-1- SHEARI NG | NTERFEROVETER W TH DYNAM C PUPI L FI LL BACKGROUND OF THE

| NVENTION Field of the Invention [0001] The present invention is generally
rel ated to photolithography systens, ahd nore particularly, to neasuring
wavefront paraneters in a hot ol i t hographi ¢ system Related Art [0002]

Li t hogr aphy i sSHESRIBESEN ROMEFERR &V IIEhDYNAMIG RURILUELace of
substrates. Such substrates can include those used in the manufacture of
flat panel displays, circuit boards, various integrated circuits, and the
like. A frequently used substrate for such applications is a sem conductor
wafer. One skilled in the relevant art would recogni ze that the
description herein would also apply to other types of substrates. [0003]
During lithography, a wafer, which is disposed on a wafer stage (W8), 1is

exposed to an i nmage proBaCEGROUND UreTEEMNaENTPioNhe waf er by an exposure
system |l ocated within a |ithography system The exposure systemincludes a

reticle (alsq.called a mask) for projecting the i mage onto the wafer.

[ 0004] The Frl%lflioth@_IP‘éer@gﬁal ly nounted on a reticle stage (RS) and generally
| ocat ed between the wafer and a |light source. In photolithography, the
reticle is used as a photo mask for printing a circuit on the wafer, for
exanpll@001] | j t hodhs prssenti igrantioniingencratyoalsted: theobatedithapmphysgstembr ough a

series of i I at, shrj 1 he j This spmall .image is then
“proj ected %ﬁ@ogﬁﬁg ]§£@§§¥h¢héopgé%%§§£$s‘%ﬁ%gﬁgﬁ P%mﬁg&%% ®méra bends

| i ght' to fehotolithopraphe systemfil m The |ight plays an integral role in the
l'it hographi c process. For exanple, in the manufacture of m croprocessors
(al so known as computer chips), the key to creating nore powerful

m croproceRebmnsl Ag the size of the light's wavel ength. The shorter the
wavel ength, the nore transistors can be

[0002] Lithography is a process used to create features on the surface of
substrates. Such substrates can include those used in the manufacture of flat
panel displays, circuit boards, various integrated circuits, and the like. A
frequently used substrate for such applications is a semiconductor wafer. One
skilled in the relevant art would recognize that the description herein would
also apply to other types of substrates.

[0003] During lithography, a wafer, which is disposed on a wafer stage (WS),
is exposed to an image projected onto the surface of the wafer by an exposure
system located within a lithography system. The exposure system includes a
reticle (also called a mask) for projecting the image onto the wafer.

[0004] The reticle is usually mounted on a reticle stage (RS) and generally
located between the wafer and a light source. In photolithography, the reticle
is used as a photo mask for printing a circuit on the wafer, for example.
Lithography light shines through the mask and then through a series of optical
lenses that shrink the image. This small image is then projected onto the
wafer. The process is similar to how a camera bends light to form an image
on film. The light plays an integral role in the lithographic process. For
example, in the manufacture of microprocessors (also known as computer
chips), the key to creating more powerful microprocessors is the size of the

light's wavélength. The shorter the wavelength, the more transistors can be




-2- formed on the wafer. A wafer with many transistors results in a nore
powerful, faster m croprocessor. [0005] As chip manufacturers have been
able to use shorter wavel engths of [|ight, they have encountered a problem
of the shorter wavel ength |light becom ng absorbed by the glass | enses that
are intended to focus the light. Due to the absorption of the shorter
wavel ength light, the light fails tagyeach the silicon wafer. As a result,
no circuit pattern is created on the silicon wafer. In an attenpt to
overcone this problen1 chip manufacturers devel oped a Iithography process

known as re raV| et ,Lit EUV | S process, a gl ass
|l ens can b &i‘ r mi 41 G q’ﬁ'@gé‘}/ang‘hgarﬁ%%%ﬁerﬁ? Heds®PFng t he
undesi r abl q;omfﬁlyrfmgﬂ;ﬂaﬁ,peaceggag wavefront (often referred to as wavefront

aberrati ons) is a persistent one for the |ithographic applications. These
wavef 1851 aber r dt5 oHB mawacturttsdrave bepmable tphySSlShaIIterc‘am‘eé@}gﬂssu@fh as changes
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caused by heati ng or |ight-induced CO%C“ on. m%artl cular, it is
desirabl e t¥iene tBppesorianeeisthe showsrarav 8%131&11‘5{@1&1 ¢ Fails tplheachl i t hogr aphi ¢

tool duri ng, waf&f, pied Uf{@ %p&uﬁ% \Aﬁ%(c%ﬁsplﬁctgm £ Aleh 0&1@&@?1110(%1\,\#%]'%%'[ o take the

tool offline 1n order NCreases Ccost 0 hi p, reduces
t hr ough- pufin an attﬁrm;mdnce&r&ime tidt heoblemp ehipf manefai:meere Rizyelop&UWMVARY OF THE

| NVENTI ON [.0007] . The i nyention | s directed to a _scanning
interfero Mhﬂi’m‘g’fl% ‘{'Enﬁf’,u XFrelFlieI[IIU@Wé’i“éﬁ%ﬂ’&ﬁﬂ&ﬁwldb\lpat es one or

more of 1t heiphRBLEND sRAden B HLENLAR %%ﬁ&e related art. [0008] An

enbodi nent of the present |nvent| on | es a wavefront measurenent
syst effll06t| udi ngha probleor off mehsringo theg vetlegrablkd pattirbationn of the

wavefront (often referred to as wavefront aberrations) is a persistent one for

£

the lithographic applications. These wavefront aberrations result from various
physical causes, such as changes in refractive or reflective properties of the
optical elements (lenses or mirrors) occurring as a result of mechanical
displacements or deformations, or changes in the optical properties of the
optical elements caused by heating, or light<induced compaction. In
particular, it is desirable to be able to measure wavefront quality in the
photolithographic tool during wafer production and exposure, rather than
having to take the tool offline in order to do so, which increases cost of

ownership, reduces through-put or introduces some other type of inefficienicy.

SUMMARY OF THE INVENTION

[0007] The present invention is directed fo a scanning interferometer with
dynamic pupil fill that substantially obviates one or more of the problems and
disadvantage_s of the related art.

[0008] An embodiment of the present invention includes a wavefront
measurement system including a source of electromagnetic radiation. An
illumination system delivers the electromagnetic radiation to an object plane.
An object generates a diffraction pattern and is located in the object plane. A

projection optical system projects an image of the object onto an image plane.




illumnation systemdelivers the el ectromagnetic radiation to an object

pl ane. An object generates a diffraction pattern and is |located in. the
obj ect plane. A projection optical systemprojects an inage of the object
onto an image plane. -3- A detector receives a fringe pattern fromthe

i mge plane. The diffraction pattern is scanned across a pupil of the
projection optical system [0009] Anofher enbodi nent of the present

i nvention includes a wavefront neasurenent systemwth an iIIunination
systemthat delivers electronagnetic radi ation at an obj ect plane

source of a,b of the el ctroma ic .radiati n |s e object pléne
A proj ecti o d%%lg}o(g&?ceé‘ffétae HESRA Ql [E H’@a‘ﬁﬁ‘agS *‘T‘rﬁlb'g oéin

det ect or 1 6&@EMAS s@nhéd 2965 a7 iR prbfeetieaptidal etnbe i mage pl ane The
beami s scgﬁned agr 0SS a ptf%ﬁ;dpof theprperOJ ec?li%z)rel1 é(}g'%. cal system [0010]

Anot hdf0@Hbodi medmotiadr mh@dame@e«mﬁ thenpresenit anventioh udelsdes aevdvsétonf nmeasuri ng

a wavefront_of an tical i ncl.udin n ect romagnetic

adi a1 on droidBr by ERer kT SR e SR Tee R PR g ac an

obj ect pl angdigfiort Be aRRIYj&RIplfSt AMEodeNF at béan rdhEfdathppnaat tern at the
obj ect plane; scanning the diffraction pattern across a pupil of the

opti cal sygdlétmn ﬁe@&wmgct@ﬂmenaégermﬁctmh@pggalrsa@ewfpc@cs&@rhﬁamg t he

diffractio t d n efro a ter m t he i mage.
0011 Adarei SR EEE R s S Tattoedattls Biea B BERFE I A b set
forth in tihagdekaei PiHeObeabhat sdathddoxossad @upil ofahé prdjbdtioBeopaiegiar ent from
t he descri pt| on, or may be learned by practice of the invention. The

advant ages S¥ft eflhe jnvention will be realized and attai ned by the structure
and p ul arl ya Reidntd i i n clai ms her eof
as welq?ﬁiaﬁ t he apper?gegqmg?g%{nundg}sﬁlgﬁ(ségfgﬁ h’ﬁ{él’lﬁ&‘??&(ﬂ glsod ?{si,i'tdo(%)ig that both

t he foregoinmgsgereral wdesitontptaforanansptickhesyistnt omchglinket gedeeatingescri pti on

are exenpl a[e%tromggn%)t(lg lrg 12%(?1{ Xt aas%%rc% Sehvenng the electromagnetlc radiation
at an object plane of the optical system; generating a diffraction pattern at the
object plane; scanning the diffraction pattern across a pupil of the optical
system; receiving an image of the source while scanning the diffraction
pattern; and determining wavefront parameters from the image.

[0011} Additional features and advantages of the invention will be set forth in
the description that follows, and in part will be apparent from the description,
or may be leammed by practice of the invention. The advantages of the
invention will be realized and attained by the structure and particularly pointed
out in the written description and claims hereof as well as the appended
drawings.

[0012] " Itis to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory and are

intended to provide further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] - The accompanying drawings, which are included fo illustrate
exemplary embodiments of the invention and are imcorporated in and

constitute a part of this specification, illustrate embodiments of the invention




intended to provide further explanation of the invention as clainmed. BRI EF
DESCRI PTI ON OF THE DRAW NGS [ 0013] The acconpanyi ng draw ngs, which are
included to illustrate exenplary enbodi nents of the invention and are
incorporated in and constitute a part of this specification, illustrate
enbodi nents of the invention -4- and together with the description serve to
explain the principles of the inventjon. In the drawings: [0014] FIG 1
shows a portion of an exenplary photolithographic systemof the present
invention. [0015] FIGs. 2 and 3 illustrate the use of an interferoneter. to

produce sheart ef ront 0016]. FIG 4 illustrates an exanpl e of
i nterferen("i‘ﬂ':1 tP\é\%g%rswé@ fsfl‘?e CSTHPBER S§EVe the&xXpigimithey pErePIGst ¢ thfe use of the

present i ny@RLEGR InkROI4kidfskG 5 illustrates the rationale for the present
i nvention, show ng the opt| cal exposure systemin a stylized, schematic

form [fPQlGIB] FI BI1G6 1shows ahpatiom gfiiat edemplaty pheolihbEraphici systenr afer s and
change in 4an i nt Erfero ram w th an extended object in the object plane.
[0019] FI GEEPTPIRLOVPIHS an effect of modul ating the extended object by a

Ronch{ogIspt i NG, FBO2PknFh bttt ARAISBYE ool blSioFdhiNorob e dipgrangement of

the optical elements that may be used in the present finvention. [0021]
FIG 9 is amvelienistrati on of dynamic pupil f||| using a tilting reflective

e olodfL 0. (RETAAER FESCICIL N O Bl IBNIS o e L v
present i nyRibéA Plan8X¥Athe Gsbf thbhfBeifventibyistrated in the acconpanying
ar aV\A FO 17] FIG. 5 illustrates the rationale for the present invention, showing the

optical exposure system in a stylized, schematic form.
[0018] FI1G. 6 shows how magnitudes of the diffraction orders and change in
an interferogram with an extended object in the object plane.

[0019] | FIG. 7 illustrates an effect of modulating the extended object by a
Ronchi grating,

[0020] FIG. 8 is another illustration of the arrangement of the optical
elements that may be used in the present invention.

[0021] FIG. 9 is an illustration of dynamic pupil fill using a tilting reflective
Ronchi grating. '

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[6022] Reference will now be made in detail to the embodiments of the
present invention, examples of which are illustrated in the accompanying
drawings.

[0023] It is convenient to characterize field-dependent aberrations of a
projections optics (PO) by an aberration of a wavefront of a spherical wave
emitted from a corresponding field point in the object plane. Various
interferometry techniques can be used to measure abetration of this spherical
wave. Shearing interferometry based on an extended incoherent source in the
object plane superimposed with an object-plane grating matching the shearing
grating is described in J. Braat and A. J.E.M. Janssen, Improved Ronchi test
with Extended Source, J. Opt. Soc. Am. A, Vol. 16, No.1, pp.131-140, January




[0023] It is convenient to characterize field-dependent aberrations of a
projections optics (PO by an aberration of a wavefront of a spherical wave
emtted froma corresponding field point in the object plane. Various
interferonetry techniques can be used to neasure aberration of this
spherical wave. Shearing interferometry based on an extended incoherent
source in the object plane superi rrpgs_ed with an object-plane grating

mat ching the shearing grating is deScribed in J. Braat and A. J.E M
Janssen, |Inproved Ronchi test wth Extended Source, J. Opt. Soc. Am A,
Vol . 16, No.1  pp.131-140, January -5- 1999, incorporated by reference
herein. Al $379. flikermespes byieirsnrg keieinetAlse, the papes by Navileswsidés d Printing at

the ALS wi : Sof j : 3 : = 002)
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(located in the object plane), .prajecti.on optics 104 with a pupil 105, an
i mge pl an%’ngﬂré?gf’?héﬁtgﬁo_ﬁ{‘ieﬁ'gﬁeﬁgﬁmﬁha@&%E?Wer}tens 107 and a CCD detect or
108, mopgnged aprhpWiudthiedshg ﬁhbwm&gap’ﬁhte%téhefmm&ommg_tht_hQI scussed
further below [0025] The grating 106 i'ncludes both transm ssive and opaque

regi ons. Tesenp paigntor.e§ho wysteranl Mk ifchrdee dmoflluminaidnas@irechdfS,absor b t he

radiation (fqr e , for .13 m syre . wavel.engith in the case of EW
lit hogr aphéyo,n 8%%Ser )g%tgﬂca a%la%ﬁt%ﬂqegn&r‘%&?@g @g%a e 45 ﬁ%’&?taBlr?P%’ syst ens
usi ng | onggebjech@VItRE 0D Nith SPeill a@s,raheﬂﬁa}%e Eﬁhé SHBatifk @fatich®s, set al s.
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[0026] It will also be appreciated that although the present Invention is
detector lens 107 and a CCD detector 108, arranged as shown in the figure.

These elements will be discussed further below.

[0025] The grating 106 includes both transmissive and opaque regions. The
opaque regions ca.n be formed of materials that absorb the radiation (for
example, for 13.5 nm exposure wavelength in the case of EUV lithography, or
optical radiation in the case of lithographic systems wusing longer
wavelengths), such as nickel, chromium or other metals.

[0026) It will also be appreciated that although the present invention is
applicable to lithographic systems that use refractive optical elements (such as
the projection optics 104, and the imaging optics), the invention is also
applicable to systems wusing other wavelengths, with appropriate
tranénlissive/reﬁ’active components used in place of reflective ones, as needed.

[0027] The grating 106 also can include reflective (or opaque) regions. These
reflective regions can be formed of materials that absorb the radiation (for
example, for 13.5 nm EUV exposure wavelength), such as nickel, chromium
or other metals.

[0028] The pitch of the grating 106 is chosen to provide an appropriate shear

ratio, where the CCD detector 108 is in the fringe plane (i.e., below the focal,
or image, plane of the system), and "sees" a pattern of fringes (an

interferogram) or a number of overlapping circles, as will be discussed further




applicable to lithographic systens that use refractive optical elenents
(such as the projection optics 104, and the inmaging optics), the invention
is also applicable to systens using other wavel engths, with appropriate
transm ssive/refractive conponents used in place of reflective ones, as
needed. [0027] The grating 106 al so can include reflective (or opaque)
regions. These reflective regions cgn be forned of materials that absorb
the radiation (for exanple, for 13.5 nm EUV exposure wavel ength), such as
ni ckel, chromum or other netals. [0028] The pitch of the grating 106.is

< i the PPOtoe B Anakrigis Sriiedtierdrant duaie SOFG e Whane of the

systen), agkbar $ARSof RrdApk@ERs PbrbdtioRsash. (Rbte aidotiBE i€ {OM:aMle §r @ nunber of
overlapping circles, as will be discussed further -6- below The shear
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di ffracti oRuith@g@ss, e txtaded igkdat1o3tRecohstnted 12 ath @f dBmiglthlkr act i on
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a wavefront with itself, or, phrased another way, it interferes a shifted copy of
the wavefront with itself As shown in FIGs. 2 and 3, the grating 106,
positioned in the image plane, acts as a shearing interferometer, and generates
a transmitted waves 204 with a wavefront 211A, and a diffracted reference
wave 205 with a wavefront 211B. Thus, thé lateral shearing interferometer
210 creates one or more apparent sources, whose wavefronts 2114, 311B
interfere to produce fringes 212.

[0031] - FIG. 4 illustrates the wavefront fringes (212A, 212B in FIG. 2) as
seen by the CCD detector 108. As shown in FIG. 4, in the upper right-hand
photograph, sheared fringes for a single object space slit are shown, where the
slit is positioned in front of an incoherent, diffuse source that fills the
maximum numerical aperture and smoothes any wavefront inhomogeneities.
The bottom right-hand figure shows a fringe visibility function 401, with
zeroth order pattern 502 and first order diffraction patterns 403. The 50% duty
cycle on the grating 106 makes all even orders of the diffraction pattern
invisible. At the bottom left of FIG. 4, the image space sharing grating 106 is
shown, with a shear ratio of 0.5,

[0032] In practice, a source point (101) is replaced by the “extended object

103”7 to increase the optical throughput. The minimal dimensions of the




atransmtted waves 204 wth a wavefront 211A, and a diffracted reference
wave 205 with a wavefront 211B. Thus, the | ateral shearing interferoneter
210 creates one or nore apparent sources, whose wavefronts 211A, 311B
interfere to produce fringes 212. [0031] FIG 4 illustrates the wavefront
fringes (212A, 212B in-FIG 2) as seen by the CCD detector 108. As shown
in FIG 4, in the upper right-hand _photograph, sheared fringes for a
singl e object space slit are shown, where the slit is positioned in front
of an incoherent, diffuse source that fills the nmaxi mum nunerical aperture
and snoot hes apy wavefront inhonpgeneities. .The bottomright-hand figure
shows a frF’H@‘éP iest 103 e distatsdoby &m%vaﬁﬁlﬁ ﬂT‘E@%P?P BPWHeEr AWPEer n 502 and
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106 nmakes all even orders of raction pattern 1nvisl At the
bot t om | ef Depdndizig@n dhe objvet-sidegemspet epahac (NG ) of dic prgjedfdéh ¢pgicsshown, wi th

a shear ragip of 0.5. [0032 n practice, a, source point Q1) is replaced
by the " e_xi@?a_%% t%@ojoaew theehpy TR eREHS K diftec qa_ﬁ?ﬁsﬁad fit. The
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aberr at i onveryigtusepsieiRity td the PO S 08i dbdhticn, octi@ingadedidon relniadyur ement
met hods will have . very little sepsitivity to the PO 104 aberyations
occurri ng Biptsilyginated pega; /fethg pupil 105. It is therefore preferred to fill the

pupil 105 of the PO 104 more or less uniformly.

[0033] Thus, the problem of measuring wavefront aberrations has to balance
two competing interests: filling the entire pupil 105 (but at the cost of very
low intensity), or having sufficient intensity, but only on a small portion of the
pupil 105.

[0034]} The following methods can be used to ensure the desired pupil fill in
shearing interferometry:

[0035] (1) introducing a transmissive pattern inside the extended object
103 that matches the shearing grating (e.g., a Ronchi grating) and providing a
fully incoherent illumination of the extended object 103 [see Basclmans,
supr;a]; and

[0036] (2)  placing an extended incoherent source into an object plane (by
using a critical illumination or a diffuser in the object plane) and
superimposing it with a Ronchi grating that matches the shearing grating [see
Bratt et al., supra).

[0037] These methods have several problems:

[0038] (1y  speckle disturbance of the measured interferograms occurs due
to the remaining coherence of the effective source (this applies to methods 1

and 2) or due to a finite size of the object plane diffuser elements (this applies




small illum nated area of the pupil 105. It is therefore preferred to fil
the pupil 105 of the PO 104 nore or less uniformy. [0033] Thus, the
probl em of neasuring wavefront aberrations has to balance two conpeting
interests: filling the entire pupil 105 (but at the cost of very |ow
intensity), or having sufficient intensity, but only on a small portion of
~the pupil 105. [0034] The follow ng giet hods can be used to ensure the
desired pupil fill in shearing interferometry: [0035] (1) introducing a
transm ssive pattern inside the extended object 103 that matches the .
shearin ratin e.g...a Ronchi grating d providing a, fully incoherent
JULani nat i 6 @F%Pﬁé zgxtTélﬁdéHecggﬁ it Cef g BE’@ETI:FF&H?}CY dHERsiY: and [0036]
(2) pl aci nreRagdien@ednt NGRNGHEN" iREUEEE:R! OrdNiidll 6! Wiv@fen(by using a
critical illumnation or a diffuser in the object pFane) an superi nposi ng
It with a Rmastiemgniariong t hat matches the shearing grating [see Bratt et
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to a finite size of the object plane diffuser elenments (this applies -8- to

met hod 2) . nPasurepertkireceds;shdr bance adds hi gh-frequency intensity
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the wavefront neasurenent process; and ) a significant portion of-
light is diersherredinterfgagame ext ended

[0041] The present invention thus applies to the situation when the size of the
extended object 103 needed to ensure the required optical throughput is such
that the characteristic width of the diffraction pattern is much less than the
object side NA of the PO 104, i.e., A / extended object size << NA object.

[0042] The pupil fill by the extended object 103 can be achieved dynamically.
During the measurement of the interferogram, the extended object 103 can be
dynamically modified, so that the diffraction pattern from this object scans
across the whole entrance pupil 105. The CCD detector 108 that measures the
sheared interferogram integrates (or sums) the momentary interferograms
occurring in the process of measurement,

[0043] The dynamic modification of an extended object 103 can be performed
by using a reflective element, such as a tilting mirror, or by using a refractive
object with varying slope and/or other characteristics (e.g., a parabolic or
sphérical Iens) moved against an aperture.

[0044] The reflected and transmissive extended objects described above use
dynamic phase variation of hght induced by linearly varying complex

reflectivity/transmittance within or across the extended object 103. However,
arbitrary (non-linear) phase variation effect can be also used to fill the pupil
.1 05 dynamically. Many physical arrangements well known to those skilled in
the art are possible for realizing such arbitrary non-linear phase variations.
For instance, they can be achieved by using an @xtended movable object with

its structure changing within or across it, and/or dynamically deformed, and/or




object 103 away fromthe pupil 105 and does not participate in a formation
of the sheared interferogram [0041] The present invention thus applies to
the situation when the size of the extended object 103 needed to ensure
the required optical throughput is such that the characteristic wdth of
the diffraction pattern is nuch I ess than the object side NA of the PO
104, i.e., k / extended object size < NA object. [0042] The pupil fill by
t he extended object 103 can be achieved dynam cally. During the
measurenent of the interferogram the extended object 103 can be .
dynam cal ly nodified, so_ that, {he diffnactionhgattern fromthis object

scans acr S&ErVise dxpanically moditied (g nsing spatiph Bgltnoddpter) oOther8 t hat
t i At ] . t
measur es t hgsibealigid R cﬁf&ﬁﬁgagpnm&ﬁ%@})ﬁése%a&man {ngglgg}anen ary

interferograns occurring i ocess of “measurenent. The dynam c
nmodi fi cat i drffisbr patteex tfemukeldoro bjtentmiseide cancfetive ffenibie subshyteUhbing a

reflective el enment,. suc s a,tiltin inor, or hy ysing a. refractive
obj ect wit ﬁa%(;?ﬁqw&célr%gsgm’oﬁncﬁ‘fjﬁ%r g[]éﬁéﬁsaB’ceé‘P‘?q%‘it’i“&én g13s, ad parabol i ¢
or  spheri gabss tafReinARVAGAIR WRke ?tﬂesgﬁeégiﬂfdﬁcedlgp&ﬂatc};@eet&ef lected and

transm ssi ve extended objects describ ove us dynani ¢ phase vari ation
of |i 5] nducednags Iveryesmaly shearsyamqutidieed lireitheredf the tabove yuethodnsmi tt ance

Wi thin or across e, ex ed ject 103. .However, rbitrar non- 1| i near)
phase vari %[el gﬁe@%?eogfecijﬂ Bgusgﬁtlge G STRHTCE Ipa{tﬁ%‘ Gﬂpﬂ_we"t f%@(edynam' cally.
Many physi RahcHirgran@emBiohmgWae khdat@dNrhtthgh RES@inshdskd e it B plobpleart are
possible for realizing such arbitrary non-linear phase variations. - For

i nst ance, eddtonah redidribetigreollighsyin i napihA 0% asedrderibadonabiat edtsl.ect with

its struct jn ithin or across it, and/or dynam cally deforned,
ondror " HERERANA %56\#5‘%19%% Iy modified (e.g., using spatial |ight

nmodul gdss) . O ke dypeaki belifiedibhzRt pafsnel syt kel insufittieduced phase

variation can_include a diffusor Patter_n formed on a transm ssive or
refl ecti veg"F’F%%‘ mltgurg[hgsqx,tq{d@d toRiget has a time-dependent linear variation of

the phase that ensures that the diffraction pattern from the extended object is
shifted within the pupil 105, dynamically sweeping the pupil 105 during the
act of measurement.

[0047] The measurement of the interferogram is performed by the CCD
detector 108 that fecords energy distribution across the CCD detector 108
plane. The CCD detector 108 is capable of integrating the time-varying
intensity at every point in the detector 108 plane to collect a sufficient number
of photons during the act of measurement. The CCD arrays used in present-
day wavefront sensors (like the CCD detector 108) satisfy this requirement.

[0048] As noted above, the dynamic modification of the extended object 103
can be achieved by any number of mechanisms. For instance, a reflective
extended object 103 may be used. Examples of such reflective objects
mclude:

[0049] (1) A tilting flat mirror can be used in a combination with an aperture,
or having only a small flat portion of a large tilting object to be reflective. A
relatively large tilting mirror is easier to control (e.g., to tilt and rotate)
compared to a micro-mirror. The extended object 103 in this case coincides

with the tilting flat mirror, as shown in FIG. 9.




can be physically deforned, including plastics, piezoelectric materials,
and stress-birefringent materials whose stresses are induced by actuators,
etc. [0045] Unless very snmall shears are utilized, in either of the above
met hods, the extended object 103 nust have a transm ttance pattern (an

obj ect plane Ronchi grating matching the shearing grating) superinposed on
it to provide additional redistributphon of light in the pupil 105, as
described in Bratt et al. and Basel nans, cited above. [0046] The dynam c
nodi fication is perforned so that the transmttance function within the

exten bj ect s, a.t.inme-dependent |jnear variation of the phase that
ensu_rglﬁgé‘ﬁat th i4ftFIHE$i18ﬁr‘g‘811F%rP“F ot & HBIES %rﬁme& atﬁhéﬁ_ﬁlgﬁ% shi f t ed
within the xﬁmmoé?@wmw&aﬂwumpﬂhe%nﬁﬁeeﬁ&méd é@éa%@lca&,the act of

measurenent. [0047] The nmeasurenment of the interferogramis perfornmed by
the CCD deil€str nlGdet tvasweapctbe depid A5 gifre divisto-inbuwadri Joas tadilbastwche CCD

detector 108 | ane, . T etector.108 is capable of .integrating the
s var yi s PnBERbiertPaie-d5 ey ourTF e TULE G668 246" e {5 ool | ect
a suffici enbipdniSind Me RRRUARSerdMAR Aot 118 Afdct PlarddeaBuy SBALg aThe CCD
arrays used in Eresent- day wavefront sensors (l'ike the CCD detector 108)

sati sfy t hiconicelgyaep wéite 21D papiB1050dn prariact, sinbneecase kseratbynani ¢ nodi fi cati on

of th ended I ec 03 ,ca achi.eved by. an unber.. of chani sns.
For 1 10B8lce. ~a GEhiEhsehYE ool o SRR R M IR Bl e of
such refl eGkia/parabdIRCES spierichilsieror] GAAD] is(dpvel lihédriynBetih®@h didllr or can be
used in a conbination with an aperture, or having only a small flat

portion of anenteecrantbe|usehep prelere exisnded ohieqtd@3i ve. A “relatively large
IR 0 Bk, AR 14D S Mgl o 10
tilting fl q)'rattﬂhra’cwss ths papid 5] thef|Bed Siot aleys be located at the object
plane. For example, a flat tilting mirror could be located between the object
plane and the pupil 105 of the PO 104 (also acting to fold the optical axis of
the system).
[0053] The extended object 103 can also be transmissive. In that case, the
| dynamic pupil fill can be achieved by moving a refractive element with a
varying slope of one of its surfaces (e.g., a spherical or parabolic lens) agéinst
~ a small aperture, as shown in FIG. 8. A transmissive grating can also be uséd,
such that various regions on the grating have different grating pitch, and the
grating is moved linearly in its plane (i.e., perpendicular to the direction of the
propagation of the electromagnetic radiation) so as to vary the direction of the
beam (i.e., to scan it across the pupil 105). It is also important to realize that,
deﬁending on the particular type of extended object 103 used, the size of the
pupil 105 and the scanning approach, maintaining proper focus in the image
plane may become a problem, as the diffraction pattern is being scanned
across the pupil 105. However, it is currently believed that although it 1s
preferred to maintain focus, some de-focusing is acceptable.
[0054] Unless very small shears are utilized, in any of the above
implementations, the extended object 103 must have a transmittance pattern
(an object plane Ronchi grating matching the shearing grating) superimposed |
on it to provide additional redistribution of light in the pupil 105, as described




[0050] (2) Atilting mcro-mrror, such as a mrror froma spatial |ight
nodul ator (SLM array, can be used as the entire extended object 103 (see
FIG 9). In order to sweep the pupil 105, the mcro-mrror has to tilt in
two axes in the object plane. If the mcro-mrror can only tilt in one
axis, it can be rotated around the axis perpendicular to the object plane,
thus allowing a conical sweep of th@IZD pupi | 105. In practice, such a
case is rare. [0051] (3) A reflective object with a varying slope of a
reflective surface, such as a parabolic or spherical mrror, which is.
noved | i near I% behind a small aperture, can be used as the ent| re extended

obj ect 103.1n [Ryet At aloprsd Heseimaps-t Ha @Sjéiét@l’@faﬂb’e?f et 3bpre QLisENEE used to
scan the di Ec{}f‘éx@ﬁ tgrgx[slapa%Fé 1 o ﬁ{epa?fﬁﬂg&fm&}é% Ao hsfllﬁ?ex% meethiot al ways be

| ocat ed at ane. or exanpl e mrror could be

| ocat ed betryudent dﬂfﬁngéxj;ﬁfeiterre@iraﬂhe sthnghﬁteﬁbmn{et&%a@ixemmt PO 104 (al so
acting to fold the optical axis of the system The ext ended obj ect
103 ca¥¥so be The fmehshsarsdanterfzragrun n&e&é‘gedtbwéhe [%%ﬁ?tect% §1Sfi 11 can be

achi eved by AR AEIACH e kB0 mbbidlaf) AR BetlfEnal one of its

surfaces (e.g cal or parabolic agal nst aperture,
as shown i mesElt@g fﬁomAnbstanfsimmgpgh\‘/eogcreatramg widinnad smalbgottmdof theuch t hat

oo e S 5 Bt hbe 5L B eS8,
di recti on_ HiehencotARATAY Yl o IRivel,PALANSRARS L e pRBl RhdQIR SO 25 to

vary the direction of "the ~ beam (i to scan it across the pupil 105). It
i s al so i mfor detedtot planedbimed blidhe mf@efpen@hdm@raoﬁmlt oaleprarhietutine type of

ext ended obj ect, 103 u he of t upi |, 10 nd.t e scanni ng

o oaon. HUFRHL RASE by b OEbT Feibliof 18 Y t-A R A e REE "

probl em agiddes aickd thRGYhAE phgil 165 mhaﬁcahajerngseaquftaﬂy nﬁ@dr@&ﬁ:ﬁbﬁe pupi | 105.
However, it is currently believed that although it is preferred to

mai ntai n f YébPhascoriepries)io cowpwg thewareopt aparetiop0054] Unl ess very sl |
shear fO(ﬁ'\’Sf" utilipgedis ik Ml r}ﬁatagﬁ'}éﬁnc pupil fill described above is

equivalent to the use of a stationary source corresponding to an actual source
convolved with the dynamic movement (source scanning). Thus, regardless of
the degree of coherence of illumination from the actual source, the effective
source provides fully incoherent iflumination.

[0057} FIG. 5 illustrates the rationale for the present invention, showing the
optical exposure system in a somewhat stylized, schematic form. This figure
relates to the use of a pinhole in the object plane in order to generate the
spherical wave that fills the pupil 105 and whose aberration is measured by the
shearing interferometer. As shown in FIG. 5, going from top to bottom in the
ﬁgu;re, light from a light source goes through a condenser lens 102, and then
through an object plane with a pinhole. The magnitude of the field at the pupil
105 of the projection optics 104 is shown by diagram A, where the pupit 105
coordinate is given as "f". Light then is focused onto an image plane 605, then
passes through optional detector projection optics 107, and is detected by the
detector 108 in the detector plane, Graph B shows magnitudes of the -1 and
+1 diffraction orders formed by the shearing grating, which is located in the
image plane 605. Graph C shows an interferogram resulting form the

diffraction orders from the shearing grating. Note the visible image variation




i npl enentations, the extended object 103 nust have a transm ttance pattern
(an object plane Ronchi grating matching the shearing grating) superinposed
on it to provide additional redistribution of light in the pupil 105, as
described -11- in Bratt et al. and Baselnmans. In addition, any of the above
objects are preferably translatable in two |lateral dinensions to
acconplish the phase shift readout _fringes preferred in the shearing
interferoneter nmeasurement. [0055] THe final sheared interferogram neasured
by the CCD detector 108 is a result of integration in time of the
nonentary sheared interferaqgrans resultln%Ifron1nDst of the |ight

concent r at Bt i ¢45 ' the prfionsdphassryapintients thap atsinresepbin thtﬁéﬂSﬁBWﬁnt ary

sheared i nirﬁ {)%Igfnams may have high contrast interference fringes only
within a relativ smal | portion of the pupil imge in the detector plane
f or nefD0sg] t he i HUSK b showphali terrasgrindeosiibe diffrddiainrorties®and chiregr al neasur ed

by the CCD. detector. 108 ha weII-defladg interference fringes across the
whol e pupi It Wssinfestprogram, phewaaextendsd obigcy 103 sopfpestcin B oRipttn

phase- St eppi:Aglnd: Qe OB Grdiff B 2o R8T 80100 il QDR el [ due to

t he fact t ynam c ove IS eqU|va ent to the use
of a stati ﬁ'nwey dou&rgesnmblr (reghoiis) ng)rntnastanbamtedain theudaectoc pimnol ved with

t he dynam c. v ment rce scanni ng). Thus, %ardl e gt% the degree of
coher ence. Bt FiiTopralpngnvake aHesandg ocl? SheercaidilEior sour ce
provi des ftr*lt{e&‘n bPeRhsh&libd iobjedm et iAQNy I[I@Wbrfﬂh@\ i? FId. ¢shbRtes the

rationale for the present invention, showi ng the.  optical exposure system
in a sonevﬂh&tmmﬂudqeﬂthesfédiémtthecpﬁm} H5 ghihe pff@JgQIm optisk d0éswith t he use of

a pinhol e nth Rl ape i der.,to e wave t hat
il the BRaRPT ef8talhte roChntla A ok BRSMEAS R Al By RaS FEa g
interfer Onﬁfﬁd{otloﬁsorﬂbz@mméd Iﬂy&heSshegﬁhgl%ritﬁxgmmmwh@ hatdxemdea t he

t froma light source goes th roug a condenser |ens 102, and

I Ihglljllr et hr %?Ptéﬁ%ﬁ etenhimhe aliach PENG; KHapkeC shpws fhegintarfrreransthe fiel d at
the pupil resulting from the diffraction orders from the shearing grating. Because the

diffraction orders do not overlap sufficiently, the resulting interferogram only

weakly depends on the wavefront aberrations.

[0059] FIG. 7 illustrates the effect of modulating the extended object 103 by a
Ronchi grating, that redistributes the light in the pupil 105 to those locations
that will mutually overiap as a result of shearing. As with FIGs. 5§ and 6,
Graph A shows the magnitude of the field in the pupil 105 of the projection
optics 104. Graph B shows magnitudes of the Oth, +1 and -1 diffraction orders
formed by the shearing grating, and Graph C shows the resulting
interferogram from the diffraction orders from the shearing grating and the
matéhing Ronchi grating. As a result of the overlap between the Oth, +1 and -
1 diffraction orders, the interferogram in the overlap region (inside the peaks)
strongly depends on the wavefront aberrations.

[0060] FIG. 8 is another illustration of the arrangement of the optical
elements that may be used in the present invention, namely a dynamic pupil
fill using a moving refractive object. The illustration of FIG. 8 is primarily
applicable to a fransmissive extended object 103. For example, as shown in
FIG. 8, a transmissive Ronchi grating 801 can be used, with a refractive object

~ having a varying slope that is moved against the object plane. The graphs on




105 of the projection optics 104 is shown by diagram A, where the pupil 105
coordinate is given as "f'. Light then is focused onto an i nage pl ane 605,
then passes through optional detector projection optics 107, and is
detected by the detector 108 in the detector plane. G aph B shows

magni tudes of the -1 and +1 diffraction orders fornmed by the shearing
grating, which is located in the inpge plane 605. G aph C shows an
interferogramresulting formthe diffraction orders fromthe shearing
grating. Note the visible inmage variation -12- that is due to the - -
aberrations (phase.variatiang).,tha re.present in t resul t.j ng

interfer og?%?rrro"feﬁd%%}% ?itﬁgllagsl%%}ﬁatt%% f‘ﬁgr??fﬁwsuffég%f}g Y t!}]is’f fraction
orders andaghaiR@fnt. | Ndtdehdt the HEREMIE B ecthRNnABd @¥beNdasl k) get 103 is
placed in the object plane that fills only a small portion of the pupi

105, resul instages.r sphededleroypambolia leng 8t ¢ beiag ynesved| dgapaeglsingllbl e)
contrast observed in the detector plane wthin the non-overl appi ng peaks
correspondFPP % the sheared diffraction pattern of the extended object
103. fmeitp Fl G FiG. &ianothel Nifdtfatiof Fheymmit Hrpagni dsigle aofilihpe field in
the pupil 105 of the projection optics 104, wt the pupil coordinate "f'.
Graph B shesklsclitreRorsdh tating §0bfwith the(pepm patterng gt showng i 4F i@ Bn or der s
formed by ear. tg . t-end j 3 is present
in the obj gc '%Ihaanea.&ﬁ‘l%lgﬁ%ﬁl 98'3 gﬁé&@*’?‘#&%ﬁ ar ér@%rge?rlgd%ge(%ﬁ%ﬂ%gg fromthe
di f fracti osbjectd®ss (if teischdie (s Rachi gragna®inois pBeedwaa tillieg ndiréf.r act i on
orders do not overlap sufficient]y, th@eregthin i_nterferogramonly weakly

depends onTeh&iageRRet plobritamp dignhdiienate By EpETogram Py Pat es t he
effect of TRl tjp?lgthﬁﬁm%&ﬁrb@%e@% eGhb Ao Yifh BORSHurG ALk, 1 hat

redi stributes t in the pupil 105 to those locations that wll
mut ual | y olael by asnelly digtipart pbrizmear cmgbe Assnwallt flatfio@Eon 6f adatzg8, G aph A

h th i tud f. the field in th il. 105 of. th jecti ti
Shovs o e, TRABLAAE 8k Beabielihctl B8 HBL % bl 2B 00, P ©

object, is easier to handle (in other words, to tilt and rotate) compared to a

micromirror. The extended object 103 1in this case would coincide with the
large tilting mirror, as shown in FIG. 9.

{0062} Also, a tilting micromirror (such as a mirror in a spatial light-
modulator array) may be used as the entire extended object 103.

[0063] The present invention has a number of advantages over conventional
systems. For example, the dynamic pupil fill eliminates the need for a diffuser
in the object plane (e.g., in EUV wavefront sensors), thus resulting in
elimination or reduction of speckle-induced wavefront measurement errors.

[0064} The dynamic pupil fill also eliminates the need to switch to a special
illumination mode duriﬁg the wavefront measurement. The same illumination
mode used during the exposure can be used to perform the wavefront
measurement. (However, one still has to properly position a reticle stage with
the tilting mirror on it.)

[0065] The dynamic pupil fill also allows to fill the PO pupil 105 “tightly,”

 thus significantly reducing the loss of light that occurs with other methods. If
necessary or desirable, the dynamic pupil fill allows sampling only the

portions of the PO pupil that are of interest.




formed by the shearing grating, and G aph C shows the resulting
interferogramfromthe diffraction orders fromthe shearing grating and the
mat chi ng Ronchi grating. As a result of the overlap between the 0Oth, +1 and
- 1 diffraction orders, the interferogramin the overlap region (inside the
peaks) strongly depends on the wavefront aberrations. [0060] FIG 8 is

another illustration of the arrangengpt of the optical elenents that may
be used in the present invention, nanely a dynamc pupil fill using a
noving refractive object. The illustration of FIG 8 is primarily

i to a.t i Ssi t ended .obj 103, .For. le.. hown |
EPR ' 00T, ¢ ano wRl Gobibimtend Tt BBRT 0k Bt i doaoBfio R ARES Pat r act i ve |
obj ect  havhigaRd Mehid BhyHORadd F}&Eeih SvitvedepR sbrt e phitegld pl ane. The

graphs on -13- the lower right of FIG 8 illustrate the interferograns
resul ting weape afthe invgntiemgedefined iNche appratled plaimef Thes.ithebssfithct | as not ed

above, may be, for .instance,.a spherical, or. .a par ic le that is being
noved agai ﬁE& S&"%%ﬁﬁt © fﬁ%stﬁ?wrgenﬁ%é&?ﬁgl@t tée ilgng&ﬁgﬂ%earn&i thgt ration of
dynam ¢ pupbdvelddsbritbdli Berfplbiy tinBedintepts, a6l i shoulBoBe hdefgicat orilg @01, with the
beam patterns not shown. As shown in FIG 9, a beamsplitter 902 may al so
be necessamrgeorddnee math the fqllpavieselaimerctnd theif eivalods.(in this case, the Ronch
grating 901) is placed on a tilting mrror. The diagrans at bottom ri ght
illustrate the resulting interferogrampatterns. The large tilting mrror
can be used in conbination with an aperture, or can have only a snall

flat part portion, or can be a snmall. flat portion of a large tilting
obj.ect, which is made reflecting. A relatively large mrror, or a |larger
object, is easier to handle (in other words, to tilt and rotate) conpared
toa mcromrror. The extended object 103 in this case would coincide with
the large tilting mrror, as shown in FIG 9. [0062] Also, atilting
mcromrror (such as a mrror in a spatial |ight-




nodul at or array) maybe used as the entire extended object 103. [0063] The
present invention has a nunber of advantages over conventional systens.

For exanple, the dynamic pupil fill elimnates the need for a diffuser in
the object plane (e.g., in EUV wavefront sensors), thus resulting in
elimnation or reduction of speckle-induced wavefront neasurenent errors.

[ 0064] The dynami c pupil fill also elimnates the need to swwtch to a
special illumnation node during t he-Mavefront neasurement. The sane
illumnation node used during the exposure can be used to performthe
wavefront neasurenent. (However, one still has to properly position a

reticle stage wwth the tilting mrror onit.) [0065] The dynam c pupi

fill also allows to fill the PO pupil 105 "tightly," thus significantly
reduci ng the loss of light that occurs with other nethods. If necessary or
desirabl e, the dynamc pupil fill allows sanpling only the portions of the
PO pupi | thatcare,9f interest. -14- [00661 It will be understood by those
skilled in the art that various changes in formand details nay be nade

therein w thout departing from {hefdithhdas@Rthens SRéem donigigingivention as
defined in the aPanded clainms. Thus, the breadth and scope of the present
i nvention shed Bluggnatipn sysiemeeprfiguessy i flire¢feclegisorpacraticcradipign R ATr y
enbodin%5k§tﬂggg shoul d be defined only in accordance with the follow ng

claims and their equivalents. -15- Claims 1. A wavefront measurenent

system conprangibigst imatheidbjeotplraeiconfigyred éoprosiuee g Giffgction patkeags

el ect romagnet iat] =T ' | Ln.the: ohiect
pl ane confi gli11 r ;grgf e'g%gbg rgg g%gg E%&oé]? ?dr gcgﬁlcg%agg? '?gir‘fﬁa{;%ﬂgs ragjg_}enc!tn:&g n%gi/rg%e%
confi gumpdahet 0 project the diffraction pattern onto an i nmage

a shearing grating in the image plane configured to create a fringe pattern from
the diffraction pattern; and

a detector configured to receive the fringe pattern,

wherein the object in the object plane is configured to move to project the

diffraction pattern across a pupil of the projection optical system by moving the obiect

in the obiect plane relative to the electromagnetic radiation.

2. The system of claim 1, wherein the object includes a tiltable

miiror for scanning the diffraction pattern across the pupil.

3. The system of claim 1, wherein the object includes a diffraction

grating with variable pitch for scanning the diffraction pattern across the pupil.

4, The system of claim 1, wherein the object includes a refractive

prism with a varying wedge angle for scanning the diffraction pattern across the pupil.

5. The system of claim 1, wherein the object includes a spatial light

modulator for scanning the diffraction pattern across the pupil.

6. The system of claim 1, wherein the object generates a non-linear

phase variation across to scan the diffraction pattern across the pupil.




pl ane; a shearing grating in the imge plane configured to create a fringe
pattern from the diffraction pattern; and a detector configured to receive
the fringe pattern, wherein the object in the object plane is configured to
nove to project the diffraction pattern across a pupil of _the projection
optical system by noving the obiect 1in the obiect plane relative to the

el ectromagnetic radiation. .. 2. The systemof claiml1, wherein the object
includes a tiltable mrror for scannf the diffraction pattern across the
pupil. 3. The systemof claim1, wherein the object includes a diffraction

grating with variable pitch for scanni nﬂ the diffraction pattern across the
pupi | . 4. Thé&.syst em of Th¢ systemn, ofyglaimi b whereybjthe objast ICOHPESE ReflfeiEt i ve

prismwcth.a varying. ok | Dodshfe Hidit raction pattern
acr oss thrgmpnﬁpf%a%%aﬁog&ggstenﬁﬁg%&%)fl%%%g% %e‘c’r e?ﬁ %lae obj ect includes a-
spatial light nodulator for scanning the diffraction pattern across the

il. 6. Th t f.claiml, [ h ' . '
bhase var i al fbn acr oss. T5° Sk ol iR [ befef WaEhsHE RIBLEE: Bplema 12!

b 7. Theumwsd @dffratish puternabriseihe gupél. obj ect conprises a stress-
birefringent material to scan the diffraction pattern across the pupil. 8.
The systemof claiml, further conprising reflective optics for scanning

the diffractigon patter nTRE 9&6mt BEcRUAi 1, ifthed ROnBYiSirgneBlfactivaioptids féur t her
conprising refractive optics for scanning the diffraction pattern across
the pupistanning thesidiastignpaterp 2593 e Ripdk ei n t he obj ect includes a novabl e
mnor wth a variable surface slope for scanning the diffraction pattern

across the pupil. 11. The systemof claim1l, wherein the diffracti {1
pattern is dPnani cal | yThesh¥lem eicelaim b wherein dhe ghicat picdjdestd 6‘1‘9"88 S cal

SYyStem . irror with a variable surface slope for scanning the diffraction pattern across the pupil.

11. The system of claim 1, wherein the diffraction pattern is

dynamically scanned across a pupi} of said projection optical system.

12. The system: of claim 1, wherein the detector is located in a plane

that is optically conjugate with the pupil.

13. The system of claim 1, wherein:

the shearing grating in the image plane generates the diffraction pattern that

comprises first and second wavefronts; and

the first and second wavefronts interfere with each other to produce the fringe

patiern.

14. A wavefront measurement system, comprising:

an illumination system that delivers electromagnetic radiation to an object plane;

an object in the object plane that generates a diffraction pattern from the
electromagnetic radiation;

a projection optical system that projects the diffraction pattern onto an image

plane;




12. The system of claim1, wherein the detector is located in a plane

that is optically conjugate with the pupil. 13. The system of claim1l,
wherein: the shearing grating in the i mage pl ane generates the diffraction
pattern that conprises first and second wavefronts; and the first and
second wavefronts interfere with each other to produce the fringe pattern.
14. A wavefront neasurenent system conprising: an illumnation systemthat
delivers el ectromagnetic radiation tofdn object plane; an object in the
obj ect plane that generates a diffraction pattern fromthe el ectronmagnetic
radi ati on; a projection optical systemthat projects the diffraction
pattern ont o aaphdapngegraphgine;the igtagsrplage ghatt ¢mafes @ fitres paldgm pfremethehat
creates rJ: tern fromthe diffraction pattern; and a detector that
recei ve§ilaf ﬁgb‘%}??%tgegﬁ’pagltdt ern, wherein as the diffraction pattern is

proj ect ed acraokstectorphtirecavestthe fingg pdtergn  opti cal system the diffraction

pattern is scanned by, noyj 1t he ject in the object plan relative to
Phe ol oot r ondlNEEN s 4 AP oR e 5 pielesipd poRbE A PIPOG e Biefborsd

obj ect bpeitdldesem, tlid diffaflion paftéraris k@nnse B Mhdidng He objédt iatie djeqplaner n
across the pu il]. 6. The s,yst%m_of claim 14, wherein the object includes a
di ffracf‘?lﬁﬁ‘]"‘b‘g& ?ﬁé"W‘PHg‘i‘Fzﬁ‘Firﬁ PEODi tch for scanning the diffraction
pattern across the pupil. 17. The system of claim 14, wherein the object
includes a refractive prismwith a varyi nq ,vvedge for scanni ng_ t he

di ffraction ﬂgt tern across the Tﬂﬁpﬁypt_enq offclaim 14, wherein the object’includes a

tiltable mirror for scanning the diffraction pattern across the pupil.

16. The system of claim 14, wherein the object includes a

diffraction grating with variable pitch for scanning the diffraction pattern across the

pupil.

17. The system of claim 14, wherein the object includes a

refractive pﬁsm with a varying wedge for scanning the diffraction pattern across the

pupil.

8. + The system of claim 14, wherein the object includes a

spatial light modulator for scanning the diffraction pattern across the pupil.

15. The system of claim 14, wherein the source of the diffraction
pattern generates a non-linear phase variation across to scan the diffraction pattern across

the pupil.

20. ~ The system of claim 14, wherein the source of the
diffraction pattern includes a stress-birefringent material for scanning the diffraction

pattern across the pupil.

21. The systern of claim 14, further comprising reflective

optics for scanning the diffraction pattern across the pupil.




18. The system of claim 14, wherein the object includes a spatial |ight
nodul at or for scanning the diffraction pattern across the pupil. 19. The
system of claim 14, wherein the source of the diffraction pattern
generates a non-linear phase variation across to scan the diffraction
pattern across the pupil. 20. The system of claim 14, wherein the source
of the diffraction pattern includes a stress-birefringent material for
scanning the diffraction pattern acro&s the pupil. 21. The systemof claim
14, further conprising reflective optics for scanning the diffraction
pattern across the pupil. -1'6- 22. The system of claim 14, wherein the

obj ect inclu®s a novabl e nirrorThe dystem ofelaimb (14, whereircthegibigsé inddudes@anni ng

the diff j on. - h id. . T 3 Of j ,
e, O LERSLSRRE A AR SR e B B A B i

I's opticall’y conjugate
W th thehgpupil.. 24. The system of claim 14, wherein: the shearing grating
in the i mge plane generates the diffraction pattern that conprises first
and second wavefronts; and the first and second wavefronts interfere with
each other t@sproduce thg ystdhdof clvl B, whe2dn the a&tdroflisOlocaed snl hipkmea
wavefront of an gptical system conprising: generating el ectromagnetic
radi at i et agorpicaly ceniuggeitketieyPdai d el ectromagnetic radiation to an
obj ect plane of said optical system generating a diffraction pattern
usi ng an object in said object plane; scanning the diffraction pattern
across a pupi2#- of said optical Shhstsgstemofialairhlt. wherein:

the shearing grating in the image plane penerates the diffraction pattern that
comprises first and second wavefronts; and |

the first and second wavefronts interfere with each other to produce the fringe

pattern.

25. A method of measuring a wavefront of an optical
system, comprising:

generating electromagnetic radiation at a source;

delivering said electromagnetic radiation to an object plane of said optical
system; |

' generating a diffraction pattern using an object in said object plane;

scanning the diffraction pattern across a pupil of said optical system by moving
the object ip the obiect nlane relative to the electromagnetic radiation;

receiving the diffraction pattern from said object plane;

generating a fringe pattern associated with the diffraction pattern;

determining wavefront parameters from said fringe pattern; and

generating an interferogram graph from the wavefront parameters.

26. The method of claim 25, wherein the scanning step includes tilting

a mirror to direct the diffraction pattern across the pupil.




the object in the obiect nlane relative to the el ectromagnetic radiation;
receiving the diffraction pattern from said object plane; generating a
fringe pattern associated with the diffraction pattern; determ ning
wavefront paraneters fromsaid fringe pattern; and generating an
interferogramgraph fromthe wavefront paranmeters. 26. The nmethod of claim
25, wherein the scanning step includes tilting a mrror to direct the
diffraction pattern across the pupil.‘mF'- 27. The nmethod of claim 25,
wherein the scanning step includes noving a diffraction grating with
variable pitch to direct the diffraction pattern across the pupil. 28. The
met hod of cl &7m 25, wheFlkg methed snfaﬁlﬁmgﬁgtwbmieﬁt |they sganiipg (e appludes

refracti Nl gl | I . : i : P ¢

bt t or n oYL ifibidch Bl YRS PRHIRGIRRT By B URGlack A pHtdrh LAk R i ng
step ingupdes adjusting a spatial |ight nodulator to direct the
diffraction pattern across the pupil. 30. The nmethod of claim25, wherein
the scanning step uses reflective optics to scan the diffraction pattern

across the pwagil. 31. Thiee medthedl off cleinai 26, 26hemshrethé rscatreng ciemiimguddsep
uses refractive tics to scan the.diffractiqn. patter pil.
55°° A ORGP ORIV Y PRinE OE Bl (DRSS Ao libafod pea

conpris%aggsu§bm?ﬂan object in an object plane to generate a diffraction
pattern, the diffraction pattern being directed at the projection optical
system receiving the diffraction pattern at an inmage plane; using a

shearing gratighg to profycendhdd IdT08aRRt 1E T WhemRind thietsesiing e dnddiddshe
diffraction pattern; positioning the detector_ below an |nage Bl?ne of the
proj ect iadjwséng & epdtiak lightappdulator fo direct the diffraction pattern across the pupil.

30. " The method of claim 25, wherein the scanning step uses reflective

optics to scan the diffraction pattern across the pupil.

31. The method of claim 25, wherein the scanning step uses refractive

optics to scan the diffraction pattern across the pupil.

32. A méthod of measuring a wavefront of a projection
optical system, comprising:

using an object in an object plane to generate a diffraction pattern, the diffraction
pattern being directed at the projection optical system;

receiving the diffraction pattern at an image plane;

using a shearing grating to produce a fringe pattern on a detector based on the
diffraction pattern;

positioning the detector below an image plane of the projection optical system;

receiving the fringe pattern of the diffraction pattern at the detector while
simultaneously scanning the diffraction pattern across a pupil of the optical system by
moving the object in the obiect plane relative to the electromaenetic radiation;

determining wavefront aberrations from the fringe pattern; and

generating an interferogram graph from the determined wavefront aberrations.




receiving the fringe pattern of the diffraction pattern at the detector
whil e sinultaneously scanning the diffraction pattern across a pupil of
the optical systemby noving the object in the object Diane relative to
the..el ectromagnetic radi ation; determ ning wavefront aberrations fromthe
fringe pattern; and generating an interferogram graph fromthe determ ned
wavefront aberrations. -20- 33. A wavefront neasurenent system conpri sing:
means for generating el ectronagnetic T24di ati on; means for generating a
diffraction pattern fromthe el ectromagnetic radiation in at an object
plane of a projection optical system the projection optical system being
configured t@&3project an |rrager’fra\@anoutmpwmemcmt@wstpm,tcemnemeo an i mage
pl ane; neans _for gener at LI o) n the image plane based on
the diffraction . pat%enem mgtg?e‘;tm %ta%gfélhﬁg the fringe pattern at said

i mage pl ane; nasads fﬁa'agmexfanmgmm'ucngnphmmﬁdmdm electrpmbtretic radines imatpupi |

of said pr ectlon opti cal ving sai d means_fo ener
11 noeh oL en, i Hoisetdrn ophiel s s Bicieemon, pa  ReEL i)
syst em @bnfiddédiolgkojdctian iRsgLoNald &ng:tiroﬁfpraaem offto af[iiniags pfane; scanni ng the

diffraction pattern across the pupil. 35. The. efront, negsu nt system
of claiml, MBS ESTREAGS] %gl“ngPaEB‘ﬁ‘f‘l“gtt}? é'&%%va]é’eﬁr]i’afff?eo cj—f?’ge
di ffracphhampattern across the pupil. SHEARI NG | NTERFERC]VETER W TH

DYNAM C PUPI L FILL ABSTRACT OF THE DI SCLOSURE A wavefront neasurenent
syst em i ncl udnegng forsletectingthefringe paHegad spid imagePiaeo®d An i 11 uni nati on

system del | vefant i sehshihg AB@RRIdion fiéﬁ&tdc%s q:n%'i'l ofoRieplojRIiBAGptifaISOUT CE

of a diffraction pattern Ts in the object plane pr oj ectlon opti cal
syst em pystérechys mewing $aid am@c’iIISnfq;‘ag@@trﬁlftﬂwtaodbfﬁ”aﬁtﬂmgé’aﬁlﬁ’ﬁhéelat“’e to the

electromagnetic radiation.

34. The system of claim 14, further comprising refractive

optics for scanning the diffraction pattern across the pupil.

35. The.wavefront measurement system of claim 1,

wherein the object is configured to scan the projected diffraction pattern across the pupil.




whi ch includes a nechanism (e.g., a shearing grating) to introduce the

| ateral shear. A detector is |ocated optically conjugate with the pupil of
the projection optical system and receives an instant fringe pattern,
resulting from the interference between sheared wavefronts, fromthe inmge
pl ane. The diffraction pattern is dynam cally scanned across a pupil of
the projection optical system and-t2he resulting tine-integrated

i nterferogram obtained from the detector is used to neasure the wavefront
aberration across the entire pupil. Figure 5. -

SHEARING INTERFEROMETER WITH DYNAMIC PUPIL FILL

ABSTRACT OF THE DISCLOSURE

A wavefront measurement system includes a source of electromagnetic
radiation. An illumination system delivers the electromagnetic radiation to an
object plane. A source of a diffraction pattern is in the object plane. A
projection optical system projects the diffraction pattern onto an image plane,
which includes a mechanism (e.g., a shearing grating) to introduce the lateral
shear. A detector is located optically conjugate with the pupil of the
projection optical system, and receives an instant fringe pattern, resulting from
the interference between sheared wavefronts, from the image plane. The
diffraction pattern is dynamically scanned across a pupil of the projection
optical system, and the resulting time-integrated interferogram obtained from

the detector is used to measure the wavefront aberration across the entire

pupil.

Figure 5.




