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FEEDBACK CONTROL BY RF WAVEFORM TAILORING
FOR ION ENERGY DISTRIBUTION

FIELD
[0001] The present disclosure relates to RF generator systems and to RF

generator control systems.

BACKGROUND

[0002] The background description provided here is for the purpose of
generally presenting the context of the disclosure. Work of the presently named
inventors, to the extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as prior art at the time of
filing, are neither expressly nor impliedly admitted as prior art against the present
disclosure.

[0003] Plasma etching is frequently used in semiconductor fabrication. In
plasma etching, ions are accelerated by an electric field to etch exposed surfaces
on a substrate. The electric field is generated based on RF power signals
generated by a radio frequency (RF) generator of a RF power system. The RF
power signals generated by the RF generator must be precisely controlled to
effectively execute plasma etching.

[0004] A RF power system may include a RF generator, a matching
network, and a load (e.g., a plasma chamber). The RF generator generates RF
power signals, which are received at the maiching network. The matching
network matches an input impedance of the matching network to a characteristic
impedance of a transmission line between the RF generator and the matching
network. This impedance matching aids in maximizing an amount of power
forwarded to the matching network (“forward power”) and minimizing an amount
of power reflected back from the matching network to the RF generator (“reverse
power”). Forward power may be maximized and reverse power may be
minimized when the input impedance of the matching network matches the
characteristic impedance of the transmission line.

[0005] In the RF power source or supply field, there are typically two
approaches to applying the RF signal to the load. A first, more traditional
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approach is to apply a continuous wave signal to the load. In a continuous wave
mode, the continuous wave signal is typically a sinusoidal wave that is output
continuously by the power source to the load. In the continuous wave approach,
the RF signal assumes a sinusoidal output, and the amplitude and/or frequency
of the sinusoidal wave can be varied in order to vary the output power applied to
the load.

[0006] A second approach to applying the RF signal to the load involves
pulsing the RF signal, rather than applying a continuous wave signal to the load.
In a pulse mode of operation, a RF sinusoidal signal is modulated by a
modulation signal in order to define an envelope for the modulated sinusoidal
signal. In a conventional pulse modulation scheme, the RF sinusoidal signal
typically is output at a constant frequency and amplitude. Power delivered to the
load is varied by varying the modulation signal, rather than varying the sinusoidal,
RF signal.

[0007] In a typical RF power supply configuration, output power applied to
the load is determined by using sensors that measure the forward and reflected
power or the voltage and current of the RF signal applied to the load. Either set
of these signals is analyzed in a typical control loop. The analysis typically
determines a power value which is used to adjust the output of the RF power
supply in order to vary the power applied to the load. In a RF power delivery
system, where the load is a plasma chamber, the varying impedance of the load
causes a corresponding varying power applied to the load, as applied power is in
part a function of the impedance of the load.

[0008] In plasma systems, power is typically delivered in one of two
configurations. In a first configuration, the power is capacitively coupled to the
plasma chamber. Such systems are referred to as capacitively coupled plasma
(CCP) systems. In a second configuration, the power is inductively coupled to
the plasma chamber. Such systems are typically referred to as inductively
coupled plasma (ICP) systems. Plasma delivery systems typically include a bias
power and a source power applied to one or a plurality of electrodes. The source
power typically generates the plasma, and the bias power tunes the plasma to an
energy relative to the bias RF power supply. The bias and the source may share
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the same electrode or may use separate electrodes, in accordance with various
design considerations.

[0009] When a RF power delivery system drives a load in the form of a
plasma chamber, the electric field generated by the power delivered to the
plasma chamber results in ion energy within the chamber. One characteristic
measure of ion energy is the ion energy distribution function (IEDF). The ion
energy distribution function (IEDF) can be controlled with a RF waveform. One
way of controlling the IEDF for a system in which multiple RF power signals are
applied to the load occurs by varying multiple RF signals that are related by
frequency and phase. The frequencies between the multiple RF power signals
are locked, and the relative phase between the multiple RF signals is also locked.
Examples of such systems can be found with reference to US Patent No.
7,602,127, US Patent No. 8,110,991, and US Patent No. 8,395,322, assigned to
the assignee of the present invention and incorporated by reference in this
application.

[0010] RF plasma processing systems include components for plasma
generation and control. One such component is referred to as a plasma chamber
or reactor. A typical plasma chamber or reactor utilized in RF plasma processing
systems, such as by way of example, for thin-film manufacturing, utilizes a dual
frequency system. One frequency (the source) of the dual frequency system
controls the generation of the plasma, and the other frequency (the bias) of the
dual frequency system controls ion energy. Examples of dual frequency systems
include systems that are described in US Patent No. 7,602,127; US Patent No.
8,110,991; and US Patent No. 8,395,322 referenced above. The dual frequency
system described in the above-referenced patents requires a closed-loop control
system to adapt RF power supply operation for the purpose of controlling ion
density and its corresponding ion energy distribution function (IEDF).

[0011] Multiple approaches exist for controlling a plasma chamber for
generating plasmas. For example, phase and frequency of the driving RF signals
may be used to control plasma generation. For RF driven plasma sources, the
periodic waveform effecting plasma sheath dynamics and the corresponding ion
energy is generally known and the frequency of the periodic waveforms and the
associated phase interaction. Another approach involves dual frequency
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operation. That is two RF frequency sources are used to power a plasma
chamber to provide substantially independent control of ion and electron
densities.

[0012] Another approach utilizes wideband RF power sources to drive a
plasma chamber, but includes certain difficulties. One difficulty is coupling the
power to the electrode. A second difficulty involves that the transfer function of
the generated waveform to the actual sheath voltage for a desired IEDF must be
formulated for a wide-process space to support material surface interaction. In
yet another approach, in an inductively coupled plasma approach, controlling
power applied to a source electrode controls the plasma density while controlling
power applied to the bias electrode controls the IEDF to provide etch rate control.
By using source electrode and bias electrode control, the etch rate is controlled
via the ion density and energy.

[0013] While the above systems enable a certain degree of control of a
plasma process, the continually increasing need for smaller components and
increased yields demand continual improvement over the above-described

approaches.

SUMMARY

[0014] This section provides a general summary of the disclosure, and is
not a comprehensive disclosure of its full scope or all of its features.

[0015] A radio frequency (RF) generator system includes a power source
that generates a RF output signal applied to a load. A sensor detects spectral
emissions from the load, where the spectral emissions include at least one of
harmonics and intermodulation distortion (IMD). A control module varies the
output signal in accordance with one of the harmonics or the IMD detected in the
spectral emissions.

[0016] A radio frequency (RF) power delivery system includes a first power
supply that generates a first RF output signal and a second power supply that
generates a second RF output signal. A sensor detects spectral emissions from
a load, where the spectral emissions include at least one of a harmonic of the first
or second power supply and intermodulation distortion (IMD) between the first RF
signal and the second RF signal. A controller varies the second RF output signal
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in accordance with at least one of a control signal from the first power supply, or
at least one of the harmonic or the IMD.

[0017] A radio frequency (RF) system includes a first RF generator having
a first power source, where the first RF generator generates a control signal. A
second RF generator includes a second power source, where the second RF
generator receives the control signal from the first RF generator. The control
signal includes phase and frequency information. The second RF generator has
a signal processing unit, and generates the signal processing unit generating at
least one of a phase or a power command applied to the second power source.

[0018] A controller for a RF power supply system includes a
harmonic/intermodulation distortion (IMD) processor. The IMD processor
receives a frequency input signal and spectral emissions sensed from a load, and
the harmonic/IMD processor generates a phase setting. A phase determination
processor receives at least one of the frequency input signal, the phase setting,
or a sensor signal characteristic of a power applied to the load. The phase
determination processor generates a phase control signal in accordance with the
received signals.

[0019] A method for controlling a radio frequency (RF) generator includes
detecting spectral emissions from a load, where the spectral emissions have at
least one a harmonic and intermodulation distortion (IMD). An output signal of a
RF power source is varied in accordance with one of the harmonic or the IMD
detected in the spectral emissions.

[0020] Further areas of applicability of the present disclosure will become
apparent from the detailed description, the claims and the drawings. The detailed
description and specific examples are intended for purposes of illustration only
and are not intended to limit the scope of the disclosure.

DRAWINGS
[0021] The present disclosure will become more fully understood from the
detailed description and the accompanying drawings. The drawings described
herein are for illustrative purposes only of selected embodiments and not all
possible implementations, and are not intended to limit the scope of the present

disclosure.
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[0022] FIG. 1 depicts a representation of an inductively coupled plasma
system;

[0023] FIG. 2 depicts a representation of a capacitively coupled plasma
system;

[0024] FIG. 3 depicts a generalized representation of a plasma system
arranged according to various embodiments of the present disclosure;

[0025] FIG. 4 depicts waveforms of the plasma sheath voltage and the ion
apparent voltage relating to time for a particular implementation of the plasma
system of FIG. 3;

[0026] FIG. 5 depicts a two-dimensional plot of ion voltage versus
normalized phase for a particular implementation of the plasma system of FIG. 3;

[0027] FIG. 6 depicts a three-dimensional plot of ion voltage versus
normalized phase versus ion energy distribution for a particular implementation of
the plasma system of FIG. 3;

[0028] FIG. 7 depicts a plot of normalized phase versus sheath voltage
emissions at a base frequency and a second harmonic of the base frequency for
a particular implementation of the plasma system of FIG. 3;

[0029] FIG. 8 depicts a plot of normalized phase versus a harmonic
voltage measured at two different locations in a plasma drive system for a
particular implementation of the plasma system of FIG. 3;

[0030] FIG. 9 depicts a three-dimensional plot of ion voltage versus
normalized phase versus ion energy distribution for a particular implementation of
the plasma system of FIG. 4;

[0031] FIG. 10 depicts a plot of normalized phase versus sheath voltage
emissions for a harmonic and intermodulation distortion frequency of a base drive
signal for a particular implementation of the plasma system of FIG. 4;

[0032] FIG. 11 depicts a block diagram of a RF control system arranged
according to the principles of the present disclosure;

[0033] FIG. 12 is a block diagram of a RF control system of the present
disclosure implemented on an ICP system;

[0034] FIG. 13 is a block diagram of a RF control system of the present
disclosure implemented on a CCP system; and
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[0035] FIG. 14 is flow diagram of a method for tailoring an RF waveform
for ion energy distribution.
[0036] In the drawings, reference numbers may be reused to identify

similar and/or identical elements.

DETAILED DESCRIPTION

[0037] Example embodiments will now be described more fully with
reference to the accompanying drawings.

[0038] FIG. 1 depicts an exemplary representation of an inductively
coupled plasma (ICP) system 10. ICP system 10 includes a plasma chamber 12
for generating plasma 14. Power in the form of voltage or current is applied to
plasma chamber 12 via a pair of coils, including an inner coil 16 and an outer coil
18. Power is applied to inner coil 16 via a RF power source 20, and power is
applied to outer coil 18 via a RF generator or power source 22. Coils 16 and 18
are mounted to a dielectric window 24 that assists in coupling power to plasma
chamber 12. A substrate 26 is placed in plasma chamber 12 and typically forms
the work piece that is the subject of plasma operations. A RF generator or power
source 28 applies power to plasma chamber 12 via substrate 26. In various
configurations, the RF power sources 20, 22 provide a bias voltage or current to
ignite or generate plasma 14. Also in various configurations, RF power supply 28
provides a bias voltage or current that varies the ion energy and/or ion density of
the plasma 14. In various configurations, RF sources 20, 22, and 28 are locked
to operate at the same frequency, voltage, and current, with fixed or varying
relative phases. In various other configurations, RF sources 20, 22, and 28 may
operate at different frequencies, voltages, and currents, and relative phases.

[0039] FIG. 2 depicts an exemplary representation of a capacitively
coupled plasma (CCP) system 30. CCP system 30 includes a plasma chamber
32 for generating plasma 34. A pair of electrodes 36, 38 placed within plasma
chamber 32 connect to respective RF generators or power sources 40, 42. In
various configurations, RF power source 40 provides a source voltage or current
to ignite or generate plasma 34. Also in various configurations, RF power source
42 provides a bias voltage or current that varies the ion energy and/or ion density
of the plasma 34. In various configurations, power sources 40, 42 operate at the
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same frequencies, voltages, and currents, and relative phases. In various other
configurations, power supplies 40, 42 operate at different frequencies, voltages,
and currents, with fixed or varying relative phases. Also in various configurations,
power supplies 40, 42 can be connected to the same electrode, while the other
electrode is connected to ground or to yet a third RF generator.

[0040] FIG. 3 depicts a generalized representation of a dual frequency
plasma system 50 and will be used to describe general operation of the RF
power system of the present disclosure. Plasma system 50 includes a first
electrode 52 connected to a ground 54 and a second electrode 56 spaced apart
from first electrode 52. A low frequency first power source 58 generates a first
RF power applied to second electrode 56 at a first frequency f. A high-frequency
second power source 60 generates a second RF power applied to second
electrode 56 at a second frequency nw that is the n* harmonic frequency of the
frequency of first power source 58.

[0041] Application of the respective first and second powers to second
electrode 56 generates plasma 62 having an electron density n,. Within the
plasma 62 is a sheath layer which has a greater density of positive ions, and,
thus, an overall excess positive charge that balances an opposite negative
charge on the surface of a material within the plasma (not shown) with which it is
in contact. Determining the position of the sheath is relevant to the plasma
processing operation. The position of the sheath relative to first electrode 52 and
second electrode 56 can be defined in accordance with the sheath modulation
function shown in equation (1):

s(t) = Zun(sn + spsin(n2uft + 0,)) (1)
where:
w = 2nf is the lower frequency f of the dual frequency system; and
0, is the relative phase between the frequencies, in this case for harmonic
tones (n > 1).
The term s, is the amplitude of the sheath oscillation and is defined in equation
(2):

Sy = v (2)

where:



10

15

20

25

30

WO 2017/034632 PCT/US2016/032158

I, is the drive current associated with w,,;
n, is the electron density;

A is the electro discharge area; and

e is electron charge.

[0042] The above equations (1) and (2) demonstrate that the position of
the sheath varies in accordance with the relative phase between 6, in the case of
equation (1), and the applied power, I, in the case of equation (2). In terms of
the IEDF, the applied power I,, is sometimes referred to as the relative amplitude
variable or width, and the relative phase 6 is sometimes referred to as the relative
phase variable or skew.

[0043] A useful property characterizing the sheath can be found with
respect to the sheath voltage described below with respect to equation (3):

Von(t) = = 355%() 3)
where
ey is the electron charge permittivity of free space, and
e, n,, and s(t) are as described above.

From the amplitude of the sheath oscillation s,,, an ion voltage for the plasma can

be determined in accordance with equation (4):
Vion(t) = [ZVn(sn + a, sin(nant + en))] (4)

ene
260

where:

Sn e, M, eq, 1, f, and 8 are described above; and

an = - (5)

nwt;

where:

Sp, 1, and w are described above; and

T; = 3 i (6)

2eVpc

where:

m,; is the mass of the ions; and

Ve is direct current (DC) voltage that characterizes the plasma.
FIG. 4 presents waveforms demonstrating the plasma sheath voltage Vg, (t)
shown at waveform 68 and the ion apparent voltage V;,,(t) shown at waveform

70. The scale for the plasma sheath voltage 68 is provided on the left y-axis, and
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the scale for the ion apparent voltage 70 is provided on the right y-axis. The x-
axis provides a timescale in nanoseconds. As can be seen from FIG. 4, the ion
apparent voltage shown at waveform 70 provides an approximate envelope for
the plasma sheath voltage 68.

[0044] Driving one electrode of the pair at multiple harmonics enables the
control of the DC self-bias electrically by adjusting the phase between the driving
frequencies. Driving one electrode also enables tailoring the shape of the IEDF
by controlling higher-order moments of the IEDF and customizing the sheath
voltage waveform at the substrate. To adjust to a specific IEDF, the equations
above for sheath dynamics can be particularized. For example, assuming that
the plasma system 10 of FIG. 3 is a dual frequency, CCP system, the sheath
thickness is described as a function of time in equation (7):

s(t) = 51:(1 = sin(wt)) + s,(1 — sin(wnt + @)) (7)
where:
w = 2nf is described above for equation (1); and
@ is the relative phase between the harmonic tones (n > 1).
Equation (7) is a thus particular representation of equation (1), with n = 2. The
amplitudes of the sheath oscillation are defined by equation (2), above. Further,
the time dependent sheath voltage is described by equation (8):

Vbias(t) = Zigzsz(t) (8)

where the equation terms are described above with respect to equation (3). It
should be noted that equations (3) and (8) are similar and differ with one being
the negative of the other.

[0045] From the above equations, the relative phase and current
magnitude are controllable elements of the RF power delivery system. Power
setpoints adjust the corresponding /, of equation (2), and the frequencies of the
dual RF power delivery system are harmonically derived, enabling phase locking.
The sheath voltage V;,,(t) of equation (8) is governed by the frequency, phase,
and amplitude of the RF signal to produce specific IEDFs from the arbitrary
waveform generation with the RF power delivery scheme. In summary, (1) the
sheath voltage is a function of the driven frequencies and the power absorbed;
(2) the ion voltage is directly influenced by the sheath voltage; and (3) the sheath
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voltage may control the RF power supply to influence the ion voltage and the
distribution of the ion energy.

[0046] In a particular example of the generalized description above for
sheath dynamics, for an ICP source, the plasma sheath relationship between
dual inductive coils and between these coils and the bias cathode benefit from
digital phase lock loop. For an ICP systems with dual inductive coils, the sheath
thickness described in equation (1) (with n = 2) is generalized and parameterized
as a function of time as shown in equation (9)

s(t) = a; sin(wt + ¢;) + a, sin(wt + ¢g) + sp sin(wt + ¢p) 9)

where:

a; and a, are the amplitudes of the sheath oscillation from the sources for
the respective inner and outer coils;

sp is the amplitude of the sheath oscillation for the bias; and

¢ is the relative phase between the RF signals applied to the respective
source and bias. For both sheath modulation functions, the bias voltage is
obtained by a squaring of the time-varying sheath equation (9). By squaring a
function of sinusoids, harmonics components are derived. If the sinusoidal
functions comprise different frequencies, intermodulation distortion products are
also generated.

[0047] In summary, the RF power supplies connected to a plasma
chamber can be varied to control to ion energy, where the ion voltage is
generated by the squaring of the sheath modulation. As a result, harmonic
emissions from the ion voltages are generated. The harmonic quantities provide
a feedback mechanism of the ion energy is formed.

[0048] As will be described in greater detail, the system examines the RF
spectrum emitted from the sheath. From the RF spectrum, the signal
characteristics, such as magnitude and phase, are determined from the harmonic
and intermodulation distortion products to characterize the sheath voltage and
the ion energies to be controlled. From the signal characteristics, the condition of
the ion energy distribution function (IED) is determined, and the RF power
delivery system is controlled to achieve a desired IEDF result. Control of the RF
power delivery system thus varies in accordance with the RF spectrum

emissions.
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[0049] In various embodiments described herein, one embodiment
addresses an inductively coupled plasma (ICP) source example with RF power
coupled at the same frequency driven at the source and bias electrodes. In
various embodiments, capacitively coupled plasma (CCP) has a source RF
power coupled with the bias power supply to mix a set of frequencies. In various
embodiments, the ion energy distribution function can be positively influenced by
power control and bias to source phase control directed by feedback derived from
spectral harmonic emission. In various embodiments, a harmonically related RF
power delivery system coupled to a bias electrode provides controllability of the
ion energy distribution function from sheath voltage emissions of harmonic and
intermodulation distortion products.

[0050] FIGS. 5-8 depict plots of the sheath modulation and ion voltage as
a function of the interaction between the source RF power supplies and the bias
RF power supply, such as in between RF power supplies 20, 22 (considered
source supplies) and RF power supply 28 (considered a bias supply) of an ICP
system, such as shown in FIG. 1. In this particular example, the frequency and
phase of RF power supplies 20, 22 are locked. In this particular example, the
frequency of power supplies 20, 22, 28 is 13.56 MHz. Also, in this example, the
phase between the RF signals output by source RF power supplies 20, 22 and
the bias power supply 28 is varied. The current output by source RF power
supplies 20, 22 is held constant.

[0051] FIGS. 5 and 6 depict an IEDF waveform 80 as a function of the ion
voltage and the phase, shown as normalized in the plots. FIG. 5 is a two-
dimensional representation of the IEDF plot, and FIG. 6 is a three-dimensional
representation of the IEDF plot. Thus, FIG. 5 also shows the magnitude of the
IEDF. The x-axes of FIGS. 5 and 6 represent the ion voltage in electron volts
(eV), the y-axes represent the bias phase, which is normalized for the voltage
applied to the bias, and the z-axes represent the IEDF. As can be seen in FIGS.
5 and 6. with the phase between the source RF power supplies 20, 22 and the
bias RF power supplies 28 (the bias phase) near 1, there are two distinct peaks
that are noted as lower peak 82 and higher peak 84. As best seen in FIG. 6, the
peaks are at the periphery of the IEDF. As the bias phase is reduced, the peaks
widen, with a maximum width at an approximate bias phase of 0.2, and then
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begin to converge. At a bias phase of approximately -0.8, the lower and higher
peaks meet to form a mono-energetic peak 86. As the bias phase continues to
reduce, the single peak begins to diverge back to the two individual peaks.

[0052] FIG. 7 depicts waveforms of the sheath voltage emission at a direct
current (DC) 90, a frequency of 13.56 MHz 92, and at a frequency of 27.12 MHz
94. The frequency of 27.12 MHz is a second harmonic of the frequency of 13.56
MHz. In FIG. 7, the x-axis represents the normalized phase, and the y-axis
represents the emissions from the plasma chamber, such as plasma chamber 12
of FIG. 1. As can be seen, the 13.56 MHz and 27.12 MHz voltage signals
correspond to the width of the IEDF, and the minimum of these signals coincide
with the mono-energetic IEDF peak 86 of FIG. 6 at a phase of -0.8.

[0053] FIG. 8 depicts plots of the normalized phase along the x-axis versus
the harmonic voltage measured at a matching network and plotted along the left
y-axis and the harmonic voltage measured at the RF generator plotted along the
right y-axis. Waveform 100, represented by circles, corresponds to the harmonic
voltage at the matching network, and waveform 102, represented by squares,
corresponds to the harmonic voltage at the RF generator. The harmonic voltage
may be measured using the voltage/current probe. More specifically, the
harmonic voltage at the matching network may be measured by placing a VI
probe between the output of the matching network and the bias electrode.
Similarly, the harmonic voltage of the RF generator may be measured by placing
a VI probe between the output of the RF generator and a matching network
associated with the bias electrode.

[0054] With the source RF power supplies 20, 22 and bias RF power
supply 28 frequency and phase locked, incremental variation of the bias phase
indicates that as the lower and higher peaks of the IEDF converged to form a
single mono-energetic peak as shown in FIGS. 5 and 6, the second harmonic
voltages in FIG. 8 both reach a minimum. The minimum of the 27.12 MHz
voltage signal 94 of FIG. 7 corresponds to the minimum width of the IEDF at an
approximate phase angle of -0.8. The measured harmonic signals at both the RF
generator and the matching network agree with the phase measurement required
for a mono-energetic IEDF peak.
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[0055] In the RF power delivery system described above with respect to
FIGS. 1 and 5-8, examination of the RF spectrum enables varying control of the
RF power delivery system to achieve a desired IEDF. In the system as described
above with respect to FIGS. 1 and 5-8 (sometimes referred to as a triplet of RF
power supplies), the two peaks 82, 84 in the ion energy distribution (IED) are
controlled by varying the relative phase between the bias to source power
supplies. Further, a mono-energetic ion energy distribution function occurs at a
particular bias-source phase relationship. The mono-energetic condition is
detected by a minimum value in the second harmonic emission, as indicated by
waveform 94 of FIG. 7.

[0056] The discussion above with respect to FIGS. 1 and 5-8 describes a
triplet system. In a triplet system, the two RF power supplies and the RF bias
power supply operate at the same frequency, and the two RF source power
supplies and the RF bias power supply operate at a relative phase that is varied.
Another approach to driving the source RF power supply and the bias RF power
supply utilizes operating one of the source or bias RF power supplies at a first
frequency and operating the other of the source or bias RF power supplies at a
second frequency that is a harmonic of the first frequency. Such a configuration
can be referred to as a harmonic drive plasma system and may be seen in
connection with operating a CCP plasma system 30, such as in FIG. 2. From the
sheath modulation function and the corresponding ion voltage, which is impacted
by the sheath voltage, the phase adjustment can control the peak of the ion
energy distribution function in a harmonic drive plasma system.

[0057] By way of example and with reference to FIG. 2, RF power supply
42 may be assigned as the bias electrode and driven at a frequency of 13.56
MHz. Power source 40 of FIG. 2 may be assigned as the source electrode and
driven at a frequency of 27.12 MHz. FIG. 9 depicts an IEDF waveform 110 in a
three-dimensional graph, with normalized phase plotted along one axis, ion
voltage in electron volts plotted along a second axis, and ion energy distribution
(IED) plotted on a third axis. As can be seen from FIG. 9, the skew of the IEDF
peak is linear with respect to the relative phase between the RF power supplies
40, 42. Further, the IEDF peak 112 is periodic with normalized phase.
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[0058] FIG 10 depicts a plot of the voltage emission from a plasma
chamber 34 of FIG. 2 relative to a normalized phase. FIG. 10 depicts waveforms
of normalized phase versus normalized sheath voltage emission at an IMD
frequency (waveform 120) and a second harmonic frequency (waveform 122).
That is, the IMD is 40.68 MHz (13.56 MHz (bias power supply frequency) + 27.12
MHz (source power supply 42 frequency)). The second harmonic is 54.24 MHz
(2 x 27.12 MHz). At a normalized phase of 0, the waveforms of FIG. 10 span to a
maximum and minimum as the phase varies. The maximum peaks 124, 126 of
the respective voltage waveforms 120, 122 are located at a normalized phase of -
0.3, and the minimum peaks 128, 130 of the respective voltage waveforms 120,
122 are approximately collocated at a normalized phase of 0.3. As it relates to
the IEDF plot in FIG. 9, the voltage peaks correspond to the linear ion voltage
range of the single IEDF peak. By knowing the peaks of the voltage emissions of
FIG. 10, the linear range of the IEDF peak of FIG. 9 is determined. With
knowledge of the peak IEDF, the skew of the ion energies can be controlled by
varying the relative phase of the harmonic driven RF power delivery system.

[0059] Regardless of whether the drive system is a triplet drive system or a
harmonic drive system, the foregoing provides the flexibility to control the IEDF
and the IED peak from the RF spectrum emissions. In a triplet coupled RF power
delivery system, such as generally described in FIGS. 1 and 5-8, determining a
minimum voltage from a harmonic emission enables convergence to a single
IEDF. For a harmonic derived RF power delivery system, such as generally
described in FIGS. 2, 9, and 10, peaks detected from spectrum emissions
provide a linear relationship between the relative phases of the RF signals to the
IEDF peak. Thus, the embodiments described herein provide the ability to (1)
determine the peak of the ion energy distribution; and (2) subsequently control
the ion energy of the distribution peak.

[0060] FIG. 11 depicts a RF generator or power supply system 150
including a pair of radio frequency (RF) generators or power supplies 152a, 152b
for driving a load (not shown). RF generators 152a, 152b can implement a
master-and-slave configuration using a control signal, as will be described in
greater detail. RF generator 152a is designated the master, and RF generator
152b is designated the slave. In various embodiments, power (either voltage or
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current), frequency, and phase of RF generator 152b may be slaved to the
frequency of RF generator 152a using a control signal sent from RF generator
152a to RF generator 152b. In various embodiments, the frequency signal output
by RF generator 152a can be determined in accordance with the spectral
emissions sample from a load, such as a plasma chamber. When the control
signal is absent from RF generator 152a, RF generators 152a and 152b can
operate autonomously. US Patents 7,602,127; 8,110,991; and 8,395,322;
referenced above and incorporated herein, describes operation of a dual power
supply system in a master/slave relationship.

[0061] RF generators 152a, 152b include respective RF power sources or
amplifiers 154a, 154b, RF sensors 156a, 156b, and processors, controllers, or
control modules 158a, 158b. RF power sources 154a, 154b generate RF power
signals 163a, 163b output to respective sensors 156a, 156b. Sensor 156a, 156b
receive the output of sources 154a, 154b and generate respective RF power
signals f; and f, and also output signals that vary in accordance with spectral
emissions received from a load, such as a plasma chamber. While sensors
156a, 156b, are shown with respective RF generators 152a, 152b, it should be
noted that spectrum sampling of an RF sensor can occur externally to the RF
power generators 152a, 152b. Such external sensing can occur at the output of
the RF generator, at the input of the impedance matching device that is located
between the RF generator and the plasma chamber, or between the output of the
impedance matching circuit (including, inside the impedance matching device)
and the plasma chamber.

[0062] Sensors 156a, 156b detect the spectral emissions from a load (not
shown), such as a plasma chamber, and output signals X and Y. Sensors 156a,
156b may include voltage, current, and/or directional coupler sensors. Sensors
156a, 156b may detect (i) voltage V and current | output from power amplifier
154a, 154b, and/or (ii) forward (or source) power Pgyp output from respective
power amplifiers 154a, 154b and/or RF generators 150a, 150b and reverse (or
reflected) power Prgy received from a matching network or a load connected to
respective sensor 156a, 165b. The voltage V, current |, forward power Pgy,p, and
reverse power Pggy May be scaled and/or filtered versions of the actual voltage,

current, forward power, and reverse power associated with the respective power
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sources 154a, 154b. Sensors 156a, 156b may be analog and/or digital sensors.
In a digital implementation, the sensors 156a, 156b may include analog-to-digital
(A/D) converters and signal sampling components with corresponding sampling
rates. Signals X and Y can represent any of the voltage V and current | or
forward (or source) power Py p reverse (or reflected) power Pgiy .

[0063] Sensors 156a, 156b generate sensor signals X, Y, which are
received by respective controllers or power control modules 158a, 158b. Power
control modules 158a, 158b process the respective X, Y signals 160a, 162a and
160b, 162b and generate one or a plurality of feedback control signals to
respective power sources 154a, 154b. Power amplifiers 154a, 154b adjust the
RF power signal 163a, 163b based on the received feedback control signal.
Power control modules 158a, 158b may include at least, proportional integral
derivative (PID) controllers or subsets thereof and/or direct digital synthesis
(DDS) component(s) and/or any of the various components described below in
connection with the term modules. In various embodiments, power control
modules 158a, 158b are first PID controllers or subsets and may include a
functions, processes, processors, submodules or modules identified as D, (z).
D,(z) is implemented in any one of the module variations described below.
Feedback control signals 164a, 164b may be drive signals and have a DC offset
or rail voltage, voltage or current magnitude, a frequency, and a phase.

[0064] Control module 158a of RF power supply 152a applies control
function D,(z) to the received signals X, Y and generates feedback control signal
164a. Feedback control signal 164a includes both frequency and power control
components for controlling RF power source 154a. Thus, RF power source 154a
generates RF power signal 163a in accordance with frequency and power
information communicated in feedback control signal 164a. The power
information communicated in feedback control signal 164a can include voltage
and/or current information. Control module 158a also generates a frequency and
phase information signal 166 input to control module 158b of RF generator 152b.
Frequency and phase information signal 166 includes frequency information,
including the frequency of f; and the phase of f;.

[0065] In various embodiments, slave RF generator 152b regulates the

output phase of f, relative to the input frequency and phase information signal
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166, and thus f; output by RF generator 152a for a particular phase set point.
Frequency and phase information signal 166 contains information about the
phase and frequency of f;. Control module 158b of RF power supply 152b, in
addition to receiving signals X, Y from sensor 156b also receives frequency and
phase information signal 166 from RF generator 152a and a phase setpoint
signal 168 and applies functions, processes, processors, submodules, or
modules D,(z) and D4(z) to generate one or a pair of respective feedback

control signals 164b', 164b".

[0066] Control module 158b includes harmonic/IMD processor or module
170 and time division multiplexer or multiplexing module 172. Control modules
158a, 158b, harmonic/IMD processor or module 170, and multiplexing module
172 are implemented in any one of the module variations described below.
Control module 158b includes harmonic/IMD module 170, which is coupled to the
sensor 156b to receive signals X, Y. Harmonic/IMD module 170 also receives
phase and frequency signal 166. Harmonic/IMD module 170 generates a phase
setting ¢ to digital control function D4 (z). The phase setting ¢ defines a phase,
and Dr4(2) determines a phase and frequency of operation for RF power source
154b in accordance with ¢. Dy is implemented in any one of the module
variations described below. In a first mode of operation, harmonic/IMD module
170 generates the phase setting ¢ in accordance with the phase setpoint signal
168, which is received from an external source, such as an external controller.
The first mode of operation may be referred to as a bypass mode of operation
and may be operational when harmonic/IMD module 170 is disabled.

[0067] In the second mode of operation, such as when harmonic/IMD
module 170 is enabled, harmonic/IMD module 170 generates the phase setting ¢
in accordance with output signals X, Y and the information contained in frequency
and phase information signal 166. Phase setting ¢ is determined in accordance
with the sampled spectral emissions at the output of the RF sensor 156b. The
phase setting ¢ is thus determined in accordance with the approaches descried
in connection with FIGS. 1-10. That is, a phase is determined in connection with
one or both minimizing a harmonic of the source or the bias signal and the

harmonic and the IMD of the source or bias signals.
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[0068] The spectral emissions can be determined in either the frequency-
domain or the time-domain. For frequency domain processing, the Fast Fourier
Transform (FFT) or wavelet transform can be applied to obtain from the RF
sensor signals X, Y information from the frequency or frequencies of interest. For
time domain processing, analog or digital forms of heterodyning and associated
filtering are suitable approaches to extract a specific frequency.

[0069] The control function Dr4(z) receives the phase setting ¢ and
generates a frequency and phase feedback control signal 164b" to power
amplifier 154b.  Control function D4 (z) also receives frequency and phase
information from RF generator 152a via frequency and phase information signal
166. Control function D4 (z) generates the frequency and phase control signal
164b" to power source 154b to vary the skew parameter of the sheath modulation
function, to thereby control the peak of the IEDF. D4 (2) thus frequency and
phase locks the signal from RF power source 154b with the signal from RF power
source 154a.

[0070] Frequency and phase information signal 166 is input to time division
multiplexer (TDM) 172. TDM 172 multiplexes information contained within
frequency and phase information signal 166 and signal information from signal Y
output by sensor 156b. In various embodiments, the signal Y input to TDM can
be either voltage or current. TDM 172 multiplexes the signal 166 and the Y
output from sensor 156b and applies the multiplexed output to control function
D4 (2) and control function D, (z).

[0071] Control function D,(z) receives the frequency and phase
information signal 166 from RF generator 152a and one of the X or Y signals
from sensor 165b via TDM 172. In the embodiment of FIG. 13, TDM 172
receives the Y signal from sensor 156b. Control function D,(z) also receives the
other of the signals X, Y output form sensor 156b. Thus, control function D, (z)
176 of control module 158b receives frequency and phase information signal 166,
and the X, Y signals from sensor 156b. Control function D, (z) generates a power
signal 164b' output to RF source 154b, in accordance with the received
frequency, X, and Y signals. RF source 154b generates RF power signal 163b.

Control function D, (z) of control module 158b thus generates a power signal to
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control the width parameter of the sheath oscillation amplitude and, therefore, the
width of the IDEF, as described above with respect to FIGS. 1-10.

[0072] For either frequency or time-domain processing, the objective is to
extract from the X, Y signals output by sensor 156a, 156b the signals related to
the sheath voltage emissions. The sheath voltage emission signals have known
frequency details. In various embodiments, such as the triplet power supply
configuration discussed in connection with FIGS. 1 and 5-8, the second harmonic
was sampled, 27.12 MHz in one particular example. In the case of the harmonic
drive frequency scheme discussed in connection with FIGS. 2, 9, and 10, the
intermodulation distortion product (IMD), 40.68 MHz in one particular example,
and the second harmonic, 54.24 MHz in one particular example, contain the
necessary signal details to determine information related to the peak location of
the ion energy distribution and to enable adjusting the operating parameters of
RF power source 154b to yield a peak at a particular ion energy. Thus, the
harmonic/IMD module 170 extracts signal information from the sampled RF
sensor spectrum provided in signals X, Y output by sensor 156b as it relates to
the sheath voltage emission. In various embodiments described above, the
voltage signal at a harmonic of one of the RF power sources 154a, 154b or the
first order intermodulation product (f; - f;) identifies the peak location of the ion
energy distribution. Once the peak location of the IEDF is determined by
harmonic/IMD module 170, the IEDF peak location (the skew) can be adjusted to
a desired position in the IEDF.

[0073] In various embodiments, the RF generators 152a, 152b of FIG. 11
may be individually configured as described above or may be identically
configured to effect examining spectral emissions and adjusting frequency, power
and phase accordingly. In a substantially similar configuration, RF generator
152a may be arranged as described in generator 152b. Further, in various
embodiments, if configured similarly, RF generator 152b may be configured as a
master in the RF generator configuration and output a control signal to a slave
RF generator 152a.

[0074] Various embodiments can include the RF power delivery system
described above coupled to plasma chambers. FIG. 12 depicts various

embodiments of an ICP system 180 utilizing a configuration of the RF generators
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described above with respect to FIG. 11 providing power to a plasma chamber 12
such as shown in the ICP system 10 of FIG. 1. In FIG. 12, similar components
from FIG. 1 will be referred to using the same reference numerals, and the
description of such similar components may be augmented or distinguished as
necessary. In addition to components similar to that described in FIG. 1, FIG. 12
also includes a trio of sensors 182, 184, 186. Sensors 182, 184, 186 are
associated with a respective RF generator 20, 22, 28 and provide the X,Y inputs
to respective RF generator 20, 22, 28.

[0075] With reference to FIGS. 11 and 12, RF generators 20, 22 operate
analogously to the master slave relationship defined in US Patent No. 7,602,127,
US Patent No. 8,110,991, and US Patent No. 8,395,322, and incorporated
herein. RF generator 20 operates as a master RF generator for each of RF
generator 22 and RF generator 28. With respect to RF generator 22, RF
generator 20 outputs a frequency and phase signal to RF generator 22, and RF
generator 22 operates as a slave generator in the context discussed in the
above-referenced US patents. RF generator 20 outputs a phase and frequency
information signal to RF generator 28, which operates as a slave in the context
discussed with respect to FIG. 11.

[0076] In various embodiments of the ICP system 180, the bias RF
generator 28 is frequency and phase locked to the RF generators 20, 22, where
RF power supply 20 acts as a master for both RF generator 20 and RF generator
28. In the configuration of ICP system 180, the spectrum sampling occurs at the
bias RF generator 28. RF generator 28 is configured similarly to RF generator
152b of FIG. 11. Bias RF generator 28 includes a harmonic/IMD module 170 that
inspects the sampled bias signals at the respective harmonics Xz, Yp to adjust the
relative phase between the bias RF generator 28 and the source RF generator
20. Adjusting the phase of RF generator 28 relative to the frequency and phase
signal received from RF generator 20 provides control of the peak location within
the ion energy distribution.

[0077] FIG. 13 depicts various embodiments of a CCP system 190 utilizing
a similar configuration the RF generators described above with respect to FIG. 2
for providing power to a plasma chamber 32 such as described in the plasma
system 30 of FIG. 2. In FIG. 13, similar components of FIG. 1 will be referred to
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using the same reference numerals, and the description of such similar
components may be augmented or distinguished as necessary. RF generator 40
of FIG. 2 is implemented in a configuration similar to RF generator 152a of FIG.
11, and RF power source 42 is implemented in a configuration similar to RF
generator 152b of FIG. 11.

[0078] As described above with respect FIG. 2, RF generators 40, 42 can
be connected to a common electrode, such as electrode 36, 38, and the other of
the two electrodes 36, 38 can be connected to ground or to yet a third RF
generator. FIG. 13 also includes a pair of matching networks 192, 194. Matching
network 192 is configured as a dual matching network that receives frequency
signals f; and f, and provides appropriate impedance matching for each RF
generator 40, 42. Dual matching network 192 can be alternately implemented as
individual networks, each providing an appropriate impedance match for each of
respective RF generators 40, 42. CCP system 190 also includes a very high
frequency (VHF) RF generator or source 196. In various embodiments, VHF RF
generator 196 provides a RF signal to the other of the two electrodes 36, 38 of
plasma chamber 32. VHF RF generator 196 provides a VHF RF power signal
198 to matching network 194. Matching network 194 provides an impedance
match between VHF RF generator 196 and plasma chamber 32. In various
embodiments, RF generators 40, 42 apply power to a bias electrode, and VHF
RF generator 186 provides power to a source electrode. Thus, for the CCP
system in FIG. 13, the bias is powered by two RF generators 40, 42 that are
harmonically related in phase and frequency locked using the approach
discussed with respect to FIGS. 2, 8, and 9

[0079] FIG. 14 depicts a flow diagram for a method of feedback control for
RF waveform tailoring for ion energy distribution 210 according to various
embodiments. At block 212, control begins and various parameters are
initialized. At block 214, a frequency of a master RF power supply is set, such as
at a frequency f; having a phase. In various embodiments, the frequency f; is
output to a load, such as a plasma chamber described above. Control next
proceeds to block 216 in which a signal having frequency and phase information
is sent to a controller for a slave power supply. At decision block to 218, it is
determined whether the master and slave power supplies are operated at
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substantially the same frequency, such as the ICP system discussed above, or at
a dual frequency, such as in the CCP system discussed above. It should be
noted that block 218 is considered optional to the extent that it is not necessary if
it has already been determined whether the master and slave are driven at
substantially the same or different frequencies. Block 218 is, therefore, included
to facilitate the understanding of the spectral emissions that are examined
depending upon the frequencies at which the master and slave power supplies
are operated.

[0080] If the master and slave power supplies operate at substantially the
same frequency, control proceeds to block 220 in which the harmonics contained
within the spectral emissions from a load are examined and a target phase is
determined. If the master and slave power supplies operate at different
frequencies, control proceeds to block 222 in which the harmonics and IMD
contained within the spectral emissions from a load are examined and a target
phase is determined. In various embodiments, the target phase determines a
peak in the IED. In either of blocks 220 or 222, a target phase is determined, and
control proceeds to block 224. A block 224, the phase and frequency of the slave
power supply is set in accordance with the target phase. Control next proceeds
to block 226 in which the power of the slave power supply is also determined in
accordance with the output from blocks 220 or 222. In various embodiments, the
power set by the slave determines a width of the IED.

[0081] In various embodiments, it may be desirable to pulse the slave RF
generator 152b in order to vary the ion voltage. That is, while in some
embodiments it may be desirable to operate at a mono-energetic peak, such as
peak 86 of FIG. 5, or at a particular position along the peak 112 of FIG. 9, other
various plasma processes may benefit from operating away from the above-
referenced peak. With reference to FIG. 5, operating at peak 86 provides an ion
voltage of approximately 155 eV. There are times in a manufacturing process
when it may be desirable to have more or less ion voltage. lon voltage can be
adjusted by operating at a phase away from -0.8 as shown in FIG. 5. For
example, it is possible that the plasma operation would call for a less directed
peak so that with reference to FIG. 5, if the phase is selected as 0.2, the ion
voltage would be a composite of approximately 128 eV and 185 eV in
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accordance with the lower and upper peaks. In various embodiments, it may be
desirable to pulse the phase between a phase to provide a mono-energetic peak
86 and a second phase that provides two peaks. In the example described
above, the phase can alternate between -0.8 and 0.2.

[0082] With reference to FIG. 9, various plasma processes may benefit
from varying the phase along a linear range of the peak 112. For example, the
phase could be varied in the example of FIGS. 9 and 10 from the phase equal to
0.3 for a peak along the line of peaks defined by reference number 112. By
varying the phase, a range of the ion voltages can be provided in a plasma
system driven by the environment described in connection with FIGS. 9 and 10.

[0083] One benefit of identifying and controlling the location of the peak of
the ion energy distribution is improved system phase control. For example, in a
dual RF power delivery system operating in a conventional master-slave
configuration where phase and frequency is locked without attention to the
spectral emissions, at least three sources of systemic phase error exit. A first
source exists between a control signal transmitted from the master to the slave; a
second source exists between the output of the slave RF generator and the
matching network to which it connects; and a third source exists in the matching
network associated with the slave RF generator. The ion peak density control
provided by the phase regulation of the present disclosure collectively address all
three sources of phase error. The slave RF generator regulates the phase of the
waveform output by the slave RF generator with respect to the phase of the
frequency and phase signal input to slave RF generator.

[0084] Between the phase of the output of the slave RF power supply and
the electrode to the plasma chamber, there are several systematic phase offsets,
as described above. For the phase offset relative to the reference frequency
signal input (that is, between the output of the master RF generator and the input
to the slave RF generator), the cable coupling the master to the slave will have a
length L;, and velocity of propagation V,,. Ignoring cable losses, the cable
between the output of the master RF generator and the input to the slave RF
generator will have a phase offset related by the transmission line parameters

L, and V,, and expressed as e/P1. At the output of the slave RF power supply,

two systemic phase offset contributors exist: (1) e/%? characterizes the
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transmission line coupling the RF power from slave RF generator to its
associated matching network, and (2) the phase ¢,y is associated with the
transfer function for the matching network. Further, the power generator will have
a varying phase output over the designed power range.

[0085] One approach to compensating for the phase offsets described
above, which collectively characterize a systemic phase offset, requires
measuring each contributing factor and apply a calibrated phase adjustment to
the desired phase regulated at the output of slave RF generator. The calibrated
phase adjustment must compensate for varying elements in the system, such as
¢ps and ¢yy. The various embodiments described in the present disclosure
avoid the inherent deficiencies of such a complex approach. The various
embodiments of the present disclosure rely upon the spectral emissions of the
RF harmonic parameter to compensate for systemic phase offsets. That is,
relying upon the measured voltage from one or both of a harmonic or
intermodulation distortion product from the sampled RF spectrum adjusts for
systemic phase offsets.

[0086] The embodiments described herein disclose that sampling the
spectral emissions from a plasma chamber enable direct control of the ion energy
and the corresponding ion energy distribution. In some systems, it may be
possible to measure plasma parameters contained in the spectral emissions
using various sensors and instrumentation, including hairpin resonators, energy
grid analyzers, and optical emission spectroscopy. From the output of these
sensors, a correlation can be developed to determine the ion energy peak
distribution in accordance with setting parameters controlling the RF power
delivery system. Instrumentation such as hairpin resonators, energy grid
analyzers, and optical emission spectroscopy, however, disrupt the plasma
processing within the plasma chamber and have limited utility in a high-volume,
manufacturing environment. In contrast, the various embodiments described in
this disclosure result from less disruptive RF power sampling to achieve a self-
contained RF power delivery system solution.

[0087] Therefore, by adjusting the RF waveform in accordance with
spectral emissions from the plasma chamber, a narrow |IEDF can be provided,

meeting various industry requirements. In general, lower excitation frequencies
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generated at a bias power supply result in higher ion energy. Higher ion energy
in turn provides improved etch rates. However, while lower frequencies provide
higher ion energies, the distribution of the ions is considerably wider. Typically, it
is desirable to have all ion energies grouped into a single peak (such as the
mono-energetic peak discussed above) versus two broad peaks. For example,
ion energy at 15-30 eV can damage material in the 1-2 nm range. When a single
frequency drives the bias electrodes, each peak provides two different material
removal rates. With two different material removal rates, the etch rate
improvement gained by the lower frequency and increased power at best only
yields an average etch rate from the two peaks. To obtain improved surface
material removal fidelity, it is desirable to form an ion energy distribution for a
constant material removal rate. The various embodiments discussed in the
present disclosure provide a single peak, mono-energetic group of ions for the
same etch rate with constant material rate. The improved etch rates also provide
improved selectivity.

[0088] The foregoing description is merely illustrative in nature and is in no
way intended to limit the disclosure, its application, or uses. The broad teachings
of the disclosure can be implemented in a variety of forms. Therefore, while this
disclosure includes particular examples, the true scope of the disclosure should
not be so limited since other modifications will become apparent upon a study of
the drawings, the specification, and the following claims. It should be understood
that one or more steps within a method may be executed in different order (or
concurrently) without altering the principles of the present disclosure. Further,
although each of the embodiments is described above as having certain features,
any one or more of those features described with respect to any embodiment of
the disclosure can be implemented in and/or combined with features of any of the
other embodiments, even if that combination is not explicitly described. In other
words, the described embodiments are not mutually exclusive, and permutations
of one or more embodiments with one another remain within the scope of this
disclosure.

[0089] Spatial and functional relationships between elements (for example,
between modules, circuit elements, semiconductor layers, etc.) are described

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

[0090] In this application, including the definitions below, the term ‘module’
or the term ‘controller’ may be replaced with the term ‘circuit.” The term ‘module’
may refer to, be part of, or include: an Application Specific Integrated Circuit
(ASIC); a digital, analog, or mixed analog/digital discrete circuit; a digital, analog,
or mixed analog/digital integrated circuit; a combinational logic circuit; a field
programmable gate array (FPGA); a processor circuit (shared, dedicated, or
group) that executes code; a memory circuit (shared, dedicated, or group) that
stores code executed by the processor circuit; other suitable hardware
components that provide the described functionality; or a combination of some or
all of the above, such as in a system-on-chip.

[0091] The module may include one or more interface circuits. In some
examples, the interface circuits may include wired or wireless interfaces that are
connected to a local area network (LAN), the Internet, a wide area network
(WAN), or combinations thereof. The functionality of any given module of the
present disclosure may be distributed among multiple modules that are
connected via interface circuits. For example, multiple modules may allow load
balancing. In a further example, a server (also known as remote, or cloud)
module may accomplish some functionality on behalf of a client module.

[0092] The term code, as used above, may include software, firmware,
and/or microcode, and may refer to programs, routines, functions, classes, data
structures, and/or objects. The term shared processor circuit encompasses a
single processor circuit that executes some or all code from multiple modules.

The term group processor circuit encompasses a processor circuit that, in
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combination with additional processor circuits, executes some or all code from
one or more modules. References to multiple processor circuits encompass
multiple processor circuits on discrete dies, multiple processor circuits on a single
die, multiple cores of a single processor circuit, multiple threads of a single
processor circuit, or a combination of the above. The term shared memory circuit
encompasses a single memory circuit that stores some or all code from multiple
modules. The term group memory circuit encompasses a memory circuit that, in
combination with additional memories, stores some or all code from one or more
modules.

[0093] The term memory circuit is a subset of the term computer-readable
medium. The term computer-readable medium, as used herein, does not
encompass transitory electrical or electromagnetic signals propagating through a
medium (such as on a carrier wave); the term computer-readable medium may
therefore be considered tangible and non-transitory. Non-limiting examples of a
non-transitory, tangible computer-readable medium are nonvolatile memory
circuits (such as a flash memory circuit, an erasable programmable read-only
memory circuit, or a mask read-only memory circuit), volatile memory circuits
(such as a static random access memory circuit or a dynamic random access
memory circuit), magnetic storage media (such as an analog or digital magnetic
tape or a hard disk drive), and optical storage media (such as a CD, a DVD, or a
Blu-ray Disc).

[0094] The apparatuses and methods described in this application may be
partially or fully implemented by a special purpose computer created by
configuring a general purpose computer to execute one or more particular
functions embodied in computer programs. The functional blocks and flowchart
elements described above serve as software specifications, which can be
translated into the computer programs by the routine work of a skilled technician
or programmer.

[0095] The computer programs include processor-executable instructions
that are stored on at least one non-transitory, tangible computer-readable
medium. The computer programs may also include or rely on stored data. The
computer programs may encompass a basic input/output system (BIOS) that
interacts with hardware of the special purpose computer, device drivers that
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interact with particular devices of the special purpose computer, one or more
operating systems, user applications, background services, background
applications, etc.

[0096] The computer programs may include: (i) descriptive text to be
parsed, such as HTML (hypertext markup language) or XML (extensible markup
language), (ii) assembly code, (iii) object code generated from source code by a
compiler, (iv) source code for execution by an interpreter, (v) source code for
compilation and execution by a just-in-time compiler, etc. As examples only,
source code may be written using syntax from languages including C, C++, C#,
Objective C, Haskell, Go, SQL, R, Lisp, Java®, Fortran, Perl, Pascal, Curl,
OCaml, Javascript®, HTML5, Ada, ASP (active server pages), PHP, Scala, Eiffel,
Smalltalk, Erlang, Ruby, Flash®, Visual Basic®, Lua, and Python®.

[0097] None of the elements recited in the claims are intended to be a
means-plus-function element within the meaning of 35 U.S.C. §112(f) unless an
element is expressly recited using the phrase “means for,” or in the case of a
method claim using the phrases “operation for” or “step for.”
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CLAIMS

1. A radio frequency (RF) generator system comprising:

a power source that generates an RF output signal applied to a load;

a sensor that detects spectral emissions from the load, the spectral emissions
including at least one of harmonics and intermodulation distortion (IMD); and

a control module that varies a parameter of the RF output signal in accordance
with one of the harmonics or the IMD detected in the spectral emissions, wherein the

parameter is one of phase, frequency, or amplitude.

2. The RF generator system of claim 1 wherein the control module adjusts one
of a current or a voltage of the RF signal to vary a width of an ion energy distribution (IED)

or a phase of the RF signal to vary a peak of the IED.

3. The RF generator system of claim 1 wherein the load is an inductively

coupled plasma (ICP) system.

4. The RF generator system of claim 3 wherein, the control module varies the
RF output signal in accordance with a selected harmonic detected in the spectral

emissions.

5. The RF generator system of claim 4 wherein the control module varies a
current or a voltage of the RF output signal in order to control a width of an ion energy

distribution (IED) or a phase of the RF signal to vary a peak of the IED .
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6. The RF generator system of claim 1 wherein in a CCP system, the control
module varies the RF output signal in accordance with a selected harmonic and a

selected IMD detected in the spectral emissions.

7. The RF generator system of claim 6 wherein the control module varies a
current or a voltage in the RF output signal in order to control a width of an ion energy

distribution (IED) or a phase of the RF signal to vary a peak of the IED .

8. The RF generator system of claim 1 wherein the sensor is disposed in one
of at an input to a matching network, at an output of a matching network, or within a RF

generator.

9. The RF generator system of claim 1 wherein the load is a capacitively

coupled plasma (CCP) system.

10. The RF generator system of claim 9 wherein the control module varies a
current or a voltage of the RF output signal in order to control a width of an ion energy

distribution (IED) or a phase of the RF output signal to vary a peak of the IED.

11. The RF generator system of claim 1 wherein in a CCP system, the control
module varies the output signal in accordance with a selected harmonic and a selected

IMD detected in the spectral emissions.
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12. A method for controlling a radio frequency (RF) generator comprising:

detecting spectral emissions from a load, the spectral emissions including at least
one a harmonic and intermodulation distortion (IMD); and

varying a parameter of an RF output signal of a RF power source in accordance
with one of the harmonic or the IMD detected in the spectral emissions, wherein the

parameter is one of phase, frequency, or amplitude.

13. The method of claim 12 further comprising adjusting one of a current or a
voltage of the RF output signal to vary a width of an ion energy distribution (IED) or a

phase of the output signal to vary a peak of the IED .

14.  The method of claim 12 further comprising applying the RF output signal to

a load in an inductively coupled plasma (ICP) system.

15. The method of claim 14 wherein in an ICP system, varying the RF output
signal in accordance with at least one selected harmonic detected in the spectral

emissions.

16. The method of claim 15 further comprising varying a current or a voltage of
the RF output signal in order to control a width of an ion electron distribution (IED) or a

phase of the RF signal to vary a peak of the IED.
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17. The method of claim 14 wherein in a CCP system varying the RF output
signal in accordance with a selected harmonic and a selected IMD detected in the spectral

emissions.

18. The method of claim 17 further comprising varying a current or a voltage in
the RF output signal in order to control a width of an ion energy distribution (IED) or a

phase of the RF signal to vary a peak of the IED .

19. The method of claim 12 further comprising sensing at an input to a matching

network, at an output of a matching network, or within an RF generator.

20. The RF generator system of claim 12 wherein the load is a capacitively

coupled plasma (CCP) system.

21. The method of claim 12 further comprising applying the output signal to a
load in a capacitively coupled plasma (CCP) system.

22.  Aradio frequency (RF) generator system comprising:

a power source that generates an RF output signal applied to a load;

a sensor that detects spectral emissions from the load, the sensor further detecting
within the spectral emissions at least one of harmonics and intermodulation distortion
(IMD) resulting from a second RF signal applied to the load or harmonics; and

a control module that varies a parameter of the RF output signal in accordance
with the at least one of the harmonics or the IMD detected in the spectral emissions,

wherein the parameter is one of phase, frequency, or amplitude.
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23. The RF generator system of claim 22 wherein the control module adjusts
one of a current or a voltage of the RF output signal to vary a width of an ion energy

distribution (IED) or a phase of the RF signal to vary a peak of the IED.

24. The RF generator system of claim 22 wherein the load is an inductively

coupled plasma (ICP) system.

25. The RF generator system of claim 24 wherein, the control module varies
the RF output signal in accordance with a selected harmonic detected in the spectral

emissions.

26. The RF generator system of claim 25 wherein the control module varies a
current or a voltage of the RF output signal in order to control a width of an ion energy

distribution (IED) or a phase of the RF signal to vary a peak of the IED .

27. The RF generator system of claim 26 wherein the control module varies a
current or a voltage in the RF output signal in order to control a width of an ion energy

distribution (IED) or a phase of the RF signal to vary a peak of the IED .

28. The RF generator system of claim 22 wherein the sensor is disposed in one
of at an input to a matching network, at an output of a matching network, or within a RF

generator.
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