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Closed-Loop Multiple Output Radio Frequency (RF)
Matching

BACKGROUND

[0061] Background and contextual descriptions contained herein are provided solely for the
purpose of generally presenting the context of the disclosure. Much of this disclosure presents
work of the inventors, and simply because such work 1s described in the background section or

presented as context elsewhere herein does not mean that such work 1s adrmitted to be prior art.

[0062] Fabrication of semiconductor wafers utilized to form mtegrated circuits may include
numerous and diverse processing steps. In certain processing steps, which may occur after various
matenals are deposited onto a semiconductor wafer, material may be etched away, so as to allow
additional materials, such as metals, to be deposited. Such deposition may mnvolve formation of
conductive traces, transistor gates, vias, circuit elements, and so forth. However, 11 at least some
mstances, semiconductor fabrication processes, such as those invelving plasma-based and/or
etching plasma enhanced atomic layer deposition, uncontrollable process variations may bring
about lower yields, mcreased costs, unwanted redesign of semiconductor layouts and masks, and
so forth.  Accordingly, techniques to increase control over plasma-based wafer etching and/or

plasma enhanced atomic layer deposition continues to be an active area of investigation.

BRIEF DESCRIPTION OF THE DRAWINGS
{0003} Figure 1A shows a substrate processing apparatus for depositing films on semiconductor
substrates utilizing any number of processes.

{0004} Figure 1B 1s a block diagram showing various components of a system utilized to

perform a semiconductor fabrication process, according to an implementation.

{0005} Figure 2 1s a block diagram showing vartous components of a closed-loop multiple-
output radio frequency (RF) matching process used in the performance of a semiconductor

fabrication process, according to an implementation.
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[0006] Figure 3 is a diagram showing various circuit elements utilized in a closed-loop multiple-
output RF matching process used in the performance of a semiconductor fabrication process,

according to an implementation.

[8007] TFigure 4 1s a diagram showing circuit elements utilized to perform match reflection
optimization i a closed-loop multiple-output RF maiching process used in the performance of a

semiconductor fabrication process, according to an implementation.

[8068] Figure 5 is a diagram showing circut elements used to perform RF power control n a

closed-loop multiple~-output RF matching process, according to an implementation.

[0069] Figure 613 a diagram showing circuit elements used to perform RF 1solation and filtering
m a closed-loop multiple~output RF matching process used mn the performance of a semiconductor

fabrication process, according to an implementation.

[0018] Figure 7 1s a diagram showing circuit elements used to perform matching and/or
mpedance transformation 1n a closed-loop multiple-output RF multiple-output matching process

used in the performance of a semiconductor fabrication process, according to an implementation.

{8011} Figure 8 15 a flowchart for a method of closed-loop RF matching, according to an

mplementation.

[8012] Figure 9 depicts a schematic view of an implementation of a multi-station processing

tool.
DETAILED DESCRIPTION

[8013] In particular implementations, closed-loop multiple-output radio frequency (RF)
matching may be uvtilized n a varniety of semiconductor fabrication processes, such as plasma-
based wafer fabrication. Closed-loop multiple-output RF matching may bring about a capability
to deliver RF power to one or more stations of a process charber in a manner that permits dynamic
adjustment to varying loads presented by the stations of the process chamber. Such dynamic
adjustment provides a real-time capability to closely match the mpedance of loads presented by
the plasma within the stations to the source impedance of one or more RF power generators, even
as such loads drift during the course of a fabrication process. Hence, RF delivered from individual
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stations can be dynamically increased, while RF power reflected from RF power generators may
be reduced and/or minimized. Certain implementations may be vtilized with a number of wafer
fabrication processes, such as various plasma-enhanced atomic layer deposition (ALD) processes,
various plasma-enhanced chemical vapor deposition {CVD)} processes, or may be utilized on-the-
fly during single deposition processes. In certain implementations, RF power matching networks
vtilize simplified circuit topologies to accommodate load changes at any signal frequency, such as
400 kHz and 27.12 MHz. However, in other implementations, RF power matching networks may
operate at any signal frequency, such as at relatively low frequencies (e.g., between about 50 kHz
and about 1 MHz, as well as higher signal frequencies {(e.g., between about 10 MHz and about 100

MHz).

18014} 1t should be noted that although particular implementations described herein may show
and/or describe closed-loop multiple-output radio frequency matching for use with 4 stations of a
process chamber, in other implementations, a smaller number of stations of a process chamber
may be utilized, such as 1 station, 2 stations, or 3 stations. In other implementations closed-loop
multiple-cutput radio frequency matching may be utilized with a larger number of stations of a
process chamber, such as 5 stations, & stations, 7 stations, 8 stations, 10 stations, 12 stations, or

any other number of stations of a process chamber.

{0015} Manufacturing of semiconductor devices typically involves depositing one or more thin
films on a planar or non-planar substrate i1 an integrated fabrication process. In some aspects of
the integrated process it may be useful to deposit thin films that conform to substrate topography.
One type of reaction that is useful in some cases involves chemical vapor deposition (CVD). In
typical CVD processes, gas-phase reactants introduced into stations of a reaction chamber
simultaneously and undergo a gas-phase reaction. The reaction products deposit on the surface of
the substrate. The reaction may be driven by plasma, in which case the process may be referred
to as a plasma-enhanced chemical vapor deposition (PECVD) reaction.  As used herein, the term
CVD is mtended to include PECVD unless otherwise indicated. CVD processes have certain
disadvantages that render them less appropriate in some contexts. For instance, mass transport
hnutations of CVD gas phase reactions may cause “bread-loafing” deposition effects that show
thicker deposition at top surfaces (e.g., top surfaces of gate stacks) and thinner deposition at

recessed surfaces {e.g., boitom corners of gate stacks}. Further, because some die may have

L



(94

10

20

WO 2020/227028 PCT/US2020/030835

regions of differing device density, mass transport effects across the substrate surface may result
in within-die and within-wafer thickness vanations. These thickness variations can result in over-
eiching of some regions and under-etching of other regions, which can degrade device
performance and die vield. Another problem related to CVD processes is that they are often unable
to form conformal films in high aspect ratio features. This issue is increasingly problematic as
device dimensions continue to shrink. These and other drawbacks of particular aspects of wafer

fabrication processes are discussed in relation to Figure 1A and Figure 1B,

{6016} In another example, some deposition processes involve multiple film deposition cycles,
each producing a discrete film thickness. For example, in atomic layer deposition {ALD), thin
lavers of film and used in a repeating sequential matter may be viewed as involving multiple cycles
of deposition. As device and features size continue to shrink in the semiconductor industry, and
also as 3D devices structures become more prevalent in integrated circuit (IC) design, the
capability of depositing thin conformal films (films of material having a uniform thickness relative
to the shape of the underlying structure, even if non-planar) continues to gain importance. ALD
1 a film forming technigue which 1s well-suited to the deposition of conformal films due to the
fact that a single cycle of ALD only deposits a single thin layer of material, the thickness being
iimited by the amount of one or more film precursor reactants which may adsorb onto the substrate
surface {1.e, forming an adsorption-limited layer) prior to the film-forming chemical reaction
itself. Multiple ALD cycles may then be used to build up a film of the desired thickness, and since
each layer is thin and conformal, the resulting film substantially conforms to the shape of the
underlying devices structure. In certain implementations, each ALD cvcle includes the following

steps:
[8017] Exposure of the substrate surface to a first precursor.
[0018] Purge of the reaction chamber in which the substrate is located.

[8619]  Activation of a reaction of the substrate surface, typically with a plasma and/or a second

Precursor.

{8028} Purge of the reaction chamber in which the substrate is located.
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18021} The duration of each ALD cycle may typically be less than 25 seconds or less than 10
seconds or less than 5 seconds. The plasma exposure step (or steps) of the ALD cycle may be of

a short duration, such as a duration of 1 second or less.

[8022] Figure 1A shows a substrate processing apparatus for depositing films on semiconductor
substrates using any number of processes. The apparatus 100 of Figure 1A utilizes single
processing station 102 of a process chamber with a single substrate holder 108 {e.g., a pedestal} in
an interior volume which may be maintained under vacuum by vacoum pump 118. Also fluidically
coupled to the process chamber for the delivery of (for example) film precursors, carrier and/or
purge and/or process gases, secondary reactants, etc. is gas delivery system 101 and showerhead
106. Equipment for generating plasma within the process chamber is also shown in Figure 1A
The apparatus schematically illustrated in Figure 1 may be adapted for performing, in particular,

plasma-enhanced CVD.

18023} Forsimplicity, processing apparatus 100 is depicted as a standalone process station (102)
of a process chamber for maintaining a low-pressure environment. However, it will be appreciated
that a plurality of process stations may be included in a common process tool environment—e.g.,
within a common reaction chamber—as described herein. For example, Figure 1B depicts an
mmplementation of a multi-station processing tool and 1s discussed in further detail below. Further,
it will be appreciated that, in some implementations, one or more hardware parameters of
processing apparatus 100, including those discussed in detail herein, may be adjusted

programmatically by one or more system controllers.

[0024] Station 102 of the process chamber fluidically communicates with gas delivery system
101 for delivering process gases, which may include liquids and/or gases, to a distribution
showerhead 106. Gas delivery system 101 includes a mixing vessel 104 for blending and/or
conditioning process gases for delivery to showerhead 106. One or more mixing vessel inlet valves

120 may control introduction of process gases to mixing vessel 104,

[6025] Some reactants may be stored in liquid form prior to vaporization and subsequent
delivery to station 102 of a process chamber. The implementation of Figure 1A mcludes a
vaporization point 103 for vaporizing liguid reactant to be supplied to mixing vessel 104, In some

mmplementations, vaporization point 103 may be a heated liquid mnjection module. In some other
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implementations, vaporization point 103 may be a heated vaporizer. In vet other implementations,
vaporization point 103 may be eliminated from the process station. In some implementations, a
liquid flow controller (LEC) upstream of vaporization point 103 may be provided for controlling

a mass flow of liquud for vaporization and delivery to processing station 102

{0026} Showerhead 106 distributes process gases and/or reactants (e.g., film precursors) toward
substrate 112 at the process station, the flow of which 1s controlled by one or more valves upsiream
from the showerhead {e.g., valves 120, 1204, 105}. In the implementation shown in Figure 1A,
substrate 112 is located beneath showerhead 106, and is shown resting on a pedestal 108.
Showerhead 106 may have any suttable shape and may have any suitable number and arrangement
of ports for distributing process gases to substrate 112, In some implementations with two or more
stations, gas delivery system 101 includes valves or other flow control structures upsiream from
the showerhead, which can independently control the flow of process gases and/or reactanis to
each station such that gas may be flowed to one station but not another. Furthermore, gas delivery
system 101 may be configured to independently control the process gases and/or reactants
delivered to each station in a multi-station apparatus such that the gas composition provided to
different stations is different; e.g , the partial pressure of a gas component may vary between

stations at the same time.

{00271 A volume 107 is located beneath showerhead 106. In some implementations, pedestal
108 may be raised or lowered to expose substrate 112 to volume 107 and/or to vary a volume of
volume 107. Optionally, pedestal 108 may be lowered and/or raised during portions of the

deposition process to modulate process pressure, reactant concentration, etc., within volume 107.

[6628] In Figure 1A, showerhead 106 and pedestal 108 are elecirically coupled to radio
frequency power supply 114 and matching network 116 for powering a plasma generator. In some

mplementations, the plasma energy may be controlled {(e.g., via a system controller having

-
appropriate machine-readable instructions and/or contrel logic) by controlling one or more of a
process station pressure, a gas concentration, a source of RF power, and so forth. For example,
radio frequency power supply 114 and matching network 116 may be operated at any suitable
power to form plasma having a desired composition of radical species. Likewise, RF power supply

114 may provide RF power of any suitable frequency, or group of frequencies, and power.
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18029} Insome implementations, the plasma ignition and maintenance conditions are controlled
with appropriate hardware and/or appropriate machine-readable instructions in a system controller
which mayv provide control imstructions via a sequence of input/output control (10C) instructions.
In one example, the instructions for setting plasma conditions for plasma ignition or maintenance
are provided 1n the form of a plasma activation recipe of a process recipe. In some cases, process
recipes may be sequentially arranged, so that all instructions for a process are executed
concurrently with that process. In some implementations, instructions for setting one or more
plasma parameters may be included in a recipe preceding a plasma process. For example, a first
recipe may include instructions for setting a flow rate of an inert {e.g., helium} and/or a reactant
eas, instructions for setting a plasma generator to a power set point, and time delay instructions for
the first recipe. A second, subsequent recipe may include instructions for enabling the plasma
generator and time delay instructions for the second recipe. A third recipe may include instructions
for disabling the plasma generater and time delay instructions for the third recipe. It will be
appreciated that these recipes may be further subdivided and/or iterated in any suitable way within

the scope of the present disclosure.

{0036} 1o some deposition processes, plasma strikes last on the order of a few seconds or more
i duration.  In certain implementations described herein, much shorter plasma strikes may be
applied during a processing cycle. These may be on the order of less than 50 milliseconds, such

as 25 mulliseconds.

{6631} Figure 1B is a block diagram showing various components of a system utilized to
perform a semiconductor fabrication process, according to an implementation 151, In Figure 1B,
RF signal generators 155 and 160 are utilized to generate an excuation signal, which may bring
about formation of a plasma within stations 1024, 1028, 102C, and 102D of the process chamber.
Stations 102A, 102B, 102C, and 102D may correspond to stations of a semiconductor process
chamber, as previously described in reference to Figure 1A. Thus, in the implementation of Figure
1B, RF signal generator 155 may generate a relatively low-frequency signal, such as a signal of
approximately 400 kHz, while RF signal generator 160 generates a relatively high-frequency
signal, such as a signal of approximately 27.12 MHz. Tt should be noted, however, that these
represent merely example frequencies. In other implementations, differing radio frequencies may

be generated, and implementations are not linnted to 400 kHz and 27 12 MHz signals. For
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example, in particular instances, a relatively low-frequency may correspond to a frequency of
between 360 kHz and 440 kHz.  1n another instance, a relatively high-frequency may correspond

to a frequency of between 26.5 MHz and 27.5 MHz

[8032] In Figure 1B, an RF transmission line coupling signal generator 155 to low-frequency
matching network 158 as well as a radio frequency transmission line coupling signal generator 160
to high-frequency matching network 163 may nvolve a characteristic impedance of 50 ghms.
However, other implementations may utilize transmission lines having differing characteristic
impedances, such as 70 ohms, 300 ohms, and so forth. In the implementation of Figure 1B, low-
frequency matching network 158 and high-frequency matching network 163 operate to match the
load presented by power divider 170 to the output impedance of signal generator 155 and signal
generator 160 (respectively). Such matching brings about an ability to couple maximum power
transter from radio frequency signal generators 155 and 160 to power divider 170. Accordingly,
even when power divider 170 presents a highly reactive load (e.g., a complex impedance having a
relatively small real component and a large reactive component) maximum power can be
transferred from signal generators 155 and 160 to power divider 170. Matching networks 158 and
163 may utilize various reactive components, such as inductors and/or capacitors, which operate

to compensate for the highly reactive load that may be presented by power divider 170.

{0033} In particular implementations, components of matching networks 158/163 may be
arranged so as to match a particular load presented by low-frequency and high-frequency input
ports of power divider 170, which may operate to provide plasma-generating power via output
ports 171, 172, 173 and 174. However, during plasma-based etching operations or during other
plasma-based processes (for example), a load, such as a reactive load presented by the formation
of plasma within stations 102A, 102B, 102, and 102D of a process chamber, may begin to vary
or drift. Accordingly, for example, during the initial moments of plasma generation (e g., the
mitial 30-60 seconds) output signal amplitudes from ports 171-174 may correspond to
substantially equal quantities. However, as plasma generation progresses, output signal
aroplitudes from ports 171-174 may begin to differ. Such differences may be brought about by
changes in reactive loads presented by stations 102A-102D of the process chamber. Thus, in some
mstances, 1 response to varying reactive loads presented by stations 102A-102D of the process

chamber, actual power coupled from power divider ports 171-174 may vary by values ranging
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from 0.0% to 25.0%. Additionally, RF power flow to a station can be set to 0.0, or other negligible
amount, by way of entering 0.0 Watt as a setpoint.  Alternatively, capacitance of a vanable
capactior may be adjusted to a value that brings about a current flow that approaches or

approximates 0.0 Ampere.

{0034} Accordingly, the configuration of Figure 1B may be categorized as an “open-loop”
plasma generation system 1n that during plasma generation operations, it may be difficult to ensure
constant, uniform power transfer from power divider 170 to stations 102A-102D. Thus, without
additional controls, such as controls operating to provide real-time, closed-loop tuning of reactive
components within low-frequency matching network 158 and high-frequency matching network
163 in response to variances in reactive loads presented by stations 102A-102D, undesirable
consequences may result. Such consequences may include under etching, in which an insufficient
material is removed from a semiconductor wafer, over eiching, in which an excessive amount of
material is removed from a semiconductor wafer, for example. In some instances, such under
etching and/or over etching may result in a need to scrap an etched semiconductor wafer, resulting

in increased cost, schedule delay, and so forth,

{8038] Figure 2 15 a block diagram showing various components of a closed-loop multiple-
output radio frequency (R¥) matching process used in the performance of a semiconductor
fabrication process, according to an implementation 200. The implementation of Figure 2 may
bring about increased control over power transferred from low-frequency and high-frequency
signal generators to a process chamber. Such increased control may be brought about by power
flow sensing, which may operate to tune or adjust values of reactive components of matching
networks in a manner that permits real-time compensation for changes m reactive impedance
presented by process chambers. In response, changes in reactive impedance presented by a process
chamber, which may vary during a plasma-enhanced process, may be compensated for, so as to
permit maximum power transfer from a signal generator to a process chamber. Additionally,
power flow sensing, such as may be accomplished through the use of one or more phase-sensitive
voltmeters, may operate in a multichannel environment, such as the environment of Figure 1B, in
which power flow may remain substantially equal across output ports 171, 172, 173, and 174 of' a
power divider. Further, such techniques may be extended to power dividers having 6 output ports,

8 output ports, 10 output ports, or any other number of output ports, virtually without limitation,
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which may be coupled to stations of a process chamber, such as coupling to 6 stations, 8 stations,
10 stations, or any number of stations. Of course, an impedance presented by 4 output ports, such
as output ports 171, 172, 173, and 174 of Figure 1B, may be scaled upwards so as to present a
parallel combination of approximately 50 ohms. For example, for a power divider comprising 4
output ports, each output port may be matched to a 200-ohm load, so as to present a 50-ohm load
at a single input port. In another example, for a power divider comprising 8 output ports, each
output port may be matched to a 460-ohm load, so as to present a 50-ohm load at a single mmput

port.

{0036] In the implementation of Figure 2, a plasma-enhanced process may be conducted at
stations 102A, 1028, 102C, and 102N of a process chamber. Accordingly, although only 4 stations
{102A-102ZN) are depicted, claimed subject matter is not limited to any particular number of
stations of a process chamber. An implementation may include 2 stations, 3 stations, 5 stations &

stations, and so forth.

{8037] In Figure 2, signal generator 205 may represent a composite signal generator, such as a
signal generator generating two distinct frequencies, such as a low-frequency (e.g., 400.0 kHz) as
well as a high frequency {(e.g., 27.12 MHz). Accordingly, signal generator 205 may be realized
utilizing two or more signal generators, whose outputs may be combined in a power combiner,
such as a two-way Wilkinson power combiner. Signal generator 205 may nclude an output
mmpedance of 50 ohms, which may be coupled to transmission line 210, which may include a
characteristic impedance of 50 ochms. Transmission line 210 may be coupled to
phase/voltage/current sensing circuit 215, which may operate to provide a feedback signal
responsive o an impedance mismatch between transmission line 210 and maich reflection
optimizer 220. For example, phase/voltage/current sensing circuit 215 may provide a signal to
match reflection optimizer 220 to approximately 30 ohms if a voltage standing wave ratio (VSWR)
ncreases beyond a threshold value. Thus, i some implementations, if phase/voltage/current
sensing circuit 215 measures a VSWR that increases from, for example, 1.0:1 to 1.15:1, a reactive
component of match reflection optimizer 220 may be modified so as to reduce the measured
VSWR to a smaller value, such as a value of 1.10:1 or less. It should be noted, however, that a
measured VSWR threshold at which a reactive component of match reflection optimizer 220

should be modified may be determined in accordance with a desired application, and
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implementations are not limited to any particular VSWR threshold or range of VEWR thresholds.
Thus, in certain implementations, for example, if a VSWR of greater than 1.10:1 s measured, a
reactive component of match reflection optimizer 220 may be adjusted, so as to reduce the
measured VSWR to 1.10:1, for example. However, it should be noted that in certain
implementations, tuning of reactive components of match reflection optimizer 220 in response to
relatively small changes in measured VSWR, such as to bring about a VSWR of less than 1.05:1,
for example, may result in excessive tuning of reactive components of match reflection optimizer
220, which may degrade the service life of reactive components. As shown in Figure 3 herein, a

variety of circuit topologies may be utilized in match reflection optimizer 220,

[6038] In Figure 2, a plurality of RF power control circuits 225A-225N are shown as coupling
to an output port of match reflection optimizer 220 to an input port of 1solation RF filter 230A-
230N, In particular implementations, RF power control circuits 225 operate to bring about
maximum power transfer between match reflection optimizer 220 and each of stations 102A-102ZN
of a process chamber. In particular implementations, RF power control circuits 225A, in a manner
similar to that of match reflection optimizer 220 comprise adjustable reactive components (e.g.,
capacitors} which bring about maximum power transfer from output ports of match reflection
optimizer 220 and input ports of stations 102A-10ZN of the process chamber. In the
mplementation of Figure 2, such adjustment of one or more reactive components of RF power
control circuits 225A-225N may be brought about in response to a second measurement of phase-
sensitfive voltage, such as by way of phase/voltage/current sensing circuit 235A. Thus, in certain
implementations, in response to, for example, phase/voltage/current sensing circuit 235A
measuring an increase in VSWR at an input port of station 102, sensing circuit 235A may adjusta
reactive component of RF power control circuit 225A so as to reduce the VSWR, thereby
improving power transfer between RF power control circuit 225A and station 102A. Tn a simoilar
fashion, phase/voltage/current sensing circuit 2358 may operate to adjust one or more reactive
components of RF power control circuit 225B. Likewise, phase/voltage/current sensing circuit
235C may operate to adjust one or more reactive components of RF power control circuit 225C.
Likewise, phase/voltage/current sensing circuit 235N may operate to adjust one or more reactive

components of RF power control circuit 225N,
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10039} Isolation RF filters 230A-230N operate to provide decoupling between low-frequency
sources (e.g., 400 kHz sources) from high-frequency sources {e.g., 27.12 MHz), while permitting
both signals, at sufficient amplitudes, to be present at station 102A-102N. Thus, as will be seen in
reference to Figure 7, although both low-frequency (e.g., 400 kHz) as well as ligh-frequency (e.g,,
27.12 MHz} may be allowed to interact within a particular station, a RF notch filter to be utilized
to substantiaily isolate low-frequency signals from high-frequency signals, while a high-pass filter

may be utilized to substantially isolate high-frequency signals from low-frequency signals.

{6046} Figure 3 13 a diagram showing various circuit elements utilized in a closed-loop multiple-
output radio frequency matching process used in the performance of a plasma-enhanced process,
according to an implementation 300. It should be noted that for purposes of clarity of illustration,
only a subset of the componenis of Figure 2 are shown in in Figure 3. However, it may be
appreciated that any number of, for example, RF power control circuits (e.g., 225A, 225B),

isolation RF filters (e g, 230A, 230B), phase/voltage/current sensing circuits {e.g., 2354, 235B),
and station {e.g., 102A, 102B) may be utilized.

{0041} In Figure 3, match reflection optimizer 220 includes variable capacitors €220 as well as
inductor 1.220. In the implementation of Figure 3, inductor L220 represents a static component,
having a value selected to provide a range of admittances that can be presented by the combination
of C220 in series with L220. In particular implementations, C220 represents a vanable capacitor
having a value that can be controlled via a remote signal, such as a signal from
phase/voltage/current sensing circuit 215, Accordingly, in response to phase/voltage/current
sensing circuit 215 measuring an increase in inductance {e.g., via measurement of VSWR)
presented by the combination of RF power control circuits 225A-225N, a value of capacitance
presented by C220 may be adjusted so as to present sufficient admittance to return the measured
VSWR to a value below a predetermined threshold (e.g., 1.15:1, 1.10:1, etc.). Such adjustment of
capacitors C220 may bring about an increase in power transfer from signal generator 205 to a RF

power control circuit {e.g, 225A).

[8042] RF power control circuit 225 A may additionally include a series impedance, represented
by C225A and inductance L225A. Inductor L225A may represent a static component, having a

value selected to provide a range of nopedances that can be presented by the combination of
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C225A and L225A. In particular implementations, C225A may represent a variable capacitor
having a value that can be controlled via a remote signal, such as a signal from
phase/voltage/current sensing circuit 235A.  Thus, responsive to phase/voltage/current sensing
circuit 235A measuring a change in impedance of station 102A, capacitor C225A may be adjusted,
80 as to bring about maximum power transfer between match reflection optimizer 220 and stations

10ZA and 102B.

{0043} Figure 4 15 a diagram showing circuit elements utilized to perform match reflection
optimization in a closed-foop multiple-output radio frequency matching process used in the
performance of a semuiconductor fabrication process, according to an implementation 400, As
previously described in reference to Figure 3, match circuit reflection optimizer 220, may include
a shunt circuit uitlizing a relatively fixed value of an inductance and a variable capacitor so as to
provide an admittance, which may operate to maximize power transfer from signal generator 205
to RF power control circuit 225A. However, it may be appreciated that although a match reflection
optimizer circuit, such as circuit 220, may be particularly suited for matching at higher frequencies,
such as 27.12 MHz, other circuit topologies, such as pi-match circuit 420 may operate to provide
matching at somewhat lower frequencies, such as 400 kHz Additionally, under other
circumstances, such as when a series impedance may be utilized in lowering YSWR, a T-match

circuit may be utilized, such as circuit 320.

{0044] Figure 5 is a diagram showing circuit elements used to perform RF power control in a
closed-loop multiple-output radio frequency matching process, according to an implementation
500. The implementation of Figure 5 may accord with the implementation of Figure 4, in which
various circuit topologies may be utilized according to a frequency at which an impedance match
is to be realized (e.g., 400 kHz or 27.12 MHz). It is conterplated that in many instances, a series
circuit, such as series circuit 225A, having an adjustable capacitance C225A may operate to bring
a VSWR measured by phase/voltage/current sensing circuit 235A to a value below a threshold.
However, in other instances, it may be advantageous to utilize a parallel circuit, such as parallel
circuit 325, to reduce, or otherwise modify, a VSWR measured by phase/voltage/current sensing
circuit 235A. In still other instances, it may be advantageous to utilize a shunt circuit, such as
shunt circuit 425, to reduce, or otherwise modify, a VEWR measured by phase/voltage/current

sensing circuit 235A.
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18045] Figure 6 15 a diagram showing circuit elements used to perform R isolation and filtering
mn a closed-loop multiple-output radio frequency matching process used in the performance of a
semiconductor fabrication process, according to an implementation 600. Similar to that of Figures
4 and 5, a variety of circuit topologies may exist in order to provide decouphing between low-
frequency sources {&.g., 400 kHz sources) from high-frequency sources {e.g., 27.12 MHz}, while
permitting both signals, and sufficient amplitude, to be present at station 102A-102N of a process
chamber. Accordingly, a circuit designer may make use of high-pass filter 230, low-pass filter
330, notch filter 435, and/or bandpass filter 535 in order to achieve sufficient isolation (such as

1solation between 25.0 dB and 35.0 dB).

=

{8046} Figure 7 is a diagram showing circuit elements used to perform matching and/or
impedance transformation in a closed-loop muktiple-output radio frequency matching process used
in the performance of a semiconductor fabrication process, according to an implementation 700
It may be appreciated that a goal of the circuit elements of Figure 7 may be to couple signals from
high-frequency generator 160 and low-frequency generator 155 to stations, such as station 102ZA
As previously discussed, stations for performing plasma-based wafer fabrication processes (or
other types of semiconducter fabrication processes) may present an impedance having only a small
real part along with a relatively high reactive (or imaginary) part. Accordingly, in particular
mmplementations, one purpose of low-frequency matching network 158 and high-frequency
matching network 163 is to transform the impedance of process stations (e.g., stations 102-102N
of a process chamber) so that such impedances appear to be at least similar to a 56-chm load. In
moplementations, such impedance transtformations make power transfer possible between signal
generators and transmission lines, having S0-ohm characteristic impedances, to highly reactive

{e.g., inductive/capacitive} load.

[0047] However, it may also be appreciated that it may be problematic, at least i particular
implementations, to separate high-frequency signals from low-frequency signals. In particular
mplementations, if such signals are not 1solated (or at least decoupled by between, for example,
25 dB and 40 dB) such cross coupling may interfere with the ability of a signal generator to

generate a proper radio frequency signal.
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10048} Accordingly, in Figure 7, a shunt network 710 may be utilized to filter low-frequency
components from an output signal port of HF signal generator 160. Accordingly, the values of
HF L1, and HF L2, shown in parallel at shunt network 710, may be selected so as to shunt low-
frequency signals, such as 400 kHz signals, 1o a local ground. Additionally, capacitor HF C1 may
also be selected so as to present an open circuit (or at least relatively high impedance} to low-
frequency signal 730, which may be coupled from low-frequency matching network 158. Thus,
in an implementation, signal 730 may be only weakly coupled (as evidenced by low-amplitude
signal 735) through the filtering action of capacitor HF C1. However, as shown m Figure 7, prior

to impinging on capacitor HF C, signal 730 may be coupled through VI probe and into station 1.

[0049] Additionally, high-frequency signals from HF match network 163, such as indicated by
waveform 720, may be significantly attenuated, such as by an amount of between 25 and 40 4B
by way of notch filter (NF} 715. Hence, as shown by waveform 725, high-frequency waveform
720 may be significantly attenuated. However, high-frequency components may be capable of
coupling through VI probe 717 and into station 102A. Accordingly, as shown in Figure 7, at node
728, both high-frequency waveform 720 and low-frequency signal 730 may be permitted to be

coupled through V1 probe 717 and into station 102A.

10058] Although Figure 7 depicts a single signal path associated with station 1024, including
HF C1, notch filter (NF) 715 and VI probe 717, 1t is contemplated that in some implementations,
separate signal paths, including separate notch filters and separate VI probe may be replicated in
conjunction with additional process stations, such as stations 1028, 102C, and 102D as depicted
in Figure 2. Likewise, although Figure 7 depicts only a single signal path of low-frequency
matching network 158, which mcludes signal coupling through low-pass filter and impedance
transformation network 740, it is contemplated that some implementations would include separate

signal paths, such as one signal path for each of process stations 1024, 1028, 102C, and 102D,

10051} Figure 8 15 a flowchart for a method of closed-loop RF matching, according to an
implementation. The method of Figure 8 begins at 810, which comprises measuring a voltage
standing wave ratio {VSWR) at an mput port of the power divider. The method continues at 820,

which comprises, responsive to the measured VSWR, adjusting a value of a reactive component
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of a match reflection optinmizer whergin the adjustment of the reactive component brings about a

second VEWR that is lower than a first threshold value.

[B052] At 820, the reactive component may correspond to a variable capacitor or may
correspond to a variable inductor. Adjustment of the reactive component may bring about a second
YVSWR that is lower than 1.15:1. However, in some implementations, it may be desirable to lower
the second VEWR 1o a value other than below 1.15:1, such as a value below 1.25:1, below 1.20:1,
below 1.10:1, or to a value below 1.05:1. A VSWR may be measured at any number of signal
frequencies, such as about 400 kHz, between 360 kHz and 440 kHz, or at or other frequency
between approximately 50 kHz and 1 MHz A VSWR may also be measured at a signal frequency
of about 27.12 MHz, between about 26.5 MHz and about 27.5 MHz, or at any other signal
frequency between approximately 1 MHz and 50 MHz). Measuring a VSWR may take place at

an input port of one or more input ports corresponding to stations of the process chamber.

18053} One or more process stations may be included in a multi-station processing tool. Thus,
Figure depicts a schematic view of an implementation of a multi-station processing tool 900, The
tool 900 employs a single substrate processing chamber 914 that contains multiple substrate
process stations, each of which may be used to perform processing operations on a substrate held
in a wafer holder, e.g, a pedestal, at that process station. In this particular implementation, the
multi-station substrate processing apparatus 900 1s shown having four process stations 102A,
1028, 102C, and 102D, Other similar multi-station processing apparatuses may have more or
fewer processing stations depending on the implementation and, for instance, the desired level of
parallel wafer processing, size/space constraints, cost constraints, etc. Also shown in Figure 2 are

a substrate handler robot 906 and a controller 930,

[6654]  As shown in Figure 9, the multi-station processing tool 900 has a substrate loading port
920, and a robot 906 configured to move substrates from a cassette loaded through a pod 908
through loading port 920, into the processing chamber 914, and onto one of the four stations 102A,

1028, 102C, and 102D,

1805858]  The depicted processing chamber 914 shown in Figure 9 provides four process stations,
102A, 102B, 102C, and 102D, The RF power is generated at a RF power systermn 913 and
distributed to each of the stations 102A, 102B, 102C, and 102D. The RF power system may
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inchude one or more RF power sources, e.g., a high frequency (HFRF} and a low frequency {(LFRF}
source, impedance matching modules, and filters. In certain implementations, the power source
may be himited to only the high frequency or low frequency source. The disiribution system of the
RF power system may be symmetric about the reactor and may have high impedance. This
symmetry and impedance result in approximately equal amounts of power being delivered to each
station. In some implementations the RF power system may be configured to independently

deliver power to each station.

{6086} Figure 9 also depicts an implementation of a substrate transferring device 990 for
transferring substrates between process stations 102A, 1028, 102C, and 102D within processing
chamber 914. It will be appreciated that any suitable substrate transferring device may be
employed. Non-limiting examples include wafer carousels and wafer handling robots.

System Controller

(0057} Figure 9 also depicts an implementation of a system controller 950 employed to control
process conditions and hardware states of process tool 900, Svstem controller 950 may include
one or more memory devices 9536, one or more mass storage devices 954, and one or more
processors 952, Processor 952 may include 2 CPU or computer, analog and/or digital mput/output

connections, stepper motor controller boards, etc.

[8038] In some implementations, system controller 950 controls all of the activities of process
tool 900. System controller 950 executes system control software 958 stored in mass storage device
954, loaded nto memory device 956, and executed on processor 952, System control software 958
may include mstructions for controlling the timing, mixture of gases, chamber and/or station
pressure, chamber and/or station temperature, wafer temperature, target power levels, RF power
levels, RF exposure time, substrate pedestal, chuck and/or susceptor position, number of cycles
performed on one or more substrates, and other parameters of a particular process performed by
process tool 900, These programed processes may include various types of processes mncluding,
but not funited to, processes related to determining an amount of accumulation on a surface of the
chamber interior, processes related to deposition of film on substrates including numbers of cycles,
determining and obtaining a number of compensated cycles, and processes related to cleaning the
chamber. System control software 958 may be configured in any suitable way. For example,

various process tool component subroutines or conirol objecis may be written to control operation
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of the process tool components necessary to carry out various process tool processes. System

control software 958 may be coded in any suitable computer readable programming language.

{005%] In some inplementations, system control software 958 may mclude input/output control
(I0C) sequencing instructions for controlling the various parameters described above. For
example, each phase of deposition and deposition cycle on a substrate may include one or more
instructions for execution by system controller 950. The instructions for setting process condhtions
for an ALD/CFD deposition process phase may be included in a corresponding ALD/CFD
deposition recipe phase. In some implementations, the recipe phases may be sequentially arranged,

so that all instructions for a process phase are executed concurrently with that process phase.

{6066} Other computer software and/or programs stored on mass storage device 954 and/or
memory device 956 associated with system controller 950 may be employed in some
implementations. Examples of programs or sections of programs for this purpose nclude a
substrate positioning program, a process gas control program, a pressure control program, a heater

controf program, and a plasma control program.

18061} A substrate positioning program may include program code for process tool components
that are used to load the substrate onto pedestal 918 and to control the spacing between the
substrate and other parts of process tool 900. The positioning program may include instructions
for appropriately moving substrates in and out of the reaction chamber as necessary to deposit

films on substrates and clean the chamber.

[8062] A process gas control program may include code for controlling gas composition and
flow rates and optionally for flowing gas into one or more process stations prior to deposition in
order to stabilize the pressure in the process station. In some implementations, the process gas
control program includes mstructions for introducing gases during formation of a film on a
substrate in the reaction chamber. This may include introducing gases for a different number of

cycles for one or more substrates within a batch of substrates.

{8063] A pressure control program may include code for controlling the pressure in the process
station by regulating, for example, a throttle valve in the exhaust system of the process station, a

aas flow into the process station, etc. The pressure control program may include mstructions for
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maintaining the same pressure during the deposition of differing number of cycles on one or more

substrates during the processing of the batch.

[0064] A heater control program may include code for controlling the current to a heating unit
that 1s used to heat the substrate. Alternatively, the heater control program may control delivery of

a heat transfer gas (such as helium) to the substrate.

[0865] A plasma control program may include code for setting RF power levels, frequencies,
and exposure times in one or more process stations in accordance with the implementations heren,
In some implementations, the plasma control program may include mstractions for using the same
RF power levels and/or frequencies and/or exposure times during the deposition of differing

number of cyeles on one or more substrates during the processing of the batch.

[8066] Insomeimplementations, there may be a user mterface associated with system controller
950. The user interface may mchude a display screen, graphical software displays of the apparatus
and/or process conditions, and user imput devices such as pointing devices, keyboards, touch

screens, microphones, etc.

{8067] In some implementations, parameters adjusted by system controller 950 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions {such as RF bias power levels and exposure times), etc.
These parameters may be provided to the user in the form of a recipe, which may be entered
utilizing the user interface. The recipe for an entire batch of substrates may include compensated
cycle counts for one or more substrates within the batch in order to account for thickness trending

over the course of processing the batch.

{0068} Signals for monitoring the process may be provided by analog and/or digital input
connections of system controlier 950 from vartous process tool sensors. The signals for controlling
the process may be output on the analog and digital cutput connections of process tool 900, Non-
limiting examples of process tool sensors that may be monitored include mass flow controllers,
pressure sensors {such as manometers), thermocouples, etc. Sensors may also be included and used
to monifor and determine the accumulation on one or more surfaces of the interior of the chamber

and/or the thickness of a material laver on a substrate in the chamber. Appropriately programmed
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feedback and control algorithms may be used with data from these sensors to mamain process

conditions.

{0069] System controller 950 may provide program instructions for implerenting the above-
described deposition processes. The program wnstructions may control a variety of process
parameters, such as DC power level, RF bias power level, pressure, temperature, number of cycles
for a substrate, amount of accumulation on at least one surface of the chamber interior, etc. The
mstructions may control the parameters to operate in-situ deposition of film stacks according to

varipus implementations described herein.

[0076] For example, the system controller may nclude countrol logic for performing the
techniques described herein, such as determining an amount of accumulated deposition material
currently on at least an interior region of the deposition chamber interior, applying the amount of
accumulated deposition material determined in (a), or a parameter derived therefrom, to a
relationship between (1) a number of ALD cycles required to achieve a target deposition thickness,
and (it} a variable representing an amount of accumulated deposition material, m order to obtaina
compensated number of ALD cycles for producing the target deposition thickness given the
amount of accumulated deposition material currently on the interior region of the deposition
chamber interior, and performing the compensated number of ALD cycles on one or more
substrates in the batch of substrates. The system may also include control logic for determining
that the accumulation in the chamber has reached an accumulation limit and stopping the
processing of the batch of substrates in response to that determination, and for causing a cleaning

of the chamber interior.

{6671} The system controller will typically include one or more memory devices and one or
maore processors configured to execute the instructions so that the apparatus will perform a method
in accordance with the present invention. Machine-readable, non-transitory media containing
instructions for controlling process operations in accordance with the present invention may be

coupled to the system controller.

18072) In some implementations, a controller is part of a system, which may be part of the
above-described examples. Such systems can comprise semiconductor processing equipment,

mchuding a processing tool or tools, chamber or chambers, a platform or platforms for processing,
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and/or specific processing components {a wafer pedestal, a gas flow system, etc.}. These systems
may be ntegrated with electronics for controlling their operation before, during, and after
processing of a semiconductor wafer or substrate. The electronics may be referred to as the
“controller,” which may control various components or subparts of the system or systems. The
controller, depending on the processing requirements and/or the type of system, may be
programmed to control any of the processes disclosed herein, including the number of cycles
performed on a substrate, the delivery of processing gases, temperature seitings {e.g., heating
and/or cooling), pressure settings, vacuum settings, power settings, radio frequency (RF) generator
settings, RF matching circuit settings, frequency settings, flow rate settings, fluid delivery settings,
positional and operation settings, wafer transfers into and out of a tool and other transfer tools

and/or load locks connected to or interfaced with a specific system.

{00731 Broadly speaking, the controller may be defined as electronics having various integrated
circuits, logic, memory, and/or software that receive instructions, issue instructions, control
operation, enable cleaning operations, enable endpoint measurements, and the like. The integrated
circuits may include chips in the form of firmware that store program instructions, digital signal
processors (DSPs), chips defined as application specific integrated circuits {ASICs), and/or one or
more microprocessors, or microcontrollers that execute program mstructions {e.g., software).
Program instructions may be instructions communicated to the controller in the form of various
mdividual settings {or program files), defining operational parameters for carrying out a particular
process on or for a semiconductor wafer or to a system. The operational parameters may, in some
moplementations, be part of a recipe defined by process engineers to accomplish one or more
processing steps during the fabrication of one or more layers, materials, metals, oxades, silicon,

stlicon dioxide, surfaces, circuits, and/or dies of a wafer.

[0074] The controller, in some tmplementations, may be a part of or coupled to a computer that
13 integrated with, coupled to the system, otherwise networked to the system, or a combination
thereof. For example, the controller may be in the “cloud” or all or a part of a fab host computer
system, which can allow for remote access of the wafer processing. The computer roay enable
remote access to the system to monitor current progress of fabrication operations, examine a
history of past fabrication operations, examine trends or performance metrics from a plurality of

fabrication operations, to change parameters of current processing, to set processing steps to follow
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a current processing, or to starta new process. In some examples, a remote computer (e.g. a server)
can provide process recipes to a system over a network, which may include a local network or the
Internet. The remote computer may include a user interface that enables entry or programming of
parameters and/or settings, which are then communicated to the system from the remote computer.
In some examples, the controller receives instructions in the form of data, which specify
parameters for each of the processing steps to be performed during one or more operations. It
should be understood that the parameters may be specific to the type of process to be performed
and the type of tool that the controller is configured to interface with or control. Thus as described
above, the controller may be distributed, such as by comprising one or more discrete controllers
that are networked together and working towards a common purpose, such as the processes and
controls described herein. An example of a distributed controller for such purposes would be one
or more integrated circuits on a chamber in communication with one or more integrated circuits
located remotely (such as at the platform level or as part of a remote computer) that combine to

control a process on the chamber.

18075]  In the foregoing detatled description, numerous specific details are set forth to provide a
thorough understanding of the presented embodiments or implementations. The disclosed
embodiments or implementations may be practiced without some or all of these specific details.
In other instances, well-known process operations have not been described in detail so as to not
unnecessarily obscure the disclosed embodiments or implementations. While the disclosed
embodiments or implementations are described in conjunction with the specific embodiments or
implementations, it will be understood that such description 15 not intended to limit the disclosed

embodiments or implementations.

[8076] The foregoing detailed description is directed to certain embodiments or
implementations for the purposes of describing the disclosed aspects. However, the teachings
herein can be applied and implemented 10 a multitude of different ways. In the foregoing detailed
description, references are made to the accompanying drawings. Although the disclosed
ernbodiments or implementation are described in sufficient detad to enable one skilled in the art
to practice the emboduments or implementation, it is to be understood that these examples are not
limiting; other implementations may be used and changes may be made to the disclosed

embodiments or implementation without departing from their spirit and scope. Additionally, it
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should be understood that the conjunction “or” is intended herein in the inclusive sense where
appropriate unless otherwise indicated; for example, the phrase “A, B, or C7 is intended to include

the possibilities of “A)7 B, “C.” “Aand B, “Band C,” “Aand C,” and “A, B, and C.7

2 4

[8077] In this application, the terms “semiconductor wafer,” “wafer,” “substrate,” “wafer
substrate,” and “partially fabricated integrated circuit” are used interchangeably. One of ordinary
skill in the art would understand that the term “partially fabricated integrated circuit” can refer to
a silicon wafer during any of many stages of integrated circuit fabrication thereon. A wafer or
substrate used i the semiconductor device industry typically includes a diameter of 200 mm, or
300 mm, or 450 mm. The foregoing detailed description assumes embodiments or
implementations are implemented on a wafer, or in connection with processes associated with
forming or fabricating a wafer. However, the claimed subject matier is not so limited. The work
piece may be of various shapes, sizes, and materials. In addition to semiconductor wafers, other

work pieces that may take advantage of claimed subject matter may include various articles such

as printed circuit boards, or the fabrication of printed circuit boards, and the hike.

{0078} Unless the context of this disclosure clearly requires otherwise, throughout the
description and the claims, the words “comprise,” “comprising,” and the like are to be construed
i an inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in a sense of
“including, but not limited to.” Words using the singular or plural number also generally include
the plural or singular number respectively. When the word “or” is used in reference to a list of
two or more ifems, that word covers all of the following interpretations of the word: any of the
items in the list, all of the items in the list, and any combination of the items in the list. The term
“implementation” refers to implementations of techniques and methods described herein, as well
as to physical objects that embody the structures and/or incorporate the techniques and/or methods

described herein.
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CLAIMS

What is claimed is:

1. An apparatus for providing signals to a station of a process chamber configured to
perform semiconductor fabrication processes, comprising:

a plurality of signal generators configured to generate signals having first and second
frequencies;

a measurement circuit configured to measure a voltage standing wave ratio (VSWR); and

a match reflection optimizer having a reactive component configured to be adjusted

responsive to an output signal from the measurement circuit.

2. The apparatus of claim 1, wherein the reactive component is configured for

adjustment so as to modify the measured VSWR from a first value to a second value.

3. The apparatus of claim 1, wherein the measurement circuit to measure the VSWR

corresponds 1o a phase-sensitive voltage/current measurement circuit.

4. The apparatus of claim 1, wherein the reactive component corresponds to a variable

capacttor.

5. The apparatus of claim 1, further comprising a second measurement circuit to measure

a second VSWR at one or more input ports of the station.

6. The apparatus of claim 1, further comprising an isolation RF filter to provide between

25 and 40 dB of 1solation between ligh-frequency and low-frequency portions of the apparatus.

7. The apparatus of claim 1, wherein the match reflection optimizer s configured to

reduce the VSWR to a value of less than a threshold value.

8. The apparatus of claim 7, wherein the threshold value of the VSWR corresponds to

24



(94

10

15

20

30

WO 2020/227028 PCT/US2020/030835

1.15:1

9. The apparatus of claim 7, wherein the threshold value of the VSWR corresponds to

1.10:L.

10. A method of coupling a pluraiity of signais from a corresponding number of signal
generators to a plurality of stations of a process chamber, the method comprising:

measuring a vohtage standing wave ratio (VSWR) at an input port of a power divider; and

responsive to the measured VSWR, adjusting a value of a reactive component of a match
reflection optimizer, the adjustment of the reactive component to bring about a second VSWR.

lower than a first threshold value.

11, The method of claim 10, wherein the reactive component comprises a variable

capacitor.

12. The method of claim 10, wherein adjusting the VSWR comprises lowering the

VSWR to a value less than 1.15:1.

13, The method of claim 10, wherein the measuring comprises measuring the VSWR of
a first signal, having a frequency of about 400 kHz, and a second signal, having a frequency of

about 27.12 MHz

14, The method of claim 13, further comprising attenuating the signal having the second
frequency, at a signal generator of the first frequency of the plurality of signal generators, by an

amount of between 25 and 40 dB.

15. The method of claim 10, further comprising:

measuring a VSWR at an input port of one or more of the plurality of the stations of the
of the process chamber; and

adjusting a value of a reactive component of a RF power control circuit, the adjusiment of

the reaciive component of the RF power conirol circuit to bring about a VSWR lower than a
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second threshold value.

16. The method of claim 10, further comprising adjusting a value of a reactive
component of a pi-match circuit to lower the VSWR of a signal at a first frequency of between

360 kHz and 440 kHz

17. The method of claim 10, further comprising adjusting the value of a reactive
component of a L-matching circuit to lower the VSWR at a second frequency of between about

26.5 MHz and about 27.5 MHz.

18. A fabrication chamber for processing senmiconductor wafers, comprising:

one or more signal generators configured to generate a corresponding number of RF
signals to process stations of the fabrication chamber;

a measurement circuit configured to measure the voltage standing wave ratios (VSWRs)
of the RF signals; and

a control module to control values of reactive components disposed between the one or
more signal generators and the stations of the fabrication chamber, the values of the reactive
components configured to be adjusted so as to reduce each of the VEWRs of the RF signals to a

value below a threshold VSWR.

19, The fabrication chamber of claim 18, wherein the threshold value of the VEWR

corresponds to 1.15:1.

20. The fabrication chamber of claim 18, wheren the threshold value of the VSWR

corresponds to 1.10:1.
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