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METHODS AND APPARATUS FOR CLASSIFICATION OF DEFECTS
USING SURFACE HEIGHT ATTRIBUTES

BACKGROUND OF THE INVENTION

Frald of the Invention

The present invention relates o inspection and review of substrates
using electron beam imaging.

Descriplion of the Background Art

in a conventional electron beam inspection instrument, a manufactured
substrate (such 85 & silicon waler or & reticle) is scanned with a focused beam of
glectrons which rasults in the amission of electrons, including secondary andfor
backscatiered slectrons, from the substrate surface. The emitted elecirons are
detected, and the detection dala is typically converted info an image of the surface
of the specimen. The image is typically from a 'normal” view (e aview from g
perspective perpendicular to the surface). These imayes are then analyzed
aurnanically fo detect abnormalities {referred {0 as defects) in the manufactred
sitbsirate,

Furthermore, the delected defects may be reviewed by further imaging
and classified, either manually or automativally, into diferent classes or categories.
The dassification of a defect may be used o determine iis cause such that
appropriate adiustiments may be made in the manufactting process soas to
improve iis vield.
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itis highly desirable {v improve methods and apparatus for electron
beam inspection. More particularly, # s highly desimble to Improve the classification
of defects imaged by electron beam instrumeniation.

SUMMARY

Qne embodiment relates 1o a method of classifying a defect ot a
substrate strface. The mathod includes scanning o primary electron beary over &
target region of the substrate surface causing secongary slectrons 1o be emitted
therefrom, wherein the targst region includes the defect. The secondary electrons
are detected from the target region using a plurslity of al least bwo off-axis sensors
so as {o obtain a plurality of image frames of the {arget region, each image frame of
the target region including data from a different off-axis sensor. The plurality of
image data frames are processed to generale a surface height map of the tamget
region. Surface height attributes are detenmined for the defect. The swiface helght
attributes for the defect are input inlo a defect classifier.

The method may be applied (o a bare substrate, such a3 & bare
semiconductor wafer, or a pattemed substrate, such as an integrated cireuit being
manufactured or a reticle for fithography. In the latler case, a plurality of
correspanding image frarmes may be obtained of a reference site which coraspands
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
height map of the reference site,

Ancther embodiment relates to an apparatus including a source for
gensrating a primary electron beam, scan defiactors configured o contfroflably
deflect the primary electron beam, a contrel system configured fo confral the scan
deflectors such that the primary electron beam is scanned over areas on 2 substrate
surtace, and a detection system configured for the detection of secondary electrons
using = plurality of at least two off-axis sensors so as o generate a plurality of image
frames of sach of the areas, The areas scarmed may include a target region which
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includes a defect to be vlassified, and, in certain cases, a reference sife
carresponding to the target region.  An image data processing systern may be
configured to process the plurality of image frames to generate a surface height map
of the target reglon and the reference site, if applicable, The image data processing
system may detenmine surface height atirbules for the defect using the surface
height map{s}, and inpud the surface helght allributes for the defect info a defect
classifier,

Other embodiments, aspects and features are also disclosed,

BRIEF DESCRIPTION OF THE DRAVWINGS

FIG. 1A is a flow chart of a method for classifying delects using surface
height attributes in accordance with a first embodiment of the invention.

FiG. 1B is & flow chart of a method for classifying defecis using sturface
height eftributes iy 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,

FH2. 3 is a schematic diagram of a detecior segmentation in
accordance with an embodiment of the inventdion.

FIGS8. 4A, 4B and 4C show three secondary eleclron image frames
collected at different view angles for an exampile farget region I accordanse with an
aembadiment of the invention.

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

FIG. 8 shows a defect mask generated for the example target region in
accordanse with an embodiment of the invention.

FIGS. 7A and 78 show surface height maps for the example tget
region and corresponding reference sife, regpactively, in gaccondance with an
ambodimant of the invention,
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FIG, 8 shows the effectiveness of surfacs helght attributes in
distinguishing between certain types of defects in accordance with an embodimant
of the invention,

FIGS. BA and 98 show example secondary electron image frames of a
fall-on particle (Le. a bump) and & gouge, respactively.

FIGS. 10A and 108 show sxample surface height maps for the particle
and the gotige, respactively.

FIGS. 1A and 118 show exampie defect masks corresponding o the
particle and gouge, respactively.

DETAILED DESCRIPTION

Methods snd apparatus for the generation of surface height altributes
and the use of these atiributes are disclosed herein. These methods and appasatus
may be employad to substantially improve the accuracy of automaled defect
classification using slectron-beam instrumertation.

FIG. 1A is a fiow chart of 2 method 100 for the automated generation
of surface height atiributes for a previcusly-detected defect su as 1o clagsify the
defect in accordance with a first embodiment of the invention. The mathod 160 of
FiG. 1A may be particularly sultable for use with a bare substrate, such as a bare
siticon wafer.

As shown, the msthod 100 may be performed under the control of
several software modules of the defect review system. These mindules may include
a defect ;eview scan modufe 181, a surface height map generation modide 16085, a
review images generation moduls 107, & defect mask generation module 108, a
surface height attribute generation module 111, and an automatic defect
classification module 1214, Each module may include computer-readable program
cnde which may be stored in data storage such as a hard disk drive or memory
oircuits) and executed by one or more micioprocessors of a computer system, such

PCT/US2012/056317
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as a computer systen used for instrument contral and Image processing for a defect
review systom, for example,

As shown, the defect review scan module 181 may ransiate 102 a
stage holding a substrale such thatl g target region of the substrate surface is
positioned in the field of view (FOV) of the imaging systern. Thersafier, while the
target region is scanned by the incident beam, nage data is collected 104 from two
of more view angles. The collection 104 of the image data from Wwo or more view
angles may be done simuitaneously, .

After the secondary electron image data is coliecied 104 of the target
ragion, the surface height map generation module 108 may receive the image data
and generata 106 a surface height map of the target region. In accordance with one
embodimert!, the procedure 10 genorate 106 the surface height map may inchude the
generation of a three-dimensional model or representation of the surface of the
wrget region. Such a thres-dimensional representation may be constructed hased
on a Lamberiian model, or, alternatively, hased on stereo vision. The surface height
map may be ganerated 108 from the three-dimensional modsl. Other techniques
may be employed {0 generate 108 the surface height map in other embodiments,

A review images generation module 107 may also receive the image
data from the defect review scan module 161, Tha review images generation
modide 107 may generate review images 108 and provide them 1o a defect mask
genearation module 108, The defect mask generation module 108 generstes 110 a
defect mask coresponding to at least one of the review images. The delect mask
differentiates pixels associated with the praviously-detected defect from other pixels
in the image frame.

Based on the surface height map of the farget region and the defect
mask, a set of surface height attributes may he determined 112 by a surface height
attribute generation module 141, In accordance with an embodiment of the
invention, the surface beight alfributes may include & height difference 114 between
the defect area and the background ares surounding the defect area. a measure of



WO 2013/052283 PCT/US2012/056317

13

20

the height variation 118 within the defect area, and a measure of the helght 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
a3 those pixels within a cerlain range from the defect area, but 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 calculating an average helght of
the defect area, caloulating the average heighit of the background area, and
calcuiating a differencs batwean the two average heighls, The measure of the
height variation 116 within the defect area and the measure of the height variation
118 within the background area may be siatistical measures. An example of a
statistical measure of height variation is the standard devialion of the height,

In other embodiments, alternative surface height atiribules may be
ysed. For example, a useful surface height atfribute that reflects topographic
information may be genarated by calculating the disparity distance or
phaseforientalion between the defect biobs {defect areas) detsctad in the secondary
ateciron images of defferent perspectives of the same defect

The surface height attributes for the previcusly-detected defect may
then be fed {inpul) into an automatic defect clagsification module (defect classifien)
121, The automatic defect classification module 121 may advantageously utilize the
surface height afirbules in classifying 122 the previously-detected defect. The
classifier. The automatic defect classification module 121 may be 2 statistical
classifier that may be operated in either a classifier training mode or a classification
mode. The classifier raining mode may receive the surface height atirbutes and
other attribufes of known types of defects so as to irain the defect classifier used by
the sutomatic defect classification madule 121, The classification mode usas the
trained defect classifier to classify a defect based on the swrface height atiributes
and other attribites. Altemnatively, the automatic defect classification module 121
ray wtilize & rule-based classifier.
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FiG. 1B is 2 How chart of a method 150 for the autonated generation
of surface height altributes for a previousiy-detected defect 50 a3 io classify the
dafect in accordance with a second ambodiment of the invention. The mathod 150
of FIG. 1B may be particularly sultable for use with 2 patlemexi substrate, such as an
integrated cireult in the process of baing formed on a sificon substrate, or a reticle for
use in photolithography.

Compared to the method 100 of FIG. 1A, additiorat sleps in the
method 150 of FIG. 1B include steps which obtain and use image data from a
refarence 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. Iv
addition, the method 150 of FIG. 1B includes an additional surface height altribute
that is generated by the surface height atiribute generation moducie 111, This
additional attribute is the helght difference 188 botween the defect area in the target
region and the corresponding area in the reference site,

As shown In FIG. 1B, the defect review scan module 101 may oblain
the image data from the reference site by transiating 152 a stage holding the
substrate such that the reference site is positioned in the field of view of the imaging
system. The reference site may then be scanned by the incident beam and image
data may be coliectad 184 from two or more view angles. The collection 154 of the
image data from two or more view angles may be done simultaneously. Afterthe
sacondary slectron image data is collecied 184 of the reference siie, the surface
height map generation module 108 may recelve the image data, slign 155 the image
data of the reference site with the image data of the target region, and generate 156
a surface height map of the reference site. The surface height generation modute
111 raceives the surface height maps for the target region and the reference site
and also recelves the defect mask,

i accordance with this embodiment, the atliibutes generated by the
surface height generafion module 111 include may include the height difference 114
bebtween the defect area and the background area surrounding the defect area, the
measure of the height variation 118 within the defect area, the measure of the height



WO 2013/052283

o

10

bi

P
(3

25

variation 118 within the background ares 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 158 may be determined by measuring each of the
two heights relative 1o a height of susrounding  background area in ifs image frame.
in other words, the height of the defect area relative o iis background area is
compised, the height of the coresponding non-difective area at the reference site
relative to its background area is compuded, and then the difference 158 is found
betwean those two haighls,

As described above, the mathod 150 of FIG. 18 may obfain two or
more secondary electron image frames at different view angles for both the target
region {which includes the previcusly-detected defect) and a corresponding
reference site {which does not have the defect). An example of three secondary
electron image frames collected 104 at different view angles for a targst region
including a defeot is shown in FIGS, 4A, 4B, and 4C. A coresponding example of
three secondary election image frames collacted 1584 at different view angles for
raference site which does not have the defect is shown In FIGS, 84, 8B, and 50, An
example of a defect mask generated 110 {or the targe! region is shown in FIG. 8.
For the particutar mask 801 shown in FIG. 8, the non-defective pixels 802 are shows
as white pixsls, the pixals associated with two defects 804 and 808 are shown as
dark pixels. Further in this example, FIG. 7A shows a surface height map generaled
106 for the target region, and FIG. 7B shows a surface height map generated 158
for the reference site. In surface height maps of FIGS. 7A and 78, higher surface
helghts are represented by lighter grey-scale pixels and lower surface heights are
reprasenied by darker grey-scale pixels.

by accordance with an embodiment of the invention, defect
slassification using the swlace height sitributes is highty advantageous in the
olassification of cerfain fypes of defects. For example, FIG. 8 shows that various
conventional aifributes have great diffficulty 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 (8DR Max Dim} 802 of the defect, an ares {eDR Area} 804 of the defect,
ah energy density {eDR Enargy Density] 808 of the defect area, and a brighiness
{eDR Defeqt Brightness) 808 of the defec! area. As seen, defects which are bumps
not weall separatad from defects which are gouges using these conventional
atributes. In conkrast, the height difference 114 of the defect area elative fo the
hackgrourd ares (5H Relative to Background) 810 Is shown to be highly sffactive in
separating defects which are burnps and defects which are gouges. In the exampls
of FI(3. 8, the height difference 114 is negative fifty anils or less for the vast majority
of the gouges and is positive fifty units or mors for the vast majority of bumps.

Exampie secondary alectron image frames of a fall-on pardicle and 2
gouge are shown In FIGS8, 8A and 9B, respectively. Note that from these images
alone, the particle and gouge are similar ln appearance, Example surface height
maps for the particle and the gouge are shown In FIGS. 10A and 108, respectivedy.
in these maps, fighter pixels represent higher surface heights, while darker pixels
represent lower surface heights. As seen, the defect is lighter thigher) than the
background in FIG. 104, while the defest is darker {fower) than the background in
FiG. 10B. Example defect masks corresponding to the pardicle 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 atirbutes generated in accordance
with embodimerts of the invention may be used advantageously to assist in the
more robust and detailed classification of defects when used in conjunction with
other atfrbutes. Even defects which are flat in relation to the background area may
be more readly classified using the surface height attributes disclosed hereln. This
is because the surface height atirbutes may be used fo distinguish such a flat defect
from a bump or gouge.

An exarrplary emnbodiment of an apparaius configured fo
simuitaneously collact the image data fom multiple view angles is described balow
iy relation fo FIGS, 2 and 3. FIG. 2 provides a cross-sectional diagram of the
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electron beant column, and FIG. 3 provides a planar view of a segmenied detector
that may be used with the column,

As shown in FIG, 2, a source 204 generafes a primary beam (Le. ap
incident beam) 202 of elestrons. The pdmary beam 202 passes through a Wien
filter 204. The Wien fiter 204 is an optical slement configured {o generate eleciicat
and magnetic fields which cross each other. Scanning deflectors 208 and focusing
electron lenses 207 are utiized. The scanning deflectors 208 are wiilized fo scan the
slectron beam across the surface of the wafer or other substrate sample 210, The
focusing electron lenses 207 are ufiized fo focus the primary beam 202 Into & beam
spot on the surface of the wafer or other subsirate sample 216, In accordance with
cne embodimernt, the focusing lenses 207 may operate by generating electric amdfor
magnetic flelds.

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

The Wien filter 204 deflects the scatterad electron beam 212 from the
optic axis of the orimary beam 202 to a detection axis (the optic axis for the
detection system 214 of the apparatus). This serves to separate the scatlered
glectron beam 212 from the primary beam 202, In accordance with one embrogiment
of the invention, the detection systemn 244 may include, for example, a segmented
detector 360, which is shown in further defall in FIG. 8.

An instrument controf and image processing {controliprocessing)
system 250 may includs one OF More Hrocessors (Le, microprocessoers or
micraconiroliersy 262, data storags {including, for exarnple, hard disk drive storage
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and memary chips) 254, a user interface 256 and a display system 258, The data
storage 254 may be configured to store or hold compiuterreadable program code
{instructions) 288 and data, and the processor 252 may be configured {o execute the
program code 288 and process the data. The user interface 256 may be configured
to receive user inputs. The display systern 258 may be configured io display views
of the subsirate surface o a user,

The controliprocessing system 280 may be connectad 1o, and may be
used o control, varicus componsnts 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 206 may be controlled by computer-
readable program code 258 executed by the control/processing system 250

In addition, the controlfprocessing system 280 may be configured 1o
receive and process the electron image data from the detection systern 244, in
particular, the computer-readable program code 258 in ihe controliprocessing
system 250 may be used 1o implement procedures rafating to the automated
classification of defects using surface height atiributes which are described in the
present disclosure.

As shown in FIG. 3, the segmented detector 380 may include five
sensors or detector segments 302, 3041, 304-2, 304-3, and 304-4. The center (on-
axis) segment 302 may be configured to datect image data from a center of the
scattered electron beam 212, The center segment 302 is on-axis in that & Hies an the
detection axis. The image data from the center segment 362 may correspond 1o
image data from a normat view (La. a view ahgle which is nommal o the sample
surface at a polar angle of zeyo degrees). The four outer {off-axis) segments [304-4,
304-2, 304-3, and 304-4) may correspond o imags data from anguilar views {Le
view angles which are non-normal io the sample surface at a non-zero polar angle
and at different azimuthal angles}. In other words, each of the four outer segments
{304-1, 304-2, 04-3, and 304-4) delect scatlered elechons emitled from the
substrate surface at a different azimuthal angle {for example, spaced approximately
90 degrees apart), bul at the sarme, or approdmalely the same, polat angle. The
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outer segments (304-1, 3042, 384-3, and 304-4) ave off-axis in that they lie off the
detection axis. In allernative implementations, different segmentations may be
implemented,

in the above descarintion, numerous specilic delails are glven fo provide
a thorough understanding of embodiments of the invention. MHowever, the ahove
description of Hlustrated embodiments of the invention is not infended {0 be
exhatistive or to #mit the nvention to the precise forms disclosed. Oone skillad inthe
refevant art will recognize that the invention can be practiced without ane or more of
the specific details, or with othet methods, components, sto. In other instances,
well-known structures or oparations sre not shown or deseribed in detall to avoid
obscuring aspects of the invention. While speuific embaodiments of, and examples
for, the invention sre described herein for Hustrative purposes, various egtivalent
modifications are possible within the scope of the invention, as those skilled in the
relevant art witl recognize.

These modifications can be made {o the invention in light of the abova
detailed description. The ferms used in the following claims should not be construed
e limit the invention 1o the specific embodiments disclesed in the specification and
the claims. Rather, the scope of the invention is {o be determined by the following
slaims, which are to be consirued in accordance with sstablished doctrines of claim
interpratation.

12



CLAIMS

1. A method of classifying a defect on a substrate surface,
the method comprising:

scanning a primary electron beam over a target region of

the substrate surface causing secondary electrons to be
emitted therefrom, wherein the target region includes
the defect;

detection of the secondary electrons from the target region

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

processing the plurality of image data frames to generate a

surface height map of the target region;

determining surface height attributes for the defect based

on the surface height map of the target region, wherein
the surface height attributes include a difference in
height between an average height of a defect area and an
average height of a background area surrounding the
defect area; and

feeding the surface height attributes for the defect into a

defect classifier.

2. The method of claim 1, wherein the surface height
attributes further include a statistical measure of height varia-
tion within the defect area.

3. The method of claim 2, wherein the surface height
attributes further include a statistical measure of height varia-
tion within the background area surrounding the defect area.

4. The method of claim 3, wherein the substrate surface
comprises a bare semiconductor surface.

13



5. The method of claim 3, wherein the substrate surface
comprises a patterned surface.

6. The method of claim 5, further comprising:

detection of the secondary electrons from a reference site
using the plurality of atleast two off-axis sensors so as to
generate a plurality ofimage frames of the reference site,
each image frame of the reference site including data
from a different off-axis sensor; and

aligning the image frames of the target region with the
image frames of the reference site.

7. The method of claim 6, further comprising:

processing the plurality of image frames of the reference
site to generate a surface height map of the reference
site.

8. The method of claim 7, wherein determining the surface
height attributes for the defect is also based on the surface
height map of the reference site.

9. The method of claim 8, wherein the surface height
attributes further includes a difference in height between the
defect area relative to the background area surrounding the
defect area and a corresponding non-defective area in the
reference site relative to a background area surrounding the
corresponding non-defective area.

10. An apparatus comprising: |

a source for generating a primary electron beam;

scan deflectors configured to controllably deflect the pri-
mary electron beam;

a control system configured to control the scan deflectors
such that the primary electron beam is scanned over a
target region such that secondary electrons are emitted
therefrom, wherein the target region includes a defect;

a detection system configured for the detection of the sec-
ondary electrons using a plurality of at least two off-axis

14



sensors so as to generate a plurality of image frames of
the target region, each image frame including data from
a different off-axis sensor; and

an image data processing system configured to process the
plurality of image frames to generate a surface height
map of the target region, determine surface height
attributes 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, wherein the surface
height attributes include a difference in height between
an average height of a defect area and an average height
of a background area surrounding the defect area.

11. The apparatus of claim 10, wherein the surface height
attributes further include a statistical measure of height varia-
tion within the defect area.

12. The apparatus of claim 11, wherein the surface height
attributes further include a statistical measure of height varia-
tion within the background area surrounding the defect area.

13. The apparatus of claim 10, wherein the off-axis sensors
comprise off-axis detector segments.

14. The apparatus of claim 10, wherein the control system
is further configured to control the scan deflectors such that
the primary electron beam is scanned over a reference site so
that a plurality of image frames of the reference site is gen-
erated by the detection system.

15. The apparatus of claim 14, wherein the image data
processing system is further configured to align the image
frames of the target region with the image frames of the
reference site.

16. The apparatus of claim 15, wherein the image data
processing system is further configured to process the plural-
ity of image frames of the reference site so as to generate a
surface height map of the reference site.

15



17. The apparatus of claim 16, wherein the image process-
ing system if further configured to also use the surface height
map of the reference site in determining the surface height
attributes of the defect.

18. The apparatus of claim 17, wherein the surface height
attributes comprise:

a statistical measure of height variation within the defect

area,

a statistical measure of height variation within the back-

ground area surrounding the defect area; and

a difference in height between the defect area and a corre-

sponding non-defective area in the reference site.

19. The method of claim 2, wherein the statistical measure
comprises a standard deviation.

20. The apparatus of claim 11, wherein the statistical mea-
sure comprises a standard deviation.
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