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TITLE OF THE INVENTION

RUN-TO-RUN CONTROLLER FOR USE IN
MICROELECTRONIC FABRICATION

BACKGROUND OF THE INVENTION

1) Field of the Invention

The field of the present invention pertains to microelectronic circuit fabrication
and, more particularly, to methods and apparatus for controlling microelectronic circuit

fabrication processes.

2) Background

The quality of microelectronic. circuits and/or | components, such as those
manufactured from a semiconductor wafer, is directly dependent on the consistency of the
processes used in its fabrication. More particularly, production of such circuits and/or
components requires reproducible etching, deposition, diffusion, and cleaning processes.
A failure to maintain control of the processes within defined manufacturing tolerances
results in decreased yield and decreased proﬁtability for a fabrication facility.

In a typical scenario, the manufacturing process exhibits slow drifts that change the
batch-to-batch properties of the product. Very often, these effects are due to siight
variations in the operation of one or more processing tools over the time in which the
different batches are processed. Additionally, in large scale operations, the same
processing operation may be executed on a plurality of processing tools of the same type

to process parallel batches of the product. The same processing recipe is generally used to
LA-148856.1
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concurrently control the operations of the plﬁrality of similar processing tools. However,
minor variations in the way in which an individual tool responds to the recipe parameters .
to execute the process can drastically affect the resulting prc;duct performance when
compared with products processed on other ones of the similar processing tools.
Traditionally, this problem has .been handled manually by a human operator, using
statistical process control (SPC) concepts. More particularly, a human operator monitors
the product output as the result of the execution of a process recipe on a particular tool and
tweaks the recipe for subsequent product runs. In many instances, however, the process
recipes can number in the hundreds. As such, monitoring and manually adjusting these -
recipes for process drift can be very time consuming, error prone and lacking in accuracy.
A common methodology for monitoring batch processes utilizes x-bar/s or x-bar/r -
plots in commercial or internally developed SPC software packages. Normally, -
distributed process data is typically monitored autoinatically utilizing a set of rules (such
as Western Electric) to determine if the process is “in-control.” Manual investigation and
adjustment of the process is necessary once a data point is determined to be out of control.
A large percentage of these adjustments are made to compensate for the run-to-run
variations attributed to process equipment drift. Unfortunately, there are many problems
using manually adjusted processes based on SPC charts. A typical wafer fabrication plant
may have about 2,500 on-line SPC charts. If all of the Western Electric rules were used,
and if just two new points were added to each chart per day, it is estimated that there
would be on average 82 false alarms per day. Due to the sheer magnitude of faults that are
reported in such circumstances, only the processes with the most significant excursions
tend ‘to be maintained. In some cases, however, the opposite is true, and too much

attention is given to a chart, leading to over-adjustment of data points which in turn results
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in processes “ringing.” Additional process variation can be introduced between shifts or
individuals as they all try to compensate for each other’s process adjustments,
compounding the problem.
The present inventors have recognized the foregoing problems and have developed

an advanced run-to-run controller suitable for use in a microelectronic fabrication facility.

SUMMARY OF THE INVENTION

The invention provides in one aspect an advanced run-to-run controller for use in
microelectronic fabrication.

In one embodiment, an  advanced run-to-run controller for ‘controlling -
manufacturing processes comprises set of processing tools, a set of metrology tools for
taking metrology measurements from the processing tools, and a supervising station for
managing and controlling the processing tools. The supervising station comprises an
interface for receiving metrology data from the metrology tools and a number of variable
parameter tables, one for each of the processing tools, collectively associated with -a
manufacturing process recipe. The supervising station also includes one or more internal
models which relate received metrology data to one or more variables- for a processing
tool, and which can modify variables stored in the variable parameter table to control the
process tools using feedback and/or feed-forward control algorithms. Feed-forward
control algorithms may, in certain embodiments, be used to adjust process targets for
closed loop feedback control.

In a preferred embodiment, the supervising station has a user interface by which
different feedback or feed-forward model formats (single or multi-variate) may be

interactively selected based upon experimental or predicted behavior of the system. The
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supervising station may also permit users to utilize their own models for run-to-run
control.
Further variations, modifications and alternative embodiments are also described

herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is a schematic block diagram of a hardware pl_atform on which the run-
to-run controller of the present invention may be executed.

Figure 1B is a schematic block diagram of a further hardware platform on which
the run-to-run controller of tht; present invention may be executed. -

- Figure 2 is a diagram illustrating one embodiment of the software components that
may be used to execute the run-to-run controller of the present invention.

Figures 3 and 4 are graphs illustrating the result of an implementation of the run-
to-run controller of the present invention as applied to an exemplary wet oxide deposition
process.

Figure 5 is a block diagram illustrating the update of variable parameter tables.
(VPTs) associated with the various processing tools, for use . in run-to-run control
processes.

- Figure 6 is a block diagram illustrating a run-to-run control process flow .in
accordance with a preferred embodiment as described herein.

Figure 7 is a diagram showing the contents of a preferred variable parameter table
(VPT).

Figure 8 is a process flow diagram illustrating the run-to-run control process of

Figure 6 from an alternative perspective.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

An advanced run-to-run controller (ARRC) system is set forth herein that provides
a formal methodology recipe adjustment to compensate for gradual process drift and/or
upstream process variation. This functionality assists in significantly reducing the
engineering time required for process maintenance and adjustment.

One embodiment of a processing platform architecture that may be used to
implement the disclosed ARRC system is set forth in Figure 1A. In the illustrated
embodiment, the platform architecture, shown generally at 20, is comprised of a
Fabrication Supervisor Workstation (FSW) 25, one or more -Equipment Supervisor
Workstations (ESW) 30, one or more processing tools 35, and one or more metrology
tools 40.

‘The FSW 25 monitors and controls the overall operation of the microelectronic
fabrication facility. One or more operators may monitor the operation of all or a
substantial portion of the tools used throughout the fabrication facility. Based on the
operations monitored at the FSW 25, the operator may control the tool sets and, further,
direct the processing recipes that are to be used by one or more tool sets in the fabrication
of the product.

An equipment tool set is shown generally at 45 of Figure 1A. The equipment tool
set 45 includes one or more processing tools 35 that are connected for bilateral:
communication with a common ESW 30. Processing tools 35 are generally of the same
type. For example, all of the processing tools 35 may be furnaces. However, it will be

recognized that processing tools 35 may include different tool types Which be grouped
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based upon the type of processes _that are to be executed -_ui)on the workpieces to fabricate
the end products.
The ESW 30 is preferably configured to accept processing recipes from the FSW
25 and to direct processing tools 35 in the execution of the proc#ssing recipes. In those
5 instances in which processing tools 35 are of the same tool type, the FSW 25 may provide
a single processing recipe to the ESW 30, which recipe is to be concurrently used by all of
the processing tools 35 for parallel batch processing. Alternatively, the ESW 30 may
receive different recipes for one or more of the processing tools 35, in which case
processing tools 35 may be tools of the same type or of different types.
10 Processing tools 35 are subject to inter-tool deviations of the execution of a single.
. recipe on more than one tool as well as run-to-run, intra-tool deviations in the execution of
~ asingle recipe over time. Accordingly, the ESW 30 includes a Variable Parameter Table
. (VPT) associated with each of the processing tools 35, as illustrated, for example, in
~ Figure 5. The VPT 37 includes the parameters that are used in the execution of a
15  processing recipe by a given processing tool. The parameters of the VPT 37 are based on
the particular characteristics of the associated tool 35 and, as such, will frequently differ
between the tools of the same type. In ge_ﬁeral, each fabrication process is comprised of
one or more recipes (one recipe per process step), and each recipe will involve one or
more processing tools 35, each processing tool 35 having a VPT 37 for all of the process
20  recipes.
The parameters. o_f the VPT 37 are calculated and updated based on metrology data
for the particular process implemented by the associated processing tool. To this end,
Figure 1A illustrates the use of one or more metrology measurement units 40 that receive

workpieces from one or more respective tools 35 and measure the physical characteristics
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of the workpieces processed by the processing tools 35. In the illustrated embodiment, a -
plurality of metrology measurement units 40a — 40d are employed, each metrology
measurement unit being respectively associated with one of the processing tools.
However, it will be recognized that such a one-to-one correspondence is not absolutely
necessary. Rather, depending on the particular processing tools utilized, one or more of
the processing tools 35 may use a single metrology measurement unit in order to
economize on capital costs and space.

In operation, as illustrated in Figure -5, microelectronic workpieces 36 -are
transported from each processing tool 35 to a corresponding metrology measurement unit
40. This transportation, illustrated at lines 50, may include an automatic or manual
transportation of the workpieces 36. Each metrology measurement unit 40 is designed to
measure one or more physical and/or electrical characteristics of the workpiece 36
processed by the aséociated processing tool 35. The measurement data is then made
available to the ESW 30 along, for example, a communication Bus 55 or the like. Once
the measurement data has been provided by the metrology measurement unit 40, the ESW
30 may update the VPT 37 for the particular tool 35 that processed the workpieces 36
measured by the metrology measurement unit 40.

"Figure 1B illustrates a further system architecture that may be used in those
instances in which the at least two ESWs 30a and 30b are employed. The first ESW 30a is
preferably associated with one or more processing tools 35 while a second ESW 30b is
preferably used to control one or more metrology measurement units 40. The second
ESW 30b communicates the metrology data to the first ESW 30a along a communication

bus 60 or the like. The metrology data received by ESW 30a is then used to calculate
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and/or adjust the parameters of the VPTs 37 associated with the:processing tools 35a —
35d.

The Advanced Run-to-Run Controller (ARRC) system preferably provides a
formal methodology for recipe adjustment to compensate: for gradual process drift
(feedback control) and upstream process variation (feed-forward control). Additionally,
other control modes of operation may be employed such as, for example, combined
feedback/feed-forward control and adjustable feedback control, as illustrated in Fig. 6,
described later herein. In each instance, the functionality significantly reduces engineering
time required for process maintenance and adjustment.

In the case of feedback control, the ARRC system preferably provides ‘automatic
adjustment of the recipe through the parameters all of the VPT (e.g., VPT 37 shown in
Figure 5) based on the measured process results from the current process. This automatic
adjustment is accomplished in part by modeling the process using measurements from past -
experience, first principles, or a design of experiment. With such a model, a controller can -
make intelligent decisions as to what variables to change in the recipe through the VPT to
maintain the desired process target.

In the case of feed-forward control, the ARRC system can use metrology
measurements from a previous process step to- make adjustments to either the process
target or a process variable (recipe parameter) to correct for problems upstream in the
processing sequence. This is accomplished by empirically modeling the relationship
between either two process measurements or a process measurement from a past process
and a recipe parameter in the current process.

Figure 2 illustrates an. eﬁemplary software framework for the exchange of

metrology information and calculation/updating of the parameters of the VPT tables 37
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(see Fig. 5). The ARRC system illustrated in Figure 2 is preferably designed to take full
advantage of a communication framework using a standardized interface, such as
CORBA. This framework allows for the exchange of metrology information between
ESW's with or without an FSW since the metrology requests preferably comprise CORBA
objects. Ali metrology information may then be stored locally on the ESW associated with
the processing tool and can be accessed via the communication framework by any other
ESW in the case of feed-forward control. In such instances, metrology is not stored on the
FSW, thus avoiding a single point of failure.

Further details will now be set forth concerning metrology acquisition, storage and
maintenance, after which will be described further details concerning run-to-run control
using fche metrology data. -

The acquisition of metrology data (i.e., process measurements) can be difficult for
a variety of reasons. For example, the particular metrology measurement unit may not
have external communication. In such instances, manual entry of the process results must
be undertaken. Manual entry, however, is tedious, highly susceptible to data entry errors,
and not the preferred manner of obtaining metrology information in the system. Another
obstacle with implementing such a system is the acquisition of the process measurements
in a timely manner. It may be anywhere from an hour to several days before the results
from the latest run are obtained or are otherwise made available to the ESW. Since each
fabrication facility stores and analyzes the process results in a different way, it can be
quite challenging to provide a standard interface to acquire this information without
writing special code for each customer. The software architecture illustrated in Figure 2 is

designed to overcome or mitigate the above obstacles. A description of each of the



10

15

20

WO 00/79355 PCT/US00/17071
- 10

funcﬁox}al-'modules, as they relate to metrology ‘acquisition, storage, and maintenance,
follows below.

-With reference to Figure 2, a Metrology Broker 70 is used to manage all of the
metrology acquisition requests provided by an ARRC Controller 75. Each metrology
acquisition request from the ARRC Controller 75 is associated with a metrology map
defining the method of acquiring the metrology results. Once the metrology information
is acquired, it is stored in a Metrology Database 85 along with the Date, Time, Tool,
MiniSpec, Lot ID and Run Number. The requesting ARRC Controller 75 will also be
notified of the acquisition of the metrology results when it occurs.

" The metrology map is the vehicle that allows the user to define the method of
‘acquiring the process measurements as well as the format in which they are presented. The
user can define the number of wafers and sites (process measurement locations) and define
more specific names for the metrology points.

Various automated methods of obtaining process measurement results may be used
and defined in the metrology map. With reference to Figure 2, the automated methods

include, for example, the following:

GEM Interface 90 - A standardized GEM interface may be provided to
transfer the process measurements into a high performance database and to provide
the measurements to the ARRC system. This method generally requires that the
users at the fabrication facility write custom code to interface their process

measurement database to a supervisory workstation, such as an ESW.
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CIM Framework (CORBA Interface) 95 - This interface is provided for
customers with process measurement tools or a SPC database that is compliant
with Sema;tech’s APC Framework. For the CIM Framework 95, the ESW 30
subscribes to a CORBA object to automatically obtain the process measurements -

- as they are measured.

ESW Metrology Tool Interface 100 - This interface is provided for users at
fabrication facilities who wish to connect an ESW directly to the metrology tool

for the purpose of run-to-run control.

"~ SMC Result — This interface allows linkage to a Statistical Machine
Control application which provides automated fault detection using the equipment
real-time measurements. Calculations from this application may generally be

~ provided to the ARRC system as measurements from real-time sensors.

In addition to the foregoing automatic metrological acquisition methods, the
ARRC system may also employ a Manual Metrology Entry interface 105. Here, a user
interface is provided to manually enter the process measurements of the metrology tool for
fabrication facilities that do not have a centralized SPC database or that have process
measurement tools vdtﬁout external communication capabilities. Although not generally
the most efficient manner of acquiring metrology data, this functionality is especially
useful for users who wish to validate the functionality of the ARRC system without
commiitting resources to code a GEM or CORBA compliant interface to establish a link

with the metrology tools or SPC database.
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. Preferably, the Manual Metrology Entry interface 105: allows the user to select an
open metrology request and then enter new data, preferably in 2 Unix® environment. The
user interface window preferably contains a scrollable list of open metrology requests and
displays the following information about each request: date, time, tool, lot ID, and recipe
name. Because there may be a multitude of open metrology requests, the following three
ficlds may be used to narrow the search: tool, recipe name and lot ID. Any name or
portion of a name followed by an asterisk can be entered to automatically filter the
available selections. After all metrology values have been entered for a particular request,
the ARRC Controller 75 will be notified of the acquisition of the data and can process the
data accordingly.

. -Metrology Database 85 is preferably in the form of a proprietary, flat file database,
'although other database structures (e.g., relational databases) may be used instead. The
Metrology Database 85 is used to store and maintain the process measurement results.
These values are generally not stored in the standard database of the ESW 30 since often it
is necessary to store measurement information on the order of ten times longer than the
real-time process data stored in the standard ESW database. An abundance of process
measurements should preferably be made available for statistical analysis of the process
and for allowing robust modeling of the process. Separate database clean up and
maintenance operations may also be provided for the Metrology Database 85.

Each ESW 30 may comprise an equipment supervisory workstation of the type
such as available from SEMY Engineering, Inc., of Phoenix, Arizona. Integrating
run-to-run functionality in such a workstation may require the addition of several hooks to

the existing ESW software. Implementation is preferably achieved by associating
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run-to-run control methods 110 to values defined in the VPT. This association process
allows the user to define adjustable variables in the recipe for each individual tool. -

Interaction between the processing tools 35 and ESW is a controlled by tool server
115. Tool server 115, in turn, interacts with the ARRC Controller 75.

The ESW 30 may provide visual access to the VPT, including a display of
parameters, visible minimum and maximum limits, maximum change per step, access
levels per parameter and parameter type designations with units (see Fig. 7). The ESW 30
thus augments the VPT with an interface that allows the user to select the method by
which each variable parameter is calculated/updated. As such, the user may define a
custom tailored run-to-run control algorithrh for each parameter if so desired. Each VPT
parameter is designated with one of the following ARRC adjustment methods: feedback
only, adjustable feedback, combined feedback/feed-forward, feed-forward only, or none.
In a preferred ARRC system, there are four possible adjustment modes available for each

adjustment method. They are:

Automatic - this mode will automatically make changes to the variable

parameter based on the recommendations of the model and controller.

Manual Verification - this mode will ask the operator to approve of the

recommended variable parameter changes.

Manual - this mode will predict the process results from the process model
and controller without making adjustments to the variable parameter. This mode

may be useful to test the validity of a model without effecting the process. This



10

15

20

WO 00/79355 PCT/US00/17071
14

- mode will also allow the operator to approve and make the recommended variable -
parameter changes manually. - The purpose of this mode of operation allows the
operator to become comfortable with the adjustments made by the process model

and controller before making the adjustments automaticaily.

Data Collection - this mode is used to- acquire only the process
measurement data which is required for a feed-forward process where the upstream
- process tool is connected to an ESW and does not have a feedback controller

- defined.

- The ARRC Controller 75 interacts with the tool server 115, the ARRC methods

110, the Metrology Database 85, and the Metrology Broker 70. It is a background

~ software process that performs off-line processing of the ARRC methods. 110 after or

concurrent with the receipt by the Metrology Database 85 of the :process measurement
results by way of the Metrology Broker 70. Off-line processing assists in avoiding delay
which might be attributable to the ARRC calculations or acquisition of process
measurements prior to downloading the adjusted recipe. -

Further description of the run-to-run control methods will now be provided, with
occasional reference to the block diagram of Figure 6. As previously indicated, a number
of means are available for the acquisition of metrology data and the gencration of
metrology maps. By way of example, automated methods of obtaining ‘process
measurement results include use of a standardized GEM Interface 90, a CIM Framework
(CORBA) Interface 95, or an ESW Metrology Tool Interface 100. Also, the ARRC

system may also employ a Manual Metrology Entry interface 105. The information from
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these metrology acquisiﬁon techniques is supplied to a set of metrology maps 205, which,
as noted, are the vehicles which allow the user to define the method of acquiring the
process measurements, as well as the format in which they are presented. Using the
metrology maps 205, the user can, for example, define the number of wafers and sites
(process measurement locations) and define more specific names for the metrology points.
Prior to running a process, whether feedback or feed-forward (or both), the user
sets control points for the various process parameters used by the ARRC system,
illustrated by control points definition step 207 in Fig. 6. Setting of the control points is
part of a larger mechanism thrbugh which the user also defines the process model
(particularly for feedback methods) and adaptation algorithm for the selected VPT
parameters. The control point definition is provided to allow the user to combine any or
all of the process measurements defined by a single metrology map into a single value that
the run-to-run control calculation uses to gauge the process. To this end, the user first
selects a metrology map for the control point definition. A formula editor, similar to
Microsoft Excel, may be provided to allow the user to combine any or all of the values
into a single value. All typical mathematical operations are preferably available, in
addition to special statistical operations such as mean, standard deviation, median and
range. The user can select each measurement from a list defined by the metrology map.
The modeling of the semiconductor process can range from a collection of very
complicated partial differential equations to simple relationships between two process
variables. Most control systems, however, can effectively use simple models to describe
the phenomena which are the subject of their control, since complicated models generally

increase computational demands and cause slower system performance.
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- To provide the user with a flexible range of processing possibilities, a variety of
ARRC models 110 (i.e., model formats) may be made available to the user to adaptively
or recursively model and control the process. The optimal model format may be
determined empirically using, for example; an initial “golden data set.” To this end, the
user may manually enter a matrix of golden data set process measurements and control
variables. Using this experimental process data, a least-squares system identification
algorithm may be used to determine the model parameters. Process noise and model
integrity metrics may be displayed to quantify the quality of the model. Confidence level
indications will also be provided to the user based on how well the model predicts the
actual phenomena in order to give the user a sense of the reliability of the model. The
overall model selection process can be an iterative process in which the user tries several
model structures before finding one that accurately represents the process.

' In one embodiment, the model adaptation employs a modified ‘fading-memory
least-squares algorithm incorporating dead-zones and parameter ‘constraints. -~ The
modifications, together with the ability to perform full or partial adjustment of the
parameters, aim to alleviate potential problems due to estimatioﬁ drift. Such problems can
occur when the input-output data used for estimation do not provide sufficient information -
(excitation) to determine all of the model parameters, e.g., normal production data. The
basic control algorithm may be of the gradient-Newton class used to solve non-linear
equations. Newton algorithms have excellent convergence properties near the solution but
may be susceptible to noise. For this reason, the algorithm is preferably modified with a
“dead-zone” non-linear gain adjustment allowing the user to adjust its sensitivity to noise.

The main advantage of this modification is that it allows for a quick response to large

disturbances without increasing the steady-state variance. Higher order controllers can = -
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also be used to compensate for more severe process drifts. Default control parameters are
automatically computed based on the model and the input-output data set. These
parameters are fully adjustable by the user to refine the control action. A process-
metrology tool simulator is also provided to further assist the user in visualizing the
operation of the feedback controller and in learning how to adjust the control parameters
to achieve the desired behavior, before performing actual process test runs.

In a presently preferred embodiment, at least the following model structure or
model format options are provided to the user for interactive selection: linear (2 parameter
model — i.e., slope and y-intercept), quadratic (3 parameter model) and cubic (4 parameter
model). These models can be either single-input, single-output (SISO) or multi-input,
multi-output (MIMO). - The models can also be defined as least squares adaptive, gradient
adaptive or non-adaptive along with the ability to selectively adapt the parameters (i.e. -
keeping the slope constant while shifting the y&ntércépt up and down over time).
Adaptive models  automatically change the model parameters based on the current
metrology information being received to automatically compensate for process drift. A
recursive controller can be employed to control the process for static models. An external
plug-in capability (see model/controller plug-in 221 in Fig. 6) may also be provided using,
for example, MATLAB to allow users to define their own models, adaptation algorithms
and controllers.

Furthermore, the “golden model” created from the “golden data set” can be
restored as in the case with models that have adapted over time. This restoration can
automatically be triggered by the Preventative Maintenance application.

The feedback methods generally provide for a desired process target as well as

minimum and maximum specification limits defined by the process specification. The
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minimum .and maximum-metrology measurement limits assist in protecting the system
from using false measurements. If one or more of the metrology values are outside of
these limits, the system can be programmed to either use or discard the individual
metrology values. In addition, if the range of the metrology data exceeds a predetermined

5 maximum range value, the system can be programmed to discard all of the metrology.
information as invalid.

In the same respect, the ARRC system may be programmed to implement warning

and/or stop limits based on the number of false metrology values that are detected. In the
event the stop limit is exceeded, all future runs for that tool, for example, may then be
10  blocked or a warning may be provided to the user. In the event of a warning, the user may
be notified that the number of false metrology values is excessive and the waming may be
logged in an audit trail file. If a variable parameter value in the VPT is outside of its own
predetermined minimum and maximum limits, it is possible to define a stop on the process
or simply adjust the variable parameter value to the minimum or maximum limit,
15  whichever is closest to the out-of-range value.
Since, in some cases, metrology may never be acquired, a warning limit can be
defined to warn the user that there is something wrong with the acquisition of the
metrology (measurement tool is down, SPC database failure, network problem, etc.). A

stop or time out limit may be used so that all future runs are blocked or the run-to-run

20  control will not be used. -
As previously indicated herein, the ARRC system preferably_ provides methods for
recipe adjustment to compensate for gradual process drift (feedback control) and upstream
process variation (feed-forward control), as well as possibly other control modes of

operation such as, for.example, combined feedback/feed-forward control and adjustable
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feedback control. In the case of feedback control, as illustrated in Figure 6, the feedback
control algorithms 220 are implemented based upon internal model/controller structures or
the model/controller plug-in 221 using process results derived from the control point
definition 207. After application of the feedback control algorithms 220, as illustrated by
a following step 225 in Figure 6, the ARRC system preferably provides automatic
adjustment of the recipe through the parameters all of the VPT 37 based on the process
results. -

- Further protection from false metrology is provided which is dependent on the
elapsed time since the last run of a process on the tool. This method of protection from
false metrology is particularly useful in connection with processes that have not been run
on a particular tool for a substantial period of time. When a predetermined period of time

has elapsed since the last run the other process on the tool, it is possible that the model

* used in the last ran model is invalid due to changes in the processing tool over time.

From an operational standpoint, "Feedback Only" processing begins when the tool
server 115 (see Fig. 2) receives a processing recipe that is to be executed by one or more
of the processing tools 35. After downloading a recipe, the tool server 115 notifies the
ARRC Controller 75 of what process measurements to expect at the completion of a
process run and, further, advises: which of the associated ARRC methods 110 are to be
used to update the VPT. Provision may also be made to block subsequent downloads if
pre-defined conditions in the ARRC method are violated. Overriding a block download
notification preferably requires secured access.

The tool server 115 or GEM ‘Host interface 90 will automatically notify the ARRC
Controller 75 that it has downlbaded a recipe to the tool and that there are associated

ARRC methods. The ARRC Controller 75 monitors for the start and end events of the
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process and makes sure there were no abort conditions that occurred during the run. Once
it has been determined that the process run was completed successfully, the metrology
map definition(s) are extracted from the ARRC method(s) 110 to determine which process
results-should be expected. Once the process results are received, the ARRC method(s)
110 are calculated in the background. In the event the ARRC method 110 makes a changes
to a VPT parameter and user approval is required, all changes are stored in a temporary
file until approval is received. Otherwise, the VPT changes will be made automatically.

In the case of feed-forward control, the ARRC system can use metrology
measurements from a previous process step to make adjustments to either the process
target or a process variable (recipe parameter) to correct for problems upstream in the
processiﬁg sequence. In order to carry out this type of adjustment, it is required that the
relationship between either two process measurements or a process measurement from a
past process and a recipe parameter in the current process be empirically modeled.

The ARRC Feed-Forward Method is very similar to the ARRC Feedback Method
from the standpoint of implementation and configuration. Generally stated, the ARRC
Feed-Forward Method can be described as a degraded ARRC Feedback Method. In the
ARRC Feed-Forward Method, however, there are no target process values nor upper and
lower specification limits since the model acts as a relational operator between sequential
processes. Additionally, the closed loop adjustment mode is absent because its
functionality is used to acquire process measurements for feed-forward control with
respect to downstream processes. The time between run limit and number of runs without
metrology limit functionality is absent since metrology is generally always required in a

feed-forward control methodology.
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‘For feed-forward methods, the Control Point Definition Editor is enhanced with a
special field to define from which upstream process the metrology information is coming
from. The Process Model Editor does not have the capability to define adaptive models or
recursive controllers for feed-forward methods, s_ince the models used for feed-forward
control are completely open loop.

‘When the “feed-forward only” method is used, the tool server 115 (see Fig. 2), or
alternatively the GEM Host interface 90, if provided, notifies the ARRC Controller 75 to
acquire the specified metrology data from the upstream metrology tool and execute the
feed-forward algorithm. In the event that the metrology record is not available, the
download will be blocked until it is acquired. Once the metrology record has been
retrieved, the ARRC method(s) will be calculated and the VPT parameters updated..

When the combined feedback/feed-forward control is used, outputs from the feed-
forward control methods 210 may be used to adjust process targets for the feedback
control methods 220, as illustrated in Figure 6.

" After successfully executing any of the foregoing ARRC methods, the following
information is recorded: VPT parameter value, metrology target, calculated control point,
and new model parameters. All alarm and si:op events generated by the ARRC methods are
stored in the audit trail file and also displayed to the user in a tool status application. The
alarms can be cleared in either the tool status or ARRC Status applications, however the
stop events can only be overridden in the ARRC Status application (as explained in a
section to follow). Any adjustments to the VPT parameters are also logged in the audit
trail file..

An ARRC Status display may be provided to view the current status (i.e. OK,

alarm, or block download) of all of the tools comnected in the current zone. This
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application displays the current status of the tool with. the ability to view ‘all of the open
metrology requests as well as all of the current ARRC system events. From this window,
all ARRC system block download events can be overridden to bring the tool back on line.
All alarm and block download events are also visible in the tool status display and can
also be cleared there. All ARRC system events (alarms, block download, adjustments,
etc.) are also recorded in the audit trail file.

- Figure 8 is a process flow diagram illustrating the run-to-run control process of
Figure 6 from an alternative perspective. In the run-to-run process 800 depicted in Figure
8, both feed-forward and feedback control may be utilized to control the operation of a
process tool (designated Process Tool B in Figure 8). In a first step 801 in the run-to-run
process 800, a first process tool (designated Process Tool A) performs processing
according to the process variables downloaded to the tool from the Variable Parameter

Table (VPT) associated with the particular recipe. In a next step 802, a first metrology

“tool {designated Metrology Tool A) measures the éppropriate output of Process Tool A,

depending upon its nature. The measurements from Metrology Tool A are collected in
step 803, according, for example, to any of the metrology acquisition methods previously
described with reference to Fig. 6. In a next step 804, the process control points (i.e.,
target) for the upcoming feed-forward and/or feedback run-to-run algorithms are set, based
upon the information stored in the metrology maps. In the following step 805, the selected
feed-forward control algorithm is applied by the ESW 30, resulting in feed-forward
control model outputs. These outputs are used to adjust the process targets, in step 806,
for the upcoming feedback control algorithm. In one aspect, the feed-forward control
algorithm provides the capability of generating a “variable” process target for a process

controlled by a closed-loop feedback control loop.
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Once the process targets have been adjusted based on the outputs of the feed- .
forward contro} algorithm, the feedback control algorithm of the run-to-run controller may
be applied in step 807. In a next step 808, the process variables or parameters for the
recipe are adjusted in the variable parameter table (VPT), and the updated variables or
parameters are downloaded to Process Tool B. In step:809, Process Tool B performs its
assigned task(s) utilizing the variables or parameters associated with the process recipe. In
a next step 809, a second metrology tool (designated Metrology Tool B) is used to
measure the appropriate output of Metrology Tool B, depending upon its nature. The
metrology data from Metrology Tool B is acquired in a next step 811, according, for
example, to any of the metrology acquisition methods previously described herein. Based
upon the acquired metrology data, the process control points for the feedback control
algorithm are adjusted in step 812. The closed-loop feedback control process then returns
to step 807, wherein the feedback control algorithm is applied again. The feedback
control aigorithm continues to control the process target(s) for Process Tool B in a closed-
loop fashion, but periodically the process target(s) may be adjusted based upon the
measured output(s) of Process Tool A, and the feed-forward control algorithm depicted in
step 805 of Figure 8.

Depending on the metrology data and the process adjustment mechanism, the
ARRC system can make process adjustments at varying frequencies. For batch tools the
ARRC system preferably adjusts the parameters on a batch-to-batch basis. For single
wafer tools, the ARRC system may adjust the parameters on a lot-to-lot and, if needed,
wafer-to-wafer basis.

It is also useful to have an additional software application available to analyze the

past performance of the ARRC methods. To this end, the ESW 30 may be provided with



10

15

20

WO 00/79355 PCT/US00/17071
24 '

an ARRC Historical Analysis application. The ARRC Historical Analysis application
allows the user to view the results of a single ARRC mettiod by selecting a tool, zone,

recipe name and the associated vﬁriable parameter. For feedback methods, the plot
graphically displays the target value, model prediction, actual measurement, and alarm and

block download limits. Preferably, the plot is color-coded. For feed-forward methods, the

plot graphically displays the adjustments being made to the next process (stair step plot)

over time. In both feedback and feed-forward, colored event squares may be placed at the-
bottom of the plot at the point in time where an adjustment was made, as well as when, for

example, an alarm or block download event occurred. When the user clicks on these

squares, another window may appear displaying the details of the particular event.

The foregoing system has been successfully applied in a wet-oxidation process and

~ has shown the ability to improve its accuracy and uniformity. Although multivariable in

nature, the control problem faced in a wet-oxidation process can be effectively reduced
into a set of scalar problems, allowing the use of simple and reliable ARRC control
methods. For the implementation of run-to-run control, the ARRC system provided an -
integrated and user-friendly tool to perform modeling, adaptation and control.

In this wet-oxidation process, a silicon oxide layer was grown on a load of wafers

inside a diffusion furnace via a wet oxidation process. In such a process, silicon wafers

- are exposed at high temperatures to steam created by burning a controlled mixture of

hydrogen and oxygen using a flame or torch. The wafers were loaded into the furnace and
were processed for a specified time period at a given temperature. A real-time controller
was used to maintain the processing temperature at the selected value, with thermocouple
measurements  obtained at three different locations across the wafer load. Upon

completion of the process, the oxide growth was measured at four locations across the -
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wafer load. The process parameters affecﬁng the growth include the processing time and
the three temperature zone set-points. The objective was to adjust these processing
parameters in order to maintain tﬁe desired oxide growth uniformly across the wafer load.

One difficulty associated with this problem is the complexity of the process model,
including a loss of symmetry due to the additional heat in the source zone generated by the
torch and the thermal losses in the load zone. In addition, the process characteristics vary
with the number of processed wafers (due to, e.g., thermocouple drift or element
degradation). To compensate for modeling errors and slow process drifts, a run-to-run
controller constructed in the manner set forth above was employed to adjust the “control
inputs” (oxidation time and temperature set-points), using growth measurements after each
run as the metrology inputs and a simple process model to adjust the recipe parameters
defined in the VPT. |

Formulating the wet-oxidation pr_oce#s as a feedback control problém, the ARRC
system seeks to cbmpute and refine the value of the “control input” so as to drive and
maintain the process output value to a desired level. As a matter of terminology, feedback
control considers a “process” or a “éystexn” which, given an “input,” produces an
“output.” The input or control is the signal that can be manipulated in order to effect a
change in the output. The output ié the signall of interest that cah be used to define t.he.
desired operation of the process. The desired operation can often be quantified by
comparing the output of the process toa “target” or *“reference” value. For example, in the
wet-oxidation feedback control problem, the control inputs are the time of oxidation and
the oxidation temperature. The outputs are the oxide thickness at different locations across
the wafer load, measured at process completion, while the reference is the desired value of

oxide thickness.
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- For the oxidation process, one could think of the whole temperature trajectory as
the control input. This would, of course, be rather inconvenient as. it- increases the -
dimensionality and difficulty of the problem. On the other hand, given that the temperature
is held at a prescribed value by the local real-time controller, one could simply replace the

5  whole trajectory by a single number being the temperature set-point. The accuracy of the

i models obtained by such a formulation relies on the ability of the local real-time controller
to maintain the set-point temperature despite any disturbances entering the process.

Mathematically, the relationship between inputs and outputs takes the form of a

memoryless nonlinearity,

0 sl

where f[.] is a usua]lj nonlinear function. In this ﬁ;ﬁaework, the control 6bje¢ﬁv_e could

be defined as to select uy, so that y; stays close to a prescribed desired value.rb- where k is

an index sxgmfymg the run number It goes withouf sb,ying that all mathematical models,

especially the sixﬁple ones, can only serve as approximations of a ph}?sical process. As a

15  result, nominal values of control inputs (e.g., computed by solving the equation flu;] - rx =

0) will only approximately satisfy the control objective. In addition, disturbances or

changes in the proééss (e.g., due to aging) can adversely affect the model ciuality and lead
toaniﬁcreaée of'theerrorrk-y,,.. '

There are two complerﬁentafy approaches to remedy this situation. One is to use

20  the approximate model to compute an approximate correction, which eventually drives the

error to zero; this is referred to as control input refinement. The other approach is to
irnprové the model qﬁality, referred to as model refinement, and use the new model to

compute the new control input. The ARRC methods can be used to implement either or

T s 1l e et b sl b £ S e RS A it i
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both of these approaches. However, the choice of the approach is problem-dependent, as
both have limitations that may potentially produce an undesirable response.

. The design of ARRC method in the present example relies on the theory of
adaptive system identification and parameter estimation to perform model refinements,
and the theory of feedback control and numerical optimization to perform the control input
refinements. In-its general form the ARRC method implementation involves four steps:
model development, control input initialization, model refinement, and control input

update. Depending on the user’s preference, these steps can be implemented in several

different sequences to control the process output, e.g., process monitoring,

one-shot-modeling, non-adaptive control, and adaptive control. Some remarks on each of -

the four basic steps are discussed below.
* With respect to model development, the model structures that are implemented in
the exemplary ARRC system are single-input, single-output polynomial models with fully

or partially adjustable parameters. In general, the process model takes the form:

v, =9

where (u,)) is the input-output pair and @ is a vector of adjustable parameters. For
computational convenience and reliability, the function f{. , ) is chosen to be linear or
affine in the parameters ¢. This allows for the use of simple and reliable least-squares
computations to estimate the model parameters from data. While more general model
structures are certainly possible within the ARRC system framework described above,

simple models are usunally adequate for the intended applications. Here, the operating
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range is often small enough to allow a good approximatipn of the input/output process
behavior by affine functions.

-In the modeling step, the parameters of the user selected model structure are
estimated to fit a set of input/output pairs. The estimation is performed using a least
squares approach, slightly modified for numerical robustness. Together with the estimated
model parameters, a set of fitting errors is computed (RMS and normalized RMS). These
define the quality of fit in a way that allows an easy selection of the most suitable model
and avoid “over-parameterization.” It should noted that over-parameterization depends not
only on the characteristics of the underlying process but on the range of the possible inputs
as well. The fitting error measures also provide guidelines for the selection of control
and/or adaptation thresholds (dead-zones) so that no action is taken when the output
variation is within the normal noise level. Finally, in this stage, “conditioning”
transformations are computed for use in the adaptation and -control steps. These
transformations are important in improving both the reliability of the numerical
computations and the speed of convergence.

With respect to control input update, the computation of the control input uses an
algorithm falling in the class of gradient/Newton algorithms for solving nonlinear
equations. Newton-type algorithms have excellent convergence properties near the
solution and convergence is not very sensitive to model inaccuracies, as long as the .
derivative (dffdu) of the model is “close” to the derivative of the actual process. However,
several modifications are made in this exemplary application, including a “gain’_’_ )
parameter serving as a knob to adjust the sensitivity of the method to noise. The general

form of the control input update is
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[ 2 =Ux + rz wz.r gz,r/(l +7Z a);.r 'mz.x)

where e. ¢ = Dza[ri-yil, Wer = dffdulus, @«]. Dzn[.] denotes a dead-zone nonlinearity whose
threshold is selected based on the noise RMS level computed in the model development

stage. The gain y. is computed from the error via the following expression:

- y(ec.k/n)’/[ﬂ(e%,,)z]

where y > 0 and v, is a threshold parameter selected based on the noise RMS level. This
nonliriear gain definition acts effectively as a smooth dead-zone. Its key attribute.is that
when the error is 'large, then the control updates are made with high gain (equal to y).
When the error is small and most of its contribution is due to noise, the updates are made
with low'g.ain which; effectively, acts as a low-pass filter and prevents excessive control
input adjustments.

The control input update method can be used in two modes. During normal
operation, only one step of the iteration is performed. On the other hand, for the first step
after niaintenance operations the iteration is allowed to converge (control initialization).

A further step in the design of adaptive systems is the selection of the parameter
update method, invoilving trade-offs among flexibility, noise induced parameter drifts,
speed of convergence and noise filtering properties. The ARRC method used to perform
the update of the model parameters is a modified fading memory least-squares,
incorporating dead-zones and parameter constraints. The general form of the parameter

update method is as follows:
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G =T1 {0& +y ,P&-l Wk e.p,k / (1 +7, WpJ-.Pk-‘ Wp,k)}

Puw=ap,+ (1._- a)Q""}’,,aWp.k Wos'

where ey = Dznfyir-wpi'& ], Wpx = dffdfus, &]. The computation of the adaptation gain vy,
is analogous to the control gain. II(..) denotes an oblique projection operator on the
parameter constraint set. O is a small positive definite matrix éerving to ensure that P; is
always nonsingular and ¢ [0,1] is a forgetting factor.

The dead-zone serves as an “information screening” mechanism by ignoring data
that contain little new information. Parameter constraints have usually the form of bounds
on the acceptable parameter estimates and serve to increase the robustness of the algorithm
against noise-induced parameter drifts.

Dead-zone thresholds, parémeter constraints and scaling/conditioning
transformations can be seleéted by the user during the initial modeling phase. In particular,
parameter conditioning transformations can help to reduce the condition number of the
Hessian P and, thus, improve the convergence properties of the parameter estimator. They
should be carefully applied, however, as they may increase the susceptibility of the
algorithm to noise. Furthermore, parameter constraints can be motivated by physical
principles (e.g., sign of df/du).

As previously note&, the ARRC methods Were used to control a wet oxidation
process. One of the main characteristics of such processes is the loss of symmetry due to
the thermal gradient across the furnace, causing non-uniform oxide thickness distribution

along the wafer load. A common remedy of this situation is to use different temperature
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set-points in the three heating zones, compensating for the variability of the oxidation
rates. This procedure, referred to as “temperature tilting,” often requires extensive
experimentation and periodic re-tuning; as such, it was selected as a good candidate to
investigate the benefits of run-to-run control.

5 For the process used in this web-oxidation example, the control inputs were the
oxidation time and the two end-zone temperature set points, while the set point of the
center zone was kept constant at 950 degrees C. Four test wafers were used in each run,
and the; oxide thickness was measured at different locations on each test wafer. Using a
standard experimental design, a set of 23 preliminary measurements was obtained for

10 different inputs from which a preliminary model was built. Guided by these

measurements, the process inputs and outputs were defined as follows:

¥(1) = Average oxide thickness for the middle two test wafers.

15  ¥(2) and y(3) = Difference between the average oxide thickness of the side test

wafers and y(@) (A).

q(l) = processing time (minutes). u(2) and u(3) = Temperature differential of the
side zone set-points from center zone (degre&é O.
20
The rationale behind these definitions was to obtain a sq.uare model with a
diagonally dominant and reasonably conditioned Hessian. The diagonai dominance is not
necessary, but it helps to simplify the multivariable control problem by approximating it

by a set of scalar control problems.
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The ARRC method was then tested by p'rocessing-a total of | 33 loads of 200 wafers
each. A non-adaptive controller was used for the first 22 loads, while an adaptive
controller was used for the last eleven. In all cases, the target was an oxide- thickness of
1000A in all processing zones. In order to demonstrate the con%%rér_gence‘ properties of the
controller the initial processing -ﬁ@e was selected to produce a 15% thickness error while
all temperature set-points were identical The results of the test a're shown in Figures 3 and
4. After a very short transxent ‘the thickness error becomes comparable to the normal

noise level. Moreover, the conu'ol input updates are reasonably smooth. These results

- compare favorably with normal operation data of similar processes, where SPC-based

recipe adjustments are performed. It is thus apparent that the foregoing advanced run-to-

~ run control methods provide a 'signit_‘icaht advantage in yielding accurate and predictable

~ process results.

Other examples also 1llustrate the benefits of moorporated the aforementioned -
advanced run-to-run control techmques, using either or both of feedback and feed-forward
control techniques. Relatively simple feedback controllers used thhm the ARRC system
can significantly -improve process performance and producﬁvit} in many areas of the
productlon environment. For example, in chemical mechanical pohsh {CMP) operations,
the polish time may be adjusted to control the remaining thickness of the film. The polish
time may be changed between wafers or between batches depend_ihg on the stability of the
process.  When wafer-to-wafer adjustments are required, inésim metrology would be
needed to provide measurements in time to close the loop. If the process drift is
understood, however, a feedback model may be used to pre'dict and adjust the p’olish time
required for each waferin a bat;h. The polish timé can be changéd from wafer to wafer,

using a feedback control algorithm implemented by the ARRC system, based on the model
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estimates and then verified witli metrology after the batch has been completed. Feedback
controllers can also be used within the ARRC system to automatically compensate for the
changes in the slurry and degradation of the polish pads.

As another example, diffusion processes may benefit from employing the run-to-
run control techniques described herein. Diffusion processes can at times require the
adjustment of multiple variables simultaneously. Low pressure chemical vapor deposition
(LPCVD) batch processes, for example, typically require temperature and time
adjustments. A feedback controller employed within the ARRC system can be used to
adjust end zone temperatures to minimize the thickness differences between wafers
processe& in the center of the furnace and the end zones of the furnace. The feedback
controller may also adjust deposition time to center the process at the desired thickness
target. Simple models are effective in both linear LPCVD deposition processes and non-
linear oxidation processes.

‘Feedback adjustments made within the context of the ARRC system are also useful
in etch processes to control critical dimension (CD) line widths. Also, many etch
processes use in-situ end point detection. Once end point has been established, the recipe
will continue to etch the film for a pre-defined over-etch time. The impact of the end
point time and the over etch time is measured in film thickness and CDs. Automatic
feedback control within the ARRC system can be applied to adjust timed etch processes or
the over-etch time in end point driven processes. The relationship between film thickness
removed and CDs to etch process parameters such as etch time, gas flow and power can be
modeled and controlled using the ARRC system.

~ Although a process may be able to produce repeatable results utilizing a feedback

cpntrol methodology, the process results may also be dependent on the initial state of the
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wafers. Automatic adjustment based on this initial state can be ggcdmplished with feed-
forward modeling. If a feédfé‘forward' control algorithm 1s used, ‘the process being
controlled is preferably eithex; inherently stable or else utlhz&san effective feedback
mechanism (e.g., an ARRC syétt}m' feedback control algorithm)j to provide stability.

One example where a | feed-forward control mechaﬁism is useful is in the
adjustment of the etch time to r'efn’ove the inter-level dielectric f;)r a via interconnect. ‘This
type of etch process generally cannot be controlled with iﬁ-situ end point detection
because the small amount of ﬁlm being removed does not provxde the needed signat
strength. Instead, the process pféferably is such that it removes all of the film in the first
attempt. The initial thickness of the film is generally needed to Select the target for the
.process. This information can be provided by the ARRCsystem with a feed-forward
process in which the initial ﬁlm thickness is measured, which in turn sets a target for a
feedback control loop for the removal of the inter-level dielecnié. |

* Another example in which feed-forward control w1th1n the context of the ARRC
system fvould be useful is in chemical mechanical polish (CMP) processes. In such

processes, there are typically variations in initial surface mateﬁal,'wlﬁch in turn results in

- a similar variation after the polish. By measuring the wafer prior to the polish, a feed-

forward controller within the A_RRC system can be used to adjust the feedback controller
target (amount of material to be polished) after each run, so as to eliminate or at least
minimize this variation after thé polish.

As yet another examplé '3in \;vhich feed-forward control wuhm the context of the
ARRC system would be useful; implant barrier variations prior to sacrificial oxide layer
growth can be controlled to impfove fabrication of transistors .and similar semiconductor

devices. In this regard, implant barrier variations in the fabrication process can adversely
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effect the gain of a transistor:- In a typical fabrication exarhplé;’loxide and nitride layers are
grown and deposited on a wafer. Using lithography and etch processes, trenches are
formed in the nitride layer. In forming the trench, the nitride is over-etched resulting in
removal of some of the initial oxide layer. A sacrificial oxide layer is grown in the trench
over this initial oxide, making a barrier for the implant step. The size of this implant
barrier varies from run to run due to the over etch of the nitride. Using a feed-forward
control algorithm within the ARRC system, the incoming variation caused by the
oxidation and nitride etch steps can be minimized by first measuring the initial oxide layer
after the nitride etch, and then, using a feed-forward controller, adjusting the target of the
feedback controller on the sacrificial oxide process to maintain a more consistent implant
barrier

In the lithography area, feed-forward control as implemented by the ARRC system
can be utilized to caiculate alignment parameters from wafer to wafer; thereby providing .
improved possibilities for processing downstream using feedback control. These are
typically six to eight parameters that can be predicted with first order models. Tilt may
also be adjusted, but generally requires a much more complex model.

While preferred embodiments are disclosed herein, many variations are possible
which remain within the concept and scope of the invention. Such variations would
become clear to one of ordinary skill in the art after inspection of the specification and
drawings herein. The invention therefore is not to be restricted except within the spirit and

scope of any appended claims.
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What is claimed is: L

1. ‘A run-to-run control S):'stem for -,c_:ta_ntrolling manufacturing processes,
comprising:

5 _ a plurality of processing tools;

a plurality of metrology tools for monitoring _operation of said processing tools;
and |

a supervising station, said supervising station comprising -

an interface for recéiviﬁg metrology data from each of said
10 : metrology tools; |

a memory;

a plurality of vériable parameter tables, one for each of said
processing tools, stored m said memory, said variable parameter tables
collectively associated with a'manufactu'ripg process or recipe; and

15 : at least one model su'ﬁcnxre relating received metrology data to one.
or more variables of one or- more of sald variable parameter tables, whereby
said variables are modiﬂed in respons;e to said received metrology data

according to said at least one model structure.

20 2. - The run-to-run controller of claim 1, wherein said at least one model

structure comprises a feedback control modél.

3. The run-to-run controller of claim 1, wherein said at least one model

structure comprises a feed-forward control model.

et e i i e e AR S WA
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4, The run-to-run controller of claim 1, wherein said at least one model

structure comprises both a feedback control model and a feed-forward control model.

5 S. The run-to-run controller of claim 4, wherein said supervising station
further comprises a target set-point associated with said feedback control model, said
supervisory station adjusting said target set-point based upon an output of said feed-

forward control model.

10 6. The run-to-run controller of claim 1, further comprising a user interface for
selecting one or more model formats from which said at least one model structure is

generated.

7. The run-to-run controller of claim 6, wherein said one or more model
15 formats are interactively selectable from a plurality of predefined mode! formats, said
predefined model formats comprising a linear model format, a quadratic model format and

a cubic model format.

8. The run-to-run controller of claim 7, wherein a fading-memory
20 least-squares algorithm is used to determine model parameters for said at least one model

structure from experimental data.

9. The run-to-run controller of claim 8, wherein said at least one model

structure is user-adjustable with a dead-zone non-linear gain adjustment.
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10.  The run-to-run controller of claim 8, wherein said at least one model
structure may be user-defined as either least squares adaptive, gradient adaptive or

non-adaptive.

11.  The run-to-run controller of claim 8, wherein process noise and model

integrity metrics for said at least one model structure are displayed by said user interface.

12. The run-to-run controller of claim 8, wherein said model parameters for

said at least one model structure are user-adjustabie between runs.

13. The run-to-run controller of claim 7, wherein said at least one model

structure comprises a multi-input, multi-output model.

14.  The run-to-run controller of claim 1, further comprising an interface for

receiving said at least one model structure from an external plug-in unit.

15.  The run-to-run controller of claim 1, wherein all or part of each variable
parameter table is downloaded to its corresponding processing tool prior to operation of
the processing tool, and wherein said variables modified in response to said received
metrology data are automatically downloaded to said processing tools without user

intervention being required.

16. A method controlling of a manufacturing process, comprising the steps oft

PCT/US00/17071
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(a) -downloading variables from a plurality of variable parameter tables to a
plurality of processing tools;

(b) operating said processing toofs according to said downloaded variables; -

(c) receiving, at a supervisory station, metrology data from a plurality of
metrology tools monitoring operation of said processing tools;

(d) applying said metrology data to at least one model structure relating said
metrology data to said variables, and generating an output thereby; and

(e) updating one or more of said variable parameter tables in response to said

output.

17.  The method of claim 16, wherein steps (a) through (e) are repeated to

effectuate run-to-run control of the manufacturing process.

18.  The method of claim 16, wherein step {(d) comprises the step of applying

said metrology data to a feedback model.

19. The method of .claim 16, wherein step (d) comprises the step of applying

said metrology data to a feed-forward model.

20.  The method of claim 16, wherein step (d) comprises the step of applying

said metrology data to both a feedback model and a feed-forward model.
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21: - The method of claim 16, wherein step (c) comprises the step- of
automatically transferring said metrology data from said metrology tools to said

supervisory station.

22.  The method of claim 16, further comprising the step of setting a target set-

point for said at least one model structure.

23.  The method of claim 22, wherein step (¢) comprises the step of adjusting
said one or more of said variable parameter tables in response to a comparison between

said output and said target set-point.

24.  The method of claim 16, wherein each of said variable parameter tables is

. associated with exactly one of said processing tools.

25.  The method of claim 16, wherein each of said metrology tools is associated:

wiﬁ exactly one of said processing tools.

26. The method of claim 16, further comprising the step of interactively -
selecting said at least one model structure via a user interface from a plurality of

predefined model formats.

27.  The method of claim 26, wherein said predefined model formats comprise a

linear model format, a quadratic model format and a cubic model format.
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28.  The method of claim 27, further comprising the step of determining model
parameters for said at least one model structure from experimental data using a fading-

memory least-squares algorithm.

29.  The method of claim 27, further comprising the step of adjusting said

model parameters for said at least one model structure between runs.

30. The method of claim 26, wherein said at least one model structure may be

user-defined as either least squares adaptive, gradient adaptive or non-adaptive.

31. . The method of claim 26, further comprising the step of displaying process

noise and model integrity metrics at said user interface.

32. The method of claim 26, wherein said at least one model structure

comprises a multi-input, multi-output model.

33. A rmuno-run controller for controlling a manufacturing process,
comprising:

a first processing tool;

a first metrology tool for obtaining metrology data from said first processing tool;

a second processing tool;

a second metrology tool for obtaining metrology data from said second processing
tool; and

a supervisory station, said supervisory station comprising
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an interface for receiving said metrology data from said first
metrology tool; and
a first model structure relating said metrology data from said first
metrology tool to a target set-point for said second processing tool;
a second model structure used in controlling operation of said
second processing tool in a feed-back control loop; and
- a first variable parameter table for said first processing tool and a
second variable parameter table for said second processing tool;
wherein all or part of said first variable parameter table is
downloaded to said first processing tool prior to operation of said first
processing tool, wherein all or part of said second variable parameter table
" is downloaded to said second processing tool prior to operation of said
second processing tool, and wherein one or more variables in said second
variable parameter table are modified in response to application of said first

model structure to said received metrology data.

34. The nun-to-run controller of claim 33, wherein said supervisory station
adjﬁsts table parameters in said'.second variable parameter table in response to the
metrology data from said second metrology tool in order to maintain operation of said

second processing tool at a desired target point

35.° ‘The run-to-run controller of claim 33, further comprising an interface for
receiving said first model structure or said second model structure, or both, from an

external plug-in unit.
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36. The run-to-run controller of claim 33, further comprising a user interface
for selecting one of a plurality of predefined model formats from which said first model

structure is generated.

37.  The run-to-run controller of claim 36, wherein said plurality of predefined
model formats include a linear model format, a quadratic model format and a cubic model

format.

10 38. A method of controlling a manufacturing process, comprising the steps of:
(a) obtaining metrology data from a first metrology tool with respect to a first
processing tool;
(b) applying said metrology data to a first model structure relating said metrology
* data to a target set-point for a second processing tool;
15 (c) modifying one or more variables in a variable parameter table for said second
processing tool;
(d) downloading said one or more variables to said second processing tool;
(¢) operating said second processing tool in accordance with said downloaded
variables.
20
39. The method of claim 38, wherein steps (a) through (e) are repeated to

effectuate run-to-run control of the manufacturing process.

40.  The method of claim 39, further comprising the steps of:
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obtaining metrology data from a second metrology tool with respect to said second
processing tool; R A
applying said metrology data from séid'sec{_)_n& metrology tool to a second model
structure relating said metrology data from sa1d second metrology tool to said target set- -
5 point for said second processing tool; and. |
modifying one or more variables in said valj'_'ig?)_le parameter table for said second

processing tool.

41.  The method of claim 40, wherein said step of applying said metrology data
10 from said second metrology tool to said second model structure comprises the step of

applying said metrology data from said second metrology tool to a feedback model.

42.  The method of claim 40, further comprising the step of selecting, via a user
interface, a model formats from among a plurality of model formats from which said

15 second model structure is generated.

43.  The method of claim 42, wherein said plurality of model formats comprise

a linear model format, a quadratic model format and a cubic model format.

20 44. A supervisory station for managing run-to-run control of a manufacturing
process, comprising: |
an interface for receiving metrology data from a plurality of said metrology tools;
a memory, said memory storing a plurality of output control variables for

controlling the operation of a plurality of processing tools; and
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at least one processor, for executing one or more processes for controlling said
metrology tools by adjustiﬁ.g‘. said output control variables 5ased upon the received
metrology data and one or more control models, said control models selectable from a

plurality of control model formats stored in said memory.

45.  The supervisory station of claim 44, wherein a control model is selected
individually for each processing tool, each control model relating some or all of the
received metrology data to output control variables for a particular processing tool

according to the control model selected for the particular processing tool.

46.  The supervisory station of claim 45, further comprising plurality of variable
parameter tables, one for each of said processing tools, stored in said memory, said

variable parameter tables collectively associated with a manufacturing process recipe.

47. The supervisory station of claim 46, wherein each control model relates
some or all of the received metrology data to one or more variables of one of the variable
parameter table for the control model’s corresponding processing tool, whereby said
variables are modified in response to the received metrology data according to the control

model.

48.  The supervisory station of claim 47, wherein all or part of each variable
parameter table is downloaded to its corresponding processing tool prior to operation of

the processing tool, and wherein said variables modified in response to said received
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metrology data are automatically downloa_déd to sald prOce_ss_i_ng tools ‘without user

intervention being required.

49,  The supervisory station of c[aim 44, wherein -said control model formats

include a feedback control model.

50. The supervisory station of claim 49, wherein said control model formats

include a feed-forward control model.

51.  The supervisory station of claim 44, wherein said control model formats

include a combined feedback control model and a feed-forward control model.

52.  The supervisory station of claim 51, further comprising a target set-point
associated with said feedback control model, said supervisory station adjusting said target

set-point based upon an output of said feed-forward control model.

53.  The supervisory station of claim 44, further comprising a user interface for
selecting the control model for each processing tool from the available control model

formats.

54,  The supervisory station of claim 44, wherein said control model formats

include a linear model format, a quadratic model format and a cubic model format.

PCT/US00/17071
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55.  The supervisory, station of claim 44, further comprising an interface for

receiving one or more of the control model formats from an external plug-in unit.

56.  The supervisory station of claim 44, wherein all or part of each variable
parameter table is downloaded to its corresponding processing tool prior to operation of
the processing tool, and wherein said variables modified in response to said received
metrology data are automatically downloaded to said processing tools without user

intervention being required.



