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ACCURATE DETERMINATION OF RADIO FREQUENCY POWER
THROUGH DIGITAL INVERSION OF SENSOR EFFECTS

INCORPORATION BY REFERENCE

{8061} A PCT Reguest Form is filed concurrently with this specification as part of the present
application.  Hach application that the present application claims benefu of or priority to as
identified in the concurrently filed PCT Request Form 13 incorporated by reference heretn in its

entirety and for all purposes.

BACKGROUND

{0062] Fabrication of integrated circuit devices may involve the processing of semiconductor
wafers in a semiconductor processing chamber. Typical processes may mvolve deposition,
which a semiconductor material may be deposited, such as i a layer-by-layer fashion, as well as
removal (e.g., etching) of material in certain regions of the semiconductor wafer. In commercial
scale manufacturing, each wafer contains many copies of a set of semiconductor devices, and many
wafers may be utilized to achieve the required volumes of semiconductor devices. Accordingly,
the commercial viability of a semiconduactor processing operation may depend, at least to some
extent, upon within-wafer uniformity and upon wafer-to-wafer repeatability of process conditions.
Consequently, efforts are made to ensure that each portion of a given wafer, as well as each wafer
processed in a semiconductor processing chamber, is subjected to tightly-controlled processing
conditions. Variations in processing conditions can bring about undesirable variations in
deposition and etch rates, which, in furn, may bring about unacceptable variations in an overall
fabrication process. Such variations may degrade circuit performance which, in turn, may give
rise to unaccepiable variations in performance of higher-level systems that utilize the integrated
circuit devices. Accordingly, techniques for monitoring semiconductor processes with increased
granularity, as well as an ability to make fine adjustments fo process variables during fabrication,

continues to be an active area of investigation.
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[#863] The background description provided herein is for the purposes of generally presenting
the context of the disclosure. Work of the presenily named inventors, to the extent it 15 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 imphiedly admitted as prior art against the

present disclosure.

SUMMARY

{8604} In an embodiment, an apparatus, such as an apparatus to null ouwt of phase lag of one or
more measurement sensors utilized m a multi-station integrated circuit fabrication chamber,
mcludes one or more measurement sensors disposed to measure voltage applied to, or current
coupled to, the multi-station integrated circust fabrication chamber. The apparatus also includes
one or more analog-to-digital converters, coupled to an output port of a corresponding one of the
one or more measurement sensors, to provide a digital representation of a radio frequency (RF)
signal measured by the one or more measurement sensors. The apparatus also includes a processor,
coupled to a memory, configured to compute a frequency response {which may be formulated as
a frequency response matrix) from the digital representation of the measured RF signal The
apparatus also includes a digital mnverter to divide or to multiply a digital representation of the RF
signal measured by elements of the frequency response matrix. In an embodunent, the apparatus

may auto correct a nulled-out phase lag.

[8065]  In some embodiments, the digual inverter includes a digital voltage signal inverter or a
digital current signal inverter. In some embodiments, the processor coupled to the memory is
configured to compute the elements of the frequency response (which may be formulated as a
frequency response matrix) during a calibration phase, and compute the inversion of the frequency
response {which may be formulated as a frequency response matrix} to provide the phase lag of
the one or more measurement sensors, which occurs during a process performed by the mulu-
station integrated circuit fabrication chamber. In some embodiments, the digital inverter includes
two or more Fast Fourter Transform blocks arranged in parallel. Tn some ervbodiments, each of
the two or more Fast Fourter Transform blocks 1s arranged in parallel with a corresponding delay
circuat. In some embodiments, the digital inverter includes a logic circuit, which 1s configered to
convey an cutput signal from the one or more measurement sensors {0 3 first of the two or more

Fast Fourter Transform blocks during a fivst clock portion and 15 configured to convey the output
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signal from the one or more measurement sensors to a second of the two or more Fast Fourier
Transform blocks during a second clock portion. In some embodiments, the digital inverter
mcludes a concatenation block configured to join cutput signal representations from the two or
more Fast Fourier Transform blocks arranged in parallel mnio a single output signal representation.
In some embodiments, the apparatus further includes a truncation block configured to truncate the
size of the single output signal representation. In some embodiments, the truncation block includes

a shiding window that 1s configured to adjust binary digits of the output signal representation.

[8066]  In an embodument, an apparatus is configured to null out 2 phase lag of 3 measurement
sensor. The apparatus includes one or more analog-to-digital converters, coupled to an output port
of a corresponding one of the one or more measurement sensors, to provide a digital represeniation
of a radio frequency (RF) signal measured by the one or more measurement sensors. The apparatus
also includes a processor, coupled to a memory, configured to compute a frequency response from
the digital representation of the measured RF signal measured. The apparatus also includes a
digital inverter to divide or multiply a digital representation of the R¥ signal measured by elements
of the frequency response mairix. In some embodiments, a frequency response may be formulated

as a frequency response matrix.

{8087} in some embodiments, the apparatus is adapted to null out a phase lag of one or more
measurement sensors and includes an analog-to-digital converter to convert an analog signal,
obtained from one or more output ports of a corresponding number of the one or more
measurement sensors to measure voltage apphied to (or current coupled to) a multi-station
integrated circuit fabrication chamber, to a digital representation. The apparaius also includes a
detector to detect the frequency content of the output signals of the one or more measurement
sensors. The apparatus also mncludes a processor coupled to a memory to determine, in response
to detecting the frequency content of the output signals of the one or more measurement sensors,
a frequency response function of the one or more measurement sensors, the processor coupled to
the memory additionally to null out the phase lag of the one or more measurement sensors by

mverting a frequency respornse function of the one or more measurement sensors.

[8968] In some embodiments, determining the frequency response (which may ionclude

deternmuning coefficients of a frequency response matrix) includes determoining a crossing of the
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digital representation of the signal with a reference signal level. In some embodiments, the
apparatus may also include determine, utilizing the crossing of the digital representation of the
signal measured by the one or more measurement sensors, a frequency content of the RF signal
and the nulled-out phase lag of the one or more measurement sensors. In some embodiments, the
crossing may correspond to crossing a RF signal ground. In some embodiments, the one or more
measurement sensors include a capacitive voltage transformer operating at any frequency between
about 300 kHz and 100 MHz  In some embodiments, the one or more measurement sensors
mcludes a current measurement sensor operating at a frequency of between about 300 kHz and
about 100 MHz.  In some embodiments, the nulling out of phase lag of the one or more
measurement sensors corresponds to canceling phase lag wmiroduced by the one or more
measurement sensors. In some embodiments, the frequency response, which may be formulated
as a frequency response matrix, forms a frequency response function. In some embodiments, the
processor is further configured to provide an estimate of RF power coupled to the multi-station
mtegrated circuit fabrication chamber utilizing 2 signal received from the one or more

measurement sensors that s advanced by an amount corresponding to the phase lag.

{8069}  In an embodiment, an apparatus is adapted to null out a phase lag of one or more
measurement sensors, including an analog-to-digital converter to convert an analog signal,
obtained from one or more output ports of a corresponding number of the one or more
measurement sensors to measure voltage applied to {or current coupled to) a multi-station
mtegrated circuit fabrication chamber, to a digital representation. The apparatus also includes a
detector o detect the frequency content of the output signals of the one or more measurement
sensors. The apparatus also includes a processor coupled to a memory to determine, in response
to detecting the frequency content of the output signals of the one or more measurement sensors,
a frequency response function of the one or more measurement sensors, the processor coupled to
the memory additionally to null out the phase lag of the one or more measurement sensors by

mverting a frequency response function of the one or more measurement sensors.

[8618] In some embodiments, detecting the frequency content of the output signals of the one
or more sensors includes detecting a crossing of the digital representation of the obtained analog
signal with a reference signal. In some embodiments, the reference signal corresponds to a radio

frequency {(RF) ground. In some embodiments, a first measarement sensor of the corresponding
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number of the one or more measurement sensors inchides a voliage measurement sensor. In some
embodiments, a second measurement sensor of the corresponding number of measurement sensors
mcludes a current measurement sensor. In some embodiments, the processor applies a phase lag
correction to measurements performed by the voltage measurement sensor and the current
measurement sensor to obtain a corrected instantaneous voltage measurement and corrected
mstantaneous current measurement. In some embodiments, the processor further operates to
compute RF power delivered to the multi-station integrated circuit fabrication chamber by
computing the product of a corrected instantaneous voltage and a corrected nstantaneous current.
In some embodiments, the processor further operates to compute a moving average of successive
computations of RF power delivered to the multi-station integrated circuit fabrication chamber to
estimate average RF power delivered to the multi-station integrated circuit fabrication chamber.
In some embodiments, the processor further operates to compute real-time power delivered to the
multi-station integrated circuit fabrication chamber utilizing real-time phase-corrected
mstantaneous voltage and real-time phase-corrected instantaneous current. In some embodiments,
the processor further operates to modify an amount of power generated by a power generator, for
coupling to the multi-station integrated circutt fabrication chamber, responsive to computing the
real-time power delivered. In some embodiments, the phase lag of the one or more measurement

sensors is determined in terms of clock periods.

[8011] In an embodiment, an apparatus is configured to estimate radio frequency (RF) power
coupled to a load, mcluding a current sensor having a current sensor frequency response function
and a voltage sensor having a voltage sensor frequency response function. The apparatus also
meludes a first analog-to-digital converter coupled to an output port of the current sensor. The
apparatus also includes a second analog-to-digital converter coupled to an output port of the
voltage sensor; and a processor coupled to a memory to obtain digital representations of
mstantaneous current and to obtain digital representations of mnstantaneous voltage, {0 obtain a
phase lag of the instantaneous current and the mstantaneous voltage, and to mvert the frequency
response function of the current sensor and the frequency response function of the voltage sensor
to counteract for the obtamed phase lag of the instantaneous current and the instantansous voltage.
In some embodiments, the current sensor of the apparatus inchides an inductive current

transformer. In some embodiments, the voltage sensor includes a capacitive voltage transformer.
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in some embodiments, the current sensor and the voltage sensor operate at any frequency between

about 300 kHz and about 100MHz

[0612] In an embodiment, an apparatus is adapted to null out a phase lag of one or more
measurement sensors, including: an analog-to digital converter to convert an analog signal,
obtained from one or more cutput ports of a corresponding number of the one or more
measurement sensors to measure voltage applied to or current coupled to a multi-station integrated
circuit fabrication chamber, to a digital representation. The apparatus also includes a detector to
detect a sensor response characteristic from the digital representation of the obtained analog signal.
The apparatus also includes a processor coupled to a memory o determine, in response to detecting
the sensor response characterisiic, at least one frequency component present i the digital
representation of the obtained analog signal, the processor coupled to the memory additionally to
null out the phase lag of the one or more measurement sensors by inverting a frequency response

function of the one or more nieasyrement sensors.

[8613] In some embediments, the detector of the apparatus detects the sensor response
characteristic by determining a crossing of the digital representation of the obtained analog signal
with a reference signal. In some embodiments, the detector detects the sensor response
characteristic uttlizing an analog representation of the reference signal. In some embodiments, the
detector detects the sensor response characteristic utilizing a digital representation of the reference
signal. In some embodiments, the processor is coupled to the memory and is configured to
determine the at least one frequency component present in the digital representation of the obtained
analog signal in response to detecting the crossing of the digital representation of the obtained
analog signal with the reference signal. In sorne embodiments, the processor coupled to the
memory performs the mverting of the frequency response function of the one or more
measurement sensors in the frequency domain. In some embodiments, the processor coupled to
the memory performs the inverting of the frequency response function of the one or more

megsurement sensors in the time domain.
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BRIEF DESCRIPTION OF THE DRAWINGS

[8014] The vanious embodiments disclosed herein are tHustrated by way of example, and not by
way of hmitation, in the figures of the accompanying drawings, in which like reference numerals

refer to similar elemenis.

{0015} Figure 1A shows a substrate processing apparatus for depositing or eiching a film on or
over a semiconductor substrate uithzing any number of processes, according to various

embodiments.
[8016] Figure 1B depicts a schematic view of an embodiment of a multi-station processing iool.

{89171 Figure 2A 15 a schematic diagram showing the phase lag 10 the measurement of a radio

frequency {(RF) signal, according to an embodiment.

0018]  Figure 2B 1s a schematic diagram showing an apparatus that may be utilized to
g ¢ g P Y

characterize waveforms Far and Jrr of Figure 2A according to an embodiment.

{8619  Figure 2C 15 a schematic diagram showing additional details of an apparatus used
developing a lookup table of values of phase lag introduced by devices utilized in measurement of

a RF signal, according to an embodiment that utilizes a time domam approach.

{0028} Figure 3 is a schematic diagram of an apparatus used i RF power measurement m a
multi-station 1utegrated circuat fabrication chamber, accordimg to an embodiment that wtilizes a

time domain approach.

{8021} Figure 4 is a flowchart for a method of determining a phase lag of one or more

measurement sensors, according to an embodiment that utilizes a tume domatin approach.

{89221 Figure S 15 a high-level schematic diagram of an apparatus used in RF power
measurement in a multi-station integrated circuit fabrication chamber according to an embodiment

that utilizes a frequency domain approach.
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18023} Figure 6 15 a schematic diagram of an apparatus used to perform digital inversion of
measurement signals from a multi-station integrated circuit fabrication chamber according to an

embodiment that utilizes a frequency domain approach.

[8024] Figure 7 15 a flowchart for a method of computing RF power from voliage signals from
a multi-station mtegrated circuit fabrication chamber according to an embodiment that utilizes a

frequency domain approach.

[0025] Figure 815 a flowchart for a method of computing RF power from current signals from
a multi-station mtegrated circuit fabrication chamber according to an embodiment that otilizes a

frequency domain approach.

DETAILED DESCRIPTION

[8026] In particular embodiments, determination of phase lag in radio frequency {RF) signal
sensors may be wtilized in conjunction with 8 variety of equipment utilized in the fabrication of
mtegrated circuits, such as equipment related to plasma-based mtegrated crreust fabrication. For
example, 1 a multi-station integrated circuit fabrication chamber, i which multiple
semiconductor wafers simultaneously undergo deposition or etching processes, determunation of
phase lag in voltage and current signals provided to the fabrication chamber may allow precise
computation, in real-time, of RF power conveved to the siations of the fabrication chamber.
Accordingly, in the event that conditions within the fabrication chamber give rise to changes in
the input impedance of the fabrication chamber (which may cause power directed to the input port
of the fabrication chamber to be reflected back to the RF power source), component values of an
mput impedance matching network may be adjusted by precise amounts in response o such
changes. Such precise adjustment of component values of the impedance matching network may
enable coupling of a specific quantity of power into the fabrication chamber while minimizing
power reflected from the fabrication chamber. Consequently, semiconductor processes conducted
within a multi-station fabrication chamber may be performed with greater accuracy which may, in
turn, result m lower defect ratios and higher vields of devices formed utidizing the fabrication

chamber,
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18027} 1o certain embodiments, determination of phase lag in RF signal sensors may allow
precise characterization of current and voltage parameters and/or waveforms that bring abowt
undesirable or abnormal operation of an integrated circuit fabrication chamber. For example, if
plasma within a fabrication chamber undergoes formation of an electric are, which may result in
an unwanted formation of compounds in a gaseous or plasma state within the fabrication chamber,
precise current and/or voltage conditions may be detected and characterized. Such characterization
may operate to prevent future occurrences of arcing, perhaps by modifying current and/or voltage

parameters that may have previously led to arcing within the fabrication chamber.

{0028} Particular embodiments may represent improvements over other approaches of
measuring or estimating phase lag in RF signal sensors for use in integrated circuit fabrication
processes. For example, in one such approach, phase lag of RF signal sensors may be estimated
by utilizing two-dimensional calibration circuits, which may be activated and analyzed in a post-
processing environment.  Consequently, effects of voltage and/or current sensor measurement
errors may go unnoticed until after integrated circuit processing operations are completed, which
may allow abnormal conditions to persist within an mtegrated circuit processing chamber for

extended periods of time.

18029} Further, such analog postprocessing utilizing calibration circuits may not predict and/or
characterize RF signal sensor phase lag over all frequencies of interest, such as frequencies as low
as about 300 kHz and frequencies as high as about 100 MHz  Accordingly, in an effort to
characterize phase lag in R¥ signal sensors, a group of calibration circuits may be constructed,
wherein each calibration circuit of the group may provide phase lag information over a specified
portion of a about 300 kHz to about 100 MHz range of frequencies. Consequently, characterization
of phase lag over such a wide range of frequency may require construction of numerous calibration

cireuits,

18038} Certain embodiments and implementations may be utilized in conjunction with a number
of water fabrication processes, such as various plasma-enhanced atomic layer deposition (ALD)
processes {e.g., ALD1, ALD2), various plasma-enhanced chemucal vapor deposition (e.g., CVDI,
CVD2, CVD3) processes, or may be utilized on-the-fly during single deposition processes. In

certain embodiments, a RF power generator having multiple output ports may be utilized at any
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signal frequency, such as at frequencies between about 300 kHz and about 60 MHz, which may
mclude frequencies of about 400 kiHz about 1 MHz about 2 MHz, about 13.56 MHz, and about
2712 MHz However, in other embodiments, RF power generators having multiple ouiput ports
may operate at any signal frequency, which may include refatively low frequencies, such as
between about 50 kHz and about 300 kHz, as well as higher signal frequencies, such as frequencies

between about 60 MHz and about 100 MHz, virtually without limitation.

{0031} It should be noted that although particular embodiments described herein may show
and/or describe multi-station semiconductor fabrication chambers comprising 4 process stations,
claimed subject matter may embrace multi-station mtegrated circuit fabrication chambers
comprising any number of process stations. Thus, in certain embodiments, individual output ports
of a RF power generator having multiple output ports may be assigned to a process station of a
multi-station fabrication chamber having, for exarmple, 2 process stations or 3 process stations. In
other embodiments individual output ports of a RF power generator having multiple output ports
may be assigned to process stations of a multi-station integrated circuit fabrication chamber having
a larger number of process stations, such as 5 process stations, 6 process stations, 8§ process

stations, 10 process stations, or any other number of process stations, virtually withouwt limitation.

10032} Addwionally, although particular embodiments described herein may show and/or
describe utilization of a single, relatively low frequency RF signal, such as a frequency of between
about 300 kHz and about 2 MHz, as well as a single, relatively high-frequency RF signal, such as
a frequency of between about 2 MHz and about 100 MHz, claimed subject maiter may embrace
the use of any mumber of frequencies below about 2 MHz as well as any number of frequencies
above about 2 MHz  Further, although particular embodiments, such as described herein, may
relate to measurement of characteristics of signals coupled to a multi-station integrated circuit
fabrication chamber, which may include voltage and current signals coupled to a fabrication
chamber utihzing a two-conductor transmussion line {e.g., a coaxial cable), claimed subject matter
is intended to embrace measurement of other signal characteristics. For example, particular
ernbodiments may relate to measurement of characteristics such as electric field strength and/or
magnetic field strength 0 a rectangular or circular waveguide, a strip line, or any other type of

transmission media coupled to a multi-station integrated circuat fabrication chamber.
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10033} Manufacture of semiconductor devices typically involves depositing or etching of one
or more thin films on or over a planar or non-planar substrate in an integrated fabrication process.
In some aspects of an integrated process, it may be useful to deposit thin films that conform to
unique subsirate topography. One type of reaction that 15 useful in many instances may involve
chemical vapor deposition {CVD). In typical CVD processes, gas phase reactants introduced into
stations of a reaction chamber simultaneously undergo a gas-phase reaction. The products of the
gas-phase reaction deposit on the surface of the substrate. A reaction of this type may be driven
by, or enhanced by, presence of a plasma, in which case the process may be referred to as a plasma-
enhanced chemical vapor deposition (PECVD) reaction. As used herein, the term CVD 1s intended
to include PECVD unless otherwise indicated. CVD processes have certain disadvantages that
render them less appropriate in some contexts. For instance, mass transport limitations of CVD
oas phase reactions may bring about deposition effects that exhibit thicker deposition at top
surfaces {e.g., top surfaces of gate stacks) and thinner deposition at recessed surfaces {e.g., bottom
corners of gate stacks). Further, in response to some semiconductor die having regions of differing
device density, mass transport effects across the substrate surface may result in within-die and
within-wafer thickuess variations. Thus, during subsequent etching processes, thickness variations
can result in over-etching of soroe regions and under-etching of other regions, which can degrade
device performance and die vield.  Another difficulty related to CVD processes is that such
processes are often unable to deposit conformal films in high aspect ratio features. This issue can
be mcreasingly problematic as device dimensions continue to shrink. These and other drawbacks
of particular aspects of wafer fabrication processes are discussed in relation to Figure 1A and

Figure 1B,

[80634] Inanother example, some deposttion processes involve multiple film deposition cycles,
each producing a diserete film thickness. For example, in atomic layer deposition (ALD),
thickness of a deposited layer may be limuted by an armount of one or more film precursor reactants,
which may adsorb onto a substrate surface, s0 as to form an adsorption-limited layer, prior to the
film-forming chemical reaction itself. Thus, a featore of ALD mvolves the formation of thin layers
of film, such as lavers having a width of a single atom or molecule, which are used in a repeating
and sequential matter. As device and feature sizes continue 10 be reduced in scale, and as three-
dimensional devices and structures become more prevalent 1 mtegrated circust (IC} design, the

capabifity of depositing thin conformal filros (e.g., films of material having a aniform thickness
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relative to the shape of the underlying structure) continues to gain in importance. Thus, in view
of ALD being a film-forming technique in which each deposition cycle operates to deposit a single
atomic or molecular layer of material, ALD may be well-suited to the deposition of conformal
films. Typical device fabrication processes involving ALD may inclide multiple ALD cycles,
which may nomber into the hundreds or thousands, may then be utilized to form films of virtually
any desired thickness. Fusther, in view of each fayer being thin and conformal, a film that results
from such a process may conform to a shape of any underlying device structure. In certain

mplementations, an ALD cycle may include the following steps:
{0035} Exposure of the subsirate surface to a first precursor.
[8036] Purge of the reaction chamber in which the substrate is located.

{8837}  Activation of a reaction of the substrate surface, typically with a plasma and/or a second

Precursor.
{8038] Purge of the reaction chamber in which the sebstrate 15 located.

[863%] The duration of each ALD cycle may typically be less than about 25 seconds or less than
about 10 seconds or less than about S seconds. The plasma exposure step {or steps) of the ALD

cycle may be of a short duration, such as a duration of about 1 second or Jess.

[8948] Tuming now to the figures, Figure 1A shows a substrate processing apparatus 100 for
depositing films on or over a semiconductor substrate utilizing any number of processes, according
to various embodiments. Processing apparatus 100 of Figure 1A uotilizes single process station
102 of a process chamber with a single substrate holder 108 (e g, a pedestal} in an interior volume,
which may be mamtained under vacuum by vacuum pump 118, Showerhead 106 and gas debivery
system 101, which may be fluidically coupled to the process chamber, may permut the delivery of
film precursors, for example, as well as carrier and/or purge and/or process gases, secondary
reactants, ete. Equipment utilized in the generation of plasma within the process chamber is also
shown n Figure 1A, The apparatus schematically illustrated in Figure 1A may be adapted for

performing, 1 particular, plasma-enhanced CVD.
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10041} In Figure 1A, gas delivery system 101 includes a mixing vessel 104 for blending and/or
conditioning process gases for delivery to showerhead 106, One or more mixing vessel inlet valves
120 may control introduction of process gases to mixing vessel 104, Particular reactants may be
stored i Hquid form prior to vaporization and subsequent delivery to process station 102 of a
process chamber. The embodiment of Figure 1A includes a vaporization point 103 for vaporizing
figuid reactant to be supplied to mixing vessel 104. In some embodiments, vaporization point 103
may comprise a heated hquid injection module. In some other embodiments, vaporization point
103 may comprise a heated vaporizer. In yet other embodiments, vaporization point 103 may be
eliminated from the process station. In some embodiments, a liguid flow controller (LFC)
upstream of vaporization point 103 may be provided for controlling a mass flow of hiquid for

vaporization and delivery to process station 102,

{80421 Showerhead 106 may operate to distribute process gases and/or reactants {eg., film
precursors) toward substrate 112 at the process station, the flow of which may be controlled by
one or more valves upstream from the showerhead {e.g, valves 120, 120A, 105). In the
embodiment depicted in Figure 1A, substrate 112 15 depicted as located beneath showerhead 106,
and is shown resting on a pedestal 108. Showerhead 106 may comprise any suttable shape, and
may include any suitable number and arrangement of ports for distributing process gases to
substrate 112. In some embodiments involving two or more stations, gas delivery system 101
includes valves or other flow control structures upstream from the showerhead, which can
mdependently control the flow of process gases and/or reactants to each station 50 as to permit gas
flow cut that to one station while prohubiting gas flow to a second station.  Furthermore, gas
delivery system 101 may be configured to independently control process gases and/or reactants
delivered fo each station 1n a multi-station apparatus such that the gas composition provided to
different stations 1s different; e.g., the partial pressure of a gas component may vary between

stations at the same time.

99431  InFigure LA, volurme 107 1s depicted as being located beneath showerhead 106, Tn some
erbodiments, pedestal 108 mav be raised or lowered to expose substrate 112 to volume 107 and/or
to vary the size of volume 107, Optionally, pedestal 108 ray be lowered and/or raised durimg
portions of the deposition process to modulate process pressure, reactant concentration, etc., within

volume 107, Showerhead 106 and pedestal 108 are depicted as being electrically coupled to radio
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frequency power supply 114 and maiching network 116 for powering a plasma generator. Thus,
showerhead 106 may function as an electrode for coupling radio frequency power into process
station 102, In some embodiments, the plasma energy is controlled {e.g., via a system controller
having appropriate machine-readable instructions and/or control logic) by controlling one or more
of a process station pressure, a gas concentration, a RF power generaior, and so forth. For example,
radio frequency power supply 114 and matching network 116 may be operated at any suitable RF
power level, which may operate to form plasma having a desired composition of radical species.
In addition, RF power supply 114 may provide RF power having more than one frequency
component, such as a low-frequency component (e.g., less than about 2 MHz) as well as a high

frequency component {e.g., greater than about 2 MHz).

18044} 1o some embodiments, plasma ignition and maintenance conditions are controtled with
appropriate hardware and/or appropriate machine-readable instructions in a system coniroller
which may provide control instructions via a sequence of input/output control (10C) instructions.
In one example, the instructions for bringing about ignition or maintaining a plasma are provided
in the form of a plasma activation recipe of a process recipe. In some cases, process recipes may
be sequentially arranged, so that at least some mstructions for the process can be executed
concurrently. In some embodiments, instructions for setting one or more plasma parameters may
be included 1n a recipe preceding a plasma ignition process. For example, a first recipe may
melude mstructions for setting a flow rate of an mnert {e.g, helium) and/or a reactant gas,
mstructions for setting a plasma generator to a power set pont and time delay instructions for the
first recipe. A second, subsequent recipe may include instructions for enabling the plasma
generator and time delay instructions for the second recipe. A third recipe may include mstructions
for disabling the plasma generator and time delay instructions for the third recipe. It will be
appreciated that these recipes may be further subdivided and/or terated in any suitable way within
the scope of the present disclosure. In some deposiiion processes, a duration of a plasma strike
may correspond to a duration of a few seconds, such as from about 3 seconds to about 15 seconds,
or may involve longer durations, such as durations of up to about 30 seconds, for example. In
certain embodiments described herein, much shorter plasma sirikes may be applied during a
processing cycle.  Such plasma sirike dorations may be on the order of less than about 50

milliseconds, with about 25 milliseconds being utilized in a specific example.
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18045]  For simplicity, processing apparatus 100 is depicted 1n Figure 1A as a standalone station
{102) of a process chamber for maintaming a low-pressure environment. However, it may be
appreciated that a plurality of process stations may be included in a mulii-station processing tool
environment, such as shown in Figure 1B, which depicts a schematic view of an embodiment of a
multi-station processing tool.  Processing tool 150 employs an integrated circust fabrication
chamber 165 that includes multiple fabrication process stations, each of which may be used to
perform processing operations on a substrate held in a wafer holder, such as pedestal 108 of Figure
1A, at a particular process station. In the embodiment of Figure 1B, the integrated circuit
fabrication chamber 165 is shown having four process stations 131, 152, 1353, and 154. QOther
similar multi-station processing apparatuses may have more or fewer process stations depending
on the embodiment and, for instance, the desired level of parallel wafer processing, size/space
consiraints, cost constraints, etc. Also shown in Figure 1B is substrate handler robot 173, which
may operate under the control of system controller 190, configured to move substrates from a
wafer cassette {(not shown in Figure 1B) from loading port 180 and into multi-station integrated

cireuit fabrication chamber 165, and onto one of process stations 151, 152, 153, and 154

{8046] Figure 1B also depicts an embodiment of a system controller 190 employed to control
process conditions and hardware states of process tool 158 System controlier 190 may include
one or more memory devices, one or more mass storage devices, and one or more processors. The
one or more processors may include a central processing unit, analog and/or digital mput/cutput
connections, stepper motor controller boards, ete. In some embodiments, system controller 190
controls all of the activities of process tool 150, System controlier 190 executes system control
software stored 1n a mass storage device, which may be loaded into a memory device, and executed
by a processor of the system controller. Software to be executed by a processor of system
controller 190 may include 1nstructions for controlling the timing, mixture of gases, fabrication
chamber and/or station pressure, fabrication chamber and/or siation temperature, wafer
temperature, substrate pedestal, chuck and/or susceptor position, number of cycles performed on
one or more substrates, and other parameters of a particular process performed by process tool
150. These programed processes may include various types of processes including, but not tinited
to, processes related to determining an amount of accumulation on a surface of the chamber
mterior, processes related to deposition of film on sobstrates mcluding mumbers of cycles,

determining and obtaiming a number of compensated cycles, and processes related to cleaning the
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chamber. Sysiem control software, which may be executed by one or more processors of system
controller 190, mav be configured in any suitable way. For example, various process tool
component subroutines or control objects may be writien to control operation of the process tool

components necessary to carry out various tool processes.

{0047} Insome embodiments, software for execution by way of a processor of system controller
190 may include input/output control (10C) sequencing instructions for controlling the various
parameters described above. For example, each phase of deposition and deposition cycling of a
substrate may inchide one or more instructions for execution by system controller 190, The
mstructions for setting process conditions for an ALD/CFD deposition process phase may be
mcluded in a corresponding ALD/CFD deposition recipe phase. In some embodiments, the recipe
phases may be sequentially arranged, so that all instructions for a process phase are executed

concurrently with that process phase.

{0048}  Other computer software and/or programs stored on a mass storage device of system
controtler 190 and/or a memory device accessible to system controller 190 may be employed n
some embodiments. Examples of programs or sections of programs for this purpose include a
substrate positioning program, a process gas conirol program, a pressure control program, a heater
control program, and a plasma control program. A substrate positioning program may include
program code for process tool components that are used to load the substrate onto pedestal 108 (of
Figure 1 A) and to control the spacing between the substrate and other parts of process tool 156 A
positioning program may include instructions for appropriately moving substrates in and out of

the reaction chamber as necessary to deposit films on substrates and clean the chamber.

[6649] A process gas control program may include code for controlling gas composition and
flow rates and for flowing gas into one or more process siations prior to deposition to bring about
stabilization of the pressure in the process station. In some embodiments, the process gas control
program includes instructions for introducing gases during formation of a film oun a substrate in
the reaction chamber. This may mclude mtroducing gases for a different number of cycles for one
or more substrates within a batch of substrates. A pressure control program may mclude code for
controlling the pressure 1n the process station by regulating, for example, a throttle valve in the

exhaust system of the process station, a gas flow mito the process station, etc. The pressure control
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program may include instructions for maintaining the same pressure during the deposition of

differing number of cycles on one or more substrates during the processing of the baich.

{0056] A heater control program may include code for controlling the current to heating unyt
110 that 1s used to heat the substrate. Alternatively, the heater control program may control

delivery of a heat transfer gas (such as helium)} to the substrate.

[8031] In some embodiments, there may be a user interface associated with system coniroller
190. The user interface may mclade a display screen, graphical software displays of the apparatus
and/or process conditions, and user imnput devices such as ponting devices, keyboards, touch

screens, microphones, ete.

{8032} In some embodiments, parameters adjusted by system controller 190 may relate to
process conditions, Non-himiting examples inchude process gas composition and flow rates,
temperature, pressure, plasma conditions, ete. These parameters may be provided to the user in
the form of a recipe, which may be entered utilizing the user mterface. The recipe for an entire
batch of substrates may include compensated cycle counts for one or more subsirates within the

batch in order to account for thickness trending over the course of processing the batch.

[8033] Signals for monitoring the process may be provided by analog and/or digital input
connections of system controller 196 from various process tool sensors. The signals for controlling
the process may be output by way of the analog and/or digital output connections of process tool
150. Non-limiting examples of process tool sensors that may be monitored include mass flow
controllers, pressure sensors {(such as manometers), thermocouples, eic. Nensors may also be
inchuded and used to monitor and determine the accumulation on one or more surfaces of the
mterior of the chamber and/or the thickness of a material laver on a substrate in the chamber.
Appropriately programmed feedback and control algorithms may be used with data from these

sensors to maintain process conditions,

{0054}  System controller 190 may provide program mnstructions for implementing the above-
described deposition processes. The program instructions may conirol a variety of process
parameters, such as DC power level, pressure, temperature, number of cycles for a subsirate,

amount of accumulation on at least one surface of the chamber interior, etc. The instructions may
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conirol the parameters {0 operate in-situ deposition of film stacks according to various

embodiments described herein.

{0955] For example, the system controller may mnclude control logic for performing the
techniques described herein, such as determining an amount of accumulated deposition material
currently on at least an interior region of the deposition chamber interior, applying the amount of
accumulated deposition material determined in (a), or a parameter derived therefrom, to a
relationship between (1) a number of ALD cycles required to achieve a target deposition thickness,
and (11} a variable representing an amount of accumulated deposition material, in order to obtaina
compensated number of ALD cycles for producing the target deposition thickness given the
amount of accumulated deposition material currently on the interior region of the deposition
chamber interior, and performing the compensated number of ALD cycles on one or more
substrates in the baich of substrates. The system may also include control logic for determining
that the accumulation in the chamber has reached an accumulation imit and stopping the
processing of the batch of substrates in response to that determination, and for causing a cleaning

of the chamber interior.

{6636} In addition to the above-identified functions and/or operations performed by system
controller 190 of Figure 18, the controlier may additionally control and/or manage the operations
of RF power generator 195, which may convey RF power to multi-station integrated circuit
fabrication chamber 165 via radio frequency input port 167, As described further herein, such
operations may relate to determining upper and lower thresholds for RF power to be delivered to
wmtegrated circuit fabrication chamber 163, deternuning actual (such as real-time) levels of RF
power delivered to integrated circuit fabrication chamber 163, RF power activation/deactivation
times, RF power on/off duration, duty cycle, operating frequency, and so forth,  Additionaily,
systern controller 190 may determine a set of normal operating parameters of RF power to be
dehvered to integrated circuit fabrication chamber 165 by way of wnput port 167, Such parameters
may include vpper and lower thresholds of, for example, power reflected from one or more of
mput port 167 in terms of a reflection coefficient (e g., the scattering parameter S11), voltage
standing wave ratio, uppert and lower thresholds of a voltage applied to one or more of 1nput port
167, upper and lower thresholds of current conducted through one or more of mput port 167, as

well as an upper threshold for a magnitude of a phase angle between a voltage and a current
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conducted through input port 167, Such thresholds may be utilized in defining “out-of-range” RF
signal characteristics. For example, reflected power greater than an upper threshold may indicate
an out-of-range R¥ power parameter. Likewise, an applied voltage or conducted current having a
value below a lower threshold or greater than an upper threshold may indicate out-of~range RF
signal characteristics. Similarly, a phase angle between an applied voltage and conducted current

being greater than an upper threshold may indicate an out-of-range RF power parameter.

{8057} In particular embodiments, multi-station integrated circuit fabrication chamber 165 may
comprise input ports in addition to wput port 167 {additional input ports not shown in Figure 1B).
in particelar embodiments, process stations of integrated circust fabrication chamber 165 may
utilize first and second mput ports in which a first input port may convey a signal having a first
frequency and in which a second mmput port may convey a signal having a second frequency. 1lse
of two or more frequencies may bring about enhanced plasma characteristics, which may give rise
to deposition rates within particular linuts and/or more easily controlled deposition rates. Use of
two or more frequencies may bring about other desirable consequences, and claimed subject matier
1s not limited in this respect. In certain embodiments, frequencies of between about 300 kHz and
about 100 MHz may be utilized. In some embodiments, signal frequencies of about 2 MHz or less
may be referred to as low frequency (LF) while frequencies greater than about 2 MHz may be

referred to as high frequency (HF).

{0058} it may be appreciated that regardless of the frequencies of RF voltage and current signals
coupled to multi-station integrated circuit fabrication chamber 165, it may be advantageous to
measure such signals with an imcreased degree of precision. For example, for sinusoidal voltage
and current signals that are in phase with each other, average RF power coupled to multi-station
mtegrated cirewit fabrication chamber 165 may be computed substantially i accordance with
expression {1) below:
Pa‘ug = ';"Vpeak X fyear {H)

Wherein Fpeat corresponds to a peak voltage signal and wherein Jpear corresponds to a peak current
signal. However, it may be appreciated that that expression {1} refers to a condition in which a

sinusoidal voltage signal and a sinusoidal current signal are 1n phase with each other. Accordingly,
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to account for mstances in which sinusoidal voltage signals and current signals are not in phase

with each other, expression (2) may be vtilized, in which:

1
Pavg - Py Vpeak X Ipeak €os {fb (:)

Wherein ¢ of expression (2) represents a phase angle between a voltage signal and a current signal.

{8089]  Accordingly, from expression (2} it may be apparent that if a significant phase lag (¢)
exists between the voltage and current signals, average power coupled to a fabrication chamber,
such as multi-station mtegrated circuit fabrication chamber 165, may be decreased. For example,
in response to a phase angle (¢} of 30° between voltage and current signals coupled to a fabrication
chamber, Pavg may be reduced by approximately 13.4%. For more significant values of phase lag
{#}, such as 60°, Pavg may be reduced by larger amounts, such as 50%. Further, for mstances in
which a phase angle {¢) between voltage and cusrent signals approaches 90°, average power may

be reduced to a negligible value (e.g., Fppg™ 0).

[BG66] Figure 2A is a schematic diagram showing phase lag in the measurement of a radio
frequency (R¥F) signal, according to an embodiment 200, In embodiment 200, the complex
mpedance of multi-station integrated circutt fabrication chamber 165, may be modeled and/or
characterized by an equivalent circuit that includes a series and/or parallel lumped circuit of
capacitor C165 with resistor R165 and wnductor L165.  In some embodiments, the complex
mpedance of multi-station integrated circuit fabrication chamber 165 may comprise a capacitance
having a value of between about 1.5 nF and about 3.5 nF and by a resistance of between about §
ohms and about 10 obms. In particular emabodiments, capacitor C168 way coroprise a value of
about 2.15 n¥ and resistor R165 may comoprise a value of about 7.89 ohms. However, claimed
subject matter is ntended to embrace any real or complex impedance, formed by series or parallel
combinations of resistive and reactive circuit elements, presented by an integrated circuit
fabrication chamber virtually without hmitation. In certain embodimenis, a complex impedance
presented by multi-siation integrated circuit fabrication chamber 165 may be dependent upon one
of more reactive gases and/or vapors present in the chamber, partial and total pressures of gases,

and other factors. Thus, for certain pressure/gas combinations, chamber 165 may present a
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predominantly capacitive load while for other pressure/gas combinations, chamber 165 may

present a predominantly inductive load, for example.

{0061}  In the embodiment of Figure 2A, capacitive voltage transformer 205 may be coupled {0
a transrussion line, such as a coaxial cable, for example, between RF power source 225A and
multi-station integrated circuit fabrication chamber 165, In particular embodiments, capacitive
voltage transformer 205 may represent a measurement sensor having a relatively high input
impedance that occasionally or periedically samples a voltage at node Frr shown 1 Figure ZA
without consuming a significant electric current. The embodiment of Figure ZA may also include
mductive current transformer 210, which may be coupled in series between RF power source 225A
and multi-station integrated circuit fabrication chamber 165, In particular embodiments, inductive
current transformer 210 may represent measurement sensor having a relatively low mput
impedance that occasionally or periodically samples a current conducted from RF power source

225 A without bringing about any significant voltage drop.

{80621  In particular embodiments, RF power source 225A may operate to automatically (e.g.,
without user input} adjust a frequency of an output signal so as to maintain a desired output power
level. Thus, in response to changes in input impedance presented by particular pressure/gas
combinations within multi-station integrated circuit fabrication chamber 165, RF power source
225A may automatically tune to a nearby frequency, such as a frequency within + 10% of a
selected frequency. Such automatic tuning of RF power source 2ZSA may bring about a capability
to deliver a relatively constant threshold amount of RF power even during conditions under which
impedance presented by chamber 165 may be tluctuating between or among two or more values

of real or complex impedance.

18063}  As shown in Figure 2A, a voltage at node Ver may be characterized as a conventional
sinusoidal voltage, or as a complex sinusoidal signal, having a peak amplitude indicated by #px as
depicted in graph 205A. Thus, in particular embaodiments, Jr# may cormprise a sinusoidal signal
superimposed on a pulse train 50 as to allow mtermttently pulsed sinusoidal signals to be applied
to a fabrication chamber. Alternatively, in other embodiments, Vrr may comprise a sinusoidal
signal of a first frequency superimposed on a pulse train wherein a sinusowdal signal of a second

frequency ts superimposed on the sinusotdal signal of the first frequency. Accordingly, Far of
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Figure 2A is intended to represent any number of composite waveforms having pulsed {e.g,,
relatively square wave) components, saw-toothed {e.g, ramped) components, as well as any

number of other components, and claimed subject matter is not limited m this respect.

[8064] Figure 2A also shows graph 2054, which mdicates that the voltage at node Vre
comprises a period corresponding to a frequency between, for example, about 300 kHz and about
100 MHz. Graph 205A also depicts a signal voltage measured by capacitive voltage transformer
205 (Vepry, which 1s shown as lagging in phase with respect to voltage signal Pre by an amount
that corresponds to a time difference of 47 However, in other embodiments, a signal voltage
measured by capacitive voltage transformer 205 may lead in phase with respect to voltage signal
Ver. In certain embodiments, such lagging or leading in phase may vary from between a few
degrees, such as 3°, 5° 10°, to a greater number of degrees, such as 25°, 30°, 45°, 60° and so

forth.

18065}  Similarly, graph 210A of Figure 2A also depicts a sinusoidal electric current conducted
through nductive current transformer 210, As shown in graph 210A, a RF current through
mnductive current transformer 210 (Jrr) comprises a peak current /px having a period corresponding
to a frequency of between, for example, about 300 kHz and about 100 MHz as a unit with an
additional +10% (for example) frequency fine-tuning capability. Graph 210A also depicts a
current signal measured by inductive current transformer 210 (hicr), which is shown as lagging in
phase with respect to current signal /zr by an amount that corresponds to a time difference 477 In
certain embodiments, such lagging or leading in phase may vary from between a few degrees, such
as 3°, 3°, 10°, to a greater number of degrees, such as 25°, 30°, 45°, 60°, and so forth. However,
m certain embodiments, components of inductive current transformer 210 may mtroduce a greater
phase lag than capacitive voltage transformer 20S. Thus, at least in some embodiments, 472> 47,
In certain other embodiments, phase lag introduced by 1nductive current transformer 210 may
comprise a much greater value than phase lag introduced by capacitive voltage transformer 205
{e.g., 472>> AT}, In certain embodiments 1 which RF power source 225A generates signals
having more than one frequency component, such as a low-frequency (LF) component and a high
frequency (HF) component, 472 and 471 may include a frequency dependent component such that

ATy = AT rr + AT and AT = ATor + ATomw.
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18066} Figure 2B 1s a schematic diagram showing an apparatus that may be utilized to
characterize waveforms Vre and fzr of Figure 2A according to an embodiment 250, 1t may be
appreciated that the arrangement of Figure 2B may be utilized to perform measurements of voltage
and current characteristics of signals operating within a more controlied environment than the
environment of Figure 2A. Such an environment may cosrespond to an environment in which a
reactive load representing a multi-station integrated circuit fabrication chamber has been replaced
by a real-valued 50 £ load 265. 1t should be noted, however, that a controlied environment may
utilize real-valued loads other than 50 O, and claimed subject matter 1s not limited in this respect.
In the more controlled environment of Figure 2B, in addition to replacement of multi-station
mtegrated circuit fabrication chamber 163 by 50 ( load 268, line lengths between RF power source
225A and inductive current transformer 210 and node Vrr may also be shortened so as to reduce
parasitic reactances and/or transmission hne effects that might bring about distortions in voltage
and current measurements. Further, RF power source 2258, which may be used in lieu of RF
power source 225A of Figure 2A, may represent a tunable frequency source, which may be capable
of providing a wide range of RF frequencies. For example, RF power source 2258 may provide,
for exarople, a wide variety of frequencies between about 300 kHz and about 100 MHz. Further,
RF power source 225B may be capable of sumultaneously generating a low frequency signal, such
as a signal having a frequency below about 2 MHz, as well as a high frequency signal, such as a

signal having a frequency greater than about 2 MHz.

{8967} Thus, n Figure 2B, RF power source 225B may be tuned to a first value {(e.g., about 300
kHz), and an output signal may be conveyed to inductive current transformer 210 and to capacitive
voltage transformer 20S. Characteristics of a waveform representing current /rr may be measured
utifizing inductive current transformer 210 and characteristics of a waveform representing Ver may
be measured by capacitive voltage transformer 205, In the embodiment of Figure 2B,
measurement scope 255 may function to digitize characteristics of the waveform representing
current frr so that such digitized characteristics can be stored in lookup table (LoT) 295 Ina
simifar manner measurement scope 257 may function to digitize characteristics of the waveform
representing cusrent /re so that such digitized characteristics can be stored in lookup table (LuT)
297 Such charactersstics may comprise zero crossing mformation, peak voltage/current,
distortion, phase/frequency noise, and/or any other parameters that may be used to characterize the

waveforms representing current Jre and vollage Vee. Following storage of characteristics into
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lookup tables 295 and 297, RF power source 2258 may be tuned to a second value {e.g., 301 kHz}
and the above-described process of measurement, digitization, and storage into lookup tables 295

and 297 may be repeated.

[8068] Figure 2C 18 a schematic diagram showing additional details of an apparatus vsed n
developing a lookup table of values of phase lag miroduced by devices utilized in measurement of
a RF signal, according to an embodiment 275 that utilizes a time domain approach. In a2 manner
similar to that of Figure 2B, the arrangement of components of Figure 2C, represents a relatively
controlled environment. In the embodiment of Figure 2, which may inchide LF power source
276A and HF power source 2768 generating signals o a matched (50 ) load. Development of a
lookup table of phase lag introduced by measurement equipment, such as capacitive voltage
transformer 205 and inductive current transformer 210 of Figures ZA and 2B, may begin with
generation of generation of RF power. In embodiment 275, LF power source 276A generates a
relatively low-frequency signal {such as a signal having a frequency of less than about 2 MHz)
and HF power source 2768 generates a relatively high-frequency signal (such as a signal having a
frequency of greater than about 2 MHz). Signals from LF power source 276A and HF power
source 2768 are combined, such as by combiner 277A and 2778, which may form composite

signals that include both LF and HF signal components.

{8069} In the embodiment of Figure ZC, an output signal from combiner 277A 15 coupled to an
mput signal port of inductive current transformer (ICT) 278A. An output port of inductive current
transformer 278A is coupled to analog-to-digital converter 279A. In a similar manner, an output
signal port from combiner 2778 is coupled to an input signal port of capacitive voltage transformer
{CVT) 2788, An output port of capacitive voltage transformer 2788 s coupled to an wnput port
of analog-to-digital voltage converter 2798, In particular embodiments, the coupling of the cutput
signals from a ramp function generator may provide an approach toward determuung
instantaneous voltage and current araplitudes of a RF signal level in which a digitized value of a
RF signal s compared against a ramp function {not shown in Figure 2C) having a known
aropliude-versus-time profile.  Accordingly, measurement of a RF signal level over a short
sampling period, imunediately followed by measurement ramp function signal over a similar
sampling period, may permit determination of a precise time at which the RF signal level was

measured. Use of a ramp function, followed or preceded by measurement of a RF signal level,
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may provide an approach toward measurement of RF signal characteristics other than

mstantaneous voltage and current, and claimed subject matter is not limited in this respect.

{0076] Output signals from analog-to-digital converter 279A may be coupled to an input port of
LE filtering module 284 and to an input port of HF filtering module 285, Likewise, output signals
from analog-to-digital converter 2798 may be coupled to an input port of LF filtering module 282
and to an input port of HF filtering module 283, In the embodiment of Figure 2C, LF wnversion
module 288 and HF inversion module 289 may generate amounts of phase delay or phase lag,

which may be added to digitized current signal outputs from analog-to-digital converter 279A.

{0071] I the context of this disclosure, it 18 recognized that in high-frequency domains, such as
domains in which a frequency of operation exceeds about 50 kHz, inductive current and capacitive
voltage sensors may be considered “invasive” in so far as the sensors iniroduce frequency-
dependent alterations, which distort the measured quantity {e.g., current, voltage, electric field,
magnetic field). Thus, also in this context, the process of nullifyving/eliminating frequency-
dependent effects including introduction of phase delay (phase lag} in signals sutput from a sensor
15 referred o as an mversion process. To verify that such nullifying/elimmating of frequency-
dependent effects may be verified via verification tools 292, which may be utilized to determine
when a match between output signals of LF inversion module 288 and LF zero crossing module
290 1s obtained. Verification tools 292 may additionally determine when a match between HY
mversion module 28% and HF zero crossing module 291 is obtained. When such maiches are
obtained, values for phase lag in the relatively controlled environment of Figure 2C may be entered

into a lookup table, such as a lookup table 267 of Figure 28,

{6672} In particular embodiments, and as previously mentioned herein, phase lag introduced by
an inductive current transformer may significantly exceed the phase lag introduced by a capacitive
voltage transformer. Accordingly, in some embodiments, such as that of Figure 2C, inversion
modules may be utilized to provide phase lag correction {such as automatic phase lag correction)
of digitized current signals only, utilizing LF inversion module 288 and HF wnversion module 289.
Thus, matrx muliiply module 298 may perform matrix multiplication operations to determine LF
power by multiplying output signals from LF filtering module 282 with ocutput signals from LF

mversion module 288 to determine instantaveous LF power. Likewise, matrix multiply module

N
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298 may determine HF power by multiplying output signals from HF filtering module 283 with
output signals from HF mversion module 289 to determine instantaneous HF power. Moving
average module 299 may be utilized to determine an estimated average or steady state power over

a period of time.

18673} In such instances, verification tools 292 may operate to perform comparisons between
output signals from LF filtering module 282 and output signals from LF zero crossing module 286,
Simifarly, verification tools 292 may perform comparisons between ouiput signals from HF
filtering module 283 and HF zero crossing module 287, Further, verification tools 292 may be
utilized fo determine accuracy of steady-state power measurements performed by moving average

module 299,

18074} Accordingly, returning now to Figure 2A, which may represent measurement of voltage
and current waveforms measured by capacitive voltage transformer 205 and inductive current
transformer 210, waveform characteristics stored in lookup table 295 and lookup table 297 of
Figure 2B may be subtracted from waveform characteristics measured in response to RF signals
being coupled to multi-station integrated circuit fabrication chamber 165, In particular
embodiments, such subtractions may allow computation of phase lag (e g., 471, A7) between the
measured zero crossing of a current or voliage signal coupled to the multi-station integrated circuit
fabrication chamber of Figure ZA with respect to the measured zero crossing of a current or voltage

signal coupled to a purely real impedance, such as 50 Q load 265 of Figure 2B.

{8075} Figure 3 15 a schematic diagram of an apparatus used in RF power measurement in a
multi-station integrated circust fabrication chamber, according to an embodiment 300 that utilizes
a time domain approach. It should be noted that lookup tables 295 and 297, computed utilizing
the apparatus of Figure 2C, are utilized in computing phase lag of RF signal characteristics
measured utilizing the apparatus of Figure 3. RF power sources 302 and 304 of Figure 3 may
represent REF power sources capable of generating, for example, between about 1 kW and about
10 kW, However, in other emabodiments, RF power sources 302 and 304 may generate less than
about 1 kW, such as about 500 W, about 750 W, and so forth. In still other embodiments, RF
power sources 302 and 304 may generate greater than about 10 kW, such as about 12 kW, about

15 kW, about 20 20 kW, and so forth. In addition, RF power sources 302 and 304 may generate
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RF power at frequencies of between about 300 kHz and about 100 MHz, for example, although
claimed subject matter is intended to embrace RF power sources of any useful frequency. In
particular embodiments, RF power source 302 may generate a signal having a frequency of about

400 kHz, and RF power source 304 may generate a signal having a frequency of about 13.56 MHz.

{8076} In particular embodiments, RF power sources 302 and 304 may operate to automatically
{e.g., without user input) adjust frequency of an output signal so as to maintain a desired output
power level Thus, i response to changes in input impedance presented by particular pressure/gas
combinations within multi-station integrated circuit fabrication chamber 165, for example, RF
power sources 302 and 304 may automatically tune 1o 2 nearby frequency, such as a frequency
within + 10% of a selected frequency. Such automatic tuning of RF power sources 302 and 304
may bring about a capability to deliver a relatively constant threshold amount of RF power even
during conditions under which impedance presented by chamber 165 may be fluctuating between

or among two or more values of real or complex impedance.

{80771  Signals from RF power sources 302 and 304 may be combined using combiner 306,
which may operate to combine output signals from the RF power sources for transnussion along a
single transmission line, such as a single coaxial cable, for example. Gutput signals from combiner
306 may be coupled to an input port of impedance matching network 308, which may operate to
match the impedance of inductive current transformer 310 and multi-station integrated circuit
fabrication chamber 165 to the characteristic impedance of transmission hine 307, In particular
embodiments, impedance matching network 308 may include reactive componenis, such as
inductors and capacitors arranged according to various circuit topologies, which may operate to
maximize power transferred from combiner 306 to mductive current transformer 310 and mult-
station integrated circuit fabrication chamber 165, In particular erobodiments, matching network
308 may operate to reduce a voltage standing wave ratio {VSWR)} on transmission line 307 to

below a threshold value {e.g., 1.25:1, 1.5:1, 1.75:1, ete.).

[8678] In the embodiment of Figure 3, inductive current transformer may present a neghigible
series impedance to RF signals from impedance matching network 308, In particular
embodiments, nductive current transformer 310 may utilize a sroall series resistance, which may

permit current to be computed via computing a voltage drop across the small series resistance,
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Accordingly, at least in particular embodiments, RF currents from impedance matching network
30% may not be significanily impeded by the presence of inductive current transformer 310, It
may be appreciated that, at least in particular embodiments, and inductive current fransformer
operates to transform a ligh-amplitude cusrent signal into a low-amplitude voltage signal. Such
transformation utilizes a frequency-dependent transfer function, which also represents a phase lag
mtroduced by the inductive current transformer. In a validation set up, such as described in
reference to Figure 3, this frequency response function may be evaluated and a lockup table (LaT)
may be generated to perform the mversion. It should be noted that eniries in the lookup table may
include entries corresponding to a time domain values or frequency domain values, so as to permit
mversion of a sensor frequency response function utilizing either time domain parameters or

frequency domain parameters.

{8979}  Capacitive voltage transformer 303, in contrast, may present a high impedance {such as
a virtually infinite impedance) to RF signals from impedance matching network 308 Thus, RF
voltage signals from impedance matching network 308 may not be significantly altered by the
presence of capacitive voltage transformer 305, 1n particular embodiments, a capacitive voliage
transformer may operate to transform a high-amplitude voltage signal into a low-voltage signal
Such transformation utilizes a frequency-dependent transfer function, which may reflect parasitic
mductances, which also represent phase lag introduced by the capacitive voltage transformer. In
a validation set up, such as described in reference to Figure 3, this frequency response function
may be evaluated in the lookup table may be generated to perform the nversion. In response to
sampling of RF current by way of inductive current transformer 310 and in response to sampling
of RF voltage by way of capacitive voltage transformer 305, R¥ signals may be conveyed to an

input port of multi-station ntegrated circuit fabrication chamber 165,

[8086] An output port of capacitive voltage transformer 3035 is coupled to an input port of
analog-to-digital converter 316. Simtlarly, an output port of inductive current transformer 3190 13
coupled to an nput port of analog-to-digital converter 322, In particular embodiments, analog-to-
digital converters 316 and 322 utilize a successive-approximation approach in which an mput
signal 13 held steady by a sample-and-hold circuit while a flash analog-to-digital converter
quantizes the sampled signal nto a relatively small number of binary digits (e.g., 3 bimary digits).

The binary digits are then coupled 1o a digital-to-analog converter, which may be accurate to, for
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example, 12 binary digits. An analog output signal from the digital-to-analog converter may then
be subtracted from the input signal to the analog-to-digital converter (316 or 322). The difference
between the analog output signal from the digital-to-analog converter and the mput signal to the
anafog-to-digital converter, which may be considered a “residue,” is amplified and coupled to a
subsequent stage of the analog-to-digital converter, and the above-described process may be
repeated. In such a successive-approximation architecture, the amphified residue is conveyed
through successive stages of the converter, thereby providing small number of hinary digits at each
stage {e.g., 3 hinary digits} unti the residue reaches a subsequent flash analog-to-digital converter

which operates to resolve the least-significant binary digits.

{8081} It should be noted that although analog-to-digital converters 316/322 are described as
employing a successive-approximation architecture, in other embodiments, alternative
architectures may be utilized. For example, in some embodiments, an analog-to-digital converter
architecture may be selected after performing a trade-off analysis, which may balance accuracy
with frequency performance.  Accordingly, in particular embodiments, an analog-to-digital
converter may utilize a pipelined architecture or any other conventional or unconventional

architecture according to particular system parameters and requirements.

10082] Dhgitized measurements of a voltage signal from analog-to-digital converter 316 may be
icaded 1nto a first matrix, depicted as [ V'] 318 in Figure 3, which includes digitized voltage values
as measured by capacitive voltage transformer 305, Sumilarly, digitized measurements of a current
signal from analog-to-digital converter 322 may be loaded into a second matrix, depicted as [I']
328 i Figure 3, which includes digitized current values measured by inductive current transformer
310, To detect the zero crossing of digitized voltages, zero crossing (ZC) module 320 is utilized.
An output signal from zero crossing module 320 1s coupled to an input port of freqguency module
326, which may utilize zero crossing characteristics of a voltage signal to determine a precise
operating frequency of one or more of RF power sources 302/304. In a simiar maouer, to detect
the zero crossing of digitized currents, zero crossing (ZC) module 330 roay be vtilized. It should
be noted that although embodiment 300 vtilizes signals from zero crossing modules 320 and 330
m the deterrmination of sensor response characteristics, other techmigues may be utilized to
determine sensor response characteristics and/or auto correct of phase lag and claimed subject

matter 1s not limited in this respect.
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10083} An output signal from zero crossing module 330 1s coupled to an input port of frequency
module 332, which may operate to utilize zero crossing characteristics of the current signal to
determine a precise operating frequency of one or more of RF power sources 302/304. In particular
embodiments, zere crossing moduies 320 and 330 may operate by determining a period in between
successive zero crossings of a digitized signal, multiplying by a factor of 2, and computing the
reciprocal of the determined period. It should be noted that although the embodiment of Figure 3,
as well as other embodiments described heremn, utilize zero crossing modules that operate o
determine when a signal crosses a R¥F ground {e.g, 0 V), in other embodiments, zero crossing
modules may operate to determine when a signal crosses below any conventent reference voliage

level, and claimed subject matter 15 not so limited.

{0084} Lookup tables 295 and 297, which store characterized voltage and current waveforms
determined in the more controlled environment of Figure 2B, may be utilized to provide a basis of
comparison for zero crossing characteristics of digitized signals measured utilizing the apparatus
of Figure 3. Accordingly, in response to performing a comparison operation between digitized
zero crossing values stored in lookup table 295 and digitized zero crossing values computed via
frequency module 326, a voltage signal phase lag may be computed. In the embodiment of Figure
3, values for voltage signal phase lag may be arranged in the form of a Nx2 matrix, which may

comprise a form that i1s substantially in accordance with expression (3}, below:

F 017
Py 0.2° (3)
Fy 0.4°

However, in other embodiments, values for voltage signal phase lag may be arranged in the form
of Nx2 mairix that may be arranged in terms of frequency and corresponding phase lags expressed
m terms of units of tiroe, so as to coroprise a form substantially 10 accordance with expression (4)

below:

Fr 1X107% sec
Fyr 1.1X107% sec (4)
Fyr 1.2X107%sec
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in addition, in other embodiments, values for voliage signal phase lag may be arranged in the form
of Nx2 matrix that may be arranged in terms of frequencies and corresponding phase lags
expressed in terms of clock cycles, so as to comprise a form substantially in accordance with

expression (5} below:

By

Fio 100 x {clock)
Fyr 120 X (clock)
Fy1 200 x (clock)

3

s
W
N’

Likewise, values for current signal phase lag may be arranged as a function of frequency in the
form of a Nx2 matrix, which are stored in matrix 338 [} Further, arrangement of current signal
phase lag as a function of frequency may be similar to the voliage phase lag matrices of expressions
{3), (4), and (5). In particular embodiments, values for current signal phase lag may exceed those

of voltage signal phase lag.

[0085]  In response to determining voltage, phase-corrected values for digitized voltage may be
stored in corrected voltage signal matrix 336 [V]. Simularly, phase-corrected values for digitized
current may be stored in corrected current signal matrix 338 [I]. Phase-corrected voltage and
current values may be coupled to put ports of multiplier module 340, Multiplier module 340
may compute average RF power utilizing expression (2), repeated here for convenience:

1

Payg = 'é'Vpeak * I‘peak oS ¢ (2

Wherein ¢ of expression {2) represents a phase angle between a voltage signal and a current signal.
Thus, since phase angle ¢ has been accurately determined in accordance with the above-described
components of Figure 3, an accurate average power may now be computed.  In particular
embodiments, multiplier module 340 wmay perform a succession of computations, utihizing
corrected mstantaneous voltages and corrected mstantanecus currents, {0 arrive af an average
power mvolving measurements performed during one or more complete pertods of a voltage and
current waveform.  Computations of mdividual power measurements may be summed via
summation module 344 and averaged via filtering/averaging module 350, which may function to
remove effects of spurious noise or other artifacts present m digitized voltage and current values.

in, which may be summed, via a summation module 344, and averaged via filtering/averaging
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module 350, Filtering/averaging module 350 may also operate to determine contributions of first
and second frequencies, such as frequencies generated by RF power sources 302 and 304, to an

overall average power.

[8086] Dagitized voliage values stored in voltage signal matrix 336 may be viilized by Fi/I2
filtering module 362 to separate frequency components into constituent components {e.g., first and
second frequencies). Min/max detect module 380 may then operate to determine, for example,
DC bias present in digitized voltages. Min/max detect module 380 may additionally operate to
determine peak voltage values present in digitized voltages. Ina similar manner, digitized current
values stored in current signal matrix 338 may be vtifized by Fy/F: filtering module 364 bring
first and second

about separation of frequency components into constituent components {e.g.

frequencies). Mim/max detect module 382 may then operate to determine, for example, BC bias
present in digitized currents. Min/max detect module 382 may additionally operate to determine

peak current values present in digitized currents.

{80871 Thus, the apparatus of Figure 3 provides a capability to perform real-time computation
of power delivered to a multi-station integrated circuit fabrication chamber utilizing phase-
corrected instantaneous voltage and phase-corrected mstantanesus current.  Thus, rather than
determining an average value for current conducted to a fabrication chamber {e.g., integrated over
a duration) for multiplication with an average value of voltage applied to a fabrication chamber
{e.n, integrated over a duration), which may result in an average power iniegrated over the
duration, real-time voltage and current measurements may be utilized to provide a real-time,
mnstantaneous value of delivered power. Accordingly, power from a power generator may be
rapudly modified (e.g., increased or decreased in real time} responsive to measurements of

mstantaneocus current and voltage.

[0088] It should be noted that in particular embodiments, the embodiment of Figure 3 may be
modified to utilize certain computational alternatives, which may reduce computing time and
computational complexity. For example, in one or more embodiments, in lieu of performing zero
crossing operations, which may be utilized to determine frequency and, 1o turn, to determive
{ookup table values, linear or polynomial-based curve fitting techniques may be employed. In one

or roore other embodiments, a hvbrid approach may be utilized, for example, in which for certain
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frequencies, the operations detailed in the description of Figure 3 are performed, while for other
frequencies, computational shortcuts, such as linear or polynomial-based curve fitting techniques
may be employed. Claimed subject matter is intended to embrace both such approaches toward

determination of phase lag in radio frequency signal sensors.

{00898} 1t should be noted that although certain embodiments described herein invelve detection
of zero crossing of current and voliage signals, (e.g., utilizing zero crossing modules 320 and 330}
nulling of phase lag of a sensor may be performed via other approaches. However, regardless of
an approach utilized to characterize a sensor’s frequency response, such response can be
represented i a frequency domain 1 a closed form, such as when the sensor’s frequency response
is relatively simple. In some instances, a closed form expression of a sensor’s frequency response
may involve first or second order lags, such as may be found responsive to use of a low-pass filter.
In other instances, a frequency response may be represented via a Fast Fourier Transform when a
sensor’s frequency response cannot be convenently described via a closed form expression.
Responsive to determination of a sensor’s frequency response, such response may then be inverted,
such as via mnversion of a closed form expression or by way of inverting of a matrix representation
of the sensor’s frequency response. Accordingly, the inverted representation of the sensor’s
frequency response may be applied to a signal, which may operate to remove or counteract {at

least in part) the effects of phase lag introduced by the sensor.

{0098} Figure 4 15 a flowchart for a method of determining a phase lag of one or more
measurement sensors, according to an embodiment 400 that utilizes a time domain approach. It
should be noted that claimed subject matter is intended to embrace variations of Figure 4, including
methods that include actions in addition to those of Figure 4, actions performed in an order
different than those of Figure 4, as well as methods 1ncluding fewer steps than those shown n
Figure 4. In addition, although the apparatus of Figure 3 may be suitable for performing the
method of Figure 4, the method may be performed by other apparatuses, systems, or arrangements,
and claimed subject matter 15 not linuted in thas respect. The method of Figure 4 may begin at
410, which may nclude cooverting an analog signal, obtained from one or more ports of a
corresponding number of measurement sensors, to measure power coupled to a multi-station
mtegrated circuit fabrication chamber, to a digital representation. Conversion of an analog signal

to a digital representation may involve use of an analog-to-digital converter, such as analog-to-
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e}

digital converters 316/322 of Figure 3. Analog-to-digital converters may utilize a pipelined
architecture, a successive-approximation architecture, or any other conventional or unconveniional
architecture, and claimed subject maiter is not imited in this respect. Measurement sensors may
comprise current and voltage measurement sensors, such as inductive curreni transformers,
capacitive voltage transformers, etc. In an alternative embodiment, measurement sensors may

comprise magnetic field sensors, eleciric field sensors, or any other type of sensor.

{8021} The method may continue at 420, which may involve detection of a crossing of a digital
representation of the obtained analog signal with a digital or analog representation of a reference
signal level In certain embodiments, a reference signal level may correspond to a RF signal
eround, m which case 420 may nvolve use of a zero-crossing detector, such as zero crossing
detectors 320/330 of Figure 3. The method may continue at 430, which may include determining,
m response to detecting the crossing of the digital representation of the obtained analog signal with
a reference signal level, at least one frequency component present in the obtained analog signal,
wherein the processer coupled to the memory is additionally to null out the phase lag of the one
or more measurement sensors through inversion of a frequency response function of the one or
more measurement sensors. In particular embodiments, inversion of a frequency response function
of a measurement sensor may comprise comparing a digitized output signal of a sensor, measured
under relatively controlled circumstances, with a digitized output of the sensor measured under
circumstances corresponding to delivery of RF power to a multi-station mtegrated cucuit

fabrication chamber.

10092} Figure 5 is a high-level schematic diagram of an apparatus used in RF power
measurement n a multi-station integrated circunt fabrication chamber according to an embodiment
500 that utilizes a frequency domain approach. Figure 5 llustrates four signal paths, i which
sweep generators S05A and SOSB fie within dotted lines S08A and 5088 representing calibration
arrangements.  In the upper left and lower left portions of Figure 3, sweep generators 305A and
5058 may correspound to frequency generators for generating a broad range of frequencies, for
example, such as frequencies from substantially 0 Hz (direct-current) up fo signals having
frequencies in the in the gigahertz range, such as I GHz, 2 GHz, etc. In some embodiments, one
or more of sweep generators S05A and S05B may represent a collection of frequency generators

that generate discrete frequencies, such as 300 kHz 400 kiHz 1 MHz, 2 MHz, 13.56 Mz, 27.12

34



(94

20

WO 2022/005815 PCT/US2021/038457

MHz, and so forth. Cutput signals from sweep generators 505A and 5058 may be coupled to (or
directly passed through} local oscillators S06A and 506B. In some embodiments, local osciliators
S06A and 5068 may represent oscillators having a fixed frequency of, for example, at least several
times greater than the highest frequency generated by sweep generator S05A/505B. Accordingly,
for example, when sweep generator 505 A and/or S05B generates a highest frequency of 100 MHz,
iocal oscillator 506A/5068 may generate a frequency of 400 MHz, 500 MHz, 920 MHz, etc. In
some embodiments, frequency of local oscillators 506 A/507B may be selected to satisfy a Nyquist
sampling criteria so as to preclude under sampling in downsiream processes. Mixers shown in
Figure 5, such as mixers 277A and 2778, thus receive a complex signal, which may include a
frequency generated by sweep generators 303A and 305B as well as signals generated by local

oscillators S06A and SOGB.

{8093}  In the embodiment of Figure 5, the calibration arrangements that lie within dotted lines
S08A and S08B also include switches S10A and 510B, which permits switching between
calibration position and on-tool metrology position. In the example of Figure 5, switch S10A 15
switched to a calibration position, in which signals flow from sweep generator SOSA| through local
oscillator SO06A, through one of mixers 277 A, and to an input port of ICT 278A. Also an example
of Figure 5, switch 510B 1s switched to a calibration position, in which signals flow from sweep
generator S05B, through local oscillator S06B, through one of mixers 270 7B, and to an input port
of CVT 2788. Accordingly, such arrangements permit calibration signals to be received by ICT
278A and CVT 278B. In addition, and also as shown in Figure 5, switches 510C and S10D are
shown as routing signals from ICT 278A and CVT 2788 to spectrum analyzers 515 and 515 B
{respectively). Thus, m a calibration envitonment, spectrum analyzers S15A and S15B allow
representations, such as digital representations, of signals from ICT 278A and CVT 2738 to be
stored in memory 520A and 520B. 1t should be noted that in lieu of switches 5104, S108, 510C,
and 510D, switching logic, which may be mmplemented via a computing device, may perform

equivalent switching functions.

[0094] In the embodiment of Figure 5, responsive to switches 5104, 5108, 510C, and 510D
being switched to a second position, which corresponds to an on-tool metrology position, signals
from ICT 278A and CVT 2788, can be measured beginming with analog-to~-digital converter 279A.

Responsive to analog-to-digital conversion of signals from ICT 278A and CVT 2788, dynamic
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mversion module 525 operates to utilize correction factors generated during calibration, such as
calibration factors stored in memory S20A and 5208 to perform characterization of ICT 278A and
CV'T 278B during, for example, deposition or etch processes. In some embodiments, dynamic
mversion module 325 performs a division {or multiplication by an inverse} process beginning with
determunation of the transfer function for ICT 278A and CVT 2788 stored within memory 520A
and 520B measured during cabibration of ICT 278A and CVT 278B. During a calibration
operation, a transfer function for CVT 2788 can be deternmined substantially m accordance with

expression {6}

Vimeasurea () = Vigue (F ) X Hoyr (f) (6}

Similarly, during a calibration operation, a transfer function for ICT 278A can be determined

substantially n accordance with expression (7}
Lneasurea (F 3 = L (F) X Hige(F) (7}

Thus, from expression (6} and {7) it may be recognized that to determine phase-corrected values
{such as automatically phase-corrected values) for measured current and measured voltage, and
mversion operation (e.g., division, or multiplication by an inverse} can be performed. Thus,

rearranging expressions {6) and {7}, expressions (8} and (9} can be formed, as follows:

i/rrz gasured (j ) ol

Virue (j) - Hopr (£ (U)

Y Iw'neasu‘:"ed {f )

S G
Itrue (! ) Hi(,"{’ ( f) (j }
[8995]  Figure 6 1s a schematic diagrarn of an apparatus used to perform digital inversion {e.g.,
division or multiplication by an inverse) of measurement signals from a mulii-station tegrated
circnit fabrication chamber according to an embodiment (600} that utilizes a frequency domain
approach. In particular embodiments, the schematic diagram of Figure 6 performs mversion of
measured voltage and current signals, which mcludes performing a division {or mudtiplication by
an inverse) operation of the measwred voltage and cusrent signals by the transfer function

determined responsive to switches 5104, SI0B, 510C, and 510D being switched to the
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“calibration” setting. In Figure 6, a clock input signal 601 1s shown as being coupled to Fast
Fourier transform (FFT) module 615 and to delay circuit 620. Additionally, clock input signal 601
is coupled to an input port of inverter logic element 605 and to AND gate 610. Thus, responsive
to clock input signal 601 assuming a positive voltage, such as during a positive portion of a clock
cycle, FFT module 615A operates to determine the frequency content of the input signal as a
function of time (V{1}}. Conversely, responsive to clock mput signal 601 assuming a negative
voltage, such as during a negative portion of a clock eycle, FFT module 6158 operates to determine
the frequency content of the input signal V{t}. Thus, FFT modules of 615A and 615B function to

alternatively process a portion of the input signal V{1).

[6096] It should be noted that although not explicitly shown in Figure 6, an equivalent
architecture of Figure & may operate to determine the frequency content of an input current signal,
which could be represented as (I{t}}. Accordingly, rather than inverting a voltage transfer function

Hv{w), an equivalent architecture may operate to invert a current transfer function hv{w).

{80971 As shown in Figure 6, delay circuit 620A operates in paraliel with FFT module 615A
Similarly, delay circuit 6208 operates in parallel with FFT module 615B. In some embodiments,
use of delay circuits 620A and 620B have been determined to improve the accuracy of the circuit
shown in the schematic diagram of Figure 6 In some instances, responsive to Fast Fourier
transform computation of input signal waveforms (e g., V{1}), such as performed by FFT modules
615A and 6158, being a relatively time-consuming process, delay circuits 620A and 6208 provide
some overfap between an input signal waveforms and a FFT representation. It may be appreciated
that combination of output signals of FFT module 615A and output signals of delay circuit 620A
{and the combination of output signals of FFT module 615B and output signals of delay circuut
6208) amount to the concatenation of the output signals in which the output signals of the delay
cireuit are concatenated with the output signals of the FFT module. Tnsome embodiments, the use
of delay circuits 620A and 620B, w parallel with FFT modules 615A and 615B, permits lower-
cost and widely-available FI'T modules having greater accuracy and speed than a single higher-

speed FFT module.

[8998]  In response to a division {or multiplication by an iverse) operation {indicated at 6235),

an inverse Fast Fourier transform (FFT) may be performed (such as by FFT ! module 630) on the
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resulting signal. In some embodiments, an inverse Fast Fourier transform may result in a digital
representation of time domain signals representing Vi, () and I (F) of expressions (8) and
{9, The resulting mverted transfer function, 1n which the apparent effect of phase lag in V{(t) and
in I{t), are removed from the frequency-transformed representation of V(1) {eg., Vi (/) in
expression (8)) and from the frequency-transformed representation of Wty (eg., Tie(f) in
expression {9). In response to inversion of the transfer function (e.g., Hoyr(f) and Hyop (F)) of
expressions {8) and (9), an analog representation of V., (f) and [, (f) is provided at an output
port of digital-to-analog converter 640, As explained further with reference to Figure 7, after
determination of Vi {f) and I,,,.(f), the concatenated frequency-domain representations of
Virwe ) and I (f) can be truncated so as to be pared down to, for example, a 16-bit
representation (rather than, for example, 32-bit concatenated representations of Vi, {(f) and
{3}, However, at least in particular embodiments, trancation of Vi, (f ) and I, (f ) may
utifize a shding window truncation rather than a fixed-position truncation. In an example solely
for the purposes of Hustrating the shiding-window principle, if the lower 4 bits of an 8-bit digital
word 01111111 (having a decimal value of 127} are to be truncated utilizing a standard technique,
such technique would result in 01111111 being truncated t0 0111 (having a decimal value of 112),
However, if a shiding-window technique were utilized, the &-bit digstal word 01111111 would be
truncated to 1111 (having a decimal value of 120). Accordingly, as illustrated via this simple and
non-lirniting example, truncation of concatenated frequency domain representations of Vi, (F)

and f;,,(f ) result in reducing binary word size with perhaps only minor degradations in accuracy.

[8099]  Also as explained further in reference to Figure 7, Vi () and 1. () may be filtered
utilizing, for exarople, a low-pass filter, a tugh-pass filter, or a bandpass filter. In some
embodiments, a low-pass filter for attenuating signals above about 5 MHz may separate low-
frequency signals {e.g , signals having a frequency of about 400 kHz) from high-frequency signals
{e.g. signals having a frequency of about 13.5 MHz). Also as explained further in reference 1o
Figure 7, Vo (f) and . (f) may be filtered utilizing a moving average filtering module
{similar to moving average module 299) to determine an estimated average or steady state power
over a period of time. In some embodiments, filtering via a moving average filter may reduce
fluctuations brought about by rapid varations in computed power (resulting from multiplication

of instantaneous values of V. (f) and /... (f)). Thus, in some instances, a moving average
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filter having a time window of between about 100 us (or more or less) to about 10 ms (or more or

iess) may operate to damp undesirably large fluctuations in computed power.

{0166} Figure 7 is a flowchart for a method 700 of computing RF power from voltage signals
from a multi-station mtegrated circuit fabrication chamber according to an embodiment that
utilizes a frequency domain approach. 1t should be noted that claimed subject matter is intended
to embrace variations of Figares 7 and 8, including methods that include actions in addition to
those of Figure 7 and 8, actions performed in an order different than those of Figures 7 and 8, as
well as methods including fewer steps than those shown. The method of Figure 7 begins at block
705 which include sensing, such as by a transducer, of a voltage signal. Block 710 may include
converting an analog signal (such as V(1)) to a digital representation of a voltage signal. The
method may continue in block 715, which includes sphitting or dividing signals, such as routing
signals to first and second FFT modules (e.g FFT modules 615A/G15B of Figure 6) during
alternating portions of a clock eycle. The method may continue at block 720, which may include
performing Fast Fourter transforms on signals divided or split responsive to block 715 to obtain of

frequency-domain representation of a voltage signal {e.g., V(o).

{0101}  The method may continue at block 725, which may include accessing transfer function
H{w) values stored n a memory. In some embodiments, block 725 may mvolve accessing a
memory, such as memory 520A and/or memory 5208 of a spectrum analyzer, that contains a
frequency-domain representation of a voltage sensor {eg, Hv{®)). Block 730 may include
dividing {or multiplying by an inverse)} the frequency-domain representation of a voltage signal
{{(e.g, Viw)) by a frequency response function {e.g., voltage transfer function) a voltage sensor
{{e.g., Hv{w)). Block 735 may include perforning an inverse Fast Fourier transform (FFT) to
arrive at a digital representation of phase-corrected signals from a voltage sensor. Block 740 may
melude concatenating delayed and non-delayed digital representations of phase-corrected signals
from a voltage sensor. Block 745 may include truncating, such as by way of a shiding window, to
reduce the bit length of the digual representations of phase-corrected signals from a voltage sensor.
Block 750 mav ioclude filtering, such as utihizing a low-pass filter, to obtain frequency
components, such as low-frequency components and high-frequency components. Block 755 may
mclude performing matrix multiplication operations to determine LF power as well as performing

matrix multiphication operations to determing HF power. Block 760 may include computing a
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moving average for power measurements resulting the matrix multiplication operations of block
755, Block 760 may include applying a moving average filter having a time window of between
about 100 us (or more or less) to about 10 ms {or more or less), which may operate to damp

undesirably large fluctuations in computed power.

{0162} Figwe 8 1s a flowchart for a method 800 of computing RF power from current
measurement signals from a multi-station integrated circwt fabrication chamber according to an
embodiment that utilizes a frequency domain approach. The method of Figure 8 begins at block
805 which include sensing, such as by a transducer, of a current measurement signal. Block 810
may include converting an analog signal (such as I{t)} to a digital representation of a current
measurement signal. The method may continue in block 815, which inchudes splitting or dividing
signals, such as routing signals to first and second FFT modules {e.g., similar to FFT modules
61SA/6ISE of Figure 6) during alternating portions of a clock cycle. The method may continue
at block 820, which may include performing a Fast Fourter transform on signals divided or split
responsive to block 815 to obtain of frequency-domain representation of a current measurement

signal {e.g., Hw}.

{0163} The method may continue at block 825, which may include accessing transfer function
H{w) values stored 1n a memory. In some embodiments, block 825 may mvolve accessing a
memory, such as memory 520A and/or memory 5208 of a spectrum analyzer, that contains a
frequency-domain representation of a current measurement signal {e.z, H{w)). Block 830 may
mchude dividing {or multiplying by an mnverse) the frequency-domain representation of a current
measurement signal {{(e.g., I{a)) by a frequency response function (e.g., current sensor transfer
function, Hi{e:)). Block 835 may include performing an inverse Fast Fourter transform (FFT ') to
arrive at a digital representation of phase-corrected signal from a current measurement sensor.
Block 840 may melude concatenating delaved and non-delayed digital representations of phase-
corrected siguals from a cwrent measurement sensor. Block 845 may include truncating, such as
by way of a shding window, to reduce the bit length of the digital representations of phase-
corrected signals from a current measurement sensor. Block 850 may wnclude filtering, such as
utilizing a low-pass filter, to obtain frequency components, such as low-frequency components
and high-frequency components. Block 855 may include performimg matrix multiphication

operations to determine LF power as well as performing matrix multiplication operations 1o
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determine HF power. Block 860 may include computing a moving average for power
measurements resulting from the matrix multiplication operations of block 855. Block 860 may
mchude applying 2 moving average filter having a time window of between about 100 us {or more
of tess} to about 10 ms {or more or less), which may operate to damp undesirably large fluctuations

in computed power.

{8104} Referning back to Figure 1B, system controlier 190 may comprise a portion of a system,
which may form a part of the apparatus of Figures 1A/IB.  Such systems can comprise
semiconductor processing equipment, including a processing tool or tools, chamber or chambers,

a platform or platforms for processing, and/or specific processing components {a wafer pedestal,

g,
a gas flow system, etc.). These systems may be integrated with electronics for controlling their
operation before, during, and after processing of a semiconductor wafer or substrate. The
electronics may be referred to as the “controller,” which may control various components or
subparts of the system or systems. The controller, depending on the processing reguirements
and/or the type of system, may be programimed to control any of the processes disclosed herein,
mcluding the number of cycles performed on a substrate, the delivery of processing gases,
temperature settings {e.g., heating and/or cooling), pressure settings, vacuum settings, power
settings, radio frequency (R¥) generator settings, RF matching circuit settings, frequency settings,
flow rate settings, fluid delivery settings, posttional and operation settings, wafer transfers into and
out of a too] and other transfer tools and/or load locks connected to or interfaced with a specific

systern.

10105}  Broadly speaking, the controller may be defined as electronics having various integrated
cireuits, logic, memory, and/or software that receive instructions, issue instructions, control
operation, enable cleaning operations, enable endpoint measurements, and the like. The integrated
circuits may include chips in the form of firmware that store program instructions, digital signal
processors {DSPs), chips defined as application specific integrated circuits (ASICs), and/or one or
more microprocessors, or microcontrollers or field-programmable gate arrays (FPGA) or FPGA
with system-on-a-chip (SoC) that that execute program mstructions {e.g., software}. Program
mstructions may be instructions communicated to the controller in the form of various individual
settings {or program files}, defining operational parameters for carrying out a particular process on

or for a semiconductor wafer or to a system. The operational parameters may, i some
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embodiments, be part of a recipe defined by process engineers to accomplish one or more
processing steps during the fabrication of one or more layers, materials, metals, oxides, silicon,

silicon dioxide, surfaces, circuits, and/or dies of a wafer.

[8186] The controller, in some embodiments, may be a part of or coupled to a computer that 13
mtegrated with, coupled to the system, otherwise networked to the system, or a combination
thereof. For example, the controller may be in the “cloud” or alf or a part of a fab host computer
system, which can allow for remote access of the wafer processing. The computer may enable
remote access to the system to monitor current progress of fabrication operations, examine a
history of past fabrication operations, examme trends or performance metrics from a plurality of
fabrication operations, to change parameters of current processing, to set processing steps to follow
a current processing, of to start a new process. In some examples, a remote computer (e.g. a server)
can provide process recipes to a system over a network, which may include a local network or the
Internet. The remote computer may include a user interface that enables entry or programming of
parameters and/or settings, which are then communicated to the system from the remote computer.
In some examples, the controlier receives instructions in the form of data, which specify
parameters for each of the processing steps to be performed during one or more operations. it
should be understood that the parameters may be specific to the type of process to be performed
and the type of tool that the controller is configured to interface with or control. Thus, as described
above, the coniroller may be distributed, such as by comprising one or more discrete controllers
that are networked together and working towards a common purpose, such as the processes and
controls described herein. An example of a distributed controller for such purposes would be one
or more integrated circuits on a chamber i communication with one or more integrated circuits
iocated remotely (such as at the platform level or as part of a remote corputer) that combine to

control a process on the chamber,

[8107]  Inthe foregoing detailed description, numerous specific details are set forth to provide a
thorough understanding of the presented embodiments or embodiments.  The disclosed
erobodiments or embodiments may be practiced without some or all of these specific detals. In
other instances, well-known process operations have not been described 10 detail so as to not
unnecessarily obscure the disclosed embodiments or embodiments. While the disclosed

embodiments or embodiments are described in conjunction with the specific embodiments or
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embodiments, it will be understood that such deseription is not intended to limit the disclosed

embodiments or embodiments.

{0168] The foregoing detailed description 15 directed to certain embodiments or embodiments
for the purposes of describing the disclosed aspects. However, the teachings herein can be apphied
and implemented in a multiiude of different ways. In the foregoing detailed description, references
are made to the accompanying drawings. Although the disclosed embodiments or embodiment
are described in sufficient detail to enable one skilled in the art to practice the embodiments or
embodiment, it 1s to be understood that these examples are not limiting; other embodiments or
embodiment may be used and changes may be made to the disclosed embodiments or embodiment
without departing from their spirit and scope. Additionally, it should be understood that the

L3

conjunction “or” is intended herein in the inclusive sense where appropriate unless otherwise
mdicated; for example, the phrase “A, B, or C” 15 intended to include the possibilities of “A)” “B.”

“‘C“Aand B, “Band C,” “Aand C.” and “A, B, and C.”

[8109] In this application, the terms “semicenductor wafer,” “wafer,” “substrate,” “wafer
substrate,” and “partially fabricated integrated circuit” are used interchangeably. One of ordinary
skiil in the art would understand that the term “partially fabricated integrated circuit” can refer to
a silicon wafer during any of many stages of integrated circuit fabrication thereon. A wafer or
substrate used i the semiconductor device industry typically includes a diameter of 200 mm, or
300 mm, or 450 mm. The foregoing detailed description assumes embodiments or embodiments
are implemented on a wafer, or in connection with processes associated with forming or fabricating
a wafer. However, the claimed subject matter 15 not so limited. The work piece may be of various
shapes, sizes, and materials. In addition to semiconductor wafers, other work pieces that may take

advantage of claimed subject matter may include various articles such as printed circuit hoards, or

the fabrication of printed circuit boards, and the like.

{8118} Unless the context of this disclosure clearly requires otherwise, throughout the
description and the claims, the words “comprise,” “comprising,” and the like are to be construed
in an inclusive sense as opposed to an exclusive or exhaustive sense; that 1s to say, in a sense of
“mecluding, but not imited t0.” Words using the singular or plural number also generally nclude

the plural or singular nomber tespectively. When the word “or” 1s used i reference to a hist of
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two or more items, that word covers all of the following interpretations of the word: any of the
stems in the Hist, all of the items in the list, and any combination of the items in the hist. The term
“embodiment” refers to implementations of techniques and methods described herein, as well as
to physical objects that embody the structures and/or incorporate the techniques and/or methods

described herein.
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