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Semiconductor Processing System with Source for Decoupled Ion and Radical Control

by Inventors
Akira Koshiishi, Peter L.G. Ventzek, Jun Shinagawa, John Patrick Holland

Background of the Invention

[0001] Plasma sources utilized for thin film processing in semiconductor device fabrication are
often unable to achieve the most desirable condition for dry etching due to the inability to
separately control ion and radical concentrations in the plasma. For example, in some
applications, the desirable conditions for plasma etching would be achieved by increasing the ion
concentration in the plasma while simultaneously maintaining the radical concentration at a
constant level. However, this type of independent ion concentration versus radical concentration
control cannot be achieved using the common plasma source typically used for thin film

processing. It is within this context that the present invention arises.

Summary of the Invention

[0002] In one embodiment, a plasma generation microchamber is disclosed. The plasma
generation microchamber includes an upper electrode having a lower surface that forms an upper
boundary of a plasma generation region. The plasma generation microchamber includes a lower
electrode having an upper surface that forms a lower boundary of the plasma generation region.
The plasma generation microchamber includes a sidewall enclosure formed to extend between
the upper and lower electrodes so as to enclose a periphery of the plasma generation region
between the upper and lower electrodes. The sidewall enclosure is formed of an electrically
insulating material. The plasma generation microchamber includes an upper insulator sheet
disposed on an upper surface of the upper electrode opposite from the plasma generation region.
The plasma generation microchamber includes an upper ground plate disposed on an upper
surface of the upper insulator sheet opposite from the upper electrode. The plasma generation
microchamber includes a lower insulator sheet disposed on a lower surface of the lower
electrode opposite from the plasma generation region. The plasma generation microchamber
includes a lower ground plate disposed on a lower surface of the lower insulator sheet opposite
from the lower electrode. Each of the upper ground plate, upper insulator sheet, and upper
electrode include a number of fluidly connected passages for supply of a process gas to the
plasma generation region. Each of the lower ground plate, lower insulator sheet, and lower
electrode include a number of output passages for output of the process gas and reactive
constituents from the plasma generation region into a substrate processing region.

[0003] In one embodiment, a plasma generation and axial exhaust assembly is disclosed. The
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assembly includes an upper support plate and a number of support structures affixed to the upper

support plate so as to extend in a substantially perpendicular direction away from the upper
support plate. The assembly also includes a central cylindrically-shaped plasma generation
microchamber affixed to a first portion of the number of support structures at a' location
substantially centered upon the upper support plate. The assembly also includes a plurality of
annular-shaped plasma generation microchambers affixed to corresponding portions of the
number of support structures. The plurality of annular-shaped plasma generation microchambers
are positioned in a concentric manner about the central cylindrically-shaped plasma generation
microchamber. Adjacently positioned ones of the central cylindrically-shaped plasma generation
microchamber and the plurality of annular-shaped plasma generation microchambers are spaced
apart from each other so as to form a number of axial exhaust vents therebetween. Each axial
exhaust vent is fluidly connected to a fluid flow region between the number of support structures
and between the upper support plate and each of the plurality of annular-shaped plasma
generation microchambers. The fluid flow region is fluidly connected to a peripheral exhaust
vent formed at a periphery of the upper support plate between the upper support plate and an
outermost one of the plurality of annular-shaped plasma generation microchambers.

[0004] In one embodiment, a semiconductor substrate processing system is disclosed. The
system includes a substrate support defined to support a substrate in exposure to a processing
region. The system also includes a top plate assembly positioned above and spaced apart from
the substrate support, such that the processing region exists between the top plate assembly and
the substrate support. The top plate assembly includes a central plasma generation microchamber
at a location substantially centered on the top plate assembly. The top plate assembly also
includes a plurality of annular-shaped plasma generation microchambers positioned in a
concentric manner about the central plasma generation microchamber. Adjacently positioned
ones of the central plasma generation microchamber and the plurality of annular-shaped plasma
generation microchambers are spaced apart from each other so as to form a number of axial
exhaust vents therebetween. Each of the central plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers is defined to generate a
corresponding plasma therein and supply reactive constituents of its plasma to the processing
region between the top plate assembly and the substrate support.

[0005] In one embodiment, a method is disclosed for processing a semiconductor substrate. The
method includes placing a substrate on a substrate support in exposure to a substrate processing

region. The method also includes supplying one or more process gases and radiofrequency
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power to each of a central plasma generation microchamber and a plurality of annular-shaped

plasma generation microchambers positioned above the substrate support in exposure to the
substrate processing region. The radiofrequency power transforms the one or more process gases
into a plasma in each of the central plasma generation microchamber and the plurality of
annular-shaped plasma generation microchambers. The method also includes flowing reactive
constituents of the plasma from each of the central plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers into the substrate processing
region so as to expose the substrate to the reactive constituents. The method further includes
removing process gases from the substrate processing region through axial exhaust vents located
between adjacently positioned ones of the central plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers.

[0006] 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

[0007] Figure 1A shows a vertical cross-section of a semiconductor substrate processing system,
in accordance with one embodiment of the present invention.

[0008] Figure 1B shows a vertical cross-section of a variation of the semiconductor substrate
processing system of Figure 1A, in accordance with one embodiment of the present invention.
[0009] Figure 2A shows an isolated vertical cross-section view of the top plate assembly, in
accordance with one embodiment of the present invention.

[0010] Figure 2B shows a horizontal cross-section view A-A of the top plate assembly, as
delineated in Figure 2A, in accordance with one embodiment of the present invention.

[0011] Figure 2C shows a horizontal cross-sectiori view B-B of the top plate assembly, as
delineated in Figure 2A, in accordance with one embodiment of the present invention.

[0012] Figure 2D shows a close-up vertical cross-section view of the plasma generation
microchamber, in accordance with one embodiment of the present invention.

[0013] Figure 3 shows a flowchart of a method for processing a semiconductor substrate, in

accordance with one embodiment of the present invention.

Detailed Description
[0014] 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.
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In other instances, well known process operations have not been described in detail in order not

to unnecessarily obscure the present invention.

[0015] In one embodiment, the term "substrate" as used herein refers to a semiconductor wafer.
However, it should be understood that in other embodiments, the term "substrate" as used herein
can refer to substrates formed of sapphire, GaN, GaAs or SiC, or other substrate materials, and
can include glass panels/substrates, metal foils, metal sheets, polymer materials, or the like.
Also, in various embodiments, the "substrate" as referred to herein may vary in form, shape,
and/or size. For example, in some embodiments, the "substrate" as referred to herein may
correspond to a 200 mm (millimeters) semiconductor wafer, a 300 mm semiconductor wafer, or
a 450 mm semiconductor wafer. Also, in some embodiments, the "substrate" as referred to
herein may correspond to a non-circular substrate, such as a rectangular substrate for a flat panel
display, or the like, among other shapes. The "substrate" referred to herein is denoted in the
various example embodiment figures as substrate 105.

[0016] Figure 1A shows a vertical cross-section of a semiconductor substrate processing system
400, in accordance with one embodiment of the present invention. The system 400 includes a
chamber 401 formed by a top structure 401B, a bottom structure 401C, and sidewalls 401A
extending between the top structure 401B and bottom structure 401C. The chamber 401 encloses
a processing region 106. In various embodiments, the chamber sidewalls 401A, top structure
401B, and bottom structure 401C can be formed from different materials, such as stainless steel
or aluminum, by way of example, so long as the chamber 401 materials are structurally capable
of withstanding pressure differentials and temperatures to which they will be exposed during
plasma processing, and are chemically compatible with the plasma processing environment.
[0017] The system 400 also includes a substrate support 107 disposed within the chamber 401
and defined to support the substrate 105 in exposure to the processing region 106. The substrate
support 107 is defined to hold the substrate 105 thereon during performance of a plasma
processing operation on the substrate 105. In the example embodiment of Figure 1A, the
substrate support 107 is held by a cantilevered arm 405 affixed to a wall 401A of the chamber
401. However, in other embodiments, the substrate support 107 can be affixed to the bottom
plate 401C of the chamber 401 or to another member disposed within the chamber 401. In
various embodiments, the substrate support 107 can be formed from different materials, such as
stainless steel, aluminum, or ceramic, by way of example, so long as the substrate support 107
material is structurally capable of withstanding pressure differentials and temperatures to which

it will be exposed during plasma processing, and is chemically compatible with the plasma
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processing environment.

[0018] In one embodiment, the substrate support 107 includes a bias electrode 112 for
generating an electric field to attract ions toward the substrate support 107, and thereby toward
the substrate 105 held on the substrate support 107. Also, in one embodiment, the substrate
support 107 includes a number of cooling channels 116 through which a cooling fluid can be
flowed during plasma processing operations to maintain temperature control of the substrate
105. Also, in one embodiment, the substrate support 107 can include a number of lifting pins
411 defined to lift and lower the substrate 105 relative to the substrate support 107. In one
embodiment, a door assembly 413 is disposed within the chamber wall 401A to enable insertion
and removal of the substrate 105 into/from the chamber 401. Additionally, in one embodiment,
the substrate support 107 is defined as an electrostatic chuck equipped to generate an
electrostatic field for holding the substrate 105 securely on the substrate support 107 during
plasma processing operations.

[0019] The system 400 further includes a top plate assembly 407 disposed within the chamber
401 above and spaced apart from the substrate support 107, so as to be positioned above and
spaced apart from the substrate 105 when positioned on the substrate support 107. The substrate
processing region 106 exists between the top plate assembly 407 and the substrate support 107,
so as to exist over the substrate 105 when positioned on the substrate support 107. In one
embodiment, the substrate support 107 is defined to be movable in a direction 110 perpendicular
to a top surface of the substrate support 107, such that a process gap distance 113, as measured
perpendicularly across the processing region 106 between the top plate assembly 407 and
substrate support 107 is adjustable within a range extending from about 2 cm to about 10 cm.
Also, in one embodiment, a vertical position of the substrate support 107 relative to the top plate
assembly 407, vice-versa, is adjustable either during performance of the plasma processing
operation or between plasma processing operations.

[0020] Figure 2A shows an isolated vertical cross-section view of the top plate assembly 407, in
accordance with one embodiment of the present invention. The top plate assembly 407 includes
an upper support plate 408. The top plate assembly 407 also includes a number of plasma
generation microchambers 409A-409D affixed to the upper support plate 408 by a number of
support structures 414A-414D, respectively. The number of support structures 414A-414D are
formed to allow for radial separation between adjacently positioned ones of the number of
plasma generation microchambers 409A-409D, and to allow for axial separation between the

upper support plate 408 and the number of plasma generation microchambers 409A-409D. Also,
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each of the number of support structures 414A-414D is formed in a spatially localized manner,

such that fluid flow paths exist between neighboring support structures 414A-414D for a given
plasma generation microchamber 409A-409D.

[0021] In this manner, the radial separation between adjacently positioned plasma generation
microchambers 409A-409D and the fluid flow paths between neighboring support structures
414A-414D combine to form a number axial exhaust vents 410A-410D that are fluidly
connected to a peripheral exhaust vent 412, wherein the number of axial exhaust vents 410A-
410D have a respective fluid entrance at a bottom surface 407A of the top plate assembly 407,
and wherein the peripheral exhaust vent 412 has a fluid exit at a side peripheral surface 407B of
the top plate assembly 407.

[0022] Figure 2B shows a horizontal cross-section view A-A of the top plate assembly 407, as
delineated in Figure 2A, in accordance with one embodiment of the present invention. Figure 2B
shows a support structure 414A for the underlying plasma generation microchamber 409A. Also,
a gas input passage Gl for the plasma generation microchamber 409A is shown as a fluid
passage formed through the support structure 414A. Although the example embodiment of
Figure 2B shows one gas input passage G1 for the plasma generation microchamber 409A, it
should be understood that other embodiments can utilize a different number of gas input
passages G1 for the plasma generation microchamber 409A, as necessary to satisfy operational
requirements.

[0023] Figure 2B also shows a number of support structures 414B for the underlying plasma
generation microchamber 409B. Also, a number of gas input passages G2 for the plasma
generation microchamber 409B are shown as fluid passages respectively formed through the
support structures 414B. Although the example embodiment of Figure 2B shows eight support
structures 414B with eight corresponding gas input passages G2 for the plasma generation
microchamber 409B, it should be understood that other embodiments can utilize a different
number of support structures 414B and/or gas input passages G2 for the plasma generation
microchamber 409B, as necessary to satisfy operational requirements. Also, in one embodiment,
some support structures 414B can be defined without a gas input passage G2 formed therein.
[0024] Figure 2B also shows a number of support structures 414C for the underlying plasma
generation microchamber 409C. Also, a number of gas input passages G3 for the plasma
generation microchamber 409C are shown as fluid passages respectively formed through the
support structures 414C. Although the example embodiment of Figure 2B shows sixteen support

structures 414C with sixteen corresponding gas input passages G3 for the plasma generation
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microchamber 409C, it should be understood that other embodiments can utilize a different

number of support structures 414C and/or gas input passages G3 for the plasma generation
microchamber 409C, as necessary to satisfy operational requirements. Also, in one embodiment,
some support structures 414C can be defined without a gas input passage G3 formed therein.
[0025] Figure 2B also shows a number of support structures 414D for the underlying plasma
generation microchamber 409D. Also, a number of gas input passages G4 for the plasma
generation microchamber 409D are shown as fluid passages respectively formed through the
support structures 414D. Although the example embodiment of Figure 2B shows sixteen support
structures 414D with sixteen corresponding gas input passages G4 for the plasma generation
microchamber 409D, it should be understood that other embodiments can utilize a different
number of support structures 414D and/or gas input passages G4 for the plasma generation
microchamber 409D, as necessary to satisfy operational requirements. Also, in one embodiment,
some support structures 414D can be defined without a gas input passage G4 formed therein.
[0026] Figure 2B also shows that plasma generation microchambers 409A and 409B are
positioned in a concentric manner relative to each other so as to be separated by the axial exhaust
vent 410A. Figure 2B also shows that plasma generation microchambers 409B and 409C are
positioned in a concentric manner relative to each other so as to be separated by the axial exhaust
vent 410B. Figure 2B also shows that plasma generation microchambers 409C and 409D are
positioned in a concentric manner relative to each other so as to be separated by the axial exhaust
vent 410C. Figure 2B also shows that the plasma generation microchamber 409D is positioned
in a concentric manner relative to an outer support ring 445 so as to form the axial exhaust vent
410D between the plasma generation microchamber 409D and the outer support ring 445.

[0027] As shown in Figure 2B, the axial exhaust vents 410A-410D are in fluid communication
with the flow paths, i.e., open regions, between neighboring support structures 414A-414D to
provide for fluid flow from the entrances of the axial exhaust vents 410A-410D at the bottom
surface 407A of the top plate assembly 407 to the exit of the peripheral exhaust vent 412 at the
side peripheral surface 407B of the top plate assembly 407. Thus, the structure of the top plate
assembly 407 provides for exhaust fluid flow in an axial direction substantially perpendicular to
the bottom surface 407A of the top plate assembly 407, through open regions between the
plasma generation microchambers 409B-409D and the upper support plate 408 and between
neighboring support structures 414A-414D, to the peripheral exhaust vent 412 at the side
peripheral surface 407B of the top plate assembly 407.

[0028] With reference back to Figure 2A, each of the plasma generation microchambers 409A-
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409D is connected to a first power supply for an upper electrode and a second power supply for a

lower electrode. Specifically, upper electrodes 451A-451D respectively disposed within the
plasma generation microchambers 409A-409D have respective power supply connections P1U,
P2U, P3U, and P4U. Also, lower electrodes 453A-453D respectively disposed within the plasma
generation microchambers 409A-409D have respective power supply connections P1L, P2L,
P3L, and P4L. As shown in Figure 1A, each of power supply connections P1U, P2U, P3U, P4U,
P1L, P2L, P3L, P4L is connected to a power supply 441. The power supply 441 is defined to
supply power to each of the power supply connections P1U, P2U, P3U, P4U, P1L, P2L, P3L,
P4L in an independently controlled manner. Therefore, the power supplied to each of the power
supply connections P1U, P2U, P3U, P4U, PIL, P2L, P3L, P4L, i.e., to each of the upper
electrodes 451A-451D and lower electrodes 453A-453D within the plasma generation
microchambers 409A-409D, can be independently controlled with regard any specification of the
power supply, such as amplitude, frequency, voltage, duration, etc.

[0029] In one embodiment, the power supplied to any given one of the upper electrodes 451A-
451D and the lower electrodes 453A-453D is either DC power, RF power, or a combination of
DC and RF power. In one embodiment, the power supplied to any given one of the upper
electrodes 451A-451D and the lower electrodes 453A-453D is RF power having a frequency of
either 2 MHz, 27 MHz, 60 MHz, 400 kHz, or a combination thereof.

[0030] Also, with regard to Figure 2A, each of the gas supply passages G1-G4 is plumbed to a
gas supply 443. The gas supply 443 is defined to supply one or more process gases and/or gas
mixtures to each of the gas supply passages G1-G4 in an independently controlled manner.
Therefore, the process gas supplied to each of the gas supply passages G1-G4, i.e., to each of the
plasma generation microchambers 409A-409D, can be independently controlled with regard to
any specification of the process gas supply, such as gas type, gas mixture, flow rate, pressure,
temperature, duration, etc.

[0031] Figure 2C shows a horizontal cross-section view B-B of the top plate assembly 407, as
delineated in Figure 2A, in accordance with one embodiment of the present invention. The
horizontal cross-section view B-B is drawn through a mid-height position of the plasma
generation microchambers 409A-409D, so as to show a distribution of outlets 455A-455D for
each of the plasma generation microchambers 409A-409D, respectively. In one embodiment, the
plasma generation microchambers 409A-409D are defined to operate at internal pressures up to
about one Torr (T). Also, in one embodiment, the processing region 106 is operated within a

pressure range extending from about 1 mT to about 100 mT. The outlets 455A-455D of the
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plasma generation microchambers 409A-409D are defined to provide and control the pressure

drop between the interiors of the plasma generation microchambers 409A-409D and the
processing region 106.

[0032] During operation of the system 400, the process gases supplied through the gas supply
passages G1-G4 are transformed into plasmas within the plasma generation microchambers
409A-409D under the influence of the power supplied to the upper electrodes 451 A-451D and
lower electrodes 453 A-453D. Reactive constituents within the plasmas move through the outlets
455A-455D of the plasma generation microchambers 409A-409D into the substrate processing
region 106 over the substrate support 107, i.e., onto the substrate 105 when disposed on the
substrate support 107.

[0033] The used process gas flows from the substrate processing region 106 through the axial
exhaust vents 410A-410D and out of the peripheral exhaust vent 412 in the top plate assembly
407 toward chamber peripheral vents 427. Also, used process gas flows from the substrate
processing region 106 through a radial exhaust vent 426 toward the chamber peripheral vents
427. From the chamber peripheral vents 427, the used process gas is pumped out through
chamber exhaust ports 429 by an exhaust pump 431. In one embodiment, a flow throttling
device 433 is provided to control a flow rate of the used process gas from the substrate
processing region 106. In one embodiment, the flow throttling device 433 is defined as a ring
structure that is movable toward and away from the peripheral vents 427, as indicated by arrows
435.

[0034] Figure 1B shows a vertical cross-section of a variation of the semiconductor substrate
processing system 400, in accordance with one embodiment of the present invention.
Specifically, Figure 1B shows a flow throttling device 436 for controlling a flow rate of the used
process gas through the peripheral exhaust vent 412 in the top plate assembly 407. Also, Figure
1B shows a flow throttling device 437 for controlling a flow rate of the used process gas through
the radial exhaust vent 426. It should be understood that each of the flow throttling device 436
and 437 can be moved up and down in an independently controlled manner, thereby providing
independent control of the used process gas flow rate through the peripheral exhaust vent 412 in
the top plate assembly 407 and the radial exhaust vent 426.

[0035] In one embodiment, such as shown in Figure 1A, the system 400 does not implement
either of the flow throttling devices 436 and 437. In another embodiment, such as shown in
Figure 1B, the system 400 implements both of the flow throttling devices 436 and 437. In other

embodiments, the system 400 can implement either the flow throttling device 436 or the flow
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throttling device 437. Also, in one embodiment in which the system 400 implements both the

flow throttling devices 436 and 437, the system 400 may not implement the flow throttling
device 433. It should be understood that a position of each of the flow throttling devices 433,
436, and 437 can be independently controlled through a respectively formed mechanical linkage
to a respective translation device, such as a stepper motor, or servo, among others.

[0036] Figure 2D shows a close-up vertical cross-section view of the plasma generation
microchamber 409B, in accordance with one embodiment of the present invention. The plasma
generation microchamber 409B includes the upper electrode 451B having a lower surface 452B
that forms an upper boundary of a plasma generation region 480B. The plasma generation
microchamber 409B also includes the lower electrode 453B having an upper surface 454B that
forms a lower boundary of the plasma generation region 480B. The plasma generation
microchamber 409B also includes a sidewall enclosure 463B1/463B2 formed to extend between
the upper electrode 451B and the lower electrode 453B, so as to enclose a periphery of the
plasma generation region 480B between the upper electrode 451B and the lower electrode 453B.
The sidewall enclosure 463B1/463B2 is formed of an electrically insulating material. In one
embodiment, the sidewall enclosure 463B1/463B2 material has an electrical resistance within a
range extending from about 3 picoFarads to about 10 picoFarads.

[0037] The plasma generation microchamber 409B also includes an upper insulator sheet 465B
disposed on an upper surface of the upper electrode 451B opposite from the plasma generation
region 480B. The upper insulator sheet 465B is formed of an electrically insulating material. In
one embodiment, the upper insulator sheet 465B material has an electrical resistance within a
range extending from about 50 picoFarads to about 70 picoFarads. The plasma generation
microchamber 409B also includes an upper ground plate 469B disposed on an upper surface of
the upper insulator sheet 465B opposite from the upper electrode 451B.

[0038] The plasma generation microchamber 409B also includes a lower insulator sheet 467B
disposed on a lower surface of the lower electrode 453B opposite from the plasma generation
region 480B. The lower insulator sheet 467B is formed of an electrically insulating material. In
one embodiment, the lower insulator sheet 467B material has an electrical resistance within a
range extending from about 50 picoFarads to about 70 picoFarads. The plasma generation
microchamber 409B also includes a lower ground plate 471B disposed on a lower surface of the
lower insulator sheet 467B opposite from the lower electrode 453B.

[0039] Each of the upper ground plate 469B, upper insulator sheet 465B, and upper electrode
451B includes a number of fluidly connected passages 461B for supply of the process gas to the
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plasma generation region 480B from the gas supply passage G2. In one embodiment, the fluidly

connected passages 461B are defined to provide a substantially uniform distribution of the
process gas into the plasma generation region 480B.

[0040] Also, each of the lower ground plate 471B, lower insulator sheet 467B, and lower
electrode 453B include a number of output passages 455B for output of the used process gas and
reactive constituents from the plasma generation region 480B into the substrate processing
region 106, as indicated by arrows 481. In one embodiment, the output passages 455B are
distributed to provide a substantially uniform distribution of the reactive constituents from the
plasma generation region 480B into the portion of the substrate processing region 106 beneath
the plasma generation microchamber 409B. The arrows 483 represent exhaust gas flow paths
through the axial exhaust vents 410A, 410B toward the peripheral exhaust vent 412.

[0041] In one embodiment, each of the number of output passages 455B for output of the
process gas and reactive constituents from the plasma generation region 480B is defined as a
cylindrical hole extending in a substantially perpendicular direction between a lower surface
472B of the lower ground plate 471B and the upper surface 454B of the lower electrode 453B. In
one embodiment, each of the number of output passages 455B has a diameter within a range
extending from about 0.5 millimeter to about 2 millimeters. Also, in one embodiment, a distance
as measured perpendicularly between the lower surface 472B of the lower ground plate 471B
and the upper surface 454B of the lower electrode 453B, i.e., output passage length, is within a
range extending from about 2 millimeters to about 5 millimeters. Also, in one embodiment, each
of the number of output passages 455B has an aspect ratio within a range extending from about
4-to-1 to about 10-to-1. In one embodiment, the output passages 455B, and the equivalent output
passages for plasma generation microchambers 409A, 409C, and 409D, are defined to have a
diameter less than 2.4 millimeters, and a length greater than 3.5 millimeters.

{0042] It should be understood that the high aspect ratio of the output passages 455B provides
for an increased pressure differential between the plasma generation région 480B within the
plasma generation microchamber 409B and the substrate processing region 106, such that the
plasma generation region 480B can be operated at a higher pressure relative to the substrate
processing region 106. In one embodiment, the plasma generation region 480B is operated at an
internal pressure greater than 1 Torr, such that three times the mean free path of ions generated
within the plasma generation region 480B is much less than the plasma sheath length at the
boundary of the plasma generation region 480B, thereby reducing the ion sputtering against the

interior surfaces of the plasma generation microchamber 409B.
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[0043] With reference back to Figure 1A, the electrode 112 within the substrate support 107 is

defined to apply a bias voltage across the processing region 106 between the substrate support
107 and the lower surface, e.g., 472B, of the top plate assembly 407. Appropriately charged
species formed within the plasma generation microchambers 409A-409D can be pulled into the
processing region 106 by the bias voltage applied across the processing region 106 by the
electrode 112.

[0044] In one embodiment, the upper electrode 451B is defined as a solid plate of electrically
conductive material with the exception of the number of fluidly connected passages 461B for
supply of the process gas to the plasma generation region 480B. Also, in one embodiment, the
lower electrode 453B is defined as a solid plate of electrically conductive material with the
exception of the output passages 455B. Each of the upper electrode 451B and lower electrode
453B is connected to receive power from the power supply 441, whereby the received power is
used to transform the process gas within the plasma generation region 480B into a plasma.

[0045] In one embodiment, the upper electrode 451B is electrically connected to a first power
supply by way of the power supply connection P2U, and the lower electrode 453B is electrically
connected to a second power supply by way of the power supply connection P2L. In one
embodiment, each of the first and second power supplies is independently controllable. Also, in
one embodiment, a phase difference between the first and second power supplies is 180 degrees.
In one embodiment, low frequency (less than 1 MHz) RF power is supplied to both the upper
electrode 451B and the lower electrode 453B, at 180 degrees out of phase between the upper
electrode 451B and the lower electrode 453B, to generate a high density plasma within the
plasma generation region 480B. Use of the low frequency (less than 1 MHz) RF power also
provides a high sustained voltage which generates high-velocity bullet electrons that are ejected
through the output passages 455B to enhance an electron beam excited plasma (EBEP) effect
within the substrate processing region 106.

[0046] In one embodiment, a thickness of the upper electrodes 451A-451D, as measured in the
vertical direction extending perpendicularly between top and bottom surfaces of the upper
electrodes 451A-451D, is within a range extending from about 2 millimeters to about 50
millimeters. In one embodiment, the thickness of the upper electrodes 451A-451D is about 5
millimeters. In one embodiment, a thickness of the lower electrodes 453A-453D, as measured in
the vertical direction extending perpendicularly between top and bottom surfaces of the lower
electrodes 453A-453D, is within a range extending from about 2 millimeters to about 50
millimeters. In one embodiment, the thickness of the lower electrodes 453A-453D is about 5
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millimeters.

[0047] In one embodiment, a thickness of the upper insulator sheets 465A-465D, as measured in
the vertical direction extending perpendicularly between top and bottom surfaces of the upper
insulator sheets 465A-465D, is within a range extending from about 2 millimeters to about 50
millimeters. In one embodiment, the thickness of the upper insulator sheets 465A-465D is about
10 millimeters. In one embodiment, a thickness of the lower insulator sheets 467A-467D, as
measured in the vertical direction extending perpendicularly between top and bottom surfaces of
the lower insulator sheets 467A-467D, is within a range extending from about 2 millimeters to
about 50 millimeters. In one embodiment, the thickness of the lower insulator sheets 467A-467D
is about 10 millimeters.

[0048] In one embodiment, a thickness of the upper ground plates 469A-469D, as measured in
the vertical direction extending perpendicularly between top and bottom surfaces of the upper
ground plates 469A-469D, is within a range extending from about 10 millimeters to about 50
millimeters. In one embodiment, the thickness of the upper ground plates 469A-469D is about
20 millimeters. In one embodiment, a thickness of the lower ground plates 471A-471D, as
measured in the vertical direction extending perpendicularly between top and bottom surfaces of
the lower ground plates 471A-471D, is within a range extending from about 10 millimeters to
about 50 millimeters. In one embodiment, the thickness of the lower ground plates 471A-471D
is about 20 millimeters.

[0049] In various embodiments, the upper electrodes 451A-451D and the lower electrodes
453A-453D are formed of aluminum, silicon, silicon carbide, or other machinable metals, or any
combination thereof. In one embodiment, both the upper electrodes 451A-451D and the lower
electrodes 453A-453D are formed of silicon. In various embodiments, the sidewalls enclosures,
e.g., 463B1/463B2, are formed of aluminum oxide, aluminum nitride, yttrium oxide, quartz, or
other machinable insulators, or any combination thereof. In one embodiment, each of the
sidewalls enclosures, e.g., 463B1/463B2, is formed of aluminum oxide.

[0050] In various embodiments, the upper insulator sheets 465A-465D and the lower insulator
sheets 467A-467D, are formed of aluminum oxide, aluminum nitride, yttrium oxide, quartz, or
other machinable insulators, or any combination thereof. In one embodiment, each of the upper
insulator sheets 465A-465D and the lower insulator sheets 467A-467D is formed of aluminum
oxide. In various embodiments, the upper ground plates 469A-469D and the lower ground plates
471A-471D are formed of aluminum, silicon, silicon carbide, or other machinable metals, or any

combination thereof. In one embodiment, both the upper ground plates 469A-469D and the
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lower ground plates 471 A-471D are formed of silicon.

[0051] It should be understood that the structure of the plasma generation microchamber 409B is
representative of the structure of each of the plasma generation microchambers 409C and 409D.
Each of the plasma microchambers 409B, 409C, and 409D in the example system 400 of Figures
1A-2D is annular-shaped. More specifically, each of the upper electrode 451B, upper insulator
sheet 465B, upper ground plate 469B, lower electrode 453B, lower insulator sheet 467B, and
lower ground plate 471B in the plasma generation microchamber 409B, and its equivalent in the
plasma generation microchambers 409C and 409D, has an annular area when viewed
perpendicular to its upper or lower surface. Also, the sidewall enclosure 463B1/463B2 in the
plasma generation microchamber 409B, and its equivalent in the plasma generation
microchambers 409C and 409D, includes an inner ring-shaped sidewall 463B2 and an outer
ring-shaped sidewall 463B1 when viewed perpendicular to their upper or lower surface, such
that each of the plasma generation microchambers 409B, 409C, and 409D is annular-shaped.
[0052] Also, it should be understood that the structure of the plasma generation microchamber
409B is representative of the structure of the plasma generation microchamber 409A, with the
exception of the overall shape of the plasma generation microchamber 409A. While the plasma
generation microchamber 409B is annular-shaped, the plasma generation microchamber 409A is
cylindrically-shaped. More specifically, in the plasma generation microchamber 409A, each of
the upper electrode (like 451B), upper insulator sheet (like 465B), upper ground plate (like
469B), lower electrode (like 453B), lower insulator sheet (like 467B), and lower ground plate
(like 471B) has a circular area when viewed perpendicular to its upper or lower surface. Also, in
the plasma generation microchamber 409A, the sidewall enclosure (like 463B1) is ring-shaped
when viewed perpendicular to its upper or lower surface, such that the plasma generation
microchamber 409A is cylindrically-shaped.

[0053] With reference back to Figure 2A, it should be understood that the top plate assembly
407 is a plasma generation and axial exhaust assembly. In the top plate assembly 407, the
support structures 414A-414D are affixed to the upper support plate 408 so as to extend in a
substantially perpendicular direction away from the upper support plate 408. The plasma
generétion microchamber 409A is a central cylindrically-shaped plasma generation
microchamber 409A affixed to a first portion of the support structures 414A at a location
substantially centered upon the upper support plate 408. The plasma generation microchambers
409B-409D represent a plurality of annular-shaped plasma generation microchambers 409B-

409D affixed to corresponding portions of the number of support structures 414B-414D,
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respectively. The plurality of annular-shaped plasma generation microchambers 409B-409D are

positioned in a concentric manner about the central cylindrically-shaped plasma generation
microchamber 409A.

[0054] Adjacently positioned ones of the central cylindrically-shaped plasma generation
microchamber 409A and the plurality of annular-shaped plasma generation microchambers
409B-409D are spaced apart from each other so as to form the axial exhaust vents 410A-410D
therebetween. Each axial exhaust vent 410A-410D is fluidly connected to a fluid flow region
between the support structures 414A-414D and between the upper support plate 408 and each of
the plurality of annular-shaped plasma generation microchambers 409B-409D. The fluid flow
region is fluidly connected to the peripheral exhaust vent 412 formed at the periphery of the
upper support plate 408, between the upper support plate 408 and the outermost one of the
plurality of annular-shaped plasma generation microchambers 409D.

[0055] Each of the central cylindrically-shaped plasma generation microchamber 409A and the
plurality of annular-shaped plasma generation microchambers 409B-409D includes a plasma
generation region (like 480B) fluidly connected to the process gas supply 443. Each of the
central cylindrically-shaped plasma generation microchamber 409A and the plurality of annular-
shaped plasma generation microchambers 409B-409D includes an upper electrode (like 451B)
disposed in exposure to the plasma generation region (like 480B), and a lower electrode (like
453B) disposed in exposure to the plasma generation region (like 480B). In one embodiment,
each of the upper electrodes (like 451B) and each of the lower electrodes (like 453B) is
electrically connected to a separate independently controllable power supply 441.

[0056] In each of the central cylindrically-shaped plasma generation microchamber 409A and
the plurality of annular-shaped plasma generation microchambers 409B-409D, each of the upper
electrodes (like 451B) and lower electrodes (like 453B) is physically separated by an electrically
insulating sidewall enclosure (like 463B1/463B2). The sidewall enclosure (like 463B1/463B2)
forms a peripheral boundary of the plasma generation region (like 480B). Also, each of the
central cylindrically-shaped plasma generation microchamber 409A and the plurality of annular-
shaped plasma generation microchambers 409B-409D includes the output passages (like 455B)
formed to direct a fluid flow from the plasma generation region (like 480B) in a direction
substantially perpendicular to and away from the upper support plate 408.

[0057] Also, each of the central cylindrically-shaped plasma generation microchamber 409A and
the plurality of annular-shaped plasma generation microchambers 409B-409D includes an upper

ground plate (like 469B) affixed to its corresponding portion of the number of support structures
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414A-414D. Also, each of the central cylindrically-shaped plasma generation microchamber

409A and the plurality of annular-shaped plasma generation microchambers 409B-409D
includes, an upper insulator sheet (like 465B) disposed between the upper ground plate (like
469B) and the upper electrode (like 451B).

[0058] Also, each of the central cylindrically-shaped plasma generation microchamber 409A and
the plurality of annular-shaped plasma generation microchambers 409B-409D includes a lower
insulator sheet (like 467B) disposed on a lower surface of the lower electrode (like 453B)
opposite from the plasma generation region (like 480B). Also, each of the central cylindrically-
shaped plasma generation microchamber 409A and the plurality of annular-shaped plasma
generation microchambers 409B-409D includes a lower ground plate (like 471B) disposed on a
lower surface of the lower insulator sheet (like 467B) opposite from the lower electrode (like
453B).

[0059] With reference back to Figure 1A, the semiconductor substrate processing system 400
includes the substrate support 107 defined to support the substrate 105 in exposure to the
substrate processing region 106. The top plate assembly 407 is positioned above and spaced
apart from the substrate support 107, such that the substrate processing region 106 exists
between the top plate assembly 407 and the substrate support 107. The top plate assembly 407
includes the central plasma generation microchamber 409A at a location substantially centered
on the top plate assembly 407. The top plate assembly 407 also includes a plurality of annular-
shaped plasma generation microchambers 409B-409D positioned in a concentric manner about
the central plasma generation microchamber 409A.

[0060] Adjacently positioned ones of the central plasma generation microchamber 409A and the
plurality of annular-shaped plasma generation microchambers 409B-409D are spaced apart from
each other so as to form a number of axial exhaust vents 410A-410D therebetween. Also, each
~ of the central plasma generation microchamber 409A and the plurality of annular-shaped plasma
generation microchambers 409B-409D is defined to generate a corresponding plasma therein and
supply reactive constituents of its plasma to the substrate proceésing region 106 between the top
plate assembly 407 and the substrate support 107.

[0061] Each of the central plasma generation microchamber 409A and the plurality of annular-
shaped plasma generation microchambers 409B-409D includes a plasma generation region (like
480B) bounded by an upper electrode (like 451B), a lower electrode (like 453B), and an
electrically insulating sidewall enclosure (like 463B1/463B2) extending between the upper
electrode (like 451B) and the lower electrode (like 453B), so as to enclose the plasma generation
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region (like 480B). Each of the upper electrode (like 451B) and the lower electrode (like 453B)

of each of the central plasma generation microchamber 409A and the plurality of annular-shaped
plasma generation microchambers 409B-409D is electrically connected to receive power from a
respective independently controllable power supply 441. Also, each of the central plasma
generation microchamber 409A and the plurality of annular-shaped plasma generation
microchambers 409B-409D is fluidly connected to receive a process gas from a respective
process gas supply 443. The axial exhaust vents 410A-410D are fluidly connected to a peripheral
exhaust vent 412 within the chamber outside a periphery of the substrate support 107.

[0062] It should be understood that in various embodiments, the different plasma generation
microchambers 409A-409D can be process controlled with regard to gas type, gas flow rate, gas
pressure, power frequency, power amplitude, on duration, off duration, and timing sequence.
Also, the different plasma generation microchambers 409A-409D can be operated in either a
continuous manner, a pulsed manner, or a sequenced manner.

[0063] Figure 3 shows a flowchart of a method for processing a semiconductor substrate, in
accordance with one embodiment of the present invention. The method includes an operation
501 for placing a substrate on a substrate support in exposure to a substrate processing region.
The method also includes an operation 503 for supplying one or more process gases and
radiofrequency power to each of a central plasma generation microchamber and a plurality of
annular-shaped plasma generation microchambers positioned above the substrate support in
exposure to the substrate processing region. The radiofrequency power transforms the one or
more process gases into a plasma in each of the central plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers. In one embodiment, the supply of
the one or more process gases and radiofrequency power in operation 503 is separately and
independently controlled for each of the central plasma generation microchamber and the
pluralify of annular-shaped plasma generation microchambers.

[0064] The method further includes an operation 505 for flowing reactive constituents of the
plasma from each of the central plasma generation microchamber and the plurality of annular-
shaped plasma generation microchambers into the substrate processing region so as to expose
the substrate to the reactive constituents. The method also includes an operation 507 for
removing process gases from the substrate processing region through axial exhaust vents located
between adjacently positioned ones of the central plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers.

[0065] In one embodiment, the method also includes operating the upper electrode and the lower
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electrode in each of the central plasma generation microchamber and the plurality of annular-

shaped plasma generation microchambers in a push-pull manner to generate ballistic electrons
and direct the ballistic electrons into the substrate processing region. Also, in one embodiment,
the method includes applying a bias power to a bias electrode disposed within the substrate
support to influence movement of charged species within the substrate processing region. Also,
in one embodiment, the method includes removing process gases from the substrate processing
region through a radial exhaust vent located at a periphery of the substrate support.

[0066] The top plate assembly 407 disclosed herein provides for embedding of remote plasma
sources, i.e., plasma generation microchambers 409A-409D, within a plasma processing
chamber 401. In this instance, remote plasma sources refer to the plasma being generated within
the plasma generation regions (like 480B) of the plasma generation microchambers 409A-409D,
where the plasma generation regions (like 480B) are not in direct open exposure to the substrate.
In other words, the plasma generation microchambers 409A-409D of the top plate assembly 407
are considered remote plasma sources because the reactive constituents must travel from the
plasma generation regions (like 480B) through the outlet passages (like 455B) to reach the
substrate processing region 106.

[0067] The plasma generation microchambers 409A-409D provide for independent radical
generation in their respective plasma generation regions (like 480B). Also, the plasma generation
microchambers 409A-409D provide for electron beam generation and injection into the substrate
processing region 106 to enhance an electron beam excited plasma (EBEP) effect within the
substrate processing region 106. The use of radially segmented plasma generation
microchambers 409A-409D, i.e., annular-shaped remote plasma sources, provides for control of
the radial distribution of radicals and ions across the substrate processing region parallel to the
substrate support 107. It should be understood that while the example embodiment shown and
described with regard to Figures 1A-2D includes four concentric plasma §eneration
microchambers 409A-409D, other embodiments may utilize either more or less plasma
generation microchambers. Additionally, other embodiments may utilize plasma generation
microchambers of varying size as a function of radial location relative to the substrate support.
Also, in one embodiment, the system 400 includes a hollow anode ground electrode at a
boundary area between the outermost plasma generation microchamber and the chamber 401 to
enhance the EBEP effect and reduce the plasma potential within the chamber 401.

[0068] Also, it should be understood that the axial exhaust vents 410A-410D within the top

plate assembly 407 provide for enhanced process gas and byproduct residence time control
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within the substrate processing region 106. For example, in some applications, a low residence

time is required to reduce byproduct redeposition. In one embodiment, the axial exhaust vents
410A-410D in the top plate assembly 407 provide for a residence time of process gas within the
substrate processing region of less than 10 milliseconds. Also, it should be understood that the
axial exhaust vents 410A-410D in the top plate assembly 407 provide for a substantially
increased conductance of process gas through the substrate processing region 106 as compared
to use of the radial exhaust vent 426 alone. For example, in one embodiment, the radial exhaust
vent 426 alone provides for process gas conductance of about 510 liters per second through the
substrate processing region 106, whereas the combination of the axial exhaust vents 410A-410D
with the radial exhaust vent 426 provides for process gas conductance of about 1270 liters per
second through the substrate processing region 106.
[0069] In view of the disclosure herein, it should be appreciated that the semiconductor substrate
processing system 400, and top plate assembly 407 implemented therein, provides the following
enhancements, among others:

¢ independent ion and neutral flux control across the substrate during substrate processing

operations,
¢ independent control of the ion bombardment energy onto the substrate, and
e across substrate process gas and byproduct management associated with etch and
deposition processes.

[0070] 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:



MCSLLP

20

CLAIMS

1. A plasma generation and axial exhaust assembly, comprising:

an upper support plate;

a number of support structures affixed to the upper support plate so as to extend in a
substantially perpendicular direction away from the upper support plate;

a central cylindrically-shaped plasma generation microchamber affixed to a first
portion of the number of support structures at a location substantially centered upon the
upper support plate; and

a plurality of annular-shaped plasma generation microchambers affixed to
corresponding portions of the number of support structures, the plurality of annular-shaped
plasma generation microchambers positioned in a concentric manner about the central
cylindrically-shaped plasma generation microchamber,

wherein adjacently positioned ones of the central cylindrically-shaped plasma
generation microchamber and the plurality of annular-shaped plasma generation
microchambers are spaced apart from each other so as to form a number of axial exhaust
vents therebetween, wherein each axial exhaust vent is fluidly connected to a fluid flow
region between the number of support structures and between the upper support plate and
each of the plurality of annular-shaped plasma generation microchambers, wherein the fluid
flow region is fluidly connected to a peripheral exhaust vent formed at a periphery of the
upper support plate between the upper support plate and an outermost one of the plurality

of annular-shaped plasma generation microchambers.
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2. A plasma generation and axial exhaust assembly as recited in claim 1,
wherein each of the central cylindrically-shaped plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers includes a plasma generation

region fluidly connected to a process gas supply.

3. A plasma generation and axial exhaust assembly as recited in claim 2,
wherein each of the central cylindrically-shaped plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers includes an upper electrode
disposed in exposure to the plasma generation region, and a lower electrode disposed in

exposure to the plasma generation region.

4. A plasma generation and axial exhaust assembly as recited in claim 3,
wherein each of the upper and lower electrodes is electrically connected to a separate

independently controllable power supply.

5. A plasma generation and axial exhaust assembly as recited in claim 3,
wherein each of the upper and lower electrodes is physically separated by an electrically
insulating sidewall enclosure, wherein the sidewall enclosure forms a peripheral boundary

of the plasma generation region.

6. A plasma generation and axial exhaust assembly as recited in claim 5,
wherein each of the central cylindrically-shaped plasma generation microchamber and the

plurality of annular-shaped plasma generation microchambers includes a number of output
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passages formed to direct a fluid flow from the plasma generation region in a direction

substantially perpendicular to and away from the upper support plate.

7. A plasma generation and axial exhaust assembly as recited in claim 6,
wherein each of the central cylindrically-shaped plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers includes an upper ground
plate affixed to its corresponding portion of the number of support structures, and an upper

insulator sheet disposed between the upper ground plate and the upper electrode.

8. A plasma generation and axial exhaust assembly as recited in claim 7,
wherein each of the central cylindrically-shaped plasma generation microchamber and the
plurality of annular-shaped plasma generation microchambers includes a lower insulator
sheet disposed on a lower surface of the lower electrode opposite from the plasma
generation region, and a lower ground plate disposed on a lower surface of the lower

insulator sheet opposite from the lower electrode.

9. A plasma generation and axial exhaust assembly as recited in claim 8,
wherein each of the upper insulator sheet and the lower insulator sheet has an electrical

resistance within a range extending from about 50 picoFarads to about 70 picoFarads.

10. A plasma generation and axial exhaust assembly as recited in claim 5,
wherein the sidewall enclosure has an electrical resistance within a range extending from

about 3 picoFarads to about 10 picoFarads.
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11. A semiconductor substrate processing system, comprising:

a substrate support defined to support a substrate in exposure to a processing region;
and

a top plate assembly positioned above and spaced apart from the substrate support,
such that the processing region exists between the top plate assembly and the substrate
support, the top plate assembly including a central plasma generation microchamber at a
location substantially centered on the top plate assembly, the top plate assembly also
including a plurality of annular-shaped plasma generation microchambers positioned in a
concentric manner about the central plasma generation microchamber,

wherein adjacently positioned ones of the central plasma generation microchamber
and the plurality of annular-shaped plasma generation microchambers are spaced apart
from each other so as to form a number of axial exhaust vents therebetween, and

wherein each of the central plasma generation microchamber and the plurality of
annular-shaped plasma generation microchambers is defined to generate a corresponding
plasma therein and supply reactive constituents of its plasma to the processing region

between the top plate assembly and the substrate support.

12. A semiconductor substrate processing system as recited in claim 11, wherein
the number of axial exhaust vents are fluidly connected to a peripheral exhaust vent within

the chamber outside a periphery of the substrate support.

13. A semiconductor substrate processing system as recited in claim 11, wherein

each of the central plasma generation microchamber and the plurality of annular-shaped
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plasma generation microchambers includes a plasma generation region bounded by an
upper electrode, a lower electrode, and an electrically insulating sidewall enclosure
extending between the upper and lower electrodes so as to enclose the plasma generation

region.

14. A semiconductor substrate processing system as recited in claim 13, wherein
each of the upper and lower electrodes of each of the central plasma generation
microchamber and the plurality of annular-shaped plasma generation microchambers is

electrically connected to receive power from a respective independently controllable power

supply.

15. A semiconductor substrate processing system as recited in claim 13, wherein
each of the central plasma generation microchamber and the plurality of annular-shaped
plasma generation microchambers is fluidly connected to receive a process gas from a

respective process gas supply.

16. A semiconductor substrate processing system as recited in claim 13, wherein
each of the central plasma generation microchamber and the plurality of annular-shaped
plasma generation microchambers includes an upper ground plate and an upper insulator

sheet disposed between the upper ground plate and the upper electrode.

17. A semiconductor substrate processing system as recited in claim 16, wherein

each of the central plasma generation microchamber and the plurality of annular-shaped
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plasma generation microchambers includes a lower insulator sheet disposed on a lower
surface of the lower electrode opposite from the plasma generation region, and a lower
ground plate disposed on a lower surface of the lower insulator sheet opposite from the

lower electrode.

18. A semiconductor substrate processing system as recited in claim 17, wherein
the sidewall enclosure has an electrical resistance within a range extending from about 3

picoFarads to about 10 picoFarads.

19. A semiconductor substrate processing system as recited in claim 18, wherein
each of the upper insulator sheet and the lower insulator sheet has an electrical resistance

within a range extending from about 50 picoFarads to about 70 picoFarads.

20. A semiconductor substrate processing system as recited in claim 17, wherein
the top plate assembly includes an upper support plate and a number of support structures
affixed to the upper support plate so as to extend in a substantially perpendicular direction
away from the upper support plate toward the substrate support, wherein the central plasma
generation microchamber is affixed to some of the number of support structures, and
wherein each of the plurality of annular-shaped plasma generation microchambers is

affixed to some of the number of support structures.

21. A semiconductor substrate processing system as recited in claim 20, wherein

each axial exhaust vent is fluidly connected to a fluid flow region between the number of
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support structures and between the upper support plate and each of the plurality of annular-
shaped plasma generation microchambers, wherein the fluid flow region is fluidly
connected to a peripheral exhaust vent formed at a periphery of the upper support plate
between the upper support plate and an outermost one of the plurality of annular-shaped

plasma generation microchambers.



