
(19) United States 
US 20090210183A1 

(12) Patent Application Publication (10) Pub. No.: US 2009/0210183 A1 
Rajski et al. (43) Pub. Date: Aug. 20, 2009 

(54) DETERMINING AND ANALYZING 
INTEGRATED CIRCUIT YELD AND 
QUALITY 

Janusz Rajski, West Linn, OR 
(US); Gang Chen, Wilsonville, OR 
(US); Martin Keim, Sherwood, OR 
(US); Nagesh Tamarapalli, 
Wilsonville, OR (US); Manish 
Sharma, Wilsonville, OR (US); 
Huaxing Tang, Wilsonville, OR 
(US) 

(76) Inventors: 

Correspondence Address: 
KLARQUIST SPARKMAN, LLP 
121 S.W. SALMONSTREET, SUITE 1600 
PORTLAND, OR 97204 (US) 

(21) Appl. No.: 12/415,806 

(22) Filed: Mar. 31, 2009 

Related U.S. Application Data 

(62) Division of application No. 1 1/221.395, filed on Sep. 
6, 2005, now Pat. No. 7,512,508. 

Graphical Reps. 
(Pareto Charts) (22) 

Update of Defect 
Extraction Rules (26) 

i? Test Result Data (20) 

Test Result 
Analysis (21) 

Defect Extraction Rule 
Analysis Data (25) 

(60) Provisional application No. 60/607,728, filed on Sep. 
6, 2004. 

Publication Classification 

(51) Int. Cl. 
G06F 9/00 (2006.01) 

(52) U.S. Cl. ........................................... 702/84; 702/118 
(57) ABSTRACT 

Methods, apparatus, and systems for computing, analyzing, 
and improving integrated circuit yield and quality are dis 
closed herein. For example, in one exemplary method dis 
closed herein, information is received from processing test 
responses of integrated circuits designed for functional use in 
electronic devices. In this embodiment, the information is 
indicative of integrated circuit failures observed during test 
ing of the integrated circuits and of possible yield limiting 
factors causing the integrated circuit failures. Probabilities 
that one or more of the possible yield limiting factors in the 
integrated circuits actually caused the integrated circuit fail 
ures are determined by statistically analyzing the received 
information. The probabilities that one or more possible yield 
limiting factors actually caused the integrated circuit failures 
are reported. Tangible computer-readable media comprising 
computer-executable instructions for causing a computer to 
perform any of the described methods are also disclosed. 
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DETERMINING AND ANALYZING 
INTEGRATED CIRCUITYELD AND 

QUALITY 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 60/607,728 filed on Sep. 6, 
2004, which is hereby incorporated herein by reference. 

TECHNICAL FIELD 

0002 The disclosed technology relates generally to the 
design and testing of integrated circuits. 

BACKGROUND 

0003. As feature sizes of integrated circuits continue to 
decrease, the effects of feature-related defects are becoming 
increasingly important. For example, the lithographic tech 
niques used to realize today's integrated circuit often use light 
having a wavelength that is larger than the features it creates. 
One consequence of Sub-wavelength lithography is that fail 
ures caused by the lithography process (for example, distor 
tion that causes shorts and opens to appear in the resulting 
design) become more numerous. Indeed, the effect of feature 
defects on the production yield of integrated circuits is 
increasing and has become more dominant than the effect of 
random particles present during fabrication. 
0004 To reduce the number of defective chips being pro 
duced, foundries (integrated circuit manufacturers) often pro 
vide a number of recommended design rules that designers 
can use to help improve the yield of their particular design. 
Such rules are generally referred to herein as Design for 
Manufacturability (DFM) rules and can pertain to a wide 
variety of parameters related to integrated circuit design. For 
example, the rule could pertain to a physical characteristic or 
trait of the design, Such as a distance between two wires or 
between corners of two features. Among the possible design 
issues addressed by DFM rules are: redundancy, spacing, 
width, length, area, enclosure, extension, overlap, density, 
orientation, job/notch, antenna, and matching. Further, each 
of these categories can have numerous rules that apply. Fur 
ther, a foundry can provide multiple rules for a given design 
parameter, each having a different potential effect on yield. 
For instance, a foundry can provide a minimum or maximum 
value for a particular parameter as well as a recommended 
value. In general, the use of DFM rules helps ensure that the 
integrated circuit is actually manufacturable using the pro 
cess and technology implied by the DFM rules. 
0005 DFM rules have been traditionally determined 
through the use of test chips. A test chip is a specialized chip 
comprising numerous groups of identical test structures that 
systematically vary across Some parameter being targeted for 
a particular DFM rule. Test results obtained from the test 
chips can then be statistically analyzed and used to determine 
the values for the targeted DFM rules. Test chips, however, 
can be expensive to use both in terms of actual cost and in 
terms of the lost wafer capacity resulting from the creation, 
testing, and analyzing of the test chips. Test chips also provide 
limited information. For example, test chips cannot ordinarily 
provide information on the impact of features of a circuit not 
contained in a test structure of the test chip. Further, as new 
DFM rules are developed to address process changes or new 
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knowledge obtained, new test chips must be designed and 
manufactured—a process that commonly takes weeks to 
months. 
0006. Accordingly, improved methods of determining, 
modifying, and using design manufacturing rules to increase 
yield are desired. 

SUMMARY 

0007 Disclosed below are representative embodiments of 
methods, apparatus, and systems that should not be construed 
as limiting in any way. Instead, the present disclosure is 
directed toward all novel and nonobvious features and aspects 
of the various disclosed methods, apparatus, systems, and 
equivalents thereof, alone and in various combinations and 
Subcombinations with one another. 
0008. In one of the exemplary methods disclosed herein, a 
set of design defect extraction rules is derived at least partially 
from a set of design manufacturing rules. Potential defects are 
extracted from a representation of a physical-layout of an 
integrated circuit design, wherein the extracted potential 
defects are based at least in part upon the defect extraction 
rules. Circuit test stimuli applied during one or more circuit 
tests are determined. Test responses resulting from the 
applied circuit tests are evaluated to identify integrated cir 
cuits that fail and to identify the occurrence in the failing 
integrated circuits of one or more potential types of defects 
associated with the applied circuit tests. Information is col 
lected concerning the repetitive identification in the failing 
integrated circuits of the occurrence of potential types of 
defects. The collected information is analyzed to determine 
the likelihood of potential types of defects being present in 
integrated circuits manufactured in accordance with the 
physical layout. The circuit test stimuli can comprise test 
patterns generated by targeting one or more of the extracted 
potential defects and/or previously generated test patterns 
that are determined to detect one or more of the extracted 
potential defects. One or more of the extracted defects can 
additionally have at least one of the following properties 
associated with it: (a) a defect identifier that distinguishes a 
respective potential defect from other potential defects; (b) a 
derived rule identifier that identifies the defect extraction rule 
used to extract the respective potential defect; (c) a design 
manufacturing rule identifier that identifies the design manu 
facturing rule from which the defect extraction rule used to 
extract the respective potential defect was derived; (d) one or 
more physical properties of the respective potential defect in 
the physical layout of the integrated circuit design; (e) a 
physical location of the respective potential defect in the 
physical layout of the integrated circuit design; and (f) a 
ranking of the respective potential defect relative to other 
potential defects. In certain embodiments, a ranking is 
assigned to at least Some of the extracted potential defects, 
wherein the ranking is indicative of the likelihood of a poten 
tial defect occurring in the integrated circuit. This ranking can 
be updated based at least in part upon the analysis of the 
collected information. Further, the application of the circuit 
tests can be ordered based at least in part upon the extracted 
potential defects and the ranking of the extracted potential 
defects. In some embodiments, the act of analyzing the col 
lected information further comprises analyzing collected 
information for a multiplicity of tested integrated circuits and 
performing one or more of the following acts: (a) estimating 
the production yield of the integrated circuits; (b) estimating 
an escape rate of potential types of defects or integrated 
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circuits manufactured in accordance with the physical layout 
of the integrated circuit design; (c) estimating a yield sensi 
tivity curve for one or more of the design manufacturing rules; 
(d) estimating the production yield of other integrated circuits 
designs using at least a plurality of the design defect extrac 
tion rules; (e) estimating the escape rate of potential types of 
defects in other integrated circuit designs designed in accor 
dance with the design manufacturing rules. In certain 
embodiments, the act of analyzing the collected information 
further comprises analyzing collected information for a mul 
tiplicity of tested integrated circuits over time and determin 
ing trends in changes in the likelihood of potential defects 
being present in manufactured integrated circuits. Based at 
least in part on the determined trends, test stimuli can be 
modified, added, or deleted in order to improve the likelihood 
of identifying defective integrated circuits. In some embodi 
ments, the acts of collecting information and analyzing the 
collected information are performed substantially in real time 
on manufactured integrated circuits being produced in a pro 
duction line of an integrated circuit fabricator. In exemplary 
embodiments of the disclosed technology, test responses and 
the associated test that produced Such test responses are com 
pared using a previously generated and stored dictionary of 
failing test responses expected from a failure of the associated 
test. In these embodiments, the act of collecting information 
can further comprise collecting information from the com 
parison that identifies the potential defects identified by the 
comparison. In some embodiments, the information stored in 
the dictionary is compressed during generation of the dictio 
nary. For example, one or more bit masks can be computed to 
represent the detecting test responses for at least one potential 
defect in the integrated circuit design, or one or more pseudo 
faults can be computed to represent the detecting test 
responses for at least one potential defect in the integrated 
circuit design. Some embodiments further comprise modify 
ing the dictionary in one or more of the following manners: 
(a) adding at least one test associated with the potential defect 
not previously found in the dictionary; or (b) adding at least 
one expected failing test response expected to be received in 
the event the potential defect not previously found in the 
generated dictionary is present in a tested integrated circuit. 
An entry of the generated dictionary can also be deleted (for 
example, when a failing test response associated with the 
entry has not been observed for a threshold number of circuit 
tests). In some embodiments of the disclosed method, the 
existence of at least one potential defect not found in the 
generated dictionary can also be diagnosed (for example, 
using incremental diagnosis or incremental simulation). 
Design manufacturing rules in the set of design manufactur 
ing rules or design defect extraction rules can be modified, 
added, or deleted based at least in part upon the act of ana 
lyzing the collected information. 
0009. In another one of the exemplary methods disclosed 
herein, a representation of an integrated circuit layout is 
received (for example, a GDSII or Oasis file). One or more 
recommended design parameters for manufacturing an inte 
grated circuit are also received. Extraction rules from one or 
more of the recommended design parameters are determined, 
wherein the extraction rules comprise rules for identifying 
two or more sets of defect candidates from the representation 
of the integrated circuit layout. The design parameters can 
comprise, for example, one or more design manufacturing 
rules. Further, the two or more sets of defect candidates can 
comprise defect candidates that deviate from an associated 
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recommended design parameter by different respective 
ranges of values. In some embodiments, the extraction rules 
are modified based at least in part on test results obtained from 
testing integrated circuits produced according to the inte 
grated circuit layout. The modification can comprise, for 
example, an increase in the number of sets of defect candi 
dates identified by the extraction rules. The extraction rules 
can be applied to the representation of the integrated circuit 
layout to generate a list of defect candidates in the integrated 
circuit layout. Test patterns can be generated that target at 
least some of the defect candidates. Alternatively, or addition 
ally, test patterns can be identified from a set of previously 
generated test patterns that detect at least Some of the defect 
candidates. In some embodiments, the list of defect candi 
dates is ordered based at least in part on a yield sensitivity 
associated with one or more of the defect candidates. In 
certain embodiments of the exemplary method, a fault dictio 
nary indicative of failing test responses and associated defect 
candidates that potentially caused the failing test response is 
generated. 
0010. In another exemplary method disclosed herein, a 
modified set of design manufacturing rules for evaluating the 
presence of potential defects in manufactured integrated cir 
cuits is determined. The modified set of design manufacturing 
rules is derived at least in part from a first set of design 
manufacturing rules, wherein the first set of design manufac 
turing rules defines plural classes of types of potential defects, 
including at least first and second classes of defect types. In 
this embodiment, the modified set of design manufacturing 
rules defines at least a first set of a first subclass of plural 
design manufacturing rules associated with the first class of 
design manufacturing rules and a second set of a second 
Subclass of plural design manufacturing rules associated with 
the second class of design manufacturing rules. At least a 
plurality of the first and second Subclasses of design manu 
facturing rules are ranked by the likelihood of such ranked 
first and second Subclasses of design manufacturing rules 
identifying defects in the manufactured integrated circuits. 
Potential defects are extracted from a physical layout descrip 
tion of the integrated circuit that satisfy the first and second 
Subclasses of design manufacturing rules. In certain embodi 
ments of the method, circuit tests to be applied to manufac 
tured circuits are determined. The circuit tests can be config 
ured, for example, to detect extracted potential defects 
associated with at least a plurality of the design manufactur 
ing rules included in the first and second Subclasses of design 
manufacturing rules. Test responses from the manufactured 
circuits obtained in response to the circuit tests being applied 
can be evaluated to determine whether one or more of the 
modified design manufacturing rules has identified potential 
defects likely to be present in the tested integrated circuits. 
Further, the evaluation can be performed using tests 
responses from a sufficient number of manufactured inte 
grated circuits to provide statistical information indicating 
the likelihood of the occurrence in a manufactured circuit of 
defects detected by the applied circuit tests. In certain 
embodiments, the act of ranking the first and second Sub 
classes of design manufacturing rules comprises ranking plu 
ral design manufacturing rules in the first Subclass relative to 
one another and ranking plural design manufacturing rules in 
the second Subclass relative to one another. In some embodi 
ments, the modified set of design manufacturing rules com 
prises design manufacturing rules defining areas of a physical 
layout of an integrated circuit for which no defects are to be 
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extracted. The modified set of design manufacturing rules can 
also comprise yield loss limiting manufacturing rules for 
determining trends in changes in yield loss impacting char 
acteristics over time. An example of one such yield loss 
limiting rule relates to the in-line resistance of signal lines. 
0011. In another exemplary method disclosed herein, one 
or more faultdictionaries are generated for identifying one or 
more defect candidates from corresponding observation point 
combinations. In this exemplary method, the observation 
point combinations indicate the observation points of a cir 
cuit-under-test that captured faulty test values upon applica 
tion of a respective test pattern. Further, the one or more fault 
dictionary are generated by: (a) for a first defect candidate, 
storing one or more first indicators indicative of test patterns 
detecting the first defect candidate, and (b) for a second defect 
candidate, storing at least a second indicator indicative of the 
test patterns that detect the second defect candidate, the sec 
ond indicator-comprising a bit mask that indicates which of 
the test patterns detecting the first defect candidate also detect 
the second defect candidate. In some embodiments, the cir 
cuits-under-test comprise integrated circuits designed for 
functional use in electronic devices. The one or more first 
indicators can comprise unique IDs associated with the test 
patterns detecting the first defect candidate and/or unique IDs 
associated with the observation point combinations for the 
test patterns detecting the first defect candidate. In some 
embodiments, the first defect candidate and the second defect 
candidate are in a fan-out free region of the circuit-under-test. 
Further, the first defect candidate can be located at a stem of 
the fan-out free region. In some embodiments, one or more 
defect candidates are identified during production testing of 
the circuits-under-test using the generated one or more fault 
dictionaries. Further, in certain embodiments, incremental 
diagnosis and/or incremental simulation is performed on one 
or more possible defects not identified by the generated one or 
more fault dictionaries. In some embodiments, the generated 
one or more fault dictionaries are updated with results from 
the incremental diagnosis and/or incremental simulation. 
Similarly, defect extraction rules or design manufacturing 
rules can be updated with results from the incremental diag 
nosis and/or incremental simulation. The number of test pat 
terns detecting the first defect candidate can be limited to at 
least one of the following: (a) a predetermined value; or (b) a 
user-selected value. In some embodiments, the test patterns 
detecting the first defect candidate comprise test patterns 
using static fault models and test patterns using dynamic fault 
models. Further, in certain implementations of these embodi 
ments, at least a first fault dictionary and a second fault 
dictionary are generated, and the fault dictionary information 
concerning the test patterns using static fault model are stored 
in the first fault dictionary whereas fault dictionary informa 
tion concerning the test patterns using dynamic fault models 
is stored in the second fault dictionary. Further, at least some 
of the test patterns detecting the second defect candidate can 
use a different type of fault model than used to detect the first 
defect candidate. In some embodiments of the exemplary 
method, the observation point combinations correspond to 
compacted test responses output from a compactor in the 
circuit-under-test. In some embodiments, one or more of the 
following properties are associated with or additionally 
stored for at least the first defect candidate: (a) a defect iden 
tifier that distinguishes the defect candidate from other poten 
tial defects; (a derived rule identifier that identifies the defect 
extraction rule used to extract the first defect candidate; (c) a 
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design manufacturing rule identifier that identifies the design 
manufacturing rule from which the defect extraction rule used 
to extract the first defect candidate was derived; (d) one or 
more physical properties of the first defect candidate; (e) a 
physical location of the first defect candidate in the physical 
layout of the integrated circuit design; or (f) a ranking of the 
first defect candidate relative to other potential defects of the 
same type. 
0012. In another exemplary method disclosed herein, a list 
of potential defects in an integrated circuit layout is received. 
In this exemplary embodiment, the potential defects in the list 
were identified by using extraction rules derived at least par 
tially from a set of design manufacturing rules, the design 
manufacturing rules comprising design parameters for manu 
facturing an integrated circuit. A set of test patterns is pro 
duced by: (a) selecting from previously generated test pat 
terns one or more test patterns that detect at least some of the 
identified potential defects; (b) generating one or more test 
patterns that explicitly target at least some of the identified 
potential defects; or both (a) and (b). At least one fault dic 
tionary is generated, wherein the fault dictionary is indicative 
of one or more failing test responses to an associated test 
pattern and one or more potential defects respectively asso 
ciated with the failing test responses. In certain embodiments, 
the at least one fault dictionary is a compressed fault dictio 
nary and the act of generating the dictionary comprises using 
one or more bit masks to represent the failing test responses 
associated with a respective potential defect and/or using 
detection information of one or more pseudo faults to repre 
sent the detection information of a respective potential defect. 
Test-result data can be received that comprises failing test 
responses obtained during testing of the integrated circuits 
using at least a portion of the test patterns in the set of test 
patterns. The at least one fault dictionary can be applied to the 
test-result data in order to diagnose potential defects associ 
ated with one or more of the failing test responses. An incre 
mental diagnosis or incremental simulation procedure can be 
used to diagnose potential defects that are not diagnosable 
using the at least one fault dictionary. Probabilities that poten 
tial defects are actually causing the failing test responses can 
be statistically determined using diagnostic results obtained 
from the application of the at least one fault dictionary. 
0013. In another exemplary embodiment disclosed herein, 
a set of defect extraction rules at least partially derived from 
a first set of design manufacturing rules is determined. The 
defect extraction rules define, for example, plural Subcatego 
ries of at least one category of potential defects identified by 
the design manufacturing rules. Potential defects are 
extracted by applying at least a Subset of the defect extraction 
rules to an electronic description of the physical layout of an 
integrated circuit. The extracted potential defects of this 
exemplary embodiment fall into at least one of the Subcatego 
ries. Plural circuit tests are defined that indicate the presence 
of potential defects in the manufactured integrated circuits. 
The circuit tests each comprise, for example, a set of circuit 
stimuli to be applied to manufactured integrated circuits con 
taining the integrated circuit. For at least a plurality of circuit 
tests, the potential defect or defects detected by the circuit test 
and the failing test responses that, if observed, would indicate 
the presence of the potential defect or defects detected by the 
circuit test are stored. The method can further comprise 
applying the circuit tests to the manufactured integrated cir 
cuits, capturing test responses, and determining failing inte 
grated circuits that produce one or more test responses that 
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fail the applied circuit tests. In certain embodiments, for one 
or more of the failing integrated circuits, one or more circuit 
tests are identified that produced the failing test response or 
responses, and one or more of the failing test responses asso 
ciated with an identified circuit test are compared with stored 
failing test responses associated with the identified circuit test 
to thereby attempt to deduce one or more defects that poten 
tially caused the failing test response. The amount of data 
stored when storing the results of Such comparison can be 
compressed or limited by at least, for each potential defect, 
only storing k detecting failing test responses, wherein k 
designates the maximum number of failing test responses for 
the potential defect that are stored. Some embodiments of the 
exemplary method further comprise collecting and analyzing 
information concerning the repetitive identification of the 
occurrence of potential types of defects in the failing inte 
grated circuits, and reporting data representing the probabil 
ity that certain types of defects are causing the failing test 
responses. The reporting can be performed, for example, by 
generating a graphical representation of the data (for 
example, a pareto chart). In some embodiments, one or more 
of the following properties associated with a respective 
potential defect can also be stored: (a) a defect identifier that 
distinguishes the respective potential defect from other poten 
tial defects; (b) a derived rule identifier that identifies the 
defect extraction rule used to extract the potential defect; (c) 
a design manufacturing rule identifier that identifies the 
design manufacturing rule on which the defect extraction rule 
is based; (d) one or more physical properties of the respective 
potential defect in the physical layout of the integrated circuit 
design; (e) the physical location of the respective potential 
defect in the physical layout of the integrated circuit design; 
and (f) a ranking of the respective potential defect relative to 
other potential defects. In certain embodiments, the set of 
defect extraction rules also comprises at least one potential 
defect identified by a worst case defect identifier as a worst 
case defect. In some embodiments, the act of storing com 
prises the act of generating a defect comparison dictionary 
describing failing test-responses by an identification of the 
potential defect the fault was derived from, the type of poten 
tial fault, the test patterns detecting the potential fault, and the 
observation points for each detecting test pattern. Further, in 
Some implementations of these embodiments, the exemplary 
method further comprises modifying the stored information 
by performing one or more of the following: (a) adding a 
potential defect not previous found in the dictionary; (b) 
adding at least one test associated with the potential defect not 
previously found in the dictionary; (c) adding at least one 
expected failing test response expected to be received in the 
event the potential defect not previously found in the dictio 
nary is present in a tested integrated circuit, or (d) deleting an 
entry in the dictionary associated with a test response that has 
not detected a failing circuit after a predetermined or user 
selected number of circuit tests. Also, in certain implementa 
tions that use a defect comparison dictionary, failing test 
responses associated with one of the circuit tests are com 
pared with failing test responses associated with the circuit 
test stored in the dictionary to determine the existence of 
potential defects and the types of such defects; and the results 
of Such comparison are stored. As part of this process, inte 
grated circuits that fail due to miscellaneous potential defects 
not identified by the comparison can be identified and the 
exemplary method can be repeated using a modified set of 
defect extraction rules to target at least one of the miscella 
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neous potential defects. Further, in certain implementations, 
the miscellaneous potential defect not identified by the com 
parison can be diagnosed to identify the miscellaneous poten 
tial defect (for example, using an effect-cause-based diagno 
sis procedure, incremental simulation and/or incremental 
diagnosis). The dictionary can be modified to include the 
identified miscellaneous potential defect. 
0014. In another one of the exemplary methods disclosed, 
test-result information is received from tests of multiple inte 
grated circuits. The test-result information comprises failing 
test responses associated with respective test patterns applied 
during the tests. A fault dictionary is used to diagnose at least 
a portion of the test-result information in order to identify 
potential defects that may have caused one or more of the 
failing test responses. At least one of an incremental diagnosis 
or incremental simulation procedure is used to diagnose test 
result information that was not diagnosable using the fault 
dictionary. In some embodiments, probabilities that one or 
more of the potential defects actually caused the integrated 
circuit failures are determined from diagnostic results pro 
duced using the fault dictionary. These probabilities are then 
reported. One or more of the following acts can be performed 
based at least in part on the reported probabilities: (a) adjust 
ing one or more design manufacturing rules; (b) adjusting one 
or more defect extraction rules; or (c) providing recom 
mended modifications of one or more features in the inte 
grated circuit. In some embodiments, the fault dictionary is a 
compressed fault dictionary using one or more bit masks to 
associate one or more failing test responses to respective 
potential defects. 
0015. In another exemplary method disclosed herein, 
information is received from processing test responses of 
integrated circuits designed for functional use in electronic 
devices. In this embodiment, the information is indicative of 
integrated circuit failures observed during testing of the inte 
grated circuits and of possible yield limiting factors. causing 
the integrated circuit failures. Probabilities that one or more 
of the possible yield limiting factors in the integrated circuits 
actually caused the integrated circuit failures are determined 
by statistically analyzing the received information. The prob 
abilities that one or more possible yield limiting factors actu 
ally caused the integrated circuit failures are reported. The 
information received can comprise, for example, one or more 
of the following: (a) diagnosis results; (b) one or more lists of 
yield limiting factors; or (c) information about detection of 
the yield limiting factors during the testing. In some embodi 
ments, an estimate of the yield of the integrated circuits is 
determined based at least in part on the determined probabili 
ties. A yield estimation can also be determined for other 
integrated circuits. In certain embodiments, an estimate of the 
escape rate of a respective possible yield limiting factor or of 
the integrated circuits is determined based at least in part on 
the determined probabilities. An escape rate estimation of 
possible yield limiting factors in otherintegrated circuits or of 
the other integrated circuits can also be determined, wherein 
the other integrated circuits are designed in accordance with 
design manufacturing rules Substantially similar to design 
manufacturing rules used to design the tested integrated cir 
cuits. In some embodiments, the tested integrated circuits are 
designed in accordance with one or more design manufactur 
ing rules, and the exemplary method further comprises esti 
mating a yield sensitivity curve for at least one of the design 
manufacturing rules, wherein the estimation is based at least 
in part on the determined probabilities. Further, the exem 
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plary method can be performed repetitively over time, and 
can comprise determining production trends based on 
changes in the determined probabilities observed over time. 
Based at least in part on the reported probabilities: (a) one or 
more design manufacturing rules can be modified, (b) one or 
more defect extraction rules used to identify potential defects 
in a design of the integrated circuits can be modified; and/or 
(c) one or more recommended modifications to features in the 
integrated circuits can be provided (and, in Some instances, 
integrated circuits having the modified features produced). In 
Some embodiments, a graphical representation of the prob 
abilities is generated (for example, a pareto chart). In certain 
embodiments, the received information comprises a list of 
Suspect features. The list of suspect features can be generated, 
for example, using at least one compressed fault dictionary 
and/or incremental diagnosis. In some embodiments, the 
probabilities are determined by estimating a probability that a 
respective possible yield limiting factor caused an associated 
respective integrated circuit failure, and iteratively solving a 
system of equations relating the estimated probability to an 
actual probability that the respective possible yield limiting 
factor caused the associated failure. Further, in certain 
embodiments, the possible yield limiting factors comprise at 
least one of: (a) nets in the integrated circuit layout, (b) 
features in the integrated circuit layout, or (c) design manu 
facturing rules associated with the manufacture of the inte 
grated circuit. Moreover, the integrated circuits tested can 
have a common design, and the act of determining the prob 
abilities can comprise partitioning the design of the integrated 
circuits into multiple design blocks, wherein each design 
block comprising a Subset of the possible yield limiting fac 
tors. This partitioning procedure can comprise simulating 
faults associated with nets in the design of the integrated 
circuits, identifying at least a first group of observation points 
that captures errors from a first set of nets and a second group 
of observation points that captures errors from a second set of 
nets, and including the first set of nets in a first design block 
and the second set of nets in a second design block. The act of 
determining the probabilities can further comprise construct 
ing probability models relating design block fail probabilities 
to fail probabilities of yield limiting factors contain in respec 
tive design blocks, comparing the design block fail probabili 
ties to the received information; and computing estimated fail 
probabilities of yield limiting factors using regression tech 
niques. The act of determining the probabilities can also 
comprise identifying nets that fail at a Substantially higher 
rate than other nets. A determination can be made whether the 
nets that failata Substantially higher rate than othernets occur 
repetitively at or near a same die location of multiple wafers 
containing multiples instances of dies that each contain an 
instance of the tested integrated circuit (for example, by gen 
erating a wafer defect map). In some embodiments of the 
exemplary method, the testing of the multiple integrated cir 
cuits includes identifying potential defects in the integrated 
circuits usingafaultdictionary in which one or more potential 
defects are identified by applying a bit mask. 
0016. In yet another exemplary embodiment disclosed 
herein, information from processing test responses of inte 
grated circuits is received. In this embodiment, the informa 
tion is indicative of integrated circuit failures observed during 
testing of the integrated circuits and potential defects that may 
have caused the integrated circuit failures. Probabilities that 
the potential defects are actually causing the integrated circuit 
failures are determined by analyzing the received informa 
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tion. In this embodiment, the act of includes iteratively solv 
ing a system of equations relating an estimated probability to 
an actual probability that a respective potential defect caused 
the associated integrated circuit failure. The determined prob 
abilities can be reported (for example, by generating a graphi 
cal representation of the probabilities, such as a pareto chart). 
The information received can comprise, for example, one or 
more of the following: (a) diagnosis results; (b) one or more 
lists of the potential defects; or (c) information about detec 
tion of the potential defects during the testing. In some 
embodiments, an estimate of the yield of the integrated cir 
cuits is determined based at least in part on the determined 
probabilities. A yield estimation can also be determined for 
other integrated circuits. In certain embodiments, an estimate 
of the escape rate of a respective potential defect or of the 
integrated circuits is determined based at least in part on the 
determined probabilities. An escape rate estimation of poten 
tial defects in other integrated circuits or of the other inte 
grated circuits can also be determined. In some embodiments, 
the tested integrated circuits are designed in accordance with 
one or more design manufacturing rules, and the exemplary 
method further comprises estimating a yield sensitivity curve 
for at least one of the design manufacturing rule the estima 
tion being based at least in part on the determined probabili 
ties. Further, the exemplary method can be performed repeti 
tively over time, and can comprise determining production 
trends based on changes in the determined probabilities 
observed over time. In certain embodiments, one or more of 
the following acts are performed based at least in part on the 
reported probabilities: (a) adjusting one or more design 
manufacturing rules; (b) adjusting one or more defect extrac 
tion rules; or (c) providing recommended modification for 
one or more features in the integrated circuit. In implemen 
tations wherein one or more features in the integrated circuit 
are modified based at least in part on the reported probabili 
ties, the exemplary method can further comprise producing 
one or more integrated circuits having the modified one or 
more features. In certain embodiments, the integrated circuits 
tested have a common design, and the act of determining the 
probabilities comprises partitioning the design of the inte 
grated circuits into multiple design blocks and analyzing the 
design blocks as described in the previous paragraph. For 
example, the partitioning procedure can comprise simulating 
faults associated with nets in the design of the integrated 
circuits, identifying at least a first group of observation points 
that captures errors from a first set of nets and a second group 
of observation points that captures errors from a second set of 
nets, and including the first set of nets in a first design block 
and the second set of nets in a second design block. The act of 
determining the probabilities can further comprise construct 
ing probability models relating design block fail probabilities 
to fail probabilities of potential defects in respective design 
blocks, comparing the design block fail probabilities to the 
received information; and computing estimated fail prob 
abilities of the potential defects using regression techniques. 
The act of determining the probabilities can also comprise 
identifying nets that fail at a Substantially higher rate than 
other nets. A determination can be made whether the nets that 
fail at a Substantially higher rate than other nets occur repeti 
tively at or near a same die location of multiple wafers con 
taining multiples instances of dies that each contain an 
instance of the tested integrated circuit (for example, by gen 
erating a wafer defect map). In certain embodiments, the 
received information is further indicative of one or more of 
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the following properties associated with a respective potential 
defect: (a) a defect identifier that distinguishes the respective 
potential defect from other potential defects; (b) a derived 
rule identifier that identifies the defect extraction rule used to 
extract the respective potential defect; (c) a design manufac 
turing rule identifier that identifies the manufacturing rule 
that the defect extraction rules was based on; (d) one or more 
physical properties of the respective potential defect; (e) a 
physical location of the respective potential defect in the 
physical layout of the integrated circuit design; and (f) a 
ranking of the respective, potential defect relative to other 
potential defects in the same class of potential defects. 
0017. In another exemplary embodiment disclosed herein, 
information is received that is indicative of integrated circuit 
failures observed during testing of multiple integrated circuits 
and potential defects that may have caused the integrated 
circuit failures, the potential defects having been extracted 
and targeted for testing using extraction rules derived from 
design manufacturing rules. The information received is ana 
lyzed to determine one or more failure rates associated with 
one or more of the potential defects, and the determined 
failure rates reported. The information received can com 
prise, for example, one or more of the following: (a) diagnosis 
results; (b) one or more lists of the potential defects; or (c) 
information about detection of the potential defects during 
the testing. In some embodiments, an estimate of the yield of 
the integrated circuits is determined based at least in part on 
the determined failure rates. A yield estimation can also be 
determined for other integrated circuits. In certain embodi 
ments, an estimate of the escape rate of a respective potential 
defect or of the integrated circuits is determined based at least 
in part on the determined failure rates. An escape rate estima 
tion of potential defects in other integrated circuits or of the 
other integrated circuits can also be determined. In some 
embodiments, the exemplary method further comprises esti 
mating a yield sensitivity curve for at least one of the design 
manufacturing rules, the estimation being based at least in 
part on the determined failure rates. Further, the exemplary 
method can be performed over multiple time periods, and 
production trends can be determined based on changes in the 
determined failure rates observed over the multiple time peri 
ods. One of more of the following actions can be performed 
based at least in part on the reported failure rates: (a) adjusting 
one or more design manufacturing rules; (b) adjusting one or 
more defect extraction rules; or (c) providing recommended 
modifications of one or more features in the integrated circuit. 
In implementations wherein one or more features in the inte 
grated circuit are modified based at least in part on the 
reported probabilities, the method can further comprise pro 
ducing one or more integrated circuits having the modified 
one or more features. In certain embodiments, the diagnostic 
results are obtained through application of at least one fault 
dictionary. For example, the at least one fault dictionary can 
be a compressed fault dictionary that uses one or more bit 
masks to identify potential defects. In some embodiments, the 
act of analyzing comprises constructing probability models 
associated with the feature fail rates, relating the constructed 
probability models to the diagnostic results received, and 
computing estimated feature fail rates using regression analy 
S1S. 

0018. Any of the disclosed methods or procedures can be 
implemented in tangible computer-readable media compris 
ing computer-executable instructions for causing a computer 
to perform the method. Further, tangible computer-readable 
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media storing DFM rules created by any of the described 
methods, a compressed faultdictionary for use with any of the 
described methods, test patterns generated by any of the 
described methods, or results produced from, any of the 
described methods are also disclosed. Any of the disclosed 
methods can also be performed during production testing of a 
circuit-under-test. Any of the disclosed methods of proce 
dures can also be performed by one or more computers pro 
grammed to perform the disclosed methods or procedures. 
Circuits having defects identified in part or design modified in 
part using any of the disclosed methods are also considered to 
be within the scope of this disclosure. 
0019. The foregoing and additional features and advan 
tages of the disclosed embodiments will become more appar 
ent from the following detailed description, which proceeds 
with reference to the following drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 FIG. 1 is a block diagram showing the flow of an 
exemplary general method for improving design manufactur 
ing rules according to the disclosed technology. 
0021 FIG. 2 is a block diagram illustrating a first DFM 
rule example—specifically, a rule stating that two signal lines 
must always keep a minimum distance of d. 
0022 FIG. 3 is a block diagram illustrating a second DFM 
rule example—specifically, a rule stating that a signal line 
must always keep a minimum distance of d from other layout 
features. 
0023 FIG. 4 is a block diagram showing an example of a 
connection of two signal lines in different layers using a via. 
0024 FIGS.5 and 6 are block diagrams showing examples 
of the location of a via connection on the end of a signal line. 
0025 FIGS. 7 and 8 are block diagrams showing examples 
of a connection of two signal lines in different layers using a 
W18. 

0026 FIG. 9 is a block diagram showing in greater detail 
an exemplary manner in which component 13 of FIG. 1 can be 
performed. 
0027 FIG. 10 is a block diagram showing in greater detail 
an exemplary manner in which component 13.1 of FIG.9 can 
be performed. 
0028 FIG. 11 is a block diagram showing in greater detail 
an exemplary manner in which component 13.2 of FIG.9 can 
be performed. 
0029 FIG. 12 is a block diagram showing in greater detail 
an exemplary manner in which component 13.2.1 of FIG. 11 
can be performed. 
0030 FIG. 13 is a block diagram showing in greater detail 
a first exemplary manner (13.2.2.A) in which component 
13.2.2 of FIG. 11 can be performed. 
0031 FIG. 14 is a block diagram showing in greater detail 
a second exemplary manner (13.2.2.B) in which component 
13.2.2 of FIG. 11 can be performed. 
0032 FIG. 15 is a block diagram showing in greater detail 
a third exemplary manner (13.2.2.C) in which component 
13.2.2 of FIG. 11 can be performed. 
0033 FIG. 16 is a block diagram showing in greater detail 
an exemplary manner in which component 13.2.3 of FIG. 11 
can be performed. 
0034 FIG. 17 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3 of FIG.9 can 
be performed. 
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0035 FIG. 18 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.1 of FIG. 17 
can be performed. 
0036 FIG. 19 is a block diagram showing in greater detail 
a first exemplary manner in which component 13.3.1.1 of 
FIG. 18 can be performed. 
0037 FIG. 20 is a block diagram showing in greater detail 
a second exemplary manner in which component 13.3.1.1 of 
FIG. 18 can be performed. 
0038 FIG. 21 is a block diagram showing in greater detail 
a third exemplary manner in which component 13.3.1.1 of 
FIG. 18 can be performed. 
0039 FIG.22 is a block diagram showing in greater-detail 
an exemplary manner in which component 13.3.1.2 of FIG. 
18 can be performed. 
0040 FIG. 23 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.1.3 of FIG. 
18 can be performed. 
0041 FIG. 24 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.1.4 of FIG. 
18 can be performed. 
0042 FIG.25 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.1.5 of FIG. 
18 can be performed. 
0043 FIG. 26 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.2 of FIG. 17 
can be performed. 
0044 FIG. 27 is a block diagram showing in greater detail 
an exemplary manner in which component 13.3.3 of FIG. 17 
can be performed. 
0045 FIG.28 is a block diagram illustrating an example of 
fault effect differences. 
0046 FIG. 29 is a block diagram illustrating a possible 
output response compaction problem in connection with the 
fault-effect differences of FIG. 28. 
0047 FIG. 30 is a block diagram illustrating an output 
response compaction selection circuit. 
0048 FIG.31 is a block diagram illustrating an exemplary 
manner in which the test results can be post processed. 
0049 FIG.32 is a block diagram illustrating an exemplary 
graphical representation computation computation. 
0050 FIG.33 is a block diagram showing four examples 
in which the predicted faulty behaviors and the observed 
behavior have different relations. 
0051 FIG. 34 is a block diagram illustrating an actual 
failing-bits positioning caused by two defects. 
0052 FIG. 35 is a block diagram illustrating the observed 
failing patterns caused by two defects. 
0053 FIG. 36 is a graph showing the distribution of the 
distance between neighboring signals lines relative to a mini 
mum distanced for an exemplary integrated circuit. 
0054 FIG. 37 is the graph of FIG. 36 overlaid with pre 
dicted defect data and a predicted yield sensitivity curve for 
the exemplary integrated circuit. 
0055 FIG.38 is the graph of FIG. 36 overlaid with actual 
defect data and an actual yield sensitivity curve for the exem 
plary integrated circuit. 
0056 FIG. 39 is the graph of FIG. 37 overlaid with the 
graph of FIG. 38 and showing a comparison between the 
predicted and actual results. 
0057 FIG. 40 is a block diagram showing two exemplary 
features that could potentially have a corner-to-corner bridg 
ing defect or a side-to-side bridging defect. 
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0.058 FIG. 41 is a block diagram showing a buffer haying 
two equivalent fault 
0059 FIG. 42 is a block diagram of a net having faults that 
can be observed in two groups of scan cells, the groups being 
determined, for example, by an embodiment of a pareto chart 
computation procedure. 
0060 FIG. 43 is a block diagram illustrating the possibil 
ity of dies on a wafer failing due to Systematic mechanisms. 
0061 FIG. 44 is a block diagram illustrating an exemplary 
wafer defect map. 
0062 FIG. 45 is a block diagram illustrating the exem 
plary wafer defect map of FIG. 44 after so-called “hot nets” 
are identified. 
0063 FIG. 46 is a block diagram illustrating an exemplary 
fanout-free region wherein a stem signal line is located. 
0064 FIG. 47 is a block diagram schematically a yield 
analysis method according to one exemplary embodiment of 
the disclosed technology. 
0065 FIG. 48 is a block diagram showing an exemplary 
computer network as can be used to perform any of the 
disclosed methods. 
0.066 FIG. 49 is a block diagram showing an exemplary 
distributed computing environment as can be used to perform 
any of the disclosed methods. 
0067 FIG.50 is a flowchart for performing an exemplary 
component of the disclosed technology (test pattern genera 
tion) utilizing the network of FIG. 48 or the computing envi 
ronment of FIG. 49. 

DETAILED DESCRIPTION 

General Considerations 

0068 Disclosed below are representative embodiments of 
methods, apparatus, and systems having particular applica 
bility to testing, analyzing, and improving the yield and qual 
ity of integrated circuits that should not be construed as lim 
iting in any way. Instead, the present disclosure is directed 
toward all novel and nonobvious features and aspects of the 
various disclosed methods, apparatus, and systems, and their 
equivalents, alone and in various combinations and Subcom 
binations with one another. The disclosed technology is not 
limited to any specific aspect or feature, or combination 
thereof nor do the disclosed methods, apparatus, and systems 
require that any one or more specific advantages be present or 
problems be solved. 
0069. Moreover, any of the methods, apparatus, and sys 
tems described herein can be used in conjunction with the 
manufacture and testing of a wide variety of integrated cir 
cuits (e.g., application specific integrated circuits (ASICs), 
programmable logic devices (PLDs) Such as a field-program 
mable gate arrays (FPGAs), or systems-on-a-chip (SoCs)), 
which utilize a wide variety of components (e.g., digital, 
analog, or mixed-signal components). 
0070 Although the operations of some of the disclosed 
methods are described in a particular, sequential order for 
convenient presentation, it should be understood that this 
manner of description encompasses rearrangement, unless a 
particular ordering is required by specific language set forth 
below. For example, operations described sequentially can be 
rearranged or performed concurrently. Moreover, for the sake 
of simplicity, the attached figures may not show the various 
ways in which the disclosed methods, apparatus, and systems 
can be used in conjunction with other methods, apparatus, 
and systems. Additionally, the description sometimes uses 
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terms like “determine' and “identify” to describe the dis 
closed technology. These terms are high-level abstractions of 
the actual operations that are performed. The actual opera 
tions that correspond to these terms will vary depending on 
the particular implementation and are readily discernible by 
one of ordinary skill in the art. 
0071. The disclosed embodiments can be implemented in 
a wide variety of environments. For example, any of the 
disclosed techniques can be implemented in whole or in part 
in Software comprising computer-executable instructions 
stored on tangible computer-readable media (e.g., tangible 
computer-readable media, Such as one or more CDs, Volatile 
memory components (such as DRAM or SRAM, or nonvola 
tile memory components (such as hard drives)). Such soft 
ware can comprise, for example, electronic design automa 
tion (EDA) software tools (e.g., an automatic test pattern 
generation (ATPG) tool). The particular software tools 
described should not be construed as limiting in any way, 
however, as the principles disclosed herein are generally 
applicable to other software tools. Circuit designs that result 
in defects that are detected using the disclosed techniques can 
in Some circumstances be repaired. 
0072 Such software can be executed on a single computer 
orona networked computer (e.g., via the Internet, a wide-area 
network, a local-area network, a client-server network, or 
other Such network). For clarity, only certain selected aspects 
of the software-based implementations are described. Other 
details that are well known in the art are omitted. For example, 
it should be understood that the disclosed technology is not 
limited to any specific computer language, program, or com 
puter. For the same reason, computer hardware is not 
described in further detail. Any of the disclosed methods can 
alternatively be implemented (partially or completely) in 
hardware (e.g., an ASIC, PLD, or SoC). 
0073. Further, data produced from any of the disclosed 
methods can be created, updated, or stored on tangible com 
puter-readable media (e.g., tangible computer-readable 
media, Such as one or more CDs, Volatile memory compo 
nents (such as DRAM or SRAM), or nonvolatile memory 
components (such as hard drives)) using a variety of different 
data structures or formats. Such data can be created or 
updated at a local computer or over a network (e.g., by a 
server computer). 

Overview of an Exemplary Yield Analysis Method 
0074 Exemplary desirable embodiments of the disclosed 
technology relate to the Design-for-Manufacturability 
(DFM) of integrated circuits. DFM rules (sometimes referred 
to herein as “design manufacturing rules') can be used to 
determine potential production aberrations, referred to herein 
as “defects”. Other techniques, such as simulation of layout 
printability across the process window, can also be used to 
identify defects. According to certain embodiments of the 
disclosed technology, the actual distribution of classes of 
defects and of individual defects desirably can be determined 
using integrated circuits actually being produced for ship 
ment by integrated circuit foundries (for example, integrated 
circuit designed for functional use in an electronic device). In 
other words, features present in an integrated circuit design in 
production can be analyzed instead of test structures on a 
specially designed test chips. Consequently, the need or use of 
specially designed test chips can be eliminated or signifi 
cantly reduced. Further, by analyzing these distributions, the 
DFM rules can be modified to increase the yield in the pro 
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duction of the integrated circuit and of other integrated cir 
cuits that use the same set of DFM rules. 

0075 FIG. 47 is a block diagram schematically illustrat 
ing a yield analysis method (4700) according to one exem 
plary embodiment of the disclosed technology. In the illus 
trated embodiment, yield improvement is achieved by 
performing a test-based analysis of the underlying DFM rules 
or of an extracted or modified set of DFM rules derived at 
least in part from an initial set of DFM rules. Based upon these 
DFM rules, the defects that are most likely to appear can be 
extracted from the layout of the integrated circuit, and high 
quality test pattern sets can be generated to target the detec 
tion of these defects. For example, and with reference to FIG. 
47, a fault/defect extraction component (4710) (for instance, 
a physical verification tool or other appropriate EDA software 
tool) can receive a set of defect rules (4702) (for example, 
DFM rules provided by a foundry or a rules set created by an 
earlier iteration of the method (4700)) and a design of an 
integrated circuit (4704) (for instance, a layout description of 
the geometry of the integrated circuit design, such as a GDSII 
or Oasis file). 
0076. The fault/defect extraction component (4710) can 
operate to extract potential defects from the integrated circuit 
design, wherein the extraction is based at least in part on one 
or more of the defect rules (4702). For instance, one or more 
defect extraction rules can be determined from the defect 
rules and applied to the circuit design. Exemplary techniques, 
for performing defect extraction rule creation and extraction 
are discussed in greater detail below. In some embodiments, 
the defects can be categorized into several classes and Sub 
classes, which are parameterized by specific features of the 
class. A fault simulation/test pattern generating component 
(4712) (such as an automatic test pattern generation (ATPG) 
tool) can receive the extracted defects and operate to create 
one or more test patterns targeting the extracted defects. To 
generate the test patterns, the test pattern generating compo 
nent (4712) can use a different representation of the inte 
grated circuit, such as a netlist (4713). In addition, the fault 
simulation/test pattern generating component (4712) can 
receive existing test patterns (4711) and simulate or otherwise 
characterize them for the extracted defects. Furthermore the 
fault simulation/test pattern generating component (4712) 
can generate incremental test patterns. Exemplary techniques 
for performing test pattern generation for the extracted 
defects are discussed in greater detail below. The fault simu 
lation/test pattern generating component (4712) can also pro 
duce a defect data base (4720) (sometimes referred to as a 
fault dictionary, fault thesaurus, or defect dictionary). 
0077. The integrated circuit design is manufactured 
(4705) and tested (4714) (for example, using a tester or ATE). 
During testing (4714), fail information for one or more inte 
grated circuits can be recorded. The testing can be performed, 
for example, using the generated test patterns targeting the 
extracted defects. In certain embodiments, the integrated cir 
cuits tested are production circuits, not specialized test chips. 
A test analysis component (4716) can receive and evaluate the 
fail information during production. In certain situations, and 
according to some embodiments of the disclosed technology, 
incremental simulation and diagnosis procedures can be used 
in order to increase the defect class resolution. Based at least 
in part on the test-result analysis, information concerning 
failing design properties can be collected and stored, for 
example, as diagnostic results (4722). A diagnostic results 
analysis component (4718) can be used to analyze the results 



US 2009/021 0183 A1 

using one or more statistical methods (described in greater 
detail below) and to display the results as one or more graphi 
cal representations (4719). For example, according to one 
exemplary embodiment, the results can be displayed in a 
pareto chart (for example, a graphical representation focus 
ing, for instance, on potential design defects in design fea 
tures and classes or Subclasses of such defects). The diagnos 
tic results (4722) can be used in multiple ways, such as to 
compute the yield for the integrated circuit production or to 
estimate the defects-per-million (DPM) (sometimes referred 
to as the “escape rate'). In some implementations, the pre 
Sumed yield data is continuously updated in order to improve 
the accuracy of the predictions. Further, the outcome of the 
analysis of the diagnosis results can be used to analyze the 
DFM rules and defect-extraction rules. From this analysis, 
DFM rules and defect-extraction rules (whether derived from 
DFM rules or independently) can be related to the cause of the 
failing devices. Improvements of the DFM rule set and 
defect-extraction rule sets can then be generated (for 
example, in Some embodiments, the improved rules are auto 
matically generated). The new rule sets, when implemented, 
can be used to increase the quality or yield of the production 
of the integrated circuit and can also improve the initial yield 
of the production of other integrated circuits. The improve 
ments to the rule sets can include, for example, additions, 
deletions, and modifications of existing rules, but can also 
involve the creation of new defect classes or the refinement of 
classes, which can form at least part of a new set of defect 
rules (4702). Thus, the yield analysis procedure illustrated in 
the block diagram (4700) can be repeated for a set of rules 
with one or more rules that have been revised or modified by 
a previous application of one or more of the components of 
the illustrated yield analysis process. In addition, analysis 
with fail data sets gathered overtime can be compared to each 
other in order to identify trends in the occurrence of defects. 
These decisions are generally performed at yield enhance 
ment decision stage (4724) and are typically made manually. 
Through the use of Such a method, the necessity of so-called 
test chips can be greatly reduced or eliminated entirely. 
0078. Among other possible advantages, embodiments of 
the disclosed technology can be used to improve the yield and 
quality of the production of an integrated circuit and of future 
integrated circuits by improving the DFM rules, the defect 
extraction rules, and/or the defect ranking. As explained in 
more detail below, embodiments of the disclosed technology 
can comprise one, Some, or all of the following method acts: 

0079 Deriving defect-extraction rules from defect rules 
such as DFM rules; 

0080 Extracting defects from a description of the inte 
grated circuit using the derived defect-extraction rules 
and additional defect-extraction rules; 

0081 Assigning a ranking to each extracted defect 
based on the description of the integrated circuit. (In 
Some implementations, the ranking is continuously 
updated (e.g., using data collected from testing devices 
testing the described integrated circuit or other inte 
grated circuits)); 

I0082 Filtering the extracted defects based at least in 
part on, for example, a ranking or location of the defect 
in the layout of the integrated circuit; 

I0083 Predicting the yield and quality of the integrated 
circuit; 

I0084. Mapping the extracted defects into fault models; 
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0085 Generating, qualifying, and/or ordering input 
stimuli (for example, test patterns) based at least in part 
on the extracted defects and their ranking; 

I0086 Generating a dictionary with respect to the gen 
erated input stimuli; 

0.087 Applying test stimuli to manufactured chips and 
collecting test-result data; 

0088 Processing test-result data. (for example, diag 
nosing the test results) using the dictionary; 

0089 Analyzing the results of diagnosis for the purpose 
of providing data that can be used in the following 
method acts: 
0090 Modifying, adding, and/or deleting DFM rules 
based at least in part on the analysis of the diagnosis 
results; 

0091 Modifying, adding, and/or deleting defect-ex 
traction rules based at least in part on the analysis of 
the diagnosis results; 

0092 Modifying the defect ranking based at least in 
part on the analysis of the diagnosis results; 

0093. Diagnosing defects not originally included in 
the dictionary. This diagnosis can lead to the modifi 
cation of the dictionary and/or addition of new or the 
modification of old DFM rules or defect-extraction 
rules, or both kind of rules; and 

0094 Comparing a number of analysis result sets in 
order to compute and display trends with respect to the 
distribution of defects and defect classes. 

I0095. In some implementations of the general method, 
such as the general method shown in FIG. 47, the method is 
applied to an integrated circuit having a scan-chain-based 
design, which can further include on-chip compression logic. 
Further, the general method is applicable in environments 
where the exchange of information is restricted. 
0096. As noted, certain embodiments of the exemplary 
general method involve the extraction of defects based on 
DFM Rules (for example, using defect extraction component 
(4710)). In some implementations, for example, one or more 
defect-extraction rules can be derived from one or more DFM 
rules. Further, the derived defect-extraction rules can com 
prise rules that are “tightened' and “loosened in multiple 
ways with respect to the respective underlying DFM rules, 
with respect to the description of the integrated circuit, and/or 
with respect to external stimuli. These variations of the 
defect-extraction rules can help increase the resolution in 
determining and analyzing the failing of the respective under 
lying DFM rule. One or more defect candidates can be 
extracted from a description of the integrated circuit using the 
tightened and loosened defect-extraction rules. Further, one 
or more defect candidates can be extracted out of a descrip 
tion of the integrated circuit using an additional set of defect 
extraction rules not present or implied by the original defect 
rules. According to one implementation, for instance, the 
defect-extraction procedure adds at least a nominal set of 
defects representing the worst case scenarios of each defect 
class to the set of extracted defect candidates. The extraction 
method can mark these defects as special worst-case defects. 
In some implementations, one or more parts of the integrated 
circuit description can be designated Such that no defects are 
extracted therefrom when using the above-mentioned sets of 
defect-extraction rules. 
0097. The occurrence of a defect within each comparable 
class of defects can be ranked using the description of the 
integrated circuit, the tightened and loosened defect-extrac 
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tion rules, and/or the respective underlying DFM rules. The 
occurrence of a class of defects can also or alternatively be 
ranked using the description of the integrated circuit, the 
tightened and loosened defect-extraction rules, and/or the 
respective underlying DFM rules. In certain implementa 
tions, historical data can be taken into account when comput 
ing either or both of these rankings. The defects can further be 
ranked by overlaying the ranking of the individual defect 
within each class of defects with the ranking of the respective 
class. Further, the achievable yield can be predicted based on 
the description of the integrated circuit, the tightened and 
loosened defect-extraction rules, the respective underlying 
DFM rules, and/or the ranking of the defects and classes of 
defects. Also, ranking within and across classes can be 
accomplished by re-ranking based on results of the diagnostic 
resultanalysis (4718) of either the current design or of results 
achieved from a comparable earlier design. Filters can also be 
applied to select the extracted defects based on Such param 
eters as the ranking of the defects or certain property of the 
defects, such as location within the layout of the integrated 
circuits. 

0098. Some embodiments of the exemplary general 
method involve a process termed generally “DFM rule learn 
ing,” which involves improving one or more DFM rules. For 
example, in some implementations, the DFM rules are 
improved based on the outcome of the testing of one or more 
integrated circuits. This improvement can comprise the modi 
fication of DFM rules, the addition of DFM rules, and/or the 
dropping of DFM rules. One or more of the tightened and 
loosened defect-extraction rules can also or alternatively be 
improved. This improvement can likewise comprise the 
modification, of defect-extraction rules, the addition of 
defect-extraction rules, and/or the dropping of defect-extrac 
tion rules. The assumed ranking of the defect classes and/or 
the individual defects can also be improved based on the 
outcome of the testing of one or more integrated circuits. 
0099 Embodiments of the exemplary general method also 
involve the generation of test patterns targeting one or more of 
the extracted defects (for example, by test pattern generation 
component (4712)). For example, one or more defects from 
one or more classes of defects can be mapped to one or more 
corresponding faults associated with one or more fault mod 
els. Since multiple mappings are possible for some defects, 
the defect-to-fault mapping can be directed (e.g., via external 
stimuli). A netlist description (for example, netlist (4713)) of 
a design can be modified to enable design-for-test procedures 
like test pattern generation, simulation, and fault simulation 
to Support defect-based testing by adding or deleting gates, or 
by adding or deleting signal lines, or both. In some imple 
mentations, the patterns can be reordered in order to enhance 
the defect resolution and/or the defect coverage. The pattern 
reordering can be performed while considering other, stored 
information. In certain implementations, a set of target 
defects, as well as the tasks defining what to do with the 
defects in the set, can be selected (e.g., manually or automati 
cally). The set can contain one or more defect and have one or 
more tasks selected for it. Using this set of defects and tasks, 
test pattern generation can be performed. For example, test 
pattern generation can be performed to generate one or more 
tests for one or more of the named defects in the set of target 
defects, or to generate one or more tests that distinguish 
between subsets of the target defects in the set. Each of these 
subsets can contain one or more defects. The faults related to 
a set of target defects and tasks can be selected so as to 
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increase the chance of successful test pattern generation (e.g., 
by analyzing the interaction of the faults and potentials to 
fulfill the tasks on the faults). Further, in certain implemen 
tations, the addition of a candidate test pattern for the set of 
target defects and tasks can be delayed according to an analy 
sis of the effects this candidate test pattern will have on the 
overall quality of the test pattern set and defect set (especially 
with respect to defect resolution). This analysis, for example, 
can determine that the candidate test pattern for the set of 
target faults and tasks should not be use. The analysis can 
determine that the test pattern generation for the set of target 
faults and tasks should be abandoned, or that the generation of 
a different candidate test pattern for the same or a modified set 
of target defects and tasks should be performed. In some 
implementations, the fault simulation and/or test pattern gen 
eration that is performed supports multiple fault models 
simultaneously. In some implementations, faults mapped 
from one or more sets of defects and test patterns detecting 
these faults can be identified so that the defects, faults, and 
test patterns can be removed from further consideration with 
out having to simulate the entire test pattern set. Certain 
implementations are further configured to modify integrated 
output response compaction schemes in order to increase the 
defect resolution and/or to increase the defect resolution by 
adding a selector stage to the mentioned output response 
compactor. 
0100 Embodiments of the general method can also 
involve a process known as yield loss mechanism learning.” 
For example, in certain implementations, the pareto chart of 
yield loss mechanism's is computed (for example, by test 
analysis component (4716) and/or diagnostic results analysis 
component (4718)) by analyzing fail data of production inte 
grated circuits and using precomputed information stored, for 
example, in a defect dictionary (it should be noted that the 
term “dictionary” and “thesaurus' are used interchangeably 
in this disclosure). Miscellaneous defects that cannot other 
wise be identified as belonging to any classes can be analyzed 
(for example, by advanced diagnosis component (4726)) so 
that new information can be learned and incorporated into the 
defect rule set, the defect extraction rule set, and defect dic 
tionary. The defect dictionary can also be updated based on 
the new defect-extraction-rule set. The production testing fail 
data associated with each defective integrated circuit can be 
analyzed, and the class of the defects that caused the failure 
identified. The statistical data can be analyzed and calibrated 
to minimize the average prediction error due to the equivalent 
defects that cannot be distinguished, so that the computed 
pareto chart for example of yield loss mechanisms can 
achieve higher precision. 
0101 FIG. 1 is a block diagram illustrating more particu 
larly the exemplary method for performing yield analysis 
illustrated in FIG. 47. The exemplary method shown in FIG. 
1 is subdivided into four sections, identified as Section I, II, 
III, and IV in FIG. 1. For ease of presentation, the various 
sections and procedures therein are sometimes referred to as 
being actors of certainactions, though it should be understood 
that the procedures described are typically implemented as 
computer-implemented methods. Section I concerns the gen 
eration of defect-extraction rules (3), a list of defects (9), and 
a ranking (6) (for example, by fault-defect extraction compo 
nent 4710). The defects (9) are extracted from the layout 
description (5) of the integrated circuit (for example, a GDSII 
file). In certain embodiments, this list of defects (9) is not 
explicitly represented and communicated between Section I 
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and Section II, but is instead represented implicitly. Some of 
the defect-extraction rules (3) can be automatically derived 
(2) from a given set of DFM rules (1), according to which the 
integrated circuit was designed, as shown in Subsection IA. 
Section II concerns defect-based test pattern generation, 
simulation, and pattern optimization (13) (for example, by 
test pattern generation component 4712). This section can 
produce a high-quality test pattern set (17) with respect to 
defect coverage and especially to defect resolution of classes 
and Subclasses of defects. A class can be defined by non 
derived defect-extraction rules (4) and by DFM rules (1), and 
Subclasses can comprise the derived respective defect-extrac 
tion rules (3). Section II concerns the application (19) of the 
test pattern set (17) to devices (18) in an ATE. Section IV 
concerns the processing (21) of test-result data (20) from the 
devices tested in Section III (for example, by test analysis 
component 4716 and/or diagnostic results analysis compo 
nent 4718). The test-result data is evaluated, for example, 
with a dictionary (16), generated by Section II. A number of 
analyses can be performed on the data. One type of analysis 
leads to the display of the results of the tested devices using 
so-called “pareto charts” (22). Another type of analysis (23) 
provides data that can be used to update the ranking of the 
defects and defect classes (24). This information is fed back 
into Section I for an improved defect ranking and yield pre 
diction. Yet another type of analysis (25) focuses on the set of 
current defect-extraction rules. This analysis investigates if 
some of the DFM rules (1) from which the defect-extraction 
rules (3) were derived should be modified. This information 
can be used to improve the DFM rules, and thus the yield, for 
the current integrated circuit (e.g. by means of a redesign or a 
mask modification (27)). In addition, the improved DFM 
rules can lead to higher initial yield of the next design, which 
is based on the now-improved DFM rules. A further aspect of 
this analysis is to feedback the modified (26) defect-extrac 
tion rules (3) (4), for example, to increase the defect resolu 
tion or to include defects that were not considered before. 

0102. In the following sections, the various procedures 
performed in the general method shown in FIG. 1 are 
described in greater detail. The particular procedures 
described should not be construed as limiting in any way, 
however, as they describe particular representative imple 
mentations of the procedures shown in FIG. 1. Any of the 
described procedures can be used separately or independently 
as part of other systems. 
0103) The discussion of the exemplary procedures 
assumes the production of an integrated circuit using DFM 
rules for which there is not yet much experience and knowl 
edge. Traditionally, large quantities of test chips would have 
been produced to learn more about the DFM rules and the 
production challenges. Here, it is shown how embodiments of 
the disclosed method can help to reduce the requirements for 
test chips and, at the same time, increase the quality of knowl 
edge gained. 
0104 Throughout the discussion, two DFM rules are con 
sidered by way of example. It should be understood, however, 
that the described rules are for illustrative purposes only and 
that the embodiments described are normally applied to a 
much larger number set of DFM rules. The first example rule 
concerns the minimum distance between two signal lines. 
The second example rule concerns the layout geometry of the 
ends of signal lines if there is a via connection. The discussion 
below focuses at first on the method as shown in FIG. 1 and 
explains how defect-extraction rules are derived from DFM 
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rules and how defects are extracted and ranked. Initially, the 
example skips details about the actual test pattern generation 
and test-result-data evaluation for purposes of readability. 
The example continues with the analysis of failing defect 
extraction rules and relates this information back to the under 
lying DFM rules. Finally, details about exemplary methods of 
test pattern generation are described, followed by details of 
exemplary methods for evaluating the test-result data. The 
last section describes the application of the general method to 
circuit designs having output response compactors. 

DFM Rule Based Defect-Extraction-Rule Derivation 

0105 Referring to subsection Ia of FIG. 1, the exemplary 
flow starts with a set of DFM rules (1) and the layout data of 
an integrated circuit (5). From these DFM rules, defect-ex 
traction rules (3) are to be derived (2). As noted above, DFM 
rules typically comprise recommendations or Suggestions 
that reflect different levels of emphasis of the rules in the 
DFM set, and different requirements to follow them more or 
less strictly. However, for illustrative purposes only, the vari 
ous types of rules are not distinguished in the discussion 
below. In implementations of the described methods, how 
ever, the differences among the rules are accounted for. 
0106 FIGS. 2 and 3 show examples of DFM rules. FIG. 2 
depicts a rule that Suggests that two parallel signal lines (for 
example, lines (201), (202)) should be separated from each 
other by a distance of d. FIG. 3 shows a similar rule that 
Suggests that signal lines (for example, line (301)) should be 
separated by a distance of d from any other layout feature 
(for example, feature (302)). Other DFM rules can describe, 
for example, how two signal lines in different layers are to be 
connected using a via FIGS. 4, 7, and 8 show examples of 
Such rules. 
0107. In general, DFM rules are used to ensure that the 
integrated circuit is actually manufacturable using the pro 
cess and technology that is implied by the DFM rules. With 
reference to FIG. 1, the set of DFM rules (1) is translated (2) 
into a set of defect-extraction rules (3). As an example, refer 
again to FIG. 2. Let the DFM rule read as follows: M1: For all 
parallel signal lines in the same layer, the minimum distance 
is d. 
0108. According to one exemplary embodiment, the rule 
derivation procedure (2) transforms M1 into a set of defect 
extraction rules (3) as follows. The layout (5) of the integrated 
circuit is analyzed. This analysis identifies possible defect 
candidates and their respective properties and distribution. It 
also takes external stimuli into account. For the sake of this 
example, assume that the user specified that there are cur 
rently production problems with the device that result in an 
increased likelihood of certain kind of defects (e.g., bridging 
defects). The analysis within the rule derivation method can 
address this problem. For the case where bridging defects are 
specified, for example, the analysis can define more bridge 
defect-extraction rules than it would normally do. The reso 
lution on the defect classes can be accordingly increased, 
thereby providing valuable information to the production 
engineer. 
0109. In addition, the analysis could determine that design 
rule M1 has been violated in the layout (5). Thus, appropriate 
defect-extraction rules can be added to the set. For example, 
the distribution of the minimum distance between pairs of 
neighboring signal lines (limited by an upper factor of here 
d+35%*d) could be as shown in the graph of FIG. 36. Note 
that y-axis is omitted from FIG. 36, as it used to schematically 
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represent different parameters throughout the graphs shown 
in FIGS. 36-39. With respect to the distribution curve shown 
in FIG. 36, for instance, the y-axis schematically represents 
the number of neighboring signal lines having the corre 
sponding distance shown on the X-axis. 
0110 Based on this distribution of candidates, the rule 
derivation procedure (2) distributes the defect candidates into 
classes with similar minimum distance. This classification 
can help increase the resolution of production faults with 
respect to design rule M1. This analysis can also be used to 
estimate the number of defect candidates before actually 
extracting them. The user can influence the defect extraction 
method at this point, if, for example, the number of potential 
defect candidates becomes too large. For the above distribu 
tion, the following exemplary defect-extraction rules (3) can 
be generated for the DFM rule M1 by the rule derivation 
procedure (2): 

0111 E1 (M1): Extract all pairs of signal lines in the 
same layer whose minimum distance d is defined by: 
d-3%*dsd-d 

0112 E2(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance d is defined by: 
d-8%*dsda-di-3%*d 

0113 E3(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance d is defined by: 
di Cd1-8%d 

0114 E4(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance d is defined by: 
dead, 

0115 E5(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance dis is defined by: 
d-dissd+4%*d 

0116 E6(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance die is defined by: 
d+4%*d-desd--8%*d, 

0117 E7(M1): Extract all pairs of signal lines in the 
same layer whose minimum distanced, is defined by: 
d+8%*d Cdsd+13%*d 

0118 E8(M1): Extract all pairs of signal lines in the 
same layer whose minimum distance dis is defined by: 
d+13%*ds dissd-20%*d 

0119. It is possible that a pair of signal lines runs parallel 
to each other at different distances for different sections of the 
signal lines, causing that pair to be selected by multiple 
extraction rules. The defect probability computation later in 
the flow should desirably take this into account. 
0120 A second exemplary DFM rule M2 to consider is a 
geometric one. Specifically, M2 defines the geometry at the 
end of signal lines in the case when there is a via connecting 
the signal line to another in an adjacent layer. FIGS. 4, 7 and 
8 show different possibilities of the geometry at the end of the 
signal lines. All of the geometries connect signal (401) to 
signal (402) through via (403) but they differ in their reliabil 
ity. FIG. 5 illustrates the problem. The ends of signal line 
(501) are not actual squares, but assume a round shape due to 
a number of production issues. This can cause via (502) to be 
partially off the signal contact, which in turn limits its capa 
bility of establishing a correct connection between the con 
nected signals. FIG. 6 shows one possible solution to the 
problem: The via (502) is relocated a bit away from the signal 
end. FIGS. 7 and 8 show other such examples. The realiza 
tions shown in the FIGS. 4, 7, and 8 fail with a different 
probability (i.e. they have a different impact on the yield), 
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with FIG. 8 showing the most reliable connection geometry 
of the group. Therefore, the DFM rule M2 can read as follows: 

0121 M2: If a signal line is connected to another signal 
line with a via at the end of the signal line, the geometry 
should be analogous to FIG. 8. 

It can be extremely difficult or impossible to extract all signal 
lines which have vias at their end. The defect-extraction rules 
should therefore select the defect candidates carefully. For 
example: 

0.122 E1 (M2): Extract n signal lines, for which all 
respective connections follow FIG. 4. 

0123 E2(M2): Extract n signal lines, for which all 
respective connections follow FIG. 7. 

0.124 E3(M2): Extract n signal lines, for which all 
respective connections follow FIG. 8 

0.125 E4(M2): Extract n signal lines, which were not 
selected by E1 (M2) through E3(M2). 

(0.126 Rules E1 (M2) through E3(M2) are desirable for a 
good defect resolution But the respective sets of extracted 
defects could be empty. Rule E4(M2) adds a reliability test to 
the test pattern sets. Because one cannot target all problematic 
vias, only the most likely signal lines to fail are selected as 
targets. If there is a general problem with the Vias, many tests 
will fail, not only the ones for the DFM rule M2. But these 
extraction rules add a certain resolution capability to the test 
pattern set. 
0127. Similar defect-extraction-rule derivations can be 
computed for other DFM rules (1). The defect-extraction 
rules derived collectively form the set denoted by (3) in FIG. 
1. The derivation process (2) should ensure that for each 
defect-extraction rule, it remains possible to determine from 
which DFM rule it was generated. For example, there can be 
a unique ID assigned to each DFM rule. Each defect-extrac 
tion rule translated from the same DFM rule can share this ID 
as part of its data structure. 
I0128 Besides the DFM-based defect-extraction rules (3), 
there is another set of defect-extraction rules (4) that can be 
created and used. This set focuses on traditional defect-lim 
ited yield loss aspects, which are not covered by the DFM 
based defect-extraction rules. One example of this kind of 
rule targets inline resistance of signal lines, which in turn 
alters the speed with which a transition of voltage levels 
travels through the signal line. An additional Subset of rules in 
set (4) defines areas for which no defect shall be extracted. 
Such areas are, for example, memories, which have their own 
self-test. 

Defect Extraction 

I0129. Based on the defect-extraction rules (3) (4), the 
actual defect candidates are extracted using the layout 
description (5) of the integrated circuit. Once the extraction 
rules are in place, the extraction itself (7) is well understood, 
and can be achieved using one of many available tools (e.g., 
Calibre R from Mentor Graphics Corporation). Extraction (7) 
generates a list of potential defects (9). 
0.130. An extracted defect can be defined by the data 
describing the actual defect, like location and physical prop 
erties. Additional data can be associated with each defect. For 
example, in one exemplary implementation, the defects in the 
list (9) have one, some, or all of the following additional 
properties: 

0131 1. A unique identifier, 
0.132. 2. An identifier disclosing the rule from DFM 
effect extraction rules (3) and/or test-defect extraction 
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rules (4) corresponding to the defect extraction rule that 
caused the inclusion of the respective defect in the list of 
defects; 

0.133 3. An identifier disclosing the defect extraction 
rule that caused the inclusion of the respective defect in 
the list of defects; 

0.134 4. The location of the defect in the layout of the 
integrated circuit; 

0.135 5. One or more physical parameters of the defect, 
Such as length, width, resistance, and/or capacitance; 

0.136 6. An indicator of whether the defect belongs to a 
special class of defects (for example, a worst-case defect 
of each class of defects); and 

0.137 7. A ranking. According to one implementation, 
the ranking corresponds to the defects probability; 

0.138. Item 1 is typically used to relate faults (which will be 
derived from defects using the methods of ATPG, fault simu 
lation, and pattern optimization) to the original defect. There 
could be more than one fault derived from a single defect 
0.139. Items 2 and 3 are used, for example, in the analysis 
of the effectiveness of the rules, which in turn feeds back to 
the addition, deletion, or modification of the defect-extraction 
rules and/or the design manufacturing rules. 
0140 Item 4 can be used for identifying frequently failing 
locations and for guiding physical failure analysis. 
0141 Item 5 can be used for estimating the sensitivity of 
the defects to variation in physical parameters. 
0142. Item 6 is used to flag the occurrence of defects that 
were not necessarily the target of the normal defect-extraction 
rules. With the help of these specially marked defects, it is 
possible to cover all or nearly all of the possible defect 
classes. These specially marked defects can be used to give 
the user an early warning of for example, drifting production 
parameters, before they become statistically significant. For 
example, one set of inline resistive defects can contain the five 
longest signal lines in a specific metal layer. Initially, the test 
patterns that would detect these defects fail very rarely; how 
ever a few weeks later, these test patterns fail more often. 
Although the total number of fails may be statistically insig 
nificant with respect to the overall test result of the device, a 
statistically significant increased failing rate with respect to 
these special defects can give the production engineer an 
early warning of a problem building up before it actually 
impacts the yield. 
0143 Item 7 helps the described method to correctly rank 
the defects of all different kinds. 

Ranking 

0144. There are at least two ranking schemes that can be 
used alone or together to rank the extracted defects. A first 
exemplary ranking involves ranking the defects within each 
class. This means that the ranking does not represent an 
absolute number among all possible defect candidates, but 
rather is specific to a particular class. For example, the rank 
ing for all bridge types of defects can be comparable, and the 
ranking of all open or resistive vias can be comparable. This 
ranking can be computed automatically. A second exemplary 
ranking is between defect classes and is typically not deter 
mined automatically without some externally provided data. 
Information can be supplied, for example, that relates the 
classes of defects in a quantified manner. 
0145 A description is provided below of how historical 
data can be used to predict failing rates and to rank the defects. 
This historical data can be gathered, for example, from earlier 
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testing of the same integrated circuit, or from testing of other 
integrated circuits that use the same or similar DFM rules. A 
description is also provided of how defects of the same class 
can be ranked if no historical data is available. An exemplary 
overall ranking procedure is also described. 
0146 FIG. 37 shows a graph of the distribution curve of 
FIG. 36 together with a dashed line showing the expected 
yield sensitivity curve. In this example, the yield sensitivity 
curve was derived from assumptions and experience. With 
respect to the yield sensitivity curve, the y-axis schematically 
indicates the percentage of yield loss resulting from signal 
lines separated by the corresponding distances on the X-axis. 
In general, yield sensitivity indicates the expected yield loss 
for each of the Subclasses (for example, the percentage of 
expected fails) and can be used for ranking (for example, from 
highest yield sensitivity to lowest). Yield sensitivity data 
along with the actual number of defect candidates in each 
subclass E1 (M1) to E8(M1) can be used to compute the 
estimate of the number of expected fails due to the defects for 
each extraction rule (shown as the step functions in FIG. 37). 
This data can also be used to rank the defects (for example, 
from the highest number of expected fails to the lowest). 
Remember that this example assumes that there is not much 
knowledge about the DFM rules used and the production of 
devices using these rules. Therefore, the yield sensitivity 
curve shown represents an educated first guess of the respon 
sible engineer. As explained in more detail below, the 
expected yield loss can be compared to the actual test 
response data and conclusions drawn from the comparison. 
0147 An exemplary ranking of defects extracted with 
respect to DFM rule M2 is presented in this paragraph. As 
discussed above, the probability of failing is different for the 
three possible geometries associated with rules E1 (M2). 
E2(M2), and E3(M2). According to one exemplary imple 
mentation, the ranking of defects extracted due to rule 
E1 (M2) is higher than the defects extracted due to rule 
E2(M2), which is higher than the defects extracted due to rule 
E3(M2). The ranking of defects extracted due to rule E4(M2) 
depends on the actual number of occurrences of the different 
geometries and will vary. 
0.148. Note that it is not necessary that there exists a failing 
probability assigned to the defects to compute a ranking of 
defects within a class. However, if one wants to rank the 
classes of defects relative to one another, Some additional data 
is typically used. In certain implementations, default values 
are assumed, but actual data is usually preferred. Assume, for 
instance, that is known that the relationship of fails between 
bridges and vias is 80:20. From this, a ranking between 
classes can be computed in a straightforward fashion—spe 
cifically, in a way that for every eight bridge defects selected 
according to their own ranking procedure, the next two high 
est ranking via defects are selected. Since actual defect data is 
assumed not to be available at this point, this ranking com 
prises a first approximation. But since the flow does not 
typically require truncating the pattern set, coverage is usu 
ally not an issue. Potentially, a certain defect can be selected 
sooner or later than it should have been selected. If the avail 
able data allows it, the method (7) can give a yield estimate 
(8). 

Test Pattern Generation and Production Testing. 
0149. After the list of defects (9) has been generated, the 
general method shown in FIG.1 enters Sections II and III: test 
pattern generation and optimization, and test application. For 
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purposes of maintaining the clarity of this description, the 
discussion of how the test patterns are generated is provided 
later. The following points concerning the test patterns, how 
ever, should be kept in mind. 
0150. In certain embodiments of the disclosed technology, 
one or more of the test patterns (17) can distinguish classes 
and, in certain embodiments, Subclasses of defects. In addi 
tion, the test patterns can distinguish the majority of defects, 
but only as a subordinated objective with respect to the capa 
bility to distinguish classes and Subclasses of defects. (In this 
discussion, it is assumed that each DFM rule defines a class 
and each defect-extraction rule defines a corresponding Sub 
class.) 
0151. For purposes of this discussion, to increase the 
defect coverage, N-detection patterns are assumed with a 
user-selectable N. That is, N different patterns are used to 
detect a given defect. 
0152 For purposes of this discussion, it is assumed that a 
faultdictionary (16) is generated together with the pattern set. 
The fault dictionary can comprise, for example, a table orga 
nized into rows, with each row containing data for a test 
pattern. The rows, and therefore the test patterns, can be in the 
same sequence the test patterns are listed in the accompany 
ing pattern set (17). A fault in the fault dictionary can be 
described by carrying the ID of the defect it was derived from, 
a fault type, the overall number of times the fault has been 
detected, and the number of observation points the fault can 
be propagated to under the current test pattern. Further, the 
fault dictionary can store only a limited amount of detection 
data. For example, for each fault, only the first k detecting test 
responses can be stored; and for any later detection, the test 
response is not stored but the detection still counted. For each 
test pattern, the observation points at which faults detectable 
by the test pattern can be observed in the netlist representation 
of the integrated circuit can be listed in or discernible from the 
fault dictionary. The detectable faults can be organized, for 
example, as lists associated with each of the observation 
points listed for the current pattern. Exemplary implementa 
tions of a fault dictionary as can be used in connection with 
any of the described embodiments are described, for example, 
in B. Chess and Tracy Larabee, “Creating Small Fault Dic 
tionaries.” IEEE Transactions on Computer-Aided Design, 
Vol. 18, no. 3, pp. 346-356 (March 1999), and V. Boppana, I. 
Hartanto, and W. K. Fuchs, “Full Fault Dictionary Storage 
Based on Labeled Tree Encoding in Proceedings of the 
VLSI Test Symposium, pp. 174-197 (1996). Otherexemplary 
methods for creating a fault dictionary as can be used in any 
of the disclosed embodiments are also described below in a 
separate section. 
0153. It is assumed for purposes of this discussion that 
devices realizing the integrated circuit (5) have been tested 
using the test pattern set (17) as illustrated in Section III of 
FIG.1. Test result data (20) can be available either in real time 
(while production testing is still in progress) or from a data 
base storing earlier test results. 

Test-Result Analysis 
0154 Section IV of FIG. 1 involves the processing and 
analysis of test-result data (21). A more detailed description 
of the analysis is provided in a separate section below. In 
general, however, the test-result analysis is performed to 
determine from the test result data (20) and the dictionary (16) 
which classes of defects have failed, and if possible, which 
individual defects. FIG. 31 is a block diagram showing an 
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exemplary manner in which the processing (21) can be per 
formed. Process (21.1) is performed to try to identify the 
defect, respectively the class or subclass of the defect, which 
can beet explain the failing behavior of the integrated circuit. 
If necessary, incremental diagnosis (21.3) and incremental 
simulation (21.2) procedures are activated. For most failing 
test patterns of the tested devices, the class or subclass of the 
defect most likely responsible for the failing behavior can be 
determined and stored as diagnostic results (21.4). Unclassi 
fied failing devices can include among other possibilities, 
multiple defects, marginal failures such as noise related or 
signal integrity issues. The exemplary general method of FIG. 
1 continues with defect extraction rule analysis (25), wherein 
a data set containing the relation of the defect-extraction rule 
to the number of identified defects for the rule can be pro 
duced. For each defect, the identifier of the extraction rule that 
was responsible for its inclusion in the list of target defects (9) 
is typically available. The graph of FIG. 38 displays this 
relation as a step function for the example discussed above 
with respect to FIG. 36. That is, the step function shown in 
FIG. 38 schematically shows the number of actual fails 
observed for each extraction rule. From the number of actual 
fails for each of the extraction rules, and from the number of 
candidates covered by each rule, the actual yield loss per class 
of defect (yield sensitivity) is computed. The actual yield 
sensitivity curve is displayed in FIG.38 as a dotted line. 
(O155 The graph of FIG. 39 compares the initial expected 
yield loss (dashed line) with the actual yield loss (dotted line) 
for the example discussed above with respect to FIG.36. FIG. 
39 also shows a comparison of the two associated step func 
tions indicating the number of expected and observed defects, 
respectively, for each Subclass of defect. As can be seen, the 
actual yield loss is much higher than the expected yield loss. 
More specifically, the following observations can be made: 
(1) the yield loss is higher than expected for all subclasses; (2) 
the yield loss is about two times higher for the defect-extrac 
tion rules E4(M1) to E7(M1); and (3) the yield loss for extrac 
tion rule E8(M1) is higher, but close to the expected yield 
loss. 

0156 From the observations, the following two conclu 
sions can be drawn: (1) DFM rule M1 is valid, but there is a 
problem in the production of the integrated circuit; or (2) the 
production runs within optimal parameters, thus rule M1 
should be modified. Further analysis can be performed to help 
decide between conclusion 1 and 2, or a combination thereof. 
For example, pareto charts (22) and other test result data 
analysis (21) can help an engineer find a conclusion. 
0157. The conclusions can lead, for example, to the fol 
lowing short term and long term actions: 

0158 Short term: Refine the yield prediction and DPM 
estimate numbers of parts shipped. 

0159 Long term: Determine if conclusion 1 or 2 holds 
by analyzing, for example, other test result data and 
perform Subsequent failure analysis on selected devices. 

The time difference between the actions mentioned above can 
be significant. The turn-around time of the long-term action 
can take many months. The required close analysis of failing 
devices takes days or a few weeks. But the implementation of 
the corrective action, let it be changes in the production line, 
mask production, or redesign using a modified DFM rule M1, 
will typically take a few months. 
0160. By contrast, the turn-around time of the short-term 
actions as outlined in the following is only a matter of hours 
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to a few days. Therefore; the short-term actions can be impor 
tant. In this example, one or more of the following short-term 
actions can be initiated: 

0.161 1. Modify the ranking of the defects to focus 
closer on defects extracted from DFM rule M1; 

(0162. 2. Refine the extraction rules of the DFM rule M1, 
and reanalyze present test result data; 

0163. 3. Accordingly modify the defect-extraction rules 
to focus closer on the problem; 

0164. 4. Generate additional test patterns to better cover 
the identified problem with higher resolution; 

0.165 5. Generate additional test patterns to cover 
defects that may not have been covered before: 

0166 6. Iterate 1. through 5. if necessary when addi 
tional test result data is available; and 

(0167 7. Conclude from 1. and 2. animproved DFM rule 
M1 for a possible long-term solution. 

Item 1 is relatively straightforward. The defect ranking can be 
updated (24) using the corresponding actual defect occur 
rence data (23) by replacing the expected yield loss data 
(shown in the graph of FIG.37) with the actual yield loss data 
(shown in the graph of FIG. 38). In addition, the respective 
data in the defect ranking description (24) used during defect 
extraction (7) can be changed so that defect classes derived 
from DFM rule M1 have a higher priority. 
0168 As explained in the following, items 2 through 5 can 
improve defect coverage and increase the defect resolution 
for the test of the devices realizing the integrated circuit until 
the problem of low yield and quality is resolved. For example, 
the test and shipping of already produced devices of the 
integrated circuit can continue. However, due to the increased 
likelihood of defects related to DFM rule M1, testing is desir 
ably improved to filter out more defects of this class in order 
to retain DPM requirements. Further, it is often desirable to 
generate Sufficient high quality data to guide the automatic 
refinement of DFM rule M1, if this turns out to be necessary. 
(0169 
the relevant defect extraction rules is to split the area covered 
by each defect-extraction rule E1 (M1) through E8(M1) in 
half, thus doubling the number of subclasses. Another pos 
sible method, however, evaluates the defect extraction rule 
analysis data (25) to determine the number of candidates in 
each new potential Subclass, and can additionally account for 
the expected and actual yield data. For example, because rules 
E4(M1) through E7(M1) showed substantially higher yield 
loss than the other rules, they can be divided into two or more 
smaller subclasses. The resolution requirements for the ATPG 
for the sections that were supposed to have higher yield than 
observed can thereby be increased. 
(0170. In addition, for the case where M1 should be 
relaxed, what is now E7(M1) and E8(M1) can be located 
around the new minimum distance d. To Support the 
updated procedure (27) with high quality data, E7(M1) and 
E8(M1) can be divided into smaller subclasses as well too, 
and a new subclass beyond E8(M1) can be generated. 
0171 Additionally, yield sensitivity predictions based on 
the test response data can be displayed for the new extraction 
rules similar to the graph of FIG. 38. Note that, in this case, 
some ambiguity is possible because the test pattern set (17) 
was not generated for distinguishing the new Subclasses. 
However, as mentioned above, the test pattern set generated is 
likely to distinguish the Subclasses Sufficiently enough to give 
a good estimate. The new defect-extraction rules can com 
prise, for example: 

One possible method for increasing the resolution of 
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0172 E1 (M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d-1%*dsd-d 

0173 E2(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d-3%*dsd-d-1%*d, 

0.174 E3(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d-8%*dsda-di-3%*d, 

0.175 E4(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
da<d-8%*d 

0176 E5(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance dis is defined by: 
des-d 

0.177 E6(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance do is defined by: 
d-desd+1%*d 

0.178 E7(M1): Extract all pairs of signal lines in the 
same layer, which minimum distanced, is defined by: 
d+1% d-disd+3%*d 

(0179 E8(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance dis is defined by: 
d+3%*d,<dsd+6%*d, 

0180 E9(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance do is defined by: 
d+6%*d-disd-10%*d 

0181 E10(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance do is defined by: 
d+10%*d-dosd+13%*d 

0182 E11 (M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d+13%*dzdsd+1.6%*d 

0183. E12(M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d+16%*d,<dsd+20%*d 

0.184 E13 (M1): Extract all pairs of signal lines in the 
same layer, which minimum distance d is defined by: 
d+20%*d,<dsd+24%*d 

These new defect-extraction rules for DFM rule M1 can be 
used to replace the old defect-extraction rules for M1 in the 
set of defect-extraction rules (3). In some embodiments of the 
disclosed technology, the defect-extraction rule responsible 
for extraction of a particular defect is known. Accordingly, for 
the revised set of defect-extraction rules, the defect extraction 
procedure (7) can update the respective extraction rule iden 
tifications for the defects listed in the list of defects (9) to 
account for the finer subclasses and extract defects for the 
newly covered areas (for example, defined by E13 (M11)). 
0185. For the revised rules, and according to one exem 
plary embodiment, the ATPG procedure (13) does not 
change. More specifically, the ATPG procedure still attempts 
to produce test patterns that distinguish the classes of defects. 
It is likely, however, that the old test pattern set (17) already 
distinguishes many of the new classes, at least in part. There 
fore, test pattern set (17) can be used as the original test 
pattern set (11), and ATPG can be performed with the new list 
of defects. For example, the original test pattern set (11) can 
be simulated in order to determine an initial classification of 
the defects. ATPG can then compute top-up patterns and 
reorder the patterns as usual in order to distinguish the new 
subclasses as required. Overall, the additional effort spent in 
ATPG is considerably less that generating a new test pattern 
set from Scratch. The newly generated test pattern set can then 
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be used to test more devices realizing the integrated circuit, 
or, if requested, retest the previous devices. 
0186 For purposes of this discussion, assume that at some 
later time, the long-term problem analysis concludes that 
there is nothing wrong with the production line. Therefore, 
the decision has been made to modify DFM rule M1 and 
accordingly increase the required minimum distanced. The 
DFM rules updating component (27) can determine a new 
minimum distance out of the available data. In addition, the 
DFM rules updating component (24) can provide data used to 
produce an accurate yield prediction (8) based on actual test 
result data. 

0187. In the following section, a more detailed description 
of test-pattern generation is provided. 

Generation of DFM Test Patterns 

0188 Referring again to FIG. 1, in one exemplary imple 
mentation of the general method, the ATPG component (13) 
computes a defect-based test pattern set (17), which can be 
applied to devices on an ATE. A fault dictionary (16) can also 
be generated, in which pattern and defect information is 
stored for easy retrieval and display. Various files (15) (e.g., 
lists of faults and defects) can also be stored. 
0189 The following section describes exemplary methods 
of defect-based simulation and test-pattern generation as can 
be used in embodiments of the disclosed technology. FIG.9 is 
a block diagram showing one exemplary method for perform 
ing the defect-based ATPG and pattern optimization (13) of 
FIG. 1. The defect-based ATPG and pattern optimization 
component (13) shown in FIG.9 uses a netlist (12), which is 
a different representation of the integrated circuit than 
described by the layout (5), and a list of defects (9). A set of 
rules (10) defining the way these defects are going to be 
mapped into faults, and an optional set of patterns (11) are 
additional-inputs to the defect-based. ATPG and pattern opti 
mization component (13). The defect-based ATPG and pat 
tern optimization procedure (13) can be configured to auto 
matically substitute the fault mapping rules (10) with default 
rules in instances where the set is not defined. The defect 
based ATPG and pattern optimization component (13) out 
puts a defect-based test pattern set (17) produced according to 
a desired defect resolution and a corresponding dictionary 
(16). In addition, various files (15) and statistics (14) can be 
requested. Statistics can include metrics such as fault cover 
age, test coverage, defect coverage, and estimate of quality 
(DPM). 
0190. The optional pattern set (11) can be from any source. 
For example, the pattern set (11) can be a classical-fault 
model-based test pattern set. Classical-fault-model-based 
means here that the patterns were generated for, for example, 
stuck-at faults, transition faults, path delay faults and other 
such classical fault models. 

0191 The defect-based ATPG and pattern optimization 
component (13) also uses a set of rules (10) describing the 
way the user wants the component to map the extracted 
defects to faults. An example is bridging defects. There are 
multiple ways to define faults associated with a bridge defect. 
Simple ones are wired-and or wired-or. Enhanced ones can 
characterize the bridge as a Zero-resistance connection 
between the two nets, and the interpreted logic value of the 
Voltage on the shortened nets can depend on the interpretation 
of the sink gates. However, the user may want to define a 
bridge having a resistance of c Ohms perum of net distance, 
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and leave the actual computation to the tool. The defect-based 
ATPG and pattern optimization component (13) provides 
default rules. 
(0192 Fault Mapping (13.1) 
0193 Referring now to FIG. 10, fault mapping (13.1) is a 
two-step process according to one exemplary embodiment. 
At first, the mapping method evaluates the list of defects (9) 
and rules (10). In certain implementations, the fault mapping 
procedure (13.1) can determine whether the netlist (12) can 
Support a proper defect to fault mapping. If the netlist (12) 
cannot, the netlist (12) can be modified in order to enable the 
fault-based ATPG and simulation to correctly compute and 
evaluate defect effects. 
0194 The fault mapping procedure (13.1) can map the 
defects into faults based on, for example, user-selectable rules 
(10). As a result, a defect-enhanced fault list (A) can be 
generated. Note that, in Some implementations, there is only 
one fault list (A) used throughout the fault mapping procedure 
(13), and each step can alter data in the fault list (A). For 
convenient presentation, different lists (A) will not be distin 
guished in Subsequent figures. 
0.195. Note that the fault models used are typically more 
Sophisticated than the traditional stuck-at or transition-fault 
models in order to model the behavior of the defect. Further, 
the mapping will sufficiently abstract the defect in order to 
have a working fault model. In general, a wide variety of fault 
models can be used. In addition, faults or different fault mod 
els are desirably supported in the ATPG and fault simulation 
methods. 
(0196) Defect Simulation and Pattern Optimization (13.2) 
(0197) Referring now to FIG. 11, after the netlist has been 
modified in (13.1), and the defects mapped into faults, an 
optional defect simulation procedure (13.2) can be performed 
if there is a pattern set (11) defined. This defect simulation 
procedure (13.2.1) determines which of the test patterns of 
the pattern set (11) (which can be generated using traditional 
fault models) are actually effective defect test patterns and 
which defects are detected by these test patterns. Optionally, 
the initial defect-based test pattern set can be optimized with 
respect to a different goal the user wants to achieve (13.2.2). 
At (13.2.3), a first defect-based test pattern set is generated. 
Again, different files and statistics can be requested (15), 
(14), and the initial pattern set (13.2.3) can be saved (17) 
together with the corresponding dictionary (16). 
0198 FIG. 12 is a block diagram showing in greater detail 
an embodiment of the defect simulation procedure ((13.2.1) 
of (13.2)). For the most part, (13.2.1) looks like a traditional 
fault simulation: the patterns in (11) are fault simulated using 
the faults in the defect-enhanced fault list (A). The defect 
simulation procedure can also add data into an internal ver 
sion (B) of the external fault dictionary. Similar to the defect 
enhanced fault list (A), there is usually just one copy of 
internal dictionary (13) used in the defect-based ATPG and 
pattern optimization component (13). In contrast to the 
enhanced fault list (A), whose primary purpose is to record 
the achievements of the test patterns so far in the form of 
detected and undetected faults, internal dictionary (B) is 
mainly used to guide later optimization and pattern-genera 
tion procedures to effectively achieve their respective goals. 
The internal dictionary (B) typically contains more informa 
tion than is actually stored in the fault dictionary (16) since 
the various optimization and test-pattern generation proce 
dures that can be applied usually require increased flexibility. 
For example, if the fault dictionary (16) is a k-detection 
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dictionary (that is, detection information up to k times is 
recorded for each fault) and the resulting data is stored in (16), 
the internal dictionary (B) should at least also beak-detection 
dictionary. However, the quality of the final result can be 
increased if internal dictionary (B) is a k-detection dictio 
nary, with k>>k, since optimization methods, like the one 
explained below, then have more options from which to 
choose a pattern. In addition, with the variation ofkandk', the 
memory demand of the defect-based ATPG and pattern opti 
mization component (13) can be influenced significantly. 
0199 Among other acts, the defect simulation procedure 
(13.2.1) generates a defect-based test pattern set (13.2.1.3), 
which can be used in an optional pattern optimization proce 
dure (13.2.2). FIGS. 13-15 show in greater detail three exem 
plary manners in which the pattern optimization procedure 
can be implemented (13.2.2.A., 13.2.2.B, and 13.2.2.C). The 
three procedures operate similarly, but their respective opti 
mization goal is different. FIG. 13 (13.2.2.A) focuses on 
enhancing the defect resolution using resolution enhance 
ment analysis (13.2.2.2). FIG. 14 (13.2.2.B) tries to raise the 
defect coverage as fast as possible using defect coverage 
enhancement analysis (13.2.2.3). Finally, FIG. 15 (13.2.2.C) 
is configured to find a compromise between defect resolution 
and fast coverage increase. Note that in this exemplary 
embodiment, the pattern optimization procedure (13.2.2) is 
performed by employing pattern reordering. For example, the 
pattern reordering is performed in part by pattern selection 
procedure (13.2.2.1), which interacts with the analysis meth 
ods for either or both resolution and coverage enhancement, 
and with the defect-enhanced fault list (A) and the internal 
dictionary (B). With the help of the previously computed 
ranking, the pattern selection procedure (13.2.2.1) can decide 
which pattern to select next to achieve the different mentioned 
goals such as resolution enhancement, coverage enhance 
ment, and the combination of these two, and Subsequently 
update the defect-enhanced fault list (A) and the internal 
dictionary (B), and the resulting pattern set (13.2.2.4). An 
example of goal-directed pattern selection is given below. 
0200. In principle, the selection of the patterns can be 
considered a coverage problem, with the additional property 
that the data of the unselected patterns can change after each 
selection because the selected pattern could represent the k-th 
detection for a defect d, and thus all subsequent detections of 
d would not be stored in the dictionary. Therefore, finding an 
optimal solution is difficult or impossible for any, but the 
Smallest integrated circuits. Usually, a so-called "greedy” 
approach produces acceptable results for Such coverage prob 
lems. Therefore, one possible implementation of (13.2.2.1) is 
the greedy selection of a pattern, which splits the highest 
ranking group of undistinguished defect classes. 
0201 Consider the following example: for each test pat 
tern p, and each defect d detected by p, a signature sig(p.d) is 
computed, with the property of sig(p.dll) sig(p.d2) if and 
only if the observation points for d1 are also observation 
points for d2 and vice versa for test pattern p. This means, if 
d1 and d2 have the same signature, they are not distinguish 
able by p. Let sig(d) be a signature representing a combina 
tion of all sig(p,d) for all test patterns p up to this point Again, 
if sig(d1)=sig(d2), then the defects d1 and d2 are not distin 
guishable, but this time by all test patterns So far. (An exem 
plary implementation of this signature attached to each defect 
is a list of elements of the type (pattern number, list of obser 
vation point numbers). This implementation should not be 
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construed as limiting, however, because it is mentioned here 
only to show that such a signature exists.) 
0202 According to one exemplary implementation, the 
two highest-ranking classes of defects C1 and C2 with respect 
to undetected defects in C1 and C2 are found using the fol 
lowing: 

(1) 
3. X. rank(p) + X. rank(q), p undetected, q undetected 

pe Cl ge C2 

for all undetected defects p of C1 and q of C2. The highest 
ranking undetected defects d1 in C1 and d2 in C2 with sig 
(d1)=sig(d2) are then found. Note that a defect is called 
detected in a k-detection scheme only if it has been detected 
ktimes or more. If coverage is not a factor in the optimization, 
the above-mentioned function rank(d) can return the ranking 
of the defect determined earlier. If coverage is to be taken into 
account (for example, during test pattern optimization proce 
dure (13.2.2.B) or (13.2.2.C)), then rank(d) can be a weighted 
Sum of the ranking of the defect and expected coverage, (for 
example, measured in the size of the observation and control 
ling cones of the defect). 
0203. It is also possible to take the current number of 
detections k'ak as a diminishing factor into account for the 
ranking of the defects. For example, the smaller k-k' is, the 
larger the penalty, thereby allowing lower ranking defects that 
are not detected many times to be considered earlier. 
0204 According to this exemplary implementation, the 
two defects d1 and d2 represent the most profitable target. 
One can now find the nearest test pattern p in the old sequence 
of test patterns with sig(p.dll)zsig(p.d2) and select it as the 
next test pattern for the reordered sequence of test patterns. 
Note that for all patterns between the new and the old position 
of p, the combined signature sig(d) of the detected defects d 
can change. However, this signature should be updated only 
for defects that are detected by p. Thus, if the next pattern 
reordering steps consider only defects that were not detected, 
by p for these patterns, recomputation of the respective sig 
nature is usually not necessary. Further, the signature typi 
cally does not need to be updated for all patterns after the old 
position of p, though there can be at least one issue. Namely, 
due to the limited number of detectionsk stored in the internal 
dictionary (B), it is possible that the repositioned pattern p 
now is the k-th detection, thereby invalidating the test pattern 
property for d of a later pattern q. However, since it is known 
when a defect reaches the k-th detection, this special case can 
be easily taken care of. In general, the described pattern 
reordering procedure can proceed through the old sequence 
of patterns, and can resimulate and update the signatures after 
the end of the old sequence is reached. The pattern selection 
procedure (13.2.2.1) can be iteratively repeated in order to 
further improve the defect resolution. Although only two 
classes are distinguished in the above exemplary procedure, 
the procedure can be modified to more generally apply to 
additional classes. 

(0205 With reference to FIG. 16, the resulting pattern set 
(13.2.3) from the defect simulation and pattern optimization 
procedure (13.2) is either the defect-simulated (13.2.1.3) pat 
tern set (11), which has no changed pattern order but no 
longer has; ineffective defect test patterns, or the reordered 
version (13.2.2.4). 



US 2009/021 0183 A1 

0206. Defect ATPG and Pattern Optimization (13.3) 
0207 FIG. 17 is a block diagram showing an exemplary 
manner of performing the defect-based test pattern genera 
tion and optimization procedure (13.3). Within FIG. 17 is the 
ATPG method (13.3.1), which generates (additional) defect 
based test patterns. These patterns, together with the optional 
patterns of (13.2.3), are then optionally improved using an 
optimization procedure (13.3.2). The final defect-based test 
pattern set (13.3.3) can then be computed and stored as the 
defect based test pattern set (17) together with its correspond 
ing fault dictionary (16). Again, various files (15) and statis 
tics (14) can also be requested. 
0208 FIG. 18 is a block diagram showing an exemplary 
manner of performing the defect ATPG (13.3.1) from FIG. 
17. The defect selection procedure (13.3.1.1) selects one or 
more defects for ATPG (13.3.1.2). In addition, the defect 
selection procedure can select tasks that define for the ATPG 
what to do with the selected defects and their respective 
faults. More detail will be presented in the next paragraph, 
when the method of defect selection is explained. In case the 
ATPG (13.3.1.2) determines faults to be untestable, it can 
update the fault list (A) and the dictionary (B), using an 
updating procedure (13.3.1.5). Otherwise, the ATPG (13.3.1. 
2) can make the generated test-pattern candidate available for 
defect simulation (13.3.1.3). The outcome of the simulation 
can then be analyzed at (13.3.1.4) and, if accepted, the can 
didate test pattern will be added to the defect-based test pat 
tern set (13.3.1.6). In either case, both (A) and (B) are updated 
by an update procedure (13.3.1.5). 
0209 FIGS. 19 through 21 show three exemplary varia 
tions (13.3.1.1.A, 13.3.3.1.B, and 13.3.1.1.C) of the defect 
selection procedure (13.3.1.1). The outline is similar to pat 
tern optimization. For example, in the illustrated embodi 
ments, a set of target defects (13.3.1.1.4) for the ATPG, 
together with a specific task for the ATPG to accomplish on 
this set of defects, is selected. This set can contain a set of 
defects for the ATPG to distinguish in order to enhance defect 
resolution (FIG. 19, 13.3.1.1.A), to enhance coverage (FIG. 
20, 13.3.1.1.B), or a combination thereof (FIG. 21, 13.3.1.1. 
C). By means of this target defect set (13.3.1.1.4), the defect 
selection procedure (13.3.1.1) can be used to steer the defect 
based ATPG process (13.3) to achieve its goals. The effi 
ciency of the defect-based ATPG and the effectiveness of the 
test patterns typically depends on this procedure, which is 
explained next. 
0210. One possible implementation for the defect selec 
tion method is as follows (which is similar to the pattern 
selection method explained earlier). Among the undetected 
faults, two classes C1, C2 are found with the property defined 
by Equation I above. From each of these classes, the highest 
ranking defect(s) are selected as the next target defects. This 
method is extendable to include three or even more classes to 
distinguish. For distinguishing defects, the ATPG typically 
has three basic choices: not to control, not to observe, or to 
observe the effects on different observation points. 
0211. As shown in FIG. 22, ATPG (13.3.1.2) uses the 
target defect set and the ATPG task (13.3.1.1.4). At first, faults 
can be selected from the defect enhanced fault list (A) that 
correspond to the selected defects of the target defect set 
(13.3.1.1.4). If there are multiple choices, the ATPG can 
influence the Success of the pattern generation at this stage by 
choosing a particular set of faults. For example, assume the 
task is to distinguish between two bridge defects B1 and B2. 
connecting signal lines X and Y, and X and Z, respectively. 
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Further, assume the common aggressor-victim mapping of a 
bridge defect into four stuck-at kinds of faults. Selecting as 
aggressor of B1 signal line Y being high and for bridge B2 
signal line Z being high, both defects would propagate an 
identical fault effect over signal line X, and are therefore 
likely indistinguishable. (Signal lines Y and Z can still vary.) 
A better choice would be for the bridges to choose signal line 
X as the aggressor. Then, Y and Z do propagate the faulty 
effect. This means the effect is propagated via a different path. 
0212 For the selected set of target faults, the ATPG (13. 
3.1.2.2) tries to satisfy the task defined in target defect set and 
ATPG task (13.3.1.1.4). In case the task requires distinguish 
ing between two or more defects, the ATPG has several 
options. For example, it can block the fault effect propagation 
for some of them, allowing only the others to be detected, or 
it can propagate the fault effect to different observation 
points. If successful, the ATPG procedure (13.3.1.2.2) com 
putes a test pattern candidate (13.3.1.2.3), which, as shown in 
FIG. 23, can be defect simulated (13.3.1.3). Note that this 
simulation is different from regular fault simulation, since the 
fault simulator does not need to update the fault list (A) 
because it does not know yet if the pattern candidate (13.3.1. 
2.3) will be accepted for addition into the test-pattern set. 
Therefore, in one implementation, the defect simulation pro 
cedure (13.3.1.3) stores the simulated responses (13.3.1.3.1) 
of the candidate test pattern for later evaluation. This evalu 
ation can be performed, for example, by the response analysis 
procedure (13.3.1.4) shown in FIG. 24. At this point, it is 
already known that the pattern generation was at least in part 
a SCCCSS, 

0213 Referring now to FIG. 24, the response analysis 
procedure (13.3.1.4) can investigate the effect the candidate 
test pattern has on all the other defects. It may determine, for 
example, that the disadvantages for other defects outweigh 
the advantages for the target defects, and therefore dismiss the 
candidate test pattern. The test goal verification procedure 
(13.3.1.4.1) uses the pattern candidate (13.3.1.2.3), its simu 
lated response (13.3.1.3.1), and the set of target defects and 
tasks (13.3.1.1.4). The test goal verification procedure (13.3. 
1.4.1) can further interface with the internal dictionary (B) 
and the previously computed ranking. Based on this informa 
tion, the test goal verification procedure (13.3.1.4.1) can 
determine whether the test pattern candidate can be accepted. 
If yes, the test pattern candidate can be added to ATPG’s 
defect-based test pattern set (13.3.1.6). However, in either 
case, the defect-enhanced fault list (A) and the internal dic 
tionary (B) can be updated as shown in FIG. 25 (especially 
with the information learned in the case the candidate test 
pattern was invalidated so that the next target defect-set selec 
tion can be improved). 
0214 FIG. 26 shows the optional pattern optimization 
procedure (13.3.2) that can succeed the ATPG. Typically, the 
optional defect-based test pattern set (13.2.3) and the newly 
generated defect based test pattern set (13.3.1.6) together 
form the defect-based test pattern set (13.3.2.1), which can be 
improved by the optimization of defect-based test patterns 
procedure (13.2.2) described earlier. Accordingly, in this 
exemplary embodiment, the final test pattern set (13.3.3) in 
FIG. 13 is either defect-based test pattern set (13.3.2.1) or the 
optimized defect-based test pattern set (13.3.2.2). 

Test-Result Analysis/Diagnosis 
0215. During production testing of the integrated circuit, 
test patterns are applied to the integrated circuits. After each 
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application, the values at the observation points are compared 
with the expected values. If there is a mismatch, the circuit 
fails the test. The test-result data is typically stored in a tester 
log, which can contain the indices of failing patterns, together 
with the observation points where the mismatches have 
occurred (called failing bits). The tester log can be configured 
to contain a fixed number of failing patterns, or a fixed num 
ber of failing bits, or all the failing patterns for each failing 
device. 
0216 FIG. 31 is a block diagram showing an exemplary 
manner of implementing the test-result analysis component 
(21), wherein the test results are diagnosed and analyzed to 
identify one or more defect candidates that potentially caused 
any observed failures. The exemplary method illustrated in 
FIG. 31 uses the production test result data (20) and the fault 
dictionary (16). The method identifies the defects that could 
possibly cause the failure and, in the exemplary embodiment, 
generates a ranked list of defect candidates (sometimes 
referred to as the list of suspect features). Since each defect 
has an ID indicating which class it belongs to, in the event that 
all candidates fall into the same class, the defect identification 
procedure can stop and proceed to analyze the fail data asso 
ciated with the next integrated circuits. In this way, a corre 
sponding pareto chart can be updated without precision loss. 
Otherwise, techniques including incremental simulation and 
diagnosis can be employed to differentiate the matching can 
didates. If the candidates are still indistinguishable, probabi 
listic measures can be assigned to the classes to which the 
defects belong. 
0217 Defect Identification (21.1) 
0218. To identify defects, embodiments of the defect iden 

tification procedure (21.1) can retrieve from the fault dictio 
nary (16) the faults associated with the failing bits of the 
observed failing patterns. The faults can be matched with one 
or more defect candidates. Embodiments of the defect iden 
tification procedure (21.1) can analyze the defects thus 
retrieved and generate a ranked list of matching defect can 
didates. Two nonlimiting exemplary techniques for defect 
identification using a fault dictionary are presented below. 
0219. First Exemplary Technique for Defect Identification 
0220. The first exemplary technique operates using two 
processes: (1) identifying and ranking the defect candidates 
by analyzing the failing bits of individual failing pattern; and 
(2) out of the defect candidates identified and ranked, identi 
fying and ranking those defect candidates that match the 
behaviors demonstrated by the analyzed failing patterns. 
These two exemplary processes are discussed in detail below. 
0221 1. Identify and Rank the Defect Candidates by Ana 
lyzing the Failing Bits of Individual Failing Pattern 
0222 1.a Fault/Defect Classification 
0223) As described previously, the fault dictionary for pur 
poses of this discussion records only a limited number of 
failing responses for each fault. Let this number be N. There 
fore, when analyzing the fail data associated with each failing 
device, the exemplary method retrieves the entries associated 
with failing bits of the first N failing patterns. 
0224 Assume for these failing patterns V, i=(1,2,..., N 
that the number of failing bits is M, and that for each of M, 
bits, the associated set of faults is F. (j=1,2,..., MI). Some 
faults can occur in multiple sets. A measure f can be 
assigned to each fault fto record the number of times foccurs 
in these M, sets. Here, min{f}=1, max{f}=M,. In certain 
embodiments, the number of observation points the fault f 
propagated to when simulating pattern V, can be recorded as 
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f, in the fault dictionary. Based on the values off, f, 
and M, the fault set F, F, UFU... UF, can be classified 
into four types in this exemplary embodiment: 
0225. Type I: F,{ff=f.M., which implies that the dee losif 

predicted faulty behavior perfectly matches the observed 
behavior, 
0226 Type II: F,{ff=f-M}, which implies that 
the output errors predicted by the fault is the subset of 
observed output errors; 
0227 Type III: F-fif-M,<f}, which implies that 
the output errors predicted by the fault is the superset of 
observed output errors; and 
0228) Type IV: F.-fif-M, and f-f, which 
implies that the output errors predicted by the fault partly 
overlap with observed output errors. 
0229 FIG.33 illustrates four cases in which the predicted 
faulty behaviors and the observed behavior have different 
relations. It can be shown that Fi-F+F+F+F. 
0230. The measures and classifications introduced above 
for faults can be converted to the ones used for defects (e.g., 
using analogous numbers and sets d, d, and D, (I-I, II, . 
.., IV)). In general, there exist direct mapping relations from 
faults to defects, and each fault in the fault dictionary will 
typically have an ID indicating which defect it represents. A 
defect could be modeled as a single fault or multiple faults. In 
both cases, d, d, and D, (1=I, II, ..., IV) can be directly 
derived from f. f. and F, (l=I, II, ..., IV). 
0231. 1...b. Individual Pattern Match 
0232 Type I defects should typically rank highest since 
they match the observed behavior. Let the priority parameter 
assigned to type I defects bew (0-2s1). Typically, w is set 
to 1. 
0233. Two or more type II defects, however, might explain 
the observed behavior. If a combined set of type II defects 
results in the same behavior as observed, they should also 
rank high in the candidate list. Let the priority parameter 
assigned to these type II defects be w. Typically, w. The 
exemplary method identifies the type II defect candidates by 
way of solving a set cover problem, which can be formulated 
as follows: 
0234 Assuming the type II set consists of S defects, one 
variable x, (xe{0, 1}) can be created for each defect. Accord 
ing to one implementation, this variable will be 1 if the cor 
responding defect is selected as a candidate, and will be 0 
otherwise. 

0235) {x} can be found such that 

S 

2 sXx, sni, 
= f 

subject to 

S 

XAlix, st 1, 
i=l 

(l=1,2,..., M.), Ae{0, 1}, where A is a M.XS matrix. A 
will be 1 if defect explains the error on the 1-th output, and 
A will be 0 otherwise. The threshold m is set to limit the 
number of multiple defects candidates. For example, it could 
be viewed as unlikely that four or more defects exist and 
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manifest themselves on the outputs simultaneously under a 
particular pattern, so the threshold m can be set to three in 
some implementations. FIG. 34 shows an example where the 
observed failing bits are the combination of the ones resulted 
by two different type II defects. 
0236 Type III defects represent those for which the behav 
iors are not fully captured by the fault model. For example, the 
Byzantine Generals Problem for bridging faults, can cause 
errors to occur downstream from Subsets of fanouts of a 
bridged node. However, a typical 4-way bridging fault model 
used during simulation assumes that all fanouts of a bridged 
node (victim) take faulty values. Consequently, the errors 
introduced by the 4-way bridging fault can be propagated to 
more circuit outputs than would be affected by the actual 
bridge defect. It should be clear that the unmodeled behavior 
can also affect diagnosis in other ways. For example, the 
unmodeled behavior can cause the errors introduced by the 
fault model to appear on fewer circuit outputs than would be 
affected by the actual defect, or the error introduced by the 
fault model can be detected by a test pattern that would never 
activate the defect. In general, type III defects can only cover 
a subset of unmodeled defects. Type III defects are possible 
candidates and the priority parameter assigned to them can be 
W (0<ws). Type IV defects are not considered as candi 
dates in this exemplary diagnostic method. 
0237 As a result of this first process of the defect identi 
fication procedure, a list of defect candidates and their asso 
ciated quantitative measure of match goodness is generated 
for the first Nfailing patterns. The list for the failing pattern V, 
(i=1,2,..., N) can have the following exemplary format: 

D.(Y)-(d. },{d... (d.d.). 2},{ds...}. 
3. (2) 

0238 2. Out of the Defect Candidates Produced by Pro 
cess (1), Identify and Rank Those that Match the Behaviors 
Demonstrated by all Analyzed Failing Patterns. 
0239. In the simplest case, simulation results of a single 
defect match the observed behavior over the first N failing 
patterns. It is ordinarily trivial to identify those kinds of 
defects by simply picking up the common elements of D. 
(V). However, this approach can fail if the circuit-under-test 
comprises multiple defects and each of the defects manifests 
itself under different test patterns. It is also possible that the 
fault model is not accurate enough, and that the errors pre 
dicted by the fault model do not match the observed behavior, 
thus resulting in a few unexplained test patterns. 
0240. The defects identification problem in process (2) 
can be formulated into the following set cover problem: 
0241) Given the first N failing patterns V, and the associ 
ated sets D(V), the set D(N) can be defined as 

UD and(V) = {{d, 13, d2, 1}, {{ds, d4), 2}, ...}. 

A variable y(ye0, 1}) can be created for each element of 
the set D(N). In one implementation, this variable will be 
1 if the corresponding defect(s) is selected as a candidate, and 
will be 0 otherwise. Another variable k is created to indicate 
the size of each element in set D(N). For example, the 
variable k, associated with the element (ds, da), W2 is 2. 
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0242 {y} can be found, such that 

1 s X, knyn is 112, 

subject to 

X. Binyn s 1 
i 

for (i-1,2,...,N), B, e{0,1}, where B, will be 1 if the tuple 
{d, corresponding to y, is contained in D. (V) (i.e., 
{(d. }eD(V)); B, will be 0 otherwise. The threshold 
m can be set to limit the size of candidate space. For example, 
m can be set to three in one implementation, considering that 
the number of defects present in a circuit is unlikely to be 
more than three. 
0243 FIG. 35 is an example showing that the observed 
failing behaviors can be explained by the combined simula 
tion results of multiple defects d and d. The set of solutions 
to this set cover problem represents those single defect or 
multiple defects that completely or partially match the 
observed failing behavior. The defect candidates can be 
ordered according to their relative match goodness. The cri 
teria for judging the matches can be based on two observa 
tions: (1) for an individual match for a particular failing 
pattern, the best candidates are the ones that match observed 
output errors, followed by the ones that contain the largest 
amount of the output errors. This is reflected by the param 
eters w, v, and W, which were defined in the identification 
process discussed in the previous section; and (2) correct 
candidates usually explain more numbers of failing patterns. 
To account for this, the parameter f3, (0<?,<0.5) can be 
defined for each V, (i-1,2,..., N). and B can be combined 
to compute the quantitative measure of match goodness for 
each defect candidate. The following pseudo-code shows one 
exemplary manner in which the match measure y can be 
computed for defect candidated, 
0244 1. Ye-1; 
0245 2. loop i=1,2,..., N. 
10246) 3. if {dy}eD(V) then Ye-yx. 

0247 else YC-yxf3, 
0248 4. end loop 
One can see from the pseudo-code above that the largery is, 
the better the candidate matches the observed behaviors. 
0249. This exemplary identification procedure analyzes 
the first N failing patterns because the fault dictionary stores 
up to N failing responses for each fault. If information is 
available to help analyze the rest of the failing patterns, higher 
diagnostic resolution can be achieved. For example, the fail 
log for a defective circuit contains No (NZN) failing pat 
terns. Defect a and b share the same fault signature over the 
first N failing patterns, hence they are indistinguishable and 
said to be in an equivalent class. However, if it is known that 
a results in No fails when the test set was simulated, and b only 
causes N fails, defect a can be identified as the more likely 
candidate. 
0250. After the identification procedure, the defect candi 
date list and the associated match goodness measures can be 
calibrated by the information mentioned above. A table can 
be created while simulating the test set to record for each 
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defect the number of times it was detected by the given test 
set. For example, Suppose the fail log contains No (NodN) 
failing patterns for a defective circuit. If, as shown in the table, 
a defect candidated, fails n times, and n<No-Na (N, is a 
predetermined threshold and NaO), the associated match 
quality measure can be adjusted, for instance Ye-yxö 
(0<ö<1). As a result, the exemplary diagnostic method can 
keep in the final list Q highest ranked candidates for which 
Y>Y, and where Q is a predetermined limit. If these Q candi 
dates comprise candidates that are not from the same class, 
techniques such as incremental simulation and incremental 
diagnosis can be employed to differentiate the candidates. 
Alternatively, the exemplary procedure can assign likelihood 
credits to the involved classes based on the match goodness 
measure of the defect candidates and other probabilistic mea 
Sures associated with the defects. Depending on the configu 
ration of the diagnostic system, the incremental simulation 
and incremental diagnosis can be invoked whenever the two 
step procedure fails to identify which defect class explains the 
observed behavior, or when deemed necessary by the diag 
nostic system after a certain number of defective integrated 
circuits occurred without successfully identifying the defect 
class. 
0251 Second Exemplary Technique for Defect Identifica 
tion 
0252. This section discusses the second exemplary tech 
nique for defect identification, which proceeds with a discus 
sion of how the fault dictionary can be created, followed by a 
discussion of how information can be retrieved from the 
dictionary. 
0253 1. Creating the Fault Dictionary 
0254 Conventional fault dictionaries (or thesauruses) are 
typically too large to be loaded in a physical memory for 
modern multi-million designs, or are too inefficient to access 
due to the encoding techniques adopted. In this section, 
embodiments of a compressed dictionary scheme are 
described that enable the storage of a large amount of fault 
detecting information and allow for efficient access of the 
stored fault detecting information during test-result process 
ing. Using embodiments of the disclosed scheme, a large 
Volume of production test results can be quickly processed 
and the defectivity mechanism information derived. 
0255 For illustrative purposes, this discussion makes ref 
erence to FIG. 46, which shows an exemplary fanout-free 
region embedded in a circuit. The exemplary region com 
prises one NAND gate and one OR gate. Signals is termed the 
'stem” of this fanout-free region, and signal lines a, b, c, and 
dare internal signals. For illustrative purposes only, assume 
that only combinational test pattern sets are used to test this 
circuit. This assumption should not be construed as limiting, 
however, as the described methodology can be readily 
adapted by one of skill in the art for use with other types oftest 
patterns. 
0256 A single fault can typically be detected by many 
different test patterns. Further, the observation point combi 
nations for a specific fault produced by different detecting test 
patterns are often highly similar due to structural constraints 
of the circuit logic. For example, the number of unique obser 
Vation point combinations for a given fault is typically small, 
and the total number of detecting test patterns for a fault could 
be much higher because many faults are random-testable. 
Therefore, according to one embodiment, the size of the fault 
dictionary can be reduced by assigning one unique ID for 
each unique observation point combination. When the detect 
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ing test responses for a fault are stored, instead of listing all 
observation points for every detecting test pattern, the unique 
ID for the corresponding observation point combination is 
used to reduce the memory usage. This technique can be 
especially effective for frequently used observation point 
combinations having many observation points because the 
memory cost for an observation point combination is gradu 
ally reduced over many detecting test patterns and many 
faults. 

0257 For example, iffault a stuck-at-1 is detected by a test 
pattern p at Some observation points, then faults stuck-at-0 is 
also detected at the same list of observation points. This is 
also true of internal fault c stuck-at-1 and stem fault S stuck 
at-1. Based on this observation, the size of the faultdictionary 
can be further reduced by only storing the full detecting test 
responses for stem faults stuck-at-0 and stem faults stuck-at 
1. For the other one or more faults associated with the internal 
signals of this fanout-free region, only the detecting test pat 
terns need to be stored, and the observation point information 
can be recovered from either fault s stuck-at-0 or fault s 
stuck-at-1. Further, in one exemplary implementation, at least 
Some of the detecting test patterns for stem faults are put into 
a list, and a bit mask is used for every non-stem fault to store 
the detecting pattern information. 
0258. This technique can also be applied to the extracted 
defects (for example, opens and bridges). For instance, 
assume that there is an open defection signal line din FIG. 46. 
For illustrative purposes, assume that this open defect is a 
complete open. The Voltage of the input pin of OR gate 
connected with d thus becomes floating and can be deter 
mined by many factors, such as residual charges, capacitive 
coupling with physical neighbors, and the Voltage of physical 
neighbors. Typically, the open defect is modeled as a stuck 
at-X fault, which means that it can manifest itself as fault d 
stuck-at-0 under certain test patterns and as faultd stuck-at-1 
under others. Because the detecting test responses of fault d 
stuck-at-0 and fault d stuck-at-1 are subsets of stem fault's 
stuck-at-0 and stem faults stuck-at-1, respectively, a bit mask 
can be used to effectively capture the detecting test responses 
for this open defect by using the detecting test responses of 
stem faults as the basis. 

0259 Consider further a bridge defect between signal line 
c and g. Assume that this bridge defect behaves like a domi 
nant-type bridge, where g is the aggressor and c is the victim. 
Statically this bridge is activated when the signal line c and g 
have the opposite logic values, the bridge will behave-like 
fault c stuck-at-0 when g is “0” or like fault c stuck-at-1 when 
g is “1,” Similar to the previous open defect discussed, in 
order to store the detecting test responses for this bridge, only 
a few bits are needed to indicate which pattern can detect this 
bridge defect, and the detailed detecting observation points 
can be recovered by referring to the complete detecting test 
responses of stem faults S stuck-at-0 and S stuck-at-1. 
0260 A fault dictionary typically contains a lot of infor 
mation redundancy among the various faults and defects in 
the fault dictionary. According to particular embodiments of 
the disclosed technology, a faultdictionary can be created that 
uses one or more bit masks and/or unique IDs to replace the 
direct description of detecting test responses. The informa 
tion redundancy and the final size of fault dictionary can 
therefore be substantially reduced. In order to achieve the 
desirably fast accessing during test-result processing, the 
complete fault dictionary can be organized into a dedicated 
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hierarchical architecture. Thus, complicated and time-inten 
sive encoding methods (such as Huffman coding and LZW 
encoding) can be avoided. 
0261. In one specific exemplary implementation, the com 
pressed dictionary is constructed as follows: One or more 
possible observation point combinations for the targeted 
faults (for example, all observation point combinations) and 
defects (for example, all defects) are identified for a selected 
integrated circuit design and put into a group of observation 
point combinations (sometimes referred to as the observation 
point combination pool). Each of the observation point com 
binations can then be assigned an ID (for example, a unique 
ID) for future reference. In order to provide for more efficient 
access, the observation point combinations can be hashed. 
For example, the IDs of observation points contained in each 
observation point combination can be used to compute the 
hash key. The detecting test responses can be collected for a 
list of so-called “pseudo faults.” which refer to those faults 
used as a basis for other faults and defects. One possible way 
of collecting test responses for pseudofaults is based on using 
stem stuck-at-X faults for one or more fanout-free regions in 
the design (for example, every fanout-free region). For a 
given fanout-free region, the stem stuck-at-X fault can be 
simulated and the detecting test responses are stored (for 
example, as a list of detecting test patterns). In this exemplary 
implementation, a pair of IDS is used for each detecting test 
pattern. For instance, the first ID can represent (or indicate) 
the test pattern, and the second ID can refer to the observation 
point combination in the pool established above. The list of 
pseudo faults can additionally be sorted for faster access. For 
example, all pseudo faults can be sorted based on IDs of the 
corresponding fanout-free region, which allows us to quickly 
find the pseudo fault for a given fanout-free region by using 
binary search. These acts can be performed to create the basis 
of the compressed dictionary. After the basis is created (or as 
it is being created), the detecting test responses of one or more 
other faults or defects can be compressed into a bit mask 
based on the corresponding pseudo fault. For example, for a 
given fault f, a bit mask with a length corresponding to the 
number of detest patterns of its corresponding pseudo fault of 
can be used to compress the detecting test responses. In use, 
if f is detected by a test pattern in the same way as of the 
corresponding bit in the bit mask is set; otherwise, that bit is 
reset (or vice versa depending on the implementation). 
0262 For most faults and defects, the corresponding 
detecting test responses can be compressed into bit masks, 
and accordingly the size of the fault dictionary is reduced. In 
situations where embodiments of the described compression 
technique do not work (for example, if internal fault f is 
detected in a way different from its stem fault by a given test 
pattern) a separate entry can be created and used to describe 
this detecting pattern for f based on a pair of pattern IDs and 
observation point combination IDs. Further, one or more of 
the faults associated with the same pseudo fault can be 
arranged as neighbors within the whole fault list in order to 
enable more efficient access during test-result processing. 
0263. The above-described embodiments should not be 
construed as limiting in any way, as alternative or Supplemen 
tal techniques can be performed in order to realize other 
desirable features or improvements of fault dictionary com 
pression. For example, based on the observation that there 
exist many similarities among the observation point combi 
nations determined, the memory requirement for the obser 
vation point combination pool can be further reduced by 
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incrementally describing one or more of the observation point 
combinations from the group of observation point combina 
tions. For instance, in certain embodiments, only the differ 
ences from the base observation point combination are stored 
for each observation point combination. Another possible 
embodiment reduces the number of pseudo faults (and thus 
the memory used to store the detecting test responses for 
pseudo faults). For example, instead of creatingapseudo fault 
for each fanout-free region, two or more fanout-free regions 
(for example, closely related fanout-free regions) can becom 
bined and a single pseudo fault created for faults within the 
combined region. 
0264. Further, in architectures where an output response 
compactor is used, embodiments of the exemplary dictionary 
compression schemes described above can also be used. For 
example, the compacted detecting test responses can be 
stored into a fault dictionary using the proposed techniques 
and directly used for test-result processing without having to 
recover the original test responses before compaction. Fur 
ther, it should be understood that the exemplary embodiments 
of the compression technique are described as applying to 
static faults and defects for illustrative purposes only. The 
techniques can also be applied to timing-related, dynamic 
faults and defects. For example, whenan speed test pattern set 
is applied, the detecting test responses can be computed for 
transition faults and timing-related defects. Observation point 
combinations can be computed for all transition faults and put 
into the group of observation point combinations (for 
example, the observation point combinations pool). The 
detecting test responses of pseudo faults can be computed, for 
example, for each fanout-free region based on a stem's slow 
to-rise fault and slow-to-fall fault. Other transition faults and 
timing-related faults can be compressed into a bit mask, 
whenever possible, using the corresponding pseudo fault as 
the template. For a test pattern set with both static and at 
speed test patterns, two fault dictionaries can be created sepa 
rately for static and timing-related faults and defects. In one 
embodiment, these two fault dictionaries are sequentially 
accessed during test-result analysis. 
0265 
0266 During test-result processing, the compressed dic 
tionary allows efficient retrieval of the stored detecting test 
responses for faults and extracted defects and fast diagnosis 
for failing integrated circuits, providing the high throughput 
required for analyzing Volume production test. During diag 
nosis, every failing test pattern of a failing integrated circuit is 
individually analyzed. For a given failing test pattern, all 
Suspects which can explain this failing test pattern are iden 
tified by the following procedure: the ID for the observation 
point combination of the current failing test pattern is first 
determined by searching the observation point combination 
pool; then all pseudo faults which can explain this test pattern 
are identified by comparing the ID of the failing test pattern 
and the ID of the observation point combination of the failing 
test pattern. The Suspect list for this failing test pattern can be 
identified by checking the bit mask of all faults and defects 
associated with the pseudo faults determined above. This 
procedure can be repeated for all failing test patterns. In the 
end, a list of Suspects is determined, each explaining at least 
one failing test pattern. This list can be further processed to 
generate a list of potential defects (or defect candidates), 
which could explain all or at least a majority of the failing test 
patterns and also, optionally, the passing test patterns. Fur 
ther, the list of potential defects can include additional infor 

2. Retrieval of Information from Dictionary 
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mation related to the potential defects identified. For 
example, one or more of the following properties can be 
further associated with the potential defects in the list of 
potential defects: (a) a defect identifier that distinguishes the 
respective potential defect from, other potential defects, (b) a 
derived rule identifier that identifies the defect extraction rule 
used to extract the respective potential defect; (c) a design 
manufacturing rule identifier that identifies the design manu 
facturing rule from which the defect extraction rule used to 
extract the respective potential defect was derived; (d) a 
physical location of the respective potential defect in the 
physical layout of the integrated circuit design; (e) physical 
properties of the respective potential defect in the physical 
layout of the integrated circuit design; and (f) a ranking of the 
respective potential defect relative to other potential defects. 
0267 Incremental Simulation (21.2) 
0268. The fail log for a defective circuit can contain failing 
patterns not analyzed by the defect identification procedure 
(21.1). An incremental simulation procedure (21.2) can be 
used to simulate one or more of these failing patterns. Accord 
ing to one exemplary embodiment, the defects to be simulated 
are selected from the ranked candidate list. Further, the same 
fault models as used in the fault dictionary computation pro 
cess can be applied to defects under consideration. If none of 
faults representing a defect match the observed failing behav 
ior (the criterion for judging match-goodness can be similar 
as what were defined for type I, II and m defects in the defect 
identification process (21.1)), the defect can be dropped out 
of the candidate lists. The incremental simulation can stop 
once the defects remaining in the candidate list fall into one 
class, since the failing mechanism can be uniquely identified. 
0269. Incremental Diagnostics (21.3) 
0270. It is possible that none of the defects in the fault 
dictionary are able to explain the observed failing behavior. 
The reasons could be, for example: (1) the faults modeling the 
defects are not accurate enough, and are thus unable to fully 
capture the behavior of the defect under some test patterns; or 
(2) the defect(s) being diagnosed were not considered as 
potential candidates during the defect-extraction stage. 
Therefore, the fault signatures of the defects may not be 
stored in the fault dictionary. 
0271 According to one exemplary embodiment, incre 
mental diagnostics (21.3) can be used to analyze the observed 
failing behaviors if the defect identification procedure (21.1) 
and the incremental simulation (21.2) generate an empty can 
didate list. Incremental diagnostics (21.3) can be performed, 
for example, by the advanced diagnostics component (4726) 
shown in FIG. 47. For example, an effect-cause-based diag 
nostic procedure can be used to analyze the actual responses 
and determine which defect(s) potentially caused the 
observed behavior. The incremental diagnostic procedure 
(21.3) typically produces a list of candidates as well as the 
associated fault types. If the candidates fall into the same, 
class, yield loss pareto charts can be updated without resolu 
tion loss. Otherwise, probabilistic measures can be assigned 
to the classes these candidates belong to. 
0272. The defect candidates can be stored in a separate 

file, which can be used later for the purpose of learning of new 
defect rules. Also, the defect dictionary can be updated by 
incorporating data about these defect candidates. 

Graphical Representation Computation (21) (22) 
0273. One or more graphical representations of the diag 
nostic results (21.4) can be computed using a graphical rep 
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resentation computation procedure (22) as shown in FIG. 31. 
The graphical representation computation procedure (22) 
corresponds to the diagnostic results analysis component 
(4718) shown in FIG. 47. One exemplary representation that 
can be computed using the diagnostic data is a pareto chart 
Accordingly, the remainder of this section will discuss the 
generation of a pareto chart, though it should be understood 
that other graphical representations indicating the likelihood 
of potential defects in the integrated circuit can alternatively 
be computed. 
0274 Pareto chart computation involves the computation 
offail probabilities of the various yield limiting features in the 
design. For purposes of this discussion, the term “features” 
refers to those characteristics in a design that are prone to 
failure during manufacturing, and therefore at least partially 
contribute to yield loss. The physical instantiation of a feature 
can range from very specific elements (for example, two 
metal lines that run parallel to each other at minimum spacing 
for a long distance and thus are prone to bridging) to more 
general elements (for example, all nets, or library cells in the 
design). In this section, features are denoted as f. f. . . . f. 
For a given design, each feature can have multiple instances 
(for example, a single via is a feature that is prone to being 
malformed leading to opens, and, in a design, there can be 
millions of single via instances). The instances of a feature f, 
are denoted as f", f, . . . f", where n, is the number of 
instances of f, in the design. During manufacturing, each 
feature can potentially be malformed. As used herein, the 
probability of this happening is denoted by p, (f). In certain 
embodiments of the disclosed technology, the object of the 
pareto chart computation is to estimate these probabilities of 
failure for different features from the high volume of the 
diagnostic results gathered during production. 
0275 If diagnosis were ideal (for example, for each failing 
die, diagnosis was able to pin-point the exact cause of failure), 
estimating the fail probabilities would be simplified: the fail 
probability would be the ratio of the number of times a feature 
failed to the number of times a feature was manufactured. 
However, in reality, diagnosis is not always 100% accurate. 
Usually, diagnosis (such as the test-result analysis (4716) 
shown in FIG. 47) produces a list of suspect features that are 
likely to be the cause of the failure in a defective die instead of 
the actual failing feature(s). This is usually because, more 
often than not, failures in other features can equally explain 
the behavior of the defective die observed on the tester. 
Accordingly, using only boolean value fail information, it can 
be difficult or impossible to distinguish among certain fea 
tures as the real cause of defect. As an example, consider the 
situation illustrated in FIG. 40 where there are multiple fea 
tures associated with the same net pair, such as a corner-to 
corner and a side-to-side bridge. In this case, it is typically not 
possible to determine which is the real cause of a bridge on the 
net pair using only logic level diagnosis. Other causes of 
ambiguity in diagnosis are so-called “equivalent faults.” 
which are indistinguishable at the logic level. As an example, 
consider the exemplary buffer illustrated in FIG. 41. The 
faults on the input and output of a buffer are equivalent This 
makes the task of estimating the fail probabilities of features 
a non-trivial one. To Summarize, diagnosis of a multiplicity of 
failed die produces a list of Suspect features that can poten 
tially be the cause of failure for each die is provided. As an 
example: 
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Failed Die Number Suspect Features 

OO 14 5 Ol 

1 Eig I' s 12 14 
2 f" ...", fe", fe", f. 3 f, 14, f, 

0276 According to one embodiment, pareto chart compu 
tation involves analyzing the list of Suspect features (such as 
the example above) to compute reliable estimates of the indi 
vidual feature fail probabilities: p. (f). 
0277. In the following section, two exemplary methods for 
computing individual feature fail probabilities are described. 
These exemplary methods should not be construed as limit 
ing, however, as multiple additional or alternative methods 
can be used in any embodiment of the disclosed technology. 
In the first exemplary method, an iterative procedure is used 
to compute feature fail rates. In the second exemplary 
method, a linear-regression-based method that is based on 
partitioning the design into Smallerblocks and relating the fail 
rate of each block to the features contained within the block is 
used. After the two exemplary methods are described, the 
possible problem of bias introduced by wafer-level system 
atic defect causes is addressed. Such defect causes can affect 
die in certain areas on the wafer and possibly in specific 
regions within the die. Due to the non-random nature of Such 
defects, such defect causes can introduce erroneous biases 
toward certain features. An exemplary technique for address 
ing these effects is also described below. 
0278 1. An Exemplary Iterative Learning Procedure 
0279. In certain exemplary embodiments, an iterative 
learning procedure is used. In some implementations, the 
iterative learning procedure comprises determining what the 
probability is that a particular feature in the list of suspect 
features is the actual cause of failure for a given list of diag 
nosed suspect feature instances. This probability can be 
described in terms of the unknown variables: per (f). The 
procedure further comprises using this probability to estimate 
pe, (f) itself. This creates a system of equations which can be 
solved in an iterative fashion to estimate the fail rate of each 
feature. 
0280 Consider a defective die for which diagnosis pro 
duces the following suspect feature instances: f,'. f. f. , 
f'. It is first assumed that the actual failing feature 
instance(s) in the die is in this list of suspect feature instances. 
The probability that, given the above diagnosis results, the 
actual cause of defect in the die is f' can be determined 
using probability theory by defining two events A and B as: 

(0281. Af,' is the only cause of defect in a faulty die; 
and 

0282 B=At least one of the feature instances f', f’, 
f’, f' is the cause of defect in a faulty die 

The conditional probability of Agiven B is then: 

(3) 

since ACB. Now, assuming that all features fail indepen 
dently, the probability of events A and B can be given by: 

Pfail (f2) 1 - pii (f))' (1 - in II (1 - piai (f)) 
(4) 

P(A) = 

and 
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-continued 

P(B) = (5) 

1-(1-p fail (f2))(1 - piai (f)) (1 - piai (f)) 
(1 - piai (f))(1 - piai (f)) (1 - pai(f)) 

K 

(1-pai (f)); 
i=1 

By Substituting equations (4) and (5) into equation (3), the 
conditional probability becomes: 

pai (f)(1 - pair? fi) (1 - pail (f)) (6) 
PA fB) = (AFB) 1 - (1 - pai(f))(1 - pai(f)) (1 - piai (f)) 

Now, the individual feature fail probabilities can be expected 
to be of the order of 10, otherwise almost every manufac 
tured die will have multiple failures and the yield will be 
almost be Zero. Under this assumption, the higher order terms 
in Equation (6) like p (f), Pfeif (f), po??) p. (T,) and SO 
on will be much smaller than the first order terms, and hence 
can be ignored. With this simplification Equation (6);be 
COS 

Pfail (f2) (7) PA fB) & - -. 
(AFB) p fail (f2) + 2p fail (f) + p fail (fi) 

In general, for a failed die with the following feature suspect 
list determined by diagnosis: 

(0283 x instances off, 
0284 x instances off, 
0285) 
0286 X instances off, 

the probability that the actual cause of defect in the failing die 
is an instance off, can be given by: 
P(An instance of f is the actual cause of defect/Diagnosis 
Results) 

Xip fail (fi) (8) 
K 

X. Xip fail (fi) 
i=l 

Next, Equation (8) can be used to develop an estimator for 
pe, (f). Consider again the earlier example where the list of 
diagnosed suspects in a failed die is f,', f’. f. , f'. So, 
in this case, there is one suspect instance each of features f 
and f, and, two suspect instances of feature f. Now, assume 
for illustrative purposes that there are N other failing die 
that have a similar diagnosis Suspect list. That is, the Suspect 
list contains one instance each off, and f, and two instances 
of f. So, on an average out of the N. failing die, the 
number of die for which the real cause of failure is an instance 
of feature f is given by: 
0287 NP (An instance of f is the actual cause of 
defect/Diagnosis Results) 

Nsimilar Pfail (f2) (9) 
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From this example it can be seen that the failed die in the 
above example contributes: 
0288 P (An instance of f is the actual cause of defect/ 
Diagnosis Results) to the fail count of feature f, in the overall 
set of failed die. In other words, given a set of failed die, a die 
with a diagnosis suspect list that has X, instances of f, will 
contribute (from Equation (8)): 

Xip fail (fi) (10) 

to the feature fail count forf. The contribution of each failed 
die to the fail count off, as given by the above expression, can 
be added and the sum divided by nN, to get an estimate of 
Pfeif (f). 
0289. To summarize the exemplary technique, assume that 
there are N fabricated die. Assume further that out of manitf 
these, N., are found to be defective and are diagnosed. Let X, 
denote the number of instances of feature f, in the suspect list 
for faileddie 101s1sNet). The fail rate for feature f, can then 
be estimated according to this exemplary embodiment as: 

Nfait (11) 
1 ip fail (f pfai.(f) = iPfailfi) for 1 < is K 

niVmanuf & 
= Xip fait(?) 

Hence, there exists a system of non-linear equations in the 
unknown variables, p(f), and the known diagnosis results. 
These equations can be solved in an iterative fashion, starting 
from some initial guesses of the p(f) values and iteratively 
converging towards a solution. This exemplary technique can 
thus be characterized as an iterative feature fail rate learning 
procedure and can be used in connection with any of the 
disclosed embodiments. 
0290 2. An Exemplary Procedure for using Linear 
Regression on Design Blocks 
0291. In this section, another exemplary method of esti 
mating feature fail rates from the diagnostic results is 
described. The exemplary method builds on top of the itera 
tive procedure described in the previous section. 
0292. In this exemplary method, the entire circuit design is 
partitioned into B similar sized blocks. Each block can be 
characterized as a 'smaller die,” which contains a subset of 
the feature instances in the design. Due to natural variations in 
the design, the distribution of feature instances is likely to 
vary from block to block. For example consider two features: 
f a single via between metal layer 3 and 4, and, f, a single 
via between metal layer 1 and 2. One section of the design can 
contain more instances off than f, while a different section 
can have more f instances as compared to those off. Dif 
ferent design blocks can therefore have distinct characteris 
tics. Thus, by relating the fail rate of the design blocks to the 
feature instances in the block, a regression model with p(f) 
as predictor variables and block fail rates as observed vari 
ables can be constructed. The fail rate of features can then be 
estimated using standard regression techniques. See, e.g., N. 
Draper and H. Smith, Applied Regression Analysis (Wiley 
Interscience 1998). The fail rate of each design block can also 
be determined from the diagnostic results using an embodi 
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ment of the iterative procedure described in the previous 
section. There are at least two possible advantages of deter 
mining the feature fail probabilities in this fashion. First, half 
of the blocks in the design can be used to train the regression 
model to estimate per (f). These estimates can be validated 
by using them to predict the fail rates of the remaining half 
blocks and by comparing them to the measured fail rates from 
diagnostic results. Thus, this method can be characterized as 
having a built-in mechanism for validating results. Second, 
the use of regression allows diagnosis errors to be tolerated 
(for example, diagnosis errors in which the feature instance 
that is the actual cause of failure in a defective die is not 
included in the diagnosis Suspect list). Assuming, for 
instance, that diagnosis errors are distributed uniformly over 
the design blocks, the errors will typically be substantially 
averaged out during regression. 
0293 2.1 Partitioning the Design into Block Based on 
NetS 
0294. A design can be partitioned into blocks in many 
possible ways. Because most features can be associated with 
nets in the design, one exemplary technique partitions the 
design based on the nets. For instance, let NET be the set of all 
nets in the design. If this set is divided into B subsets, NETs, 
1sssB, the subsets will generally define different design 
blocks. According to one exemplary embodiment of the tech 
nique, the manner in which NET can be divided into subsets 
can be arbitrarily chosen. The resulting subsets, however, 
should desirably meet the criteria mentioned above that the 
features in the subsets be diverse. In addition, the subsets are 
desirably not too small. Otherwise, the estimates of p, (f) 
can become statistically unreliable. 
0295 One exemplary manner for choosing the subsets is 
based on the scan cells at which the stuck-at faults associated 
with a net are observed for a given test pattern set. More 
specifically, the scan cells in the design are first grouped into 
B groups. This grouping of scan cells can be based on the scan 
chains in the design (for example, Scan cells adjacent to each 
other in a scan chain can be put in the same group). For each 
stuck-at fault in the design, the observation scan cells can be 
determined using fault simulation. A net can then be placed 
into a Subset based on what scan cell groups the stuck-at faults 
associated with the net are observed at. As an example, con 
sider the exemplary design shown in FIG. 42. For exemplary 
purposes only, the exemplary design has only one scan chain 
Assume that the design is desirably portioned into two blocks. 
To achieve this, the set of nets NET can be divided into two 
subsets: NET and NET. The scan cells can then be grouped 
into two groups, G and G, as shown in FIG. 42. Considering 
first the example net net, it can be observed that the four 
faults associated with it (A stuck-at-1. A stuck-at-0, B Stuck 
at-1, and B Stuck-at-0) are observed at Scan cells in group G. 
Consequently, this net can be included in NET. Note that for 
some nets, the faults associated with it may be observed in 
multiple scan cell groups. For example net is such a net since 
the faults C stuck-at-0 and C stuck-at-1 are observed in scan 
cell group G while the faults D stuck-at-0 and D stuck-at-1 
are observed in G. According to one exemplary implemen 
tation, such nets can be arbitrarily placed into any one of the 
Subsets. 

0296 2.2 Determining Block Fail Rates and Relating them 
to Features 

0297. Once the design has been partitioned into blocks, the 
fail rate for each block can be determined from the diagnostic 
results. One exemplary technique for determining the fail rate 
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is as follows. A list of suspect design blocks (or subsets NETs) 
is determined from the list of diagnosed suspect nets. The fail 
probabilities for these blocks are estimated using an iterative 
procedure (for example, the iterative procedure described 
above in subsection (1)). For purposes of this discussion, let 
these fail rates be denoted as pet(NET). The estimated block 
fail rates can then be related to the feature fail rates. For 
example, because a feature instance can be associated with 
one or more nets (a single net in the case of features like single 
vias, or two nets in the case of features like bridges), the 
feature instances associated with a subset NET can be deter 
mined. For example, let y be the number of instances of 
feature f, associated with subset NET. The probability that 
there will be a defect in the subset of nets NET can then be 
given by: 

P(At least one feature associated with NET, fails)=1- 
P(None of the features associated with NET, fails) 

or, equivalently: 

K K (12) 

pit (NET,) = 1 - (1 - piai (f)) yis & X. yisp fail (fi) 
i=0 i=0 

for 

1 s S < B 

Again, the above approximation can be justified by the obser 
vation that the values of p(f) are expected to be much less 
than 1. The system of equations in Equation (12) above define 
a linear regression model with pi (f) as the predictor vari 
ables and pet(NET) as the observed variables. This model 
can be used to generate estimates of p(f) using well known 
regression techniques (for example, a least squares estimation 
technique). See, e.g., N. Draper and H. Smith, Applied 
Regression Analysis (Wiley-Interscience 1998). 
0298 
0299. There are certain defect mechanisms that affect die 
in only a certain area of the wafer. For example, depth-of 
focus-related problems may only cause defects in die on the 
outer edges of the wafer. An example of Such problems is 
shown in FIG. 43. Further, stepper-related issues may only 
show up in every fourth die on the wafer. Such systematic 
defect mechanisms have the potential to wrongly bias the fail 
rates of features since they do not affect all die uniformly. As 
an example, consider a situation where the die on the periph 
ery of Some wafer have an out-of-focus issue that causes a 
particular net in the design to bridge with anothernet. Further, 
assume that there is a corner-to-corner bridge feature associ 
ated with this net pair. Since a large number of die on the 
wafer periphery may exhibit this systematic defect mecha 
nism, it could be perceived that the fail rate of corner-to 
corner bridges is high. However, this perception would be 
incorrect because die in the interior of the wafer will not be 
affected by the out-of-focus problem, and hence the corre 
sponding die will not exhibit a high corner-to-corner bridge 
fail rate. In order to alleviate this problem, and according to 
one exemplary embodiment, a hierarchical yield learning 
procedure can be used. In one example implementation of the 
procedure, failing die that fail due to a location-on-wafer 
specific defect mechanism are identified. These die are then 

3. Hierarchical Yield Learning 
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excluded from fail rate computation, thus avoiding the error 
introduced by systematic issues that do not affect all the dies 
uniformly. 
0300. In some cases, the wafer-location-specific defect 
mechanisms are very prominent. Such cases could be identi 
fied, for example, from a wafer defect map, which shows the 
location of defective die on the wafer. An example of a wafer 
defect map is shown in FIG. 44. However, in other cases, the 
systematic issue can become disguised by the regularly fail 
ing die. The use of diagnostic results in uncovering Such 
issues that are hard to identify from simple wafer defect maps 
can be beneficial. As an example; consider a case where a 
wafer-level systematic mechanism causes a defect in a spe 
cific net (for example, net) in only those die that are located 
at four specific locations on the wafer (for example, as shown 
in FIG. 45). This subtle mechanism will not be easy to iden 
tify from the wafer defect map (FIG. 44). However, the 
mechanism can be uncovered by determining so-called "hot 
nets' using the diagnostic results. Generally speaking, hot 
nets can be characterized as those nets that fail at a rate 
disproportionately higher than other similar nets. In the illus 
trated example, net will be designated as the hot net. Hot nets 
in failing die can be identified by letting the features be 
individual nets and then using the iterative learning procedure 
to determine net fail rates. Those nets whose fail rates are 
higher than some threshold can accordingly be categorized as 
hot nets. One exemplary threshold value can be the expected 
fail rate of a net. This can be estimated from the fail rates of 
features associated with the net. Thus, if a net fails more often 
than expected, it can be characterized as a hot net. Once hot 
nets are identified, for instance, the wafer defect map can be 
updated to show only those failing die that contain the hot net. 
The resulting map will consequently be indicative of the 
systematic issue (as shown, for example, in FIG. 45). A so 
called “wafer map visualization rule' can be used to denote 
the criteria for choosing failed die to depict on the wafer map. 
Other examples of types or categories of wafer map visual 
ization rules (besides hot nets) include, but are not limited to: 
die that have failures in certain cells, die that have failures in 
certain metal layers, or other rules that the user of this tech 
nique wishes to define. The described visualization schemes 
are made possible by the use of high Volume in-production 
diagnosis. 
0301 
0302 Some defective manufactured integrated circuits 
may not be identified during testing because the test set may 
not detect the failing feature instances in the defective die. 
Such die are referred to as test escapes, and it is often desir 
able to estimate the test escape rate for a particular test set. 
This can be done in some embodiments of the disclosed 
technology using the feature fail probabilities determined 
from Volume diagnosis results as described in the previous 
Subsections using the following exemplary procedure. Ingen 
eral, the test escape rate is the probability that at least one 
untested feature instance fails while all the feature instances 
detected by the test set do not fail. Let u, be number of 
instances of feature f, that are not covered by test. This num 
ber can be determined using fault simulation of the test set. 
Then the probability of test escape is given by: 

4. Estimation of Test Escape Rate 
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K K (13) 

Pescape (II (1-pactor -(1-pai (f))" 
i=1 i= 

K 

-(1-pat (f))" K 1 

(1 - piai (f)); 
i=1 

K 

II (1 - piai (f))"i 

As before, the higher order terms in the above equation can be 
ignored since the feature probabilities are expected to be 
much smaller than one. With this approximation the escape 
probability becomes: 

K (14) 
K ulip fail (fi) 

Pescape | near - I - 
i=1 1 - 2. tip fail (fi) 

Note that the above calculations can be performed on a per 
feature basis (for example, the escape probability for each 
individual feature can be calculated in a similar fashion). 
0303 Typically, test escape rates are expressed as defects 
per million (DPM) numbers, which is the number defective 
die in one million die that pass testing. The escape probability 
determined by the above equation can be easily converted to 
this number by multiplying by 10°. Hence, estimation of the 
DPM number constitutes another use offeature fail probabili 
ties estimated from Volume diagnosis results that can be cap 
tured and reported by embodiments of the disclosed technol 
Ogy. 

0304 5. Alternative Procedures for Pareto Chart Calcula 
tion 

0305. In this section, alternative procedures for pareto 
chart calculation are discussed. As discussed above, one 
major source of ambiguities in diagnosis comes from equiva 
lent faults, whose corresponding defects can form a so-called 
“equivalent class.” A set of defects form an equivalent class if 
their corresponding faults share the same signature and can 
not be distinguished without additional information. If the 
equivalent class consists of defects from different classes, the 
diagnostic procedure may be unable to identify the real failing 
mechanism. To simplify discussion, the equivalent classes 
will be used hereafter to refer to defects that have elements 
from different classes. 

0306 5.1 Error Estimation 
0307 Let C, C, C2, ...,C} denote an equivalent class 
where C, represents the number of defects in the 1-th class. If 
Such an equivalent class C, is encountered in the defect iden 
tification procedure (21.1) and if it remains unresolved after 
incremental simulation (21.2) and diagnosis (21.3), without 
knowing which defect class is the real cause, the diagnosis 
procedure will typically have to assign probabilistic credits to 
each class involved in C. Assuming each defect in C, is 
equally likely to occur, the credits assigned can be related to 
the number of defects in the class. For example: 
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0308 Let 6, denote the set of the equivalent classes that 
contain defects of class i. Let N be the total number of defec 
tive circuits being diagnosed Let N be the number of defec 
tive circuits that can be precisely diagnosed as having class i 
defects. Therefore, the number of circuits with defect classi is 
in the range N, N +6,. In the worst case, the error of 
diagnosed result for class i is 6.1. Therefore, the ambiguity 
of the predicted pareto chart for k classes can be measured 
with the average 

0309 5.2 Data Calibration 
0310. The predicted distribution of yield loss mechanisms 
are desirably calibrated such that, in the statistical sense, the 
estimation error caused by equivalent classes can be reduced. 
As shown in FIG.32, data calibration (22.2) can be performed 
in an iterative fashion with diagnostic results computation 
(22.1). 
0311. In one exemplary embodiment, data calibration is 
based on the concept of set probability. For example, let 
P(D=i) (i-1, 2, . . . ) be the probability that defect class i 
occurs; let P(O=i) (i=1, 2, . . . ) be the probability that the 
defect is predicted by diagnosis as class i; let P(OiD) 
(i,j=1,2,...) be the conditional probability that the defect is 
predicted as class i under the condition that defect class 
occurs. Based on the probabilistic theory, the equation holds 
that: 

15 
P(O) = X. P(O; D.) P(D) (15) 

Let P(O) be the vector P(O), P(O), ..., P(O), let P(D) be 
the vector P(D), P(D)), ..., P(D)}. The formula relating 
P(O) and P(D) is then: 

P(O)=TXP (D) (16) 

where T is a matrix with P(O.D.) being an element on i-throw 
and j-th column. 
0312. As can be observed, P(O) is the pareto chart 
obtained through diagnosis. In the ideal case, there is no 
ambiguity between different classes, and P(O.D.)=0 (i,j). 
The conditional probability matrix r will be unit matrix, and 
P(O) will match P(D). If there is ambiguity, P(O) can be 
calibrated by: 

0313 The conditional probability can be estimated based 
on the information collected during the defect identification 
procedure (21.1). During an exemplar two-step procedure, 
the equivalent classes that have been encountered can be 
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recorded. The record for the equivalent class C, can be a tuple 
{LC, where L, represents the number of occurrences of C, 
during identification stages. 
0314 Suppose the pareto chart P(O) is {P(O)=n, P(O) 
-n. ...., P(O) in after N defective parts were diagnosed. 
The conditional probability P(OID) can be estimated using 
equation: 

P(O, D.) (18) 
P(D) 

N(Oi, Di) N(Oi, Di) 
N(D) N.n, 

where N(O, D.) are those defects of classjthat are diagnosed 
as of classi. It can be estimated from the set of the equivalent 
classes 6,?né, Consider an equivalent class Ce6,ne. The 
equivalent class C, contains indistinguishable defects of class 
i and J. Let C, be {..., C.,..., C. ... }. As described above, 
the probability that a defect in C, is diagnosed as of class i is 

C/X Ci. 
i 

Assume P(O) (P(O)={n, n.,..., n}) matches P(D) closely, 
and assume that the same distribution P(D) also applies to the 
set of defects that are considered by the diagnosis to be in the 
equivalent class C. Therefore, out of Toccurrences of C, the 
number of circuits with defects of class can be calculated as 

Tn/X iii, 
i 

and the number of times that defects of classjare predicted as 
of class i can calculated as 

Ci n 
i X Co. " 

2) indicates text missing or illegible when filed 

T 

In other words, for each occurrence of C, the probability that 
defects of class j are predicted as of class i is 

CG) ni 

X Co. 2" 
i 

(2) indicates text missing or illegiblewhen filed 

Consider all the equivalent classes in 6,?né, and suppose 
|6,n'6,1=m, then N(O, D) can be computed as: 

(2) (19) 
Cai ni N(0, D) =Xs, 

(?) indicates text missing or illegiblewhen filed 

P(O) can now be computed by combining equations (17), 
(18), and (19). 
0315. The calibration iterates by recomputing the condi 
tional probability matrix T with the calibrated P(O). The 
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iteration stops after a certain number of cycles, or the error 
between P(O) of consecutive runs is less than the predeter 
mined threshold. 

Analysis of Miscellaneous Defects and Learning of New 
Defect Rules 

0316 Miscellaneous defects are those that cannot be iden 
tified as belonging to any classes that have been defined 
previously. The data produced by the incremental simulation 
(21.2) and incremental diagnostic (21.3) procedures can indi 
cate the existence of defects that are not properly modeled 
and/or defects that are not considered during the fault simu 
lation and fault dictionary computation stage. When 
requested, an analysis procedure can be activated to process 
the data and extract the statistical information. An advanced 
diagnoses component (Such as advanced diagnosis compo 
nent (4726) in FIG. 47) can use the statistical information to 
simulate the defects and to update the fault dictionary. If 
certain criteria are met, new defect rules can be generated and 
applied during the next iteration of the defect extraction pro 
CCSS, 

0317. The diagnosis component can be made self-adap 
tive, for example, in any one or more of the following ways. 
0318 1. Some newly identified defects are highly likely to 
occur. Their failing responses are desirably recorded in the 
fault dictionary. Their corresponding faults can be simulated 
with the same test set as was used previously during the fault 
dictionary computation stage. The fault dictionary can be 
updated with the simulated failing responses. To determine 
the likelihood of occurrence of a defect, the number of times 
the defect is encountered can be counted. 
0319 2. From the incremental diagnostic results (21.3), it 
can be observed that a new fault type is more effective in 
describing the observed failing behaviors than the ones used 
previously. If this is true for a significant percentage of 
defects, the newly identified defects, as well as the defects 
previously stored in the fault dictionary if necessary, can be 
simulated under the new fault type. The fault dictionary can 
be updated with the simulated failing responses. 
0320 3. If miscellaneous defects with certain characteris 
tics that were not considered previously are found to be highly 
likely to occur, the newly identified defect-inducing charac 
teristics are desirably incorporated into the defect rule set and 
a new defect class defined in a defect extraction rule update 
procedure (26). The defect extraction (7) can be performed on 
the layout using the new rules. For the newly extracted 
defects, the corresponding faults can be simulated with the 
same test set as was used previously during the fault dictio 
nary computation stage. The fault dictionary can be updated 
with the simulated failing responses. 
0321. These self-leaning, adaptive procedures can be ini 
tiated on a regular basis, or at the user's request. 
Update of Defect Ranking (24) 
0322. As discussed above, defect rankings are initially 
determined by the probabilistic measures related to layout 
features and manufacturing process parameters. According to 
one exemplary embodiment of the general method, the num 
ber of occurrences for each defect class is counted during the 
test-result data post-processing procedure so that defect rank 
ings can be dynamically updated with the relative frequency 
of occurrence. 

Special Considerations for On-chip Compression Logic 
0323 For integrated circuits that use on-chip compression 
logic Such as output response compactors, some special con 
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siderations arise. For example, one consideration is the lim 
ited possibility for diagnosis. Different compactors have dif 
ferent capabilities, but some implementations offer diagnosis 
quality that is comparable to integrated circuit without com 
pactors, e.g., G. Mrugalski, J. Rajski, C. Wang, A. Pogiel, J. 
Tyszer, “Fault Diagnosis in Designs with Convolutional 
Compactors. ITC 2004, pp. 498-507. Another consideration 
is that the compactor can invalidate, the differentiation of 
candidate defects by the compression method of the compac 
tor. As an example, consider FIGS. 28 through 30. FIG. 28 
shows the case without an output response compactor. Fault 
effects can be observed at a number of scancells in a first scan 
chain (2801) and a second chain (2802), thus the defects are 
distinguishable. However, as shown in FIG. 29, with an out 
put response compactor (2901), the effects of the defects may 
no longer be distinguishable because, for example, the output 
responses for both defects cancel each other out (in the case of 
a two-defect assumption). Another possibility, for example, is 
that the observable output response for both defects is made 
identical by the compactor. For both cases, the architecture 
shown in FIG. 30 offers one possible solution that adds a 
component to the output response compactor (2901). This 
component, termed the "defect resolution output response 
selector’ (3001) enables the ATPG to manipulate by a control 
signal on control line (3002) the normal operation of the 
output response compactor (2901) in order to retain the dis 
tinguishing capability of the computed candidate test pattern. 
There are a number of possible ways to implement and use the 
selector circuit (3001) exemplified in FIG. 30. For example, 
disabling certain scan chains from compaction during testing, 
or rerouting certain scan chain outputs to different inputs of 
the compactor during testing. In particular exemplary 
embodiments, the defect resolution output response selector 
(3001) adds a stage to the output response compactor (2901) 
and is configured to manipulate the output response compac 
tor (2901) to make the output response compactor (2901) 
compute different signatures for the otherwise indistinguish 
able faults. 

Other Usage Scenarios 
0324. The exemplary methods, apparatus, and system 
described in this embodiment assume that the design and test 
generation, production and production test are performed by 
the same entity or that the information exchange between 
different entities is unrestricted. In the following, however, a 
usage scenario for an exemplary embodiment of the disclosed 
technology is described wherein the information exchange is 
restricted. 
0325 For example, each step is owned by a different 
entity, which wants to exchange only the absolute minimum 
of information. The design entity owns the layout data, the 
netlist, and is the only one who can generate test patterns and 
is not willing to share the netlist. The second entity is the 
producer, who receives only the layout data, and whose goal 
is high yield. It may not share rules, which might increase its 
yield, or give up secrets of the production. Only the necessary 
DFM rules are disclosed to the design entity. Finally, there is 
the production-test entity, which knows nothing about the 
integrated circuit. It receives only the test patterns and the 
produced die. With a few modifications to the exemplary 
procedure described above, substantially the same DFM and 
yield improvements are possible in this environment. For 
example, one solution uses symbolic extraction rules pro 
vided by the producer through special (encoded) DFM rules 
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for the design entity, which are meant to be used in the ATPG, 
for example, to increase the defect resolution. A correspond 
ing symbolic dictionary (or thesaurus) can be generated by 
the design entity. Symbolic in this context means that the 
actual defect, defect extraction rule, and DFM rule do not 
reveal any knowledge concerning the design or the produc 
tion line. Forsake of this example, assume that the defects are 
simply enumerated. Both the design entity and the production 
entity may compute the same defect list based on the layout 
data and the DFM rules. The design entity may use the defect 
list to generate test patterns, and the production entity may 
receive diagnosis analysis results based on the symbolic dic 
tionary. The production entity in turn can analyze the problem 
completely and can take corrective steps. If required, the 
production entity sends improved (encoded) DFM rules for 
the ATPG to the design entity and requests additional test 
patterns. 

Exemplary Computing Environments 
0326. Any of the aspects of the technology described 
above may be performed using a distributed computer net 
work. FIG. 48 shows one such exemplary network. A server 
computer (4800) can have an associated storage device 
(4802) (internal or external to the server computer). For 
example, the server computer (4800) can be configured to 
generate or update DFM rules or defect extraction rules, to 
generate test patterns, test responses, or fault dictionaries, to 
diagnose faults or defects from test results, or compute yield 
analysis statistics and graphical representations thereof 
according to any of the embodiments described above (for 
example, as part of an EDA software tool). The server com 
puter (4800) may be coupled to a network, shown generally at 
(4804), which can comprise, for example, a wide-area net 
work, a local-area network, a client-server network, the Inter 
net, or other Such network. One or more client computers, 
such as those shown at (4806), (4808) may be coupled to the 
network (4804) using a network protocol. The work may also 
be performed on a single, dedicated workstation, which has 
its own memory and one or more CPUs. 
0327 FIG. 49 shows another exemplary network One or 
more computers (4902) communicate via a network (4904) 
and form a computing environment (4900) (for example, a 
distributed computing environment). Each of the computers 
(4902) in the computing environment (4900) can be used to 
performat least a portion of a test response generation process 
according to, for example, any of the embodiments described 
above (for example, as part of an EDA software tool, such as 
an ATPG tool). For instance, each of the computers may 
perform test patternand test-response generation for different 
portions of the circuit design, for different types of patterns, 
or according to various other criteria. The network (4904) in 
the illustrated embodiment is also coupled to one or more 
client computers. 
0328 FIG.50 shows one nonlimiting example ofusing the 
computing environments illustrated in FIGS. 48 and 49. In 
particular, FIG. 50 shows that a database or data structure 
containing design information (for example, a netlist) and a 
database or data structure containing extracted defect data 
(for example, from fault/defect extraction component (4710)) 
can be analyzed using a remote server computer (such as the 
server computer (4800) shown in FIG. 48) or remote comput 
ing environment (such as the computing environment (4900) 
shown in FIG. 49) in order to generate test data for the design, 
including test patterns and test responses, using embodiments 
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of the disclosed technology. At (5002), for example, the client 
computer sends design and extracted defect data to the remote 
server or computing environment. At (5002), the design and 
extracted defect data are received and loaded by the remote 
server or by respective components of the computing envi 
ronment. At (5006), test data is created, including test pat 
terns, test responses, and a fault dictionary using any of the 
disclosed embodiments. At (5008), the remote server or com 
puting environment sends the test data (including the test 
patterns, test responses, and fault dictionary) to the client 
computer, which receives the test data at (5010). It should be 
apparent to those skilled in the art that the example shown in 
FIG.50 is not the only way to generate test data using multiple 
computers. For instance, the design and extracted defect data 
can be stored on tangible computer-readable media that are 
not on a network and that are sent separately to the server or 
computing environment (for example, one or more 
CD-ROMs, DVDs, or portable hard drives). Or, the server or 
remote computing environment may perform only a portion 
of the test pattern generation procedures. 
0329. Having illustrated and described the principles of 
the illustrated embodiments, it will be apparent to those 
skilled in the art that the embodiments can be modified in 
arrangement and detail without departing from Such prin 
ciples. In view of the many possible embodiments, it will be 
recognized that the illustrated embodiments include only 
examples and should not be taken as a limitation on the scope 
of the invention. 

1.-44. (canceled) 
45. A computer-implemented method, comprising: 
receiving information indicative of integrated circuit fail 

ures observed during testing of multiple integrated cir 
cuits and potential defects that may have caused the 
integrated circuit failures, the potential defects having 
been extracted and targeted for testing using extraction 
rules derived from design manufacturing rules; 

analyzing the information to determine one or more failure 
rates associated with one or more of the potential 
defects; and 

reporting the determined failure rates. 
46. The method of claim 45, wherein the information 

received comprises one or more of the following: (a) diagno 
sis results; (b) one or more lists of the potential defects; or (c) 
information about detection of the potential defects during 
the testing. 

47. The method of claim 45, further comprising determin 
ing an estimate of the yield of the integrated circuits based at 
least in part on the determined failure rates. 

48. The method of claim 45, wherein the integrated circuits 
comprise a first set of integrated circuits, the method further 
comprising determining an estimate of the yield of a second 
set of integrated circuits based at least in part on the deter 
mined failure rates. 

49. The method of claim 45, further comprising determin 
ing an estimate of the escape rate of a respective potential 
defect or of the integrated circuits based at least in part on the 
determined failure rates. 

50. The method of claim 45, wherein the integrated circuits 
comprise a first set of integrated circuits, the method further 
comprising determining an estimate of the escape rate of a 
potential defect of a second set of integrated circuits or of the 
second set of integrated circuits based at least in part on the 
determined failure rates. 
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51. The method of claim 45, further comprising estimating 
a yield sensitivity curve for at least one of the design manu 
facturing rules based at least in part on the determined failure 
rates. 

52. The method of claim 45 performed repetitively over 
time, the method further comprising determining production 
trends based on changes in the determined probabilities 
observed over time. 

53. The method of claim 45, further comprising perform 
ing one or more of the following based at least in part on the 
reported probabilities: (a) adjusting one or more design 
manufacturing rules; (b) adjusting one or more defect extrac 
tion rules; or (c) providing recommended modifications for 
one or more features in the integrated circuits. 

54. The method of claim 53, wherein one or more features 
in the integrated circuits are modified based at least in part on 
the reported probabilities, the method further comprising pro 
ducing one or more integrated circuits having the modified 
one or more features. 

55. The method of claim 45, the diagnostic results are 
obtained through application of at least one fault dictionary. 

56. The method of claim 55, wherein the at least one fault 
dictionary comprises a compressed fault dictionary that uses 
one or more bit masks to identify potential defects. 

57. The method of claim 45, wherein the analyzing com 
prises: 

constructing probability models associated with the fea 
ture fail rates: 

relating the constructed probability models to the diagnos 
tic results received; and 

computing estimated feature fail rates using regression 
analysis. 

58. One or more tangible computer-readable media storing 
computer-executable instructions for causing a computer to 
perform a method, the method comprising: 

receiving information indicative of integrated circuit fail 
ures observed during testing of multiple integrated cir 
cuits and potential defects that may have caused the 
integrated circuit failures, the potential defects having 
been extracted and targeted for testing using extraction 
rules derived from design manufacturing rules; 

analyzing the information to determine one or more failure 
rates associated with one or more of the potential 
defects; and 

reporting the determined failure rates. 
59. At least one computer programmed to carry out a 

method, 
the method comprising: 
receiving information indicative of integrated circuit fail 

ures observed during testing of multiple integrated cir 
cuits and potential defects that may have caused the 
integrated circuit failures, the potential defects having 
been extracted and targeted for testing using extraction 
rules derived from design manufacturing rules: 

analyzing the information to determine one or more failure 
rates associated with one or more of the potential 
defects; and 

reporting the determined failure rates. 
60. The one or more tangible computer-readable media of 

claim 58, wherein the information received comprises one or 
more of the following: (a) diagnosis results; (b) one or more 
lists of the potential defects; or (c) information about detec 
tion of the potential defects during the testing. 
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61. The one or more tangible computer-readable media of 
claim 58, wherein the method further comprises determining 
an estimate of the yield of the integrated circuits based at least 
in part on the determined failure rates. 

62. The one or more tangible computer-readable media of 
claim 58, wherein the integrated circuits comprise a first set of 
integrated circuits, and the method further comprises deter 
mining an estimate of the yield of a second set of integrated 
circuits based at least in part on the determined failure rates. 

63. The one or more tangible computer-readable media of 
claim 58, wherein the method further comprises determining 
an estimate of the escape rate of a respective potential defect 
or of the integrated circuits based at least in part on the 
determined failure rates. 

64. The one or more tangible computer-readable media of 
claim 58, wherein the integrated circuits comprise a first set of 
integrated circuits, and wherein the method further comprises 
determining an estimate of the escape rate of a potential 
defect of a second set of integrated circuits or of the second set 
of integrated circuits based at least in part on the determined 
failure rates. 

65. The one or more tangible computer-readable media of 
claim 58, wherein the method further comprises estimating a 
yield sensitivity curve for at least one of the design manufac 
turing rules based at least in part on the determined failure 
rates. 

66. The one or more tangible computer-readable media of 
claim 58, wherein the method is performed repetitively over 
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time, and the method further comprises determining produc 
tion trends based on changes in the determined probabilities 
observed over time. 

67. The one or more tangible computer-readable media of 
claim 58, wherein the method further comprises performing 
one or more of the following based at least in part on the 
reported probabilities: (a) adjusting one or more design 
manufacturing rules; (b) adjusting one or more defect extrac 
tion rules; or (c) providing recommended modifications for 
one or more features in the integrated circuits. 

68. The one or more tangible computer-readable media of 
claim 58, wherein the diagnostic results are obtained through 
application of at least one fault dictionary. 

69. The one or more tangible computer-readable media of 
claim 68, wherein the at least one fault dictionary comprises 
a compressed fault dictionary that uses one or more bit masks 
to identify potential defects. 

70. The one or more tangible computer-readable media of 
claim 58, wherein the analyzing comprises: 

constructing probability models associated with the fea 
ture fail rates: 

relating the constructed probability models to the diagnos 
tic results received; and 

computing estimated feature fail rates using regression 
analysis. 


