-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 -2-

[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




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
overconme this problem chip manufacturers devel oped a |ithography process
known as re U traviolet,Lithogr.aph EUVL). In this process, a glass
| ens can Eé% ?‘é%f%et&i‘eb‘ﬁjafgf-m%r‘é? ot ﬁﬁggémé‘hgaﬁ%%ﬁerﬁ?‘g% HedsTi%hg t he
undesi r abl eopefful thadringiefopedceldde wavefront (often referred to as wavefront
aberrations) is a persistent one for the |lithographic applications. These

wavef 1851 aber r dt5 oHB mawacturetsdrave depmable tphissisbattercaaedengtisueth as changes

in refractine, o | ect ] raperti of .the .optical ele ts (lenses or
mrrors) oélcggf’r{hﬁge%g gaédrc\eég%t%eaog %ﬁ% iogatﬂe S(]j’log[Bli f@é’ﬁ%ﬁg@‘a Eggt

def or mat i ogcoring CAbERGES biyntht ReasoNérisethap 8P alibdRa t8ffobketheaRtnt cal el ements
caused by heating, or |ight-induced conpaction. In particular, it is
desirabl e tege tﬁ%ﬁ‘éﬁ%l%%fsthﬁéh«ame’rw@ gthulights thelight ails tphieachl i t hogr aphi c
tool durin . ugt | r - I ..naving to take the
ool of {11 AR RHEEUAL L RN SKRATEN £ Bl bRl ke o educes
t hr ough- putin @n attenipo docegersomn® tidt eoblempehiyf manefatiuedre nizyelop&UYVARY OF THE
| NVENTI ON [.Q007] . The present inyention js directed to a _scanning

interfero ﬁhﬂi’m‘gﬁ] e g3 pixirere) Yltgayiglet dithogranby &EVY LdbvRat es one or

nore of th%?ﬁﬁ@é&%%g@&enﬁéﬁ%‘@ﬁ%@&ﬁ% ikd}e related art. [0008] An
u

enbodi mrent of the present 1nvention in es a wavefront measurenent
syst effll06t| udi ndha probleore off mehsringo theg vetlegrablkd pattirbationtn of i theuni nat i on

t del | t | ect ti iati t.0. bj ect pl . A
b oct gener RS0 R Bakpuelstioht aftrt@np G RamEoL o B8] cct i ane
A

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.




projection optical systemprojects an i mage of the object onto an i nmge

pl ane. -3- A detector receives a fringe pattern fromthe i nage plane. The
diffraction pattern is scanned across a pupil of the projection optical
system [0009] Anot her enbodi ment of the present invention includes a
wavefront neasurenent systemw th an illum nation systemthat delivers

el ectromagnetic radiation at an objegct 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 fhe beamfromthe inage plane. The beamis, scanned across a
bupi | of 't GIeGear P db e Pereys Ba tieoB¥F BUHE: hahc GugatMont of e
present i NRREGR sénhtdEtessst BINTSOirojLBaB Sl RispRVEef ront of an opti cal
system i ncludi ng generating ‘elfectronmagnetic radidtion at a source;

del i vdf0® t he elmgharomalgviement olatlicapricssmt iavensiondbfledes plveavefrofit t he opti cal
system generatin diffracti attern at th obj ect pl ane;.scanning the
di ffracti Oﬁn%agﬁeg%ﬂﬁs&/gi,egggl aﬁaﬁf mgfory Wé%gbhaggﬁlwe ?C@I%Fnalgg%:téq ving an

i mage of t hedis@ed € aMhibl@t RN B séliee @ifff bakh | FINthe RASHREDEnaRd

determ ning wavefront paranmeters fromthe image. [0011] Additional features
and advant dgdistiasf istihéhd ehjedimplans. vl projeséios eptieal systeinnfocuse thedwemi pt i on t hat

foll ows, ang,.i r il b arent fromthe deschiptio r may be .
| ear ned by%g‘FOac %9%5%8 pp ‘lfertlgcg%tr%eﬁ‘.’es nﬁ%?%tﬁ?%ﬁiéwg?a?@éomiﬁﬁventi on will
be realizedmagsdphiit.aiMeRdbdin (sheradhiddugdrodsea papil RAIthé pHdjestioy dpmicat ed out in

the witten description and clains hereof as well as the appended
drawi ngs. [Pg89%] It is to be understood that both the foregoi ng general

GesEr B o ke e e Sl RS, Foaml gy, an
i nventi on asashraigred. wBRbfEMt DESCRINP TdpENaIORsyEtdim DRAWDNKES pail8ngThe
acconpanyi gpecggr%\émén%%% Ta 1atii(§:nhat6}1r seé\mirc%? ldglgv%%né (%hé éllagt%nrlggtneetic 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




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: [0014] FIG 1 shows a
portion of an exenplary photolithographic systemof the present invention.
[0015] FIGs. 2 and 3 illustrate the yse of an interferometer to produce
shear wavefronts. [0016] FIG 4 illustrates an exanple of interference
fringes as they appear at the focal plane with the use of the present .
i nventi on. 017],FIG., 5. illustrates the rationale for the present

i nventi on, aé&&ag%{aert Math AessrPEYR SSTce o PRI ithe Rnaeiplos el theschemat i ¢
form [0018]vehli&h. 18 I USiHsewW magni tudes of the diffraction orders and

change in an interferogramw th an extended object in the object plane.
[ 0019]0HKE. 7 i IFIGsrshves agporadd ef tn ekemphiny phétolithb papkixtsymemdofobj ect by a
Ronchi gra%}il nrg_. 58020 .FIG 8 is another illustration of the arrangenent of
the opti caf® BFEREIYE ™ Mat may be used in the present invention. [0021]

FI G- %0181 an il pyekratj ik ' Il infel j [ detd reflective
Ronchi%) gr i ng. DETAI E%%gﬁgsﬁﬁgﬁoﬁegﬁﬁwlﬁ%eﬁm@% %ﬁl—:éelélk\ll%m ON

[ 0022] Ref &egele@nini || now be nade in detail to the embodi ments of the

prese ipventi X |l es of which are Lllustrated in the acconpanying
dr awi ﬂ%?%? [ 0023716 T HSrAleS o cxpmpfeo IRl irEnss ifiases 4 themnsricint

-aberr at i ontheGbeal plape Hi@cCthé Q8SofARE piSeltMenlBYn.an aberration of a wavefront
of a spherical wave emtted froma corresponding field point in the object

pl anel0™Ali ous FlGt 2ilfustiaive iy rationnlni lguée prasenbénvendon tshowingsiiee aberrati on
of -this Spgﬁ{c'af’@}lposure 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




wave. Shearing interferonetry based on an extended incoherent source in the
obj ect pl ane superinposed with an object-plane grating nmatching the
shearing grating is described in J. Braat and A J.E. M Janssen, |nproved
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 so, the
paper by Naulleau et al., Static M_;r_ofield Printing at the ALS with the
ETS-2 Set Optic, Proc. SPIE 4688, 64-71 (2002)

(http://gol dberg.|bl.goy/papers/Naul | eau SPI E 4688(2002). pddf),
incorporated Dby reference herein describes the dynamc pup|I fill

i |1 umi nati &79% Jcomaratet by mifrepsgiicasiant2lgo the sarse by DbuHet ¢ »partial

coherence | re illum nation
i S coher entg%lk ?%82% fl&{llp’%\gt '%tqth?eu%%‘?g{%%égﬁﬁgt%rb{) ﬁ%gﬂgmﬁm C system 100
accordi ng 4&8% ﬁé-71m2@ﬁent i nvention. The system 100 i ncl udes an

illum natiQn sou ext ended obj ect 103
(1 ocat ed |&t—@—|={&9& 28D, WEPRORHLpi | 105, an

i mage pl an eard rlg éiﬁﬁ& , E;ﬁamg ﬁtfﬂlr 1LERS: CCD det ect or
108, arran%é as s?hO\l;vn [ ngCH%eéL@@ re EJFMﬁese ‘el errer?%g%%&?[ﬂfgre di scussed
further beEOW. m{p@@ﬂﬁjtedﬁhear@er&bm@rcﬂ@ﬁrﬂahcd)hﬁdmekiunhgpnamlmtsasl ve and opaque
regi ons. The ﬁe regi be formed of materials that absorb the

radi ati on "(}PBIPIO ﬁjfbtlsé’ ei%ﬁgmﬁﬂ?t@?p‘%é?}?eée%vel ength in the case of EW

l'i t hogioaphy, OrpI®Pi Ilﬁaétra&@dh ShbRithdbrightc %ﬁ‘ﬁé‘mofod héd&?&ﬁ?%'tﬁesyst ens
usi ng | onger wavel engths), such as nickel,” chrom um or her netals.

[0026] |t misent arvsotipe ﬁm)rswﬁlatls{w mmdealmhdhnghna@tm m@eﬁeﬂﬂsu avention is

applicabl e el r gihi t ve el enent s
(such as He® nﬁF%?%gtﬁ%h ao%p%éé r&{go i n]ét’lt gcai%?% &llbe )the i nvention
is also Qﬁbjeb@@bdnﬂlctSQOSMﬁﬁﬁznpupiElm aftifage p@ﬁ@bmghggraﬁﬂgtlm@@pr opriate
transm ssive/refracti ve coraonent s used in place of refl ectl ve ones, as’

needed. [ ofsErjorprs Hatrthg QOB detestordds. privnasdersrsbewadnithe fgwe. opaque)
regions. T’ﬂﬁ%@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




reflective regions can be formed of materials that absorb the radiation
(for example, for 13.5 nm EUV exposure wavel ength), such as nickel,
chromium or other netals. [0028] The pitch of the grating 106 is chosen to
provi de an appropriate shear ratio, where the CCD detector 108 is in the
fringe plane (i.e., below the focal, or imge, plane of the system, and
"sees" a pattern of fringes (an intgferogram) or a nunber of overlapping
circles, as will be discussed further -6- below The shear ratio is a
measure of the overlap of two circles, where a shear ratio of zero i
represents rfe over Not e al so esirable for the CCD
deltoector 8%16% %égéhe%ﬁﬁ{})o thé r'%eé‘F‘ﬂﬁeI'P Elé’?’eiarl’doﬁ %’EO erglr%ﬁ Wf“?rgta or der

di ffracti oghdanRaRSef RASrdpPesBhts Fritadt@vENS. "NaRUIso Radt & dlRfranle i act i on

i mges. Furthernore, the extended object 103 is construct ed to aid in

el i m nati nge @Gmaiﬁt@@rolﬂfetps seq"tonily tHerpvorth ander ahdwess e rapdt-Hatordéri chever
gl S. U that it be a regul ar

pattern of nsni_ssi on on are

pattern. 86%3"]% Phda5ry caﬁ l%na(é%&}? <& Aa Oﬁireétﬁef%&"%l@%g %4l so

pref er abl YFﬁﬁIi)é»iﬁi@ré Othe r@(ﬁtfﬁfde& hpjdet 1108 #@f conbieusiiP &S D 19 efilliRGing0 as to
redistribute the I|i in the pupil to those locations that wll nutually

overl ap asuawamed| er 611’3 slhelr important0 dowersrcsthaty vereheyef | pajlstr atfe ref er ence
vvavefronts ?ﬁgr?ﬁsh&? dﬁﬂ%ﬁk@fﬁ%ﬁh usselaef’%l H?geaﬁl%éfﬂr%r %%her 210. .The | ateral

shearing inter erorre 1 8res Y vad e tself, or,

phr asp@28jot her Thayitch 6f thosertemeduie gitidgt20d icalgy pﬁa‘ferablye:hwnabr ont with
2 and 3, the grati 106, ositioned in the

itsel f. Asshwnmﬁ%s- gﬁ% 3

i mage pl an®atchdbe pifeh o7 dhe sheangei snéng &t awit esdistabiie Jasm dight wsthey
transmtte ed reference
wave 205 ﬂgﬁgeia%%gﬁa‘gﬁ%é‘g%ﬁ%ﬁY&}%ﬁﬁﬁ& Ogéﬂﬁ% atsgtp'ngﬁt (ﬂﬂearl ? i nterferometer
210 cl@3bks one FdGsnﬁr@dai)pﬂamee sfrepesyawdlivss amlsfaanm a Bkt 311B

e ere LB BISeR L Ra5t 12 O S kB GRS LA,
in FIG 4,,kavéfhant waneitself 8 phRa8danother 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 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




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 wavefront

i nhonogeneities. The bottomright-hand figure shows a fringe visibility
function 401, with zeroth order pattern 502 and first order diffraction
patterns 403. The 50% duty cycle onsthe grating 106 makes all even orders
of the diffraction pattern invisible. At the bottomleft of FIG 4, the

i mge 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

obj ect 10%¢cRqsdiqpgscs 483 af%@lﬁ@lﬁﬂﬁ%&%%@%@&ﬁﬂ@fmm%n BP¥E#d @ mensi ons of
the -7- ex ed., obj Lct d; by, il ol M nati on
power and %ﬁ%ﬂﬁg%ng{?ﬁéiégég?rtegbgé%%gtgfrg%%?§§%%%é§ #%K%%asure t he

i nt er f er ogPapadingDepthn dbjegt-side hiveendy] eptriwee Y AN ofithe prajectapesiticse ( NA) of
the projection optics,., 104 angd the optical fhroughpyt requjrenents, it is
often the iéfgén‘?ﬁ]t%ﬁ O_E’H‘éa GrRpshayt Wqﬂltrﬁnmts’tﬁéscﬂ%rg%t?a%%t Brn fromthe
ext ended OQig%FJr wHaR 6t5thﬁgﬁ‘fﬂacti&10§ﬂ?@frﬁﬁoﬁ10thé ReteRBELEl;ad 198 iNomefi the PO 104.

In that case, nost of t light “"fromthis object e 85 up concentrated
within a sembparet wathefobicaesiPONKO4S the@Q 104.05. thEvease, frorst htheHigphest pupi |

fills of the projection,optics 104, t pupil.. 105 _i.s L.l not conpletely
11 ede astrhiRiepet Ssalh ciPebiziiccriiaBeRrall FoR of e ibeRel Tn Chis

si tuati on, 16N Ev¥RRThORhER eI EIE BF (HERIBRESoVbpticsNBYEhe YEPY 105 L L | € ,
sensitivity to the PO 104 aberrations occurring outside a relatively small

i 11 uninat eld gieaobfeompletplypifilled,08s is tpreirmed efost dreonmlelt esbesation fill the
pupi | 105 ﬁgash%?negp %ﬂg‘éiﬁ@?gﬁ&{ t eeégve%gg %Egtﬁlem%nqu?e%l]lod-g ﬁ’ha%]e probl em of

measuri ng wavefron 'ons "has to ance Two conpeting interests:
filling thereiitile @npitipity td @ POUD4abeiritorsagtuingveitside b estativelensity), or
havi ng sufficjent .intensity, but gnl portion of .t pupi | 105.

¢ . on .a smal | e
(00347 Thesoth TBmiRgcaioAcsiots AvpRc s ol it GhHaRbls BalFeloctifale pup | 111
in 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




shearing interferometry: [0035] (1) introducing a transm ssive pattern

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

ext ended object 103 [see Basel mans, supra]; and [0036] (2) placing an

ext ended i ncoherent source into an object plane (by wusing a critical
~illum nation or a diffuser in the ohjgct plane) and superinposing it with
a Ronchi grating that matches the shearing grating [see Bratt et al.,
supra]. [0037] These net hods have several problens: [0038] (1) speckle.

di sturbance of th asyred interferqograns occurs due to . the remaining
coherence g‘? ’Eﬂﬁg‘(’gf ctiite SB ?ec 1$HPFRECS, AP eglggﬁcr%?fl“?ddémfns“é(nd 2) or due

to a finiteushafo bHhanobhRGhuBl aRedbbbisR! GLEMRRL Sn (tvesamPl ies -8- to
met hod 2). 'll'lhé1 s%eckl e distur buérncelaceilgé Elll%ﬁifresqueﬁcyni h{ﬁens?lt&y
fl uct uat i omzaswemhet evwasur ed i nterferograns, resulting in wavefront

measur, t errots; [,0039 2) .t need .to.,swi.tch to ecial. illumnation
node Pﬁﬁ?g appI;E S &lbe ﬂ#ﬁé&é"ﬂfﬂgﬂé spreigh iliumingtion rﬁ%&‘s&ﬁ'@ﬁ@ ®conpl i cat es
the wavefr entmeth®AS YU &L} dRFASa8E : maRdrdniRf CorlpBtatds %heg%afvbﬁﬁlﬂt portion of
light is diffracted fromthe extended object 103 away fromthe pupil 105

and does noeapuemEdipsetcss;ianda formation of the sheared interferogram

[ 0041 present inventjon thus applies.to.th i.t uat.i on wh t he size of
t he @?}Qﬁded og%}ect al%%"ﬁ%aé]ﬁé’(?r?o&l Eﬁ%ﬁgﬁélst ﬁ‘éﬁ?c_zﬁﬁﬁiogb_@p?’fté’écﬁgt hr oughput
i's such tbijectt 103 V3 RethaRd SipiC108 Sidddk nbbparfitibhteas bl ofmARilgT N IS nuch

| ess than the object side of the PO 104, i.e., k / extended object size
<<- NA obj ethe sheaedpyterfgsestatioi | fill by the extended object 103 can be

achi eyfds fly 1o 9 esent Rl tlR JFRRAN6SHE Bhuabn Wign'dfl 854 SEAG" M D

- 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




dynam cally nodified, so that the diffraction pattern fromthis object
scans across the whole entrance pupil 105. The CCD detector 108 that
neasures the sheared interferogramintegrates (or suns) the nonmentary
interferograns occurring in the process of neasurenent. [0043] The dynamc
nodi fication of an extended object 103 can be perforned by using a
reflective elenent, such as a tilting mnor, or by using a refractive
object with varying slope and/or other characteristics (e.g., a parabolic
or spherical |ens) noved agai nst an aperture. [0044] The reflected and
transm ssiv exteg&gd obj ects g fribed above use nam ¢ phase variation

.des I d
of Iight i RiFEEEeKyrimically modificd (o, vang Fratial Péhtﬂée%/lii@mfsw tQBPs i t t ance
Wi thin or qﬂﬁg i : o i non- | i near)
phase vari gt%igégﬁéé%%g@ﬁgan emg]mgggarsle Fg&?%}éq{ 8“‘%3%% {n%%lg(adynam' cally.
Many physi déifusar paitaye femasl oveblirdosoiwsive @r trbfdetive Klekibdel sibstratehthatar t  ar e
possi ble for reali zi uch arbityar on: | i near phase variations. For
i nst ance, lc%)bem%gl%'agﬁﬁ’é‘% Wf”agénglaﬁ}?semeé?ﬁ%ﬂnﬁ%maésaoﬁdect with
its struct yi&sPhansigas: whichhn vﬁfos@&éé%}?e%edéé' Japgy Waoﬁl&’d?&g] &al 1y deformed,

and/or -9 otherw se dynam cally nodifi e.g., ‘using spatial |ight

modul #036%) . O hlaless poyssrdlbshoas rzattilieed iofeitymathe abbye imethodsluced phase
variation gan incl] yde.a Lffusqr pattern.fornmed, on transm ssive or
reflecti ve&’fel gﬁ?ﬁeg Og’beﬁétlﬂgtn@usiﬁ’ﬁf’g 3RS HRIANGS SRl @nd@ﬂ?ﬂt% € i ncl udi ng

pl astics, Rog&AerAE metcARLEOhE 8huingWati rsﬁ%e?m%b’ bds€d bhNo&NproTRIcer i al s whose
stresses are_i_n%cg%rb actrguat_ors_, g[gg ‘%?)04 ] Unless _ver&?ﬁsnall shears are
utilized, redibonahaedigribetion ebhght indhtpupil 108,has degerdhedan Bibjtettal. 103 nust
have a tra i tern. (an object plane Ronchi grating matching the
sheari ng g?%@%%@%’ﬁp@%fd&%@%d on it to:provide additional redistribution

of |i ffiod6] n t heThe plyharht makficheisar isbpefirmedr & that thal transatidlaBasel mans,
cited above. 4_0046 . The dynam c_npodification is perforned so that the
transnitt aftosion uikds B siteaded oblrst Bag akuesudaspdey lmsyr veriaties dependent

linear varjijhfk @bt 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.




t he phase that ensures that the diffraction pattern fromthe extended
object is shifted within the pupil 105, dynam cally sweeping the pupil 105
during the act of neasurenent. [0047] The neasurenent of the interferogram
is perforned by the CCD detector 108 that records energy distribution
across the CCD detector 108 plane. The CCD detector 108 is capabl e of
integrating the time-varying intensijhy at every point in the detector 108
pl ane to collect a sufficient nunber of photons during the act of
measurenent. The CCD arrays used in present- day wavefront sensors (like

t he tector 108) . .satisfy this requirenment. [Q0481 As noted above, the
dynanil00 difica@t h Hfing Haic QTR PGP B TSGR o BALH| i@gh by any
number of nfﬁ&éﬂﬁﬁbls -ME%ay,nf#aE@ﬁsedaasrﬁtele%w ¥&enddt S)E8d 08hkect 103 may

be used. Exanples of such teflective objects 1include: /[0049] (1) Atilting
flat mrrorFi€ar®)blh asledtd sweepcthetpupd g ntheintioroamiapebisupdilt inotwohavi ng onl y

[l flat | on, of I tiltir bj £to.b flective. A
Felati vel y el Gl Picreling. dF e erosirferoh Guboilim pug &g 1 S4hPS i ¢ and
rotate) coppaiestohRl TdlakhQsdténaRiular FOOhEXIopdd larRbiteet ail@Ani thi s case

coincides wth the tilting flat mrror, as Shown in FIG 9. -10- [0050]
(2) A tiltioogical vrasp @i trediD pupit h0%dn prantige; suchfaense s repat i al | i ght nodul at or

SL : h ire. d ' 10 FIG 9).
o or dBSL oneda) Rk RoiBE ke O TP TRAL S0t % tvo axes
in the obj egta phrabic &f spReicall lrforMwhid isCRaBvéN lidedriyl belifd @ngnallxi s, it can

be rotated around the axis perpendicular to the object plane, thus
al | owi ng a 2perEcHn bswsehasghe eplare 2piopded 9bja®d03 ) n practice, such a case is

rare. Jé@j 1] ( 3)Nd%‘e 'Eh%t kne teic\ﬁ?e %ﬂ%ﬁi&f%%ﬁﬁx&l}ﬁvﬁe}g Irtipg%ﬁll t@ﬁaitﬁfact?onr efl ective

surfa uch as a parabolic or s I'S noved linearly
behi nd a srmpatitrn @apesstibe eupit 305p theyseed amt hveaysritd loeated taeniedbjetyj ect 103.
[0052] Note that,in the case of reflective elpments used (o scan the
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




pattern across the pupil 105, they need not al ways be | ocated at the object
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. [0053] 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 elenent with a rying slope of one of its surfaces
(e.g., a spherical or parabolic Iens¥ against a small aperture, as shown
in FIG 8. Atransmissive grating can also be used, such that various.

regi ons on the grating have dlfferent grating pltch and the grating is
noved | i neah [Bra rﬁtlf’csmﬂfl Reeelmans | Inppddfionisey) o theothore dieclic®®on of t he

propagat | o oliabhi: ELBEOTAIRALcf b ALIAN aAyBRich Yle LR di rect i on

of the beam 0 scan it across So i nportant
t o real i ze réddatyt of feiapandefReedin ﬂhhehmmgmtaffatroniey@en@fsurembﬁtnded obj ect 103

used, the size of t pupi |, 105 and the scanning roach, maj ntaining
proped®98dus | nTthﬁé.lr:’iahﬁtfér ﬁpﬁﬁférqwmwdém%gﬁﬂﬁ%%W& ffraction

pattern is bl%q?t(ﬁg anaﬁ{ e %3?%9 bineti3 s g%%&r‘]@i%’%{terféﬂb Lfscurrently

bel i eved that a IS preferre to mai'nt ocus rre de-f ocusi ng
IS accept abésaltm[gOﬁ)ﬁzﬁ]mhktl aSthe dghy cem&htratebexaﬂ]smaer emaplfl ipbitioadof the any of the

above Ierrlgatg lrﬁ t he extend ect 103 nust h@éﬁ a transm' ttance
patter n ( 8HP ct E‘)I‘%?f&e’ﬁ%cﬁea"@"ﬁ f‘i‘%?‘&‘ﬁi“ﬁ@’ e dHPHEgr at i ng)
superi ”posﬁgerféf@ndetﬁ'[hge r@%bﬁkﬁuﬁ&'ﬁ@léﬁv@%md’l?ﬁdrﬁ&ﬁ bpﬂ%:pﬁﬁl fhaddight in the

pupi |l 105, as describ in Bratt ét al. and Basel'mans. 1n addition,
any of thetbbwectoﬂ)pbmcsﬁ)an@i bprib¢ entatfesing rdaﬁﬁ@bmrabt@ra nCheyotimat er al

di mensi ons.to acco Ii ht S i f reado rin s preferred in
the sheari H§§" 51'6 {f‘ n@;@ Eétﬁ‘l[lﬂ’i tw? STeSI’H %tqueﬁ%%%d

i nt er f er oghaPeERADES ﬂfé Wivolé PEpiCEDS dehtesiOic U8 (ty@many hﬁ&dﬂjlﬁncﬁlf)nl ntegration
intinme of the nmomentary sheared interferograms resulting fromnost of the

| i ght concaifrpheesstopning)do sompetethgwptalont apertafien. pupi | 105. The nonentary
shear f(ﬂ)s%f't er f eqpar Angud Ry 2 ¥t Qh&hdﬁﬁ%é aj:ﬁltpll 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




interference fringes only within a relatively small portion of the pupil
image in the detector plane fornmed by the interfering diffraction orders.
Their tinme integral neasured by the CCD detector 108 has wel | -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

descri bed above is equivalent to the use of a stationary source
corresponding to an actual source convolved with the dynam ¢ novenent.
(source scanning). Thus, regardless of A the degree of coherence of

i |1 um nat i 81t is $ip torke sherghpnssphpseerariatiensy fhap aicipyesenkim he eespitidgi des ful ly
i ncoher ent iﬂtéﬂf&gkﬂﬁ-}i on. [0057] FIG 5 illustrates the rationale for the
present invention, showi ng the optical exposure systemin a sonewhat
styl i p©88] schen®lGeo shows hoMhitis thighitudes ofthadiffadiiont drgerd 98d ohargepi nhol e in
the object plane in order to generate  the ts;ﬁhe[ical wave that fills the

pupi | 105 Hhihenngabrogan, sbheesn; stendsd ndesgt 393 ¢ Heplagste iy hsgoWeRter f er onet er .
As shown i ' : [ e - pght froma
| i ght sour gﬁggleaé?itﬂﬁ??f&ﬁsé&l%&%g%@e@hfé%’%ﬁs&éﬁﬁg1t Ig%weﬁ%%hgh an obj ect
pl ane wi t hfranges rdfovary shied! (reeghipible) ecanfirasthebseinel dinathet deteqiopiplane 105 of t he

projection optics 104 is. shown by diagram A, where the pupil 105
oo di nat 6™ 8Ty fHFe ROTGVerIePDIng; RATKS (RBRHOSIRECi0o DS BIFGIoHIFIRIGR pl ane 605,

then passggtchh 60Ul e:Ride0d8ccf £65 C1AQTn NG, &C Gk AL IFE, 5Qfowdnd 1S
detected by the detector 108 in the detector plane. G aph B shows

magni t udesthgfmagnétudg offie field infitlef pupck 1@holbthd rgjedtimmnendichy 0dheitkhear i ng
grating, ich iis located,ip th I m pl an 05..,.,Gaph .C s an
Pt er f o oghemoplZar BRRle e, rintde ST P Bind? 3eE Ao L hear ng
grating. NifRadide sidsdsbioembdagetheastieatih® trating- 10d)akhdrs afl Ustdded he
aberrations (phase variations) that are present in the resulting

i nt er f er og?tekt Yo beprerntin Behings Phow ((Harhadhpve desingariormampf f ract i on
orders andreﬁlielﬁg%j?ré)g% bhet B AcBbE &L HAM IR AN AhE N dR QY GEL 103 1S

pl aced in t
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




plane that fills only a small portion of the pupil 105, resulting in
interferogram fringes of very small (negligible) contrast observed in the
detector plane wthin 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 pupji.coordinate "f'. Gaph B shows the
magni tudes of the Oth, -1, and +1 diffraction orders forned by the

sheari ng grating 106, when an extended object 103 is present in the object

| h | t f th fract
braers fr ot e g FACHE G T bRt res Bk oo hisr 6o not
overl ap subfhsdeiaht. yth@Qha&ecﬁellr&frme cfteasowta«ﬂnavaa{zéf meakkyfgepends on

t he wavefront aberrations. 7 illustrates the effect of
modul at i ng insteecea snhgaealalj aemramiss S éhaR@ﬁbﬁng gremcidraganshasmeldi stri but es
the light in the pupil 105 to those locations that wll nmutually overlap

as aresulta %hearlng As with FIGs. 5 and 6, G aph A shows the

nmagni 00@9 of t hgr6j @ligl dndtiePallipstiitibn 1E¥5d pfantib @upliofiRCidigN a Bffhcs 104.
Graph magni tudes of the Oth, +1 and -1 diffraction orders forned
by the sheéﬁﬂeﬁ@‘f @tqhhgfatlaaﬁobwﬁhﬂ@@h@\mlﬂ?mn%ﬁwmrf"gsshoﬁ’tnéﬁferogram
fromthe d r@ct r9 f mat chi n
Ronchi gr ahh%'gi Aigé)agh rgélggelr t%mf(% éﬂg bgr %@égs%g,t i }e?l%e t%’%tg@fdand - 1g
diffracti OBb]@dStd@BS(mtﬂlile chsd, eef Rérfi aning 90h)e1sq1\1/ze:eﬂ a.n artﬂghgm(rbmsi de the
peaks) strongly depends on the wavefront -ahberrati [0060] FIG 8 is

anot her i Ths w&%abbotf%%a%@ﬁ@n caEsulives gpe %raﬂranbpét s that may
be used i nThhg, Furfd Bf Ifb‘f'ec@h'b%rhse@mbﬁﬁbﬁiagé(ﬁ@mhcarphﬁér!ure fdr! chus' ng a
novi ng refractl e . The i1llustration of FIG 8 s primarily

appl i cabl ehtwe @uly aasnmlhh, sﬂat pat exttend ed cabpe etsnfdixflatRmrtiex afipll@geas shown in
FIG 8, a Ljansm ssive Ronchi tin e use efractive
obj ect ha{}ft g © gl e\‘?f;r“f}ll% 1%@8?)%%5?“39 ﬁﬁﬁvgl&&ﬁg%ﬁgﬁ&@oﬁeoroﬁ%? pl ane. The
graphs on p;act, Isf@siep\ﬁ@maﬁmf(tn &fheFwordsS td kiltusidr dte)t fgnpanéetd grogr ans

resulting with th
II’llCI'OIIllI‘I’OI‘ 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.




arrangenment. Note that the refractive object, as noted above, may be, for

i nstance, a spherical or a parabolic lens that is being noved against a
smal|l aperture. [0061] FIG 9 is another illustration of dynam c pupi

fill using a tilting reflective Ronchi grating 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.{4n this case, the Ronchi grating 901)
is placed on a tilting mrror. The diagrans at bottomright illustrate the
resulting interferogrampatterns. The large tilting mrror can be used in

nbi nat j i t . | 1. flat part tion,
oo oL AasTn oty i B GeR aa BF O3 i DEY R Pty S BBbbt et B | Porge”
reflectingfofy bhid a&ﬂaﬂﬁhﬁfyI&rﬂladmﬁe&@ﬁ witlouR dbRE @8 FroRPItR piriti #hdeasi er to

handle (in other words, fo tilt and rotate) conpared to a mcromrror. The
ext ended olsjaetof1tba inviention es defiredviothe aprsinded dlaims.t Rhuhdhe pegedid ti1ti ng

mrror, as shown in.F G 9. [0062] Al so, .a tiJtin 1 cram.r (such as a
mrror in ﬁﬁ?}?ealofld%ﬁgse oti© {l?ﬂ Sﬁ??lgﬁmn%%/lll)lg% tlf’g‘eg ag&' t‘#g{hgnti re

ext ended obh@gtdekOdbed] 0RGR}IarkhemBbEisRMts, | B edtolRIN bb agefed UFHIET inof

advant ages over conventional @systens. For exanple, the dynamc pupil fill
el i m nat es a¢¢pedarse ithdhe fpllgwingelaims angd thejee@pyadenttspl ane (e.g., in EW
wavef ront sensors), thus resulting in elimnation or reduction of
speckl e-i nduced wavefront neasurenent errors. [0064] The dynam c pupil fill

also elimnates the need to switch to a special illunination node during
the wavefront neasurenent. The sane 'illum nation nobde used during the

exposure can be used to performthe wavefront neasurenent. (However, one
still has to properly position a reticle stage with the tilting mrror 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 nmethods. If necessary or desirable, the dynamc pupil fill allows
sanpling only the portions of the PO pupil that are of interest.




-14- [00661 It will 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 limted by
any of the above-described exenplary enbodi nents, but shoul d be defi ned
only in accordance with the follow ng clains and their equivalents. -15-
Clainms 1. A wavefront neasurenent sysﬂéhl conprising: an illum nation
system configured to direct electromagnetic radiation onto an object

pl ane; an object in the object plane configured to produce a diffraction
pattern; a projection systemconfigured to project the diffraction pattern
onto an image plane; a shearing grating in the inmage 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 confggyigd to nove to project the diffraction pattern across a
pupi | of the projection optical system by noving the obiect in the obiect

plane relative to the el ect I ONRFRRSfdnt ket systerd, cohitisist em of claim
1, wherein the object includes a tiltable, mrror for scanning the

diffraction pattbimination systermeconfispred tp difget elpcremagnetici 'Ei‘id}ﬁ“f“ MWRrW n the
obj ect 'Bﬁkpg@ﬁ .a diffraction grating with variable pitch for scanning the
diffraction tt'ern across the pupil. 4. The systemof claim1, wherein the
obj ect incl ud’@SJbaeqteiﬁﬁ&h}@ﬁéplwﬁlcgﬁﬁwrpﬁtﬁpmuyﬁ Agliffkagtien BHE® for scanni ng

the diffractipo ug&g&grs@%@ﬁ{ S5 ddey P&JEDAde?tQhemgra%YﬁBjﬁ‘ttg;n b3l fmagaher ei n

t he obj ect i ic ator ning the diffraction
patt er np&aepss the pupi

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

dlffractlon pattem across a pupli of the projectlon optlca] system hv moving the obiect

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.




6. The systemof claim1l1l, wherein the object generates a non-linear phase
variation across to scan the diffraction pattern across the pupil. - Cb 7.
The system of claim 1, wherein the object conprises a stress- birefringent
material to scan the diffraction pattern across the pupil. 8. The system of
claim1l1, further conprising reflective optics for scanning the diffraction
pattern across the pupil. 9. The systemof claim1l, further conprising
refractive optics for scanning the di foFr act i on pattern across the pupil.
10 The systemof claim1, wherein the object includes a novable mnor with
a variable surface slope for scanning the diffraction pattern across the
pupi | . 11. The syst em The sksiem of clgmr bi whergan dhe fobjeet iCOMPHIEES 8r HI9ss

dynami cal l ¥.sca 0 | ' i8fik hasoptical system 12.
The sys%érﬁ%nﬁengﬁgg%%ﬁo %nﬁg?%elo%iﬁ;r cetg é’t%g%{jnogrlgss Fo?g@ed in a plane that is
optically conjugate with the pupil. 13. The systemof claim1l, wherein: the

h i tJ in the. | t t i ff i . t hat
Comr | 8651 Pt Cand sccONG NTBr TDREER Ak pristiing FELE: BRECRR: |8

i nt er f esganMiidtheak{frRtibe pattanpendside gupél. fri nge pattern. 14. A wavefront
measur enent system conprising: an illumnation systemthat delivers
el ectromagnetic radiation to an object plane; an object in the object

pl ane that generates a thé lsyaedi ONcRaht Br furfhed Roidpeising] Rftactwagpets cor
radiation; a projectiaon optical systemthat projects the diffraction
pat t er n seaningtheidiipstionp palaD agroash IS RYR- grating in the i mage pl ane t hat
creates a fringe pattern fromthe diffraction pattern; and a detector that
receives the fringe pattern, T - .

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 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;




wherein as the diffraction pattern is projected across a pupil of the
projection optical system the diffraction pattern is scanned by novi ng
the object in the object plane relative to the el ectromagnetic radiation
15. The system of claim 14, wherein the object includes a tiltable mrror
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 patflern across the pupil. 17. The
system of claim 14, wherein the object includes a refractive prismwth a
varyi ng wedge for scanning the diffraction pattern across the upi . i f
18. The systeimslnﬂaﬁugagrmiilg,invmgrieiagetwien@b]la;c@reatn&Im&ézgeapa%qmtg@llﬂ theght

nodul at g . %99." the diffraction pattern across the pupil. 19. The
system g%fﬁ%?g?rr?ﬂg : gr ein the source of the diffraction pattern

gener at es a raletdatorahat rphxaess thafiinge patteacr 0Ss to scan the diffraction
pattern acros t.he pupil... 20. The system.of c¢claim 14 ereln the source

bf the di f TR iffetine el I Srigeet pfteR A nplhl B el Ry
scanni ngptidt sgétbinl AetdifactipAphRén inecmnsd biiéngipg the oblect Ththesotgéatplanle cl ai m
14, further conprising reflective optics for scanning the diffraction
patter nr%ieﬁ%fgqﬁﬁsl%{ﬁgwgn@twrBdlaEQ'? The system of claim 14, wherein the

obj ect includes a novable mrror with a variable surface slope for scanning

the diffraction pattern across the pupil. 23. The system of c|laim 14,
wherein the détector is |ocatedThe sysismupfclainy if. wherginthe gbiegt bistdsg at e

Wi th t hgRsiRinhirrof for sEREniRY BleedTFRictiondatertacrddiqhEhipil.

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.




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. 25. A
met hod of measuring a wavefront of an optical system conprising:
generating el ectromagnetic radiation at a source; delivering said

el ectromagnetic 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
nmoving the object in the obiect nlane relative to the el ectromagnetic
radi ati on; ré@@eiving the diffrackhemysisat ofelaint Adnwherieth tigjobigct prcdprdes a

ti fri tter i at i t ARET N :
et or m RRROURHGHE 3 PaRbRORRELEGRpe ot el S REILOR BB Tene.

an i nt egfieeprgal am graph fromthe wavefront paraneters. 26. The net hod of
claim 25, wherein the scanning step includes tilting a mrror to direct
the diffraction pattern across the pupil. -F - 27. The nethod of claim 25,
wherei n the gganni ng st syt G€SlaimVid) gvirdlh fthe aerbétonisgioaited gn wipldne

vari able pitch to direct the diffraction pattern across the pupil. 28. The
met hod et ég entieaby conimgrtewith e eHnni ng step includes adjusting a
refractive prismwith a varying wedge angle to direct the diffraction
pattern across the pupil. 29. The method of claim25, wherein the scanning
step include@4- adj usting a spat it systgmeofipbaim K.gybergingi rect the
diffraction . 3C t:heqpupi J rein

t he scanni ngQ@% %%éa{ﬂlsn%s&ragﬁfge@t tlheei_?Illal pt?@ge Egﬁg%géﬁh?ﬁeagﬁrﬁt?gﬁ%%ﬁn\ggfﬁt ern
acr oss tomppsgsifirst 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.




31. The nethod of claim 25, wherein the scanning step uses refractive
optics to scan the diffraction pattern across the pupil. 32. A nethod of
measuring a wavefront of a projection optical system conprising: 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 i mage pl ane; using a shearing
grating to produce a fringe pattern onia detector based on the diffraction
pattern; positioning the detector bel ow an image pl ane of the projection

optical system receiving the frin&ghpattern of the diffraction pattern at
the detector 2&hile sinlhe angthed|of elemdhgvheremithe sgeming sep dvvdescr oss

a pupil n?{véﬁ%]ﬁ gﬁﬁé}t?&” gl%ﬁﬁ Wﬁaﬂ%}’ﬂi&ﬂ th A6reO0hE Al filaBid Battteh 86fosiRNe

relative ectYonagneti ¢ radi‘ati on; determ ning wavefront

aberratipap8. fromthe fringe pattern; and generating an interferogram graph
fromthe determ ned wavefront aberrations. -20- 33. A wavefront neasurenent
system conprising: neans for generating el ectronagnetic radiation; neans
for generating. a diffrdChé amcthad tofr clainn 026, t Wherelre dhe cragrieg i step ankileddson i n

at | 8. a di 117 4Ths onciad to caf s, g ten ausledéson |
Sy st om BAIRGDE BaFrae iRt Mot ey R iaueas S aratelne Y BHERbh BRuOR, T

ont 0 anahfRgmeupile; NMeans for generating a fringe pattern in the image
pl ane based on the diffraction pattern; neans for detecting the fringe
pattern at said i nage plane; and means for scanning the diffraction pattern

across a pupigg of sai d PrOIEGhd® bOBhing A5, WHERINYY sERViing 3P dndleddss for
generating a diffraction pattern relative to the electro gnetjc

radi at i edjustag a sasiaklishtanpdtlater ig direc the dlration RS 5TAT PEPFBILt | ve
optics for scanning 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.




35. The. wavefront neasurenent systemof claiml, wherein the object is
configured to scan the projected diffraction pattern across the pupil.
SHEARI NG | NTERFEROVETER W TH DYNAM C PUPI L FI LL ABSTRACT OF THE DI SCLOSURE
A wavefront neasurenent systemincludes a source of el ectromagnetic
radiation. An illum nation systemdelivers the electromagnetic radiation to
an object plane. A source of a diffraction pattern is in the object plane.
A projection optical system projects2he diffraction pattern onto an i mage
pl ane, which includes a nechanism (e.g., a shearing grating) to introduce
the |ateral shear. A detector is |ocated optically conjugate with the

pupi | of the33projection opticAlwasfioahmeanemenicsiyslem, gsamphisingnt fri nge
pattern, resulting from .the,i rf - ween sheared wavefronts, from
t he i mage pl A %{ege“aﬁaf‘%‘%ae% clﬁ%)’%aél t erﬁlalpﬁa’dynam cally scanned across a
pupi | of the npizaj éatgenaratiaptai difftactiys pettgmdimn theelessomtengictradatiomiregfr at ed

er oL eotam, OhL NG, LSk e B, | R EARA bR RO
configured to project an image of said diffraction pattern onto an image plane;
means for generating a fringe pattern in the image plane based on the diffraction
pattern; )
means for detecting the fringe pattern at said image plane; and
means for scanning the diffraction pattern across a pupil of said projection optical
system by moving said means for generating a diffraction pattern relative 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.




