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SUBSTRATE PROCESSING SYSTEM INCLUDING RF MATCHING CIRCUIT FOR
MULTI-FREQUENCY, MULTI-LEVEL, MULTI-STATE PULSING

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
63/233,087, filed on August 13, 2021. The entire disclosure of the application

referenced above is incorporated herein by reference.

FIELD
[0002] The present disclosure relates to substrate processing systems and more

particularly to RF matching circuits for substrate processing systems.

BACKGROUND
[0003] The background description provided here is for the purpose 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 aspects of the description
that may not otherwise qualify as prior art at the time of filing, are neither expressly nor

impliedly admitted as prior art against the present disclosure.

[0004] Substrate processing systems are typically used to perform treatments on
substrates such as semiconductor wafers. The substrate is typically arranged in a
processing chamber including a substrate support such as an electrostatic chuck
(ESC). Examples of substrate treatments include deposition, etching, cleaning and/or
other processes. Etching usually includes either wet chemical etching or dry etching.
Dry etching may be performed using plasma generated by capacitively-coupled plasma
(CCP) or inductively-coupled plasma (ICP). Process gas mixtures are supplied and RF
plasma power is supplied to ignite the process gases and create plasma in the

processing chamber.

[0005] During processing, the magnitude and/or frequency of the RF plasma power
can be varied to alter the effect of the substrate treatment. In addition, the RF plasma
power can be output as a continuous wave and/or pulsed on and off and/or between
different non-zero power levels. Changes in the RF plasma power and/or pulsing can
cause changes in the impedance seen by the RF drive circuit. In addition, the plasma

forms part of the load. As the plasma conditions vary, the impedance of the load
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varies. When an impedance mismatch occurs between the load and the RF source,

power is reflected, which is inefficient.

SUMMARY
[0006] An RF matching network connected to an RF generator of a plasma processing
system includes a first RF matching circuit configured to receive an output of a first RF
source operating at a first RF frequency. A second RF matching circuit is configured to
receive an output of a second RF source operating at a second RF frequency that is
greater than the first RF frequency. The second RF matching circuit includes an
impedance transforming circuit configured to operate above resonance and to alter a
slope of a tuning space of the second RF matching circuit to reduce reflected power.
An RF output node communicates with the first RF matching circuit, the second RF
matching circuit and an electrode located in a processing chamber of the plasma

processing system.

[0007] In other features, the electrode is located in a top plate of an electrostatic
chuck. The electrode includes a baseplate of an electrostatic chuck. The impedance
transforming circuit includes a first immpedance including a first terminal connected to the
second RF source and a second terminal connected to a reference potential. A second
impedance includes a first terminal connected to the second RF source; a third
impedance including a first terminal connected to a second terminal of the second
impedance and a second terminal connected to a reference potential. A fourth
impedance includes a first terminal connected to the second terminal of the second
impedance. A fifth impedance includes a first terminal connected to the second
terminal of the fourth impedance and a second terminal connected to a reference

potential.

[0008] In other features, each of the first impedance, the second impedance, the third
impedance, the fourth impedance, and the fifth impedance comprise a reactive
impedance. The first impedance includes a first inductor; the second impedance
includes a first capacitor; the third impedance includes a second capacitor; the fourth
impedance includes a second inductor; and the fifth impedance includes a third

capacitor.

[0009] In other features, the first impedance includes a first inductor; the second

impedance includes a first capacitor; the third impedance includes a second capacitor;
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the fourth impedance includes a third capacitor; and the fifth impedance includes a

second inductor.

[0010] In other features, the first impedance includes a first inductor; the second
impedance includes a first capacitor; the third impedance includes a second capacitor;
the fourth impedance includes a second inductor; and the fifth impedance includes a

third inductor in series with a third capacitor.

[0011] In other features, the first RF matching circuit includes a first inductor including
a first terminal connected to the first RF source. A first capacitor including a first
terminal connected to a second terminal of the first inductor and a second terminal
connected to a reference potential, and a second inductor including a first terminal
connected to the second terminal of the first inductor and to the first terminal of the first

capacitor.

[0012] In other features, the first RF matching circuit further includes a second
capacitor connected to a second terminal of the second inductor. A third capacitor is
connected to the second terminal of the second inductor. A fourth capacitor is
connected to the second terminal of the second inductor and a second terminal of the

third capacitor.

[0013] In other features, the second RF matching circuit further includes a first
capacitor including a first terminal in communication with the impedance transforming

circuit and a second terminal in communication with a first terminal of a first impedance.

[0014] A plasma generator for the plasma processing system includes the first RF
source, the second RF source, the RF matching network and a DC source in

communication with the RF output node.

[0015] In other features, the second RF source includes an auto-tuning circuit
configured to adjust the second RF frequency in a predetermined frequency band about
a center frequency to minimize reflected power. A rate of change of a real component
of the resistance of the second RF matching circuit relative to a frequency of the
second RF source is greater than zero. The center frequency is 60 MHz and the

predetermined frequency band is between 57 MHz and 63 MHz.

[0016] In other features, a first inductance has a first terminal in communication with
the DC source and the first RF matching circuit. A second inductance has a first

terminal and a second terminal, wherein the second terminal is connected to the RF
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output node. A third inductance has a first terminal and a second terminal. The first
terminal of the third inductance is in communication with the second RF matching circuit
and the second terminal of the third inductance is connected to the first terminal of the

second inductance.

[0017] A plasma generator for a plasma processing system includes a first RF source
operating at a first RF frequency. A first RF matching circuit is configured to receive an
output of the first RF source. A second RF source operates at a second RF frequency
that is greater than the first RF frequency and including an auto-tuning circuit to adjust
the second RF frequency to minimize reflected power. A second RF matching circuit is
configured to receive an output of the second RF source and includes an impedance
transforming circuit configured to operate above resonance and to provide a rate of
change of a real component of the resistance of the second RF matching circuit relative
to a frequency of the second RF source that is greater than zero. A RF output node
communicates with the first RF matching circuit and the second RF matching circuit and
an electrode located in a processing chamber of the plasma processing system. A DC

source is in communication with the RF output node.

[0018] In other features, the electrode is located in a top plate of an electrostatic
chuck. The electrode includes a baseplate of an electrostatic chuck. The impedance
transforming circuit includes a first immpedance including a first terminal connected to the
second RF source and a second terminal connected to a reference potential, a second
impedance including a first terminal connected to the second RF source; a third
impedance including a first terminal connected to a second terminal of the second
impedance and a second terminal connected to a reference potential, a fourth
impedance including a first terminal connected to the second terminal of the second
impedance; and a fifth impedance including a first terminal connected to the second
terminal of the fourth impedance and a second terminal connected to a reference
potential. Each of the first impedance, the second impedance, the third impedance, the

fourth impedance, and the fifth impedance comprise a reactive impedance.

[0019] In other features, the first impedance includes a first inductor; the second
impedance includes a first capacitor; the third impedance includes a second capacitor;
the fourth impedance includes a second inductor; and the fifth impedance includes a

third capacitor.
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[0020] In other features, the first impedance includes a first inductor; the second
impedance includes a first capacitor; the third impedance includes a second capacitor;
the fourth impedance includes a third capacitor; and the fifth impedance includes a

second inductor.

[0021] In other features, the first impedance includes a first inductor; the second
impedance includes a first capacitor; the third impedance includes a second capacitor;
the fourth impedance includes a second inductor; and the fifth impedance includes a

third inductor in series with a third capacitor.

[0022] In other features, the second RF matching circuit further includes a first
capacitor including a first terminal in communication with the impedance transforming

circuit and a second terminal in communication with a first terminal of a first impedance.

[0023] Further areas of applicability of the present disclosure will become apparent
from the detailed description, the claims and the drawings. The detailed description and
specific examples are intended for purposes of illustration only and are not intended to

limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] The present disclosure will become more fully understood from the detailed

description and the accompanying drawings, wherein:

[0025] FIG. 1 is a functional block diagram of an example of a substrate processing
system including an RF matching circuit for multi-frequency, multi-level, multi-state

pulsing according to the present disclosure;
[0026] FIG. 2 is an electrical schematic of an example of an RF matching circuit;

[0027] FIG. 3 is a graph showing an example of a reflection coefficient as a function of

taps for different capacitance values using the RF matching circuit of FIG. 2;

[0028] FIG. 4 is a graph of an example of a tuning space of the RF matching circuit (in

imaginary and real impedance space) for the RF matching circuit of FIG. 2;

[0029] FIG. 5 is an electrical schematic of an example of an RF matching circuit

according to the present disclosure;

[0030] FIG. 6 is a graph showing various tuning spaces for RF matching circuits (in
imaginary and real impedance space) for the RF matching circuit of FIG. 2 and example

implementations of the circuit of FIG. 5;
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[0031] FIG. 7 is an electrical schematic of an example of an RF matching circuit

according to the present disclosure;

[0032] FIG. 8 is an electrical schematic of another example of an RF matching circuit

according to the present disclosure; and

[0033] FIG. 9 is an electrical schematic of another RF example of an RF matching

circuit according to the present disclosure.

[0034] In the drawings, reference numbers may be reused to identify similar and/or

identical elements.

DETAILED DESCRIPTION
[0035] During processing of substrates, RF plasma power may be supplied to an
electrode of an electrostatic chuck (ESC) to promote chemical reactions. When multi-
frequency, multi-level, multi-state RF pulsing is used, the plasma impedance will be
different depending upon the selected RF plasma power state. While specific examples
of frequencies and/or power levels will be described in the following examples, other
frequencies and/or power levels can be used. In some examples, first and second RF
sources may be used to supply RF power at two or more frequencies to electrodes in
the ESC. The RF power can be supplied as a continuous wave (CW) and/or one or
more pulsing modes. Non-limiting examples of pulsing modes include pulsing at on
and off or at two or more different, non-zero magnitudes at 1kHz, 2 KHz, 3 KHz or other

pulsing frequencies.

[0036] For example, the first RF source may operate at 400 KHz and the second RF
source may operate at 60 MHz, although other frequencies may be used during
substrate treatments. The first and second RF power sources 123, 125 may be
operated at multiple power states. For example, three power states SO, S1 and S2 may
be used. In this example, the power state SO may correspond to operation using only
the second RF power source. The power state S1 may correspond to operation using
both the first RF power source and the second RF power source at first and second
power levels, respectively. The power state S2 may correspond to operation using both
the first RF power source and the second RF power source at third and fourth power
levels, respectively. In some examples, the first, second, third and fourth power levels
are different. In other examples, the second and fourth power levels of the second RF

power source are the same for the power states S1 and S2.
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[0037] Higher frequencies tend to have higher power transfer efficiency in terms of
etch rate and film quality. Lower power states tend to operate at higher reflected power
(5-20%), which reduces power transfer efficiency. Generally, the RF matching network
is designed to minimize reflected power for all of the power states. The RF matching
circuits may incorporate variable capacitors and/or trim capacitors that can be adjusted
for a given application. The capacitor values of the variable capacitors can be adjusted
within a few hundred milliseconds using motors. However, the capacitor values cannot
be adjusted quickly enough when switching between different power states (such as
S0, S1 and/or S2) to reduce reflected power within desired limits. As will be described
further below, only frequency change (e.g. to minimize reflected power using auto-
tuning) is fast enough to keep up with pulsing transients and peak RF power delivery.
However, some RF matching circuits may not be able to sufficiently reduce reflected

power using the frequency adjustment provided by auto-tuning.

[0038] The present disclosure adds an impedance transforming circuit to the RF
matching network to adjust the tuning space and the relationship between real and
imaginary parts of the plasma load impedance as a function of auto-tuning frequency
range. As a result, the RF matching network reduces reflective power in all operating
states. Current RF matching networks operate at greater than or equal to 4-5%
reflected power for all power levels and pulsing states. In some examples, the RF
matching network according to the present disclosure operates below 1% reflected
power at higher power levels at 60 MHz and below 4% reflected power for lower power
operation. In some examples, the RF matching circuit according to the present
disclosure employs a combination of "T" and/or pi networks to change the slope of the

real component of the impedance as a function of auto-tuning frequency range.

[0039] While FIG. 1 shows a capacitive coupled plasma (CCP) system, the
embodiments disclosed herein can be used in other types of plasma processing
systems. In some examples, a substrate processing system 100 includes an ESC 101
with an ESC top plate 102 and a baseplate 103. The ESC top plate 102 may be made
of ceramic and/or other suitable materials and the baseplate 103 may be made of

ceramic, aluminum or other material. See correction on Fig 1 drawing

[0040] The substrate processing system 100 includes a processing chamber 104 that

contains the RF plasma. The ESC 101 and an upper electrode 105 are located in the
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processing chamber 104. During operation, a substrate 107 is arranged on and
electrostatically clamped to the ESC top plate 102 of the ESC 101.

[0041] The upper electrode 105 may include a showerhead 109 that introduces and
distributes process and/or purge gases in the processing chamber 104. The
showerhead 109 may include a stem portion 111 including one end connected to a top
surface of the processing chamber 104. The showerhead 109 is generally cylindrical
and extends radially outward from an opposite end of the stem portion 111 at a location
that is spaced from the top surface of the processing chamber 104. The showerhead
109 includes an internal gas plenum (not shown). Process or purge gas flows from the
plenum into the processing chamber through holes in a substrate-facing surface of the
showerhead 109. Alternately, the upper electrode 105 may include a conducting plate
and the gases may be introduced in another manner. An intermediate (or bond) layer
114 bonds the ESC top plate 102 to the baseplate 103.

[0042] As will be described further below, an RF generating system 120 outputs RF
power to electrodes 121 in the ESC top plate 102 and/or to the baseplate 103. In this
example, the upper electrode 105 is connected to a reference potential such as ground.
In other examples, the RF power can be delivered to the upper electrode 105 and the
ESC 101 can be grounded. In another example both top electrode and ESC may be

powered.

[0043] Power from the RF generating system 120 is fed by a matching network 124 to
the lower electrode 121 (or alternately to the baseplate 103) of the ESC 101. The RF
generating system 120 includes a first RF source 123 operating at a first frequency and
a second RF source 125 operating at a second frequency. The matching network 124
includes a first RF matching circuit 127 connected to the first RF source 123 and a
second RF matching circuit 129 connected to the second RF source 125, respectively.
As will be described further below, the second RF matching circuit 129 includes an
impedance transforming circuit that operates above resonance and adjusts the tuning

space of the second RF matching circuit as will be described further below.

[0044] A gas delivery system 130 includes one or more gas sources 132-1, 132-2,...,
and 132-N (collectively gas sources 132), where N is an integer greater than zero. The
gas sources 132 are connected by valves 134-1, 134-2, ..., and 134-N (collectively

valves 134) and mass flow controllers 136-1, 136-2, ..., and 136-N (collectively mass
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flow controllers 136) to a manifold 140. An output of the manifold 140 is fed to the

processing chamber 104 via the showerhead 109.

[0045] The substrate processing system 100 may include a cooling system 141 that
includes a temperature controller 142. Although shown separately from a system
controller 160, the temperature controller 142 may be implemented as part of the
system controller 160. The temperature controller 142 communicates with a coolant
assembly 146 including a coolant pump and reservoir (both not shown). The
temperature controller 142 controls flow of coolant through the channels 116. A valve
156 and pump 158 may be used to evacuate reactants from the processing chamber
104.

[0046] The system controller 160 controls components of the substrate processing
system 100 including RF power levels, gas flow rates, etc. The system controller 160
may also control the valve 156 and the pump 158 to control pressure in the processing

chamber.

[0047] In some examples, both RF sources 123 and 125 include auto-tuning circuit
187 and 188, respectively, that monitor reflected power using one or more sensors (not
shown). The auto-tuning circuits 187 and 188 automatically adjust the frequency of the
RF sources 123 and 125, respectively, in a frequency band around a center frequency
of each RF sources. For example only, the second RF source 125 may operate at a
center frequency of 60 MHz and may have an adjustable frequency band between 57
MHz and 63 MHz, although other center frequencies and/or frequency bands may be
used. The auto-tuning circuit 188 automatically adjusts the RF frequency within the
adjustable frequency band to achieve the lowest reflected power. An ESC clamp
source 190 may provide DC clamping voltage to a clamping electrode 182 to
electrostatically clamp the substrate 107 to the ESC top plate 102. The ESC clamp

source 190 may be controlled by the system controller 160.

[0048] As ESC DC source 180 provides DC voltages to the electrodes 121 and/or the
baseplate 103. In some examples, the ESC DC source 180 supplies a DC bias to
ensure that the electrostatic clamping force remains balanced as plasma is struck and
is maintained during substrate processing. In some examples, the DC bias is in a

range from -500V to -1500V (e.g. -1kV), although other voltage values can be used.

[0049] Referring now to FIG. 2, an example of an RF matching circuit 200 is shown.

Generally, reactive components of the RF matching circuit 200 are selected to ensure
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operation below resonance. In some examples, an output of the RF matching circuit
200 is also connected to the ESC DC source 180. The RF matching circuit 200 is
connected to the first RF source 123 supplying RF power at the first RF frequency. In
some examples, the first RF frequency is in a range from 100 to 600 kHz (e.g. 400
kHz), although other RF frequencies can be used. The RF matching circuit 200 is
connected to a second RF source 125 supplying RF power at a second RF frequency.
In some examples, the second RF frequency is higher than the first RF frequency and
is in a range from 10 MHz to 100MHz (e.g. 60 MHz), although other RF frequencies can
be used. An RF output node 232 of the RF matching circuit 200 is connected to the
baseplate 103 of the ESC or the electrodes 121.

[0060] The ESC DC source 180 is connected by a resistor R1 to a node 230. A
sensor 222 (connected by a resistor R2 and a conductor 234 to the node 230) senses a
voltage Vsense at the node 230. The first RF source 123 is connected to inductors L1
and L2. A motorized variable capacitor C2 has one terminal connected between first
terminals of the inductors L1 and L2 and another terminal connected to a reference
potential such as ground. A second terminal of the inductor L2 is connected to first
terminals of trim capacitor C4, capacitor C5 and capacitor C6. A second terminal of the
trim capacitor C4 is connected to a reference potential such as ground. Second
terminals of the capacitors C5 and C6 are connected to the node 230. The node 230 is
connected to a first terminal of an inductor L3. A second terminal of the inductor L3 is
connected to a first terminal of an inductor L5b. A second terminal of the inductor L5b

is connected to the RF output node 232.

[0051] The second RF source 125 is connected to first terminals of an inductor L4, a
variable capacitor C7 and a trim capacitor C8. A second terminal of the trim capacitor
C8 is connected to a first terminal of an inductor L5a. A second terminal of the inductor
L5a is connected to the second terminal of the inductor L3, the first terminal of the
inductor L5b and the first terminal of a variable capacitor C9. A second terminal of the

variable capacitor C9 is connected to a reference potential such as ground.

[0052] In some examples, the first RF source 123 operates at 400 kHz and has a
frequency tuning rage from 340kHz to 440 kHz and the second RF source 125 operates
at 60 MHz and has a frequency tuning range between 57 MHz and 63 MHz, although
other frequencies and frequency bands can be used. Examples of suitable values for
the inductor L1, L3, C2, L2, C4, C5, and C6 include 53 pH, 2.2 pH, 40 to 2000 pF, 30

10
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MH, 25-35 pF, 2800 pF and 2800pF respectively, although other values can be used.
Examples of suitable values for the inductor L4, C7, C8, L5a + L5b, and C9 include
0.45 pH, 25 to 250 pF, 10-20 pF, 0.188 pH, and 3-30 pF, respectively, although other

values can be used.

[00563] Referring now to FIG. 3, a reflection coefficient is shown as a function of taps
for different values of the capacitor C7 and corresponding to output power states SO,
S1 and S2 using the RF matching circuit of FIG. 2. The taps represent different
capacitor values of one or more of the variable capacitors. In some examples, the
variable capacitors include a motor, a first spiral metal portion and a second spiral
metal portion that variably overlaps the first spiral portion, although other types of
variable capacitors can be used. The motor is used to adjust the amount of overlap to
vary the capacitance. Various positions of the motor correspond to the different tap

values.

[0054] As can be appreciated, a lowest reflected power for the different power states
S0, S1 and S2 occurs for different tap values. In FIG. 3, tap 2 corresponds to the
minimum reflected power for the power state SO, tap 6 corresponds to the minimum
reflected power for the power state S1 and between tap 11 and tap 12 corresponds to
the minimum reflected power for power state S3. As was described above, it is not
possible to change the taps or capacitor values quickly enough during substrate
processing to reduce reflected power sufficiently in a multi-level power and pulsing

mode..

[00565] Referring now to FIG. 4, a tuning space 350 for the RF matching circuit of FIG.
2 is shown (real impedance (x-axis) and imaginary impedance (y-axis)). Generally
vertical lines correspond to different tap values (which correspond to different capacitor
values). An upper generally vertical line in the tuning space 350 corresponds to a
maximum tuning frequency of the auto-tuning circuit 188 and a lower generally vertical

line corresponds to a minimum tuning frequency of the auto-tuning circuit 188.

[0056] During operation, the frequency of the RF source is automatically adjusted
vertically along one of the selected tap lines to minimize the reflection coefficient. Note
that there is not enough time to change the taps during operation. Generally each of
the power states has an ideal matched impedance point (mapped in real and imaginary
impedance space) corresponding to the minimum reflected power. However, locations

in the tuning space corresponding to lowest reflected power for all of the power states

11
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are not sufficiently close to any one of the tap lines to provide sufficiently low overall

reflected power.

[0057] As can be appreciated, the frequency of the second RF source 125 is adjusted
by the auto-tuning circuit 188 very quickly (on the order of milliseconds) as compared to
changing the capacitor values of the variable capacitors using motors (on the order of

hundreds of milliseconds).

[0068] For the matching network in FIG. 2, varying the RF frequency during auto-
tuning between the minimum and maximum RF frequency to minimize reflected power
predominantly alters the imaginary component of the impedance (in some examples
greater than 10 Q of inductive or reactive impedance). However, auto-tuning does not
have much impact on the real component of the impedance. As can be seen in FIG. 4,
moving along any one of the tap lines (due to changes in RF frequency from minimum
to maximum auto-tune frequency) does not change the real component very much (in
some examples, the real component changes less than -0.5 Ohms (e.g. about -0.25
Ohm)) as the frequency is increased (due to the very high negative slope of the tap

lines).

[00569] Referring now to FIG. 5, an RF matching circuit 400 includes an impedance
transforming circuit 410. The impedance transforming circuit 410 is configured to
operate above resonance and to alter a slope of the tap lines between the maximum
and minimum RF frequency. The altered slope of the tap lines allows the automatic
adjustment of frequency (to reduce reflected power) to have a more significant impact
on the real component of the impedance of the RF matching circuit. More particularly,
the slope is transformed from a high negative slope to a lower positive slope.
Therefore, changing the RF frequency using the auto-tuning circuit 188 allows both the
imaginary component and the real component of the impedance to be adjusted in an
appreciable manner in a short period of time using a single knob. Furthermore, various
operating points on the selected tap line are closer to the ideal matched impedance
points for all of the different power states. As a result, the RF matching circuit 400
allows the reflected power to be automatically reduced during operation at the different

power states by varying the RF frequency using the auto-tuning circuit 188.

[0060] The impedance transforming circuit 410 includes a first impedance Z1, a
second impedance Z2, a third impedance Z3, a fourth impedance Z4 and a fifth

impedance Z5. Each of the impedances Z1 to Z5 includes one or more reactive
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components (capacitors and/or inductors) and may include one or more resistors. The
components of each of the impedances Z1 to Z5 can be connected in series, parallel
and/or combinations thereof. The second RF source 125 is connected to a first
terminal of the first impedance Z1 and a first terminal of the second impedance Z2. A
second terminal of the first impedance Z1 is connected to a reference potential such as
ground. A second terminal of the second impedance Z2 is connected to a first terminal
of a third impedance Z3 and a first terminal of a fourth impedance Z4. A second
terminal of the third impedance Z3 is connected to a reference potential such as
ground. A second terminal of the fourth impedance Z4 is connected to a first terminal
of a fifth impedance Z5 and the first terminal of the trim capacitor C8. A second
terminal of the fifth impedance Z5 is connected to a reference potential such as ground.
A second terminal of the trim capacitor C8 is connected to a first terminal of the inductor
L5a. As will be described further below, the impedance transforming circuit 410 having
the topology shown in FIG. 5 allows more robust frequency tuning to reduce reflected

power.

[0061] Referring now to FIG. 6, the impedance transforming circuit 410 of FIG. 5
operates above resonance and alters the slope of the tuning space 350 (with some
example tap lines 352 shown) corresponding to the RF matching circuit of FIG. 2.
Changes in frequency between the maximum and minimum frequency for a given tap
line have a bigger impact on the real component of the impedance of the RF matching
circuit. As the frequency is increased from a minimum value in the frequency range to
the maximum value in the frequency range, the real component and the imaginary
component of the resistance increases. In other words, the rate of change of the
resistance relative to the frequency (dR/df) is greater than zero (unlike the matching
circuit of FIG. 2 where dR/df < 0. As a result, the automatic frequency tuning can also
be used to reduce reflected power. Examples of tuning space 610 (with some example
tap lines 611 shown) and tuning space 612 (with some example tap lines 613 shown)
with altered slopes (with respect to real resistance) are shown as will be described

further below.

[0062] Referring now to FIG. 7, another example of an RF matching circuit 700
including an impedance transforming circuit 710 is shown. In this example, the first
impedance Z1 includes an inductor L4, the second impedance Z2 includes a trim
capacitor C10, the third impedance Z3 includes a trim capacitor C11, the fourth

impedance Z4 includes an inductor L6 and the fifth impedance Z5 includes a trim
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capacitor C7. As can be appreciated, while fixed, trim and variable capacitors are
shown in various circuit locations, fixed, variable or trim capacitors can be used in any
of the locations. The tuning space 610 in FIG. 6 corresponds to the RF matching circuit
700. As can be seen, the slope of the tap lines was altered by the impedance
transforming circuit 710 from negative to positive and the magnitude of the slope

decreased.

[0063] Referring now to FIG. 8, another example of an RF matching circuit 800
including an impedance transforming circuit 810 is shown. In this example, the first
impedance Z1 includes an inductor L4, the second impedance Z2 includes a trim
capacitor C10, the third impedance Z3 includes an inductor L6, the fourth impedance
Z4 includes a trim capacitor C11 and the fifth impedance Z5 includes motorized
variable capacitor C7. The impedance transforming circuit 810 alters the slope of the

tap lines (to provide dR/df >0) and operates above resonance.

[0064] Referring now to FIG. 9, another example of an RF matching circuit 900
including an impedance transforming circuit 910 is shown. In this example, the first
impedance Z1 includes the inductor L4, the second impedance Z2 includes the trim
capacitor C10, the third impedance Z3 includes the trim capacitor C11, the fourth
impedance Z4 includes an inductor L6 and the fifth impedance Z5 includes an inductor
L7 in series with the motorized variable capacitor C7. The tuning space 612 in FIG. 6
corresponds to the RF matching circuit 700. As can be seen, the slope of the tap lines
was altered from negative to positive and the magnitude of the slope decreased as
compared to the tuning spaces 350 and 610. The impedance transforming circuit 810

alters the slope of the tap lines (to provide dR/df >0) and operates above resonance.

[0065] In this example, values of the inductor L7 and a lowest value of the variable
capacitor C7 are selected to have a resonant frequency below the lowest operating
frequency of the second RF source (e.g. 57 MHz) to ensure operation above the
resonance frequency. In addition, a ratio of the values of the second impedance to the
third impedance can be used to rotate the tuning space in the imaginary and real
resistance space. Examples of suitable values for the inductor L4, C10, C11, L6, L7,
C7, C8, L5a + L5b, and C9 include 0.45 pH, 55-65 pF, 25-35 pF, 150 nH, 120nH, 25 to
250 pF, 10-20 pF, 0.188 pyH, and 3-30 pF, respectively, although other values can be

used. As can be appreciated, the component values will vary for a given frequency of
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the RF source, the processing chamber, the power states that are used, and/or other

variables that depend on a particular implementation.

[0066] The foregoing description is merely illustrative in nature and is in no way
intended to limit the disclosure, its application, or uses. The broad teachings of the
disclosure can be implemented in a variety of forms. Therefore, while this disclosure
includes particular examples, the true scope of the disclosure should not be so limited
since other modifications will become apparent upon a study of the drawings, the
specification, and the following claims. It should be understood that one or more steps
within a method may be executed in different order (or concurrently) without altering the
principles of the present disclosure. Further, although each of the embodiments is
described above as having certain features, any one or more of those features
described with respect to any embodiment of the disclosure can be implemented in
and/or combined with features of any of the other embodiments, even if that
combination is not explicitly described. In other words, the described embodiments are
not mutually exclusive, and permutations of one or more embodiments with one another

remain within the scope of this disclosure.

[0067] Spatial and functional relationships between elements (for example, between
modules, circuit elements, semiconductor layers, etc.) are described using various

” o

terms, including “connected,” “engaged,” “coupled,” “adjacent,” “next to,” “on top of,”
“above,” “below,” and “disposed.” Unless explicitly described as being “direct,” when a
relationship between first and second elements is described in the above disclosure,
that relationship can be a direct relationship where no other intervening elements are
present between the first and second elements, but can also be an indirect relationship
where one or more intervening elements are present (either spatially or functionally)
between the first and second elements. As used herein, the phrase at least one of A, B,
and C should be construed to mean a logical (A OR B OR C), using a non-exclusive
logical OR, and should not be construed to mean “at least one of A, at least one of B,

and at least one of C.”

[0068] In some implementations, a controller is part of a system, which may be part of
the above-described examples. Such systems can comprise semiconductor processing
equipment, including a processing tool or tools, chamber or chambers, a platform or
platforms for processing, and/or specific processing components (a wafer pedestal, a

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

load locks connected to or interfaced with a specific system.

[0069] Broadly speaking, the controller may be defined as electronics having various
integrated circuits, logic, memory, and/or software that receive instructions, issue
instructions, control operation, enable cleaning operations, enable endpoint
measurements, and the like. The integrated circuits may include chips in the form of
firmware that store program instructions, digital signal processors (DSPs), chips defined
as application specific integrated circuits (ASICs), and/or one or more microprocessors,
or microcontrollers that execute program instructions (e.g., software). Program
instructions may be instructions communicated to the controller in the form of various
individual settings (or program files), defining operational parameters for carrying out a
particular process on or for a semiconductor wafer or to a system. The operational
parameters may, in some embodiments, be part of a recipe defined by process
engineers to accomplish one or more processing steps during the fabrication of one or
more layers, materials, metals, oxides, silicon, silicon dioxide, surfaces, circuits, and/or

dies of a wafer.

[0070] The controller, in some implementations, may be a part of or coupled to a
computer that is integrated with the system, coupled to the system, otherwise
networked to the system, or a combination thereof. For example, the controller may be
in the “cloud” or all or a part of a fab host computer system, which can allow for remote
access of the wafer processing. The computer may enable remote access to the
system to monitor current progress of fabrication operations, examine a history of past
fabrication operations, examine trends or performance metrics from a plurality of
fabrication operations, to change parameters of current processing, to set processing
steps to follow a current processing, or to start a new process. In some examples, a

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

control a process on the chamber.

[0071] Without limitation, example systems may include a plasma etch chamber or
module, a deposition chamber or module, a spin-rinse chamber or module, a metal
plating chamber or module, a clean chamber or module, a bevel edge etch chamber or
module, a physical vapor deposition (PVD) chamber or module, a chemical vapor
deposition (CVD) chamber or module, an atomic layer deposition (ALD) chamber or
module, an atomic layer etch (ALE) chamber or module, an ion implantation chamber or
module, a track chamber or module, and any other semiconductor processing systems
that may be associated or used in the fabrication and/or manufacturing of

semiconductor wafers.

[0072] As noted above, depending on the process step or steps to be performed by
the tool, the controller might communicate with one or more of other tool circuits or
modules, other tool components, cluster tools, other tool interfaces, adjacent tools,
neighboring tools, tools located throughout a factory, a main computer, another
controller, or tools used in material transport that bring containers of wafers to and from

tool locations and/or load ports in a semiconductor manufacturing factory.
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CLAIMS

What is claimed is:

1. An RF matching network connected to an RF generator of a plasma processing
system, comprising:

a first RF matching circuit configured to receive an output of a first RF source
operating at a first RF frequency;

a second RF matching circuit configured to receive an output of a second RF
source operating at a second RF frequency that is greater than the first RF frequency,

wherein the second RF matching circuit includes an impedance transforming
circuit configured to operate above resonance and to alter a slope of a tuning space of
the second RF matching circuit to reduce reflected power; and

a RF output node in communication with the first RF matching circuit and the
second RF matching circuit and an electrode located in a processing chamber of the

plasma processing system.

2. The RF matching network of claim 1, wherein the electrode is located in a top

plate of an electrostatic chuck.

3. The RF matching network of claim 1, wherein the electrode includes a baseplate

of an electrostatic chuck.

4. The RF matching network of claim 1, wherein the impedance transforming circuit
includes:

a first impedance including a first terminal connected to the second RF source
and a second terminal connected to a reference potential;

a second impedance including a first terminal connected to the second RF
source;

a third impedance including a first terminal connected to a second terminal of the
second impedance and a second terminal connected to a reference potential;

a fourth impedance including a first terminal connected to the second terminal of
the second impedance; and

a fifth impedance including a first terminal connected to the second terminal of

the fourth impedance and a second terminal connected to a reference potential.
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The RF matching network of claim 4, wherein each of the first impedance, the

second impedance, the third impedance, the fourth impedance, and the fifth impedance

comprise a reactive impedance.

9.

The RF matching network of claim 4, wherein:

the first impedance includes a first inductor;

the second impedance includes a first capacitor,

the third impedance includes a second capacitor;

the fourth impedance includes a second inductor; and

the fifth impedance includes a third capacitor.

The RF matching network of claim 4, wherein:

the first impedance includes a first inductor;

the second impedance includes a first capacitor,
the third impedance includes a second capacitor;
the fourth impedance includes a third capacitor; and

the fifth impedance includes a second inductor.

The RF matching network of claim 4, wherein:

the first impedance includes a first inductor;

the second impedance includes a first capacitor,

the third impedance includes a second capacitor;

the fourth impedance includes a second inductor; and

the fifth impedance includes a third inductor in series with a third capacitor.

The RF matching network of claim 1, wherein the first RF matching circuit

includes:

a first inductor including a first terminal connected to the first RF source;

a first capacitor including a first terminal connected to a second terminal of the

first inductor and a second terminal connected to a reference potential;, and

a second inductor including a first terminal connected to the second terminal of

the first inductor and to the first terminal of the first capacitor.
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10.  The RF matching network of claim 9, wherein the first RF matching circuit further
includes:

a second capacitor connected to a second terminal of the second inductor;

a third capacitor connected to the second terminal of the second inductor; and

a fourth capacitor connected to the second terminal of the second inductor and a

second terminal of the third capacitor.

11.  The RF matching network of claim 1, wherein the second RF matching circuit
further includes a first capacitor including a first terminal in communication with the
impedance transforming circuit and a second terminal in communication with a first

terminal of a first impedance.

12. A plasma generator for the plasma processing system, comprising:
the first RF source;
the second RF source;
the RF matching network of claim 1; and

a DC source in communication with the RF output node.

13.  The plasma generator of claim 12, wherein the second RF source includes an
auto-tuning circuit configured to adjust the second RF frequency in a predetermined

frequency band about a center frequency to minimize reflected power.
14.  The plasma generator of claim 13, wherein a rate of change of a real component
of the resistance of the second RF matching circuit relative to a frequency of the

second RF source is greater than zero.

15.  The plasma generator of claim 13, wherein the center frequency is 60 MHz and

the predetermined frequency band is between 57 MHz and 63 MHz.
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16.  The plasma generator of claim 12, further comprising:

a first inductance having a first terminal in communication with the DC source
and the first RF matching circuit;

a second inductance having a first terminal and a second terminal, wherein the
second terminal is connected to the RF output node; and

a third inductance having a first terminal and a second terminal, wherein the first
terminal of the third inductance is in communication with the second RF matching circuit
and the second terminal of the third inductance is connected to the first terminal of the

second inductance.

17. A plasma generator for a plasma processing system, comprising:

a first RF source operating at a first RF frequency;

a first RF matching circuit configured to receive an output of the first RF source;

a second RF source operating at a second RF frequency that is greater than the
first RF frequency and including an auto-tuning circuit to adjust the second RF
frequency to minimize reflected power,;

a second RF matching circuit configured to receive an output of the second RF
source and including an impedance transforming circuit configured to operate above
resonance and to provide a rate of change of a real component of the resistance of the
second RF matching circuit relative to a frequency of the second RF source that is
greater than zero; and

a RF output node in communication with the first RF matching circuit and the
second RF matching circuit and an electrode located in a processing chamber of the

plasma processing system.

18. The plasma generator of claim 17, further comprising a DC source in

communication with the RF output node.

19.  The plasma generator of claim 17, wherein the electrode is located in a top plate

of an electrostatic chuck.

20.  The plasma generator of claim 17, wherein the electrode includes a baseplate of

an electrostatic chuck.
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21.  The plasma generator of claim 17, wherein the impedance transforming circuit
includes:

a first impedance including a first terminal connected to the second RF source
and a second terminal connected to a reference potential;

a second impedance including a first terminal connected to the second RF
source;

a third impedance including a first terminal connected to a second terminal of the
second impedance and a second terminal connected to a reference potential;

a fourth impedance including a first terminal connected to the second terminal of
the second impedance; and

a fifth impedance including a first terminal connected to the second terminal of

the fourth impedance and a second terminal connected to a reference potential.

22. The plasma generator of claim 21, wherein each of the first impedance, the
second impedance, the third impedance, the fourth impedance, and the fifth impedance

comprise a reactive impedance.

23.  The plasma generator of claim 21, wherein:
the first impedance includes a first inductor;
the second impedance includes a first capacitor,
the third impedance includes a second capacitor;
the fourth impedance includes a second inductor; and

the fifth impedance includes a third capacitor.

24.  The plasma generator of claim 21, wherein:
the first impedance includes a first inductor;
the second impedance includes a first capacitor,
the third impedance includes a second capacitor;
the fourth impedance includes a third capacitor; and

the fifth impedance includes a second inductor.
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25.  The plasma generator of claim 21, wherein:
the first impedance includes a first inductor;
the second impedance includes a first capacitor,
the third impedance includes a second capacitor;
the fourth impedance includes a second inductor; and

the fifth impedance includes a third inductor in series with a third capacitor.

26. The plasma generator of claim 17, wherein the second RF matching circuit
further includes a first capacitor including a first terminal in communication with the
impedance transforming circuit and a second terminal in communication with a first

terminal of a first impedance.

23



PCT/US2022/039292

WO 2023/018587

1/9

324N0%g
. 4 \/
91T dwe|) 253
v v T~ e et 061 Vel
< < N AN =
«—— dwnd e 9AlBA | ‘_\ o olal = L_ P | Alqwessy —
Iw |w v —pr7| O
T — — —— e — — ] B A 4
85T 95T €07 l\_ — 70T V J3)|043u0)
9T dway
L0T— 601 N B
4 (472"
o1 so1—/ = v
—T1I1 _ J9]j041u0)
Ww1sAS
A "4 A
nn ||||||||||||||||||| 1 mom._”
_ un2u1D U2 l_ﬂlqﬁ
_ e Suiyarein 4y | | Buiyole 4y |
! o ! ! ~- L2
— 88T 1 .
T 'Oid _ ek ]| [[meksiv] /81
omHI_W 924n0S 324n0S 4y 924n0S 4y I
20 253 i
| 77T — ser S SJO]RJUSD) JY e[mNH |
I
_ Wwa1sAS ullesausn 4y I__.HONH
N-9€T N-vET
I I ]
_ _
< 24N € OA|BA ] 92JN0S SeH
[ [T N—N-zET
001 « “ 24N < 9AEA |« 92JnoS sen I“(N-NmH
| T9ET TvET g
< [ <
ovT 7] «—t 24N < S9AlBA  |€&{ 92JNnOS sen
[P S—————— IIIIIIIIII_/H-NQ
T1-9¢T T-veT €1




PCT/US2022/039292

WO 2023/018587

2/9

N
9“
LL

6D TS5

.ﬂlmm._”

F

N0 Y wJ,, AATE
ec

671

{w Josuag

H .,.r\ / ...,.\}..r\;\
3SN3SA IR\ -
7zt cd

18}

wolsAs 1V
90JN0S 4y

__‘|an

WolSAg 1Y

fer

80In0g 4y

f«\e...,«\ f..e\
ld

80In0g
04 083




WO 2023/018587 PCT/US2022/039292

S0

>

A

@]
o
I

[
l

JUBIDIIS0D UOIRIBRY



PCT/US2022/039292

WO 2023/018587

4/9

¥ "OId

aosuepaduwy jo Juauodwon jeay

A

(ZHIN 2S) Aouanbaig B>>o._|W

Aopalel]
uswisnlpy bai4

(ZHIN ¢£9) Aouanbai4 Baa:&

ZHIN 09 }e @ouepaduw| IndinO yoaje painsedip

v

aosuepaduwy jo Juauedwon Areuibew



PCT/US2022/039292

WO 2023/018587

5/9

60

.

80

LW

BG

Y

MO 4 —£wd s a8

Nmml&

olen|
€1
. .\N«(\\- ...... s -

/7

; ; i

\.\.w» &3\\\\\\\\\\\\\ g \

{*3i 10SUDS | /

asNasp " w&s\.,\,e\,f\,‘,c\..\

444 cd

i T T
V4 1994 1Z .ﬂlmm._”
e | l | iz WoysAS 1V
W ...... .VN ....... - NN “““ » .M.\f jrmN._”
W 90Jn0S 4y
.ql L8T
wolshs 1Y
. 22Jn0g 4y [ et

82In0g
00 0s3

/romH




PCT/US2022/039292

WO 2023/018587

6/9

A

9 'Old

9ouepaduw| Jo Jusuodwio) |eay

._.... \.H\Iﬂ|l..+l.
'- -¢ \ \
S "
zse— 7,
... / /
..... . _ .... / 7/ \Jm_\w
- L\ ........... bk L
A
Lt ———

ZHIN 09 Je @2edg aun] Ydje\ JO |9PON pue painsespy

v

aouepaduwy jo Jusuodwos Areuibew



PCT/US2022/039292

WO 2023/018587

719

60

.

LW

BG

Y

MO 4 —£d s a8

[As4 |W

qsT
1
s S u \\
; ; S
\.\.w» &3\\\\\\\\\\\\\ g \
ISNIS L Josuag | /

S N
&.:\ A VAT

_ﬁ|mm._”

WolIsAg 1Y

80In0g 4y

.ﬂlnm._”

WolIsAg 1Y

82In0g 4y

82In0g

209053 [ \ogt

/(oon



PCT/US2022/039292
8/9

WO 2023/018587

88T
—
60 : . _
i weishs LV
*& Y N .M.\ ?
ec 22Jnos 4y
nO A4y th,, P
(44 qs ﬁlnmﬁ
€1 s woyshs LV
ALK S
) 22Jnos 4y
; ; 7
\.\.w» &\\\\\\\\3\3\ g ;
ssnasy Lom:mwﬁw&, A \..\\_
.. ..........!!...l“ WS mo =
A £ 92IN0g
2y AN A Y. W g
cee SV | _0a90s3 [Noer
ld

................................................................................................................ - /
009



PCT/US2022/039292

WO 2023/018587

9/9

60

Y

I e
[As4

671

B

»r\‘b-.a
ISNIS Lyl Josuesg

v

[444

¢

LR Y
A 0
\

S

BG

S,

v

A

.al 88T
s waishs 1V

e

/.\» H S7I

82In0g 4y

.ql L8T
sy WalSAS 1V

- 90IN0S 4y ez

\M.I 20IN0g
= 0a@os3 [N\ost

/oom



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2022/039292

A. CLASSIFICATION OF SUBJECT MATTER

HO01J 37/32(2006.01)i; HO3H 7/38(2006.01)i; HO1L 21/687(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO1J 37/32(2006.01); HO3H 7/38(2006.01); HO3H 7/40(2006.01); HOSH 1/46(2006.01)

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

eKOMPASS(KIPO internal) & Keywords: radio-frequency, matching circuit, impedance, plasma, generator

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
WO 2021-096670 Al (LAM RESEARCH CORPORATION) 20 May 2021 (2021-05-20)
See paragraphs 83-92; and figure 1. 1-3,9,11-13,15

A 4-8,10,14,16-26
KR 10-2016-0050396 A (SAMSUNG ELECTRONICS CO., LTD.) 11 May 2016 (2016-05-11)

Y See paragraphs 29-30; and figure 1. 1-3,9,11-13,15
US 2017-0162368 Al (LAM RESEARCH CORPORATION) 08 June 2017 (2017-06-08)

Y See paragraph 67; and figure 2B. 9
US 2018-0240647 Al (LAM RESEARCH CORPORATION) 23 August 2018 (2018-08-23)

Y See paragraphs 50-51; and figure 1. 11
US 2019-0295821 Al (LAM RESEARCH CORPORATION) 26 September 2019 (2019-09-26)

Y See paragraph 307; and figure 12. 12-13,15

D Further documents are listed in the continuation of Box C.

See patent family annex.

*  Special categories of cited documents:
«A” document defining the general state of the art which is not considered
to be of particular relevance
“p”  document cited by the applicant in the international application

«g» earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

«0” document referring to an oral disclosure, use, exhibition or other
means

«p>” document published prior to the international filing date but later than
the priority date claimed

wr

D&

wyr

g

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

Date of mailing of the international search report

35208, Republic of Korea
Facsimile No. +82-42-481-8578

17 November 2022 17 November 2022
Name and mailing address of the ISA/KR Authorized officer
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon PARK, Hye Lyun

Telephone No. +82-42-481-3463

Form PCT/ISA/210 (second sheet) (July 2022)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2022/039292

Patent document

Publication date

Patent family member(s)

Publication date

cited in search report (day/month/year) (day/month/year)
WO 2021-096670 Al 20 May 2021 KR 10-2022-0100020 A 14 July 2022
™ 202139249 A 16 October 2021
KR 10-2016-0050396 A 11 May 2016 KR 10-1677748 Bl 29 November 2016
us 2016-0126069 Al 05 May 2016
us 9378931 B2 28 June 2016
uUs 2017-0162368 Al 08 June 2017 CN 105938785 A 14 September 2016
CN 105938785 B 08 May 2018
CN 108682610 A 19 October 2018
CN 108682610 B 09 July 2021
KR 10-2016-0106499 A 12 September 2016
™ 201638989 A 01 November 2016
us 2016-260584 Al 08 September 2016
us 9595424 B2 14 March 2017
us 9984859 B2 29 May 2018
uUs 2018-0240647 Al 23 August 2018 CN 110326083 A 11 October 2019
JP 2020-510959 A 09 April 2020
KR 10-2019-0112180 A 02 October 2019
™ 201841554 A 16 November 2018
uUs 10410836 B2 10 September 2019
us 10651013 B2 12 May 2020
us 2019-371571 Al 05 December 2019
WO 2018-156486 Al 30 August 2018
Us 2019-0295821 Al 26 September 2019 CN 111886671 A 03 November 2020
KR 10-2020-0124319 A 02 November 2020
us 10304660 Bl 28 May 2019
us 10580618 B2 03 March 2020
us 10755896 B2 25 August 2020
us 20200168438 Al 28 May 2020
WO 2019-182890 Al 26 September 2019

Form PCT/ISA/210 (patent family annex) (July 2022)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - wo-search-report
	Page 36 - wo-search-report

