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METHODS AND APPARATUS FOR CLASSIFICATION OF DEFECTS
USING SURFACE HEIGHT ATTRIBUTES

BACKGROUND OF THE INVENTION

Field of the invention

16
The present invention relales to Inspection and review of substrates
using electron beam imaging.
Descnption of the Background Art
18

in a comnventional electron bean inspection instrument, & manufacturad

substrate {such as a silicon wafer or a reticle) is scanned with a focused beam of
alectrons which results in the emission of electrons, including secondary and/or
backscatiered electrons, from the subsirate surface. The emitied elscirons are

20 detected, and the detection data is typically converted info an image of the surface
of the specimen. The image is typically from a "nomal” view {L.e. a view from a
perspective perpendicular to the surface). These images are then analyzed
numencally {o detect abnormalities {referred {o as defects) in the manufactured
substrate.

25 Furthermore, the detected defects may be reviewed by further imaging
and classified, either manually or automatically, into different classes or categories.
The classification of a defect may be used o determine its cause such that
appropriate adjustments may be mada in the manufactwing process so as o

improve is vield.
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{t1s highly desirable o improve methods and apparatus for electron
beam inspection. More particularly, it is highly desirable to improve the classification
of defects imaged by electron beam instrumentation.

SUMMARY

One embodiment relates to 8 mathod of classifying a defecton a
substrate surfaca. The method includes scanning o primary electron beam over 8
target region of the substrate surface causing secondary glections to be emitted
therefrom, wherein the targst region includes the defect. The secondary elscirons
are detected from the targst region using a plurality of at least two off-axis sensors
s0 as {o oblain a plurality of image frames of the targe! region, each image frame of
the target region including data from a different off-axis sensor. The plurality of
image data frames are progessed to genemie a surface height map of the targst
region. Surface height attributes are determined for the defect. The swiface height
atttibutes for the defect are input into a defect classifier.

The method may be applied o 3 bare substrate, such as & bars
semiconductor waler, or a pattemed substrate, such as an integrated circuit baing
manufactured or a reticle for lithography. In the {atler case, a plurality of
corresponding image frames may be obtained of a reference site which correspands
to the target region, a surface height map of the reference site is generated, and the
determination of surface height altributes for the defect may also use the surface
haight map of the reference site.

Ancther embodiment relates to an apparatus including a source for
gensrating & primary slectron beam, scan deflectors configured to controllably
deflect the primary electron beam, a conirol system configured to confrol the scan
deflectors such that the primary slectron beam is scanned over areas on a substrate
surface, and a datection system configured for the detection of secondary electrons
using & plurality of al least two off-axis sensors so as to generate a plurality of image
frames of each of the areas. The areas scanned may include a target region which
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includes a defect to be classified, and, in certain cases, a reference site
carrespanding to the target region. An image data processing system may be
configured 1o process the plurality of image frames to generate a surface height map
of the targel region and the reference site, if applicable. The image data processing
system may determine surface height altribufes for the defect using the surface
height map{s), and inpid the surface height atiribudes for the defect into » defect
classfer.

Other embodiments, aspects and features are also disclosed.

BRIEF DESCRIFTION OF THE DRAWINGS

FIG. 1A is a flow chart of a method for classifying defects using surface
height atiributes in accordance with a first embodimennt of the invention.

FIG. 1B is a flow chart of a method for classifying defects using surface
height attributes I accordance with a second embodiment of the invention.

FIG. 2 is a schematic diagram of an slectron beam apparatus in
accordance with an embodiment of the invention,

FIG. 3 is a schematic diagram of a detector segmentation in
gecordance with an embodiment of the invention.

FIGS. 4A, 4B and 4C show three secondary elsciron image frames
collected at difterant view angles for an example target region It accordance with an
embadiment of the invention.

FIGS. §A, 5B, and 5C show fhiee conrssponding secondary electron
image frames collectad at different view angles for a reference site corresponding to
the example target region in accordance with an embodiment of the invention.

FIG, 8 shows a defect mask generated for the example target region in
accordance with an envbodimant of the invention.

FIGS. 7A and 78 show surface height maps for the example target
region and coresponding reference site, regpectively, In accordance with an
embodimant of the invention.
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FiG. 8 shows the effectiveness of surfacs height attributes in
distinguishing between certain types of defects in accordance with an embodiment
of the invention.

FIGE, DA and 98 show example secondary slectron image frames of 2
fail-on particle (Le. a bump) and a gouge, respactively.

FIGS. 10A and 108 show sxample surface height maps for the particle
and the gouge. respectively.

FIGS. 11A and 11B show example defect masks corresponding to the
particle and gouge, respactively.

DETAILED DESCRIPTION

Methods and apparatus for the generation of surface height attribules
and the use of these atiributes are disclosed herein. These methads and apparatus
may be amployed to substantiatly improve the accuracy of automated defect
classification using electron-beam instrumentation,

FIG. 1A is a flow chart of a method 100 for the automated generation
of surface height attributes for a previously-detected defect so as to classify the
defect in accordance with a first embodimernt of the invention. The method 100 of
FIG. 1A may be particularly suitable for use with a bare subsirate, such as a bare
sificon wafer.

As shown, the method 100 may be performed under the control of
several software modules of the defect review system. These modules may include
a defect &vi-ew scan module 101, a surface height map generation module 1086, a
review images generation moduls 107, a defect mask generation module 109, a
surface height attribute generation modude 111, and an automatic defect
classification module 121, Each module may include computer-readable program
code which may be stored in data storage (such as a hard disk drive or memory
circuits} and executed by one or maore microprocessors of a computer system, such
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as a computer system used for instrument contrdd and Image processing for a defect
review sysfeny, for example.

As shown, the defect review scan module 191 may ransiate 102 a
stage holding a subshate such that a target region of the substrate sutface is
positionsd in the fleld of view {FOV) of the imaging system. Thereafter, while the
target region is scanned by the incident beam, inage data is collected 104 from two
or more view angles. The collection 104 of the image data from two or more view
angles may be done simulfaneously, _

After the secondary slectron image dala is collecied 104 of the target
ragion, the surface height map generation module 108 may receive the image data
and generate 106 8 surface height map of the target region. In accordance with one
embodiment, he procedure to generate 106 the surface height map may include the
generation of a three-dimensional model or representation of the surface of the
target region. Such g three-dimensional representation may be constructed bassd
on a Lamberlian modsl, or, alternatively, based on sterso vision. The surface height
map may be generated 108 from the three-dimensional modsl. QOther techniquss
may be employed 1o generate 108 the swiace height map in other embodiments,

A review images generation module 107 may also receive the image
data fram the defect review scan module 101, The review images generation
module 107 may generate review images 108 and provide them 1o a defect mask
generation module 108, The defect mask generstion module 108 generates 110 a
defect mask corresponiding to at least one of the review images. The defect mask
differentiates pixels associated with the previously-detected defect from other pixals
in the image frame.

Based on the surface height map of the target region and the defect
mask, a set of surface helght atfributes may be determined 112 by a surface height
attribute genaration module 111, In accordance with an embodiment of the
invention, the surface height atributes may include a height difference 114 bebween
the defect area and the background ares surrcunding the defect area. a measure of

0
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the height vanation 118 within the defect area, and a measure of the height variation
118 within the background area surrounding the defect area.

The background area surrounding the defect may be selected in an
automated or manual manner. For example, the backgound area may be selected
as those pixels within a cerlain range from the defect area, bul not within the defect
arsa. The height difference 114 belween the defect area and the background area
surrounding the defect area may be determined by calaidating an average height of
the defect area, caloulating the average height of the background area, and
calouiating a difference between the fwo average heighls. The measure of the
fieight variation 116 within the defect area and the measure of the beight variation
118 within the background area may be siatistical measures, An example of a
statistical meastre of height variation is the standard deviation of the height,

In other embodiments, alternative surface height attributes may be
used. For example, a useful surface height atiribule that reflects topographic
information may be genarated by caloulating the disparity distance or
phaselorientation betwaen the defect blobs (defect areas) detectad in the secondary
glectron images of defferent perspectives of the same defact.

The surface height aftributes for the previcusly-detected defect may
then be fed {inpul) into an avtomatic defect classification module (defect classifier
121. The automatic defect classification module 121 may advantageously utilize the
surface height aliribules in classifying 122 the previously-detected defect. The
classifier. The automatic defect classification module 121 may be a statistical
classifier that may be operated in either a classifier training mode or a classification
mode. The classifier training mode may receive the surlace height atiributes and
other attributes of known types of defects so as to train the defect classifier used by
the automatic defect classification module 121, The classification mode uses the
trained defect classifier to classify a defect based on the surface height attributes
and other atlributes. Alternatively, the automatic defect classification module 121

may uliize a rule-based clagsifier,
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FiG. 18 is a flow chart of @ method 150 for the automated generation
of surface height attributes for a previousiy-detected defedt so as to classify the
defect in acocordance with a second embodiment of the invention. The method 150
of FIG. 1B may be particularly suitable for use with a patlemed substrate, such as an
ntegrated cirouit in the process of being formet on a silicon substrate, or a reticle for
use in photolithography.

Compared {o the method 100 of FIG. 1A, additional sleps in the
rethod 180 of FIG. 1B include steps which obiain and use image date from a
reference site that corresponds 1o the target region. The reference site includes a
non-defective area which corresponds to the defect area in the target region. In
addition, the method 150 of FIG. 1B includes an additional surface height attribute
that is generated by the surface height atiribute generation moducle 111, This
adciitinéai attribute is the height difference 168 between the defect area in the targst
region and the corresponding area in the reference site.

As shown in FIG. 1B, the defect review scan module 101 may obtain
the image data from the reference site by translating 152 a stage holding the
substrate such that the reference site is positioned in tha field of view of the imaging
system. The reference site may then be scanned by the incident beam and image
data may be collected 184 from two or more view angles. The collection 154 of the
image data from hwo or more view angles may be done simultaneously. After the
secondary electron image data is collecied 154 of the reference site, the sutface
height map generation module 108 may receive the image data, align 188 the image
data of the reference site with the image data of the target region, and generals 156
a surface height map of the reference site. The surface height generation madule
111 receives the surface height maps for the targe! region and the reference site
and also receives the defect mask.

fry accondance with this embodiment, the atlibules generated by the
surface height generation module 111 include may include the height difference 114
between the defect area and the background area surrounding the defect area, the
measure of the height variation 116 within the defect area, the measure of the height
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variation 118 within the background area surrounding the defect area, and the height
difference 158 between the defect area and the coresponding area of the reference
site. The latter height difference 168 may be determined by measuring each of the
two heights relative to a height of swrrounding  background area in s image frame.
in othar words, the height of the defect area relative %o is background area is
computed, the height of the corresponding non-défective area at the reference site
refative 1o its background area is computed, and then the difference 158 is found
batweaan those two heights.

As described above, the method 150 of FIG, 18 may obfain wo or
more secondary electron image framas at different view angles for both the target
ragion {which includes the previousiy-detected defect} and a coresponding
reference siie {which does not have the defect). An sxample of three secondary
electron image frameas collected 104 at different view angles for a targst region
including 3 defect is shown in FIGS. 44, 4B, and 4C. A cormesponding example of
three secondary electron image frames collected 154 at differem view angles for
reference sife which does not have the defect is shown in FIGS, 84, 8B, and 5C. An
example of a defect mask generated 110 for the targe! region is shown in FIG. 8.
For the particular mask 801 shown in FIG. 8, the non-defective pixels 802 are shows
as white pixsls, the pixels associated with bwvo defects 604 and 808 are shown as
dark pixals. Further in this axample, FIG. 7A shows a surface height map generated
1086 for the target region, and FIG. 7B shows a surface height map generated 158
for the refersnce site. In surface height maps of FIGS. 74 and 78, higher surface
heights are represented by lighter grey-scale pixels and lower surface heights are
represenied by darker grey-scale pixels.

In accondance with an embodiment of the invention, defect
classification using the swface height atiributes is highly advantageous in the
classification of cerfain types of defects. For example, FIG. 8 shows that various
convartional atiributes have grsat difficulty distinguishing betweern defects which are
“gouges” and defects which are "bumps®.

PCT/US2012/056317
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Conventional atiributes for defect classification Include a maximum
dimension (DR Max Dim) 802 of the defect, an area {8DIR Area) 804 of the defect,
an energy density {6DR Energy Density) 806 of the defect area, and a brightness
{eDR Defect Brightness) 808 of the defect area. As seen, defects which are bumps
not wail separated from defects which are gouges using these conventional
attributes. In contrast, the height diffsrence 114 of the defect area relative o the
backgrowrsd area (SH Relative to Background) 810 is shown to be highly sffective in
separating defects which are bumps and defects which are gouges. In the example
of FIG. 8, the height difference 114 is negative fifty anits or less for the vast majonity
of the gouges and {s positive fifty units or more for the vast majority of bumps.

Example secondary electron image frames of 3 fall-on particle and a
gouge are shown in FIGS, YA and 9B, respectively. Note that from these images
alone, the particle and gouge are similar in appearance. Example surface height
maps for the particle and the gouge are shown in FIGS. 10A and 10B, respectively.
Inn these maps, lighter pixels represent higher swiface heights, while darker pixals
represernt lower surface heights. As seen, the defect is lighter thigher) than the
background in FIG. 104, while the defect is darker {lower) than the background in
FIG. 10B. Example defect masks corresponding to the parlicle and gouge are
shown in FIGS. 11A and 11B, respectively. The dark areas in the masks represent
the defect areas.

More generally, the surface height atiributes generated in accordance
with smbodiments of the invention may be used advantageously to assist in the
more robust and detailed classification of defects when used in conjunction with
other altributes. Even defects which are flat in relation to the background area may
be more readiy classified using the surface height attributes disclosed hereln. This
s because the surface height attributes may be used fo distinguish such a flat defect
from a bump or gouge.

An exemplary embodiment of an apparatus configured o
simulfanecusly collect the image data from multiple view angles is described below
in relation o FIGS, 2 and 3. FIG. 2 provides a cross-sectional diagram of the
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electron beam column, and FIG. 3 provides a planar view of & segmented detecior
that may be used with the column.

As shown in FIG. 2, a source 204 generales a primary beam (Lo, an
incident beam) 202 of electrons. The pamary beam 202 passes through a Wien
filter 204. The Wien filter 204 is an oplical element configured o generate slectical
and magnetic flelds which cross each other. Scanning deflactors 208 and focusing
electron lenses 207 are utilized. The scanning deflectors 208 gre wiilized fo scan the
electron beam across the surface of the waler or other substrate sample 210. The
focusing electron lenses 207 are ulilized {o focus the primary beam 202 into & beam
spot on the swface of the waler or other subsirate sample 218, In accordance with
one embodiment, the focusing lenses 207 may operate by generating electric andfor
magnetic flelds.

As a result of the scanning of the primary beam 202, secondary
slectrons are emitted or scattered from the surface of the substrate 210 {which may
be. for example, a semiconducior wafer or a reficle).  The substrate 210 may be
held by a movable stage 211, The secondary slectrons are then extracted from the
substrate 210 by exposure fo the electromagnetic field of the objective (final} lans
208. The electromagnetic field acls {o confine the emitted electrons to within a
refatively small distance from the primary beam optic axis and o accelerate these
slectrons up into the column.  In this way, a secondary slectron beam 212 is formed
from the secondary slectrons, '

The Wien filter 204 deflects the scattered electron beam 212 from the
optic axis of the primary beam 202 to a detection axis (the optic axis for the
detection system 214 of the apparatus). This serves to separate the scatiered
stectron beam 212 from the primary beam 202, In ascordance with ong embodinient
ol the invention, the detection system 244 may include, for example, 8 segmented
detector 380, which is shown in further detall in FIG. 3

An instrument control and image processing (confrolforocessing)
gystem 250 may include ons oF More processors (L. miDroprosessors o
mueracantrotiers) 262, data storage {including, for example, hard disk drive storage

10
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and memory chips) 254, a user interface 256 and a display system 258, The data
storage 254 may be configured fo store or hold compitar-readable program code
{instructions} 2585 and data, and the processor 282 may be configured fo execute the
program code 288 and process the data. The user interface 256 may be configured
to receive user inputs. The display system 288 may be configured to display views
of the substrate surface to a user.

The controliprovessing system 250 may bs connected 1o, and may be
used to control, various components of the electron beam column so as to
implement procedures disclosed herein, For example, the movement of the stage
211, and the scanning by the deflectors 208 may be controlled by computer-
readable program code 258 executed by the control/processing system 250,

in addition, the controliprocessing system 280 may be configured
receive and process the electron image data from the datection system 244, In
partivular, the computerreadable program code 255 in the controliprocessing
system 250 may be used o implement procedures relating to the automated
classification of defects using surface height attributes which are described in the
present disclosure.

Az shown in FIG. 3, the segmented detecior 308 may include five
sensors o detector segments 302, 304-1, 304-2, 304-3, and 304-4. The center {(on-
axis) segment 302 may be configured to dstect image dala from a center of the
scattered slectron beam 212, The center segment 302 is on-axis in that it lies an the
detection axis. The image dala from the center segment 302 may comespond 1o
image data from a normal view {L.e. a view angle which is nomal o the sample
swface at a polar angle of zevo degrees). The four outer {off-axis) segments (3041,
304-2, 304-3, and 3044} may correspond to image data from angular views {le
view angles which are non-normal to the sample surface at a non-zero polar angle
arnid at different azimuthal angles). In other words, each of the four cuter segments
£304-1, 304-2, 304-3, and 304-4) detect scatiered electrons emitted from the
substrate surface at a different azimuthal angle {for example, spaced approximately
90 degrees aparl), but al the same, or approximately the same, polar angle. The

11
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outer segments (304-1, 304-2, 304-3, and 304-4) are off-axis in that they lie off the
detaction axis. In alternative implementations, diferent segmentations may be
implementad.

in the gbove description, numerous specific details are given to provids
a thorough understanding of embodiments of the invention. However, the above
description of Hustrated embodiments of the invention s not intendad to be
exhaustive or to imit the invention to the precise forms disclosed. One skilled inthe
relevant art will recognize that the invention can be practiced without ane or more of
the specific details, or with other methods, components, ete. In other instances,
¢ well-known structures or operations are not shown or desoribed in detaif to avoid

o

obscuring aspects of the invention. While spesific embodiments of, and examples
for, the invention are described hereln for Hlustrative purposes, various equivalent
modifications are possible within the scope of the invention, as those skilled in the
relevant art will recognize.

15 These modifications can be mads to the invention in light of the abovs
detailed description. The terms used in the following claims should not be construed
to limit the invention o the specific embodiments disclosed in the specification and
the claims. Rather, the scope of the invention is {o be determined by the following
claims, which are to be construed in accordance with established doctrines of claim

20 interpretation.

12
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CLAIMS
What is claimed is;

1. A mathod of classifying a defect on a substrate surface, the method
camgrising.

scarming a primary electron beam over a targst region of the substrate
surface causing secondary eleclrons {0 be amilled therefrom, wherein the larget
region includes the defect;

detection of the secondary electrons from the target region using a plurality of
at laast two off-axis sensors so as to generate a plurality of image frames of the
target region, each imags frame of the target region including data from a different
off-axis sensor;
map of the target region;

determining surface helght attribistes for the defect based on the surfane
height map of the target region; and

feeding the surface height aftributes for the defect inlo a defect classifier.

2. The method of claim 1, wherein the surface height atinbules include a
difference in beight between a defect area and a background area surrounding the

defect area.

3. The method of claim 2, wherein the surface height attributes further wdlude a

measure of height variation within the defect area.

4, The method of claim 3, whersin the surface height attributes further include a
measure of height variation within the background area surrounding the defect area.

5. The method of claim 4, wherein the substrate surface omprises a bate

samiconductor surface,

13
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8. The method of claim 4, whersin the subsirate surface comprises a patlemed
surface.

7. The methad of claim 8, further comprising:

detection of the serondary slectrons from a referance site using the plurality
of al least two off-axis sensors so 88 o generals a plurality of image frames of the
reference site, each mags frame of the reference site including dats from a different
off-axis sensor; and

aligning the image framss of the tigst region with the image frames of the

reference site,

8 The method of claim 7, furthar compriging: ;
procassing the plurality of image frames of the reference site to generale a

surface height map of the refarence site,

g The method of claim 8, wherein determining the surface height atiributes for
the defect is also based on the surface height map of the reference site.

3. The method of claim 8, wherein the surface height atinbutes further includes
a difference in height between the defect area and a corresponding non-defective

area in the reference sile.

11, Ao apparalus comprising:

a source for generating a primary glectron beany,

scan deflectors configurad to controliably deflect the primary electron beam;

a control system configured o contiol the scan deflectors such thatthe
primary electron beam is scanned over a target region such that secondary
slechons are emitled therafrom, wharein the taget region includes a dafect:

14
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a detection system configured for the delection of the secondary electrons
using a plurality of at least two off-axis sensors so as to generate a plurality of image
frames of the target region, each nage frame including data from a diferent off-axis
sansor, and

an image data processing system configured {o process the plurality of image
frames o generate a surface height map of the target region, determing swiface
height atinibutes for the defect using the surface height map of the target region, and
input the surface height attributes for the defect into a defect classifier.

12, The apparatus of claim 11, wherein the surface height attributes include &
difference in height between a defect area and & background area surrounding the

gefort area.

13, The apparatus of claim 12, wherein the surface height attributes further

includs 3 measure of height vanation within the defect area.

14.  The apparatus of claim 13, wherein the surface height aftributes futher
include a measure of height variation within the background area surrounding the

defect area.

18, The spparatus of olaim 11, wherein the off-axis sensors compnse off-axis

detector segments.

16.  The apparatus of claim 11, wherein the control system is further configured to
contral the scan defleciors such that the primary slectron beam is scanned over a
reference site so that a plurality of image frames of the reference sile is generated

by the deteclion system.
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17, The appamtus of claim 16, wherein the image data processing system is
further configured 1o align the image frames of the target region with the image
frames of the reference sile.

18,  The apparatus of claim 17, whevein the image data processing syslem is
further configurad o process the plurslity of image frames of the reference site so as
o generate a surface height map of the refarence site,

19, The apparatus of claim 18, wherein the image processing system if further
configured to also use the surface height map of the raference site in determining
the surface height attributes of the defect.

20.  The apparatus of claim 19, wherein the surface height atiributes comptise:

a difference in height between a defect area and a background area
surrounding the defect area;

a measure of height variation within the defect area;

a measure of height variation within the background area surrounding the
defect area; and

a difference in height betwesn the defect area and a coresponding non-

defective area In the reference site.
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