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MISREGISTRATION METROLOGY USING FRINGE
MOIRE AND OPTICAL MOIRE EFFECTS

TECHNICAL FIELD

[001]  The present disclosure relates generally to imaging overlay metrology and, more

particularly, to imaging overlay largsts with Moiré elements.

BACKGROUND

[6621  Shrinking design rules and more demanding specifications for overlay mstrology
are driving increased demands for the sensitivity and robusiness of overlay metrology
methods, Overlay metrology is typically performed by fabricating dedicated metrology
targets having fabricated features in mulliple sample lavers of interest. Accordingly, an
analysis of a fabricated metrology target may provide a measurement of the overlay error
{a.g., relative alignment error) between the sample layers of interest. While a wide variety
of overlay metrology larget designs have besn proposed, there is a conlinuous need o
improve the melrology target designs as well as measurement methods for accurately

and efficiently analyzing fabricated metrology targets.

SUMMARY

[003] A metrology system is disclosed in accordance with one or more Hlustrative
embodiments of the present disclosure. In one #lustrative embodiment, the metrology
system comprtises an imaging system. In ancther llusirative embodiment, the imaging
system comprises (1) an illumination sub-sysiem configured fo Hluminate an overlay
fargset with at least one fllumination lobe at an oblique Hlumination angle with respact o
the overlay target, the overlay target including at least a first working zone and g second
working zone for overlay measurements along a measurement direction, wherein at least

the first working zone includes a Moiré pallern formed from overlapping petiodic
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structures along a measurement direction on two sample layers, wherein pericds of the
pericdic structures on the two sample layers are different, (2} a collection sub-system
configured to collect D-order diffraction and one Moiré diffraction order associated with
diffraction of sach of the at least one umination lobe by the first working zone, whesrein
the collaction sub-system is further configured to collect D-order diffraction and one
additional diffraction order associated with diffraction of each of the st least one
fHlumination lobe by the second working zone, and {3) a detector configured o gensrate
an image of the overlay target using light collectad by the collection sub-system. In
another iHlustrative embodiment, the metrology system compriges a controlier configured
to be coupled o the imaging system, the controller including one or more processors
configured to execute program instructions causing the one or more processors io: {a)
raceive an image of an overlay target on the sample, wherein an apparent period of the
first working zone in the image is based on Moiré interference, {b) delermine an apparant
overfay between the first working zone and the second working zone salong the
measurement direction based on the image, and (¢} calculate an overlay betwesn the two
sample layers by dividing the apparent overiay by a Moiré gain fo compensats for the

Mairé interference.

{804} in ancther llustrative embodiment, the al lsast one dlumnination lobe comprises

two illumingtion lobes at two oblique illumination angles with respect to the overlay larget.

[p0s1  In another ilusirative embodiment, the lumination sub-system lluminates the

overtay target with the two lumination lobes simultaneously.

[gos]  In another illustrative embodiment, the llumination sub-system illuminates the

overlay targe! with the two lilumination lobes sequentially.

007} in ancther illustrative embodiment, the two fllumination lobes are oriented along

the measurement direclion.

[608] in another illustrative embodiment, the fwo illumination lobes are oriented at a

non-zerg angle with respect to the measurement direction.



WO 2022/020402 PCT/US2021/042451

{0091  In another Hustrative embodiment, the collection sub-system generates a first
image of the overlay target based on the 0-order diffraction and one Moiré diffraction order
associated with diffraction of each of the at least one Hlumination lobe by the first working
zoneg, wherein the collection sub-system generates a second image of the overlay target
based on the O-order diffraction and one additional diffraction order associated with
diffraction of each of the al least one illumination lobe by the second working zone,
wherein the controller is further configured o determine the apparent overiay by

averaging apparent overlays associated with the first image and the second image.

16403 in another iliustrative embodiment, the at least one llumination iobe comprises

two flumination lobes at two obligue fllumination angles with respect to the overlay farget.

{0111 In another illustrative embodiment, the llumination sub-system Hluminates the
overiay target with the two ilflumination lobes simuliansously, wherein the collection sub-
system generales the first image and the second image simultanecusly by separaling
coliected fight associated with the first working zone from collected light associated with

the second working zone.,

{8121 In ancther illustrative embodiment, the lumination sub-system lluminates the

overlay targst with the two illumination iobes sequentially.

{0131  In another Hlustrative embodiment, the Moiré pattern of the first working zone is
a first Moiré pattern, wherein the second working zone includes a second Maoiré pattemn
formed from overlapping periodic sfruciures along the measurement direction on the two
sample layers, wherein periods of the pericdic struciures on the fwo sample layers in the
sacond working zone are different, wherein the second Moiré pattem is different than the
first Moiré patiern.

[14] A meltrology method is disclosed in accordance with ong or more Hlustrative
embodiments of the present disclosure. In one Hlustrative embodiment, the metrology
method comprises receiving an image of an overlay targst on a sample based on
fllumination of the overlay larget with at least one Hlumination iobe at an oblique

iflumination angle with respect o the overlay target, the overlay target including at least
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a first working zone and a second working zone for overlay measurements along a
measurement direction, wherein at least the first working zone includes a Moiré pattern
formed from overlapping pericdic structurss along a measurement direction on two
sample layers, wherein periods of the periodic structures on the two sample layers ars
different, wherein the image is basad on O-arder diffraction and one Moiré diffraction order
associated with diffraction of each of the at least one llumination lobe by the first working
zone, wherein the image is further based on O-order diffraction and one additional
diffraction order associated with diffraction of each of the at least one #lumination lobe by
the second working zons, wherein an apparent period of the first working zone in the
imags is basad on Moiré interference.  In another lllustrative embodiment, the metrology
method comprises determining an apparent overlay belwesen the first working zone and
the second working zone along the measurement direction based on the image. In
another iltustrative embodiment, the metrology method comprises calculating an overlay
between the two sample layers by dividing the apparent overlay by a Moiré gain to

compensate for the Moirg interference.

{0151  In ancther illustrative embodiment, the at least one illumination iobe comprises

two Hlumination fobes at two oblique Hlumination angles with respect to the overlay target.

[018] A metrology system is disclosed in accordance with one or more illusirative
smbodiments of the present disclosure.  iIn one llusirative embodimeant, the melrology
system comprises an imaging system. In ancther Hlustrative embodiment, the imaging
system comprises {1} an illumination sub-system configured to illuminate an overlay
target with at least one illumination lobe at an obligus Hlumination angle with respect o
the overlay target, the overlay target including at least a first working zone and a second
working zone for overlay measuremanis along a measuremant diraction, wherein at least
the first working zone includes a Molré patlern formed from overlapping periodic
structures along 8 measurement direction on two sample layers, the two sample layers
including a first sample layer and a second sample layer, wherein periods of the periodic
structures on the two sampile layers are different, (2) a collection sub-systemn configured
o collect 1st-order diffraction from each of the two sample layers associated with the first

working zone, wherein the collection sub-system is further configured to collect 1st-order
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diffraction from each of the two sample lavers associated with the second working zons,
and (3) a detector configured to generate an image of the overlay target using light
collected by the collaction sub-system. In ancther Hlustrative embodiment, the melrology
system comprises a conirofler configured 1o be coupled to the imaging system, the
controfler including one or more processors configured 1o execute program instructions
causing the one or more processars to: {a) receive an image of an overlay {arget on the
sample, wherein an apparent period of the first working zone in the image is based on
Mairé interference at the detector, (b} filter the image to isolate the Molrd interference, {¢)
determine an apparent overlay betwesen the first working zone and the second working
zone along the measurament direction based on the image, and {d) cakulate an overlay
hetween the two sample layers by dividing the apparent overlay by a Moiré gain to

compensate for the Moire interference.

{617} in another lustrative embodiment, the collection sub-system includes one or
mare blockers o block G-order diffraction from at least one of the first working zons or the

second working zone.

[©181  In another Hlusirative embodiment, a numerical aperture of the collection sub-
system is smaller than a numaerical aperture of the illumination sub-system {o pravent
collection of O-order diffraction from al least one of the first working zone or the second

working zone.

16181 In another lllustrative embodiment, the at least one fllumination lobe comprises
two ilflumination lobes at two oblique ilumination angles with respect to the overlay targst.

{0201 In another iflustrative embodimeni, the lumination sub-sysiem llluminates the
overtay target with the two illumination iobes simultanecusly.

{211 In another illustrative embodiment, the illumination sub-system illuminates the

overtay target with the two Hlumination lobes sequentially.

{0221 In ancther lllustrative embadiment, the two illumination lobes are oriented along

the measurement direction.
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{6231 In ancther illusirative embodiment, the two dlumination lobes are oriented at a

non-zero angle with respect to the measurement direction.

[6241 In another ilustrative embodiment, the collection sub-sysiem generates a first
image of the overlay target based on the 1storder diffraction from each of the two sample
layers associated with the first working zone, whergin the collection sub-system
generates a second image of the overlay target basad on the 1st-order diffraction from
each of the two sample layers associated with the second working zone, wherein the
controller is further configured to determing the apparent overlay by averaging apparent
overlays associated with the first image and the second image.

[0251  In another illustrative embodiment, the a2t least one llumination lobe comprises

two Hlumination lobes at two obligue iflumination angles with respect {0 the overlay target.

{0281  In another ilusirative embodiment, the llumination sub-system lluminates the
overiay larget with the two illumination lobes simultansously, wheregin the collection sub-
system generates the first image and the second image simullaneously by separaling
collected fight associated with the first working zone from collecied light associated with

the second working zone.

18271 in ancther flustrative embodiment, the llumination sub-systemn Hluminates the

overiay target with the two illumination lobes sequentially.

{0281 A melrology method is disclosed in accordance with one or more illlustrative
embodiments of the present disclosure. In one #lustrative embodiment, the metrology
method comprises receiving an image of an overlay target on a sample bassed on
Humination of the overlay target with at least one Hlumination lobe at an oblique
Hlumination angle with respect o the overlay target, the overlay target including at least
a first working zone and a second working zone for overlay measurements along a
measurement direction, wherein at least the first working zone includes a Moiré patiern
formed from overlapping periodic structures along a measurement direction on two
sample layers, wherein periods of the periadic structures on the two sample layers are

different, wherein the image is based ist-order diffraction from each of the fwo sample
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layers associated with the first working zone, wherein the image is further based on 1si-
order diffraction from each of the two sample layers associgied with the second working
zong, wherein an apparent period of the first working zone in the image is basad on Moird
interference. In another Hlustralive embodiment, the metrology method comprises
determining an apparent overlay between the first working zone and the second working
zone along the measurement direction based on the image. In ancther illustrative
ambadiment, calculating an overlay betwesn the two sample layers by dividing the

apparent overiay by a Moiré gain {o compensate for the Moird interference.

{6281 in another iliusirative embodiment, the at least one lllumination iobe comprises

two llumination lobes at two obligue illumination angles with respect {o the overlay targel.

{0301  Histo be undersiood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not necessarily
restrictive of the invention as claimed. The accompanyving drawings, which are
incorporated in and constitute a part of the specification, iHustrate embodiments of the
invention and {ogether with the general description, serve 1o explain the principles of the

invention.

BRIEF DESCRIPTION OF DRAWINGS

{8311  The numerous advantages of the disclosure may be better undersiond by thosa

skilled in the art by reference to the accompanying figures in which;

FiG. 1 is a block diagram view of a metrology system, in accordance with one or more
embodiments of the present disclosure.

FIG. 2As a top block diagram view of a metrology farget having Moiré patterns based on
grating-over-grating structures in multiple rolationally-symmetric working zones, in
accordance with one or more ambadiments of the present disclosure.

FIG. 2B is a conceptual view of multi-layer grating structures in the Moiré patterns of FIG.

2A, in accordance with one or more embodimants of the present disclosure.
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FIG. 2C is a lop view of a metrology targst based on FIGS. 2A and 2B for measurement
along two orthogonal directions, in accordance with one or more embodiments of
the present disclosure.

FIG. 3 is a flow diagram illustrating a method for calculating overlay using a double
scattering Moiré effect, in accordance with one or mare embodiments of the
present disclosure.

FIG. 4 is a conceptual image illustrating the double scattering Moirg effect, in accordance
with one or more embaodiments of the present disciosure.

FIG. b Hlustrates a one-step off-center configuration for sample Hlumination and collection
using the double scattering Moiré effect, in accordance with one or more
embodiments of the present disclosure.

FIG. 6 illustrates a ons-step off-center configuration for sample illumination and collaction
using the double scaltering Moiré effect, in accordance with one or morg
embodiments of the present disclosure.

FIG. 7 fllustrates a ons-step off-center configuration for sample illumination and collection
using the double scatiering Moiré effect, in accordance with one or more
ambodiments of the present disclosure.

FIGS. 8A-8B illustrate a two-step off-center configuration for sample Hlumination and
cotlection using the double scattaring Moiré effect, in accordance with one or more
embodiments of the present disclosure.

FiG. 8A-8B illustrates a two-step off-center configuration for sample Hlumination and
collection using the double scattering Moiré effect, in accordance with one or more
embodiments of the present disclosure.

FIG. 10 is a flow diagram illustrating a method for calculating overlay using a single
scattering optical Moiré effect, in accordance with one or more smbaodiments of the
present disclosure.

FIG. 11 is a conceptual image illustrating the single scattering oplical Moiré effect, in
accordance with one or more embaodiments of the present disclosure.

FIG. 12 lustrates a ane-step centric configuration for sample lumination and collection
using the single scattering optical Moiré effect, in accordance with one or more

embodiments of the present disclosure.
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FIGS. 13A-13B illustrate a two-step off-center configuration for sample Hllumination and
coliection using the single scattering optical Moiré effect, in accordance with one
or more ambadiments of the present disclosure,

FIGS. 14A-148 Hllustrale a two-step off-center configuration for sample #lumination and
collection using the single scatiering optical Moiré effect, in accordance with one
or more embodiments of the present disclosuwre.

FIGS. 15A-158 Hlustrate a two-step off-center configuration for sample Hlumination and
collection using the single scattering optical Moiré effect, in accordance with ong
or more embodiments of the present disclosure.

FIGS. 16A-16B Hllustrate a two-step off-center configuration for sample Hlumination and
collection using the single scaftering optical Moirg effect, in accordance with one
or more embodiments of the present disclosure.

FIGS. 17A-178 dlustrate a two-step off-center configuration for sample dlumination and
collection using the single scalfering optical Moiré effect, in accordance with one
or more embodiments of the present disclosure.

FIGS. 18A-18B illustrate a two-~step off-center configuration for sample illumination and
collection using the single scattering optical Moiré effect, in accordance with ona
or more embodiments of the present disclosure.

FIG. 19 illustrates a one-step off-center configuration for sample illumination and
collection using the single scatfering optical Moiré effect, in accordance with one
or more embodiments of the present disclosure.

FiG. 20 H#lustraies a one-slep off-center configuration for sample ilumination and
collection using the single scatiering optical Moiré effect, in accordance with one
ar more embodiments of the present disclosure.

FIG. 21 iustrates a one-step off-center configuration for sample lumination and
collection using the single scattering optical Moiré effect, in accordance with one
or more embodiments of the present disclosure.

FIG. 22 llustraies a one-step centric configuration for sample illumination and collection
using the single scatiering optical Moiré effect, in accordance with one or more

embodiments of the present disclosure.
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23A is a flow diagram fllustrating steps performed in a method for measuring overlay,
in accordance with one or more embodiments of the present disclosure.

238 is a flow diagram illustrating a method for determining an axis of symmetry of a
working group, in accordance with one or more embodiments of the present
disclosura,

24A is a fop view of the melrology target of FIG. 2C with additional markings
flustrating the application of the method, in accordance with one or more
embodiments of the present disclosure.

24B is g top view of FIG. 24A that llustrates a case where axes of symmetlry do not
overlap and overlay error exists, in accordance with one or more embodimeants of
the present disclosurs.

25 is a top view of a metrology target including a first working zone including two
instances of 3 first Moiré paltern and a second working zone including a two
instances of a second Moirg pattern, in accordance with one or more embodiments
of the present disclosurs.

2864 iz a top view of a melrology target including a first working zone including two
instances of a first Moiré pattern and a second working zone including a single
instance of a second Moiré pattern, in accordance with one or more embodiments
of the present disclosure.

26B is a top view of the melrology target of FIG. 20A with additional markings
flusirating the application of the method, In accordance with one or more
embodiments of the present disclosure,

27 is a top view of a Moiré-in-box metrology target, whers the first working zone
includes a single instance of a Moiré pattern and the second working zone includes
non-periodic single-layer structres surrounding the Moiré pattern, in accordance
with one or more embodiments of the present disclosure,

28A is 3 top block diagram view of a three-layer metrology target having Mowré
patterns bhased on grating-over-grating structures across multiple layers, in
accordance with one or more embodiments of the present disclosure.

28B is a conceptual view of multi-layer grating structuras in the Moiré patterns of

FIG. 28A, in accordance with one or more embodiments of the present disciosure.
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FIG. 28C is a top view of a metrology target based on FIGS. 28A and 288 for
measurement along two orthogonal dirgclions, in accordance with one or more
embodiments of the present disclosure,

FIG. 28A is a top block diagram view of a triple-Moiré metrology target, in accordance
with one or more embodiments of the present disclosure.

FIG. 29B is a conceptual view of multi-layer grating structures in the Moiré patterns of

Fi3. 294, in accordancs with one or more embaodiments of the present disclosure.

DETAILED DESCRIPTION

[632] Reference will now be made in detall {0 the subject matter disclosed, which is
flustrated in the accompanying drawings. The present disciosure has been particularly
shown and described with respect to certain embodiments and specific fealures thereof,
The embodiments set forth herein are taken 1o be llustrative rather than limiting. As used
herein, directional terms such as "left”, "right”, “top”, “boltom”, “ovey”, “unded”, “upper”,
“‘upward”, "lower”, "down” and “downward” are interided o provide relative positions for
purposes of description, and are not intendad {o designate an absolute frame of
reference. It should be readily apparent to those of ordinary skill in the art that various
changes and maodiiications in form and detail may be made without departing from the

spirit and scope of the disclosurs.

0331y  Currently, there are several major technologies used for overlay measurements,
including imaging, scatterometry and scanning electron microscopy {(SEM). The main
optlical architecture used in imaging is centrally illuminated regular imaging. There are
several disadvantages o using conventional imaging technologies for overlay metrology,
including (1) imitad sensitivity due 1o the focus dependence of the imaging system, (2}
amplitude inaccuracy depending on the focus choice, and (3) the numerical aperture (NA)
of the objective limiting the pitch of gratings in a measurement map.

[034] The present disclosure is directed o an imaging overlay measurement

technology, which entails placing a coliection camera or another collection device in a
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field plane o capture an image of an oveday target on a sample. In particular, the present
disciosure is directed {o measuring overiay using a Moiré grating-over-grating effect. The
present disclosure provides a method of measuring overlay using a double scattering
Mairé effect {e.g., collecting O-order diffraction and at least one Moiré diffraction order},
and a mathod of measuring overlay using a single scattering optical Moiré effect {a Moiré
effect that appears on a camera due to the interference belween single scatiering effects,
a.g., collecting 1st-order diffraction and filtering an image 1o isolate Moird inferferencs).
The illumination and collection systems of the present disclosure are advantageous i
that {a) the Moiré effect is measurable, (b} no other effects influence the measurements,
(¢} accuracy is maximized, (d) measurability is maximized, and (e} design simplicity is

emphasized,

[0351 Regarding the double scattering Moiré effect, contrast is improved and amplitude
inaccuracy is removed by designing an optical scheme so that only two diffraction orders
interfere at any given time. Wherever O-order diffraction is used, the O-order diffraction
may be substituied with a reference beam, and instead of regular imaging, one can
praduce an interferometric solution (with iis problems, for example, instability, and its
benefits, for example, intensity control). Regarding the single scattering optical Moiré
effect, contrast is improved and amplifude inaccuracy is removed by removing the Oth

order and the Moiré fringe.

[pagy  FIG. 1 illustrates a melrology system configured to generate an image of a
sample. FIGS. 2A through 2C illustrate the melrology of overlay targets having Moiré
patterns based on grating-over-grating structuras in one or more rotationally-symmetric
working zones. FIGS. 3 through 9B illustrate using a double scattering Moiré effect to
caloulate the ovarlay of a sample. FIGS. 10 through 22 lustrate using a single scaltering
optical Moiré effect 1o calculate the overlay of a sample. FIGS. 23A-B are flow diagrams
ilustrating methods to calculate overlay by exploiting the symmetry of working zones.
FIGS. 24A through 26B illustrate overlay using metrology targets having Moiré patterns
in two working zones. FIGB. 27 through 28C iHustrate overlay using meirology largets
having Moiré patterns in one working zone and single-layer structures {e.q., not a grating

over grating structure) in a second working zone. FIGS. 28A and 29B #llustrate overlay
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using metrology targets with three or more layers having Moiré patlerns in two working

zones, where one layer serves as a reference layer.

[0371 A Moiré patltern on a metrology target may include a grating-over-grating
structure formed from grating structures on different sample layers with different periods.
For the purposes of this disclosure, a “grating” or a “grating structure” may describe any
perindic structure or series of elements that may include, but is not limited to, line/space
patterns. An image of the Moirg pattern will include Moiré fringes at a Moiré pilch, which
is associaled with spatially~-varving overlap between the gratings on the different sample
tayers. The Moiré pitch is typically a longer pitch than either of the grating structures and
is related to the difference bstween the pitches of the grating structures. For example, the

Moiré pitch (py) may be characterized as:
Py = 3“1“@“ (t

where p, is the period of a first grating structure on a first layer, p, is the peried of the

gecond grating structure on the second layer.

{0381 I is contemplated herein that metrology targets including Moiré patterns may
faciiitate sensitive overlay measurements. In particular, a physical shiff of ong grating
with respect to another grating in a Moiré pattern {e.g., an overlay error associated with
a relative shift of two sample layers on g sample) along a direction of periodicity will result
in a corresponding lateral shift of the Moiré fringes slong the measurement direction.
Further, the magnitude of the shift of the Moiré fringes is fypically greater than the
magnitude of the physical shift. In particular, the magnitude of the shift of the Moiréd
fringes is proportional {o the physical shift (2.q., the overlay error} by a conditional Moiré
factor, which depends on the frame of reference. Continuing the example abovs, a shift
of the second layer with respect to the first laver will resull in a shift of the Moiré fringes

from a nominal position {2.g., no overlay error} by a conditional Moiré factor (M) of:

M = B (2)

P12
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n ok

However, in the contexi of the present disclosure, references fo “first layer,” "second
tayer,” "third tayer,” or the like are intended mersly to distinguish various sample layers
and do not indicate a physical ordering of lavers on the sample. Accordingly, a “first layey”

may be above or below a "second layer” on the sample.

{0381  In this regard, an overlay measurement may be performed by measuring a shift
of the Moiré fringes along the direction of periodicity of the associated grating structures
on a metrology target and adjusting this valus by a Moiré gain, which will depend on the
particular design of the metrology arget and the particular measurements made. For
example, i may be desirable {o measure a shift of Moiré fringes relative to ancther
structure or another set of Moiré fringes since an absolute measurement of a single Moiré
fringe shift may be difficult, impractical, or impossible for some target designs. The use
of Moiré patierns in overlay metrology is generally described in U.8. Patent No. 7,440,105
issued on Qctober 21, 2008, U.S. Patent No. 7,349,105 issued on March 25, 2008, and
U.S. Patent Appl. Publ. No. 2018/03188663 published on July 5, 2018, all of which are
incorporated herain in thelr entivety.

{0401 it is further recognized herein that arranging elements of 3 metrology target in g
symmetric configuration may facilitate the determination of relative positions of the
elements based on exploitation of the symmetry. For example, an overlay melrology
targst may be formed such that a center of symmetry of elemants on a first sample layar
overiaps a center of symmetry of elements on a second sample layer. Accordingly, any
difference betwesn the ceniers of symmestry for elements in the first laver with respect to
the second laver in a fabricated metrology target may be atiributed o overlay error. The
axploitation of symmetry in overlay metrology targets (e.q., Advanced Imaging Metrology
(AlIM) targets) is desaribad generally in U8, Patent No. 7,068,833 issued on June 27,
2008, U.S. Patent No. 6,821,816 issued on July 26, 2005, and U.S. Patent No. 7,177,457
issued on February 13, 2007, all of which are incorporated hersin by reference in their

entirely,

{8413 Embodiments of the present disclosure may be direclted o overlay metrology

targets having at least one working zone with one or more Moiré patterns arranged in a
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symmetric distribution. For example, the Moiré patterns within the working zone may be
distributed in a mirror symmetric distribution or a rotationally symmetric distribution {e.g.,
a 80° rotationslly-symmetric distribulion, a 180° rotationally-syrmmetric distribution, or the
fike). In this regard, advantages of Moiré patterns and advantages of symmetry in
metrology targets may be combinad and exploited togsther to facilifate accurate and

robust overlay metrology.

[0421 It is recognized herein that the impact of a physical overlay error on a working
group including one or moreg instances of a Moiré pattern may be 1o shift a center of
symmelry based on a shift of Moiré fringes as described previously herain. Accordingly,
any measurement of overlay based on the center of symmelry musi be adjusted based
on a Moiré gain factor. it is further recognizad herein that the Moiré gain factor may

depend on the particular arrangement of elements in an overlay metrology targst.

8437  FIG. 1 is a block diagram view of a metrology system 100, in accordance with
one or more embodiments of the present disclosure. The metrology system 100 may
generate ong of morg images of a sampls 102 on at least one detector 104 using any

method known in the art.

{0441  In one embodiment, the metrology system 100 includes an lumination source
106 {o generate an illumination beam 108. The illumination beam 108 may include one
or more sslected wavelengths of light including, but not imited to, vacuum uliraviclet
radiation (VUV}, deep ultraviolet radiation (DUV), ultraviclet (UV) radiation, visible
radiation, or infrared (IR} radiation. The illumination source 108 may further gensrate an
Hlumination beam 108 including any range of selected wavelengths. In another
embodiment, the illumination source 106 may include a spectrally-tunabile Hlumination

source to generate an lumination beam 108 having a tunable spectrum.

[0451  The illumination source 106 may further produce an illumination beam 108 having
any temporal profile. For example, the ilumination source 106 may produce a continuous
Hlumination beam 108, a pulsed flumination beam 108, or a modulated ilumination beam
108, Additionally, the lumination beam 108 may bs deliverad from the illumination

source 106 via fres-space propagation or guided light {e.g. an oplical fiber, a light pipe,
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or the like). In some embodiments, the illumination beam 108 may comprise incoherent

fight. in other embodiments, the Hlumination beam 108 may comprise coherent light.

048]  in ancther embodiment, the illumination source 106 directs the illumination beam
108 1o a sample 102 via an illumination pathway 110. The llumination pathway 110 may
include one or more lenses 112 or additional Hlumination optical components 114 suitable
for modifying and/or conditioning the illumination beam 108. For example, the one or
more fHlumination optical components 114 may include, but are not limited {o, one or more
polarizers, one or more filters, one or more beam splifters, one or more diffusers, one or
mare homaganizers, one or mare apodizars, one or more beam shapers, ofr one or mors
shutters (e.q., mechanical shutlers, electro-optical shutiers, acousto-optical shutters, or
the like). By way of ancther example, the one or more fllumination optical components
114 may include aperture stops t© conirol the angle of illumination on the sample 102
and/or field stops to control the spatial extent of llumination on the sample 102, Inons
instance, the ilumination pathway 110 includes an aperiure siop located at a plane
conjugate to the back focal plane of the objective fens 116 to provide telecentric
lumination of the sample. In another embodiment, the metrology system 100 includes

an objective lens 116 to focus the ilumination beam 108 onto the sample 102,

[047]  In another embodiment, the sample 102 is dispossd on a sample stage 118. The
sample stage 118 may include any device suilable for positioning the sample 102 within
the metrology systern 100, For sxample, the sample stage 118 may include any

combination of linear transiation stages, rotational stages, tip/ilt stages or the Hike.

[048] In ancther embodiment, a detector 104 is configured {o capture radiation
emanating from the sample 102 {e.g., sampie light 120} through a collection pathway 122,
For example, the collection pathway 122 may include, but is not required to include, a
collection lens {e.g. the objective lens 116 as Mlustrated in FIG. 1) or one or more
additional collection pathway lenses 124, In this regard, a delector 104 may receive
radiation reflected or scatterad (e.g. via specular reflection, diffuse reflection, and the like)
from the sample 102 or generated by the sample 102 (e.g. luminescence associated with
absorption of the illumination beam 108, or the like).
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[049] The collection pathway 122 may further include any number of collection optical
components 126 to direct and/or modify illumination collected by the objective lens 116
including, but not limited to one or more collection pathway lenses 124, one or more filters,
one or more polarizers, or one or more beam blocks. Additionally, the collection pathway
122 may include field stops to control the spatial extent of the sample imaged onto the
detector 104 or aperture stops to control the angular extent of illumination from the sample
used to generate an image on the detector 104. in another embodiment, the collection
pathway 122 includes an aperture stop located in a plane conjugate to the back focal
plane of an optical element the objective lens 116 to provide telecentric imaging of the
sample.

[050] The detector 104 may include any type of optical detector known in the art
suitable for measuring illumination received from the sample 102. For example, a
detector 104 may include a sensor suitable for generating one or more images of a static
sample 102 (e.g., in a static mode of operation) such as, but is not limited to, a charge-
coupled device (CCD), a complementary metal-oxide-semiconductor (CMOS) sensor, a
photomultiplier tube (PMT) array, or an avalanche photodiode (APD) array. Further, the
detector 104 may include a multi-tap sensor having two or more taps per pixel including,
but not limited to, a multi-tap CMOS sensor. In this regard, charge in a multi-tap pixel
may be directed to any selected tap during an exposure window based on one or more
drive signals to the pixel. Accordingly, a multi-tap sensor including an array of multi-tap
pixels may generate multiple images, each associated with different taps of the
associated pixels, during a single readout phase. Further, for the purposes of the present
disclosure, a tap of a multi-tap sensor may refer o an output tap connected to the
associated pixels. In this regard, reading out each tap of a multi-tap sensor (e.g., in a

readout phase) may generate a separate image.

{0511 By way of another example, a detector 104 may include a sensor suitable for
generating one or more images of a sample 102 in motion (e.g., a scanning mode of
operation). For instance, the detector 104 may include a line sensor including a row of
pixels. In this regard, the metrology system 100 may generate a continuous image (e.g.,

a strip image) one row at a time by translating the sample 102 in a scan direction
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perpendicular to the pixel row through a measurement field of view and continuously

clocking the line sensor during a continuous exposure window.

[052] In another instance, the detector 104 may include a TDI sensor including muitiple
pixel rows and a readout row. The TDI sensor may operate in a similar manner as the
line sensor, except that clocking signals may successively move charge from one pixel
row to the next until the charge reaches the readout row, where a row of the image is
generated. By synchronizing the charge transfer (e.g., based on the clocking signals) to
the motion of the sample along the scan direction, charge may continue to build up across
the pixel rows to provide a relatively higher signal to noise ratio compared to the line

Sensor.

[053] In another embodiment, a detector 104 may include a spectroscopic detector
suitable for identifying wavelengths of radiation emanating from the sample 102. In
another embodiment, the metrology system 100 may include multiple detectors 104 (e.g.
associated with multiple beam paths generated by one or more beamsplitters to facilitate
multiple metrology measurements by the metrology system 100. For example, the
metrology system 100 may include one or more detectors 104 suitable for static mode
imaging and one or more detectors 104 suitable for scanning mode imaging. In another
embodiment, the metrology system 100 may include one or more detectors 104 suitable
for both static and scanning imaging modes.

[054] In one embodiment, as illustrated in FIG. 1, the metrology system 100 includes a
beamsplitter 128 oriented such that the objective lens 116 may simultaneously direct the
illumination beam 108 to the sample 102 and collect radiation emanating from the sample
102.

{0551 In another embodiment, the angle of incidence of the illumination beam 108 on
the sample 102 is adjustable. For example, the path of the illumination beam 108 through
the beamsplitter 128 and the objective lens 116 may be adjusted to control the angle of
incidence of the illumination beam 108 on the sample 102. In this regard, the illumination
beam 108 may have a nominal path through the beamsplitter 128 and the objective lens

116 such that the illumination beam 108 has a normal incidence angle on the sample 102.
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By way of another example, the angle of incidence of the illumination beam 108 on the
sample 102 may be controlled by modifying the position and/or angle of the illumination
beam 108 on the beamsplitter 128 (e.g. by rotatable mirrors, a spatial light modulator, a
free-form illumination source, or the like). In another embodiment, the illumination source
106 directs the one or more illumination beam 108 to the sample 102 at an angle (e.g. a

glancing angle, a 45-degree angle, or the like).

[056] In another embodiment, the metrology system 100 includes a controller 130. In
another embodiment, the controller 130 includes one or more processors 132 configured
to execute program instructions maintained on a memory medium 134. In this regard,
the one or more processors 132 of controller 130 may execute any of the various process
steps described throughout the present disclosure. Further, the controller 130 may be
configured to receive data including, but not limited to, images of the sample 102 from the
detector 104.

[0577  The one or more processors 132 of a controlier 130 may include any processing
element known in the art. In this sense, the one or more processors 132 may include any
microprocessor-type device configured to execute algorithms and/or instructions. In one
embodiment, the one or more processors 132 may consist of a desktop computer,
mainframe computer system, workstation, image computer, parallel processor, or any
other computer system (e.g., networked computer) configured to execute a program
configured to operate the metrology 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 disclosure may be carried out by a single controller 130 or,
alternatively, multiple controllers. Additionally, the controlier 130 may include one or more
controllers housed in a common housing or within multiple housings. In this way, any
controller or combination of controliers may be separately packaged as a module suitable
for integration into metrology system 100. Further, the controller 130 may analyze data
received from the detector 104 and feed the data to additional components within the

metrology system 100 or external to the metrology system 100.
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{0581 The memory medium 134 may include any storage medium known in the art
suitable for storing program instructions executable by the associated one or more
processors 132. For example, 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 to, a read-only memory, a random access memory, a magnetic or optical
memory device (e.g., disk), a magnetic tape, a solid state drive and the like. It is further
noted that memory medium 134 may be housed in a common controller housing with the
one or more processors 132. In one embodiment, the memory medium 134 may be
located remotely with respect to the physical location of the one or more processors 132
and controller 130. For instance, the one or more processors 132 of controller 130 may
access a remote memory (e.q., server), accessible through a network (e.g., internet,
intranet and the like). Therefore, the above description should not be interpreted as a

limitation on the present invention but merely an illustration.

[059] In another embodiment, the controller 130 is communicatively coupled to one or
more elements of the metrology system 100. In this regard, the controller 130 may
transmit and/or receive data from any component of the metrology system 100. Further,
the controller 130 may direct or otherwise control any component of the metrology system
100 by generating one or more drive signals for the associated components. For
example, the controller 130 may be communicatively coupled to the detector 104 to

receive one or more images from the detector 104.

[060] Further, the controller 130 may provide one or more drive signals to the detector
104 to carry out any of the detection techniques described herein. By way of another
example, the controller 130 may be communicatively coupled to any combination of
components to control the optical configuration associated with an image including, but
not limited to, the illumination source 106, the illumination optical components 114, the

collection optical components 126, the detector 104, or the like.

[os11 FIG. 2A is a top block diagram view of a metrology target 202 having Moiré
patterns based on grating-over-grating structures in multiple rotationally-symmetric

working zones, in accordance with one or more embodiments of the present disclosure.
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FIG. 2B is a conceptual view of multi-layer grating structures in the Moiré patterns of FIG.

2A, in accordance with one or more embodiments of the present disclosure.

[062] In one embodiment, a metrology target 202 includes a first working zone 204
formed from two instances of a first Moiré pattern 206 arranged such that the first working
zone 204 is rotationally symmetric. In another embodiment, the metrology target 202
includes a second working zone 208 formed from two instances of a second Moiré pattern
210 arranged such that the second working zone 208 is rotationally symmetric. In the
context of the present disclosure, a working zone is a group of features that are intended
to be analyzed together. For example, an overlay measurement may be performed by

comparing characteristics of one working zone to another.

[063] In a general sense, the centers of rotational symmetry of various working zones
in a metrology target 202 may be independent. However, it may be desirable to design
the metrology target 202 such that the centers of symmetry of some or all of the working
zones coincide (within a selected tolerance) when there is no overlay error. This target
design may minimize errors that may arise due to rotational misalignment between a
measurement system (e.g., metrology system 100) and the wafer axes. In one
embodiment, working zones of the same direction (e.g., X direction overlay
measurements) have the same centers of symmetry. Further, centers of symmetry of
working zones associated with overlay measurements along different directions may, but

are not required to, coincide.

[064] As illustrated in FIG. 2A, which depicts a situation with no overlay error, the first
working zone 204 and the second working zone 208 are symmetric to 180° rotation about

a center of symmetry 212.

[065] The metrology target 202 in FIG. 2A may have similar rotational symmetry
characteristics as an Advanced Imaging Metrology (AIM) target, which is generally
described in U.S. Patent No. 7,068,833 issued on June 27, 2006, U.S. Patent No.
6,921,916 issued on July 26, 2005, and U.S. Patent No. 7,177,457 issued on February
13, 2007. However, whereas each working zone in a typical AlM target include features

in a single layer, at least one working zone of the metrology target 202 (e.g., the first
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working zone 204 and second working zone 208) includes a Moiré pattern formed from
grating structures in multiple layers of interest. As illustrated in FIG. 2B, the first Moiré
pattern 206 is formed from a first grating structure 214 having a pitch Q in a first layer
(layer A) and a second grating structure 216 having a pitch P in a second layer (layer B),
where P£Q. Further, the second Moiré pattern 210 is formed from a third grating structure
218 having a pitch T in the first layer (layer A) and a fourth grating structure 220 having a
pitch S in the second layer (layer B), where S#T. In a general sense, the values of P, Q,
S, and T may be independently varied such that FIGS. 2A and 2B represents a generic
Moiré AIM target.

[oe6] As described previously herein with respect to equations (1) and (2), the first

working zone 204 will then have a Moiré pitch (py,) of

Pus = o 3)

and the second working zone 208 will have a Moiré pitch (py,) of

Pz = (4)

[0677  The first working zone 204 will then have a conditional Moiré factor (M,) of
My =— 5
associated with a misalignment of layer A with respect to layer B, and the second working

zone 208 will have a conditional Moiré factor (M,) of

M, = 3% (6)

associated with a shift of layer A with respect to layer B. Similarly, a shift of layer B with

respect to layer A would provide M, = % and M, = T%g

[068] In one embodiment, the first Moiré pattern 206 and/or the second Moiré pattern

210 include a grating-over-grating structure in which the respective gratings are fully
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overlapping. For example, the first grating structure 214 and the second grating structure
216 of the first Moiré pattern 206 may be fully overlapping on the sample 102. Similarly,
the third grating structure 218 and the fourth grating structure 220 of the second Moiré
pattern 210 may be fully overlapping on the sample 102. In this regard, the size of the

metrology target 202 may be minimized to efficiently utilize space on the sample 102.

[o69] It is contemplated herein that a metrology farget 202 including adjacent Moire
patterns may be susceptible to cross-talk. Further, the severity of cross-talk may depend
on several factors including, but not limited to, the stack thicknesses, material properties,
grating design, or conditions of a measurement system (e.g., metrology system 100). in
some embodiments, the metrology target 202 includes exclusion zones between working
zones, or Moiré patterns associated with different working zones, to reduce cross-talk to
within a selected tolerance. For example, instances of the first Moiré pattern 206 and the
second Moire pattern 210 may be separated by an exclusion zone 222 sufficiently large
to mitigate cross-talk between the corresponding Moiré fringes to within a specified
tolerance. In some embodiments, the exclusion zone 222 is in the range of 0.25t0 0.5

microns or greater.

[070] The exclusion zone 222 may be empty or may be filled with sub-resolution assist
features, which may be required by some design rules. in one embodiment, the exclusion
zone 222 is filled with sub-resolution assist features oriented orthogonal to the
measurement direction (the X direction here). In a general sense, as long as each
working zone is rotationally symmetric, elements in each working zone (including Moiré
patterns) may be placed in any 2D distribution suitable for mitigating cross-talk to within

a selected tolerance.

[071]  Further, although FIG. 2A depicts working zones associated with measurements
along a single direction {(e.g., the X direction), the metrology target 202 targets and
methods for measurement along additional directions (e.g., the Y direction) are within the
spirit and scope of the present disclosure. in one embodiment, the metrology target 202
includes a third working zone 224 and a fourth working zone 226 suitable for

measurement along the Y direction. Further, the features in the third working zone 224
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and/or the fourth working zone 226 may have any features suitable for overlay
measurement and may, but are not required to, include one or more Moiré patterns. In
another embodiment, though not shown, the metrology target 202 includes a working
zone having a 2D Moiré pattern including periodic features in multiple directions (e.g., the
X and Y directions). In this regard, the 2D Moiré pattern may exhibit Moiré fringes
simultaneously along the multiple dimensions and may thus be suitable for simultaneous

overlay measurements in multiple directions.

[072] FIG. 2C is a top view of a metrology target 202 based on FIGS. 2A and 2B for
measurement along two orthogonal directions, in accordance with one or more
embodiments of the present disclosure. In particular, the metrology target 202 illustrated
in FIG. 2C represents an example in which P=T and Q=S. Further, FIG. 2C illustrates a
situation with no overlay error in either the X-direction or the Y-direction. In this regard,
the axes of symmetry of the first working zone 204 and the second working zone 208
overlap along both the X and Y directions (e.g., the axes of symmetry of the first working

zone 204 and the second working zone 208 overlap).

[073] However, it is to be understood that FIG. 2C and the associated descriptions are

provided solely for illustrative purposes and should not be interpreted as limiting.

[074] In one embodiment, the metrology target 202 includes a first working zone 204
with two instances of a first Moiré pattern 206 for measurement along the X direction, a
second working zone 208 including two instances of a second Moiré pattern 210, a third
working zone 224 with two instances of the first Moiré pattern 206 for measurement along
the Y direction, and a fourth working zone 226 with two instances of the second Moiré
pattern 210 for measurement along the vertical direction. In this regard, the third working
zone 224 and the fourth working zone 226 are rotated versions of the first working zone
204 and the second working zone 208, respectively.

[0757 FIG. 3 is a flow diagram illustrating a method 300 for measuring overlay using a
double scattering Moiré effect, in accordance with one or more embodiments of the
present disclosure. For example, the method 300 may be applied to measure overlay

based on an overlay target such as, but not limited to, the metrology targets illustrated in
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FIGS. 2A-2C and 24A-29B and their associated working zones (e.g., metrology target
202 and working zones 204 and 208). Applicant notes that the embodiments and
enabling technologies described previously herein in the context of the metrology system
100 should be interpreted to extend to the method 300. It is further noted, however, that
the method 300 is not limited to the architecture of the metrology system 100. Further,
the method 300 may be applied to measure overlay along one or more measurement

directions.

[076] Inone embodiment, the method 300 includes a step 310 of iluminating an overlay
target (e.g., metrology target 202) on a sample with two illumination lobes at two oblique
iflumination angles. The overlay target may include at least a first working zone and a
second working zone for overlay measurements along a measurement direction (e.g.,
working zones 204 and 208). The first working zone may include a Moiré pattern (e.g.
Moiré pattern 206) formed from overlapping periodic structures along a measurement
direction on two sample layers (e.g., grating structures 214 and 216), where periods of

the periodic structures on the two sample layers are different.

[077] In another embodiment, the method 300 includes a step 320 of receiving an
image based on the illumination. The image may be based on 0-order diffraction and one
Moiré diffraction order associated with diffraction of each of the two illumination lobes by
the first working zone (e.g., working zone 204), and may be based on G-order diffraction
and one additional diffraction order associated with diffraction of each of the two
iltumination lobes by the second working zone (e.g., working zone 208). An apparent

period of the first working zone in the image may be based on Moiré interference.

{0781 In another embodiment, the method 300 includes a step 330 of determining an
apparent overlay between the first working zone and the second working zone along the
measurement direction based on the image. This determination may be performed, for
example, by methods 2300 and 2312 as described with respect to FIGS. 23A and 23B
(e.qg., finding the difference between centers of symmetry), however the step 330 is not
fimited thereto, and any method of computing the misregistration between the working
zones may be used. It is noted that the apparent overlay is not equal to the physical
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overlay error between the two sample layers. Rather, the apparent overlay corresponds
to relative shifts of the Moiré fringes between the first and second working zones.
Accordingly, the physical overlay error between the sample layers along a measurement
direction may be determined by dividing the difference between the axes of symmetry

orthogonal to the measurement direction by a Moiré gain.

[079]  In another embodiment, the method 300 includes a step 340 of calculating an
overlay between the two sample layers by dividing the apparent overlay by a Moiré gain
to compensate for the Moiré interference. This calculation may be done, for example, by
step 2322 of the method 2300 as described with respect to FIG. 23A, however the step
340 is not limited thereto.

[080] FIG. 4 is a conceptual image illustrating the double scattering Moiré effect
between the two sample layers 214 and 216 in the working zone 204 (shown in FIGS.
2A-C). A light beam (e.g., lilumination beam 108) may illuminate the sample layers 214
and 216 such that one Moiré diffraction order (+M) may be collected by a collection
system (e.g., detector 104). The light beam may comprise incoherent light. The angle of
incidence of the light beam may be configured such that at least one of the diffraction
orders (either the 1st or -1st orders when the light diffracts from the top grating or the 1st
or -1st orders when the light diffracts from the bottom grating) propagates within the stack
of the two sample layers 214 and 216. It is noted that this effect is not limited to the
sample layers 214 and 216, and may occur, for example, between the sample layers 218
and 220 of FIG. 2B, between the sample layers 806 and 808 of FIG. 28B, between the
sample layers 914 and 916 of FIG. 29B, elc.

[081] FIGS. 5-9B show various configurations for sample illumination (e.g., at the
illumination or entrance pupil) and collection (e.g., at the collection or exit pupil) using the
double scattering Moiré effect. The sample fo be illuminated may be, for example, the
sample layers 214 and 216 in the working zone 204. Additional sample layers (e.g.,
sample layers 218 and 220 in the working zone 208) may be illuminated simultaneously
or separately. One measurement direction may be measured at a time (e.g., the X
direction), or two measurement directions may be measured (e.g., the X and Y directions).
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By configuring the pitches of the metrology target, the numerical apertures of the
fllumination and collection paths, the placement of illumination, and the wavelengths of
the sample light, the proper diffraction orders may be collected by the collection path to

generate an image for overlay measurement.

[082] FIG. 5 shows a one-step off-center configuration for sample illumination and
collection using the double scattering Moiré effect. llilumination lobes 501 and 502 may
ifluminate the sample (e.g., sample layers 214 and 216, and/or sample layers 218 and
220, etc.), and Moiré diffraction orders (+M and —-M) and zero order diffraction (0) may be
collected by the collection system. In this embodiment, the Moiré diffraction orders and
zero order diffraction may be in a Littrow illumination configuration. Littrow illumination is
depicted in U.S. Pat. Appl. Publ. No. 2020/0132446 (see, e.g., Figure 1). In the Littrow
illumination configuration, one of the Moiré diffraction orders (e.g., +M) may be diffracted
at 180° to the direction of an illumination lobe (e.g., illumination lobe 501), and another of
the Moiré diffraction orders (e.g., -M) may be diffracted at 180° to the direction of the other
iflumination lobe (e.g., illumination lobe 502). Additionally, each of the Moire diffraction
orders may be mirror-symmetrical to the other of the Moiré diffraction orders, and each of
the zero diffraction orders may be mirror-symmetrical to the other of the zero diffraction
orders. The advantages of the Littrow illumination configuration may include focus
independence and increased accuracy. It is noted that the present disclosure is not
limited thereto, and other illumination configurations (e.g. asymmetrical arrangements of
the diffraction orders) are also possible. If the Littrow illumination configuration is used,
then the overlay measurement and the contrast may both be insensitive to the focal
position. If the Littrow illumination configuration is not used, then only the contrast may

be insensitive to the focal position.

[083] FIG. 6 shows an alternative one-step off-center configuration for sample
illumination and collection using the double scattering Moiré effect. lllumination lobes 501
and 502 may illuminate the sample (e.g., sample layers 214 and 216, and/or sample
layers 218 and 220, etc.), and Moiré diffraction orders (+M and —M) and zero order
diffraction (0) may be collected by the collection system. By moving the position of the

illumination lobes 501 and 502, the 1st and -1st diffraction orders of the top and bottom
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gratings may be blocked from collection while still collecting the Moiré orders (+M and —
M) and the zero order diffraction (0), and thus the Moiré target design and measurement
modes are widened. Additionally, the same configuration may be used for the X and Y

directions simultaneously (e.g., when the X and Y directions have the same design).

[084] FIG. 7 shows a one-step off-center configuration for sample illumination and
collection using the double scattering Moiré effect. llilumination lobes 501 and 502 may
ifluminate the sample (e.g., sample layers 214 and 216, and/or sample layers 218 and
220, etc.), and Moiré diffraction orders (+M and —-M) and zero order diffraction (0) may be
collected by the collection system. in this configuration, the collection may be split into a
number of regions (e.g., collection regions 513 and 517) using a prism. Since two beams
are used for imaging, asymmetry in the amplitude between 1st and -1st Moiré orders does
not imply inaccuracy, and contrast of the measurement may be less sensitive to the focal
position (e.g., there is a lower requirement on the focusing system). By using two different
images (one from the collection region 513 and another from the collection region 517)
for overlay computation, the differences between the images may be used for additional
metrics during the measurement, thus enabling accuracy and stability improvement in

future measurements.

[085] FIGS. 8A-B show a two-step off-center configuration for sample illumination and
collection using the double scattering Moiré effect. In this embodiment, the sample (e.g.,
sample layers 214 and 216, and/or sample layers 218 and 220, etc.) may be illuminated
sequentially (first by an illumination lobe 501, and then by an illumination lobe 502
afterwards). In FIG. 8A, an illumination lobe 501 may ifluminate the sample, and Moiré
diffraction orders (-M) and zero order diffraction (0) may be collected by the collection
system. In FIG 8B an illumination lobe 502 may illuminate the sample, and Moiré
diffraction orders (+M) and zero order diffraction (0) may be collected by the collection
system. Since two beams are used for imaging, asymmetry in the amplitude between 1st
and -1st orders does not imply inaccuracy, and overlay measurement may be less
sensitive to the focal position (e.g., there is a lower requirement on the focusing system).
in this embodiment, the Moiré diffraction orders and zero order diffraction may be in a

Littrow illumination configuration. Littrow ilumination is depicted in U.S. Pat. Appl. Publ.
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No. 2020/0132446 (see, e.g., Figure 1). In the Littrow illumination configuration, one of
the Moiré diffraction orders (e.g., +M) may be diffracted at 180° to the direction of an
illumination lobe (e.g., illumination lobe 501), and another of the Moiré diffraction orders
(e.g., -M) may be diffracted at 180° to the direction of the other illumination lobe (e.g.,
ilumination lobe 502). Additionally, each of the Moiré diffraction orders may be mirror-
symmetrical to the other of the Moiré diffraction orders, and each of the zero diffraction
orders may be mirror-symmetrical to the other of the zero diffraction orders. The
advantages of the Littrow illumination configuration may include focus independence and
increased accuracy. If the Littrow illumination configuration is used, then the overlay
measurement and the contrast may both be insensitive to the focal position. If the Littrow
illumination configuration is not used, then only the contrast may be insensitive to the

focal position.

[086]  Additionally, compared to the configuration described with respect to FIG. 7, the
configuration of FIGS. 8A-B may be configured o use a smaller Moiré pitch. For example,
when the numerical aperture of the objective is 0.7, the numerical aperture of the
ilumination is 0.2, and the wavelength is 500 nm, the pitch is (wavelength)/ (NA distance)
= 500/1 = 500 nm. This pitch may enable smaller metrology targets (e.g., about 5-6
pitches may be needed for algorithms to work robustly, so a valid target size may be about
6 microns by 6 microns for a two directional metrology target). In some embodiments, a
valid target size may be of from 5-50 microns by of from 5-50 microns (for example, 20

microns by 20 microns, 25 microns by 25 microns, etc.).

[087] FIGS. 9A-B show an alternative two-step off-center configuration for sample
ilumination and collection using the double scattering Moiré effect. In this embodiment,
the sample (e.g., sample layers 214 and 216, and/or sample layers 218 and 220, etc.)
may be illuminated sequentially (first by an illumination lobe 501, and then by an
illumination lobe 502 afterwards). In FIG. 9A, an illumination lobe 501 may illuminate the
sample, and Moiré diffraction orders (~M) and zero order diffraction (0) may be collected
by the collection system. In FIG 9B an illumination lobe 502 may illuminate the sample,
and Moiré diffraction orders (+M) and zero order diffraction (0) may be collected by the

colliection system. By moving the position of the illumination fobes 501 and 502, the 1st
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and -1st diffraction orders of the top and bottom gratings may be blocked from collection
while still collecting the Moiré orders (+M and —-M) and the zero order diffraction (0), and
thus the Moiré target design and measurement modes are widened. Additionally, the
same configuration may be used for the X and Y directions simultaneously (e.g., when
the X and Y directions have the same design). Since two beams are used for imaging,
asymmetlry in the amplitude between 1st and -1st orders does not imply inaccuracy, and
the contrast of the images may be less sensitive to the focal position (e.g., there is a lower

requirement on the focusing system).

[088] In some embodiments, the present disclosure may be directed to the one-step
centric configuration for sample illumination and collection shown in FIG. 17A of U.S. Pat.
No. 7,528,941 (incorporated by reference herein in its entirety). As shown in FIG. 17A, a
spatial modulation device 406 (e.g., blocker 406) may block zero-order diffraction 404b
from being collected, while allowing diffraction orders 404a and 404c (e.g., +M and -M
Moiré diffraction orders) to be collected. In these embodiments, signal DC is minimized
{(e.g., DC is of the same magnitude as the collected non-zero harmonics). Since two
beams are used for imaging, asymmetry in the amplitude between 1st and -1st orders
does not imply inaccuracy, and moreover contrast and overlay measurement may be less
dependent on the focus (overlay focus independence requires the target sample layers
to be of a PQQP type). Since the +M and —M Moiré diffraction orders have a similar

optical path, there is a high sensitivity to focal position, and tool induced shifts are minimal.

[0891 FIG. 10 is a flow diagram illustrating a method 1000 for measuring overlay using
a single scattering optical Moiré effect, in accordance with one or more embodiments of
the present disclosure. For example, the method 1000 may be applied to measure
overlay based on an overlay target such as, but not limited to, the metrology targets
illustrated in FIGS. 2A-2C and 24A-29B and their associated working zones (e.g.,
metrology target 202 and working zones 204 and 208). Applicant notes that the
embodiments and enabling technologies described previously herein in the context of the
metrology system 100 should be interpreted to extend to the method 1000. it is further

noted, however, that the method 1000 is not limited to the architecture of the metrology
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system 100. Further, the method 1000 may be applied to measure overlay along one or

more measurement directions.

[090] In one embodiment, the method 1000 includes a step 1010 of illuminating an
overlay target (e.g., metrology target 202) on a sample with two illumination lobes at two
oblique illumination angles. The overlay target may include at least a first working zone
and a second working zone for overlay measurements along a measurement direction
(e.g., working zones 204 and 208). The first working zone may include a Moiré pattern
(e.g. Moiré pattern 206) formed from overlapping periodic structures along a
measurement direction on two sample layers (e.g., grating structures 214 and 2186),

where periods of the periodic structures on the two sample layers are different.

[091] In another embodiment, the method 1000 includes a step 1020 of receiving an
image based on the illumination. The image may be based on 1st-order diffraction from
each of the two sample layers associated with the first working zone (e.g., working zone
204), and may be based on 1st-order diffraction from each of the two sample layers
associated with the second working zone (e.g., working zone 208). An apparent period

of the first working zone in the image may be based on Moiré interference

[092] In another embodiment, the method 1000 includes a step 1030 of determining an
apparent overlay between the first working zone and the second working zone along the
measurement direction based on the image. This determination may be done, for
example, by methods 2300 and 2312 as described with respect to FIGS. 23A and 23B
(e.g., finding the difference between centers of symmetry), however the step 1030 is not
limited thereto, and any method of computing the misregistration between two working
zones may be used. It is noted that the apparent overlay is not equal to the physical
overlay error between the two sample layers. Rather, the apparent overlay corresponds
to relative shifts of the Moiré fringes between the first and second working zones.
Accordingly, the physical overlay error between the two sample layers along a
measurement direction may be determined by dividing the difference between the axes

of symmetry orthogonal to the measurement direction by a Moiré gain.
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{0931 In another embodiment, the method 1000 includes a step 1040 of calculating an
overlay between the two sample layers by dividing the apparent overlay by a Moiré gain
to compensate for the Moiré interference. This calculation may be done, for example, by
step 2322 of the method 2300 as described with respect to FIG. 23A, however the step
1040 is not limited thereto.

[oe4]  FIG. 11is a conceptual image illustrating the single scattering optical Moiré effect
between the two sample layers 214 and 216 in the working zone 204 (shown in FIGS.
2A-C). A light beam (e.g., sample light 120) may illuminate the sample layers 214 and
216 such that 1st-order diffraction (e.g., +1 and +1') may be collected by a collection
system (e.g., detector 104) from each of the sample layers 214 and 216. The light beam
may comprise incoherent light. it is noted that this effect is not limited to the sample layers
214 and 216, and may occur, for example, between the sample layers 218 and 220 of
FIG. 2B, between the sample layers 806 and 808 of FIG, 28B, between the sample layers
914 and 916 of FIG. 29B, etc. By using the single scattering optical Moiré effect, less
light may be required and metrology target design and measurement mode selection may

be more straightforward.

[095] FIGS. 12-22 show various configurations for sample illumination (e.g., at the
illumination or entrance pupil) and collection (e.g., at the collection or exit pupil) using the
single scattering optical Moiré effect. The sample to be illuminated may be, for example,
the sample layers 214 and 216 in the working zone 204. Additional sample layers (e.g.,
sample layers 218 and 220 in the working zone 208) may be illuminated simultaneously
or separately. One measurement direction may be measured at a time (e.g., the X
direction), or two measurement directions may be measured (e.g., the X and Y directions).
By configuring the pitches of the metrology target, the numerical apertures of the
illumination and collection paths, the placement of iltumination, and the wavelengths of
the sample light, the proper diffraction orders may be collected by the collection path to

generate an image for overlay measurement.

[096] FIG. 12 shows a one-step centric configuration for sample illumination and
collection using the single scattering optical Moire effect including a blocker 523. The
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blocker 523 may block zero order diffraction and possibly Moiré diffraction orders. An
illumination lobe 501 may illuminate the sample (e.g., sample layers 214 and 216, and/or
sample layers 218 and 220, etc.), and 1st order diffraction (+1, +1', -1, -1") may be
collected by the collection system. The illumination lobe 501 may illuminate the sample
at an angle of about 90° with respect to the sample, and may impinge the sample at or
near a central portion of a first working zone or a second working zone (e.g., working
zones 204 or 208). In this embodiment, signal DC is minimized (e.g., DC is of the same
magnitude as the collected non-zero harmonics). The image generated by this
configuration may include Moiré pitch harmonics and at least three additional harmonics
of a much smaller pitch. Thus, when the image is generated, non-Moiré harmonics may

be removed algorithmically (e.g., using any analog of a Fourier low-path filter).

[0971 FIGS. 13A-13B show a two-step off-center configuration for sample illumination
and collection using the single scattering optical Moiré effect including a blocker 523. The
blocker 523 may block zero order diffraction and possibly Moiré diffraction orders. in this
embodiment, the sample (e.g., sample layers 214 and 216, and/or sample layers 218 and
220, etc.) may be illuminated sequentially (first by an illumination lobe 501, and then by
an illumination lobe 502 afterwards). In FIG. 13A, an illumination lobe 501 may illuminate
the sample, and first order diffraction (-1 and -1") may be collected by the collection
system. In FIG 13B an illumination lobe 502 may illuminate the sample, and first order
diffraction (+1 and +1') may be collected by the collection system. In this embodiment,
signal DC is minimized (e.g., DC is of the same magnitude as the collected non-zero
harmonics). Since two beams are used for imaging, asymmetry in the amplitude between
1st and -1st orders does not imply inaccuracy, and moreover contrast and overlay
measurement may be less sensitive {o the focal position (overlay focus independence

requires the target sample layers to be of a PQQP type).

[098] FIGS. 14A-14B show an alternative two-step off-center configuration for sample
ilumination and collection using the single scattering optical Moiré effect including an
objective 537 having a non-centered working area. The objective 537 having a non-
centered working area may block zero order diffraction and possibly Moiré diffraction

orders. This configuration is simple as it does not require any access for the collection
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pupil. In this embodiment, the sample (e.g., sample layers 214 and 216, and/or sample
fayers 218 and 220, etc.) may be illuminated sequentially (first by an illumination lobe
501, and then by an illumination lobe 502 afterwards). In FIG. 14A, an illumination lobe
501 may illuminate the sample, and first order diffraction (-1 and -1’) may be collected by
the collection system. In FIG 14B an illumination lobe 502 may illuminate the sample,
and first order diffraction (+1 and +1') may be collected by the collection system. In this
embodiment, signal DC is minimized (e.g., DC is of the same magnitude as the collected
non-zero harmonics). Since two beams are used for imaging, asymmetry in the amplitude
between 1st and -1st orders does not imply inaccuracy, and moreover contrast and
overlay measurement may be less sensitive to the focal position (overlay focus

independence requires the target sample layers to be of a PQQP type).

[099] FIGS. 15A-15B show an alternative two-step off-center configuration for sample
illumination and collection using the single scattering optical Moiré effect including a
blocker 523. The blocker 523 may block zero order diffraction and possibly Moiré
diffraction orders. In this embodiment, the sample (e.g., sample layers 214 and 216,
and/or sample layers 218 and 220, etc.) may be illuminated sequentially (first by an
illumination lobe 501, and then by an illumination fobe 502 afterwards). In FIG. 15A, an
illumination lobe 501 may illuminate the sample, and first order diffraction (-1 and -1") may
be collected by the collection system. In FIG 15B an illumination lobe 502 may illuminate
the sample, and first order diffraction (+1 and +1') may be coliected by the collection
system. In this embodiment, signal DC is minimized (e.g., DC is of the same magnitude
as the collected non-zero harmonics). Using this configuration, the Moiré target design
and measurement modes are widened and the same configuration may be used for the
X and Y directions simultaneously (e.g., when the X and Y directions have the same
design). Since two beams are used for imaging, asymmetry in the amplitude between
1st and -1st orders does not imply inaccuracy, and moreover contrast and overlay
measurement may be less sensitive to the focal position (overlay focus independence

requires the target sample layers to be of a PQQP type).

[0100] FIGS. 16A-16B show an alternative two-step off-center configuration for sample

illumination and collection using the single scattering optical Moiré effect including an
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objective 543. By illuminating outside of the objective 543, zero order diffraction and
possibly Moiré diffraction orders may be blocked. In this embodiment, the sample (e.g.,
sample layers 214 and 216, and/or sample layers 218 and 220, etc.) may be illuminated
sequentially (first by an illumination lobe 501, and then by an illumination lobe 502
afterwards). In FIG. 16A, an illumination lobe 501 may illuminate the sample, and first
order diffraction (-1 and -1') may be collected by the collection system. In FIG 16B an
illumination lobe 502 may illuminate the sample, and first order diffraction (+1 and +1")
may be collected by the collection system. In this embodiment, signal DC is minimized
(e.g., DC is of the same magnitude as the collected non-zero harmonics). Since two
beams are used for imaging, asymmetry in the amplitude between 1st and -1st orders
does not imply inaccuracy, and moreover contrast and overlay measurement may be less
sensitive to the focal position (overlay focus independence requires the target sample
layers to be of a PQQP type).

[0101] FIGS. 17A-17B show an alternative two-step off-center configuration for sample
iflumination and collection using the single scattering optical Moiré effect including an
objective 543. By illuminating outside of the objective 543, zero order diffraction and
possibly Moiré diffraction orders may be blocked. In this embodiment, the sample (e.g.,
sample layers 214 and 216, and/or sample layers 218 and 220, etc.) may be illuminated
sequentially (first by an illumination lobe 501, and then by an illumination lobe 502
afterwards). In FIG. 17A, an illumination lobe 501 may illuminate the sample, and first
order diffraction (-1 and -1") may be collected by the collection system. In FIG 17B an
illumination lobe 502 may illuminate the sample, and first order diffraction (+1 and +1")
may be collected by the collection system. In this embodiment, signal DC is minimized
(e.g., DC is of the same magnitude as the collected non-zero harmonics). Using this
configuration, the Moiré target design and measurement modes are widened and the
same configuration may be used for the X and Y directions simultaneously (e.g., when
the X and Y directions have the same design). Since two beams are used for imaging,
asymmetry in the amplitude between 1st and -1st orders does not imply inaccuracy, and
moreover contrast and overlay measurement may be less sensitive to the focal position

(overlay focus independence requires the target sample layers to be of a PQQP type).
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[0102] FIGS. 18A-18B show an alternative two-step off-center configuration for sample
illumination and collection using the single scattering optical Moiré effect including an
objective 557 at the illumination pupil having a specially designed working area. The
objective 557 having a specially designed working area may block zero order diffraction
and possibly Moiré diffraction orders. This configuration is simple as it does not require
any access for the collection pupil. In this embodiment, the sample {e.g., sample layers
214 and 216, and/or sample layers 218 and 220, etc.) may be illuminated sequentially
(first by an illumination lobe 501, and then by an illumination lobe 502 afterwards). In
FIG. 18A, an illumination lobe 501 may illuminate the sample, and first order diffraction (-
1 and -1") may be collected by the collection system. In FIG 18B an illumination lobe 502
may illuminate the sample, and first order diffraction (+1 and +1') may be collected by the
collection system. In this embodiment, signal DC is minimized (e.g., DC is of the same
magnitude as the collected non-zero harmonics). Using this configuration, the Moiré
target design and measurement modes are widened and the same configuration may be
used for the X and Y directions simultaneously (e.g., when the X and Y directions have
the same design). Since two beams are used for imaging, asymmetry in the amplitude
between 1st and -1st orders does not imply inaccuracy, and moreover contrast and
overlay measurement may be less sensitive to the focal position (overlay focus

independence requires the target sample layers to be of a PQQP type).

[0103] FIG. 19 shows a one-step off-center configuration for sample illumination and
collection using the single scattering optical Moiré effect including an objective 543. By
illuminating outside of the objective 543, zero order diffraction and possibly Moiré
diffraction orders may be blocked. This configuration is simple as it does not require any
access for the collection pupil. in this embodiment, illumination lobes 501 and 502 may
iluminate the sample (e.g., sample layers 214 and 216, and/or sample layers 218 and
220, etc.), and first order diffraction (+1, +1', -1, -1") may be collected by the collection
system. In this embodiment, signal DC is minimized (e.g., DC is of the same magnitude
as the collected non-zero harmonics). The image generated by this configuration may
include Moiré pitch harmonics and additional harmonics of a different pitch. Thus, when
the image is generated, non-Moiré harmonics may be removed algorithmically (e.g., using

any analog of a Fourier low-path filter).
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[0104] FIG. 20 shows a one-step off-center configuration for sample illumination and
collection using the single scattering optical Moiré effect including a blocker 561. The
blocker 581 may block zero order diffraction and possibly Moiré diffraction orders. in this
embodiment, illumination lobes 501 and 502 may illuminate the sample (e.g., sample
layers 214 and 216, and/or sample layers 218 and 220, etc.), and first order diffraction
(+1, +1', -1, -1) may be collected by the collection system. In this embodiment, signal
DC is minimized (e.g., DC is of the same magnitude as the collected non-zero harmonics).
The image generated by this configuration may include Moiré pitch harmonics and
additional harmonics of a different pitch. Thus, when the image is generated, non-Moire
harmonics may be removed algorithmically (e.g., using any analog of a Fourier low-path
filter).

[0105] FIG. 21 shows a one-step off-center configuration for sample illumination and
collection using the single scattering optical Moiré effect In this embodiment, illumination
lobes 501 and 502 may illuminate the sample (e.g., sample layers 214 and 216, and/or
sample layers 218 and 220, efc.), and first order diffraction (+1, +1', -1, -1} may be
collected by the collection system. In this configuration, the collection may be split into a
number of regions (e.g., collection regions 563 and 567) using a prism. Since two beams
are used for imaging, asymmetry in the amplitude between 1st and -1st orders does not
imply inaccuracy, moreover contrast and overlay measurement may be less sensitive to
the focal position (overlay focus independence requires the target sample layers to be of
a PQQP type). In this embodiment, signal DC is minimized (e.g., DC is of the same
magnitude as the collected non-zero harmonics). The image generated by this
configuration may include Moiré pitch harmonics and additional harmonics of a different
pitch. Thus, when the image is generated, non-Moiré harmonics may be removed

algorithmically (e.g., using any analog of a Fourier low-path filter).

[o106] FIG. 22 shows a one-step centric configuration for sample illumination and
collection using the single scattering optical Moiré effect including a blocker 523. The
blocker 523 may block zero order diffraction and possibly Moiré diffraction orders. An
iltumination lobe 501 may illuminate the sample (e.g., sample layers 214 and 216, and/or

sample layers 218 and 220, etc.), and 1st order diffraction (+1, +1', -1, -1) may be
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collected by the collection system. The illumination lobe 501 may illuminate the sample
at an angle of about 90° with respect to the sample, and may impinge the sample at or
near a central portion of a first working zone or a second working zone {e.g., working
zones 204 or 208). In this configuration, the collection may be split into a number of
regions (e.g., collection regions 563 and 567) using a prism. Since two beams are used
for imaging, asymmetry in the amplitude between 1st and -1st orders does not imply
inaccuracy, and moreover contrast and overlay measurement may be less sensitive to
the focal position (overlay focus independence requires the target sample layers to be of
a PQQP type). In this embodiment, signal DC is minimized (e.g., DC is of the same
magnitude as the collected non-zero harmonics). The image generated by this
configuration may include Moiré pitch harmonics and additional harmonics of a different
pitch. Thus, when the image is generated, non-Moiré harmonics may be removed

algorithmically (e.g., using any analog of a Fourier low-path filter).

[0107} The configurations of FIGS. 21 and 22 each include a prism configured to split
the image into a number of images based on the location of the collection pupil. By
splitting the collection pupil, a blocker {e.g., blocker 523) is not required since the splitting
may move the undesired signal (e.g., undesired diffraction orders) into another optical
path (such that there is no interference between the undesired signals and other signals).
Thus, in FIGS. 21 and 22, the undesirable 0-order diffraction is removed by splitting the
collection pupil. In general, any of the configurations described with respect to FIGS. 5-
9B and FIGS. 12-22 may include pupil splitting in place of a blocker.

[0108] Referring now to FIGS. 23A-29B, various metrology targets and methods of
measuring overlay are described in detail. FIGS. 23A-B are flow diagrams illustrating
methods to calculate overlay by exploiting the symmetry of working zones. FIGS. 24A
through 26B illustrate overlay using metrology targets having Moiré patterns in two
working zones. FIGS. 27 through 28C illustrate overlay using metrology targets having
Moiré patterns in one working zone and single-layer structures (e.g., not a grating over
grating structure) in a second working zone. FIGS. 29A and 29B illustrate overlay using
metrology targets with three or more layers having Moiré patterns in two working zones,

where one layer serves as a reference layer. It is noted herein that the samples and
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metrology targets described with respect to the configurations of FIGS. 3-22 may be the
same or substantially identical to any of the samples and metrology targets as described
with respect to FIGS. 23A-29B. For example, any of the samples described with respect
to FIGS. 3-22 may include a metrology target having the sample layers 806 and 808 of
FIG. 28B, or a metrology target having the sample layers 914 and 916 of FIG. 29B, etc.

[0109] FIG. 23A is a flow diagram illustrating steps performed in a method 2300 for
measuring overlay, in accordance with one or more embodiments of the present
disclosure. For example, the method 2300 may be applied to measure overlay based on
a metrology target such as, but not limited o, metrology target 202 illustrated in FIGS.
2A-2C. Applicant notes that the embodiments and enabling technologies described
previously herein in the context of the metrology system 100 should be interpreted to
extend to the method 2300. it is further noted, however, that the method 2300 is not
limited to the architecture of the metrology system 100. Further, the method 2300 may

be applied to measure overlay along one or more measurement directions.

[0110] In one embodiment, the method 2300 includes a step 2302 of receiving an image
of a first working zone of a metrology target, the first working zone including one or more
instances of a first Moiré pattern including gratings in two sample layers. In another
embodiment, the method 2300 includes a step 2304 of receiving an image of a second
working zone of a metrology target, the second working zone including one or more

instances of a second Moiré pattern including gratings in the two sample layers.

[0111] The images of the first Moiré pattern 206 and the second Moiré pattern 210 may
be associated with separate images or a single, common image. In one embodiment, an
image of the entire metrology target 202 is obtained (e.g., with the metrology system 100)
such that the first working zone 204 and the second working zone 208 may be analyzed
based on the same image. In another embodiment, separate images of the metrology
target 202 (or portions thereof) are generated for the analysis of the first working zone
204 and the second working zone 208. In this regard, images may be generated using
different imaging conditions (e.g., different wavelengths of illumination, angles of
illumination incidence, polarization, focus, or the like).
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[0112] In another embodiment, the method 2300 includes a step 2306 of determining a
first axis of symmetry orthogonal to a measurement direction associated with the first
working zone. in another embodiment, the method 2300 includes a step 2308 of
determining a second axis of symmetry orthogonal to the measurement direction
associated with the second working zone. In another embodiment, the method 2300
includes a step 2310 of measuring a difference between the first axis of symmetry and
the second axis of symmetry. Further, a center of symmetry 212 of one or more working
zones may be found by determining axes of symmetry orthogonatl to different directions

(e.g., orthogonal directions) and finding an intersection point.

[0113] The axes of symmetry of the first working zone 204 and the second working zone
208 may be determined using any technique known in the art in step 2302 or step 2304.
For example, techniques suitable for the measurement of the centers of symmetry of

typical AlM targets without Moiré patierns may be used.

[0114] FIG. 23B is a flow diagram illustrating a method 2312 for determining an axis of
symmetry of a working group orthogonal to a measurement direction. In this regard, the
method 2312 may be associated with step 2306 and/or step 2308. FIG. 24Ais a top view
of the metrology target 202 of FIG. 2C with additional markings illustrating the application
of the method 2312, in accordance with one or more embodiments of the present

disclosure.

[0115] In one embodiment, a step 2314 includes selecting a region of interest (ROI)
including at least a portion of elements within a working group. For example, the solid
boxes in FIG. 24A represent a ROl 402 selecting portions of the first Moiré pattern 206 in
the first working zone 204 and the dashed boxes represent a ROl 404 selecting portions

of the second Moiré pattern 210 in the second working zone 208.

[0116] In another embodiment, a step 2316 includes generating a measurement signal
based on the ROIl. For example, each value of a measurement signal along the
measurement direction may include average (or cumulative) intensity values in the ROI

along an orthogonal direction.
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[0117] It is contemplated herein that the Moiré fringes associated with a Moiré pattern
(e.g., the first Moiré pattern 206 or the second Moiré pattern 210) may have a relatively
fow contrast with respect to the grating structures forming the Moiré pattern that may be
visible in an image of the metrology target 202. In another embodiment, a step 2318
includes isolating Moiré fringes in the measurement signal. For example, the step 2318
may include one or more orders of Moiré fringes (e.g., 1t-order, 2"%-order, or the like).
Isolating the Moiré fringes may decrease noise and increase the accuracy and/or
sensitivity of the determination of the axes of symmetry in step 2306 and/or 2308 and
may thus improve the accuracy and/or robustness of the determination of the axis of
symmetry.

[0118] The Moiré fringes may be isolated in step 2318 using any technique known in the
art. In one embodiment, the measurement signal is filtered to isolate the Moiré fringes.
For example, the spatial frequency content of the measurement signal may be analyzed
using a 1D or 2D Fourier filtering or other frequency-based decomposition technique (e.g.,
decomposition of the measurement signal into sin and/or cos signals). Further, a
frequency-selective filter may be used to isolate the spatial frequency of the Moiré fringes

(e.g., 15t-order Moiré fringes, 2™-order Moiré fringes, or the like).

[0119] In another embodiment, the method 2312 may include a step 2320 of determining
an axis of symmetry 406 of the working zone orthogonal to the measurement direction
based on the measurement signal. An axis of symmetry 406 of a working zone orthogonal
to the measurement direction may be determined using any technique known in the art
(e.g., in step 2306 or step 2308 of method 2300 or step 2320 of method 2312). In one
embodiment, a portion of the image of the first Moiré pattern 206 (e.g., the ROl of step
314) is correlated with a symmetric version of itself to determine the axis of symmetry.
For example, an axis of symmetry 406 of the first working zone 204 may be determined
by generating a copy of the portion of the image including the first working zone 204,
rotating the image copy by the relevant rotational symmetry of the metrology target 202
(e.g., 90°, 180° or the like) and performing a correlation between the original image and
the image copy at various locations as a function of position along the measurement

direction. In this regard, the location along the measurement direction providing the
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highest correlation between the original image and the rotated version may correspond
to the axis of symmetry 406 of the first working zone 204. By way of another example, in
the case of a working zone having reflection symmetry (or mirror symmetry), the axis of
symmetry 406 of a working zone may be determined by correlating a reflected copy of

the working zone with itself.

[0120] As described previously herein, the steps associated with the method 2312 may
be applied to determine the axis of symmetry 406 of any number of working zones. For
example, both step 2306 and step 2308 may include the application of the method 2312.

[01211 It is to be understood, however, that the method 2312 for determining an axis of
symmetry 406 of a working zone along a measurement direction is provided solely for
illustrative purposes and should not be interpreted as limiting. Rather, an axis of
symmetry 406 may be determined using any technique known in the art. In one
embodiment, an axis of symmetry 406 of a working group along a measurement direction
may be applied by first determining regions of interest (e.g., ROl 402 in step 314), isolating
one or more orders of Moiré fringes along the measurement direction by performing a
spatial frequency filtering operation on the entire ROI (e.g., by treating the features as
having infinite dimensions along an orthogonal direction and applying a 1D filtering
operation similar to step 318), and correlating the ROI with a rotated version of itself to
determine the axis of symmetry 406.

[0122] In another embodiment, the method 2300 includes a step 2322 of calculating an
overlay error between the two sample fayers along the measurement direction by dividing
the difference between the axes of symmetry of the first and second working zones 204
orthogonal to the measurement direction with a Moiré gain factor. For example, in FIG.
24A, both the first working zone 204 and the second working zone 208 have overlapping
axes of symmetry 406 orthogonal to the measurement direction (e.g., the X-direction)
since FIG. 24A illustrates a case with no overlay error. However, in the case of a physical

overlay error, the axis of symmetry 406 will not overlap.

[0123] For example, in FIG. 24B, the first working zone 204 and the second working

zone 208 do not have overlapping axes of symmetry. In FIG. 24B, the first working zone
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204 has an axis of symmetry 406 with a center of rotational symmetry 212, while the
second working zone 208 has an axis of symmetry 407 with a center of rotational
symmetry 213. The axis of symmetry 408 does not overlap with the axis of symmetry
407, and the center of rotational symmetry 212 does not overlap with the center of
rotational symmetry 213. Thus, FIG. 24B illustrates a case with overlay error.

[0124] Due to the presence of the Moiré fringes, the difference between the axes of
symmetry determined in step 2310 is not equal to the physical overlay error between the
first and second sample layers. Rather, the difference between the axes of symmetry
corresponds to relative shifts of the Moiré fringes. Accordingly, the physical overlay error
along a measurement direction may be determined by dividing the difference between
the axes of symmetry orthogonal to the measurement direction by a Moiré gain
associated with the particular layout of the metrology target 202.

[0125] It is recognized herein that the Moiré gain depends on the particular layout of the
metrology target 202. For example, the Moiré gain factor (M,) associated with the
metrology target 202 in FIG. 2A, where overlay is related to a shift of layer A with respect

to layer B, may be characterized as:

=M, =M, = o S (T
My =My — M, = P-Q S-T (Q-P T—s)' (7
Similarly, the Moiré gain factor associated with a shift of layer A with respect to layer B

may be characterized as —-M, = M, — M.

[0126] As is evident by equation (7), the Moiré gain is impacted by the conditional Moiré
factors associated with the first Moiré pattern 206 and the second Moiré pattern 210,
which are in turn functions of the particular values of the grating pitches P, Q, S, and T.
Accordingly, the values of the grating pitches P, Q, S, and T may be selected to increase
or otherwise optimize the combined Moiré gain and thus the sensitivity to physical overlay
errors. For example, the combined Moiré gain may generally be increased by selecting
values of the grating pitches P, Q, S, and T such that the Moiré gains of the first working

zone 204 and the second working zone 208 have different signs.
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[0127] Referring now fo FIGS. 25 and 26A-B, it is contemplated herein that the method
2300 is not limited to the particular geometry of the metrology target 202 illustrated in FIG.
2A. In a general sense, a working zone (e.g., the first working zone 204 or the second
working zone 208) may include any number of instances of a Moiré pattern (e.g., the first
Moiré pattern 206 or the second Moiré pattern 210), provided that the working zone is

rotation and/or reflection symmetric.

[0128] FIG. 25 is a top view of a metrology target 202 including a first working zone 204
including two instances of a first Moiré pattern 206 and a second working zone 208
including two instances of a second Moiré pattern 210, in accordance with one or more

embodiments of the present disclosure.

[0129] FIG. 26A is a top view of a metrology target 202 including a first working zone
204 including two instances of a first Moiré pattern 206 and a second working zone 208
including a single instance of a second Moiré pattern 210, in accordance with one or more

embodiments of the present disclosure.

[0130] FIG. 26B is a top view of the metrology target of FIG. 26A with additional markings
illustrating the application of the method 2312 of FIG. 23B. The solid boxes in FIG. 26A
represent a RO! 402 selecting portions of the first Moiré pattern 206 in the first working
zone 204 and the dashed boxes represent a ROl 404 selecting portions of the second
Moiré pattern 210 in the second working zone 208 (e.g., step 2314 of method 2312). The
ROI 402 and the ROl 404 are used to generate a measurement signals based (e.g., step
2316 of method 2312).

[0131] FIG. 27 is a top view of a Moiré-in-box metrology target 202, where the first
working zone 204 includes a single instance of a Moiré pattern 702 and the second
working zone 208 includes non-periodic single-layer structures surrounding the Moiré
pattern 702, in accordance with one or more embodiments of the present disclosure. In
FIG. 27, the Moiré pattern 702 includes grating-over-grating structures having periodicity
in the X-direction only such that the metrology target 202 in FIG. 7 may be used to provide
overlay measurements in the X direction (e.g., in accordance with method 300).

However, it is to be understood that the example metrology target 202 in FIG. 7 is
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provided solely for illustrative purposes and should not be interpreted as limiting. In one
embodiment, though not shown, a Moiré-in-box target includes a 2D Moiré pattern with
grating-over-grating structures having periodicity along both the X and Y directions to

provide overlay measurements along both the X and Y directions.

[0132] Referring now to FIGS. 28A-29B, in some embodiments, the metrology target
202 includes a reference layer. In this regard, the structures in the reference layer may
interact optically with structures in the additional layers to provide device-like metrology
targets (e.g., targets having features having similar size, density, and/or pitch as device
features). Device-like metrology targets including a reference layer are generally
described in U.S. Pat. Appl. Publ. No. 2018/0188663, published on July 5, 2018, which is

incorporated herein by reference in its entirety.

[0133] FIG. 28Ais a top block diagram view of a three-layer metrology target 202 having
Moire patterns based on grating-over-grating structures across multiple layers, in
accordance with one or more embodiments of the present disclosure. FIG. 28B is a
conceptual view of multi-layer grating structures in the Moiré patterns of FIG. 28A, in
accordance with one or more embodiments of the present disclosure. In one
embodiment, the metrology target 202 includes a first working zone 204 including two
instances of a first Moiré pattern 802 and a second working zone 208 including two
instances of a second Moiré pattern 804.

[0134] As illustrated in FIG. 28B, the first Moiré pattern 802 is formed from a grating
structure 806 having a pitch P in a first layer (layer A), a grating structure 808 having a
pitch Q in a reference layer (layer B), and no grating structure in a third layer (layer C),
where P#£Q. Further, the second Moiré pattern 804 is formed from a grating structure 810
having a pitch x-Q in the reference layer (layer B) and a grating structure 812 having a
pitch x-P in the third layer (layer A), where x is a positive number (e.g., a rational number).
in this regard, both the first Moiré pattern 802 and the second Moiré pattern 804
incorporate structures in the reference layer. Further, the reference layer structures need

not have the same pitch in the first Moiré pattern 802 and the second Moiré pattern 804.
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[0135] It is contemplated herein that the metrology target 202 in FIG. 28A is suitable for
providing overlay measurements between layers A and C. The Moiré gain (M, )

associated with a shift of layer A with respect to layer B for this metrology target 202 is:
@
M, = s (9)

[0136] FIG. 28C is a top view of a metrology target 202 based on FIGS. 28A and 28B
for measurement along two orthogonal directions, in accordance with one or more
embodiments of the present disclosure. In particular, the metrology target 202 illustrated

in FIG. 28C represents an example in which x=1.

[0137] It is to be understood that FIGS. 28A-28C and the associated descriptions are
provided solely for illustrative purposes and should not be interpreted as limiting. In some
embodiments, the metrology target 202 includes at least one working zone with a Moiré
pattern having three overlapping gratings in three layers, where one layer is a reference
layer. In this regard, the overlays between the other two pairs of layers may be recovered
either algorithmically (e.g., by filtering one or more measurement signals to isolate or
suppress desired spatial frequencies and/or Moiré fringes) or physically (e.g., using

additional working zones).

[0138] FIG. 29A is a top block diagram view of a triple-Moiré metrology target 202, in
accordance with one or more embodiments of the present disclosure. FIG. 29B is a
conceptual view of multi-layer grating structures in the Moiré patterns of FIG. 29A, in
accordance with one or more embodiments of the present disclosure. In one
embodiment, the metrology target 202 includes a first working zone 902 including two
instances of a first Moiré pattern 904, a second working zone 906 including two instances
of a second Moiré pattern 908, and a third working zone 910 with two instances of a third
Moiré pattern 912. As illustrated in FIG. 29B, the first Moiré pattern 904 is formed from a
grating structure 914 having a pitch Q in a first layer (layer A), a grating structure 916
having a pitch P in a second layer (layer B), and no grating structure in a third layer (layer
C), where P#£Q. The second Moiré pattern 908 is formed from a grating structure 918

having a pitch T in the first layer (layer A) and a grating structure 920 having a pitch S in
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the second layer (layer B), where T#S. The third Moiré patiern 912 is formed from a
grating structure 922 having a pitch T in the third layer (layer C) and a grating structure
924 having a pitch S in the second layer (layer B).

[0139] It is contemplated herein that the metrology target 202 in FIG. 29A is suitable for
providing overlay measurements between layers A and C or between layers A and B.

The Moiré gain (M) associated with a shift of layer A with respect to layer B for this

metrology target 202 is:

|

s
My =557 (10)

<

[6140] The Moiré gain (M,) associated with a shift of layer A with respect to layer C for

this metrology target 202 is:

M, = (11)

"T‘

wy

[0141] 1t is {o be understood that FIGS. 29A and 29B and the associated descriptions
are provided solely for illustrative purposes and should not be interpreted as limiting. For
example, a triple Moiré metrology target 202 may generally include additional variations
of arrangements of grating structures spanning the three-layers. In one embodiment, a
triple Moiré metrology target 202 includes a first working zone 902 having a Moiré pattern
based on grating structures on layers A and B, a second working zone 906 having grating
structures on layers B and C, and a third working zone 910 including grating structures
on layers A and C. Such a target may also be suitable for overlay measurements between
layers A and B as well as between layers B and C. Further, a metrology target 202 may
generally have any number of layers. For example, a N-tuple metrology target 202 may
have N layers with grating structures on selected layers to provide overlay measurements

between the selected layers.

[0142] The herein described subject matter sometimes illustrates different components
contained within, or connected with, other components. 1t is {o be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures

can be implemented which achieve the same functionality. In a conceptual sense, any
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arrangement of components to achieve the same functionality is effectively "associated"
such that the desired functionality is achieved. Hence, any two components herein
combined to achieve a particular functionality can be seen as "associated with" each other
such that the desired functionality is achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as being
"connected" or "coupled" to each other to achieve the desired functionality, and any two
components capable of being so associated can also be viewed as being "couplabie" to
each other to achieve the desired functionality. Specific examples of couplable include
but are not limited to physically interactable and/or physically interacting components
and/or wirelessly interactable and/or wirelessly interacting components and/or logically

interactable and/or logically interacting components.

[0143] It is believed that the present disclosure and many of its attendant advantages
will be understood by the foregoing description, and it will be apparent that various
changes may be made in the form, construction, and arrangement of the components
without departing from the disclosed subject matter or without sacrificing all of its material
advantages. The form described is merely explanatory, and it is the intention of the
following claims to encompass and include such changes. Furthermore, it is to be

understood that the invention is defined by the appended claims.
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