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CROSS-REFERENCE TO RELATED APPLICATION
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entitled INDUCTIVELY COUPLED PLASMA SOURCE WITH
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Patent Application Serial No. 13/897,585 filed May 20,
2013 entitled SYMMETRICAL INDUCTIVELY COUPLED PLASMA
SOURCE WITH COAXIAL RF FEED AND COAXIAL SHIELDING, by
Jason A. Kenney, et al.; U.S. Patent Application Serial
No. 13/666,224 filed November 1, 2012 entitled
SYMMETRICAL INDUCTIVELY COUPLED PLASMA SOURCE WITH
SYMMETRICAL FLOW CHAMBER, by Andrew Nguyen, et al.; U.S.
Patent Application Serial No. 13/666,245 filed November
1, 2012 entitled INDUCTIVELY COUPLED PLASMA SOURCE WITH
PLURAL TOP COILS OVER A CEILING AND AN INDEPENDENT SIDE
COIL, by Andrew Nguyen, et al.; and U.S. Patent
Application Serial No. 13/666,280 filed November 1, 2012
entitled INDUCTIVELY COUPLED PLASMA SOURCE WITH MULTIPLE
DIELECTRIC WINDOWS AND WINDOW-SUPPORTING STRUCTURE, by

Andrew Nguyen, et al., all of which applications claim
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the benefit of U.S. Provisional Application Serial No.
61/673,937 filed July 20, 2012 entitled SYMMETRICAL
MULTIPLE COAXIAL ICP SOURCE AND SYMMETRICAL FLOW CHAMRER,

by Andrew Nguyen et al.

BACKGROUND
Field:
[2] Embodiments of the present invention are generally
concerned with a plasma processing reactor chamber for
processing workpieces, in which plasma is generated by
inductive coupling of RF power to process gases inside

the chamber.

Description of the Related Art:

[3] Electronic devices such as integrated circuits,
flat panel displays and the like, are fabricated by a
series of processes, in which thin film layers are
deposited on substrates and etched into desired patterns.
The process steps may include plasma-enhanced reactive
ion etching (RIE), plasma-enhanced chemical vapor
deposition (CVD), plasma-enhanced physical wvapor

deposition (PVD).

[4] Uniform distribution of etch rate or deposition
rate across the entire surface of the substrate is
essential for successful fabrication. Such uniformity is
becoming more difficult to achieve, as substrate size is
increasing and device geometry is shrinking. 1In
particular, inductively coupled plasma sources can have

two concentrically arranged coil antennas over the
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chamber ceiling, so that uniformity of etch rate
distribution can be optimized by adjusting the different
RF power levels delivered to the different coil antennas.
As workpiece diameter and chamber diameter increase, we
have found this approach is not adegquate, as the larger
size increases the difficultly of attaining the requisite
process uniformity. Various sources of process non-
uniformity, such as chamber design asymmetries,
temperature distribution non-uniformities and gas

distribution control become more important.

SUMMARY
[5] A plasma reactor comprises a window assembly
adjacent a processing region, inner, middle and outer
coil antennas adjacent the window assembly, and inner,
middle and outer current distributors coupled to the
inner, middle and outer coil antennas, respectively. A
ceiling plate overlies the window assembly. First,
second and third RF power terminals are disposed at the
ceiling plate. First, second and third axial RF power
feeds are connected between respective ones of the first,
second and third RF power terminals and the inner, middle
and outer current distributors. The third axial RF power
feed comprises a hollow axial outer RF power distribution
cylinder surrounding the first and second axial RF power

feeds.

[6] In one embodiment having coaxial symmetry, the
second axial RF power feed comprises a hollow axial

middle RF power distribution cylinder surrounding the
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first axial RF power feed. In a related embodiment, the
first axial RF power feed comprises a center RF
connection rod, and the center RF connection rod, the
hollow middle RF power distribution cylinder and the
outer RF distribution cylinder are coaxial. 1In a related
embodiment, the inner, middle and outer coil antennas are

coaxial with the center RF connection rod.

[7] In one embodiment, the plasma reactor further
comprises a plenum plate spaced from and below the
ceiling plate and comprising a central opening. In a
related embodiment, the outer RF distribution cylinder
extends through the central opening with a gap between
the plenum plate and the outer RF distribution cylinder,
and a radial flange extends from the outer RF

distribution cylinder and overlies the gap.

[8] In one embodiment, the plasma reactor further
comprises: (a) plural radial middle arms extending
outwardly from the middle RF distribution cylinder and
plural axial middle legs extending from the plural radial
middle arms to spaced apart locations on the middle
current distributor, and (b) plural radial outer arms
extending outwardly from the outer RF distribution
cylinder and plural axial outer legs extending from the
plural radial arms to spaced apart locations on the outer

current distributor.

[9] In a related embodiment, a ground plate is

provided below the plenum plate and above the middle
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current distributor, the plural axial middle legs
extending through the ground plate. In one embodiment,
the plural axial outer legs extend through the ground
plate.

[10] In a related embodiment, each one of the inner,
middle and outer coil antennas comprises plural
conductors having RF supply ends, and each one of the
inner, middle and outer current distributors comprises an
axially symmetric hollow body comprising a bottom facing
the supply ends of the plural conductors of the
corresponding one of the inner, middle and outer coil

antennas.

[11] In a further embodiment, the plasma reactor
further comprises plural spaced-apart reactance elements
connected between the plenum plate and the outer RF power
distribution cylinder. 1In one embodiment, the reactance

elements comprise discrete capacitors.

[12] In a yet further embodiment, RF shielding is
provided, comprising: (a) a hollow cylindrical inner
shield between the center RF connection rod and the
middle RF distribution cylinder, and (b) a hollow
cylindrical upper shield between the middle RF
distribution cylinder and the outer RF distribution

cylinder, the upper shield comprising a bottom edge.

[13] In one embodiment, the plenum plate is spaced from

and below the ceiling plate and comprises a central
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opening, the upper shield extending through the central
opening and defining an inner gap between the plenum
plate and the upper shield. 1In a related embodiment, a
skirt extends radially out from the upper shield near the

bottom edge and overlies the inner gap.

[14] In a related embodiment, the shielding further
comprises: (a) a middle cylindrical shield extending
axially from the plenum plate toward the ground plate and
surrounding the plural axial middle legs, (b) a lower
cylindrical shield extending downwardly from the ground
plate, and (c) a bottom shield extending downwardly from
the bottom edge of the lower cylindrical shield. In a
related embodiment, a cylindrical base extends axially
from the bottom shield, the cylindrical base surrounding
the middle coil. 1In one embodiment, the bottom shield
comprises a hollow truncated cone. In one embodiment,
the shielding further comprises a floor encircled by the

cylindrical base.

BRIEF DESCRIPTION OF THE DRAWINGS
[15] So that the manner in which the exemplary
embodiments of the present invention are attained can be
understood in detail, a more particular description of
the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are
illustrated in the appended drawings. It is to be
appreciated that certain well known processes are not

discussed herein in order to not obscure the invention.
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[16] FIG. 1 is a cut-away view of a plasma reactor of

an embodiment the invention.

[17] FIG. 1A is an enlarged view of an upper section of

the reactor of FIG. 1.

[18] FIG. 1B is an enlarged view of a lower section of

the reactor of FIG. 1.

[19] FIG. 2 illustrates an inner zone inductive RF

power applicator of the reactor of FIG. 1.

[20] FIG. 3 illustrates an intermediate or middle zone

inductive RF power applicator of the reactor of FIG. 1.

[21] FIG. 4 illustrates an outer zone inductive RF

power applicator of the reactor of FIG. 1.

[22] FIG. 5 illustrates a conductive RF power feeder

for the RF power applicator of FIG. 3.

[23] FIG. 6 illustrates a conductive RF power feeder

for the RF power applicator of FIG. 4.

[24] FIG. 7 is a cut-away cross-sectional view of a

portion of a lid assembly of the reactor of FIG. 1.

[25] FIG. 8 is a plan view of a heater layer covering a
disk-shaped dielectric window of the 1lid assembly of FIG.
7.



WO 2014/014568 PCT/US2013/044225

[26] FIG. 9 is an orthographic projection of a heater
layer covering a cylindrical dielectric window depicted

with the 1lid assembly of FIG. 7.

[27] FIG. 10 is a plan view of the 1lid assembly of FIG.
7.
[28] FIG. 11A is a plan view corresponding to FIG. 10

depicting gas flow passages in a gas flow plate of the

1lid assembly.

[29] FIG. 11B is a view of an opposite side of the gas
flow plate of FIGS. 7 and 11A.

[30] FIG. 12 is a plan view corresponding to FIG. 10
and depicting gas flow paths to a center hub.

[31] FIG. 12A is an orthographic projection
corresponding to a portion of FIG. 12 depicting
encasement of a gas flow conduit in a portion of the

heater layer of FIG. 8.

[32] FIG. 12B is a cut-away elevational view

corresponding to FIG. 12A.

[33] FIG. 13 is an enlarged cut-away view of a center

gas disperser of the reactor of FIG. 1.
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[34] FIG. 14 is a plan view of the center gas disperser
of FIG. 13.
[35] FIG. 15 is a cross-sectional view taken along

lines 15-15 of FIG. 14.

[36] FIG. 16 is a cross-sectional view taken along

lines 16-16 of FIG. 14.

[37] FIG. 17 is a cross-sectional view taken along

lines 17-17 of FIG. 1B.

[38] FIG. 18 is a cross-sectional view taken along

lines 18-18 of FIG. 1B.

[39] FIG. 19 is a view corresponding to FIG. 1A and

depicting cooling air flow paths.

[40] FIGS. 20A and 20B are block diagrams of
alternative embodiments of RF power sources for the RF

power applicators of FIG. 1A.

[41] FIG. 21 is a block diagram of a control system
controlling the reactor of FIG. 1.

[42] FIG. 22 is a cross-sectional elevational view of a
further embodiment in which RF feeds to the coil antennas

have triangular symmetry.
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[43] FIG. 23 depicts an assembly including an outer
coil RF feed of FIG. 22.

[44] FIG. 24 depicts an assembly including a middle
coil RF feed and an outer coil RF feed of FIG. 22

[45] FIG. 24A is a cross-sectional view along lines

24A-24A of FIG. 23.

[46] FIG. 25 depicts the outer coil RF feed of FIG. 22.

[47] FIG. 26 depicts the middle coil RF feed of FIG.

22.
[48] FIG. 27 depicts the inner coil RF feed of FIG. 22.
[49] FIG. 28 is a cross-sectional elevational view of a

further embodiment in which RF feeds to the coill antennas

have coaxial symmetry.

[50] FIG. 29 depicts an assembly including a middle
coll RF feed and an outer coil RF feed of FIG. 28.

[51] FIG. 30 depicts an assembly including an outer
coil RF feed of FIG. 28.

[52] FIG. 31 depicts an assembly including a middle
coil RF feed of FIG. 28.

10
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[53] FIG. 32 is a cross-sectional elevational view of a
further embodiment with coaxial RF feeds to the coil
antennas having a symmetrical array of capacitors

connected in parallel with the outer coil RF feed.

[54] FIG. 33 depicts an assembly including an outer
coil RF feed of FIG. 32.

[55] FIG. 34 depicts the assembly of FIG. 33 further
depicting the array of capacitors of FIG. 32.

[56] FIG. 35 is a cross-sectional elevational view of a
further embodiment having coaxial shielding between the

RF feeds.

[57] FIG. 36 is an orthographic projection of the
coaxial shielding of FIG. 35.

[58] To facilitate understanding, identical reference
numerals have been used, where possible, to designate
identical elements that are common to the figures. It is
contemplated that elements and features of one embodiment
may be beneficially incorporated in other embodiments
without further recitation. It is to be noted, however,
that the appended drawings illustrate only exemplary
embodiments of this invention and are therefore not to be
considered limiting of its scope, for the invention may

admit to other equally effective embodiments.

DETATILED DESCRIPTION

11
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[59] A plasma reactor 10 depicted in FIG. 1 includes an
upper portion 20 depicted in the enlarged view of FIG. 1A
and a lower portion 30 depicted in the enlarged view of
FIG. 1B. Referring to FIGS. 1, 1A and 1B, the plasma
reactor 10 includes a plasma processing chamber 100
having a side wall 105 and a 1lid assembly 110. The side
wall 105 has an axially symmetrical shape, such as a
cylinder. The side wall 105 includes an axially
symmetrical (e.g., cylindrical) dielectric side window
106 and a chamber liner 107, which may be formed of
metal. A workpiece support 115 inside the chamber 100
includes a pedestal 120 having a workpiece support
surface 121 facing the 1lid assembly 110 for holding a
workpiece 122, and a post 125 supporting the pedestal
120. A processing region 101 of the chamber 100 is
confined by the 1id assembly 110, the pedestal 120 and
the side wall 105. The pedestal 120 may include an
insulated internal electrode 130. Optionally, an
electrostatic chucking (ESC) voltage and/or RF plasma
bias power may be supplied to the internal electrode 130
via a cable 132 extending through the post 125. The
cable 132 may be coupled to an RF bias power source (such
as an RF impedance matching network and/or an RF power
generator) as an RF bias feed to the electrode 130. The
cable 132 and may be provided as a coaxial transmission
line, which may be rigid (or flexible), or as a flexible

coaxial cable.

[60] Plasma source power is inductively coupled into

the processing region 101 by a set of coil antennas,

12
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including an inner coil antenna 140, a middle coil
antenna 150 and an outer or side coil antenna 160, all of
which are concentrically disposed with respect to each
other and are coaxial with the axis of symmetry of the
side wall 105. The 1lid assembly 110 includes a disk-
shaped dielectric window 112 through which the inner and
middle coil antennas 140 and 150 inductively couple RF
plasma source power into the processing region 101. The
disk-shaped dielectric window 112 is coaxial with the
side wall 105 and has a disk-plane parallel with the
plane of the workpiece support surface 121. The side
coil antenna 160 inductively couples RF plasma source
power into the processing region 101 through the
cylindrical dielectric side window 106. The dielectric
windows 106 and 112 may be referred to collectively as a

window assembly.

[61] Referring to FIGS. 1A and 2, in one embodiment,
the inner coil antenna 140 includes four wire conductors
140-1 through 140-4, each one helically wound about a
constant radius along an arc length of 180 degrees, their
ends being staggered (i.e., offset along a
circumferential direction) at uniformly spaced 90 degree
intervals, as depicted in FIG. 2. Uniform and
symmetrical distribution of RF power to the wire
conductors 140-1 through 140-4 is provided by an RF
current distributor in the form of an inverted metal bowl
142 having a circular bottom edge 144 contacting the top
ends of each of the wire conductors 140-1 through 140-4,
and a lid 146 connected to an inner RF feed rod 148. The

13
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bottom ends of the four wire conductors 140-1 through
140-4 are grounded by connection to an inner ground
shield 149 (FIG. 1A) in the form of a cylindrical metal
sleeve coaxial with the coil antenna 140 and lying
between the inner and middle coil antennas 140 and 150.
The inner ground shield 149 provides a uniform and
symmetrical distribution of ground current from the four
wire conductors 140-1 through 140-4, and further provides
RF shielding or isolation between the inner and middle
coil antennas 140 and 150, by suppressing mutual
inductance between them. This enhances independent

control of the inner and middle coil antennas 140, 150.

[62] Referring to FIGS. 1A and 3, in one embodiment,
the middle coil antenna 150 includes four wire conductors
150-1 through 150-4, each one helically wound about a
constant radius along an arc length of 180 degrees, their
ends being staggered at uniformly spaced 90 degree
intervals, as depicted in FIG. 3. Uniform and
symmetrical distribution of RF power to the wire
conductors 150-1 through 150-4 is provided by an RF
current distributor in the form of a cylindrical metal
sleeve 152 having a circular bottom edge 154 contacting
the top ends of each of the wire conductors 150-1 through
150-4, and a circular top edge 156 connected to a
circular array of four axial RF feed rods 158. RF power
is fed to the RF feed rods 158 by a conductor structure
depicted in FIG. 5, which is described later in this

specification.

14



WO 2014/014568 PCT/US2013/044225

[63] Referring again to FIG. 1A, the bottom ends of the
four wire conductors 150-1 through 150-4 are grounded by
connection to a middle ground shield 159. The middle
ground shield 159 may be in the form of a cylinder.
However, in one embodiment depicted in dashed line in
FIG. 1A, the top of the middle ground shield 159 is a
metal ring 159-1 coaxial with the coil antenna 150. Four
conductive legs 15%a through 159d (of which only the legs
15%a and 15%c can be seen in the view of FIG. 1A) extend
axially downward from the ring 159-1 and have bottom ends
contacting the bottom ends of the four conductors 150-1
through 150-4. The middle ground shield 159 provides a
uniform and symmetrical distribution of ground current

from the four wire conductors 150-1 through 150-4.

[64] Referring to FIGS. 1A and 4, the side coil antenna
160 is disposed below the plane of the disk shaped
dielectric window 112 and surrounds the cylindrical
dielectric side window 106. In one embodiment, the side
coil antenna 160 includes eight wire conductors 160-1
through 160-8, each one helically wound about a constant
radius along an arc length of 90 degrees, their ends
being staggered at uniformly spaced 45 degree intervals,
as depicted in FIG. 4. Uniform and symmetrical
distribution of RF power to the wire conductors 160-1
through 160-8 is provided by an RF current distributor in
the form of an inverted metal bowl 162 (FIG. 1A) having a
circular bottom edge 164 attached to respective axial
conductors 161-1 through 161-8 (of which only the axial

conductors 161-1 and 161-5 are visible in the view of

15
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FIG. 1A) contacting the top ends of the wire conductors
160-1 through 160-8 respectively. The inverted metal
bowl 162 further has a circular top edge 166 connected to
a circular array of eight uniformly spaced axial RF feed
rods 168. A cylindrical outer chamber wall 170
surrounds the side coil antenna 160 and is grounded. The
bottom ends of the eight wire conductors 160-1 through
160-8 are grounded by connection to the outer chamber
wall 170. While the described embodiments include direct
connection to ground of the coil antennas 140, 150 and
160 by the ground shields 149 and 159 and the outer
chamber wall 170, respectively, the connection to ground
may not need to be a direct connection, and instead the
connection to ground may be through elements such as

capacitors, for example.

[65] Referring to FIG. 5, the four axial RF feed rods
158 associated with the middle coil antenna 150 extend to
four radial RF feed rods 172 connected to a common axial
feed rod 174. Referring to FIG. 6, the eight axial RF
feed rods 168 associated with the side coil antenna 160
extend to eight radial RF feed rods 176 connected to a
common axial feed rod 178. The axial RF feed rod 148,
the common axial feed rod 174 and the common axial feed
rod 178 couple RF power to the respective coil antennas
140, 150 and 160. The power may be supplied from a
common RF source or from different RF sources such as RF
matches (RF impedance matching networks) 180 and 182. As
will be described below with reference to FIG. 20B, an RF

impedance matching network may be employed having dual

16
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outputs in order to drive two of the coil antennas with a
first RF generator, while a second RF generator and a
second RF impedance matching network drives the third
coil antenna. Alternatively, as will be described below
with reference to FIG. 20A, three RF generators may
separately drive the three coil antennas through three
respective RF impedance matching networks. In yet
another embodiment, a single RF power generator may drive
all three coil antennas through an RF impedance matching
network having three outputs. In some implementations
of the foregoing embodiments, the RF power levels applied
to the different coil antennas may be separately adjusted
in order to control radial distribution of plasma ion
density. While described embodiments include the three
coil antennas 140, 150 and 160, other embodiments may
include only one or two of the three described coil

antennas 140, 150 and 160.

[66] Only the axial RF feed rod 148 is symmetrically
located at the axis of symmetry of the side wall 105,
while the axial feed rods 174 and 178 are located off-
center, as depicted in FIGS. 1A, 5 and 6. This feature
is asymmetrical. The axial RF feed rods 148, 158 and 168
are arrayed symmetrically relative to the axis of
symmetry of the side wall 105. A generally disk-shaped
conductive ground plate 184 generally parallel with the
workpiece support plane 121 contains openings through
which the axial RF feed rods 148, 158 and 168 extend.

The ground plate 184 provides separation between an upper

region containing the non-symmetrically arranged axial

17
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feed rods 174 and 178 (and an upper portion of the RF
feed rod 148 which is symmetrically located), and a lower
region containing only symmetrical features such as the
axial RF feed rods 148, 158 and 168. The RF feed rods
148, 158 and 168 are electrically insulated from the
ground plate 184. The ground plate 184
electromagnetically shields the processing region 101
from the effects of the asymmetric features above the
ground plate 184 and also preventing skew effects in

plasma processing of the workpiece 122.

[67] Referring to FIGS. 1 and 7, the disk-shaped
dielectric window 112 has a diameter less than the
diameter of the outer chamber wall 170. The window 112
is supported at its periphery by an annular top gas plate
200 (described later in this specification) that spans
the gap between the outer chamber wall 170 and the window
112, while maintaining the space below the window 112
free of structure that would otherwise inhibit inductive
coupling of RF power into the processing region 101. The
chamber diameter is therefore not limited by the diameter
of the disk-shaped dielectric window 112. The inner and
middle coil antennas 140 and 150 (coextensive with the
disk-shaped dielectric window 112) may control plasma ion
density distribution within an intermediate zone of a
diameter smaller than that of the workpiece or wafer 122.
Plasma density in an outer zone 1is governed by the side
coil antenna 160 through the cylindrical dielectric
window 106. This affords control of plasma ion density

distribution across the entire wafer without requiring a

18
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concomitant increase in diameter of the disk-shaped

dielectric window 112.

[68] As referred to above, the annular top gas plate
200 supports the disk-shaped dielectric window 112 and
spans the gap or distance between the outer chamber wall
170 and the periphery of the disk-shaped dielectric
window 112. The top gas plate 200 includes an annulus
202 surrounding an opening 204. A top inner edge 202a of
the annulus 202 underlies and supports an outer edge 112a
of the dielectric window 112 and surrounds the opening
204. A bottom outer edge 202b of the annulus 202 rests
on the outer chamber wall 170. The opening 204 faces the
disk-shaped dielectric window 112. The axial conductors
161-1 through 161-8 (of the outer coil antenna 160)
extend through respective insulators 171 in the top gas

plate 200.

[69] The disk-shaped dielectric window 112 and the
cylindrical dielectric side window 106 are heated and
have their respective temperatures controlled
independently of one another. They are heated and cooled
independently, by cooling from a fan system described
later in this specification and by independent heater
elements now described. A flat heater layer 220 depicted
in FIGS. 1A, 7 and 8 overlies the disk-shaped dielectric
window 112. The heater layer 220 is in the form of a
disk-shaped Faraday shield, having an outer annulus 222
and plural radial fingers 224 extending radially inwardly

from the outer annulus 222, the radial fingers 224 being

19
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separated from one another by evenly spaced apertures
226. The spacing of the radial fingers 224 (defining the
width of the apertures 226) is sufficient to permit
inductive coupling of RF power through the heater layer
220. The heater layer 220 is symmetrical with respect to
the axis of the side wall 105. In the illustrated
example, there are 24 radial fingers 224, although any
suitable number of fingers may be employed. The heater
layer 220 is heated electrically by an internal
electrically resistive element 229 (FIG. 7) within the
heater layer 220.

[70] A cylindrical Faraday shield layer 230 depicted in
FIGS. 1A and 9 is disposed between the cylindrical
dielectric window 106 and the outer coil antenna 160, and
surrounds the cylindrical dielectric side window 106.

The cylindrical Faraday shield layer 230 has upper and
lower cylindrical rings 232, 234, and plural axial legs
236 extending axially between the upper and lower rings
232, 234 and being separated by evenly spaced gaps 238.
The cylindrical Faraday shield layer 230 may be heated
electrically by an internal element (such as a heater
layer 231 shown in FIGS. 1A and 7 within or contacting
with the Faraday shield layer 230.

[71] Process gas 1is injected into the processing region
101 by a central dual-zone ceiling gas injector 300 (FIG.
1A) and a circular array of peripheral (side) gas
injectors 310 (FIG. 7). The ceiling gas injector 300 is
located at the center of the disk-shaped dielectric
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window 112. The peripheral gas injectors 310 are
supported on the top gas plate 200 near the side wall
106.

[72] Referring to FIGS. 7, 10 and 11A, the 1lid assembly
110 includes an annular gas flow plate 320. The heater
layer or Faraday shield 220 is held on the gas flow plate
320 by a spring plate 322 as shown in FIG. 7. The gas
flow plate 320 has three gas input ports 321a, 321b, 321c
(FIG. 10). The gas flow plate 320 provides recursive
gas flow paths from the input port 321la to a first =zone
of the dual zone ceiling gas injector 300, recursive gas
flow paths from the input port 321b to the other zone of
the dual zone gas injector 300, and recursive gas flow
paths from the gas input port 321c to the side gas
injectors 310. The side gas injectors 310 are fed
through respective gas ports 312 in the bottom surface of
the gas flow plate 320 visible in the bottom view of FIG.
11B. The recursive gas flow paths provide uniformly
distributed gas flow path lengths to different gas
injection zones. Uniformity control of the gas
distribution can also be enhanced by the recursive gas

flow paths.

[73] Referring to FIG. 11A, a first set or hierarchy of
recursive gas flow paths 330 in the gas flow plate 320
feeds gas to the side gas injectors 310 through the gas
ports 312. The first set of recursive gas flow paths 330
includes a half-circular gas flow path or channel 331.

The gas injection port 321c is coupled to the midpoint of
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the half-circular gas flow channel 331. The gas flow
path 331 extends around half a circle and feeds at its
ends the midpoints of a pair of arcuate gas flow paths
332 each extending a quarter circle, which in turn feed
at their respective ends the midpoints of four arcuate
gas flow paths 334 each extending around an eighth
circle. The four arcuate gas flow paths 334 feed at
their ends the midpoints of eight arcuate gas flow paths
336 each extending around a sixteenth of a circle. The
ends of the gas flow paths 336 feed the gas ports 312 for

gas flow to the side gas injectors 310.

[74] Referring to FIG. 12, gas flow to one zone of the
dual zone gas injector 300 is carried in a pair of
opposing radial gas flow lines 340, 342 overlying the
disk-shaped dielectric window 112. Gas flow to the other
zone of the dual zone gas injector 300 is carried in a
second pair of opposing radial gas flow lines 344, 346
overlying the disk-shaped dielectric window 112 and
disposed at right angles to the first pair of radial gas
flow lines 340, 342. Connection from the four radial gas
flow lines 340, 342, 344, 346 to the dual zone gas
injector 300 is provided by a gas flow hub 350 axially

coupled to the dual zone gas injector 300.

[75] Referring again to FIG. 11A, a half-circular gas
flow channel 353 provides uniform distribution of gas
flow from the gas input port 321b to the outer ends of
the first pair of radial gas flow lines 340, 342. A

quarter-circular gas flow channel 357 provides gas flow
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from the input port 321b to the midpoint of the half-

circular gas flow channel 353. A half-circular gas flow
channel 355 provides uniform gas flow from the gas input
port 321a to the outer ends of the second pair of radial

gas flow lines 344, 346.

[76] As depicted in FIGS. 12, 12A and 12B, each of the
four radial gas flow lines 340, 342, 344, 346 overlying

the disk-shaped dielectric window 112 may be enclosed in
a respective one of the radial fingers 224 of the heater

layer 220.

[77] As previously described with reference to FIGS. 1
and 12, the gas flow hub 350 provides coupling between
the four radial gas flow lines 340, 342, 344, 346 and the
dual zone gas injector 300. One example of the dual zone
gas injector 300 is depicted in FIG. 13. The dual zone
gas injector 300 of FIG. 13 includes a center gas
disperser 302 having an axial inner annular channel 302-1
extending axially and dispersing gas to a radially inner
zone A, and a middle gas disperser 304 having a slanted
middle annular channel 304-1 dispersing gas to a radially
outer zone B. The gas flow hub 350 is now described with
reference to FIGS. 13, 14A, 14B, 15 and 16. The hub 350
has four gas inlet ports 352, 354, 356 and 358 oriented
at right angles to one another and connectable to the
four radial gas flow lines 340, 342, 344, 346 as
indicated in dashed line. The gas inlet ports 352 and
354 feed respective pairs of split gas distribution lines

360, 362, respectively, that terminate at four equally
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spaced points along a circular inner distribution channel
366 that is in registration with the axial inner annular
channel 302-1 of the dual zone gas injector 300. The gas
inlet ports 356 and 358 feed respective pairs of split
gas distribution lines 370, 372, respectively, that
terminate at four equally spaced points along a circular
middle distribution channel 374 that is in registration
with the axial middle annular channel 304-1 of the dual

zone gas injector 300.

[78] Referring again to the bottom view of FIG. 11B, in
one embodiment, optional cooling passages 320 may be
provided in the gas flow plate 320, in the form of a
circular supply passage 390a and a circular return
passage 3%0b forming a continuous path. External coolant
ports 392a and 392b provided connection of the supply and
return passages 39%0a, 3%90b to an external coolant source
(not illustrated in FIG. 11B). Optionally, internal
coolant passages may be provided in the outer chamber

body wall 170 and fed through a coolant input port.

[79] Referring to FIGS. 1 and 1B, the chamber liner 107
is enclosed within a lower chamber body 400 including a
cylindrical lower chamber body side wall 405 and a lower
chamber body floor 410. The lower chamber body side wall
405 and the lower chamber body floor 410 enclose an
evacuation region 411. The chamber liner 107 includes an
upper cylindrical section 107-1 and a lower annular grid
107-2 in the form of an inverted truncated cone. A

vacuum pump 440 is disposed in a vacuum pump opening 410a
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in the floor 410 and is centered relative to the axis of
symmetry of the side wall 105. A containment wall 415
coaxial with the workpiece support 115 and a flexible
bellows 417 extending between the pedestal 120 and the
containment wall 415 enclose the workpiece support 115 in
an internal central space 419. The central space 419 is
isolated from the volume evacuated by the vacuum pump
440, including the evacuation region 411 and the
processing region 101. Referring to FIGS. 1B, 17 and 18,
there are three hollow radial struts 420 defining radial
access passages 421 spaced at 120 degree intervals
extending through the chamber body side wall 405 and
providing access to the central space 419. Three axial
exhaust passages 430 are defined between the three radial
struts 420. Different utilities may be provided through
different ones of the radial access passages 421,
including the RF power cable 132 connected to the
electrode 130, heater voltage supply lines connected to
heater elements in the workpiece support 115, an
electrostatic chucking voltage supply line connected to
the electrode 130, coolant supply lines and helium supply
lines for backside helium gas channels in the workpiece
support surface 121, for example. A workpiece support
lift actuator 450 is fixed with respect to the chamber
body and moves the workpiece support 115 axially. The
workpiece support 1lift actuator 450 may be used to wvary
the distance between the workpiece 122 and the 1lid
assembly 110. Varying this distance varies the
distribution of plasma ion density. Movement of the 1ift

actuator may be used to improve uniformity of
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distribution of process (e.g., etch) rate across the
surface of the workpiece 122. The 1lift actuator 450 may
be controlled by the user through a programmable

controller, for example.

[80] The axially centered exhaust assembly including
the vacuum pump opening 410a and the axial exhaust
passages 430 avoids asymmetries or skew in processing
distribution across the workpiece 122. The annular grid
107-2 masks the processing region 101 from the
discontinuities or effects of the radial struts 420. The
combination of the axially centered exhaust assembly with
the symmetrical distribution of RF current flow below the
ground plate 184 minimize skew effects throughout the
processing region 101, and enhance process uniformity in

the processing region 101.

[81] FIG. 19 depicts cooling air flow through the upper
section 20 of FIG. 1A. Referring to FIGS. 1A and 19, a
chamber body side wall 406 surrounds the 1lid assembly
110. A lower plenum wall 500 in the form of a truncated
cone, for example, is mounted between the top edge of the
chamber body side wall 406 and the peripheral edge of the
ground plate 184, to enclose a lower plenum 502. A
circular array of exhaust fans 504 are mounted in

respective openings 506 in the lower plenum wall 500.

[82] The ground plate 184 has a center opening 600 that

is co-extensive with the inner ground shield 149. A

cylindrical plenum center wall 606 is coextensive with
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the center opening 600. A plenum plate 610 overlies the
plenum center wall 606. A return chamber 612 is enclosed
between a return chamber side wall 608, the plenum plate
610, the ground plate 184 and the center wall 606. The
return chamber side wall 608 includes air flow screen
sections 609. Openings 614 through the ground plate 184
permit air flow between the lower plenum 502 and the

return chamber 612.

[83] An upper plenum 650 is enclosed between a top
plate 655 and the plenum plate 610 by an upper plenum
side wall 660 in the form of a truncated cone. Plural
intake fans 665 are mounted at respective openings 667 in

the upper plenum side wall 660.

[84] The intake fans 665 draw air into the upper plenum
650 which flows down through the central opening formed
by the center wall 606, the ground plate opening 600 and
the middle grounded shield 149. An annular air flow
plate 670 overlying the disk-shaped dielectric window 112
confines the air flow between the plate 670 and the
window 112. This air may flow through the apertures 226
of the Faraday shield 220 of FIG. 8, for example.
Alternatively (or in addition), the air may be confined
in a gap between the air flow plate 670 and the window
112. Downward air flow through the cylindrical shield
149 enters the space within each aperture 226 through a
central opening of the plate 670 and flows radially
outwardly over the disk-shaped dielectric window 112 and

enters the lower plenum 502. From the lower plenum 502,
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the air escapes into the return chamber 612, from which
it may exit through the screen sections 609 of the return
chamber side wall 608. Thus, the intake fans 665 provide

cooling for the disk-shaped dielectric window 112.

[85] The exhaust fans 504 provide cooling for the
cylindrical dielectric window 106. The exhaust fans 504
draw air through intake ports 680 in the lower chamber
side wall 170 and past the cylindrical dielectric window
106. By operating the intake fans 665 independently from
the exhaust fans 504, the different heat loads on the
different dielectric windows 106 and 112 may be
compensated independently, for accurate temperature

control of each window.

[86] FIG. 20A depicts one embodiment of an RF source
for the three coil antennas 140, 150, 160, the RF source
having independent RF generators 740-1, 740-2, 740-3, and
RF impedance matching networks 742-1, 742-2, 742-3 for
the respective coil antennas 140, 150, 160. FIG. 20B
depicts an embodiment in which the inner and middle coil
antennas 140, 150 are driven from a single RF generator
750-1 through an RF impedance matching network 180 having
dual outputs. The dual output RF impedance matching
network 180 may facilitate differential control of the
power levels applied to the inner and middle coil
antennas 140, 150. The outer coil antenna 160 is driven
by an RF generator 750-2 through an RF impedance matching
network 182. The dual output RF impedance matching

network 180 functions as two separate RF power sources,
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so that there are a total of three RF power sources in
the system. In each of the foregoing embodiments, the RF
impedance matching networks may be disposed on the top

plate 655 as depicted in FIG. 1A.

[87] FIG. 21 depicts a control system for controlling
the plasma reactor of FIG. 1. The control system is
responsive to temperature sensors at different locations
within the plasma reactor, such as a temperature sensor
106’ at or in the cylindrical dielectric window 106, and
a temperature sensor 112’ at or in the disk-shaped
dielectric window 112. The control system includes a
programmable controller 800 which may be implemented as a
microprocessor, for example. The controller 800 has an
input 802 for receiving the output of the temperature
sensor 106’ and an input 804 for receiving the output of
the temperature sensor 112’. The controller 800 has
independent command outputs, including an output 806
governing the speed of the intake fans 665, an output 808
governing the speed of the exhaust fans 504, an output
810 governing the flow rate of coolant to the coolant
port 3%2a in the gas flow plate 320, an output 812
governing the power level to the electric heater 229 near
the dielectric window 112, and an output 814 governing
the power level to the electric heater 231 at the

cylindrical dielectric window 106.

[88] The controller 800 in one embodiment is programmed

to govern the outputs 808-814 in response to the inputs

802, 804 to maintain the windows 106, 112 at respective
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target temperatures that may be furnished by a user to
controller inputs 816 and 818. The controller 800 may be
programmed to operate in the manner of a feedback control
loop to minimize the difference between the user input
816 and the sensor input 802, and to minimize the
difference between the user input 818 and the sensor

input 804.

[89] As described above, some of the advantageous
effects of various ones of the foregoing embodiments
include symmetrical distribution of RF power to the coil
antennas for enhanced plasma distribution symmetry.
Shielding of the coils from asymmetrical RF current feed
structures reduces skew effects in plasma distribution.
Shielding of the coil antenna feeds from one another
enhances independent control of the coil antennas, for
superior control of plasma density distribution.
Symmetrical chamber exhaust in combination with the
symmetrical coil antennas provides a high density plasma
source with symmetrical plasma distribution. Separate
dielectric windows for different RF coils enables
independent thermal control of the different dielectric
windows. Separately supporting the different dielectric
windows at or over the processing region enables the
chamber diameter to be increased beyond the diameter of
each individual dielectric window, facilitating a large
increase in chamber diameter. The moveable workpiece
support electrode in combination with symmetrical coil
antenna (s) allows superior control over center-to-edge

plasma density distribution with a minimized asymmetrical
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non-uniformity component. The moveable workpiece support
electrode in combination with symmetrical coil antenna(s)
and in further combination with the symmetrical chamber
exhaust allows even better control over center-to-edge
plasma density distribution with minimized asymmetrical

non-uniform component.

[90] FIGS. 22-27 depicts an RF feed structure which can
have triangular symmetry, in one embodiment. The
embodiment of FIGS. 22-27 is a modification of the
embodiment of FIG. 1A and includes elements described
above with reference to FIG. 1A, for which identical
reference numerals are used. The embodiment of FIGS. 22-
28 includes a ceiling plate 900 overlying a cylindrical
side wall 902 above the top plate 655. Three RF power
terminals 904a, 904b 904c are provided at the ceiling
plate 900, and may be housed in a connection module 904
held in the ceiling plate 900. A center RF connection
rod 906 is connected between the RF power terminal 904a
and the RF current distributor 142 for the inner coil

140.

[91] RF power for the middle coil 150 is distributed to
the four axial RF feed rods 158 by a middle RF
distribution ring 908 having four radial arms 910a-910d
(FIG. 26) connected to the tops of the respective RF feed
rods 158. The middle RF distribution ring %08 is
disposed above and spaced from the conductive ground

plate 184. A middle RF connection rod 912 is connected
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between the RF power terminal 904b and the middle RF

distribution ring 908.

[92] The ground plate 184 has a center opening 600. 1In
one embodiment, the center opening 600 may be covered by
a conductive grill 970 that permits air flow through the

center opening 600.

[93] RF power for the outer coil 160 is distributed to
the eight axial RF feed rods 168 by an outer distribution
cylinder 914. 1In one embodiment, the outer distribution
cylinder 914 is coaxial with the axis of symmetry of the
coils 140, 150 and 160. The outer distribution cylinder
914 has a top portion 9%914a (FIG. 25) above the top plate
655 and a bottom portion 914b below the plenum plate 610.
Eight radial arms 915a-915h (FIG. 25) extend from the
bottom 914b of the outer distribution cylinder 914 to
respective ones of the eight axial RF feed rods 168. An
outer RF connection rod 916 (FIGS. 24 and 25) is
connected between the top 914a of the outer distribution
cylinder 914 and the RF power terminal 904c. The outer
distribution cylinder 914 is hollow in one embodiment and
surrounds the center RF connection rod 906 and the middle
RF connection rod 912. The outer distribution cylinder
914 extends through openings 610a, 655a in the grounded
plates 610 and 655 respectively. The diameters of the
openings 610a and 655a are sufficient to provide gaps
611, 656, respectively, between the grounded plates 610,
655 and the outer distribution cylinder 914. In one
embodiment, the gaps 611 and 656 are sufficiently wide to
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prevent electrical discharge or breakdown at operating
(e.g., atmospheric) pressure, given the RF voltage

supplied at the RF power terminal 904c.

[94] The bottom 914b of the outer distribution cylinder
914 is at an axial location above the middle RF
distribution ring 908. 1In one embodiment, the outer
distribution cylinder 914 and the middle RF distribution
ring 908 are coaxial and axially separated from one
another, and may be of the same diameter. 1In one
embodiment, the middle RF distribution ring 908 fits
between the bottom 914b of the outer distribution
cylinder 914 and the grounded plate 184. The middle RF
distribution ring 908 is separated from the bottom 914b
of the outer distribution cylinder 914 and from the
ground plate 184. 1In one embodiment, the axial length of
the middle RF distribution ring 908 is less than the
axial distance between the bottom 814b of the outer

cylinder 914 and the ground plate 184.

[95] In one embodiment, the edge of the top portion
914a of the outer distribution cylinder 914 lies adjacent
a radial plane coinciding with section line 24A-24A of
FIG. 24. The three RF connection rods 906, 912 and 916
extend axially and intersect the radial plane of the top
edge of the outer distribution cylinder 914 at three
points 907, 913 and 917 (FIG. 24A) respectively. 1In one
embodiment, the three points of intersection 907, 913 and
917 are symmetrically arranged as the vertices of an

equilateral triangle, providing a triangular symmetry
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within the outer distribution cylinder 914. 1In one
embodiment, the RF connection rods 906, 912 and 916 have
radial transition sections 906a, 912a and 9%1l6a,
respectively, that locate the top ends of the rods 906,
912 and 916 in registration with respective ones of the
RF power terminals 904a, 904b and 904c. The radial
transition sections 906a, 912a and 91ca are above the

radial plane coinciding with the section line 24A-24A.

[96] FIGS. 28-31 depict a modification of the
embodiment of FIGS. 22-27, in which, in one embodiment,
the RF feed structure has coaxial symmetry. A center RF
connection rod 920 is connected between the RF power
terminal 904a and the RF current distributor 142 for the
inner coil 140. 1In one embodiment, the center RF
connection rod 920 is straight and coincides with the

axis of symmetry of the coil 140.

[97] In the embodiment of FIGS. 28-31, RF power for the
middle coil 150 is distributed to the four axial RF feed
rods 158 by a middle RF distribution tube 922. The
middle RF distribution tube 922 is hollow and cylindrical
in one embodiment. The middle RF distribution tube 922
has a top portion $22a (FIG. 31) above the top plate 655
and a bottom portion 922b below the plenum plate 610.
Four radial arms 924a-924d extend radially outwardly from
the bottom portion 922b of the middle RF distribution
tube 922 to the tops of the respective RF feed rods 158.
In one embodiment, the top portion %22a of the middle RF

distribution tube 922 has an annular flange 822c
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extending radially outwardly from the RF distribution
tube 922. An axial middle RF connection rod 925 mounted
on the annular flange 922c¢ extends upwardly to the RF
power terminal 904b. In one embodiment, the middle RF
distribution tube 922 surrounds and is coaxial with the

center RF connection rod 920.

[98] In the embodiment of FIGS. 28-31, RF power for the
outer coil 160 is distributed to the eight axial RF feed
rods 168 by an outer distribution cylinder 930. 1In one
embodiment, the outer distribution cylinder 930 is hollow
and 1s coaxial with the axis of symmetry of the coils

140, 150 and 160.

[99] The outer distribution cylinder 930 has a top
portion 930a (FIG. 30) above the top plate 655 and a
bottom portion 930b below the plenum plate 610. Eight
radial arms 931a-931h extend from the bottom portion 930b
of the outer distribution cylinder 930 to respective ones
of the eight axial RF feed rods 168. In one embodiment,
the top portion 930a of the outer distribution cylinder
930 has an annular flange 930c lying in a radial plane
and extending radially outwardly from the outer
distribution cylinder 9830. 1In one embodiment, the
annular flange 930c is axially below the level of the
annular flange 922c¢ of the middle RF distribution tube
922. An outer connection rod 932 extends upwardly from
the annular flange 930c to the RF power terminal 9%04c.
The outer distribution cylinder 930 surrounds and is

coaxial with the middle RF distribution tube 922. The
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outer distribution cylinder 930 extends through openings
610a, 655a in the grounded plates 610 and 655
respectively. The diameters of the openings 610a and
655a are sufficient to provide respective gaps 611, 656
between the respective plates 610, 655 and the outer
distribution cylinder 930. In one embodiment, the gaps
611 and 656 are sufficiently wide to prevent electrical
discharge or breakdown at operating (e.g., atmospheric)
pressure, given the RF voltage supplied at the RF power

terminal 904c.

[100] FIGS. 32-34 depict a modification of the
embodiment of FIGS. 28-31 in which spaced-apart
capacitors 934 are connected between the outer
distribution cylinder 930 and the ceiling plate 655. The
capacitors 934 are connected in parallel and uniformly
spaced in one embodiment and their capacitance is
selected to provide resonance at the frequency of the RF
power applied to the outer coil 160. The effect of such
resonance is to enhance uniformity of RF power
distribution in the RF feed structure including the outer
distribution cylinder 930. In one embodiment, an axial
lip 930d extends upwardly from the outer edge of the
axial flange 930c, and is polygonal in shape, having
plural flat faces on which respective ones of the
capacitors 934 are mounted and connected to the axial lip
930d. A right angle bracket 936 is provided for
connecting the outwardly facing end of each capacitor 934
to the ceiling plate 655. In the illustrated embodiment,
there are eight capacitors 934 and the axial lip 930d has
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eight faces, although any suitable number of capacitors

and faces may be employed.

[101] The array of capacitors 934 of FIGS. 32-34 may
also be incorporated into the embodiment of FIG. 22. 1In
one implementation, the capacitors are connected between
the outer distribution cylinder 914 of FIG. 22 and the

ceiling plate 655, for example.

[102] FIGS. 35-36 depict a modification of the
embodiment of FIGS. 32-34, having electromagnetic
shielding between the RF feeds to the three coils 140,
150, 160. 1In one embodiment, this feature enhances their
independent control. In FIGS. 35-36, the outer
distribution cylinder 930 is replaced by a shortened
outer distribution cylinder 940 that extends downwardly
from its top end 940a by a short distance to its bottom
end 940b and does not reach the plenum plate 610. A
radial flange 940c extends outwardly from the top end
940a of the shortened distribution cylinder 940. A skirt
942 extends radially outwardly from the bottom end 9%40b
of the shortened distribution cylinder 9%40. RF feed rods
944 extend axially through individual holes in the plenum
plate 610 and through openings in the ground plate 184
without electrically contacting the plenum plate 610 or
ground plate 184. The RF feed rods 944 are connected at
their top ends to the periphery of the skirt 942 and are
connected at their bottom ends to the top of the RF

current distributor 162 for the outer coil 160.
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[103] An inner shield 950 surrounds the center RF
connection rod 920 and lies within the hollow interior of
the middle RF distribution tube 922. In one embodiment,
the inner shield 9850 is a hollow cylinder having a
radially extending flange 950-1 at its top end. The
inner shield 950 extends down to (and contacts) the
conductive grill 970, where it is terminated. 1In one
embodiment, the inner shield 9850 electromagnetically
shields the RF connection rod %20 and the middle RF
distribution tube 922 from each other. 1In one
embodiment, the inner shield 950, the RF connection rod
920 and the middle RF distribution tube 922 are coaxial.
The inner shield 950 is separated from the RF connection
rod 920 and from the middle RF distribution tube 922 by
cylindrical gaps 921 and 923, respectively, that are
sufficient to prevent discharge or breakdown in the gaps

821 and 923.

[104] An upper shield 955 is disposed between the middle
RF distribution tube 922 and the shortened RF
distribution cylinder 940 including a radial flange 955-1
at its top end. In one embodiment, the upper shield 955
is a hollow cylinder coaxial with the shortened RF
distribution cylinder 940 and coaxial with the middle RF
distribution tube 922, and surrounds the middle RF
distribution tube 922. The upper shield 955 extends down
to an opening 610a in the plenum plate 610. A skirt 957
extends radially out from a bottom edge 955a of the upper
shield 955 and has a sufficient radius to overlie an edge

of the opening 610a in the plenum plate 610, so as to
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cover a separation gap between the plenum plate 610 and

the upper shield 955.

[105] A middle cylindrical shield 960 extends axially
from the plenum plate 610 and towards the ground plate
184. In an embodiment, the middle cylindrical shield 960
is coaxial with the shields 950 and 955. A lower
cylindrical shield 965 extends downwardly from the ground
plate 184 to a bottom edge 965a. A bottom shield 971
including a hollow truncated cone-shaped section, extends
downwardly from the bottom edge 9%65a of the lower
cylindrical shield 965 to a cylindrical base 972. The
cylindrical base 972 encircles a floor 974 of the bottom

shield 971.

[106] Advantageous effects of various ones of the
embodiments of FIGS. 22-36 include symmetrical
distribution of RF power to the coil antennas for
enhanced plasma distribution symmetry. For example, the
RF feed structure of FIG. 22 has triangular symmetry, as
defined with reference to FIGS. 22 and 24A. Shielding of
the coils from asymmetrical features reduces skew effects
in plasma distribution. Such shielding is provided in
the embodiments of FIGS. 22-36 by the ground plate 184,
the plenum plate 610 and the ceiling plate 655. Such
shielding is further provided by the flanges %22c¢ and
930c and the skirts 942 and 957, for example. The extra
height afforded by the addition of the ceiling plate 900
above the top plate 655 and raising the RF power

terminals to the ceiling plate 900 improves RF current
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distribution uniformity. It is believed that this added
height increases the length of RF current travel through
the RF feeds over which current distribution may
equilibrate to increase uniformity. Shielding of the
coil antenna feeds from one another enhances independent
control of the coil antennas, for superior control of

plasma density distribution.

[107] While the foregoing is directed to embodiments of
the present invention, other and further embodiments of
the invention may be devised without departing from the
basic scope thereof, and the scope thereof is determined

by the claims that follow.
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What 1s claimed is:

1. A plasma reactor comprising:

a window assembly;

inner, middle and outer coil antennas adjacent
said window assembly, and inner, middle and outer current
distributors coupled to said inner, middle and outer coil
antennas, respectively;

a ceiling plate overlying said window assembly
and first, second and third RF power terminals at said
ceiling plate;

first, second and third axial RF power feeds
connected between respective ones of said first, second
and third RF power terminals and respective ones of said
inner, middle and outer current distributors;

wherein said third axial RF power feed
comprises a hollow axial outer RF power distribution
cylinder surrounding said first and second axial RF power

feeds.

2. The plasma reactor of Claim 1 wherein said
second axial RF power feed comprises a hollow axial
middle RF power distribution cylinder surrounding said

first axial RF power feed.

3. The plasma reactor of Claim 2 wherein said
first axial RF power feed comprises a center RF
connection rod, and wherein said center RF connection
rod, said hollow middle RF power distribution cylinder

and said outer RF distribution cylinder are coaxial.
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4. The plasma reactor of Claim 3 wherein said
inner, middle and outer coil antennas are coaxial with

sald center RF connection rod.

5. The plasma reactor of Claim 3 further
comprising:
a plenum plate spaced from and below said

ceiling plate and comprising a central opening.

6. The plasma reactor of Claim 5 wherein said
outer RF distribution cylinder extends through said
central opening with a gap between said plenum plate and
said outer RF distribution cylinder, said plasma reactor
further comprising:

a radial flange extending from said outer RF

distribution cylinder and overlying said gap.

7. The plasma reactor of Claim 2 further

comprising:

plural radial middle arms extending outwardly
from said middle RF distribution cylinder and plural
axial middle legs extending from said plural radial
middle arms to spaced apart locations on said middle
current distributor;

plural radial outer arms extending outwardly
from said outer RF distribution cylinder and plural axial
outer legs extending from said plural radial arms to

spaced apart locations on said outer current distributor.
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8. The plasma reactor of Claim 7 further
comprising a ground plate below said ceiling plate and
above said middle current distributor, said plural axial

middle legs extending through said ground plate.

9. The plasma reactor of Claim 8 wherein said

plural axial outer legs extend through said ground plate.

10. The plasma reactor of Claim 8 wherein:

each one of said inner, middle and outer coil
antennas comprises plural conductors having RF supply
ends;

each one of said inner, middle and outer
current distributors comprises an axially symmetric
hollow body comprising a bottom facing the supply ends of
the plural conductors of the corresponding one of said

inner, middle and outer coil antennas.

11. The plasma reactor of Claim 5 further
comprising:
plural spaced-apart reactance elements coupled

to said outer RF power distribution cylinder.

12. The plasma reactor of Claim 11 wherein said
reactance elements comprise discrete capacitors coupled
between said RF power distribution cylinder and said

ceiling plate.

13. The plasma reactor of Claim 8 further

comprising:
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a hollow cylindrical inner shield between said
center RF connection rod and said middle RF distribution
cylinder; and

a hollow cylindrical upper shield between the
middle RF distribution cylinder and the outer RF
distribution cylinder, said upper shield comprising a

bottom edge.

14. The plasma reactor of Claim 13 further
comprising a plenum plate spaced from and below said
ceiling plate and comprising a central opening, said
upper shield extending through said central opening and
defining an inner gap between said plenum plate and said

upper shield.

15. The plasma reactor of Claim 13 further
comprising:

a middle cylindrical shield extending axially
toward said ground plate and surrounding said plural
axial middle legs;

a lower cylindrical shield extending downwardly
from said ground plate;

a bottom shield extending downwardly from the
bottom edge of the lower cylindrical shield; and

a cylindrical base extending axially from said
bottom shield, said cylindrical base surrounding said

middle coil.

44



WO 2014/014568 PCT/US2013/044225

10
! Match || Match \I
l | TETHI . l
1 T] T 1T 1
| |
l § é g Q Q § l
| tfissezeses — Teetses |
s | | s
[ shteniss — ssigesss !
20< : Selatetel | Fﬂgﬂ Satelele :
| 1 /4V 77771 | VIO \ 944 [ |
I 140 I
' A RISNS
S Q [ D ;‘V“\
=== S
| I jo
' : | : I/'//I
| &|1r~—106 \ s~ [[E_160
S C~—230 101 300 120 121 122
Y ::_::Z):D T
[ — .___’\__:__‘_' \j/_105
‘\.\
| ——115
10| 125 § 107
L _/
30< 430
419
: y J—405
411 41(0a 4/1 0
FIG. 1 Pump ‘| 440 400



PCT/US2013/044225

2/33

WO 2014/014568

VI DIAH 0Zs Obl 022 0sZ

: o1
AN AN N 1% |_|
o9 =N / ¢0¢ 00¢ NE—E—0/)
=N / 0SL o7 w oss | 0z9 901 —NE
7777V X777 7 , . 77
G—19l—J J[ T ¥ T m_u, — — ] 1 —-19
_ M1 | Z_T { — 91
90y — 905 vEG| | == F_\Imﬁ = = 291
Sl y—96G1 ——— 706
005 — k28 _
705 — | _[—=H—s8s1 ||ev1—_-_]]--
" T Y/Z. \\\/; ~ 777771
Y | | L
| rumumumumumu%J_ /_ || /_
! SEOEEEERY | B
N || N
| [[/ /7 __ |
|
_ ﬁ 909 009 8|
|
S 4 ]
" ) J 871 —T| [T |1
| [ ,_~ _. N iﬁ! 4l
999,59 os9 [
| Gq9 / /
081 vLL  Z8l

0¢



PCT/US2013/044225

WO 2014/014568

3/33

dung |

Dl *i44

At 0L "ol 452 ~—
Sov Sov
00y —— | ¢ ¢
a \ ?
oy | A
ogy (352 m
— T~GI¥ Sly —
\H| m
[ T—GZl 1 [1-2—-L0l »
£ —cgl T~-1-z01 81
...... D
| 2\ / N J ]
Ve ity |2
) 171 0Z1 zzl oSl Tor f
S0l L0}
Gl1

0¢



WO 2014/014568 PCT/US2013/044225

4/33

J—148

146

142

-—144

140-2

140-4

FlG. 2



WO 2014/014568 PCT/US2013/044225

5/33

FlG. 3



PCT/US2013/044225

WO 2014/014568

¥—-091




WO 2014/014568 PCT/US2013/044225

7/33

- 0

174 —

172

158
158

158




PCT/US2013/044225

8,/33

WO 2014/014568

,Mwwoooo/ o OIA \\

(34
T

¢ “ @) 80l NON o_m ®202 ¥0Z
7/ N RNy ¥

i _\\\\\\\\&g\\\\ &\ i

/ﬁ

o]
N __|
o
N

1T~—1-191 “

N mNN
(A4




000000000000000000000000000000

FIG. 8

P i
m / ﬂ]]




10/33

200

FiG. 10



WO 2014/014568 PCT/US2013/044225

11/33

320

344 32—

310,312

334

336 \
340 346—

355

e FIG. 11A



WO 2014/014568

320

PCT/US2013/044225

12/33

[e]
N—— 1
390a 390b \* o
(¢]
2
O

A
I\
7N

FiG. 11B



WO 2014/014568 PCT/US2013/044225

13/33

320




WO 2014/014568 PCT/US2013/044225

14/33

220




PCT/US2013/044225

WO 2014/014568

15/33

YV euoy

/7 705
T \-¥0s —

oom||\\‘ ¥0¢ I~——1-20¢ — 1

| \,. T~t—99e—1}

T

&l OId



WO 2014/014568 PCT/US2013/044225

16,/33

350

340 352

AN

354 342

Vol

15




WO 2014/014568 PCT/US2013/044225

17/33
350
> / ;Q/
352—1 J_—354
360 / \ / \ 362
374 366 366 374
FIG. 15
350

4 / ;?/
356 —~ J_—358

370 / \ / \ 372

374 366 366 374

FlG. 16




WO 2014/014568 PCT/US2013/044225

18/33




WO 2014/014568 PCT/US2013/044225

19/33

400

405

420

\ 421

421

420

FlG. 18



PCT/US2013/044225

WO 2014/014568

20/33

0l1 QH UN_ITN

0zs
N
me/m/\\ —_—
HHM/JM/ ¢ zyy ozz 'O
o NIEN VN
PANI /77 14 R "
S S
z91 505 11 l/,_lmmiual_\
907 — = = =
\ \ 008
705 \ m 6vi— 208
—,\\\\\L N
719 A/
Z19
019
G99 059




WO 2014/014568 PCT/US2013/044225
21 / 33
740-3 740-2 740-1
[ [ [
RF RF RF
Generator Generator Generator
l 74/2—3 l 74/2—2 l 74/2—1
Match Match Match
Circuit Circuit Circuit
l 1 ;30 l 1 /50 l 1 ?O
Outer Middle Inner
Antenna Antenna Antenna
750-2 750-1
[ [
RF RF
Generator Generator
l 1 /82 l 1 /80
Match Match
Circuit Circuit
l 1 /60 l 1 /50 l 1 ?O
Outer Middle Inner
Antenna Antenna Antenna

FiG. 20B



WO 2014/014568 PCT/US2013/044225

22/33
800
/
: 802
Controller Z 106" —_p
< Temp Sensor in Window 106
804 ,
Z 112 —
< Temp Sensor in Window 112
806
Z » Speed of Intake Fans 665
808
Z » Speed of Exhaust Fans 504
810
Z > Rate of Coolant Flow to 392a
812
Z » Level of Heater Voltage to 229
814
Z » Level of Heater Voltage to 231

I\/816 I\/818

Target Target

temp - Temp FIG. 21



PCT/US2013/044225

WO 2014/014568

23/33

22 DI oy -
— 10l ZLl - T
091 ——=N NS
=N oS oY} / NE
AV ZX 7 I ) 777
i o N =
—— MMM;rmmwl4 8 [{_—096G1| 1791
vl
806 nh 8si4—_J 651
7z ’ : | Fem¥ 777]| (P27
U \ ) — | / U r ww—
| o EI/.EL Z19
N 009 0L6 N
LA P ASLASS L]
( r6—] Y N\ 909
Q olg S~ || || +*° @ 09
906 —1—1| | 2019
99— [ ) \
1 ]| esg9  gs9
206—" —
\\l/
_ |
| vos ) (
006 9%06 | ¥06

qv06

0¢



WO 2014/014568 PCT/US2013/044225

24/33

1T~—902

904b
904c
914
'_tﬂﬂ'
—’i:::::::ffiiiiii
158 I l
FIG. 23

906
655a
S

gy
/g
| 158

904a
<[]

656

655

168



WO 2014/014568 PCT/US2013/044225

25/33

N~
> <
(Lo}
> A
N C\2
; .
)
<
> E
N ~ ‘_
p &

906

914a m
I
FIG. 24

168



WO 2014/014568 PCT/US2013/044225

26,/33
904c
916
L[ Y ——914a
y P
~ 915g
At
U\
915b H
\ %

915d

168

158

FlG. 27

158



PCT/US2013/044225

WO 2014/014568

27 /33

8c OIld

091l 4=

06—

oLl 022
101 T
009 N
D
051 OF! NE
| 777
T L T
=g =g B
P | —1— 91
651
e 7277 | [I227]]
046 N 891
NSY _ﬁ Z19
226 N
= \\__‘\\\\\\\\\\\\\\\\\\_
/ooi @
e0l9 019 059
= .
== \
eGGo GG9
\\lll |
[
| wos ) (
006 9%06 | ¥06

qv06



WO 2014/014568 PCT/US2013/044225

931a




WO 2014/014568 PCT/US2013/044225

29/33

904b

920
925

r——922a

I 7—922¢

922 ——

N\

924d
924a

924c

158




PCT/US2013/044225

WO 2014/014568

30/33

0Ll 022
om—}.lﬂw 10l cll M — I_I
HE 0S1 Ol =
' W _ / W 3
77 777777 ] ) 777
MUy =
009 E
v 861 —I T 651
|__|_|_|_|_|_|_|_|_|1_|—\\/ \_” 1
06 N 89}
NS\ Z19
0z6M || Hzze N
N Y /A7 7772727777

G99

06—

\I/

7

N

006

706 N n

°%06 | ©v06
qv06

_
POg6 7¥¢6



WO 2014/014568 PCT/US2013/044225

31/33
930d 930c
932
o o
0
awyy
© o
930—_

E§333333333 Z___—10

- FIG. 33

930d
930¢c
932
O°°
936 o

- FIG. 34



PCT/US2013/044225

32/33

WO 2014/014568

GC HIA L

~N
_|||

_ 101
12 0S5l 0¥l VL6 NE
SN e O / C NE
727 V277 ] ) 777
| I _// \. ..._“ _I_ _I_ “_ T
¢Le = W__ _ T 0
L Z91

L

069




WO 2014/014568 PCT/US2013/044225

33/33




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2013/044225

A. CLASSIFICATION OF SUBJECT MATTER
HOSH 1/46(2006.01)i, HO1L 21/205(2006.01)i, C23C 16/50(2006.01)i

According to International Patent Classification (IPC) or to both national classitication and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO5H 1/46; HOIL 21/3065; HOSH 1/24; HO1J 7/24; C23C 16/505; C23F 1/08; C23C 16/00; HO1L 21/205

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: plasma reactor, window, coil antennas, current distributors, RF power feeds, celing plate,
cylinder

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2012-0073756 A1 (YAMAZAWA YOHEI ) 29 March 2012 1-15
See paragraphs [0044]-[0061], and figures 1-7.

A US 2004-0083971 A1 (JOHN HOLLAND et al.) 06 May 2004 1-15
See paragraphs [0081]-[0085], and figures 21-24.

A KR 10-2004-0102300 A (SAMSUNG ELECTRONICS CO., LTD.) 04 December 2004 1-15
See abstract, pages 4-7, and figures 1-6.

A US 2009-0159425 A1 (LIU WEI et al.) 25 June 2009 1-15
See abstract, paragraphs [0026]1-[0040], and figures 1-3E.

A WO 2008-088110 A1l (JEHARA CORPORATION et al.) 24 July 2008 1-15
See abstract, paragraphs [0118]-[0131], and figures 1-5.

|:| Further documents are listed in the continuation of Box C. }X‘ See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"I"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be

special reason (as specified)
"0Q" document referring to an oral disclosure, use, exhibition or other
means

considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
26 August 2013 (26.08.2013) 27 August 2013 (27.08.2013)
Name and mailing address of the ISA/KR Authorized officer

Korean Intellectual Property Office
% 189 Cheongsa-ro, Seo-gu, Dagjeon Metropolitan City, KIM Sung Gon
. ¢ 302-701, Republic of Korea
Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-8746

Form PCT/ISA/210 (second sheet) (July 2009)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2013/044225

Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012-0073756 Al 29/03/2012 CN 102421238 A 18/04/2012
JP 2012-074464 A 12/04/2012
KR 10-2012-0032439 A 05/04/2012
TW 201234933 A 16/08/2012
US 2004-0083971 Al 06/05/2004 EP 1301938 A2 16/04/2003
JP 05160717 B2 13/03/2013
JP 2004-509429 A 25/03/2004
US 6409933 Bl 25/06/2002
US 6414648 Bl 02/07/2002
US 6462481 Bl 08/10/2002
US 6685798 Bl 03/02/2004
US 6694915 Bl 24/02/2004
US 6893533 B2 17/05/2005
WO 02-05308 A2 17/01/2002
WO 02-05308 A3 20/06/2002
KR 10-2004-0102300 A 04/12/2004 CN 1595618 A 16/03/2005
JP 2005-005701 A 06/01/2005
KR 10-0604826 Bl 28/07/2006
TW 281713 B 21/05/2007
US 2004-0238488 Al 02/12/2004
US 2009-0159425 Al 25/06/2009 TW 200947587 A 16/11/2009
US 8062472 B2 22/11/2011
WO 2009-085708 Al 09/07/2009
WO 2008-088110 Al 24/07/2008 KR 10-0907438 Bl 14/07/2009
TW 200830941 A 16/07/2008
TW 200845829 A 16/11/2008
US 2008-0168945 Al 17/07/2008
US 2011-0005683 Al 13/01/2011
US 2011-0284164 Al 24/11/2011

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - wo-search-report
	Page 81 - wo-search-report

