-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
related to photolithography systens, and nore particularly, to nmeasuring
wavefront parameters in a photolithographic system Related Art [0002]

substrates, SuSHERASE: R bEREER Ot iR DR ARt act ur e 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 recognize that the description
herein would also . apply to other types of substrates. [0003] During

| it hography, a wafer, which is disposed on a wafer stage (W5), is exposed
to an i mage projected onto the surface of the wafer by an exposure system

| ocated within a |ithogBSIKGRADENOFMTEEDRPANTENYstem i ncludes a reticle
(also called a mask) for projecting the imge onto the wafer. [0004] The
reticle is al .l unted on a reticle stage (RS) and generally |ocated
bet ween théyaQPQP%QHD 9 ght source. In photolithography, the reticle is
used as a photo mask for printing a circuit on the wafer, for exanple.

Litho hy lig shi nes. t hrough t he dthe thro ghaserles of
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‘an i mage onf| m plays an i tegra |nt e l1thographic
process. Faghotodixiargpdphic syetetrhe manuf acture of m cr opr ocessors (al so known as
conputer chips), the key to creating nore powerful mcroprocessors is the
size of the |light's wavel ength. The shorter the wavel ength, the nore
transi st or Retaed bet - 2-

[0002] Lifhography 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



formed on ~ the wafer. A wafer with many transistors results in a nore
powerful, faster m croprocessor, [00051 As chip manufacturers have been able
to use shorter wavel engths of 1ight, they have encountered a problem of the
shorter wavel ength light becom ng absorbed by the glass |l enses that are
intended to focus the light. Due to the absorption of the shorter

wavel ength light, the light fails to reach the silicon wafer. As a result,
no circuit pattern is created on the gilicon wafer. |In an attenpt to
overconme this problem chip manufacturers devel oped a |ithography process
known as Extrenme U traviolet Lithography (ELTVL). In this process, a glass
| ens can be_replaced b mrror, [00061 The pr.obl em of measuring the

undesi r abl e°FBF %ﬂ}ei Balerot A Haler i gt UpRYR FesRlsy fle@ P¥as wavef ront
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wavefront (often referred to as wavefront aberrations) is a persistent one for
the lithographic applications. These wavefront aberrations result from various
physi.cal 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 inefficiency.

SUMMARY OF THE INVENTION

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



projection optical systemprojects an i mage of the object onto an inmage
plane. -3 A detector receives a fringe pattern fromthe i nage plane. The
diffraction pattern is scanned across a pupil of the projection optical
system [00091 Anot her enbodi nent of the present invention includes a
wavefront neasurenent systemw th an illum nation systemthat delivers

el ectromagnetic radiation at an object plane, A source of a beam of the
el ectromagnetic radiation is in the object plane. A projection optical
system focuses the beam onto an inage plane. A detector receives a fringe
pattern of the beamfromthe inage plane. The beamis scanned across a
pupi | of tha getejtectdceiveoptiriogt patsyrsticom thOQhdde plant.hefheediffoatiiornt of the
present invention incl des a net nmeasur i nq a wavefront of an optical

system i ncl B Soate @FWésaBP%‘EPg@ﬁﬁb%"ét“PE oPHER SYSHH- at a source;

del | verdopg) t he Chaght HRBBEkd 24habhQent Avedfbn® mbcﬁﬁtes Rl a0¢.Rfnt he opti cal
systen] geherating a difftaction pattern at ect plane-, scanning the
di f f ract i onmpadureénentagsterasvith 41uiﬂ)liuhnmn‘t1ohhgsterptthatalbhvesrysle&mma@reec ving an

i mge of the source whi]e scanning the di fractlo pattern and determ ni ng
wavef ront pEdAHOPeHsaT PBITPY RENF- nafgegou{%om& KA 05 HieaplesERmmegslic and

advant ages %Idlattllaﬁ is Hlvﬁ@to'oj%'at ¥ahd R réﬁ%u&%ﬁt{]&al sten{! ﬁ)cherctflé Bédn?n ;hgt

fol | ows, In part be appar rom-t escriptron,

| ear ned by pmtacahllmeg@planmeAldnteem rexpived. m&m\mttbagffsh@beeﬁﬂnﬁom thventl on wll
be realized. and attaiped by the strycture and. particularly pointed out in
the writtenRESRIAR | 3 LRHMCE SeHeR dPEss iRy thasprpﬁéﬂ%rpa@% d dr awi ngs.

[00121 It i gty be understood that both the foregoing general description
and the follow ng detailed description are exenplary and expl anatory and
are if0dfbed t oApoibei dmbbdintdneof ¢ pemattiionemiont ineludess erhetbod af cl ai med.
BRI EF DESCRI PTI ON OF THE \[NN?S 1100131 The accarrB g}/l ng draw ngs, which
are incl udeBCprBINE| Fst WAYAron optical system luding “generating

electromagnetic radiation at a source; delivering the electromagnetic 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 learned 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] " It is 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 to illustrate
exemplary embodiments of the invention and are incorporated in and

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



exenpl ary enbodi ments 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 invention. In the drawings: [00141 FIG | shows a portion
of an exenpl ary photolithographic systemof the present invention. [00151

FIG. 2 and 3 illustrate the use of an interferometer to produce shear
wavefronts. [00161 FIG 4 illustrat eé-an exanple of interference fringes as
t hey appear at the focal plane with the use of the present invention.
100171 FIG 5 illustrates the rationale for the present invention, show ng

t he opticahd expaber eithy dteetdrescriptiors tsghviez &d expslatne thgt penéiplemn off M218] FIG 6
shows how magni.t udes O(L the diffraction orders and change in an
i nt er f er ogiBFHPR-HL S BRVEI8ed object in the object plane. [0019] FIG 7

illus S an t rgg&% i ¥ o) : nchi

grati i%@t“foozolﬁ%q Sélggvg no I%P?%Fgﬁﬁg%fg%&%ﬂgﬁgﬁgfgﬁggnﬁt of the
optical ellerpradent invadtiomny be used in the present invention. [00211 FIG 9
is an illustration of dynamc puPiI fill using atilting reflective Ronchi
or at | RPISPETAL LERCEEBend i lusrar Henserst MENHSTIromse: toNVEARF GREST 0022]

Ref erence Wa'véfr&flw be made in detail to the enbodi nents of the present

i nvention, exanples of which are illustrated in the acconpanying draw ngs.
[ 002310016] i s col¥Endahtsttacescinagxanipty o Zatdfeednde dépgndsnheyalygrenniti ons of a

projections optics (PQ. by an erratiqon of, a wavefront of a spherical wave
enitted fr&%ﬁfgcéd’i@éé’ﬁ @PW??@PHY%B‘P"H’PV@HOF'M obj ect pl ane. Various

i nter {GRaet 1y FRENEIiANES SR RPRIHSRIG! hdBASHE SnARREH AV Phnet Ni S

spheri cal
optical exposure system in a stylized, schematic form.

[0018] FIG. 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

[0022] 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 aberration 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



wave. Shearing interferonetry based on an extended incoherent source in the
obj ect pl ane superinposed with an object-plane grating matching the shearing
grating is described in J. Braat and A. J,E.M Janssen, |nproved Ronchi test
wi th Extended Source, J. Opt. Soc. Am A, Vol. 16, No. 1, pp. 131-140,
January -5 1999, incorporated by reference herein. Al so, the paper by
Naul | eau et al. Static Mcrofield Printing at the ALS with the ETS-2 Set
Optic, Proc. SPI E 4688, 64-71 (2002)5 “(hqg://gol dberg. | bl . gov/ Mer s/ Naul | eau
SPI E 4688(2002) pd , incorporated by reference herein describes the dynamc
pupil fill illum nation systemfor EUV inplenented in order to control

parti al coﬂéi?iérin@rmmﬁed@ypcﬁermmgeram aAlssythe papdrbgrNdullght esdyr ce wher e

Syst om 100 VAT britiet hedse Vil o thicsebemR00 | ndl udes an

i ITum nati agggureie2d@d a condenser lens 102, an extended object 103
(located in t Re obj ect pl ane) pr 01 ection optics 104 with a pupil 105, an
n | 21 1O/B SPE

i mage pl anéh he 8(R0R .pHh)7 inmntpoasat@CD det ect or
108, arran s sh e di scussed

Tt enment | |
further beI {66‘662 ?re}PH%S"dﬂ’(ff tb?g&]yfﬁ@lqmlﬁ@égl%Pﬁlqsnrsvé’mﬁ@m §i ve and opaque

regions. T'EQIV ﬁﬁ‘ﬁl%h%nt%ggd 8Fa3r ©AdnR6I ﬁa@ﬁﬂ%@h&%m&ﬁiﬂnﬁ%ﬂh&@ﬁa absorb the
radiation (for ‘'exanple, for 13.5 nm exposure wavel ength Tn the case of ELTV

l'ithogr aphyynahrotraqutgh@a¢urc@vj'hateuklmmnatwms cobgrentof | it hographi ¢ systens using
| onger vel en S),, . h as .om um o ther netals. [00261 It

wi il ¥%lbe ap §ci1allﬁ’dg?tﬁ%1t aﬁlqtglbt{l}ﬁgfa%g Séfﬁtgglei{) iU e oﬁ) ﬁ’f appl i cabl e
to l'ithogr 3pRig SyektRAD ThHRadystat 108fihatldsV s erhﬁﬁhoﬁlssiﬂ%etmsi guch as the
projection optics 104, and the i magi ng o&blcs the invention is al so

appl i cabl ecowlesyestlens 102, aiy estended whjeel & flosatediiin hheppiaspmlares

transm ssivel.r ftac onent sed. in place,of .refl ect ,ones, as
needed. [0@?761 PREP ?Saf?‘ﬁgqﬁﬁé’ug 138 %milargglpulladlg p%:?r}negcgrmrég %‘g opaque)
regi ons. T@egetor 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 can 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 using 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 using other wavelengths, with appropriate
transmissive/refractive 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



reflective regions can be fornmed of materials that absorb the radiation (for
exanple, for 13.5 nm EUV exposure wavel ength), such as nickel, chrom um or
ot her nmetals. t0028] The pitch of the grating 106 is chosen to provide an

appropriate shear Tratio, where the CCD detector 108 is in the fringe plane

(i.e., belowthe focal, or inmage, plane of the systen), and "sees" a
pattern of fringes (an interferogram or a nunber of overl apping circles,
as will be discussed further -6- belog. The shear ratio is a neasure of the

overlap of two circles, where a shear ratio of zero represents perfect
overlap. Note also that it is desirable for the CCD detector 108 to "see"

only the z e‘?&i? Ofl%esrhe %u‘gtﬁg earmggbg{e oig‘fnt eft§ ofg{}vt)f@?ets' QeleBges, and to

elimnate t rac on| rthernmore, the

ext ended obghesltraﬂ;%fmoqemeidhtscp@féct@veallald Nmteedtlsmmaitilmgesmabmeot ed orders.
It is inportant, however, that whichever pattern of transnjssion and

refl ection the &4 idsteciord 08 i see] pulydhe zeratparder sk the rmand 0b20meThe pi t ch of
the source jpdu} 18n91§1§%ésn9n@90861 FindeS@e AY derffb'(%%&rﬁgi{lu%}ﬁ thﬁgé ch the pitch

of the shearing grati o Fedistribute t pupil to

t hose | ocatfgtisrhér@l thd kktefiddduabjest m'aeﬁd apnsasictad rtesaititino¢lirinaasg ng. [ 00301
FIG. 2 and 3 illustrate reference wavefronts and shear in a | ateral
shearing i reyanisdopedeas. 3t1as mpROTiaRk cheivevehe 84t niyhiche st @pléert eF 210

Interferes tr&sﬁ‘ff‘%ﬁafrﬁaﬁﬁtreﬂ\%chp n b€ susF](?rthatgtHeaasl%gu%Pgn i way, it-interferes

a shifted co wavefront wt t FIGs. 2 and 3, the
grati n@o29]6, pdEhd pitthed thasouhe modde gptiag203 a;cztlss) msfezatdnelaosen
interferoneter, and. generates .a transmtted th .a wavefront
211A, and amerplpfh%e&t@a ? HrcheAtRe sitipg s Riteis %@?f B{hB  Thus, the

whose vaver Ba R B e B T 00311 P 4
illustf0a3@s t he WhGef2 and ¥ illusgas r(a&it@Ae vav2Bonts aﬁd@hea) inas latebn by the CCD
detector 10%eanng inter eromfg;er il% Tzhe later BE 1nterfe meter %1(? interferes

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, the lateral shearing interferometer

210 creates one or more 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 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” to increase the optical throughput. The minimal dimensions of the



phot ograph, 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 maxi mum nunerical aperture and snoot hes any wavefrom i nhonogeneiti es.
The bottomright-hand figure shows a ftinge visibility function 401, with
zeroth order pattern 502 and first order diffraction patterns 403. The 50%
duty cycle on the grating 106 nakes all even orders of the diffraction
pattern invisible. At the bottomlett. of FIG 4, the inmage space sharing
grating 106 is shown, with a shear ratio of 0.5. [00321 In practice, a
source point (101) is replaced by the "extended object 103" to increase the

optical throughput.. The m nimal djnensions of. the -7- extend obj ect 103
are. di ot at EHERYEL Hilechid Bap B e BT BRD B M EHAn PRy o SWROL i vi ty of t he
detector deuig®iHsed e TBRSHF &ldhe Liddend ehegiuRiShe B?d?f‘éﬁﬁgrﬁlﬁs on the

obj ect-si de nunerical aperture (NA) of the projection optics 104 and the
opti cal thDepgiding on dwwbjeteidesunicticalsapefturr (N eof tlasprojdetion diptecs angul ar
wi dt h of t diffractio attern fromthe extended gbject 103 .is small
conpar ed tgﬁfﬁEdd%Fé3FW§'ﬁEOWQWB?r?ﬂ@fﬁfpﬁoﬁ.“!ﬁﬁ?hﬁF!Eﬁgé,mhg@t of the
light  froghbhhSwRith 6 theSliiackbn PANEE HohP iR AB BbRSTR & sphfa of the PO
104 pupil 105, Even for the highest pupil fills of the projection optics
104, the pupnparedo thesotgedtisidedd of dinpP@tIdMy Iif thiat ende, mesticd thy Bfldrred for a
conplete aberration neasurenent. In this situyation,, t vef ront

roabur enent oA LUEeHERRS Haoaceuengd pits o Snall Siearedices POSREOBO 104
aberrat i 0ong 09 Gkl fhFhe PRk 18! SHthy Bloyecti®ABblics 104UH fdosrea of the
pupil 105. It is therg;hgére %ﬁgﬁerregﬂ toﬁfo;{elml1 thie)IC pupi | e?%? of the PO 104
more or | ess stili halr pomplefedn FBledTrgsis prederpadolfidbem odmplstes abérragionavef r ont

aberrations has to balance. two conpeting interests: filli the entire
o | b Fisetehot dh BHE Seusti60 o8 VRF T B RS ot B T el ont
intensity, veytliteelsynsdiviey ®NBé PCPOO4 hikiRrabibnd B&curiitPbhitsili0d. relaf0841 The

foll ow ng nethods can be used to ensure the desired tpup|I fill in
~ small illuminated area of the 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 Baselmans,
supré]; 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] (1) 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



shearing interferometry: [00351 (1) introducing a transm ssive pattern

i nsi de the extended object 103 that nmatches the shearing grating (e.g., a
Ronchi grating) and providing a fully incoherent illumnation of the

ext ended object 103 [see Basel mans, supral; and [00361 (2) placing an

ext ended i ncoherent source into an object plane (by wusing a critical
illumnation or a diffuser in the object plane) and superinposing it with a
Ronchi grating that nmatches the shear&‘ng grating [see Bratt et al., supra]l.
[ 00371 These net hods have several problens: [00381 (1) speckle disturbance
of the neasured interferograns occurs due to the remaining coherence of the
ef fective soumethoft B).s Theplspekld adistetthocts ddds ahighAyeqaencuentensiey finite size
of the object pl.ane diffuser elenents (this applies ta nethod ~ 2). The
speckl e di dGHBEMS Qd ehﬂ@?ﬁ‘-ﬂﬂ@@ﬁ&@ﬁé OiSns Fasyling| JBt JAVEBRY to t he
measured i . resulting in wavefront nmeasurenent errors; [00391
(2) the neg%é%%%rgél\%ﬂt{%ﬁ%’o a special illumnation node (this applies to

nmet hod803P] and 2)2dur itign¢ddetorsatirte nespeciebiffahiicaioasnodee(thim \appliasnt

measur enent process; an 00401 (3) a significant, portjon of light is
di ffracted @ r%?fﬁ?%eie%dg@& rm&bﬁ(h@c@e‘isﬁ? VP tF%ét‘bd’fﬁVFﬁT@% and does
not parti cmgﬁeﬁn@nt%rgégsgraﬂg.‘hon of the sheared interferogram [00411 The
present invention thus applies to the situation when the size of the

ext end@@#0pbj ect (I03 nesgadicas mnton ef tlight iediffraged dpm ¢ extndrdghput is such

the obj ecOOErULIN bt Frfidhppniioabs fadtoessf biFishitdn oBragiontize << NA -

obj ect. [O0QghediRg bRibgfdnl.! by the extended object 103 can be achieved
dynam cally. During the neasurenent of the interferogram the extended

obj ect{00MI3 can Hée pdssasinineettion thwdippliesi{o tho sithedtontwieendhé sizaof then pattern

from this %}Q!ereﬁéd 0 %éacqleS 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 interfero gram, 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 lens) moved against an aperture.

[0044] The reflected and transmissive extended objects described above use
dynamic phase variation of light 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
105 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 extended movable object with

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




across the whol e entrance pupil 105. The CCD detector 108 that neasures the
sheared interferogramintegrates (or suns) the nonentary interferograns
occurring in the process of nmeasurenent. [00431 The dynam ¢ nodification of
an extended object 103 can be perforned by using a reflective elenent, such
as a tilting mrror, or by using a refractive object wth varying sl ope
and/ or other characteristics (e.g., g parabolic or spherical |ens) noved
agai nst an aperture. [00441 The ref I ed and transm ssive extended objects
descri bed above use dynam c phase variation of |ight induced by |inearly
varying conplex reflectivity/transmttance within or across the extended
obj ect 103oﬂkbwﬂwebnmnﬁmHyUmmMﬁalﬁqy uﬁmgqn¢MbﬁgManaﬂmanﬂoﬁ]hhfect can be

al so used to fill 105 nam hysi cal . arr angement s
Sl T Known POB bl st SHPH deramallh T EEpd Dt abibon g MBREA ng. such
arbitrary nemdof g@@ém%ﬁﬁ@d ¥Rk BnkARSive o‘f%ﬂéd&%%‘:ﬁﬁ)le &mﬁyra&atﬂatbe achi eved

by using an extended novabl e object wth 1its structure changing within or
across it, camdb/eqvhydgcaﬁtyndcﬁdrm;zd,dembxdn@plastMI prezedectnt heatwiidlg ahyinam cal |y

nmodi fi ed (e usi.n al light nodul ators Q her.  passible

oo | vatt it L B el Yo SR A LR A s e el de a

di f f uggggspat t er RyfiQkRE, 9RaR sﬁéﬁ@w&ﬁfzy@ iRTeithef bemkib6yvd hitwldake substrate
that can be physically deformed, includi'ng plastics, plezoelectrlc

mat eri al s, tlquxtelsdadedaecmlrﬂéfmumdm’e anearsnigisewatsm Gnra@gseplarce i nduced by
actuators, etc 109451 %ﬁ gr sma g hears are utlklzed Hin ei ther of
the above MePRYJEAING Ak & %B]ge%ﬁl SURGLPPesEd Ongt {9 BVt ¢ ance
pattern (and@beftre@k@ibatioRONtiBht B Ak ipdil MBS CAY AdchbRl Hheaki At gr ati ng)
superinposed on it to provide “additional redistribution of light in the

pupi | 105, aa@Basémmnbeuaiﬁchatt et al. and Basel nans, cited above. [00461
I YO 7 Bl BT R ARy 1 W BT SRR, Lo
phase that fgisidhesitiifake thendbdf dujesthadn Mas-Hesendbatameah @agationnsfed obj ect is
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 records 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
include:
[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.




shifted within the pupil 105, dynam cally sweeping the pupil 105 during the
act of neasurenent. 100471 The neasurenent of the interferogramis perforned
by the CCD detector 108 that records 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 coll ect
a sufficient nunber of photons during the act of neasurenent. The CCD
arrays used in present- day wavefront*sensors (like the CCD detector 108)
satisfy this requirenment. [00481 As noted above, the dynam c nodification of
t he extended object 103 can be achieved by any nunber of mechani snms. For

i nst an¢@)S0h r ef | €Dt Ay diltingx neadedirnlyj eeth 23 mEyrobdrars ed . spixaAnpgles of such

reflective objects | ude: [00491 (1 tilting flat. m can be used in
conbi nat i GO GFVEET a0 Deqief bty iy bl 305 521 on of a

| ar ge tilti 'NGOb? ghlor & t@esvxfe% 'tl?é:ﬁﬁﬁlﬁlos“thé gli@binYigloy¥ hhatdaittih lebng mrror is
easier to control (e.g., to tilt and rotate) corrparedtoamcro mrror.

The ext endedxeobjpdit olfjeqd plemet Hitke macsre mlmoncardelsly tikf Ilnh)rtehmst, itlanbg f | at
mrror, as sho mc&ﬁ}@ mrror, such as

i Fl 9.. 10- til
amrror fr& t\ggsa;sglmda%el PohPeRs F %ha%gﬁe | el as the

entire extepggealRices b thO3D(HHe 105! ﬁ%pr@c)ttce|§uhh9%§@rls%}e5\/\eep the pupil 105,
the mcro-mrror has to tilt in two "axes in the object plane. If the

mi cr o- 90Sdbr can(iz)rﬂxyeﬂqctwe @b]e@rvetlaa(mymgtslqpanf beeflactivaswthcar oghd t he axi s
per pendi cul ar to trgﬁ ane
&

| f he 2D
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with a varyapatust eae behisdl dsehd &firé ¥aesdediod %@tl@}.‘Ch as a parabolic or
spherical mrror, which is noved linearly hind a small aperture, can be

used af005BE enti Netetteeindhe casigjod ceflergge 61[‘3@1@5@ vspbtoescan she difiractiencase of

r18f5! eﬂlleyenglt?nega%:?os %l?edgu%ﬂ iﬁ%gtg%%&e ({ {) Ct' Og)e lgcatttfat th%cgb?c?% the pupi|

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) against
a small aperture, as shown in FIG. 8. A transmissive grating can also be used,
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,
depénding 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 is
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



pl ane. For exanple, a flat tilting mrror could be |ocated between the

obj ect plane and the pupil 105 of the PO 104 (also acting to fold the
optical axis of the system. [00531 The extended object 103 can al so be
transm ssive. In that case, the dynamc pupil fill can be achi eved by
noving a refractive elenment with a varying slope of one of its surfaces
(e.g., a spherical or parabolic tons) against a small aperture, as shown in
FIG 8. Atransm ssive grating can alldo be used, such that various regi ons
on the grating have different grating pitch, and the grating is noved
linearly in its plane (i.e., perpendicular to the direction of the i

pr opagat i onnaBratthet &l eod rRasalyreat. clor adtitdn, camy sOtlrsatiaveveljyetd laee di recti on of

the beam (i.e., to scan. it acrpss the pupil 105). |t is also jnportant to
realize thd{f?f%ra&@bgmf%@ﬂw mfa&%&c{}@aﬁ%&wﬁéc%?m@tthﬁa%ﬁeébﬁftect 103 used,
the size of . ffft oPHRgks HRRAAG HR&hS S AN LA AR mtgg.j ai ni ng proper
focus in thrg (lib%aae gl Séé:g rrr%y %ecome a pr%gﬁeem t(%?ﬁ%ﬁe |eﬁ"r action pattern

i s bei[8655c annedlheafimad sBear¢rbinparfird griSmeddoned bgr the IGCD sleteutor @08 isy bel i eved

t hat al t hough i referred.to r}ai ntain focus, some de-focusing is

iS.
accept abl e.? [¥Y 4‘if_st‘JH gauon, dp \impdl) th§h’§’8?’§n'§¥5é sheared Zeigriefogragyy, of the
above | W'r‘éﬁgﬂgljﬁga%ﬁﬁ&osf BPtt%Xfig{ldc%ﬁcé?{?ﬂa?éatw' ﬁ?ﬂng‘éﬁnﬁll%\fﬁo@of hgnsm ttance

pattern (an ect plane Ronchi grating nmatc e shearing grating)
super i npos guipilot0S. tTheompreuiade shchdid imderédrograntis smay thiavé aighotordtiagtht i n t he
pupi | 105, .as described - |1 1. .in Bratt et, al.. and _Baselmans..|n addition,
any of the! %‘%@%M%OW@W% afrgﬁta\_%ﬂtlbpsmﬂaﬁ%mapaﬂrl@ RURLIRASY B eral

di mensi ons e REcRMIARN AR NAER Mlfding! BBARUbY Wrddr | TEGS et erred in
the shearing interferoneter measurenent. F00551 The final sheared

i nt er f er ogriategrakaseasertd by thee COTD ddtscoct I8 W38 wicH-definece snibtfereficei nt egr at i on

e o SRR VAP IS R AT  H BSI Sy Dbt st ot (e
shear ed i ntif FERSSRPPiNERI doaufitdhe vacembitastmationt er f erence fringes only
within a relatively sma portion of the pupil inmage in
[0056] This is due to the fact that dynamic 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 illumination.

[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

ﬁglire, 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 pupil 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




the detector plane fornmed by the interfering diffraction orders. Their tine
i ntegral nmeasured by the CCD detector 108 has well-defined interference
fringes across the whole pupil 105 that can be used (typically in
conjunction wth phase-stepping) to conpute the wavefront aberration.

[0056] This is due to the fact that dynamc pupil fill described above is
equi valent to the use of a stati ona{%%sour ce corresponding to an actual
source convolved with the dynamc enent (source scanning). Thus,

regardl ess of the degree of coherence of illumnation fromthe actual
source, the effective source provides fully incoherent illum nation. 100571
FIG 5 ill usdtistestotthe abatationa(phafeovariatiens) tles ert presene it themesustimgwi ng t he
optical exposure systemin a somewhat stylized, schematic form This figure
rel ates to RMRECGEEMDf a pinhole in the object pI ane in order to generate the

spher iy vave. Ig! b nbDeneHRllid 050 AR RGRRORERShi Rl MeasUred by

t he |ng interferoneter going Trom to bottom

in the figunle idtérgdrogramomwienl argh;ttemdmi@eogdes tuhptaugm i tioobjectser | ens 102,
and then through an object plane with a pinhole. The pagnitude of the fleld
at the pupiPlanc s il onhea gl aettiop el &hﬁﬁl@gl 19541?6?%“@&&@%@@&%@ am A, where

the pupil 19 esC&o(J ngha '(ﬁe@ftgﬁtﬁgug trabt obd irp?& 'détet:t%i:[fﬁﬁfé onto an

i mge pl ane hen passes optional detector projection optics
107, and i sv1ﬂmt eh& adnlmyeﬂl&p@lngipbzé«stmemdmg tohéhedelicanddodiffrthaion. G aph B

S R e i FPenat, R € e P R TPl e e no

interfer Og'ﬁi’e”in%%ﬁt»lidfe'd?ghé AERD ihhBe Ei&;){i 1086k ttférererQ%r?oéﬁ&”iMh@mﬁhear' ng
grating. Note the visible inage vg ation - due fo

aberrati on$he(}]z11pa]sc@ovcanatat'f origpph Bashows thepnasetuies of tht6th; eswhtditlg interfero
or e (OO L SRS L. TRan e, ol e, 11 sctign order s anc
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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

matéhjng 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 transmissive 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



fringes of very small (negligible) contrast observed in the detector plane
wi thin the non-overl appi ng peaks corresponding to the sheared diffraction
pattern of the extended object 103. As in FIG 5, Gaph Ain FIG 6 shows
the magnitude of the field in the pupil 105 of the projection optics 104,
with the pupil coordinate "f". G aph B shows the magnitudes of the Oh, -1,
and +1 diffraction orders fornmed by the shearing grating 106, when an
extended object 103 is present in the_object plane. Gaph C shows the
interferograns resulting fromthe diffraction orders fromthe shearing
grating. Because the diffraction orders do not overlap sufficiently, the

resulting ipterferogra I akl epends on the vefi ~ont .aberrati ons.
00501 Frathe Trve SEpEPE e Rt OF MRBARI Ry fe e aRali ob) cct 103
by a Ronc %aﬁ%&hérﬂ&N&ﬂé%af el Rtk 68ebthas lnbeat adove! hRyPDithr 105 to those
locations that will nutually overlap as a result of sheafing. As with FIGs.
5 and 6, GnsigveAa shsarsal hieamatpbotic densghatt i defrigeindveédhagauest pugmndll 105 of t he
projection optics 104. G aph B shows nagnitudes of the G h, +1 and -|I

di ffracti orfP6'Y&rs forned by the shearing grating, and Graph C shows the

resul tjppgn] i nt ergfres, 09{samdth@MItub@atthnl bf AGhARR pusLrE LA § Mesheari ng
grating and the matching Ronchi dgr ating. As a result of "'the overlap between
the Qh, +Tefentive Ronghifgrating90dnwathdleg beant pasterms it Skovogr Asshown e over | ap

' i nsi.de  th Kk | d front tions.

(00601 Fi a9 LS A Bl lrSORREReCt, AR g8 SRl ot cal

el enent s t hajech®y3 Qe theeehst,thé R@naﬁ%mniﬁﬁ'myﬁwb%&a orﬂ@ﬁﬁin;g dirfynam ¢ pupi |
. e 1 ustr

fill using a noving refractive object lustration of FIG 8 is
prinmarily Tsplipgrabset thottam: righisitiusisate she saseligednispieeagran qRitemsr exanpl e, as

shown 11 o afhe hE ARSOL SILIE nEanEMontlinh A% B0 R cRRlie Mogh Vit h @

refractive i'ng avaryirng s S BV 'St the obj ect

pl ane. The 1gvaphls HBmall,lBat gaiepdrav@rorrdagitte HDfmkll @at Botlohusta Rt@ t he
interferograns resulti n% with this . arranqemsnt. Note that the refractive
obj ect, as tHdrgebisHotbichigynads reflepting. A relatively large mirror, or a larger

object, is easier to handle (in other words, to tilt and rotate) compared to a
micromirror. The extended object 103 in 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 during 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.




i nstance, a spherical or a parabolic lens that is being noved against a
smal | aperture. [0061] FIG 9 is another illustration of dynamc pupil fill
using a tilting reflective Ronchi gating 901, with the beam patterns not
shown. As shown in FIG 9, a beamsplitter 902 may al so be necessary. The
reflective extended object 103 (in this case, the Ronchi grating 901) is

placed on a tilting mrror. The diagrans at bottomright illustrate the
resulting interferogrampatterns. Thg-large tilting mrror can be used in
conmbi nation with an aperture, or can have only a small, flat part portion,

or can be a small flat portion of a |arge tiIting obj ect, which is nmade
fl hag. A - t
o U IODR o 8 K g SOREp TR il A0 AR ShangeEpE25 oT 1°

ext ended obfpaftand ABtails tidyi be eage tmahdwnlmLm@melmg tiont fite: sgiargel tilting
mrror, as shown in FIG 9. 100621 Also, a tilting mcromrror (such as a

mrror in a#cepsaet tie inyeghen agsiglined by thgepagndedwlaime (dws, the bresdttent i r e
ext ended 0%@ﬂc&mﬁg%gy%géﬁg%mEQEw§$SﬁQ#$uk$ﬁ§nhéQHn@@§b8 ﬂﬁﬁpll of advantages

over conventl ona or exanpl e, ynam c pupl “elimnates

the need f aibode-déscfibad rexemplathenthojdiaénty! tutesioRld).be defidddTvnMaitef r ont
sensors), thus resulting in elimnation or reduction of speckle-induced
wavef ront rAsedaseerith @Frf"(’ﬂ%’VmEG@Hﬂimﬂﬂ@e’é?ﬂ%}f‘fﬁ]émﬁupl | fill also elimnates

the need to switch to a special illumnation node during the wavefront
measurenent. The sane illum nation node used during the exposure can be
used to performthe wavefront neasurenent. (However, one still has to
properly position a reticle stage with die tilting mrror onit.) [00651
The dynamic pupil fill also allows to fill the PO pupil 105 "tightly," thus
significantly reducing the loss of light that occurs with other nmethods. If
necessary or desirable, the dynamc pupil fill allows sanpling only the

portions of the PO pupil that are of interest. -14-
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[00661 It wll be understood by those skilled in the art that various
changes in formand details nay be nade therein wthout departing fromthe
spirit and scope of the invention as defined in the appended cl ai ns. Thus,
the breadth and scope of the present invention should not be Iimted by any
of the above-described exenplary enbodi ments, but should be defined only in
accordance with the followi ng clains_and their equivalents. WHAT IS CLAI MED
IS: 1. A wavefront neasurenent systeh§conprising: a source of

el ectromagnetic radiation; an illum nation systemthat directs said

el ectromagnetic radiation to an object plane; an object in the object plane
produci ng avHATf ISSCLATGVIEpelSt er n; a proj ection optical systemthat projects
an i mage of said object onto an inage plane; and a detector that receives a
fringe pattern fromsaid i mage plane, wherein the diffraction pattern is
scanned across 4§, pupui“@$a§ﬂnﬁmmaﬁ@h@ggyganQ@ht@@hlsysten1 2. The system of
claim1, wherein the object includes a tiltable mrror for scanning the

di ffraction pat@épwﬁaéfé@gU@hégﬁuprﬁhmEm»The systemof claim1, wherein the
obj ect i ncl udes i iffr al i abl for scanni ng the
it fractton pa: eoifloaishBEL L Efken Hifikos Yt Ry Bt Bidfin Bar“Sher e < ne
obj ect |nckﬁgﬁ§p@ngefractlve prismwth a varylng wedge angl e for scanni ng
the diffraction pattern across the pupil. 5. The systemof claim1l, wherein
t he object incl @é@bﬁﬁtl@ﬁb@plar:ctnlangmrocimmaa@léﬁracra@npst&qnm ng the diffraction
pattern across t obj ect
generates a non- qﬁqﬁ&ﬂhIO'%mlggﬁﬁﬁﬁiﬁgh ggséésh%%;bf&ggfhggtBﬂﬁraction
pattern achf$saghslamyjphd. 7. The systemof claim 1, wherein the object
conprises a stress-

a detector that receives a fringe pattern from said image plane,
wherein the diffraction pattern is scanned across a pupil of said

projection optical system.

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

mirror 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.

7. The system of claim 1, wherein the object comprises a stress-

birefringent material to scan the diffraction pattern across the pupil.



birefringent material to scan the diffraction pattern across the pupil. - 16
8. The systemof claim1l, further conprising reflective optics for scanning

the diffraction pattern across the pupil. 9. The systemof claim1, further
conprising refractive optics for scanning the diffraction pattern across
the pupil. 10. The systemof claim1, wherein the object includes a novable

mrror with a variable surface slope for scanning the diffraction pattern
across the pupil. 11. The system of 1@taim 1, wherein the diffraction
pattern is dynamically scanned across a pupil of said projection optical
system 12, The systemof claim1l1l, wherein the detector is located in a

pl ane that is optically conjugate with the pupil. 13. The systemof claim1,
filrther conprisjng rating in.th i mage pl ane t enerate the fringe
pattern. 14. A Wavef RV Hemsel penT. {y18¢re5h § Ve0PUCP [ffni nat i on
syst em t hat, . dghi VMGE i Bhasdd RRINetdS thaslinit i on to an object plane; an
object in tﬁe ort)gj/ectlpl ane ‘that gener aetalgigﬂa beam of the electromagnetic
radi ati on; a projection optical systemthat projects the beamonto an i mge

pl ane; and a detect t hat recei.ve ringe pattern of the heamfromthe
i mage plane, wher ei %rhpﬁé(StB’@a?\q ‘ﬁ%lmsiafaﬁﬁgﬁ cgg}pggglgaregag”e G AF proj ection
opti cal Sgé&%{fﬁa%t}%Wfﬁ;ai°“m?eﬁya%t“%g‘tﬁr}’g‘ﬁ’lﬂa' m 14, wherein the object

includes a ti “mrror for scanni t he beam across the pupil.

10.  The system of claim 1, wherein the object includes a movable
mirror 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 pupil 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, further comprising a grating in the

image plane to generate the fringe pattern.

14. A wavefront measurement system comprising:

an illumination system that delivers electromagnetic radiation to an
obj ect plane;

an object in the object plane that generates a beam of the
electromagnetic radiation;

a projection optical system that projects the beam onto an image plane;
and

a detector that receives a fringe pattern of the beam from the image
plane,

wherein the beam is scanned across a pupil of the projection optical

system.



16. The system of claim 14, wherein the object includes a diffraction
gating with variable pitch for scanning the beam across the pupil. 17, The
system of claim 14, wherein the object includes a refractive prismwith a
varyi ng wedge for scanning the beam across the pupil. 18. The system of
claim 14, wherein the object includes a spatial |[|ight nodul ator for
scanni ng the beam across the pupil. 19. The system of claim 14, wherein the
source of the diffraction pattern géﬂerates 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-bireffingent material for scanning the beam across the pupil. 21.

The system of claim 14, further conprising.reflective optic r scanning

t he beam across he éﬂ‘ﬁiﬁy?'te‘;nl?treﬂﬁ’én §s‘f"éﬁr\%6‘ft%ﬂ°§i‘?ﬁ gl ﬁ@ttﬁ@L%comri si ng

refractiveﬁﬁﬂgggﬁSgﬂﬁmn%@@%g&ﬁgc%ggﬂgﬁﬁgﬂacross the pupil. 22. The system of
u

claim 14, erein the object 1ncludes 'a novable mrror with a variable
surface slope for scanning the beam across the pupil. -18 23. The system of

cl aim 14, mherei% the detector |s_ l.ocated jn a plane that is optically

conj ugate with tiRe puiel SY$um Ther &k ddm ¥ CTENaithf LRI WPEEPS donpri sing a

grating in diffctibdBdfinP b aHHIOPREN RrSckifitd i BOfn RALLARBpudR: A method of
nt a a

> \ U]
measuring a wavefr n opti system Tconpri sing: geﬁe ating

el ectromagnetic radi ation at a source; delivering said el ectromagnetic

radi ation to an _gbje pl ane of .sai.d _optical. syste enerating a
diffraction pattlédrn d®sVEEBoPEAUR dife; Wherein the object “includes &

refractive prism with a varying wedge for scanning the beam across the pupil.

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

light modulator for scanning the beam 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 beam across the

pupil.

21.  The system of claim 14, further comprising reflective optics for

scanning the beam across the pupil.

21.  The system of claim 14, further comprising refractive optics for

scanning the beam across the pupil.

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

mirror with a variable surface slope for scanning the beam across the pupil.



scanning the diffraction pattern across a pupil of said optical system
receiving an i mage of said source while scanning the diffraction pattern;
and determ ni ng wavefront paraneters fromsaid i mage. 26. The nethod of
claim 25, wherein the scanning step includes tilting a mrror to direct the
diffraction pattern across the pupil. 27. The nethod of claim25, wherein
the scanning step includes noving a diffraction grating with variable pitch
to direct the diffraction pattern aqgass the pupil. 28. The nmethod of claim
25, wherein the scanning step includes adjusting a refractive prismwith a
varyi ng wedge angle to direct the diffraction pattern across the pupil-. 29.

The et hod of clajm wher ei he anni ng step,incl.udes, .adjusting a
spatial |ight rm%%l atz—g]?e f\@%&? rogc?ﬁal?lhg‘ﬁd?' efrf"lgctﬁ‘li ?S‘ﬁteﬁ 2 i9ed B8 the  pupil .
- 19 30. ThﬁmﬁﬂhaqgoﬁﬁuﬁWQbﬁméaethﬁ&@bﬂpﬂhe scarm ng step uses reflective
optics to scan the diffraction pattern across the pupil. 31. The net hod of

claim 25, wherein the scanning step uses refractive optics to scan the
diffraction pattgrn ross. the pupil, 32. .A nmethod of neasur.i a wavefront
of & proj ect|on St i oS SR G UM <GS CEPORUPE AeFTRGE of dBs - omagnet |
radi ation ajmnaap phik esbelRlAdeTFingdiSatteR, 0] €Ction optical systemso as to
generate a beamdirected at the projection optical system (2) positioning

a detector below an inmage plane of the projection optical system (3)

receiving a fri pajter f the beam at_ihe detector i, e . sinmultaneously
scanni ng the beam acr s%‘e@%"g u‘b’l$ P8t e o‘ﬁ?‘fe?ré) IHF Sof; steipP lch gSysten
comprising:

generating electromagnetic radiation at a source;

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

generating a diffraction pattern at said object plane;

scanning the diffraction pattern across a pupil of said optical system;

receiving an image of said source while scanning the diffraction
pattern; and

determining wavefront parameters from said image.

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

tilting a mirror to direct the diffraction pattern across the pupil.

27.  The method of claim 25, wherein the scanning step includes
moving a diffraction grating with variable pitch to direct the diffraction pattern

across the pupil.

28.  The method of claim 25, wherein the scanning step includes
adjusting a refractive prism with a varying wedge angle to direct the

diffraction pattern across the pupil.

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

adjusting a spatial light modulator to direct the diffraction pattern across the

pupil.



(4) calculating wavefront aberrations fromthe fringe pattern. 33. A
wavefront nmeasurenent system conprising: nmeans for generating
el ectromagnetic radi ati on; neans for delivering said el ectronagnetic

radi ation to an object plane of a projection optical
generating a diffraction pattern in the object plane;

optical system

system neans for

the projection optical
systemthat projects an inage of said diffraction pattern onto an imge

pl ane; and nmeans for detecting a fripge pattern fromsaid image plane,
for scanning the diffraction pattern across a pupil of said projection

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 method of measuring a wavefront of a projection optical

system comprising:

(D delivering electromagnetic radiation at an object plane of the

projection optical system so as to generate a beam directed at the projection

optical system;

(2) positioning a detector below an image plane of the projection

optical system,;

3) receiving a fringe pattern of the beam at the detector while

simultaneously scanning the beam across a pupil of the optical system; and

4) calculating wavefront aberrations from the fringe pattern.

33. A wavefront measurement system comprising:

means for generating electromagnetic radiation;

means for delivering said electromagnetic radiation to an object plane

of a projection optical system;

means for generating a diffraction pattern in the object plane;

the projection optical system that projects an image of said diffraction

pattern onto an image plane; and

means for detecting a fringe pattern from said image plane,

means for scanning the diffraction pattern across a pupil of said

projection optical system.

nmeans




