INSPECTION APPARATUS, LITHOGRAPHIC APPARATUS, AND
DEVICE MANUFACTURING METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit under 35 U.S.C. (&) to U.S. Provisional
Patent Application No. 61/542,440, filed October 2§)11; U.S. Provisional Patent
Application No. 61/546,273, filed October 12, 2014nd U.S. Provisional Patent
Application No. 61/553,458, filed October 31, 20hich are incorporated by reference

herein in their entirety.

BACKGROUND

Field

[0002] The present invention relates to an inspection @vpsiusable, for example, in the

manufacture of devices by lithographic techniques.

Related Art

[0003] A lithographic apparatus is a machine that appheslesired pattern onto a
substrate, usually onto a target portion of thessabe. A lithographic apparatus can be
used, for example, in the manufacture of integrateduits (ICs). In that instance, a
patterning device, which is alternatively refertecas a mask or a reticle, may be used to
generate a circuit pattern to be formed on an iddad layer of the IC. This pattern can
be transferred onto a target portion (e.g., conmmigpart of, one, or several dies) on a
substrate (e.g., a silicon wafer). Transfer of piattern is typically via imaging onto a
layer of radiation-sensitive material (resist) pd®d on the substrate. In general, a single
substrate will contain a network of adjacent targefttions that are successively
patterned. Known lithographic apparatus includeated steppers, in which each target
portion is irradiated by exposing an entire pati@nto the target portion at one time, and
so-called scanners, in which each target portioirr&gliated by scanning the pattern
through a radiation beam in a given direction (tteeanning’-direction) while

synchronously scanning the substrate parallel trpamallel to this direction. It is also
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possible to transfer the pattern from the pattgrmavice to the substrate by imprinting
the pattern onto the substrate.

[0004] In order to monitor the lithographic process, pagtars of the patterned substrate
are measured. Parameters may include, for exathgl@verlay error between two layers
formed in or on the patterned substrate and critiima width of developed photosensitive
resist. This measurement may be performed onduptsubstrate and/or on a dedicated
metrology target. There are various techniques rf@king measurements of the
microscopic structures formed in lithographic pssss, including the use of scanning
electron microscopes and various specialized todldast and non-destructive form of
specialized inspection tool is a scatterometerhiciva beam of radiation is directed onto
a target on the surface of the substrate and prepasf the scattered or reflected beam
are measured. By comparing the properties of #mmbbefore and after it has been
reflected or scattered by the substrate, the ptiegenf the substrate can be determined.
This can be done, for example, by comparing thieetfd beam with data stored in a
library of known measurements associated with knguiostrate properties. Two main
types of scatterometer are known. Spectroscopattesometers direct a broadband
radiation beam onto the substrate and measurepdgarsm (intensity as a function of
wavelength) of the radiation scattered into a paldir narrow angular range. Angularly
resolved scatterometers use a monochromatic radiagam and measure the intensity of
the scattered radiation as a function of angle.

[0005] With the further shrinking of resist thickness atiée introduction of more
complicated lithographic stacks (e.g., stacks guméd for double exposure), critical
dimension (CD) and overlay (OV) metrology perforroarwill also have to improve to
monitor the lithographic processes. One way torawe CD metrology performance is to
reduce the wavelength of the measurement radiafiwrexample, ultraviolet radiation.
However, OV metrology often requires radiation Imgvinear-infrared wavelengths to
view overlay targets through different process tayeAccordingly, there is a need for
inspection apparatuses, such as scatterometetsgahaoperate within a spectral band
from about 200 nm to about 850 nm to make both @D @V measurements without
compromising optical performance regarding, for regke, field of view, pupil
aberrations, over all transmission, polarizatioropgrties (induced ellipticity), and
transmission uniformity. Reduced optical performeaman lead to reduced accuracy of

the OV and CD measurements, as well as reduceensysbductivity.
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Another way to improve CD and OV metrology perfonoa is to improve the
objectives used with inspection apparatuses. Taer@éwo types of objectives generally
used for scatterometry applications: refractiveeobyes and catadioptric objectives. One
disadvantage of previous refractive objectiveshat the working distance is relatively
small. For example, the working distance is gdhelass than 0.35 mm when the
numerical aperture (NA) equals about 0.95. Anothsadvantage of previous refractive
objectives is that the operational wavelength specange is limited to about 450-700
nm. Further, previous refractive objectives onvé plan apochromatic aberration
correction. Accordingly, there is a need for aaefive objective having an increased
working distance, an increased operational spectvahdwidth, and improved
apochromatic aberration correction.

One disadvantage of previous catadioptric objestiigethat they induce field
curvature— previous catadioptric objectives tydicAlve a large Petzval sum that is far
from zero. Previous catadioptric objectives alsties from obscuration that decreases
image contrast. Catadioptric objectives for anpéttion apparatus such as a
scatterometer can also be corrected for pupil abens.  Pupil aberrations in the
previous catadioptric objectives are large becaskarge Petzval curvature and pupil

size.

SUMMARY

Accordingly, there is a need for improved inspattapparatuses, catadioptric
objectives, and refractive objectives.

In one embodiment, an inspection apparatus includesllumination system
configured to receive a first beam and to prodwemmsd and third beams from the first
beam, and a catadioptric objective configured tedlithe second beam to reflect from a
wafer. The inspection apparatus includes a fesser configured to detect a first image
created by the reflected second beam. The ingpeapparatus also includes a refractive
objective configured to direct the third beam tdlew from the wafer, and a second
sensor configured to detect a second image crépteéde reflected third beam. In one
embodiment, the first and second images can be ie@D measurements. In one
embodiment, the second beam has a spectral ramgealbout 200 nm to about 425 nm,

and the third beam has a spectral range from a#®btnm to about 850 nm. The
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inspection apparatus can also include a third secwafigured to detect a third image
created by the third beam reflected from the walerone embodiment, the third image
can be used for OV measurements.

In another embodiment, a refractive objective,dwample, a refractive objective
that can be used with an inspection apparatusa fi@st lens group, a middle lens group,
and a back lens group. The front lens group iredufiiont and back meniscus lenses.
The middle lens group includes a first doubleteeosid doublet, a triplet, and a doublet
in order from a front to a back of the refractivgextive. The back lens group includes a
negative doublet.

In another embodiment, an objective system, fomgta, an objective system
that can be used with an inspection apparatusydesl a catadioptric objective and at
least two mirrors configured to reduce field cuwat induced by the catadioptric
objective.

In one embodiment, a lithographic apparatus indude illumination optical
system arranged to illuminate a pattern, a prajaatiptical system arranged to project an
image of the pattern onto a substrate, and an datispeapparatus. The inspection
includes an illumination system configured to reeea first beam and to produce second
and third beams from the first beam, and a catadeopbjective configured to direct the
second beam to reflect from a wafer. The inspacéipparatus includes a first sensor
configured to detect a first image created by #fkected second beam. The inspection
apparatus also includes a refractive objectiveiganéd to direct the third beam to reflect
from the wafer, and a second sensor configurecttectla second image created by the
reflected third beam.

In another embodiment, a method of determining tsates parameters includes
directing a first beam through a catadioptric obyeconto the substrate such that the first
beam reflects from the substrate, and forming st finage of the substrate using the
reflected first beam. A first parameter of the Studite can be determined using the first
image. The method also includes directing a sebmadn through a refractive objective
onto the substrate such that the second beam teefleen the substrate, and forming a
second image of the substrate using the refleaednsl beam. A second parameter of
the substrate can be determined using the secagkim

Further features and advantages of the inventienwal as the structure and

operation of various embodiments of the inventiarg described in detail below with
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reference to the accompanying drawings. It is dél@t the invention is not limited to

the specific embodiments described herein. Sudhodiments are presented herein for
illustrative purposes only. Additional embodimentl be apparent to persons skilled in
the relevant art(s) based on the teachings cormtdiaeein.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0015] The accompanying drawings, which are incorporateih and form part of the
specification, illustrate embodiments of the présewention and, together with the
description, further serve to explain the princpteé the invention and to enable a person

skilled in the relevant art(s) to make and usdrkiention.

[0016] Figure 1 depicts a lithographic apparatus.

[0017] Figure 2 depicts a lithographic cell or cluster.

[0018] Figure 3 depicts a first scatterometer.

[0019] Figure 4 depicts a second scatterometer.

[0020] Figure 5 depicts an inspection apparatus accotdiag embodiment.

[0021] Figure 6 illustrates an image formed on a sensdahefinspection apparatus of

Figure 5 that is used for CD measurements.

[0022] Figure 7 illustrates an image formed on a sensahefinspection apparatus of
Figure 5 that is used for OV measurements.

[0023] Figure 8 depicts an optical schematic of a catadmpbjective.

[0024] Figure 9 illustrates an optical schematic of a diafatric objective system that
includes four correcting mirrors.

[0025] Figure 10 illustrates an optical schematic of aad@fptric objective system
according to another embodiment that includes t@roecting mirrors.

[0026] Figure 11 illustrates an optical schematic of aadiaptric objective system
according to yet another embodiment that inclutleset correcting mirrors.

[0027] Figure 12 illustrates an optical schematic of admiptric objective according to
another embodiment that includes four correctingars and refractive elements.

[0028] Figure 13 depicts an optical schematic of a reifraaibjective.

[0029] Figure 14 is a graph showing the longitudinal cheabmaberration of a refractive

objective according to an embodiment.
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[0030] Figure 15 depicts an optical schematic of a refracbbjective according to
another embodiment.

[0031] Figure 16 depicts an optical schematic for an ilhation system that can be used
with an inspection apparatus according to an enmbext.

[0032] The features and advantages of the present inveniib become more apparent
from the detailed description set forth below whiken in conjunction with the
drawings, in which like reference characters idgrdorresponding elements throughout.
In the drawings, like reference numbers generaltijcate identical, functionally similar,
and/or structurally similar elements. The drawingvhich an element first appears is

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

DETAILED DESCRIPTION

[0033] This specification discloses one or more embodimehit incorporate the
features of this invention. The disclosed embodit{® merely exemplify the present
invention. The scope of the present invention ® hmited to the disclosed
embodiment(s). The present invention is definethieyclaims appended hereto.

[0034] The embodiment(s) described, and references in sgpecification to "one
embodiment”, "an embodiment”, "an example emboditmeetc., indicate that the
embodiment(s) described may include a particulatufe, structure, or characteristic, but
every embodiment may not necessarily include theiqodar feature, structure, or
characteristic. Moreover, such phrases are noessacily referring to the same
embodiment. Further, when a particular featureicstire, or characteristic is described in
connection with an embodiment, it is understood the within the knowledge of one
skilled in the art to effect such feature, struefwr characteristic in connection with other
embodiments whether or not explicitly described.

[0035] Before describing such embodiments in more ddtaiyever, it is instructive to
present an example environment in which embodimehtke present invention may be
implemented.

[0036] Figure 1 schematically depicts a lithographic apphes. The apparatus comprises
an illumination system (illuminator) IL configuréd condition a radiation beam B (e.qg.,
UV radiation or DUV radiation), a support structieeg., a mask table) MT constructed

to support a patterning device (e.g., a mask) MA emnnected to a first positioner PM
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configured to accurately position the patterningvick in accordance with certain
parameters, a substrate table (e.g., a wafer t&ilegonstructed to hold a substrate (e.g.,
a resist-coated wafer) W and connected to a seqmsitioner PW configured to
accurately position the substrate in accordanck eettain parameters, and a projection
system (e.g., a refractive projection lens syst&h)configured to project a pattern
imparted to the radiation beam B by patterning cieWIA onto a target portion C (e.g.,
comprising one or more dies) of the substrate W.

[0037] The illumination system may include various typésgtical components, such as
refractive, reflective, magnetic, electromagnestgctrostatic or other types of optical
components, or any combination thereof, for diregtshaping, or controlling radiation.

[0038] The support structure supports, i.e., bears thghwaif, the patterning device. It
holds the patterning device in a manner that dependthe orientation of the patterning
device, the design of the lithographic apparatod,@her conditions, such as for example
whether or not the patterning device is held ina@wm environment. The support
structure can use mechanical, vacuum, electrostatther clamping techniques to hold
the patterning device. The support structure mayaldframe or a table, for example,
which may be fixed or movable as required. Thepsupstructure may ensure that the
patterning device is at a desired position, fornegig with respect to the projection
system. Any use of the terms “reticle” or “mask’réia may be considered synonymous
with the more general term “patterning device.”

[0039] The term “patterning device” used herein should Hdyeadly interpreted as
referring to any device that can be used to impawdiation beam with a pattern in its
cross-section such as to create a pattern in attpaytion of the substrate. It should be
noted that the pattern imparted to the radiaticenbenay not exactly correspond to the
desired pattern in the target portion of the salbsirfor example if the pattern includes
phase-shifting features or so called assist festutenerally, the pattern imparted to the
radiation beam will correspond to a particular fiumeal layer in a device being created in
the target portion, such as an integrated circuit.

[0040] The patterning device may be transmissive or reflecExamples of patterning
devices include masks, programmable mirror arraysl programmable LCD panels.
Masks are well known in lithography, and includeskéypes such as binary, alternating
phase-shift, and attenuated phase-shift, as welhasus hybrid mask types. An example

of a programmable mirror array employs a matribamgement of small mirrors, each of
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which can be individually tilted so as to reflect mcoming radiation beam in different
directions. The tilted mirrors impart a patternaimadiation beam, which is reflected by
the mirror matrix.

[0041] The term “projection system” used herein should dveadly interpreted as
encompassing any type of projection system, inolgidefractive, reflective, catadioptric,
magnetic, electromagnetic and electrostatic opsgatems, or any combination thereof,
as appropriate for the exposure radiation being,usefor other factors such as the use of
an immersion liquid or the use of a vacuum. Any ofsthe term “projection lens” herein
may be considered as synonymous with the more glieem “projection system”.

[0042] As here depicted, the apparatus is of a transneisgipe (e.g., employing a
transmissive mask). Alternatively, the apparatusy rba of a reflective type (e.g.,
employing a programmable mirror array of a typeedsrred to above, or employing a
reflective mask).

[0043] The lithographic apparatus may be of a type hawng (dual stage) or more
substrate tables (and/or two or more mask tablleguch “multiple stage” machines the
additional tables may be used in parallel, or pr&joay steps may be carried out on one
or more tables while one or more other tables anegoused for exposure.

[0044] The lithographic apparatus may also be of a typereih at least a portion of the
substrate may be covered by a liquid having aiveligthigh refractive index, e.g., water,
so as to fill a space between the projection systedithe substrate. An immersion liquid
may also be applied to other spaces in the lith@lgcaapparatus, for example, between
the mask and the projection system. Immersion igals are well known in the art for
increasing the numerical aperture of projectiortesys. The term “immersion” as used
herein does not mean that a structure, such absirate, must be submerged in liquid,
but rather only means that liquid is located betwdiee projection system and the
substrate during exposure.

[0045] Referring to Figure 1, the illuminator IL receives radiation beam from a
radiation source SO. The source and the lithogcappparatus may be separate entities,
for example when the source is an excimer lasersuch cases, the source is not
considered to form part of the lithographic appssaand the radiation beam is passed
from the source SO to the illuminator IL with thel @f a beam delivery system BD
comprising, for example, suitable directing mirr@sd/or a beam expander. In other

cases the source may be an integral part of thegiiaphic apparatus, for example when
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the source is a mercury lamp. The source SO andlltin@inator IL, together with the
beam delivery system BD if required, may be reféteeas a radiation system.

[0046] The illuminator IL may comprise an adjuster AD fadjusting the angular
intensity distribution of the radiation beam. Gexllgr at least the outer and/or inner
radial extent (commonly referred to @uter ando-inner, respectively) of the intensity
distribution in a pupil plane of the illuminatorrche adjusted. In addition, the illuminator
IL may comprise various other components, suchnastagrator IN and a condenser CO.
The illuminator may be used to condition the radrabeam, to have a desired uniformity
and intensity distribution in its cross-section.

[0047] The radiation beam B is incident on the pattermagice (e.g., mask MA), which
is held on the support structure (e.g., mask t&bI¢, and is patterned by the patterning
device. Having traversed the mask MA, the radiattmam B passes through the
projection system PL, which focuses the beam ontrget portion C of the substrate W.
With the aid of the second positioner PW and pasigsensor IF (e.g., an interferometric
device, linear encoder, 2-D encoder or capaciteresar), the substrate table WT can be
moved accurately, e.g., so as to position diffetanget portions C in the path of the
radiation beam B. Similarly, the first positiondvilRand another position sensor (which is
not explicitly depicted in Figure 1) can be usedtourately position the mask MA with
respect to the path of the radiation beam B, after mechanical retrieval from a mask
library, or during a scan. In general, movementhaf mask table MT may be realized
with the aid of a long-stroke module (coarse positig) and a short-stroke module (fine
positioning), which form part of the first positien PM. Similarly, movement of the
substrate table WT may be realized using a lorakstrmodule and a short-stroke
module, which form part of the second positioner .PW the case of a stepper (as
opposed to a scanner) the mask table MT may beecteunh to a short-stroke actuator
only, or may be fixed. Mask MA and substrate W rbayaligned using mask alignment
marks M1, M2 and substrate alignment marks P1ARRBough the substrate alignment
marks as illustrated occupy dedicated target pastidhey may be located in spaces
between target portions (these are known as staree-alignment marks). Similarly, in
situations in which more than one die is provideditte mask MA, the mask alignment
marks may be located between the dies.

[0048] The depicted apparatus could be used in at leasbttne following modes:
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[0049] 1. In step mode, the mask table MT and the substable WT are kept
essentially stationary, while an entire patternangd to the radiation beam is projected
onto a target portion C at one time (i.e., a sirsgigetic exposure). The substrate table WT
is then shifted in the X and/or Y direction so tlatifferent target portion C can be
exposed. In step mode, the maximum size of the sxpofield limits the size of the
target portion C imaged in a single static expasure

[0050] 2. In scan mode, the mask table MT and the substable WT are scanned
synchronously while a pattern imparted to the ramliabeam is projected onto a target
portion C (i.e., a single dynamic exposure). Thiocity and direction of the substrate
table WT relative to the mask table MT may be deieed by the (de-)magnification and
image reversal characteristics of the projectiostesy PL. In scan mode, the maximum
size of the exposure field limits the width (in then-scanning direction) of the target
portion in a single dynamic exposure, whereas #mgth of the scanning motion
determines the height (in the scanning directidrihe target portion.

[0051] 3. In another mode, the mask table MT is keptregdly stationary holding a
programmable patterning device, and the substasate WWT is moved or scanned while a
pattern imparted to the radiation beam is projectett a target portion C. In this mode,
generally a pulsed radiation source is employedthagrogrammable patterning device
is updated as required after each movement of ubstite table WT or in between
successive radiation pulses during a scan. Thissnebdperation can be readily applied
to maskless lithography that utilizes programmabpkgterning device, such as a
programmable mirror array of a type as referredove.

[0052] Combinations and/or variations on the above desdrimodes of use or entirely
different modes of use may also be employed.

[0053] As shown in Figure 2, the lithographic apparatusfbAns part of a lithographic
cell LC, also sometimes referred to a lithoceltluster, which also includes apparatus to
perform pre- and post-exposure processes on aratéstConventionally these include
spin coaters SC to deposit resist layers, devetopé&r to develop exposed resist, chill
plates CH and bake plates BK. A substrate handlerpbot, RO picks up substrates
from input/output ports 1/01, /02, moves them betw the different process apparatus
and delivers then to the loading bay LB of thedghaphic apparatus. These devices,
which are often collectively referred to as theckraare under the control of a track

control unit TCU which is itself controlled by tiseipervisory control system SCS, which
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also controls the lithographic apparatus via litlagdy control unit LACU. Thus, the
different apparatus can be operated to maximizmutiirput and processing efficiency.

In order that the substrates that are exposed &litthographic apparatus are
exposed correctly and consistently, it is desiréblespect exposed substrates to measure
properties such as overlay errors between two $ayiee thicknesses, critical dimensions
(CD), etc. If errors are detected, adjustments beynade to exposures of subsequent
substrates, especially if the inspection can beedswon and fast enough that other
substrates of the same batch are still to be exipoatso, already exposed substrates may
be stripped and reworked — to improve yield — scdided, thereby avoiding performing
exposures on substrates that are known to be fadiftya case where only some target
portions of a substrate are faulty, further expesuran be performed only on those target
portions which are good.

An inspection apparatus is used to determine thpegpties of the substrates, and
in particular, how the properties of different sinbates or different layers of the same
substrate vary from layer to layer. The inspectpparatus may be integrated into the
lithographic apparatus LA or the lithocell LC or ynlae a stand-alone device. To enable
most rapid measurements, it is desirable thatrtbpeiction apparatus measure properties
in the exposed resist layer immediately after tkgosure. However, the latent image in
the resist has a very low contrast — there is anlgry small difference in refractive index
between the parts of the resist which have beewsexpto radiation and those which
have not — and not all inspection apparatus hatciemt sensitivity to make useful
measurements of the latent image. Therefore measints may be taken after the post-
exposure bake step (PEB) which is customarily thet Step carried out on exposed
substrates and increases the contrast betweeneskpos unexposed parts of the resist.
At this stage, the image in the resist may be refeto as semi-latent. It is also possible
to make measurements of the developed resist imageavhich point either the exposed
or unexposed parts of the resist have been remewdfter a pattern transfer step such
as etching. The latter possibility limits the pbggies for rework of faulty substrates but
may still provide useful information.

Figure 3 depicts a scatterometer which may be irsedme embodiments of the
present invention. It comprises a broadband (wigfet) radiation projector 2 which
projects radiation onto a substrate W. The refidctdiation is passed to a spectrometer

detector 4, which measures a spectrum 10 (inteasity function of wavelength) of the
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specular reflected radiation. From this data, stracture or profile giving rise to the

detected spectrum may be reconstructed by proceasimit PU, e.g., by Rigorous

Coupled Wave Analysis and non-linear regressiomyicomparison with a library of

simulated spectra as shown at the bottom of Figurén general, for the reconstruction
the general form of the structure is known and sqrammeters are assumed from
knowledge of the process by which the structure wade, leaving only a few

parameters of the structure to be determined frben dcatterometry data. Such a
scatterometer may be configured as a normal-incelestatterometer or an oblique-
incidence scatterometer. At normal incidence, h@methis scatterometer has no
sensitivity for pattern asymmetry. In order to detpattern asymmetry in the O-th
diffraction order, oblique incidence is needed.

[0057] Another scatterometer that can be used in some @mbkats is shown in Figure
4. In this device, the radiation emitted by raditsource 2 is collimated using lens
system 12 and transmitted through interferencerfilt3 and polarizer 17, reflected by
partially reflected surface 16 and is focused autbstrate W via a microscope objective
lens 15, which has a high numerical aperture (NA)some embodiments, at least 0.9,
and in some embodiments, at least 0.95. Immemsiatierometers may even have lenses
with numerical apertures over 1. The reflectedatawh then transmits through partially
reflecting surface 16 into a detector 18 in ordehave the scatter spectrum detected.
The detector may be located in the back-projectgal plane 11, which is at the focal
length of the lens system 15, however the pupih@lenay instead be re-imaged with
auxiliary optics (not shown) onto the detector.eTupil plane is the plane in which the
radial position of radiation defines the anglerafidlence and the angular position defines
azimuth angle of the radiation. The detector efgmably a two-dimensional detector so
that a two-dimensional angular scatter spectrum siibstrate target 30 can be measured.
The detector 18 may be, for example, an array dD©@CCMOS sensors, and may use an
integration time of, for example, 40 milliseconads frame.

[0058] A reference beam is often used for example to nmeathe intensity of the
incident radiation. To do this, when the radiatimam is incident on the beam splitter 16
part of it is transmitted through the beam splitiera reference beam towards a reference
mirror 14. The reference beam is then projectad ardifferent part of the same detector
18 or alternatively on to a different detector (sbown).
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[0059] A set of interference filters 13 is available téesé a wavelength of interest in the
range of, say, 405-790 nm or even lower, such 8s3B0 nm. The interference filter may
be tunable rather than comprising a set of diffefiters. A grating could be used instead
of interference filters.

[0060] The detector 18 may measure the intensity of geattdight at a single
wavelength (or narrow wavelength range), the intgnseparately at multiple
wavelengths or integrated over a wavelength randgeurthermore, the detector may
separately measure the intensity of transverse et@grand transverse electric-polarized
light and/or the phase difference between the W&nse magnetic- and transverse electric-
polarized light.

[0061] Using a broadband light source (i.e., one with dewiange of light frequencies or
wavelengths — and therefore of colors) is possislech gives a large etendue, allowing
the mixing of multiple wavelengths. The plurality wavelengths in the broadband
preferably each has a bandwidth A and a spacing of at leastA2. (i.e., twice the
bandwidth). Several “sources” of radiation can bierent portions of an extended
radiation source which have been split using fibbendles. In this way, angle resolved
scatter spectra can be measured at multiple waytblerin parallel. A 3-D spectrum
(wavelength and two different angles) can be meakwrhich contains more information
than a 2-D spectrum. This allows more informationbe measured which increases
metrology process robustness. This is describedadre detail in EP1,628,164A, which
is incorporated by reference herein in its entirety

[0062] The target 30 on substrate W may be a 1-D perigitng, which is printed such
that after development, the bars are formed otigelist lines. The target 30 may be a 2-
D periodic grating, which is printed such that affevelopment, the grating is formed of
solid resist pillars or vias in the resist. Theshauillars or vias may alternatively be etched
into the substrate. This pattern is sensitive tmmiatic aberrations in the lithographic
projection apparatus, particularly the projectigstem PL, and illumination symmetry
and the presence of such aberrations will manifestselves in a variation in the printed
grating. Accordingly, the scatterometry data of phieted gratings is used to reconstruct
the gratings. The parameters of the 1-D gratinghsas line widths and shapes, or
parameters of the 2-D grating, such as pillar arwidths or lengths or shapes, may be
input to the reconstruction process, performed toggssing unit PU, from knowledge of

the printing step and/or other scatterometry preegs
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As described above, the target is on the surfadbeobubstrate. This target will
often take the shape of a series of lines in d@rgyatr substantially rectangular structures
in a 2-D array. The purpose of rigorous opticalfrddtion theories in metrology is
effectively the calculation of a diffraction speatr that is reflected from the target. In
other words, target shape information is obtaireeddD (critical dimension) uniformity
and overlay metrology. Overlay metrology is a measusystem in which the overlay of
two targets is measured in order to determine vdnetiwo layers on a substrate are
aligned or not. CD uniformity is simply a measuretef the uniformity of the grating on
the spectrum to determine how the exposure systemheolithographic apparatus is
functioning. Specifically, CD, or critical dimensipis the width of the object that is
"written" on the substrate and is the limit at whet lithographic apparatus is physically
able to write on a substrate.

Figure 5 depicts an inspection apparatus 500 aiggprtb an embodiment.
Inspection apparatus 500 can be a scatteromettgnsysScatterometry system 500 can
sense one or more properties, such as CD and OYumaaents, of a wafer 508. In one
embodiment, inspection apparatus 500 operatesnit@ spectral range from about 200
nm to about 850 nm. Inspection apparatus 500 eansed in EUV lithography and
allows for high productivity and accurate CD and @trology.

Inspection apparatus 500 includes a radiation 0502, a catadioptric objective
504, a refractive objective 506, a first sensor,5difi] a second sensor 512. Radiation
source 502 can be, for example, a broadband (Vigh& radiation source. Radiation
source 502 produces a radiation beam 516. Ingpeapparatus 500 may also include an
illuminator 518 that is configured to condition ratbn beam 516. One example of an
illuminator that can be used with inspection appe®00 is further described below with
reference to Figure 16.

In one example, apparatus 500 produces first atmhgebeams 522 and 524 from
source radiation beam 516. Apparatus 500 is cordd) to direct first beam 522 to
catadioptric objective 504. Apparatus 500 is agqunied to direct second beam 524 to
refractive objective 506. In one embodiment, flbssam 522 has a spectral range from
about 200 nm to about 425 nm, and second beam&®4 bpectral range from about 425
nm to about 850 nm.

In one embodiment, apparatus 500 includes an itlation system including
illuminator 518 and a beam splitter 520 that spbieam 516 into first beam 522 and
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second beam 524. Beam splitter 520 can be twoguiar prisms or any other optical
device configured to split radiation beam 516 ifitst beam 522 and second beam 524.

[0068] In another embodiment, apparatus 500 includes &clsable mirror device (not
shown) that is configured to re-direct radiatiomine516 between an optical path directed
to catadioptric objective 504 and an optical pathaled to refractive objective 506.

[0069] In one example, within the optical path to catatliopobjective 504 apparatus
500 may also include one or more fold mirrors oe on more beam splitters configured
to direct first beam 522 to catadioptric objects@4. In the example shown in Figure 5,
apparatus 500 includes one fold mirror 526 and lweem splitter 528 that directs beam
522 from beam splitter 520 to catadioptric objeethd4.

[0070] First beam 522 is directed through catadioptricecttye 504 and focused on a
portion of wafer 508. First beam 522 is then &@#d back through catadioptric objective
504 and beam splitter 528, and directed to firssee510.

[0071] Catadioptric objective 504 can have a large NA.r Emample, catadioptric
objective 504 can have an NA that ranges from alBc@® to about 1.0, and in some
embodiments, an NA of about 0.95. Catadioptriceoliye 504 can also be achromatic
over a wide spectral range, for example, a rang@ fbout 200 nm to about 425 nm. In
some embodiments, catadioptric objective 504 imgsothe coating and transmission
properties of the optical system. In other embashts, catadioptric objective 504 is a
robust monolithic, two element design as furthescdibed below with reference to Figure
8.

[0072] Apparatus 500 may also include one or more relayons configured to direct
first beam 522 from catadioptric objective 504 itstfsensor 510. As shown in Figure 5,
apparatus 500 includes a first relay mirror 530 anskecond relay mirror 532 that are
configured to direct first beam 522 from beam $@li628 to first sensor 510.

[0073] The image formed on first sensor 510 is used teerdehe one or more
characteristics of wafer 508. First sensor 510lmam charge coupled device (CCD) or
any other suitable image sensing device. Firsts@erb10 can be used for CD
measurements or large target OV measurements.

[0074] Figure 6 illustrates an exemplary pupil image 666mfed on first sensor 510
when using an annular aperture. Using an annyart@re separates out the different
diffraction orders such that the zero diffractialer 606, the -1st diffraction order 602,
and the +1st diffraction order 604 are superposedhomwn in Figure 6. The pupil
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aperture can have shapes other than an annulus bagke application, for example, the
pupil aperture can be a circle, segment, dipolg,®l any other suitable shape. Annular
apertures are generally used for CD measuremertsQAh measurements on large
targets.

[0075] Apparatus 500 may also include one or more opélhents configured to direct
second beam 524 to refractive objective 506. Aswsh@n Figure 5, apparatus 500
includes a beam splitter 534 that directs beam f&@#% beam splitter 520 to refractive
objective 506. Refractive objective 506 can be anyable refractive objective. For
example, in some embodiments, refractive objechi9é includes one or more optical
lenses as discussed in more detail below with eefe to Figures 13-15.

[0076] In one example, second beam 524, which may hayeetral range from about
425 nm to about 850 nm, is directed through refracbbjective 506 and focused on a
portion of wafer 508. Second beam 524 is thenecedld back through refractive
objective 506 and beam splitter 534, and direabegsiecond sensor 512. Apparatus 500
may also include one or more optical elements gondéid to direct and condition second
radiation beam 524 to second sensor 512. For gheams shown in Figure 5, apparatus
500 includes a first relay lens 536 and a secotal/ lens 538. The reflected second
beam 524 is directed to second sensor 512 to farrmage. Second sensor 512 can be a
CCD or any other suitable sensing device. In anbagliment, a pupil image similar to
the pupil image 600 illustrated in Figure 6 canftmened on second sensor 512 and used
for CD measurements and OV measurements on langgetsa

[0077] In one example, inspection apparatus 500 can aldlode a third sensor 514.
Third sensor 514 can be a CCD or any other suitsdasing device. Third sensor 514 is
configured for OV measurements and, particularly; OV measurements of small
targets. As shown in Figure 5, in this examplgaaptus 500 includes a fourth beam
splitter 540 that splits second beam 524 refleétech wafer 508 into two beams: one
beam is directed to second sensor 512 and the lo¢laen is directed to third sensor 514.

[0078] In one example, inspection apparatus 500 inclutesar more optical elements
between fourth beam splitter 540 and third senddrdonfigured to focus an image sport
of the wafer on third sensor 514 for OV measuresiefor example, as shown in Figure
5, inspection apparatus 500 includes a relay ldi2sahd a spatial filter or field stop 543
configured for a dark field detection method thktcks the zero diffraction order. An

example of this system is described in U.S. Pat&pplication Publication No.
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2011/0027704, filed July 29, 2010, which is incogied herein by reference in its
entirety. Figure 7 illustrates an exemplary spoage of wafer 508, including wafer
marks, formed on third sensor 514. The aperturdietd stop 543 blocks the zero
diffraction order. Images such as the one showigare 7 formed on third sensor 514
can be used to determine one or more characterigfievafer 508, for example, small
target OV measurements.

[0079] Accordingly, in one example, separating sourceatamh beam 516 into first
radiation beam 522 having a spectral range fromuaB060 nm to about 425 nm and a
second radiation beam having a spectral range fibout 425 nm to about 850 nm
enhances optical performance. While preservingvittee spectral range of inspection
apparatus 500 as a whole.

[0080] Because inspection apparatus 500 as shown in Fififencludes one radiation
source 502, catadioptric objective 504 and refvactobjective 506 have matching
parameters, for example, matching pupil sizes, |fatiatances, and NA, in one
embodiment. For example, catadioptric objectivd 88d refractive objective 506 can
both have a pupil diameter that ranges from abdutén to about 6.7 mm. The optical
pass established between the pupil aperturesumiilator 518 and the pupils in each

objective can also be equal.

Example Embodiments of a Catadioptric Objective

[0081] Figure 8 schematically illustrates a catadioptrigeotive 804 that can be used
with inspection apparatus 500 shown in Figure 5 shown in Figure 8, catadioptric
objective 804 includes a refractive element 844 andhonolithic element 845, for
example, a monolithic glass element. Refractivemeint 844 conditions a second
radiation beam 822, for example, a radiation bdaa was split by beam splitter 520 of
apparatus 500 as shown in Figure 5, having a gpeatnge from about 200 nm to about
425 nm, to correct one or more optical aberratisash as coma). As shown in Figure 8,
refractive element 844 includes surfaces S4 andv®bolithic element 845 comprises a
reflective convex surface S7 that is positionedetitect radiation beam 822 conditioned
by refractive element 844. Monolithic element 848ludes a concave surface S8 that is
reflective and a surface S6 that is substantiediggparent to light in a desired wavelength
range. Transparent surface portion S6 is centarednd the optical axis and has a

diameter that can be based on the width of radidiEam 822. In one example, ssurface
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S6 passes radiation beam 822 coming from refraetemment 844, and surface S8 reflects
rays of beam 822 coming from surface S7. Thatadiation beam 822 conditioned by
refractive element 844 passes through transpawefece S6 of monolithic element 845

and impinges on convex reflective surface S7.

[0082] Surface S8 of monolithic element 845 receives Hukation reflected by convex
surface S7 and reflects this radiation toward getaportion of a wafer 808. Before
impinging on the target portion of wafer 808, theliation traverses surface S9 of
monolithic element 845. In one embodiment, allsragflecting off of reflective surface
S8 exit monolithic element 845 perpendicular tofae S9, and are therefore not
refracted by surface S9. As a result, catadioptvjective 804 can be achromatic.

[0083] Monolithic element 845 can comprise glass, for gxanfused silica (Sig).

[0084] An example prescription for designing the opticalrfaces depicted in the
embodiment of Figure 8 is set forth below in Table
TABLE 1

Surface
S# Type Radius Thickness
S1 Sphere | infinity | infinity
S2 Sphere | infinity | 29.91889
S3 Sphere | infinity | -29.9189
S4 Sphere | infinity | 4
S5 Aspherg 47.16811) 1.879349
S6 Aspherg 49.52582| 36.96539
S7 Aspherg 4.149334) -36.9654
S8 Asphere 49.52582| 39.46539
S9 Sphere | 28.2497328.24973

[0085] In one embodiment, aspheric surfaces S5, S6, Sd,S# can be designed

according to the following aspheric equation:
2
Z(r) = a +Ar*+Bré+Cre +Dr%+Er? + Fr** +Gr'® + Hr*® + Jr *°
1+41- (L+Kk)c?r?
(Eq. 1)

[0086] wherein

[0087] r=x2+y?;

[0088] c is the curvature (1/RDY) of the surface;

[0089] k is the conic constant; and
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[0090] A through J are the aspheric coefficients.

[0091] In one embodiment, using Equation 1, aspheric sagf&&5 and S8 can have the
parameters set forth below in Table 2.

TABLE 2

S5 s8
Y Radius (RDY) 47.16811| 49.52582
Conic Constant (k) 47.9979 -0.05977
4th Order Coefficient (A) | -0.00023 1.18E-09
6th Order Coefficient (B) | 1.80E-06| -2.66E-13
8th Order Coefficient (C) | 2.30E-07| 4.61E-16
10th Order Coefficient (D) -1.20E-09 -3.00E-19
12th Order Coefficient (E) O 1.26E-22
14th Order Coefficient (F) O -2.96E-26
16th Order Coefficient (G) 0 3.48E-30
18th Order Coefficient (H) O 0
20th Order Coefficient (J)] O 0

[0092] In other embodiments, a catadioptric objective usld inspection apparatus 500
as shown in Figure 5 may include other suitablegiefrms of catadioptric objectives,
for example, the design forms as described in BP.&ent No. 7,633,689, which is
incorporated herein by reference in its entirety.sbme embodiments, a catadioptric
objective used with inspection apparatus 500 shiowifigure 5 can be any catadioptric
objective suitable for use with radiation havingectral range from about 200 nm to
about 424 nm.

[0093] In some embodiments, a catadioptric objective systesed with inspection
apparatus 500 can include a catadioptric objectnet at least two mirrors to correct the
field curvature created by the catadioptric objexti The catadioptric objective used in
catadioptric objective systems that correct fialdvature can take the form of any of the
above-described embodiments or any other suitaiphe 6f a catadioptric objective.

[0094] The additional mirrors can be configured to correctreduce the total field

curvature of the catadioptric objective system heeafield curvature depends on the
curvature of optical surfaces. Particularly, theflective surfaces of the mirrors
compensate for the effect of, for example, surfa@eas shown in Figure 8. Each mirror
can be either a first surface or a second surflreekample, a Mangin mirror) mirror.

Each mirror can have either a spherical or aspéiesttape.
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[0095] In one embodiment, the sum of the average cunmt(#¢ of the additional
mirrors defined at the center of their clear apedus greater than zero: A>0. For first
surface mirrors, curvature is positive for concatefaces and negative for convex
surfaces. For second surface mirrors, curvatur@oisitive for convex surfaces and
negative for concave surfaces. When A>0 for therarsrof the catadioptric objective
system, the mirrors induce field curvature havingign that is opposite to the sign of
field curvature induced by the catadioptric objeeti

[0096] The additional mirrors can have a common axis td#tron (and the beams hit off-
axis patches of the reflective surfaces), or commplane of symmetry (and the mirrors
are decentered and/or tilted in one plane). A#tevely, the mirrors can have no
symmetry at all and be decentered and tilted ireetfdimensional space. In some
embodiments, angles of incidence of all rays ofb@hms are not zero to avoid beam
obscuration.

[0097] In other embodiments, a catadioptric object syst&mn also include optional
refractive element(s) between mirrors. To avoiduging chromatic aberrations, the
combined optical power of all surfaces of the retikee elements and the first surface of
the monolithic element of the catadioptric objeetifor example, surface S6 as shown in
Figure 8, should be close to zero. Here, opticalgroof a surface is defined as c*(n’-n),
where c is surface curvature, and n and n’ arecesdof refraction from both sides of the
surface.

[0098] Figures 9-12 schematically illustrate exemplary ediments of catadioptric
objective systems that include a catadioptric dbjecand at least two mirrors to correct
the field curvature induced by the catadioptricechiye.

[0099] Figure 9 schematically illustrates a catadioptheotive system 905 that includes
a catadioptric objective 904 (including a refraet®lement 944 having surfaces S7 and
S8) and four mirrors 986, 988, 990, and 992 havéfigctive surfaces S5, S4, S3, and S2,
respectively. No refractive elements are betweanons 986, 988, 990, and 992. Here,
the object can be positioned at a finite distanoenfthe objective or at an infinite
distance.

[0100] An example prescription for designing the opticafaces depicted in catadioptric

objective system 905 of Figure 9 is set forth belowable 3.
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TABLE 3
S# Surf. Radius Thickness Material | Mode Decenter
type
0 SPH 1.00E+18 1E+14
1 SPH 1.00E+184.884033
2 AAS -231.923| -136.493 Reflegt BEN
3 AAS 116.3648| 133.9646 Reflect BEN
4 AAS -137.837| -154.205 Reflegt BEN
5 AAS 216.1939| 318.6562 Reflect BEN
7 SPH 1.00E+18 4 'Si02'
8 ASP 39.20413 1.879349
9 ASP 49.52582 36.06278 'SiO2'
10 SPH 5.890262 -36.0628 'SiO2' Reflect
11 ASP 49.52582 38.56278 'SiO2] Reflect
12 29.34339 29.34339
[0101] Rotationally symmetric aspheric surfaces S8, S &il can be designed

according to Equation 1 defined above. For exammeng Equation 1, surfaces S8, S9,

and S11 depicted in Figure 9 can have parametefsrde below in Table 4.

TABLE 4
Surface # 8 9 11
Type ASP ASP ASP
RDY 39.20413 49.52582 49.,52582
K 31.33416 -0.05571 -0.05571
A -1.79E-04 1.50E-09 1.50E-09
B 5.92E-07 -9.24E-14 -9.24E-14
C -1.67E-08 6.23E-16 6.23E-16
D -2.81E-10 -6.70E-19 -6.70E-19
E 0.00E+00 4.22E-22 4.22E-22
F 0.00E+00 -1.34E-25 -1.34E-25
G 0.00E+00 1.78E-29 1.78E-29
H 0.00E+00 0.00E+00 0.00E+00
J 0.00E+00 0.00E+00 0.00E+00

[0102]

the following equation for the sag of the surfaeeafiel to the z-axis:

(CUX)x + (CUY)y?

Z(xy)=

1+,/1- (L+ KX )(CUX)?x? - (1+ KY)(CUY)?y?

+ AR{(1- AP)x? + (1+ AP)y2F

Anamorphic aspheric (AAS) surfaces S4, S5, andad®7e designed according to

(Eq. 2)

+BR{(1L-BP)x + (1+ BP)y?}’ + CR{(1- cP)x2 + (1+ CP)y?}" + DR{(1- DP)x + (1+ DP)y2)’

[0103]
[0104]

Wherein

CUX and CUY are the curvatures in x and y, respebtj
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[0105] KX and KY are the conic constants in x and y, retigely, and correspond to

eccentricity in the same way as k in Eq. 1;

[0106] AR, BR, CR, and DR are the rotationally symmetrictipn of the 4th, 6th, 8th,
and 10th order deformation from the conic; and
[0107] AP, BP, CP, and DP are the non-rotationally symimemmponents of the 4th,
6th, 8th, and 10th order deformation from the conic
[0108] For example, using Equation 2, surfaces S4, S5 Sahdepicted in Figure 9 can
have parameters set forth below in Table 5.
TABLE 5
Surface # 2 3 4 5
X Curvature (CUX) -0.00432 0.0086290.00727| 0.004663
X Radius -231.589 115.8892137.589| 214.432
Y Curvature (CUY) -0.00431 0.0085940.00725| 0.004625
Y Radius -231.923 116.3648137.837| 216.1939
Y Conic Constant (KY) 3658.55321.21849| -186.515| -110.559
4th Order Symmetric CoefficientO 0 0 0
(AR)
6th Order Symmetric CoefficientO 0 0 0
(BR)
8th Order Symmetric CoefficientO 0 0 0
(CR)
10th Order Symmetric CoefficientO 0 0 0
(DR)
X Conic Constant (KX) 3652.09620.4269 | -185.578 -107.71
4th Order Asymmetric CoefficientO 0 0 0
(AP)
6th Order Asymmetric CoefficientO 0 0 0
(BP)
8th Order Asymmetric CoefficientO 0 0 0
(CP)
10th Order Asymmetric CoefficientO 0 0 0
(BP)
[0109] As shown in Figure 9, reflective surfaces S2, 28, &d S5 of mirrors 992, 990,

988, and 986, respectively, can be decenteredled®iek surfaces S2, 23, S4, and S5 of
mirrors 992, 990, 988, and 986 can also be tiltaouathe x-axis (an axis perpendicular
to the plane of the page of Figure 9). For examglefaces S2, 23, S4, and S5 can be

decentered and tilted according to the parameg&tf®rh in table 6 below.
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TABLE 6
Surface # 2 3 4 5
Type BEN BEN BEN BEN
ADE (in | -2.09478| 3.199903| -2.40523 | 5.551253
degrees)
[0110] In one example, the average sum of curvatures obrei986, 988, 990, and 992

is greater than zero, which means mirrors 986, 988, and 992 induce field curvature
with a sign opposite to the sign of the field cuwva induced by catadioptric objective
904. Accordingly, the field curvature of catadioptsystem 905 is corrected or at least
reduced.

[0111] Figure 10 schematically depicts a catadioptric cibje system 1005 according to
another embodiment. Catadioptric system 1005 dedua catadioptric objective 1004
(including refractive element 1044) and two mirr@@86 and 1088. Here, the sum of
average curvatures of mirrors 1086 and 1088 istgreéhan zero to correct or reduce the
total field curvature induced by catadioptric objee 1004.

[0112] In this example, catadioptric objective system 1@@8udes refractive element
1094 and refractive element 1096. Refractive etemi®94 is positioned between first
mirror 1086 and second mirror 1088. Refractivemest 1096 is positioned before
second mirror 1088. Mirrors 1086 and 1088 candmedtered and tilted.

[0113] Figure 11 schematically depicts a catadioptric cbpje system 1105 according to
another embodiment. Catadioptric system 1105 iredudatadioptric objective 1104
(including refractive element 1144) and three migrd186, 1188, and 1190. Mirrors
1186, 1188, and 1190 can be decentered and tilteel.average curvatures of mirrors
1186, 1188, and 1190 are greater than zero. Tmditton helps correct or reduce field
curvature attributable to catadioptric objectivé®4.1

[0114] In this example, catadioptric objective system lifudes refractive element
1194, 1196, and 1198. Refractive element 1194 s#tipaed in the optical path between
mirror 1186 and mirror 1188. Refractive element @19 positioned in the optical path
between mirror 1190 and mirror 1188. Refractivemaat 1198 is positioned in the
optical path before mirror 1190.

[0115] Figure 12 depicts a catadioptric objective syste@051 according to an
embodiment. Catadioptric system 1205 includestadoaptric objective 1204 (including
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[0117]

[0118]

[0119]

[0120]

[0121]
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refractive element 1244) and for mirrors 1286, 128890, and 1291. Mirrors 1286,
1288, 1290, and 1291 can be decentered and tilted.

In this example, the average of the curvatures@fréflective surfaces of mirrors
1286, 1288, 1290, and 1291 is greater than zeootiect or reduce the field curvatures
induced by catadioptric objective 1204.

Catadioptric objective system 1205 can also incltefeactive elements 1294,
refractive element 1296, refractive element 1298, r@efractive element 1299. Refractive
element 1294 is positioned in the optical path leetwmirror 1286 and 1288. Refractive
element 1296 is positioned in the optical path leetwmirror 1290 and mirror 1288.
Refractive element 1298 is positioned in the opiedh between mirror 1291 and mirror
1290. Refractive element 1299 is positioned inapical path before mirror 1291.

Example Embodiments of a Refractive Objective

Figure 13 schematically illustrates a refractivgeobve 1306 that can be used
with inspection apparatus 500 as shown in FigurAssshown in Figure 13, refractive
objective 1306 includes three lens groups: back tgpup 1346, middle lens group 1348,
and front lens group 1350. In this example, Sahigm@trance pupil of objective 1306, and
S6 is an aperture stop of objective 1306.

In this example, back lens group 1346 includes I8%2 and lens 1354 forming a
doublet. Lens 1352 has a surface S3 and a surthckefs 1354 has surface S4 and a
surface S5. Lens 1352 and lens 1354 can fornpagstiegative doublet for Petzval sum
correction.

In this example, middle lens group 1348 includemablet 1356, a triplet 1358, a
doublet 1360, and a doublet 1362. Doublet 1356p@m®s lens 1364 having a surface
S7 and a surface S8 and a lens 1366 having a sus@nd a surface S9. Triplet 1358
includes a lens 1368 having a surface S10 andfaceug11, a lens 1370 having a surface
S11 and a surface S12, and a lens 1372 havingceu#a2 and a surface S13. Doublet
1360 includes a lens 1374 having a surface Sl4annface S15 and a lens 1376 having
surface S15 and a surface S16. Doublet 1362 iasladens 1378 having a surface S17
and a surface S18 and a lens 1380 having surfs®ar@lla surface S19.

Regarding triplet 1358, lens 1368 and lens 1372bmapositive lenses, and lens
1370 can be a negative lens. In one embodimem, 1872 comprises calcium fluoride

(CaR). Lens 1370 comprises a heavy crown, a heavy, finlanthanum flint, or a
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lanthanum dense flint. Lens 1372 comprises a héawymaterial having an index of
refraction that is greater than about 1.75. Themabinations of glass materials allow
objective 1306 to reach super apochromatic aberratrrection.

[0122] In this example, front lens group 1350 includesaekbmeniscus lens 1382 having
a surface S20 and a surface S21 and a front menesces 1384 having a surface S22 and
a surface S23. Front lens group 1350 decreasedlAhérom the object space to the
entrance of the middle lens group 1348. For exanfmint lens group 1350 can decrease
NA from about 0.95 in the object space to aboub@2 on the entrance of middle lens
group 1348.

[0123] In one embodiment, front meniscus lens 1384 coreprisheavy crown material,
a heavy flint, a lanthanum flint, or a lanthanunmske flint having an index of refraction
greater than about 1.75, for example, about 1185some embodiments, front meniscus
lens 1384 comprises a material having an Abbe nurtiiz ranges from about 45 to
about 50. Back meniscus lens 1382 comprises aylitiatvmaterial having a small Abbe
number, for example, an Abbe number less than aBdutLens 1382 can also have a
high index of refraction, for example, about 1.16.such embodiments, front lens group
1350 can correct or reduce coma and simultanealgstyot produce axial color because
the difference in the Abbe numbers is large. B@meple, if front lens 1384 comprises
SLAH58_ Ohara having an Abbe number of about 44 tzauk lens 1382 comprises SF6
having an Abbe number of about 27, the differemc&bbe numbers is equal to about 18.

[0124] Refractive objectives according to the above dbsdriembodiment can have low
pupil aberrations and low sensitivity of these aigons from a target portion of a wafer
1308, which can improve OV measurement accuracy evith moderate wafer stage
position accuracy. Additionally, the working dista between the refractive objective
and wafer 1308 is improved. In some cases, th&kimgrdistance is increased about
twice that of previous refractive objectives. et refractive objectives according to the
above described embodiments provide super apochimatzerration correction. Figure
14 is a graph showing the longitudinal chromatieredtion of using a refractive objective
according to an embodiment. As seen in Figure hd, focus shift is zero at three
different wavelengths—an improvement over previmigactive objectives.

[0125] An example prescription for designing the optiaaffaces of refractive objective
1306 depicted in Figure 13 is set forth below ifl€ar.
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TABLE 7

S# Radius | ThicknessGlass
1 infinity | infinity
2 infinity | -20
3 -39.784| 1.989715 SF6_SCHOTT
4 -15.186| 2.845672 NFK51A SCHOTT
5 10.786 | 35.24481
6 infinity | 9.994649
7 83.898 | 14 NLAK10 SCHOTT
8 16.315 | 9.331054 KGFK70_SUMITA
9 -46.065| 0.25
10 132.997| 7.814527| SF6_SCHOTT
11 -16.390| 5.5 LAFN7_SCHOTT
12 26.587 | 7.562402 CAF2 SCHOTT
13 -65.796| 0.946029
14 21.522 | 14.8615 CAF2_SCHOTT
15 -54.370| 2 NSF57 SCHOTT
16 158.282| 1.564944
17 15.704 | 10.85286 CAF2_SCHOTT
18 -28.913| 2.272571 SF6 SCHOTT
19 52.739 | 0.25
20 12.413 | 5.393754 SF6 _SCHOTT
21 16.702 | 1.325545
22 4.865 4.080317 SLAH58 OHARA
23 4.605 1.919652
24 infinity | O

[0126] Figure 15 illustrates another embodiment of a ctiiva objective 1506 that can be

used with inspection apparatus 500 as shown inr€igu As shown in Figure 15,
refractive objective 1506 has similar architectaseobjective 1306 shown in Figure 13.
However, instead of using lenses comprising £a$ in the prescription described in
Table 7, objective 1506 uses lenses comprisingréicial crystal fluorite, for example,

KCAFK95_ SUMITA. Using an artificial crystal fluae can improve temperature
sensitivity of refractive objective 1506, which adls for a wider temperature range
during operation and transportation. An examplespription for designing the optical

surfaces of refractive objective 1506 depictediguFe 15 is set forth below in Table 8.
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surface| Radius Thickness Glass

2 infinity | -20

3 -39.7842| 2.5 SF6_SCHOTT

4 -16.577 | 2.851353 NFK51A SCHOTT
5 11.27606 35.84004

6 infinity | 10.58609

7 108.0921 14 NLAK10 SCHOTT
8 16.96712 9.862779 | KGFK70_SUMITA
9 -42.0926| 0.25

10 2525.946 8.769319 | SF6_SCHOTT

11 -16.821 | 3.5 LAFN7_SCHOTT
12 24.73418 7.328727 | KCAFK95 SUMITA
13 -86.3655| 0.25

14 19.285164 16.1353 KCAFK95 SUMITA
15 -61.545 | 4 NSF57 SCHOTT
16 367.0742 0.387075

17 13.47913 9.896863 | KCAFK95 SUMITA
18 -24.9802| 3.5 SF6_SCHOTT

19 40.69156 0.25

20 9.830512 4.364051| SF6_SCHOTT

21 12.95261 0.374343

22 4.403276 3.800801| SLAH58 OHARA
23 4.077927 1.553261

The refractive and catadioptric objective emboditeatiscussed above may be

other devices using refractive or catadioptric otiyes.

[0128]

inspection apparatus or may be incorporated in® ltthography apparatus LA or

The inspection apparatus 500 as depicted in Fiumay be a stand-alone

lithographic cell LC of Figures 1 and 2, respediive

[0129]

with an inspection apparatus such as the oneritest in Figure 5. As shown in Figure
16, a radiation source 1602 produces a radiati@amb&616.
radiation source 1602 can be an optical fiber tiRadiation beam 1616 then passes
through an illuminator 1618. In some embodimentiminator 1618 includes an
achromatic lens doublet 1603, a rotatable polarif5, and a pupil defining aperture
1607. In some embodiments, lens doublet 1603 eacohfigured to provide chromatic

compensation in the broad spectral range from aBpodtnm to about 850 nm. In some

Figure 16 illustrates one embodiment of an illuniora system that can be used

In some embodiments,
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embodiments, lens doublet 1603 may include a,Qaks and a SiPlens. Further, in
some embodiments, lens doublet 1603 may be posdiatong the optical axis and can
be adjustable for different discrete wavelength#fn some embodiments, rotatable
polarizer 1605 can be a Rochon prism made fromMgF

[0130] After exiting illuminator 1618, a relay mirror opél system can direct the
radiation to a catadioptric objective 1604 andfeaive objective (not shown). In some
embodiments, as shown in Figure 16, the relay moptical system may include a first
spherical relay mirror 1626a, a first flat fold nor 1626b, a second spherical relay mirror
1626¢, and a second flat fold mirror 1626d. Afecond flat fold mirror 1626d, the
radiation beam passes through a beam splitter tct6@&tadioptric objective 1604.

[0131] In some embodiments, pupil aperture 1607 is pregeah the plane of the
entrance pupils of both catadioptric objective 1604d the refractive objective by
achromatic relay mirrors, for example, first spbakirelay mirror 1626a and second
spherical relay mirror 1626d.

[0132] Although specific reference may be made in thig texthe use of methods and
apparatus in the manufacture of ICs, it should deustood that the inspection methods
and apparatus described herein may have othercapphs, such as the manufacture of
integrated optical systems, guidance and detecpatterns for magnetic domain
memories, flat-panel displays, liquid-crystal deggs (LCDs), thin film magnetic heads,
etc. The skilled artisan will appreciate that,he tontext of such alternative applications,
any use of the terms “wafer” or “die” herein maydmnsidered as synonymous with the
more general terms “substrate” or “target portioespectively. The substrate referred to
herein may be processed, before or after exposurimr example a track (a tool that
typically applies a layer of resist to a substratel develops the exposed resist), a
metrology tool and/or an inspection tool. Wherelapaple, the disclosure herein may be
applied to such and other substrate processing.tdairther, the substrate may be
processed more than once, for example in orderetate a multi-layer IC, so that the term
substrate used herein may also refer to a substhae already contains multiple
processed layers.

[0133] Although specific reference may have been made ebtw the use of
embodiments of the present invention in the contdxoptical lithography, it will be
appreciated that the present invention may be usemther applications, for example

imprint lithography, and where the context allovgsnot limited to optical lithography. In
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imprint lithography, a topography in a patternirgyide defines the pattern created on a
substrate. The topography of the patterning demeg be pressed into a layer of resist
supplied to the substrate whereupon the resistuiedcby applying electromagnetic
radiation, heat, pressure or a combination thefBoé. patterning device is moved out of
the resist leaving a pattern in it after the resistured.

[0134] The terms “radiation” and “beam” used herein encassp all types of
electromagnetic radiation, including ultraviolet\(Jradiation (e.g., having a wavelength
of or about 365, 355, 248, 193, 157 or 126 nm) extdeme ultra-violet (EUV) radiation
(e.g., having a wavelength in the range of 5-20,ram)wvell as particle beams, such as ion
beams or electron beams.

[0135] The term “lens”, where the context allows, may rééeany one or combination of
various types of optical components, including aefive, reflective, magnetic,
electromagnetic and electrostatic optical compaent

[0136] While specific embodiments of the present inventiawe been described above,
it will be appreciated that the present inventioaynbe practiced otherwise than as
described. For example, the present invention rakg the form of a computer program
containing one or more sequences of machine-readastructions describing a method
as disclosed above, or a data storage medium g¢emiconductor memory, magnetic or
optical disk) having such a computer program sttinedein.

[0137] The descriptions above are intended to be illugganot limiting. Thus, it will
be apparent to one skilled in the art that modifices may be made to the present
invention as described without departing from tbepe of the claims set out below.

[0138] It is to be appreciated that the Detailed Des@ip8ection, and not the Summary
and Abstract sections, is intended to be usedtergret the claims. The Summary and
Abstract sections may set forth one or more butatioexemplary embodiments of the
present invention as contemplated by the inventoafsd thus, are not intended to limit
the present invention and the appended claimsymay.

[0139] The embodiments of the present invention have besaribed above with the aid
of functional building blocks illustrating the imgrhentation of specified functions and
relationships thereof. The boundaries of thesectfanal building blocks have been
arbitrarily defined herein for the convenience lo¢ tdescription. Alternate boundaries
can be defined so long as the specified functiond eelationships thereof are

appropriately performed.
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[0140] The foregoing description of the specific emboditsenwill so fully reveal the
general nature of the present invention that otbars by applying knowledge within the
skill of the art, readily modify and/or adapt foanous applications such specific
embodiments, without undue experimentation, withadgparting from the general
concept of the present invention. Therefore, sadhptations and modifications are
intended to be within the meaning and range of\vedeints of the disclosed embodiments,
based on the teaching and guidance presented heleis to be understood that the
phraseology or terminology herein is for the pugogdescription and not of limitation,
such that the terminology or phraseology of thes@né specification is to be interpreted
by the skilled artisan in light of the teachingsl gyuidance.

[0141] The breadth and scope of the present inventionldhmmi be limited by any of the
above-described exemplary embodiments, but shaildefined only in accordance with
the following claims and their equivalents.



-31-

What is claimed is:

1. An inspection apparatus for optically determiningnensional parameters of a wafer, the

inspection apparatus comprising:

an illumination system configured to receive atfsesam and to produce second and

third beams therefrom;

a catadioptric objective configured to direct thecand beam to reflect from the

wafer;
a first sensor configured to detect a first imageated by the reflected second beam;
a refractive objective configured to direct thedhHdeam to reflect from the wafer; and

a second sensor configured to detect a second iragéed by the reflected third

beam.

2. The inspection apparatus of claim 1, wherein thenination system further comprises a
beam splitter configured to split the first beartoithe second beam and the third beam
such that the second beam is configured to prosidieal dimension measurements of
the wafer and the third beam is configured to ptewaverlay measurements of the wafer

to monitor a lithographic process.
3. The inspection apparatus of claim 1, further cosipg, in order from a radiation source:
a lens doublet configured to be adjustable alongmital axis;
a rotatable prism polarizer;
a pupil-defining aperture; and

a mirror relay optical system configured to imabe pupil-defining aperture into a
plane of an entrance pupil of the catadioptric dcibyje and into a plane of an entrance

pupil of the refractive objective.
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The inspection apparatus of claim 1, further cosipg a beam splitter configured to split
the first beam into the second beam and the thgeshthat are directed to the catadioptric

objective and the refractive objective, respectivel

The inspection apparatus of claim 1, further cosipg a third sensor configured to
detect a third image created by the reflected thaam.

The inspection apparatus of claim 5, wherein arrlayedimension measurement of the

wafer is determined using the third image.

The inspection apparatus of claim 1, wherein tleoiseé beam has a first spectral range
and the third beam has a second spectral rangéhvdidifferent than the first spectral
range such that an operating spectral range oindpection apparatus includes the first

and second spectral ranges.

The inspection apparatus of claim 1, wherein tlepéction apparatus is configured to

determine a first critical dimension measuremerthefwafer using the first image.

The inspection apparatus of claim 8, wherein trgpéation apparatus is configured to

determine a second critical dimension measureng@ngihe second image.
The inspection apparatus of claim 1, wherein tifi@céve objective comprises:
a front lens group having front and back meniseunsés;

a middle lens group having a first doublet, a sdaboublet, a triplet, and a doublet in

order from a front to a back of the refractive ahijge; and
a back lens group having a negative doublet.
The inspection apparatus of claim 1, wherein:

the triplet of the middle lens group comprisesanfrpositive lens, a middle negative

lens, and a back positive lens, and

the back positive lens comprises a heavy flint.
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The inspection apparatus of claim 1, further comprising at least two mirrors configured to

reduce field curvature induced by the catadioptric objective.

The inspection apparatus of claim 12, wherein the at least two mirrors comprises four

Mirrors.

The inspection apparatus of claim 12, wherein each mirror of the at least two mirrors has

an anamorphic aspheric reflective surface.

The inspection apparatus of claim 12, further comprising a refractive element in an

optical path between two mirrors of the at least two mirrors.

A method of optically determining dimensional parameters of a wafer, the method

comprising:

directing a first beam through a catadioptric objective onto the wafer such that the

first beam reflects from the wafer;

forming a first image of the wafer using the reflected first beam;

determining a first parameter of the wafer using the first image;

directing a second beam through a refractive objective onto the wafer such that the

second beam reflects from the wafer;

forming a second image of the wafer using the reflected second beam; and

determining a second parameter of the wafer using the second image.

The method of claim 16, wherein:

the first parameter is a first critical dimension measurement; and

the second parameter is a second critical dimension measurement.

The method of claim 16, further comprising:

forming a third image of the wafer using the reflected second beam; and
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determining a third parameter of the wafer using the third image.

The method of claim 16, further comprising producing the first and second beams from a

third beam.

The method of claim 19, wherein producing the first and second beams from the third
beam comprises splitting the third beam into the first and second beams using a beam

splitter.
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