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CROSS-REFERENCE TO RELATED APPLICATION

f0001]  The present application claims the benefit under 35 US.C. § 119(e} of US.
Provisional Application Serial Number 62/836,254, filed April 19, 2019, entitled HIGH

Amnon Manassen, Andy Hill, Ohad Bachar, and Avt Abramov as inventors, which is

ipcorporated herein by reference in the entirely.
TECGHNICAL FIELD

(0002] The present disclosure relates generally to dllumination sources for opflical
metrology systems and, more particularly, to high-brnghtness dlummation sources based

a source per solid angle and spatial extent of the source. in a given optical system, the
effective source brightness associated with ight captured and directed through the
system controis the intensity of light that may be provided as an output. In the context of

optical metrology, the ilumination source brightness thus fimits the intensity of light on a

sample and thus the measurement throughput possible at a given sensitivity.
Accordingly, increasing the brightness of an fllumination source may enable increased
sampling rates, increasad sensitivity per measurement, or a combination of the fwo.
However, approaches o increasing souwrce brighiness must be balanced aganst
increases in cost, system compilaxity, and system reliability. it may therefore be desirable

to develop system and methads for providing efficient high brightness flumination.
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SUMMARY

Huminaton from the two or more input hght sources into an flumination beam, where the
Humnation from the two or more input hight sources occupy different portions of an nput
aperture of the collector. In another idlusirative embodiment, the illumination sourcse
inciudes a beam umformuzer. In one iiustrative embodiment, the beam undormizer
inciudes a first noncircuiar-core fiber {0 receive the flumination beam. in another
iHustrative embodiment, the beam uniformizer includes a second noncircutar-core fiber.

N .

iment, the beam uniformizer includes one or more caupling

In another Hlustrative embod

lenses to relay a farfield distribution of the illumination beam from the first noncircular-
core fiber to an input face of the second noncircular-core fiber, where a near-field outpud
distribution and a far-figid cutput distnbution of the dlummation beam from the second

noncircular-core fiber are uniform within a selected {olerance.

(00051 An #Hiuminglion source is disclosed in accordance with one or more illustrative
embodiments of the present disclosure. in one illustralive embodiment, the ilumination
source mnciudes two o more nput ight sources. in ancther illustrative embodiment, the
Humination source mcludes a collector ncluging one or more lenses (o combine
iHlumination from the two or more input fight sources into an illumination beam, where the
umination rom the two or mare input ight sources cocupy different portions of an nput
aperture of the collector.  In ancother fllustrative embodiment, the illumination source
includes two or more output fibers having different elendues. in another tiusirative
embodiment, the llumingtion sowrce includes a fiber coupler configured 10 selectively

to provide the llumination beam in a selected etendue.

[0008] A metrology system is disclosed in accordance with one or more ilustrative

ambodiments of the present disciosure. In one ilustrative embodiment, the meltrology

ot
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system includes twa or more input light sources. In another illustrative embodiment, the
metrology system includes a collector including one or more lenses o combine
Humination from the two or more input ight sources inte an dlummnation beam, wherein
the diumination from the two or more input ight sources occupy different portions of an
input aperture of the coliector. in another illusirative embodiment, the melrology system
includes one or more illumination oplics o direct the ilumination beam 1o a sampile. in

another flustrative embodiment, the metrology system meludes one or more collection

embodiments of the present disclosure. In one illustrative embodiment, the beam

uniformizer includes a first noncircular-core fiber 1o receive an illumination beam. in
another iustrative embodiment, the beam uniformizer inciudes a second noncircular-core
fiber. in another illustrative embodiment, the beam uniformizer includes one or more
coupling lenses 10 relay a far-field distnibution of the iilumination beam from the first
noncircular-core fiber to an input face of the second noncircular-core fiber, where a near-

field output distribution and a far-field output distribution of the ilumination beam from the

fe008]  itis 1o be undersiood that both the foregomng general description and the following
restrictive of the invention as claimed. The accompanying drawings, which are
incorporated in and constitute a part of the specification, Hlustrate embodiments of the

invention.

{0009] The numerous advantages of the disclosure may be better understood by those
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FIG. 1is a block diagram view of a high-brightness illumination system, in accordance

FIG. 2 is a conceptual view of an llumination source including a collector to combine input
hght from two or more input light sources inio a single source dlumination beam, in

Fi(. 3 18 a conceplual view of the beam uniformizer, in accordance with one or more
ernbodiments of the present disclosure;

.........

FIG. 4A is a cross-sectional view of a noncircular-core fiber having a square core, in
accordance with one or more embodiments of the present disclosure;

FG. 4B s a cross-sectional view of a noncircular-core fiber having a hexagonal cors, in
accordance with one or more embodiments of the present discioswre;

FIGa. SA is a conceptual view of a speckie reducer including a movable diffuser, in

accordance with one or more embodiments of the present disciosure;

posiioning the source diumination beam at varnous locations on an input face of a

fiber, in accordance with one or more embodiments of the present disclosurs;
FIG. 5C s a conceptual view of elendue switching by seleclively directing source

Humination beam 104 into a first selected fiber 10 provide g selecied system

afendue, in accordance with one or more embodiments of the present disclosure;

etendue, in accordance with one orf more embodiments of the present disclosure;
FIG. 8 18 8 conceptual view of the one or more filters, in accordance with one or more
ambodiments of the presant disclosureg;
FIGG. 7 s a conceptual view of the illumination system configured to provide high-
brighiness coherent tlumination, i accordance with one or more embodiments of

the present disclosure; and

Hlumination system, in accordance with one or more embodiments of the present

disclosure.
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DETAILED DESCRIPTION

The embodiments set forth hersin are taken to be flustrative rather than limiting. It should
De readiy apparent to those of ordinary skill in the art that varous changes and
modifications in form and detait may be made without depariing from the spirtt and scope

of the disclosure.

{0011} Embodiments of the present disclosure are directed to systems and methods for

providing  high-brightness illumination by combmning muitiple coherent diumination

sources into a single output distribution. Additional embodiments of the present

disclosure are diected 10 providing the combined output distribution into g selecied

semiconauctor favncation and metrology, the terms optical metrology and optical
metrology tool are used herein fo generally describe any optical system suitable for, but

not limited to, sample characterization and defect inspection.

(00121 llumination source brightness crifically impacts the design and performance of
optical metrology systems. HHumination source brighiness, or radiance, 18 related to the
radiation power from a source per sohd angle and spatial extent of the source. Further,
radiance on a sampie 18 imited by the radiance of the source.

[0013) ltis generally desirable to provide a high-brightness iflumination source to provide
efficient and flexible use of light from the source. Accordingly, the design of an optical
system such as a metrology system that may utilize an lumination source may
incorporate tradecfis between a desired optical invanant for the system, overall system
cost, and destred performance metrics such as sensilivity and throughput based on the
brightness of agvailable sources. For exampie, an ilumination source with a fixed
prightness may impose constraints on the oplical design that may require tradeofts

ﬁ.



WO 2020/214746 PCT/US2020/028388

between performance metrics such as, but not fimited to, illuminated area on a sample,

sensitivity, and measurement throughput. By way of another example, increasing
Humination source prightness in a system with 8 fixed etendue or optlical mvariant may
enabie increased sensitivity and/or measurement throughput without further modification

to the system.

{0014] The bnghiness of an iluminalion source may generslly be increased by
increasing the radiated power from the dlumination souwrce or by decreasing any
combination of the solid angle of emission or the spatial extent of the source {8.g., the

etendue). Each of these factors may be constrained by technological limitations and/or

may constrain the possible solid angle of emission andior the spatial extent of an

Humination source based on desiwed radiance properties on a sample.  In some
applications such as, but not imited {o, imaging overlay metrology, it may be desirable {0
it or reduce the numerical aperture (NA) of illumination on the sample {0 improve
accuracy. However, imiting the numerical aperture may corespondingly imit the spatial
extent of the iluminabion source from which light may be collected and thus timi the

effective brightness of the source.

radiated power within a selected or consglrained etendue. However, directly increasing
the radiated power of a given Hlumination source i1s ofien technically challenging and may
require high cosis for modest gains n brightness. For exampie, increasing laser pump
power may increase the radiated power of an incoherent source such as a plasma-pased

increased spatial extent of the source) and thus provide limited increases to the source
brightness. By way of ancther example, noreasing pump power of a coherent laser
source {e.g., a supercontinuum laser source} may increase the radiated power, but this
may negatively impact the gain matenal iifetime and may result in inefficient and costly

sub-hinear photon per dollar bnghtness increases.
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{0016]  In some embodiments of the present disclasure, an illumination source combines
‘multiple coherant laser sources info a selected etendue to provide g high-brightness
gutput beam. In this regard, the brightness of the commaon output may pe related to the
sum of the input sources. For example, the ocutpuits of multiple lasers may be directed {o
a common collection optic, which combpines the hight into a single source beam. In this
regard, the ouipul of each iaser may occupy a different portion of the input numerical
aperture of g collection optic and the combined source beam will inciude the sum of the

input laser sources.

mitiple input lasers described above 1o generale an outpul peam that is untform in both
the near and {ar fields within selecled tolerances. However, 18 recognized nerein that a
beam unformizer in accordance with embodiments of the present disclosure may be
suitable for providing uniform output based on a wide range of input sources including.

put not imited to, a single source or a combination of mulliple sources.

h‘:

fibers having cores with noncircular shapes {e.q., noncircular-core fibers),  In this regard,
the oulput of a first noncircular-core fiber may be spatally uniform in the near fieid, but
may lack far-field uniformity {e.g., anguiar uniformity). By mapping a far-field distribution
(€.g., corresponding to the anguiar distribution) of the first noncircuiar-core fiber onto an
input face of a second noncircular core fiber, both near-field and far-field uniformity may
be obtained.

{oo1g] Additional embodiments are directed io mitigating speckle associated with
coherent laser sources. Speckie reduction may be achieved by generating multiple
decorrelaled speckie distributions within a relevant timeframe such as, but not limited to,
an integration time of a detector. For example, speckle reduction may be obtained
through a moving {e.g., rotating) diffuser piate. By way of another example, speckie

raduction may be obtained by scanning light over an input face of a multimode optical
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ambodiments, light from a coherant iflumination source may be scanned onio the input

face of a noncircular-core fiber of 8 peam unmformizer as gascribed herein.

[0020] Adaittonal embodiments of the present disciosure are directed o proviging
Humination with a seiected etendue. in this regard, the output from an illumination source
may be matched to an etendue of an optical system such as, but not limited to, an optical
metrology system. For example, ight from a source with a relatively low elendue such

as, but not imited 1o, a laser source may be efficiently coupled {0 a relalively iarger

numerical aperture) of an optical system.

{0021} Additional embodiments of the present disclosure are directed to switching or
otherwise controliing the ilumination etendue of a high-brighiness iuminalion source in
accordance with the present disclosure. For exampie, the idlumination etendue may be
selected or otherwise swilched based on a core size andfor a numerical aperiure of a
fiber i the sowrce. Further, an dlumnation source may include multiple oulput fiders
having different core sizes and/or numerical apertures such that the flumination etendue
may be controlled by selaching the core size and/or numerical aperture of the cutput fiber.
in some embodiments, an oulput fiber providing a selectad etendue may include a beam

uniformizer with one or more noncircular-core fibers as disclosed herein.

[0022] Additional embodiments of the present disclosure are directed to controling the
spectral shape and intensily of an output distripution of a high-brighiness dlumination
source. For exampie, a senes of tunable high-pass and low-pass spectral eage filters
may rapidly tune the spectral bandwidth of cutput ight. Further, a tunable intensity filter

may provide outpul ight with a selected intensity.

00231 Referring now to FIGS. 1 through 8, systems and methods for providing high-

brighiness dlumination will be describad in greater detadl.

[0024] FIG. 1is a block diagram view of a high-brightness illumination system 100, in

accordance with one or more embodiments of the present disclosure.

e
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include additional components to modity or otherwise control spatial, temporal, andior
spectral charactenstics of the source ilumination beam 104, In another embodiment, the
iHumination system 100 includes one or more fiters 106 to control the inlensity and/or the
spactral content of the source diummation beam 104. in another embodiment, the
Humination system 100 includes g speckie reducer 108 {0 mitigate speckle associated
with 8 coherent source ilummation beam 104. in another embodiment, the illumination
system 100 inciudes a peam uniformizer 110 to provide g uniform iumination beam 112
having a uniform spatial distribution in both the near fisld and the far field. For exampis,
the beam uniformizer 110 may mitigate the presence of holspols or other wreguilanties in

the spatial or angular profile of light from the dflurmination source 102,

[0626] In another embodiment, the illumination system 100 includes a controller 114

communicatively coupled to at least one of the illumination source 102, the filters 106, the
speckie reducer 108, or the beam uniformizer 110, in this regard, the controlier 114 may
provide one or more signais to one or more components of the dlumination system 100

including, but not fimited to, the Hlumination source 102, the filters 108, the speckle

of the source iflumination beam 104 or the uniform Hllumination beam 112.

[0027] in another embodiment, the controller 114 includes one or more processors 116,
in another embodiment, the one or more processors 116 are configured o execute a set

of program instructions maintained in a memory medium 118, or memory. Further, the

PR

Ng one of maore program

instructions stored in the mamory medium 118 execuiable by the processors 116. The
processors 116 of a controller 114 may nciude any processing element known in the art.
i this sense, the processors 110 may nclude any microprocassor-type device configured
to execute algonthms and/or instructions.  in one embodiment, the processors 116 may
consist of a deskiop computer, mainframe computer system, workstation, image
computer, parallel processor, or any other computer system (e.g., networked comptuter)

confgured 1o execute a program conhigured to operate the dliumination system 100, as
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described throughout the present disclosure. 1t is further recognized that the term

.......

procassing elements, which execute program mnstructions from a non-fransitory memory

meacium 118,

suitable for storing program instructions executable by the associated processars 118.
For example, the mamory medium 118 may include a non-transiiory memory medium.

As an aaditional axample, the memory medium 118 may include, but 1s not imited 1o, a

one embodiment, the memory medium 118 may be {ocated remotely with respect o ihe
physical iocation of the processors 116 and controiler 114. For instance, the processors
116 of controller 114 may access g remote memory {e.gQ., server), accessible through a
network {e.g., internet, intranet and the like). Therefore, the above description should not

pe interpreted as a iymitation on the present invention but merely an dlustration.

[0028]  Itis recognized herein that the steps described throughout the present disclosure
‘may be carried out by the controller 114, Further, the controfler 114 may be formed from
a single component or mulliple components. it is further noted herein that the mutiiple
componens of the controlier 114 may be housed In 8 commaon housing or within multiple
nousings. in this way, any controlier or combination of controllers may be separately

packaged as a module suitable for integration into the illumination system 100

art. Further, the flumination source 102 may have any selected spectral content.

(00311 In one esmbodimeant, the i#Hlummation source 102 includes one or more coherent
sources such as, but not limited to, one or more laser sources. in this regard, the

iHummation source 102 may produce a source illummation beam 104 having high

_ g@hemn{;@ {&.g., hig 3 &pﬁgiag ' ﬂﬁh @ r@ﬂﬂ‘eaﬂd m;— t@mpmrai cohera ngg} Fr E}{an*;pia{ the

j {3
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limited to, one or more supercontinuum lasers or white-light lasers. By way of another

way of a further exampie, the ilumination source 102 may nclude one or more tunable
lasers to provide a souwrce ilumination beam 104 having tunable speciral intensily.
product design. For example, the Hlumination source 102 may inciude, but are not iimited
to, any combination of one or more fiber lasers, one or more diode lasers, or one or more

gas iasers.

coherence sources o provide a source illumination beam 104 having low or partial
exampie, the diumination source 102 may include one or more hight emiting diodes
(LEDs). By way of ancther example, the dlumination source 102 may inciude a igser-
sustained plasma {(L.SP) source such as, but not imited to, an LSP lamp, an LSP bulb, or
an LoP chamber suitable for confaining one or more elements that, when excited by s

laser source into a plasma state, may emit broadband ilumination. By way of another

example, the ilumination source 102 may include a lamp source such as, but not fimited
to, an arc lamp, a discharge lamp, an electrode-less lamp, or the like.
{o033]  Further, the llumination source 102 may include any combination of light sources.

Or more continuous~wave sources 1o provide a continuous-wave source lumination hbeam
104, In another embodiment, the illumination source 102 mcludes one or more puisead

sources 1o provide a puised or otherwise modutated source lumination beam 104. For

i}
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of more Q-switched lasers, or the like.

[0035] The illumination source 102 may include or otherwise be formed from any number
ght source to produce the source tiumination beam 104, in another embodiment, the
Humination source 102 combines light generated by multiple input light sources such as,
but not imited to, mudtiple faser sources iNtc a single oculput beam. in this regard, Hght
from the mulliple input ight sources may be combined mio a common etendue {0 provide

high-brightness illumination.

feo3s]  In some embodiments, the illumination source 102 generates source illumination
beam 104 by combining fight from multiple input light sources. FIG. 2 is a conceptual
view of an ilumination source 102 including a collector 202 {o combine input light 204
from two or more input light sources 206 into a single source illumination beam 104, in

‘accordance with one or more embodiments of the present disclosure. For example, the

lenses or beamsplitters suitable for receiving input fight 204 from multiple input light
sources 200 and generating a combinad source #iumination beam 104. Accordingly, the
power in the source iflummaton beam 104 may be the sum of the powers of the input
ight sources 2006,

[(0037] The illumination system 100 may include any number of input hght sources 206
arranged in any selected distribution with respect {0 the collector 20Z. in one
embodiment, the itlumination system 100 inciudes multiple input ight sources 200 having
output optics {e.g., output iibers, cutput nmurrors, or the ike) arranged in 8 2D array patiem
(e.q., a 2D latice pattern). For exampie, the output optics of muitiple input light sources
200 may be arranged in & rectanguiar array, a tnangular array, a hexagonal array, or the
ke, in another embodiment, the ilummation system 100 includes multiple mnput hight

sources 206 arranged in a random or pseudo-random distnibution.

{0038]  The input light sources 206 may be arranged in any configuration to provide input

i: -

.
L
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in FIG. 2, input light sources 208 are arranged to provide input light 204 within dedicated
portions of an input numerical aperture of the collector 202. For example, as illustrated
in FIG. 2, the collector 202 may receive collimated input light 204 from each input source
206 within dedicated portions of the input aperture of the collector 202, Further, the
iHumination system 100 may inciude one or more collimation lenses 208 to colimate the
input ight 204 from the input hight sowrces 206. In another embodiment, though not
shown, the input ight 204 from the input ight sources 206 may overlap within the input
ght sources 206 may be arranged in a8 bundie such that the input kight 204 emerging
input fight 204 from the output fibers may overlap.

{0039] Each of the input light sources 206 may have any selected spectrum or power
characiaristics. in this regard, the spectrum of the source itiumination beam 104 may be
controfied based on the spectrum of the input light sources 206 and the power of the
source Hlumination beam 104 may controlled based on the number and powers of input
ight sources 206, In one embodiment, the fllumination system 100 includes multiple input
light sources 206 having substantially similar spectra and/or powers. in another

embodiment, the multiple input light sources 206 may have different spectra and/or

{0040] 1 is to be understoad, however, that FIG. 2 and the associated description is

the ilumination source 102 may include any number of components to combine light from

multiple sources into a single source llumination beam 104 using any technique known

input sources having orthogonal polarizations with a polarizing beam splitter 1o generate
the source illumination beam 104, In another embodiment, the illumination source 102
combines input hght from two of more nput sources with substantiaily non-gveriapping
specira using one or more dJdichroic beam sphtters. In ancther embodiment, the
Humination source 102 spatially or angularly packs input ight from two or more input ight
sources into a selecied stendue that may be, but s not required to be, larger than the
etendue of any of the mput ight sources.
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in greater detall. FiG. 3 is a conceptual view of the beam uniformizer 110, in accordance
with one or more embodiments of the present disclosure. Uniform illumination may be
beneficial for many applications mciuding, but not imited {0, oplical metrology. Howsver,
not all ilumination sources have sufficiently unttorm spatial or anguiar cutput protiles. For
example, a source ilumination beam 104 from an extended diumination source or a
combined flumination source {e.g., as illustrated i FIG. 2} may have a non-uniform
spatiat or anguiar profile, which may result m non-untormities in either the near or far
field. By way of another example, 8 source lumination beam 104 formed from mulliple
input laser sources (8.q., niput light sources 206} having different spectra may exhibit
spatially-varying speciral characienstics.  Accordingly, the peam uniformizer 110 may
provide a uniform filumination beam 112 having uniform spatial and spectral distributions

in {he near and far fields.

(00421 In one embodiment, the beam uniformizer 110 includes at least two noncircuiar-
core fibers and coupling optics for relaying light between the noncircular-core fibers {o
provide an unform itlumination beam 112 {hat is unidform in both the near and far fleld.
For example, FIG. 3 illustrates a beam uniformizer 110 having a first noncircular-core
relaving light exiting the first noncircular-core fiber 302a to the second noncircular-core

fiber 3020, M accordance with one or more embodiments of the present discloswre.

00431 1t is recognized herein that a single noncircular-core fiber 302 may increase the

operate as a near-field beam uniformizer. However, it may be the case that a single
noncircular-core fiber 302 may fai to uniformize the far-field distribution of light such that
tield distribution near the oulput face is spatially uniform. Fut another way, a singie
noncircular-core fiber 302 may uniformize the spatial distribution of light at an cutput face

with respect to the spatial distribution of ight at the input face, but may not necessarily

i
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[0044] In one embodiment, as llustrateg m FIG. 3, th& Eafﬂ unﬁrmizer "’igﬁ“i:_t‘}r- may
include coupling optics 304 to reiay a far-hield distribution (e.g., an angular gistribution) of
the output of the first noncircular-core fiber 3023 1o the input face of the second
noncircular-core fiber 302b. A far-field distribution corresponds to the angular distribution
of bght from the first noncircular-core fiber 302a and may thus be representative of the

far-field oulput distrnipution of the first noncircular-core fiber 302a, which may exhibit

.....

input face of the second noncircuar-core fiber 3020 accomplishes two things. First, any
core fiber 302b. Thus, the near-lield spatial distribution of the unform Hlumination beam
112 from {he second noncircular-core fiper 302b may be umiform {e.g., within a selected
tolerance). Second, the uniform spatial distribution in the near fisld at the output of the

first noncircular-core fiber 302a may be converted mto g unform angular distribution Nto

fo04s]  the beam uniormizer 110 may include noncircuiar-core tibers {(e.g., the first

noncircular-core fiber 302a or the second noncircular-core fiber 302b) having cores with
any size of shape suilable for untormizing output light with respect to input ight. it s

further recognized hersin that the etendue of the beam uniformizer 110 (and thus

potentially the lilumination system 100 as a whole) may be fixed by the total core size.

Accordingly, it may be the case that design requirements associated with the wavelength
and/or the stendue of an optical system may limit the folal core size and thus limit the
characteristics of the nonacircular core fibers in the beam uniformizer 110 {(e.q., the first

noncircular-core fiber 302a or the second noncircular-core fiber 302b)

{00461 In one embodiment, at least one noncircular-cors fiber in the beam uniformizer
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noncircuiar cross-sectional shape in a plane perpendicular {0 the length ot the tiber. For
gxample, a muiti-mode noncircuiar core may have a cross-sechional shape of a polygon

M,

with any number of straight edges. By way of another exampieg, a mulli-mode noncircular

(00471 FIGS. 4A and 4B are cross-sectional views of noncircular-core fibers, in
accordance with one or more embodimeants of the present disclosure.  In particutar, FIG.
4A 18 a cross-sectional view of a noncircular-core fiber 302 having a square core 402,

while FIG. 4B is a cross-sectional view of a noncircular-core fiber 302 having a hexagonal

core 402 (e.g., a regular hexagonat core 402). Itis to be understood, however, that the
examples of square and hexagonal cores ilustrated in FIGS. 4A and 4B are provided
solely for illustralive purposes and should notl be interpreted as limiting.  Further, a
noncicular-core fiber 302 may have a singie muili-mode core with any selected core size.
For instance, a noncircuiar-core fiber 302 may have, but is not imited 10, a square core
(e.g., as dlustrated in FIG. 44A) with 0.4 mm sides to provide a 0.22 NA, 0.2 mm sides {o

provide a smaller NA, 0.6 mm sides to provide a higher NA

.t

[0048] It is recognized herein that a bundle of closely-packed waveguides (8.g., a bundie

.o %

of individual rods, a multicore fiber, or the like) arranged in a noncircular array may provide

single multi-mode core at the operative wavelength having a noncircular cross-sectional
shape that would otherwise be suiiable for close packing or would unfold into a closely-
may mimic a bundle of ciosely-packed non-circular waveguides, bl may operale as a
single~core multi-mode fiber at a different size scale {e.g., {0 provide a desired etendue).
FOF exampie, 8 beam uniformizer 110 suitable for use with wavelengths extending into

the uitraviolel spectral range {e.g., suiiable for integration with an oplical metrology

1§
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fiber with a noncircular cross-sectional shape.

[06049] A noncircular-core fiber 302 {(e.g., the first noncircular-core fiber 302a or the
second noncircutar-core fiber 302b) may be formed from any matenal or combination of
materials by any process known in the art. For example, a core 402 and/or a cladding
404 may be formed from any material including, but not limited to, glass, polymer, or a

crysialiine maternial.

(00501 N may be the case that the efhcacy of the unfformity may be influenced by varnous
factors such as, but not imited to, the fiber length, the shape of the noncircular core or
the size of the noncircular corae. For example, increasing the fiber length may generally,

though not necessaniy linearly, increase the performance of the beam uniformizer 110,

[0081] Referring now to FIGS. 5A and 5B, the speckle reducer 108 will be discussed in
greater detall. in the case that the ilumination source 102 provides a spatially coherent
uniform ilumination beam 112, # may be desirable 10 provide a speckie reducer 108 o
generate muitiple decorrelated speckie distnbutions within a selected timeframe. bor
axample, it may be desirable to provide multiple decorrelated speckie distributions within

an integration time of a detector of an optical metrology system. in this regard, the

speckie associated with the spatially coherent source diumination beam 104 may naot

manifest as noise on the delector.

diffuser 502, in accordance with one or more embaodiments of the present disclosure. A
diffuser 202 may include any type of maternial that randomily or pseudo-randomiy scatiers
or spatially modifies the phase of incident light.  For example, the diffuser 502 may
include, but is not limited to, a ground glass plate, a pseudo-randomly etched plate, or the

ike. in one embodiment, the speckle reducer 108 includes a translator 504 to move the

diffuser B¢ at a rate sufficient 1o provide muitipie decorrelated speckie distributions within
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a rofation stage for rotating the diffuser 502 or a transiation stage for linearly transiating
the diffuser 502.

[0054] FIG. 5B s a conceptual view of a speckle reducer 108 including a controliable
mirror SU6 for positioning the source iiumination peam 104 at vanous iogations onh an
input face of a fiber 508, in accordance with one or more embodiments of the present
disclosura. itis recognized herein that a speckie distribution of light emerging from a fiher

gepends on the particular paths of the many wavefronts propagating through the hiber.

of the fiber.

foos5]  In one embodiment, as illustrated in FIG. 5B, the speckle reducer 108 includes a
vary the input angle or position of the source ilumination beam 104 on an input face of
the fiber 508. Further, the controliable mirror 506 may be, but is not required to be,
controfied by the controller 114. The controliable mirror 506 may include any type of
moveabie or deformable mirror known in the art. For example, the controliable mirror 506
may inciude a galvanometer. By way of another exampie, the controliable mirror 506 may
inciude a resonant scanner. By way of anather exampie, the controilabie mirror 506 may

include a mirror attached {0 one or more rotation or transiation stages.

[00566] Further, the controliable mirror 500 may scan or otherwise direct the source
Humination beam 104 over any selectad portion of the core of the fiber 508 {e.g., the core
402}. In one embodiment, the controliable mirror 506 gvertfiils the core of the fiber 508 by
scanning or otherwige directing the source fiumination beam 104 over an area larger than
the core of the fiber 508, In another embodiment, the conirollable mirror 506 undertfilis
the core of the fiber 508 by scanning or otherwise directing the source illumination beam
104 over an area smaller than the core of the fiber 508. In another embodiment, the
controtiable mirror 506 scans or otherwise directs the source Hlumination beam 104 over

an area maitching the core of the fiber 308.

I8
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elements 512 to control the spatial size of the source Hlumination beam 104. Forexample,
as itlustrated in FIG. DA, the optical elements 512 may expand and/or collimate the source

iuminaton beam 104 on the diffuser 5027 {0 g selected size based on the size of various

......

another example, the optical elements 512 may expand and/or collimate the source
Humination béam 104 on the transiator 504. Further, the optical elements 512 may focus
the source ilumination beam 104 {0 a desired spot size suilable for couphng with any
subsequent components such as, but not limited to, the first noncircular-core fiber 302a
of the beam uniormizer 110. For nstance, the speckie reducer 108 may utilize scaliering
of the source illumination beam 104 by the diffuser 502 in FiG. 5A or the fransiator 504 in

associated with a core size of the fiber 506.

[0088] The fiber 508 may inciude any type of fiber known in the art. In one embodiment,
the speckie reducer 108 includes a dedicaled fiber 508. In another embodiment, fiber
08 may correspond to the first noncircular-core fiber 302a of the beam uniformizer 110,

in this regard, the speckle reducer 108 may direct the source ilumination beam 104 into

include a fiber 508, but provides multiple decorrelated speckle distributions of the source

Humnation beam 104 in any selected plane.

[0059] Further, as described previously herein, an optlical iiber may be charactenzed as
having an inherent etendue based on the core size and the numerical aperiure (NA) of
the fiber. However, it is recognized that the effective NA of a fiber may be adjusted to
100 providing iltlumination through an optical fiber may be conirolied or otherwise defined
by the etendue of the oplical fiber. In some embodiments, the illumination system 100
inciudes two or more oulput fibers having different etlendues {e.q., different core sizes
and/or different numerical apertures) and a fiber coupler to direct #iumination {(e.g., the
source itumination beam 104} into a selecied oculpid fiber 10 provide a selected system

etendue {e.g., a selecied illumination etendue).

{4
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atenduea, in accordance with one or more embodiments of the present disciosure. In ons
embodiment, the dlumination system 100 may inciude muitipie output fibers 514 (8.9,
output fibers 514a, 514b in FIG. 50} having different core sizes andfor numerical
apertures. For example, the output fiber 514a may have a core 516a having a first size
or NA and the output fiber 5140 may have g second core 516h having a second size or
NA. in another embodiment, the flumination system 100 includes a fiber coupler 518 o

direct light into the selected output fiber 514 10 provide a seiected system etendue.

o081}  The fiber coupler 518 may include any type of fiber coupler known in the art. in

transiatable mirror 520 {e.g., a galvanometer, or the like} and an associaled transiator
522 and one or more coupling oplical elemaents 524 (e.g., lenses). For exampie, the fiber
coupler 518 may include the confrollable mirror 506 of the speckie reducer 108. in
another embodiment, though not shown, the fiber coupler 518 may include one or more
transigiion devices 10 position a selected oufput fiber 314 i a beam path of the source

iHlumination beam 104. The fiber coupler 518 may also be configured to adjust the NA of

fight into the selected output fiber 514,

jooe2]  Further, the output fibers 514 may include any type of optical fiber. In one

embodiment, the Hlumination system 100 includes muifiple beam uniformizers 110 having

In this case, the fiber coupler 518 (e.g., the controllable mirror 506 of the speckle reducer
108 ilustrated in FIG. 58, or the like) may select a particular beam uniformizer 110
providing a selected diumimation etendue suitable for coupling into any external system
{e.g., an optical metrology system, or the fike}. In another embodiment, the ilffumination
system 100 ncludes any number of selected cutput fibers 514 as final system slements

to provide a selected lumination etendue.

20
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{0063]  Further, though not shown, any external components or systems to which the

iHumination system 100 may provide illumination {e.g., an optical metrology system, or
the like) may have one or more slements suitable for receiving output from any of the
selected output fibers 514, For exampie, if the light from the oulput fibers 514 may be
inciude one or more beamsplifters to direct light from each of the oulput fibers 514 {0 a
common beam path. By way of another exampie, an external system may include a fiber
coupler as described in the context of Fl. bU to selectively receive ight from a selected

output fiber 514 and direct the iight along a delined path.

embodiment, at least one of the one or more fiters 106 are communicatively couplied with

the controller 114 such that the controller 114 may control vanous characlernsiics of the

souree iumination beam 104.

[0065] In one embodiment, the ong of more fiters 106 nclude at least ong tunable
intensity filter 602 to selectively control the intensity of the source illumination beam 104.
For instancea, the tunable intensity filter 602 may include a posttion-varying neutral density
filter {(e.g., a gradient filler or the like). In this regard, the mntensity of the source
iHumination beam 104 may be controlied {e.g., by transiator 604} by adjusting the position

of the tunable intensity filter 602 with respect to the source llumination beam 104. For

selected focation. By way of another example, though not shown, the tunable infensity
filter 802 may mclude a hinear gradient fiter such that the intensity of the source
transiating the linear gradient filler 10 a selected location with one or more transiation
stages.
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fo086]  In another embodiment, the one or more filters 108 include at least one tunabls

spectral filter {e.g., tunable high-pass filters, tunable low-pass filters, tunable bandpass
filters, or tunable notch fillers) to selactively conirot the spectral characteristics of the
source flumination beam 104, For instance, the tunable spectral filter may inciude one
or more position-varying filters such as, but not limited to, one or more funable edge filters
in which a cutoff wavelength may be tuned based on the position or angle of the source
fHumingtion beam 104, Fﬂf example, as illustrated in FlG. 6, the one or more filters 106
may nciude a circular unable high-pass hifter 806 and a circular tunable low-pass filter
608 in which the high-pass and iow-pass cutoff wavelengths may be selected by rotating
the respective filters. in this regard, speciral charactenstics of the source llumination
beam 104 {8.9., a center waveiength, 8 bandwidih, a speciral fransmissivity value or the
ike) may be rapidly tuned by modifying the position of the tunable high-pass filter 606
and/or the tunable low-pass filter 808 with respect to the source lumination beam 104
{©.¢., by transialors 610).

the associated description, is provided solely for illustrative purposes and should not be

ination system 100 may include any type or

combination of mensity and/or spectral controllers known in the art.  Further, in some

embodiments, though not shown, the source illumination beam 104 may be transiated
{e.g., with a beam scanner, or the like} {0 selected iocations on any of the filters {e.g., the
tunable intensity filter 60Z, the tunable high-pass filter 606, and/or the tunable low-pass
fiter 608} to provide tuning.

[0068] Referring now fo FIGS. 7 and 8, the iﬂf@@fﬁﬂﬂﬁ of vaﬂusmmpmnantsﬂfthe
Humination system 100 as well as the integration of the illumination system 100 mio
external systems 18 descnbed in greater detail.

[0068] In & general sense, the varnous components of the dlumination system 100
iHustrated in FiG. 1 {e.g., the Hlumination source 102, the fillers 100, the speckie reducer
108, and/or the beam untformizer 110) may be integrated in any combination and order

suitable for providing an umiform tiumination beam 112 having seiected characlenstics.

X3
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configured as diustrated in FIG. 6, a speckie reducer 108 configured as illustrated in FiG.
58, and a beam uniformizer 110 configured as fllustrated in FiG. 3. For example, the

flumination source 102 may include a collector 202 to collect illumination from multiple

brightness source dimination beam 104, The filters 106 may inciude a tunabpie intensity
filter 6802 and one or more tunable specirat filters {e.4., a funable high-pass fiter 606 and
a tunable low-pass filter 608) 1o provide a source iumination beam 104 having selected
intensity and spectral characlernistics. The speckle reducer 108 may then include s
controtiable mirror 506 to scan the source Hlumination heam 104 across the input face of

R

the beam uniformizer 110 (e.g., the first noncircular-core fiber 302a). Accordingly, the

input light sources 208 and provide coupling of the source illumination beam 104 into the
peam untformizer 110, {18 recognized herein that the source dlumination beam 104
formed from the muitiple mput light sources 206 may exhibit substantial nonuniformities
(8.g., hot spots and the like). Accordingly, the beam uniformizer 110 may provide an
uniform itlumination beam 112 having a uniform distribution i both the near and far fields
(e.g., within selected tolerances). rurther, the etendue of the diumination system 100
may be controlled by the core size of the fibers in the beam uniformizer 110 {e.g., the
the speckie reducer 108, and the beam uniformizer 110 may thus provide a high-
prighiness tunabile coherent dlummation source based on the combination of mutiipie

input ight sources 206 into a selectad etendue.
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{00747 1tis to be understood, however, that the example embadiment in FIG. 7 and the

associated descriptions are provided solely for lustrative purposes and should not be
interpreted as iimiting. Rather, the i#Hlumination system 100 may be formed from any
combination of components i any selected order. For exampie, it may be advantages 1o
modify the order of the filters 106, the speckle reducer 108, and/or the beam uniformizer
110. Further, not all components must be included in every configuration. For example,
the speckie reducer 108 may not be reguired, particularly in applications where a partial
or iow coherence ilumination source 102 is used. By way of ancther exampie, it may be
the case that the filters 106 or one or more components thereot are not needed for a

particular application.

[0072] In some embodiments, individual components provided herein as part of the
Humination system 100 may be provided separately as stand-aione components. Hor
sxampie, the beam unformizer 110 may be provided as an independent device suitable

for use with a wide variety of input ight sources.

[0073] in some embodiments, the ilumination system 100 may be integrated info one or
more extemnal systems. For exampie, the flumination system 100 may provide a uniform
nigh-prightness unmniform dlumination beam 112 suilable for use in oplical metrology
sysiems.

[0074] FIG. 8 s a concepiual view of an oplical metrology tool 800 induding a high-

brightness illumination system 100, in accordance with one or more embodiments of the
present disclosure. 1The oplical metrology {ool 800 may be configured as any type of
metrology tool known in the arl including, but not limited to, an imaging metrology ool for
generating one or more images of a sampie 80Z or a scatierometry metroiogy tool for
analyzing the scattering and/or diffraction of tight from g sample 802, Further, the
meirology teol may be utthized i any application incluging, but not imited 1o, metrology
for charactenzing one or more aspects of fabricated structures {e.4., an overiay metrology
tool, or the like) or an inspection tool for detecting defects on patterned or unpatterned

sampies.
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system 100 {fo generate an uniform illumination beam 112 having high brighiness in a
selected etendue suitable for integration with the optical metrology toot 800, For example,
the dlumination system 100 may be, but is not required to be, configured as ilustrated in
F1G. 7. Further, the uniform iflumination beam 112 may have any spectral width. In one
embodiment, the lumination system 100 provides broadband coherent illumination (8.q.,

hased on mulliple supercontinuum {aser sources).

[0078] In anociher embodiment, the ophical metroiogy tool 800 directs the uniform

itumination beam 112 from the llumination system 100 as an illumination beam 804 to

Humination beam 804 as well as directing the illumination beam 804 {o the sample 802,

For example, the tlumination pathway 8086 may include, but is not required 1o inciude,
one or more lenses 808 {e.q., {0 collimate the illumination beam 804, to relay pupil and/or
field planes, or the like) or one or more beam-controlling elements 810 o modify the

iHumination beam 804. For exampie, the beam-controlling elements 810 may include, but

beam shapers, or one of more mirors {e.q., static mirrors, transiatable mirrors, scanning
mrrors, or the ike). in ancther embodiment, the optical metrology ool 800 includes an
objective lens 812 to focus the diumination beam 804 onto the sample 802 {(e.g9., an
pveriay target with overiay target elamenis located on two or more iayers of the sample
302}, In another embodiment, the sample 802 (s disposed on a sampie stage 814 suitable

for securing the sampie 802 and further configured {0 position the sample 802 with respect

to the illumination beam 804,

getectors 816 configured 1o caplure radiaion emanating from the sampie 802 (e.g., an

pveriay target on the sample 802) {e.¢., sample radiation 818} through a collection
pathway 820 and generate one or more overiay signals indicative of overlay of two or

more layers of the sample 802. The collection pathway 820 may include multiple oplical

ferd
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but not imitad to one or more lenses 822 or one or more beam-controliing elements 824
to modity the samiple radiation 818. For exampie, the beam-conirolling elements 824 may
include, but are not imited to, one or more hilers, one or more polanzers, one or more

peam biocks, or one or more beamsplitiers.

{0078] The detector 816 may receive any distribution of sample radiation 818 suitable
for a particular application. For exampie, the detector 816 may recewve an image of the

sampie 802 provided by elements in the collection pathway 820 {e.g., the objective lens

may receive radiation reflected or scattered (e.g.. via specular reflection, diffuse

reflection, and the like) from the sample 802. By way of another example, a detector 816

may recegive radiation generated by the sampie 802 {e.¢., luminescence associated with
apsorption of the ilumination beam 844, and the iike). By way of another exampile, a
detector 816 may receive one or more diffracted orders of radiation from the sample 802

(e.g., O-order diffraction, 1 order diffraction, ¥2 order diffraction, and the like). in this

meirology fool 800 may be onented in a wide range of conhigurations suitable for
Hummating the sample 802 with the ifllumination beam 804 and coliecting radiation
emanating from the sampie 802 in response to the incident dlummation beam 804, For

example, as llustrated in FIG. 8, the iflumination system 100 may include a beamsplitter

way of another example, the #iumination pathway 806 and the collection pathway 820

may contain non-overlapping oplical paths.
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can b& implemented whaﬁhachseve the same fuﬂﬁisanaiﬁy in .famﬁceg;ﬁ?uai-.s;eﬂs:a any

arrangement of components {o achisve the same functionality is effectively "associated®
such that the desired ftunclionaiily is achieved. Hence, any itwo componemts herein
combined o achisve g particuiar functionality can be ssen 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 "coupied” 10 each other {0 achieve the desired functionality, and any tws::t
components capable of being so associated can also be viewed as being "couplabig” to
each other to achieve the desired functionality. Specific examples of couplable include
but are not imited 1o physically interactable and/or physically interacting components
and/or wirelessly interactable and/or wirelessly interacting componenis and/or iogically

interactable and/or logically interacting components.

[0081] 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 i the form, construction, and arrangement of the components

without departing from the disclosed subject matter or without sacrificing all of s material

understood that the invention is defined by the appended claims.



CLAIMS

1. An illumination source comprising:
two or more input light sources; and
a collector including one or more lenses to combine illumination from the two or
more input light sources into an illumination beam, wherein the illumination from the two
or more input light sources occupy different portions of an input aperture of the collector;
and
a beam uniformizer comprising:
a first noncircular-core fiber, wherein the first fiber receives the
illumination beam;
a second noncircular-core fiber; and
one or more coupling lenses to relay a far-field distribution of the
illumination beam from the first noncircular-core fiber to an input face of
the second noncircular-core fiber, wherein a near-field output distribution
and a far-field output distribution of the illumination beam from the second

noncircular-core fiber are uniform within a selected tolerance.

2. The illumination source of claim 1, wherein the collector combines the light from

the two or more input light sources into a common etendue.

3. The illumination source of claim 1, further comprising:
two or more collimating lenses to collimate the light from the two or more input
light sources, wherein the collector receives the light from the two or more input light

sources from the two or more collimating lenses.

4. The illumination source of claim 1, wherein a core of at least one of the first
noncircular-core fiber or the second noncircular-core fiber has a shape of a regular

hexagon, a rectangle, or a square.
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5. The illumination source of claim 1, further comprising:

two or more output fibers having different etendues; and

a fiber coupler configured to selectively couple the illumination beam into a
selected output fiber of the two or more output fibers to provide the illumination beam in
a selected etendue.

6. The illumination source of claim 1, further comprising:
one or more additional beam uniformizers, wherein the two or more output fibers
comprise:

the beam uniformizer and the one or more additional beam uniformizers.

7. The illumination source of claim 1, wherein at least one of the two or more input
light sources comprises:

a coherent light source.

8. The illumination source of claim 7, wherein the coherent light beam comprises:

a laser source.

9. The illumination source of claim 7, wherein the laser source comprises:

a supercontinuum laser source.

10.  The illumination source of claim 7, further comprising:

a speckle reducer including at least one phase-varying optical element to
generate a plurality of decorrelated distributions of the illumination beam within a
selected timeframe to mitigate speckle in the illumination beam.

11. The illumination source of claim 10, wherein the speckle reducer comprises:

a movable diffuser.

12.  The illumination source of claim 10, wherein the speckle reducer comprises:
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a translatable mirror configured to vary a position of the illumination beam on an

input face of the first noncircular-core fiber.

13. The illumination source of claim 12, wherein the translatable mirror overscans the

illumination beam across the input face of the first fiber.

14.  The illumination source of claim 1, wherein at least one of the two or more light
sources comprises:

an incoherent light source.

15. The illumination source of claim 14, wherein the incoherent light source
comprises:

at least one of a laser-sustained plasma source or a lamp source.

16.  The illumination source of claim 1, further comprising:

at least one of a tunable spectral filter or a tunable intensity filter.

17. A beam uniformizer comprising:

a first noncircular-core fiber, wherein the first fiber receives an illumination beam;

a second noncircular-core fiber; and

one or more coupling lenses to relay a far-field distribution of the illumination
beam from the first noncircular-core fiber to an input face of the second noncircular-core
fiber, wherein a near-field output distribution and a far-field output distribution of the
illumination beam from the second noncircular-core fiber are uniform within a selected

tolerance.

18.  The beam uniformizer of claim 17, wherein the first noncircular-core fiber
uniformizes a spatial distribution of the illumination beam at an output face of the first
noncircular-core fiber with respect to a spatial distribution of the illumination beam at an

input face of the first noncircular-core fiber within a selected tolerance.
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19. The beam uniformizer of claim 18, wherein the second noncircular-core fiber
uniformizes a spatial distribution of the illumination beam at an output face of the
second noncircular-core fiber with respect to a spatial distribution of the illumination

beam at the input face of the second noncircular-core fiber within a selected tolerance.

20.  The beam uniformizer of claim 17, wherein the far-field distribution comprises:
an angular distribution of the illumination beam at an output face of the first

noncircular-core fiber.
21. The beam uniformizer of claim 17, wherein a core of at least one of the first

noncircular-core fiber or the second noncircular-core fiber has a shape of a regular

hexagon, a rectangle, or a square.
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