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METHODS AND SYSTEMS FOR OPTICAL SURFACE DEFECT
MATERIAL CHARACTERIZATION

CROSS REFERENCE TO RELATED APPLICATION
[0001] The present application for patent claims pricority
under 35 U.5.C. §119 from U.S. provisional patent
application serial number €2/871,872 entitled “Method 0Of
Defect Material Characterization Using Optical Microscope,”
filed July 9, 2019, the subject matter of which is

incorporated herein by reference in its entirety.

TECHNICAL FIELD
{0002] The described embodiments relate to systems for
surface inspection, and more particularly to semiconductor

wafer inspection modalities.

BACKGROUND INFORMATION
[0003] Semiconductor devices such as logic and memory
devices are ftypically fabricated by a seqguence of
processing steps applied to a substrate or wafer. The
various features and multiple structural levels of the
semiconductor devices are formed by these processing steps.
For example, lithography among others is one semiconductor
fabrication process that inveolves generating a pattern on a
semiconductor wafer., Additional examples ¢of semiconductor
fabrication processes include, but are not limited to,
chemical-mechanical polishing, etch, deposition, and ion
implantation. Multiple semiconductor devices may be
fabricated on a single semiconductor wafer and then

separated into individual semiconductor devices.
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[0004] Semiconductor fabrication environmenis are carefully
controlled to minimize contamination of wafers. Unwanted
material particles interfere with fabrication processes,
degrade theée performance of fabricated devices, or koth. As
semiconductor design rules continue to evolve, the
requirements on uniformity and cleanliness of substrates
coentinue to tighten. The allowable number of defects and
maximum allowable particle size scale with the size of the
devices under fabrication.

{00051 In general, inspectlion systems detect any typs of

0
»n
4
3

defect on a sample at any point in a production proce
some examples, Inspection systems are commonly employved to
locate defects on a substrate prior to processing to ensure
the substrate is suitable for continued manufacture or to
identify defect sites on wafers priocr to prcduction. One
siich inspection system 1s an optical surface inspection
system that illuminates and inspects a wafer surface for
undesired particies. Optical surface inspection svstems
are typically high-throughput systems that locate defects
and generate a map of defects located on each inspected
wafer.

[0006] In additicn, it is often desirable to classify
defects by material type, structural characteristics, eto.
Typically, a separate defect review tool is employed to
perform defect classification tasks. In some examples,
defects are located by an optical inspection tocl. The
inspected wafer and the map of defect locations are
transferred ft¢ a defect review tool. The defect review

o0l performs a detailed analysis of one or more of the
defect locations identified by the coptical inspection

system to classify the defect at each location.

(V]
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[0007] Defects are often classified by material
composition. In one example, knowledge of the defect
material composition enables an coperator to determine

appropriate cleaning procedures to rid the wafer of defect

particles. In ancther example, knowledge of the defect
material composition indicates the source of wafer
contamination, thus enabling the operator to take action to

stop further wafer contamination.

[0008] Traditional defect classification tools and
techniques are limited in sensitivity to small particle
sizes, throughput, or both. For example, Energy-Dispersive
X-Ray Spectrometry (EDX) provides defect material analysis
capability at high sensitivity for some materials, but not
for other materials such as inorganic compounds or organic
particles. In addition, EDX suffers from insufficient
throughput for cost effective defect classification in a
semiconductor fabrication facility.

[0008] To increase throughput, it is desirable to perform
at least some defect classification tasks with the same
optical inspection tool employed to detect the location of
defects. In particular, performing defect composition
analysis with an optical inspecticn tool conveys
significant advantages compared to traditional amalysis
tools employing ED¥ or Secondary-Ion Mass Spectromebry
(SIMS) technigues. Performing defect classification with
an cptical inspecticn tool eliminates the need Lo transfer
a wafer and defect map to another tool for defect
classification. In addition, the defect classification
results are avalilable immediately from the optical

inspection tocl. In a tvpical semiconductor device

)

anufacturing process, this reduces turnarcund Lime from
e

few hours to a few minut In addition, defect
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classification with an optical inspection tool is non-
destructive; the analysis is performed without destrovying
the sample, removing materials from the sample, etc.

[0010] U.S. Patent Publication No. 2018/0188188 by Zhao et
al., and assigned to KLA Corporation, describes various
optical inspection systems that detect and classify defects
with sufficient sensitivity to small particle sizes at high
throughput, the contents of which are incorporated herein
by reference in their entirety. In particular, Zhao
describes optical inspection systems emploving a phase
shifting phase contrast imaging technique to classify
defects. The phase shifting phase contrast technigue
requires spatial separation of specularly reflected light

nd scattered light at a cellection pupil plane of the
optical system to introduce a relative phase shift between
the specularly reflected light and the scattered light. To
achieve this spatial separation, the distribution of the
illumination beam is limited to selected locaticn within
the pupil plane of the objective lens. This limits the
number of photons provided to the wafer by the illumination
scurce, which in turn, limits the sensitivity of th

optical inspection system.

{00111 As semiconductor design rules continue to evolve,
the minimum particle size fthat must be detected by a
surface inspection system continues to shrink in size. In
addition, it is desirable te classify the detected defects
with the game optical tool employed to detect the defects.
Steady decreases in the size of fabricated features and the
desire to simultanecusly detect and classify defects
presents challenges for sensitivity and throughput of

inspection systems.
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rovements to optical surface inspection systems
are desired to detect and classify defects in the
inspection path of an illumination spot on a wafer surface

with greater sensitivity and throughput.

SUMMARY
[0013] Methods and systems for detecting and classifyving
defects based on the phase of dark field scattering from a
sample are described herein. In some embodiments,
threughput is increased by detecting and classifying
defects with the same optical system, i.e., defect
inspection and defect review performed by the same optical
tool. In other embodiments, coptical inspection and optical
review tocls are enhanced by ilncorporating the techniques
described herein.
f0014] 1In one aspect, a defect is classified based on the
measured relative phase of scattered light collected from
at least twe spatially distinct locations in the collecticn
pupil. In particular, the defect classification is based
on the measured relative phase of scattered light for a
given illumination angle. Thus, the technigques described
herein are implemented in the collection optics of an
inspection system only; resulting in a simple and cost
effective optical inspection/defect review systemn.
Scattered light is collected from at least two spatially
distinct locaticns in the cellection pupil, while the
remaining light is blocked. Under these conditions, a
well-defined interference pattern is formed at the image
plane at the photosensitive surface of the detector. The
phase difference, if any, between the light transmitted
through the two spatially distinct locations at the pupil

plane is determined from the positicns of the interference
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fringes in the imaging plane. The measured phase
difference is indicative of the material composition of the
measured sample.

[0015] In a further aspect, a difference between the
measured phase difference and a known value of ghase
difference associated with the specimen is determined by as
a correction value., In some embodiments, the material
under measurement 1s a known material having known material
properties and phase réesponse. In these embodiments, the
difference between the phase difference measured by an
inspection system and the known phase difference is
indicative of systematic errors in the measurement system,
e.g., optical aberration, measurement electronics errors,
etc. The correction wvalue is stored 1in memory. Subseguent
measurements of phase difference performed by the system
are corrected by the stored correction value to compensate
faor the systematic erxrors present in the measurement of
phase difference.

{00161 In another aspect, phase difference information is
extracted from the interference patierns present in
detected images using a Fast Fourier Transform (FFT)
algorithm. The FFT algorithm provides excellent noise
redection and is computationally efficient. 1In other
examples, an iterative fit of a physical model of the
measurement to a measured interference pattern is employed

1

to determine the phase difference between the light
scattered from two different lecations in the pupil plane.
[0017] In ancther aspect, an inspection system includes a
programmable pupil aperture device configured to sample the
pupil at different, programmable locations in the

collection pupil. In this manner, the location of each



WO 2021/007262 PCT/US2020/041088

sampling position in the pupil plane is conitrclled for each
rhase difference measurement.

{0018] The foregeing is a summary and thus contains, by
necessity, simplifications, generalizations and omissions
of detail; conseguently, those skilled in the art will
appreciate that the summary is illustrative only and is not
limiting in any way. Other aspects, inventive features,
and advantages of the devices and/or processes described
herein will become apparent in the non-limiting detailed

description set forth herein.

BRIEF DESCRIPTIOGN OF THE DRAWINGS
{0019 FIG. 1 is a simplified diagram illustrative of ocne
ermbodiment of an inspection system configured to measure
rhase difference between scattered light collected from a
specimen at distinct locations in the collection pupil.
[0020] FIG. 2 is a simplified diagram illustrative of a
wafer 110 iliuminated by an illumination beam.
{00211 FIG. 3 is a diagram i1llustrative of a mask that
blocks light at all collected NA, ezcept light that is
transmitted through an aperture.
[0022] FIG. 4 depicts a pliot of a simulation of an
interferernce pattern at an image plane generated by the

5

interference of light scatfered from a material and

transmitted through apertures at different locations in the

collection pupil.

~

r an

{00231 FIG, 5 depicts a plot of a simulation o
interference pattern at the image plane generated by the

T

interference of light scattered from a diff it material

(D

than the material depicted in FIG. 4 and transmitted

through the same apertures as depicted in FIG. 4.
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[0024] FIG. 6 depicts a plot of a simulation of an
interference pattern at the image plane generated by the
interference of light scattered from a different material
than the materials depicted in FIG3. 4 and 5, and
transmitted through the same apertures as depicted in FIG.
4,

[0025] FIG. 7 depicts a diagram illustrative of pupil
apertures located symmetrically about the center of the
pupil in the x-direction in one embodiment.

{00261 FIG. 8 depicts a diagram illustrative of pupil
apertures located symmetrically about the center of the
pupil in the x-direction in another embodiment.

[0027] FIG. 9 depicts a diagram illustrative of pupil
apertures lcocated symmetrically about the center of the
pupil in the y-direction in one embodiment.

{0028] FIG, 10 depicts a diagram illustrative of pupil
apertures located symmetrically about the center of the
pupil in the y-direction in another embodiment.

{00291 FIG. 11 is a simplified diagram illustrative of a
programmable pupil mask device in one embodiment.

{00301 FIG. 1Z is a simplified diagram illustrative of a
programmable pupil mask device in another embodiment.
{00311 FIG. 13 illustrates a flowchart of an exemplary
method 200 useful for measuring phase difference between
scattered light collected from a specimen at distinct

1

locations in the collecticn pupiil.

DETAILED DESCRIPTION
[0032] Reference will now be made in detail to background
examples and some embodiments of the invention, examples of

which are illustrated in the accompanying drawings.
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[0033] Methods and systems for detecting and classifving
defects based on the phase of dark field scattering from a
sample are described herein. In some embodiments,

nanometer scale defect particles are detected and

clagsified in accordance with the methods and systems
described herein. The methods and systems for detecting
and classifying defects presented herein are non-
destructive and can be integrated into an optical
inspection tocl, a defect review Toocl, or an integrated
optical inspection/defect review tool. In some
embodiments, throughput is increased by detecting and
classifying defects with the same optical system, i.e.,

defect inspection and defect review performed by the same

optical toel. 1In other embodiments, optical inspecticn and
optical review tools are enhanced by incorperating the

technigues described herein.
[0034] In general, light scattering from a defect depends
on many properties of the defect. For example, geometric
properties such as defect shape and size affect light
scattering, in addition to material properties such as th
complex index of refraction described by the refractive
index, n, and the extinction coefficient, k. Values of
material parameters, such as n and k, indicate material
composition. However, material parameters, such as n and k
cannot be directly determined from a simple scattering
light intensity measurement because they are not
effectively decoupled from geometric properties in the
light intensity measurement.
[0035] In cne aspect, a defect is classified bas=sd on the
measured relative phase of scattered light collected from
at least two spatially distinct locations in the collection

pupil. In particular, the defect classification is based
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on the measured relative phase c¢f scattered light for a
given illiumination angle. Thus, the technigues described
herein are implemented in the collection optics of an
inspection system only; resulting in a simple and cost
effective optical inspection/defect review system.

{00361} In one example, a defect particle is classified
either as a high-K metal or a low—K, transparent dielectric
material based on the measured relative phase of scattered
light at different locations in the pupil plane.

{0037] In some examples, values of material properties of a
defect, such as n and k, are determined based on the phase
of light scattered from a defect. In particular, material
properties are determined based on the measured phase
difference of scattered light at different locaticns in the
pupii plane. In these examples, & defect is classified
based on the determined material properties of the defect.
[0038] FIG. 1 is a simplified schematic view of ane
embodiment of a surface inspection svyvstem 10C with
inspection and classification functionality as described
herein. Surface inspection system 100 is provided by way

of non-limiting example., In general, any optical

+

mnicroscope or inspection system that images scattered light
on a sensor to form an image of a defect as described
herein is suitable for implementation of the inspection and
classification functiconality described herein. Such an
optical microscepe or inspection subsystem may be
implemented as part of a bench-top analvtical tool or as
part of an automated system for defect inspection, defect
review, or both.

{0039%9] For simplification, some cptical compenents of the

system have been omitted. By way of example, folding

mirrors, polarizers, beam forming optics, additional light

10
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sources, additional collectors, and additional detectors
may alsc be included. All such variaticns are within the
scope of the invention described herein. The inspection
system described herein may be used for inspecting
unpatterned, as well as patterned wafers.

[0040] 2As illustrated in FIG. 1, an illumination source 1901

generates a heam of illumination light 182 directed towar

TN

wafer 110. In the embodiment depicted in FIG. 1, focusing
optics 183 focus illumination light 102 onto wafer 110 over
measurement spot 104. However, in general, any suitable
illumination optical elements may employed Lo provide
illumination light 102 onto wafer 110 over a desired
measurement spot size. In some embodiments, one or more

i

beam shaping elements are included in the illumination
optical path {(i.e., the optical path between illumination
source 101 and wafer 110) fto form a desired beam profile.
Exemplary beam profiles include a Gaussian beam shape, a
ring beam shape, a flat-top beam shape, etc. Typical
measurement spot sizes include measurement spots
characterized by a dimension of longest extent across the
measurement spot having a length as small as one micrometer
to as large as five hundred micrometers.

{00411 In some embodiments, one or more polarizer elements
are located in the illumination optical path to polarize
the illumination light in a desired manner. Exemplary
polarizations include linear polarization, elliptical
polarization, circular polarization, or no polarization.
[0042] As depicted in FIG. 1, illumination 102 is provided
to the surface of wafer 110 at an obligque angle by the
illumination subsystem. However, in general, the
illumination subsystem may be configured to direct the beam

of light to the specimen at a normal angle of incidence.

1t
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Typical incidence angles range from zeroc degrees (normal
incidence) to eighty degrees from normal incidence. It
some embodiments, system 100 may be configured to direct
multiple beams of light to the specimen at different angles
of incidence, such as an obligue angle and a normal angle
of incidence. The multiple beams of light may be directed
te the specimen substantially simultaneously or

segquentially.

[0043] Illumination source 101 may include, by way of
example, a laser, a diode laser, a helium neon laser, an
argon laser, a solid state laser, a diode pumped solid
state (DPSS) laser, a xenon arc lamp, a gas discharging
lamp, and LED array, or an incandescent lamp. The light
scurce may be configured to emit near moncchrematic light
or broadband light. n some embodiments, the illumination
subsystem is configured to direct light having a relatively
narrow wavelength band to the specimen {(e.g., nearly
moncechromatic light or light having a wavelength range of

less than about 20 nm, less than about 10 nm, less than
about 5 nm, or even less than about 2 nm) for an interval
of time. Therefore, if the light source is a broadband
light source, the illumination subsystem may also include
one or more spectral filters that may limit the wavelength
of the light directed fto the specimen. The one or more
spectral filters may be bandpass filters and/or edge
filters and/or notch filters. In scme examples, the
wavelengths of light incident on wafer 110 include any
subset of wavelengths ranging from infrared to extreme
ultraviclet. In general, illumination source 101 emits

.

radiation at any desired wavelength or range of wavelengths

of light within the optical wavelength range.
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[0044] In the embodiment depicted in FIG. 1, illumination
source 101 is configqured to control the optical power of
the beam of illumination light 102 in accordance with
command signal 134 received from computing system 140G, In
one emboediment, 1llumination source 101 dynamically adjusts
the illumination power during a surface inspection scan.
{00451 In the embodiment illustrated in FIG. 1, wafer
positioning system 125 moves wafer 110 under measurement
spot 104. Wafer positioning system 125 includes a wafer
chuck 109, motion controller 123, a rotation stage 121 and
a translation stage 122, Wafer 110 is supported on wafer
chuck 108, As illustrated in FIG. 2, wafer 110 is located
with its geometric center 150 approximately aligned the
axis of rotation of rotatieon stage 121. In this manner,
rotation stage 121 spins wafer 110 about its gesometric
center at a specified angular velcocity, ®, within an
acceptable tolerance. 1In addition, translation stage 122
translates the wafer 110 in a direction approximately
perpendicular te the axis of rotaticon of rotation stage 121
at a specified velocity, Vr. Motion controller 123
coordinates the spinning of wafer 110 by rotation stage 121
and the translation of wafer 110 by translation stage 122
ta achieve the desired scanning motion of wafer 110 within
inspection system 100,
{00461 In an exemplary operational scenario, inspection
begins with measurement spot 104 located at the geometric
center 150 of wafer 110 and then wafer 110 is rotated and
translated until measurement spot 104 reach the ocuter
R

the radius of

163}

perimeter of wafer 110 (i.e., when equals

wafer 110). Due to the coordinated motion of rotati
stage 121 and translation stage 122, the locus of points
illuyminated by measurement spot 104 traces a spiral path on

13
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the surface of wafer 110. The spiral path on the surface

of wafer 110 is referred to as an inspection track 127 (not

shown in its entirety). A portion of an exemplary
t

ed in FIG. 2 as TRACKi. As

)]

inspection track 127 is illustra
illustrated in FIG. 2, measurement spot 104 is located a
distance, R, from the geometric center of wafer 116, and
defect particle 126 1s approaching measurement spot 104,

In some embodiments, inspection system 100 is able to

locate a defect particie as small as 50 nancometers along

i

dimensicn of maximum extent of the particle. In some
embodiments, inspecticn system 100 is able Lo locate a
defect particle as small as 10 nanometers along a dimensioc
of maximum extent of the particle.

{00471 As depicted in FIG. 1, inspection system 1060
includes an imaging collection cobjective 112 emploved to
image the light 111 scattered and/or reflected from wafer
116 over a range of collection angles at measurement spot
104 ontco one or more wafer image planes of the collection
optics subsystem {(e.g., image plane 11%). Objective 112 is
configured to collect dark field scattering light. In some
enmbodiments, cbjective 112 captures scattered light with a
Numerical Aperture {(NA} of 0.1 to .99,

{00481 Although a particular, nominal orientation of
collection cbijective 112 is illustrated in FIG. 1, it is
understood that the orientation of the collection objective
with respect to the wafer surface may be arranged
appropriately depending upon, for example, the angle of
incidence and/or topographical characteristics of the
wafer.

[0049] In some embodiments, the collection optical path
{i.e., the coptical path between wafer 110 and detector 120}

includes one or more polarizer optical elements 113 to

14
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select light having desired polarization. In some
emboediments the one or more polarizer elements 113 include
a simple polarizer. In some other embodiments, the cne or
more polarizer elements 113 include a phase plate combined
with a polarizer. In scome cof these embodiments, the phase
plate is designed to alter the polarization of scattering
light.

{00501 In some embodiments, the collection optical path
includes cne or more pupil relay optics {e.q., pupil relay
optics 115) to form one or more relayed pupil planes (e.g.;
pupil plane 106). This may be desirable to permit easier
access to a collection pupil plane for one or more light
modification elements (e.g., mask elements) to control the
amount of Iight collected from specific regions of the
pupil as described herein. Alternatively, it may be
desirable fo locate all light modification elements (e.g.,
mask elements) that contrael the amount of light callected
from specific regions of the pupil as described herein at
or near one pupil plane. As depicted in FIG. 1, the
collection optical path includes two pupil planes {(e.g.,
pupil planes 105 and 106}, and pupil masks 1i4 and 116 are
located at pupil planes 105 and 106, respectively.

{00511 In the embodiment depicted in FIG. 1, optical
elements 117 focus the collected light 111 onto the image
plane 119, where the image 1s detected by detector 120.
{00521 Imaging detector 120 generally functions to convert
the detected light into electrical signals indicative of
the detected image of the wafer 110 within the detected
field of view. In general, imaging detector 120 may include
substantially any photodetector known in the art. However,
a particular detector may be selected for use within one or

nore embodiments of the invention based on desired

15
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performance characteristics of the detectar, the type of
specimen to be inspected, and the configuration of the
illumination. In general, detector 120 acquires image
information in a frame mode or & scanning mode. In a
anning mode, the image 1is collected while wafer 110 1is

noving. If the amount of light available for inspection is

relatively low, an efficiency enhancing detector such as a
time delay integration (TDI) camera may employed to
increase the signal-to-nolse ratic and throughput of the
system. 11 another example, signal integration is employed

to achieve sufficient SNR for phase measurement. Depending
on available signal, the integration time may be selected
from a few nanoseconds to a second. The downside of a
lengthy integraticn time is long measurement time and
susceptibility to environmental disturbances such as
machine vibrations, etc. Other detectors such as charge-
coupled device (CCD) cameras, arrays of photodiodes,
phototubes and photeomultiplier tubes (PMTs), or an
individual PMT/photodiecde with a scannable aperture in

front of the detector may be used, dependin

fla

on the amount
of light available for iaspection and the type of
inapection being performed.
{00531 Imaging detector 120 may be implemented in various
imaging modes, such as bright field, dark field, and
onfocal. Various imaging modes such as bright field, dark
field, and phase contrast can be implemented by using
different apertures or Fourier filters. U.S. Pat. Nos.
295,303 and 7,130,039, which are incorporated by
reference herein, describe these imaging modes in further
detail. In the depicted example, detector 120 generates
dark field images by imaging scattered 1light collected at

larger field angles. In another example, a pinhole that

16
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matches the incident spot 104 can be placed in front of a
detector {(e.g., detector 120} to generate a confocal image
U.8. Fat. No. 6,208,411, which is incorporated by reference
herein, describes these imaging modes in further detail.

In addit
100 are described in U.S8. Pat. No. 6,271,916 and U.S. Pat.

oIty various aspects of surface inspection system

Noe. 6,201,601, both of which are incorporated herein by
reference.

[0054] In a further aspect, computing system 140 1is
configured to determine the location of a defect in the
scan path based on changes in the detected signals 131. 1In
addition, computing system 140 is configured to classify
the defect based on its material characteristics as

described herein.

k

[0055] In one aspect, scattered light is ccollected from at
least two spatially distinct locations in the collection
pupil, while the remaining lighi is blocked. Under these
conditions, a well-defined interference pattern is formed
at the image plane at the photosensitive surface of the
detector. The phase difference, if any, beiween the light
transmitted through the two spatially distinct locations at
the pupil plane is determined from the positions of the
interferernce fringes in the imaging plane. The measured
phase difference is indicative of the material composition
of the measured sample.

{00561 In a further aspect, a difference between the
neasured phase difference and a known value of phase
difference assocliated with the specimen is determined by
computing system 140 as a cerrection value. In some
ermbodiments, the material under measurement (i.e., within
the measurement spot 104) is a known material having known

material properties and phase response. In these
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embodiments, the difference between the phase difference
measured by an inspecticen system {(e.g., inspection system
106) and the known phase difference is indicative of
systematic errors in the measurenment system, e.g., optical
aberration, measurement electronics errors, etc. The
correction value is stored in memory (e.g., memory 142).
Subsequent measurements of phase difference performed by
the system are corrected by the stored correction value to
compensate for the systematic errors present in the
measurement of phase difference. The correction value is
valid for measurements performed by the inspection system
using the mask arrangement employved tae perform th
calibration measurement (i.e., the specific locations in
the pupil samplied during the calibration measurement).
Additiconal calibration measurements can be made for
different mask arrangements as described herein to
determine correction factars for each set of sampling
iocations.

[0057] As depicted in ¥FIG. 1, mask 114 is located at pupil
plane 106. Alternatively, mask 114 may be located at pupil
plane 10b. Whether a mask 1s located a one pupil plane or
another is a matter of design preference, and all
alternatives are contemplated within the scope of this
patent document. FIG. 3 depicts an illustration of mask
114. As depicted in FIG. 3, mask 114 blocks light at all
collected NA, except light that is transmitted through
apertures 151 and 152. In the embodiment depicted in FIG.

"

3, the center of aperture 151

]

is located at 0.358NAx and
0.0NAy (corresponds to an angle of incidence of 21 degrees
at the wafer). The radius of aperture 151 is 1/1Z of the
radius of the pupil 153. The center of aperture 152 is

located at 0.788NAx and 0.0NAy (corresponds Lo an angle of

18
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S}
Do

incidence of degrees at the wafer). The radius of

‘. /oy

1/12 of the radius of the pupil 153,

n

aperture 152 1
Whether all apertures are located at a single pupil plane,
or at different pupil planes is a matter of design
preference, and all alternatives are contemplated within
the scope of this patent document.

[0058] FIG. 4 depicts a plot 160 of a simulation of the
interference pattern at the image plane at the
photosensitive surface of detector 120 generated by the
interference of light transmitted through apertures 151 and
152, In this example, detector 120 includes a 973x973
array of 70 micrometer square pixels, and the illumination
light has a wavelength of 266 nanometers. FIG. 4
illustrates a zoomed view of the image plane at the center
of the measurement spot. As illustrated in FIG. 4, the
interference fringes are centered at the center position of
the image, i.e., (X,¥Y} = (6,8). Thus, in this example, the

scattered light collected from the sample material and

[

ransmitted through aperture 151 has the same phase as the
scattered light collected from the sample material and
transmitted through aperture 152, i.e., zZero phase
difference.

{00591 FIG. 5 depicts a plot 161 of another simulation of
the interference pattern at the image plane at the
photosensitive surface of detector 120 generated by the
interference of light transmitted through apertures 151 and
152 from a different material than FIG, 4. FIG. &
illustrates a zoomed view of the image plane at the center
of the measurement spot. As illustrated in FIG. 5, the
interference fringes are not centered at the center
osition of the image, i.e., (X,Y) = (0,0y. Thus, in this

ezample, the scattered light collected from the sample

19
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material and transmitted through aperture 151 has different
rhase than the scattered light collected from the sample
material and transmitted through aperture 152. In this
example, the phase difference is characterized by the
angle, ¢a.
{00601 FIG. 6 depicts a plot 162 of ancther simulation of
the interference pattern at the image plane at the
rhotesensitive surface of detector 120 generated by the
interference of light transmitted through apertures 151 and
152 from ancther different material than FIG. 4. FIG, 6
illustrates a zocomed view of the image glane at the center
of the measurement spot. As illustrated in FIG. 6, the
interference fringes are not centered at the center
position of the image, i.e., (X,Y} = (&,6). Thus, in this
example, the scattered light collected from the sample
material and transmitted through aperture 151 has different
phase than the scattered light collected from the sample
material and transmitted through aperture 152, In this
example, the phase difference is characterized by the
angle, Os.
[0061] As depicted in FIGE. 5 and 6, each measured
material exhibits a phase difference between the scattered
light collected from the sample material and fransmitied
through aperture 151 and the scattered light collected from
the sample material and transmitted through aperture 152.
Mest importantly, the phase difference asscciated with each
aterial is dramatically different. For example, as
depicted in FIGS. & and 6, the difference in phase
difference, characterized by the difference between ¢aandds
ig approximately 0.6 multiplied by the spatial periocd of
the interference fringes (i.e., approximately 200 degrees).

As & result, the value of phase difference, i.e., the
20
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relative phase between two different locations in the pupil
plane, corresponding to two different materials is
indicative of a difference in coptical properties {e.g., n
and k values) between the materials.

{00621 The specific locaticns and sizes of apertures 151
and 152 are provided by way of non-limiting example. In
general, many different aperture sizes and locations may be
contemplated within the scope of this patent document. For
example, each aperture in the pupil plane may be sized in
range from O.0INA to O.3NA.

{0063] In general, the value of phase difference measured
using a particular mask geometry does not uniquely identify
the material composition of the mesasured sample, although
it may in some cases. To distinguish materials with high
confidence, the value of phase difference may be measured
using a number of different mask geometries, i.e., measure
the phase differences asscciated with multiple sets of
different Iccations in the pupil plane. If the number of
different mask geometries is sufficiently large, a map of
phase in the pupil plane may be derived from the measured
interference fringes assoclated with esach of the difference
mask geometries. This phase map is then used to uniquely
identify the material properties of the measured sample,
e.g., n and k. In cone example, the values of material
paranmeters, e€.g., 0 and k, are floated in physical model of
the material and an iterative fitiing procedure is employed
to estimate values of the material parameters that best fit
the measured phase map.

[0064] The inventors have discovered that useful material
characterization information can be derived from phase
difference measurements of a sample with as few as two

different mask geometries. In some examples, phase
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difference measurements of a defect particle with two
different mask geonetries are sufficient to classify the
measured particle as a metal {(very large & value) or a non-
metal (a veryv small or zero k value) with acdcuracy greater
than 90%.

[0065] In ancther aspect, computing system 14C is
coenfigured to extract phase difference information from the
interference patterns present in images 131 detected by
detector 120. In some examples, a Fast Fourier Transform
(FFPT} algorithm is emplcoyed to determine the phase
difference between the light scattered from two different
locations in the pupil plane based on the measured
interference patterns. The FFT algorithm provides
excellent nolige rejection and is computationalliy efficient.
In other examples, an iterative fit of a physical model of
the measurement to a measiired interference pattern is
employed to determine the phase difference between the
light scattered from twe different locations in the pupiil
plane. In this example, one or more parameters indicative
of the phase difference are floated in the physical model,
and the values are estimated in an iterative manner.

[0066] In some embodiments, the location of apertures

located in the pupil plane is optimized to enhance the

ot

i

contrast between phase differences measured for different
nmaterials., For example, 1f the spacing between apertures
in the pupil plane is too large, tThe measured phase
difference will look similar for many different materials.
However, 1if the spacing between apertures in the pupil
plane is toc small, the value of measured phase differencs
wiil suffer from low signal to noise ratic., In many
examples, the spacing between apertures 1is informed by

knowledge of the phase map associated with each material of
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interest., For example, 1f it is known that a laxrge
transition in phase difference cccurs over a particular
range of NA, the spacing of the apertures is selected to
Just span the range of NA where the transition is known to
occur. In some examples, a spatial separation between the
apertures in the pupil plane spans a range of NA from 6.1
te 0.9.

{00671 In other embodiments, the aperture locations are
selected to minimize measurement errors induced by focus
offgset {i.e., focus errcrs)y of the inspection tool. The
characterization of materials by phase difference in the
collection pupil as described herein is relatively

insensitive to fogus offsets. However, the sensitivity of

«
;{

the measurement of phase difference te focus coffset does
depend on the locations of the different apertures. n
some examples, the apertures are symmeltrically located
about the center of the pupil tc minimize measurement
sensitivity to focus offset. FIGS. 7 and 8 depict
different locations of apertures 151 and 152 that are
symmetric about the center of the pupil in the z-direction.
FIGS. 9% and 10 depict different lccations of apertures 151
and 152 that are symmetric about the center of the pupil in
the y-direction.

{00681 In some embodiments, the size of apertures located

5

in the pupil plane is optimized to both enhance the

.

contrast between phase differences measured for different

0

materials and minimize the time necessary for data
collection, particularly for particles smaller than 100
nancometers. If the aperture size is too small;, very little
Tight is transmitted. This regulires signal integration
over long acguisition times to achieve sufficient signal to

noise ratio. However, 1if the aperture size is too large,
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becomes difficult to distinguish the phase differences

fee

asscciated with different materials because iight from too
much of the pupil is measured. In some embodiments, tThe
aperture size is in a range from O0.01NA to 0.3NA.

{00691 Although the calculation of phase difference
between two different locations in the pupil plane is
discussed hereinbefore, in general, the phase difference
may be calculated among more than two locations {(e.g.,

three or more locations). Estimating phase difference

among mere than two locations shortens acguisition time,
but requires a more computaticnally complex determination
of phase

[0070] The characterization of material properties based
on measured phase differences assccliated with different
locations in the pupil plane relies on the non-uniformity
of phase of scattered light in the pupil plane. However,
in additicon, the intensity of Ilight scattering in the pupil
plane may also be very non-uniform. If intensity
differences are sufficiently large, the contrast of the
interference fringes is significantly reduced and the
resolution of the phase measurement suffers In some
embodiments, this limitation is overcome by attenuating the
transmitted light from one aperture lative to another
aperture. In scme embodiments, a neutral density filter, a
smallier aperture size, or a combinatiocn of both, are
employed to attenuate the intensity of transmitted light
through one aperture relative to another aperture. FIG. 1

depicts a neutral density filter 118 at pupil plane 106

s-)-

115

that spans aperture 152, but not gperture 151i. 1In t
manner, the intensity of light transmitted through aperture

152 that reaches detector 120 is attenuated relative o the
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intensity of light transmitted through aperture 151 that
reaches detector 120.

[0071] As described hereinbefore, in some examples, two or
more different locations of sampling positions in the pupil
are required to classify a defect. In addition, optimal
sampling locations in the pupil vary depending on the
material under consideration.

[0072] 1In another aspect, an inspection system includes a
programmable pupil aperture device configured to sample the
puplil at different locations under control of computing
system 140. In this manner, computing system 140 controls
the lcocation ¢f each sampling position in the pupil plane
for each phase difference measurement.

{0073] FIG. 11 depicts a programmable pupil mask device
17C¢ in one embodiment. As depicted in FIG. 11,
programmable pupil mask device 170 includes mask element
171 and mask element 172, Mask element 171 includes
optical elements 171A and 1I71B that block ceollected light
in the pupil. Optical elements 171A and 171B are fixed
with respect to one another and are fixed in their position
within the pupil. OQptical elements 171A and 171B are
spatially separated; revealing & linear, optically
transparent slit 171C. Mask element 172 includes V-shaped
optical elements 1722 and 172B that block collected light
in the pupil. Optical elements 1722 and 172B are fixed
with respect to one another and are spatially separated
revealing a V-shaped optically tftransparent slit 172C. Mask
element 172 is movable in the x-direction across the pupil.
In addition, mask element 172 is coupled to actuator 174.
Actuator 174 is communicatively coupled te a computing
system, e.g., computing system 140. 1In one example,

computing system 140 communicates control commands 175 to
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actuator 174 indicating a desired position of mask element
172 in the pupil. In response actuator 174 translates mask
element 172 to the desired positicn in the pupil.

[0074] As depicted in FIG. 11, a movement of mask element
172 in the =m—direction changes the separation distance
between aperture openings 173A& and 1738 in the pupil
through which light is transmitted to detector 120. In the
embodiment depicted in FIG. 11, aperture openings 173A and
173B are symmetrical about the x-axis and the distance
between them in the y-direction is determined by the x-
position of mask element 172. 1In one embodiment mask

element 171 is located at pupil plane 105 and mask elemen

3
ot

17
[
L

<

2 is located at pupil plane 106 of inspection system 10
depicted in FIG. 1.

[0075] FIG. 12 depicts a programmable pupil mask device
18C in one embodiment. As depicted in FIG. 12,
programmakble pupil mask device 180 includes mask element
181 including optical elements 181A-D that block collected
light in the pupil and mask element 182 including optical
elements 182A-D that block collected light in the pupil.
Optical elements 181A-D are fixed with respect to one
another, and optical elements 182A-D are fixed with respect
to one another. Optical elements 181A-D are spatially
separated; revealing linear, optically transparent slits
aligned with the x-direction and y-direction, respectively.
Similarly, cptical elements 182A-D are spatially separated;
revealing lineavr, optically transparent slits aligned with
the x-directicn and y-direction, respectively.

[0076] Mask element 181 is movable in the x-direction

across the pupil. n addition, mask element 181 is ccupled
to actuator 184B. Actuator 184B is communicatively coupled

to a computing system, e.9., computing system 140. In one
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example, computing system 140 communicates control commands
1BEB to actuator 184B indicating a desired position of mask
element 181 in the pupil. ‘1 response actuator 184B
translates mask element 181 to the desired position in the

pupil. Similarly, mask element 182 is movable in the y-

(3]

direction across the pupil. In addition, mask element 182
is coupled to actuator 184A. RActuator 1842 is
communicatively coupled to a computing system, e.g.,
computing system 140. In one example, computing system 140
communicates control commands 185A to actuator 184A
indicating a desired position of mask element 182 in the
pupil. In response actuator 184A translates mask element
182 to the desired position in the pupil.
{00771 As depicted in FIG. 12, a movement of mask element
181 in the z-direction changes the location of aperture
opening 183B in the x-direction without moving the location
of aperture opening 1832, Similarly, a movement of mask
element 182 in the y-direction changes the location of
aperture opening 1838 in the y-direction without moving the
location of aperture opening 183A. In this manner, phase
difference measurements between a number of different
locations in the pupil and a fixed point in the pupil are
made by adiusting the position of mask elements 181, 182,
or both, between each measurement. In one embodiment mask

element 181 4is located at puplil plane 105 and mask element

L]

182 1is located at pupil plane 106 of inspection system 10¢
depicted in FIG, 1.

[0078] In some other embodiments, a programmable puplil mask
device includes a number of different mask elements each
having a fixed aperture pattern. The programmable pupil
mask device includes an actuatcor subsystem (e.g. a linear

translation stage, a rotational stage, etec.) to selectively
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locate a desired mask element in a desired locaticn in a
pupili plane. In one example, compubing system 140
communicates a control command signal to the actuator
subsystemn. In response, the actualtor subsystem locates a
desired mask element in a desired location in a collection
pupil plane of the optical system in accordance with the
control command signal.

[0079] In general, computing system 140 is configured to
detect features, defects, or light scattering properties of
the wafer using electrical signals cbtained from each
detector. The computing system 1406 may include any
appropriate processor{s) known in the art. In addition,
the computing system 140 may be configured to use any
appropriate defect detection algorithm or method known in
the art. For example, the computing system 140 may use a
die-to-database comparison or a thresholding algorithm to
detect defects on the specimen.

[0080] In addition, inspection system 100 may includs

{(e.g., keyboard, mouse, touchscreen, etc.) and display
outputs tc the operator f(e.g., display monitor}. Input
commands from an operator may be used by computing system

4

140 to adijust the sampling locations with

in the collection
pupil. The resulting sampling locations may be graphically
presented to an operator con a display monitor,

{00811 Inspection system 100 includes a processor 141 and
an amount of computer readable memory 142, Processor 141
and memory 142 may communicate over bus 143. Memory 142
includes an amount of memory 144 that stores & program code
that, when executed by processor 141, causes processor 141
to execute the defect detection and classification

functionality described herein.
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[0082] FIG, 13 illustrates a flowchart of an exemplary

method 260 useful fer classifying defects. In some non-

limiting examples, inspection system 100 described wi
reference to FIG. I is configured to implement method 20C.
However, in general, the implementaticn of method 200 is
not limited by the specific embodiments described herein.
[0083] In block 201, 2 first amount of illumination light
is generated by and illumination source and directed to a
measurement spot on a surface of a specimen.

{00841 In block 202, a first amount of collected light is
collected from the measurement spot on the surface of the
specimen in response to the first amount of illumination
light. The first amount of collected light includes dark
field scattering light within a colilection pupil of a
collection cbijective.

{00851 In block 203, a first portion of the first amount of
callected light is blocked.

[0086]1 In block 204, a second pertion of the first amount
of collected light is ftransmitted. The second portion of
the first amount of collected light is selected by one oxr
more mask elements in a first configuration, The first
amount of collected l1ight is selected from at least two
spatially distinct locations in the collection pupil.

{00871 In block 205, a first interference pattern formed by
the second portion of the first amount of collected light
is detected at or near a field plane conjugate Lo the
surface of the specimen,

[0088] TIn block 206, a first phase difference between the
transmitted light selected by the one or more mask elements
in the first configuration from a first location of the at
least two spatially distinct locations and the transmitted

light selected by the one or more mask elements in the
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first configuration from a second lccation cof the at least
two spatially distinct locations is determined from the
first interference pattern.

[0089] Various embodiments are described herein for an
inspection system or tocl that may be used for inspecting a
specimen. The term "specimen®" is used herein to refer to a
wafer, a reticle, or any other sample that may be inspected
for defects, features, or other information {e.g., an
amount of haze or film properties) known in the art.

0
526

{00901 As used herein, the term "wafer" generally refers
substrates formed of a semiconductor or non-semiconductor
mnaterial. Examples include, but are not limited to,
monocrystalline silicon, gallium arsenide, and indium
phosphide. Such substrates mav be commonly found and/or
processed in semiconductor fabrication facilities. In sonme
cases, a wafer may include only the substrate {(i.e., bare
wafer), Alternatively, a wafer may include one or more
layers of different materials formed upocon a substrate. One
or more layers formed on a wafer may be "patterned” or
"unpatterned.” For example, a wafer may include a plurality
of dies having repeatable pattern features,

[0081] A "reticle" may be a reticle at anv stage of a
reticle fabrication process, or a completed reticle that
may or may not be released for use in a semiconductor
fabrication facility. A reticle, or a "mask," is generally
defined as a substantially transparent substrate having
substantially opague regions formed thereon and configured
in a pattern. The substrate may include, for example, a
glass material such as guartz. A reticle may be disposed
akbove a resist-covered wafer during an exposure step of a
litheography process such that the pattern on the reticle

may be transferred to the resist.
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00821 In one or more axemplary embodiments, the functions

rdware,

firware, the functions may he st
over as one or more instructions or <Code oh a computar-

both

readalk

medium. Computer-readable

COTD

oluding

any medium SOMPUEET program

available media that can be accessed by a purpcse

or special purpose compubter. By way of example, and not

imitation, such computer-readable can comprise RAM,
i :

T
ROM, EEPRCM, CD-ROM or cther optical disk storage, magnetic

magnetic sto rage devices, or STV

RN

Lo LaXroy on

of instructions or data

gtructures and that can be accessed by a general-gur ox
oY & general-purpoese or clal-

purpose processor,  Also, any connection is properly termed

a computer-readable mediwe. the software

transmitted a website, server, or ot remote

gource using a fiber optic cable, twisted

O Wilred

and mi

the coazlial cable,

2zs technologies such as infrared, radio, and
are included in the definition of medium. Disk

as used herein, includes compact disg (D

e N ) o~ o Foa T e - I e~ STVIITY S I
disc, optical disg, digital wversatile disa (DVDy, floppy

disk and kliu-ray

magnaetically, while dizscs reproduce data optically with
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A Thy

Combinaticns of the above should aiso be included

(/l

ara
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rer-readable media.

within thg scope ©
{00931 Although certain specific embodiments are described
above for instructional purposes, the teachings of this
patent document have general applicability and are not

-+

limited to the specific embodiments described above. In
one example, detector 120 can be replaced by a fiber array.
In one example, inspection system 100 may include more than
one light source (not shown}. The light sources may ke
configured differently cr the same. For example, the light
sources may be configured to generate light havin
different characteristics that can be directed te a wafer
at the gsame or different illumination areas at Lhe same or
different angles of incidence at the same or different
times. The light socurces may be configured according te

any of the embodiments described herein., In addition one

1]

of the light sources may be configured according to any o

[§5;

the embodiments described herein, and another light source
may be any other light source known in the art. In some
embodiments, an inspection system may illuminate the wafer
over more than one illumination area simultaneocusly. The
muitiple illumination areas may spatiglily overiap. The
multiple illuminaticn areas may be spatially distinct. In
some embodiments, an inspection system may illuminate the
wafer over more than ocne illumination area at different
times. The different illumination areas may temporally
overiap {i.e., simultaneocusly illuminated over some period
of time). The different illumination areas may be
temporally distinct. In general, the number of
illumination areas may be arbitrary, and each illumination
area may be of egual or different size, orientation, and

angle of incidence. In yet another example, inspection
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system 100 may be a scanning spolt system with one or more
illumination areas that scan independentiy from any motion
of wafer 110. 1In some enmnbodiments an illumination area is
made to scan in repeated pattern along a scan line. The
scan lime may or may not align with the scan motion of
wafer 110. Although as presented herein, wafer positioning
system 125 generates moticn of wafer 110 by coordinated
ctational and translational movements, in yel another
example, wafer positicning system 100 may generalte motion
of wafer 110 by coordinating two fransiational movements.
For example motion wafer positioning system 125 may
generate moticn along two orthogonal, linear axes (e.g., X-
Y motion). In such embodiments, scan pitch mav be defined
as a distance between adjacent translational scans aleong
either motion axis. 1In such embodiments, an inspection
system includes an illumination source and a wafer
positioning system, The illumination source supplies an
amount cof radiation to a surface of a wafer over an
illumination area. The wafer positioning system moves th
wafer in a scanning motion characterized by a scan pitch
(e.g., scanning back and forth in one direction and
tepping by an amcount egqual to the scan pitch in the

orthogonal direction).

[0084] Accordingly, various modifications, adaptations, and
combinations of variecus features of the described
enbodiments can be practiced without departing from the

scope of the invention as set forth in the claims.



