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(57) Abstract: Systems and methods for monitoring stability of a wafer inspection recipe over time are provided. One method in-
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wafer inspection tool thereby determining if the wafer inspection recipe is stable over time.
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AUTOMATIC RECIPE STABILITY MONITORING AND REPORTING

1. Fiald of the Invention

The present invention generally relates {o systems and methods for
automatic recipe stability monitoring and reporting.

2. Description of the Related Ast

The following description and examples are not admitted to be prior art by

virtue of their inclusion in this section.

Inspection processes are used at various steps during a semiconductor
manufacturing process 1o detect defects on wafers to promote higher yisid in the
manufacturing process and thus higher profils. Inspection has always been an
important part of fabricating semiconductor devices such as ICs. However, as
the dimensions of semiconductor devices decrease, inspeaction becomes even
more important 10 the successful manufacture of acceptable semiconductor
devices because smaller defects can cause the devices to fail.

Inspection processes are usually performed on inspection t{ools by
executing a set of instructions, normally called a "recipe,” that include information
about how an inspection process is to be performed. That information may
include parameters for data collection performed during the inspection process
such as optical parameters used to direct light to the wafer and to collect and
detect light from the wafer. The information may aiso include parameters for
data processing performed during or after the inspection process such as image
pracessing and defect detection parameters to be applied to output generated by

detector(s) of the inspection system.
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inspection recipe setup can be a relatively involved process since an
appropriate recipe typically varies from wafer-to-wafer and inspection tool-to-

inspection {ool. For example, one inspection recipe that is suitable for inspection

ey

of a wafer on one tool may not be suitable for inspection of the same wafer on
another tool. In addition, one inspection recipe that is suitable for inspection of a
wafer on one tool may not be suitable for inspection of different wafers on the
same tool. Therefore, inspection recipe setup is wafer-specific as well as tool-
specific.
10
Once an inspection recipe has been set up, there are certain
circumstances that can cause that inspection recipe {0 be no fonger suitable for
inspection of the type of wafers and tool that it was setup for. For instance, g
change in one or more fabrication processes performed on the wafers, which an
15 inspection recipe was setup for, may cause that inspection recipe to detect an
abnormal number of defects on the wafers, which may not even be defects if the
change in the one or more fabrication processes do not cause the wafers to be
defective. in other words, not all variations in fabrication processes cause
defects on wafers even though the resulling variations on the wafers can be
20 detected as defects by an inspection recipe. in addition, if there are certain
changes in the mspection tool itself (e.g., due {o drift in one or more properties of
one or more optical elements of the inspection tool), the changes in the
inspection tool can cause an ingpection recipe to be no longer suitable for

inspection of the wafers the recipe was setup for.

25
Inspection results can therefore be influenced by a number of factors that
are unrelated to the defects on the wafer. in order for the inspection resuits to
reflect what is actually happening on the wafer, therefore, it is important to
determine if an inspection recipe has become unsuitable for the wafers and ool
36 it was setup for. Until it can be determined that the inspection resulls reflect

defects on the wafer rather than drifts in the process used {o fabricate the wafer
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or the inspection tool iiself, those inspection resulls are not only useless but
acting on those inspection resulls {e.g., changing the fabrication process) can
actually cause real defects on wafers {e.g., if a perfectly fine fabrication process

is altered to reduce “defects” detected on a wafer that are not defects at all but

ey

are detected as such due to drifts in the inspection tool).

Separating out influences on the inspection results can be a particularly
difficult challenge. For instance, an abnormatl number of defects detected on a
wafer may be an abnormal number of actual defects on the wafer caused by a
16 fabrication process failure. However, the abnormal number of defects may be
caused by acceptable drifts in the fabrication process and/or unacceptable
changes in the inspection {ool. Therefore, first an abnormal inspection result

must be detected and then its cause must be identified.

i5 Currently, however, there is no known utility to periodically monitor the
stability of inspection recipes for specific layers of semiconductor wafers that are
inspected on multiple optical inspection tools used in a production line. Without
the ability to monitor ingpection results such as image patches and statistics
collected from them for a given semiconductor wafer layer, it is very difficult {o

20 manually identify when a cerfain recipe becomes invalid for the inspection of the
respective layer, due {o vanations in a semiconductor process.

Accordingly, it would be advantageous to develop systems and methods
for monitoring stabihity of a wafer nspection recipe over time that do not have

25 one or more of the disadvantages described above.

SUMMARY OF THE INVENTION

The following description of various embodiments s not to be construed in

36 any way as limiting the subject matter of the appended claims.
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One embodiment relates to a computer-implemented method for
monitoring stability of a wafer inspection recipe over time. The method includes
collecting inspection results over ime. The inspection results are generated by

at least one wafer inspection toal while performing the wafer inspection recipe on

ey

wafers at different points in time. The method also includes identifying abnormal
variation in the inspection results by comparing the inspection results generated
at different times to each other. In addition, the method includes determining if
the abnormal vanation 1s attributable to the wafers, the wafer inspection recips,
or one or more of the at least one wafer inspection tool thereby determining if the
16 wafer inspection recipe i stable over time. The collecting, identifying, and

determining steps are performed by a computer system.

Each of the steps of the method may be further performed as descnbed
herein. In addition, the method may include any other step(s) of any other
i5 method(s) described herein. Furthermore, the method may be performed by any

of the systems described herein.

Another embodiment relates to a non-transitory computer-readable

medium storing program mnstructions executable on a computer system for

20 performing a computer-implemented method for monitoring stability of a wafer
inspection recipe over time. The computer-implemented method includes the
steps of the method described above. The computer-readable medium may be
further configured as described herein. The steps of the computer-implemented
method may be performed as described further herein. In addition, the

25 computer-implemented method for which the program instructions are
executable may include any other step{s) of any other method(s) described

herein.

An additional embodiment relates to a system configured to monitor
36 stability of a wafer inspection recipe over time. The system includes af least one
wafer inspection tool configured to generate inspection results by performing a
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wafer inspection recipe on wafers at different points in fime. The system also
includes a computer subsystem configured for performing the collecting,
identifying, and determining steps of the method descnbed above. The system

may be further configured as described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages of the present invention will become apparent to
those skilled in the art with the benefit of the following detalled description of the
preferred embodiments and upon reference {o the accompanying drawings in
which:

Fig. 1 is a block diagram illustrating the three major sources of variability
that affect stability of wafer inspection recipes;

Fig. 2 18 a block diagram illustrating one embodiment of a system

configured to monitor stability of a wafer inspection recipe over time;

Fig. 3 is a block diagram illustrating one embodiment of a non-transitory
computer-readable medium storing program instructions for causing a computer

system to perform a computer-implemented method described herein; and

Fig. 4 is a schematic diagram illustrating a side view of an embodiment of

a system configured to monitor stability of a wafer inspection recipe over time.

While the invention is susceptible to various meodifications and alternative
forms, specific embodiments thereof are shown by way of example in the
drawings and are herein described in detal, The drawings may not be {0 scale.
it should be understood, however, that the drawings and detailed description
thereto are not infended {o limit the invention to the particular form disclosed, but
on the contrary, the intention is to cover all modifications, equivalents and
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alternatives falling within the spirit and scope of the present invention as defined

by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Turning now to the drawings, it is noted that the figures are not drawn to
scale. In particular, the scale of some of the elements of the figures is grestly
exaggerated to emphasize characteristics of the elements. 1t is also noted that
the figures are not drawn to the same scale. Elements shown in more than one

10 figure that may be similarly configured have been indicated using the same
reference numerals. Unless otherwise noted herein, any of the elements

described and shown may include any suitable commercially available elements.

The embodiments described hergin generally relate to automatic recipe

13 stability monitoring and reporting. One embodiment relates to a computer-
implemented method for monitoring stability of a wafer inspection recipe over
fime. The embodiments described herein provide an approach to automatically
compute and monitor important metrics related to stability of inspection recipes
on production inspection tools, based on information collected from wafer

20 locations, which may be pre-defined, {o identify potential variations in the
respective semiconductor wafer fabrication processes. The embodiments
described herein also provide an approach to perform automatic data collection
from multiple inspection tools (e.g., via periodic poliing), analyze data trends, and

generate reports and alerts for events that deviate from normal behavior.

b
Lt

in one embodiment, the one or more fabrication processes described
herein are part of a production process. A “production process’ can be generally
defined in the art of semiconductor device manufacturing as a production or
fabrication process that produces devices in high volumes. Therefore, a
g production process is a process that is performed after the research and
development stage in which a process for fabricating semiconductor devices is
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created and after the ramp stage that is performed to transition a process
created in research and development into a high volume manufacturing

enviranment.

ey

A production process can therefore be considered a process that has
been debugged by research and development and ramp and whose issues and
fimitations are relatively well understood. As such, inspection processes
parformed in a production environment can be substantially different from
inspection processes performed at other stages of manufacturing. For instance,
16 by the time high voliime manufacturing has been started, the typical defects
caused by that particular manufacturing process have been identified in the
earlier stages of manufacturing. Therefore, inspection processes performed
during production are generally performed to monitor vanations from typical
behavior of the production, rather than to perform defect discovery as in earlier

is stages.

Recipe stability can be a key issue for users of production inspection
tools. For example, a change in the process, or process varation, or variation in
the defect population can result in an unstable recipe. Stability of inspection

20 recipes is a critical component that directly affects the vield of semiconductor
wafer production at fabs. In a typical production setling, it is important to
ascertain that the performance of inspection recipes maiches the performance
resuits shown during the recipe setup phase for a given semiconductor layer.
Minor changes in wafer process conditions could change the statistics of the final

25 image generated by optical inspection {ools thereby directly affecting the capture
and nuisance rate of the inspection recipe. Such minor fluctuations in wafer
conditions couid affect the abiity of optical inspection tools to detect key defect

of interest (DO types thereby affecting the sensitivity of the inspection tools.

36 A 'nuisance” as that term is used herein may be defined as a defect that
is detected on a wafer by wafer inspection, but that is not actually a defect.
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Nuisances are therefore not related to semiconductor yield and are not
interasting to semiconductor manufacturers. For instance, a “nuisance” may be
a source of noise in wafer inspection system output that is erronecusly detected

as a defect. Therefore, separating detected defects that are actually defects

ey

from detected defects that are not actual defects can be an important part of

wafer inspection.

Fig. 1 shows the three major sources of vanation that affect the stability of
inspection recipes. For example, as shown in this figure, source 100 of variation
16 may be due to changes on wafers 102 themselves, which may be caused by
changes in the process{es) used {o {abricate the wafers {even if the recipes used
for those fabrication process(es) are the same, meaning that the changes in the
pracess{es) are due o unintended changes in the process(es) such as tool
failure, drift in process conditions, etc.). Source 104 of variation may be due to
i5 changes in inspection fool{g) 106 that are used {o inspect the wafers, which may
ke due to drift in one or more parameters of the ispection tool(s), tool failure,
efc. Source 108 of variation may be due {o recipe 110 used to inspect the
wafers on the wafer inspection {ool, which may be due o, for example, recipe
overfitiing. This figure therefore shows the inter-dependency of the three
20 components involved in an inspection {wafer, inspection 100}, inspection recipe)
that affect the stability of inspection recipes. The three sources mentioned in the
figure need to be in sync at all times to maintain the stability and sensitivity of
inspection tools. While changes in wafer process conditions happen throughout
the production cycle, it s important to identify when a particular process change
25 directly affects the sync between the wafer condition and the sensitivity of the

inspection fools,

The inspection results described herein are generated by at least one
wafer nspection tool while performing the wafer inspection recipe on wafers at
36 different points in time. For example, as part of the setup procedure for
inspection recipes, a set of locations may be selected on the wafer (from
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different physical regions and different process regions) for which data (image
patches and/for job dumps) will be collected. At the end of an inspection scan,
the data {for the predefined locations) is collected {using the same recipe as the

inspection run) and saved into a location in the respective lot-result. These steps

ey

may be performed as they are normally performed in any inspection recipe. In
addition, the embodiments described herein are not imited to any particular
inspection results, and the inspection results collected as described herein may

be generated in any known manner.

16 In one embodiment, the at least one wafer inspection tool is at least one
optical inspection tool. In other words, the at least one wafer inspection tool may
be a light-based inspection tool. Although the embodiments described herein
may be particularly suitable for optical inspection tools used in a production
environment and will be described herein as such, the embodiments described

i5 herein are also suitable for use with other ingpection fools used in a production
environment, which may include, for example, electron beam {or e-beam)
inspection tools. The at least one oplical inspection tool may be further
configured as described herein.

20 The method includes collecting inspection results over time. For example,
in the collecting step, key information from production inspection tools may be
collected, possibly for only pre-defined locations on the wafer. Varying amounts
of data in the inspection resulls may be collected in the embodiments described
herein. For example, a relatively small amount of data collection may mclude

25 collection of only image patches generated by inspection while a larger amount
of data collection may include collection of image paiches, scatter plots, and light
level histograms generated during inspection. In addition, an even larger amount
of data collection may include coliection of job dumps as well as light level
histograms. i any case, the amount of data collection that 1s used in any one

36 version of the method may be determined based on the information that is most



WO 2015/191906 PCT/US2015/035406

related to the stability of an inspection recipe, which can vary from inspection

recipe o inspection recipe.

Collecting the inspection resulls may include acquiring the inspection

ey

results using one or more inspection fools. For example, collecting the
inspection resulis may include scanning light over the wafer and generating
output responsive to light from the wafer detected by an inspection ool during
the scanning. In this manner, collecting the inspection results may include
scanning the wafer by performing an inspection process on the wafer using an
16 inspection recipe. However, collecting the inspection results does not
necessarnly include scanning the wafer. For example, collecting the inspection
results may include acguiring the inspection resuits from a storage medium in
which the inspection results have been stored {e.g., by an inspection tool)}.
Collecting the inspection results from the storage medium may be performed in
15 any suitable manner, and the storage medium from which the inspection results

are acquired may include any of the storage media described herein.

in one embodiment, collecting the inspection resulis is performed

pericdically as a function of time. For example, a data collection component

20 such as that described further herein may run on a centralized server such as an
XP-Rack, which is commercially available from KLA-Tencor, Milpitas, Calif., and
may poll the inspection tool(s) periodically to collect data or information on
inspection scans {stored in the inspection tool{s) by the inspection tool{(s)).
Regardless of whether or not the inspection results are collected periodically, the

25 inspection results that are collected may include inspection results generated
from each inspection run {i.e., avery inspection run) from at least one wafer
inspection tool. In other instances, however, the inspection results that are
collected may be for fewer than all inspection runs performed with a particular
mnspeaction recipe.

ki)

10
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in another embaodiment, collecting the inspection results includes storing
the inspection resulis generated by two or more of the at least one wafer
inspection ool in the same computer-readable storage medium. For example,

once the data collection component identifies new data in an inspection tool, it

ey

may copy the respective information {e.g., job dumps, simulated runtime imaging
(SRY), light-level histograms {or light-level runtime histograms {(LL-RTH), image
patches, recipe, classifiers, efc.) {0 a centralized data source.

Fig. 2 ilustrates one such embodiment of a system configured {o perform
16 the steps of the method(s) described herein. For example, as shown in Fig. 2,
system 214 may include computer system 210 and storage medium 212,
Computer system 210 may be configured according {o any of the embodiments
described herein with respect to a computer system or subsystem. Storage
medium 212 may be configured according to any of the embodiments descnbed
15 herein with respect to a non-transitory computer-readable storage medium.
Computer system 210 and storage medium 212 may in this embodiment be
configured as two parts of one computer system. However, computer system
210 and storage medium 212 may be two parts of two different systems that are
physically separated from each other, but able to communicate with each other
20 {e.g., send collected information and/or instructions to and from each other) by
one or more fransmission media, shown by the dashed line between the
computer system and the storage medium in Fig. 2, which may include any
suitable transmission media known in the art and may include “wireless” and/or

“‘wired” transmission media.

25
As further shown in Fig. 2, storage medium 212 may be coupled to two or
more inspection tools {e.g., Teol A 200, Tool B 202, Tool C 204, Tool D 208, and
Tool £ 208 shown in Fig. 2} such that the storage medium can collect ingpection
results from each of the tools. For instance, storage medium 212 may be
36 coupled to the two or more inspection {ools by one or more transmission media

shown by the dashed lines in Fig. 2 between the storage medium and the tools,

11
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which may be configured as described further herein, such that the storage
medium can request inspection results from the inspection tools and receive the
requested inspection results from the inspection tools. In this manner, the
system shown in Fig. 2 may be configured as a dedicated computer system that

can connect to all of the inspection tools that need to be monitored.

irt an additional embodiment, collecting the inspection resulls includes
storing the mnspection resuits with information for Wentiies of the wafers, the
wafer inspection recipe, the at least one wafer inspection tool, and time that the
wafer inspection recipe was performed corresponding to the inspection resuits.
For example, the data collection component may copy the collected information
to a centralized data source and that information may be grouped in the data
source by fayer 1D, device ID, tool 1D, dateftime stamp, etc. in this manner,
metrics from every wafer (or at least some wafers) may be collected by the
system and copied into the storage medium, which can maintain an organized
racord of all the metrics based on layer 1D, device {D, tool 1D, recipe, ime stamp,
efc. over a period of time that can be retrieved at any later point.

The method also includes identifying abnormal variation in the inspection
results by comparing the inspection resulls generated at different times 1o each
other. Therefore, the collecting and identifying steps described herein can be
used to automatically compute and monitor important metrics related to stability
of inspection recipes on production inspection tools. The set of utilities
described further herein that can be used for performing the operations of these
steps may be called a “recipe stability monitor” or RSM. In some instances,
comparing the ingpection results may include computing metrics such as those
described further herein, analyzing trends in the collected inspection results
(including, but not limited to, the various inspection results described herein),
comparnng inspection results (e.g., comparing images), and displaying statistics
for different inspections (i.e., at least a pair of inspections). The collected
inspection resuits may also be used to build a statistical model for every wafer

12
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layer and inspection ool combination. That statistical model can then be used to

identify abnormal variation from the normal behavior.

Analyzing the trends in the meirics can also be performed by generating a
trend chart and then monitoring the trend chart. Analyzing the trends of the
estimated stability parameters may be performed using an infrastructure such as
that shown in Fig. 2. In addition, identifying the abnormal variations may include
learning key aspects of ingpection runsg, which may then be used as the
inspection resulis that are compared as described herein, for every layer that is
monitored/inspected baged on metrics such as those described herein, which
may be estimated at pre-defined wafer locations. In this manner, the
embodiments described hearein can “learn” the data characteristics over a period
of ime. An “abnormal variation” may also be generally defined as a deviation in
the inspection resuits, which may be tracked using a trend chari, that exceeds a
predetermined acceptable tolerance for one of the metrics {for a certain wafer
layer and mspection tool). In some inslances, the embodiments described
herein may be configured {o alert a user to an identified abnormal variation and
to request verification of the abnormal variation as valid. In this manner, g user

may manually confirm an abnormal variation alert (as not a false alarm).

In one embodiment, the inspection results that are compared include one
or more characteristics of one or more images generated by the at least one
wafer inspection ool for the wafers. For example, the one or more
characleristics of the image(s) that are compared may include image metncs
such as, but are not limited to, mean color level, gray level scatter, modality of a
gray level histogram, and flatness of g gray level histogram. In addition, wafer-
to-wafer image analysis may include patches and line profiles (i.e., a plot of the
intensity of an image at a chosen row of pixels in the image), histograms, and

scatter plots.

13
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The inspection results may also include other light-based measurements,
which may or may not include generating any images, performed during an
inspection recipe andfor characteristics determined therefrom. For example, the

inspection resulis may include light level metrics such as light RTH, mean light

ey

level, modality, and peakedness. The inspection results may also include focus
measurements such as sharpness and contour focus. Such light level metrics
and/or focus measurements may be determined by the inspection tool as part of
the inspection recipe and/or may be determined by the embodiments described
herein as part of the monitoring procedure. Light level analysis performed for the
16 comparing step may include light level histograms, end points (the lower and
upper mits of the histogram that contain the major population of the pixel
intensities within the chosen light box, which is specified in recipe setup), gain,

flumination, and offsets.

i5 In another embodiment, the inspection results that are compared are
produced prior to performing defect detection for the wafers in the wafer
inspection recipe. in other words, the inspection results that are compared may
include output that is not necessarily generated by defect detection performed
during the wafer inspection recipe. For example, as described further herein, the

20 inspection results that are compared may include images, image metrics, light-
based measurements, light-based melrics, focus measurements, efc. that are
not necessarily produced by a defect detection algorithm and/or method during
the wafer inspection recipe. Therefore, although the embodiments described
herein may include comparing some characteristics of the defects that are

25 detected and/or classified on a wafer, the embodiments described herein are not
imited to just comparing information for the detected andior classified defects.

In an additional embodiment, the inspection results that are compared

include one or more characteristics of defects detected on the wafers by the
36 wafer inspection recipe. For example, the inspection results that are compared
may include results of application of a defect detection algorithm and/or methad

14
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to the output of one or more detectors of the inspection {ool. The inspection
resuits that are compared in the embodiments described herein may also include
other results of applying the defect detection algonthm and/or method such as

information about noise identified on the wafer by the defect detection algorithm

ey

and/or method. For example, the results that are compared may include wafer
noise such as the noise wentified in optlical difference images that does not
correspond to any noticeable defect on the wafer at a specified location {e.g., an
xfy location). In adddion, the comparing step may include analysis of the recipe
itself such as test/sensitivity setting differences.
10
in a further embodiment, the inspection results that are compared include
ane or more characteristics of defect classification results produced by the wafer
inspection recipe. For example, the inspection recipe may involve applying some
defect classifier (e.g., the iDO classifier that is commercially available from KLA-
i5 Tencor), method, or algorithm to the defect detection results produced by the
inspection. in one such example, the inspection results that are used and/or
compared herein for monitoring may include a stability estimate of the defect
classification. in addition, the comparing step may include identifying classifier
differences.
20
In one embodiment in which the inspection results that are being
compared include charactenstic(s) of defect classification results, the variation of
the defect attributes from a given inspection with respect to an earlier inspection
or from a parbicular point on a trend chart may be measured. Thig variation may
25 be cailculated only for the defect atiributes used in the defect classification of the
inspection recipe being considered. The variation value may then be matched
with the equivalent cutlines of the defect classification fo determing if the
deviation causes a significant variation in the end results of the defect
classification, which can directly affect the nuisance rate of an inspection

ki) pracess.

15



WO 2015/191906 PCT/US2015/035406

in another embodiment, comparing the inspection results to each other
includes determining one or more characteristics of the inspection results that
are not generated by the wafer inspection recipe and comparing the one or more

characteristics of the inspection resulls generated at different fimes to each

ey

other. For example, a computer system or subsystem described herein {or an
“analytics component” of RSM) may compute metrics for estimating stability of
various aspects of an inspection using the stored data for each layer, inspection
tool, and wafer locations. I one such example, computer system 210 shown in
Fig. 2 may be configured for analyiics, report generation, as well as any other
16 step(s) described herein. The metrics that are computed may include metrics of
any of the inspection results described herein and/or any other inspection results
that are produced by an inspection recipe. For example, the embodiments
described herein may monitor stability of oplical inspection tools using a set of
metrics extracted from the optical images. The melrics may also be computed
i5 for as many inspection results as are collected (e.g., each inspection performed
with a particular inspection recipe) or fewer than all of the ingpection resulls that
are collected.

Analyzing the frends may also include loading the collected data for a

20 certamn period, analyzing data trends for various inspection results or metrics
thereof described herein, and then possibly analyzing information from a pair of
dates or toois in detall (e.g., viewing image patches, histograms, scatter plots,
etc.). For example, the embodiments described herein may be configured to
display a user interface o a user that includes information about the recipes

25 {and/or fayers) that are being monitored by the embodiments. The user interface
may also include information about the inspection tools that are being monitored.
A user may then select {o view the trend charis for a specific recipeftool

combination by selecting one or more of each in the user interface.

36 Upon such selections, the user interface may be configured to display
setections for which parameters of the inspection results are being monitored
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(e.g., wafer-to-wafer test images, wafer-to-waler difference images, focus, light
level, classification, recipe, efc.). Upon selection of one of the parameters, the
user interface may be configured to display one or more {rend charts {o the user.

The trend chart{s) may include, for exampie, plots that show values for one or

ey

mora metrics as a funchion of time and the selected parameters. For example, if
the waferto-wafer test image parameter is selected, then the plot may show
values for color, gray level noise, histogram flatness, and histogram shape as a
function of day and time that the inspections that produced the inspection results
were performed. The plot may show different metrics for other inspection resulfs
160 parameters. in addition, the user interface may show the locations that are
being monitored for whichever recipe and tool(s) have been selected. The user
interface may provide capability for the user 10 select one or more of the
monitored locations such that the trend charts that are shown in the user
interface are only for certain, selected monitored locations. The user interface
15 may also show the inspection time stamps for each inspection whose results
were collected and are being monitored based on the recipe and tool(s) selaected
in the user interface by the user. The user interface may be further configured
such that the user can select one or more individual inspections from the listed
nspection time stamps.
20
The inspection results and/or metrics that are being shown in the trend
chart can then be shown in the user interface in greater detail. For example, if
the color, grey level noise, histogram flatness, and histogram shape are being
shown in a trend chart, when a user selects two or more individual ingpections,
25 the user interface may then display image paiches included in the inspection
results for the selected individual inspections as well as line profiles and
histograms from the image patches. Those ling profiles and histograms can
show color variation in the inspection results and can, therefore, be used to
automatically or manually identify color variations from two different inspection

ki) FUns.
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The embodiments described herein may also be configured to generate or
issue reports and/or notifications/alerts, possibly in real time, {o notify fab
engineers or ather users of possible deviations or events that deviate from

normal or default behavior based on the learning performead by the collecting and

ey

identifying steps {i.e., events that show deviations from normal (where the
‘normal” used in the embodiments described herein is a configurable deviation
tolerance determined based on which “aleris” are {0 be reported to users or fab
engineers)). In addition, the dentifying step may include real-time updating of
reporis and trend charls based on the data collected from the inspection {ool(s).
10 in this manner, the embodiments described herein can learn the data
characteristics over a period of time and generate frend charts for one or more
parameters of the inspection results and reports for layers that were analyzed.
Automatic alert generation and live updates help in quickly flagging outlier data
paints and enables identification of stability issues at or near real time. For
15 example, the embodiments described herein can be used to analyze every new
data point (inspection results) as it is collected and generate automatic alerts
when the data point shows any deviation from normal behavior.

In one example of a sample report, a table may be generated that
20 includes a number of columns related {o the inspection that produced the
inspection results {e.¢., recipe name, tool name, date/fime stamp, elc.) as well as
a number of columns related {o the metrics being monitored (e.q., light level,
mean gray level, noise width, etc.). in this manner, a single report may include
monitoring results for more than one water inspection recipe and more than one

25 {ool.

The method further includes determining if the abnormat vanation is
attributable to the wafers, the wafer inspection recipe, or ong or more of the at
least one wafer inspection tool thereby determining if the wafer inspection recipe

30 is stable over time. In this manner, the abnormal variation entified as
described above may be used 1o identify instability conditions in the
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wafer/recipe/tool combination being monitored. In this manner, a set of metrics
(e.g., metrics extracted from optical images) collected from every inspected
wafer (or at least some inspected wafers) may be used to detect situations

where a given tool, inspection recipe, and wafer goes out of “syn¢” (i.e., where

ey

the inspection recipe becomes no longer suitable for a particular wafer and
inspection tool), which s critical 1o maintaining good vield ratios using the results

of inspection.

In some embodiments, the determining step includes comparing the

16 inspection resulis for at least two of the wafers generated by the same one of the
at least one wafer inspection tool. For example, decoupling sources of varation
may include cross-correlating metrics for an abnormal variation identified as
described herein on a given inspected wafer with other wafers at different layers
than the first wafer and inspected by the same inspection toot thereby dentifying

i5 the probable source of variation. In particular, two different wafers that have
been processed using different fabrication processes (and are therefore wafers
of different layers) may be inspected on the same inspection (oo {(and possibly
at roughly the same time {&.¢., on the same day)) with different recipes. lf the
inspection resuits for both of those wafers show abnormal variations, then the

20 abnormal variations can be attributed {0 the wafer inspection tool. However, f
the mspection results for only one of those wafers shows abnormal variations,
then the abnormal variations can be atiributed to the wafer itself (i.e., the
fabrication process{es) used to form the wafer). In this manner, the
embodiments described herein can correlate the abnormal variation with other

25 recipes that ran on a given inspection tool to decouple the sources of variation.

In another embodiment, the determining step includes comparing the
inspection resuits for at least two of the wafers generated by different ones of the
at least one wafer inspection tool. For example, decoupling sources of varation

36 may include cross-comrelating metrics for an abnormal variation identified as
described herein on a given inspected wafer with other wafers at the same layer
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as the first wafer and inspected by the different inspection tools thereby
identifying the probable source of variation. in particular, two different wafers
that have been processed using the same fabrication process{es)} {and are

therefore wafers of the same layer) may be inspecied on different inspection

ey

tools with the same inspection recipe. If the inspection resuits for both of those
wafers show abnormal variations, then the abnormal variations can be atinbuted
to the wafer themselves {i.e., the fabrication process(es) used {o form the
wafers). However, If the inspection results for only one of those wafers shows
abnormal variations, then the abnormal variations can be atiributed to the wafer
16 inspection tool used o inspect the wafer whose inspection results were found to
have abnormal variations. In some instances in which the same type of wafers
are being inspected on different inspection tools, the embodiments described
herein provide a clear record of the statistics from inspected wafers over a period
of time, which can be used as an important key for identifying patterns of
i5 stability/variation and for tool matching use cases. In this manner, the
embodiments described herein can correlate the abnormal variation with other
tools that ran the same recipe on or near a given date to decouple the sources of

varigtion.

20 The abnormal variations identified by the embodiments described herein
can therefore be attributed {0 a number of different causes including focus offset
drifts in the inspection {ool, color variations {caused by variations in the wafer
and/or the ingpection tool), noise width changes (caused by variations in the
water and/or the inspection tool), defect population fluctuations {due to variations

25 in the wafer, inspection tool, and/or inspection recipe), run time light level
variations (due {o variations in the wafer and/or inspection tool), and recipe

changes.
in addition, different abnormat variations can be identified by different

36 metrics described herein. For example, image focus metlrics can be used to
diagnose focus drifts in the inspection tool, which may be due o variations in the
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wafer or the inspection tool, exceeding some predetermined focus variation
tolerance. in another example, color variation metrics can be used 1o identify
color vanation and intensily variances across different sites on a wafer, which

may be due to variations in the wafer and/or the inspection tool, {o thereby

ey

diagnose process variation, tool-to-tool matching issues, and defect classification
stability. In an additional example, noise variation metncs, which may be
determined by computing and/or displaying scatter plots determined by a defect
detection algorithm for different sites on a wafer, which may be due {o vanations
in the wafer and/or the inspection tool, may be used {0 diagnose tool stability and
16 process variation. In a further example, image pattern variation metrics may be
used to wentify image level pattern vanations from selected defect sites, which
may be due 1o variations in the wafer, 1o thereby diagnose process variation. In
yet another example, defect count per inspection, swath area, inspected area,
throughput, etc. may be used {o capture defect count variations before and after
15 defect classification, which may be due to variations in the wafer, inspection
racipe, and inspection fool, {o thereby diagnose recipe instabilty and/or process
variation. in an additional exampie, run time light jevel metlrics may be used to
identify changes in light level mean and shape of light level histograms, which
may be due to variations in the nspection {ool, wafer, and/or inspection recipe, to
20 thareby diagnose recipe instability. In another example, success rate or
percentage success of aligning design information 1o inspection tool output,
which may include displaying design clips and respective aligned images or other
output from a scan, may be used o diagnose issues related to alignment to
design, which may be due o issues in the inspection recipe. In addition, defect
25 classification stability metrics may be used to diagnose instability in one or more
parameters of defect classification such as atiributes used for classification and
cutlines used to separate different defect classifications from each other, which

may be due {o issues in the inspection recipe.

36 Once an abnormal variation has been attributed {o a particular cause
{e.g., wafer, inspection {00, or inspection recipe), the embodiments described
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herein may include performing further analysis fo identify why the abnomal
varigtion happened. For example, if an abnormal variation in a focus metric is
detected, further analysis may be performed by the embodiments described
herein to find out why this happened. The further analysis may inciude, for
example, viewing and/or examining light level histograms, checking recipe
modifications {e.g., oplical mode, focus oplimization routines, etc.}if any, and

checking trends of inspections that were run on the same tool on the same date.

In one embodiment, the collecting, identifving, and determining steps are
performed automatically. For example, all of the steps described herein may be
performed automatically by one or more of the system embodiments described
herein. Performing the steps automatically is advantageous for collecting and
analyzing the substantial amount of inspection results described herein, which
cannot be realistically managed manually, and for discovering a wafer inspection

recipe instability faster than it could be discovered manually.

The collecting, identifying, and determining steps described herein are
performed by a computer system, which may be configured according to any of
the embodiments described herein. In one embodiment, the computer system is
not part of any of the at least one wafer inspection tool. For example, as shown
in Fig. 2, the computer system that performs the steps of the method may be
physically separate from all of the wafer inspection tools from which inspection
resuits are collected. In this manner, the computer system may be a stand-alone
type computer system that is not part of any inspection tool although the
computer system may be coupled 1o each of the inspection tools as described
further herein.

Each of the embodiments of the methods described above may include
any other step(s) of any other method{s) described herein. Furthermore, each of
the embodiments of the methods described above may be performed by any of
the systems described herein.
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Alt of the methods described herein may include storing results of one or
more steps of the method embodiments in a computer-readable storags

medium. The results may include any of the resulls described herein and may

ey

be stored in any manner known in the art. The storage medium may include any
storage medium described herein or any other suitable storage medium known in
the art. After the results have been stored, the resulls can be accessed in the
storage medium and used by any of the method or systern embodiments
described herein, formatied for display 10 a user, used by another software

10 module, method, or system, etc.

Another embodiment relates to a non-transitory computer-readable
medium storing program instructions executable on a computer system for
performing a computer-implemented method for monitoring stability of a wafer

i5 inspection recipe over time. One such embodiment is shown in Fig. 3. For
example, as shown in Fig. 3, non-fransitory computer-readable medium 300
stores program instructions 302 executable on computer system 304 for
performing a computer-implemented method for monitoring stability of 8 wafer
inspection recipe over time. The computer-implemented method may include

20 any step(s) of any method(s) described herein.

Program instructions 302 implementing methods such as those described
herein may be stored on non-transitory computer-readable medium 300. The
computer-readable medium may be a storage medium such as a magnetic or

25 optical disk, a magnetic tape, or any other suitable non-transitory computer-
readable medium known in the art.

The program instructions may be implemented in any of various ways,

including procedure-based fechniques, component-based techniques, and/or
36 object-oriented techniques, among others. For example, the program instructions
may be implemented using Matlab, Visual Basic, ActiveX controls, C, C++ objects,
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C#, JavaBeans, Microsoft Foundation Classes ("MFC”), or other technologies or

methodologies, as desired.

Computer system 304 may take various forms, including a personat

ey

computer system, mainframe computer system, workstation, system computer,

image computer, programmabie image computer, parallel processor, or any

other device known in the art. In general, the term “computer system” may be

broadly defined to encompass any device having one or more processors, which

gxecutes instructions from a memory medium.

10

An additional embaodiment relates to a system configured to monitor

stability of a wafer inspection recipe over time. The system includes at least one
wafer inspection tool configured {o generate inspection resulls by performing a
wafer inspection recipe on wafers at different points in time. One embodiment of

i5 wafer inspection tool{g) is shown in Fig. 4 as wafer inspection tools 400 and 402.
Although two wafer inspection tools are shown in Fig. 4, the system may include
any other number of wafer inspection tools described herein. In addition,
although the wafer inspection tools are shown in Fig. 4 as having the same
configuration, the system embodiments described herein may include one or

20 more wafer inspection tools that are different than other wafer inspection {ools

included in the system.

As shown in Fig. 4, inspection tools 400 and 402 include light source 404,

which may include any suitable tight source known in the art such as a broad

25 band plasma (BBP) light source or a laser. Light from the light source may be
directed to beam splitter 406, which may be configured o direct the light from the
light source to wafer 408. The light source may be coupled to any other suitable
elements {not shown) such as one or more condensing lenses, collimating lenses,
relay lenses, objective lenses, apertures, spectral filters, polanzing components

36 and the like. As shown in Fig. 4, the light may be directed {o the wafer at a normal
angle of incidence. However, the light may be directed {o the wafer al any suitable
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angle of incidence including near normal and oblique incidence. In addition, the
light or multiple light beams may be directed to the wafer at more than one angle
of incidence sequentially or simultaneously.

ey

The inspection tools may be configured to scan the light over the wafer in
any suitable manner. For example, the inspection {ools may include stage 410
on which wafer 408 is disposed during a wafer inspection recipe. The stage may
be coupled 1o one or more mechanical and/or robotic assemblies {not shown)
that are configured to move the stage in one or more directions such that the
16 light can be scanned over the wafer. In addition, or alternatively, the wafer
inspection tools may include one or more optical elements (not shown) that are

configured to scan the light over the wafer.

Light from wafer 408 may be collected and detected by one or more

i5 detectors of the inspection tools during scanning. For exampie, light reflected
from wafer 408 at angles relatively close to normal {i.e., specularly reflected light
when the incidence is normal) may pass through beam splitter 406 {o lens 412,
Lens 412 may include a refractive optical element as shown in Fig. 4. In
addition, lens 412 may include one or more refractive optical elements and/or

20 one or more reflective optical elements. Light collected by lens 412 may be
focused to detector 414, Detector 414 may include any suitable detector known
in the art such as a charge coupled device (CCD)} or ancther type of imaging
detector. Detector 414 is configured to generate output that is responsive to the
reflected light collected by lens 412, Therefore, lens 412 and detector 414 form

s one channetl of the inspection tools. This channel of the inspection {ools may
include any other suitable optical components (not shown) known in the art. The
autput of the detector may include, for example, images, image data, signals,
image signals, or any other cutput that can be generated by a detector suitable
for use mn an inspection tool.

ki)
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Since the inspection tools shown in Fig. 4 are configured o detect light
specularly reflected from the wafer, the inspection tools are configured as bnight
field (BF) inspection toals. Such inspection tools may, however, also be

configured for other types of wafer inspection. For exampie, the inspection tools

ey

shown in Fig. 4 may also include one or more other channels {not shown). The
other channel{s} may include any of the optical components described herein
such as a lens and a detector, configured as a scattered light channel. The lens
and the detector may be further configured as described herein. In this manner,
the inspection tools may also be configured for dark field (DF) inspection.
10
The inspection tools also include computer subsystem 416 that is coupled
to one or more elements of the tools. For example, the computer subsystems
may be coupled o one or more detectors of the inspection tools such that the
computer subsystems can receive output generated by the detector(s). in this
i5 manner, output generated by the detector{s) of the inspection tools may he
provided to computer subsystems 416. Computer subsystems 416 are
configured for detecting defects on a wafer based on the output generated for
the wafer by the detector, which may be performed in any suitable manner
kriown in the art.
20
The system also includes computer subsystem 418 configured for
performing the collecting, identifying, and determining steps descnbed herein.
For exampie, the computer subsystem may coliect the inspection results from at
least one of the wafer inspeaction tools and store the results in storage medium
25 420. Computer subsystem 418 and storage medium 420 may be further
configured as described herein {e.g., as part of one system 422 or as separate
entities that are coupled by one or more fransmission media {(not shown in Fig.
4)). The computer subsystem may be configured {o perform any other steps
described herein. The system may also be further configured as described

3 herein.
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it is noted that Fig. 4 is provided herein to generally Hiustrate a
configuration of ingpection tools that may be included in the system
embodiments described herein. Obviously, the inspection tool configuration

described herein may be altered o optimize the performance of the inspection

ey

tools as is normally performed when designing a commercial inspection {ool. In
addition, the systems described hersin may be implemented using existing
inspection tool{s) {&.g., by coupling elements described herein {e.g., computer
subsystermn 418 and/or storage medium 420} {0 existing inspection tool{s}) such
as inspection tools that are commercially available from KLA-Tencor. For some
16 such systems, the methods described herein may be provided as optional
functionality of the system {e.g., in addition to other functionality of the system}.
Alternatively, the system described hergin may be designed “from scratch”™ {o

provide a completely new system.

i5 Furthermore, although the system shown in Fig. 4 is described herein as
including optical or fight-based inspection tools, the inspection tool{s) may be
configured as electron beam based inspection tool{s}). The electron beam based
ingpection tool{s) may be any suitable electron beam based inspection tool(s)
including commercially available slectron beam inspection tool{s).

20

Further modifications and alternative embodiments of various aspects of the

invention will be apparent to those skilled in the art in view of this description. For
example, systems and methods for monitoring stability of a wafer inspection recipe
over time are provided. Accordingly, this description is to be construed as

25 tustrative only and for the purpose of {eaching those skilled in the art the general
manner of carrying out the invention. 1t is to be understood that the forms of the
invention shown and described herein are o be taken as the presently preferred
embodiments. Elements and materiais may be substituted for those illustrated
and described herein, parts and processes may be reversed, and certain features

36 of the invention may be utilized independently, all as would be apparent to one
skifled in the art after having the benefit of this description of the invention.
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Changes may be made in the elements described herein without departing from

the spirit and scope of the invention as described in the following claims.
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WHAT IS CLAIMED iS:

1. A computer-implemented method for monitoring stability of a wafer
nspection recipe over time, comprising:

collecting inspection results over time, wherein the inspection results are
generated by at least one wafer inspeaction tool while performing

the wafer inspection recipe on wafers at different points in time;

identifying abnormal variation in the inspection results by comparing the
mspection resulis generated at different times to each other; and

determining if the abnormatl variation is atiributable to the wafers, the
wafer inspection recipe, or one or more of the at least one wafer
inspection tool thersby determining if the wafer inspection recipe is
stable over time, wherein said collecting, said identifying, and said

determining are performed by a computer system.

2. The method of claim 1, wherein the inspection results that are compared
comprise one of more characteristics of one or more images generated by the at

least one wafer inspection tool for the wafers.

3. The method of claim 1, wherein the inspection results that are compared
are produced prior to performing defect detection for the wafers in the wafer

nspection recipe.
4. The method of claim 1, wherein the inspection results that are compared

comprise one or more characteristics of defects detected on the wafers by the

wafer inspection recips.
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5. The method of claim 1, wherein the inspection results that are compared
comprise one or more characteristics of defect classification resuits produced by

the wafer inspection recips.

ey

6. The method of claim 1, wherein comparing the inspection results {o each
other comprises determining one or more characteristics of the inspection resulis
that are not generated by the wafer inspection recipe and comparing the one or
more characteristics of the inspection results generated at different imes o each
other.

10

7. The method of claim 1, wherein said collecting is performed periodically

as a function of time.

8. The method of claim 1, wherein said collecting comprises storing the
i5 inspection resulis generated by two or more of the at least one wafer inspection

tool in the same computer-readable storage medium.

8. The method of claim 1, wherein said collecting comprises storing the
inspection results with information for wentities of the wafers, the waler

20 inspection recipe, the al least one wafer inspection tool, and time that the wafer
inspection recipe was performed corresponding to the inspection resulfs.

1G.  The method of claim 1, wherein said determining comprises comparing
the inspection resuits for at least two of the wafers generated by the same one of
25 the at least one wafer inspection {ool.

11, The method of claim 1, wherein said determining comprises comparing
the inspection results for at least two of the wafers generated by different ones of
the at least one wafer inspection tool.

ki)
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12. The method of claim 1, wherein the one or more fabrication processes are

part of & production process.

13.  The method of claim 1, wherein the at least one wafer inspection tool is at

least one optical inspection tool.

14.  The method of claim 1, wherein said collecting, said identifying, and said

determining are performed automatically.

15,  The method of claim 1, wherein the computer system is not part of any of

the at least one wafer inspection tool.

16. A non-transitory computer-readable medium, storing program instructions
executable on a computer system for performing a computer-implemented
method for monitoring stability of a wafer inspection recipe over time, wherein

the computer-implemented method comprises:

collecting inspection results over time, wherein the inspection results are
generated by at lsast one wafer inspection tool while performing

the wafer inspection recipe on wafers at different points in time;

identifving abnormal variation in the inspection resuits by comparing the
nspection resulis generated at different times to each other; and

determining if the abnormal variation is attributable fo the wafers, the
wafer ingpection recipe, or one or more of the at least one wafer
mspection tool thereby determining # the wafer inspection recipe is

stable over time.

17. A system configured to manitor stability of a wafer inspeaction recipe over

time, comprising:
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at least one wafer inspection tool configured 1o generate inspection resulls
by performing a wafer inspection recipe on wafers at different

points in time; and

a computer subsystem configured for:

collecting the inspection resuits over time;

identifying abnormal variation in the inspection resulis by
comparing the inspection results generated at different times

{o each other; and

determining # the abnormal variation is atiributable to the wafers,
the wafer inspection recipe, or one or more of the at least
one water nspection ool thereby determining  the wafer
inspection recipe is stable over time.

18.  The system of claim 17, wherein the inspection results that are compared
comprise ong or more characteristics of one or more images generated by the at
least one wafer inspection tool for the wafers.

18.  The system of claim 17, wherein the ingpection resuits that are compared
are produced prior {o performing defect detection for the wafers in the wafer

inspection recipe.
20.  The system of claim 17, wherein the inspection results that are compared

comprise one or more characteristics of defects detected on the wafers by the
wafer nspection recipe.
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21, The system of claim 17, wherein the inspection resuits that are compared
comprise one or more characteristics of defect classification resuits produced by

the wafer inspection recips.

ey

22.  The system of claim 17, wherein comparing the inspection resuits to each
other comprises determining one or more characteristics of the inspection resulis
that are not generated by the wafer inspection recipe and comparing the one or
more characteristics of the inspection results generated at different imes o each
other.

10

23.  The system of claim 17, wherein said collecting is performed penodically

as a function of time.

24, The system of claim 17, wherein said collecting comprises storing the
i5 inspection resulis generated by two or more of the at least one wafer inspection

tool in the same computer-readable storage medium.

25. The system of claim 17, wherein said collecting comprises storing the
inspection results with information for wentities of the wafers, the waler

20 inspection recipe, the al least one wafer inspection tool, and time that the wafer
inspection recipe was performed corresponding to the inspection resulfs.

26.  The system of claim 17, wherein said determining comprises comparing
the inspection resuits for at least two of the wafers generated by the same one of
25 the at least one wafer inspection {ool.

27.  The system of claim 17, wherein said determining comprises comparing
the inspection results for at least two of the wafers generated by different ones of
the at least one wafer inspection tool.

ki)
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28.  The system of claim 17, wherein the one or more fabrication processes

are part of a production process.

28.  The system of claim 17, wherein the at least one wafer inspection tool is

at least one optical wafer inspection tool.

30.  The system of claim 17, wherein said collecting, said identifying, and said

determining are performed automatically.

31, The system of claim 17, wherein the computer subsystem is not part of
any of the at least one wafer inspection tool.
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