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(54) SYNCHRONIZATION OF RF PULSING WITH RF METROLOGY, PROCESSING AND CONTROL

(57) A radio frequency (RF) system, comprising: an
analog to digital converter (ADC) module that converts
samples of an RF signal into digital values, wherein the
RF signal varies in accordance with an RF output, where-
in the RF signal varies in accordance with a parameter
of an RF output measured by a sensor; and further com-
prising at least one of: i) a processing module configured
to generate a processed value based on the digital val-
ues; and a synchronization module configured to syn-

chronize the outputting of the processed value with a
transition in a second RF output; or ii) a synchronization
module configured to synchronize the outputting of one
of the digital values with a transition in a second RF out-
put; and a processing module configured to generate a
processed value based on the one of the digital values.
Also, a corresponding radio frequency (RF) control meth-
od.
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Description

FIELD

[0001] The present disclosure relates to plasma cham-
bers and to radio frequency (RF) measurement systems
and methods.

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 qual-
ify as prior art at the time of filing, are neither expressly
nor impliedly admitted as prior art against the present
disclosure.
[0003] A radio frequency (RF) generator receives al-
ternating current (AC) input power and generates an RF
output. The RF output may be applied to, for example, a
plasma electrode of a plasma chamber. Plasma cham-
bers may be used in thin film manufacturing systems and
other types of systems.
[0004] In some circumstances, a plasma chamber may
include a plurality of plasma electrodes. For example on-
ly, more than one plasma electrode may be implemented
where a surface area being treated is larger than an area
that a single plasma electrode may be capable servicing.
[0005] Accordingly, multiple RF generators may be
employed in some circumstances. Each of the RF gen-
erators generates an RF output and applies the RF output
to one of the plasma electrodes. The RF generators may
be electrically connected in an effort to generate identical
RF outputs.

SUMMARY

[0006] In a first feature, a radio frequency (RF) system
is disclosed. The RF system includes an RF sensor, an
analog to digital converter (ADC) module, a processing
module, and a synchronization module. The RF sensor
measures a parameter of an RF output and generates
an RF signal based on the parameter. The ADC module
converts samples of the RF signal into digital values. The
processing module generates processed values based
on the digital values. The synchronization module out-
puts one of the processed values in response to a tran-
sition in the RF output.
[0007] In further features, the RF system further in-
cludes: a driver that generates the RF output; a power
supply module that applies a rail voltage to the driver
based on a rail voltage setpoint; a driver control module
that drives the driver based on a driver control setpoint;
and an output control module that, based on the one of
the processed values, selectively adjusts at least one of
the rail voltage setpoint and the driver control setpoint.
[0008] In yet further features, the ADC module samples

the RF signal at a first predetermined frequency.
[0009] In still further features, the output control mod-
ule selectively updates the rail voltage setpoint and the
driver control setpoint at a second predetermined fre-
quency. The second predetermined frequency is less
than the first predetermined frequency.
[0010] In further features, the synchronization module
outputs the one of the processed values in response to
an increase in the RF signal that is greater than a pre-
determined value.
[0011] In yet further features, the synchronization mod-
ule outputs the one of the processed values in response
to a decrease in the RF signal that is greater than a pre-
determined value
[0012] In still further features, the synchronization
module outputs the one of the processed values in re-
sponse to one of an increase and a decrease in the rail
voltage that is greater than a predetermined value.
[0013] In further features, the synchronization module
outputs the one of the processed values in response to
one of an increase and a decrease in an output of the
driver control module that is greater than a predetermined
value.
[0014] In yet further features: the RF sensor further
measures a second parameter of the RF output and gen-
erates a second RF signal based on the second param-
eter; the RF system further comprises a second ADC
module that converts samples of the second RF signal
into second digital values; the processing module gen-
erates second processed values based on the second
digital values; the synchronization module outputs one
of the second processed values in response to the tran-
sition in the RF output; and the output control module
selectively adjusts at least one of the rail voltage setpoint
and the driver control setpoint further based on the one
of the second processed values.
[0015] In still further features, a plasma chamber sys-
tem includes: the RF system; a filter that filters the RF
output; and a plasma electrode that receives the filtered
RF output.
[0016] In a second feature, a radio frequency (RF) con-
trol method is disclosed. The RF control method includes:
measuring a parameter of an RF output using an RF sen-
sor; generating an RF signal based on the parameter
using the RF sensor; converting samples of the RF signal
into digital values; generating processed values based
on the digital values; and outputting one of the processed
values in response to a transition in the RF output.
[0017] In yet further features, the RF control method
further includes: generating the RF output using a driver;
applying a rail voltage to the driver based on a rail voltage
setpoint; driving the driver based on a driver control set-
point; and, based on the one of the processed values,
selectively adjusting at least one of the rail voltage set-
point and the driver control setpoint.
[0018] In still further features, the RF control method
further includes sampling the RF signal at a first prede-
termined frequency.
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[0019] In further features, the RF control method fur-
ther includes selectively updating the rail voltage setpoint
and the driver control setpoint at a second predetermined
frequency. The second predetermined frequency is less
than the first predetermined frequency.
[0020] In yet further features, the RF control method
further includes outputting the one of the processed val-
ues in response to an increase in the RF signal that is
greater than a predetermined value.
[0021] In further features, the RF control method fur-
ther includes outputting the one of the processed values
in response to a decrease in the RF signal that is greater
than a predetermined value.
[0022] In still further features, the RF control method
further includes outputting the one of the processed val-
ues in response to one of an increase and a decrease in
the rail voltage that is greater than a predetermined value.
[0023] In yet further features, the RF control method
further includes outputting the one of the processed val-
ues in response to one of an increase and a decrease in
an input to the driver that is greater than a predetermined
value.
[0024] In further features, the RF control method fur-
ther includes: measuring a second parameter of the RF
output using the RF sensor; generating a second RF sig-
nal based on the second parameter using the RF sensor;
converting samples of the second RF signal into second
digital values; generating second processed values
based on the second digital values; outputting one of the
second processed values in response to the transition in
the RF output; and selectively adjusting at least one of
the rail voltage setpoint and the driver control setpoint
further based on the one of the second processed values.
[0025] In a third feature, a radio frequency (RF) system
is disclosed. An RF sensor measures a parameter of an
RF output and generates an RF signal based on the pa-
rameter. An analog to digital converter (ADC) module
that converts samples of the RF signal into digital values.
A synchronization module outputs one of the digital val-
ues in response to a transition in the RF output. A
processing module generates a processed value based
on the one of the digital values.
[0026] In further features, the RF system further in-
cludes: a driver that generates the RF output; a power
supply module that applies a rail voltage to the driver
based on a rail voltage setpoint; a driver control module
that drives the driver based on a driver control setpoint;
and an output control module that, based on the proc-
essed value, selectively adjusts at least one of the rail
voltage setpoint and the driver control setpoint.
[0027] In still further features, the ADC module sam-
ples the RF signal at a first predetermined frequency.
[0028] In yet further features, the output control module
selectively updates the rail voltage setpoint and the driver
control setpoint at a second predetermined frequency.
The second predetermined frequency is less than the
first predetermined frequency.
[0029] In further features, the synchronization module

outputs the one of the digital values in response to an
increase in the RF signal that is greater than a predeter-
mined value.
[0030] In still further features, the synchronization
module outputs the one of the digital values in response
to a decrease in the RF signal that is greater than a pre-
determined value.
[0031] In yet further features, the synchronization mod-
ule outputs the one of the digital values in response to
one of an increase and a decrease in the rail voltage that
is greater than a predetermined value.
[0032] In further features, the synchronization module
outputs the one of the digital values in response to one
of an increase and a decrease in an output of the driver
control module that is greater than a predetermined val-
ue.
[0033] In still further features: the RF sensor further
measures a second parameter of the RF output and gen-
erates a second RF signal based on the second param-
eter; the RF system further comprises a second ADC
module that converts samples of the second RF signal
into second digital values; the synchronization module
outputs one of the second digital values in response to
the transition in the RF output; the processing module
generates a second processed value based on the one
of the second digital values; and the output control mod-
ule selectively adjusts at least one of the rail voltage set-
point and the driver control setpoint further based on the
one of the second digital values.
[0034] In yet further features, a plasma chamber sys-
tem includes: the RF system; a filter that filters the RF
output; and a plasma electrode that receives the filtered
RF output.
[0035] In a fourth feature, a radio frequency (RF) con-
trol method is disclosed. The RF control method includes:
measuring a parameter of an RF output using an RF sen-
sor; generating an RF signal based on the parameter
using the RF sensor; converting samples of the RF signal
into digital values; outputting one of the digital values in
response to a transition in the RF output; and generating
a processed value based on the one of the digital values.
[0036] In further features, the RF control method fur-
ther includes generating an RF output using a driver; ap-
plying a rail voltage to the driver based on a rail voltage
setpoint; driving the driver based on a driver control set-
point; and, based on the processed value, selectively ad-
justing at least one of the rail voltage setpoint and the
driver control setpoint.
[0037] In yet further features, the RF control method
further includes sampling the RF signal at a first prede-
termined frequency.
[0038] In still further features, the RF control method
further includes selectively updating the rail voltage set-
point and the driver control setpoint at a second prede-
termined frequency. The second predetermined frequen-
cy is less than the first predetermined frequency.
[0039] In further features, the RF control method fur-
ther includes outputting the one of the digital values in
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response to an increase in the RF signal that is greater
than a predetermined value.
[0040] In yet further features, the RF control method
further includes outputting the one of the digital values
in response to a decrease in the RF signal that is greater
than a predetermined value.
[0041] In still further features, the RF control method
further includes outputting the one of the digital values
in response to one of an increase and a decrease in the
rail voltage that is greater than a predetermined value.
[0042] In further features, the RF control method fur-
ther includes outputting the one of the digital values in
response to one of an increase and a decrease in an
input to the driver that is greater than a predetermined
value.
[0043] In yet further features, the RF control method
further includes: measuring a second parameter of the
RF output using the RF sensor; generating a second RF
signal based on the second parameter using the RF sen-
sor; converting samples of the second RF signal into sec-
ond digital values; outputting one of the second digital
values in response to the transition in the RF output; gen-
erating a second processed value based on the one of
the second digital values; and selectively adjusting at
least one of the rail voltage setpoint and the driver control
setpoint further based on the one of the second digital
values.
[0044] In a fifth feature, a radio frequency (RF) system
is disclosed. An RF sensor measures a parameter of an
RF output and generates an RF signal based on the pa-
rameter. A sampling frequency module determines a
sampling frequency based on a period between first and
second transitions in the RF output. An analog to digital
converter (ADC) module samples the RF signal based
on the sampling frequency and converts the samples of
the RF signal into digital values. A processing module
generates processed values based on the digital values.
[0045] In further features, the RF system further in-
cludes: a driver that generates the RF output; a power
supply module that applies a rail voltage to the driver
based on a rail voltage setpoint; a driver control module
that drives the driver based on a driver control setpoint;
and an output control module that, based on the proc-
essed values, selectively adjusts at least one of the rail
voltage setpoint and the driver control setpoint.
[0046] In still further features, the sampling frequency
module detects a transition in the RF output when an
increase in the RF signal is greater than a predetermined
value.
[0047] In yet further features, the sampling frequency
module detects a transition in the RF output when a de-
crease in the RF signal is greater than a predetermined
value.
[0048] In further features, the sampling frequency
module detects a transition in the RF output when one
of an increase and a decrease in the rail voltage is greater
than a predetermined value.
[0049] In still further features, the sampling frequency

module detects a transition in the RF output when one
of an increase and a decrease in an output of the driver
control module is greater than a predetermined value.
[0050] In yet further features: the RF sensor further
measures a second parameter of the RF output and gen-
erates a second RF signal based on the second param-
eter; the RF system further comprises a second ADC
module that samples the second RF signal at the sam-
pling frequency and that converts the samples of the sec-
ond RF signal into second digital values; the processing
module generates second processed values based on
the second digital values; and the output control module
selectively adjusts at least one of the rail voltage setpoint
and the driver control setpoint further based on the one
of the second processed values.
[0051] In further features, a plasma chamber system
includes: the RF system; a filter that filters the RF output;
and a plasma electrode that receives the filtered RF out-
put.
[0052] In a sixth feature, a radio frequency (RF) control
method is disclosed. The RF control method includes:
measuring a parameter of an RF output using an RF sen-
sor; generating an RF signal based on the parameter
using the RF sensor; determining a sampling frequency
based on a period between first and second transitions
in the RF output; sampling the RF signal based on the
sampling frequency; converting the samples of the RF
signal into digital values; and generating processed val-
ues based on the digital values.
[0053] In further features, the RF control method fur-
ther includes: generating the RF output using a driver;
applying a rail voltage to the driver based on a rail voltage
setpoint; driving the driver based on a driver control set-
point; and, based on the processed values, selectively
adjusting at least one of the rail voltage setpoint and the
driver control setpoint.
[0054] In yet further features, the RF control method
further includes detecting a transition in the RF output
when an increase in the RF signal is greater than a pre-
determined value.
[0055] In still further features, the RF control method
further includes detecting a transition in the RF output
when a decrease in the RF signal is greater than a pre-
determined value.
[0056] In further features, the RF control method fur-
ther includes detecting a transition in the RF output when
one of an increase and a decrease in the rail voltage is
greater than a predetermined value.
[0057] In yet further features, the RF control method
further includes detecting a transition in the RF output
when one of an increase and a decrease in an input to
the driver is greater than a predetermined value.
[0058] In still further features, the RF control method
further includes: measuring a second parameter of the
RF output using the RF sensor; generating a second RF
signal based on the second parameter using the RF sen-
sor; sampling the second RF signal at the sampling fre-
quency; converting the samples of the second RF signal
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into second digital values; generating second processed
values based on the second digital values; and selec-
tively adjusting at least one of the rail voltage setpoint
and the driver control setpoint further based on the one
of the second processed values.
[0059] Further areas of applicability of the present dis-
closure will become apparent from the detailed descrip-
tion, the claims and the drawings. The detailed descrip-
tion and specific examples are intended for purposes of
illustration only and are not intended to limit the scope of
the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0060] The present disclosure will become more fully
understood from the detailed description and the accom-
panying drawings, wherein:

FIG. 1 is a functional block diagram of an example
radio frequency (RF) plasma chamber system ac-
cording to the present disclosure;

FIG. 2 is an example graph of output power of an RF
generator versus time;

FIG. 3 is a functional block diagram of an example
portion of the RF plasma chamber system according
to the present disclosure;

FIG. 4 is another example graph of output power of
an RF generator versus time;

FIG. 5 is another functional block diagram of an ex-
ample portion of the RF plasma generator system
according to the present disclosure;

FIG. 6 is another functional block diagram of an ex-
ample portion of the RF plasma generator system
according to the present disclosure;

FIG. 7 is a flowchart depicting an example method
of sampling and digitizing measurements of an RF
sensor according to the present disclosure;

FIG. 8 is a flowchart depicting an example method
of providing values of the measurements of an RF
sensor corresponding to level transitions in an RF
output and controlling the RF output based on the
values according to the present disclosure;

FIG. 9 is a flowchart depicting another example
method of providing values of the measurements of
an RF sensor corresponding to level transitions in
an RF output and controlling the RF output based
on the values according to the present disclosure;
and

FIG. 10 is a flowchart depicting another example

method of providing values of the measurements of
an RF sensor corresponding to level transitions in
an RF output and controlling the RF output based
on the values according to the present disclosure.

[0061] In the drawings, reference numbers may be re-
used to identify similar and/or identical elements.

DETAILED DESCRIPTION

[0062] Referring now to FIG. 1, a functional block dia-
gram of an example radio frequency (RF) plasma cham-
ber system is presented. A radio frequency (RF) gener-
ator module 104 receives alternating current (AC) input
power and generates an RF output using the AC input
power. The RF output is applied to a plasma electrode
108 of a plasma chamber 112. In other types of systems,
the RF output may be used differently. The plasma elec-
trode 108 may be used, for example, in thin film deposi-
tion, thin film etching, and other types of systems.
[0063] An output control module 116 receives a power
setpoint (P Set) for the RF output that is generated by
the RF generator module 104 and that is delivered to the
plasma electrode 108. The power setpoint may be pro-
vided, for example, via an external interface 120 or an-
other suitable source. The external interface 120 may
provide the power setpoint to the output control module
116, for example, based on a diagnostic or user input
provided via a universal standard (US) 232 connection,
via an Ethernet connection, via a wireless connection, or
via a front panel interface.
[0064] An RF sensor 124 measures one or more pa-
rameters of the RF output and generates an RF signal
based on the measured parameter(s). For example only,
the RF sensor 124 may include a voltage-current (VI)
sensor, an RF probe, a directional coupler, a gamma
sensor, a phase-magnitude sensor, or another suitable
type of RF sensor.
[0065] A measurement control module 128 samples
the RF signal at a predetermined sampling frequency.
The measurement control module 128 converts the (an-
alog) samples into corresponding digital values. The
measurement control module 128 also applies one or
more signal processing functions to the digital values to
produce processed values.
[0066] The output control module 116 controls magni-
tude, frequency, and phase of the RF output. The output
control module 116 may selectively update one or more
parameters used to control the RF output at a predeter-
mined updating frequency. The predetermined updating
frequency is less than the predetermined sampling fre-
quency. In other words, the measurement control module
128 may sample the RF signal on multiple occasions
between consecutive times when the output control mod-
ule 116 may update one or more parameters used to
control the RF output.
[0067] The output control module 116 may selectively
update one or more of the parameters, for example,
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based on the processed values from the measurement
control module 128. However, a delay associated with
the sampling frequency of the measurement control mod-
ule 128 and the signal processing function(s) performed
to generate the processed values may cause the proc-
essed values to be non-time aligned with the updating.
[0068] The non-alignment in time of the processed val-
ues with the updating may cause the output control mod-
ule 116 to incorrectly adjust one or more of the parame-
ters used to control the RF output. For example, FIG. 2
is a graph of power versus time for a system where the
processed values are non-aligned in time with the updat-
ing performed by the output control module 116. Solid
trace 204 tracks a target power of the RF output, and
dotted trace 208 tracks the actual power of the RF output.
As illustrated in FIG. 2, the output control module 116
may cause the RF output to overshoot a target based on
the non-alignment of the processed values with the up-
dating. While the example of overshoot is provided, other
output controllers may undershoot or both under and
overshoot a target based on the non-alignment of the
processed values.
[0069] Referring back to FIG. 1, the measurement con-
trol module 128 therefore provides the processed values
to the output control module 116 each time that a transi-
tion in the RF output is detected. The transition may be
an increase or a decrease in the RF output. In this man-
ner, the provision of the processed values is synchro-
nized in time with the transitions in the RF output. Based
on these processed values that are time-aligned with the
transitions in the RF output and based on the setpoint
values that resulted in those processed values, the output
control module 116 may more accurately control the RF
output.
[0070] Referring now to FIG. 3, a functional block dia-
gram including an example portion of the RF plasma
chamber system is presented. The output control module
116 may generate a rail voltage setpoint (Rail Set) and
a driver control setpoint (Driver Set) based on the power
setpoint. Based on the rail voltage setpoint, a power sup-
ply module 304 generates a rail voltage from the AC input
power. The power supply module 304 applies the rail
voltage to a driver 308.
[0071] A driver control module 312 drives the driver
308 based on the driver control setpoint. The driver con-
trol setpoint may indicate a target duty cycle (i.e., a per-
centage of ON time for each predetermined period). The
driver control module 312 may generate a pulse width
modulation (PWM) signal having the target duty cycle
and apply the PWM signal to the driver 308. The driver
308 generates an RF output based on the PWM signal
and the rail voltage. A filter 316 may be implemented to
filter the output of the driver 308 before the RF output is
applied to the plasma electrode 108.
[0072] First and second analog to digital converter
(ADC) modules 330 and 334 receive first and second
parameters (X1 and X2) of the RF output measured by
the RF sensor 124. For example, the first and second

parameters may be voltage and current or other suitable
parameters measured by RF sensors. In various imple-
mentations, one parameter or more than two parameters
may be measured.
[0073] The first and second ADC modules 330 and 334
sample the first and second parameters at a predeter-
mined sampling frequency (Ts-1) and digitize the sam-
ples to produce first and second digital values (D1 and
D2). A processing module 338 performs one or more
signal processing functions on the first and second digital
values to produce first and second processed values (P1
and P2). The processing module 338 may, for example,
apply one or more filters (e.g., a band pass filter) and/or
perform one or more other suitable signal processing
functions. A band pass filter may be applied, for example,
to reject out of band measurements from the RF sensor
124.
[0074] A synchronization module 342 outputs the cur-
rent processed values to the output control module 116
as synchronized values (S1 and S2) when a level tran-
sition in the RF output is detected. As the predetermined
sampling frequency is faster than the frequency at which
the output control module 116 transitions the level of the
RF output, the processed values may be updated one or
more times before a level transition is detected.
[0075] The level transition in the RF output may be an
increase or a decrease in one or more parameters of the
RF output. While the example of a two-level RF output
is provided in the example of FIG. 2, the output control
module 116 may modulate the RF output to three or more
different levels in various implementations. The synchro-
nization module 342 may detect a level transition, for
example, when the first parameter and/or the second pa-
rameter measured by the RF sensor 124 increases or
decreases. The synchronization module 342 may require
that the increase or decrease be greater than a prede-
termined amount. In various implementations, the syn-
chronization module 342 may detect a transition in the
RF output based on another suitable indicator of a tran-
sition in the RF output, such as the output of the driver
control module 312, the rail voltage, etc.
[0076] The output control module 116 may selectively
adjust the rail voltage setpoint and/or the driver control
setpoint based on the synchronized values. Based on
these values, the output control module 116 may more
accurately control the RF output. For example, FIG. 4 is
an example graph of power versus time where the pro-
vision of the processed values is aligned with level tran-
sitions in the RF output. Solid trace 404 tracks a target
power of the RF output, and dotted trace 408 tracks the
actual power of RF output. Relative to the example graph
of FIG. 2, it can be seen that use of the time aligned
values may decrease overshoot. The coherent pulse
generator can improve the repeatability of the pulse front
because the measurement and control are synchronized
with level transition.
[0077] Referring now to FIG. 5, another functional
block diagram including an example portion of the RF
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plasma chamber system is presented. Like the example
of FIG. 3, the first and second ADC modules 330 and
334 sample the first and second parameters at the pre-
determined sampling frequency (Ts-1) and digitize the
samples to produce first and second digital values (D1
and D2).
[0078] A synchronization module 504 outputs the cur-
rent digital values as synchronized values (S1 and S2)
when a level transition in the RF output is detected. The
synchronization module 504 may detect the occurrence
of a level transition as discussed above.
[0079] A processing module 508 performs one or more
signal processing functions on the first and second digital
values to produce first and second processed values (P1
and P2). The processing module 508 may, for example,
apply one or more filters (e.g., a band pass filter) and/or
perform one or more other suitable signal processing
functions. The processing module 508 outputs the proc-
essed values to the output control module 116, and the
output control module 116 may selectively adjust the rail
voltage setpoint and/or the driver control setpoint based
on the processed values.
[0080] Referring now to FIG. 6, another functional
block diagram including an example portion of the RF
plasma chamber system is presented. A sampling fre-
quency module 604 determines a sample frequency
(Ts-1) based on a period between level transitions in the
RF output. The sampling frequency module 604 may de-
tect transitions in the RF output, for example, when the
first parameter and/or the second parameter measured
by the RF sensor 124 increases or decreases. The sam-
pling frequency module 604 may require that the increase
or decrease be greater than a predetermined amount. In
various implementations, the sampling frequency mod-
ule 604 may detect a transition in the RF output based
on another suitable indicator of a transition in the RF out-
put, such as the output of the driver control module 312,
the rail voltage, etc.
[0081] First and second ADC modules 608 and 612
receive the first and second parameters (X1 and X2) of
the RF output measured by the RF sensor 124. The first
and second ADC modules 608 and 612 sample the first
and second parameters at the sampling frequency (Ts-1)
set by the sampling frequency module 604 and digitize
the samples to produce first and second digital values
(D1 and D2). As the sampling frequency module 604 sets
the sampling frequency based on the period between
level transitions, the first and second ADC modules 608
and 612 may produce the digital values approximately
simultaneously with each level transition.
[0082] A processing module 616 performs one or more
signal processing functions on the first and second digital
values to produce first and second processed values (P1
and P2). The processing module 616 may, for example,
apply one or more filters (e.g., a band pass filter) and/or
perform one or more other suitable signal processing
functions. The processing module 616 outputs the proc-
essed values to the output control module 116, and the

output control module 116 may selectively adjust the rail
voltage setpoint and/or the driver control setpoint based
on the processed values.
[0083] While single-channel RF plasma chamber sys-
tems are shown and have been discussed, the present
disclosure is also applicable to multi-channel RF gener-
ator systems. For example, a measurement control mod-
ule that is similar or identical to the example measure-
ment control module 128 of FIGs. 3, 5, or 6 may be pro-
vided for each channel of a multi-channel RF generator.
Additionally, while the present disclosure is discussed in
the context of RF generator systems, the present disclo-
sure is applicable to other types of systems that measure
an RF output and that selectively transition the level of
the RF output based on the measurements, such as
matching systems/networks.
[0084] Referring now to FIG. 7, a flowchart depicting
an example method of sampling and digitizing measure-
ments of the RF sensor 124 is presented. Control may
begin with 704 where the first and second ADC modules
330 and 334 reset and start first and second timers, re-
spectively. The first and second ADC modules 330 and
334 reset the first and second timers to a predetermined
period corresponding to the predetermined sampling fre-
quency (i.e., 1/the predetermined sampling frequency).
While two timers are discussed, one timer may be used
in various implementations.
[0085] At 708, the first and second ADC modules 330
and 334 determine whether the values of the first and
second timers are equal to zero. If 708 is false, the first
and second ADC modules 330 and 334 decrement the
first and second timers at 712, and control returns to 708.
If 708 is true, control continues with 716. While resetting
the timers based on the predetermined period, decre-
menting the timers, and comparing the timers with zero
has been discussed, resetting to zero, incrementing, and
determining whether the timers are greater than or equal
to the predetermined period may be used.
[0086] At 716, the first and second ADC modules 330
and 334 sample the first and second parameters meas-
ured by the RF sensor 124 and digitize the samples to
produce first and second digital values. The first and sec-
ond ADC modules 330 and 334 hold the first and second
digital values until a next time that first and second pa-
rameters are sampled and digitized. Control returns to
704 after 716.
[0087] Referring now to FIG. 8, a flowchart depicting
an example method of providing values of the measure-
ments of the RF sensor 124 corresponding to level tran-
sitions in the RF output and controlling the RF output
based on the values is presented. The method may be
performed, for example, by the measurement control
module 128 of FIG. 3 and may be executed in parallel
with the execution of the method of FIG. 7.
[0088] Control may begin with 804 where the process-
ing module 338 processes the first and second digital
values output by the first and second ADC modules 330
and 334 to produce the first and second processed val-
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ues. At 808, the synchronization module 342 determines
whether a transition in the level of the RF output has
occurred. If 808 is false, control may return to 804. If 808
is true, control may continue with 812.
[0089] At 812, the synchronization module 342 outputs
the first and second processed values as the first and
second synchronized values. The output control module
116 may selectively adjust the rail voltage setpoint and/or
the driver control setpoint at 816 based on the first and/or
second synchronized values. Control may then return to
804.
[0090] Referring now to FIG. 9, a flowchart depicting
another example method of providing values of the meas-
urements of the RF sensor 124 corresponding to level
transitions in the RF output and controlling the RF output
based on the values is presented. The method may be
performed, for example, by the measurement control
module 128 of FIG. 5 and may be executed in parallel
with the execution of the method of FIG. 7.
[0091] Control may begin with 904 where the synchro-
nization module 504 determines whether a transition in
the level of the RF output has occurred. If 904 is false,
control may remain at 904. If 904 is true, control may
continue with 908. At 908, the synchronization module
504 outputs the first and second digital values as the first
and second synchronized values. The processing mod-
ule 508 processes the first and second synchronized val-
ues at 912 to produce the first and second processed
values. At 916, the output control module 116 may se-
lectively adjust the rail voltage setpoint and/or the driver
control setpoint at 816 based on the first and/or second
processed values. Control may then return to 904.
[0092] Referring now to FIG. 10, a flowchart depicting
another example method of providing values of the meas-
urements of the RF sensor 124 corresponding to level
transitions in the RF output and controlling the RF output
based on the values is presented The method may be
performed, for example, by the measurement control
module 128 of FIG. 6.
[0093] Control may begin with 1004 where the first and
second ADC modules 608 and 612 receive the sampling
frequency. The sampling frequency module 604 deter-
mines the period between level transitions in the RF out-
put and determines the sampling frequency based on the
period between level transitions. The sampling frequency
module 604 may determine and/or update the sampling
frequency in parallel with the execution of the method of
FIG. 10.
[0094] At 1008, the first and second ADC modules 608
and 612 reset and start first and second timers, respec-
tively. The first and second ADC modules 608 and 612
reset the first and second timers to a period correspond-
ing to the sampling frequency (i.e., 1/the sampling fre-
quency). While two timers are discussed, one timer may
be used in various implementations.
[0095] At 1012, the first and second ADC modules 608
and 612 determine whether the values of the first and
second timers are equal to zero. If 1012 is false, the first

and second ADC modules 608 and 612 decrement the
first and second timers at 1016, and control returns to
1012. If 1012 is true, control continues with 1020. While
resetting the timers based on the period, decrementing
the timers, and comparing the timers with zero has been
discussed, resetting to zero, incrementing, and determin-
ing whether the timers are greater than or equal to the
period may be used.
[0096] At 1020, the first and second ADC modules 608
and 612 sample the first and second parameters meas-
ured by the RF sensor 124 and digitize the samples to
produce first and second digital values. At 1024, the
processing module 616 processes the first and second
digital values to produce the first and second processed
values. The output control module 116 may selectively
adjust the rail voltage setpoint and/or the driver control
setpoint at 1028 based on the first and/or second proc-
essed values. Control may then return to 1004.
[0097] 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 dis-
closure can be implemented in a variety of forms. There-
fore, 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. 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. It should be under-
stood that one or more steps within a method may be
executed in different order (or concurrently) without al-
tering the principles of the present disclosure.
[0098] In this application, including the definitions be-
low, the term module may be replaced with the term cir-
cuit. The term module may refer to, be part of, or include
an Application Specific Integrated Circuit (ASIC); a dig-
ital, analog, or mixed analog/digital discrete circuit; a dig-
ital, analog, or mixed analog/digital integrated circuit; a
combinational logic circuit; a field programmable gate ar-
ray (FPGA); a processor (shared, dedicated, or group)
that executes code; memory (shared, dedicated, or
group) that stores code executed by a processor; other
suitable hardware components that provide the de-
scribed functionality; or a combination of some or all of
the above, such as in a system-on-chip.
[0099] The term code, as used above, may include
software, firmware, and/or microcode, and may refer to
programs, routines, functions, classes, and/or objects.
The term shared processor encompasses a single proc-
essor that executes some or all code from multiple mod-
ules. The term group processor encompasses a proces-
sor that, in combination with additional processors, exe-
cutes some or all code from one or more modules. The
term shared memory encompasses a single memory that
stores some or all code from multiple modules. The term
group memory encompasses a memory that, in combi-
nation with additional memories, stores some or all code
from one or more modules. The term memory may be a
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subset of the term computer-readable medium. The term
computer-readable medium does not encompass transi-
tory electrical and electromagnetic signals propagating
through a medium, and may therefore be considered tan-
gible and non-transitory. Non-limiting examples of a non-
transitory tangible computer readable medium include
nonvolatile memory, volatile memory, magnetic storage,
and optical storage.
[0100] The apparatuses and methods described in this
application may be partially or fully implemented by one
or more computer programs executed by one or more
processors. 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 and/or rely on
stored data.
[0101] The invention is also defined in the following
clauses:

Clause 1. A radio frequency (RF) system, compris-
ing:

an RF sensor that measures a parameter of an
RF output and that generates an RF signal
based on the parameter;
an analog to digital converter (ADC) module that
converts samples of the RF signal into digital
values;
a processing module that generates processed
values based on the digital values; and
a synchronization module that outputs one of
the processed values in response to a transition
in the RF output.

Clause 2. The RF system of Clause 1 further com-
prising:

a driver that generates the RF output;
a power supply module that applies a rail voltage
to the driver based on a rail voltage setpoint;
a driver control module that drives the driver
based on a driver control setpoint; and
an output control module that, based on the one
of the processed values, selectively adjusts at
least one of the rail voltage setpoint and the driv-
er control setpoint.

Clause 3. The RF system of Clause 2 wherein the
ADC module samples the RF signal at a first prede-
termined frequency.

Clause 4. The RF system of Clause 3 wherein the
output control module selectively updates the rail
voltage setpoint and the driver control setpoint at a
second predetermined frequency,
wherein the second predetermined frequency is less
than the first predetermined frequency.

Clause 5. The RF system of Clause 2 wherein the
synchronization module outputs the one of the proc-
essed values in response to one of an increase and
a decrease in the RF signal that is greater than a
predetermined value.

Clause 6. A radio frequency (RF) control method,
comprising:

measuring a parameter of an RF output using
an RF sensor;
generating an RF signal based on the parameter
using the RF sensor;
converting samples of the RF signal into digital
values;
generating processed values based on the dig-
ital values; and
outputting one of the processed values in re-
sponse to a transition in the RF output.

Clause 7. The RF control method of Clause 6 further
comprising:

generating the RF output using a driver;
applying a rail voltage to the driver based on a
rail voltage setpoint;
driving the driver based on a driver control set-
point; and,
based on the one of the processed values, se-
lectively adjusting at least one of the rail voltage
setpoint and the driver control setpoint.

Clause 8. The RF control method of Clause 7 further
comprising sampling the RF signal at a first prede-
termined frequency.

Clause 9. The RF control method of Clause 8 further
comprising selectively updating the rail voltage set-
point and the driver control setpoint at a second pre-
determined frequency,
wherein the second predetermined frequency is less
than the first predetermined frequency.

Clause 10. The RF control method of Clause 7 further
comprising outputting the one of the processed val-
ues in response to one of an increase and a decrease
in the RF signal that is greater than a predetermined
value.

Clause 11. A radio frequency (RF) system, compris-
ing:

an RF sensor that measures a parameter of an
RF output and that generates an RF signal
based on the parameter;
an analog to digital converter (ADC) module that
converts samples of the RF signal into digital
values;

15 16 



EP 3 723 458 A1

10

5

10

15

20

25

30

35

40

45

50

55

a synchronization module that outputs one of
the digital values in response to a transition in
the RF output; and
a processing module that generates a proc-
essed value based on the one of the digital val-
ues.

Clause 12. The RF system of Clause 11 further com-
prising:

a driver that generates the RF output;
a power supply module that applies a rail voltage
to the driver based on a rail voltage setpoint;
a driver control module that drives the driver
based on a driver control setpoint; and
an output control module that, based on the
processed value, selectively adjusts at least one
of the rail voltage setpoint and the driver control
setpoint.

Clause 13. The RF system of Clause 12 wherein the
ADC module samples the RF signal at a first prede-
termined frequency.

Clause 14. The RF system of Clause 13 wherein the
output control module selectively updates the rail
voltage setpoint and the driver control setpoint at a
second predetermined frequency,
wherein the second predetermined frequency is less
than the first predetermined frequency.

Clause 15. The RF system of Clause 12 wherein the
synchronization module outputs the one of the digital
values in response to one of an increase and a de-
crease in the RF signal that is greater than a prede-
termined value.

Clause 16. A radio frequency (RF) control method,
comprising:

measuring a parameter of an RF output using
an RF sensor;
generating an RF signal based on the parameter
using the RF sensor;
converting samples of the RF signal into digital
values;
outputting one of the digital values in response
to a transition in the RF output; and
generating a processed value based on the one
of the digital values.

Clause 17. The RF control method of Clause 16 fur-
ther comprising:

generating an RF output using a driver;
applying a rail voltage to the driver based on a
rail voltage setpoint;
driving the driver based on a driver control set-

point; and,
based on the processed value, selectively ad-
justing at least one of the rail voltage setpoint
and the driver control setpoint.

Clause 18. The RF control method of Clause 17 fur-
ther comprising sampling the RF signal at a first pre-
determined frequency.

Clause 19. The RF control method of Clause 18 fur-
ther comprising selectively updating the rail voltage
setpoint and the driver control setpoint at a second
predetermined frequency,
wherein the second predetermined frequency is less
than the first predetermined frequency.

Clause 20. The RF control method of Clause 17 fur-
ther comprising outputting the one of the digital val-
ues in response to one of an increase and a decrease
in the RF signal that is greater than a predetermined
value.

Claims

1. A radio frequency RF system, comprising:

an analog to digital converter (ADC) module
(330,334) configured to convert samples of an
RF signal into digital values, wherein the RF sig-
nal varies in accordance with an RF output,
wherein the RF signal varies in accordance with
a parameter of an RF output measured by a sen-
sor (124); and
at least one of:

i) a processing module (338) configured to
generate a processed value based on the
digital values; and
a synchronization module (342) configured
to synchronize the outputting of the proc-
essed value with a transition in a second RF
output;
or
ii) a synchronization module (504) config-
ured to synchronize the outputting of one of
the digital values with a transition in a sec-
ond RF output; and

a processing module (508) configured to gener-
ate a processed value based on the one of the
digital values.

2. The RF system of claim 1 further comprising:

a driver (308) configured to generate the RF out-
put;
a power supply module (304) configured to apply
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a rail voltage to the driver based on a rail voltage
setpoint;
a driver control module (312) configured to drive
the driver (308) based on a driver control set-
point; and
an output control module (116) configured to,
based on the processed value, selectively adjust
at least one of the rail voltage setpoint and the
driver control setpoint.

3. The RF system of claim 1 or 2 wherein the ADC
module (330, 334) is configured to sample the RF
signal at a first predetermined frequency.

4. The RF system of claim 2 or 3 wherein the output
control module (116) is configured to selectively up-
date the rail voltage setpoint and the driver control
setpoint at a second predetermined frequency,
wherein the second predetermined frequency is less
than the first predetermined frequency.

5. The RF system any of the preceding claims wherein
the synchronization module (342, 504) is configured
to output the one of the digital values in response to
one of an increase and a decrease in the RF signal
that is greater than a predetermined value.

6. A single channel RF generator system including the
RF system of any of the preceding claims.

7. A multi-channel RF generator system including the
RF system of any of claims 1 to 5.

8. A matching network including the RF system of any
of the preceding claims.

9. A radio frequency RF control method, comprising:

generating an RF signal based on a parameter
of a RF output measured by a RF sensor;
converting samples of the RF signal into digital
values; and
at least one of:

i) synchronizing the outputting of one of the
digital values with a transition in a second
RF output; and
generating a processed value based on the
one of the digital values;
or
ii) generating processed values based on
the digital values; and

synchronizing the outputting of one of the proc-
essed values with a transition in a second RF
output.

10. The RF control method of claim 9 further comprising:

generating an RF output using a driver;
applying a rail voltage to the driver based on a
rail voltage setpoint;
driving the driver based on a driver control set-
point; and,
based on the processed value, selectively ad-
justing at least one of the rail voltage setpoint
and the driver control setpoint.

11. The RF control method of claim 9 or 10 further com-
prising sampling the RF signal at a first predeter-
mined frequency.

12. The RF control method of claim 11 further comprising
selectively updating the rail voltage setpoint and the
driver control setpoint at a second predetermined
frequency, wherein the second predetermined fre-
quency is less than the first predetermined frequen-
cy.

13. The RF control method of any of clams 9 to 12 further
comprising outputting the one of the digital values in
response to one of an increase and a decrease in a
parameter of in the second RF output that is greater
than a predetermined value.

14. A single-channel or multi-channel RF generator sys-
tem implementing the RF control method of any of
claims 9 to 13.

15. A matching network implementing the RF control
method of any of claims 9 to 13.
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