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(57) ABSTRACT 

Aprojection exposure apparatus for microlithography has a 
light source, an illumination system, a mask-positioning 
system and a projection lens. The latter has a system aperture 
plane and an image plane and contains at least one lens that 
is made of a material Which has a birefringence dependent 
on the transmission angle. The exposure apparatus further 
has an optical element, Which has a position-dependent 
polarization-rotating effect or a position-dependent birefrin 
gence. This element, Which is provided close to a pupil plane 
of the projection exposure apparatus, compensates at least 
partially for the birefringent effects produced in the image 
plane by the at least one lens. 
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PROJECTION LENS AND MICROLITHOGRAPHIC 
PROJECTION EXPOSURE APPARATUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 10/714,573, Which is a continuation of Inter 
national Application PCT/EP02/04900, With an international 
?ling date of May 4, 2002. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates generally to projection expo 
sure apparatus and projections lenses used therein. Such 
apparatus are used for the microlithographic manufacture of 
electronic circuits and other microstructured devices. 

[0004] 2. Description of Related Art 

[0005] US. patent application Ser. No. 10/177,580 dis 
closes purely refractive and catadioptric projection lenses, 
With numerical apertures of 0.8 and 0.9 at an operating 
Wavelength of 157 nm, Which are suitable for projection 
exposure apparatus knoWn from the market. 

[0006] For projection Wavelengths in the deep ultraviolet 
(DUV) ?uoride crystals are used as material for lenses and 
other refractive optical elements. US. Pat. No. 6,201,634 B 
describes that technical ?uoride crystals suitable for this use 
have stress birefringence Which exhibits direction depen 
dency With respect to the crystal axes. 

[0007] It is knoWn from the Internet publication “Prelimi 
nary Determination of an Intrinsic Birefringence in CaF2” 
by John H. Burnett, Eric L. Shirley, and Zachary H. LeWin, 
NIST Gaithersburg Md. 20899 USA (released on 07.05.01) 
that, in addition to stress-induced birefringence, calcium 
?uoride single crystals also exhibit intrinsic birefringence. 

[0008] All these cited documents are also intended to be 
part of the disclosure of this application in their full scope. 

[0009] These birefringent effects are signi?cant only at 
short Wavelengths beloW about 200 nm, ie in particular at 
193 nm and to a greater extent at 157 nm, the Wavelengths 
Which are preferred for high-resolution microlithography. 

[0010] Since this birefringence is dependent on the light 
ray direction With respect to the crystal axes, a variation is 
encountered as a function of both the acceptance angle and 
the rotation angle (aZimuth angle) about the optical axis. 

[0011] For an optical element, in particular a lens 
(although it may also be designed as a plane plate, for 
example a terminating plate or a ?lter) Which is oriented 
rotationally symmetrically about the (111) crystal axis, the 
birefringence is a minimum for normal transmission of the 
light ray. With an acceptance angle of about 35° and at three 
rotation angles (aZimuth angles) mutually rotated by 120°, 
hoWever, the incidence direction is equivalent to the (110) 
orientation of the crystal and maximum birefringence 
occurs. 

[0012] With a rotationally symmetrical arrangement rela 
tive to one of the (100), (010) or (001) axes, the (110) 
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equivalent axes With maximum birefringence are then found 
With fourfold rotational symmetry for an acceptance angle of 
45°. 

[0013] NoW, With an element made of CaF2 from Which a 
157 nm light ray emerges With the numerical aperture 0.8, 
the acceptance angle for transmission With the refractive 
index of about 1.56 is equal to 31°; for NA=0.9, an angle of 
about 35 ° is found. The direction-dependent birefringence is 
therefore a problem With such Wide-acceptance systems. 

SUMMARY OF THE INVENTION 

[0014] It is therefore an object of the invention to provide 
compensation for this perturbation due to direction-depen 
dent birefringence, With Which even very-large aperture 
projection lenses can be operated optimally. 

[0015] This object is achieved by a projection exposure 
apparatus according to claims 1, 46 and 47, by a projection 
lens according to claim 16, a production method according 
to claim 49 and a microlithographic structuring method 
according to claim 51. 

[0016] The invention is based on the discovery that, on the 
one hand, the perturbation due to the birefringence With a 
value about 6 nm per cm, for a typical optical path of about 
10 cm in lenses, predominantly represents a phase shift of up 
to about one-quarter lambda at large angles for tWo rays 
polarised perpendicularly to one another, and, on the other 
hand, that the large ray angles occur in (near-?eld) elements 
close to the image, the ray-angle distributions of Which 
appear as position distributions in a pupil plane Fourier 
transformed With respect thereto. 

[0017] Surprisingly, therefore, the perturbation can be 
corrected by a position-dependently polariZation-rotating or 
position-dependently differently birefringent optical element 
(correction element) close to a pupil plane. Such elements, 
and their production by local polishing, in particular by 
ion-beam polishing, are knoWn, for example from US. Pat. 
No. 6,252,712 B1 and are also available in this neW context. 

[0018] The situation “close” to a pupil plane, preferably 
the system aperture plane, is a practical approximation of the 
situation for Which the local distribution of polariZation and 
phase at the correction element is transformed suf?ciently 
Well into its angle distribution at the angle-dependently 
birefringent element. This is, in particular, to be adjusted 
according to the optical design of the projection lens. 

[0019] Besides this approach it is also possible separately 
or in combination thereWith to reduce the birefringent effects 
of a plurality of such elements by installing them rotated 
With respect to one another. 

[0020] When mounting and adjusting optical systems, it is 
in fact common practice to compensate for case-speci?c 
perturbations of framed elements by relative rotation. In this 
case, hoWever, the rotational symmetry broken by the angle 
dependent birefringence is taken into account by a relative 
rotation to be dictated by the optical design, so that the 
perturbation is reduced. 

[0021] In the example of tWo equally thick calcium ?uo 
ride elements in the (111) orientation and With the same 
transmission angles, the tWo are rotated by 60° relative to 
one another so that maxima and minima of the respective 
birefringences are exactly overlaid, Which approximately 
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halves the effect. An associated correction plate then has 
sixteen-fold rotational symmetry. 

[0022] Since both the perturbation and the required shape 
modi?cation at the correction element are small, When 
producing a projection lens it is possible to ?rst construct 
and align it completely, and then analyZe and adjust it. 
Intrinsic and case-speci?c stress birefringences can then be 
compensated for at the same time. 

[0023] Advantageous embodiments are described in the 
dependent claims. 

[0024] The embodiment according to claim 15 provides 
for conversion from radial to tangential polariZation in the 
projection lens by an optically active element. 

[0025] Besides the provision of a suitable local thickness 
distribution, a desired compensating action of the correction 
element can also be produced by the introduction of, for 
example, tensile or compressive stresses by means of a 
force-inducing device according to claim 21, and a stress 
birefringence intentionally caused thereby. 

[0026] The use of at least one pieZo-actuator according to 
claim 22 leads to the possibility of setting an amplitude 
precisely for the force induction. As an alternative to pieZo 
actuators, it is also possible to use other active actuators, for 
example pneumatic actuators, or even passive manipulators, 
for example adjustment screWs or pretensioned springs. 

[0027] With force induction over the circumferential sur 
face of the correction element according to claim 23, it is 
possible to retain the entire free aperture of the correction 
element. When inducing mechanical forces in the correction 
element, it is expedient to induce the forces along a neutral 
?bre or a neutral surface of the correction element, so that 
no undesired deformations of the correction element are 
induced. To a ?rst approximation, such force induction is 
achieved When care is taken to cause no ?exural deformation 
of the optical element. 

[0028] With the aid of a force-inducing device according 
to claim 24, it is possible to provide de?ned force induction 
in the direction of the neutral surface of the optical element. 

[0029] A movable bearing body according to claim 25 
ensures subsequent ?ne adjustment of the force induction. 

[0030] A spring according to claim 26 prevents tilting of 
the bearing body With respect to the correction element. 

[0031] A hinge according to claim 27, Which may be 
provided as an alternative or in addition, prevents tilting of 
the bearing body With respect to the correction element by 
ensuring de?ned mobility of the bearing body relative to the 
correction element. 

[0032] A solid-state hinge according to claim 28 is free 
from Wear and can be produced compactly. 

[0033] With the aid of a bearing body according to claim 
29, it is possible to induce a de?ned force distribution in the 
correction element. In this case, a ?rst degree of freedom for 
this distribution can be provided by the extent or the offset 
of the force-inducing positions, so that a second degree of 
freedom can be adjusted by means of the bearing force to be 
induced in absolute terms. 

[0034] With a bearing body according to claim 30, it is 
possible to obtain a distribution of the force induction Which 
is progressively variable in the circumferential direction. 
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[0035] This is also possible by means of an alternative or 
additional version of the bearing body according to claim 31. 

[0036] The design of a force-inducing component accord 
ing to claim 32 alloWs an easily achievable possibility of 
force induction along the neutral surface of the correction 
element, since the forces that can be induced via the tWo 
force-inducing positions may be matched to one another 
accordingly. 
[0037] An arrangement of the force-inducing bodies 
according to claim 33 alloWs the possibility of ?nely adjust 
ing the force distribution betWeen the tWo force-inducing 
bodies in order to produce an overall force along the neutral 
surface of the correction element. 

[0038] The arrangement of the force-inducing bodies 
according to claim 34 is straightforWard. The adaptation of 
the force induction in order to produce an overall force along 
the neutral surface of the correction element is in this case 
carried out by means of the geometrical con?guration of the 
lever arms. 

[0039] The alternative provision of the actuators accord 
ing to claim 39 alloWs precise force induction. 

[0040] The use of an actuator according to claim 36 alloWs 
a ?atly constructed embodiment of a force-inducing device 
in the direction of the optical axis of the optical system. 

[0041] With the aid of a force-inducing body according to 
claim 37, the force induction can be controlled deliberately 
by means of the arrangement and con?guration of the 
force-inducing component in order to produce an overall 
force in the direction of the neutral surface of the correction 
element. 

[0042] This can be done in a particularly straightforWard 
Way by means of the actuator according to claim 38. 

[0043] A ring according to claim 39 is a particularly 
simple counter-support body for a force-inducing device, 
Which may then also be designed as a component carried by 
the correction element itself. As an alternative or in addition, 
it is possible to use a support ring Which encloses the 
correction element and on Which the actuator acting on the 
correction element, Which need not itself be of annular 
design, is supported. The use of such rings furthermore 
alloWs a force-inducing device in Which no lateral displace 
ment of the correction element can occur during the force 
induction. 

[0044] OWing to the large static forces Which are required 
during static force induction, damage to the correction 
element cannot alWays be ruled out. Furthermore, the stress 
state of the correction element may change over time under 
prolonged force induction, for example oWing to drift 
effects. These restrictions are overcome When a correction 
element according to claim 40 is used. Asubstantially higher 
stress birefringence can be produced brie?y With dynamic 
force induction, Without the risk of breakage, than is the case 
With static force induction. Furthermore, the value of the 
corrective action to be obtained may optionally be adjusted 
sensitively by means of the amplitude of the dynamic force 
induction, and this may even be done externally With a 
completed projection lens. 

[0045] An average force induction Which is comparable to 
that of static force induction can be obtained by means of a 
force-inducing device according to claim 41. 
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[0046] In this case, a force-inducing device according to 
claim 42 leads to maximisation of the corrective action for 
a given applied force. 

[0047] A projection exposure system according to claim 
47, With force induction in-time With the emission of the 
projection-light beam, leads to the compensation alWays 
being obtained accurately When projection light is shone 
through the projection optics. The load on the correction 
element is reduced at the same time. 

[0048] A control device according to claim 48 then 
ensures simple matched timing. 

[0049] When a force-inducing device according to claim 
43 is used, a refractive-index pro?le Which has a similar 
spatial distribution to the sound-Wave pro?le is produced by 
means of the sound-Wave pro?le. The sound-Wave pro?les 
can be resolved into the Zernike functions in a similar Way 
to optical Wavefronts. Any superposition of orthogonal 
Zernike basis functions can therefore be produced as refrac 
tive-index pro?les. With a number N of actuators, for 
example, correction pro?les can be produced With a multi 
plicity of N/2. In principle, all knoWn imaging errors can be 
reduced in this Way. 

[0050] A standing sound Wave according to claim 44 leads 
to static imaging-error correction. 

[0051] As an alternative, dynamic imaging correction may 
be carried out according to claim 45. In this case, for 
example, the imaging properties of the objective can be 
deliberately modi?ed during the projection by using an 
intermittent projection-light beam, so that optimum imaging 
conditions for the projection prevail at the time When the 
light beam is affected by the optical element. As an alter 
native, by the dynamic imaging-error correction according 
to claim 45 it is possible to produce a sloWly, for example 
of the order of magnitude of 1/100 s, variable force distribu 
tion in the optical element on the timescale of the light 
application, for example in order to optimise the corrective 
action on the illumination distribution Which is used or on 
the reticle structure just imaged. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] Exemplary embodiments of the invention Will be 
explained in more detail beloW With reference to the draW 
ing, in Which: 

[0053] FIG. 1 schematically shoWs projection exposure 
apparatus according to the invention, partially in meridian 
section; 

[0054] FIG. 2 shoWs an optical correction element, Which 
is an alternative to the one integrated in the projection 
exposure apparatus according to FIG. 1; 

[0055] FIG. 3 shoWs a meridian section of one half of 
another alternative optical correction element; 

[0056] FIG. 4 shoWs a detailed excerpt of one movable 
bearing body of a force-inducing device cooperating With 
the optical correction element according to FIG. 3, Which is 
an alternative to the bearing body according to FIG. 3; 

[0057] FIG. 5 shoWs a similar representation to FIG. 3 of 
an optical correction element With an alternative force 
inducing device; 
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[0058] FIG. 6 shoWs a plan vieW of the embodiment 
according to FIG. 5; 

[0059] FIG. 7 shoWs a similar representation to FIGS. 3 
and 5 of an alternative optical correction element With an 
alternative force-inducing device; 

[0060] FIG. 8 shoWs a plan vieW of the embodiment 
according to FIG. 7; and 

[0061] FIGS. 9 to 12 shoW embodiment variants of alter 
natives of bearing bodies Which can be used in conjunction 
With the force-inducing devices represented above. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0062] Arranged With respect to an optical axis O, FIG. 1 
shoWs a light source 1, Which is preferably a laser emitting 
With a narroW band at 157 nm or 193 nm. Its light is 
delivered to an illumination system 2 Which, as a special 
feature, may contain means 21 for producing radial polar 
iZation, as are knoWn from DE 195 35 392 A Which is 
equivalent to US. Pat. No. 6,392,804. This is used to 
illuminate a reticle 3 Which is connected to a reticle-holding 
and—positioning system 31. The subsequent projection lens 
4 images the reticle 3 onto an object 5—typically a Wafer— 
arranged in the image plane. The object 5 is provided With 
an object-holding and—positioning system 51. 

[0063] The projection lens 4 comprises a group 41 of 
lenses and, if need be, also one or more mirrors, a pupil 
plane or system aperture plane P and, betWeen this plane P 
and the plane of the object 5, lenses 42, 43 Whose transmis 
sion angle 0t is determined by the numerical aperture NA on 
the image side of the projection lens. 

[0064] At least one of the lenses 42, 43 consists of a 
material With angle-dependent birefringence, for example 
calcium ?uoride, the (111) orientation of Which coincides 
With the optical axis O or deviates by up to about 5°. 

[0065] If both lenses 42, 43 Which are shoWn (naturally, 
even more lenses are normally necessary in this region) are 
of this type, then they Will preferably be installed rotated 
relative to one another around the aZimuth angle, i.e. around 
the optical axis O. 

[0066] For each light ray, an acceptance angle encountered 
at one of the near-?eld lenses 42, 43 is transformed to a 
distance from the optical axis O in the vicinity of the pupil 
plane P. The correction element 44 arranged there according 
to the invention, made of birefringent, stress-birefringent or 
optically active material, can therefore compensate for the 
angle-dependent birefringence of the lenses 42, 43 by a 
thickness varying With a distance from the optical axis O and 
With the aZimuth angle, and thus a position-dependent 
polariZation rotation or position-dependent different bire 
fringent effect. 

[0067] The means 21 and the correction element 44 can 
produce radial polariZation at the object 5, With the correc 
tion element 44 simultaneously compensating for the angle 
dependent birefringence in the scope of the invention. 

[0068] If the projection lens 4 has other pupil planes, 
Which is for example the case in embodiments With an 
intermediate image, then a correction element may also be 
arranged there. 
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[0069] If the refractive effects of the thickness pro?le of 
the correction element 44 cause perturbations, then com 
pensation may be carried out With compensation plates as 
knoWn from US. Pat. No. 6,252,712 B1 made of a material 
With little or no birefringence. Lens surfaces may also be 
modi?ed to this end, for eXample by ion-beam etching. 

[0070] The described effect of the angle-dependent bire 
fringence of the ?uoride crystals can be taken into account 
in the optical design of large-aperture projection lenses. To 
this end, the variation as a function of the aZimuth angle 
must be taken into account. The correction element 44 may 
have its shape or action dictated by the design. 

[0071] As an alternative, or in addition, the perturbation of 
the imaging due to the angle-dependent birefringence may 
also be measured and incorporated for further modi?cation 
of the correction element 44 Which is provided. A case 
speci?c birefringence distribution can thus be corrected at 
the same time. 

[0072] Further variants of optical correction elements are 
shoWn in FIGS. 2 to 12. Components Which correspond to 
those that have already been described With reference to 
FIG. 1 have reference numerals respectively increased by 
one hundred in these further variants, and Will not be 
eXplained in detail again. 

[0073] FIG. 2 shoWs an enlarged plan vieW of an alter 
native correction element 144 in the dismounted state, i.e. 
not integrated in a projection lens. The correction element 
144 is a CaF2 plate With threefold symmetry, and thus 
consists of a material With stress-birefringent properties. Its 
circumferential surface 161 is substantially in the form of an 
equilateral triangle With rounded vertices and side faces 
curved slightly in the direction of the centre of the triangle 
(crossing point of the optical aXis O). 

[0074] The correction element 144 is mounted in a round 
frame 150 and is connected to respective pieZo-actuators 
151 to 153 via a section at each of the rounded vertices of 
the circumferential surface 161. Each pieZo-actuator 151 to 
153 is ?tted into the frame 150 on the other side from the 
correction element 144. The pieZo-actuators 151 to 153 are 
connected via signal lines 154 to 156, Which are fed out 
through corresponding bores in the frame 150, to a pieZo 
drive unit 157. The latter is connected via a signal line 158 
to a synchronisation unit 159, Which is in turn connected to 
the light source 101 via a signal line 160. 

[0075] For use, the correction element 144 is integrated 
into the projection lens 4; projection light can propagate 
through it in a circular transmission region 162, Which is 
represented by dashes in FIG. 2. The correction element 144 
then functions as folloWs: 

[0076] The light source 101 is an eXcimer laser, Which is 
characterised by a quasi-CW projection-light pulse train 
With individual pulses of short pulse length (about 10 ns) and 
a relatively loW repetition rate in the range of 10 kHZ. 

[0077] The pieZo-actuators 151 to 153 are driven by the 
pieZo-drive unit 157 so that radial density oscillations are 
imparted to the correction element 144. The frequency of 
these oscillations is matched to the repetition rate of the light 
source 101 With the aid of the synchronisation unit 159, so 
that a maXimum of the compressive stress produced, for 
eXample sinusoidally, by means of the pieZo-actuators 151 to 
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153 is achieved in the correction element 144 during the 
laser pulse. During the short pulse length of the individual 
light pulses, Which is only about one ten-thousandth of the 
repetition period of the light source 101 and the duration of 
the force induction in the correction element 144, the 
instantaneous force induced in the correction element is 
constant to a good approximation. No signi?cant changes in 
the birefringent state of the correction element 144 therefore 
occur during the pulse length of the individual light pulses, 
irrespective of the phase relation betWeen the laser pulse and 
the force induction. 

[0078] Via the amplitude of the signal voltage on the 
signal lines 154 to 156, Which is for eXample sinusoidal, the 
stress birefringence can be adjusted by means of the pieZo 
drive unit 157. As an alternative, it is also possible to adjust 
the stress birefringence by means of the phase relation 
betWeen the laser pulse and the force induction. This phase 
relation can be altered so that the laser pulse is transmitted 
through the correction element 144 not during the maXimum 
of the compressive stress, but instead during a selectable 
section on the leading or trailing edge of the induced 
compressive stress, for eXample. 
[0079] The geometry of the correction element 144 is 
matched to the geometry of the force induction by the 
pieZo-actuators 151 to 153 and to the force-inducing fre 
quency, so that the natural oscillation of the correction 
element 144 is in resonance With the force-inducing fre 
quency. This ensures a maXimum force effect and therefore 
a maXimum stress birefringence produced for a given 
applied force. Besides compressive stresses, tensile stresses 
are also produced by the resonant oscillation of the solid 
body in this embodiment, so that the variety of possible 
birefringence distributions is substantially increased. 

[0080] With the aid of the pieZo-actuators 151 to 153 (cf. 
FIG. 2), assuming that the drive frequency of the pieZo 
actuators 151 to 153 is suitable, it is possible to produce 
either a standing or travelling sound Wave in the correction 
element 144. In order to produce a standing sound Wave, the 
drive frequency for the pieZo-actuators 151 to 153 Will be 
matched accordingly to the geometry and the material of the 
correction element 144. Depending on the number of pieZo 
actuators acting on the correction element 144 via the 
circumferential surface 161, it is possible to produce a 
corresponding multiplicity of the resulting sound Waves. 
With n pieZo-actuators, a standing sound Wave can in this 
case be produced With up to n/2-fold symmetry. It is also 
possible to produce overlays of sound Waves of different 
multiplicity. This leads to a refractive-index pro?le in the 
correction element 144 Which can be predetermined in a 
controlled Way by means of the sound-Wave pro?le. 

[0081] By overlaying sound-Wave pro?les With different 
multiplicities, it is possible to set up a corresponding overlay 
of refractive-index pro?les as a superposition, Which can be 
used for independent correction of a plurality of imaging 
errors since, for eXample, Zernike function coef?cients 
describing the imaging properties can be in?uenced in a 
predetermined Way by means of the different refractive 
indeX contributions from sound-Wave pro?les of different 
multiplicity. 
[0082] For currently used correction-element materials 
and typical correction-element geometries, drive frequen 
cies to be used for the pieZo-actuators 151 to 153 are found 
in the ultrasound range. 
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[0083] By means of the stress birefringence distribution 
Which is produced, and Which can be adapted via the 
geometry of the correction element 144, via the geometry of 
the coupling of the pieZo-actuators 151 to 153, via the 
amplitude and frequency of the force induction and option 
ally via components Which create oscillation nodes in the 
correction element 144, the projection-light beam transmit 
ted through the correction element 144 is in?uenced so as to 
compensate for the other birefringent effects in the projec 
tion optics, as explained in connection With FIG. 1. 

[0084] As an alternative to pieZo-actuators, it is also 
possible to use other compressive or tensile means for the 
force induction. 

[0085] FIG. 3 shoWs a meridian section of another variant 
of an optical correction element With a force-inducing 
device, Which is an alternative to the one described in 
connection With FIG. 2. 

[0086] In the embodiment according to FIG. 3, the optical 
correction element 244 is a symmetrically biconcave lens 
made of CaF2, on Which a force-inducing device denoted 
overall by 270 acts peripherally. The optical correction 
element 244 and the force-inducing device 270 have mani 
fold rotational symmetry about an optical axis 271 shoWn by 
dots and dashes in FIG. 3, so that the representation in FIG. 
3 is limited to the right-hand half as seen from the optical 
axis 271. 

[0087] At the edge, the correction element 244 is bevelled 
on the top and the bottom, so that the circumferential surface 
272 of the correction element 244 is respectively joined via 
an annular bevel surface 273, 274 to the convex optical 
surfaces of the correction element 244. Since the bevel 
surfaces 273, 274 are not part of the optical surfaces of the 
correction element 244, they may be regarded as part of its 
overall circumferential surface. 

[0088] The loWer bevel surface 274 in FIG. 3 bears via a 
bearing tip 275 of a bearing body 276 on a base body 277 
forming the frame of the correction element 244. The 
bearing body 276 and the base body 277 are connected ?ush 
With one another, for example adhesively bonded to one 
another. The base body 277 has a plurality of bores 278 at 
the edge, Which are formed parallel to the optical axis 271 
through the base body 277 and are used for fastening the 
base body 277 to a holding ?xture (not shoWn) for the 
correction element 244. 

[0089] Aplurality of lever bodies 279 are ?tted articulated 
on the base body 277. For example, there may be three lever 
bodies 279 arranged equally distributed around the circum 
ferential surface 272 of the correction element 244. The 
number of lever bodies 279 dictates the multiplicity of the 
rotational symmetry of the force-inducing device 270. Only 
one of the lever bodies 279 is represented in FIG. 3. The 
lever bodies 279 all have the same structure, so that it is 
sufficient in What folloWs to describe the lever body 279 
represented in FIG. 3. It is articulated via a hinge 280 on the 
base body 277. The hinge 280, like the other hinges Which 
connect the other lever bodies 279 to the base body 277, has 
a hinge axis extending parallel to a tangent at the closest 
point of the circumferential surface 272 of the correction 
element 244. The hinges (cf. the hinge 280) are in this case 
arranged at a height Which corresponds to the situation of the 
mid-plane of the correction element 244 perpendicular to the 
optical axis 271. 
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[0090] On the other side of the hinge 280 from the 
circumferential surface 272, the base body 277 and the lever 
body 279 have stepped cut-aWay parts facing one another, so 
as to produce overall a holding recess 281 next to the hinge 
280. Fitted therein is a pieZo-actuator 282 Whose length is 
variable in a direction parallel to the optical axis 271. The 
pieZo-actuator 282 is connected to a control device 284 by 
means of a control line 283 indicated in FIG. 3. 

[0091] The lever body 279 bears on the upper bevel 
surface 273 in FIG. 3 via a bearing body 285 and a bearing 
tip 286, so that the lever body 279 engages With the section 
of the base body 277 assigned to it via the bearing bodies 
285, 276 in the manner of tongs on the bevel surfaces 273, 
274 of the correction element 244. 

[0092] The correction element 244 coupled to the force 
inducing device 270 is used as folloWs: 

[0093] On the basis of the imaging error to be compen 
sated, the control device 284 calculates a stress distribution 
Which is to be set up in the correction element 244, so that 
compensation for the imaging error can be achieved by the 
changes in the optical properties of the correction element 
244 due to this stress distribution. From the calculated stress 
distribution, the control device 284 determines de?ection 
values Which the pieZo-actuators 282 of the force-inducing 
device 270 must transmit to the respective lever bodies 279 
so as to obtain force induction, Which leads to the formation 
of the calculated stress distribution, by means of the conse 
quent tongs action betWeen the base body 277 (cf. bearing 
tip 275) and the lever bodies 279 With the bearing tips 286 
on the bevel surfaces 273, 274. The bearing tips 275, 286 
here ensure de?ned force induction Without tilting. OWing to 
the symmetry of the tongs formed by the bearing bodies 276, 
285 With respect to the mid-plane of the correction element 
244, this resultant of the induced forces extends in this 
mid-plane Which coincides With the neutral surface of the 
correction element 244. Flexural deformation of the correc 
tion element 244, or the transmission of a bending moment 
thereto, due the force application by the pieZo-actuators 282 
is avoided in this Way. 

[0094] FIG. 4 shoWs an alternative bearing body 385 in a 
detailed cutout, Which corresponds to the one Which is 
marked by an unbroken circle in FIG. 3. The bearing body 
385 is articulated on the lever body 379 via tWo hinge 
connections 387, 388. These are arranged on the “roof 
edges” of tWo triangular juts of the lever body 379, betWeen 
Which the lever body 379 is set back so that it is separated 
from the bearing body 385 betWeen the hinge connections 
387 , 388. 

[0095] The bearing body 385 is made of resilient material. 
On its other side from the lever body 379, the bearing body 
385 has a bearing lug 389 Which bears on the bevel surface 
373 of the correction element 344. 

[0096] The other bearing bodies in the embodiment 
according to FIG. 3 may also be designed similarly to the 
bearing body 385 according to FIG. 4. 

[0097] The bearing body 385 functions as folloWs: 

[0098] Depending on the geometrical situation of the tWo 
hinge connections 387, 388 With respect to the bevel surface 
373, so long as no force induction takes place the bearing 
body 385 is arranged either parallel to the bevel surface 373 
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or at a particular angle With respect to it. The spring action 
of the bearing body 385 and the hinge connections 378, 388 
ensure that, irrespective of Whether there is such an angle, 
the bearing lug 389 alWays acts on the bevel surface 373 
Without tilting during the force induction. 

[0099] The hinge connections 387, 388 may be designed 
as conventional hinge connections or as solid-state hinges. 

[0100] An alternative force-inducing device 470, having 
threefold rotational symmetry, for the correction element 
444 is represented in FIGS. 5 and 6. The base body 477 With 
the bores 478 is designed as a ring Which encloses the 
circumferential surface 472 of the correction element 444, 
and Which is also represented only partially in FIG. 6. 

[0101] The force-inducing device 470 is also mirror-sym 
metric With respect to the mid-plane of the correction 
element 444 extending perpendicular to the optical axis 471, 
so that it is sufficient in What folloWs to describe in detail 
only the upper half of the force-inducing device 470 in FIG. 
5. 

[0102] A plurality of shear pieZo-actuators 490 are con 
nected ?ush With the base body 477, FIG. 5 shoWing tWo of 
these Which bear on both sides of the base body 477 While 
lying opposite one another. The shear pieZo-actuators 490 
are connected to the control device 484 via control lines 483. 

[0103] On the other side of the base body 477, the shear 
pieZo-actuators 490 are respectively connected ?ush With 
thrust bodies 491, Which bear on the bevel surfaces 473, 474 
of the correction element 444 via bearing bodies 476, 485 
With bearing tips 475, 486. 

[0104] In all, the force-inducing device 470 is formed by 
three pairs of thrust bodies 491 lying opposite one another 
With respect to the base body 477, With associated shear 
pieZo-actuators 490 Which are arranged respectively offset 
by 120° around the circumferential surface 472 of the 
correction element 444. 

[0105] The correction element 444 With the force-induc 
ing device 470 is used as folloWs: 

[0106] First, a calculation of setpoint values for the force 
induction of the thrust bodies 491, or the associated de?ec 
tions of the shear pieZo-actuators 490, is carried out in the 
control device 484 in a similar Way to that described in 
connection With FIG. 3. These setpoint speci?cations are 
converted into the desired stress distribution in the correc 
tion element 444 by driving the shear pieZo-actuators 490 
via the control lines 483. 

[0107] The force components imparted via the shear 
pieZo-actuators 490, acting via the bearing tips 475 on the 
one hand and 486 on the other hand, are dimensioned so that 
they add up to an overall force in the neutral surface of the 
correction element 444. In a similar Way to that described 
above in connection With the force-inducing device 270, no 
bending moments are therefore exerted on the correction 
element 444. 

[0108] FIGS. 7 and 8 shoW a further alternative of a 
correction element 544, in Which a de?ned stress distribu 
tion is produced by means of the force-inducing device 570. 
The correction element 544 is in this case an asymmetrically 
biconcave lens With an upper bevel surface 573 and a loWer 
bevel surface 574 in the edge region. It is held by a plurality 
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of spring arms 592 Which can ?ex in the direction of the 
optical axis 571 of the correction element 544. To this end, 
the loWer bevel surface 574 bears on a correspondingly 
chamfered support surface of the spring arms 592. 

[0109] The spring arms 592 respectively have one spring 
arm section adjacent to this support surface, perpendicular to 
the optical axis 571, and a second spring-arm section extend 
ing at right angles thereto, bent off in the direction of the 
optical axis 571. This second spring-arm section connects 
With a connecting ring, Which carries the second spring-arm 
sections of all the spring arms 592 and the internal diameter 
of Which is larger than the external diameter of the correc 
tion element 544. 

[0110] On its outer circumferential surface, the connecting 
ring connects integrally With a spring ring 593 coaxially 
enclosing the connecting ring. This spring ring has a smaller 
material thickness compared With the connecting ring, as 
measured parallel to the optical axis. The spring ring 593 
connects the connecting ring integrally With the annular base 
body 577, Which in turn coaxially encloses the spring ring 
593 externally. 

[0111] FIG. 7 shoWs a detail of the spring-arm mounting 
of the correction element 544, With a total of six spring arms 
592 being visible in this representation, of Which tWo spring 
arms 592 can respectively be seen in half. In all, the 
spring-arm mounting according to FIGS. 7 and 8 thus has 
tWenty spring arms 592; these are formed on the circumfer 
ence of the base body 577 While being equally distributed 
around it, and their inner spring-arm sections comprising the 
support surfaces for the correction element 544 extend 
radially inWards like Wheel spokes. 

[0112] The force-inducing device 570 of the embodiment 
according to FIGS. 7 and 8 has a support ring 594, Which 
is arranged around the circumferential surface 572 of the 
correction element 544, coaxially With respect to the optical 
axis 571. Supported on the inner lateral surface of the 
support ring 594 are a plurality of pieZo-actuators 595 Whose 
length is variable in the direction radial to the optical axis 
571. The pieZo-actuators 595 are connected to the control 
device 584 via control lines 583. 

[0113] The pieZo-actuators 595 are supported betWeen the 
support ring 594 and bearing bodies 576, Which bear on the 
circumferential surface 572 of the correction element 544 
and are arranged betWeen the pieZo-actuators 595 and the 
correction element 544. The bearing bodies 576 respectively 
have tWo hemispherical bearing projections 596, 597 
arranged offset parallel to the direction of the optical axis 
571. In the exemplary embodiment of FIGS. 7 and 8, there 
are a total of tWenty pieZo-actuators 595, arranged equally 
distributed in the circumferential direction of the support 
ring 594, With associated bearing bodies 576. The arrange 
ment of the pieZo-actuators 595 in the circumferential direc 
tion of the correction element 544 is in this case such that, 
as shoWn by the plan vieW in FIG. 8, a pieZo-actuator 595 
lies respectively betWeen tWo spring arms 592 in the cir 
cumferential direction of the support ring 594. 

[0114] The supporting of the pieZo-actuators 595 on the 
support ring 594, on the one hand, and via the bearing bodies 
576 on the correction element 544, on the other hand, leads 
to cantilevered mounting of the force-inducing device 570, 
carried only by the correction element 544. The pieZo 
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actuators 595 can in this case be displaced parallel to the 
direction of the optical axis 571 relative to the support ring 
594 and, independently therefore, also relative to the bearing 
bodies 576. 

[0115] The force-inducing device 570 is mounted, and 
used to produce a stress distribution in the correction ele 
ment 544, as folloWs: 

[0116] First, the bearing bodies 576 are distributed and 
aligned around the circumferential surface 572 of the cor 
rection element 444, according to the requirements Which 
are placed on the stress distribution Which is to be produced. 
In their setpoint positions, the bearing bodies 576 are 
provisionally ?xed by means of auxiliary ?xing elements, 
for example holding elements ?tted on neighbouring spring 
arms 592. The support ring 594 is thereupon put into 
position around the circumferential surface 572, and like 
Wise provisionally ?xed by means of auxiliary ?xing ele 
ments. The pieZo-actuators 595 are then inserted betWeen 
the bearing bodies 576 and the support ring 594. The 
pieZo-actuators 595 are dimensioned so that there is a tight 
?t betWeen the bearing bodies 576 and the support ring 594. 
The auxiliary ?xing elements can then be removed. 

[0117] The pieZo-actuators 595 are adjusted in the direc 
tion parallel to the optical axis 571 so that their length 
variation, and the applied force thereby exerted on the 
correction element 544 by the respective pieZo-actuator via 
the bearing projections 596, 597, leads to an overall force of 
the respective pieZo-actuator 595 on the correction element 
544 Which extends along its neutral surface, so that no 
bending moment is exerted on the correction element 544 by 
the pieZo-actuators 595. 

[0118] Lastly, as described above in connection With the 
control device 284, a voltage calculated by the control 
device 584 is transmitted to the pieZo-actuators 595 via the 
control lines 583 so that a predetermined stress distribution 
is produced. 

[0119] As an alternative to the bearing bodies 576 sepa 
rated from one another in the exemplary embodiment 
according to FIGS. 7 and 8, a bearing ring con?gured 
coaxially With the support ring 594 may also be used instead. 

[0120] FIGS. 9 to 12 shoW further variants of bearing 
bodies, Which may be used in connection With the force 
inducing devices described above With reference to FIGS. 2 
to 8. 

[0121] The bearing body 676 in FIG. 9 is pressed by a 
variable-length pieZo-actuator 695 in the direction radial to 
the optical axis of the correction element 644, against the 
circumferential surface 672 of the latter. In this case, the 
bearing body 676 bears on the circumferential surface 672 
via a total of 5 bearing projections 697‘, 697“, 697“‘, 697““, 
697““‘. The bearing bodies 697‘ to 697““‘are integrally 
formed on a bearing strip 698, Which has an approximately 
crescent-moon shaped cross-sectional surface in a section 
plane perpendicular to the optical axis of the correction 
element 644. The bearing strip 698 is integrally connected 
via support arms 699 to a support strip 669. The latter bears 
on the pieZo-actuator 695 by its end face remote from the 
bearing strip 698. 

[0122] OWing to the cross-sectional surface con?guration 
of the bearing strip 698, it has the highest ?exural stiffness 
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in the region of the central bearing projection 697“‘, Which 
decreases progressively toWards the peripheral bearing pro 
jections 697‘ and 697““‘. When the pieZo-actuator 695 
presses on the correction element 644 via the bearing 
projections 697‘ to 697““‘, this cross-sectional surface con 
?guration gives rise to a characteristic pressure distribution 
on the correction element 644. As in the other described 
embodiments, this may additionally depend on the cross 
sectional surface con?guration perpendicular to the bearing 
strip 698. This pressure distribution leads to a corresponding 
stress distribution in the correction element 644. Besides the 
cross-sectional surface con?guration of the bearing strip 
698, for example, the choice of material for it also has an 
in?uence on the ?exural stiffness distribution. The bearing 
strip may in this case consist overall of a material With a 
constant modulus of elasticity, or alternatively a composite 
of materials With differing ?exural stiffness, Which may in 
particular vary along the bearing strip 698. 

[0123] FIG. 10 shoWs a further variant of a bearing body 
776. In it, as can be seen by comparing the plan vieWs Which 
are represented, the bearing strip 798 is formed on the other 
side from the correction element 744 in an approximately 
complementary Way to the bearing strip 698 in FIG. 9, ie 
the cross section of the bearing strip 798 is smallest in the 
region of the central bearing projection 797“‘ and increases 
progressively in the direction of the outer bearing projec 
tions 797‘, 797““‘. Pressure on the bearing body 776 by the 
pieZo-actuator 795 therefore results in a correspondingly 
different pressure distribution on the correction element 744, 
via the bearing projections 797‘ to 797““‘, than is the case for 
pressure on the bearing body 676. 

[0124] FIG. 11 shoWs a further variant of a bearing body 
876. Here, the bearing strip 898 is connected to the support 
strip 869 via a central connecting section 868. The bearing 
strip 898 has a similar cross-sectional con?guration to the 
bearing strip 698 according to FIG. 9, hence having the 
largest cross section With respect to the section plane parallel 
to the draWing plane of FIG. 11 in the region of the central 
bearing projection 897“‘, Where it connects With the con 
necting section 868, Which decreases progressively toWards 
the peripheral bearing projections 897‘ and 897““‘. Accord 
ing to the shape of the bearing body 876 and the cross 
sectional con?guration, as Well as the choice of material for 
the bearing strip 898, pressure exerted on the correction 
element 844 by means of the pieZo-actuator 895 here again 
leads to a predetermined pressure distribution, Which the 
bearing projections 897‘ to 897““‘exert on the circumferen 
tial surface 872 of the correction element 844. 

[0125] FIG. 12 shoWs yet another con?guration of a 
bearing body 976. This bears likeWise ?ush on the pieZo 
actuator 995 on its other side from the correction element 
944. Four pressure springs 967‘ to 967““, Which bear via 
hemispherical bearing sections on the circumferential sur 
face 972 of the correction element 944, are ?tted on the 
surface remote from the pieZo-actuator 995 and facing the 
circumferential surface 972 of the correction element 944. 
The pressure springs 967‘ to 967““ have different predeter 
mined spring constants. Thus, the tWo central pressure 
springs 967“, 967“‘ have a greater spring strength than the 
tWo out-lying pressure springs 967‘, 967““. The consequence 
of this, When pressure is exerted on the bearing body 976 by 
means of the pieZo-actuator 995, is that the tWo central 
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pressure springs 967“, 967‘" exert a larger force on the 
circumferential surface 972 than the tWo out-lying pressure 
springs 967‘, 967““. 

[0126] Depending on the requirements of the stress dis 
tribution to be provided, the cross-sectional surface shapes 
of the bearing strips 698 to 898, or the spring constants of 
the pressure springs 967‘ to 967““, may also have other 
shapes or value distributions. 

[0127] The measures Which have been described, cited 
and claimed may be combined in a different Way, even if this 
has not been described in detail. 

What is claimed is: 
1. A projection exposure apparatus for microlithography 

comprising: 

a) a light source; 

b) an illumination system; 

c) a mask-positioning system; 

d) a projection lens having a system aperture plane and an 
image plane and comprising at least one lens made of 
a material Which has a birefringence dependent on the 
transmission angle; 

e) an object-positioning system; 

d) an optical element, Which 

has a position-dependent polarization-rotating effect or 
a position-dependent birefringence, 

compensates at least partially for the birefringent 
effects produced in the image plane by the at least 
one lens, and Which 

is provided close to a pupil plane of the projection 
exposure apparatus. 

2. The projection exposure apparatus according to claim 
1, Wherein the pupil plane is in the illumination system. 

3. The projection exposure apparatus according to claim 
1, Wherein the pupil plane is in the projection lens. 

4. The projection exposure apparatus according to claim 
1, Wherein projection light produced by the light source has 
a Wavelength in the range from about 250 nm to about 100 
nm. 

5. The projection exposure apparatus according to claim 
1, Wherein the projection lens has a numerical aperture on 
the image side in the range from 0.7 to 0.95. 

6. The projection exposure apparatus according to claim 
1, Wherein the optical element is arranged close to the image 
plane. 

7. The projection exposure apparatus according to claim 
1, Wherein the material of the at least one lens is a cubic 
?uoride crystal, in particular CaF2, BaF2 or SrF2. 

8. The projection exposure apparatus according to claim 
1, Wherein the birefringence dependent on the transmission 
angle on the one hand and the position-dependent polariZa 
tion-rotating effect or position-dependent birefringence on 
the other hand have the same manifold, in particular three 
fold or fourfold, rotational symmetry. 

9. The projection exposure apparatus according to claim 
1, Wherein the at least one lens is arranged betWeen the 
system aperture plane and the image plane. 
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10. The projection exposure apparatus according to claim 
4, Wherein the at least one lens is a ?nal lens on an image 
side of the projection lens. 

11. The projection exposure apparatus according to claim 
1, Wherein the optical element is arranged close to a system 
aperture plane of the projection lens. 

12. The projection exposure apparatus according to claim 
1, Wherein the optical element is an optically active element, 
in particular made of quartZ. 

13. The projection exposure apparatus according to claim 
1, Wherein the optical element is a birefringent element With 
locally varying thickness. 

14. The projection exposure apparatus according to claim 
1, Wherein tangential or radial polariZation exists in the 
image plane. 

15. The projection exposure apparatus according to claim 
14, Wherein a polariZation is produced in the illumination 
system or in a part of the projection lens on an object side, 
and Wherein an optically active element is arranged close to 
a system aperture plane, said optically active element caus 
ing, by a suitable local thickness distribution, a polariZation 
rotation to the tangential polariZation With superimposed 
compensation for the birefringent effects produced by the at 
least one lens. 

16. Aprojection lens for a projection exposure apparatus, 
said projection lens comprising: 

a) at least one ?rst optical element that 

is arranged close to a ?eld plane and 

causes a perturbation of a transmitted light beam, said 
perturbation depending on the polariZation and the 
angle of light rays constituting the light beam; 

b) at least one second optical element that 

is arranged close to a pupil plane Fourier-transformed 
With respect to the ?eld plane and 

has an in?uence on the polariZation of the light rays 
depending on their position at the at least one second 
optical element such that the perturbation caused by 
the at least one ?rst optical element is compensated 
for at least partially. 

17. The projection lens according to claim 16, Wherein the 
perturbation caused by the at least one ?rst optical element 
and the in?uence on the polariZation of the at least one 
second optical element have the same manifold, in particular 
threefold or fourfold, rotational symmetry. 

18. The projection lens according to claim 16, Wherein the 
at least one ?rst and the at least one second optical elements 
are rotated With respect to one another about a common 
symmetry axis so that the rotation-angle ranges of maximum 
birefringence for the at least one ?rst and the at least one 
second elements are mutually offset. 

19. The projection lens according to claim 16, Wherein the 
at least one second optical element in?uences the polariZa 
tion of the light rays by stress-induced and position-depen 
dent rotation of the polariZation. 

20. The projection lens according to claim 16, Wherein the 
at least one second optical element in?uences the polariZa 
tion of the light rays by a stress-induced position-dependent 
birefringence. 


