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(57) Abstract: A dark-field inspection system may include an illu-
mination source to generate an illumination beam, illumination op-
tics configured to direct the illumination beam to a sample at an off-
axis angle along an illumination direction, collection optics to col-
lect scattered light from the sample in response to the illumination
beam in a dark-field mode, a polarization rotator located at a pupil
plane of the one or more collection optics, where the polarization ro-
tator provides a spatially-varying polarization rotation angle select-
ed to rotate light scattered from a surface of the sample to a selected
polarization angle, a polarizer aligned to reject light polarized along
the selected polarization angle to reject the light scattered from a
surface of the sample, and a detector to generate a dark-field image
of the sample based on scattered light from the sample passed by
the polarizer.
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SENSITIVE PARTICLE DETECTION WITH SPATIALLY-VARYING POLARIZATION
ROTATOR AND POLARIZER

CROSS-REFERENCE TO RELATED APPLICATION

(0001} The present application claims the benefit under 35 U.S.C. § 118(e) of US.
Provisional Application Serial Number 82/806,820, filed February 17, 2018, entitled
METHOD AND SYSTEM OF SENSITIVITY ENMHANCEMENT FOR PARTICLE
DETECTION IN WAFER INSPECTION SYSTEM, naming Xuefeng Liu and Jenn-Kuen

Leong as inventors, which is incorporated hersin by referencs in the entiraty.

TECHNICAL FIELD

foon2l  The present disclosure is generally related fo particle inspection and, mors
particularly, to particle inspection using dark-field imaging based on scattered or
diffracted light.

BACKGROUND

{00031 Particle detection systems are commonly utilized in semiconductor processing
fines to identify defects or particulates on wafers such as, but not limited io,
unpatterned wafers. As semiconductor devices continue 1o shrink, particle detection
systems require corresponding increases in sensilivity and resolution. A significant
source of noise that may imit measurement sansitivity is surface scatiering on a wafer
{e.g., surface haze}, which may be presenteven for optically polished surfaces. While
various methods have been proposed o supprass surface scattering with respect to
scattering from particles, such methods may fail to achieve desired sensitivity levels
and/or may achieve sensitivity at the expense of degraded image quality. There is
therefore a need to develop systems and methods that mitigate the deficiencies
addressed above.
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SUMMARY

[0004] A gystem is disclosed in accordance with one or more illustrative embodimeants of
the present disclosure. in one dlustrative embodiment, the system includes an
iflumination source to generate an Hlumination beam. In ancther illustrative embodiment,
the system includes one or more illumination optics to direct the ilumination beam {0 a
sample at an off-axis angle along an Hlumination direction. In another ilustrative
embodiment, the system includes one or more collection oplics to collect scattered light
from the sampie in response to the illumination beam in a dark-field mode. In another
iustrative ambodimant, the system includes a polarization rotator located at a pupil plane
of the ane or more collection optics, where the polarization rotator provides g spatially-
varying polarization rotation angle selected to rotate light scattered from a surface of the
sample to a selected polarization angle. In another dlustrative embodiment, the system
includes a polarizer aligned to reject light polarized along the selected polarization angle
to reject the light scatlered from the surface of the sample. In anothsr Hlustrative
embodiment, the system includes a detector configured to generate g dark-field image of
the sample based on scattered light from the sample passead by the polarizer, where the
scattered light from the sample passed by the polarizer includes at least a portion of light
scattered by one or mora particles on the surface of the sample.

[og0s] An apparatus is disclosed in accordance with one or mors illustrative embodiments
of the present disclosure. In one dlustrative embodiment, the apparatus includes a
polarization rotator located at a pupll plane of a dark-field imaging system, where the
dark-field imaging system includes one or more cellection optics {o collect scattersd light
from a sample in response to off-axis lumination. It another illustrative embodiment, the
polarization rotator provides a spatially-varying polarization rotstion angle selacted to
rotate light scattered from a surface of the sample to 2 selected polarization angle. In
another fllustrative embodiment, the polarization rotator 18 configured to be coupled with
a polarizer aligned to reject light polarized along the selected polarization angle o rgjsct
the light scattered from a surface of the sample.

ok
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[0006] A method is disclosad in accordancs with one or mors illusirative embodiments of
the present disclosure. In ong illustrative embodiment, the method includes receiving an
slectric finld distribution of light scattered from a surface of a sampie in response to an
iflumination beam with 8 known polarization at a known incidence angle. In another
lustrative embodiment, the method includes designing a polarization rotator suitable for
nlacement at a pupil plane of an imaging system to provide g spatially-varying polarization
rotation angle selected o rotate a polarization of light having the eleciric fisld distribution
to a selected polarization angle. In another ilustrative embodiment, the method includes
generating a dark-field image of g sample with the imaging system having the polarization
rotator in the pupil plane and a linear polarizer aligned fo reject light polarized along the
selected polarization angle, where the dark-field image is based on light passed by the

polarizer.

[o0u7} A system is disclosed in accordance with one or more ilustrative embuodiments of
the present disclosure. In one flustrative embodiment, the system includes an
Hlumination source to generate an ilumination beam. In another llustrative embadiment,
the system includes cne or more Hilumination optics to direct the Hlumination beam o a
sample at an off-axis angle along an illumination direction. In another illustrative
gmbodiment, the system includes a detector.  In another llustrative embodiment, the
system includes one ormore collection oplics to generate a dark-field image of the sample
on the detector based on light collectad from the sample in response to the illumination
beam. In one illustrative embodiment, the systent includes a segmented polarizer
including a plurality of segments distributed in a pupil plane of the one or more collection
optlics, wherein a rgjection axis of each segment is oriented o reject light scatiered from

a surface of the sample within the segment.

[poosy i is to be understood that both the foregoing general description and the following
detalled description are exemplary and explanatory only and are nol necessarily
restrictive of the invention as claimed. The accompanying drawings, which are
incorporated in and constitute a pard of the speacification, illustrate embodiments of the
nvention and together with the general description, serve to explain the principles of the

invention.
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BRIEF DESCRIPTION OF DRAWINGS

foooa] The numerous advaniages of the disclosure may be better understood by those

skilled i1 the art by reference to the accompanying figures in which:

FIG. 1 i3 a concepiual view of a particle detection system, in accordance with one or more
embodiments of the present disclosure;

FIGS. 2A is a pupil-plane scattering map of surface scatlening in response to obliquely-
incident p-polarized light, in accordance with one or more embodiments of the
present disclosure;

FI3. 2B is a pupil-plane scattering map of light scattered by a8 sub-resolution particle in
response {o obliqusly<incident p-polarized ight, in accordance with one or morg
embodiments of the present disclosure;

FIG. 3A is a conceptusl top view of a segmented polarizer having wedge-shaped
segments distributed radially around an apex location, in accordance with one or
more embodiments of the prasent disclosure;

FiG. 3B is a conceptual top view of a segmented polarizer in which segments are lingarly
distributed along a selected segmentation direction in the pupd plane, in
accordance with ong or more embodiments of the present disclosure;

FIG. 4 is a conceptual top view of a phase mask including two segments to divide the
pupil into two segments, in accordance with one or more embodiments of the
present disclosure.

FIG. 5 is a conceptual top view of a polarization rotator formed as an angularly-segmented
half-wave plate, in accordance with ong or more smbodiments of the present
disclosure;

FIGS. BA and 8B are plots of orthogonally polarized portions of the collected sampls light
after propagating through an angularly-segmented polarization rotator and a
polarizing beamsplitter, in accordance with one or more ambodiments of the
present disclosure;

FIG. 7A is a conceptual top view of a polarization rotator formed as a linearly-segmented
half-wave plate, in accordance with one or more embodiments of the present
disclosure;
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FiG. 78 is a calculated plot of the orieniation directions of the oplic axes of a inearly-
segmented polarization rotator shown in FIG. 7A as a funclion of position in the
pupil plane along the segmentation direction, in accordance with one or more
embodiments of the present disclosure;

FiG. 7C is a plot of orientation directions for optic axes of a linearly-segmented
polarization rotator {0 rotate the polarization of surface haze o a selected
polarization angle, in accordance with ong or more embodiments of the present
disclostre;

FIGS. 8A and 8B are plots of orthogonally polarized portions of the collected sample light
after propagating through an angularly-segmented polarization rotator and a
polarizing beamspiitter, in accordance with one or more embodiments of the
present disclosurs;

FIG. 8A is an image of a particle smaller than a resolution of an imaging system generated
based on scattering of obliquely-incident p-polarized light, in accordance with one
ar more embodiments of the present disclosure;

FIG. 9B includes an image of the parlicle in FIG, 8A using an imaging system with an
angularly-segmented polarization rotator as illustrated in FIG. 5 and a polarizing
beamsplitter, i asccordance with one or more embodiments of the present
disclosura;

FIG. 8C includes an image of the particle in FIG. 9A using an imaging system with a
linsarly-segmented polarization rotator as dlustrated in FIG. 7A with 72 segmenis
and a lingar polanizey, in accordance with ane or more embodiments of the present
disclosure;

FiG. 10 is a plot illustrating the performance and convergence behavior of an angularly-
sagmented polarization rotator and a linearly-segmented polarization rotator, in
accordance with one or mare embadiments of the present disclosure;

FIG. 11A is a plot of SNR as a function of pixel size for a segmented polarizer and a
segmentad polarization rotator using an illumination beam having a wavelength of
286 nim, in accordance with one or more embodiments of the present disclosure;

iy
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FIG. 118 is a plot of SNR as a function of pixel size for a segmented polarizer and a
sagmented polanization rotator using an Hlumination beam having a wavelength of
213 nm, in accordance with one or more embodiments of the present disclosure;

FIG. 12 is a conceptual top view of a polarization rotator formed from an optically-active
material, in accordance with one or more embodiments of tha present disclosure;

FItG. 13A is g plot of a thickness profile along the vertical direction of FIG. 12 of a
polarization rotator formed from an optically active material designed to rotate the
polarization of surface haze having wavelengths of 266 nm and 213 nm,
respectively, to the horizontal direction in FIG. 12, in accordance with one or more
embodimants of the present disclosure;

FIG. 13B is a cross-sectional view of a polarization rotator having g thickness profile
based on FIG. 13A, in accordance with one or more embodiments of the present
disclosure;

FIG. 14A is a plot of a thickness profile along the vertical direction of FIG. 12 of a
polarization rotator formed from an optically active material designed to rolate the
polarization of surface haze having wavelengths of 266 nm and 213 nm,
respactively, to the horizontal dirsction in FIG. 12, in accordance with ong or more
embodimanis of the present disclosure;

FiG. 148 is a cross-sectional view of a polarization rotator having a thickness profile
based on FIG. 14A, in accordance with one or more embodiments of the present
disclosure: and

FIG. 15 is a flow diagram iflustrating steps performed in a method for particle detection,
in accordance with one or more ambodiments of the present disclosure.

DETAILED DESCRIPTION

{00101 Reference will now be made in detall 1o the subject matter disclosed, which is
lustrated in the accompanying drawings. The present disclosure has been particularly
shown and described with respect to certain embodiments and specific features thareof.
The embodiments set forth herein are taken to be dlustrative rather than limiting. As used

95 i

hergin, directional terms such as “left”, “night’, “top”, *bottom”, “over”, “under”, "upper,
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“upward”, “lower”, “down” and “downward” are intended fo provide relative positions for
purposes of description, and are not intended to designate an absclute frame of
refarence. It should be readily apparant 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.

{0011} Embodiments of the prasent disclosure are directad 1o systems and methods for
particle detection based on dark-field imaging in which surface scattering (e.g., surface
haze) is separated from light scattered by particles on a surface {e.g., particle scattering).
Additional embodiments of the present disclosure are direcied to simultaneously
generating separate images of a sample based on surface scattering and particle
scattering.

fooi2] Waler inspection is generally described in US. Patent No. G 874,526 issued on
January 1, 2018, U.S. Patent No. 8,291,575 issued on March 22, 2016, U.5. Patent No.
8.891.079 issued on November 18, 2014, and U.8. Patent No. 9,891,177 issued on
February 13, 2018, all of which are incorperated herein in their entfirely.  Further, for the
purpnses of this disclosure, a partlicle may include any surface defect on a sample of
interest including, but not limited to, a forsign particulate, a scratch, a pit, a hole, a bump,
orthe like.

[0013] It is recognized hersin that light scattered from a particle and light scattered from
a surface may exhibit different alectric field distributions {e.g., polarization and electric
field strength) as a function of scattering angle. Further, differences in the electric field
distribution {e.g., scattering map) may be particularly significant for obliquely-incident p-
polarized light. For example, surface haze from obliquely-inaident p-polarized light may
be approximately radially polarized with respect to an angle of specular reflection,
whereas scattering from a particle may be approximately radially polarized with respect
to a surface normal.

{00141 In some embodiments, a dark-field imaging system includes a polarization rotator
it a pupil plane to selectively rotate the polarization of surface haze o a selected
polarization angle and g linear polarizer to separate the surface haze that is polanized
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along the selected polarization angle from the remaining signal {e.g., patticle scattering)
into different imaging channels, For example, the polarization rotator may provide varying
polarization rofation angles across the pupil plane based on a known or expecied
polarization distribution of surface haze, where a spatial distnbution of polarization
rofation angle across the pupt s selected to rotate the surfage haze distributed across
the pupil o & common selected polarization angle. In this regard, a linear polarizer {8.9.,
a polarizing beamsplitter) aligned 1o this selected polarization angle may sffectively
separate the surface haze from the pardicle scattering.

00151 Additional embodiments of the present disclosure arg dirgcted to a polarization
rotator for providing a spatially-varying amount of polarization rotation suitable for use in
a pupil plane of an imaging system. Multiple configurations of a polarization rotator are
conterpliated herein. In some embodiments, a polanzation rotator includes a segmented
half-wave plate including multiple half-wave plates with different orientations of the optic
axes. For example, the polanzafion rotator may include mulliple half-wave plates
distributed radially around an apex location such as, but not limited to, a point in the pupil
plane corresponding o specular reflection of an illumination beam. In this regard, each
half-wave plate may cover a range of radial angles around the specular reflection angle
{e.g., to mimic the approximatsly radial pelarization distribution of swface haze). By way
of another example, the polarzation rotator may include a series of halft-wave plates
linearly distributed along a single direction in the pupil plane. In some embodiments, a
polarization rotator includes an oplically-active materigl having a spatially-varying
thickness. In this regard, the thickness at a given point in the puptl plane may determing

the angle of polarization rotation.

{0016} Additional embodiments of the present disclosure are dirscted {0 a method for
designing a spatial distribution of polarization rotation angle suitable for rotating surface
haze {o a selected polarization angle for filtering with a polanzing beamsplitter. For
example, a polarization rotator may be designed to selectively rotate light associated with
any source of noise toa common selected polarization angle for filtering using a polarizing
beamsplitter. Accordingly, while the present disclosure focuses primarily on surface haze
based on obliquely-incident p-polarized light, the examples herein are provided solely for
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lustrative purposes and should not be inlerpreted as a limitation. Rather, it is
conternpiated herein that the systems and methods described hersin may be applied fo
fight with any wavelength, polarization, or angle of incidence.

[0017] Additional embodiments of the present disclosure are directed to a segmented
polarizer suitable for use in a pupil plane of an imaging system for selectively filtering
{e.g., through absorption in the segmented polarizer) surface haze based on a known
distribution of polarization angles of swiface haze in the pupll plane. For example, a
segmentad polarizer may include multiple polarizers distributed across the pupil plane,
where each polatizer is onented to block light along a selected direction.  Multipls
configurations of a segmented polarizer are contemplated herein, In some smbodiments,
a segmented polarizer includes multiple polanzers distributed radially around an apex
jocation such as, but not limited 1o, a pont in the pupil plane corresponding to specular
raflection of an ilumination beam. in some embodiments, a segmented polarizer includes
muitiple polarizers distributed lingarly in the pupil plane.

jo018} Referring now to FIGS. 1 through 13B, systems and methods for sensitive particls
detection will be described in greater detail.

{0019} FIG. 1 is a conceptual view of a3 particle detection system 100, in accordance with
one or morg embodiments of the present disclosure.  In one embodimant, the parlicle
detection system 100 includes an flumination sowrce 102 to generate an illumination
beam 104, an tlumination pathway 106 including one or more illumination optics o diract
the ilumination beam 104 to.a sample 108, and a coflection pathway 110 including one
or more collection optics to collect light emanating from the sample 108 {e.g., sample light
112). For example, the collection pathway 110 may include an objective lens 114 to
collect at least a portion of the sample light 112, The sample light 112 may include any
type of light emanating from the sample 108 in response 1o the Hlumination beam 104
including, but not limited to, scaliered light, reflected lHght, diffracted light, or

luminescence.

o020 The ilumination beam 104 may include one or more selected wavelangths of light
including, but not imited to, ultraviclet (UV) radistion, visible radiation, or infrared (IR)

i
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radiation. For sxample, the illumination source 102 may provide, but is not required to
provide, an flumination beam 104 having wavelengths shorter than approximately 350
nm. By way of another example, the Hlumination beam 104 may provide wavelengths of
approximately 268 nm. By way of another example, the illumination beam 104 may
provide wavalengths of approximately 213 nm. |t is recognized herein that imaging
resolution and light scattering by small particles {e.g., relative to the wavslength of the
iflumination beam 104) both generally scale with wavelength such that decreasing the
wavealength of the illumination beam 104 may generally increase the imaging resclution
and scatlering signal from the small particles. Accordingly, ilumination beam 104 may
include short-wavelength light including, but not limited to, extreme ultraviolet (EUV) light,
deep ultraviolet (DUV) light, or vacuum ultraviolst (VUV) light.

o021} The lllumination source 102 may include any type of light source known in the art.
Further, the illumination source 102 may provide an illumination beam 104 having any
selected spatial or temporal coherence characteristics.  In one embodiment, the
Hlumination source 102 includes one or more laser sources such as, but not limited to,
one of more narrowband lassr sources, ong of more broadband {aser sources, one or
more supercontinuum laser sources, or one of more white light laser sources. In ancther
gmbodiment, the Hlumination source 102 includes a laser-driven light souwrce (LDLS) such
as, but not limited to, a laser-susisined plasma (LSP) sowce. For example, the
lumination source 102 may include, but is not limited to, 2 LSP lamp, a LSP bulb, or a
LSP chamber suitable for containing one or more slements that, when excited by a laser
source into a plasma state, may emit broadband illumination. {n another embodiment,
the illumination source 102 includes a lamp source such as, but not limited to, an arc
lamp, a discharge lamp, or an electrode-less lamp.

00221 in anothet embodiment, the Hlumination source 102 provides a tunable Hlumination
beam 104, For example, the Hlumination source 102 may include a tunable source of
ilumination {(e.g., one or more tunable jasers, and the like). By way of another exampie,
the ilumination source 102 may include a broadband #lumination source coupled to any
combination of fixed or tunable filters.

ki
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jo023; The illumination source 102 may further provide an dlumination beam 104 having
any temporal profile. For example, the lumination beam 104 may have a continuous
temporal profile, a modulated temporal profile, a pulsed temporal profile, and the like.

[o024) 1t is recognized herein that the strength of surface haze may depend on multiple
factors including, but not limited to incidence angle or polarization of the illumination beam
104. For example, the strength of surface haze may be relatively high for nearsnormal
angtes of incidence and may drop off for higher incidence angles. In one embodiment,
the lumination pathway 108 may include one or more lumination optics such as, but not
imited to, lenses 116, mirrors, and the like to dirsct the illumination beam 104 1o the
sample 108 at an obligue incidence angle io decrease the generation of surface haze.
The oblique incidence angle may generally include any selected incidence angle. For
example, the incidence angle may be, but is not required to be, greater than 60 degrees
with respect to a surface normal.

j00251 in another embodimant, the Hluminstion pathway 106 includes one or more
lumination bsam-conditioning compenents 118 suitable for modifying andfor
conditioning the lumination beam 104, Forexample, the one or more flumination beam-
conditioning components 118 may include, but are not limited 10, one or more polarizers,
one or more waveplatss, one or more filters, one or more beamsplitters, one or more
diffusers, ong or more homogenizers, one or more apodizers, or ong or more beam
shapers. In one embodiment, the one or more Hlumination beam-conditioning
components 118 include a polarizer or waveplate oriented o provide a p-polarized
iHlumination beam 104 on the sample 108.

00281 In ancther embodiment, the particle detection system 100 includes at least one
detector 120 configurad to capture at least a portion of the sample light 112 collected by
the collection pathway 110, The detector 120 may include any type of oplical detector
known in the art suitable for measuring lumination received from the sample 108, For
example, a detector 120 may include a multi-pixel detector suitable for capturing an image
of the sampie 108 such as, but not limited to, a charge-coupled device (CCD) detector, a
complementary metakoxide-semiconductor (CMOS) detector, a time-delayed intagration

i
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{TDH) detector, a pholomultiplisr tube (PMT ) array, an avalanche photodiode (APD) array,
or the like. In another embodiment, a detector 120 includes a spectroscopic detector
suitable for identifying wavelengths of the sample light 112,

{00271 The particle detection system 100 may include any number of detectors 120 to
simultaneocusly image the sample 108, Further, the collection pathway 110 may include
a inear polarizer 122 configurad to filter the sample light 112 to be imaged on a detactor
120 based on polarnization. Inone embodiment, as lllustrated in FIG. 1, the linear polarizer
122 opsrates as a polarizing beamsplitter such that linear polarizer 122 splits the sample
fight 112 into two orthogonally-polatized beams. The particle detection system 100 may
then include a detector 120 for generating an image of the sample 108 with each of the
orthogonally-polarized porions the sample light 112

fosz8] The collection pathway 110 may include any number of beam-conditioning
elements 124 {o direct and/or modify the sample light 112 including, but not limited fo,
ong or mare lenses, one or more fillers, one or more apertures, one or more polarizers,

or one of more phase plates.

[0029] In one embodiment, as dlustrated in FIG. 1, the collection pathway 110 includes
one or more beam-conditioning elements 124 located at or near a pupil plane 126, For
example, as will be discussed in greater detall below, the collsction pathway 110 may
include beam-conditioning elements 124 such as, but not limited to, a continuous
polarizer or a phass mask at or near a pupil plane 126. In this regard, the particle
detsction systern 100 may control and/or adjust selected aspects of the sampie light 112
used o generate an image on the datactor 120 including, but not limited to, the intensity,
phaseg, and polarization of the sample light 112 as a funclion of scattering angle and/or
position on the sample.

[oesn} Further, the collection pathway 110 may have any number of pupil planes 126. For
gxample, as dlustrated in FIG. 1, the collection pathway 110 may includs one or morg
lenses 1238 to generate an image of the pupil plane 126 and one or more lenses 130 to
generate an image of the surface of the sample 108 on the detector 120, However, it is
recognized herein that a limited number of beam-conditioning slements 124 may be

2
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placed at a particular pupil plane 126 or sufficlently near a paticular pupil plane 126 to
provide a desired effect. Accordingly, for the purposes of the present disclosure,
reference to one or more elemants at a pupil plane 126 may generally describe one or
more elements at or sufficiently close to a pupil plane 126 to produce a desired effect. In
some ambodiments, though notshown, the collection pathway 110 may include additional
fenses to generate one of more additional pupil planes 126 such that any number of
beam-condiioning elements 124 may be placed at or near a pupil plane 126,

{0031} in-another embodiment, the particle detection system 100 includes a controller 132
including one or more processors 134 configured fo execuls program instructions
maintained on a memory medium 136 {8.g.. memory). Further, the controller 132 may be
communicatively coupled to any components of the particle detection system 100. in this
regard, the one or more processors 134 of controller 132 may execute any of the various
process steps described throughout the present disclosure. For example, the controller
132 may receive, analyze, andfor process data from the detector 120 {e.q., associated
with an image of the sample 108). By way of another example, the controller 132 may
control or otherwise direct any compenents of the particle detection system 100 using
control signals.

{0032} The one or more processors 134 of a contfrofier 132 may include any processing
slement known inthe art. In this sense, the ons ormore processors 134 may include any
rHeroprocessor-type device canfigurad o execute algorithms and/or instryctions.. Inone
embodiment, the one or more processors 134 may consist of a desktop computer,
mainframe computer system, workstation, image computer, parallel processor, or any
other computer system (8.g., networked computer) configured o execule g program
cenfigured {0 operate the particle detection 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 ong or more processing elements, which
execuls program instructions from a non-transitory memeory medium 138, Further, the
steps described throughout the present disclosurs may be carmed out by a single
controfler 132 or, altermatively, multiple controllers.  Additionally, the controller 132 may
include one or more controliers housed in a common housing or within multiple housings.
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in this way, any controller or combination of controflers may be separately packaged as
a module suitable for integration into particle detection system 100.

{0033} The memory medium 136 may include any storage medium known in the art
suitable for storing program instructions exscutable by the associated one or more
processors 134, For example, the memory medium 136 may include a non-transitory
memory medium. By way of another example, the memory medium 138 may include, but
is not fimited {o, a read-only memory (ROM), a random-access memory {(RAM), a
magnetic or oplical memory device {g.g., disk}, 8 magnslic tapeg, a solid-state drive, and
the like. it is further noted that memory medium 136 may be houssd in a8 common
controlier housing with the one or more processors 134, In ons embodiment, the memory
mediurn 138 may be located remotely with respect o the physical location of the one or
more processors 134 and controller 132, For instance, the one or more processors 134
of controller 132 may access a remota memory {(e.g., servar), accessible through a
network {e.g., intemnet, intranet, and the tike). Therefore, the above description should

not be interpreted as a limitation on the present invention but merely an illustration.

{oo34; it is contemplated herein that the particle detection system 100 may be configured
as any type of image-based parlicle delection system known in the ad. in one
embodiment, as fHlustrated in FIG. 1, the particle detection system 100 is a dark-field
imaging system to exclude specularly-reflected light. In this ragard, the particle detaction
system 100 may image the sample 108 based primarily on scattered light. Dark-field
imaging may further be implemented using any technigue known in the art. in one
embodiment, an orientation and/or a numerical aperture (NA) of the objective lens 114
may be selected such that the objective lens 114 does not collect specularly-refiected
fight. For example, as illustrated in FIG. 1, the objsclive lens 114 is oriented
approvimately normal to the sample 108 and has a NA that doss notinclude a specularly-
reflection portion ¢f the ilumination beam 104, Fudher, the objective lens 114 may havs,
hut is not required 1o have, a NA of approximately 0.8 or greater. In another smbodiment,
the particle defection system 100 may include one or more components to block specular
reflection from reaching the detector 120,
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j0038] Referning now o FIGS. 2A through 3B, pupi-plane polarization rotation of surface
haze and subsequent fillering is described in greater datail.

{0038} i is recognized herein that light scattered from the surface of a sample {e.g.,
surface hazs, surface scattering, or the like) may be considered noise in particle detection
applicafions. Accordingly, it may be desirable to filter portions of the sample light 112
associated with surface haze from portions of the sample ight 112 associated with light

scatiered by particles of interest.

joos7t FIGS. 2A is a pupil-plane scaltering map 202 of surface scattering {(e.g., surface
haze) in response o obliquely-incident p-polarized light, in accordance with one or morg
gmbodiments of the present disclosure, FIG. 2B s a pupil-plane scallering map 204 of
fight scattered by a small particle (e.g., small relative to an imaging resolution of the
particle datection system 100 or a wavelength of the ilumination beam 104} in response
to obliquely-incident p-polarized light, in accordance with one or more embodiments of
tha prasent disclosure.

[oo3s} In particular, the scaltering maps 202, 204 include the slectric fisld strength
indicated by the shading with while as the highest intensity and black as the lowsst
intensity. Further, the scattering maps 202, 204 include the polarization orientation of
fight as a function of collegtion angle (e.g., scaltering angle) in the pupil plane 126
indicated by the overlaid ellipses. The scattering maps 202, 204 are bounded by a
collection area 208 in the pupil plane 126, which is associated with the range of angles
that sample light 112 is collected by the particle detection system 100. For example, the
collection arsa 206 may correspond 1o the numerical aperture (NA) of the objective lens
114.

jo0391 The scattering maps 202, 204 are based on a configuration of the particle detection
system 100 dlustrated in FIG. 1. In FIGS. 2A and 2B, the specular reflection angle 208 is
located outside of the collection area 206 along the Hlumination direction 210 {e.g..
outside the collection area 206 on the right side of the circular collection area 208 in FIG.
24}, indicating that the objective fens 114 does not capture speculariy-reflected light.
However, alternative configurations are within the scope of the present disclosure. For
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example, in the case that the specular reflection angle 208 lies within the pupil plane 128,
the speculariy-reflected light may be blocked prior to the detector 120 {o generate a dark-
fiald image.

[o040] Additionally, the scattering maps 202, 204 may be represantative of scattering from
a wide variety of materials including, but not limited fo, silicon, epitaxial, and poly-silicon
wafars. Howsver, it s o be understood that the scatiering maps 202, 204 are provided
solely for illustrative purposes and should not be interpreted as limiting the present
disclosure.

{0041} As illusirated in FIGS. 2A and 2B, the slectric ficld distribution (e.g., slectric fisld
strength and polarzation orientation) of light scattered by a parlicle may differ
substantially from the electric field distribution of light scattered by a surface, particularly
when the illumination beam 104 is p-polarized. For example, sample light 112 associated
with surface haze generally exhibits an approximately radial polarization distribution with
respact to the specular reflection angle 208 in the collection area 208 as illustrated in FIG.
2A. In contrast, sample light 112 associated with particle scatisring generally sxhibits a
radial polarization distribution with respect to the surface normal as illustrated in FIG. 2B.
Further, the poladzation of the scatlered sample light 112 light is generally slliptical. As
can be sesn from FIGS. 2A and 2B, st most locations in the pupil plane 128, the ellipsss
are very elongatad meaning that one linaar polarization componeant is much stronger than
the other. For the sample light 112 scattered from a small particle {e.g., FIG. 2B), the
polarization may be more elliptical near the center of the pupil, meaning that the two linear
polarization components can be roughly comparable in magnitude. However, the
intensity of the light in this region of the pupil is relatively low and contribute litle to the
total scattering signal from a small particle.

[0042] In one embodiment, the particle detection system 100 includes g polarizer focated
at or near the pupil plane 128 to preferentially reject surface haze. In a general sense, a
polarizer located at or near the pupil plane 126 may be designed {o provide spatially-
varying polanization-filtering coresponding to any known, measured, simulated, or
otherwise expected polarization of light.  In the context of the present disclosure, g
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polarizer located at or nearthe pupl plane 126 may preferentially filter surface haze based
on a known electric field distribution in the pupll plane 128, Accordingly, in soms
gmbodiments, the particle detection system 100 includes a radial haze-rejection polarizer
located at or near the pupil plane 126 1o preferentially reject the approximately radialiy-
polarized surface haze ilustrated in FIG. 2A

{043} Refarring now o FIGS. 3A and 3B, a segmented haze-rejection polarizer 302
suitable for preferentially filtering surface haze from particle scaltering are described in
accordance with one or more embodiments of the present disclosure. In a general sense,
a haze-rejection polarizer 302 may be dasigned fo provide spatially-varying polarization-
filtering corresponding fo any known, measured, simulated, or otherwise expected
polarization of light. in the confext of the present disclosure; a haze-rejection polarizer
302 may preferentially filter surface haze based on a known electric field distribution in
the pupil plane 126 {s.q., the slectric field distribution of surface haze Hlustrated in FIG.
2A). FIGS. 34 and 3B include polarization ellipses 304 representative of the polarization
of surface haze in the pupil plane 126 based on FIG. 2A.

{0044} A haze-rejection polarizer 302 may include any number of segmenis 306
distributed across the pupil plane 128, where sach segment 306 may include a linear
polarizer oriented pass light polarized along a selected pass polarization direction 308.
In this ragard, the haze-rejection polarizer 302 may provide a spatially-varying distribution
of passed polarization angles.

{0045} in one embodiment, the pass polarization direction 308 of each segment 306 of a
haze-rejection polarizer 302 is oriented to preferentially reject surface haze. Forexample,
the pass polanization direction 308 for each segment 306 may be orignted orthogonal to
the expected polarization sllipses 304 within the corresponding portion of the pupl plans
1286.

joo4s} FIG. 3A is a conceplual top view of a haze-rejection polarizer 302 {(e.g., an
angulariy-segmented polarizer) having wedge-shaped segments 306 distributed radially
arcund an apex location 310, in accordance with one or more embodiments of the present
disclosure. In one embodiment, the apex iocation 310 of the haze-rejection polarizer 302
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15 crignted to coincide with a point in the pupll plane 126 asscciated with specular
reflection angle of the dlumination beam 104 from the sample 108, In this regard, sach
sagment 308 may cover a range of radial angles in the pupil plane 126 with respect to
the specular reflection angle 208 such thatl surface haze within egch segment 306 may
be substantially uniform based on the scattering map 202 in FIG. 2A. Further, sach the
nass polarization direction 308 for sach segment 306 may be oriented to reject light
having a radial polarization with respect fo the apex location 310 in order to preferentially
reject the surface haze.

{00471 The specular reflection angle 208 may be located within or culside of the collection
area 208 as described previously herein, Further, apex location 310 need not necessarily
fta within the physical structure of the hazewsjection polarizer 302. For example, in the
case where the specular reflection angle 208 is located outside of the collection area 208,
tha segmaents 308 may be oriented as if they would converge on an apex location 310
outside the boundaries defining the size of the haze-rejection polarizer 302.

o048} FIG. 3B is a conceptual top view of a hazs-rejection polarizer 302 {e.g., a linsarly-
segmented polarizer) in which segments 308 are linearly distributed along a selected
segmentation direction 312 in the pupil plane 126, in accordance with one or more
smbodiments of the presant disclosure. For example, the segmentation direction 312 in
FIG. 3B is selectad to be orthogonal to the Hlumination direction 210 as represanted in
the pupil plane 126. In this regard, the pass polarization direction 308 for each segment
306 may be chosen to substantially reduce the transmission of the surface scatterad light
through that segment 306.

00491 it is recognized herein thatl the accuracy at which the haze-rejection polarizer 302
may preferentially filter surface haze may vary based on the number and layout of
segments 308 with respect to an expected scattering map of surface haze. it is further
recognized herein that the manufacturing cost of a haze-rgjsction polarizer 302 may also
scale with complexity. Accordingly, the number and layout of segments 308 may be
selected to balance various requivements including performance, manufacturing cost, and
tha like.
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00501 Further, the in the case that the polarization ellipses 304 are not uniformiy oriented
in & particular segment 306, the pass polarization direction 308 in a particular segment
306 may be sslectad to reject surface haze according to an optimization function. For
example, the pass polarization direction 308 for sach segment 308 may be selected
based on an expacted polarization distribution {e.g., as illustrated in FIG. 2A, or the like)
to be orthogonal {0 8 weighted average of the expected directions of the long axes of the
polarization eliipses 304 within sach segment 308, where the weighting is proportionsl to
the expected field strength of intensity across the segment 306, By way of another
example, the pass polarization direction 308 for sach segment 306 may be selected to
maximize the ratio of transmiited sample light 114 associated with particle scatiering {o
transmitted surface haze.

[0051] Referring now to FIG. 4, in some embodiments, the particle detection system 100
includes one or more components locatad at or near the pupil plane 128 1o reshape tha
point spread function (PSF) of p-polarized light scattered by sub-resolution particles. itis
recognizad herein that the image of a particle smaller than an imaging resolution of a
system is generally fimited by the system PSF, which is typically an Airy function when
the image is formed from specularly-reflected light. However, the actual PSF assoviated
with a particle {e.g., a parlicle PSF} and thus an actual image of the particle generated by
a system is refgted to the particular electric field distribution of light from a particle in the
pupil plane 126 and may have a differant size or shape than the system PSF, particularly
when the image is formed from scattered light.

00521 In particular, a dark-field image of a particle {2.g., an image of a particle formed
with scaltered or diffracted light) smaller than the imaging resolution when dluminated
with oblique p-polarized light may be an annulus that spreads to an area larger than ths
system PSF, which negatively impacts particle detection sensitivity. This annulus shape
and increase in the size of the PSF or imaged spot of a particle may be associated with
destructive interference of collectsd light at a center of the imaged spot of 8 pariicle on
the datector 120.
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100531 Accordingly, in some embodiments, the particle detection system 100 includes one
or more compenents to modily the phase of sample light 112 across the pupil plane 128
to facilitate constructive interference of light at the center of an imaged spot of a particle
on the detector 120 such as, but not imited to, one or more phase plates or one or morg
phase compensators.

{o054] For exampls, a phase mask may have various configurations suitable for
reshaping the PSF of imaged particles. Phase masks for reshaping the PSF of imaged
particles hased on scatterad light are generally described in US. Patent Application Na.
16/577,089 titled RADIAL POLARIZER FOR PARTICLE DETECTION and filed on
September 20, 2019, which is incorporated herein by reference in its entirety. In some
embodiments, a phase mask may include one or more half-wave plates covering selected
portions of the pupll plane 126, in this regard, the phase mask may be formed as a
sagmaeantad oplic whera at least one of the segments includes a half-wave plate.

00581 Fic. 4 is a conceptus! top view of a phase mask 402 including two segments to
divide the pupil inlo two segments {e.g., halves) in accordance with one or mors
embodiments of the present disclosure. For example, as illustrated in FIG. 4, the phase
mask 402 may include a segment 404 formed from a half-wave piate with an optic axis
along an X direction to introduce a phase shift of 1r for light polanized along the Y direction
with respect to orthogonal polarizations (represented as e““}%‘y), Further, the phase mask
402 may include a segment 406 that does not rotate the polarization of light. Forexample,
the segment 406 may include a8 compensating plate formed from an optically
homogenous material along the direction of propagation such that light through the
segment 406 propagates along the same {or substantially the same) optical path length
as light in segment 404. In one embodiment, the compensating plate is formed from a
material having approximatsly the same thickness and index of refraction as a half-wave
plate in segment 404, but without birefringence along the propagation direction. In
another embodiment, the compensating plate is formed from the same material as the
half-wave plate in segment 404, but cut along g different axis such that light propagating
through the compensating plate does not expanence birefringence. For instance, light
propagating along the optic axis of a uniaxial crystal may not experience birefringence
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such that the crystal may be optically hamogenous for light propagating along the optic
axis. By way of another sxample, the segment 408 may include an apsriure.

{0058} Further, in some embodiments, 8 phase mask 402 may be tilted out of the pupi
plane 128 to at least partially compensate for optical path length differences across the
pupil plane 1.26.

{00571 A segmented phase mask 402 may be formed using any technique known in the

formed as a single component in which the various segments are placed in a single plane.

jooss} it is 1o be undersiood, however, that FIG. 4 and the associasted description are
provided solely for Hlustrative purposes and should not be interpreted as limiting. For
example, a phasa mask 402 with two segments may include a half-wave plate placad in
the bottom portion of the collection area 206 rather than the top portion as fllustrated inin
FIG. 4. Further, the phase mask 402 may include any number of segments distributed
formed from any combination of materials in any pattemn across the pupil plane 126 so as
to reshape the PSF of light scatiered from a particle. For exampls, given a known electric
field distribution of fight in the pupll plane 126 (e.g., measured, simulated, or the like)
asscciated with an object of interest, a segmented phass mask 402 as described herein
may be formed to selectively adjust the phase of various regions of light in the pupll plane
128 to reshape the PSF of an image of the object of interest.  In particular, the various
sagmeants of the phase mask 402 may be salectad to facilifate constructive intarference
at g detector 120 to provide a tight PSF that approaches the system PSF {e.g., within a
selected tolerance).

o059y it is further recognized heresin that the design of the phase mask 402 may represent
a tradecff between an “ideal” phase mask based on a known electric field distribution
associated with particles of intersst {8.g., as Hustrated in FIG. 2A, or the like} and practical
design andior manufacturing considerations. Forexample, { may be the case that an
weal or othernwise desired phase mask 402 s unjustifiably expensive or difficult o
manufacture. However, i may be the case that certain designs of the phase mask 402
may satisfy both manufacluring and performance specifications {8.g., a paricle PSF
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having a selectad shape, or the like). Accordingly, the designs of the phase mask 402
iHlustrated in FIG. 4 may reprasent a non-limiting example providing a particular tradeoff
between performance and manufacturability.

o080} In ancther embodiment, as will ba described in greater detail below, the particle
detection system 100 may include a phase compensator formed from an optical
homogenous matarial having a spatialiy-varying thickness across the puptl plane 126 o
factlitate constructive intedference of sample light 112 associated with particle scatltaening
at-a center of an image of the particle on the detector 120

{0081} As described previously herein, #tis contemplated herein that various combinations
of optical componeants may be usad to selsclively filter surface haze from sample light
112 scattered by a particle on 8 sample 108. Referring now to FIGS. 5 through 14B, in
some embodiments, a particle detection system 100 includes a polarization rotator 502
to rotate swiface haze across the pupi plane 126 to a selected common polarization angle
followed by a linear polarizer 122 oriented o reject light along the selected polarization
dirgction. For sxample, a polarization rotator 502 in the pupil plane 126 may provide a
spatially-varying amount of polarization rotation {e.g., a spatially-varying polarization
rotation angle) across the pupll plane 126. This spatial disinbution of the polarization
rotation angle may be selectad based on an expected electric field distribution of surface
haze (8.g., the scattering map 202 in FiG. 2A) to selectively rofate the polarization of
surface haze across the pupil plane 126 to the selected polarization angle. The particle
detection system 100 may additionally include a linear polarizer (2.9., the linear polarizer
122) aligned to reject light polarized along the selected polarization angle.

joos2} Further, it is contemplated herein that the selected polarization angls for rejection
of the surface haze may be any suitable angle. For example, the selected polarization
angle may be chosen based on an expected distnibution of particle-scaliered sample light
112 (e.g., as Hlustrated in FIG. 2B) to minimize the intensity of rejected particle-scattered
sample hight 112,

00631 The linear polarizer 122 may reject the sample kight 112 polarized along the
selected polarization direction via any process including transmission, reflection, or

3%
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absorption. In one smbodiment, as llusirated in FIG. 1, the linear polarizer 122 includes
a polarizing beamspliter such that the sample light 112 polarized along the selected
polarization direction {primarily surface haze) is directed along one optical path {e.g., via
transmission or reflection) and orthogonally-polarized sample fight 112 {primarily particle-
scattered sample light 112) is directed along ancther optical path.  Accordingly, the
particle detection gsystem 100 may include a detector 120 in either or both optical paths
to generate images of the sample 108 based on the corresponding portion of the sample
fight 112

{ooaq) it is recognized herein that herein that retaining the portion of the sample light 112
associated with surface haze may be desirable in many applications. Forsxample, t may
be desirable to monitor relative signal strengths associated with surface haze and paricle
scattering. By way of another example, it may be desirable to generate an image
associated with surface haze. In some instances, a sample imaged with surface haze
may provide additional retevant metrology data associated with the sample surface.
Further, it may be the cass that the combination of the polanzation rotator 502 and linear
polarizer 122 may not fully separate the surface haze from the particle-scattered sample
fight 112. Accordingly, a multi-channel imaging system in which a first channe! primarily
includes light scatlered from particles and a second channel primarily includes light
scattersd frome the surface may facilitate verification of the system performance suitable
for refining the design of the polarization rotator 502.

{00851 The polarization rotator 502 may be formed from a variety of optical components.
in some smbodiments, as illustrated in FIGS. 5 through 8B, a polarization rotator 502 is
formed from a segmenied half-wave plate, In this regard, the polarization rotator 502 may
include two or more half-wave plates distributed across the pupl plane 126, sach having
an optic axis oriented in & selected direction to provide a selected spatial distribution of
polarization rotation angles. In some embodiments, as dlustrated in FIGS. 12 through
148, a polarization rotator 502 mcludes an optically-active matenial having a spatially-
varying thickness to provide a salected spatial distribution of polarization rotation angles.
However, it is to be understood that the examples provided herein are mergly lustrative
and should not be interpreted as limiting.
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joos6] Referring now to FIGS. 5 thyough 88, a polarization rotator 502 formed from a
segmented half-wave plate is descnibed in accordance with one or more smbodiments of

tha prasent disclosure.

[0067] In one embodiment, & polarization rotator 502 includes multiple segments 504
distributed throughout the pupil plane 126, where each segment 504 of the polarization
rotator 502 includes a haif-wave plate formed from a uniaxial erystal cut with an optic axis
506 oriented perpendicular o the propagation direction through the crystal and a
thickness selected to provide a n-phase shift between orthogonal polarizations, which
may have the effect of rotating the polarization of light. in particular, hight polarized with
an angle 8 with respect to the optic axis 5068 may be rotated by 28, In another
embodiment, the optic axis 506 of the half-wave plate in each segment 504 is oriented to
rotate the polarization of surface haze within the segment 504 to the selected polarization
angle.

joos8] FIGS. § through 6B illustrate a polarization rotator 502 formed as an angularly-
sagmented half-wave plate in accordance with ane or more embodiments of the present
disclosure.

[ooe9} FIG. 5is a conceptual top view of a polarzation rotator 502 formed as an angularly-
segmented half-wave plale, in accordance with one or more esmbodiments of the present
disclosure. For example, the angularly-segmented half-wave piate illustrated in FIG. 5
may be similar to the haze-rejection polanizer 302 illustrated in FIG. 3A including haif-
wave plates instead of polarizers.

{0070} In one embodiment, the polarization rofator 502 includes wedge-shaped segments
504 distributed radially around an apex location 508, In another embodiment, the apex
jocation 508 corresponds {o the specular reflection angle of the illumination beam 104
from the sample 108, which may be located within or nutside of the collection area 206,
in this regard, sach segment 504 may cover a range of radial angles in the pupil plane
126 with respect to the specular reflection angle 208 such that stirface haze within sach
segment 504 may be substantially uniform based on the scattering map 202 in FIG. 2A.
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joo7i] FIGS. 6A and 6B are plots 602, 604 of erihogonally polarized portions of the
collected sample light 112 after propagating through an angularly-segmented polanzation
rotator 502 (e.g., Hlustrated in FIG. 4} and a polarizing linear polarizer 122, in accordancea
with one or more embodiments of the present disclosure. For example, plot 602 may
primarily include surface haze and plot 864 may primarily include particle scattering.

foo72; FIG. 7A s a conceptual top view of a polarization rotator 502 formed as a linearly-
segmented half-wave plale, in accordance with one or more embodiments of the present
disclosure. For example, the lingarly-segmented half-wave plate illustrated in FIG. 7A
may be stmilar to the haze-rejection polarizer 302 Hlustrated m FIG. 3B including half-

wave plates instead of polarizers.

{00731 in one embodiment, the polarization rotator 502 includes segments 504 distributed
linearly along a segmentation direction 702. For example, the segmentation direction 702
in FIG. 7A is selected fo be orthogonal to the Hlumination direction 210 as represented in
the pupil plane 126. However, it is {o be undersiond that a polarization rotator 502 may
be designed to have the segmentaiion direction 702 along any direction in the pupi plane
126,

{0o7q} FIG. 7B is 8 calculated plot 704 of orientation directions for optic axes 506 of the
finearly-segmented polarization rotator 502 shown in FIG. 7A as a funclion of position in
the pupil plane 128 along the segmentation direction 702, in accardarnce with ons or more
embadiments of the prasent disclosure. In particular, FIG. 7B llustrates orisntations of
the optic axes 506 relative to the illumination direction 210 of the Humination beam 104
for wavelengths of 266 nm and 213 nm, respectively. Further, the plot 704 is calculated
for a configuration of the particle detection system 100 including a phase mask {e.g., the
phase mask 402, or the like} at or near the pupil plane 126 prior to the polarization rotator
504 to reshape the PSF of the particle-scattered light to provide constructive intederence
at a central portion of an imagsd particle.

{00781 For example, a linearly-segmented polarization rotator 502 may be designed to
include a selectad number of segments 504, aach occupying a range of positions along
the X-axis of the plot 704. Further, the orientation angle of the optic axis 506 in each
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segment 504 may be selected based on the plot 704 using any selection technigue known
in the art. Forinstance, the orientation angle of the optlic axis 506 in sach segment 504
may be selected as the midpoint, average, or any other selaction metric of the
corresponding range of angles in the respective position in the pupil plane 126,

feo7el it is lo be understood, however, that the Hlustrgtions of the polarization rotator 502
in FIGS. 7A and 7B are provided solely for dlustrative purposes and should not be
interpreted as limiting. Rather, the polarization rotator 502 may include any number and
size of segmenis 504 having any selected orientation of oplic axes 508 to rofate the
polarization of swface haze 1o a selected polarization angle for rejection using the linear
polarizer 122, FIG. 7C is a plot 706 of orientation directions for oplic axes 508 of a
finearly-segmented polarization rotator 502 to rotate the polanzation of surface haze to a
selected polarization angle, in accordance with one or more embodiments of the present

disclosure.

[oo771 FIGS. 8A and 8B are plots 802, 804 of orthogonally polarized portions of the
collected sample light 112 after propagating through an angulardy-segmented polanization
rotator 602 (8.g.. Hlustrated in FIG. 5} and a polarizing linear polarizer 122, in accordance
with one or more embodiments of the present disclosure. In this regard, plot 802 may
include primarily surface haze and plot 804 may include primarily particle scatiering.

[0078] As described previously herein with respect o the haze-rejection polarizer 302, it
is recognized herein that the accuracy al which the optic axes 506 may map o
preferentially align the polarization of surface haze across the pupil plane 126 {o the
selected polarization angle based on an expected slectric field distribution (eg.,
scattering map 202 of FIG. 2A} may vary based on the number and lavout of ségments
504. It is further recognized herein that the manufacturing cost of a polarization rotator
504 may also scale with complexity. Accordingly, the number and layout of segments
504 may be selecled to balance varous requirements including performancs,
manufacturing cost, and the like.

foo7al Further, in the case that the polarization ellipses 304 are not uniformly oriented in
a particular segment 504, the orientation of the optic axis 508 in sach segment 504 may
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be selected to enable rejection of swface haze according to an aptimization function. For
sxample, the oplic axis 508 for sach segment 504 may be selected to maximize the powsr
of surface haze rofated to a selectad polarization by the segment based on the expected
distribution of intensity and/or polarization within the segment 504 {e.g., within a selected
tolarance). By way of another example, the orientation of the optic axis 506 for each
segment 504 may be selecied o balance the power of particle scattering passed by a
polarizer placed downstream of the polarization rotator 502 {e.g., linsar polarizer 122}
with the power of the surface haze rgjected by the polarizer.

{0080} Reaferring now to FIGS. DA through 8C, the use of a phase mask to reshape a point
spread function (PSF) associated with images of particles smaller than an imaging
resolution will be described in greater datail in accordance with one or more embodiments
of the present discloswre. In particular, FIGS. 9B and 8C were generated using the phasse
mask 402 configured as illustrated in FIG. 4 located at or near the pupil plane 128 prior
to the regpective polarization rotator 502,

joog1l FIG. 9A s an image 902 of a paricle smaller than a resclution of an imaging
system {(e.g., the particle detection system 100} generated based on scattering of
obliguely-incident p-polarized light, in accordance with one or more embodiments of the
present disclosure. As fllustrated by FIG. 9A, the PSF of a particle based on p-polarized
scatterad light is annular-shaped rather than an Airy function, which is at least partly a
result of the interference pattern associated with the particular polarization distribution of
fight in the pupil plane 128 and the use of scattered light to form the image 902. In
particular, destructive interference associated with a central point 904 in FIG. BA resulis
in deceased intensity at the ceniral point 904 in the image 902 and a radial shifting of the
intensity outward from the ceniral point 904. As a result, the signal strength and thus the
signal to noise ratio associated with an image of a particle is negatively impacted.

foosey FIG. 9B includes an image 906 of the particle in FIG. 8A using an imaging system
{e.g., the pariicle detection system 100) with an angularly-segmented polanzation rotator
502 as illustrated in FIG. & and a linsar polarizer 122, in accordance with one or more
ambodiments of the present disclosure. In patticular, the angularly-segmented
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polarization rolator 502 includes segments 504 having an angular width of 5°. FG, 8C
includes an image 908 of the particle in FIG. 9A using an imaging system {8.g., the particle
detection system 100) with a linearly-segmented polarization rotator 502 as Hustrated in
FIG. TA with 72 segments 504 and a linsar polarizer 122, in accordance with one or more
embodiments of the present disclosure. As fllustrated in FIGS. 9A through 8C, the image
of a particle generated without g phase mask as described herein has an annular shape
with an intensity dip in the central point 804, Howevsr, incorporating the phase mask
tightens the PSF such that an image of a particle has a central peak and a tighler
distribution of intensity around the central point 804,

o083} FIG. 10 is a plot 1002 Hustrating the performance and convergence behavior of an
angularly-segmented polarization rotator 5802 and a linearly-segmented polarization
rotator 502, in accordance with one or more embodiments of the present disclosure. In
particular, FIG. 10 illustrates the signal to noise ratio {SNR) of sample light 112 associated
with an image of a particle with respectto background noise including, but not limited o,
surface haze.

{oos4} in particular, FIG. 10 corresponds {o an image generated with ight shown in FIG.
8B, where the llumination beam 104 is p-polarized and incident on a bare silicon watler
at an angle of 70° and the objective lens 114 has a NA of 0.97. The SNRin FIG. 10 is
definad by the following formula;

SNE = signal {-«i )

B Twarer T 0azer PRt T aetsotor

whers signal is the peak signal strength associated with an image of a particle {e.g., the
signal strength of the central point 804 in the case a phase plate is used fo reshape the
PSF), 0arer 18 the wafer background noise, ygey 18 the 1aser noise, o, I8 the shot
noise, and ou.recor 18 the readout noise of the dstector 120, As shown in FiG. 10,
increasing the number of segments 504 generally increasss the particle detsction 8NR,
where the SNR reaches an asymplotic imit with increasing segmeants 504,

{ooss] Referring now to FIGS. 11A and 118, the performance of various configurations of
a haze-rejection polarizer 302 and a segmented polarization rotator 502 are compared.

Q
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FIGS. 11Ais a plot 1102 of SNR as a function of pixel size {e.g., of the detector 120) for
various configurations of 8 haze-rejection polarizer 302 and a segmented polarization
rotator 502 using an llumination beam 104 with a wavelength of 266 nm, in accordance
with one or more embodiments of the present disclosure. FIG. 11B is a plot 1104 of SNR
as a function of pixel siza {e.g., of the detector 120) for various configurations of & haze-
rejection polarizer 302 and a segmented polarization rotator 502 using an illumination
beam 104 with a wavelength of 213 nm, I accordance with ang or more embodiments of
the prasent disclosure.

{0086} In particular, FIGS. 11A and 118 llustrate the SNR 1106 of an angulsity-haze-
rejection polarizer 302 (s.g.. as lustrated in FIG. 3A), SNR 1108 of a linearly-haze-
rejection polarizer 302 {(e.g., as idlustrated in FIG. 3B), SNR. 1110 of an angularly-
segmented polarization rotator 502 {e.g.. as fllustrated in FIG. 4} plus a polarizing linear
polarizer 122, and a &NR 1112 of a linearly-segmented polarization rotator 502 {e.g., as
ilustrated in FIG. 8) plus & polarizing linear polarizer 122, Further, the signals in FIGS.
10A and 10B are based on particle detection system 100 incorporating a phase plate to
reshape the PSF of a2 p-polarized llumination beam 104 by particles as descaribed
previously herain.

[ooay} in FIGS. 11A and 11B, similar performance may be achisved with angularly-
sagmented elemanis or ineariy-segmented elements. For example, the SNR 1106 of the
angularly-haze-rejection polarizer 302 is comparable 1o the SNR 1110 of the angularly-
segmented polarization rotator 502 plus g polarizing linear polarizer 122, Similarly, the
SNR 1108 of the linearly-haze-rejection polarizer 302 is comparable to the SNR 1112 of
the linearly-segmented polarization rotator 502 plus a polarizing linear polarizer 122

[ooss} itis noted thatin FIGS. 10 through 118, the linearly-segmented elemenis {s.g., the
inearly haze-rejection polarizer 302 and polarization rotator 502} oulperforms the
angularly haze-rejection polanzer 302 elements {e.g., the anguiarly-segmented haze-
rejection polarizer 302 and polarization rotator 502}, though itis fo be undersioond that this
particular result should not be interpreted as imiting. In a8 general sense, the performance
of a particular polarization rotator 502 may depend on a wida range of factors including,

o)
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but not mited {o, the number and layout of segments 504, the specific orientations of the
corresponding oplic axes 508, the manufacturing precision, the material and surfacse
roughness of the sample 108, the power of the illumination baam 104, and the noise of
the detector 120

o089} Referring now to FIGS. 12 through 14B, a polarization rotator 502 formed from an
optically-active material having a varying thickness is described in greater detail.

foosoy FIG. 12 is a conceptusl top view of a polarization rotator 502 formed from an
optically-active matenial, in accordance with ane or more embodiments of the present
disclosure. In one embodiment, the polarization rotater 502 is formed from an optically
active material such as, but not limited to, quartz. The amount by which an optically aclive
material rotates the polarization of light propagating through it depends on the thickness
of the material. Accordingly, a thickness of the polarization rotator 502 along the
propagation direction {e.g., a direction normal to the plane of FIG. 12) may vary based on
tacation in the pupil plane 128, In this regard, light propagating through the polanization
rotator 502 may exhibit a different amount of polarization rotation depending on the
location of the light in the pupil plane 126 {e.g., depending on the scattering angle).

{0081} In another embodiment, a spatial distnibution of the polarization rotation across the
pupil plane 126 may be selected to preferentially rotate the polarization of surface haze
to a selected polarization angle 1202, Accordingly, a polarizing linear polarizer 122 may
saparate the surface haze polarized along this selected polarization angle from the
remaining light {&.g., the particle scattering), at least within a selected tolerance. For
example, in FIG. 11, the polarization sllipses 304 of surface haze from the sample 108
priot to the polarization rotator 502 {open gllipses) are oriented radially with respsact {o the
specidar reflection angle 208, whils the polarization ellipses 1204 of the surface haze
after propagating through the polarization rotator 502 (closed ellipses) ars aligned along
the selected polarization angle 1202 {e.g., the X direction).

{0082} Referring now to FIGS. 13A through 14B, various designs of a polarization rotator
502 formad from an optically active material are desaribed in accordance with one or
more embodiments of the present disclosure.

kit
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o093} it is recognized herein that the accuracy at which an optically active polarization
rotator 502 may preferentially rotate the polarization of surface haze to the selected
polarization angle 1202 may depand on how well the spatial distribution of the polarization
rotation angle across the pupil plane 128 maps to the polarization distribution of surface
haze at the pupi plane 136. H s contemplated herain that the polanization rotator 502
may provide any spatial distribution of the polarization rotation angles across the pupil
plane 126, itis further contemplated herein that the manufacturing cost of the polarization
rotator 502 may also scale with complexity. Accordingly, the spatial distribution of
polarization rotation angles {e.g., the spatial distribution of thickness) may be selected to
balance vadous requirements including performance, manufacturing cost, and the like.

foo0d} in one embodiment, the polanization rotator 502 includes a two-dimensional spatial
distribution of polanization rotation angles across the pupil plang 126, In ancther
embodiment, the polarization rotator 502 includes a one-dimensional spatial distribution
of polarization rotation angles across the pupil plane 126, In this regard, the polarization
rotation angle may vary along a single selected direction in the pupi plane 128 {e.g., the
Y direction of FIGS. 12 through 1483

jooasy FIG. 13Ais & plot 1302 of a thickness profile along the vedical dirsction of FIG.
12 {e.g., the Y direction) of g polarization rotator 502 formed from an optically active
material designed to rolate the polarization of surface haze having wavelengths of 268
nm and 213 nm, respectively, to the horizontal direction in FIG. 12 {e.g., the X direction),
in accordance with one or more embodiments of the present disclosure. In paricular,
FIG. 13A fllustrates a symmetric design of the polarization rotator 502 about the Z axis
{s.g., with respect to a position of 0 in FIG. 13A), which is intended {o be used with a
phase mask {e.g., phase mask 402 ustrated in FIG. 4) at or near the pupl plane 126
and prior to the polanzation rotator 502 to reverse the phases of the Y polarizations in
one half of the pupil plane before the light arives at polarnzation rotator 502,

foo9e} The thickness in FIG. 13A is provided in units of micrometers [{pmyAn], wheare An
represents a difference between refractive index expsrienced by light having opposite
cireular polarizations through the polarization rotator 502, Further, the zero thickness

3
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represents a reference thickness according to mi/4n, where 4 is the wavelength of the

lumination beam 104 and m is an arbitrary positive intager.

joosr} FIG. 13B is a cross-sectional view 1304 of a polarization rotator 502 having a
thickness profile along a propagation direction {e.g., the £ dirgction} based on FIG. 134,
i gccordance with one or more embodiments of the present disclosure. 1t is recognized
herain that the thicknass profite in FIG. 13A includes a sharp thickness transition around
a central point 1306 that may be difficult to manufacture with an oplically-polished surface,
Accordingly, the cross-sectional view in FIG. 13B represents a deviation from the

thickness profile of FIG. 13A {o improve manufactursbility.

joosst in another embodiment, the pariicle detection system 100 includes a compensator
1308 to correct the optical path lengths of different rays so that they are approximately
gqual {e.g., squal across the pupil plane 126 within a selected tolerance such as, but not
limited to, a phase difference of i/2). Forexample, the compensator 1308 may be formed
from an opfically-homogenous material along the propagation direction {e.g., the Z
direction in FIG. 12}, By way of ancther example, the compensator 1308 may be formed
from an optically active material that has the opposite handedness to the optically active
material comprising the polarization rotalor 502. In one instance, the polarization rotstor
502 may comprise right-handed quariz and compensator 1308 may comprise left-handed
quartz, where each has a thickness profile selected such that the desired polarzation
rotations and phase corrections are achisved. In particular, the compensator 1308 may
facilitate constructive interference of light across the pupl plane 126 when imagsed on the
detector 120. in this regard, the compensator 1308 may funclion in a similar way as the
phase mask 402 described previously herein by making the path length in one half of the
Y plane approximately 1w different from that in the other haif. In one embodiment, the
compensator 1308 is formed from a malerial having a similar refractive index fo the
optically active matenal forming the polarization rofator 502, For example, the
polarization rotator 502 may be formed from crystalline quartz oriented with #s optical axis
in the £ direction and the compensator 1308 may be formed from fused silica.
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joos9; FIG. 14A is a plot 1402 of a thickness profile along the vertical direction of FIG. 12
{s.g. the Y direction) of a polarization rotator 502 formed from an optically active material
designed to rotate the polarization of surface haze having wavelengths of 266 nm and
213 nm, respectively, to the horizontal direction in FIG. 12 {s.g., the X direction), in
accordance with one or more embodiments of the present disclosure. Like FIG. 13A the
thickness in FIG. 14A is provided in units of micrometers [(umYAn] and the zero thickness
represents a reference thickness according to mAfAn. Furher, the thickness profile of
FIG. 14A does not include a sharp thickness transition as seen in the thickness profile of
FIG. 13A.

[o100] FIG. 14B is a cross-sectional view 1404 of a polarization rotator 502 having a
thickness profile along a propagation direction (e.g., the Z direction) based on FIG. 14A
and including a compensator 1308 to comect the optical path lengths of different rays so
that they are approximately equal {e.g., equal across the pupil plane 126, in accordance
with one or more embodiments of the present disclosure.

{0101} in ancther embodiment, the particle detection system 100 may include a phase
mask {e.g., tha phase mask 402 dlustrated in FIG. 4, or the like) prior to both a polanzation
rotator 502 and a compensator 1308 {e.g., a5 lustrated in FIGS. 138 and 148) {o further
reshape the PSF of images of particles generated with scattersed light by facilitating
constructive interfersnce at a central portion of the particle image on the detector 120, it
is further contemplatad herein that some designs of an optically-active polarization rotator
502 operate to provide constructive interference of light across the pupil plane 126 when
imaged on the detector 120 such that g8 compensator 1308 8 not necessary o provide g
desired PSF {for particle scattering.

[0102] FIG. 1518 a flow diagram illustrating steps performed in a method 1500 for particle
detection, in gccordance with one or more embodiments of the present disclosurs.
Applicant notes that the embodiments and enabling technologies described praviously
herain in the context of the particle detection system 100 should be interpreted to extend
to method 1500, it is further noted, however, that the method 1500 is not limited fo the
architecture of the particls detection system 100,
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01031 In ons embodiment, the method 1500 includes a step 1502 of receiving & first
slectric field distnibution of light scattered from a surface of a sample (8.g., surface haze}
in response to an ilumination beam with a known polarization a1 a known incidence angla.
in another embodiment, the method 1500 includes a step 1504 of receiving a second
electric field distnbution of light scattered from a particle on the surface of the sample in
response to the fllumination beam.

[o1041 In another embaodiment, the method 1500 includes a step 1506 of designing a
polarization rotator suitable for placement at a pupi plane of an imaging system {o rotate
a polanization of light having the first electric field distribution to a selected polarization
angle, Forexampie, a polarization rotation angle of light passing through the polarization
rotator may be selected to vary across the pupil plans according to a spatial distribution
that is selected o rotate the polarzation of hght having the first electnic field distribution
to tha selected polarization angle.

010581 For example, & may be the case that surface haze may have a different electric
field distribution in a pupil plane of an imaging system than light scattered by particles on
the surface. in particular, it is recognized herein that surface haze and particle scattering
have substantially different electric fisld distributions when scatterad by obliquely-incident
p-polarized light.

[o108] it is contemplated herein that a polarization rotator designed in step 1506 may be
formed from a variaty of materials. In one embodimant, the polarization rotator includes
a segmented hailf-wave plate formed from multiple half-wave plates distributed across the
pupil plane having optic axes selectively orientad fo rotate surface haze in the respective
portions of the pupil plane to the first polatization angle. In another embodiment, the
polarization rotator includes an optically active matenial such as, but not limited o, quartz
having a spatially-varying thickness profile.  For example, polarization rofation of light in
an optically active material depends on the thickness of the optlically active matenal.
Accordingly, a polarization rotator having a spatially-varying thickness profile may provide
different polarization rotation angles for light across the pupil plane.

k2



WO 2020/167618 PCT/US2020/017395

01071 In another embodiment, the mathod 1500 includes a slep 1308 of generating a
dark-field image of a sample with the imaging system having the polarization rotator in
the pupil plane and a polarizer aligned to reject light polarized along the selected
polarization angle, where the dark-field image is based on light passed by the polarizer.
For example, the light passed by the polarizer may correspond 1o light scaliered by one
or more particles on the surface of the sample within a selected tolerance.

jo108] The herein described subject matter sometimes lllustrates different componants
contained within, or connected with, other components. it is to be understond that such
depicted architectures are mersly exemplaty, and that in fact many other architectures
can be implemented which achisve the same functionality. Ina conceptual sense, any
arrangemeant of components {o achiave the same functionality is effectively "assoviated”
such that the desired functionality is achieved. Hence, any two components herein
combinad to achieve a particular functionality can be sean as "associated with" each other
such that the desired functionality is achieved, imespective of architectures or intermedial
components, Likewiss, any two components so associated can also be viewed as being
*connectied” or "coupled” 10 each other 1o achieve the desired functionality, and any two
components capabile of being so associated can also be viewed ag being "couplable” to
gach other to achieve the desired funclionality. Specific examples of couplable include
but are not limited to physically interactable and/or physically intergcting components
and/or wirelessly interactable and/or wirelessly interacting components and/or logically
interactable and/or logically interacting components.

(01097 it is believed that the present disclosure and many of its attendant advaniages will
be understond by the foregoing description, and it will be apparent that various changes
may be made in the form, construction, and armangement of the components without
departing from the disclosed subject matter or without sacrificing all of its material
advantages. The form described is merely explanatory, and i is the intention of the
following claims to sncompass and include such changes. Furthermore, it is {0 be
understood that the invention is defined by the appended claims.
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CLAIMS

What is claimed:

1. A system comprising:

an illumination source configured to generate an illumination beam;

one or more illumination optics o direct the iflumination beam to a sample at an
off-axis angle along an illumination direction;

one or more collection optics to collect scattered light from the sample in response
to the itlumination beam in a dark-field mode;

a polarization rotator located at a pupil plane of the one or more collection optics,
wherein the polarization rotator provides a spatiaily-varying polarization rotation angle
selected to rotate light scattered from a surface of the sample to a selected polarization
angle;

a polarizer aligned to reject light polarized along the selected polarization angle to
reject the light scattered from the surface of the sample; and

a detector to generate a dark-field image of the sample based on scattered light
from the sample passed by the polarizer, wherein the scattered light from the sample
passed by the polarizer includes at least a portion of light scattered by one or more

particles on the surface of the sample.

2. The system of claim 1, wherein the one or more illumination optics are configured to

direct the ilumination beam to the sample with a p-polarization.

3. The system of claim 1, wherein the polarizer comprises:

a polarizing beamsplitter, wherein the polarizer directs the scattered light from the
sample passed by the polarizer along a first optical path, wherein the polarizer directs the
scattered light from the sample rejected by the polarizer along a second optical path

different than the first optical path.

4. The system of claim 3, further comprising:
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an additional detector configured to generate a dark-field image of the sample
based on the scattered light from the sample rejected by the polarizer along the second
optical path, wherein the scattered light from the sample rejected by the polarizer includes

light scattered by the surface of the sample within a selected rejection tolerance.

5. The system of claim 1, wherein the polarization rotator comprises:
a segmented half-wave plate including a plurality of segments distributed in the
pupil plane, wherein an optic axis of each of the plurality of segments is oriented {o rotate

light scattered from a surface of the sample to the selected polarization angle.

6. The system of claim 5, wherein the polarization rotator is configured to rotate light with
a radial polarization with respect to a reference point in the pupil plane corresponding to
specular reflection of the illumination beam from the sample to the selected polarization

angle to reject the light scattered from the surface of the sampile.
7. The system of claim 6, wherein the location of the reference point in the pupit plane is
outside a collection area associated with light coliected by the one or more collection

optics.

8. The system of claim 6, wherein the location of the reference point in the pupil plane is

inside a collection area associated with light collected by the one or more collection optics.
9. The system of claim 5, wherein the segmented half-wave plate comprises:
an annularly-segmented half-wave including a plurality of segments having edges

oriented to intersect at an apex point in the pupil plane.

10. The system of claim 9, wherein a location of the apex point is associated with specular

reflection of the illumination beam.

11. The system of claim 5, wherein the segmented half-wave plate comprises:
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a linearly-segmented half-wave plate including a plurality of segments distributed
in the pupil plane.

12. The system of claim 1, wherein the polarization rotator comprises:
an optically-active material having a spatially-varying thickness based on the
spatial distribution to rotate light scattered from a surface of the sample to the selected

polarization angle.

13. The system of claim 12, further comprising:
a phase compensator located in the pupil plane prior to the polarization rotator to

equalize optical path lengths of the scatiered light from the sample across the pupil plane.

14. The system of claim 13, wherein the phase compensator is formed from an optically

homogenous material along a propagation direction through the phase compensator.

15. The system of claim 13, wherein the phase compensator is formed from an optically
active material along a propagation direction through the phase compensator having an

opposite handedness of the polarization rotator.

16. An apparatus comprising:

a polarization rotator located at a pupil plane of a dark-field imaging system,
wherein the dark-field imaging system includes one or more collection optics to collect
scattered light from a sample in response to off-axis illumination, wherein the polarization
rotator provides a spatially-varying polarization rotation angle selected to rotate light
scattered from a surface of the sample to a selected polarization angle, wherein the
polarization rotator is configured to be coupled with a polarizer aligned to reject light
polarized along the selected polarization angle {o reject the light scatiered from a surface

of the sample.

17. The apparatus of claim 16, wherein the polarization rotator comprises:
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a segmented half-wave plate including a plurality of segments distributed in the
pupil plane, wherein an optic axis of each of the pluralily of segments is oriented {o rotate

fight scattered from a surface of the sample to the selected polarization angle.

18. The apparatus of claim 17, wherein the polarization rotator is configured to rotate light
with a radial polarization with respect to a reference point in the pupil plane corresponding
to specular reflection of the ilumination beam from the sample to the selected polarization

angle to reject the light scattered from the surface of the sample.

19. The apparatus of claim 17, wherein the segmented half-wave plate comprises:
an annularly-segmented half-wave including a plurality of segments having edges

oriented to intersect at an apex point in the pupil plane.

20. The apparatus of claim 19, wherein a location of the apex point is associated with

specular reflection of the illumination beam.

21. The apparatus of claim 17, wherein the segmented half-wave plate comprises:
a linearty-segmented half-wave plate including a plurality of segments distributed

in the pupil plane.

22. The apparatus of claim 16, wherein the polarization rotator comprises:
an optically-active material having a spatiaily-varying thickness based on the
spatial distribution to rotate light scattered from a surface of the sample to the selected

polarization angle.

23. The apparatus of claim 22, further comprising:
a phase compensator located in the pupil plane prior to the polarization rotator to

equalize optical path lengths of the scattered light from the sample across the pupil plane.

24. The apparatus of claim 23, wherein the phase compensator is formed from an optically

homogenous material along a propagation direction through the phase compensator.
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25. The apparatus of claim 23, wherein the phase compensator is formed from an optically
active material along a propagation direction through the phase compensator having an

opposite handedness of the polarization rotator.

26. A method comprising:

receiving an electric field distribution of light scattered from a surface of a sample
in response to an iltlumination beam with a known polarization at a known incidence angle;

designing a polarization rotator suitable for placement at a pupil plane of an
imaging system to provide a spatially-varying polarization rotation angle selected to rotate
a polarization of light having the electric field distribution to a selected polarization angle;
and

generating a dark-field image of a sample with the imaging system having the
polarization rotator in the pupil plane and a linear polarizer aligned to reject light polarized
along the selected polarization angle, wherein the dark-field image is based on light

passed by the polarizer.

27. The method of claim 28, wherein the known polarization is p-polarization.

28. The method of claim 26, further comprising:

receiving an electric field distribution of light scattered from a particle on the
surface of the sample in response to the idlumination beam, wherein designing the
polarization rotator further comprises:

choosing the selected polarization angle such that at ieast a selected percentage

of light having the additional electric field distribution is passed by the linear polarizer.

29. The method of claim 26, wherein designing the polarization rotator comprises:
designing the polarization rotator to include a segmented half-wave plate including

a plurality of segments distributed in the pupil plane, wherein an optic axis of each of the

plurality of segments is oriented to rotate the light having the first electric field distribution

to the selected polarization angle.
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30. The method of claim 26, wherein designing the polarization rotator comprises:
designing the polarization rotator to include an optically-active material having a
spatially-varying thickness selected to rotate the light having the first electric field

distribution to the selected polarization angle.

31. The method of claim 26, further comprising:
generating an additional dark-field image of the sample based on light polarized

along the selected polarization angle that is rejected by the linear polarizer.

32. A system comprising:

an illumination source configured {o generate an illumination beam;

one or more illumination optics configured to direct the ilumination beam to a
sample at an off-axis angle along an ilumination direction;

a detector;

one or more collection optics configured to generate a dark-field image of the
sample on the detector based on light collected from the sample in response to the
ilumination beam; and

a segmented polarizer including a plurality of segments distributed in a pupil plane
of the one or more collection optics, wherein a rejection axis of each segment is oriented

to reject light scattered from a surface of the sample within the segment.

33. The system of claim 32, wherein the rejection axis of each segment is oriented to
reject light scattered from a surface of the sample within the segment based on a known
electric field distribution of light scattered from the surface of a sample in response {o

dlumination with a known polarization at a known incidence angle.

34. The system of claim 33, wherein the known polarization is p-polarization.
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35. The system of claim 32, wherein the rejection axis of each segment is oriented to
reject light with radial polarization with respect {o a reference point in the pupil plane

corresponding to specular reflection of the illumination beam from the sample.

36. The system of claim 32, wherein the segmented polarizer comprises:

a linearly-segmented polarizer.

37. The system of claim 36, wherein the plurality of segments are linearly distributed along

a direction perpendicutar to the #llumination direction.
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RECEIVING AFIRST ELECTRIC FIELD DISTRIBUTION
OF LIGHT SCATTERED FROM A SURFACE OF A
SAMPLE IN RESPONSE TO AN ILLUMINATION BEAM
WITH A KNOWN POLARIZATION AT A KNOWN
INCIDENCE ANGLE

1304

RECEIVING A SECOND ELECTRIC FIELD
DISTRIBUTION OF LIGHT SCATTERED FROM &
PARTICLE ON THE SURFACE OF THE SAMPLE IN

RESPONSE TO THE ILLUMINATION BEAM

©
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DESIGNING A POLARIZATION ROTATOR SUITABLE
FOR PLACEMENT AT A PUPIL PLANE OF AN IMAGING
SYSTEM TO ROTATE A POLARIZATION OF LIGHT
HAVING THE FIRST ELECTRIC FIELD DISTRIBUTION
TO ASELECTED POLARIZATION ANGLE

GENERATING A DARK-FIELD IMAGE OF ASAMPLE
WITH THE IMAGING SYSTEM HAVING THE
POLARIZATION ROTATOR [N THE PUPIL PLANE AND A
POLARIZER ALIGNED TO REJECT LIGHT POLARIZED
ALONG THE SELECTED POLARIZATION ANGLE,
WHERE THE DARK-FIELD IMAGE 15 BASED ON LIGHT
PASSED BY THE POLARIZER
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