woO 2012/121834 A2 |[IN I 0000 0O A A

(43) International Publication Date
13 September 2012 (13.09.2012)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2012/121834 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

International Patent Classification:
GOIN 23/225 (2006.01) GO01B 21/20 (2006.01)

International Application Number:
PCT/US2012/024857

International Filing Date:
13 February 2012 (13.02.2012)

Filing Language: English
Publication Language: English
Priority Data:

13/041,017 4 March 2011 (04.03.2011) US

Applicant (for all designated States except US): KLA-
TENCOR CORPORATION [US/US]; KLA-Tencor Cor-
poration, Legal Department, One Technology Drive, Mil-
pitas, California 95035 (US).

Inventors; and

Inventors/Applicants (for US only): CHEN, Chien-Huei
[US/US]; 1387 Medallion Drive, San Jose, California
95120 (US). MACDONALD, Paul D. [US/US]; 293
Sekerta Court, Tracy, California 95376 (US). KUPPA, Ra-
jasekhar [IN/US]; 1065 Alta Mira Drive # A, Santa Clara,
California 95051 (US). TADA, Takuji [JP/US]; 71 Rio
Robles, San Jose, California 95134 (US). ABBOTT, Gor-
don [US/US]; 341 Kottinger Drive, Pleasanton, California
94566 (US). TEH, Cho [SG/US]J; 13730 Paseo Del Roble
Dive, Los Altos, California 94022 (US). YANG, Hedong
[US/US]; 1210 Kelley Way, Santa Clara, California 95054
(US). LANG, Stephen [US/US]; 6 Winding Valley Rd,
Hollis, New Hampshire 03049 (US). NEIL, Mark

(74

(8D

(84)

[US/US]; 2297 Bentley Ridge Drive, San Jose, California
95138 (US). SAIDIN, Zain [US/US]; 545 Edinburgh
Street, San Mateo, California 944402 (US).

Agent: MCANDREWS, Kevin; KLA-Tencor Corp., Legal
Department, One Technology Drive, Milpitas, California
95035 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: APPARATUS AND METHODS FOR REAL-TIME THREE-DIMENSIONAL SEM IMAGING AND VIEWING OF
SEMICONDUCTOR WAFERS

Design and melerial dala
108

Translate stage
such that region Siritsit USY

Automaticaly process the image dale to generate 2 three-dimensional representation

of interest on cullect image data

2
-S~3-n-> target substralo fs fiom 3ormore

l Align 3D representation to design dala Reelify surface height mep l
199 I 18

pusitioned under iew angles
104

incicent beam

1 Calibrate surface height mep usin

mage deta from standard sample

Raceive input from Gispley three-dimensional
i 5 ic view

in resi-time to user
116

—
ikl

Generate ‘eft and right stereoscopic views
112

Ajign and overiay lexiure map

114

]

Adjust perspective
\vi8w per user input
120

100

Generale vigeo hased Detsrmine
Outputvideo file | or: view path "agrial Ayover”
126 124 vigw path
Raceive input fom Display on Generate perspective
motion sensiiive wireless-connected image |
conrols tablet computer 128
132

FIG. 1

L]

Adjust nerspective
view peruser input
134

i
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APPARATUS AND METHODS FOR REAL-TIME THREE-
DIMENSIONAL SEM IMAGING AND VIEWING OF SEMICONDUCTOR
WAFERS

Inventors:
Chien-Huei Chen; Paul D. MacDonald; Rajasekhar Kuppa;Takuji Tada; Gordon
Abbott; Cho Teh; Hedong Yang; Stephen Lang; Mark Neil; and Zain Saidin

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to methods and apparatus for electron

beam imaging and for processing electron beam image data.

Description of the Background Art

The scanning electron microscope (SEM) is a type of electron
microscope. In an SEM, the specimen is scanned with a focused beam of electrons
which produce secondary and/or backscattered electrons (SE and/or BSE) as the
beam hits the specimen. These are detected and typically converted into an image
of the surface of the specimen. The image is typically from a “normal” view (i.e. a
view from a perspective perpendicular to the semiconductor surface).

However, in recent years, the structure and morphology of critical
structures and defects in integrated circuits has become increasingly important. The
advent of device structures that are constructed vertically above the semiconductor

surface may need to be visualized in order to understand how the process is
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performing. Critical defects within the semiconductor device are increasingly more
subtle, from an absolute perspective, and require additional contextual information to

affect root cause analysis.
SUMMARY

One embodiment relates to a method of real-time three-dimensional electron
beam imaging of a substrate surface. A primary electron beam is scanned over the
substrate surface causing electrons to be emitted therefrom. The emitted electrons
are simultaneously detection using a plurality of at least two off-axis sensors so as to
generate a plurality of image data frames, each image data frame being due to
electrons emitted from the substrate surface at a different view angle. The plurality
of image data frames are automatically processed to generate a three-dimensional
representation of the substrate surface. Multiple views of the three-dimensional
representation are then displayed.

Another embodiment relates to an apparatus configured for real-time three-
dimensional electron beam imaging of a substrate surface. The apparatus includes
at least a source for generating a primary electron beam, scan deflectors, a
detection system, and an image data processing system. The scan detectors are
configured to deflect the primary electron beam so as to scan the primary electron
beam over the substrate surface causing electrons to be emitted from the substrate
surface. The detection system is configured for the simultaneous detection of
emitted electrons using a plurality of at least two off-axis sensors so as to generate a
plurality of image data frames. Each image data frame is due to electrons emitted
from the substrate surface at a different view angle. The image data processing
system is configured to automatically process the plurality of image data frames to
generate multiple views of a three-dimensional representation of the substrate
surface.

Other embodiments, aspects and features are also disclosed.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow chart of a method of real-time three-dimensional SEM
imaging and viewing of semiconductor wafers in accordance with an embodiment of

the invention.
FIG. 2 is a schematic diagram of a first embodiment of an electron
beam apparatus configured to simultaneously coliect the image data from three or

more view angles.
FIG. 3 is a schematic diagram of a detector segmentation in

accordance with an embodiment of the invention.
FIGS. 4A and 4B illustrate a second embodiment of an electron beam
apparatus configured to simultaneously collect the image data from three or more

view angles.
FIGS. 5A and 5B illustrate a third embodiment of an electron beam

apparatus configured to simultaneously collect the image data from three or more

view angles.
FIG. 6 depicts an example of left-eye and right-eye stereoscopic views

of a region of interest.
FIGS. 7A, 7B, 7C and 7D provide example captured frames from a
video where the view in the video moves along a view path showing the region of

interest.

DETAILED DESCRIPTION

Scanning electron microscope (SEM) imaging and viewing of critical
locations of semiconductor wafers are commonly taken from a “normal” view.

However, from such a normal view, it is difficult to perceive topological information of

the sample surface.
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Previous techniques for obtaining SEM images with non-normal
angular perspectives typically involve manually tilting of either the SEM column or
the sample to change the angle of the incident beam relative to the sample surface.
Another previous technique involves sequentially acquiring two images at two
different non-normal angular view points. After the acquisition of the second image,
a user may then utilize a stereoscopic viewing device to perceive a three-
dimensional image of the sample surface.

However, these previous techniques require mechanical movement (of
either the column or sample stage) and the sequential acquisition of two images.
These requirements adversely impact the throughput of an e-beam inspection tool.
Moreover, the viewing perspective is limited based on the tilt angle(s) used during
image acquisition. |

The apparatus and methods disclosed herein provide real-time three-
dimensional topology and context information about critical structures and defects
during a semiconductor manufacturing process. This enables single-pass
visualization and more complete characterization of defects in high-k dielectric metal
gate transistors and other three-dimensional structures. Using the techniques
disclosed herein, an order of magnitude savings may be achieved in the time
required to obtain three-dimensional imaging of large quantities of critical regions of
interest of semiconductor samples. Precise position and imaging collection of a
critical area is provided, allowing a more complete understanding of the structure of
interest in the context of the background pattern and the constituent materials, thus
achieving better absolute sensitivity.

FIG. 1 is a flow chart of a method 100 of real-time three-dimensional
SEM imaging and viewing of semiconductor wafers in accordance with an
embodiment of the invention. As shown, the method 100 may begin by translating
102 a stage holding a target substrate such that a region of interest on the target
substrate is positioned under an incident beam of the SEM column. Thereafter,
while the region of interest is scanned by the incident beam, image data is

simultaneously collected 104 from three or more view angles. Embodiments of
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apparatus configured to simultaneously collect the image data from three or more
view angles are described below in relation to FIGS. 2, 3, 4A, 4B, 5A and 5B.

Referring to FIGS. 2 and 3, these figures show a first embodiment of
an apparatus configured to simultaneously collect the image data from three or more
view angles. FIG. 2 provides a cross-sectional diagram of the electron beam
column, and FIG. 3 provides a planar view of a segmented detector that may be
used with the column.

As shown in FIG. 2, a source 201 generates a primary beam (i.e. an
incident beam) 202 of electrons. The primary beam 202 passes through a Wien
filter 204. The Wien filter 204 is an optical element configured to generate electrical
and magnetic fields which cross each other. Scanning deflectors 206 and focusing
electron lenses 207 are utilized. The scanning deflectors 206 are utilized to scan the
electron beam across the surface of the wafer or other substrate sample 210. The
focusing electron lenses 207 are utilized to focus the primary beam 202 into a beam
spot on the surface of the wafer or other substrate sample 210. In accordance with
one embodiment, the focusing lenses 207 may operate by generating electric and/or
magnetic fields.

As a result of the scanning of the primary beam 202, electrons are
emitted or scattered from the sample surface. These emitted electrons may include
secondary electrons (SE) and/or backscattered electrons (BSE). The emitted
electrons are then extracted from the wafer or other sample (wafer/sample) 210.
These emitted electrons are exposed to the action of the final (objective) lens by way
of the electromagnetic field 208. The electromagnetic field 208 acts to confine the
emitted electrons to within a relatively small distance from the primary beam optic
axis and to accelerate these electrons up into the column. In this way, a scattered
electron beam 212 is formed from the emitted electrons. 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 of the apparatus). This serves
to separate the scattered electron beam 212 from the primary beam 202.
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In accordance with one embodiment of the invention, the detection
system may include, for example, a segmented detector 300, which is shown in
further detail in FIG. 3, and an image processing system 250. The image processing
system 250 may include a processor 252, data storage (including memory) 254, a
user interface 266 and a display system 258. The data storage 254 may be
configured to store instructions and data, and the processor 252 may be configured
to execute the instructions and process the data. The display system 258 may be
configured to display views of the substrate surface to a user. The user interface
256 may be configured to receive user inputs, such as, for example, to change a
view angle being displayed.

As shown in FIG. 3, the segmented detector 300 may include five
sensors or detector segments 302, 304-1, 304-2, 304-3, and 304-4. The center (on-
axis) segment 302 may be configured to detect image data from a center of the
scattered electron beam 212. The center segment 302 is on-axis in that it lies on the
detection axis. The image data from the center segment 302 may correspond to
image data from a normal view (i.e. a view angle which is normal to the sample
surface at a polar angle of zero degrees). The four outer (off-axis) segments (304-1,
304-2, 304-3, and 304-4) may correspond to image data from angular views (i.e.
view angles which are non-normal to 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, 304-3, and 304-4) detect scattered electrons emitted from the
substrate surface at a different azimuthal angle (for example, spaced approximately
90 degrees apart), but at the same, or approximately the same, polar angle. The
outer segments (304-1, 304-2, 304-3, and 304-4) are off-axis in that they lie off the
detection axis. In alternative implementations, different segmentations may be
implemented.

Referring to FIGS. 4A and 4B, these figures illustrate a second
embodiment of an apparatus configured to simultaneously collect the image data

from three or more view angles. FIG. 4A provides a cross-sectional view of the
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bottom portion of an electron beam column 400, and FIG. 4B provides a planar view
of a segmented detector that may be used with the column.

As depicted in FIG. 4A, the objective lens 402 is configured to focus
the incident e-beam 401 onto the surface of the target substrate 404. The incident
e-beam 401 may be generated by an electron gun and scanned by deflectors in a
similar manner as described above in relation to the e-beam column shown in FIG.
2. In this embodiment, multiple detector segments (or multiple separate detectors)
are configured in a below-the-lens configuration.

In this below-the-lens configuration 400, the off-axis or “side” sensors
or detector segments (408-1, 408-2, 408-3, and 408-4) are positioned below the
objective lens 402 at the bottom of the electron beam column (near the target
substrate). Under certain conditions, electrons emitted at higher polar angles
(preferably 45 degrees or more) relative to the surface normal (i.e. emitted with
trajectories closer to the surface) will preferentially reach such below-the-lens
detectors. The detectors may be separated or joined together to form a segmented
detector. As these electrons are typically more sensitive to surface topology, images
formed with such detectors show the topography of the surface with an azimuthal
perspective defined by the detector positioning with respect to the primary beam
optic axis and the sample/wafer plane.

In the cross-sectional diagram of FIG. 4A, two off-axis detector
segments 408-1 and 408-3 are depicted. The planar view given in FIG. 4B shows
four off-axis detector segments (408-1, 408-2, 408-3, and 408-4) surrounding the
electron-optical axis of the column (along which travels the incident e-beam 401). In
this implementation, each detector segment may detect scattered electrons 406
emitted from the target surface within a range of azimuthal angles spanning
approximately 90 degrees. Hence, each detector segment provides a different view
angle (spaced approximately 90 degrees apart in azimuthal angle and at a same
polar angle).

Referring to FIGS. 5A and 5B, these figures illustrate a third

embodiment of an apparatus configured to simultaneously collect the image data
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from three or more view angles. FIG. 5A provides a cross-sectional view of the
bottom portion of an electron beam column 500, and FIG. 5B provides a planar view
of a segmented detector that may be used with the column.

As depicted in FIG. 5A, the objective lens 502 is configured to focus
the incident e-beam 501 onto the surface of the target substrate 504. The incident
e-beam 501 may be generated by an electron gun and scanned by deflectors in a
similar manner as described above in relation to the e-beam column shown in FIG.
2. In this embodiment, multiple detector segments (or multiple separate detectors)
are configured in a behind-the-lens configuration.

In this behind-the-lens configuration 500, the off-axis or “side” sensors
or detector segments (508-1, 508-2, 508-3, and 508-4) are on the opposite side of
the objective lens 502 from the target substrate 504. In other words, the objective
lens 502 is between the target substrate 504 and the “side” detectors or detector
segments (508-1, 508-2, 508-3, and 508-4). In this case, the magnetic field of the
objective lens may be configured to confine the emitted electrons (which may
include electrons emitted at polar angles greater than 45 degrees from the surface
normal) and direct them towards the behind-the-lens detector array (508-1, 508-2,
508-3, and 508-4). Similarly to the below-the-lens configuration 400, images may be
formed using the detected signals from the behind-the-lens configuration 500 that
show topographical information about the surface of the target substrate 504.

In the cross-sectional diagram Qf FIG. 5A, two detector segments 508-
1 and 508-3 are shown. The planar view given in FIG. 5B shows four detector
segments (508-1, 508-2, 508-3, and 508-4) surrounding the axis of the column
(along which travels the incident e-beam 501). In this implementation, each detector
segment may detect electrons emitted from the target surface within a range of
azimuthal angles spanning approximately 90 degrees. Hence, each detector
segment provides a different view angle (spaced approximately 90 degrees apart in
azimuthal angle and at a same polar angle).

In both the second embodiment 400 or third embodiment 500

described above, more or fewer detector segments may be used. For example, if
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three evenly-spaced detector segments are used, then each may provide a view
angle effectively spaced 120 degrees apart in azimuthal angle. As another example,
if five evenly-spaced detector segments are used, then each may provide a view
angle effectively spaced 72 degrees apart in azimuthal angle. As another example,
if six evenly-spaced detector segments are used, then each may provide a view
angle effectively spaced 60 degrees apart in azimuthal angle. Also, the detector
segments or separate detectors may be discrete so as to collect scattered electrons
from much smaller ranges of azimuthal angles. Furthermore, in addition to the “side”
(non-normal view) detectors, a conventional detector configuration (such as the
central detector 302 in FIG. 3) may be included to simultaneously obtain image data
from the normal view.

Referring back to FIG. 1, after the electron beam image data is
simultaneously collected from three or more viewing angles, the image data is then
automatically processed 106 in order to generate a three-dimensional representation
of the surface of the region of interest. In one embodiment, the three-dimensional
representation may be constructed based on a Lambertian model. Alternatively, the
three-dimensional representation may be constructed based on stereo vision.

Design and material data 108 relating to the integrated circuit being
fabricated on the semiconductor surface may be accessed during the automatic
processing 106. The three-dimensional representation may then be aligned 109 to
the design data. Subsequently, a surface height map from the three-dimensional
representation may be rectified 110 using the layer information in the design data.
Alternatively, the surface height map from the three-dimensional representation may
be calibrated 111 using image data from a standard sample, as may be appreciated
by one of skill in the pertinent art.

In accordance with one embodiment, images corresponding to left-eye
and right-eye stereoscopic views may be generated 112 using the three-dimensional
representation. Example of left-eye and right-eye stereoscopic views of a region of
interest are shown in FIG. 6. Optionally, a texture map based on the material data
may be aligned and overlaid 114 on top of each of the stereoscopic views to show
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material contrast. Thereafter, a three-dimensional (3D) stereoscopic view may be
displayed 116 to the user. The display may be in real time while the target substrate
is still under the scanning electron beam. In one implementation, the display may
comprise a goggle-style binocular 3D video display for stereoscopic visualization of
the textured 3D representation. Interaction with the 3D representation may be
provided by way of a user interface device. User input may be received 118 by way
of the user interface device, and the perspective of the stereoscopic view may be
adjusted 120 based on the user input. For example, tilt, rotation and zoom inputs
may be used to change the perspective of the stereoscopic view.

In accordance with another embodiment, an exemplary “aerial flyover”
view path may be determined 122. The view path preferably views the region of
interest from a range of angles and distances. A video comprising a sequential set
of frames is then generated 124 based on the view path. The frames of the video
depict perspective views as if a camera was “flying over the region of interest. In
other words, a video of the region of interest is generated 124 as the angle, and/or
tilt and/or zoom of the view may be varied smoothly. Optionally, a texture map
based on the material data may be aligned and overlaid 114 on top of each frame to
show material contrast. Four example video frames captured from a video are
provided in FIGS. 7A, 7B, 7C and 7D. Here, the video is of the same region of
interest as FIG. 6, and the captured frames are two seconds apart in the video to
illustrate the change in view angle during the video. The example video frames are
overlayed with a texture map to show material contrast. The video may be then
output 126 in a video file format, such as an AVI or similar file format.

In accordance with another embodiment, an image of a perspective
view of the three-dimensional representation may be generated 128. Optionally, a
texture map based on the material data may be aligned and overlaid 114 on top of
the image to show material contrast. Thereafter, the perspective view may be
displayed 130 to the user via a wireless-connected tablet computer or other
computer display. The display may be in real time while the target substrate is still
under the scanning electron beam. Interaction with the 3D representation may be

10
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provided by way of motion sensitive controls, for example, on a motion-sensitive
touch screen of the tablet computer. User input may be received 132 by way of the
motion sensitive controls, and the perspective of the stereoscopic view may be
adjusted 134 based on the user input. For example, tilt, rotation and zoom inputs
may be used to change the perspective displayed.

In the above description, numerous specific details are given to provide
a thorough understanding of embodiments of the invention. However, the above
description of illustrated embodiments of the invention is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. One skilled in the
relevant art will recognize that the invention can be practiced without one or more of
the specific details, or with other methods, components, etc. In other instances,
well-known structures or operations are not shown or described in detail to avoid
obscuring aspects of the invention. While specific embodiments of, and examples
for, the invention are described herein for illustrative purposes, various equivalent
modifications are possible within the scope of the invention, as those skilled in the
relevant art will recognize.

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

interpretation.

11
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CLAIMS
What is claimed is:

1. A method of real-time three-dimensional electron beam imaging of a
substrate surface, the method comprising:

scanning a primary electron beam over the substrate surface causing
electrons to be emitted therefrom;

simultaneous detection of emitted electrons using a plurality of at least two
off-axis sensors so as to generate a plurality of image data frames, each image data
frame being due to electrons emitted from the substrate surface at a different view
angle;

automatically processing the plurality of image data frames to generate a
three-dimensional representation of the substrate surface; and

displaying multiple views of the three-dimensional representation.

2. The method of claim 1, wherein the off-axis sensors comprise off-axis

detector segments.

3. The method of claim 2, wherein the off-axis detector segments surround a on-

axis detector segment.

4. The method of claim 1, wherein the off-axis sensors are positioned in a

below-the-lens configuration.

5. The method of claim 1, wherein the off-axis sensors are positioned in a

behind-the-lens configuration.

6. The method of claim 1, wherein the automatic processing includes:
aligning the three-dimensional representation to design data associated with

the substrate surface being imaged.

12
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7. The method of claim 6, wherein the automatic processing further includes:
rectifying a surface height map of the three-dimensional representation using

layer information in the design data.

8. The method of claim 1, further comprising:
overlaying a texture map showing material contrast on the views to be
displayed, wherein the texture map is based on material data associated with the

substrate surface being imaged.

9.  The method of claim 1, further comprising:
generating left and right stereoscopic views to be displayed.

10.  The method of claim 1, further comprising:
determining a flyover view path; and
generating a video of the substrate surface based on the flyover view path.

11.  The method of claim 1, wherein the views are displayed on a wireless-

connected tablet computer.

12.  The method of claim 1, further comprising:
receiving user input to change a view being displayed; and

adjusting a view in accordance with the user input.

13.  An apparatus configured for real-time three-dimensional electron beam
imaging of a substrate surface, the apparatus comprising:

a source for generating a primary electron beam;

scan deflectors configured to deflect the primary electron beam so as to scan
the primary electron beam over the substrate surface causing electrons to be

emitted from the substrate surface;

13
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a detection system configured for the simultaneous detection of emitted
electrons using a plurality of at least two off-axis sensors so as to generate a
plurality of image data frames, each image data frame being due to electrons
emitted from the substrate surface at a different view angle; and

an image data processing system configured to automatically process the
plurality of image data frames to generate multiple views of a three-dimensional

representation of the substrate surface.

14.  The apparatus of claim 13, wherein the off-axis sensors comprise off-axis

detector segments.

15.  The apparatus of claim 14, wherein the off-axis detector segments surround a

on-axis detector segment.

16.  The apparatus of claim 13, wherein the off-axis sensors are positioned in a

below-the-lens configuration.

17.  The apparatus of claim 13, wherein the off-axis sensors are positioned in a

behind-the-lens configuration.

18.  The apparatus of claim 13, wherein the automatic processing performed by

the image processing system includes:
aligning the three-dimensional representation to design data associated with

the substrate surface being imaged.

19.  The apparatus of claim 18, wherein the automatic pro‘cessing performed by
the image processing system further includes:
rectifying a surface height map of the three-dimensional representation using

layer information in the design data.

14
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20.  The apparatus of claim 13, wherein the generation of multiple views
performed by the image processing system includes overlaying a texture map
showing material contrast on the views to be displayed, wherein the texture map is
based on material data associated with the substrate surface being imaged.

21.  The apparatus of claim 13, wherein the generation of multiple views
performed by the image processing system includes generating left and right

stereoscopic views to be displayed.

22.  The apparatus of claim 13, wherein the generation of multiple views
performed by the image processing system includes determining a flyover view path

and generating a video of the substrate surface based on the flyover view path.

23. The apparatus of claim 13, further comprising:
a wireless-connected tablet computer which is configured to display the

multiple views.

24.  The apparatus of claim 13, wherein the image processing system is further
configured to receive user input to change aview being displayed and to adjust a

view in accordance with the user input.
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