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RADIAL POLARIZER FOR PARTICLE DETECTION
CROSS-REFERENCE TO RELATED APPLICATION

{0001} The present application claims the benefif under 35 U5.C. § 118{e} of US.
Provisional Application Serial Number 82/787 248, filed November 14, 2018, entifled
PARTICLE DETECTION WITH IMPROVED RESCLUTION ON WAFER INSPECTION
SYSTEM, naming Jenn-Kuen Leong, Daniel Kavaldjiev, John Fielden, and Guecheng
Zhao as inventors, which is incorparated herein by reference in the enfirety.

TECHNICAL FIELD

f6002] The present disclosure is generally related to particle inspection and, more

particularly, {o dark-feld particle inspection.
BACKGROUND

feon3] Particle detection systems are commonly ulilized in semiconduclior processing
fines fo identify defecls or particulates on wafers such as, but not limited to, unpatterned
wafers. As semiconductor devices continue to shiink, particle detection systems require
corresponding increases in sensifivity and resolution. A significant source of naise that
may limit measurement sensitivity is surface scattering on a water, which may be present
even for optically polished swnfaces. While various methods have been proposed to
suppress surface scattering with respect to scattering from particles, such methods may
fail to achieve desired sensitivily levels andfor may achieve sensilivity at the expense of
degraded image quality. There is therefore a need to develop systems and methods that

mitigate the deficiencies addressed above.
SUMMARY

{00047 A system is disclosed in accordance with one or more dlustrative embodiments

of the present disclosure. In one idlustralive embodiment, the system includes an
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ifumination source 1o generale an illumination beam. In another lustrative embodiment,
the system includes one or more iflumination optics to direct the lumination beam to a
sample al an off-axis angle along an illumination direction. in ancther iflusirative
embodiment, the system includes a detector. In ancther illustrative embodiment, the
systemincludes one or more collection optics to generate a dark-field image of the sample
on the detector based on light collected from the sample in response o the iflumination
beam. In another iltusirative embodiment, the system includes a radial polarizer located
at a pupll plane ¢f the onhe or more collection optics, where the radial polarizer is
configured io reject light with radial polarization with respect to a reference point in the

pupit plane coresponding to specular reflection of the ilumination beam from the sample.

fooos] A system is disclosed in accordance with one or more illustrative embodiments
of the present disclosure. In one llustralive embodiment, the system includes an
ilumination source o generate an illumination beam. In ancther Mlustrative embodiment,
the system includes one or more llumination optics to direct the #Hlumination beam o a
sample at an off-axis angle along an ilumination direction. In another ilustrative
embodiment, the system includes a detector. In ancther illustrative embodiment, the
system includes one or more collection optics to generate a dark-field image of the sample
on the deteclor based on light collected from the sample in response fo the illumination
beam. In ancther illustrative embodiment, the system includes a phase mask located at
a pupil plane of the one or more collection optics configured to provide different phase
shifts for light in two or more regions of 8 collection area of the pupil plane to reshape a
point spread funclion of ight scattered from one or more particles on the sample, where
the colleclion area corresponds {o a numerical aperture of the one or more collsction

oplics.

{0068 A method is disclosed in accordance with one or more illustrative embodiments
of the present disclosure. In one illustrative embodiment, the method includes luminating
a sample with a p-polarized Hflumination beam at an obligue angle along an Hlumination
direction. In ancther illustrative embodiment, the method includes collecting hight from
the sample in response to the llumination beam in a dark-field mode with ohe or more

collection optics. In another Hlustrative embodiment, the method includes propagating

)
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the light from the sample through a radial polarizer located at a pupll plane of the one or
more collection optics, wherein the radial polarizer is configured to reject light with radial
polarization with respect to a reference point in the pupil plane corresponding o specular
reflection of the ilumination beam from the sample. In another flustrative embodiment,
the method includes prapagating the light from the sampile through a phase mask located
at the pupil plane configured to provide different phase shifts for light in two or more
regions of a collection area of the pupil plane to reshape a point spread function of light
scattered from one or more particles on the sample, where the colleclion area
corresponds to a numerical aperture of the one or more collection oplics. in another
iustrative embodiment, the method includes generating a dark-field image of the sample
based on light propagating through the radial polarizer and the phase mask in response
to the illumination beam, where the dark-field image of the sample is based on light

scattered by one or more particles on a surface of the sample.

{0007 His to be understood that beth the foregoing general description and the following
detalled description are exemplary and explanatory only and are not necessarily
restrictive of the invention as cdlaimed. The accompanying drawings, which are
incorporated in and constitule a part of the spectfication, iustrate embodiments of the
invention and logether with the general description, serve to explain the principles of the

invention.

BRIEF DESCRIPTION OF DRAWINGS

fopus]  The numerous advantages of the disclosure may be better undersiood by those

skilled in the art by reference {o the accompanying figures in which:

FIG. 1is a conceptual view of a particle detection system, in accordance with one or more
embaodiments of the present disclosure;

FIG. 2A is a pupil-plane scattering map of surface scattering in response fo obliquely-
incident p-polarnized light, in accordance with one or more embodiments of the

present disclosure;
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2B is a pupil-plane scattering map of fight scattered by a small particle in response
to obliquely-incident p-polarized light, in accordance with one or more
embodiments of the present disclosure;

3Ais a top view of a continuous haze-rejection polanzer, in accordance with one or
more embodiments of the present disclosure;

3B is a top view of a segmented haze-rejection polarizer, in accordance with one oy
more embodiments of the present disclosure.

44 is a conceptual view of the haze-rejection polarizer overlaid on the scattering
map of FIGE. 2A, in accordance with one or more embodiments of the present
disclosure;

4B 152 conceptual view of the haze-rejection polarizer ovetlaid on the scatlering
map of FIGS. 2B, in accordance with one or more embodiments of the present
disclosure;

5 includes an slectric field distribution of p-polarized light by a sub-resclution particle
and a corresponding image of the sub-resolution particle, in accordance with one
or more embodiments of the present disclosure;

SA includes a conceptual top view of a phase mask with four segments to divide the
pupil into four regions, the electric field distribution associated with p-polarized light
scaltered by a sub-resolution particle, a modified electric field distribution based
ont the phase mask, and the corresponding reshaped image of the particle, in
accordance with one or more embodiments of the present disclosure;

@B is a conceptual top view of a phase mask including two segments to divide the
pupl into two segments, in accordance with one or more embodiments of the
present disclosure;

7A includes an image of a silicon wafer with sub-40 nm silica particles taken without
a phase mask, an inset including an expanded image of one of the particles, and
a plot illustrating a cross-section of the expanded image, in accordance with one
ar more embodiments of the present disclosure;

78 includes an image of the silicon wafer with sub-40 nm silica parlicles shown in

FIG. 7A taken with a phase mask, an inset including an expanded image of one of
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the particles, and a plot illustrating a cross-section of the expanded image, in
accordance with one or more embodiments of the present disclosure;

F1G. 8A includes an image of a silicon wafer with sub-40 nm silica particles taken without
a haze-rejection polarizer or 3 phase mask and a plot illustraling a cross-section
of the particles, in accordance with one or more embuodiments of the present
disclosure;

FiG. 88 includes an image of the silicon wafer with sub-40 nm silica particles shown in
i3, BA taken with both a haze-rejection polarizer and a phase mask, and a plot
tlustrating a cross-section of the particles, in accordance with one of more
embediments of the present disclosure; and

FiG. @ is a flow diagram illustrating steps performed in a method for particle detection, in

accordance with one or more embodiments of the present disclosure.

DETAILED DESCRIPTION

foo08]  Reference will now be made in detail to the subject matter disclosed, which is
Hlustrated in the accompanying drawings. The present disclosure has been particularly
shown and described with respect fo certain embodiments and specific features thereof,
The embodiments set forth herein are {aken to be tlustrative rather than limiting. As used
herein, directional terms such as “lefl’, “right’, "top”®, "boltom”, “over”, "under”, “upper’,
“‘upward”, “lower”, "down” and “downward” are intended to provide relative positions for
purposes of description, and are nol intended lo desighate an absolule frame of
reference. It should be readily apparent to those of ordinary skill in the art that various
changes and modifications in form and detail may be made withoul departing from the

spirit and scope of the disclosure.

foo10]  Embodiments of the present disclosure are direcled to systems and methods for
particle deteclion based on dark-field imaging ulilizing a haze-rejection polarizer in a pupi
plane to selectively filter surface scattering {e g., surface haze) to facilitate detection of
fight scattered from particles on a surface. In particular, a haze-rejection polarizer may

have spatially-vatying rejection directions corresponding o an expected polarization

&
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distribution of surface haze across the pupil plane. For the purposes of this disclosure, a
particle may include any surface defect on a sample of interest including, but not limited

to, a foreign particle, a scratch, a pit, a hole, a bumgp, or the like.

[0011] Scatlering or emission angles of light from the sample are mapped fo spatial
location in the pupil plans. Accordingly, a polarizer placed in the pupil plane may
selectively filter light based on the scattering angle and polarization. U is recognized
herein that fight scattered from a particle and light scattered from a surface may exhibit
different electric fisld distributions (e.g., polarization and field strength) as a function of
scattering angle. Further, differences in the electric field distribution {e.g., scattering map}
may be parficularly significant for obliguely-incident p-polarized light. For example,
surface haze from obliguely-incident p-polarized light may be approximately radially
polarized with respect {o an angle of specular reflection, whereas scattering from a

particle may be approximately radially polarized with respect to a surface normal.

{00121 In some embodiments, a dark-field particle detection system includes a radial
haze-rejection polarizer orniented in the pupil planeé such that an apex angle of the radial
haze-rejection polarizeris placed at a location associated with specular reflection of the

obliguely-incident p-polarized light to selectively reject the surface haze.

{60131 Additional embodiments of the present disclosure are directed to reshaping a
point spread function {PSF) of light scattered by particles.

f6014] An image of an object (e.g., a particle) thal is smaller than an imaging resolulion
{e.g., much smaller than the llumination wavelength) is generally limited by the PSF of
the imaging system. However, the specific distribulion of the electric field in the pupil
plane {e.g., the angle and polarization of collected light} may cause the image of such an
object 1o be larger andfor have a different shape than the system PSF. in particular, a
dark-field image of a particle {e.g., an image of a parhdle formed with scattered or
diffracted light} smaller than the imaging resolution when illuminated with oblique p-
polarized light may be an annulus that spreads to an area larger than the system PSF,

which negatively impacts partlicle detection sensitivity. This annulus shape and increase
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in the size of the PSF or imaged spot of a particle may be asscciated with destructive

interference of collected light at a center of the imaged spot on a detector.

{00151 In some embodiments, a dark-field parlicle detection system includes a phase
mask at the pupil plane to facilitate constructive interference of collected light at the center
of the imaged spet associated with particle scatlering. In this regard, the PSF of imaged
particles may be tightened and may be closer to the system PSF.

{0016] A phase mask may have various configurations suitable for reshaping the PSF
of imaged particles. ih some embodiments, the phase mask includes a segmented oplic
to provide different phase shifts for light in different regions of the pupil plane, where at

least one segment is formed from a half-wave plate.

017} Addilional embodiments of the present disclosure are directed o a dark-field
particle detection system incorporating both a radial haze-rejection polarizer and a phase
plate for reshaping the PSF of imaged particles in a pupil plane. Wafer inspection is
generally described in US. Patent No. 8,874 5628 issued on January 1, 2018, U.S5. Patent
No. 8,291 575 issued on March 22, 2016, U.S. Patent No. 8,881 .079 issued on November
18, 2014, and U.S. Patent No. 8,801,177 issued on February 13, 2018, alt of which are

incorporated herein in their entirely.

footsl]  Referring now to FIGS. 1 through 8, systems and methods for sensitive particle

detection will be described in greater detail.

footey  FIG. 1is a conceptual view of a pariicle detection system 100, in accordance with
one or more embodiments of the present disclosure.  in one embodiment, the particle
detection system 100 includes an ilumination source 102 to generale an illumination
beam 104, an dlumination pathway 108 including one or more illumination optics to direct
the illumination beam 104 to a sample 108, and a collection pathway 110 including one
or more collection oplics {o collect light emanating from the sample 108 {e.g., sample light
112). For example, the collection pathway 110 may include an objective lens 114 o
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 to the Hlumination beam 104
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including, but not limited to, scaitered light, reflected light diffracted light or

uminescence.

fpo2o1  The illuminaion beam 104 may include one or more selected wavelengths of light
including, but not limited to, ultraviolet (UV) radiation, visible radiation, or infrared (IR}
radiation. For example, the illuminalion source 102 may provide, bt is not required to
provide, an illumination beam 104 having wavelengths shorter than approximately 350
nim. By way of another example, the flumination beam 104 may provide wavelengths of
approximately 266 nm. By way of another example, the ilumination beam 104 may
provide wavelengths of approximately 213 nm.. It is recognized herein that imaging
resaiution and light scaliering by small particles {e.g., relative {o the wavelength of the
iflumination beam 104) both generally scale with wavslength such that decreasing the
wavelength of the illumination beam 104 may generally increase the imaging resolution
and scattering signal fram the small particles. Accordingly, illumination beam 104 may
include short-wavelength light including, but not limited to, extreme ultraviolet (EUV) light,
deep ultraviolet {DUV} light, or vacuum ultraviolet (VUV} light.

{0021} The illumination source 102 may include any fype of light source known in the
art. Further, the ilumination source 102 may provide an iflumination beam 104 having
any selected spatial or temporal coherence characteristics. In one embadiment, the
Hlumination source 102 includes one or more laser sources such a5, but not limited 1o,
one or more narrowband laser sources, one of more broadband laser sources, ong or
more supercontinuum laser sources, or one or more white ight laser sources. In another
embodiment, the llumination source 102 includes a {aser-driven light source {LDLS)} such
as, but not limited to, a laser-sustained plasma (LSP) scwce. For sxample, the
iflumination source 102 may include, but is not limited to, 3 LSP famp, a LSP bulb, ora
LSP chamber suitable for conlaining onég or more elements that, when excited by a laser
source into a plasma stale, may emit broadbhand illumination. In another embodiment,
the llumination source 102 includes a lamp source such as, bul not limited o, an arc

lamp, a discharge lamp, or an electrode-less lamp.
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{60221 In another embodiment, the Hlumination source 102 provides a tunable
umination beam 104. For example, the #llumination source 102 may include a tunable
source of lumination {e.g., one or more funable lasers, and the like). By way of another
exampie, the Hluminalion source 102 may include a broadband #lumination source

coupled to any combination of fixed or tunable fillers.

foo231  The ilumination source 102 may further provide an dlumination beam 104 having
any temporal profile. For exampie, the iHlumination beam 104 may have a continuous

temporal profile, a modulated temporal profile, a pulsed femporal profile, and the like.

[ooz4] s recognized herein that the strength of surface haze may depend on multiple
factors including, but notlimited to incidence angle or polarization of the Hlumination beam
104. For example, the strength of surface haze may be relatively high for near-normal
angles of incidence and may drop off for higher incidence angles. In one embadiment,
the llumination pathway 108 may include one or more Hlumination optics such as, but not
imited to, lenses 118, mirrars, and the like to direct the ilumination beam 104 to the
sample 108 st an oblique incidence angle to 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 80 degrees

with respedt to a surface normal,

(00251  In another embodiment, the illumination pathway 106 includes one or more
ilumination beam-conditioning components 118 suitable for mpdifying  andior
conditioning the illumination beam 104. For example, the one or more illumination beam-
conditioning components 118 may include, but are not limited to, one or more polanizers,
one or more waveplates, one or more filters, ane or more beamsplitters, one or more
diffusers, one or more homogenizers, one of more apodizers, or one or mure beam
shapers. In one embodiment, the one or more illumination beam-can:cﬁtieoning
components 118 include a polarizer or waveplate oniented Yo provide a p-polarized

Humination beam 104 on the sample 108.

fo026] In another embodiment, the particle detection system 100 includes a detector 120

configured to capture at least a portion of the sample light 112 collected by the collection

g
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pathway 110. The detector 120 may include any type of optical detector known in the arnt
suitable for measuring dllumination received from the sample 108. For example, a
detector 120 may include a mulli-pixel detector suitable for capturing an image of the
sample 108 such as, but not limited to, a charge-coupled device {CCD) deteclor, a
complementary metal-oxide-semiconductor (CMOS) detector, a ime-delayed integratlion
(TDi) detector, a photomultiplier tube (PMT) array, an avalanche photodiode {APD) array,
or the ke, In another embodiment, a detector 120 includes a spectroscopic detector

suitable for identifying wavelengths of the sample light 112.

f0027] The collection pathway 110 may include any number of beam-conditioning
elements 122 {o direct and/or modify the sample light 112 including, but not limited o,
one of more lenses, one of more fillers, ohe or more apertures, one of more polarizers,

or one or more phase plates.

feo28] Inone embodimsnt, as tlustrated in FIG. 1, the collection pathway 110 includes
one or more beam-conditioning elements 122 located at or near a pupil plane 124. For
example, as will be discussed in greater detail below, the collection pathway 110 may
include beam-condiioning slements 122 such as, but not imited to, a haze-rejection
polarizer (e.¢., a radial polarizer, or the like) or a phase mask at or neara pupi plane 124,
in this regard, the particle detection system 100 may contral and adjust selected aspects
of the sample light 112 used o generate an image on the detector 120 including, but not
limited {o, the intensity, phase, and polarization of the sampile light 112 as 3 function of

scattering angle and/or position on the sample.

fop2g)  Further, the collection pathway 110 may have any number of pupil planes 124.
For example, as illustrated in FIG. 1, the collection pathway 110 may include one or more
lenses 120 to generate an image of the pupd plane 124 and one or more lenses 128 to
generate an image of the surface of the sample 108 on the detector 120. However, itis
recaognized herein that a limited number of beam-conditioning slements 122 may ke
placed at a parficular pupil plane 124 or sufficiently near a particular pupil plane 124 to
provide a desired effect.  Accordingly, for the purposes of the present disclosure,

reference to one or more elements at a pupil plane 124 may generally describe one or

10
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more elements at or sufficiently close to a pupi plane 124 to produce a desired effect. In
some embodiments, though not shown, the collection pathway 110 may include addifional
lenses to generale one or more additional pupil planes 124 such that any number of

beam-conditioning elements 122 may be placed at or near a pupl plans 124,

{00301 In another embodiment, the particle detection system 100 includes a controfler
130 including one or more processors 132 configured to execule program instructions
maintained oh a memory medium 134 {s.g., memory). Further, the controlier 130 may be
communicatively coupled to any componentis of the particle detection system 100, In this
regard, the one or mare processors 132 of controlier 130 may execute any of the various
process steps described throughout the present disclosure. For exampile, the controlier
130 may receive, analyze, andior process data from the detector 120 {e.g., associated
with ‘an image of the sample 108}, By way of another example, the controller 130 may
control or otherwise direct any components of the particle detection system 100 using

control sighals.

{0031} The one or more processors 132 of a controller 130 may include any processing
element known in the art. In this sense, the one or more processors 132 may include any
microprocessoi-type device configured to execule algorithms and/or insttuctions. Ihone
embodiment, the one of more processors 132 may consist of a deskiop computer,
mainframe computer system, workslation, image compuler, parallel processor, of any
other computer system {e.g., networked computer) configured fo execute a program
configured to operate the parlicle 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 one or more processing elements, which
execute program instructions from a non-transitory memory medium 134. Further, the
steps described throughout the present disclosire may be carried out by a single
controlier 130 or, altemnatively, multiple conlrollers. Additionally, the controlier 130 may
include ong or more controliers housed i a common housing o within multiple housings.
In this way, any controller or combination of controllers may be separately packaged as

a module suitable for integration into particle detection system 100,

14
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{60321 The memory medium 134 may include any storage medium known in the an
suitable for storing program instructions executable by the associated one or more
processors 132, For exampile, the memory medium 134 may include a non-transitory
memory medium. By way of another example, the memory medium 134 may include, but
is not limited o, & read-only memory (ROM), a random-access memory {(RAM), a
magnetic or optical memory device {e.g., disk}, a magnetic tape, a solid-state drive, and
the like. it is further noted thal memory medium 134 may be housed in a common
controller housing with the one or mors processors 132, In one embodiment, the memory
medium 134 may be located remotely with respect o the physical location of the one or
more processors 132 and controller 130. For instance, the one or more processors 132
of controfler 130 may access a remote memary {e.g., server), accessible through a
network (e.g., internet, intranst, and the tike). Therefore, the above description should

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

00331 U is contempiated herein that the parlicle delection system 100 may be
configured as any type of image-based particle detection system known in the art. Inone
embodiment, as ilfustiated in FIG. 1, the parlicle detection system 100 is a dark-field
imaging system o exclude speculariy-reflected light. In this regard, the particle detection
system 100 may image the sample 108 based primarily on scattered light. Dark-field
imaging may further be implemented using any technique known in the art. in one
embodiment, an orientation andlor a numerical aperture (NA) of the objective lens 114
may be selected such that the objective lens 114 does not coliect specularly-reflected
fight. For example, as illustraled in FIG. 1, the objective lens 114 is orented
approximately normal fo the sample 108 and has a NA that does not include a specularly-
reflection portion of the illumination beam 104. Further, the objective lens 114 may have,
but ts not required to have, a NA of approximately 0.8 or greater. In another embaodiment,
the particle detection system 100 may include one or more components to block specular

reflection from reaching the deatector 120.

{00341 Referring now to FIGS. 2A through 4B, pupil-plane polanzation fitering is

described in greater detail.

12



WO 2020/102266 PCT/US2019/061059

{00351 In one embodiment, the parlicle detection system 100 includes a haze-rejection
polarizer in a pupil plane of the collection pathway 110 {eg., collection optics) to
preferentially reject light scattered from a surface of the sample 108 {e.q., surface haze)},
which may be considered noise in particle delection applications. in thisregard, animage
of the sample 108 may primarily be formed from light scattered by one or more particles

{or other defects in the surface).

foa3s} FIG. 2A is a pupi-plane scaltering map 202 of swrface scattering (e.g., surface
haze) in response o obliquely-incident p-polarized light, in accordance with one or more
embodiments of the present disclosure. FIG. 2B is a pupil-plane scattering map 204 of
light scattered by a small particle {e.g., small relative to an imaging resolution of the
particle detection syslem 100 or a wavelength of the ilumination beam 104} in responss
to obliquely-incident p-polarized hight, in accordance with one or more embodiments of

the present disclosure.

{00371 In parlicular, the scattering maps 202, 204 include the electric fisld strength
indicated by the shading with white as the highest intensity and black as the lowest
intensity. Further, the scaltering maps 202, 204 include the polarization orientation of
fight as a function of collection angle {s.g., scattering angle) in the pupil plane 124
indicated by the overlaid ellipses. The scallering maps 202, 204 are bounded by a
collection area 206 in the pupil plane 124, which is associated with the range of angles
that sample light 112 is collected by the particle detection system 100, For sxample, the
collection area 206 may correspond to the numerical aperture {NA) of the objective lens
114.

f6038] The scallering maps 202, 204 are based on a configuration of the particle
detection system 100 illustrated in FIG. 1. Accordingly, the specular reflection angle 208
is located oulside of the collection area 208 along the llumination direction 210 {e.g.,
outside the collection area 206 on the right side of the circular collection area 206 in FIG.
2A)

f0038] Additionally, the scaltering maps 202, 204 may be representative of scattering

from a wide variety of materials including, but not limited to, silicon, epitaxial, and poly-
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silicon wafers. However, it is {o be understood that the scallering maps 202, 204 are
provided solely for ilustrative purposes and should not be inferpreted as limiting the

present discloswre,

{0481 As illusirated in FIGS. 2A and 2B, the electnc field distribulion {e.g., electric field
strength and polarizalion 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. Forexample, sample light 112 asscciated
with surface haze generally exhibits an approximatsly radial polarization distribution with
respect to the specular reflection angle 208 in the collection area 206 as ilustrated in FIG.
2A. In contrast, sample light 112 associated with partlicle scattering generally exhibits an
approximately radial polarization distribution with respedt fo the surface normial as
ifustrated in FIG. 2B. Further, the polarization of the scattered sample light 112 light is
generally elliptical.. As can be seen from FIGS. 2A and 2B, at most locations in the pupd
plans 124, the ellipses are very elongated meaning that one linear polarnization
component 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 siliptical 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 little to the tolal scattering signal from a small particle.

{00411 Inone smbodiment, the particle detection system 100 includes a polarizer located
at or near the pupil plane 124 to preferentially reject surface haze. In a general sense, a
polarizer located at or near the pupil plane 124 may be designed to provide spatially-
varying polarization-fillering corresponding fo any known, measured, simulated, or
otherwise expected polanization of light. In the context of the present discloswre, a
polarizer located at or near the pupil plane 124 may preferentially filter surface haze based
on a known electric field distnbution in the pupil plane 124. Accordingly, in some
embodiments, the particle detection system 100 includes a radial haze-rejection polarizer
located at or near the pupil plane 124 {o preferentially reject the approximately radially-

polarized surface haze illustrated in FIG. 2A.
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{60421 Referring now to FIGS. 3A and 3B, various embodiments of a radial haze-
rejection polarizer 302 are described in greater detail. FIG. 3A is a top view of a
continuous haze-rejection polarizer 302, in accordance with one of more embodiments of
the present disclosure. FIG. 3B is 3 top view of 8 segmented haze-rejection polarizer

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

{00431 In one embodiment, a radial haze-rejection polarizer 302 has a spatially-varying
rejection direction 304 onented radially with respect to an  apex point 306 and a
corresponding spatially-varying pass direction 308 oriented tangential ko the apex point
306. Accordingly, for any particular poind in the pupi plane 124, the radial haze-rejection
polarizer 302 may reject {e.g., absorb or reflect) sample light 112 that is radially polarized
with respect to the apex point 306 and pass sample light 112 that is tangeptially polarized

to the apex point 3086 {e.q., orthogonal to the radial rejection direction 304).

{60441 The apex point 308 may correspond to any pointin the plane of the haze-rejection
polarizer 302. For example, the apex point 308 may be located on the haze-rejection
polarizer 302 as ilustrated in FIGS. 3A and 3B. By way of another example, though not
shown, the apex point 306 may correspond o a point oulside the boundaries 310 of the

haze-rejection polarizer 302.

[60451 In another embodiment, the haze-rejection polarizer 302 is aligned in the pupil
plane 124 such that the apex point 306 coincides with the specular reflection angle 208
{e.g., a reference location in the pupd plane 124 corresponding to the angle of specular

reflection from the sample 108}

foo4s] A radial haze-rejection polarizer 302 may be fabricated using any technique
known in the art {o achieve radial polarization rejection. For example, as idlusirated in
FliG. 3A, the haze-rejection polanizer 302 may be formed to have a continuously-varying
polarization rejection angle. In this fegard, the haze-rejection polarizer 302 lustrated in
FIG. 3A may operate as a continuous haze-rejection polarizer 302.

{00471 By way of another example, as iflustrated in FIG. 3B, the haze-rejection polarizer

302 may be formed from any number of wedge-shaped segments 312 distributed across
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the pupil plane 124, where each segment 312 is a linsar polarizer. For instance, the
rejection direction 304 of each segment 312 may be oriented to approximate the
continuous radial haze-rejection polarizer 302 in FIG. 3A. A segmented harze-rejsction
polarizer 302 may have any number of linear polarizers arranged fo cover selected

angular ranges such as, but not limited to, every §°, every 10° or every 15°.

{oo481 A haze-rejection polanizer 302 may be formed from any material known in the art
suitable for filtering the iHumination beam 104, For example, UV wavelengths may be
particularly useful for detecting small particles due to relatively strong scattering of shorter
waveiengths by small particles. Accordingly, the haze-rejection polarizer 302 may be
fabricated from a material having high transmission at short wavelengths such as, but not

limited to alumina, quariz, fused silica, calcium fluoride, or magnesium fluoride.

{00491 FIGS. 4A and 4B are conceptual views of the haze-rejection polarizer 302
overiaid on the scattering maps of FIGS. 2A and 2B, respectively, in accordance with one
or more embodiments of the present disclosure. As illustrated by FIG. 4A, the polarization
of surface haze in the pupil plane 124 is generally radial to the apex point 308 of the haze-
rejection polarizer 302 across the pupl plane 124 such that the haze-rejection polarizer
302 substantially rejects the surface haze. In contrast, FIG. 4B illustrates that the
polarization of particle scattering is at least pariially tangential to the apex point 306 at
many locations across the pupll plane 124 such that the haze-rejection pelarizer 302

passes a substantial portion of the particle scattering.

{0501 s further recognized herein that although the haze-rejection polarizer 302 may
not pass all of the light scattered by small particles, the haze-rejection polarizer 302 may
provide a good balance between rejecting unwanted surface haze and passing desired
particle scattering to provide a high signal {o noise ratio, which may facilitate sensitive
particle detection. Further, by passing at least some light for a wide range of scaltering
angles, polarization-based pupil-plane filtering with the haze-rejection polarizer 302 as
described herein may have a limited impact on the system PSF, in conirast {o aperture-
based filtering techniques. In particular, the system PSF is generally related o the eleclric

field distribution of light in the pupil plane 124 by a Fourier Transform operation such that
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blocking significant portions of the pupil plane {e.g., with an aperture} may broaden the

system PSF and degrade overall performance.

{00511 Referring now to FIGS. 5 through 8B, phase masks for shaping or tightening the
PSF associated with scaltering of p-polarized fight by sub-resolution particles are

described in greater detail herein.

00521 FiG. & includes an eleciric field distribution 502 of p-polanized light by a sub-
resalution particle and a corresponding image 504 of the sub-resolulion parlicle, in
accordance with one or more embodiments of the present discloswre. As desciibed
previously herein, the image of a particle smaller than an imaging resolution of a system
15 generally limited by the system PSF, which is typically an Airy function when the image
is formed from speculariy-reflected light However, the actual PSF associated with a
particle {e.g., a particle PSF} and thus the actual image of the particle is related to the
particular electric field distnibution of ight from 3 patticle in the pupil plane 124 and may
have a differen! size or shape than the system PSF, particularly when the image is formed

from scattered light.

{00531 As illustrated by FIG. 5, the image 504 of a particle based on p-polarized
scattered light is annular-shaped rather than an Ay function, which is at least partly a
result of the interference patiern associated with the particular polanzation distribution of
fight in the pupll plane 124. In particular, destructive interference at a central point 508
of the image 504 associated with the electric field distribution 502 in FIG. 5A resulis in
deceased intensity at the central point 508 and a radial shifting of the intensity outward.
As a result, the signal strength and thus the signal to noise ratio associated with an image

of a patticle is negatively impacted.

[0054] In some embodiments, the particle detection system 100 includes a phase mask
iocated at or near the pupil plane 124 o reshape the PSF of p-polarized light scaliered
by sub-resolution particles. The phase mask may include any number of componenis to
miodify the phase of light based on the location in the pupil plane 124,
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{o055] For example, the phase mask may include or may be characterized as having
two or more segments distributed across the pupd plane 124 such that each segment
adjusts the phase of light in a different region of the pupil plane 124. Each segment may
then include any type of oplical component known in the art including, but not limited to,
a phase plate {e.g., birefringent plate, or the like), a compensating plate {e.g., an oplically
homogenous plate}, or an aperture. For instance, a phase plale may include, a
waveplate formed from a uniaxial crystal cut with the optic axis oriented perpendicular to
the propagation direction through the crystal and any selecied thickness {o provide any
selected phase retardation between orthogonal polarization components {e.g., a -phase

shift for a half-wave plate, a /2-phase shift for a quarter-wave plate, or the like).

fooss] FIG. 8A includes a conceptual top view of a phase mask 802 with four segments
to divide the pupil into fowr regions {e.9., quadrants}, the slectiic field distiibution 502
associated with p-polarized light scatiered by a sub-resoclution particle, a modified electric
field distribution 804 based on the phase mask 802, and the cowesponding reshaped
image 6086 of the particle, in accordance with one or more embodiments of the present
disclosure, In particular, the reshaped image 806 of the particle includes a strong central
iobe 808 in contrast to the weak signal in the central point 500 of the image 504 in FIG. &

generated without the phase mask 602,

{00571 In one embodiment, the phase mask 802 includes two ovetlapping half-wave
piates shaped and amanged with the respective oplic axes in perpendicular directions. In
this regard, each half-wave plate may rotate the polarization of light within the respective
region of the pupll plane 124 based on the orentation of the oplic axis. For example, as
ilustrated in FIG. 84, the phase mask 602 may include a segment 810 formed from a
half-wave plate with an oplic axis along a Y direclion {e.g., perpendicuiar {o the plane of
incidence of the ilumination beam 104} to intraduce a phase shift of 1 for light polanized
along the X direction with respect to orthogonal polarizations {represented as ¢ E ), and
a segment 812 formed from a half-wave plate with an optic axis along an X direction (e.g.,
paraliel to the plane of incidence of the illumination beam 104) to introduce a phase shift
of 1 for light polarized along the y direction with respect to orthogonal polarizations

{represented as e”i:’;, }. Further, the phase mask 802 may include a segment 814 formed

18



WO 2020/102266 PCT/US2019/061059

from two overlapping waveplates, one orented fo introduce a phase shift of w for light
polarized along the X direction and one oriented o introduce a phase shift of  for light

polarized along the Y direction, where the combined effect is represented as e‘;”E;_._‘},,

{o058] The phase mask 602 may also include a segment 616 that does not rotale the
polarization of light. For example, the segment 516 may include a compensating plate
formed from an optically homogenous material along the dirsction of propagation such
that light through the segment 6§18 propagates along the same {or substantially the same)
optical path length as light in the other quadrants of the pupil plane 124, In one
embodiment, the compensating plate is formed from a malenal having approximately the
same thickness and index of refraction as a half-wave plate in any of the other quadranis
of the pupil plane 124, but without birefringence along the propagation direction. In
another embodiment, the compensating plate is formed from the same material as the
haif-wave plates, but cut along a different axis such that light propagating through the
compensating plate does not experience birefringence. For instance, light propagating
along the oplic axis of a uniaxial crystal may not experience birefringence such that the
crystal may be optically homogenous for light propagating along the optic axis. By way

of anocther example, the segment 6§16 may include an aperture,

oosa]  Further, in some embodiments, a phase mask 802 may be tilted out of the pupil

plane 124 o at least partially compensate for optical path length differences between the
sagment 816 and the other segments {e.g., segments 802-808).

{0060} A segmented phase mask 8§02 may be formed using any technigue known in the
art. In one embodiment, the varicus segments {e.g., segments 802-608 of FIG. BA) are

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

{00811  In ancther embadiment, the various segments are formed from multiple stacked
components such that the combined path through the stacked companents provides the
desired PSF reshaping. Further, stacked componenis may be located in the same or
different pupil planes 124. For example, the particle detection system 100 may include
one of mote relay oplics 1o provide muitiple conjugate pupil planes. in this regard, various

components associated with the phase mask 802 may be distributed between multiple

18



WO 2020/102266 PCT/US2019/061059

conjugate pupl planes. By way of ancther example, I may be the case that the
componenis of the phase mask 802 may be fabricated with a thickness of a few
millimeters or fess. Accordingly, it may be possible to place mulliple components close
together near a single pupi! plane 124. Even though one or more of the components may
be dispiaced slightly from the pupil plane 124 {e.g., by a few mm), they may nonetheless

operate to create a strong central lobe 808 in the reshaped image 6086.

{60621  In one embodiment, the phase mask 602 illustrated in FIG. 8A is formed from a
half-wave plate cut into two portions (e.g., two half half-wave plates) rotated with respect
to each other. For instance, a halfwaveplate may be cut along the oplic axis, where a
first portion is oriented with the optic axis along the Y direction {e.q., fo cover the left half
of the colleclion area 206 in FIG. 6A) and a second portion is oriented with the oplic axis
along the X direction {e.g., to cover the top half of the coliection area 208 in FiG. 8A).
Accordingly, the segment 614 may be formed from the two overlapping portions of half-

waveplates with crossed oplic axes.

fo063]  Further, since the orientation of the polarization of the scattered sample light 112
from the small particle is substantially symmetrically oriented ralative {o the center of the
pupit {e.g., as Hlustrated in FIG. 2B), the phase mask 802 may be variously configured
with different placements of the waveplates o achieve the reshaped image 806 of the
particle including a strong central lobe 808, For example, the half-wave plate depicted in
the top portion of the collection area 206 in FIG. 6A may instead be placed in the botltom
portion of the collection area 206. Similarly, the half-wave plate depicted in the left portion
of the collection area 206 in Fl5. 6A may instead be placed i the right portion of the

collection area 208

[oos4] U is o be understood, however, that FIG. 8A and the associated description are
provided solely for illustrative purposes and should not be interpreted as limiting. Rather,
the phase mask 802 may include any number of segments distributed formed from any
combination of materials in any pattern across the pupil plane 124 so as to reshape the
PSE of light scattered from a patlicle. For example, given a known eleclric fisld

distribution of light in the pupd plane 124 {(e.g., measured, simulated, or the like}
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associated with an object of interest, a segmented phase mask 602 as described hersin
may be formed to selectively adjust the phase of various regions of light in the pupil plane
124 to reshape the PSF of an image of the object of interest. In particular, the various
segments of the phase mask 802 may be selected to facilitate constructive interference
at a detector 120 to provide a tight PSF that approaches the system PSF {e.g., within a

selected tolerance).

foo85] FIG. 6B is a conceptual top view of a phase mask 802 including two segments fo
divide the pupil into two segments {e.g., halves), In accordance with one or more
embodiments of the present disclosure. Forexample, as illustrated in FIG. 6B, the phase
mask 602 may include a segment 818 formed from a half-wave plate with an oplic axis
along an X direction to introduce a phase shift of 7 for light polarized along the Y direction
with respect to orthogonal polarizations {represented as e"‘”‘E},}. Further, the phase mask
602 may include a segment 820 that does notrotate the polarization of light. For exampls,
the segment 820 may include a compensating plate as described above with respect to
FIG. 8A. By way of ancther example, the segment 820 may include an aperiure. Further,
as described previously herein, the phase mask 602 may be tilted out of the pupil plane
124 fo at least partially compensate for optical path length differences between the
sagment 618 and the segment 820.

fooss]  Htis to be understood, however, that FIG. 6B and the associated description are
provided solely for illusirative purposes and should not be interpreted as iimiting. For
example, a phase mask 802 with two segments may include a half-wave plate placed in
the bottom portion of the collection area 206 rather than the top portion as illustrated in in
FIG. BA.

foo67] it is further recognized herein that the design of the phase mask 802 may
represent a tradeoff between an "ideal” phase mask based on a known electric field
distribution associated with partlicles of interest {e.g., as llustrated in FIG. 2A, or the like)
and practical design and/or manufacturing considerations. For example, & may be the
case that an ideal or otherwise desired phase mask 602 is unjustifiably expensive or

difficult to manufacture. However, it may be the case that certain designs of the phase
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mask 802 may salisfy both manufacturing and performance specifications {e.g., a particle
PSF having a selected shape, or the like}. Accordingly, the designs of the phase mask
802 dlustrated in FIGS. 8A and 68 may represent two non-limiting examples providing

different radeoffs hetween performance and manufacturability.

fooe8)] For instance, the design of the phase mask 802 shown in FIG. 6B may be useful
in combination with a haze-rejection polarizer 302 such as the one illusltrated in FIG. 3.
As can be appreciated from FIGS. 4A and 4B, the polarization directions of the sample
fight 112 scatiered from the surface {e.g., surface haze) and from the particle are
approximately parallel in the left side of the pupil. A haze-rejection polarizer 302
configured to substantially block the haze may thus also block a significant fraction of the
light scattered by a small particle into the left side of the pupil. As a result of this relatively
fow intensity of the sample light 112 in the left side of the pupil, it may be the case that
the phase correction in the left side of the pupil provided by the relatively more compiex
design of the phase mask 602 shown in FIG. 8A may provide relalively little impact on the
PSF for the sample light 112 scattered by a smell particle. Accordingly, in some
applications, the phase mask 802 shown in FIG. 8B may provide a suitable balance

hetween performance and manufacturability and/or cost considerations.

foosel  Referring nowto FIGS. 7A and 78, experimental measursments illustrating PSF
rashaping with a phase mask 802 is described. FIG. 7A includes an image 702 of a
silicon wafer with sub-40 nm silica particles taken without a phase mask §02, an insst
including an expanded image 704 of one of the particles, and a plot 706 illustrating a
cross-section of the expanded image 704, in accordance with one or more embodimenis
of the present disclosure. FIG. 7B includes an image 708 of the silicon wafer with sub-
40 nm silica particles shown in FIG. 7A taken with a phase mask 802, an insst including
an expanded image 710 of one of the particles, and a plot 712 llustrating a cross-section
of the expanded image 710, in accordance with one or more embodiments of the present
disclosure. In particular, the phase mask 802 included two half-wave plates arranged

substantially according to the configuration dlustrated in FIG. 8A.
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{00701  As ilustrated in FIGS. 7A and 7B, the image of a partlicle generated without a
phase mask 602 as described herein has an annular shape with an infensity dip in the
center. However, incorporating the phase mask 802 as described herein tightens the
PSF such that an image of a particle has & cenfral peak and a tighter distribution of

intensity around the central peak.

{0071} In some embodiments, the haze-rejection polanizer 302 and the phase mask 802
may be combined o provide enhanced particle deleclion sensitivity. Accordingly, the
particle deteclion system 100 may include both the hazerejechion polanizer 302 and the

phase mask 6§02 located in one or more conjugate pupi planes.

[pa72l  FIG. BA includes an timage 802 of a silicon wafer with sub-40 nm silica particles
taken without ‘a haze-rejection polarizer 302 or a phase mask 802 and a piot 804
ilustrating a cross-section of the particles, in accordance with one or more embodiments
of the present disclosure, FIG. 8B includes an image 806 of the silicon wafer with sub-
40 nm silica particles shown in FIG. BA taken with both a haze-rejection polarizer 302 and
a phase mask 602, and a plot 808 jllustrating a cross-section of the particles, in
accordance with one or more embodiments of the present disclosure. In particular, the
phase mask 602 utilized fo generate the image BOS is arranged substantially according

to the configuration illustrated in FIG. 6B.

[0073] Asillustrated in FIGS. 8A and 8B, the combination of the haze-rejection polarizer
302 for selectively rejecting surface haze and the phase mask 802 to reshape the PSF of
light scattered by particles provides sharp peaks in the image associaled with the particles

and a high signal to noise ratio for the particles with respect to the surface.

{0074} FIG. 9 is a flow diagram illustrating steps performed in a method 900 for particle
detection, in accordance with one or more embodiments of the present disclosure.
Applicant notes that the embodiments and enabling technologies described previously
herein in the context of the particle detection system 100 should be interpreted to extend
to method 900. Ht is further noted, however, that the method 800 is not limited to the

architecture of the parlicle detection system 100,
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(00751 In one embhodiment, the method 800 includes a step 902 of iluminating a sample
with a p-polarized #lumination beam at an obligue angle along an iflumination direction.
in ancther embodiment, the method 800 includes a step 804 of collecting light from the
sample in response to the fllumination beam in a dark-fisld mode with one or more
collection oplics. In ancther embodiment, the method 960 includes a step 806 of
propagating the light {(e.g., via the collection oplics) from the sample through a conlinuous
polarizer located at a pupl plane of the one or more collection optics, where the
continuous polarizer is configured {o reject light with radial polarization with respect o a
reference point in the pupil plane corresponding to specular reflection of the dlumination
beam from the sample {e.g., a specular reflection angle}. in another embodiment, the
method 800 includes a step 808 of propagating the light from the sample through a phase
mask located at the pupil plane configured to provide different phase shifts for light in two
or more regions of a collection area of the pupil plane to reshape a point spread function
of light scattered from one or more particles on the sample, where the collection area
corrasponds fo a numerical aperiure of the one or more collection optics. in another
embodiment, the method 900 includes a step 810 of generaling a dark-field image of the
sample based on light propagaling through the continuous polarizer and the phase mask

in response {o the dlumination.

foors}  The herein described subject matier sometimes illustrates different components
contained within, or connected with, other components. it is to be undersicod that such
depicted architeclures are merely exemplary, and that in fact many other archilectures
can be implemented which achieve the same functionality. In a conceplual sense, any
arrangement of components to achigve the same funclionality is effectively "associated”
such that the desired funclionality is achieved. Hence, any two components herein
combined to achisve a particular functionality ¢an be seen as "associated with” each other
such that the desired functionality is achieved, iirespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as being
"connected” or "coupled" to sach other to achieve the desired functionalily, and any two
components capable of being so associated can also be viewed as being "couplable™ to
each other to achieve the desired funclionality. Specific examples of couplable include
but are not limited to physically interactable and/or physically interacting components

24



WO 2020/102266 PCT/US2019/061059

andfor wirelessly interaciable andior wirelessly interacting components and/or logically

interactable and/or logically interacting components.

[por71 s believed that the present disclosure and many of its attendant advantages
will be understood by the foregoing description, and it will be apparent thal various
changes may be made in the form, construction, and armrangement of the componenis
without departing from the disclosed subject matter or without sacrificing all of its maternal
advantages. The form described is merely explanatory, and it is the intention of the
following claims to encompass and include such changes. Furthermore, # is to be

understood that the invention is defined by the appended claims.

25



WO 2020/102266 PCT/US2019/061059

CLAIMS

What is claimed:

1. A system comprising:

an ilumination source configured to generate an Hlumination beam;

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

a detector;

one or more collection oplics configured 1o generate a dark-field image of the
sample on the detector based on light collected from the sample in response o the
ilumination beam: and

a radial polarizer located at a pupil plane of the one or more collection optics,
wherein the radial polarizer is configured to reject light with radial polarization with respect
to a reference point in the pupil plane corresponding o specular reflection of the

#lumination beam from the sample.

2. The system of claim 1, wherein the illumination beam is p-polarized at the sampls.

3. The system of claim 1, wherein the radial polarizer is oriented to pass light scallered

by one or more particles on a surface of the sample.

4. The system of claim 1, whersin the reference pointis located oulside a collection area

associated with light collected by the one or more collection oplics.

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

a continuous polarizer.

6. The system of claim 1, wherein the radial polarizer comprises:
a segimented polarizer including a plurality of segments distributed in a pupi plane

of the one or more collection optics along a direction perpendicular to the dlumination
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direction, wherein a rejection axis of sach segment is oriented {o reject light with radial
polarization with respect to the reference point in the pupil plane corresponding to

specular reflection of the illumination beam from the sample.

7. The system of claim 8, wherein the segmented polarnizer comprises:
an angularly-segmented polarizer, wherein the plurality of segments are radially

distributed around the reference point in the pupil plane.

8. The system of claim 1, further comprising:

a phase mask focated at a pupil plane of the one or more collection optics
configured to provide different phase shifts for light i two or more regions of a collection
area of the puptl plane to reshape a point spread funclion of light scattered from one or
more particles on the sample, wherein the collection area corresponds o a humerical

aperture of the one or more collection optics.

0. The system of claim 8, wherein the two or more regions of the collection area comprise:
a first half of the collection area and a second half of the collection area divided

along the #lumination direction.

10. The system of claim 8, wherein a first segment of the phase mask comprises:

a half-wave plate covering the first half of the collection area.

11. The system of claim 10, wherein the half-wave plate is oriented to provide a  phase
shift along in a direction in the pupll plane coresponding to an angle that is orthogonal to

a plane of incidence of the dlumination beam on the sample.

12. The system of claim 10, wherein a second segment of the phase mask comyprises;

a compensator plate formed from an optically homogenous material along a
propagation direction covering the second half of the collection area, wherein an optical
path of light through the compensator corresponds to an optlical path of light through the

half-wave plate within a selected tolerance.
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13. The system of claim 10, wherein a second segment of the phase mask comprises:

an aperture covering the second half of the collection area.

4. The system of claim 13, wherein the half-wave plate is tilted to at least partially
compensate for optical path differences between light {fravelling through the first and

second halves of the collection area.

15. The system of claim 8, wherein the two or more regions of the collection area
comprise!
four guarters of the collection area divided along the illumination direction and a

direction orthogonal o the illumination direction.

18. The system of claim 15, whersin the phase mask comprises:

a first hall-wave plate covering a first quarter of the collection area and a second
guarter of the collection area adjacent 1o the first quarter, the first half-wave plate oriented
to provide a 11 retardation slong a direction in the pupi plane corresponding fo an angle
in a plane of incidence of the dllumination beam on the sample; and

a second half-wave plate covering the second quarter of the collection arsa and a
third quarter of the colleclion area adjacent to the second quarter, the second half-wave
plate oriented provide a 11 retardation along a direction in the pupil plane corresponding

to an angle orthogonal to the plane of incidence.

17. The system of claim 16, wherein the phase mask further comprises:

a compensator plate formed from an optically homogenous material along a
propagation direction covering a fowrth gquarter of the collection area, wherein an optical
path of light through the compensator corresponds to an optical path of light through at

ieast one of the first or second half-wave plates.

18. The system of claim 18, wherein a second segment of the phase mask comprises:

an aperture covering a fourth quarter of the collection area.
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18. The system of claim 18, wherein the half-wave plate is tilted to at least partially
compensate for oplical path differences between light travelling through the fowy quarters

of the collection ares.

20. A system comprising:

an ilumination source configured to generale an illumination beamy;

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

a detector;

one or more collection oplics configured 1o generate a dark-field image of the
sample on the detector based on light collected from the sample in response to the
flumination beam; and

a phase mask located at a pupil plane of the one or more collection oplics
configured to provide different phase shifts for light in fwo or more regions of a collection
area of the pupil plane o reshape a point spread funclion of ight scaltered froimone or
more particles on the sample, wherein the collection area corresponds o a numerical

aperture of the one of more collection optics.

21. The system of claim 20, wherein the llumination beam is p-polarized at the sample.

22. The system of claim 20, wherein the two or more regions of the collection are
comprise:
a first half of the collection area and a second half of the collection area divided

atong the illumination direction.

23. The system of claim 20, wherein a first segment of the phase mask comprises;
a half-wave plate oriented with an oplic axis along the dHlumination direction

covering the first half of the collection area.

24. The system of claim 23, whereih a second segment of the phase mask comprises:
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a compensator plate formed from an optically homogenous maternial along a
propagation direcltion covering the second half of the collection area, wherein an optical
path of ight through the compensator corresponds to an optical path of light through the
half-wave plate.

25. The system of claim 23, wherein a second segment of the phase mask comprises:

an apertire covering the second half of the collection area.

28. The system of claim 23, wherein the half-wave plate is tilted to at least partially
compensate for optlical path differences between light travelling through the first and

second halves of the collegtion area.

27. The system of claim 20, wherein the two or more regions of the collection compyrise:
four quarters of the collection area divided along the #lumination direction and a

direction orthogonal to the illumination direction.

28. The system of claim 27, wherein the phase mask comprises:

a first half-wave plate covering a first quarter of the collection area and a second
qguarter of the collection area adjacent to the first guarter, the first half-wave plate oriented
to provide a T retardation along a direction in the pupil plane corresponding to an angle
in a plane of incidence of the illumination beam on the sample; and

a second half-wave plate covering the second guarter of the collection area and a
third quarter of the collection area adjacent {o the second quarter, the second half-wave
plate oriented provide a w retardation along a direction in the pupll plane corresponding

to an angle arthogonal to the plane of incidence.

29. The system of claim 28, wherein the phase mask further comprises:

a compensator plate formed from an optically homogenous material along a
propagation direction covering a fourth quarter of the collection area, wherein an optical
path of light through the compensalor corresponds {o an oplical path of light through at

least one of the first, second, or third half-wave plates within a selected tolerancs.
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30. The system of claim 28, wherein a second segment of the phase mask comprises:

an aperture covering a fourth guarter of the collection area.

31. The system of claim 28, wherein the hall-wave plate is tilted to at least partially
compensate for optical path differences between light travelling through the four quarters

of the collection area.

32. A method comprising:

luminating a sample with a p-polarized Hllumination beam at an oblique angle
along an dlumination direction;

collecting light from the sample in response o the Hlumination beam in a dark-field
mode with ane of more collection oplics;

propagating the light from the sample through a radial polarizer located at a pupil
plane of the one or more collection optics, wherein the radial polarizer is configured to
reject light with radial polarization with respect to a reference point in the pupil plane
corresponding & specular reflection of the iHlumination beam from the sample;

propagating the light from the sample through a phase mask located at the pupil
plane configured to provide different phase shifts for light in two or more regions of a
coliection area of the pupil plane to reshape a point spread function of light scatiered from
ong or more particles on the sample, wherein the collection area corresponds to a
numerical aperture of the one or more collection oplics; and

generating a dark-field image of the sample based on light propagating through
the radial polarizer and the phase mask in response to the ilumination beam, wherein the
dark-field image of the sample is based on light scattered by one of more particles on a

surface of the sample.
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