wo 2025/128367 A1 |0 00000 KRN0 000 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
19 June 2025 (19.06.2025)

(10) International Publication Number

WO 2025/128367 Al

WIPO I PCT

(51) International Patent Classification:
HO01J 37/32 (2006.01)

(21) International Application Number:

(72) Inventor: SINGH, Amit, Kumar, 4650 Cushing Parkway,
Fremont, CA 94538 (US).

(74) Agent: PATEL, Nishitkumar, V. et al.; Penilla [P, APC,

PCT/US2024/058299 5619 Scotts Valley Drive, Suite 280, Scotts Valley, CA

95066 .
(22) International Filing Date: (US)

03 December 2024 (03.12.2024)
English

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR, HU, ID, IL, IN, IQ, IR, IS, IT, M, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,

(25) Filing Language:

(26) Publication Language: English

(30) Priority Data:

63/609,322 12 December 2023 (12.12.2023) US

(71) Applicant: LAM RESEARCH CORPORATION
[US/US], 4650 Cushing Parkway, Fremont, CA 94538
US).

(54) Title: SYSTEMS AND METHODS FOR ORTHOGONAL CONTROL OF ION ENERGY FOR HAR ETCHING

100
144 “
e 143
\ )46 Magnetic
Energy
1
Fixed for each - Recovery (MER '
Sg?ed gﬁ;ﬁaue to Vsensor not needed Ckyt.( ) Automatically
achiéve diff. states because of fixed dwell 108 ';‘ reverse hiased
{ - 17 (charging) ime ..~ L] - 1 # after recovery
\ 136 |
R " 107 % 130 Resonant 140 [ 19— _
\ R Inductor 132
Vae Storage 3 Charger AT Chamber
cel | 16| 106 h *~ 110
18 ) 122
120 142 112
(Charging Diode) & @ Z \
V&l
No Vsensor needed Sensor
134 lonFlux | ;-here because Measures System
Compensator |/ frequency of next,., when diode-
126 (IFC) X divell time is reverse biased
{ 104 152 1} js fixed
—L|— + 124
_’IECTSL;_;T@ (IFC Diode) 143
\k1 50
oray | | e FIG. 1
Device
B (System)
Controller 102

(57) Abstract: Systems and methods for orthogonal control of lon energy for High Aspect Ratio (HAR) etching are described. One of the
methods includes controlling a charger circuit to provide radio frequency power to an electrode of a plasma chamber. The method further
includes determining whether a predetermined charging time has passed after controlling the charger circuit and controlling a magnetic
energy recovery circuit to recover radio frequency energy from the plasma chamber in response to determining that the predetermined
charging time has passed. The method includes identifying whether a predetermined voltage associated with use of the magnetic energy
recovery circuit is achieved after controlling the magnetic energy recovery circuit and controlling an ion flux compensation circuit to
tune the ion flux within the plasma chamber in response to determining that the predetermined voltage is achieved.
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SYSTEMS AND METHODS FOR ORTHOGONAL
CONTROL OF ION ENERGY FOR HAR ETCHING

Field

[0001] The present embodiments relate to systems and methods for orthogonal

control of Ton energy for High Aspect Ratio (HAR) etching.
Background

[0002] The background description provided herein is for the purposes of generally
presenting the context of the disclosure. Work of the presently named inventors, to the extent it
1s 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.

[0003] In a plasma processing system, a radio frequency (RF) generator is provided.
The RF generator is coupled to a plasma chamber in which a semiconductor wafer is placed. The
RF generator generates an RF signal that is provided to the plasma chamber for processing the
semiconductor wafer. However, due to a change in an impedance of plasma, it is difficult to
process the semiconductor wafer in a desirable manner.

Summary

[0004] Embodiments of the disclosure provide systems, apparatus, methods and
computer programs for orthogonal control of Ion energy for High Aspect Ratio (HAR) etching.
It should be appreciated that the present embodiments can be implemented in numerous ways,
€.g., a process, an apparatus, a system, a device, or a method on a computer readable medium.
Several embodiments are described below.

[0005] In an embodiment, a system for tuning ion flux is described. The system
includes a bias voltage power supply and an energy storage circuit. The bias voltage power
supply includes three plasma components, such as a fast high voltage (HV) charger, a magnetic
energy recovery circuit, and an ion flux compensator. The fast HV charger generates a signal for
charging a plasma load. After the plasma load is charged, energy from the plasma load is
recovered by the magnetic energy recovery circuit to charge the energy storage circuit. Once the
plasma load is discharged. the ion flux compensator compensates for ion flux to achieve a high
aspect ratio (HAR) etch.

[0006] Also, in one embodiment, the fast HV charger excludes any switches.

[0007] In an embodiment, the bias voltage power supply that generates a tailored

waveform to achieve desired ion energy distribution for high aspect ratio semiconductor etching
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is described. The fast HV charger is a fast high voltage direct current (HVDC) charger, including
HVDC power supplies, that provides resonant charging to the plasma load. After charging, the
plasma load is discharged, and radio frequency (RF) energy is recovered using the magnetic
energy recovery circuit. In addition to energy recovery (ER), the magnetic energy recovery
circuit sets a bus to a reference potential. Subsequently. the ion flux compensator provides
additional control to tune a sheath potential in a desired manner.

[0008] In an embodiment, the HV charger generates an HVDC output with fast rise
time when tuned on. A charging diode followed by a resonant inductor is connected in series
with the HV charger to provide resonant charging to the plasma load. The system remains in this
state until a specified dwell time, such as a fixed amount of dwell time. After the charging is
completed, the HV charger generates a negative bias voltage to turn off the charging diode by
making it reverse biased. The magnetic energy recovery circuit is turned on, which discharges
the RF energy from the plasma load while recovering and feeding the RF energy to the energy
storage circuit. Once the plasma load is discharged to substantially zero, such as zero, the ion
flux compensator activates. The ion flux compensator includes a pulser, such as a fast HVDC
source, in series with a resistor-inductor-diode (RLD) circuit. The pulser generates a high
voltage to provide power for tuning the ion flux. Once the ion flux compensation is complete,
the pulser generates a negative bias to make the ion flux compensator ineffective by reverse
biasing an IFC diode.

[0009] In one embodiment, a method for tuning ion flux is described. The method
includes controlling a charger circuit to provide radio frequency power to an electrode of a
plasma chamber. The method further includes determining whether a predetermined charging
time has passed after controlling the charger circuit and controlling a magnetic energy recovery
circuit to recover radio frequency energy from the plasma chamber in response to determining
that the predetermined charging time has passed. The method includes identifying whether a
predetermined voltage associated with use of the magnetic energy recovery circuit is achieved
after controlling the magnetic energy recovery circuit and controlling an ion flux compensation
circuit to tune the ion flux within the plasma chamber in response to determining that the
predetermined voltage is achieved.

[0010] In one embodiment, a controller for operating a plasma system to tune ion
flux is described. The controller includes a processor that controls control a charger circuit to
provide radio frequency power to an electrode of a plasma chamber. The processor determines
whether a predetermined charging time has passed after the charger circuit is controlled. The
processor controls a magnetic energy recovery circuit to recover radio frequency energy from

the plasma chamber when it is determined that the predetermined charging time has passed. The
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processor identifies whether a predetermined voltage associated with use of the magnetic energy
recovery circuit is achieved after the magnetic energy recovery circuit is controlled. The
processor controls an ion flux compensation circuit to tune the ion flux within the plasma
chamber when it is determined that the predetermined voltage is achieved. The controller
includes a memory device coupled to the processor.

[0011] In an embodiment, a plasma system for tuning ion flux is described. The
plasma system includes a plasma chamber having an electrode and a charger circuit coupled to
the plasma chamber. The charger circuit provides radio frequency power to the electrode. The
plasma system also includes a magnetic energy recovery circuit coupled to the charger circuit, an
ion flux compensation circuit coupled to the magnetic energy recovery circuit, and a controller.
The controller is coupled to the charger circuit, the magnetic energy recovery circuit, and the ion
flux compensation circuit. The controller determines whether a predetermined charging time has
passed after the charger circuit provides the radio frequency power. The controller controls the
magnetic energy recovery circuit to recover radio frequency energy from the plasma chamber
when it i1s determined that the predetermined charging time has passed. The controller identifies
whether a predetermined voltage associated with use of the magnetic energy recovery circuit is
achieved after the magnetic energy recovery circuit is controlled. The controller controls the ion
flux compensation circuit to tune the ion flux within the plasma chamber when it is determined
that the predetermined voltage is achieved.

[0012] Some advantages of the herein described systems and methods include
providing a combination of charging the plasma load followed by the magnetic energy recovery,
which is followed by ion flux compensation to achieve a high aspect ratio etch. Charge stored
within the plasma chamber is recovered by the energy recovery circuit. The recovered energy is
then used during a next cycle of operation of the system. Also, after the plasma load is
discharged. ion flux is tuned within the plasma chamber to achieve the high aspect ratio etch.

[0013] Other aspects will become apparent from the following detailed description,

taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The embodiments may best be understood by reference to the following
description taken in conjunction with the accompanying drawings.

[0015] Figure 1 is a diagram of an embodiment of a system to illustrate a cvcle of
occurrence of charging of a plasma load followed by an occurrence of a magnetic energy

recovery, which is followed by an occurrence of ion flux compensation
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[0016] Figure 2 is an embodiment of a graph of a tailored waveform to illustrate an
occurrence of charging of the plasma load, followed by an occurrence of the magnetic energy
recovery, which is followed by an occurrence of the ion flux compensation.

[0017] Figure 3A is an embodiment of a graph to illustrate charging of the plasma
load.

[0018] Figure 3B is an embodiment of a graph to illustrate multiple cycles of
charging of the plasma load.

[0019] Figure 3C is an embodiment of a graph to illustrate an occurrence of the
magnetic energy recovery.

[0020] Figure 3D is an embodiment of a graph to illustrate an occurrence of the ion
flux compensation.

[0021] Figure 3E is an embodiment of a graph to illustrate multiple occurrences of
the ion flux compensation.

[0022] Figure 4 is a diagram of an embodiment of a system to illustrate details of an
1on flux compensator.

[0023] Figure 5 is a diagram of an embodiment of a system to illustrate details of a
high voltage (HV) charger.

[0024] Figure 6 provides embodiments of graphs to illustrate wafer voltage, pre-
blocking capacitor voltage, current output from the ion flux compensator, voltage output from
the ion flux compensator, and voltage output from the HV charger versus time.

[0025] Figure 7 provides embodiments of graphs to illustrate multiple states of a
voltage signal output from a direct current (DC) voltage source with respect to a voltage across a
pre-blocking capacitor and a wafer potential.

DETAILED DESCRIPTION

[0026] The following embodiments describe systems and methods for orthogonal
control of lon energy for High Aspect Ratio (HAR) etching. It will be apparent that the present
embodiments may be practiced without some or all of these specific details. In other instances,
well known process operations have not been described in detail in order not to unnecessarily
obscure the present embodiments.

[0027] Figure 1 is a diagram of an embodiment of a system 100 to illustrate a cycle
of occurrence of charging of a plasma load followed by an occurrence of a magnetic energy
recovery, which is followed by an occurrence of ion flux compensation. The cycle of occurrence
of the charging of the plasma load, the occurrence of the magnetic energy recovery, and the

occurrence of ion flux compensation repeats for multiple times.
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[0028] The system 100 includes a direct current (DC) voltage source Vpc, a
controller 102, an ion flux compensator (IFC) 104, a high-voltage (HV) charger 106, a magnetic
energy recovery (MER) circuit 108, a plasma chamber 110, and a voltage and current (V&I)
sensor system 112. The HV charger 106 is sometimes referred to herein as a charger circuit. The
system 100 further includes a diode 114, a capacitor 116, a MER diode 119, another diode 118, a
charging diode 120, a resonant inductor 122, and an IFC diode 124. The controller 102 includes
a processor 126 and a memory device 128. The plasma chamber 110 is an example of the plasma
load. The ion flux compensator 104 is sometimes referred to herein as an ion flux compensation
circuit. The capacitor 116 is sometimes referred to herein as an energy storage circuit or a
storage cell, such as a battery.

[0029] As an example, the controller 102 is a host computer, such as a desktop
computer or laptop computer or a smart phone. Examples of the voltage and current sensor
system 112 include one or more voltage and current sensors, and voltage sensors and current
sensors. An example of the plasma chamber 110 is a capacitively coupled plasma chamber.
Another example of the plasma chamber 110 is an inductively coupled plasma chamber.

[0030] The processor 126 is coupled to the memory device 128 and to the DC
voltage source Vdc. Also, the processor 126 is coupled to the ion flux compensator 104, the HV
charger 106, the MER circuit 108, and the V&I sensor system 112. The DC voltage source Vdc
is coupled to the diode 114 to form a series circuit. The series circuit of the DC voltage source
Vdc and the diode 114 is coupled in parallel at a point 117 to the capacitor 116. The capacitor
116 is coupled in parallel to the HV charger 106. The capacitor 116 is also coupled to the diode
118, which is coupled to an output 146 of the MER circuit 108. For example, a connection
between the MER circuit 108 and the diode 118 and a connection between the diode 118 and the
point 117 forms a bus. The HV charger 106 has an output 107 that is coupled in series to the
charging diode 120, which is coupled to the IFC diode 124 at a point 130. The IFC diode 124 is
coupled to the ion flux compensator 104.

[0031] Also, the point 130 is coupled to the resonant inductor 122, which is coupled
to a point 132. The point 132 is sometimes referred to herein as an input of the plasma chamber
110. The point 132 is coupled to the MER diode 119 and to the V&I sensor system 112. The
MER diode 119 is coupled to an input 144 of the MER circuit 108 via a high voltage line 143.
Also, the point 132 is coupled to the plasma chamber 110. For example, the point 132 is coupled
to an electrode, such as a lower electrode or an upper electrode or an RF coil, of the plasma
chamber 110.

[0032] To initiate an occurrence of the charging of the plasma load, the processor

126 generates and sends a control signal 134 for a first time to the HV charger 106 to control the
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HV charger 106. The control signal 134 indicates a primary amount of voltage, such as a
positive voltage, to be output from the HV charger 106. The DC voltage source Vdc generates a
voltage signal 136 that is applied via the diode 114, which is forward biased, to the HV charger
106. Upon receiving the voltage signal 136 and the control signal 134, the HV charger 106
modifies, such as increases or decreases, a voltage of the voltage signal 136 to output another
voltage signal 138 having the primary amount of voltage indicated in the control signal 134. The
voltage signal 138 is sent via the charging diode 120, which is forward biased, and the point 130
to the resonant inductor 122. The resonant inductor 122 modifies an impedance of the voltage
signal 138 to output a voltage signal 140 having RF power and provides the voltage signal 140
to the electrode of the plasma chamber 110. The voltage signal 140 having the RF power is
provided to the electrode of the plasma chamber 110 to charge the plasma load. For example,
when one or more process gases, such as fluorine containing gas or an oxygen containing gas or
a combination thereof, are supplied to the plasma chamber 110 in addition to the voltage signal
140, plasma is generated or stricken within the plasma chamber 110 to process a substrate placed
within the plasma chamber 110. An example of the substrate includes a semiconductor wafer.

[0033] It should be noted that a charging time is fixed. For example, the plasma load
is charged for a fixed amount of dwell time during each occurrence of charging. To illustrate,
upon receiving the control signal 134 indicating the primary amount of voltage, the HV charger
106 outputs the voltage signal 138 having the primary amount of voltage for the fixed amount of
dwell time. When the voltage signal 138 having the primary amount of voltage is generated for
the fixed amount of dwell time, the plasma load 110 is charged by the voltage signal 140 for the
fixed amount of dwell time during the occurrence of charging. It should be noted that until the
plasma load 110 is charged. the MER diode 119 is reversed biased and the point 132 is
electrically decoupled from the MER circuit 108. For example, the MER diode 119, when
reverse biased, creates an open circuit between the MER circuit 108 and the point 132. Also,
during the fixed amount of dwell time, the IFC diode 124 is reverse biased and there is no ion
Mux compensation by the ion (lux compensator 104,

[0034] When the fixed amount of dwell time has passed, the MER diode 119
becomes forward biased, the charging diode 120 becomes reverse biased, and the IFC diode 124
is reverse biased. For example, after the plasma load is charged in the fixed amount of dwell
time, a voltage at the point 130 is greater than a voltage at the output 107 of the HV charger 106.
To illustrate, after the fixed amount of dwell time has passed, the processor 126 generates a
control signal 135 indicating a secondary amount of voltage, such as a negative voltage, to be
output from the HV charger 106, and sends the control signal 135 to the HV charger 106. Upon
receiving the control signal 135, the HV charger 106 modifies the voltage signal 138 to have the

6
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secondary amount of voltage from the primary amount of voltage. When the voltage signal 138
1s modified to have the secondary amount of voltage, the charging diode 120 becomes reverse
biased from being forward biased. When the charging diode 120 becomes reversed bias, the
plasma load is no longer being charged based on the primary voltage of the voltage signal 138.
Also, when the MER diode 119 becomes [orward biased, recovery of RF energy stored in the
plasma chamber 110 as a result of the charging initiates.

[0035] The processor 126 determines based on a clock that counts whether the fixed
amount of dwell time has passed after the control signal 134 is generated. The control signal 134
is generated to control the HV charger 106 to charge the plasma load. The fixed amount of dwell
time is sometimes referred to herein as a predetermined charging time. In response to
determining that the fixed amount of dwell time has passed, to initiate an occurrence of the
magnetic energy recovery, the processor 126 sends a control signal 142 for a first time to the
MER circuit 108 to control the MER circuit 108. The MER circuit 108 is controlled to initiate
recovery of the RF energy from the plasma chamber 110 via the high voltage line 143. For
example, upon receiving the control signal 142, the input 144 of the MER circuit 108 receives
RF energy stored within the plasma chamber 110, via the point 132, the high voltage line 143,
and the MER diode 119, which is forward biased. When the MER diode 119 becomes forward
biased after the fixed amount of dwell time has passed, the RF energy stored in the plasma
chamber 110 is recovered by the MER circuit 108 via the point 132, the high voltage line 143,
and the MER diode 119. The processor 126 controls one or more switches of the MER circuit
108 to store the RF energy in one or more inductors of the MER circuit 108. The processor 126
further controls the one or more switches of the MER circuit 108 to transfer the RF energy
stored in the one or more inductors via the diode 118, which is forward biased, and the output
146 to the capacitor 116. The RF energy stored in the one or more inductors is output from the
MER circuit 108 and transferred to the capacitor 116. The RF energy is transferred to the
capacitor 116 for storage of the RF energy within the capacitor 116. The RF energy that is
translerred via the bus to the capacitor 116 creates a reference potential at the bus. The RF
energy is stored in the capacitor 116 during the occurrence of the magnetic energy recovery.

[0036] When the magnetic energy is recovered, the capacitor 116 is charged and the
MER diode 119 becomes reversed biased after being forward biased. The V&I sensor system
112 measures a voltage at the point 132 to output a measurement signal 148 and sends the
measurement signal 148 to the processor 126. The processor 126 determines, based on the
measurement signal 148, whether the voltage at the point 132 is less than a predetermined
threshold. For example, the processor 126 compares the voltage indicated by the measurement

signal 148 with the predetermined threshold to determine whether the voltage is lower than the
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predetermined threshold. The predetermined threshold is an example of a predetermined voltage
that is associated with use of the MER circuit 108. To illustrate, the predetermined threshold is
achieved after RF energy is recovered from the plasma chamber 110 by using the MER circuit
108. Upon determining that the voltage at the point 132 is less than the predetermined threshold,
the processor 126 determines that the MER diode 119 is reversed biased. When it is determined
that the MER diode 119 is reversed biased, the processor 126 determines to initiate an
occurrence of the ion flux compensation. The occurrence of the ion flux compensation is
initiated to control the ion flux of plasma within the plasma chamber 110. Also, after the
magnetic energy is recovered, the charging diode 120 is still reverse biased and the IFC diode
124 becomes forward biased.

[0037] To initiate the occurrence of the ion flux compensation, the processor 126
sends a control signal 150 for a first time to the ion flux compensator 104 to control an amount
of voltage that is output from the ion flux compensator 104. In response to receiving the control
signal 150, the ion flux compensator 104 achieves the amount of voltage indicated within the
control signal 150 to generate a current signal 152. The current signal 152 is sent from the ion
flux compensator 104 via the diode 124, which is forward biased, the point 130, and the resonant
inductor 122 to the plasma chamber 110.

[0038] When the current signal 152 is sent, ion flux compensation is achieved. For
example, ion flux of plasma within the plasma chamber 110 is tuned, such as modified, with a
change in an amount of current of the current signal 152. To illustrate, the processor 126
identifies from, within the memory device 128, that a first amount of voltage to be applied by the
ion flux compensator 104 corresponds to a first amount of current of the current signal 152, a
second amount of voltage to be applied by the ion flux compensator 104 corresponds to a second
amount of current of the current signal 152, and a third amount of voltage to be applied by the
ion flux compensator 104 corresponds to a third amount of current of the current signal 152. The
second amount of voltage is greater than the first amount of voltage and the third amount of
voltage is less than the first amount of voltage. Also, the second amount of current is greater
than the first amount of current and the third amount of current is less than the first amount of
current. The processor 126 determines that the first amount of current is to be output from the
ion flux compensator 104 and indicates, within the control signal 150, the first amount of
voltage, corresponding to the first amount of current, is to be applied by the ion flux
compensator 104. Upon receiving the control signal 150 indicating the first amount of voltage,
the ion flux compensator 104 applies the first amount of voltage to output the current signal 152
having the first amount of current. To tune, such as increase the ion flux, the processor 126

determines that the second amount of current is to be output from the ion flux compensator 104
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and indicates, within the control signal 150, the second amount of voltage, corresponding to the
second amount of current, is to be applied by the ion flux compensator 104. Upon receiving the
control signal 150 indicating the second amount of voltage, the ion flux compensator 104 applies
the second amount of voltage to output the current signal 152 having the second amount of
current. Also, 1o tune, such as decrease the ion flux, the processor 126 determines that the third
amount of current is to be output from the ion flux compensator 104 and indicates, within the
control signal 150, the third amount of voltage, corresponding to the third amount of current, is
to be applied by the ion flux compensator 104. Upon receiving the control signal 150 indicating
the third amount of voltage, the ion flux compensator 104 applies the third amount of voltage to
output the current signal 152 having the third amount of current.

[0039] The ion flux compensation occurs until a next occurrence of charging of the
plasma load. For example, the ion flux compensation occurs until the processor 126 sends the
control signal 134 to the DC voltage source Vdc for a second time and until the processor 126
sends another control signal 151 to the ion flux compensator 104. The control signal 151 is sent
to the 1on flux compensator 104 to reverse bias the IFC diode 124 to electrically decouple the ion
flux compensator 104 from the plasma load. After sending the control signal 134 for the second
time to charge the plasma load, the processor 126 sends the control signal 142 to the MER
circuit 108 for a second time to recover RF energy from the plasma chamber 110 for the second
time. It should be noted that the RF energy stored in the capacitor 116 during the first time of
occurrence of the magnetic energy recovery is used to charge the plasma load for the second
time. For example, the charge stored in the capacitor 116 based on the RF energy recovered from
the plasma chamber 110 during the first time of occurrence of the magnetic energy recovery
creates a voltage at the point 117. The voltage at the point 117 generates a voltage signal that is
supplied to the HV charger 106. The HV charger 106 modifies, such as increases or decrease,
the voltage at the point 117 to output a voltage signal for the second time. The voltage signal is
provided via the diode 120 and the resonant inductor 122 in the same manner in which the
voltage signal 138 is supplied for the first time 1o process the substrate in the plasma chamber
110. Also, after sending the control signal 142 for the second time, the processor 126 sends the
control signal 150 for a second time to achieve ion flux compensation for the second time. In this
manner, multiple occurrences, such as instances, of the charging of the plasma chamber 110, the
magnetic energy recovery, and the ion flux compensation take place.

[0040] In an embodiment, the voltage and current sensor system 112 measures a peak
to peak voltage and current at the point 132. A total delivered power to be provided to the
plasma chamber 110 is calculated by the processor 126 based on the peak to peak voltage and

current.



WO 2025/128367 PCT/US2024/058299

[0041] Figure 2 is an embodiment of a graph 200 of a tailored waveform to illustrate
an occurrence of charging of the plasma load, followed by an occurrence of the magnetic energy
recovery, which is followed by an occurrence of the ion flux compensation. The graph 200 plots
a voltage 202 indicative of the tailored waveform on a y-axis and time t on an x-axis. Charging
of the plasma load occurs [rom a time 10 to a time t3. Once the plasma load is charged,
discharging of the plasma load occurs at the time t3 for the magnetic energy recovery to occur.
After the magnetic energy recovery occurs, the ion flux compensation occurs from the time t3 to
atime t12. In this manner, another cycle of an occurrence of the charging of the plasma load, an
occurrence of the magnetic energy recovery, and an occurrence of the ion flux compensation
repeats.

[0042] It should be noted that although a voltage of 0 volts is indicated at the time t0
before the charging starts, in one embodiment, a positive voltage or a negative voltage occurs
before the charging starts.

[0043] Figure 3A is an embodiment of a graph 300 to illustrate charging of the
plasma load. The graph 300 plots a voltage on a y-axis and the time t on an x-axis. The plasma
load is charged between a time t1 and a time t2.

[0044] Figure 3B is an embodiment of a graph 310 to illustrate multiple cycles of
charging. The graph 310 plots a voltage on a y-axis and the time t on an x-axis. The plasma load
is charged, during a first cvcle, between the times t1 and t2 and is charged again, during a second
cycle, between the time t12 and a time t13. The voltage of the graph 310 is an example of the
voltage of the voltage signal 138 (Figure 1) output from the HV charger 106 (Figure 1). As an
example, during each occurrence of charging of the plasma load, the voltage of the voltage
signal 138 is a value between 5 volts and 15 kilovolts (kV). Also, as an example, during each
occurrence of discharging of the plasma load and each occurrence of the ion flux compensation,
the voltage of the voltage signal 138 is a value between 0 volts and -8 kV.

[0045] Figure 3C is an embodiment of a graph 322 to illustrate an occurrence of the
magnelic energy recovery. The graph 322 plots a vollage on a y-axis and the time t on an x-axis.
After charging the plasma load, magnetic energy recovery occurs from the time t2 to the time t3.

[0046] Figure 3D is an embodiment of a graph 330 to illustrate an occurrence of the
ion flux compensation. The graph 322 plots a voltage on a y-axis and the time t on an x-axis.
After the magnetic energy recovery occurs, the ion flux compensation occurs from the time t3 to
the time t12.

[0047] Figure 3E is an embodiment of a graph 340 to illustrate multiple occurrences
of the ion flux compensation. The graph 340 plots a voltage on a y-axis and the time t on an x-

axis. One occurrence of the ion flux compensation occurs from the time t3 to the time t12 and
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another occurrence of the ion flux compensation occurs from a time t14 to a time t23. As an
example, during each occurrence of the ion flux compensation, the voltage applied by the ion
flux compensator 104 is a value between 5 volts and 5 kV. Also, as an example, during each
occurrence of lack of the ion flux compensation, the voltage applied by the ion flux compensator
104 is a value between O volts and -25 kV.

[0048] It should be noted that in all the graphs 200 (Figure 2), 300, 310, 320, 330,
and 340, described herein, a time t(n+1) is greater than a time tn, where n is an integer greater
than or equal to zero. For example, the time t(n+1) occurs after the time tn.

[0049] Figure 4 is a diagram of an embodiment of a system 400 to illustrate details of
the ion flux compensator 104. The system 400 includes the controller 102, the ion flux
compensator 104, the HV charger 106, the charging diode 120, the resonant inductor 122, the
plasma chamber 110, and the IFC diode 124.

[0050] The ion flux compensator 104 includes a pulser 402, an inductor 406, a
resistor 408, and a diode 410. An example of the pulser 402 is a nanosecond pulser (nsp). An
example of the pulser 402 is a DC voltage source that generates a DC signal, which pulses
between two different voltage levels. The inductor 406 is coupled in series with the resistor 408
to form a series circuit. The series circuit of the inductor 406 and the resistor 408 is coupled in
parallel to the diode 408 at points 412 and 414 to form a resistor-inductor-diode (RLD) circuit.
The pulser 402 is coupled to the point 412 and is coupled to a ground potential. The point 414 is
coupled to the IFC diode 124 and the pulser 402 is coupled to the processor 126.

[0051] During an occurrence of the ion flux compensation, the IFC diode 124 is
forward biased and the diode 410 is reverse biased. Upon receiving the control signal 150, the
pulser 402 generates a current signal 416 and sends the current signal 416 to the point 412.
Because the current signal 416 is negative, Figure 4 illustrates the current signal 416 as flowing
from the point 412 to the pulser 402. When the current signal 416 is sent via the inductor 406
and the resistor 408, an impedance of the current signal 416 is modified by the inductor 406 and
the resistor 408 1o output the current signal 152 at the point 414. Because the current signal 152
1s negative. Figure 4 illustrates an arrow pointing from the point 130 to the point 414.

[0052] The current signal 152 is sent via the IFC diode 124, the point 130, and the
resonant inductor 122 to the electrode of the plasma chamber 110 to tune the ion flux to provide
ion flux compensation within the plasma chamber 110. For example, ion flux of plasma within
the plasma chamber 110 is tuned, such as modified, with a change in an amount of current of the
current signal 416, and the change in the amount of current of the current signal 416 changes an
amount of current of the current signal 152. To illustrate, the processor 126 identifies from,

within the memory device 128, that the first amount of voltage to be applied by the pulser 402
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corresponds to the first amount of current of the current signal 416, the second amount of
voltage to be applied by the pulser 402 corresponds to the second amount of current of the
current signal 416, and the third amount of voltage to be applied by the pulser 402 corresponds
to the third amount of current of the current signal 416. The processor 126 determines that the
[irst amount of current is Lo be output from the pulser 402 and indicates, within the control signal
150, the first amount of voltage, corresponding to the first amount of current, is to be applied by
the pulser 402. Upon receiving the control signal 150 indicating the first amount of voltage, the
pulser 402 applies the first amount of voltage to output the current signal 416 having the first
amount of current. To tune, such as increase the ion flux, the processor 126 determines that the
second amount of current is to be output from the pulser 402 and indicates, within the control
signal 150, the second amount of voltage, corresponding to the second amount of current, is to
be applied by the pulser 402. Upon receiving the control signal 150 indicating the second
amount of voltage, the pulser 402 applies the second amount of voltage to output the current
signal 416 having the second amount of current. Also, to tune, such as decrease the ion flux, the
processor 126 determines that the third amount of current is to be output from the pulser 402 and
indicates, within the control signal 150, the third amount of voltage, corresponding to the third
amount of current, is to be applied by the pulser 402. Upon receiving the control signal 150
indicating the third amount of voltage, the pulser 402 applies the third amount of voltage to
output the current signal 416 having the third amount of current.

[0053] On the other hand, the IFC diode 124 is reverse biased to electrically
disconnect the ion flux compensator 104 from the point 130. When the IFC diode 124 is reverse
biased and the diode 410 is forward biased, the ion flux compensation stops. When the ion flux
compensation stops, the current signal 416 is transferred via the point 412 and the diode 410 to
the resistor 408 and the inductor 406. As such, the current signal 416 flows in an opposite
direction when the IFC diode 424 is reverse biased and the diode 410 is forward biased
compared to a direction of flow of the current signal 416 when the IFC diode 416 is forward
biased and the diode 410 is reverse biased. As such, the current signal 416 is switched between
the two directions, and therefore, the ion flux compensator 104 acts as a switched circuit.

[0054] The processor 126 determines, using the clock source, whether a time at
which the plasma load is to be charged again, for the second time, has occurred immediately
after the ion flux compensation. Upon determining so, the processor 126 generates and sends the
control signal 151 to the pulser 402. For example, the ion flux compensation occurs for the first
time until the processor 126 sends the control signal 134 (Figure 1) to the DC voltage source
Vdc for the second time and until the processor 126 sends the control signal 151 to the pulser
402. The control signal 151 is sent to the pulser 402 to reverse bias the IFC diode 124 to

12
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electrically decouple the ion flux compensator 104 from the plasma load. For example, the
control signal 151 indicates that an amount of voltage to be applied at the pulser 402 is negative.
Upon receiving the indication that the amount of voltage to be applied at the pulser 402 is
negative, the pulser 402 modifies the voltage applied at its output to be of the negative amount,
the diode 410 becomes forward biased, and the IFC diode 124 becomes reverse biased. When
the IFC diode 124 is reverse biased, a voltage at the point 414 is greater than a voltage at the
point 130 to electrically decouple the ion flux compensator 104 from the plasma chamber 110.

[0055] Figure 5 is a diagram of an embodiment of a system 500 to illustrate details of
the HV charger 106. The system 500 includes the DC voltage source Vdc, the HV charger 106,
the ion flux compensator 104, the diodes 116 and 118, and the controller 102. The HV charger
106 includes a combination of power supplies, such as DC power supplies or voltage power
supplies, that convert, such as increase or decrease, a direct current voltage from one amount to
another amount. The power supplies have inputs that are coupled in parallel and have outputs
that are coupled in series. Examples of the combination of power supplies include a first power
supply, a second power supply, and a third power supply coupled to each other. The point 117 is
coupled to an input of the first power supply. The first input of the power supply is also an input
of the HV charger 106. An output 515 of the HV charger 106 is coupled to the charging diode
120.

[0056] Enable inputs 524, 526, and 528 of the power supplies are coupled to the
processor 126. For example, the enable input 524 of the first power supply is coupled via a
connection 530 to the processor 126, the enable input 526 of the second power supply is coupled
via a connection 532 to the processor 126, and the enable input 528 of the third power supply is
coupled via a connection 534 of the processor 126.

[0057] It should be noted that the HV charger 106 excludes any switches. When
switches are used, there can be a relative delay in turning off or on of the switches. For example,
one of the switches is turned on before another one of the switches is tumed on. As another
example, one of the switches is turned off before another one of the switches is tumed off. The
relative delay acts as an impediment to achieving process results. When the switches are not
used, any chances of occurrence of the relative delay associated with the switches are
nonexistent.

[0058] The processor 126 sends the control signal 134 to control, such as enable or
disable, one or more of the power supplies to modify an amount of voltage at the output 515 that
1s applied to the charging diode 120. For example, the processor 126 sends an enable signal ES1
via the connection 530 to the enable input 524 to turn on the first power supply, sends another

enable signal ES2 via the connection 532 to the enable input 526 to turn on the second power
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supply , and sends yet another enable signal ES3 via the connection 534 to the enable input 528
to turn on the third power supply. The three enable signals ESI through ES3 are an example of
the control signal 134. As another example, the first and second power supplies are tumed on,
and the third power supply is turned off. To illustrate, the processor 126 sends a disable signal
DS3 via the connection 534 to the enable input 528 1o turn ofT the third power supply. The two
enable signals ES1 and ES2 and the third disable signal DS3 are an example of the control signal
134.

[0059] Upon receiving the voltage signal 136 via the diode 114, which is forward
biased, an amount of voltage of the voltage signal 136 is modified, such as increased or
decreased, bv one or more of the power supplies that are turned on and remaining ones of the
power supplies that are turned off to output an amount of voltage of the voltage signal 138 at the
output 515. For example, when all the power supplies are turned on, the amount of voltage of the
voltage signal 138 at the output 515 is greater than when the first and second power supplies are
turmmed on and the third power supply is turned off.

[0060] In an embodiment, one or more additional HV chargers are coupled between
the point 117 and the HV charger 106.

[0061] In one embodiment, to modify, such as increase or decrease, a voltage of the
voltage signal 138 at the output 515, the processor 126 modifies. such as increases or decreases,
a voltage applied by the DC voltage source Vdc in addition to or instead of controlling
enablement or disablement of one or more of the power supplies.

[0062] Figure 6 provides embodiments of graphs 602, 604, 606, 608, and 610 to
illustrate wafer voltage, pre-blocking capacitor voltage, current output from the ion flux
compensator 104 (Figure 1), voltage output from the ion flux compensator 104, and voltage
output from the HV charger 106 versus the time t. The graph 602 plots a voltage at a substrate
support on which the substrate is placed on a y-axis and the time t on an x-axis. The substrate
support includes a lower electrode. The voltage of the substrate support illustrates a wafer
potential, such as a voltage at a lower sheath of plasma formed within the plasma chamber 110
(Figure 1). As illustrated in the graph 602, the wafer potential is constant between a time of 3
microseconds (us) and a time of 5 microseconds.

[0063] The graph 604 plots a voltage at a pre-blocking capacitor (not shown), which
is located between the point 132 (Figure 1) and the plasma chamber 110. The graph 604 plots a
voltage across the pre-blocking capacitor on a y-axis and the time t on an x-axis. As illustrated,
the voltage across the pre-blocking capacitor has a negative slope during a time interval between

3 microseconds and 5 microseconds.
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[0064] The graph 606 plots an amount of current of the current signal 152 (Figure 1)
generated by the ion flux compensator 104 (Figure 1) versus the time t. The amount of current of
the current signal 152 is plotted on a y-axis and the time t is plotted on an x-axis. As illustrated
in the graph 606, a substantially zero current, such as an amount of current between -0.3 amperes
(A) and O A, is generated by the ion flux compensator 104 during ion discharging and a
substantially constant amount of current, such as an amount of current between 2.7 A and 3.3 A,
is generated by the ion flux compensator 104 during ion charging. Because the current output
from the ion flux compensator 104 switches between the substantially zero current and the
substantially constant amount of current periodically, the ion flux compensator 104 is sometimes
referred to herein as the switched circuit.

[0065] It should be noted that an amount of current output from the ion flux
compensator 104 during each occurrence of the ion flux compensation controls an amount of
slope, such as the negative slope, of the voltage across the pre-blocking capacitor. The voltage
across the pre-blocking capacitor is illustrative of voltage that is applied to the plasma load 110
for processing the substrate.

[0066] The graph 608 plots an amount of voltage output from the pulser 402 (Figure
4) versus the time t. For example, the amount of voltage output from the pulser 402 is plotted on
a y-axis and the time t is plotted on an x-axis. The processor 126 controls, via the control signal
150 (Figure 1), the amount of voltage output at the pulser 402. For example, the processor
indicates the amount of voltage to be output at the pulser 402 within the control signal 150.
Upon receiving the control signal 150, the pulser 402 generates the current signal 416 based on
the amount of voltage indicated within the control signal 150. The current signal 416 has an
amount of current that corresponds to the amount of voltage output at the pulser 402 to achieve
and control the negative slope of voltage across the pre-blocking capacitor. The negative slope is
achieved and controlled to tune the wafer potential to be constant to achieve the high aspect ratio
etch.

[0067] The graph 610 plots an amount of voltage of the voltage signal 138 (Figure 1)
output from the HV charger 106 (Figure 1) on a y-axis and the time t on an x-axis. The voltage
signal 138 includes a charge voltage, which is an amount of voltage used to charge the plasma
load. Between two consecutive cycles of applying the charge voltage, a negative bias voltage is
applied from the HV charger 106 to the plasma load 110.

[0068] It should be noted that the x-axes of graphs 602, 604, 606, 608, and 610 is the
same. For example, the time t progresses in the same manner along each of the x-axis of the

graphs 602, 604, 606, 608, and 610.
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[0069] Figure 7 provides embodiments of graphs 702, 704, and 706 to illustrate
multiple states of the voltage signal 136 (Figure 1) output from the DC voltage source Vdc
(Figure 1) with respect to the voltage across the pre-blocking capacitor and the wafer potential.
The graph 702 plots a high state, such as a state 1, and a low state, such as a state 0, of the
voltage signal 136 on a y-axis and the time t on an x-axis. The voltage signal 136 transitions
from the state 0 to the state 1 and further transitions from the state 1 to the state 0.

[0070] The graph 704 plots the voltage across the pre-blocking capacitor on a y-axis
and the time t on an x-axis. With the transition of the voltage signal 136 from the state O to the
state 1, the voltage across the pre-blocking capacitor also transitions from a low voltage level to
a high voltage level. Also, with the transition of the voltage signal 136 from the state 1 to the
state 0, the voltage across the pre-blocking capacitor transitions from the high voltage level to
the low voltage level.

[0071] The graph 706 plots the wafer potential on a y-axis and the time t on an x-
axis. With the transition of the voltage signal 136 from the state O to the state 1, the wafer
potential also transitions from a low voltage level to a high voltage level. Also, with the
transition of the voltage signal 136 from the state 1 to the state 0, the wafer potential transitions
from the high voltage level to the low voltage level.

[0072] It should be noted that the x-axes of graphs 702, 704, and 706 is the same. For
example, the time t progresses in the same manner along each of the x-axis of the graphs 702,
704, and 706.

[0073] Embodiments described herein may be practiced with various computer
system configurations including hand-held hardware units, microprocessor systems,
microprocessor-based or programmable consumer electronics, minicomputers, mainframe
computers and the like. The embodiments can also be practiced in distributed computing
environments where tasks are performed by remote processing hardware units that are linked
through a network.

[0074] In some embodiments, a controller, described herein, is a part of a system,
which may be part of the above-described examples. Such systems include 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 are integrated with electronics for controlling their operation
before, during, and after processing of a semiconductor wafer or substrate. The electronics is
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 tvpe of system,

is programmed to control any of the processes disclosed herein, including the delivery of process
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gases, temperature settings (e.g., heating and/or cooling), pressure settings. vacuum settings,
power settings, 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 coupled to or interfaced with a system.

[0075] Broadly speaking, in a variety ol embodiments, the controller is 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 include chips in the form of firmware that
store program instructions, digital signal processors (DSPs), chips defined as Application
Specific Integrated Circuits (ASICs), Programmable Logic Devices (PLDs), and/or one or more
microprocessors, or microcontrollers that execute program instructions (e.g., software). The
program instructions are instructions communicated to the controller in the form of various
individual settings (or program files), defining the parameters, the factors, the variables, etc., for
carrying out a particular process on or for a semiconductor wafer or to a system. The program
instructions are, in some embodiments, a 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.

[0076] The controller, in some embodiments, is a part of or coupled to a
computer that is integrated with, coupled to the system, otherwise networked to the system, or a
combination thereof For example, the controller is in a “cloud™ or all or a part of a fab host
computer, which allows for remote access of the wafer processing. The computer enables
remote access to the system to monitor current progress of fabrication operations, examines a
history of past fabrication operations, examines 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.

[0077] In some embodiments, a remote computer (e.g. a server) provides process
recipes 1o a system over a network, which includes a local network or the Internet. The remote
computer includes a user interface that enables entrv 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 the parameters,
factors, and/or variables for each of the processing steps to be performed during one or more
operations. It should be understood that the parameters, factors, and/or variables are 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 is distributed, such as by

including one or more discrete controllers that are networked together and working towards a
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common purpose, such as the processes and controls described herein. An example of a
distributed controller for such purposes includes 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.

[0078] Without limitation, in various embodiments, example systems to which the
methods are applied 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 is associated or used in the fabrication and/or manufacturing of semiconductor
wafers.

[0079] It is further noted that in some embodiments, the above-described operations
apply to several types of plasma reactor chambers, e.g.. a plasma chamber including an
inductively coupled plasma (ICP) reactor, a capacitively coupled plasma (CCP) reactor, a
transformer coupled plasma reactor, conductor tools, dielectric tools, a plasma chamber
including an electron cyclotron resonance (ECR) reactor, etc. For example, one or more RF
generators are coupled to an inductor within the ICP reactor. Examples of a shape of the
inductor include a solenoid, a dome-shaped coil, a flat-shaped coil, etc.

[0080] As noted above, depending on the process step or steps to be performed by
the tool, the host computer communicates 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.

[0081] With the above embodiments in mind, it should be understood that some of
the embodiments employ various computer-implemented operations involving data stored in
computer systems. These operations are those physically manipulating physical quantities. Any
of the operations described herein that form part of the embodiments are useful machine
operations.

[0082] Some of the embodiments also relate to a hardware unit or an apparatus for
performing these operations. The apparatus is specially constructed for a special purpose

computer. When defined as a special purpose computer, the computer performs other

18



WO 2025/128367 PCT/US2024/058299

processing, program execution or routines that are not part of the special purpose, while still
being capable of operating for the special purpose.

[0083] In some embodiments, the operations may be processed by a computer
selectively activated or configured by one or more computer programs stored in a computer
memory, cache, or obtained over the computer network. When dala is obtained over the
computer network, the data may be processed by other computers on the computer network, e.g.,
a cloud of computing resources.

[0084] One or more embodiments can also be fabricated as computer-readable code
on a non-transitory computer-readable medium. The non-transitory computer-readable medium
is any data storage hardware unit, e.g.. a memory device, etc., that stores data, which is thereafter
be read by a computer system. Examples of the non-transitory computer-readable medium
include hard drives, network attached storage (NAS), read-only memory (ROM), random access
memory (RAM), compact disc-ROMs (CD-ROMs), CD-recordables (CD-Rs), CD-rewritables
(CD-RWs), magnetic tapes and other optical and non-optical data storage hardware units. In
some embodiments, the non-transitory computer-readable medium includes a computer-readable
tangible medium distributed over a network-coupled computer system so that the computer-
readable code is stored and executed in a distributed fashion.

[0085] Although the method operations above were described in a specific order, it
should be understood that in various embodiments, other housekeeping operations are performed
in between operations, or the method operations are adjusted so that they occur at slightly
different times, or are distributed in a system which allows the occurrence of the method
operations at various intervals, or are performed in a different order than that described above.

[0086] It should further be noted that in an embodiment, one or more features from
any embodiment described above are combined with one or more features of any other
embodiment without departing from a scope described in various embodiments described in the
present disclosure.

[0087] Although the foregoing embodiments have been described in some detail for
purposes of clarity of understanding, it will be apparent that certain changes and modifications
can be practiced within the scope of appended claims. Accordingly, the present embodiments
are to be considered as illustrative and not restrictive, and the embodiments are not to be limited

to the details given herein.
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IN THE CLAIMS
1. A method for tuning ion flux, comprising:

controlling a charger circuit to provide radio frequency power to an electrode of a
plasma chamber;

determining whether a predetermined charging time has passed aflter said
controlling the charger circuit:

controlling a magnetic energy recovery circuit to recover radio frequency energy
from the plasma chamber in response to determining that the predetermined charging
time has passed;

identifying whether a predetermined voltage associated with use of the magnetic
energy recovery circuit is achieved after said controlling the magnetic energy recovery
circuit; and

controlling an ion flux compensation circuit to tune the ion flux within the plasma
chamber in response to determining that the predetermined voltage is achieved.

2. The method of claim 1, wherein said controlling the charging circuit includes generating
one or more signals to control one or more power supplies.

3. The method of claim 2, wherein the one or more signals include one or more enable
signals to enable the one or more power supplies.

4. The method of claim 3, wherein the one or more power supplies include a plurality of
power supplies. wherein the one or more signals include a plurality of signals, wherein
the plurality of signals include one or more disable signals to disable remaining ones of
the plurality of power supplies.

5. The method of claim 1, wherein after the predetermined charging time has passed, a
charging diode coupled to the charger circuit is reverse biased, wherein when the
charging diode is reverse biased, the charger circuit does not charge the plasma chamber.

6. The method of claim 1, wherein said controlling the magnetic energy recovery circuit
includes enabling a transfer ol the radio frequency energy (rom the plasma chamber to an
energy storage circuit coupled to the charger circuit.

7. The method of claim 1. comprising:
receiving a voltage measured at an input of the plasma chamber;
comparing the voltage with the predetermined voltage to determine that the voltage

measured is less than the predetermined voltage, wherein the ion flux compensation circuit is

controlled upon determining that the voltage measured is less than the predetermined voltage.
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8. The method of claim 1, wherein said controlling the ion flux compensation circuit
includes generating a control signal to modify a voltage of a pulser of the ion flux
compensation circuit.

9. A controller for tuning ion flux, comprising:

a processor configured to:

control a charger circuit to provide radio frequency power to an electrode
of a plasma chamber;

determine whether a predetermined charging time has passed after the
charger circuit is controlled;

control a magnetic energy recovery circuit to recover radio frequency
energy from the plasma chamber when it is determined that the predetermined
charging time has passed.

identify whether a predetermined voltage associated with use of the
magnetic energy recovery circuit is achieved after the magnetic energy recovery
circuit is controlled; and

control an ion flux compensation circuit to tune the ion flux within the
plasma chamber when it is determined that the predetermined voltage is achieved;
and

a memory device coupled to the processor.

10. The controller of claim 9, wherein to control the charging circuit, the processor is
configured to generate one or more signals to control one or more power supplies.

11. The controller of claim 10, wherein the one or more signals include one or more enable
signals to enable the one or more power supplies.

12. The controller of claim 11, wherein the one or more power supplies include a plurality of
power supplies. wherein the one or more signals include a plurality of signals, wherein
the plurality of signals include one or more disable signals to disable remaining ones of
the plurality of power supplies.

13. The controller of claim 9, wherein after the predetermined charging time has passed, a
charging diode coupled to the charger circuit is reverse biased, wherein when the
charging diode is reverse biased, the charger circuit does not charge the plasma chamber.

14. The controller of claim 9, wherein to control the magnetic energy recovery circuit, the
processor is configured to enable a transfer of the radio frequency energy from the
plasma chamber to an energy storage circuit coupled to the charger circuit.

15. The controller of claim 9, wherein the processor is configured to:

receive a voltage measured at an input of the plasma chamber;
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compare the voltage with the predetermined voltage to determine that the voltage
measured is less than the predetermined voltage, wherein the ion flux compensation circuit is
controlled when it is determined that the voltage measured is less than the predetermined
voltage.

16. The controller of claim 9, wherein to control the ion flux compensation circuitl, the
processor i1s configured to generate a control signal to modify a voltage of a pulser of the
ion flux compensation circuit.

17. A plasma system for tuning ion flux, comprising:

a plasma chamber having an electrode:
a charger circuit coupled to the plasma chamber, wherein the charger circuit is
configured to provide radio frequency power to the electrode;
a magnetic energy recovery circuit coupled to the charger circuit;
an ion flux compensation circuit coupled to the magnetic energy recovery circuit;
and
a controller coupled to the charger circuit, the magnetic energy recovery circuit,
and the ion flux compensation circuit, wherein the controller is configured to:
determine whether a predetermined charging time has passed after the
charger circuit provides the radio frequency power;
control the magnetic energy recovery circuit to recover radio frequency
energy from the plasma chamber when it is determined that the predetermined
charging time has passed;
identify whether a predetermined voltage associated with use of the
magnetic energy recovery circuit is achieved after the magnetic energy recovery
circuit is controlled; and
control the ion flux compensation circuit to tune the ion flux within the
plasma chamber when it is determined that the predetermined voltage is achieved.

18. The plasma system of claim 17, wherein to control the charging circuit, the controller is
configured to generate one or more signals to control one or more power supplies.

19. The plasma system of claim 18, wherein the one or more signals include one or more
enable signals to enable the one or more power supplies.

20. The plasma system of claim 19, wherein the one or more power supplies include a
plurality of power supplies, wherein the one or more signals include a plurality of
signals, wherein the plurality of signals includes one or more disable signals to disable

remaining ones of the plurality of power supplies.

22



PCT/US2024/058299

WO 2025/128367

117

(waysAg)

201 19)104u0)

~—  9omeQ

1 'Ol 151 hiowspy
SF/«/« |
8yl (epoig O41) @ﬁ 10859001d |
~ e 7
paxy sl | zgl 701 oz ﬂ
PASBI] 85J9A3] S .m.f._un__m% o N 4 (041)
;~9pOIp usyM Sxeu Jo Aousnboy Jolesuaduiod
weiskg || Seinseap asnegaq asey~ | XMI4 UOI Vel
Josuss papaau JOSUISA ON gel
13 A \p %
h O 1
[ 29 |(ePO10 BuBeYD) O)
e 0ck 14 A W
ol e w 901 o | o IR0
Jagwe € TP, : K Jabreyn sbel0)S
mm_mm_ﬁo o/NQ \4 Joponpu \ \o. A [ 9PA
N NQF 1 |
Ye—6LL | 0¥l ueuosay 08L K— |
\\ = ( % // NFF N Q”F ___
A1anodal Jaye .\. T _ ~~ awiy (Buibreyo) vil So1E1S LD S8 \.om
paseiq asienal / .wc— [ISMP PaXI} JO 9SNEJ3q o oﬁ M ow.moo .%m S
Ajfeanewony” PO PapasU JOU JOSUSSA } 9|qejjoa 1€}
(43) A1enooay . yoea 10J paxi4
ABiou 24 _\_ﬁ
onaubepy orl
- 811
144



PCT/US2024/058299

WO 2025/128367

2[7

(uongeradp)
¢ Old

ab.eyo

o4+

£}

A

200 |

ab.Ieyosiq
\\
]
--

K1anoosy S._\ocm_

abe)jop an-

10 OA +

aq ue)

> ableyosiq
0} 0" ‘
> abeyn
v
abejon



PCT/US2024/058299

3/7

WO 2025/128367

3€ Old 4 . (94) g€ "O|4
seiqp
ea 142 cl ) ch ) 0}
Jje—% 0 ) <
WA + 1
v o
0¢g
oqm\ \ 4 L N
(A1anoday ABIou3) ¢ '9|4
8 o
a 1 o
oz v
A
g¢ 9ld (Bwbaey9) Ve 'Ol
ey - - o[- | a2 o
} < T = 0 1 } < //
m@mco> + +
YA
oe—" v A

00¢



PCT/US2024/058299

WO 2025/128367

417

(241) ﬁ .@_m 70 Jojlouo)
O JusInd 87— 901A9(]
poyoIMS Kiows|y
eS|
‘MOJ} Jua.LIND asel
POUIUMS mmg%m_ 9¢L—11 Josse00id
Jo asnedsg--_ apoip .
AN, 0diuaym R
SMOYJUBMND -~ . e
{paselq N 01 (041) Joyesuadwio xn|4 co_m 51—,
PpJemio] St apolp O AN [ A _
usym Ajddns uaung ----.___ | 1 m
— | w N 4 m
s spoig | [gop—7 907 @R m ados
odl PLy 94| buunp juaung BI199 93
| : i " 1 |03U09 0}
oo . | ssljadns @H -.Lm---._om_sa [0U0D
0tk Jueuosay cmv/ jesind |
JoqWeY) w—¢ | ANE
Bwse ; m
_n_ NNF\\ M U -
| T
(apoiq Buibieyd)
021 — —
A " 0} 18breyn
ooy N AH




WO 2025/128367 PCT/US2024/058299

517
/500
118

"( eee From MER Ckt. 108

™ 138
' V‘ HV+
! (
! | 515 i
| ! TO'
| ! charging
| HV Charger ! diode
! 106 : 120
| |
! ]
! ]
! ]
| |
: | 523
! . HV-
| 524 526 628 I OR

l GND

N |
ES(> ES3

N IFC 104
es2” | ‘\033 402

DS2 . v
13— [ 1> 534
Processor | _
126
A\151
Memory
Device \128
Controller 102 FlG 5

(Control of HV Charge)



PCT/US2024/058299

WO 2025/128367

e/7

stig/

st

s1igg

stg'g

srig:

¢ sfpg

9Ol

sigy

st ¢

stig'z

sig)

1<

AM9- Indino Jebreyn

|

abejjon abJe

ud

4

_

M- &—019

abeyjon seiq an-

\
\
\

_

AL

N9
~AN0L
AV

(sod)p,

AN LT
AMLZ- INdiNO AH O4|

abeyjon 04|

ANGL- «—809

abejjon seiq on- =

N6

\

e
o

AN

ANE-

e o4l 104

(Bou)r-

VE0" yua1no peyoims

8_920 co,_ Buunp

YO . 909

JU.4INJ JUBISU0D

A UAY

| mc_emcow_u uol =

V60

BuLnp JusLIND 0197

VGl

N\

Vi¢e
\ N4

N\

(210)

ve'e

-
A

AV

Ao @bejjoa Jojioedes

I

AV 172 Buiyooig-aid

adojs an-ypm

g, 409

WLIOJONBM PRIO|IE |

V]S

(dsu)A

ANOC

——

Ny~

AN0L-

[enusjod \

Jojem JUeIsu0Q

g abeyjon Jejepn

M-
nwg 409

(L Uresys)p

AAN9



PCT/US2024/058299

L Ol

SWy'| Swe') SWZ'L SWi'L SWQ SWEQ SWYQ SWZQ SWYQ SWGQ SWHQ SWEQ SWZ( SWL'Q SWOQ

AA8L-

AACL- n

M aBeyon Jaje
MO

A9 AH
90.

(1 peaus)A

AACH

"

” NG

| A0

M9 abeyjon
Mz, Jonoeded-aid

(dsu)p

AYSI AH
Mive 0L

A0S0

L1

0 9IS

A0S0

AOLO BUBS

JJE}S

A\

N80 yomsuen ajeis

\

A06'0

WO 2025/128367

(xe1BIs)A

A0O'L AH
c0L



A.

INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2024/058299

CLASSIFICATION OF SUBJECT MATTER
HO01J 37/32(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)

HO01J 37/32(2006.01); HO1L 21/02(2006.01); HO2M 7/5387(2007.01); HOSH 1/24(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: plasma, chamber, ion, charge, compensate

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2012-0319584 A1 (VICTOR BROUK et al.) 20 December 2012 (2012-12-20)

A paragraphs [0207]-[0221] and figures 21-25 1-20
US 2011-0176343 A1 (NAOTO KOJIMA) 21 July 2011 (2011-07-21)

A paragraph [0103] and figure 1 1-20
US 2022-0108874 Al (APPLIED MATERIALS, INC.) 07 April 2022 (2022-04-07)

A paragraphs [0023]-[0039] and figures 1-4 1-20
US 2023-0230804 Al (LAM RESEARCH CORPORATION) 20 July 2023 (2023-07-20)

A paragraphs [0035]-[0121] and figures 1-8 1-20
KR 10-2021-0041608 A (EAGLE HARBOR TECHNOLOGIES, INC.) 15 April 2021 (2021-04-15)

A paragraphs [0029]-[0144] and figures 1-19 1-20

DFurther documents are listed in the continuation of Box C.

See patent family annex.

*

“p”

“pr
“g»

“p

“«o”

“p»

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

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

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)

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

document published prior to the international filing date but later than
the priority date claimed

w

D&

wy

e

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

26 March 2025 26 March 2025
Name and mailing address of the ISA/KR Authorized officer
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon LEE, Kang Ha

Telephone No. +82-42-481-8463

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




INTERNATIONAL SEARCH REPORT

nt family members

International application No.

KR 10-2024-0028538 A
KR 10-2579260 Bl

PCT/US2024/058299
. Pate.‘/nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
uUs 2012-0319584 Al 20 December 2012 CN 107978506 A 01 May 2018
CN 111788655 A 16 October 2020
EP 4297537 A2 27 December 2023
EP 4376061 A2 29 May 2024
JP 2021-503701 A 12 February 2021
JP 2023-113754 A 16 August 2023
JP 6986113 B2 22 December 2021
JP 7289313 B2 09 June 2023
KR 10-1860182 Bl 21 May 2018
KR 10-1952563 Bl 27 February 2019
KR 10-2015-0047599 A 04 May 2015
KR 10-2020-0100642 A 26 August 2020
PL 3711081 T3 19 August 2024
™ 202233026 A 16 August 2022
™ 202329762 A 16 July 2023
™ 1744566 B 01 November 2021
™ 1792598 B 11 February 2023
us 11842884 B2 12 December 2023
us 11978611 B2 07 May 2024
us 2024-0055225 Al 15 February 2024
us 2024-0071721 Al 29 February 2024
WO 2014-035899 Al 06 March 2014
WO 2019-099925 Al 23 May 2019
WO 2022-173626 Al 18 August 2022
uUs 2011-0176343 Al 21 July 2011 CN 102160014 A 17 August 2011
JP 4880762 B2 22 February 2012
us 8482945 B2 09 July 2013
WO 2010-035338 Al 01 April 2010
uUs 2022-0108874 Al 07 April 2022 CN 116438624 A 14 July 2023
JP 2023-545040 A 26 October 2023
JP 7591653 B2 28 November 2024
KR 10-2023-0074275 A 26 May 2023
™ 202217064 A 01 May 2022
™ 1797766 B 01 April 2023
WO 2022-076179 Al 14 April 2022
uUs 2023-0230804 Al 20 July 2023 JP 2023-532865 A 01 August 2023
KR 10-2023-0031836 A 07 March 2023
WO 2022-010875 Al 13 January 2022
KR 10-2021-0041608 A 15 April 2021 CN 116633324 A 22 August 2023
CN 117200759 A 08 December 2023
EP 4210223 Al 12 July 2023
EP 4266579 A2 25 October 2023
JP 2023-145583 A 11 October 2023
JP 2023-182762 A 26 December 2023
JP 7261891 B2 20 April 2023
JP 7405875 B2 26 December 2023
KR 10-2023-0137474 A 04 October 2023

05 March 2024
18 September 2023

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




INTERNATIONAL SEARCH REPORT

nt family members

International application No.

PCT/US2024/058299
. Pate.‘/nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
KR 10-2601455 Bl 13 November 2023
™ 202220024 A 16 May 2022
™ 202308306 A 16 February 2023
™ 1783203 B 11 November 2022
™ 1795654 B 11 March 2023
us 11875971 B2 16 January 2024
us 11962304 B2 16 April 2024
us 2024-0136152 Al 25 April 2024
us 2024-0304417 Al 12 September 2024
WO 2020-160497 Al 06 August 2020
WO 2021-003319 Al 07 January 2021

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 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report

