CATADI OPTRI C OPTI CAL SYSTEM FOR SCATTEROMETRY BACKGROUND Field of the

I nvention [00011 The present invention is generally directed to optical
systens, and nore particularly to catadioptric optical systens. Rel ated
Art [00021 A lithographic apparatus is a nachine that applies a desired
pattern onto a substrate or part of a substrate. A lithographic apparatus
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a conventional apparatus, a patterning device, which can be referred to as
a mask or a reticle, can be used to generate a circuit pattern
corresponding to an individual |layer of an IC, flat panel display, or

ot her device. This pattern can be transferred onto all or part of the
substrate (e.g., a glass plate, a wafer, etc.), by imging onto a |ayer of
radi ati on-sensitive material (e.g., resist) provided on the substrate.

[ 00031 The patterni ng device caiggigﬁﬁﬁbiﬁﬂgenerate, for exanple, an IC
pattern. The patterning device i |1y or alternatively be used
to generate other patterns, for exanple a color filter pattern or a matrix

of dots. I|npigdef@he InP@stiont he patterning device can be a patterning
array that conprises an array of |nd|V|duaIIy control | abl e elenents The
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conpared to a mask system ter patterning e su stra
measur enent gargevdar ynepettlioptricaopeicalygystemk] y  perforned. The neasur enent and
i nspection step typically serves two purposes. First, it is desirable to
det ect any:éaﬁgai areas where the pattern in the devel oped resist is
faulty. If i ent nunber of target areas are faulty, t he substrate
can be stripped of the patterned resist _and re-exposed, ef ul
corredf0P92] rat het lithagraphikiapgatetls Bawlmacghdentiseappligp adtt»‘lstf%[) mgtt‘%mtoréo a

process st %bit?atgor %é[}f]oie& Shstrftet A ﬁtp&@%ﬁtg ﬁ@%&&ﬁ% Bap l§e&s%8,ai;or %xaﬁneple in the

measur enent’s ow errors 1n I C appar

i|lum nati Qﬁamﬁztdtmmgﬂ’fm peixq aisplays, dhespeated ar&mtsc{msqmtnednmdiemég ﬁﬁrbmlng or
i n- subsequent exposures. [00051 However, errors in_the |ithographic
appar at us dHWHUCHES; 1Ty aganyraiignil @gpypius, mtpntt%@e‘t%mmwasmr fed to
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out in individual layer of an IC, flat panel display, or other dev.ice.. , This pattern can be
transferred onto all or part of the substrate (e.g., a glass plate, a wafer, etc.), by imaging
onto a layer of radiation-sensitive material {(e.g., resist) provided on the substrate.

[0003] The patterning device can be used to generate, for example, an IC pattern. The
patterning device can additionally or alternatively be used to generate other patterns, for
example a color filter pattern or a matrix of dots. Instead of a mask, the patterning device
can be a patterning array that comprises an array of individually controllable elements.
The pattern can be changed more quickly and for less cost in such a system compared to a
mask-based system.

[0004] After patterning the substrate, measurements and inspection are typically
performed. The measurement and inspection step typically serves two purposes. First, it
is desirable to detect any target areas where the pattern in the developed resist is faulty. If
a sufficient number of target areas are faulty, the substrate can be stripped of the patterned
resist and re-exposed, hopefully correctly, rather than making the fault permanent by

carrying out a process step, €.g., an etch, with a faulty pattern. Second, the measurements




addition to normal processing of the substrate) for detecting and measuring
errors in the lithographic apparatus are known. These nay involve
replacing the substrate with a measuring device or carrying out exposures
of special test patterns, e.g., at a variety of different nmachine
settings. Such off-line techniques také tine, often a considerable anmount,
reduci ng production tinme and during which the end products of the apparatus
will be of amyuslovowrorgual the yithograghie hppanaas i@ mBlminggml seftingseomeaghesure

avai | abl e. 1000 | n-1ine nmeasurenent and inspection procedures (i.e.,
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sour ce, suchddiion xen@mal geutsingwi thesubtaheyén deastds hhdhicas@ingeerosdimhthas a
xenon arc |anp. The fixed ang{lﬂ% can_be normal ly incident or obliquely
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scattering of light by periodic structures. The nost common technique is
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measur i ng afiged fAgfresd 4 dmction af Watdloggtapisugllyapgiag abusadb IR Source, such as
xenon, deuterium, or halogen based light source such as a xenon arc lamp. The fixed
angle can be normally incident or obliquely incident.

[0008] (2) Angle-resolved scatterometry measures the properties of scattered light at a
fixed wavelength as a function of angle of incidence, usually using a laser as a single
wavelength light source.

[0009] Using scatterometry the structure giving rise to a reflected spectrum is
reconstructed, e.g., using real-time regression or by comparison to a library of patterns
derived by simulation. Reconstruction involves minimization of a cost function. Both
approaches calculate the scattering of light by periodic structures. The most common
technique is Rigorous Coupled-Wave Analysis (RCWA), though light scattering can also
be calculated by other techniques, such as Finite Difference Time Domain (FDTD) or
Integral Equation techniques.

[00106] Known scatterometers, however, have several drawbacks. For example,

conventional scatterometers only detect one wavelength at a time. As a result, spectra




[ 0012] According to one enbodi nent of the present invention, there is
provided a catadioptric optical system having a high nunerical aperture
operates in a wide spectral range. The catadioptric optical system
includes a correcting plate, a first reflective surface and a second
reflective surface. The correcting plate conditions el ectromagnetic

radi ation to correct at |east one aberration. The first reflective surface
i s positi onedhtmeore tadn ees wakeergte heyo b dmeanvltialeaed, onhiel defireasenig toipl t he
correcting qﬁ&ﬁK)EQS %E&?Qn}tmffhf éCﬁfﬁ%% &§&e is positioned to focus the
el ect r omagnet 10N Feflec e PY7St  reflective surface onto a
target[opoift i on ofivenshbsdreglicg, wine 1£h&dbﬂ Ry aglarauy ddt add Be usddefol actirel by
the first reflective surface_ and focused by the second reflective surface
is not refMERUERS BY WsPestipadt ¢ likograghiePPArEiHer eby enabl i ng t he
catadioptric optical systemto operate in a broad spectral range. [0013]
Furt her enbodi nents, features, and advanta es of the present invention, as
wel | as the structure and oper at iSAAMEYL vari ous enbodi ments of the
present invention, are described |n detall bel ow with reference to the
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depict various catadioptric optical systens in accordance with énbodinents
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operate in a broad spectral range.
[0013] Further embodiments, features, and advantages of the present invention, as well as
the structure and operation of the various embodiments of the present invention, are

described in detail below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0014] The accompanying drawings, which are incorporated herein and form part of the
specification, illustrate the present invention and, together with the description, further
serve to explain the principles of the invention and to enable a person skilled in the

relevant art(s) to make and use the invention.

[0015] FIGS. 1 and 2 depict lithographic projection apparatus according to embodiments
of the present invention.

[0016] FIGS. 3A-C depict an example scatterometer.

[0017] FIG. 4 depicts a sensing and alignment system including a catadioptric optical

objective in accordance with an embodiment of the present invention.




nunerical aperture to a very high nunerical aperture. [0023] FIG 13

depi cts another |ithographic apparatus. [0024] FIG 14 depicts a plan view
of a surface included in the catadioptric optical systemof FIG 7. [0025]
FIG 15 depicts a plan view of a nonoljthic glass elenent included in the
catadioptric optical systemof FIG 9.4[0026] The features and advant ages
of the present invention will becone nore apparent fromthe detailed
descri90i8in set Fl6r thlepistsolotailsef theakadiophiccapticalrbigcore wf K. he  dr awi ngs,
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In the drawings, like reference numbers generally indicate identical, functionally similar,
and/or structurally similar elements. The drawing in which an element first appears is

indicated by the leftmost digit(s) in the corresponding reference number.

DETAILED DESCRIPTION

I. Introduction

[0027] The present invention provides a catadioptric optical system for scatterometry. In
the specification, reference to “one embodiment”, “an embodiment”, “an example
embodiment”, etc., indicates that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment may not necessarily include the
particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodiment, it is submitted that it is
within the knowledge of one skilled in the art to affect such feature, structure, or

characteristic in connection with other embodiments whether or not explicitly described.




i ncludes refractive elenents that are enbedded in the optical design of the
sensing branch. The refractive elenents are situated in a volunme that is
obscured by a small spherical mrror. A first surface (or group of
surfaces) in the alignnent branch has a comon surface (or surfaces) with
a convex reflective surface in the sensi ng branch. The convex reflective
surface can be partly reflective (such as, for exanple, 80 %reflection)
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optical systens according to one or nore enbodi nents of "the present
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the invention. The apparatus conprises an illumnation systeml|L, a
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conventional scatterometers. For example, such a catadioptric optical system has a very
high numerical aperture (such as, for example, approximately 0.95) and operates in a
wide spectral range (such as, for example, approximately 200 nanometers to 1000
nanometers). In addition, such a catadioptric optical system produces low obscuration in
the sensing branch (approximately 14%) and no obscuration in the alignment branch.
Moreover, such a catadioptric optical system includes fewer optical surfaces in the
sensing branch compared to conventional scatterometers, thereby minimizing scattering
and ghost images produced in the sensing branch. Furthermore, such a catadioptric
optical system has smaller dimensions and weight compared to conventional
scatterometers.
[0031] Before providing additional details of catadioptric optical systems according to
one or more embodiments of the present invention, it is first helpful to describe an

example lithography environment and scatterometery system in which such catadioptric

optical systerns may be used.




projector), w thout departing fromthe scope of the present invention.

Thus, the projected patterned beamcan be projected onto many different
types of objects, e.g., substrates, display devices, etc. [0034] The
substrate table W' is constructed to support a substrate (e.g., a

resi st-coated substrate) Wand connecfed to a positioner PWconfigured to
accurately position the substrate in accordance with certain paraneters.

[ 0035] The Hroj eExamplseystleogréphy. Envdrgehenact i ve projection | ens system) PS
is configured to project the beam of radiation nodul ated by the array of
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PD (e.g. adlglggygé‘gcégretgask or an array of individually controllable

el enents |'ates the beam In general, the position of the array of
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accordance stbbthat€ 81 RbRlape vitle bt tatn pdr@@a@fs. The term "patterni ng device” or
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to the radiedomageetin may elotirostasict b]ytlcal systems, or any combmatlon thereof, as

appropriate for the exposure radiation being used, or for other factors such as the use of

an immersion liquid or the use of a vacuum. Any use of the term “projection lens” herein

can be considered as synonymous with the more general term “projection system.”

[00306] The illumination system can include various types of optical components, such as
refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.

[0037} The patterning device PD (e.g., a reticle or mask or an array of individually
controllable elements) modulates the beam. In general, the position of the array of
individually controllable elements will be fixed relative to the projection system PS.
However, it can instead be connected to a positioner configured to accurately position the
array of individually controllable elements in accordance with certain parameters.

[0038] The term “patterning device” or “contrast device” used herein should be broadly

interpreted as referring to any device that can be used to modulate the cross-section of a




correspond to the desired pattern in the target portion of the substrate,
for exanple if the pattern includes phase-shifting features or so called
assist features. Simlarly, the pattern eventually generated on the
substrate cannot correspond to the patyern formed at any one instant on
the array of individually controllable’elements. This can be the case in an
arrangenment in which the eventual pattern formed on each part of the
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arrays, grating light valves, and L.CD arrays.

[0041] Patterning devices whose pattern is programmable with the aid of electronic
means (e.g., a computer), such as patterning devices comprising a plurality of
programmable clements (e.g., all the devices mentioned in the previous sentence except
for the reticle), are collectively referred to herein as “contrast devices.” The patterning
device comprises at least 10, at least 100, at least 1,000, at least 10,000, at least 100,000,
at least 1,000,000, or at least 10,000,000 programmable elements.

[0042] A programmable mirror array can comprise a matrix-addressable surface having a
viscoelastic control layer and a reflective surface. The basic principle behind such an
apparatus is that addressed areas of the reflective surface reflect incident light as
diffracted light, whereas unaddressed areas reflect incident light as undiffracted light.
Using an appropriate spatial filter, the undiffracted light can be filtered out of the
reflected beam, leaving only the diffracted light to reach the substrate. In this manner, the




devices) can also be used in a corresponding manner. In one exanple, a
diffractive optical MEMS device conposes a plurality of reflective ribbons
that can be deforned relative to one another to forma grating that
reflects incident light as diffracted Light. [0045] A further alternative
exanple of a programmable mrror array®enploys a matri x arrangenent of
tiny mrrors, each of which can be individually tilted about an axis by
appl ying a b@ﬁm dobandsopaiteined cacedrdingr iocthe jadilngssing pittere wp Itoy mmgrizphddressitdet ri ¢
actuation ns. Once again, the mrrors are matri x-addressabl e, such that
addr essed WPF ‘6F's reflect an incoming radiation beamin a different

di r ect jgpa3} han unagidriesgpeecittéd GBS as af alttibSvaerNGlter dafi €iliee bhtehit @dflaerain can
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pol ygonal smaps;, €nge agany dut Bygersagre @ﬁ&p@ddt[eeﬁ@hb] SE@lhﬂ‘}ﬂf addyghzed emirpugs
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substrate ha&® ane &) east eas

| east 100mTthlsamainﬁaa,smelat5mad ®ianl easbe @a&md &lcoldeasto thé audtiessihg haosh of
200mm at least 250nmm or at |east 300mMm Alternatlvely, the su strate has

a di anet er b matriggddressablsgpisers. at herrguirgd orix addressing @gdwrperiormeh ysing
300mMm at t 200mm at nost 150mm at nost 100mm or at
nost 75mm E%%P%Ebmgltmeégﬁihere the substrate is polygonal, e.g.,

rect angodelr, i ncAmthereaxampleqmttem@avate ib e paigran@alsie €D attrayt east 2 sides or

at | ea[?)E)473] S| des Elﬂt[og?ap%lucb%ga?zgh(is Qgg c%mlp(l?igg torr]ne chr more contrast devices. For
example, it can have a plurality of arrays of individually controllable elements, each
controlled independently of each other. In such an arrangement, some or all of the arrays
of individually controllable elements can have at least one of a common illumination
system (or part of an illumination system), a common support structure for the arrays of
individually controllable elements, and/or a common projection system (or part of the
projection system).

[0048] In one example, such as the embodiment depicted in FIG. 1, the substrate W has a
substantially circular shape, optionally with a notch and/or a flattened edge along part of
its perimeter. In another example, the substrate has a polygonal shape, e.g., a rectangular
shape.

[0049] Examples where the substrate has a substantially circular shape include examples
where the substrate has a diameter of at least 25mm, at least 50mm, at least 75mm, at

least 100mm, at least 125mm, at least 150mm, at least 175mm, at least 200mm, at least

250mm, or at least 300mm. Altematively, the substrate has a diameter of at most




at least 5cm at |least 25cm at |east 50cm at |east 100cm at |east 150cm
at least 200cm or at |east 250cm [0051] At |east one side of the
substrate has a length of at nost 1000cm at nobst 750cm at nobst 500cm at
nost 350cm  at nost 250cm at nost 150cm or at nost 75cm [0052] In one
exanmpl e, the substrate Wis a wafer, f%r instance a sem conductor wafer.
The wafer material can be selected fromthe group consisting of Si, SiGCe,
Si GeC, Si C, 5008an, Gask®st #olmmart mosd S0rfne atvafost 3¢@mmbet neost REdiving apoxsnd
sem conduct waf er ilicon r, a cerapic substrate, a gl ass
substrate, %dongnpaﬁé‘%‘fsi?&s s?ﬂ?sﬁ6%= g‘ifggi‘qsg]{%“mcan be transparent (for
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the substrate can vary and, to an extent, can depend on the substrate
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20m at | Akl 003l 989 £OOM sl LERSK FBOR a el PR, 0RATaE) 02

500m or at~I'éas 6 ernati ve € thickhess o €’ can
be at nost &§0AQakt BOcApst 3500m at nost 2500gm at nost 1750m at nost

1250m at nost 1000m at nost. 800m at npbst 600m at npst 500m at nost
400m WOSH: nostABlsaspne selssAtherfibsisaip Sy dlcagiharfat mast {¢P0say at mostai? O,
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typically ap ayer of resist to a sSubstrate and devel ops  the
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substrate. Alternatively, the projection systemcan image secondary
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el ements act as . shutter n this, respect, the rojection system can
conpr 1 so. arf B PRGNS Lo Mg RF DR RES el alode aPAREREH folils “ar v 2y (Known
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[0054] The substrate referred to herein can be processed, before or after exposure, in for
example a track (a tool that typically applies a layer of resist to a substrate and develops
the exposed resist), a metrology tool, and/or an inspection tool. In one example, a resist
layer is provided on the substrate.

[0055] The projection system can image the pattern on the array of individually
controllable elements, such that the pattern is coherently formed on the substrate.
Alternatively, the projection system can image secondary sources for which the elements
of the array of individually controllable elements act as shutters. In this respect, the
projection system can comprise an array of focusing elements such as a micro lens array
(known as an MLA) or a Fresnel lens array to form the secondary sources and to image

spots onto the substrate. The array of focusing elements (e.g., MLA) comprises at least

10 focus elements, at Ieast 100 focus clements, at least 1,000 focus elements, at least




or nore (e.g., 1,000 or nore, the majority, or each) of the focusing
elenments in the array of focusing elenents can be optically associated
with one or nore of the individually controllable elenents in the array of
individually controllable elenments, with 2 or nore, 3 or nore, 5 or nore,
10 or nore, 20 or nore, 25 or nore, 33%r nore, or 50 or nore of the
individually controllable elenments in the array of individually

control | abl £0,80® deeusselehems, 73t Fhgt MO afoche clooveatsl er (at.Igast MWD UOhEcuse of
one or nore ar%tu[gtors) at least in the direction to and away fromthe
substrate. ﬁgi ﬁ% ‘able to nmove the MLA to and away fromthe substrate
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[0058] As herein depicted in FIGS. 1 and 2, the apparatus is of a
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covere an "i ion liquid' having. a.relatively high refractive. .
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substrate, dgmsibyinpe safREBVeMay B lihdiddallUbntfcllabRY clembyts)egifsndtiaty, ltheui d
is located between the projection _systemand the substrate during
exposure. [APDELfUSRefebE; plg aafansIitseoIEme (€8¢ HEnloying & drepsmissiop sreiyvel a
radi ati on i.at | ource SO The radiation source provides
radi ati on ﬁg@g}%&gﬂmﬁ%@p@ﬁfgtae#ng@@t | east 5 nm at |east 10nm at |east .
11- 13 [0039]at | ealie Bhoglaphic dppasitusl@dniy ofita fypadiavibOmm (dudl siage)l @asiore
175nm at |east 200nm _at | east 250nm _at |east 275 nm at |east 300nm at
| east  325rHpstefe Fﬂg t I@é@ﬂmmalﬂpkﬁstqgéawcgl@eﬁﬁhe addidensh tables| gan bepsed 1n
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other tables are being used for exposure.

[0060] The lithographic apparatus can also be of a type wherein at least a portion of the
substrate can be covered by an “immersion liquid” having a relatively high refractive
index, e.g., water, so as to fill a space between the projection system and the substrate. An
immersion liquid can also be applied to other spaces in the lithographic apparatus, for
example, between the patterning device and the projection system. Immersion techniques
are well known in the art for increasing the numerical aperture of projection systems. The
term “immersion” as used herein does not mean that a structure, such as a substrate, must
be submerged in liquid, but rather only means that liquid is located between the
projection system and the substrate during exposure.

[0061] Referring again to FIG. 1, the illuminator 1L receives a radiation beam from a
radiation source SO. The radiation source provides radiation having a wavelength of at

least 5 nm, at feast 10nm, at least 11-13 nm, at least 50nm, at least 100nm, at least 150nm,




at nost 360nm at nost 325nm at nost 275nm at nost 250nm at nost 225nm
at nost 200nm or at nost 175nm The radi ati on can have a wavel ength

i ncludi ng 436nm  405nm 365nm 355nm 248nm 193 nm 157nm and/or 126 nm
[ 0062] The source and the |ithographic apparatus can be separate entities,
for example when the source is an exclilner laser. In such cases, the source
is not considered to form part of the lithographic apparatus and the
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The illuminator can be used to condition the radiation beam to have a desired uniformity

and intensity distribution in its cross-section. The illuminator IL, or an additional
component associated with it, can also be arranged to divide the radiation beam into a
plurality of sub-beams that can, for example, each be associated with one or a plurality of
the individually controllable elements of the array of individually controllable elements.
A two-dimensional diffraction grating can, for example, be used to divide the radiation
beam into sub-beams. In the present description, the terms “beam of radiation™ and
“radiation beam” encompass, but are not limited to, the situation in which the beam is
comprised of a plurality of such sub-beams of radiation.

[0064] The radiation beam B is incident on the patterning device PD (e.g., an array of
individually controllable elements) and is modulated by the patterning device. Having
been reflected by the patterning device PD, the radiation beam B passes through the

projection system PS, which focuses the beam onto a target portion C of the substrate W.




accurately, e.g., so as to position different target portions Cin the path
of the radiation beam B. Were used, the positioning neans for the array
of individually controllable elenments can be used to correct accurately
the position of the patterning device FDWIth respect to the path of the
beam B, e.g., during a scan. [00651 | n'%ne exanpl e, novenent of the
substrate table W is realized with the aid of a |ong-stroke nodul e

(cour se posiWitlothieaty) ofghelpesiginsr PWs @md)m@ltmcﬁqn@r (¥3 teee. ,pa;gmteirfgmm@;lc devipg,ch
are not exp|C|tI lepl.c |nF n h ho ke
stage cann Fe%eel%?(gsén?pagilvglsﬁl Oar Or's§/hs?tem t:?atﬁne S}bss{g %r&ﬂlge t% p%;él |0§1 t he

array of i ngdcarelg) by, s6@Btd pbiibi aiftdrairraiet pdriiond Clin bige paR o chatadihtivbhat
the beam B can _alternati veI y/ additionally he noveabl e, while the object

tabl e and/ obcanyd. aM¥hgye gped, thﬁdpwwg peagniar dhe ampe og F%ﬁt@%%ﬂﬂ%&@@e
fixed h
I xed positon 1Q Bh %\é'ugé‘d f &&eﬁﬂwchﬁ@el Iyl 5’63 ﬁ/ dﬂﬁ@g@r&gﬂmgla%ﬁ&g@n pith

arrangenent can assl st imtin e ap
alternati verespkuttﬂRhe@am c&"tl@;abeaheB,a@gL dmratg 2sdan the manuf acture of fl at

I di I th f th trate t ti
Dot ent®863Ean” beln Pieebmali pEmei S s B UredbIny Bt Kabed YU BF Hbooa
relative t0@@%@1&9%&&1@(go@gleepo\é%onﬁ%ﬁ an@*%A SR restrdkRemsane \ﬁiﬁé %oﬁﬁghi%gw

can be provided wth a systemfor scanhing the substrate across it at
subst ant i al Whichoars tnehexpletittic degictefl G06BE. As Bhanathdr rexBingle, 3, shotestivbarstage

radi ati on can, pbe dir dtothe att rnin evi ce beam
Lo ot o et et B ErE e aiohe Bee FEH e G ffe PER R ually oy
the beam sptddttoBablandelgnegst ed 1o Mle Q)%tt@;]ﬁﬁibdiﬂedjevchﬁe . béanshall d;aiae
realized that the beam of radiation B can also be directed at the

patterni ng dmaf@ewfadldﬁi@mally Hae @%’eébieﬁ whelsntheppbiette tableripadtse athe oprray of

ind 00, et MRty GRLEHAE (TGRS EIRVED HEY BBy 5 hiENdE InCHAFEL, e,
35 and 55 (ie'[tﬁwe mechEant Sﬁdh%hrtdﬁg&h@;t chniassigttin &inBfinQthgl le. of The apparatus.

patterning device PD nodu] ates. the beam of radiation B and reflects it back
to the beard's gplurtherepltepmtivgi Whichcansrize Yeranelisabliinathe dnwisiyre of Hiat panel

pr oj ect i on FYSLAM RS odllontirkle DB APREROWAL S8 mOPHEUSn oI hGh 13! LRHRACY®

arrangenents be ‘use Irect t latro
patt er ni ng geMihe eubDated culiceauaptd  Heombtel plative ot thersulssymteeirabléSNTl rFor
nnot. be required if

part 1 cul a7, a0 SLTENRTEIL SHeRoAS, I SO \NL S L ER0net B S L
appar at us Cﬁ“aé?@ss‘ftsﬁq shiBst&RMBY bndRE S8locity.

[0066] As shown in FIG. 1, the beam of radiation B can be directed to the patterning
device PD by means of a beam splitter BS configured such that the radiation is initially
reflected by the beam splitter and directed to the patterning device PD. It should be
realized that the beam of radiation B can also be directed at the patterning device without
the use of a beam splitter. The beam of radiation can be directed at the patterning device
at an angle between 0 and 90°, between 5 and 85°, between 15 and 75°, between 25 and
65°, or between 35 and 55° (the embodiment shown in FIG. 1 is at a 90° angle). The
patterning device PD modulates the beam of radiation B and reflects it back to the beam
splitter BS which transmits the modulated beam to the projection system PS. It will be
appreciated, however, that alternative arrangements can be used to direct the beam of
radiation B to the patterning device PD and subsequently to the projection system PS. In
particular, an arrangement such as is shown in FIG. 1 cannot be required if a transmission

patterning device is used.




[0068] 1. In step node, the array of individually controllable el enents and
the substrate are kept essentially stationary, while an entire pattern
inparted to the radiation beamis projected onto a target portion C at one
go (i.e., a single static exposure). The substrate table W' is then
shifted in the X and/or Y direction sd3that a different target portion C
can be exposed. In step node, the nmaxi num size of the exposure field limts
the siP86®F t heThedepiatedenparatys @nibraseidnispvesaldioigse static exposure.

[ 0069] In sca e . the array of.i.ndividuall nt,rol l.abl e .el n and
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the array ofeistilitdicdientiby ic@REHAY babldvielSRRehiollhdBdatad cas be de@thined

bet ween pul ses of the radiation systemand the pulses are tinmed such that
successi ve bathgdde-porenidisation andamagp swetsabehatasterisbeffrtbelprogretion syseB d'St he
substrate Consequ Ly, - a C f subsit r to
expose t he%o?%{lé? %&pgﬁ Ieﬁrla?lmﬁlﬁ}grsl?% Es)? rﬁ}epggjpg%%erh eztﬁ%@?l?sa{hg% Me%ﬁplrtg%:g]s(ﬁsll\!i S
repeat ed undchnihf direqivn) ef e satbatpoatich Waisgle bpeimiexpasatt, Whaeabthellempgh
[0071] 4. Continuous scan node is essentially the same as pul se_node except
that the sefbiderssamning motion detramines |the hoight §nthe sesaincadistisehnf gie target
radi ati on %qq'fior? substantially constant speed and the pattern on the array
of individuall'y controllable elements is updated as the beam B scans

acr osq00hE subst3.alke pWsanshoéxpdse sy . ofAisditidtaht icahtryilabbo reddnaertts risdiept i on

source or a pul sed radi ation source, synchronized to the updatijng_.of. the
pattern on ¥4 Yéﬁf‘ﬁBFarVr?&quiﬁﬁaPTeyP%ém FSOPI'I%PGFGB (é’rt%r?erﬁ’fg?,P PEHIPPHE qﬁééﬂ. it

substrate W using a pulsed radiation source. The substrate table WT is moved with an

essentially constant speed such that the beam B is caused to scan a line across the
substrate W. The pattern on the array of individually controllable elements is updated as
required between pulses of the radiation system and the pulses are timed such that
successive target portions C are exposed at the required locations on the substrate W.
Consequently, the beam B can scan across the substrate W to expose the complete pattern
for a strip of the substrate. The process is repeated until the complete substrate W has
been exposed line by line.

[0071] 4. Continuous scan mode is essentially the same as pulse mode except that the
substrate W is scanned relative to the modulated beam of radiation B at a substantially
constant speed and the pattern on the array of individuvally controllable elements is
updated as the beam B scans across the substrate W and exposes it. A substantially
constant radiation source or a pulsed radiation source, synchronized to the updating of the

pattern on the array of individually controllable elements, can be used.




14 [0072] 5. In pixel grid imging node, which can be perforned using the
| it hographi c apparatus of FIG 2, the pattern fornmed on substrate Wis
reali zed by subsequent exposure of spots formed by a spot generator that
are directed onto patterning device PD. The exposed spots have
substantially the same shape. On substlfate Wt he spots are printed in
substantially a grid. In one exanple, the spot size is larger than a pitch
of a pOPTled pi xBl In gireldgribimagng meiaivhish @hade pdibraxg osingeths githogmapha: By

ing intensi t i nted t . lized. .In bet
e’ exposur PR EIng FEpkfte Ry 68 sefiPRok ¥ Bolifed EnbiShe R ca.
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or entirely i fferent nodes of use can al so be enpl O\V/‘gd. 0074] FIG 13
depi cts a |9xppEsgrsaptiinevapihstaatiady e soneshiget Orawosire Vo tiscapivert piafted He

present iny LAan.Sim t . e I 13
conpri ses zf’%ﬂgtlaﬁpdg%%n%ﬁ gir%l %\ 3% seg é@lef}w%{}%u%%%?? %g?rrth%} %?ﬁaﬁ%ﬁ gﬁrétg%g F 1zcait e
tabl e WI, agtill, dupimicRGidatier iy she BxpdsOR/gppt BhHe. By watyiigt intnsiBy of e dpotd S
configured to condition a radiati%n beam B (e.g.,_ a beamof UV radiation
as provi dedryeds arpatteny iy taplizefla dn betyreen thpgrnosarepiavhesae abtensity Gerered by
a KrF exci NRkr i@$66ts X vaiRgAr F exciner laser). [0076] The support structure
(e.g., a nask tabfe) MI Is constructed to support a patterning device
(e.g.,[0673ask) NPorhimwatgsand@s kapaidneon thiPabne deoentedtmaddsmfaisé ior sttirely

positioner PM configured to accuratel osition the patterning device in
accor dance W‘ffﬁnﬁeg etgéﬁ?ﬁsi)%f’r“ef’iﬂ npl 3(%77] The substrate table (e.g., a
vafer thepfje) W Fig. ¢9 raé%i&tscat Bflof@phelafpay B8k @he td Sadher enfoddfiént br gpat ed
waf er) Wand connected to a second positioner PWconfigured to accurately

posi tion t peessobigveniton. Bmnikes ¢ FHamdeandi 2 thover thaiappasaina nBFKY.¢13 o0 pTi8Es ahe
j ecti . t . q. f i jecti | PS confi d
Po”) oroj ecintmipaive St b auPRg! e Ers sl EaRly T At s R Tp o

the patter riyggm. device MA onto a target portion C (e.g., conprising one or

nore dies) of the substrate W [0079] The illum nation systemIL may
i ncl ud@0Mr i ous hgpHymaratigpsydean Tkanpoianted toggadition g rpdiptieit beapeB (e.g., a

flective, i f | - At
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support st rgdiérared by KilFpgxeinie laser 6r an AfFadxeirhdrdasse) ght of , the patterning
devi C(:I0076] The support structure (e.g., a mask table} MT is constructed to support a
patterning device (e.g., a mask) MA having a mask pattern MP and connected to a first
positioner PM configured to accurately position the patterning device in accordance with
certain parameters.
[0077] The substrate table (e.g., a wafer table} WT is constructed to hold a substrate (e.g.,
a resist coated wafer) W and connected to a second positioner PW configured to
accurately position the substrate in accordance with certain parameters.
[0078] The projection system (e.g., a refractive projection lens system) PS configured to
project a pattern imparted to the radiation beam B by the pattern MP of the patterning
device MA onto a target portion C (e.g., comprising one or more dies) of the substrate W.
[0079] The illumination system IL may include various types of optical components, such
as refractive, reflective, and diffractive types of optical components, or any combination
thereof, for directing, shaping, or controlling radiation.

[0080] The support structure MT supports, i.e., bears the weight of, the patterning device
MA. It holds the patterning device MA in a manner that depends on the orientation of the




MA. It holds the patterning device MA in a manner that depends on the
orientation of the 15 patterning device MA the design of the |lithographic
apparatus, and other conditions, such as for exanple whether or not the
patterning device MA is held in a vacuum environnment. The support
structure MI may be a frane or a tabl > for exanpl e, which may be fixed or
novabl e as required. The support structure MI may ensure that the

pat t er ni ng pEhéteinieg ddvhed Mﬁatheadedigamf dut lidb@rmmappmﬂtu%mwher wndiﬁionesspelct t 0

my e constdar Evrgnemeste i I i S A LRI 8 ol BPRpE
device." [ Of@ldu Ipﬁ§rt Reh&Hrea P Ray téﬂ@ﬁhﬂem et &, 6N Rehple WS Eh mbts BEl fiRed i n
shoul d be broad interpreted as referri 33 to any device that can be used
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not ed t hat e pattern | on bea exact

cor respond {ise of fie: tdesd fredelpadt ‘@iazk’? herbinandyalicggamsiderctlispnonGnais ik thehste at e
W for exanple if the pattern M includes phase-shifting features or so
cal | ed assignepbiy, aterRPgdeRicty, t he pattern inparted to the radiation
beam corr LR, BRY fehf Ut BtedntHICHERER! udeBYRireih ShoRlddBY bt & dRE! NY
creat Elg%ir’ t he tggglg%qpoﬁl on C, suc‘ﬁ as an ?nt eglrlgt edn(ezllhrcglﬁt %/ 82]p5;e
Ref erri ng tiatefrGed 18 refednmgitd buyriltvatd that cay bt @ped to imper iavediatzon zedimalB ivoth Heam

froma radiation.source SO such asf r ex mer c -arc.lanmp for
provi di ng d’alﬁieﬂ’emdts Grosssreon el ayfoarraln 2 Pg &E gaggwp F(é’sgP%fh&rSﬂE?tﬂ?? di ng
DUV radi at i @ 110hofld&Y Rt gtah Rl pakieSSimpahad bR Whdiddéh Péim BURKY Ast dx@ktly
exanpl e 248, 193, 1137, and 126 run. The source SO and the |ithographic

appar at us rmvyrewndép&rﬁafi@rethpatterrem the targat pariond V\f\@n Stllh?éra@oWr te es@pls ikn
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system BD gﬁﬁgﬁi ifipagted fotthe rRNABARam BHvi PB&Irfesplbideretal pagidldr T@ictiond d4RF i
beam expander. I n other cases the source SO may be an integral part of the

it hogr aphlﬁt:d%’wé%emeatﬁbm ths HRgsTt @OTIRB > S asnrplegeldicirculd nercury | anp.
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[ 0083] The radlibtici mtntansossu&h agfolr Iexatmpfle«a@nmcﬁ@e:rahn@dﬁouﬁtoetdu@g diae oﬁdhmestl ng
the angular intensity di strlbutlon of the radi atlon be a eveI
General Iy, QY Tpdiglen.(Fan exgiae lasa o proxidme PHY; & diagiR G Wetffﬁﬁ?gﬁt 9f ess

referred tQuas, 0 WEhmd aas'fap an}ptffﬁaqgﬁ'lvl@byandof%tlﬁﬁ THéts%ﬁl%etS\O and

dlstrlbutlonlnapU| of t um’'nat’i on system |
the lithographic apparatus may be separate entities, for example when the source SO is an

excimer laser. In such cases, the radiation beam B is passed from the source SO to the
illumination system IL with the aid of a beam delivery system BD comprising, for
example, suitable directing mirrors and/or a beam expander. In other cases the source SO
may be an integral part of the lithographic apparatus, for example when the source SO 1s
a mercury lamp. The source SO and the illumination system IL, together with the beam
delivery system BD if required, may be referred to as a radiation system.

[0083] The illumination system II. may comprise an adjuster AD for adjusting the
angular intensity distribution of the radiation beam B at mask level. Generally, at least the
outer and/or inner radial extent (commonly referred to as o-outer and o-inner,
respectively) of the intensity distribution in a pupil IPU of the illumination system IL can
be adjusted. In addition, the illumination system IL may comprise various other

components, such as an integrator IN and a condenser CO. The illumination system IL




be adjusted. In addition, the illum nation systemIL nay conprise various
ot her conponents, such as an integrator IN and a condenser CO The
illumnation systemIL 16 nay be used to condition the radi ati on beam B,
to have a desired uniformty and intensity distribution in its cross
section at mask | evel. [0084] The radi!®ion beam B i s incident on the
patterning device (e.g., mask MA), which 1is held on the support structure
(e.g., nmaskmapbEasedrp, condition shegadinbembeinbl, toHeive atdesradi umgforrigy andkinkdhsity

accor dance ‘illltt% ﬁ(ggat.t[ern NP, .. I—l?a¥i ngkgralx[/ersed the mask MA, the radiation
beam B pass&&'tH _%St%gssﬁﬁﬂoél FOR* SY&t em PS, which focuses the beam B
onto ajops4Pet porkd ﬁﬂia@oﬁ‘fbeérﬁ% ﬁuﬂﬁ&éﬁbﬁ t%’pa{t@ﬂﬁéé dhe (@!gglr@%klmgs%ﬂﬁkﬁm
has a pupil PPU conjugate to the illum nation system pupill | PU. Portions

of radiati o helaerathe Supper stiectitat(eas magk bde Mutndis pattempd by thapatiemingn
system pupi }_} t I . t 1 5h i aff ect
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t he second positioner PWand posjtion _sensor IF (e.g., an interferonetric
devi ce, | i rid4pe 2&i8gdwrtion C ehhiscrestpls Wensor), the substrate table W can be

noved r at el : W] bk i 4 n
the pathogk “t ne’ ThaPiepiaRodion RuPPRul PRUFOAVERER n3NARaRH it pipi
anot her poslPLUL. olfogems arf r@ddatioh eingnatedtone xXipd indértsity disepbutioadati the FllGnindB9n can

be used to accurate osition the sk MA wi.th res t th ath of the
Fadi ati on_ HOSTEEURE 10 5 Hareri et Rtk SAerR atcst AFIoS PORrst RURTEREY 3, | or
during a sGgisk dafleHERestaln iBESEAL in@énswaismjﬁompth%_iﬁﬂmmﬁmbgyste?@bhﬁﬁd

with the aid of a |ong-stroke nodul e (coarse positioning) and
short -strok&Uspdul e (fine positioning), which formpart of the first

posi ti PM Simlarly. enent of the s trate table WI may. be

real i z@@ﬁﬂsi ng a Iy ngl?_sgl_fio&e) ngﬁ?amgngrhgw-aéiﬁr%%glonnﬁ%?re,ﬁiv@ﬁigcha‘} orm
part of thdangeeambiReadelitgNacarRMéoden of bpacifise s@ison, the SERRhEtc(@Te WDPRASES tO
a scanner) the mask table MI may be connected to a short-stroke actuator

only, or maEpovsd Fqcusiely.Nagk spas ¢ dositips tdifferentviaraey pheioap i(yre theupith @f s k

al i gnnent t i . P2. Al h. the
Subotrate Arbaton em MBS BRINS Sasioh @B M TROKE: bohic el M B
portions, trheeyxpiiitlpaegicediedlG.M3) spabeasdictowrelatchy peitidoht noRk MARgge are
known as scribe-lane alignpent, marks). Simlarly, in situations in which
more than &Rwed @ the PathRf the mdipionhsaneB «e- gmatteniaechgrical retrieval from a mask

library, or during a scan. In general, movement of the mask table MT may be realized
with the aid of a long-stroke module (coarse positioning) and a short-stroke module (fine
positioning), which form part of the first positioner PM. Similarly, movement of the
substrate table WT may be realized using a long-stroke module and a short-stroke
module, which form part of the second positioner PW. In the case of a stepper (as
opposed to a scanner) the mask table MT may be connected to a short-stroke actuator
only, or may be fixed. Mask MA and substrate W may be aligned using mask alignment
marks M1, M2 and substrate alignment marks P1, P2. Although the substrate alignment
marks P1, P2 as illustrated occupy dedicated target portions, they may be located in
spaces between target portions (these are known as scribe-lane alignment marks).
Similarly, in situations in which more than one die is provided on the mask MA, the mask
alignment marks M1 and M2 may be located between the dies.

[0087] The depicted apparatus of FIG. 13 could be used in at least one of the following

modes:




alignment marks M and M2 may be | ocated between the dies. [0087] The

depi cted apparatus of FIG 13 could be used in at |east one of the
following nodes: 17 [0088] 1.1n step node, the mask table MI and the
substrate table WI' are kept essenti al |ﬁ7 stationary, while an entire pattern
inparted to the radiation beamis projected onto a target portion C at one
time (i.e. asmg(le static exposure). The substrate table WI is then

shi ft ef0088h t he XImpigp srody, the meck table MT aﬂdethe aﬂtatrﬂtfeéa&émWT alledkept qwrrttnalim C
can be expo f the ex
limts thg §t|§%zij%n vﬁﬁl%pa{larp geietpatt%mtlmé)n Eﬂjl mage L?Jn S5 Oéecgdoﬁio £ laflger

exposure. [pP&ESh Catlone Sigi. mds&nglé Batigespostu@h| TheMibarnct tabie Wrhsthcatkiftcabl e
WI are scanned synchronously while a pattern inparted to the radiation

beam i s projleliEel aa@{%Yad%r%ﬁtl@@tso thyra iiléf@reet (areet pogticgy Gcfiap hyaxRased- In step
exposur e thkve
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reversal chamaget ér i sihglestait ekmsum oj ection system PS I n scan node, the
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direction) of the target portion. . I'n anot her t he mask™ tabl e
Ml is kept patiemtG &ild y m@c idynamig fmpbanrn)g Téue iy andediteetigradt drensubgtrate

devi d b d tt
par ted  qebHaVSaRAY torb BN Db ey B Sa e e yBe dhitiiien Shi
this node, ingREeE@iridY cRarBetbSRs R dhabiopRtisR Wykan IPS. BRERY86da kL ﬁllaﬁlmum

programmabl e patterning device is updated as required after each novenent
of the substizapétheagrpesyr fighd limithdhquadth (gudeawsrsganning daestion) pﬁrt@e@rgmru ng

a scan. i i |

lithogr aphyg Qtrﬂ&?qutgljl ?’%eg %Bh%lrcargrﬂﬁqgﬁre ﬁ%tréea%nt?lﬁgl E&é@l %ftea‘lengé m§§ glouon
pr ogr ammabl deterinarthakdight (of tha séannmgatirec @bt of @ thigeagrotien. [ 0091]

Conbi nati ons and/or variations on the above descri bed nodes of use or

enti r d09901di f f er &t apfiEsmade: fhe matly tableMBelsdirpt sspeRtiallyotafignary, holding a

Ilthography r
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are perf or natteoninifzeted satistmdibton Béwm esf;ﬁrepstctedfontmemga postamuenin thisaaedsi ng
he substrate depends, on the exposure of the

steps on each rtion qf
resist. In %&F@ﬁw@#% trﬂ%afﬁ%ioé%%ee@ HPLOYel Bt} th R epRHuRable patterning device

is updated as required after each movement of the substrate table WT or in between

successive radiation pulses during a scan. This mode of operation can be readily applied
to maskless lithography that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to above.

[0091] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

[0092] In lithography, a pattem is exposed on a layer of resist on the substrate. The resist
is then developed. Subsequently, additional processing steps are performed on the
substrate. The effect of these subsequent processing steps on each portion of the substrate
depends on the exposure of the resist. In particular, the processes are tuned such that
portions of the substrate that receive a radiation dose above a given dose threshold
respond differently to portions of the substrate that receive a radiation dose below the
dose threshold. For example, in an etching process, areas of the substrate that receive a

radiation dose above the threshold are protected from etching by a layer of developed




portions of the substrate that receive a radiation dose above a given dose

threshold respond differently to portions of the substrate that receive a

radi ati on dose bel ow the dose threshold. For exanple, in an etching

process, areas of the substrate that receive a radiation dose above the

threshol d are protected from etching a |layer of developed 18 resist.

However, in the ﬁpst exposure devel opnent, the portions of the resist that
a

receive a Feadl atlPwaAvaloscdhe BoswXPoRITe dgveloppicat, éh@qr@w&fdhammt et wrove

t hose areas t t re tern
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receive a radiation dose below the dose threshold by setting t
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el ements are set to provide the maxi numradi ation intensity on one side of
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t he position at whi ch the received dose drops bel ow the radiation dose
threshol d. efpfBenSs @19 3% o Praviee tegpagmunbradialign arteasitydys enesife 93 theature
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boundary, can Yoont r nore precisely by se |ng & individu
controll abl diffealcan‘e affects, bt 1gpelonfi tle radiatioatdosa diops pdi atisss adrarkitien Sohst Tl“hé e

that are on or. ne r patte feature boundary. Thes ot ,on
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"grayscaling.” scaling provides greater control of the position
of the pat tthreahdléat'ﬁheqaroﬁbmfdac idesp-offand radzlamsémsbl aross the tramﬂmmgr apley asd/st em

in which the raﬁlillation intensitﬁ I’Oi\;{l de qsubstrage \é i ven
i vi dual 1FE0RS GFeeRs) EosgiBimah (hEFATH, (FoBE LBEGEE tHho0 AolEe Fegre
just a nﬁx'}ﬁ‘élfﬂéf}abygetﬁﬂg th 1HEhQidiEHIE/ \é@ﬂtﬂﬁ]hble@lenll&@ssﬁlaﬁproafde rﬁﬁﬁ’ion‘]to points
radi ation intensity values, at least 8 radiation intensity val ues, at | east
16 radi at i om the substrate that are on or near the pattern feature boundary. These can be not only to
maximum or minimum intensity levels, but also to intensity levels between the maximum
and minimum intensity levels. This is commonly referred to as “grayscaling,”

[0094] Grayscaling provides greater control of the position of the pattern feature
boundaries than is possible in a lithography system in which the radiation intensity
provided to the substrate by a given individually controllable element can only be set to
two values (e.g., just a maximum value and a minimum value). At least 3, at least 4
radiation intensity values, at least 8 radiation intensity values, at least 16 radiation
intensity values, at least 32 radiation intensity values, at least 64 radiation intensity
values, at least 128 radiation intensity values, or at least 256 different radiation intensity
values can be projected onto the substrate.

[0095} It should be appreciated that grayscaling can be used for additional or alternative

purposes to that described above. For example, the processing of the substrate after the




intensity values, at least 32 radiation intensity values, at |east 64
radiation intensity values, at |least 128 radiation intensity values, or at
| east 256 different radiation intensity values can be projected onto the
substrate. [0095] It should be appreciated that grayscaling can be used for
additional or alternative purposes td’t hat described above. For. exanpl e,
the processing of the substrate after the 19 exposure can be tuned, such

t hat t her e eupesurocan bhned, woclpinktheicare mesbmsow pitentagraspenses of tegions of

substrate, dependent ,on received.radiatij.on.dose l.evel. For, exanpl e,
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responds i reostieeebe syheirde recgiyinga paskiatiosrioss abeie thepisstrthreshald but belay @
diati | t hi .

o oL on, SR8, MONE IS RRAORC, LULRENL SORPRARO) Bl BRLATRIE e ¢ |

across t he radibtdn dbse hbonicnthe ool thiaholdwesgbeds ied thirdembeneel SAccbidingly,

radi ati on dose profile can have at, | east .2 desi re% dose |levels, at |east 3
desired radfAYFoHEIeEebs B o Prayidp @aetiationy dese walieagfrass he sudate i

at least 6 i | ALk I : i iatlpn
Gose 1 vel &R BEEY TR A PRdy ) EHElRieREn Bhod B8l rafel FESe iR
dose profi |dose bavelsgatdenst 3 dbdied ripdiatiomatdse iselof dtdeast hdesitey raateinydosotevels) | i ng

the intensity of the radiation received  at ch .poji.nt on the substrate, as
oscr i bed AL o el Batiion Bost B9l A St b Fllidiordhsn FeBch poi i o
the sybedgiat e canshlEif@bs Meippriat@Dtht the RaliddonRRsE PRl Otdnart B¥trolled by
controlling the duration of the exposure of the point. Asa further

exanpl e, eaun¢thpds etherothan by myglysontoking dke poarsiy icatheradisgien vecervgdisheradn in

a plurality of successive exposures.. The - radi ation dose.received. by .each
poi nt can, AR BrBF ST0gaT, iy BRSHPRY Mo Fok Ga B isne risesh dors sy
exposi ng t kaclppbint ot Shagibairsielcas hRensisetr afditihRllp/berabirbNedby sotREss Ve
exposures. [0097]. FIG 2 depicts an arrangenent of the apparatus according
to the predbhdurayon fifi ha exppgre eiihgpeoinsedds @, lyrthen pxampde.neashfrpdatuemne et
flat panel _dj . pandi i I are
depi ct ed wisi1 fﬂ é;%'{:ﬁa &gr eeﬁ r{e‘}%%sige %%drlrgetra l(sﬁglpg'\?%%@ Ottfhmglﬁ‘gaggggwg%éssg?egpt@{ 13)‘%5 of
t he vari ousadiativodidomntezeived Gy, edchepaiatr canishaoefobd, ghr altdrdtdvelyobr talitionally
substrate, the contrast device, .the MA the beamof radjatjon, etc.,

remai n apﬁpn%%lﬁqdeby CORSHIE e RO¥WInga rlested subsqh of ths pluralisy of yusestsives
includes abgam&xpander, which

[0097] FIG. 2 depicts an arrangement of the apparatus according to the present invention
that can be used, e.g., in the manufacture of flat panel displays. Components
corresponding to those shown in FIG. 1 are depicted with the same reference numerals.
Also, the above descriptions of the various embodiments, e.g., the various configurations
of the substrate, the contrast device, the MLA, the beam of radiation, etc., remain
applicable.

[0098] As shown in FIG. 2, the projection system PS includes a beam expander, which
comprises two lenses L1, L2. The first lens L1 is arranged to receive the modulated
radiation beam B and focus it through an aperture in an aperture stop AS. A further lens
AL can be located in the aperture. The radiation beam B then diverges and is focused by
the second lens L2 (e.g., a field lens).

[0099] The projection system PS further comprises an array of lenses MLA arranged to

receive the expanded modulated radiation B. Different portions of the modulated




conprises two lenses LI, L2. The first lens LI is arranged to receive the
nodul ated radiation beam B and focus it through an aperture in an aperture
stop AS. Afurther lens AL can be located in the aperture. The radiation
beam B t hen diverges and is focused by the second lens L2 (e.g., a field

| ens). [0099] The projection system P2% urt her conprises an array of |enses
M.A arranged to receive the expanded nodul ated radi ation B. Different
portions of radionbgunat edrrepondiag e el ghe ndividedpsaitralable deraends
nore of the. indiy] | | ol I abl I n{. i-n t atterni devi ce
PD, pass thi' ottﬁ}g I?\é{rt%ﬁ%gc%%v\?/cg%? ’fqagsfg'ﬁ?euglﬁ erﬁsr%gttlfﬁ_dlifpﬁaretnggen ray lgftﬂg S gg
M.A. Each |ensssiMLAs @ach heds fespeche weptift pormioafof themomdatb@tQethtion Geahi BN
beam B to a point which lies on the substrate W In this way an array of
radi ati on sfi§ot 80igt mhicholigtoan theptibsiratn &V s Jpdhsarey 9o aray @f d@onagpeisediiat ed

that, alt hoé%g;las&q&?&o ﬁﬁ@mbs{rﬁgqﬁ.s Iptvill B@g Hché}!a!é& rtﬁ&t?ﬁt}%ﬁéﬁ%gnll(}gei@‘ggafs?% %fl are

shown, the array o enses can conprise t housands®o n € sane
is true of thhellastrangd efray odilenseidl|are cbomynofhleadtay ef kmeest can csephisesmhdne

patterning device PP). I1]). Exanple dioptric tical ste ed For
Scatt er omet 9“ﬁaﬁgs ﬂ&%‘??ﬁ’a SR %ﬁ% ¥ Oéfln‘%@uﬁikgaﬁoﬁiﬁgééﬁm%s

[0100] A cajdia@MeHafie@Bld fdlcePyt em i n accordance with an embodi ment of
the present invention nay be uséd in a scatteronetry systemto sense or

detect properties of the surface of substrate. [0101] FIG 3A depicts a
scat t er ometldl. byEmminphe dbatadioptoice Qptogadr bystenst deel Haorf Scattedfometry In

substrate 6 nmay Rec8RiRicE Weth EhibclinRRRPOMERY Prddat BsdttRipet er

conprises a radiation source 2 (e. g., a broadband (white |ight) radiation
sour cahgifhi ch dirsehsptEAdbRhi WhANLP adeoRdASt ake

radi atellbonm,ins passeﬁ topa sgl%sorg}él ?’2. g.a, a s%gﬁhr%rggﬁnggﬁaéﬁééfgl%ﬁg&ﬁ%h
measur es a ispadtionumayl be (ised emsi topttaematry systeinote hse wadeteenpopdrtied of hiee
specul ar refl ct%(ejs ég%l ation. Fromthis data, the structure or profile

gi ving riseé"tg°t fie et ed spectrum may be reconstructed, e.g., by

Ri gor qugofoup! edkIGVEMRE PR ¥ SdaBicrdffdtdd B) wWHiLSHe drqﬁér%@&ﬁiéarof% SRRkt Son
wth a library of simulated spectra, as shown in FIGS." 3B and 3C. In
general , f orsulistratee@ omayt beicleiconined helngan emhbdinfent, nthe fscattpgomeétei comapeses sa

Kpown and SRR AUFLS Tedecs FRINPRE KRR AR FUBRGR RS PHRECHRY

structure rgdiation onto a substrate 6. The reflected radiation is passed to a sensor 4 (e.g., a
spectrometer detector) which measures a spectrum 10 (intensity as a function of
wavelength) of the specular reflected radiation. From this data, the structure or profile
giving rise to the detected spectrum may be reconstructed, e.g., by Rigorous Coupled
Wave Analysis and non-linear regression or by comparison with a library of simulated
spectra, as shown in FIGS. 3B and 3C. In general, for the reconstruction, the general
form of the structure is known and some parameters are assumed from knowledge of the
process by which the stracture was made, leaving only a few parameters of the structure
to be determined from the scatterometry data.

[0102] The scatterometer may be a normal-incidence scatterometer or an oblique-
incidence scatterometer. Variants of scatterometry may also be used in which the
reflection is measured at a range of angles of a single wavelength, rather than the
reflection at a single angle of a range of wavelengths.

[0103] FIG. 4 depicts a scatterometry system 400 that can sense one or more properties of

the surface of wafer 490. System 400 has an alignment branch and a sensing branch that




to be determned fromthe scatteronetry data. [0102] The scatteroneter may
be a normal -inci dence scatteroneter or an oblique- incidence scatteroneter.
Variants of scatteronetry nmay also be used in which the reflectionis
nmeasured at a range of angles of a single wavel ength, rather than the
reflection at a single angle of a ranggl of wavel engths. [0103] FIG 4
depicts a scatteronetry system 400 that can sense one or nore properties of
t he surfacebeth farer cabdiopgicsertivedepiam4d8an & pperaternroparbndie alighnzeng endi ng
branch that _21. shar at.adi optri.c.opti.cal. system 480. To rate
properly, tﬁ%n%a%bg%ﬁ%hﬁf %gﬁ?j%@eé@%ﬁeﬁ PBP %%aéﬁ g H%Zbr?a“cf.“’ﬁg@? 8t 8@%1"‘?”5 al
speci fi cati ghspinktmassecdshey peserti diffeegnfuncliddsy Ninfsdriabily, OGS dgtical
performdifferent fupctions. Inportantly, catadioptric optical system 480
functions pFHER I4P0Wunsians iHepeslyt Welin Wiscwlictlcweridisaions didath tthféaégﬂfgfmﬁrent

branch and [ t Qg ' dyi I .

cat adi optri (B:Itéﬁ%lg?? %é S%@%&%@%ﬂ nichegﬁes a dr(gigltglitl tc&ajei%ﬁ)déﬁaﬁleﬁ@4g’4&§%ﬁ0%tﬁc

obj ective sysicinsdstén 4B0einclaliesgmwptital elannmin 434 emndi angobjeaive vystamd470. The

cat adi optri C'gongthi cgl system 4?)0 are desc%l.bed in. rirore detai|l bel ow. [0104]
The al i gnefiSHHReRh OFench, $rouHe OFngh gt cafationtiia optical spsterA80r & dsseribeddrer -
490. The alj.gnd®nt pdpench includes an illum nation source 412 (such as a

wi de band light enmitting diode (LED)) that provides a first beam of
el ect r fidhet i ¢ Thelphginpmt bramchns useddnpllign sysiemf400switlh &amrérasn a vegferc49al

bet 450 ters and 60 ters.  The first b
b ough opt | R EPBHRTE FS0 T 50 AR bl GEh 6h N By a et
el enent  434emilihee Hiddst(LBEYIias Xhmdbsdé\ Fieg tiRdmt b eleahorRlinesd raRaticdh/ O Adl

focused on a portion of wafer 490. The first beamis then refl ected back
t hrough ob§xeetlgethe7 dirgnbeaspthasad weelrad nrangg dbetwedse 440 spinontetars 48€ 0P ect s

the first b u i e 0 am splifte 2 d then
onto a fi rsx?a%@éﬁg%ér)’ gglf ﬁreSE g’%&ﬁﬁﬁégr%@u@go{) p{&gldQ%rem\?fltc%e‘b’(0 )ﬁéﬁqg i ﬁ%ge
of waf er 49%hpimge\indadopticab eRfent 454, Thé fiugddainois ahdrgdirectadsthasigh Udjomivh
specific portions. of wafer 490. 1101251 The sensing branch is used to sense
or detect tHd Fddeeised 0B norEonfi B Wb r thedirst begm igdlrearrellesedhbasck thiongh t o

e, boat LaaREY LS BRLAYBmeRtA, 30 pLAG ARRL LSS BIBL! o AU ERe,

descri bed a 5 The sen ra i nc an iTTumnation source
(such as a 4 foegsihe tens 450 rhd btdnospl SN ASE dnd\vhengomao aifinitaeiser eh¢ . §.0 b tearge t hat

g;gghgeze:rﬁoﬁggaglgvfgg ?&BS) ellh%%}n;ggg v?éa e} 2902 %gcgv?éeid r;, selgsrg)r%gdl,ei‘)s( %srgc)ll tg ’ali;[gl?e
system 400 with specific portions of wafer 490.

[0105] The sensing branch is used to sense or detect the features on the aligned portions
of wafer 490 according to known scatterometry techniques, such as the scatterometry
techniques described above. The sensing branch includes an illumination source 410
(such as a tungsten illumination source having an interference filter) that provides a
second beam of electromagnetic radiation. In an example, the second beam has a
bandwidth of approximately 10 nanometers and falls within the spectral range of
approximately 300 nanometers to 800 nanometers. The second beam passes through
optical elements 420, 422, 424, 430 and lens 432. Optical element 434 then directs the
second beam through objective system 470 and onto an aligned portion of wafer 490.
The second beam is reflected and/or refracted by the aligned portion of wafer 490 and
directed back through objective system 470 and optical element 434. The second beam
also passes through beam splitter 436, lens 440, aperture 442, and lens 444, and then

impinges on a second detector 446 (e.g., second CCD). Second detector 446 provides an




bandw dt h of approximately 10 nanoneters and falls within the spectral
range of approximately 300 nanoneters to 800 nanoneters. The second beam
passes through optical elenents 420, 422, 424, 430 and |lens 432. Optical

el enent 434 then directs the second begamthrough objective system 470 and
onto an aligned portion of wafer 490. 2Xhe second beamis reflected and/ or
refracted by the aligned portion of wafer 490 and directed back through
obj ective syBageni4ho d petticoalt veaferdsitkthat3g usefie detecbolvatursam thebedagsadses
t hr ough beawa§&l4bbter 436, |lens 440, aperture 442, and |lens 444, and then

i npi nges on a second detector 446 (e.g., second CCD). Second detector 446
provi dg0an 22 Aswgdtiohed dt@val dagidegbtdxospticaNsyefereF0eihclh@s dpiakl diémetgad4t o
detect features, on_the surface of wafer 490, [0106] As nentioned above,
cat adi opt r i 8nbghiegtiye syséame fi7AgoCriadionissoRiival switera | 48eist achromatisnt abyideti ve
system 470. L i I i 1}8&@, | Cy/h F
spectral ra%é;g&?gj&fg% %g&a%%ﬁg? ﬁ?ooﬁghﬁ%ﬁgsmté %ﬁ%{ n?hmtg%?sse\)&gg Séeﬁn used
in system 400, catdiopticomiticetsyem ¢80 haybieob4BAtinas thevseodisg bramth ¢suchnst he

sensi ng branch (ssuch as,  .appr.oxi mafely 149% by radi us) and sypstantially no
obscur at i onal?mo’glﬂ’é‘teé’( ?%ﬁr@ﬁ dﬁlrsiaﬁrtésub%'iafmﬂ s‘){% CP@PO’ai"?T_ngs#‘@H_gle%W%-ght,
and only a fiaws SHaflaCEmehieh RN HRHBUE Y BGAh 8K suBis ehdrBbNAldLBE: SRARE

i mages. [Oigrg FIG 5 depicts details of objective system 470 according to

one enbodi climigating ghestimegesd in FIG 5, objective system 470 includes a

convex rical rf ace 520,..a Qncave. as i cal .surface 510,. an | ens
550, SRR C ol SR o Bt A Cor GIRTBH Sy R IT] S hrg BEuo FRE sibanaBl R
have (1) refifuggdted en PIQPS! bbjegiveaysiche4 ) arIUREBOMRLEL spiaficall Ldthce SRoMy t he
alignment branch and (ii) reflective properties for the electromagnetic

radi ation $aneAYa wPphemsd isugadsr 3k end phigns i530. Ipherie sudagos 82(h sopuditionsd of
convex spher a : d,. 530 IS o) i nt ile
the refl ect{evgg’aéﬁ P %I‘Sﬁ"t :G\aglge gf% 9(}:1 %%V : %ﬁgﬁ erqrgé%lgsu@? %eeélﬁ%n%%g&écorﬁg%é@%n

aspheri cal Soinfthe aligifertbeandh afd {0y reflectiengopaases O drr dlE@@dniagnedy @ddgbai |

bel ow. [0108] For alignnent purposes, fer 490 is positioned closer to
| ens 530, a’@maetgs% Sensifgypranehy o Thiloiss therrghactiye mieestiessefoconyre spharisel Bates of

ot T o e g BRI, ISER Bl
i s focused dppetiehssubiafe G40 candatercadd® Gisphknealf suréitce bEl@mares usddefor sekingcted
of f wafer 4&20&%(3 igzl%sosrgaetgi%&%g/h t he alignnment branch to first CCD 454 (not
[0108] For alignment purposes, wafer 490 is positioned closer to lens 530, as depicted by
the ghost image of wafer 490. The first beam of electromagnetic radiation (used for
alignment) passes through a hole in concave aspherical surface 510, through convex
spherical surface 520, and is focused by lens 530 onto wafer 490. The first beam is then
reflected off wafer 490 and passes through the alignment branch to first CCD 454 (not
shown, see FIG. 4) as described above.
[0109] For sensing purposes, wafer 490 is positioned farther from lens 530, as depicted
by the solid image of wafer 490. The second beam of electromagnetic radiation (used for
sensing) passes through the hole in concave aspherical surface 510, reflects off of convex
spherical surface 520, and impinges on a reflective portion of concave aspherical surface
510. The reflective portion of concave aspherical surface 510 focuses the second beam
onto wafer 490. For example, three example rays 511, 513, and 515 are shown reflecting

off of convex surface 520 and concave aspherical surface 510 and being focused onto

wafer 490. Importantly, when used for sensing, objective system 470 can have a high




shown, see FIG 4) as described above. [0109] For sensing purposes, wafer
490 is positioned farther fromlens 530, as depicted by the solid inage of
waf er 490. The second beam of el ectronagnetic radiation (used for sensing)
passes through the hole in concave aiggerical surface 510, reflects off of
convex spherical surface 520, and ingi'nges on a reflective portion of
concave aspherical surface _510. The reflective portion of concave

aspheri cal BWR$TAE apaHIre dsurkeds. tihe exuppsdamsarinaihy §-RapeP-99and mpes not

exanple, th . , ar (o) | of
convex. sur AR EXERIBefy Sembhs. A de Y B R RO AR AThO My B
onto waf era @& speetpdrargat(ueh anhleout 08@ darfonreteetisi 00§, nanbinetets)ve system 470
can h hi gh 23 uneri cal rture (such as, for exanple, approxinmtely
0. 90 3@"’61‘63195) anﬁl“%ﬁea%t’ﬁ“?fﬁ??ﬁdﬁe"*aw 5‘@??}5&%@@%}9&% it gladieptric PRl ¢,
obj ecti ve systaMify P8 8lcaSinPs SRAELIMBYEh acBorthflR SRS Gh'AbJdRRYR JrHEN as
about 200 nanoneters fo 1000 nanoneters). [0110] Thus, beamsplitters 437,

434 and obj mresany eingFdiomo np Hiddlgicmat atatediappriv | eptiopl i systemssyst awotdante rrayh be
used in a scatteromnet in accordance wth.an,enbodi nrent of the present
Mvent i on. “SaraTRPFheeRaPEatPE08 fr e B LERRE i n accor dance i th
enbodifoent}s of tAgapiremant, Highy Athé@Al afLuaesidibftc Bpli@lsydtQd 1 heobiance
achromatic, high nunerical aperture catadioptric optical systemin

accor dance Wi @A earpogiversd ofrilin prgsent iy cptiers Bsluden e onnyensihet tal sadface andna ex
spherical s e . : I .surface .tioned tqQ receive
el ect romag n‘“lél)Ej P%/%r adi g?(?% nS%? @g%\f)t% ﬁlggggg%dvg%!msv%hélf: ?tg%qjg@ E{rl% argée}?g%gmgbr%@%x
aspheri c suohaee spleeridaishgtied. allpocoiveg dsphdritesurfaet |i9\Wesignals phiekditg €6lulé | on
2 Z(r) CY +Ar4 +Br6 1+ 1-(1+K)C2r2 (Eg.1) +Cr8 +Drl10 +Erl12 +Fr14 +G 76
+Hr 18 +Jr 200lipwingagpherigequston,y ot ¢ s the curvature at the pole of the
surface; K is the conic constant; and A through J are the 4th through 20th
order deformation ternsz(:o ane' seberal enbodi nents for designing
a catadioptric optical systemiadl+Kk’’ (Eg. 1)

+Cr8 e DAY+ EF 2 B+ PO + B 4 %0
wherein:
PP =x%+y?;
¢ 1s the curvature at the pole of the surface;
K is the conic constant; and
A through J are the 4th through 20th order deformation terms.
[0112] There are several embodiments for designing a catadioptric optical system as
illustrated for example in FIGS. 6-9 and 12. In each of the embodiments depicted in
FIGS. 6-9 and 12, collimated electromagnetic radiation from an illuminator is focused
onto a small spot (such as approximately 10 microns) on a substrate (e.g., a wafer). Each
embodiment can be used for scatterometry, and each embodiment has an extremely wide
numerical aperture (such as a numerical aperture of approximately 0.95) and operates in a
wide spectral range (such as about 200 nanometers to 1000 nanometers). As shown in
FIGS. 6-9 and 12, each embodiment includes a correcting plate before a concave
aspherical surface. Each of these embodiments is described in more detail below.
[6113] FIG. 6 depicts an example catadioptric optical system 600 in accordance with an

embodiment of the present invention. As shown in FIG. 6, catadioptric optical system




illustrated for exanmple in FIGS. 6-9 and 12. In each of the enbodi nents
depicted in FIGS. 6-9 and 12, collimted el ectromagnetic radiation from an
illumnator is focused onto a small spot (such as approxi mtely 10

m crons) on a substrate (e.g., a waf er) Each enbodi nent can be used for
scatteronetry, and each enbodi nent hag4an extrenel y wide nunerical
aperture (such as a nunerical aperture of approxinmately 0.95) and operates
ina wde Gm)etnchmlbs aaamg:@cﬁ@phtmél(hmouﬁleﬁm ceavRnEiEers6 ko andG@ aspherical
nanomnet ers). shown LB FIGS. 6-9 and 12, each enbodi ment includes a
correcting ?51 f[’V@rB‘éTOSPé a concave aspherical surface. Each of these

embodi jggpds 1S des@édRg Gldtds TPERAHRIA R bedif bOWecthldgdbtiEtSiatiBn 48 Bdredct o)
exanpl e cat adioptric optical system 600 in accordance with an | enbodi nent
of the presermoleneical aherratignsfsoothas ARG As shewit 4elFdpt ¢4 eorsgting alats 9K em
24 600 |ncl d n al convex mrror 616, and
an aspheri ca Lﬁugié:soaﬁlcags e n%%fréruérgcgggén%[ao%’?lﬁ]f@a rrect|§ng plate 610 conditions a

beam qp1gdject r onsygdiveital Ccongeh ﬁt1tr0ﬂ1616) compriesta Sp’lﬁncﬂrreﬂﬁﬂﬁre&l&ffh&a% that is
aberrations (such as conm) shown in FIG 6, correcting plate

i ncl udes arPoskioned |f‘é£¢ﬂe§hﬁ¥ea%1§°t§02n3§ﬁ€ﬂ%w§tﬂ%9|°@81h'“§ﬁ‘i"q‘ aiféogectmﬁaﬂ%]ﬁm
Spheri cal shhe \V; f t hat
8 pos t 1 o riadeBt iR ABRIERS 6 BRRFAE Plait Bl BEM iRl ol B0
correcting 1p|aap}&n6310;oncﬁdeemhrooﬁbgmaimrmmgashoatsplmmcalouwmx miredt Y. (Sphermati ng
plate 610 passes thro (H%h a, hole. 6@ érl cal concave mrror and
i mpi nges  orfOSPfeIEH S0 8% PAFIHP %f%ec %ﬁ SPRRATES 18 3R VER TeFRCFLP 36‘1 ®tan
be positio Qts%@mﬁ@ﬂnaﬂlugﬁéte&hlﬁﬁ@rgﬁ inair with respect to a wafer (not
speci fi cal Ir@ Ilfustrated 1n FIG 6). [0116] Aspherical concave mrror 612
r ecei é$ldlhe el et&phcnmj gendaye neapad i 2omceiedd the t dtr@yag@pheadlaiwln rﬁﬂﬂ%ﬂﬂ ve

surface s6. cancave myr
et | octi ve CHFTRLETE v, SpTb te st ap BOVF g aff cORRARS i thericg!
target portipatRt shffﬁfce yvathet foclRk (16X aleb Emadidtie Xaiit o dnaé/taﬁéel pbﬁfohaﬁttﬁa by
aspherical reflective surface s7 is depicted in FIG 40117 An exanpl e
prescri pti ovaffior Fefessiagmmln gnreramplst ek S 1 sefteciadey @F@bfsmaéae eptiyhaurfaspisdds ment
of FIG 6 i h.below in Table 1. Surface type Radius Thickness
3 ass i?f‘%ﬁdtlb%gé' 600 yP

[0117] An example prescription for designing the optical surfaces depicted in the

embodiment of FIG. 6 is set forth below in Table 1.

Surface

type Radius | Thickness | Glass
sl infinity 25.000
s2 | Asphere1 | -88.929 1.800 | 8102
s3 -92.223 103.344
s4 infinity 0.000
s6 4.281 -37.510 | mirror
s7 | Asphere2 | 49.277 52.495 | mirror
58 infinity 12.587

Table 1




s2 As here 1 -88.929 1.800 5102 s3 -92.223 103.344 s4 infinity 0.000 s6
4.281 -37.510 mrror s7 Asphere 2 49.277 52.495 mrror s8 infinity 12.587
Table 1 25 [0118] Aspheric surfaces s2 and s6 of the enbodi nent depicted
in FIG 6 are defined by Eq. 1 in accordance with the paraneters set forth
below in Table 2. As here 1 Asphere 23 Y Radius -88.9295 49.27722 Conic
Constant (K) -345.515 -0.04662 4th Order Coefficient (A) -2.87E-05

- 1. 69E0098] 6t h QAdgheriCorffadesis2and ¢Bpf the@RBoGBnent BHete@ in Bith Ondaicfined by

Coeffi ci ent .-1.13E-07 -1,12E-14 10 der fficient (D) 8.26E-10
763K 15" 1807 B g e R pesergre Bruiefo W EaNG £y der Chet 11 cf ent
(F) 0 -1.06E-24 16th O der Coefficient (G 0 5.91E-28 18th Order
Coefficient (H 0 -8,79F-32 20th Order Coefficient (J) 0 O Table 2 [0119]
FIG 7 depicts an exanpl e catadioptric loptrheall dysbems 700 in accor dance
with another enbodi f@Radok t he present| i n8&#AMIN.49857%hown in FIG 7,
catadi optric optical | CoyisUemsa0E)i ncl udes -3casreciioagsp] ate 710, a
spherical convex mir{ath Ord& Coaffidiest (Ajono! RISTED5gl assoRtepent 712. [ 0120]
Correcting plate 710|eqwslidricoBgicendiBam [of 1ebB@brlompgy@Id [c radi ation to
correct one or nore|epidBalCoelelaat) ons (1SUeh7ds -comm)4 | Correcting plate
710 includes an asphefyg@rder EHET @GR 157 | [ @B4EII0IPNESIECAl | convex mirror 716

conprises a spheri cal 3 REELAEGH(E)ACE SZ That iF35Pssi tioned to reflect
the el ectromagnetic '#HWWH%WU' by cgrTechdgmy Pl ate 710. In

16th Order Coefficient (G) 0 5.91E-28
18th Order Coefficient (H) 0: -8.79E-32
20th Order Coefficient (J) 0 0
Table 2
[0119] FIG. 7 depicts an example catadioptric optical system 700 in accordance with

another embodiment of the present invention. As shown in FIG. 7, catadioptric optical
system 700 includes a correcting plate 710, a spherical convex mirror 716, and a
monolithic glass element 712.

[0120] Correcting plate 710 conditions a beam of electromagnetic radiation to correct one
or more optical aberrations (such as coma). Correcting plate 710 includes an aspherical
surface s2.

[0121] Spherical convex mirror 716 comprises a spherical reflective surface s4 that is
positioned to reflect the electromagnetic radiation conditioned by correcting plate 710. In
the embodiment depicted in FIG. 7, spherical convex mirror 716 is positioned on a
surface s6 of monolithic glass element 712. As illustrated in FIG. 14, aspheric surface s5
of monolithic glass element 712 has a reflective portion 1401 and a transparent portion
1403. Transparent portion 1403 is centered around the optical axis and has a diameter
that is based the width of the input beam. As a result, surface s5 passes a beam coming
from correcting plate 710, but reflects rays coming from spherical mirror 716. That is,
electromagnetic radiation conditioned by correcting plate 710 passes through transparent
portion 1403 of surface s5 in monolithic glass element 712 and impinges on spherical
convex mirror 716.

[0122] Monolithic glass element 712 includes surfaces s4, s5 and $6. Surface s5 of

monolithic glass element 712 receives the electromagnetic radiation reflected by spherical




t he enbodi nent depicted in FIG 7, spherical convex mrror 716 is
positioned on a surface s6 of nonolithic glass elenment 712. As illustrated
in FIG 14, aspheric surface s5 of nonolithic glass elenent 712 has a
reflective portion 1401 and a transparent portion 1403. Transparent
portion 1403 is centered around the opfical axis and has a diameter that
is based the width of the input beam As a result, surface s5 passes a beam
comi ng frotomek mEoD; Wgﬁ phefee sAlnd ilects éhik elctisomagnstic oniiatpnftowandsplaeget cal

ol a0 710 pRREE VIS5 Tr g RO 1 i JO8 PO T o b ST the

nonol i thic ghassngnenie natdlamaa tARE-sbIRIrRHYE S6 ANDABRI Cahss SAAMEX Iﬂibl’)ﬁ;ﬁftlynﬁ
[0122] Mbnol it hi cﬁfg{i ass element 712 includes surfaces s4, s5 and

Surface s5 af raysopdeatingioft ¢ aésl@,fml r@ﬂeﬁtveﬁmamﬁmowéhlélgé@s relﬂamghéll c
radi ation refl ec er| ex m rface s4
reflects t hPsfpg dt1(%{(iiarrotr%rlt%%lgfg 5 & ragll aef fhgger} r(‘)3vnva0rt nigactt arbgyeéur Eip‘)zgrt%i ogn éfreﬁugte

waf er. Bef offadiofiib @il ovdtdnh @00 Rlagonpgtt i on of the wafer, the

el ectronagnetic radiation traverses surface s6 of monolithic gl ass el ement .
| rrport[é’rﬂ:?]y al fAnr gxasle reseripling dor devigwng HBE | apticel ﬁ@&qeefei@mtqda@e the
exit nmonolif b&dl eRSsr bemrgtet%}t%beﬂ)g‘;ﬁe%ﬁecyl ar to surface s6, and are

t herefore no ract by surface s As a Tesult, catadioptric opti cal
system 700 is achr omatic. [0123] An exanple prescription for designing the
optical surfaces depl ct{edthdd tfpee| rReqROdl MeRtkeds |[FdiGas 7 1§ set forth bel ow
in Table 3. Surface [Lype Radi US [TEmKNESF G asg [ ghaTniifity 3 5102 s2 As
here 1 48.431 3. 000 [S3[AS T € 2 494429 BO. Silgh$102 54 74,1285 - 36. 81§I 5102
mrror s5 Asphere 2 494 38. 812 T 887§ 28.906 Table 3

[ 0124] Aspheric Surlégt bA%ereﬁd S5 Eg;ggl eju:g)}(él lsssgggnﬁlﬁ:&l cted in FIG 7 are

defined by Eq. 1 i rl'?\ o\ dance t 9 45 2.3\@A1|§L $I©%DCL florth below in

1

1
Tabl e 4. Asphere 1 As Sg.ier%heip Y—Rach gg 8}7;6.) 402'8"5{)6 IHI0H0
Table 3
[0124] Aspheric surfaces s2 and s5 of the embodiment depicted in FIG. 7 are defined by

Eq. I in accordance with the parameters set forth below in Table 4.

Asphere I | Asphere 2
Y Radius 48.43064 49.45648
Conic¢ Constant (K) 0 -0.05983
4th Order Coefficient (A) -0.00013 1.22E-09
6th Order Coefficient (B) -3.90E-07 -3.02E-13
8th Order Coefficient (C) 1.88E-07 7.79E-16
10th Order Coefficient (D) 4.24E-09 -1.70E-19
12th Order Coefficient (E) 0 4.54E-22
14th Order Coefficient (F) ) -1.46E-25
16th Order Coefficient (G) 0 2.24E-29
18th Order Coefticient (H) 0 -9.16E-34
20th Order Coefficient (1) 0 0
Table 4
[0125] FIG. 8 depicts an example catadioptric optical system 800 in accordance with a

further embodiment of the present invention. As shown in FIG. 8, catadioptric optical
system 800 includes a correcting plate 810, a spherical convex mirror 816, an aspherical

concave mirror 812, and a element 820.




Conic Constant (K) O -0.05983 4th O der Coefficient (A) -0.00013 1.22E-09
6th Order Coefficient (B) -3.90E-07 -3.02E-13 8th Order Coefficient (O
1.88E-07 7.79E-16 10th Order Coefficient (D) 4.24E-09 -7.70E-19 12th
Order Coefficient (E) 0 4.54E-22 14th _Order Coefficient (F) O -1.46E-25
16th Order Coefficient (G 0 2.24E-292718th Order Coefficient (H) 0
-9.16E-34 20th Order Coefficient (J) O O Table 4 [0125] FIG 8 depicts an
exanpl 126k adi op€eirectimgtplate Bl G gatdetrng @eim of eleoiremagnetioiadmtion t6 gemrdrgpne
enbodi ment of the pr nt _j.nventi.on. As.shown i n FEl .. catad] optr i

opt cal sy mhr Sl AR T PG S Betos® ytupfBh Ak RobkEal
mnor 816, aifsaspherd &alrface@DCAkd]litfatedrin $18, 8,aRtreatig FARIE 082PositRohed 10 126]
Correcting plate 810 conditions a beam of electronagnetic radiation to
correct onedbelegbt ef aphpacal cesare BiTgnY2(such as coma). Correcting plate

810 in es an i ~ . i in
PG a0 ot S thia: Sy BHEOARES BBl ShichBAFoRgy/E gty R] A T
concave m negsit&h2d td R12d] thSphetrémadneto radiationconditi@ied lyawprerisesplatepheln ca
reflective surface s3 that is. itioned to reflect t el ectromagnetic
radi ati on c@ﬁcﬁf’%_@%@fﬂb@ﬁ%‘ﬁ?‘f &%?ﬁg pPRRCECE 180 VPR g Ao OBitt ed
in FIG 8, SPAeLLeaf I6ABMR0MEIQirofhEndiR RASHisd QRRHIRRd By SHEARE IO 8 R

el enent 820. El ectromagnetic radiati on conditioned by cofrecting plate 810
i Mpi nges oningpigs icoaphgwalvemver mier 6. [ 0128] Aspherical concave mi nor

812 i ngl i flectiw 4, her.i cal flect] f
o of DLBRler i cor Abisbetigonmv otiteh 517 BEGABtenbRE Ehbdfe onitints Asthaditl Fon
reflected bynsaher sifflce CANYE %spHeticA! cohbfvaRtinbeh 8 Cleseil &y sheebleatdRmenet i
radi ati on toward el enent 820 (ezg}§@a meni scus). [0129] El enent

i ncl udes a thilietien gaflfciek bySspandcal weronaor fatcndorelivhls thisl eleetrangate i c
el emont 820 ERBb RO FPIC A -EERERH T fce o5 and second surface s6,
and i goipgr ef or eElement 820 includes a first surface s5 and a second surface s6. The
electromagnetic radiation reflected by aspherical concave mirror 812 passes through
element 820 perpendicular to both first surface s5 and second surface s6, and is therefore
not refracted at either surface of element 820. As a result, catadioptric optical system 800
is achromatic.

[0130] An example prescription for designing the optical surfaces depicted in the
embodiment of FIG. 8 is set forth below in Table 5.

Surface

type Radius Thickness | Glass
sl | Aspherel 35,0201 | 3.423206 | SKO2
s2 37.66516 38
$3 3938284 | -37.0071 | mirror
s4 | Asphere2 4908037 | 39.65516 | mirror
85 27.36549 | 5.057223 | SK»2
s6 22.30041 | 21.53205

Table 5




not refracted at either surface of elenment 820. As a result, catadioptric
optical system800 is achromatic. [0130] An exanple prescription for
designing the optical surfaces depicted in the enbodinent of FIG 8 is set
forth belowin Table 5. Surface type Radius Thickness dass sl Aspherel
35.0201 3.423206 5102 s2 37.66516 3828s3 3.938284 -37.0071 nirror s4
Asphere2 49. 08037 39.65516 mirror 55 27.36549 5.057223 S102 s6 22.30041
21.5320%3Tabl e 5Aspheri@ 8uff@gs] ml;pqqeﬂhe egbofliacnt dedictath ih BUG.d¥ art ldefined by

bar amet ers Seil areregse s e Rrirele SRBpRbe mmtr e 2" Y Radi vs
35. 0201 49.08037 Conic Constant (K) O -0.05525 4th Order Coefficient (A)
-0.0003 1.70E-09 ofhm Order Coefficienf ARl 3. I5EaJa 4. 49E-13 8th O der
Coef ficient (O) -1. 1oErpg 2 77E-16— 10 ﬁ%;E%QQICue%E%mdﬁlt (D) O -4. 10E-20
12th Order Coeffici L) .{ \t) 4t er—Coetfirci gt \5") 0 0 16th Order
Coefficient (G 0O PRER OC%I(K)" efit H"OI 4, i."ZC)rder Coefficient
(J) 00 Table 6 [0} LN oeﬁfcwm‘ i P00 Lol gde of catadioptric
optical system 900 Gt Qraer LrogHicient (g FHERE efgliadnt of the present

i nvention. Cat adi opt Sthﬂﬁwf(',‘o,cf 1C1ent( “10E-06 2777k

f ZaY. el o
LI} LLEZL I

A
b T
DO T

10th Order Coefficient (D) 0| -4.10E-20
12th Order Coefficient (E) 0 0
14th Order Coefficient (F) 0 0
16th Order Coefficient () 0 0
18th Order Coefficient (H) 0 0
20th Order Coefficient (J) 0 0
Table 6
[0132] FIG. 9 depicts an illumination mode of catadioptric optical system 900 in

accordance with a further embodiment of the present invention. Catadioptric optical
system 900 has an illumination numerical aperture of approximately 0.95 and works in a
wide spectral range from approximately 300 nanometers to 800 nanometers. The short
wavelength range is limited by the transmission of BAL;sY glass and can be extended by
using only fused silica and calcium fluoride for lens elements. Then, an even shorter
wavelength range can be achieved. Catadioptric optical system 900 creates a small spot
(such as, for example, about a 10 micron spot) on a wafer 910 that can be used to test
wafer 910 by employing scatterometry techniques.

[0133] Catadioptric optical system 900 includes a spherical refractive surface 920, a
plane reflective surface 930, an aspherical reflective surface 940, an optical element 960,
a group of lenses 970, a subsidiary lens 980, and an illumination source 990 conjugate to
the spot on wafer 910. Illumination source 990 provides electromagnetic radiation that
propagates through subsidiary perfect lens 980 (real illuminator is not shown) and lenses
970. Lenses 970 arc made of, for example, glasses BAL3sY, CaF; and SiO; that have at
least one aspheric surface. Lenses 970 function to correct aberrations (such as coma) of
catadioptric optical system 900. Optical element 960 directs the electromagnetic
radiation from lenses 970 to reflect off of plane reflective surface 930. The
electromagnetic radiation then reflects off of aspherical reflective surface 940, passes

through spherical refractive surface 920, and is focused on wafer 910. Importantly, the




system 900 has an illum nation nunerical aperture of approximtely 0.95 and
works in a wde spectral range from approxi mately 300 nanoneters to 800
nanoneters. The short wavelength range is limted by the transm ssion of
BAL35Y gl ass and can be extended by using only fused silica and cal ci um
fluoride for lens elements. Then, an eYen shorter wavel ength range can be
achi eved. Catadioptric optical system 900 creates a small spot (such as,
for exanpl ec¢lecttondgnatid Gadmdtiondravspet Jphencal refadodive $fadenA0 inandibestios dlthttio

test wafer 910 by. enploying scatter try techni ques. [0133] Catadjqptric
opt 1 cal sy starandl pepatitths TS rber O WSl s858inrcatioh oy et SP e
reflective surdagr. 930, an aspherical reflective surface 940, an optical

el ement 960, a group of |enses 970, a subsidiary |ens 980, and an

i 11 unm WaB4bn souhsmepgonasiorhorigatatadioptria eriicghwystesn b eay boused te kdsting $eas¢ on
source 990 provid e o] netic_ radiation.that r.ppagat t hroough
subsi di ary %3?1 %c(ﬁswgﬁrsgggom(aglgasﬁﬁlﬁ ﬁlﬁﬁdﬁa a%glquj Cn%?tpcél ﬁo\’/‘?ﬁ%m gﬁ% WG ns’sgssa

970. LenseshiSH Quaeticiragertole, Fdudier 6bjadivkeewhgkeisdedrdiflgdeit radbidn pnshaghtel
that have at | east one aspheric surface. Lenses 970 function to correct

aber r at i onsin(tBeeppasife digetiongtt that shawn #pFlG.@- opracHicellgydecnmagueticapdintion

ef loot of r it AR ST RBREITIRNR, 260 RS CihOleh CRRLRIE eI 0MEm. | on

reflect off o ane re ve surface ectrohagnetic ra
t hen refl ece®, ahd impings phar & CAID icehieddtn h\pdarswohpgeteOdith thedmsle $ocat plaoeigh

spherical refractive surface 920, and js_focused on fer 910, .lInportantly,
the 29 el e?39REGNEPHE! SXYFE (G onthe m&@?@&)-sﬁr@f ?E‘&%{\?‘?"é’ﬂié’églf?é%mné%e

920 in a di&{ea{déj et Ratredndnd %?‘%Blﬁ@tdfaéléd{roﬁﬁgi?&f&dfa%%i% dirtif ACEMRRBE As
a result, catadioptric optical system 900 is™ achromatic. [0134] As

ment i oned aingles franathedivofate owalet Pkl Usipg keew 0Giticamdiey tachmdyues, thesstlight
sense features of wafer 910. ln the sensi nogde t adi optr.i c opti cal
syst em 900 S&K’BEI{:@ES uéedetﬂia&f]‘?yﬁ%#éwt??&fwfggrdggt(ﬂlcg&ﬁpﬁ):?n%g%ﬁe &Y ve, wherein
el ect r[m@%neti C FardegdhsIe, H?“IGpal@atd@?ctsi thréliRRRE! beunsh rgst iR, Qhdt bat

n r

shown i G 9. S&em fically, electromagnetic radiation wll diffract off
t he surf acecotresnanding ¢ diffreqted eys at aberoQghy. et Al legessi from ghel wafrceyisvalnr

and i i . : ; .
Focal pi anel 9f Pradeilind soren BRI CoBidl S0of 0 FE U, Mrblhgl a5 5 g
spots | ocat@ffrarteddiching lcsate HBbMiE paBéintifl ehcGudilGRinesiandidpidaaital Sfstem

el ectromagnetic radiation diffracted at different angles fromthe surface
of wafer 910 Usi ng known scatteronetry techniques, these light spots can

be us e[ﬂliéi anal Y. fﬁa&ébri&§ aﬁferﬂ?cfd%elgl& ((pctféﬁp eRfhefPogMd RIS Q‘M‘Qodiment,

optical element 960 includes a reflective hypotenuse 1130 and an aspherical reflective
surface 1120. The reflection coating on hypotenuse 1130 includes a hole 1170 to transmit
electromagnetic radiation refracted from the surface of wafer 910 and to reflect
collimated electromagnetic radiation from illumination source 990, as shown in FIG. 9.
For example, FIG. 11 depicts two example rays 1111 and 1113 reflecting off reflective
hypotenuse 1130 and aspherical reflective surface 1120, and passing through hole 1170.

[0137] Referring again to FIG. 9 and continuing reference to FIG. 11, afocal lens group
970 (FIG. 9) and aspheric reflective surface 1120 are used to create an intermediate image
of illumination source 990 on the hypotenuse of optical element 960 (at the location of
hole 1170). Aspherical mirror 940, plane mirror 930, and refractive spherical surface 920
collectively create a final illumination spot on wafer 910.

[0138] As shown in FIG. 9, aspherical mirror 940, plane mirror 930, and refractive

spherical surface 920 can be made from a monolithic glass optical element 912,




[0135] For exanple, FIG 10 depicts three diffracted beans 913, 915, and
917 (corresponding to diffracted rays at about 0, 30, and 72 degrees from
the surface of wafer 910) propagating through catadioptric optical system
900 in the sensing node. The diffracted beans create a Fourier pattern in
the pupil plane of catadioptric optical system 900. [0136] FIG 11 depicts
an enbodi nent of optical elenent 960. In this enbodinent, optical elenent
960 i ncl udeBloaohikid gadsioptcdl glroteahkkcahbd(atandted iroms pigkiss Gath s fdrezimyle,
surface 1120Q. The refl ecti.on coati.ng on _.hypotenuse, 11 includes a h

1170 to tra ?hat TAOSRIT A niieealy ’%Hg%tﬁio aP@P?Q@E%&%Po‘Fﬁ“PW&teE%Fﬂf éﬁ(ioeof
wafer 910 apfohRidref ! ect collinmated el ectronmagnetic radiation from
illumnation source 990, as shown in FIG 9. For _exar?l e, FIG 11 depicts
two exBip?le raysFarkkxamaled FIQ 13 depidisseplangvigivfol agforiaat ¢ivmondlijipo ghsuispticall 30
and aspherigal refl.ective.surface.112 an assing.,thraou ho 1170Q..
0137] Rt HPRY Hgsrm i RS Ry g ARG e S H e . oy e

af ocal | ensexafple) plhéOm(rfdr@309ondittheap hemilts efhl Rehttwe sihefied udic0ozy e
used to create an_internediate image of illum nation source 990 on the
hypot enuse Rssitinped énthegieniepnt thogonylys. Meaolibicaglpsronyral enent P126y oriented
Aspherical m rrar - Dl i r -] I ce
020 col | echiuuatanirBliBh Ghlopl B vifto) BIES EokBikl WEnaRIRGHER: o3I R
shown in Fliefra@iveapldieal amfaceap20.or 940, plane mirror 930, and refractive
spherical surfac 928 can be made from a nol ithic glass optical el enent
912. 34 Wpnol i tHPtEcalplgmEniIRG f@&ﬁbe P@F@Fﬁd% tltfa%@ﬂ}ﬁéﬂ?tsmliaéaw@%fh&%ﬁ%aas

gl ass (suchy@fento9b 8o ARMIed b3 ERicah BonthdiABSIU IR ndhofiRPEGLS AbmEAnge from
approxi mately %noo nanomnet er se t@l (%6:8 §ﬂnannoms?er S. [‘%139] Fglr91 exanrnrprﬁe, FI G
15 depi ct s Qptplahpemenefbdtambedatiriceted af anmomwdithihiglasglelssent pt ias aksemblyenfnt

912 conprising,plane mrr.or 9 and refractive spherjcal face 920,.In
Chis. examiPd IBndi chrRBrng domirrd da oG andpatPod sl FL6G Bt friged in
spherical sttf acedPafd cxp@pld iTARdall dlerhdi 966 RtREcnWled REmARBMISRent YPS@LAd hi C
gl ass optical elenment 912°is oriented to cause an illum nation spot 901 on

waf er 910 tsecds elemerini ¥a0¢ inparh cphpensatyi for ebergd@naivg tor Bbrieattonvdelensh éryi cal
surface 920. [.0140 tical .el nt 960 can b ricated fromthe sane
mat eri al a@??%ﬂ%ﬁf% ﬁ%@g@ég re@ﬁg‘ﬁ%’ ECW?%?%AE hbl ed by optically
contaqbidyg it WAd @t ptdteptina®s dedigimntheDblical sWpfabdsalf (ﬁ{afﬁmfﬁc Sffkacan

be fabricated as a nonaolithic glass el enent or as assenbly o
system 900 is set forth below in Table 7.

Surface type | Radius | Thickness | Glass
sl Infinity 35
52 -3.500 32.587 | SI1I02
s3 | Asphere 1 -48.765 -35.087 | SIO2 mirror
s4 Infinity 35.087 | SIO2 mirror
$5 Infinity 5.000 | S102
s6 Infinity 2.500 | SIO2
s7 | Asphere?2 -5.000 -2.500 | SIO2 mirror
8 Infinity 2.500 | SKO2 mirror
s9 Infinity 12.756
s10 -10.544 2.000 | BAL35Y
st 43.784 0.100
s12 | Asphere 3 137.905 5.000 | CAF2
§13 -10.967 0.973
514 -9.745 5.000 | SIO2
sl5 -9.210 0.101
sl6 Infinity 6.02047

Table 7




two el enents, conprising a first element 1150 and a second el enent 1160, as
depicted in FIG 11. In one exanple, if optical elenment 960 is assenbl ed
fromfirst element 1150 and second el enent 1160, it can conpensate for
aberration due to fabrication defects (by noving first elenment 1150
relative to second el ement 1160). [014%] An exanple prescription for
designing the optical surfaces of catadioptric optical system 900 is set
forth HEUR}v i n Tabpherie. ssfacésas® ang pd, Radlislia o'lf'hd:atté(hqmic Cdpa'sé systerd 00 reire y

ity S5COBFISOI e <eats TR Ry doe B OSE M RARRER 500 S102

s7 Asphere 2 -5.000 -2.500 5102 mrror 58 Infinity 2.500 5102 mrror s9

Infinity 12. 756 FI0 - 10. 544 Z. 000 BALIRY. | ST hsdrrc B2 007512 As here 3
137. 905 5. 000 CARZR-=18—~10-9670: wéﬁ%m S TH5 5 %?}’?7550%5 s15 -9. 210
0.101 s16 Infi b~ 02047 FTabte—1-31 - +2] Asph c—stif4ces s3 and s7,
:ConicConeant(K) = - 1, =013 =1 07339601 ™~ 7807 -
and s12 of cata B coRELE system o0 are oSSt Yo e lin
accordance with b ORler Coctheiehi (A) 4 Te Sy 0 07 L0000 .Safbke»ﬂ%L\sphere 1
Asphere 2 As herlBOHeRbagfident gB "0 o 1@7. BB 05000883 a0t (k)
20. 12342 - 0. 352691 9eepoctlisien Qo) coert i O] oat0%EA0 g 080HBA]5 0. 00176
6th O der Coefflr\]ioglh@rdprpﬁoefﬁczp oE. 05 -0 o0kl 1q '1.25E-06 -0.00162
Table 8
[6143} FIG. 12 depicts an example catadioptric optical system 1200 in accordance with a

further embodiment of the present invention. Catadioptric optical system 1200 includes a
first monolithic glass element 1210, a second monolithic glass element 1220, and a
refractive lens group 1230 cascaded together. Monolithic glass element 1210 transitions
from a numerical aperture of approximately 0.95 to numerical aperture of approximately
0.4 (and back). Cascading monolithic glass elements 1210 and 1220 transitions from a
numerical aperture of approximately 0.95 to a numerical aperture of approximately 0.02.

[0144] First monolithic glass element 1210 includes a refractive surface s2, an aspherical
reflective surface s3, a plane reflective surface s4, and a refractive surface s5. As
illustrated in FIG. 12, refractive surface s2 is positioned in the center of plane reflective
surface s4, and refractive surface s5 is positioned in the center of aspherical reflective
surface s3.

[0145] Second monolithic glass element 1220 includes a reflective surface s7 and a
reflective surface s8. Reflective surfaces s7 and s8 each include a central, transparent
portion.

[0146] Refractive lens group 1230 includes optical surfaces s9, s10, sl1, s12, s13, and
s14, which are positioned and shaped to correct one or more aberrations (such as coma).

[0147] This optical design functions similar to the designs depicted in FIGS. 9 and 10,
but has just one aspheric surface (aspherical reflective surface s3 of first monolithic glass
clement 1210) and a wider spectral range (200 to 1000 nanometers).

[0148] For example, electromagnetic radiations enters catadioptric optical system 1200
through refractive lens group 1230. The electromagnetic radiation passes through
refractive lens group 1230, and then through the central, transparent portion of reflective
surface s8.




8th Order Coefficient (C) O -8.08E-06 0.004039 10th Order Coefficient (D)
0 1.25E-06 -0.00162 Table 8 [0143] FIG 12 depicts an exanple catadioptric
optical system 1200 in accordance with a further enbodi nent of the present
i nvention. Catadioptric optical system 1200 includes a first nmonolithic

gl ass el ement 1210, a second monol i t hi% gl ass el ement 1220, and a
refractive |l ens group 1230 cascaded together. Mnolithic glass elenent 1210
t ransi [ildfks  f r olhe eﬁmﬁmmﬁmﬁc apleationrimsong dppedxiheweetral, Gargparent partien o€ al

o amont o 12600P 1986¢ o i 6B VAike sHRENT R AR0ReHbR! By Refihie

appr oxi mat edutfdde 99 Refléctive BEfice 98 fanedstihe ec@fondppeantaditieh it a @dous¢Ddpdd ]
First nmonolithic glass elenent 1210 includes a refractive surface s2, an

aspheri cal of eleckempgretis uiediptian dBat passesafuOREly [t CPEals PRRAENE POTHANI 08
refractive Suel@feadfioe R ot 48 SeBPnbRlth® b albfliiaobh Ve SHELAEE $2 1S

positioned In e center of plane reftlective urface s4, and re ctive
surface s5 psvidea fooweddpdtinf tleetr@eagnetic aldianepheri cal refl ective surface

s3. [0145]. Second nolithic glass elenept 1220 includes a ref]ectjve

sur f ac13% and "Refutreceitye e dee _rrs%lpﬂéaé% by Flggeri}419c8 POsHIoBfH IS B each
I nclude a C%tc&ﬁhc &i?l?ﬁ%eoﬁfcﬁ&li sJ;_B%Y QR trof QB &E{iﬁ{”ﬁ'o}&?séc%\f}ﬁ, ikhid 230
i ncludes optical surfaces s9, s10, sl 1, sl12, s13, and sl4, ich are

posi ti oned glagt dhmpatd1229. c Consquerdiye electromngnetib endiatidro from( saeohd asomdittay .

0147] Thi tical j f ti im| t h [ depi,ct [
I s, 0 ancelt®, agens 2 Fiors 5a i gbisaeient (P b kel er Rt ShE 81 1 ve
surface s3 QfaktiveSiurtRQb tRYfectN ARS8 SOBMeived kR AdfromaphdiRr ra8RASH hAd
range (200 to 1000 nanoneters). [0148] For exanggg; el ectromagnetic

radi at i ons reflees § tewawdispiprichloeBentive sirfasgst e dspRa®al 1eHegligsuriata Bdpruses | ens

1230., The el ect y di ati t t .
oroup 1230 MeireRERerRRaaR e Bet e BRSRER IR AR BF heFr 4T ve
surface s8.F@R 12).0R4fkctiMeaueh&cd e frplagneﬁédcmrteeouoat:&r@ﬂc RAths ifoestd Esu@h thhie

central, transparent portion of reflective surface s8 is reflected by
refl ecti ve Wuer deselycapagihericstomaspeld woiatian teetif (st mepelithiceslasg clement

Refl ective ﬁHb%ﬁﬁﬁmﬁﬁ%$@ﬁ#§§@g?gﬁmQ%ﬁ&£ﬁ@@H@ﬂ%%?c radiation into a focused

spot of electronaghe I'on at passes through the central,
transp@isrt por tBevausd electromagnetic radiation enters and exits first monolithic glass element

1210 substantially perpendicularly to refractive surfaces s5 and s2, catadioptric optical
system is substantially achromatic — having a spectral range of approximately 200 to

1000 nanometers.




reflective surface s7. That is, second nonolithic glass elenment 1220 is
configured to provide a focused spot of electromagnetic radiation. [01501
Refractive surface s5 of first nonolithic glass elenment 1210 is positioned
to be concentric with the focused spot of electronmagnetic radiation from
second nmonolithic glass el enment 1220.33Consequent |y, electromagnetic

radi ati on fromsecond nonolithic glass elenent 1220 enters nonolithic

gl ass HlIé2knt 1240 satgtegprescaiplion ferdseigdingthaopticat surfaces ohettidieptdanpieé s5.
Refl ective surfa s_t.hi l.ectromagnetic radiation and reflects
it toward a¥p ﬁé?ﬁg%qslsrsﬁtf gh%?‘\?‘é”&ﬁ?@cgg s3. Aspherical reflective surface
s3 focuses the electromagnetic radiation onto a focused spot on a wafer
(not specifically shown in FIG 12) Refractive surface s2 is positioned
to be concentric po_ t|hrfocsed Radots on t|Hhicknesf ¢flast her eby |causi ng t he

el ectromagnetic rpdi gtion to exilhfifityr st nonoBisPhic gl ass el gnent 1210
substantially perpendi cul ar to |refractiond suwefsaz¢sSy¥® [0151] Because

el ectromagnetic rhgdi atAgherent eris andagxiot|s f3srieo | sThintohi ¢ | gl ass el enent
1210 substanti al I-ys4per pendi cul drihfinityo r efir acRisve | slodmees sb and s2,
catadioptric optifg | systemi g substanbijal | y.saghromatic - having a
spectral range of [ gpproXimately 200 {9g6100QsnanoRRIErs. 33| [0152] An

exanpl e prescriptgn [for designing (agsRATT Gal 15 UKI@CRRPT ¢at adioptric

optical system 1200155 Set fortjr bet W% TgRh§3 VgL iace ype Radius
Thi ckness @ ass Iz Hnf ity 37500 s5245%3: 503?1%@ 592—S102—s3 As here
-48. 779 -35.100 52 mrror——s4inf Léﬂéﬁﬁ SZrm o DEffgy mrrror| s5 7.222 7.690
s7 -8.826 65.113 054184 $8—67+-336 _65'518'3)3 SlUﬁ AT s7=8826 65.113 SI X2
mrror s8 -67.33 ¥ 1+40—s9—32-636 17(3 7\5CG 511)‘06 %}X’}l 5-830—.221 Sl11 7.575
10. 000 CAF2 sl > 0 CAF2 _

s12 -3630.481 7.832

513 22.500 10.000 | SIO2

514 -258.120 32.865

Table 9
[0153] Aspheric surfaces s3 of catadioptric optical system 1200 is defined by Eq. 1 in

accordance with the parameters set forth below in Table 10.

Asphere
Y Radius -48.7787
Conic Constant (K) -0.12342
4th Order Coefficient (A) -1.61E-09
6th Order Coefficient (B) 9.09E-13
8th Order Coefficient (C) -1.68E-15
10th Order Coefficient (D) 9.65E-19
12th Order Coefficient (E) -2.76E-22
Table 10
IV. Conclusion
[0154] Catadioptric optical systems for scatterometer have been described. While

various embodiments of the present invention have been described above, it should be
understood that they have been presented by way of example only, and not limitation. It
will be apparent to persons skilled in the relevant art that various changes in form and
detail can be made therein without departing from the spirit and scope of the invention.
[0155] A person skilled in the relevant art(s) can modify and re-optimize the above-

described embodiments to better comply with a fabrication process of or optics included




s12 3630.481 7.832 s13 22.500 10.000 S102 s14 -258.120 32.865 Table 9

[ 0153] Aspheric surfaces s3 of catadioptric optical system 1200 is defined
by Egq. 1 in accordance with the paranmeters set forth belowin Table 10. As
here Y Radius -48.7787 Conic Constant (K) -0.12342 4th O der Coefficient
(A) -1.61 E-09 6th Oder Coefficient 3B) 9.09E-13 8th Order Coefficient
(O -1.68E-15 10th Order Coefficient (D) 9.65E-19 12th O der Coefficient
(E) -2.76E-22the Fairing 48] thv.ali@amedtusamhed. OE&4¢x aCal @ dboyxripberigd moabrssyist ens

for scatter te n.descrjbed. Wil e arious. enmbodi nents of .t he
bresent | n el HohEHAUE IESNG-de gt baeweatiove con be ke SR aHcaier SPBeIF ha
they have bgaRoBheasptRtaly: MEK pabitiexaABpIRr@FoMectRAGIAES 6110, 716,3hH 810 chl
will be apparent to persons skilled in the relevant art that various

changes i n $oraplasad by dweuns|ofspherivel lpasks thifewd geogfathgtsanepuaveimgtsfasdhe t he

spirit and s¢ f the |ny ion, [0l A person_skilled kn.the | evant
SFL(S) can TEORTS iy BT A Sy et sty ReAGRAR i et ol s TR
better conpind whéhmadifialiidngaéfl tHe aPRCBRS&iRl @ibodfhéeswilnbédseRthppdrent f 4 he
sensing and the aljignnent branches. For exanple, convex spherical mnors

616, 716, Resepngekallqdon the rdpevagt arl(s), gpdag inteadgrbiorhe, within thaspinbandessope el by
concave or heri.cal . ..mrrors having the sane focus position. Aspheric
correction1%?§}§§hg%gyug%o, and 810 can be replaced by groups of spherical
| enses[0ibsit w | | Fugdreanatepittihe isoapreviated thanthe ailddeDesaspdiar soctig, aihd s10t

oo her AR soTST o BRSO Bk SR P bau RGeS hERoGiede
apparent t Onfly TR BnSk bRt Ei?{ ﬂFeﬁ&Aﬁé&?«%ﬁnb%ﬂfnﬁéﬁs;[ oBRd pRE&t NGRS s T O

rent i
be within € spirit and scope o the preSent invention.
contemplated by the inventor(s), and thus, are not intended to limit the present invention

and the appended claims in any way.
[0157] Thus, the breadth and scope of the present invention should not be limited by any
of the above-described exemplary embodiments, but should be defined only in

accordance with the following claims and their equivalents.




[ 01561 Furthernore, it is to be appreciated that the Detail ed Description
section, and not ~ the Abstract section, is intended to be used to
interpret the clains. The Abstract section may set forth one or nore but
not all exenplary enbodi nents of the present invention as { contenpl ated
by the inventor(s), and thus, are not 3Pntended to linit the present

i nvention and the appended clains in any way. [01571 Thus, the breadth and
scope of the present invention should not be |imted by any of the

above- descriidd eke il AIMIEDHS nents, but should be defined only in
accordance with the following clains and their equivalents. 35 WHAT IS
CLAI VED | S:AJ;ata&iogaioagﬁ@gtsggt@mpmlﬁwngs_yst em conprising: a correcting

pl ate configured to condition electromagnetic radiation to correct at | east
one aber r a& $@TPCting plafasgontigpred de conditiy glegwnngnet gABEOR & ¢asreckaitieashane
electrqg% %%}ic radi ati on conditioned by the correcting plate; and a
second refiective surface positioned to focus the el ectromagnetic radiation
refl ected hyfirst hedlettivesdurfaed hbedtioned tetaffeaiche oltibomagratigeddigontconditioficdby
substrate, wherein the electromagnetic radiation reflected by the first
refled@??@fﬁﬁW€§3@$éﬁg focused by the second reflective surface is not
refracted i s I I i : I i i cal
ystom to o ERAeERYe P B a6 e O bR Bl AR
syst enthefirst keflestils sunfaee ento atthief parton ofef $ubstratee surface conprises a convex

reflective surface. 3. The catadioptri t.i cal stem.of cl.aim wherein
e second VuFTadEs ealiraea: aiaon cpfalleyiRe SEHERPhpEtGe bd Tl e
4. The, Cal-adiont fdffeclid kedceSY Hot Rt 8 fh Dptivhiesiahent! BRrdby’ flowisd liget i ve
surfacé 1s positioned on a second surface of the nonolithic glass el enent.

5. Theatdioptiiomticaksysisn walpemysingrhrodd speglirahrangewherein the first reflective
surface is positioned between the second reflective surface and the

substrate. .. . cat ad| i.contical - f ! i he first
PUnst . B FUBPLAEEN DL O A4 LTI n AR Ry Sk
cat adi@pidd efle@ivecatfasyst em of claim5, wherein the first reflective

surface is positioned on a nmeniscus.
3. The catadioptric optical system of claim 1, wherein the second reflective surface is a

surface of a monolithic glass element.

4, The catadioptric optical system of claim 3, wherein the first reflective surface is

positioned on a second surface of the monolithic glass element.

5. The catadioptric optical system of claim 1, wherein the first reflective surface is

positioned between the second reflective surface and the substrate.

6. The catadioptric optical system of claim 5, wherein the first reflective surface is

positioned on mechanical supports.

7. The catadioptric optical system of claim 5, wherein the first reflective surface is

positioned on a meniscus.

8. The catadioptric optical system of claim 5, wherein the second reflective surface is
positioned between the correcting plate and the first reflective surface, and the second reflective
surface comprises a hole through which the electromagnetic radiation conditioned by the

correcting plate passes.




8. The catadioptric optical systemof claimb5, wherein the second
reflective surface is positioned between the correcting plate and the
first reflective surface, and the second reflective surface conprises a
hol e t hrough which the el ectromagnetic radiation conditioned by the
correcting plate passes. 36 9. The ca&bfadioptric optical systemof claimi1,
wherein the second reflective surface conprises a concave aspheric

refl ect.i ve The fcatzdioptd. optiel cosmai optdaim dptwiendin sthet ewvwd reflakine Isurfaber ei n

the catadioptric o tic%l.s%iéen1is i ncluded in both a sensing branch and
an al | GHRRIRES bPAMRKE BPhereelertiiesiEees . 11. An optical system for

scatteronetry, conprising: an optical elenent that deflects el ectromagnetic

radi atj@n; aRdcandiopiiedpivd SHEhEDT CRNRIT, Siigeia P RMalllbobirk %J@ﬁlssﬁt&mﬁt
optically contacted with the optical elenment and configured to receive the
def | ecinelyded wchatlopraensing branchdingd an ehgnnedné brapelopi 2 tratierogielss el enent

conprising a first surface that reflects the el ectromagnetic radiation, a

second, surf : [V netic radiation fromthe first
surfadg' aﬁ§ﬁ§8§#%%¥%§gﬁgS?%gﬁgggﬁbﬁé%éﬁgggronagnetic radi ati on toward a
t ar get por tanouptichl demmer shiat deBectoglebt@ntaahetit radinfiac@endwher ei n t he

el ectromagnetic radiation ref|ected and focused by the second surface

exits the nBneNEINESYHPRsITEHE nonplihinglass § Vﬂ%& [pERRIDCemtactedowith hg hi r d
sur ac(gyélgal‘c’)\?&hﬁlt il REnQRkES R %egélmghelﬁ%ed@@&{drﬁ@nalcgl'ﬁ%ﬁ%oﬁ tﬁ%ﬂg)?iog{h?c

conpri the same type of material. 12. The optical syste alm
11, whgdassictentdné coppiigag el enent conprises: a tilted surface that reflects

the el ectromagnetjc, ragdi ation,, the tilted surface having a hole therein;
and an aspheric as‘ﬁﬁsf %’{g(’? reﬁg?tls@'&eteée ﬁﬂla@l’eé&rﬁ“ﬁ Ghetic radiation

refl ected by the §dchAdshrfRb if2¢&eivich BlcedictoMeshatt fabRIiSh GOl PRBIRGUIBce
radi ation to pass through the hole in the tilted surface and inpinge upon

t he fiandtrelepts anddoeses the chashomagnitic reyliaténn tewanseantarset portivh of @pubistrate, andst em

of claim 11, further ¢ rising:..a refractive elenent,that conditions the
ol ot r omagnet | ¢ TGN toeear e el-HbAieHE USRI AR PR Bt
opt i Cakcssueatoéxic!tiad Mbadlithishelse eRmehesubbthstiallsWefRa8icGRIRY ths @frdsuithad,
annulus and the third surface is positioned in the center of the annul us.
wherein the optical element and monolithic glass element are comprised of the same type

of material.

12.  The optical system of claim 11, wherein the optical element comprises:

a tilted surface that reflects the electromagnetic radiation, the tilted surface having a hole
therein; and

an aspheric surface that reflects the electromagnetic radiation reflected by the tilted
surface, thereby causing the electromagnetic radiation to pass through the hole in the tilted

surface and impinge upon the first surface of the monolithic glass element.

13.  The optical system of claim 11, further comprising:
a refractive element that conditions the electromagnetic radiation to correct coma in the

optical system.

14.  The optical system of claim 11, wherein the first surface comprises a flat annulus and the

third surface is positioned in the center of the annulus,

15.  The optical system of claim 11, wherein the optical element and the monolithic glass

element comprise fused silica (Si02).




15. The optical systemof claim1l, wherein the optical elenment and the
nmonolithic glass elenent conprise fused silica (SIQ). 37 16. A
catadioptric optical systemfor scatteronetry, conprising: a refractive

| ens group that conditions el ectromagnetic radiation to correct one or nore
aberrations of the catadioptric opti cal’ system a first nonolithic gl ass

el ement that receives the electromagnetic radiation fromthe refractive

| ens gi@up &mataidi;)pmitatpntieﬂl tystefrolon scatthmmelryctongirsgrget i ¢ radiation into a
first focused ﬁﬁgond monolithic glass.e recei ves

t hat
the el ect ro?‘r&%fﬁ “"6 T?“&cﬁr%‘iﬂ PRI e r{Bﬁiﬁa{’ng ° GYEES OB EhBIEC and

IS con;iﬁeg[taﬁgﬁlséﬂhé%g@oﬁtﬁgoml@@gymgnet| c radiation into a second focused
spot on a target portion of a substrate, wherein the electronmagnetic

radi ati on emtfEpismonelithisclass shoment that deesives sthéleéqﬁa@rﬁmamsltadmlpmfmn the
per peng| %Es't'n% ehé’ f'e[n%it P%B{l}g&'ti R oc"u ftﬁea&éét}’o?n%iét‘iﬁa?a%at and 1%' 4 %rg %S&O”d

nmonol |];[e enen 0 a se her i cal
r ef racipoveinaurface 17. The cat adl optrl c optical systemof claim 16

wherein the first spherical refractive surface is concentric with the
first focuskdcopermOngHgue gass stepat E}&ﬁéﬁ"ieﬁfﬁﬁ theotlpetramagactis, padagtion; fgom the

Concenﬁ{s n\‘ﬁfh{hl?c gﬁ@ éﬁﬁ%ﬂpaﬁcﬁ‘:‘s‘l?@ﬁﬁ%tm }Tlicéeeé ol gﬁ&ié EiBh il a

system o A&l m 16, wherein t nono ement conpri Les:
a fi rsztecomffoeuiad\spoismrdm@tpwmgfastﬁhstrstte central transparent portion; and

a second ref ective surface having.a second central ,tran rent po tion;
whorein t heVBFIER: (s EIRTEPTAZIeRg HOIAAn oTRIEr s B nBECPRY JPORRRRE: BRI et

el em@ub&t‘ﬁﬁt‘?zﬂ%erﬁ&ﬁuﬂd’r $6 aGR&tS Eﬁéncfa[ AFSRATENL RO hAd SHitsARE s&ohli %n&nfc}ﬁﬂﬁé rst
nmonolithic glass el enent through the second central transparent portion.

19. Thelassadenking plub&tfmtl@lgby pependigdardmasecont apharicel, reftheivsisnrfadee second
nmonolithic glass elenment conprises: a flat reflective surface that

oot o D GARIRAL Bl Hiboh 30 o 85, Bflertl}in® PEQ oA B82S

el errenlt t hr FefT Ve surt and

refl egg lcdﬁceﬁtﬂcf‘ﬂﬁlﬁi tHefrist foelide@Ghst, andlthbaetmdSsphdiakblefRtti vaghes isccoheam& he
flat reflective surface into the second focused spot.

with the second focused spot.
18. The catadioptric optical system of claim 16, wherein the first monolithic glass element
comprises:

a first reflective surface having a first central transparent portion; and

a second reflective surface having a second central transparent portion;

wherein the electromagnetic radiation enters the first monolithic glass element through
the first central transparent portion and exits the first monolithic glass element through the

second central transparent portion.

19.  The catadioptric optical system of claim 16, wherein the second monolithic glass element
comprises:

a flat reflective surface that reflects eclectromagnetic radiation entering the second
monolithic glass element through the first spherical refractive surface; and

an aspherical reflective surface that reflects and focuses the electromagnetic from the flat

reflective surface into the second focused spot.




