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TITLE OF THE INVENTION
System and Method for Using First-Principles Simulation to Analyze a Process Performed by

a Semiconductor Processing Tool

BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION
[0001] The present invention relates generally to manufacturing semiconductor devices, and
more specifically to use of first principles simulation in semiconductor manufacturing

processes.

DISCUSSION OF THE BACKGROUND

[0002] Material processing in the semiconductor industry presents formidable challenges in
the manufacture of integrated circuits (ICs). Demands for increasing the speed of ICs in
general, and memory devices in particular, force semiconductor manufacturers to make
devices smaller and smaller on the substrate surface.” Moreover, in order to reduce fabrication
costs, it is necessary to reduce the number of steps (e.g., etch steps, deposition steps, etc.)
required to produce an IC structure and hence reduce the overall complexity of the IC
structure and the fabrication methods thereof. These demands are further exacerbated by both
the reduction in feature size and the increase of substrate size (i.e., 200 mm to 300 mm and
greater) which places greater emphasis on the precise control of critical dimensions (CD),
process rate, and process uniformity to maximize the yield of superior devices.

[0003] In semiconductor manufacturing, numerous steps during the evolution of ICs are
employed including vacuum processing, thermal processing, plasma processing, etc. Within
each processing step, numerous variables are present that affect the outcome of the process.

In order to more precisely control the outcome of each processing step, the respective process
tools are equipped with an increasing number of diagnostic systems (electrical, mechanical,
and optical) to measure data during processing and provide an intelligent basis for correcting
process variations through the actions of a process controller. The number of diagnostic
systems is becoming burdensome and costly. Yet, data sufficiently resolved in space and time

for complete process control is still not available.
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[0004] These industry and manufacturing challenges have led to interest in more use of
computer based modeling and simulation in the semiconductor manufacturing industry.
Computer-based modeling and simulation are increasingly being used for prediction of tool
performance during the semiconductor manufacturing tool design process. The use of
modeling allows the reduction of both cost and time involved in the tool development cycle.
Modeling in many disciplines, such as stress, thermal, magnetics, etc., has reached a level of
maturity where it can be trusted to provide accurate answers to design questions. Moreover,
computer power has been increasing rapidly along with the development of new solution
algorithms, both of which resulted in reduction of time required to obtain a simulation result.
Indeed, the present inventors have recognized that a large number of simulations typically
done in the tool design stage can presently be run in times comparable to wafer or wafer
cassette processing times. These trends have led to the suggestion that simulation capability
typically used only for tool design can be implemented directly on the tool itself to aid in
various processes performed by the tool. For example, the 2001 International Technology
Roadmép for Semiconductors identifies issues impeding the development of on-tool
integrated simulation capability as an enabling technology for manufacturing very small
features in future semiconductor devices.

[0005] Indeed, the failure of industry to implement on-tool simulation to facilitate tool
processes is primarily due to the need for computational resources capable of performing the
simulations in a reasonable time. Specifically, the processor capabilities currently dedicated
to semiconductor manufacturing tools are typically limited to diagnostic and control
functions, and therefore could only perform relatively simple simulations. Thus, the
semiconductor manufacturing industry has perceived a need to provide powerful dedicated
computers in order to realize meaningful on-tool simulation capabilities. However,
dedication of such a computer to the semiconductor processing tool results in wasted
computational resources when the tool runs processes that use simple simulations, or no
simulations at all. This inefficient use of an expensive computational resource has been a
major impediment to implementation of simulation capabilities on semiconductor processing

tools.

SUMMARY OF THE INVENTION
[0006] One object of the present invention is to reduce or solve the above identified and/or

other problems of the prior art.
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[0007] Another object of the present invention is to integrate first principles simulations
capabilities with a semiconductor manufacturing tool in order to facilitate a process
performed by the tool.

[0008] Yet another object of the present invention is to provide tool simulation capabilities
without the need for powerful computational resources dedicated to the tool.

[0009] Still another object of the present invention is to provide broad based on-tool
simulation capabilities using existing computational resources dedicated to each tool in a
manufacturing facility.

[0010] These and/or other objectives may be provided by the following aspects of the
invention:

[0011] In one aspect of the invention, a method for analyzing a process performed by a
semiconductor processing tool includes inputting data relating to a process performed by the
semiconductor processing tool, and inputting a first principles physical model relating to the
semiconductor processing tool. First principles simulation is performed using the input data
and the physical model to provide a first principles simulation result; and the first principles
simulation result is used to determine a fault in the process performed by the semiconductor
processing tool.

[0012] In another aspect of the invention, a system includes a semiconductor processing tool
configured to perform a process, and an input device configured to input data relating to the
process performed by the semiconductor processing tool. A first principles simulation
processor is configured to input a first principles physical model relating to the semiconductor
processing tool, and perform first principles simulation using the input data and the physical
model to provide a first principles simulation result. The first principles simulation result is
used to determine a fault in the process performed by the semiconductor processing tool.
[0013] In yet another aspect, a system for facilitating a process performed by a
semiconductor processing tool includes means for inputting data relating to a process
performed by the semiconductor processing tool, and means for inputting a first principles
physical model relating to the semiconductor processing tool. The system also includes
means for performing first principles simulation using the input data and the physical model
to provide a first principles simulation result, and means for using the first principles
simulation result to determine a fault in the process performed by the semiconductor

processing tool.
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[0014] In still another aspect of the invention, a computer readable medium contains program
instructions for execution on a processor, which when executed by the computer system,
cause the processor to perform the steps of inputting data relating to a process performed by
the semiconductor processing tool, and inputting a first principles physical model relating to
the semiconductor processing tool. The processor is also caused to perform first principles
simulation using the input data and the physical model to provide a first principles simulation
result; and use the first principles simulation result to determine a fault in the process

performed by the semiconductor processing tool.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] A more complete appreciation of the invention and many of the attendant advantages
thereof will be readily obtained as the same becomes better understood by reference to the
following detailed description when considered in connection with the accompanying
drawings, wherein:
[0016] Figure 1 is a block diagram of a system for using first principles simulation techniques
to facilitate a process performed by a semiconductor processing tool in accordance with an
embodiment of the present invention;
[0017] Figure 2 is a flow chart showing a process for using first principles simulation
techniques to facilitate a process performed by a semiconductor processing tool in accordance
with an embodiment of the present invention;
[0018] Figure 3 is a block diagram of a network architecture that may be used to provide first
principles simulation techniques to facilitate a process performed by a semiconductor
processing tool in accordance with an embodiment of the present invention;
[0019] Figure 4 is a block diagram of a system for using first principles simulation techniques
to provide virtual sensor measurements on a semiconductor processing tool in accordance
with an embodiment of the present invention;
[0020] Figure 5 is a block diagram of a system for using first principles simulation techniques
to characterize a process on a semiconductor processing tool in accordance with an
embodiment of the present invention;
[0021] Figure 6 is a block diagram of a system for using first principles simulation techniques
to control a process performed by a semiconductor processing tool in accordance with an

embodiment of the present invention;
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[0022] Figure 7 is a flow chart showing a process for using first principles simulation
techniques to control a process performed by a semiconductor processing tool in accordance
with an embodiment of the present invention;

[0023] Figure 8 is a block diagram of a system for using first principles simulation techniques
and an empirical model to control a process performed by a semiconductor processing tool in
accordance with an embodiment of the present invention;

[0024] Figure 9 is a flow chart showing a process for using first principles simulation
techniques and an empirical model to control a process performed by a semiconductor
processing tool in accordance with an embodiment of the present invention;

[0025] Figure 10 is a block diagram of a system for using first principles simulation
techniques and a fault detector to control a process performed by a semiconductor processing

tool in accordance with an embodiment of the present invention;

[0026] Figure 11 is a schematic representation of the data inputs, X and Y , to a PLS analysis

projection (VIP);

[0027] Figure 12 is a flow chart showing a process for using first principles simulation
techniques to detect a fault and control a process performed by a semiconductor processing
tool in accordance with an embodiment of the present invention;

[0028] Figure 13 is a block diagram of a vacuum processing system, to which a process
control embodiment of the present invention may be applied; and

[0029] Figure 14 illustrates a computer system upon which an embodiment of the present

invention may be implemented.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0030] Referring now to the drawings, wherein like reference numerals designate identical or
corresponding parts throughout the several views, Figure 1 is a block diagram of a system for
using first principles simulation techniques to facilitate a process performed by a
semiconductor processing tool in accordance with an embodiment of the present invention.
As seen in Figure 1, the system includes a semiconductor processing tool 102, a data input
device 104, a first principles physical model 106, and a first principles simulation processor

108. The system of Figure 1 may also include a tool level library 110 as shown in phantom.
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[0031] Semiconductor processing tool 102 is a tool for performing a process related to
manufacturing an integrated circuit or semiconductor wafer. For example, the semiconductor
processing tool 102 may be implemented as a material processing system, an etch system, a
photoresist spin coating system, a lithography system, a dielectric coating system (i.e. a spin-
on-glass (SOG) or spin-on-dielectric (SOD) system), a deposition system (i.e. a chemical
vapor deposition (CVD) system or a physical vapor deposition (PVD) system), a rapid
thermal processing (RTP) system for thermal annealing, a batch diffusion furnace, or any
other tool for performing a semiconductor manufacturing process.

[0032] Data input device 104 is a device for collecting data relating to a process performed by
the semiconductor processing tool 102 and inputting the collected data to the first principles
simulation processor 106. The process performed by the semiconductor process tool 102 may
be a characterization process (i.e. process design or development), a cleaning process, a
production process, or any other process performed by the semiconductor processing tool. In
one embodiment, the data input device 104 may be implemented as a physical sensor for
collecting data about the semiconductor processing tool 102 itself, and/or the environment
contained within a chamber of the tool. Such data may include fluid mechanic data such as
gas velocities and pressures at various locations within the process chamber, electrical data
such as voltage, current, and impedance at various locations within the electrical system of
the process chamber, chemical data such as specie concentrations and reaction chemistries at
various locations within the process chamber, thermal data such as gas temperature, surface
temperature, and surface heat flux at various locations within the process chamber, plasma
processing data (when plasma is utilized) such as a plasma density (obtained, for example,
from a Langmuir probe), an ion energy (obtained, for example, from an ion energy spectrum
analyzer), and mechanical data such as pressure, deflection, stress, and strain at various
locations within the process chamber.

[0033] In addition to the tool and tool environment data, the data input device 104 may
collect data relating to the process itself, or process results obtained on a semiconductor wafer
that the tool 102 is performing a process on. In one embodiment, data input device 104 is
implemented as a metrology tool coupled to the semiconductor processing tool 102. The
metrology tool may be configured to measure process performance parameters such as: etch
rate, deposition rate, etch selectivity (ratio of the rate at which a first material is etched to the
rate at which a second material is etched), an etch critical dimension (e.g. length or width of

feature), an etch feature anisotropy (e.g. etch feature sidewall profile), a film property (e.g.

6



WO 2005/034182 PCT/US2004/028805

film stress, porosity, etc.), a mask (e.g. photoresist) film thickness, a mask (e.g. photoresist)
pattern critical dimension, or any other parameter of a process performed by the
semiconductor processing tool 102.

[0034] The data input device may be directly coupled to the process tool 102 and first
principles simulation processor 106 to automatically receive data from the tool 102 and
forward this data to the first principles simulation processor 106,‘as shown in Figure 1.
Alternatively, the data input device 104 may be implemented as a user input device used to
indirectly provide data relating to a process performed by the semiconductor processing tool
102 to the simulation processor 106. For example, data input device 104 may be a keyboard
that a simulation operator uses to input data into the first principles simulation processor 106.
Still alternatively, the data input device may be a database for storing data relating to
processes performed in the past by the semiconductor processing tool 102. In this
embodiment, the database may be populated automatically by use of a physical sensor or
metrology tool coupled to the semiconductor processing tool 102, and/or by manual input.
The database may be automatically accessed by the first principles simulation processor 108
to input the data to the processor.

[0035] First principles physical model 106 is a model of the physical attributes of the tool and
tool environment as well as the fundamental equations necessary to perform first principles
simulation and provide a simulation result for facilitating a process performed by the
semiconductor processing tool. Thus, the first principles physical model 106 depends to
some extent on the type of semiconductor processing tool 102 analyzed as well as the process
performed in the tool. For example, the physical model 106 may include a spatially resolved
model of the physical geometry of the tool 102, which is different, for example, for a
chemical vapor deposition (CVD) chamber and a diffusion furnace. Similarly, the first
principles equations necessary to compute flow fields are quite different than those necessary
to compute temperature fields. The physical model 106 may be a model as implemented in
commercially available software, such as ANSYS, of ANSYS Inc., Southpointe, 275
Technology Drive Canonsburg, PA 15317, FLUENT, of Fluent Inc., 10 Cavendish Ct.
Centerra Park, Lebanon, NH 03766, or CFD-ACE+, of CFD Research Corp., 215 Wynn Dr.,
Huntsville, AL 35805, to compute flow fields, electro-magnetic fields, temperature fields,
chemistry, surface chemistry (i.e. etch surface chemistry or deposition surface chemistry).
However, special purpose or custom models developed from first principles to resolve these

and other details within the processing system may also be used.
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[0036] First principles simulation processor 108 is a processing device that applies data input
from the data input device 104 to the first principles physical model 108 to execute a first
principles simulation. Specifically, the first principles simulation processor 108 may use the
data provided by the data input device 104 to set initial conditions and/or boundary conditions
for the first principles physical model 106, which is then executed by the simulation module.
First principles simulations in the present invention include, but are not limited to,
simulations of electro-magnetic fields derived from Maxwell’s equations, continuum
simulations, for example, for mass, momentum, and energy transport derived from continuity,
the Navier-Stokes equation and the First Law of Thermodynamics, as well as atomistic
simulations derived from the Boltzmann equation, such as for example Monte Carlo

simulations of rarefied gases (see Bird, G.A. 1994. Molecular gas dynamics and the direct

simulation of gas flows, Clarendon Press). First principles simulation processor 108 may be

implemented as a processor or workstation physically integrated with the semiconductor
processing tool 102, or as a general purpose computer system such as the computer system
1401 of Figure 14. The output of the first principles simulation processor 108 is a simulation
result that is used to facilitate a process performed by the semiconductor processing tool 102.
For example, the simulation result may be used to facilitate process development, process
control and fault detection as well as to provide virtual sensor outputs that facilitate tool
processes, as will be further described below.

[0037] As shown in phantom in Figure 1, the system may also include a tool-level library 108
for storage of simulation results. The library is essentially a compilation. of results of past
simulations that may be used to provide simulation results in the future. The tool level library
110 may be stored in a separate storage device or in a computer storage device, such as a hard
disk, integrated with the first principles simulation processor 106.

[0038] It is to be understood that the system in Figure 1 is for exemplary purposes only, as
many variations of the specific hardware and software used to implement the present
invention will be readily apparent to one having ordinary skill in the art. For example, the
functionality of the first principles physical model 106, first principles simulation processor
108, and tool level library 110 may be combined in a single device. Similarly, the
functionality of the data input device 104 may be combined with the functionality of the
semiconductor processing tool 102 and/or the first principles simulation processor 108. To
implement these variations as well as other variations, a single computer (e.g., the computer

system 1401 of Figure 14) may be programmed to perform the special purpose functions of
8
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two or more of the devices shown in Figure 1. On the other hand, two or more programmed
computers may be substituted for one of the devices shown in Figure 1. Principles and
advantages of distributed processing, such as redundancy and replication, may also be
implemented as desired to increase the robustness and performance of the system, for
example.

[0039] Figure 2 is a flow chart showing a process for using first principles simulation
techniques to facilitate a process performed by a semiconductor processing tool in accordance
with an embodiment of the present invention. The process shown in Figure 2 may be run on
the first principles simulation processor 104 of Figure 1, for example. As seen in Figure 2,
the process begins in step 201 with the inputting of data related to a process performed by the
semiconductor processing tool 102. As discussed above, the input data may be data relating
to physical attributes of the tool/tool environment and/or data relating to a process performed
by the tool on a semiconductor wafer or results of such process. As also described above, the
input data may be directly input from a physical sensor or metrology tool coupled to the first
principles simulation processor 104, or indirectly input from a manual input device or
database. Where the data is indirectly input by manual input device or a database, the data
may be data that was recorded from a previously run process, such as sensor data from a
previously run process. Alternatively the data may be set by the simulation operator as “best
known input parameters” for the particular simulations, which may or may not relate to the
data collected during a process. The type of input data input by the processing tool generally
depends on the desired simulation result.

[0040] In addition to inputting the input data, the first principles simulation processor 104
also inputs the first principles physical model 106 as shown by step 203. Step 203 includes
inputting the physical attributes of the tool modeled by the model, as well as first principles
equations codified in software necessary to perform a first principles simulation of a desired
attribute of the process performed by the semiconductor processing tool 102. The first
principles physical model 106 may be input to the processor from an external memory or an
internal memory device integral to the processor. Moreover, while step 203 is shown in
Figure 2 as following step 201, it is to be understood that the first principles simulation
processor 104 may perform these steps simultaneously or in reverse of the order shown in
Figure 2.

[0041] In step 205, the first principles simulation processor 108 uses the input data of step

201 and the first principles physical model of step 203 to execute a first principles simulation
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and provide a simulation result. Step 205 may be performed either concurrently with or not
concurrently with the process performed by the semiconductor processing tool. For example,
simulations that can be performed at short solution times may be run concurrently with a tool
process, and results used to control the process. More computationally intensive simulations
may be performed not concurrently with the tool process and the simulation result may be
stored in a library for later retrieval. In one embodiment, step 205 includes using the input
data of step 201 to set initial and/or boundary conditions for the physical model provided in
step 205.

[0042] Once the simulation is executed, the simulation result is used to facilitate a process
performed by the semiconductor processing tool 102. As used herein, the term “facilitate a
process performed by the semiconductor processing tool” includes using the simulation result
for example to detect a fault in the process, to control the process, to characterize the process
for manufacturing runs, to provide virtual sensor readings relating to the process, or any other
use of the simulation result in conjunction with facilitating a process performed by the
semiconductor processing tool 102.

[0043] Figure 3 is a block diagram of a network architecture that may be used to provide first
principles simulation techniques to facilitate a process performed by a semiconductor
processing tool in accordance with an embodiment of the present invention. As seen in this
figure, the network architecture includes a device manufacturing fab connected to remote
resources via the Internet 314. The device manufacturing fab includes a plurality of
semiconductor processing tools 102 connected to respective simulation modules 302. As
described with respect to Figure 1, each semiconductor processing tool 102 is a tool for
performing a process related to manufacturing a semiconductor device such as an integrated
circuit. Each simulation module 302 is a computer, workstation, or other processing device
capable of executing first principles simulation techniques to facilitate a process performed by
a semiconductor processing tool 102. Thus, each simulation module 302 includes the first
principles physical model 106 and the first principles simulation processor 108 described with
respect to Figure 1, as well as any other hardware and/or software that may be helpful for
executing first principles simulations. Moreover, simulation modules 302 are configured to
communicate with the fab-level advanced process control (APC) controller using any known
network communication protocol. Each simulation module 302 may be implemented as a

general purpose computer such as the computer system 1401 of Figure 14.

10



WO 2005/034182 PCT/US2004/028805

[0044] While not shown in Figure 3, each simulation module 302 is associated with a data
input device for inputting data relating to a process performed by a tool 102. In the
embodiment of Figure 3, the simulation modules 302 are directly coupled to a respective tool
102, and therefore, the data input device is implemented as a physical sensor and/or
metrology tool physically mounted on a respective tool 102. However, as noted above, the
data input device may be implemented as a manual input device used by the simulation
module operator, or a database. In addition, each simulation module 302 may be configured
to store information in and retrieve information from a tool-level library such as the library
306. As also noted above, the tool level library is essentially a compilation of past simulation
results that may be useful for simulations in the future.

[0045] In one embodiment of the present invention, each simulation module 302 is connected
to main fab-level APC controller 304 via network connections. As seen in Figure 3, the fab-
level APC controller 304 may also be connected to a standalone simulation module 308 and
fab-level library 310 as well as the standalone simulation module 312 via Internet 314 and
communications server 316.

[0046] The standalone simulation modules 308 and 312 are computational resources that may
be used to aid the simulation modules 302 in performing computationally intensive first
principles simulations as will be further described below. The fab-level library 310 is a
database for storing simulation results obtained from any of the simulation modules of the
network system. The fab-level APC controller 304 is any suitable workstation, server, or
other device for communicating with the simulation modules 302, 308 and 312, and for
storing information in and retrieving information from the fab-level library 310. The fab-
level APC controller 304 also facilitates processes performed by the tools 102 based on
simulation results of the simulation modules 302. For example, the APC controller may be
configured to receive a simulation result from a simulation module and use the simulation
result to implement a control methodology for process adjustment and/or correction of any of
the tools 102. The fab-level APC controller 304 communicates with the simulation modules
302, 308 and 312, and the fab-level library 310 using any suitable protocol and may be
implemented using the computer system 1401 of Figure 14, for example.

[0047] The present inventors have discovered that the network configuration of Figure 3
provides computational and storage resource sharing that allows a broad range of first
principles simulation results at reasonable solution speeds, thus providing meaningful on-tool

simulation capabilities that can facilitate processes performed by the tool. Specifically, while
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simple simulations may be executed by a tool’s dedicated simulation module, complex
simulations requiring greater computational resources may be executed using code
parallelization techniques on multiple simulation modules in the network that may be on-tool
or standalone. Even on-tool simulation modules in equipment currently under preventive
maintenance may be used as a shared computational resource, provided there is power to the
simulation module. Similarly, simulation results used for later lookup can be stored in
libraries (e.g. storage devices) anywhere in the fab network, and accessed by all tools when
lookups of diagnostic or control data are made.

[0048] The present inventors have also discovered that the network architecture of Figure 3
provides the ability to distribute model results done at one processing tool 102 for one
condition set, to other similar or identical tools operating later under the same or similar
conditions, so redundant simulations are eliminated. Running simulations only for unique
processing conditions at on-tool and standalone modules and re-using results from similar
tools that have already known simulated solutions allows for rapid development of lookup
libraries containing results that can be used for diagnostics and control over a large range of
processing conditions. Further, the reuse of the known solutions as initial conditions for first
principles simulation reduces the computational requirements and facilitates the production of
simulated solutions in a time frame consistent with on-line control. Similarly, the network
architecture of Figure 3 also provides the ability to propagate changes and refinements made
to physical models and model input parameters from one simulation module to others in the
network. For example, if during process runs and parallel executions of a model it is
determined that some input parameters need to be changed, then these changes can be
propagated to all other simulation modules and tools via the network.

[0049] The network architecture of Figure 3 also permits an optional connection to remote
computational resources including simulation modules that can assist in executing simulation
tasks and communicating the results back to the device maker fab. Connection to remote
resources can be made by way of a secure connection, such as a Virtual Private Network.
Such secure connections may also be established to third-parties that provide computational
resources to support first-principles simulation on processing tools. Similarly the remote
communications server can act as a “clearinghouse” for most up-to-date software, models,
input parameters, and simulation results, which multiple customers can use, thereby further
increasing the speed at which accurate results libraries are created. These updated models can

be uploaded from a customer site to the remote resources, analyzed, and if it is determined
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that the refinement applies to most customers, the refinement is made available via the
communications server and Internet connection to other customers.

[00S50] Thus, the present inventors have discovered meaningful on-tool simulation
capabilities that can facilitate processes performed by the tool without the need for expensive
computers dedicated to the tool. Based on this discovery, the present inventors further
developed novel on-tool simulation systems for providing virtual sensor readings, providing
characterization data for use in developing processes performed by the tool, and for providing
process fault detection and process control capabilities. These uses of the inventive on-tool
simulation to facilitate a process performed by the semiconductor processing tool may be
implemented on a single tool and simulation module, or on an interconnected network of
computational and storage resources such as that described in Figure 3.

[0051] Specifically, on-tool simulation results may be used to augment measured data sets
from physical sensors. One of the shortcomings of current-generation semiconductor
processing tools is the relatively small number of sensors being used to characterize the
currently running process, particularly on production tools. Installing more sensors on a tool
becomes a very expensive proposition if the number of required sensors is large, and in many
cases, there is no space left on the tool for modification and installation of additional sensors.
Yet, even in production tools, there are situations in which “measurements” are needed in
locations where sensors cannot be installed. The on-tool first principles simulation capability
of the present invention provides the required “measurements” without any additional
hardware, provided robust models exist to predict the measurements using other actual
measurements as initial and/or boundary conditions. In this document, the term “virtual
sensor” is used to refer to a “sensor” in which the measurements are actually provided by
predictions from an on-tool simulation.

[0052] Figure 4 is a flow chart showing a process for using first principles simulation
techniques to provide virtual sensor readings that may facilitate a process performed by a
semiconductor processing tool in accordance with an embodiment of the present invention.
The process shown in Figure 4 may be run on the first principles simulation processor 108 of
Figure 1, for example, or using the network architecture of Figure 3. As seen in Figure 4, the
process begins in step 401 with inputting data for obtaining a virtual sensor reading relating to
a process performed by the semiconductor processing tool 102. The data input in step 401
may be any of the data types described with respect to step 201 of Figure 2, as long as the

input data enables a first principles simulation to provide a virtual sensor simulation result.
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Thus, the input data may be data related to physical attributes of the tool/tool environment, a
process performed by the tool on a semiconductor wafer, or the results of such process.
Moreover, the input data of step 401 may be directly input from a physical sensor or
metrology tool coupled to the first principles simulation processor 108, or indirectly input
from a manual input device or database.

[0053] In one example of using metrology data as input data for obtaining a virtual sensor
reading, metrology data pertaining to an etch mask pattern and underlying film thickness can
serve as input to a first principles etch process model, and subsequently performed etch
process. Prior to performing the etch process, measurements of the mask pattern including
pattern critical dimension(s) and mask film thickness at one or more locations (e.g., center
and edge) on a given substrate for a given substrate lot can be provided as input to the etch
process model. Moreover, measurements of the underlying film thickness (i.e., film thickness
of the film to be etched) can also serve as input to the etch process model. Following
execution of the first principles etch process model for a specified process recipe, and the
above identified metrology input data, the time for completing the etch process at, for
example, the center and edge can be calculated as output, and this output can be utilized to
determine an over-etch period and any process adjustment necessary to preserve, for example,
feature critical dimensions center-to-edge. Thereafter, these results can be utilized to adjust
the process recipe for the current or upcoming substrate lot.

[0054] Where the data is indirectly input by manual input device or a database, the data may
be data that was recorded from a previously run process, such as sensor data from a
previously run process. Alternatively the data may be set by the simulation operator as “best
known input parameters” for the particular simulations, which may or may not relate to the
data collected during a process. The type of input data input by the processing tool generally
depends on the desired virtual sensor measurements to be obtained.

[0055] In addition to inputting the input data, the first principles simulation processor 108
also inputs the first principles physical model for emulating a physical sensor as shown by
step 403. Step 403 includes inputting the physical attributes of the tool modeled by the
model, as well as the first principles fundamental equations necessary to perform a first
principles simulation to obtain a virtual sensor reading that can substitute for a physical
sensor reading relating to the process performed by the semiconductor processing tool 102.
The first principles physical model of step 403 may be input to the processor from an external

memory or an internal memory device integral to the processor. Moreover, while step 403 is
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shown in Figure 4 as following step 401, it is to be understood that the first principles
simulation processor 104 may perform these steps simultaneously or in reverse of the order
shown in Figure 4.

[0056] In step 405, a first principles simulation processor, such as the processor 108 of Figure
1, uses the input data of step 401 and the first principles physical model of step 403 to execute
a first principles simulation and provide a virtual sensor measurement. Step 405 may be
performed either at a different time, or concurrently with the process performed by the
semiconductor processing tool. Simulations run not concurrently with the wafer process may
use initial and boundary conditions stored from previous process runs with the same or
similar process conditions. As noted with respect to Figure 2 above, this is suitable in cases
when the simulation runs slower than the wafer process; time may be used between wafer
cassettes and even during tool shutdowns for preventive maintenance, for example, to have
the simulation module solve for required measurements. These “measurements” can later be
displayed during the wafer process as if they were solved for concurrently with the wafer
process, and if the process is executed under the same process conditions as the simulation
was run.

[0057] Where the first principles simulation is run concurrently with the process performed
by the semiconductor tool, the data input in step 401 may be data from physical sensors
mounted on the semiconductor processing tool to sense a predetermined parameter during the
process run by the tool. In this embodiment, steady-state simulations are repeatedly run
concurrently with the process by using the physical sensor measurements to repeatedly update
boundary conditions of the first principles simulation model. The virtual measurement data
generated is useful for monitoring by tool operators, and in no way differs from
measurements made by physical sensors. However, the simulation is preferably capable of
running fast so virtual measurements can be updated at a reasonable rate (e.g. “sampling
rate”). The first principles simulation may also be run concurrently without the use of
physical sensor input data. In this embodiment, initial and boundary conditions for the
simulation are set based on the initial setting of the tool prior to a tool process and the
readings of physical sensors prior to the run; a full time-dependent simulation is then run
during, but independent of, the tool process. The obtained virtual measurements can be
displayed to and analyzed by the operator like any other actually measured tool parameter. If
the simulation runs faster than the wafer process, then simulation results are known ahead of

the corresponding actual measurements made during the wafer process. Knowing the
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measurements ahead of time allows the implementation of various feed-forward control
functions based on these measurements as will be further described below.

[0058] In yet another embodiment of the process of Figure 4, the first principles simulation
may be performed in a self correcting mode by comparing virtual sensor measurements to
corresponding physical sensor measurements. For example, during the first run with a certain
process recipe/tool condition, the tool operator would use the “then best-known input
parameters” for the model. During and after each simulation run, the simulation module(s)
can compare the predicted “measurements” to the actual measurements, at locations where
actual measurements from physical sensors, are made. If a significant difference is detected,
optimization and statistical methods may be used to alter the input data and/or the first
principles physical model itself, until better agreement of predicted and actual measured data
is achieved. Depending on the situation, these additional refinement simulation runs may be
made concurrent with the next wafer/wafer cassettes, or when the tool is off-line. Once
refined input parameters are known, they can be stored in a library for later use, eliminating
the need for subsequent input parameter and model refinements for the same process
condition. Furthermore, refinements of the model and input data can be distributed via the
network setup of Fig. 3 to other tools, eliminating the need for self-correcting runs in those
other tools.

[0059] Once the simulation is executed to provide a virtual sensor measurement, the virtual
sensor measurement is used to facilitate a process performed by the semiconductor processing
tool 102. For example, the virtual sensor measurements may be used as inputs to the tool
control system for various purposes, such as comparison to actual sensor measurements, in-
process recipe changes, fault detection and operator warnings, generation of databases of
process conditions, refinement of models and input data, etc. These are typical actions
performed by a tool control system based on measurements made by physical sensors. Use of
virtual sensor measurement may be used to characterize or control a process as will be
described below. Moreover, the virtual sensor measurements may be stored in libraries on
computer storage media for later use, eliminating the need to repeat simulation runs with the
same input conditions, unless there has been a change in the model or input conditions (e.g.
during refinement, for example).

[0060] In addition to providing virtual sensor readings, the on-tool first principles simulation
capability of the present invention facilitates semiconductor process development. More

specifically, characterization of a process on a tool by use of the current design-of-
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experiments process development approach requires a different process run for each variation
of the operating parameters, which results in time consuming and expensive characterization
processes. The on-tool first principles simulation capabilities of the present invention allow
parameter variations and what-if analysis on the tool itself, and without actual process runs
including variations of those process variables that are well-modeled by the first-principles
simulation. This allows a large reduction of the number of experiments needed to
characterize a process on a tool.

[0061] Figure 5 is a flow chart showing a process for using first principles simulation
techniques to characterize a process performed by a semiconductor processing tool in
accordance with an embodiment of the present invention. The process shown in Figure 5 may
be run on the first principles simulation processor 108 of Figure 1, for example, or using the
architecture of Figure 3. As seen in Figure 5, the process begins in step 501 with inputting
data for obtaining characterization information relating to a process performed by the
semiconductor processing tool 102. The data input in step 501 may be any of the data types
described with respect to step 201 of Figure 2, as long as the input data enables a first
principles simulation to provide simulation results used to characterize a process performed
by the semiconductor processing tool. Thus, the input data may be data related to physical
attributes of the tool/tool environment, a process performed by the tool on a semiconductor
wafer, or the results of such process. Moreover, the input data of step 501 may be directly
input from a physical sensor or metrology tool coupled to the first principles simulation
processor 104, or indirectly input from a manual input device or database. The data may also
be input from a simulation module providing virtual sensor readings as described with respect
to Figure 4. Where the data is indirectly input by manual input device or a database, the data
may be data that was recorded from a previously run process, such as sensor data from a
previously run process. Alternatively the data may be set by the simulation operator as “best
known input parameters” for the particular simulations, which may or may not relate to the
data collected during a process. The type of input data input by the processing tool generally
depends on the desired characterization data to be obtained.

[0062] In addition to inputting the input data, the first principles simulation processor 108
also inputs the first principles physical model for characterizing the process as shown by step
503. Step 503 includes inputting the physical attributes of the tool modeled by the model, as
well as the first principles fundamental equations typically codified in software necessary to

perform a first principles simulation to obtain characterization data for the process performed
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by the semiconductor processing tool 102. The first principles physical model of step 503
may be input to the processor from an external memory or an internal memory device integral
to the processor. Moreover, while step 503 is shown in Figure 5 as following step 501, it is to
be understood that the first principles simulation processor 108 may perform these steps
simultaneously or in reverse of the order shown in Figure 5.

[0063] In step 505, a first principles simulation processor, such as the processor 108 of Figure
1, uses the input data of step 501 and the first principles physical model of step 503 to execute
a first principles simulation and provide a simulation result used to characterize the process.

- Step 505 may be performed either at a different time, or concurrently with the process
performed by the semiconductor processing tool. Simulations run not concurrently with the
tool process may use initial and boundary conditions stored from previous process runs with
the same or similar process conditions. As noted with respect to Figure 2 above, this is
suitable in cases when the simulation runs slower than the wafer process, and time may be
used between wafer cassettes and even during tool shutdowns for preventive maintenance, for
example, to have the simulation module solve for required simulation results.

[0064] Where the first principles simulation is run concurrently with the process performed
by the semiconductor tool, the first principles simulation may provide characterization data of
a same or different parameter tested by an experimental process performed by the simulation.
For example, the first principles simulation may be performed to provide variations of a
parameter being tested by a design of experiments process performed by the semiconductor
processing tool. Alternatively, the first principles simulation may provide characterization
data for a parameter different than a parameter tested in an experiment performed on the
semiconductor processing tool.

[0065] Once the simulation is executed in step 505, the simulation result is used as part of a
data set to characterize the process performed by the semiconductor processing tool as shown
in step 507. As noted above, this use of simulation results as characterization data can
significantly reduce or eliminate the need for time consuming and expensive experiments
required of the design of experiments approach to characterizing a process. The
characterization data set may be stored in a library for use in a later process performed by the
tool.

[0066] The on-tool first principles simulation capability of the present invention may also be
used to provide fault detection and process control. Existing methods for fault detection and

process control of a process performed by the semiconductor processing tool are mostly
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statistical in nature. These methods require experimental design methodology that involves
the burden of performing multiple process runs while varying all of the operating parameters
of the tool. The results of these process runs are recorded in a database that is used for look-
up, interpolation, extrapolation, sensitivity analysis, etc. in order to sense or control a process
of the semiconductor processing tool.

[0067] However, for these statistical methods to be able to reliably sense and control the tool
under widely varying operating conditions, the database must be broad-enough to cover all
operating conditions, which makes the database a burden to produce. The on-tool first
principles simulation capability of the present invention does not require the creation of any
such database because tool response to process conditions is predicted from physical first
principles directly and accurately, given accurate working models and accurate input data.
However, statistical methods can still be used to refine working models and input data as
more run-time information under different operating conditions becomes available, but
having such information is not required by the present invention for process sensing and
control capability. Indeed, the process model can provide a basis upon which the process can
be empirically controlled by using the process model to extend those known empirical
solutions to “solutions” where empirical results have not been physically made. Hence, the
present invention in one embodiment empirically characterizes the process tool by
supplementing the known (i.e. physically observed) solutions with first principle simulation
module solutions, the simulation module solutions being consistent with the known solutions.
Eventually, as better statistics develop, the simulation module solutions can be superseded by
the database of empirical solutions.

[0068] In one embodiment of the present invention, the on-tool first principles simulation
does not require the creation or access to a database because tool response to process
conditions is predicted directly from first principles. Statistical methods may still be used to
refine working models and the input data, as more run time information under different
operating conditions becomes available, but having such information is not required in this
embodiment for process sensing and control and fault detection.

[0069] Figure 6 is a block diagram of a system for using first principles simulation techniques
to control a process performed by a semiconductor processing tool in accordance with an
embodiment of the present invention. As seen in this figure, the system includes a process
tool 602 coupled to an advanced process control (APC) infrastructure 604, which includes a

simulation module 606, an APC controller 608, and a library 610. Also coupled to the APC
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infrastructure 604 is a metrology tool 612 and remote controller 614. As seen in Figure 6, the
library 610 may include a solution database 616 and a grid database 618.

[0070] The process tool 602 may be implemented as the semiconductor processing tool 102
described with respect to Figure 1. Thus, the process tool 602 may be a material processing
system, etch system, photoresist spin coating system, lithography system, dielectric coating
system, deposition system, rapid thermal processing (RTP) system for thermal aﬁnealing,
and/or batch diffusion furnace or other suitable semiconductor manufacturing processing
system, for example. As seen in Figure 6, the process tool 602 provides tool data to the
simulation module 606 and receives control data from the APC controller 608 as will be
further described below. The process tool 602 is also coupled to metrology tool 612, which
provides process results information to the simulation module 606.

[0071] The simulation module 606 is a computer, workstation, or other processing device
capable of executing first principles simulation techniques to control a process performed by
the tool 602, and therefore may be implemented as the simulation module 302 described with
respect to Figure 3. Thus, the simulation module 602 includes the first principles physical
model 106 and the first principles simulation processor 108 described with respect to Figure
1, as well as any other hardware and/or software that may be helpful for executing first
principles simulations to control a process. In the embodiment of Figure 6, the simulation
module 606 is configured to receive tool data from one or more diagnostics on the tool 602
for processing and subsequent use during simulation model execution. The tool data may
include the aforementioned fluid mechanic data, electrical data, chemical data, thermal, and
mechanical data, or any of input data described with respect to Figures 1 and 2 above. In the
embodiment of Figure 6, the tool data can be utilized to determine boundary conditions and
initial conditions for a model to be executed on the simulation module 606. The model can,
for example, include the aforementioned ANSYS, FLUENT, or CFD-ACE+ codes, to
compute flow fields, electro-magnetic fields, temperature fields, chemistry, surface chemistry
(i.e. etch surface chemistry or deposition surface chemistry), etc. The models developed from
first principles can resolve details within the processing system in order to provide an input
for process control of the tool.

[0072] The APC controller 608 is coupled to the simulation module 606 in order to receive a
simulation result from the simulation module 606 and to utilize the simulation result to
implement a control methodology for process adjustment/correction of a process performed

on the tool 602. For example, an adjustment can be made to correct process non-uniformities.
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In one embodiment of the present invention, one or more perturbation solutions are executed
on the simulation module 606, centered on a process solution for a process currently run on
the process tool 602. The perturbation solutions can then be utilized with, for instance, a
nonlinear optimization scheme such as the method of steepest descent (Numerical Methods,
Dahlquist & Bjorck, Prentice-Hall, Inc., Englewood Cliffs, NJ, 1974, p. 441; Numerical
Recipes, Press et al., Cambridge University Press, Cambridge, 1989, pp. 289-306) to
determine a direction within an n-dimensional space for applying the correction. The
correction can then be implemented on the process tool 602 by the APC controller 608. For
example, at least one of tool data (i.e. physical sensor data), or results from a current
execution of the simulation can indicate that the processing system exhibits a non-uniform
static pressure field overlying the substrate given the current initial/boundary conditions. The
non-uniformity can, in turn, contribute to an observed non-uniformity of a metric used to
quantify the performance of the substrate process, measured by the metrology tool, on the
substrate, i.e. a critical dimension, feature depth, film thickness, etc. By perturbing the input
parameters to the current execution of the simulation, a set of perturbation solutions can be
obtained in order to determine the best “route” to take in order to remove, or reduce, the static
pressure non-uniformity. For example, the input parameters for the process can include a
pressure, a power (delivered to an electrode for generating plasma), a gas flow rate, etc.
While perturbing one input parameter at a time and holding all other input parameters
constant, a sensitivity matrix can be formed that may be employed with the above identified
optimization scheme to derive a correction suitable for correcting the process non-uniformity.
[0073] In another embodiment of the present invention, the simulation results are utilized in
conjunction with a principal components analysis (PCA) model formulated as described in
pending U.S. Patent Application Serial No. 60/343174, entitled “Method of detecting,
identifying, and correcting process performance,” the contents of which are incorporated
herein by reference. Therein, a relationship can be determined between a simulated signature
(i.e. spatial components of the simulation model results) and a set of at least one controllable
process parameter using multivariate analysis (i.e. PCA). This relationship can be utilized to
improve the data profile corresponding to a process performance parameter (i.e., a model
result). The principle components analysis determines a relationship between spatial
components of a result (or predicted output) of a simulation of the semiconductor processing
tool and a set of at least one control variable (or input parameter). The determined

relationship is utilized to determine a correction to the at least one control variable (or input
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parameter) in order to cause a minimization of the magnitude of the spatial components in
order to improve (or decrease) the non-uniformity of the simulated result (or measured result
if available).

[0074] As noted above, the library 610 coupled to the simulation module 606 in Figure 6 is
configured to include a solution database 616 and a grid database 618. The solution database
616 can include a coarse n-dimensional database of solutions, whereby the order n of the n-
dimensional space is governed by the number of independent parameters for the given
solution algorithm. When the simulation module 606 retrieves the tool data for a given
process run, the library 610 can be searched based upon model input to determine the closest
fitting solution. This solution can be used according to the present invention as an initial
condition for subsequent first principles simulation, thereby reducing the number of iterations
required to be performed by the simulation module to provide a simulation result. With each
model execution, the new solution can be added to the solution database 616. Additionally,
the grid database 618 can include one or more grid sets, whereby each grid set addresses a
given process tool or process tool geometry. Each grid set can include one or more grids with
different grid resolutions, ranging from coarse to fine. The selection of grids can be utilized
to reduce solution time by performing multi-grid solution techniques (i.e. solve for a
simulation result on coarse grid, followed by solution on finer grid, finest grid, etc.).

[0075] The metrology tool 612 may be configured to measure process performance
parameters such as: etch rate, deposition rate, etch selectivity (ratio of the rate at which a first
material is etched to the rate at which a second material is etched), an etch critical dimension
(e.g. length or width of feature), an etch feature anisotropy (e.g. etch feature sidewall profile),
a film property (e.g. film stress, porosity, etc.), a mask (e.g. photoresist) film thickness, a
mask (e.g. photoresist) pattern critical dimension, or any other parameter of a process
performed by the semiconductor processing tool. The remote controller 612 exchanges
information with the simulation module 606 including model solver parameters (i.e. solver
parameter updates), solution status, model solutions, and solution convergence history.
[0076] Figure 7 is a flow chart showing a process for using first principles simulation
techniques to control a process performed by a semiconductor processing tool in accordance
with an embodiment of the present invention. The flow chart is presented beginning with
step 702 for processing a substrate or batch of substrates within a process tool, such as the
process tool 602. At step 704, tool data is measured and provided as input to a simulation

module such as simulation module 606. Boundary conditions and initial conditions are then
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imposed on the first principles physical model of the simulation module to set-up the model
as shown in step 706. At step 708, the first principles physical model is executed to provide
first principles simulation results that are output to a controller such as the APC controller
608 of Figure 6. The controller then determines a control signal from the simulation result as
shown in step 710. At any time, for example, from run-to-run or batch-to-batch, the operator
has the opportunity to select the control algorithm to be employed within the APC controller
608. For example, the APC controller can utilize either the process model perturbation
results, or the PCA model results. In either run-to-run or batch-to-batch, the process can be
adjusted/corrected by the controller using simulation results as depicted in step 712.

[0077] In another embodiment of the present invention, an empirical model may be used in
conjunction with the first principles simulation to provide control of a process performed by
the process tool. Figure 8 is a block diagram of a system for using first principles simulation
techniques and an empirical model to control a process performed by a semiconductor
processing tool in accordance with an embodiment of the present invention. As seen in this
figure, the system includes a process tool 802 coupled to an advanced process control (APC)
infrastructure 804, which includes a simulation module 806 and an APC controller 808. Also
coupled to the APC infrastructure 804 is a metrology tool 812 and remote controller 814.
These items are similar to those corresponding items discussed with respect to Figure 6,
except the items of Figure 8 are further configured to function in consideration of an
empirical model. Thus, these similar items are not described with respect to Figure 8.

[0078] As seen in Figure 8, the system includes a model analysis processor 840, which is
coupled to the simulation module 806 and configured to receive a simulation result from the
module 806. In the embodiment of Figure 8, model analysis includes the construction of an
empirical model from non-dimensionalization of the simulation results. As simulation results
are received on a run-to-run or batch-to-batch basis, an empirical model is constructed and
stored in the empirical model library 842. For example, the process tool 802 undergoes a
history of process cycles ranging from process development through yield ramp to volume
production. During these process cycles, a process chamber of the tool evolves from a
“clean” chamber through chamber qualification and seasoning, to an “aged” chamber
preceding chamber cleaning and maintenance. After several maintenance cycles, an empirical
model can evolve to include a statistically sufficient sample of the parameter space
corresponding to the specific process tool and process associated therewith. In other words,

through cleaning cycles, process cycles, and maintenance cycles, the tool 802 (with the aid of
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the simulation module) inherently determines the bounds of the parameter space. Ultimately,
the evolved empirical model stored in library 842 can supersede the generally more intensive
process model based on first principles simulation, and can provide input to the APC
controller for process adjustment/correction.

[0079] As seen in Figure 8, the remote controller 814 can be coupled to the empirical model
library 842 in order to monitor the evolution of the empirical model, and to enact decisions
for overriding the simulation module controller input and opting for an empirical model
controller input. Also, metrology tool 814 can be coupled to the empirical model database
(connection not shown) in order to, similarly, provide input to the empirical model database
for calibration.

[0080] Figure 9 is a flow chart showing a process for using first principles simulation
techniques and an empirical model to control a process performed by a semiconductor
processing tool in accordance with an embodiment of the present invention. The flow chart is
presented beginning with step 902 for processing a substrate or batch of substrates within a
process tool, such as the process tool 802. At step 904, tool data is measured and provided as
input to a simulation module such as simulation module 806. Boundary conditions and initial
conditions are then imposed on the first principles physical model of the simulation module to
set-up the model as shown in step 906. At step 908, the first principles physical model is
executed to perform first principles simulation results that are output for analysis and
construction of an empirical model, as depicted in step 910.

[0081] At any time, for example from run-to-run or from batch-to-batch, the operator has the
opportunity to select process control based on the first principles simulation or the empirical
model. At some point in the building of the empirical model, the operator may select to
override the first principles simulation altogether in favor of the empirical model which at
that point can use a library of data and interpolation/extrapolation schemes to rapidly extract
controller input for a given set of tool data. Thus, decision block 912 determines whether the
first principles simulation or the empirical model is used to control the process. Where no
override is determined in step 912, the process continues at step 914 with the APC controller
determining a control signal from the simulation result. Where model override is selected,
the APC controller determines a control signal from the empirical model as shown in step
916. In another embodiment, a combination of first principles simulation results and
empirical modeling can be used by the APC controller to control the process. As shown by

step 918, the process can be adjusted/corrected by the controller using either the model output
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shown in step 914 or the empirical model output shown in step 916. Thus, the process of
Figure 9 shows a method of in-situ construction of an empirical model, and, once statistically
significant, the empirical model can override the computationally intensive simulation
process model. During process control, a filter, such as an exponentially weighted moving
average (EWMA) filter, can be employed in order to impart only a fraction of the requested
correction. For example, the application of the filter can take the form

X, =0-2)x, + /I(X predicted — X old ), wherein Xy is the new value for the given input

parameter (control variable), Xoq is the old (or previously used) value for the given input
parameter, Xpredicted 1S the predicted value for the input parameter based upon one of the above
described techniques, and A is the filter coefficient ranging from 0 to 1.

[0082] In yet another embodiment of the present invention, a fault detector/classifier may be
used in conjunction with the first principles simulation to provide control of a process
performed by the process tool. Figure 10 is a block diagram of a system for using first
principles simulation techniques and a fault detector to control a process performed by a
semiconductor processing tool in accordance with an embodiment of the present invention.
As seen in this figure, the system includes a process tool 1002 coupled to an advanced
process control (APC) infrastructure 1004, which includes a simulation module 1006 and an
APC controller 1008 and library 1010. While not shown in Figure 10, the library 1010
includes a solutions database and a grid database. Also coupled to the APC infrastructure
1004 is a metrology tool 1012 and remote controller 1014. These items are similar to those
corresponding items discussed with respect to Figure 6, except the items of Figure 10 are
further configured to function in consideration of fault detection. Thus, these similar items
are not described with respect to Figure 10.

[0083] As seen in Figure 10, the system includes a fault detector 1040 coupled to the
simulation module 1006, and configured to receive a simulation result from the module 1006.
For example, the output of the simulation module 1006 can include a profile of data. The
profile of data can then serve as input to multivariate analysis such as partial least squares

(PLS) performed in the fault detection device 1040. In the PLS analysis, a set of loading (or
correlation) coefficients can be defined which relate tool perturbation data (Y) to process

performance data (7) describing a difference between simulated results Ysim and actual

results Yreal.
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[0084] For example, using PLS, observation sets of tool perturbation data are received by the
fault detector 1040 from the simulation module. Either the tool perturbation data is
determined in-situ, centered on the current model solution, or determined a priori within the
n-dimensional solution space using the process model. The order (n) of the n-dimensional
parameter space pertains to the number of independent parameters in the solution space (i.e.

pressures, mass flow rates, temperatures, etc.; see below).

[0085] For a given perturbation set, the respective perturbation derivatives (i.e. ¢ Y/ ovl,
dy/0 v2, dy/0 v3; where v1, v2, v3 are different independent parameters) are stored within
matrix X . For each observation set, tool perturbation data can be stored as a column in a
matrix X and process performance data (i.e. Ysim-Yreal) can be stored as a column in matrix
Y . Hence, once the matrix X is assembled, each row represents a different perturbation

observation and each column represents a different tool data parameter. Once the matrix ¥

is assembled, each row represents a different observation and each column represents a
different process performance parameter. In general, matrix X can be an m by n matrix, and

matrix ¥ canbe anm by p matrix. Once all of the data is stored in the matrices, the data can
be mean-centered and/or normalized, if desired. The process of mean-centering the data
stored in a matrix column involves computing a mean value of the column elements and
subtracting the mean value from each element. Moreover, the data residing in a column of
the matrix can be normalized by the standard deviation of the data in the column.

[0086] In general, for multivariate analysis, the relationship between the tool data and the
process performance data can be expressed as follows:

XB=Y; ()

where X represents the m x n matrix described above, B represents an n x p (p<n) loading
(or correlation) matrix and Y represents the m x p matrix described above. Once the data
matrices X and Y are assembled, a relationship designed to best approximate the XandY

spaces and to maximize the correlation between X and Y is established using PLS analysis.

[0087] In the PLS analysis model, the matrices X and Y are decomposed as follows:

X=TPT+E; (2a)
Y=UCT+F, (2b)
and
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ﬁ=f+_ﬁ; (2¢)

where 7T is a matrix of scores that summarizes the X variables, P is a matrix of loadings for
matrix X , U is a matrix of scores that summarizes the ¥ variables, C is a matrix of weights
expressing the correlation between Y and —f(}), and E, F and H are matrices of
residuals. Furthermore, in the PLS analysis model, there are additional loadings W called

weights that correlate U and X , and are used to calculate T .

[0088] In summary, the PLS analysis geometrically corresponds to fitting a line, plane or

hyper plane to both the X and Y data represented as points in a multidimensional space,

with the objective of closely approximating the original data tables X and ?, and

maximizing the covariance between the observation positions on the hyper planes.

[0089] Figure 11 provides a schematic representation of the data inputs, X and ¥ , to the

PLS analysis and the corresponding outputs T, F, U , C, W R E, F , H and variable
importance in the projection (VIP). An example of a commercially available software which
supports PLS analysis modeling is PLS_Toolbox offered with MATLAB (commercially
available from The Mathworks, Inc., Natick, MA), or SIMCA-P 8.0 (commercially available
from Umetrics, Kinnelon, NJ).. For instance, further details on this software are provided in
the User's Manual User Guide to SIMCA-P 8.0: A new standard in multivariate data analysis
is Umetrics AB, Version 8.0, which is also suitable for the present invention. Once a matrix
is formulated, a matrix X is determined for each simulation result. Any difference between
the simulated result and the actual result can be determined and attributed to a specific
(independent) process parameter using the PLS analysis and the VIP result. For example, the
maximum VIP value output from the PLS model corresponds to the process parameter most
likely responsible for the difference.

[0090] Figure 12 is a flow chart showing a process for using first principles simulation
techniques to detect a fault and control a process performed by a semiconductor processing
tool in accordance with an embodiment of the present invention. The flow chart is presented
beginning with step 1202 for processing a substrate or batch of substrates within a process
tool, such as the process tool 1002. At step 1204, tool data is measured and provided as input
to a simulation module such as simulation module 1006. Boundary conditions and initial
conditions are then imposed on the physical model of the simulation module to set-up the

model as shown in step 1206. At step 1208, the first principles physical model is executed to
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perform first principles simulation results that are output to a controller such as the APC
controller 1008 of Figure 10. At any time, for example, from run-to-run or batch-to-batch,
the operator has the opportunity to select the control model to be employed within the APC
controller. For example, the APC controller can utilize either the process model perturbation
results, or the PCA model results. In either run-to-run or batch-to-batch, the process can be
adjusted/corrected by the controller using model output. At step 1010, the process model
output serves as input to the PLS model in the fault detector 1040, permitting a fault to Be
detected and classified at step 1012. For example, as described above, a difference between
the real process performance Yreal and the simulated (or predicted) process performance for
the given process condition (i.e. set of input control variables) Ysim can be utilized to
determine the existence of a process fault, wherein Yreal is measured using either a physical
sensor, or a metrology tool, and Ysim is determined by executing a simulation provided the
input for the current process condition. If the difference (or variance, root mean square, or
other statistic) between the real and simulated results exceeds a predetermined threshold, then
a fault can be predicted to have occurred. The predetermined threshold can, for example,
comprise a fraction of the mean value for the specific data, i.e. 5%, 10%, 15%, or it can be a

multiple of a root mean square of the data, i.e. 1o, 20, 36. Once a fault is detected, it can be

classified using PLS analysis. For example, a sensitivity matrix X has been determined (and,
possibly, stored in library 1010) for a given input condition (i.e. set of input control
variables). Either the tool perturbation data (sensitivity matrix) is determined in-situ,
centered on the current model solution, or determined a priori within the n-dimensional
solution space using the process model. Using the sensitivity matrix and the difference
between the real and simulated results, equation (1) can be solved using PLS analysis to
identify those control variables (input parameters) that exhibit the greatest correlation with the
observed difference between the real and simulated results. Using the example provided
above, the process performance may be summarized by a profile of static pressure across the
space overlying the substrate. Tlie real result Yreal represents the measured profile of
pressure, and Ysim represents the simulated profile of pressure. Let’s assume a gas flow rate
is set, however, the mass flow controller doubles the flow rate (yet reports the set value). One
would expect to see a difference between the simulated and measured (real) profiles of
pressure; i.¢. the flow rate is off by a factor of two between the real and simulated cases. The

difference between the real and simulated results would be sufficiently large to exceed a pre-
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determined threshold. Using the PLS analysis, those parameters which tend to affect the
profile in pressure the greatest would be identified, such as a gas flow rate. The presence of a
fault and its characterization can be reported to an operator as process tool fault status, or can
cause the APC controller to perform control of the process tool (such as shut down) in
response to the fault detection.

[0091] Figure 13 is a block diagram of a vacuum processing system, to which a process
control embodiment of the present invention may be applied. The vacuum processing system
depicted in Figure 13 is provided for illustrative purposes and does not limit the scope of the
present invention in any way. The vacuum processing system includes a process tool 1302
having a substrate holder 1304 for supporting a substrate 1305, a gas injection system 1306,
and a vacuum pumping system. The gas injection system 1306 can include a gas inject plate,
a gas injection plenum, and one or more gas injection baffle plates within the gas injection
plenum. The gas injection plenum can be coupled to one or more gas supplies such as gas A
and gas B, wherein the mass flow rate of gas A and gas B into the processing system is
affected by two mass flow controllers MFCA 1308 and MFCB 1310. Furthermore, a pressure
sensor 1312 for measuring a pressure P1 can be coupled to the gas injection plenum. The
substrate holder can, for example, include a plurality of components including but not limited
to a helium gas supply for improving the gas-gap thermal conductance between the substrate
and the substrate holder, an electrostatic clamping system, temperature control elements
including cooling elements and heating elements, and lift pins for lifting the substrate to and
from the surface of the substrate holder. Additionally, the substrate holder can include a
temperature sensor 1314 for measuring the substrate holder temperature (T1) or substrate
temperature, and a temperature sensor 1316 for measuring the coolant temperature (T3). As
described above, helium gas is supplied to the backside of the substrate, wherein the gas-gap
pressure (P(He)) can be varied at one or more locations. Furthermore, another pressure
sensor 1318 can be coupled to the process tool to measure chamber pressure (P2), another
temperature sensor 1320 can be coupled to the process tool to measure a surface temperature
(T2), and another pressure sensor 1322 can be coupled to the inlet of the vacuum pumping
system to measure an inlet pressure (P3).

[0092] A diagnostic controller 1324 can be coupled to each of the sensors described above
and can be configured to provide measurements from these sensors to the simulation module
described above. For the exemplary system of Figure 13, the model executed on the

simulation module can, for example, include three components, namely, a thermal
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component, a gas dynamic component, and a chemistry component. In the first component,
the gas-gap pressure field can be determined, followed by a calculation of the gas-gap thermal
conductance. Thereafter, the spatially resolved temperature field for the substrate (and
substrate holder) can be determined by properly setting boundary conditions (and internal
conditions) such as boundary temperature, or boundary heat flux, power deposited in
resistance heating elements, power removed in cooling elements, heat flux at substrate surface
due to the presence of plasma, etc.

[0093] In one example of the present invention, ANSYS is utilized to compute the
temperature field. Utilizing the second component of the process model, (i.e. the gas dynamic
component), the gas pressure field and velocity field can be determined using the surface
temperatures computed in the thermal component, and several of the aforementioned
measurements. For example, the mass flow rate and pressure (P1) can be utilized to
determine an inlet condition, and the pressure (P3) can be utilized to determine an outlet
condition, and CFD-ACE+ can be utilized to compute the gas pressure and velocity fields.
Utilizing the chemistry model (i.e., the third component), the previously computed velocity,
pressure, and temperature fields can be utilized as inputs to a chemistry model to compute, for
example, an etch rate. Depending on the complexity of the process tool geometry, each of
these model components can be executed on a time scale within a batch-to-batch process
cycle. Any one of these components can, for example, be utilized to provide spatial
uniformity data as input to the process control, methodology, process characterization, and/or
fault detection/classification.

[0094] From the derived models and analysis of the process in response to changes in
processing conditions and/or effects such as reactor aging, an empirical model can be
assimilated over time. As such, when the number of repetitions on the reactor becomes
statistically significant as determined by standard statistical analysis programs, the process
control evolves to a control which is empirically based for those processes which are
essentially “repeats” of previously run operations. Yet, according to the present invention,
the process control returns the capability to perform first-principles simulation if necessary to
accommodate new processes or alterations in the process geometry.

[0095] Figure 14 illustrates a computer system 1401 upon which an embodiment of the
present invention may be implemented. The computer system 1401 may be used as the first
principles simulation processor 108 to perform any or all of the functions of the first

principles simulation processor described above, or may be used as any other device, or to

30



WO 2005/034182 PCT/US2004/028805

perform any process step described with respect to Figures 1-13. The computer system 1401
includes a bus 1402 or other communication mechanism for communicating information, and
a processor 1403 coupled with the bus 1402 for processing the information. The computer
system 1401 also includes a main memory 1404, such as a random access memory (RAM) or
other dynamic storage device (e.g., dynamic RAM (DRAM), static RAM (SRAM), and
synchronous DRAM (SDRAM)), coupled to the bus 1402 for storing information and
instructions to be executed by processor 1403. In addition, the main memory 1404 may be
used for storing temporary variables or other intermediate information during the execution of
instructions by the processor 1403. The computer system 1401 further includes a read only
memory (ROM) 1405 or other static storage device (e.g., programmable ROM (PROM),
erasable PROM (EPROM), and electrically erasable PROM (EEPROM)) coupled to the bus
1402 for storing static information and instructions for the processor 1403.

[0096] The computer system 1401 also includes a disk controller 1406 coupled to the bus
1402 to control one or more storage devices for storing information and instructions, such as
a magnetic hard disk 1407, and a removable media drive 1408 (e.g., floppy disk drive, read-
only compact disc drive, read/write compact disc drive, compact disc jukebox, tape drive, and
removable magneto-optical drive). The storage devices may be added to the computer system
1401 using an appropriate device interface (e.g., small computer system interface (SCSI),
integrated device electronics (IDE), enhanced-IDE (E-IDE), direct memory access (DMA), or
ultra-DMA).

[0097] The computer system 1401 may also include special purpose logic devices (e.g.,
application specific integrated circuits (ASICs)) or configurable logic devices (e.g., simple
programmable logic devices (SPLDs), complex programmable logic devices (CPLDs), and
field programmable gate arrays (FPGAs)).

[0098] The computer system 1401 may also include a display controller 1409 coupled to the
bus 1402 to control a display 1410, such as a cathode ray tube (CRT), for displaying
information to a computer user. The computer system includes input devices, such as a
keyboard 1411 and a pointing device 1412, for interacting with a computer user and providing
information to the processor 1403. The pointing device 1412, for example, may be a mouse,
a trackball, or a pointing stick for communicating direction information and command
selections to the processor 1403 and for controlling cursor movement on the display 1410. In
addition, a printer may provide printed listings of data stored and/or generated by the

computer system 1401.
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[0099] The computer system 1401 performs a portion or all of the processing steps of the
invention in response to the processor 1403 executing one or more sequences of one or more
instructions contained in a memory, such as the main memory 1404. Such instructions may
be read into the main memory 1404 from another computer readable medium, such as a hard
disk 1407 or a removable media drive 1408. One or more processors in a multi-processing
arrangement may also be employed to execute the sequences of instructions contained in main
memory 1404. In alternative embodiments, hard-wired circuitry may be used in place of or in
combination with software instructions. Thus, embodiments are not limited to any specific
combination of hardware circuitry and software.

[00100] As stated above, the computer system 1401 includes at least one computer readable
medium or memory for holding instructions programmed according to the teachings of the
invention and for containing data structures, tables, records, or other data described herein.
Examples of computer readable media are compact discs, hard disks, floppy disks, tape,
magneto-optical disks, PROMs (EPROM, EEPROM, flash EPROM), DRAM, SRAM,
SDRAM, or any other magnetic medium, compact discs (e.g., CD-ROM), or any other optical
medium, punch cards, paper tape, or other physical medium with patterns of holes, a carrier
wave (described below), or any other medium from which a computer can read.

[00101] Stored on any one or on a combination of computer readable media, the present
invention includes software for controlling the computer system 1401, for driving a device or
devices for implementing the invention, and for enabling the computer system 1401 to
interact with a human user (e.g., print production personnel). Such software may include, but
is not limited to, device drivers, operating systems, development tools, and applications
software. Such computer readable media further includes the computer program product of
the present invention for performing all or a portion (if processing is distributed) of the
processing performed in implementing the invention.

[00102] The computer code devices of the present invention may be any interpretable or
executable code mechanism, including but not limited to scripts, interpretable programs,
dynamic link libraries (DLLs), Java classes, and complete executable programs. Moreover,
parts of the processing of the present invention may be distributed for better performance,
reliability, and/or cost.

[00103] The term “computer readable medium” as used herein refers to any medium that
participates in providing instructions to the processor 1403 for execution. A computer

readable medium may take many forms, including but not limited to, non-volatile media,
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volatile media, and transmission media. Non-volatile media includes, for example, optical,
magnetic disks, and magneto-optical disks, such as the hard disk 1407 or the removable
media drive 1408. Volatile media includes dynamic memory, such as the main memory 1404.
Transmission media includes coaxial cables, copper wire and fiber optics, including the wires
that make up the bus 1402. Transmission media also may also take the form of acoustic or
light waves, such as those generated during radio wave and infrared data communications.
[00104] Various forms of computer readable media may be involved in carrying out one or
more sequences of one or more instructions to processor 1403 for execution. For example,
the instructions may initially be carried on a magnetic disk of a remote computer. The remote
computer can load the instructions for implementing all or a portion of the present invention
remotely into a dynamic memory and send the instructions over a telephone line using a
modem. A modem local to the computer system 1401 may receive the data on the telephone
line and use an infrared transmitter to convert the data to an infrared signal. An infrared
detector coupled to the bus 1402 can receive the data carried in the infrared signal and place
the data on the bus 1402. The bus 1402 carries the data to the main memory 1404, from
which the processor 1403 retrieves and executes the instructions. The instructions received
by the main memory 1404 may optionally be stored on storage device 1407 or 1408 either
before or after execution by processor 1403.

[00105] The computer system 1401 also includes a communication interface 1413 coupled to
the bus 1402. The communication interface 1413 provides a two-way data communication
coupling to a network link 1414 that is connected to, for example, a local area network (LAN)
1415, or to another communications network 1416 such as the Internet. For example, the
communication interface 1413 may be a network interface card to attach to any packet
switched LAN. As another example, the communication interface 1413 may be an
asymmetrical digital subscriber line (ADSL) card, an integrated services digital network
(ISDN) card or a modem to provide a data communication connection to a corresponding type
of communications line. Wireless links may also be implemented. In any such
implementation, the communication interface 1413 sends and receives electrical,
electromagnetic or optical signals that carry digital data streams representing various types of
information.

[00106] The network link 1414 typically provides data communication through one or more
networks to other data devices. For example, the network link 1414 may provide a

connection to another computer through a local network 1415 (e.g., a LAN) or through
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equipment operated by a service provider, which provides communication services through a
communications network 1416. The local network 1414 and the communications network
1416 use, for example, electrical, electromagnetic, or optical signals that carry digital data
streams, and the associated physical layer (e.g., CAT 5 cable, coaxial cable, optical fiber, etc).
The signals through the various networks and the signals on the network link 1414 and
through the communication interface 1413, which carry the digital data to and from the
computer system 1401 maybe implemented in baseband signals, or carrier wave based
signals. The baseband signals convey the digital data as unmodulated electrical pulses that
are descriptive of a stream of digital data bits, where the term “bits” is to be construed broadly
to mean symbol, where each symbol conveys at least one or more information bits. The
digital data may also be used to modulate a carrier wave, such as with amplitude, phase
and/or frequency shift keyed signals that are propagated over a conductive media, or
transmitted as electromagnetic waves through a propagation medium. Thus, the digital data
may be sent as unmodulated baseband data through a “wired” communication channel and/or
sent within a predetermined frequency band, different than baseband, by modulating a carrier
wave. The computer system 1401 can transmit and receive data, including program code,
through the network(s) 1415 and 1416, the network link 1414, and the communication
interface 1413. Moreover, the network link 1414 may provide a connection through a LAN
1415 to a mobile device 1417 such as a personal digital assistant (PDA) laptop computer, or
cellular telephone.

[00107] Numerous modifications and variations of the present invention are possible in light
of the above teachings. It is therefore to be understood that within the scope of the appended
claims, the invention may be practiced otherwise than as specifically described herein. For
example, the process steps described herein and recited in the claims may be performed
simultaneously or in a sequence other than the sequence in which they are described or listed
herein. As should be understood by one of ordinary skill in the art, only those process steps
necessary to the performance of a later process steps are required to be performed before the

later process step is performed.
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CLAIMS:

1. A method for analyzing a process performed by a semiconductor processing tool,
comprising:

inputting data relating to a process performed by the semiconductor processing tool;

inputting a first principles physical model relating to the semiconductor processing
tool;

performing first principles simulation using the input data and the physical model to
provide a first principles simulation result; and

using the first principles simulation result to determine a fault in the process

performed by the semiconductor processing tool.

2. The method of Claim 1, wherein said inputting comprises directly inputting the
data relating to a process performed by the semiconductor processing tool from at least one of
a physical sensor and a metrology tool physically mounted on the semiconductor processing

tool.

3. The method of Claim 1, wherein said inputting comprises indirectly inputting the
data relating to a process performed by the semiconductor processing tool from at least one of

a manual input device and a database.

4. The method of Claim 3, wherein said indirectly inputting comprises inputting data

recorded from a process previously performed by the semiconductor processing tool.

5. The method of Claim 3, wherein said indirectly inputting comprises inputting data

set by a simulation operator

6. The method of Claim 1, wherein said inputting data comprises inputting data
relating to at least one of the physical characteristics of the semiconductor processing tool and

the semiconductor tool environment.
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7. The method of Claim 1, wherein said inputting data comprises inputting data
relating to at least one of a characteristic and a result of a process performed by the

semiconductor processing tool.

8. The method of Claim 1, wherein said inputting a first principles physical model
comprises inputting a spatially resolved model of the geometry of the semiconductor

processing tool.

9. The method of Claim 1, wherein said inputting a first principles physical model
comprises inputting fundamental equations necessary to perform first principles simulation

for a desired simulation result.

10. The method of Claim 1, wherein said performing first principles simulation
comprises performing first principles simulation concurrently with the process performed by

the semiconductor processing tool.

11. The method of Claim 1, wherein said performing first principles simulation
comprises performing first principles simulation independent of the process performed by the

semiconductor processing tool.

12. The method of Claim 1, wherein said performing first principles simulation
comprises using the input data to set a boundary condition of the first principles simulation

model.

13. The method of Claim 1, wherein said performing first principles simulation
comprises using the input data to set an initial condition of the first principles simulation

model.

14. The method of Claim 1, wherein said using the first principles simulation result
comprises using the first principles simulation result to detect a fault in the process performed
by the semiconductor processing tool by comparing said first principles simulation result with

said input data.
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15. The method of Claim 1, further comprising using a network of interconnected

resources to perform at least one of the process steps recited in Claim 1.

16. The method of Claim 15, further comprising using code parallelization among
interconnected computational resources to share the computational load of the first principles

simulation.

17. The method of Claim 15, further comprising sharing simulation information
among interconnected resources to determine the fault in the process performed by the

semiconductor processing tool.

18. The method of Claim 17, wherein said sharing simulation information comprises
distributing simulation results among the interconnected resources to reduce redundant

execution of substantially similar first principles simulations by different resources.

19. The method of Claim 17, wherein said sharing simulation information comprises
distributing model changes among the interconnected resources to reduce redundant

refinements of first principles simulations by different resources.

20. The method of Claim 15, further comprising using remote resources via a wide
area network to determine the fault in the process performed by the semiconductor processing

tool.

21. The method of Claim 21, wherein said using remote resources comprises using at
least one of remote computational and storage resources via a wide area network to facilitate
the semiconductor process performed by the semiconductor processing tool.

22. The method of Claim 1, wherein said performing first principles simulation
utilizes at least one of an ANSYS computer code, a FLUENT computer code, a CFRDC-ACE

computer code, and a direct simulation Monte Carlo computer code.

23. The method of claim 1, further comprising:
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using the first principles simulation result to classify a fault in the process performed

by the semiconductor processing tool.

24. The method of Claim 23, wherein said using the first principles simulation result
to classify a fault comprises:

calculating a set of perturbation solutions corresponding to the first principles
simulation for the input data to generate a profile of data solutions to the first principles

simulation.

25. The method of Claim 24, further comprising:

inputting said perturbation solutions to a multivariate analysis;

inputting a difference between said first principles simulation result and said input
data to said multivariate analysis; and

utilizing said multivariate analysis to identify a correlation between said input data

and said difference.

26. The method of Claim 25, wherein said multivariate analysis comprises:

a partial least squares analysis.

27. The method of Claim 26, further comprising:
defining a set of loading coefficients relating tool perturbation data to process
performance data, said loading coefficients describing a difference between simulated results

and actual results.

28. The method of Claim 27, wherein said defining comprises:
computing at least one of mean and standard deviation values for the actual results;
generating said loading coefficients based on said at least one of mean and standard

deviation values and the simulated results.
29. The method of Claim 25 or 28, further comprising:

attributing said difference between simulated results and input data to one input data

using said correlation.
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30. The method of Claim 1, wherein said using the first principles simulation result to
detect a fault comprises:

detecting a fault in at least one of a material processing system, an etch system, a
photoresist spin coating system, a lithography system, a dielectric coating system , a
deposition system , a rapid thermal processing system for thermal annealing, and a batch
diffusion furnace.

31. The method of Claim 30, wherein said using the first principles simulation result
to detect a fault comprises:
detecting a fault in at least one of a chemical vapor deposition system and a

physical vapor deposition system.

32. A system comprising:
a semiconductor processing tool configured to perform a process;
an input device configured to input data relating to the process performed by the
semiconductor processing tool; and
a first principles simulation processor configured to:
input a first principles physical model relating to the semiconductor processing
tool, and
perform first principles simulation using the input data and the physical model
to provide a first principles simulation result, wherein said first principles simulation result is

used to determine a fault in the process performed by the semiconductor processing tool.
33. The system of Claim 32, wherein said input device comprises at least one of a
physical sensor and a metrology tool physically mounted on the semiconductor processing

tool.

34. The system of Claim 32, wherein said input device comprises at least one of a

manual input device and a database.

35. The system of Claim 34, wherein said input device is configured to input data

recorded from a process previously performed by the semiconductor processing tool.
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36. The system of Claim 34, wherein said input device is configured to input data set

by a simulation operator.

37. The system of Claim 32, wherein said input device is configured to input data
relating to at least one of the physical characteristics of the semiconductor processing tool and

the semiconductor tool environment.

38. The system of Claim 32, wherein said input device is configured to input data
relating to at least one of a characteristic and a result of a process performed by the

semiconductor processing tool.

39. The system of Claim 32, wherein said processor is configured to input a first
principles physical model comprising a spatially resolved model of the geometry of the

semiconductor processing tool.

40. The system of Claim 32, wherein said processor is configured to input a first
principles physical model comprising fundamental equations necessary to perform first

principles simulation for a desired simulation result.

41. The system of Claim 32, wherein said processor is configured to perform said
first principles simulation concurrently with the process performed by the semiconductor

processing tool.

42. The system of Claim 32, wherein said processor is configured to perform said
first principles simulation independent of the process performed by the semiconductor

processing tool.
43. The system of Claim 32, wherein said processor is configured to perform said

first principles simulation at least by using the input data to set a boundary condition of the

first principles simulation model.
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44. The system of Claim 32, wherein said processor is configured to perform said
first principles simulation at least by using the input data to set an initial condition of the first

principles simulation model.

45. The system of Claim 32, wherein said processor is configured to use the first
principles simulation result to detect a fault in the process performed by the semiconductor

processing tool by comparing said first principles simulation result with said input data.

46. The system of Claim 32, further comprising a network of interconnected
resources connected to said processor and configured to assist said processor in performing at
least one of the inputting a first principles simulation model and performing a first principles

simulation.

47. The system of Claim 46, wherein said network of interconnected resources is
configured to use code parallelization with said processor to share the computational load of

the first principles simulation.

48. The system of Claim 46, wherein said network of interconnected resources is
configured to share simulation information with said processor to determine a fault in said

process performed by the semiconductor processing tool.

49. The system of Claim 48, wherein said network of interconnected resources is
configured to distribute simulation results to said processor to reduce redundant execution of

substantially similar first principles simulations.

50. The system of Claim 48, wherein said network of interconnected resources is
configured to distribute model changes to said processor to reduce redundant refinements of

first principles simulations.
51. The system of Claim 46, further comprising remote resources connected to said

processor via a wide area network and configured to facilitate the semiconductor process

performed by the semiconductor processing tool.
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52. The system of Claim 51, wherein said remote resources comprise at least one of a

computational and a storage resource.

53. The system of Claim 38, wherein said processor is configured to perform first
principles simulation by utilizing at least one of an ANSYS computer code, a FLUENT
computer code, a CFRDC-ACE computer code, and a direct simulation Monte Carlo

computer code.

54. The system of claim 38, wherein said processor is further configured to use the
first principles simulation result to classify a fault in the process performed by the

semiconductor processing tool.

55. The system of Claim 54, wherein said processor is configured to classify a fault by
calculating a set of perturbation solutions corresponding to the first principles simulation for

the input data to generate a profile of data solutions to the first principles simulation.

56. The system of Claim 55, wherein said processor is configured to:

input said perturbation solutions to a multivariate analysis;

input a difference between said first principles simulation result and said input data to
said multivariate analysis; and

utilize said multivariate analysis to identify a correlation between said input data and

said difference.

57. The system of Claim 56, wherein said processor is configured to perform said

multivariate analysis as a partial least squares analysis.

58. The system of Claim 57, wherein said processor is configured to define a set of
loading coefficients relating tool perturbation data to process performance data, said loading

coefficients describing a difference between simulated results and actual results.

59. The system of Claim 58, wherein said processor is configured to define a set of
loading coefficients by:

computing at least one of mean and standard deviation values for the actual results;
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generating said loading coefficients based on said at least one of mean and standard

deviation values and the simulated results.

60. The system of Claim 56 or 58, wherein said processor is configured to attribute
said difference between simulated results and input data to one input data using said

correlation.

61. The system of Claim 32, wherein said processor is configured to detect a fault in at
least one of a material processing system, an etch system, a photoresist spin coating system, a
lithography system, a dielectric coating system , a deposition system , a rapid thermal

processing system for thermal annealing, and a batch diffusion furnace.

62. The system of Claim 61, wherein said processor is configured to detect a fault in at

least one of a chemical vapor deposition system and a physical vapor deposition system.

63. A system for facilitating a process performed by a semiconductor processing tool,
comprising:

means for inputting data relating to a process performed by the semiconductor
processing tool;

means for inputting a first principles physical model relating to the semiconductor
processing tool;

means for performing first principles simulation using the input data and the physical
model to provide a first principles simulation result; and

means for using the first principles simulation result to determine a fault in the process

performed by the semiconductor processing tool.

64. The system of Claim 63, further comprising means for sharing the computational

load of the first principles simulation.
65. The system of Claim 63, further comprising means for sharing simulation

information among interconnected resources to facilitate a process performed by the

semiconductor processing tool.
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66. A computer readable medium containing program instructions for execution on a
processor, which when executed by the computer system, cause the processor to perform the
steps of:

inputting data relating to a process performed by the semiconductor processing tool;

inputting a first principles physical model relating to the semiconductor processing
tool;

performing first principles simulation using the input data and the physical model to
provide a first principles simulation result; and

using the first principles simulation result to determine a fault in the process

performed by the semiconductor processing tool.
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