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ENDPOINT DETECTION ALGORITHM FOR
ATOMIC LAYER ETCHING (ALE)

BACKGROUND

10001} Atomic layer etching {ALE) is a plasma etch technology that enables layer-
by-layer etching with atomic-scale precision. ALE implements a technigue for
removing thin layers of material using cycles of multi-steps that alternate, for
example, between adsorption and desorption reactions. ALE is as an alternative to
continuous etching and is viewed as an essential counterpart to atomic layer
deposition.

10002} Endpoint detection (EPD)} is used to stop or change plasma etching
processes by detecting that the material being etched has been cleared to an
underlying layer. Depending on the types of materials being etched and the etch
process parameters, a change of an optical emission spectrum of plasma at an
endpoint of the etch process may be pronounced and relatively easy to detect, or
conversely, subtle and relatively difficult to detect. For example, etching of the
material with a low open ratio may make endpoint detection difficult using current
algorithms for processing optical emission spectroscopy (OES} data. Improvements
are therefore needed to make etch endpoint detection based on optical emission

spectroscopy {OES) data more robust in such challenging etch process conditions.
RELATED APPLICATIONS

106003} This application is based on and claims priority to co-pending U.S.
Provisional Patent Application No. 62/382,904, entitled “ENDPOINT DETECTION
ALGORITHM FOR ATOMIC LAYER ETCHING”, filed on September 2, 2016, the contents
of which are incorporated, herein, in their entirety. This application is related to co-
pending U.S. Nonprovisional Patent Application No. 15/053,368, entitled “METHOD
OF ENDPOINT DETECTION OF PLASMA ETCHING PROCESS USING MULTIVARIATE
ANALYSIS” (Ref. No. TTI-240US2-CON), filed on February 25, 2016, which is a
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continuation of U.S. Nonprovisional Patent Application No. 14/056,059, entitled
“METHOD OF ENDPOINT DETECTION OF PLASMA ETCHING PROCESS USING
MULTIVARIATE ANALYSIS” {Ref. No. TTI-240), filed on October 17, 2013, now U.S.
Patent 9,330,890, which is based on and claims priority to U.S. Provisional Patent
Application No. 61/715,047, entitled “METHOD OF ENDPOINT DETECTION OF
PLASMA ETCHING PROCESS USING MULTIVARIATE ANALYSIS” {Ref. No. TTI-240PROV},
filed on October 17, 2012, all of which applications are incorporated by reference,

herein, in their entirety.
BRIEF DESCRIPTION OF THE DRAWINGS

10004} The detailed description is described with reference to accompanying
figures. In the figures, the left-most digit{s) of a reference number identifies the
figure in which the reference number first appears. The same numbers are used
throughout the drawings to reference like features and components.

10005] FIG. 1 is an example scenario that demonstrates an overview of an
endpoint detection during an etching process as described in implementations
herein.

106006} FIG. 2 is an exemplary schematic block diagram of an optical emission
spectroscopy {OES) module as described in implementations herein.

10007} FIG. 3 is an example graph representation of an input signal that is
processed by an OES module as described in implementations herein.

10008} FIG. 4 is an example process chart illustrating an example endpoint
detection of multi-process steps in a plasma etch processing system.

(0003} FIG. 5 is an example process chart illustrating an example endpoint

detection as described herein.

DETAILED DESCRIPTION
10010} Described herein are architectures, platforms and methods for an
endpoint detection of a process step or a combination of process steps in a multi-
process step plasma etch processing system. The multi-process step processing

system, for example, is an atomic layer etching {ALE} process and the ALE process
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may be represented by a continuous signal curve - as a detected or derived optical
emission spectroscopy (OES) data - from the plasma etch processing system. In this
example, the continuous signal curve (i.e., detected OES data) may include transient
signals (e.g., spikes or noise in between process-steps) and accordingly, the
continuous signal curve may further be synchronized, filtered, and averaged prior to
performing of the endpoint detection as described herein.
[0010a] According to a first aspect of the present invention, there is provided a
method for determining process endpoint data in a plasma processing system,
comprising:

receiving optical emission spectroscopy (OES) data from a plasma
processing chamber of the plasma processing system that performs a multi-step
plasma process of a substrate that is an atomic layer etch (ALE) process, wherein
the multi-step plasma process is cyclical and comprises at least two process steps
that are cyclically repeated, and the at least two process steps comprise an
absorption step and a desorption step;

determining a first quiescent portion of the received OES data, the first
quiescent portion is an average of the absorption step of the ALE process;

determining a second quiescent portion of the received OES data, the
second quiescent portion is an average of a desorption step of the ALE process;
and

determining a first endpoint of the determined first quiescent portion.
[0010b] According to a second aspect of the present invention, there is provided a
method for determining process endpoint data in a plasma processing system,
comprising:

receiving optical emission spectroscopy (OES) data from a plasma processing

chamber of the plasma processing system that performs a multi-step plasma

process of a substrate, wherein the multi-step plasma process is cyclical and



comprises at least two process steps that are cyclically repeated;
determining a first quiescent portion of the received OES data, the first
quiescent portion is an average of a filtered process-step of the multi-step plasma
process; and
determining a first endpoint of the determined first quiescent portion,
wherein determining the first endpoint comprises:
providing a previously-calculated and stored mean optical emission
spectroscopy (OES) data matrix [Say];
providing a previously-calculated and stored principal component weights
vector [P];
forming optical emission spectroscopy (OES) data sets from a first
quiescent signal at predetermined time intervals during the cyclical multi-step
plasma process;
from each optical emission spectroscopy (OES) data set, subtracting the
previously provided mean optical emission spectroscopy (OES) data matrix
[Savgl, to de-mean each optical emission spectroscopy (OES) data set;
transforming each de-meaned and non-normalized optical emission
spectroscopy (OES) data set into transformed optical emission spectroscopy
(OES) data, by calculating at least one element of the transformed optical
emission spectroscopy (OES) data vector [T] using the provided principal
component weights vector [P];
from the calculated at least one element of the transformed optical
emission spectroscopy (OES) data vector [T], further calculating a trend
variable f(T;); and
detecting the first endpoint of the cyclical multi-step plasma process from
the calculated values of the trend variable f(T;) during the cyclical multi-step

plasma process.
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[0011] In an implementation, the synchronized, filtered, and averaged continuous
signal curve may further be delineated and/or identified to provide: a first quiescent
portion, which may represent for example, an average of an absorption - step process
of the multi-process step; and/or a second quiescent portion, which may represent,
for example, an average of a desorption - step process of the multi-process step. In
this implementation, the endpoint detection process may be based from the first
guiescent portion alone, the second quiescent portion alone, or an average of the
first and second quiescent portions. In other implementations, where the
transients/noises are negligible in values, the endpoint detection may utilize directly
the detected continuous signal curve. That is, the detected synchronized continuous
signal curve or OES data with negligible transient signals.

[0012] As described herein, the first quiescent portion may represent an average
of a filtered upper envelope (i.e., absorption — step process) of the continuous signal
curve or OES data. On the other hand, the second quiescent portion may represent
an average of a filtered lower envelope (i.e., desorption — step process) of the
continuous signal curve or OES data.

[0013] The filtered upper envelope and filtered lower envelope denote removal
of transient signals that may be present at the upper and lower envelope,
respectively, of the OES data.

[0014] In an embodiment, the OES data are detected and acquired by a sensor
from an etching process block and particularly, from a plasma processing chamber of
the plasma etch processing system. The detection and acquisition by the sensor is

synchronized, for example, with regard to initiation of the step - process (e.g.,
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absorption or desorption step — process) , and/or synchronized with cyclical switching
of the multi-process steps {e.g., switching between absorption and desorption step -
process) on the plasma processing chamber. In this example, the synchronization
may be implemented by a hardware, software, or a combination of both.

[0015] With the synchronized OES data, the smoothening or filtering, averaging,
and the endpoint detection may be subseguently performed. Particularly, the
filtering of the transient signals may be performed by excluding, for example,
identified period(s) or signal portion{s} where the transient signals are present. After
the filtering of the transient signals, the averaging may be implemented by the use of
a filter such as a moving average filter to generate the first guiescent portion, the
second quiescent portion, or the average of both first and second guiescent portions.
10016]  Thereafter, based from the first quiescent portion, the second quiescent
portion, or the average of both first and second quiescent portions, the endpoint
detection may be determined using a principal component analysis {PCA} such as
Fusion aigorithm as described in the reference application {i.e., US applications
61/715,047, 14/056,059, and 15/053,368), or by using non — PCA method in other
arts.

10017} FIG. 1 is an example scenario 100 that demonstrates an overview of an
endpoint detection during an etching process as described in embodiments herein.
The scenario 100 may be a plasma processing system or any other type of etching
system that utilizes a cyclically repeated multi-step plasma process such as the ALE
Process.

10018} As shown, an OES module 102 may be connected to an etching process
block 104 through a wired or a wireless connection 108. The etching process block
104 is simplified herein as a block mechanism that performs a plasma etching or any
other process that is a plasma based process. Furthermore, the etching process
block 104 may include a sensor 106 that detects and acguires, for example, the OES

data {or continuous signal curve} during an etching process operations in the etching
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process block 104, In this example, the sensor 106 transmits the acquired data to the
OES module 102 for further processing.

10019} As described herein, the acquisition of the OES data by the sensor 106
may be synchronized with the etching process performed by the etching process
block 104. The reason being, the endpoint detection is cognizant of particular time
or period when a process-step {such as absorption - step process) is shifted or
switched to another process-step {such as desorption — step process), or vice-versa.
in this regard, the endpoint detection is cognizant of the particular time or period in
two ways: first, by directly receiving the OES data through a hardware component;
and second, by using a software configured to recognize the transient signals, filter
the transient signals, and provide the averaged first and second quiescent portions as
further discussed below.

10020} With continuing reference to FIG. 1, the processing by the OES module
102, for example, may include receiving of the acquired OES data through a
transceiver component (not shown), synchronization of the received OES data,
filtering or cutting-off of the transient signals that may be present in the received QES
data, average - determinations {e.g., use of moving average filter}) of each process
steps in the cyclically repeated multi — step plasma process, and application of an
algorithm {e.g., Fusion Algorithm} to determine the endpoints of the smoothened
QS data. In this example, the OES module 102 may be implemented in any suitable
hardware, software, firmware, or a combination thereof, without departing from the
scope of the invention. Furthermore, the OES module 102 may be directly coupled or
integrated, for example, to the plasma processing chamber of the plasma processing
system such as the etching process block 104.

10021} The etching process block 104 may utilize a plasma-based processing
system that includes for example, the ALE process. The ALE process may include a
multi-step process {i.e., represented by a continuous signal curve} that may be
further delineated into a cyclically repeated absorption — step {i.e., upper envelope of

the continuous signal curve), and a cyclically repeated desorption — step {i.e., lower
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envelope of the continuous signal curve). In this example, the sensor 106, which is
connected to the etching process block 104, may detect and acquire the multi-step
process data (i.e., OES data) from the plasma processing chamber of the plasma
processing system that is implemented by the process block 104, With the acquired
OES data, the sensor 106 may transmit the acquired OES data to the OES module 102
through the wired or a wireless connection 108.

10022} The OES module 102 may include a transceiver (not shown} to receive the
acquired OES data through the sensor 106. in an implementation, the OES module
102 may be configured to facilitate synchronization in the acquisition of the OES data.
For example, the sensor 106 is synchronized with operations of the etching process
block 104 in order to synchronize OES data sampling acquisition with respect to the
cyclical switching of process steps of the cyclical muiti-step plasma process on the
etching process block 104,

10023} Furthermore, the OES module 102 may be configured to synchronize the
plasma step — processes of the OES data, facilitate filtering of transient signals on the
synchronized OES data {or may be referred to as ALE process signals), facilitate
averaging of the filtered OES data, and lastly, facilitate the determination of
endpoints of the smoothened ALE process signals or OES data.

10024} As described herein, the synchronization, filtering, and the like, of the OES
data may be referred to as smoothing of data prior to analysis or determination of
the endpoints. Furthermore, the endpoint detections may utilize the methods
described in the cross referenced related application. Particularly, the Fusion
Algorithm may be applied based from each step process {i.e., first quiescent portion
or second quiescent portion} in the multi-step plasma process, or based from an
average of at least two step — processes {i.e., average of the first and second
guiescent portions} of the multi — step plasma process as further discussed below.
10025} Furthermore, the OES module 102 may be configured to output control
parameters based from the processed OES data. The output control parameters, for

example, may be utilized by the etching process block 104 for parameter adjustments
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during the plasma processing system operations. For example, the OES data
sampling acquisition by the sensor 106 may require synchronization with respect to
the cyclical switching of process steps of the cyclical multi-step plasma process. In
other words, the sensor 106 may receive the output control parameters for
adjustments of OES data acguisition with respect to the cyclical switching of process
steps of the cyclical multi-step plasma process.

10026} i acquiring the OLS data, the sensor 106 may include, for example, a
spectrometer that measures a spectrum {i.e., OES data} of the plasma processing
system in the etching process block 104, The spectrum, in this example, may include
tight intensity as a function of wavelength or frequency. The sensor 106 may not be
imited to a spectrometer as other light detectors may be utilized to measure the
ight intensity at the plasma processing chamber of the plasma processing system.
10027} Although the embodiments described herein refer to the plasma
processing system as a source of data to be synchronized, filtered, etc., other etching
processing systems may be utilized in the etching process block 104 and the same
processing as described herein may be applied in order to make the signals more
robust prior to the endpoints determination.

10028} FIG. 2 is an exemplary schematic block diagram of the OES module 102 as
described in present implementations herein. As shown, the OES module 102 may
include a transceiver 200, a signal synchronizer 202, a filter 204, a memory 206, and a
processor 208. The OES module 102 further shows an input signal 210 and an output
signal 212,  Although the OES module 102 is being implemented by hardware
components such as the signal synchronizer 202, filter 204, and the memory 206, the
processor 208 may be configured to implement software algorithm to perform
functions of these hardware components.

10629} For example, the software algorithm may perform: synchronization of the
signal detection and acquisition ({i.e., acquisition of continuous signal curve or QES
data) by the sensor 106, and synchronization of muiti-process steps {e.g., absorption

and desorption — step processes) of the OES data. Furthermore, the software
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algorithm may perform: detecting, identifying, and filtering of transient signals of the
QOES data; determining and averaging the filtered OES data to generate a first
guiescent portion {e.g., absorption — step process) of the filtered OES data; and
determining and averaging the filtered data to generate a second guiescent portion
{e.g., desorption — step process) of the filtered OGES data.

(0030} Furthermore still, the software algorithm may perform: endpoint
detections based from the average of the absorption - step process {i.e., first
guiescent portion), or based from the average of the desorption — step process {i.e.,,
second quiescent portion), or based from an average of combined absorption and
desorption — step process averages (i.e., average of the combined first and second
guiescent portions). In addition, the software algorithm may perform the endpoint
detection based on a raw average of the detected continuous signal curve or OES
data in case of absence of transient signals {i.e., negligible transient signals). The raw
average, in this implementation, denotes non-exclusion or non-filtering of the
negligible transient signals that are present in the acquired OES data.

10031} With continuing reference to FIG. 2, the transceiver 200 may include a
circuitry, software, or a combination thereof, that receives the input signal 210 such
as the continuous signal curve or OES data {during plasma processing system} from
the sensor 106. The receiving and the transmitting by the transceiver 200 may be
performed within a particular pre-determined time period, or in a continuous
manner as may be configured. The transceiver 200 may be further configured to
transmit the output signal 212 (e.g., output control parameters) to synchronize and
control signal acquisition of the OES data by the sensor 106, and to further
synchronize and control operations of the etching process block 104 such as the
manner or timing of switching plasma processing conditions.  For example, the
detection and acquisition of the OES data by the sensor 106 is synchronized with the
at least two process steps that are cyclically repeated by the etching process block

104. In this example, the output signal 212 may facilitate the necessary control
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parameters to synchronize operations of the sensor 106 and the etching process
block 104.

10032} As an alternative to the hardware components in the foregoing example,
the software algorithm may perform the synchronization of the QES data. For
example, the processor 208 may implement the software algorithm that identify
portions of the continuous signal curve that may represent: the absorption — step
process; the desorption — step process; the transient signal portions; and other
changes in conditions on the OES data.

10033} In an implementation, the input signal 210 that is to be synchronized,
filtered, and averaged may provide different aspects for the endpoint detection. For
example, the aspects include an average of the absorption - step alone (i.e., first
guiescent portion), an average of the desorption - step alone {i.e., second time -
dependent optical signal portions), a combination of the absorption — step and the
desorption - step within a particular time period, a combination of the absorption -
step within a first time period and the desorption - step within a second different
time period, and different other combinations. In this example, the software
algorithm may perform the endpoint detection based on the particular aspect of the
input signal 210. Furthermore, the endpoint detection for each aspect may be
comparad to derive the best possible aspect of the signal 210 to process for purposes
of endpoint detection.

10034} For example, the OES module 102 is configured to determine endpoints of
the plasma processing system based upon the first quiescent portion (i.e.,
absorption-step process). in this example, the sensor 106 may be configured to
acquire QES data and particularly, to acquire the OES data on the cyclically repeated
absorption - step process. That is, the sensor 106 may be configured to detect
increase or decrease in cycle time, transient signals within a time period, increase in
adsorption rate constants for reactions in a plasma chlorination, operating
temperature, and the like. These parameters {i.e., operating temperature, increase

or decrease in cycle time, etc.) may be represented by an absorption intensity signal
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and received as the input signal 210 by the transceiver 200 for further processing by
the signal synchronizer 202, filter(s) 204, and the processor 208 for endpoint
determinations.

10035} in another example, the OES module 102 OES module 102 is configured to
determine endpoints of the plasma processing system based upon a combination of
the cyclically repeated multi-step process such as the combination of the time-
dependent absorption and desorption - step signals. In this example, the sensor 106
may be configured to acquire the OES data related to the cyclically repeated
absorption and desorption - step processes. That is, the sensor 106 may be
configured to detect: increase or decrease in respective cycle times of the cyclical
absorption and desorption - step processes; transient signals within a time period
due to switching of plasma process gases and other plasma processing conditions
associated with switching of process steps in the cyclically repeated muiti - step
plasma process; increase in adsorption and/or desorption rate constants for reactions
in a plasma chlorination, temperature; and the like.

10036} in the foregoing examples, the detected parameters {i.e., temperature,
increase or decrease in cycle time, etc.) may be represented by a single continuous
signal curve or OES data. In an embodiment, the hardware components {i.e., signal
synchronizer, filter, etc.}, or the software algorithm, or the combination thereof, may
delineate and calculate the average of the absorption - step process {i.e., first
guiescent portion), and the average of the desorption - step process {i.e., second
guiescent portion} of the single continuous signal curve or OES data.

10037} As described herein, the signal synchronizer 202 may be configured to
implement synchronization by sending the ocutput signal 212 to the etching process
block 104 and/or the sensor 106. For example, the synchronization of the at least
two cydically repeated process steps may include adjustments of their respective
cycle times, adjustments of their respective sampling frequency intervals, operating
temperature, increase or decrease in the adsorption and/or desorption rate

constants for reactions in the plasma chlorination, and the like. In this example, the
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synchronization may establish a particular reference point or sequence to harmonize
or synchronize the input signal 210 prior to processing by the filter 204,

10038} in another example, the signal synchronizer 202 may facilitate
synchronized acquisition of the OES data and switching of plasma processing
conditions in order for OES signal sampling to occur with precise timing with respect
to the cyclical switching of the process steps (i.e., absorption — step process to
desorption - step process, and vice-versa) of the cyclical multi-step plasma processes.
10039} in a case where the signal synchronizer 202 may not be able to implement
synchronization of the at least two cyclically repeated process steps due to an error in
the input signal 210, the processor 208 may be configured to facilitate correction of
the error in the input signal 210 by sending the necessary output signal parameters
to the sensor 106.

10040} For a single cyclically repeated step process (i.e., absorption - step process
or desorption - step process), the signal synchronization may not be performed (i.e.,
bypassed) and the single cyclically repeated step process {i.e., input signal 210} may
undergo transient signal filtering prior to the endpoint detection that is performed
through an application of the Fusion Algorithm or a principal component analysis
(PCA}, or any other type of non-PCA methods.

10041} As described herein, the Fusion Algorithm in the cross-referenced related
application is adopted with regard to independent endpoint determination of the
single cyclically repeated process. Furthermore, the Fusion Algorithm may also be
utilized for endpoint determinations for the multi — step processes of the received
OES data.

(0042} After obtaining the synchronized at least two cyclically repeated process
steps from an output of the signal synchronizer 202, the filter{s) 204 may be
configured to cut-off transient signals that may occur during cyclical switching of the
plasma system from absorption — step process to desorption — step process, and vise-

versa.
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(0043} For example, the transient signals may be detected to occur at the
beginning of each sampling interval or after every time period within a spectrum of
the received OES data. In another example, the transient signals may be detected
when the adsorption or desorption intensity light signal is above a pre-determined
threshold. In these examples, the filter 204 may be configured to remove the
transient signals at the beginning of each sampling interval, or in case of using the
pre-determined threshold, when the detected ftransient signals is above the
threshold value. The threshold value, in this case, defines presence of the transient
signals.

10044} With the removal or minimization of the transient signals, the filtered
adsorption intensity light signal may further undergo another filtering process as
further discussed below. Similarly, with regard to the desorption intensity light
signal, the same procedure as discussed in the foregoing {e.g., use of threshold} may
be applied to cut off the transient signals from the desorption intensity light signals.
(0045} After the removal of the transient signals from the adsorption and/or
desorption intensity light signals, the filter 204 may be configured to perform another
algorithm or apply a filter response function {e.g., moving average filter} to average
the fiitered OES data. The moving average filter, in this case, may smooth data by
replacing each data point with an average of neighboring data points defined within a
particular span. Furthermore, the moving average filter may produce: the first
guiescent portion, the second quiescent portion, or the average of the first and
second quiescent portions as further discussed in FiG. 3 below.

10046} After the smoothing and averaging of the adsorption and/or desorption
intensity light signals, the endpoints are detected by Fusion Algorithm. The endpoint
determinations in the cross-referenced related application is adopted herein as may
be applicable.

10047} The one or more processors 208 may be a single processing unit controller
or a number of processing unit controllers, all of which may include single or multiple

computing units or multiple cores. The processor{s) 208 may be implemented as one

12



10

15

20

25

WO 2018/045197 PCT/US2017/049663

or more microprocessors, microcomputers, microcontrollers, digital signal processors,
central processing units, state machines, logic circuitries, and/or any devices that may
manipulate the cyclically multi-step process signals based on operational instructions.
Among other capabilities, the processor{s} 208 may be configured to fetch and
execute computer-readable instructions or processor-accessible instructions storad in
the memory 206 or other computer-readable storage media. For example, the
processor(s} 208 may be configured to determine endpoint determination of the
absorption — step process, the desorption — step process, or based from the
combinations or average of both.

(0048} The memory 206 is an example of non-statutory computer-readable
storage media for storing instructions which are executed by the processor{s} 208 to
perform the various functions described herein. For example, the memory 206 may
generally include both volatile memory and non-volatile memory {e.g., RAM, ROM, or
the like}. Memory 206 may be referred to as memory or computer-readable storage
media herein. Memory 206 is capable of storing computer-readable, processor-
executable program instructions as computer program code that may be executed by
the processor{s} 208 as a particular machine configured for carrying out the
operations and functions described in the implementations herein.

(0049} Memory 206 may further store one or more applications {not shown]} for
endpoint determinations as described herein.  The applications may include
preconfigured/installed and downloadable applications.  In addition, memory 206
may store the OES data that undergo processing for endpoint determinations as
described herein. For example, the memory 206 stores output of the signal
synchronizer 202, filter(s) 204, etc.

100501 FIG. 3 is an example graph representation of OES data 300 that is collected
and processed by the OES module as described herein. The OES data 300 may
include a single continuous signal curve 302 with different amount of light intensity
over a time period or cycle. The amount of light intensity is shown by vertical “Y” -

axis and over the time period, which may be represented by horizontal “X” - axis.

i3



10

15

20

25

WO 2018/045197 PCT/US2017/049663

Furthermore, an upper envelope and a lower envelope of the single continuous
signal curve 302 may represent the cyclical multi-step processes such as the
absorption — step process and the desorption — step process, respectively.

10051} The single continuous signal curve 302 further includes transient signals
304-2, 304-4, ...304-n that may be present at the upper envelope, which represents
the absorption — step process of the single continuous signal curve 302, Similarly,
transient signals 306-2, 306-4, ..306-n may be present at the lower envelope that
represents the desorption — step process of the single continuous signal curve 302.
These transient signals 304 and 306 may represent noise, spikes, or unnecessary
signals that may periodically occur during cyclical switching of the multi-step plasma
process, or over a particular time duration in the cycle.

10052} in an embodiment, the filter 204 may be configured to cut-off or remove
the transient signals 304 and 306 to smoothen the single continuous signal curve 302
prior to averaging by the filter 204 {e.g., application of moving average filter}. For
example, the processor 208 may detect the transient signals 304 and 306 to occur
within a particular time period from the beginning of each cyclical switching step —
process. In this example, the filter 204 may cut-off portions of the single continuous
signal curve 302 that fall within the particular time period in the cycle. In another
example, the processor 208 may use the pre-determined threshold value to detect
presence of the transient signals 304 and 306. In this other example, the filter 204
may cut-off portions of the single continuous signal curve 302 that are above the pre-
determined threshold value, which indicates presence of the transient signals.

10053} After the removal of the transient signals 304 and 306, the filter 204 may
apply, for example, the moving average filtering to calculate the averages of the
remaining upper envelope and the remaining lower envelope of the single
continuous signal curve 302. As shown in FIG. 3, the average of the remaining upper
envelope that represents the absorption — step process may be referred to as a first

guiescent portion 308, while the average of the remaining lower envelope that
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represents the desorption — step process may be referred to as a second quiescent
portion 310.

10054} in an embodiment, the first quiescent portion 308 includes the average of
the signal portions of the absorption — step process after the removal the fransient
signals 304. Similarly, the second guiescent portion 310 includes the average of the
signal portions of the desorption — step process after the removal the transient
signals 306. Furthermore, FIG. 3 shows an average signal 312 that may represent a
calculated average of the combined first guiescent portion 308 and the second
guiescent portion 310.

[0055] in another implementation, in a case where transient signals 304 and 306
are negligible in values, the first gquiescent portion 308 and second quiescent portion
310 may be directly calculated without the need of filtering the transient signals 304
and 306. in this other implementation, the average signal 312 may be based directly
from the received single continuous signal curve 302,

10056} Referring to the OFES module 102 in FiG. 2 above, the OES module 102 may
perform endpoint detections based from: first quiescent portion 308; the second
guiescent portion 310; and/or the average signal 312, With reference to the
endpoint detections, the Fusion Algorithm in the crossed-reference related
application may be utilized to determine endpoints of the QES data 300.

100571 Fig. 4 shows an example process 400 for endpoint detection of the
cyclically repeated multi-process steps in a plasma etch processing system. The order
it which the method is described is not intended to be construed as a limitation, and
any number of the described method blocks can be combined in any order to
implement the method, or alternate method. Additionally, individual blocks may be
deleted from the method without departing from the spirit and scope of the subject
matter described herein. Furthermore, the method may be implemented in any
suitable hardware, software, firmware, or a combination thereof, without departing

from the scope of the invention.
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(0058} At block 402, detecting and acquiring data is performed. For example, for
the plasma processing system, a light detection device (i.e., sensor 1086) may be
utilized to acguire optical emission spectroscopy {OES) data (e.g., OES data 300} from
a set of one or more plasma etch process runs. As further discussed in the cross-
referenced application, a spectra may be acquired n times during each etch plasma
etch process run, where n is an integer greater than 1. The sampling interval
hetween successive OES data acquisitions {i.e., spectra acquisitions) may vary from
0.01 to 1.0 seconds. Each acquired OES data set, i.e., spectrum, may include m
measured light intensities corresponding to m pixels of a CCD {charge coupled device}
tight detection device, and each pixel of the m pixels may correspond to a certain
ight wavelength projected upon the pixel by a diffraction grating which is typically
employed as the light dispersion device in the sensor 106.

10059} in the foregoing example, the acquired OES data 300 may be received by
the OES module 102 through the transceiver 200.

(0060} At block 404, determining whether the OES data includes a multi-step
process.

106061} if condition at block 404 is a single-step process i.e., absorption — step
process alone or desorption - step process alone, then following the “NO” branch of
block 406, removal of transient signals of the absorption or desorption - step process
may be applied prior to the application, for example, of the moving average filter at
block 408. The averaging of signals at block 408 generates the first quiescent portion
308, the second quiescent portion 310, and/or the average signal 312, which is the
average of the combined first and second quiescent portions.

(0062} At block 410, detecting endpoints is performed. For example, endpoint
determination may be based from the first quiescent portion 308, the second
guiescent portion 310, and/or the average signal 312.

10063} if condition at block 404 is a multi-step process, then following the “YES”
branch of block 412, a synchronization of the received OES data {e.g., OES data 300}

may be performed by the signal synchronizer 202.
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(0064} At block 414, removal of transient signals is performed. For example, the
filter 204 cuts off the detected transient signals 304 and 306 of the single continuous
signal curve 302.

10065} At block 414, detecting endpoints of the multi-step process is performed.
For example, the Fusion Algorithm as described in the cross-referenced application
may be utilized to detect endpoints. in another example, other prior art endpoint
detections may be utilized as well. In these examples, the endpoint detection is
based from: first quiescent portion 308, the second quiescent portion 310, and/or
the average signal 312, which is the average of the combined first and second
guiescent portions.

10066} Realizations in accordance with the present invention have been described
in the context of particular embodiments. These embodiments are meant to be
iHustrative and not limiting.  Many variations, modifications, additions, and
improvements are possible. Accordingly, plural instances may be provided for
components described herein as a single instance. Boundaries between various
components, operations and data stores are somewhat arbitrary, and particular
operations are illustrated in the context of specific iHustrative configurations. Other
allocations of functionality are envisioned and may fall within the scope of claims
that follow. Finally, structures and functionality presented as discrete components in
the various configurations may be implemented as a combined structure or
component. These and other variations, modifications, additions, and improvements
may fall within the scope of the invention as defined in the claims that follow.

100671 Fig. 5 shows an example process 500 for endpoint detection of cyclically
repeated multi-process steps in a plasma etch processing system as described herein.
The example endpoint detection below is based from the cross-referenced
application and as such, the Reader may look on the cross-referenced application for
further discussion and explanations of the blocks 502-514. Furthermore, the
endpoint detection may be applied to the first quiescent portion 308, the second

guiescent portion 310, or the average {i.e., average signal 312) of the first and second
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guiescent portions. Furthermore still, any other method in the art may be applied to
detect the endpoints as described herein. The order in which the method is
described is not intended to be construed as a limitation, and any number of the
described method blocks can be combined in any order to implement the method, or
alternate method. Additionally, individual blocks may be deleted from the method
without departing from the spirit and scope of the subject matter described herein.
Furthermore, the method may be implemented in any suitable hardware, software,
firmware, or a combination thereof, without departing from the scope of the
invention.

(0068} At block 502, providing a previously-calculated and stored mean optical
emission spectroscopy {OES) data matrix [S,,l is performed.

106068} At block 504, providing a previously-calculated and stored principal
component weights vector [P} is performed.

10070} At block 506, forming optical emission spectroscopy {OES) data sets from a
process - step at predetermined time intervals during the cyclical multi-step plasma
process is performed.

106071} At block 506, and from each optical emission spectroscopy {OES) data set,
subtracting the previously provided mean optical emission spectroscopy {(OES) data
matrix [S,l, to de-mean each optical emission Spectroscopy {OES) data set.

10072} At block 508, transforming each de-meaned and non-normalized optical
emission spectroscopy (OES) data set into transformed optical emission spectroscopy
{OES) data, by calculating at least one element of the transformed optical emission
spectroscopy {OES) data vector [T] using the provided principal component weights
vector [P].

10073} At block 510, and from the calculated at least one element of the
transformed optical emission spectroscopy {OES) data vector [T}, further calculating a

trend variable (T} is performed.
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(0074} At block 512, detecting the first endpoint of the cyclical multi-step plasma
process from the calculated values of the trend variable f{T,) during the cyclical multi-
step plasma process is performed.

10075} Realizations in accordance with the present invention have been described
in the context of particular embodiments. These embodiments are meant to be
iHustrative and not limiting. Many variations, modifications, additions, and
improvements are possible.  Accordingly, plural instances may be provided for
components described herein as a single instance. Boundaries between various
components, operations and data stores are somewhat arbitrary, and particular
operations are illustrated in the context of specific illustrative configurations. Other
allocations of functionality are envisioned and may fall within the scope of claims
that follow. Finally, structures and functionality presented as discrete components in
the various configurations may be Implemented as a combined structure or
component. These and other variations, modifications, additions, and improvements

may fall within the scope of the invention as defined in the claims that follow.
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CLAIMS

1. A method for determining process endpoint data in a plasma processing
system, comprising:

receiving optical emission spectroscopy (OES) data from a plasma
processing chamber of the plasma processing system that performs a multi-step
plasma process of a substrate that is an atomic layer etch (ALE) process, wherein
the multi-step plasma process is cyclical and comprises at least two process steps
that are cyclically repeated, and the at least two process steps comprise an
absorption step and a desorption step;

determining a first quiescent portion of the received OES data, the first
quiescent portion is an average of the absorption step of the ALE process;

determining a second quiescent portion of the received OES data, the
second quiescent portion is an average of a desorption step of the ALE process;
and

determining a first endpoint of the determined first quiescent portion.

2. The method of claim 1, wherein the at least two process steps includes a
transient signal--filtered absorption step or a transient signal--filtered desorption

step.
3. The method of claim 1, wherein the receiving of optical emission spectroscopy
(OES) data is synchronized with the at least two process steps that are cyclically

repeated.

4. The method of claim 1, further comprising: removing transients associated with
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switching the at least two process steps prior to the determining of the first

quiescent portion.

5. The method of claim 1, wherein the first quiescent portion is derived from an

upper envelope of the OES data acquired.

6. The method of claim 1, further comprising:
determining an average of the first quiescent portion and the second

quiescent portion.

7. The method of claim 6, wherein the determining of the first endpoint is based

from the determined second quiescent portion.

8. The method of claim 6, wherein the determining of the first endpoint is based

from the average of the first quiescent portion and the second quiescent portion.

9. The method of claim 1, wherein the determining the first quiescent portion
comprises an application of a moving average filter to the at least two process

steps.
10. The method of claim 1, further comprising:
removing transient signals of the received OES data prior to the determining

of the first endpoint based on a second quiescent signal.

11. The method of claim 10, wherein determining a second endpoint based on the

second quiescent data comprises a principal component analysis.
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12. The method of claim 1, wherein determining of the first endpoint comprises a

principal component analysis.

13. A method for determining process endpoint data in a plasma processing
system, comprising:
receiving optical emission spectroscopy (OES) data from a plasma processing
chamber of the plasma processing system that performs a multi-step plasma
process of a substrate, wherein the multi-step plasma process is cyclical and
comprises at least two process steps that are cyclically repeated;
determining a first quiescent portion of the received OES data, the first
guiescent portion is an average of a filtered process-step of the multi-step plasma
process; and
determining a first endpoint of the determined first quiescent portion,
wherein determining the first endpoint comprises:
providing a previously-calculated and stored mean optical emission
spectroscopy (OES) data matrix [Sayl;
providing a previously-calculated and stored principal component weights
vector [P];
forming optical emission spectroscopy (OES) data sets from a first
quiescent signal at predetermined time intervals during the cyclical multi-step
plasma process;
from each optical emission spectroscopy (OES) data set, subtracting the
previously provided mean optical emission spectroscopy (OES) data matrix
[Savel, to de-mean each optical emission spectroscopy (OES) data set;
transforming each de-meaned and non-normalized optical emission
spectroscopy (OES) data set into transformed optical emission spectroscopy

(OES) data, by calculating at least one element of the transformed optical
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emission spectroscopy (OES) data vector [T] using the provided principal
component weights vector [P];

from the calculated at least one element of the transformed optical
emission spectroscopy (OES) data vector [T], further calculating a trend
variable f(T;); and

detecting the first endpoint of the cyclical multi-step plasma process from
the calculated values of the trend variable f(T;) during the cyclical multi-step

plasma process.
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