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fractive and reflective elements to image light from an object plane to an im-

age plane.

Objectives, in particular for use in projection systems, are known from

T. Jewell: “Optical system design issues in development of projection camera

25  for EUV lithography”, Proc. SPIE 2437 (1995). Other objectives are known

from EP 0 730 169 A, EP 0 730 179 A, EP 0 730 180 A, EP 0 790 513 A, US 5
063 586 A, US 6 577 443 A, US 6 660 552 Aand US 6 710917 A.
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exposure apparatus with respect to its resolution with
a given illumnation wavelength. Further, the optica

W@ yWrese7according to the present invention 5 BEGEP2006/003869
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have a high light throughput with respect to
illTumnation light. This object is net by an optical
system having the features ef2claim 1. In the
follow ng specification, a rotationally asynmetric
surface according to 10 the invention also is
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which cannot be lowered below a certain level. This distortion limitation be-
ing inherent to rotational symmetric optical surfaces is avoided, when accord-
ing to the invention one of the optical surfaces is embodied as freeform or
rotationally asymmetric surface. Using freeform surfaces it is possible to
overcome limitations with respect to numerical aperture and distortion being
inherent to rotational symmetric surfaces which in particular is advantageous
in the field of EUV microlithography protection. In a special embodiment, a
freeform surface may be a surface being mirror symmetric to a meridional

plane of the optical system. A meridional plane is a plane being defined by the



proj ection objective according to the present

invention is a catoptric projection objective. In
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5 C@%&ézg&%gggggﬁg 9]?{'%5‘1 Hdid Py Vg EQ3L Alote reflective
elements. A plurality of elements may be arranged to image the radiation to an
intermediate image plane between the object plane and the image plane. In
this case, a field stop may be positioned at or near the intermediate image

25  plane. In particular, the plurality of elements may comprise five elements and
the intermediate image plane may be located between a fourth element and a
fifth element along the path of the radiation from the object plane to the image
plane. The object and image planes may be separated by a distance L being
about 1 m or more. The optical path length of the radiation from the object

30  plane to the image plane may be about 2 L, 3 L, 4 L or more. The plurality of



el enents may conprise at | east one pair of adjacent

elements in the path of the radiation, where the pair
WRp003d3128¢ent el enents is separated by about 0, BCT/EB}006/008869
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A mathematical expansion of the freeform surface according to claim 2 gives
a good and reproducible manufacturing of the reflective surfaces. In this ex-
pansion, a may be 66. Further, m may consist of even integers . Further, m + n
may be equal to or bigger than 10.

25
A deviation according to claim 3 or 4 provides for a proper reduction of the
objective’s distortion below the limit which is reachable using rotationally
symmetric optical surfaces. The rotationally asymmetric surface may deviate
from the best-fit rotationally symmetric surface by about 100 A or more at the

30  one or more locations. The rotationally asymmetric surface may deviate from



WO 2007/ 031271 PCT/ EP2006/ 008869 -5 the best-fit
rotationally symmetric surface by about 50 nm or nore,
WR003083371 100 nm or nore, by about 500 nm or P&F/EP29P6/008869

by about 1000 nmor nore at the one or nore
| ocations. 5 A mnor symetric freeformoptical
surface according to claim53ewers the requirenments
for production of the freeformoptical surface. Two
reflective elenents with freeformoptical surfaces
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m nimzation requirenents with | ess conplicated to
mafRf ACPAFICAHSF or ns. The optical system al so may
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5 el amditta syhinfleteic BRetdrhvéptichbs@fdcefactandidn® daim 5 lowers the
magni fication according to claim7 exhibits relatively
| olgquiremenigdat prosyichemr Pedhedreeferan apiieal surfagus causi ng
| oner aberrations at the outset. This holds in
particul ar using an optical systemincluding only one
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10 2peRERREPaRsILNAS TrejeRaingbsiatioh Fynimigation fagirémgnts with
or [ [
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di gRAhORaBAE a PoLIRVERARI ray angle magnification according to claim 8.

20 A numerical aperture of the optical system according to claim 9 allows a high
resolution. The image-side numerical aperture may be as high as 0.25, 0.28,

0.3, 0.35, 0.4 or more.

An image field dimension according to claim 10 enables an efficient use of the
25  optical system in a microlithography projection apparatus. As an aberration
correction is improved with freeform surfaces, now designs with rectangular
image fields are possible which by use of rotationally symmetric surfaces
would exhibit aberrations being too high to meet demanding requirements.
The rectangular field may have a minimum dimension of about 2 mm and may

30 have a first dimension of about 1 mm or more and a second dimension of



This second di nensi on may be about 10 mm or about 20
nmmor nore. A distortion according to claim1ll and a
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projection quality which only may be limted by
diffraction, i.e. by the wavelength of the projection
light. An optical systemwit-tf6such ow distor- tion in
particular is optimzed for use with EUV |ight sources
in the range be- tween 10 and 30 nm 10 The opti cal

sy . .
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to control the distribution of illum nation angles in

the image plane by controlling an intensity

di gtributiaon jn. LU [ [ j r -
13 Bt shutd Bt T ARk s S E b ackpRIBe  Bhpaim 12
C OlgR@ R A hojedtiinSquiasityl &hih o9 $sd yobelikhsted Byatiffartioaial.e. by
systemw th a convergent set of chief ray angles as

t hibs wayglengtlesiithe prejecten highfuAnaptisel systemewiith syehilow distor-
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In an optical system wth diverging chief rays

according to claim 13, the object plane is positioned
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| ess than 18 or less than 15, 25 A telecentric optical
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o1 S8 bR @R MR deBub NS b B cob AR ats This i
t On@ peRsivINIsThE 42 5p1idH] isPlem Woigh a IEnvé@kedt sef Hchiafralangles
aboutp.bgo or élilégss. ogd 50 g? l ess. WO 2007/031271 9 5
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50 nmmor less or about 25 mmor l|less. In case of

with diverging chief rays according to claim 13, the object plane is positioned

between the plurality of elements and an entrance pupil of the optical system.

Maximum angles of incidence according to claim 14 help to avoid high aber-
rations at the outset. The maximum angle of incidence on a surface of each of

the elements may be less than 18° or less than 15°.

A telecentric optical system according to claim 15 tolerates height variations

of a substrate arranged in the image plane.

An optical system according to claim 16 leads to a very high resolution. The

ratio 6/NA may be about 60 or less or 50 or less.



5 zero object-imge shift, the optical system can be
rotated about the axis inter- secting the center field

WQaoans12in t he obj ect and i mage fi el ds w t hout PEHEP2861008869
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tral field point translating. This is in particular
advant ageous where netrology and testing tools are
used requiring rotation of tfwe optical system 10
Freeboards of the elenents according to claim18 give

a conmpact design with small incidence angles of the

chi ef rays. Four or nore elenments of the optical

system may have freeboards of about 5 mmor nore. This

| oMBIoptitdlaysteainith -anrobidcs-imagasising dbout®s nandr less accord-
substrate design of the ogtical el enents of the o
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the optical systemaccording to clainms 1 to 19. The

same holds with 25 respect. to the manufacturing nethod,
aclCiseRnatgs ebthe clments agiogding e clad@plecglve @ compact design with
Co ] y 0 .
BT laAEE AL IchR Bl M Poufol ik BPIHERIC the optica

| NS/stene tia@Mave Greebeatie of AlRalt Srmsor hase Thihlotkereal roguire-
produced In a controllable manner. 30 WO 2007/031271
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intcl destgne or nore of the follow ng advantages. For
exapPE“Bnbodi nents i ncl ude cat optric projection

objectives that are telecentric at the imge pl ane.

This can provide for constant or nearly constant .
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di sf ances. ? . e
advantageously the aberration minimization by use of the at least one freeform
surface, as aberrations and distortions in the range of the wavelength of such a
radiation source are possible. Preferably, the wavelength is in a range from

about 10 nm to about 15 nm.

The advantages of an optical system according to claim 20 and a microlitho-
graphic tool according to claim 21 correspond to those mentioned above with
respect to the optical system according to claims 1 to 19. The same holds with
respect to the manufacturing method according to claim 22 and with respect to

the component according to claim 23.

A design method according to claim 24 gives a reproducible design instruction

to create freeform surfaces which can be produced in a controllable manner.



In certain enbodi nents, catoptric projection
obj ectives have extrenmely high resolution. For
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of resolving structures smaller than about 50 nm

Hi gh resolution can be achieved in projection

obj ectives that have a high-i&mage-side nunerical 10
aperture that are designed for operation at short

wavel engt hs (e.g., about 10 nmto about 30 nm.
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pe?rfowqﬁa@a obigctings sahirovids imagss mithdawsaberiatinat n is5ping

%%%&%{5})%@%&)&%@5&%% fo%eﬁ%gﬂgyagggrﬁzgerror of about

cas@pi drdefd! B etdi® BmbbHREtYMoflebadn bBjeetives dre ebfected for
dependent pupil obscuration or no central pupil

obdistertaen belowt vadugs ofmbprbdaimeniess. of proj ection
obj ectives can be adapted for operation at a variety
of different wavel engths, including visible and

ul ErdYiRh&its ddMide pRHEBH ﬁvesﬁﬂbpl@d\xée%%h%ﬁlebﬁal aperture
adapt ed for operation at treme (E

waarel progides magung Wish how emagertstirtrent lowewavdfeord ¢aor cand

f otrelecgntrl%hy at the image plane over a relatively large image field. These

features can be achieved by use of one or more freeform mirrors.

In some embodiments, projection objective metrology can be easily
implemented despite rotations of the projection objective about a rotation axis.
For example, embodiments of projection objectives (e.g., high NA projection
objectives) may have relatively small or zero object-image shift which result
in little or no translation of an on-axis field point when the projection
objective rotates about the axis. Thus, when the projection objective is subject
to rotation, metrology can be repeatable performed in the same field position

without having to relocate that field position.



nore than one wavel ength, or over a range of
wavel engt hs. 10 Enbodi nents of catoptric projection

W@ p02035i2Ves can be used in |ithography tools REI/§P2006/008869
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it hography scanners) and can provide relatively |ow
overscan. Low overscan is acconplished, for exanple,
by using projection objectives- with rectangul ar i mage
fields. In such enbodi nents, the inmage can be aligned
15 so that an edge of the rectangular field is
parallel to the |eading edge of the die sites,

avoi ding the need to scan the | eading edge of the die
si Embobmyansialsb éncledigeatoptricipeojentigreobjieetichs thaohiaerna foeld
scan the site corners, as is typically the case, when
r $qPSAEENtAUPHObserTatian ar Bo serted pypd obseatian akilht i ve
to arcuate fields. 20 Enbodi nents include |ithography
tools with relatively high throughput. For exanple,
enbedodmidngs BBIoNEti0al cbjdcrivty cArobe SYPIEE R Ppetidarae a
efficient than conparable systens that have | arger
ovesristynal didirontavawglisngthsy énrdudingvisthlerasd alﬂtr@y@heé(gﬁ\’ gan

' ' f h h h bl
by Shiteneths BhodBirehis acherifibled A5 Prcrafod SLERFER: Tov
ODERIV} WaSelRhSNBI M tIeM ot RinddAK entl @4h BE aBShtbd Erclise at

dependence of “shading effects. For exanple, catoptric
prmpecthan one jaetengds oc ametharange o€ wavelehgtasce pupi |
| ocated far fromthe object plane (e.g., at infinity)
providing uniformillum nation angles of the chief

i e e e
PGooER2Q0a(tA0SRERY seanhers) hadl cow providevetateretlef overgcan.

anﬁjl es vary across the ok%i ect field. Alternatively, .
or Lo @verssam g decopbisled; formexapimnethnesing aro) edipa objectives

;ﬁxlaﬁ% Lré’ci%qﬁﬁlrﬁag\é?lell‘(%s If F\Bc%f erhf; edr%{degﬁsg ﬂlZegﬁl?a%rg %las Be a,lli Igned

varil-atl ons or | NncCl rays

t hey thaedn €dg et thé esdtarpmldrdiel@ &cpurallélrtothd lRallit@ edge of the die
proj ection objective, resulting in an 5 increase

avaiteagavoiding dleg nedd: tp sedn tedhadingedge gf therdie sitesdyeyond Ylae

CNETNLIN (P fey e i it
objyRER FotanGBhirioR Shse diceatddaes sdahabd ad1hVé B arcuate fields.

Embodiments include lithography tools with relatively high throughput. For
example, embodiments having relatively low overscan are more efficient than
comparable systems that have larger overscan. Accordingly, these low
overscan systems can provide higher wafer throughput than the comparable

systems.

In some embodiments, catoptric projection objectives are provided that have
low or no field dependence of shading eftects. For example, catoptric
projection objectives can have their entrance pupil located far from the object
plane (e.g., at infinity) providing uniform illumination angles of the chief rays

on the object field. This can reduce or avoid field dependent shading effects



reduction in the conplexity of the illum nation
system For exanple, the 10 |ocation of the entrance

WQQWi7031371 proj ecti on objectives may be in fronfCHEPIRE008869
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obj ect plane. In other words, chief rays starting at
different field points are divergent with respect to
each other. This can nake théOentrance pupil of the
proj ection objective/exit pupil of the illumnation
system accessi ble without wusing a telescope in the

HHTO QR RSl l%n%l%E _@X\# %b]?oésl theBbjeet fioR. AYehRively,

il

15ﬂeX|t pupil to the’locCatio the projection

o bpreadditv@iatlyeptojentioa ghygitives Cirthbavef rebdtivebssmamltl values chief ray
advantages wi Il be apparent fraomthe description, the

dr @gidegsangderpadier il HsTatis of encidentangles eyt i the

Vi . . . C . t . .

! QRS SRR ot Bl URSEARIYe g n
M gcRlabd o @R e leowVitys BosdEhirirfor Givén a28spetfeve Rt fay@r
cross-sectional view of a rotationally asymetric
sureflgeengstaclabeing optipurail fog sueh wcidemspngiesymet ri c
reference surface. WO 2007/031271 PCT/ EP2006/ 008869

-11 FIG 3 is a cross-sectional view of an enbodi nent

Of [rfcerfiPERBb IR IpBGEEYGh SHIEYVd CAnTREIEE Bétires that allow a
section. FIG 4 is a cross-sectional view of a portion
of redudtior mrthe compiexity qfitb¢ dbtmioatiob sestemyEorséreumplée,rthe

meri dional section. FIG _5A is a schematic yiew_of a

" alpopigmoLihe £nfaRTRUNLYT Brgiestiop gBlaetiyes By B If gipnt Of the
angl. - td '

a"ShjEct RAN. 1 63k Qs Qplesrasforting Bt AHRTER g Bl o
andivergengwithirespiecoto. eaeh Gthe@AThis can vinaky thé eatraicerpupilof the
footprint. 15 FIG 6B is a cross-section view of the

ni Progfction dRFective/ex it pugh of the Hunyipatien systgm acegssiflopithput

en:[i)sqgé Q‘?&Esc%{)e %h Merﬁﬁuﬁfh%%@lt syfsf.e% H) relay the illumination system’s

exit pupil to the location of the projection objective’s entrance pupil.

Other features and advantages will be apparent from the description, the

drawings, and the claims.

FIG. 1 is a schematic view of an embodiment of a
microlithography tool.
FIG 2A is a schematic view showing a portion of the

microlithography tool shown in FIG. 1.

FIG. 2B is a cross-sectional view of a rotationally asymmetric
surface and a corresponding rotationally symmetric

reference surface.



FIG 7B is a plan view of a ring segnent field
relative to a pair of 20 wafer die sites. FIG 7Cis

W@29r/as2vi ew of a rectangular field relative tBCHEP20§/003869

10

15

20

25

30

of wafer die sites. 25 FIG 8 is a schematic view of
the projection objective of the enbodinent of

m crolithography tool shown-ilh-FIG1. FIG 9 is a
cross-sectional view of a projection objective shown
in nmeridional section. 30 WD 2007/031271

PGI/ER2006/ 008869 4-l8ssHeGtidfalivied oggﬂ%ﬁfb%ﬁ%érﬁr@la .

view of a portion of a projection | ective shown in
meri di onal secti gprojdetiGn bbjacava siaws $n aetidicnbbectioaw

of a projection objective shown 5 in neridional

section. FIG 12 is a cross-sectional view of a

prejegti on obj ect. ve own.: 11 el di I '

FI%(?%S is a cr oslgtésce@{gl %gﬁg?hd\}i\géve‘vbg? ag’%g?%J gﬁ% h‘glﬁor ﬂrgma
obj ective shown hidjd¥Eibh dbfieeile SESlh dmekd{onal §edtion. a
cross-sectional view of a projection objective shown

in nmeridional section. 15 FIG 14B is a cross-sectional

Vi f, an optical system.that includ fhe. .

or BB on obj ectP FSCRRBANC Vi ol TyAAR ot @ Birgphaving a
i Il um nation systemgO:HitfGay hagleSmaefifiefforsect i onal
view of a projection objective %hovvn in neridional
section. FIG 16A is an x-y vector plot show ng

calcul ated distortion as a function of position in

t HElG RBge fiel d fi§@ SChEmpGYieRt oighraypathgj 2 BUITORYBGA

in FIG 15. negative chief ray angle magnification.

FIG. 6A 1s a view of a mirror’s footprint.

FIG 6B is a cross-section view of the mirror shown in FIG. 6A.
FIG 7A is a plan view of an embodiment of a ring segment field.
FIG. 7B is a plan view of a ring segment field relative to a pair of

wafer die sites.

FIG. 7C is a plan view of a rectangular field relative to a pair of

wafer die sites.

FIG 8 is a schematic view of the projection objective of the

embodiment of microlithography tool shown in FIG. 1.

FIG. 9 is a cross-sectional view of a projection objective shown

in meridional section.



FIG 16B is an x-y vector plot show ng cal cul at ed
chief ray angle as a function of position in the

WO pxWge3R2iel d for the projection objective shoRI/EP20p4/98869
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15. 30 WD 2007/031271 PCT/ EP2006/008869 - 13 FIG 17
is a cross-sectional view of a projection objective
shown in neridional sectionl]2FIGS. 18 to 20 are plots
show ng | ateral aberrations as a function of 5
position in the image field for the projection

obgpeetpve  shown jin cﬁ)g-segﬂomﬁ L Rw btal g%rt?on ofa proti]ection

cross-sectional view o Fojection objective

in meridional se%bjmxvekﬁo{%’h@tsme%&hbmlgécme plots
showi ng aberrations as a function of position in the
image field for the projection objective shown in Fig.

erEdL on obj ectlt d&TeRGRROTA e PhtararClbebiggive shown

FI GS. 26 to 28 arig méfisnahewis) aberrations as a
function of positionin the inmage field for the

projection objective shown in Fig. 20 25 FIG 29 is

a sectional, vi ew of oj.ecti.on objective sho

i nlg ﬁ;j?du onal sedﬁlacﬁﬁossz@cﬁi?'g%‘)l%of 8 PEgetlion B'PJSftéve shown
showi ng aberrati Qﬂsmé*?dlﬁnﬁl%@%érpn of position in the
image field for the projection objective shown in Fig.

29. FIG 33 is a cross-sectional view of a projection

objective shown 30 in neridional section. WO
2 031271 PCTI BP2rrasseseones oiew of a projection objective shown

in meridional section.

FIG 14A is a cross-sectional view of a projection objective shown

in meridional section.

FIG. 14B is a cross-sectional view of an optical system that
includes the projection objective shown in FIG. 14A and

of an illumination system.

FIG 15 is a cross-sectional view of a projection objective shown

in meridional section.

FIG. 16A is an x-y vector plot showing calculated distortion as a
function of position in the image field for the projection

objective shown in FIG. 15.

FIG. 16B is an x-y vector plot showing calculated chief ray angle
as a function of position in the image field for the

projection objective shown in FIG. 15.



-14 FIGS. 34 to 36 are plots showi ng aberrations as a
function of positionin the image field for the

Wi 8ER2ibn obj ective shown in Fig. 33. 5 FlI @CBEPJ046/¢08869
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cross-sectional view of a projection objective shown
in nmeridional section. FIGS. 38 to 40 are plots
showi ng aberrations as a fundBi-on of position in 10
the image field for the projection objective shown in
Fig. 37. FIG 41 is a cross-sectional view of a

E{%«;qyl on obj ectjiye é&oé%hoﬁz{i vﬁ@bb%?:%bcé&%l‘g@&we@lown

42 to 44 are p ots show ng aberrations a
function of posi tinaneridiondllyectiorage field for the
proj ection objective shown in Fig. 41. 20 FIG 45 is
a cross- secti onal view of a projection objective shown

' l%l sect 'g %pots glll(%ngflgtg}a? ﬁ?ﬂ%lox{spas%t i%nctl?rhof

ar
show mg erratlon ion 1n

I mage fleld for thRitRinakE Bl @ﬁblq%fth% BRoAoh Bbfeclve
25 45. FIG 49 |sﬂt§ Cr oss- sect%onal Vi ewrf)[f}é\tylri ﬁc

proj ecti on obj ectshpwnsindig. 11.n meri di onal section. WO
2007/ 031271 PCT/ EP2006/ 008869 - 15 FIG 50 is a plot
showi ng aberrations as a function of position in the

i npgeofi el d for tihg PEQILELiHAN v‘?&b%@% hipk &e@t‘i‘&i"@bjb&nﬁ% Shown

49. 5 FIG 51 is a cross-sectional
proj ecti on obj ectinueersdional sectiomrer i d| onal sectl on.

FIGS. 22 to 24 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
21.

FIG. 25 is a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 26 to 28 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
25.

FI1G. 29 is a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 30 to 32 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.
29.

FIG. 33 is a cross-sectional view of a projection objective shown

in meridional section.



FIG 52 is a cross-sectional view of a projection
obj ective shown in neridional section. 10 FIG 53 is

WQ2Greehtart showi ng steps in the manufacture BET/EP2006/008869
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sem conductor device. FIG 54 is a flowhart show ng
steps in a wafer process. 15 In one aspect, the

di sclosure relates to catoptdidc projection objectives
that have one or nore mrrors having a freeform

mrror surface (referred to as freeform mnors).
Catoptric projection objectives with freeformm nors

can be used in mcrolithography tools. Referring to
FIFGS.,34aorBiecr ol i drb pdstaphywingadbeir@fio2Oagye fiarcabh wf position in
includes a light source 110, an illum nation system . _.
120, a proj ect i onthedppge fieldsfor the prajretign Obigstive shown in Fig.
Cartesian co-ordifiate systemis shown for reference.

Li ght source 110 produces radiation at a wavel ength )L
and directs a beam 112 of the radiation to

iIlum nation system 120. Il lum nation system 120

i nFKr3dts with (esg croexgsstdsalanel iodamgeisctiespbjepiave shown
radi ation and directs.a 25 beam 122 of the radiation

to a reticle 140 1865'?‘?&8}1 FC5E%n obj ect pl ane 103.

Proj ection objective 101 i nages radiation 142

reflected fromreticle 140 onto a surface of a

SUBKiS. &8¢0 80 posareipbrte dhawingrabermagenpassmfuntfan of pesition in
radi ati on on the inage-side. of projection.obj ecﬁive. .
101 is depicted ader ge Dslsl forghprgiiietion poiscave ghowpdn Fig
rays are illustraqjve only and not intended to be
accurately depict” 30 the path of the radiation with
respect to reticle 140, for exanple. Substrate 150 WD
2007/ 031271 PCT/ EP2006/ 008869 -16 i s supported by

stBge 4130, whi ch i§evEesssigstppavacy B apEpIgeiQeobigcive shown
projection objecti 101 .so that projection objective
101 i mages reti cl'é rﬁ%%&lgéalosl%fnfl%?ent portions of
substrate 150. 5 Projection objective 101 includes a
reference axis 105. In enbodi ments where projection
obFKe$.i42et0i4¢ sy masemilets ahewingabsgetionpasaa frmctidn ohapsition in
section, reference.axis.l [ erpendi cul ar. to -
obj ect pl ane 103 tglﬁdmpgtégeﬁﬁ@[rgg%?rﬁ%cnon oLEI)Jectwe shown in Fig.

4].

FIG. 45 1s a cross-sectional view of a projection objective shown

in meridional section.

FIGS. 46 to 48 are plots showing aberrations as a function of position in
the image field for the projection objective shown in Fig.

45.

FIG. 49 1s a cross-sectional view of a projection objective shown

in meridional section.



meri di onal section. 10 Light source 110 is selected to
provide radi ation at a desired operationa

WAenaRgt h, X, of tool 100. In sone enbodi menRGI/EP309¢{908869
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source 110 is a laser |ight source, such as a KrF

| aser (e.g., having a wavel ength of about 248 nm) or

an ArF | aser (e.g., having aldavel ength of about 193

nm. Non-laser light sources that can be used include

light-emtting diodes (LEDs), such as LEDs 15 t hat

engjG 5adi ation injst otbéﬂé%lﬁé ab%ﬁﬁfrfs'a@résfuﬁ&ldrhgf posmon in

el ectromagneti c spectrum e.g., about 365 nm about

280 nm or about 2héimage ﬁWocdhdynoﬁcnbnmbmoe&tnsbawn in Fig.

obj ectives designed for operation in |ithography

tool s, wavel engt 9-, is in the ultraviol et portion,

the deep ultraviolet portion or 20 the extrene

ultraviolet portion of the el ectromgnetic spectrum

Fori@»sanpl e, A cian d26ssadietibnglQQewd Bf @lprbfesion 8bj@ctive shown

about 300 nmor |ess, about 200 nmor |ess, about 100

nor or |ess, abouln Beridignalserées, about 30 nm or

|l ess). A can be nore than about 2 nm (e.g., about 5

nm or nore, about 10 nmor nore). In enbodi nents, A

caprdpgpabout 193 @ craQictidndl ViEl oRRH; eéﬁ”orpﬂbje@t’ive shown

about 25 11 nm Using a relatively short wavel engt

may be desirabl e lneveudienali sectigeneral , the resolutlon

of a projection objective is approxi nately

pr oportional to the wavel ength. Therefore shorter
RII; gagt hs can all a%\gcfpd?ﬂih%%&lh%gtegg’%ﬁl%trhyﬁfﬁ re of a

resolvé smaller features 1 n an an eqU|v ent

projection obj ecsdemiesnduvadr desecel onger wavel engths. In

certain enbodi mrents, however, R WD 2007/031271

PCTI EP211116/ 11118869 17_ can be in non-UWV portions

electronag t

por{(lk;%4 [ um ng%l %%W%gs ého %%gteﬁsfudegif%ﬂsr PAS

conmponents arranged to form a 5 collimated radi atl on

beam wi th a honpbgeneous intensity profile.

| | Tnneneespreinthesdisclesure paatey b eatbptyicairgisclion pbl@étsmethm have

t t 122 t t 140
SofEF et ks e e BFETEGE shfpa tlsfsd of A Frgaform
Coma%slt@atbﬁner&wgeﬁo@osﬁéwe%dvm REfoRAL IAPorRlcah bk sed in
for the radiation beam Typically object plane 103

i smpaphthogtaphy tootagRefelametollO. 1Hewevelithograpter toal h00
generally includes a light source 110, an illumination system 120, a projection
objective 101, and a stage 130. A Cartesian co-ordinate system is shown for
reference. Light source 110 produces radiation at a wavelength A and directs a
beam 112 of the radiation to illumination system 120. Illumination system 120
interacts with (e.g., expands and homogenizes) the radiation and directs a
beam 122 of the radiation to a reticle 140 positioned at an object plane 103.
Projection objective 101 images radiation 142 reflected from reticle 140 onto
a surface of a substrate 150 positioned at an image plane 102. The radiation on
the image-side of projection objective 101 is depicted as rays 152. As shown
in FIG. 1, the rays are illustrative only and not intended to be accurately depict

the path of the radiation with respect to reticle 140, for example. Substrate 150



enbodi nents, inmage plane 102 is tilted with respect to
obj ect plane 103. For exanple, inmage plane 102 can be

W@ 200f/831268 an angl e being about | or nore (ePQI/EE39086(908869
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2 or nore, about 3 or nore, about 4 or nore, about 5

or nore). 15 (bject plane 103 is separated from i nage

pl ane 102 by a distance L, whbeh is also referred to

as the | engthw se di nensi on, or tracklength, of

projecti on obj ective 101. The tracklength is defined

bylstshﬁ% %ﬁﬁﬂ"e@ﬁﬁch‘fﬁ’o&@@ﬁbét@te 150 818 $ve thfojection
first ane IS e obj ect plane, the second is deflned

asoljbetival Hrleso that pdojjeditioarudhjectios 461 1magedretiols) kekik topli Harent

such that the object field, the image 20 field and the

opkQrHans ehirhsHakt B0ar e | ocat ed between these two

paral l el planes. In general, this distance depends on

the specific design of projection obj ective 101 and

t heroj@@hebddiive§l 00agslatiévdredérehe0axid 005. Inrenstyt®ments where

enbodl ments, such as in tools designed for EUV

| | peiRstiapIPpjective 4s symmetrimyih respeen tauotmrldlonat weupout

> siefsreoixis 105 & SARITHCABMARI e plank ' ShRSThsie the

SUgBridnabPQdtion: 9 mor less (e.g., about 1.8 mor
| ess, about 1.7 in or |ess, about 1.61n or | ess, about

1.5 m or less). L can be nore than about O 2 mor
or npre about

nmore (e.g., out 0.3
rmi;tg,hs EVore[i\d 13‘5)55 %ﬁlb&‘em@"“&ﬁéﬁ‘t‘a@% atrﬁ d%?reﬁiﬁtpéra“é’&éht

0. \Z/ajvae%@b ﬂg&fﬁnogfﬁgryotrhé gorﬁggh’%d%%@f d%%m%e%lm&é laser

P, lﬁ%&ﬂcklﬁ‘ch]ak]agﬁﬁ@mserl@ glNeavidd & va9tlehBd GMiboaaR48 nm)
pat w&gtb of imaged radiation to the trackl ength

vafl [peeriiersy, hiWUtigté vegyelengihcoferbouly h%ﬂrrmlﬁpedaaeohght
ob ective 101. nts,. the ratio of t
opaiEee ekninaite Thaues HeRrangne diarend Ehur sty

hi gl ehiftira@%aoR hr?thetthﬁe bA 1oﬁ@b§th‘é@é&@mé§%€ﬁc spectrum,
| ength to tracklength 5 can be about two or nore

( ee.g., abaltdiftS wnSatwut 280 am abahout 2A7 es.or nore, about

3.5 or nore, about four or nore, about 4.5 or nore,
about five or nore). Projection objective 101 has a

1&5]% rgéto[eﬁhbg I’obrggh%k d&fSled fbfo;%&@h%@td l‘?thB apbpe

nsi e Ject pl a 3to
c Otol’oﬁ§ paRdicAgthl0 iginhe alteavsolef pdrtien fthe Idde;atllurarmga portion or

pl ane 102. Typically, projection objectives
the extreme ultraviolet portlon of the electromagnetic spectrum. For example,
A can be about 400 nm or less (e.g., about 300 nm or less, about 200 nm or
less, about 100 nm or less, about 50 nm or less, about 30 nm or less). A can be
more than about 2 nm (e.g., about 5 nm or more, about 10 nm or more). In
embodiments, A can be about 193 nm, about 157 nm, about 13 nm, or about
11 nm. Using a relatively short wavelength may be desirable because, in
general, the resolution of a projection objective is approximately proportional
to the wavelength. Therefore shorter wavelengths can allow a projection

objective to resolve smaller features in an image than equivalent projection

objectives that use longer wavelengths. In certain embodiments, however, A



used in lithography tools are reduction projection
obj ectives, neaning they reduce the dinensions of, or

wQlamwaghi2fy, the inmage. In sone enbodi nents, tPEVEPWNE)I8869
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proj ection objective 101 can produce a field at inmage

pl ane 102 whose di nensions are reduced by about 2X or

nore (e.g., about 3X or norel715 about 4X or nore,

about 5X or nore, about 6X or nore, about 7X or nore,

about 8X or nore, about 9X or nore, about CM or

m)éa%) ecl(ﬁ g‘é’ ﬁcﬁnbﬁfof @R Ejo %n@ltlc %%Jf nﬁlemﬁble

I n ot er wor proj ection objective can ave a

depmeiohf.i cati on of about 2X or nore, (e.g., about 3X

or nore, about 4X or nore, about 5X or nore, about 6X
nore, about 7X or nore, about 20 8X or nore, about

h?)i/\g\/ 1Pat10 Wg?egi 2@ ﬁngfggeéscc{r? gl)co({lg/m%r%ngseg'gz}ngehéo form a
Pr tiifRtcd ABRNoh Ibedmi Wil & hedEBnedusBERnSIBEpHHIE IHUARNation
as the object. Referring alsoto FIG 2A, rays 152

d efyisteen 32¢ typecally alsghrtclysles eamtségeringropticho dzectibeaincl 22 to

t T I f th
 pclestqoh P Pl eBbodiacTtr et sae TS arteds
o35 S8 i e S .
PCTI EP211116/ 008869 - 19 where n" refers to the

refractive index of the inmersjng nedi um adjacent the
sufyriedlopbiseilenat @3 saarglel lm%gerplam 193 ddowevgatig certain

ha?lﬁﬁé‘&ﬁﬁ‘h?sd ]uﬁﬁ% f)l%ﬂgnf i) ls tlltwlt?’reslpgét fo obﬁ&:@ Il?lane 103. For

e maxi num con
f r @Bmple Oneagk iptaheok)2ecdni Betillddlby an imigle beﬂ‘ﬂgaibout 1° or more
proj ection Obj ective 101 can have an inmage side NA of
ab®.g- about 2°00r mpree abeuts® orapya: atpul 4° oF mese.cabogbduer more).
0.2 or nore, about 0.25 or nore, about 0.28 or nore, ‘
about 0.3 or nore, about 0.35 or nore). In sone

e”@@ﬂ:‘cﬂﬁﬁhé 409&@%@@}%@@&@1@1 @edge\RarkO10 s a Aist/lcatll, walivh is

hi gh” i mage-si d 10 For exanple, in sone
endlsal mfem:@ to ax hicdengtbwisslslimension, oronacmgﬂa@é pegjection

objective 101. The tracklength is defined by the distance between two parallel
planes. The first plane is the object plane, the second is defined as the plane
parallel and closest to the object plane such that the object field, the image
field and the optical components are located between these two parallel
planes. In general, this distance depends on the specific design of projection
objective 101 and the wavelength of operation of tool 100. In some
embodiments, such as in tools designed for EUV lithography, L is in a range
from about 1 m to about 3 m (e.g., in a range from about 1.5 m to about 2.5
m). In certain embodiments, L is less than 2 m, such as about 1.9 m or less
(e.g., about 1.8 m or less, about 1.7 m or less, about 1.6 m or less, about 1.5 m
or less). L can be more than about 0.2 m or more (e.g., about 0.3 m or more,
about 0.4 m or more, about 0.5 m or more, about 0.6 m or more, about 0.7 m

or more, about 0.8 m or more, about 0.9 m or more, about 1 m or more).



i mage-side NA of nore than 0.4 (e.g., about 0.45 or
nore, about 0.5 or nore, about 0.55 or npre, about

W@2@7/0312bre). I n general, the resolution of pPGJ/EEI0DEH8869
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obj ective 101 varies dependi ng on wavel ength X and the

i mage-side NA. Wthout wishing to be bound by theory,
the resolution of a projectidd-15 objective can be
determ ned based on the wavel ength and i nage-si de NA
based on the fornula, R = k NA 20 where R is the

m ﬂ'}é'%bq%f'fﬁé‘ SHiechl {pQﬁlt leﬁ %éd‘l;a‘?ﬁatﬁﬂldtolfhé ﬁaa(length

di mensi onl ess const ant c ed t he process factor.

vavargs ddpaelin ng tlmanspeq:sﬁo «bamgrf a@lgirojestias sbpcavedO W Itnh;ome
the radiation ol arization pro ertles)

t r@anlmﬁlﬁafhedﬁtlB I3 H@ﬁppﬁga @@thglengﬁ@aipttraéﬁ lepgHesade

Sex{%kgtlai‘/re 5}) llugt'f ni:§\'a€g£a le, th@LRR tﬁﬁt& tf&gfpatﬁ %i}llj Fq rgcli(ength

e resit s

I Sca%%d dboat Hvad g?l’l‘f(ﬁ‘@(@ %b@wth ot @10?@ QBbutOth?ee ckmhofeaabout
al so be below 0.4 and her than 0.8 for certain

appbioe amorcn@oupf@}rerrtm@ﬁ, djuedtS eremorr] abgutgiveoor more).
nomnally telecentric at the i mage pl ane. For
exarrpl e, the chief rays can deviate by about 0.5 or

| ep) é dcfiol-ob 6&?@Ht10@ s 9%&@9&?%%9%87\%@ refers to the ratio of
PCT/ EP2006/ 008869 -20 | ess, about 0.3 or |ess, about

O theaimbeesens afftbatfiedd 4t Qh]edtepmm léBdOtth@C@ﬁ'ie&pDndingSS

)1 or. les 0.0Q1 or |ess) om bei ng paral |l el :
e sbFnegpings ohihe figld at age I?J‘P%‘?wé6% oy, Bipyssvien opiegtiyes

Elgs%d iR ﬁl%ciegl‘?@ 08E| 4r€ %édﬁ%nég g) Q&lorp&@&t%s meanm% %hey

tanti a onst ant magni tl on er a range

| niedacsihealimensiohs of) odidsinagni€ thd imsgerEn ssrhe dmhseﬂtrﬁents
the chief rays are nomnally orthogonal to i r[c\llaé

pl télﬁtefqmprmﬁy@n objersiverl0dtcap @Ws@r@eléfm tegaipeg 102
ISS{XES‘ Ceedl 18[‘ ? Euoe r%auge% l?%algoug 22(?? {)Pe (I%:ke %)%%? 3% more,

ron oOr S In I mage

Pl 41(0014 oS hb@it 532 5PABHTRBbS: 60000 Rkt | HoubhKestrhye,
101 has a rel atively high resol ution (|.e., t he val ue

fabwt 8X dramexs, abowt &% osmeard, abowok02e grmeire), corpsaed tsethe
about ;130 nm.or

ut 150 nmor | ess SS,
o oStteriRgs b Gct et tGh JnouESitind FFolRBidt obigiiie Lot can
NMRle d EiSagrAROitfondT ABBLET X | $fore AR abdat AR ' mbRS 8bout
4X or more, about 5X or more, about 6X or more, about 7X or more, about
8X or more, about 9X or more, about 10X or more). More generally, however,

projection objectives can be designed to provide a magnified image or an

image the same size as the object.

Referring also to FIG. 2A, rays 152 define a cone of light paths that form the
reticle image at image plane 102. The angle of the cone of rays is related to
the image-side numerical aperture (NA) of projection objective 101. Image-

side NA can be expressed as

NA=n,sin6,

max ?



about 32 nmor |ess, about 30 nmor |ess, about 28 nm
or less, about 25 nmor 15 | ess, about 22 nmor |ess,

WQRHWH31201 nm or | ess, about 18 nm or | ess, aboRET/ER2006{p(8869
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or | ess, about 16 nmor |ess, about 15 nmor |ess,
about 14 nmor less, about 13 nmor |ess, about 12 nm
or less, about 11 nmor |essl9such as about 10 nm.
20 The quality of inages forned by projection
obj ective 101 can be quantified in a variety of
di i
e e R R RA AT o (RO R RE IR Fpeiym adjpoen the
desmfetce o€ Sulastratdr €50 (ﬂagealfr,rmm)'gﬂe avdtere dr ecutlateld@nsironment),
associ ated wi th Gaussian optics. These departures are
geamir leak ys thg helfrangle efbe maxivus cangeoinprage donmiag rays from
¥) 2) ?ewlgil on of a 25 wavefront fromthe

i d%rgl]ecg NERLHEG 'Shape is the root-mean-square
wavefront error (Wn,S). W,,,Sis defined in the
"Handbook of Optics,"” Vol. 1, 2"a Ed., edited by

M hhmerﬂapm)j dchibobyecHve (101 kag havel 99 Ghageatidp NgeoBabhdt 0.1
whi ch |s i ncorp rated hereln %Ly%referen n
geMeare (eseah il ot ¢reneie; abo Ul Of BAOTG A 05%&5 ée OF Jore,
th t v I r

| RS TORE %%ﬁﬁea%%‘ﬂmgﬁ*éﬁ%%ﬂo (05 PdiEEHh i
i naﬁbodlhﬂ:nmpt jecticandtgdetivent(s, hagraajettiveBnhiglimage-side NA.
2007/ 031271 PCT/ EP2006/ 008869 -21 objective 101 can
halier %aﬂmlaﬂn\s@m esmmdlmwt% 93 %pnuqbwélye d01imagleave an

pl ane 10 r 01 jectiyv

h a%agg eNAgo (% % k ﬁQlSS ol% rx?%re aboui@ls §1amore
0. 8bouk 095 diafisre, ab&uto @opﬁloTe) B{gérﬁﬁﬁg tiRes8lufeV8f Brojection
or less, about 0.045 k or |ess, about 0.04 X or

I eslgﬁcta\tﬁolﬁl Gar(85lepending bes&vetdmgtlt k@ndiﬁheﬂmz{ge bd¢ vals
about 0,025 k or |ess, about 02 2. | ess, about
0. ‘M@lozt withingtosbe by by @lew the YSFOIPE% of 3 pEgjegiéon
& r

PER e deo LR BE I Bl BB AR O
flbmﬁdguﬁhaﬂyﬁﬁﬂ&Field curvature refers to the
peak-to-vall ey distance for 10 the field point
dependent position of the focal plane. In sone
enbodi nents, projection objectiye 101 can have a
relatively small field curwatkee- for images at inmage
pl ane 102. For exanpl e, prOJecﬁkbn obj ective 101 can
have an i nage- side field curvature of about 50 nm or
| ess (e.g., about 30 nmor |ess, about 20

where R is the minimum dimension that can be printed and £ s a

dimensionless constant called the process factor. k varies depending on
various factors associated with the radiation (e.g., the polarization properties),
the illumination properties (e.g., partial coherence, annular illumination ,
dipole settings, quadrupole settings, etc.) and the resist material. Typically, & is
in a range from about 0.4 to about 0.8, but can also be below 0.4 and higher

than 0.8 for certain applications.

Projection objective 101 is also nominally telecentric at the image plane. For

example, the chief rays can deviate by about 0.5° or less (e.g., about 0.4° or



am or | ess, about 15 nmor |ess, about 12 nmor | ess,
10 nmor less). 15 Afurther netric that can be used

WQ 020320kt e t he optical performance is ref er PEUEP290EB03869
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di stortion. Distortion refers to the maxi mum absol ute
value of the field point dependent deviation fromthe
i deal inmage point position @0the inmage plane. In
sone enbodi nents, projection objective 101 can have a
20 relatively small nmaxi mum di stortion. For exanple,

prék@%bQFb.@*%P%Eé,\é% %Pé.r 6ATEsH 2BuR0. TR} TR about 0.05° or
di stdrtion of abodt g nmor |less, (e.g. about 40 nm
orless, @s3l,° @hliedst 0. 901N or fess)l fiesiw, bealzopdralél torach ofhes st the
about 15 nmor |ess, about 12 nmor |less, 10 nm or

| esrageglang oyer|theexpaged fickt: Tihug.projectian gbjective 10k cam

o RS Sl R B« P e

€SS, sucC

e eiinE distances. 3h @bieWmiSRImY A Y theheefr§ysPdre Wekingypl |
anount across the imge field. For exanple, distortion

c aprthegopabip iatgatpl&entd2. dihus,esron Batgopogephiy ofitherwafer
ryBfacpatddelribind ontBe Thadeitine Aol Rlor b5 SRt or
ch{agﬁ?go&%&ggqgg_imagggﬁ%ng a catoptric system

proj ectlon objective 101 i ncludes a nunber of mrrors
arranged to direct radiation reflected fromreticle

b ' hat _ f i i
ol et s bpone. e Eieh Bl ks sty Hieh”
SeeriL . ace ! Sthal
SOBE4 ) Bl EL TSNP R Syl o

Si sout a8d ngi orilebsi(eeg. pibdud 30In0oslegsaboal 100 aiapeness, aivout
the desired ogtical properties of projection objective
1015 andortlges, ghoudi XWanm of desss ahauh 4 ngt ok ksss, abowpt 35 0m)af less,

90 52 s B TR, 080 BB ol TR0 R GOSEE Y or

y-vary. heé™ " nunber Mrrors 1s

r elegs, @B oto2 Y Al @USssPEB R RTESE Or ldsadont 1§ nnassiesd, abest 17
with the optical performance characteristics of the

objumiriless, albaitH 6 rag ot kess.cbont b niherdgssh pbeut(le rm orié¢ss,

B S AL A
ango pglat ed

The quality of images formed by projection objective 101 can be quantified in
a variety of different ways. For example, images can be characterized based
on the measured or calculated departures of the image from idealized
conditions associated with Gaussian optics. These departures are generally
known as aberrations. One metric used to quantify the deviation of a
wavefront from the ideal or desired shape is the root-mean-square wavefront
error (Woms). W 18 defined in the “Handbook of Optics,” Vol. 1, 2" Ed,
edited by Michael Bass (McGraw-Hill, Inc., 1995), at page 35.3, which is
incorporated herein by reference. In general, the lower the W, value for an
objective, the less the wavefront deviates from its desired or ideal shape, and

the better the quality of the image. In certain embodiments, projection



15 image resolution, and the desired nmaxi mum pupi
obscuration. In general, projection objective 101 has

W@2007@3f1 f our mrrors (e.g., five or nore m PGYEP2086/608869
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or nore mnors, seven or nore mnors, eight or nore
mnors, nine or nore mnors, ten or nore mnors,

el even or nore mnors, twelv@ler 20 nore mnors). In
enbodi nents where it is desirable that all the mnors
of the objective are positioned between the object

pléﬁ]@ct 1 1N&n' HIREG rRlaB0Ery sn®f RELI 6P i sVMt libage plane 102.
M Folir

typica ave an even nurber of "Minors

m F@r@ganﬁjlé( projet @615 obje G 101 641 Bavel £W i (ﬁQib&)Jt 0.1, or less
certain enbodi ments, an odd number of mrrors can be

useedz. witerug 0714 phlessriabonts0.06 At drdegsy; a])@wt(] @nA25 less, about
O%GCHVG are positioned between the o Ject Bl ane and
» @

845 B qarless, gegut Oe%hﬁr dessyihenb 0838 Moot et abawt (93 & or

ea%tab G0 e finseoah SRR aRBEs o 485 & Giersobout

I db h bj
0% RS0 S AEPBER3SS Bt veen e bl ec

PCT/ EP2006/ 008869 -23 I n general, at |east one of the
mrrors in projection objective 101 has a
r of\apthen meltryc the earebe heedge evalmatedhmaualifyzafdhe Unagis referred

[ mrr r eef nor
SO E 0 gBiaB R Girv el e po e R B RS ispapoe for

Genl%rﬁéléi Point dEPSRIERT FasHd B d6Ml AR, Tl Yh&embodiments,
rotationally symetric reference 5 surface (e.g., a
s ppmjéctiah objectisph Ol icanhavos atlatwvay synalfralé cuivature for images
ref erence rface), which refers to the tatjonall)
syi‘ltrfg’carg lfg’ﬁulrogcgog FAMPIERTOCHER P JeCHﬁ?éhEQa‘B gvean P/mage‘
r of;at I T@@l{ﬁaﬁ&%@ B dut §0 D HARSs (e. 8t ?bout 30 nm oxbless about 20
Rot ationally-symetric reference s aces can
dehmrorilessdabaut 18 rinn eefeds,mboliO] 2rhnr @rlessi H ame onkess).
follows. First, one obtains information that
characterizes the freeformmrror surface under

i hﬂ%ﬁﬁ&%k&f& thétnca%rq%:hot%'eg?@%%lm e 81196&1? ggrfogﬁgnﬁ:qu

m nor orrra I on

deteeriédond diftertias Distortad referdto theemaifiu@d at®l@e value of
/c, where c is the vertex curvature), a conic constant

of thetfieldrpping depandeah@ﬁwlqmﬁmmathe idsial fmageepnist position in the

characteri zin 15 Alterna

canaead g1 Sormg Epfholihent ol Aebist iy 10 Eaphave a

M fell flveSPEnBE maRRthah@stolti GNFRr é%rﬁﬁ&epfdjéb{'fo% objective 101

measurenent of the mrror surface (e.
can have a maximum distortion of about 50 nm or less (e.g. about 40 nm or
less, about 30 nm or less, about 20 nm or less, about 15 nm or less, about 12
nm or less, 10 nm or less, 9 nm or less, 8§ nm or less, 7 nm or less, 6 nm or

less, 5 nm or less, 4 nm or less, 3 nm or less, 2 nm or less, such as 1 nm).

Further, in certain embodiments, distortion can vary by a relatively small
amount across the image field. For example, distortion can vary by about 5 nm
or less (e.g., about 4 nm or less, about 3 nm or less, about 2 nm or less, about

1 nm or less) across the image field.



obtai ned using an interferoneter). A surface figure
measurenent can provide a function z'(x', y')

wa@lewenslBing the mnor's surface, where z' is tPE/BRYOGH08869
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the mrror surface along the z'-axis for different
(x", y'") coordinates, as illustrated 20 in Fig. 2B.
The initial step also include®-determning the
footprint for the mrror, which refers to an area of
the mirror surface that is actually used to reflect
i mage-formng radiation in the objective. The
footprint can be determned by tracing rays through

t hBeiaBjagtdptec bitdrg, proj@yiohlodgdcrige 0O gﬁcamiesaenﬂhmber of
extracting the m nor area contacted by the rays.

Afmigrors rrangechie dirrst rasigiaratellepted Hemasetinle H@]go strbétl ate 150

Gy bt Bt YorRAT s e Bp 8 oune SifociRpRMARE 0.
desz%& @@lés@éhs%’i‘bréjekﬁox@f)bj‘eﬁﬁve%tﬂré aefribed BRIdw. mﬁetg@grany,

the tilt and decentration of he surface gives a wel
delioweatr,gshentimbgr, soienend sirucalﬂremﬁthemmamscgenata@;kyrdephms on

to,30 determ ne the reference.surface a fine
anthg tegredsopticaf BpCrits H PrHEcHRy Soigg 53 and the physicel

PdsRE2306 éﬂggﬁﬁﬂ) -24 sag differences between the

mrror surface and the reference surface can be

det er m ned. V%ere optical data for the mrror surface
is known, the z'-axis is _determ ned based on the
com gengrhaiha pumber oR YIRS N Projgetiensobjpstive Ky majyyary.

L EALE W NS o bRl S OBl 6 RhaiBl Pade o

f Oisabéiatedlvivh Seropeichl ﬁerﬁﬁﬁian@é clidrgcteastadsioinge bjective, such
asymmetric surface. |n enbodinents where the mrror

suas the desisedothseusbpuet (ez@ dtherintensitys o fadissiontfrqu tlee obJect that
surement, the z'-axis responds .to the
o ot S Hhdggeat Tmae Pioa 4 2L ARCOSHER iirpetifig Fhjay Fhisa
| plerrad stidliafd s d&lkﬂﬂnéﬂlﬂﬁ%g&ﬂ@bbsoﬁ%ldno” of a
rotational l'y asymretric mirror 201, where the |oca

coordinate 10 systemis denoted by the x', y' and z'
ax boundari es for F ri.nt of
ol M tomaiectige Al Fies S96 4P Bireamh (g five ar more

anghi XHRXsik OF nid1e mifloPs Seredr rﬁﬁresiﬂﬁ"l%}s ﬁfi%l'l:tl & méié mitfors,

ini'tial’ reference surface is then establTshed wth

r esipe ot niove hiigroesy eerdomabee mirborsyelewn orlinere mirtora) twelve or

reference surface has zero tilt and zero decentration,

Thaore mirrors). In embodiments where 1t is desirable that all the murrors of the
objective are positioned between the object plane and the image plane,
objective 101 will typically have an even number of mirrors (e.g., four
mirrors, six mirrors, eight mirrors, ten mirrors). In certain embodiments, an
odd number of mirrors can be used where all the mirrors of the projection
objective are positioned between the object plane and image plane. For
example, where one or more mirrors are tilted at relatively large angles, a
projection objective can include an odd number of mirrors where all the

mirrors are positioned between the object plane and image plane.



initial reference surface is either a spherical
surface or a rotationally symretric aspheri cal

W@ A07/88871 The initial reference surface i s estBOGI/EBHWEE008869

10

15

20

25

30

by one designating a rotationally symetric surface
that approximates the rotationally asynmetric mrror
surface. The initial refereng2d-surface represents 20 a
starting point for an optim zation algorithm Once the
initial reference surface is established, a |ocal

g}ﬁ%%&g%%l,zﬁ.;le b o afthel}l)lir%ﬁﬁ ej@c WEECHRE 10RPa8hS

Initial reference sur artl1 poi nts on the
surotatmally atyremetrod ait frestatth wuefagentiilikespherifa oe aspherical
footprint neasured along the z' -axis of the ||ocal
c oBHEpTs et ecieyy mairos surfaeasslonat dgve parkis af gatational symmetry.

S TS G LSO B S ence

m girfik (¥.al, uephéticdl e atpheicaldiotdt GRS s fhimetds kéTBredce
nunber fitting paraneters and a fitting algorithm In

t harfagehtwhielatefetsdo thy entatomally pysymatec sudagecthat masteclosely
surffagle .S a spherical su facef t he paraneters include
t hea}S S%I{hle REGENEIL AVARTENIC B 1%Cte sphere within the

| ocal coordinate system the radius, of the reference
30 surface. In Fig. 2B, decentering of the sphere

c eRoratiohalbrsyrhmetoorefeneatesuiac2 Catl B8 d@¢dmined for a freeform

PCTI EP211116/ 0Q8869 -25 systemorigin js shown by .
COBHIEPT N kAse %?%lﬁwsz Firshose abiaps BfoTRASIg tﬁwedvr@%%n@s the
by [ ' ' - : radi .

of "Egr By ¥ Mles SO galol o limiS 2% Uivical
padanet éfesmfrors kny@nathis inforatationihdlndeedetémnipingvhd dasic

m ni mal value for the |local distances, dl, based on :
t hadasudtthemirer (.& (lrg-where gyptheyvertgx)cugyature), grgaimc penstant

cort G SRR Bl pR AT R R Il ORLE e

r opgbhRtatlyyorsaduits Hally, thefigformagos Yhraérrizigahe mirror can be
aspherical surface, the paraneters can include

deektained fiosm a snfaed figurgfmeasaranedng o€ Hiemyuer wekace kage

r adli%tus, coni cal. tCOE{;St antt agfl a,%]ghﬁr ical coefficients, d

THELS PSRE AR BB e B WF R DU HERF UEHm plran provide a

CORALtONz’ (x’, y’) describing the mirror’s surface, where z’ is the sag of the
mirror surface along the z’-axis for different (x’, y’) coordinates, as illustrated
in Fig. 2B. The initial step also includes determining the footprint for the
mirror, which refers to an area of the mirror surface that is actually used to
reflect image-forming radiation in the objective. The footprint can be
determined by tracing rays through the objective using a ray tracing program

and extracting the mirror area contacted by the rays.

After obtaining the information characterizing the rotationally asymmetric
surface, a local coordinate system for the surface is established for which
decentration and tilt of the surface is zero. Setting the tilt and decentration of
the surface gives a well defined starting point for an optimization algorithm to

determine the reference surface and also define an axis, z’, along which the



15 ¢c'h z +Ah2 1+ 1-(1+k')c' Zh2 which is an equati on
descri bing conic and aspheric surfaces. Here, h2 = x'Z

WG0-20020372, and Aj are coefficients charact eri B¢HEPI0RE008869
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devi ation of the rotationally- symetric reference
surface froma conic surface. CGenerally, the nunber of
aspherical coefficients, A ;24sed to fit the reference
surface to the mrror surface can vary dependi ng on
the conputational power of the systembeing used to
cale Lﬂlgﬁﬁ%&&%é\?@% 28R mihs sut-faBe %Y@{Heqjéfe‘?e cjfér?;qrifa@@ can be
desire evel 5 accuracy. I'n some enb nment s
r ede¢renaed SWhé@aptcahdhie faeathe nhiabe slunfsaeng knas/ph&rel zéaabus is
coefficients up to third order. In_cert
endsbermiasd §aseéd@fthrs cpBIstconstani keand hasic ff’ﬁ]i“FS@I 16+ &g the
dré)gz}tiona %I ertrqg Drt?dnxéfqhg ( gﬁ&{l dalS¢ zedax1%: R the s%mmetry

I'ona scus 'on on er|2a I'on
angki@fNBE r&tasodl B &eic ﬁaﬂfoﬂf& ?&Qﬁ’éﬁh’ilg %ilmmetrlc surface.
PCTI EP211116/ 008869 -26 exanpl e, the product nmanual
f oln @mbmilmenamlwrablnfemﬂmmlmm émharesterizashrom a surface

el PO PRS0 4 PO OBE R 7 o8 PBlsO e s e

5 ffdrf &5&%§®?t'1&1 SRRF MEDASliRIARs tlfi‘lslf@na§¥w§ AURERSonal
fitting al'gorithm such a danped | east squares

f i sectiog ol h gotativhatly mmrbemusnniror Raitpwtietechs locatjoarrdmate

fitting. algorith may be perforned usin
cmm Wt%milgm ey oﬁ@@.zcares ﬁglbgﬁn%ﬁsvﬁarf the fga@ﬁmt of

ea

ey B ESHE B A0 ¢ PVEL T, FSciply
th@roﬁ@ﬁ@ilbﬁrsabivyi-iﬁmeztﬂl C ref erence surface is
determi ned, the |ocal distance between additional
poi nts on the m nor surface can be determ ned and
r o u?ﬁ'}l&lﬁa%fvédge}é% nalls ﬁl %& hesdtwﬁﬁ sge%tqﬁ tlg)e coordinate
dedyRteth.MEb inftedl r@péadﬂab Gurf@cdlﬁa%lzwlﬂ Qul 2kio0decehtrdtdor. The
rotational | y-symretric reference surface fromthe
r oinaidl gefgrdnge sesfasreiscitber abphericglsurface or aotagionally

deéyenrlrrr?etncdaspherlcal surface. The initial reference surface is established by

one designating a rotationally symmetric surface that approximates the
rotationally asymmetric mirror surface. The initial reference surface represents
a starting point for an optimization algorithm. Once the initial reference
surface is established, a local distance, b; (i=1...N) between a number of
points of the initial reference surface and points on the surface of the
rotationally asymmetric surface footprint measured along the z’-axis of the
local coordinate system are determined. Next, the rotationally symmetric
reference surface (surface 211 in Fig. 2B) is established by determining a
minimal value for the local distances (d;) using a number fitting parameters
and a fitting algorithm. In the event that the rotationally symmetric reference
surface is a spherical surface, the parameters include the location of the center
of the sphere within the local coordinate system, the radius, of the reference

surface. In Fig. 2B, decentering of the sphere center from the coordinate



A freeform surface can, for exanple, have a maxi num
deviation froma best fit sphere or a rotationally

W@YWime3I2it ref erence surface of about k or norRCRBP2006/008869
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(e.g., about 10 A or nore, about 20 A or nore, about
50 A or nore, about 100 A or nore, about 150 A or
nore, about 200 A or nore, aB6ut 500 A. or nore,
about 1,000 A or nore, about 10,000 A or nore, about
50,000 A or nore). A freeformsurface can have a

. o ¢ _ £ . o
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best fit rotationally symetric asphere of about 1, 000
A or WD 2007/031271 PCT/ EP2006/ 008869, -27 less (e.g.,
about 900 A or | ess(Rabdut— 800 Ay'orydo¥s; zabout 700 a.
or | ess, about 600 A or |ess, about 500 a, or |ess).
In certain enbodi nents, freeform surfaces have a
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or nore (e.g., about 100 nmor nore, about 500 nm or
nocerdmateuix .,y ja.pr nore, about 5 pmor nore, about 10
m or nore, about 50 mor nore, about 100 mor nore,
about 200 m or nore, about 500 m or nore, about 1,000
m I .

WS oo eitn P viicfic RAGShc AT B poBBlchital surface
begie patdmapRaiad ikylud® deddtratid afdtitrofltes feféiengs surfdeeUbase
5 mmor |less, about 3 mmor |ess, about 2 nmmor |ess,
abtdius] comrareonsant angsphereD cagidicianss Jheseparemstars can be
surfaces ﬁgn t&ave a rraxti.rrum deviation froma best fit
roii%{?%lﬂg I§Se S telq%l%phere by 10 nm or nore

(e.g., about 100 nm or nore, about 500 15 nm or nore,
about 1 mor nore, about 5 mor nore, about 10 m or
nore, about 50 mor nore, about 100 m or nore, about
200 mor nore, about 500 m @n2nore, akout 1,000 nj.
Freef orm surfaces cafn T +£v‘1}é%’i,on froma
best fit rotationally s il tkagpher e/ by about 10 mm
or less (e.g., about 5 mMmmor |ess, about 3 nm or

| e3Rich8bAHeqhatiBR &sclibRg cofROMd aspheric surfaces. Here, A2 = x? +
y”?, and 4 '’ are coefficients characterizing the deviation of the rotationally-
symmetric reference surface from a conic surface. Generally, the number of
aspherical coefficients, 4, used to fit the reference surface to the mirror
surface can vary depending on the computational power of the system being
used to calculate the surface, the time available, and the desired level of
accuracy. In some embodiments, the reference surface can be calculated using
aspherical coefficients up to third order. In certain embodiments, coefficients
higher than third order (e.g., fourth order, sixth order) are used. For additional

discussion on parameterization of conic and aspheric surfaces see, for



20 mmor |ess, about 500 mor less). The curvature of
the mrror surfaces is characterized by a first and
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at the point on each mrror surface that reflects the

chief ray of the central field point. First and second

25 principal curvatures are-@cél-cul ated as described in

Handbook of Mathematics by |I. N Bronstein, et at,

4 h Ed. (Springer, 2004), p. 567. In general, the
«%)?a ple, rth?l ?}Y&ﬁict FHUEL fF ey, Qvﬁ}z{lﬁ@froﬁ?@ he Research

erent om t he second prinéipa curvat

thA‘SsdﬂSldws}(lPaszidEnapﬁA)enbodl ments, the absol ut e vaI ue

of the difference between the first and second

princi pal curvatures can be about 10-8 WD 2007/031271
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e s Ihan B2 prRr LR e bt ian P EP RN pp et
S uaé%&es&avare bgichelsatddeel ¥r FEMAX ('?19511:931@%hﬁophﬁqa5 one
ments, the absolute value of the first
pr Ressiapdl, Ledir Sanhsted, UoitedKengslionydfioeexampler s i n
proj ection objective 101 is about 10-2 or less (e.qg.,
about 5 x 10,3 or |less, about 3 x 10-3 or less, 10

Zgg‘ﬁ{e ﬁne’&o%@ L?éa o? %%Zr?estrd?n }enég s@l'ffﬁ’cre i ﬂét%)‘mm-gae}he local

rst princi
cudigaihue betwieen adbRiomal peing omhe Mo tshﬁf@ce(xbjnehﬁ det@niifdd
can be about 10-3 or less (e.g., about 5 x 10-4 or
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ceret n e Iment e secon

Pr {eGbR@bn Iy -¥hkietric f&éreﬁ@@s&fao&’fﬁﬁn fhd FoRdtfonally-asymmetric
projection objective 101 is about 10.2 or less (e.qg.,

aborossw fat c3n be detesminesbout 3 x 10-3 or |ess, about
2 x 10-3 or |less, about 10-3 or less). The absol ute
val ue of the sum of the second principal curvatures

fop frée'?@m%ﬁﬂ’f&fescah”fd%re&hﬁ‘ﬁlé ﬁﬁv@?hﬁa&%iﬁﬁl deeratRﬁ”fr&ﬁ a best
about 10-3 or less (e.g., about 5 20 x 10-4 or |ess,

abfiti$phdrecorl®ratati @iadiyt syﬁlmetihﬁ téfeeenck sasfacabitatioul B-o4 nosre

less, 5 x 10-5 or less, 10-5 or |ess).
(e.g., about 10 A or more, about 20 A or more, about 50 A or more, about 100 A
or more, about 150 A or more, about 200 A or more, about 500 A or more,
about 1,000 A or more, about 10,000 A or more, about 50,000 A or more). A
freeform surface can have a maximum deviation from a best fit rotationally
symmetric asphere of about A or more (e.g., about 5 A or more, about 10 A or
more, about 20 A or more, about 50 A or more, about 100 A or more, about 200
A or more, about 500 A or more, about 1,000 A or more, about 10,000 A or

more). In some embodiments, a freeform surface can have a maximum

deviation from a best fit rotationally symmetric asphere of about 1,000 A or



The sum of the first and second principal curvatures
of the mrrors in projection objective 101, i.e. the
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mrrors in projection objective 101, the sum of the
second principal curvatures of all mnors in
projection objective 101 or-2Fe sumof all first and
second principle curvatures of all mnors in

proj ection objective 101, can be relatively snall.

ol S8R, LSRR B s

ri curvatures o

CanPL ofRRUtabL8: F0®% Jréss).(e. 9., about WO 2007/031271
PCTI EP211116/ 008869 - 29 )5 X 10-4 or less, about 3 x

10-4, about 2 x 104 or | ess, about 10-4 or less, 5 X

10- 5 or less, 10-5 or less). In certain enbodi nents
f regestorn embedimeats, fissfymaiifases haecs megignumg deviation from a
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may or may not be parallel to the z-axis in

pr ) pat dromoh) peaiti MO 1M br niore, abont 96 @nabr mere, about 500 pm
decentered 15 and tilted to the z-axis in projection
obprempiey abaw1l) 00k pins abow ¥ Ihum aroneres plomdiSHY)0 wmidranore).
vertex curvature, k is a conic constant, and G is the
CBRFIETARTASPS Sirehois o S doviatio sty Hiptere by
valyies é@fmﬁzorﬁ?ssﬁg%.,%boﬁf Smifi 8} s8] dRilt BABRDrss! Msout 2
desired optical properties of the mrror wth respect

t ompt of 64, iabbutobjreg b Vess, Idbbut 500 hesr, lesd)e order of the
nmonomi al, m+ n, can 20 vary as desired. Cenerally, a
hi gher order nonom al can provide a projection

ML PN At T -

t YRirgRkirt J¥phére BMUARLIrARGrel(¥.g€X6BBAS1 0(EnhQradfdre! 4Bk 500
nm or more, about 1 wm or more, about 5 pm or more, about 10 pm or more,
about 50 um or more, about 100 um or more, about 200 pm or more, about
500 pm or more, about 1,000 pm). Freeform surfaces can have a maximum
deviation from a best fit rotationally symmetric asphere by about 10 mm or
less (e.g., about 5 mm or less, about 3 mm or less, about 2 mm or less, about 1

mm or less, about S00 pum or less).

The curvature of the mirror surfaces is characterized by a first and second
mean principal curvature, which are determined at the point on each mirror
surface that reflects the chief ray of the central field point. First and second
principal curvatures are calculated as described in Handbook of Mathematics

by 1. N. Bronstein, et al., 4™ Ed. (Springer, 2004), p. 567. In general, the first

principal curvature for a mirror can be different from the second principal
curvature for that mirror. In some embodiments, the absolute value of the

difference between the first and second principal curvatures can be about 10°®



In some enbodi nents, m+ n is 10 or nore (e.qg., 15 or
nore, 20 or nore). As discussed below, the paraneters
WO 070RR7F r eef orm mi nor equati on can be 25 det BEHEPRIE6/008869

usi ng comerci al l y-avail abl e optical design software.

In some enbodinents, m+ nis less than 10 (e.g., 9

or less, 8 or less, 7 or les88-6 or less, 5 or |ess,

4 or less, 3 or less). WO 2007/031271

PCT/ EP2006/ 008869 -30 In general, freeform surfaces
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t han those presented above. For exanple, 1n sone

entodbreeabseyt 1 0Fr@ahorerasoutisac 6 oamdoe, abeactdbedmore, about

mat hemgti cal | y using,Zerni ke polynomials (such as

preddit e moyet ?@‘Wﬁgu&lr MQJE)-CODE V(r), commercially

avai l able from5 Optical Research Associ ates,

Pasadena, CA) or using two-di nensional spline
5 SUpy %ﬁﬁﬁal, th% R @%l/ @ sebowmt lsﬁim?ﬁi@wdtu&@ lhin®e pusitiae o

are Bezier splines or non-uniformrational Bezier

sphégatige.( } andfapsetiond psineipal cwphiungs fos ampiztos sufage can

be descri bed exa e. by a grid. of paints iin an
b Tnaihsanalt oS BRI in o8 siibediRen S h SR dedtue of
t h@R&irRiritcSpal PERRAGETEr Ok SNBoRPRErbisGn HFRoiENRR Kjective
spline surface, the conplete surface is Obtained by a
spkei fsiaboui M toplesa(d gnatmett ieeh0 beless,iabopiod rtl§~usilesy,
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di ffe gﬁﬂ&k)ﬁlbédr{/%%rés?oggre mREs Y bx%?ll:c i Q)?) dcBBE 01 £3n bE
general’, e nunber "‘and position of freeformmrrors
| Nnabpuojl 6¢ or tass (e abomes x 101 of dassvabont 3 Mt iabemtSx 10 or

i ncl ude prod(_pcti on objectives wi,ith two or nore

f r ees apavtrd & r grless; 8.%10™ phlese 18r ardess)-f r eef or m i nor s,
four or nore freeform mrrors, five or nore freeform
mnors, six or nore freeformmnors). 20 Projection

15 objrecdriavterhBddigfmey, @hd dbsoNté vallte oPifiee eoh® hEnSpAN QlrSature
with positive optical power. In other words, fhe

r efar @oe jov enqre mifrors iwf projestioh pbjechue 1@l iscahouhl@” suldsalee.,

obfteed suel & et AoPi s 08" ER S 2 2 1 10 SC et Abgutgho”
MD§Elesd) O MsolRE Saldel IfEhOEulT®F Ehe seebitd ?ﬁnﬂﬁéle&urvatures for

concave mnors. Projection objective 10 can al so
i nibleudliercon e noje2Evawbgective A 0F san hatbmaid “mededsi(eg., about 5

20 op)t( I1 8§|or e%\é\fee{b'ou;r Ixsldu? %qutch 7? tl OQ r(‘)?leosg, aq)%rute 1(8)j or less, 5 x 107

or less, 10™ or less).

The sum of the first and second principal curvatures of the mirrors in
projection objective 101, i.e. the sum of the first principal curvatures of all

25  mirrors in projection objective 101, the sum of the second principal curvatures
of all mirrors in projection objective 101 or the sum of all first and second
principle curvatures of all mirrors in projection objective 101, can be
relatively small. For example, the absolute value of the sum of the first and

second principal curvatures of the mirrors can be about 10 or less (e.g., about



the minors has a reflective portion with a convex
surface (referred to as a convex mnor). In sone
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nore (e.g., three or nore, four or nore, five or nore,
six or nore) convex mnors. 30 WD 2007/031271

PCT/ EP2006/ 008869 -31 An eBedi ment of a projection
objective that includes six mrrors is showmn in FlIG

3. Specifically, projection objective 300 includes six
(LR B TLG! Bk 3310 380 3300 0essI3u 309 F4s, 5 x 10
Dat a rojection obj’ective 300 is presented in
TahbteleisAlaﬁ«brTab) e | B below. Table I A presents opti cal
data, 5 while Table 1 B presents freeform constants

for each of the mnor surfaces. For the purposes of

Taﬁ;}l C Iafﬁ gtﬂgo&- ?x%nf 5 V}x\gefotlr#lr Wr&ogu(%%ﬂ &{haéé 8&§riged

correfate corresponds t
ﬂhhﬁ@knﬁﬁQMI by élie qualyBn: corresponds to mrror 320;
mrror 3 (M) corresponds to mirror 330; mrror 4

(M4) corresponds to mirror 340; minor 5 (M)
corresponds to mrror 350; ,and 10 nirror 6 (M)
corresponds to mgFror 36067 “ Thi ckp xiny-Tabl e I A and
subsequent tables rqﬁeip_@q_ peﬂdlgiaﬁce bet ween

adj acent elenments in the |at|on path. The nonom al
coefficients, C, for the freeformmrrors, along wth
the amount the minor is decentered and rotated (or
tiwhed) froman initial projection objective design
are provided in Table 1B. R the radius, is the 15
inverse of the vertex curvature, c. Decenter is given

in nmmand rotation is vgnjp de rees. Units for the
nmonom al coeffi cCi entsja:rLMdﬂus is a

unitl ess scaling factor (see, 2for exanple, the nanua
for CODE V(r)). In FIG 3, projection objective 300 is
shown in meridional section. The 20 neridi onal plane

| Sarfl ZYiRetshy oPtRRrfagé prfallePotd Braxejvafith Mﬁiﬁf?&Qnay not be
Symmetry about the nmeridional plane is as the mrrors

ar pardédlda tly zdxisnn projeetion eypesne 1Gloi.ehaygeasiab issdpgentered

tilt apo t he.x-axis. .Further. coefflc:letsfor

R EbR b o Ray P gPRRR kO BeGrse it Efe

X- ERRSHOAANS té thevertek cutvhtdlrd, k & £ednic RbSst&AR! &hd C; is the
coefficient of the monomial X" ¥”. Typically, the values of ¢, k, and C; are

determined based on the desired optical properties of the mirror with respect
to projection objective 101. Further, the order of the monomial, m + n, can
vary as desired. Generally, a higher order monomial can provide a projection
objective design with a higher level of aberration correction, however, higher
order monomials are typically more computationally expensive to determine.
In some embodiments, m + n is 10 or more (e.g., 15 or more, 20 or more). As
discussed below, the parameters for the freeform mirror equation can be
determined using commercially-available optical design software. In some
embodiments, m + n is less than 10 (e.g., 9 or less, 8 or less, 7 or less, 6 or

less, 5 or less, 4 or less, 3 or less).
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The optical path Ilength of inmaged radiation is 3,833
mm Accordingly, the ratio of optical path Ilength to
trackl ength i s approxi matel y3@-56. Projection

obj ective has a 30 demagnification of 4X, a maxi num
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have certain properties with respect to continuity or differentiability (e.g.,

analytical functions).

In general, the number and position of freeform mirrors in projection objective
101 can vary. Embodiments include projection objectives with two or more
freeform mirrors (e.g., three or more freeform mirrors, four or more freeform

mirrors, five or more freeform mirrors, six or more freeform mirrors).

Projection objective 101 generally includes one or more mirrors with positive
optical power. In other words, the reflective portion of the mirror has a
concave surface and is referred to as a concave mirror. Projection objective
101 can include two or more (e.g., three or more, four or more, five or more,
six or more) concave mirrors. Projection objective 101 can also include one or
more mirrors that have negative optical power. This means that one or more of
the mirrors has a reflective portion with a convex surface (referred to as a
convex mirror). In some embodiments, projection objective 101 includes two
or more (e.g., three or more, four or more, five or more, six or more) convex

mirrors.
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Mul tilayer stacks can include about 20 or nore (e.g.,
about 30 or nore, about 25 40 or nore, about 50 or
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the multilayer stacks are sel ected based on

operational wavel ength X. For exanple, nultiple
alternating filnms of nolybdedém and silicon or

nol ybdenum and beryl lium can be used to formmrrors

for reflecting radiation in the 10 nmto 30 nmrange
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cipal curvatures is 1.00 x 10°.

In certain embodiments, the arrangement of mirrors in projection objective
101 images radiation from object plane 103 to one or more intermediate-
image planes. For example, projection objective 300 images radiation from
object plane 103 to an intermediate image at a location 305 near mirror 360.
Embodiments that have one or more intermediate images, also include two or
more pupil planes. In some embodiments, at least one of these pupil planes is

physically accessible for the purposes of placing an aperture stop substantially



vary. 25 For each mirror in projection objective 101,
the incident angles of inmaged radiation can be
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characterization is the naxi num angle of incidence of

meri di onal rays on each mnor in a neridional section

of projection objective 101-3bkridional rays refer to

rays WO 2007/031271 PCT/ EP2006/ 008869 -37 lying in

the meridional section. In general, OQ,,ax can vary
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95% or more, 98% or more) of normally incident radiation at A.

In some embodiments, the mirrors include a multilayer stack of films of
different materials arranged to substantially reflect normally incident radiation
at L. Each film in the stack can have an optical thickness of about A/4.
Multilayer stacks can include about 20 or more (e.g., about 30 or more, about
40 or more, about 50 or more) films. In general, the materials used to form the
multilayer stacks are selected based on operational wavelength A. For
example, multiple alternating films of molybdenum and silicon or
molybdenum and beryllium can be used to form mirrors for reflecting

radiation in the 10 nm to 30 nm range (e.g., for A of about 13 nm or about 11
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I elé'sgen&E?gutﬁ’e PCEHeN{AgE o ra‘ﬁ%‘ﬂft at Eﬁf{qcé@sby P ITYYTof &%%‘35 asa

e R b Rigfmelie OPERER SR illpBEPLE PN by kurtace

exBeFuge irAdEddoadROIR plbpdgates thioagh becaai;mi& pZfje@fonabjéctive
(e.g., about 25 or nore, about 30 or nore, about 35

or alpng & nuathst of dﬁf%entmfé) themglqa%qnémen@%%meé@duavén on
3ot ats 5aR jenl et hisyf vilefus 8o QPG picn

M §w 14idn &f AnirAPIDY, fidhefliohelr se3fifn, thatifclides #B88ncave

AOrax 25 for mirror 360 is 2.77.
reflective surface 401. Imaged radiation is incident on surface 401 along a
number of different paths, including the paths shown by rays 410, 420, and
430. Rays 410, 420, and 430 are incident on portions of surface 401 where the
surface normal is different. The direction of surface normal at these portions is
shown by lines 411, 421, and 431, corresponding to rays 410, 420, and 430,
respectively. Rays 410, 420, and 430 are incident on surface 401 at angles

0410, 0420, and B43, respectively. In general, angles 04,9, 0429, and 0439 may

vary.

For each mirror in projection objective 101, the incident angles of imaged
radiation can be characterized in a variety of ways. One characterization is the
maximum angle of incidence of meridional rays on each mirror in a

meridional section of projection objective 101. Meridional rays refer to rays
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Another characterization is the angle of incidence of the chief ray
corresponding to the central field point on each mirror in a meridional section
of projection objective 101. This angle is referred to as 0 cr. In general, 6 cr
can vary. For projection objective 300, for example, mirror 310 has 6 ¢ of
6.59°, mirror 320 has 0 ¢g of 7.93°, mirror 330 has 6 cg of 20.00°, mirror 340
has 0 g of 7.13°, mirror 350 has 6 ¢ of 13.06°, and mirror 360 has 6 ¢ of
5.02°. In some embodiments the maximum value of 0 cg, 6 cr(max), in

projection objective 101 can be relatively low. For example, 6 cr(max) can be
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objective 101, AB can be relatively large. For example, AB for some mirrors
can be about 20° or more (e.g., about 25° or more, about 30° or more, about
35° or more, about 40° or more). For projection objective 300, AB,,,, for
mirror 310 is 3.34°, AD,,,, for mirror 320 is 4.92°, A8, for mirror 330 is
5.18°, AD,,.x for mirror 340 is 0.98°, AB,,., for mirror 350 is 24.07°, and A0,

for mirror 360 is 2.77°.

In some embodiments, the maximum value for AB, AB,,,,, for all the mirrors in
projection objective 101 can be relatively small. For example, A9,,,, can be

about 25° or less (e.g., about 20° or less, about 15° or less, about 12° or less,



WD 2007/ 031271 PCT/ EP2006/ 008869 -41 enbodi ments, M
can be about 1,500 mmor |less (e.g., about 1,400 nm or
WO 2¥3/03123bout 1, 300 mm or | ess, about 1,200 nmPGFEPWE&008869
about 1,100 mmor |ess, about 1,000 mm or |ess, about
900 nun or |ess, about 800 nmor |ess, about 700 mMm

or less, about 600 nmor |es39-about 500 nm or |ess,
about 400 mm 5 or |ess, about 300 mmor |ess, about

200 M or | ess, about 100 mMmor less). M can be nore
U hagduePoubr &8s, %bﬁte‘fgov 180 aB6utd0 IR abBt T RN abft 6°
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megr ldssaab&r15° dvllessr siedhlastBe3. For ptojediiomr objeonveF0@BIABG, is
nmeridian 601. For mnor 600 My is snaller than M,
hole0ét., nore generally, My can be smaller, the same
size, or larger than M In sonme enbodi rrents, My is in
a range fromabout 0.1 Mk to about M (e.g. about
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300, M and My for mrror 310 are 303 nmand 139 mm

r e@ip.vertges Vroiny refeeneg axis) 06 bothbefore arbatigractigtiomfremnd mirror
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respectively. WD 2007/031271 PCT/ EP2006/ 008869, -42
correspond to relatively large incident angles on one or more mirrors in the
projection objective. Accordingly, projection objectives having only one
mirror with positive chief ray angle magnification can also exhibit relatively
20  low incident ray angles on the mirrors. For projection objective 300, mirrors
310, 320, 330 and 350 have negative chief ray angle magnifications, while

mirror 340 has positive chief ray angle magnification.

The relative spacing of mirrors in projection objective 101 can vary depending
25  on the specific design of the projection objective. Relatively large distances
between adjacent mirrors (with respect to the path of the radiation) can
correspond to relatively low incident ray angles on the mirrors. In certain
embodiments, projection objective 101 can include at least one pair of

adjacent mirrors that separated by more than 50% of the projection objective



In some enbodi nents, the base of the mirrors may
extend beyond the mrror surface (i.e., the portion
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10

15

20

25

30

or nore directions. For exanple, a mrror's base can
extend about 10 mmor nore (e.g., about 20 mm or

nore, about 30 nmor nore, aBBut 40 mmor 5 nore,

about 50 mm or nore) beyond the optically active

surface in the x- and/ory-directions. Mrror base

ox . O ' g L .

PR A Bl BB AR s 40 and 350 are
arpaaitedlpy nwae thanadt% of the prajectian obfecave’adtaekl 1¢ngth.
nounting apparatus. 10 Preferably, mrror base

ext ensi ons should not be in a direction that occl udes

t i afj - [ raqj [ ohj [ ve 101,

o Ty PP BRUB RS, ol 1852 PR g coer i the

r agtjaéti PamePaidthaFirkttmpasSashd Arlidion fith cémpeledite thd dis@nce,
parameter referred to as the "freeboard,"” which is the

m dhiporhretweert theed)jeds plansandithe secapd naires ée thet igdigtion path can

o saERang SR VR RHE HERGR Ty peSshan BRUBRF RS

Pr Qla85d1E, AnbRRinRAE Wherd AL 7@, ISUode R Rfore(e.BDRBout 2.5 or
mrrors with freeboards 6f about 20 nmor noré (e.g.,

abmote, 2bowm or mooe, @apoatab fitor Aorapabout dor enoraahout 35 emmore,
or nore, about 40 or re, apout 45 mm or re,
abRhAut BT NG} Carbilay have telafvely E’é’bH%%l t&yo%éh%- T

flexi ity hAQr 4 f ahr i cabi as the projection 20
obﬁéi%tl\(/ﬁel %ﬁéﬁﬁgggggﬁ%’&ét 8"2glgt2'e3(><%?ended m nor base

wi t hout occlusion of the imaged radiation. However,

relatively small freeboards can correspond to low . .

i nbi grastaly thy fapfgriat sige and shaperaf she migorsya pEpisriaen plisctive
biective | ' . . . . -

TorFEer Var Thie R R TR o gRIRGE b R B G hiEE e

of oiaB M x1P18AB. ThelfBSHrinCobthe M cdb&Birdilal, 885, polygonal
about 10 mmor 25 |less, about 8 mmor |ess, about 5 mMm

or (8 @sertangnlas squaten hexagodaeartisregular o) ghape ot embodiments,

obj,ective 101 incl.udes..one or re m.nors, having a. ..

© PUEhopfint Bovhmgse SR BRSSO i mBHAR3L AN 8Ppficction

pr 9hje&tveorpiobj ective 300, mirrors 310, 320, 330, 350,

and 360 have freeboards between 5 mm and 25 mm WO

2007/ 031271 PCTI EP211116/008869 -43 In general, the

t hj ckness oL (li.he mrrors in proj efcti on ohjective 101

ma W&p embodiments, mirrors can have a footprint with a maximum
dimension that is about 1,500 mm or less (e.g., about 1,400 nm or less, about
1,300 mm or less, about 1,200 mm or less, about 1,100 mm or less, about
1,000 mm or less, about 900 mm or less, about 800 mm or less, about 700 mm
or less, about 600 mm or less, about 500 mm or less, about 400 mm or less,
about 300 mm or less, about 200 mm or less, about 100 mm or less.) Mirrors
may have footprint that has a maximum dimension that i1s more than about 10

mm (e.g., about 20 mm or more, about 50 mm or more).

An example of a mirror 600 with an oval footprint is shown in FIG. 6A. .

Mirror 600 has a maximum dimension in the x-direction given by M,. In



Mrror thickness refers to the dinension of the mrror
normal to its optical surface. Mrrors should
WQ@mwepal2ry have sufficient thickness to faciliRPEEEP2006/008869
nmounting within the projection objective. Referring to
FIG 6B, the thickness 5 of mrror 600 can be
characterized by a maxi nrum tHlekness, Tnmax, and a
m ni mum t hi ckness, Tm n. Typically, the difference
between T,,,ax and T,";,, will depend on the
C%M@édiﬁr%n&f M *L%nrﬂermm 3}%6%1% 655! (8. SHoHE | 406 ngi or less,
he mirror'$ 'base. In some enbodinents, Tnax is about
ZOzibomrm P00 rmmsor(lessg abowtdo2A0 thh0oniess cmbohels,sl;OO abo ot 1680
about 80 nm or |ess, about 60 nm or |ess,

I
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IrRRERRIes® R S8 0 oftesd 880ks UpHFPLASD aogy o
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about 20 mmor nore, about 50 mm or nore, about 100

mmiVe Canrbe @)ore tian abaip A8 nemed radaut20 tHe ofmdreaabout 50 mm

di nensi ?n of any mnor in projection objective is
abBut® 500 mm or | ess (e.g., about 1,400 nmor |ess,
about 1,300 mmor |ess, about 1,200 mmor |ess, about
1,100 mmor |ess, about 1,000 mm or |ess, about 900
mMorrot €3G 1s sybouetrigoaitinmaspectite sseridadno6f 1. MoromhOdrhas a

| ess, 600 mMm.ar | about rrmor ess,
10 s@meéléwaﬁ@u?logson n (¥ Jeorcicg 0 mhaq%a
r 0
m% gh?};e'%gﬁfhlgj M"rBén'Be sniilet, r1h@ Eeﬁhg g%b (tEY lsﬁe%langx.

10 ’mm or nore
nolnesonadhaubodtheris, My’lsrmaean@OﬁDmm a%utTmICM moateut Mhofetg.
50 nmm or nor e, about 75 nm or nore, about 100 nmm or

mﬁb%ut 025V 9t garer ahout PReMs 198 grorerabomt Ok Mi @r grore, about 0.5
??tlﬁoqg,sﬁ%uﬁﬁté VE o} gﬁorg albotfh Y Mlt( (HE about 0, %}M or

e fi1él'd has’ an arcua ape Suc

15 t h@osd)apeutd.9 M seOmerd). Afternativélfdin dBetﬁiﬁf éthb@tifrenfs| §, can
7A, a ring-segnment field 700 can be characterized by

anbeabfiutd nisMarer mepre (@ug- @bawink P AW, ordmore)amhaasm@uramge from

ai FEEp & et 07 e i TR nbOpt g - abour 00

Y- &ind 8€1ckQRboBBIEHRLEH le¥§|a}50utd70001ﬁh{ 85 R8S) &Bolit600N@m or
ring radi us, as measured froman axis 705 WO

201839, @B0E7DORGT &PREH @bOUSHEOMM arless; abhet 30em or less,
20 b%?)gl? ?%QOf A ?elsg gb%%t 15?) rr‘x%n%??ensg)ml\/lf Icz?rl lgje IZ]%?C {han about 10

mm (e.g., about 20 mm or more, about 50 mm or more).

In projection objective 300, My and M, for mirror 310 are 303 mm and 139
mm, respectively; My and M, for mirror 320 are 187 mm and 105 mm,

25  respectively; M, and M, for mirror 330 are 114 mm and 62 mm, respectively;
M, and M, for mirror 340 are 299 mm and 118 mm, respectively; M, and M,
for mirror 350 are 99 mm and 71 mm, respectively; and M, and M, for mirror

360 are 358 mm and 332 mm, respectively.



respect to a plane parallel to the y-z plane and
i ndicated by line 710. In general, the sizes of dx,

walgo7asid7dr vary dependi ng on the design of pre¢EHEPI006008869
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objective 101. Typically dy is smaller than dx. The
relative sizes of field 5 dinmensions dx, d,,, and d,
at object plane 103 and i nagd2pl ane 102 vary
dependi ng on the magnification or demagnification of
proj ection objective 101. In some enbodi nents, dx is

efnastohy ér}{b(gcﬁfrﬁﬁts ilbézlgggg of Er{eaﬂﬁ‘rarg t%%%}r:l %err?na(n&g@ngrthe ifirror

r
dx at nor e

ak@mfac8 (in87) the poBtich of thieGuirof tianrefled®irBagedadiatidnynin e or

nmore, about 6 nmm or nore, about 7 mm or nore, about 8

nminere ¢rerciiongdaexampls, Grmirsi e base @@mi e&t@nﬁﬁb@n lifong or
about ,12

o it G- oot 230 artne sl SR PR, AR g OF
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nm or nore). dx can be about mmor less (e.g
aboul/or30direstiams. Mager bwmterrswnmmcfacﬂhws ynoudfing she mirror
i m about 0.5

t GoamalE e AR 0 Bt din R B PR SBHIDFtive
MihaCOR eagltmdt@&oﬁxﬁﬁ%eﬁwm at image plane 102
I's about 1

nm or nor e. can be, for exanple, about
15 mm or nore (e.g., about 20 nnwor nore, about 25 mm
nore, about 30 nm or nore) i mage plane 102. In

solﬁf@ ferablydmiEpk kase gxtengigns powld mpéh%lrya ﬂaﬁﬁwn(téa@occludes
)radlfl iSh g&?q}? ?%' n@?ogluértg %tmeo{%g‘i‘;hg éillsgg%létbeg\geeﬂhg edge

r e@ft 2gridiednd the $AdiRGoR PSS if Sasdds thehifiok ¢ reRited acd i on
obj ective 300, for exanple, has a rectangular field.

Sg@aramﬁtﬁalrﬂ:fyrre@t(bp%&lel“éweb@?ré twhigh 3ptherminimum distance

| SRR ot Sofestia & nRbiys SHEE A A Rl Gttt ogs
e

for other field shapes, projection obj ective 101 can
a&haealvem&ll qanméludé dneloneresé onrrofs wish dregheardd ofrabout 20

orolglggﬁl;{ﬁeg M@S%ﬁr&&%?@ﬁé%p ef%ee at?obu(t)%S mm
or more, about 40 mm or more, about 45 mm or more, about 50 mm or more).
Large freeboards provide flexibility in mirror fabrication as the projection
objective can accommodate an extended mirror base without occlusion of the
imaged radiation. However, relatively small freeboards can correspond to low
incident ray angles on the mirrors in the projection objective. In some
embodiments, projection objective 101 can include one or more mirrors with
freeboards of about 15 mm or less (e.g., about 12 mm or less, about 10 mm or
less, about 8 mm or less, about 5 mm or less). In certain embodiments,
projection objective 101 includes one or more mirrors having a freeboard
between 5 mm and 25 mm. For example, in projection objective 300, mirrors

310, 320, 330, 350, and 360 have freeboards between 5 mm and 25 mm.



or nore, about 8 mmor nore, about 9 nm or nore, about
10 mm or nore, 5 about 11 mmor nore, about 12 nm or
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15 mmor nore, about 18 mm or nore, about 20 mm or
nore, about 25 mmor nore) at inage plane 102. In
certain enbodi nents, projee#tdon objective has a
maxi mum fi el d di nension of no nore than about 100 nm
(e.g., about 50 mmor |ess, about 30 mMmmor less). 10
cor PR RO ShTRALSS o HIEmb TR I pLAGH AN ARCIERN 0L gy vary
s hisfeonthicknessidf@s torheadiweheiontdiahe inmsrrexpased tol &k bgtical
proj ection objectjve 101. For exanple,. Lhe i mage field
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t her ldssg aboutel (r mmecnpless dbolReflemni oigless abo@, 6078m or less,
over sc corresponds t the ratio of dos taq dy,. where
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| nmeeot mioke, @bbod M bs maee.agbeat 1 ®mm objneat, abducad nhave
relatively | ow overscan, For exanple, projection

obeEs: iabaut YhmnhayBoEy aBeRY KALmmber B9Etlt 5% or | ess

(e.g., about 4% or |ess, about 3% or |ess, about 2%
or |l ess, about 1% or |ess, about 0.5%or less, 0.1% or

| eESdom/énBOG A &L PHelmBG bR 2086/ 08 868ny mAkot Ih projection

certain enbodi nents, pr01l ection objective 101 can be
useljeqtivenis abpuat 1,60@ mie an lesk(e-gerborsl le40G riarrlessgabant 1,300

s fitesk Jo8AT EROTREN 3 SE5; sl g0 UG grFisgta 1o mom

ach RYLdb¥it D0 BBI & RYELHBEABOO mm or less, about 700 mm or less,
about 600 mm or less, about 500 mm or less, such as about 300 mm). In
certain embodiments, the maximum dimension of any mirror in projection
objective is about 10 mm or more (e.g., about 20 mm or more, about 30 mm
or more, about 40 mm or more, about 50 mm or more, about 75 mm or more,

about 100 mm or more).

In general, the shape of the field of projection objective 101 can vary. In some
embodiments, the field has an arcuate shape, such as the shape of a segment of
a ring. Referring to FIG. 7A, a ring-segment field 700 can be characterized by
an x-dimension, d,, a y-dimension, d, and a radial dimension, d,. d, and d,
correspond to the dimension of the field along the x-direction and y-direction,

respectively. d; corresponds to the ring radius, as measured from an axis 705



5 Referring to FIG 8, in general, projection
obj ective 101 introduces an object- image shift, dots,
W@ /031271 es dependi ng on the specific desi gn BET/EPR06/008869

projection objective. The object-inmage shift refers

to the distance of a point in the image field from

the corresponding point in tHd-object field, as

measured in the x -y 10 plane. For projection

obj ectives that have an optical axis (a common axis of
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10

20  Typically, d, at image plane 102 is about 10 mm or more. d, can be, for
example, about 15 mm or more (e.g., about 20 mm or more, about 25 mm or
more, about 30 mm or more) at image plane 102. In some embodiments, d,
can be extremely large (e.g., about 1 m or more, about S m or more, about 10
m or more). In certain embodiments, the field is rectangular in shape and d, is

25 infinite. Projection objective 300, for example, has a rectangular field.
Specifically, projection objective 300 has a rectangular field with a y-
dimension of 2 mm and an x-dimension of 26 mm, measured in the image

plane.



5 testing of projective objective 101 where the
projection objective is subject to rotations during
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showing a testing or metrol ogy tool 150a | ocated with
its detection surface, e.g. a two- dinensional CCD
array, within the imge pland5150. The testing and
metrol ogy tool 150a is arranged such that a reference
axis coinciding with axis 10 105 intersects a central
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Proj ection objective 300, for exanple, has a do; _, of
57 nmm Enbodi ments of projection objective 101 can

haye, i
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30 di stance is always neasured in the %ptlcal axi s.

Theengraldy, tbiskicagrsavkera tlaeshape 2601 iogee 1ield does not conform to
PCTI EP211116/ 008869 -48- with respect to the

defieATERo &SUFdi ng to the present application is
illustrated in FIG 9, which shows a mrror 810 as

the closest mrror to i mage plane 102. Radiation

r eOverstan Earobe shardcicrzelity ik ratio (cog., 84@essEHas a percentage) of

ené%m%de f rl%{eaglce re{;’!fqne tg% Pn%%d:g%()get?eoltfadgedﬁéld Iand the

trallmg edge of the die site at the position where the corners at the trailing
edge of the die site are exposed. Referring to FIG. 7B, overscan corresponds to
the ratio of d,s to dy, where d is the distance between the leading edge of
image field 700 and the trailing edge of die sites 720 at the position where
corners 721 and 722 are exposed. In certain embodiments, projection
objective can have relatively low overscan. For example, projection objective
can have an overscan of about 5% or less (e.g., about 4% or less, about 3% or

less, about 2% or less, about 1% or less, about 0.5% or less, 0.1% or less).
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nore, about 40 mmor nore, about 45 mm or npre, about
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nore, about 65 mmor nore). In certain enbodi nents, dw
is about 200 mmor |ess (e.g., about 150 nmor | ess,
about 100 mmor |ess, about460 mmor |ess).

Projection objective 300, for exanple, has an inmage 10
side free working distance of approximtely 45 mm A

r i

e su| ¥mbA S SRR LB AE e, (8 B
beovyresdahi Bovegkantple,megeripg amEI(lO?Z: i embotiment ammm@u image
the side of mnor 810 facing g pl ane 102,

AnBeldgeQds psed toeexpppesquats dis Sftl%% Q@ﬁﬂmﬁgg GRR baﬁe@evcd with
refr § LR he shortest distance between object plane
043RI PR mirror surface of the reflective side of
the m nor in projection objective 101 closest to

obj ect plane 103 that reflects imaged radiation. In

s oRefeamiptii FEh s in gersfalcpilopretioh JOchitl\ve 100 1nm®ceaan object-

I at bj ect f
Irzg’ln?aé%?asﬁbfr’éomﬁﬁﬁ g eS%ﬁpS lee)%f)lré 9 wgcéj (Ilégg prgjection
?rgdr)}ge%tl‘%' $fe fobfe%%—%ﬁ%é a9 9ERIGRGRe Qfstﬁﬁ@lbtf a%lﬁmh R image

e.g., abou mm or nore, about 150 mm o
nofield fadowihe 2éifesponding ponrten tl&bmigéctﬁ!ﬂd mmrneasumden the x-y
about 300 nm or nore, .about 350 mm or . nmor about 400
rmPlaRe- s Proigeiden obisetiventhat haye an opbsaxsn@ Gammen axis of

apiittiogBb Shmaity (LR R in BRI QXL PENRAT CPE ject-

75(ndg® shift o8 Be caloolated@Bdhgnedormwae, about 850 nm or
nore, about 900 nmm or nore, about 950 nm or nore,
about 1,000 nm or nore). In certain enbodiments, the
obj ect-side free working distance is no nore than
about 2,000 mm (e.qg. geﬂ f’ O(M or | ess, about
1,200 mm or |ess, about 1,000 mm or less). Projection
obj ective 300, for exanple, has an 30 object-side free

(e 1 de&&@ﬁﬁtaeQlﬁstamarl@mmﬁggila{n&@ﬂhmmfalrmﬂ@bbwlirythe
| arge WO 2007/ 031271 PCT/ EP2006/ 008869 - 49

obplyeet-figld érom e ansick] Wgs did Masdbe pryyetnaebiegitvégeous

in enbi?di tE\ant % ere 1\rs? the s ce.be%avveen

or R ERT IO EAtionE DU ExaH o caftt o EpIeEio PRE Ko B Yo

degdrhgthifiE/TorfdNR|Ee., M= 0B dhdRIMere INRREARAIEAIE pBink49120

is areflective reticle
mm from the optical axis, d; 1 is 90 mm.

In some embodiments, projection objective 101 can have a relatively small
object-image shift. For example, projection objective has zero object-image
shift. Projection objectives having relatively small object image shifts can be
have a relatively slim optical design. Furthermore, in embodiments that have
zero object-image shift, projection objective 101 can be rotated about the axis
intersecting the central field points in the object and image fields without the
central field point translating with respect to, e.g., stage 130. This can be
advantageous where, for example, metrology tools (e.g., detection optical

systems, such as those disclosed in U.S. 6,240,158 B1) for inspecting and



it is necessary to illumnate the reticle fromthe
side that faces objective 101. 5 Therefore, there
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10

15

20

25

30

obj ective 101 and object plane 103 to allow the

reticle to be illumnated by illum nation system 120

at a desired illumnation angVe. Furthernore, in

general, a larger object-side free working distance
allows flexibility in design of the rest of tool, for

e : [ : er

c R Qe S AY U BRI EHER BOREAE 109 o Rehe
Prigeidhl positddy 6E£thic\centllficld poidesaiBpalié cerital tieldpeint is not
for reticle 140. In general, projection objective 101

c drantstaterbwilthrrespesbta this paskiar whety thedirpigetion ebieglygeotates.
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thes éiaﬁl%fecﬁugbbje:l@fiv@'l@i %H@t‘he%bj%@ﬁéﬁ’@bj@@tlvel lweé/isbhject to

respect to object plane 103 can vary. For éxanpl e,
whetationkidefing dlys cowrsmetompeatain. (Tdis sliBustdded tnhigig. 8 showing a
entrance pupi] is located on the i e pl ane. side of
obiEEHE M Igﬁgoff@sﬁo‘é&@éﬁ%@t% W@&ﬁé&sgiae?%éloeﬁ%fm&;& atwo-

di y: - ' : -'nt;%re [ ed
belﬁggﬁogﬁkéggiég c@ﬁgﬂ%ﬁﬁngn #ﬁ%ggﬁ%'§ﬁ§t§%%%Q@@
Fumtirelogpteol 130a islashmgedesubl tivie anefdb¢reetaxiy @irciddy itk axis
the entrance pupil can vary. In sone enbodinments, the

entGaincessqsitp Fontial porH 0 thadrsetion swigee rbiielaterd gxtension of

oo SRSt ARG b8 U R Froof 9 sy P e
M §jedbfkeshifd QbDee to feigal Lo et rsbeht @), o0 @btrology

axi s perpendicular to object plane 103). In sone 25
endsusltiesteng ©ol 1 Hida srabletocaegsups theipsojleoiden avaldy of pfojeetign

el EimeRp ey 5 aBgBPE of B o SR THY aflna
I ethic GLRrekt8-axfs0rospr oj ection obj ective 300, the

incident angle of the chief ray at the central field
poi nt at object plane 103 is 7 and the maxi num

vayiation _of. the chief.ray .angle farmthe centra|

{i I WoFAPOLRCats, p&yw@n&%%t%?ﬂé%s Mgapgegw%o mm or
P 1 - L0 I i ik St

B0 T B0 i b Iep, St IR LS, abSur 4R loss,

of ateht 80 tmmpl a@ness Lot ut 20 mmradesspateng 153G2m drllesstrab@itil@nmm

system 120 may be arranged so that the exit pupil of
t het less, about 10’ mm or less, about 8 mm or less, about 5 mm or less, about 4

mm or less, about 3 mm or less, about 2 mm or less, about 1 mm or less).

Projection objective 300, for example, has a d,;; of 57 mm.

Embodiments of projection objective 101 can have a relatively large image-
side free working distance. The image-side free working distance refers to the
shortest distance between image plane 102 and the mirror surface of the
mirror closest to image plane 102 that reflects imaged radiation. This
definition of a free working distance differs from that in conventional optical
systems having rotationally symmetric surfaces where the free working

distance is always measured in the optical axis. The free working distance
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the entrance pupil of projection objective 101. In
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a tel escope subsystem which projects the illum nation
systenm s exit pupil to the location of the entrance
pupi | of projection objectiv48t01. However, in sone
enbodi nents, the exit pupil of illumnation system 120

is 10 positioned at the entrance pupil of projection
b, kéapRcti8 thdtEMPidbn YetaHin tolth BRECREpPcAGh is illustrated
illumnation system For example, when the object

pl iartdGLO3which shetvsmanirpird18ctsithe clobgst atiimoe td flagepland £02.
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el'escoy im nation system gener
Pr®peclel ©Nabdut 80 tniviedr HdreCaibud 85 dedi (gigcrelSthdi@ 40 mm or
comerci al | avai |l abl e optical design software |ike

ZENpoE, asitdS mim goaere/ abayinibam gr mare ge®it a me or more,

P Y R e S
PRI DEN $nrf bF Mes@$e. kN abb@di Tt hNor 106y abSMItgD mbd & Mss,
size and nunerical aperture, for exanple. The code

t habout 6 mmiar éess). HyorpeB oy nbfeot ve pR& ifbr exhnyple lvasl an image-
per.formance criteria, such as, for_ exanple,. wavefront
br 116 frog M KB an e APBRNITEIAlY 45 1. fretegvely large
C%Bﬁ&hg ﬂistf%be 'n‘fhtfl% 4 QA RARMITEN 5 alldie tﬁe”édrfa%}e of
projectton objective I's designated by rotationally
sysubetrated 50itabepobtioned aspivege plade 102 aithber ¢ongdcting the side
mrrors) that are centered on an optical axis. Each

ni e BpTerd l0Hapingdmwge prawg 2om the optical axis to a
position where the mrror satisfies sone

pre-established criterion. For exanple, each mrror

CaAnhlegeest R he bbicl-sidafies evaRingCdibtanod féry ta it shivaast
30 which mnimzes the chief ray angle of incidence

acdigtagce hetwieen obrect plangyb03 @od tis3marar dpcers dosreflogseoside

act B BT By Plaissre i tE ORI e bine 08

Of refRER imaRet Fad?Ri TP §orlT® EMboaiRitits, FojeBH O objeBfi®e 101 has

about 50 mMmor nore). In certain enbodinents, mnors

ar eralgoety Bargelobjoyt-side iree 200k mg) dostanass §of exampleaprogection

18c())bj ggnnv%rldlega%’ ha%g%lrjltob}esc?-smg free \!vgﬁc?r’lg distance of about 50 mm
or more (e.g., about 100 mm or more, about 150 mm or more, about 200 mm
or more, about 250 mm or more, about 300 mm or more, about 350 mm or
more, about 400 mm or more, about 450 mm or more, about 500 mm or more,
about 550 mm or more, about 600 mm or more, about 650 mm or more, about
700 mm or more, about 750 mm or more, about 800 mm or more, about 850
mm or more, about 900 mm or more, about 950 mm or more, about 1,000 mm
or more). In certain embodiments, the object-side free working distance is no
more than about 2,000 mm (e.g., about 1,500 mm or less, about 1,200 mm or
less, about 1,000 mm or less). Projection objective 300, for example, has an

object-side free working distance of approximately 300 mm. A relatively large



5 about 120 mmor |ess, about 100 mm or | ess).
Alternatively, or additionally, each mrror can be
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pre-established criterion. The tilt refers to the

orientation of each mrrors symmetry axis with

respect to the optical axis-49-the initial 10

configuration of the projection objective. Mrrors can

be titled by about 1 or nore (e.g., about 2 or nore,

ab&ﬁéct%l&g n%é@ﬁv%rklﬁ QAkkarfteha égdv g %npé bo& ts where
ome enbodi nent mrrors are t bout

| exsedsaoghe spabcbetwée& [I0jecass pbrbaud 1012 and obﬁeﬁplaﬁ@d)m is
10 or less). 15 After decentering and/or tilting,
 rdesired-asteapEPlo in eRbRAIMeTSWherTesle It arfefledivegeticle,

0 p% ﬁsnﬁ & ssgljg? ?og ﬁl%lnﬁgéte e %?Jc?e ﬁ&?ﬁﬁhg gf&ie%%tﬁg{,egs ecélveel%l

I Ca rmance criteria

PrPhé&efor®theljsastlidve shbfciedspabé betdeeh PeojettisIPsI eVEI0]
20 conponents such as one or nore aperture stops. In

geanak el ecttpthaaleslﬂbiipte abowt the retage te be dlumiopteddry NMamination

DDl €301 SRELLU St opsnl Relyde plrcular aperiure

ap&Y; Eé’crs‘?degfr%’%rorléﬁg AR allBHRARRARAN nsazasg% of the rest of
p03|t|oned so that“the I mage radi ati n S a dou

pawsl, for exangilediyeppasing bufbicgnt speeedp erdunt ettet opmponents
Aperture stops can be i nterchanged 25 in projection

obﬁeé’ctap\}‘é“ fopmity Atiienk betygemBrnacivnay edivadi0d anddhe sirport
n§t F{}éeq\{;qbl%q gel%s projection objective 101 includes
a op or

exanpl e, in enbodinents where
proj ective objective includes an internediate inage,
the field stop can be positioned at or near the
i ninegametil sirejacHagebiesbvedy) boaypodasgned so that chief rays either

(e el B i Carr ) RS 658er) Belifsffte 17
SO@BIT@sIﬁ@ﬁdi me loRA@dESH theRnBRh@ChipiEofldjeefbn bBfdcHde 101

mponeéent s , Interferometers) for nonitoring
C h\amg @espeet tph@m@planuedm ®hn Vﬁﬂf For exatpliei wheteechief rays

ection objectiv Thi s r. can be use

R rares R A e pqPutie et f Bicetm T Bedrpgen ane Side

ﬁ?ﬂt?éﬂt pPEleVREN CBHGer@él&ﬂ%@re iyl El'il@f ray Ui v b EBNetieRM 40,

aut omat ed. Exanpl es of systems for

moohjectmilargy Hj indodanggd between the entrance pupil and image plane 102.

Furthermore, the distance between object plane 103 and the entrance pupil can
vary. In some embodiments, the entrance pupil is located about 1 m or more
(e.g., about 2 m or more, about 3 m or more, about 4 m or more, about 5 m or
more, about 8 m or more, about 10 m or more) from object plane 103
(measured along an axis perpendicular to object plane 103). In some
embodiments, the entrance pupil is located at infinity with respect to object
plane 103. This corresponds to where the chief rays are parallel to each other
at reticle 140. For projection objective 300, the incident angle of the chief ray

at the central field point at object plane 103 is 7° and the maximum variation

of the chief ray angle form the central field point chief ray is 0.82°. The



mrror position are disclosed in U S. 6,549,270 B1.

Referring to FIG 10, an enbodi nent of a projection
WQRpJ0ge3i2ve 1000 i ncludes 10 six mirrors 1010, PQUER2006/008869

1030, 1040, 1050, and 1060, and has an i nmage-side

nuneri cal aperture of 0.35 and an operating wavel ength

of 13.5 nm Mnors 1010, 1020,- 1030, 1040, 1050, and

1060 are all freeformmrrors. Projection objective

1000 i mages radiation from object plane 103 to inmage

é}ﬁ?an%gg%l Wid RcaredaNmANt £8H QedtdlaR /13 &?(thel(ﬂ)g)osne side

trackl en of proj e¢tion objective 15 1000 is

andf objectqpanecH)3 fratnhnlagegidnecf02i maged radi ation is
4760 mm Accordingly, the ratio of the optical path
| engt h to tracklength is approxi- nmately 3,18. The
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5 pOﬁlutrﬂnﬁﬁl%h Q%té&ﬁ@pdshﬂ)r%ﬂtsmﬁﬂﬁﬁtlﬂlwaﬂ tha@dtraﬁdéépupll of
mrrors. Due to the reflective reticle positioned at

obpesgectionaweectiog 10il | Ingeirtaimembedimspts, dlduramatipe system 120
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o8 5 e Bhnom® By ot B GOl G prhat B bigms it

fi ghsll RAMBYo@kioARIFERE crttARE PP o'f%rc? ectloﬂ‘@m&ﬁ jengm
variation of chief ray angles at 0 Ject pl ane 103 is

0. B2we26r, ifr sprec tinbndimignés; tthey exil peeil bﬁdltanmemrasngmtmrno is
field. e i mage-side field w dth,
10 na@%tlgwegl@tﬁb%?larqr@ﬁ Ul ofprojpetios ?ﬁwctpfeofoécwﬂﬂut using a

SoTrstin HEARRER sORLACED 9%2‘?31‘%’%“%2{ (bt Blané303

of 1spb“e®wetﬁi profectibh @bdjdctiee 100@nd tied erdesmicapupiiad eresprdgection
) 0.021 k., Distortion is less than_ 10 nm, and
i na@x@ctswd éhff &6t purilietdlugsation spsteny k20 prayj coingide with the

OPVATHLS 5SS Al NI £ e B

15 | N"BAgninatisesydténiel y large. In par 5 ticular, the
di stance between the chief ray and the upper and | ower

rays at the |ocation where the upper and | ower _rays
rors

or HERersfay pEcy A AT VB Ah A BhoBtbed v 1ok RinPdsGalty®
ggﬁg@gﬁl@&tﬂlcﬁpaemgn st el ResZ EMIADOr O3 0B0 0 h@8 d VST pikAlly, a
design is started by specifying an initial projection objective design (e.g.,
20  arrangement of mirrors) along with parameters such as the radiation
wavelength, field size and numerical aperture, for example. The code then
optimizes the design for specified optical performance criteria, such as, for

example, wavefront error, distortion, telecentricity, and field curvature.

25 In certain embodiments, the initial projection objective is designated by
rotationally symmetric mirrors (e.g., spherical or aspherical mirrors) that are
centered on an optical axis. Each mirror is then decentered from the optical
axis to a position where the mirror satisfies some pre-established criterion. For
example, each mirror can be decentered from the optical axis by and amount

30  which minimizes the chief ray angle of incidence across the mirror for
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optical power; and mrror 1060 has positive optical
power. The di nension of the footprint of each mrror,
given as M x My, is as folkéhs: 15 323 nm x 152 nm

for mnor 1010; 107 mm x 59 nm for m nor 1020; 297 nmm
x 261 mm for mnor 1030; 277 nmm x 194 mm for m nor

1048ic98r WBIX In SAbBWnkHis, Fhiths ddrlh d@d&ﬁt&&ﬁbﬁﬁb%)t%"'ﬁm or

mm for mnor 1060. The maxi mum devi ati on of m nor 1010

f r mora(dxesabdut il Ospharenos, 40t 20 @6 dvroroy abale\3lanimoor

frombest fit spheres o nm nors 0, 1030, 1040,
1Og@re' At %@@P QF ]élOie 2 cqﬁal@g@%ﬁélqethnmorsig@ C}ﬁcentered
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2000 48P0 RIS o D0 KL PUEL SO0y e
10a)cmt lle%mor%smbcﬁmdoe'ﬁanmrﬂ@@).m nors 1010, 1020,

1030, 1040, 1050, and 1060, respectively. 25 The first
and second principal curvature for mrror 1010 are

res Respective

t: Mefaligen, Sotsidor) s Bt G300 peiReto aTRaRETSe the
m ﬂﬁfrér éa‘%sﬂé@icﬁﬁé bﬁéﬂes‘?zkbl%ﬁbdl vﬁteih%omé ﬁlt&éfefrpid tﬁ%nentatlon

-3.02 x 10-3 and - 3 x 10-3 for mrror 1020; 5.97 x
104df eavh Mir@6s xyrmmetryfams with meSpwﬁo the optical aw of the initial
2007/031271 PCI/ EP2006/ 008869 6?4 10-0 and 3,63 X o
109N fHFatiAY ofghe pojEctiomoigetive; fligrozg ean be fatled by ghapt 1° or
f ofot fd % bor? 20 or AMfte 2Rt .’§° 3Pmdr&RBodt @oﬁn&% 3bbR’5° or
mrror 6% The sum of the first ’principal cufvature
f omom)olresnm@ambbqimmmsg enib@oOaregilted. biBaboul 0@ orfless G&ugn
of the _second principal curvaturg is 1.22 x 10-3. The
supdQHt 19her fess, satboahbﬁ siclspel 2BoW 0RO fesS)-cur vat ures s
8.45 x 10A and the inverse sumof the first and second
principal curvatures is 1.18 x 103. The chief ray
anglfier @écdnbeingedieitorf titing hefrégfotm ahape Rirdagioiniiror San be
3.40, 9.86, 6.48, 10.13, 13.66, and 7.00 for mrrors
10dgiermingd to epismize1hq orojeeBm obiectiisdlesmmfor specified optical
res%?ct | veI eTlhe maxi mum angl e of incidence, Onmax, on
eal %rr}apg? {81 t he neridional section is 3. 94,
10. 42, 7.45, 14.34, 24.28, and 8.61 for

In addition to mirrors, projection objective 101 can include one or more other
components, such as one or more aperture stops. In general, the shape of the
aperture stop can vary. Examples of aperture stops include circular aperture
stops, elliptical aperture stops, and/or polygonal aperture stops. Apertures
stops can also be positioned so that the image radiation makes a double pass
or a single pass through the aperture stop. Aperture stops can be interchanged

in projection objective 101 and/or may have an adjustable aperture.

In some embodiments, projection objective 101 includes a field stop. For
example, in embodiments where projective objective includes an intermediate

image, the field stop can be positioned at or near the intermediate image.



m nors 1010, 1020, 1030, 1040, 1050, and 1060,

respectively. A0 for mnors 1010, 1020, 1030, 1040,
wageeesrnmd 1060 are 1.13, 2.74, 3.42, 9.96, 23PGDEP2086/0)8869

3.95, respectively. 15 Mnors 1010, 1020, 1030, 1050,

and 1060 have freeboards that are nore than 5 nmm and

| ess than 25 mm M nor 1030-b2s positive chief ray

angl e magni fi- cation while mrrors 1040 and 1050 have

negati ve chief ray angle magnifica- tion. 20 The

ony LRI LRIE R G ERnRY] BERLRRL EBR s g

di sidanion).i1s same emibodimepts Oprefdction obiyceiot i10€ caddtlude
dp_,/dp_2 is 3.14. Furthernore, adjacent mrror 25
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5 behaegifro RorilL Gorag reliios indveatat BOced tHMBTéRaMirror

50% of the projection” objective's tracklength. WO
20010 R7dAnASTAEFPPRGE! B3886Es of sg8empdormmpoitoring/adjusting

projection.objectiye 1000 js d in Table 2A and
TaBIEOTROSHION 16 JISCI9%E b%%a%quzﬁiiz(ﬂmum ts for the
paranmeters for Table 2A and 2B and subsequent tables
are the sane as the corresponding paraneters and units
pr Refesmey @dFiGh 10abh embadaneht loB agivojeetiom abyleeti Al 000 includes
presents optical data, while Table 5 2B presents

10 £ r gemaFiore B 4A2Q, K0, daddth 18P0+ and 160 and Bas airpage-side
oY BB S IRl AR TR L0 oo

gnati ong cor

( M)105002@SI030d$04® 1060) £11d [0F0Qire @il fre@forzh MRYrs. Projection
corresponds to mr- ror 1020; mrror BQ%I\/B),
cophjeepend0timnages raskatiomaipomraby¢ch plape10g)to gmageplane 102

sponds to mrror. 1040. pl{r nds .0 ..
PR 56l 81 P She Fabh BheBOGERRERob e
15 M {6 is 1969 mM@nd A0 6P pathRed£tEREARALEPRRRion 184760 mm.
Accordingly, the ratio of the optical path length to tracklength is approxi-
mately 3,18.

The entrance pupil of projection objective 1000 is located 1,000 mm from

20  object plane 103 with object plane positioned between the entrance pupil and
the mirrors. Due to the reflective reticle positioned at object plane 103, illumi-
nation optics can be positioned at location 1070, corresponding to the entrance
pupil. The chief ray angle of the central field point at object plane 103 is 7°.
The maximum variation of chief ray angles at object plane 103 is 0.82°.

25
Projection objective 1000 has a rectangular field. The image-side field width,
d,, is 26 mm. The image-side field length, d,, is 2 mm. Projection objective

1000 has an object-image shift of 13 mm.



Surface Radius (nm Thickness (m) Mde Object
INFINITY 788.884 Mrror 1 -651.356 -537.372 REFL

WQRGW7G31221 - 463. 216 952. 014 REFL M rror 3 -171RCTDEB2006/008869

5

10

15

20

25

-783.854 REFL Mrror 4 1821.345 1032.444 REFL Mrror

5 309. 420 -306.504 REFL M rror 6 405.847 351.549 REFL

| mage | NFINITY 0.000 Tabl e 283WD 2007/ 031271

PCT/ EP2006/ 008869 -57 Coeffi- ML M2 M3 M4 M6 MB

cient K -5.925412E-01 1. 525505E+00 - 1. 851822E+00
1%&@%&%&%& %§§&§8&ff&%t§e&ﬁ%%@6-i9éiudé(s th Q0G99 of
0. 000000E+00 0. 000000E- 00~ 0. 000000E+00 0. 00000VE+00

0. @02DA0BHNOtioN is Pesd HanOnfdad bgfesille Biéld curvature is 19
7.593410E- 05 2.922157E-05 - 4. 716078E- 04 1, 426720E- 05

v nm, Repa4ipE-apjecsive 1944 pEOQdes an pggpBgmate snage between mir-

-7.42 E- -3.446472E-04 5, 312976E- 05 'Y

- oes Lo d s Cheivdahe genaidas ez s sl ameok par-
2. gl aote %ande Wk dRer Bicldhiefray nhd $HSESIE 208 lower rays at the
-3078489E-06 - 7. 296056E- OB - 3. 920160E-08 1. 288669E- 06

- Jo8&858®Re@Ihe Xppdr. 8d6WREralyE cBos342 3 TBE- 10

-3.287877E-11 -8.971583E-11 3. 862440E-10 -8.982825E-11
X2Y2 3.437144E-11 5.937123E-09 -2.687658E-11

o, BT piVedo bt aaionolh RIS G Mot g gt

- 2p1208 20Y to Raged1 RO B Dis-at FolloWs: ImIbar3%A B-hkd positive optical
1.381955E- 13 -2 895532E- 14 5. 170900E- 14 4.797213E-11
- 4powerg gurron 4020has negatiya aptig pewer;omynorold)3L. hag positive opti-

v < P Reg gy Ery 00 T8 ixAvq hpAca S eg el 1050l neddive

1. ptcaPpbwdi3 add H64P 1860 hadpSIdRISstickd power.
-2.920211E- 17 1.949737E-14 -1 774795E- 17 - 2. 785422E- 16

8.466233E-14 -5.281246E-16 X Y2 7.135583E-17

8.187267E-13 -2 447653E- -1. 867205E- 16 9 85E-

5 Thi ieneion 08 0B palksel TRT Ry SV 3 M, 1 55 Follows:
- 3 BIRA536:53 6ch (BERHABEL 0: 109007050 it JoDRAIAOMBT 297

Y -7.879310E- 16 8. 710705E- 13 6. 992795E- 19 3. 331795E- 16

- 3miB% 26 4 ErbFor Mik864BHE2Z7 mm x 194 mm for mirror 1040; 99 mm x

72 mm for mirror 1050; and 268 mm x 243 mm for mirror 1060.

The maximum deviation of mirror 1010 from a best fit sphere is 475 pum.
Maximum deviation from best fit spheres of mirrors 1020, 1030, 1040, 1050,
and 1060 are 1,234 pm, 995 pum, 1,414 um, 170 pm, and 416 pm, respec-
tively. The maximum deviation of each mirror from a best fit asphere is 236
um, 102 um, 102 pm, 148 pm, 54 pm, and 372 pum for mirrors 1010, 1020,
1030, 1040, 1050, and 1060, respectively.

The first and second principal curvature for mirror 1010 are 1.16 x 10~ and
1.05 x 107 respectively. Respective first and second principal curvatures for
the other mirrors in projection objective 1000 are as follows: -3.02 x 10~ and -

1.13 x 10 for mirror 1020; 5.97 x 10 and 4.96 x 10™ for mirror 1030; 5.50 x



XY 2 435160E-20 -3.445743E-16 -3. 254844E-19
-4.053237E-18 1.681642E-15 -7.144774E-20 XY

WO 200395290E- 18 2. 205904E- 15 1. 637731E-19 - 1. 13POWBRE209§008869
6. 530207E-15 -1.155827E-19 X Y' 2.538976E-18
7. 780251E-15 -5.473994E-19 9. 042940E- 19 5. 583512E- 15
1.826925E-19 Y' 6.001333E-1847. 757557E- 15
-8.424804E-21 7.805993E-20 -2.390583E-15 3.562442E-19
X -2.140710E-22 -1.536511E-18 -5.293518E-23
- 11O R11963 221 ot RRSRPE1b80- 2. 2&1771286%11812 0X%310 for mirror
-2,383343E-21 -3.017606E-17 -2.56484
- ZI(EIBEEQE 20 102 38@ 3 2ABE: 107° 1. rﬁ#ﬁifGlUEOZThe " of the first
4. 328735E-21 -3. 407893E— 17 -3. QZBz)ﬁgE 22 995732E- 21
2. prETRd EuTvaturs foprpegfiopobjsesive | 3&333%@2@ The sum of

8311%3?%0%@55%%@ BRI £230 M S sypEof e AP stlona

- SpirGpd Warvdured i99.43 43y 2ahd the 386 4SEuml 81 thk first and second
438562E-21 XV 2.973276E-24 6.697817E-20 -9. 383994E- 25

- 1pr3adpd sprogugs 77738582 - 9. 763800E- 25  XY2
1.179535E-23 5. 201215E-19 -6.639018E-24 -8. 645373E-23
-3.199889E-19 -4.878981E-24 X Y5 -1.203834E-23
- ATHO SR By hgtd o FHRRRRAE: fo? thd cQREB IR n&s@w&%wo
-3.908340E-24" X Y2 2.304206E-22 1.208243E-1
2. 682599635 11.666328 750 4fof nEAOEONE-01 9020 21113@52@31(2405@’
1.418250E-22 -1.077428E-19 7.645118E-27 - 3. 895996E— 25

0 1. ansb KM respeestdy JHEe maximyra angls pdSagdenrepd j.4.10m egchamirror

S OB kel setOh eSS 04D TG 34 2 A AR 8T fo

- Smip&3 4B 2£02021830 304k; 2850, And 11686%%3%&1@‘1‘9 A9 for mirrors
- 7. 356431E- 27 -3.656759E" 21 -'5. 748164

- 91@1@9092@ 12805 2040 3IDFVFarril] BO065I5IBE; 264°,38.42°, 9.96°, 23.69°,
f@?&igg 26 3..564328E-22 -1.527905E-28 -1. 292503E- 26
- 3a SEC%’ECEI‘.V B0246E-26 X2Y -3.817918E- 25
15 2.574506E-21 1. 902672E-28 1728267E-27 1.530993E-21
1. 267011E-26 V10 -2. 256936E-25 1. 804566E-21
1. MRGOR3IMIR9 1020, 10301 0052 8nd 106BEAHAOfectidards. tAdOH2 miord Ghan
Nr adi us 1. OOE+00_1. O0OE+00 1. 00E+00 1. 00E+00 1.00E+00 .
1. Doen@od legs thany2d pyy. MytonHBUsws pesitivg chid ray)amglg magnifi-

-8. 4! ; . _ 97E
e W0 BBt st Ry e e
PGT4/EP2006/ 008869 -58 Referring to FIG 11, an
enbodi nent of a projection objective 1000 i ncl udes

20 six mirrors 1110, 1120, 1130, 1140, 1150, and 1160,

an{’iheh Fnslagaen&dg?l%e worgmg distance of projection objective 1000 is 45 mm.

The object-side free working distance is 252 mm.

In projection objective 1000, dgp-1/dp- is 3.14. Furthermore, adjacent mirror
25  pairs 1020 and 1030, 1030 and 1040, and 1040 and 1050 are separated by

more than 50% of the projection objective’s tracklength. Further, the distance

between mirror 1010 and object plane 103 is more than 50% of the projection

objective’s tracklength.
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for mrror 1150; and 345 mm x 318 mmfor mrror 1160.
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projection objective 1100 is

presented in Table 3A and Tabl e 3B be- | ow. Table 3A

For the purposes of Table 3A and Table 30

the m nor designations correlate as foll ows:

mrror 1 (ML) corresponds to WD 2007/031271

PCTI EP20HO6 /11118 8 6 9
corresponds to m nor

-60 m nor 1110; mnor 2 (M)
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Ref HXr hasqant abjédt@mage shidinofehlbmdi.nent of a proj ection
obj ective 1200 includes six mnors 1210, 1220, 1230,
1240, 1250, and 1260, and has an imge-side nunerical

ﬁ%?ﬁipélf%l?lgange 3P pAd)Setfth AREL Rk NBOMBUBLENH thfe-stde W, of

0.025 A. Image-side field curvature is 10 nm. Projection objective 1100 pro-

vides an intermediate image between mirrors 1140 and 1150.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1110 has positive optical
power; mirror 1120 has positive optical power; mirror 1130 has negative opti-
cal power; mirror 1140 has positive optical power; mirror 1150 has negative

optical power; and mirror 1160 has positive optical power.
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The image-side free working distance of projection objective 1100 is 25 mm.

The object-side free working distance is 163 mm.
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The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1210 has positive optical
power; mirror 1220 has negative optical power; mirror 1230 has positive opti-
cal power; mirror 1240 has positive optical power; mirror 1250 has negative

30 optical power; and mirror 1260 has positive optical power.
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20  The image-side free working distance of projection objective 1200 is 40 mm.

The object-side free working distance is 439 mm.
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pair 1240 and 1250 are separated by more than 50% of the projection objec-
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103 is more than 50% of the projection objective’s tracklength.

Data for projection objective 1200 is presented in Table 4A and Table 4B be-
low. Table 4A presents optical data, while Table 4B presents aspherical con-

30 stants for each of the mirror surfaces. For the purposes of Table 4A and Table
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Projection objective 1300 provides an intermediate image between mirrors

1340 and 1350.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1310 has positive optical
power; mirror 1320 has negative optical power; mirror 1330 has positive opti-
cal power; mirror 1340 has positive optical power; mirror 1350 has negative

optical power; and mirror 1360 has positive optical power.
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a uniformity filter.

In projection objective 1300, d,p.1/dep-2 1s 1.63. Furthermore, adjacent mirror
pairs 1340 and 1350 is separated by more than 50% of the projection objec-
tive’s tracklength. Further, the distance between mirror 1310 and object plane

103 is more than 50% of the projection objective’s tracklength.

Data for projection objective 1300 is presented in Table SA and Table 5B be-
low. Table 5A presents optical data, while Table 5B presents aspherical con-
stants for each of the mirror surfaces. For the purposes of Table SA and Table

5B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to
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36 nm. Projection objective 1400 provides an intermediate image between

25  mirrors 1440 and 1450.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1410 has positive optical

power; mirror 1420 has positive optical power; mirror 1430 has negative opti-
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The image-side free working distance of projection objective 1400 is 45 mm.

The object-side free working distance 1s 291 mm.

In projection objective 1400, d,,.1/dyp.2 is 2.47. Furthermore, adjacent mirror
pair 1440 and 1450 is separated by more than 50% of the projection objec-
tive’s tracklength.

Data for projection objective 1400 is presented in Table 6A and Table 6B be-

low. Table 6A presents optical data, while Table 6B presents aspherical con-
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cation 1501, corresponding to the entrance pupil. The chief ray angle of the
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i nvention having four mrrors being all designed as
freeformsurfaces. Depicted is the object plane 3000,
the image plane 3002, a firgb-nirror S1, a second
mrror S2, a third mrror S3, a fourth mnor S4. Al
subsequent tables with optical data refer to the

M Edn ?ﬁéld%mﬁtoagﬁ&:? pldhet93N§7°. FFHe &Qﬁnﬁﬁ@%ﬁgf%ﬁ of chief
accor |ngto 17°to 20, the followng data are

gi ragrangNgne pbjeat plapel 03i1s0. 8@° 26 |Imaging factor: 1:4

10 Form of object fields: rectangular Wdth of

scanni ng field on the object side: 100 nm Height of

o i spP e RrEingufTigd TR iukkid: s Wiamn,

shewss 26 s IS indapengdefibidllangr dd ¢ ybhimat Profectibn objective
nuneri- cal aperture, field size, systemsize,

wal 20 estancohjedtiistage shifhofcbmmect i on. The optical data

can be seen fromthe following tables: 20 Surface

Radi us Thi ckness Mode bject INFINTY 2102,043 Mrror

1 R0BeiBrhnantd R oL bjctVer 0500218505 AOTnAREF 18, of
EFL "M rror 3 706710 0,000 REFL STOP | NI NITY

- 3‘3.94990Refemng also to FIG. 16A distortion is less than about 3 nm across

the image field. Image-side field curvature is 35 nm. Projection objective 1500
provides an intermediate image between mirrors 1540 and 1550. Referring to
FIG. 16B, the chief rays are orthogonal to image plane 102 to within about
0.001 rad (0.06°) at the image field.

The optical power of the mirrors in the order of the radiation path from object
plane 103 to image plane 102 is as follows: mirror 1510 has positive optical
power; mirror 1520 has negative optical power; mirror 1530 has positive opti-
cal power; mirror 1540 has positive optical power; mirror 1550 has negative
optical power; and mirror 1560 has positive optical power.

The dimension of the footprint of each mirror, given as M, x M,, is as follows:
253 mm x 162 mm for mirror 1510; 105 mm x 66 mm for mirror 1520; 227
mm x 301 mm for mirror 1530; 182 mm x 220 mm for mirror 1540; 111 mm

x 85 mm for mirror 1550; and 289 mm x 275 mm for mirror 1560.

The chief ray angle of incidence for the central field point is 3.96°, 12.21°,
7.51°,11.98°, 15.82°, and 8.08° for mirrors 1510, 1520, 1530, 1540, 1550,
and 1560, respectively. The maximum angle of incidence, 6,,,,, on each mirror
for the meridional section is 4.47°, 12.81°, 8.55°,16.91°, 27.68°, and 9.96° for
mirrors 1510, 1520, 1530, 1540, 1550, and 1560, respectively. A8 for mirrors
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- 1”The Enage-4d7 fige W@ rkihgldigan@ of projection objective 1500 is 45 mm.

The object-side free working distance is 260 mm.

In projection objective 1500, dyp.1/dop-2 15 3.05. Furthermore, adjacent mirror
pairs 1520 and 1530, 1530 and 1540, and 1540 and 1550 are separated by
more than 50% of the projection objective’s tracklength. Further, the distance
between mirror 1510 and object plane 103 is more than 50% of the projection

objective’s tracklength.

Data for projection objective 1500 is presented in Table 7A and Table 7B be-
low. Table 7A presents optical data, while Table 7B presents aspherical con-
stants for each of the mirror surfaces. For the purposes of Table 7A and Table
7B, the mirror designations correlate as follows: mirror 1 (M1) corresponds to
mirror 1510; mirror 2 (M2) corresponds to mirror 1520; mirror 3 (M3) corre-
sponds to mirror 1530; mirror 4 (M4) corresponds to mirror 1540; mirror 5
(MS5) corresponds to mirror 1550; and mirror 6 (M6) corresponds to mirror

1560.
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X2y’ 6.059892E-24 0.000000E+00 3.848059E-26 1.222213E-24 0.000000E+00 1.042278E-23
Y® -8.700880E-23 0.000000E+00 6.368781E-27 -2.288415E-25 0.000000E+00 7.789109E-24
X 0.000000E+00 0.000000E+00 -5.411923E-27 -1.603639E-26 0.000000E+00 -3.929816E-26
xy? 0.000000E+00 0.000000E+00 -8.609679E-27 -4.538477E-26 0.000000E+00 -1.453997E-25
Xy 0.000000E+00 0.000000E+00 -1.127835E-26 -7.710579E-26 0.000000E+00 -1.839705E-25
x*y® 0.000000E+00 0.000000E+00 -8.495275E-28 -1.413945E-26 0.000000E+00 -8.230974E-26
X2y® 0.000000E+00 0.000000E+00 4.740792E-29 1.022008E-27 0.000000E+00 -8.755646E-27
y'e 0.000000E+00 0.000000E+00 1.728076E-29 1.964912E-28 0.000000E+00 -7.204080E-27
Nradius 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

Y- -144.660 -98.223 42173 -14.449 2.986 -10.929
decenter

X- -8.868 -16.235 1.500 -3.658 -7.600 -1.635

rotation

Table 7B



X = Xma% FIGS. 21 to 24 show anot her enbodi nent of
the invention having four mrrors being all designed

W@20070887br m surfaces. Depicted is the object PCEHER2006/008869

3000, the 10 image plane 3002, a first mrror S1, a
second mrror S2, a third mrror S3, a fourth mnor

S4. Al subsequent tables wf/B-optical data refer to

the mrrors Si to S4 as M1 to MA. For the enbodi nent
according to FIGS. 21 to 24, the following data are

gi . . : fe 1

ol S SO BB Emetl o thl TRl h i@ tour mfhrors
f i sdidg all dekignebpefitefordaurfhtés. Depictiad githe objescplane AGOO, the
field on the gobject side: 8 nm 20 Length: 2354 nm

Ti imagsplangal2pp divet: murrey Slg g seqpfdsmampioRt iRt ddnisig 3, a

Y RAETNRYS, 20 LSLERRP BN GRlicABRLINEE 1o ROmIHES

I"cal a can om t OW Nng

5 2087 t$84 39 M PTMEAPREOHIR R enBacofifif &S BIGRAIU® 20, the

0 PCT/ EP2?O6/ 8&?3889:

15

20

Thi ckness Mbde Cbject INFINITY 2102,043 Mrror 1
3080los7ng datezye ZEBNREFL M rror 2 2546, 206 1949, 851
REFL Mrror 3 689,344 0,000 REFL STOP INFINTY
-322,728 Mrror 4 734,331 452,552 REFL Image | NFINITY
0, QO cHesl fpepugdt ML M2 MB M4 | mage (Ysglecenter

-60, 435 53,835 51, 299 48,788 20,674 X-rotation -2,524
- 2I3&8ng 8BS - 1, 494 -3, 798 WO 2007/ 0B4271

Form of obje rectangular
Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 8 mm
Length: 2360 mm
Tilt of image plane: - 3,084°.

This embodiment shows a system having a balanced combination of numeri-

cal aperture, field size, system size, wavefront and distortion correction.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 2102,043

Mirror 1 3004,821 -1812,311 REFL

Mirror 2 2545,365 1957,316 REFL

Mirror 3 706,710 0,000 REFL
STOP INFINITY -339,990

Mirror 4 741,656 453,302 REFL
image INFINITY 0,000




-84 Coefficient M M2 M3 M4 K -1,64E+00 5, 42E-02
2,28E+00 7,41E-01 Y 0, OOE+00 0, OOE+00 0, OOE+00
wQ200e30 X2 3,01E-04 8, 11E-06 -2, 17E-04 3, 12EC'DBP20¥a008869

1, 85E-04 9,90E-06 1,37E-05 3,77E-04 X2Y -8, 52E-07
-2,68E-08 -8,61E-07 -3,91 E-07 Y3 3,22E-07 1, 35E-08

-1, 77E-06 -3, 44E-07 X4 1, 858009 -4, 10E-12 -3, 25E-08
-3,95E-09 X2Y2 1,66E-09 2,16E-11 -4,52E-08 -3, 73E-09

Y4 -2,66E-10 -2, 70E-11 -1,63E-08 1,07E-09 X4Y

-1,09E-11 -4,58E-14 2,68E-11 -5,23E-12 X2Y3 2,59E-11

1, 36E-14 -5,03E-11 -3,04E-12 Y5 -2 08E-12 -8, 16E-15

5,[68&fricent O] 47113 X6 M3, 36E- 1813- 1, 32E-M46 - 1, O0Bige?2
- GVShtEenter | A7 V65,8037 1L 54682 14480052, S9G7 F78 - 27 OBLr54 P
X4Y4 -1, 05F- 13 -8, 15E-1 56E- 1, 48E-13 Y6
2 | Xdatol 81E-'21:g?° 8, 66%31% §é§614 Xg?&‘v 74184
1, 24E- 18 -2, 94E- 15 6, 43E- 17 X4Y3 -1, 33E-16 3, 33E-19
-7.65F-15 -1,59F-15 X2Y5 6, 38F-17 1, 05F-20 2, 25E-15
-4 CefEeM s | Y7 M 78E-17M2 9, 61E- 8 5, 45E-M5 - 1, 44E- 15
XgK-5, 84E- [L8 ~1@9E3WE- 22580802 DE- 1.G6E0D 74672801 |X6Y?2
-gy51E- 17 | 4, PBE+®1 - 0,@E+0E- 1 FO0ER049E-0DOEF00 | X4 Y4
1,|x2E- 18 -1, 06BERd 1, 08&e1d - 45280417 HBN64|- 1, 87E- 19
3,[39E-23 -B, 82kvdloa7 - 13565 17 1¥&-051, 84726k |- 2, 35E- 23
4,183E- 17 -P, 21Eod§  X8X4rB.056E- 287637 32E-246.6:|90E- 19
- 1,¢9E-19 Xﬁ%%g@@ﬁZE 19e8s 89E 24 4, S9ErApor |5, 99E- 19
X4Ys -7, 44F- 21 1. TE- 24,2, 28E- 19,4, 4TE 19

X2Y2 -1,09E-10 2,13E-11 -3,33E-08 -5,07E-09

Y4 -6,07E-11 -1,88E-11 -1,42E-08 -1,36E-09

X4y -2,66E-11 -7,36E-14 4,84E-11 -4,80E-12

X2Y3 2,61E-11 3,55E-14 -5,06E-11 -1,05E-11

Y5 -1,67E-12 -6,53E-15 7,86E-11 -1,06E-11

X6 -8,14E-13 -2,93E-16 -7,71E-13 -1,04E-13

X4Y2 1,29E-13 6,33E-17 -1,563E-12 -4,13E-13

X2Y4 -4 50E-14 -7,40E-17 2,40E-13 -3,31E-13

Y6 1,04E-15 1,42E-17 -6,88E-13 1,99E-14

X6Y 1,96E-14 3,20E-18 -6,34E-15 -1,31E-15

X4Y3 -2,85E-16 2,38E-19 -1,30E-14 -5,72E-15

X2Y5 -1,60E-16 -4,36E-20 1,43E-14 -9,75E-16

Y7 1,93E-18 1,20E-20 1,61E-15 2,08E-15

X8 -1,62E-17 -1,41E-21 -8,44E-19 -7,70E-18

X6Y2 -1,69E-16 -1,19E-20 1,72E-16 -1,13E-16

X4Y4 3,10E-18 5,44E-22 2,91E-16 -1,26E-16

X2Y6 -2,80E-19 8,10E-22 9,83E-18 4,36E-17

Y8 8,73E-21 -4,31E-24 4,37E-17 3,31E-17

xX8Y 1,79E-19 6,79E-24 1,76E-18 -4,84E-19

X6Y3 6,22E-19 1,62E-23 6,22E-18 -2,33E-18

X4Y5 -2,21E-20 -3,41E-24 -1,22E-19 -1,19E-18

X2Y7 4,10E-21 -2,28E-24 -2,47E-18 5,49E-19

Y9 9,75E-23 -5,21E-26 -5,68E-19 2,75E-19

X10 -3,29E-23 -8,73E-28 -5,00E-21 -4,71E-22

X8Y2 -4,75E-22 -7,40E-27 -6,76E-20 -6,64E-21

X6Y4 -8,19E-22 -6,01E-27 -1,52E-19 -1,46E-20

X4Y6 4,25E-23 3,34E-27 -4,79E-20 -4,03E-21

X2Y8 -6,29E-24 2,20E-27 5,65E-21 1,87E-21

Y10 -3,17E-25 9,18E-29 2,89E-21 8,49E-22

Nradius 3,00E+00 3,00E+00 3,00E+00 3,00E+00




X2Y7 2,48E-21 -3,15E-25 3,92E-19 -9, 74E-20 Y9
4, 79E- 23 3,01E-26 -8,17E-20 7,95E-20 X10 -1, 93E-23

WO 300398228 - 3, 94E- 21 -2, 24E-22 X8Y2 -1, 74E- 22PCT/EP2006/008869
-4,55E-27 -2,48E-20 -2,04E-21 X6Y4 -2,97E-22
-4,06E-27 -4,24E-20 -4,46E-21 X4Y6 1, 36E-23 -1, 24E- 27
-3,93E-21 -1,90E-21 X2Y8 -4852E-24 3, 71E-28 9, 91E-21
-3,41E-22 Y10 -2,43E-25 -8,40E-31 2, 16E-21 3, 64E- 22
Nr adi us 3, 00E+00 3, 00E+00 3, 00E+00 3, 00E+DO WD
2007/ 031271 PCT/ EP2006/ 008869 -85 xognumm YQObl ct mm
Distortion Distortion Absolute Value Tel ecentricity/
\&g@di O Mifosieckin 1 gPistortios ) /ThtertPyy ) / nmibesfute Pplest o rTelecentrjcity(in Wavefront Error
Degrees at 13,®mam 5 @n600 O -PDiGDREn 2.1RGS2 3 at13,5 nm
0. 0179382 0.046052 0 602 0 -1.79021 1.79021 0.0109101

0.029756,,0 604 0 -1. 0. 0037 7
>0 606 0 . 891336 0. 85%% 2”%%%113 o36 %%%4 %ég%
0 20. 799902 0.%99202 H*6% 07455 543696 °f
-10 084270 1, 27001 1. 66991 0. 0238704 0. oz9§922$4’z"6 12 059156?@2
-0 470846P6 - 0. 877877 00.986175 (70583253 0.0026859 0DR2I5

60# 0. 0397523 ¢ 0. 421226sM@7 42302&060. 0164496503 02420279
10 12r25 6060 4376‘%8130 49;@914 0. 4)47%&&9 0. 0164323 0. 0203678

608 0. 712 72097 0.0 0. 1

rzis 9 é%f' éé%% og%%%s 0. oé%ég% 0. %ﬁéﬂ%
25 602 - 4737 748! 199145 285d’f 05033709278%02187
60450, 298494 10150828 49348518 (-191882325 00625914 02'3‘764
608.50. 838851 10569934 13080221 (0883169 (.00PFO51 02R953

15 608 1.13882 1.29282 1590851 0.10840121 0.00489258 20.087135
608 -0. 739082 2413:b013623532728 30609314 (oQH2463 0039245

604 0. 118795 2,489362 ehdB24 Bo4820538 QDdhb72 012561

25 606 0.359349 1.28961 1.33874 0.0243974 0.016745
25 608 1.07663 0.89729 1.40152 0.028208 0.035061
20 375 600 -0.079109 1.6231 1.62502 0.0391462 0.033551
375 602 -0.207297 1.40928 1.42444 0.036144 0.015412
375 604 -0.058849 1.73794 1.73893 0.035006 0.008795
37.5 606 0.335888 1.90321 1.93262 0.0359723 0.018708
375 608 0.946577 1.1986 1.5273 0.0389452 0.038658
25 50 600 1.28921 -0.96207 1.60861 0.0492443 0.056489
50 602 0.261464 -1.00092 1.03450 0.0471902 0.03219
50 604 -0.405953 -0.714664 0.821914 0.0466375 0.018965
50 606 -0.753775  -0.809016 1.10575 0.0476858 0.02652
50 608 -0.82272 -1.99027 2.15361 0.0502807 0.047096

30
Xobjecymm aNd Yobjecymm denote the x- and y-coordinates in the object plane. The
values Distortion(x)/nm and Distortion(y)/nm denote the distortion at the re-
spective coordinate. Absolute Value of Distortion/nm denotes the absolute
distortion value at the respective coordinate measured at the image plane.

35 Telecentricity/Degrees denotes the chief ray angle at the respective coordinate.
Wavefront Error at 13,5 nm denotes the RMS wavefront error in units of the
illumination wavelength A = 13,5 nm. As the optical system is mirror symmet-
ric with respect to the yz-plane it is sufficient to give data for fieldpoints hav-

ing positive x-coordinates in the object plane.



37.5 604 0.637771 2.47706 2.55785 0.0481478 0. 026628
37.5 606 0.815622 2. 16558 2.31408 0. 0483103 0. 033809

W@7003/08Q31 0. 616222 1. 29608 1.43512 0. 0495729 OrCOHERF2DA6/008869

10

15

20

25

25 50 600 0.775128 -0.556886 0.954435 0. 0660057

0. 083092 50 602 0.722695 -0.544482 0.904847 0.0646623
0. 033187 50 604 0.238001 -08896861 0.927904 0.0640826
0. 022442 50 606 -0.719402 -1.81183 1.94942 0.0643192
0. 040278 50 608 -2.18984 -3.48339 4.11454 0. 0653953
0.058456 30 FIGS. 22 to 24 show | ateral aberrations
in the coordinate systemof the exit pupil of the
ObFK3S. i18a0 20609 lagerilabeh@ionkslin the CSordaaté Oystéin sifieve exit

anot her enbodi ment of the invention having four mnors
35pundl efghabbiegtise geraudiag to FaGr b rhhsee pbareationels shew the

'S th ect .pl 000, the . 3002
(vARSRPRERH & ARt hinsr B ORI i Fisftesde

a tweH ytmn aRtiRor a‘t54he Ardtersaiipg GHj%Btt ﬁélatﬂt QS= 0 4tk ORL ], @8dnd at
data ref'er to"the mrrors Sl to to M4. For
t he=eqpodi ment according to FIGS. 25 to 28, t he
foll owm ng data are given: WO 2007/031271 PCTI EP20H06
/11118 8 6 9 -86 Nunerical aperture: 0.25 |I|nmaging
f 7115 4F
W AR 31 024 o B R lodh nER R mE BRI pe Tour mirrors
Hebedhg alddesigacthanfrefoahdufacéshPepiufetis thé d@ect&)lmm 3000, the
Length: 3030mm Tilt of imge plane; 0. 10 T

e nilEEe RsHNe %Q%vgfastslvg‘f@rﬁlha\fpwqdaﬂaw%? adb}féémrr@ﬁ& a

U
d%ﬁhﬂn%@%4 Allsr Qg Uen %?efg’gm%%ltd?&%fe? é e%lrﬁors

erent |nag|ng ica

bes paes4 hs MM {oer4f Fb+ ﬂwmd@bbﬂsacc&tﬁﬁgﬂﬁﬁﬂﬁwlmsto(mm
Thi ckness (mm) Mbde
following data are given:

Numerical aperture: 0.3
Imaging factor: 1:4

Form of object fields: rectangular
Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 8 mm
Length: 2354 mm
Tilt of image plane: - 3,798°.

This embodiment shows a system having an increased numerical aperture.

The optical data can be seen from the following tables:



obj ect INFINITY 2802,724 Mrror 1 3724,091 -2465, 218
REFL M rror 2 3395,652 2585,049 REFL Mrror 3
wWQ@IH783M3B70, 000 REFL STOP I NFINITY -489, 055 MET/BP2046/008869
977,692 596,613 REFL Inmage INFINITY 0,000 15
Coefficient ML M2 M3 M4 I mage Y-decenter -100, 324
68,520 71,277 70,971 11, 261-8X-rotation -2,639 -2,442
-1,362 -1,500 0,000 WO 2007/031271 PCT/ EP2006/ 008869
-87 Coefficient M M M3 M4 K -1, 16E+00 2, 46E- 02
1,91E+00 6, 14E-01 Y 0, OOE+00 0, OOE+00 0, OOE+00
0, 00E+00 X2 7,57E-04 -5,51E-06 -1, 67E-03 -7, 26E- 05
Y2 3, 91E{04Sukfadel E- 05 RadibSE- 04 Siheties®4 | X2Wode 33E- 07

4’ O7E_ 08 _,” aVall sl f\f‘ 1= [aVa¥ il aVal \|IS —e ﬁl_ f\_l 3’ CSE 08
-1, 85E- 04 ?Blf%t IN§TI'I"’W 29E—%I.1 4OEE- 1l -3, 8BE-08

-9, 63E-04 Movo! -4 330806% 4. 16E1§2175§ OQE- B8FL 9, B7E- 09
Y4 -1, 298- 1Qin3; 26 -I254626H)E- 09 +E988E- 10 X&N. 5 B6E-| |
-8, 02E- 16 2M§g,531 99535(1| X2Yg o, 40E{11 g 576 14

1,95E-10 |- 4,65 1 4, 49€- 121 18E13 "Sae 10

12 50E-11| X8°P1 ENE@””E 30E- TR 128 28E—13 {2 OlLE- 13
X4Y2 -6, 46EMiter 6. $OE73431, 35E- 1352.5274E 13RER2 Y4
-2, 69E-19 84f2f 14 In#REN2 -1, 39Gol2 |6 -1, 18 15

1, 46E- 16 L4, 5561315 50E. 14

Coefficient M1 M2 M3 M4 Image
Y-decenter -60,435 53,835 51,299 48,788 20,674
X-rotation -2,524 -2,393 -2,965 -1,494 -3,798




X6Y 1,01E-15 -3, 25E-19 1, 32E-14 -1,08E-15 X4Y3
3,51E-15 -1,59E-18 2. 19E-14 -5,45E-15 X2Y5 -1, 34E-16

WO 200798218 2, 46E-14 -1, 09E-14 Y7 -2, 06E-17 9, R7EEP2)06/008869

1.98E-15 -1,21E-17 X8 6,20E-19 7,45E-23 -7, 70E-18
-5,96E-18 X6Y2 -3, 16E-18 1,52E-21 4, 77/E-17 -3, 66E-17
X4Y4 -7,05E-18 2, 84E-21 2,42E416 -4, 83E-17 X2Y6

1, 15E-18 2,33E-21 -1,14E-17 -4,02E-17 YS 8, 47E-20
-8, 82E-23 9, 94E-17 6,83E-19 XSY 0, 00E+00 0, O0OE+00

0, OOE+00 0. OOE+00 X6Y3 O, 00E+00 0O, OOE+00 0, OOE+00

0. OOE+00 _ X4Y5 O, 0O0E+00 0O, OOE+00 0, OOE+00 0, OOE+00

X2§@fi@en00H+00 M, O0OE+O00MD, OOE+0®30, OOE+0®* Y9 0, O0E+00
0,[R0EF00 O] 00ke48®00, 00ExeE02 Xl £288+00 0 E+00nB91Q00E+00
0,/Q0E+00 O} 00&d@o X8kl od O E+Qéde Bp 00 E-6@6k+6h,|00E+00
0.[@OE+00  [X6Y4 o QOE+08: 10,0 OE+0G7e0 O0E+0Ge.6 |0OE+00
X4¥6 0, OOE+OO1 OQE+00, Q. Q@E+OQ3Q,OQOE+097EQQAY8
0| 00E+00 of 0By 8 88%5 A5 4 GO 4. 00E+00
) + , +
4100E+00 4 oo E ‘6312 }Eé%T/ Eﬁzg%%/ 008869
- 88" xobi enm y 7 ti o * gt or t16BH Absol ut e
arté Tel ecentWBFEcqgt y/ W@é? ront* 5zér°t80r 3(7>%5 m (y)/ nm

off YDi st ortj onPRfA Begr ee¥Eat 1378 5 080 |0
-(x840392 P. 340892 0. 0288308 028%7169 -¥3BH4 O
- (x548595 P. 548%96 0. 01838609 050¥2794 -W48C4 0O
-0y499318 P. 1929&18 0. 0686048 Bef24128 9,4-806 O
0.1%21535 0} 12k3&5130. 01006 0. 34148 (B8 |0
-Qx&83787 D. 143784 0. 0222305 0,0#53290 267613

X2Y4 -1,05E-13 -8,15E-17 -5,56E-13 -1,48E-13

Y6 2,44E-15 1,81E-17 -8,66E-13 -9,89E-14

X6Y 7.74E-15 1,24E-18 -2,94E-15 6,43E-17

X4Y3 -1,33E-16 3,33E-19 -7,65E-15 -1,59E-15

X2Y5 6,38E-17 1,05E-20 2,25E-15 -1,75E-15

Y7 1,78E-17 -9,61E-21 5,45E-15 -1,44E-15

X8 -5,84E-18 -6,31E-22 -2,12E-17 -2,74E-18

X6Y2 -6,51E-17 -4,73E-21 -2,21E-17 -2,49E-17

X4vY4 1,12E-18 -1,06E-21 1,03E-17 -4,22E-17

X2Y6 -1,87E-19 3,30E-23 -3,82E-17 -1,56E-17

Y8 -1,84E-20 -2,35E-23 4,83E-17 -2,21E-18

X8Y 6,56E-20 3,32E-24 5,90E-19 -1,29E-19

X6Y3 2,32E-19 6,89E-24 2,59E-18 -5,99E-19

X4Y5 -7,44E-21 1,27E-24 2,28E-19 -4,47E-19

xX2Y7 2,48E-21 -3,15E-25 3,92E-19 -9,74E-20

Y9 4,79E-23 3,01E-26 -8,17E-20 7,95E-20

X10 -1,93E-23 -6,89E-28 -3,94E-21 -2,24E-22

X8Y2 -1,74E-22 -4,55€-27 -2,48E-20 -2,04E-21

X6Y4 -2,97E-22 -4,06E-27 -4,24E-20 -4,46E-21

X4Y6 1,36E-23 -1,24E-27 -3,93E-21 -1,90E-21

X2Y8 -4,52E-24 3,71E-28 9,91E-21 -3,41E-22

Y10 -2,43E-25 -8,40E-31 2,16E-21 3,64E-22

Nradius 300E+00  3.00ET00  3.00E700  3,00E+00




10 12.5 800 0. 0450163 -0.176646 0.182292 0. 0264815
0.018897 12.5 802 -0.0866232 -0.387405 0. 396971

wW@2@183278 0. 020501 12.5 804 -0.0707759 -0. 04BEREE2006/008869

10

15

20

25

30

35

0. 0865557 0.00674106 0.024709 12.5 806 0.0891365

0. 250161 0. 265567 0.0122229 0.015804 12.5 808

0.389682 -0.0752142 0.39687480.-0233473 0.036331 15 25
800 0.164298 0.201778 0.260208 0.0283526 0.021433 25
802 -0.143816 -0.0170961 0. 144828 0.0185673 0.020512

25 804 -0.157147 0.284935 0.325397 0.0131056 0.024535

25 806 0.117459 0.521867 0.534922 0.0169632 0.017161
2500808 (Vo3 13Bs!io 058FF 0. 681%OBte(2lr2 6 FPaIEing 38Grgwont Ermror
20 37.5 800 0.382136 @nd56584 HLiSYHEBY RHIL2476 at 13,5 nm

0 023030 37.5 802 -0.192076 0.222698 0.294088

231726 o 017658 37,5 804 -0, 324591 Q, AG3967
66237 0195923 gi(’??s? 3 0032806 i '067% gg 0092
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FIGS. 22 to 24 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 21.

FIGS. 25 to 28 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 25 to 28, the

following data are given:
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Tilt of image plane:

This embodiment shows a system having parallel object and image planes.

Further, this embodiment exhibits a different imaging factor of 1:5.

The optical data can be seen from the following tables:

Surface Radius (mm)  Thickness (mm) Mode
Object INFINITY 2802,724
Mirror 1 3724,091 -2465,218 REFL
Mirror 2 3395,652 2585,049 REFL
Mirror 3 966,548 0,000 REFL
STOP INFINITY -489,055
Mirror 4 977,692 596,613 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -100,324 68,520 71,277 70,971 11,261
X-rotation -2,639 -2,442 -1,362 -1,500 0,000
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FIGS. 26 to 28 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 25.

FIGS. 29 to 32 show another embodiment of the invention having four mirrors
35 Dbeing all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 29 to 32, the

following data are given:
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length of the system according to FIG. 17.

The optical data can be seen from the following tables:

Surface Radius (mm)  Thickness (mm) Mode

Object INFINITY 2102,043

Mirror 1 2793,659 -1848,726 REFL

Mirror 2 2546,811 1938,769 REFL

Mirror 3 724,789 0,000 REFL

STOP INFINITY -366,800

Mirror 4 733,040 447,458 REFL

Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -75,087 51,394 53,563 53,215 8,406

X-rotation -2,635 -2,442 -1,373 -1,503 0,000
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375 606 20.131864  1.08739 1.09535 0.0312902 0.013747
375 608 1.16644 0.285392 1.20085 0.0418989 0.047139

50 600 1.40779 -0.264954 1.43251 0.0471254 0.033617

25  so 602 0396014  -0.610703 0.727863 0.0387971 0.027129
50 604 SL12571 -0.213831 1.14584 0.0360974 0.028277

50 606 -0.812445  -0.0743145 0.815836 0.0402623 0.020092

50 608 0.512487  -1.19576 1.30095 0.0496609 0.052034

30  FIGS. 30 to 32 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 29.

FIGS. 33 to 36 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
35  image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 33 to 36, the

following data are given:
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25 602 -0.101019 0.323398 0.338808 0.0247903 0. 031643
25 604 0.524636 0.489914 0.717815 0. 0238524 0. 049015

25 608 0.0416169 0.420711 0.422764 0.0264463 0. 04856
20 37.5 600 -1.11433 0.871449 1.41462 0.0371683
0.044918 37.5 602 0.363273-92598909 0.700471

0. 0359881 0. 032203 37.5 604 0.986834 0.876191 1.31968
0. 0357827 0.049123 37.5 606 0.744538 1.15498 1.37416
0. 31801 37.5 608 -0.3754 . 886699
OJ@§§§§§%6$8§E 944 0.049913 25 50 60 3 . 505166

- Oin@dp1lDfaclor03339 0. 0480691 0. 060875 1:50 602 0.879494

-0. 970155 1.30947 0.0476135 0.036681 50 604 1.12068

- O @weolgbiectABidu 0. 0479137 0. 044354 reggnggar 0. 202525

- 14. 0. 289695 0. 0489775, 0..03033 FIGS. 34 to 36
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FIGS.” 37 to 40 show anot her enbodi ment of the

i Nvength:on having four mirrors bei ng 2332 mmsi gned as

fre f(%r.m surLaaces. Depicted is the objégﬁ Jpl ane 3000,
t ofgMagg HEANGi ane 3002, a first mrr i, a second

mrror S2, a third mrror S3, a fourth mrror S4. A

subsequent tables with optical data refer to the

m WithsthisSiptical S4teas, dlery hiigWinurhericdl laperudeoxditinon tobscuration

according to FIGS. 37 to 40, the followi ng data are

gi Viethe opiteal sompeRents 1s ralizeb2006/ 008869 - 95 Nuneri cal

aperture: 0.20 |Imaging factor: 1:4 Form of object

fields: rectangular 5 Wdth of scanning field on the

obTREbptsdali@atak@f beteetfoghthe @bliswmiptablesf i el d on the

object side: 8 mMmm Length: 2084 mm Tilt of inmage

pl ane: + 6, 890.

Surface Radius Thickness Mode

Object INFINITY 2102,043

Mirror 1 2806,084 -1838,550 REFL

Mirror 2 2547,909 1937,744 REFL

Mirror 3 678,009 0,000 REFL

STOP INFINITY -321,297

Mirror 4 724,986 451,996 REFL

Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -60,550 48,435 58,618 51,407 8,786
X-rotation -2,354 -2,502 -3,616 -1,667 -4,515
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structures. The optical data can be seen fromthe
follow ng tables: Surface Radi us Thi ckness Mde
heetitient NHI NI ™ 1781,9¥2 Mrro® 1 215894 584
REKC MTrjor 2 9/HIb3, 64310802/ 6, ADBEREFL  dd3E-01d
1354, 488 0O 000odrkdol. S b6Rod NFI Moo - 106 60e86b3
1133, 205 1632 ,58884REFL; 20k g0 LNELN TY 000
2007/ 031271 PCZ"ggEEﬂDZOO6,{égQ§§69 29& 04C06fjé6
\V¢ | ma ente 50 (
5838 x- ?Ft at |5gEe°% 8{[5% 39034%% e 1, 46%%5)8
cdéfficient M D, 00853’ 0, odEFot
0,[0bE+00 |¥ ozdﬁé’ﬁoo 02?36E+00 B2B0-+00 PoBHH
2,|808-04 1f 47B565%8- 6, SURE(Y - 152%EE804 BB9E- g
7,|Y5E- 05 -[1, 58BR0U - 2, ABEIDS  APH-083, 62E30HY
-4X20E-07 |1, 32808 Y3H- 1S 1E- 0738504 2 E- IIBE-12,
3,[86B- 08 [X4 2,17 09 -+,55£-031 E- 10,8860 16 E-7150E-121
X3¥2 - 3, 64E- 09,20el1200E--de-144, 18E41ED0- 3, O5ke-12]
X6 9,54E-15 3,01E-17 -7,68E-13 -2,46E-14
X4Y2 2,14E-13 4,63E-16 -2,74E-12 -1,59E-13
X2Y4 1,12E-14 3,89E-16 -3,32E-12 -1,92E-13
Y6 1,65E-15 2,47E-17 -1,30E-12 -7,78E-14
X6y -2,26E-16 -1,54E-19 8,48E-15 -1,53E-16
X4Y3 -5,47E-16 -7,87E-19 1,15E-14 -6,67E-16
X2Y5 5,78E-16 -3,98E-19 3,95E-15 -3,91E-16
Y7 1,29E-18 -6,38E-21 -3,30E-15 4,66E-16
X8 2,43E-19 3,50E-23 -1,57E-17 -1,17E-18
X6Y2 3,79E-19 4,92E-22 -9,74E-17 -7,71E-18
X4Y4 2,03E-21 1,04E-21 -1,74E-16 -1,21E-17
X2Y6 -1,22E-18 4,66E-22 -1,42E-16 -7,08E-18
Y8 1,73E-20 1,30E-23 -4,17E-17 1,05E-18
X8Y 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X6Y3 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X4Y5 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2Y7 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y9 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X10 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X8Y2 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X6Y4 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X4Y6 0,00E+00 0,00E+00 0,00E+00 0,00E+00
X2Y8 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Y10 0,00E+00 0,00E+00 0,00E+00 0,00E+00
Nradius 3,00E+00 3,00E+00 3,00E+00 3,00E+00




Y4 -2,70E-11 -3,46E-10 1, 32E-09 5, 30E-11 X4Y
-2,72E-11 -2,99E-13 1, 86E-13 -6, 90E-15 X2Y3 1, 52E-11
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4, 44E-20 -8, 25E-18 2, 20E-20 X4Y3 6, 36E-17 -1, 53E-18
-3,51E-17 2,26E-19 X2Y5 -7,58E-17 4, 16E-18 3, 32E-17
-9,30E-20 Y7 -9,34E-19 -2,88E-19 3, 35E-17 8, 72E- 20
X8roifeyn3 5 Bork:@m 3, [BBEOR ] RiPrtig E- 2 Absolpie Y- 2 Jreleck@iyipy/  Wavefront Error
3, 71E-18 1, 22K020 - 3,@/Mik- 20 5,06 kertR@nm XD¥¢ghee3, 7 1E-=f19,5 nm
-4, 74E-21 3,56E-19 -5,19E-22 X2Y6 1, 26E-19 1, 19E-21

4, H3E- 205 8, - 22 Y§1633,1§7E- 2hos3f: 04E- 22145590E- 2Qs350)
1, 91E- 2 6, 70E- 2

Y - 238, 72E- 96E-

X6°Y3 12"8’25 2d -1, 06E %E‘g E % 5’ 15E- %’%8‘95344\(5 obase
-4 59E—2"fﬂ4-2 g5E- 23 gVBERT 2o OSOABTE  Da  ORNRTM, 5 9pe38368
10 72E- 285 1, 23E- 21 - 200EEL 24 VOIS AGE- IEOBBYAE. PA214T2
-2 25E- 288 3, 35F- 25  X490637 05E-03868, 75E- 2H09152B3E- 2447628
1, A6E- 2700 X8Y20.d504BE-02261%, 53E-02816h, 57E- 241841554 E- 2652338
X6|\f4 2, 84F- 23 819%55 2539241365 2)44322 39E- 200145496  0.024553

E-24 9, 23 - 2
2 g E- 26" 6 3%%%% %gjégm V1 51 515?%@46514 %%32%5
IE 259 93@ 28 N %Hu W 2, Jof80 2, 00y 2, oc?é%%?o
2 @6E+006°W) 2PTPYS 1 294 1 3BCT/ EPPHOB/ 008869154976 0048115

25 600 -1.29433 0.754312 1.49809 0.0270423 0.048536
25 602 -0.101019  0.323398 0.338808 0.0247903 0.031643
25 604 0.524636 0.489914 0.717815 0.0238524 0.049015
25 606 0.574789 0.705289 0.909844 0.0244236 0.033313
25 608 0.0416169  0.420711 0.422764 0.0264463 0.04856

37.5 600 -1.11433 0.871449 1.41462 0.0371683 0.044918
375 602 0.363273 0.598909 0.700471 0.0359881 0.032203
37.5 604 0.986834 0.876191 1.31968 0.0357827 0.049123
375 606 0.744538 1.15498 1.37416 0.0365972 0.031801
37.5 608 -0.375406  0.886699 0.962894 0.0383944 0.049913
50 600 -0.505166  -0.901506 1.03339 0.0480691 0.060875
50 602 0.879494 -0.970155 1.30947 0.0476135 0.036681
50 604 1.12068 -0.556047 1.25104 0.0479137 0.044354
50 606 0.202525 -0.20714 0.289695 0.0489775 0.03033

FIGS. 34 to 36 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 33.

FIGS. 37 to 40 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 37 to 40, the

following data are given:
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layer reflective structures.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 1781,972

Mirror 1 21581,586 -1639,081 REFL

Mirror 2 4053,640 1376,461 REFL

Mirror 3 1254,488 0,000 REFL
STOP INFINITY -1067,803

Mirror 4 1733,205 1632,838 REFL
Image INFINITY 0,000




pupi |l of the objective according to FIG 37. FIGS. 41
to 44 show anot her enbodi rent of the invention having
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Cc§zlf| ci ent ggg Nf) GYGEQgcent,q;SE 39, 335
4] 5(2Y]2'9 28,09 gr;’o 00 2 -4,18E-10 -3,95E-11

Y4 -2,70E-11 -3,46E-10 1,32E-09 5,30E-11

X4Y -2,72E-11 -2,99E-13 1,86E-13 -6,90E-15

X2Y3 1,52E-11 2,29E-13 -1,45E-12 8,75E-14

Y5 -1,49E-12 4,09E-13 5,04E-12 2,35E-14

X6 -2,54E-14 -8,99E-17 -3,11E-16 -5,52E-17

X4Y2 7,40E-14 1,26E-15 -2,70E-15 -2,62E-17

X2Y4 -1,14E-14 -2,54E-15 1,21E-14 1,83E-16

Y6 1,69E-15 1,03E-16 -3,69E-15 6,00E-17

X6Y -6,30E-17 4,44E-20 -8,25E-18 2,20E-20

X4Y3 6,36E-17 -1,53E-18 -3,51E-17 2,26E-19

X2Y5 -7,58E-17 4,16E-18 3,32E-17 -9,30E-20

Y7 -9,34E-19 -2,88E-19 3,35E-17 8,72E-20

X8 7,35E-18 3,66E-21 -3,46E-20 -7,26E-24
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Y9 3,46E-26 3,04E-24 -2,25E-22 3,35E-25

X10 5,05E-23 6,75E-26 1,03E-24 1,46E-27

X8Y2 1,43E-22 2,53E-25 4, 57E-24 4,54E-27

X6Y4 2,81E-23 2,06E-25 2,76E-24 2,39E-27

X4Y6 7,66E-24 9,23E-26 -2,58E-24 -1,86E-27

xX2Y8 -1,40E-25 2,75E-26 -6,32E-25 -2,02E-27

Y10 1,61E-27 -2,48E-27 6,81E-25 1,93E-28

Nradius 2,00E+00 2,00E+00 2,00E+00 2,00e+00




X-rotation -2,559 -2,218 -2,171 -1,946 -3,269 W
2007/ 031271 PCT/ EP20HO6/ 008869 -99 Coefficient m M

WOB0OMM312K1 1, 99E-01 1, 77E-02 -1, 87E+00 4, 88E- 01PCIYEP2006/008869

2 81E-02 1,37E-02 3,55E-02 7,69E-03 X2 2, 26E- 04
3, 48E-06 -4,91 E-04 -4, 94E-05 Y2 1, 03E-04 5, 88E- 06
4, 66E-05 1, 24E-04 X2Y -2, 828707 -2, 37E-09 6, 97E- 07
5 91E-08 Y3 2, 75E-07 1, 70E-08 1, 19E-07 -2, 41E-07 X4
9, 82E-10 1,81E-11 4, 96E-08 -2, 57E-09 X2Y2 3, 25E-10
7,65E-11 1, 17E-07 -1,97E-09 Y4 3, 00E-10 3,51E-11
5 55E-08 -1, 12E-09 X4Y 1, 63E-12 -5, 37E-14 6, 00E- 11
- Ixodh B DBhiecrmX2 YBstortioy 2 FRislotion 1, 8 3fBsolb@ VBue5 9 Heldetntriciy/ 5 (¥favefiht Error
Y5 -1, 69E- 12 -@m87E- Idnh, O6E- LODistkioDBE- TRereeX6  at 13,5 nm
~7,06E-13 -2, 35E-16 7, 97E-13 -3,51E-14 X4Y2 -1, 89E- 13
3936 1278, 115 14 Ve R SeE TR R ToE 1 LLIE T
2. %5E- 132 xpY ° L, 66E- 1 “53575- §§u§535E_%@u%%?05E$%g%s
XA%3 3. 08E- 16 © 1, 68E-4E76% 5ARITA4 4 9287 yo 032744
3, B4E- 17806 1, 59E- 18 8,099B645 - DONSE 18  WPOETSROE- PR42489
~Qy 72E- 205 - 1, 58E- 14 4,6608- 15 oX85428, 43E-0080855, 58BE0RD59
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“ Ay 9E % X4Ytosda1 57 B dedrrdss 04B080319, 35E-ohSegsd s 22B038s

o1 ahe 1o LA Lo ST L S
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12.5 808 0.0696061  0.548237 0.552638 0.0296558 0.030805
25 800 0.115633 -0.279658 0.302621 0.0507857 0.08257

25 802 -0.184329  0.0221776 0.185658 0.047943 0.024249
25 804 -0.278855 -0.0466988 0.282738 0.0468785 0.040154
25 806 -0.1860 -0.112547 0.2174 0.0477167 0.043512
25 808 0.0763955  0.221706 0.234499 0.050368 0.032565
37.5 800 0.146594 -0.0521759 0.155602 0.072869 0.065923
375 802 -0.292306  0.261705 0.392342 0.0709743 0.020204
375 804 -0.42743 0.0728035 0.433586 0.0703175 0.037534
375 806 -0.286029  -0.243519 0.375651 0.0709367 0.034303
375 808 0.104968 -0.288511 0.307012 0.0728031 0.030384
50 800 0.555156 0.451152 0.715358 0.095576 0.062457
50 802 -0.0193915  0.746217 0.746469 0.0941997 0.044595
50 804 -0.197219  0.352291 0.403738 0.0937666 0.049527
50 806 -0.0149766 -0.352951 0.353268 0.0942927 0.040292
50 808 0.491125 -0.968364 1.08579 0.0957648 0.053486

FIGS. 38 to 40 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 37.

FIGS. 41 to 44 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 41 to 44, the

following data are given:



X6Y3 4,40E-19 -1, 21E-23 8,94E-18 -1, 50E-18 X4Y5
-1,14E-19 -2,41 E-23 2,11E-18 -1,40E-18 X2Y7 1, 00E-21

WO 200398221 -2, 62E-18 2,58E-19 Y9 1, 76E-22 - 1, RAEER®06/008869
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15

4,55E-19 4,95E-20 X10 4, 15E-23 1, 40E-27 1, 03E-21
-3,22E-22 X8Y2 -8,40E-23 8, 23E-27 -2.65E-20 -3,81E-21
X6Y4 -4,40E-22 2,75E-26 -1, 19&-19 -1, 13E-20 X4Y6

2, 15E-22 2,05E-26 -6,68E-20 -5, 18E-21 X2V8 -2, 36E-24
2,35E-27 1,73E-20 1,16E-21 Y10 -4,82E-25 1, 60E-28
7,05E-21 6, 71E-23 Nradius 2,00E+00 2, 00E+00 2, 00E+00
2, 00E+00 WD 2007/031271 PCT/ EP2006/ 008869 - 100

D Ntumkticgirapertite: r m Di st orti on Absol Wd.22 Val ue

Tel ecentricity/ Wavefront Error (x)/nm(y)/nm of

Di knaging Hel9m Degrees at 13,5 nm 0 408 0 -1.00949 1

. 00949 9 '0.016806 5 0 401.5 Q - 78

1. %B%%Pﬁggﬁégééi 0.014259 0 403 0 _f%8§é§§g . 62222
0. ﬁ@@tﬁ%‘é&rﬂﬂ@%ﬁ@ﬁﬂon th e sflle: 1. 106(@%) thml 0626

0. 00606921 0.019377 0 406 O -1.48681 1.48681

0. Hezbt 66sq@nomzsBdd on2hgoheot side:3809 18mnp, 237177
0.8%§§§8 0. 0242612 0.029659 10 12.5 4@@05 - 0. 966915
-1-9%884 1. 47475 0. 0158373 0. 024479 9183

- OTiTASS é%h;§3973 1.06198 0.0098337% 8629615 12.5
4045 -0 55 K555 " 0. 238253 0.334175 0. 0114533 0. 0278
12.5 406 0.569207 -0.653615 0.866723 0. 0189539
0.028612 25 400 - 0. 509 156.1. 67107 0.0278372.
0. bais mpticalsysismylas 351%} Qms@é’w?%%gthﬁslo .@wzbme with a

o, {EARR el ot et S hp el Ptz 1 5626
0.0204067 0.035112 25 406 1.48083 1.21794 1.91735

0. 0260668 0. 043885 _
The optical data can be seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 1401,362
Mirror 1 2056,786 -1173,664 REFL
Mirror 2 1698,638 1307,130 REFL
Mirror 3 485,224 0,000 REFL
STOP INFINITY -242 471
Mirror 4 500,544 317,875 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -39,335 41,119 28,409 29,500 20,214

X-rotation -2,559 -2,218 -2,171 -1,946 -3,269




37.5 400 0. 775815 2.32893 2.45475 0. 0330354 0. 035552
20 37.5 401.5 -0.220665 1.89815 1.91094 0.0289732

W@2@199271 37.5 403 -0.318211 2.43041 2.45116 RCORIBIYY8869

0. 018555 37.5 404.5 0.458907 2.84034 2.87718
0. 0299911 0.023281 37.5 406 2.08622 2.04109 2.91862
0. 0349482 0.041572 50 400 29926545 -1.61745 2. 73499
0. 0393365 0.049861 25 50 401.5 -0.163904 -1.76675
1.77434 0.0370418 0.045563 50 403 -1.35027 -1.20714
1.81119 0.0372211 0.042817 50 404.5 -1.38792 -1.02622
1. 72611 0.0399036 0.036919 50 406 -0.3114 -2.31311
2(8®598t 0. 0448971 0. 04068 30 MGS. 42 Yo 44 show
| aker al abler r atpeoms | n. 177662 coof.efErmat e sABSE-eIm of t he
exivt pupi| ofzstee obj ewtbve acsmradi ng teef|G 41.
FI|SS. 45 tlo 48.8fm@w angishes enhediorent -qhe-bde
i nyention havijpg:.dour $Eseb®rs aslioag ald.qeleqi gned as
friesf orm sur f 3G&s,; Depj gEgdl 1S sbft,0b] ecdie pd(ane 3000,
th 35 i npge e 30 fir, rr a second
m ¢3or S2, A t@ié?ﬂﬁm r rgﬁi %@ ficitbgr’]t org{‘;rigg? S4. Al
subsequent| t abl es "wi d refer t he
n{f7érs 9 to*A'% I\/Tl 5?61 '8t he “e1BOdi ment
a¢ébrding o ﬁIO@.O 45 ﬁﬂEd‘B, t BEEPol | oWHitP [dat a are
gi|¥en: WO RO07/E3"E271 P EP21$8%61111888% | - 101
Ny¥eBi cal ppert’ere: 0.-B8E{hagi RGF'Act 0r550814 For m of
ohject fie] ds:1.eeeet angd7ans W dbée-10f scwoamizig fiel d on
t hes obj ect| si dese-48 mMm.Bekei ghtreofisscammbg|fi el d on
t heavabj ect| si dase-B8 MM 24sengt h: 28852mm 2f7-t3|of | mage
pllane: - 3} 254 qklami ng gure9¢rewWhalaesial | eg71@bjlect fiel d,
this opticpl sustgm isgueny conpacth. 1Osdhg optical
datg can be segg fi om S fie.fol | Qung tabfgsie

X4Y3 3,03E-16 -1,68E-18 -1,54E-14 -4,92E-15

X2Y5 3,34E-17 -1,58E-18 8,39E-15 -7,28E-18

Y7 6,29E-18 -9,72E-20 -1,58E-14 4,60E-15

X8 -8,43E-18 -5,58E-22 3,34E-17 -1,03E-18

X6Y2 -1,36E-16 -3,42E-21 2,48E-16 -4,99E-17

X4Y4 1,67E-17 1,04E-20 5,35E-16 -1,22E-16

X2Y6 -1,28E-19 2,47E-21 1,70E-16 1,96E-17

Y8 2,31E-20 2,12E-22 1,26E-17 2,70E-17

X8Y 6,81E-20 -6,83E-25 1,95E-18 -2,10E-19

X6Y3 4,40E-19 -1,21E-23 8,94E-18 -1,50E-18

X4Y5 -1,14E-19 -2,41E-23 2,11E-18 -1,40E-18

X2yY7 1,00E-21 -2,59E-24 -2,62E-18 2,58E-19

Y9 1,76E-22 -1,04E-25 4,55E-19 4,95E-20

X10 4,15E-23 1,40E-27 1,03E-21 -3,22E-22

X8Y2 -8,40E-23 8,23E-27 -2,65E-20 -3,81E-21

X6Y4 -4,40E-22 2,75E-26 -1,15E-19 -1,13E-20

X4Y6 2,15E-22 2,05E-26 -6,68E-20 -5,18E-21

X2Y8 -2,36E-24 2,35E-27 1,73E-20 1,16E-21

Y10 -4,82E-25 1,60E-28 7,05E-21 6,71E-23

Nradius 2,00E+00 2,00E+00 2,00E+00 2,00E+00




Surface Radi us Thi ckness Mode Object INFINITY 700, 681
Mrror 1 1028,806 -586,789 REFL M rror 2 849, 319
WGHR7TBOIRTREFL M rror 3 242,363 0,000 REFL STR$A/EP2006/008869
INFINITY -121,170 Mrror 4 250, 164 158, 873 REFL
I mage INFINITY 0,000 Coefficient M M2 M3 M4 | nage
Y- decenter -19, 604 20,562 14]046 14, 754 10, 066
X-rotation -2,555 -2,217 -2,176 -1,945 -3,254 15 WO
2007/ 031271 PCT/ EP20H06/ 008869 - 102 Coefficient ni
MxolMBon Miyonelfom 1, B5dTi00 1 distofuble- 02 Abdoju@5Ed00 HicBRdciyd1 WaYefront Error
1, 40E- 02 6, 82Exad 1, 7§Em02 3, 825l dwna2 dengeZE 04 a013,5 nm
1, 78E-06 -2,41E-04 -2,19E-05 Y2 5,11E-05 2, 94E- 06
2, 25E- 05 6 32E-05 X2 , 50E-07 -2, 03E-09 40E-
6, 52E- 09°° v3 % 37E- OTY%O" 6E- 09" 94 OE- 08 ””i”%iE— of"?%f
5 6, W4E- 10045 055) 11 2, 48B0F8 - 1, PiH8 09 XN 18E-002
3, 69E- 11405, 872 08 - 8, 2582210 Y14622.I%,2 A9E- 1(00-0936PAE- 1 10.023621
2, 85E- 08404.6, 21E- 10 X4Y6264, 965-18@6 - 4, 03 B-0d6b6921, 70E-019k77
-1 87E- L3¢ X2Y8 3, 75E11gs1- 9, 18&s&kd 2, 66Erols'b|563 2115R

Y5 8 454% 13 % ﬁég 16'2351 ;'1E 1019122% 08E 0.029659
o I LR D et e s S
1 1?2 E-1 2403 4 4 1—@7 52973 0.00983 0.029615
12.5 404.5 -0.234325 -0.238253 0.334175 0.0114533 0.0278
12.5 406 0.569207 -0.653615 0.866723 0.0189539 0.028612
25 400 -0.712509 1.51156 1.67107 0.0278372 0.041582
l 5 25 401.5 -1.05587 0.817705 1.33548 0.0216593 0.031971
25 403 -0.794449 1.26023 1.48974 0.0186545 0.033731
25 404.5 0.0563116 1.75538 1.75628 0.0204067 0.035112
25 406 1.48083 1.21794 1.91735 0.0260668 0.043885
375 400 0.775815 2.32893 2.45475 0.0330354 0.035552
20 375 401.5 -0.220665 1.89815 1.91094 0.0289732 0.019017
375 403 -0.318211 2.43041 2.45116 0.0278179 0.018555
37.5 404.5 0.458907 2.84034 2.87718 0.0299911 0.023281
375 406 2.08622 2.04109 2.91862 0.0349482 0.041572
50 400 2.20545 -1.61745 2.73499 0.0393365 0.049861
2 5 50 401.5 -0.163904 -1.76675 1.77434 0.0370418 0.045563
50 403 -1.35027 -1.20714 1.81119 0.0372211 0.042817
50 404.5 -1.38792 -1.02622 1.72611 0.0399036 0.036919
50 406 -0.3114 -2.31311 2.33398 0.0446971 0.041068

30  FIGS. 42 to 44 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 41.

FIGS. 45 to 48 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the
35 image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a
fourth mirror S4. All subsequent tables with optical data refer to the mirrors
S1 to S4 as M1 to M4. For the embodiment according to FIGS. 45 to 48, the

following data are given:



WO 200998216 -2, 79E-15 X2Y5 2, 17E-17 -7, 96E- 19 BCBEE00G008869

Y6 -3,27E-15 3.37E-17 5,96E-13 1, 31E-13 X6Y 9, 85E-15
1, 26E-18 -4, 00E-15 9, 75E-18 X4Y3 2, 03E-16 -8, 24E-19

~2,79E-17 Y7 3, 42E-18 -4, 69E-20 -7, 86E- 15 2, 14E- 15

X8 -9,51E-18 -1, 05E-21 2, 00E-17 -1, 48E-18 XBY2
~7,13E-17 7, 34E-23 1,55E-16- LB, 11E-17 X4Y4 8, 72E- 18
5, 00E-21 2,91E-16 -5, 52E-17 X2Y6 -6, 01E-20 1, 22E-21
8, 06E-17 1,21E-17 Y8 1,39E-20 1, 11E-22 2, 93E-17

1, QfFehilal 2BYuft: 76E- 20 3, 22E-24 1, 62y 48 -1, 88E- 19
X6Y3 1, 77E-19 -1, 60E-23 6, 77E-18 -9, 63E-19 X4Y5

- Blr0Bfn@ bactdr; 18E- 23 -5, 88E-20 -5, 35E-119 X2Y7 3, 31E- 22
~1,26E-24 -1,35E-18 1, 61E-19 Y9 9, 94E-23 - 4. 83E- 26

o, Borm obobjegtaieldsy x10 2, 39E- 23 5, 10E€o@NgYlapAE- 21

- - - -22 . -28 -3 -20 -3,09E-21
X6‘¢§Ztﬁé%§iﬁ?§§¥9?@a‘%?g’é’%é%é%gzo : 7,4482@&1 X4Y6

1, H@E‘heaf doatfrgAteld InAREOBRct id&SE- 216 mk2Y8 - 8, 02E- 25
1,14E-27 9,53E-21 7,07E-22 Y10 -3, 08E-25 6, 63E-29

3, bemtlr1 1, 68E-22 Nradius 1, 00E+00 18W0E#D0 1, 00E+00
1, 00E+00 WD 2007/ 031271 PCT/ EP2006/ 00 -103

X0 Iﬂrﬁfﬁﬂ’a’g@?ﬁﬂeNnm Di stortion Dist ort"?gggé}l\bsol ute

Val ue Tel ecentdcity/ Wavefront Error (x)/nm (y)/nm of
Dislortion/nmDegrees at 13,5 nm5 0 200 0 0.448311

0. H48i3g h Ondtt 4dallcNBoadicld, tABlopsical syatehy 0&Ty compact.
2. 47405 0.0235631 0.014465 0 203 0 -0.967497 0967497

10 0. 00387066 0.028481 0 204.5 0 0.932079 0.932079

15

0. 9&93&?&1 Qaf’c48%E seen from the following tables:

Surface Radius Thickness Mode
Object INFINITY 700,681
Mirror 1 1028,806 -586,789 REFL
Mirror 2 849,319 653,594 REFL
Mirror 3 242,363 0,000 REFL
STOP INFINITY -121,170
Mirror 4 250,164 158,873 REFL
Image INFINITY 0,000
Coefficient M1 M2 M3 M4 Image
Y-decenter -19,604 20,562 14,246 14,754 10,066
X-rotation -2,555 -2,217 -2,176 -1,945 -3,254




0 206 0 -0.816331 0.816331 0. 0365555 0.020854 10 6 200
-0. 229332 0. 72028 0. 755908 0.0429896 0.031915 6 201.5

WO 20078318217 - 2. 11395 2. 24805 0. 0241369 0. 015911PCGEPR286/008869

-0.727117 -0.578603 0.929236 0.00803243 0.028531 6
204.5 -0. 144224 1.28903 1.29708 0.018286 0.019129 6
206 0.955191 -0.553491 1.10392 0. 0378693 0. 025583 15
12 200 0. 0887838 1.34107 1.34401 0.0432387 0.034302
12 201.5 -1.10902 -1.23729 1.66157 0.0258287 0.016652
12 203 -1,16563 0.372291 1.22364 0.0146925 0.027176
12 204.5 -0.139014 2.12835 2.13289 0.0235883 0. 019707

13Ca@6ent. Ol 15M1- 0, 015886 1.91164 0. 0416026 Q.
184200 I. 2735388 E-G0 /611, AE 0D 0921, BEDE3 73 3B2601]
20%.5 -0.9037330e6. 573884 0dl. 0702s-00. 0285805
1§x203 - 1. 3825@251041195278&m7789§ 4& 3921848365
204,5 - 0. 2644432563758, 498 8306063
2( 38718 -Q. 959 292
2(8\23 13578 qs 319 § % § § 759494§E§¢
2q1%5 -0. 6462534’? =Y 7145% 832 3229
203*-2.189p7 G:'tio¥a815"PE1895920%*F29384%°
24428 - 1. 6p383 1451986623 FE 95386 6?%’98617‘9?7'6?%
2064 0. 9186R2 -1295WG87 DISENT47 B-83THE48945-DE-F3
FI|{®&S. 46 tp 4898h6w | at@Fad abeéiiEat i ons.47R12
cqardi nat el systreanzof t-heeexit 2psfpinl of3be
adeordi ng [ o FRl4€a-1345. -Absk-1enbodiimeent s spesve
19x§ 0 52 show.sapiiscal -syshens haxinBg a-1Re14
t grgul ar opj eglosd.isel d. | REGS. 49440250 st A
er I ment of Qggmlnvep&tqp hayi g, f our, AR ks
alll . desi gngd eefo rfa Depi
oHitei i ahe D he: "Thoe %E%n:g oo
mijfror Si, i
2q¢7Po31271 Pé??%ﬁ2006?%5‘5*é%69 792815
X2Y5 4,39E -2,79E 17
Y7 3,42E 18 -4,695 20 -7,86E-15 2,14E-15
X8 -9,51E-18 -1,05E-21 2,00E-17 -1,48E-18
X6Y2 -7,13E-17 7.34E-23 1,55E-16 -3,11E-17
X4Y4 8,72E-18 5,00E-21 2,91E-16 -5,52E-17
X2Y6 -6,01E-20 1,22E-21 8,06E-17 1,21E-17
Y8 1,39E-20 1,11E-22 2,93E-17 1,34E-17
X8Y 8,76E-20 3,22E-24 1,62E-18 -1,88E-19
X6Y3 1,77E-19 -1,60E-23 6,77E-18 -9,63E-19
X4Y5 -6,03E-20 -1,18E-23 -5,88E-20 -5,35E-19
X2Y7 3,31E-22 -1,26E-24 -1,35E-18 1,61E-19
Y9 9,94E-23 -4,83E-26 9,84E-20 4,93E-20
X10 2,39E-23 5,19E-28 -1,04E-21 -2,67E-22
X8Y2 -1,62E-22 8,70E-28 -3,92E-20 -3,09E-21
X6Y4 -5,01E-23 2,68E-26 -9,03E-20 -7,21E-21
X4Y6 1,13E-22 1,01E-26 -3,00E-20 -1,55E-21
X2Y8 -8,02E-25 1,14E-27 9,53E-21 7,07E-22
Y10 -3,08E-25 6,63E-29 3,03E-21 1,68E-22
Nradius 1,00E+00 1,00E+00 1,00E+00 1,00E+00

033254 20
3238 18
0. 014127
02358 18
1015334 18
6701 25 24
2197 24
028012 24
¥32097 24
18853 24
5386 30
he

obj ective
in FI GS
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ors being
is the
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-104 fourth mrror S4. Al subsequent tables with

optical data refer to the mnors Si to S4 as ML to
WQAN07BH27E he enbodi nent according to FIGS. 49 PQGI/BER2006/008869

the following data are given: 5 Nunerical aperture:

0.22 Inmaging factor: 1:4 Form of object fields: ring

segnents having a radius oflB00 nmand an azinuth

angle of 10 - 4,8 <tp < + 4,8 Wdth of scanning

field on the object side: 100 nm Hei ght of scanning

field on the object side: 8 nm Length: 2418 mm Tilt

of image plane: - 3,284. 15 This enbodi ment shows

t hatrb herogesi distddy arisages ar ebeigddfcer dBpenticly’ opfaveérept Error

systens wi th nommrect@mgul ar obpiectonn elldgses The at13,5nm

optical data can be seen fromthe follow ng tabl es:

5 %Q)Ogug‘;%@ Radj Ui gggﬁkﬁiﬂgs 2@6%8311%] ;‘ég).lglzbﬁ& NI TY 030026
, rr - rror
I 0 of %4 X 40%27’ Ay 65% I%g_zﬁ%s

2547, 993 1960, 753 REF rror 3 0 R
sTor | NEPNI TY © 360, 2285t r or 4540, 971 A%E %05 REEfS!
| fage | NEtNI TY 0, 000 SF8Pf i ci ofFOTL M2 NB'UWE | negd! 72!
Y-"ecent®§ -59 076 6108641 42, IRG3U4, 405 0IGsA52  0.020854
10 X-¢ ot atizon - 2,-bH3332 2,218s - 2, 136559k, 933 -0342284 0.031915

6 201.5 0.764827  -2.11395 2.24805 0.0241369 0.015911
6 203 20727117 -0.578603 0.929236 0.00803243 0.028531
6 204.5 0.144224  1.28903 1.29708 0.018286 0.019129
6 206 0.955191  -0.553491 1.10397 0.0378693 0.025583
15 2 200 0.0887838  1.34107 134401 0.0432387 0.034302
12 201.5 2110902 -1.23729 1.66157 0.0258287 0.016652
12 203 116563 0.372291 1.22364 0.0146925 0.027176
12 204.5 20.139014  2.12835 2.13289 0.0235883 0.019707
12 206 1.91157 -0.015856 1.91164 0.0416026 0.033254
20 13 200 1.27353 1.60761 2.05092 0.0437339 0.03238
18 201.5 10.903733  -0.573284 1.07023 0.0285705 0.014127
18 203 138256 1.11952 1.77898 0.0218489 0.02358
18 204.5 0254443 2.63758 2.64983 0.0306063 0.015334
18 206 238718 -0.072959 2.38829 0.0472927 0.036701
25 24 200 3.13573 -0.027319 3.13585 0.0445949 0.032197
24 201.5 -0.646294  -1.71453 1.8323 0.0322942 0.028012
24 203 218957 0.0094815 2.18959 0.0293844 0.032097
24 204.5 162383 1.08662 1.95386 0.0386179 0.018853
24 206 0918622  -2.54687 2.70747 0.0544894 0.035386

30
FIGS. 46 to 48 show lateral aberrations in the coordinate system of the exit

pupil of the objective according to FIG. 45.

All embodiments shown in FIGS. 17 to 52 show optical systems having a rec-

35 tangular object field.

FIGS. 49 to 50 show another embodiment of the invention having four mirrors
being all designed as freeform surfaces. Depicted is the object plane 3000, the

image plane 3002, a first mirror S1, a second mirror S2, a third mirror S3, a



WD 2007/ 031271 PCT/ EP2006/ 008869 - 105 Coefficient ni
M M3 M4 K 2,00E-01 1,89E-02 -1, 89E+00 4,80E-01 Y

W@ 2m3831321 2, OSE- 02 5, 14E-02 1, 08E-02 X2 3, 46ERPCHEP2006/008869

10

15

20

6, 56E-06 -7, 12E-04 -6,02E-05 Y2 1,53E-04 8, 72E-06

8, 61E-05 1,95E-04 X2Y -4, 18E-07 4,24E-10 1, 15E-06

1, 02E-07 Y3 4, 10E-07 2,56E108 -1, 76E-07 -4, 73E-07 X4
2,12E-09 2,92E-11 7,50E-08 -3,49E-09 X2Y2 5, 90E- 10

1, 00E-10 1, 77E-07 -2,72E-09 Y4 4,49E-10 5, 40E-11

8, t%gﬁh%rfolns&?in%bs&ﬂ%nf BibR2 '%vihil%ptlca‘i YEealdte? 18 afe rhirrors
-4,80E-12 X2Y3 1,08E-11 -2,57E-13"6, 96E- 11 -2, 94E-11
Y5SE ) 84 s M toMA0Fer the bndfidithént-fechbiing B FIXES. 49 to 50, the
-3,85E-13 -3.65E-17 1, 18E-12 -4,06E-14 X4Y2 2, 15E-13
8, f?@ewi@ datggpe gyen3 08E-13 X2Y4 -4, 13E-14 1, 38E- 15
5,636E-12 -5,08E-13 Y6 -8,84E-15 1, 00E-16 1, 93E-12
4,48E-13 X6Y 7, 18E-15 -4, 72E-19 -7,85E-15 1, 73E-15
XANBmeficA2pettre- 1, 61E- 18 -1, 51E- 14 2,(14E- 16  X2Y5
7,75E-17 -2,49E-18 1,58E-14 -2,98E-15 Y7 1, 31E-17

- Ungipging factqr; 79E- 14 6, 45E-15 X8 -1, Oe#- 17 -5, 96E- 22

5, 82E-17 &, %E-léa X6Y2 -3, 13E-17 1, 16E-20 2. 73E- 16
2,‘2%*&-‘8 ODISAVIF'9S'56E- 18 3. 02E- 21 3, 20B: & ¥R GIE e @
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Width of scanning field on the object side: 100 mm
Height of scanning field on the object side: 8 mm
Length: 2418 mm
Tilt of image plane: - 3,284°.

This embodiment shows that the design advantages are transferable to optical

systems with non-rectangular object fields.

The optical data can be seen from the following tables:

Surface Radius Thickness Mode
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FIG. 50 shows lateral aberrations in the coordinate system of the exit pupil of

the objective according to FIG. 49.

FIG. 51 shows another embodiment of the invention having six mirrors being
35 all designed as freeform surfaces. Depicted is the object plane 3000, the image
plane 3002, a first mirror M1, a second mirror M2, a third mirror M3, a fourth
mirror M4, a fifth mirror M5 and a sixth mirror M6. This projection objective
has an image side numerical aperture of 0,40. The field shape is rectangular

with a width of 26 mm and a height of 2 mm. The operating wavelength is



variation of chief ray angles at object plane 3000 is
0,82. The dinmension of the footprint of each mrror,

wQ@Rapea3rgzl M x My is as follows: 15 323 nm x PABEPING6/008869
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for mrror ML; 131 nmmx 102 nmmfor mrror M; 267 nmm
X 183 mmfor mnor M3; 70 mmx 52 mmfor mrror M,
124 mm x 109 mm for m nor -M&7 447 mnm x 433 nm for
mrror Ms. The chief ray angle of incidence for the
central field point for the mrrors ML 20 to M6 is

; ; : i
an 25 bt TH seldferkGiof BbIoA pokieref nAOrd s ENENRE, THS otk
m $yiseens hdd ofieinMimniediade fbage Belwadén nﬂﬁoﬁ‘M#hhdMSl "2196 ditrance

and 9, 25. The bandwi dth of angle of incidence
repurl of i RyBisChign Obisctiig HPSate 1060 FEM fEom om?ct zzlalzq 3000,

2,402 nd.4 28
7 B a7 ool D RNt b TlR el PRCR I A G mir
mmori\ﬂmeqracmngaﬁlsnoz%tmmem@bsfecf@ﬁ(a hfelsn@s;ﬂinﬁ T opti-
tion while mrrors M, M, and Mb have negative

c h¢adfpathalgngthgh 482 gmn - ficatlon. The i mage-side free
morking di stance of this projection objective is 45
30 The object-side free working distance is 400

é/‘g%rx%&%a(n% bt thhs E@E&%chﬁg@ct(v%lﬁéﬁd& £h ﬁna6g7e_ $88W N, of

0] ection obj Ive dop- 2
Fu(D JOR2Q, Distdrtioheas smdllerithamrlZMﬂn lamgemide addrurvaours 1925 nm.
and M3 are separated by nore than 50 % of the projec-
ti on obj ective tracklength. 5 Data for the projection

oL L oSl e BB RAB Sl LR 2.0, 8
pre@mioﬁ Asplera g ahglepa-otséAplanelM006a0[820f the mrror

surfaces. Surface Radius Thi ckness Mdde bject
INFINITY 1067,761 Mrror 1 -1219,687 -668,241 REEL

i 3{7“50r 3 74 f8{111 f(:)LOthrlihtO o eaFe1'1EIrEn|‘1rro'>/I glvgr{ asSM 9613[ 2R follows:
323 mm x 215 mm for mirror M1; 131 mm x 102 mm for mirror M2; 267 mm
x 183 mm for mirror M3; 70 mm x 52 mm for mirror M4; 124 mm x 109 mm

for mirror M5; 447 mm x 433 mm for mirror M6.

The chief ray angle of incidence for the central field point for the mirrors M1
to M6 1s 4;O6°; 11,34°; 12,20°; 31,60°; 12,27° and 7,64°. The maximum an-
gles of incidence in meridional section for the mirrors M1 to M6 is 4,96°;
12,38°, 16,54°, 41,24°; 29,42° and 9,25°. The bandwidth of angle of incidence
in meridional section for mirrors M1 to M6 is 1,08°; 2,71°; 9,83°; 22,72°;
29,13° and 4,28°. Mirrors M2 and M4 have freeboards that are more than
5mm and less than 25 mm. Mirror M3 has positive chief ray angle magnifica-
tion while mirrors M1, M2, M4 and M5 have negative chief ray angle magni-

fication.

The image-side free working distance of this projection objective is 45 mm.

The object-side free working distance is 400 mm.
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has an i mage side nunerical aperture of 0,35. The
field shape is rectangular with a wdth of 26 nm and
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10

15

20

25

30

nm The sequence of optical power of mirrors is

PPNPNP. This optical system has one internediate

i mmge between mirrors M4 andliN6. The entrance 15 pupil

of this projection objective is |ocated on the image

pl ane side of the ob- ject plane 3000 in a distance of

1749 mm An aperture stop is positioned on mrror M.

The tracklength is 1700 mm The object image shift is
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The performance of this projection objective includes an image-side W ;s of
0,020 A. Distortion is smaller than 1,1 nm. Image-side field curvature is 17

nim.

The chief ray angle of the central field point at the object is 6°. The maximum

variation of chief ray angles at object plane 3000 is 0,58.

The dimension of the footprint of each mirror, given as M, x M, is as follows:
169 mm x 148 mm for mirror M1; 159 mm x 136 mm for mirror M2; 120 mm
x 61 mm for mirror M3; 265 mm x 118 mm for mirror M4; 101 mm x 77 mm

for mirror M5; 345 mm x 329 mm for mirror M6.



15 Data for the projection objective of FIG 52 is
presented in Tables 9A, 9B be- |ow Table 9A presents

Wopredl27dat a, while table 9B presents aspheri REI/EE2906/008869
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stants for each of the m nor surfaces. Surface Radi us
Thi ckness Mode bject INFINITY 831,483 Mrror 1

-2519, 290 -390, 700 REFL M+¥idr- 2 1736, 318 0, 000 REFL
STOP INFINITY 510,700 Mrror 3 353,216 404,591 REFL
Mrror 4 691,089 1108,132 REEL Mrror 5 454,789
-432,650 REEL Mrror 6 522,649 477,625 REEL 20 Table
9A WD 2007/031271 PCT/ EP2006/ 008869 -112 Coeffi ci ent
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Data for the projection objective of FIG. 52 is presented in Tables 9A, 9B be-
low. Table 9A presents optical data, while table 9B presents aspherical con-

stants for each of the mirror surfaces.

Surface Radius Thickness Mode
Object INFINITY 831,483

Mirror 1 -2519,290 -390,700 REFL
Mirror 2 1736,318 0,000 REFL
STOP INFINITY 510,700

Mirror 3 353,216 -404,591 REFL

Mirror 4 691,089 1108,132 REFL

Mirror 5 454,789 -432,650 REFL

Mirror 6 522,649 477,625 REFL

Table 9A
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-113 The projection objective of FIG 52 has chief
rays converging to each other while starting fromthe
W@Rj0a0312p1 ane 3000. 5 Mcrolithography tools, BGHRP286/008869
m crolithography tool 100 described above and shown
in FIG 1, can be used in the fabrication of
sem conduct or devices, suchllds seni conductor chips,
liquid crystal display (LCD) panels, or arrays of
charge coupl ed device (CCD) detectors, for exanple.
CGenerally, the sequence of process steps used in the
fabrication of sem conductor devices varies 10
deplanpliongrtion dbjeetivp e FIG.CS iasi adecfrey ngorfivalging & eath other
FIG .53 is a flow chart tha hows an exanple of a
se\gb’é‘i’lété”éﬂg kpwdhep ePﬁ%laPr%%g@@cture of a
sem conductor device. Initially, in step 5310 the
producer designs the integrated circuit to be
5 memidratithegedphiyadolshaicherinierslithégraplthettiot €00 described above
Subsequently, in step 5320 nmasks (i.e., reticles) are,
prasbewnbadd@. bncantze ussdde ghegfabeeatiqneot sepugengdustpr devices,

circuit. Prior to actuall il di.ng,the Axtearated
ci i sernigelpesBy B g sk Pub O P, B ey of
ascHangd Eipel ddvigd @Cﬁﬁ@&ec@@s’s ffor dxagnplé.NG&rALLthe sequence
circuit is formed on the wafer using the masks in a
wadfgpropess steps iuned insthe fatirstatipn 93 4enicobductovr deuéeswrss
rocessi ng are disgcussed in greater il,.below

10 R foR digimiye she i deges blatraced F1C b ivanay charidha
e T U R S S gy

st epscarducairtdenideeimtialdy in stepS3p0 she produessiengns Aid er
assenbly, the chips are i

: d (st 5360). F
exatrgrged cHguiE kY b%maaﬁ@.cakgi E§§L§ﬁ@§lgpggw9%g%w1ﬁ- Sr may

be Tho, i t [ '
s3u Ry, B35 3540 GRS (13, sBR3% Re BREREATbRon he

15 53d&3ign ExhElikbegiafed Grcuitl PEor ehautiialBhiawildige thetiatedgsated circuit,
the waf er processing step. GCenerally, wafe

pryelessieg, siioen waterslormprrpagedamipdicaisd ipggﬁ‘;’r5§38f Next, the
A R ALk Pab v ARSNGBk e rocessin
ety (s¥153340). Pettdll OF waRbrgRoSkdl ar@aRcsed®i Bre@fer detail
these layers is 30 patterned using a |ithographic
priodlews Afr éprmsiag ohe inf¢grated wancuit ¢mthepwatenthewalgpis diced,
20 Zotg)()?r{d%al azn7d1paF(): aée t%opqgég&%%g%idual microchips (step 5350). These
assembly steps are often referred to as post-processing. After assembly, the
chips are inspected (step 5360). For example, the chips’ operability and/or
durability may be tested. Those devices that pass inspection step 5360 are
subsequently shipped to the customer (step 5370).
25
FIG. 54 is a flow chart showing details of the wafer processing step.
Generally, wafer processing involves forming a number of layers of various
materials (e.g., conducting materials, semiconducting materials, and/or

dielectric materials) on a wafer (Step 5410). One or more of these layers 1s

30 patterned using a lithographic process (Step 5420). The layers can be formed



-114 in a variety of ways. For exanple, formng the
| ayer can involve oxidizing a surface of the wafer in

WQR20032313at i on process step (Step 5411). I n sonkCT/EP2006/008869
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enbodi ments, forming the |ayer involves depositing a

material on a surface of the wafer, such as by

cheni cal vapor deposition (-QJMB)- for exanple (Step 5

5412). In certain enbodinents, formng the | ayer

i nvol ves an el ectrode formng process for form ng

el gci v aeey opﬁlagb & opekEmpRY fARRE tKER9S éa‘nQHvolfv@ loxidizing a

exanpl e (Step 5412). Form ng | ayers can involve an ion

i nquirfact iofi hepwefee s15 an bordatiop pmmssns;ep Stsp 641 Hhén saher
er of a eri al

(Step 5414). .10 After. form ng A
t hem %‘]?‘E}an:*aﬁorﬁé%é‘ﬁ leyricdvaden se siting ?18)@%35&51 op a surface of

DLt TPt LRUPLYES By S BF OERaRl
i sszalm) expostdie epbodassents oformingnthe Ngyer nbwleesmmselécarodeh e

circuit pattern of the mask on the wafer using
| i fonedrgplegesst fob formyng gleggodest aoie ayaior lpmapom@posmon for

o (o RE SEE R ARy B e R T s 3R O eRGE Biess
depgli@pladding RO foqRs wafer (Sh sakgr exposed by the
devel oped resist are etched in an etching process

(Step 5418). Finally, the remaining resist material is

( SRBE* ooyt s Wyespipasan) fed i 3om RGeS ey
Onmogsqphgﬁe g d%%tesfg‘r?]éa{y‘ﬁéﬂragg iNbIL e Y@fs?Brocegs‘%‘P%Bi?mga

can | ess steps, as wa
potesshionthe wdfer (Stepadbl 59, StepfSdi 6 ivan effmurepabtessfonpriating,
Ia er of material. O her enbodiments are in.the

fEpOSuLe; tW%@tm%@mf%hp@w% MFseRedng a lifhagraphy

CI f%oimsucﬂ' as Mh%r ?Aghgtwglr ﬂfg)?é/ees 19&??(%\/%”&% t54 llSO a I}ﬁ?r\técgg?)mg

corrpr|S| erren S arra

r aptiodtdsan v&hcl&th@@bﬁtﬁﬁe@s&s dewelwp. Aﬁaﬂd@mlmhg Jortiens of
to an i mage pl ane, at |east one of the elenents being
a ﬁ*@-wafpré@mowd by éwﬁve%crp&fi resas age plehed inamplching process

ase,g%el pI Etjﬁ 8c) §<U %rsnlatlrlngg (reeds1st "haerial is removed from the wafer

in a resist separation process (Step 5419).
Steps 5410 and 5420 are repeated forming integrated circuits on the wafer.
Embodiments can include additional process steps, such as wafer polishing,

for example, before or after patterning a layer of material.

Other embodiments are in the claims.



path of the radiation, wherein the rotationally
asymmetric surface deviates froma best-fit rota-

WQ 29as12y1 synmetric surface by at | east k at aPCT/EB2906/008869
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one location. 10 2. The optical systemof claim1,
wherein the best-fit rotationally asymret- ric surface
devi ates by about 0.1 2. or-1lléss froma surface
corresponding to the equation: cr2 a l+ 1 (1+k)c2r2
i=2 15 where (m:n)2+mt3n+l | =2 , z is the sag of

t hel3hisf ace parallel to an axis, c is the vertex
curvature and k is the conical constant, § is the
coefficient of the nnnonial x'" y", and a is an

he o i.cal systemof clai.m| wherein
L g%{‘éfpfg}‘i’gﬁ Ya‘%%&? P PRUCH) SYSER CRIEDTISINES from t he
best 5 bﬁrﬁlﬂ&?ﬁf'e%ﬁ%nté’ artd) ttf) 1&1a§é’fgd?zﬁﬁ)£5§f f\p%hétlen]g?h K from

€ one ‘or ocati ons

opt | cal olsjeéit a0 4 idddBelplie heleBstidne ofehdélemRalsi Being a re-
asymmetric surface deviates fromthe best-fit

r ot at ﬂmﬁazleleyeragzrmfbatrhae agotatiaoallhgsyapoetricxuriage positignedin a
at the re I ocations. WD 2007/031271

PCT/ E@f‘ég@g gv 116 5. The optical system of

cl ai %er\e/ﬁﬁ{h%'ratamﬁalw ggey%kméehc%rﬁk@ B8N hies $fnh 3% fit rota-
meri di onal plane and ments are mrror synmetric
W th tﬁ@wl@cdynhﬁemb h,arfﬁeef bylapieast Noitadeasboife lothtdon.

optical systemof claiml wherein the plurality of

el enent s conpri ses two elenents that are reflective

el frren%g, olgtl?c% sysefgr% of cﬁal}nl r{zvahergmafﬁé{ gTeTs% fit rotationally asymmet-

ric surface deviates by about 0.1 A or less from a surface corresponding to
the equation:

2
7= cr C xm n

1+ 1= +k)c?r? ,Z=z:

where

_(m+n)’ +m+3n
2

+1,

z 1s the sag of the surface parallel to an axis, c is the vertex curvature and
k is the conical constant, C; is the coefficient of the monomial x™y", and «

1S an integer.

3. The optical system of claim 1 wherein the rotationally asymmetric surface
deviates from the best-fit rotationally symmetric surface by about 10 A or

more at the one or more locations.

4. The optical system of claim 1 wherein the rotationally asymmetric surface
deviates from the best-fit rotationally symmetric surface by about 20 nm

or more at the one or more locations.



ric surfaces positioned in a path of the radiation. 10
7. The optical systemof claiml wherein the plurality
W@20020322ht s i ncl udes no nore than two refl ecRCT/EP2006/008869
el enents that have a positive chief ray angle
magni fi cation. 8. The optical systemof claim7
wherein the plurality of elehénts includes 15 no nore
than one reflective elenent that has a positive chief
ray angle nagnification. 9. The optical system of
claim1 wherein the mcrolithography projection
optical system has an i nmage-side nunerical aperture of
abfiut The @ptoral system of 20l whheeintei platalisy of eemehtsaledinma
| wherein the optic stem has a rectangular field
at t hgefidiggal m}%%nﬁﬂ)& BERIS AT MITEICHY IYRCi igevith respect to
ort hoga ncﬁlbﬁa‘?gﬁér@ns the rectangular field has a
m ni rrum I mensi of about 1 nmor nore in both
5 directions being orthogonal to each other. 25 11. The
optical systemof claim1 wherein static distortion at
t he i Fegeptigabbuptenofalaon | wherein dhe nlesdity obelemgats comprises

? ﬁtel ical @X%eﬁﬁﬁatfoage f%fw ﬁl)lgﬁf: fel & ﬁ‘lgrﬁvveefrr 9art]{%§ﬁ}r/ %symmet-
2007/ H@Wzﬂeeﬁ’%&%ﬁ&@ﬁ( QB&ﬁQﬁ“the felifatibd. The opti cal

systemof claim1l wherein the chief rays diverge from
each other at the object plane. 5 14. The optlcal

syste of cl |m13 r.ei for ri ion sec
10 577 nEhe bpoel srora T it fhe BlyiaTin 0 bels el ges
angl e @%o&?%aﬂqw&e‘reﬁ&t?\/e é%gﬂg %é?fha@é‘ﬁg)og’iftwt‘: Rfief ray angle

el enment s ess than 20 . The optic system of

cl ai nmhgtidicagon.el ecentric at the i mage plane. 10 16.
The optical systemof claiml| wherein a path of the
radi ati on through the optical systemis characterized

byS.C hi“ﬁé of;t‘ff'(yﬁ s?xﬂgm (If%'iaiﬁl miefjéi@ eFy plﬁlea‘fitt)i/ 8Felements includes

15 no more than one reflective element that has a positive chief ray angle

magnification.

9. The optical system of claim 1 wherein the microlithography projection

optical system has an image-side numerical aperture of about 0.2 or more.

20
10. The optical system of claim 1 wherein the optical system has a rectangular
field at the image plane and wherein in each of the orthogonal directions
the rectangular field has a minimum dimension of about I mm or more in
both directions being orthogonal to each other.
25

11. The optical system of claim 1 wherein static distortion at the image field

1s about 10 nm or less.

12. The optical system of claim 1 wherein a wavefront error at the image field

30 is about A/14 or less.



of the optical system the chief ray of a central
field point has a maxi num angle of incidence on a
waenf/agre7pf each of the el enments of 0 degrees, PEHEP2S6/008869
optical system has an i nage side numeral aperture, NA,
of nore than 0.3, and the ratio O/NA is |ess than 68.
17. The optical systemof clldi7m 1 wherein the optical
system has an object- inmage shift of about 75 nm or
| ess. 20 18. The optical systemof claiml wherein the
plurality of elenents conprises four or nore el enents
that have freeboards of about 25 mmor |ess. 19. The
opl3.Chhe sptidabpysém olf @laimll whetehetheadigfirhgs digerze from each
radi ati on source con- 25 figured to provide the
r adi a@theratdbe abjegiplane-obj ect pl ane. 20. The opti cal
systemof claim 19 further conprising an illum nation
system conprising one or nore elenents arranged to
5 di 1£cThd tical b@terh0@R1dilel ¥ wherdird fboh nedidiRl b&tidh of the
obj ect positioned at the object plane, wherein the il
WO 20atoeBgyarem Al chRf 14ys 1ev 0 08880 mum arigde of urdidence on a

system conpr.i ses el enment positioned at a | ocation
corres-uré’ﬁ‘Br‘?gFﬁ‘g’ ?ﬁﬂgﬁleﬁﬁm%ﬂﬁlgs {?ﬁf‘lagof the opti cal
system 21. A mcrolithography tool, conprising: 5
the optical systemof claim20; a first noveabl e stage
coh.i The eptidad symdantof chaim ¥ being tdeantitidat thbjimage plaane
so that the optical systemimges the reticle to the
10 mage pl ane; and a second noveabl e stage configured to

f . : . _
OB TSRS SR iy (L ERIES RSBt g
22. Mpithatsystem 9 ehaphdtéteegrmpdtiief fayodud,tfoos ntdridional section

m crostructured conponents conprising the follow ng.
st epsef the gpHeal giysigma thaduelrray of R epntigl faeld pedy thag ajmgramum

of radiatipn sensitive - terial .15 - providing a
sk el AbMeERRe b A%uars 6 G o gephfias dties, the
15 optical system has an image side numeral aperture, NA, of more than 0.3,

and the ratio O/NA is less than 68.

17. The optical system of claim 1 wherein the optical system has an object-

image shift of about 75 mm or less.

20
18. The optical system of claim 1 wherein the plurality of elements comprises
four or more elements that have freeboards of about 25 mm or less.
19. The optical system of claim 1 further comprising a radiation source con-
25 figured to provide the radiation at A to an object plane.

20. The optical system of claim 19 further comprising an illumination system
comprising one or more elements arranged to direct radiation from the ra-

diation source to an object positioned at the object plane, wherein the il-



- providing a microlithographic tool according to
claim?2l, - projection at |least a part of the mask on

wapoaodia’of the |ayer using the mcrolithograPil/EP2006/008869

10

15

20

25

tool. 20 23. Mcrostructured conmponent bei ng produced
by a nethod according to claim?22. 24. Method to
design a rotationally asynretl8i< surface in an optical
system according to one of clains 1 to 20, conprising
the followi ng steps: 25 - start froma design being

rotat liuﬁﬁﬁéti(_ﬁysygfeﬁﬂ Eemphitd} dnegeseht fRittdiRdR@h oca®lon corre-

radi at1on; center the rotational symetric design
by t rspostagitogntenerancd pupf off the opataleysiensynmret ry with
respect to the axis defined by the path of ra- diation
parallel to this path axis; WO 2007/031271

T ERA0RR) ARGy toch mpighd Lhe rotationa
synmetric design tilting t axi s of rotational
sy mrethe opritdlvysteapetdlaind20;he path axis; - mnim zation
of optical aberrations by inplenenting a freeform de-
vi at | ofirst maveeble sthgesrniBeddn@ositiopagetelsiagthe epject plane
so that the optical system images the reticle to the image plane; and
a second moveable stage configured to position an article at the image

plane so that the image of the reticle at a surface of the article.

22. Method for microlithographic production of microstructured components
comprising the following steps:
- providing a substrate having at least a layer of radiation sensitive ma-
terial,
- providing a mask having a structure which is to be projected,
- providing a microlithographic tool according to claim 21,
- projection at least a part of the mask on an area of the layer using the

microlithographic tool.

23. Microstructured component being produced by a method according to

claim 22.

24. Method to design a rotationally asymmetric surface in an optical system
according to one of claims 1 to 20, comprising the following steps:
- start from a design being rotational symmetric with respect to the path
of radiation;
- decenter the rotational symmetric design by translating the axis of ro-
tational symmetry with respect to the axis defined by the path of ra-

diation parallel to this path axis;
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- tilt the rotational symmetric design by tilting the axis of rotational
symmetry with respect to the path axis;
- minimization of optical aberrations by implementing a freeform de-

viation from the decentered and tilted design.
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