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SELF-CORRECTING MULTIVARIATE ANALYSIS FOR USE IN MONITORING
DYNAMIC PARAMETERS IN PROCESS ENVIRONMENTS

BACKGROUND

Multivariate analysis (MVA) has proven to be an effective tool in process monitoring
involving a large number of monitored parameters, and in particular for fault detection.
Multivariate analysis detects process changes seen in parameter covariance and correlation.
MVA typically requires the construction of a process reference model based on known
acceptable working conditions that serve as a reference.

The reference model can be constructed from measured process parameters. In general,
the model can be broken down into individual time-dependent models for the individual process
steps, and then reconstructed into an upper level model summarizing the overall process.

All subsequent implementations of fault detection for the process compare the same
measured parameters in the same fashion (i.e., modeling process steps and summarizing into an
upper level model) and determine statistically significant deviations from the known acceptable
processes upon which the reference model is based. Effective implementation of MVA depends

in large part on the quality of the model.

SUMMARY

Processes that can benefit from fault detection using MVA are generally dynamic in
nature. Over time, the performance of a process usually drifts due to aging. For example, in
semiconductor processes, deposits on the chamber wall can result in differences in the internal
RF field distribution that might affect the nature of the plasma involved in the process. Thus, as
the process naturally matures, the MVA reference model becomes less effective in detecting
defects, because the model considers the new working conditions as statistically significantly
different from the model, failing to factor in process aging, or maturation.

Effective implementation of MVA on processes that mature over time requires the
definition of a mechanism to recognize shifts in a process due to maturation as compared to
shifts in the process due to process deviations. As shown in the example of FIG. 1, process
maturation typically follows some standard pattern that repeats itself in a cycle coinciding with
periodic maintenance. The MVA results illustrate process aging as a maturation path in the form
of an idealized ramp. Other processes may have difference characteristic maturation paths, but
the specific contour of the path is immaterial.

FIG. 2 is a diagram of process maturation for illustrating a method of generating a MVA

reference model to account for process aging according to the prior art. In particular, one
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method involves creating a reference model that accounts for process maturation includes the
selection of process samples across a single cycle. For example, referring to FIG. 2, data
samples selected at points 5a, b, . . . 5n (collectively 5) along the process maturation path can be
used to create a reference model that would not cause process alarms (or failure indications)
along subsequent maturation paths, even when the process restoration is not ideal. A
disadvantage of such a model is that an event defined by the excursion shown at point 5S¢ would
likely not be identified as a defect although it should be.

Another known modeling solution is periodic updates to the reference model used for
fault detection. However, this solution would require a large number of models requiring
frequent maintenance performed at the expense of normal process time. While the MVA fault
detection would be robust to both the process drift and normal defects, the implementation of
MVA would require significant human intervention and can lead to the potential for human error
concerning implementation of the next model update.

The present invention is directed to a method that incorporates the nature of the process
itself as a self-correcting mechanism to a multivariate analysis of the process. Frequently, in
processes, such as those in which process maturation results in drift in the MVA results,
individual process parameters can be identified that correlate with the MVA drift results. For
example, as a semiconductor process matures, etch rate of wafers may be identified as a
parameters that changes in a correlated fashion. As another example, as a semiconductor process
matures, the gas flow rate might change due to deposits in the gas orifice.

Parameters that correlate with process maturation can be defined within the MV A model
as “initial conditions”. These initial conditions can be used to inform the model as to the current
state of the process along its maturation curve. Each time the process is monitored, the MVA
model evaluates the correlated parameter from the previous process event to determine where
along the process maturation path the process finds itself. The MVA modeler can then adjust the
control thresholds of the MVA to compensate for the actual process drift. In that fashion, the
model is able to differentiate between an excursion from the normal operating conditions and a
change in operating conditions due to a known maturation process.

The nature of the maturation curve is immaterial, as long as the maturation curve is
characteristic of the process and process parameters are found that correlate with the maturation
curve. Implementation of initial conditions allows the MVA model to self adjust to current
maturation conditions, while maintaining its ability to identify process deviations from normal
process conditions. Using initial conditions to maintain model robustness removes the need for

frequent model updates and from the need to maintain frequent model version control.
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According to one aspect, the invention features a method and an apparatus for process
monitoring, including the steps of; or structure for, generating a multivariate analysis reference
model of a process environment from data corresponding to monitored parameters of the process
environment; identifying at least one of the monitored parameters as being correlated to
maturation of the process environment; collecting current process data corresponding to the
monitored parameters, including the at least one identified parameter; and scaling the
multivariate reference model based on the current process data of the at least one identified
parameter to account for maturation of the process environment.

Particular embodiments further comprise the step of, or structure for, weighting the at
least one identified parameter used in scaling the multivariate reference model.

Particular embodiments further comprise the step of, or structure for, generating one or
more current multivariate analysis process metrics that represent a current state of the process
environment from the current process data; and comparing the one or more current process
metrics to the scaled reference model to determine whether the current state of the process
environment is acceptable.

Particular embodiments further comprise the step of, or structure for, generating a metric
value and a set of threshold values about the metric that represent the state of the process
environment, the set of threshold values defining a range of acceptable metric values associated
with subsequent states of the process environment.

Particular embodiments further comprise the step of| or structure for, scaling the set of
threshold values of the reference model based on the current process data of the at least one
identified parameter to account for maturation of the process environment.

Particular embodiments further comprise the step of, or structure for, generating one or
more current multivariate analysis process metrics that represent a current state of the process
environment from the current process data; and comparing the one or more current multivariate
analysis process metrics to the scaled set of threshold values to determine whether the current
state of the process environment is acceptable.

According to another aspect, the invention features a method and an apparatus for process
monitoring, including the steps of, or structure for, generating a multivariate analysis reference
model of a semiconductor process chamber from data corresponding to monitored parameters of
the semiconductor process chamber; identifying at least one of the monitored parameters as
being correlated to maturation of the semiconductor process chamber; collecting current process
data corresponding to the monitored parameters of the process chamber, including the at least

one identified parameter; and scaling the multivariate reference model based on the current
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process data of the at least one identified parameter to account for maturation of the
semiconductor process chamber.

Particular embodiments further comprise the step of; or structure for, weighting the at
least one identified parameter used in scaling the multivariate reference model.

Particular embodiments further comprise the step of, or structure for, generating one or
more current multivariate analysis process metrics that represent a current state of the
semiconductor process chamber from the current process data; and comparing the one or more
current multivariate analysis process metrics to the scaled reference model to determine whether

the current state of the process environment is acceptable.

BRIEF DESCRIPTIONS OF THE DRAWINGS

The foregoing and other objects, features and advantages of the invention will be
apparent from the following more particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings in which like reference characters refer to
the same parts throughout the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the invention.

FIG. 1 is a diagram illustrating the cyclical nature of process maturation.

FIG. 2 is a diagram of process maturation for illustrating a method of generating a MVA
reference model to account for process aging according to the prior art.

FIG. 3 is a flow chart illustrating a method for generating a reference MVA model
according to one embodiment.

FIG. 4 is a state diagram illustrating process maturation and the corresponding MVA
results and threshold values of an initial reference model according to one embodiment.

FIG. 5 is a flow diagram illustrating a method for analyzing the current state of a process
environment using a MV A reference model according to one embodiment.

FIG. 6 is a state diagram illustrating process maturation and the corresponding MVA
results and threshold values of the reference model after scaling to account for process
maturation according to one embodiment.

FIG. 7 is a system diagram illustrating a process monitor that implements self-correcting
multivariate analysis reference modeling for use in analysis of dynamic parameters in a process
environment according to one embodiment.

FIG. 8 is a multivariate analysis (MVA) graph that represents a semiconductor process

over a period of silicon wafers using a static reference model.
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FIG. 9A is a graph that illustrates the actual values of a selected process parameter over a
period of processed wafers.

FIG. 9B is a chart of an exponentially weighted moving average (EWMA) signal for a
sample of the selected process parameter values of FIG. 9A.

FIG. 9C is a graph illustrating the change in the selected process parameter from wafer to
wafer.

FIG. 10 is a multivariate analysis (MVA) graph that represents a semiconductor process
over a period of silicon wafers using a self-correcting MVA reference model compensated using
the delta values of FIG. 9C.

DETAILED DESCRIPTION

The present invention features a method of self-correcting multivariate analysis for use in
monitoring dynamic parameters in a process environment. For purposes of example, an
embodiment of the invention is described for use in semiconductor process environments. One
skilled in the art will readily recognize other process environments in which embodiments of the
invention can also be readily applied.

In a typical semiconductor process, a series of silicon wafers pass through a process
chamber for the purpose of material deposition, etching or other processing steps. For such
processes, multivariate analysis can be used to evaluate the quality of a processed wafer based on
characteristics of the process environment as opposed to characteristics of the wafer itself. To
accomplish such analysis, a reference model of the process environment is genetated using
MVA. The MVA reference model is used as a basis for determining whether subsequent process
environment states and consequently subsequently processed wafers meet the standards of
acceptability. An advantage of the present invention is that a set of process parameters identified
as “initial conditions” correlate to the aging of the process. Thus, instead of generating a
plurality of reference models or a single generalized reference model that is relatively inefficient
and ineffective for fault detection, a single reference model can be generated and subsequently
scaled based on values of the initial condition parameters to account for process aging. Scaling
includes any analytical adjustment based on the initial conditions.

FIG. 3 is a flow chart illustrating a method for generating a reference MVA model. At
step 10, historical data is collected on monitored parameters of the process environment. For
example, in a semiconductor process, the monitored parameters can include any one or more of
wafer identification (“wafer ID”), etch rate, gas flow rate, pressure, RF power, mass

spectrometry data, infrared spectrometry, temperature, and other parameters that describe the
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physical properties of the process chamber and the process. Such data can be collected for a
series of wafer processing and organized according to wafer ID.

At step 20, a set of the historical data is selected for use in generating the MVA reference
model. In a semiconductor process, the selected historical data includes only data that
corresponds to wafers deemed acceptable through external testing of the processed wafers. For
example, if historical data is collected for 50 wafers in which only 45 are deemed acceptable, the
set of historical data is limited to data corresponding to the 45 acceptable wafers.

At step 30, one or more monitored parameters are designated as “initial conditions™ for
use in generating the model. An initial condition is a monitored parameter of the process that
correlates to the normal aging, or maturation, of that process. Thus, as the process matures, the
initial reference model can be corrected by scaling the model based on the changes in the values
of the initial condition parameters. In other words, an initial condition indicates the state of the
process maturation along its maturation path. The determination of the initial condition
parameters can be made based on knowledge of the particular process or through empirical
analysis of the monitored parameters over the life cycle of the process. For example, in a
semiconductor process, the initial conditions may include etch rate and/or gas flow rate.

At step 40, an MVA reference model is generated based on the selected historical data
and the designated initial condition(s). Generation of models using multivariate analysis of data
in general is known in the art. The resulting MV A reference model condenses the historical data
for a large number of process parameters into a smaller set of independent abstract metrics (e.g.,
MV A results) that are representative of an acceptable process environment. Each abstract metric
is further associated with a set of control threshold values defining a range of acceptable metric
values deviating from the reference value. These threshold values are used as the basis for
determining whether subsequent process environments, and consequently subsequently
processed wafers, meet the standards for acceptability.

For example, FIG. 4 is a state diagram illustrating process maturation and the
corresponding MVA results and threshold values of an initial reference model according to one
embodiment. Specifically, MVA result 6a is an exemplary metric of the reference model, while
MVA results 6b and 6¢ are the defined thresholds corresponding to a range of acceptable MVA
results for subsequently modeled states of the process environment.

According to one embodiment, the MVA reference model can be generated using MVA
software SIMCA P+ or SIMCA QM+ from UMetrics with headquarters in Umed, Sweden.

Other multivariate analysis software, hardware or other techniques known in the art can also be
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used. Once the reference model is provided, it can be used to evaluate the current state of the
process environment.

FIG. 5 is a flow diagram illustrating a method for analyzing the current state of a process
environment using a MVA reference model according to one embodiment.

At step 50, current data is collected on monitored parameters of the processing
environment. The monitored parameters are preferably the same as the parameters monitored for
generated the reference model except in this instance the data is collected for a single processing
event. For example, in a semiconductor process, the data is collected for processing a single
wafer (e.g., etching or material deposition). The monitored parameters also include the one or
more parameters previously designated as “initial conditions” parameters.

At step 60, the control threshold values of the MV A reference model are scaled relative
to the collected data for the initial condition parameters. As previously discussed, the initial
condition parameters correlate to the natural aging or maturation of the process. In other words,
the process, and thus the MV A reference model, ages along its maturation path as the one or
more initial conditions change. Therefore, instead of having to create new reference models
according to process aging, the original reference model can simply scale its control threshold
values for each abstract metric. The control threshold values can be scaled relative to the actual
value of the initial condition parameter or relative to a derived value based on the actual values
of the initial condition parameters to account for the natural aging of the process.

For example, FIG. 6 is a state diagram illustrating process maturation and the
corresponding MVA results and threshold values of the reference model after scaling to account
for process maturation according to one embodiment. Specifically, MV A result 6a is the initial
metric of the reference model, while MVA results 6b' and 6c¢' are the scaled thresholds
corresponding to a new range of acceptable MV A results for subsequently measured states of the
process environment. Thus, if the current state of the process environment corresponds to MVA
result Sc as shown in FIG 2 and the threshold range of MV A results is between 6b' and 6¢', a
fault is detected.

Referring back to FIG. 5 at step 70, the collected data on the monitored parameters for a
single process event is used to generate MVA process metrics that are representative of the
current state of the process environment. The current process model is generated in the same
manner as the reference model. For example, in a semiconductor process, the resulting current
process analysis condenses the data regarding the wafer process chamber during processing of a
single wafer into a smaller set of independent abstract metrics that are representative of the

current process environment.



10

15

20

25

30

WO 2007/008538 PCT/US2006/026236
-8-

At step 80, the one or more abstract metrics of the current process model are then
compared against the corresponding threshold ranges defined in the reference model that have
been scaled to account for process aging. In a semiconductor process, if the metrics of the
current model fall within the defined threshold ranges of the reference model, the corresponding
process environment, and consequently the corresponding processed wafer, is deemed to be
acceptable. If one or more of the current model metrics fall outside of the defined threshold
ranges, the corresponding process environment, and consequently the corresponding processed
wafer, is deemed to be not acceptable and the wafer is disposed of accordingly.

FIG. 7 is a system diagram illustrating a process monitor that implements self-correcting
multivariate analysis reference modeling for use in analysis of dynamic parameters in a process
environment according to one embodiment. The system includes a process environment 100 and
a process monitor 200. In the illustrated embodiment, the process environment 100 is a wafer
processing chamber in which wafers 105 enter the chamber for material deposition, etching or
other semiconductor processes.

The process monitor 200 includes a MVA module 210, a process interface 220, a user
interface 240, and a data base 230. The user interface 240 controls the operation of the MVA
module 210 and the database 230 through the process interface 220. The process interface 220
collects data on monitored parameters of the process environment 100 and stores the data in the
database 230 according to wafer ID. According to one embodiment, the process monitor 200 can
be implemented using TOOLweb® Fault Detection and Classification (FDC) System from MKS
Instruments with headquarters in Wilmington, Massachusetts.

To generate a MVA reference model of the process, historical data associated with
acceptable prdcessed wafers is selected through the user interface 240. The process interface
220 retrieves the selected historical data from the data base 230 and forwards it to the MVA
module 210. A set of one or more process parameters are designated as initial conditions
through the user interface 240 which is also forwarded to the MVA module 210 via the process
interface 220.

The MVA module 220 generates the MVA reference model using known multivariate
analysis techniques. In particular, the resulting MVA reference model condenses the historical
data for a large number of process parameters into a smaller set of independent abstract metrics
that are representative of an acceptable process environment. Each abstract metric is further
associated with a set of control threshold values defining a range of acceptable metric values
deviating from the reference value. These threshold values are used as the basis for determining

whether subsequent process environments, and consequently subsequently processed wafers,
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meet the standards for acceptability. The MVA modules can be implemented using SIMCA P+
or SIMCA QM+ MVA software from UMetrics. The reference model or an index to the
reference model stored in the MVA module 210 is returned to the process interface 220.

To use the MV A reference model for fault detection of the process environment, the user
interface 240 directs the process interface 220 to collect data for batch of individual processing
events, such as a wafer processing event. For each event, the process interface 220 collects the
process event data and stores the data at the database 230 according to wafer ID. The process
interface 220 in parallel forwards the collected data for the process event, including the values of
the designated initial condition parameter(s), to the MVA module 210 to calculate MVA results
representative of the current state of the process environment 100. The MVA module 210
generates the current results and also scales the threshold values associated with the abstract
metrics of the reference model relative to the one or more initial condition parameter values to
account for process aging.

The MVA module 210 then compares the metrics of the current analysis to the corrected
threshold values of the reference model. If the metrics fall within the scaled threshold ranges of
the reference model, the corresponding process environment, and consequently in semiconductor
processes the corresponding processed wafer, are deemed to be acceptable. If the current metrics
fall outside of the defined threshold ranges, the corresponding process environment, and
consequently the corresponding processed wafer, are deemed to be not acceptable and a process
engineer is alerted by the process interface 220 through the user interface 240 to dispose of the
wafer accordingly.

FIGS. 8-10 illustrate an actual example of drift correction using a self-correcting
reference model for multivariate analysis. FIG. 8 is a multivariate analysis (MVA) graph that
represents a semiconductor process over a period of silicon wafers using a static reference
model. The semiconductor process is analyzed using Hotelling’s T> multivariate analysis
(MVA). The graph 300 illustrates the T? metric value of the semiconductor process along the Y-
axis over a period of wafers as defined along the X-axis.

The graph also identifies critical limits 310, 320, 330 for alerting an operator to
unsatisfactory operating conditions of the process environment, such as a wafer processing
chamber. For example, the critical limits of this process include a 95% critical limit 310
configured as the “warning limit,” a 99% critical limit 320, and an alarm level 330. The alarm
level 330 is typically set at approximately 2x the warning limit in order to indicate error

conditions associated with the semiconductor process. When the T2 metric value exceeds the
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alarm level 330, the operator of the system or an automated process generally takes corrective
action, such as cleaning the wafer processing chamber.

As shown in the exemplary graph 300, the Hotelling’s T multivariate analysis indicates
that the semiconductor process is mostly out of control, such that significant drift exceeding the
range of acceptable limits 310, 320, 330 appears between periodic maintenance of the process
environment. In fact, the semiconductor process is not out of control. Rather, the detected drift
is caused by normal process aging and maturation. However, because the multivariate analysis
technique uses a static reference model generated from process parameters associated with a
small set of “good” wafers, the reference model does not account for the normal periodic draft of
the process. Any deviations caused by normal process aging and maturation are detected as an
error conditions. Thus, this reference model is not representative of the normal drifting process.

To compensate for the process drift, without needing to expand the wafer set, a specific
process parameter is identified that correlates with the Hotelling’s T? multivariate analysis of the
semiconductor process. FIG. 9A is a graph that illustrates the actual values of a selected process
parameter over a period of processed wafers. In this example, the selected process parameter is
the stage heater power. As shown in the graph 400, the actual values of the selected parameter
drift according to a cyclical saw tooth pattern. This pattern is similar to the saw tooth pattern of
the multivariate analysis graph 300. Thus, the selected process parameter is suitable for serving
as an initial condition and compensating the multivariate reference model for the drift inherent in
the semiconductor process. In particular embodiments, the selected process parameter can be
derived from one or more process parameters.

Because the actual values of the selected process parameter of FIG. 9A are somewhat
noisy, an exponentially weighted moving average (EWMA) signal can be generated in order to
filter out the natural variance of the original signal and obtain a “cleaner” indication of the
changes in the process parameter. For example, FIG. 9B is a chart of an exponentially weighted
moving average (EWMA) signal for a sample of the selected process parameter values of FIG.
9A. As shown, signal 410 illustrates the actual wafer by wafer summary data for the selected
process parameter. Signal 420 is the smoothed trend for the same summary data using an
exponentially weighted moving average (EWMA). Other smoothing functions known to those
skilled in the art can also be utilized. Alternatively, when a strongly correlating parameter is
found, which is not influenced by significant random noise, the actual values of selected process
parameter itself can be used as the compensating values for the model instead of the smoothed

trend data.
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FIG. 9C is a graph illustrating the change in the selected process parameter from wafer to
wafer. For each wafer identified along the X-axis in the graph 500, a corresponding set of delta
values representing changes in the actual or smoothed values of the selected process parameter
from the previous wafer are identified along the Y-axis. For example, at wafer number 8, the set
of delta values includes a first delta value 510b that represents the change in the smoothed
summary statistic of the process parameter relative to the previous wafer number 7. Delta values
510a and 510c identify upper and lower bounds corresponding to realistic range of natural
variance of the selected process parameter about delta value 500b. These delta values are then
fed forward into the MVA reference model to scale, and thus compensate, the model for the next
wafer to be processed by the chamber. Thus, these delta values are compensating values for the
MVA model in anticipation of the process drift. When this compensation is implemented, the
MVA model is aware of the process drift, and corrects the Hotelling’s T2 parameter
appropriately. With respect to delta values 520, the values are a significant step up from the
previous and subsequent delta value sets. Such deviation could be due to noise of other error
condition. In such a case the delta values 420 are not used to scale the reference model. Rather,
the delta values immediately prior to delta values 520 are re-used. If the delta values subsequent
to delta values 520 maintain this increased step up in values, the system can alert a human
operator to this condition and request confirmation that such deviation from a gradual change is
expected or not.

Scaling includes any analytical adjustment based on the initial conditions. For example,
in multivariate analysis, a process, such as a semiconductor process, is modeled in n-dimensional
planes referred to as a hyper plane. The monitored values of the process for an initial set of
“good” wafers are mapped to the hyper plane, such that a “cloud” or set of points are obtained to
generate the MVA reference model. The MVA model is preferably built from a sufficiently
large data set so that all normal process variance is represented in the data. The MVA reference
model represents normal process behavior. The representative data points in hyperspace are
projected onto a hyperplane that best fits the data points. Based on the data points projected onto
this hyperplane, the center of the model is found. Once the model has been defined, changes in
the one or more process parameters designated as initial conditions are used to define the
appropriate shift in the center of the model in order to compensate for process drift that does not
affect the quality of the process. In order to scale this MVA model according to process drift,
the wafer to wafer change in value for a specific physical parameter can be used, such that the
delta value(s) are defined as the initial condition(s) which are input into functions that model the

movement of the central point to account for drift. Although the center of the model is allowed
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to move to compensate for the process drift, the model threshold relative to the corrected model
center is not required to be corrected.

While scaling involves calculations based on selected process parameters to compensate
for the process drift, there is yet another aspect within the multivariate calculation where the
importance of any specific parameter can be weighted to increase or decrease its influence on the
multivariate calculation. Thus, the process parameter selected as an initial condition to
compensate for process drift can be weighted to provide sufficient drift compensation. In the
event of more than one initial condition, the designated process parameters can be comparatively
weighted to compensate for any interactions the two or more initial conditions might have.

FIG. 10 is a multivariate analysis (MVA) graph that represents a semiconductor process
over a period of silicon wafers using a self-correcting MVA reference model compensated using
the delta values of FIG. 9C. This compensated Hotelling’s T> graph 600 is generated from the
same data used to generated the non-compensated graph 300 of FIG. 8. As shown, the graph 600
includes a reduction in the drift of the Hotelling’s T2 values, and most of the wafers fall under
the 2x 95% T2 critical value, which is the typical alarm level 330. The existing alarms 310, 320
and 330 can then be utilized as an indication of the need for periodic maintenance by the tool
being monitored.

Although in the previous examples, a single process parameter is identified as the initial
condition, there can be instances in which process drift is caused by multiple independent
sources. In such instances the multivariate analysis model can be compensated using multiple
initial conditions, each requiring selection of a corresponding orthogonal process parameter.

The above-described techniques can be implemented in digital electronic circuitry, or in
computer hardware, firmware, software, or in combinations of them. The implementation can
also be in another form that is not electronic in nature but performs the same outcome of
filtering. The implementation can be as a computer program product, i.e., a computer program
tangibly embodied in an information carrier, e.g., in a machine-readable storage device or in a
propagated signal, for execution by, or to control the operation of, data processing apparatus,
e.g., a programmable processor, a computer, or multiple computers.

A computer program can be written in any form of programming language, including
compiled or interpreted languages, and it can be deployed in any form, including as a stand-alone
program or as a module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program can be deployed to be executed on one computer or on
multiple computers at one site or distributed across multiple sites and interconnected by a

communication network.
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Method steps can be performed by one or more programmable processors executing a
computer program to perform functions of the invention by operating on input data and
generating output. Method steps can also be performed by, and apparatus can be implemented
as, special purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application specific integrated circuit). Modules can refer to portions of the computer program
and/or the processor/special circuitry that implements that functionality.

Processors suitable for the execution of a computer program include, by way of example,
both general and special purpose microprocessors, and any one or more processors of any kind
of digital computer. Generally, a processor will receive instructions and data from a read-only
memory or a random access memory or both. The essential elements of a computer are a
processor for executing instructions and one or more memory devices for storing instructions and
data. Generally, a computer will also include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, .g., magnetic,
magneto-optical disks, or optical disks. Data transmission and instructions can also occur over a
communications network.

Information carriers suitable for embodying computer program instructions and data
include all forms of non-volatile memory, including by way of example semiconductor memory
devices, e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e.g., internal hard
disks or removable disks; magneto-optical disks; and CD-ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in special purpose logic
circuitry.

The terms "module” and "function," as used herein, mean, but are not limited to, a
software or hardware component which performs certain tasks. A module may advantageously
be configured to reside on addressable storage medium and configured to execute on one or more
processors. A module may be fully or partially implemented with a general purpose integrated
circuit (IC), FPGA, or ASIC. Thus, a module may include, by way of example, components,
such as software components, object-oriented software components, class components and task
components, processes, functions, attributes, procedures, subroutines, segments of program code,
drivers, firmware, microcode, circuitry, data, databases, data structures, tables, arrays, and
variables. The functionality provided for in the components and modules may be combined into
fewer components and modules or further separated into additional components and modules.

While this invention has been particularly shown and described with references to

preferred embodiments thereof, it will be understood by those skilled in the art that various



WO 2007/008538 PCT/US2006/026236
-14-

changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What is claimed:

1. A method of process monitoring, comprising:

generating a multivariate analysis reference model of a process environment from
data corresponding to monitored parameters of the process environment;

identifying at least one of the monitored parameters as being correlated to
maturation of the process environment;

collecting current process data corresponding to the monitored parameters,
including the at least one identified parameter; and

scaling the multivariate reference model based on the current process data of the

at least one identified parameter to account for maturation of the process environment.

The method of claim 1 further comprising:
generating one or more current multivariate analysis process metrics that
represent a current state of the process environment from the current process data; and
comparing the one or more current process metrics to the scaled reference model

to determine whether the current state of the process environment is acceptable.

The method of claim 1 wherein generating the reference model comprises:
generating a metric value and a set of threshold values about the metric that

represent the state of the process environment, the set of threshold values defining a

range of acceptable metric values associated with subsequent states of the process

environment.

The method of claim 3 wherein scaling the reference model comprises:
scaling the set of threshold values of the reference model based on the current
process data of the at least one identified parameter to account for maturation of the

process environment.

The method of claim 4 further comprising:
generating one or more current multivariate analysis process metrics that
represent a current state of the process environment from the current process data;
comparing the one or more current multivariate analysis process metrics to the
scaled set of threshold values to determine whether the current state of the process

environment is acceptable.
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A method of semiconductor process monitoring, comprising:

generating a multivariate analysis reference model of a semiconductor process
chamber from data corresponding to monitored parameters of the semiconductor process
chamber;

identifying at least one of the monitored parameters as being correlated to
maturation of the semiconductor process chamber;

collecting current process data corresponding to the monitored parameters of the
process chamber, including the at least one identified parameter; and

scaling the multivariate reference model based on the current process data of the
at least one identified parameter to account for maturation of the semiconductor process

chamber.

The method of claim 6 further comprising:

generating one or more current multivariate analysis process metrics that
represent a current state of the semiconductor process chamber from the current process
data; and

comparing the one or more current multivariate analysis process metrics to
the scaled reference model to determine whether the current state of the process

environment is acceptable.

An apparatus for process monitoring, comprising:

a multivariate analysis module capable of generating a multivariate analysis
reference model of a process environment from data corresponding to monitored
parameters of the process environment;

the multivariate analysis module being capable of receiving an identification of at
least one of the monitored parameters as being correlated to maturation of the process
environment;

a process interface capable of collecting current process da‘;a corresponding to the
monitored parameters, including the at least one identified parameter; and

the multivariate analysis module being capable of scaling the multivariate
reference model based on the current process data of the at least one identified parameter

to account for maturation of the process environment.

The apparatus of claim 8 wherein the multivariate analysis module is capable of
generating one or more current multivariate analysis process metrics that represent a

current state of the process environment from the current process data and comparing the
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one or more current process metrics to the scaled reference model to determine whether

the current state of the process environment is acceptable.

The method of claim 8 wherein the multivariate analysis module is capable of generating
a metric value and a set of threshold values about the metric that represents the state of
the process environment, the set of threshold values defining a range of acceptable metric

values associated with subsequent states of the process environment.

The method of claim 10 wherein the multivariate analysis module is capable of scaling
the set of threshold values of the reference model based on the current process data of the

at least one identified parameter to account for maturation of the process environment.

The method of claim 11 wherein the multivariate analysis module is capable of
generating one or more current multivariate analysis process metrics that represent a
current state of the process environment from the current process data and comparing the
one or more current multivariate analysis process metrics to the scaled set of threshold

values to determine whether the current state of the process environment is acceptable.

An apparatus for semiconductor process monitoring, comprising:

a multivariate analysis module capable of generating a multivariate analysis
reference model of a semiconductor process chamber from data corresponding to
monitored parameters of the semiconductor process chamber;

the multivariate analysis module being capable of receiving an identification of at
least one of the monitored parameters as being correlated to maturation of the
semiconductor process chamber;

a process interface capable of collecting current process data corresponding to the
monitored parameters of the process chamber, including the at least one identified
parameter; and

the multivariate analysis module being capable of scaling the multivariate
reference model based on the current process data of the at least one identified parameter

to account for maturation of the semiconductor process chamber.

The apparatus of claim 13 wherein the multivariate analysis module is capable of
generating one or more cutrent multivariate analysis process metrics that represent a
current state of the semiconductor process chamber from the current process data and

comparing the one or more current multivariate analysis process metrics to the scaled
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reference model to determine whether the current state of the process environment is

acceptable.

A process monitor, comprising:

means for generating a multivariate analysis reference model of a desired process
environment from data corresponding to monitored parameters of the desired process
environment;

means for identifying at least one of the monitored parameters as being correlated
to maturation of the process environment;

means for collecting current process data corresponding to the monitored
parameters, including the at least one identified parameter; and

means for scaling the multivariate reference model based on the current process
data of the at least one identified parameter to account for maturation of the process

environment,

The method of claim 1 further comprising weighting the at least one identified parameter

used in scaling the multivariate reference model.

The method of claim 6 further comprising weighting the at least one identified parameter

used in scaling the multivariate reference model.

The apparatus of claim 8 wherein the multivariate analysis module is capable of
weighting the at least one identified parameter used in scaling the multivariate reference

model.

The apparatus of claim 13 wherein the multivariate analysis module is capable of
weighting the at least one identified parameter used in scaling the multivariate reference

model.

The process monitor of claim 15 further comprising means for weighting the at least one

identified parameter used in scaling the multivariate reference model.
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