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CROSS REFERENCE TO RELATED APPLICATIONS
{0001}  This application claims priority to U.S. Provisional Application No. 62/824.900, filed

on March 27, 2019, the entire disclosure of which is hereby incorporated by reference.

FIELD OF THE DISCLOSURE
{00021  The disclosure generally relates to wafer inspection. More particularly the disclosure

generally relates to reduction of overkill in wafer inspection.

BACKGROUND OF THE DISCLOSURE
{6003}  In the semiconductor industry, current methods exist for screening out dies at high nisk
of having killer defects. Such methods are impontant, as they assist in preventing dies with killer
defect from geing from manufacturing fo the next step in the supply chain. However, such
existing methods must balance efficiency with effectiveness, and as such, there is room for
maprevement. Most suppliers seek o improve their supplier quality index, with an indtistry 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 failyre of the semiconductor device,
whereas nou-killer defects do not substantially affect the performance of the semiconductor
device. For example, killer defects may be a) of sub-micron 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.
{80651 Some systems exist to reduce early falure rate of dies, Curemly, some fab and fabless
shops use methods Hke 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 fmprovement on PAT, which judges the suitability of a
die based on its geographical proximity other failed dies. G-PAT has a vaviant, good-die bad-
neighborhood, which adds the experientisl onderstanding 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.
[0806]  Some shops may use a defect’s size from inline inspection ag the cidena o defermine

whether a die shonld be scregned out.
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{00071 In many shops, an ipking process Is nsed to demarcate screened-out dies. In sucha
process, a wafer map that designates which dies to screen out (“ink ow”) is sent to an inking

system. The inking svsiem places a vistble ink mark on the dies that are to be screened out. In

this way, these “inked-out” dies can be removed from the manufacturing process, as they are
considered to be falled dies. A manufacturer can thus not spend further time, energy, and
resources on dies it considers to have failed or likely to fail pramaturely.

[6008] However, these systems use only electrical data with minimal defect mformation. This
usually results m overkill, 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
milion (ppm), of the fab shop.

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

{0010} Therefore, improved systems for screening out dies for inking are needed.

SUMMARY OF THE DISCLOSURE
{0011} The following is 3 simplified summary providing an initial understanding of the
ivention, The summary does not necessarily dentify key slements nor limits the scope of the
inveation, 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
plurality of defects, receiving wafersort electrical data for a plurality of dies, classifying each of
the defects as a defect-of-interest or nuisance, determining a defect-of-interest confidence for
each of the defects-of-interest, determining a die retarn 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 in a second embodiment. The systemi may comgrise an
inspection tool, an electronic data storage unit, and a processor.
j0014]  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

stage may be configured to hold a wafer in a path of the particle beam emitted by the particle
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emitter. The detector may be configured to detect a portion of the particles reflected by the wafer
and may yield a wafer image having a plurality of dies.

[0018]  The electronic data storage unit may be configored to store a recipe. The recipe may
include a defect classification model.

[0016]  The processor may be 1o electronic communication with the inspection tool and the
electronic data storage unit. The processor may be configured to, for the wafer, receive a
plurality of defects, receive wafersort elecirical data for a 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 defecis-of-interest, 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 generate an inking map.

0171 A non-transitory computer-readable storage medium is provided in a third
embodiment. The non-transitory computer-readable storage medinm may comprise one or more
programs for executing steps on one or move computing devices. The steps may include
receiving a phurality of defects, receiving wafersort electrical data for a plorality of dies,
classtfving each of the defects as a defect-of-interest or nuisance, determining a defect-of-interest
confidence for each of the defects-of-interest, determining a die return index for each of the dies
containing at least one of the defects-of-interest, determining a die return index cotline, and
generating an inking map.

{0018]  In embodiments, each of the defects may be associated with a die in the plurality of
dies. Bach of the dies may be taggsd as passing aowaforsont lectrical tost or fatling the walersort
clectrical test, Classitying each of the defects s ¢ defect-of-interest or nuisance may be
accomplished using a defect classification maodel. There may be a plurality of defects classified
as defects-of-interest.

{00191 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 cutline, and the
high-risk failed die may be tagged as faling the wafersort electrical test. The inking map may
compose an electronic file, which may be configured to be input into a die inking system. The
elecironic file may bean SINF 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 electrical test. In some
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embodiments, 8 processor may provide the overkill. In some other embodiments, the one or more
programs may provide the overkill,

{6021}  The defect classification model may be & machine leaming model. The machine
learnmg model may be constructed using Randony Forest or XGBoost.

{0022}  The die return index may comprise a sum of the defect-of-nterest 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-mterest.

{0023]  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 conwmuication with the processor.

BRIEF DESCRIPTION OF THE FIGURES

[6028]  Fora fuller understanding of the nature and objects of the disclosure, reference should
be made to the following detailed description taken in conjunction with the accompanyving
drawings, in which:

FIG. 1A Husteates & fast bin sort wafer vaap;

FIG. 1R iftustrates a fiest stacked defect waler map;

FIG. 1C illustrates a first defect-of-interest confidence water map;

FIG. 1D iHustrates a first defect-of-intevest confidence outhier wafer map,

FIG. 2A llustrates a second bin sort wafer map;

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

FIG. 2C illustrates a second defect-of-interest confidence wafer map;

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

FIG. 3A dlustrates an unfiltered mking map;

FIG. 3B illustrates an unfiltered inking map;

FIG. 44 illustrates a filtered inking map;

FIG. 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 ilustrates a distribution based on die return index as a distribution of the sums of the
defect-of-tnterest confidence for sach die;
FIG. 8 iflustrates a system according to an embodiment of the present disclosure; and

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

DETAILED DESCRIPTION OF THE DISCLOSURE
{00267  Although claimed subject matter will be described in terms of certain embodiments,
other embodiments, wncluding embodiments that do not provide all of the benefits and features
set forth herain, are also within the scope of this discloswre. 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 inline defect information with machine learning. Such embodiments andfor
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 moake a more informed decision as to whether 1o screen ot the die, The additional defect
information may include, fmer alia, defect class, defect images, and defect atiributes.
{00281 Additionally, embodiments of the present disclosure may reduce the overkill of dies.
As discussed heremn, overkillis the wkiog out of more dies than necessary when it is revealed
that dies on a water failed a watersort electrical test. Using previous methods, such as G-PAT,
dies around a cluster of dies that failed wafersort would be inked out vnnecessarily, resulting in
overkill. Other previous methods result in significant overlll as well, as they rely on incomplete
mformation data sets.
{0029}  Informstion obtained may provide for lower costs and decrease overkill. Tn this way,
nearty all wafers can be inspected, i.e., the sampling rate can be increased drastically, at all
critical steps.
{0030]  Such embodiments can solve the problem of bad dies making it through the production
process by identifying dies with o higher probability of EFR. They may otilize inline defect
information to provide more context, from an inline defect perspective, as to the condition of the
die and its history. This may alow users to make a more informed decision as to whether or not

to screen out a given die.
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fO031]  Inoan instance, FIGS. 1A-1D illustrate a series of waler maps observable in an
mspection process for g first example wafer, FIG. 1A tlustrates 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 water has completed fabrication and can be tested
whether it is functional. FIG. 1B tHustrates a stacked defect wafer map 102, Stacked defect wafer
map 102 is similar to bin sort wafer map 101, but ¥ contains all defect layers stacked on it, and
visible. This is the result of inline defect inspection from defect inspectors. FIG. 1C Hlustrates
defect-of-interest (DO confidence wafer map 103, which displays all dies containing DOIs with
confidence surmmed up. In one way, DOI confidence wafer map 103 is similar to a heat map.
This is the result generated by computing the defects results using a machine learning model,
returning & DOI confidence result for each defect. FIG. 1D illustrates a DOI confidence outhier
dies wafer map 104, which displays the dies remaining after filtering outlier dies having higher
DOH 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 tllustrates for the second
example wafer g bin sort wafer map 201, which is similar o bin sort wafer map 101 FI1G. 2B
ilustrates for the second example wafer a stacked defect wafer map 202, which is stmilar to
stacked defect wafer map 102, FIG. 2C illustrates for the second example wafer a DO
confidence wafer map 203, which is similar to DOI confidence wafer map 103, FIG. 2D
iltustrates for the second example wafer a DOY confidence outlier dies wafer map 204, which is
stmitar to DO confidence outhier dies wafer map 104.

{80331  In some processes, wafer maps such as DO confidence wafer maps 103 and 203 can
be used to produce inking maps, to later determine which dies should be screened out 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. 34, is created.
Likewise, for example, using such methods, any dies on DOV confidence outhier dies wafer 203
are considered bad and an inking map, such as inking map 302 illustrated in FIG. 3B, is created.
Using inking map 301 10 ink out dies on the wafer Hlustrated by stacked defect waler map 102,
or wsing inking map 302 t©o ink out dies on the wafer illustrated by stacked defect wafer map 202

can result in overkill
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{6034}  Embodiments of the present disclosure may involve performing inline defect
mspection for all (10096} of the wafers gt most of the steps—at minimum, at all critical
inspection steps, e.g., after the polysilicon laver is applied. This will provide significant data to
train the machine learning models emploved herein. Embodiments of the present disclosure
assume that there will always be nuisance, which needs fo be filtered oot and excluded.

{1033]  The present disclosure may be embodied as a method 300, as depicted in FIG. 5.
Method S00 may comprise receiving 501 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 electrica! data for the plurality of dies.
Wafersort electrical data may inclode a tag or other indication for sach die representing whether
it has passed a wafersont electrical test or failed a watersort electrical test. Passing or failing the
wafersort electrical test may be judged either by criteria sef avtomatically or by an operator.
j0036]  This data recetved 501 and received 5302 may be loaded into a database, which can be,
for example, a defect database contatning UDAs, In some instances, this may be KLAs Klanty
database. The defect database may be the source of the die data. After loading, the defects in the
defect database may be identified as belonging to a killer defect class, for killer defects, or g
nuisance defect class. This identification may be used to generate a machine leamning model,
which mav be a defiect classtfication model.

{0037} Afterwards, defects may be classified 503 using a defect classification model as either
DOT or nuisance, Defects classified g5 DOT are desirable for analyzing the condition ofithe dies
according to some embodiments of the present disclosure, and as such, they will be used moving
forward. The defect classification model used to classify 303 defects as nuisance or DOLmay be
s machine leaming model. Such a machine leaming model may be configured to classify an
mput defect as DO or nuisance. Such a machine learning model may be constructed using
mcthods such as, for example, Random Forest or XGBoost.

j0038] Random Forest i3 an “ensemble” method where a large number of trees are created
randomly—attributes are selected randomly at each node of every decision tree—and the trees
are typiecally boilt without pruning until all the bins are pure. The label on each bin is deternined
by the type of the defects in the training set that land i that bin. All the trees ave 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]  XGBoost, or extreme gradient boosting, 13 & gradient boosting tmplementation. It is an
ensemble method used to create strong classifiers based on an tterative combination of weak
classifiers. Beginning with only learners that are wesk classifiers, the learness gre added
teratively, effectively correcting the errors of the previous iteration until an accurate model is
reached based on predefined criteria for acearacy.

j00407  After classifying 503, a DOI confidence for gach defect classified as DO s
determined 504, These DOI confidences may then be used to determine 5035 a die retumn index. A
die confidence index may comprise a sum of the DO confidences of each DO associated with
the die containing at least one defect classified as 2 DOL

{6041}  FIG. 6 illustrates an example comparing varying die retumn indices. A first die, shown
as die 601 having one or more defects classified as DOT having DOI confidences. Their sum is
represented 1 die 603 as having a die retumn index of 0.7, A second die, shown as die 602 having
one or more defects classified as DOT having 2O confidences. Their sum is represented in die
604 as baving a die retorn index of 3.8, In this example, die 603, having g die return index of 0.7,
could be considered to have a low index and die 604, having a die return index of 3.8, could be
considered to have a high index.

{0042]  Retarning to method 500 iflastrated in FIG. §, after die retorn index is determined 5035,
a die return index cuthine can be determined 306,

[0043] A diereturn index cothine may be determined 306, for example, by determining the
geometric mean of the die retumn 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.

{0044}  Roturning to method 300 illustrated in FIG. §, after the dic return index cutling is
determined 506, an inking map may be generated 307. The inking map generated 307 may
inchude a wafer map file that may represent a wafer, The inking map may have a high-nisk failed
die, or multiple high-nisk failed diey. Higherisk falled dies may be dies having die retorn indices
that exceed the die return index cutline, and they may be tagged as fatling the walersort electrical

test, In this way, overkill may be attenuated.
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[0045] A messurement of overkil] may also be provided for further reporting or analysis. This
measure may be a ratio of a quantity of high-risk failed dies to g quantity of dies tagged as
passing the wafersort electrical test. Thus, the difference between the dies screened oot using, for
example, method 500 and the dies screened out using only the wafersort electrical test, which is
overkill, can be deternined.

{0046]  The inking map generated 307 may conpose au electronic file. Such an elecironic file
that comprises the inking map may be configured o 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 {o a die inking system.
Such mking maps are ilustrated i FIG. 4A (inking map 401 18 generated using data from
method 500 as applied to stacked defect wafer map 102) and FIG. 48 (inking map 402 is
generated using data from method 500 as applied to stacked defect wafer map 202).

[0047]  In an embodiment of the present disclosure, method 500 described herein is
implemented on a processor.

[0048]  In another embodiment of the present disclosure, the shove methods are implemented
as one or more programs for execution on one or more computing devices. In this embodiment,
the one or more programs are stored on @ 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 subsystens 801 In general, the optical based subsystem 801 15 configured for generating
optical based output for a specimen 802 by directing light to (or scanning Hght 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 g reticle. The reficle may include any reticle known in the art,

[0056]  In the embodiment of the system 300 shown in FIG. & optical based subsystem 801
includes an iHlumination subsystem configured to direct light to specimen 802, The illumination
subsystem inclades at least ovne Bght sourcs (e.g., a patticle emitier), For example, as showiiin
FIG. 8, the illumination subsystem includes light source 803, In oue embodimuent, 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 one or more normal
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angles. For example, as shown in FIG, & light from light source 803 is divected through optical
element 804 and then lens 805 to specimen 802 at an oblique angle of ncidence. The oblique
angle of incidence may include any suitable oblique angle of incidence, which may vary
depending on, for instance, characteristics of the specimen 802,

{0051}  The particles emitted from the light source 803, or particle emitter, can be photons.
The light source 803, or particle emitter can also emit lght, which can be infrared, visible,
ultraviolet, or x-ray light,

{00521  The optical based subsystem 801 may be configured to direct the light fo the specimen
802 g differemt angles of incidence at different times. For example, the optical based subsystem
8§01 may be configured to alter one or more characteristics of one of more elements of the
tlemination subsystem such that the light can be directed 1o the specimen 802 at an angle of
incidence that is different from that shown in FIG. & In one such example, the optical based
subsystemn 801 may be configured to move 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
pormal (or near normal) angle of incidence.

{6053]  In some instances, the optical based subsystem 301 may be configured to divect light
to the specimen 802 at more than one angle of incidence at the same time. For example, the
ilumination subsystem may tnclude more than one Hlumination channel, one of the ilfamination
channels may inchude light source 803, optical element 804, and lens 805 as shown in FIG. 8 and
asipther of the Hlumingtion channels (net shown) may include similar elements, which may be
configured differently ot the same, or may include at least o Heht sowrce and possibly one or
more other componsats such as those described further herein. i such light is divected 1o the
specimen atf the same time as the other light, one or more characteristics (e.g., wavelength,
polarization, ete.) of the light directed to the specimen 802 at different angles of incidence may
be different such that light resulting from tflumination of the specimen 802 at the different angles
of incidence can be discriminated from each other at the detector(s).

j0054]  In another instance, the illumination subsystem may include only one light source
{e.g., ight source 803 shown i FIG. B) and Hght fom the light souwrce may be separated into
different optical paths {g.g., based on wavelength, polatization, etc.} by one or more optical
elements (not shown) of the illwmination subsystem. Light in each of the different optical paths

may then be directed to the specimen 802, Multiple illumination channels may be configured to

10
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divect light to the specimen 802 at the same time or at different times {2 g, when different
iftumination channels are used to sequentially illuminate the specimen). In another instance, the
same illumination channel may be configered 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 speciral filter and the propenties of the spectral filter can be changed in a variety
of different ways {e.g., by swapping out the spectral filter) such that different wavelengths of
fight can be directed to the specimen 802 at different times. The ithomingtion subsystem may
have any other suitable configuration known in the art for directing the hight having different or
the same characteristics to the specimen 802 at different or the same angles of ncidence
sequentially or simultaneously.

{0033]  In one embodiment, light source 803 may include a broadband plasms (BBP) source.
In this manner, the light generated by the light source 803 and directed to the specimen 802 may
include 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 art 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 303 may
also include a polychromatic light source that generates light at multiple discrete wavelengths or
wavebands.

{0036]  Light from optical clement 804 may be focused onto specimen 802 by lens 805
Although lens 808 15 shown in FIG. 8 as a single refractive optical element, 1t 15 1o be understood
that, in practice, lens 805 may include a number of refractive and/or reflective optical elements
that in combination focus the light from the optical element to the specimen. The illumination
subsystem shown in FIG. 8 and described herein may include any other suitable optical elements
{not shown). Examples of such optical clements include, but are not Hinited to, polarizing
component(s}, spectral filter(s), spatial filter{s}, reflective optical element(s), apodizer(s), beam
sphitter(s) {such as beam splitter 813), aperture(s), and the like, which may include anv such
suitable optical elements known m the art. In addition, the optical based subsystem 8G1 may be
configured to alter one or more of the slements of the Hlumination subsystem based on the type

of illumination to be used for generating the optical based cutput.
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{0057]  The optical based subsystem 801 wmay also inclode a scanning subsystem configured o
cause the light to be scanned over the specimen 802, For example, the optical based subsystem
301 may inchude stage 806 on which specimen 802 i3 disposed dwring optical based output
generation. The scanning subsystem may include any suitable mechanical and/or robotic
assembly (that includes stage R08) that can be configured to move the specimen 802 such that the
light can be scanned over the specimen 802, In addition, or alternatively, the optical based
subsystem 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 pathor in a
spirat path.

{0058]  The optical based subsysten 801 futher nchades one o more detection chanhels. At
least one of the one or more detection channels includes a detector configured fo detect light
from the specimen 802 due to ilumination of the specimen 802 by the subsystemn and to generate
output responsive o the detected light, For example, the optical based subsystem 801 shown in
FIG. 8 includes two detection chaanels, one tormed by collector 807, element 808, and detector
B09 and another formed by collector 8§10, element 8§11, 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 is scattered at different angles from the
spectmen 802, However, oue or more of the detection channels may be configured to detect
another type of hght from the specimen 802 {o.g., reflected light).

{00591 As further shown in FIG. 8, both detection channels are shown positioned in the plane
of the paper and the iHlumination subsvstem is also shown positioned in the plane of the papet.
Therefore, in this embodiment, both detection channels are positioned in {(e.g., centered m) the
plane of incidence. However, one or more of the detection channels may be positioned out of the
plane of incidence. For example, the detection channe! formed by collector 816, element 811,
and detector 812 may be configured to collect and detect light that is scattered out of the plane of
incidence. Therefore, Such a detection channel may be commonly referved to as a “side” channel,
and such a side channel may be centeved 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 subsystem 801 that
imclndes two detection channels, the optical based subsystem 801 may include a different number
of detection channels {e.z., only one detection channel or two or more detection channels). In
one such instance, the detection channe! 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 channe! {not shown} formed as another side chaunel that is positioned on
the opposite side of the plane of incidence. Therefore, the optical based subsystem 801 may
inchude the detection channel that mcludes collector 807, element 808, and detector 809 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 {o the specimen 802 surface. This detection channel may
therefore be commonly referred to as a “top” channel, and the optical based subsystern 801 may
also include two or more side channels configiwed as described above. As such, the optical based
subsysterm 801 may inclade at least three channels (1., one top channel and two side channels),
and each of the at least three channels has s owa collector, each of which is configured to
collect Hight at different scattering angles than each of the other collectors.

00611  As described further above, each of the detection channels included in the optical
based sshsystem 801 may be configured to detect scattered light. Therefore, the optical based
subsystem 801 shown in FIG. 8 may be configured for dark field (DF) output generation for
spectmens 802. 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
202 In other words, the optical based subsyster 801 may include at Teast one detection channel
that is configured to detect Hght specularly reflected from the specimen 802, Therefore, the
optical based sabsystems 801 described herein may be configured for only DF| only BF, or both
DF and BF imaging. Although each of the collectors are shown m FIG. 8 as single refractive
optical elements, it is to be understood that cach of the collectors may include one or more
refractive optical diefs) and/or one or more reflective optical slement(s}.

{0062}  The one or more detection chanpels may include any suitable detectors known in the
art. For example, the detectors may include photo-tultiplier tubes {PMTs), charge coupled
devices {CCDs), time 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 characteristics of the scattered light such as intensity but may not be configured to
detect such characteristics as a function of position within the imaging plane. As such, the ontput
that 1s generated by each of the detectors included m each of the detection channels of the optical
based subsyster 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 imiages or other
optical based cutput described herein in a number of ways.

{00631 Itis noted that FIG. § is provided herein to generally illustrate a configuration of an
optical based subsystem 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
optimize the performance of the optical based subsystem 801 as 15 normally performed when
designing a commercial output acquisition system. In addition, the systems described herein may
be implemented using an existing system {e.g., by adding functionality described herein o an
existing syster). 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 svstem).
Alternatively, the system described herein may be designed as a completely new system.

{9064]  FIG. 945 a block diagrant of an embodiment of g system 200, The svstem 900 includes
a wafer inspection ool (which includes the eloctron column 901) configured to generate images
of a spectmen 904, which may inclade a wafer or a reticle.

{0065]  The wafer inspection ool includes 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 subsystem. 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 output acqudsition subsystem includes electron colwmn 901,
which is coupled to computer subsystern 902, A stage 910 may hold the specimen $04.

[0066]  As also shown in FIG, 9, the electron column 901 includes an electron beam source

903 {e.g., a particle emitter) confipured to generate electrons that are focused to specimen 904 by
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one or more elaments 905, The electron beam source 903 may inclade, for example, a cathode
source or enstter tip. The one or more elements 905 may include, for example, a gun lens, an
anode, a beam Hniting apertare, 8 gate valve, a beam curvent selection apertore, an objective
lens, and a scanning subsystem, all of which may include any such suitable elements known in
the art.

{10671 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 906 may inclode, for
example, a scanning subsystem, which may be the same scanning subsystem included m
element(s) 903,

{0068]  The electron column 901 also may inchude any other suitable elements known in the
art.

[6069]  Although the electron column 901 s shown in FIG. 9 as being configired such that
the electrons are directed to the specimen 904 at an oblique angle of incidence and are scattered
from the specimen 904 at another oblique angle, the electron beam may be directed to and
scattered from the specimen 904 at any suttable angles. In addition, the electron beam-based
output acquisition subsystem may be configured o use multiple modes fo generate images of the
specimen 904 {e.g., with different illomination angles, collection angles, eic.). The multiple
modes of the electron beam-based output acquisition subsystem may be different in any image
generation parameters of the output acquisition subsystem.

{60707  Computer subsystean 902 mav be coupled 10 detector 907 as described above, The
detector 907 may detent electrons returned from the surfiee of the specimen 904 thersby forming
electron beam Gmages of the specimen 204, The electron beam images may inchude 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 andior the electron beam images.
Computer subsystem 902 may be configured to perform any additional step{s) described horein,
A gystem 900 that inclades the owtpwt acqrasition subsystem shown in FIG. @ may be further
configured as described herein.

871 Itis noted that FIG. 9 48 provided herein 10 generally illustrate a configuration of an
electron beani-based output acquisition subsystem that may be used in the entbodinients
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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pormally performed when designing a commercial output acquisition system. In addition, the
systems described herein may be implemented using an existing system {e.g, by adding
functionality described herein to an existing systen). 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 heretn may be designed as
a completely new system.

{00721  Although the output acquisition subsystem is described above s being an electron
beam-based output acquisition subsystem, the output acquisition subsystem may be an ton bean-
based output acquisition subsystem. Such an output acquisition subsystem may be configured as
shown in FIG. 9 except that the electron beam source mayv be replaced with any suitable ion
beam source known in the art. In addition, the output acquisition subsystem may be any other
suitable jon beam-based owtput acquisition subsystem such as those included in commercially
available focused ion beam (FIB) systems, helium ion microscopy (HIM) systems, and
secondary fon mass spectroscopy (SIMS) svstems.

{80731 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.
{6074}  The processor 814 or computer subsystem 902 may be coupled to the components of
the system 800 or 900, respectively, in any suitable manner {e.g., via one or more fransmission
media, which may include wired andfor wireless transmission media) such that the processor 814
or Q08, respectively can recetve output, The processor 814 or 908 may be configured to perform
a number of functions using the cutput. The system 800 or 900 can receive instructions of other
information from the processor 814 or 908, respectively. The processor 814 or 908 and/or the
electronic data storage unit 813 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 send Instructions. For example, the
processor 814 or 908 andfor the electronic data storage vnit 815 or 909, respectively, can be in
electronic communication with a scanning efectron microscope.

[O075]  The processor 814 or 808, or computer subsystens 802, other systenm(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 known in the art, such as a paralle] processor. In addition, the subsystem(s) or
system{s) may include a platform with high-speed processing and software, either as a
standalone or a networked tool.

[0076]  The processor 814 or 908 and electronic data storage vnit 815 or 809, respectively,
may be disposed in or otherwise part of the system 300 or 900, respectively, or another device. In
an example, the processor 814 or 908 and electronic data storage unit 8135 or 908, respectively
may be part of a standalone control wnit or in a centralized quality control wut. Multple
processors 814 or 908 or efectronic data storage units 813 or 909, respectively, may be used.
{00771 The processor 814 or 908 may be implemented in practice by any combination of
hardware, software, and firmware. Also, its functions as described berein may be performed by
ong wut, or divided up among different components, gach of which may be implemented in turn
by any combination of hardware, software and firmware. Program code or instructions for the
processor 814 or 908 to implement varicus methods and functions may be stored in readable
storage media, such as a memory i the electronic data storage unit 815 or 909, respectively, or
other memory.

[6078]  If the system 800 or 900 includes more than one processor 814, or processor P08 or
computer subsystem 902, respectively, then the different subsystems may be coupled to each
other such that imnages, data, mformation, instructions, etc. can be sent between the subsystems.
For example, one subsystem may be coupled to additional subsystem{s) by any suitable
transmission media, which may include any suitable wired and/or wireloss transmission wmedia
known in the art. Two ormore of such subsysterus may also be effectively coupled by a shared
computer-readable storage medivm (not shown).

{0079 The processor §14 or 908 may be configured to perform a number of functions vsing
the output of the system 800 or 900, respectively, or other output. For instance, the processor §14
or 908 may be configured 1o send the output to an electronic data storage unit 815 or 909,
respectively, or another storage mediom. The processor 814 or 208 may be further configured as
described herein.

[0080]  The processor 814, processor 908, or computer subsysterm 902 may be part of a defect
review system, an inspection system, a metrelogy system, or some other type of systemn. Thus,

the embodiments disclosed herein describe some configurations that can be tailored in a number
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of manners for 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, etc. can be sent between
the subsystems. For example, one subsystem may be coupled to additional subsysteny(s) by any
suitable transmission media, which naay include any suitabile wired andfor wireless transmission
media known in the art. Two or more of sach sobsystems may also be effectively coupled by a
shared computer-readable storage medium {not shown}.

j0082]  The processor 814 or 908 may be configured according to any of the embodiments
described herein. The processor 814 or 908 also may be configured o perform other functions or
additional steps using the output of the system 800 or 900, respectively, or using mages or data
from other sowces.

{8083}  The processor 814 o 908 may be cormunicatively coupled to any of the various
components or sub-systems of system 800 or 900, respectively, in any manner known in the art,
Moreover, the processor 814 or 908 may be configured 1o receive andfor acquire data or
information from other systems {e.g., inspection results from an inspection systemn such as a
review tool, a remote database including design data and the like) by a transmission medium that
may include wired and/or wireless portions. In this mamner, the transmission medivm may serve
as a data link between the processor 814 or 908 and other subsystems of the system 8§00 or 900,
respectively, or systems gxiernal to system 800 or 900, respectively.

{0084}  The processor 814 or 908 1s in electronic commumication with the waler inspection
tool, such as the detector 809 or €12, or detector 907, respectively. The processor 814 or 508
may be configured to process images generated using meastwrements from the detector 809 or
812, or detector 907, respectively. For example, the processor 14 or 908 may be configured to
perform embodiments of the method 500,

[0085]  An additional embodiment relates to a nonstransitory compuier-readable wedivm
storing program instructions executable on a controller for performing a computer-implemented
method for processing images of the specimen 802 of 904, as disclesed herein. In particular, as
shown in FIGS. 8 or 9, electronic data storage unit 815 or 909, or other storage medium 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-tmplamented method may include any
stepis) of any method(s) described herein, including method 500,

[6086]  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 809, or
other storage medium. The computer-readable mediom may be a storage medivm such as a
magnetic or optical disk, a magnetic tape, or any other suitable non-transitory computer-readable
mediom known in the art.

{0087]  The program instructions may be implemented in any of various ways, mcluding
procedure-based techniques, component-based techniques, and/or object-oriented techniques,
among others. For example, the program instructions may be implemented using ActiveX

g SIMD

pe

controls, C++ objects, JavaBeans, Microsoft Foundation Classes (MFC), Streamin
Extension (SSE), or other technologies or methodologies, as desired.

{0088}  In an embodiment, processar 814 or processor 908 may be configured to receive a
plurality of defects and wafersort electrical data for a 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 walersort electrical test. Processor §14 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 classified as DO, detenmine a die return index for each die containing
at least one defect classified as a DOY, and determine a die return index cutline,

{0089 Processor 814 or 908 may be further configured to then penerate an inking map
fncluding a water map file, representing the wafee, having g high-risk fatded die, wherem the
high-risk fajled die is a die baving a die return ndex that exceeds the die return index cutline and
is tagged as failing the walersort electrical test.

{0090} Various steps, functions, and/or operations of systeim 300 or system 900 and the
moethods disclosed herein are carried out by one or more of the following: clectronie cireuits,
logic gates, multiplexers, programmable logic devices, ASICs, analey or digital
controls/switches, microcontrollers, or computing svstems. Program instructions implementing
methods such ay those described herein may be transmitted over or stored on carrier mediam.
The cavier medium may include a storage medium such as a read-only memory, a random
access memory, a magnetic or optical disk, a non-volatile memory, a sohid 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 transmission Hok. For instance, the various steps deseribed 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 muluple computer subsystems 902). Moreover, different sub-systems of the svstem 800 or
system 900 may include one or more computing or logic systems. Therefore, the above
description should not be interpreted as a limitation on the prasent disclosure but merely an
lastration.

{00911  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
particalar embodiments, it will be understond that other embodiments of the present discloswre

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:

receiving a plurality of defects, each of the defects associsted with a die in a plorabity of dies;

receiving wafersort electrical data for the phaality of dies, wherein each of the dies 15 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 a defect-ofinterest confidence for each of the defects-of-interest;

deterpining a die return 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 representing a wafer having a high-risk failed dic, wherein the

high-risk failed die s a die having a die return index thatexcecds the die retonindex

cutline and is tagged as failing the wafersort electrical test,

2. The method of claim 1, further comprising providing 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

P

electrical test.

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

constracted nsing Random Forest or XGBoost.

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

each of the defects-of-interest contatnied thereon.

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

the die retarn indices.

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

mput ite a die inking systens.
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7. The methad of claim 6, wherein the elecironic file i an SINF file.

8. The method of claim 6, further comprising electronically sending the electronie file to the die

mking svstem,

9. A system, comprising
an inspection tool tncluding:
a particle emitter configured to emit particles in 8 particle beany;
& stage configured to hold a waler v 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 vicld a
afer image having a pluality of dies;
an electronic data storage unit configured to store a recipe including a defect classitication
model; and
a processor in electronic communication with the inspection tool and the electronic data
storage voit configured to, for the waler:
receive & plurality of defects, each of the defects associated witlia diedn the plurality of
dies;
recetve wafersort electrical data for the plurality of dies, wherein each of the dies is
tagged as passing a wafersort electrical test or failing the wafersont electrical test;
classify, using a defect classtfication model, each of the defects as a defect-of-interest or
a nuisance, wherein there is a phaality of defecis-of-interest;
determine a defect-of-interest confidence for each of the defects-of-interest;
determine a die retorn index for each of the dies contatning at least one of the defects-of-
ierest;
determine a die return index cutline; and
generate an inking map representing the wafer baving g high-nisk falled die, whevein the
high-risk failed die is a die having a die return index that exceeds the die retorn index

cutline and is tagged as failing the wafbrsort elecirical test.
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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 wafersort electrical test.

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

constracted using Random Forest or XGBoost.

12, The system of claim 9, wherein the die revam index compuises, for each of the dies
containing at least one of the defects-of-intergst, a sum of the defect-ofdmerest confidences of

each of the defects-of-mierest contained thereon.

13, The system of claim 9, wherein the die retum index cutline comprises the geometric mean of

the die renpn indices.

14, The systewn of claim' 9, wherein the inkdng wap composes an electvomic fle configuredito be

fad

input into & dieinking system.
1§, The system of claiin 14, wherein the electronic file-ds an RINF file,

1o, The system of claim 14, wherein the processor is further in electronic conpmunication with
the die mkmg systein, and wherein 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 mare computing devices:
receive a plurality of defects, each of the defects associated with a die in a plurality of dies;
recetve wafersort electrical data for the plurality of dies, wherein sach of the dies is tagged as
passing a wafersort electrical test or failing the wafersort electrical test;
classify, using a defect classification model, cach of the defects as a defect-of-interest or a
nuisance, wherein there is a plurality of defects-of-interest;
determine a defect-of-interest confidence foreach of the defects-of-interest;
determine a die return index for each of the dies comaining at least one of the defects~of-
interest;

determine a die return index cutline; and
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generate an jnking map representing a wafer having a high-risk failed die, wherein the high-
risk failed die is g die having a die return index that exceeds the die return index cutline

and s fageed as failing the walersort electrical test.

18. The non-transitory computer-readable storage medium of claim 17, wherein the one or more
y i b
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 son-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 medium of claim 17, wherein the die retumn
mdex comprises, for each of the dies containing st least one of the defects-of-interest, a sum of

the defect-ofanterest confidences of sach of the defecis~-oi-interest contained thereon,
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