables the cantilevered support 107 and coil assembly 105
to be slid out of the chamber 100 for servicing/maintenance. Also, in one embodiment, the
cantilevered support 107 is defined to be movable in a controlled manner in directions toward
and away from the substrate support structure 101, as indicated by arrows 137A and 137B,
respectively, to enable adjustment of the separation distance 152 between the coil assembly
105 and the substrate support structure 101.

[0026] In one embodiment, the encapsulation structure 104 of the coil assembly 105 is defined
to have a disc shape, including a bottom surface 105A oriented to face the substrate support
structure 101, a top surface 105B, and a peripheral side surface 105C extending between the
bottom 105A and top 105B surfaces. The encapsulation structure 104 is formed of a material
that is compatible with the plasma processing environment and that is structurally capable of
withstanding pressures and forces to which it is exposed during plasma processing operations.
In one embodiment, the encapsulation structure 104 is formed of a ceramic material, such as
yttrium oxide or aluminum oxide, among others. Also, in one embodiment, an exterior spray
coating is applied to the encapsulation structure 104 to provide increased protection from
plasma erosion. This spray coating may be a ceramic coating, or can be essentially any other
material coating that is resistant to plasma erosion and that is chemically compatible with the
plasma processing environment within the chamber 100.

[0027] In one embodiment, the coil assembly 105 is formed as a stacked brazement of ceramic
parts. For instance, in Figure 1A, the coil assembly 105 may be formed as a stack of three

ceramic plates connected by brazement interfaces 181 and 183. Each ceramic plate can be
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formed as necessary to accommodate structures to be placed within the coil assembly 105, such
as the coil device 115, Faraday shields 117, gas flow channels 119, and through holes/slots
121, among others. The brazement interfaces 181 and 183 may be formed of a brazing
material, which when fired will fuse the adjacent ceramic plates together. During the brazing
process, the brazing material is reduced such that it bonds to the ceramic material to form an
hermetic seal. In one embodiment, the brazing material is an aluminum-copper (Al-Cu) alloy
used with molybdenum-manganese (Mo-Mn) process. However, in other embodiments,
different brazing materials can be utilized, so long as the brazing material serves to fuse the
ceramic plates together in an hermetically sealed manner.

[0028] In one embodiment, the brazing material is recessed from the peripheral side surface
105C of the encapsulation structure 104, to reduce the potential for plasma erosion of the
brazing material and corresponding contamination of the substrate 103. As previously
mentioned, following the brazing process, the encapsulation structure 104 can be coated with a
plasma erosion resistance material, which can be applied to cover any exposed portion of the
brazement interfaces 181 and 183. Additionally, although Figure 1A shows a 3-part brazement
configuration for the encapsulation structure 104, it should be understood that other
embodiments may utilize essentially any brazement configuration, i.e., number of parts, as
necessary to accommodate the particular internal design of the coil assembly 105.

[0029] The encapsulation structure 104 is formed to include the hermetically sealed coil
placement region 113, within which the coil device 115 is disposed during manufacturing of
the coil assembly 105. The hermetically sealed coil placement region 113 is defined to
accommodate an anticipated differential thermal expansion between the coil device and the
encapsulation structure 104 during operation at high temperature. In one embodiment, the coil
device 115 can be in brazed contact with the encapsulation structure 104. However, in other
embodiments, the coil device 115 can be held in a suspended manner within the hermetically
sealed coil placement region 113, such that a gap exists between the coil device 115 and the
encapsulation structure 104. In this embodiment, because the hermetically sealed coil
placement region 113 can be maintained at atmospheric pressure, in contrast to the lower
internal pressure of the chamber 100, the coil device 115 will be exposed to the higher
atmospheric pressure, which will assist in suppressing undesirable discharge between the coil
device 115 and the encapsulation structure 104.

[0030] In one embodiment, the coil device 115 is defined as an electrically conductive solid

material. In another embodiment, the coil device 115 is defined as an electrically conductive
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tubing material. For example, the coil device 115 may be formed of copper tubing material or
some other type of metallic tubing material. In one version of this embodiment, an interior of
the coil device 115 tubing material serves as a cooling channel to contain a flow of the cooling
fluid. It should be appreciated, however, that in other embodiments the coil device 115 can be
defined in essentially any manner so long as the coil device is capable of transmitting the
required RF power and is materially compatible with the encapsulation structure 104 and any
cooling fluids to which it may be exposed.

[0031] The coil device 115 includes terminals connected to receive RF power through a
respective number of electrical conductors 131 and 133. The RF power is generated by an RF
power source 186 and is transmitted through an RF matching device 187 to the number of
electrical conductors 131 and 133. The RF matching device 187 is defined to provide
appropriate impedance matching to ensure that the RF power is properly transmitted from the
coil device 115/coil assembly 105 to a load, i.e., to the plasma 150. The RF power is
transmitted from the coil device 115/coil assembly 105, through the plasma generation region
between the coil assembly 105 and the substrate support structure 101, to the substrate support
structure 101, which is maintained at a controlled electric potential relative to a reference
ground 190. In one embodiment, the chamber 100 serves as the reference ground.

[0032] In one embodiment, the electrical conductors 131, 133 are defined to extend through
the interior volume 108 of the cantilevered support 107 from the RF matching device 187 to
the terminals of the coil device 115 so as to convey RF power to the coil device 115. In this
embodiment, the access ports provided through the cantilevered support 107 to the coil
assembly 105 includes coil device 115 terminal ports to enable connection of the electrical
conductors 131, 133 to the terminals of the coil device 115 disposed within the hermetically
sealed region 113 within the encapsulation structure 104.

[0033] The coil device 115 serves as an inductively coupled plasma power source. In this
regard, the coil device 115 transmits RF power to the plasma generation volume between the
coil assembly 105 and the substrate support structure 101, which is connected to ground 190,
thereby exciting a reactant gas present within the plasma generation volume to transform the
reactant gas into the plasma 150. As an inductively coupled plasma power source, the coil
device 115 provides for generation of high density plasmas without generation of high
electromagnetic fields, which provides for substrate plasma processing with low device
damage potential. The high density plasma generated by the coil device 115 is particularly

useful for conductor etch applications, but can be used for essentially any type of plasma
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processing of the substrate 103.

[0034] Figure 1C shows a horizontal cut view through the coil device 115, as referenced by
View B-B of Figure 1A, in accordance with one embodiment of the present invention. As
shown in Figure 1C, the coil device 115 is a single, continuous winding within the coil
assembly 105. It should be understood, however, that the coil device 115 and the associated
coil assembly 105 can be defined in many different ways in different embodiments. For
example, the coil assembly 105 can include multiple independently controllable coil devices
115. These multiple coil devices 115 can occupy separate regions across the coil assembly 105,
and correspondingly across the substrate 103. Also, these multiple coil devices 115 can be
interleaved to provide for smearing of coil end effects. This interleaving of the coil devices 115
can also be done on a regionalized/zoned basis within the coil assembly 105. Additionally,
multiple coil devices 115 can be used in the coil assembly 105 for respective multiple phases
of RF power. Moreover, the geometry of the coil devices 115, i.e., the intercoil spacing, can be
optimized to provide a solution for conductance restriction for the purpose of optimizing
plasma confinement, plasma residence time, etc.

[0035] Figure 2A shows an example coil assembly 105A in which two interleaved coil devices
115A and 115B are disposed within a single zone, in accordance with one embodiment of the
present invention. Figure 2B shows an example coil assembly 105B in which separate coil
devices 115C and 115D are disposed within separate zones, in accordance with one
embodiment of the present invention. The separate zones in Figure 2B include an inner zone
and an outer zone delineated by a zone boundary 401.

[0036] Figure 2C shows an example coil assembly 105C in which multiple interleaved coil
devices are respectively disposed within separate zones, in accordance with one embodiment of
the present invention. The separate zones in Figure 2C include an inner zone and an outer zone
delineated by a zone boundary 401. The inner zone includes two interleaved coil devices 115E
and 115F. The outer zone includes two interleaved coil devices 115G and 115H.

[0037] Figure 2D shows an example coil assembly 105D in which a combination of
interleaved and non-interleaved coil devices are disposed within separate zones, in accordance
with one embodiment of the present invention. The separate zones in Figure 2D include an
inner zone and an outer zone delineated by a zone boundary 401. The inner zone includes two
interleaved coil devices 115J and 1151. The outer zone includes a non-interleaved coil device
115K.

[0038] It should be understood that the number of coil devices and the number of zones
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illustrated in Figures 2A-2D are provided by way of example and do not represent any
limitation on either the number of possible coil devices and/or the number of possible zones
within the coil assembly 105. In different embodiments, the coil assembly 105 can be formed
to include essentially any number of coil devices and/or coil device zones, with essentially any
interleaving and/or non-interleaving arrangement of the coil devices. Additionally, in one
embodiment, the coil assembly 105 can include an embedded electrode to aid in plasma
ignition.

[0039] Figure 3 shows a vertical half cross-section of an alternative coil assembly 105E
including a stacked arrangement of coil devices 115, in accordance with one embodiment of
the present invention. In this embodiment, the stacked coil devices 115 provide a three-
dimensional plasma RF source configuration. It should be understood that the particular coil
device 115 stacking arrangement of Figure 3 is shown by way of example. In other
embodiments, a different number of coil device 115 stack levels can be utilized and the spacing
between coil devices 115 within a given stack level and between stack levels can be varied in
essentially any manner to achieve a desired RF power transmission behavior from the coil
assembly 105E. Additionally, the coil device 115 multi-zone and interleaving/non-interleaving
arrangements discussed with regard to Figures 2A-2D can be applied to any one or more coil
device 115 stack levels within the coil assembly 105E embodiment of Figure 3.

[0040] With reference back to Figure 1A, a cooling fluid supply is defined to flow a cooling
fluid through one or more cooling channels within the coil assembly 105. In one embodiment,
the electrically conductive tubing material of the coil device 115 is defined to accommodate a
flow of cooling fluid therethrough. In this embodiment, the cooling fluid is supplied to and
removed from the coil device 115 through tubing disposed within the interior volume 108 of
the cantilevered support 107. In another embodiment, the hermetically sealed region 113 within
the encapsulation structure 104, outside of the coil device 115, serves as a cooling channel to
contain a flow of the cooling fluid outside of the coil device 115. In this embodiment, the
cooling fluid is supplied to and removed from the hermetically sealed region 113 through
tubing disposed within the interior volume 108 of the cantilevered support 107.

[0041] In yet another embodiment, both the hermetically sealed region 113 and the coil device
115 itself are defined to accommodate respective flows of cooling fluid. In this embodiment,
the cooling fluid is supplied to and removed from each of the hermetically sealed region 113
and the coil device 115 through tubing disposed within the interior volume 108 of the

cantilevered support 107. Also, in this embodiment, the cooling fluid can be counter-flowed
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through the hermetically sealed region 113 and the coil device 115 to provide for more uniform
temperature control across the coil assembly 105.
[0042] Figure 3 also illustrates another embodiment in which separate cooling fluid channels
301 are formed within the coil assembly 105E through which cooling fluid is flowed. In this
embodiment, the cooling fluid is supplied to and removed from the cooling fluid channels 301
through tubing disposed within the interior volume 108 of the cantilevered support 107.
[0043] In either of the cooling fluid flow embodiments noted above, the cooling fluid is
temperature regulated to enable operation of the coil device 115 at very low temperatures. In
one embodiment, a high resistivity cooling fluid, such as fluorinert, can be maintained at very
low temperature and flowed through the coil device 115 to create a temperature gradient field
for the purpose of managing/driving thermophoresis effects within the internal volume of the
chamber 100, enabling management of etch byproducts, and providing another parameter for
selectivity control.
[0044] With reference back to Figure 1A, the access port 135B of the encapsulation structure
104 serves as a gas input port defined to receive a flow of a reactant gas from supply line 127
disposed within the interior volume 108 of the cantilevered support 107. The gas input port is
fluidly connected to a network of gas flow channels 119 formed within the encapsulation
structure 104. The gas flow channels 119 are defined to direct a flow of the reactant gas to a
number of gas dispense ports 120 formed in the bottom surface 105A of the coil assembly 105,
such that the reactant gas is expelled into the plasma generation region between the bottom
surface 105A of the coil assembly 105 and the substrate support structure 101.
[0045] It should be understood that the gas flow channels 119 are formed and routed within the
coil assembly 105 to supply the reactant gas to multiple gas dispense ports 120 distributed in a
substantially uniform manner across the bottom surface 105A of the coil assembly 105. Also,
although the example embodiment of Figure 1A shows one gas input port at the access port
135B, it should be understood that other embodiments can implement more that one gas input
port to supply the reactant gas to the gas flow channels 119 within the coil assembly 105. Also,
it should be understood that the one or more gas input ports, the network of gas flow channels
119, and the multiple gas dispense ports 120 are fluidly separated from the coil placement
region 113 formed within the encapsulation structure 104.
[0046] The encapsulation structure 104 also includes a number of through holes/slots 121
formed to extend through the encapsulation structure 104 from the lower region 160 to the

upper region 162 of the interior volume of the chamber 100. In other words, the through
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holes/slots 121 extend from the bottom surface 105A of the coil assembly 105 to the top
surface 105B of the coil assembly 105. In one embodiment, the through holes/slots 121 are
circular-shaped. In another embodiment, the through holes/slots 121 can be formed as annular
channels, each defined to subtend a radial arc through the encapsulation structure 104 about the
centerline 102. The through holes/slots 121 provide for exhaust gas flow from the plasma
generation volume between the coil assembly 105 and the substrate support structure 101, to
the upper region of the chamber 100. As previously mentioned, the exhaust pump 112 and the
exhaust pumping port 111 formed within the top structure 100A of the chamber 100 operates
to draw gases within the chamber toward the top of the chamber 100.

[0047] Because the reactant gases are supplied to the chamber 100 interior volume through the
gas dispense ports 120 in the bottom surface 105A of the coil assembly 105, the flow of gases
within the chamber will be from the gas dispense ports 120, through the through holes/slots
121 to the exhaust pumping port 111 at the top of the chamber, as indicated by arrows 141.
Additionally, gases will flow from the gas dispense ports 120, through the gap between the
peripheral side surface 105C of the coil assembly 105 and the chamber side structure 100C, to
the exhaust pumping port 111 at the top of the chamber, also as indicated by arrows 141.

[0048] The through holes/slots 121 are defined and placed to obtain substantially uniform mass
flow across the plasma generation region between the bottom surface 105A of the coil
assembly 105 and the substrate support structure 101, i.e., across the substrate 103. Because the
exhaust pumping port 111 is formed above the coil assembly 105, and because exhaust through
holes/slots 121 are formed through the coil assembly 105, the geometry of the coil assembly
105 is indefinitely scalable. More specifically, a distance across the bottom surface 105A of the
coil assembly 105 between a gas dispense port 120 and its adjacent through hole/slot 121 forms
a gas flow cell.

[0049] The gas dispense ports 120 and through holes/slots 121 can be defined, i.e., sized and
spaced apart, within the coil assembly 105 to obtain a substantially uniform gas/mass flow per
unit area of the substrate 103. As the coil assembly 105 is changed in size, i.e., increased in
diameter, flow cells can be added to the coil assembly 105 as necessary to obtain/maintain the
substantially uniform gas/mass flow per unit area of the substrate 103. Therefore, the coil
assembly 105 is effectively unlimited in its scalability. Also, sizing and placement of the gas
dispense ports 120 and through holes/slots 121 within the coil assembly 105 can be adjusted to
provide substrate 103 center-to-edge process tunability.

[0050] The coil assembly 105 also includes one or more Faraday shield structures 117 formed
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within the encapsulation structure 104, so as to be hermetically sealed within the encapsulation
structure 104. The Faraday shield structures 117 are formed of an electrically conductive
material. In one embodiment, the Faraday shield structures 117 are formed as films/sheets of
electrically conducting material. For example, in various embodiments, the Faraday shield
structures 117 can be formed of sheet metal, metallic foil, and/or printed using a electrically
conductive ink.

[0051] The Faraday shield structures 117 are shaped and disposed to suppress adverse
electrical effects outside of the coil assembly 105. For example, the Faraday shield structures
117 can be used to reduce capacitive coupling between the coil device 115 and the plasma. The
Faraday shields 117 can also be designed to focus discharge (plasma generation). For example,
in one embodiment, Faraday shields 117 can be disposed above the coil device 115 and formed
in a continuous manner to maximally suppress discharge above the coil assembly 105. And, in
one embodiment, Faraday shields 117 can be disposed below the coil device 115 and formed to
include radially extending fingers to frustrate current induction by RF fields that are produced
by the coil device 115.

[0052] In addition, high-permeability inks or foils can be incorporated, i.e., formed or
deposited, within the encapsulation structure 104 in order to provide magnetic field
management to reduce or minimize parasitic plasma above the encapsulation structure 104. In
one embodiment, the high-permeability inks or foils can be formed in a continuous manner to
provide maximum magnetic shielding. And, in one embodiment, the high-permeability inks or
foils can be formed to include radially extending fingers to limit magnetic field strength within
the upper part of the chamber 100 above the encapsulation structure 104, thereby further
suppressing the potential for parasitic plasma existence above-the encapsulation structure 104.
More specifically, the radially extending feature shape of the high-permeability inks or foils
can suppress eddy current losses.

[0053] In one embodiment, the high-permeability fingers can be made from a nickel based ink
that is screen printed onto one of the layers, e.g., ceramic layers, of the encapsulation structure
104, prior to firing (heating) of the encapsulation structure 104 assembly to fuse together the
components of the encapsulation structure 104. In another embodiment, the high-permeability
fingers can be made as a die-cut nickel foil disposed between layers within the encapsulation
structure 104. It should be appreciated that embodiments disclosed herein for the Faraday
shields 117 and the high-permeability inks/foils are provided by way of example.

[0054] It should be understood that both Faraday shielding, i.e., electric shielding, and
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magnetic shielding can be implemented within the encapsulation structure 104 to suppress both
adverse electrical effects and adverse magnetic effects. Also, it should be understood that in
other embodiments, the Faraday shields 117 and the high-permeability inks/foils can be
implemented within the encapsulation structure 104 in configurations other than the example
configurations described herein and still provide effective electric and magnetic shielding
performance.

[0055] Figure 4 shows an alternate configuration of the chamber 100 of Figure 1A, in which
the cantilevered support 107 is replaced by a central axial support 201, in accordance with one
embodiment of the present invention. As with the cantilevered support 107, the central axial
support 201 is secured to the coil assembly 105 in a sealed manner, such that an interior
volume 202 of the central axial support 201 is isolated from the interior volume of the chamber
100. A vertical position of the central axial support 201 within the chamber 100 is adjustable in
both upward and downward directions, as indicated by arrows 203A and 203B, respectively,
such that the separation distance 152 between the coil assembly 105 and the substrate 103 can
be adjusted and controlled.

[0056] It should be understood that different embodiments of the chamber 100 may utilize a
coil support configuration other than the cantilevered support 107 or the central axial support
201. However, in these different embodiments, the coil support configuration should A) be
formed of a material compatible with the plasma processing environment, B) be connected to
the top surface 105B of the coil assembly 105 in a sealed manner so as to isolate an interior
volume of the coil support from the chamber interior volume, C) be structurally capable of
withstanding a pressure differential between the interior volume of the coil support and the
chamber interior volume, and D) be vertically adjustable with regard to position so as to enable
adjustment of the separation distance 152 between the coil assembly 105 and the substrate 103.
[0057] Figure 5 shows a flowchart of a method for plasma processing of a substrate, in
accordance with one embodiment of the present invention. The method includes an operation
501 for placing a substrate on a support structure within a plasma processing chamber. The
method also includes an operation 503 for positioning a coil assembly within the plasma
processing chamber above the support structure. The coil assembly includes a coil device
disposed within an hermetically sealed region within an encapsulation structure. The
encapsulation structure is formed of a material suitable for exposure to a plasma to be
generated by the coil device within the plasma processing chamber.

[0058] The method also includes an operation 505 for flowing a reactant gas to a plasma
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generation region within the plasma processing chamber between the coil assembly and the
support structure. The reactant gas is flowed through a network of gas flow channels defined
within the encapsulation structure of the coil assembly and through a number of gas dispense
ports to the plasma generation region. The method further includes an operation 507 for
transmitting RF power to the coil device within the coil assembly. The RF power transforms
the reactant gas into a plasma within the plasma generation region. It should be appreciated that
the coil assembly is in direct exposure to the plasma.

[0059] The method can also include an operation for applying a vacuum suction to an exhaust
port positioned above the coil assembly to remove gases from within the plasma processing
chamber. The method can also include an operation for flowing a cooling fluid through the
encapsulation structure such that the cooling fluid is isolated from the plasma generation
region. In one embodiment, the coil device is formed of an electrically conductive tubing
material, and the cooling fluid is flowed through the coil device. In another embodiment, the
cooling fluid is flowed through the hermetically sealed region within the encapsulation
structure and outside of the coil device. In yet another embodiment, the coil device is formed of
an electrically conductive tubing material, and the cooling fluid is flowed both through the coil
device, and through the hermetically sealed region within the encapsulation structure outside of
the coil device. In one version of this embodiment, the cooling fluid within the coil device can
be flowed in a direction opposite to the flow of cooling fluid within the hermetically sealed
region outside of the coil device.

[0060] While this invention has been described in terms of several embodiments, it will be
appreciated that those skilled in the art upon reading the preceding specifications and studying
the drawings will realize various alterations, additions, permutations and equivalents thereof.
It is therefore intended that the present invention includes all such alterations, additions,
permutations, and equivalents as fall within the true spirit and scope of the invention.

What is claimed is:
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CLAIMS

1. A coil assembly for plasma generation, comprising:

an encapsulation structure having a coil placement region formed therein, and including
one or more access ports formed through the encapsulation structure to the coil placement
region, wherein the coil placement region is hermetically sealed by the encapsulation structure
outside of the one or more access ports; and

a coil device disposed within the coil placement region within the encapsulation
structure, wherein terminals of the coil device are accessible through the one or more access
ports formed through the encapsulation structure, and

wherein the encapsulation structure is formed of a material suitable for exposure to a

plasma to be generated by the coil device.

2. A coil assembly for plasma generation as recited in claim 1, wherein the

encapsulation structure is formed of a ceramic material.

3. A coil assembly for plasma generation as recited in claim 1, wherein the coil

device is formed from an electrically conductive tubing material.

4. A coil assembly for plasma generation as recited in claim 3, wherein the coil

device is formed from copper tubing.

5. A coil assembly for plasma generation as recited in claim 3, wherein the
electrically conductive tubing material of the coil device is defined to accommodate a flow of

cooling fluid therethrough.

6. A coil assembly for plasma generation as recited in claim 1, wherein both the
coil placement region and the coil device are defined to accommodate a flow of cooling fluid

through the coil placement region outside of the coil device.

7. A coil assembly for plasma generation as recited in claim 1, wherein the
encapsulation structure is formed to have a disc shape, including a bottom surface oriented to

face a support structure, a top surface, and a peripheral side surface extending between the
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bottom and top surfaces.

8. A coil assembly for plasma generation as recited in claim 1, wherein the
encapsulation structure includes one or more gas input ports defined to receive a flow of a
reactant gas, wherein the encapsulation structure also includes a network of gas flow channels
in fluid communication with the one or more gas input ports, and wherein the encapsulation
structure includes multiple gas dispense ports in fluid communication with the network of gas
flow channels, wherein each of the multiple gas dispense ports is defined to expel the reactant

gas into a plasma generation volume.

9. A coil assembly for plasma generation as recited in claim 8, wherein the
encapsulation structure includes a number of through holes or through slots formed to extend
from a side of the encapsulation structure exposed to the plasma generation volume to an
opposite side of the encapsulation structure, wherein the number of through holes or through

slots provide for exhaust gas flow from the plasma generation volume.

10. A coil assembly for plasma generation as recited in claim 8, wherein the
terminals of the coil device are connected to receive radiofrequency (RF) power, and wherein
the reactant gas is to be transformed into a plasma within the plasma generation volume upon

excitation by RF power transmitted from the coil device.

11. A coil assembly for plasma generation as recited in claim 8, wherein the one or
more gas input ports, the network of gas flow channels, and the multiple gas dispense ports are

fluidly separated from the coil placement region formed within the encapsulation structure.

12. A coil assembly for plasma generation as recited in claim 1, further comprising:

one or more Faraday shield structures formed within the encapsulation structure so as to
be hermetically sealed within the encapsulation structure, wherein the one or more Faraday
shield structures are formed of an electrically conductive material and are shaped to suppress

adverse electrical effects outside of the coil assembly.

13. A coil assembly for plasma generation as recited in claim 1, further comprising:

one or more high-permeability structures formed within the encapsulation structure so
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as to be hermetically sealed within the encapsulation structure, wherein the one or more high-
permeability structures are formed to suppress adverse magnetic effects outside of the coil

assembly.

14. A system for plasma processing of a substrate, comprising:

a chamber having a bottom structure, a top structure, and an enclosing side structure
between the bottom and the top structures so as to form an interior volume within the chamber;

a substrate support structure disposed within the interior volume of the chamber, the
substrate support structure defined to support a substrate during plasma processing of the
substrate; and

a coil assembly positioned within the interior volume of the chamber and above the
substrate support structure, the coil assembly including a coil device disposed within an
hermetically sealed region within an encapsulation structure, wherein the encapsulation
structure is formed of a material suitable for exposure to a plasma to be generated within the

interior volume of the chamber between the coil assembly and the substrate support structure.

15. A system for plasma processing of a substrate as recited in claim 14, wherein

the substrate support structure is a pedestal.

16. A system for plasma processing of a substrate as recited in claim 14, wherein

the substrate support structure is an electrostatic chuck.

17. A system for plasma processing of a substrate as recited in claim 14, wherein
the encapsulation structure of the coil assembly is defined to have a disc shape, including a
bottom surface oriented to face the support structure, a top surface, and a peripheral side

surface extending between the bottom and top surfaces.

18. A system for plasma processing of a substrate as recited in claim 17, wherein
the coil assembly is held by a coil assembly support structure affixed to a portion of the top

surface of the encapsulation structure of the coil assembly.

19. A system for plasma processing of a substrate as recited in claim 18, wherein

the portion of the top surface of the encapsulation structure includes a number of access ports
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to interior regions of the encapsulation structure, wherein each of the number of access ports is
in open communication with an interior volume of the coil assembly support structure through
corresponding holes formed within the coil assembly support structure, and wherein the coil
assembly support structure is hermetically sealed with the encapsulation structure around each
of the number of access ports such that the interior volume of the coil assembly support
structure and the interior regions of the encapsulation structure are isolated from the interior

volume of the chamber.

20. A system for plasma processing of a substrate as recited in claim 19, wherein
the number of access ports include one or more gas supply input ports in fluid communication
with a network of gas flow channels fluidly connected to a number of gas dispense ports
defined to expel gas into a plasma generation region within the interior volume of the chamber,
and

wherein the number of access ports also includes coil device terminal ports to enable
connection to terminals of the coil device disposed within the hermetically sealed region within

the encapsulation structure.

21. A system for plasma processing of a substrate as recited in claim 20, further
comprising:

a radiofrequency (RF) power source;

an RF matching device connected to receive RF power from the RF power source; and

a number of electrical conductors defined to extend through the interior volume of the
coil assembly support structure from the RF matching device to the terminals of the coil device

so as to convey RF power to the coil device.

22. A system for plasma processing of a substrate as recited in claim 19, wherein
the coil assembly support structure is defined to withstand a pressure differential between its
interior volume and the interior volume of the chamber when the interior volume of the coil
assembly support structure is exposed to an atmospheric pressure as a pressure within the

interior volume of the chamber is raised or lowered relative to the atmospheric pressure.

23. A system for plasma processing of a substrate as recited in claim 18, wherein

the coil assembly support structure is formed as a cantilevered support disposed above and
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substantially parallel to the substrate support structure within the chamber, wherein the
cantilevered support is defined to extend through the enclosing side structure of chamber, and
wherein the cantilevered support and coil assembly affixed thereto are defined to be moved

through the enclosing side structure of the chamber.

24. A system for plasma processing of a substrate as recited in claim 18, wherein
the coil assembly support structure is formed as a central axial support disposed above and

substantially centered upon the coil assembly within the chamber.

25. A system for plasma processing of a substrate as recited in claim 18, wherein
the coil assembly support structure is movable in a controlled manner in directions toward and
away from the substrate support structure to enable adjustment of a distance between the coil

assembly and the substrate support structure.

26. A system for plasma processing of a substrate as recited in claim 14, wherein

the encapsulation structure is formed of a ceramic material.

27. A system for plasma processing of a substrate as recited in claim 14, further
comprising:

an exhaust pump fluidly connected to an exhaust pumping port formed in a central
location in the top structure of the chamber, wherein the exhaust pump is defined to remove

gases from the interior volume within the chamber.

28. A system for plasma processing of a substrate as recited in claim 27, wherein
the encapsulation structure includes a number of through holes or through slots formed to
extend through the encapsulation structure from a lower region of the interior volume of the
chamber between the coil assembly and the substrate support structure to an upper region of

the interior volume of the chamber above the encapsulation structure.

29. A system for plasma processing of a substrate as recited in claim 14, further
comprising:
a cooling fluid supply defined to flow a cooling fluid through one or more cooling

channels within the coil assembly.
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30. A system for plasma processing of a substrate as recited in claim 29, wherein
the coil device 1s defined as an electrically conductive tubing material, and wherein an interior

of the coil device serves as a cooling channel to contain a flow of the cooling fluid.

31. A system for plasma processing of a substrate as recited in claim 29, wherein
the hermetically sealed region within the encapsulation structure and outside of the coil device

serves as a cooling channel to contain a flow of the cooling fluid outside of the coil device.

32. A system for plasma processing of a substrate as recited in claim 14, wherein
the coil assembly includes one or more Faraday shield structures formed within the
encapsulation structure so as to be hermetically sealed within the encapsulation structure,
wherein the one or more Faraday shield structures are formed of an electrically conductive

material and are shaped to suppress adverse electrical effects outside of the coil assembly.

33. A system for plasma processing of a substrate as recited in claim 14, wherein
the coil assembly includes one or more high-permeability structures formed within the
encapsulation structure so as to be hermetically sealed within the encapsulation structure,
wherein the one or more high-permeability structures are formed to suppress adverse magnetic

effects outside of the coil assembly.

34. A method for plasma processing of a substrate, comprising:

placing a substrate on a support structure within a plasma processing chamber;

positioning a coil assembly within the plasma processing chamber above the support
structure, wherein the coil assembly includes a coil device disposed within an hermetically
sealed region within an encapsulation structure, wherein the encapsulation structure is formed
of a material suitable for exposure to a plasma to be generated by the coil device within the
plasma processing chamber;

flowing a reactant gas to a plasma generation region within the plasma processing
chamber between the coil assembly and the support structure; and

transmitting radiofrequency (RF) power to the coil device within the coil assembly,
whereby the RF power transforms the reactant gas into a plasma within the plasma generation

region, and whereby the coil assembly is in direct exposure to the plasma.



10

15

20

25

WO 2012/074741 PCT/US2011/060824

24

35. A method for plasma processing of a substrate as recited in claim 34, wherein
the reactant gas is flowed through a network of gas flow channels defined within the
encapsulation structure of the coil assembly and through a number of gas dispense ports to the

plasma generation region.

36. A method for plasma processing of a substrate as recited in claim 34, further
comprising:
applying a vacuum suction to an exhaust port positioned above the coil assembly to

remove gases from within the plasma processing chamber.

37. A method for plasma processing of a substrate as recited in claim 34, further
comprising;
flowing a cooling fluid through the encapsulation structure such that the cooling fluid is

isolated from the plasma generation region.

38. A method for plasma processing of a substrate as recited in claim 37, wherein
the coil device is formed of an electrically conductive tubing material, and wherein the cooling

fluid is flowed through the coil device.

39. A method for plasma processing of a substrate as recited in claim 37, wherein
the cooling fluid is flowed through the hermetically sealed region within the encapsulation

structure and outside of the coil device.
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Fig. 2B
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Fig. 2D



WO 2012/074741 PCT/US2011/060824

8/10
0
8
rJ

T Y




PCT/US2011/060824

WO 2012/074741

06im = o, v ‘Bi4

9/10

0001 |
MIODO_‘
091
DDDDD_ o _ _ :9
JITA [
611> 2t szl hm:mwrws ._. eszs
q I W72 NP 277777,
% -~ _ I
% _
|
)
aa
s as0z _
291 < _
102 | 10z
il VEOT _ el
|
/)
%
v Z1ml
\.
pn— \\ “ \\\\\ p—— 7
| I B2 | || ||| X il
ook ZIT dwnd isneyx3 % _M ZTT dwnd i1sneyx3
[ Ll
ot 1] ﬁa Sﬁe 81 98T
Yolen 44




WO 2012/074741 PCT/US2011/060824

10/10

f501

Place substrate on support structure within plasma processing chamber.

-

Position coil assembly within plasma processing chamber above support
structure.

—

Flow reactant gas to plasma generation region within plasma processing
chamber between coil assembly and support structure.

-

Transmit RF power to coil device within coil assembly to transform reactant
gas into plasma within plasma generation region, such that coil assembly is
in direct exposure to plasma.

Fig. 5
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