CHAMBER MATCHING USING VOLTAGE CONTROL
MODE

Field

[0001]  The present embodiments relate to performing chamber matching using a

voltage control mode.

Background

[0002] In plasma-based systems, plasma is generated within a plasma chamber.
For example, a radio frequency (RF) generator supplies power to a plasma chamber. When a
gas is supplied to the plasma chamber in addition to the power, plasma is struck within the
plasma chamber. The plasma may be used for numerous processes, €.g., etching, depositing,

cleaning, chemical deposition, etc.

[0003] Plasma chambers are different even under manufacturing control. Some
minor differences between the plasma chambers, e.g., parts of the plasma chambers, cable
routing within the plasma chambers, losses along RF transmission lines of plasma systems
that include the plasma chambers, etc., may create enough difference between the chambers
to induce variation in one or more of the processes. For example, a 1 to 2 percent variation in

an etch rate is created due to the differences in the plasma chambers.

[0004]  Also, a plasma chamber changes over time. For example, characteristics
of a plasma chamber change with wear and tear of the plasma chamber, condition of walls of

the plasma chamber, and/or erosion of parts of the plasma chamber.

[0005] It is in this context that embodiments described in the present disclosure



Summary
[0006) Embodiments of the disclosure provide apparatus, methods and computer
programs for chamber matching using a voltage control mode. It should be appreciated that
the present embodiments can be implemented in numerous ways, e.g., a process, an
apparatus, a system, a device, or a method on a computer-readable medium. Several

embodiments are described below.

[6007] In some embodiments, a voltage control mode is used to perform chamber-
to-chamber matching and/or to perform intra-chamber matching. The voltage control mode
is used to reduce variability in characteristics of one or more plasma chambers. The
variability in characteristics of one or more plasma chambers creates harmonics that add a
variation to a fundamental waveform. By measuring and extracting the harmonics, the
variability in characteristics is accounted for. Based on the harmonics, power supplied to a
plasma chamber is controlled and/or elements of a plasma system are replaced with other
corresponding elements to reduce the effect of the harmonics on the one or more plasma

chambers.

[0008] In several embodiments, a method for compensating for harmonics
produced during plasma processing in a plasma chamber is described. The method includes
retrieving a measurement of a combined waveform. The combined waveform includes a
fundamental waveform and a harmonic waveform. The combined waveform defines a
voltage proximate to a surface of a chuck, which is coupled to a radio frequency (RF)
transmission line. The RF transmission line is coupled to an impedance matching circuit.
The impedance matching circuit is coupled to an RF generator. The method further includes
extracting the fundamental waveform from the combined waveform, determining a difference
between a magnitude of the combined waveform and a magnitude of the fundamental
waveform, and controlling the RF generator to compensate for the difference. The method is

executed by one or more processors.

[0009] In a number of embodiments, a method for compensating for harmonics
produced during plasma processing in a plasma chamber is described. The method includes
retrieving a measurement of a combined waveform, which includes a fundamental waveform
and a harmonic waveform. The combined waveform defines a variable proximate to a
surface of a chuck, the chuck coupled to an RF transmission line, which is coupled to an
impedance matching circuit. The impedance matching circuit is coupled to an RF generator.



The method further includes extracting the fundamental waveform from the combined
waveform, determining a difference between a phase of the combined waveform and a phase
of the fundamental waveform, and receiving an indication of a change to a plasma system.
The change is made to compensate for the difference. The plasma system includes the RF
transmission line, an RF cable coupling the impedance matching circuit to the RF generator,
the impedance matching circuit, or a combination thereof. The method is executed by one or

more processors.

[0010] In some embodiments, a method for performing chamber-to-chamber
matching is described. The method includes retrieving a measurement of a combined
waveform, which includes a fundamental waveform and a harmonic waveform. The
combined waveform defines a voltage proximate to a surface of a chuck, which is coupled to
an RF transmission line. The RF transmission line is coupled to an impedance matching
circuit, which is further coupled to an RF generator. The method includes extracting the
fundamental waveform from the combined waveform, receiving an indication of coupling
another chuck to the RF transmission line, and retrieving a measurement of another combined
waveform. The other combined waveform defines a voltage proximate to a surface of the
other chuck. The method includes determining a difference between a magnitude of the other
combined waveform and a magnitude of the fundamental waveform and controlling the RF
generator to compensate for the difference. The method is executed by one or more

Processors.

[0011] In various embodiments, a method for performing chamber-to-chamber
matching is described. The method includes retrieving a measurement of a combined
waveform. The combined waveform includes a fundamental waveform and a harmonic
waveform. The combined waveform defines a voltage proximate to a surface of a chuck,
which is coupled to an RF transmission line. The RF transmission line is coupled to an
impedance matching circuit, which is coupled to an RF generator. The method includes
extracting the fundamental waveform from the combined waveform, receiving an indication
of coupling another chuck to the RF transmission line, and retrieving a measurement of
another combined waveform. The other combined waveform defines a voltage proximate to
a surface of the other chuck. The method includes determining a difference between a phase
of the other combined waveform and a phase of the fundamental waveform and receiving an
indication of a change to a plasma system. The change is made to compensate for the

difference. The plasma system includes he RF transmission line, an RF cable coupling the
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impedance matching circuit to the RF generator, the impedance matching circuit, the other

chuck, or a combination thereof. The method is executed by one or more processors.

[0012] In some embodiments, a method for performing intra-chamber matching is
described. The method includes retrieving a measurement of a combined waveform, which
includes a fundamental waveform and a harmonic waveform. The combined waveform
defines a voltage proximate to a surface of a chuck of a plasma chamber in a first condition.
The chuck is coupled to an RF transmission line, which is coupled to an impedance matching
circuit. The impedance matching circuit is coupled to an RF generator. The method includes
extracting the fundamental waveform from the combined waveform, receiving an indication
of a change in the plasma chamber from the first condition to a second condition, and
retrieving a measurement of another combined waveform generated within the plasma
chamber. The other combined waveform is generated when the plasma chamber is in the
second condition. The method includes determining a difference between a magnitude of the
other combined waveform and a magnitude of the fundamental waveform. The method
includes controlling the RF generator to compensate for the difference. The method is

executed by one or more processors.

[0013] In various embodiments, a method for performing intra-chamber matching
is described. The method includes retrieving a measurement of a combined waveform, which
includes a fundamental waveform and a harmonic waveform. The combined waveform
defines a voltage proximate to a surface of a chuck of a plasma chamber in a first condition.
The chuck is coupled to an RF transmission line, which is coupled to an impedance matching
circuit. The impedance matching circuit is coupled to an RF generator. The method includes
extracting the fundamental waveform from the combined waveform, receiving an indication
of a change the plasma chamber from the first condition to a second condition, and retrieving
a measurement of another combined waveform. The other combined waveform is generated
when the plasma chamber is in the second condition. The method includes determining a
difference between a phase of the other combined waveform and a phase of the fundamental
waveform and receiving an indication of a change to a plasma system. The change is made to
compensate for the difference. The plasma system includes the RF transmission line, an RF
cable coupling the impedance matching circuit to the RF generator, the impedance matching
circuit, the chuck, or a combination thereof. The method is executed by one or more

Processors.



[0014]  Some advantages of the above-described embodiments include reducing an
effect of intra-chamber or chamber-to-chamber variation on plasma. For example, a
combined waveform is obtained from measurement of plasma voltage. A fundamental
waveform is extracted from the combined waveform. Power supplied to a plasma chamber
that experiences the intra-chamber or chamber-to-chamber variation is changed to match an
amplitude of the combined waveform with an amplitude of the fundamental waveform. In
some embodiments, instead of power or in addition to power matching, one or more elements
of a plasma system that includes the plasma chamber, which experiences intra-chamber or
chamber-to-chamber variation, are changed to match a phase of the combined waveform with

a phase of the fundamental waveform.

[0015]  Other aspects will become apparent from the following detailed

description, taken in conjunction with the accompanying drawings.



BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The embodiments may best be understood by reference to the following

description taken in conjunction with the accompanying drawings.

[0017] Figure 1A shows an embodiment of a graph used to illustrate chamber
matching using a voltage control mode, in accordance with some embodiments described in

the present disclosure.

[0018] Figure 1B is an embodiment of a graph for illustrating a fundamental
waveform and combined waveforms that include a sum of the fundamental waveform and
harmonics of the combined waveforms, in accordance with various embodiments described in

the present disclosure.

[0019] Figure 2 is a block diagram of an embodiment of a plasma system for
measuring voltage that is generated within a plasma chamber by using a probe within an
electrostatic chuck (ESC), in accordance with some embodiments described in the present

disclosure.

[0020] Figure 3A is a block diagram of an embodiment of a plasma system for
generating voltage waveforms of voltage of plasma within a plasma chamber by using a
probe within an RF tunnel and using a computer-generated model, in accordance with a

number of embodiments described in the present disclosure.

[0021]  Figure 3B is a block diagram of an embodiment of a host system for using
the computer-generated model to determine a value of a voltage at an ESC model, in

accordance with an embodiment described in the present disclosure.

[0022]  Figure 4 is a block diagram of an embodiment of a plasma system for
illustrating chamber-to-chamber matching between a plasma chamber of the plasma system
of Figure 2 and another plasma chamber, in accordance with an embodiment described in the

present disclosure.



DETAILED DESCRIPTION

[0023] The following embodiments describe systems and methods for chamber
matching using a voltage control mode. It will be apparent that the present embodiments may
be practiced without some or all of these specific details. In other instances, well known

process operations have not been described in detail in order not to unnecessarily obscure the
present embodiments.

[0024] Figure 1A shows an embodiment of a graph 102 used to illustrate chamber
matching using a voltage control mode. The graph 102 plots voltage along a y-axis and time
along an x-axis. A combined waveform WS, which is a sum of a fundamental waveform W0
and a fifth harmonic waveform of the fundamental waveform W0, is plotted and the
combined waveform W35 has a phase of n/3 relative to a phase of the fundamental waveform
wo.

[0025]) The combined waveform WS5 is generated when plasma is generated
within a plasma chamber. For example, the combined waveform WS plots a voltage of
plasma within the plasma chamber.

[0026]  The fundamental waveform WQ is extracted from the combined waveform
W5s.

[0027] A difference in a peak magnitude WSmag of the combined waveform W5
and a peak magnitude WOmag of the fundamental waveform WO is determined. The peak
magnitude W5mag of the combined waveform W35 is decreased to match the peak magnitude

WOmag of the fundamental waveform WO,

[0028] In some embodiments, a peak magnitude of a waveform is a maximum
magnitude of the waveform. For example, a sinusoidal waveform or a nearly sinusoidal
waveform has peaks and valleys. A peak magnitude is a magnitude of peaks of the sinusoidal
waveform or the nearly sinusoidal waveform. As another example, a peak magnitude is a

maximum of all magnitudes of a waveform.

[0029]  In several embodiments, instead of decreasing the peak magnitude W5mag
to match the peak magnitude W0Omag, when a peak magnitude of a combined waveform is
less than the peak magnitude WOmag, the peak magnitude of the combined waveform is

increased to match the peak magnitude WOmag.



{0030) In some embodiments, a difference $W5WO in phases of the combined
waveform W5 and the fundamental waveform WO is determined. For example, the
difference WS5WO in phases of the combined waveform W5 and the fundamental waveform
WO when the combined waveform W5 achieves the peak magnitude W5mag and the
fundamental waveform WO achieves the peak magnitude WOmag is determined. The phase
¢WS5 of the combined waveform W5 is increased by the phase difference ¢W5WO0 between
the phase ¢WO of the fundamental waveform WO and the phase ¢$WS5 of the combined
waveform W5. In various embodiments, when the ¢WS5 of the combined waveform WS is
increased by the phase difference ¢W5WO0, a peak magnitude of the combined waveform W5

aligns with a peak magnitude of the fundamental waveform WO.

[0031] In several embodiments, instead of increasing the phase ¢WS5 of the
combined waveform W5 by the phase difference ¢W5WO0, a phase of a combined waveform
(not shown) is decreased by a phase difference between the fundamental waveform W0 and
the combined waveform to align a peak magnitude of the fundamental waveform W0 with a
peak magnitude of the combined waveform. For example, instead of increasing the phase
oWS5 of the combined waveform W5 by the phase difference $W5WO0, a phase of a combined
waveform (not shown) is decreased by a phase difference between a peak magnitude of the
fundamental waveform W0 and a peak magnitude of the combined waveform (not shown) to

align a peak magnitude of the fundamental waveform WO with a peak magnitude of the
combined waveform (not shown).
[0032])  Similarly, a combined waveform W3, which is a sum of the fundamental

waveform W0 and a fifth harmonic waveform of the fundamental waveform WO, is plotted.

The combined waveform W3 has a phase of /4 relative to a phase of the fundamental
waveform WO0.

[0033]  Also, the combined waveform W3 is generated when plasma is generated
within a plasma chamber, which may be the same or different from the plasma chamber that
in which the combined waveform W35 is generated.

[0034]  The fundamental waveform WO is extracted from the combined waveform
W3 in a similar manner in which the fundamental waveform WO is extracted from the

combined waveform WS.

[0035] A difference in a peak magnitude W3mag of the combined waveform W3
and a peak magnitude WOmag of the fundamental waveform WO is determined. The peak



magnitude W3mag of the combined waveform W3 is decreased to match the peak magnitude

WOmag of the fundamental waveform WO.

[0036] In some embodiments, a difference $W3WO in phases of the combined
waveform W3 and the fundamental waveform WO when the combined waveform W3
achieves the peak magnitude W3mag and the fundamental waveform WO achieves the peak
magnitude WOmag is determined. The phase ¢W3 of the combined waveform W3 is changed
by the phase difference ¢W3WQ between the phase ¢WO of the fundamental waveform W0
and the phase ¢W3 of the combined waveform W3 to match the phase ¢W3 of the combined
waveform W3 with the phase ¢WO of the fundamental waveform WO. For example, the
phase ¢W3 of the combined waveform W3 is changed by the phase difference ¢W3IWO
between the phase ¢WO of the fundamental waveform WO and the phase ¢W3 of the
combined waveform W3 to align a peak magnitude of the combined waveform W3 with a
peak magnitude of the fundamental waveform WO. In this case, the phase difference

OdW3WO is zero.

[0037] In several embodiments, the combined waveform W3 is generated when a
plasma chamber 1 is in a condition 1 and the combined waveform W5 is generated when the
plasma chamber 1 is in a condition 2. In some embodiments, the condition 2 is a condition
that occurs at a different time than a time of occurrence of the condition 1. For example, the
condition 2 occurs after corrosion of one or more elements of the plasma chamber 1 and the

condition 1 occurs before the corrosion.

[0038] In several embodiments, the condition 2 is a condition that occurs after use
of the plasma chamber 1 to process a wafer and the condition 1 is a condition that occurs
before the use. The plasma chamber 1 is in the condition 1 before the use. For example, after
the plasma chamber 1 is used to perform wet cleaning of a wafer, the plasma chamber 1 has a
different condition, which is the condition 2, than before the performance of the wet cleaning.
As another example, after the plasma chamber 1 is used to etch a wafer, the plasma chamber
1 has a different condition, which is the condition 2, than before the performance of the
etching. As yet another example, after process gases are supplied within the plasma chamber
1, the plasma chamber 1 has a different condition than before the supplying of the process
gases. Some examples of processing the wafer 154 include etching the wafer 154, depositing
materials on the wafer 154, supplying process gases proximate to the wafer 154, cleaning the

wafer 154, etc.



[0039] In various embodiments, the combined waveform W3 is generated when
power is supplied to the plasma chamber 1 and the combined waveform W5 is generated
when power is supplied to a plasma chamber 2. In some embodiments, the plasma chamber 2
has the same structure as that of the plasma chamber 1. For example, the plasma chamber 2
includes elements that have same dimensions as that of corresponding elements in the plasma
chamber 1. As another example, the plasma chamber 2 includes elements that are of the
same type as that of corresponding elements in the plasma chamber 1. To illustrate, a
transformer coupled plasma (TCP) chamber is of a different type than an inductively coupled
plasma (ICP) chamber and both the TCP and the ICP chambers are of different types than an

electron cyclotron resonance (ECR) plasma chamber.

[0040]  Examples of elements of a plasma chamber include an upper electrode, a
lower electrode, an upper plasma exclusion zone (PEZ) ring, a lower PEZ ring, a heater, a
confinement ring assembly, an edge ring, an insulator layer, gas distribution apertures, walls
of the plasma chamber, an upper dielectric ring surrounding the upper electrode, an upper
electrode extension surrounding the upper dielectric ring, a lower dielectric ring surrounding
the lower electrode, a lower electrode extension surrounding the lower dielectric ring, etc.
The lower electrode is made of a metal, e.g., anodized aluminum, alloy of aluminum, etc.
Also, the upper electrode is made of a metal, e.g., aluminum, alloy of aluminum, etc. The

upper electrode is located opposite to and facing the lower electrode.
[0041] Examples of dimensions of an element include a size of the element, a
length of the element, a depth of the element, a width of the elements, a surface area of the

element, a volume occupied by the element, etc,

[0042]  Examples of elements of different types include a plate electrode, an
electric coil electrode, etc.

[0043]  In various embodiments, the plasma chamber 2 is structurally identical to
plasma chamber 1 and has a different identification code than that of the plasma chamber 1.
For example, an entity identifies the plasma chamber 1 using an identity code aaaa and the
entity identifies the plasma chamber 2 using an identity code bbbb. Examples of an entity
include a corporation, a partnership, etc.

[0044) In a number of embodiments, the plasma chamber 2 is structurally
identical to the plasma chamber 1 and is used to perform the same function as that of the

plasma chamber 1. Examples of a function performed by a plasma chamber include physical
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vapor deposition (PVD), chemical vapor deposition (CVD), plasma-enhanced CVD
(PECVD), metal CVD, a high-density plasma CVD (HDP-CVD) function, a photoresist strip
function, a photoresist surface preparation, ultraviolet thermal processing (UVTP), etc.

[0045] In various embodiments, the plasma chamber 2 is structurally and
functionally identical to plasma chamber | and has a different identification code than that of

the plasma chamber 1.

{0046] In several embodiments, power is supplied to the plasma chamber 1, which
is a golden chamber. In these embodiments, the plasma chamber 1 has a higher yield than
that of the plasma chamber 2. When power is supplied to the plasma chamber 1, the
combined waveform W3 is generated and the fundamental waveform WO is extracted from
the combined waveform W3, Also, in these embodiments, when power is supplied to the
plasma chamber 2, the combined waveform WS is generated. Moreover, power supplied to
the plasma chamber 2 is adjusted to modify the peak magnitude W5mag of the combined

waveform W5 to achieve the magnitude WOmag of the fundamental waveform that is

generated using the plasma chamber 1.

[0047] In some embodiments, instead of adjusting the power supplied to the
plasma chamber 2 to adjust the peak magnitude WSmag to match the peak magnitude
WO0mag, elements of a plasma system that includes the plasma chamber 2 are changed, e.g.,
replaced, tweaked, etc., to reduce the phase difference $W5W0. For example, a user changes
an RF transmission line of the plasma chamber 2 to reduce the phase difference ¢W5W0. As
another example, a user tweaks a distance between plates of a capacitor of an impedance

matching circuit of the plasma chamber 2 to reduce the phase difference ¢W5WO0.

[0048] Other examples of elements of a plasma system include an RF cable that
couples an RF generator of the plasma system to an impedance matching circuit of the
plasma system, an inductor of the impedance matching circuit, and an element of a plasma

chamber of the plasma system.

[0049]  In various embodiments, instead of changing elements of a plasma system
randomly or sequentially, a scan, e.g., an impedance scan, a network scan, etc., is performed
at one or more points between the x MHz RF generator and a wafer to determine an element
that is to be changed. For example, an impedance scanner is coupled to an RF transmission
line to generate impedance characteristics of elements of the plasma system between the RF

transmission line and an end of the plasma system. It should be noted that in several
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embodiments, a plasma chamber is located at an end of the plasma system and an RF
generator is located at a beginning of the plasma system. Impedance characteristics may
include a peak, which may be in phase with a phase of a harmonic waveform. Upon
determining that the peak is in phase with a phase of the harmonic waveform, it is determined
that an element that is to be changed lies between the impedance scanner and an output of the
RF transmission line or within the plasma chamber. Upon determining that the peak is out of
phase with a phase of the harmonic waveform, the impedance scanner is coupled to a
matchbox coupled to the RF transmission line to determine whether an element of the plasma
system that is to be changed is located between the impedance scanner and the end of the

plasma system,

[0050] Also, in some embodiments, instead of the plasma chamber 1 being a
golden chamber, the plasma chamber 2 is a golden chamber. For example, the plasma
chamber 2 has a higher yield than the plasma chamber 1. In these embodiments, instead of
using the plasma chamber 1 to generate the fundamental waveform WO, the plasma chamber
2 is used to generate the fundamental waveform WO0. For example, power is supplied to the
plasma chamber 2 to generate plasma within the plasma chamber 2. Voltage of the plasma is
measured to generate the combined waveform W3. The fundamental waveform W0 is
extracted from the combined waveform W3. Continuing with the example, when power is
supplied to the plasma chamber 1, the combined waveform W5 is generated. Power supplied
to the plasma chamber 1 is adjusted to modify the peak magnitude W5mag of the combined
waveform W35 to achieve the peak magnitude WOmag of the fundamental waveform WO that

is generated based on the waveform W3 of the plasma chamber 2.

[0051] In some embodiments, instead of adjusting the power supplied to the
plasma chamber 2 to adjust the peak magnitude W5mag to match the peak magnitude
WO0mag, one or more elements of a plasma system that includes the plasma chamber 2 are

changed to reduce the phase difference ¢W5SWO.

[0052] A plasma chamber has a higher yield than another plasma chamber when
the higher yield plasma chamber is used to etch a wafer to achieve a higher aspect ratio than
that achieved using the lower yield plasma chamber, when use of the higher yield plasma
chamber results in wafers that are cleaner than those cleaned using the lower yield plasma
chamber, when the higher yield plasma chamber etches at a faster rate than that achieved
using the lower yield plasma chamber, when the higher yield plasma chamber cleans wafers

at a faster rate than that achieved using the lower yield plasma chamber, when the higher
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yield plasma chamber has a higher rate of processing wafers than that of the lower yield

plasma chamber, or a combination thereof.

[0053] In some embodiments, the plasma chamber 1 is a golden chamber when
the plasma chamber 1 is in the condition 1. In these embodiments, the combined waveform
W3 is generated by providing power to the plasma chamber 1 in the condition 1. The
fundamental waveform WO is extracted from the combined waveform W3. When the plasma
chamber 1 is in the condition 2, the combined waveform W5 is generated from a
measurement of voltage. The measurement of voltage of plasma is received by a processor of
a host system when the plasma chamber 1 is in the condition 2. The host system is further
described below. Power supplied to the plasma chamber 1 in the condition 2 is adjusted to
change the peak magnitude W5mag to match the peak magnitude W0Omag of the fundamental

waveform WO that is generated based on the condition 1 of the plasma chamber 1.

[0054] Moreover, in various embodiments, instead of adjusting the power
supplied to the plasma chamber 1 in the condition 2 to achieve the peak magnitude W0Omag of
the fundamental waveform WO that is generated based on the condition 1, one or more
elements of a plasma system that includes the plasma chamber 1 in the condition 2 are

changed to reduce the phase difference ¢W5WQ.

[0055] Similarly, in various embodiments, the plasma chamber 1 is a golden
chamber when the plasma chamber 1 is in the condition 2. In these embodiments, the
combined waveform W3 is generated by providing power to the plasma chamber 1 in the
condition 2. The fundamental waveform WO is extracted from the combined waveform W3.
When the plasma chamber 1 is in the condition 1, the combined waveform W5 is generated.
Power supplied to the plasma chamber 1 in the condition 1 is adjusted to change the peak
magnitude W5mag to match the peak magnitude WOmag of the fundamental waveform WO

that is generated based on the condition 2 of the plasma chamber 1.

[0056]  Furthermore, in various embodiments, instead of adjusting the power
supplied to the plasma chamber 1 in the condition 1 to achieve the peak magnitude WOmag of
the fundamental waveform WO that is generated based on the condition 2, one or more
elements of a plasma system that includes the plasma chamber 1 in the condition 1 are

changed to reduce the phase difference ¢W3W0.

[0057] In some embodiments, power supplied to a plasma chamber is controlled

to match a peak magnitude of a combined waveform generated using the plasma chamber
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with a peak magnitude of a fundamental waveform that is generated using another plasma
chamber regardless of whether the other plasma chamber is a golden chamber. For example,

there is no need to determine that the other plasma chamber is a golden chamber.

[0058] In several embodiments, a phase of a voltage waveform of voltage of
plasma generated within a plasma chamber is matched with a phase of a voltage waveform of
voltage of plasma generated within another plasma chamber independent of whether the other

plasma chamber is a golden chamber.

[0059] In a number of embodiments, power supplied to a plasma chamber is
controlled to match a peak magnitude of a combined waveform that is generated during the
condition 2 of the plasma chamber with a peak magnitude of a fundamental waveform that is
generated during the condition 1 of the same plasma chamber regardless of whether the

plasma chamber operates as a golden chamber during the condition 1.

[0060] In some embodiments, a phase of a waveform of voltage of plasma
generated during the condition 2 of a plasma chamber is matched with a phase of a waveform
of voltage of plasma generating during the condition 1 of the plasma chamber regardless of

whether the plasma chamber operates as a golden chamber during the condition 1.

[0061] Figure 1B is an embodiment of a graph 104 for illustrating the
fundamental waveform WO and combined waveforms W1, W2, W3, W4, and W5 that
include a sum of the fundamental waveform WO and harmonics of the combined waveforms
Wi, W2, W3, W4, and W5 at different phases. For example, the combined waveform W1 is
a sum of the fundamental waveform WO and a fifth harmonic of the fundamental waveform
WO at a phase n/2 relative to the phase of the fundamental waveform WO. As another
example, the combined waveform W2 is a sum of the fundamental waveform WO and a fifth
harmonic of the fundamental waveform WO at a phase -n/4 relative to the phase of the
fundamental waveform WQ. As yet another example, the combined waveform W3 is a sum
of the fundamental waveform WO and a fifth harmonic of the fundamental waveform WO at a
phase 7/4 relative to the phase of the fundamental waveform WO0. As another example, the
combined waveform W4 is a sum of the fundamental waveform WO and a fifth harmonic of
the fundamental waveform WO at a phase O relative to the phase of the fundamental
waveform WO. As yet another example, the combined waveform W5 is a sum of the
fundamental waveform WO and a fifth harmonic of the fundamental waveform WO at a phase

/3 relative to the phase of the fundamental waveform WO.
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[0062] It should be noted that in some embodiments, each waveform W0, W1,

W2, W3, W4, and W5 is sinusoidal or nearly sinusoidal in form.

[0063] Figure 2 is a block diagram of an embodiment of a plasma system 120 for
measuring voltage that is generated within a plasma chamber 122 by using a probe 124

within an electrostatic chuck (ESC) 126.

[0064] In some embodiments, the waveform W3 is generated during the condition
1 of the plasma chamber 122 and the waveform W35 is generated during the condition 2 of the

plasma chamber 122.

[0065] A host system 128 is coupled to one or more RF generators, e.g., an x
megahertz (MHz) RF generator, a y MHz RF generator, a z MHz RF generator, etc. The x
MHz generator may be a 2 MHz RF generator, the y MHz RF generator may be a 27 MHz
RF generator, and the z MHz RF generator may be a 60 MHz RF generator.

[0066] Examples of the host system 128 include a computer, a processor-based

system, a workstation, a laptop, a desktop, a tablet, a cell phone, etc.

[0067]  As used herein, a processor may be an application specific integrated
circuit (ASIC), a programmabile logic device (PLD), a microprocessor, a central processing

unit (CPU), etc.

[0068] In some embodiments, instead of the 2 MHz RF generator, an RF
generator of a different frequency, e.g., 5 MHz RF generator, may be used. Similarly, RF

generators of different frequencies may be used instead of the 27 and 60 MHz RF generators.

[0069] In several embodiments, the x MHz RF generator may be a 27 MHz RF
generator. In these embodiments, the y and z MHz RF generators are 2 and 60 MHz RF
generators.

[0070] In a number of embodiments, the x MHz RF generator may be a 60 MHz
RF generator. In these embodiments, the y and z MHz RF generators are 2 and 27 MHz RF
generators.

[0071]  The host system 128 provides power values and a frequency of operation
to a digital signal processor (DSP) 130 of the x MHz RF generator. The DSP 130 sends the
power values and the frequency to a driver and amplifier system (DAS) 132 of the x MHz RF

generator.
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[0072] The DAS 132 receives the power values and the frequency and generates
an RF signal having the power values and the frequency. The RF signal is supplied via an RF

cable 134 to a matchbox 136, which is an impedance matching circuit.

[0073] In some embodiments, the DAS 132 amplifies an RF signal that is
generated by a driver of the DAS to generate an amplified RF signal, which is supplied via
the RF cable 134 to the matchbox 136.

[0074]) In various embodiments, when an RF signal is generated by the x MHz RF
generator, the y and z MHz RF generators do not generate RF signals. For example, the y
and z MHz RF generators are turned off when the x MHz RF generator is used to generate an

RF signal.

[0075] An impedance matching circuit includes electric circuit components, e.g.,
inductors, capacitors, etc. to match an impedance of a power source coupled to the impedance
matching circuit with an impedance of a load coupled to the impedance matching circuit. For
example, the matchbox 136 matches an impedance of a source, which includes the x, y, and z
MHz RF generators, RF cables 134, 137, and 138 coupling the matchbox 136 to the x, y, and
z MHz RF generators with an impedance of an RF transmission line 140 and the plasma
chamber 122. An impedance match between a power source and a load reduces chances of

power being reflected from the load towards the power source.

[0076] The RF transmission line 140 is coupled to the matchbox 136 and to the
ESC 126 of the plasma chamber 122, The RF transmission line 140 includes an RF cable
142, which is coupled to an RF tunnel 144, and the RF tunnel 144 is coupled to an RF strap
148. Within the RF tunnel 144 lays an insulator 150 and an RF rod 152. The insulator 152
insulates the RF rod 152 from a sheath of the RF tunnel 144. The RF rod 152 is coupled via
the connector 146 to the RF strap 148, which is sometimes also know as an RF spoon. The

RF strap 148 is coupled to the lower electrode of the ESC 126.

[0077] A wafer 154, e.g., a semiconductor wafer, is supported on an upper surface
156 of the ESC 126. Integrated circuits, e.g., application specific integrated circuits (ASICs),
programmable logic devices (PLDs), etc. are developed on the wafer 154 and the integrated
circuits are used in a variety of devices, e.g., cell phones, tablets, smart phones, computers,

laptops, networking equipment, etc. An upper electrode 158 faces the lower electrode of the

ESC 126.
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[0078] The plasma chamber 122 has walls W1, W2, W3, and W4 that enclose
plasma that is generated within the plasma chamber 122. It should be noted that in some
embodiments, the plasma chamber 122 includes more than four walls. In several
embodiments, a wall of the plasma chamber 122 may be perpendicular to an adjacent wall.
In various embodiments, a wall of the plasma chamber 122 may form a non-perpendicular

angle with an adjacent wall of the plasma chamber 122.

[0079] The probe 124 is embedded within the ESC 126. In several embodiments,
instead of being embedded within the ESC 126, the probe 124 is coupled to the ESC 126. In
various embodiments, the probe 124 may be located within or outside the plasma chamber

122 and is coupled to the ESC 126.

[0080] Examples of the probe 124 include a voltage probe that measures voltage
and a voltage and current probe that measures voltage and current. For example, a voltage
probe measures voltage amplitude and a phase of the voltage. As another example, a voltage
and current probe measures a voltage amplitude, a current amplitude, a phase of the voltage, a
phase of the current, and a phase between the voltage and the current. The probe 124 is
coupled to the host system 128. For example, the probe 124 is coupled to an analog-to-digital
converter of the host system 128 and the analog-to-digital converter is coupled to a processor

of the host system 128.

[0081] In some embodiments, the probe 124 has a bandwidth to filter in a
frequency of the fundamental waveform WO and harmonics of a combined waveform that
includes the fundamental waveform W(Q. For example, the probe 124 includes a low-pass
filter that allows passage of the fundamental frequency of the fundamental waveform WO and
harmonics frequency, which is frequency of harmonics of a combined waveform that

includes the fundamental waveform WO.

[0082] An RF signal that is generated by the x MHz RF generator is
communicated via the RF cable 134, the matchbox 136, the RF cable 142, the RF rod 152,
the connector 146, and the RF strap 148 to the lower electrode of the ESC 126.

[0083] In some embodiments, the upper electrode 158 includes gas distribution
apertures that are coupled to a central gas feed (not shown). The central gas feed receives
one or more process gases from a gas supply (not shown). Examples of process gases include

an oxygen-containing gas, such as O,. Other examples of a process gas include a fluorine-
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containing gas, e.g., tetrafluoromethane (CF.), sulfur hexafluoride (SFg), hexafluoroethane

(C,yFg), etc. The upper electrode 158 is grounded.

[0084] When the process gas is supplied between the upper electrode 158 and the
lower electrode and when the RF signal is supplied to the lower electrode, the process gas is
ignited to strike plasma within the plasma chamber 122. The plasma is stricken proximate to
the ESC 126. For example, the plasma is generated on top of the upper surface 156. As
another example, when the wafer 154 is placed on the upper surface 156 and the upper
surface 156 is covered by the wafer 154, the plasma is stricken on top of the wafer 154. As
yet another example, when the wafer 154 is placed on the upper surface 156 and a portion of
the upper surface 156 is not covered by the wafer 154, plasma is generated on top of the

wafer 154 and on top of the portion of the upper surface 156.

[0085] When plasma is stricken, the probe 124 measures a voltage of the plasma
and sends the measurement to the host system 128. The host system 128 receives the
measurement of the voltage and the analog-to-digital converter of the host system 128
converts the measurement from an analog form to a digital form. In some embodiments, the
probe 124 converts the measurement from an analog to a digital form before sending the
measurement to the host system 128. The processor of the host system 128 generates the

waveform W3 as a function of time t based on the measurement of the voltage of the plasma.

[0086] Also, when a condition of the plasma chamber 122 changes after the
waveform W3 is generated, the probe 124 measures the voltage of the plasma and provides
the measurement to the host system 128. The processor of the host system 128 receives the
measurement of the voltage from the probe 124 and determines the waveform W5 as a

function of time based on the measurement.

[0087} In several embodiments, the measurement of voltage over time results in a

combined waveform.

[0088] In some embodiments, the processor of the host system 128 stores a
combined waveform within a storage device, e.g., a random access memory (RAM), a read-
only memory (ROM), or a combination thereof. The processor retrieves, e.g., reads,

accesses, etc., the combined waveform from the storage device.

[0089] The processor of the host system 128 extracts the fundamental waveform
WO from the combined waveform W5. For example, the processor of the host system 128

includes multiple filters of successively increasing frequency ranges. Continuing with the
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example, a first frequency range is from ¢ MHz to n MHz, a second frequency range is from
q MHz to n+m MHz, a third frequency range is from ¢ MHz to n+m+p MHz, where g, n, m,
and p are positive real numbers, where each of n, m, and p is greater than q. The combined
waveform W35 is provided as an input to the filters. In some embodiments, q is a pre-
determined frequency. One of the filters allows passage of the lowest of all the frequency
ranges. A lowest frequency in the lowest frequency range is a fundamental frequency of the
fundamental waveform. The fundamental waveform is determined by the processor to be a

sinusoidal waveform having the fundamental frequency.

[0090] In some embodiments, the filters of the host system 128 are low pass

filters. In various embodiments, the filters of the host system 128 are band pass filters.

[0091] It should be noted that instead of the processor of the host system 128, a

hardware integrated circuit, e.g., a PLD, an ASIC, etc., may be used.

[0092] The processor of the host system 128 performs intra-chamber matching for
the plasma chamber 122 in a manner described above with reference to Figure 1. For
example, the processor decreases the peak magnitude W5mag of the combined waveform W5
to match the peak magnitude WOmag of the fundamental waveform WO that is extracted from

the combined waveform W3.

[0093] The processor of the host system 128 determines power, e.g., power
magnitude, etc., to be supplied to the plasma chamber 122 corresponding to the peak
magnitude WOmag. For example, the processor of the host system 128 looks up a database
within the storage device, e.g., a storage hardware unit, etc., of the host system 128 to
determine the power to be supplied to the plasma chamber 122 based on the peak magnitude
WOmag. As another example, the x MHz RF generator includes a power sensor (not shown)
that is coupled to the RF cable 134 and to the DSP 130. The power sensor measures power
that is supplied by the x MHz RF generator for different values of measurement of voltage
that is sensed by the probe 124. The measurement of power is provided by the power sensor
via the DSP 130 to the host system 128 by the power sensor. Based on the measurement of
voltage that is sensed by the probe 124 and the measurement of supplied power received from
the power sensor, the host system 128 determines an amount of power to be supplied to

achieve a voltage of plasma within the plasma chamber 122.

[0094] A value of power that is determined by the processor of the host system
128 is provided to the DSP 130, which provides the power value to the DAS 132. The DAS
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132 generates an RF signal having the power value and the RF signal is supplied via the RF
cable 134, the matchbox 136, and the RF transmission line 140 to the lower electrode of the
ESC 126 to achieve the peak magnitude WOmag of the fundamental waveform W0.

[0095] In several embodiments, a peak magnitude of a combined waveform is
increased by the processor of the host system 128 to match the peak magnitude WOmag of the
fundamental waveform WO0.

[0096] In various embodiments, the processor of the host system 128 determines
the phase difference $WSWO between the phase ¢WS5 of the combined waveform W5 and the
phase ¢ WO of the fundamental waveform W0,

[0097] In some embodiments, a user changes one or more elements of the plasma
system 120 to reduce the phase difference $WSWO. For example, a user replaces one or
more of the RF cable 134, the matchbox 136, the RF cable 142, RF tunnel 144, and the RF
strap 148 to eliminate the phase difference $W5WO0. In this example, the user replaces the
RF cable 134 with another RF cable, replaces the matchbox 136 with another matchbox,
replaces the RF cable 142 with another RF cable, replaces the RF tunnel 144 with another RF
tunnel, and/or replaces the RF strap 148 with another RF strap. As another example, a user
tweaks spacing between capacitor plates of a capacitor within the matchbox 136 to eliminate

the phase difference ¢WSWQ,

[0098]  In some embodiments, the user replaces an element with another element
that has similar characteristics, e.g., inductance, capacitance, resistance, a combination
thereof, etc., as that of the element that is replaced. For example, the RF cable that replaced
the RF cable 134 has the same resistance as that of the RF cable 134. As another example,
the matchbox that replaces the matchbox 136 has the same capacitance as that of the
matchbox 136.

[0099] In several embodiments, the processor of the host system 128 is notified
by a user of a change to one or more elements of the plasma system 120. For example, the
user indicates to the processor via an input device that one or more of the RF cable 134, the
matchbox 136, the RF cable 142, RF tunnel 144, and the RF strap 148 is replaced. As
another example, the user indicates via the input device to the processor of the host system

128 that spacing between capacitor plates of a capacitor within the matchbox 136.

[00100] Examples of an input device include a keyboard, a mouse, a stylus, a

trackball, etc. The input device is coupled to the processor of the host system 128.
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[00101] After the one or more elements of the plasma system 120 are changed, RF
power is supplied from the x MHz RF generator to the plasma chamber 122 via the RF cable
134, the matchbox 136, and the RF transmission line 140 to strike plasma within the plasma
chamber 122. Moreover, the processor of the host system 128 receives a measurement of
voltage from the probe 124 and generates a combined waveform from the measurement as a
function of time. When the processor of the host system 128 determines that combined
waveform generated from the measurement has the same phase as that of the fundamental
waveform WO, the user decides not to further change elements of the plasma system 120,
Otherwise, when the processor of the host system 128 determines that combined waveform
generated from the measurement has a different phase from that of the fundamental

waveform WO, the user decides to further change elements of the plasma system 120.

[00102] Figure 3A is a block diagram of an embodiment of a plasma system 172
for génerating voltage waveforms based on voltage of plasma within a plasma chamber 123
by using the probe 124 within an RF tunnel 176. The plasma chamber 123 is an example of
the plasma chamber 1, which is described above. The plasma system 172 operates in a
similar manner as that of the plasma system 120 (Figure 2) except that the plasma chamber
123 excludes the probe 124 within the ESC 126. Instead, the plasma system 172 includes the
probe 124 within an insulator of the RF tunnel 176. The probe 124 is coupled to an output of
the RF rod 152.

[00103] The output of the RF rod 152 is coupled to an input of the RF strap 148 via
the connector 146. An input of the RF rod 152 is coupled to an output of the RF cable 142.
An input of the RF cable 142 is coupled to the matchbox 136. An output of the RF strap 148
is coupled to a lower electrode of an ESC 127 of a plasma chamber 123. The ESC 127 is
similar in structure and function to the ESC 126 (Figure 3) except that the ESC 127 excludes
the probe 124 (Figure 3).

[00104] In some embodiments, the probe 124 is coupled to the RF rod 152 and is

located outside the RF tunnel 176.

[00105] The RF cable 142, the RF rod 152, the RF tunnel 176, the connector 146,
and the RF strap 148 are elements of an RF transmission line 178 that couple the matchbox

136 to the lower electrode of the ESC 127.
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[00106] The probe 124 measures the voltage of plasma within the plasma chamber
123 when the x MHz RF generator supplies power to the plasma chamber 122. The power is
supplied to the plasma chamber 123 via the RF cable 134, the matchbox 136, and the RF

transmission line 178.

[00107] A measurement of the voltage is sent by the probe 124 to the host system
128. Upon receiving the measurement of the voltage, the analog-to-digital converter of the
host system 128 converts the measurement from an analog form to a digital form and
provides the digital measurement to the processor of the host system 128. The processor of
the host system 128 applies a computer-generated model of one or more portions of the RE
transmission line 178 and/or of the ESC 127 to the digital measurement to determine the

voltage at the ESC 127. The computer-generated model is described below.

[00108] In some embodiments, instead of performing the conversion from the
analog to the digital format within the host system 128, the probe 124 converts the analog
measurement of the voltage to the digital format and sends the digital measurement to the

processor of the host system 128.

[00109] Figure 3B is a block diagram of an embodiment of a host system 180 for
using a computer-generated model to determine a value of a voltage at an ESC model 182.
The host system 180 includes a processor 184 and a storage device 186. The storage device
186 may be a hard disk, a flash memory, a disk array, etc. The host system 180 is an example
of the host system 128 (Figure 2). The storage device 186 is coupled to the processor 184
and stores a cable model 188, a tunnel model 190, a strap model 192, and the ESC model
182.

[00110] It should be noted that the cable model 187 is a computer-generated model
of the RF cable 142 (Figure 3A), the tunnel model 190 is a computer-generated model of the
RF tunnel 176 (Figure 3A), the strap model 192 is a computer-generated model of the RF
strap 148 (Figure 3A), and the ESC model 182 is a computer-generated model of the ESC
127 (Figure 3A). For example, the tunnel model 190 has similar characteristics, e.g.,
capacitances, inductances, complex power, complex voltage and currents, etc., as that of the
RF rod 152. To further illustrate, the tunnel model 190 has the same capacitance, inductance,
resistance, or a combination thereof as that of the RF rod 152. As another example, the strap

model 192 has the same capacitance, inductance, resistance, or a combination thereof as that
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of the RF strap 148. As yet another example, the ESC model 182 has the same capacitance,
inductance, resistance, or a combination thereof as that of the ESC 127.

[00111] The processor 184 receives a measurement of the voltage from the probe
124 (Figure 3A). The processor 184 determines a value of the variable at an output of the
ESC model 182 based on the measurement of the voltage received from the probe 124 and
the characteristics of the strap model 192 and the ESC model 182. For example, the
processor 184 receives the current at the output of the RF rod 152 (Figure 3A), receives a
magnitude of the voltage at the output of the RF rod 152, receives a phase of the voltage, and
determines a directed sum of the voltage, and voltages generated by the capacitances,
inductances, and/or resistances of the strap model 192 and the ESC model 182 to determine
voltage and current at the output of the ESC model 182.

[00112] The processor 184 uses the voltage at the output of the ESC model 182
instead of the measurement of the voltage from the probe 124 to determine waveforms of

voltages of plasma within the plasma chamber 123 (Figure 3A).

[00113] In various embodiments, the probe 124 is connected to an input of the RF
rod 152 instead of to the output of the RF rod 152. In these embodiments, the processor 184
determines a voltage at an output of the ESC model 182 based on the measurement of the
voltage received from the probe 124 and the characteristics of the tunnel model 190, the strap

model 192 and the ESC model 182.

[00114] In some embodiments, instead of using the ESC model 182 in addition to
the strap model 192, the processor 184 uses the strap model 192 to determine the voltage at
the output of the strap model 192 and uses the voltage to determine waveforms of voltage of
plasma within the plasma chamber 123 (Figure 3A). For example, the processor 184
determines a voltage at an output of the strap model 192 based on the measurement of the

voltage received from the probe 124 and the characteristics of the strap model 192,

[00115] In various embodiments, the probe 124 is coupled to any point between the
x MHz RF generator and the wafer 154 (Figure 3A). For example, the probe 124 is coupled
to the RF cable 134. In these embodiments, a computer-generated model of elements of the
plasma system 172 between the point and the wafer 154 is generated and voltage at a
computer-generated model of the ESC 127 is determined based on the voltage measured with
the probe 124 and impedances of elements between the point and the wafer 154. For
example, when the probe 124 is coupled to a point on the RF cable 134, a computer-
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generated model of elements of the plasma system 172 between a portion of the RF cable 134
from the point to the matchbox 136, the matchbox 136, the RF cable 142, the RF rod 152, the
RF strap 148, and the ESC 127 is generated. In this example, a voltage at the ESC model 182
is determined based on the voltage measured at the point and impedances of a computer-
generated model of the portion of the RF cable 134, a computer-generated model of the
matchbox 136, the cable model 188, the tunnel model 190, the strap model 192, and the ESC
model 182. As another example, when the probe 124 is coupled to an output of the x MHz
RF generator, a computer-generated model of the RF cable 134, the matchbox 136, the RF
transmission line 140, and the ESC 127 is generated. The output of the x MHz RF generator
is coupled to an input of the RF cable 134. In this example, voltage at the output of the x
MHz RF generator is measured and voltage at the wafer 154 is determined based on the
measured voltage and impedances of elements, e.g., resistors, capacitors, inductors, etc., of

the RF cable 134, the matchbox 136, the RF transmission line 140, and the ESC 127.

{00116] In various embodiments, the ESC model 182 is not used to determine a
voltage at the ESC 127 (Figure 3A). For example, when the probe 124 is coupled to a point
on the RF cable 134, a computer-generated model of elements of the plasma system 172
between a portion of the RF cable 134 from the point to the matchbox 136, a computer-
generated model of the matchbox 136, the cable model 188, the tunnel model 190, and the
strap model 192 are generated. In this example, a voltage at the ESC model 182 is
determined based on the voltage measured at the point and impedances of the computer-
generated model of the portion of the RF cable 134, the computer-generated model of the
matchbox 136, the cable model 188, the tunnel model 190, and the strap model 192.

[00117] Figure 4 is a block diagram of an embodiment of a plasma system 200 for
illustrating chamber-to-chamber matching between the plasma chamber 122 (Figure 2) and a
plasma chamber 202. The system 200 is similar to the system 120 (Figure 2) except that the
system 200 includes a plasma chamber 202 instead of the plasma chamber 122. For example,
the plasma chamber 202 has a different identification code than the plasma chamber 122 and
both the plasma chambers 202 and 122 have the same structure and/or function. As another
example, one or more elements of the plasma chamber 122 are replaced with one or more
elements of the same structure and/or function as that of the replaced elements to
manufacture the plasma chamber 202. As yet another example, the ESC 204 replaces the

ESC 126 (Figure 2) of the plasma chamber 122 to manufacture the plasma chamber 202.
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[00118] In some embodiments, the one or more elements of the plasma chamber
202 that replace the one or more elements of the plasma chamber 122 have the same structure
and/or function as that of the one or more elements of the plasma chamber 122. For example,
the ESC 204 has the same dimensions as that of the ESC 126. As another example, the ESC
204 includes the same elements, e.g., a heater, a thermal insulator, a ceramic support, etc., as
that of the ESC 126. As yet another example, the ESC 204 has the same characteristics, e.g.,
inductance, capacitance, resistance, a combination thereof, etc., as that of the ESC 126. As

another example, both the plasma chambers 202 and 122 are of the same type.

[00119] In various embodiments, the plasma chamber 202 is structurally identical
to plasma chamber 122 and has a different identification code than that of the plasma
chamber 122. For example, an entity identifies the plasma chamber 202 using an identity

code aaaa and the entity identifies the plasma chamber 122 using an identity code bbbb.

[00120] In a number of embodiments, the plasma chamber 202 is structurally
identical to the plasma chamber 122 and is used to perform the same function as that of the

plasma chamber 122.

[00121] In various embodiments, the plasma chamber 202 is structurally and
functionally identical to plasma chamber 122 and has a different identification code than that

of the plasma chamber 122.

[00122] In some embodiments, the plasma chamber 122 is an example of the

plasma chamber 1 and the plasma chamber 202 is an example of the plasma chamber 2.

[00123] In some embodiments, the plasma chamber 122 is decoupled from the RF
transmission line 140 to couple the plasma chamber 202 to the RF transmission line 140. In
these embodiments, an indication is provided by the user via the input device to the processor
of the host system 128 that the plasma chamber 122 is replaced with the plasma chamber 202.
The wafer 154 is placed on an upper surface 206 of the ESC 204. The upper surface 206

faces the upper electrode 158.

[00124] The probe 124 is embedded within the ESC 204 in a manner similar to that
of embedding the probe 124 within the ESC 126. In several embodiments, instead of
embedding the probe 124 within the ESC 204, the probe 124 is coupled to the ESC 204 and is
located outside the ESC 204.

[00125] An RF signal is supplied by the x MHz RF generator via the RF cable 134,
the matchbox 136, and the RF transmission line 140 to the lower electrode of the ESC 204.
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When the process gas is supplied in the plasma chamber 202 and power is supplied to the
lower electrode of the ESC 204 via the RF signal, plasma is generated within the plasma
chamber 202.

[00126] The probe 124 measures voltage of the plasma within the plasma chamber
202 and sends the measurement to the host system 128. In some embodiments, the probe 124
measures the voltage that is proximate to the upper surface 206 of the ESC 204. For
example, the plasma is stricken proximate to the ESC 204. As another example, the plasma
is generated on top of the upper surface 206. As another example, when the wafer 154 is
placed on the upper surface 206 and the upper surface 206 is covered by the wafer 154, the
plasma is stricken on top of the wafer 154. As yet another example, when the wafer 154 is
placed on the upper surface 206 and a portion of the upper surface 206 is not covered by the
wafer 154, plasma is generated on top of the wafer 154 and on top of the portion of the upper

surface 206.

[00127] The host system 128 generates a combined waveform from the
measurement. For example, the host system 128 generates the combined waveform W5 from
the measurement received from the probe 124 within the ESC 204. In some embodiments, a

measurement of voltage of plasma received over a period of time is a combined waveform.

[00128] The processor of the host system 128 determines a difference in the peak
magnitude W0Omag of the fundamental waveform WO and the peak magnitude W5mag of the
combined waveform W5. When the plasma chamber 122 is the golden chamber and the
combined waveform W3 is generated using the plasma chamber 122 (Figure 2), power
supplied by the x MHz RF generator to the plasma chamber 202 is controlled by the
processor of the host system 128 to change the peak magnitude W5mag of the combined
waveform W5 to match the peak magnitude WOmag of the fundamental waveform WO that is
extracted from the combined waveform W3. The combined waveform W3 is generated from

the measurement of the probe 124 within the ESC 126 (Figure 2).

[00129] In various embodiments, instead of a match between a peak magnitude of
a combined waveform and a fundamental waveform, a substantial match between the peak
magnitudes is achieved. For example, the processor of the host system 128 determines
whether the peak magnitude of the combined waveform is within a threshold of the peak
magnitude of the fundamental waveform. Upon determining that the peak magnitude of the

combined waveform is within the threshold of the peak magnitude of the fundamental
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waveform, it is determined by the processor of the host system 128 that the peak magnitudes
substantially match each other. On the other hand, upon determining that the peak magnitude
of the combined waveform is not within the threshold of the peak magnitude of the
fundamental waveform, it is determined by the processor of the host system 128§ that the peak
magnitudes do not substantially match each other. Examples of the threshold include a
voltage between zero and five. Other examples of the threshold include a voltage between

zero and six.

[00130] The power supplied by the x MHz RF generator to the plasma chamber
202 is changed to change the peak magnitude W5mag of the combined waveform W5 to
match the peak magnitude WOmag of the fundamental waveform WO in a manner similar to
that described above. For example, the processor of the host system 128 access a database
within a storage device of the host system 128 to determine an amount of power to be
supplied by the x MHz RF generator to achieve the peak magnitude WOmag. As another
example, the processor of the host system 128 controls the DSP 132, which further controls
the DAS 132 to supply the amount of power via the RF cable 134 and the RF transmission
line 140 to the lower electrode of the ESC 204.

[00131] 1In some embodiments, one or more elements between the x MHz RF
generator of the plasma system 200 and the wafer 154 are modified to facilitate matching of
the phase of the combined waveform W5 with that of the phase of the fundamental waveform
WO. For example, one or more of the RF cable 134, the matchbox 136, the RF cable 142, the
RF rod 152, and the RF strap 148 are replaced with a corresponding one or more of an RF
cable, a matchbox, an RF cable, an RF rod, and an RF strap to reduce the phase difference
dWS5WO. As another example, one or more elements of the matchbox 136 are changed to
reduce the phase difference §W5WO. As yet another example, the RF transmission line 140
is replaced with another RF transmission line that has the same structure as that of the RF
transmission line 140 and has a different identification code than the RF transmission line

140.

{00132] In several embodiments, the one or more elements that replace the one or
more elements of the plasma system 200 have similar characteristics as that of the one or
more elements of the plasma system 200. For example, a matchbox that replaces the
matchbox 136 has the same inductance, capacitance, or a combination thereof, as that of the

matchbox 136. As another example, the RF transmission line that replaces the RF
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transmission line 140 has the same resistance, inductance, capacitance, or a combination

thereof as that of the RF transmission line 140,

[00133) In some embodiments, instead of using the probe 124 within the ESC 204,
the probe 124 is embedded within tl;xe RF tunnel 144 or is coupled to the RF rod 152 to
measure voltage at the RF rod 152. A computer-generated model of the RF rod 152, the RF
strap 148, and the ESC 204 is used to determine voltage at the ESC 204. The voltage at the
ESC 204 is determined based on the voltage measured using the probe 124 that is embedded
within the RF tunnel 144 and impedance of elements of the RF rod 152, the RF strap 148, and
the ESC 204. In several embodiments, instead of using a computer-generated model of the
ESC 204, voltage at the ESC 204 is determined based on a computer-generated model of the
RF rod 152 and the RF strap 148 and based on the voltage measured using the probe 124 that

is embedded within the RF tunnel 144.

[00134] In some embodiments, the probe 124 is coupled to a point between the x
MHz RF generator and the wafer 154 and a computer-generated model of elements between
the point and the plasma chamber 204 is used to determine a voltage at the ESC 204. For
example, the probe 124 is coupled to the RF cable 134 to determine voltage at the RF cable
134. Moreover, a computer-generated model of the matchbox 136, the RF transmission line
140, and the ESC 204 is used to determine a voltage at the ESC 204. As another example,
the probe 124 is coupled to the RF cable 134 to determine voltage at the RF cable 134.
Moreover, a computer-generated model of the matchbox 136 and the RF transmission line

140 is used to determine a voltage at the ESC 204,

[00135] It should be noted that in several embodiments, when the x MHz RF
generator of the system 200 is used to supply power to the plasma chamber 202 to determine
a combined waveform, the y and z MHz RF generators are turned off. Similarly, when the y
MHz RF generator of the system 200 is used to supply power to the plasma chamber 202 to
determine a combined waveform, the x and z MHz RF generators are tumned off. Also, when
the z MHz RF generator of the system 200 is used to supply power to the plasma chamber
202 to determine a combined waveform, the y and z MHz RF generators are turned off.

[00136] In several embodiments, the processor of the host system 128 is notified
by a user of a change to one or more elements of the plasma system 200. For example, the
user indicates to the processor via the input device that one or more of the RF cable 134, the
matchbox 136, the RF cable 142, RF tunnel 144, and the RF strap 148 is replaced. As

28



another example, the user indicates via the input device to the processor of the host system

128 that spacing between capacitor plates of a capacitor within the matchbox 136.

[00137] It is further noted that although the above-described operations are
described with reference to a parallel plate plasma chamber, e.g., a capacitively coupled
plasma chamber, etc., in some embodiments, the above-described operations apply to other
types of plasma chambers, e.g., a plasma chamber including an ICP reactor, a TCP reactor, a
conductor tool, a dielectric tool, a plasma chamber including an ECR reactor, etc. For
example, the x MHz RF generator and the y MHz RF generator are coupled to an inductor

within the ICP plasma chamber.

[00138] It is also noted that although the operations above are described as being
performed by the processor of the host system 128 (Figures 2, 3A, and 4), in some
embodiments, the operations may be performed by one or more processors of the host system

128 or by multiple processors of multiple host systems.

[00139] It should be noted that although the above-described embodiments relate to
providing an RF signal to a lower electrode of an ESC and grounding the upper electrode 158
(Figures 2, 3A, and 4), in several embodiments, the RF signal is provided to the upper

electrode 158 while the lower electrode is grounded.

[00140] It is also noted that although the above-described embodiments are

described using an ESC, another type of chuck, e.g., a magnetic chuck, etc., may be used.

[00141] It is further noted that in several embodiments, the operations described
above as performed by the processor of the host system 128 may be performed by the DSP
130 (Figures 2, 3A, and 4).

[00142] Embodiments described herein may be practiced with various computer
system configurations including hand-held hardware units, microprocessor systems,
microprocessor-based or programmable consumer electronics, minicomputers, mainframe
computers and the like. The embodiments may also be practiced in distributed computing
environments where tasks are performed by remote processing hardware units that are linked

through a network.

[00143] With the above embodiments in mind, it should be understood that the
embodiments may employ various computer-implemented operations involving data stored in
computer systems. These operations are those requiring physical manipulation of physical
quantities. Any of the operations described herein that form part of the embodiments are
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useful machine operations. The embodiments also relates to a hardware unit or an apparatus
for performing these operations. The apparatus may be specially constructed for a special
purpose computer. When defined as a special purpose computer, the computer can also
perform other processing, program execution or routines that are not part of the special
purpose, while still being capable of operating for the special purpose. In some
embodiments, the operations may be processed by a general purpose computer selectively
activated or configured by one or more computer programs stored in the computer memory,
cache, or obtained over a network. When data is obtained over a network, the data may be

processed by other computers on the network, e.g., a cloud of computing resources.

{00144] One or more embodiments can also be fabricated as computer-readable
code on a non-transitory computer-readable medium. The non-transitory computer-readable
medium is any data storage hardware unit that can store data, which can be thereafter be read
by a computer system. Examples of the non-transitory computer-readable medium include
hard drives, network attached storage (NAS), ROM, RAM, compact disc-ROMs (CD-
ROMs), CD-recordables (CD-Rs), CD-rewritables (CD-RWs), magnetic tapes and other
optical and non-optical data storage hardware units. The non-transitory computer-readable
medium can include computer-readable tangible medium distributed over a network-coupled
computer system so that the computer-readable code is stored and executed in a distributed

fashion.

[00145] Although the method operations above were described in a specific order,
it should be understood that other housekeeping operations may be performed in between
operations, or operations may be adjusted so that they occur at slightly different times, or
may be distributed in a system which allows the occurrence of the processing operations at
various intervals associated with the processing, as long as the processing of the overlay

operations are performed in the desired way.

[00146] One or more features from any embodiment may be combined with one or
more features of any other embodiment without departing from the scope described in

various embodiments described in the present disclosure.

[00147] Although the foregoing embodiments have been described in some detail
for purposes of clarity of understanding, it will be apparent that certain changes and
modifications can be practiced within the scope of the appended claims. Accordingly, the

present embodiments are to be considered as illustrative and not restrictive, and the
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embodiments are not to be limited to the details given herein, but may be modified within the

scope and equivalents of the appended claims.
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CLAIMS

1. A method for compensating for harmonics produced during plasma processing in a

plasma chamber, the method comprising:
retrieving a measurement of a combined waveform, the combined waveform

including a fundamental waveform and a harmonic waveform, the combined waveform
defining a voltage proximate to a surface of a chuck, the chuck coupled to a radio
frequency (RF) transmission line, the RF transmission line coupled to an impedance
matching circuit, the impedance matching circuit coupled to an RF generator;
extracting the fundamental waveform from the combined waveform;
determining a difference between a magnitude of the combined waveform and a
magnitude of the fundamental waveform; and
controlling the RF generator to compensate for the difference,

wherein the method is executed by one or more processors.

2. The method of claim 1, wherein controlling the RF generator comprises changing
power supplied by the RF generator so that the magnitude of the combined waveform

substantially matches the magnitude of the fundamental waveform.

3. The method of claim 2, wherein the magnitude of the combined waveform
substantially matches the magnitude of the fundamental waveform when the magnitude of

the combined waveform is within a threshold of the magnitude of the fundamental

waveform.

4. The method of claim 1, wherein the magnitude of the combined waveform is a
maximum magnitude of the combined waveform and the magnitude of the fundamental
waveform is a maximum magnitude of the fundamental waveform.

5. The method of claim 4, wherein the maximum magnitude is a peak magnitude.

6. The method of claim 1, wherein the voltage is present on top of the surface of the

chuck.
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7. The method of claim 1, wherein the measurement includes a measurement of a

voltage.

8. The method of claim 1, wherein extracting the fundamental waveform from the

combined waveform comprises:
filtering in multiple ranges of frequencies, wherein each range extends from a pre-

determined frequency;
determining a lowest one of the frequency ranges at which a waveform is output by

the filtering; and
determining the lowest frequency range to include a frequency of the fundamental

waveform.

9. The method of claim 1, wherein the measurement is made by a probe coupled to the

chuck.

10. The method of claim 1, further comprising determining the measurement based on a
measurement at a point between the RF generator and the chuck and based on a

computer-generated model of elements between the point and the chuck.

11. The method of claim 10, wherein the elements include:

at least a portion of an RF strap of the RF transmission line, the RF strap coupled to

the chuck;
at least a portion of an RF tunnel of the RF transmission line, the RF tunnel coupled to

the RF strap;
at least a portion of an RF cable of the RF transmission line, the RF cable coupled to

the RF tunnel and the impedance matching circuit;

at least a portion of the impedance matching circuit;

at least a portion of an RF cable coupling the impedance matching circuit to the RF

generator; or

a combination thereof.

12. The method of claim 1, wherein retrieving the measurement comprises reading the

measurement from a storage device.
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13. A method for compensating for harmonics produced during plasma processing in a
plasma chamber, the method comprising:

retrieving a measurement of a combined waveform, the combined waveform
including a fundamental waveform and a harmonic waveform, the combined waveform
defining a variable proximate to a surface of a chuck, the chuck coupled to a radio
frequency (RF) transmission line, the RF transmission line coupled to an impedance
matching circuit, the impedance matching circuit coupled to an RF generator;

extracting the fundamental waveform from the combined waveform;

determining a difference between a phase of the combined waveform and a phase
of the fundamental waveform; and

receiving an indication of a change to a plasma system, the change made to
compensate for the difference, the plasma system including the RF transmission line, an
RF cable coupling the impedance matching circuit to the RF generator, the impedance
matching circuit, or a combination thereof,

wherein the method is executed by one or more processors.

14. The method of claim 13, wherein the change to the plasma system comprises:
a replacement of the RF transmission line with another RF transmission line;
a replacement of the RF cable with another RF cable;
a replacement of the impedance matching circuit with another matching circuit; or

a combination thereof,

15. A method for performing chamber-to-chamber matching, the method comprising:

retrieving a measurement of a combined waveform, the combined waveform
including a fundamental waveform and a harmonic waveform, the combined waveform
defining a voltage proximate to a surface of a chuck, the chuck coupled to a radio
frequency (RF) transmission line, the RF transmission line coupled to an impedance
matching circuit, the impedance matching circuit coupled to an RF generator;

extracting the fundamental waveform from the combined waveform;

receiving an indication of coupling another chuck to the RF transmission line;

retrieving a measurement of another combined waveform, the other combined
waveform defining a voltage proximate to a surface of the other chuck;

determining a difference between a magnitude of the other combined waveform

and a magnitude of the fundamental waveform; and
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controlling the RF generator to compensate for the difference,

wherein the method is executed by one or more processors.

16. The method of claim 15, wherein the chuck is located within a plasma chamber, the
other chuck is located with another plasma chamber, wherein the plasma chamber provides a

higher yield than the other plasma chamber.

17. A method for performing chamber-to-chamber matching, the method comprising:

retrieving a measurement of a combined waveform, the combined waveform
including a fundamental waveform and a harmonic waveform, the combined waveform
defining a voltage proximate to a surface of a chuck, the chuck coupled to a radio
frequency (RF) transmission line, the RF transmission line coupled to an impedance
matching circuit, the impedance matching circuit coupled to an RF generator;

extracting the fundamental waveform from the combined waveform;

receiving an indication of coupling another chuck to the RF transmission line;

retrieving a measurement of another combined waveform, the other combined
waveform defining a voltage proximate to a surface of the other chuck;

determining a difference between a phase of the other combined waveform and a
phase of the fundamental waveform; and

receiving an indication of a change to a plasma system, the change made to
compensate for the difference, the plasma system including the RF transmission line, an
RF cable coupling the impedance matching circuit to the RF generator, the impedance
matching circuit, the other chuck, or a combination thereof,

wherein the method is executed by one or more processors.

18. The method of claim 17, wherein the chuck is located within a plasma chamber, the
other chuck is located with another plasma chamber, wherein the plasma chamber provides a

higher yield than the other plasma chamber.

19. A method for performing intra-chamber matching, the method comprising:
retrieving a measurement of a combined waveform, the combined waveform

including a fundamental waveform and a harmonic waveform, the combined waveform

defining a voltage proximate to a surface of a chuck of a plasma chamber in a first

condition, the chuck coupled to a radio frequency (RF) transmission line, the RF
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transmission line coupled to an impedance matching circuit, the impedance
matching circuit coupled to an RF generator;

extracting the fundamental waveform from the combined waveform;

receiving an indication of a change in the plasma chamber from the first condition

to a second condition;
retrieving a measurement of another combined waveform generated within the

plasma chamber, the other combined waveform generated when the plasma chamber is in

the second condition;
determining a difference between a magnitude of the other combined waveform

and a magnitude of the fundamental waveform; and
controlling the RF generator to compensate for the difference,

wherein the method is executed by one or more processors.

20. The method of claim 19, wherein the second condition occurs after occurrence of the

first condition.

21. The method of claim 19, wherein the second condition occurs after using the plasma

chamber for processing a wafer.

22. A method for performing intra-chamber matching, the method comprising:

retrieving a measurement of a combined waveform, the combined waveform
including a fundamental waveform and a harmonic waveform, the combined waveform
defining a voltage proximate to a surface of a chuck of a plasma chamber in a first
condition, the chuck coupled to a radio frequency (RF) transmission line, the RF
transmission line coupled to an impedance matching circuit, the impedance matching
circuit coupled to an RF generator;

extracting the fundamental waveform from the combined waveform;

receiving an indication of a change in the plasma chamber from the first condition
to a second condition;

retrieving a measurement of another combined waveform, the other combined
waveform generated when the plasma chamber is in the second condition;

determining a difference between a phase of the other combined waveform and a

phase of the fundamental waveform; and
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receiving an indication of a change to a plasma system, the change made to
compensate for the difference, the plasma system including the RF transmission line, an
RF cable coupling the impedance matching circuit to the RF generator, the impedance
matching circuit, the chuck, or a combination thereof,

wherein the method is executed by one or more processors.

23. The method of claim 22, wherein the second condition occurs after using the plasma

chamber for processing a wafer.
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