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DIE SCREENING USING INLINE DEFECT INFORMATION
CROSS REFERENCE TO RELATED APPLICATIONS

{6001} This application claims priovity to ULS, Provisional Application No. 62/824.900, filed

o March 27, 2019, the entive disclosure of which is bereby incorporated by reference.

FIELD OF THE DISCLOSURE
{0002}  The disclosure generally relates to wafer inspection. More particularly the disclosure

generally relates to reduction of overkill in wafer inspection.

BACKGROUND OF THE DISCLOSURE
{00031 In the semiconductor industry, current methods exist for screening out dies at hugh risk
of having killer defects. Such methods are important, as they assist in preventing dies with killer
defect from going from manufacturing to the next step in the supply chain, However, such
existing methods must balance efficiency with effectiveness, and as such, there is room for
improvement. Most suppliers seek to improve thelr supplier guality index, with an indostry goal
of zero defects. To do so, the early failure rate (EFR) of dies can be reduced.
{0004}  Killer defects may cause a malfunction or fatlure of the semiconductor device,
whereas non-kitler defects do not substantially affect the performance of the semiconductor
device. For example, killer defects may be a) of sub-nucron size, b short elements of a single
mask level (such as metal or gate-stack runners) together, or create opens at these same levels,
and ¢} can be detected using in-line inspection tools such as an inspection SEM.
[B00S]  Some systerns exist to reduce carly fatlure rate of dies. Currently, some fab and fabless
shops use methods like part average testing (PAT). In PAT, the concept i3 to identify high-risk
dies {dies within spec but which are statistically different from the normal population of the other
dies). Geographical PAT (G-PAT) is an improvement on PAT, which judges the suitability of a
die based on its geographical proximity other failed dies. G-PAT has a variant, good-die bad-
neighborhood, which adds the experiential understanding that defects tend to congregate.
Parametric PAT (P-PAT) involves defining critical electrical test parameters, and outliers from
normal distributions are considered suspect to be eliminated.
{00061  Some shops may use a defect’s size from inline mspection as the crienia to deternine

whether a die should be screened out,
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{60871 Inomany shops, an inking process Is used to demarcate sereened-ont dies, In sucha
process, a wafer map that designates which dies to screen out {Fink owt”) is sent to an inking
system. The inking system places a visible ink mark on the dies that are to be scraened out. In
this way, these “inked-out” dies can be removed from the manufacturing process, as they are
considered to be failed dies. A manufactorer can thus not spend further time, energy, and
resources on dies it considers to have failed or likely to fail prematurely.

{0008] However, these systems use only electrical data with minimal defect information. This
usually results m overkll, e, screening out dies that are good and pass an electrical test, may
not fail in the field, and may not fail under excessive burn in a stress test, Overkill results in lost
revenue, and degradation of the semiconductor supplier reliability index, measured in parts per
miilion (ppm), of the fab shop.

{60097  There is also an enknown factor based on the test coverage of the aforementioned test
schemes. Their coverage is typically only 60--80% of the full fimctionality of the dies. This is
evidence of large gaps in the information used to screen out & die.

{00101 Therefore, improved systems for screening out dies for inking are needed.

SUMMARY OF THE DISCLOSURE
{8011}  The following is a simplified summary providing an intial understanding of the
nvention, The summary does not necessarily wdentify key elements nor limits the scope of the
ivention, but merely serves as an introduction to the following description.
{0012} A method is provided in a first embodiment. The method may comprise receiving a
plorality of defects, receiving wafersort electrical data for a plurality of dies, classifving each of
the defects as a defect-of-interest or nuisance, determining a defect-of-interest confidence for
each of the defecis-ofvinterest, determuining a die retwrn index for each of the dies containing at
least one of the defects-of-interest, determining a die return index cutline, and generating an
inking map.
{00131 A system is provided i a second embodiment. The systentmay comprise an
mspection tool, an electronic data storage unit, and a processor.
{0014}  The inspection tool may include a particle emitter, a stage, and a detector. The particle

emitter may be configured to emit particles, e.g., photons or electrons, in a particle beam. The

P

stage may be configured to hold a wafer in a path of the particle beam emitied by the particle
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emitter. The detector may be configured to detect a portion of the particles reflected by the waler
and may vield a wafer image having a phuality of dies.

[0015]  The electronic data storage unit may be configared to store a recipe. The recipe may
include a defect classification model.

[o0ts]  The processor may be it electronmit cormmumication with the isspection too! and the
electronic data storage unit. The processor may be configured to, for the wafer, receive a
phurality of defects, receive wafersort elecirical data for g plurality of dies, classify each of the
defects as a defect-of-interest or nuisance, determine a defect-of-interest confidence for each of
the defects-of-interest, determine a die return index for each of the dies containing at least one of
the defects-of-interest, determine a die refurn index cutline, and generate an inking map.

0171 A non-transitory computer-readable storage medium is provided m a third
embodiment. The non-transitory computer-readable storage medinm may comprise one or more
programs for executing steps on one or more computing devices. The steps may include
receiving a plurality of defects, recetving wafersort electrical data for a plurality of dies,
classifving each of the defects as a defect-of-interest or nuisance, determining a defect-of-interest
confidence for each of the defecis-of-interest, determining a die return index for each of the dies
containing at least one of the defects-of-interest, determining a die retum index cotling, and
penerating an inking map.

{0018}  In embodiments, each of the defects may be associated with a die in the plarality of
dies. Bach of the dies may be tagged as passing a watersernt slectrical test or fatling the wafersort
electrical test. Classitying each of the defects as & defect-of-interest or nuisance may be
accomplished using a defect classification model, There may be a plurality of defects classified
as defects-of-interest.

{8019]  The inking map may represent a wafer having a high-risk failed die. The high-risk
failed dic may be a dic having a die return index that exceeds the die return index cutling, and the
high-risk failed die may be tagged as fashing the waflersort electrical test. The wking map may
compose an electronic file, which may be configured to be input mto a die inking system. The
eleciromc file may bean SINY file,

{0207 An overkill may be further provided. The overkill may be a ratio of a quantity of high-

risk failed dies to a guantity of dies tagged as passing the wafersort electrieal test. In some
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embodiments, a processor may provide the overkill. In some other embodiments, the one or more
programs may provide the overkill.

0021}  The defect classification model may be a8 machine learning model. The nrachine
learning model may be constructed using Randomy Forest or XGBoost.

{00221  The die return index may comptise a swm of the defect-of-qnterest confidences of each
of the defects contained on the given die. This may be for each of the dies containing at least one
of the defects-of-interest.

{00231  The die return index cutline may comprise the geometric mean of the die return
indices.

[0024]  The electronic file may be further sent electronically to a die inking system. In some
embodiments, the electronic file may be further sent electronically by the processor to a die

inking system in electronic conumunication with the processor.

BRIEF DESCRIPTION OF THE FIGURES

{60258]  For a fuller understanding of the nature and objects of the disclosure, reference should
be made to the following detailed description taken in conjunction with the accompanying
drawings, in which:

FIG. 1A tHustrates a first bin sort wafer mapy;

FIG. 1B iltustrates a first stacked defect wafer map;

FIG. 1C iHlustrates a first defect-of-interest confidence wafer map;

FIG. 1D Hustrates a first defect-ofinterest confidence onthier water map;

FIG. 24 Hustrates a second bin sort wafer map;

FIG. 2B illustrates a second stacked defect wafer map;

FI(G. 2C illustrates a second defect-of-interest confidence water map;

FIG. 2D tlustrates a second defect-of-interest confidence outlier wafer map;

FIG. 3A dlustrates an vnfiltered mking map;

FIG. 38 illustrates an unfiltered mking map;

FIG. 44 illustrates a filtered inking map;

FI1G. 4B illustrates a filtered inking map;

FIG. 5 illustrates a method according to an embodiment of the present disclosure;

FIG. 6 illustrates a comparison of defect-of-interest confidence sums;
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FIG. 7 illustrates a distribution based on die return index as a distribution of the swms of the
defect-of-interest confidence for each die;
FIG. 8 ilustrates a system according {0 an embodiment of the present disclosure; and

FIG. 9 iHlustrates a svstem according to an embodiment of the present disclosure,

DETAILED DESCRIPTION OF THE DISCLOSURE
[0026]  Although claimed subject matter will be described in terms of certain entbodiments,
other embodiments, including embodiments that do not provide all of the benefits and features
set forth heram, are also within the scope of this discloswe. Various structural, logical, process
step, and electronic changes may be made without departing from the scope of the disclosure.
Accordingly, the scope of the disclosure is defined only by reference to the appended claims.
{0027}  Embodiments disclosed herein include methods, systems, and apparatuses for
screening dies using mline defect information with machine learning. Such embodiments andior
the implementations thereof may provide advantages in wafer inspection processes. With such
embodiments, more defect information may be available for a high-risk die, which can enable a
user to make a more informed decision as to whether to screen out the die. The additional defect
mformation may inclade, fwter afia, defect class, defect images, and defect atiributes.
{0628]  Additionally, embodiments of the present disclosure may reduce the overkill of dies:
As discussed herein, overkill is the inking out of more dies than necessary when it is revealed
that dies on a wafer failed a wafersort electrical test. Using previous methods, such as G-PAT,
dies around a cluster of dies that failed wafersort would be inked out vanecessarily, resulting in
overkill. Other previous methods result in significant overkill as well, as they rely on inconplete
information data sets.
[6029]  Information obtained may provide for lower costs and decreass overkill Tn this way,
nearty all wafers can be inspected, i.e., the sampling rate can be increased drastically, at all
critical steps.
{8030]  Such embodiments can solve the problem of bad dies making it through the production
process by identifying dies with a higher probability of EFR. They may utilize inline defect
information to provide more context, from an inline defect parspective, as to the condition of the
die and its history. This may allow users to make a more informed decision as to whether or not

to scregn out a given die.
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(60311 Inoan instance, FIGS. 1A-1D tllustrate a series of waler maps observable in an
mspection process for g first example water. FIG. 1A dlustrates a bin sort wafer map 101, Bin
sort wafer map 101 may be a representation of a wafer, with the details of each die thereon. This
result comes from wafersort testing after the wafer has completed fabrication and can be tested
whether it is functional. FIG. 1B illustrates a stacked defect wafer map 102, Stacked defect wafer
map 102 is similar to bin sort wafer map 101, but it contains all defect layers stacked on it, and
visible, This is the result of inline defect inspection from defect inspectors. FIG. 1C iHustrates
defect-of-interest (D01} confidence water map 103, which displays all dies containing DOIs with
confidence summed up. In one way, DOI confidence wafer map 103 is similar to a heat map.
This 13 the resali generated by computing the defects results using a machine learning model,
retarning a DOT confidence result for each defect. FIG. 1D illustrates a DOI confidence outlier
dies wafer map 104, which displays the dies remaining after filtering outlier dies having higher
DO confidence.

{00321  In another instance FIGS, 2A-2D illustrate a series of wafer maps observable inan
mspection process for a second example wafer. In this way, FIG. 2A illustrates for the second
example wafer & bin sort wafer map 201, which is similar to bin sort wafer map 101, FIG. 2B
itlustrates for the second example water a stacked defect wafer map 202, which is similar to
stacked defect wafer map 102, FIG. 2C illustrates for the second example wafer a DOI
confidence water map 203, which is spnilar to DOI confidence wafer map 103 FIG. 2D
iHlustrates for the second example wafer 4 DOI confidence outlier dies wafer map 204, which s
stritar to DOT confidence outher dies wafer map 104,

00331  In some processes, wafer maps such as DOI confidence wafer maps 103 and 203 can
be used to produce inking maps, to later determine which dies should be screened oot and inked.
For example, using such methods, any dies on DOI confidence outlier dies wafer 103 are
considered bad and an inking map, such as inking map 301 illustrated in FIG. 3A, is created.
Likewise, for example, vsing such methods, any dies on DOI confidence outhier dies wafer 203
are considered bad and an inking map, such as inking map 302 illustrated in FIG. 3B, is created.
Using mking map 381 to ink out dies on the wafer tHustrated by stacked defect wafer map 102,
or psing mnking map 302 to ink out dies on the walkr illustrated by stacked defect wafer map 202

can result in overkill.
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{8034}  Embodiments of the present disclosure may involve performing inline defect
mspection for all {100%) of the wafers at most of the steps—at minimuom, at all critical
inspection steps, e.g., after the polysilicon laver 1§ applisd. This will provide significant data to
train the machine learning models emploved herein. Embodiments of the present disclosure
assume that there will always be puisance, which needs to be filtered out and excluded.

{0035]  The present disclosure may be embodied as a method 500, as depicted in FIG. 5.
Method 500 may comprise receiving 301 a plurality of defects. Each defect may be associated
with a die in a plurality of dies. Defect data received 501 may include extended user-defined
attributes (UDAs). Next may be receiving 502 wafersort electrical data for the plurality of dies.
Wafersort electrical data may include a tag or other indication for each die representing whether
it has passed a wafersort electrical test or fatded a watersort electrical test. Passing or failing the
wafersort electrical test may be judged either by criteria set automatically or by an operator.
j0036]  This data recelved 501 and received 302 may be loaded into a database, which can be,
for example, a defect database containing UDAs, In some instances, this may be KLA s Klarity
database. The defect database may be the source of the die data. After loading, the defects in the
defect datahase roay be identified as belonging to a killer defect class, for killer defects, or a
nuisance defect class. This identification may be used to generate a machine learning model,
which may be a defect classification model.

{0037} Afterwards, defects may be classified 503 using a defect classification model as either
DO or nuisance, Defects classified as DOI are desirable for analyzing the condition of the dies
according to some embodinents of the present disclostre, and as such, they will be used moving
forward. The defect classification model used to classity 303 defects as musance or DOL may be
a machine leaming model. Such a machine leanmng model may be configored to classify an
mput defect as DOT or nuisance. Such a machine learning model may be constructed using
methods such as, for example, Random Forest or XGBoost,

j0038] Random Forest 13 an “ensemble” method where a large munber of trees are created
randomly—attributes are selected randomly at each node of every decision tree—and the trees
are typieally built without proning until all the bins are pure. The label on each bin is detevarined
by the type of the defects in the training set that land m that bin. All the trees are then used

during classification, and each defect obtains a label based on simple voting, if most trees
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classify a defect as being of, for example, a defect-of-interest, then the defect will be classified as
a defect-of-interest.

0039  X(GBoost, or extreme gradient boosting, i3 & gradient boosting tmplementation. |t igan
ensemble method used to create strong classifiers based on an iterative combination of weak
classifiers. Beginning with only learners that are weak classifiers, the learners are added
tteratively, effectively correcting the errors of the previous iteration until an accurate model is
reached based on predefined criteria for accaracy.

j0040]  After classifying 503, a DOI confidence for gach defect classified as DOLis
determined 504, These DOI confidences may then be used 1o determine 505 g die retorn index. A
die confidence index may comprise a sum of the DO confidences of each DOI associated with
the die contaming at least one defect classified as 2 DOL

{6041}  FIG. 6 illustrates an example comparing varying die return indices. A first die, shown
as die 601 having one or more defects classified as DOT having DOI confidences. Their st i3
represented in die 603 as having a die return index of 0.7, A second die, shown as die 602 having
one or more defects classified as DOT having DOI confidences. Their sum is vepresented in die
604 as having a die return index of 3.8, In this example, die 603, having g die retien index of 0.7,
could be considered to have a low index and die 604, having a die retum index of 3.8, could be
considered to have a high index.

{0042}  Retwning to method 500 illostrated in PIG. 5, after die retorn index is determined 503,
a die return index cutline can be determyined 306

[0043] A die return index cathine may be determined 306, for example, by determining the
geometric mean of the die return indices on the water or subset of the wafer. For example, a plot
700 of die return indices is shown in FIG. 7. The die return index cutline 701 is determined at the
geometric mean of the indices shown.

{8844}  Rewurning to method 300 illustrated in FIG. §, after the die return index cutling 1s
determined 306, an inking map may be generated 507, The inking map generated 307 may
inchude a wafer map file that may represent a wafer. The inking map mav have a high-risk failed
die; or multiple high-nisk fatled dies. Higherisk failed dies may be dies baving die retam indices
that exceed the die return index cutline, and they may be tagged as failing the watersort electrical

test, In this way, overkill may be attenuated.
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(60451 A measwement of overkill may also be provided for Ruther reporting or analysis. This
measure may be a ratio of g quantity of high-risk failed digs to a quantity of dies tagged as
passing the watersort electrical test. Thus, the difference between the dies screened out using, for
example, method 500 and the dies screened out using only the wafersort electrical test, which is
gverkill, can be determned.

{0046]  The inking map generated 507 may compose an electronic file. Such an electronic file
that comprises the nking map may be configured to be input into a die inking system. The
electronic file may be an SINF file. An SINF file may be a wafer map format and may be a text-
form definition of the relative position of one or more die(s) on a wafer, and may include
instructions. In this way, after the inking map is generated, it may be sent to a die inking system.
Such inking maps are illustrated in FIG. 4A (nkang map 401 is generated using data from
method 500 as applied to stacked defect water map 102) and FIG. 48 (inking map 402 15
generated using data from method 500 as applied to stacked defect wafer map 202).

{8047} In an embodiment of the present disclosure, method 500 described heremn is
mmplemented on a processor.

{0048  In another embodiment of the present disclosure, the above methods are implemented
as one or more programs for execution on one or more computing devices. In this embodiment,
the one 01 more programs are stored on a non-transitory computer-readable storage mediom, The
computer-implemented method may include any step(s) of any method(s) described herein.
{80491 One embodiment of a system 800 is shown in FIG. 8. The system 800 includes optical
based subsystem 801, In general, the optical based subsystem 801 is configured for generating
optical based output for a spectmen 802 by directing light to (or scanning light over) and
detecting light from the specimen 802, In one embodiment, the specimen 802 includes a wafer.
The wafer may include any wafer known in the art. In another embodiment, the specimen
mchudes a reticke. The reticle may include any reticle known in the art,

[005¢]  In the embodiment of the system 300 shown i FIG. &, optical based subsystem 801
inchudes an illumination subsystem configured to divect light to specimen 802, The illumination
subsystem inclades st least one light source (e.g., apaticle emitten), For examgle, as showniin
FIG. 8, the ilumination subsystem includes Hght source 803, In one embodinent, the
illomination subsystem is configared to direct the light to the specimen 802 at one or more

angles of incidence, which may include one or more oblique angles and/or ooe or more nonmal
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angles. For example, as shown in FIG, &, tight from light source 803 s divected through optical
eloment 804 and then lens 805 to specimen 802 at an oblique angle of incidence. The obligue
angle of incidence may clude any sistable oblique angle of incidence, which may vary
depending on, for instance, characteristics of the specimen 802,

[0051]  The particles emitted from the hight source 803, or particle emitter, can be photons.
The light source 803, or particle emitter can also emit light, which can be infrared, visible,
ultraviolet, or x~ray light,

j0052]  The optical based subsystem 801 may be configured to divect the light to the specimen
802 at different angles of incidence at different times. For example, the optical based subsystem
801 may be configured to alter one or more characteristics of one or more elements of the
ilamination subsystem such that the Hight can be directed to the specimen 802 at an angle of
incidence that is different from that shown in FIG. & In one such example, the optical based
subsystem 801 may be configured to mave light source 803, optical element 804, and lens 803
such that the light is divected to the specimen 802 at a different obligue angle of incidence or a
normal (or near normal) angle of incidence.

{80331  In some instances, the optical based subsystem 801 may be configured 1o divect light
to the specimen 802 at more than one angle of incidence at the sanse time. For example, the
iHumination subsystem may include more than one illumination chaanel, one of the Hlumination
chanaels may include light source 803, optical element 804, and lens 803 as shown n FIG. § and
another of the iHeminstion channels (tet shown) may include similar elements, which may be
configured differently or the same, or may inclhude at least a light source and possibly one or
more other components such as those described further herein, If such light is directed to the
specimen at the same time as the other bight, one or more characteristics (e.g., wavelength,
polarization, etc.) of the light directed to the specimen 802 at different angles of incidence may
be different such that light resulting from Hlumination of the specimen 802 at the different angles
of incidence can be discrinmnated from each other at the detector(s).

j0054]  In another instance, the llumination subsystem may include only one light source
{e.g., light source 803 shown i FIG. 8) and light from the hight source may be separated into
different optical paths {2.g., based on wavelength, polarization, ete.) by one or more optical
elements (not shown) of the ilwmination subsystem. Light in each of the different optical paths

may then be directed to the specimen 802, Multiple illumination channels may be configured to
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divect bight 1o the specimen 802 at the same time or at different times {e.g., when different
ilumination channels are used to sequentially illuminate the specimen), In another instance, the
same ilumination channel may be configared to divect light to the specimen 802 with different
characteristics at different times. For example, in some instances, optical element 804 may be
configured as a spectral filter and the propenties of the spectral filter can be changed in a vanety
of different ways {e.g., by swapping out the spectral filter) such that different wavelengths of
tight can be directed to the specimen 802 at different times. The iHlumination subsystem may
have any other suitable configuration known in the art for directing the light having different or
the same characteristics to the specimen 802 at different or the same angles of mcidence
sequentially or simultaneously.

{0055]  In one embodiment, light source 803 may include a broadband plasma (BBP) source.
In this manner, the light generated by the light source 803 and directed to the specinien 802 may
inctude broadband light, However, the light source may include any other suitable lght source
such as a laser or lamp. The laser may include any suitable laser known in the ant and may be
configured fo generate light at any suitable wavelength or wavelengths known in the art. In
addition, the laser may be configured to generate light that is monochromatic or nearly-
monochromatic. In this manner, the laser may be a narrowband laser. The light source 803 may
also include a polychromatic light source that generates lght at multiple discrete wavelengths or
wavebands.

{6036}  Ligl from optical element 804 may be focused onto specimen 802 by lens 805,
Although lens 808 is shown i FIG. 8 as a single refractive optical element, it is to be understood
that, in practice, tens 805 may include a number of refractive and/or reflective optical elements
that in combination focus the hight from the optical element to the specimen. The Humination
subsystem shown in FIG. 8 and desoribed herein may include any other suitable optical elements
{not shown). Examples of such optical clements include, but are not limited to, polarizing
component(s}, spectral filter(s), spatial filter{s), reflective optical element(s}, apodizer(s), beam
splitter(s) {such as beam splitter 813), aperture(s), and the like, which may include anv such
suitable optical elements knowa in the att. In addition, the optical based subsystem §G1 may be
configured to alter one or more of the slements of the illumination subsystem based on the type

of ilumination to be used for generating the optical based output.
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{087} The optical based subsystem 801 may also inclode a scaming sobsystem configuwred to
cause the light to be scanned over the specimen 802, For example, the optical based subsystem
801 may include stage 806 on which specimen 802 is disposed during optical based output
generation. The scanning subsystem may include any suitable mechanical and/or robotic
assembly (that includes stage R06) that can be configured to move the specimen 802 such that the
light can be scanned over the specimen 302. in addition, or alternatively, the optical based
subgystem 801 may be configured such that one or more optical elements of the optical based
subsystem 801 perform some scanning of the Light over the specimen 802. The light may be
scanned over the specimen 802 in any suitable fashion such as in a serpentine-like path orin a
spirat path.

{0038]  The optical based subsystem 801 firther inchudes one ormore detection channels. At
least one of the one or more detection channels includes a detector configured to detect light
from the specimen 302 due to illunination of the specimen 802 by the subsystem and to generate
output responsive to the detected light. For example, the optical based subsystem 801 shown in
FIG. 8 includes two detection channels, one formed by collector 807, element 808, and detector
809 and another formed by collector §10, element 811, and detector 812, As shown in FIG, 8, the
two detection channels are configured to collect and detect light at different angles of collection.
In some instances, both detection channels are configured to detect scattered light, and the
detection channels are configured to detect tight that 1s scatteved at different angles from the
spectimen 802, However, one or more of the detection channels may be configured to detect
another tvpe of light from the specinien 802 {o.g., reflected light).

[00591  As fwrther shown in FIG. 8, both detection channels are shown positioned in the plane
of the paper and the Hlumination sabsystem is also shown positioned in the plane of the paper.
Therefore, in this embodiment, both detection chanvels are positioned in {e.g., centered i) the
plane of incidence. However, one or more of the detection channels may be positioned out of the
plane of cidence. For example, the detection channel formed by collector 316, element 811,
and detector 812 may be configured to collect and detect light that is scattered out of the plane of
ineidence. Therefore, such a detection channel may be commaonly referved to as a “side” channel,
and such a side channel may be centered m a plane that is substantially perpendicular to the

plane of incidence,
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{0060]  Although FIG. 8 shows an embodiment of the optical based subsysten 801 that
mcludes two detection channels, the optical based subsystem 801 may include g different number
of detection channels {e.z., only one detection channel or fwo or more detection channels). In
one such instance, the detection channel formed by collector 810, element 811, and detector 812
may form one side channel as described above, and the optical based subsystem 801 may include
an additional detection channel (not shown} formed as another side channel that is positioned on
the opposite side of the plane of incidence. Therefore, the optical based subsystem 801 may
include the detection channel that mcludes collector 807, element 808, and detector 80% and that
is centered in the plane of incidence and configured to collect and detect light at scattering
angle(s) that are at or close to nonmal to the specimen 802 swiace. This detection channel may
therefore be commonly referred to as a “top” channel, and the optical based subsystem 801 may
also include two or more side channels configiwed as described above. As such, the optical based
subsystem 801 may include at least three channels (1., one top channel and two side chamnels),
and each of the at least three channels has tts own collector, each of which 1s configured to
collect light at different scattering angles than each of the other collectors.

{8061}  As descntbed further above, each of the detection channels included in the optical
based sabsystem 801 may be configured to detect scattered hight. Therefore, the optical based
subsystem 801 shown in FIG. 8 may be configured for dark field (DF} output generation for
specimens 02, However, the optical based subsystem 801 may also or alternatively include
detection channel(s) that are configured for bright field {BF) output generation for specimens
802, In other words, the optical based subsystem 801 may include at Teast one detection channel
that is configured to detect Hght specularly reflected from the specimen 802. Therefore, the
optical based subsystems 801 described herein may be configared for only DF, only BF, or both
DF and BF imaging. Although each of the collectors are shown in FIG. 8 as single refractive
optical elements, it is to be undersiood that cach of the collectors may include one or more
refractive optical die(s) and/or one or more reflective optical element(s}.

j0062]  The one or more detection channels may include any suitable detectors known in the
art. For example, the detectons may nchude photoanultiplior tubes {PMTs), charge coupled
devices {CCDs), tme delay integration (T} cameras, and any other suitable detectors known in
the art. The detectors may also include non-imaging detectors or imaging detectors, In this

manner, if the detectors are non-imaging detectors, each of the detectors may be configured to
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detect certain charactenistics of the scattered light such as intensity but may not be configored t©
detect such characteristics as a function of position within the imaging plane. As such, the output
that 1s generated by each of the detectors included in each of the detection channels of the optical
based subsystem may be signals or data, but not image signals or image data. In such instances, a
processor such as processor 8§14 may be configured to generate images of the specimen 802 from
the non-imaging output of the detectors. However, in other instances, the detectors may be
configured as imaging detectors that are configured to generate imaging signals or image data.
Therefore, the optical based subsystem may be configured to generate optical images or other
optical based output described herein in a number of ways.

[0063]  Itis noted that FIG. € is provided herein to generally illustrate a configuration of an
optical based subsystemn 801 that may be included in the system embodiments described herein
or that may generate optical based ovtput that is used by the system embodiments described
herein. The optical based subsystem 801 configuration described herein may be altered to
optinuize the performance of the optical based subsystem 801 as 1s normally performed when
designing a commercial output acquisition system. In addition, the svstems described herein may
be implemented using an existing system (e.g., by adding functionality described herein to an
existing systeny). For some such systems, the methods described herein may be provided as
optional functionality of the system {e.g., in addition to other functionality of the system).
Alternatively, the system described herein may be designed as a completely new system.

{8064]  FIG. 9 s a block dingran of an embodiment of 8 system 200, The system 900 includes
a wafer ispection tool (which includes the electton column 901) configured to generate images
of a specimen 904, which may include a wafer or a reticle.

[0065]  The wafer mspection tool inchudes an outpot acquisition subsystem that includes at
least an energy source and a detector. The output acquisition subsystem may be an electron
beam-based output acquisition subsvstem. For example, in one embodiment, the energy directed
to the specimen 904 includes electrons, and the energy detected from the specimen 904 includes
electrons. In this manner, the energy source may be an electron beam source. In one such
embodiment shown in FIG. 9, the outpuat acquisition subsysten inchudes electron column 991,
which is conpled to computer subsystem 902, A stage 910 may hold the specimen 904.

{0066}  As also shown in FIG. 9, the electron column 901 includes an electron beam source

903 {e.g., a particle emitter) configured to generate electrons that are focused to specimen 904 by
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one or more elements 905, The electron beam source 903 may include, for example, a cathode
source or emitter tip, The one or more clements 303 may include, for example, a gun lens, an
anode, a beam linuting aperture, a gate valve, a beam current selection aperture, an objective
lens, and & scanning subsystem, all of which may include any such suitable elements known in
the art.

{0067]  Electrons returned from the specimen 904 (e g, secondary electrons} may be focused
by one or more elements 906 to detector 907. One or more elements 206 may inclode, for
example, a scanning subsystem, which may be the same scanning subsystens included m
element(s} 905,

[0068]  The electron colump 901 also may include any other suitable elements known n the
art.

{6069]  Although the electron columm 904 is shown in FIG. 9 as being configiwed such that
the electrons are divected 1o the specimen 904 at an oblique angle of incidencs and are scattered
from the specimen 504 at another oblgue angle, the electron beam may be directed o and
scattered from the specimen 904 at any suitable angles. In addition, the electron beam-based
output acquisition subsystem may be configured to use multiple modes to generate images of the
specimen 904 (e.g., with different illamination angles, collection angles, etc.). The multiple
maodes of the electron beam-based output acquisition subsystem may be different in any image
generation parameters of the output acquisition subsystem.

{8870]  Computer subsystem 902 may be coupled 1o detector 907 as described above, The
detector 907 may detect electrons returned from the surface of the specimen 904 thereby forming
electron beam images of the specimen 904. The electron beam images may include any suitable
electron beam images. Computer subsystem 902 may be configured to perform any of the
functions described herein using the output of the detector 907 and/or the electron beam images.
Computer subsystom 902 may be configured to perform any additional step(s) described herein
A system 900 that includes the owtput acquisition subsystem shown in FIG. 9 may be further
configured as described herein.

(o071 Itisnoeted that FIG. 9 18 provided berein 10 generally illostrate a configuration of an
electron bean-based output acquisition subsystem thatmay be used i the embodinents
described herein. The electron beam-based output acquisition subsystem configuration described

herein may be altered to optimize the performance of the cutput acquisition subsystem as is
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normally performed when designing a commercial output acquisition system. In addition, the
systemns described herein may be implemented using an existing system (e.g., by adding
functionality described herein to an existing system). For some such systems, the methods
described herein may be provided as optional functionality of the system {e.g., in addition to
other functionality of the system). Aliernatively, the system described herein may be designed as
a completely new svstem.

(80721  Although the output acquisition subsystem is described above gs being an electron
beam-based output acquisition subsystem, the output acquisition subsystem may be an ion beam-
based output acquisition subsystem. Such an output acquisition subsystem may be configured as
shown in FIG. @ except that the electron beam source may be replaced with any suiiable ion
beam source known in the art. In addition, the output acguisition subsystem may be any other
suitable jou beam-based ovtput acquisition subsystem such as those ncluded in commercially
available focused 100 beam (FIB) systems, helium ion microscopy (HIM) systems, and
secondary ion mass spectroscopy (SIMS) systerns.

{60731 The computer subsystem 902 includes a processor 908 and an electronic data storage
unit 909, The processor 908 may include a microprocessor, a microcontroller, or other devices.
[6674]  The processor 814 or computer subsystem %02 may be coupled to the components of
the system 800 or 900, respectively, in any suitable manner {2.g., vig one or more transmission
media, which may include wived andfor wireless transmission media) such that the processor 814
or R0R, respectively can receive output. The processer 814 or 908 may be configured to perform
a number of functions using the cutput. The system 800 or 900 can receive instructions or other
information from the processor 814 or 908, respectively. The processor 814 or 908 and/or the
electronic data storage nnit 8§15 or 909, respectively, optionally may be in electronic
communication with another wafer inspection tool, a wafer metrelogy tool, or a wafer review
tool (not illustrated) to receive additional information or sead mstructions. For example, the
processor 8§14 or 908 andfor the electronic data storage umit 815 or 909, respectively, can be in
electronic communication with a scanning electron microscope.

{80751 The processor 814 or 908, or computer subsysteny 802, other systeny(s), or other
subsystem(s} described herein may be part of various systems, including a personal computer
system, image computer, mainframe computer system, workstation, network appliance, internet

appliance, or other device. The subsystem(s) or system({s} may also include any suitable
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processor knosiin the art, such as a parallel processor, In addition, the subsystem(s) or
systemn{s) may include a platform with high-speed processing and software, eitheras a
standalone or a networked tool.

{0076}  The processor 814 or 908 and electronic data storage unit 815 or 909, respectively,
may be disposed in or otherwise part of the system 800 or 904, respectively, or another device. In
an example, the processor 814 or 908 and electronic data storage unit 815 or 909, respectively
may be part of a standalone control wnit or in a centralized quality control unit. Multiple
processors 814 or 908 or efectrontc data storage units 815 or 909, respectively, may be used.
[0077]  The processor 814 or 908 may be implemented in practice by any combination of
hardware, software, and firmware. Also, its functions ag described herein may be performed by
ong unit, or divided up among different components, each of which may be implemented in turn
by any combination of hardware, software and fivmware. Program code or insiructions for the
processor 14 or 908 o implement varicus methods and functions may be stored in readable
storage media, such as a memory 1 the electronic data storage unit 815 or 909, respectively, or
other memory.

[8078]  If the system 800 or 900 includes more than one progessor 814, or processor 208 or
computer subsystem 902, respectively, then the different subsystems may be coupled to each
other such that images, data, information, instructions, etc. can be sent between the subsystems.
For example, one subsysteny may be coupled {0 additional subsystem{s) by any suitable
transimission media, which may include any sutable wired andfor wireless transmission media
known in the art. Two or more of such subsystems maay also be effectively coupled by a shared
computer-readable storage medivn (not shown).

{0079} The processor §14 or 908 may be configured to perform a mamber of functions osing
the output of the system 800 or 900, respectively, or other output. For instance, the processor 814
or 908 may be configured 1o send the output to an electronic data storage unit 813 or 909,
respectively, or another storage mediom. The processor 814 or 908 may be further configured as
described herein.

[o080]  The processor 814, processor 908, or computer subsystem 902 may be part of a defect
review system, an inspection systeny, a metralogy system, or some other type of system. Thus,

the embodiments disclosed herein describe some configurations that can be tailored in a pumber
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of manners {or systems having different capabilities that are more or less suitable for different
applications.

0081}  If the system includes more than one subsystens, then the different subsystems may be
coupled to each other such that images, data, information, instructions, ete. can be sent between
the subsystems. For example, one subsystem may be coupled to additional subsysteny{s) by any
suitable transmission media, which may include any suitable wired and/or wireless transmission
media known in the art. Two or more of such subsystems may also be effectively coupled by a
shared computer-readable storage medium {not shown}.

0082}  The processor 814 or 908 may be configured gecording to any of the embodiments
described herein. The processor 814 or 908 also may be configured to perform other functions or
additional steps using the ocutput of the system S00 or 900, respectively, or using images or data
from other sources.

{80831  The processor 814 or 908 may be communicatively coupled to any of the various
components or sub-systems of system 800 or 900, respectively, in any manney knows in the art,
Morenver, the processor 814 or 908 may be configured 10 receive andfor acquire data or
tformation from other systems {e.¢., inspection resulfs from an inspection system such as a
review tool, a remote database including design data and the like) by a ransmission medium that
may include wired and/or wireless portions. In this manner, the transmission medium may serve
as a data Hnk between the processor 814 or 908 and other subsystems of the system §08 or 900,
respectively, or systems extemal to system 800 or 900, respectively.

[8084]  The processor 814 or 908 15 in electronic communication with the wafer inspection
tool, such as the detector 809 or &12, or detector 907, respectively. The processor 814 or 908
may be configured to process images generated using measwements from the detector 809 or
812, or detector 907, respectively. For example, the processor 814 or 908 may be configured to
perform embodiments of the method 500,

{8088  An additional embodiment relfates to a non-transitory computer-readable mediam
storing program instructions executable on a controller for performing a computer-implemented
method for processing images of the specimen 802 or 904, as disclosed herein. In particular, as
shown i FIGS. 8 or 9, electronic data storage unit 815 or 909, or other storage medivm may

contain non-transitory computer-readable medium that includes program instructions executable
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on the processor 814 or 908, respectively. The computer-iplemented method may include any
step(s) of any method(s) described herein, including method 500,

[0086]  Program instructions implementing methods such as those described heremn may be
stored on computer-readable medium, such as in the electronic data storage unit 815 or 909, or
other storage medivm. The computer-readable mediom may be a storage mediom such as a
magnetic or optical disk, a magnetic tape, or any other suttable non-transitory computer-readable
medinm known in the art.

{0087}  The program instructions may be implemented in any of various ways, including
procedure-based techniques, component-based technigues, and/or object-oriented techniques,
among others. For example, the program instructions may be inpleniented using ActiveX
controls, U+ objects, JavaBeans, Microsoft Foundation Classes {MFC), Streaming SIMD
Extension (SSE), or other technologies or methodologies, as desired.

[0088]  In an embodiment, processor 814 or processor 908 may be configured 1o receive a
plurality of defects and wafersort electrical data for 8 plorality of dies. Each defect may be
associated with a die in the plurality of dies. Each die may be further tagged as passing or failing
a wafersort electrical test. Processor 814 or 908 may be further configured to classify, using a
defect classification model, each defect as DOI or nuisance, determine a defect-of-interest
confidence for each defect clagsified as DO, determine a die return index for each die containing
at least one defect classified as a DOY, and determine g die retumn index cutline.

{6089  Processor 814 or D08 may be further configured 1o then penerate an inking map
imchading & wafer map file, representing the wafer, having o high-risk failed die, wherein the
high-risk failed die is a die having a die return index that exceeds the die retum index cutline and
is tagged as failing the walersort electrical test.

{8090} Various steps, functions, and/or operations of system 800 or system 900 and the
methods disclosed herein are carried out by one or more of the following: electronic circuits,
logic gates, nudtiplexers, programmable logic devices, ASICs, analog or digital
controls/switches, microcontrollers, or computing systems. Program instructions implementing
methods such as those described herein may be transmitted over or stored on carrier mediom.
The cavier medium may inchude a storage medium such as a read-only memory, a random
access memory, a magnetic or optical disk, a non-volatile memory, a solid state memory, a

magnetic tape, and the like. A carrier medium may include a transmission medium such as a
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wire, cable, or wireless ransmission vk, For instance, the various steps described throughout
the present disclosure may be carried out by a single processor 814 or a single processor 908 {or
computer subsystem 902) or, alternatively, multiple processors 814 or multiple processors 908
{or multiple computer subsvstems 902). Moreover, different sub-systems of the svstem 800 or
system 900 mayv include one or more compating or logic systems. Therefore, the above
description should not be interpreted as a limitation on the present disclosure but merely an
ilastration.

{0091}  The steps of the method described m the various embodiments and examples disclosed
herein are sufficient to carry out the methods of the present invention. Thus, in an embodiment,
the method consists essentially of a combination of the steps of the methods disclosed herein. In
another embodiment, the method consists of such steps.

[6092]  Although the present disclosure has been described with respect to one or more
particular embodiments, it will be understond that other embodiments of the present disclosure

may be made without departing from the scope of the present disclosure,
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CLAIMS

What is claimed is:

1. A method, comprising:

recetving a plurality of defects, each of the defects assoctated with a die in a plurality of dies;

receiving wafersort electrical data for the phaality of dies, wherein each of the dies 1s tagged
as passing a wafersort electrical test or failing the wafersont electrical test;

classifving, using a defect classification model, each of the defects as a defect-of-interest or a
nuisance, wherein there is a plurality of defects-of-interest;

detenmining g defect-ofinterest confidence for each of the defects-ofinterest;

determining a die return index for each of the dies containing at least one of the defects-of-
inferest;

determining a die return index cutline; and

generating an inking map representing a wafer having a high-risk failed die, wherein the
high-risk failed die is a die having a die return index that exceeds the die return index

cutline and is tagged as failing the wafersort electrical test,

2. The method of ¢claim 1, further comprising providing sn overkill, wherein the overkill is a
ratio of @ quantity of high-risk failed dies to 8 quantity of dies tagged ss passing the wafersort

electrical test.

3. The method of claim 1, whergin the defect classification model is 3 machine learning model

constructed nsing Random Forest or XGRoost,

4. The method of clainy 1, wherein the die return index comprises, for each of the dies
containing at least one of the defects-of-intevest, a sum of the defect-of-interest confidences of

each of the defects-of-interest contained thereon.

5. The method of claim 1, wherein the die return index cuthne comprises the geometric mean of

the die retorn indices.

6. The method of claim 1, wherein the inking map composes an clectronie file configured 1o be

mput inte a die inking systens,
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7. The method of claim 6, wherein the electronic file is an SINF file.

&. The method of claim 6, further comprising electronically sending the elecironie file to the die

inking svstem.

9 Arsystem, comprising
an inspection tool including:
a particle emitter configured fo emit particles in a particle beany
a stage configured to hold a wafer in g path of the particle beam emitted by the particle
emitter; and
a detector configured o detect g portion of the particles reflected by the wafer and yield a
wafer image having a plurality of dies;
an electronic data storage unit configured to store a recipe including a defect classification
model; and
a processor in electronic communication with the inspection tool and the electronic data
storage pnit configured 1o, for the waler
receive a phurality of defects, each of the defects associated with a die in the plurality of
dies;
recetve walersort electrical data for the plarabity of digs, wherein each of the dies i
tagged as passing a wafersort efectrical test or failing the wafersort electrical test;
classify, using a defect classification model, each of the defects as a defect-of-inferest or
a nuisance, wherein there is a plurality of defects-of-interest;
determine a defect-of-interest confidence for each of the defects-of-interest;
deternsne a dig return index for each of the dies contatning at least one of the defects-of-
Hiterest;
determing a die return index cuthine; and
generate an inking map representing the wafer having a high-rsk failed die, wherein the
high-rigk failed die is a die having a dieveturn index that exceeds the die retorn index

cuthine and is tagged as failing the watbrsort electrical test.

22



WO 2020/198405 PCT/US2020/024804

10, The system of claim 9, wherein the processor is further configured to provide an overkill,
wherein the overkill is a ratio of a quantity of high-risk failed dies to a quantity of dies tagged as

passing the watersort electrical test.

11. The system of claim 9, wherein the defect classification model is a machine learmning model

constructed using Random Forest or XGBoost.

12, The system of claim 9, wherein the die retum index compurises, for gach of the dies
containing at least one of the defects-of-interest, a sum of the defect-ofinterest confidences of

each of the defecis-of-mierest contained thereon.

13, The system of claim 9, wherein the die return index cutline comprises the geomeiric mean of

the die revurn indices.

14, The system of claim 9, wheren the nking wap composes an electronic file configured to be

fnput nto & dieinking system.
1S, The system of clatin 14, wherein the electronde file is an SINF file.

1. The systemoof claim 14, wheremn the processor is further in electronic compmunication with
the die mking systemn, and whevein the processor i3 further configured to electronically send the

electronic file to the die inking system.

17. A non-transitory computer-readable storage medium, comprising one or more programs for
executing the following steps on one or more computing devices:
receive a plurahity of defects, each of the defects associated with a die in a plurality of dies;
recetve wafersort electrical data for the plurality of dies, wherem each of the dies is tagged as
passing a wafersort electrical test or failing the wafersort electrical test;
classify, nsing a defect classification model, cach of the defects as a defect-of-interest or a
nutsance, wherein there is a plurality of defects-of-interest;
determine a defect-ofinterest confidence foreach of the defects-ofanterest;
determine a die return index for each of the dies containing at least one of the defects-of-
interest;

determine a die return index cutline; and
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generate an ynking map representivg a wafer baving a high~risk failed die, wherein the high-
risk failed die is g die having a die retion index that exceeds the die returmn index cotline

and is tagged as failing the wafersort electrical test.

18. The non-transitory computer-readable storage medium of claim 17, wherein the one or more
programs provide an overkill, wherein the overkill is a ratio of a quantity of high-risk failed dies

to a quantity of dies tagged as passing the wafersort electrical test.

19, The non-transitory computer-readable storage mediom of claim 17, wherein the defect

classification mode! is a machine learning model constructed using Random Forest or XGBoost.

20. The non-transitory computer-readable storage medram of elaim 17, wherein the die retum
mdex comprises, for each of the dies containing at least one of the defects-of-interest, a sum of

the defect-ofuanterest confidences of sach of the defects~of-interest contamed thereon.
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