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SHOT NOISE REDUCTION USING FRAME AVERAGING

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Application Serial Number 63/326,268, filed March 31, 2022,

which is incorporated herein by reference in the entirety.

TECHNICAL FIELD
[0002] The present invention generally relates to defect inspection, and more

particularly to reducing shot noise in defect inspection.

BACKGROUND
[0003] Inspection systems are typically used in semiconductor fabrication
processes to identify defects of the fabrication process that may result in
performance degradation or failure of a fabricated device. As fabricated feature
sizes continue to shrink, the sizes of fabrication defects also shrink. This results in
weaker measurable signals associated with such defects and lower signal to noise
ratios (SNRs) during defect inspection. There is therefore a need to develop

systems and methods to address the above deficiencies.

SUMMARY
[0004] An inspection system is described, in accordance with one or more
embodiments of the present disclosure. In some embodiments, the inspection
system includes a controlier including one or more processors configured to
execute program instructions. In some embodiments, the program instructions
cause the one or more processors to receive at least a first portion of a first set of
repeat swaths of a first scan path of a sample. In some embodiments, the program
instructions cause the one or more processors to generate an image by averaging
the first portion of the first set of repeat swaths. Averaging the first portion of the
first set of repeat swaths reduces a noise in the image. In some embodiments, the
program instructions cause the one or more processors to detect one or more

defects in an inspection region of the sample using the image.
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[000s] In some embodiments, the image is an average inspection image of the

inspection region or the image is a reference image.

[ooose}] In some embodiments, wherein the image is the average inspection
image. The program instructions cause the one or more processors to receive a
plurality of inspection images. The plurality of inspection images are repeated
images of the inspection region. The plurality of inspection images includes a first
plurality of signal-to-noise ratios. The plurality of inspection images each include
the noise contributing to the first plurality of signal-to-noise ratios. The program
instructions cause the one or more processors to average the plurality of inspection
images 1o generate the average inspection image. The average inspection image
includes a second signal-to-noise ratio. The second signal-to-noise ratio is greater

than each of the first plurality of signal-to-noise ratios.

[0007] In some embodiments, the inspection system generates the plurality of
inspection images in a scanning mode from the first portion of the first set of repeat

swaths.

[0008] In some embodiments, the program instructions cause the one or more
processors to subtract the reference image from the average inspection image {o

generate a difference image.

[0009] In some embodiments, the program instructions cause the one or more
processors {0 detect one or more defects in the inspection region based on the

difference image.

[0010] In some embodiments, the program instructions cause the one or more
processors to apply a difference filter to the difference image to generate a filtered
difference image and detect one or more defects in the inspection region based on

the filtered difference image.

[0011] In some embodiments, the program instructions cause the one or more
processors o classify the one or more defects as at least one of a nuisance or a

defect of interest.
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[0012] In some embodiments, the program instructions cause the one or more
processors to align the first portion of the first set of repeat swaths before averaging

the first portion.

[0013] In some embodiments, the program instructions cause the one or more

processors to align the first portion using sync interpolation.

[0014] In some embodiments, the inspection system includes one or more optical
inspection sub-systems. The one or more optical inspection sub-systems generate
the first set of repeat swaths of the first scan path. The controller is

communicatively coupled to the one or more optical inspection sub-systems.

[0015] In some embodiments, the inspection system includes a stage. The stage
translates causing the one or more optical inspection sub-systems to generate the

first set of repeat swaths of the first scan path.

[0016] In some embodiments, the inspection system includes one or more of an
encoder or an interferometer. One or more of the encoder or the interferometer are
configured to monitor the translation of the stage. The program instructions cause
the one or more processors to control the translation of the stage to align the first

set of repeat swaths of the first scan path.

[0017] In some embodiments, the one or more processors receive at least the
first portion of the first set of repeat swaths of the first scan path from the one or
more optical inspection sub-systems.

[0018] In some embodiments, the one or more optical inspection sub-systems
comprise two or more optical inspection sub-systems.

[0019] In some embodiments, the one or more optical inspection sub-systems

comprise a single optical inspection sub-system.
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[0020] In some embodiments, the one or more optical inspection sub-systems
comprises at least a first optical mode; wherein the one or mare optical inspection

sub-systems generates the first set of repeat swaths using the first optical mode.

[0021] In some embodiments, the first optical mode comprises a first illumination
wavelength, a first illumination polarization, and a first ilumination angle for the

one or more optical inspection sub-systems.

[0022] In some embodiments, the image is the average inspection image of the
inspection region. The image is also the reference image for a subsequent

inspection.

[0023] In some embodiments, the first set of repeat swaths comprises at least
two repeat swaths. In some embodiments, the first set of repeat swaths comprises

between two and four repeat swaths.

[0024] In some embodiments, the first set of repeat swaths comprises at least

four repeat swaths.

[0025] In some embodiments, the image is one image of a plurality of images
used to generate a reference image. The program instructions cause the one or
more processors to generate the reference image from the plurality of images. The
one image is generated by scan averaging. In some embodiments, the inspection
region includes one or more patterned features. The plurality of images are from a
plurality of reference regions each comprising the one or more patterned features.

[0026] In some embodiments, the program instructions cause the one or more
processors to receive a second portion of a second set of repeat swaths of a
second scan path of the sample and average the second portion of the second set
of repeat swaths; wherein the image comprises at least the first portion and the

second portion.

[0027] In some embodiments, the noise comprises a readout noise or a shot

noise.
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[0028] An inspection system is described, in accordance with one or more
embodiments of the present disclosure. In some embodiments, the inspection
system includes one or more optical inspection sub-systems. In some
embodiments, the inspection system includes a coniroller communicatively
coupled to the one or more optical inspection sub-systems. The controller includes
one or more processors to execute program instructions. The program instructions
cause the one or more processors to receive at least a first portion of a first set of
repeat swaths of a first scan path of a sample. The program instructions cause the
one or more processors to generate an image by averaging the first portion of the
first set of repeat swaths. Averaging the first portion of the first set of repeat swaths
reduces a noise in the image. The program instructions cause the one or more
processors to detect one or more defects in an inspection region of the sample

using the image.

[0029] In some embodiments, the image is an average inspection image of the
inspection region, the image is a reference image, or the image is one image of a
plurality of images used by the processors to generate the reference image.

[0030] In some embodiments, the image is the average inspection image. The
program instructions cause the one or more processors to receive a plurality of
inspection images. The plurality of inspection images are repeated images of the
inspection region. The plurality of inspection images includes a first plurality of
signal-to-noise ratios. The plurality of inspection images each include the noise
contributing to the first plurality of signal-to-noise ratios. The program instructions
cause the one or more processors {o average the plurality of inspection images to
generate the average inspection image. The average inspection image includes a
second signal-to-noise ratio. The second signal-to-noise ratio is greater than each

of the first plurality of signal-to-noise ratios.

[0031] In some embodiments, the image is the one image of the plurality of
images. The program instructions cause the one or more processors to generate

the reference image from the plurality of images.
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[0032] In some embodiments, the inspection region includes one or more
patterned features. wherein the plurality of images are from a plurality of reference

regions each comprising the one or more patterned features.

[0033] A method is described, in accordance with one or more embodiments of
the present disclosure. In some embodiments, the method includes receiving at
least a first portion of a first set of repeat swaths of a first scan path of a sample.
In some embodiments, the method includes generating an image by averaging the
first portion of the first set of repeat swaths. Averaging the first portion of the first
set of repeat swaths reduces a noise in the image. In some embodiments, the
method includes detecting one or more defects in an inspection region of the

sample using the image.

[0034] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory only and are not
necessarily restrictive of the invention as claimed. The accompanying drawings,
which are incorporated in and constitute a part of the specification, illustrate
embodiments of the invention and together with the general description, serve to

explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0035] The numerous advantages of the disclosure may be better understood by

those skilled in the art by reference to the accompanying figures in which:

foo3s] FIG. 1A is a block diagram of an inspection system, in accordance with

one or more embodiments of the present disclosure.

[0037] FIG. 1B is a simplified schematic view of an optical inspection system, in

accordance with one or more embodiments of the present disclosure.

[0038] FIG. 2A is a flow diagram illustrating steps performed in an inspection

method, in accordance with one or more embodiments of the present disclosure.
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[0039] FIG. 2B is a simplified block diagram of images in the flow diagram of the
method depicted in FIG. 2A, in accordance with one or more embodiments of the

present disclosure.

[0040] FIG. 3 depicts an example of generating an average image from a set of
four images, in accordance with one or more embodiments of the present

disclosure.

[0041] FIGS. 4A-4B depict graphs illustrating improved defect detection in
difference images generated from scan averaging, in accordance with one or more

embodiments of the present disclosure.

[0042] FIG. 5 depicts a sample with scan paths, in accordance with one or more

embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION
[0043] The present disclosure has been particularly shown and described with
respect to certain embodiments and specific features thereof. The embodiments
set forth herein are taken to be illustrative rather than limiting. It should be readily
apparent to those of ordinary skill in the art that various changes and modifications
in form and detail may be made without departing from the spirit and scope of the
disclosure. Reference will now be made in detail to the subject matter disclosed,

which is illustrated in the accompanying drawings.

[0044] Embodiments of the present disclosure are directed to systems and
methods for defect inspection with multiple images. The muiltiple images may be
inspection images and/or reference images. The multiple images are repeated
images from a region of a sample. The region may be an inspection region and/or
a reference region. The region may also be referred o as a swath, a portion of the
swath, multiple swaths, or portions of the multiple swaths. The multiple images are
averaged to generate an average image of the region. Averaging the images may
also be referred to as scan averaging, frame averaging, N-pass averaging, and/or

signal averaging. The averaging may occur by adding the intensity values for each
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common pixel locations and then dividing by the number of images. The average
image may be an average inspection image. A reference image is subtracted from
the average inspection image to generate a difference image. The difference
image may be analyzed for detecting defects in the inspection region of the

sample.

[0045] Semiconductor devices are typically fabricated using a series of process
steps such as, but not limited to, deposition of process layers and/or photoresists,
photoresist exposure with a desired pattern, etching of the photoresist and/or
underlying process layers, polishing, or the like. Variations of any of these
processes, alone or in combination, may lead to variations of fabricated sample
features. In a general sense, some sample variations may be acceptable and are
deemed nuisances, while others may resull in unacceptable performance

degradation or device failure and are deemed defects of interest (DOIs).

[0046] Inspection tools may be used {o inspect a sample for defects after selected
process steps. For example, an inspection tool may generate an inspection image
of a sample after a particular process step. The inspection image may also be
referred to as a test image. Such an inspection image is then typically compared
to a reference image to identify defects, where the defects are related to
differences between the inspection and reference images. For example, the
reference image may be subtracted from the inspection image to generate a
difference image, where features in the difference image correspond to sample
variations. These sample variations may then be classified as DOls or nuisances.
While various types of inspection tools have been developed, optical inspection
tools that generate an image based on illumination with a light source are

commonly used for in-line inspection due to the relatively high throughput.

[0047] Various conditions may decrease the signal-to-noise ratio (SNR) of defect
signals during inspection and thus limit the accuracy or reliability. For example, as
the size of fabricated device features shrinks, the size of associated process

defects that result in degraded performance or device failure also shrinks. This
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results in reduced SNR as the feature and/or defect size approaches the resolution
limit of an inspection device under even ideal conditions. The reduced SNR may

cause the various sources of noise to dominate or hide the defect signals.

[0048] One source of noise contributed to the signal-to-noise ratio (SNR) of defect
signals during inspection is shot noise. Shot noise may occur due to photon
absorption in sensor wells, random variations in photons absorbed, random
electrical fluctuations in the sensor, and the like. The shot noise may limit the SNR
associated with small defects and/or weak defect signals and thus limit the
accuracy and/or reliability of inspection. For example, the shot noise may
overwhelm the signal-to-noise ratios of the defect signals due to a size of the
fabricated device features. Suppression or reduction of the shot noise is therefore

desirable to detect signals of the defects.

[0048] Some embodiments of the present disclosure are directed to methods for
reducing shot noise in images generated during optical inspection. 1t is
contemplated herein that reducing shot noise in the images may provide superior
performance (e.g., discrimination between defects and background signals) than
techniques which do not reduce the shot noise. The reduction in shot noise in the
images may increase the signal-to-noise ratio (SNR). Patterned features and/or

defects may then be distinguishable over the reduced shot noise.

[0050] The average image may be any one or more of the images used to
generate a difference image. For example, the average image may be an average
inspection image. The difference image may be generated by subtracting a
reference image from the average inspection image. The average image then
introduces less noise into the difference image. As a result, the defects are
distinguishable from the shot noise in the difference image. Thus, the average

image may improve a defect capture rate.

[0051] U.S. Patent No. 10,533,848, titled “Metrology and control of overlay and
edge placement errors”, filed on August 7, 2018; U.S. Patent No. 11,415,526,

titled, “Multi-controller inspection system”, filed on December 29, 2020; U.S. Patent
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No. 10,535,131, titled “Systems and methods for region-adaptive defect detection”,
filed on November 14, 2016; U.S. Patent No. 10,395,358, tilled “High sensilivity
repeater defect detection”, filed on November 6, 2017; U.S. Patent No. 10,557,802,
titled “Capture of repeater defects on a semiconductor wafer”, filed on August 13,
2018; U.S. Patent No. 10,801,968, titled “Algorithm selector based on image
frames”, filed on April 19, 2019; U.S. Patent No. 9,518,934, titled “Wafer defect
discovery”, filed on November 3, 2015; U.S. Patent No. 11,120,546, titled
“Unsupervised learning-based reference selection for enhanced defect inspection
sensitivity”, filed on September 4, 2020;U.S. Patent No. 11,416,982, titled
“Controlling a process for inspection of a specimen”, filed on September 23, 2020;
U.S. Patent Publication No. 2021/0010945, titled “Systems and methods for
selecting defect detection methods for inspection of a specimen”, filed on June 23,
2020; U.S. Patent No. 11,494,924, titled “Image alignment for noisy images”, filed
on November 10, 2020; U.S. Patent No. 10,943,838, titled “Measurement of
overlay error using device inspection system’, filed on June 24, 2018; U.S. Patent
No. 9,613,411, titled “Creating defect classifiers and nuisance filters”, filed on
October 2, 2014; U.S. Patent No. 9,619,876, titled “Detecting defects on wafers
based on 2D scatter plots of values determined for output generated using different
optics modes”, filed on March 12, 2013; U.S. Patent No. 10,599,944, titled “Visual
feedback for inspection algorithms and filters”, filed on November 27, 2012; U.S.
Patent No. 10,535,131, titled “Systems and methods for region-adaptive defect
detection”, filed on November 14, 2016; U.S. Patent No. 11,551,348, titled
‘Learnable defect detection for semiconductor applications”, filed on April 2, 2020,
U.S. Patent No. 11,550,309, titled “Unsupervised defect segmentation”, filed on
January 8, 2019; U.S. Patent No. 9,518,934, titled “Wafer defect discovery”, filed
on November 3, 2015; U.S. Patent No. 10,923,317, titled “Detecting defects in a
logic region on a wafer”, filed on August 18, 2019; U.S. Patent No. 10,801,968,
titted “Algorithm selector based on image frames”, filed on April 19, 2019; are

incorporated herein by reference in the entirety.
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[0052] Referring now to FIGS. 1A-4B, systems and methods for optical inspection
are described in greater detail, in accordance with one or more embodiments of

the present disclosure.

[0053] FIG. 1A is a block diagram of an inspection system 100, in accordance

with one or more embodiments of the present disclosure.

[0054] In one embodiment, the inspection system 100 includes one or more
optical imaging sub-systems 102 (e.g., optical imaging tools) configured to
generate one or more images of a sample 104, where the one or more optical
imaging sub-systems 102 may be configurable to image the sample 104 with
multiple optical inspection modes. For example, an optical imaging sub-system
102 may include an illumination sub-system 106 configured to illuminate the
sample 104 with dllumination 108 from an illumination source 110 and a collection
sub-system 112 configured to generate an image of the sample 104 in response
to light emanating from the sample (e.g., sample light 114) the illumination 108
using a detector 116.

[0055] The sample 104 may include a substrate formed of a semiconductor or
non-semiconductor material (e.g., a wafer, or the like). For example, a
semicenductor or non-semiconductor material may include, but is not limited o,
monocrystalline silicon, gallium arsenide, and indium phosphide. The sample 104
may further include one or more layers disposed on the substrate. For example,
such layers may include, but are not limited to, a resist, a dielectric material, a
conductive material, and a semiconductive material. Many different types of such
layers are known in the art, and the term sample as used herein is intended to
encompass a sample on which all types of such layers may be formed. One or
more layers formed on a sample may be patterned or un-patterned. For example,
a sample may include a plurality of dies, each having repeatable patterned
features. Formation and processing of such layers of material may ultimately result

in completed devices. Many different types of devices may be formed on a sample,
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and the term sample as used herein is intended to encompass a sample on which

any type of device known in the art is being fabricated.

[0056] The optical imaging sub-system 102 may generate one or more images of
the sample 104 using any technique known in the art. In some embodiments, the
optical imaging sub-system 102 is an optical imaging sub-system 102, where the
ilumination source 110 is an optical source configured to generate illumination 108
in the form of light, and where the collection sub-system 112 images the sample
104 based on light emanating from the sample 104. In some embodiments, the
imaging sub-system 102 is a particle imaging sub-system 102, where the
ilumination source 110 is a particle source configured to generate illumination 108
in the form of particles. For instance, particle illumination 108 may be in the form
of an electron beam (e-beam), an ion beam (e.g., a focused ion beam), or a
neutral-particle beam. Further, the collection sub-system 112 may image the
sample 104 based on particles emanating from the sample 104 (e.g.,
backscattered electrons, or the like). In some cases, a particle inspection system
100 may also image the sample 104 based on light emanating from the sample
104 in response to the incident particle illumination 108 (e.g., based on

photoluminescence, or the like).

[00571 FIG. 1B is a simplified schematic view of an optical inspection system 100,

in accordance with one or more embodiments of the present disclosure.

[0058] The illumination source 110 may include any type of illumination source
known in the art suitable for generating an optical iltumination 108, which may be
in the form of one or more illumination beams. Further, the illumination 108 may
have any spectrum such as, but not limited to, extreme ultravioclet (EUV)
wavelengths, ultraviolet (UV) wavelengths, visible wavelengths, or infrared (IR)
wavelengths. Further, the illumination source 110 may be a broadband source, a

narrowband source, and/or a tunable source.

[0059] In some embodiments, the illumination source 110 includes a broadband

plasma (BBP) illumination source. In this regard, the illumination 108 may include
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radiation emitted by a plasma. For example, a BBP illumination source 110 may
include, but is not required to include, one or more pump sources (e.g., one or
more lasers) configured to focus into the volume of a gas, causing energy to be
absorbed by the gas in order to generate or sustain a plasma suitable for emitting
radiation. Further, at least a portion of the plasma radiation may be utilized as the

ilumination 108.

[0060] In another embodiment, the illumination source 110 may include one or
more lasers. For instance, the illumination source 110 may include any laser
system known in the art capable of emitting radiation in the infrared, visible, or

ultraviolet portions of the electromagnetic spectrum.

[0061] The illumination source 110 may further produce illumination 108 having
any temporal profile. For example, the illumination source 110 may produce
continuous-wave (CW) illumination 108, pulsed illumination 108, or modulated
iflumination 108. Additionally, the illumination 108 may be delivered from the
ilumination source 110 via free-space propagation or guided light (e.g., an optical

fiber, a light pipe, or the like).

[0062] The illumination sub-system 106 and/or the optical imaging sub-system
102 may include various components to direct the illumination 108 {o the sample
104 such as, but not limited to, lenses 118, mirrors, or the like. Further, such
components may be reflective elements or transmissive elements. In this way, the
depiction of the lenses 118 in FIG. 1B as transmissive elements is merely
iflustrative and not limiting. The illumination sub-system 106 may further include
one or more optical elements 120 to modify and/or condition light in the associated
optical path such as, but not limited o, one or more polarizers, one or more filters,
one or more beam splitters, one or more diffusers, one or more homogenizers, one
or more apodizers, or one or more beam shapers. In embodiments, the illumination
sub-system 106 and/or the optical imaging sub-system 102 includes a beamsplitter
130 oriented to simultaneously direct the illumination 108 to the sample 104 and

collect sample light 114 emanating from the sample 104. In this regard, the



WO 2023/192543 PCT/US2023/017004
14

idlumination 108 and the sample light 114 may share the same path between the

beamsplitter 130 and the sample 104.

[0063] In some embodiments, the inspection system 100 includes a translation
stage 122 for securing and/or positioning the sample 104 during imaging. For
example, the translation stage 122 may include any combination of linear
actuators, rotational actuators, or angle actuators to position the sample 104 using
any number of degrees of freedom.

[0064] The optical imaging sub-system 102 may include various components to
collect at least a portion of the sample light 114 radiation emanating from the
sample 104 (e.g., sample light in the case of an optical imaging sub-system 102)
and direct at least a portion of the sample light 114 to a detector 116 for generation

of an image.

[0065] The inspection system 100 may further image the sample 104 using any
technique known in the art. In some embodiments, the inspection system 100
generates an image of the sample 104 in a scanning mode by focusing the
ilumination 108 onto the sample 104 as a spot or a line, capturing a point or line
image, and scanning the sample 104 to build up a two-dimensional image. In this
configuration, scanning may be achieved by moving the sample 104 with respect
to the illumination 108 (e.g., using the translation stage 122), by moving the
iflumination 108 with respect to the sample 104 (e.g., using actuatable mirrors, or
the like), or a combination thereof. The scanning may include scanning the sample
104 along a scan path to generate a swath of the scan path. In some embodiments,
the inspection system 100 generates an image of the sample 104 in a static mode
by directing the ilumination 108 to the sample 104 in a two-dimensional field of

view and capturing a two-dimensional image directly with the detector 116.

[0066] An image generated by the inspection system 100 may be any type of
image known in the art such as, but not limited to, a brightfield image, a darkfield
image, a phase-contrast image, or the like. In some embodiments, the images may

be raw images from an optical imaging sub-system 102. In this configuration, the
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inspection images may include various patterned features on the sample. Further,
images may be stitched together to form a composite image of the sample 104 or
a portion thereof, although this is not intended as a limitation of the present
disclosure. Although the images have been described as including the patterned
features, this is not intended as a limitation of the present disclosure. It is further
contemplated that the images may be from a sample or wafer with no patterned

features.

[oo67] The detector 116 may include any type of sensor known in the art suitable
for measuring sample light 114. For example, a detector 116 may include a multi-
pixel senscr such as, but not limited to, a charge-couple device (CCD), a
complementary metal-oxide-semiconductor (CMOS) device, a line sensor, or a
time-delay-integration (TDI!) sensor. As another example, a detector 116 may
include two or more single-pixel sensors such as, but not limited to, a photodiode,
an avalanche photodiode, a photomultiplier tube, or a single-photon detector. In
some embodiments, the detector 116 may include the TDI sensor. The TDI sensor
may include multiple pixel rows and a readout row. The TDI sensor may include
clocking signals that successively move charge from one pixel row to the next until
the charge reaches the readout row, where a row of the image is generated. By
synchronizing the charge transfer (e.g., based on the clocking signals) to the
motion of the sample along the scan direction, charge may continue to build up
across the pixel rows to provide a relatively higher signal to noise ratio compared

to a line sensor,

[0068] In some embodiments, the inspection system 100 includes a coniroller
124. The controller 124 may include one or more processors 126 configured to
execute program instructions maintained on a memory 128 (e.g., a memory
medium). In this regard, the one or more processors 126 of controller 124 may
execute any of the various process steps described throughout the present
disclosure. The controller 124 may be communicatively coupled to the one or more
optical inspection sub-systems 102. The controller 124 may receive images from

the optical inspection sub-systems 102.
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[0069] The one or more processors 126 of a controller 124 may include any
processing element known in the art. In this sense, the one or more processors
126 may include any microprocessor-type device configured to execute algorithms
and/or instructions. In one embodiment, the one or more processars 126 may
consist of a desktop computer, mainframe computer system, workstation, image
computer, parallel processor, or any other computer system (e.g., networked
computer) configured to execute a program configured to operate the inspection
system 100, as described throughout the present disclosure. It is further
recognized that the term “processor’” may be broadly defined to encompass any
device having one or more processing elements, which execute program

instructions from a non-transitory memory 128.

[0070] The memory 128 may include any storage medium known in the art
suitable for storing program instructions executable by the associated one or more
processors 126. For example, the memory 128 may include a non-transitory
memory medium. By way of another example, the memory 128 may include, but
is not limited to, a read-only memory, a random-access memory, a magnetic or
optical memory device (e.g., disk), a magnetic tape, a solid-state drive, and the
like. It is further noted that memory 128 may be housed in a common controller
housing with the one or more processors 126. In one embodiment, the memory
128 may be located remotely with respect to the physical location of the one or
more processors 126 and controller 124. For instance, the one or more processors
126 of controller 124 may access a remote memory (e.g., server), accessible
through a network (e.g., internet, intranet, and the like). Therefore, the above
description should not be interpreted as a limitation on the present invention but

merely an illustration.

[0071] An optical inspection mode may correspond o any combination of
parameters used to generate an image of the sample 104 including, but not limited
to, properties of ilumination directed to the sample 104 or light collected from the
sample 104. Further, imaging with different optical inspection modes may generally

be performed with any number of optical imaging sub-systems 102.
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[0072] An optical inspection mode provided by the optical imaging sub-system
102 may be controlled based on control of any combination of components in the
iflumination sub-system 106 or the collection sub-system 112. For example, control
of the illumination 108 directed to the sample 104 may be provided by the
illumination source 110 directly and/or by optical elements 120 such as, but not
limited to, a spectral filter o control a wavelength of the illumination 108, a polarizer
to control a polarization of the illumination 108, or an apodizer (e.g., in an
itlumination pupil plane) to control an anguiar distribution of the illumination 108 on
the sample 104. As another example, control of the sample light 114 collected from
the sample 104 and passed to the detector 116 may be provided by optical
elements 120 such as, but not limited to, a spectral filter to control a wavelength of
the sampile light 114 passed {o the detector 116, a polarizer to control a polarization
of the sample light 114 passed to the detector 116, or an apodizer (e.g., in a
collection pupil plane) to control an angular distribution of the sample light 114

passed to the detector 116.

[0073] As an illustration, a particular optical inspection mode may correspond fo
lumination 108 with a selected spectrum (e.g., as described by a bandwidth
and/or a central wavelength) and a selected polarization directed to the sample
with a selected incidence angle (e.g., as defined by an illumination aperture or
apodizer). The optical inspection mode may further correspond to a particular
spectrum and polarization of the sample light 114 directed to the detector 116 (both
of which may be the same or different than for the illumination 108 incident on the

sample 104).

[0074] Further, the illumination source 110 and/or any of the optical elements 120
may be adjustable such that the inspection system 100 may be configured to
provide different optical inspection modes. For example, any of the opfical
elements 120 may be directly tunable and/or controllable by actuators to provide
different optical inspection modes. In some embodiments, the controller 124
generates drive signals for the illumination source 110 and/or any of the optical

elements 120 to select-ably provide different optical inspection modes.
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[0075] In embodiments, the optical imaging sub-systems 102 may generate one
or more images. The images may include inspection images and reference
images, as will be described further herein. In embodiments, the optical image sub-
systems 102 may generate the one or more images using one or more optical

modes.

[oo76] Although much of the present disclosure describes images in the context
of inspection images and reference images, this is not intended as a limitation of
the present disclosure. There is not necessarily a distinction between inspection
and reference images. For example, such inspection images and reference images
may correspond to independently-generated images or portions of one or more
larger images (e.g., may correspond to sub-images of one or more larger images).
As an illustration, an inspection image may be associated with a portion of a larger
image representative of multiple dies on the sample. In this way, the inspection
image may be a sub-image representative of a region of interest that is being
inspected for defects at a particular time (e.qg., a particular die). As another
illustration, a reference image may be generated based on one or more different
portions of the larger image associated with different regions on the sample (e.g.,
additional dies). For example, a reference image may correspond to an average
of sub-images associated with one or more additional dies on the sample. In this
configuration, a difference image at a particular process step may correspond to a
difference between the inspection sub-image image and the reference image (e.g.,

a combination of sub-images).

{00771 It is contemplated herein that defects on a sample may respond differently
to imaging with different optical modes such that defect analysis or identification
may be improved by considering images generated with different optical modes.
Additional embodiments of the present disclosure are directed to inspection
systems suitable for performing multi-mode optical inspection. It is contemplated
herein that multi-mode inspection may provide substantially superior performance
(e.g., discrimination between defects and background signals) than single-mode

inspection techniques. Further, increasing the number of inspection modes may
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generally increase the inspection performance. However, it is further recognized
herein that it may be desirable to balance the number of opfical inspection modes
used during inspection, particularly if such multi-mode inspection requires multiple

imaging scans and thus takes longer to perform.

[0078] In some embodiments, a single optical imaging sub-system 102 may be
configured o image the sample 104 with multiple optical inspection modes
simultaneously or sequentially. In some embodiments, different optical imaging
sub-systems 102 are used to provide at least some different optical inspection

modes.

[0079] In some embodiments, the inspection system 100 provides images with
different optical inspection modes sequentially. For example, the inspection
system 100 may sequentially switch between different optical imaging sub-
systems 102 and/or adjust parameters of an optical imaging sub-system 102 to
provide sequential images of the sample 104 with different optical inspection

modes.

[0080] In some embodiments, the optical imaging sub-system 102 may be
configured to simultaneously provide two or more images with different optical
inspection modes simultaneously. As an illustration, an optical imaging sub-system
102 may include two or more collection channels, each having separate detector
116. The optical imaging sub-system 102 may then have one or more beam
splitters to split the sample light 114 into the various channels and/or additional
optical elements 120 (e.g., separate spectral filters, polarizers, or the like) to
provide separate control of the properties of the sample light 114 directed to the

associated detector 116 in each channel.

[0081] Referring now to FIGS. 2A-2B, a flow diagram illustrating steps performed
in a method 200 is described, in accordance with one or more embodiments of the
present disclosure. The embodiments and enabling technologies described
previously herein in the context of the inspection system 100 should be interpreted

to extend to the method 200. For example, the memory 128 may maintain program
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instructions which cause the processors 126 to execute one or more steps in the
method 200. It is further noted, however, that the method 200 is not limited to the

architecture of the inspection system 100.

[0082] FIGS. 2A-2B also refers to various images. It is to be understood that such
images may be images that are directly generated in one step by the inspection
system 100, portions thereof, or composite images formed by stitching sub-images
generated by the inspection system 100. Further, images may be cropped or
otherwise modified as necessary. In this way, references to images herein are
merely illustrative and not limiting on the types of images that may be generated

by the inspection system 100.

[0083] In some embodiments, the method 200 includes a step 210 of receiving a
reference image 212. The program instructions may cause the processors to
generate the reference image 212 from a plurality of images of a plurality of regions
each comprising a patterned feature. The reference image 212 is generated from
the plurality of images. The plurality of images are from a plurality of reference
regions which each include a matching patterned feature. The plurality of reference
regions may be from the sampie 104 and/or from one or more additional samples.
The reference region may include a design. For example, the reference region may
include a design with one or more patterned features. In some embodiments, the
plurality of images used to generate the reference image 212 are averaged to
reduce the shot noise. In this regard, the reference image 212 may be generated

from averaged images.

[0084] In embodiments, the reference image 212 may be received by the one or
more processors 126. The inspection system 100 may generate the reference
image 212. The reference image 212 may be received by the one or more
processors 126 from the optical imaging sub-system 102. The reference image
212 received by the one or more processors 126 may then be maintained in
memory 128. The reference image 212 received by the one or more processors

126 may also be received from memory 128.
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[o08s] The reference image 212 may include a pixel array 214. Each pixel in the
pixel array 214 may include an intensity 216. The intensity 216 may also be
referred to as a signal or a gray level. The intensity 216 may be associated with
patterned features in the reference regions, defects in the reference regions, and
signals associated with shot noise. The reference image 212 may represent an
ideal or reference. It may be assumed that the reference region is defect-free such
that the intensity 216 is not associated with any defects, although this is not

intended to be limiting.

[0086] In some embodiments, the method 200 includes a step 220 of receiving
inspection images 222 of an inspection region of a sample 104. The inspection
region may include any region on the sample 104 that will be inspected for defects.
The inspection region may include a design. For example, the inspection region
may include a design with one or more patterned features. The inspection images
222 are repeated images of the inspection region of the sample 104. The repeated
images may be taken from the same inspection region using the same optical
mode. In this regard, the variable factor between the inspections images 222 may

be shot noise.

[0087] In embodiments, the inspection images 222 may be received by the one
or more processors 126. The inspection system 100 may generate the inspection
images 222. The inspection images 222 may be received by the one or more
processors 126 from the optical imaging sub-system 102. The inspection images
222 received by the one or more processors 126 may then be maintained in
memory 128. The reference images 212 received by the one or more processors

126 may also be received from memory 128.

[0088] The inspection images 222 may include a pixel array 224. Each pixel in
the pixel array 224 may include an intensity 226. The intensity 226 may be
associated with patterned features in the inspection regions, defects in the
inspection regions, and signals associated with shot noise. The inspection images

222 may be representative of deviations of a raw image of an inspection region of
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interest from the reference due to the defects. It may not be assumed that the
inspection region is defect-free; rather the inspection region is being inspected for
defects. The signals associated with the shot noise may relatively high when
compared to the signals associated with the patterned features and/or the signals
associated with the defects. In this regard, the shot noise may introduce noise into
the patterned features and/or the defects. The inspection images 222 may each
include an SNR. The shot noise may contribute to the SNR. The inspection images
222 may thus include a signal-to-noise ratio (SNR) which is relatively low. The
SNR of the inspection images 222 may be relatively low such that the defects are
hidden by the shot noise.

[0089] The inspection images 222 may be aligned, registered, and/or scaled such
that they have a common number of aligned pixels. The pixels in the pixel array
224 may correspond to locations on the inspection region of the sample. In this
regard, the inspection images 222 may each include a common pixel location in
the pixel array 224 which corresponds to a common physical focation on the
sample. In some embodiments, the step 220 further includes registering and/or
scaling the inspection images 222. In this way, the inspection images 222 may
have a common number of pixels and each pixel of all inspection images 222 may
correspond to a common location on the sample. The registering and/or scaling
may also be referred to as aligning the pixels in the pixel arrays 224. In
embodiments, the images may be aligned by the processors 126. It is further
contemplated that the inspection images 222 may be pre-aligned before receiving
the inspection images 222. The aligning may occur by any suitable method of

aligning, as will be described further herein.

[0090] In some embodiments, the method 200 includes a step 230 of generating
an average inspection image 232. The average inspection image 232 may be
generated by averaging the inspection images 222 of the one inspection region.
The average inspection image 232 may include signals associated with the
patterned features, signals associated with defects, and signals associated with

the shot noise.
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[0091] The average inspection image 232 may include an average pixel array
234. The average pixel array 234 may be found by averaging each of the pixel
arrays 224 of the inspection images 222. Each pixel in the average pixel array 234
may include an average intensity 236. The average intensity 236 may be found by
averaging the intensities 236 between the pixels of each of the inspection images
222. Averaging the intensities 236 may refer to adding the intensity values for each
common pixel locations and then dividing by the number of images. The average
inspection image 232 may include a SNR. The shot noise may contribute to the
SNR. However, the shot noise in the SNR of the average inspection image 232
may be averaged from each of the inspection images 222. The averaging may
reduce the shot noise in the average inspection image 232 and similarly increase
the SNR. The average inspection image 232 may thus include signal-to-noise ratio
(SNR) which is relatively high or greater than each of the SNRs of the inspection
images 222. The SNR of the average inspection image 232 may be relatively high
such that the defects are not hidden by the shot noise. However, the defects may

be hidden by the patterned features.

[0092] In some embodiments, the method 200 includes a step 240 of generating
a difference image 242. The difference image 242 may be generated by
subtracting the reference image 212 from the average inspection image 232. The
inspection region and the one or more reference regions have a common design.
For example, the inspection region and the one or more reference regions may
each include the patterned features. images from the reference regions may then
be used to subtract out the patterned features from the inspection region. The
pixels in the pixel array 214 of the reference image 212 may be aligned with the
pixels in the average pixel array 234 of the average inspection image 232. In this
regard, the pixel array 214 and the average pixel array 234 may be aligned such
that the pixels each correspond to the common patterned features. The common
patterned features may be aligned between the reference image 212 and the
average pixel array 234 by the alignment of the reference image 212 with the

average inspection image 232. In some embodiments, the step includes aligning
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the reference image 212 with the average inspection image 232. In other
embodiments, the reference image 212 and the average inspection image 232 are
pre-aligned. The aligning may occur by any suitable method of aligning, as will be
described further herein.

[0093] The difference image 242 may include a difference pixel array 244. The
difference pixel array 244 may be found by subtracting the pixel array 214 of the
reference image 212 from the average pixel array 234 of the average inspection
image 232. Each pixel in the difference pixel array 244 may include a difference
intensity 246. The difference intensity 246 may be found by subtracting the
intensities 216 between the pixels of the average pixel array 224 from the average
intensities 236 between the pixels of the average pixel array 234. The difference
image 242 may include a SNR. The signal of the difference image 242 may refer
to the intensity of the defects and/or the patterned features and the noise may refer
to the shot noise. However, the shot noise and the patterned features may
minimally contribute to the SNR. For example, the shot noise may minimally
contribute to the SNR by the averaging. By way of another example, the patterned
features may minimally contribute to the SNR by the subtraction to find the
difference. The subtraction may remove the common features (e.qg., the intensity
associated with the patterned features). The difference image 242 may thus
include signal-to-noise ratio (SNR) which is relatively high. The SNR of the
difference image 242 may be relatively high such that the defects are not hidden
by the shot noise and/or the patterned features. Improving the SNR may be
desirable to improve a detection rate or defect capture rate of the defects in the

difference image 242.

[0094] In embodiments, the SNR of the reference image 212, the average
inspection image 232, and/or the difference image 242 may be defined by the

following equation.

Nwell,v » Number of Repeats

[mage Dynamic Range

[0095] SNR = (defect contrast) * \/
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[0096] Nwen, v may refer to the well depth in photons of the detector 116. The
number of repeats may refer to the number of repeated images which are
averaged. Performing the scan averaging may multiply the Nwen, v term in the above
equation by the number of repeated images which are averaged. in this regard,
the number of repeated images may reduce the shot noise by the square root of

the number of repeated images.

(00971 Defect contrast may refer to the contrast between the pixels associated
with a defect and the background pixels surrounding the pixels associated with the

defect. Defect contrast may be defined by the following equation:

Almage Intensity due to Defect

[00981 DefeCt Contrast = Background I'mage Intensity @ Defect

[0099] Image Dynamic Range may refer to the ratio between maximum and
minimum intensity of the image. Image Dynamic Range may be defined by the
following equation:

Maximum Image Intensity
Minimum Image intensity

[00100] Image Dynamic Range =

[00101] In some embodiments, the method 200 includes a step 250 of detecting
one or more of the defects. The defects may be detected based on the difference
image 242. The defects may be detected in the inspection region based on the
difference image. In some embodiments, the step 250 the defects may be detected

directly from the difference image 242.

[00102] In some embodiments, the step 250 further includes detecting the defects
from a filtered difference image. In embodiments, the controller 124 may be
configured to apply a difference filter (diff filter) to the difference image. The
difference image is filtered by one or more difference filters. The difference filter
may be applied to the difference image 242 to generate the filtered difference
image. The difference filter may include, but is not limited to, high pass, low pass,
hybrid, narrowband, vertical-direction, horizontal-direction, other selected direction

filters, a convolution filter, a digital convolution filter, and the like. In embodiments,
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the difference filter may be customized to filter difference images determined from
scan or frame averaging. For example, the difference filter may be customized with
the number of scans used to produce the plurality of images. The defects may then

be detected in the inspection region based on the filtered difference image.

[00103] The defects may be detected using any technique. In embodiments, the
controller 124 may be configured to apply an inspection algorithm to process
filtered and/or unfiltered difference images for defect detection. The inspection
algorithm may include any inspection algorithm such as, but not limited to, a
multiple die adaptive-thresholding (MDAT) and the like.

[00104] In some embodiments, the method 200 may include a step of classifying
the one or more defects. The defects may generally include defects of interest
(DOIs) andlor nuisance defects. The defects of interests may impact device
performance, degrade system performance, and/or be killer defects. The nuisance
defects generally do not impact device performance. The step may include
classifying the defects as at least one of a nuisance, a defect of interest (DOI), or
the like.

[00105] Although the step 220 is depicted after the step 210 in the flow diagram of
the method 200, this is not intended as a limitation of the present disclosure. It is
further contemplated the step 220 may be performed before and/or simultaneously
with the step 210. In this regard, the inspection images 222 may be generated and
then the reference images 212 may be generated; the reference images 212 may
be generated and then the inspection images 222 may be generated; or the
reference images 212 and the inspection images 222 may be simultaneously
generated. Generally, the step 220 may be performed after the step 210.
Generally, the step 230 may be performed after the step 220.

[00106] In some embodiments, the inspection system 100 generates the reference
images 212 and/or the inspection images 222 in a scanning mode. The inspection

system 100 may repeatedly scan the reference region to generate the reference
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images 212 and/or may repeatedly scan the inspection region to generate the

inspection images 222.

[00107] In some embodiments, the one or more steps of the method 200 may be
repeated for multiple optical modes. The optical modes may refer to optical modes
of the optical inspection sub-systems 102. The optical inspection mode may
include any unique combination of optical imaging parameters of the one or more
optical imaging sub-systems 102. For example, the optical inspection modes may
include unique combinations of parameters associated with the illumination 108
and/or the sample light 114 used to generate images including, but not limited to,

illumination wavelength, polarization, or angle.

[00108] The optical inspection sub-systems 102 may generate sets of inspection
images of the inspection region of the sample and/or set of reference images of
the reference region with the optical inspection modes. The method 200 may be
performed for each plurality or set of the reference images 212 and inspection
images 222 taken using different optical modes. Images taken at separate modes
may be averaged separately. Reference images and average inspection images
may then be generated for each of the optical modes. Difference images for each
of the optical modes may then be generated by subtracting the reference images
and average inspection images. The difference images may then depict the

intensity of the defects at each of the optical modes in the inspection region.

[00109] For example, the optical inspection sub-systems 102 may be configured
to generate a first plurality of inspection images 222 and/or a first plurality of the
reference images 212 using a first optical mode. For instance, the first illumination
wavelength, a first illumination polarization, and a first illumination angle for the
optical inspection sub-systems 102. The processors 126 may receive the first
plurality of inspection images and the first reference image, generate a first
average inspection image by averaging the first plurality of inspection images 222,
and subtract the first reference image from the first average inspection image to

generate the first difference image.
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[00110] By way of another example, the optical inspection sub-systems 102 may
be configured to generate a second plurality of inspection images 222 and/or a
second plurality of the reference images 212 using a second optical mode. The
processors 126 may generate a second average inspection image by averaging
the second plurality of inspection images and subtracting the second reference
image from the second average inspection image to generate the second

difference image.

[00111] By way of another example, the optical inspection sub-systems 102 may
also be configured to generate any Nth plurality or set of inspection images 222
and/or a Nth plurality or set of the reference images 212 using an Nth optical mode,

for any integer N.

[00112] In some embodiments, one or more multi-mode inspection techniques
may be performed on the difference images. The multi-mode inspection may be
designed to reject wafer noise when shot-noise is negligible. The muiti-mode
inspection techniques may compliment the method 200 when the defect contrast

is low and shot noise is a significant fraction of the total noise.

[00113] Although the method 200 has been described as being repeated for any
number of the optical modes, this is not intended to be limiting. Time requirements
may practically limit the number of optical modes when implementing the method
200.

[00114] As described previously herein, some optical imaging sub-systems 102
may be capable of generating images with multiple optical inspection modes
simultaneously (e.g., via different collection channels), whereas some opfical
imaging sub-systems 102 may require multiple separate measurements (e.g.,
scans) to obtain images with different optical inspection modes. In this regard,
multiple sets of reference images 212 and/or muitiple sets of inspection images
222 may be generated and/or received simultaneously at multiple optical modes.
For example, the optical imaging sub-systems 102 may be configured to

simultaneously generate the first plurality of inspection images taken at the first
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optical mode and the second plurality of inspection images taken at the second
optical mode. The method 200 may then generate the difference image 242 for

each of the optical modes.

[00115] In some embodiments, the sample 104 includes a plurality of inspection
regions. One or more steps in the method 200 may be repeated for each of the
inspection region of the sample 104. For example, the steps 220-250 may be
repeated for each inspection region to detect defects in the inspection region. The
step 210 may be optionally repeated together with the steps 220-250. For example,
the step 210 may or may not be repeated if the current inspection region includes
the same patterned features as one or more reference regions in memory 128.
The reference image 212 may be received from memory 128 if the inspection
region includes the same patterned features as the reference region maintained in

memory 128.

[00116] Referring now to FIGS. 3, a non-limiting example of the application of the
method 200 are described. As depicted, images 302a-302d are received. The
images 302a-302d are averaged to generate an average image 304. The images
302a-302d and the average image 304 each include a pixel array. Each pixel in
the pixel array includes an intensity value. in the example shown, the intensity

value is a gray level of the pixel.

[00117] As depicted, the images 302a-302d and the average image 304 may
include shot noise. The shot noise may be random across the images. For
example, the shot noise may be Poisson-distributed or vary randomly in the region.
In some embodiments, the images 302a-302d and the average image 304 may
each include a standard deviation for the intensity values. The standard deviation
for the intensity values may indicate the contribution of the shot noise to the SNR

of the images.

[00118] The SNR of the average image 304 is substantially higher than the SNRs
of each of the images 302a-302d. The image 302a is depicted with a standard
deviation of 8.5147 gray-levels, the image 302b is depicted with a standard
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deviation of 8.5483 gray-levels, the image 302c is depicted with a standard
deviation of 8.5721 gray-levels, the image 302d is depicted with a standard
deviation of 8.5634 gray-levels, and the average image 304 is depicted with a
standard deviation of 4.324 gray-levels. The standard deviation of the average
image 304 has been significantly reduced below the standard deviation of the
images 302a-302d. For example, the standard deviation of the average image 304
may be on the order of half of the standard deviations of the images 302a-302d
because four of the images have been averaged {0 generate the average image
304.

[00119] [t is noted that the intensity values of patterned features and defects are
not present in the images 302a-302d and not present in the image 304. The
intensity values of the patterned features and defects are not present in the images
302a-302d, 304 to clearly illustrate the shot noise reduction provided by the
averaging. Although not depicted, the images may include intensity values

indicative of the patterned features and/or defects.

[00120] In some embodiments, the images 302a-302d may be examples of the
inspection images 222. Similarly, the average image 304 may be an example, of
the average inspection image 232.

(001211 In this example, four of the images 302 are received. It is further
contemplated that the method 200 may be applied to any number of the images.
For example, the inspection images 222 at a given optical mode may include two
or more images. By way of another example, the inspection images 222 at a given
optical mode may include three or more images. By way of another example, the
inspection images 222 at a given optical mode may include four or more images.
By way of another example, the inspection images 222 at a given optical mode
may include between four and ten images. By way of another example, the
inspection images 222 at a given optical mode may include ten or more images.
In this regard, any number of repeated images may be averaged to generate the

average inspection image 232. The number of repeated images may be selected
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based on a desired reduction in shot noise weighed against a process time

required to generate the repeated images.

[00122] Referring now to FIGS. 4A-4B, graph 402 and graph 404 are described, in
accordance with one or more embodiments of the present disclosure. The graph
402 depicts experimental results of a difference image which is formed by
subtracting one of the reference images 212 from one of the inspection images
222. In this regard, the difference image referred to in the graph 402 is not formed
by subtracting average inspection images 242 and reference image 212. The
graph 404 depicts experimental results of a difference image which is formed by
subtracting the reference images 212 from the average inspection image 232. For
example, the average inspection image 232 may be averaged from ten images or

scans.

[00123] The graph 402 and the graph 404 are taken from inspection images in the
same inspection region. The inspection region includes known defects. The known
defects are labelled with defect identifiers. For example, the defect IDs include
003, 103, 105, 114, 213, 214, 301, 313, 314, 413, 414, 505, 602, 605, 613, 703,
and 714.

[00124] The horizontal axis of the graphs 402, 404 refers to a gray level of a
difference image. In particular, the horizontal axis of the graph 402 refers to a gray
level of a difference image which has not been averaged from multiple scans. The
horizontal axis of the graph 402 refers to a gray level of a difference image which

has not been averaged from ten scans.

[00125] The vertical axis of the graphs 402, 404 refers to a minimum value
between cumulative density function (CDF) and one minus the CDF (e.g., MIN
(CDF, 1-CDF)). The vertical axis indicates the probability of the background noise
exceeding the difference gray level (horizontal axis) in magnitude. The CDF may

refer to a function of background noise.



WO 2023/192543 PCT/US2023/017004
32

[00126] The N-pass averaging may reduce background acceptance rate in an
array region measured by cumulative density function (CDF) of background noise.
Ten repeats or less may improve the defect capture rate meaningfully. For
example, the graph 402 depicts three of the defects being detectable with the
remainder of the defects being undetectable. By way of another example, the
graph 404 depicts fourteen of the defects being detectable with the remainder of
the defects being undetectable. Thus, the N-pass averaging in this example has

improved the defect capture rate from three to fourteen.

[00127] Referring now to FIG. 5, scanning the sample 104 is described, in
accordance with one or more embodiments of the present disclosure. In some
embodiments, the images (e.g., the inspection images 222 and/or the reference
image 212) may be collected by swathing. Swathing may entail scanning the
detector 116 over the sample 104. The detector 116 may be scanned over the
sample 104 by translating the stage 122. The detector 116 may scan over the
sample 104 in a scan path 502. As depicted, the scan path 502 may be a horizontal
direction. The detector may also step in a vertical direction, and scan in a new scan
path 502.

[00128] The swath may comprise an image that captures a portion of a row of dies
on a semiconductor wafer. The swaths may be received and maintained in
memory 128. Images of each row of dies may be formed by several swaths. For
example, one swath may capture a portion of the area of the row of dies. Multiple
of the swaths may then capture multiple portions of the area of the row of dies. The
swaths of the row of dies may be alighed to capture images of the dies. The swaths
and/or portions of the swaths, may be aligned before averaging. The swaths and/or
portions of the swaths may be partitioned into images. For example, a portion of
the swaths may define the image. The images may be the inspection images.
Defects may be detected in the inspection images. The images may also be one
of a plurality of images which are combined to generate the reference image.
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[00129] In embodiments, the inspection system 100 may generate the repeated
swaths of the scan path 502 of the sample 104. For example, the inspection system
100 may generate a first set of repeat swaths of a first scan path 502a of the
sample 104, a second set of repeat swaths of a second scan path 502b of the
sample 104, and the like. In some embodiments, the number of sets of repeat

swaths may be selected to fully image the patterned feature.

[00130] In some embodiments, repeat swaths of a scan path are received and then
immediately averaged before moving to a next scan path. Immediately averaging
the repeated swaths may be advantageous to reduce the amount of the swaths
maintained in the memory 128. immediately averaging the repeat swaths of the
scan path may be advantageous when the translation stage 122 can repeat the
scan path with a desired accuracy. In some cases the motion of the translation
stage 122 is tracked using one or more sensors (e.g., interferometers, encoders,

etc.) to achieve the desired accuracy.

[00131] In some embodiments, all of the repeat swaths of the scan path are
maintained in memory. The portions of the repeat swaths used to generate any of
the various images may then be received and averaged. The average swaths may
then be stitched together to form the images. Maintaining all of the repeat swaths
of the scan path in memory may be advantageous where there are variations in
the alignment of the swaths. For example, the alignment may vary in the repeat
swaths of the same scan path and/or in the swaths across multiple scan paths.
Any of the various swaths may be maintained in memory and then aligned.
Maintaining the repeat swaths in memory may require additional memory and/or

processing fesources.

[00132] The processors 126 may receive one or more portions of the sets of repeat
swaths of the scan path 502 of the sample 104. The one or more portions may be
used to generate the image. For example, the processors 126 receive at