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[1] The present invention relates generally to multi-mode pulse processes, and more
particularly, to systems and methods for accurately detecting endpoint in multi-mode pulse

processes.

[2] Typical etch processes utilize optical emission spectrum analysis to determine
when an endpoint of the etch process has been attained. A typical plasma etch process
includes a process time on the order of several second to tens of minutes. The etch
chemistry, pressure, temperature, biasing voltage, RF frequency, RF voltage, RF current,
and RF power are substantially constant throughout the etch process. The plasma includes
process chemistries (e.g., process gases) and etch byproducts. The etch byproducts emit a

corresponding signature optical spectrum.

[3] Many newer plasma processes are multi-mode pulsed plasma processes and can
include multiple different processes. Each of the processes is utilized for a portion of each
cycle and is referred to as a phase. By way of example, a multi-mode process can include
a deposition phase, a breakthrough phase and an etch phase. Unfortunately, each of the
chemistry, pressure, temperature, biasing voltage, RF frequency, RF voltage, RF current,
and RF power can be varied in each, phase in the multi-mode pulse process. As a result,
the variable multi-mode pulse process conditions prevent typical endpoint detection
systems from accurately identifying an endpoint of the multi-mode pulse process as the
optical spectrum varies within the variable multi-mode pulse process conditions. Further,
over-etching into a stop layer can result in excess etch depth in the layer to be etched

which can damage or deform the features being formed by the etch process.

[4] In view of the foregoing, there is a need for accurately detecting the endpoint of a

multi-mode pulse process.



SUMMARY
[5] Broadly speaking, the present invention fills these needs by providing systems and
methods for accurately detecting the endpoint of a multi-mode pulse process. It should be
appreciated that the present invention can be implemented in numerous ways, including as
a process, an apparatus, a system, computer readable media, or a device. Several inventive

embodiments of the present invention are described below.

[6] One embodiment provides a system and method of identifying a selected process
point in a multi-mode pulsing process includes applying a multi-mode pulsing process to a
selected wafer in a plasma process chamber, the multi-mode pulsing process including
multiple cycles, each one of the cycles including at least one of multiple, different phases.
At least one process output variable is collected for a selected at least one of the phases,

during multiple cycles for the selected wafer.

[7] The method can also include analyzing the collected at least one process output
variable and identifying the selected process point from the analyzed at least one process
output variable. Identifying the selected multi-mode pulsing process point from the
envelope can include identifying an endpoint of the multi-mode pulsing process.
Collecting the at least one process output variable for the selected at least one of the
phases, during multiple of cycles for the selected wafer can include collecting the at least
one process output variable at a sampling rate of between about 1 Hz and about 10,000

Hz.

[8] Analyzing the collected at least one process output variable can include
determining an envelope of the collected at least one process output variable. Identifying
the selected multi-mode pulsing process point from the analyzed at least one process
output variable can include identifying a multi-mode pulsing process point from the
envelope of the collected at least one process output variable. Identifying the selected
multi-mode pulsing process point from the analyzed at least one process output variable
can include identifying the selected multi-mode pulsing process point corresponding to a

selected trend in a slope of the envelope.

[9] Analyzing the collected at least one process output variable can also or

alternatively include identifying a template for the selected process point of the multi-



mode pulsing process. Identifying the selected multi-mode pulsing process point from the
analyzed at least one process output variable can include matching the template for the
selected process point to the collected at least one process output variable. Identifying the
template for the selected process point of the multi-mode pulsing process can include a
curve of a monitored at least one process output variable during the multi-mode pulsing

process for multiple wafers, including or not including the selected wafer.

[10] The collected at least one process output variable can be selected from an optical
emission spectrum emitted from a plasma during the multi-mode pulsing process. The
collected at least one process output variable can be selected from a reflected spectrum

reflected from a top surface of the wafer during the multi-mode pulsing process.

[11]  The collected at least one process output variable can be varied in each of the
different phases. Each of the different phases can have a duration of between about 2

second and about 20 seconds.

[12] A first trajectory for at least one of the collected process output variable of a
previous phase or phases can be compared to a second trajectory of a corresponding
collected process output variable of the selected phase or phases. A multivariate analysis
statistic can be calculated for one or more subsequent trajectories and the selected process
point can be identified when the multivariate analysis statistic for when the subsequent

trajectories exceeds a threshold value.

[13] The at least one process output variable can include multiple wavelengths of light.
A multi-mode pulsing process can change for each of the different phases. The monitored
output process variable can include at least one of an emitted spectrum, a reflected
spectrum, an RF harmonic, an RF voltage, an RF current, an RF impedance, a process

chamber temperature and/or a process chamber pressure.

[14]  Another embodiment provides a multi-mode pulsing plasma processing system
including a plasma processing chamber configured for performing plasma processes on a
wafer, the plasma processing chamber including multiple sensors, each of the sensors
configured to detect at least one corresponding output process variable. At least one bias
source, at least one RF source and at least one gas source are coupled to the plasma

processing chamber. A controller is coupled to each of the plasma processing chamber;



the plurality of sensors, the at least one bias source, the at least one RF source and the at
least one gas source. The controller including at least one multi-mode pulsing plasma
processing recipe and at least one multi-mode pulsing plasma processing point detection
logic embodied on computer readable medium including computer executable logic for
applying the multi-mode pulsing process to a selected wafer in the plasma process
chamber, the multi-mode pulsing process including multiple cycles, each one of the cycles
including one or more different phases. Computer executable logic for collecting the at
least one process output variable for a selected at least one of the phases, during the cycles
for the selected wafer, computer executable logic for analyzing the collected at least one
process output variable computer executable logic for identifying the selected process

point from the analyzed at least one process output variable.

[15] The disclosed embodiments provide an advantage of more accurately, quickly
differentiating an endpoint of a multi-mode process from a change in phase of the multi-
mode pulsing plasma process. The disclosed embodiments also provide the advantage of
differentiating other process point during the multi-mode pulsing plasma process, other
than an endpoint, from a change in phase of the multi-mode pulsing plasma process.
Accurately, quickly identifying process points and/or endpoints provides more precise
multi-mode pulsing plasma process control, reduces overall process time and increases

production throughput of the multi-mode pulsing plasma process.

[16]  Other aspects and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,

illustrating by way of example the principles of the invention.



BRIEF DESCRIPTION OF THE DRAWINGS

[17] The present invention will be readily understood by the following detailed

description in conjunction with the accompanying drawings.

[18] Fig. 1A is a schematic diagram of a multi-mode pulse process system 100, for

implementing embodiments of the present disclosure

[19] Fig. 1B is a graphical representation of a multi-mode pulse process, for

implementing embodiments of the present disclosure.

[20] Figs. 2A-C illustrate a reflected light interacting with a surface of the wafer during

the multi-mode pulsing process, for implementing embodiments of the present disclosure.

[21] Fig. 2D is a flowchart diagram that illustrates an overview of method operations
performed during the multi-mode pulsing process, for implementing embodiments of the

present disclosure.

[22] Fig. 3 is a flowchart diagram that illustrates the method operations performed in
identifying a selected process point in a multi-mode pulsing process, for implementing

embodiments of the present disclosure.

[23] Figs. 4A-4E illustrate graphs of a selected process output variable collected during
multiple cycles of a multi-mode pulsing process, for implementing embodiments of the

present disclosure.

[24] Fig. S is a flowchart diagram that illustrates the method operations performed in
identifying a selected process point in a multi-mode pulsing process, for implementing

embodiments of the present disclosure.

[25] Figs. 6A and 6B are graphs of a detected light intensity collected over multiple
cycles of a multi-mode pulse process, for implementing embodiments of the present

disclosure.

[26] Fig. 6C is a graph of more than one detected variable collected over multiple
cycles of a multi-mode pulse process, for implementing embodiments of the present

disclosure.



[27] Fig. 6D is a graph of a reflected light intensity collected over multiple cycles of a

multi-mode pulse process, for implementing embodiments of the present disclosure.

[28] Fig. 6E is a graph of a pattern of one or more selected process variable during
multiple cycles of a multi-mode pulse process, for implementing embodiments of the

present disclosure.

[29] Fig. 6F is a graph of a endpoint portion of the pattern compared to graph of one or
more selected process variables during multiple cycles of a multi-mode pulse process, for

implementing embodiments of the present disclosure.

[30] Fig. 6G is a graph of the difference distance between the graph and the endpoint

portion of the pattern , for implementing embodiments of the present disclosure.

[31] Fig. 7 is a flowchart diagram that illustrates the method operations performed in
identifying a selected process point in a multi-mode pulsing process, for implementing

embodiments of the present disclosure.

[32] Fig. 8is a block diagram of an example computer system for carrying out the

processing according to the invention.



DETAILED DESCRIPTION

[33] Several exemplary embodiments for systems and methods for accurately detecting
a selected process point such as an endpoint or other point during a multi-mode pulse
process will now be described. It will be apparent to those skilled in the art that the
present invention may be practiced without some or all of the specific details set forth

herein.

[34] Inan etch process, the surface being etched includes several layers such as one or
more mask layers as a top most layer, followed by one or more layers to be etched
underlying the mask layer. A stop layer is typically included below the layer(s) to be
etched. The stop layer typically has a slower etch rate than the layer to be etched.

[35] When the etch process experiences a breakthrough into the stop layer, the optical

spectrum of the plasma will include the signature optical spectrum of the stop layer. This
breakthrough point can then be used to identify an endpoint. The optical spectrum of the
plasma can thus be monitored to identify the endpoint of the etch process when the etch

process etches past the layer being etched and over etches some depth into the stop layer.

[36] Multi-mode pulse processes include multiple processes. Each of the multiple
processes is utilized for a relatively short duration, referred to as a phase. By way of
example, a multi-mode process can include a deposition phase, a breakthrough phase and
an etch phase. Each of the phases could be as short as about 10 seconds or longer. The
phases are executed in rapid succession in each single multi-mode pulse process cycle.

Multiple cycles are applied to the layer to be etched to achieve the desired etch result.

[37] Asdescribed above, the typical optical emission spectrum approach does not work
well in a multi-mode pulse process system. There are many variables that can be
monitored to identify an endpoint of a multi-mode pulse process. By way of example, one
or more wavelength of light can be monitored. The one or more wavelength of light can
be emitted by the plasma as an optical emission. Additionally or alternatively, the one or
more wavelength of light can be a reflected light emitted from a light source and reflected
off the surface being etched. The monitored one or more wavelength of light can be

between about 190nm and about 1000nm.



[38]  Further, identifying process points other than the process endpoint in the multi-
mode pulse process can also be helpful. A selected process point can occur mid-process,
after the beginning of the multi-mode pulse process and before the endpoint. By way of
example, identifying a selected process point in the multi-mode pulse process that occurs
within a known number of phases of the multi-mode pulse process before the endpoint
could be used as an indicator to change the multi-mode pulse process such as increased or
reduced time phases, increased or reduced amplitude RF signals, or other process variables
that can change the process rate so that the process rate (e.g., etch rate) tapers off or ends

abruptly, as may be desired.

[39] Other multi-mode pulse process variables in addition to or instead of emitted and
reflected light can be monitored to identify an endpoint or a process point. Example
multi-mode pulse process variables that can be monitored include the RF voltage, RF
current, RF impedance, one or more RF harmonic and a multi-mode pulse process

chamber pressure and/or a temperature.

[40]  As the multi-mode pulse process changes in each phase, the chemical content of
the plasma varies. The conductivity of the plasma also varies corresponding to the
variations in the chemical content of the plasma. The variable conductivity of the plasma
can cause RF harmonics to occur as the impedance of the plasma changes from a matched
impedance. The RF harmonics can be detected and the waveform and/or phase of the
harmonics can be monitored during the multi-mode pulse process. The variable
conductivity of the plasma can cause corresponding variations in RF voltage and/or
current. The variations in RF voltage and/or current can be monitored during the multi-

mode pulse process.

[41]  One approach to detecting an endpoint or a selected process point in a multi-mode
pulse process can include monitoring one or more process output variables. By way of
example the one or more process output variables can be an emitted spectrum, a reflected
spectrum, an RF harmonic, an RF voltage, an RF current, an RF impedance, a process
chamber temperature and/or a process chamber pressure of the multi-mode pulse process
chamber during the multi-mode pulse process. The data for each of the monitored process
output variables can be processed to identify an envelope corresponding to the monitored

process output variable. Additionally or alternatively, the data for each of the monitored



process output variables can be processed to identify a template corresponding to the
monitored process stage or event. Additionally or alternatively, proximity to the identified
envelope can be monitored to detect the desired process point. Additionally or
alternatively, the data for each of the monitored process output variables can be processed
to identify a mean value or trend in the phases of the cycles prior to the monitored process
point. Such methods can also be applied to linear or non-linear combinations of more than

one of the monitored process output variables.

[42] At least one reference envelope or template from one or more monitored process
variables corresponding to the monitored process point can be extracted from process data.
This reference data can be used to model the monitored process point to identify an

endpoint and/or other process point for the multi-mode pulse process.

[43] The endpoint or the process point for the multi-mode pulse process can be
identified in real time or very near real time. By way of example, in some
implementations, the endpoint or the process point can be identified in less than a single
phase of the multi-mode pulse process using one or more of the disclosed detection

processes.

[44] Fig. 1A is a schematic diagram of a multi-mode pulse process system 100, for
implementing embodiments of the present disclosure. The multi-mode pulse process
system 100 includes a plasma process chamber 110, one or more gas sources 112, one or

more RF sources 114, one or more Bias sources 116 and a controller 120.

[45] The plasma process chamber 110 includes a wafer support 104 for supporting a
wafer 102 to be processed in the plasma process chamber 110. The wafer support 104
forms a first electrode and can be coupled to one or both of the one or more RF sources
114 and one or more bias sources 116. The plasma process chamber 110 also includes a
second electrode 106, opposite from the wafer support 104. The second electrode 106 can
be coupled to one or both of the one or more RF sources 114 and one or more bias sources

116.

[46] Each of the wafer support 104 and the second electrode 106 include respective
temperature control devices 104A, 106A for controlling the temperature of the respective

wafer/wafer support and second electrode. The temperature control devices 104A, 106A
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can include heaters for increasing the temperature of the respective wafer/wafer support
and second electrode. Alternatively or additionally, the temperature control devices 104A,
106A can include cooling devices for decreasing the temperature of the respective

wafer/wafer support and second electrode.

[47]  The second electrode 106 can be coupled to the one or more gas sources 112 and
the controller 120. The second electrode 106 can include a gas injection system for
injecting the one or more gases supplied from the gas sources 112 into the plasma process
chamber 110. The gas injection system can include a directed gas injection such as a
nozzle and/or a gas dispersion system such as a showerhead for dispersing the injected

gases into the plasma process chamber.

[48] The plasma process chamber 110 also includes one or more sensors 130, 131. The
one or more sensors 130, 131 can detect broad spectrums of light e.g., between about 190
nm and about 1000 nm. One or both of the sensors 130, 131 can include one or more light
emitters for emitting a light toward the surface of the wafer 102. The one or more sensors
130, 131 can detect a spectrum of light reflected from the surface of the wafer 102 and/or
light emitted from the plasma 108. The one or more sensors 130, 131 can include a photo-

diode or other type of light sensors.

[49] The plasma process chamber 110 can also include a pressure sensor 132, a
temperature sensor 133, RF voltage sensors 134, 135, RF current sensors 136, 137 and RF
probe 138. Each of the sensors 130-138 are coupled to the controller 120 to provide

respective sensor inputs to the controller.

[S0] The plasma process chamber 110 also includes one or more outlets 111 for
removing the gases and process byproducts from the plasma process chamber. The one or
more outlets 111 can be coupled to suitable low pressure sources (e.g., pumps) and/or

heated or cooled surfaces as may be desired.

[S1] The gas sources 112 can include one or more process gases sources and one or
more purge and/or carrier gas sources. The gas sources 112 can also include flow meters
112A and flow controllers 112B for monitoring and controlling the flow of the gas sources

into the plasma process chamber 110 as may be determined by the controller 120.
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[S2]  The RF sources 114 can include multiple, different RF sources, each of the RF
sources outputting RF signals having different amplitude, power level, frequency and/or
modulation and/or duty cycle. Respective RF sources 114 can be coupled to one or both
of the wafer support 104 or the second electrode 106. By way of example, the RF sources
can include an about 2 MHz RF source, an about 25-30 MHz source and about a 50-75

MHz source.

[S3] The bias sources 116 can include one or more DC bias and ground potential
sources. Respective bias sources 116 can be coupled to one or both of the wafer support
104 or the second electrode 106 or other portions of the plasma process chamber 110.
Other portions of the plasma process chamber 110 can include sidewalls 110A, various

shields and plasma containment structures 110B.

[S4] The controller 120 is coupled to each of the plasma process chamber 110, the gas
sources 112, the RF sources 114 and the bias sources 116 for controlling and monitoring
the operations of each of the plasma process chamber, the gas sources, the RF sources and
the bias sources. The controller 120 also includes one or more recipes 122 embodied on
computer readable media that the controller can use to control the process variables such
as bias voltages, multi-mode pulse process phase length, multi-mode pulse process phase
order, mixture of multi-mode pulse process phases in each cycle, number of multi-mode
pulse process cycles, RF frequencies, RF powers, RF modulations, duty cycles, process
chemistries, gas mixtures, gas flow rates, pressures, temperatures of at least one portion of
the plasma process chamber 110 during the multi-mode pulse process operations of the
plasma process chamber. By way of example, the one or more recipes 122 can include a
multi-mode pulsing process recipe for applying multi-mode pulsing process to the wafer

102.

[SS5]  The controller 120 also includes endpoint and process point logic 124 embodied on
computer readable media so that the controller can accurately determine a process point
during the process and/or a process endpoint. By way of example, the endpoint and
process point logic 124 can allow the controller to detect an endpoint and/or a selected

process point for a multi-mode pulsing process being applied to the wafer 102.
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[S6] Fig. 1B is a graphical representation of a multi-mode pulse process 150, for
implementing embodiments of the present disclosure. The multi-mode pulse process 150
includes multiple cycles: cycle 0 through cycle n. Each of the cycles 0-n include one or
more phases: phase 1, phase 2, phase 3. The process(es) occurring in the processing
chamber 110 is different during each of the phases 1-3. By way of example, phase 1 can
be a deposition process while phase 2 can be an etch process and phase 3 can be a
passivation process. As a result, during each of the cycles 0-n, a layer is deposited or
formed on the surface of wafer 102 during the phase 1, the deposited layer is etched
through in the breakthrough phase 2 and the underlying layer is etched in the etch phase 3.
Other types of phases can also be used in addition to or instead of one or more of the
deposition process, the etch process and the passivation process. Further, it should be
understood that different types of each one of the deposition processes, etch processes and

passivation processes can be used.

[S7] It should be understood that while three phases (phases 1-3) are shown, more or
less than three phases can be used in each of the cycles 0-n. It should also be understood
that while the phases 1-3 are shown having substantially equal durations in time, each of
the phases can have a different duration. It should also be understood that each of the
phases can be at least one or more of an etch process phase where material is etched from
the surface being processed, a deposition process phase where material is being formed on
the surface to be processed, a passivation process phase and similar types processes and

combinations of each of these types of processes.

[S8] Figs. 2A-C illustrate a reflected light interacting with a surface of the wafer 102
during the multi-mode pulsing process, for implementing embodiments of the present
disclosure. Figs. 2A-C included a simplified drawing of a cross-section of a portion of the
surface of the wafer, not drawn to scale. The wafer 102 includes a base silicon substrate
layer 252. One or more layers 254 are formed on the base silicon substrate layer 252. A
layer to be etched 256 is formed over the one or more layers 254. A mask layer 258 is
formed over the layer to be etched 256. The mask layer 258 covers portions of the layer to
be etched 256, as shown. Features 260 are to be formed in the layer to be etched 256 by

the multi-mode pulsing process.
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[S9] Asshown in Fig. 2A, the multi-mode pulsing process has begun to etch into the
layer to be etched 256 and begin forming the features 260. A light 264A is emitted from a
light source (not shown) and directed toward the surface 262A of the material 260A filling
the feature 260. The light 264A is reflected off the surface 262A as reflected light 264B
because the material 260A is sufficiently optically thick to reflect the light 264B. The
intensity of one or more wavelengths in the reflected 264B can be analyzed to identify the

material 260A.

[60] Asshown in Fig. 2B, the multi-mode pulsing process has etched further into the
layer to be etched 256 and the features 260 are substantially formed. However, an
optically thin layer of material 260B still remains in the bottom portion of the features.
The thin layer of material 260B is referred to as optically thin because the light 264A
penetrates the surface 262B to be reflected off a surface 254A of the underlying layer 254
as reflected light 264B°. As the reflected light 264B’ is reflected off the surface 254A of
the underlying layer 254, the intensity of the selected wavelength of light will correspond
to the material of the underlying layer 254 and may not correspond to the optically thin
layer of material 260B remaining in the feature 260. The optically thin layer of material
260B can be as thin as a few atomic layers in thickness or thicker. By way of example, if
the layer to be etched 256 is a tungsten containing layer, the tungsten becomes optically

thin at a thickness of less than about 10 nm.

[61] If an endpoint or other process point of the etch process were determined only by
the intensity of the selected wavelength identifying the underlying layer 254, then the
optically thin layer of material 260B would not be fully removed and thus the feature 260
would not be formed fully through the layer to be etched 256 and through to the
underlying layer 254.

[62] As shown in Fig. 2C, the multi-mode pulsing process is continued to further etch
for a selected period of time or a selected number of cycles or a selected number of phases
until the feature penetrates to a depth 254B into the underlying layer 254 as the light
264B” is reflected from the exposed surface 254C of the underlying layer 254.
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[63] It should be understood that while light reflected 264B from the surface being
processed are discussed other output process variables, as listed above, can be used in

addition to or as alternatives of the light reflected from the surface being processed.

[64] Fig. 2D is a flowchart diagram that illustrates an overview of method operations
200 performed during the multi-mode pulsing process, for implementing embodiments of
the present disclosure. In an operation 205, a wafer 102 to be processed is placed in the
processing chamber 110 and a multi-mode pulsing process is applied to the wafer as

determined by one or more of the recipes 112 in the controller 120.

[65] During the multi-mode pulsing process multiple sensors 130-138 are monitored to
collect the respective data through multiple phases of each cycle of the multi-mode pulsing
process, in an operation 210. By way of example, the one or more sensors 130, 131 can
detect a spectrum of light reflected from the surface of the wafer 102 or light emitted from
the plasma 108. The pressure sensor 132 can detect pressures in the plasma process
chamber 110. The temperature sensor 133 can detect temperatures in selected portions or
surfaces of the plasma process chamber 110 or the upper or lower electrodes 106, 104, or
the plasma 108 or the wafer 102. The RF voltage sensors 134, 135, RF current sensors
136, 137 and RF probe 138 can detect the RF voltage, RF impedance, RF current and RF

voltage and current harmonics.

[66] The respective data from each of the sensors 130-138 can be collected multiple
times during each phase of the multi-mode pulsing process. By way of example each
sensor 130-138 output to the controller 120 can be sampled and collected as often as
between about once per second and as often as about 10 times per millisecond or faster
(e.g. between about 1 Hz and greater than about 10,000 Hz sampling and collection rate).
In one implementation, each sensor 130-138 output to the controller 120 is sampled and
collected as about once every 20 millisecond (e.g., about 50 Hz sampling and collection
rate). Slower sampling and collection rates of between 1 Hz and about 10 Hz can also be
used. Faster sampling and collection rates of greater than about 10,000 Hz can also be

used.

[67] In an operation 215, the collected data is processed to extract information

regarding each of the monitored output process variables. By way of example, intensities
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of one or more selected wavelengths of a reflected light 262B reflected from the surface of
the wafer 102 may be analyzed to identify a trend such as an intensity variation in the
selected wavelengths of reflected light over a period of time. In an operation 220, the
processed data can be analyzed to identify one or more process points, such as an endpoint
or a selected process point during the process, as will be described in more detail in the

foregoing examples.

[68] Fig. 3 is a flowchart diagram that illustrates the method operations 300 performed
in identifying a selected process point in a multi-mode pulsing process, for implementing
embodiments of the present disclosure. In an operation 305, a wafer is placed in the

plasma processing chamber 110 and a multi-mode pulsing process is applied to the wafer.
As described above, the multi-mode pulsing process can include multiple cycles and each

one of the cycles can include one or more phases.

[69] Each of the phases can be different than the previously applied phases. The same
phase can be repeated within each cycle and/or can be repeated from one cycle to another
cycle. The phases typically reoccur in one or more of the cycles. The order of the phases
can be the same or different in each cycle in which the phase occurs. The order of
occurrence and repetitions of the phases are determined by the recipe logic 122 in the

controller 120.

[70]  Each of the different phases can have a duration of between about 2 seconds and
about 20 seconds. Due to the relatively short duration of each phase, the typical process
point detection approaches are mislead and generally not accurate as the typical process
point detection approaches require a detection time greater than the length of the phases

applied in a multi-mode pulsing process.

[71]  Applying the multi-mode pulsing process to the wafer produces multiple process
output variables. By way of example, the multi-mode pulsing process can produce process
output variables including, but not limited to: an emitted spectrum, a reflected spectrum,
an RF harmonic, an RF voltage, an RF current, an RF impedance, a process chamber
temperature and/or a process chamber pressure and other process output variables. In an

operation 310, at least one process output variable for at least one of the phases is selected
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for collection during one or more cycles of the multi-mode pulsing process for the wafer.

The collected process output variable(s) can vary in each of the different phases.

[72]  Figs. 4A-4E illustrate graphs 410, 450, 460, 470 and 480, respectively, of a
selected process output variable collected during multiple cycles of a multi-mode pulsing
process, for implementing embodiments of the present disclosure. The selected process
output variable is an intensity level of a reflected light at the wavelength of 387 nm.
However, it should be understood that the selected process output variable is merely
exemplary and other process output variable could alternatively and/or additionally be

selected and collected.

[73]  Graph 450 of Fig. 4B illustrates the emitted wavelength of 387 nm across multiple
cycles, where each of the substantially vertical lines of the graph 450 represent one phase
of the multimode pulsing cycle. Graph 460, of Fig. 4C, illustrates a more detailed view of
a portion of the emitted wavelength of 387 shown in Fig. 4B. Graph 460 of Fig. 4C
illustrates a further detailed view of the detected ramp of the emitted wavelength of 387

nm in a ramp portion, t;mp, of a phase having a duration, tiraps.

[74]  The reflected and emitted wavelength of 387 nm is sampled at a sampling rate of
10 Hz (e.g., one sample every 0.1 seconds) in both graph 410 and graph 450, respectively.
It should be understood that the sampling rate can be between about 1 Hz and about
10,000 Hz.

[75]  In an operation 320, the collected process output variable, the emitted wavelength
of 387 nm, in this instance, is analyzed to determine an envelope of the collected process
output variable. Fig. 4D illustrates a graph 470 of the envelope 475 of the graph 450 of
Fig. 4B. The envelope 475 can be an outline of the graph 450 of the reflected wavelength
of 387 nm, and/or other selected process output variable. The envelope 475 provides a

trend of the selected process output variable over a period of several cycles and phases.

[76] In an operation 325, the selected process point can be identified from the selected
and analyzed one or more process output variable(s). As shown in graph 470 of Fig. 4D,
the envelope 475 has an easily detectible transition as it trends downward in a very short

time interval tgp esn and transitions to a preselected threshold level Algp gesh. The selected
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process point can be identified as the combination of the downward trend meeting the

preselected threshold level Algp gegh.

[77]  Additionally or alternatively, the process point can be identified by comparing the
same time point in a selected phase of every cycle and using a threshold values to detect
the process point of interest as shown in graph 480 of fig. 4E. Repeating this procedure
real-time at every point enables timely detection of the process point. This method can be
implemented in combination with the previously described downward trend or other shape
or trend in the envelope 475 and a preselected offset in time, in phases, or cycles. By way
of example, a multi-mode pulsing process endpoint may be identified as occurring at a

specific time point in a selected phase of a cycle.

[78] Fig. 5 is a flowchart diagram that illustrates the method operations 500 performed
in identifying a selected process point in a multi-mode pulsing process, for implementing
embodiments of the present disclosure. In an operation 505, a wafer is placed in the
plasma processing chamber 110 and a multi-mode pulsing process is applied to the wafer.
As described above, the multi-mode pulsing process can include multiple cycles and each
one of the cycles can include one or more phases. In an operation 510, at least one process
output variable for at least one of the phases is selected for collection during one or more

cycles of the multi-mode pulsing process for the wafer.

[79] In an operation 515, all trajectories until the last trajectory of a phase for all
previous cycles are compared. The time point where a deviation of the last trajectory from
the previous trajectories of a specific phase of multiple cycles determines the point of

interest in the process.

[80] In an operation 520, a multivariate analysis statistic is calculated for the

trajectories of the same phase of all previous cycles including the current (last) cycle.

[81] In an operation 530 the selected process point is identified when the multivariate

analysis statistic for the current (last) trajectory exceeds a threshold value.

[82] Figs. 6A and 6B are graphs 600 and 605 of a detected light intensity collected over
multiple cycles of a multi-mode pulse process, for implementing embodiments of the
present disclosure. A light intensity at a single selected wavelength of 777 nm is shown as

detected by one or more of the light sensors 130, 131 during five cycles, e.g., cycles 1-5,
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of the multi-mode pulse process. Emissions from other phases and at other wavelengths
are not shown in graph 600. The detected light is sampled approximately 450 times
during the duration of the cycles 1-5. The 450 samples can be evenly spaced in time as
shown, but it should be understood that the 450 samples may be unevenly spaced in time.
As shown, the intensity of the light at 777 nm is very similar in each of cycles 1-4. In
contrast, the intensity of the light at 777 nm during cycle 5 is somewhat dissimilar to the

intensities in each of cycles 1-4.

[83] Graph 610 of Fig. 6B illustrates the same data set as shown in graph 600 in Fig.
6A, however graph 610 illustrates all cycles 1-5 shown in an overlay format. Graph 610
illustrates the similarity of cycles 2-4 and the dissimilarity of cycle 5. Graph 610 shows a
comparison of the intensities of the selected wavelength for each of cycles 2-4. As the
intensities of the selected wavelength for each of cycles 2-4 are very similar, the
differences between the intensities are very small and as a result, the substantially single
line graph 610 encompasses all of cycles 2-4. In contrast, the intensity of the light at 777
nm during cycle 5 is somewhat dissimilar to the intensities in each of cycles 1-4 and thus
is offset as graph 612 from the graph 610 for cycles 2-4. The dissimilarity is the result of
reaching the process endpoint condition. Each of these curves represents a trajectory of
the multimode pulsing process output variable. Comparing these trajectories over time
shows that a difference begins to appear in the fifth cycle at sample 25. One wavelength
may not be sufficient or may not provide enough signal to distinguish the change, thus
applying a multivariate statistics to the entire spectrum or a region of the spectrum or
multiple selected wavelengths in the spectrum may yield a better detection limit. This is
illustrated in Fig. 6C where a multivariate statistic is calculated for all the cycles using the
entire emitted spectrum from 200 -1000 nm. It should be noted that the multivariate
statistic is substantially constant across cycles 3 and 4 and begins to show a significant

change in cycle 5 indicating that the process reached endpoint condition.

[84] Fig. 6C is a graph 620 of more than one detected variable collected over multiple
cycles of a multi-mode pulse process, for implementing embodiments of the present
disclosure. The graph 620 is a multivariate statistic calculated using trajectories method.
Multiple wavelengths are used in graph 620. Graph 620can represent as many as all
detectable light wavelengths. In Figs 6A and 6B, above, a single, selected variable,
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specifically the intensity at 777 nm wavelength, is detected and recorded in the graphs
600, 605. In contrast, multiple variables are combined and reported in graph 620 of Fig.
6C. The multiple variables can include intensities of one or more selected wavelengths
and/or other process variables including one or more of an RF current, an RF voltage, an
RF power, a bias voltage, a plasma process chamber pressure, one or more gas flowrates

or any other selected multi-mode pulse process variable.

[85] A threshold matching limit 622 is selected. The threshold matching limit 622 can
be selected according to a past experience and/or testing results. The graph 620 exceeds
the threshold matching limit 622 is exceeded during cycle 5 and thus an endpoint can be

identified during cycle 5.

[86] Fig. 6D is a graph 630 of a reflected light intensity collected over multiple cycles
of a multi-mode pulse process, for implementing embodiments of the present disclosure.
The graph 630 shows 275 nm light reflected from the surface of the wafer being processed
in the multi-mode pulse process. It should be understood that while 275 nm is the selected
wavelength for graph 630, any suitable wavelength can be selected. As shown the
intensity of the reflected light is relatively high between 0 seconds and about 87 seconds
into the multi-mode pulse process. The intensity of the reflected light is relatively
constant between time 0 and about 87 seconds because the layer on the surface of the
wafer being processed is optically thick. The optically thick surface reflects a

substantially equal intensity.

[87] After about 87 seconds, the reflected light intensity begins a generally downward
trend to a minimum intensity at about 118 seconds into the multi-mode pulse process. The
intensity of the reflected light drops off as the layer on the surface of the wafer being
processed becomes optically thin and an underlying layer begins to reflect the light. Each
type of material will reflect light at different wavelengths differently. It should be noted
that the localized peak at about 112 seconds is a result of a deposition process phase

occurring between about 106 seconds and about 112 seconds.

[88]  Fig. 6E is a graph of a pattern 640 of one or more selected process variables during
multiple cycles of a multi-mode pulse process, for implementing embodiments of the

present disclosure. The pattern 640 can be generated many different ways such as
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described above in Figs. 6A-D. Alternatively, the pattern 640 can be based on an average
result of one or more wafers undergoing the multiple cycles of the same multi-mode pulse

process.

[89] Graph 645 is the graph of the same one or more variables used to form the pattern
640 as the multiple cycles of the same multi-mode pulse process is applied to a wafer
being evaluated. The pattern 640 and the graph 645 are compared and an endpoint 646
can be found to correspond to the endpoint 641 of the pattern 640. The comparison of the
pattern 640 and the graph 645 can be difficult to achieve in real time.

[90] Fig. 6F is a graph of a endpoint portion 642 of the pattern 640 compared to graph
645 of one or more selected process variables during multiple cycles of a multi-mode
pulse process, for implementing embodiments of the present disclosure. As an alternative,
the endpoint portion 642 of the pattern 640 can be used for near real time comparison to
the graph 645, as the multiple cycles of the same multi-mode pulse process are applied to
the wafer being evaluated. Comparing the endpoint portion 642 of the pattern 640
includes selecting multiple points 642A-E and comparing the selected point to possible
corresponding points 645A-E on the graph 645. The difference value between the
corresponding points, e.g., 642A compared to 645A, can be expressed as a distance
absolute value. The multiple points 642A-E can be continually compared to subsequent
corresponding points 645F-S until a minimum distance absolute value is achieved where

642A-E correspond to points 645N-S and an endpoint 645R can be identified.

[91] Fig. 6G is a graph of the difference distance between the graph 645 and the
endpoint portion 642 of the pattern 640, for implementing embodiments of the present
disclosure. At about sample 1100, the difference is a minimum value and thus is a closest
match to the endpoint portion 642 when the endpoint portion 642 is in position 642° as
shown in Fig. 6F.

[92] The foregoing pattern matching process was used to identify an example endpoint
645R in the graph 645, however, the foregoing pattern matching process could also be
used to find a corresponding process point in any portion of the pattern 640. By way of

example, a selected point in the process, e.g., a process point 640X, as shown in Fig. 6E
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could be used to find a corresponding point 645J in the graph 645, using the foregoing

pattern matching process.

[93] Fig. 7 is a flowchart diagram that illustrates the method operations 700 performed
in identifying a selected process point in a multi-mode pulsing process, for implementing
embodiments of the present disclosure. In an operation 705, a wafer is placed in the
plasma processing chamber 110 and a multi-mode pulsing process is applied to the wafer.
As described above, the multi-mode pulsing process can include multiple cycles and each
one of the cycles can include one or more phases. In an operation 710, at least one process
output variable for at least one of the phases is selected for collection during one or more

cycles of the multi-mode pulsing process for the wafer.

[94] Inan operation 715, the collected process output variable(s) are analyzed to
identify a template for the selected process point of the multi-mode pulsing process. The
template that is identified corresponding to the process point should be sufficiently similar
for the monitored output variable(s) for all wafers of interest. Identifying the selected
multi-mode pulsing process point can be performed by matching the template for the
selected process point to the collected at least one process output variable(s) for all
selected wafers in an operation 720. In one implementation, the template identified for the
process point includes one or more unique characteristics, e.g., curve(s), that are different
from other process points so that the pattern can be matched across multiple wafers on
process output variable(s) during the multi-mode pulsing process. The wafers selected for
identifying the reference templates can be different than the wafers that are being tested.
In this instance, the current condition of the plasma process chamber 110 remains a
constant and the template being selected does not evolve as more wafers are processed in

the plasma process chamber.

[95] More than one template could be identified as the reference template(s) from at
least one reference wafer(s) corresponding to the process point. For the test wafers,
pattern matching can detect the process point if the pattern on the process output variable
of the wafer being tested is matched with at least one template from the reference
templates. By way of example, the multiple wafers processed to identify a template of the
process output variable(s) may include multiple reference/test wafers to determine a

characterization template for the plasma process chamber 110. Alternatively, the
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characterization template for the plasma process chamber 110 can be identified as a
theoretical, desired template rather than determined from actual processing multiple

wafers in the plasma process chamber 110.

[96] Alternatively, the multiple wafers processed to identify the template(s) of the
process output variable(s) may include the reference wafers and/or a selected number of
recently processed test wafers that were processed in the plasma process chamber 110.
This alternative allows the template to evolve to include and to reflect the current

condition of the plasma process chamber 110.

[97] With the above embodiments in mind, it should be understood that the invention
may employ various computer-implemented operations involving data stored in computer
systems. These operations are those requiring physical manipulation of physical
quantities. Usually, though not necessarily, these quantities take the form of electrical or
magnetic signals capable of being stored, transferred, combined, compared, and otherwise
manipulated. Further, the manipulations performed are often referred to in terms, such as

producing, identifying, determining, or comparing.

[98] The invention may be practiced with other computer system configurations
including hand-held devices, microprocessor systems, microprocessor-based or
programmable consumer electronics, minicomputers, mainframe computers and the like.
The invention may also be practiced in distributing computing environments where tasks

are performed by remote processing devices that are linked through a network.

[99] Any of the operations described herein that form part of the invention are useful
machine operations. The invention also relates to a device or an apparatus for performing
these operations. The apparatus may be specially constructed for the required purposes, or
it may be a general-purpose computer selectively activated or configured by a computer
program stored in the computer. In particular, various general-purpose machines may be
used with computer programs written in accordance with the teachings herein, or it may be
more convenient to construct a more specialized apparatus to perform the required

operations.

[100] Fig. 8 is a block diagram of an example computer system 1000 for carrying out the

processing according to the invention. A general or specialized computer system, such as
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the computer system 1000, can be used as a controller 120 for controlling a system
executing the operations for performing at least a portion of the processes described
above. The computer system 1000 includes a computer 1002, a display 1018, an optional
printer or output device (not shown), a removable media (e.g., magnetic/optical/flash)
drive 1034, a mass storage system 1014 (e.g., hard disk drive, solid state drive, or other
suitable data storage device), a network interface 1030, and a keyboard 1022. Additional
user interface devices such as a mouse 1024, a touch pad or touch screen can also be

included.

[101] The computer 1002 includes a central processing unit 1004, one or more data buses
1010, random access memory (RAM) 1028, read only memory (ROM) 1012, and an
input/output interface 1020. The computer 1002 can be a personal computer (such as an
IBM compatible personal computer, a Macintosh computer or Macintosh compatible
computer), a workstation computer (such as a Sun Microsystems or Hewlett-Packard

workstation), or some other suitable type of computer.

[102] The CPU 1004 can be a general purpose digital processor or a specially designed
processor. The CPU 1004 controls the operation of the computer system 1000. Using
instructions retrieved from memory (e.g. program(s) 1008), the CPU 1004 controls the
reception and manipulation of input data and the output and display of data on output

devices.

[103] The data buses 1010 are used by the CPU 1004 to access the RAM 1028, the ROM
1012 and the mass storage 1014. The RAM 1028 is used by the CPU 1004 as a general
storage area and as scratch-pad memory, and can also be used to store input data and
processed data. The RAM 1028 and the ROM 1012 can be used to store computer
readable instructions or program code 1008 readable and executable by the CPU 1004 as

well as other data.

[104] The bus 1010 can also be used to access the input, output, and storage devices used
by the computer 1002. These devices include the display 1018, the optional printer (not
shown), the removable media drive 1034, and the network interface 1030. The
input/output interface 1020 is used to receive input from keyboard 1022 and send decoded

symbols for each pressed key to CPU 1004 over the data bus 1010.
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[105] The display 1018 is an output device that displays images of data provided by the
CPU 1004 via the bus 1010 or provided by other components in the computer system
1000. The optional printer device, when operating as a printer, provides an image on a
sheet of paper or a similar surface. Other output devices such as a plotter, projector, etc.

can be used in place of, or in addition to, the printer device.

[106] The removable media drive 1034 and the mass storage 1014 can be used to store
various types of data. The removable media drive 1034 facilitates transporting such data
to other computer systems, and mass storage 1014 permits fast access to large amounts of
stored data. The mass storage 1014 may be included within the computer system or may
be external to the computer system such as network attached storage or cloud storage
accessible over one or more networks (e.g., local area networks, wide area networks,

wireless networks, Internet 1032) or combinations of such storage devices and locations.

[107] The CPU 1004 together with an operating system operate to execute computer
readable code and logic and produce and use data. The computer code, logic and data may
reside within the RAM 1028, the ROM 1012, or the mass storage 1014 or other media
storage devices and combinations thereof. The computer code and data could also reside
on a removable program medium and loaded or installed onto the computer system 1000
when needed. Removable program media include, for example, DVD, CD-ROM, PC-
CARD, floppy disk, flash memory, optical media and magnetic disk or tape.

[108] The network interface 1030 is used to send and receive data over a network 1032

connected to other computer systems. An interface card or similar device and appropriate
software implemented by the CPU 1004 can be used to connect the computer system 1000
to an existing network and transfer data according to standard protocols such as local area
networks, wide area networks, wireless networks, Internet and any other suitable networks

and network protocols.

[109] The keyboard 1022 is used by a user to input commands and other instructions to
the computer system 1000. Other types of user input devices can also be used in
conjunction with the present invention. For example, pointing devices such as a computer
mouse, a track ball, a stylus, touch pad, touch screen or a tablet can be used to manipulate

a pointer on a screen of a general-purpose computer.
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[110] It will be further appreciated that the instructions represented by the operations in
the above figures are not required to be performed in the order illustrated, and that all the
processing represented by the operations may not be necessary to practice the invention. It
should also be appreciated that some operations may have sub-operations and in other
instances, certain operations described herein may not be included in the illustrated
operations. Further, the processes described in any of the above figures can also be
implemented in software stored in any one of or combinations of the RAM, the ROM, or

the hard disk drive.

[111] The invention can also be embodied as computer readable code and/or logic on a
computer readable medium. The computer readable medium is any data storage device
that can store data which can thereafter be read by a computer system. Examples of the
computer readable medium include hard drives, network attached storage (NAS), logic
circuits, read-only memory, random-access memory, CD-ROMs, CD-Rs, CD-RWs,
magnetic tapes, and other optical and non-optical data storage devices. The computer
readable medium can also be distributed over a network coupled computer systems so that

the computer readable code is stored and executed in a distributed fashion.

[112] It will be further appreciated that the instructions represented by the operations in
the above figures are not required to be performed in the order illustrated, and that all the
processing represented by the operations may not be necessary to practice the invention.
Further, the processes described in any of the above figures can also be implemented in
software stored in any one of or combinations of the RAM, the ROM, or the hard disk

drive.

[113] Although the foregoing invention has been described in some detail for purposes of
clarity of understanding, it will be apparent that certain changes and modifications may be
practiced within the scope of the appended claims. Accordingly, the present embodiments
are to be considered as illustrative and not restrictive, and the invention is not to be limited
to the details given herein, but may be modified within the scope and equivalents of the
appended claims.

What is claimed is:
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Claims

1. A method comprising:

applying a multi-mode pulsing process to a selected wafer in a plasma process
chamber, the multi-mode pulsing process including a plurality of cycles, each one of the
plurality of cycles including a plurality of different phases;

collecting at least one process output variable for a phase of the plurality of phases
during the plurality of cycles for the selected wafer;

comparing a plurality of trajectories of the at least one process output variable for the
phase across the plurality of cycles;

calculating a distance from a point on a first one of the trajectories for a first one of
the cycles to a point on a second one of the trajectories for a second one of the cycles; and

determining based on the distance whether an endpoint of the multi-mode pulsing
process is reached.

2. The method of claim 1, wherein collecting the at least one process output variable for
the phase during the plurality of cycles for the selected wafer includes collecting the at least

one process output variable at a sampling rate of between 1 hertz and 10,000 hertz.

3. The method of claim 1, wherein the at least one process output variable is at least one
of an optical emission spectrum emitted from plasma during the multi-mode pulsing process
or a reflected spectrum reflected from a top surface of the selected wafer during the multi-

mode pulsing process.

4. The method of claim 1, wherein the at least one process output variable is varied in

each of the plurality of different phases.

5. The method of claim 1, wherein each of the plurality of different phases has a

duration of between 2 seconds and 20 seconds.

6. The method of claim 1, wherein the at least one process output variable includes a

plurality of wavelengths of light.
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7. The method of claim 1, wherein a process changes for each of the plurality of
different phases.
8. The method of claim 1, wherein the at least one process output variable includes an

emitted spectrum, or a reflected spectrum, or an RF harmonic, or an RF voltage, or an RF
current, or an RF impedance, or a process chamber temperature, or a process chamber

pressure.

9. The method of claim 1, further comprising:
analyzing the at least one process output variable; and

identifying a selected process point from the at least one process output variable.

10. The method of claim 9, wherein identifying the selected process point includes
identifying the endpoint of the multi-mode pulsing process.

11.  The method of claim 9, further comprising:
differentiating the second trajectory of the phase in the second cycle that contains the
selected process point from the plurality of trajectories, wherein differentiating includes:
calculating a multivariate analysis statistic for the second trajectory; and
identifying the selected process point when the multivariate analysis exceeds a

threshold value.

12.  The method of claim 9, wherein analyzing the at least one process output variable
includes determining an envelope of the at least one process output variable and wherein the
determined envelope includes a trend of the at least one process output variable prior to the

selected process point.

13.  The method of claim 12, wherein identifying the selected process point from the at
least one process output variable includes identifying a multi-mode pulsing process point

from the envelope of the at least one process output variable.
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14.  The method of claim 12, wherein identifying the selected process point from the at
least one process output variable includes identifying the selected process point

corresponding to a selected trend in a slope of the envelope.

15.  The method of claim 9, wherein analyzing the at least one process output variable
includes identifying a template for the selected process point of the multi-mode pulsing
process, and wherein identifying the selected process point from the at least one process
output variable includes matching the template for the selected process point to the at least

one process output variable.

16.  The method of claim 15, wherein identifying the template for the selected process
point of the multi-mode pulsing process includes identifying a curve corresponding to the

selected process point during the multi-mode pulsing process for a plurality of wafers.

17.  The method of claim 16, wherein the curve corresponding to the selected process

point during the multi-mode pulsing process for a plurality of wafers is a unique curve.



