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AUTO-CORRELATION OF WAFER CHARACTERIZATION DATA
AND GENERATION OF COMPOSITE WAFER METRICS
DURING SEMICONDUCTOR DEVICE FABRICATION
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00837 India Provisional Patent Application No. 201841011788 and United Siates
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TECHNICAL FIELD

[op4} The present invention genevally relates to semiconductor devics
fabtication and, mars particularly, to auto-correlation of wafer charadlerization data
and generation of composite wafer metrics during semiconductor device

fabrication.
BACKGROUND

0065} The fabrication of semiconductor devices such as logic and memory
devices typically includes processing a semiconductor device using a number of

fabrication processes and characlerization processes to form various features and
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muitiple lavers of the semiconductor device. Select fabrication processes utilize
photomasksireticles fo print features on a semiconductor device such as & wafer.
As semiconductor devices become smaller and smaller laterally and extended
vertically, it becomes critical to develop enhanced characterization processes with

increased sensitivity and throughput

[o006] Process-induced wafer geometry (PIWG) distortion in semiconductor
device dies often result in the semiconductor device failing electrical tests during
final electrical probe or end probe lesting. Select pattern wafer geometry (PWEG)
tools gquantify and monitor wafer geomelry distortion during fabrication by
correlating semiconductor device die fallure with a geometry feature corrasponding
{0 a selected geometry metric. The selecled geometry metric may be one geometlry
metric of the hundreds of geometry metrics for characterizing wafer geomebry {or
a subset of the hundreds of geomelry metrics, selected based on semiconductor
manufacturers’ judgment and ‘the end probe lesting fallre data). Once the
geometry metric of the hundreds of geomeiry metrics {or subset thereof) with the
select level of correlation is determined, the remainder of the geometry metrics

may be discarded.

{00077 The select PWG tools may determing the root cause of the semiconductor
device die failure to be the particular geometry fealure corresponding to the
geomelry metric with a sslect level of correlation {o the semiconductor device die
failure. The select level of correlation, however, is generally limited to the
correlation for a single geomelry metric of the hundreds of geomelry melrics,
meaning the selectlavel of correlation may be limited by the representation of the
single geometry metric. For example, the select level of correlation may be less

than 70 percent.

100081 As a resull, the select level of correlation may imply & weak causal relation
of the geometry feature and the semiconductor device die fallure. in addition,
individually checking each geamelry meltic of the hundreds of geometry metrics

{or even the subset of the hundreds of geometry metrics) may require a high



WO 2019/191152 PCT/US2019/024156

furnaround time on the order of several days to weeks. Turnaround time may be
increased with the possibility that mudtiple semiconductor process steps may be
the root cause of the semiconductor device die failure, as the selected geometry
melfic may need to meet the select lavel of comrelation at all possible process
steps. in addition, turnaround fime may be increased with the possibility that the
segiected geometry meliic corresponds to mulliple wafer geomelry frequencies, as
the selected geometry metric may nead o meet the select level of correlation for

all wafer geomelry freguencies.

foone}  Thersfore, it would be advantageous o provide a system and method that

cures the shortcomings described above.
SUMMARY

[oo4a} A system is disclosed, in accordance with one of more embodiments of
the present disclosure. in one embodiment, the sysiem includes a controller. In
another embodiment, the conlrolier includes one or niore processors and memory
configured o store one of more sels of program instructions. In ancther
embodiment, the one or more processors are configured to execute an auto-
correlation module embodied in the onie or more sels of program instructions. in
another embodiment, the auto-correlation module is configured {o cause the one
o more processors to receive one of more patierned wafer geometry melics. In
another embodiment, the aulc-correlation module is configured to cause the one
or mare processors o receive wafer characlerization data from ong or more
characlerization tools. In ancther embodiment, the aulc-correlation module is
configired 'fo cause the one of more processors o determine a correlation
betwsen the one or mote patterned wafer geometry metrics and the wafer
characterization data. In another embodiment, the auto-correlation module is
configured to cause the one or more processors fo generate a ranking of the ong
or more patterned wafer geometry metrics based on the determined correlation. in
anpther embadiment, the aulo-correlation module is configuted to cause the one

or more processors to construet & composite metric model from a subset of the
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one ormore patterned wafer geomelry metlrics based on the ranking of the one or
mofe patterned wafer geomelry meliics. In another embodiment; the auto-
correlation module is configured o cause the one or more processors {o generate
ohe ormore composite wafer metrics frony the composite melricmodel. Inanother
embodiment, the auto-correlation module is configured fo cause the one or more
processors fo generate a stalistical process control oulput based on the one or

matre composite wafer metrics.

f0011] A syslem is disclosed, in accordance with one or more embodiments of
the present disclosure. In one embodiment, the system includes one or more
characterization tools. in anotheér eivbodiment, the system includes a controller. In
another embodiment, the conlroller includes one or more processors and memory
configured to store one or more sels of program instructions. I another
embodiment, the one or more processars are configured to exgcute an autp-
correlation module embodied in the one or more sels of program instructions. in
another embadiment, the aulo-correlation module is configured {o cause the one
OF fmore processors o receive one ormore patterned wafer geometlry metrics. in
another embodiment, the auto-correlation module is configured to cause the one
of Mgt processors ko receive wafer characterization data from the one or more
characterization {fools. In ancther embodiment, the auto-correlgtion. module is
configured {0 cause the one or more processors o determine a correlation
betwsen the one or morfe patterned ‘wafer geomelry metrics and the ‘wafer
characterization data. In another embodiment, the aulo-correlation module &
configured 1G cause the one or more processors fo generate a ranking of the one
or more patterned wafer geomelry melrics hased on the determined covrelation. In
another embadiment, the auto-correlation module is configured to cause the 6ne
of move processors to construct a composite metric model from a subset of the
one or more patterned wafer geometry metrics based on the ranking of the one or
more patlerned waler geomelry metries. In another embodiment, the asuto-
correlation module is configured to cause the one of maore processars to generate
ong or more composite wafer metrics fromthe composite melricmodel. In‘another

embodiment, the auto-correlation module is configured to cause the one or more
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processors fo generale a statistical process control oulput based on the one or

mote composile wafer metiics.

08121 A method is disclosed, in accordance with one or more embodiments of
the present disclosure. In one embodiment, the method may include, but is not
fimited o, receiving one or more pallerned wafer geometry metrics. In another
embodiment, the method may incdude, but is not limited to, receiving wafer
characterization data from one or more wafer characterization tools. In another
embodiment, the method may include, but is not limited o, determining a
correlation between the one or more patterned wafer geometry metrics and the
waler characlerization data. {n ancther embodiment, the method may include, but
is not limited fo, generating a ranking of the one or more patterned wafer geometry
metrics based on the determined correlation. In another embodiment, the method
may include, but is not limited to, constructing a composite metric mode! from a
subzet of the one or more patternad wafer geomelry metrics based on the ranking
of the one or more patterned waler geometry metrics. In another embodiment, the
method may include, butis notlimited to, generaling one or more composite wafer
metrics fromthe composite metric model. In ancother embodiment, the method imay
include, but is not limited to, generating a statistical process control cutput based

oty the ‘one or more composite wafer metrics.
BRIEF DESCRIPTION OF THE DRAWINGS

1004317 The numerous advantages of the present disclosure may be beller
understood by those skifled in the art by reference to the accompanying figures in

which:

FIG. 1 illustrates a flow diagram of a method Tor auto-correlation of wafer
characterization data and generation of composite wafer metrics, in
accordance with one or more embodiments of the present disclosure;

FiG. 2 graphically llusirates metric rankings based on metric significance versus
pattern wafer geomelry mefrics, in accordance with one or more

embodiments of the present disclosure;
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FIiG.

G,

FiG.

FiG.

FIG.

FiG.

FiG.

3A graphically illustrates individual pattem wafer geometry (PWG} metrics
representing a8 semiconductor device die failure, in 8ccordance with one or
more embaodiments of the present disclosure;

3B graphically Hustates & composite PWG metlic representing &
semiconductor device die fallure, I accotdance with one or more
embodiments of the present disclosure;

3C graphically llustrates prediction accuracy of a metric ranking versus a
nhumber of metrics, in accordance with one or mare embodiments of the
present disclosure;

4 dlustrates a flow diagram of a method for auto-correlation of wafer
characterization data and genevation of composite wafer metrics during
semiconductor device fabrication, i accordance with one or more
embodiments of the present disclosure;

5A ilustrates a simplified block diagram of a system for auto-correlation of
wafer characterization data and generation of composits wafer melrics, in
accordance with otte or more embodiments of the present disclosure;

5B dlustrates a simplified block disgram of @ system for auto-correlation of
wafer characlerization data and generation of composite wafer metrics, in
accordance with one or more embodiments of the present disclosure;

& llustrates a simplified block diagram of a systent for auto-corrslation of
wafer characterization data and generation of composite wafer metrics, in
acoordance with one or more embodiments of the present disclosure) and
7 illustrates a simplified block diagram of a system for auto-correlation of
wafer characterization data and generation of composite wafer metrics
during semiconductor device fabrication, in accordance with one or more

embodiments of the presant disclosure.
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DETAILED DESCRIPTION OF THE INVENTION

[0014] Referencewill now be made in detall tothe subject matter disclased, which

is iflustrated in the accompanying drawings.

[0015] Referting generally o FIGS. 1-7, a system and method for aula-coirelation
of wafer characterization data and generation of composite wafer metrics during
semiconductor device fabrication, in accordance with one or more embodiments

of the present distlosure.

{0016} Embodiments of the present discloswre are directed to auto-correlation of
wafer characterization data and generation of composite waler metrics during
semiconductor device fabrication. Embodiments of the present disclosure dre also
direcled to classificalion processes for meliic ranking-based aulo-correlation.
Embodiments of the present disclosure are alst directed to generating composite
metrics for grealer correlation between semiconductor device die failure and
geometry feattires. Embodiments of the present disclosure are also directed fo
implementing the generated rankings and composite metrics for end probe and

inline semiconductor characterization processes.

» o,

(00473  1tis noted herein thal "geometry metric,” “wafer geometry melric,” “paliern
wafer geomelry melric,” and "PWG metic” are equivalent for purposes of the
present disclosure. In addifion, & is noted herein that "geometry feature,” “wafer
geometry feature,” “pallern wafsr geometry feature.” and "PWG feature” are

equivalent for purposes of the present disclosure.

[0018] FIGS. 1-4 generally illustrate methods for auto-comslation of wafer
characlerization data and generation of composite wafer meltics during
semiconductor device fabrication, in accordance with one or more embodiments

of the present disclosure.

018} FiG. 1 llustrates a wmethod 100 for auto-correlation of wafer
characterization data and generation of composite wafer metrics, i accordance

with one or more embodiments of the present disclosure.
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100201 In astep 102, one or more pattem wafer geomelry metrics (PWG mestrics)
are received. in one embodiment, the one or more PWG melrics each explain a
portion of '@ semiconducior device {e.g., semiconductor wafer) die failure for a
particular frequency of a geomelry feature. For example, the one urmore PNG
metrics may include, but are not limited to, one or more wafer shape melrics {e.g.,
bow, warp, or the hke), one or more site flatness metlrics, one or more
nanotopography metrics (NT metrics}, one more roughness metrics, or the like.
Forexample, an NT metric may be caleulated for a front surface and a back surface
of a waler individually and cowespond to sudden topography variations. By wayof
another example, the one or more PWG metrics may include one or more local
shape curvature melrics (LSC metrics). For instance, an LSC melic may
correspond to within-die {g.g., site-level} stress variation, or the like. it is noted
herein the one of more PWG melrics may be classified based .on spalial
wavelength (e.g., ranging from micrometers to hundreds of millimeters) and
amplitudesheight (e.g., ranging from Angstroms to hundreds of micrometers). It is
noted herein that the portions of the semiconductor device die failure explained by
the one or e PWG metrics may or may hot add up to a8 100% combination or

representation of the semiconductor device die failure.

[0024} Inastep 104, waler characterization data is received. In one embodiment,
the wafer characterization data includes inspection data {e.g., in-plane distortion
{IPD) data). In another embodiment, the wafer characlerization datas includes
metrology data (e.g., out-of-plane distortion (OPD} data). For example, the wafer
characietization data may inclide, bul is not linmited o, inline metrology dala. in
another embodiment, the wafer characterization data includes electrical probe or
end probe data. In another embodiment, the wafer charactenization data may be
real-lime dala for a cumrent set of semiconductor charactefization pracesses. ltis
noted herein, howsaver, that the wafer characterization data may be historical data
for a previously-campleted set of semiconductor characterization procésses.
Therefore, the above description should not be interpreted as a limitation on the

scope of the present disclosure, but mersly an Hustration.
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{00227 In a step 106, a correlation between the one or more PWG metrics and
the wafer characlerization dala is determined. In one embodiment, the one or more
PWG metrics and the wafer characterization data is input into a machine learning
algorithm.  For example, the machine {earning slgorithm may include a
classification algorithim. For instance, the classification algorithm may include a
togistic regression algorithm. in addition, the classification algorithm may include a

decision ttee.

{00231 In ancther embadiment, the machine learning algorithm includes one or
maore established algorithms. For exampie, the machine leaming algorithm may
include a weighted-sum madel algorithm fo determine the total performance of an

alternative 4; of a set of alternatives 4, as shown in EQ. 1.
A; = E?:l Wi * @y {(EQ.1)

[pg241 In EQ. 1, 4; is a particular alternative of an m number of alternatives and

an n number of decision oriteria, where { ranges from 1 to m. In addition, w; is a

weight of important for a criterion £;. Further, a; is a performance value {(e.g.,
PWG metric} for 4;, where 4; is evalualed in terms of all criterion

simultansousty.

[0025] In a step 108, a ranking of the PWG metrics is generated based on the
correlation. In one embodiment, the ranking process assists in identifying one or
more foot causes of semiconductor device die failure. in ohe embodiment, the
ranking is based on the correlation between the ane or more PWG metrics fo the
semiconductor device die fallure. For example, the ranking may be based on a
cotrelation at the elecliical probe or end probe. By way of ancther example, the
ranking raay be based on a corelation &t any inline fallure indicator {e.g,,
inspection tool, metrology tool, inline metrology tool, or the like) known in the art.
For instance, the inline failure indicator known in the art may include, but are not

fimited to, metrology, overlay, Real-time Defect Analysis (RDA), or the like.
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{00261 In ancother embodiment, the machine learning algovithinranks the.ons or
motfe PWG metrics based on a determined correlation coefficient {or weighting
cosfficient, or metlric significance}. For example, the correlation coefficient may be
an RY - value. FIG. 2 graphically illustrates data 200 of a comparison of geometry
metric significance versus pattern wafer gepmelty metrics for geometty metric
rankings 202, in accordance with one or more sembodiments of the present

disclosure.

100271  In another embodiment, the weight given to a particular PWG metric during
the ranking of the one or more PWG metlrics is proportional o the correlation
coefficient for the patticular PWG melric. For example, a first PWG metric witha
first correlation coefficient that explains more ahoutl the semiconductor device die
failure may be weighted mors than a second PWG metric with a second correlation
cosfficient that explains less about the semiconductor device die failure. This
increased weighling may cause the first PWG metric to be ranked more highly than
the second PWG metric. It is noted herein, however, that the proportionality
between the correlation coefficient and the weight given for purposes of ranking
the ote or more PWG metrics may be dépendent on a case-by-case basis {e.g.,

dependent upon a particular set of the one oF fvre PWG mietrics at hand).

fpaaay It is noted herein the machine learning algorithm may receive wafer
characterization data and one or more PWG metrics for each semiconductor
device die in a data sheet For example, the data sheet may include row data for
sach semiconductor device die. By way of another example, the data shest may
include column data for PWG coordinates, wafer characterization data {(e.g.,
inspection data, metrology data, inline metrology data, andior slectrical probe or
end probe data), and PWG metrics. The machine leaming algonithm may output a
data set or chant ihcluding the rankings in response o the received wafer
characterization data and the one or more PWG metrics for each semiconductor

device die.

10
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{00281 In a step 110, a composite metric model is constructed from a subset of
the PWG metrics based on the ranking. in ohe eémbadiment, the machine learning
algorithm generates the composite metric model from the received one or mare
PWG metrics and the wafer characterization data. In ancther embodiment, the
compuosite metric model includes a subset of the one or more PWGE metrics, where
the:subset of the one or more PWG melrics includes one or more select individual
PWG metrics. For example, the subset of the one or more PWG metrics may
include the highestranked individual PWG metrics. For instance, the composite
mefric model is constructed from a fust metric with the highest ranking. & second
metric with the second-highest ranking, to an Nth metric with the Nth-highest
ranking. it is noted herein the subset of the one or more PWG metvics may include

fewer than the entire set of the one or more PWG metrics.

{0030] In a step 112, one or more composite wafer metrics are generated from
the compaosite metric model. In one embodiment, the composile melrics assist in
determining causality between geometry features and semiconductor device die
failure due o one or more faclors andfor one or more fabrication processes. Far
example, the one or more compaosite wafer metrics may provide manufacturers of
semiconductor devices a percentage of confidente that a particular semiconductor
device being tested will pass or fall {e.g., as opposed o telling whether the device

will pass or fail}.

[po31] FIG. 3A graphically illustrates a device die failure or die failure 300 at least
parfially represented by a stubset 302 of PWG melrics, in'accordance with one or
more-embodiments of the present disclosure. In ang émbodiment, the subset 300
of PW G metrics includes a PWG metric 304, 3 PWG melric 308, and a PWG melric
308, where the PWG metrics 304, 306, 308 can sach explain a part of the die
failure 300 for g particular frequency of a geomelry feature. Forexample, the PWG
metric 304 may have a 55% correlation fo the die failure 300. By way of another
exampie, the PWG metric 308 may have a 45% correlationto the die failure 300

By way of anolher example, the PWG melric 308 may have a 30% correlation {o

11
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the die failure 300. In this regard, the PWG metrics 304, 308, 308 may each

individually have a weak correlation to the die fallure 300.

{00321 FH5. 3B graphically llustrates of the die faillure 300 at least partially
represented by a composite metric 310, in accordance with one or maore
embodiments of the present disclosure. In one embodiment, the compaosite metlrc
model outputs the composite metric 310. For example, the composite metric 310
may have an 85% correlation fo the die failure 300. I this regard, the composite
metric 310 may have 3 stronger correlation to the die failure 300, as comparsd to
the correlation of the PWG mettics 304, 306, 308 indwidually.

foo33]  FIG. 3C graphically iflustrates data 320 of 3 comparison of prediction
accuracy versus number of geomelry metrics for a8 composite wafer metric, in
accordance with one or more embodiments of the present disclosure. As illustrated
by the data poinis 322 and corresponding trend line 324, the prediction accuracy
of the composite wafer metric may peak {e.g., provide an optimum correlation
cosfficient) with the inclusion of three geometry metiics. His contemplated that the
correlation coefficient may become saturated with more complicated composite
wafer models including more than three geometlry metrics. i is noted herein,
however, that one may stifl use any number of geometry metrics to generatle the

composite wafer melrics.

{00347 in a step 114, one or more statistical process confrol (SPC) oulputs ars
gensrated based onths one or more composite wafermetries. In one embodiment,
the SPC oulpuls are monitored for process control. in another embodiment, one
or more control signals for one or more process tools are generated based on the
one or more composite wafer melrics andfor the one or more SPC oulpuls. In
another embodiment, the one or more control signals are provided 1o the one or

maore process tools.

[03s)  Itis noted herein that method 100 may allow for an automatic correlation
{or auto-correlation} between a multitude of PWG metrics {e.g., tens, hundreds, or

the like} and end probe wafer characterization data for semiconductor device die

12
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failure. For example, the sulomalic correlation may reduce the characterization
timespan from weeks to days for manufacturers of semiconductor devices andfor

semiconducior device fabrication thols.

{0036} In addition, it is noled hersin that method 100 may allow for automatic
cortelgtion {or aulo-correlation bebween a mullitude of PWG melrics {(e.g., tens,
hundrads, or the like} and inline wafer characterization data (e.g., defectivity,
metrology, or the like} for semiconducior device die failure, which may provide
insight into the one or more root causes of the inline wafer characterization data
and predictdevice die fallure prior to end probe testing. For example, the automatic
correlgtion may predict semiconductor device die fallure days or weeks ahead of

the end probe testing.

{0837} Further, it is noted herein that the method 100 may allow for automatic
ranking of geometry features based on correlation to semiconductor device die
fallure. Further, s noted herein that the method 100 may allow for automatic
generation of 2 composite geomelry metric basad oh a8 stbset of geometry metlrics
that meet a select ranking to achieve an improved, more robust corvelation to the
samiconductyr device die failure. For example, the improved, more robust
correlation may allow for the monitoring of fewer geomelry metrics and may result

in increased fabrication productivity.

{00381  As such, the method 100 may reduee cost and oycle Hime while improving
a semiconductor device vield by providing a heighlensd confidence regarding
whether a particular semiconductor device die includes a failure at multiple stages

during the semiconductor device produttion process.

10038] FiG. 4 illustrates a flow diagram of a method 400 for auto-correlation of
wafer characterization data and generalion of composite wafer metrics duting
semiconductor device fabrication, in accordance with one or mote embodiments

of the present disclosure.

13
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{00401 In a step 402, one or more composite wafer melvics are determined. In
one embodiment, the ohe of more composite wafer metrics are generated via one

or more steps of the method 100,

{0041} In a step 404, one or more control signals are generated for ane or more
process lools based on the one or more composile wafer melrics. In one
embodiment, the one or more control signals improve performance of a
semiconductor fabrication process by adjusting a process tool responsible for a
semiconducior device die failure correlated to the one or mare composite wafer

meilrics.

[00421 In a step 4086, the one or mare conirol signals are provided to the one or
more process fools. In one embodiment, the one or more control signals may be
provided to a process tool via a feedback loop {e.g., to a process ool positionad
within the fabrication process line before the characterization tool) fo prevent the
semiconductor device die failure on subsequent wafers. in another embodiment,
the one or more control signals may be provided to a process tool via g feed-
forward loop {e.g., to-a process fodl positioned within the fabrication process line
after the characterization tool} fo compensate for the potential semiconductor

device die failure on the same semiconductor wafer.

100431 It is noted herein the method 100 andfor the method 400 is not limited 1o
the sleps provided. For example, the methed 100 andior the method 400 may
instead include more or fewsr steps. By way of ancther exampls, the methed 100
andior the method 400 may perform the sleps in an order other than provided.
Therefore, the above descriplion should not be interpreted as a limitalon on the

scope of the present disclosure, but merely an #lustration.

{0044] FIGS. 5A and 5B generally illustrate a subsystem 500 for auto-correlation
of wafer characterization data and generation of composite wafer metrics, in

accordance with one or more embaodiments of the present disclosurs.

14
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{00451 In one embodiment, the subsystem 500 includes an auto-cowrelation
module 502, in another embodiment, the auto-correlation module 502 receives ohe
of more data inpuds. I ancther embodiment, the one or more data inputs includes
wafer characterization data D04, For example, the waler characterization data 504
may include, bulis not limited to, wafer inspection data 508, wafer metrology data
508, elecinical probe or end probe data 512, or the like. Forinstance, the metrology
data 508 may include inline metrology data 510 (e.g., defectivity data, overlay data,
ar the like). By way of another example, the wafer charsclerization data 504 s
received from one or more wafer characterization teols. In another embediment,
the one or more data inputs includes one or more PWG metrics 514. It is noted
harein that the wafer characlerization data 504 andior the ong or more PWG
metrics 514 may be received from manufacturers of semiconductor devices
implementing of the subsystem 500 and/or provided by manufacturers of the

subsystem 500,

{00487 In another embodiment, the aulo-correlation module 502 implements one
or more mmachine leaming algorithms to genetate a ranking 518 comparing the
semiconductor device die failure with the one or more PWG metrics 514, For
exampie; the ranking 516 may be based on g delermined cotrelation coefficient.
Faor instance, the comelation coefficient may be an R? - value. By way of another
example, as illustrated in FIG. 5B, the auto-correlation module 502 may include
one or more submodules for use by and/or with the machine learning algorithm.
For instance, the auto-correlation module 502 may include a submodule 530 for
analyzing inspection dala, a submodule 532 for analyzing metrology dala 532
{e.g., inline metrology data, overlay metrology data, or the like}, a submodule 534
for analyzing electrical probe or end probe data, andfor a submodule 536 for

analyzing PWG melrics.

{60471 In another embodiment, the aulo-correlation module 502 generstes a
composite metric model 518 from a subset of the one or moare PWG metrics 514,
For example, the selection of the subsst of the onhe of more PWG metrics 514 may

be based on the ranking 518, In another embadiment, the compeosite metric modsl

15
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518 generates one or more composite waler metrics 520 from the subset of the
one or more PWG metrics 514, In this regard, the one or more composite watler
metrics 520 has a greater correlation & the semiconductor device die failure than

anyof the one or more PWG mslries 514 individually.

foo48]  In anctherembodiment, the oneé of more composite waler metrics 520 may
be cutpwt in one or more statistical process control (SPC) datasels or charls 522
In another embodiment, the SPC datasets 522 are monitored for process control.
in another embodiment, one or more control signals forone of more process fools
based onthe one o more composite wafer melrics 520 andfor the one or more
SPC datasels 522 are generated. in another embodiment, the one or more control

signals are provided to the one or more process tools.

[oods} FIGS. 6 and 7 generally illustrate systems for auto-carrelation of wafler
characterizalion data and generalion of composile wafer metlrics during
semiconductor device fabrication, in accordance with one or more embodiments

of the present disclosure.

fogsn}  FIG. 8 illustrates a simplified block diagram of a system 600 for auto-
correlation of wafer characterization data and generation of composite wafer
metrics during semiconducior device fabrication, inaccordance with one grmore

embodiments of the present disclosure.

{00511 In one embodiment, the System 60U is configured {o performi ons of more
semiconductor praduction processes. in ancther embodiment, the one or more
semiconductor production processes include ohe or more semiconductor
fabrication processes. For example, the one or more semiconductor fabrication
processes may include, but are not limited to, one or more lithoygraphic processes
such as substrate preparation, spin coating, pre-bake processes, exposure
processes, post-exposure baking processes, development processes, post-bake
processes, or the like. For instance, the one or more lithographic processes may
include, but are not limited fo, patterning pracesses, etching processes, stripping

processes, annealing processes, chemical mechanical planarization (CMP)

16
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processes, of the like. By way of another example, the one or more semiconductor
fabrication processes may include, but are not limited 1o, one or more film
deposition processes. For example, the one or more film deposition processes
may include, but-are not limited to, chemical vapor deposition {CVD) processes,

physical vapor depuosition {PVD) processes, or the like.

feos2]  In ancther-embodiment, the system 800 includes one or more process
tools 602 and 604 configured to perform the one or more semiconductor fabrication
processes. In another embodiment, the one or more process tools 802 and 604
include one or more lithography process fools. For example, the one or more
lithography process tools may include, but are not limited to, patterning fools,
stching fools, semiconductor doping tools, or the like. Generally, e one or more
lithography process tools may include any lithography process fool known.in the
art. Therefore, the above description shouild not be interpreted as a limitation on

the scupe of the present disclosure, but merely an illustration.

{00531 in ancother embodiment, the one or more process tools 802 and 804
include one or more film deposition tools. For example, the one or more film
deposition tools may deposit one or more films to form one or more layers on a
sample 808. For instance, a fayer may include one or more films fabricated by a
set of semiconductor production processes that begins with the pallerning of an
intended design and ends immediately before the patterning of the next design for
the next layer. In ancther embodiment, the one or more films are depaosited based
on an operating recipe. Far example, the one or more fitms may be deposited on
a front side of the sample 808 (2.g., frontside film), a back side of the sample 606

{e:g., a backside film}, and/or on a layer previously deposited on the sample 808

{60547 In another embodiment, the sample 806 Includes any sample suitable for
characterization (e.g., inspection, review, imaging overlay, or the like). For
example, the sample 808 may include, but'is not limited to, a photomask/reticle,
semiconductor device, semiconductor wafer, o the like. As used through the

prasert disclosure, the ferm “wafer” refers fo o substrate femed of a
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semiconductor andior 3 non-semiconductor material. Forinstance, in the case of
a semiconductor material, the waler may be formed from, but is not limited o,
monocrystalline silicon, gallium arsenide, andfor indium phosphide. As such, the
term “wafer” and the term “sample” may be used interchangeably in the present
disclosure. Therefore, the above description should not be interpreted as a

limitation on the scope of the present disclosure but mersly an ilustration.

{00557 itis noted herein thal many different types of devices may be formed on.a
wafer, and the term waler as used herein is intended o encompass a wafer on
which any type of device known in the art is being fabricated. Therefore, the above
description should not be interpreted as a limitation on the scope of the present

disclosure but merely an ilfustration.

{0058} In another embodiment, the one or more semiconductor praduction
processes includes one o more semiconducior characterization processes. For
example, the one or more semiconductor characterization processes may be
perfarmed before, bebween, and/or foliowing the one or more semiconductor
production processes. By way of anolher example, the ohe or more semiconductor
characterization processes may include one or more metrology processes. By way
of ancther example, the one or more semiconductor characterization processes

may include one or more inspection processes.

{00571  In anocther embodiment, the system 800 includes one of wmare inline
characterization tools 608 configured to perform the one or'more semiconductor
characterization processes at one or mote fimes during the production process.
For example, the one of more inline characterization tools 808 may perform the
one or more semiconductor characterization processes before, between, andior

foliowing the one or more semiconductor fabrication processes.

[0058] In another embodiment, the one or more inline characterization tools 608
include one or more metrology fools configured o measure one of more spatial
characteristics of the sample 606. For example, the one ar more metrology toonls

may include, but are not limited 1o, one or more wafer geomelry (WG) tools or
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patterned wafer geometry (PWG} tools (e g, an interferometer) By way of another
exarmple, the one or more spatial characteristics may include, but are not limited
to, height {e.g., frontside height or backside height), thickness variation, flalness,
and derivatives such as shape, shape-difference, wall pitch, or the like. it is noted
herain the one or more spatial characteristics of the sample 806 may be related fo
the wafer geometry of the sample 808. in addition, #t is noted herein that the one
or more inline characterization fools 608 may be adapted fo characterize patterned
wafer geometry on the sample 808, whereby the dynamic range of the sample 606
siope {e.g.. waler slope) measured by the PWG-based characterization lools is
extended by stitthing measurement results of different regions of the sample 806

together.

{00581 In ancther embodiment, the one or more inline characterization tools 808
include one or more inspection tools. For example, the one or more inspection
tools may include, but are not Iimiled {o, an optical characlerization fool. For
instance, the optical characterization tool may include an optical characterization
{ool capable of generating one or more high-resolution images representing the
slechical intent of the sample 806 and capable of operaling at a wavelength
cofresponding {o, but not imited to, visible light, UV radiation, DUV radiation, VUV
radiation, EUV radiation, andior Xoray radigtion. in addition, the optical
characterization tool may include a broadband inspection tool including, but not
limited to, a laser sustained plasma {LSP)} based inspsction tool. Further, the
optical characterization tool may include a narrowband characterization tool, such

as, but not fimited o, & laser scanning inspection foal.

foas0]  Generally, the oneor more inline charactgrization fools 608 may include
any review tool, imaging-based overlay metrology tool, or similar tool known in the

art suitable for inspecting one or more wafers, relicles, or photomasks.

(0081} In another embodiment, the sysfem 800 includes one or more end probe
{or electrical piobe) {ools 810. For example, the one ormore end probe tools 610

may characterize the electrical funclionality of the sample 608 after all

19



WO 2019/191152 PCT/US2019/024156

semiconductor fabrication processes. | is noted herein, however, that the one or
mofe end probe fotls 610 may characlerize the siectrical funcliohality of the
sample 806 between semiconductor fabricalion processes {e.g., inline} andior
hefore any semiconductor fabrication processes. Therefore, the above description
should not be interpreted as a limitation on the scope of the present disclosure, but

merely an Hlustration.

10082] In ancther embodiment, the sample 608 is transferved between the one or
moare process tools 802 and 604, the one or more inline characterization tools 608,
and the one or more end probe fools 610 during the semiconductor production

PIOLESS.

{0083 In another embodiment, the determined semiconductor device die failure
caused by one or more semiconductor fabrication processes may be prevented in
subsequent fabrication processes on stibsequent samples 608 (e.g., ina feedback
loop). For example, the one or mote process tools 802 may be adjustable in a
feedback loop based on the defermined semiconductor device die failure caused
by the one or more semiconductor fabrication processes. In'ancther embodiment,
the determined semiconductor device die fallure caused by the ohe or more
semiconductor fabrication processes may be compensated for in subseqguent
fabrication processes on the samie sample 808 {s.g., in a feed forward loop). For
example, the one of more process foals 804 may be adjustable in the feedback
loop based on the determined semiconductor device die fallure caused by the one

or more semiconductor fabrication processes.

{0064} In anocther embodiment, the sample 806 is secured via a sample stage 812
proximate to the process tools 602 and 604, the inline characterization tools 808,
andfor the end probe fools 810, For example, the process fools 602 and 804, the
infine characterization tools 808, andfor the end probe tools 810 may each have a
separate sample siage 612, By way of another example, one or more of the
process tools 602 and 604, the inline characterization tools 608, and/or the end

probe tools 810 may share a common sample stage 612,
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{0085] The sample stage 612 may include any appropriate mechanical andfor
robotic assembly known in the art of sermiconductor characierization. For example,
the sample stage 812 may be configured to secure the sample 806 via contact with
at least a portion of a rontside surface andior a backside suiface of the sample
806. For instance, the sample stage 812 may include, but is not limited to, a
platform. By way of another example, the sample stage 812 may be configured to
secure the sample 806 via contact with a thickness surface and/or an edge of the
sample 808, For instance, the sample stage 612 may include, but is not limited to,

one or more point contact devices.

[poas} The sample stage 612 may include an actuatable stage. For example, the
sample stage 812 may include, but is not limited 1o, one ormore translational
stages suitable for selectively ransiating the sample 806 along one or more linsar
directions {e.g., x-direction, y-direction, andfor z-direction). By way of ancther
example, the sample stage 612 may include, but is not limited to, one or more
rotational stages suitable for selectively rotating the sample 608 along a rotational
direction. By way of another example, the sample stage 612 may include, but is
tvot limited o, one or more rotational stages and transiational stages suitable for
selectively transiating the sample 606 along & linear direction andfor totating the
sample 806 along a rotational divection. By way of ancther example, the sample
stage 612 may be configured to transiate or rotate the sample 806 for positioning,
focusing, andior scanning in accordance with a selected characterization process

{e.g., review, imaging overlay, or the like), several of which are known to the arf.

{00671 In ong embodiment, the system 800 includes a controller 814, For
example, the controller 814 may be communicatively coupled to the one or morg
process tools 802 and 804 by a fransmission medium that may include wireline
andior wireless portions. By way of another example, the contraller 614 may be
communicatively coupled to one or more fools of the one or more inline
characterization tools 8608 by a fransmission medium that may include wireling

andfor wirgless portions.
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{00881 FiG. 7 Hlustrates a simplified block diagram of a systeni 800 for process-
induced excursion charactenzation of the semiconductor wafer 808, i accordance

with ane or more embodiments of the present disclosure.

{0069] In one embodiment, the controller 614 includes one or more pProcessors
T00 andfor memory 702, In another embaditment, the memory 702 stores one or
more set of program instructions 704. in another embodiment, a user interface 708
is communicatively coupled to andlor integrated with the controller 614. For
exampie, the controlier 814 may be coupled fo the user interface 708 via a
transmission madium that may include wireline and/orwireless portions. In another
embodiment, the user interface 706 includes one or more display devices 708
andfor ong or more user input devices 710, In another embodiment; the one or
more display devices 708 are coupled to the one or more user inpul devices 710,
For example, the one or more display devices 708 may be coupled to the one or
mors-user input devices 710 by a ransmission medium thal may include wireling

andfor wireless partions.

[pa70] The controller 814 may be configured o receive andior acquire data or
information from other systems or sub-systems {e.g., one or more sets of
information fromthe one or more process fools 802 and 604, the one or more infine
characterization tools 608, the ong or more end probe tools 810, the user interface
7086, or'the like) of the system 600 via a transmission meditm that may include
wireline andfor wireless portions. The controlier 614 may in addition be configurad
to transmit data or information {e.g., the sufput of one or more procedures of the
inventive concepis disclosed herein) fo one or more systems or sub-systems {84,
one or more sets of information from the one or more process fools 802 and 804,
the one or more inline characterization tools 808, the one or more end probe tools
810, the user interface 708, or the like) of the system 600 by a fransmission
medium that may include wirgline andfor wireless: portions. In this regard, the
transmission medium may serve as a data link between the controller 614 and the

other subsystems of the syslem 600. In addition, the controller 614 may be
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configured to send data to external systems via a transmission medium (e.g.,

fietwork connection).

(06741 The one or mare processors 700 may include any one or more processing
etements known in the art. In this sense, the one or more processors 780 may
include any microprocessor device configired o execule algorithms andfor
program instructions 704. For example, the one or more processors 700 may
consist of & desktop computer, mainframe computer sysiem, workstation, image
computer, parallel processor, handheld computer {e.g., lablel, smartphong, or
phablet}, or another computer system (e.g., networked computer). in general, the
term "processor” may be broadly defined to encompass any dsvice having one or
more processing slements, which execute the one or seis of program instructions
704 from a non-transitory memory medium {e.g., the memory 702). Moreover,
different stibsystems of the system 800 (e.g., oneé of more sets of informalion from
the one or more process tools 802 and 604, the one ormore inline characlerization
fools 808, the one or more end probe fools 610, the user interface 708, or the like)
may include processor or logic elements suitable for carrying out atleast a portion
of the steps described throughout the present disclosure. Therefore, the above
description should not be interpreted as a limitation on the present disclasure but

mersly an iHustration.

f00721  The memory 702 may include any storage medium known in the ard
suitable for storing the ane or more sets of program instructions 704 exscutable by
the associaled one or inore procassors 700, For example, the memory 702 may
include a non-ransitory memory medium. cFor instance, the memory 702 may
include, but is not fimited {0, a read-only memory, a random access memory; @
magnetic or oplical memory device {e.g., disk}, a magnelic tape, a solid state drive,
and the like. The memaory 702 may be configured {o provide display information to
a display device of the user interface 708. The memory 702 may in addition be
configured to store user input information from a user input device of the user
interface 708. The memory 702 may be housed in a common controller 814

housing with the one or more pracessors 700. The memory 702 may, alternatively
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or in addition, be located remotely with respect to the spatial location of the
processors 700 and/or the controlier 614, For instance, the oné or more processaors
700 andfor the contfroller 814 may access a remole memory 702 {e.g., server},

accessible through a network {e.g., intemet, intranet, and the like}.

00731 In anclher embodiment, the conlrofler 614 execules one or more
semiconductor fabrication processes, one or more semiconductor characterization
processes, one o more modelling procésses, and/or one or mors system snalysis
processes from program instructions 704 stored on memory 702 via the one of
more processors 700. For example, the one or more program insfructions 704 may
embody or include the aulo-correlation module 502, For instance, the aulo-
correlation module 502 may be configured {o cause the one or more processars
700 to receive one of more pattern wafer geometry (PWG) metrics, receive waler
characterization data, determing comrelation betweeén the oné or more PWG
metrics and the wafer characterization data, generale a ranking of the PWG
metrics based on the gorrelation, canstruct ‘a composite meltic model fom a
subsetof the PWG metrics based on the ranking, generate one or more composite
wafer melrics from the composite metric model, andfor generale one or more
statistical process control outputs based on the one or more composite wafer
metrics. For instance, the waler characlerizalion data may be received from the
one or mote inling characterizaton tools BUB andfor the one of wiore end probe
tools 810, By way of another example, the one or more programinstructions 704
may be configured to cause the one or more processors 700 to generale one or
more conlrol signals based an the one or more cothposite wafer melrics andior
provide the one or more control signals ‘fo the process ‘lfools 602 and 604,
Generally, the one or more sets of program instructions 704 are may be configured
{o cause the one or more processofs 00 to carry ol any steps of the one or more
methods {(e.g., method 100 and/or method 400} described throughout the present
disclosure.

[0074] Although embodiments of the present disclosure ilustrate the confrolier

814 asa stand-alone component from the one or more process tools 602 and 604
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and/or from the one or more inline characterization tools 848, i is noted herein that
any fabrication processes, characterizalion processes, modsiling processes,
andfor system analysis processes for determining spatial characteristics of
sampies 808 may be implementsd via 3 controller integrated within the one or
more process tools 802 and 604, within one or more tools of the one or more infine
characterizalion fools 608, and/or within the one or more end probe fools 610
Therefore, the above description should not be interpreted as a limitation on the

scope of the present disclosure but merely an illustration.

fo75]. The one or more display devices 708 may include any display device
known in the arl. For example, the one or more display devices 708 may include,
but is not limited to, 8 liglad crystal display (LCD). By way of another éxample, the
one ‘or more display devices 708 mayinciude, but is not imited to, an organic fight
emitting diode {(OLED) based display. By way of another example, the one or more
display devices 708 may include, bul is not limited to a CRT display. Those skilled
in the art should recagnize that a variety of display devices may be suitable for
implementation in the present invention and the particular choice of display device
may depend on a variety of factors, including, but not limited to, form factor, cost,
and the like. Generally, any display device capable of integration with a userinput
device {g.g., touchscreen, bezel mounted interface, keyboard, mouse, trackpad,

and the like) is suitable for implementation in the present invention.

[po78] The one or more user input devices 710 may include any user input device
known in the art. For example, the one or more user input devices 710 may include,
but is not limited to, a keyboard, a keypad, atouchscreen, alaver, a knob, 8 scrofl
whee!, a frack ball, a switch, a dial, a sliding bar, a scroll bar, 3 slide, 3 handie, a
fouch pad, a paddie, a steering wheel, a joystick, a bezel input device, or the like.
in the case of a touchscreen interface, those skifled in the art shiould recognize
that a large number of touchscreen interfaces may be suitable for implementation
in the present invention. For instance, the one or more display devices 708 may
be integrated with a touchscreen interface, such as, but not limited {o, a capacitive

fouchscreen, a resistive touchscreen, a swiface achustic based touchscresn, an
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infrared based touchscreen, or the ke Generally, any touchscreen interface
capable of integration with the display portion of a display device is suitable for
implementation in the present invention. in another embodiment, the one or maore

userinput devices 710 may include, butis notlimited to, a bezel mountad interface.

[0077]  Although embodiments of the present disclosure describe the one of more
process tools 802 and 604, the one or more inline characterization {opls 608,
and/or the one or miore end probe tools 510 as components of the system 800, it
is'noted herein that the one of mors process tools 802 and 604, the one or more
inline characterization tools 808, and/or the one or more end prabe tools 610 may
not be integral o required components of the system 600, For example, the one
or more process tools 802 and 804, the one or more inline characterization tools
808, and/or the one or more gnd probe tools 610 may be components separate
from and communicatively coupled to the system 800 via an intermediate source
{e.g.. 'the controller 814, a server, or the like). Therefore, the above description
should not be interpreted as a limitation on the scope of the present disclosure bt

merely an ilustration.

[0078] Although embodiments of the present disclosure describe the controller
614 as a component of the system 800, it is noted herein that the conlroller 614
may not be an integral or reguired component of the system 800. in addition, while
embodiments of the present disclostire describe the user inlerface 706 as a
companent of the system 880, it is noted herein that the user interface 706 may
rrot be an integral or required component of the system 600, Therefore, the above
description should not be interpreled as a limitation on the stope of the present

disclosure but merely an llustration.

foo7e}  Advantages of the present disclosure include atto-correlation of wafer
characterization data and generation of composite wafer metrics during
semiconductor device fabrication. Advantages of the present discloswre also
include classification processes for melric ranking-based auto-currelation.

Advantages of the present disclosure also include generating composite metrics
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for greater correlation bebween semiconductor device die fallure and geometry
features. Advantages of the present disclosure also include implementing the
generated rankings and composite metrics for end probe and inline semiconductor

characlerization processes.

fooa0}  Those having skill in the art will recognize that the stale of the arl has
progressed to the point where there is litle distinction left between hardware,
software, andfor firmware implementations of aspects of systems; the use of
hardware, software, andior firmware is generaily {but not always, in thatin certain
contexis the chuice bebveen hardware and software can become significant) a
design cholce representing cost vs. efficiency radeoffs. Those having skill inthe
art will appreciate that there are various vehicles by which processes andfor
systems andfor other technologies described herein can be effected {8.4g.,
hardware, software, andfor firmware}, and that the preferred vehicle will vary with
the caontext in which the processes andfor systems andfor other technologies are
deployed. For example, if an implementer determines that speed and accuracy are
paramount, the implementer may opt for a mainly hardware andior firmware
vehicle; alternatively, if Hexibility is paramount, the implementer may opt for a
mathly software implementation; or, vet again altematively, the implementer may
opt for some combination of hardware, software, andfor firmware. Hence, therg
are several possible vehicles by which the processes and/or devices andfor other
technologies described herein may be effected, none of which is inherently
superior to the other in that any vehicle to be utilized is a choice dependent upon
the conlext in which the vehicle will be deployed and the specific concermns {(e.g.,
speed, flexibility, or predictability} of the implementer, any of which may vary.
Those skilled in the art will recognize that optical aspects of implementations will

typically employ optically-oriented hardware, software, and of firmware.

{0081} In some implementations described hersin, logic and  similar
implementations may include software or other confrol structures. Electronic
circuitry, for example, may have one or more paths of eleclrical current censtructed

and arranged fo implement various funclions as described herein. In some
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implementations, one or more media. may be configured to bear a device-
detectable implementation when such media hold or ransmit device-delectable
instructions operable to perform as described herein. In some variants, for
example, implementations may include an update oy modificalion of ‘existing
software or firmware, or of gate arrays or programmable hardware, 'such as by
performing a reception of or a ransmission of one or more instructions in relation
to one or more operations described herein. Alternatively or in addition, in some
variants, an implementation may include special-purpose hardware, software,
firmware components, andior general-purpose  components exsculing or
otherwise invoking special-purpose components. Specifications or  other
implementations may be transmitted by one or more instances of tangible
transmission media as described herein, optionally by packet transmission or

otherwise by passing through distributed media at various times.

foos2}  Alternstively, or in addition, implemeniations may include execyting a
special-purpose instruction seguence or invoking circuitry for enabling, triggering,
coordinating, requesting, or otherwise causing one or more occurrences of virtually
any functional operations described herein. In'some varants, operational or other
logical descriptions herein may be expressed as source code and compiled or
otherwise invoked as an executable instruction seguence. In some contexts, for
example, implementations may be provided, in whole or in part, by source code,
such as C++ or other code sequences. In other implementations, source or other
code implementation, using commercially available andfor techniques in the art,
may be compiled! implementedfiransiatedfcanveried into 3 high-level descriptor
fanguage (e.g.. inilially implementing described technologies in C, G+, python,
Ruby on Rails, Java, PHP, NET, or Node.js programming language and thereafter
converting the programming language implementation into a logic-synthesizable
language implementation, a hardware description language implementation, a
hardware design simulation implementation, andfor other such similar mode(s) of
expression). For example, some or all of a logical expression {e.g., computer
programming language implementation) may be manifested as a Verilog-type

hardware description {e.g., via Hardware Description Language (HDL) and/or Very
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High Speed Integrated Circult Hardware Descriplor Language {(VHDL)) or other
circuitry model which may then be used {o create a physical implementation having
hardware {e.g., an Application Specific integrated Circuit). Those skilled in the art
will recoghize how to oblain, configwre, and optimize sullable fransmission or
computational elements, material supplies, actuatars, orother structures in light of

these teachings.

{00831 The foregoing detalled description has set forth various embodiments of
the devices andfor processes via the use of black diagrams, flowcharts, andfor
examples. insofar as such block diagrams, flowcharts, andfor examples contain
one of more functions and/or operations, it will be understood by those within the
art that-each function and/or operation within such block diagrams, flowchards, or
exainples can be implemented, individually and/or collectively, by a wide range of
hardware, software, finmware, or virtually any combination thereof. In one
embodiment, several portions of 'the subject maller described herein may be
imptemented via Application Specific Integrated Circuits {ASICs), Field
Programmable Gate Arrays {FPGAs), digital signal processors {DSPs), or other
integrated formats. However, those skilled in the art will Tecognize that some
aspects of the embodiments disclosed herein, i wholg or in part, can be
equivalently implemented in integrated circuits, as one or more computer programs
rUNning oh one or more computers {&.g., as one oF more Programs running on one
or mote computst systems), as ong of MOre programs umning on ope of more
processars {€.g., a8 One Orf more ograms fnning on one of e
micropracessors), as firmwarg, or as virlually any combination thereof, and that
designing the drouitry andfor writing the code for the software and or finmwars
wotild be well within the skili of one of skill in the art in light of this disclosure. In
addition, those skilled ih the art will appreciate that the mechanisms of the subject
matter described herein are capable of being distributed as a program product in
a varely of forms, and that an iHlustrative embodiment of the subject matter
described herein applies regardiess of the parficular type of signal bearing medium
used to actually carry out the distribution. Examples of a signal bearing medium

include, but are not limited fo, the following: a recordable type medium such as a
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floppy disk, a hard disk drive, a2 Compact Disc {CD), a Digital Video Disk {(DVD). a
digital tape, a computermemaory, or the like; and a transinission type inedium such
as a digital and/or an analog communication mediurn {e.g., a fiber oplic cable, a
waveguide, a wired comynunications link, a wireless communication link {e.g.,

fransmitter, receiver, transmission logic, reception logic, or the like), or the like).

{0084} Generally, those skilled in the art will recognize that the varous
embodiments described herein can be implemented, individually andfor
collectively, by various types of electro-mechanical systems having a wide range
of electrical components such as hardware, software, firmware, and/orvirtually any
combination thereof, and a wide range of components that may impartt mechanical
forge or motion such as rigid bodies, spring or forsional bodies, hydraulics, glectro-
magnetically actuated devices, andior virtually any combination thereof
Consequently, as used herein “electro-mechanical system” includes, but is not
fimited to, electrical circuitry operably coupled with a transducer {e.g., an actuator,
a motor, a piezoelectric crystal, a Micro Electro Mechanical System (MEMS), or
the like}, electrical circuitry having at least one discrete electrical circuit, electrical
circuitry having atleast one integrated circult, electrical chrcuitry having at least one
application specifi¢ integrated circuit, elechical circuttry forming a general plirpose
computing device configured by a compuler program {e.g., & general purposs
computer configured by a computer program which at least partially carries owt
progcesses andior devices described herein, or 3 microprocessor configured by a
computer program which at least partially carries out processes andfor devices
described herein}, electiical circuilry forming & memory device {eg., forms of
memory (e.g., random access, flash, read only, or the like)), electrical circuitry
forming & communications device {e.g., a modem, cormmunications switch, optical-
slechical equipment, or the like), andior any non-electrical analog therelo such as
optical or other analogs. Those skilled in the art will also appreciate that examples
of electro-mechanical systems intlude but are not limited to a variety of consumer
electranics systems, medical devices, as well as other systems such as motorized
fransport systems, factory aulomation systems; security systems, andfor

communication/computing systems. Those skilled in the art will recognize that
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slechro-mechanical as used herein is nol necessarily imited lo a system that has

both electical and mechanical actuation except as context may dictate otherwise.

jo0851  Generally, those skilled in the art will recognize that the various aspects
described herein which can be implemented, individually and/or collectively, by a
wide range of hardware, sofbwvare, frmware, andfor any combination thereof can
be viewed as being composed of various types of "electrical dircuitry.”
Consequently, as used herein "elechical cireullry” includes, but is not limited to,
slechical civcuilry having at least one discrele electrical circuil, electiical circuifry
having at least one integrated circuit, eleclrical circuitry having at least one
application specific inlegrated circull, electrical civcullry forming a8 general purpose
computing device configured by a computer program {e.g., & general purpose
computer configured by a computer program which at least partially carries out
processes and/or devices described herein, or a microprocessor canfigured by a
computer program which at least partially carries out processes andfor devices
described hergin}, elechical circuitry forming a memory device {e.g., forms of
memory {e.g., random sccess, flash, read only, or the like)), andfor electrical
circuitry forming a communications device {(e.g., a modem, communications
switch, optical-slectrical equipment, or the ike). Those having skill in the art will
recognize that the subject matier described hergin may be implemented in an

analog or digital fashion or seme combination thereof.

{0086} Those skilled irr the art will recognize that at least a portion of the devices
andfor processes described hereln can be integrated into a dala processing
system, Those having skill in the art will recognize that a data processing system
generally includes one or more of a system unit housing, a video display device,
memory such as volatile or non-volatile memory, processors such as
microprocessors. or digital signal processors, computstional entities such as
operating systems, drivers, graphical user interfaces, and applications programs,
one or more interaction devices {e.q., a touch pad, a touch screen, an antenna, or
the like}, and/or control systems including feedback loops and control motors {e.g.,

feedback for sensing position andfor velocity; confrol motors for moving andfor
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adjusting components and/or quantities). A dala processing system may be
implemented ulilizing suitable commercially available components, such as those
typically found in  data compuling/communication andfor  network

computing/communication systems.

fo087] One skilled in the art will recognize thal the herein described components
{e.g., operations}, devices, objects, and the discussion accompanying them are
used as examples for the sake of conceplual clanity and that various configuration
modifications are contemplated. Consequently, as used herein, the specific
exemplars set forth and the accompanying discussion are intended to be
representative of their more general classés. In general, use of any specific
exemplar is intended fo be representative of its class, and the non-inclusion of
specific components {e.g., operations), devices, and objects should not be taken

limiting.

fopse;  Although a user is described herein as a single figure, those skilled in the
arb will appreciate that the user may be representative of 3 human user, 3 robotic
user {e.g., computational enlity), and/or substantislly any combination thersof
{e.g., & user may be assisted by one or more robotic agents) unless context
dictates otherwise: Those skilled in the artwill appreciate that, in gensral, the same
may be said of "sender” and/or other entify-oriented terms as such terms are used

herein unless context dictates otherwise.

joasg) With respect to the use of substantislly any plwral and/for singular terms
herein, those having skill in the art can transiate from the plural to the singular
and/or from the singular to the plural as is approprigte to the context andfor
application. The various singular/plural permutations are not expressly set forth

herein for sake of clarity.

fo030] The herein described subject maller somelimes  ilustrates different
campanents containad within, or conhected with, different other components. ltis
{o be understood that such depicted architectures are merely exemplary, and that

in fact many other architectures may be implemented which achieve the same
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funclionality. In 3 conceptual sense, any arrangement of componenis to achisve
the same functionality is effectively "associated” such that the desived functionality
is achieved. Hence, any two camponents herein combined to achieve a particular
functionality can be seen as "associated with™ each other such that the desired
functionality is achieved, respeciive of archilectures or intermedial components.
Likewise, any two components so associated can also be viewed as being
"operably connected”, or "operably coupled,” to each other to achieve the desired
functionality, and any two componenis capable of being so associated can also be
viewsd as being "operably couplable,” to each other lo achieve the desired
functionality. Specific examples of operably couplable include but are not limited
to physically maleable and/or physically interacling components, and/or wirglessly
interactable, andior wirelessly interacting components, and/or logically interacting,

andfor logically interactable componentis.

[0os4} In some instances, one of more components may be referred to herein as

(L1 o (LK

“configured to,” "configurable to,” “operable/operative to," “adapted/adaptable.”

W,

“able ," "conformable/conformed 1o, or the like Those skilled in the art will
recognize that such terms (e.g., "configured 10"} can generally encompass active-
state componernts andfor inaclivé-state chmponents -andfor standby-state

components; unless context requires otherwise.

[0032} ‘While particular aspects of the present subject malter described hefein have
been shown and describad, it will be apparent to those skilled in the art that, based
upon the teachings herein, changes and modifications may be made without
departing from the subject matter described herein and its broader aspedts and,
therefore, the appended claims are {fo encompass within their scope all such
changes and modifications as are within the frue spinit and scope of the subjsct
matter described herein. it will be understood by those within the art that, in
general, terms used herein, and especially inthe appendsd claims {g.g., bedies of
the appended claims) are generally intended as "open” terms {e.g., the term
“including” should be interpreted as "including but not limited to,” the term "having”

should be interpreted as "having at leasl,” the term "includes” should be interpreted
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as "includes but isnot limited to.” or the like). I will be further understood by those
within the art that if a specific number of ah infroduced claim recitation is intended,
such an intent will be explicitly recited in the claim, and in the absence of such
recitation no such intent Is present. For example, as ah aid to understanding, the
following appended claims may contain usage of the infroductory phrases “at least
one” and "one or more” to infroduce claim recitations. However, the use of such
phrases should not be construed o imply that the introduction of a claim recitation
by the indefinite articles "g" or "an" limils any padicular claim containing such
inroduced claim recitation o claims containing only one such recilalion, sven
when the same claim includes the introductory phrases “one or more” or "at least
one” and indefinite arficles suich as™a" or "an” {e.g.. "a" and/or™an” should typically
be interpreted to mean “at least one” or "one or more™); the same holds true for the
use-of definite articles used to introduce claim recitations. in addition, even if a
specific number of an introduced claim recitation is explicitly recited, those skilled
in the art will recognize that such recitation should typically be interpreted to mean
at least the recited number {(e.g., the bare reciiation of "two recitations,” withouwt
other modifiers, typically means at least two recitations, or two or more recitations).
Furthermorte, in those instanices where a convention analogous to "atleast one of
A, B, and C, or the ke" is used, in general such a construction is intended inthe
sense ane having skill in the art would understand the convention {e.g., " a system
having at least otie of A, B, and 0" would include but not be limited to systems that
have A alone, Bialone, C alone, A and Blogether, A and € logsther, Band C
together, andlor A, B, and C together, or the fike). In those instances where a
convention analogous to "at least one of A, B, or C, or the like" is used, in general
such a construction is intended in the sense one having skill in the art would
understand the convention (e.9.,” a system having st least one of A, B, or C"would
inciude but not be limited to systems that have A alone, B alone, C alone, Aand B
together, A and C together, B and C together, andfor A, B, and C togather, or the
fike). It wall be further understood by those within the art that typically a disjunclive
word andlor phrase presenting two or more alternative terms, whether in the

deseription, claims, of drawings, should be understood to contemplate the
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possihilities of including one of the teyms, either of the terms, or both terms unless
context dictates otherwise. For example, the phrase "A or B" will be typically

understood to include the possibilities of "A” or "B or "A and B

{0083} With respect to the appended claims, those skilled in the art will appreciate
that recited operalions therein may generally be performed in any order. Also,
although various operational flows are presented in a sequence(s), it should be
understood that the various operations may be performed in other orders than
those which are #lustrated, or may be performed concurrently. Examples of such
alternate orderings may include overlapping, interleaved, interrupted, reordered,
incremental, preparatory, supplemenial, simultaneocus, reverse, or pther variant
orderings, unless context dictates otherwise. Furthermore, terms like “responsive
to," "related 10" or other pasttense adiectives are generally not intended to

exchide such variants, unless context dictates otherwise.

{o084] Although particular embodiments of this invention have been Hlustrated, it
is apparent that various modifications and embodiments of the invention may be
made by those skilled in the art without departing from the scope and spirit of the
foregoing disclosure. it is believed that the present disclosure and many of s
attendant advantages will be understood by the foregeing description, and it will
be apparent that various changes may be made in the form, construction and
arrangement of the components without departting from the disclosed subject
matter or without sacrificing all of its material advantages. The form described is
mierely explanatory, and it is the intention of the following claims o encompass
and include such changes. Accordingly, the scope of the invention should be

lirnited only by the claims appended herelo.
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