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(57) Abstract: Methods of operating a plasma enhanced substrate processing system using multi-level pulsed RF power are provided
herein. In some embodiments, a method of operating a plasma enhanced substrate processing system using multi-level pulsed RF
power includes providing a first multi-level RF power waveform to a process chamber, the first multi-level RF power waveform hav -
ing at least a first power level during a first pulse duration, a second power level during a second pulse duration, and a third power
level during a third pulse duration, and providing, after a first delay period, a second multi-level RF power waveform to the process
chamber, the second multi-level RF power waveform having at least a first power level during a first pulse duration, a second power
level during a second pulse duration, and a third power level during a third pulse duration.
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RF POWER DELIVERY WITH APPROXIMATED SAW TOOTH WAVE PULSING
FIELD

[0001] Embodiments of the present disclosure generally relate to RF power delivery

methods used for processing a substrate.

BACKGROUND

[0002] In conventional radio frequency (RF) plasma processing, such as is used
during stages of fabrication of many semiconductor devices, RF energy, which may
be generated in continuous or pulsed wave modes, may be provided to a substrate
process chamber via an RF energy source. Due to mismatches between the
impedance of the RF energy source and the plasma formed in the process chamber,
RF energy is reflected back to the RF energy source, resulting in inefficient use of
the RF energy and wasting energy, potential damage to the process chamber or RF
energy source, and potential inconsistency/non-repeatability issues with respect to
substrate processing. As such, the RF energy is often coupled to the plasma in the
process chamber through a fixed or tunable matching network that operates to
minimize the reflected RF energy by more closely matching the impedance of the
plasma to the impedance of the RF energy source. The matching network ensures
that the output of the RF source is efficiently coupled to the plasma to maximize the
amount of energy coupled to the plasma (e.g., referred to as tuning the RF power
delivery). Thus, the matching network ensures that the total impedance (i.e., plasma
impedance + chamber impedance + matching network impedance) is the same as
the output impedance of the RF power delivery. In some embodiments, the RF
energy source may also be capable of frequency tuning, or adjusting the frequency
of the RF energy provided by the RF energy source, in order to assist in impedance

matching.

[0003] However, in systems where RF generators provide pulsed RF power in the
form of a saw tooth wave, the matching network and/or RF energy source cannot be
adequately tuned to the best matching position to reduce the reflected power. Thus,

in order to adequately reduce reflected power, consistent levels of RF power should
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be delivered in order for the matching network and/or RF energy source to pick up
the signals and tune accordingly. However, standard dual-level pulsing at consistent
levels of RF power (i.e., square wave pulsing), plasma intensity changes slowly and
the dual-level square wave pulsing may not adequately approximate a saw tooth

pattern.

[0004] Accordingly, the inventors have provided improved methods and apparatus

for RF power delivery.

SUMMARY

[0005] Methods of operating a plasma enhanced substrate processing system using
multi-level pulsed RF power are provided herein. In some embodiments, a method
of operating a plasma enhanced substrate processing system using multi-level
pulsed RF power includes providing a first multi-level RF power waveform to a
process chamber, the first multi-level RF power waveform having at least a first
power level during a first pulse duration, a second power level during a second pulse
duration, and a third power level during a third pulse duration, and providing, after a
first delay period, a second multi-level RF power waveform to the process chamber,
the second multi-level RF power waveform having at least a first power level during
a first pulse duration, a second power level during a second pulse duration, and a

third power level during a third pulse duration.

[0006] In some embodiments, a non-transitory computer readable medium having
instructions stored thereon that, when executed, cause a method of operating a
plasma enhanced substrate processing system using multi-level pulsed RF power to
be performed. The method performed may include providing a first multi-level RF
power waveform to a process chamber, the first multi-level RF power waveform
having at least a first power level during a first pulse duration, a second power level
during a second pulse duration, and a third power level during a third pulse duration,
and providing, after a first delay period, a second multi-level RF power waveform to

the process chamber, the second multi-level RF power waveform having at least a
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first power level during a first pulse duration, a second power level during a second

pulse duration, and a third power level during a third pulse duration.

[0007] In some embodiments, a plasma enhanced substrate processing system may
include a first RF generator configured to provide a first multi-level RF power
waveform to a process chamber, the first multi-level RF power waveform having at
least a first power level during a first pulse duration, a second power level during a
second pulse duration, and a third power level during a third pulse duration, and a
second RF generator configured to provide, after a first delay period, a second multi-
level RF power waveform to the process chamber, the second multi-level RF power
waveform having at least a first power level during a first pulse duration, a second
power level during a second pulse duration, and a third power level during a third

pulse duration.

[0008] Other and further embodiments of the present disclosure are described

below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Embodiments of the present disclosure, briefly summarized above and
discussed in greater detail below, can be understood by reference to the illustrative
embodiments of the disclosure depicted in the appended drawings. It is to be noted,
however, that the appended drawings illustrate only typical embodiments of this
disclosure and are therefore not to be considered limiting of its scope, for the

disclosure may admit to other equally effective embodiments.

[0010] Figure 1 depicts a plasma reactor in accordance with some embodiments of

the present disclosure.

[0011] Figure 2A-C depicts pulsed waveforms of radio frequency signals in

accordance with some embodiments of the present disclosure.

[0012] Figure 3A-D depicts phase variance between pulsed waveforms in

accordance with some embodiments of the present disclosure.

[0013] Figure 4A-B depicts duty cycle and/or phase variation between pulsed

waveforms in accordance with some embodiments of the present disclosure.
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[0014] Figure 5 depicts duty cycle and/or phase variation between multiple
synchronized multi-level RF pulsed waveforms in accordance with some

embodiments of the present disclosure.

[0015] Figure 6 depicts a flow chart of a method for operating a plasma enhanced
substrate processing system using multiple level pulsed radio frequency (RF) power

in accordance with some embodiments of the present disclosure.

[0016] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures.
The figures are not drawn to scale and may be simplified for clarity. It is
contemplated that elements and features of one embodiment may be beneficially

incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

[0017] Embodiments of the present disclosure provide methods for operating a
plasma enhanced substrate processing system using multiple level pulsed radio
frequency (RF) power. Using multiple level pulsed radio frequency (RF) power
advantageously provides consistent levels of RF power to allow the matching
networks to adequately tune to the best matching position to reduce the reflected
power. The use of multiple level pulsed radio frequency (RF) power also allows for
rapid plasma intensity changes and approximation of a saw tooth pattern wave
pattern which may be desirable in some processes. In some embodiments, three or
more separate RF power signals may be each pulsed at multiple power levels
independently out-of-phase with each other, or with varying duty cycle. Further, the

RF power signals may be pulsed synchronously or asynchronously with each other.

[0018] Figure 1 depicts a plasma reactor which may be utilized to perform the
inventive methods disclosed herein. The inventive methods may be performed in a
capacitively coupled plasma reactor (e.g., as illustrated in Figure 1) or any other
suitable plasma reactor, such as an inductive coupled plasma reactor. However, the
inventors have observed that the inventive methods can be particularly beneficial in
capacitively coupled plasma reactors, such as where high bias power (e.g., about

2000 W or more) and low source power (e.g., about 500 W or less) is used, as
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undesired charging effects can be much more severe than, for example, in
inductively coupled plasma processing chambers. In some embodiments, the
inventors have discovered that the present inventive methods provide particular
benefit in configurations where at least one of a DC bias (Vpc), @ Vrr, Or a plasma

sheath voltage are at or above about 1000V.

[0019] The reactor of Figure 1 includes a reactor chamber 100 enclosed by a
cylindrical side wall 102, a floor 103 and a ceiling 104. The ceiling 104 may be a gas
distribution showerhead including a gas manifold 106 overlying a gas distribution
plate 108 having orifices 109 formed through the gas distribution plate 108. The gas
manifold 106 is enclosed by a manifold enclosure 110 having a gas supply inlet 111.
The gas distribution showerhead (i.e., ceiling 104) is electrically insulated from the
cylindrical side wall 102 by an insulating ring 112. A vacuum pump 114, such a
turbomolecular pump, evacuates the chamber 100. A gas panel 120 controls the
individual flow rates of different process gases to the gas supply inlet 111. A
workpiece support pedestal 136 supported through the floor 103 of the chamber
may have an insulating top surface and an internal electrode (wafer support
electrode 138). The internal electrode may, for example, be used for chucking a
substrate 137 on the top surface of the support pedestal 136. Plasma source power
is applied to the ceiling 104 (also referred to herein as a gas distribution
showerhead) from a generator 140 through an impedance matching network 142.
The ceiling or gas distribution showerhead is formed of a conductive material, such
as aluminum for example, and therefore serves as a ceiling electrode. The generator
140 may generate VHF power in the high portion of the VHF spectrum, such as in a
range of 100 to 200 MHz. The generator 140 has the capability of pulsing the VHF
power generated at a desired pulse rate and duty cycle. For this purpose, the VHF
source generator 140 has a pulse control input 140a for receiving a control signal or
signals defining the pulse rate and/or duty cycle as well as the phase of each pulse

produced by the RF generator 140.

[0020] Plasma bias power is applied to the wafer support electrode 138 from an RF

bias generator 144 through an RF impedance matching network 146, and RF bias
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generator 148 through an RF impedance matching network 149. The RF bias
generators 144, 148 may generate HF or LF power in the low portion of the HF
spectrum or in the MF or LF spectrum, such as in a range of 13.56 MHz or a on the
order of 1-2 MHz. The RF bias generators 144, 148 have the capability of pulsing
the RF bias power generated at a desired pulse rate and duty cycle. For this
purpose, the RF bias generators 144, 148 have pulse control inputs 144a, 148a for
receiving a control signal or signals defining the pulse rate and/or duty cycle as well
as the phase of each pulse produced by the RF generators 144,148. The RF bias
generators 144, 148 may be independently pulsed, phased, and/or duty cycle
controlled. Further, the RF bias generators 144, 148 may be pulsed synchronously

or asynchronously.

[0021] Optionally, plasma source power may be applied to the wafer support
electrode 138 from a second VHF generator through a VHF impedance match (not
shown). The second VHF generator may generate VHF power in the low portion of
the VHF spectrum, such as in a range of 50 to 100 MHz. The second VHF generator
has the capability of pulsing the VHF power generated at a desired pulse rate and
duty cycle. For this purpose, the second VHF generator has a pulse control input for
receiving a control signal or signals defining the pulse rate and/or duty cycle as well
as the phase of each pulse produced by the second VHF generator. For example,
in some embodiments, one of the RF bias generators 144, 148 and its components
(e.g., match, pulse control inputs, etc.) can be replaced with the second VHF
generator and its components. Alternatively, the second VHF generator and its
components may be included in addition to the first RF generator 140, and the bias

generators 144, 148 and their respective components.

[0022] In some embodiments, the matching networks 142, 146, and 149 may be
formed by one or more capacitors and/or an inductor. The values of capacitor may
be electronically or mechanically tuned to adjust the matching of each of the
matching networks 142, 146, and 149. In lower power systems, the one or more
capacitors may be electronically tuned rather than mechanically tuned. In some

embodiments, the matching networks 142, 146, and 149 may have a tunable
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inductor. In some embodiments, one or more of the capacitors used in the matching
networks 142, 146, and 149 may be one or more fixed capacitors or series
capacitors. In other embodiments, one or more of the capacitors used in the
matching networks 142, 146, and 149 may be a variable capacitor, which may be
electronically or mechanically tuned to adjust the matching of the matching networks
142, 146, and 149. In some embodiments, one or more of the matching networks
142, 146, and 149 may have a capacitive shunt to ground. The above described
matching networks are illustrative only and other various configurations of matching
networks having one or more adjustable elements for tuning the matching network

may be utilized and tuned in accordance with the teachings provided herein.

[0023] A pulse controller 160 is programmable to apply pulse control signals to each
of the pulse control inputs 140a, 144a, 148a of the generators 140, 144, 148, to
produce the desired phase lead or lag relationship and/or duty cycle relationship
among the pulses of the generator 140 (e.g., VHF source power generator) and the
RF bias power generators 144, 148. Although shown as a separate component in
Figure 1, in some embodiments, the pulse controller 160 can be disposed internally
inside of each RF generator. Synchronization signals would be generated at a
master generator (e.g., generator 140), and sent to other slave generators (e.g.,

generators 144 and/or 148).

[0024] In some embodiments, the RF generators 140, 144 and 148, the match
networks 142, 146, and 149, and/or the pulse controller 160 comprise a central
processing unit (CPU), a plurality of support circuits, and a memory. While the
present exemplary embodiments of the RF generators 140, 144 and 148, the match
networks 142, 146, and 149 and pulse controller 160 are discussed with respect to a
computer having a CPU, support circuits, and a memory, one of ordinary skill in the
art would recognize that RF generators 140, 144 and 148, the match networks 142,
146, and 149, and pulse controller 160 could be implemented in a variety of ways,
including as an application specific interface circuit (ASIC), a field-programmable

gate array (FPGA), a system-on-a-chip (SOC), and the like. Various embodiments
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of the pulse controller 160 may also be integrated within other process tool

controllers, with corresponding input/output interfaces as known in the art.

[0025] The support circuits may include a display device as well as other circuits to
support the functionality of the CPU. Such circuits may include clock circuits, cache,

power supplies, network cards, video circuits and the like

[0026] The memory may comprise read only memory, random access memory,
removable memory, disk drives, optical drives and/or other forms of digital storage.
The memory is configured to store an operating system, and a sub-fab control
module. The operating system executes to control the general operation of the RF
generators 140, 144 and 148, the match networks 142, 146, and 149, and pulse
controller 160, including facilitating the execution of various processes, applications,
and modules to control the one or more generators 140, 144 and 148 or the match
networks 142, 146, and 149 in order to perform the methods discussed here (e.g.,

method 600 discussed below).

[0027] Further, a DC generator 162 may be coupled to either (or both) the wafer
support electrode 138 and the ceiling 104. In some embodiments, DC generator
162 may supply continuous and/or variable DC. In some embodiments, DC
generator 162 may provide pulsed DC power. The pulse repetition rate, phase and
duty cycle of the DC generator are controlled by the pulsed controller 160. A DC
isolation capacitor 164, 166 may be provided to isolate each RF generator from the
DC generator 162. A DC signal generated by the DC generator may be
synchronized with the RF signals generated by the generators 140, 144, and 148 to
provide benefits such as reduced charge-up on a substrate 137 or improved etch

rate control of the substrate using a plasma formed in the plasma reactor.

[0028] Figure 2A depicts a time domain waveform diagram that may reflect the
pulsed RF output of each of the generators 140, 144, 148, showing the pulse
envelope of the pulsed RF output, characterized by the following parameters
controlled by the pulse controller 160 individually for each generator 140, 144, 148:

a pulse duration tp, a pulse "on" time ton, a pulse "off" time torr, a pulse frequency
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1/tp, and a pulse duty cycle (ton/tp) - 100 percent. The pulse duration tp is the sum

of ton and torr.

[0029] Figures 2B and 2C depict contemporaneous time domain waveforms of two
RF pulsed signals synchronized together in such a manner that they have identical
phase and duty cycle and therefore a phase difference of zero between them. The
exemplary embodiment depicted in Figures 2B and 2C is one exemplary form of
synchronization between a first pulsed RF signal (e.g., a pulsed source signal) and
a second pulsed RF signal (e.g., a pulsed bias signal). In this exemplary

embodiment, both the phase and duty cycle of each pulsed signal is the same.

[0030] In some embodiments of the present disclosure, the pulsed signals provided
by the generators 140, 144, and 148 are varied in phase. Figures 3A through 3D
illustrate how the phase difference may be varied by the pulse controller 160, and
depict the superposition of the source and bias power waveforms at phase
differences of 0°, 90°, 180° and 270°, respectively, where the phase difference is
defined by how much the second pulse output lags the first pulse output. Figure 3A
corresponds to the example of zero phase difference of Figure 2B. Figure 3B
depicts a case in which the bias power pulse output lags the source power pulse
output by 90°. Figure 3C depicts a case in which the bias power pulse output lags
the source power pulse output by 180 degrees. Figure 3D depicts a case in which
the bias power pulse output lags the source power pulse output by 270°. Although
Figures 3A-3B only depict two pulsed RF signals with varying phase, in
embodiments consistent with the present disclosure can also include three or more

pulsed RF signals with varying phases.

[0031] Figures 3A through 3D depict a duty cycle of 75% for all pulse outputs.
However, the duty cycle may be less, for example about 40% for all pulse outputs.
In some embodiments, the duty cycles for RF signals generated by each of the
generators 140, 144, 148 are the same. Alternatively, in some embodiments, one
or more of the duty cycles may be different. For example, the RF signals from the
generators 140, 144 may be synchronized together with a phase lag between with a

duty cycle of 45% while the RF bias power generator 148 may have a duty cycle of
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35%. However, the RF signal generated by the generator 148 may be synchronous
with respect to the synchronous RF signals generated by the generators 140, 144

provide that it has the same pulse duration as the other two RF signals.

[0032] In some embodiments, during each “off’ time of the VHF source power
pulse output, a negative D.C. pulse may be applied to the wafer support electrode
138 and/or a positive D.C. pulse may be applied to the ceiling 104, from the D.C.
pulse generator 162. This is depicted in the dotted line waveforms of FIGS. 3B, 3C
and 3D. This feature may boost positive ion flux to the workpiece during the
source power "off" time when positive ions are plentiful, to equalize the average
flux of positive and negative ions over each complete cycle. This equalization may

be optimized by controlling the voltage of the D.C. pulse generator 162.

[0033] In some embodiments, etching rates may be enhanced while pulsing the
plasma by controlling the phase lead or lag of the RF envelopes. When the source
and bias are pulsed independently out-of-phase, or with varying duty cycle, the
different plasma dynamics of the very high frequency (VHF) and low frequency
(LF) allow for better plasma fill over the entire pulse. In some embodiments, a
combination of VHF of about 162 MHz source frequency is used in conjunction
with a bias frequency of about 13.56 MHz and another bias frequency of about 2
MHz. In some embodiments, a combination of VHF of about 162 MHz source
frequency is used in conjunction with a bias frequency of about 60 MHz and
another bias frequency of about 2 MHz. In some embodiments, a source
frequency of about 60 MHz is used in combination with bias frequencies of about 2
MHz and/or about 13.56 MHz.

[0034] A pulse repetition frequency may range from about 0.1 KHz to about 20
KHz, which is synchronized between all generators (e.g., all generators share the
same pulse repetition frequency or an integral multiple thereof). The pulse duty
cycle (time for which power is supplied) may independently vary from about 10%
to about 90% for each generator. In addition, the phase lag between each
generator may be controlled. By controlling the overlap between the RF

envelopes of the pulses, the plasma ion density non-uniformity can be minimized.

10
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For example, a low frequency (LF) signal may produce a predominantly higher
edge plasma ion density, and a very high frequency (VHF) signal may produce a
predominantly higher central region plasma ion density. Pulsing the source and
bias with moderate phase lag can thus be used to achieve enhanced etch rates
despite the lower time averaged power deposition as compared to continuous
mode. The higher etch rates are favored owing to a combination of VHF-off/LF-on
period(s) during the pulse which increases the LF voltage(s) and the DC self-bias
as the VHF power is turned off, giving a boost to the ion energies. The tuning of

this overlap also controls the ion flux levels.

[0035] Thus, an etch rate of a process may be controlled or tuned by changing the
phase lag between the source and bias pulse outputs. The phase lag affects or
tunes the ion energies and the fluxes at the workpiece surface. For example, for a
phase lag of 90°, etch rates are higher as high energy ions will have a large flux.
This is because the VHF source pulse is already "on" at the beginning of the bias
pulse, which leads to high fluxes, and when the source pulse ends ("off") then the
on-phase of bias pulse will leads to high ion energies. A similar analysis applies to
other phase lags. For a phase lag of 180° although the ion energies will be higher
(as the VHF source is off at the beginning of the bias power pulse), the flux will
also be lower (because, again, the source power pulse is off at the beginning of
the bias power pulse in this case). As a result, the time-averaged ion fluxes are
lower throughout the entire cycle so that the etch rate is expected to be low (it may
be lowest at 180° phase lag). A phase lag of 270° is similar in principle to a phase
lag of 90°, so that the etch rate behavior will be similar, although the etch rate at
270° will be slightly less than at 90° phase lag. Therefore, the process etch rate is
controlled by varying the phase between the VHF source power pulse output of the

generators 140 and the bias power pulse output of the generator 144, 148.

[0036] Alternatively, a synchronization of the RF source and bias signals can be
achieved by providing each signal in-phase and varying duty cycle. Figure 4A
depicts duty cycle variation between pulsed waveforms in accordance with some

embodiments of the present disclosure. For example, the source and bias signals

11
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may be in-phase as shown with each signal having a different duty cycle. As
depicted in Figure 4, the “on” periods of each duty cycle begin at time zero of the
pulse duration tp and have varying “off” periods. For example, (not shown) the
source and bias signals may be in-phase, with the source signal having a shorter
duty cycle that either of the bias signals. Hence, the source signal enters an “off’
period while each bias signal is still in an “on” period. The foregoing example may
be advantageous for creating higher sheath voltages and ion energies, which may

increase the etch rate of the material being etched.

[0037] Alternatively or in combination, one or more of the RF source and bias
signals can be provided with a phase lead or lag with respect to each other.
However, for synchronization to be achieved, the pulse duration of each signal
should be the same or an integer multiple thereof. For example, in Figure 4B, the
tr-source, triast, and tppias2 are equivalent, and the source, bias1, and bias 2
signals are synchronized. The bias1 signal has both a phase lag and different
duty cycle with respect to the source and bias2 signals. The bias 2 signal has a
different duty cycle with respect to the source signal. However, because each
signal has an equivalent tp, the signals remain synchronized even though at least

one of phase or duty cycle differs between them.

[0038] Figure 5 depicts three separate RF power waveforms 502, 504, and 506
that may be each pulsed at multiple power levels independently and out-of-phase
with each other, or with varying duty cycle consistent with embodiments of the
present disclosure. The RF power waveforms 502, 504, and 506 may be provided
by source and bias generators 140, 144, and 148 respectively. Each RF power
waveform advantageously provides consistent levels of RF power to allow the
matching networks to adequately tune to the best matching position to reduce the
reflected power. The use of multiple level pulsed radio frequency (RF) power also
allows for rapid plasma intensity changes and approximation of a saw tooth pattern
wave pattern which may be desirable in some processes. The three separate RF
waveforms 502, 504, and 506 may be pulsed synchronously or asynchronously

with each other.

12
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[0039] In figure 5, the first RF waveform 502 may be introduced at time t; and may
comprise a first power pulse at a first power level 510, a second power pulse at a
second power level 512, and a third power pulse at a third power level 514 that are
applied during three corresponding RF power periods thich, tLow, and tzero. As
illustrated in the figure, the first RF power pulse 510 may precede the second RF
power pulse 512, and the second power pulse 512 may precede the third RF power
pulse 514. If desired, additional first to third RF power pulses 510, 512, and 514 may
be provided in that order, or in a different order. As shown in Figure 5, the first RF
power pulse 510 may be provided at a high power level, the second RF power pulse
512 may be provided at a low power level that is lower than the first power level of
the first RF power pulse 510, and the third power level may be provided at a zero
power level. Additional steps (i.e., additional RF power pulses) and power levels
may be used as appropriate to further approximate a desired saw tooth wave
pattern. In some embodiments, each of the time periods thich, tLow, and tzero that
each RF power pulse 510, 512, and 514 is applied is different from each other. In
other embodiments, two or more of the time periods thich, tLow, and tzero that each
RF power pulse 510, 512, and 514 is applied may be equivalent to each other.
Although the first RF waveform 502 may be provided at a frequency of 162 MHz as

shown in Figure 5, other frequencies as described above may be used.

[0040] The second RF waveform 504 may be introduced after delay 526. Similar to
the first RF waveform 502, the second RF waveform 504 may comprise a first power
pulse at a first power level 522, a second power pulse at a second power level 524,
and a third power pulse at a third power level 524, that are applied during three
corresponding RF power periods. The second RF waveform 504 may be
synchronized with the first RF waveform 502. As illustrated in Figure 5, the first RF
power pulse 520 may precede the second RF power pulse 522, and the second
power pulse 522 may precede the third RF power pulse 524. If desired, additional
first to third RF power pulses 520, 522, and 524 may be provided in that order, or in
a different order. As shown in Figure 5, the first RF power pulse 520 may be
provided at a high power level, the second RF power pulse 522 may be provided at

a low power level that is lower than the first power level of the first RF power pulse
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520, and the third power level may be provided at a zero power level. Additional
steps (i.e., additional RF power pulses) and power levels may be used as
appropriate to further approximate a desired saw tooth wave pattern. In some
embodiments, each of the time periods that each RF power pulse 520, 522, and 524
is applied is different from each other. In other embodiments, two or more of the
time periods that each RF power pulse 520, 522, and 524 is applied may be
equivalent to each other. Although the second RF waveform 504 may be provided
at a frequency of 60 MHz as shown in Figure 5, other frequencies as described

above may be used.

[0041] The third RF waveform 506 may be introduced after delay 536. Similar to
the first and second RF waveforms 502, 504, the third RF waveform 506 may
comprise a first power pulse at a first power level 532, a second power pulse at a
second power level 534, and a third power pulse at a third power level 534, that are
applied during three corresponding RF power periods. The third RF waveform 506
may be synchronized with the first RF waveform 502 and/or the second RF
waveform 504. In some embodiments, all three RF waveforms are synchronized
with each other. As illustrated in Figure 5, the first RF power pulse 530 may precede
the second RF power pulse 532, and the second power pulse 532 may precede the
third RF power pulse 534. If desired, additional first to third RF power pulses 530,
532, and 524 may be provided in that order, or in a different order. As shown in
Figure 5, the first RF power pulse 530 may be provided at a high power level, the
second RF power pulse 532 may be provided at a low power level that is lower than
the first power level of the first RF power pulse 530, and the third power level may
be provided at a zero power level. Additional steps (i.e., additional RF power
pulses) and power levels may be used as appropriate to further approximate a
desired saw tooth wave pattern. In some embodiments, each of the time periods
that each RF power pulse 530, 532, and 534 is applied is different from each other.
In other embodiments, two or more of the time periods that each RF power pulse
530, 532, and 534 is applied may be equivalent to each other. Although the third RF
waveform 506 may be provided at a frequency of 2 MHz as shown in Figure 5, other

frequencies as described above may be used.
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[0042] Figure 6 depicts a flow chart of a method 600 for operating a plasma
enhanced substrate processing system using multiple level pulsed radio frequency
(RF) power in accordance with some embodiments of the present disclosure. The
method 600 may be performed, for example, in the plasma reactor discussed above
in Figure 1. The method 600 begins at 602 by providing a first multi-level RF power
waveform to a process chamber, the first multi-level RF power waveform having at
least a first power level during a first pulse duration, a second power level during a
second pulse duration, and a third power level during a third pulse duration, such as
a signal provided by the generator 140. In some embodiments, the first multi-
level RF power waveform is an RF source signal. The first multi-level RF power
waveform may be provided at a VHF frequency of between about 60 MHz to about
162 MHz. In some embodiments, the VHF frequency of the first RF source signal is
about 162 MHz. In some embodiments, the VHF frequency of the first RF source
signal is about 60 MHz. In some embodiments, the first power level of the first pulse
duration may be about 200 watts to about 5.0 KW (e.g., 3.6KW), the value of the
second power level may be about 1-99% of the first power level, and the third power
level may be zero. In other embodiments, the second power level may be greater
than the first power level. In some embodiments, the third power level may not be
zero, and may be about 1-99% of the second power level. Still in other
embodiments, the third power level may be greater than the first and/or second

power levels.

[0043] At 604, a second multi-level RF power waveform is provided to the process
chamber, the second multi-level RF power waveform having at least a first
power level during a first pulse duration, a second power level during a second pulse
duration, and a third power level during a third pulse duration, such as a signal
provided by the generator 144. In some embodiments, the second multi-level RF
power waveform is provided after a first delay period. In some embodiments, the
first delay period may between 10 us-1 ms. In some embodiments, the delay may be
greater than 1ms. In some embodiments, the second multi-level RF power waveform
is an RF bias signal. In other embodiments, the second multi-level RF power

waveform may be a second RF source signal. The second multi-level RF power
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waveform may be provided at a frequency of between about 2 MHz to about 162
MHz. In some embodiments, the frequency of the second RF source signal is about
60 MHz. In some embodiments, the first power level of the first pulse duration of the
second RF source signal may be about 200 watts to about 5.0 KW (e.g., 3.6KW),
the value of the second power level may be about 1-99% of the first power level, and
the third power level may be zero. In other embodiments, the second power level
may be greater than the first power level. In some embodiments, the third power
level may not be zero, and may be about 1-99% of the second power level. Still in
other embodiments, the third power level may be greater than the first and/or
second power levels. In some embodiments, the second multi-level RF waveform

may be synchronized with the first multi-level RF waveform.

[0044] At 606, a third multi-level RF power waveform is provided to the process
chamber, the third multi-level RF power waveform having at least a first
power level during a first pulse duration, a second power level during a second pulse
duration, and a third power level during a third pulse duration, such as a signal
provided by the generator 148. In some embodiments, the third multi-level RF power
waveform is provided after a second delay period. In some embodiments, the
second delay period may between 10 us-1 ms. In some embodiments, the second
delay may be greater than 1ms. In some embodiments, the third multi-level RF
power waveform is another RF bias signal. In other embodiments, the third multi-
level RF power waveform may be another RF source signal. The third multi-level RF
power waveform may be provided at a frequency of between about 2 MHz to about
162 MHz. In some embodiments, the frequency of the third multi-level RF power
waveform is about 2 MHz. In some embodiments, the first power level of the first
pulse duration of the third multi-level RF power waveform may be about 200 watts to
about 5.0 KW (e.g., 3.6KW), the value of the second power level may be about 1-
99% of the first power level, and the third power level may be zero. In other
embodiments, the second power level may be greater than the first power level. In
some embodiments, the third power level may not be zero, and may be about 1-99%
of the second power level. Still in other embodiments, the third power level may be

greater than the first and/or second power levels. The third multi-level RF power
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waveform may be synchronized with the first multi-level RF waveform and/or the
second multi-level RF waveform. In some embodiments, all three multi-level RF

waveforms are synchronized with each other.

[0045] In some embodiments, a pulsed DC signal may be supplied, for example,
from the DC pulse generator 162 to maintain a constant chucking force on the
substrate 137 during plasma processing. For example, the chucking force can vary
with the charge on the substrate 137 and cause damage or cracking of the substrate
if not properly maintained. Further, variation in the chucking force may lead to
variation in heat transfer from the substrate to the substrate support, undesirably
leading to process variation and/or rejected substrates. The pulsed DC signal can
be synchronized with one or more of the first, second, or third RF signals, for
example, to provide a constant chucking force during plasma processing. In some
embodiments, the pulsed DC signal is synchronized to be in phase with the first RF
signal (e.g., source signal). For example, when the source signal is “on”, the DC
signal is “on.” When the source signal is “off’, the DC signal may be “off.”
Alternatively, the DC signal may be provided at “high” and “low” levels that

respectively correspond with the on and off periods of the RF signal.

[0046] Thus, methods for operating a plasma enhanced substrate processing
system using multiple level pulsed RF power are provided herein. The inventive
methods may advantageously provide consistent levels of RF power to allow the
matching networks to adequately tune to the best matching position to reduce the
reflected power, and also allows for rapid plasma intensity changes and
approximation of a saw tooth pattern wave pattern which may be desirable in

some processes.

[0047] While the foregoing is directed to embodiments of the present disclosure,
other and further embodiments of the disclosure may be devised without departing

from the basic scope thereof.
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Claims:

1. A method of operating a plasma enhanced substrate processing system
using multi-level pulsed RF power, comprising:

providing a first multi-level RF power waveform to a process chamber, the
first multi-level RF power waveform having at least a first power level during a first
pulse duration, a second power level during a second pulse duration, and a third
power level during a third pulse duration; and

providing, after a first delay period, a second multi-level RF power waveform
to the process chamber, the second multi-level RF power waveform having at least
a first power level during a first pulse duration, a second power level during a

second pulse duration, and a third power level during a third pulse duration.

2. The method of claim 1, wherein the first multi-level RF power waveform and

the second multi-level RF power waveform are synchronized.

3. The method of claim 1, wherein the first power level of the first multi-level RF
power waveform is a high power level, the second power level of the first multi-

level RF power waveform is a low power level that is lower than the first power level
of the first multi-level RF power waveform, and the third power level of the first multi-

level RF power waveform is a zero power level.

4. The method of claim 3, wherein the first power level of the second multi-
level RF power waveform is a high power level, the second power level of the
second multi-level RF power waveform is a low power level that is lower than the
first power level of the second multi-level RF power waveform, and the third power

level of the second multi-level RF power waveform is a zero power level.
. The method of any of claims 1-4, further comprising:

providing, after a second delay period, a third multi-level RF power waveform

to the process chamber, the third multi-level RF power waveform having at least a
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first power level during a first pulse duration, a second power level during a second

pulse duration, and a third power level during a third pulse duration.

6. The method of claim 5, wherein the first multi-level RF power waveform and

the third multi-level RF power waveform are synchronized.

7. The method of claim 5, wherein the first multi-level RF power waveform, the
second multi-level RF power waveform are synchronized, and the third multi-

level RF power waveform are synchronized.

8. The method of claim 5, wherein one of the first, second and third power levels
of each of the first, second, and third multi-level RF power waveforms is a zero

power level.

9. The method of claim 5, wherein a duration of time that each of the first,
second and third power levels of the first multi-level RF power waveform are applied

are different from each other.

10.  The method of claim 5, wherein a duration of time that each of the first,
second and third power levels of the second multi-level RF power waveform are

applied are different from each other.

11.  The method of claim 5, wherein a duration of time that each of the first,
second and third power levels of the third multi-level RF power waveform are

applied are different from each other.
12. The method of claim 5, wherein first multi-level RF power waveform is a

source RF signal, and the second and third multi-level RF power waveforms are RF

bias signals.
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13. The method of claim 5, wherein the first delay period is between about 10 us

to about 1 ms.

14. The method of claim 5, wherein the second delay period is between about 10

ps to about 1 ms.

15. A plasma enhanced substrate processing system comprising:

a first RF generator configured to provide a first multi-level RF power
waveform to a process chamber, the first multi-level RF power waveform having at
least a first power level during a first pulse duration, a second power level during a
second pulse duration, and a third power level during a third pulse duration; and

a second RF generator configured to provide, after a first delay period, a
second multi-level RF power waveform to the process chamber, the second multi-
level RF power waveform having at least a first power level during a first pulse
duration, a second power level during a second pulse duration, and a third

power level during a third pulse duration.
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PROVIDING A FIRST MULT-LEVEL RF POWER WAVEFORM
TO A PROCESS CHAMBER, THE FIRST MULTI-LEVEL RF
POWER WAVEFORM HAVING AT LEAST A FIRST POWER

LEVEL DURING A FIRST PULSE DURATION, A SECOND
POWER LEVEL DURING A SECOND PULSE DURATION, AND
A THIRD POWER LEVEL DURING A THIRD PULSE DURATION

— 802

PROVIDING, AFTER A FIRST DELAY PERIOD, A SECOND
MULTI-LEVEL RF POWER WAVEFORM TO THE PROCESS
CHAMBER, THE SECOND MULTILEVEL RF POWER
WAVEFORM HAVING AT LEAST A FIRST POWER LEVEL
DURING A FIRST PULSE DURATION, A SECOND POWER
LEVEL DURING A SECOND PULSE DURATION, AND A THIRD
POWER LEVEL DURING A THIRD PULSE DURATION

604

%

PROVIDING, AFTER A SECOND DELAY PERIOD, ATHIRD
MULTI-LEVEL RF POWER WAVEFORM TO THE PROCESS
CHAMBER, THE THIRD MULTI-LEVEL RF POWER WAVEFORM
HAVING AT LEAST A FIRST POWER LEVEL DURING AFIRST
PULSE DURATION, A SECOND POWER LEVEL DURING A
SECOND PULSE DURATION, AND A THIRD POWER LEVEL
DURING A THIRD PULSE DURATION

— 608

FIG. 6



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/042948

A. CLASSIFICATION OF SUBJECT MATTER

HO01J 37/32(2006.01)i, HOSH 1/46(2006.01)i, HO3K 4/08(2006.01)i

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO1J 37/32; C23C 14/06; HO5H 1/46; GO1R 1/00; C23F 1/00; C23C 16/00; C23F 1/08; HO3K 4/08

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

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

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: plasma, substrate, multi-level pulsed RF power, power level, pulse duration

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

X US 2011-0309049 A1 (GEORGE D. PAPASOULIOTIS et al.) 22 December 2011 1-15
See paragraphs [0129]-[0134], [0181], [0184]; claims 1, 23; and figures 7,
12a-12d.

A US 2013-0119018 A1 (KEREN JACOBS KANARIK et al.) 16 May 2013 1-15
See paragraphs [0024]-[0038]; and figures 1-4.

A US 2003-0000646 A1 (SATOSHI OGINO et al.) 02 January 2003 1-15
See paragraphs [0047]-[0062]; and figures 2-7.

A US 2010-0243607 A1 (TAKESHI OHSE et al.) 30 September 2010 1-15
See paragraphs [0059]-[0089]; and figures 3-7.

A US 2010-0315064 A1 (ANDRAS KUTHI et al.) 16 December 2010 1-15
See paragraphs [0041]-[0071]; and figures 1-5.

|:| 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

"E"  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)

"O" 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

"T" 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

"X" 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

"Y" 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
21 October 2016 (21.10.2016)

Date of mailing of the international search report

24 October 2016 (24.10.2016)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

£
K2

N
AHN, Jeong Hwan § MY
e,\\‘\“w;?;i@ :
Telephone No. +82-42-481-8633 o™

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2016/042948
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2011-0309049 Al 22/12/2011 CN 103109342 A 15/05/2013
JP 05896572 B2 30/03/2016
JP 2013-535074 A 09/09/2013
KR 10-2013-0085955 A 30/07/2013
TW 201203357 A 16/01/2012
US 9123509 B2 01/09/2015
WO 2011-156813 Al 15/12/2011
US 2013-0119018 Al 16/05/2013 CN 103930596 A 16/07/2014
JP 2015-503223 A 29/01/2015
KR 10-2014-0096367 A 05/08/2014
SG 11201401750 A 26/09/2014
TW 201341575 A 16/10/2013
WO 2013-072831 Al 23/05/2013
US 2003-0000646 Al 02/01/2003 JP 10-150025 A 02/06/1998
US 2002-0066537 Al 06/06/2002
US 6471821 B2 29/10/2002
US 6656849 B2 02/12/2003
US 2010-0243607 Al 30/09/2010 CN 101853770 A 06/10/2010
CN 101853770 B 19/09/2012
JP 05395491 B2 22/01/2014
JP 2010-238960 A 21/10/2010
KR 10-1439580 Bl 11/09/2014
KR 10-2010-0109513 A 08/10/2010
TW 201108871 A 01/03/2011
TW 1523582 B 21/02/2016
US 2014-0020832 Al 23/01/2014
US 8568606 B2 29/10/2013
US 2010-0315064 Al 16/12/2010 CN 101542857 A 23/09/2009
CN 101542857 B 23/01/2013
JP 05448820 B2 19/03/2014
JP 2010-504614 A 12/02/2010
KR 10-1337834 Bl 06/12/2013
KR 10-2009-0066306 A 23/06/2009
SG 174831 Al 28/10/2011
TW 200831916 A 01/08/2008
TW 1374271B 11/10/2012
US 2012-0206127 Al 16/08/2012
US 2013-0050892 Al 28/02/2013
US 8192576 B2 05/06/2012
US 8303763 B2 06/11/2012
WO 2008-036210 A2 27/03/2008
WO 2008-036210 A3 31/07/2008

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	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 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report

