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FEEDBACK CONTROL SYSTEMS FOR IMPEDANCE MATCHING

INCORPORATION BY REFERENCE
0061} A PCT Request Form 15 filed concurrently with this specification as part of the present
apphication. Each application that the present application claims benefit of or prionty to as
identified in the concurrently filed PCT Request Form 13 incorporated by reference in s entirety

and for all purposes.

BACKGROUND
{0002} Plasma-based operations may be utilized for semiconductor fabrication. Plasma may
be generated using an radio frequency (RF) generator that provides an RF signal to a process
chamber. Because a load impedance may vary during various time points, there may be variations
i the amount of reflected power. Moreover, in instances in which muktiple stations are associated
with the process chamber, there may be variations 1n an amount of power delivered to each station.
However, it can be difficult to design feedback control systems that perform impedance matching
with the goal of minimizing reflected power and/or controlling a power balance of RF power

delivered to each station.

[8003] The backeround description provided herein s for the purposes of generally presenting
the context of the disclosure. Work of the presently named inventors, to the extent it is described
in this background section, as well as aspecis of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor implicutly admatted as prior art agaiost the

present disclosure.

SUMMARY
[60604] Drisclosed herein are systems, methods, and media for feedback control systems for
impedance matching,
[60605] In accordance with some embodiments, a computer program product for an impedance

matching and powser disiribution network may comprise a non-transtiory computer-readable
medium on which is provided computer-executable instructions. The computer-executable
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mstructions may cause obtaining, at a present time, present values of variable reactances associated
with a station of a process chamber, wherein the variable reactances are associated with a first
feedback control system for performing impedance matching for the process chamber, and wherein
frequency tuning 18 being performed on an RE generator of the process chamber in association
with a second feedback control system for performing impedance matching for the process
chamber. The computer-executable msiructions may cause determining updated values of the
variable reactances for the station to be utilized in connection with the first feedback control system

based at least in part on an error associated with the second feedback control system.

{0006} In some examples, the error associated with the second feedback control system
comprises a difference between a measured frequency at the station and a target freqguency
associated with the process chamber. In some examples, the frequency at the station is determined

USing ONe Of MOre Sensing CIFCuiis.

{0067} In some examples, the updated values of the variable reactances are usable to modify
posttions of one or more vanable reactance elements associated with the process chamber to
nminimize reflected power associated with the station. In some examples, the one or more variable
reactance elements comprise at least one ofl a series capacitor, or a shunt capacitor. In some
examples, modifying the positions of the one or more variable reactance elements associated with
the first feedback control system causes the second feedback control system to drive the frequency
toward a target frequency. In some examples, the target frequency corresponds to a frequency

specified for a step of a recipe performed at the present time.

0008} In some examples, the computer-execuiable instructions further cause determining
positions of one or more variable reactance elements using a calibration table and based at least in

part on the updated values of the variable reactances.

{6669} In some examples, the variable reactances comprise a series reactance associated with

the station of the process chamber.

{60106} In some examples, the variable reactances comprise a shunt reaciance associated with

the process chamber.
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10011} In some examples, the variable reactances comprise a variable series reactance, and
wherein an updated series reactance is determined based on a correction to a target series reactance,

wherein the correction incorporates the error associated with the second feedback control system.

{8612} In some examples, the vaniable reactances comprise a vanable shunt reactance, and
wherein an updated shunt reactance is determined without determining a target shunt reactance

and based at least in part on the error associated with the second feedback control system.

{0913} In some examples, the updated values of the vaniable reactances are utilized by the first
feedback control system responsive to one or more criteria being met. [u some examples, the one
or more criteria comprise: a reflected power associated with the process chamber exceeding a
reflected power threshold, a power balance ratio associated with a plurality of stations of the
process chamber exceeding a power balance threshold, and the error associated with the second
feedback control system exceeding an error threshold. In some examples, the updated values of
the variable reactances are modified prior to use responsive to a determination that a difference
between the present values of the variable reactances and the updated values of the vanable

reactances are within a dither threshold.

{8014} In some examples, the determining the updated values of the variable reactances for
the station based at least in part on the error associated with the second feedback control system 1s
responsive to a determination that a mode associated with controlling the first feedback control
system based on the error associated with the second feedback control system has been activated

in a recipe being utilized at the present time.

BRIEF DESCRIPTION OF THE DRAWINGS
[0915] Figure 1A 15 a schematic diagram of an example apparatas in accordance with some

embodiments.

0916} Figure 1B is a block diagram showing various components of a system utihized 1o

perform a semiconductor fabrication process in accordance with some embodiments.

{0917} Figure 1T 1s a block diagram showing various components of a system utilized 1o

perform a semiconductor fabrication process in accordance with some embodiments.
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10018} Figure 2 15 a diagram showing various circuit elements vtilized in feedback control

systems in accordance with some embodiments.

0919} Figure 3 15 a flowchart of an example process for determuning values of variable
reactance elements {0 coordinate two feedback control system for impedance matching m

accordance with some embodiments.

{8628} Figure 4 13 a flowchart of an example process for determining if variable reactances are
to be modified i accordance with a feedback control system for impedance matching according

o some embodiments.

{0921} Figure S is a flowchart of an example process for coordinating two feedback control

systems for impedance matching n accordance with some embodiments.

10022} Figure © presents an example computer system that may be employed to implement

certain embodiments described herein.

DETAILED DESCRIPTION

TERMINGLOGY
{0023} The following terms are used throughout the instant specification:

8024} The terms “senuiconductor wafer,” “wafer,” “substrate,” “wafter substrate” and
“partially fabricated integrated circuit” may be used interchangeably. Those of ordinary skill in
the art understand that the term “partially fabricated integrated circuit” can refer to a semiconductor
wafer during anv of many stages of integrated circuit fabrication thereon. A wafer or subsirate
used in the semiconductor device industry typically has a diameter of 200 mm, or 300 mum, or 450
mm. Besides semiconductor wafers, other work pieces that may take advantage of the disclosed
ermnbodiments include various articles such as printed circuit boards, magnetic recording media,
magnetic recording sensors, muirrors, optical elements, display devices or components such as
backplanes for pixelated display devices, flat-panel displays, micro-mecharucal devices and the

fike. The work piece may be of various shapes, sizes, and materials.
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10025} A “semiconductor device fabrication operation” as used herein is an operation
performed during fabrication of semiconductor devices. Typically, the overall fabrication process
mcludes multiple semiconductor device fabrication operations, each performed in its own
semiconductor fabrication tool such as a plasma reactor, an electroplating cell, a chemical
mechanical planarization tool, a wet etch tool, and the like. Categories of semiconductor device
fabrication operations include subtractive processes, such as eich processes and planarization
processes, and material additive processes, such as deposition processes {e.g., physical vapor
deposition, chenmucal vapor deposition, atomic layer deposition, electrochemical deposition,
electroless deposition). In the context of eich processes, a substrate etch process includes
processes that etch a mask layer or, more generally, processes that eich any layer of material
previously deposited on and/or otherwise residing on a substrate surface. Such an etch process

may etch a stack of layers in the substrate.

0026} “Manufacturing equipment” refers to equipment in which a manufacturing process
takes place. Manufacturing equipment often has a process chamber in which the workpiece resides
during processing. Typically, when in use, manufacturing equipment performs one or more
semiconductor device fabrication operations. Examples of manufacturing equipment for
semiconductor device fabrication include deposition reactors such as electroplating cells, physical
vapor deposition reactors, chemical vapor deposition reactors, and atomic layer deposition
reactors, and subtractive process reactors such as dry etch reactors {e.g., chemical and/or physical

etch reactors), wet etch reactors, and ashers,
IMPEDANCE MATCHING FEEDBACK CONTROL SYSTEMS

{6027} Plasma-based reactors may be utilized to perform plasma-based semiconductor
operations {e g., plasma-based deposition and/or plasma-based etching). Such a reactor, or process
chamber, may have muliiple {e.g., two, four, eight, sixteen, eic) stations. An R¥F generator may
provide an RF signal to the station(s) of the process chamber, where the RF signal is used to
generate plasma within the station o perform the plasma-based operation. In cases in which a
process chamber utilizes multiple stations, a power divider may be used to provide the power to
the multiple stations. A matching network may be utilized to performn impedance matching, for

example, to account for chavges in the load tupedance. Such a matching network (e.g., to perform
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impedance matching) may allow maximum power to be transferred from the R¥ generator {0 each

of the stations by eliminating reflected power.

0928] In some cases, the matching network may utilize a first feedback control system that
tunes one or more variable reactance elements in order to perform impedance matching. The one
or more variable reactance elements may include variable capacitors, variable inductors or the Like.
In some cases, the variable reactance elements may be adjusted in position to achieve a target, or
desired reactance value that has been calculated as one that will eliminate reflected power. A
system may additionally utilize a second feedback control system that performs frequency tuning
on an RF generator of the process chamber to perform impedance matching. Because impedance
matching (1.e., to minimize or eliminate reflected power) requires manipulating two independent
dimensions {i.e., the real and imaginary components of the impedance), adjusting frequency alone
allows one dimension to be tuned to a desire value, but does not necessarily allow both independent
dimensions to be adjusted to desired values. Accordingly, frequency tuning may allow reflected
power to be reduced, but not necessarily eliminated. Because adjusting the vanable reactance
elements {e.¢., via a stepper motor} may require a time duration on the order of nulliseconds, or
tens of milliseconds, the first feedback control system may be relatively slow. By contrast,
frequency tuning may be faster than tuning variable reactance elements, for exarmple, on the order
of microseconds or tens of microseconds. In other words, the first feedback control system that
utitizes tuning of varable reactance elements may enable complete elimmation of reflected power
while being relatively slow, while the second feedback control systern that utilizes frequency
tuning may provide only a reduction i reflected power while being orders of magnitude faster

than the first feedback control system.

[0029] Drescribed heren are techniques for coordinating a first feedback control system that
utilizes tuning of variable reactance elements with a second feedback control system that performs
frequency tuning on an RF generator. In particular, new or updated values of reactance elements
of the first feedback control system roay be determined based on an error of the second feedback
control system.  In some wuplementations, the error may be a difference between reasured
frequencies at each station of the process chamber {or an average of measured frequencies across
the stations} and a target frequency. By coordinating the first feedback control system with the

second feedback control system, advantages of each feedback control systern may be combined,
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thereby allowing faster elimination of reflected power. The techniques described herein may be
particularly advantagecus at recipe step changes in which RF signal characteristics are o be
changed in a stepped manner {e.g., with a discontinuity in one or more parameters). Moreover, at
steady-state portions during a recipe step, the techniques described herein may enable driving of

frequencies at each station toward the target frequency specified in the recipe step.

{6030} 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 {eg., a
pedestal} 1n an interior volume which may be maintamed under vacuum by vacuum 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.

{0031} For simplicity, processing apparatus 100 1s 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 comumon reaction chamber—as described herein. For example,
Figure 1C depicts an implementation of a mulii-station processing tool and is 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.

0032} Station 102 of the process chamber fluidically communicates with gas delivery system
101 for delivering process gases, which may include hiquids 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 roay control mtroduction of process gases to mixing vessel 104,

{8033} Some reactanis may be stored in hiquid form prior to vaporization and subseguent

delivery to station 102 of a process chamber. The tmplementation of Figure TA ncludes a
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vaporization point 103 for vaporizing hiquid reactant to be supplied to mixing vessel 104, Insome
implementations, vaporization point 103 may be a heated hquid injection module. In some sther
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

fiquid flow controller (LEC) upstream of vaporization point 103 may be provided for controlling

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

0034} Showerhead 100 distributes process gases and/or reactants (e.g., film precursors}
toward substrate 112 at the process station, the flow of which s controlled by one or more valves
upstream from the showerhead (& g, vaives 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 suitable shape and may have any suitable number and
arrangement of ports for distributing process gases to substrate 112, In some implementaiions
with two or more stations, gas delivery system 101 includes valves or other flow control structures
upstream from the showerhead, which can independently control the flow of process gases and/or
reactants 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 mulii-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,

[8035] A volume 107 15 located beneath showerhead 106, In some implementations, pedestal
108 may be raised or lowered to expose subsirate 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,

8036} In Figure 1A, showerhead 106 and pedestal 108 are electrically coupled to radio
frequency power supply 114 and matching network 116 for powering a plasma generator. In some
mplementations, the plasma evergy may be controlled {e.g, via a system controller having
appropriate machine-readable instructions and/or control 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
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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.

{0037} In some wmplementations, the plasma ignition and maintenance conditions are
controlled with appropriate hardware and/or appropriate machine-readable instruciions in g system
controller which may provide control instructions via a sequence of input/output control (10C)
mstructions. In one example, the instructions for setting plasma conditions for plasma ignition or
maintenance are provided in 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, mstructions for setiing one or
more plasma parameters may be included in a recipe preceding a plasma process. For example, a
first recipe may include mstructions for setting a flow rate of an nert {e.g., helium) and/or a
reactant gas, instructions for setting a plasma generator to a power set point, and time delay
mstructions for the first recipe. A second, subseguent recipe may include instructions for enabling
the plasma generator and time delay instructions for the second recipe. A third recipe may include
mstructions for disabling the plasma generator 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.

{0038} in some deposition processes, plasma strikes last on the order of a few seconds or more
in 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 S0 milliseconds, such

as 25 milliseconds.

{6039} For simplicity, processing apparatus 100 is depicted in Figure 1A as a standalone
station {102} of a process chamber for maintaining a low-pressure environment. However, it may
be appreciated that a plurality of process stations may be included in a multi-station processing
tool environment, such as shown in Figure 18, which depicts a schematic view of an embodiment

of a multi-station processing tool.

0048} Processing apparatus 130 employs an integrated circuit fabrication chamber 132 that
mchudes multiple fabrication process stations, each of which may be used to perform processing

operations on a substrate held in a wafer holder, such as pedestal 108 of Figure 1A, at a particular
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process station. In the embodiment of Figure 1B, the integrated circuit fabrication chamber 132 1
shown having four process stations, 133, 134, 135, and 136, as well as 4 cables, which provide RF
power 1o each of the four process siations through input ports 137, Other simuilar multi-station
processing apparatuses may have more or fewer process stations depending on the implementation
and, for example, a desired level of parallel wafer processing, size/space constraints, cost
constraints, etc. Also shown in Figure 1B 1s substrate handler robot 138, which may operate under
the control of system controlfler 140, configured to move substrates from a wafer cassette {not
shown 1n Figure 1B) from a loading port and nto integrated circuit fabrication chamber 132, and

onto one of process stations 133, 134, 135, or 136,

(6041} Figure 1B also depicts an embodiment of a system controller 140 employed to control
process conditions and hardware states of processing apparatus 130, System controlier 140 may
include one or more memory devices, one or more mass storage devices, and one or more
processors. The one or more processors may include a central processing umit, analog and/or
digital mmput/output connections, stepper motor controller boards, etc. In some embodiments,
system controller 140 controls all of the activities of processing tool 130, System controller 140
executes system control software stored in a mass storage device, which may be loaded mio a
memory device, and executed on a hardware processor of the system controller. Software 1o be
executed by a processor of system controller 140 may include instructions for controlling the
timing, mixture of gases, fabrication chamber and/or station pressure, fabrication chamber and/or
station temperature, wafer temperature, 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 processing tool 130, These programed processes may include various types of
processes mncluding, but not limited to, processes related to determuning an amount of
accurnulation on a surface of the chamber interior, processes related to deposition of film on
substrates including numbers of cycles, and processes related to cleaning the chamber. System
control software, which may be executed by one or more processors of system controller 140, may
be configured in any suitable way. For example, various process tool component subroutimes or
control objects may be written to control operation of the process tool components necessary 10

carry out various tool processes.

10
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0042} In some embodiments, software for execution by way of a processor of system
controller 140 may include input/output control (100 sequencing instructions for conirolling the
various parameters described above. For example, each phase of deposition and deposition cycling
of a substrate may include one or more instructions for execution by system controller 140, The
mstructions for setting process conditions for an ALD/CFD deposition process phase may be
mctuded in a corresponding ALD/CFD deposition recipe phase. In some embodiments, the recipe
phases may be sequentially arranged, so that all instructions for a process phase are executed

concurrently with that process phase.

0043} Gther computer software and/or programs stored on a mass storage device of system
controller 140 and/or a memory device accessible to system controller 140 may be employed in
some embodiments. Examples of programs or sections of programs for this purpose include a
substrate positioning program, a process gas control program, a pressure control program, a heater
control program, and a plasma control program. A substrate positioning program may include
program code for process tool components that are used to load the substrate onto pedestal 108 (of
Figure 1A} and to control the spacing between the substrate and other parts of processing apparatus
130. A posttioning 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.

{0044 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 embodiments, the process gas control
program includes instructions for introducing gases during formation of a film on a substrate in
the reaction chamber. This may mclude introducing gases for a different number of cycles for one
or more substrates within a batch of substrates. A pressure control program may include code for
controlling the pressure in the process station by regulating, for example, a throttle valve o the
exhaust system of the process station, a gas flow into the process station, etc. The pressure control
program may include nstructions for maintaining the same pressure during the deposition of

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

11
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10045} A heater control program may nclude code for controlling the current to a heating unit
that is used to heat the substrate. Alternatively, the heater control program may control delivery

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

{8046} In some embodiments, there may be a user interface associated with system controlier
140. The user interface may include a display screen, graphical software displays of the apparatus
and/or process conditions, and user input devices such as pointing devices, keyboards, touch

screens, microphones, ete.

8047} In some embodiments, parameters adjusted by system controller 140 may relate to
process conditions. Non-limiting examples wnchude process gas composition and flow rates,
temperature, pressure, plasma conditions, 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 subsirates within the

batch in order to account for thickness trending over the course of processing the batch.

{0048} Signals for monitoring the process may be provided by analog and/or digital input
connections of system controller 140 from various process tool sensors. The signals for controlling
the process may be cutput by way of the analog and/or digital output connections of processing
tool 130, Non-limiting examples of process tool sensors that may be monitored inchude mass flow
controllers, pressure sensors (such as manometers), thermocouples, etc. Sensors may also be
meluded and used to monitor and determine the accumulation on one or more surfaces of the
mterior of the chamber and/or the thickness of a material layer on a substrate in the chamber.
Appropriately programmed feedback and control algorithms may be used with data from these

Sensors to maintain process conditions,

0049} System controller 140 may provide program instructions for implementing the above-
described deposition processes. The program instructions may conirol a variety of process
parameters, such as DC 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 various

embodiments described herein.

12
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0050} For example, the system controller may include control logic for performing the
techniques described herein, such as determining an amount of accumulated deposition material
currently on at feast an interior region of the deposition chamber mnterior, applying the determine
the amount of deposited material, or a parameter derived therefrom, to a relationship between (i}
a number of ALD cycles required to achieve a target deposition thickness, and (i) a vanable
representing an amount of accumulated deposition material, in order to obtain a compensated
number of ALD cycles for producing the target deposition thickness given the amount of
accumulated deposition material currently on the inderior region of the deposition chamber interior,
and performing the compensated number of ALD cycles on one or more subsirates 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

m response to that determination, and for causing a cleaning of the chamber interior.

08051} In addition to the above-identified functions and/or operations performed by system
controller 140 of Figure 1B, the controller may additionally control and/or manage the operations
of an RF subsystem, which may generate and convey RF power to integrated circuit fabrication
chamber 132 via radio frequency input ports 137 As described further herein, such operations
may relate to, for example, determining upper and lower thresholds for RF power to be delivered
to integrated circuit fabrication chamber 132, deternmuning actual {such as real-time) levels of RF
power delivered to integrated circuit fabrication chamber 132, RF power activation/deactivation

times, RF power on/off duration, operating frequency, and so forth.

[0052] In particular embodiments, integrated circuit fabrication chamber 132 may comprise
mput ports in addition to nput ports 137 {additional nput ports not shown in Figure 1B).
Accordingly, ntegrated circuit fabrication chamber 132 may utilize § RT nput ports. In particular
embodiments, process stations 133-136 of integrated circuit fabrication chamber 132 may each
utifize first and second input ports n which a first input port may convey a signal baving a first
frequency and 10 which a second input port may convey a signal having a second frequency. Use
of dual trequencies roay bring about enhanced plasma characteristics, which may give rise to
deposition rates within particular limits and/or more easily controlled deposition rates. Dual
frequencies may bring about other desirable consequences other than those described herem. In

certain embodiments, frequencies of between about 300 kHz and about 300 MHz may be utilized.

13
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{0053} In Figure 1B, RF power from a RF signal source 142 may be split among four output
channels, which may be coupled to a corresponding one of input port 137 of integrated circuit
fabrication chamber 132, In at least particular embodiments, 1t may be useful for RF power from
a RF signal source 142 o be split into relatively equal portions {such as about + 1%). Thus, man
example, if RE signal source 142 provides an output power of 1006 W, about 250 W {+ 1%} 15

conveyed to each of input port 137 of fabnication chamber 132.

{0054] Figure 1C is a block diagram showing various components of a system utilized to
perform a semiconductor fabrication process, according to an implementation 151, In Figure iC,
RF signal generator 160 1s uithized fo generate an excitation signal, which may bring about
formation of a plasma within stations 102A, 1028, 102C, and 102D of the process chamber.
Stations 102A, 1028, 102C, and 102D may correspond to stations of a semiconductor process
chamber, as previously described in reference to Figure 1A, Note that, in some implementations,
multiple R¥ signal generators may be used, such as a first RF generator configured to generate a
relatively low-frequency signal, such as a signal of approximately 400 kHz, and a second R¥F
generator configured to penerate a relatively high-frequency signal, such as a signal of
appreximately 27.12 MHz It should be noted, however, that these represent merely example
frequencies. In other implementations, differing radio frequencies may be generated, and
mplementations are not limited to 400 kHz and 27.12 MHz signals. For example, in particular
mstances, a relatively low-frequency may correspond to a frequency of between 360 kHz and 440
kHz. Tnanother nstance, a relatively high-frequency may correspond to a frequency of between

26.5 MHz and 27.5 MHz

[0055] In Figure 1C, an RTF transmission hine couples RF signal generator 160 1o matching
network 163, The RF transmuission line may volve a charactenstic iropedance of about 50 ohms,
However, other mmplementations may utilize transnussion lines having differing charactenistic
impedances, such as 70 ohms, 300 ohms, and so forth. In the vuplementation of Figure 1C,
matching network 163 operates to match the load presented by power divider 170 to the output
iopedance of RY signal generator 160, Such matching brings about an ability to couple maximum
power transfer from RF signal generator 160 to power divider 176, Accordingly, even when power
divider 170 presents a highly reactive load (e.g., a complex mmpedance having a relatively small

real component and a large reactive component) maximum power can be transferred from RF

14
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signal generator 160 to power divider 170. Matching network 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. It should be noted that, in some
implementations, matching network 163 and power divider 170 may be combined in an integrated

system.

[6056] In particular implementations, components of matching network 163 may be arranged
s0 as to match a particular load presented by low-frequency and high-frequency input ports of
power divider 170, which may operaie to provide plasma-generating power via sutput 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, 102C, and 102D of a process chamber, may begin to vary or dnft
Accordingly, for example, during the initial moments of plasma generation {(e.g., the initial 30-60
seconds) output signal amplitudes from ports 171-174 may correspond to substantially equal
quantities. However, as plasma generation progresses, output signal amplitudes 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 instances, in 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 from 0.0% to 100.0% and
subject to the constramnt that the sum of power gomg to each station adds to 100% Addutionally,
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 variable capacitor may be adjusted to a value

that brings about a current flow that approaches or approximates 0.0 Ampere,

8057} Tt roay be dufficult to ensure constant, uruform power transfer from power divider 170
to stations 102A-102D. To some vuplementations {e.g., in instances in which a matching network
and power divider are integrated), a first feedback control system may operate to provide real-
tume, closed-loop tuning of reactance components within matching network 163 1n response to
varfances n reactive loads presented by stations 102A-102D. In some embodiments, the first
feedback control system may tune one or more reactance components or elements within matching
network 163 by adpusting positions of the one or more reactance components {e.g., vanable

capacttors, or the Iike). Such position adpustments may be mplemented by one or more stepper
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motors. The first feedback control system may provide substantial, or full) control to minimize

reflected power and/or to balance power delivered to each station.

{6058] In some implemeniations, a second feedback control system may operate to provide
frequency tuning on RF signal generator 160 as part of a second impedance matching control
system. Because the second feedback control system adjusts frequency, and therefore, may only
be able to optimize a single dimension of impedance toward a desired or target value, the second
feedback control system may be able to reduce reflected power without eliminating reflected

POWEL.

[0059] Because the first feedback control system may utilize tuming of reactance components,
the first feedback control system may operate on a slower time scale relative to the second feedback
control system. For example, the first feedback control system may make adjustments on a scale
of tens or hundreds of milliseconds, while the second feedback control system may operate on a
scale of microseconds. In other words, the first feedback control system may be able to more
accurately and fully perform impedance matching, reflected power munimization, and power
balance relative to the second feedback control system, albeit on a slower time scale than the
second feedback control system. The longer time scales required by the first feedback control
system may be particularly problematic during step changes in a recipe where RF signal conditions

are adjusted in a step-wise manner,

8060} Drescribed herein are techniques implemented in a first feedback control system (which
tunes reactive components) to allow the first feedback control system to operate in coordination
with a second feedback control systemn (which performs frequency tuning}. In particular, using
the techniques described herein, the first feedback control system may tune reactance components
by considering an error of the second feedback control system. The error may be a difference
between a measured frequency and a target frequency specified by the recipe being implemented,
where the measured frequency corresponds to a frequency that is a result of the frequency tuning

being performed by the second feedback control system.

8061} Referring back to Figure 1C, in some implementations, a reactance determination
engine 180 may provide input to matching network 163 that indicates reactance values to be

utilized by matching network 163 to perform impedance matching using the first feedback control
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system. Insomeimplementations, reactance determination engine 180 may receive phase, voltage,
current, and/or frequency information from a phase/voltage/current/frequency sense circuit 182
For example, phase/voliage/current/frequency sense circuit 182 may measure a voltage and/or a
current at one or more stations of the process chamber. Continuing with this example, reactance
determination engine 180 may determine the reactance values based on the voltage and/or current,
phase and/or frequency information associated with the RF signal provided to a station. Note that
phase/voltage/curreni/frequency sense circuit 1s sometimes referred to as a “VI probe” herein.
More detailed techniques that may be performed by reactance determination engine 180 are shown

in and described below in connection with Figures 3, 4, and S.

{08062} Figure 2 is a diagram showing various circuit elements utilized in an impedance
matching process used n the performance of a plasma-enhanced process, according to an
mmplementation 200. 1t may be appreciated that any number of, for example, RF power control
circuits {e.g., 225A, 2258), phase/voltage/current sensing circuits {e.g., 215, 235A, 235B), and

stations {e.g., 102ZA, 102B) may be utilized.

{0063} In Figure 2, match reflection optimizer 220 includes variable capacitor C220. Although
not shown in Figare 2, match reflection optimizer 220 may include an inductor having a value
selected to provide a range of admittances that can be presented by the combination of C220 mn
series with the inductor. In particular implementations, C220 represents a variable capacitor
having a value that can be controlled via a remote signal, such as a signal from a reactance
determination engine {e.g., as shown m and described above in connection with Figure 1C) or
other controller. Accordingly, in response to the phase/voltage/current sensing circuit measuring
an increase in inductance {e.g., via measurement of a voltage standing wave ratio (VSWR))
presented by the combination of RF power countrol circuits 225A-225N, a value of capacitance
presented by C220 may be adjusted s0 as to present sufficient admittance to return the measured
VSWR to a value below a predetermined threshold (e.g, 1.15:1, 11011, etc ). Such adjustment of
capacitors C220 along with any necessary adjustments to other reactive elemuents (e.g., 225A) may

bring about an increase in power transfer from signal generator 205 to stations 102A and 102B.

[8964] RF power control cireuit 225 A may include a series impedance, represented by C225A.

RF power control circurt 225A may also 1oclude an inductor, which may be a static component
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having a value selected to provide a range of impedances that can be presented by the combination
of C225A and the inductor. In particular implementations, C225A represents a variable capacitor
having a value that can be controlled via a remote signal | such as a signal from a reactance
determination engine {e.g., as shown i and described above in connection with Figore 1C). Thus,
responsive to phase/voltage/current sensing circuit 235A measuring 8 change in impedance of
station 102A, capacitor C225A may be adjusied, so as to bring about maximum power transfer
between the RF generator and stations 102A and 102B. Similar adjustments may be made to

variable capacitor C2258 based on a signal from phase/voltage/current sensing circuit 235B.

{0065} In some implementations, adjustments 1o a first feedback control system may be made
by adjusting variable reactance elements associated with the first feedback control system. Using
the techniques described herein, an updated value associated with a variable reactance element
may be determined based on a present value of the variable reactance element, an error associated
with a second feedback control system that is being used to perform frequency tuning to provide
impedance matching for the system, and/or measurements from a VI probe (which may include
voltage, current, frequency, and/or phase measurements or determinations). In some
embodiments, the error associated with the second feedback control system may be a difference

between a measured frequency and a target frequency.

{08066} in some implementations, the variable reactance elements may include one or more
series reactances, each associated with a particular station of the process chamber {e g., as shown
m and described above in connection with Figure 2). In some embodiments, an updated series
reactance value may be determined based on a present series reactance value and a modified target
series reactance value. In some embodiments, the modified target series reactance value may be
determined by first determining a target series reactance (generally referred to heren as Xajas a
target series reactance that will minimize reflected power for a particular station associated with
the series reactance element. The target series reactance may be determined using a circuit model,
VI probe measurements {(which may include magnitude and/or phase raformation) from one or
more VI probes associated with the station, and a desired power ratio for each station {(which may
be determined based on a recipe setpoint). The target series reactance value may then be modified
to compensate for uncertainties in the circutt model by utihizing an estimate of the present sertes

reactance {generally referred to herein as Xu}. The estimate of the present series reactance may be

18



%21

10

15

20

25

WO 2023/177409 PCT/US2022/030252

determined based on the circuit model, magnitude and/or phase information obtained from one or
more VI probes associated with each station, and VI probe measurements {(which may include
magnitude and/or phase} from a VI probe upstream of the network. The resulting value may then
be further modified based on an error associated with the second feedback control system. In
particular, the resulting value may be modified based on an error between a measured frequency
at the station associated with the sertes reactance element and a target frequency. The target
frequency may be one that 1s specified by a recipe, such as a target frequency specified by a

particular step of the recipe that is being performed or is about to be performed.

{0067} In some mmplementations, the variable reactance elements may include one or more
shunt reactances. For example, the one or more shunt reaciances may be associated with a match
reflection optimizer, as shown in and described above in connection with Figure 2. In some
embodiments, an updated shunt reactance value may be determined based on a present shunt
reactance value and an error associated with the second feedback control system. For example,
the error associated with the second feedback control system may be the difference between a
measured frequency {e.g., an average of the measured frequencies at each station) and a target
frequency. The target frequency may be one that is specified by a recipe, such as a target frequency
specified by a particular step of the recipe that is being performed or is about to be performed. It
should be noted that, in some implementations, when the process chamber is operating in a steady
state mode (e g., not at a step transition in a recipe being executed by the process chamber), tuning
a shunt reactance to an updated shunt reactance value may cause the frequency to be driven toward
the target frequency, due to consideration of the error in frequency in setting the updated shunt
reactance value. Moreover, as will be described below m more detail in connection with Figure 3,
the updated shunt reactance value may be determined without determining a target shunt reactance
value and based on the error i frequency, which allows the frequency to be driven toward the
target frequency. It should be understood that although the techniques and system described herein
generally refer to a shunt reactance being adjusted based on frequency error to drive the frequency
towards the target frequency and series reactances being adjusted based on the calculated target
reactance, in some implementations, this may be reversed. In other words, in some embodiments,
series reactances may be used to drive the frequency to a target frequency, and shuni reactances

may be adiusted based on calculated target reactances.
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10068} Figure 3 iHustrates a flowchart of an example process 300 for coordinating two
feedback control systems for performing impedance matching for a process chamber in accordance
with some implementations. 1t should be noted that blocks of process 300 may be executed by
one or more processors and/or one or more controllers associated with the process chamber, as
shown in and described above in connection with Figure 1A, In some embodiments, blocks of
process 300 may be performed in an order other than what is shown mm Figuwre 3. In some

embodiments, two or more blocks of process 300 may be performed substantially in paraliel. In

some embodiments, one or more biocks of process 300 may be omitted.

0069} Process 300 can begin at 302 by deternuning present series and/or shunt reactance
values associated with one or more stations of a process chamber. As shown in and described
above in connection with Figure 2, there may be multiple serigs control reactance elements, each
associated with a station of the process chamber. As shown in and described above in connection
with Figure 2, a shunt reactance element may be associated with all stations of the process
chamber. In instances i which a series reactance element is associated with a particular station j,
a present series reactance value associated with station  may be represented by Xse{j). The present
shunt reactance value may be represented by Xww. In some implementations, present series
reactance values and/or the present shunt reactance value may be determined using a calibration
table or a look up table. For example, m instances in which a reactance element (whether
associated with a series reactance or a shunt reactance) 1s a variable capacitor, the present reactance
value {e.g., a present series reactance value and/or the present shunt reactance value) may bhe
deternuned by utilizing the current position of the varnable capacitor as a key to the calibration

table to 1dentify a present reactance value associated with the current position.

{8070} At 304, process 300 may determine frequency information indicative of frequencies at
a present time at one or more stations of the process chamber. In some implementations, the
frequency information may nclude a frequency measured at each station of the process chamber,
In some embodiments, the frequency may be measured at a particular station using a VI probe
associated with the corresponding statton. It should be noted that, 1o some mmplementations, the

frequency may be measured for only a high frequency (HF) signal provided to the station.
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{0071} At 3006, process 300 may obtain a target frequency associated with an RF generator
providing an RF signal to the one or more stations of the process chamber. In some embodiments,
the target frequency may be one that is specified by a recipe being implemented by the process
chamber, e.g., for a particular siep of the recipe. 1t should be noted that, in mnstances in which
frequency tuning is not being performed (e g, the second feedback control system is disabled), the
target frequency may be identified as the frequency being output by the RF generator. Utilizing
the target frequency being output by the RF generator in instances in which frequency tuning is
not being performed may allow backward compatibiity for implementation of the blocks of
process 300 in instances in which frequency tuning ts not implemented and/or in which frequency

tuning is disabled for a particular recipe or recipe step.

0072} At 308, process 300 can determine updated series and/or shunt reactance values based
at least in part on the present series and/or shunt reactance values and a difference between the

measured frequencies and the target frequency.

{8673} In some implementations, for a particular station j, an updated series reactance value
may be determined based on & present series reactance value Xe{f) for station j {e.g., as determined
at block 302}, a modified target series reactance value, and a difference between the average of the
measured frequencies across the one or more stations and the target frequency (e g., as determined
at block 306, and generally referred to herein as Af). The modified target series reactance value
may be determined by determining a target, or desired series reactance value for the station,
represented as X«7). Insome implementations, the target series reactance value for the station may
be determined based on a circuit model, VI probe measurements {which may include magnitude
and/or phase mformation} from one or more VI probes associated with the station, and a desired
power ratio for each station {which may be determined based on a recipe setpoint). The target
series reactance value for the station may then be modified based on an estunate of the present
series reactance for the station, represented as Xu{f). The estimate of the present series reactance
for the station may be determined based on the circuit model, based on measurements from a VI
probe associated with the station, and/or based on measurements from a VI probe upstream from
the network. The measurements from the VI probe may be utilized to determine magnitude and/o

r phase information {e.g., associated with the RF signal being provided to the station).
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Using the measurements from the VI probe to modify the target, or desired, series reactance value

may allow compensation for uncertainties in the circuit model.

{6074} By way of example, in some embodiments, the updated series reactance value for

station j, Xuew serf), may be determined by:
Xne.wse.,- (}) = Xse’.r' (}) + m d(lme) * (Xd. U) X’H (}>) + kse’r * Af

[B975] In the equation above, X)) represents the present series reactance value for station /
{e.g, as determned at block 302), Xa(f) represents the target, or destred series reactance value for
station j, Xu{J} represents the estimated present series reactance value for station J deternuned based
on the circuit model and/or VI probe mformation, and Af represents a difference between an
average of frequencies measured at each of the stations and the target frequency (e.g., as obtained
at block 3063, Additionally, in the equation above, dampX represents a damping constant, and Keer
represents a weighting coefficient that weights an importance of the ervor of the second feedback

control system in updating the series reactance value,

{8976} In some implementations, the updated shunt reactance value {generally referred io

herein as Anew s} 103y be determined based on a present value of the shunt reactance (generally
referred to herein as Xuw) and a difference between the average of frequencies measured at each
station and the target frequency. By way of example, in some embodiments, the updated shunt

reactance value may be determined by
Xnewshu = Xope + Kopu * 4f

{8677} In the equation above, Af represents a difference between an average of frequencies
measured at each of the stations and the target frequency {e.g.. as obtamned at block 306).
Additionally, in the equation above, ks tepresents a weighting coefficient that weights an
maportance of the error of the second feedback control system in updating the shunt reactance

value.

8078} It should be noted that the equations given above for deternuning updated series

reactance values and updated shunt reactance values may be switched in an mplementation in
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which the series reactance s used to drive the frequency to the target frequency and in which the

shunt reactance is used to drive the reactance (o a target reactance.

0979] In some inplementations, the updated series reactance value{s) and the updated shunt
reactance value(s) are usable to modify positions of variable reactance elements in order to adjust
the present series reactance value(s} and/or the present shunt reactance value toward the updated
reactance values. For example, an updated reactance value (whether an updated series reactance
value or an updated shunt reactance value} may be used as a key to a calibration table or a look up
table to 1dentify a position of a variable reactance element (e g., a variable capacitor) to achieve
the updated reactance value. 1n some mplementations, the variable reactance element may then

be actuated to the identified position using, e.g., a stepper motor.

16030} In some implementations, an updated series reactance value and/or an updated shunt
reactance value may be determined, as described above. In some embodiments, a determination
may be made of whether to use the updated series reactance value and/or the updated shunt
reactance value {(e.g., by adjusting one or more variable reactance elements associated with the
process chamber {o positions corresponding to the updated reactance values) In some
implementations, the updated series reactance values and/or the updated shunt reactance values
may be utilized responsive to a determination that one or more criteria are met. The one or more
criteria may include: a reflected power associated with the process chamber exceeding a reflected
power threshold or outside of a reflected power range, a power balance of power being delivered
to two or more stations of the process chamber exceeding a power balance threshold or being
outside of a power balance range, and an error associated with the second feedback control system
exceeding an error threshold or being outside of an ervor range. It should be noted that, in some
cases, 1 instances in which the reflected power 1s within a reflected power range, a power balance
is within a power balance range, and an error associated with the second feedback control system
i3 within an error range, but there are differences between an updated reactance value and the
present reactance value, reactance element {e.g., capacitor) positions may be mamtaned to avoid
unnecessarily dithering the reactance eleruents, which may avoid unnecessary wear and tear on the

reactance elements.
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0081} Figure 4 shows a flowchart of an example process 400 for determining whether to use
updated series reactance values and/or updated shunt reactance values in accordance with some
implementations. It should be noted that blocks of process 400 may be execuied by one or more
processors and/or one or more controllers associated with the process chamber, as shown in and
described above in connection with Figure 1A, In some embodiments, blocks of process 400 may
be performed in an order other than what is shown in Figure 4. In some embodiments, two or
more blocks of process 400 may be performed substantially in parallel. In some embodiments,
one or more blocks of process 400 may be omitted It should be noted that, in some
wnplementations, process 400 may be performed after determining updated series reactance values
and/or updated shunt reactance values {e.g, as described above i connection with block 308 of
Figure 3) and prior to adjusting series reactance elements and/or shunt reactance elements to

achieve the updated series reactance values and/or shunt reactance values, respectively.

0082} Process 400 can begin at 402 by obtaining updated series reactance values (Xuew ser(f),
for a particular station j} and/or updated shunt reactance values (Xuew siv). For example, the
updated series reactance values and/or the updated shunt reactance value may be those determined

at block 308 of Figure 3, as described above.

10083} At 404, process 400 can determine whether to use the updated series reactance values
and/or the updated shunt reactance value. For example, process 400 can determine that the updated
series reactance values and/or the updated shunt reactance value are to be used responsive t©
determining that one or more criteria are met. In some implementations, the one or more criteria
may include the measured station power ratio indicating a balance of power delivered to the
stations of the process chamber exceeding a power balance threshold or being outside of a power
balance range. The power balance threshold may be any suitable percentage {(e.g., 8.1%, 0.5%,
1%, or the like) away from a power balance set point. In some implementations, the one or more
criteria may include a metric indicating an amount of reflected power exceeding a reflected power
threshold. For example, in mmstances in which the reflection coefficient is represented as T, the
metric indicating reflected power may be {|°. In other wards, the reflection coefficient is a
complex value, and the metric indicating reflected power may be the square of the reflection
coefficient magnitude The metric may indicate the ratio of reflected power to forward power

delivered. Contiruing with this example, the one or more criteria may be deemed as met if [I7]% 15
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greater than a reflected power threshold {(eg., 0.001, 0005, 001, or the like) In some
implementations, the one or more criteria may be based on an error associated with the second
feedback control system exceeding an error threshold, where the error 15 a difference between
measured frequencies and a target frequency. For example, the criteria may include an average of
the frequencies at the one or more stations of the process chamber exceeding a frequency threshold
{e.g., more than 0.1% away from the target frequency, more than 0.5% away from the target
frequency, more than 1% away from the target frequency, or the like). Conversely, process 400
can determine that the updated series reactance values and/or the updated shunt reactance value
are not to be used responsive to determining that none of the one or more criteria are met. i should
be noted that, in some mplementations a determination of whether to use the updated shunt
reactance value may not consider criteria associated with power balance among different stations
of the process chamber (e g, in instances in which the shunt reactance is utilized for all stations of

the process chamber, as shown in and described above in the example of Figure 2).

[06084] If, at 404, process 400 determines the updated series reactance values and/or the
updated shunt reactance value are not to be used (“no” at 404), process 400 can proceed to block

406 and can maintain the current series reactance value and/or the current shunt reactance valuye.

[8085] Conversely, if, at 404, process 400 determnes the updated series reactance values
and/or the updated shunt reactance value are to be used (“yes” at 404}, process 400 can proceed to
block 408, and can set the new series reactance value for each station to the updated series
reactance value for the corresponding station, and/or can set the shunt reactance value to the
updated shunt reactance value. The updated values may be used to adjust postiions of variable

reactance elements, such as variable capacitors.

0086} It should be noted that, in some implementations, the updated serigs reactance values
and/or the updated shunt reactance values may be modified or adjusted prior to being used. For
example, if a difference between the updated reactance value and a present reactance value
{whether a series reactance or a shunt reactance) s less than a dither threshold, the updated
reactance values may be modified using the dither threshold. For example, the updated reactance
values may be modified such that a change to the present reactance value is less than the dither

threshold (e g, half the dither threshold, or the hke}.
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{0087} It should additionally be noted that, in some implementations, updated series reactance
values may be considered separately from an updated shunt reactance value. For example, updated
series reactance values may be modified based on a dither threshold while updated shunt reactance

values are not modified based on the dither threshold, or vice versa.

0088} It should be noted that the processes described in connection with Figures 3 and 4
generally describe variable series reactances associated with each station of a process chamber,
and a shunt reactance assoctated with all of the stations of the process chamber. Moreover, the
variable reactance elements are generally described as variable capacitors. However, it should be
understood that the techniques for coordinating a first feedback control system that utilizes variable
reactances for impedance matching with a second feedback control system that performs freqguency
tuning for impedance matching may be applied with other configurations. Figure § illustrates a
flowchart of an example process 300 for coordinating a first feedback conirol system that utilizes
variable reactances for impedance matching with a second feedback control system that performs
frequency tuning for impedance matching in accordance with some embodiments. It should be
noted that blocks of process 300 may be executed by one or more processors and/or one or more
controllers associated with the process chamber, as shown in and described above in connection
with Figure 1A, In some embodiments, blocks of process 500 may be performed in an order other
than what 1s shown in Figure 5. In some embodiments, two or more blocks of process 500 may be

performed substantially in parallel.

[0089] Process 500 may begin at 302 by obtaining, at a present time, present values of variable
reactances associated with a station of a process chamber, wherein the variable reactances are
associated with a first feedback control system for performing impedance matching for the process
chamber, and wherein frequency tuning 18 being performed on an RF generator of the process
chamber o association with a second feedback conirol system for performing impedance matching
on the process chamber. It should be noted that the varable reactances may mclude any
combination of series reactance elements and/or shunt reactance elements. Reactance elements
may be associated with a particular station of the process chamber, or may be associated with all
of the stations of the process chamber. Examples of vanable reactance elements may include
variable capacitors and/or variable inductors. A varnable reactance element may be a vacoum

variable capacitor that s actuated with a stepper motor. In some implementations, a variable
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reactance element may be a solid-state reactance element. In some implementations, the present

values of the variable reactances may be determined using a calibration table or a look up table, as

>

described above in connection with Figure 3.

{8056} At 504, process 500 may determine updated values of the variable reactances for the
station to be vtilized in connection with the first feedback control system based at least in part on
an error assoctated with the second feedback control system. For example, the error associated
with the second feedback control system may be a difference between measured frequencies at the
one or more stations {e.g., an average measured frequency across the one or more stations) and a
target frequency, as described above in connection with Figure 3. In some implementations, a
frequency may be measured using a VI probe. In some implementations, a variable reactance may
be determined based on a combination of the error associated with the second feedback conirol
system and a target, or desired value of a variable reactance element. In some implementations, a
target, or desired value of a variable reactance element may be determined based on a circuit
model. In some implementations, a target, or desired value of the variable reactance element may
be modified based on measured magnitude and/or phase wmformation {e.g., measured using a Vi

probe), thereby compensating for errors or inaccuracies in the circuit model.

18091} In some embodiments, modifying the variable reactance elements to have the updated
values of the variable reactances may have the effect of minimizing or eliminating reflected power
and balancing power delivered to the one or more stations of the process chamber. Moreover,
modifying the variable reactance elements may cause the measured frequency at each station o be

driven toward the target frequency.
CONTEXT FOR DISCLOSED COMPUTATIONAL EMBODIMENTS

{6092} Certain embodiments disclosed herein relate to computational systems for modulating

voltages during plasma operations.

{0093} Many types of computing systems having any of varigus computer architectures may
be emploved as the disclosed systems for implementing algorithms as described herein.  For
example, the systems may include software components executing on one of more general purpose

processors or specially designed processors such as Application Specific Integrated Circuits
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{ASICs} or programmable logic devices {eg., Field Programmable Gate Arravs (FPGAs)).
Further, the systems may be implemented on a single device or distributed across multiple devices.
The functions of the computational elemenis may be merged mto one ancther or further sphit mnto

multiple sub-modules.

0094} In some embodiments, code executed during generation or execution of a technique
described herein on an appropriately programmed system can be embodied in the form of software
elements which can be stored in a nonvolatile storage medium {such as optical disk, flash storage
device, mobile hard disk, eic.), including a number of instructions for making a computer device

{(such as persenal computers, servers, network equipment, etc.}).

[6095] At one level a software element 1s implemented as a set of commands prepared by the
programmer/developer. However, the module software that can be executed by the computer
hardware is executable code committed to memory using “machine codes” selected from the
specific machine language mstruction set, or “native instructions,” designed nto the hardware
processor. The machine language insiruction set, or native instruction set, 13 known to, and
essentially built into, the hardware processor{s}. This 1s the “language” by which the system and
apphication software communicates with the hardware processors. Each native instruction is a
discrete code that is recognized by the processing architecture and that can specify particular
registers for arithmetic, addressing, or control functions; particular memory locations or offsets;
and particular addressing modes used to interpret operands. More complex operations are built up
by combining these simple native instructions, which are executed sequentially, or as otherwise

directed by control flow instructions.

[609s] The inter-relationship between the executable software instructions and the hardware
processor is structural. In other words, the insiructions per se are a series of symbols or numeric
values. They do not intrinsically convey any information. It is the processor, which by design was

preconfigured to interpret the symbols/numeric values, which imparts meaning to the instructions.

{8097} The methods and techniques used herein may be configured to execute on a single
machine at a single location, on multiple machines at a single location, or on multiple machines at

multiple locations. When multiple machines are employed, the individual machines may be
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tatiored for their particular tasks. For example, operations requiring large blocks of code and/or

significant processing capacity may be implemented on large and/or stationary machines.

0998} In addition, certain embodiments relate to tangible and/or non-transitory computer
readable media or computer program products that inchide program instructions and/or data
(including data structures) for performing varicus computer-implemented operations. Examples
of computer-readable media include, but are not limited to, semiconductor memory devices, phase-
change devices, magnetic media such as disk drives, magnetic tape, optical media such as CUDs,
magneto-optical media, and hardware devices that are specially configured to store and perform
program instructions, such as read-only memory devices (ROM} and random access memory
{RAM). The computer readable media may be directly controlled by an end user or the media may
be indirectly controlled by the end user. Examples of directly controlled media include the media
iocated at a user facility and/or media that are not shared with other entities. Examples of indirectly
controlled media include media that 15 indirectly accessible to the user via an external network
and/or via a service providing shared rescurces such as the “cloud.” Examples of program
mstructions include both machine code, such as produced by a compiler, and files containing

higher level code that may be executed by the computer using an interpreter.

18099} In various embodiments, the data or mformation emploved in the disclosed methods
and apparatus 1s provided inr an electronic format. Such data or information may include various
coefficients to be used in calculations, and the like. As used herein, data or other information
provided in electronic format is available for storage on a machine and transnussion between
machines. Conventionally, data in electronic format is provided digitally and may be stored as
bits and/or bytes in varwous data structures, lists, databases, etc. The data may be embodied

electronically, optically, ete.

{6160} System software typically interfaces with computer hardware and associated memory.
In some embodiments, the system software includes operating system software and/or firmware,
as well as any middleware and drivers installed 1n the system. The system software provides basic
non-task-specific functions of the computer. In contrast, the modules and other apphcation
software are used to accomplish specific tasks. Each native instruction for a module is stored in a

memory device and s represented by a numeric value.
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10161} Figure 0 1s a block diagram of an example of the computing device 600 suitable for use
m implementing some embodiments of the present disclosure. For example, device 600 may be

suitable for implementing some or all functions of image analysis logic disclosed herein.

{8102} Computing device 600 may mnchude a bus 602 that directly or indirectly couples the
following devices: memory 604, one or more central processing units (CPUs} 666, one or more
graphics processing units (GPUs) 608, a communication interface 1010, input/output (I/0) ports
612, input/output components 614, a power supply 616, and one or more presentation components
618 {e.g., display(s}}. In addition to CPU 606 and GPU 608, computing device 600 may include
additional logic devices that are not shown in Figure 6, such as but not limited to an image signal

processor (ISP}, a digital signal processor (BSP), an ASIC, an FPGA, or the like.

18103} Although the various blocks of Figure 6 are shown as connected via the bus 602 with
lings, this 1s not intended to be limiting and 15 for clarity only. For example, in some embodiments,
a presentation component 618, such as a display device, may be considered an 1/ component 614
{e.g., if the display is a touch screen). As ansother example, CPUs 606 and/or GPUs 608 may
mnchude memory {e.g., the memory 604 may be representative of a storage device in addition to the
memory of the GPUs 608, the CPUs 606, and/or other components). In other words, the computing
device of Figure 6 is merely illustrative. Distinction is not made between such categories as
“workstation,” “server,” “laptop,” “desktop,” “tablet,” “client device,” “mohile device,” “hand-
held device,” “electronic control wnit (BECUY,” “virtual reality system,” and/or other device or

system types, as all are comtemplated within the scope of the computing device of Figure 6.

10104} Bus 602 may represent one or more busses, such as an address bus, a data bus, a control
bus, or a combination thereof. The bus 1002 may include one or more bus types, such as an industry
standard architecture (ISA) bus, an extended indusiry standard architecture (EISA) bus, a video
electronics standards association (VESA) bus, a peripheral component interconnect (PCI) bus, a

peripheral component interconnect express (PCle) bus, and/or another type of bus.

[08165] Memory 604 may include any of a variety of computer-readable media. The computer-
readable media may be any available media that can be accessed by the computing device 600.

The computer-readable media may include both volatile and nonvolatile media, and removable
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and non-removable media. By way of example, and not limitation, the computer-readable media

may comprise computer-siorage media and/or communication media.

0106} The computer-storage media may inclode both volatile and nonvolatile media and/or
removable and non-removable media implemented in any method or technology for storage of
mformation such as computer-readable instructions, data struciures, program modules, and/or
other data types. For example, memory 1004 may store computer-readable mstructions {e.g., that
represent a program{s) and/or a program element{s), such as an operating system. Computer-
storage media may include, but 15 not himited to, RAM, ROM, EEPROM, flash memory or other
memory technology, CD-ROM, digital versatile disks (BVD) or other optical disk storage,
magnetic casseties, magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other medium which can be used o store the desired information and which can be accessed by

computing device 1000. As used herein, computer storage media does not comprise signals per se.

{8167} The communication media may embody computer-readable instructions, data
structures, program modules, and/or other data types in a modulated data signal such as a carrier
wave or other transport mechanism and includes any information delivery media. The term
“moduiated data signal” may refer to a signal that has one or more of its characteristics set or
changed in such a manner as to encode information m the signal. By way of example, and not
fimitation, the communication media may include wired media such as a wired network or direct-
wired connection, and wireless media such as acoustic, RF, infrared and other wireless media.
Combinations of any of the above should also be included within the scope of computer-readable

media.

{6108} CPUfs) 606 may be configured to execute the computer-readable instructions to control
one or more components of the computing device 600 to perform one or more of the methods
and/or processes described herein. CPU(s) 606 may each include one or more cores {e.g., one, two,
four, eight, twenty-eight, seventy-two, etc.} that are capable of handling a multitude of software
threads sirmoultaneously, CPU(s) 606 may include any type of processor and may mnclude different
types of processors depending on the type of computing device 600 implemented {e.g., processors
with fewer cores for mobile devices and processors with more cores for servers). For example,

depending on the type of computing device 600, the processor may be an ARM processor

31



[Ba1

10

20

25

WO 2023/177409 PCT/US2022/030252

implemented using Reduced Instruction Set Computing (RISC} or an x86 processor implemented
using Complex Instruction Set Computing {(CISC). Computing device 600 may mclude one or
more CPUs 606 in addition to one or more microprocessors of supplementary co-processors, such

as math CO-Processors.

0169} GPU(s) 608 may be used by computing device 600 to render graphics {e.g, 3D
graphics}. GPU(s) 608 may include many {(e.g., tens, hundreds, or thousands) of cores that are
capable of handling many software threads simultanesusly. GPU(s) 608 may generate pixel data
for output images in response {o rendering commands {e.g., rendering commands from CPU{s}
606 received via a host interface). GPU(s} 608 may include graphics memory, such as display
memory, for storing pixel data. The display memory may be included as part of memory 604
GPU(s) 608 may include two or more GPUs operating in parallel (e.g., via a link}. When combined,
each GPU 608 can generate pixel data for different portions of an output image or for different
output images (e.g., a first GPU for a first image and a second GPU for a second mmage). Hach

GPYU can include its own memory or can share memory with other GPUs.

{0116} In examples where the computing device 600 does not include the GPU(s) 608, the

CPU(s) 606 may be used to render graphics.

{0111} Communmnication interface 610 may include one or more receivers, transmitters, and/or
transceivers that enable computing device 600 to communicate with other computing devices via
an electronic communication network, included wired and/or wireless communications.
Communication interface 610 may include components and functionality to enable communication
over any of a number of different networks, such as wireless networks {e.g., Wi-Fi, Z-Wave,
Bluetooth, Bluetooth LE, ZigBee, etc.), wired networks {e.g | communicating over Ethernet), low-

power wide-area networks {e.g, LoRaWAN, SigFox, etc.}, and/or the internet.

{9112} 1/0 ports 612 may enable the computing device 600 to be logically coupled to other
devices including /0O components 614, presentation component(s) 618, and/or other components,
some of which may be built i to (e g, integrated in) computing device 600. Hlustrative ¥/O
components 614 include a microphone, mouse, keyboard, joystick, track pad, satellite dish,
scanner, printer, wireless device, etc. /O componenis 614 may provide a natural user interface

(NUI) that processes air gestures, voice, or other physiological inputs generated by a user. In some
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instances, inputs may be transmitied to an appropriate network element for further processing. An
NUI may implement any combination of speech recognition, stylus recognition, facial recognition,
biometric recognition, gesture recognition both on screen and adjacent to the screen, air gestures,
head and eye tracking, and touch recognition (as described in more detail below) associated with
a display of computing device 600. Computing device 600 may be include depth cameras, such as
stereoscopic camera systems, infrared camera systems, RGB camera systems, touchscreen
technology, and combinations of these, for gesture detection and recogmition. Additionaily,
computing device 600 may include accelerometers or gyroscopes {e.g., as part of an inertia
measurement unit {(IMU}) that enable detection of motion. In some examples, the output of the
accelerometers or gyroscopes may be used by computing device 600 to render immersive

augmented reality or virtual reality.

{6113 Power supply 616 may include a hard-wired power supply, a battery power supply, or
a combination thereof. Power supply 616 may provide power to computing device 600 to enable

the components of computing device 600 to operate.

0114} Presentation component(s) 618 may mnchude a display (e.g., 2 monitor, a touch screen,
a television screen, a heads-up-display (HUD), other display tvpes, or a combination thereof),
speakers, and/or other presentation components. Presentation component(s) 618 may receive data
from other components (e.g., GPU(s) 608, CPU(s) 606, etc.}, and output the data (e.g., as an image,

video, sound, etc ).

{8115 The disclosure may be described in the general context of computer code or machine-
useable instructions, including computer-executable instructions such as program modules, being
executed by a computer or other machine, such as a personal data assistant or other handheld
device. Generally, program modules including routines, programs, objects, components, data
structures, etc., refer to code that perform particular tasks or implement particular abstract data
types. The disclosure may be practiced in a variety of system configurations, including hand-held
devices, consumer electronics, general-purpose computers, more specialty computing devices, etc.
The disclosure may also be practiced 1o distributed computing environments where tasks are

performed by remote-processing devices that are linked through a coramunications network.
CONCLUSION
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18116} In the description, numerous specific details were set forth m order to provide a
thorough understanding of the presented embodiments. The disclosed embodiments may be
practiced without some or all of these specific detatls. In other instances, well-known process
operations were not described in detail to not unnecessarily obscure the disclosed embodiments.
While the disclosed embodiments were described in conjunction with the specific embodiments,
it will be understood that the specific embodiments are not intended to limit the disclosed

embodiments.

{6117} Unless otherwise indicated, the method operations and device features disclosed herein
mvolves techmques and apparatus commonly used in metrology, semiconducior device fabrication

technology, software design and programming, and statistics, which are within the skill of the art.

10118} Unless defined otherwise herein, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. Vartous scientific
dictionaries that include the terms included herein are well known and available to those in the art.
Although any methods and materials similar or equivalent to those described herein find use in the

practice or testing of the embodiments disclosed herein, some methods and materials are described.

{8119 Numeric ranges are inclusive of the numbers defining the range. It is mtended that
every maximum numerical limitation given throughout this specification includes every lower
numerical imitation, as if such lower numerical himitations were expressly written herein. Every
minimum numerical limitation given throughout this specification will include every higher
numerical limitation, as if such higher numerical limitations were expressly written herein. Every
numerical range given throughout this specification will include every narrower numerical range
that falls within such broader numerical range, as if such narrower numerical ranges were all

expressly written herein.
{91204 The headings provided herein are not intended to limit the disclosure.

0121 As used herein, the singular terms “a,” “an,” and “the” include the plural reference
, ) 2 ;
unless the context clearly indicates otherwise. The term “or” as used herein, refers to a non-

exclusive or, unless otherwise indicated.

34



%21

10

15

WO 2023/177409 PCT/US2022/030252

18122} Various computational elements including processors, memory, instructions, routines,
models, or other components may be described or claimed as “configured to” perform a task or
tasks. In such contexts, the phrase “configured to” is used to connote structure by indicating that
the component includes structure (e.g., stored instructions, circuitry, etc.} that performs the task or
tasks during operation. As such, the umit/circuit/component can be said to be configured to perform
the task even when the specified component 1s not necessarily currently operational {e.g , 13 not

on).

{0123} The components used with the “configured t0” language may refer to hardware—for
example, circuits, memory storing program instructions executable to implement the operation,
etc. Additionally, “configured to” can refer to genernic structure {e.g., generic circuitry) that is
manipulated by software and/or firmware (e.g., an FPGA or a general-purpose processor executing
software) to operate in manner that s capable of performing the recited task(s). Additionaily,
“configured to” can refer to one or more memories or memory elements storing computer
executable mstructions for performing the recited task(s). Such memory elements may include
memory on a computer chip having processing logic. In some contexts, “configured to” may also
mchude adapting & manufacturing process {e.g., a senuconductor fabrication facility) to fabricate

devices {e.g., integrated curcuits) that are adapted to implement or perform one or more tasks.
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CLAIMS

I. A computer program product for an impedance matching and power distribution
network, the computer program product comprising a non-transitory computer readable
medivm on which is provided computer-executable instructions for:

obtaining, at a present time, present values of variable reactances associated with
a station of a process chamber, wherein the variable reactances are associated with a first
feedback control system for performing impedance matching for the process chamber,
and wherein frequency tuning is being performed on an RF generator of the process
chamber in association with a second feedback control system for performing 1impedance
matching for the process chamber; and

determining updated values of the varnable reactances for the station to be utilized
in connection with the first feedback control system based at least in part on an error

associated with the second feedback control system.

2. The computer program product of claim 1, wherem the error associated with the
second feedback control system comprises a ditference between a measured frequency at
the station and a target frequency assoctated with the process chamber.

3. The computer program product of claim 2, wherein the frequency at the station is

determined using one Or MOTe SeNSING CIrCuits.

4. The computer program product of any one of claims 1-3, wherein the updated
values of the variable reactances are usable to modify positions of one or more variable
reactance elements associated with the process chamber to mmmmize reflected power

associated with the station.

5. The computer program product of claim 4, wherein the one or more vanable

reactance elements comprise at least one of: a series capacitor, or a shunt capacitor.

6. The computer program produet of claim 4, wherein modifving the posttions of the
one or more variable reactance elements associated with the first feedback control system
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causes the second feedback control system o drive the frequency toward a target

frequency.

7. The computer program product of claim 6, wherein the target frequency

corresponds to a frequency specified for a step of a recipe performed at the present time.

8. The computer program product of any one of claims 1-3, wherein the computer-
executable instructions are further configured for determining positions of one or more
variable reactance elements using a calibration table and based at least in part on the

updated values of the variable reactances.

e The computer program product of any one of claims 1-3, wherein the variable

reactances comprise a series reactance associated with the station of the process chamber.

10, The computer program product of any one of claims 1-3, wherein the variable

reactances comprise a shunt reactance associated with the process chamber,

11, The computer program product of any one of claims 1-3, wherein the variable
reactances comprise a variable series reactance, and wherein an updated series reactance
is determined based on a correction o a target series reactance, wherein the correction

meorporates the error associated with the second feedback control system.

12, The computer program product of any one of claims 1-3, wherewn the variable
reactances comprise a variable shunt reactance, and wheretn an updated shunt reactance
is determuned without deternmuning a target shunt reactance and based at least in part on

the error associated with the second feedback control system.

13, The computer program product of any one of clairms 1-3, wheremn the updated
values of the variable reactances are utilized by the first feedback control system

responsive 1o one or more criteria being met.
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14, The computer program product of claim 13, wherein the one or more criteria
comprise: a reflected power associated with the process chamber excesding a reflected
power threshold, a power balance ratio associated with a plurality of stations of the
process chamber exceeding a power balance threshold, and the error associated with the

second feedback control system exceeding an error threshold.

15.  The computer program product of claim 13, wherein the updated values of the
variable reactances are modified prior to use responsive 10 a determination that a
difference between the present values of the variable reactances and the updated values of

the variable reactances are within a dither threshold.

16 The computer program product of any one of claims 1-3, wherein the determining
the updated values of the variable reactances for the station based at least in past on the
error associated with the second feedback control system is responstve to a determination
that a mode associated with controlling the first feedback control system based on the
error associated with the second feedback control system has been activated in a recipe

being utilized at the present time.



