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SYSTEM AND METHOD FOR DIE INSPECTIONS
CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of International Application Number
PCT/SG2023/050587, filed on August 28, 2023, titled “SYSTEM AND METHOD FOR DIE
INSPECTIONS”, which is herein incorporated by reference in its entirety for all purposes.
FIELD OF THE INVENTION
[0002] This invention relates to a system and a method for inspecting dies and wafers. The
system and method are capable of detecting defects, such as cracks on the surface of at least
one die, including packaged die and dies with smooth or mirror surface finish as well as a
surface of wafers. In particular, the system and method enable the detection of a full range of
micron-sized surface defects down to submicron-sized cracks with minimal false positives and
at high production speeds. The system and method are also able to distinguish between cracks
and other surface irregularities like grinding lines which may not be defects.
BACKGROUND
[0003] Many wire-bonded Integrated Circuit (IC) devices are typically encapsulated by
injecting a molding compound around the die to prevent damage, corrosion, and oxidation to
the wire bonding, resulting in an encapsulated package. After encapsulation, it may be desirable
to have the back surface (opposite the active surface) of the die exposed. Exposing the back
die surface is performed principally to improve heat dissipation of the package. To expose the
die surface, low-profile grinding blades are used to reduce the thickness of the molding
compound until the back inactive silicon surface of the embedded die is exposed. The grinding
may cause grinding lines on the inactive die surface.
[0004] Even before the grinding process, package warpage may occur due to temperature
changes. For example, the coefficient of expansion (COE) differences between the silicon die

and the molding compound can cause warpage. Such warpage may cause cracks to appear on
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the embedded die. In addition, during the grinding process to expose the inactive die surface,
temperature changes or even the pressure applied to the die during grinding may further cause
additional cracks and fine grinding lines to appear.

[0005] Furthermore, package warpage can also cause the inactive die surface to suffer
stress and crack. Cracks may also occur on the inactive die surface caused by warpage due to
the assembly process. These cracks can be very thin (e.g., less than 0.25um in width) and are
very difficult to detect with conventional inspection systems employing low-cost macro-
objective/telecentric lenses and sensors.

[0006] Conventional package visual inspection (PVI) solutions may employ various types
of lenses. For example, macro-objective lenses (general applications). For example, macro-
objective and telecentric lenses typically have a resolution of about 2.5-4.6 um or greater. As
such, they usually cannot detect submicron cracks or defects, such as grinding lines of about
0.2 - 1 um unless special inspection techniques are used (eg. the use of collimated light can
enhance crack detection). However, even if conventional inspection systems with enhanced
techniques can detect submicron cracks or other surface irregularities like grinding lines, it is
usually beyond the resolution of the camera sensors of these conventional inspection systems
to resolve and distinguish between the two. The presence of grinding lines or other surface
irregularities complicates inspection, as they may not be defects and their detection results in
many false positives.

[0007] The resolution of a lens clearly plays an important part in accurate defect detection.
The inability to resolve a defect smaller than its resolution results in a lower defect contrast
and negatively impacts inspection performance as described aforesaid.

[0008] The obvious solution would be to use micro-objective lenses, as their higher
magnification can detect and possibly resolve submicron defects due to their higher resolution.

However, the much higher magnification of the micro lenses comes with a higher cost. They
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also require correspondingly high camera sensor resolution, such as around 200-380 MP for
defect resolution down to 0.2 um. Such high-resolution camera sensors are significantly more
costly than the camera sensors used with macro-objective or telecentric lens systems (4-25
MP).

[0009] Not only are micro-objective lens systems much more expensive than macro-
objective or telecentric lens systems, but they are also incapable of meeting the needs of
production applications. In particular, the consequences of the ultra-high magnification of
micro-objective lenses come with a small field of view (FOV) and shallow depth of focus
(DOF). Having a small FOV requires more images to be captured to inspect relatively larger
packages. The relatively larger number of images necessary to image a complete die package
also requires the application of algorithms as well as needing much more time to stitch the
images together for use. Furthermore, the shallow DOF of micro-objective lenses makes the
optical system much more vulnerable to vibrations inherent in operating semiconductor
equipment. Due to the relatively shallow DOF, images acquired under high magnification
during vibrations are often blurry making them unsuitable for defect inspection. As such, the
lack of production performance of the high-cost high-resolution inspection systems using
micro-objective lenses makes them impractical or unsuitable for production applications.
[0010] Encapsulated dies are not the only type of dies that requires inspection for cracks
(including submicron cracks). Other types of dies with near mirror finish or mirror finish, like
MEMS, LEDs, solar cells CMOS sensors, GaN devices, and silicon photonic devices. All these
devices require a mirror finish to optimize light interaction, absorption, thermal management,
electrical performance, and optical performance or minimize light loss or distortion. Such
inspection may suffer equally from the deficiencies of conventional crack inspection systems.
[0011] Further, in the semiconductor industry, bare or plain wafers are used in

semiconductor manufacturing. The plain wafer surface typically requires inspection before
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forming the silicon oxide layer. This initial inspection is crucial to detect any surface defects
or imperfections that could affect the quality of the silicon oxide layer or subsequent device
fabrication. Conventionally, this initial inspection step is often performed using various
methods including visual inspection using high magnification microscopes, surface particle
counters scanning electron microscopy (SEM) and atomic force microscopy (AFM). These
inspection systems can range from $150,000 to $1 million or more.

[0012] Based on the foregoing discussion, there is a need for a new inspection solution that
can accurately and reliably detect submicron cracks, such as about 0.2 to 1 um which is cost-
effective and practical for inspection of surfaces of dies or wafers with good throughput. The
inspection solution in this disclosure may be applicable not just to inspect die surtaces for
cracks, it may be applied to any surfaces that may require inspection for submicron cracks such
as bare wafer surface or even the silicon dioxide layer after bare wafer inspection.

SUMMARY

[0013] A solution for inspecting the inactive surface of a die package is disclosed. In one
embodiment, the solution includes an inspection system with an adapted Michelson setup for
detecting cracks on a surface of the workpiece. The inspection system includes an illumination
module configured to generate fringe patterns in the image of the surface of the workpiece
illuminated. The illumination module includes an illumination source. The illumination source
generates the illumination. The system also includes an optical module. The optical module
includes an illumination collimator to collimate the illumination from the illumination source.
The system also includes an image capture module to capture an image of the fringe patterns.
The system further includes a detection module configured to analyze and detect changes to
the fringe patterns caused by height and planarity differences in the surface along and adjacent

to a crack to indicate the presence of a crack.
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[0014] T another embodiment, the solution includes an integrated inspection system for
detecting surface irregularities on a surface of a workpiece. The system includes a Mode-1
inspection module configured to illuminate the surface of the workpiece on a planar platform.
Illuminating the surface of the workpiece is with a co-axial diffused bright (BF) illumination
or darkfield (DF) illuminations or a combination thereof to detect micron-sized surface
irregularities on the surface of the workpiece. The surface irregularities include contaminates,
cracks and grinding lines. A Mode-2 inspection module is configured to illuminate the surface
of the workpiece on the planar platform with Mode-2 collimated BF illumination directed
perpendicularly to the surface of the workpiece to detect micron-sized and submicron-sized
surface irregularities. However, the Mode-2 inspection module is unable to resolve or
distinguish whether sub-micron-sized surface irregularities are cracks or grinding lines. A
Mode-3 inspection module ts configured to tlhuminate the surface of the workpiece on the
plapar platform with Mode-3 IR illumination to produce regular fringe patterns from the
surface of at least one die. Changes in the fringe patterns are indicative of height and planarity
differences between the surface along and adjacent to a crack which are crack characteristic of
a crack's presence, thereby enabling the detection of the submicron erack and differentiating
submicron cracks from grinding lines that lack the crack characteristic.

[0015] In yet another embodiment, the solution includes a method for inspection a surface
of a workpiece. The method can distinguish between types of submicron-sized irregularities on
the surface of the workpiece. The method includes performing a Mode-2 inspection by
illuminating the surface of the workpiece with Mode-2 collimated BF illumination directed
perpendicularly to the surface of the workpiece to obtain a Mode-2 image of the surface of the
workpiece. Mode-2 image indicates possible micron-sized or greater and submicron-sized
surface irregularities. The surface irregularities include, for example, contaminates, cracks and

grinding lines. However, the Mode-2 inspection is unable to resolve or distinguish whether the
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submicron-sized surface irregularities are cracks or grinding lines. A Mode-3 inspection is
performed by illuminating the surface of the workpiece with Mode-3 collimated IR
illumination to produce regular fringe patterns from the surface of the workpiece and to obtain
a Mode-3 image of the fringe patterns. The Mode-2 and Mode-3 images are analyzing, which
includes identifying an area in the Mode-2 image which indicates a possible surface
irregularity. The corresponding area in the Mode-3 image is analyzed to determine if there is a
fringe pattern change. If the analysis indicates that there are fringe pattern changes in the area,
then infer that the surface irregularity is a crack. On the other hand, if there are no fringe pattern
changes in the area, then infer that the surface irregularity is not a crack.

[0016] In yet another embodiment, the solution is directed to an integrated inspection
system. The system includes a processing unit configured to perform comprehensive defect
detection and classification across Mode-1, Mode-2, and Mode-3 inspection modes for
inspecting a surface of a workpiece. The system also includes a buffer memory for efficiently
handling and storing image data from the Mode-1, Mode-2, and Mode-3 inspection modes. The
Mode-1 inspection mode of the system is configured to detect and classify defects from Mode-
1 images obtained in the Mode-1 inspection mode. Classifying defects includes classifying
contaminants, scratches, divots, and pits. Mode-1 classification information from Mode-1
inspection is stored in the buffer memory. The Mode-2 is configured to detect micron-sized
cracks from Mode-2 images obtained in the Mode-2 inspection mode and identifies potential
defects, including submicron cracks and grinding lines. Locations of potential defects on the
surface of the workpiece are linked as defect regions of Interest (DROI). Mode-2 DROI
information is stored in the buffer memory. The Mode-3 inspection mode is configured to
retrieve the Mode-2 DROI information from the buffer memory and to capture high-resolution
Mode-3 fringe pattern images. The Mode-3 images are analyzed to distinguish between actual

defects and non-defects based on changes in fringe patterns to finalize defect classification.
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[0017] These and other advantages and features of the embodiments herein disclosed will
become apparent through reference to the following description and the accompanying
drawings. Furthermore, it is to be understood that the features of the various embodiments
described herein are not mutually exclusive and can exist in various combinations and
permutations.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of various embodiments. In the
following description, various embodiments of the present disclosure are described with
reference to the following, in which:
[0019] FIGS. la-1b show top and cross-sectional views illustrating the various defects and
non-defects on a die surface;
[0020] FIG. 1c shows a magnified cross-sectional view of a portion of the die with a
submicron crack;
[0021] FIGS. 2a-2b are schematic diagrams illustrating the features of embodiments of a
system for inspecting defects;
[0022] FIG. 3 is a schematic block diagram showing the features of the system for Mode-
1 inspection of surface defects in accordance with an embodiment of the disclosure;
[0023] FIG. 4 is a schematic block diagram showing the features of the system for Mode-
2 inspection for die defects in accordance with an embodiment of the disclosure;
[0024] FIG. 5 is a schematic block diagram showing the features of the system for Mode-
3 inspection for submicron dies cracks in accordance with an embodiment of the disclosure;

[0025] FIGS. 6a-6b show embodiments of a standalone Mode-3 inspection system;
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[0026] FIG. 7 is a flow diagram for analyzing defects to determine the presence of
submicron cracks in accordance with embodiments of the disclosure; and
[0027] FIGS 8a-8¢c show exemplary images from Mode-3 inspection indicating no
submicron cracks and the presence of submicron cracks.

DETAILED DESCRIPTION
[0028] The disclosure provides a system and a method for accurate detection, confirmation
and classification of a full range of defects such as scratches, divots, pits, contaminant and
micron-sized surface defects down to submicron cracks and surface irregularities such as
grinding lines for a workpiece, such as a die or a wafer.
[0029] The system and method may be applied to a variety of workpieces, such as dies and
processed wafers or workpieces with a shiny surface which needs to be inspected. In the case
of a die, it may include a packaged die which a molded compound has been ground to expose
the inactive silicon surface to reduce its form factor and for heat dissipation. The warpage of
molded compound and the grinding process may cause cracks to form. Cracks may propagate
to the active layers of the die and hence require inspection. Other types of dies including various
types of MEMS devices with its array of minute electro-mechanical mirrors in flat state may
be inspected for contamination or cracks which may affect functional integrity or performance.
Relatively low-cost die inspection systems with the ability to distinguish submicron cracks
from grinding lines (which are not defects) will reduce significant false positives in defect
detection while providing high throughput in production is one capability highly priced and
sought after.
[0030] Bare or plain wafers are used in semiconductor manufacturing. A plain wafer may
be referred to also as a blank wafer. Blank wafers have a shiny surface. The plain wafer surface
typically requires inspection before forming the silicon oxide layer. This initial preparatory

inspection is crucial to detect any surface defects or imperfections that could affect the quality
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and integrity of the silicon oxide layer or subsequent device fabrication. Defects to be inspected
for include scratches, divots, pits, contaminants, crystal defects, and cracks including
submicron cracks as a preparatory step before other processes follow. In a wafer preparation
process, the silicon oxide layer typically doesn't require inspection for cracks, as it is a thin,
conformal layer. However, inspection might be necessary in certain cases where in critical
applications the silicon oxide layer serves as a critical component, such as a gate oxide or a
dielectric layer, or where the thickened silicon oxide layer is relatively thick (e.g., for masking
or insulation purposes), inspection for cracks or defects might be required to prevent issues
during subsequent processing steps. Further, if the wafer has undergone significant stress or
deformation during processing, inspection of the silicon oxide layer for cracks or defects might
be necessary to ensure its integrity.

[0031] Furthermore, it will be apparent to a person skilled in the art that this disclosure
does not preclude the present invention from other inspection applications where fundamental
principles prevalent among the various embodiments of the present invention such as
operational, functional, or performance characteristics are required.

[0032] Although the drawings tllustrate an embodiment of the inspection system inspecting
a single die, this depiction is merely exemplary and not limiting. As wiil be described below,
the inspection system, its components or modules, and the inspection process itself are
configurable to ruspect one or multiple dies, or a portion/entire wafer, depending on the field
of view (FOV}. The scope of the invention should not be inferred (o be limited to the specific
example shown in the drawings. Further, unless otherwise specified, descriptions of the
ingpection process or setup, including its components or modules, explained with reference to
die wspection are equally applicable to whole wafer 1nspection. Any differences between die

and wafer inspection will be explicitly elaborated upon.
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[0033] Throughout this disclosure, 'surface' refers to the specific surface of a die or wafer
designated for defect inspection, applicable to various device types (bare dies, packaged dies
with exposed silicon, MEMS, etc.), wafers (processed or blank wafers) as well as devices
having a shiny surface. For inspection, this surface is assumed to be properly oriented,
presented facing upwards on the planar platform, and ready for inspection. In the case of whole
wafers or dies on film frame, it is assumed that proper alignment and orientation checks have
been performed, the wafer or film frame is securely placed on the wafer chuck and registered
against alignment pins, and the surface requiring inspection faces upwards. Unless otherwise
specified, 'presenting for inspection' implies presenting this designated surface. For clarity and
not to obscure the main concepts of the invention, this disclosure omits detailed descriptions
of familiar techniques and configurations, including presenting dies in trays or bare
silicon/silicon oxide layered on a wafer chuck against reference markers, and mechanisms for
moving the wafer to enable scanning the entire surface. These conventional details are assumed
to be familiar to those skilled in the art.

[0034] In this disclosure, 'detectable but not resolvable' refers to a defect that can be
detected by the inspection system, but whose dimensions or characteristics cannot be accurately
determined because its size is smaller than the system's resolution. For example, a submicron
crack measuring 0.2 microns in width may be detected by a system with a pixel resolution of
4.6 microns, but its true size and shape will not be accurately represented in the image, instead
appearing at least as a pixel-sized feature (e.g., 4.6 microns) due to the system's inability to
resolve features smaller than its resolution limit.

[0035] FIGS. 1a-1b illustrate an exemplary die 100 under inspection, showcasing surface
irregularities like cracks, grinding lines, and contaminants, which can be micron-sized or
submicron-sized. The drawings depict a molded die package 100 with the active layer 120

facing down and the molded compound (not shown) ground down to expose the inactive back
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surface 1117 of a substrate 110. The exposed die surface may feature surface imperfections or
irregularities like grinding lines 114, cracks 119, and contaminants 118. The dark color
represents the crack line.
[0036] FIG. 1c presents a magnified cross-sectional view of the die surface (the portion of
FIG. 1a along the A-A' line indicated as B), revealing a crack 119 caused by stress from
warpage of the molding compound. However, the characteristic feature of cracks - non-uniform
topology on adjacent side surfaces along the crack line, with height differences and variations
in angular orientation (planarity) - is not unique to warpage-induced cracks. This distinguishing
feature is common to all stress-induced cracks, which tend to propagate along crystal lattices
and may extend deeper into the die, potentially reaching active areas. Therefore, accurate
detection and classification of cracks as defects are crucial.
[0037] Notably, Mode-3 inspection leverages this characteristic feature to differentiate
cracks from grinding lines and other surface irregularities. By using fringe patterns to detect
the unique height and planarity variations along the crack line, Mode-3 inspection can reliably
identify and classify cracks, ensuring accurate defect detection and classification.
[0038] FIG. 2a illustrates an embodiment of an inspection system 200. In one embodiment,
the inspection system 200 is an integrated inspection system. The integrated inspection system
integrates or includes 3 inspection modules working in 3 different modes, namely, Mode-1
Diftused Brightfield/Darkfield Inspection Module (hereinafter “Mode-1 module” or “Mode-
17); Mode-2 Collimated BF Inspection Module (hereinafter “Mode-2 module” or “Mode-2");
and Mode-3 Fringe Pattern Module (hereinafter “Mode-3 module”) or “Mode-3").

Mode-1
[0039] In one embodiment, the main components for Mode-1 inspection include the
brightfield (BF) illumination unit 222 and darkfield (DF) illumination unit 228, a beam splitter

246 and a common image capture module 280 (including a telecentric lens 284 and a camera
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282) and a planar platform 210. As shown, the BF illumination unit includes a BF illuminator
and the DF illumination unit includes DF illuminators, such as angled DF illuminators 232 and
234. Tt is understood that beam splitters 242 and 244 of a beam splitter assembly module 240
and the reference module 260 are not necessary components of Mode-1 inspection if the
systems were configured as a standalone Mode-1 inspection system. As part of the inspection
system 200, their interaction with Mode-1 components will be described.

Mode-1 Illumination
[0040] In one embodiment, the Mode-1 inspection utilizes a combination of coaxial
diffused broadband BF and DF illuminations to detect surface irregularities, such as
contaminants, scratches, pits, divots as well as other micron-sized or greater surface
irregularities. In one embodiment, the Mode-1 illumination module includes a BF illumination
unit 222 and a DF illumination unit 228.

Mode-1 BF Ilumination Unit
[0041] In one embodiment, the BF illumination unit 222 includes a BF illuminator which
generates co-axial diffused broadband illumination (visible or white light) with a wavelength
bandwidth between 380-700 nm. The BF illuminator may include a flash lamp array, white
light-emitting diode (LED) array, or other suitable light sources. In an alternative embodiment,
a single flash lamp or LED may be employed, and a BF expander lens 252 of the lens module
250 may be used to expand the point source illumination to a broad front co-axial diffused
illumination. The BF illuminator can operate in either continuous or pulse (intermittent) mode.

Mode-1 Darkfield (DF) lllumination Unit
[0042] In Mode-1, the DF illumination unit 228 includes multiple DF illuminators,
preferably RGB LEDs, generating broadband DF illuminations with wavelengths between 380-
700 nm, below the near-infrared range (<720 nm). The DF illumination unit 228, as shown in

FIG. 2a is disposed between the inspection platform module 210 and the beam splitter 246 of
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the beam splitter assembly module 240. The DF illumination unit is configured to direct DF
illumination(s) to the surface of the die on the inspection platform directly. In addition, the DF
illumination unit is configured so as not to hinder illuminations from other illumination units,
such as the first, second, and third illumination units 222, 224, and 226 to pass through
(unhindered) to the die on the inspection platform when Mode-1 is not in operation.

[0043] As shown in FIG. 2a, the DF illumination unit includes a DF illuminator 228 and
may include a first DF illuminator 232 and a second DF illuminator 234. In one embodiment,
the DF illumination unit 228 implemented includes an open-top and bottom trapezoidal dome
with the inside surface thereof lined with rings and rings of RGB LEDs from top to bottom.
The open top and bottom of the dome allow for illumination to pass through to the die 100.
The inside surface of the dome is divided into segments/bands and any number of bands of
LEDs may be selected to provide such number of low-angled DF illumination (LA-DF) or
high-angled DF illumination HA-DF, either alone or in combination thereof, from any desired
direction within the dome as may be required. Where the DF illumination unit implemented is
a dome, as described aforesaid, DF illuminator 232 and DF illuminator 234 merely represent
the selection of bands of LEDs to provide the LA-DF or HA-DF illumination that is selected
for inspection. The band or bands selected determine the angle or angles used for the LA-DF
or HA-DF illumination required. Other implementations may include providing separate
motorized DF illuminators 232 and 234 that can be moved to provide DF illumination at low
or high angles, as desired. Whatever the implementation, the angle, wavelength, and intensity
of the illuminations of the DF illuminators are configurable and selectable depending on the
inspection requirements. The DF illuminators are configurable to work in pulse or continuous
mode.

[0044] It is apparent to those ordinarily skilled in the art that components used in Mode-1

inspection (Mode-1 module) are optimized to inspect for the presence of foreign contaminants,
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pits and divots, and other micron-sized or greater defects. However, the use of diffused
illumination in Mode-1 inspection makes it challenging to detect cracks because it washes out
the subtle surface features and defects, including fine cracks or grinding lines. The diffused
light scatters in multiple directions, creating a uniform brightness that obscures the faint
shadows and contrast changes indicative of cracks. As a result, cracks may remain undetected
or appear less pronounced, reducing the effectiveness of Mode-1 inspection for crack detection.
Mode-2 Inspection
[0045] In one embodiment, Mode-2 inspection utilizes collimated broadband BF
illumination to enhance the detection of cracks and surface irregularities, including submicron
cracks and grinding lines. Submicron cracks may be classitied as defects while grinding lines
are not. The collimated illumination improves crack detection by reducing scattered light and
increasing contrast, allowing for more accurate identification of crack defects.
[0046] In one embodiment, the Mode-2 BF illumination module includes a Mode-2 BF
illumination unit 224, a Mode-2 collimator lens or collimator 254, and beam splitters 244 and
246. The collimator 254 ensures that the light rays emitted by the Mode-2 BF illuminator are
parallel to one another when reflected toward the surface of the die 100, thereby reducing
angular scatter and increasing the signal-to-noise ratio. This results in a higher contrast image,
enabling more effective detection of small cracks and surface irregularities.
[0047] Fig. 4 illustrates one embodiment of a Mode-2 inspection module of the system
when operating in Mode-2. In this embodiment, the Mode-2 inspection module includes the
Mode-2 BF illumination unit 224 with the BF illuminator and BF collimator 256 of the optical
module 250, beam splitters 244 and 246 of the beam splitter assembly module 240 and the
image capture module 280.
[0048] In one embodiment, during Mode-2 operation, the Mode-1 BF and Mode-1 DF

illumination units 222 and 228 as well as the Mode-3 illumination unit 226 are inactive. The
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Mode-2 BF illumination unit 224 with the Mode-2 BF illuminator may be a flash lamp or an
LED. The Mode-2 BF illuminator is configurable to generate BF illumination having a
broadband wavelength bandwidth of 380 to 700 nm, always less than the wavelength of IR
illumination. The BF illuminator may operate in a continuous mode or a pulse mode, and its
intensity may be controlled based on inspection requirements.

[0049] In one embodiment, using conventional configurations for Mode-2 setups (refer to
Table A for exemplary configurations), Mode-2 may be able to resolve micron-sized cracks
having widths of 2 to 6 microns but may not be able to discern whether submicron-sized defects
are cracks or grinding lines.

[0050] In one embodiment, Mode-3 inspection uses an adapted Michelson setup that uses
a long coherence length collimated infrared (IR) illumination to produce fringe patterns in
images of the planar surface of the workpiece, such as a die/dice or wafer, being inspected. It
is a novel application to a new field of use die/wafer surface inspection for cracks including
submicron cracks. If there is one or more cracks, the regular fringe pattern would be broken by
one or more starkly different fringe patterns. These stark fringe pattern changes are caused by
the difference in planarity and heights between adjacent surfaces along the crack line that in
turn causes relative phase differences in the IR illumination reflected by the reference mirror
262 and from the surface inspected which interference gives rise to changes in fringe patterns
which is captured at the image capture sensor 282.

[0051] The use of fringe pattern analysis also gives Mode-3 inspection the capability to
differentiate between cracks and grinding lines. For example, Mode-3 captures a fringe image
of the surface of the workpiece already inspected by Mode-2. A Mode-2 image is used to
indicate DROI(s) and corresponding DROI(s) on the Mode-3 image are analyzed for stark

changes in fringe patterns, indicating a crack or cracks.
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[0052] It is important to note that during the operation of Mode-1, Mode-2 and Mode-3
illuminators are not operational. That is to say, the collimated BF Illumination from the Mode-
224 and collimated IR illuminator 226 are not in operation. At any one time, only illumination
from one mode will be activated for that mode of operation. This ensures that there is no optical
noise will be introduced by other illuminations in the other modes during the operations of any
one mode. Additional details on Mode-3 will be provided in subsequent sections, where the
operations of the different modes will be explained in further detail.

[0053] In one embodiment, Mode-1, Mode-2 and Mode-3 inspection modules of the
inspection system 200 interact with common components of the system. For example, the
common components with which the different inspection modules interact may include the
image capture module 280, beam splitter assembly module 240, reference module 260, and the
planar platform 210.

Description of the Planar Platform

[0054] In one embodiment of the integrated inspection system 200, the planar platform 210
for holding a workpiece in position for inspection. In one embodiment, the planar platform
could be a mechanism to hold a tray with pockets, each pocket holding a die properly for
inspection. In another embodiment, the planar platform 210 may represent a wafer chuck
holding down a plain wafer or a grounded or polished layer of silicon oxide on a wafer, properly
registered against alignment pins for inspection of its surface. In one particular embodiment,
MEMS in wafer form is presented for inspection at the wafer chuck (planar platform). In one
other embodiment, singulated dies may be MEMS or other devices with smooth or mirror-
finished surfaces on a film frame presented for inspection. In another embodiment, the planar
platform may be a film chuck holding down a film frame holding many dies for inspection.
The wafer/film chuck is configured to move and position one or more dies on the wafer/film

frame within the FOV of the inspection system for inspection. The exemplary “die” 100 in the
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drawing may represent one or more dies or a wafer presented on the planar platform for
ingpection. Other types of workpieces can also be supported by the planar platform for
inspection.

Description of the Image Capture Module
[0055] The image capture module 280 is a common module to all three modes of operation
of the integrated inspection system 200. In one embodiment, the image capture module includes
an image capture unit 282 (image sensor unit) and a telecentric lens 284. The image capture
unit, for example, may be an image sensor, such as a camera. The image sensor may be a
CMOS sensor or a CCD sensor. Other types of sensors may also be useful.
[0056] As for the telecentric lens 284, it has a predetermined magnification based on any
configuration that may be desired for defect inspection. In one embodiment, the telecentric lens
provides a large field of view (FOV) and distortion-free imaging with minimal vignetting. The
telecentric lens is configured to capture and transform the reflected illumination from the
surface of the workpieces, such as a die or a wafer (whether under Mode-1, Mode-2 or Mode-
3) such that they will incident perpendicular or substantially perpendicular on the image sensor
so that better contrast in the image can be achieved. The use of telecentric lens 284 ensures that
the magnification of the die/s under inspection does not change across the field of view. This
facilitates dimensional inspections as required. The use of collimated illumination in Mode-2
together with a telecentric lens greatly enhances image contrast in images captured for crack
detection. Similarly, the collimated IR illumination in Mode-3 used in conjunction with the
telecentric lens, enables good production of fringe patterns and higher contrast in the images
for fringe analysis.

Description of Collimators
[0057] Collimators 256 and 254 are used in Mode-2 and Mode-3 inspection, to enhance

the quality of the image captured, in particular, by improving the contrast of the image captured.
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Collimated illumination where light rays are parallel to one another when directed
perpendicularly to the die surface, enhances the ability of Mode-2 inspection system to detect
fine cracks. The use of only collimated light to incident on a die surface for crack detection
will yield better contrast of the crack than if inspected with diffused lighting as in Mode-1.

Reference Module and the Beam Splitters Assembly
[0058] Mode-1 illuminators 222 and 228 and Mode-2 illuminator 224 are configured to
operate within a wavelength bandwidth between 380-700 nm while Mode-3 illuminator 226 is
configured to provide collimated IR illumination at any one wavelength between a band
between 750-1000 nm. Providing IR illumination at 750-950 nm may also be useful. Other
wavelengths may also be useful, depending on the surtace being inspected. Mode-1 illuminator
222 is configured to provide broadband co-axial diffused BF illumination and DF illuminator
228 is configured to provide broad HA-DF or LA-DF diffused illumination either alone or in
combination with co-axial diffused BF illumination from illuminator 222 as described earlier.
Mode-2 illuminator 224 is configured to provide collimated BF illumination. The illuminators
222,224, and 226 from Mode-1, Mode-2, or Mode-3, respectively, will be directed by the beam
splitters of the beam splitter assembly module 240 to the surface of the die/dice/wafer during
their operations. DF illuminator 228 when activated will provide diffused DF illumination at
LA-DF or HA-DF illumination (as selectable as explained in earlier sections) directly to the
die surface without interaction with the beam splitter assembly module 240.

Description of Beam Splitter Assembly — How It Interacts With the illuminations of

the Different Inspection Modes
[0059] This section will explain the interaction of illumination from each of the 3 modes
with the reference module 260 and beam splitter assembly module 240. It should be noted that
at any one time, only illumination from one inspection mode (Mode-1, Mode-2 or Mode-3)

would be in operation. In one embodiment, the beam splitter assembly includes beam splitters
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242, 244, and 246. Beam splitter 246 may be referred to as a primary beam splitter. As shown
in Fig. 2a, the beam splitters 242, 244, and 246 are arranged such that the center coincides with
the central axis of the illumination unit 222 and the center of the reference mirror. At the same
time, the center of beam splitter 242 is aligned with the central axis of the lens assembly 255
and collimator 254 (Mode-2 collimator), and beam splitter 244 is arranged such that its center
aligns with the central axis of collimator 256 (Mode-3 collimator) and illuminator 226, while
the center of primary beam splitter 246 is aligned with the central axis of the telecentric lens
284 and the center of the die 100. As shown, the primary beam splitter splits illumination from
beam splitter 224 into first and second illumination paths, the first to the reference mirror and
the second to the surface of the workpiece. As shown, the beam splitter assembly module 240,
is configured to direct the illuminations to the planar platform to illuminate the die/dice or
wafer during the operations of each mode of inspection and to the reference module 260.
Description of the Reference Mirror and How It Interacts with the Illuminations of
the Different Inspection Modes.
[0060] In one embodiment, the reference mirror 262, is a dichroic mirror. It is a requisite
component of Mode-3 inspection but not required for Mode-1 or 2. The reference mirror is
there because Mode-3 is integrated as part of the inspection system 200. In one embodiment,
the reference module includes the dichroic mirror 262 and light-absorbent material 264. The
dichroic reference mirror 262 is coated with a suitable dielectric or metallic material (e.g.,
silicon dioxide, titanium dioxide or zirconium oxide, aluminum, silver, or gold) configured to
selectively allow the transmission of Mode-1 and Mode-2 illuminations with a wavelength
band of 380 nm to 700 nm from beam splitter 246. Illuminations from Mode-1 and Mode-2
operations passing through the dichroic reference mirror are absorbed by light-absorbent
material 264. Mode-3 illumination, on the other hand, with near IR wavelength greater than

750 nm but less than 1000 nm or 950 nm is reflected by the dichroic mirror of the reference
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module. The reference mirror is configured with a highly reflective surface for IR illumination
for Mode-3 with minimal aberrations.

[0061] Hence co-axial diffused BF illumination from illumination unit 222 (one of the
Mode-1 illuminators) or collimated BF illumination from illumination unit 224 (Mode-2
Illuminator), both with an operating wavelength of 380-700 nm transmitted through beam
splitter 246 when received by reference mirror 262 will be passed through and be absorbed by
the light absorbent material 264. This arrangement ensures that no Mode-1 or Mode-2
illumination will be reflected from the reference mirror 262 and be received by beam splitter
246 during their respective operations. Otherwise, illumination reflected by reference mirror
262 and received by the beam splitter 246 will intertere with light retlected from the die toward
the camera resulting in poor quality blurry and fringy images that cannot be used for purposes
of Mode-1 and Mode-2 defect inspection. The reflected illumination of Mode-1 and Mode-2 at
beam splitter 246, directed toward the die/wafer surface, will be reflected to the beam splitter
246 to image capture sensor 282. The reflection illumination to beam splitter 244 is
inconsequential.

[0062] In one embodiment, beam splitter 242 is configured as a dichroic mirror with a
special coating that enables it to reflect substantially all IR illumination from IR illuminator
226 (with a wavelength above 750 nm but below 1000 nm) when Mode-3 is in operation while
allowing BF illumination from 222 with wavelength bandwidth 380-700 nm to pass through
when Mode-1 is in operation. With the coating, almost 100% of IR radiation from the IR
illuminator 226 is reflected by beam splitter 242 to the second beam splitter 244 when Mode-
3 is in operation. Any IR illumination that manages to pass through beam splitter 242 will be
absorbed by light-absorbent materials 243.

[0063] Beam splitters 244 and 246 are 50/50 beam splitters, i.e., 50% are transmitted

through and 50% reflected. IR illumination reflected from beam splitter 242 will be split 50/50
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each time as it passes through beam splitters 244 and 246. The IR illumination reflected down
at beam splitter 244 (Mode-3 beam splitter) will be absorbed by light-absorbent material 245.
The light-absorbent material prevents unwanted illumination reflected within the internal
surface from creating noise in the image captured. The IR illumination transmitted through
beam splitter 244 (Mode-2 beam splitter) will be split at beam splitter 246 (primary beam
splitter). Half of the IR illumination will be reflected downwards, while the other half will be
transmitted to reference mirror 262. The IR illumination reflected at the surface of die 100 and
reference mirror 262 will again be split when it reaches beam splitter 246. One-half of each
will travel toward beam splitter 244 (50% of reflected IR illumination from the reference mirror
is transmitted through and 50% of reflected IR illumination from the die surface will be
reflected) but this has no consequence as they will be reflected away, and Mode-2 and Mode-
| are not in operation anyway. The other half of the reflected illumination from the reference
mirror is reflected at beam splitter 246 toward the image capture module 280 and will interfere
with the other half of the IR illumination reflected by the die and transmitted toward the image
capture module 280. The interference of these two illuminations, depending on whether there
is one or more cracks present that may cause relative phase differences in the interfering
illumination, regular fringe patterns may be formed or a number of starkly different fringe
patterns may be observed in the image of the die surface captured.

[0064] As described, beam splitter 224 may be referred to as the Mode-2 beam splitter. For
example, the Mode-2 beam splitter’s primary purpose is to reflect the Mode-2 illumination to
the primary beam splitter 246 in the integrated inspection system. If Mode-2 inspection was a
standalone system, only the primary beam splitter is needed. Regarding beam splitter 222, it
may be referred to as the Mode-3 beam splitter because its main purpose is to reflect Mode-3
illumination to the primary beam splitter. As for the primary beam splitter 226, its main purpose

is to split illuminations of the different Modes to the surface of the workpiece and to the
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reference module. For example, a first illumination path is directed to the reference module
while a second illumination path is directed to the surface of the workpiece.

Mode-3 Inspection: Enhanced Capabilities
[0065] In addition to detecting cracks, Mode-3 inspection's fringe pattern analysis can also
identify other defects, including:

o Stress-induced surface deformations caused by subsurface defects, such as
subterranean cracks below the surface of a die; and
e Pits or divots, which exhibit characteristic changes to regular fringe patterns.

[0066] By analyzing the fringe pattern changes, Mode-3 inspection can infer the presence
of these defects, enabling a more comprehensive assessment of the surface of the workpiece,
such as the die or wafer surface.

Subterranean Crack Detection
[0067] The fringe pattern analysis can detect subtle deformations on the silicon surface
caused by significant stress from subsurface defects, such as subterranean cracks. This requires
high-sensitivity interferometry to detect the altered reflected light path and affected fringe
pattern.

Multi-Defect Detection
[0068] Mode-3 inspection's fringe pattern analysis can potentially be used to identify
various defects, including cracks, subterranean cracks, pits, and divots on the die or wafer
surface. Each defect type may exhibit characteristic changes to the regular fringe patterns,
allowing for accurate identification and classification.

Mode-3 as a Standalone System
[0069] It is also possible to use Mode-3 inspection system as a standalone to detect
submicron cracks on dies or for in-line control inspection of wafer surface including the

dielectric layer thereon before redistribution layer (RDL) processes. RDL processes refer to the
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processes of building layered metal interconnects that redistribute the input/output (I/O)
connections to the semiconductor device on the wafer. In most dies today, multiple layers of
RDL are needed before a new RDL layer is built. A layer of dielectric is used to insulate each
RDL layer from the next, and vias are then etched to ensure proper connection between the
RDL layers. Before vias are etched, to ensure a smooth surface for subsequent processing steps,
the dielectric layer is often planarized using chemical-mechanical polishing (CMP). Each of
these dielectric insulating layers would need to be inspected for defects including cracks before
the next process steps

[0070] FIG. 6a shows an embodiment of a Mode-3 standalone system 600 to produce fringe
patterns for analysis and detection of the crack. The system is similar to Mode-3 components
used in the system, as shown in Fig. 5. Common elements may not be described or described
in detail.

[0071] The difference between the standalone system 600 and the Mode-3 components of
Fig. 5 is that components exclusively used for Mode-1 and Mode-2 are eliminated or absent.
For example, as shown in FIG. 6a, the beam splitter disposed between beam splitters 242 and
246 is eliminated. In addition, Mode-1 and Mode-2 illumination units and associated
components of the lens module are eliminated. With respect to the reference module 260, the
reference mirror 262 does not require any special coating to reflect light of only IR wavelength
(within a narrow bandwidth) and to allow light of wavelength 380-700 nm to pass through to
facilitate the integration of Mode-1 and Mode-2 operations. In one embodiment, the reference
mirror is configured to be a highly reflective reference mirror with minimal aberrations. Also,
no absorbent material needs to be provided.

[0072] Furthermore, as a standalone, Mode-3 has a greater range on the choice of
wavelengths to use, from lower UV to near-infrared below threshold wavelength that would

increase absorption of IR light in the silicon material and eventually make it transparent to the
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IR illumination. The specific choice of wavelength to use will depend on the reflectivity of the
surface, the material property of the surface, and the size of cracks to be detected. The
wavelength should be chosen to optimize reflectivity, ensuring sufficient light returns to the
detector to form fringe patterns. Shorter wavelengths (e.g., blue or violet light) are better suited
for detecting smaller cracks, while longer wavelengths (e.g., red or infrared light) are more
suitable for larger cracks. Certain materials may absorb or transmit specific wavelengths,
affecting the choice of wavelength to be used; as in the case of silicon. In one embodiment, the
illumination unit 226 includes an LED coupled with a configurable wavelength filter. The
illumination unit can be configured to generate illumination having a wavelength of 400-1000
nm. Generating illumination having other wavelengths may also be useful.

[0073] FIG. 6b shows another embodiment of a Mode-3 standalone inspection system 600,
The Mode-3 standalone inspection system is similar to the system of FIG. 6a. Common
elements may not be described or described in detail. As shown, the standalone system has the
Mode-3 illumination unit 226 and associated lens components (Mode-3 collimator 254 and
Mode-3 lens illumination shaper lens assembly 256) repositioned so it is co-axially aligned
with the center of beam splitter 246. For example, the Mode-3 illumination unit and associated
lens components are repositioned so it is directly aligned with the center of the beam splitter
246. This avoids the need of another beam splitter, such as beam splitter 242 of FIG. 6a.
[0074] Operationally, Mode-3 as a standalone works on the same principles as when it is

part of the integrated inspection system 200 to detect cracks.
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The number of dies that may be inspected in one image capture depends on the FOV
of the inspection system which is configurable considering the die size. One or more
dies can be inspected at one image capture so long as they can fit properly well within
the FOV of the system.

[0075] The FOV, magnification and resolution of an inspection system can be configured
by one ordinarily skilled in the art. Table A above exemplarily illustrates the relatively cost-
effective setup of conventional inspection systems that this disclosure refers to that can still
permit the detection and differentiation of submicron cracks and grinding lines. It shows some
possible combinations of relatively cost telecentric lenses and image sensors for the inspection
system 200 (than if microlenses and large MP sensors) that may be used for the inspection
system. The resolution of the resultant inspection system determines the size of defects that
can be resolved (as opposed to detection) at Mode-2. The combination of lenses and image
sensors to be used depends on the requirements of the inspection and customers’ demands.
Even based on such configurations, it is possible to inspect more than one die at a time for all
three modes of operations of this inspection system disclosed. Generally, the larger the FOV
configured, the more dies can be inspected at once. Conversely, smaller FOVs require more
passes or scans to inspect the same number of dies. The larger the magnification used, the

smaller the FOV will shrink correspondingly for a given pixel size of the sensor. Additionally,
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the system's configuration, such as the magnification, resolution, and sensor size, can also
impact the number of dies that can be inspected.
[0076] Inter-related factors to consider include how big the FOV should be. This will, in
turn, depend on the size of the die to be inspected and how many dies are desired to be inspected
in one go. What the defect resolution of the inspection system at Mode-1 and Mode-2 should
have depended on the level of defect resolution required by the customer for Mode-1 or Mode-
2 considering throughput and costs.
[0077] Whatever the image resolution for Mode-1 and Mode-2 that is configured, the
combination would work so long as the image resolution is not worse than 5-7 uym. Mode-2
will still be able to detect submicron cracks or grinding lines except that it cannot distinguish
between the two. Mode-3 gives the inspection system the capability to distinguish between
grinding lines and submicron cracks. Mode-3 can detect the presence of micron-sized
irregularities, including submicron cracks down to 0.2-0.25 pm. The sensitivity of Mode-3
which is based on fringe analysis (which will be explained in greater detail in later section) is
determined by the wavelength of light used.

MODE-1 INSPECTION
[0078] In one embodiment, the main components for Mode-1 inspection include the BF
illumination unit 222 and DF illumination unit 228, beam splitter 246, and the common image
capture system 280 (telecentric lens 284 and camera 282), and planar platform 210. The beam
splitters 242 and 244 and the reference modules are not necessary components of Mode-1
module if were a standalone system. As part of the integrated inspection system 200, interaction
with Mode-1 components will be described.
[0079] Fig. 3 illustrates an embodiment of a Mode-1 module 300 as integrated into the
inspection system of FIG. 2a. Components of the system not used in Mode-1 are not shown to

improve understanding of its operations. For example, only the Mode-1 BF broadband
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illumination unit 222, DF illumination unit 228 and other components along the illumination
path to the die 100 and reflected therefrom to the image capture module 280 are shown. How
the illumination is conveyed has been explained in earlier sections and will not be repeated
here.
[0080] As described, Mode-1 inspection in our embodiment utilizing macro-objective
lenses and lower resolution cameras as set out in Table 1, is typically capable of only detecting
micron-sized or larger contaminants, scratches or other irregularities on the surface of the die.
Because Mode-1 uses diffused co-axial illumination, fine grinding lines or submicron cracks
may not show up as clearly in the images captured. To detect the presence of grinding lines,
Mode-2 or even Mode-3 can be utilized.

MODE-2 INSPECTION
[0081] Fig. 4 illustrates an embodiment of a Mode-2 module 400 of the integrated
inspection system of FIG. 2a. In the embodiment, Mode-2 inspection module includes the
Mode-2 BF illumination unit 226 and Mode-2 collimator 254 of the lens module 250, beam
splitters 244 and 246 of the beam splitter assembly module 250, and the image capture module
280 (telecentric lens 284 and image capture sensor 282). Components of the integrated
inspection system not used in Mode-2 inspection or which illumination from the Mode-2 BF
illumination has little interaction with are not shown to simplify the discussion.
[0082] When Mode-2 is in operation, Mode-1 BF and DF illumination units 222 and 228,
as well as Mode-3 illumination unit 226, are not operational. In one embodiment, the Mode-2
illumination unit 224 includes a Mode-2 BF illuminator. The Mode-2 BF illuminator may be a
flash lamp or an LED. Other types of BF illuminators may also be useful. Similar to the Mode-
| module, the Mode-2 BF illuminator is configurable to generate BF illumination having a
broadband wavelength bandwidth of 380-700 nm. For example, the wavelength of the Mode-

2 BF illumination is less than the wavelength of IR illumination. The Mode-2 BF illuminator,
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when operating, may be controlled to generate the BF illumination in a continuous mode or in
a pulse mode based on inspection requirements. In addition, the intensity may also be
controlled based on inspection requirements.

[0083] In one embodiment, the Mode-2 module is configured to enhance the detection of
submicron irregularities, such as submicron cracks or grinding lines, by employing a collimated
broadband BF illumination system. The BF illumination from illuminator 226 is collimated by
collimator 256, positioned between the Mode-2 BF illuminator and beam splitter 244, to ensure
parallelism of light rays. This configuration enables the illumination to travel parallel and
perpendicularly toward the surface of the die 100, via beam splitters 244 and 246.

[0084] The collimated BF illumination is reflected perpendicularly toward the surface of
the die by beam splitter 246. The illumination incident on the back surface of the die is then
reflected back through beam splitter 246 toward the image capture module 280. The telecentric
lens 284 ensures a constant magnification of the die under inspection across the field of view,
facilitating dimensional inspections as required.

[0085] Although the primary focus of Mode-2 is the detection of submicron irregularities,
micron-sized cracks or greater will also be clearly visible in images captured during Mode-2
operation.

[0086] When Mode-2 is in operation, the Mode-2 BF illuminator of the Mode-2
illumination unit 224 will be activated. Broadband collimated illumination will travel toward
beam splitter 244. Illumination passing through the beam splitter will be absorbed by light-
absorbent material 245 to prevent further internal reflection and hence reduce optical noise in
the images captured. The illumination that is reflected by beam splitter 244 will travel toward
beam splitter 246 which will in turn reflect the illumination toward the surface of the die 100.

[0087] As the Mode-2 BF illuminator 224 is configured to emit broadband illumination

with a specified wavelength bandwidth of 380-700 nm, any such illumination passing through
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beam splitter 246 toward the reference mirror, 262 will pass through the reference mirror and
be absorbed by the light absorbent material 264. As explained in relation to the operations of
Mode-1, the reference mirror is a dichroic mirror with a special coating that will reflect
illumination with a wavelength higher than 750 nm while letting through all illumination with
wavelengths 380-700 nm. The reference mirror is not a component of the Mode-2 module but
its interaction with illuminations from the illumination units 222, 228 and 226 has to be
explained. Allowing such illuminations to pass through and be absorbed by the light-absorbent
material 264 prevents the reflection of the illuminations at reference mirror 262 that would
otherwise occur. This is important because if such illumination from illuminator 226 is
reflected to the beam splitter 246, it would interfere with light reflected from the die traveling
toward the image capture module which undermines the ability of the Mode-2 module to
produce sharp images necessary for defect detection including detection of submicron
irregularities.

[0088] BF collimated broadband illumination reflected by beam splitter 246 will travel
perpendicularly toward the surface of the die. The illumination incident on the back die surface
is reflected back through the beam splitter 246 toward the image capture module 280. The
telecentric lens 284 ensures that the magnification of the die/s under inspection does not change
across the field of view. This facilitates dimensional inspections as required. Although our
focus for Mode-2 is the detection of submicron irregularities, micron-size cracks will also be
clearly shown in images captured under Mode-2.

[0089] The Mode-2 module, depending on its configuration of objective lenses and sensors
which include some low-cost configurations shown in Table A, may be able to detect and
resolve defects up to 1-5 microns in size. Resolving defects for the purpose of this disclosure
means the ability of the inspection module to provide true dimensions of the defects through

images obtained. Based on the low-cost configurations, when the Mode-2 module may have a
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defect resolution of up to only 4.6 um, it will be able still to detect the presence of submicron
irregularities such as submicron cracks or grindings lines. When such submicron cracks or
grinding lines (e.g., 0.25 um) are smaller than the defect resolution threshold of the inspection
system, it will show up as the size of the pixel in the image capture, i.e., 4.6 um which is not
the true size of the irregularity (crack or grinding line) detected.

[0090] As explained earlier, the use of collimated illumination and telecentric lenses
enhances the ability of Mode-2 module to detect such irregularities even if it cannot resolve its
true size. For example, in the absence of any irregularities, such as cracks, contaminants, or
grinding lines, the collimated illumination incident on the exposed back die surface will be
regularly reflected to the image capture module 280. However, if there are submicron cracks
or grinding lines, the parallel rays hitting the rough edges inner surface of the submicron cracks
or rough surfaces of fine grinding lines will be reflected away from the image capture module
and show up as pixel-sized lines or dots in the image captured. This should be contrasted with
an image if diffused illumination is used as in Mode-1. In such a case, illumination from
multiple directions incident on the cracks may enter the image capture module, reducing the
contrast of irregularities present in the image. Although Mode-2 can detect submicron-sized
irregularities, it cannot resolve whether they are cracks, griding lines, or contaminants.

[0091] The inability to discern between actual defects (cracks) and non-defects (grinding
lines or contaminates) can result in excessive false positives. For example, packages that are
not defective due to grinding lines may be categorized as defective.

[0092] The problem, however, is that Mode-2 inspection is unable to discern whether the
submicron irregularities are associated with grinding lines, particulates, or cracks. Submicron
cracks may be considered defects while grinding lines and particulates are not. Mode-3
inspection, on the other hand, can detect and discern the difference between a submicron crack

or grinding lines.
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Mode-3 Inspection as part of the Integrated Inspection System
[0093] Mode-3 inspection uses a Michelson setup adapted (adapted Michelson setup) to
produce fringe patterns from illumination reflected from the surface being inspected (in this
case die surface) when such illumination interferes with the illumination reflected by the
reference mirror as it enters the image capture module. In our embodiments of Mode-3, instead
of a conventional Michelson setup for precise measurements, the present adapted Michelson
setup is used to produce fringe patterns which are then analyzed to detect and discern between
submicron cracks and grinding lines. For example, the system includes a detection module
employed to analyze the fringe patterns to discern between submicron cracks and grinding
lines. The detection module may also be referred to as an analyzer module.
[0094] There are many advantages in using this approach as will be discussed later.
[0095] Fig. 5 shows one embodiment of a Mode-3 inspection module 500. The Mode-3
inspection module includes a Mode-3 illumination unit 224, Mode-3 collimator 254, Mode-3
illumination or beam shaper lens assembly 255, beam splitters 242, 244 and 246, the reference
module 260, and image capture module 280. Beam splitter 244 is not required in the operation
of the Mode-3 inspection module. It is shown in Fig. 5 because it is part of the integrated
inspection system.
[0096] As stated, the Mode-3 inspection module employs the use of the Mode-3
illumination unit 226 with a Mode-3 illuminator. The Mode-3 illuminator may be a laser diode
coupled with a configurable wavelength filter to provide IR illumination. In one embodiment,
the filter be configured to generate IR illumination having a wavelength from 750-100 nm or
from 750-950 nm. In one embodiment, the filter is configured to generate IR illumination
having a wavelength of 785 nm. For interference fringe patterns to form at image capture 282,
the illuminator used should have a long coherence length, i.e., able to maintain a constant phase

and amplitude over time and space; at least up to where the image capture plane of the image
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sensor unit 282 where the fringes are formed. The illumination reflected by the die surface and
that of the reference mirror must originate from one source. The use of a laser diode for the
Mode-3 illuminator meets this requirement.

[0097] In this embodiment, the Mode-3 illuminator is an IR illuminator configurable to
generate IR illumination having a wavelength anywhere between about 750-1000 nm or 750-
950 nm. Other IR wavelengths may also be useful. There is an upper limit to the wavelength
used for the IR illuminator in this embodiment. Any wavelength that would make silicon
transparent to the IR illumination cannot be used. That upper limit would be around 1100 nm.
For this embodiment, the preferred bandwidth for IR illumination is set at 750-950 nm. The
upper and lower limitations of the preferred bandwidth for IR illumination provide a suitable
buffer against going near wavelength where the silicon begins to be transparent to the
illumination; as well as staying clear from the broadband wavelength bandwidth used in Mode-
1 and Mode-2 modules. In one embodiment, the wavelength of the IR illuminator is 785 nm.
[0098] The deployment of the Michelson setup in the integrated inspection system for
silicon die or wafer crack inspection is enabled by two key adaptations: (a) wavelength
segregation and in one embodiment, beam splitter 242 is configured as a dichroic mirror with
a special coating that enables it to reflect substantially all IR illumination from IR illuminator
226 (with a wavelength above 750 nm but below 1000 nm or 950 nm) when Mode-3 is in
operation (Mode-3 illuminator) and while allowing BF illumination from the Mode-1
illuminator having a wavelength bandwidth of 380-700 nm to pass through when Mode-1 is in
operation. With the coating, almost 100% of IR radiation from the Mode-3 IR illuminator is
reflected by beam splitter 242 to the second beam splitter 244 when Mode-3 is in operation.
Any IR illumination that manages to pass through beam splitter 242 will be absorbed by light-

absorbent materials 243.
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[0099] Beam splitters 244 and 246 are 50/50 beam splitters, i.e., 50% of illumination is
transmitted through and 50% is reflected. In particular: (a) the deliberate limitation of the IR
illuminator's wavelength to any one wavelength within a band (750-1000 nm or 750-950 nm)
in Mode-3 and its segregation from the wavelength bands used in Modes 1 and 2 (380-700 nm)
allows for the deployment of a requisite component in Michelson setup - reference mirror
(adapted and dichroic); (b) the setting of the upper limit allows the Michelson setup to be
deployed toward silicon die inspection such that any wavelength higher or nearer to 1050-1100
nm will make silicon transparent to the IR illumination and make fringe pattern production
impossible; and (c) dichroic reference mirror 262, which selectively transmits and reflects
specific wavelengths, allows for the integration of the Michelson setup into an integrated
inspection system while maintaining the functionality of 3 modes of inspection (Mode-1,
Mode-2 and Mode-3); (d) the reference mirror 262, unlike conventional interferometry set used
for measurements, is fixed and static during operations. It does not move.

[00100] These adaptations enable the effective deployment of the Michelson setup in an
integrated inspection system, facilitating the integration of the 3 inspection modules (which
share common components) for a wide-ranging detection capability including the use of high-
quality fringe pattern generation for submicron crack detection and differentiation from
grinding lines.

[00101] TIn one embodiment where a laser diode is used to generate IR illumination for
Mode-3 inspection, the generated IR illumination has an aspherical wavefront. Such an
aspherical wavefront does not produce good-quality fringe patterns. The IR illumination from
illuminator 226 is first collimated with the Mode-3 collimator 255 to produce a collimated IR
illumination. In one embodiment, the aspherical-shaped collimated IR illumination is then
shaped and transformed to a collimated IR illumination with a planar wavefront by the Mode-

3 illumination shaper lens assembly 256. A planar wavefront creates clear, high-contrast
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interference fringes, making it easier to analyze surface topography, defects, or other features.
The planar wavefront also minimizes aberrations, which can distort fringe patterns and lead to
inaccurate results when the images are analyzed.

[00102] In one embodiment, the reference module is disposed in the illumination path of
beam splitters 242, 244, and 246. The reference mirror 262 in reference module 260 is
configured (using special coating) to pass illuminations from Mode-1 and Mode-2 with
wavelength bandwidth of between 380-700 nm so that they will be absorbed by the light
absorbent material 264, when Mode-1 or Mode-2 is in operation. However, when Mode-3 is in
operation, IR illumination with of any one wavelength between 780 to 1000 nm passing
through beam splitter 246 onwards to the reference mirror will be reflected by the reference
mirror 262 back to the beam splitter 246 where it will coincide with and interfere with
illumination reflected from the die 100 when reflected toward the image capture module 280.
The segregation of operating wavelength bandwidth for Mode-3 on the one hand and that for
Mode-1 and Mode-2 allow their respective apparatus to be implemented as an integrated or
single inspection system.

[00103] For Mode-3 inspection to work, the length of the illumination path A; between the
center of beam splitter 246 and the center of the reference mirror 262 and the illumination path
A» from the center of beam splitter 246 to the surface of the die 100 are configured to have the
illuminations reflected from the reference mirror and from the die surface to interfere
constructively as they travel toward the image capture module. Constructive interference of the
reflected illuminations from the reference mirror and the die surface produces regular fringe
patterns from the die surface. In one embodiment, A: is equal to Az to effect constructive
interference to produce fringe patterns from illumination reflected from the surface being
inspected. Other configurations of A and A» in which the reflected illuminations from the

reference mirror and the die surface constructively interfere may also be useful.
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[00104] Fig. 2b shows another possible embodiment where the reference module 260 is
folded upwards using reference reflector 265 to reduce the footprint of the overall inspection
system 200. The reference reflector is configured so that the optical path length of A; is the
same as that of A; to effect interferometry in Mode-3. In this embodiment, A1 would be the
aggregate optical path length from the center of beam splitter 246 to the center of reference
reflector 265 and from the reference reflector 265 to the center of the reference mirror 262.
Other configurations of A and A in which reflected illuminations form the reference mirror
and the die surface constructively interfere may also be useful.

[00105] While we have described Mode-3 module as part of an integrated inspection system
which also includes Mode-1 and Mode-2 modules, it is possible to implement the Mode-3
module as an independent inspection system. Where Mode-3 is deployed independently as a
standalone inspection system, other wavelengths for illumination 224 may also be useful so
long as they have a long coherence length and are not limited to IR illumination bandwidth.
Any wavelength between 380-1000 nm or 380-950 nm can be used. In such a standalone
embodiment, the reference mirror 262 will not require a special coating to accommodate the
operating wavelength of illumination used in Mode-1 and Mode-2 since it is a standalone
system. For example, there are no Mode-1 and Mode-2 illuminations which need to be
considered.

[00106] TIn this section, the operations of the Mode-3 are explained. This explanation applies
to whether Mode-3 is used as part of an integrated inspection system or as an independent
(standalone) inspection system.

[00107] When Mode-3 is in operation, Mode-1 illuminators (BF and DF illuminators of
Mode-1 illumination units 222 and 228 of FIG. 2a) as well as Mode-2 illuminator (BF
illuminator of Mode-2 illumination unit 226 of FIG. 2a) are not in operation. When Mode-3 is

activated, IR illumination emanating from the IR illuminator of the Mode-3 illumination unit
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226 is first collimated by Mode-3 collimator 255 and then shaped to a planar wavefront by
Mode-3 illumination shaper lens assembly 256. The Mode-3 collimator and Mode-3 lens
assembly are part of, for example, the lens module 250. Almost 100% of the IR illumination
traveling to the dichroic beam splitter 242 is then reflected toward beam splitter 244 and then
246. Any illumination passing through beam splitter 242 downwards and any illumination
reflected downwards at beam splitter 244 will be absorbed by light-absorbent materials 243
and 245 respectively.

[00108] When the IR illumination hits beam splitter 246, 50% will pass through toward the
reference mirror 262 and the other half of the IR illumination will be reflected downwards
toward the inactive surface of the die being inspected. As explained the dichroic reference
mirror will reflect IR illumination with wavelength above 750 nm (while allowing illumination
with wavelength bandwidth 380-700 nm to pass through and be absorbed by light absorbent
material 264) back to the beam splitter. At the same time, the collimated IR illumination with
a planar wavefront will incident the surface of the die perpendicularly and be reflected back to
the beam splitter 246 where it will pass through (toward the image capture module) and
interfere with illumination reflected back from the reference mirror 262, also reflected by the
beam splitter to the image capture module 280.

[00109] The interference between illumination reflected from the reference mirror 262 and
that reflected off the surface die results in fringe patterns being formed over the image of the
surface of the die being inspected. Mode-3 uses an inherent physical characteristic of cracks
(micron-sized or submicron-sized), not typical of grinding lines, to detect and distinguish
submicron cracks from grinding lines. It is characteristic of cracks that the two adjacent
surfaces to and along the ridges of the cracks are of different height and more often than not
also at different planarity to one another. Grinding lines and minute contaminants, on the other

hand, do not share this characteristic. More often than not, the two adjacent surfaces to the
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ridges of grinding lines share substantially the same planarity. Fig. 1¢ illustrates the difference
in planarity and also in height, h; and hz, of the two adjacent surfaces to the crack. The height
difference of two adjacent surfaces along the submicron cracks are typically in the order of 0.2
pm. The planarity of the two adjacent surfaces to the crack would also be different. Mode-3
using wavelength 785 nm can detect height differences/planarity greater than 0.005 um. Any
changes in height surfaces or planarity greater than 0.005 pm would produce a change in fringe
pattern. Where the die surface has no cracks, the image of the die will show one continuous
fringe pattern over the image of the die.

[00110] Where Mode-2 image indicates possible submicron cracks or grinding lines in some
surface region of a die but is not able to distinguish between them, Mode-3 can be used to
confirm the presence of the submicron crack (e.g., down to 0,2-0.25 um) or that they are just
minor surface irregularities (grinding lines). This can be done by comparing the region in
Mode-2 image where a possible defect is present, with the same region in Mode-3 image. If
Mode-3 image shows changes in the fringe pattern in the same region, the submicron crack is
then confirmed.

[00111] Image 800 in Fig. 8a shows an exemplary image from Mode-3 inspection of the
inactive surface 8111 of a die. There is only one continuous fringe pattern 861, indicating that
no abrupt change in the planarity of the die surface inspected. This therefore indicates that no
submicron cracks are present.

[00112] Where there is a crack on the die surface, the continuous fringe pattern would be
broken, and another fringe pattern would be formed from where the crack is present. Fig. 8b
shows an exemplary image of another die having its inactive surface 8111being inspected. As
shown, the inactive die surface has an extended crack. Image 801 shows that the concentric
ring fringe pattern 861 is broken, and immediately followed by another fringe pattern 871 in

another direction. Analyzing and delineating the border/location where the changes in fringe
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patterns occur, the Mode-3 inspection module is able to exactly delineate the location of the
crack/s on the die. This delineation is achieved through precise inspection algorithms that
identify the exact border where the fringe pattern changes occur, which corresponds to the
crack's location. The highlighted red line 874 in image 801a in Fig 8b delineates and
corresponds to where the crack is and where it extends to on the die. Utilizing the known
magnification and die dimensions, the inspection system then uses algorithms or mathematical
formulas to calculate and determine the crack's location, length, and orientation on the die with
high precision.

[00113] Fig. 8c shows another exemplary image of another die having its inactive die
surface 8111 being inspected. The inactive die surface has an extended crack. Image 802 shows
that the concentric ring fringe patterns 861 is broken, and immediately followed by another
fringe patterns 871 in different directions. Analyzing and delineating the border/location where
the changes in fringe patterns occur, the Mode-3 inspection module is able to exactly delineate
the location of the crack/s on the die. This delineation is achieved through precise inspection
algorithms that identify the exact border where the fringe pattern changes occur, corresponding
to the crack's location. As illustrated, the crack extends in different directions, as indicated by
the highlighted red line 874 in image 802A in Fig 8b delineates and corresponds to where the
crack is and where it extends to on the die. Utilizing the known magnification and die
dimensions, the inspection system then uses algorithms or mathematical formulas to calculate
and determine the crack's location, length, and orientation on the die with high precision.
[00114] It is noted that the images of FIGS. 8a-8¢ are captured using IR illumination with
an aspherical wavefront. For example, the IR illumination was not transformed by a Mode-3
illumination shaper lens assembly. As such, the fringe patterns are spiral fringe patterns. On
the other hand, in the case where IR illumination with a planar wavefront is used, the fringe

pattern would be regular parallel fringes.
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[00115] Even if the die being inspected is sitting off planarity, Mode-3 will still be able to
distinguish between grinding lines and cracks. The fringe pattern for a die with grinding lines
sitting slightly off planarity will still be continuous albeit with more compressed fringe rings
on one side. On the other hand, cracks, even for a die that is seated slightly off planar during
inspection will produce changes in different fringe patterns on the die image due to the
differences in planarity and height of the adjacent surfaces along the crack.
[00116] In fact, with more training, the algorithms used to analyze the fringe patterns in the
images captured to detect possible internal cracks often portended by a bulge on die surface.
The planarity of the wavefront of the illumination from the Mode-3 IR illuminator will enhance
this capability. Illumination with a planar wavetront would produce fine fringe patterns with
more even pitches on the die image. Any awkward bulge on the die surface caused by an
internal crack will still produce changes to the planarity and height of surfaces near it, and in
turn, produce changes in fringe patterns.
[00117] Table A shows some possible configurations of lenses and images that may be
deployed for the inspection system and the different field of views that may be utilized as a
result. What is significant is that whatever the defect resolution that results from such
configurations for Mode-1 and Mode-2 modules, Mode-3 inspection module’s ability and
sensitivity to detect submicron cracks is determined principally by the wavelength used in the
Mode-3 illuminator of the Mode-3 illumination unit 226.

Sensitivity Of Mode-3 System
[00118] The sensitivity of Mode-3 module to surface topology is determined by the

mathematical formulation (Sensitivity (S)) below:

S=(6p_min)/{dn ¥ (8h/ A = (5o min * 1)/ (4n ¥ &h) {Equation 1)
Where:

+  S= Sensitivity (in units of surface height, e.g., meters, nanometersy,
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= o _min = Minimum detectable phase shift {in radians},
« oh = Change in surface height {(in meters); and
« = Wavelength of the light source {in meters).
[00119] Assuming a minimun detectable phase shift (5p min) 0.01 radians and given the
wavelength of the Mode-3 dlluminator 1s 785nm, Mode-3 will be able to detect surface height
changes t0 0.005 pm. Similasly, if 2 wavelength of 440 nm is used, the sensitivity improves to
0.00335um. However, the sensitivity of the Mode-3 interferometer system can be affected by
the magnification of the objective lens used. At 1x magnification, the sensitivity of a 440 nm
system would decrease to 0.035um. With 5x magnification, it can increase to 0.00175um.
Rearranging Equation 1:
S=(0.01* 785 < 109 m)/ {(4n * S x 16™9m)
Simplifying:

S 00625/ {(4n ™ K}

[00120] Equation 1 provides a way to understand how sensitive Mode-3 inspection module
is to topological surface changes. As explained, in our embodiments, interferometry is not used
to measure any height differences. The calculation of sensitivity is NOT for our purposes to
determine how accurate any measurement can be of any planarity difference, but merely to
determine how small the change in planarity needs to be to trigger changes in fringe pattern
from the surface being inspected.

[00121] The interferometry in Mode-3 is used instead to generate fringe patterns which are
then analyzed by algorithms to detect the presence of submicron cracks. The approach to use
fringe patterns as a basis for drawing inferences as to whether a defect is a submicron crack, or
a grinding line is more forgiving in terms of sensitivity of setup and operating environment.
For example, even if the setup for A1 and Az is not equal or not precisely equal, a constant
phase difference between the illumination from the reference mirror 262 and die surface 100
to the image capture module would result. This would not matter in relation to the production

of regular fringe patterns. Regular fringe patterns can still be produced from the die surface, so
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long as fine relative adjustment of the distance of reference mirror to beam splitter 246 ensures
that the two waves (with a constant phase difference) interfere constructively, i.e. troughs to
troughs and peaks to peaks. Fine adjustments to the distance between the reference mirror
ensures constructive interference.

[00122] This allowance, through the use of fringe patterns, means that the reference mirror
can be placed more compactly in the whole setup if required so long as a constant phase
difference is maintained and interference is ensured between the illumination reflected from
the reference mirror and the surface of the die. Thus, where there is constructive interference,
then when there is no defect on the die surface, this constant phase difference (resulting from
set-up error) would still result in only one continuous fringe pattern forming in the image of
the die. On the other hand, if there is a crack, absolute phase changes arise from changes in
planarity along both adjacent surfaces of the crack. Such absolute phase differences relative to
the constant phase difference on surfaces of surfaces that are planar and without cracks will
generate different fringe patterns on the surface of the die image capture, indicating the
presence of a crack.

[00123] Inoneembodiment, Mode-3 captures and analyzes the captured images of the fringe
patterns over the surface of the die. For example, the fringe patterns from the interference of
light reflected from the surface with that from the reference mirror are analyzed. If an image
from Mode-2 inspection indicates a possible submicron-sized irregularity at a location of the
die surface, the image from Mode-3 is used to confirm whether the submicron-sized irregularity
is a crack a grinding line. For example, the same location of the die surface in the Mode-3
image is analyzed. If there are changes in the fringe pattern in the same location of the two
images, an inference can be drawn that the surface irregularity is a crack. On the other hand, if
there are no changes in the fringe pattern in the same location of the two images, then an

inference is drawn that the surface irregularity is not a crack (e.g., a grinding line or a
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contaminate). Mode-3 therefore is used to distinguish between a crack and a non-crack (e.g., a
grinding line or a contaminate) based on a change in the fringe pattern. Furthermore, the
location and profile of the crack can also be analyzed from the fringe pattern imaged and
inferred by correlating the localized fringe pattern changes captured in the image against the
surface of the die.

Inspection of Devices in Trays
[00124] When inspecting packaged die, these dies would mostly sit in a pocket of a tray at
the planar platform 210 with the surface requiring inspection facing up toward the image
capture module. The die may be further held in place aided by vacuum suction facilitated by
small holes in the tray pocket. More than one die on the tray may be presented for inspection
at the planar platform so long as they are within the FOV of the inspection system.
[00125] During operation in Mode-1, Mode-2 and Mode-3 illuminators are not operational.
The inspection sequence will be optimized based on the FOV of the inspection system and the
tray dimensions, ensuring that all dies on the tray are inspected efficiently. The system will
determine the optimal number of dies to inspect in each image capture, whether it's one die or
multiple dies. Additionally, depending on the defect inspection requirements, one or multiple
image captures may be performed for each batch of at least one die inspected. For example, an
inspection capture of a batch, which may include one or more dies, may include one or more
image captures, depending on the defect inspection requirements. After an inspection capture,
the platform translates or moves to inspect the next batch of the tray.
[00126] When Mode-1 inspection is completed for each batch (all dies) of the tray, Mode-2
inspection commences for the dies of the tray, batch by batch, similar as Mode-1 inspection.
During Mode-2 inspection, Mode-1 and Mode-3 illuminators are not operational. When Mode-
2 inspection is completed, Mode-3 inspection starts. During Mode-3 inspection, Mode-2 and

Mode-1 illuminators are not operational. When Mode-3 inspection is completed, this completes
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the inspection of the dies of the tray. The inspected tray of dies may be removed from the
platform and then an uninspected tray of dies is placed thereon. The uninspected tray of dies
goes through the inspection cycles as described. Other configurations for inspecting dies may
also be useful.
Wafer Mode Inspection

[00127] The system, integrated or standalone, can also be used to inspect a wafer (wafer
mode). When inspecting the surface of a plain wafer or surface of a layered dielectric wafer,
the wafer chuck/platform (e.g., planar platform 210 of FIGS. 2a-2b) holding the wafer will be
configured to index-move the wafer such that taking into account the FOV of the inspection
system and the need for overlap in the images captured at its edges, to enable stitching of all
adjacent images so that an image of the complete wafer for inspection can be produced. The
encoder of information on the movement of the wafer chuck for each image capture is recorded.
Given that the orientation, dimension of the wafer, and its precise position on the wafer chuck
are known, the location of each image can be correlated to the wafer surface. Furthermore, the
location and the type of any defect detected can be calculated and stored by the inspection
system.

[00128] MEMS and other devices with shiny surfaces are usually inspected as part of a
wafer. Their inspection will be handled in, for example, the wafer mode. Utilizing the same
principles, defects detected in images of dies captured during wafer inspection can be
correlated to each die on the wafer. As the inspection system scans the wafer, starting from the
first die in the first row/column, the location of each die is tracked and recorded, taking into
account the field of view (FOV) of the system and the overlap required for image stitching. By
correlating the die's location on the wafer with the corresponding image, defects detected
within each image can be accurately attributed to their respective dies. Furthermore, by

utilizing the encoder data and wafer mapping information, the inspection system can precisely
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determine the position of each die on the wafer, enabling accurate correlation of defects to
individual dies, and facilitating comprehensive defect analysis and reporting.
[00129] In wafer mode inspection, each of the three Modes (Mode-1, Mode-2, and Mode-
3) will sequentially complete their image capture of all the dies on the wafer, with each Mode
capturing images of all dies before the next Mode starts. This results in three complete scans
of the dies on the wafer. During each scan, the processing of images captured and stitching of
overlapping images occurs in real-time, utilizing the encoder information to ensure accurate
die-to-die registration. The inspection system stores the results of each scan, which include:
o Encoder information (wafer position, die location, and image overlap data),
o Defect types and locations (classified and stored for each die);
e TImage data (stitched and processed images of each die); and
o Wafer map data (updated with defect information and die registration).
After completing all three scans, the inspection system can combine the results to provide
a comprehensive analysis of defects across all dies on the wafer, enabling accurate defect
classification, binning, and reporting.
[00130] The integrated inspection system performs comprehensive defect detection and
classification across three modes, utilizing buffer memory to efficiently handle and store image
data. For example:
e Mode-1 - Detects and classifies defects such as contaminants, scratches, divots,
and pits, storing defect information in buffer memory;
¢ Mode-2 - Detects micron cracks, identifies potential defects (submicron cracks
and grinding lines), and links them as Defect Regions of Interest (DROI) in
buffer memory; and
® Mode-3 - Retrieves DROI data, captures high-resolution fringe pattern images,

and analyzes fringe patterns to distinguish between actual defects (micron and
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submicron cracks) and non-defects (grinding lines), finalizing defect
classification.
[00131] In the tray-based inspection, the system completes all three modes sequentially for
each batch of dies, enabling real-time defect analysis and classification. In wafer mode
inspection, the system:
e retrieves Mode-2 DROI data for one or more dies within each frame
captured during Mode-3;
e stores captured data in buffer memory for offline processing;
e performs oftline processing of stored data to detect changes and confirm
cracks, including submicron cracks;
o stores all results, including images, in permanent memory for future review,
and
« Completes all the above steps before inspecting the next batch of dies on the
wafer.
[00132] Depending on the manufacturer, dies with cracks may be classified as defects while
those with grinding lines and contaminates are not. The ability to accurately detect whether a
submicron-sized irregularity is a crack or a grinding line (or contaminants) reduces false
alarms.
[00133] FIG. 7 shows an embodiment of a process flow 700 for detecting defects (cracks
versus non-cracks) from images captured by the different inspection modes and by the system.
At 710, the system performs image processing of images captured in the different inspection
modes. As shown, Mode-1 images are processed at 712, Mode-2 images are processed at 714
and Mode-3 images are processed at 716.
[00134] In one embodiment, the processing unit of the system analyzes the images using

image processing techniques. For example, an Al analyzer containing an inspection algorithm
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may be used to identify defects of interest. The AI analyzer may be trained with a progression
of images showing different surface irregularities, such as cracks, grinding lines, and surface
particulates to develop a comprehensive understanding thereof.

[00135] For Mode-1 inspection, it is configured to capture micron-sized or larger surface
irregularities, such as cracks, grinding lines, and particulates, on the back die surface. The
images are captured using the first BF illumination unit and the fourth DF illumination unit.
The images are processed using image processing techniques.

[00136] For Mode-2 inspection, it is configured to capture micron-sized and submicron-
sized surface irregularities. However, Mode-2 cannot resolve whether the surface irregularities
are cracks or non-cracks (grinding lines and contaminates). The images are captured using the
second BF illumination unit generating collimated BF illumination. The images are processed
using image processing techniques.

[00137] Mode-3 is configured to capture fringe patterns of submicron-sized irregularities on
the back surface. For example, Mode-3 captures images using the third illumination unit. In
one embodiment, Mode-3 employs interference using collimated IR illumination to capture
fringe patterns on the back die surface. Mode-3 images are compared with Mode-2 images to
determine if there are changes in the fringe patterns at locations with submicron-sized
irregularities.

[00138] The Al analyzer determines from the images if there are any irregularities at 720.
For example, the irregularities are identified from the images. The irregularities are classified
at 730. For example, the analyzer categorizes the irregularities. In one embodiment, the
irregularities are classified as cracks or non-cracks. For example, crack lines are classified as
cracks while grinding lines and contaminates are classified as non-cracks. Depending on the

manufacturer, cracks may be determined as defects while non-cracks are non-defects. Other
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manufacturers may perform additional tests to determine which dies with cracks are still
functional while others are not.

[00139] The sequences of the flow can be interchangeable or performed simultaneously with
each other to reduce the turnaround time for the analysis in accordance with the defects mode
or modes in operation at the inspection time.

[00140] This disclosure illustrates a novel system and method to detect visible and non-
visible defects on the back die surface of a semiconductor package. The system and method
will enable the detection of a full range of micro and macro-sized surface defects down to
submicron cracks (typically of less than 0.5pm) with minimum false alarms in a single pass
and at production speeds of at least 10,000 units per hour (UPH).

[00141] The present disclosure may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof. The foregoing embodiments, therefore, are
to be considered in all respects illustrative rather than limiting the invention described herein.
The scope of the invention is thus indicated by the appended claims, rather than by the
foregoing description, and all changes that come within the meaning and range of equivalency

of the claims are intended to be embraced therein.

47



WO 2025/048721 PCT/SG2024/050553

Claims
. An inspection system with an adapted Michelson setup for detecting cracks on a surface
of the workpicee, comprising:

an dlunvation mwodule configured to generate fringe patterns in the wmage of the
surface of the workpiece lluminated, wherein the iflumination module includes an tlluminatica
source, the illumination source generates the itlumination,

an optical module, the optical module comprises an illumination collimator to collimate
the illomination from the iHumination source;

an image capture module configured to capture an image of the fringe patterns; and

a detection module configured to analyze and detect changes to the fringe patterns
caused by height and planarity differences in the surface along and adjacent fo a crack to

indicate the presence of a crack.

2. The inspection system of claim 1 wherein the workpiece comprises one of:
at least one semiconductor die;
a semiconductor wafer with unsingulated dies;
a blank or plain wafer;
a wafer with a dielectric layer; and
the surface of the workpiece inspected depends on which surface is required for

inspection.

3. The system of claim 2 wherein the semiconductor die may be a packaged die with an

exposed back surface or MEMS, photonic devices or other devices with smooth shiny

surfaces requiring inspection.
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4. The system of any of claims 1-3, wherein the detection module is further configured
to determine a location and an extent of the crack, if present, by delineating the border

between fringe paitern changes in the image of the workpiece.

s. The system of any of claims 1-4 wherein the adapted Michelson interferometer setup
comprises:
a reference module, the reference module includes a reference mirror having high
reflectivity and minimal aberrations;
a beam splitter assembly module, the beam splitter assembly is configured to direct the
tlumination into first and second iHlumination paths, wherein
the first illumination path is towards the reference mirror of the reference
module,
the second iHumination path towards the surface of the workpiece to be
inspected with minimal Humination deviation and distortion, and
wheretn the surface of the workpiece and the reference mirror are
configured with a relative distance between a center of reference mirror to a
center of the primary beam splitter and the distance of the surface of the
workpiece to the primary bearm splitter such that reflected illuminations from
the reference mirror and the surface of the workpiece maintains a constant phase

difference and interfere constructively.

6. The system of claim 5 wherein the beam splitier assembly module comprises a

primary beam splitier, wherein the beam splitter is configured o direct the illumination to the

first and second illumination paths.
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7. The systern of claim 5 wherein the beam splitter assembly module comprises:

an illumination beam splitter, the llumination beam splitter is configured to receive
tlumination from the tlumination module;

a primary beam splitter, wherein the beam splitter is configured 1o receive the
llumination from the illumination beam splitter and directs the received lumination from

the illumination beam splitter to the first and second illumination paths.

3. The system of any of claims - 7 wherein the illumination module of the adapted
Michelson setup comprises an ilfumination source, the illumination source generates the
tlumination, wherein the llumination source is configured to emit ilumination with a long
coherent length having a wavelength within a range of about 380-950 nm which 1s optimized

for inspecting a sihicon-based workpiece without inducing transparency.
£ 3 Y

9. The system of claim 8 wherein the optical module further comprises an lumination
shaper lens assembly, the illumination shaper lens assembly is configured to transform the
collimated tumination 1o a collimated Hhumination with a planar wavefront (transformed

collimated tllumination}.

10 The system of any of claims 1.9 wherein the image capture module comprises:
an image sensor with a predetermined resolution, sensitivity, and dynamic range; and

a telecentric lens, the telecentric lens provides a large field of view (FOV) and

distortion-free imaging with minimal vignetting for inspecting the workpiece.

1. The system of claim 10 wherein the image sensor comprises a UMOS sensor or a

CCD sensor.
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£2. The system of any of claims 1-11 wherein the iHumination module comprises a LED
diode coupled to a wavelength filter configurable to select a wavelength within a range of 380

nm to 950 nm.

13, The system of claim12 comprises a planar platform for positioning the workpiece for
inspecting the surface of the workpiece, wherein positioning the workpiece comprises
positioning a tray holding a plurality of workpieces which are dies, wherein all workpieces of

the tray are inspected to complete inspection of the workpieces of the tray.

14 The system of clatm 13 wherein a processor sutomatically witiates the detection

module to analyze the images for presence of cracks.

IS, The system of clatm 13 wherein positioning the workpiece comprises positioning a
water, wherein the inspection system scans the surface of the whole wafer to complete

tnspecting the surface of the whole wafer.

16, The gystem of claim 15 wherein a processor automatically initiates the detection
raodule to!
stitch fmages to form a stitched image of the surface of the whole wafer; and

analyze the stitched image to detect the presence of cracks.

17. An integrated inspection system for detecting surface irregularities on a surface of a

workpiece comprising:
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a Mode-1 inspection module configured to illuminate the surface of the workpiece on
a planar platform with co-axial diffused bright (BF) illumination or darkfield (DF)
illuminations or a combination thereof to detect micron-sized surface irregularities on the
surface of the workpiece, wherein the surface irregularities include contaminates, cracks and
grinding lines;

a Mode-2 inspection module configured to illuminate the surface of the workpiece on
the planar platform with Mode-2 collimated BF illumination directed perpendicularly to the
surface of the workpiece to detect micron-sized and submicron-sized surface irregularities; and
wherein the Mode-2 inspection module is unable to resolve or distinguish whether sub-micron-
sized surface irregularities are cracks or grinding lines; and

a Mode-3 inspection module configured to illuminate the surface of the workpiece on
the planar platform with Mode-3 IR illumination to produce regular fringe patterns from the
surface of at least one die, wherein changes in the fringe patterns are indicative of height and
plaparity differences between the surface along and adjacent to a crack which are crack
characteristic of a crack's presence, thereby ensbling the detection of the submicron crack and

differentiating submicron cracks from grinding lines that lack the crack characteristic.

18, The integrated inspection system of claim 17 comprises:
an iflumination module, the ilumination module includes
a Mode-1 iHlumination unit, wherein the Mode-1 illumination unit
includes a Mode~1 BF illuminater and Mode-2 DF tlluminators for generating
Mode-1 BF and DF tllununations;
a Mode-2 illumination unit, wherein theMode-2 illumination ynit

includes a Mode-2 BF illuminator for generating Mode-2 BF illumination,
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a Mode-3 iHlumination unit, wherein theMode-3 tumination unit

includes & Mode-3 IR illuminator for generating Mode-3 R illumination;
an optical subsystem comprisingan optical lens module, the optical lens module
includes

a Mode-2 lens module,, the Mode-3 lens module includes a Mode-2
collimator for collimating the Mode-2 BF illumination to produse the
cotlimated Mode-2 illumination to illuminate the surface of the workpiece;
and

a Mode-3 lens module for includes a Mode-3 collimator for
collimating the Mode-3 IR iHlumination to produce the collimated Mode-3 IR
iHumination to luminate the surface of the workpiece; and

a reference module including

wherein the reference module comprises a reference mirror and
a reference iflumination absorber,

& beam splitter assembly module, the beam splitter module is configured to split the
illusinations from the Mode-1, Mode-2, or Mode-3 inspection module, when operating in
Maode-1, Mode-2 or Mode3 inspection along first and second illumination paths, wherein

the first ilumination path is directed to the reference module,

the second llumination path is directed to the surface of the workpiece with
minimal Jlumination deviation and distortion, and

wherein the first and second illumination paths are configured such that
reflected illuminations from the first and second illumination paths in Mode-3

inspection maintaines a constant phase difference and interfere constructively.

19, The integrated system of clainn 18 wherein:

a Mode-1 BF bandwidih of the Mode-1 BY tlumination is about 380-700 nm;

n
%)
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a Mode-2 BF bandwidth of the Mode-2 BF illumination is about 380-700 nm; and

a Mode-3 IR bandwidth of the Maode-2 IR illumination is about 750-950 nm.

20, Theintegrated system of claim 18 wherein the reference misror of the reference module
comprises a dichroic mirror configured to allow;

Mode-1 and Mode-2 illuminations to pass therethrough to the reference illumination
absorber, wherein the Mode-1 and Mode-2 illuminations are absorbed;
io reflect Mode-3 tilumination, wherein the first and second illumination paths are contigured
such that reflected Mode-3 Hiuminations trom the first and second iHlumination paths from the
reference mrror and the surface of the workpiece in Mode-3 inspection maintains a constant
phase difference and their distance from the primary beam splitter 1s configured to enable

constructive interference.

21, The integrated system on claim 18 wherein:

during Mode-1 inspection, only the Mode-1 iHlumination unit is activated while the
Maode-2 and the Mode-3 ilhumination units are inactive, module is active;

during Mode-2 inspection, only the Mode-2 Humination unit is activated while the
Mode-~1 and the Mode-3 illumination unis are inactive; and

during Mode-3 tnspection, only the Mode-3 iHlumination unit is active while the Mode-

1 and the Mode-2 illumination units are mnactive.

21, The integrated systern of claim 18wherein the beam splitter assernbly module

COmprises’
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a Mode-/Mode-3 beam splitter, the Mode-1/Mode-3 beam splitier comprises a
dichroic mirror configured to reflect Mode-3 iHlumination from the Mode-3 illumination unit
and to transmit Mode-1 iHumination from the Mode-1 illumination unit;

& Mode-2 beam splitter, the Mode-2 beam splitter is configured as a S0/50 Mode-2
beam splitter; and

the primary beam splitter is configured as a 50/50 primary beam splitter.

22, The integrated system of any of claims 18-21 wherein the workpiece comprises one
of:

at least one semiconductor die;

a semiconductor wafer with unsingulated dies;

a blank or plain wafer; and

a wafer with a dielectric layer; and

the surface of the workpiece inspected depends on which surface is required for

inspection.

23, The system of any of claims 17comprises a image capture module for capturing
Mode-1 images in Mode-1 inspection, Mode-2 images in Mode-2 inspection and Mode-3
images in Mode-3 inspection, whereio the image capture module comprises:
an image sensor with a predetermined resolution, sensitivity, and dynamic range; and
a telecentric lens, the telecentric lens provides a large field of view (FOV) and

distortion-free imaging with minimal vignetting for inspecting the workpiece.
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24, A method for inspection a surface of 8 workpiece, wherein the method distinguishes
between types of submicron-sized irregularities on the surface of the workpiece, the method
COMPTISEs:
performing a Mode-2 inspection by illuminating the surface of the workpiece with
Mode-2 collimated BF illumination directed perpendicularly to the surface of the workpiece to
obtain a Mode-2 image of the surface of the workpiece, wherein the Mode-2 image indicates
possible micron-sized or greater and submicron-sized surface irregularities, wherein
the surface irregularities include contaminates, cracks and grinding
lines, and
Mode-2 inspection module is unable to resolve or distinguish whether
the submicron-sized surface irregularities are cracks or grinding lines;
performing 2 Mode-3 inspection by illuminating the swrface of the workpiece with
Mode-3 collimated IR illumination to produce regular fringe patterns from the surface of the
workpiece and to obtain a Mode-3 image of the fringe patterns;
analyzing Mode-2 and Mode-3 images, wherein analyzing includes
identifving an ares in the Mode-2 image which indicates a possible
surface irregularity,
analyzing the area in the Mode-3 image to determine if there is a fringe
pattern change, and if the analysis tndicates that
there are fringe pattern changes in the area, then infer that
the surface irregularity is a crack, and
there are no fringe pattern changes in the area, then infer

that the surface irregularity 1s not a crack,

25. The method of claim 24 wherein



WO 2025/048721 PCT/SG2024/050553

Mode-2 illumination comprises a Mode-2 bandwidth of about 380-700 nm;, and

Mode-3 illumination comprises a Mode-2 bandwidth of about 750-950 nm,

26.  The method of any of claims 24-25 wherein performing Mode-2 and Mode-3
inspection comprises:
providing a reference module, the reference module includes a reference mirror and
an illumination reference absorber, the reference mirror comprises a dichroic mirror
configured to reflect the Mode-3 illumination and transmit Mode-2 illumination;
providing a beam splitter module, the beam splitter module comprises a primary beam
splitter, wherein the primary beam splitter is configured to split Mode-2 and Mode-3
illumination during Mode-2 and Mode-3 inspection into first and second illumination paths,
wherein the first illumination path is to the reference module and the second illumination path
is to the surface of the workpiece;
wherein
during Mode-2 inspection, Mode-2 illumination is transmitted through
the reference mirror and absorbed by the illumination reference absorber in the
first illumination path and reflects from the surface of the workpiece in the
second illumination path, wherein reflected Mode-2 illumination from the
surface of the workpiece is directed to an image capture module for obtaining
the Mode-2 image;
during Mode-3 inspection, Mode-3 illumination is reflected off the
reference mirror in the first illumination path and reflected off the surface of
the workpiece in the second illumination path, wherein the first reflected
Mode-3 illumination reflecting off the reference mirror and second reflected

Mode-3 illumination reflecting off of surface are directed to the image capture
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module, wherein the surface of the workpicee and the reference mirror are
configured with a relative distance between a center of reference mirror to &
center of the primary beam splitter and the distance of the surface of the
workpiece to the primary beam splitter such that first and secound reflected
Mode-3 illuminations maintains a constani phase difference to enable

constructive interference.

27. The method of claim 26 wherein the image capture module comprises:
an image sensor with a predetermined resolution, sensitivity, and dynamic range; and
a telecentric lens, the telecentric lens provides a large field of view (FOV) and

distortion-free imaging with mimmal vignetting for iuspecting the workpiece.

28.  The method of any of claims 26-27 wherein the beam splitter assembly module
further comprises:

a Mode-2 beam splitter, the Mode-2 beam splitter is configured to direct Mode-2
illumination to the primary beam splitter;

a Mode-3 beam splitter, the Mode-3 beam splitter is configured to direct Mode-3
illumination to the Mode-2 beam splitter which directs the Mode-3 illumination to the
primary beam splitter; and

wherein the Mode-2 beam splitter and primary beam splitter are configured as 50/50

beam splitters.

29. The method of claim 26-28 further comprises:
performing a Mode-1 inspection by illuminating the surface of the workpiece with

Mode-1 co-axial diffused bright (BF) illuminations or darkfield (DF) illuminations or a
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combination thereof to detect micron-sized surface irregularities on the surface of the
workpiece; and
wherein
the Mode-1 illumination is directed to the primary beam splitter via the
Mode-3 and Mode-2 beam splitter,
the Mode-3 beam splitter comprises a dichroic mirror configured to
reflect Mode-3 illumination from the Mode-3 illumination unit to the primary
beam splitter via the Mode-2 beam spltiter and to transmit Mode-1 illumination
from the Mode-1 iflumination unit to the primary beam splitter via the Mode-2

beam splitter.

30.  The method of claim 29 wherein Mode-1 illumination in the first illumination path
from the primary beam splitter is transmitted through the reference mirror and absorbed by
the illumination reference absorber while the Mode-1 illumination in the second illumination
path reflecting off the surface of the workpiece is directed by the primary beam splitter to the

image capture module.

31.  Anintegrated inspection system, comprising:

a processing unit configured to perform comprehensive defect detection and
classification across Mode-1, Mode-2, and Mode-3 inspection modes for inspecting a surface
of a workpiece;

a buffer memory for efficiently handling and storing image data from the Mode-1,
Mode-2, and Mode-3 inspection modes;

wherein

the Mode-1 inspection mode is configured to
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detect and classify defects from Mode-1 images obtained in the
Mode-1 inspection mode, wherein classifying defects include classifying
contaminants, scratches, divots, and pits, and
store Mode-1 classification information from the Mode-1 inspection
mode is stored in the buffer memory,
the Mode-2 inspection mode is configured to
detect micron-sized cracks from Mode-2 images obtained in the
Mode-2 inspection mode,
identify potential defects, including submicron cracks and grinding
lines,
link locations of the potential defects the surface of the workpiece as
defect regions of Interest (DROI), and
store Mode-2 DROI information is stored in the buffer memory, and
the Mode-3 inspection mode is configured
to retrieve the Mode-2 DROI information from the buffer memory,
capture high-resolution Mode-3 fringe pattern images,
analyze fringe patterns of the Mode-3 images to distinguish between
actual defects and non-defects based on changes in fringe patterns to
finalize defect classification.
32.  The integrated system of claim 31 wherein:
the surface of the workpiece comprises a surface of a die (die surface);
wherein inspecting the die surface comprises a tray-based inspection mode, wherein
the tray-based inspection mode comprises
a tray disposed on a planar platform, wherein the tray comprises a plurality of

dies;
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a Mode-1 inspection module configured to inspect the dies of the tray in a
batch mode, die batch die batch, wherein Mode-1 inspection is completed when all
dies of the tray are inspected by the Mode-1 inspection module;

a Mode-2 inspection module configured to inspect the dies of the tray in the
batch mode, wherein the Mode-2 inspection is completed when all dies of the tray are
inspected by Mode-2 inspection module; and

a Mode-3 inspection module configured to inspect the dies of the tray in batch
mode, wherein the Mode-3 inspection is completed when all dies of the tray are
inspected by Mode-3 inspection module; and

wherein the system completes all Mode-1, Mode-2 and Mode-3 inspections

sequentially, enabling real-time defect analysis and classification.

33.  The integrated system of claim 31 wherein:
the surface of the workpiece comprises a surface of a wafer (wafer surface);
wherein inspecting the wafer surface comprises a wafer-based inspection mode,
wherein the wafer-based inspection mode comprises disposing the wafer on a planar
platform for inspection, wherein wafer-mode inspection comprises
a Mode-1 inspection module configured to inspect the whole wafer
surface in Mode-1;
a Mode-2 inspection module configured to inspect whole wafer surface in
Mode-2; and
a Mode-3 inspection module configured to inspect the whole wafer
surface in Mode-3; and
wherein the system retrieves Mode-2 DROI information stored in the

buffer memory during Mode-3 inspection.
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34.  Theintegrated system of 32- 33 wherein information from Mode-1, Mode-2, and Mode-
3 inspections are stored in the buffer memory to facilitate offline processing, wherein the stored
information is used to:

detect changes in fringe patterns to confirm cracks, including submicron-sized cracks;

to perform analysis for future review.
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